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This volume, “The Chemistry of the Thiol Group’, is again organized and
presented according to the general lines described in the ‘Preface to the
series’ printed in the foliowing pages.

Since the last volume in the series ‘The Chemistry of the Functional
Groups’ appeared, there has been one new development in this project:
a volume is now in preparation which is planned to contain chapters on
subjects which were not included in the previously published volumes either
because promised manuscripts have not been delivered or because they
represent new developments in rapidly and significantly progressing fields
during the last several years. The first such supplementary volume will
include material on double-bonded groups (C=C, C=0, C=N). If this
venture should prove successful, it is intended to publish further similar
suppiemeniary voiumes.

The original plan of the present volume also included the following
chapters which did not materialize: ‘Free radical reactions involving thiols’,
‘Electrochemistry of the thiol group’, ‘Enethiols’ and “The thioi-disuiphide
interchange’.

Jerusaiem, May 1974 SA
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The series ‘The Chemistry of Functional Groups® is planned to cover
in each volume all aspects of the chemistry of one of the important
functional groups in organic chemistry. The emphasis is laid on the
functional group treated and on the effects which it exerts on the chemical
and physicai properties, primarily in the immediate vicinity of the group
in question, and secondarily on the behaviour of the whole molecule.
For instance, the volume The Chemistry of the Ether Linkage deals with
reactions in which the C—0—C group is involved, as well as with the
effects of the C—O—C group on the reactions of alkyl or aryl groups
connected to the ether oxygen. It is the purpose of the volume to give a

somplete coverace of all nronartics and reactione of ethers as far ac
TOmpPiSid COVCIREe 01 du y;uy\auun ang reaclions Oi Sunlrs in &s iar as

these depend on the presence of the ether group, but the primary subject
matter is not the whole molecule, but the C—O—C functional group.

A further restriction in the treatment of the various functional groups
in these volumes is that material included in easily and generally available
secondary or tertiary sources, such as Chemical Reviews, Quarterly
Reviews, Organic Reactions, various ‘Advances’ and ‘Progress’ series as
well as textbooks (i.e. in books which are usually found in the chemical
tibraries of universities and research institutes) shouid not, as a ruie, be
repeated in detail, unless it is necessary for the balanced treatment of the
subject. Therefore each of the authors is asked not to give an encyclopaedic
coverage of his subject, but to conceniraic on the most imporiant recent
developments and mainly on material that has not been adequately
covered by reviews or other secondary sources by the time of writing of

the chapter, and to address himself to a reader who ad s ha
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fairly advanced post-graduate level.
With these restrictions, it is realized that no plan can be devised for a

volume that would mwl a rnmnlptp coverage of the e“hmr-f with no nvm-lnn

betWeen chapters, whlle at the same time preserving the readablhty
of the text. The Editor set himself the goal of attaining reasonable coverage
With moderate overlap, with 2 minimum of cross-references hetween the
chapters of each volume In this manner, sufficient freedom is given to
each agthor io produce readabie quasi-monographic chapters.

ix



X Preface to the series
The general plan of each volume includes the following main sections:

(a) An introductory chapter dealing with the general and theoretical

aspects of the Broup.

| LI tion of the functional
\u) ch Of moie \.uulea uwuug fu uic 10[11!1!“0!1 UL e 1 stional

group in question, either from groups present in the molecule, or by
introducing the new group directly or indirectly.

(c) Chapters describing the characterization and characteristics of the
functional groups, i.e. a chapter dealing with qualitative and quantitative
methods of determination including chemical and physical methods,
ultraviolet, infrared, nuclear magnetic resonance, and mass spectra; a

{-hnnfpr dealing with activating and directive effects exerted I-“r the eroup
ng ng a 1eCls exe C group

and/or a chapter on the basicity, acidity or complex-forming ablhty of the
group (if applicable).

(d) Chapters on the reactions, transformations and rearrangements
which the functional group can undergo, either alone or in conjunction
with other reagents.

(e) Special topics which do not fit any of the above sections, such as
photochemisiry, radiation chemisiry, biochemical formations and reac-
tions. Depending on the nature of each functional group treated, these
special topics may include short monographs on related functional groups
on which no scparate volume is planned {(c.g. a chapter on ‘Thioketones’
is included in the volume The Chemistry of the Carbonyl Group, and a
chapter on ‘Ketenes’ is included in the volume The Chemistry of Alkenes).
In other cases, certain compounds, though containing only the functional
group of the title, may have special features so as to be best treated in a
separate chapter, as e.g. ‘Polyethers’ in The Chemistry of the Ether Linkage,
or ‘Tetraaminoethylenes’ in The Chemistry of the Amino Group.

This plan entails that the breadth, depth and thought-provoking nature
of each chapter will differ with the views and inclinations of the author
and the presentation will necessarily be somewhat uneven. Moreover,
a serious problem is caused by authors who deliver their manuscript late
or not at all. In order to overcome this problem at least to some extent,
it was decided to publish certain voiumes in several parts, without giving
consideration to the originally planned logical order of the chapters.
If after the appearance of the originally planned parts of a volume it is
found that either owing to non-delivery of chapters, or to new develop-
ments in the subject, sufficient material has accumulated for publication
of an additional part, this will be done as soon as possible.

Preface to the series xi

The overall plan of the volumes in the series ‘The Chemistry of
Functional Groups” includes the titles listed below:

The Chemistry of Alkenes (published in two volumes)

The Chemistry of the Carbonyl Group (published in two volumes)

The Chemistry of the Ether Lmkage (publtshed)

The Chemistry of the Amino Group (pubiished)

The Chemistry of the Nitro and the Nitroso Group (published in two parts)
The Chemistry of Carboxyhc Acids and Esters (pubhshed)

The Chemistry of the Carbon—Nitrogen Double Bond (published)

The Chemistry of the Cyano Group (published)

The Chemistry af Amides (published)

The L/Iit’iiiisifji u_; the ﬂyuru.&)'l \nuuy uluut'lé'h ed in two parts

The Chemistry of the Azido Group (published)
The Chemistry of Acyl Halides (published)

Tho Chomictry nf the f'n—hnw_”alnnon Bond fnuhhehp/] in two nnrt\'\

ine LnRemisiry (N8 LAQroon—i&i

The Chemistry of the Qui id Compounds (pubhshed in two parts)
The Chemistry of the Thiol Group (published in two parts)

The Chemistry of the Carbon-Carbon Triple Bond

The Chemistry of Amidines and Imidates (in preparation)

The Chemistry of the Hydrazo, Azo and Azoxy Groups (in preparation)
The Chemistry of the SO, —S0,, —SO,H and —SOyH Groups

The Chemistry of the Cyanates and their Thio-derivatives (in preparation)
The Chemisiry of ihe —POyH, and Relaied Groups

Adbvice or criticism regarding the plan and execution of this series will
be welcomed by the Editor.
The publication of this series would never have started, let alone
fimirad idlinid dln ciimaacdt AL smanne mascane et and fasamact
\-uuuuuw, Wwiuloutr auppu‘t U1 nmuy PCLDUID. L7110 allV  1VIvVLIIVOL
among these is Dr. Arnold Weissberger, whose reassurance and trust
encouraged me to tackle this task, and who continues to help and advise

me. The efficient and nt)flnr\f cooperation of several staff-members of the
iicient an operation of several

Publisher also rendered me invaluable aid (but unfortunately their code
of ethics does not allow me to thank them by name). Many of my friends
and colleagues in Israel and overseas helped me in the solution of various
major and minor matters, and my thanks are due to all of them, especially
fo Professor Z. Rappoport. Carrying out such a long-range project would
be quite impossible without the non-professional but none the less essential
Participation and partnership of my wife.

The Hebrew University, SAUL PATAI
Wru&d.lem., ISRAEL
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1. INTRODUCTION

High energy radiation interacts with matter causing ioni{atxc_)n and
excitation, followed by ion-molecule reactions, charg_e neutrahzatlon. and
dissociation of moiecuies giving rise to the formation of. free radl'cals.
Thus the radiation chemistry of thiols is essentially free radical chemistry,
\;J_i-t;x' th(; iﬁiyl radical, RS’, as the most important int_ermediate species.
The thiols which have been most studied are for two main reasons those of
biological interest. Firstly the —SH group is very reactive towardifre?
radiczls and consequently molecules containing thiol groups pay &
dominant role in radiation-biological processes. Second.l_y it was found
in the 1940’s that some aminothiols wheri ?d('lfd Ato i:z‘vw‘o.i{st‘enr:l:s" ga}‘:e
i tection against the harmful effects of 1onizing radiaiion.
‘j‘?sm:‘g:;;btcg:g in natnje, mainly as aminoacid residues of peptxqe-
containing molecules, cysteine, NH;"CH(CO{)CHZS‘{-I;KS\ be;cil ,t.l:fht,h:::
jed. Cysteamine (2-mercaptoethyiaming; was cary oi
g?.itdct‘z,\selle):: s::gif pthective an}l has alls:o been s(tiudi{:d (eixt;tltixsilvely.
ies of the basic radiation chemistry of these and relate: ols, in
z:l‘:xilzus solutions, aione, or in mixtures vv-.h model compounds of
biological importance have been most informative, gmd th_e‘ gap 'be?we‘?n
;;;h;lon c:he.mistry and radiation biology has closed considerably in tue
last five years. Much current work is now centred on large biologically
active molecules. ) . o
As the radiolysis of a thiol frequently produces th€ COITSSpontHs
disuiphide as the major product, and as both tl:u_ol an(.1 disulphide groups
are present together in biological systems, some @scusAsnin‘ Sﬁ t}l::ﬁl;afiatlon
mi he disulphide group is an essential part Of LIS Chapici.
Chf'{T\'lsitarZig tchemistrr;,' y|elgdrs egc usually expressed as G-values, the
number of molecules (or radicals) formed (or destroyed) per 100 eV of

11. The radiation chemistry of thiols 483
energy absorbed by the system. The equation

G(—RSH) = 2 G(RSSR)+G(H,S)

implies that disulphide and H,S are the only sulphur-containing products
formed in a particular experimental study.

Il. AQUEOUS SOLUTIONS OF THIOLS-OXYGEN-FREE
A. Radiolysis of Aqueous Solutions
The absorption of high energy radiation by water results in the formation

of radical and molecular products', and for fast electrons or y-radiation
may be represented by reaction (1) where the stoichiometry is expressed
in G-values®. The exact mechanism of the formation of these products is

G—E.O —n—— > GB+H:q+Ge.q—ea_q+GHH+GOBOH+GEH2+Gm0,Hzol
ar

42H,0 —wn—p 27 H;‘+2-7 €34 +0:6 H+2.7 OH+045 H,+0-7 H,0, )

still a matter of research and discussion, but it is clear that at about
100 ns afier the absorption of the high energy particle the above producis
have formed and diffused away sufficiently from the particle track to
react with solutes in low concentration (< 10—3M) with effectively homo-
gencous kinetics. The fraction of the incident encrgy absorbed by the
solute is negligibly small for dilute solutions. The situation is therefore
different from that found in photochemistry where all the photon energy
is absorbed by direct solute—photon interaction. As its concentration is
increased above about 10—3M a reactive solute may progressively interfere
with spur reactions, reacting with the primary radical products or their
precursors during the stage of ‘spur diffusion kinetics’, and thus alter the
radical and molecular yields.

In dilute solutions of a thioi, RSH, it shouid be possibie to expiain the
radiation chemistry in terms of the reactions of RSH with OH, e;;, and H
at low conversions, but as the radiation products accumulate, competition
between these and RSH for the radicals will occur, leading to secondary
products. Thus ‘initial yields’ of products are normally measured experi-
mentally in mechanistic investigations. When a second solute is also
present, e.g. O,, competition for the primary products will occur, and the
intermediates formed from RSH may also react with this added solute.
The pH of the solution is also important because H}, may compete with
RSH for e , and in addition the actual form, and hence the reactivity, of
the thiol may change with pH in a manner depending on its acid
dissociation constants.
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B. Reactions of Thiols with Primary Radicals

1. Hydroxyl radical el

hiols, produci anaiysis
The hydroxyl radical reacts rapldly with t 3
mmcaung the Zu_“ 1 radical to be the main product as in reaction (2). This

RSH+0H ———> RS"+H,0 @

is supported by the work of Armstrong and Humphries®, who generated
th thiols ina

H radicals from Ti**+-H,0, solutions and reacted them wi
1(1)owrsys1em The ¢.5.. Sp;ct...m corresponded to that of a thiyl radical.

Rate constants for various thiols are hsted in Table 1. Jayson, Stirling and

Tasie 1. Rate constants for the reaction of OH with RSH*

Thiol pH Method® 10k, Imol-?s~?  Reference
Cysteamine i-4 CNS- 15 :
Newowmd 4 Gy @ :
{ﬂ'!:;z‘:.gtzzgzggl 65 gﬁgg)s' g-] Z'
xzﬁfgfﬂ?:n f,'s %gz * 3 ; 3 g
fﬁ?:%:gggt‘:g 125 ‘é‘ﬁ: g g
g?n?;cy::ﬁe 7 PNDA¢ 17 8

o Normalized to rate cc given in reference 9.

b Pulse radiolysis except for homocyst::me.
¢ Using kom+pnNo, = 47107 1 moi™= 5™ .
p-N1trosod1methylamhne——steady-state radiolysis.

Swallow obtained a higher figure for mercaptoet(llxanol with tthg::;n::e
ferrocyanide ion or nitro 4

ion as compeutmn scavengcr than with

and other figures in the iable using CNS~ could also possibly be too;ngh

At pH9 or 11 the thiols listed would be mainly in their thiolate ion form
captan at pn il nmew

n the case of mercaptoethanol and methyl mer

iranswms seen by pulse radiolysis, and not observed at lower pH, were

tentatively attributed to radxcals obtamed by hydrogen atom abstra’c\:lt‘llcc)‘r:

from the a-carbon atom with respect to suiphur®, Recent €.5.1.-18Gi0:y518

studies also give evidence for some H-abstraction from carbon in

mercaptocarboxylic acids™.

11. The radiation chemistry of thiols 485
2. Aquated electron

The aquated electron reacts rapidly with thiols in near-neutral solutions
to give H;S and the parent hydrocarbon as the major detectable products,

accordmg to reactions (3) and (4). Values of G(H,S) and G(RH) of
RSH+e;, ———> R°+HS- @)
R'+RSH——> RH+RS® 0)

between 2-5 and 3-0 have been reported for cysteine!®-1213 cysteaminel4,
methyl mercaptan®®, and homocysteine® for thiol concentrations in the
range 103-5x10-2M. Lower values of 2-3 have been reported for
glutathione (10—2m)1'¢, and 4-aminobutane-1-thiol (10—3M)Y?, while very
much lower values of 1-4 and 1-7 for 10—2m and 10—'M mercaptoethanoi’
have been found. The authors in the latter case suggest that nearly half
the e, are reacting by reaction (5):

ez +HOCH,CH,SH — =5 HOCH,CH,S"+H, ®

but the reason for this difference is not understood.

Reported rate constants for the reaction of e, with thiols are listed in
Table 2. In pulse radiolysis studies the rate of disappearance of e, is
measured dlrectly, whereas in product-yleld—scavcnger studies, the
RSH-¢;, adduct couid in principie transfer the eiectron to a scavenger,
or not ylcld H,S quantitatively, thus leading to low values. The figures for
cysteine at low and high pH call for comment. Trumbore and coworkers
auggcal lﬂdl mc lmly pfOtOﬁateu 10Im 01 cybu:mc, Cd.lTlelg an OVCl"d.ll
positive charge, reacts faster than does the zwitter-ion form's, while the
100- fold decrease at pH 11-6 found by Braams? would be due to the
cysteine being present as the thiclate ion, RS, It was found in a much
earlier study?® that G(H,S) drops as the pH is increased above 8, and the
thiolate jon is probably unreactive towards e,

3. Hydrogen atom

In acidic solutions aquated electrons with protons yield hydrogen atoms
by reaction (6), and these, together with those formed directly
(Gg = 0-6), may react with the thiol. Armstrong and coworkers have

ex+HL —> H )

shown that lowering pH increases G(H,) and decreases G(H,S)®, but even

under conditions where all e, are scavenged by Hj, some H,S is still
produced. Thus it appears mat H may react by reacnon (7) or reaction
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ases the competitive electron scavenging technique was used, the compound whose
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s for pulse radiolysis. In the other ¢
d being indicate

8 p.r. stands
concentration was variet
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(8) with the R" abstracting H from a second thiol molecule, reaction “4).
H+RSH —» H,+RS* @

H+RSH ——» H,S+R* ®)

Trumbore has pointed out!® that reactions (9) and (10) provide a possible
aiternative route for the formation of H,S. No evidence that clearly
separates the possibilities has been reported.

H+RSH ——» HS*+RH ©

HS'4+RSH — > H,S+RS* (10)

The rate constant ratio k,/ks (or k,/k;) has been determined from
G(H,) and/or G(H,S) measurements. The following figures have been
obtained at room temperature: cysteine, 3-5% and 3-7%; cysteamine,
2-71; mercaptoethanol, ~ 57. By bubbling H atoms formed by an electric
discharge into a solution of cysteine Navon and Stein obtained a value of

abhgut 5§24
acout >«

C. Mechanism

The products of the radiolysis of a thiol in the absence of O, are the

i i ad machanicms ast bt g
disulphide, H, and H,S. The generally accepted mechanism established

for cysteine by Armstrong!®1522 and by Trumbore!®1S is:

eqtHy, —— H ©)
63 +RSH ———> R'+HS- ®)
H+RSH ——» RS'+H, )
H+RSH —— R'+H,S ’ ®)
OH+RSH ——» RS'+H,0 @
R*+RSH ————> RH+RS® )

RS°+RS* ———— RSSR (11)
The evidence for this mechanism comes from the effect of pH on
G(—RSH), G(H,S) and G(H,), the equality of G(H,S) and G(RH) at all
PH, the sulphur mass-balance G(—RSH) = 2G(RSSR)+ G(H,S), and

reasonable agreement of G(—RSH) with the values calculated on the
above mechanisms in the extreme where all e, react with RSH according
to reaction (3). At any pH the relationship

G(—RSH) = Gon+Ge,—+6u+G(H.S)
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holds if the mechanism is correct, and from simple competition kinetics,
Ky
CMSY=—6G. _ k[RSH] +G, . — Alf',[,H+,]_.,._ — k.'. +6u
Grigs) Seaq k,[RSH]-l-k.[H +] ™ j,[RSH]+k([H*] K;+Ks KT Rs

At low pH we therefore have

k
S(—RSH) = Gogt2 6, —+6x (1+-)
) : o e \kgtky
The rate constant ratio k,/kg reported in the previous section was oL‘wtaine‘d
by assuming the above mechanism. Taking the figure of 3-5 fcir‘t_h_{s ratio
for cysteine, and the radical yields given in reaction (1), G(—RSH) = 6~/
s gt nnd 0.0 in nautral calution regnectivelv,
11 acCiaiC anG 070 iii Liduiiar SUrwuva ISP Y . i .
In all thiols studied, G(—RSH) figures decrease with decreasing thiol
concentrations, the decrease being greater than may be expected Irom rate
constant data, The same general mechanism appears to apply to the thiols
. . . . 7
cysteamine, glutathione'®, homocysteine® and 4-ammobutanc—1-thw}1 N
although the values of G(— RSH) were a little low for complete scavenging
in some cases.

As mentioned in section I1.B.2 mercaptoethanol behaves differently in
that only about haif the aquated elecirons give tise to HyS". Brcnst.ed
acids can react with e, and convert them to H, but the pK, of the thiol
group in mercaptoetﬁ;nol is not lower than for other thiols, and the
explanation must lie elsewhere. ) .

A further reaction which should be considered when deducing mechanism
from product yields is that of H;O, with thiols (12):

2 RSH+H,0, ——> RSSR+2H,0 (12)

This reaction is slow in acidic solution, and G(HzO,) = Gg,o, is found.
However, in neutral and alkaline solution the rate can be appreciable a§nd
the reaction must be allowed for'®. It has bcc_n ShOW'I_l E‘hat the react}’?n
involves a nucleophilic attack of the thiolate ion on iyGrogen peroxiac,
the rate being found proportional to [RS~] in studies on cysteamine* and
cysteine?s in which pH was varied.

1. Pulse radiolysis studies .

Pulse radiolysis studies have shown the presence of a transient species
when thiols are irradiated at a pH where some jonization of the thiol
group has occurred. These species have an absorption band from
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approximately 350 to 500 nm with a maximum at 400450 nm and an

extinction coefficient of the order of 10* 1mol—*cm—2.

The first detailed study was on cysteamine by Adams and coworkers?,
who showed that the transient was not RS' as they had first suspected but
RSSR formed by reaction of the thiyl radical with the thiolate ion in an
equilibrium reaction (13). Evidence for this came from studying both

RS'+RS™ - RSSR (13)

cystamine and cysteamine solutions. In pure solutions of the disulphide
the rate of formation of the transient matched the rate of decay of the
aquated electron, and the addition of nitrous oxide drastically reduced the
amount formed. N,O scavenges e, to produce OH radicals, reaction (14).

ez tN0 —2 5 OH4N, (8

The decay of absorption was always exponential, suggesting electron
attachment to the disulphide followed by dissociation, reactions (15) and
(—13). In cysteamine soiution NyO increased the amount of transient

—— > RSSR 15)
RSSR — > RS+RS- (—13)

formed immediately after the puise, showing OH radicais to be the
precursor in this case. The rate of growth of transient was slower than the
rate of reaction of thiol with OH radicals (as measured by CNS— com-
petition scavenging) but increased with thiol concentration. The maximum
absorbance obtained after the electron pulse increased with increasing
thiol concentration and pH, i.e. with increasing RS~ concentration,

Irmluing tha acniliheinm (1) Thic was canfirmad hu tha dacay Linatine
INpYing viC CQULISTIUNM (15). 1 nis Was CONNTmea Oy uad GCGaYy Kihdudls,

which were second-order and much slower than the first-order decay (—13).
The second-order rate constant decreased with increasing thiol con-
centration and pH, implying that the rate of disappearance wasg controlled

by dimerization of free thiyl radicals (reaction 11):
RS'+RS'—> RSSR an

Similar results have been found for cysteine®28, mercaptoethanol®?,
various aikyl mercaptans®, H,S%, and penicillamine®.
and thiol concentration showed that reaction (16) was also important®,
and this was confirmed during further work on cysteine®.

Further study of the second-order decay of RSSR as a function of pH

RS'+RSSR ——> Products (16)
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The products are presumably RSSR and RS~ Rate constants reported for

reactions (11) and (16) are >10° 1mol~*s~1,

The equilibrium constants for reaction (13) have been determined from
either the rate constants of the forward and back reactions or from
dependence of maximum absorbance after the pulse upon concentration
and pH, and are shown in Table 3 together with reported extinction
coeficients and absorption maximum for RSSR.

Weaker absorptions at shorter wavelengths have been reported and
assigned to the thiyi radical for penicillamine® at pH 5 (Amax = 330 am,

e=1-2x 103 1mol-lcm™?) and for mercaptoethanol’ at pH 6 (Apax=
360 nm, &= 1-3x10?1mol? cm-Y), and tentatively to the radicals

ﬁ;
8

e atbl eannantanb
an

HOCHZC.HS— and "CH,S~ for mercaptoethanol and methyl mercapt
respectively at pH 12 (A, = 300 nm).

2. E.s.r. studies

Transient intermediates in radiolysis can also be detected by e.s.r., and
this technique has been developed by Fessenden and his coworkers®.
A radical must build up to some minimum concentration to be detected,
and must not have teo great a linewidth.

The radical formed by dissociative electron capture, postulated from
stable product analysis, has been detecied directly for the mercapto-
Jcetate ion!®. A spectrum consisting of a 21-2-G triplet with g = 2:0032
has been attributed to the radical “CH,COj at pH 124 and 8-6 and shown
to have e, as a precursor because N,O prevented its formation. Increasing
-SCH,CO; concentration decreased the signal, this being taken as
evidence for reaction (4). The OH radical was shown to abstract hydrogen

from carbon as well as sulphur since the mercaptoacetate ion at pH 12-4

save a 13:4-G doublet with g = 2:0086, attributed to SCHCOg. This

gave
could not be detected at pH 86, and it was thought the doubly-charged
its concentration to

anion lowered the recombination rate sufficiently for its concent
dotectable amounts. The radicals “SCHCH,CO; and

Cielial

L . N s |
pula up w

—SCH.;C'(NH?)COO‘ were detected in alkaline solutions of 3-mercapto-
propionate and cysteine respectively, abstraction from the B-carbon atom
with respect to suiphur in the latter case being attributed to the extra
stability of a tertiary radical.

No thiyl radicals were detected in these studies, possibly because such
radicals could react with thiclate anions, reaction (13), and that the

detectable.

TasLE 3. Data on RSSR.
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Amax, DM Reference

&maxs 1 mol~* cm™*

k_1s 87*

ks, 1mol-ts—*

K3, Imol-?

Thiol

4-9% 10°
31x10°

6x10°
9-5 % 10°

Cysteamine
Cysteamine

Cysteine
Cysteine

[
N

Penicillamine

Penicillamine
Glutathione

-
n o
—

Glutathione

o~
N

1-7%x10°
2:5%10%

Mercaptoethanol
Hydrogen sulphicle

Cysteine methyl ester

2-Mercaptoacetic acid

3-Mercaptopropanoic acid

491
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E. Derivatives of Thiols
I. Disulphides

The OH radical reacts rapidly with disulphides, rate constants greater
than 10° 1 mol—1s1 being reported for cystine®® and cystamine™. There is
little direct evidence for the 1mmed1ate products, the reaction bemg wrltten
as (17) by Purdie for cystine and peniciilamine disulphide®®®, and as 18

RSSR+OH — > RSOH+RS® an
RSSR+0OH —» RSSR+OH- (18)

by Jayson and Owen and coworkers for cystamme” 38 with the cation

undergomg bond cleavage in subsequent reactions. The formation of an
adduct RSS(OH)R with a significant lifetime has also been proposed®.

Purdie has shown that the OH radical also leads to the formation of
trisulphides®3 and has postulated a second set of products from GH
attack, reaction (19). The sulphenic acid, from reaction (17), can react

aiiacx, 7. 24

OH — > RSSOH4R’ 19)

. antian

with RSH produced from e;q, reaction {20), or disproportionate, reaction
(21), while the trisulphide is also a product of radiatio n-produced thiol,
reaction (22)3.

RSOH+RSH ——> RSSR+H.0 {20)
RSOH+RSOH ——> RSH+RSOH @1
RSSOH+RSH > RSSSR+H,0 @)

It has been shown that the presence of chloride ion (hydrochloride salts
of aminothiols are often used) in acidic solution decreases S—S cleavage
and increases ammonia ylelds with cystme” (Ammonia is a major
product of both ey, and OH attack on amino acids and peptides not
having thiol or disulphide groupsil)

The aquated electron reacts rapidly with disulphides, rate constants of
1-3x 10, 2% 10%, 5 x 10° and 64 x 10° 1mol-1s-1 for r-vqup cvcfnmme
homocystine and glutathione disulphide, respectively, at pH 6-7 being
reported?. As discussed in section ILD.1 the adduct RSSR Ls Er:t formed,
and in the absence of other solutes breaks down to RS® and RS™.

H atoms have been reported to react with cystine with a rate constant

of 5% 10° Imol-1s~! and to produce cysteine®, reaction (23). A transient

RSSR+H ——— RSH+RS® (23)
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intermediate, believed to be RS§HR, has been reported by Simic and
Hoffmann® on pulse radiolysis of glutathione disulphide at pH 1 with
Amax of 330 nm and extinction cocfficient of 600 Imol—cm~t. The same
transient was seen at pH 3-7 where ey, would react directly with the
disulphide, and thus it was postulated that H atom addition, and

protonation of the electron adduct gave the same productsl *,

RSSR+H —— 5 RSSHR (24

RSSR+H* —— RSSHR 25)

Product yields in oxygen-free solutions of disulphides are low because
of concurrent oxidation and reduction. RSOH (or RS*) and RSH

effectively give back the starting material, reactions (17), (15) and (20).

2. Large molecules of biological interest

In the previous sections reactions associated with the thiol or disulphide
groups themselves have been mainly discussed, although some of the
molecules mentioned do have other functional groups which show
varying degrees of reactivity towards the primary radiolysis products of
water. However, product analysis shows that in these cases reactions at
other sites in the molecule are at the most only minor, the high reactivity
of the —SH and —S—S— groups being the dominating facior.

Recently work has been done on enzymes which contain both thiol
and/or disulphide groups®, including lysozyme® 4, trypsin® and papain“’

o AN o 2~ ad
Ineachcase "“l“" rad}s‘ys:s shows an abwrpt.un at 400-430 nm associated

with RSSR, and shown to have €54 @8 precursor. Sixty per cent of e, are
estimated to react with the cystme residue in trypsm45 and perhaps only

25%, in the case of papain®® where 20, of the adducts decayed with a
half-life of about 30 us, the remainder having a lifetime longer than 0-05 s
showing it to be very stable. It was noted that there are three disulphidc

5ssibla at ala. ofar Fun
br:dges in papam, and it is puamblc that electron transfer from one of

these to other groups could occur in a time too short to allow detection.
OH attack is shown to occur mainly not at free thiol groups, but at

tyrosine residues for nanam“ and trvntnnhan residues for |vnn1ymp48 and

ionm, tha tranciant ¢n
assignment of the transient to

RSSHR is incorrect, and that the species seen was the thiyl radical of gluta-
thione, RS" %, For glutathione disulphide he measured ky;, k,; and kg as
2:7%10% 1-1x 10" and 26 x 10 Imol-1s~! respectively. Further work by
Hoffman and Hayon is in agreement with Shafferman’s conclusions!® and
these authors also give Amsx and extinction coefficients for other thiyl radicals
together with more extensive figures for &, including their pH dependence.

* Shafferman has since shown that this

afrman nas sincg snown that hy



LE.

na

> . T X
trypsin®, and that loss of enzyme acitivity may be associated Wiﬂ.l this for
lysozyme, although this loss of activity has recently also been att.nbzted to
polymerization through intermolecular —S—S— bond formation®.

A comparison of pulse radiolysis transient yields and final évalfles of
G(~tryptophan) and G(RSH) for trypsin shows that a reconstxtuyon or
bzsck g:cﬁgﬁ ogcurs, as fina! yields are low®, Oxygen prevented this back
reaction. Recent work on ribonuclease shows the same general features as

the enzymes mentioned abovel®.

acker

FN

3. Thiolactone _ o

Homocysteine lactonizes readily in acidic solutions, and a study ot the
aqueous radiation chemistry of this thiolactone was undermken.tc.: see how
bonding of the sulphur to a carbonyl carbon ‘modiﬁ?s its: reactlv1‘ty‘ to t{mﬁ
aquated electron®, (The normal H atom abstraction Irom sulphur by
OH cannot occur.) The dissociative electron capture reaction which gives

H,S in the case of free thiols can be formulated :

CcH, _CHy
+ Ve ~ _
H,N—c\r‘ic S/CHz + 6, — HN CQC-SEHQ )
- /
d d

Resonance stabilization of the thiocarboxylate group might have be_en
expected to favour this reaction. The aquated electron reacted fast W}th
the thiolactone, k = 3-6 x 101° Imol-1s~1, but it was found that reductive
deamination occurred, this being the typical reaction for amino acid
derivativestL. 4,4'-Dithiodibutyric acid was found to be a product, and the
following steps involving ring opening were postulated:

“CH, + es, —> NHy + O=C=CH—CH,~CH,~S (@0)

2 0=C=CH—CH/—CH,—S + 2H,0 —> (Ho—lc—CHz—CHz—CH,—s—),

l 100}
28)

o]

The OH radical leads to oxidative deamination and ketoacid formation
in a manner similar to that for amino acids®. This shows that H atom
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abstraction occurs from the tertiary carbon atom, rather than from that
« to sulphur, as found in e.s.r. studies with cysteine'®.

+  _CHy_ . _CHy_
HO + HN—CH  "CH, —> H,0 + H,N—C*  “CH, (29)
Ne g’ Neog”
4 /
o] d
CH CH CH
+ 2. R 2
2 HN—CT CH, ——> HN—CH  CH, + —> HN=C CH,
AN Ve N 7/ N\ /
c-S c—S c—
W 7 )
(V) (o) O
o+ A/CHQ\, _CHay .
HN=C CH; + H0 ——> 0=C CH, + NH} (1)
e-s //c—s/
o] 0

F. Reactions with Secondary Radiation-produced Radicals
Many organic radicals will abstract hydrogen from the thiyl group,

reaction (4) being one example. Where the organic radical has been
produced by H atom abstraction by OH or H, this hydrogen transfer
from thiol restores the molecule to its original form, and effectively
protects it from radiolysis damage. This topic is dealt with more fully in
section VI on radiation protection.

Inorganic radicals, formed from the reaction between anions and OH
can also oxidize thiols to free thiyl radicals. The species (CNS);, Br;, Cl;
and I; (formed by radiolysis of NyO-saturated solutions of CNS—, Br—, Cl-,
I7) are reduced by cysteine with rate constanis of 6-5-8-5 x 10° i moi—2s—3,
and the rate constants for (CNS;), Br; and I; increase by approximately
a factor of 10 when the thiol is converted to the thiolate anion®. (Cly

axicte anlv in acidio calitian Y 70— 3o alon radisnad samidle b sba o021 oo
TR VL) in GVl SULBLIULL ) g 1D AU IVa UG layuu_y U‘Y wIC Loiawe
anion of cysteine?®,

Whereas thiols may be oxidized, disulphides may be reduced by electron
transfer from radicals. Willson has shown by pulse radiolysis® that the
p——
electron adduct of the lipoate anion [S—SCH,CH,CH(CH,),CO;] is
formed in the reaction of lipoate with (CH,),COH, CH,CHOH, CO; and
the electron-thymine adduct with rate constants of 1-6 x 108 I mol—15-1,
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Thiyl radicals themselves react with disulphides leading to new products

where two different alkyl groups are present® .

RS‘+RSSR’ ——> RSSR+R’S* (32)
iii. AQUEOUS SOLUTIONS OF THIOLS CONTAINING
OXYGEN

A. Products and Yields

Cysteine has been the most extensively studied thiol in oxygenated
aqueous solutions. Although reported yields vary from group to group
the following general features have been found:

1. Oxygen lowers G(Hp and G(H,S) and increases G(H,0,) with
respect to oxygen-free yields.

5 At low doses, and provided [RSH] > ~ 1072 the disulphide cystine
is siill the only major sulphur-containing product, but large doses do
result in higher oxidation products being formed.

3. Increasing cysteine concentration increases yieids, this effect being
greater when the free base is nsed instead of the hydrochloride (Table 4

>

nehn tne ir
shows figures from different research groups) and at pH<S5, there is an
approximately equimolar increase in hydrogen peroxide and disulphide.
Oxvyeen concentration has little effect on the yields.

URYES

TaBLE 4. Variation in G(—RSH) or 2G(RSSR) with [RSH] for oxygenated
cysteine solutions

[RSH], M 2G(RSSR) G(—RSH)

10 55 56

3x 10— 10 95 76 16 7 13

5x107® 5 15

102 15 15 82 7 9 20 20 14

3x10 i8 i8 92 10 11 36 24

10-* 24

0, air*  air air air air latm® latm latm air

pH 1 3 01 135 4 3-4 7 7 7

Reference 23 52 53 25 54 25 is 25 53

Note: Dose rate 0-8-1-4x 1018 eV 11 s~
& Equilibrated with air at 1 atm.
» Equilibrated with oxygen at 1 atm.

4. As the pH is raised above 5 a marked increase in G(—RSH) and

4. &AS

<
pH is
G(RSSR) occurs, but G(H,0,) does not increase until the pH is greater
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E{l_an 7,_a?§ then the value of G(H,O,) is less than that of G(RSSR)2
Figure I illustrates this. '

201

N
(&4
T

G (Products)
C
>

o /
1o} S S/

T__—*
o
. : L L N . ) . .
o] 2 4 6 8
pH
FIGURE 1. G(Products) as a function of pH for 10-3 M cysteine saturated with
oxygen?,

O = G(-RSH) 0O = G(RSSR) A = G(H,0,)

) Mercapfoet_hago} hgs been studied’ in the pH range 0-5-8, and oxygen
increases both G(RSSR) and G(H;O,), while increasing the thiol con-
centration from 10~2M to 10~Im causes a major increase as shown in

Table 5.

TABLE 5. Product yields from aerated aqueous mercaptoethanol

solution®
(RSH], pH Aeration G(H,0,) G(RSSR)
10-2 31 None 0-56 3.
10:: 31 Air 65 6;5
10 33 None 045 .
10 3 . 44
0 Air 361 361

Note: Dose rate 7-8 x 108 eV 1-15-1,
¢ Taken from Table 1, reference 7.



498 J. E. Packer

Cysteamine™ was found to differ from the above two thiols in that
little disulphide and hydrogen peroxide were formed at low pH, whereas
at higher pH the yields were at least qualitatively similar to those of
cysteine. Figure 2 illustrates these points. Presumably products with
sulphur in a higher oxidation state than in cystamine are formed in
acidic solution.

‘ /
/

20} /

E 14

© yd /

S

T
e

FIGURE 2. G(Products) as a function of pH for aerated 10-2 M cysteamine™.
O = G(—RSH) [0 = G(RSSR) A = G(H;05)

Very high yields of disulphide from some n-alkyl mercaptides with
G(RSSR) up to 650 have been reported®. Quantitative product yields are
however dxﬂicult to obtain at pH>8 because of autoxidation, and because
the thermal reaction between hydrogen peroxide and thiol proceeds at an
anm-mahh- rate,

Dlsulphldes have been studied in the presence of oxygen by
Purdies®335L% and Owen and coworkers® %55, Sulphonic acids
become a major product, Owen consistently reporting higher yields than
Purdie, who finds significant amounts of sulphinic acids are still formed.
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B. Effect of Oxygen on Radical Reactions

I. Competition for primary radicals
nygen does not react with OH except at h}gh pH“ where the latter
exists as O—. As thiols are readily autoxidized in alkaline solution no
detailed studies of oxygenated solutions at high pH have been reported.
raacts rarnr“v with both H and e, to give HOO" and

5 P
£1OWeVer, OXygen reacis rap!

Oy with rate constants kg, and kg, of 2x 10 and T'88 10“’ Imol-1s-1
respecnvely“’, and would be expected to lower G(H,) and G(H,S) with

H+0, —> HOO® (33)
€3q+0,——> OF (34)

respect to oxygen-free solutions. This has generally been found.
Al Thannon found for example that air lowered G(H,) from 3-10 to
0-65 in 10—%M cysteine solutwn and from 3-4 to 3-06 for 10-2m cysteine®,
competition being less effective at the higher thiol concentration as
expected. Competition between O, and RSH for ¢;, has been used by the
Auckland groups- 17,19 to determine k; for various thiols at pH 7 (T able 2).

Neglecting H,S from reaction (8) and by plotting 1/G(H,S) against
[O)/[RSH],

G(H,S) = p ,..ﬁ’.[f','."m 5
Ry ROA T A3 V2)
1 _ 1 [, klOd)

G(H,S)  Ge,- \ ' AIRSHY/

ks can be found. This technique of determining rate constant ratios by
competitive scavenging is common in radiation chemistry.

It has been found for mercaptoethanol that oxygen lowers G(H,S) much
more than would be expected from the known values of k, for this thiol
determined by measuring the rate of disappearance of e by pulse-
radiolysis and ks, and it has been suggested that the electron adduct of

the thiol might be sufficiently long-lived to transfer partially the electron
nnnnnn n before dissociating, reactions (35) and (36)7. Barton considered

to
t0 OXygen oCiorC aissodialing,

HOCH,CH,SH — > HOCH,CH,SH- (35)
(36)

that the reason Winchester’s figure for &, for nvcfi-mpw was only about

at i réason vvinCadlslr § Aguic 101 only

half that measured directly by pulse radlolysls” might be due to similar
reactions, but by re-analysing Winchester’s results where both [RSH] and
19
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[C,] were varied, he showed this not to be the case?®. Again it appears as
though the reaction between e;, and mercaptoethanol is somewhat

anomalous.

2. Reaction of HOO" with RSH

The hydroperoxy radical has a pK,, of 4-88 and thus it exists as HQO'
in acidic solutions and as its conjugate base, Oy, in neutral and alkaline
solution®. By studying the formate ion-oxygen—cysteine system as a
function of pH Barton has found that HOO"® does not react with cysteine,
but that O does?, In the absence of thiol, reactions (37), (38) and (39)
in addition to (33) or (34) occur, giving a yield of hydrogen peroxide,

OH+HCOOH (HCOO-) ———> H,0+'COOH (CO;) @0
*COOH (C0;)+0, ——> CO,+HOO" (0;) {38
2HOO (07} — —> H.O:+0; @9

G(H,0,) = GH,O.‘*‘%{G o+ Goem + Gy =31 If the peroxy radical

abstracts H from the thiol,wthc yield of H,0, should increase as

each OH, ¢;, or H now gives rise to one molecule of Hy0,
HOO'+RSH ———> H,0,+RS" {40)

H+ HO LRSS sA4N

0; +RSH ———> H,0,+RS’ 41)

and G(H,0,) = Gg,0,+Gor+Ge - +Gg =067 In solutions where
[Hcoo(rlf?sﬁ;ysteiné],' Barton found G(H;O,) = 37 and G(—RSH) =0
in acidic solution, these increasing to 6-2 and 5-8 respectively as the pH is
raised to 5-i. From this work he estimated %y as 1-8 % 104 Imol 1571
within a factor of five. Using the same method cysteamine was also
found®® to be unreactive towards HOO".

The reason for the enhanced reactivity of Oy probably lies in the free

energy of protonation of the peroxide anion (pK, of H;0p = 11-8). On

bond strength figures, reaction (40) would be nearly thermoneutral®-®,

3. Reaction of RSSR with oxygen
The transient RSSR has been found to react with oxygen in pulse

radiolysis studies of cystine® and lipoate®™ with rate constants of
4-3 x 10 and 9 x 10® I mol—1s1 respectively. Oxygen enhanced the rate of
first-order decay, the increase in rate being proportional to oxygen
concentration. The reaction is thought to involve electron transfer from
disulphide to oxygen, reaction (42).

RSSR+0, ——> RSSR+0; (42)
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4. Reaction of thiyl radicals with oxygen
It has been assumed that oxygen reacts with the thiyl radical according

4 manatiaem (AN wh ool H e 1nl e dialucio o a
to reaction (43) when possible mechanisms for thio! radiolysis in the

RS°+0, ——> RS00° (43)
presence of oxygen have been postulated'® 5292, but direct evidence for
this reaction has only been found recently and is limited. Purdie found
oxygen inhibited reaction (32) and concluded that oxygen reacts with the
thiyl radical®” 5., When neutral and slightly alkaline solutions of cysteine
saturated with N,O were irradiated it was found that oxygen markedly

decreased the amount of RSSR formed immediately after the pulse as
well as greatly increasing its rate of decay by reaction (42). This decrease
was considered to be cansed by competition between RS~ and O, for the
thiyl radicals, reactions (13) and (43), and assuming such competition, and
plotting A%, /A, .. against [O,]/[RS™], a value of k3 = 8 x 10° Imol s~
was found, A% _ and A__._ being the maximum absorbances after the
pulse in the absence and presence of oxygen respectively®.

Swallow and coworkers found a weak absorption with A, at 560 nm
when mercaptoethanol was irradiated in acidic oxygen-saturated solutions’.
From the variation in the amount formed on changing mercaptoethanol
concentration and pH it was concluded that the transient was
HOCH,CH,SOO" and that it had an extinction coefficient of
180 +35 Imol—tcm. A weak transient, A, at 530 nm, was also detected
by Packer on irradiating acidic cysteine solutions in the presence of
oxygen, the amount formed increasing slightly with cysteine concentration
and more definitely with oxygen concentration. The decay kinetics were
complex, but decays were rapid with half-lives of a few microseconds
decreasing as the pulse length (i.e. dose) increased, suggesting radical-
radical reactions™. The data were not inconsistent with the transient
being NH CH(CO;)CH,S00".

5. Reaction of alkyl radicals with oxygen

Dissociative electron capture by thiol ieads to an aikyi radical, reaction
(3).. Oxygen, by competing for €5, lowers the yield of alkyl radicals, and
as it adds to them rapidly, reaction (44), should further lower the yield of

R+0, —— ROO" (44)

alka’fe by preventing H atom transfer from an unreacted thiol molecule,
Teaction (4). No data that show the fate of such alkylperoxy radicals have
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been reported. If they abstract H from the thiol group an alkyl hydro-

peroxxde would form, but none has been. identified, and anyway maz be
notian nroduct

reduced in the presence of thiol. Serine, the expected reduction product
from cysteine, is formed in low yield®.

For cysteine there appear to be three regions of pH involving distinctly

different mechanistic features?®, namely 0-5, 5-7 and >7.

The pH region 0-5 has been studied by several research groups.

Recently Barton® has collected all the avallable data and carried out
calculations on the ‘extra’ product yields due to oxygen. From the known
rate constants for reactions (2), (3), (6), (7), (33) and (34) he calculated the

initial values of G(RS"), G(HOO ) aud G(O )- Consndenng the ethbnum
between HOO® and Oj, and assuming that reactions (39) and {(41) but not
(40) occurred, and that each RS’ radical gave rise to half a molecule of
cystme, RSSR he determined G(—RSH), G(RSSR) and G(H,O,) arising
from these reactions. There is a smail possibie error as the fate of R'in the
presence of oxygen is not known. Subtracting these values from the

expenmental ylelds, he obtained the extra product yields which he
iabeiied G{—RSH),, G(RSSR), and G{HCy), as the results s seemed best
explained by a short chain-type mechanism. The essential facts to emerge

were that G(RSSR)0~G(H,0,)0 for all sets of data; that G(RSSR), was

proportional to (dose-rate)? from the results of Al-Thannon®; and that

these ‘extra’ yields increased slowly with increasing cysteine concentration.
He postulated the following scheme:

RS'+0, — > RS00" “3)
RSO0"+RSH ——> RSOOH+4RS® (45)

as the propagating steps, and

RS'4+RS* ——> RSSR (11)
RS*+RS00* ——> RSSR+0, (46)
RS00°+RSO0* ——> RSSR+20, (47)

as possible termination steps. Reaction (45) must be relatively slow as the

as PpoSsiciv Wik eacion {

‘chain’ yields are very small“s, and in view of the fact that reaction (40)
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does not occur® this seems reasonable. Reactions (48) or (49) and (20),

PRPR y

account for the cquaiity of U\x\ool\)c and U\Ilzuyc Owen and Brown

RSOOH+RSH —> RSSR+H,0, “8)
RSOOH+H,0 — > RSOH+H,0, )
RSOH+RSH — > RSSR+H,0 (20)

found a slow nncf-urrnrlmtmn increase in rv&fmp at pH~4-5 and suggest

st-irradiation increa; stine at pk
that reaction (48) was slow®2, but Barton was unable to reproduce thelr
results®.

The relatively low ‘chain’ yields imply that oxygen which reacts fast
with the thiyl radical does not get reduced, and reaction (47) is proposed
to account for this. As a resuit of his disuiphide studies Purdie® has
suggested that RSOO" radicals react together according to reaction (50), the

RSQOQ°+RS0O0*

{50)
s

product being a dioxide, not a ppf(l\vuin Ancum‘nn the dioxide would be

uct being a e, the dioxide would
reduced to disulphide by thiol, reaction (50) would lead to a considerable
increase in G(RSSR) without a corresponding increase in G(H,0,),
contrary to what is observed. The possibility of reaction (43) being
reversible and giving rise to an equilibrium between RS’ and RSO0’
comes from the observation that the maximum absorbance at 530 nm
following a pulse of electrons in acidified cysteine solution increased with
increasing oxygen concentration at concentrations where reaction (43)
would be complete were it a fast irreversible reaction®’. The decay,
assuming the transient to be RSOO", was too fast for it to occur by
reactions (11) and (— 43) alone. Purdie’ has measured G(cystine) in
OXY] gcuawu solutions of the mixed umulpuxuv of \.yalmuc and cys;eamme

as a function of this disulphide concentration. Oxygen and the disulphide

compete for cysteinyl radicals from reaction (17), cystine arising from the

latter reaction {32)_ He proposes reaction 145\ to account for the fact that

G(cystine) has a value of 1-5 when extrapolated to zero mixed disulphide
concentration, implying that reaction (43) does not go to completion.

The mechanism requires the ‘chain’ vield to be proportional to cysteine
concentration, but the dependence is much less than first-order. A first-
order decay of RSOO" in competition with reactions (45) and (47) would
account for this, but a possible reaction is difficult to visualize, and it is
concluded that the mechanism is not yet fully understood. A reaction such
as {51} is aiso possibie in acidic solution.

RS00°+HOO* ——— RSOOH+0, {51)
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In the pH region 5-7 G(RSSR), increases with pH while G(H,Oz)c
remains almost constant. The increase in G(RSSR), has tentatively® been
attributed to reaction (52) being much faster than (45), and the divergence

RSOO'+RS- —2" 5 RSOOH+RS* (52)

of G(RSSR), and G(H;0,), to the fact that the intermediate sulphenyl

hydroperoxide is reduced to water by cysteine as the pH increases,
reactions (53) and (20).

RSOOH+RSH ——— 2 RSOH (53)

A different chain reaction at pH>7 involving RSSR and producing
equimolar amounts of cystine and HyO, was postulated by Packer and
Winchester’3, and direct evidence for reactions (42) and (41) was sub-
sequently found®. Barton suggests that the two competing chain reactions,

RS"+RS- — > RSSR (13)

RSSR+0, — > RSSR+0; (42)

0; +RSH —=" 5 H,0,+RS" 1)

(13), (42), (41) and (43), (52) with (53) and (20) best explain the experi-
mtnl 2ot ot thic hichar nH rAmnn

méiial yiias it this AigalT P ITE08

2. Other thiols

As mentioned in section IILA, mercapfnnfhnnnl and cysteamine are the
only other thiols that have been studied in any detail. As Table 5 shows,
increasing mercaptoethanol concentration in acidic solution substantiaily
increases G(RSSR) and G(H,0,), and a mechanism similar to that proposed
above for cysteine has been postulated

As no detailed product analysis has been done no mechanism for the
radiolysis of cysteamine in strongly acidic solution can be postulated.
Howcver, it is of interest to note that both Owen3® and Purdie’! obtain
higher yields of taurine (NH;j CH,CH,80,H) from oxygenated cystamine
radiolysis than they do the corresponding sulphonic acid from other
dlsulphlde solutions. Poss1b1y NH*CHZCH,SOO is readily oxidized by
HOO" or H,0, at low pH. Sims  has calculated ‘chain’ or ‘extra’ yields
over the pH range in a similar manner to Barton, and ﬁnds that
G(RSSR)c'vG(Hzoz)c at pH of about 4, with both increasing as the pH
is further increased, G(RSSR), rising faster than G(H,0;),. Thus at higher
pH the mechanisms for cysteamine and cysteine would appear to be
essentially the same.

11. The radiation chemistry of thiols 505
3. Disulphides
o Faemaad L. {8AN o

aicdas ~ide
Owen considers aulyuuulu acias arc iormea oy reactions \lu[, (Sl and

(55), his values of G(RSO;H) being close to Gog. His values of G(H,0,)
are consistent with reactions (42) and (39) being important®. In his

RSSR+OH — > RSSR+OH- (18)
RSSR+0, —> [RSSR*0,]* —> RSO}+RS* (54)
RSO +OH- ———> RSO,H 55)

earlier papers® Purdie considered the sulphonic acid to come from
PR & .7 4 Y FIY AR . RS [, J .4 N RO I, L MR DI I . S |
reaction (Vv ), outl alicr 1uItner work™ ids sSuggosicd tndt 1t mday o 10rmea

RSOH+0; > RSO, +H (56)

by reaction (57). Both authors also consider a number of other reactions
to explain the various products and yields.

RS0;+RSOH ———» RSO,H+RS® (57)

4. Conclusions

It is clear from the above discussion that more work is needed before a

definitive understanding of the reactions involved in the radiolysis of
oxygenated solutions of thiols and disulphides is achieved. The variations
in yields with experimental conditions, the distinctly different yields from
different thiols or disulphides under similar conditions, and the analytical
probiems in determining yieids of suiphur compounds in various oxidation
states makes this a complex and difficult field to work in.

IV. THIOLS IN THE LIQUID STATE
Only two studies of thiols irradiated in the pure liquid state have been

renorted. It was of i athanathisl6s w1 angl whara
eported. It was of interest to compare ethanethiol® with ethanol where

the main products, in addition to Hj, are ethylene glycol and acetaldehyde,

which come partly from CH,CHOH as precursor®. In ethanol the
a-C—H bond is weaker than the O—H bond, whereas in the thiol the
relative strengths are reversed. G(H,) was 7-1, greater than for ethanol

(possibly because of the lower ionization energy of ethanethiol), and of
the main vroduct tad QOO

1343 pxuuu\,ta \.11150 7S\.¢zl 15 wuulbuwu O\I/g, d-lld Wllsowlls,
15%. No butane-2,3-dithiol or thioacetaldehyde were found®, No mention

was made of H,S, a product that might be expected in view of the sulphide
yield.
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For thiophenol® G values found were: Hp, 4-2; PhS—SPh, 4-6;
CgH,, 1-4; HyS, 0-44; PhSPh, 0-049. Hentz considered that reaction (58),
involving the parent positive ion and equivalent to that occurring in
liquids exhibiting hydrogen-bonding, would be unimportant, and thought
reactions (59) and (60) unlikely on thermodynamic grounds although
electron capture to give PhSH™ as an intermediate could well occur.

Ph$H++PhSH — > PhS°+PhS+H, (58)
PhSH+e~ ———> Ph*+SH~ (59)
PhSH+e~ ———> PhS~+H (60)

As dissociation of the lowest triplet excited state was not possible, he
concluded that breakdown occurred from the lowest excited singlet state
following charge neutration of the parent ion, with S—H cleavage and to
a lesser extent Ph—S cleavage the only important processes. (Johnsen®s
also considered the equivalent of reaction (58) to be less important with
ethanethiol, and that the difference from ethanol may well be attributed
to the much weaker hydrogen bonding as well as to the reiative bond
strengths mentioned above.) In benzene—thiophenol mixtures, energy
transfer from benzene to thiophenol was shown to occur, leading to
products similar to those from pure thiophenol. By using deuterated
benzene it was shown that very few H atoms arose from benzene radiolysis.
Prior to this work it was not entirely clear whether the very low values of
G(H,) found in aromatic systems implied a low yield of H atoms or were
due to the fact that they add to the aromatic ring. Thiophenol was the
first aromatic compound studied which gave an appreciable yield of Hy,
and this work clearly shows the dominating role that the —SH group
exerts when it is present in a molecule, H-abstraction from sulphur

preventing the usual ring addition almost entirely.

V. THIOLS IN THE SOLID STATE
A. Pure Compounds
1. Product analysis

Most solid state studies have involved only e.s.r. measurements of the
radicals produced on irradiation. However, Garrison and coworkers®
have irradiated dry degassed cysteine at room temperature, dissolved the
jrradiated solid in water and analysed the products, finding the following
yields: G(Hp =31; GHS) = 1-5; G(NH,) = 1-8; G(cystine) = 5-0;

G(NH,free compounds) = 1-0; G(total carbonyl compounds)<0-1. In
aqueous solution the —SH group appears to be the locus of aii significant
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reactions as the predominant reactions for amino acid derivativest,
reductive and oxidative deamination (the latter leading to carbonyl
compounds), are negligible. It was of interest to see if this was the case in
the solid state also. As the results show oxidative deamination was absent,
but reductive deamination competes with loss of HS~, The following

steps were postulated:
RSH —mm—> RS*+H*+e 61)

RSH —ww—> RS*+H (62)

reaction (61) involving proton transfer from the radical ion to a neigh-
bouring group, and (62) dissociation of an excited molecule, followed by

H"+RSH—| MRS o
5 H,S+NH}CH(CH,)CO; (63)

> NH,+'CH(CH,SH)CO; (64)

e~ +RSH—|—— 5 H,+NH,CH(CH,S")CO; (65)
5 H,5+NH,CH(CH,)CO; {66)
RSH-+CH(CH,SH)COy —> RS"+CH,(CH,SH)CO; (67)
RSH+NH,CH(CH,)CO; — > RS*+NH,CH(CH,)CO; (68)
2 RS —— > RSSR (1)

elgctron prior to deamination, it was found that G(NHy) <0-1. In spite of
this G(H,S) was only 1-2, lower than for cysteine, but the value of G(H,)
of 51 was much higher. This is the same situation as was found for

mercaptoethanol” but not for cysteamine itself’* in aqueous solution.

2. E.s.r. studies

Several esr. studies have been made on single crystals of cysteine
l_lgq{ocihloride monohydrate. On irradiation with 1-5 MeV electrons at
77K Akasaka®® observed an isotropic doublet as the main radicai species
with a high anisotropic but axial symmetric g factor, and attributed this to
the *SCH,CH(COOH)NH; C1- radical, as found by Kurita and Gordy

foe ocat o 0 T . :
for cystine™. Remarkabie broadening was observed on warming and at
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225K the spectrum had almost disappeared, although this was not due
to radical decay as the spectrum reappeared on cooling®®. Wheaton and
Omerod™ used ®Co y-irradiation at 77 K and then warmed or illuminated
their crystal with u.v. light. They observed six radicals, four of which were
RS, Their initial spectrum was a triplet, which Akasaka did not see,
probably because his electron beam warmed the crystals above 77 K.
Conformational changes on warming lead to interaction between spin on
the sulphur atom and neighbouring —SH groups to give large anisotropies
in the spectroscopic splitting factor g. Warming also gave higher radical
concentratlons suggestmg to them that the ongmal damage was not
paramagnetic. Further warming beyond 200 K caused nearly complete
disappearance of radicals suggesting that the thiyl radicals in fact dimerized
in the solid state.

Recent work by Budzinski and Box™ has shown that 77K is not a
sufficiently low temperature to stabilize the primary radicals initially
formed and have found evidence for electron capture by the carboxyl
group, providing direct evidence for Garrison’s mechanism®. They were
able to get better defined spectra with penicillamine hydrochloride than
with cysteine, and reported detailed work on this compound. At 4 K they

aha ad $tae ads na fo o o
observed three radical Byc\«naa, two due to oxidation which {he" “Ngned

to a chlorine atom and to *SC(CH,),CH(INH; C1-)COOH and one due to
reduction, HSC(CHs)zCH(NH‘“Cl—)é(OH)O" formed by electron capture.

On warmlng to 200 K, hole transfer from the chlorine atom occurred to
give a different thiyl radical, and the initial thiyl radical underwent a
change in conformation to give the same radical. The electron adduct

s i al o
ent a conformational »hwns\. and then on further warmmg

deamination occurred to give the radical HSC(CHa)ZCHCOOH. On
further warming to 275 K this radical abstracted hydrogen from sulphur
to give anoiher thiyi radical, and those aiready formed underwent a
further conformational change, so that at room temperature thiyl radicals
were the only type present Presumably dissociative electron capture by
the —SH group would give a radical which would also abstract H from

thiol, so although this radical was not observed, this work was not in
disagreement with Garrison’s mechanism. Box also had a higher yield of

radicals from oxidation than from reduction, au??ogﬁng Garrison’s

alan ssmda
ai3o unad;

dissociation reaction, as H atoms would abstract hydrogen from the thiyl
group. The anisotropy of the thiyl radical was again observed. In agree-
ment with the previous work, the final thiyl species observed at ambient
temperature has undergone bending of the carbon-carbon bond « to the
sulphur atom.
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Ramsbottom, Pintar and Forbes? have studied the radical recombination
in irradiated polycrystalline cysteine HCI monohydrate at temperatures
340-390 K. Above 333 Ka second phase, glassy in nature, was found to
form and it was presumed that this was caused by free water molecules
around lattice imperfections because irradiated samples had a greater
percentage of this new phase. This phase which was absent in anhydrous
samples would contain no radicals, and the observed uecay was of radicals
in the crystalline phase. The decay exhibited second-order kinetics over
4-5 half-lives and an activation energy of 50 kJmol! (12 keal mol‘l)
They concluded that the decay mechanism involved dimerization of thiyl
radicals and that H atom transfer between the thiol group and thiyl
radicals could occur above 378 K. The half-life at 375 K was approx1-

t An O

mately 200 min, and these results would seem to throw doubt o

observation™ that radicals decayed at 200 K.

Clear ethanethiol glasses™ 7 have been irradiated at 77 K. A deep
orange colour formed, and an absorption maximum at 430 nm was
observed. Bleaching w1th visible light caused the colour to fade to clear
yellow, with Ap,. at 405nm. E.s.r. measurements before bleaching
showed two species, one attributed to C;H;S" and the other to an ionic
radical. It was the latter that disappeared on bleaching and the peak at
405nm was attributed to C,H,S'. Initial yields™® were given as
G(C,H;S") = 0-5 and G(ion) =

A series of alkyl mercaptans’®7® have been irradiated at 77 K. The
thiyl radical, RS", is the predominant spe
less carbon atoms, but the relative concentration of alkyl radicals increases
with the size of the alkyl group.

ulaulpxuuca have also been studied. The final stable radical from a

single crystal of L-cystine hydrochloride is an RS radical™, but irradiation

as 4K gives RSSR and RSSR, the former having an optical absorption
maximum at 550 nm and the latter at 420 nm 7. Some RS" is also produced
at 4K. Both RSSR and RSSR are present in the dark at 77 K, but light
causes all of RS§R and about half RSSR to decay without a concurrent
increase in RS® radicals®. In the dark RSSR disappears in about 30 min
at 125 K but RSSR is stable at this temperature.

In studies of peptides and proteins containing sulphydryl and disulphide
groups irradiation at 77 K leads to non-S radicals, but on warming
migration of spins to sulphur occurs and the stable radicals at higher
temperature are thiyl radicals®-%2. Other forms of energy transfer must
also occur as the concentration of thiyl radicals eventually formed is

hiocher th +h al radical cance 3
higher than the total radical concentration at 77 K.

Lo smanlaneslan e ,an e
101 iNOIETUITS with three or
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B. Frozen Solutions and Glasses

The radicals formed on irradiating frozen aqueous solutions of
cysteamine at 77 K and their behaviour on annealing have been studied by
.5.1.8%8 Solutions of pH less than 2 before freezing formed thiyl radicals
on annealing to 178 K, but these thiyl radicals could not be detected when
the pH of the initial solutions was greater than 3. At higher pH increases
in radical yield and in radical stability to annealing occur and these
increases follow the ionization curve of the —SH group. The radicals
here were hsnfah\mlv attributed to pQQp

The absorption spectra of species formed on y-irradiation of methyl-
tetrahydrofuran and hydrocarbon glasses containing thiols and di-

s "y o £ Yot
sulphides®® at 77 K show that RSSR radicals are formed by electron

capture and that RS’ radicals are formed on warming by H atom
abstraction by solvent radicals. The electron scavenger CCl, inhibited

formation of the former but not the latter. In contrast Skelton and Adam8é

were unable to detect thiyl radicals when simple mercaptans in glassy
3-methylpentane were y-irradiated, although thiyl radicals were formed
and were stable at room temperature when the same glasses were

photolysed.

VI. RADIATION PROTECTION BY THIOLS
A. Mechanisms
The phenomenon of chemical protection of mammals against the
harmful effects of ionizing radiation was discovered in 1949, and amino-
thiols or compounds that could give rise to free thiol groups were found
to be the most active. Much work on synthesizing and testing new

compounds of this class has been undertaken. The phenomenon of

protection has been the subject of a book®”. Whereas most compounds
containing thiol or disulphide groups act as protecting agents in laboratory
studies, only some of them are effective in the body, problems of solubility,
transport, toxicity and other factors outside the province of physical
chemistry being involved. Only simple chemical theories and work related

+ha o A
to them are discussed here.

That the mechanism of protection is partly chemical (i.e. involving
fast free radical reactions) rather than biochemical (i.e. involving slow
reactions of protecting agents with the biologically important molecules
prior to or after 1rrad1atlon as suggested, for example, in the mixed
disulphide theory® ™) has been shown by mixing cysteine with bacteria®
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or lysozyme® in a rapid flow system. Protection was found with a pre-
jrradiation mixing time as short as 4 ms but no protection was found if
mixing occurred 5 ms after irradiation,

There are two simple mechanisms for this chemical protection,
‘competition scavenging’ and ‘repair’. In both of these the thioi is thought
to prevent or reduce damage caused by attack of free radical precursors
on the biological solute, the so-called ‘indirect action’. As cells are 60-809,
water there is little doubt that these precursors are OH, H, or 3, and the
number of them reacting with the biological substrate is reduced by
competitive scavenging of the thiol, yielding thiyl radicals. These are
reiati‘vel‘y unreactive towards the Ui\’uﬁgical molecules and uuubcqucuuy
damage is reduced. Where the primary radicals do react directly with the
substrate a free radical formed by H atom abstraction is a likely product

and furthar ranctina of thi
and further reactions of this may lead to permanent biological damage.

In the repair mechanism the thiol is thought to transfer a hydrogen atom
from sulphur to the radical, restoring the biological molecule to its
original form and replacing it by the innocuous thiyl radical.

The repair mechanism can also operate where a radical has been formed
by H atom loss after a direct ionization of a biological molecule, and
energy transfer, especially to a disulphide group, is also a possibility.

Evidence for these mechanisms has come from radiolysis experiments,
inciuding e.s.r. measurements on modei systems.

B. Solution Studies

Adams and coworkers have made quantitative measurements on both
possible mechanisms, using monomers® and polymers® as model sub-
strates and cysteamine as the protecting agent. On pulse irradiating
mixtures of alcohols and cysteamine they found RSSR to be formed in
two reactions, one of these being complete 3 us after the pulse with the

other slower reaction occurring during the next 10-100 ps. Increasing
the alcohol concentration at fixed cysteamine concentration decreased the

amount of RSSR formed 3 s after the pulse, showing normal competitive

Lienatdo Taalen f o wd £ V% NP | haé 4l al
kinetic ucuavxum, reactions \1.} and for methanol \U]j but the total

OH+RSH —— H,0+RS" @
OH-+CH,0H — H,0+"CH,OH (69)

amount finally formed remained the same. The rate of formation of
RSSR in the slower reaction was independent of alcohol concentration
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but was proportional to cysteamine concentration, suggesting the repair
reaction (70) was being observed. (Recent work on the y-radiolysis of

*CH,0H+RSH ——— CH,OH+RS"® (70)

isopropanol in D,0 substantiates this since it was found that addition of
thiol induoes deuteration of the aicohol and lowers the yield of acetone™.)
Analysis of the ograms of growth of RS SR yielded ‘repair’
rate constants for a series of alcohols, the values ranging froﬂr?
1:8 x 107 1mol—ts~* for ¢-butanol to 42 x 107 Imoi~" s~ for 1sopropanoi™.
Using polyethylene oxide (PEO) polymers of varying molecular weights,
the same two kinetic pathways of RSSR formation were again observed,

and repair rate constants of 5-10x 108 Imol~*s~* were found. With high

molecular weight PEO reactions of PEO radicals with RS and RSSR

were also detected. pH studies on both monomer and polymer systems
showed the thiolate anion barely repaired the radicals, if at all®®.

The repair mechanism does not appear to function where attack occurs
on pyrimidine bases. Here primary radicals add to the 5: 6 double bond
and hydtogen transfer to the intermediate radical would complete an

addit o this hand. This reactio shown to occur between
auullvlull u»l\lbﬂ LD UVIIG. 11110 i viiveay

cysteine and the protonated electron-adduct of cytosine®®, and in this
case cysteine increases G(—cytosine) by blocking the reconstitution
reaction which occurs between OH-adduct and electron-adduct. Adams®
found the rate constants for reaction between cysteamine and the
OH-adducts of ailyl alcohoi, thymidine and uracii to be less than
107 1mol—1s—1, his findings being confirmed very recently in a pulse
radiolysis study using es.r. to detect transient intermediates®. Both
cysteamine and cysteine were used and the corresponding rate constants
for uracil and thymine being shown to be less than 108 1mol—ts~1. For
these compounds all protection was due to thiol Scavengmg of OH. This

.............. akle to Adams’s for repair of alcohol
[ccumquc gave uguu:b comparaoic o cpalr oI axconol

radicals®, and also showed the repair mechanism functioned for dihydro-

thymine.
evidence that radicals other than primary ones can add to

Thclc lD CYIUCIIVY it ialiaViad Weaaes saaftas pa 222062
pyrimidine bases and hence damage DNA function, and it has been shown
that thiols can prevent this by repamng the intermediate radicals prior to
their attack on the base®. The repair mechanism has also been shown to
operate in e.s.r.-flow studies of biochemical molecules where OH radicals
are generated chemicaliy®”.

Studies of protection of two enzymes, lysozyme* and papain®, have
been made in aqueous solution, and in addition to scavenging protection,
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a reaction between cysteine and the OH-adduct of lysozyme has been
observed®., A siow post-irradiation repair reaction was found for
papain®, probably involving cysteine as a reducing agent.

In some systems it is found that the presence of oxygen lowers the
protection given by added thiol®, an explanation being that oxygen reacts
with the substrate radical in an irrepairable step in competition with the
hydrogen transfer reaction with thiol. Pulse radiolysis studies with

PP A N <92
byblca.u_uuc were niot inconsistent with this®.

C. Solid State Studies

E.s.r. studies in the solid state aiso give considerable evidence for the
repair mechanism of thiols. Mention of migration of spins to sulphur in
proteins and from solvent to thiol in glasses has been made in section V.
Tex a qimnla smadal quctasm o aingla acoobal AF Y omminahetoaia 22 d TTOY
111 a SUIPIC 1IIUUUL Jydtllll a JIHEIC Lviydlal Ul LrallllvuuLyliv acilu il
containing 2%, of cysteine HCI was irradiated. The main radical detected
at 220°K was CH;CH,CHCOOH, but on warming to room temperature
the free thiyl radicai appeared, impiying iransfer of H from the thioii®,
Work prior to 1965 has been reviewed'®! and many systems involving
mixtures of thiols and model compounds or biological material in the
A e loccs: ebobo Loasin Liooe cba 303 2 ol Lo ot 33 1
uly Oif Bladdy dlalt [1avt vt Stuuitu Sluce anu irave plUVlUCU cicar
examples of the repair mechanism. However the factors controlling
transfer of spin to the added thiols are complex, as recent work by Milvy
has shown102 103,

3as 5:10WT

Vil. ADDITION OF THIOLS TO OLEFINS
Radiolysis of mixtures of thiols and olefins in the absence of oxygen

leads to anti-Markovnikov addition across the double bond in a long
Ani-NViar<OvniKov adgaiiicn across e Go o0naG In a iong

chain reaction involving free radicals. The propagation steps for a terminal
olefin are:

RS*LR'CH=CH R’CH—CH.SR ¢
RS*+R'CH=CH, > R’CH—CH,SR (7

RSH+R'CH=CH,SR — > R’'CH,—CH,SR+RS" (72)

This reaction is not specific to radiolysis, and the initiating free radicals
may also be generated thermally or photochemically. The general field of

free radical addition of thicls od nda ha
Aival a\.l\.lllj\lll vi LIMULB LU uuoatu:.uLcu UUILIIJUULIUB nao ICW.IILIJ

been reviewed®,

Thiols may be formed by radiolysis of H,S with olefins, the mechanism
being similar to that above, but as the thiol formed undergoes loss of
herog‘en by radical abstraction more readily than H,S, a mixture of thiol
and sulphides 1s likely to be formed.
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i. INTRODUCTION
The use of thiols in the synthesis of bivalent oreanosulohur compounds is
The use of thiols in the synthesis of bivalent organosulphur compounds is

well known?. Thiols can be converted to sulphides, disulphides, sulphonium
salts, sulphoxides, sulphones, sulphonic acids, thioacetals and thioacids;
these transformations hpmcr effected m:ngganv l-w nm-lpnnhmr- Amnlams-
ment, addition, oxidation or condensation reactlons 1nvolv1ng the sulphur
function. In the above cases a thiol is used in the preparation of a new
compound containing sulphur and this is often the main purpose for
effecting the reaction. In this chapter we have chosen not to cover per se
these types of reactions; certain of these reactions are covered in various
detail in other chapters in this volume. We have chosen instead to treat
reactions in which a thiol is an important and necessary reagent, being
unu.upmamu into the molecule to promote the desired transformation,
following which the sulphur function is removed to yield the final reaction
product. The thiol, therefore, functions in an accessory role in the synthetic

transformation. An exammnle is the conversion of a carbonvl eroun to a
LIAnSIormanltn. An &Xampid 15 ui® COnversion &1 a Carodny: group o a
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methylene group by Raney nickel desulphurization of an intermediate

thioacetal; the thioacetal being prepared by reaction of a thiol with the
ketone or aldehyde.

Examples of a thiol functioning in a synthetic transformation involving
only one step are minimal. Most cases covered in this chapter require
more than one step with several steps being involved in the conversion of
the reactant, via reaction with a thiol, into the final product. This
ssitates that the thiol be transformed into a bivalent organosulphur
derivative, i.e. a sulphide, thioacetal or a higher oxidized sulphur function
such as a suiphone or suiphonium sait, foliowed by subsequent conversion
to final product. Thus, many of the reactions covered could be considered
as examples of the synthetic use of sulphides, sulphones, etc., equally as
well as synihetic uses of thiols®. The general criteria used in selection of
reactions for the chapter have been: (a) a thiol has been or readily could
be used in preparation of the intermediate organosulphur derivative,

P -2 sformation is not the nrenaration of an organo-
o1 I.le uwlmuxulauuu A0 VUL LV PIVPGIGUIVIL Vi Gl Vi ga.

Vs A NS APy
\D) uic P
sulphur derivative, thus (c) the sulphur function is normally and con-

veniently removed to give the final product.

The following reactions have been excluded ag being beyond the scope
of this chapter: the variety of synthetically useful reactlons of dimethyl
sulphoxide (DMSO) and dimethyl sulphide, which include reactions
involving dimsyl anion, oxidation reactions involving DMSO, methylene
transfer reactions of corresponding sulphonium methylides, and reaction

of stabilized sulphonium ylids normaily prepared from dimethyi suiphide®,

1I. DITHIOACETALS

The formation of a dithioacetal as an intermediate in organic synthesis is
not new to most chemists. However, in recent years there has been a
continuing improvement in the methods of preparation as well as the
subsequent reactions. The early use of the dithioacetal group as a means
PO a1 O at o ful Do minlal has hann aveaandad fa
L0 reauce caroomyi IUNCUONS Wil KRancy MICAUL lidd ULtll vApauulu
extensive use as a protecting group, methylene blocking group and as an
intermediate in the preparation of complex hydrocarbons, olefins,

dag and lat

alda anas
unuuu.y GlS ainiu KCLUILGS,

A. Carbonyl Protection

......... ~hlial 34
The protecung ammy of dithioacetals has become well established®.

These groups are stable towards both mild acid and mild base and show
reasonable stability towards such varied reagents as lithium aluminium

hud chromiire ida and Gl 1d reagents’®, However, the method
u;unlw, TNromiui un.uuuc ana quu‘uu Ieagents’, mowever, UiC melned
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has rarely been utilized because of the dlﬂiculty in regeneratmg the
caroonyl Recent (JCVCIOmeIl[S in UlIS arca SﬂOulG cndngc the situa ‘Gﬁ
and give dithioacetals a prominent place in synthetic organic chemistry.

io rreparatlon

Early workers reacted the ketone with an excess of the thiol in the
presence of an acid catalyst such as zinc chloride®, hydrogen chloride’®
or p-toluenesulphonic acid® to prepare dithioacetals. The results were
erratic and the yields often disappointing. The use of boron trifluoride
etherate has led to consistently better results®0, This method is

o affa slvent o o
par uvulau.y effective when the thiol is used for the solvent of the ketone

as the boron trifluoride etherate is added. Ethanedithiol and propanedithiol
are usually the thiols of choice forming 1,3-dithiolanes and 1,3-dithianes
respectively. For example, the 1 3-dithiolane of cholestane-3-one (eguation

1) can be prepared in high yield by this method!®. Occasionally the choice

CEH1 7 CBHi 7

(\l/\ o
MN BF~Et,0 W
—
2% s (1)

of solvent is very important and it has been noted that a more acidic
medium such as acetic acid may be useful in accelerating product formation
and reducing side reactions!’. A newer method involving the use of alkyl
orthothioborates gives nearly quantitative yields of the dithioacetals of
simple aldehydes and ketones (equation 3) under neutral conditions'2.
The orththioborates are easily prepared from sulphurated sodium boro-
hydride (equation 2) but the use of dithiols wouid seem to be exciuded.

NaBH,S; + EtSH ——> (EtS);B + H, + (EtS) + NaSgH ®

Et Et
o} S S

I \/
CH,CH,CCH; + (EtS);B —> CH;CH,CCH; + B0,

-~
w
=

In the formation of 1,3-dithiolanes of di- and tricarbonyl compounds,
there is considerable selectivity. Normally one does obtain a mixture of
the monodithiolane contaminated by varying amounts of the bisdithiolane

12. Synthetic uses of thiols 523
but separation is generally not difficult. Apparently the formation of two

isomeric and hard-to-separate monothiolanes is seldom a problem.
Cholestane-3,6-dione thh excess ethanedithiol gives a high yleld of the
bis-1,3-dithiolane (equation 4) in just 5 mini% Restricting the quantity of
thiol and extending the reaction time led to a mixture containing a reason-
able yield of the cholestane-3,6-dione-3-(1,3-dithiolane) (equation 5)1°.

CaHyr Excess CsHi7

g s s57s
\HS\ ~SHjBF L.
" 3 L/
\ 5 hr. 94/°
\ $8H11 CaHyz

\ v AW < S
28% L__l"“
0%

Where the nature of the carbonyls of a dicarbonyl compound differ
greatly, one isomer of the mono ane may become the only product.
In the conversion of 4-androstene-3,11,17-trione to 4-androstene-3,11,17-
trione-3-(1,3-dithiolane) no bis- or trisdithioiane was observed (equation
6)°. The condensation of an equimolar amount of 1,2-ethanedithiol with

(o) [o]

OO em SO
L e
N F

| ~
S

an o-keto aldehyde such as pyruvaldehyde leads to the formation of
1,3-dithiolane-2-carboxaldehydes'® with little or none of the isomeric
1,3-dithiolan-2-yi ketones being observed (equaiion 7).
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i i~ s s
CH,CCHO ————> CH,CcEHO (n

Although the formation of dithioacetals generally is a simple reaction,
side reactions become prevalent when a reasonable leaving group is in the
a-position to the carbonyl or to a conjugated double bond. In the reaction
of 2-bromo-2-phenyiacetophenone with ethanedithioi, 2,3-diphenyi-5,6-
dihydro-1,4-dithiin (equation 8) was obtained® !5, Similarly, the dihydro-
dithiin (1) was obtained from 6-B-acetoxy-4-cholesten-3-one (equation 9)%.
Additional exampies exist for the formation of dihydro-1,4-dithiins via
halides'®, epoxides!” and even amides’s.

| B~ ~N°

PhCCHPh ——3H, \||/ W ®
Br PR s
(I:aHn' (I:lHﬂ

s~
oYY ——— (Y'Y o
OW .SW
OAc \/S

TUnder chnhflv different conditions, using 1 3-nronanedithiol, acvloing

Herent congrlior using 1,2-propanegiiniel, acyioins

and acyloin acetates lead to the formatnon of 1,3-dithianes where hydrogen
has replaced the hydroxyl or acetoxyl group'®. Hydrolysis to the ketone
provides a method of converting acyloins to ketones and desulphurization
allows conversion of acyloins to hydrocarbons (equation 10). Reduction
of i,i-dimethyi-5-hydroxysila-4-cycioheptanone gave I,i-dimethyisila-4-
cycloheptanone by this method (equation 11)®. A similar reaction is
believed to be involved in the action of D-proline reductase?!,

748
\y

H Cl c=0 HS(CH.,).SH H.C C c=0
(H,C)g CHOAC > (HC)s ém_/ > (H,C)g éHz
N (10)
! CH,
H v, 2
(HoC)s CH,

12. Synthetic uses of thiols 525
[o]
M _PH
( \& — ( \ a1
Me_S|~/ Me—Sl
\ \
Me Me

Ntmerous other examples of dithioacetal formation, including selective

formations, have been well documented® 22, but the above suggest the
formations, have been well documented ut the above suggest the
scope.

Early workers relied completely on the use of heavy metal salts in the
hydrolysis of dithioacetals. The initial use of mercuric chloride with

cadmium carbonate in hvﬂrnvvhn medium?251? was modified and generally
modQifieG and generally

improved by the substltutlon of mercuric oxide for the cadmium
carbonate*2?, However, in some cases the results of this method of
hydrolysis have been disappointing, This is especially true in the recovery
of aldehydes and steroidal ketones from their dithioacetals. Recently,
numerous new methods of hydrolysis have emerged significantly changing
the stature of dithioacetals as blocking groups.

The use of mercuric oxide and boron trifluoride etherate in aqueous
tetrahydrofuran gave good yieids of aldehydes®, even those such as 2
where mercuric chloride only destroyed the starting material. This method
has also proved useful in carbohydrate chemistry2® 30,31,

QAc ¢ OAc
1 . \ i
i / HgO/BF, i
(Et0),CHCHCH, CH > % (Et0), CHCHCH,CHO
S— ° ®

Oxidation of 1,3-dithiolanes with monoperphthalic acid®® or hydrogen
peroxide® gives ethylenedisulphones in high vields. These compounds are
stable in acid, but are easily decomposed with base in the presence of
oxygen to give the original carbonyl group. Thus, 17B8-hydroxy-5a-
androstan-3-one-3-(1,3-dithiolane) acetate was converted to the di-
sulphone, which in the presence of sodium ethoxide and oxygen gave the
vusxum 1 ketone (i \cquauuu u.}". Besides the fact that this method is effective
in the steroid series, there are the advantages of being able to hydrolyse

acid-sensitive compounds or work in acid media without fear of

der_‘gmngsma the blocking g group.

The use of a mild ox1dlzmg agent such as 1-chlorobenzotriazole® with
1,3-dithiolanes and 1,3-dithianes leads to the formation of disulphoxides.
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HO,CC,H,COH
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The disulphoxides generally are not isolated but are decomposed with
sodium hydroxide to the ketone®s. The reaction works well in the steroids,

acetal (equation 13).

OAc
]

AN
/V/j\)_J KO;LH‘ o\\S /\/\(i' _NaOH

S. —_——>
hy, DNV GHa), N

U \_"So

n=2o0r3
(13)

L

(3)
=

Oxidative hydrolysis of 1,3-dithianes using N-halosuccinimides has
been extensively investigated3s, The vields were consistently high when
using N-bromosuccinimide (NBS), usually in acetonitrile. Unlike earlier
methods 2-acyl-1,3-dithianes were efficiently hydrolysed to 1,2-dicarbonyl
compounds. For example, 1-phenyl-1,2-propanedione was prepared in
quantitative yield from the 2-benzoyl-2-methyl-1,3-dithiane (equation 14).
Silver saits often aid the reaction, but it has been noted® that NBS in the
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presence of silver ion reacts with double bonds. However, N-chloro-
succinimide (NCS) even with siiver nitrate is compatibie with doubie
bonds and still gives comparable yields.

[ Ph
505 .. NBSAGNO,  CH; ] (14)
P T ey 0 o
cHy T g
v

A few other methods for hydrolysis of 1,3-dithianes have recently been
discovered but have not been thoroughly investigated. Use of sodium
N-chloro-p-toluenesulphonamide (chloramine-T) leads to the corre-
sponding ketones in consistently high yields®”. The procedure requires
only short reaction times in aqueous alcohol and should prove to be a
very powerful method.

Alkylation of 1,3-dithiolanes with two equivalents of triethyloxonium
tetrafluoroborate leads to bissulphonium salts. Treatment with 109
sodium hydroxide gives exceilent yields of the corresponding ketones®.
If only one equivalent of the oxonium salt is used, the resulting mono-
sulphonium salt gives the ketone in high yield if a mild oxidizing agent
such as copper sulphate or hydrogen peroxide is present. Equations (15)
and (16) demonstrate the effectiveness of this method in the recovery of
trans-1-decalone.

i
S S EtS+ +SEt

o]
PR ; Y
Et,OBF, 10% NaOH e
—_— —_——

H L .
95%,
- _I .
S +SEt (0]
3% CuSO,

1 equiv. A A
NN NN

| H ] H

ano/
©7/0

Mha cidembhantos alé alon gannma $a ha invaload in o nracadnea noine

4 4C SUIPUUINULIL 34ll adldV J30UIUD WU UL 1IYULIVRGL LU a PIVWWUULLY uolllpy
methyl iodide in aqueous alcohol*®. Mild conditions and high yields are
typical. That the reaction is quite selective is apparent from the hydrolysis
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of the 1,3-dithiolane of 9-fluoro-118,16,17,21-tetrahydroxypregn-4-ene-
3,20-dione-16,17-acetonide (4) in high yield (equation 17).

HO O HQ 0O

oA ot
T e T LT

< S\J!\/I\F) OW

s 0

Some further representative examples of the hydrolysis of dithioacetals
are given in Table 1.

Tasre 1. Hvdrolvsis of dithicacetals to carbonyl comnounds
TasLe 1, Hydrolysis of dithioacetals to carbonyl compounds
Dithioacetal of Reagent Yield, % Reference

Cholestan-3-one Chloramine-T 15 37
1-Chlorobenzotriazole 50 35
Monoperphthalic acid 52 32
(1) Et;0'BF;; (2) NaOH 81 38

Cyclohexanone Chloramine-T 95 37
(1) Et;0*BF;; (2) CuSO. 81 38
HgGC—BF, 25 28

Fluorenone Chloramine-T 86 37

PhCH=CHCHO HgO—BF, 86 28

0
Ph‘.,Si(IECH3 HgCl,, aq. acetone-benzene 82 40
CH; O
CH4CH,CHCH,CPh HgCl,, HgO, ag. MeOH 70 41
Y
M NCS, AgNO, 94 36
"/
OH
Ph—?o/\ lo
o HgO—BF, 80 29, 30
CHO OMe
PhCHz(!%COZEt NBS, acctone 78 36
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B. Carbonyl Reduction

Since the Raney nickel desulphurization of dithioacetals to the corre-
sponding methylene was first observed by Wolfrom®2, the reaction has
become one of the most reliable and mild ways of reducing the carbonyl
group. Outstanding reviews can be found concerning the application of
nickel desulphurizations to all types of organosulphur compounds?®2 as
well as a detailed discussion of the mechanism*2. However, a brief mention
of the scope of the reaction as well as some of the more recent modi-
fications seems in order.

Typically desulphurization reactions are carried out with a large excess
of Raney nickel. The reaction is not truly catalytic in nature since the
hydrogen used to replace the sulphur usually comes from hydrogen
retained by the metal during its preparation. In addition the nickel is
consumed by the combination with the sulphur to form nickel sulphide.

Ton v
In practice a minimum ratic of 26 : 1 for nickel atoms to sulphur atoms

is necessary*.

The Raney nickel catalyst is prepared through the action of aqueous
alkali on a nickel-aluminium alloy. The conditions employed allow the
preparation of the catalyst with a specific activity. Furthermore, the
catalyst may be deactivated by refluxing with hydrogen acceptors, by
degassing or by ageing. For details the reader is referred to the reviews
mentioned above.

Et0,C(CH,)5 e/ (CHz)z Q, (CH2)3C0 Et

(5) (87%)

— CO,Et
s .8 Y\/ /\})Ca\Hn

S ‘/\I/J\)S__' PhCH,S /\i/J\)_‘
<\/\S‘\)\/{S/\/7 oh ans{\/l\)
® @% @ (27

A‘ﬂ\nnuh rlncnlphunzanens are very successful on most dit} hicacetals,

a fetw have been somewhat unsatisfactory. Compounds 545, 66 and 7° are
typical of the high yields which often accompany desulphurizations. On
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the other hand, n-heptanal diethylthioacetal gave only 40% yield of
heptane** and compound 8 gave only 33% of desuiphurized produci®.
Other functional groups generally do not affect the results. Desoxytetra-
hydrohelenahne (9) gave the desired product quantitatlvelyz’ and isatin

AAAAAAAAAAAAAAAAAAA

1 2_As4 23
x,.:-uiuuuxauv \IV} 5dVF UA.IMUUJ WllllUul bUlllPllbdllUu”

A I C -
STY LX)
s \H HWO
OL L

(i0)

—_

A vanmet sama AL andinen fon dhhn ccoa AL Doseawy —dalol cwno oo alo. L
3 10V THOULIIVALIUIL 1D LT UdC UL AUty 1LIVKTL u.lay sledlly €i1aince
its utility. Industrial use of the standard procedure has been limited by the
necessity to use such large quantities of the very expensive Raney nickel.

It now apnears that the use of the nickel-aluminium allov itself in formic
2L DICW appears nat i CXCi—a:uminium auly 1isCi in iormic

acid leads to very efficient desulphurizations with Ni/S ratios of only 0-244,
High proportions of the aluminium seem to give the best results, apparently
because of the ability of the aluminium to regenerate the active nickel
catalyst. Similar results were obtained using nickel or cobalt salts in the
presence of auxiliary metals such as aluminium or iron.

The use of deuterium oxide and sodium deuterium oxide in the
preparation of Raney nickel leads to the formation of deutero Raney
nlCKCl Sl-llLd.DlC IDI’ replacmg (ll[l'llOaCeIalS w1m ueuwrlum*"’ "' lne memocl
suffers from some scrambling of the isotope often leading to products of
low isotopic purity. Deuteration of (25R)-5«-spirostan-12-one (11) by this

g s b,_D §s
R Neh
o o

A H
an (12)
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method led to an isotopic mixture consisting of 4% d,, 44%, d,, 49% d; and

m0 s nta ahtainad cuch ac the
3/ 03 proaucts“ At times Aauiy purc pivuuwa are oolameq, such as ne

preparation of 12,12-d,-pregnane (12) with 767; 4.

2. Reduction to olefins
of an olefin during desulnhurization was first noted when
lll‘ u)uuduuu ©O1 an oi$inn Ullliig ULouipiiw

1,3,3-tribenzylthiocholestane gave a mixture of cho]est- -ene and
cholest-2-ene (equation 18) with Raney nickel deactivated by boiling 1n
acetone®™. Similar conditions gave predominantly olefin with the

acdiond™.  Sill

1,3-dithiolane from 148-A%%%-anthraergostatriene-15-one (equation 19)%L.

CegHz

(e . OO
O o
GV &

More extensive investigations46 52 have led to the use of W-2 Raney
nickei in refiuxing aceione to obiain olefins in 55-757; yields based on
starting ketone. Even the synthesis of dienes from «,8-unsaturated ketones
was successful52 Using this method Sa-cyano-17B-hydroxyestran-3-one
was converied to the coﬁespondmg olefin (SQ“"""" 2‘“53 q""“"‘““"'"
the 5B-cyano isomer gave low yields in the first step and no oieﬁn in the
second step. Both the cis- and trans-isomers in the 2-keto-10-cyano series
have been converted to olefing®® 55, Other examples of this reaction include
the conversion of dihydrogedunin (13) to the olefin® and the partial
formation of olefin from 17-norphyliocladan-16-one (14)%. Groups in
the a-position to the ketone may be lost during the reaction as seen by the
formation of 5a-cholest-2-ene as the sole product from 2a-chloro-5a-
cholestan-3-one %.

10
2
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OH
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CN
(20)
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/\Vi\o PN
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'O O

(13) {14\

vy
The mechanism of this reaction seems to involve formation of a
diradical intermediate which, if the concentration of hydrogen radicals is
iow, gives the thioenoi ether®. Further desuiphurization gives the olefin
(equation 21). If the alkyl radical is responsible for the C, hydrogen

N N AN\
/S\‘\/l\ — -CH cuzs}l\)\ — CH.CH S/”\/L -

\/s - ey izt
(X
SN

abstraction, it would seem necessary that it remain near the reaction site
so that homolysis takes place before addition of hydrogen from the
catalyst. Analogy with studies of the mechanism of desulphurization in
monothioacetais® and thiazolidines®® suggesis that the abstraction may
very well come from an external radical.

C. Methylene Blocking Group

In the presence of ethyl formate and sodium methoxide, the most
reactive methylene group of a ketone is converted to its hydroxymethylene

e
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derivativeS!. Further reaction with the ditosylate of propane-1,3-dithiol®?
leads to the formation of the 1,3-dithiane® (equation 22). Thus the active
position of the ketone is effectively blocked with a group easily removed
by Raney nickel.

(l:BHﬂ
% s T

—_— —_— s S
o)\/\/ e aYd 0PN

(22)

1. Alkyiations
The presence of the dithioacetal does reduce the reactivity of the
ketone toward alkylations at its other available positions®, but neverthe-
less the sequence has been effectively utilized. This is clearly demonstrated
by the formation of 4,4-dimethylcholestenone by this procedure (equation
23)8, Other examples of the successful use of this method include the

CgHyy

~ Y ~ =
AYY T — Ly
)\/\) JW

(23)

1

A~

~ p2 28
' d

preparation of 4«,9«-dimethyl-5a-androstan-3-one (15)% and 4a-methyl-
B-nor-5a-cholestan-3-one (16) 8.
CHHﬂ

Neoalgea
N O'iV;T_T

(i5) i)
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2, Decarbonylations

The formation of 1,3-dithianes from hydroxymethylene compounds,
which are enol tautomers of B-keto aldehydes, has been shown to be useful
in jtself. When followed by desulphurization the net reaction is the decar-
bonylation to the ketone. This has been used to advantage in the formation
of the methyl ketone (17)% in equation (24). Similarly the methyl ketone

(18) was formed from its hydroxymethylene derivative®.

(‘\E(!c!)CH—CHOH B (A\f:ECHJ
Cfye = -
R R~

R R

(1) R' = OAc, R = H
(18) R' = CO,Me, R? = Me

3. Formation of dicarbonyl compounds

The treatment of the intermediate 1,3-dithiane, either before or after
alkylation with reagents such as mercuric chloride-cadmium carbonate
(see section I1.A.2) gives hydrolysis to the carbonyl. Thus trans-fukinone
(19) was converted to (+)-hydroxyeremophilone (20) (equation 25)%. In
cis-fukinone, the 1,3-dithiane could not be formed from the 1-hydroxy-
methylene fukinone, presumably for steric reasons.

CHOH

f

AN
\/}\/\/ -
(25)

[
S S OH

¢
8

(20
4. Ketone transposition
Modification of the above sequence io inciude reduciion of ihe originai
ketone before hydrolysis is the basis for a new method of ketone trans-
position™. For example, the keto 1,3-dithiane (21) was prepared in the
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usual manner followed by reduction of the carbonyl with lithium
aluminium hydride to the aicohol (22). Conversion to the acetaie and
hydrolysis of the dithiane with mercuric chloride led to the keto acetate
(23). Reduction with calcium in ammonia resulted in the formation of the

PR, L nnsean

new methyl decaione (24) in 587, overall yicld (equation 26). The same

~.
S

(0] : f

0 B (o] >
1)

g s
LS/I/\V\ Ac,0 LSM HaCl, (26)
o~ Ao~

[} mn
(22)
O 1L~ [0 NEZ (PPN
Ca/NH,
L= 1
AcO VHV \/H\/
(23) @4
H H
2 O™
I A — Ul e
(o)
i ) i I
(25) (26)

sequence was used to convert decalone (25) into the isomeric decalone
(26) in 469, overall yield (equation 27). These conversions have been
shown to take place with compiete stereochemical integrity. Aiternative
methods of removing the carbony! from the keto 1,3-dithiane so far have
not been satisfactory.

5. Selective carbon—carhon hond cleavage

_l_(eto 1,3-dithianes are susceptible to nucleophilic attack at the carbonyl
with subsequent cleavage occurring preferentially between the carbonyl
and the dithiane functions”. In the one instance reported, the keto
dithiane (27) was cleaved with sodium methoxide in dimethyl sulphoxide
to acid (28). The explanation as to why the acid is formed instead of the
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methyl ester is not apparent. The reaction conditions are mild and do not
seem to put serious limitations on the nature of the rest of the molecule.
Most importantly, after cleavage, the 1,3-dithiane grouping is suitable for
many conversions such as reduction, alkylation, acylation or hydrolysis.

[/V\V\ NaOMe sz/ =N

DMSO @8

O/

H

en

HO,C
(28)

D. Svughgjg Apbl cations of 2-Lithio-1,3-dithianes

Corey and Seebach have reported’ the use of 2-lithio-1,3-dithianes as
useful reagents in orgamc synthesis. The method involves the use of

1 snanedithicl which i ad to react with an aldahvda to vield ¢
A,J-yluyauu\uuuuj, wiicn 15 ¢auseq 10 réact witni an aiGenyae 1o yidia the

1,3-dithiane (equation 29). Lithiation of the dithiane, normally with
n-butyllithium in tetrahydrofuran at lowered temperatures, gives the
2-lithio-1 ,3- dithiane (pnnth\n '{ﬂ\ The R group can be n"{vl ary! or

Shde 4
hydrogen.

AN /_S\ R oo
HS” > ™>SH + RCHO —> ( /(H (29)

/S R n-Buli
<_.:><H THF' Q- >< (30}

>

2-Lithio-1,3-dithianes have been shown™ to undergo reaction with a
variety of electrophiles, E, to give substituted dithianes {equation 31).
Removal of the dithioketal function generates the newly synthesized
carbonyl compound (equation 32) having the group E substituted for the
n}dvuyunv uy\.uvscn of the vusuna.} md.,}‘yde The dithioketal is most
often hydrolysed using the mercuric chloride : mercuric oxide method®
or by oxidative hydrolysis with N-halosuccinimides®. It is possible also
to remove the dithioacetal function hv dnenlnhnrwahnn (Panpv Nl\ to

yield the corresponding methylene denvatlve (equatlon 33). Fora general
treatment of removal of the dithioacetal function, see section 1L.A.2..
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2-Lithio-1,3-dithiane reagents are in effect masked nucleophilic acylating
agents and can be considered equivalent to the presently unknown

S
CNE ve o (AR &
\ s/ 'Li \ /\
<_'><R s 0=c" (32
g E e
/_S\,R RaNi  _ ..
{ S/&E ——> R—CH,—E )

acyllithium reagent (29). Thus, by use of a thiol, the carbonyl carbon of an
aldehyde can be transformed from an electrophilic site to the nucleophilic
centre in the lithiated dithiane derivative (30). The ability of sulphur to

0=C‘/R /—S\ R 34
i \__S/<u @8

(29 (30)

stabilize carbanions « to the sulphur atom is significant in the readily
accomplished lithiation of 1,3-dithianes. The preparation and reactions of

2-lithio-1 ‘2 dithianes have been reviewed®,
11e- angs nave oeen

The followmg is a general outline of the various types of reactions that
these reagents are known to undergo, including a comprehensive treatment
of reactions reported since the review article by Seebach™.

I. Reaction with alkyl halides

AT 5thio 12 Lidtbisman odanso the I nasition unon
ATLAUIIUT1,0°ULULIalld . ululipo au\ylauvu (II. UiV smpusiua upUi

reaction with alkyl halides. This reaction appears to be Sy2 in nature as
it is applicable to primary and secondary alkyl halides’, occurs most
readily with alkyl iodides™, and with optically active secondary halides
gives inverted products™. It has been shown®-?? that reaction with
optically active alkyl halides provides a useful route for the preparation of
optically active aldehydes or ketones (equations 35 and 36).
Cycloalkylation has been effected by reaction with a,w-dlhaloalkanes to

give, upon hydrolysis, cyclic ketones’" (equation 37). Likewise, the
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dithiane derivatives of o,B-unsaturated aldehydes undergo hydro-
chiorination followed by cycloalkylation to yield substituted cyclo-
propanes (equation 38)¢. Cyclic 1,3-diones are available’? by the

o)
?r | Me
§ & FMe—C—H —>{ 1 —— R :A‘(R (35)
. .
% L < ’
CAT R
S5\ (u;'{)
CHy1 C':H2—< ) CHiCR
Me=C—H ——> Me=C—H = — Me=C—H (36)
[ [ C#
=i =i =i

that the use of o,w-dibromoalkanes in cycloalkylation reactions is
complicated by formation of sulphonium salts (equation 40), a reaction
not observed with use of a-chloro-w-10do or a,w-dichloroaikanes.

o)

(IE
i {i) I{CH,),Ci i I HgCi, 7N
své @nBuli S __S HgO ~ {CHA,, 2]
H L n=25

(CH,),
H H R
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N 1) BrcH,CH(OED, /—S\/ < () Buli

Ve o
2) 1(CH,),Cl
S (2) HS(CH,),SH s E:a; éuLi’
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/S\Q/s\ HoCi, A\
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(39)
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L+ Br(CHp),Br ——> §_ _sT
S8 0> N
L1

Br~ (40)
X

H Li

Corey and coworkers™s, in a synthesis of prostaglandins, prepared
diene 34 by alkylation of the lithiodithiane 32 with 2-bromomethyi-1,3-
butadiene (equation 41). A synthesis of jasmone (35), in an overall
yield of 50%, has been reported by Ellison and Woessner™® in which the
bisdithianylethane 33 was sequentiaily aikylated, folilowed by hydroiysis
and cyclization (equation 42). A similar route for preparation of 4-hydroxy-

2-cyclopenten-1-ones has been reported”. This method appears to
provide a general route to 1,4-diketones via 1,3-dithianes.

Li p-CsHyy n-Can)(\/\
$° S Br//\l X S S h (41)

+ _—
g $
(32) (34)

S H ST
A (A —
MeO O° OMe \—g’ H Z
33)

(35)

The synthesis of the monoterpene components 40 of the sex attractant

of the bark beetle has been accomplished’® as outlined in equation (43).
Tha allrwtatiac 0 slo A0t - 27 oo - Lac ctom 30 tha cunthacic ainna
AUV AlRyidallvil Of LUIC UIUAaile 57 wad da ALY DICP 1 UIC DYIILIUIID Jlilve
efforts to prepare 40 by addition of the magnesium or lithium derivatives
of the bromoalkene 36 to the appropriate aldehyde failed.
Hvlton and Roaekalhaida? nranarad tha ocvslonhanedione 43 hv
vlton and Boekelheide™ prepared the cyclophanedione 43 by

alkylation of the bisdithiane 41 followed by hydrolysis. An improved
procedure for the preparation of 41 has been reported®.



540 Richard K. Olsen and James O. Currie, Jr.

Br A PN

Y N
f+ [ | — X
@) S\]\/s &—S R :r
H R 39)
@n
R = —CH,CH(CH,),

tarz

or
—CH=C(CH,),

R HO ™R
(39) (40)
s TN s— ~e )~
)

A @) (@4)

L@Jj
43)

2. Reaction with aryl halides

Treatment of 2-lithio-2-phenyl-1,3-dithiane with 2-bromopyridine gave
tha cuhetitntad nusidina A4 in 809/ viald8l Wawavar raactian with
the substituted pyridine 44 in 50% yield®., However, reaction with
2,4-dinitrobromobenzene gave none of the substitution product, but
rather compound 45 resulting from oxidative dimerization of the dithiane

o oo
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moiety®’. Such oxidative dimerizations (see section I1.D.7) of 2-lithio-1,3-
dithianes are known and have been reported’ to occur with nitro
compounds.

3. Reaction with epoxides
Epoxides effect alkylation of 2-lithio-1,3-dithianes™ ™ (equation 47);
opening of the epoxide ring occurs in the fashion typical of reactions with

to be free of side reactions common with other organometallic reagents™.

s S H
/— YH oy 9 — /_ N “n
\——S/ L A \.——S’ \/\R

R

Recently, Jones and Grayshan®% have reported the reaction of
lithiodithiane derivatives with steroidal epoxides to effect preparation of
modified steroids. Treatment of 2«,3a-oxiranyl-Sa-cholestane (46) with
2-ithio-1,3-dithiane, foliowed by desuiphurizaiion, yielded the 28-methyi-
3a-cholestanol 47 (equation 48). Conversely, reaction with the epimeric
epoxide 48 furnished 3a-methyl-Sa-cholestan-28-o0l (49) (equation 49)%2,

QN ~ L

T

7))

“a

o\/]\/\‘ /Tzu HO\‘L/\ j\ )\/T 9n @
(g) (‘i;‘s)

The spiroepoxide 50, prepared from Sa-cholestan-3-one, was cleanly
converted to the 38-ethyl derivative 51; the 3n-ethyl derivative 53 was
obtained in an analogous manner from the epimeric spiroepoxide 528
{equaiion 51). Similar resuits were obtained’ when this method was applied
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(52) (53)

L
T

to the epimeric spiroepoxide 54. This method appears to be the most
suitable synthetic route to these modified steroids. However, attempts to
utilize the lithium derivative of 2-hydroxymethyi-i,3-dithiane {55), or the
corresponding tetrahydropyran derivative, to prepare corticoid steroids
were unfruitful®s.

}

Y
o8
&g\/\/ L?(»

~
- n 2T
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(52)

I 723

The preparation of some y-fluoro-B-hydroxyketones (58) by reaction
of epifluorohydrin with the lithio derivative 57 has been reportedss, The
dithioacetals prepared from dithiol 56 are reported to be crystalline,

adonrlacse coamnannde8t tharafine. adu ha i ad £~
odouriess compoundas®™, thereiore some advantage may be purported for

their use.
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A synthesis® of «B-unsaturated aldehydes has been effected by
reaction of 2-lithio-1,3-dithiane with epoxides (equation 54). It was found
that treatment of the dithianyl alcohol 59 with mercuric oxide-boron
trifluoride caused dehydration and hydrolysis to give the a,B-unsaturated
aldehyde 60 in good yield. Standard methods for removal of the thio-
acetal function were not successful in these cases.

QH

N+ m — R(IZHCH2 >—i> RCH=CHCHO
RCH—Cn, S S
s~ 60) (54
?(U (59

4. Reaction with aldehydes and ketones

2-Lithio-1,3-dithianes add to the carbonyl group of aldehydes and
ketones to provide mercaptai derivatives of a-hydroxy aldehydes or
ketones™ (equation 55). The yields are normally quite high. Reaction with
a,B-unsaturated ketones has been observed™® to give only 1, 2-addition;
however, Seebach and Lietz have reported®® 14-addition to occur in

reactions with «,8-unsaturated nitro derivatives (equation 56). In the case

/_S§<.R_' + R— 'c R ——>/— §<,/ (55)
\_g b \g;R
R S— o
H)2<5_ \/l . R A/N/,uo2 ~—S R
O — <_ ><Li — < >V\,._ (56)
S —S ;IAr NO,

where R’ = H, the addition product obtained from reaction with a ketone
can be converted by dehydration to a ketene thioacetal (equation 57).

S H ~S nu —S R
Oxsem Ot = (O @
J < Ry < R
S S HOK S

Ketene thioacetals also are readily available®®® by a Wittig-type
reaction of 2-lithio-2-trimethylsilyl-1,3-dithiane (61) with aldehydes or
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ketones. The dithiane 61 is prepared!®® by reaction of 2-lithio-1,3-
dithiane with trimethylchlorosilane followed by lithiation (see section
ILD.6). A method employing the phosphite ylid 62 to prepare ketene
thioacetals by reaction with aldehydes, but not ketones, has been reported®?
{equation 59).

S S, R
{ O\t Coe e s ! M 4 Me.SioLi
\ = —_— T viegdIuLl
s/\SIM93 T RyU=0 A sr—\R 3

—

®1)
S
SSCH Remo /TS RC=0  No .
=X <—— { =POMe); = reaction 9
s’ R s

(62)

Ketene thioacetals should prove to be useful synthetic intermediates.
Hydrolysis® of ketene thioacetals yields carboxy]ic acids (63), while

protonation-hydride transfer using trifluoroacetic acid-triethylsilane, as

reported by Carey and Neergaard®, provides the thioacetal (64) of the
homologous aldehyde (65).

/St RC=0 /5 R pyge
& Koo, — < 7=, “Wo> RCHCOM
s —S (63)
/ \
TFA RL
ELSH \ ) (60)
P \ o
H
CHR, CR'R,
< >< ——> R,CHCHO ( ><\.
(65) 2
(M) (8)

Alkyllithium reagents are known"4 to add to ketene thioacetals to give
2-lithio-1,3-dithianes 66 in which R’ has become aitached to the ethylidene
carbon. Both 64 and 66 are capable of undergoing further reactions
available to 2-lithio-1,3-dithianes. Therefore, it should be possible in
principle to convert an aldehyde, RCHOC, to any of the following
via the corresponding ketene dithioacetal: RCH,CO,H, RCH,CHO,
RR'CHCHO, RR'CHCOR”, and RR’R"CCOR".
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Imines, being nitrogen analogues of carbonyl compounds, are reported72

to undergo addition with 2-lithio-1,3-dithianes to ylelu amines (equation

61).

/S ivie /=S, Ve
H=NPh —> 61
< °><Li + PhCH=N < Ret—nteh ©1)
— s’ G
Ph

5. Reaction with acylating agents

Acylation of 2-lithio-1,3-dithiane derivatives occurs in satisfactory

v when a dilute solution of the dithiane derivative is added at
ylcluo only when a dilute

—178°C to a solution containing a 20-100-fold excess of the acylating
agent”™ 7 (equation 62). The above conditions are necessary to circumvent
reaction of a molecule of the reactive lithiodithiane with a molecule of
previously formed 2-acyldithiane. This method offers, by subsequent
removal of the dithioketal function, a route for the preparation of
1,2-dicarbonyl compounds.

S S
T G S ©2)
i C—R
S S ]ol

Acylating agents that have been employed™ are carbon dioxide, alkyl
chloroformates, alkyl formates, acid chlorides, esters, benzonitrile and
dimethylformamide; the expected acylation products from reaction with
the above reagents were formed in each case. However, the N,N-dimethyl-
amide derivatives of higher carboxylic acids did not yield acylated product
as in the case of dimethylformamide™. When R = H (equation 63), it was
necessary to employ two equivalents of the lithiodithiane due to product
enolate formation.

< ><H RCOX < >=<R‘ = + <::><: (63)

In the total synthesis of illudin M, Matsumoto and coworkers®

prepared the cyclopentenone 70 by reaction of 2-lithio-1, 3-dithiane with
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the ester 67 to give 68. Reduction, acetylation and removal of the dithio-
acetal function gave 69, apparently formed by an intramolecuiar trans-
ketalization reaction.

6. Silylation and related reactions
2-Lithio-1,3-dithianes react with trialkyl- and triaryl-chlorosilanes to

OIVP the 7_mlvlntpd derivatives (pnnuhnn ﬂ<\ This method was used in the

metr in

preparauon‘-"o 9% of the prevmusly unknown a-silylketones 71. Germanyl-
ation and stannylation also can be accomplished with the corresponding
trialkylhalo derivatives®,

s R S, R
(—X + RiSiCl —> (_X —> (lj g )

\—-S Li \—-S SiR; R—b‘alna

7. Oxidative dimerization
Treatment of 2-lithio-1 ‘2 dithianes with iodine, cupric salts, 1.2-di-

thian iodine, cupric salts, 1,2-di-
bromoethane, or nitro compounds effects oxidative dimerization” to
give the dimer 72 plus a small amount of the 2-methylene derivative 73.

Me
<—S.>< — (ﬁf)—kl > ( >=CH2 (66)
S Li S|
Me (73)
(12)

8. Reactions using 1,3,5-trithianes

1,3,5-Trithianes (74) undergo lithiation®? with an equivalent of
n-butyllithium to yield the 2-lithio derivatives, which substances undergo
the usual reactions (equation 67) as with 2-lithio-1,3-dithianes. Since
additional active hydrogens are present in 1,3,5-trithianes, dimethylation
has been observed in some cases™.
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R R R
/\——S >—S R >—S R
s >—-R — S —> S
Ss N—s'Li N—s"E 7
R R R
(78) R = H or alky! (75) (76)

An alternate route not involving 2-lithio-1,3,5-trithianes for the
preparation of 2-substituted-1,3,5-trithianes recently has been reported®.
This method involves reaction of an aldehyde 77 with the dithiol 78 to
yield the 2-substituted trithiane 79.

H* /S

RCHO + S(CH,SH), ——> § R (68)
am (18) s
(19)

9. Miscellaneous applications

A convenient preparation of 1-deuterioaldehydes (81) vig 2-lithio-1,3-
dithianes has been reported by Seebach and coworkers®” (equation 69).
This method appears to be superior to previously reported methods for the

smmnsanmnti i AL 1 _Aabamianldaledaa
preparatioi 01 1-GCuilrioaiacnyascs.

< B0, < >< He” s ph— cO (69)
o

81)
)

(0

(80,

Treatment of 2-lithio-1,3-dithiane derivatives with methyl disulphide
yields the orthothioformate 83, which upon hydrolysis in alcoholic
solvents furnishes an ester®. This method may provide a useful route for

the conversion of sensitive aldehydes to esters and carboxylic acids.

—S R R (li)

_MeSSMe Hg” ’
(X sty ( | s ReoR a0
—§ Li owle (84)

(82) (83)

. MONOTHIOACETALS

The use of monothioacetals in organic synthesis has not been nearly so
extensive as the use of dithioacetals. Generally prepared as 1,3-oxathiolanes
and 1,3-oxathianes, the group is resistant toward dilute base and lithium
aluminium hydride*. Regeneration of the carbonyl is easily accomplished.
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A. Preparation

Condensation of 2-mercaptoethanol or 3-mercaptopropanol with
ketones is usually achieved with the aid of an acid catalyst. Hydrogen
chloride has been used® but more common agents are boron trifluoride?®,
freshly fused zinc chloride™ or p-toluenesulphonic acid'®, An exchange
method between 2,2-dimethyl-1,3-oxathiolane or 2,2-dimethyl-1,3-
oxathiane and a non-volatile ketone leads to formation of the new mono-
thioaceial and acetone'®. The equilibrium is dispiaced by continuous
distillation of the acetone formed (equation 71). With saturated ketones,
mostly steroids, the yields of the above methods are comparable and are
usually in the 60909 range. With o, f-unsaturated keiones, the yields
were significantly lower100,

ii | | . i | I
RCR + 5. ..0 — S\C/O +  CHCCH; (71
/C\ R/ N
CH, CH,

Unlike the case of 1,3-dithiolane formation, 1,3-oxathiolanes from
o, f-unsaturated ketones show a shift of the double bond. It has been
proposed'® that intermediate 85 may undergo nucleophilic attack by
the hydroxyl leading to unrearranged product 88. Alternatively,
dehydration wouid give the conjugated diene 86, to which the hydroxyi
could add giving the rearranged product 87. Obviously, with ethanedithiol
nucleophilic attack of the sulphur must predominate, while with the less
nucleophilic hydroxyl, prior dehydration occurs. This is in agreement with
the fact that with ethanediol the resulting ketal shows a shifted double

bond.
+ /\l)\)* /\N
ST o L
7 HOCH,CH,S™ XX

HOCH,CH,S 0 T (86) \ wr -
~ (O\[Ev \\/j
oL T T s

|\/ ~" (C1))

(88)
The reduced reactivity of « B-unsaturated ketones towards 3-mercapto-

ethanol allows preferential formatlon of the hemithioacetal of an un-
conjugated carbonyl present in the molecule. One example of this general

12. Synthetic uses of thiols 549

phenomenon is given below in which 4-androstene-3,17-dione was
converted to the 17-(1,3-oxathiolane) with zinc chloride catalysis®. With
p-toluenesulphonic acid catalysis, the 3,17-bis(1 ,3-oxathiolane) could be
formed in low yield.

B. Removal

Uniike 1,3-dithiolanes, ireatment of 1i,3-oxathiolanes with Raney
nickel gives regeneration of the carbonyl group®. Thus, protection of a
carbonyl by condensation with 2-mercaptoethanol allows regeneration in
mg,u yu:nua under neutral conditions. ourprlmngxy, in the usual alcohol or
acetone solvent, the ketonic oxygen is not from the oxathiolane.
Apparently, association of the sulphur with the electron-deficient metal

o a ~tivatia: Py 'Allavrad Ty attack ~Ff a
(equation 72) causes activation of the ring followed by attack of a

hydroxide, either from the media or combined with the metal, to give the
hemiketal 89. Normal work-up cleaves the hemiketal which, with further
desulphurization, leads to formation of the ketone and the alcohol
9059101 Solvents such as benzene may also be used and under the right
conditions lead to high yields of the ketone'®l. In nonpolar solvents,

/" (l)H R
4 o R R,C—0O._R’ HO_S— i
RC T —_ T —src=0+ )R
?'\Rn ?, R’
M AN M (90)
N 2
RCa YR .
.l\ - nNpu=uv T nuo=uinn

the accepted intermediate®®™®. The desulphurization of 1,3-oxathianes
behaves similarly with the ketone being the major product!®!, Additional
information may be found in the previously mentioned reviews?? 2343,
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The hydrolysis of 1,3-oxathiolanes with acid%%19 or mercuric ionl®!
also provides a suitable procedure for regenerating the ketone. The
mechanism involved appears similar to that with Raney nickel, but with a
proton or mercuric ion taking the place of the nickel.

The most recent method of removai of the 1,3-oxathiolane group is by
the use of N-chloro-p-toluenesulphonamide(chloramine-T)1* in water,
methanol or ethanol (equation 73) Again basically the same mechanism
appears involved with prior association of the suiphur to form an unstable
sulphilimine. The reaction times are short (2 min), conditions are mild and
yields are high (85-100%).

p-MeC.H,SO,NCINa l;
——————— | TsN<S_
Ell

< (o)
CH;CCH,CO,Et CH3CCH2C02 CHSCCHQCOZEt

96%
(72)

IV. THIAZOLIDINES

Just as 2-mercaptoethanol will condense with ketones to produce
1,3-oxathiolanes, so will 2-mercaptoethylamine reaci to produce
thiazolidines®. Usually p-toluenesulphonic acid is used as a catalyst in
benzene with yields being quite good, 94% in the case of cyclohexanone

(equation 74). The uses of the thiazolidines have not been throughly

o

,)J\ __HS(CHJNH, PN
N [ ]

investigated, but it appears that they offer no advantages over previously
mentioned protecting groups. Although Raney nickel desulphurization
gives unsatisfactory yields of the starting ketone, lithium in ethylamine
offers promise in the preparation of amines. 38-Ethylamino-5a-cholestane
wa‘s prepared in 877 yield® when desulphurized in this manner (equation
75

CgHyy CeHyy

N
CRAL T b A o9
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More thoroughly investigated has been the desulphurization of
N-acetyiated thiazolidines to form acetylated enamines. Thus 3i-day-oid
Raney nickel in benzene gives a 90% yield of 3-(N-ethylacetamido)-5a-
cholest-2-ene (equatlon 76) from the correspondmg N-aoetylth1azo~

lidine """95. The conditions for this reaction are tive to solvent

CsHiz CgHy

N LT — 1T e

NAc :|4

and catalyst age. The unsaturaied amide is the favoured product in
benzene with aged catalyst, but with fresh catalyst the major product in
acetone is the ketone and in ethanol the saturated amide. The mechanism

Ul d:aulyuuumuuu is UEHCVCU 60 lU UC blllllldl LU lllC lllbt bl,Cp lIl l.llc
formation of olefins from 1,3-dithiolanes (see section IL.B.2).

V. THIOENOL ETHERS

£ a stacd Do adilon =
~ P r iwuu"g vrvuy

It has been noted (see section III.A) that protecting reagents such as
2-mercaptoethanol react preferentially with the saturated carbonyl when
it is in the prescice of an « s 8~13 B-unsaturated carbﬁny. Thioenol ethers are
equally useful because they are formed almost exclusively from o,f8-
unsaturated carbonyls (equation 77).

A /T\ &, PN o
AL I m

l‘Ol‘mdlly InC l'Cd.b[lOI] OI [[llOlS Wllﬂ LerODylb dle(.l,
leads to the formation of dithioacetals when acid catalysts such as zinc
chloride or p-toluene-sulphonic acid are present (see section ILA.I).
Owuaxuually, under ayvuxal icactlion conditions &hxu»uu} ethers have been
formed using these same catalysts'% 197, but never in the presence of acid-
sensitive substituents. Pyridine hydrochloride as the catalyst has been
successfully used to give excellent yields of the thicenol! ethers of A%-3-
ketosteroids even in the presence of sensitive groups!®, Thus, desoxy-
corticosterone acetate (92) was converted to its 3-benzylthioenol ether

ne
RS
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(93) in 60Y; yield (equation 78). The selectmty of the reaction using these

conditions is very high. Unlike the case with zinc chloride, progesterone
(94) with pyridine hydrochloride and benzyl mercaptan gives no observable

reaction at Cgy with the only product being progesterone 3-benzyl
thioenol ether (95) 108,

R R
/\l)\ /\l/]\
/\l/l\/[__] Pyndine, HCI
PhCH,SH AN J/ (78)

Other condensing agents which have proved useful under certain

conditions are boron trifluoride8, formic acid with p- toluenesulphomc

acid® and hydrochloric acid in acetic acid®1%, One unusual example of a

thioenol ether formed from a saturated ketone has been reported using
hydrogen chloride as the catalyst'®. In this case, compound 96 was
converted to either its benzylthicenol ether 97 or its ethylthicenol! ¢

tha
thyithicenol ether

98 (equation 79). Benzyl mercaptan normally seems to be the reagent of
choice in most conversions because of its easily crystallized products.

OMe OMe
meo_ LI

HO_

Lo — o SO0,
A0 TS

H
SR
(sﬁ) (8T) R = PhCH,—
(98) R = Et
The thioenol ethers are stable towards base® and lithium aluminiu

Sraavi S ang inunium ﬂlulllllllulll
hydride'® 18, but are reconverted to the parent compound on dilute
acid hydrolysis. Raney nickel desulphurization can be used to form the
diene'%®, Hydrogen peroxide oxidation will convert the acid-labile thicenol
ether to an acid-stable sulphoxidoenol ether®1%, The sulphoxidoenol
ether may be desuiphurized with Raney nickel to the diene, or with
lithium aluminium hydride reconverted to the thioenol ether for hydrolysis
to the a,ﬁ-unsaturated ketone!®. These reactions are depicted in

ot 0
equation (80).
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Ov Ov

/\l)\. 05% Het /\I/J\
—

RaNi (80)

A.fT_IJ AN ID

B. Methylene Blocking Group
In the continuing search for the ideal methylene b]ocking group,

considerable effort has been Expl‘:‘ﬁucu in luuxuus at derivatives of u'y'urGXy'-
methylenes. These are readily prepared from a ketone, ethylformate and
sodium methoxide®.

Ireland and Marshall® found that alkenethiols form very versatile

derivatives with hydroxymethylenes. The reaction with a thiol, accom-
panied by a p-toluensulphonic acid catalysed water separation, leads to
formation of the corresponding thioenol ether (equation 81). If acid-
labile substituents are present, a procedure involving displacement from
an intermediate tosyiate (99) by the thioi is used. Aithough other thiols

1 ?
CHOH CHSR
(YY) — (VT = ([T
W \/\/ TsOH W
ler, TsCl p A’H (81

o

(\("\fCHOTs
A

(99)
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have been used, n-butanethiol appears to be the most convenient in this
reaction. The yields of the thioenol ethers from hydroxymethylenes are
generally greater than 807, using the acid catalysed method and only
slightly lower with the basic pyridine procedure.

Alkylations of the protecied ketones are very facile. The thioenoi ether
generally need only be left in contact with the base a few minutes before
addition of the alkyl halide. Such short contact with the base allows easy
isolation of the au&ylau:u, blocked keiones®. Th nus, A-n—uutyumomclnyu:ne-
1-decalone (100) was converted to 9-methyl-2-butylthiomethylene-1-
decalone (101) in 859 yield. This procedure was used in the difficult

dimethvlation of 102 t5 oive tha lactana 104
dimethyiation of 103 to give the lactone 104.

O
o~ A chsBy o~ A eHsey A~ I

T — LU

(100) (101) (102)
uy o . M f
Y LoDu LHoDU B
(Y*—»Fﬁ — (1) ®
0¢—v 04'—\.! O&—u
(103) (104) (105)

Althoueh the n-butvithiomethvlene groun is subiect to acid hvdrolysis
Aithougn the n-outyilniometnyiene group is sugject {o aciG nydaroiysis,

basic conditions for hydrolysis have been developed® and these seem to
be preferred in actual practice. A typical procedure uses a mixture of a
25%, aqueous potassium hydroxide solution with ethylene glycol heated at
reflux. In this manner thioenol ether 101 was converted to 9-methyl-1-
decalone (102) in 78%; yield® (equation 82). The rare use of acid hydrolysis
is exemplified by the use of concentrated hydrochloric acid to hydrolyse
the blocked lactone (104) to 105 (equation 83)!10, Additional examples of
conversions using a thioenol ether iniermediaie are shown in Tabie 2.

C. Monomethylation via Reduction

Just as the blocking of active sites to permit alkylations on iess reactive
sites has been a recurring problem, so has the problem of preventing
polyalkylations on reactive sites. The use of the alkylthiomethylene group
offers a convenient intermediate from which monomethylated products
are prepared by desulphurization with Raney nickel. In this way, 2,3,5,5-
tetramethylcyclohexanone was prepared!®® in 58% overall yield from
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3,3,5-trimethylcyclohexanone (equation 84). The same procedure was

used® in the conversion of 7-oxobicyclo[3.2.1Joctane to the 6-methyl

derivative (equation 85). Similarly,

A

N

o

A AN

10-carbethoxy-2,7,7-trimethyl-cis-

(89)

TaBLE 2. Alkylation of ketones using thioenol ethers as a methylene blocking group

Reactant Product Overall Reference
yield, 7§
OH OH
/\l)\/"—‘ | 7 ]11
90 L0
Mé H Me Me
X /OK.L\
K/|\ K/[\ \—CO0, 60 112
o} 0
MeO,C
@H/ }»Q/ 62 113
5O SO
COH CoH
Me Me  _~_
MePh- j ) MePh"'S ? 31 115
H- & Me—} N
Me O Me O
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TABLE 2 (cont.)

Reactant Product Overall Reference
yield %,
GOt e cozH Me
|v1e
LT i u & e
b C

/\Pk/:t__/ 35 117

Q
:x:;
z
=
®
Q
T
4
=
[
w
=)
—
=
w0

A\ ""l . Al
g o # . N
S~ 2N o

Me Me

decal-1-one (equation 86) was prepared in 73% overall yield using this
method™®. In those cases where partial reduction of the carbonyl
accompanies desulphurization, the crude mixture is oxidized before
purification!?®.

Apwd
— \1 (85)
~
CO,Et
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The methylation of a very active but substituted position is easily
avoided by the alkylthiomethylene approach. A high yield of 6-phenyl-2-
methylcyclohexanone was obtained from 6-phenylcyclohexanone (equation
g7y 122

i Ph R ek
(7 — 17 @
~ ~~

Of course, the use of the alkylthiomethylene group first for blocking
and later as a route to monomethylation further expands its utility. Thus,
compound 103 was methyiated and desuiphurized to give the trimethyi
derivative 10611,

(@]

/\)\}HSB“ A
| e~ A I

O)—O )_0

(103) (106)

3

@]

D. Geminal Alkylation

Ina aumupuus nu\_ylauuun }ead.ng to Ausun_‘y' substituted ketones, careful
choice of methods is required to avoid difficulties. Selective geminal
alkylations can be achieved by blocking all other available sites, but this
is not always possible as with a,a,o/-trisubstituted acetones. An interesting
new method has evolved incorporating the lithium—ammonia reduction
of n-butylthiomethylene derivatives of ketones to their methyi-substituted
enolate anions with subsequent alkylation!?. This reduction-alkylation
leads to the introduction of one methyl group and a second variable
geminai substituent at any position which will condense with ethyl
formate (equation 88). Reaction times as brief as 30 s plus the use of water

O CHSBu y;yy LIQ  CHs CH
H %6-) >=< H s (88)

as a proton donor minimize any over-alkylation. Table 3 lists some typical
conversions using this procedure.
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TasLE 3. Geminal alkylation of ketones via thioenol ether derivatives

Ketone derivative Product Yield from  Reference
n-butylthio-
methylene
derivative, %,
M‘HSBU ?Ha
CHCH,CCCH, CHGCHQC(ltCHQCH=CH2 82 123
CH,
0 Q on
CHSBu Fs
CH,CH, 75 123
(u) I (‘;_I
K\(CHSB\J s
\/ CH,CH=CH, 85 123
o o
CHSBu |/U\Kco H
o 56 123
N N
o o
A,CHSB\: ')\’(cna
?HCH;, 40 123
CH,
o (o]
/\/lk/,CHSBU /\)J\/CHS - PP
70 i23
L e
J_FHsBy W S
CHj
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E. Symmetrical a-Branched Alkylation

The reaction of dialkylcopper lithium reagents with a,B-unsaturated

Letones leads to selective nnr\jllnth addition1?4, Tt has been observed that

n-butylthiomethylene derivatives undergo a double conjugate addition,

with loss of the alkylthio group, upon reaction with dimethylcopper
lithium, Thus, dimethylcopper lithium reacts with 2-n-butylthiomethylene-
cyclohexanone to give almost quantitatively 2-isopropylcyclohexanone
(equation 89)1%. This reaction shouid prove usefui for the preparation of
ketones having a symmetrically branched alkyl substituent in the
a-position.

O
M cusBy

e

F. a, B-Unsaturated Aldehydes

Ketones with blocking groups of the isopropoxymethylene type are
readily converted to «,S-unsaturated aldehydes by reduction followed by
acid-catalysed rearrangement'?126, However, the use of this blocking
group has the drawback of being moisture-sensitive and of having a
deactivating effect on the other a-position. Fortunately, the n-butylthio-
methylene grouping does not suffer from these drawbacks and is still
readily converted to the «,B-unsaturated aldehyde®!?. Thus 2-n-butyl-

thiomethylene-6,6-dimethylcyclohexanone (107) is reduced with lithium

aluminium hydride and the resulting alcohol hydrolysed in acid to the
«,B-unsaturated aldehyde 11012, The alcohol 111 typically makes up

(o]
(CH,),Culs [ /U\j’l\ )
~~

: [ oan, |

33
38
22
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[
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o
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about 5% of the product. A comparison of the n-butylthiomethylenes with

c;-n-butylthiomethylene ketone derivatives butoxy- and isobutoxymethylenes (08 and 109) showsi®i¥ that the

TarLe 4, Preparation of «,fB-unsaturated aldehydes by LiAIH, reduction of

Ketone derivative

Product

Yield from
n-butylithio-
methylene, %

Reference

/\M}\/CHO

[\
G2

38

52

—
(3
~1

131, 132

133

130

134

135

latter two are significantly more prone to 1,4-addition leading to alcohols
such as 111. The use of lithium aluminium hydride instead of the originally
suggested sodium borohydride*® also seems to minimize the 1,4-addition?®.
Table 4 provides some further examples of this reaction.

VI. SULPHUR EXTRUSION REACTIONS

Reactions in which a sulphur atom that bridges or interconnects two
carbon groups is extruded with formation of a carbon—carbon bond
between the two carbon groups is termed a sulphur extrusion reaction
(equation 90). These types of reactions have proven to be of synthetic
utility and are treated in this section.

R—-S—R—— > R—R+ 8§ (90)

Thiols can serve as reagents in the extrusion reaction by being converted
to a sulphide or a corresponding higher oxidized derivative upon which
the extrusion process is effected. While for many of the cases covered in
this section the organosulphur compound used in the extrusion reaction
was not prepared directly from a thiol, the potential exists for thiols to be

[RPET L RS T SRR IS Sy
ULLIZCU 1 tHCHC LYPCS O 1Caluuin.

A. Stevens Rearrangement of Sulphonium Salts

The Stevens rearrangement of a suiphonium sait!* invoives treatment
of the salt with base and leads to migration of a group from sulphur to an
adjacent carbon atom (equation 91). Analogous Stevens rearrangement
of ammonium saiis'® and the related Wiitig rearrangement'® of ethers
are well known.

H,R' —*%> R—S—CHR' (91)
k

The sulphonium salts used in the Stevens rearrangement need not be
prepared initially from a thiol; however, this is feasible and is often the
case. This method, therefore, allows the conversion of a thiol
to a sulphonium salt, followed by rearrangement with concomitant
carbon—carbon bond formation. Removal of the sulphur moiety
following rearrangement permits, in effect, a thiol to function in a reaction
that leads to bond formation between two R groups that originally were
attached to suiphur (equation 92).
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The Stevens rearrangement of sulphonium salts is known to proceed
through the intermediacy of the corresponding sulphonium yiidi%. There
appears to be two distinct mechanistic pathways, depending upon the

structure of the ylid, leading to rearranged product. Rearrangement of

RSH —> R—S—R' — >R—8§-R —
|
Me
(92)

T~S—Me-——» R—R'

=1

allyl sulphonium saits**® (112), proceeding via the ylid 113, has been
shown!® to occur by a [2,3] sigmatropic reaction (equation 93); a minor
amount of product also arises by what is equivalent to a [1,2] shift'%.
These rearrangemenis are examples of what appear to be a general class
of electrocyclic reactions of sulphonium ylids'!.

o [=]
R R

R__R " R
l — T I — (93)
+
T\/s\ I\/S\ ~ S~
112) 113 ma

A second type of rearrangement involves ylids derived from non- allyl
sulphonium salts. Baldwin and coworkers'#? have reported that rearrange-
ment of the sulphonium ylid 115 in toluene at refilux temperatures occurs
by a radical pair mechanism (equation 94), in which the benzyl group
mlgrates with predominant retention of configuration to yield 116.

/)L\¢VS\{mR — |Ph

\\Me —
- CHRPh |
15 P
s
Ph Me
| H
Ph"g

Thompson and Stevens™, in their first paper ot the rearrangement of
sulphonium salts, reported obtaining the sulphide 116 upon treatment of
117 with sodium methoxide. However, more recent work has shown!3% 144
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method led to an isotopic mixture consisting of 4%, d,, 447, d;, 49% d, and
3%/ d, products®®. At times fairly pure products are obtained, such as the
preparanon of 12,12-d,-pregnane (12) with 767, d,*.

2. Reduction to oiefins

The formation of an olefin during desulphurization was first noted when
1,3,3-tribenzylthiocholestane gave a mixture of cholest-1-ene and
cholest-2-ene (equation i8) with Raney nickel deactivated by boiling in
acetone®. Similar conditions gave predominantly olefin with the
1,3-dithiolane from 148-A%%°-anthraergostatriene-15-one (equation 19)%L.

CgHiz

A A A, N

NN
/\I)\ /\1)’29\H19
Yy, I
o Tor e
7 J

More extensive investigations®:52 have led to the use of W-2 Raney
nickel in refluxing acetone to obtain olefins in 55-75% yields based on
starting ketone. Even the synthesis of dienes from « ,B- unsaturated ketones
was successful®2, Using this method S5a-cyano-178- hydroxyestran-3-one
was converted to the corresponding olefin (equation 20§, Surprisingly,
the 5B-cyano isomer gave low yields in the first step and no olefin in the
second step. Both the cis- and trans-isomers in the 2-keto-10-cyano serics
have been converted to olefins® 5. Other examples of this reaction include
the conversion of dlhydrogedunm (13) to the olefin® and the partial
formation of olefin from 17-norphyliocladan-16-one (14)%. Groups in
the a-position to the ketone may be lost during the reaction as seen by the
formation of 5zx-cholest-2—ene as the sole product from 2a-chloro-5a-
cnoxeuau—o-onc* .

19
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OH

AN

SH
e /\V]\/‘z‘ Ra Ni
—_—

?
=

—_—
Acetone
_ ! i 0%
[ i c}/ \/S CN
(20)
e
/\T)\""
w
CN

13
(13) (18)

The mechanism of this reaction seems to involve formation of a
diradical intermediate which, if the concentration of hydrogen radicals is
low, gives the thicenol ether®, Further desulphurization gives the olefin

(equation 21). If the alkyl radical is responsible for the Cy, hydrogen

s —_— I
<’\S4\/L -CH,CH, s” CHZCHES/K)\

@n

2 Q

<,

AR ACRCTATY Al oot el

dDbldeuOl.l, ll WUUIU SCLII HCLTssaly l[ldl ll. lCllldlll ncar ¢ reacuioi site
so that homolysis takes place before addition of hydrogen from the
catalyst. Analogy with studies of the mechanism of desulphurization in
monothioacetals® and thiazolidines® suggests that the abstraction may

very well come from an external radical.

C. Methylene Blocking Group
In the presence of ethyl formate and sodium ethoxide, the most
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derivative®l. Further reaction with the ditosylate of propane-1,3-dithiol®?
Tonde ¢ aln £ cinnndicm ~fdlha 12 Aithinmabd faqnatian 2\ Thie tha antiva
1€ads 10 nc 101mation O1 unc 1,o-uiuiialiv ™ \CYuauvll 24j. 1IUS Uit atiive
position of the ketone is effectively blocked with a group easily removed
by Raney nickel.

—s
-
)

§$
S

The presence of the dithioacetal does reduce the reactivity of the
ketone toward alkylations at its other available positions®, but neverthe-
tha caniiana e has been effectively utilized. This is clearly demonstrated

ICDD e BFHUUII»\; nas oeen LULLUVOLY WuilatlU. 2D O Vibally Gvinvnsuad

by the formation of 4,4-dimethylcholestenone by this procedure (equation
23)%, Other examples of the successful use of this method include the

C8H17

23)

.,
NG

AN
v X

preparation of 4a,9a-dimethyl-Sa-androstan-3-one (15)% and 4a-methyl-
B-nor-5a-cholestan-3-one (16) %.

LgMy

PNV /\1/\
AL
O G

18} Mg
\83 (16)
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2. Decarbonylations

The formation of 1,3-dithianes from hydroxymethylene compounds,
which are enol tautomers of B-keto aldehydes, has been shown to be useful
in itself. When followed by desulphurization the net reaction is the decar-
bonyiation to the ketone. This has been used to advaniage in the formation
of the methyl ketone (17)% in equation (24). Similarly the methyl ketone
(18) was formed from its hydroxymethylene derivative®.

7
{ CCH,

~ 1 o~

N f \LCCH:CHOH N I i
L LT Th Ly ®

R R?

)

(i7) R' = OAc, R* = H
(18) R' = CO,Me, R = Me

3. Formation of dicarbonyl compounds

The treatment of the intermediate 1,3-dithiane, either before or after
alkylation with reagents such as mercuric chioride-cadmium carbonate
(see section II.A.2) gives hydrolysis to the carbonyl. Thus trans-fukinone
(19) was converted to (+)-hydroxyeremophilone (20) (equation 25)%. In
cis-fukinone, the 1,3-dithiane could not be formed from the i-hydroxy-
methylene fukinone, presumably for steric reasons.

u [N
1

(25)

4. Ketone transposition

Modification of the above sequence to in o
ketone before hydrolysis is the basis for a new method of ketone trans-
position?, For example, the keto 1,3-dithiane (21) was prepared in the
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usual manner followed by reduction of the carbonyl with lithium
aluminium hydride to the aicohol (22). Conversion to the acetate and
hydrolysis of the dithiane with mercuric chloride led to the keto acetate
(23). Reduction with calcium in ammonia resulted in the formation of the

new methyl decalone (24) in 58% overall yicld (equation 26). The same

~s
AN Es/l/\l/\ LAK,
O H o H
(21)
N\ P

x

H
N ST
P At N O (@)
(o]
@5) (26)

sequence was used to convert decalone (25) into the isomeric decalone
(26) in 46 overall yield (equation 27). These conversions have been
shown to take place with compieie siereochemical integrity. Aliernaiive
methods of removing the carbonyl from the keto 1,3-dithiane so far have
not been satisfactory.

Selective carbon—carhon bond cleavage

Keto 1,3-dithianes are susceptible to nucleophilic attack at the carbonyl
with subsequent cleavage occurring preferentially between the carbonyl
and the dithiane functions™. In the one instance reported, the keto
dithiane (27) was cleaved with sodium methoxide in dimethyl sulphoxide
to acid (28). The explanation as to why the acid is formed instead of the
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methyl ester is not apparent. The reaction conditions are mild and do not
seem to pui serious limitaiions on the naiure of ihe rest of the moiecuie.
Most importantly, after cleavage, the 1,3-dithiane grouping is suitable for
many conversions such as reduction, alkylation, acylation or hydrolysis.

/\‘s /\S
[‘ S,,J/\V\ NaOMe [‘S,J/ N
J\/U DMSO /l\) (28)
o” o "
- H I n
HO,C

(28)
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useful reagents in orgamc synthesis. The method mvolves the use of
1 :—propaﬁeumum, which is caused to react with an a'ndsu_yuv to yimd the

1,3-dithiane (equation 29). Lithiation of the dithiane, normally with

n-butyllithium in tetrahydrofuran at lowered temperatures, gives the
9 lithio-1. 2. dithiane fnnnof'nﬂ qn\ The R sroun can be n"(vl aryl or

4-1iuiio-1,5-Giiiane quatiocn i€ A\ greup can

hydrogen.

/SR o5
s~ ""NsH + ReHO —— (<) 29)
s

S R L
O = OR

S

2-Lithio-1,3-dithianes have been shown™ to undergo reaction with a
variety of elecirophiles, E, io glvc substituted dithianes (equation .n).
Removal of the dithioketal function generates the newly synthesized
carbonyl compound (equation 32) having the group E substituted for the
aldehydic hydrogen of the original aldehyde. The dithioketal is most
often hydrolysed using the mercuric chloride : mercuric oxide method?®
or by oxidative hydrolysis with N-halosuccinimides®. It is possible also

to remove the dithicacetal function by ﬂpnn]nhuﬂ‘7ahnn (Raney Ni) to

yield the corresponding methylene denvatlve (equatlon 33). For a general
treatment of removal of the dithioacetal function, see section 1L.A.2.
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2-Lithio-1,3-dithiane reagents are in effect masked nucleophilic acylating
agents and can be considered equivalent to the presenily unknown

S S
(%R 4 —s (R @n
S/\ Li \ /E

S
S R R
> O0=C"
<‘——S><E O_C\E 32)
/—S\ R RaNe . X
\_ X}g — > R—CH,—E (33)
S

acyllithium reagent {29). Thus, by use of a thiol, the rnrhnnvl carbon of an

agent (29). use bon of an
aldehyde can be transformed from an electrophlhc site to the nucleophilic
centre in the lithiated dithiane derivative (30). The ability of sulphur to

O=C/R /o s\ R 34
i \_S)<Li @4
@9 @0)

stabilize carbanions « to the sulphur atom is significant in the readily
accomplished lithiation of 1,3-dithianes. The preparation and reactions of

A litha: 1 ithinnac 7o an 73
2-lithio-1,3-dithianes have been reviewed™.

The following is a general outline of the various types of reactions that
these reagents are known to undergo, including a comprehensive treatment
of reactions reported since the review article by Seebach™.

l. Reaction with alkyl halides

2-Lithio-1,3-dithianes undergo alkylation at the 2-position upon
reaction with alkyl halides. This reaction appears to be Sy2 in nature as
it is applicable to primary and secondary alkyl halides™, occurs most

readily with alkyl iodides, and with optically active secondary halides

gives inverted products’. It has been shown®>?2 that reaction with
optically active alkyl halides provides a useful route for the preparation of
optically active aldehydes or ketones (equations 35 and 36).
Cycloalkylation has been effected by reaction with «,w-dihaloalkanes to
give, upon hydrolysis, cyclic ketones’™ (equation 37). Likewise, the
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dithiane derivatives of oB-unsaturated aldehydes undergo hydro-
chiorination foliowed by cycloaikylation to yield substituted cycio-
propanes (equation 38)7%%. Cyclic 1,3-diones are available’ by the

0
Br ]
p + MomGmH —> ./\, — R’C\“'Me @5
S Me /7R
i 7 R
H
S\ i
CHy1 (|2H2—< J GH,CR
Mo—C—=H ——> Me—C—H = —s Me=C—H (36)
=13 f =13 =13
Et Et Et

alkylation of the bis-dithiane 31 (equation 39). It aiso has been observed
that the use of a,w-dibromoalkanes in cycloalkylation reactions is
complicated by formation of sulphonium salts (equation 40), a reaction
ot observed wiih use of a-chloro-w-iodo or a,w-dichioroaikanes.

[o]
(I,!
| (1) I(CH,J,Ci f | HgCi,, 7N
Své (2) n-Buli S._S Heo (CH311 @n
N =
H L n=2-5
(CH,),
H
/S / wa /S / N —~s R

H
(\ (1) BiCH,CHORY), / S\/ s @y Buli .
e _—
HS(CH,),SH 2) I(CH,),C!
S S @ SR 5/\—-7< \ g
H Li H''s
an

(39)

sy Ls
- \M/ . HgCi, N\
L) e L
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| |+ Br(CH,);Br ——> S_ st B (40)
s_s 23 N
H/\Li -

Corey and coworkers™, in a synthesis of prostaglandins, prepared
diene 34 by alkylation of the lithiodithiane 32 with 2-bromomethyi-1,3-
butadiene (equation 41). A synthesis of jasmone (35), in an overall
yield of 50%, has been reported by Ellison and Woessner™” in which the
bisdithianylethane 33 was sequentiaily aikylated, followed by hydrolysis
and cyclization (equation 42). A similar route for preparation of 4-hydroxy-
2-cyclopenten-1-ones has been reported”. This method appears to
provide a general route to 1,4-diketones via 1,3-dithianes.

Li n-CsHy, n-CsH,

s s AN s>(s\‘/\\
SEEa e o1
~ ~
(32) (34)
s H ST
s (A —
MeO O OMe \_g H =
(33)
(42)

—s S\ [oN /\\_4 Q /\:f
O — T —
N\

N T ~
- (35)

The synthesis of the monoterpene components 40 of the sex attractant
of the bark beetle has been accomplished™ as outlined in equation (43).
The alkylation of ihe dithiane 37 was a key step in the synthesis since
efforts to prepare 40 by addition of the magnesium or lithium derivatives
of the bromoalkene 36 to the appropriate aldehyde failed.

Hylton and Bockelheide™ prepared the cyclophanedione 43 by
alkylation of the bisdithiane 41 followed by hydrolysis. An improved
procedure for the preparation of 41 has been reported®’.
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Br.

P N Vo NI
I+l 1= CXT
(36) HKR 8 <
@37
R = —CH,CH(CH,),
or (43)
—CH=C(CH,),
HgCi, =I\ " NaBH,, /U\"
CaCo,
° ° R HO TR
(39) (40)
s @ s— s O o
YO — O —
@) ® W ®
J
(4'2) (44)

. O,
199
1@

(43)
2. Reaction with aryl halides
Treatment of 2-lithio-2-phenyl-1,3-dithiane with 2-bromopyridine gave
the substituted pyridine 44 in 509 yield®.. However, reaction with
2,4-dinitrobromobenzene gave none of the substitution product, but
rather compound 45 resulting from oxidative dimerization of the dithiane

S e A, Y
NI T N /A
’ -
2 /‘S\ Ph - <——S>< /S—\
T o s/ o)
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moiety®!, Such oxidative dimerizations (see section IL.D.7) of 2-lithio-1,3-

ETVC TSI TSI TS AN RPN | . SNSRI Fi N PRI
Giudues  al¢ Kiowik ailu [1ave veelr 1epoiweu™ w Leul wiul L
compounds.

D Dancdlmem wridh amawidas
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Epoxides effect alkylation of 2-lithio-1,3-dithianes?? (equation 47);
opening of the epoxide ring occurs in the fashion typical of reactions with
emrole et L et ] 21 aan fie 4l mnzens 8 TN O80/ nnd anmanse
UCICOPNUCS. 1€ TCPOTiea Yi€las ai¢ iil ine raiige o1 /v—>J/, aiiG applar
to be free of side reactions common with other organometallic reagents™,

g S><.H. v o — DXH OH @n

g " Ll\ 5 V" g

Recently, Jones and Grayshan®®®* have reporied the reaciion of
lithiodithiane derivatives with steroidal epoxides to effect preparation of
modified steroids. Treatment of 2x,3a-oxiranyl-5a-cholestane (46) with
ALt 1 Al O] Loy Aoclaliisindl e wial It D0 smnnidlad
£Z-1IU110-1,5-0Iuiiane, 10110wWea Uy ACsuipiiuliZauion, yitiad uic cp-incuiyi=
3a-cholestanol 47 (equation 48). Conversely, reaction with the epimeric
epoxide 48 furnished 3a-methyl-Sa-cholestan-28-ol (49) (equation 49)%2,

™
\ AN N
N N AN N
(48) (47

i

/\1)\,« HO__~ Ao
LIS — L “

vhv

1an
149,

2

The spiroepoxide 50, prepared from Sa-cholestan-3-one, was cieaniy
converted to the 38-ethyl derivative 51; the 3a-ethyl derivative 53 was
obtained in an analogous manner from the epimeric spiroepoxide 52%
{¢quation 51). Similar results were obtained** when this method was applied
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Oy — {TT

oINS 2 ~E
(50) (51)
T T .
A — e (\I/\r' T
(;) (53)

to the epimeric spiroepoxide 54. This method appears to be the most
suitable synthetic route to these modified steroids. However, attempts to
utilize the lithium derivative of 2-At_yuAuAyllchAL_y1-1 3-dithiane \33), of the
corresponding tetrahydropyran derivative, to prepare corticoid steroids

were unfruitful®4.

¥
LI
oL 1T Q)
Q/OI\/\/ OK: N (52)
4 o

Tha ~AF aasma oo e ~o
118 plcyalauuu 01 S0IiC y'lluulu'la u_yuluAyl\:tchb ( o) oy reaction

of epifluorohydrin with the lithio derivative 57 has been reported®. The
dithioacetals prepared from dithiol 56 are reported to be crystalline,

odourless r-nmpnnnﬂcsﬁ therefore some advantage may be ?‘ercl‘ted for
their use.

Me\/\/\ Me\/\/\
2N SH (1) RCHO 7N \

S
SH (1) RCHoO R -
J\%SH () BuLs u )<L| (2) HgCl,
Me M ~—S Ha0

(56) 67
59
o OH
1
RCCH,CHCH,F
(38)
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A synthesis®® of o,B-unsaturated aldehydes has been effected by

reaction of 2-lithio-1,3-dithiane with epoxides (equation 54). It was found
that treatment of the dithianyl alcohol 59 with mercuric oxide-boron
trifluoride caused dehydration and hydrolysis to give the o,S-unsaturated
aidehyde 60 in good yield. Standard meihiods for removal of the thio-

acetal function were not successful in these cases.

/0\ o, (\ _ RCHCHZ > A2, RCH=CHCHO

(60) (54
Lt H 59

4. Reaction with aldehydes and ketones
2-Lithio-1,3-dithianes add to the carbonyl group of aldehydes and
ketones to provide mercaptal derivatives of a-hydroxy aldehydes or

ketones™ (equation 55). The yields are normally quite high. Reactxon with

o,B-unsaturated ketones has been observed™# to give only 1 ,2-addition;
Seebach and Lietz have reported® 1.4-addition to occur in

hawava:
nowever, sS¢edaca ar

reactions with o,B-unsaturated nitro denvatlves (equation 56). In the case

S R’ |
(X o+ —R —>< (55)
\ S’ i -\R
OH

(17 & Ot O o

where R’ = H, the addition product obtained from reaction with a ketone
can be converted by dehydration to a ketene thioacetal (equation 57).

~—S. R

< ><Ll < ><1<R = &SHR &

Ketene thioacetals also are readily available®®® by a Wittig-type
reaction of 2-lithio-2-trimethylsilyl-1,3-dithiane (61) with aldehydes or
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ketones. The dithiane 61 is prepared®-® by reaction of 2-lithio-1,3-
dithiane with trimethyichiorosiiane foillowed by Ilithiation (see section
ILD.6). A method employing the phosphite ylid 62 to prepare ketene
thioacetals by reaction with aldehydes, but not ketones, has been reported®?

famaintian £ON
\&{juauion o7).

s s, R
{xH ric=0 — { M+ Megsioti 68
\~S SiMe; \—S R
(61)
SSUM remo /TS bOMey, RE=  No 0
~ 3 T 7 reaction b
¢ R ¢

(62)

Ketene thioacetals should prove to be useful synthetic intermediates.
Hydrolysis® of ketene thioacetals yields carboxylic acids (63), while

nrntnnqtlnn—hvdndp transfer using trifluorcacetic acid-triethylsilane. as
ng trifluor acid-triethylsilane, as

reported by Carey and Neergaard®, provides the thioacetal (64) of the
homologous aldehyde (65).

Nyt Re=0 /S R gu
Q‘q Sies — )=c\R ~o> R.CHCOH
s s 3
wen \
A
R'Li.
e A\ (60)
s \

—~S —~S

< ><H ——> R,CHCHO < Li
</ CHR, 2 CR'R,
(64) (66)

Alkyllithium reagents are known™ to add to ketene thioacetals to give

2-lithio-1 ,3-dithianes 66 in which R’ has become chad o tha
AV UV LD YYALVAL AN 11ad UL OlIIv aua»uvu tU lllV sul_ynucul:

carbon. Both 64 and 66 are capable of undergoing further reactions
available to 2-lithio-1,3-dithianes. Therefore, it should be possible in
principle to convert an aldehyde, RCHO, to any of the following

via the correspondmg ketene dlthloacetal RCH,CO,H, RCH,CHO,

RR'CHCHO, RR'CHCOR”, and RR’R"CCOR".
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Imines, being nitrogen analogues of carbonyl compounds, are reported?
undergo addition with 2-lithio-1,3-dithianes to vield amines (equation

6 1.
NN L orcnmnen —— (M ©)
\_sxu - \_S)<cI:H—NHPh
Ph

5. Reaction with acylating agents

Acylation of 2-lithio-1,3-dithiane derivatives occurs in saiisfaciory
vields only when a dilute solution of the dithiane derivative is added at
—178°C to a solution containing a 20-100-fold excess of the acylating
ageni®™>? {equation 62). The above conditions are necessary to circumvent
reaction of a molecule of the reactive lithiodithiane with a molecule of
previously formed 2-acyldithiane. This method offers, by subsequent
removal of the dithioketal function, a route for the preparation of

1,2-dicarbonyl compounds.

[TNR meox, / S\ R
X < ,
\ s Li S/ﬁ R

A
(9]

o~

Acylating agents that have been employed72 are carbon dioxide, alkyl
chioroformaies, alkyl formates, acid chiorides, esters, benzonitrile and
dimethylformamide; the expected acylation products from reaction with
the above Teagents were formed in each case. However, the N,N-dimethyl-

of hicher nnf‘r\t\v‘ll‘{\ acids did not mnld acylated r\rnfhlnf
amide derivatives of higher carbo: acids g

as in the case of dlmethylformamlde"a. When R = H (equatmn 63) it was
necessary to employ two equivalents of the lithiodithiane due to product

enolate formation
enciate formation.

/_S\ H r'cox /_S\ ,O_Li+ " /—S\ H (63)
— U A

S

In the total synthesis of illudin M, Matsumoto and coworkers®

AAAAAA 71 teaction of 2-lithio-1,3- dithiane with
pwpawu the uyuupcuwuuuc v uy eacuion 2-1inis-1,3-Giiniange wiin
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the ester 67 to give 68. Reduction, acetylation and removal of the dithio-
acetal function gave 60 n?pnrnpﬂv formead kv an intramolecular trans-

tly formed intramelecu:
ketalization reaction.

|S/\| 0 OAc

comt Oy st ANAeS A
Fo=dhe =L —

67 (68) ) (70

6. Silylation and related reactions

2-Lithio-1,3-dithianes react with triaikyi- and triaryi-chiorosilanes to
give the 2-silylated derivatives (equation 65). This method was used in the
preparation®® 9 of the previously unknown a-silylketones 71. Germanyl-
ation and stannylation also can be accomplished with the corresponding
trialkylhalo derivatives?.

—S_R —S R o]
< X + Rscl ——> < X — I OV
s Lt s SR} 3

m)

7. Oxidative dimerization

Treatment of 2-lithio-1,3-dithianes with iodine, cupric salts, 1,2-di-
bromoethane, or nitro compounds effects oxidative dimerization? to
give the dimer 72 plus a small amount of the 2-methylene derivative 73.

7S Me —S NieS-—\
CHh LSy o ®
S —s| S .

Me (73)

(12)

8. Reactions using 1,3,5-trithianes

1,3,5-Trithianes (74) undergo lithiation®>"® with an equivalent of
n-butyllithium to yluu the 2-lithio derivatives, which substances Uﬁucrgu
the usual reactions (equation 67) as with 2-lithio-1,3-dithianes. Since
additional active hydrogens are present in 1,3,5-trithianes, dimethylation

has been cobserved In some cases™.
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R R R
>—5>_ >S\R JS R
g R — § —s
N—s N S><L. \/_s><s &1
R R R
(4) R = H or aliyi (75) (16)

An alternate route not involving 2-lithio-1,3,5-trithianes for the
preparation of 2-substituted-1,3,5-trithianes recently has been reported®,
This method involves reaction of an aldehyde 77 with the dithiol 78 to
yield the 2-substituted trithiane 79.

RCHO + S(CH,SH), oo >—R (68)
(m (8
(79)

9. Miscellaneous applications
A convenient r\rpnnrahnn of 1-deuterioaldehvdes (81) vig 2-lithio-1,3-

eutericaldehydes

dithianes has been reported by Seebach and coworkers?” (equation 69).
This method appears to be superior to previously reported methods for the
preparation of 1-deuterioaldehydes.

/S Li bo ~S D . £
X 22 < X 5 ph—c (69)
s’ Ph g Ph 5

(30) 1)

Treatment of 2-lithio-1,3-dithiane derivatives with methyl disulphide
yields the orthothioformate 83, which upon hydrolysis in alcoholic
crliamic Pirniolan e 2082287 Thic math o d o masida o 21onfis]l warita Fae
SOLVCIILS 1ULIIBICY all GOLCL . 111D 1uCLvU lilay pluviul a udstliul 1vuie 10t
the conversion of sensitive aldehydes to esters and carboxylic acids.

SR MeSSMe Hg“’ i
< e><|. < < SMe ROHAO RE?R (0
@)
(82) (83)

Hi. MONOTHIOACETALS

Taoan saonaler o

The use of monothioacetals in Olgdulb byuuu:am has not been nearly so
extensive as the use of dithioacetals. Generally prepared as 1,3-oxathiolanes
and 1,3- oxathlanes, the group 1s resistant toward dilute base and lithium

alieatai, wid 14 of tha carhonvl ig aagilv accomnlished
aluminium u_yuuuc . L\cécumauuu Ol (¢ caroonyi is €asizy accomp:isacea.
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A. Preparation

Condensation of 2-mercaptoethanol or 3-mercaptopropanol with
ketones is usually achieved with the aid of an acid catalyst. Hydrogen
chloride has been used®® but more common agents are boron trifluoride!®,
ucmu_y fused zinc chloride™ or p-l.ulucucaulpuuuu. acid®, An exchaﬁge
method between 2,2-dimethyl-1,3-oxathiolane or 2,2-dimethyl-1,3-
oxathiane and a non-volatile ketone leads to formation of the new mono-

~a 100 a a, + o
thioacetal and acetone'®. The equilibrium is displaced by continuous

distillation of the acetone formed (equation 71). With saturatcd ketones,
mostly steroids, the yields of the above methods are comparable and are
wnnallv in the ﬁﬂ_‘)ﬂ"/ range. With NR_nncahlrMPd ketones, the vvplda

were s1gmﬁcantly lower1°°.

o]
1 . .
RCR + SO0 T——= 5.0 + CHCCHy (M)
7O\ /C\R
CH CHs R

Unlike the case of 1,3-dithiolane formation, 1,3-oxathiolanes from
o,B-unsaturated ketones show a shift of the double bond. It has been
proposed'® that intermediate 85 may undergo nucleophilic attack by
the hydroxyl leading to unrearranged product 88. Alternatively,
dvu_yulauﬁu would g élv» the vuﬂjugal»d diene 86, to which the h u_yuu.u\yl
could add giving the rearranged product 87. Obviously, with ethanedithiol
nucleophilic attack of the sulphur must predominate, while with the less
nucleophilic hydroxyl, prior dehydration occurs. This is in agreement with
the fact that with ethanediol the resulting ketal shows a shifted double
bond.

e o e e
IR Hocens SN

HGOCH,CHyS
2Ly (86)

//
]

(O\L /l /T \/é (87)

100y
\vwy

The reduced reactivity of a,B-unsaturated ketones towards 3-mercapto-
ethanol allows preferential formation of the hemithioacetal of an un-

uulljugawu balUUllyl plcbclll lll IJIC lllUlﬁbulC. UllC CAdlllPlE Ul l.ll.lb gcll:ldl

12. Synthetic uses of thiols 549

phenomenon is given below in which 4-androstene-3,17-dione was
converted to the 17-(1,3-oxathiolane) with zinc chioride catalysis®. With
p-toluenesulphonic acid catalysis, the 3,17-bis(1,3-oxathiolane) could be
formed in low yield.

i

(@]

Ay N

B. Removal

TTnlila 1 2_A30° 1. _o PO (. T SIS, N IRV P T >
VINKS 1 J-uluuulaucb, ucaument o1 1,0-oxainiolanes wiin Kaney

nickel gives regeneration of the carbonyl group®. Thus, protection of a
carbonyl by condensation with 2-mercaptoethanol allows regeneration in
high yields under neutral conditions. Surprisingly, in the usual alcohol or
acetone solvent, the ketonic oxygen is not from the oxathiolane.
Apparently, association of the sulphur with the electron-deficient metal
(equation 72) causes activation of the ring followed by attack of a
hydroxide, either from the media or combined with the metal, to give the
hemiketal 89. Normal work-up cleaves the hemiketal which, with further
desulphurization, leads to formation of the ketone and the alcohol
905,101 Solvents such as benzene may also be used and under the right
conditions lead to high yields of the ketone'®l. In nonpolar soivents,

OH OH

I R
~ R o~ ~ e e 1
‘/U b e —0 124 no R
R I > I ~——> R,C=0 + —>—R
SR o"‘ R H
& AN M (90) .
) ) @)
~O. R’
RCUT s re—0 + roH—cHR®
RN

ionic intermediates are presumably not involved and the diradical (91) is

the accented intermediate®® 101, The desulvhurization of 1,3-oxathianes
e allepield InCrmeGiae A0¢ GeSUpRuriZalion ,>-CXauanes

behaves similarly with the ketone being the major product'®®, Additional
information may be found in the previously mentioned reviews?% 23,43,
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The hydrolysis of 1,3-oxathiolanes with acid'®>1%® or mercuric ion'®
also provides a suitable procedure for regenerating the ketone. The
mechanism involved appears similar to that with Raney nickel, but with a
proton or mercuric ion taking the place of the nickel.

The most recent method of removai of the 1,3-oxathioiane group is by
the use of N-chloro-p-toluenesulphonamide(chloramine-T)%* in water,
methanol or ethanol (equation 73). Again basically the same mechanism
appears involved with prior association of the sulphur io form an unstable
sulphilimine. The reaction times are short (2 min), conditions are mild and
yields are high (85-100%).

& ~ p-MeC,H,SO,NCINa [ ,[ ] 9
S C —_— 5 | TSNS —_— 1
CH3CCH,CO,Et l CH;CCHZCO",EtJ CH;3;CCH,CO,Et

96%
(3)

IV. THIAZOLIDINES

Just as 2-mercaptoethanol will condense with ketones to produce
1,3- uAaudOlaﬁeS, so  will 2-1uclbaptuculylamiﬁe feact to produce
thiazolidines®. Usually p-toluenesulphonic acid is used as a catalyst in
benzene with yields being quite good, 94% in the case of cyclohexanone
(nnnu}lnn '74\ The uses of the thiazolidines have not heen fhrmmhlu

on g NIazZelginges CCN TATouUg!

~
A
<&

o
© HS(CH,),NH, L J

investigated, but it appears that they offer no advantages over previously
mentioned protecting groups. Although Raney nickel desulphurization
g -

wsatisfactory yields of the starting ketone, lithium in ethylamine
offers promise in the preparation of amines. 38-Ethylamino-Sa-cholestane
was prepared in 879 yield®® when desulphurized in this manner (equation

CgHy7 CaHiz

Y
o BN~

,_
~
<
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More thoroughly investigated has been the desulphurization of
N-acetylated thiazolidines to form acetylated enamines. Thus 31-day-oid
Raney nickel in benzene gives a 909 yield of 3-(N-ethylacetamido)-5a-
cholest-2-ene (equation 76) from the corresponding N-acetylthiazo-

lidine 80.195, The conditions for this reaction are rathe Slvent
ILULLIV ALV VULIUIUVLIS 1VUL I,IJAB l\'ﬂ\rllu aiy lal.llvl DU.‘DIL‘V‘ l.\) Qulvclll
CgHyy CsHyz

PN /‘\I*

OB O
AT

T\/\/
Et

PO sracodriadad maaldo fo el £ i1 1

Glld Ual—ﬂlybt age. Th: uiiSaturai€a auuuc lb l.llc laVUulCu pluuubl 1u
benzene with aged catalyst, but with fresh catalyst the major product in
acetone is the ketone and in ethanol the saturated amide. The mechanism

of Apcnlhhuﬂﬂn\hnn is believed®® to be similar to the first step in the
rizaticn 1s oeley simuar to the frst step in (he

formatxon of olefins from 1,3-dithiolanes (see section I1.B.2).

IOEN OL ETHERS

A, Car Imnvl D-nfnn_i_nn zr

It has been noted (see sectlon III.A) that protecting reagents such as
2-mercaptoethanol react preferentially with the saturated carbonyl when

it is in the presence of an «, R_"ncaf"rahmr‘ carbonyl. Thicenol sthers are

equally useful because they are formed almost excluswely from o,B-
unsaturated carbonyls (equation 77).

}JUI llldll‘y IJIU lCﬂbllUll oIt
leads to the formation of dithioacetals when ac1d cal talysts such as zinc

chloride or p-toluene-sulphonic acid are present (see section ILA.1).
Qccasionally, under special reactio g thioenol ethers have been
formed using these same catalysts!% 1% but never in the presence of acid-
sensitive substituents. Pyridine hydrochloride as the catalyst has been
successfully used to give excellent yields of the thioenol ethers of A%-3-
ketosteroids even in the presence of sensitive groups'®8, Thus, desoxy-
corticosterone acetate (92) was converted to its 3-benzyithioenoi ether
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(93) in 607 yield (equation 78). The selectivity of the reaction using these

conditions is very high. Unlike the case with zinc chloride, progesterone
(94) with pyridine hydrochloride and benzyl mercaptan gives no observable
reaction at Cgyg with the only product being progesterone 3-benzyl

thinannl athar /08) 108
thicenol ether 7o)

R R
/\I)\ /\l)\
/l\ Pynidine, HCI
N /L_] PhCH,SH ~ "\ /L—-] )

Other condensing agents which have proved useful under certain
conditions are boron trifluoride®, formic acid with p—toluenesulphonic
acid® and u_yuxu»hluuv acid in acetic acid®1?, One unusual e vAaunyw of a
thioenol ether formed from a saturated ketone has been reported using
hydrogen chloride as the catalyst'®®. In this case, compound 96 was
converted to either its benzylthioenol ether 97 or its ethylthicenol ether
98 (equation 79). Benzyl mercaptan normally seems to be the reagent of
choice in most conversions because of its easily crystallized products.

OMe OMe

meo L. weo Lo 1.
o JOL L O

Tha thicengl athers are stable towa
1n¢ WIoeNno:L SiCrs are 5iacie towal

hydridel06198  but are reconverted to the parent compound on dilute
acid hydrolysis. Raney nickel desulphurization can be used to form the
dienel®8, Hydrogen peroxide oxidation will convert the acid-labile thioenol
ether to an acid-stable sulphoxidoenol ether®1%. The sulphoxidoenol
ether may be desulphurized with Raney nickel to the diene, or with
lithium aluminium hydride reconverted to the thioenol ether for hydrolysis
to the o,B-unsaturated ketone!®. These reactions are depicted in
equation (80).
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Ov

/\l)\ 05% HCl /\lo/i
Oy e (O
Phcusj\)\) ~ QJ\)\,)

RaNi (80)

N
H:0; | | LAIH,
“ - \

T
I e, 1
oLy oLy

PhCHZﬁ/W

o

B. Methylene Blocking Group

In the continuing search for the ideal methylene blocking group,
considerable effort has been expended in looking at derivatives of hydroxy-
methylenes. These are readily prepared from a ketone, ethylformate and
sodium methoxide®!,

Ireland and Marshall® found that alkancthiols form very versatile
derivatives with hydroxymethylenes. The reaction with a thiol, accom-
panied by a p-toluensulphonic acid catalysed water separation, leads to
formation of the corresponding thioenol ether (equation 81). If acid-
labile substituents are present, a procedure involving displacement from
an intermediate tosylate (99) by the thiol is used. Although other thiols

1 2 0
CHOH CHSR
, RSH
o W TsOH W
ler, TsCl 4' (81)
¥ 7
o

(WHOTS
A

(99)
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have been used, n-butanethiol appears to be the most convenient in this
reaction. The yields of the thioenol ethers from hydroxymethylenes are
generally greater than 80% using the acid catalysed method and only
slightly lower with the basic pyridine procedure.

Alkylations of the protected ketones are very faciie. The thioenol ether
generally need only be left in contact with the base a few minutes before
addition of the alkyl halide. Such short contact with the base allows easy
isolation of the aikylated, blocked ketones®. Thus, 2-n-butylthiomethylene-
l1-decalone (100) was converted to 9-methyl-2-butylthiomethylene-1-
decalone (101) in 85% yield. This procedure was used in the difficult

- SRS O PIESISTRRY i 11 SRR P B
dimethylation of 103 to give the lactone 104.

[o] [o]
A~ A _cHsBu ~ A _cHsBu

LI

|
—
)
\_

l
—
\_

(100) (101) (102)
[o] [o] (o]
HIT e Mef ... Me ||
; CHASBu 5 noobu i
(ﬁ/\r m )
o oo v o
(103) (104) (105)

Although the n-butylthiomethylene group is subject to acid hydrolysis,
basic conditions for hydrolysis have been developed® and these seem to
be preferred in actual practice. A typical procedure uses a mixture of a
25% aqueous potassium hydroxide solution with ethylene glycol heated at
reflux. In this manner thioenol ether 101 was converted to 9-methyl-1-
decalone (102) in 78% yield® (equation 82). The rare use of acid hydrolysis
is exemplified by the use of concentrated hydrochloric acid to hydrolyse
the blocked lactone (104) to 105 (equation 83)1°, Additional examples of

conversions using a thioenol ether intermediate are shown in Tabie 2.

C. Monomethylation via Reduction

Just as the blocking of active sites to permit aikyiations on Jess reactive
sites has been a recurring problem, so has the problem of preventing
polyalkylations on reactive sites. The use of the alkylthiomethylene group
offers a convenient intermediate from which monomethylated producis
are prepared by desulphurization with Raney nickel. In this way, 2,3,5,5-
tetramethylcyclohexanone was prepared'® in 589, overall yield from
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3,3,5-trimethylcyclohexanone (equation 84). The same procedure was
used® in the conversion of 7-oxobicyclo[3.2.1Joctane to the 6-methyl
derivative (equation 85). Similarly, 10-carbethoxy-2,7,7-trimethyl-cis-

1

(84)

TaBLE 2. Alkylation of ketones using thioenol ethers as a methylene blocking group

Reactant Product Overall Reference
yieid, 75
OH OH
/\l)vs——, 7 1
oA A oA A
MéH Mé Me
0 0
K)\ K/L N—CO,H 60 112
(o] (0]
N "N
\/\/ >\/‘Y 62 113
; : (0] L : 0
O (TN ® 114
CO,H CO,H
Me ~_ Me  ~_
MePh'j ) MePh*"j 7 31 115
H-= A Me— A
Me O Me O
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TABLE 2 (cont.)

Reactant Product Overall Reference
yield %
CO,Et COH
/\]/2\ _Me PN y‘ i?/le
PP PP @ 1
Vg o] ~ H ~ 0

AN
/\DI\/I__) 35 117

Z
=4
o
O
I >
éj
~Z
@
w
[£))
-
—
@

decal-1-one (equation 86) was prepared in 73 overall yield using this
method!?!, In those cases where partial reduction of the carbonyl
acna iae Adacnlnl iratian  tha armada mivinra 0 avidizad hafara
aclomnmipanics GoSUipnuriZaiion, e CruGe MHIXLUIC 13 OXIGIZCG OC10Iid

purification®®.

foN o} )
T — ) -
- o
CO,Et CO,Et

3

~
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The methylation of a very active but substituted position is easily
avoided by the alkylthiomethylene approach. A high yield of 6-phenyl-2-
methylcyclohexanone was obtained from 6-phenylcyclohexanone (equation

87)04 122,
: I ;
O — U (1))

Of course, the use of the alkylthiomethylene group first for blocking
and later as a route to monomethylation further expands its utility. Thus,
compound 103 was methyiated and desuiphurized to give the trimethyi
derivative 10611,

o 0

H Me || Me
/WCHSBU ‘ @ )
[N} u aa sy

H H Me H o
)——O 0)—0

(103) (106)

Q

D. Geminal Alkylation

In attempting alkylations leading to highly substituted ketones, careful
choice of methods is required to avoid difficulties. Selective geminal
alkylations can be achieved by blocking all other available sites, but this
is not always possible as with o, o o -trisubstituted acetones. An interesting
new method has evolved incorporating the lithium-ammonia reduction
of n-butylthiomethylene derivatives of ketones to their methyl-substituted
enolate anions with subsequent alkylation!?. This reduction-alkylation
leads to the introduction of one methyl group and a second variable
geminal substituent at any position which will condense with ethyi
formate (equation 88). Reaction times as brief as 30 s plus the use of water

O CHSBu g, LQ  CH R en
$ {0 o TR e, Gk ()
:

as a proton donor minimize any over-alkylation. Table 3 lists some typical
conversions using this procedure.
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TABLE 3. Geminal alkylation of ketones via thioenol ether derivatives

Ketone derivative Product ield from eference
n-butylthio-
methylene
derivative, %
O o Oo_ .
“ﬁHbBu “(r"'s
CH,CH,CCCH, CHLCH,CCCH,CH=CH, 82 123
. CH,
0 o
CHSBu ks
X\f NCHzcm 75 123
0 o .,
CHSBu s
] CH,CH=CH, 85 123
o o)
HSB H
CHSBu )\épﬁ 56 123
K) K) CH;
[o] o]
CHSBu CH,
Ay /J\<| CHCH, 49 123
CH,
0 (o]
A _CHSBu A~ A _CH, _ e
70 i23
L PPk
~ N
(o} [o]
j_fHsBu LSt
CHjy
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E. Symmetrical a-Branched Alkylation

The reaction of dialkylcopper lithium reagents with o, S-unsaturated
ketones leads to selective conjugate addition!®*. It has been observed that
n-butylthiomethylene derivatives undergo a double conjugate addition,
with Joss of the aikyithio group, upon reaction with dimethyicopper
lithium. Thus, dimethylcopper lithium reacts with 2-n-butylthiomethylene-
cyclohexanone to give almost quantitatively 2-isopropylcyclohexanone
(equation 89)*%. This reaction should prove useful for the preparation of
ketones having a symmetrically branched alkyl substituent in the
a-position.

(e] o

M__cHsBu s PPN
Lo L /T 9)

F. a, B-Unsaturated Aldehydes
Ketones with blocking groups of the isopropoxymethylene type are

readily converted to «,f-unsaturated aldehydes by reduction followed by
acid-catalysed rearrangement!?%-126, However, the use of this blocking
group has the drawback of being moisture-sensitive and of having a

daactivati affact o & it
deactivating effect on the other «-position. Fortunately

methylene grouping does not suffer from these drawbacks and is still
readily converted to the «,B-unsaturated aldehyde®'#. Thus 2-n-butyl-
thiomethylene-6 6-dimethylcyclohexanone (107) is reduced with lithium
aluminium hydride and the resulting alcohol hydrolysed in acid to the
a,B-unsaturated aldehyde 11012, The aicohol 1ii typicaily makes up

the n-butvlthio-
, the n-butylthio

9K|H3

/WCHX I o /)/\rCHO
—
~
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TaBLe 4. Preparation of of-unsaturated aldehydes by LiAlH, reduction of

a-n-butylthiomethylene ketone derivatives

Ketone derivative Product Yield from  Reference
a-butylithio-
methylene, %,

M o M
e e
: H CHO
AR Y
o{ i\/ <\j\/ 81 131, 132
BuSCH QHC
/J\\ /\v/k AN '/l\v/\\v/k\/\
— 133
N e Hvo
E wrioou ~ wnw
)
K‘,\KO m — 130
Q/gcr-lsau ~eno
~ _CHSBy ~~_-CHO
[T T B y
SN 38 i34
SOCSNG Oy
O>yeHe 52 135

o
&CHSBU
N
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about 5% of the product. A comparison of the n-butylthiomethylenes with

| STY P P | ahart i athelanman noe wd 100N ol n119, 120 (lns

vuLluay- ana lDUUULUA’lllClu,IUuCD \IW ana I.U’} SLOWS I.lldl. l.ll‘
latter two are significantly more prone to 1,4-addition leading to alcohols
such as 111. The use of lithium aluminium hydride instead of the originally

cngnncfpd sodivm hnrnhvr]«ndnm7 also seems to minimize the 1 ,A-addition!s0,

mnmizeing -AGGIlIot

Table 4 provides some further examples of this reaction.

Vi. SULPHUR EXTRUSION REACTIONS
Reactions in which a sulphur atom that bridges or interconnects two

carbon groups is extruded with formation of a carbon—carbon bond
between the two carbon groups is termed a sulphur extrusion reaction
(equation 90). These types of reactions have proven to be of synthetic
utility and are treated in this section.

R—S—R——> R—-R+ S (90)

Thiols can serve as reagents in the extrusion reaction by being converted
to a sulphide or a corresponding higher oxidized derivative upon which

the extrusion process is effected. While for many of the cases covered in
the extrusion pr ny eqG In

this section the organosulphur compound used in the extrusion reaction
was not prepared directly from a thiol, the potential exists for thiols to be
ntilized in these types of reactions.

A. Stevens Rearrangement of Sulphonium Saits

af o anlabhaninm aal4l8 Snvaloan $rantmran

Thc SI.UVUIID lcculauscluclu UL a Bulyuuun,uu D(l«{l,ll‘;ﬁ 1YUIVED usauu:ul,
of the salt with base and leads to migration of a group from sulphur to an
adjacent carbon atom (equation 91) Analogous Stevens rearrangement

are well known.

+
R—S—CH,R' —22¢ , R_s_CHR' (o)

i i

R R
The sulphonium salts used in the Stevens rearrangement need not be
prepared initiaily from a thiol; however, this is feasibie and is often the
case. This method, therefore, allows the conversion of a thiol
to a sulphonium salt, followed by rearrangement with concomitant
carbon—carbon bond formation. Removal of the sulphur moiety
following rearrangement permits, in effect, a thiol to function in a reaction
that leads to bond formation between two R groups that originally were

attanhad ta aulahne faanatian O
ariacnca 1o stupnur (&quaudn 74).
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The Stevens rearrangement of sulphonium salts is known to proceed
through the intermediacy of the corresponding sulphonium ylid!38, There
appears to be two distinct mechanistic pathways, depending upon the
structure of the ylid, leading to rearranged product. Rearrangement of

RSH ——> R—S—R' —>R—§—R'" ——
|

Me

allyl sulphonium salts'®® (112), proceeding via the ylid 113, has been

shown to occur by a [2,3] sigmatropic reaction (equatron 93), a minor
amount of product also arises by what is equivalent to a [1,2] shift%.
These rearrangements are examples of what appear to be a general class
of electrocyclic reactions of sulphomurn ylrdsm.

R__R R__R o
R ]
T\;g\ —_— I\/!g\ — T\ s.
112) a13) 119)

A second type of rearrangement involves ylids derived from non-allyl
sulphonium salts. Baldwin and coworkers'? have reported that rearrange-
ment of the suiphonium ylid 115 in toluene at reflux temperatures occurs
by a radical pair mechanism (equation 94), in which the benzyl group
migrates with predominant retention of configuration to yield 116.

[ o 1
/l\/ \ﬁ..R ——>lPhN$\Me|

R —
[ -cHrPh |
(115) (94)
o (94)
Ph'JL S
Me
| H
Ph” ™R
(116)

Thompson and Stevens™s, in their first paper on the rearrangement of
sulphonium salts, reported obtaining the sulphlde 116 upon treatment of

0 144

117 with sodium methoxide. However, more recent work has shown?®% 4

13. Biochemistry of the thiol group 595
condensed with serine. It presently appears that two different enzyme

sequenioes are possible and both may operate in some organisms.

These are contrasted in the scheme below.

Sulphide fixation pathways

H,0
serine sulphydrase AU QH
CH,SH
CHZOH |
H,S HGNH,
HCNH 2
e N COH
CO,H cysteine
serine\ 1 A
ﬁr‘rr;eacetylase C‘HzoCCHJ .>\/os?)?s:\yyl dsr::ge
CoA—S—CCH; \\~——> HCNH,
) COM CH;COH
CoASH O-acety!

With the direct H,S-H,O interchange enzyme, serine suiphydrase, the
reaction is completely reversible. Pyridoxal phosphate participates as an
essential cofactor which suggests a mechanism mvolvmg a pyridoxamine—
Schiff base intermediate. By stabilizing an electrophilic centre at the side
chain carbon a nucleophilic substitution could be facilitated.

The reversibility of this reaction would allow this enzyme to participate
in either sulphuration or desulphuration of cysteine and its real role
in vivo remains somewhat doubtfui.

The other system for sulphide assimilation involves a coupled hydrolysis
of acetyl coenzyme A. This enzyme system can only operate in the

direction of cyswme bynl.[leblb and would ensure the effective ¢ uapylus of
21
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most available sulphide for this purpose. The acetylation of the serine
hydroxyl aiso provides an effective leaving group so that one might
envisage an enzyme-mediated direct nucleophilic displacement mechanism.
Pyridoxal cofactors are not thought to participate in the O-acetyl serine
sulphydrase reaction, although this remains an unsettled question. The
enzymes of the O-acetyl serine pathway are responsive to the metabolic
needs of the cell being repressed by cysteine in Escherichia coli. There is a
Ulubllcllllhdl scllcldlll.dl.lull llldl Cnlical UlUD’llluUle yaulwaya Dubh as lhlb
are normally coupled to high energy bond expenditure which guarantees
effective utilization of nutrients. Such considerations make it likely that

thic i
this is the normal biosynthetic route. Similar systems have not been found

in all organisms capable of sulphide incorporation however, so an
important role of the direct sulphide-hydroxyl exchange system in cysteine
synthesis cannot be excluded. There is evidence for a similar system in
chick embryo involving a serine phosphate rather than the acetate’.
Cysteine formation through the addition of thiosulphate to serine or
O-acetyl serine may play a role in the sulphur metabolism of some
organisms. The reactions involved are similar in form to those described
above, with S-suiphocysteine serving an intermediary roie. Since thio-
sulphate is not generally considered to be on the main line of inorganic
sulphur metabolism this probably represents an adaptation to certain

Cysteine formation from thiosufphate

CH,—S—SOzH CH,SH
> i-iéNH2 —_— Hé*NH2 + H,50,
4 CO,H (l‘.OgH
serine 5-sulphocysteine cysteine

2. Cysteine oxidation':?

The balance of the ‘sulphur cycle’ requires that reduced sulphur
derivatives eventually be reoxidized to sulphate. A number of photo-
synthetic and chemosynthetic organisms have the ability to utilize reduced
sulphur, particularly H,S, as critical electron donors for ATP production,
but these pathways are not of enough general importance to consider here.
Pathways are known for the production of sulphide from cysteine, and it
is also clear that the oxidation of sulphide can occur in animals with
production of sulphate and thiosulphate. What is not certain is to just
what extent specific enzyme reactions are involved. The nonenzymatic
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oxidation of sulphite is promoted by a variety of normal cellular con-
stituents, but it is felt that direct aurpruuc oxidation is of little coiisequeiice
for animals. Sulphide is an exceedingly toxic material, precluding its
normal accumulation in significant amounts and the prmcrpal ‘detoxi-
fication’ route seems compo

than oxidation.

All organic thiols and thiol derivatives are quite susceptible to aerobic
oxidation vmlrimn a variety of nxv-dpruvahvﬂq Ar-hm“v the b]olgm_cal
srgmﬁcance of most of these sulphoxide derivatives is unknown. In
certain instances, there are mechanisms to reduce sulphoxides back to
divalent sulphur compounds. B-Lipoic acid, an active factor in bioassays,
proved to be a sulphoxide derivative of this disulphide cofactor which was
generated during purification?. Its biological activity impiies that it can be
reduced to the normal form of the cofactor. A methionine sulphoxide
reductase system from yeast has been studied extensively and found to
resembie the PAPS reductase and ribonucleotide reductase systems in that
electron transport was mediated by a heat-stable protein disulphide
factor®. Thus, there does seem to be some ability to salvage partially

oxidized thiol derivatives, but it is uncertain how widespread this capacity

might be.

The only thiol oxidation reaction to oxy-derivatives of general bio-

to be fixation intc oreanic thiol
w I ULV VI gQlllv e 3101

ohamian " H ini 1
chemical significance is that of cysteine to alanine 3-sulphinic acid

(cysteine sulphinic acid)®1°, This is thought to be the initial reaction in the

Cysteine oxidase reaction
CleSH NAD(EH, (T’HzeozH
0,, Fé'
H(I:NH2 : H<|:NH2
CO,H COH
cysteine alanine 3-suiphinic
acid

main yau"iway for the 1 ai

duction. Relatively little is known about the details of this oxidation
process. Some form of reduced nicotinamide coenzyme, ferrous iron, and
possibly other cofactors are required by an enzyme from the soluble
fraction of rat liver. There is little information on mechanistic details or
possible intermediate states. Cysteine sulphinic acid is further converted
to what has been presumed to be S-sulphinyl pyruvic acid and ultimately
to inorganic sulphite. This is then oxidized to sulphate. Cysteic acid and
taurine may aiso arise from cysteine suiphinic acid.
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There is also a mitochondrial system for cysteine oxidation to sulphate
in which there are no known intermediates. it has been suggested that this
system is important in cysteine metabolisms and the production of sulphate
from sulphur amino acids. A sulphite oxidase deficiency has been reported
in the human!!. Since virtually no sulphate ions occurred in the urine, this
would imply an obligatory role for this enzyme in the cysteine to sulphate
conversion, and cast doubt on the role of the mitochondrial system.
However, the sulphite oxidase is also a mitochondrial enzyme and might
function in both pathways. A possible defect in cysteine oxidation has also
been considered in another genetic disease, cystinosis. The cysteine to
sulphate oxidation has, however, been shown to be normal in the liver of
such patients!2. Greater understanding of these processes should be forth-
coming in conjunction with such studies on human genetic disease. The
possible routes for the enzymatic oxidation of cysteine sulphur to oxy-acid
derivatives are summarized below.

Possibie cysteine oxidation pathways

/ cystegine\"\\ v CO,NH;
CH,SH <« s 5 pyruvic

| e, acid
CH,NH, |

¥
T
5
%

/

| CH,SO,H . \
v = |
CH,SOH COH
. _ . N4
CH,NH, alanlnezsrisdulphlmc H.SO. ‘
hypotaurine o c l
/ \ /N
H,S0,
/ \ /\) pyruvic
v CH,SO;H CH,SO,H acid
CH,SO.H | !
<—— HCNH, C=
CH,NH, I I
taurine COH €M
cysteic acid B-sulphinyl
pyruvic acid
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3. Cysteine desulphuration®-1
Desulphuration (desulphydration) of cysteine may play a role in thiol
catabolism, but there is considerable confusion concerning the existence
of a distinct cysteine desulphydrase.

Cvsteine deculphudrase raan TIPey
Cysteine desul phydrase reaction
e H,S r -
(l_Hng ‘ (ﬁH2 | CH;
HCNH, _i_» c—nu 1 o r“=n 1 oNu
HONH, IT NH, > T C + NH,
COH |COH | CO,H
cysteine pyruvic acid

There is no doubt that such a reaction, catalysed by a pyridoxal
phosphate-dependent enzyme, can occur in biological systems. It is quite
possible, however, that this only represents a side reaction of other
enzymes. Cystathionase, for example, will act on cystine with the
elimination of a cysteine persulphide and pyruvate. The persulphide then
reacts with cysteine to eiiminate suiphide and regenerate cystine. The
complete cycle would constitute a cysteine desulphydrase activity.

Cysteine desulphydrase activity via cystathionase and cystine

|
H ,
S
S« / CO,H TN
cystine \cystathionase

/ \ L',HQ—S—SH / (lle
qHsH HCNH, MA C=0 + NH,
H |
GNHe CO,H CO,H
COMH cysteine persulphide

se has a low level of direct cysteine desulphydrase
activity. Tryptophanase and tryptophan synthetase are other enzymes
capabie of carrying out the cysteine desuiphydrase reaction. Such con-
siderations have cast doubt on this biological significance of this reaction,
although strong arguments have been presented for a true cysteine
desulphydrase in Salmonelia®®.
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Another route for the removal of the thiol group from cysteine is

4l oyl adl £ ~F 4l id  whiak +ha
uuuusu the intermediate formation of thiol y_yluvlb acia, wiicihi is the

a-keto acid derived from cysteine by transamination:

(|302H ?OQH
CH,SH CH, CH,SH CH,
i i i i
H(l‘.NH2 + ?Hz PE——— C|=O + (|:H2
COH c=0
cysteine A~
- CO,H
a-ketoglutaric glutamic acid
acid

The product can be acted on by an enzyme which transfers sulphur to a

aof ao tarc i1 nifen to oa ogu o "
variety of acceptors in vitro to generate thiosulphate (and thiosulphonates),

thiocyanate and organic persulphides’1%14. A direct desulphuration to
sulphide does not appear to occur but a further reaction of persulphide
with dithiol carriers would provide this product. The generation of
elemental sulphur can also occur under certain circumstances. The thiol
pyruvate sulphurtransferase is though to act through an enzyme persulphide

Reactions of thiol pyruvate sulphurtransferase

CH,SH
1

cC=0

i BN
CO,H

thial pyruvic .y o~

acid 2503 \

-3

i
\) C'=O

COH

pyruvic acid
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intermediate and will be considered further in a subsequent section. Thiol
pyruvate can also be reduced to thiol lactate and decarboxylated to

xylated to
mercaptoethanol.

4. Cysteine-cystine interconversioni?

While it is doubtful if cystme, the disulphide of cysteine, has any
critical biological role as such, it is an ubiquitous constituent of aerobic
systems resulting from the facile oxidation of cysteine. It also can arise
from the digestion of protein disulphides. Cystine is relatively insoluble
and if allowed to build up tends to form crystalline precipitates within
the cell. There is normally little of the disulphide in cells, while in the blood
the oxidized form dominates. One method for the reduction of cystine to
cysteine is via a nicotinamide coenzyme-linked dehydrogenase. Giutathione

Cysteine dehydrogenase reaction

CH,—S—S—SCH, CH,SH
g B 1 NADH 4 e g
H\].\H‘!Q H\I,I‘"'!2 T NAVUA T N -~ an‘,vnz T NAU
CO.H CO,H COH

cystine cysteine

also has a critical role in cystine reduction. While this reduction occurs
readily without enzymes, it is stimulated by the enzyme cystine-glutathione
transhydrogenase.

2 GSH+-cystine ————> GSSG+2 cysteine

This latter system appears to be the one dominant in cystine reduction by
mammalian cells.

Two human genetic diseases are known which invoive this disuiphide
amino acid. In one, cystinurial®, there is a transport defect in the intestine
and kidney. This results in abnormally high levels of cystine in the urine
and can result in the precipitation of cystine crystals and kidney stone
formation. In cystinosis'2, cystine crystals form within cells and eventually
cause severe kidney damage. The nature of the primary biochemical lesion

ic unknown: all Laswn cvetina raduction systems of the cell anpear to be
Is unxnown,; ali Xnown cystine reauction systems of the ceil appear to oe
normal.

5. Tra Inhuration via cvstathioninel 2,16

¥ enin
Cysteine also donates its sulphur to form homocysteine and eventually

the second critical sulphur amino acid, methionine. Methionine is the
S-methyl ether of homocyste

, a2 nynfmnn nnulnmw with one add

al
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carbon in the chain. Transsulphuration from cysteine occurs in bacteria,
mlonte wvanct and Firans: nale Tha 1a Asatn e
piaie, yeast auu iuligl, UuL uu|, lll dlllulmb. 10c uuwl lcl] ont Ul‘l.al]
sources of methionine. It is actually the homocysteine portion which is
required but this does not normally occur in significant quantities.

The carbon skeleton of homocysteine is derived from the corresponding
n SXex o1 aomocysicine irom sponging

hydroxy amino acid, homoserine. The hydroxyl of homoserine is acylated
with either a succinyl (bacteria) or acetyl (yeast, fungi, plants) group
derived from the corresponding coenzyme A derivative. The O-acyl
substituent is then displaced by the thiol group of cysteine producing a
mixed thioether, cystathionine. This in turn undergoes a pyridoxal
phosphate dependent S-elimination to homocysteine, pyruvate and

Homocysteine Biosynthesis

1
CH,—O—C—CHj
CoASH Cl-”-z
0 N, HONH, N\, CHCOH CH,
1l I N\ L
CH,CSCoA / COH \ ¢=0
/ O-acetyl A CO,H
CH,OH homoserine o CH—S—CH, pyruvic acid
CH,SH | 1
&, 2 CH, HCNH, )

| HCNH, | | NH,
HCNH, . _HCNH,  COH
1 \,uzrl v i CH.,SH

oy
<y nienin e CH,

o ]
HCNH,

o N J
I CH,—OCCH;Z /\ |
—CSCoA éHz é“‘ ?HQCOQH CO,H
)\ ] ] CH,CO,H homocysteine
H?NHQ CO.H
CoASH
oM CO,H

O-succinyl
homoserine

nocysteine is then mefhvlafpd to methionine by pathways

nethiomne by pa

ater. Cystathionine is generally only a trace metabolite,
but occurs in reasonably high concentrations (25-50 mg/100 gm) in
brain'?. A direct formation of homocysteine from homoserine (or O-acyl
homoserine) and hydrogen sulphide has also been observed in extracts of

some organisms. Whether this is only a side reaction of the cystathionine
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synthesis system or is a physiologically important route for assimilation
of sulphide is uncertain.

In animals homocysteine arises from methionine through its role as a
methyl donor, as will be discussed in a subsequent section. It may either be
reutilized for methionine production or degraded. In animal tissues the
degradative pathway plays a major role in sulphur nutrition'®. Much of
the cysteine sulphur, and through it sulphate, can be derived from dietary
methionine. The transsulphuration from homocysteine to produce
cysteine is very much like that in the other direction. It also involves
cystathionine but is not a reversai of the synthetic pathway. Quite different
reactions are involved. Homocysteine reacts with serine to produce the

Homocysteine catabolism

([:HQSH ?H;
CH, CH,
Hc;NH2 |é=o
CO,H COH
homocysteine ?HZ*S_?Hﬂ a-ketobutyric acid
CH, HCNH
[ 2 [ ° Z NH,
/ HCNH, COH ¥
CH,OH L, SH,
| Lun i
HCNH, cystathionine HC—NH,
COpH COH

LIRS R SRy ppps | il n 4laa Fren aina

thioether intermediate. Unlike the route from \._yowxuw and hamoserine,
no O-acylation step has been implicated. Instead, the homocysteine—
serine-condensing enzyme probably requires pyridoxal phosphate as a

enzvme. althouch this is not nnnnnlvnna"v established,
coenzyme, aithiougn this 1s not unequr

Cystathionine cleavage in the mammahan transsulphuration system
produces cysteine, a-ketobutyrate and ammonia by what is believed to be
a pyridoxal-catalysed y-elimination reaction. Again this reaction is quite
similar to the cystathionine cleavage by the other pathway; only the
direction of cleavage is different. Actuaily the bacteriai cystathionase is
capable of cleaving the thioether in either direction, although that
producing homocysteine is dominant. This implies that even the enzyme-
bound intermediates are similar and the binding specificity of the particular
enzyme site is crucial in ensuring the proper reaction.

Particular interest in this pathway arises from the findings of human

.............. ~ad 41, PR ,9 Tn,.lr AF tha frct anouma
Evuwl.u. diseases associated with each au;p CK O1I ui® ISy CnzZyme,
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cystathionine synthase, results in homocystinuriaw This is one of the most

canatin dicardare Af o : A nlalio nA adad
\-UAAJAAAUu Svliviiv UisULUviID> 01 auuuu a\al\.l JIIUWUUHDJII ‘Lllu ]Q UAWUUCU lu
frequency only by phenylketonuria. In this disease, homocysteine cannot
be metabolized and its disulphide, homocystine, builds up and is excreted.

The disorder is often associated with severe symptoms including mental

retardation. Actually two distinct autosomal recessive forms of homo-
cystinuria can be differentiated: one type is susceptible to treatment with
vitamin By (pyridoxine). Since pyridoxine is the precursor of pyridoxal
phosphate such therapeutlc results strongly support a critical role for this
coenzyme in the cystathionine synthase. it aiso implies that, in at least
some homocystinurics, the biochemical defect is in coenzyme formation
or binding. In the vitamin Bg-unresponsive patients the mutation must
affect some other aspect of the enzyme. Actually only a smail proportion
of the daily methionine intake by homocystinuria patients can be accounted
for by the excreted homocysteine and the study of this disease may greatly
enhance our kuuwwusc of thiol metabolism. For U)\ctlllplC, it appears t that
homocystinurics can make cystathionine to some extent from cysteine
and homoserine, a reaction generally believed impossible in animals.

f‘vnfnﬂunn:nnna a rlnﬁnu\nny of n\rcfo“]—unv}ase’ is a much rarer and less

clearly defined dlsorder“. While the disease has frequently been associated
with mental retardation, this may only reflect the type of individual with
which testing most frequently occurs, Patients with normal mental function
are also known. Nonetheless, the high levels of cystathionine in brain and
the mental defects associated with its fauity metabolism, have led to
speculation that this thioether has some special role in nervous function.
In tissues from at least one patient, there was evidence that the defect was
in pyridoxal phosphate binding by cystathionase and thai normai
enzyme activity could be achieved at abnormally high levels of coenzyme.
This is often quoted as the classical example of a binding or ‘K’ mutant,
but not all patients with the disorder give the same effect.

These reactions which lead to homocysteine formation in some
creatures and its utilization in others are undoubtedly representative of a

general thiol group transfer mechanism. The initial condensation of the

donor thiol, most commonly cysteine, with some suitably reactive receptor
generates a thioether. The differences in the requirement for O-acylation
when starting from serine and ho
different mechanisms for this thiol subsntunon reaction. In the case of
serine, the removai of the hydroxyl as hydroxide and the stabilization of
an electrophilic centre on the side-chain carbon can be achieved through
the pyridoxal phosphate~amino acid adduct. A similar example is in the
carbon-carbon condensation between serine and imidazole in tryptophan
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synthesis. When homoserine is the receptor a different activation system

appears to be necessary. While pyridoxal coenzymes can facilitate

y-elimination of hydroxide from the homoserine structure, stabilization
of an electrophilic centre at the appropriate position cannot occur. By
first acylating the hydroxyl of homoserine a snitable leaving group for an
enzyme-facilitated nucleophilic displacement reaction is created. The two
possible mechanisms for formation of a thioether intermediate for trans-

sulphuration are shown below. The thioether then breaks down by the
Possible mechanisms for thioether formation
H HY H
STTe, ) > —C—CH,—SR
HO,C—C*CH,~OH HO,C—C= CHZ HO,C ? CH,
N N N
i _—> Al —_— I 1
HC HC HL
R OH R—77 \1—OH R /‘\ CH
(@) @)~ 1 @iy
N N h
T i
H H
| HOchi:—CHg—S—R
HOZC—(l:—CHQOH e,
NH,
i
R'—-CH,OH ——> R‘—cu.,zo—r_l‘#cu.3 —> R'—CH,~S—R  (2)
S—R

elimination of a thiolate to complete the transsulphuration sequence.

Typically this would be a B-elimination from the cysteine structur
potentiated by a pyridoxal phosphate stabilized intermediate as depicted
halaw

It also appears that thiol pyruvate can serve as sulphur donor for some
biological transsulphurations. The thiol nucleotides which occur in small
i i appear to derive their sulphur, at least
in part, from thiol pyruvate rather than directly from cysteine®. While
these reactions have not been extensively studied as yet, ATP is required
possibly to activate a group for intermediate thioether formation.
Pyruvate elimination could then proceed through an enolate or an inter-
mediate enzyme-bound Schiff base.
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A diverse variety of divalent sulphur compounds is found throughout

nature. These are often found in small quantities or in restricted species
and little is known about their metabolism. It is generally presumed that
they all ultimately derive their sulphur from cysteine. Thus more examples

of frnncenlnhnrghnn reactions will be described, and it is likelv that
Tailgn reacuclns wiu Qescrioed, ang 1t 1s uxely inat

B-Eiimination from a cysteine thioether

T
RSH o
i
e
\R\K‘\l/OH
|
RSQCHz—(C—COQH NT R
|
N \
I
HC )

R 1 ou — S
\r CH /\ CHjy wi.l, CO,H
NP P \J/ NH

N HC=0
A 1
N e '
H 7\/ S hg CHy—C—COH
|
R—S—CH,—C—CO,~ o
’L’Hz + NH,3

mechanisms involving mixed thioether intermediates will frequently be
implicated. Another general route for transsulphuration may be through
enzyme-bound persulphides. The existence of such intermediates in the
whadanmaca and thinl  morno cuilmbhie  trancfarnca wanatinng cansma
rhodanese and thiol pyruvate sulphur transferase reactions scems
reasonably established, although there are no examples of their being
involved in the formation of organic thiols.

6. Thiol formation by cysteine incorporation
Thiol groups enter some biologically important thiol compounds by

the direct incorporation of cysteine itself. Most frequently this involves
e GITSCt INCorporation O CySsiCine Iis€ii. HMiOSU ireqQuenuy ais mvoeives

peptide bond formation. The incorporation of cysteine into proteins does

not differ from any other amino acid involving activation as an amino
acid arlpnv]qu transfer to a cnpmﬁn transfer ribonucleic acid (t--RNA),

and assembly by ribosomal enzymes as coded by messenger nbonuclelc
acid (m-RNA). It should be pointed out that cystine, the ‘two-headed’
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disulphide amino acid, is not directly incorporated, but arises in proteins
T tA a0 oa et o PR oMo mocmaalat o dhn Lol TLo
DY oXidationn 01 twO CYSICINC ICSIAuUes 4l assciiiuly U1 e ciiall, 11e
formation of glutathione and pantetheine also involves peptide bond
formation to cysteine, but the mechanism of formation is quite different

fra tha cla id-coded protein synthesis. These pathwavys will he
from the nucleic acid-coGed protein synthesis. 1hese pataways

included in the discussions of the thiol coenzymes.

An example in which a portion of the cysteine carbon chain is
incorporated directly is one of the proposed routes for bi
by rmcroorgamsmszz An acyl coenzyme A derivative of pimelic acld
condenses with cysteine, eliminating CO,. Reaction with carbamyl
phosphate leads to the formation of an ureido ring system. The thiol then
forms a cyclic thioether by addition to a double bond resulting from

dehydration.

Cysteine incorporation into biotin

o]
Il o
H,N—C—0POGH, |
carbamyl N
(I:HQSH ’]‘HZ //0 phosphate H’;‘ NH,
HCNH, HC—C \ HC—C=0
|r\ N .I. \Pu_mU\pr\u 7\\ﬁu ,L.._m..\,-.n
CH,—{(CH,),CCH =—> Chy, CH,;—(CH,),CO,H

COAS~I o
CHa{(CHa) ,COH d
pimelyl-SCoA HN” \IIIH

H(i:“(’:-—‘OH
HZ? CH,(CH,),CO,H
(Ifl) SH
¢]
O Il /
It 5N -
- S
H JES—
H,C.__CH(CH,),CO,H ¢—¢
s \/ H,C  CH(CH,),CO.H
biotin I
SH

Cysteine is the pivotal compound in thiol metabolism. Sulphate and
other oxidized forms of sulphur are reduced to the level of sulphide, which

enters organic linkage as cysteine. There is no other direct sulphuration
pathway of any significance. Ali biological thiols and subsequentiy
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derivatives such as disulphides, thioesters, thioethers and sulphonium
salts derive sulphur through cysieine. This is accomplished either by
transsulphuration or by incorporation of the cysteine structure directly.
The sulphur metabolism in organisms capable of sulphate ﬁxation and

e}
Organisms requiring

divalent sulphur

sulphate

sulphate
AN E AN ‘\
AN s

PAPS ———» sulphate esters «———PAPS

N sulphite '
organic
sulphur cpds.
sulphide\ T /
T cysteme —
methioni ~ H T th
ionine methionine
= e
T~ protein —
Il BIOLOGICAL THIOLS AND THEIR FUNCTION

A. Glutathione?3.24,2%

While cysteine is the central compound of organic thiol metabolism,
a tripeptide derivative, glutathione, is probably the most ubiquitous single
thiol compound. Much fascinating biochemical history surrounds this
molecule and it has served as the subject of two published volumes®%,
Still, remarkably little is really known concerning its biological importance.

?H
CO,H o} CH, o
| il | 7
U AN.OLOU O L OWNLLOUL A NUL oL o0 L
HoN-CH-CH,CH,-C-NH-CH-C-NH-CH,-CC,H

ancp olutathione occurs ﬂn-nnnlqnnf the biclogical world, it is felt that

the biological world, it is felt that
it must satlsfy some critical cellular need. The most likely general function
is maintaining a reduced cellular environment. Glutathione can also serve
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a variety of additional roles. This peptide functions as cofactor for certain
enzymes and it may serve as a y-glutamyl donor in the synthesis of other
y-glutamyl derivatives. Glutathione is involved in the detoxification of
certain organic toxins by some species. There have also been suggestions of

ananial ralac far alitathiane or itg darivatives in hr.
Speciai OIS iof slubauuvu\. OTF 118 Gerivauyves in of

division.

~in functio nd i all
aln Iunclion anda in ctu

I. Biosynthesis and degradation®. 2

Glutathione is assembled from glutamic acid, cysteine and glycine in a
protein-directed synthesis. Glutamic acid reacts with cysteine in the
presence of ATP to yield ADP, inorganic phosphate and y-glutamyl
cysteine. In a second step the y-glutamyl cysteine is condensed with
glycine to give glutathione. A considerable amount of glutathione synihesis

Biosynthesis of glutathione

E(SH
g g
COoH J:—NH—CH—COEH
i ATP ADP + H,PO, |
(I:Hz ?stH \ # Cin
CHy  + HCNH, CHe
H?NHQ CO,H H(ilNH2
CO,H CO,H
glutamic . y-glutamylcysteine
acid ?H /
o} CH; O
Il ] Il
c NH—CH— C—NH—CHQ—COQHG—%— H,NCH,CO,H
¥ \ lyci
glycine
‘,3”2 ADP + H,PO, ATP
it
HCNH,
CO,H
glutathione

occurs in some cells.

urns
n sor Ceiuis. a1

t
reakdown only add
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over every 2 to 10 h. Such hlgh rate of ynthems and
to the mystery of glutathione’s importance.
A human disease associated with impaired glutathione syn nthesis has

been reported?”. Red blood cells from this patient lacked the second
enzyme of the synthetic sequence, but the activities of enzymes invoived

o
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in glutathione utilization were all normal. Red blood cell glutathione was

Vs e | 1N_n AP e Thic imanling atéhaw ¢hhnt fha amagaan
Uluy reaucca lU I\J_AU/O Ol llulllld.l llllb LHIPLICS Ciuiel uiat wiv vigyiue
defect is tissue specific and other tissues can supply some glutathione to
the red cell or that the cell produces a less stable enzyme which had become

inactivated l»“r the time of oﬂqlumc Aside from their intrinsic medical

interest, such natural mutants can be expected to provide considerable
information about the biochemistry of glutathione. For example, this
bly normal with problems only appearing under stress.
This is surprising if the defect was really general and the roles of
glutathione are as critical as suggested. On the other hand, an increased
sensitivity of this individual’s red cells to oxidative stress favours an anti-
oxidant role for glutathione.

One special enzyme, that cleaving the y-glutamyl bond, is involved in
glutathione degradation. This enzyme, usually referred to as glutathionase,
also has y-glutamyl transpeptidase activity under certain assay conditions.

Action of glutathionase

H,0 —> glutamic acid
~
y-glutamylcysteinyliglycine % cysteinyl glycine

4
amine or N y-glutamyl peptide

amino acid
Itis unclear if the uaubpcpuuauuu m.uvu_y represents a v
to serve as a synthetic y-glutamyl donor or is simply an insignificant
transferase activity typical of many hydrolases. This enzyme probably

also narticinates in mercanturic acid {‘nrmnhnn?-s and this can be viewed
¢ participates in mercap formaty

v for glutathione
¥ 101 giutatnionc

as a variation of the direct hydrolysis reactlon in which a substituted
glutathione is substrate.

2. Maintenance of the reduced cell**

Glutathione can be oxidized to its disulphide by oxygen, oxidized
electron transport carriers, free radicals and a varmtv of rlmnlnhldpc
While most of these reactions are facilitated by enzymes, they also can
occur spontaneously. It must be assumed that the ease of nonenzymatic
oxidation is an important attribute in the protection of other cellular
constituents. The idea that glutathione serves to keep thiols in a reduced
state is a direct exiension of its usefuiness in maintaining exiracted
enzyme systems in a functional form. The nonenzymatic disulphide inter-
change reaction of glutathione is facile and a number of enzymatic

JRPR, PRI AR U T .
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Disulphide interchange reaction of glutathione (GSH)
2 GSH+RSSR > GSSG+2 RSH
Glutathione reductase is an ubiquitous enzyme to be dis

mechanistically in the section on dithiol enzymes. Through its action,
metabolic reducing power generated as reduced pyridine nucleotides can

be r-n"nlprl to the maintenance of the reduced environment,

Glutathione reductase reaction
GSSG+NADPH+H*

Crucial thiols such as cysteine and coenzyme A and the numerous
ceiluiar enzymes requiring thiol groups for proper funciion are kept
reduced by the high glutathione levels within cells. Oxidized glutathione
in turn is reduced by glutathione reductase and NADPH-generating
systems.

Glutathione-mediated disulphide reductions whether enzyme mediated
or spontaneous probably proceed through an intermediate mixed

disn lnhnlsa via a thiclate displacement mechanism
Qisuy 11¢1a1€ Gispiacément mecaanism.

2 GSH4+-NADP+

Disuiphide interchange mechanism

R—5% HY
S—R —_ >RSH
N RS~ 4
_ +
GS \ »S—R L H*
v
H+ e\T 6-s LN “SR
) ) +
GSH ————> 56 6—s
H+ S—G

Relatively high glutathione concéntration would be required to ensure
complete reduction. Some glutathione bound as a mixed disulphide is

Fannd 3n aallnlos e bniee an nld ha avianatbad Fram thic caliaan laad 14
10UiG i ountial proiCiiis as Ui 6C CXpPCCiCh 10l uiis SCiicini€, ot it

is uncertain if this actually existed within the cell or was produced on
extraction.

A few systems are known in which alufnﬂ'nnnn serves as a reductant for
molecules other than disulphides'® 24, Probably the most critical of these
in animals is the glutathione peroxidase of the red cell. Along with
catylase this enzyme is responsible for destroying peroxides and thereby

preventing lipid peroxidation and haemoglobin inactivation. The
Glutathione peroxidase reaction
2 6SH+H,0,— > GSSG+2H,0
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functional importance of this reaction can be deduced from the effects

of "F““""‘ cdisorderssuchas ery’ ;}}IGCy w© snu»uaw-u-puuopua.w ucu_yl.u Ogenase

deﬁclency Where there is a lack of NADPH production the inability to
maintain glutathione in the reduced form results in decreased red cell
stability and haemolytic anaemias?.

Related to this is the action of glutathione as a free radical scavenger in
protection against radiation damage®. Thiols readily react with free
radicals producing thiol radicals which eventually

It is felt that the ease of this reaction and the ready avallab1hty of
giutathione minimizes damage to critical bioiogical structures by the free

Giutathione reaction with free radicals

GSHAHO — .« GS'+H,0

— &GS +n,0

268" — GSSG

radicals produced by ionizing radiation. Some consider one important
mechanism of cellular ageing to be a slowaccumulation of radiation-induced
damage. Glutathione might therefore be considered aiso to have an anti-
ageing role.

e alactenm donmam . el 04
3. Other electron uall:pun. roies??

Plants have an enzyme system linking the oxidation of glutathione to
the reduction of dehydroascorbic acid. A similar enzyme may occur in
cs, although in this case a facile non-enzymatic reaciion could
possibly account for the observed activity. The plant enzyme provides a

@

animal $i0
aliiiiiar 1id

Dehydroascorbate reductase reaction

) o
V4 7
0=C-—C HOC —-C
0—(‘: ({) + 2GSH HO(I." | -+ GSSG
H0<;:H HOCH
CH,OH CH,OH
dehydroascorbic ascorbic
acid acid

pathway whereby oxidized ascorbate can be reduced thereby enhancing its
potentiai as an antioxidant. The fuil appreciation of the biological signifi-
cance of this reaction suffers from the almost complete ignorance of the
role of ascorbic acid. Coupled with a NADPH-linked glutathione

AEu“CLaac, the NADP reduciion d.(,uVlly of the peniose shunt enzymes, and
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a dehydroascorbic acid oxidase, a complete respiratory chain for the
oxidation of giucose is possibie. Its actual operation if it occurs at aii
appears restricted to the earliest phases of plant development.

sugar

(phosf)hate)Y NADP* Y GSH

sugar acid /\\ /\ (/\) " /\
(phosphate) NADPH GSSG ascorbic acid 10,

alo P .
Glutathione is also the reductant for an Ulgauu-luuaw cawr-rcuucmg

enzyme from liver. This so-called nitroglycerin reductase reacts with
glycerol, erythritol or mannitol nitrates to yield free alcoholic hydroxyls

itri i Th a trata for this sugt,
and nitrite ions. The normal physiological substrate for this system is

unclear. While its study has provided interesting enzymology it has not
yielded any insight into the biological significance of glutathione.

4. Use as an enzyme cofactor

The best established functional role for glutathione is as a cofactor in
certain enzymaiic processes. The most exiensively studied exampie is the
glyoxylase system?:3, This catalyses an internal oxidation-reduction, or
dismutation, of certain o-keto aldehydes to a-hydroxy acids.

Glyoxylase reaction

o}
HC=0 Il
| H,0 COH
cC=0 — |
| HCOH
CH, |
CH,

The idea that this system played a crucial role in carbohydrate
metabolism forms an important, but now largely forgotten, aspect of the
history of biochemisiry®®. The discovery of the importance of glutathione
in the glyoxylase reaction was, in fact, the critical finding which has
relegated this reaction to its present metabolic obscurity. In muscle
preparations the glyoxylase system was found to be inoperative without
added glutathione. However, glycolytic activity continued precluding any
direct role for glyoxylase in this important metabolic process. While the
bulk of intermediary metabolism has been traced out in the intervening
forty years, glyoxylase function remains undefined. At present it is assigned
a detoxification role in protecting against a-keto aldehydes, although
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Szent—Gyorgy1 has proposed that the glyoxylase system may be important

in the control of cell division®.

The glyoxylase reaction is promoted by two enzymes found in almost
all living creatures. The first protein catalyses the condensation of the
a-kete aldehyde with sxuuuhxuuc followed b Oy an internal uiSpl‘OpOluUua-
tion producing a thioester of an a-hydroxy acid. A second enzyme cleaves
the thioester regenerating glutathione.

Glyoxylase system

O OH
! glyoxylase 1 I
GSH + CH;—C—CH ——— > GS—C—CH—CH;

O OH O OH
alyoxylase IT

oI . o
6S—C—CH—CH, ———2"~_5 GSH + HOC~CH,—CH,

The present conception of the glyoxylase I mechanism involves a non-
enzymatic condensation of the thiol of giutathione with the o-keto
aldehyde to produce a thiohemiacetal. The enzyme then promotes an
intramolecular hydride migration generating an «-hydroxy acid-thioester.
The original aldehydic hydrogen is retained in the finai product. It has
been compared to the Cannizzaro and benzilic acid rearrangements of
organic chemistry.

Glyoxylase I mechanism

$H3 C|H3 $H, <':H3
?:0 \.’I‘=G "5@ 'IC=0 enzyme *H?OH
HOCOH ¥~ c=0 HOC—SG c—s6
] HO  H* H* i
H* . . o]
a-ketoaldehyde thiohemiacetal
hydrated thioester
a-ketoaldehyde
The second snzvme of ths shlisxvla tha #hisacdamaca

441V SUVULG Liigyidiv Ul uw SAJVAJLGW BJBLCIIL, lllC l-luUl;BLUl asdv, lh
specific for thioesters of glutathione and its analogues. Thioester hydrolysis
and transacylation will be discussed in subsequent sections.

At one time glutathione was also thought to constitute part of the
active centre of glyceraldehyde 3-phosphate dehydrogenase® with similar
thiohemiacetal and thioester intermediates. While the analogous involve-
ment of an enzyme thiol in the enzyme reaction has been well established,
an analysis of the amino acid sequence at the active site of the enzyme has
shown that glutathione is not a part of the enzyme3. Giuiathione does
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appear to have a valid role in a similar reaction, that of formaldehyde
dehydrogenase®.

Formaldehyde dehydrogenase reaction
H,C=0+NAD*+H,0 HCO,H+NADH+-H*
formaldehyde formic acid

Glutathione also acts as coenzyme for a completely different type of
reaction, the isomerization of maleylacetoacetate to fumarylacetoacetate®,

Maleylacetoacetate isomerase reaction

H CO,H
N T
C CH CH HO,C C 2B 2C
H/ \(I-T./ 2\%/ Z\COQH 2 \c’é \(‘:/ C/ \C02H
) 0 booon om

4-fumarylacetoacetic acid

The reaction is thought to proceed through a reversibie addition of the
thiol to the double bond. Glutathione can catalyse the isomerization of
this and other a-,B unsaturated acids even in the absence of enzyme, A
snumv.hioﬁe addition pr oduct can be isolated with such substrates but does
not appear to be a true intermediate in the enzymatic process, as it is not

acted on by the enzyme. An enzyme-bound adduct is thus implicated.

5. Mercapturic acid formation and detoxification®-2

Glutathione is involved in the conjugation of certain toxic hydro-
carbons by the liver. These are eventualily excreted as mercapturic acids,
S-substituted N-acetyl-cysteines. Such compounds have been isolated from

the urine of many animals including man.

DeﬁZEﬁe IlleUCHLCl]Cb, udpnmalcnes anu a vanety OI omer aromauc or
unsaturated hydrocarbons are conjugated by reaction with glutathione.
Many of these compounds readily react with thiols nonenzymatically, and
their rapxd sequestmuuu would be critical in yxuwvuus the functional
thiols of the cell. A group of enzymes concentrated in the liver and kidneys,
the glutathione-S transferases, catalyse the condensation with glutathione.
Cysteine or other biological thiols do not serve as acceptors. After
formation of the hydrocarbon adduct the glutathione peptide bonds are
hydrolysed and the cysteine residue is N-acetylated before excretion. In
many cases the product actually excreted is a so-called premercapturic
acid which contains a hydroxyl adjacent to the thioether substituent.

Waier is eliminated during isolation to produce the mercapturic acid. The
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frequent occurrence of an «-hydroxy substituent suggests that the hydro-

carbon has unde;sam, Cyvzudauvu of a double bond p yuul to reaction with
glutathione. The condensation reaction would then involve an attack on
the epoxide ring by a thiolate. Direct addition of the thiol to a double bond

or even halogen dlcnlamamanf may also occur in certain cases giving rise

ng rise
to metabolic products without a-hydroxy substituents.

Formation of mercapturic acids

hydrocarbon RCH,CH,X ———> RCH=CH, ——> RC\H—/CH2

modification . P \_/
\/ / o
glutathione i/_;GSH 4—7/
conjugation
1 s
RCH,CH,—S6G RCHCH,—SG

NG P o
~

pepﬁdq lutamic
hydrolysis N> o ad
S-alkyl cysteinyl glycine
\> glycine
acetylation S-alkyl cystelne
acetyl CoA\
~>CoA
\
excretion e ™S )
product R—CH,CH,S(N-acetyl)cysteine RCHCH,S(N-acetyl)cysteine
) |
OH
l premercapturic acid
I
RCH,CH,S(N-acetyl)cysteine l

RCH CH S(N-acetyl)cysteine

ormation apnears less sionificant than

In humans mercapturic acid formation appears less significant than

':*
)
J
o
Q
N

detoxification pathways involving glucuronide or sulphate ester formation,
but is of considerable importance in other species. Halobenzenes which
can cause liver damage lead to mercapturic acid formation in the rat,
while non-toxic compounds such as p-dibromobenzene do not. Such facts
strongly support the idea that this pathway has a detoxification role.
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Mercapturic acid production seems to have first call on the sulphur amino

acid reserves and serious deficiency states can be induced in rais by
hepatotoxic hydrocarbons. Diets high in cysteine and methionine will

protect against the liver damage. Some mercapturic acid production may

uns wi o
also resnlt from reaction of “!0{6}!} thiol groups with the h uyun GCaroois,

hydrolysis of the protein to the S-substituted cysteine and its N-acylation.
However, the vast majority is formed via the glutathione adducts if the
hydrocarbon dose
the liver.

The intermediate production of araikyl sulphate esters or thioacyl
derivatives prior to conjugation with glutathione seems likely for certain
types of compounds since enzymes of the following types have been

Al okt 24 25
characterized® %,

e reserves of

Glutathione conjugation via thioesters and sulphates
Il 7
I
R—~CH=CH—C—S$—A + GSH —> R—CH—CH,~C—SA
[

SG

==\ o\
<Q CH,080H + GSH ——> <O CH,~SG + H,S0,

Mercapturic acid formation has been shown to occur in a variety of
mammals, birds, reptiles, amphibians and fish. Insects also form
glutathjone conjugates but do not N-acylate the eventual S-substituted
9_yb|,cum derivatives to any great extent. It is also pOSSlDlC that the
S-carboxyalkylcysteines of plants have a similar genesis. Mercapturic
acid formation is certainly one of the best studied and documented

‘ar olhtathi
protective functions for glutathione.

Thus, in spite of many years of investigation and speculation, no

universal functional role has been established for glutathione which would
explain its broad distribution and high concentration in biological
systems. The most satisfying concept is that the glutathione system
establishes the reduced state of the cell, at least in so far as preventing the
oxidation of cellular thiols. In fact the thiol protective effect is multi-
faceted. Glutathione preferentially reacts with agents of all types which
otherwise would inactivate thiol metabolites, coenzymes and proteins.
If inappropriate disulphide formation should occur, activity can be
restored by the disulphide interchange. Whether such a general protective
action is the universal glutathione role has been difficult to prove, and the
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concept has been gently derided by labelling it the euphoristic theory of

slibnthinmn anbinm fonn mafomoan DAL
Blulallllulic avuull (LU 1TuICielne L‘f].

While the overriding function of glutathione may be protective, a
number of more specific roles have evolved. It serves as a coenzyme for

itical rasarrancameonte
certain enzymatic processes, and it may moderate critical rearrangements

of cellular architecture. If for no other reason glutathione could be
regarded as the most 1mportant cellular thiol on a purely quantltatlve
i ns

The biological importance of the second thiol amino acid, homo-
cysteine, is as the thioether and sulphonium ion derivatives. The free thiol
occurs only as a metabolic intermediate. Methionine, the methyl thio-
ether, is one of the twenty amino acids utilized for protein synthesis. Our
concepts of the special significance of methionine in protein structure and
Frinotian ara anly haoinning ¢ta ha davalamad omd wbdll et Lo anenidansd
1uncuion ard Oy oCginiing o of GCVeIOPCh, and wiu ot o€ COMnsiaerea
here. N-Formyl methionine also has the distinctive role of being a chain

initiator in protein synthesis®. The most extensively studied form of this
thiol is Q_adpnncv] meth e or SAM, the cnlnl—nnnmm ion cofactor. This

i COIACROT, i1

is the principal methylatmg reagent of blOlOg]cal systems and other alkyl
transfers from the sulphonium ion are also known.

I. Methylation of homocysteine
Methylation of homocysteine to methionine can be accomplished by

ona avaral connanca o Afalia
one of several sequences. Am um.J orrouteisfroma I\m-uwwy 1-tetr a.u_y drofolic

acid (CH;—FH,) derivative. In some organisms a coenzyme derivative

of vitamin By, is also required, where it functions in its reduced form
(R_» in the fn"n\mnc thPmP\ as an intermediate mpﬂn:l carrier:

erivatives
(IZHz-—S---CH3
CH,
HCNH, HCNH,
HCNH, HCNH,

i |
CO,H »—% COH

/ 3
homocysteine CH;—Byy, Biar methionine
- s

FH, CH;—FH,
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Animals also derive methyl groups from dietary choline, which can

partially substitute for the methionine nutritional requirement. An
oxidation product of choline, betaine, is the actual methyl donor to
homocysteine. This probably represents a salvage pathway for methyl

orouns in the catabolism of choline, but it can be of considerable
greups in the cataboiusm ¢noine, it ¢an ©o¢ OI consiGeraoie

importance if the capacity for de novo methyl synthesis is limited.

Choline as a methyl group source

(cHJ)QNcHchZOH - > (CHJ)JNCH CO,H (CH ),NCH CO2

choline betaine &Z dimethyigiycine

2. S-Adenosyl methionine and transmethylation

Methionine reacts with ATP to produce S-adenosyl methionine (SAM)
with the release of both an orthophosphate and pyrophosphate residue.

Biosynthesis of S-adenosyl methionine
NH,
N X
000 (T ]
HOPOPOPOCH, r;l/kN/ CH, T“
RN O R
—_—

O“ﬂuenosyl me[nlonlne
/ + HyPO, + HyP,0;

This qnlnhnmnm ngmpmmd often referred to as ‘active m_ethyl” serves

as a methyl donor for biological synthesis. The list of compounds which
derive methyl groups by transmethylation from SAM is extensive and
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includes many types. Oxygen, nitrogen, sulphur and carbon atoms can

act as acceptor, A few rep"“’"!at:ve reactions are indicated below.

Typical methylation reactions

HN NH, HN  NH,
N/ N/
C
1 ! S-adenosyl

NH + SAM —> N—CH; + homocysteine

ﬁ—f')—

Ho
“OzH

¥
acelic creatine

catechol O-methylcatechol
CH,3 H,C CH,
! \
T T
({«Hz 1+ SAM (I:Hz + S-adenosyl!
(.:Hﬁ 7 ?Hz homocysteme
Hc;:NH2 HCNH,
CO,H CO,H
methionine S-methyl methionine

|
wPO,—ribose—PO, v wrPQO,—ribose—PO,w~
uracil of t-RNA thymine of t-RNA

The S—adenosyl homocysteine produced in the transmethylation
», The latter

can be degraded as prev1ously dlscussed or be remethylated to methionine

and eventualily regenerate S-adenosyl methionine. Thus the operation of

a methionine cycle provides a route whereby one-carbon metabolites
reduced through the tetrahydrofolic acid sequence provide methyl groups
for biosyniheiic pathways. Certain other suiphonium compounds such as
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S-methyl methionine and dimethyl B-propiothetin are apparently

capable of serving as methylating agenis in some organisms but do not
have the general biological significance of S-adenosyl methionine.

Transmethylation cycle

C, reduction
or methyl salvage

homocysteine
methionine

7
[

S-adenosylhomocysteine
enosy Y Ny SAM

methyl! derivatives

3. Other sulphonium ion alkylations

Methyl transfer is not the only kind of alkylation that can be effected
by the sulphonium centre. The best studied example is the synthesis of
the polyamines spermine and spermidine, important counter ions for
nucleic acids. S-Adenosyl methiom'ne undergoes a decarboxylation of the

homocvysteine side chain adu thi d Tha
NAoMOoCysieine 5168 Caain }uvuuuus a uuvynuy]x amine derivative. The

propyl amine residue then is transferred, first to one and then to the other
amino group of putrescine yielding in turn spermine and spermidine®.

S-Adenosyl methionine provides an interesting example of how thiol
derivatives can promote what are normally considered to be difficult
organic reactions. Few alkylating reagents employed by the chemist are
compatible with the conditions of biochemical systems. Sulphonium ions
can however be readily formed under biological conditions and are
sufficiently stabie in an aqueous environment o have their reaction
controlled by enzyme specificity. The wide biological distribution of
S-adenosyl methionine-mediated transmethylation attests to the fact that
au\ylauuu Lh.\'(‘)ugu M.upuuluuul lUll lllwl ulcdm.wa is dlllUllg lllc lllU)l-
ancient biological group transfer reactions.

The chemical rationalization for the alkyl-transferring capacity of the
cn]nhnmnm (nnrl other nrunw}) Componmk is that the pnclhvely charged
sulphur mduces a partial positive charge on the immediately adjacent
carbon atom. Such a positive carbon centre then becomes susceptible to
nucleophilic attack. The thioether serves as an excellent leaving group
particularly if a relatively nonpolar reactive centre is envisaged. Reactions
invoiving S-adenosyi methionine as a methyi donor at neutral pii, generaily




622 Arvan L. Fluharty 13. Biochemistry_of the thiol group 623
have favourable free energies of —7 (or more) kilocalories per mole. Thus,
the intermediary role of SAM in biological transmethylations and
occasionally in other transalkylation reactions reflects both thermodynamic

o
z and mechanistic attributes of sulphonium ions. Sulphonium ion reactions
T fev drrsese ~memcdibiidba ama A dlaa LA mbal Fntiacmnl watoo AL o bl
3] 111 LUlll CULDLITULC ULV Ul LUV 1uliualliclital iuusuviiat 1u1Cd Ul a ol 11
T biological systems.
= =
z T T
& ZzZ—0 C.p haine Cofact:
= = Y C. Pantetheine Cofactors
3] . L
= % £ The most clearly defined functional role of cellular thiols is that of
£ = % ° Q E coenzyme A and related cofactors®® 4142 Coenzyme A was first recognized
=z z—0 g S § as a carrier for activated acyi groups. The general sequence for acylation
5. 5 & T in biological systems is acyl activation to a thioester followed by acyl
o Tt i J . N v . e - .
z £ r @ T I transfer to form amides, esters and acid anhydrides. In addition the thio-
~ R Q Q-= nctar Folaca anbhomane dlin coslemsml sodbiiin o dlan conloao i o
T = T T COCL  1IRapt Clllalltld UIC Lalbullyl liatuitc Ur e LGIUU’&)’IG[C glUuP
@ s . . . . . . .
£ - Q < leading to a variety of reactions within the acyl carbon chain. Recently it
5 T T s . . . Y
= Q Q, Q has been recognized that the phosphopantetheine portion of the co-
[} I I I enzvme A molecule alss occurs in proteins. where it serves a similar role
2 = = = enzyme A molecule also occurs in proteins, where it serves a similar role.
- I 4 | 4 A great deal of mechanistic information has been accumulated on enzyme
© | l J reactions mediated by the thioesters of coenzyme A and related
2 structures®, This is one of the areas in which the physical organi
£ . . .
5 / \ 7 ~ approach to biochemistry has proved most fruitful.
s X )
b I. Biosynthesis of coenzyme A%
g / / \ I Coenzyme A is a complex organic molecule with a nucleotide portion
% = _(/z—\ e f._(/z—\ M ot'adenme, ribose and phqsphoryl grou;.)s lmkefl through a pyrophosphoryl
2 Z z F4 z bridge to an unusual peptide, pantetheine. This structure has a branched-
8 = >=( 8 chain dihydroxy acid, pantoic acid, linked to B-alanine which in turn is
- - —_— — Lo . PO s FEIRY . T .. PR . . Py A
XL =z =z L ¥ .
LN 7\r 3 N —7\r Sre bonded to thioethylamine. In spite of the compiexity of the coenzyme A
— 0
Ni/l—:t <2 T £% Coenzyme A
z 5 N\ )5 58
31 (3] © g% NH,
| ) N
flf’x‘“:‘“f ® 0 o QH CHs </}\N
U——0—0—0—= | N\ - OO0
* (1;’ H—S—CH,CH,NHCCH,CH,;NHCCH—C —CH,—OPOPO—CH, N)\N)

= pantoiﬁ acid

N LT
| \—/

pantothenic acid Hogo oH
O
H

4-phosphopantetheine 3',5"-diphosphoadenosine
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molecule our understanding of its function relates only to the fact that it is
a thiol. The remainder of the moiecuie is presenily reiegated to imparting
water solubility to acyl derivatives and providing highly specific structures
for enzyme binding. In fact its catalytic function in several enzyme
systems can be met by various simple N-acyl cysteamine models, although
enzyme affinity is considerably lowered. While viewing coenzyme A simply
as a thiol is generally recognized as being a gross oversimplification,

evidence of any functiona! significance for other structural elements is
R E S Hv any undudna: Sighinlance ior Ol Srulitifa: C:i8IMCnS 15

sparse.

In microorganisms the pantoic acid carbon chain is derived from
valine and ‘active formaldehyde’ and the B-alanine from aspartic acid.
Higher organisms are unable to synthesize the pantothenic acid portion
of the molecule and it is a required vitamin. Pantothenic acid is first
phosphorylated to 4-phosphopantothenic acid and then condensed with
cysteine to produce 4’-phosphopantothenyl cysteine. The cysteine residue
then undergoes decarboxyiation to 4’-phosphopantetheine. An adenyiate
is transferred from ATP to generate dephospho coenzyme A and a final
phosphorylation of the 3’-hydroxyl of ribose provides the biologically
active molecule. A slightly different sequence was thought to operate at
one time, and still may be possible in some organisms. It differs only in
that condensation with cysteine and the decarboxylation precedes the

nhaonharviatian of tha nantstha sd L axyl or
paos yuvx.yxuuuu O wid yanuuuluux» acia uyuluA_yn group.

Biosynthesis of coenzyme A

4’-phosphopantothenic acid ———— 4'-phosphopantothenylcysteine

CO,
A \<
/ S
pantothenic acid 4'-phosphopantetheine
) o, At
4
jicysieine -----eeean > pantetheine

coenzyme A CATP dephosphocoenzyme A ﬁA ATP
N ¥
H4P207

Coenzyme A can readily he oxidized to an inactive rhcn]nhlrln in air and
Loetnzyme A can réaduy of annact: nide 1n arr and

mixed disulphides with other thiols such as cysteine and glutathlone are
also readily formed. In fact any reagent used to probe for enzyme thiols
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will also react with coenzyme A making studies of protein thiols much
more difficuit in coenzyme A-requiring systems.

2. Formation of coenzyme A thioesters® 4

In its biological function the sulphydryl group of coenzyme A is con-
verted to a thioester. The acid is almost always a carboxylic acid although
there have been some indications that coenzyme A thiophosphate esters
might piay a role in certain reactions. Thioesters have a sufficiently iarge
negative free energy of hydrolysis to place them among the so-called ‘high
energy’ compounds of biochemical energetics. Their synthesis must be
driven by exergonic metabolic processes. ACﬁIZﬁi’y’ coenzyime A thio-
esters participate in the metabolic energy exchange system serving as an
intermediate repository for the biochemical energy quanta represented by
the squiggle {~) bond. Thicesters are formed by nucleoside triphosphate-
dependent reactions, by oxidative processes or by thiolytic cleavage of
B-keto thioesters. The coenzyme A derivative can donate the acyl to
amino, thiol, hydroxyl and carbanion centres in energetically favourable
reactions. It can also drive the formation of pyrophosphate linkages of
nucleoside triphosphates. Coupled with this high reactive potential of the
thioester is an amazing kinetic stability. Spontaneous decomposition
mechanisms are not available in an aqueous environment at neutral pH
and physiological temperatures. Such a situation is biochemicaliy ideal,
a high reactivity which can be completely controlled by enzymatic
catalysis.

The direct route of acyl coenzyme A synthesis from a free carboxylic
acid is catalysed by a group of nucleoside triphosphate-requiring enzymes,
collectively known as thiokinases. The general mechanism, as exemplified

for acetate activation ku m.uul thiskinase. nroceads as foliows The
tivation thioinase, proceeds as iCiiows., inc

carboxylic acid is first actlvated by acetyl adenylate formation with the

displacement of pyrophosphate from ATP. While the initial reaction is

fully reversible, subsequent action of pyrophosphatase drives the reaction
Acyl thiokinase reaction via an acyladenylate

Io 0O

I o |
CH,—COH 4 ATP ——> adenine-ribose—og—OC—CH, + H,P,0,

acetic acid H I
o acetyl adenylate l
Il /
CH,C—SCoA + AMP e———< 2H,PO,
CoASH
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process. The thiol of coenzyme A then displaces adenylic acid in a second
step to produce the acetyl thioester.

Acy! adenylate intermediates seem the general rule for acyl activation,
but alternate mechanisms are known. An example is the succinyl thio-
kinase reaction®. The mammalian enzyme system utilizes guanosine
triphosphate (GTP) or inosine triphosphate (ITP), although similar
ATP-requiring enzymes are known from plants and bacteria In addition
to the coenzyme A derivative, a nucleoside disphosphate and inorganic
phosphate are produced.

Succinyl thiokinase reaction

?
CO,H ('Ii—sc:oA
CH, + CoASH+ GTP ———— CH, + GDP + H,PO,
rLu rl‘u_
cHy CHy
COH COH

The products suggest activation as a phosphoryl rather than as a
nucleotidy! derivative. Both succinyl phosphate and thiophosphoryl
coenzyme A have been suggestzd as intermediates. However, neither is
included, at least as a freely dissociable intermediate, in current formu-
lations of this reaction. An enzyme-bound phosphoryl histidine inter-
mediate is thought to be involved, as is some sort of activated enzyme-CoA

complex. Many aspects of the enzyme mechanism are still in doubt, but

1€ mecnank

the sequence below is consistent with most available data.

Proposed succinylthiokinase mechanism

Enz + GTP (\ Pi ‘\/7 Enz ~ CoASH v succinic acid
GDP A Enz ~ P /\ CoASH \ succinyl CoA

+ Enz

This mode of thioester formation is not as energeticaily favourabie as
that involving pyrophosphate release and its eventual cleavage. This
probably reflects different biological roles for the two types of thiokinases.
Succinyi thiokinase and prooamy other nucleoside uipuospuau.—mcrgamc
phosphate type enzymes normally operate in the other direction, with
thioacyl coenzyme A driving the synthesis of nucleoside triphosphate.
One type of enzyme system produces coenzyme A thicesters efficiently at
the expense of nucleoside triphosphate, while the other helps to couple
metabolic processes to the synthesis of high energy phosphates.
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Another way to generate particular acyl coenzyme A derivatives is at

the expense of others. The succinyl-acetoacetyl coenzyme A transferase

reaction is an important example.

Acyl interchange reaction

succinyl-S-CoA +acetoacetic acid succinic acid+acetoacetyl-S-CoA

An intermediate enzyme—coenzyme A complex in which the energy of the
thioester bond is preserved has been demonstrated. Here the coenzyme A
thioester is involved in a transfer reaction quite different from its usual
acyl donor role. Functionally this enzyme allows metabolically generated
coenzyme A derivatives to be utilized directly for carboxylic acid
activation, without intermediary formation of nucleoside triphosphates.

A metabolically important route for the generation of acyl coenzyme A
derivatives is through the oxidation of o-keto acids. The o-keto acid
dehydrogenase complexes, of which pyruvate dehydrogenase complex is
typical, are large muitienzyme aggregates. They carry out a compiex
reaction sequence to be discussed in section IILD on lipoic acid. The over-
all reaction given below is an oxidative decarboxylation coupled to
thioester formation.

Purivata decarharlaca.dehvdrosenase reaction
Pyruvate decarboxylase-dehiydrogenase reaction

CO,H (I?
¢=0 + NAD' + CoASH C—SCoA + NADH + CO, + H
CH, CH,

pyruvic acid acetyl CoA

The final process for coenzyme A thicester synthesis is by the thiolytic
cleavage of B-keto acyl coenzyme A derivatives. The thlolase reaction is
the principal metabolic process for degrading the hydrocarbon chain of

fatty acids.

B-ketofatty acyl CoA thiolase reaction

9 9 7
R—C—CH,—C—SCoA CH;—C—SCoA
A +
\—ﬂ e (o}
I
HD —UL0A K—U—OUL0A

3. Reactions of coenzyme A thioesters®:
Examples of acylation by acyl coenzyme A derivatives are numerous®!.

The quanmanvely most lmpomm €Xampic is the iransfer of fatty auyn
22
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residues from coenzyme A in the synthesis of glycerides In this case the

av_yl awcptun are the nyulu)&yl Broups of gijlul derivatives and the
products are oxygen esters. Acyl coenzyme A hydrolases can also be

Pathwavs for alveerol lipid svithesis
ramways 101 giyCeroi 1ipia Syintnesis
7
HPO, o R&—O(I:Hg 0 o
(I‘IJ / H(IZ‘——OC_R RCSCoA
H,COH RC—OCH, O H.COH FY
2y z e Prazesry
| I | ) ) {
HCOH HC—0—CR diglyceride
| ] It
H,COPOSH, ——> HCOPOH ) Ri—ocH, 0
a-glycerol o phosphatidic ] il
phosphate il acid HC—OCR
2 RCSCoA 0
ehaantn lofda u n_r\_rlln
phospho-lipids H,C—0—CR

triglyceride

looked upon as acyl O-transferases of a special type with water acting as
acceptor.

Acyl-coenzyme A hydrolase reaction

R—C—S—CoA + H.,0

Transfer from an acyl coenzyme A derivative to a nitrogen nucleophile
is also quite common. Typical is the N-acetylation of the amino sugars

such as glucosamine. The conversion of palmityl coenzyme A to palmit-

Glucosamine Acetylation
CH,OH CH,OH
0 A o] 0 A

O oH 7 O, oH
<OH y + CH,C—SCoA ——> (OH y + CoASH
oL/ o
ON—

HNCCH.

INCCH;

glucosamme N-acetyl glucosamine

aldehyde by reduced pyridine nucleotide can be considered, at least
formally, as an acyl transfer reaction. Here the acyl acceptor can be
envisaged as a hydride ion derived from NADH.

Reactions where phosphate, thiol and even cyanide accept the sub-
stituent from acyl coenzyme A derivatives have been described in biological
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Acyl coenzyme A reductase reaction
o o]
f‘“;(‘-‘-“.}.‘fl‘l—SCQA + NADH + H* > CHy(CH,),CH + NAD* + CoASH
palmityl CoA palmitaldehyde

systems. Carbon is aiso an important acyi acceptor, generaliiy reacting as a
resonance-stabilized carbanion. Examples are the Claisen type ester
condensation reactions to be discussed in section IILE.1.

1ne ll'lCI'Cd.SCU d.Lyl ll'dnblﬂf POlCl'll.ldl Ul u.uucswn as Compafeu io
corresponding oxygen esters is explained as being due to less double bond
character in the bridging bond. The unpaired sulphur electrons do not
have as AuEu a Wudvuv_y towards double bond formation as those of
oxygen, and less electron delocalization or resonance stabilization of the
bonding system is possible. This results in a longer and more easily

displaced linkage. The lack of resonance with the ester cn‘nhnr also results
qaispiaced inKage. 1neack esona with the

in an enhanced electrophilic character of the carbonyl carbon. Thus,
attack by nucleophiles at this position is facilitated.
The general mechanism for acyl transfer reactions from thioesters is

envxsaged as a nucleophilic attack at the positively polarized carbonyl
carbon, accompanied by or followed by thiol elimination.

General transacylation mechanism from acyl coenzyme A

H—A A HA
7 =
o OH*
Hol Ol
R—C—C—SCoA ~ RC—CLScoA RC—C—B -+ HSCoA

A H | v H

B—H

BH +

T¢ io quinnose d that tha AT rticinates by nrovidine ceneral acid
Itis supposed that the enzyme participates oy proviGing genera: acié

and general base groups which facilitate the attack of the entering nucleo-
phile, the departure of the thiolate and the polarization of the carbonyl.
An intermediate acylated enzyme may occur in some reactions but this
can simply be envisioned as a case where binding centre, catalytic groups
and the initial attacking nucleophile are all provided by the enzyme.

Coenzyme A thioesters can also promote nucleophilic attack at the
B-carbon in «,B-enoyl derivatives. In these cases an electrophilic centre is
stabilized at the B-carbon by resonance with the carbonyl system. This
could be particularly favoured by hydrogen bonding or protonation of the
carbonyl oxygen by an enzyme. An example is the enoyl coenzyme A
hydratase reaction of faity acid degradation.
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B-substitution in o,B-enoyl coenzyme A thioesters

a-Activation is the other crucial aspect of thioester and acyl coenzyme
A biochemistry. The formation of the thioester considerably increases the
ketone-like character of the carbonyl group of the carboxylic acid. In
addition to increasing the electrophilic behaviour of the carbonyl carbon,
it enhances the acidity of the hydrogens at the a-position. This is normally
attributed to the possibility for resonance stabilization involving the
enolate anion.

Enolate stabilization in coenzyme A thioesters

H o o™
H I * H | H |
R—C—C—SCoA —=— R—C~C—SCoA <—> R—C=C—SCoA

Enolate ion formation allows coenzyme A-bound acyl groups to serve
as nucleophiles and to react at electrophilic centres. This permits thio-
actare tn articinata i tha fa Af Anelann aala
Cowio W ‘lul uviIpaww in inc JULlllaLlUll or chlauatlull 01 Caroom carooii

linkages by mechanisms analogous to the aldol condensation or more
specifically the Claisen type ester condensation. There are few available

mechanisms for carbon—carbon bond formation or cleavase which can

ermatt age wiarta dan

be employed under biological reaction conditions, and pathways which
depend on coenzyme A thioesters for this purpose are widespread.

The classic example is the reaction by which acetate carbon enters the
tricarboxylic acid cycle, the citrate synthase reaction. Extensive mechanistic
studies have estabiished the involvement of the enolate of the acetyl
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thioester in the enzyme re:actlon‘ﬂ Exchange of the acetate hydrogens of
acetyl coenzyme A with deuterium or tritium in the solvent is uat‘uyacu uy
the enzyme under conditions in which the condensation cannot occur.

Citrate synthase reaction

i H,0 CH,CO,H

c=0 |

| + CH,C SCoA —A—> HO— C CO,H + CoASH
(|:Hz CHzcozH

COH citric acid

oxaloacetic acid

Initially this was not observed, exchange only being measurable when
oxaloacetate was also present. This absence of exchange is now believed
to result from a need to have oxaloacetate bound to the enzyme before the
proper catalytic configuration can be achieved. This function can be served
by certain other dicarboxylic acids which are not capable of undergoing
the condensation reaction and the exchange activity has been demonstrated.
A coenzyme A-facilitated enolization mechanism seems firmly established.

An example in which reactivity of both the attacking nucleophile and
the electrophilic acceptor is dependent on the special character of acyl
thioesters is in the condensation of two acetyl coenzyme A units to form

coenzyme A. This is the reverse of the thiclase reaction
awtuawu_yx coenZyme A. 1S e

't
Hac-—c'(i—sc:oA
(o]
HR)\‘Hzc—rI;l—SCeA ?
)
\ —_— H,C—C—SCoA
\d L
CHy—C—SCoA HyC—C-SCoA
1
0 AN
¥
7
H,C—C—SCoA
]
H,C—C I
I + SCoA
o] H+_{.
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discussed previously. The actual mechanism of this reaction may involve
an initial transfer of one acetyl grouping to an enzyme thiol prior to
condensation, but the general reaction scheme is unchanged as thioacyl
activation would still be involved.

o vols
a-Carbon activation is also involve

&
3
.
&
o
.
"
2,
3
3
»

59

lation of acetyl coenzyme A to malony] coenzyme A, a critical and
distinctive step m fatty acid biosynthesis®. Carbon dioxide is initially
attached to a ur
carbon of acetyl coenzyme A. A concerted mechanism for thls transfer
has been suggested rather than a pre-equilibrium enolization of the acetyl
coenzyme A on the basis of the stereochemistry of the condensation??,
The proposed reaction sequence is an example of how concerted sub-
stitution on the o-carbon of thioesters could be facilitated.

Mechanism of acetyl coenzyme A carboxylation

o . /]O o]
P Loy . Coa—s—¢ I o™ ;
A o A ™a T -
LOA—D—L\CV) \ll\ N _— H-—(I: N/\l/
TS ~~C"H a H N N
H | "u¥ .z = -
poO HCH

The thicester promotes the acidity of the o-hydrogens favouring
hyvdrogen-bonded interaction with the ureido oxygen. In this case the
promoting base and the electrophilic centre being attacked are part of the
same structure, permitting a concerted electronic rearrangement without
the necessity of an actual enolate ion. Since similar advantageous arrange-
ments of reacting and catalytic functions are possible on enzymes, it is
conceivabie that other exampies may aiso circumvent the pre-equiiibrium
enolate formation which would be predicted from analogy to solution
chemistry. This does not alter the concept that thioesters facilitate such
reactions bfy' uuhauuus uic aw.uu_y of u-uyuxusvuu

A convenient way to summarize the reactions of coenzyme A thioesters
is by reviewing the B-oxidation pathway for fatty acids®. Fatty acid

activation occurs by acylation of the coenzyme / A thiol by way of an acy!

adenylate. This is then dehydrogenated to an «,B-enoyl acyl coenzyme A
derivative by a flavin-dependent dehydrogenase. The ability of the adjacent
carbonyl to provide resonance stabilization of the product appears to be
an important aspect of this reaction. Such flavin-dependent dehydro-
genations occur in other reaction sequences, but only where carbonyl
resonance stabilization is possible. Water adds to the «,B-enoyl thioester
to generate a B-hydroxy fatty acid derivative, a reaction facilitated by
B-carbonium ion stabilization in enoyl thioesters. The p-hydroxyl is next
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reduced to a B-keto group. Such nicotinamide coenzyme-linked reductions
to alcohols are common and no special advantage can be ascribed to the
thioester. Thiolytic cleavage of the B-keto thioester releases acetyl
coenzyme A and leaves a fatty acid derivative two carbons shorter than the
original. The desaturation, hydration, dehydrogenation, thiolation sequence
is repeated to reduce the chain by two carbons at a time with almost every
step dependent on the unique properties of coenzyme A thioesters.
Fatty acid oxidation S;‘Jil'al
[o]

Ii
R—CH,CH,COH + CoASH

4. Phosphopantetheine proteins

Protein-bound nhncnhn?unfpﬂnplnn has been found in recent vears to

...... in recent ve
be involved in acyl binding and reaction in much the same manner as
coenzyme A 47, A 77 amino acid protein was isolated from E. coli which
acted as an acyl carrier in fatty acid synthesis. This protein completely
lacked cysteine or other thiol amino acid, yet functioned by binding
various acyl intermediates as thioesters. The reactive centre was phospho-
pantetheine linked to the protein through a phosphodiester bridge to
serine. Similar acyl carrier proteins, or ACPs, have now been isolated from
a variety of organisms and extensively characterized. An active ACP
protein chain has even been prepared synthetically. ACP per se has been

Phosphopantetheine linkage in E. coli acy! carrier protein

[e]
OPO—pantetheine-SH
o
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difficult to demonstrate in higher organisms in which the intermediates of
faity acid synthesis are bound to high molecuiar weight compiexes. It is
reasonably certain that protein-bound phosphopantetheine is involved
however, and an analogous protein cofactor is believed to be present in a
t}guu_y bound form. rhuapuupaulcuu:lnl: pruauu:uu groups arc now aiso
known to function in other pathways.

Coenzyme A is the precursor of the enzyme-bound phosphopantetheine.
The prosthetic group is added to the prosthetic group free protein

(apo-ACP), by a phosphoryl transfer reaction employing coenzyme A as
donor, yielding the functional complex protein, holo-APC:

Attachment of 4-phosphopantetheine to protein

apo-ACP+-coenzyme A ——— holo-ACP+3,5-adenosine diphosphate
The phosphopantetheine prosthetic group of ACP, fatty acid synthetase
complexes, and presumably other enzyme systems, turn over rapidly,
possibly as part of a cellular control mechanism. A specific phospho-

diesterase cleaves holo-ACP to 4/ thopuuyaumeii‘xe and the apup;uu:ul
Removal of 4-phosphopantstheine from protein
holo-ACP — 222 5 4-phosphopantetheine+apc-ACP
The role of shosshonantetheine linkad 1o to o

101€ 01 O PNoSPno pauu—uxuuu linked to yun,mu is aualuguua to that
in coenzyme A. Mechanistically fatty acid synthesis is pretty much a
reversal of the B-oxidation pathway discussed earlier. There are however
a few minor and one major differences. ACP rather than coenzyme A
derivatives participate in synthesis and a nicotinamide coenzyme rather
than a flavin cofactor is involved in double bond reduction. The major
difference is that in the chain-elongating thioester condensation reaction
the attacking nucleophilic carbon derives from a malonyl rather than an
acetyl thioester. As indicated previously, maionyi coenzyme A is produced
from acetyl coenzyme A by a biotin- and ATP-dependent CO, fixation
reaction. Both acetyl and malonyl groupings are transacylated to ACP for
mu,y acid uyuuu:ma uﬁZ‘y’i“m‘: uuun, in addition to those of the pnospno-
pantetheine prosthetic group, are also implicated in the process. In the
yeast system, at least, a thioacyl linkage to a cysteinyl residue participates
at one stage.

A turn of a generalized fatty acid synthesis spiral is presented below
where the intermediate carriers are represented as ACP units tightly
bound to a multienzyme complex, (£C).

Specific details vary somewhat from species to species, but this scheme
iilustrates a typical phosphopantetheine protein involvement.
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Generalized fatty acid synthesis spiral

}\_\) ﬁ HS-ACP-2 @
co,
HO,CCH,CSCoA .../

o VY 0

H

I - If
RCH2C—SACP 1% RCH ,CH,CH,C—S—ACP-1

(:) EC
i 5 HSACP-2 U

HO,CCH,C—SACP-2

/ \\

HSACP-1 HSACP-1
6 0 N fif -
] It EC
ReH,ecHC—sAcp-2 \EY RCH,CH,CH,Cs—ACP-2 \&)
NADPH + H*~ S,, NADP*

MAD_:H-«)\

N N / “~NADPH + H*

u

- HSACP1  yo o HSACP-1
on o

RCH CCH,C SACP- QO ——i—> RCH,CH= CHC —SACP- 2@

Acetyl coenzyme A transfers its substituent to ACP-1 of the synthetase
complex where it serves as the start of the growing chain. A subsequent

acetyl coenzyme A unit is carboxylated to malonyl coenzyme A and

& ace t then
transferred to ACP-2. The acety! (or higher homologue) segment

reacts with the malonyl methylene carbon accompanied by the release Qf
CO, and freeing the thiol of ACP-1. The B-keto derivative of ACP-2 is
then reduced to the B-hydroxy, dehydrated to the «,8-enoyl and reduced
to the saturated fatty acid derivative. The acyl group is next transferred to
ACP-1. With the entry of a new malonyl unit on ACP-2 the sequence
repeats and the chain is built up two carbon units at a time. No inter-
mediates are released from the complex until the long-chain fatty acid is
compieted. The fatty acyi linkage is then transferred from ACP-1 to
coenzyme A for use in the synthesis of complex lipids. A direct utilization
of the ACP thioester for acylation of lipids probably occurs in some
systems.

The point of note is the special role of the malonyl thioester in the chain
elongation process. The presence of the additional carboxylate group
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adjacent to the methylene carbon increases the stabilization of a carbanion

at this position. This further facilitates p dis ] ale ot
er facilitates proton dissociation and attack at

the carbonyl of the other ACP-bound thioester. The concerted loss of CO,
renders the reaction essentially irreversible and provides a thermodynamic
situation favourable for chain elongation.

Multienzyme complexes responsible for the assembly of the cyclic
polypeptide antibiotics, gramicidin and tyrocidine, also contain protein-
bound phosphopantetheine. This presumably participates in the enzyme-
directed peptide bond assembly as an amino acyl carrier. Citrate lyase
catalyses the cleavage of citrate to oxaioacetate and acetate without the
involvement of coenzyme A. This has posed somewhat of a dilemma
since thioester activation is considered mechanistically important in the
cxaloacetate-acetate condensation sequence and presumably should also
be necessary for decondensation. Recent evidence implies that the enzyme
contains a phosphopantetheine unit which is acetylated in the active

enzyme®, The reaction is envisaged as an acyl exchange with citr:
tvisaged as an acyl exchange with citrate,

relegsmg acetate and generating a citryl thioenzyme. This then undergoes
a thioester-promoted decondensation releasing oxaloacetate and re-
generating the S-acetyl enzyme.

Proposed citrate lyase mechanism
1
CHCOH > ES—C—CH,

N L 1
acetic a(gd/ HO(ll—COZH
TN AT .

Crip,Co,H / / CH,CO,H
HO&CO,H o citryl enzyme
CH,OH :e_rl'l‘_r-u [o]
o 2 ES—C—CH; «——
citric acid acetyl enzyme o (l.l.—-COEH
1
CH,CO,H

Thus the biological importance of the phosphopantetheine group as a
catalytic centre is widespread. Numerous examples of the role of coenzyme
A are known and the list of phosphopantetheine enzyme centres is
growing. The principal reactive element is the thiol, although other
attributes of the unique peptide will undoubtedly prove important. The
thiol serves as the site of thioester formation and its particular chemical
attributes facilitate acyl transfer, carbon chain modification and con-

densation reactions. The nhosnhonantetheine thiol resresents the -

S, 100 PACSPACPanitialine Uiis: réproesenis uwic miost
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extensively investigated example of this functional group in biochemical
processes.

D. Llpolc Acnd“ @

- e cgmal o A Al Alaaatial A wlie s it a Boa ansele o
]b a llVU'lllClllUC cQ CYLlL GidUuipiuue g will a uve-talvuon
carboxylic acid chain. When reduced it provides a constrained dithiol
centre. This disulphide—dithiol cofactor is covalently bound to one of the

multianzyme comnlax which nnfu‘vcnc oxidative decarboxy-
CNZYmes in a muatienzyme Comp:eX wiicn Caia: Xi1gative Qdecarooxy

lation of a-keto acids. In the course of the reactlon three forms of the
prosthetic group participate; the cyclic disulphide, the dithiol and a thio-
ester of the di

1 form.

Forms of lipoic acid in a-keto acid decarboxylase-dehydrogenase

H S—C—R

S—s SH SH ?

McozH \/\/\/\COZH \/‘\/\/\COQH
lipoic acid dihydrolipoic acid 6-S-acyl dihydrolipoic acid

The reactions of the a-keto acid decarboxylase system occur in a highly
organized complex of enzymes which utilizes a number of cofactors in

addition to lipoic acid®. It has been proposed that a h—mn flexible arm
Gition 10 ipo: Nnas veen propo

resulting from the amide linkage of the lipoyl carboxylate to an g-amino
group of a protein lysine permits the disulphide—dithiol centre to swing
from one active site to another within the confines of the complex. The
lipoic acid centre therefore may serve a physical transport role within its
special environment, in addition to its chemical participation in the
reaction sequence. In the initial reaction of the a-keto acid system a
thiamine pyrophosphate-medlated decarboxylatlon results in a thiamine—
aluenyae adduct. This is oxidized Dy the upmb acid maulpmuc and
the resulting acyl transferred from thiamine to the thiol at carbon-6 of the
djhydrolipoyl residue. A second enzyme of the complex then transfers the

#hai o tha dithis A Thic cuctam thug nrovides one of
uuuauyl from the dithiol to COCnHZyme A. 1415 §ystem taus proviaes one of

the major routes for acyl coenzyme A production from sugar and amino
acid metabolites. At the reactive centre of the third enzyme of the complex
the lipoyl disulphide is regenerated by oxidation of the dithiol by a nicotina-
mide coenzyme. The dihydrolipoyl dehydrogenase is an unusual flavo-
protein which will be discussed subsequently as an example of a dithiol-
disulphide electron transfer protein.

Lipoic acid links two of the major biochemical roles of thiol groups,
being both invoived in electron transfer and the generation of high



638 Arvan L. Fluharty

Action of lipoic acid in pyruvate decarboxylase complex

i

co, HO,C—CCH
X /

OH %

= nuruuaén

TPP—CCH;, TPP decarboxylase
\ #
[y / \

CCASH

thiotransacetylase

SV

CoAS—CCH,

T
IWANE e consi
2

energy thioester bonds. By positioning the two thiol groups in a close

rA‘nhnnel‘ur\ snecific oxidation is facilitated. The nresence of strain tha
reiationsnip speciic oxigation is iacuutated. 1he presence of strain in the

five- membered dithiolane ring system also may be an important aspect of
lipoic acid biochemistry, but its functional significance has remained moot.

There are relatively large amou of lipoic acid and dihydrolipoyl
dehydrogenase in photosynthetic tissues. Their presence still lacks a
satisfactory explanation in terms of a particular functional role. Proposals
implicating the lipoate dithiolane ring system in primary energy trapping
or in the transfer and utilization of chlorophyll-trapped energy has not
gained any reai acceptance®.

Photosynthetic carbon dioxide fixation into a-keto acids has recently
been found to be the major pathway in some organisms. The process
appears to bc cssentially a reversal of the mitochondrial oxidative
decarboxylation process®®. The photoreduction is mediated through a
ferredoxin system similar to the photosynthetic nicotinamide coenzyme

reductase, The involvement of ‘if\nlr‘ acid has not yet been shown, but it
been shown,

would be expected and could provnde the long-sought role of lipoate in
photosynthesis.
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The really unique reaction of the Iipoate centre in o-keto acid metabolism

lb me Uﬂluduve LIUUUBLCI lUIllld,uUI_l uum a Lma.llunc-buululnawu dleVc
aldehyde’. Thiol transacetylase and dithiol-disulphide oxidation reduction
roles are well-known attributes of other biological thiols. Unfortunately

chamictio atndias gn thic raductiva aculatian of 2 cvelic dienlnhida hava
mechanistic studies on this reductive adly:aulin Oi a CYGIC GiSu:paiGe nave

so far received little attention. Proposals that a lipoic acid-thiamine
pyrophosphate compound was the functional entity in «-keto acid
da

o ing this
concept remain unexplained. Investigations in this area might have some
relevance for the reductive acylation process.

Enzyme systems have been found for the formation and hydrolysis of
the lipoyl amide linkage at appropriate lysine e-amino groups of
enzymes?. The lipoic acid is activated by ATP to form a iipoyi adenyiate,
possibly as an enzyme-bound form, which then transfers the lipoyl group
to the protein amino group.

Attachment and release of enzyme-bound lipoic acid

lipoic acid+ATP lipoyl-AMP+H,P,0,

H
lipoyl-AMP+H,N-protein ———— lipoyl-N-protein+ AMP

H
lipoyl-N-protein

H;0

lipoic acid+H,N-protein

The specific cofactor attachment and removal system could reflect an
effective enzyme control mechanism. At present there is no evidence that
such a control is manifest within cells, and these reactions must be viewed
as synthetic and degradative processes.

It should be noted that most enzyme studies concerning this disulphide~
dithiol coenzyme have actually been carried out with either free lipoic
acid or lipoamide and not a protein-bound cofactor. While this has been
a pragmatic necessity, certain reserve should be maintained in extrapolating
from such studies to the protein-bound prosthetic group.

The only established lipoic acid function is that in the a-keto acid
decarboxylase-dehydrogenase complexes, although several examples of
this type of enzyme w1th varying substrate specificities are known. Other

dlsulphlde enzymes have been shown to be free of lipoic acid residues.
Sulphoxide derivatives of lipoic acid are easily isolated, and their possible
biological function has also been suggested. However, presently accepted
dogma dismisses the more oxidized forms of lipoic acid as artifacts of air
oxidation during isolation.
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E. Thiol Proteinsss-5¢

A large number of functional proteins are known in which substitution
of some or all of the thiols of cysteine residues interferes with activity.
Most frequently this is only a reflection of a requirement for the thiol in

maintaining a proper configuration or subunit interaction. In some cases

a thiol group is beheved to exist in or near the active site and possibly
play a role in substrate or cofactor binding. In a few enzymes the cysteine
thiol is known to play a cr 1 role in the catalytic process. In all of these
cases enzyme activity or other biological functxon can be influenced by
reaction of the protein with thiol-specific reagents. The diverse spectrum
of chemicals used to probe for thiol function in biological reaction systems
will not be discussed here, nor will the limits of their supposed spec1ﬁclty
Other sources should be consuited for information on these fascinating
but overly extensive topics®-°. It is probably important to point out,
however, that a variety of types of chemicals are commonly emp]oyed
including metal ions, organometallics, alkylating agents, and disuiphide
oxidants. Sometimes quite different results are achieved with different
agents. Furthermore, their specificity for thiol functions is not complete.
Thus evidence for thicl groups based on thiol-specific reagents must
always be viewed with caution. Only in those cases where there is strong
collaborating evidence can indications for thiol function be considered
secure.

Those proteins for which the thiol has no known specific function are
not reaily of interest for the present discussion since no particular aspect
of thiol chemistry can be related to the biological activity. Most of the
empha51s will be reserved for thoses cases where the thiol group
participation in the reaction is clearly established. Examples where thiol
involvement is merely postulated will be mentioned only if they represent
particularly interesting possibilities of thiol function.

i. Thioester enzyme intermediates

Glyceraldehyde phosphate dehydrogenase probably holds the distinction
of being the classic thiol enzyme in the mmds of most biochemists®.61,
The thioi is believed to be involved in the initial attachment of the
aldehyde substrate as a thiohemiacetal. The enzyme-bound thichemia
is then oxidized by NAD* generating an enzyme-bound thioester. In more
sophisticated proposals for this mechanism the nicotinamide cofactor
interacts with the active centre thiol as a charge transfer type of complex.

This facilitates the reaction of the thiol with the carbonyl of the substrate.
The thicl

addition and the electron transfer to nicotinamide occur
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simultaneously so that the thiohemiacetal actually does not build up as
true steady state intermediate.

The thioester of phosphoglyceric acid is generated as an enzyme-bound
reaction intermediate. It possesses a highly negative free energy of
hydrolysis and is capable of driving ATP synthesis. The freely reversible
interaction of a thiol with an aldehyde carbonyl followed by oxidation
of the thiohemiacetal has provided the ceii with a mechanism for trapping
part of the energy released in the conversion of an aldehyde to an acid.
The enzyme-bound thioester undergoes phosphorolysis in the normal
course of events, freeing the enzyme thiol and producing 1,3-diphospho-
glyceric acid. This enzyme system is fully reversible and the thioester
intermediate can be generated from the acyl phosphate.

Glyceraldehyde phosphate dehydrogenase reaction

Lo oo )
HC=0 NADY HCOH . NA%
HCOH + L 5 [ H.COPOH, | 0—C—§ E

| s e
H,COPO;H, H” 7 éon
glyceraldehyde- \ |
3-phosphate NADH H,COPO,H,

NAD* NADH /<

H,COPO,H,
1,3-diphosphoglyceric
acid

Treatment of the enzyme with acyl phosphate in the complete absence
of reduced cofactor has allowed the thiol enzyme derivative to be prepared
and separated from its reaction mixture. This in turn has permitted
considerable characterization of the enzyme thiol. No special cofactor is
involved. The thiol of a cysteine residue from the main peptide chain of
the enzyme provides the reactive centre™. This enzyme demonstrates that
the acyl transfer role of thiocesters in biological systems is not restricted to

phx‘)apuupauu:uwmc and Luu_yuluupuau: derivatives. The reactions of the
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enzyme thioester are analogous with the transacylations to phosphate and
hydride ion described previously (section II.C.3). Acyl transferase
reactions to hydroxylamine, arsenate, methylmercaptan and even a
nitrogen within the cnzyme itself can be demonstrated with acylated
glyceraldehyde phosphate dehydrogenase. These reactions probably have
no biological significance but have proven useful in substantiating and

characterizing the thicester intermediate.

The thiol enzyme for which the most detailed mechanistic formulations
have been proposed is papain® %3, In this enzyme a cysteine thiol group
appears to function in the same manner as the serine hydroxyl of other
proteases and esterases. In the hydrolysis of proteins by this plant protease
there is an intermediate formation of an acyl thiol, which is subsequently
cleaved by water.

Mechanism of papain proteolysis

\ \
\S H N//\NH S H—N =+ '}IH ? M/\NH
ﬁ/ R—C—NH—R' Y R—C =
n
R—C—NH—R' o 0
J o H.N—R!
o} i
7 NH \ Z/NH Z/NH
N — N
Y - S H=N+ s—H N_|
I R—C—OH —e—
R—C OH : R % OH
i} O
(o} )

Imidazole from an enzyme histidine and possibly an enzyme
carboxylate group are thought to participate in the reaction. X-ray
crystal analysis of the protein® has established that a cysteine at position
25 and a histidine at position 159 are so positioned that they can participate
in a hydrogen-bonded reactive centre. An aspartic acid at position 138 is
also close enough to influence the reaction. The papain-active-centre thiol
shows exceedingly rapid rates of reaction with certain thiol reagents This
suggests an enhanced “"CISGphﬂlC character duc to interaction with the
1m1dazole and possibly other functional groupings in the reactive centre.
The participation of a cysteine thiol in papain and other plant proteases
must be considered unusual from the Qfanr‘r\nvnf of thiol chemistry. Acy‘.

chemistry.
transfer from amide nitrogen to sulphur is not considered thermo-
dynamicaily reasonable, except under unusual circumstances. In this
regard it is interesting to note that the active-centre serine hydroxy! of the

Xyl ol the
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bacterial protease, subtilisin, can be chemically converted to a thiol and
still retain certain enzymatic activities®® This stresses the critical

importance of the proper juxtaposition of appropriate reactive groupings
as opposed to the precise chemical attributes of any single functional
group in enzymatic catalysis.

An intermediate formation of a thioester, facilitated by adjacent acid
and base groups, has aiso been proposed as a general mechanism for
glutamine-mediated amination reactions®. The apparent function of
glutamine in such reactions is to provide a source of unhydrated ammonia
at mc erbLlV@ cenire. lﬂlb lh aouompubucu Uy IlyU[Ul)’blb Ul L.llc amiuc Wllﬂ
the following type of mechanism being suggested:

Proposed reactions for ammonia generation from glutamine

B B+ B* B
Q H Hoo
C—N—H _

[ NG _~ HO—=¢
K s onT :
H \B----lii-«-B' s

Thus thioacyl cysteines appear to participate in the catalytic function of
diverse types of enzymes, even when the conservation of a high energy

bond is not the prime consideration.

2. Persulphide enzyme intermediates?.*’

i 4
Rhodanese provides an example of a thiol enzyme of a somewhat

different type. This enzyme, which is widely distributed throughout
nature, catalyses the formation of thiocyanate from thiosulphate and
cyanide. This reaction probably does not represent the true biological

HSSOH+(~1CN — = (-)SCN+H,SO,

action of the enzyme, although it could provide a system for the
detoxification of cyanide. The reaction is more likely only a convenient

manma fan A fur 4 ldbun ooy Af gamaa ~ln ~d afin e
means for the in vitro assay Oi SOmic uncharacterized bulpuul uaualvuuls
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system. The proposed mechanism involves an initial transfer of sulphur

from the donor to an enzyme thiol group nrnduc{ng an enzyme per-

sulphide. The persulphide sulphur is then displaced by the acceptor-
regenerating enzyme thiol.

Persulphide enzyme mechanism for rhodanese

H+
Enz—SH ——L\ Enz—s™) ——— Enz—S§—§
(s C50,a- s
H+
Enz—:’%S“’ —— Enz—5 #’ Enz—SH
'CN Eisen

Some doubt that enzyme persulphide per se exists in

""r‘“"‘" <7 OC VAow 1Nl t}‘lc snL_yulC
intermediate has been mdlcated but at least an enzyme-stabilized
equivalent of persuiphide seems generally accepted. A release of the
intermediate persulphide sulphur from the enzyme can be effected by
heat or trichloroacetic acid treatment.

The enzyme transferring sulphur from 3-mercapto pyruvate appears to
have a similar mechanism, involving a persulphide-like enzymatic inter-
mediate. The possible role of this enzyme in transsulphuration from
cysteine has been discussed carlier.

Thioi pyruvate transsuiphurase reaction
CH,SH CH,

i |

(I:=O + Enz-SH C=0 + Enz-S-S-H

| I

CO,H CO,H

Enz-SH + acceptor-SH

Enz-S-S-H + acceptor

In the presence of dlsulphlde-reducmg agents there is a production of
sulphide from persuiphide enzyme intermediates. Dihydrolipoate (or more
likely a protein-bound form) may be a natural acceptor substrate for such
enzymes. Only one optlcal isomer reacted in the rhodanese system,
suggesting the presence of a specific binding site. It was presumed that one
of the dihydrolipoyl thiols acted as the sulphur acceptor with a subsequent
release of sulphide through dlsplacement by the adjacent thiol. Therefore
these enzymes may normally function in reductive desuiphuration.
Alternatively, transsulphuration by way of the enzyme persulphide may be

the important biological process. It has been proposed that rhodanese,

and by inference other enzyme persulphide transferases, may be ihe
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Possible persulphide mediated desulphydration mechanism

AN /A A
H,SO; Enz-S-SH k J\ H,S

Thn llacermdle ant £ smmealenn

nor of the ‘labile sul i the biosynthesis of nonhaem

lllllllUdlﬂlU dUllUl O1 ui® iaonc Bu.lp i
iron proteins such as ferredoxin®.
Evidence for the presence of a persulphide group in the active form of

hxluf c 1
xanthine oxidase has recently been presented, and a direct catalytic role

for the group is proposed®. Thus protein persulphides may play a
significant functional group role in their own right.

Proposed role of persulphide in xanthine oxidase

I FAD FAD
el LN, | .
| s7 > I S
,f,f., OH Mo OH
ll—'—s 5O H(’N\')\NH — |'—1—s—s fN%N
NP o g S Ao
H =
xanthine /( OH
‘:\ \\ OH
H,0
VD [T el
HY + 0, s SstH N NG
~Fo” N“ N0
Mo uric acid

3. Thiol-binding centres

Another way thiols can participate in enzyme reactions is by binding
strates or coenzymes at the active rd

involvement in catalytlc and binding functions is seldom possible, but a
binding role is presumed when protection of the critical thiol is afforded
by the presence of substrate and no specific catalytic role is suspected.
There are only a few proven examples of thiol substrate binding other than
those aiready discussed in which a precise catalytic role is aiso proposed.
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The clearest examples of thiol-binding centres are those in which the
linkage is covalent. Attachment of the haem group to the cytochrome ¢

cytochrome ¢
protein occurs through two cysteine thiol residues™. The sulphydryls add
across the double bond of two vinylic side chains of the iron tetrapyrrole,
providing thioether bridges between the protein and the prosthetic group.

Haem linkage to human cytochrome ¢
w lys-cys-ser-glu-cys-hiswan
/ N\
S
|

Q
|
CH;CH CH; HCCH,

has recently bcen rcported to involve a thiol®. FAD is linked as a thio-
ether formed between a cysteine and a methyl substituent on the dimethyl
isoalloxazine. While binding is generally conceived to be a reversible

process and these cases must be viewed as an extreme, they do provide
clear examples of the general concept.

Flavin binding to monamine oxidase

.
5
NH
| ribitol-AMP
C=0 1
Lo AN N o
T end L
NH CHy = N/ T]/NH
| >
¢=0 o]
S

A frequently postulated binding role for thiols is in the attachment of
metals to metalloproteins™. The involvement of thiol ligands will influence
the strength and specificity of metal-complexing centres and in this way
could affect the structure and function of proteins in rather specific ways.
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Polyth1ol metal- bmdmg sites will be discussed in section 1II.F.4, but
blllle thiols m.uug in wﬁjunctmn with OXygeit and “utl‘ﬁgt?ﬂ hga“ds are

also quite important.
Loss of titratable thiol in the presence of zinc and the m gnitudes of the

ctahility canctants far a gseries of enzvme _—metal comnlexes hag 1m ad
Stacuity eonsianis 107 & SCrics O CnZyme—meta: COmpicxes nas uuyn\,awu

a nitrogen-sulphur metal-binding centre in bovine carboxypeptidase.
However, no cysteine side chains were found within the zinc coordination
thpre on X-ray Mvamllncrmnhm mmlvclc cagtmu considerable doubt on
these conclusxons”. A thlol has also been implicated in metal binding by
human carbonic anhydrase, but the complete lack of cysteine in the
bovine enzyme makes this contention somewhat uncert
binding by both enzymes is very similar. Metallothiol centres may them-
selves act as binding sites. A metal ion bridge is thought to be involved in
nicotinamide coenzyme binding by alcohol dehydrogenase and there is
evidence that the protein centre includes a thiol.

Most claims for thiol participation in binding are based on protection of
sulphydryl groups by the presence of the ligand or on lack of binding if
thiol groups have been blocked. Unfortunately, it has become increasingly
obvious that such evidence does not necessarily mean that the thiol is
directly involved or even that it is near the binding site. Attachment of
substrate can simply mask an otherwise uninvolved thiol, or can induce a

conformational shift which alters thiol raanh\nhl r‘nn\mrcalv the l.".‘.*"“‘l‘}ty

of distant thiol groups may be necessary for the proper bmdmg con-
figuration of the protein. Their derivatization could produce structural
rearrangements which would eliminate binding and activity in distant
parts of the molecule. In fact, certain enzyme activities can be enhanced by
thiol substitution, implying that the thiol effect must be taking piace away
from the active centre. Early studies showed that substitution of sulphydryl
groups on haemoglobin altered the nature of the oxygen binding and
eliminated haem-haem interactions®. This would now be explained as
being due to alterations in subunit interaction since it is known that thiols
are not in or near the oxygen-binding site™.

4. Thiols and disulphides in protein structure’

The most common thiol role is participation in the overall structural
integrity of proteins. Except for the special case of the disulphide linkage
this can be viewed as a rather nonspecific and passive function. This is
not to imply that in any given circumstance that another amino acid side
chain might serve as effectively as cysteine or methionine, but rather to
point out that these amino acids are no more critical in their place than

are any other in theirs. From an experimental standpoint there is one
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special significance of the sulphydryl group in protein structure. It is the

ease and specificity with which it can be modified, The list of enzymes which
have thelr activity influenced by thiol-specific reagents far exceeds the
number for which a defined role in binding or catalysis can be established.
In most of these cases it must be concluded that the thiol reagent sensitivity
represents the loss of some critical structural feature upon thiol modi-
fication.

It is also not surprising that quite contradictory effects can sometimes
be achieved with various thiol reagents since these introduce different
bulk, ionic charge or hydrogen-binding capabilities at the site of sub-
stitution.

While offering little information on the active structure of protcins,
modification of these ‘structural’ sulphydryl residues has been helpful to
the biochemist in many instances™. As examples one can cite the increasing
success of thiol reagents in dissociating subunit enzymes and releasing

tightly bound cofactors without destroying covalent linkages, When the

thlol blockmg agent can subsequently be removed, as is the case with
organic mercurials, the reassembly of functioning units can sometimes be
achieved.

It is as the disulphide that the structural importance of the thiol in
proteins can best be appreciated’. Covalent disulphide bonds provide
bridges that are much stronger than the hvdronhobuc and hvdmgen-

eness of the thiol-disulphide structurai system iies in the ease
with which it may be formed, broken down and reformed under reasonable
biological conditions. The principal method for the making and breaking
of protein disulphides is by disulphide i interchange. This process, as
mediated by glutathione, can be coupled to cellular redox systems by a
specific reduced nicotinamide coenzyme-disulphide reductase. Thus,

protein dmnlnkvdp structure can be formed, be rearranged and broken 1 up

by systems mvolvmg low molecular weight thiol-disulphide couples.
However, a major disulphide contribution to structures within the cell
is made unlikely by the observation that disulphide bonds are relatively
rare in intercellular proteins. In fact we have already discussed the possible
role of glutathione in maintaining protein thiols in the reduced state. It is
really with proteins that operate outside the cell that one finds the great
importance of disulphide-stabilized structures. One can reasonably
rationalize this fact in two ways. Since the protein must operate without
the protective environment of the cell, random disulphide formation would
eventually occur. By initially fixing most thiols as disulphjdes in an active

configuration the chances for deleterious random disulphide formation
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would be reduced. Another view would contend that extracellular proteins
must survive and function in a much more variable and hostile environment
than cellular enzymes. They therefore require greater rigidity and an
ability to function even if partially damaged. These attributes are afforded
by disulphide cross linking. Both explanations probably have some truth
w1th the inevitability of disulphide formation and the increase in structural
stability once formed contributing to the importance of this system. Since

many of the most abundant and best studied prnhamc are extracellular

many examples are known in which functional structure is dependent on
disulphide bridges. Only a few examples illustrating certain generalizations
will be discussed.

It is important to remember that the position of disulphide bonds
cannot be directiy specified by the genetic code and disulphide formation
must occur subsequent to the assembly of the peptide chain. There is now
strong evidence for the idea that the initial three-dimensional folding of a
protein is totally a consequence of the primary amino acid sequence. The
same is true for the association of subunits into functional complexes. It is
only after weak interactions have brought about a highly favoured con-
ﬁgutat:en that the diS‘d}p“n"uuv formation occurs to ‘lock in’ the pl'OtCiIl
structure. Disulphide cross linking does not create form, but only fixes
what was initially dictated by the linear peptide sequence and weak
bonding forces.

The exact nature of the oxidant for the normal biogenesis of disulphides
is uncertain. Low molecular weight protein disulphide—dithiol electron
transport carriers are implicated. The cytological localization of the process
is more certain. A membrane-bound microsomal enzyme which catalyses
a protein disuiphide interchange is probably responsibie for assembly of
disulphide-stabilized structures. This activity is most prevalent in those
cells which are producing and excreting disulphide-stabilized proteins.
The enzyme occupies a position on the microsomal membranes at or near
the site for ribosome binding. It is therefore directly available to act on the
newly assembled peptide chains. Assay of this enzyme depcnds on its
ability to reform the active, disulphide-stabilized, structure of ribonuclease
from a randomly cross-linked material. Of the 105 possible disulphide
combinations, only one is proper and active. Actually this one ‘correct’
structure can reform in rea

nably high yield if oxidation conditions are

properly controlled. The n‘ucrosomal dlSl]lphldC interchange enzyme
facilitates the process by promoting rearrangement of inappropriate
disulphide patterns. The interchange capacity of the system is important
because it allows the newly formed protein to achieve its best and
presumably proper folding pattern even if some premature oxidation
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might occur. It also seems reasonable to assume for the present that this
same enzyme is responsible for the initial oxidation of the thiols on the
newly synthesized protein. Since this probably involves an intramolecular
disulphide exchange with a disulphide—dithiol redox catrier no new

catalvtic canacity need be involved The
atalytic capacity need be involved. The ex

tion of this
disulphide interchange activity with rough endoplasnuc reticulum is

consistent with the idea that disulphide proteins only occur extra-

cellularly. These are the cellular structures believed responsi RPN
............ uUvilivyyvu lVDPUllBlUlC lUl

assembly and vacuolization of excretory proteins.

It is also possible that disulphide bond formation and rearrangement
occurs after excretion from its cell of synthesis in some
cases. This would best account for assembly of very large sulphur-rich
aggregates such as hair. Exact cross linking fidelity is probably not so
critical in these cases and complete assembly of such large cross-linked
meshworks within a cell is clearly impossible.

The most dramatic examples of the importance of disulphides for
biological function are found among enzymes which are initially produced
as inactive precursor proteins. Chain folding and disulphide bonding
patterns reflect the primary peptide structure of ihis inactive zymogen
molecule. Activation usually involves the cleavage of peptide bonds and
sizeable peptide segments may be removed™. The protem arrangement is

no longer one that would form spon o1
nge form spontanco

/. The maint
active structure is completely dependent on the disulphide linkages.

Chymotrypsinogen, as synthesized by the pancreatic cells, is a single
polypeptide chain which can maintain its native conficuration if th

configuration if the

disulphide links are reduced. Activation, by a series of peptide bond
cieavages, eventualiy results in three separate polypeptlde segments held
together by disulphides, as indicated diagram

Chumptrunaimamanm -ato s
Laymetrypsinogen activation
T
}yr 3 £, Tyrammnnnnn; "
Thr g—s sAg NH, -ss—3 M.
AsN § LTU Leu
A!a S?r Ala 1
posd A pes ¥
H LA 3
COH tle CO.H

chymotrypsinogen a-chymotrypsin

of the disulphide links now results in separation of subunits. Reassembly

cannot occur and activity is compietely and irreversibly lost.
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An example involving another familiar protein is the biosynthesis of
insulin?, This hormone is assembled as a continuous chain of 73 amino
acids. Subsequent to folding and the establishment of disulphide bonds,
a 22-amino-acid segment is removed from the centre of the protein. This
provides the two-standard, disulphide cross-linked structure of the active
molecule. Thus one general function which can clearly be assigned to
disulphides is the maintenance of appropriate structure after secondary
protein modifications have occurred.

A closely related role for disulphide bridging is in ‘freezing’ subunit
arrangements’. The four peptide chains of the typical antibody molecule
are held together in proper position by disulphide bonds. A vast variety of
individual antibodies can coexist in the blood without any mixing of sub-
units. If the disulphide bonds holding the chains together are reduced, the
proper type of subunit interaction can be maintained under certain
experimental conditions. However an interchange of subunits can now
occur. The presence of the disulphide bridges in the native structure
ensures that subunits forming the two identical and highly specific binding
sites will remain together in the general circulation. While such subunit
assemblies must be formed by spontaneous and reversible interactions at
their point of synthesis, they can be prevented from undergoing subsequent
rearrangement by disulphide bonding.

Large disuiphide-linked aggregates are found in hair and rela
keratins™ ", In fact the cardinal characteristic of wool, nails, horns,
feathers, etc. is their high sulphur content. The basic keratin system is
believed by most to be composed of two protein subtypes. One type forms
filamentous fibrils which are wound arrays of protein strands. Differing

arrangements of fibres and patterns of protein foldmg distinguish the o-
and R keratin

hydrogen bonding and hydrophobic interactions impart their strong
fibre-forming tendencies. The keratin fibres are embedded in a protein
matrix having no recognizable order. The matrix proteins are extremely
rich in cysteine and also enriched in serine, threonine and proline. The
high sulphur proteins are extensively crossiinked to each other, and to the
sulphur-poor fibrous constituents through disulphide bonds. The sulphur-
rich fraction probably does not represent a single protein but rather a
mixture of related proteins. The nature of this mixture and the amounts of
the individual constituents vary with the type of structure formed (hair,
feather, horn, etc) and to some extent with the diet of the animal. Newly

thacizad Lo ctually soluble, but I“y 4 to 6§ hours ﬂ—mv
a_yuulcamcu hair pu;wum aré acluauny S0i1usie, oul 10uls

can no longer be extracted into water and by 18 to 20 hours much of the
material cannot even be solubilized by urea. This suggests that assembly
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of the crosslinked disulphide meshwork occurs long after the initial
peptide assembly is completed. The high sulphur proteins have been
extremely hard to study because of the difficulty in dissolving them without
modifying backbone structures. The biochemistry of this complex system
is only beginning to be unravelled, principally by chemists interested in
modrﬁcatlon of the basic structures for textile or cosmetic application.
However there is little doubt that disulphide bonds constitute the

ructural feature of hair and other keratin assemblies.

Another area in which a critical functional role for protein disulphides
has been suggested is in the action of the polypeptide hormones®, A small
cyclic disulphide loop is 2 common feature in many of these molecules.
This has drawn attention as a possible site for hormone binding to the
target cell. The greatest amount of evidence supporting this idea concerns
the action of antidiuretic hormone or vasopressin. The hormone is bound
in the kidney by a thiol-cleavable bond, and no such interaction occurs
with other tissucs. Thiol reagents prevent binding, and reduction of the
hormone’s disulphide causes inactivation. Diuretic effects can be achieved
by a wide variety of compounds which share an abi]ity to react with thiols.
The idea of 2 "'““""h}de lG()p ".:-e.ns a site for attachment to a w.[gcl. thiol
by disulphide interchange is attractive and may prove to be a generally
significant disulphide function.

Almost all proteins contain some cysteine, but in only 2 minority of these

can the thiol group be assigned a deﬁmtc role. Nonetheless the list of thiol
functions in proteins is Iong and clearly exemplifies the importance of this
group in biological systems.

F. Dithiol and Polvthiol Proteines?

oryini ol Pr

A special type of thiol functional group can be achieved by constraining
more than one thiol group into a polythiol centre. An example has already
been considered, lipoic acid, where the presence of two thiols on the same
carbon chain facilities a dithiol-disulphide redox system. A similar
functional centre can be created by the close positioning of two cysteme
thiols fhrnnuh ”p"""pl‘}a‘iﬁ secondary and ter ;iary ru{ulus ofa purypepuuc
chain. Inhrbltron by arsenite or by cadmium has been considered to be
indicative of a dithiol involvement in enzyme action. Unfortunately, a
lack of knowledge about the pr al specificity of these dithiol
reagents has left most suggestions of an enzyme dithiol in doubt. Several
examples have now been supported by direct thiol assay or active site
isolation, strengthening the dithiol enzyme concept. Recent studies on
dithiol criteria should increase confidence in specific reagents when used

appropriately®, but also emphasize the deficiencies in the way such
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criteria have often been applied. The division between mono- and dithiol
functions is quite arbitrary. However, it does emphasize that something
more than just a summation of two independent groups is achieved by
making it possible for them to act in concert.

1. Thioredoxins®

A dithiol protein, thioredoxin, functions in the transport of electrons
from reduced nicotinamide adenine dinucieotide phosphate (NADPH) to
ribonucleotides in the biosynthesis of 2’-deoxyribonucleotides. A thio-
redoxin type carrier is involved in both vitamin B12 dependent and

IHUCPCHUCHL Iypc byb[cmb 1nlureuoxm lb Il'CunﬂHy UCbCl'lDCU as a pUIy'
peptide cofactor rather than an enzyme because its activity is not destroyed

Nuclecside dighosphate reduction system
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by heating, and the molecular weight is relatively low (approximately
15,000). As such it is only one example of a class of small proteins carrying
reactive centres which have been recognized in recent years.

Thioredoxin from E. coli contains only two cysteine residues which are
linked as a disulphide in the oxidized form of the molecule. These residues

. v fuoe ~idae Tunina nd
arc separated by two intervening amino acids, glycine and proline,

providing a small polypeptide as the functional centre of the molecule.
When two thioredoxins from yeast and the one from E. coli were compared,
the amino acid sequences were identical in the immediate Vlr‘lﬂlf\! of the
disulphide—dithiol centre, and quite similar for a considerable drstance
beyond.
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Sequencies of thioredoxin active centres

E. coli » Trp—AIa-Glu-Trp-Cys-GIy-Pro-C?(s-Lys-Met A
é—é
Yeast Ivv Trp-Ala-Thr-Trp-Cys-Gly-Pro-Cys-Lys ann

S S
Yeast II ~~Phe-Ala-Thr-Trp- C{s Gly-Pro- Cfs Lys-Met v~

The thioredoxins appear to have a highly specific relationship with the

enzyme carrying out their reduction. Yeast thioredoxin for example is not

reduced by the thioredoxin reductase from E. coli. In contrast reduced
thioredoxins may donate electrons to a variety of acceptors. Reduced
thioredoxin is a good general disulphide reductant. In combination with
its reductase a disulphide reductase system is formed which is capable of
reducing lipoic acid, oxidized giutathione and other similar structures.
In these cases the thioredoxin—disulphide redox system does not appear
to require additional enzymatic components.

Reducing equivalents from a given thioredoxin can be donated to a
variety of reductase enzymes. They are not specific for the nucleotide
reductase or for enzymes from the same organism. Reduced yeast thio-
redoxin will serve as reductant for methionine sulphoxide reductase,
sulphate reductase and the E. coli nucleoside diphosphate reductase. Heat-
stable protein cofactors are known to be involved in each of these
systems.

The sulphate reductase factor which has already been mentioned was
the first of these polypeptide dithiol-disulphide cofactors to be recognizeds.
In this case the reduction of PAPS to PAP and sulph

e was shown possible
with a dithiol reductant such as dihydrolipoate or with NADPH and two
protein components. One of the protein factors was not inactivated by

heating. Incubation of the two protein fractions with NADPH generated

Electron transport system for sulphate reduction
b

ot stabis
NADPH llc Ut Stame
+ H* / actor \\_l \ dihydrolipoate
enzyme S
A
27 " = heat stable—SH enzyme )/-> PAP + H,SO,
factor\L ~ B

_ lipoate

NADP*

PAPS

13. Biochemistry of the thiol group 655

approximately two moles of thiol associated with the heat-stable compo-
nent. The heat-labile reductase enzyme could not of itsalf =

could not of itself reduce | uyuauuuc
or other disulphides.

There 1s a growing literature on similar electron transport systems and
it seems likely that such small protein disulphide—dithiol factors will be
found to have a general biological role. It seems reasonable to refer to all
cofactors of this type as thioredoxins, emphasizing that this is a class of
compounds of similar but not identical structures which can show a high
degree of specificity for a given organism or reaction.

2. Dithiol-flavin enzymes®®

Disulphide-dithiol redox centres are also found in a number of high
molecular weight electron-transporting enzymes. Most extensively studied
of these are the group of flavoproteins which carry electrons between
disulphide cofactors and nicotinamide nucleotides. These include lipoyl
dehydrogenase, glutathione reductase and the thioredoxin reductases.
These enzymes are unique in utilizing a combined flavin—disulphide centre
for the oxidation of reduced nicotinamide coenzyme. Each reactive enzyme

centre is composed of a disulphide formed from two cysteine sulphydryls

and a tightly bound flavin adenine dinucleotide (FAD). Upon reduction
by reduced nicotinamide cofactor the two-electron equivalents are shared
between the dithiol and the flavin prosthetic groups. A fully reduced four-
electron enzyme containing a dithiol and FADH, does not occur during
the normal catalytic cycle. The reduced enzyme site is envisaged as some
sort of mixed free radical with one electron on sulphur and the other in
the flavin system. This is not a conventional flavin semi-quinone and the
possibility of a charge transfer complex between the active elements of the
redox centre has been proposed. Complete electron transfer to the dithiol
centre and reduction of the disulphide substrate through a disulphide

1181 O +ha
interchange sequence completes the catalytic cycle.

These dithiol-flavoproteins transport electrons over a redox potential
range considerably more reducing than is associated with free flavin and
most other types of flavin enzymes. By acting in conjunction with the
protein dithiol centre, flavin is transformed into a much more powerful
reducing agent.

The sequences of the dithiol active centres of two enzymes of this type
from E. coli have recently been reported®- 8. The lipoyl dehydrogenase
dithiol peptide has four amino acids intervening between the two cysteines
and is rich in hydrophobic amino acids. This has been taken as a reflection
of a highly hydrophobic pocket at the catalytic centre, as had been

M : }-pup L 2 L . PR L% ML |
implicated by model substrate studies. The thioredoxin reductase dithiol
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Lipoyl dehydrogenase reaction

[ts ,
’ ’»é / I I_SH — reaction with
nhibi

dithiol inhibitor

FAD I_I—FAD

NADH NV
+
+H —
NAD* I SH
s* %" . fully reduced
enzyme
FADH®

centre has only two residues between the cysteines. The dithiol peptide of

thioredoxin itself is the same size as that of its reductase but the sequences

are quite distinct.

Amino acid sequences of dithiol-disulphide centres

Lipoyl dehydrogenase .-val-cys-leu-asn-val-gly-cys-ilu-pro-ser
|

s— 4
Thioredoxin reductase «~ ala-cys-ala-thr-cys-asp-g!
I |
S———S

{v-phe vnn
y-p

Amino acid sequences of the known dithiol-disulphide redox centres
provide little hope that any specific peptide structure will be found
associated with this particular activity. Even the size of the disulphide
ring systems vary, so one must conclude that it is the overall folding of
the protein which is responsible for the correct juxtaposition of the

functional elements.

3. Other dithiol enzymes**

The presence of dithiol centres at the active sites of a variety of additional
enzymes has been proposed on the basis of inhibition studies. For example,
the investigations on aldehyde dehydrogenase represent one of the earliest
uses of arsenite as a dithiol diagnostic reagent. The overall data strongly
support the presence of a polythiol site as a general feature of aldehyde
oxidases, but its functional role has not been established. Because of the
ease of thioacetal formation a dithiol would make a chemically atiractive
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aldehyde binding site. The failure to find lipoic acid as a part of these

enzymes makes it Lbnlu that the A'fk-nl scantea aricac frn tha iuvéa
CHZYmCS IMNaskss K Cenire arists irdin wnd juxia-

position of cysteine th101 residues.

The light-emitting luciferase system from fireflies has been extensively
studied and there is strong support for a functional dithiol®® The extensive
thiol involvement in fatty acid biosynthesis has already been indicated,
and some enzyme components have characteristics expected of dithiol
centres. There are many additional systems where there is some evidence
for dithiol involvement, but proof for a clear functional role of a dithiol
is lacking.

4. Polythiol metal-binding centres®

A polythiol cenire can serve as a highly specific metal ion binding site.
For example, polythiol ligands have come to be thought of as relatively
selective for cadmium. Actually a number of important metalions including

PUGIISNRA S PUL: 7.V SVUNyI - [ SRS ISV [P VRS | IR, I S

meivuly, Llub, xcau, UUPPUI a.uu llULl uluu quu.c WCL[ dL bubll »cuucu“
The order of relative binding affinities for polythiol chelates is different
from those involving nitrogen or oxygen ligands. Cadmium, mercury and

to a lesser deoree zing form the most avid complexes
a 188881 Geg Tm most aviG Compiexes.

The polythiol metal complexes can provide functional centres with
unique properties, an example being the nonhaem iron proteins to be
discussed in the next section. They also are capable of serving rather
distinctive structural roles, since the binding of metals can influence the
overall configuration of the protein. Studies on cadmium and zinc binding
to thiol-substituted dextran polymers showed that these metals can
actually orgamze polythlol bmdmg centres and might appreciably change
[ﬂC IUlUlIlg UI a pmypcpuuc bﬂ Il"".

Metals with a high affinity for multithiol coordination thus could serve
to generate and stabilize particular protein conformations. Several
examples of mf'dct“ufau_y uuyvxwuu, mCm.l—yGlyu.uu} interaction have
recently appeared. E. coli aspartate transcarbamylase, the subject of
extensive investigations concerned with mechanisms for enzyme control,
has been shown to contain zine. Zinc binding appears to occur at a dithiol
centre. The metal is required to maintain the regulatory subunit in a
configuration suitable for binding to the catalytic subunit®®. Histidine
ammonia-lyase is dependent on cadmium when enzyme disulphides have
been reduced, and this has been shown to be due to the formation of a
metalio-dithiol complex®. The reactive thiols appear to be contributed by
separate subunits and the complex formation establishes an appropriate
interaction of the individual components. In the oxidized enzyme, these

it ma Talad an oo Alasloliido s d At Lo A0 ool S gt dt o 2o
tnio1s it 1nKea as a Qisupnide and tais 1orim Of metal 1on activation is
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not required In bovine superoxide dismutase the proper conformation for
the binding of an active site copper ion is maintained by a distinct zinc-
binding centre®. Two sulphydryl groups per zinc are uncovered on

removal of this metal implicating a dithiol-binding site. Metal binding at

dithist c
bpcuuv Qitniol or pux_y rthiol sites could constitute a g“"{ﬁral mechanism for

stabilizing protein conformation or facilitating interaction between
subunits.

A cadmium-rich protein, metallothionein, has been isolated from
kidney and other tissues®. It is a small protein of about 7000 molecular
weight and i is exceedingly rich in thiol groups. One out of every four to
cy , and three thiols are involved in each cadmium-
binding 51te The biological importance of metallothionein is unknown. The
simplest role envisaged is scavenging toxic metal ions which might other-
wise interfere with critical enzymatic processes. Metallothionein from
kidneys of patients treated with mercurial diuretics contained increased

~r mamiiactanitas antias A
Oii SSqulsilriiig action of

amounts of mercury which could refiect a toxi
the protein. Another interpretation might be that metallothionein is an

undegradable and unexcretable end product. It might have been derived
from a thiol-rich centre of a protein{s) which had been inactivated by
cadmium. The isolated material would merely be the accumulating debris
of toxic insult. A somewhat intermediate viewpoint would ascribe a

normal trace metal-binding role to metallothionein. A similar constituent
has been isolated from liver and contains primarily zinc and copper. If the
protein’s normal function was the storage or mobilization of these two
critical trace metals, cadmium would interfere because of its avid binding.
This would eventually lead to inactive cadmium- (or mercury-) saturated
forms such as those isolated from the kidney. Whatever its role, metallo-
thionein is an excellent example of polythiols serving as selective metal-
binding sites.

5. Iron-sulphur redox proteins®:
One rapidly advancing area of thiol biochemistry involves a group of

iron-sulphur redox proteins, most commonly referred to as the nonhaem

iron proteins. This designation derives from the fact that more iron was

present in electron transport complexes than could be accounted for by

the haem content. In the investigation of bacterial nitrogen fixation a low

molecular weight iron containing protein was isolated Whlch functioned
as an electron transport carrier. This was named ferredoxin. An unusual
characteristic was that when the protein was treated with acid to release
iron, hydrogen sulphide was also produced. A component of the photo-
synthetic nicotinamide coenzyme reductase system was recognized as
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having similar properties and has come to be referred to as plant ferredoxin.

Adrenodoxin, pulequdUAul, rubredoxin and high p potential lrnn-nrnfem

are additional nonhaem iron electron transport proteins of a srmilar

character. A variety of high molecular weight electron transporting
enzvmes also have been found to have nonhaem iron centres. A triad of

enzymes ais

characteristics has come to be associated: (1) a tightly bound iron, not
accountable for as haem iron; (2) an unusual e.p.r. signal in the vicinity
of G = 1-96, not characteristic of typical iron chelates; and (3) the release
of iron on acidification accompanied by the unmasking of protein thiol
groups and the generation of hydrogen sulphide. While each of these
characteristics is not always demonstrable, they have served to delineate
a heretofore unrecogmzed redox centre of wide distribution.

An intense effort by physicists, physical chemists, biochemists, in
chemists and X-ray crystallographers has now defined the common

attribute of the nonhaem iron proteins. It is an iron centre tetrahedrally

ulphur ligands. A number of variations within this

coordinated by four
theme are recognized. The simplest case is found to be rubredoxin from
Clostridium pasteurianum, a 6000 molecular weight protein whose exact
electron transport f function ig unknown,

A single iron atom is bound by four cysteine sulphurs with no acid
labile sulphur being involved. A detailed crystaliographic analysis of this
molecule has been carried out, the general features of which are indicated

below®.
Iron binding site of rubredoxin

N
)
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The peptide chain can be roughly described as a bent hairpin. The iron-

binding centre consists of two small dithiol peptide segments. These
dithiol centres are quite distant in the linear peptide sequence occurring
in the end halves of the two legs of the hairpin. The peptide folding trans-
forms these into a compact tetrathiol iron-binding centre, While this
simplified description does great injustice to the details of the X-ray
structure analysis, it serves to illustrate the critical features of the metal-
binding centre. It also draws attention to a possible relationship of the
iron-sulphur proteins to the disulphide-dithiol redox carriers considered
previously.

The more typical iron-sulphur centre contains two iron atoms, two
sulphides and four cysteine sulphurs®, It is believed that each iron is
surrounded by four sulphur ligands in an approximate tetrahedral array.
Every iron is coordinated by two sulphurs from cysteine and two from

sulphide, with each of the sulphides binding both irons. The general

structure of the two-iron redox centre is deniotad halow
tructure of the two-iron redox centre is depicted below.

Another arrangement for an iron-sulphur redox centre is found in

HiPIP (high potential iron-protein) from Chromatium and the bacterial

ferredoxing® 100, These structures have been elegantly
ferregoxin: 1088¢ Structurés nave oeen uu:sauu_y established Uy

X-ray crystallography. The redox centre contains four iron atoms, four
sulphide sulphurs and four cysteine sulphurs from the protein. Each iron

is again surrounded by four sulphur Ilcmnrk in an approximate tetrahedral

arrangement, but each sulphlde sulphur now interacts with three irons.
The irons are bonded to three sulphides and one cysteine sulphur. The
iron-sulphur array is roughly cubical with the corners heing either a
sulphide sulphur or an iron linked to the protein shell.
Bacterial ferredoxin actuaily contains eight irons and eight Iabile
sulphides, but these are arranged as two distinct four-iron clusters.
Iron—sulphur proteins participate as one electron carriers, even those

with reactive sites vuul.auuus four irons. Each centre rather than each
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iron must be counted as an electron transport unit. Only the bacterial
ferredoxin acts as a two-electron acceptor and even in this case it is really

two Fe,S, one-electron centres acting mdependently.

Arrangement of the Fe, S, nonhaem iron centre

oA
CH,—
h
—CH, v/cuz—
€ e ©

Iron-sulphur prosthetic groups of a similar nature are also implicated
in more complex higher molecular weight electron-transferring enzymes.
Examples such as xanthine oxidase have been extensively examined and
the type of iron-sulphur centre seems analogous to those in the iower
molecular weight cofactors. For the present at least the nonhaem iron
centres of complex electron transport chains can also be envisaged as
enzyme polythiol sites generated by the juxiaposition of two proiein
dithiol sequences. Coordinated within this tetrathiol cavity is an iron—
sulphide core.

What is it about divalent auxpuul which results in such unuquv and
biologically useful complexes of iron? The special feature of these
prosthetic groups is that the iron is held in what approximates a tetrahedral

complex. while all common iron complexes with oxvgen and mfrnaen
COmpiex, Wilie ai commeon Iron compie Xyge

ligands are octahedral. Tetrahedral iron-oxygen complexes are known,
but only as high molecular weight networks where there seems to be a
requirement for a condensed packing. One critical difference in the sulphur
ligand could simply be effective size. Since the outer orbitals of sulphur
are occupied it might be difficult to pack six ligands around an iron. The
less crowded tetrahedral arrangement would therefore be favoured. The
capacity of sulphur for expansion of the valence shell also might be
considered of importance for moving electrons into and out of the
complex and for delocalizing electrons in the reduced complex. The
intense research actmty currently focused on these iron-sulphur proteins
CLISUICS Ludl. our uuuclbtauuulg Ul I.hlb dbl)wl, Uf L}uu} bluvhvuuouy v‘vi
improve rapidly.

The variety of oxidation-reduction carriers having a dithiol centre as a
nary relationship.

nart of their structure suggests a nossible evo
part of taewr structure suggests a possivie evoe
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Dithiol-disulphide redox roles in primitive systems would have favoured
the development of dicysteinyl peptides, restraining two thiols in close
proximity. Thioredoxin type molecules would have evolved from these
small prototype dithiol peptides. Similar centres would also have developed
as parts of more complex enzymes. The binding of a flavin coenzyme near
a dithiol centre could eventually have produced the combined disulphide—
flavoprotein centre with its special redox properties.

The propensity for dithiols to bind metals would have led to a further
evolution of function. Metal-protein bridging may have preceded
disulphides as a method of holding proteins in effective organization
particularly before the oxidizing environment developed. Iron—sulphur

complexes had redox potentials different from other iron carriers and the

dithiol. They eventually developed into the powerful redy of
Nt ine poweriul l\uuu\allls system of

the ferredoxms by comblmng two dithiol ligands around one iron. Simple
iron sulphide aggregates were also incorporated giving rise to the two
iron-two sulphide and four iron-four sulphide variants. As more iron—
sulphur atoms condensed into a single site, the redox possibilities increased
and the iron-sulphur centre became involved in the variety of different
redox roles seen today.

Cytochrome C might also have arisen from a dithiol redox protein as the
haem-binding centre is nothing more than a dithiol peptide. While such
speculations on the evolution of biomolecules are only mental games,
they point out how the dithiol can be modified to carry out a variety of

ralatad Frnctiana
related I uuvuuub

IV. CONCLUSION

The thiol and its simple derivatives represent an exceedingly important
and versatile functional centre in biological molecules. A number of basic
metabolic processes are dependent on the particular chemical character-
istics of thiol derivatives. It is difficult to imagine how metabolism might
have evolved without the rich supply of thiols which probably were
available in the ‘primordial soup’. Actually thiols or their derivatives
participate in so many biological reactions that one is amazed to find they
have no indispensable role in the central dogma of molecuiar biology.
Self-replication, transcription and translation rely only periferally on
thiols. It is in the realms of catalysis and structure, the domains of the

inmnlnmcf and nrotein shvsical che 4hins dha 4hiot G0
PO pnysicax uumunu, that the uuu1 lb Ul u:qud.[
importance.

Thiols have been of foremost importance in the development of the
functional group concept in biochemistry. Because of its ease of

—ecause s
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manipulation the thiol, particularly that of glutathione, has fascinated the

biochemist. All manner of roles have been suggested but most of these

have not been proven, and many are totally forgotten. Still the chemical
approach to biochemistry and the attempt to explain how biological
reactions occur in terms of model organic systems had much of its initial
success in explaining thiol-mediated reactions. The sulphur of the thio-
ester provides activation for acyi transfer, and an intermediate in amide
and ester hydrolysis. It facilitates a-hydrogen dissociation and provides a
mechanism for carbon-carbon condensation and chain modifications.
Reduction of bd.IDU)&yu(, acids is prcwucu Uy thioester formation. :nergy
released by oxidative metabolism is trapped as a thioester, a form suitable
for driving the synthesis of ATP.

Tha dig hide and certain thiol-meta! ion derivatives serve as carriers
114C \uaulyuluv ana ceriain iti—meta: i0n Gert T5 SC8IvC as &

of electrons and function in biological redox reactions of diverse types.
Thiols and their metal derivatives provide strong binding centres for
substrates and cofactors. They often help maintain proper protein con-
figurations and subunit interactions. The disulphides of extracellular
proteins are of profound structural importance. They make relatively
permanent the arrangements of peptide chains initially established by
weaker bonding forces. Often they become totally responsible for holding
the active structure together, particuiarly where covalent modification
of the protein chain is involved in activation. Animal keratins are
particularly rich in sulphur, deriving their inertness from extensive
disulphide cross linking.

The sulphonium ion serves as an alkylating reagent. The bulk of
biological methylations proceed through S-adenosyl methionine. Per-

sulvhides, thiophosnphates, thiocvanates and +h|nnn1r\hnnnf@ derivatives
SUipaiGes, Waiopacspaaes, uiolyan:

have been postulated to have significant functlonal roles. The plant
kingdom in particular is full of strange thiols and thiol derivatives which
impart characteristic tastes and smells. Their functions are unknown, but
could range from insect attractant to water repellent. Vitamins such as
thiamine and biotin have heterocyciic sulphur which can be viewed as
thiol derivatives. Even the simplest thiol of all, sulphide, finds a critical
biochemical involvement in the iron-sulphur electron transport centres.
Thiols provide the living systems with a link to their genesis in a reducing
environment. Glutathione helps maintain the cellular interior in a state
in which enzyme activities evolved in the absence of oxygen can still

i D [ all of 1 nte  dataxification and
lull\/l,l\lll 1 l\ll,\v\ll,l\}ll llUlll a.u QUA I/D o1 lllJull\}uD as\.«uba, VUV LUALIIVGLIVIL Gliu

anti-radiation roles can be added to complete the listing of thiol functions
in biological systems. The intense fascination of the biochemist with the

thiol functional group can marfamlv be apprpmarmi
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I. INTRODUCTION

The thiol group readily undergoes a variety of chemical reactions (e.g.
oxidation, alkylation, acylation), so there is a need to protect it while

TLis e
omcr blLCb ln l.[lC mUlULU.lU are uuuclgumg uucuuuu L«J.lallgvh 1x5is Can oc

Tan

done by converting the thiol group to a derivative which is stable under
the reaction conditions to be employed, and from which the thiol group

can be recenerated without affecting the rest of the molecule.
can oe regeneratled withoutl aiicCling the rost of

669
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The great interest in thiol-protecting groups is due mainly to the
significant development in the chemical synthesis of peptides, polypeptides
and proteins. It is important to note that only one kind of a protecting
group is needed to protect the various cysteine thiols during a protein
synthesis. This results from the spontaneous refolding of proteins which
takes place upon reoxidation of their sulphydryl groups produced by
reduction of the protein with mercaptocthanol. This phenomenon was
observed first with ribonuclease where the reoxidized molecule retained
its full biological activity! and extended to a large number of proteins (e.g.
insulin, lv€n7vme\

We shall try in thls chapter to concentrate on the processes involved in
the formation and deblocking of various types of protecting groups.

Il. DISULPHIDES AS A PROTECTING GROUP

Disulphides are much Iess prone to participate in organic reactions (e.g.
oxidation, alkylation, acylation) then the corresponding free thiol?, and
as such could serve as a protection for the thiol group. Furthermore, in
some cases the removal of some protecting groups results in the formation
of the disulphide first (e.g. sections IIL. B,C; V. A ,C) which, later on, is
reduced to the free thiol.

Dlsulphldes are obtained by oxidation of the corresponding thiols, by a
vaum._y of reagenis, €.g. oxygen, nyarog‘n peroxmc 1001nc bromme
hypohalites, ferric chloride, nitrous oxide, sulphonyl chloride?, diethyl
azocarboxylate (1)%, N-bromosuccinimide’, tetranitromethanes, peroxy-

EtOOC—N=N-—COOEt
U]

acetyl nitrate’. The free thiols are obtained from the disulphides by
reduction, which again may be carried out by a large variety of reagents,
e.g. tin and acid, sodium in xylene, ether or hquld ammonia, lithium
aluminium hydride, sodium borohydride, sodium dithionate and various
organic thiols®. The most widely used thiols are thioglycolic acid and
mercaptoethanol. Of special interest among the thiols used is dithio-
erythritol (2)°, which is a powerful reducing agent and reduces disulphides
in much lower concentration than other mercaptans (e. 8. mercaptoethanol)
presumably due to the formation of a stable six-member rmg contammg a
disulphide bond. Disulphides could also be reduced to free thiols by means
of electrolytlc rcductlons as well as by water soluble phosphines (e.g.
trihydroxymethylphosphine, tncarboxymcthylphosphme) which were

recently used for disulphide cleavage in proteinst®,
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R-—-$—S8—R + HSCH,—~CHOH—CHOH—CH,SH —> RSH +

ony

\4)
R—8—§-—CH,—CHOH—CHOH—CH,SH

(W)
,/Cﬂz
Ib “CHOH
S CHOH

~chi,

——> RSH +

A much more detailed discussion of the reduction of disulphides to

i ration of thiols,
iven in Chapter 4 on the preparation

. THIOETHERS

Simple saturated aliphatic thioethers are generally not easily cleaved to

o some excentions in which the
yicld the free thicls!’. However, there are some exceptions in h the

alkyl radical of an alkyl-phenyl-thioether is cleaved by means of sodium
in liquid ammonia, lithium in dimethylamine? or lithium in mono-
methylamine® to give the corresponding thiophenols. (See Chapter 4.)
2,4-Dinitrophenyl-thioethers are cleaved under very mild conditions
(‘thiolysis’ of the thioether), with mercaptoethanol at pH 8. These
derivatives are obtained by reacting the thiol with 2,4-dinitrofluorobenzene

in presence of base.

OHCH,SH———> RSH + CH, OHCH,Sﬂ—NOZ
1,OHCH, D)

A. Benzyl Derivatives

The best known, and most widely used sulphydryl protecting group .is
the benzyl group. Benzylation takes place by reacting benzyl chloride in
the presence of base with the thiol in aqueous or non-aqueous media
(reaction 4; R = H)!% 15, The reaction couid take piace aiso with the sodium

RﬂCHQCI + R'SH —— R—@—CHQSR' + HCI (4)
\—

—



672 Y. Wolman
mercaptide using liquid ammonia as solvent!. The protectmg group is
removed "‘" reductive Clvava;c with sodium in uqulu ammonia*® %,

In cases in which the benzyl thioether is insoluble in liquid ammonia,
reductive cleavage can be achieved by using sodium in boiling butanol?

or sodium in boiling ethanol!, It is of importance to note that sometimes

desulphurization occurs during the cleavage with sodium in liquid
ammonia®,

Due to the large lowering of the Pd or Pt catalyst efficiency caused by
the sulphur which is present in a thioether form, the reductive cleavage of
the benzyl group from the thioether cannot be achieved by catalytic
hydrogenation. It has been shown that sufficient catalyst efficiency is
retained for the reductive cleavagc of the p—mtrobenzyl group, presumably
due to the labilization of the CH,—S bond by the strong inductive effect
of the nitro group. The p-nitrobenzyl protecting group, which is introduced
by reacting p-nitrobenzyl chloride with the thiol (reaction 4; R = NOZ),
is removed by hydrogenation under atmospheric pressure, using w/,, Pd
on charcoal as a catalyst®, It has been shown that this reaction is not a
general one and it does not take an unequivocal course since e.g.
S-p-nitrobenzyl-cysteine gives S-p-aminobenzyl-cysteine and
benzyloxycarbonyI-S-p-njtrobenzyl-cystemylglycme gives  benzyloxy-
carbonyi-S-p-aminobenzyl-cysteinylglycine?%, Recently it has been shown
that the p-aminobenzyl group could be cleaved from the thioether by
usmg 10/, HgSO4 solution in 59, H. SO4 (Hopkin’s reagent)®, Thus the
p-nitrobeinzyl group could be removed in a two-step reaction involving
first reduction to the corresponding p-aminobenzyl derivative and then
removal of the p-ammobcnzyl group by acidic HgSO4 solution.

While the benzyl protecting groupis stable towards acidic cieavage under
normal conditions, introduction of a methoxy group at the p position will
increase its tendency to acidic cleavage. Thus the p-methoxybenzyl group
which is introduced in the usual manner (reaction 4; R = OCH)? is
removed by means of trifluoroacetic acid® or anhydrous hydrogen
fiuoride?.

gimilarle
Siiihary

B. Diphenylmethyl Derivatives

Reaction of thiols with diphenylmethyl chloride gives the diphenyl-
methyl (or benzhydryl) thioethers?. It has been shown that the thicether
could be obtained in high yield by reacting the thiol with diphenylmethanol
in the presence of BF, etherate®. The diphenylmethyl protecting group is
removed either by trifluoroacetic acid or via reductive cleavage using
sodium in hquld ammonia®. The diphenylmethyl thioether could also be

cleaved by thiocyanogen using trifiuoroacetic acid-acetic acid as a

14. Protection of the thiol group 673

solvent®, One pathway for this reaction may be via formation of a

stabilized carbonium
sulphonium salt intermediate (3} which can ¢ject a stabilized carbonium

ion and sulphenylthlocyanate, the latter reacting further with another
molecule of thioether or with free thiol to yield the disulphide (reaction 5).
The formation of free thiols from snlphenylthiocyanates directly or via the
disulphide is discussed in Chapter 4. An alternative possibility is that the
protecting group is split in the acidic soivent and the free thiol thus formed
reacts with thiocyanogen to give sulphenylthiocyanate (reaction 6).

r ]
_CeHs L + _CeHs
R—S~—CH_ + (CNS), ——> R—-ls—CH\CH
CSHS SCN 6''5 (5)
R—S—SCN 3)
CeHs CF,COOH/CH,COOH _ _ =~ (CNS),  _ . _ .. .
R—S—CH_ T RSH R—S8— SCN {6)
CeHs

Another protecting group which could be included in this class is a
thioether obtained by reacting the thiol with m-nitrobenzalacetophenone

: PP P DI (SN SRgs-p= PRI SUNPIPE PISTEL, ) WS AR DAY . SUp U RIS PSRN |
in the Ppreéscice of Piperiqiiic \u:autluu /), Ui Proiweciing group is re¢inovea

@COCH=CH© + @‘SH piperidine

o
NO,

by treatment with basic lead acetate®.. This group is used to protect the

sulphydryl moiety of thiephcn()! and substituted thiophenels durin

o
nols during
electrophilic substitution reactions on the benzene rings3'.

C. Triphenylmethyl Derivatives

The triphenylmethyl (trityl) derivatives are obtained by reacting the
appropriate thiol with triphenylmethyl chloride® 3233, or with triphenyl
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methanol and BF; etherate®. Similarly to the diphenylmethyl thioether,

the triphenylmethyl thicether is cleaved by sodium in liquid ammonia to

give the free thlol‘”, however, contrary to the dlphenylmethyl thioether,
the triphenyimethyl group could also be cleaved from the thioether by
heavy metal ions. Moreover, trityl thioethers are more susceptible to acid
hydrolysis as well as to thiocyanogen oxidation than the corresponding
diphenyimethyi derivatives.

Although the removal of the triphenylmethyl group by trifluoroacetic
acid® and hydrogen chloride in chloroform? is reported, there are cases
inn which acidic \.Icavasc .8 U:y' meains of trifluoroacetic ac1a nyarogen
bromide in glacial acetic acid, p-toluene sulphonic acid) indeed removed
the protecting group but the product obtained did not possess any free

cnlnhvdnrl nrnnn35 36 Tt seems that the best acidic
4t SECMS nat e oest acCidic xcabcut LU usc lb le\.l.lU'

chlonc amd in aqueous acetic acid®. The heavy metal ions used for the
removal of the triphenylmethyl group from the thioether are Ag* and
Hg?+. Tnitially, methanolic silver nitrate solution in the presence of
pyridine was used25. Later it has been shown that there are cases in which
better cieavage yields are obtained by using mercuric acetate33, in other
cases silver nitrate gives the best results?? and in some cases both reagents
give about the same yields®. It seems that the cleavage yield depends upon
the whole molecule in question, and the metal of choice couid be found
only experimentally. The triphenylmethyl moiety is removed from the
thioether very easily by oxidation with thlocyanogen in the presence of
i ch is obtained reacts with
free thiol or with another molecule of the thioether to form unsymmetrical
or symmetrical disulphides which can be reduced later to the free thiol®.

The removal of the 'rinhpn\llmnfhv] group by the thiccyanogen is so casy
the thiocyanogen is so casy

that it can even be removed in the presence of a diphenylmethyl thioether,
without any cleavage of the latter compound®.

adi: Tho
sodium acctate. The aulput;uyluuu

D. Picolyl Derivatives

Contrary to catalytic hydrogenation which usually fails in the presence
of thiols or thioethers, clectrolytic reduction at a mercury cathode takes
place without difficulty*!. Among the thioethers which could be cleaved by
electrolytic reduction are the 4-picolyl thioethers. These derivatives are

obtained by reaphnu the free thiol with rmcmv distilled 4-nicolv! chloride
........ 1l 4-PiCoLY: Ciuoriae

in the presence of base. The thioether is completely stable towards acidic

7\ -\
N@cmcx + RSH —=2 NQCHQSR (®

14. Protection of the thiol group 675

cleavage, and no cleavage could be detected after its storage for 7 days in

trifliiaraacatio acid or in hudroosen hramide in acatic acid The nrotacting
Winulréacelic aCiG Or il nyGrogen oréomilde i actil aciG. ang prowdiung

group could be removed by electrolytic reduction at a mercury cathode in
0-5N sulphuric acid solution?2.
This nrnfpr-hnu group was recently used in

recen in the synthesis of 1-
bls-glycme“z.

The acetamidomethyl thioether is obtained by reacting a 10% excess of
acetamidomethanol (4) with the thiol at pH 0-5. The protecting group is
very stabie in the pH range of 0-13 as well as towards concentrated strong

CH,SH CH;SCH,NHCOCH
CHZCONHCH,OH + NH3CHCOO 2 NH CHCOO ©
FZ 8)
) W

acids (e.g. trifluoroacetic acid, hydrogen bromide in glacial acetic acid,
anhydrous hydrofluoric acid). It is removed from the thioether by using
two equlvalents of mercuric ions at pH 443,

In the case of cysteine (5) the product obtained is contaminated by
cystine and also by thiazolidine carboxylic acid (obtained by reaction of
cysteine and formaldehyde, the latter arising from hydrolytic decompo-
sition of acetamidomethanoi, see section VI). However, the product couid
easily be purified by using ion exchange columns*. On the other hand,
anhydrous conditions should avoid the decomposition of the acetamido-
uxcthauul auu llluUCd a ICGULIULl ublllé ll]ulUECAL ﬂuuudv as a DU{'Verlt

results in quantitative yield of the pure product?.
An elegant method for the cleavage of the protecting group has been

discussed rnnpr}fhlm It is based on the observation that Q“]f\hPl’l\ll halides

are reacting with unsymmetrical thioethers giving dlsulphldes among
other products, depending upon the structure of the thioethers. Reaction
of 2-nitrophenylsulphenyl chloride (NPSCI) with acetamidomethyl
cysteine residue would form a thiosulphonium ion (6) which decomposed
to the mixed disulphide derivative (7) and to (8). The thiol function is then
regenerated from the disulphide derivative by the usual reduction
procedure (see section II).

The reaction of sulphenyl halides with thioethers seems to be a general
procedure for the cleavage of a thiol protecting group, provided that a
stable cation could be ejected from the thiosulphonium ion intermediate.

Thus tha thigatha nkagas hatwaan tha ha oroun and the cvysteine
20US UIC Wiotinlr uul\asva between the haem group and the cysteine
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CH,SCH;NHCOCH, [ 1} CHNO, ]
| i
~~NHCHCO _Nescl l : ? CH,NHCOCH:I
RN
| ~NHCHCOw 1
~[CH,NHCOCH,1* ® .
Ly CH,SH
S—=S—CeH,NO, reduction
lu s WNHCHCO= + HSCeH,NO,
1*
“*HNCHCO

@

residue in horse heart cytochrome C was rapidly and quantitatively
cleaved by 2-nitrophenylsulphenyl chioride?”. The cleavage is successfuily
effected due to the easy formation of the carbonium ion (9), stabilized by
the conjugated porphyrin system. This haem cleavage procedure is a very

u o e 41 AR
useful alternative to the available methods®.

s NHCHCO [ ~NHEHCO 1

] |

CH, CH,

i N W

S NPSCI Ci S—3S—CH NGy

| — | —_—
CH,—CH '7,77‘ CH,—CH %

BT l— NH
H,C | HC | an

¢H
H,C % wNHCHCOw

X i
cl /NH + ?Hz
H3C)::I S—S—C,H,—NO,
(9)
F. 8 8. _B-Tnﬂ,oro-a-agyl_mineethvl Derivatives

Only one work has been r
thioether is obtained by an exchange reactlon of the thiol with ﬁ,ﬂ,ﬁ-

triflucroethyl-a-ethar

T ot oo O
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R = CgH;CH,0, the protecting group is removed by hydrogen bromide
in acetic acid followed by adjusting the pH to 9-10. While some protected

SO,C,H _S—C¢H,NO
S — CF,CH FUTTR gy

2 Crs

“NHCOR - " “NHCOR

’, ¢ 4
from those denvatlves is not reportcd. Some more work should be carried
out on this protecting group before it gains any use.

G. (3, B-Diethoxycarbonylethyl Derivatives

Another protecting group which has not yet gained a wide use is the
B.B-diethylcarbonylethyl group. The thioether (11) is obtained by the

addition of the thicl to diethyl methylenemalonate (12)

The nraotecting
try:enemaicnate (12). :ne protlecting

_COOC,H; _COOC,H,
RSH + Hc=c_ ——> RSCH,CHT (13)
COOC,H, COOC,H;
(12) ()]

group is stable towards acidic reagents (e.g. trifluoroacetic acid, hydrogen
bromide in acetic acid) but is cleaved by 1N KOH solution via B-elimina-
tion®. This protecting group was used to protect the thiol group of

cysteine during the synthesis of glutathione®!,

iIV. THIOESTER

A. Acetyl and Benzoyl Derivatives
The acetyl and benzoyl derivatives are obtained by the reaction of the
corresponding acyl chloride with the thiol®%. These thioesters are in effect
‘active esters’ prone to attack by nucleophilesin general and very susceptible
to dilute base. The protecting groups are removed completely by very
dilute alkali within 20 min, but with dilute ammonia solution only 50%,
cleavage occurs during the same time. The hydrolytic cleavage is
accompanied by a B-elimination as a side-reaction, especially in cysteine

EW AN o P DTN AUIRIICS SRS SCIURE
uvuvauvva \wabuou 14), 1S S14e-reaction cdan o€ 4avoiaed in 1ow

w

e NHCHCO NHECOn
CH, —oH7, CH, + RSH (1)
SR



678 Y. Wolman 14. Protection of the thiol group 679
molecular weight peptides when the protecting group is removed by with the mercaptan to give the thiourethane, is obtained via the following
meﬂmnnlvcm with sodium methoxide in methano!®?, Since the extent of routedd,

Ba(OH)y RY

ﬁ—ehmmatlon is related to the polarity of the solvent used, it has been CH,=CHCN+CH;NH, ————> CH;NHCH,CH,CN ———2> CH,NHCH,CH,COOH — —

shown that in the case of large peptides which are soluble only in highly
polar solvents B-elimination occurs during methanelysis too, CH'NCH CH,COOH — 2> CH,:;ICH,CH!CON,-———> CH,NCH,CH,NCO

The acetyl and benzoyl thioesters are stable towards aqueous acids as (13) (16)

weil as towards trifiuoroacetic acid. While the benzoyl group is stable
towards 2N hydrochloric acid in glacial acetic acid, the acetyl group is
cleaved under those conditions®2,

B. Benzyloxycarbonyl Derivatives

R = C¢H;CH,0CO, Y =Cl

Reaction of 13 with cysteine wili give B-{IN-acyl-N-methylaminoethyi)
carbamoyl cysteine (14). The acyl group, which is a urethane-type

These derivatives are obtained by reacting benzyloxycarbonyl chloride CH,NCH,CH,NCO + *NH,CHCOO™ "NH,CHCOO™
with a thiol®%. Contrary to the N- benzyloxycarbonyl derivatives they are R (’:H2 —_— (!:Hz an
stable towards hydrogen bromide in acetic acid®®5% but they are cleaved éH SCONCH,CH,NCH,
by phosphonium iodide in acetic acid® or by boiling trifluoroacetic H R
acid®. The protecting group is removed by methanolysis and (14)

ammonolysis, but those cleavage reactions proceed much slower than in
the case of the corresponding acyl derivatives. The protecting group is
rem0ved very easily by ammonolysis using conccntratcd aqueous

sodium methoxide.

protecting group of the B-amino group, is removed by the usual means®
to give the ammonium salt (15). Upon neutralization of the salt there is
an intermolecular nucleophilic attack of the B-amino group on the
carbonyl group, followed by cleavage and formation of the free mercaptan

ArNHCHCO NNH(‘?HCON
C. Urethane Derivatives C:'n‘2 C]'"'z
The best known protecting group of this class is the ethylcarbamoyl S ]s
which is obtained by the reaction of ethyl 1socyanate with the thiol®. /(|:=o R ——> _C=0_H —_—
The protecting group is stable in acidic and neuiral solutions but is ""I‘ ifiCH ”'r if\CH * HX
H,C——CH, ° H,C—CH, °
C,H;NCO+HSR —— C,H,NCOSR (15)
H (15)

cleaved easily in basic solution (e.g. aqueous and anhydrous ammonia (18)
solution, dilute sodium hydroxide solution, dilute sodium methoxide
solution in meﬂmnnl\'ﬂ No R-"!!Inll"“h"“ could be detected when cthyl- ~NHCHCO ~ ~A~NHCHCOwr
carbamoyl cysteine denvatxves were treated with IN sodium hydroxide (I:H" CH,
solution to yield the unprotected cysteine derivatives®. This is contrary s i éH
to the behaviour of the corresponding benzoy! and acetyl derivatives where ]
considerable B-elimination is observed. It has been shown recently that HN/C{_’:N/H (||)
the ethylcarbamoyi moiety is removed by treatment with heavy metal ions | 1 CH3 PN

2 58, H,C——CH, HN” “N—CH,
(Hg*, Ag*) : P

An mterestmg protectmg group of this class is the B-(N-acyl-N- H.C . CH,
ethvlaminocthyDearbamov! oroun (i6)

methylaminoethylcar bamoyl group. The 1socyanate UJ), which reacts
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and i-methyi-2-imidazolidone (16). This protecting group was recently
used to protect the thiol group of cysteine during the synthesis of
oxytocine®.

V. SEMITHIOACETALS
A. Tetrahydropyranyl Derivatives
The tetrahydropyranyl derivatives are prepared by reacting the free

thiol with 2,3-dihydropyrane in the presence of acid as a catalyst6h @2,
A disadvantage in using this protecting group is the introduction of a
new asymmetric centre (%) to the molecule. The protectmg group is

removed by l"""]f"“""s with very dilute acid®, by the action of aqueous

(Y 4 usn B ) .

Ny’ ’ \Oﬂ—SR

o}

=
L

silver nitrate solution®, or by reaction with iodine®. In the latter case the
disulphide (which could be reduced to the free thiol) is obtained, e.g.
benzyl tetrahydropyranyl sulphide reacts with iodine to give dibenzyl
disulphide. A similar cleavage is observed by the action of thiocyanogen:

benzyl tetrahydropyranyl sulphide reacts with thiocyanogen in the
presence of ZnCl, and mercaptosuccinic acid to form the disulphide (17) %,
The cleavage of this sulphide by electrophiles is presumably due to the

( lc_ru cu + (CNS), + HS—CHCOOH
~A Toleris i

0 CH,COOH
21

C¢HsCH,—S—S —CHCOOH
CH,COOH
an

fact that the intermediate sulphonium salt (i8) can eject a stabilized
carbonium ion (see sections III.B, IIL.E) and the sulphenyl thiocyanate

14. Protection of the thiol group 681
reacts further with thiols or certain sulphides to produce unsymmetrical

ical disulshides
or symmetrical disulphides.

r ~ 1
M + (CNS), ——> I RjS—E j { SCN ——
g

RSN~ ”

(18) (22)

R—S—S—CN
RSSCN + R'SH —> R—S—S—R’ + HSCN

B. Benzyithiomethyi and Phenyithiomethyi Derivatives

These derivatives were obtained by the reaction of various thiols with

benzylthiomethyl chloride in meth:a.nol65 It was found that products
obtained by this route are difficult to purify and the method of choice now

C¢H;CH,SCH,CI+HSR ~————— C,H;CH,SCH,SR (23)

is reduction of a symmetrical disulphide by means of sodium in liquid
ammonia, followed by addition of the freshly distilled benzylthiomethy!
chloride®. The protecting group is stable in acidic media (e.g. hydrogen
bromide in acetic acid) but is removed by mercuric acetate solution in
809, formic acid®. The usefulness of this group as a thiol protecting group
was demonstrated in the synthesis of glutathione®”.

The phenylthiomethyl (CgH;SCH,—) protecting group is obtained and
removed in an identical way to that of the benzylthiomethyl group®.

Loaed PNt ealio o
1 Derivatives

Isobutyloxymethyl derivatives are obtained by reaction of isobutyl-

oxymethyl chloride with thiols®. These are more sensitive to acid than the
corresponding benzyithiomethyl derivatives. The isobutyloxymethyl

(CH,);CHCH,OCH,CI4+HSR ——— (CH;),CHCH,OCH,SR (24)

group is cleaved by hydrogen bromide in acetic acid®, BF; etherate or
trifluoroacetic acid®, but it is stable towards 2N hydrochloric acid in 50%
acetic acid® or 12N hydrochloric acid in acetone®®. The isobutyloxymethyl
sulphide is decomposed to some extent by 2N sodium hydroxide®, but it
is stable towards hydrazine hydrate in boiling ethanol®s.

The protecting group can be cleaved by thiocyanogen similarly to

vlime $68,
the hxpuvu_yuucmyl, \uyucuy}xucl.u_yn and wua..uy\.uupyxauyl group
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The reactivity of the isobutyloxymethyl group towards thiocyanogen lies
batween that of the triphenylmethyl and the diphenylmethyl group. The
difference in reactivity is not sufficient to allow the selecnve oxidative
cleavage of the triphenyimethyl group in the presence of the isobutyl-
oxymethyl moiety, or the cleavage of the isobutyloxymethyl group in
the presence of the diphenylmethyl moiety®s.

VI. HETEROCYCLIC RINGS

A. Thiazolidine Derivatives

Cysteine and cysteine derivatives (like other B-aminothiols) react with
aldehydes and ketones to form thiazolidine derivatives®®,
The best known derivatives of this clase are thiazolidinecarboxvlic

CineCarcoxyuc

acid (19, R =R!'=H) (or thioproline) and 2,2-dimethylthiazolidine-

carboxylic acid (19, R = R* = CHj) which are formed by the reaction of

H,C——CHCOOH

H,C—CHCOOH
[ Ye=0 —— I (25)
HS NH, R' S___NH
rl \\R'
19

n)rs{elnp with f‘nrmnldphudn or acetone .-M:u.o rely 89—71. The protecting
group can be remqved by mild acid hydrolysm““l. In the case of
thiazolidinecarboxylic acid, oxidation with iodine yields the disulphide
which can be easily reduced to the free mercaptan®®. The protecting group
can be removed from 2,2-dimethylthiazolidinecarboxylic acid by aqueous
mercuric chioride solution™ 7,
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I. INTRODUCTION

This chapter deals with rearrangement reactions which invoive thiols
either as starting materials or as products. However, because of the high
reactivity of thiols in both nucleophilic and free radical reactions, they are
actually involved in many cases as transient species only. Such cases, in
which the intermediacy of thiols is evident or highly probable, are also
included here.

Only few rearrangements inv

v:.nb LAA;ulu, yunuvulull_y I,hUDC Wlllbll alc
of synthetic importance or are related to biochemical processes, have been
thoroughly investigated. It was not the aim of this chapter to unearth and
list all the rearrangements which have been reported in the literature, but
rather to group and describe, with illustrative examples, the most important
types.

1. GROUP MIG

A. Alkyl Migrations
l. Sulphur to carbon

Mrgratrons of alkyl groups from oxygen to negatively charged carbon
\vvuus rearrangement) are weil known®. The analogous rearrangement
of sulphides, which would lead to isomeric thiols, has not yet been observed.
A Wittig-like mechanism was however used to explain the formation of
stilbene from dibenzyl sulphide and strong base, assuming the inter-
mediacy of the thiol (1) which eliminates sulphide ion?.

bi =
CaHsCH, CHCiHs - CeHsHG CHCH, —>

9
base o
CaGHTCHCa, > CoHiCHECHCH, ——> CH.CH=CHCyH; + 87~
s” S~
m
Trialkvyl Isilyl groups the othar hamd SN

iralxy groups, on in¢ otner nana, uuglau:; very rcaurly under
Wittig conditions. Benzylthiotrimethylsilane (2) on treatment with
tert-butyllithium is rapidly converted to a-trimethylsilyl toluene-a-thiol
(3) in almost quantitative yield

15. Rearrangements involving thiols 687

The reverse rearrangement (3—2) occurs on heating 3 at 190°C under the

3 ~ qimilar sanseamoamant whisnh fngaloss
influence of radical uawu_yom A similar réarranglinilni, wiilhn invoives
, Si(CHy),4
t-BuLi

i
CgHsCH, SS1(CHy) 5 ﬁ CgH;CHSH

@ o @)

radical induced migration of trialkylsilyl groups from silicon to sulphur
(4->5) was also reported*.

Si(CH3); |i{
CH é.o —_— CH;SiSSIH{CH,);
L]
| |
Si(CH3), Si(CHy)a
O] (5)

Migration of trialkylsilyl and germanyl groups from suiphur to aromatic
carbon was also observed®. Lithiation of 4-bromo-S-trimethylsilyl-
benzenethiol (6) yields the lithium salt of 4-trimethylsilylbenzenethiol (7).
The mechanism has not been investigated and it has not been established
whether an intra- or intermolecular process is involved.

SSi(CH;); SSi(CH3) 4 st SH

A s Y LAY e A
HBr/ \U/ \Si/(CHQ; \SfCHa)a
® )

A

Oxygen—alkyl bonds are easily cleaved by thiol salts®. An intra-
molecular reaction of this type would result in migration of an alkyl
group from oxygen to sulphur. Indeed, treatment of methyl 2-mercapto-
benzoate (8) with alkali gives 73% of 2-methylthiobenzoic acid (9)7.

With benzylamine, 8 yields the benzylamide of 9, probably through
dehydration of the benzylamine saii.
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0
e Il _
mLUULHa _bme ‘/(N/C;oz N (N\rCOO—HL—)
2 SN CH, \//Kscm
F{:3}
\v;
_._.COOH
(X

B. Aryl Migrations (the Smiles Rearrangement)

The Smiles rearrangement is defined as an aromatic nucleophilic
displacement in which the nucieophile and the leaving group are joined,
usually by being ortho-substituents on an aromatic ring. The result is a
migration of an aryl group from one heteroatom to another. The thiol
group can be involved in the Smiles rearrangement either as the nucleo-

phile (equation 1) or as the displaced group (equation 2).

AN XD XH
@;Hﬂ/@ 7 @\ISO @

o0 — oo -

A recent review® describes in detail the mechanistic and synthetic
aspects of the reaction and also presents a tabular survey of all Smiles

rearrangements which appeared in the literature.

Because of the high nucleophility of the thiol group and its anion, it is
to be expected that reactions of the type shown in equation (1) would be
of 2 wide scope. However, only a small number of examples were reported,
mostly by Smlles" and all mvo]ve the conversion of mercaptodiaryl
ethers to hydroxydiaryl sulphides. In this manner 2-hydroxy-1"-mercapto-
1,2'-dinaphthyl ether (10) yielded 2,2'-dihydroxy-1,1’-dinaphthyl ether (11).

Reactions of the type shown in equation (2) have attracted much more
attention, as they present the easiest and the most direct synthetic route
to the medically important phenothiazines'®. Almost all the rearrange-
ments reported in the literature are of 2-acylamino 2’-nitrodiphenyl

hida. shink thinminan ~am teandmannmd woldl Laco A deloo
S‘.l!p.uu\.s which yield yuvuvuuauuco on treatment with base. A l._ypn,a.l
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onell is that of the cnln}udp f‘l’ﬂ Its rearrangement led vmhallv to the

thiol salt (13) and subsequent]y the thiol group displaced the nitro group
to give 14. The acyl group is usually hydrolysed under the reaction
conditions and the phenothiazine (15) was obtained in one step. Isolation
of the intermediate N-arylphenothiazines was reported in several cases213,

AN NHCOCH, _Cl O A S 0N _C

O = 0L O

s o,
(12) COCH;,
13)
A S oAl ENGZ e
Y ]\U/LNJ\UJ
¢ocH, H
(10 (15)

Although the phenothiazines could have been formed by a direct displace-
ment of the nitro group by the amide, the positions of the substituents in
the products establish the mechanism shown and the intermediacy of
thiols.

A l\ll\cnltv rolatad roactinn ic tha rearrancament of Nlallkulaminas.
A CGOSGy Teiailh 1éadudn 15 wi® rearrangliiidni o1 (N=aikyidmino

diaryl sulphldes, which yield N-alkylphenothiazines on heating in boiling
quinoline or aniline™. Compound 17 was thus obtained from 16 (57%
vield).

Contrary to previous reports it was recently found!® that 2-amino-2'-
nitrodiphenyl sulphide (18) also rearranged on heating at 190°C alone or in
dimethylacetamide to give the phenothiazine 19. The dibenzothiophen
20 was also formed as a by-product.

The rearrangement of pyridyi suiphides is pariicuiarly interesting, as it
was found to occur also under acidic conditions®. 3-Amino-3’-nitro-2,2'-
dipyridy] sulphide (21) gives 2-mercapto-3-nitro-3 2’-dipyridy1arnine 22)

14 gl 41 1P s A
in ucauy quuuumu Ve _ylclu on short treatment with u_yuluvluvuv aciq.
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Cl A NHCH: o O AN SH 0N O

s - N
(16 NO,

hod O

CH,

an
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O—2Z

o
Hg

('—Z

OO — 000,

+
N
8) (i9)
AN A CHs
Oy
* o,
e
@T @ @Tm O
‘2” (:,2)

The catalytic effect of the acid can be explained by protonation of
either pyridine ring. Protonation of ring B (23) makes it more susceptible
to nucleophilic aitacks, while protonation of ring A (24) stabilizes the
leaving group.

ST AT W

@) (24)
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The thermal rearrangement of dipyridyl sulphides proceeds much easier
than that of diphenyl sulphides and is highly solvent-dependent: it is
rapid in boiling ethanol, slower in water and does not occur at all in
benzene or dimethylsulphoxide!®. It was also observed that 2-acylamino-
pyridyl sulphides rearrange faster than the corrcsponding 2-amino
derivatives. These facts suggest solvent participation such as shown in
equation 3.

/\\/ﬁ_H A ”J\Ql
., — O

@)

H* 4 CH,COOC_H,

The photochemical Smiles rearrangement was also reported recently.

An example involving a thiol is the conversion of 25 to 26 on irradiation
in ethanol?.

OCH3 OCHa

@l U @4 U

(25) o
(20)

Migrations of 2,4-dinitrophenyl groups from aliphatic thiols are also
known. Migration to nitrogen occurs'® in the cysteine derivative 27 at
pH 7, and migration to oxygen in compound 28 on treatment with base™®.

cle—?H—coon clnz—clH—coou
S NH, SH NH

//\\/";02 AN NO:
¢ — ¥

7
NO, NOz
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(|3H2—-(|:H, (lez CH,
)s\ OH s— 01
NO, 3
0 NaOH NO
(O U
NO, 0,
(28)
NO

C. Acyl Migrations
l. Sulphur to Oxygen
Acetyl transfer from thiol to hydroxyl groups occurs readily, under

basic conditions, in the series RCOS{(CH,),,OH when 7 is 2 or 3, but not

when n is 4. S-Acetylmercaptoethanol (29) thus yields thiiran (32) as a
result of acetate ion elimination from the rearranged product 322021,

¢H2—¢H2 base CH;—CH, CH,—CH,
i i — | b L/ —_
CH,COS  OH s__0 s—LococH,
caas C PO
(29) N\ 31
HO CH,
(30)
HGCH2,. “ococH,
(32)
S-Acetyl-3-mercaptopropano! (33) yields, under the same conditions,
3-mercaptopropyl acetate (35) which is stable and isolatable.
(‘H
o
CH,CH,CH, CH, CH, CH,CH,CH,
! O U g T Y
CH,CO$ OH 2
129) \C/ (38)
vy / \ Add
HO CH,
(34

The importance of the distance between the thiol and the hydroxy

R T o Ty [ P iy U IR |y SR U S S (Y W B 37 N | t 21
ups ipucatts imermeaiale ring 10rmauons (Jv ana s54) auring ine

o
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migrations. It can be expected that a five-membered ring intermediate
wraalA Ao +ha o~ Famdlan ofne ndindand A o
wyuua yn)nuv lllU Ul.)lllllulll lllls DU'.U ornc I.l“llDlUl, anda inacca uuxu.yvu.uu
29 rearranges 30 times faster than 3323,

A kinetic study of the rearrangement of 33 to 35 showed that the

Pq“!l!“\"lllm constant is 56 l’nf ’Zﬂof‘ 0-3 ionic strcngth‘, CO""‘“p""ldlﬂg toa

difference of free energy of 2500 keal/mole between esters and thiol
esters,
A similar rearrangement which involves migration of the thionoalkoxy

arrangement Koxy

group is assumed to occur during the reaction of xanthate salts with

epoxides, which Ieads to trithiocarbonates?. The proposed mechanism?%2?
is presented in equation (4).

S

sboch, O ocHs

g O

le) (-?)\ CH;
' ><f°\°“3 /\/\\ g
(5% SN

(]
i S

N s-docu NS

s s A
J (T o

Evidence for the mechanism is provided by the fact that cyclopentene
oxide (36) does not react®, as its rearrangement would require the
existence of the intermediate 37 which possesses two frans-fused five-
membered rings. The thiiran 38, however, reacts smoothly and gives 39.
This striking difference in behaviour can probably be attributed mainly

o I (s (T
" -s” 'S \/I

@) @an 35) (28
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to the much greater nucleophilicity of the thiol anion, but ring closure

Il
may also be facilitated by an enhanced ease of deformation of bond angles
ennanced ease of aerormation of bond angies

when oxygen is replaced by sulphur.

The migration of an acyl group from a thiol to an amino group is
analogous to the migration to hydroxy! described above, and proceeds
through the corresponding cyclic intermediates. S-Acetyl-2-aminoethane-
thiol (40) rearranges in this manner very readily to 2-acetamidoethanethiol
(42) via the thiazolidine 41 and S-acetyl-3-aminopropanethiol (43)

rearranoes to Qacetamidonrana ane +hinl! {AE\ ‘nn AA29
rearranges 1o J-acdiamicopropanetiniol (45

CH,—CH, —— ?W”‘?Hg —> CH,—CH,

7]
CH,COS  NH, S__N SH NHCOCH,
(40) AN “2)
HO CH,
41)
~y
_CH,
CH,CH,CH, ~———> CR, \(le, ——> CH,CH,CH,
CH,COS NH, s N SH  NHCOCH
@) \/C\/ (45) )
HO CH,
44)

These rearrangements take place even in acidic media and, as expected,
the rearrangement of 40 proceeds much faster than that of 43 (at pH 5,
rate ratio 1:100). The rearrangemeni of S-acetyl-4-aminobutanethiol
(46) to 47, which would require a seven-membered ring intermediate,
occurs at a measurable rate only at pH >8 and is much slower. On
.uureas:..s the distance between the thiol and the amino group, no
rearrangement was observed and treatment of 48 or 49 with base results
only in hydrolysis of the acetyl group

CH,COS(CH,),NH, base HS(CH,),NHCOCH,

(46) “n

CH,COS(CH,)sNH, CH,COS(CH,),;,NH,
(48) 49)
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A kinetic study on the reaction 40—>41->42343 confirmed the inter-
mediacy of 41. All the reaction steps were assumed to be equilibria, and
equilibrium constants and rate constants were determined. Of particular
interest is the pH effect. The migration rate exhibits an inverse dependence
an houdesgan ian asnnanteatinn ot law LT .82 a wnlatanin raoinn
on hydrogen ion concentration at low pH (2:5-3), a plateau region
(pH 3-4-5) which is ascribed to general base catalysis by HyO and then
general base catalysis by OH— at higher pH (> 5) 2. A detailed mechanism

which accounts for all the data and includes prntnnahnn Pqnﬂﬂ-\rm was

proposed®.

S-Benzoyl-2-aminoethanethiol and its N-alkyl derivatives (50) rearrange
immediately on liberation from the hydrobromide salts®, However,
besides the expected 2-benzamidoethanethiols (51) small amounts of
N,S-dibenzoyl-7-aminoethanethiols (52) were also obtained, which
indicates that the intramolecular acyl migrations were followed by trans-
thiolesterifications® from the starting materials 50 to the rearranged
products 51. The transesterifications must be accompanied by elimination
of 2-aminoethanethiols (53) and although attempts to isolate 53a and
53b from the reactions of 50a and 50b failed, 50c afforded all three

products

C¢H,COSCH,CH,NHR ————— HSCH,CH,NR+C,H,COSCH,CH,NR
! I
(50) COCH; COC,H;

(51 (52)
a, R=H +HSCH,CH,NHR
b, R = ethyl (53)

¢, R = cyclohexyl

Applications by the rearrangement to peptides were studied by

Wieland?9:-32.33, Mierations of a-aminocacy! groups are very rapid and the
vy iCianda’ . Miigrations oi « auuuuau_y; groups are very rapiG and ind

rearrangement of S-glycylcystamine 54 to the N-glycyl derivative (55) was
complete at pH 5-2 in 2 min. Under basic conditions a-aminoacyl groups
migrate from sulphur even to amides, to give diacylimines. These undergo
a very facile hydrolysis and lose one acyl group (56— 57), or if possible
rearrange further via N-> N acyl migrations to give tripeptides. 5-Valyl-
N-glycylcystamine (58) for example yielded a mixture which contained
N-glycylcystamine (59), N-valylglycylcystamine (60) and N-glycylvalyl-
cystamine (61).
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]
|
i

w
[
;

I [ é |, CHCCO™
Va5 NCOCH; ——> HS N-COCH; ~——> HS N-Val
] n
(56) vl &7
vad oy sl dE s i b
H y \G|y H y
(58) I (59)
lrearrangemeni
HS N-val-Gly  + Hﬂ-Gly-Val
H H
(60) (61)

D. Migrations of Nitrogen-containing Species
I. Cyano group migrations

One of the most lmnm-nmt syntheses of thiirans® is the direct con-

nineses ¢l aurans e QIrect ¢on-

version of oxirans to thurans w1th thiocyanate salts®’. The mechanism
proposed® 3 is opening of the oxirane (62) to hydroxy thiocyanate (63),
rearrangement to mercapto cyanate (65) through the cyclic intermediate

64 and finally elimination of cyanate ion to give the thiiran 66.

o SCN- 9 N0 f
N - s —_—
(62) (63) (84)
~Lo—c=n ~
( T‘\ 5 r \[:‘,s (overall yield: 71-73%)
N ST N
(65) (66)
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This mechanism was substantiated by isolation of the p-nitrobenzoyl
derivative of the cyclic intermediate 64, and by the observation that
inversion occurred at each asymmetric carbon?®, as the mechanism
demands that the resultant thiiran possess a configuration opposite to
that of the starting oxirane.

Cyclopentane oxide does not react under customary reaction conditions
because of the considerable strain required to form a cyclic intermediate

analogcous to 64, However, on nmnlf“nnn harsher conditions ')nO/ of the
ana:ogous OowWever, on Cmpioy Narsng neniens 4v, o1 e

corresponding thiiran could be obtamed‘“.
A modification of the above reaction, which proceeds via the same
intermediate, is the reaction of thiocyanate salts with ethylene carbonates

(61)42.
- —-CO,
CH—CH, ——"» CH;—CH,—S—C=N ——>
] i 1 N
O ‘SJCCO
a*, i
67 CH,—CH, — — CH—CH
e 2 \z/ 2
o $—c=n s

Propylene carbonates (68) react as well to give thietans®®, thus the

rearrangement can nroceed also viz the six-membered ring intermediate 69,
rearrangement Can proceed also vig the six-memoered ring intermegiate 69.

CH, soN- —co, CH, CH,
$ﬁ2 \?Hg = T2 (l:ﬁ \(I:Hg —_ clﬁZ \$Hg —_
o_ o 0" ScN Qs
[ “CT
1l Il
o N
(68) (69)
CH
| |
OCN S~

2. Amidino group migrations

Thigs rearrancement is assumed to occur durine the ¢
1415 rearrangement IS assumed ¢ oflur dauring e &

]
=

p
[

g
2,
[+]
=

oxirans to thiirans by reaction with thiourea* (equation 5).

The B-hydroxyisothiouronium salt 70 can be isolated in the presence of
acid 4% and react further on addition of base. The importance of the
cyclic intermediate 71 is evident from the failure of cyclopentene oxide
to react.
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CHi Ty 3=t N CHaVO‘)él:v'Hz ,
kS C/NHz L{/ NH,
-,
k‘sz (1)
(10)
Chi
CH, (0~cZ
. TNH, s Ng o—-_—c/NHz
\ L “NH,

In a similar manner the amidino group migrates®® from S to N.
S-(2-Aminoethyl)isothiouronium salts (72) rearrange, at neutral pH, to
2-mercaptoethyiguanidine (74). Both starting materiais and products are
in this case isolatable as hydrobromide salts. The reaction was shown?’ to
involve the cyclic intermediate 73.

CH,—CH, CH;~CH, CH,—CH,
| | — | | —_> | |
S.. NH, s\ _NH SH
C C C
/N /\ 7\
H,N 'NH HoN  NH, HN  NH,
(72) (13) (74)

S-(3-aminopropyl)isothiouronium salts rearrange in the same manner
to (3-mercaptopropyl)guanidines through a six-membered cyclic inter-
mediates,

1l. REARRANGEMENTS OF THE O-THIOACYL SYSTEM TO
THE S-ACYL SYSTEM

A. Rearrangements which Proceed through a Four-membered Cyclic
Transition State

The first reported rearrangement of this type was the thermal isomeri-
zation of diarylthioncarbonates (75) to diarylthiolcarbonates (77)48:49,

An examination of a large series of compounds™® showed that when R
and R’ are electron- w1thdrawmg substltuents, rate accelerations are
experienced, and in unsymmetrically substituted thioncarbonates the
rearrangement occurs primarily in the direction of the ring bearing the
more electron-withdrawing substituents. The reaction thus originates from

the nucleophilic character of the sulphur. A kinetic study®! showed that
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RUO—C—OUR' —»RUO—C\OMR‘ —

the reaction is first order and all these data indicate that the rearrangement
consists of an aromatic nucleophilic displacement in which the ring
migrates from O to S via a four-membered cyclic transition state (76).
Qiomnn bl el s izt ;oo bl dlan man b Aald la Anemiad
DHIIVC LIUD HICCIaisl lcquucb 1O >01vailion, Ui 1vacltion vouiu vv vaiiivu
out also in the gas phase (440°C, short periods) and yields were improved®2.

The reaction can serve as an efficient preparation method for aromatic
thiols by hydrolysis of the products 77.

1G5 515 O1 il pro

N,N- Dlalkylthloncarbamates (78) rearrange similarily to thiol-
carbamates (79). This isomerization is faster and proceeds at lower
temperatures and in higher yields (usually above 909/)5% 5%,

B! T

\—or~/ ‘RI

w

(78) (79)

The four-membered cyclic mechanism is supported by substituent effects
and kinetic results®® 3. No crossover products were found on heating a
IIllKlurC OI tWO llllUllbdl Udllldl.cb

Steric rate enhancement due to hindered rotation was found to be
present in ortho-substituted compounds in this series®. The relatively

1o reguired results from increased nucleophilicity of the
10W uauy\uauuu réquireG résuits irom incréastd nul:iSopniucity e

sulphur, since the polarization is assisted by the dialkylamino group,
towards the zwitterionic form 80.

A stronger eleciron-donating inductive effect of R should promote the
nucleophilic character of the sulphur further, and indeed the rearrange-
ment rate was found to increase in the order®:

R = i-C,H,>n-C,H,> C,H,> CH,
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The reaction was utilized for the synthesis of aromatic thiols®® and
sulphonic acids’? by hydrolysis or oxidation of the rearranged producis.

The heating of xanthates usually results in B-elimination and formation
of olefins (Chugaev reaction’). However, when there is no S-hydrogen at

™ a inatin ctndy ~F +ha
the alcohol moiety, rearrangement takes place. A kinctic study of the

influence of substltuents on the reaction rate of a series of diaryl xanthates
to diaryl dithiocarbonates (81->82) again indicates a four-membered
cyclic transition state®®, A similar transition state is indicated, by the same

i s A
m*c‘s@w—* A ST\ A

{81 (82)

kind of evidence, for the rearrangement of aryl thiobenzoates (83) to aryl
thiolbenzoates (84) .

The rearrangement of aikyi thiobenzoates had also been reported in
certain cases®. An application of this reaction is the thermal conversion
of thionesters of glycerol to esters of thioglycerol (85— 86) 2,

?‘ﬁ\:\'ﬁ—cms 4 CHmS—COCEHs
| >s "~ CHOCOCHs
(H,0COCH, LHoc0CH,
CH,;0COC¢Hs (66)
(85)
8. Rearrangements which Proceed thrau‘gh Dissociation and Return
O-Alkyl thionesters rearrange easily to thiolesters when the alkyl group

can form relatively stable carbomum ions. Benzhydryl thloncaxbonate
(87) yieids 88 on heating in ethanoi®® and the suggested mechanism is a
dissociation to a ion pair, the return of which occurs wia the sulphur
because of the greater nucleophility of the sulphur compared to the

OXygen.
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S

il R
(CeHs)oCH—0—C—CgHs ——> (CgHs),CH* _,"/C_CsHs D
®7)

<

1]
(CeHs), CH—S—C—CHs

PPy

{00)

A study of the rearrangement of the optically active exo-norbornyl
thiobenzoate 89 to 90 showed that the rate of racemization was equal to
the rate of the disappearance of 89. This indicates that no return via the
oxygen occurs®,

Ay s
NO—E{Q CFy —>

(89)

e
S— Cr

e N
FO=— A2 105

{39)

The dissociation, and hence the rearrangement, may be caused by
neighbouring group participation in the formation of the cation. An

f-vqmr\ln is the rearrangement of the thionester 0165,

CaHs CaHs
W
N(CzHs), LN ~ N(C;Hs),
1 7 LniyTun, — |
CHz—(IZHz CH;—CH,
S\.T.I'IO i
S§(i:/o : 0§? /S
CoHs CeHs CeHs
()]
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C. Rearrangement of Allyl Thionesters

Aliyl thionbenzoates (92) rearrange®® to allyl thiolbenzoates (93),
accompanying an allyl shift, on heating to 100°C.

R CH R R __CH R
w§ o W Tm
o\cé o%(‘:/s
(IleHs (I:sHs
(92) (93)

This isomcrization is very little influenced by the medium and occurs
only ca. ten times faster in acetic acid than in cyclohexane. This low
sensitivity to the ionizing power of the solvent indicates that allyl

a anig sha +#la ~la
thionesters rearrange by a mechanism which involves very little change in

charge separation between the ground state and the transition state. Thus
a cyclic concerted mechanism is more probable than dissociation to ion
pairs. This conclusion was confirmed by deuterium isotope effect measure-
ments®.

Allyl thioncarbamates® and allyl xanthates®® also rearrange easily in
the same manner.

IV. THE THIO-CLAISEN REARRANGEMENT
A. The Rearrangement of Allyl Aryl Sulphides
The thio-Claisen rearrangement is a [3,3Jsigmatropic process, which
consists of synchronous cleavage of a carbon—sulphur bond and formation
of a new carbon—carbon bond (equation 6).

4./\)/" —_— h —_ m
S ' " 3/

~
)
<z

" )

QY HS)

The thiols formed usually do not survive under the reaction conditions

and cyclize to five- and six-membered rings. Heating of allyl phenyl

sulphide (94) in high boiling amines’®? or carboxylic acids” yields

2-methyl-2,3- dlhydrobenzothlophene (95) and thiachroman (96). The two
products are not interconvertibie under these conditions.

O = OO0

(96

a8
(94) (95,

<~
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Although a different reaction pathway, which involves the thiiran 97
as intermediate, has been proposed™™, the intermediacy of Z-ailyi-
benzenethiol (98) and therefore the correctness of the concerted mechanism
has been rigorously established. In the presence of methyl iodide the
methylthio derivative 99 was isolated®. Furthermore, compound $8 was
synthesized independently’? and was shown to undergo a facile cyclization
to give both 95 and 96. When cyclized under the rearrangement conditions

the nronortions of the nroducts from 02 were identical with thase ghtained
uiC proporuons o ui products irom >6 werd 1Genucar wiil tiose ooiainea

directly from 9474,

A8 N SH N SCH;
U@ Uy U
87 (98) (99)

Definitive evidence for the sole intermediacy of 2-allylarenethiols was
obtained from work on the rearrangements of aityl quinolyi suiphides™-7°,
For example, 3-methallylquinolyl sulphide (100), which rearranges in
dimethy]aniline to 101 and 102, gave in butyric anhydride quantitative

............

_lelu \)f I.hU Uul]lyl UUllVGUVU \IUJ, 01 I.hU \Ild‘bcll product 10" CUlllyUUlldB
100 and 104 yielded 101 and 102 in the same proportions when heated
under identical conditions.

5" g '
4 W f t--cgm oH- \;
@\@Y e @TOT el
(100) (ux,z) / (104)

N NG
(101) (102)

Similar results were observed in the thiophene series?. In the rearrange-
ment of allyl 3-thieny! sulphide (105) to 107 and 108, the intermediat

ment S-unaeny 1GC

2-allylthiol 106 has been 1solated for the first time dlrcctly from the
reaction mixture.
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__ S\' _ _ SHJ
S — LU

(105) (106)

S CHy S
|| +

(L

(107) (108)

The five-membered ring products result from the normal (Markownikoff)
internal addition of the thiol group to the double bond, whereas the six-
membered ring products resuit from abnormal (anti-Markownikoff)
addition, which is characteristic of a free radical process. The formation
of both heterocycles thus indicates competitive thermally induced
}‘wtu\u_yu\, and hUHlUl_yllb fissions of the thiol S—H bond (equauon I)
The cyclization mechanisms were verified” by a detailed examination of
the thermal behaviour of 104. Product 102 was formed almost exclusively

G G (€
QO — O™ 00y —
{ M) '_4—

I

l ] 1 (101) ' (7
%) 0 Y N
NN O e, Y+
O

(102)

A

[
mTOT _chain reaction_

I \V/
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under free radical initiation. The intervention of free radical intermediates

was also evident from e.s.r. mcmtcr-.r.g of the reaction.

Cyclization does not occur when the thione initially formed in the
rearrangement cannot tautomerize to the corresponding enethiol. The
indolenine 109 for example rearranges to 110 which shows no tendency

to cyclize®.

CH, CH,
~N ;\ 4 \/\ s

\/ \/’
(109) (110)

When the two ortho-positions are blocked, no para-Claisen products
are observed. Heating of allyl 2,6-dimethylphenyl sulphide (111) yields

a cleavage product 112 and four cychc materlals (113—116) whwh probab]y
result from ortho-rearrangement followed by 1,3- and 1,4-methyl
migrations8l.

@T? — @T

(112)
(111)

v
CH, CH,

s /\K$3,,r\s\rc”3.
i:r—cm —CH=CH, o A -

(113) (114
CH,
Py CH,CH;
Ol O
(115) m
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B. The Rearrangement of Prop-2-ynyl Aryl Sulphides

This reaction also _ylcluo both five and six- membered uy\.ub prouuub,
but has been shown to consist of two parallel processess2. Prop-2-ynyl
phenyl sulphide (117) on heating initially isomerizes to phenyl allenyl
Q“Ih]’\l{'ﬂ (11“\ and hoth 117 and 118 undergo the thio-Claisen r rearrange-
ment to the allemc (119) and acetylenic (120) thiols respectively. Subsequent
cyclization yields the final products, 2H-thiachromene (121) and 2-methyl-
benzothiophene (122).

A SN A PN
g Ul — U
arn) (119) (121

B
8

(118)
The rearrangement of prop-2-ynyi-3-thienyl suiphide (i23) proceeds in
the same manner to give 124 and 12583,
S._CH S
_S. " N 3 —UN
—_— +
7 e )
~s” Ml - =
s CH (124) (125)
(123)

V. INTERNAL ADDITIONS, ELIMINATIONS AND
RING-CHAIN TAUTOMERISMS

A. Intramolecular Additions to Double Bonds

The cyclization of ortho-allylbenzenethiols has already been discussed
in connection with the thio-Claisen rearrangement. It has been shown that
ionic and free radical processes operate simultaneously to give five- and
six-membered heterocycies respectively’®. Similar dual pathways were
observed in the cyclization of 5-mercapto-1-pentene (126) which gave both
127 and 12884,

HS(CH,);CH=CH, ——> +
(126) NscH, 8”7
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Free radical cyclization (Bzzo2 catalysis) of a series of simple mercapto-

olefins gave the following product ratios®®

I\ \ ] j ] | ]
“T—SH SHS 9}3 ‘:’\VI\-IS/
ab 1:99 24:76 45:55
85:15

Different results were observed in nitrogen-containing chains, Ultra-
violet irradiation of N-allyl-2-aminoethanethiols (129) gave mainly
thiazolidines (130) when R was H and hexahydrothiazines (131) when R
was methyl. These results can be rationalized by assuming an initial double-
bond migration towards the nitrogen®,

R‘ R‘

1 1
R i

| |
N N ! N
e )= M) — . MY e T
B J R . J RN R P
\f HS Y Hs Y's s
124 R R R
(129) (130) (131)
Reaction routes which include internal additions of thiols have been
proposed for several rearrangement reactions. Addition of vinyilithium
to thiophthalide (132) yielded, after acidification, 4,5,6,7-tetrahydro-2H-
benzo[c]thiepin-S-one (135) The probable course is ring opening of the
adduct 133 to the thiol 134 which cyclizes by conjugate addition to give
135. The thiolactone 136 yielded 138 in an analogous manner via the thiol
1379,

n ~

9 oL
o === ot
132) '(133) T CHSH

(134

@\(\

\o o
I

) -
S 1. CH, = CHLI ﬁ( \h
(Y\ 7 Acon U\C:CH SH A AN

(i37) {138)

13

P
£
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Another example is the photolysis of mercaptoles. Compound 139
ylelded the rearranzed DI'OdllCt 140 (czs-tranv mixture, ratio 8: 1\ Tte
formatlon is best explained by a homolytlc scission of the C—-S bond
followed by hydrogen atom transfer and addition of the thiol to the
double bonds8,

Q
Cyclization of a series of acetylenic thiols under var
gave the followmg results® (Table 1, in %).
Although the polymerization was extensive in most cases, the analysis
of the cyclic products clearly shows that in terminal acetylenes nucleophilic
reaction leads mainly to exo- methylene-heterocycles while free radlcal
y,wumuuu leads to unsaturated rmgs

The cyclization of ortho-prop-2-ynylbenzenethiol has already been
discussed in connection with the thio-Claisen rearrangement®2,

C. Cyclization and Ring-chain Tautomerism of Cyanothiols

Cyanothiols cyclize irreversibly in cases in which the product exists
predominately in its enamino form. o-Mercaptobenzylcyamde (141) thus

cyclized to 142 which tautomerized to 143 and was shown to exist only in
a cyclic form®,

@CH LCN @I—L

(141) (142;

mﬁ

Compound 144, on the other hand, cyclized to 145 in which the methyl
substituents at position 3 preclude tautomerism to an

......... W an uuq.nmlu-, and
indeed its exists in the cyclic form only in neutral or acidic media. How-
ever, in basic solution it reacts as the open chain form 144, and can be
S-alkylated or oxidized to the corresponding disulphide®?,

TaBLE 1, Cyclization of acetylenic thiols

Cyclization
method

R
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39

23
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w o
I
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ultraviolet irradiation.

hv,

ultraviolet irradiation with acetone as sensitizer.
short heating; Bz,0, added for free radical initiation.
nucleophilic cyclization by heating with NaOH.

prolonged heating in cyclohexane.

h v-acetone,
A,

Bz,0,,

Nu,
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CH CH
CH;
CN
O N ——
\\%SH \\%\SA
(144) (145)

The same ring-chain tautomerism is exhibited by the pair 146 < 147.
The cyclic form 147 exists as the imino tautomer, as aromatic stability
would be disrupted by the o-quinoidal structural requirement of the

enamino tautomer 14892,

c=N HN\\*'S‘ HzN\/f‘S

A A A AL
W W A ’ F
(146) (147) (148)

In corresponding six-membered systems it was shown that 151b and
151c are the predominant forms, as a result of conjugation with the
substituent X, and therefore they do not show tautomerism with the open
forms 149. It was speculated by the authors® that if X would be a hydrogen,
the cyclic form might exist as 150a, and would be in tautomerism with
149a. However, this could not be demonstrated, due to the failure to

synthesize 149a or 150a.

/\/CH ZHC N ALK
oL == Q0L —O0L,
(149) E, X = g (150) (151)

D. Ring-chain Tautomerism of Mercaptoaidehydes and Mercaptoketones

The order of stability of the cyclic form of hemithicacetals relative to

the open chain form is parallel to that observed for hydroxyaldehydes™.
2-Hydroxytetrahydrothiophen (152a) and 2-hydroxyhexahydrothiopyran
(152b) (prepared from the corresponding acetates) were shown, by spectral
evidence, to exist in their cyclic forms both in the neat state and in their
solutions in organic soivents. In aqueous solutions, however, they are

15. Rearrangements involving thiols 711

converted into the tautomeric mercaptoaldehydes 153a and 153b and can
be titrated as thiols with aqueous iodine. The seven-membered ring 152c,
on the other hand, exists as such only in the solid state, but shows spectral
properties ascribable to the open form 153c in chloroform solution,

+hio
u.dn.«uuus that tautomerism occurs in this case very lca.uu_y 95

((CH,),,\ /(CHz),.\ /(CHZ),.\

L L L L

g oA g~ OH ey
(152) a, (153)

was plcpan:u uuul upcu-uldlu Pprecursors and uybuccu bpomaucuumy
with loss of water to 156. The possible intermediate 155 could not be
isolated®.

HCHCH,CH,CCH, > 1 —
$ 8 \(KSXOH j*s)\

(154) (155) (156)

The unsubstituted mercaptoketones 157a and 157h were never isolated

and isolation attempts led to the unsaturated hete: rocycles 159a and 159b,
probably via the hemithioacetals 158a and 158b %

/(CHa), (CHg), -1
HS(CH,),COCH;  ——>
(157) an=2 ) CH,
P ~s”oH \$” “CH,
(158) (159)

Internal thiol-carbony! interactions were extensively investigated in the
field of thiosugars, and were applied to the syntheses of the thiofuranose®,
and thiopyranose®>1% and thioseptanose?-192 systems.

Ring opening and closure involving mercaptoketones were assumed to
occur during the unexpected formation of 4-acetyl-2,3-dihydro-2-hydroxy-
2-phenyl-4H-1,4-thiazine (161), on treating 2-methyl-3-phenacylthiazolin
bromide (160) with basel®,
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s _ S SH
|!//>_CH3&;.|!/><OH=>,(CH> —
'\?ﬁ l\,'q CH, KN,C—CHS
CH,COAr CH,COAr &H, coAr
(160) ’

sH s_PH
[ c=ar | Il( a,

S S
N
I
OCH, COCH,
(161)

Another interesting example exists in the photochemical rearrangement
of a-(o-hydroxybenzyhdene)-y-butyrothlola.ctone (162) to 3~(2-mercapto-
ethyl) coumarin (164). The rearranged product 163 is stabilized by ring
opening, as the carbonyl group formed becomes a part of the coumarin
system!™,

/fQ I~ //\ P
FLO— Lo

(182)
\18<;

no. /

Y0
) e
(163) (184

E. Ring Openings of Cyclic Sulphides to Unsaturated Thiols
Q-F"minaéinne
Tl:us reaction has been observed mainly in nitrogen-containing systems.
The proton elimination can occur either from a B-nitrogen atom or from a
B-carbon. 2-Arylthiazolidines (165) are thus opened to the iminothiols
166% and the tetrahydro-1,4- t}uazepme 167 is opened to the enethiol
168 which is unstable, but could be trapped. The corresponding

S/\ /}‘l H —bﬁ) ‘é\ N7 —_— d- 0\,

l v S N=CHR
R (166)
(165)
CeHsCH,CONH,__ CgHsCH,CONH _
T8 s 7S
OAN‘% OAN—/\
H  toocH, H toocH,
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perhydrothlazepme is opened by base at a much slower rate, and the
resm ng I..[llOllS ]bold.ld.l)le“"’ nearrangemem.s OI III]S type are most common
in penicillin chemistry. An example is the rearrangement of penicillins
with an activated carboxyl group 169 to anhydropenicillins (171), in which

tha fir alinme tha +hLisl (170 1m
the first owp is 'u-vuuuuauuu to the thiol \1ivy

H H HHs H H
R~ SQL CHIN R H/S\é_x 1 PS50
O)— N H*iox O)~ N _g./ )‘ _K/
B L) an)
(169)

The intermediate 170 could, in certain cases, be trapped as its acyl
derivative!®. In another instance the carboxyl group reacted with the

lactam ring leading to the oxazole 1721,

R

SH
o™

\ J
d >

(172)

Another type of penicillin rearrangement is that which starts with
proton elimination from C-6. Such mechanism explains the epimerization
at C-6 on treating phthaloylpenicillin methyl ester (173) with sodium
hydride'®, The first step is the opening of the thiazole ring to the thiol salt
174 which recyclizes to 173 with epimerization. Support for this mechanism
was provided by the isolation of the thiazipine 175 as a by-product!,

Bi\
A Pt H /5
phe— S Nl
}—?‘ll—‘{—COOCH )@—‘—I COOCH
0 a ¢ o) H :
n n
(1713) (174)
Pht = Phthalimido H
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Another interesting penicillin rearrangement which involves

B-elimination and a thiol intermediate is that of methyl 6 6a-chloropenicillate

(176) to the 1,4-thiazine 177, through the pathway shown!12, Ring opening

Cl H
H4_{/5 NaOCH, Hf-T—‘ }/(‘S\L
1
O)—N—f—coow3 CH,00C HN—‘—COOCHS
H
(176)
COOCH, COQCH,
NN s
MN /kcoocris I\. /kcoow3
[ N"H
CH00C_ _S_, CH,00C_ _S._,
\N,\‘ECOOCH3 \[ :\ECOOCH;;
H N W
am

by B-elimination occurs also in the fully aromatic isothiazole system,

During the lithiation of 4-methylisothiazole (1 {178}, which occurred mainiy

at position 5, the nitrile 180e was also formed as a by-product. The

mechanistic pathway is probably lithiation at position 3, rmg opening to

the thiol salt 179 and alkylation by butyl bromide present in the reaction

mixture!18,
CH, CH; CH, CH,
h BuLi l——ll 17 l_—l CN BuBr T CN
NN Ne-N Ne- ¢
S S\) S SBu
{178) (179 (180)

Similar openings were observed on treating condensed isothiazoles

(181) with base!™,

15. Rearrangements involving thiols 715
fOI T4 @T ITV—
/ \S

87
(s

~

//_\/N\l(CN
A A
2. Homoiytic fissions foiilowed by hydrogen transfer

The results of several photolysis reactions of sulphur-containing rings
can be rationalized by postulating this process. One example is the
photolysis of lipoic acid (182)*% which yielded i85 {in water) or 186
(in methanol). The proposed mechanism is a homolytic scission of the
S—S bond to the diradical 183 and migration of the tertiary hydrogen
atom as a radical, to form the thionthiol 184 which reacts with the solvent.
A similar mechanism which involves a primary homolytic cleavage of a
C—S bond was assumed to occur in the photolysis of mercaptols®.

(CH,),COOH (CHZ)‘COOH (CH,),COOH

—
S—sS SH
(182) (183) 'i"f‘i’

e

~

CH,
I/\"/(CH2)4COOH |/\f“ Ha,COOH
SH O SH OCH,

(185) (186)

VI. MISCELLANEOUS REARRANGEMENTS

A. Migration of a Thiol Ester Group

The only case in which this type of migration occurs is the acidolytic
ring opening of epoxides''®. Phenyl a-methyi-irans-f-phenyithiolglycidate
(187) gave, upon treatment with boron trifluoride etherate, 45% yield of
the enol tautomer of phenyl a—phenylacetothiolacetate (188).

The tendency of the thiol ester group to migrate in this particular case
l

is not surprising, since the unusual migration of the carbethoxy grou
the corresponding glycidic ester was observed previously?.
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S—CgH;

CeH !
CsHs\ _/o\ _CHj; o p/c%n
—C_ R — 1 -
H/ \(.;_S_CEHS C\.\/H

1l L.H3 O

° (188)

(187

B. Dissociation and Return of the Hydrosulphide lon

A rearrangement which proceeds through this mechanism was observed
during the preparation of N-(B- hydroxyethyl) N-ethyl thioformamide
(189). An isomer, n-gp-meruaploemyl)-m-emyuormamlde (191), was
obtained as a side product and it was shown!!® that 191 was formed from
189. The probable course is a cychzatlon of 189 to l-ethyloxazohdme-Z-thlol

{19‘“ and attack of the h u_yunuoul}uuuc ion at C-4. This mechanism is

flle—C\Hz CIH._,—(,:H,

Csz*N\C_HOH-———> Csz_N\ /0 ——> C,Hy—
i

S HS H

(169) (190)

(191)

supported by a previous report on the ring opening of oxazolidines by

thin 100 _. 1no\119
thiols \175-7 155)=.

N——C(CH,), HNT—C(CH,),
Il | + HSCHs —— |l | —_—
O A CHe O CHa
CgHs < CgHs O “5CqHs
(192)

HN—C(CHy),
CeHsCO  CH,SCqHs
(193)

N =

W

[V

w:nwors“

bO““ﬁ"“"‘l“O:‘?‘:QFD,’ﬂ

'-iIC)(')'-l.mU
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i. INTRODUCTION

The thiols act as nucleophiles in two basic types of reaction, in

A€ oS nUCIeoPRLes 1N W

either substitution or addition to a multiple bond such as C=C

volving
olving

RSH+AB ———> RSA+HB 1)

or
RS-+AB———> RSA+B- 2)
RSH+)C=C{—— RSC—CH )

In reactions of the type 1 the HB generated
n—

formed; for example the silico:

ay fracture the S—A bond
in H SiSCF; is susceptible

to fracture by HI.
H,SiSCF,+HI — > H,SIl+CF,SH

The substitution reactions discussed in this review will be restricted
primarily to the thiolate anion, RS~ acting as a nucleophile. This may be
present initially when a metal thiolate, such as silver() or lead(m), is
employed, or may be generated in solunon in the presence of a base such as
sodium hydroxide or trimethylamine. The acidity of the thiol is important
if the RS anion acts as a nucleophile in a neutral thiol solution. Thiolate
nucleophiles can be obtained in non-aqueous solution by treatment of
thioi esters, such as CH,COSR, with strong non-nucieophilic bases!, or
by hydrolysis of thiourea derivatives?.

The substitution type reaction is not restricted to substitution at a carbon
atom, either aliphatic or aromatic, but includes the main group and
transition elements. Several examples will be given of the varieties of the
use of thiolates as nucleophiles, and although most of these reactions are
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general some of the illustrative examples will be drawn from the chemistry
review wnll generally be restrlcted to monofunctlonal thlols, and usually
excludes dithiols, thio acids, etc.

Various reviews have been written on parts of this topic and these will
be referred to at appropriate places in the text. The alkoxide nucleophiles
have been investigated considerably more than the thiolate nucieophiies,
and conversely selenolates significantly less than thiolates. In general the
order of nucleophilic strength increases in the series alcohols, thiols and
selenols, although sulphur-containing nucleophiles are generally less basic
than their oxygen analogues.

The nucleophilic reactivities towards cations of several nucleophiles

haq ha, ad3 A narameata: which is characteristic of the nucles.
has been reviewed®. A parameter 1‘+ Wiicil 18 CnaracCierisiic o1 e nucieo-

phile system and independent of the cation has been defined as

log [K,,/Ky,0] = N.
whaea K tha wata ata £ nf ith armanifin
Wilviv J\n lD lllC lat& \JUIIDLC&]IL lUl A\-u\dtl\}ll \Jl C& uauuu Wil ﬂ. DPU\/]‘[\,
nucleophilic system (i.e. a given nucleophile in a given solvent), Ky, is the
rate constant for reaction of the same cation with water in water. This

gnn;rnhvahr\n can cnm"ﬂccﬁw"\l be anh]md to the reactions of various

nucleophiles with various cations. It has been suggested that the N, values
are related to the solvation energies of the nucleophilest. In all the
reactions studied, values of N, are highest for the benzenethiolate anion.
Comparable values for the reactions of nucleophiles with p-nitro-
(Malachite Green) are, solvent in brackets, MeOH (MeOH), 0-5; MeO~
(MeOH), 7-5; N5 (MeOH), 8:5; CN~ (DMSO), 8-6; PhS— (MeOH), 10-7;
PhS— (DMSO), 13-1. Unfortunately data are not currently available to
correlate dud'l()guub OXygen, >u1p11u1 and selenium ﬂﬁClcupuuca uy this
method.

A considerable range and variety of thiols have been employed as

nucleonhiles Some thicls are unstable in basic solution. but can be
nulieopnnes. SOME Wil:S are unsiacs:® int oasiC st:iulidtn, out fan of

employed as their thiolate salts. Examples of this type of thiol include
trifluoromethanethiol and pentafluorobenzenethiol. The trifluoromethane-
thiolate anion readily loses fluoride in solution in an irreversible reaction?,

but the mercury denvat:ve, Hg(SCF;),, effectively acts as a source of
(SCF,)~ ————> CSF,+F~

nucleophilic trifluoromethanethiolate ions. The pentafluorobenzenethiolate

anion decomposes in basic solution in air. The reaction probably proceeds
initially with the oxidation of the thiclate to the disulshide. which is then

iniuany 2 1€ OXIGation Of taf il 1@ il GiSUIpniGe, wiilil 15 taeh

25
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attacked nucleophilically by the thiolate.

2 CF§~ — 2%, C,F,SSC,F,+2e
2 CF,8~+CyF,SSC,F; ———> C,F,SC,F,SSC,F,SC,F,+2 F-

The product, termed perfluoropoly(phenylene sulphide)’, has been
characterized by chemical analysis and molecular weight?.

Some thiolates, such as pentachlorobenzenethiolate, show no nucleo-
yluuv Acactnu_y .

Other interesting thiols that have been studied include the silylalkane-
thiols, such as (EtO)sSiCH,CH,CH,SH?, and (Me;,SiO)zMeSi(CHa),,SH 10,

A series of syntheses based on the alkynethiclates ha adll
AT @Ry uvuuvIanes nas uu\-u IU}JUII.U\-I . .Ill

some reactions the C=C bond is retained, but in others it reacts, e.g.

RO =
C=

-
2

The stereochemistry of the thiol is important. Steric effects have been
used to explain the differences in rates of reactivity of RCgH,SH (R = H,
2--Bu, 4--Bu) in addition reactions with N-ethyl maleimide or displace-
ment of 2,4-(0,N),CyHyS~ from 2,4-(0,N),C,H,SSEt12,

In some circumstances the electrophiles studied are susceptible to the
thiolate anion causing both substitution or addition. An example is
HC=CCMeHalCO,Et . In this case the thiolate can also act as a reducing
agent. The reducing properties of the thiols will only be commented on
when it is incidental to substitution or addition. The reducing power of
thiolates, however, means that the electrophiles employed generally do
not contain a group that is readily reduced, such as the nitro group.
When simultaneous substitution and addition occur, the reaction will be
discussed in the substitution section, particularly in compounds containing
C=C bonds.

This review is divided into two main sections; substitution reactions and
addition reactions. Sometimes the classification of a particular reaction is
somewhat arbitrary. Dealkylation reactions, some of which can superficially
appear to be neither substitution nor addition reactions, are basically
substitution reactions and a section is devoted to these reactions, including

bhoth al-nl—mtm and aromatic examples
{1 aromatic exampies.

16. Thiols as nucleophiles 725
Il. SUBSTITUTION REACTIONS

A. Aliphatic Substitution

RX+R'S™ —— RSR'+X~

where the group X may be a halogen, methoxy (discussed mainly under
Acallbul tinn) mathanacnilnhanata tacul aén
afaikyiaiioily, mcuiancsuipininiart, 108y, €il.

Examples of the reactions of alkyl and acyl halides arel:

CH,Cl,+Pb(SC,F;), ———> CH,(SC,F.),+PbCl,
CICH,CH,CI+Pb(SCF,;), —— (CH,SC,F,),+PbCl,
2 PhCOCI+Pb(SC,F;), ———> 2 PhCOSC,F,+PbCl,

An inert solvent is usually used but liquid ammonia has been used in the
reaction of alkyl chlorides with sodium hydrogeu sulphide15 16, The
CGTﬂpO'ﬂﬁu \rua}:;\,n was formed in the reaction of the benzenethiolate
anion and dibromocarbene, prepared from PhHgCBr; in benzene at 80°C.
The postulated initial step was the addition of the electrophile Br,C: to

the sulvhur nucleophile, forming an anion intermediate which picked un
the stupnur nuCieopale, iIOrming an anion imnermediad wnid piCLed up

a proton yielding PhSCHBr,. Subsequent nucleophilic replacement of
bromine by the thiolate gave the product??, (PhS);CH.

Polymers are formed when dithiols react with dihaloalkanes. Condensa-
tion of p-HSCH,C,H,CH,CH(M¢)CgH,CH,SH-p with dihaloalkanes gives
polymersi® such as H(SCH,C4H,CH,CH(Me)CqH,CH,S(CH,),,), Hal.
Two different monofunctional high molecular weight chlorides (RCl and
R2Cl) react with the difunctional thiol, (CH,SH),, in the presence of
triethylamine to give primarily the symmetrical bisulphides, (R*SCHy),
and (R2SCH,),, and only very small yields of the unsymmetrical bisulphide
RlsCHZCHgsRZ 19,

arantly Ansasan. T4, Alas Alatan ha hann atindinad ae niinlan

x\cu:uuy Louppel \l} saiis Auuluums LulUlatCB nave oecin suaica as nuvivu=
philes. Copper(t)butanethiolate and copper(f)cyanide in DMF did not
react with r-butyl chloride or benzyl chloride, but halogenoaromatic

CO!’“?’“‘“"“ react under similar conditions, When the reactions were

repeated in the presence of thiourea or quinoline, the expected products,
di-z-butyl sulphide, valeronitrile and phenylacetonitrile, were obtained.
The thiourea or quinoline probably act as ligands and bind strongly to the
copper, forming the ion (CuL,)*, leaving the counterion (e.g. BuS— from
CuSBu) avaiiable for normal nucieophilic attack?.



726 Michael E. Peach
2. Reactions with electrophiles of the type RM(CH,),X and
DMLY

DU L OLy Py

a. Displacement of halogen. Alkylthio-substituted acetic acids can be
obtained from monochloracetic acid and a thiol?!,

ArOCH,SH+CICH,CO,H —— ArOCH,SCH,CO,H

Derivatives of 1,1,1-trifluoroacetone may be prepared similarly22,
CF,COCH,Ci+RSH —2%% , CF,COCH,SR (R = Et, Bu, Ph)

Organotin derivatives containing the RSCH,Sn(1v) group can readily be
obtained in the reactions of RSNa and BrCH,Sné or RSCH,Li and CISn{.
the former method being preferred. Compounds containing both Sn—S
and Sn—C bonds can be prepared?,

RSNa+(BrCH,),SnBr, ———> (RSCH,),Sn(SR),

A similar reaction involves replacement of the Cl in RRINP(O)CH,Cl),
and (CICH,),P(O)OPh or tosyl in 4MCC6H4503CH2P(O)Ph2 thh
(SR»)—, %, Substituted trialkylphosphine oxides or sulphides,
(RSCH,CH,);PX (X =0,S) can be prepared analogously?$?, from a
thiolate anion and (CICH,CH,),PX.

b. Displacement of sulphonyl groups. Ready repiacement of the methane-
sulphonate group by the benzenethiolate group from bismethane-
sulphonates of 3-arylthiopropane-1,2-diols, 2-arylthiopropane-1,3-diols

nd T arvlthisnesanona D alo has Lo oried2R, 29
anda J-al‘yluuv}l Opanc-2-018 1as ocen reporied’

The ot adad dis Q Sl when e
1 reaClion procecaca via a direct »JNL substitution cA\ach WIien 1e-

arrangement occurred, which was only partially observed in the reaction
p-MeOC H,SCH,CH(Me)OSO,Me+PhS~ ———— p-MeOC,H,SCH,CH(Me)SPh
+p-MeOC H,SCHMeCH,(SPh)

+
The cyclic intermediate CH(Me)SArCH, X~ is postulated. It is impossible
to detect whether rearrangement or direct substitution occurred in the
reaction

o oA

he nitro groups were reduced in derivatives of 2,4-dinitrobenzene.
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The trifluoromethanesulphonyl group is displaced in p-tolylsulphonyl-

methyltrifluoromethanesulphonate in the Sy2 reaction with nucleophiles,
such as benzenethiolate3®,

p-MeC,H,S0,CH,0,SCF,+PhS~ ———> p-MeC,H,SO,CH,SPh+CF,SO;

In the reaction of 2,2-dialkyl-3-(tosyloxy)propionaldehydes with
benzene- or methane-thiolates the tosyl group is displaced and it is
postulated that the attack originates at the carbon atom of the carbonyl
group®L.,

Me,C(CHO)CH,0Ts+RS~ —————> Me,C(CHO)CH,SR

The carbon—sulphur bond is fractured in the reaction of p-toiuene-
sulphonyl cyanide with sodium ethanethiolate in ethanol. Other thiols,
not thiolates, can also fracture the carbon—sulphur bond?®,

p-TolSO,CN+EtS~ ———— EtSCN

3. Reactions of electrophiles of the type Ar(CH,),X

The chlorine kinetic isotope effect in nucleophilic displacement at
saturated carbon in para-substituted benzyl chlorides, with thiolate and
analogous oxygen nucleophiles, has been examined?3. The reactions proceed

via a concerted transition state.
R'S"+RCl———> [R'S~R~CI] —— RSR'4+-CI~

As the para-substituent changes from more electron donating to more
electron withdrawing, the relative importance of bond breaking and bond
making in the transition state alters. With methoxide and benzenethiolate
nucleophiles the chlorine isotope effect (Kj;/K3,) increases in the order
p-NO,<H<p-MeO, indicating greater bond breaking as the para-
substituent becomes more electron withdrawing. For both oxygen and
sulphur nucleophiles the isotope effect decreases with increase in basicity,
PhG~ vs MeG—, and PhS~ vs n-BuS—, indicating less bond cleavage at the
transition state with the stronger nucleophile. In comparison between
oxygen and sulphur the reaction is slower with the oxygen nucleophiles
(presumably owing to solvation) and the isotope effect is smaller,
suggesting not only that the bond breaking is less, but also that the
oxygen is a stronger nucleophile.

In 2 Hammett Pnllafv(\n chlrlv of the reactions of 1 1 dmﬂll 77')-

trichloro- and 1,1- d1ary1-2,2 dnchloro-ethane with benzenethlolate, two
types of reactions were observed. For one type, the p-value for the
benzenethiolate-promoted dehydrochlorination of (p-XC3H,),CHCCI; in

e s e 72
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eihanoi at 65°C was 211, while for the Sx2 substitution of benzenethiolate
for chlorine in (p-XCgH,),CHCHCI, forming (p-XCgH,),C=CHSPh as
the sole organic product®, the p-value was 0-41:
(p-XC,H,),CHCHCI,+2 PhS~ ———— (p-XC,H,),C=CHSPh+2 CI-+PhSH
The potential insecticide m-RSCH,C4H,0,CNHMe (R = Me, Et, i-Pr)
can be prepared from methyl isocyanate and m-RSCH,C,H,OH, which
in turn is obtained from m-CICH,C,H,OH35,

s electr uyh.!e The hydfv\ahluu\'.’w

of 3chloromethylpyr1dazme reacted with sodium benzenethiolate in
toluene, replacing the Cl by SPh 3,

4. Reactions with cyclic compounds

Replacements of substituents by a thiolate group occuis in several cyclic
compounds. Several products are found in the reaction of 2-phenyicycio-
hexyl-p-toluenesulphonate (1) with the dipotassium salt of mercaptoacetic
acid in methanol, corresponding to simple replacement, neighbouring

nnnnnnnnnnn Acemiention PO (SR
Envuy u—yuwuumu fuluuug a fulau Gerivauve, cu]uluauull lUruullg an

olefin and solvolysis. The actual products depend on the reactant ratio,
anion : tosylate; the furan is formed when the ratio is 2: 1, but at 50 : 1
QII‘YII\IP (hcnlar-amnnt occurs. The tosyl group is more raadily -m-\lm\mi +tha
The tosy! group is more readily replaced than
the aromatic methoxy®.
In the nitrogen heterocyclic systems, 1-z-butyl-3-chloroazetide (2) and
1-t-butyl-2-chloromethylarizidine (3) react with thiolate anions giving
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simple replacement of the chlorine, although other nucleophiles give

cl
t-BuN— £-BuN——CHCi

@ @

partial hydrolysis and cyanide converts (3)—(2) (as its cyanide)®. The
ethanethiolate anion and various other nucleophiles have been used for
ring opening of N-cyanoaziridine in steroids, such as 28,38-(cyanoimino)-
cholestane®:

)
~ - NC—N_|
/C\—/C\ \9/
N + Et§T —> (';
¢n Ets” 1

Displacement of the 2-chlorine of 2,3,3-trichloro-1-acetylpip

occurs with various nucleophiles, including alkoxides and hxolates40

_ACl
(T +sr— (1 +or
N N~ SR

OAc
14\
v

R = Me, Et, j-Pr, Bu, sec-Bu, Ph

Cleavage of the C—N bond occurs when 1-[8-(phenylsulphonyl) ethyl]-
piperidine hydrochloride or methiodide is treated with aromatic thiols in
aqueous dioxane and sulphonyl sulphides are formed. An elimination—
addition mechanism is proposed?®!.

Treatment of methyl 3,4,6-tri-O-acetyl-2-bromo-2-deoxy B D-gluco-

oA ot athis i mathavida and math al vas 1009/
pyranoside with ethanethiol/sodium methoxide and methanol gives 1009,

yield of methyl 3-S-ethyl-3-thio-B-D-altropyranoside (5). The S-benzyl

analogue is prepared similarly2. In the reactions of chlorohydrin

arivativ: sla tha 1o Tonad by thiglata oivi
derivatives (6) \Y) with thiolates the chlo 1aCh Oy tnidiate yvnﬂg,
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for instance, trans-3-hydroxy-2-ethylthio-tetrahydropyran (7). When
R = H, the product is 45% diaxial and 55 diequatorial43.

Y% RSN
[ Jo == oz Ropme
~au R' = Et, Ph

The ring is partially fractured in the treatment of 3-chlorothietane (8)
with the benzenethiolate anion. A mixture containing 30% of phenyl-3-
thietanyl sulphide (9) and PhS,CH,CH=CH, was obtained. The latter

obtained. The latter

cl
+ PhS™ —— SPh + Phs,CH,CH=CH,
§— 5
® ©)

was also prepared from PhSCl and HSCH,CH—=CH,. The reactic

IS I T Uaiy

probably pr oceeds44 via the formation of the cations H2C CHCHZS+

—
and S— . The C—$ bond is fractured in 2-dialkylamino-1,3-dithiolium
perchiorate (i0) when treated with the ethane-thiolate anion in DMF.
Quite different products are found with the ethoxide ion as a nucleophile,

involving attack on the 2-carbon atom as opposed to attack on the
4-carbon atom with the ethanethiolate anion®.
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5. Reactions with RC=CX, R'R?C=CR*X and R'R2ZC=NX
The reactions described in this section wili be concerned primarily with
the replacement of a group X with a group RS, and not addition reactions.
a. Alkyne derivatives. Three different routes are proposed for the
reaction of acetylenes with nucleophiles®,

[T
1

_ _Ha
== 4

/1(Ar)C c\Nug! O}

(Alk, Ar)C=CHal + Nucl™ \i—> (Ar, Al)C=C~ (5)
(Alk)c|:=éHa1 (6)

Nuci

The intermediates react further to give (Alk,Ar)C=CNuCl. With thiolate
nucleophiles (EtS— and PhS-), Hal=Cl, Br, I, the mechanism is
restricted to attack on the halogen (5), but attack on the carbon is also
observed in the reaction of EtS~ and ArC=CCl. The second-order rate
constants in methanol-water mixtures for meta- and para-substituted
1-bromo-2-phenylacetylenes correlate well with Hammett o constants,
p= 1-15. A }.neru correlation v was a}ou obser vcd between | 1051\2 auu P"a
of the corresponding thiols.

The rate constants for the reaction of p-ZC;H,C=CHal (Z = Me, H, Cl;
Hal = Cl, Rr\ with n.Mp(‘ sH, S—Na+ in DMF, forming p-ZCH,C=-

........... 2 HVGAAAV =

CSC, H4SMe -p have been measured. Attempts to trap the ion
p-ZCgH,C=C~ were unsuccessful. These results have, however, been
interpreted differently from those presented in the previous paragraph,
and an addition-elimination mechanism is favoured, involving the
formation of p-ZC;H,C=CHal(SC;H,Me-p) and fast elimination of
Hal~ to give the product?®.

Various products were obtained from the reaction of sodium thiolate
with the acetyiene derivative HC=CCMeHalCO,Et (Hal = CI,Br), where
the thiolate replaced the halogen, acted as a reducing agent or added
across an acetylenic or ethylenic bond!3,

HC=CMe(SR)CO,Et
H,C=C=CMeCO,Et
H,C=C(SR)CHMeCO,Et
MeC(SR)=CMeCO,Et

RSNa+HC=CCMeHalCO,Et — > {

R = Et, i-Bu, Ph; Hai = Ci, Br
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The proportion of the reduction products, especially when Hal = Br,
increased with the basicity of the nucleophile and its concentration.

The reactions of 1,3-dihalopropynes (11) with nucleophiles, amines and
thiols have been siudied®. Heterocyclic thiols are used as potassium saits
in aqueous methanol.

Hal'C=CHCH,Hal*+RS~ ——— Hal'C=CCH,SR
an

(Hal' = C|, Hal* = I(a); Hal' = Hal* = I(b) or Br)

The reactions of 11a or 11b with other thiols RSH (R = ethyl, i-butyl,
phenyl, or benzyl), in the presence of potassium hydroxide, however,
gave deiodination and the corresponding dialkyl, diphenyi or dibenzyi
disulphide, which could in most cases be isolated quantitatively,

IC=CCH,I+PhCH,S~+PhCH,SH ———— HC=CCH,I+(PhCH,S),+1-

The only thiols forming iodoacetylenic sulphides were heterocyclic thiols
having a tautomeric thiolactam structure.

b. Alkene derivatives. Substitution reactions of nucleophiles with
ethylenic substrates have been recently reviewed, and the similarity with
aromatic nucleophilic substitution emphasized. The possible mechanisms

of these reactions have been discussed9. 50,

A simple example of substitution in a vinyl halide is the preparation of
thiol derivatives of 1-cyclohexene from the thiol and sodamide in THF
with chloro-1-cyclohexene (12)5t,

l/\rCl (\rSR o
I +sk — \/I +

a2

Vinyl bromides react with copper(l) thiolates, both aliphatic and
arematic, to give vinyl sulphides. Viny! bromides studied include g-
bromostyrene and 1-bromo-2-methyl-1-propene. This method of synthesis
of thioethers is claimed to be superior to that using sodium thiolates and
most other reported methods®. 1,2-Dibromoethylene gives a mixture of
cis (18%) and trans (42%) 1,2-diphenylthioethylene with copper(i) benzene-
thiolate, but with copper(f) ethanethiolate ethylthioacetylene is formed
with the elimination of hydrogen bromide®,

BrHC=CHBr+CuSEt ————> HC=CSFt+HBr4CuBr
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When substitution occurs in an ethylene derivative, it is of interest to
observe whether the original configuration is retained. Several reactions
of ethylene compounds where configuration is retained have been examined.

e~ Tl
Some a aré Snowii OCIOW.

~unna f e i

aiCH=CHCO,Ei+EtS- ——> ESCH

CO,Et * (Hai= Ci, Br, )
R'(R*S)C=CR'(0SO,R*)+R*SH ———» R'(R*S)C=CR'(SRY+R’SOH %

In the former reaction, mixtures of isomers are formed when the ethoxide
ionis used as a nucleopmle. In the latter reaction, when a thiolate instead
of a thioi is used as the nucleophile, the electropositive carbon of the

trinitrobenzene residue is attacked forming a sulphide and ketone™,

+p-CIC,H,SR

Ph(p-CIC,H,8)C=C(Ph)OSO,R+p-CIC;H,S~ — 5 Ph(p-CIC,;H,S)CHCOPh

(R= 21416‘(N02)300H2)
In some reactions such as
(PhSO,)HC=CFH+PhS~ ———— (PhSO,)HC=C(SPh)H+F~

the trans reactant gives the trans product, but the cis reactant gives cis and
trans products in a 3 : 1 ratio®,

When several halides are present, as in trifluorochloroethylene, replace-
ment of a fiuorine with a thiolate occurs:

CF,=CFCI+PhSNa ——— (PhS)CF=CFCI+NaF

Butanethiol reacts similarly with CF,=CFHal (Hal = Cl, Br), and
CF,=CCl, forming BuSCF=CFHal and BuSCF=CCl, respectively®, In
the compound AcNHCH=CCI, the butanethiolate ion can replace one
of the chlorine atoms or add across the double bond, forming
AcNHCH=CCI(SBu) and AcNHCH(SBu)CHCI, respectively®.

Other interesting examples of this type of reaction include that of
hexachlorofulvene {13) with p-MeCgH, S~ in the presence of triethyi-
amine’.

SR
o RS
cl¢” el RSt C'AC' R = p-MeC.H,
c ¢l

(13)

Various acrylonitrile derivatives have been examined. The configuration
is retained in the reaction of 3-halomethacrylonitriles with sodium



734 Michael E. Peach
S P R [ LS R LN L SR T DU SO 1.
1HO1a1ey, anld al auuiuon—cCHuIiminauon mecianisii iIs pIOpOSCu‘"’

(5
3,3-Di(thiophenyl)acrylonitriles can be prepared in the reaction
Cl,C=CR(CN)+2 Ph§~ ———> (PhS),C=CR(CN) (R = H, Me, CN, Ph)

When R = Cl, the product is mainly (PhS),C=C(CI)CN, together with
trace amounts of (PhS),C=C(SPh)CN. Displacement of the «-Cl is
anion, increased positive charge on the a-carbon atom (14) and stabiliza-
tion of the intermediate (15) by the benzenethiol group®. Reactions of

PhS Cl PhS\ /,C‘
N_ & P, —t—C—sPh
K £
PhS" CN PhS CN
1 (15)

other acrylic acid derivatives with thiolates can give nucleophilic replace-
ment, or the thiol can be oxidized to the disuiphide®.

MeC(R)=CBrCO,Et+PhSNa ———> MeC(R)=C(SPh)CO,Et
(R = EtS, {-BuS, PhS, Et0)

MeC(SEt)=CBrCO,Et+EtS~[EtSH ———— MeC(SEt)=CHCO,Et+EtSSEt+Br~

The rate constants for the addition of butanethiol to ethyl acrylate have
hann mananrad hy indamatey Avar o wwida Il somnan Dalaw. ~IT A 26 3o
OCCII MICASUICh Oy iCOsMCTy OVer a Wile pPix Tafnge. olidw pPra & it is
assumed that the reaction is initiated by the neutral molecule, but at
pH>7 the anion BuS— started the reaction®.

Cyclization occurs when dichloro- and dibromo-maleic acids react with

thiols in the presence of triethylamine forming 2-halo-3-mercaptomale-
aldehydic (16) derivatives®, e.g.

EtS Cl

H } —
I + EtS ——»Ho,ko)=o

(16)

¢. Imine derivatives. Displacements in compounds having C=N bonds
have been observed. One of the simplest types of reaction is that of
CICH,CNO, which can be converted into o-(thiocyanomethyithio)-
benzamide, an antibacterial, by refluxing with the sodium salt of
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o-mercapto-benzamide®. Iminoboranes react with thiols forming alkylthio
iminoboranes®,

CI,C(Br)C=NBMeBr+RSH — > CI,CC(SR)=NH-BMeBr,
!
Et,N

¥
CI,CCSR+Br,(Me)B- NEt,
I
NH

The bromine on the boron may react further

CI,CC(SPh)=NH-BMeBr,+PhSH — s CI,CC(SPh)=N(H)-BMeBr(SPh)

l Distillation, —HBr

‘L as

Ci,CC(SPhj=N—B{Me}SPh

Similar reactions are observed with 1,1-dibromo-4-(p-nitrophenyl)- and
-(p-chlorophenyl)-2,3-diazabuta-2,3-dienes and aliphatic or aromatic
thiols, resulting from the thiolysis of one or two bromine atoms®,
p-0,NC,H,CH=N—N=CBr,
NE¢.

+p-CIC,H,SH é—‘ﬁ:> p-O,NCH,CH=N—N=CBr(SC,H,Cl-p)
6

B. Aromatic Substitution
I. Introduction
Aromatic nucleophilic substitution with a thiolate anion can be

2. o
ICTPICSCIIICU ad

ArX+RS~™ —— ArSR+X~

where X~ is usually a stable ion, such as a halide. When more groups or
atoms that may be replaced are present initially multiple substitution can
occur. Nucleophilic aromatic substitution is usually discussed in the
annual volumes of Organic Reaction Mechanisms. Reviews of aromatic
nucleophilic substitution usually mention inter alia the thiolate as a

nuclegnhile One review has heen devoted to the hehavigur of sulnhor
nuc:ieopnne. Uné réview nas odn GEVOLICG 10 e penaviour oi suipaur

reagents in nucleophilic aromatic substitution®, and also discusses
substitution in benzenethiazoles. A book has also been published on
nucleophilic substitution®,

While the reactions of the corresponding oxygen-containing nucleophiles
have been studied in considerable detail, there is a relative paucity of data
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on the thiolates as nucleophiles in aromatic substitution. Few kinetic data
are available. Any data show that the RS~ is a better nucleophile than its
oxygen analogues, although this has been questioned®”.

The reactions of various halonitrobenzenes with thiolates have been
studied in more detail. A comprehensive review of the activating effects
of the nitro group in aromatic substitution® covers the literature up to the
middle of 1967. This review discusses primarily the displacement of
halogen, although displacement of other groups such as hydrogen, nitro,
alkoxy, aryloxy, and sulphonate are also considered. The relative rates of

the reacuon of 1-X-2,4-dinitrobenzenes with piperidine in MeOH at 0°C
n the s F>NO,>080,C, sH,CHy-p> SOCH ~Br~Cl>-
S02C6 ~OC H4N02 -p>1. A sumlar sort of series can be expected
when the thiolate anion is used as a nucleophile. The reaction of nitro
compounds with nucleophiles occurs primarily via an addition~

elimination mechanism, involving a Meisenheimer complex.

RS F RS
NNOZ K\/NO2 A~ -NO:
RS~ + I + F
A

NOu NO, NO,

a a - hamiatew ~f ¢l
Obvious variables in such a reaction are the stereochemistry of t

group, the stability of the intermediate Meisenheimer complex, and the
effect of the leaving group. A thermochemical approach concluded that
the decomposition of the Meisenheimer complex was rate determining™,
however, this is not in accord with the leaving group lability”. As cleavage
of the carbon—{fiuorine bond is acid catalysed, it has been concluded that
the rate-determining step is the formation of the Meisenheimer complex
rather than its decomposition™. Substitution of 2,4-dinitrochlorobenzene
with  2,3,5,6-teirafluorobenzene thiolate gives replacement of the
chlorine™. A detailed discussion of the thermodynamics of the reaction
of MeS— and PhS— with 1-X-2,4-dinitrobenzene has been reported“s- 70,
The nucleophilic activity is PhS—>MeS~ for the reaction with
1-iodo-2,4-dinitrobenzene, but MeS—>PhS~ for p-fluoronitrobenzene®.
Data on the reaction of substituted halogenobenzothiazoles show that

there are appreciable steric effects in the cases of « branchmg (methyl>

ethyl>1-propyl>t-butyl), whereas B and w branching do not cause any
steric effect and influence the reaction rates only slightly because of their
typical electronic effects®”. The mobility of the leaving halogen, derived
from kinetic data with various halogenonitrobenzenes, is F > Cl> Br>I1%.

The intermediate Meisenheimer compiexes have been reviewed? %6, and

he 611‘(61‘i1‘1
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the work of Crampton is important in this area” 77, Further reference
chnn'lrl he mnr‘n to Hfux nl«nnfnr in H'ne book ku M B Cramnta

be mad: M. R. Crampton.

When substitution occurs in polyhalogenated aromatic compounds,
such as the pentafluorobenzene derivatives, C;F;X, the extent of the
replacement of F or X by the nucleophile and the product orientation
must be determined.

A detailed study of the orientation and reactivity in the nucleophilic
replacement reactions of aromatic polyhalo-compounds has been
published®. This involves study of the stability of the Wheland type
iniermediaies (17, 18) where Nu is a nucieophiie. The formation of mera

r r
an (18)

products with a nucleophile may be rationalized by the scheme involving a
carbene intermediate8!,

Me vie
@ + Nim ——> | Nu
H

! e
l—cr

v

Me

Most activatine groups cause primarily para substitution but some ortho

ating ups cause prima.

substitution may occur. Deactivating groups, such as NH,, O , or S~ will
cause meta substitution®, The solvent plays an important role in deter-
mining the relative amounts of ortho and para substitution. Solvents with
dielectric constant lower than about 30 cause some ortho substitution,
whereas soivenis of dieleciric constant greater than 30 cause aimost
exclusive para substitution. This has been attributed to increasing ionic
dissociation of the nucleophlle in the hlgher dielectric constant solvents®? 8,

Plcauulaux_y lllC lUlJ.l_lduUll Ul meta auubuluuuu plUuUblb lll bUlVUllLS U
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low dielectric constant does not involve the formation of the thiolate
anion as an active entity.

Thiolates can also cause dehalogenation of various halogen compounds,
such as 2-bromo-3-nitro-thiophene® and 2- and 4-halo-i-naphthols®.

2. Substitution in hexahalobenzenes
Pentafluoro- and pentachloro-benzenethiols can readily be prepared by

the reaction of a hvrlrngnn nnlnh-r{e anion, SH—, with hexafluoro- and

hexachlorobenzene respectively® 8. No dithiols can be produced in this
reaction. Due to the basic medium employed the thiol formed will be
present as its thiolate anion, which is not readily attacked further
nucleophilically. Using hexafluorobenzene and excess hydrogen sulphide
perfiuoropoiy(phenyiene suiphide) may be isolated®. When the hydrogen
sulphide anion is replaced by a thiolate as a nucleophile, multiple replace-
ment of fluorine or chlorine can occur. The products of these reactions
can be summarized:

C.Hal,(SR), (20)
C.Hal,(SR), (21)
C.Hal,(SR), (22)
C.Hal(SR), (23)

CasRi (24

The reaction of hexafluorobenzene with various nucleophiles (R = Me?#,
Et%, Ph8.%, p-HC4F, %, p-NH,C,F, ™) in ethylene glycol and/or pyndme
as a soivent has been studied. The products obtained are 19, 20 and 22.
The compounds 21, 23 and 24 have not been isolated, but 21 must be
present as intermediate in the conversion of 20 to 22. The orientation of the
products has been deduced from 'H and °F n.m.1. spectra®”, or chemical
oxidation and Raney nickel degradations™. The compound 20 has the two
RS groups para, whereas the compounds CzFy(SMe),, CyF,(SEt),,
CoFy(SMe)y(SPh),, and CyFy(SPh), have the two fluorines para™™.
When 2-mercaptoethanol was used as a nucleophile, the sulphur atom
rather than the oxygen acted as the nucleophile and 1,2,4,5-tetrafluoro-
3,5-bis-2-hydroxyethylthiobenzene was isolated®s,

This work has also been extended to decafluorobiphenyl where each ring
is substituted once or three times:

CoF;CeF;+SR™ > RSC4F,C,F,SR (25)
R\ C FC F/Sm) 98\
AT 6T 46 A\ IV 3 &)
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The predominant product is 25 when R = Et or Ph, but when R = Me, the

mono- and tri-substituted products are formed. The orientation of 25 is

P-(RS)C,F,CeF4(SR)-p* and that of 26 is probably®”

MeS\ F  MeS F

MeSMSMe
) D

SMe F SMe

Substitution of hexachlorobenzene with various nucleophiles has also
been studied #%%, No monosubstituted products were isolated.

C4Cly+SR™ ————> p-(RS),C,Cl,+p-CL,C4(SR),
The orientation of the disubstituted product has been deduced by aiternate
synthesis, whereas that of p-Cl,C4(SR), has only been derived intuitively®®.

Attempts to use the C4Cl;S~ anion as a nucleophile to form the sulphide

(CeCly)sS have faileds,

The obvious extension of this work to hexabromobenzene has been
investigated, where it is found that the SMe~ anion will not react?. Study of
the reactions of other nnt‘lpnnhllpc with hexabromobenzene leads to
photodebromination and some nucleophlhc substitution®®. Pentabromo-
benzenethiol has recently been prepared from the pentabromophenyl
Grignard reagent and sulphur?l.

A somewhat analogous system is pentafluoropyridine where substitution
with hydrogen suiphide anion, or benzenethiolate, occurs para to the
nitrogen. The thiol formed reacts with pentafluoropyridine to give the
corresponding sulphide33 92 2,3,5,6- Tetrachloropyridine thiol is prepared

muumuy uulu pcutauuunup_yumuc auu the uyulugcll bulpmuc dlllOll lIl

ethylene glycol®.

3. Substitution in mixed hexahalobenzenes

For the series of monosubstituted halopentafluorobenzenes such as
CgFsHal, it is of interest to observe which halogen is replaced initially.

Bis(pentafluorophenyl)sulphide, (CzF;),S, may be prepared from
bromopentafluorobenzene and copper(i) pentafluorobenzenethiolate in
DMF %. The use of the copper salt eliminates the need to generate the
pentafluorobenzenethiolate anion, C;F;S—, in basic solution. The copper-
assisted nucleophilic displacement reactions of halopentaﬁuorobenzenes
have been studied®. The reaction of CuSBu with CgF;Br gave two
products

C,F,;Br+CuSBu ———> C,F,SBu+BuSC.F,H
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The ratio of the products depended on the solvent employed. In DMF
product 27 was formed exclusively, whereas product 28 involving halogen
reduction was formed in various solvents in the presence of thiourea,
although thiourea alone does not react with bromopentafiuorobenzene. In
similar experiments using chloropentafluorobenzene no reaction occurred in
the absence of thiourea, but when it was added exclusive fluorine replace-
ment OCCUffEu Wll.IlUuI cmonne reuucnon Wl[Il 1oaopenta_nuoror)enzene
and copper(l) benzenethiolate and urea, rapid reduction of the iodine
occurred together with multiple fluorine replacement resulting in the
formation of 2,4-difluoro-1,3,5-tris(phenylthio)benzene; pentafluoro-
benzene gave essentially the same products under the same conditions.
The formation of product 27 without further substitution suggests that
species such as C F‘ (Br)(SBu) may be ligated to the copper. A reaction
scheme has been postulated mvolvmg the participation of the solvent, and
the thiolate anion acting as a reducing agent,

CuSR-+nL

Y
[CuSRLA] -SF8L ¢ F SR4+[CuHalLa]

Adienl 3+ N [T To TN |
T Gispiacement ———— ROUF A+ [Culs]

reduction of Hal

tion of tetrafluorophthalonitrile (29) with the
benzenethiolate anion gives replacement of two or four fluorine atoms, but
not the nitrile groups.

SPh
. phs._A__cN  phs__A__cN
F SPh

(29)

x 7 atrncnhotiéirtad manda £
In solvent water the tetrasubstituted product is formed, but in methanol

the ratio of disubstituted to tetrasubstituted is about 8 : 1 %. The formation
of 4- and 5-disubstitution product rather than the anticipated 3- and 6- is

similar to that observed in analogous reactions, and may be due to the
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formation of a more stable para than ortho intermediate (30). The
orientation of the product has been deduced from its 1°F n.m.r. spectrum.

The reactions of various fluorobenzenes with thiolate anions have been
investigated in ethylene glycol/pyridine mixtures. The results are shown

below using the methanethiolatc anion as a nucleophile?,

F ;.".
F( H —— MeS( >H + MeS( )H
MeS
5,—\5 F/;:t' Fr,:t'
F<U>H — MeS<U>H + MeS@H
F F F F MeS F
H F H_F H_F

FF FF F SMe
F_F MeS _ SMe
(O — WO
FF F F
H_F H_F

s

Q

I I
m m
T T
-

@
|
@

\—=—/
SMe

-
m
m

Product orientations have been deduced from *H and °F n.m.r. No
reaction occurred with any diflucrobenzene or fluorobenzene. Under

these conditions the maximum substitution observed requires there to be
two fluorine atoms still in the nucleus. Changing the solvents it is possible
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to replace the fluorine in fluorobenzene or bromine in bromobenzene by a
thiolate group, for example in HMPA/THF soivent mixtures using
EtSNa, BuSNa or PhSNa in the presence of NaNH,, the sulphides
CsH;SR are formed®-1%. An ideal solvent was found to be HMPA-THF
in the ratio 1: 5%, Similar reactions involving replacement of one or two
aromatic halogens with potassium benzenethiolate or potassium thio-
resorcinolate have been observed in pyrrolidine as solventlot,

Reaction of pentafluorobenzene with copper(r) benzencthiolate gives

2,4-difluoro-1,3,5-tris(phenylthio)benzene. This orientation is not in-
consistent with the ®F n.m.r.%. The fluorine para to the hydrogen in
pentafluorobenzene has been replaced by a variety of nucleophiles, such
as p-HCgF,S~ forming p-HC,F,SC,F,H-p™

No thiolate substitution of p-dichlorobenzene, 1,2,4,5-tetrachloro-
benzene, or pentachlorophenylanisole in alcohol was observed®®
Substitution of 2,3,4- and 2,4,5-trichlorobenzonitrile, 2,3-, 2,5- and 3-4-
dichlorobenzonitrile and o- and p-chiorobenzonitriles with sodium
hydrogen sulphide in liquid ammonia afforded the cyanothiophenols.
Preferential replacement of the p-Cl was observed. Meta-chlorobenzo-
nitrile did not undergo nucleophilic substitution under these conditions,
but was rather hydrolysed by the water present in the NaSH 102,

In the naphthalene derivatives 1-fluoro- and 1-bromo-naphthalenes and

2-fluoro- and 2-bromo-naphthalenes reacted with n-butancthiolate in

DMSO to give good yields of n-butyl 1-naphthyl sulphide and n-butyl
2-naphthyl sulphide respectively. #-Butanethiolate reacted similarly103,

5. Substitution in miscellaneous polyhalogenated aromatics

The reaction of nitro and amino fluorobromobenzenes of the type
o-XC6F4Br and p-XCF,Br where X = NO, or NH, with the pentafluoro
benzenethioiate anion, in its copper(i) salt, resulted in the replacement of
the bromine®?, The pentafluorobenzenethiolate anion or the anion of
2,3,5,6-tetrafluoro-4-mercaptopyridine, replaced the fluorine ortho or
para to the nitro group in nitropentafiuorobenzene. Para substitution only
occurred in solvents of high dielectric constant, such as DMF and
acetonitrile, whereas in solvents of low dielectric constant, such as ether,
mixed replacement of ortho- and para-fluorine was observeds® 82, increasing
ionization of the thiol is postulated to cause predominantly para
substitution.

6. Substitution in monohalogenated benzene derivatives
This section includes compounds such as 1-fluore-2-nitrobenzene, where

the fluorine atom is activated by the nitro group. The reactions of halo-
nitrobenzenes with thiolate nucieophiles have been reviewed®®. The
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fluorine atom may easily be repiaced in i-fluoro-2-nitrobenzene by
2,3,5,6-tetrafluorobenzenethiolate forming o-nitrophenyl-2,3,5,6-tetra-
fluorophenyl sulphide, but polymerization of the pentafluorobenzene-
thiolate amion occurred when it was employed as the nucleophijei®s.
Replacement of halogen in the cyclic derivatives such as 1- and -2-fluoro-
and -chloro-anthraquinones'®, and various halo-1,2,3-benzothiazoles!%,

is alsc observed.

Considerable use has been made of the copper(i) benzenethiolate and
butanethiolate in the preparation of thioethers. A large series of com-
pounds of general formula (RS) X, n>1 R =Ph or By, and X is an
aryl group, have been prepared from the copper(f) thiolates and aryl
halides (aryl bromides only reacted with the butanethiolate)? 107,

7. Substitution in heterocyclic compounds

This type of reaction is essentially similar to that of replacement of an
aromatic hanugcu Dya thiolate group. nauogcn compounus studied inciude
3,4-dimethyl-5-bromo-2(N,N-dimethylaminomethylene)-2H-pyrrolel® and
chlorofuro-[2,3-d]pyridazines!®®. Copper(i) alkylthiolates have been used

a x7e thi o 2N )
to form thiocthers with 2-bromothiophene, 2-bromop

bromofuroic acid, the latter with concomitant decarboxylation®2,

The rate and activation parameters have been determined for the reaction
of potassium methanethiolate with various 2-flucro- and bromeo-pyridines

bromo-pyridines.
Although an ortho-methyl group did not activate the 2- position in
2-bromo- or 2-fluoro-pyridine towards attack by the methanethiolate
ion, deactivation of the ortho rather than the para position was observed.
At 110°C for the bromo-compounds K -Me: K,-Me =39, while
KyBr: K,-Br = 2-2. The resuits have been compared with those obtained
using methoxide and benzenethiolate anions in methanol. The relative
rates observed in HMPA are the same as those in methanol®, Thio-
phenol reacts faster than its anion with a bromopyridine, in methanol,
due to a rapid acid-base pre-equilibrium in which the pyridine is
protonated. An 0-MeO substituent acoelerates the replacement of Br,
and a small increase is also noted on going from MeQH to DMSQO as

all increase is also noted on going from MeQOH to DMSO

3 A )
Tigine ana 2~

solvent!,
In 2,3-dibromo-5-nitrothiophenes (31) the 2-bromo group is replaced by
the benzenethiolate an

O,N” ~s7 "Br O,N" ~s” 'SPh
an
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The meta methy! group increases the reactivity towards nucieophiies of the

2-bromine by increasing the Reinheimer and Bunnett effect of the 3-
bromine on the activated 2-bromine!'2.

Nnr]mnh-lm substitution of 2-Ch1010-4,5-uwuwynupymuuuw-o-Luazme
with sodlum methanethiolate in methanol gave prometryne (32) in 90%
yield. The reaction is second order and the activation energies were 20-26
and 27-24 kcal/mole in i-propanol and methanol respectively!1s 114

SMe
NAN

J
MezHCHN)%N/l\

(32)

NHCMe,

8. Substitution of groups other than halogen

The raie consiants for the replacement of various groups X in p-
XC3H,SO,CF; by NaSPh in methanol decreased in the order

X = 80,CH; > NO, > F > Cl15,

The element effect of atoms or groups increased with increasing activation
and polarizability of the aromatic system.

Nitro groups in heterocyclic compounds can be replaced by thiolate
groups. S5-Phenyimercapto-2-furaidehyde is obtained from S5-nitro-2-
furaldehyde and benzenethlolate Thlolates will not_ however react with

replaced by a benzenethiolate group, but rearrangement occurs and
phenyl-2-(4-nitrothienyl) sulphide is formed!’. Sodium benzenethiolate
or benzeneselenate gives replacement of either one but not both of the

nitro groups in 2,3-dinitrothiophene!8,

Displacement of a thiolate group occurs in 2-methylthio-and 2- -ethylthio-
4{1(3)H] pyrimidines at the 2 position in greater than 70% yield, using a

thiol in basic solution. A 5-halo and 6-amino substituent hindered the

reaction but a 1-methyl or 6-hydroxy group facilitated it by influencing
the tautomerism1i®,

C. Dealkylation Reactions
A dealkylation reaction can be defined as the removal of an alkyi group,
and its subsequent replacement by hydrogen, or the removal of an alkyl

group from an ammonium salt with the formation of an amine, e.g.

rgNMe,u +PhS§~Na* ——— R,NMe (reference 120)
""""sc-"'nn{‘H AMed-+HSR — > p-CHCH,OCH,SR (reference i21)
Et,MeN(CH,)gNMeEt,Z I-4+PhSH ———— PhSMe (reference 121)
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The method can be used preparatively. Other examples include the

selective demethylation of triethylmethylammonium chloride with sedium
benzenethiolate!®?. A somewhat analogous reaction is observed in the
reaction of alkoxytri(dimethylamine)phosphonium chloride (33) with
thiolates forming a phosphine oxide and sulphide,

PhCH,OP *(NMe,),Cl~ +PhSH(Et,N) —*C 5 OP(NMe,),+PhCH,SPh

(33) +Et,;NH*CI~

The method is not restricted to group V derivatives and can easily be
applied to oxygen esters and ethers. The use of various nucleophiles in

o o124 in tage of this
this type of reaction has been discussed'®. The main advantage of this

technique for the demethylation of ethers with ethanethiolate in a solvent
such as DMF is that a relatively low temperature is required and the
group R may be acid sensitivel24-126_

mOMe _sme h\rOH
*~ *

R

The thiolate is generated in situ from sodium hydride and the
corresponding thiol'®. Aryl methyl ethers with strong electron-withdraw-
ing substituents (G) require miider conditions for cieaving the ether linkage,
but these compounds are also likely to suffer substitution of the aromatic
carbon with strong carbon nucleophiles!?.

G\ G\A G\ -
v O — Oy — L +weo
X" SoMe X 0Me XNy

Using methyl ethers of di- and tri-hydric phenols, selective mono-
demethyiation occurs, e.g. resorcinoi monomethyi ether is obtained from
resorcinol dimethyl ether and sodium ethanethiolate in DMF. An exception
is pyrogallol trimethyl ether which afforded pyrogallol 1-monomethyl
ether in lugu ylmu"‘. Lvncux_yu:uc cmers, such as luct.u‘y‘lf:ﬁf‘:u.iﬁ?i}’ueﬁzeﬁe,
can be quantitatively converted to catechol, via the intermediate formation
of ethyl o-hydroxyphenoxymethyl sulphide!?,

Thi atha, athana alata . avia o -125 Tha
This method, using cthanethiclate, has been extended to The

cleavage of methyl esters by lithium propanethiolate in H A an Sy2
reaction, has been reported. The lithium salt reacts very much faster than
the cndmm salt1?8. The benzenethiolate and propanethiolate anions have
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also been used in the conversion of esters to the corresponding acid or its
sodium salt1?®130 Examples include the conversion of p-anisate into
p-hydroxybenzoic acid and methyl p-chlorophenoxyacetate to p-chloro-
phenol'?, The latter is an example of the cleavage of an aryloxyacetate.
However hydrolysis of p-nitrophenylacetate with both simple and
polyfunctional thiols proceeds at a rate dependent upon the thiolate ion
concentration. The initial products are p-nitrophenol and the thiol ester.
Thermodynamic parameters E,, AH*, AF* and AS* have been found to
be 80, 7-4, 167 kca]/mole and —30-7 e.u. respectively for the reaction

of o 29-6°C) 131,
U1 \.«_yawuw with p-luu upucllyld(.cldw (47 A )

forming 1,3-dithiolanes (34),

The two methoxy groups in amide acetals can be replaced by a

S
RC(OMe),;NMe, + HSCH,CH,SH ——> [T\ NMe,

Repiacement of only one methoxy group is found in the reaction of

DMF-dimethyl sulphate mixture (presumably forming HC(OMe),NMe,)
with sodium ethanethiolate,

HC(OMe),NMe,+EtS~ ———> Me,NCH(OMe)SEt+OMe~

but thiols themselves displace both methoxy groups!®2, Other formamide
mercaptals have also been used to form amide mercaptals, where

R,N = piperidine and R! = Me, CH, 4, C,H,; and PhCH, 133,
R,NCH(OMe),+R'SH ———— R,NCH(SR'),

An interesting extension of this type of reaction is the transalkylation
reaction between 2-alkoxy-1-methylbenzimidazole (35) and benzenethiol.
The kinetics of this reaction indicate a rapid acid-base equilibrium,
followed by an Sy2 attack at the ether saturated carbon by the PhS—
ion?3,

ma at analogous reaction is o
A somewhat analogous reaction is o

anhydride, acetic formic anhydride, with thiophenol in pyridine, where
939 of the thioformate, HCOSPh, and 7% of the thioacetate, MeCOSPh,

are formed135,

od in the reaction of the ad
vvu 1l tic read il O1 uic uuA\,u

L
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P\Ille h|ﬂe
N N
ﬁ X—OR + PhSH T——> ﬁr c—OR + Phs~ T—>
S - QAN
H*
\va)
h'!!e
/\\KN\‘
u C=0 + PhsR

N
H

The thiolate anion acts both as a dealkylating agent and a reducing
agent with p-CH,=CHOCH,NO,. The yields of the various products

PR R

are Snowil.
!r 0% BuSC,H,N(O)=NCH,SBu-p

% BuSC;H,N=NC;H,SBu-p
lzs/, p-CH,=CHOC,H,N(O)=NC,H,0CH=CH,-p

NaSBu
abs. BtOH

p-CH,=CHOCH,NO, ———

When this reaction was studied under electrophilic conditions with the
thiol in Et,0/SO; or in a sealed tube with a free radical initiator, different
reactions ensued, including addition across the C=C bond13¢,

D. Reactions with Main Group Elements
1. Introduction

Thiols and thio-B-diketone derivatives of the elements have been
reviewed, and compared with the alkoxides!¥”. The alkali and alkaline
earth metal salts of the thiols are probably ionic and can be prepared in
numerous ways. In the aqueous puase, the excess water is removed Dy
azeotropic distillation with toluene'®®1%  Alternatively using other
solvents, salts or solvated salts can be isolated>4%14 The crystal
structureg nf ﬂ—m alkali mph\l f'lnn'lafnc MSMe {h/f =1i i, Na. K\, have been

hiolates, MSMe Na, K}, have been
reported and are of the same type as the correspondmg alkox1des“2.

The thiol derivatives of the other main groups elements are often
prepared from their halides using the thiol in the presence of a hydrogen
halide acceptor or by using a metal thiolate, such as lead, where R is a
main group element.

RHal+R'SH+Et;N ———— RSR'+Et,;NH*Hal~

2 RHal+Pb(SR'), ——— > 2 RSR'+PbHal,
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2. Group I

Few thiolate derivatives of beryllium are known. Di(z-butylthio)tri-
beryllium tetra-z-butoxide, (z-BuS),Be,(OBu-?),, has been obtained from
dichlorotriberyllium tetra-#-butoxide, ClyBe,(OBu-f),, and lithium butane-
thiolatel®d, Other bery}hum thiolates are ylvyau-d oY reaction of a thiol
with dialkylberyllium or dialkyneberyllium and do not involve a thiolate
anion as an intermediate!* 145, Various other compounds such as thio-
magnesium alkyls!* and dimethyl(methylthio)aluminum!®? are obtained

analogous]y.

3. Boron

Reviews have been published about the problems and results of boron-
sulphur chemistry™8, and organic boron-sulphur compounds4®. The
trialkylthio- or arylthioboranes can readily be prepared from boron

trihalide and a metal thiclate:

In the latter reaction the mixed products Hal,B(SCFy), , (x=1, 2'
Hal = (‘l Rr\ can also be isolated, Mixed nn,lgln;hl«.nknm.mc anch

bis(ethylthlo)phenylborane may be prepared analogously from dlCthI‘O-
phenyiborane and lead ethanethiolate®l, or using the thiol in the presence
of triethylamine!52:

+
BrBMe,+ HSPh+NEt, ——— PhSBMe,+E(,NHBi~ (reference i52)

Interesting new compounds of the type M{RS(BH,),] have recently been
reported to be formed in the reaction of a metal thiolate with diborane in
THF. The compound K[EtS(BH,),] has been isolated and some of its
reactions studied®,

4. Group IV

The reactions of thiolates with various carbon compounds are discussed
elsewhere in this chapter.

Thiol derivatives of silicon, germanium, tin and lead can readily be
prepared from a halide, usually chloride, and a thiol in the presence of a
hydrogen halide acceptor or a metal thiolate, Various illustrative examys

OusS Lausirauve ‘.Anulijo
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are shown below:

H,SiBr+NaSMe ———> MeSSiH,+H,Si+solids

H,MI+NaSPh ——— H,MSPh+Nal (M = Si, Ge)
(references 155, 156)
Pb(p-SC,F,CcF,S-p)+Ph;MCl ——> p-Ph,MSC,F,C,F,SMPh,-p (M = Sn, Pb)
(reference 157)
Ph,MHal+C4F,SH+Py —— Ph,MSC,F,+PyH*CI-
(reference 158)
GeCl,+4 RSH+4 NH, ———> Ge(SR),+4 NH,Cl} (reference 159)
(Ar0)nSiCl_n+Ar'SH+Ei;N ————> (Ar0),Si(SAr"),_, (reference 160)
Thiols can displace ammonia from silizanes?.
(Me,Si),NH+2 C(F,SH —— 2 Me,SiSC,F,+NH,

The silicon analogue of the methanethiolate and methaneselenate
anions, HySiS™ and HySiSe™, are formed in the reaction of trisilylamine
and hydrogen sulphide or selenide,

(SiH)N+H,Y ———— (H,Si),Y+NH}(YSiH,)~ (Y = S,Se)

i}

4 Me;NH(HS)+3 SiHyBr — > 3 Me,NHBr+(SiH,),S+2 H,S+Me,;NH(SSiH,)

The salts of the anion HySiS— are stable at room temperature'6l, Similar
anions Ph;MS— (M = Ge, Sn, Pb), presumably pregsent in the lithium

derivatives PhyMSLi, are well characterlzed and have been used in the
synthesis of unsymmetricai suiphidesi®2,

Ph;MSLi+Ph;M'Cl —— Ph;MSM'Ph; (M and M' = Ge, Sn, Pb)

The derivatives such as Et,Sn(SNa), can be prepared from Et,SnCl, and

Nais and react with chloro compounds to give the M"respondms

organotin thiol derivative!®3,
Et,Sn(SNa),+2 BzC| ———— Et,Sn(SBz),+2 NaCl

The compound (RSCH,),Sn(SR), can be obtained by replacement of
bromine bonded to carbon and tin in (BrCH,),SnBr, by its reaction with
the sodium thiolate RSNa 23,
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5. Group V

The thioi-substituted amines such as sulphenamides and iris-
(alkanesulphenyl) amines are often prepared from sulphenyl chlorides and
ammonia'® 1% and never from nitrogen trichloride and a thiolate anion

PR N e N Al adss ol Ai_
U1l 4 ulvl. \/lllUldllullcb lcd\.l. Wll.ll \.lllUlD lU plvuu\.\, a_yuuu\,uu.ul Gi
sulphides!®s.

Me,NCI+2 PhSH ————> PhSSPh+Me,NH,ClI

However methyl -N-chlorobenzimidate (36) and benzenethiol form

...........................

N- UCllLU_)’lIJEllLClleulPuClldulluC \Jl) The reaction may proceca uuvusu

the formation of the unknown PhCON==SHPh as an intermediate!®’,

PhC(OMe)=NCl+PhSH ———> PhCONH(SPh)+MeCl
36) @

The kinetics of the reaction of diazonium ions XC¢H, N7 with benzene-
thiolate anions show that initially the syn-diazo thioether is formed rapidly,
which is followed by the slower syn-anti isomerism. Only in the cases of
p-nitro- and p-cyano-benzenediazonium ions is it possible to distinguish
between the first and second reaciions. Using benzenediazonium ion and
the p-Me- and p-OCHj,-substituted ions with benzenethiolate, first-order
kinetics were observed over the entire range of the reaction. It is postulated
that there the rate-determining step is formation of the syn-diazothioether,
followed by its rapid isomerization to the anti-diazothioether!®s.

The simple alkyl and aryl-thio phosphorus derivatives, (RS);P, (RS);PO

and {Ps)apq can rpgdﬂv bhe nrpnqrpd from nhnahhnrna trichloride (nr
phosphorus pentachlonde), phosphoryl chlorlde or thlophosphoryl
chloride, and the corresponding lead thiolate'® 140:16% partially substituted
compounds, such as CLLP(SCFy);__, are sometimes formed!?. Substituted
derivatives R,P(SRY) and RP(SRY), can be prepared from the correspond-
ing halide and iead thiolate’ %3 Various mixed fluorophosphoranes,
such as MePF,(SEt),, can be prepared from MePF, and ethanethiol or
its sodium salt172,

p-Nitrophenyl methylphosphonic acid (38) reacts with thiolate nucleo-
philes leading to the formation of thiophosphonic esters (39), although the

pH ~11

MeP(0)(OCH,NO,-p)0O~+RS~ > MeP(0)(SR)O - +p-0,NCH,0-

(38) (39)

formation of some disulphide complicates the reaction!”. Thiophosphites

are also formed in the reaction of sodium thiolates or thiol/triethylamine

with acetyl phosphitel?d,
witi acely: pnospnite
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Reactions involving fracture of P—O or P—N bonds and displace-
et O WA A T ONT o St 1 AA 11 1_ . 4o
IHCIIL OF LW alll LN ZIoups 111 valious 1,95,£-0X44zZ4apnospnolancs k‘lU}
(R = EtO, Et,N) with thiols in the presence of triethylamine have been
examined'”, Aliphatic thiolates used their sulphur in reaction with 40
ta form S0_ Kn"/ oxaazanhaenhaglane 2_aulnhida (41 wherang

ha;
to form 50-609) oxaazaphospholane 2-sulphide (41), whereas benzene
thiol formed 78 % 2-phenylthio-N-phenyl-1,3,2-oxaazaphospholane (42)
(R!=Ph; R2=H). Similar derivatives (40; R = R3S) are readily

prepared from 40 when R = CI, on treatment with a thiol in the presence

Cl, on tr iol in the presence
of methylammel"'5.
R! R!
N R = NEt, EtO
PR + RISHEN) ——> [ P2 = Me, Ph
REL A/ R‘ko/ SR Ri=H,Me
(40) R = alkyl
i {a1)
, PhSH
v
P
IS
PsPh
R? '\0

2

7
\

The thiolate group may be added to phosphorus acting as a ligand, for

examnple in the preparation of (ethyldimethylthiophosphinite)penta-
example 1n the preparation sphinite)penta-

carbonyl molybdenumm,

hexane

(CIR,PMO(CO), + EtSH — %> (EtSMe,P)(CO);Mo+ELNHCI
The thiol derivatives of arsenic can be prepared by similar methods to
re thiol derivativ arsenic can be prepared by similar methods to

those used for phosphorus!414!, Various mixed derivatives such as
BuPhAsSPr can be prepared from BuPhAsI and PrSNa in absolute
ethanol'”. Displacement of an OFt group may occur in PhAsCI(OEt), but
this reaction may involve rearrangement of an unstable intermediate
PhAs(OEt)SBui™.

+
2 PhAsCI(OEt)+2 BuSH+2 Et,N ——— PhAs(SBu),+PhAs(OEt),+2 Et,NHCI~
Derivatives of heterocyclic arsenic compounds can be prepared, e.g.

%

A T

-2
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when X = O and R = CJ, the reaction with PhSNa gave R = SPh, but
when X =8 the reaction with PhSNa in benzene gave AS(SPh}a, alo‘g

with ethylene arsenite!?.

Derivatives of antimony(tr), Sb(SR),, can be prepared analogously's 141,
or from antimony trichloride and thiols in the presence of ammonial?,
Antimony(v) derivatives have been prepared!®, e.g.

Me,SbCl,+2 MeSH+2 Et;N — =% 5 Me,Sb(SMe),+2 Et;NHCI~

These compounds are thermally unstable, decomposing to Me,;Sb and
MeSSMe. The unstable Me,SbSR analogues can be prepared from
pentamethylantimony and a thml at fow temperaturem.

Bismuth thiolates can be prepared in reactions similar to those used to
prepare metal thiolates?.

6. Grnun Vi

Attempts to prepare compounds of the type RSOSR containing a
smgle-bonded system RS—O-—SR failed, and possible rearrangement of
this as an unstable intermediate occurred!s?,

4 CF,SCI+2 Ag,0 ——> CF,SSCF,+CF,S0,SCF,+4 AqCl

The reactions of chlorine monoxide with thiols or thiolates have not been
investigated.
The thiolate anion can r
disulphide interchange.
Various derivatives of sulphur may be prepared by the reaction of
sulphur monochloride, sulphur dichloride or sulpheny! halides with

thiolates; the products depend on the reactant stonchlometry.
(C4F,S),Pb+SCl, —— C,F,SSSC,F,+PbCl, (reference 183)
Ph,CSH+S5CI, —=% > Ph,CSSCI+HCI (reference 184)
(o}

(C4F,S),Pb+S,Cl s C.F.SSS PbCL  (ref am

, ——> C4FSSSSC,F,+PbCl, (reference 183)
(EtS),Pb+2 C,F,SBr ——— 2 C,F,SSEt+PbBr, (reference 185)
RSH+CICOSCl ————» RSSCOCI+HCI (reference 186)

Symmetrical disulphides are formed in the reaction of a thiol with an azide
in the presence of copper(f). The reaction probabiy proceeds through the
formation of a sulphenamide which is decomposed by the thiol'®?.

2R'SH+RN, — > RNHSR'+N,

RISH
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Unsymmetrical disulphides can be formed by the decomposition of a

1l PNAE! _mn
Sulyhuuauud\. with a thiol'8®

RSNEi,+PhSH ——> RSSPh+ELNH (R = Me, Ph) (reference 188)
The cieavage of the N—S bond in N(thiosulphenyl)phthalimide with
thiols yields an unsymmetrical trisulphide!®® 191, Unsymmetrical disul-
phides are also formed in the thiolate anion fracture of the C—S bond in
ethyl thiocyanate in DMF; smail amounts, less than 0%, of the
symmetrical disulphides are formed?®2.

EtSCN+RS~ —— EtSSR+CN- (R = n-C;H,,, PhCH,, Ph)

1Untivan oy vur)
Attempts to prepare derivatives of sulphur@iv) or sulphur(vi) by the

reaction of thionyl or sulphonyl chloride with lead thiolate failed, as the
sulphur(it) derivative and sulphur dioxide were formed!4182,

2 (C4F;S),Pb+2 SOCI, ————> 2 [C4F,S-SO-SC,F;]+2 PbCl,

Y
CF,SSCF,+S0,

Other reactions of thiolate anions with sulphur(tv) and sulphur(vr)
include the reaction with arylsulphonylsulphones

n-BuS~+ArS(0)S(0),Ar ———»> n-BuSS(O)Ar+ArSO; (reference 193)

and the reaction with the trithionate ion,

- - - K. — —
PhS™ + ~0,;SSSO; —2> PhS—$SO; + SO?

90— — 2
2~ 4 PhSSPh > PhSSO; + 5,08

K, and K, paths, leaving PhSSPh'®,
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Very few thiolate derivatives of selenium, and virtually none of tellurium,
....... Atbarnsmtn tn smumnsmnuwa N QAQMO LY Ar Ma TalCO LY fram

are Lnowil. AUCHPIS 10 Préparc ngoliolgrsjy O vViCa iSO\ gr'5)e 10N
the dialkyl (or aryl) selenium dichloride, dimethyltellurium dichloride and

lead pentafluorobenzenethiolate resulted in the formation of the
disulphide C.F SSC F and the Amll{vl (nr nrvl\ cplf-mnm R_Se. or

Lgisgostigi's, anG e QGuaiXy: (or ary: scemum 2>C,

Me,Te. The chlorides Se2C12 and TeCl2 yle]ded only the dlsulphlde and
selenium or tellurium!. Tellurium—sulphur and —selenium bonds have
been formed m bromides with benzenethiol
or benzeneselenol'%,

0-HCOC H,TeBr+PhMH ———> 0-HCOC,H,TeMPh (M =S, Se)

7. Group Vii

Attemnts to prepare simple gulnvhenvl fluorides from thiolates and
Attempts prepare simpie suipaeny: fhuorigces thiolates angd

fluorine have not been reported, but are unlikely to be successful due to
the oxidizing powers of fluorine!® or chlorine monofluoride'*” causing
oxidation of the sulphur(i)

(CF),S+F, —*C , (CF,),SF. (reference 196)

Attempts to prepare trifluoromethanesulphenyifiuoride resuited in the
formation of trifluoromethylsulphur trifluoride and bis(trifluoromethyl)-
disulphide!®s,

Conversely sulphenyl chlorides can readily be prepared by the action of

chlorine on a metal thiolate.

Pb+2 Cl,—— 2 C,F,SCI+PbCl, (reference 185)
Sulphenyl bromide can be obtained analogously in solution, but i
of the solvent caused decomposition!®3,

(C4F,S).Pb + 2Br, —— 2[C,F,SBr] + PbBr,
~ |
removal of solvy I Pb(SEt),
' v
CeFsSSC,F, C,F,SSEt

The thiolate anion is quantitatively oxidized by iodine to the disulphide!®,
and this method, involving the formation of an unstable sulphenyl iodide,
is the basis of the iodometric determination of mercapto groups in a

________ A.199
lluluDCf Ul uulupuuuua"*
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(C4FsS),Pb+21, ——> 2 [C,F,SI]+PblL,
|

The thiolate anion is an intermediate in the oxidation of a thiol by

iodine?%,

E. Reactions with Transition Metal Derivatives
1. Simple transition metal derivatives

This section will be primarily restricted to the derivatives and reactions
of monofunctional thiols. The dithiol derivatives of the transition metais
are a rapidly expanding area of research and have been reviewed several
times recentlym‘m Other po]yfunctional thiols, such as monothio-

olunnl ath A o(m205 and Telrm 2 oAtk ettt 1007 908 1
BiyCol, \vvuu AgU) and angdii; -~ ;, G-IMETCapiopropioiiic acia~ == and
thioethanolamine?® 219, have been extensively studied and will not be

discussed further. It is however noteworthy that interesting complexes of
the type Ag,SR+, AgSR and Ag(SR); 5, In(SR), ™+ (n=1,2,3,4;
R= HOCH CHg) 2"3, and {Cd[NiL,],}*+ and {Ag[NiL,J,}* (L H,NCH,-
CH,SH) 2 are formed.

Simple transition metal mercaptides, such as Ni(SR), or Hg(SR),, are
usually prepared by reactions not mvolvmg the thiolate anion as a nucleo-
phile™ 4211 Occasional use is made of thiolates, for instance in the
preparation of chromium(ur) methanethiolate, where sodium methane-
thiolate was reacted with chromium chloride in excess of dimethyl
disulphide under dry nitrogen and irradiated to yield the desired product,
which can also be prepared by other photochemical methods?!2, Cobalt
thiolates, [Co(SR),],, may be prepared from cobalt acetate in methanol
with a basic solution of the thiol®®, Some biochemical applications of
thiolate anions are important. The binding of thiols to Co(i1) corrins has

been studied by e.s.r. where it has been shown that the thiols, thiolates
and innhldpc bind to the cobalt. The l-\mﬁmn of Co(m) B., complexes to

Co(11) B,, complexes to
thiols and sulphides will necessitate a re-examination of the methyl-
transferring enzymes in which thiols are known to be important®!4,

The continuous oxidation of thiols involved in the swee g of light
naphtha, with air to the disulphides using cobalt phthalocyanine complexes
as catalysts, invoives the formation of a stable compiex between the
thiolate ions and the metallocyanine catalyst?5,

The kinetics of various reactions involving thiolates and platinum
cornpxexes have been studied. The rate of reaction of trans-[t’[(py)zblaj

26
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with nucleophiles Y is given by the equation

rate = K,[complex] + K [complex][Y]

A reactivity sequence PhS—> MeO~>Nj etc. was deduced?8. The kinetic
behaviour of trans-[Pt(PEt,),RCI] (R = Ph, o-Tol) with different entering
groups, including PhS—, has been examined. The rate was found to be
independent of the reagent concentration in solvents (solv) such as
methanol or DMSQ?27,

trans-[Pt(PEt,).(0-Tol) Y1+ CI-

2. Complex ions

Various complex ions of the type [M(SR),]~ and [M(SR),]*~ have been
reported. These complexes can be formed readily when R = Ph 28
C,F 21820 C,Cl, 140221 and the metal M may be Co(i, Pd(m), Pt(m),
Zn(m), Cd(u), Hg(m), Cu(), Ag(r) or Au(i). The complex ions are usually
prepared by the reaction of an alkali metal thiolate with an appropriate
metal salt. The anions may be isolated as their salts with potassium,
tetramethyl- or tetrabutyl-ammonium, or tetraphenyl-arsonium cations.
The electronic spectra of these systems have been analysed®% 222 and the
nature of the bonding discussed®®. The SC,F, ligand is intermediate
between NCO~ and NCS- in the spectrochemical series, about the same
as I~ in the nephelauxetic (cloud expanding) series (refiecting the
decreasing covalency of the ligands), and the optical electronegativity
Xopt(SCeF5) is 2-5~2-6222 However other data have been interpreted to
give slightly different spectrochemical and nephelauxetic series?®. The
data for several ligands have been discussed and various deductions made.
High Jigand electro-negatives, XL» are associated with high coordination
numbers and high complex symmetries, whereas ligands with lower valucs
of yy, promote lower coordination numbers and distorted symmetries. This
has been rationaiized in terms of the charge balance requirements of the
metal ion and the covalence of the metal ligand bond223,

Similar complex ions, stabilized as the tetraalkyl ammonium salts, have
been preparced from tetrafluorobenzene-1,2-dithiol (H,tfdt). The complex
ions formed were [Mtfdt,]~ (M = Fe(un), Co(tm), Ni(m)), and [Mtfdt ]2~
(M = Mo(@iv) and Pt(1v)) 24,

3. Organometallic compounds
This section is concerned primarily with organometallic transition metal

complexes.
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Cyclopentadienyltitanium thiolates have been prepared in benzene
solution from the corresponding chloride and several thiols in the presence
of triethylamine in good yields??5.

(7-C,H,), TiCl,+2 RSH+2 Et,N > (m-C;H,), Ti(SR), +2

m

NH+CI-
A 1)

The compound (7-C;H,),Ti(SR), (R = Me, Ph) has en prepared
from (7-C;H;),TiCl, and NaSR226. Attempts to prepare (w-Ci;H,),Ti-
(SCFy), from (m-CzH;),TiCl; and AgSCF; resulted in the formation of
(m-C;H;), TiF, 2%, and several unsuccessful attempts have been made to
prepare (m-CzH,), Ti(SCgF;), 228,

The extremely unstable mono-m-cyclopentadienyititanium tri(benzene-
thiolate) has also been reported?2?,

also

g

7-CH,TiCly+3 HSPh+3 NEt, > =-C,H,Ti(SPh).+3 EL,NH*CI-

If a 1:1 reactant stoichiometry is used, the stable compound
7-C;HyTiCL(SPh) is readily isolated and can be purified by vacuum
sublimation. The derivatives of zirconium, (7-CsH,),Zr(SPh), and
(m-C5H;),Zr(SePh),, have been prepared analogously from =-C;H,ZrCl,
and the thiol or selenol in the presence of triethylamine,

Varicus other analogous compounds, such as (7-CyH;),Nb(SR),
(R = Me, Ph ) and (7-C;H;);M(SR), (M = Mo, W 22) can be obtained
from the corresponding chloride and sodium thiolate.

The compounds of the type (=-CJH,),M(SR), (M = Ti, Mo, W,Nb)
have been found to have extremely interesting properties®L 2% 239, They
can act as bidentate ligands forming complexes, some of which may
contain metal—metal bonds, e.g.

-

N\ N
(7r-C5H5)2Ti\—-CuHaI| 7-CsHsT{—Mo(CO),

4

g s
R 1 R

——————

Bu
S

N
(m-CsHs);Ma—FeCl,

S
Bu

Various other organometallic thiolate complexes may be formed by
using thiolates.

[(7-C,H,)Ni(n-Bu,P),]* Ci- +Na* SR~ — [(m~C,H,)Ni(n-Bu,P)SR]+NaCl+n—Bu,P
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where the thiolate anion can be derived from aliphatic or aromatic
thiols®*® 2%, Dithiol derivatives can also be obtained?,

2[(m-C4H,)Ni(n-Buy,P),] + Ci~ 4+ NaS(CH,)SNa ———
(m-CH;)(n-Bu,P)NiS(CH,),SNi(n-Bu,F

o
<2

(7-CsHg)Ni + HSR — 5  (r-C;H/NISR + C.H,

fast

ot inv. ion. hut
rather the throl 1tse1f the sulphur of which bonds 1mt1a11yt the nickel?,
Various CF,S derivatives have been prepared using silver trifluoro-
methanethiolate, and its reactions with certain norbornadiene and
tetraphenylcyclobutadienemetal complexes studied?#t. The reaction of
the norbornadiene derivative C,HgPtCl,, with AgSCF; in dichloromethane
solution resulted in the replacement of both chlorine atoms with CF,S
groups to give the white crystalline C,H Pt(SCF;),. However, in the
analogous reaction of C;HgPdCl, with CF;SAg, addition of CF,S groups
to the norbornadiene ligand occurred to give two yellow crystalline
products, [(C,HSCF;)Pd],Cl, and [(C,H SCF,)Pd],(Cl)(SCF,), which are

ouns L7 v di
novel no.'trr\.y\.hc derivatives. Reaction of the u.uayu\.u_yr\,_yuubumuu:uc

complex [Ph,C,PdBr,], with AgSCF; gave the golden-red Ph,C,Pd(SCF;),
formulated as a monomeric 16-electron tetraphenylcyclobutadiene
complex, but the reaction of Ph,C,Co(CO),Cl with AgSCF, gave the
binuclear complex [Ph,C,Co(CO)SCF;],.

The molybdenum complexes [7-C;H;Mo(NO)X],, [7-C;H;Mo(NO)YX, ],
and [7-C;H;Mo(NO)I)SCH;Ph)],, X = I, SCH,Ph, or SPh, have been
obtained from the iodide [7-C;H;Mo(NO)L], by reaction with the
appropriate thiolate anions under differing conditions®%, The structures
of the analogous chromium compounds [7-C;H,Cr(NO)SPh], show that
the SPh groups act as bridges between the two chromium atoms?*,

Several ururyuu:‘:ﬁijm derivatives can be prcpd.rcu usmg a thiolate. A
stable monomeric zr-allyl molybdenum derivative has been obtained by
the metathesis®7:

7-CyH;Mbipy(C0),Cl+ TISC,F; —— > 7-CoH,Mbipy(CO),SC.F, (M= Mo, W)
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A dinuclear w-allylmolybdenum complex has been obtained by treatment
of its trichloroanalogue with sodium thiolate248,

[ co co T
Ph Ph '
BN H,c\é_?cpa2 ! //S\S\n!n n2c\;___,cH2|
L o]
[ [ >S5 T
[ M co Ph co Me |

Various other mixed cyclopentadienyl carbonyl complexes can be
prepared using a thiolate:

|—> 7C.H,W(CO),SR (R = Me, Ph)
(reference 249)
n-C;H;Fe(CO),Br+NaSEt ———> »-C;H,Fe(CO),SEt 25°

(reference 250)

4. Carbony! compounds

Sulphur-containing metal carbonyls have been reviewed, and there is a
section concerning mercapto compounds®’. While several mercapto
carbonyl complexes are known which can be prepared from the thiol itself
or the disulphide some preparations involve the use of the thiolate anion.
The complex ions [M(CO),SCiF;]~ (M = Cr,Mo, W) can readily be
prepared from the pentacarbonyl and sodium pentafluorobenzene-
thiolate?>!, The square planar complexes, trans-[M(SC¢F;5)(CO)(PPhy),]
are obtained from thallium{i) pentafluorobenzenethiolate and the
complexes [MCI(CO)(PPhy),] (M = Ir, Rh)®2, The complex [Ir(SC,F;)-
(CO)(PPh,),] will add another mole of pentafluorobenzenethiol in benzene
to form MrH(SC . F ) (COYPPh, 1 and also raoA-Iu adde oxvoen farmino

IO TS ed 5 jot\ W ix 1 Mg, aN1G Q150 TCRGLY AGGS OXygen, (OIning

[Ir(SCsF5)(0,)(CO)(PPhy), ] 2.
The yellow diamagnetic anions [Cry(CO),,SR]~ (R = H, Mg, Et, Ph) are

formed on oxidation of aqueous Na, I'('rﬂ((‘(““'l hv RSH, accompanied

nuclear anion [Cr(CO);SR]~ (R CgH,Me) is isolated?®>®. The monomeric
carbony! derivatives M(CO);SR~ can be prepared by using the mercury
thiolates; only a small amount of the dimeric species is obtained 2. The

M,(CO)i7 +Hg(SR), ——— 2 M(CO),SR~+Hg
ions [My(CO),SR]~ (M = Cr, Mo, W), stabilized as their bis(triphenyl-
phosphine)iminium derivatives, are obtained in reactions of the type

2 Cr(CO),+SMe~ *':H+F Cr.(CO),,SMe~ +CO
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but this reaction does not give as good yields as the reaction of M(CO),Cl~
with organotin thiolates?®,

Various carbonyl derivatives containing the SCF; group can be obtained
using silver trifluoromethanethiolates. Some reaciions are summarized
below?®:

Mn(CO),Br+ AgSCF, ——— [CF,SMn(CO),],
Re(CO),Br+ AgSCF; ——— [CF,SRe(CO0),],+CF,SRe(CO),
7-CsH,Fe(CO),I+ AgSCF, —> CF,SFe(CO),(-C,Hy)

- o R SUPR
CH,Fo(CO)I+ AgSCF, —— CF,SFe(CO),C,Hs

7-CH,Cr(NO),Cl+AgSCF, ——> CF,SCr(NO),(=-C.H.)
C.F,Fe(CO) I+ AgSCF, —> [C,F,Fe(CO),SCF,], (reference 256)

Other complexes can be obtained using mercury(i) trifluoromethane-
thiolate?”.

Mn,(CO),P(CF,),I+Hg(SCF;), ——— Mn,(CO),P(CF,),SCF,

The compounds ['rr-C5H5M0(NO)HaISR]2 (Hal Br, I) [rr-CsHE,Mo(NO)

nd ~ MAMNIOVEDY 1 anntaining P
\Ul\’jz ana l“ w51151v1v\1‘u)\01\}2]2 uuumunug uuugxug bulpuul ugduua

can readily be prepared from [7-C;H;Mo(NO)Hal,] (Hal = Br,I) and the
thiol or its sodium salt by replacing one and two halogens respectively2s,
Other dimeric compounds with bridging thiolate groups, such as
[Rh(CO),(SPh)];, are readily obtained from benzenethiol and [Rh(CO),-
Cl,]~ in ethanol. However, analogous compounds such as [Rh(CO)(SR),-
Hal] (Hal = Cl, R =Et,Pr; Hal=Br, R =FEt) may be polymeric?®,
Bridging thiolates are also present in the iron compounds, (CO),Fe(SEt),-
Fe(CO); obtained from Fe,(CO)s(COPh), and EtSH in hexane?9,
Carbene complexes (CO),CrC(SR)R! (R = Me, Et,Ph; R! = Me, Ph)
and (CO);WC(SMe)Me are readily obtained by nucleophilic displacement

-~ PR S P 1 . NP TR L
of OMe from (CO);MC(OMe)R! (M = Cr, W) with a thiol2%,

I1l. ADDITION REACTION

A. Introduction
The addition of a thiol or a thiolate to an unsaturated compound A=B
can be represented as
A=B+RSH ———> RSA—BH or HA—BSR

Two products are possible, depending on whether the RS group adds to
A or B. This will obviously be affected by the nature of atoms forming the
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multiple bond and, possibly, by the other groups present in A and B.

L DU,

Addition reactions can occur in cyclic systems, such as epoxides or
thioepoxides, involving fracture of the ring

A
N Mo

>d—cZ + RSH ——> HX)C—C(SR

It is, among other things, of interest to ascertain the nature of the addition
product.

Most of the addition reactions observed occur by a radical mechanism.
This type of reaction has been reviewed?®2, and two chapters in this book
are concerned with radical reactions of thiols. This discussion will exclude
all reactions that occur via the formation of radicals. Considerably less
study has been made of ionic additions of thiolates to unsaturated
systems than that of radical additions.

B. Reactions with Olefins

Sulphides are formed when a thiol adds onto an olefinic bond. Most
of the reactions reporied correspond to anti-Markownikoff addition, but
this is probably a free radical mechanism, which also occurs in the
presence of minute traces of peroxides. With carefully purified reagents in

racan

tha n o Af antd AMManla AP A A #0263
i€ presence Of aciaq, MarKownikoil addition occurs

1 llC l\lllcll\ab Uf e auuluuu Ul UCllLCllVllllUl auu buUblllulCu DClchllCullUlh
to derivatives of phenylvinylsulphone have been studied?64265, In 50%;
aqueous ethanol at 25°C the reaction was second order, first order in the

sulphone and in the thiolate anion.

¥XC . HSH—> YO U S-1 U+
Algn,Sn T XCen,S™+1h
_ slow —
XCH,S~+YCH,SO,CH=CH, > YCH,80,CHCH,SC H X
H+ fast

YC¢H,SO,CH,CH,SC¢H,X

Hammett treatment showed that substitution in the phenyl ring of the
sulphone influenced the reaction more than substitution in the thiol, in-
dicating that the transition state resembles a carbanion intermediate?®, The
second-order rate constant for the nucleophilic addition of p-MeC,H,S~
to phenyl vinyl sulphone has been detected at (~45°C, the energy, free
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energy of activation and entropy being 16-0 kcal/mole, 166 kcal/mole

and —4 e.u. respective]y265,

Allyl alcohol and #-BuSH give #-BuSCHMeCH,OH in the presence
of 5% elementary sulphur as a catalyst and an initial pressure of
hydrogen of about 30 atmospheres, but allyl alcohol and #-BuSH form
t-BuS(CH,);OH under free-radical conditions?®. The compound
MeS(CH,);SMe has been prepared from allyl chioride, first by MeS®
addition and then MeS~ substitution2e,

Activated thiols will add to p-isopropenylphenol in chloroform solution
in the presence of p-toluenesulphonic acid giving a Markownikoff
addition product,

p-HOCH,CMe=CH,+RSH ——— p-HOC,H,CMe,(SR)
(R=CH,CO,R", (R'0),PS, CH,CONHC, H,)

Thioacetic acid gave an anti-Markownikoff addition product. Simple
thiols did not react even in the presence of catalysts, except under pressure
and irradiation. With benzenethiol and p-chlorobenzenethiol the unusual
addition of the para-hydrogen occurred2”.

p-HOC.H,CMe=CH,+C,H,SH ——— p-HOC,H,CMe,C H,SH-p

A few other examples of this type of addition, in the presence of a catalyst,

+ i =267
are found in the patent literature®.

Simple Markownikoff addition of thiol to the C=C bond occurs in
some carbohydrate derivatives?8, and to dimethyl maleate?6?.

C. Reactions with Acetylenes

Thiols do not add less readily to acetylenes than to olefins. The addition

n L«nnﬂRRq
occurs at high temperatures in the presence of a basc?8

in the presence of an aikali catalyst at 100-225°C. Progressively larger
amounts of the trans isomer were formed as the temperature increased,
reaching a maximum of 719 trans at 200°C. A rapid cis—trans isomerism
accompaiies the vinylation reaction®”.

h=CH ——> (ES)CH=CHPh
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The degree of trans stereoselectivity for nucleophilic additions of p-

toluenethiol derivatives to negatively substituted acetylenic compounds
(Y=CN; SO,CiHMep, CgH,NO,p, CO,Me, CONH,, COMe) in
methanol is dependent on the nature of the activating group Y, and

ArS Y ArS H
Hom=cy + Ars~ —2M, e’ 4+ T he=cT
H” H H Y

decreases where Y is capable of delocalizing the adjacent incipient nega-
tive charge?™. In the tertiary amine-catalysed addition of thiols to ethyl
propiolate, it has been shown that the amount of trans addition product in
the reaction mixture increased as the acidity of the thiol. Similar additions
to hexafluoro-2-butyne and trifluoromethylacetylene showed that with
both trifluoromethyl-activated acetylenes trans addition was predominant.
However only 5% irans was obtained in the reaction of cyciohexanethiol
and trifluoromethyl acetylene??2.

Addition reactions have been studied with various substituted acetylenes

Qs ag B AL s B e N
such as the Markownikoff additions

PhOC=CH+EtSH 225" 5530, H,C=C(OPh)SEt

and anti-Markownikoff additions of thiols to phenoxyacetylene, depend-
ing on the solvent employed?®,

PhOCH=CH+RSH —=2°_, PhOCH=CHSR (R = Et, Bu)

Addition to trifluoromethylacetylenes has been studied with thiols in the

odium ethoxide or fﬁ‘af‘-\‘ylnm‘nn274
1UT

presence of sodium ethoxide or triethylamine

re5enc
I 4

RSH+XC=CCF; —— (RS)XC=CHCF, (R = Ef, HOC,H,, By, Ph;

Addition can aiso occur in systems containing ethylenic and acetyienic
bonds, and nucleophilic addition occurs primarily across the acetylenic
bond:

RSH+F,CC=CCHRCR'=CR’R’ ——» F,CCH=C(SR)CHRCR'=CR’R®

The latter compound isomerizes to F;CCH,C(SR)=CRCR!=CR2R?. In
the free radical addition compounds such as F;CC=C(CH,),SMe were
isolated?®.

Thiols containing an acetylenic bond may cyclize. The heterocyclization

ic thig nda
of 393’(_‘,’133{\. {hwls, RC= C(CHz)nSH, has been studicd under uuvl\,uyuulu
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and free radical conditions forming products (43), (44) and (45).
Compound 44 is the main product of the nucleophilic attack when R = H,
and mixtures of all three are formed under free radical conditions?s.

) -~
p-—// (CHa)n (a3) :QHD)n (44) RCH, _// (CHy) 1 128y
~g/ 43) RCH CH, ~s~/ (45)

The addition of thiols to acetylenic bonds in compounds with a formal
negative or positive charge has been examined. Aromatic thiols react with
HO,CC=CCO\ giving (phenylthio)fumaric acids, which were cyclized
in the presence of sulphuric acid to thiachromonecarboxylic acids?™ta,

e ot
Two products are formed when the bvuLvucuuUlnu: anion reacts with

dimethylprop-2-ynylsulphonium bromide, MegsCHSCECH Br—. The re-
action is postulated to proceed through the formation of an allenic system
+ o . . . .

SC=C=C. The initial product, not isolated, isomerizes, and may
subsequently be dealkylated with excess thiolate:

N
Me,SCH,C=CH+PhS- —, Mo dcH

| isomerization

C(SPh)=CH,]

Me,SCH=C(SPh)Me
1

l dealkylation

The methanethiolate anion also adds to the ethylenic bo

dealkylated product and some trisulphide is formed:
Me,§CHzC=CH+MeS‘ _— MeSCH,(MeS)C——:CH,+Me$CH,CMe(SMe),

A similar reaction is observed with the benzenethiolate anion and

1-(prop-2-ynyl)tetrahydrothiophenium bromide2?®,

.
(\ISCHzc—ECH + PhS™ ~———> (PhS)HC=CH(SPh)
d

D. Reactions with Nitrile Groups and Azomethine Bonds

In acidic solution nitriles undergo an addition reaction with thiols

rm goagtara263h
forming iminothioesters

RC=N+R'SH =%, R(R'S)C=NH-HCI
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The examples of this type of reaction in the recent literature are some-
what limited. The simplest is the formation of cyanoformimidic acid (46)
by reaction of cyanogen with a thiol in an inert solvent in the presence of
amines or metai hydroxides?,

RSH+(CN), ————> HN=C(CN)SR

48
vy

2,4,5-Trisubstituted imidizoles (47) can be obtained from thiols and
N-(1-cyanoalkyDalkylidenimine-N-oxides (48). This reaction involves a
cyclization reaction, proceeding through the initial addition of the thiol
tn tha f‘—\I L,...A27S

10 uad N O0na

-SR? R SR
RHC c N
RCH(CN)N(O)=CHR' + R*SH ——> |o . M- l — N _NH
(48) (‘H' X
N I- R1 J R
“n

£

Addition of thiols across an azomethine bond occurs resuiting in the
formation of a carbon—sulphur bond, an example is the formation of
N-benzylidene-o-nitroaniline (49)27,

0-O,NCH,N=CHPh+p-MeC(H,SH ———> 0-0,NCH,NHCH(Ph)SC,H,Me-p
(49)

Thiophenol reacts with diphenyl-ketene-@ bromophenyl)imine (50)

causing reduction of the aromatic bromine and fracture of the C=N
bond2%0,

Ph,C=C=NC,H,Br-p+PhSH —2C ;. ph,c=C(SPh),--PhNH,-HBr

Further reaction readily gives the thioacetal, aithough a catalyst is
sometimes requireds3e;

R'R2C(OH)SR+RSH ———> R'R?C(SR),+H,0
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Thioacetals may be thermaily decomposed to the corresponding thione:
R'R*C(SR), ——— R'R*CS+R,S
The hemithioacetal can also be reduced by excess thiol to the sulphide63a:
2 R'SH4+RCH(OH)SR! ———> RCH,SR'+R}S,+H,0

The equilibria between propanethiol and simple carbonyl compounds have
been studied in CH,Cly: the resulting «-hydroxysulphides may be con-
verted into the thioacetals where the equilibrium constants are less than
10%, by addition of an acid catalyst (BF, or HC1). Examples of aldehydes

and ketones whose values of X are less than 102 are MeCHO, Me, CO:

ketones whose values of X are less than 102 are MeCHO, Me,CO;
those having K values greater than 102 are CCl,CHO, (CF,),CO %,

The kinetics of the formation of the hemithioacetal in 50%, ethanol-
water have shown that the reaction is acid catalysed and does not involve
a thiolate anion, probably proceeding via the formation of the protonated
ketone?®82,

-
\ |
>C=0H' + R—§ —> [R S+ Coet OH] —_— RS([:OH + BH'

A

Other studies of raie and equilibrium constanis of the formation and
breakdown of hemithioacetals (MeCHO+ PhSH, or AcSH, or p-NO,C,-
H,SH) reveal a diffusion-controlled rate-determining step, with proton
transfer in some sensc concerted with cleavage and formation of the C—S
bond?. A general base-catalysed mechanism involves attack of the RS~
anion on the carbonyl group?*.

The addition reaction can be utilized synthetically, as is illustrated

syniaclcany, al

the examples where further reaction with amines occurs.

R\//\\/S\/R2
U |, (reference 285)
R NR

The phosphorus containing ketone PhC{O)P(O){OMe), does not react
with sodium thiolate, but will react with the thiol in the presence of
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magnesium bromide forming the thioester, upon fracture of the carbon—-
phosphorus bond®”.

Me

L __sH
m/ + HCHO + HNR, —>
¥

@T e (reference 286)

Analogous reactions occur with thiones, as iliustrated by the
example?38:

/_\\/SSCHth .

Ph,CS + 0-HSC,H,COCI —> u LN
cocl

~ S

xS
O3+ encka
~ (¢}

F. Reactions Involvir

‘ving Conjugated Systems
With a conjugated system similar to the type C=C—C=X, where X
can be C,N,0, it is of interest to observe where addition of a thiol occurs.
ty of reactions involve addition across the C=C Donu, but
exceptions are found.

Several products are obtained from the reaction of thiols with thiamine

nea adin
anhydride (50a). A conjugated system is postulated as an intermediate

w1th initial 1,2 addition. The reaction products depend subtly on the
pH=9,
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Reactions of the conjugated aldehydes, crotona]dehyde and 4- hydroxy-

2-pentenal, with a C=C—C=0 bond system, in aqueous solution with

thioglycollic acid, either as its sodium salt or ethyl ester, give addition
across the C=C bond. The 4-hydroxy-2-pentenal adduct cyclizes to the

hemiacetal,

MeCH = CHCHO + RSH ———> MeCH(SR)CH,CHO o
MeCH(OH)CH=CHCHO + RSH ~——— MeCH(OH)CH(SR)CH,CHO

v
RS,

e

\o/ ‘OH
The kinetics have been studied and show that with thioglycollic acid
derivatives between pH 1-5 and 2-5 the RS~ ion and RSH react, but at
pH>2-5 the RS~ anion is the reactive ermtv A reaction mechanism has
been derived?%.

1,4-Addition of thiols in basic solution to the C=C—C==0 bond
system in o,8 unsaturated ketones, such as 4-benzylidene-1-butyl-
pyrrolidine-2,3-dione, has been observed, forming with benzenethiol in
piperidine,  1-butyl-3-hydroxy-4{a-phenyithiobenzyl)-3-pyrrolin-2-one?st,
Addition of thiols primarily to the C=C bond in C=C-—C=0 systems
in quinones and lactones has been observed?®®2%, The reactions were
studied in neutral or alkaline solution and probably involve attack by the
thiolate anion. In compounds containing both carbonyl or carboxyl
groups and acetylenic triple bonds, addition occurs primarily across the

amafvhxnp bond. (‘vrlrrzhnn of the initial prnrhu-f so formed is also

observedz“.
N._O
CC=CCO,Me —> W \f + MeOH

The addition of thiols to N-ethyimaleimide within the pH range 5-7 in
957, ethanol has been studied?®. The reaction proceeds via the mechanism

ArSH+OH" ———> ArS~+HOH
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H O
1l PN
— \ rate \
ArST + [E NEt ————— NEt
/ determining © /
ArS——(
H O
(o] H O
AN | HA_H\
HOH + [ NEt — NEt + OH
7
ArS-—)——n’ ArS>—f
H © (o]

Attack by the neutral thiol could not be detected. The rate of attack of
ortho-alkyl-substituted benzenethiolate anions npon the olefinic bond is
sensitive to the bulk of the alkyl group. Two ef’fects can be distinguished :
(1) inihibition of solvation of the thiolate anion, which increases its
nucleophilicity (rate accelerating), and

(2) steric interference between the thiolate nucleophile and the olefin in
the transition state (rate reiarding). Net steric acceleration is observed in
the nucleophilic addition to an activated double bond of o- -t-butyl-
benzenethiolate which is an order of magmtude more reactive than the
other alkylbenzenethiols studicd. The implications of these resuits as
regards hydrophobic bulk effects in enzymatic reactions involving
mercaptide functions have been discussed?95,

The addition of the benzenethiolate anion 4-z-buty

on to 4-t-butyl-1-cyanocyclo-
hexene, containing formally a —C=C—C=N bond system, occurs across
the C==C bond. In ethanol two products are obtained both containing axial
phenylthio groups, but in THF some equatorial SPh is also formed?%,

orme:

CN H
. _fH ten
— _EtOH +
' ‘f—I‘H $Ph T SPh
Addition reactions occur in C=C—C=N conjugated systers Various
products are formed in the reaction of thiols, in the presence of tri-

ethylamine, with N-[1,1,1 3 3-hexaﬂuoroxsopropyllden
amine (5“297 1,4- Add! tion, forming products of orien

52), occurs

:n—'

2-dialkylvinyl-
(
\
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with #-butanethiol and benzenethiol:

~¢” R'RE(Rss)C\C/H
I
2N + RPSH(Et;N) ——> ﬂ\
f i CH(CF3)p
C. (52)
CF;" CF,
(51) R! R? R?
Me Me Ph
i-Pr H Ph
i-Pr H {-Bu

The reaction of benzenethiol with 51 when R = Ph and R2? = H gives an
enamine 53; a differently orientated 1,4-addition product 54 is obtained
with ethanethiol.

o Ph.-SPh Ph c~-SPh
TN 1 or It
! * PhSH H - “NHCH(CF,). (CF )CHNH'/C\‘H
HC\N 3) (CF3), a2
i + EtSH ——> PhCH, _H
CFy ™CF, ru
51) SC(SEt)CF,),
(54)

Addition acros =N—C=0 system is the mechanism
postulated for the reacnon of the 2,2-dichlorovinylamine derivatives of

RCONHCH—CCI2 with BuSH in the presence of a small amount of

A
S
[«
£
c
13
[
=S
a
cu
(

a C—‘C bond.
MeCONHCH=CCI,+BuSH ————> MeCONHCH(SBu)CHCI,

Initially a conjugated C=N—C=0 system is formed and the thiol gives
1,4-addition?98;

C1,C=CHNHCOMe — > [CHCLCH=N—C(Me)=0] Z2E/E0H
CHCI,CH(SBu)N=C(Me)OH ————> CHCI,CH(SBu)NHCOMe

G. Reactions with Alkylene Oxides and Sulphides
Alkylene oxides undergo ring-opening reactions with a wide variety
of substances:

RCH—C
\ /
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Under basic or neutral conditions when R is an electron-donating group,

the main product is that formed b by attack at the least substituted carbon

atom, namely RCHOHCH,A. The A~ ion probably attacks before the
C—O0 bond is completely broken. Thiols react to form hydroxythioethers.

RGH—CH, + R'SH ———> RCH(OH)CH,SR'

\ 0/

The alkylene oxides are thermally unstable and form the isomeric aldehydes

or ketones:
or xetones:

ch\—?R2 ——> RCOCR,

4

o]

The products of the reactions of thiols or thiolate ions with alkylene
oxides may correspond to addition across the C—O bond, or reactions of
the isomeric aldehydc or ketone if the temperature is suﬂicnently high.
Duuplc addition is observed in reactions such as

CHy—CH, + (Me,SiC),MeSi{CH,), SH{ELN) —— >
(Me,SiO)z2‘-‘.eSi(CH,);SCH2CHZGH (reference (10)
/Q\

p-MeOC¢H,OCH,CH—CH,
WH(NaOH)
p-MeOC,H,OCH,CH(OH)CH,SR
(reference (299)

NaSR

p-MeOC,H,OCH,CH(OM)CH,CI

In other reactions both the C—O and C—C ring bonds are cleaved, and
the intermediate product corresponding to addition across the C—O bond
can be isolated:

e}
/\
PhCOCH—CHCH,X-p + PhSH/ELN

-> PhCOCH(SPh)CH(OH)CH X-p

l PhSH{E: N}
(Et N}

PhCOCH,SPh + p-XCH,CHO

(reference 300)
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The C—O ring is opened by thiolates, in preference to addition to the
carbon—carbon double bond in the butylene derivativest,

CH2=CHC{IIe—/CH2 + RS™Na* ——> CH,=CHCMe(OH)CH,SR
N/
o

Large epoxide rings may also be opened by hydrogen sulphide302 303 The
C—O bond is broken when du._yulumuyalu}nnc \.w) reacts with thio-
lates®, forming hydroxy-3-(trans-3-mercaptoacryloyl)but-2-en-4-olides
(56).

(o] (,H =CH(SR)

/\\ \
o + - [o]
L 7R
(85) (55)
in compounds containing both an epoxide ring and an aliphatic
chloride, such as epichlorohydrin, the thiolate reacts preferentially with
the aliphatic chlorine305

MegSiCH,CH,CH,SH(KOH) + CICH,C

VAN
HoC—CHCH,SCH,CH,CH,SiMe;

Various examples are known where an alkylene sulphide ring system is
fractured by a thiol or thioiate, the reactions are essentiaily similar to
those of the oxygen analogues. The thiol generated in the initial reaction
may react further with the remaining cyclic sulphide3,

~CH, + RSH ———> #ie,C(SR)CH,SH or Me,C(SH)CH,SR



714 Michael E. Peach

While thioepichlorhydrin reacts with potassium butanethiolate without

ring fracture to form butylthioglycidyl sulphide, the products of the

reaction with thioepibromohydrin include butylthioglycidyl sulphide and
some of the disulphide, CH,==CHCH,SSBu, formed by fracture of the
alkylene sulphide ring and subsequent dehyd

rdrahe,
N Gony UlUULU‘llllldllUn"" .

>
N
?:) 7

BrCHZCHCHz + BuSK ———> BuSCH, H, + CH,=CHCH,SSBu

H. Reactions with Cyclic Compounds

Thiols will add across the C=N bond in cyclic systems, such as

1-]"“"‘7"‘ -2- ““.en;hhmz.uuuum bromide (57)%%, .

Bi~ CH,Ph CH,Ph
N Ph !!-' Ph
‘_7/ + NaSPh ——> SPh

S -5
67

Qita . N
Simriar addition occurs in the bicyclic compound (58):

f(CH )i (CH,);

7/:) NaSPh/EtOH (N : ")
ﬁ Acid (__7<Sph
(s8) >

The benzenethiolate anion acts primarily as a reducing agent with
2-alkylisothiazolium saits (59); simple aliphatic thiols did not react?®.

Ph? PhSNa  Ph ~"\R
QS e
N, L S HNMe
(59)
However, with 5-phenyl-1,2-dithiolium cation (60), unlike the isothiazolinm
cations, simple S-adducts (61) were formed with a range of sulphur

nucleophiles:

N\ N u
Ph ] ——— R sr R=Et COPh, COMe
§—¢ CH,COH

(61

16. Thiols as nucleophiles 775

A similar 3-adduct was formed by only the ethanethiolate ion with
3,5-diphenyl-1,2-dithiolium salts. Other thiols, except ethanethiol, which
did not react, convert to 3-alkylthio-5-phenyl-1,2-dithiolium cations (62)
into 1,2-dithiole-3-thione (63).

3 2
Ph” SR 4 gpi- > Ph” s
5-3 5-3

180\ (63)

(62) e

This is probably not a simple demethylation as no S-methylated nucleophiles
were detected. The thione is also produced in the reaction of benzene-
thiolate anion with the 1,2-dithiolium cation with no S-alkyl substituent
in the 3-position309,

Two products, a disubstituted quinone or hydroquinone, are formed
exclusively in the reaction of thiols with 4,7-benzimidazoledione (64) in
methanol. The quinone is formed exclusively by aliphatic thiols and the
hydroquinone when R=Ph, p-Tol, or HOCH,CH, 3",
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L. INTRODUCTION

Aliphatic and aromatic thiols are oxidized by a variety of reagents to

4

aulnhidag
GiswpniGaes

reaction conditions (Scheme 1).
The two oxidation chains are not as separate as indicated in the scheme
since a number of interconversions are possible. They may be thought

785

iochar avidatian nradincte danandine an tha anoacifisa
and to higher oxidation products depending on the specific
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R—SH
Y Y H.0
[R—SOH] R—S—S—R ———> RSH + [RSOH]
v o v
Il H,0 .
RSO,H RS—S—R — 2[RSOH]
] 1
v l
RSO.H ~
....... Io}
I H,0
R— ﬁ §—R ——> R—SO;H + [RSQH]
(o]
o 0
o H,0 -
K—E——S—R —> 2 RSO,H
|
(o]
] H,0
R—‘ﬁ—ﬁ-—R —> RSO;H + RSO,H
o}
¥
o] o)
I i H,0
R—ﬁ—O—S —R -———> 2RSO;H
o}
SCHEME 1

17. Oxidation of thiols 787

to occur via the hydrolytic products which are shown on the right side of
the Scheme. The sulphenic acid has been reported in brackets since its
very high reactivity does not permit isolation except in very special cases
(see section IILB).

Most of the reactions indicated in the scheme are reversible eventually
through appropriate derivatives; however, true equilibria among pairs of
the above-mentioned products are quite rare.

In this chapter we shall mainly deal with the oxidation of thiols to

disulphides (equation 1).
2RSH — 5 RSSR+H,0 m

The subsequent stages of oxidation will be dealt with only in limited and
specific cases. Atiention has been malmy focused on the most commonly
used chemical oxidizing agents.

Electrochemical and photochemical oxidations are also briefly discussed
but for more comprehensive reviews on these subjects see the relevant
chapters in this volume.

The literature, which is not comprehensively reviewed, has been covered

up to the middle of 1972. References to some later published papers have

been also made.

Studies on the formally simple equilibrium (2) meet severe difficulties.
2 RSH RSSR+2H*+2e~ (2)
pom—

Polarographic studies (dropping mercury electrode, D.M.E.) have been

limited by the chemical intervention of the mercury’ whereas more recent
work with noble metals electrodes has been hampered by absorption and/
or passivation phenomena?

Much attention has been devoted to systems of biological interest and
electrochemical methods for quantitative analysis of thiol and disuiphide
groups in simple organic compounds as well as in proteins have been
reported®S,

The polarography of thiols is characterized by an anodic wave which
often is well defined’ %! although, as for instance in the case of cysteine,
the shape of the polarogram depends strongly on pH and buffer'?. Kolthoff
and Barnum!? showed that the anodic wave of cysteine is due to the
formation of mercurous mercaptide (HgSR), i.e. to the oxidation of the

electrode and not of the thiol. Complications may arise when the reaction

product is insoluble in the medium and covers the electrodel?,

27
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Thiols are also oxidized at a platinum electrode but at more positive

potentials (see below),

The oxidation of the mercury electrode, the anodic potential of which is
decreased by sait formation, appears to be quite general®?,

The values of E; do not change very much with the nature of the thiol
at pH values hlgh enough to ensure that all the thiols are in the anionic
form® as shown in Tabie 1.

TaBLE 1. Half-wave potential® and pK, of mercaptans at

pH11-5°

. (v:aléa\b .

iZg (VOIts) PRy

2 ridine —0-508 8-8

2 guanidine —0-534 94
2 —0-560 1075

2 —0-537 96

Th: o~ e -
T - 0580 10-68
° —0-580 1028
Gilutathione —0-480 912

¢ At the dropping mercury electrode (D.M.E.).
® Referred to standard calomel electrode (S.C.E. ).

The reduction of disulphides on D.M.E cevarce Af
n SUipaIGEs O LJ.vi.C., the reverse of equauon (L),

appears to be a simpler reaction and in some cases a single cathodic wave
was observed which behaves as required by a reversible process®10;

however, in many other cases evidence for irreversible processes was
AVVYVIOLIUVIL PIUUUDDVD wad

found™*10, Moreover, in some conditions cystine® as well as other
disulphides'* present a pre-wave.

Whereas the wave at higher potential appears to be due to a

controlled process, the pre-wave, as also shown by oscxllographlc
polarography studies!® 4, , depends on the absorption and reaction of the
disulphide at the electrode.

The following equations were proposed to explain the process:

RSSR+Hg —-———~ RSSR-Hg (ads.) (3)
RSSR:-Hg ———~ (RS),Hg )
(RS),Hg+2e~+2H* 2RSH-Hg 5)
2RSH-Hg ——— 2 RSH+-Hg (desorb.) (6)

On platinum or gold electrodes, aqueous solutions of dlsulphldes are not

reduced and only the oxidation of thiols 213 Loa ot a
1€ oXidation of thiols could be blu CU

17. Oxidation of thiols 789

It was observed that cysteine as well as other thiols® %1516 js oxidized,

L alacts to cvstine and the latter i further oxidized
Oy a Ofic-CieCiron process, 1o Cysund and i jalidr is 1uralr OXiGiZed,

probably, to cysteic acid. Strong absorption phenomena were observed.

In DMF solutions the redox reaction benzenethiol-diphenyl disulphide
(equation 2, R = Ph) could be studied by cyclic voltammetry on an inert
electrode from both directions. The results obtained indicate that the
reactions are ‘irreversible’ and that the acid hydrogen of benzenethiol is
converted to molecular hydrogen.

The authors!® proposed that the following reactions occur at an inert
electrode in soivents iike DMF:

2 RSH~2 e~ ———> RSSR+2H @
2R$-—2e~ —> RSSR (]
RSSR+2e” ———> 2RS ®
2RSH+2e~ ——> 2RS™+H, {9)

PN |

it is noteworthy that diphenyi ulbulpmuc in the stated conditions'® i
not further oxidized, contrary to what is observed with cystine>1%15 j
aqueous solutions.

....... mntamtinla tha Adicunlnhida ha avidizad: in
ﬂUWcVCl, ﬂl lllslll;l pyuniiiuan wuiw Qisuipniae can o¢ OXiGiZeG: In
acetonitrile with sodium perchlorate as supporting electrolyte, diphenyl
disulphide is oxidized to benzenesulphonic acid'’. Possibly, in this case the
cal reaction subsequent to the

cal 10N § equent

17

serchlorate ion does intervene in a che
perchiorate ion Goes interve

anodic process.

All schemes proposed for the oxidation of thiols to disulphides in
a more or less explicit way imply the formation of thiyl radicals as
intermediates.

The absence of any reaction of these radicals with the solvent suggesis
that the dimerization occurs at the electrode surface in a very fast process.

. CHEMICAL OXIDATION

A. Oxidation by Peroxidic Compounds

The oxidation of thiols by hydrogen peroxide, aikyl hydroperoxides as
well as peroxyacids is a well-known reaction in its qualitative aspects,
but very little mechanistic study has been carried out!®9,

The initially formed product is in most cases the corresponding
disulphide, which can be easily oxidized further by excess oxidant.

A particular example of overoxidation is the oxidative desulphurization

AF Loatononosamantia ¢l 1o drocen peroxide which mayv lead to the
O1 nEieroaromatic l.lllUlD U_y lly\)lUsCll PUIUAIUC il iuay i
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formation of the corresponding hydrocarbon®® 2! or hydroxy derivative22 23
depending upon the reaction conditions.

Because of the easy overoxidation, these reactions are scarcely used for
preparative purposes. However, the oxidation of thiols to disulphides by
peroxides attracted some interest in the patent literature connected with
the general problem of hydrocarbon sweetemng More recently interest
was revived by the suggested use of hydrogen peroxide as a selective
oxidant and control of sulphide odours in sewage treatments and similar
applications®4,

Aliphatic and aromatic thiols are easily oxidized to disuiphides in

aqueous or alcoholic solutions under both acid and alkaline conditions? 2.
Higher molecular weight thiols are better oxidized as copper salts?% 28,
Particularly in the presence of aliphatic amines the oxidation is casily
carried out also in hydrocarbon solvems29

in hydrocarbons, and more generally in aprotic solvents, lower molecular
weight aliphatic peracids are quite effective in oxidizing thiols to
dlsulph1des

A mechanistic study®®® of the oxidation of o-mercapto-phenylacetic
acid in water in the pH range 2-44-7-17 by hydrogen peroxide showed that
the rate of reactlon (r) was 1ndependent of the thlol concentration, first
order in H,0, and inversely proportionai to the square root of hydrogen
ion concentration (equation 10).

r= k[H,0.J/[H* ] (10

~>

The suggestion that the reaction was catalysed by traces of heavy metal

ions was advanced on the basis of the acceleration observed on addition
of ferrous ions and the depression of rates when EDTA in excess was
added. In this case the kinetic expression also changed becoming first
order in thiol concentration (equatlon 11).

r = k[H,0,] [RSHI/[H*1¢ (11

Further thorough studies would be necessary to define in detail the
mechanism of these reactions. The limited evidence available i is, however,
consistent with the reasonable assumption that the reaciion proceeds by a
radical chain mechanism®, probably initiated by heavy metal ions and
involving thiyl radicals following a scheme similar to that proposed for

the oxidation of mercaptans by molecular oXygen (see section 1v;

The quite abundant hteramre on the oxidation of thiol groups in
compounds of biological interest like glutathlonc, cysteine, etc.,, which
has been recently reviewed?®, is also in line with the above conclusions.
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B. Oxidation by Halogens
The producis of the oxidation of thiols by haiogens vary with the
halogen and with the reaction medium.

In aqueous solvents chlorine and bromme reac with thiols to give

t
1

<33-36 J 1
Sd}p _y1 halides or uulpuuuu. acids® a 13).
RSH+3X,+2H,0 —— (i2)
RSH+3 X,4+3 H,0 ———— (i3)

The same compounds are obtained starting with disuiphides and there
is evidence that at least in some conditions the latter are intermediates in
the reaction (see below).

Under anhydrous conditions the foliowing reaciions have been

observed¥ (equation 14-17):

RSH+X, —— RSX+HX (14
RSX+X, ———> RSX, (15)
RSX+RSH ———> RSSR+HX (16)
RSSR+X, T—— 2RSX an

Excess of halogen forms sulphur trihalides (equation 15). In the case of
arylsulphur trichlorides the equilibrium is shifted to the left by increasing
the temperature; with aliphatic derivatives containing a methylene group
linked to sulphur the decomposition of the trichloride may lead to the
formation of a-chlorinated sulphenyl chlorides® (equation 18).

RCH,~—-SCl, ———> RCH—SCI+HCI (18)
|
Ci

Careful hydrolysis of alkyl or aryl sulphur trihalides, in particular
olds either sulohinic acid or sulohiny! halide338.32 The

trichlorides, yields either sulphinic acid or sulphiny! halid
latter is obtained in good yields by reacting the trihalide with the stoichio-
metric amount of acetic acid% (equation 19).

RSX;+CH,COOH ————— RSOX+CH,COX+HX (19)
The reaction of thiols with halogens in aprotic not nucleophilic solvents
can be, possibly, represented as in equation (20).
* mnr o b ias sy
R—SH+X, ——— [R—S—H+X"] — RSX+HX 20)
|
M
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h ¢ 1o mechanistic siudies in this area, schemes
equivalent to equation (20) have been proposed for the halogenolysis
of sulphides and other bivalent sulphur compounds®4’, The reaction
goes to completion to the right with chlorine and bromine, but takes a
more complex course with iodine. With fluorine the reaction yields
higher oxidation products with extensive fluorination at the hydroca:\rbon
moiety4s.

Sulphenyl halides are very prone to nucleophilic attack3 3.4 (equation
21) and in particular excess mercaptan reacts with them to give the
corresponding disulphide (equation 16).

Althoug

RSX4-NuH ——— RSNu+HX (¢2))

The hydrolysis of sulphenyl halides is believed to form sulphenic acids
(equation 22). These compounds, however, have never been isolated in
this rea?tion; rather thiolsulphinate esters are formed by fast reaction of
suiphenic acids with suiphenyl halides’-5 (equation 23).

Disproportionation of sulphenic acids has also been suggested as a
possible route for the formation of these compoundss® (equation 24). The
hydrolysis of sulphenyl halides under not carefully controlled conditions
and particularly in concentrated solutions lead to disulphides and
thiolsulphonates®® because of the easy disproportionation of thiol-

sulphinates (equation 25).
RSX+H,0 ———— [RSOH]+HX (22)
[RSOH]+RSX ————» RS—S—R+HX (23)
I
2[RSOH] ——— R—S—S—R+H,0 (24)
Il
2RS—S—R-—w+—» R—S8—S—R+RS—S0,—R (25)

Some anthraquinone-sulphenic and -disulphenic acids and 1-methyl-
uracil-4-sulphenic acid have been prepared by different routes’®-63, In
these compounds intramolecular hydrogen-bonded and tautomeric
structures are suggested to stabilize the sulphenic derivatives®+%5, Chemical
and n.m.r. evidence for the existence of an aliphatic sulphenic acid in the
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thermal decomposition of di--butyl sulphoxide has been reported®”
(equation 26)

n 20).

(o}
i
(CH:):C_S_C(CHA)J EE— (CH:)xCSOH+(CH:)2=CH1 (26)

Sulphenyl halides have been considered for a long time as a source of
sulphenyl cations®® (equation 27). However, unambiguous evidence on
free sulphenyl cations is scarce and somewhat contradictory.

RSX ———> RS*+X- @7

p > + 27

The substitutions at sulphenyl! sulphur so far studied in detail occur via
bimolecular mechanism® except, possibly, the very special case of 2,4,6-

trimethoxybenzenethiol arylsulphonate which was reported to undergo
unimolecular solvolysis®,

On the other hand, evidence on the formation of a cationic species,
thought to be the suiphenyi cation, by dissolving 2,4-dinitrobenzene
sulphenyl chloride in concentrated sulphuric acid has been obtained®*7°,
However, the nature of the cation is not certain’’, Moreover, the substrate
chosen is, perhaps, not quiie typical. Strong interaciion between the
o-nitro group and the sulphenyl sulphur are in fact shown by X-ray
analysis of methyl o-nitrobenzenesulphenate ester’? and also by the
oxygen transfer from nitrogen to sulphur observed in the alkaline

rearrangement of 2-nitrobenzenesulphenyl anilides’ (equation 28).

ArNH—S SO,

A\ NO,+ — %\\KN=N—Ar o
A - N~ ‘

This suggests that in the special case of o-nitrobenzene derivatives and
similar species the cation formed might have the cyclic structure (1).

NS
e
:

0

o~

)}
57

Finally, it has been reported that sulphur dichloride and trichioro-
methanesulphenyl chloride give 1:1 and 2:1 complexes with Lewis
acids (SbCl,, AlCl,, FeCly) with a salt-like behaviour™ 7, The instability

o - rirntian nnfancihla
of the complexes made a full characterization unfeasible.
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PN

Relevant to this point is the recent finding™ 77 that methane and ethane
sulphenyl chloride form by addition of either BF; or SbF; in liguid SO, a
dimeric cationic species (2) described as follows (equatlon 29):

c1-
L&

o~
3
£

2RSCI + BF, —> R—s—%’._g + BF,
cl
)

The same species seems to be formed in fluorosulphonic acid and 1009
sulphuric acid as well””. Preliminary results also indicate that reaction 29
occurs with aromatic sulphenyl chlorides. The tendency of sulphur
compounds to give species like (2) seems quite general: for example,
disulphide and sulphenyl chloride in FSO,H or 100%/ H,SO, and in SO,
with BF; or SbF; give a species analogous to (2)7 (equation 30).

+
R—S—S—R + RSC| —» R—5— :? R + BF;CI™ (30
S

Furthermore, ions similar to (3) are postulated as intermediates in the
interchange reaction of dlSlllphldeS and sulphenyl chlorides™ %, and
intermediates like (2) should be invoived in the reaction of disulphide with

halogens (equation 17) which has to be considered an equilibrium reaction.
RSSR+X, ——> 2 RSX “un

Equilibrium (17) is completely shifted to the right for X = Cl and
largely to the left with X = I, The case of bromine is, as usually, inter-
mediate. As a matter of fact very few sulphenyl iodides are known8®51,
Apparently only sterically hindered derivatives are able to exist and also
their stability, which may be reasonably great in dilute solution, is very

low in concentrated solution or as pure material.

Since equilibrium (17) is shifted almost completely to the left in the case
of X =1 whereas reaction (14) goes to completion even with iodine, a

method to titrate thiols based on the reaction in equation (31) has been

oA+ > 1 n [t

RSH+L, —— » RSSR-2HI &0}

widely used. However, care has to be taken to use the appropriate con-
ditions of pH and d1lut10n to avoid overoxidation of the disulphide which
may be a quite serious cause of error®?. Thiols containing a B-carboxyl
group are particularly susceptible to consume more than the iodine
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required by equation (31). It was suggested that the carboxyl group

mfrnmnlpmﬂquv attacks the |mfmllu formed S‘lehﬂ}"‘ iodide to form a

sulphenic anhydrlde which may undergo further oxidation at sulphur
(Scheme 2)*%%, This mechanism seems likely also in view of the recent

| |
[ oL —C—cC—
s = | e = L L
H—S COOH L1—S COOH | ~o7 o
[ i
—C—C— g, ! L 11
I | —g5> —C—C— + 4 Hl —=> —C—C— + 2 HI
s _C_ 2O [ O [
07 So HO,S COOH HO,S COOH

SCHEME 2

evidence of trapping o-sulphenobenzoic acid anhydride by reaction of
o-mercaptobenzoic acid with chlorine in the presence of triethyl amine®
/pnnnhnn 17\

SH [ sc l
_A.__cooH COOH |
o — ()|

L~ i

5 e Rilddei—
U + 2 EtzNH "Ci

<. Oxiaati Ull l' hvl\ld‘: dll(l Ut"c" Julpnoxmes

The oxidi zmg power of dimethyl sulphoxide (DMSO) as well as of
other sulphoxides is well known and has been reoently reviewed®s,

Yiannios and Karabinos® reported that thiols were selectively oxidized
by DMSO to the corresponding disulphides in high yield with the con-
comitant reduction of DMSO to dimethyl sulphide (equation 33). Further

2 RSH+(CH,),SO ——— RSSR+(CH,),S+H,0 (33)

studies, mainly by Wallace and coworkers®™® confirmed these early

HN A saoad] cavaral L0 10 il TNRAGA L1 RGeS
results. They studied the reaction of several thiols with DMSG and TMSO
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{tetramethvylene sulo

(tetramethylene sulphoxide) in large excess and in the absence of solvent.
In the stated conditions second-order kinetics®® and strong catalysis by
added amines (Table 2) were observed™,

TaBLE 2. Effect of amines on the oxidation rate of 1-dodecanethiol
by TMSO at i00°C?

Amine pK,* k, s Rel. rate
— — 7-58 x 10-8 1
N,N-Dimethylaniline 51 1-15x 105 1.5
2,6-Dimethylpyridine 66 1:64 x 10— 22
1-n-Dodecylamine 106 642 % 104 84-4
Tri-n-butylamine 11-4 2:04x10-3 269

@ Reference 92.

These authors showed? that the rate of oxidation depends on the acidity
of thiol and a correlation between the estimated PK, of them and the
energy of activation was suggested (Table 3).

The oxidation rates depend also on the structure of sulphoxides?
(Table 4). As shown in Figure 1, a linear correlation of lcgkohs with the

recently evaluated pK,, in water of sulphoxides? ™ does hold.

™

TABLE 3. Effect of thjol acidity on the oxidation with TMSO at 100°C *®

Thiol pK, k, st Rel. rate E,, kcal/mole
1-Dodecanethiol 135 78x10-¢ 1 194
«-Toluenethiol 10'5 1-9 104 25 137
o-Toluenethiol 8 6:6x10-2 850 6-2
Benzenethiol 7 4-0x10-2 5188 49

TaBLE 4. Effect of sulphoxide basicity in the oxidation of a-toluenethiol
at 100°C %

Suiphoxide pPK, logks Rel. rate
Diphenyl sulphoxide —2-54% —591 1
Phenyl methyl sulphoxide —2:27° - 511 622
DMSO —1-80° —4-40 333
TMSO —131° -37 159

% k,sec1,

® Reference 93.
¢ Reference 94.
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=
[72]
(=]

pK

<\
DMSO ™
K

lg k+6

FI1GuRre 1. Correlation between the oxidation rates at 100°C of a-tolue.nethiol
and the pK, of the sulphoxides. pK, values taken from the literature: diphenyl
sulphoxide (DPSO), phenyl methyl sulphoxide (PMSO) and dimethyl
suli)hoxide (DMSO), reference 93; tetramethylene sulphoxide (TMSO),

reference 94,

The authors®-% proposed that the slow step of the reaction is the

+1
luuuauuu Ul lllC auuuul \W} \Cquallull J"Y} 1Uuuwcu U_y a fﬂbl lﬁﬂ\-ll\)ll vvuu
a second molecule of thiol (equation 35). Similar mechanisms have been

HO SR
_slow %/
RSH + R'SR? ——= /s\ (34)
o R" R?
@
fast
(4)4+RSH 77— R'SR?*4+-RSSR+H,0 (35)

proposed for other sulphoxide-promoted oxidations®® and the I'CCCI.lt
isolation of stable tetracoordinate sulphur compounds!®-19 makes this

hypothesis quite likely.
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_ However, the detailed mechanism could be more complicated as it is,

1n part, suggested by the phenomena of base and acid catalysis observed®,

It may well be, as suggested®, that four-centre (5) and five-centre (6)
o b

On gtatas oo

ion states are invplved for the uncataiysed and amine-catalysed

R\ /H‘w. /R
R S N
S—H i LR
R_: PP P |
Ne—p R'—=S=0
O/S—O v
R? R
(6) 6)

reactions, respectively. Alternatively an acid-base interaction of the
reagents (equation 36) to give an ion pair, followed by collapse of
the latter to the adduct (4) (equation 37) could be postulated. This

RSH + RSO T=——> RS~ + R,50H @)
?
- +
RS™ + R,SOH T=—— Rs—5—0H @n
R
@)

resembles the mechanisms proposed for some nucleophilic
by thiols of 2-chlorobenzimidazole!® and chloroquinolines®s,

The reaction of (4) with the thioi to give the products (equation 35)
may also be more complicated than depicted®. However, any hypothesis
would be highly speculative in the absence of more detailed kinetic studies.

The oxidation of thiols with suiphoxides presents several attractive
features like the simplicity of the reaction, the high yield and the
selectivity of disulphide formation. It has to be noticed, however, that
tertiary thiols do not react with sulphoxides or they give very littie
disulphide even in the presence of amine catalysts. Reaction temperatures
higher than 100°C give rise to extensive decomposition?!. i

An interesting synthetic application of this reaction is the re ery of
optically active sulphoxides from racemates when an optically active thiol
is oxidized with more than the stoichiometric amount of the sulphoxidel®?,

w
=
>0

D. Oxidation by Other Organic Chemicals

Several organic compounds may oxidize thiols to disuiphides or to
products of further oxidation in a variety of experimental conditions.
We shall briefly deal in this section with some of the more characteristic
cases.
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1. Diethyl azodicarboxylate

Dicthy! azodicarboxylaie oxidizes thiols to disuiphides, in the dark
at room temperature, with concomitant formation of diethyl hydrazo-
dicarboxylatel®. 10 (equation 38).

H H
EtOC—N=N—COEt + 2RSH ——> RS—SR + EtOl.ll—!I!—!I!—C Et (38)
|

[e] O o} g

The reaction may also be carried out in refluxing anhydrous solvents.
In Table 5 the results obtained for the oxidation of several thiols are

TaBLE 5. Oxidation of thiols to disulphides with diethyl azodicarboxylate 19

Thiol Solvent  Temperaiure® Time, h  Yield, %
Ethanethiol None R 48 90
2-Propanethiol None R 72 70
2-Propene-i-thioi None R 05 90
1-n-Dodecanethiol Benzene B 5 95
t-Dodecanethiol Benzene B 10 70
Benzenethiol None R 24 90
4-Nitrobenzenethiol Ethanol B 8 —_
2-Aminobenzenethiol Benzene B 4 67
2-Naphthalenethiol Chloroform B 5 87
2-Mercaptobenzothiazole Benzene B 05 95

¢ R = room temperature; B = refiuxing soiveni.

reported. It was reported™® that triphenylphosphine catalyses the reaction.
Formation of a charge transfer complex (7) with the azo derivative as
formulated below (equation 39) was suggested. It seems likely that

radicals or radical ions intervene in the reaction.

EtO('.‘.—N=N—?|ZOEt + Ph,p ——> [EQQ%—N:M—-COEQ] — 7] -——+2RSH,
[
814
P 1 > Ph
Ph
m (39)
foH
RSSR + Ph;P + EtO(ﬁ—N=N—ﬁOEt
o 0
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e __

2. Nitroso and nu:ro-compounus
In basic medium thiols are oxidized to disulphides by nitrobenzene or
nitrosobenzene'*112 which are reduced mainly to azoxXy and azobenzene.
E.s.r. experiments indicate the presence of stable radical anions derived
by electron transfer from the thiol anion to the nitro or nitroso group
(equation 40).

RS + m lorm,—-—>RS‘ +(N%2 (orm, (40)

Other species may oxidize thiols to disulphides following a similar
route. Among them azodicarbonamide*™, maleic anhydride™"! and 4-nitro-
pyridine N-oxide!2 seem to be the most reactive ones.

3. lodosobenzene

In refluxing dioxane, iodosobenzene and benzenethiol give rise to the

formation of diphenyl disulphide in fairly good yield (76%)*2 (equation
41).

CeHiIO+2 PhSH ——— C,H,I+PhSSPh+H,0 (41)
Although extensive studies have not been made on this reaction, it may
represent a general and convenient method for thiol oxidation.

4. Trimethylsulphoxonium iodide
When benenethiol reacts with trimethylsulphoxonium iodide in
dimethylformamide at 100°C, phenyl methyl sulphide, dipheny! disulphide
and dlmethyl sulphide are formed!4,
The reaction scems to be quiie compiex. Formation of a iabiie adduct
between the oxonium salt and the thiol is suggested (equation 42).
[0} [0}
ii I
(CH,),S*I~+PhSH ——— [(CH,),S*PhS-]+HI (42)

Decomposition of this intermediate would lead to dimethyl sulphoxide
and phenyl methyl sulphide (equation 43). Diphenyl disulphide should

o o
] i
[(CH,);S*PhS~] —— CH,SCH,+PhSCH, “3)

arise either from the reaction of the thiol with dimethyl sulphoxide (see
section IIL.C) or from oxidation by iodine (see section IL.B) generated in
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the reduction of dimethyl sulphoxide by hydrogen iodide®® (equations 44

and 45).
(CH,),S0+2 HI —— (CH,),S+H,0+1, (44)
2 PhSH+I, ——— PhSSPh+2HI (45)

5. Halogen transfer agents
Several ‘positive halogen’ compounds, ZHal, like N-halo-succinimide
N-chlorobenzotriazole, dichloroicdobenzene, etc., react with thiols to

give sulphenyl halides or disulphides depending on the relative ratios of
the reagents® (equations 46 and 47).

ZHai+RSH ——— ZH+RSHai (46)

Among these compounds, 24,4 6-tetrabromo-c

Among compoungs,

has been reported to be particularly selectivells,

E. Oxidation by Metal lons and Oxides

Tons and oxides of transition metals which may exist in different valence
states have been shown to oxidize thiols. Most of the studies so far
available on this topic deal with the oxidation by ferric ions; careful
investigations with many other metals have been carried out as well.
The catalytic effect of these metal ions on the auto-oxidation of
thiols has been pointed out (see section IV). The intervention of metals
in a number of redox enzymes in which the metal is bound to a thiol group
at the aciive site of the enzyme has been aiso suggested.
i. Ferric ion

Complexes of Fe3+ as Fe(CN)3- and ferric octanocate, [Fe(Oct),]
quantitatively oxidize thiols to disulphides in the absence of oxygen
(equation 48). This reaction has been largely employed in the synthesis of
synthetic rubber12,

2 RSH+2 Fe** > RSSR+2Fe?*+2 H* (48)

Oxidation of thiols by Fe(Oct), has been carried out in acetone and
xylene!'?. Kinetic studies indicate that the reaction follows a second-order
rate law. It is suggesied that disuiphide arises from dimerization of thiyl
radicals which are formed in the rate-determining reaction of thiol with
Fe(Oct), (equations 49, 50).

2 RSH-+2 Fe(Oct); ———> 2 RS++2 Fe(Oct),+2 OctH (49)

2 RS+ ——— RSSR (50)
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The intermediacy of such radicals is exempiified by the reaction in the
presence of alkenes. In this case formation of sulphide, probably arising

from a chain reaction, is observed (equations 49, 51, 52). At constant

G. Capozzi and G. Modena

RSH+-Fe(Oct); ————> RS-+ Fe(Oct),+OctH (49)
RS:+R'CH=CH, ———> RSCH,—CHR' 51)
RSCH,—~CHR'+RSH ———— RSCH,CH,R'+RS- (52)

alkene and mercaptan concentrations the ratio of disulphide to sulphide
formation decreases with decreasing metal ion concentration (Table 6).

TaBLE 6. Effect of ferric octoanate concentration on the ratio
disulphide : sulphide in the oxidation of 1- n-dodecanethiol® in the
presence of 1-n-dodecene!??

1-n-Dodecene 1-n-Dodecanethiol Dodecyl! disulphide
1-n-Dodecancthiol Fe(Oct) Dodecyl sulphide
10 i 21
10 4 5.4
i6 i0 14
10 20 0-07

@ 1-n-Dodecanethiol 0-2 M in xylene at 35°C,

..4
=
v
w
o

this is related to the increased rate of formation and

consequently the greater steady concentration of thiyl radicals at higher
metal concentration which makes the dimerization reaction faster than

the sequence of reactions leading to the sulphide.

Ox1datlon of thiols by Fe(CN)a‘ in alkaline and acid medium has been
studied!®-12, In both cases disulphide is the oxidation product; however,
the reaction mechanism markedly differs. In the pH range 7-10-8 the
rate of oxidation of n-octanethiol is pH dependent and exhibits a first-
order dependence on Fe(CN)Z~, thiol and OH— 118,

Cyanide ion depresses the rate but at higher cyanide concentration the
rate of oxidation is practically independent from it.

Owing to the observed order in OH~ and since the rate increases with
the pH, thiol anion is believed to be the reactive species.

Different mechanisms are proposed for this reaction depending upon
the presence of added cyanide. A mechanism similar to that outlined in
equations (49) and (50) is suggested for the oxidation in the presence of
added cyanide, i.e. slow formation of thiyl radicals and fast formation of

disulphide via dimerization of the radicals or further oxidation of them to
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a cationic species (equation 53) which is neutralized by thiolate anion
(aguation §4)
(equation 54).

RS- +Fe{CNj;~ ———> RS*4Fe{CiN)i~ (53)

R8+4RS- —— RSSR (54}

In the absence of added cyanide iom, a reversible subsiitution of a

CN- by an RS~ residue in the ferric complex has been postulated to be
rate determining (equation 55).
Rapid decomposition of the sul

aining complex gencrates

thiyl radical and pentacoordinate Fe** complex which reacts with the

CN~ to give the ferrocyanide complex (equations 56 and 57).
Disulphide is then formed according to equation (50) or (53} and (54).

Kinetic studies™®122 of acid oxidation of thlols by ferrlcyamde suggest

Fe(CN);~+RS~ —> [Fe(CN),RSP-+CN- (55)
[Fe(CN),RSP~ —% > Fo(CN)-+RS- &6
Fe(CN)~+CN- —% , Fe(CNy:- 1

that the reaction mechanism is quite compiex. The rate iaw shows a second-

order dependence on the Fe(CN)2- concentration and first on that of the
thiol'®121, Tnhibition by small amounts and catalysis by higher con-
centration of Fe(CN)§~ is obscrved; the rate of oxidation is also dependent
on the initial ferricyanide concentration and on the pH.

Several mechanisms!1®122 have been proposed for the acid oxidation of
thiols by ferricyanide ions but since they are not fully established, we will

not report them in detail.

2, Other metal ions

Like ferric ions, other heavy metal ions in their higher oxidation states
react with thiols to give the corresponding disulphides. Quite frequently
complexation of thiols with the metal occurs followed by a one-electron
transfer to give thiyl radicais which dimerize to disulphide. This is the
case, for example, with Cet+, Co3+ and V3+ jons in acid solution!23-125,

The homolitic nature of such reactions was confirmed by an e.s.r.
study of the Ce** oxidation of several thiols which showed the presence of
thiyl radicals among other radical species. Thus primary thiols give a
1:2:1 triplet signal, secondary a 1:1 doublet and tertiary a single

absorntion linel26,

adsorplion iin

The nature and the stability of the complex formed depends upon the
metal'#-1%, In the V5+ oxidation for instance, kinetic evidence and
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formation of more than one mole of base suggest the intervention of two
different complexes both leading to the disulphide but following separate
paths!® (Scheme 3).

. N
VO;* + RSH T [V0,«5—Rj* ——> vO

V3t + vOo,t —— 2 vo2+

SCHEME 3

The importance of the nature and stability of the complexes between
metal ions and thiols is clearly indicated in the case of the oxidation with
Mo®+ and Mo®+ of thioglycollic acid, cysteine and giutathione?’ 128,

A detailed study shows that the kinetic equation may change with pH
and with metal concentration as well as with the particular thiol. Ind;ed
the mechanism of the reaction is not unique although some of the
differences of the reaction features could be explained on the basis of
different stability and nature of the complexes formed in the early stages
of the reaction.

. Other reaction paths are available at least in some special cases. For
instance in the oxidation with manganic acetylacetonate'®, disulphide is
believed to arise from reaction of a sulpheninm ion with the thio!

(equation 58) which implies that further oxidation of thiyl radicals to
RSH+RS* ————— RSSR+H* (58)

sulphenium ion is faster than dimerization. The intervention of thiyl
radicals has been ruied out by the absence of addition products when the
reaction is carried out in the presence of alkenes.

The difference in mechanism between the Fe3+ and the Mn3+ oxidation
of thiols is probably due to the powerful ability of the iatter in oxidizing
the radical first formed?s0,
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Oxidation by cupric complexes in non-polar media is a more complex
reaction, as shown by the formation of sulphide together with
disulphide'V’. The former may arise from cupric thiolate (equation 59)
or via desulphurization of the disulphide by copper ions.,

Cu(SR), ———> CuS+RSR (59)

Lead tetraacetate is also able to oxidize thiols at low temperature to

disulphides!®-134,

High yield of disulphide is obtained when one mole of lead tetra-
acetate is allowed to react with two moles of thiol'3? (equation 60).

2 RSH+Pb(0Ac), > RSSR+Pb(0Ac),+2 AcOH (60)

When the lead salt-thiol ratio is 025, lead mercaptide is formed together

4 RSH+Pb(OAc), ———> RSSR+Pb(SR),+4 AcOH (61)

Higher temperature and the presence of alcohols would cause further
oxidation of the disulphide and formation of sulphinic esters!%.

3. Metal oxides

A large variety of metai oxides like MnO,, PbO,, CrO;, Fe,04, Co,0,,
CuQ 18+138 oxidize thiols to disulphides at low temperature in chloroform
or Xylene solution.

in the oxidation by lead dioxide, formaiion of an iniermediate by
addition of two molecules of thiol to the metal oxide has been suggested!4,
It may give the disulphide by decomposition (equation 62), or generate
an intermediate lead tetramercaptide which decomposes giving disulphide

(equations 63 and 64).

[Rs<_ _oH]
2 RSH + Po0, — | P ——> Pb(OH), + RSSR (62)
[rRs™ oH|
[(RS); Pb(OH),1 + RSH —> [Pb(SR),] + 2H,0 (63)
[PR(SR),] ——> RSSR + PB(SR), (68)

above-mentioned oxides.

The nature of such reactions has been checked for MnO,, Fe,O;,
Co,04, by carrying out the oxidation in the presence of an alkene.
Formation of large amounts of thiol addition products to the double bond
suggests intermediacy of thiyl radicals.
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It was also observed that the rate of stirring affects the rate of the
oxidation which suggests that the reaction is a diffusion-controlled process.
Under these circumstances the greater ability of MnOj in oxidizing thiols

—
-y

is probably due to surface effects and more favourable absorption of
thiols!3,
IV. OXIDATICON BY MOLECULAR OXYGEN

The easy oxidation of thiols on ex V
sensitivity of this reaction to catalysts'®” like metal ions, u.v. light and other
iniiiators of radicai reactions. It is also known that autooxidation of thiols
is accelerated by bases.

The interest in this reaction from the industrial (sweetening of crude
petroleum) and biological points of view notwithstanding, the mechanism
of the autooxidation of thiols is not as yet satisfactorily understood.

We shall attempt in this section to review critically the more significant
contributions, with the interpretations of the phenomena as offered by the
authors.

A. Catalysis by Strong Bases
Cullis and coworkers!® studied the oxidation of ethanethiol in aqueous

alkaline solution under constant pressure of oxygen. They observed low
reproducibility of the oxygen uptake rates even when careful precautions
were taken to avoid the presence of adventitious impurities. Under their
conditions (EtSH 0-3-0-5 M; NaOH 0-5-2 M ; the base always in excess)
the stoichiometry of the reaction was found, in agreement with other
authors!$7.139,140 ¢, pe:

4RSH+0, — > 2RSSR+2 H,0 (65)

Dependence on the first power of both the oxygen pressure and the base
concentration was also observed. The order in thiol was found to be about
one at the beginning, decreasing to zero as the reaction progressed. The
oxygen uptake rates were faster at the beginning and reached a stationary
value after 20-30%; reaction. Apparently the change in order with respect
to thiol as well as the change in rate depends on the disulphide formed.
Indeed, disulphide added at zero time suppresses the typical features of
the initial reaction (Table 7). It is not clear which is the effect of disulphide.
It is insoluble in water and hence a two-phase system results as soon as
minor amounts of this product is formed. Partition of thiol between the
two phases may be important and, possibly, be involved in the observed
order in the base. With the minimum of base added, however, the thigl
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should be already fully in the anionic form and hence an excess of base

should not affect the rates.
The authors'® emphasize the point that they cannot exclude even in
their conditions that trace metal catalysis may still be active. Indeed the

addition of sequestering agents like EDTA (ethylenediamine tetra-acetic

TasLE 7. Effect of diethyl disulphide and metal ion sequestering agents on
the oxidation of ethanethiol® 138

[EtSH}L, M  [Compound]j M Initial rate, Final steady rate,

l added J mole [-1g-1 mole [-1§-!

05 — — 17x 108 1-0x 10~

05 EDTA? 0-1 3-3x10°8 2:0x10-°

05 EN¢ 01 Undetectable 1-1x10-¢

05 EtSSEt 05 —_ 2:0x 10

00 EtSSEt 0-5 — —d

05 EtSSEt 05 — 1-1x10-¢

an SKCN [0-25 g

i EtSSEt 105 -

05 KCN 025 12x10-¢ 2:3x 10-7e

¢ Oxygen pressure 700 mm Hg; temperature, 30°C.
® EDTA, ethylenediaminetetra-acetic acid.

¢ EN, ethylenediamine.

4 Oxygen uptake ca. 0.

cvpen Ghiake ol 10 di o anna,
¢ Oxygen uptake afier 10 days ca. 300%.

acid) and EN (ethylenediamine) causes contradictory results. Further-
more, added cyanide ion gives slower rates of oxygen uptake, and the
reaction no longer yields disulphide but products of more profound
oxidation (Table 7).

The same authors'3® studied, in the same conditions, the oxidation of a
number of thiols and found the following sequence of reactivity:

n-HexSH >j-BuSH >n-BuSH >EtSH >PhCH,SH > s-BuSH > PhSH > £-BuSH

The sequence does not appear simple. Steric effects could, perhaps, be
responsible for the low reactivity of r-BuSH and electronic effects for that
of benzenethiol. However, the authors’ susp
be partially determined by different amounts of adventitious catalytic
impurities deserves careful attention.

The first-order dependence of the initial rate on thiol concentration as
well as the base catalysis would indicate that thiolate ions play a particular

somlo Zfan Al o adl
role in the reaction.
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Wallace and coworkersi-148 had resched similar conclusions by

studying the oxidation rates of several thiols, They also observed that the

solvent has a quite large effect, which, in a general way, may be explained
on the same basis. As shown in Table 8, the ratc increases quite steadily
on passing from alcoholic to non-protic and to dipolar aprotic solvents.

TABLE 8. Solvent effect on the oxidation rate of
n-butanethiol4®

Solvent k,g1e Rel. rate
Methanol 5:4x10- 1
Tgtrahydrofuran 193 x 10~ 36
Dioxane 482 x 10-% 89
Diglyme 538 x 108 100
Dimethylacetamide 1560 x 10-3 289
Dimethylformamide 1795 x 105 332

@ 23-5°C, constant o

Xygen pressure 1 aim.
From data on relative rates of oxidation in methanol, ethanol and
t-butanol in the presence of the corresponding alkoxides (Table 9 a

correlation of the rate of oxidation with the pK, of the alcohol was
inferred™. However, on changing the cation, large variations in rates
were observed (Table 9), strongly suggesting that ion-pairing phenomena
are 1nvolved.

TABLE 9. Oxidation of n-butanethiol in alcoholic
solvents at 23-5°C by molecular oxygen (1 atm) 14
Alcohol Base® pK, k, st
Methanol NaCMe i5-5* 54x103
Methanol (o] — 52:2x 105
Ethanol NaOEt 1590 9-6x 105
t-Butanol NaOBu-7 19-2¢ 350x10-5
t-Butanol KOBu-¢ — 57-8 x 10-5
t-Butanol RbOBu-# — 321-7x 10~
#-Butanol CsOBu-¢ — 798-3 x 10~

“ Two-fold excess in respect to #-butanethiol.
® Reference 144,
¢ Reference 145.

All these facts are interconnected in the sense that both the size of the

cation and the cation-solvating power of dipolar aprotic soivents have the

effect of disrupting ion pairs and hence rendering the thiolate jon more
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basic. The protic solvents, on the other hand, by hydrogen-bonding

thiolate ions behave in the opposite way.
This latter point is illustrated®? by the effect of added methanol on the
oxidation rates of n-butanethiol in dimethylformamide (DMF) and

di-(2-methoxyethyl)ether (diglyme) (Table 10).

TaBLE 10. Effect of added methanol on the oxidation of n-butanethiol in
DMF and diglyme at 23-5°C by molecular oxygen (1 atm) 142

Methanol, % DMF, % Diglyme, 3 k,ste Rel. rate
— 100 — 1-8x 102 334
25 75 — 61x107° 114
50 50 — 11x 102 213
75 25 — 1:5x 104 2:8
% 18 — 65 x 10- 12
— — 100 54x10-° 100
25 — 75 2:3x 108 43
50 — 50 61x 10~ 11
65 — 35 1-0x 10~ 19

100 — — 5-4x 107 1

The above results lead the authors'®-142 to propose the following scheme
(Scheme 4) for the overall reaction:

RSH+B~ T—— RS~+BH

-
[
¢

~=

RS-+0,—— RS-+0; 6D
RS~+0; — ——> RS-+ 02~ (68)

2 RSs ———> RSSR (69)
20;"+2BH——> $0,42B-+2 OH" (70)

This scheme gives rise to some doubts which will be discussed further
below. However, we wish to point out that reaction (70) is not essential
in its present form since the protonation of 02~ would give H,0,. It, in
turn, will be quickly desiroyed by excess of mercaptan.

Large excess of base'*® and/or prolonged reaction times causes oxidation
beyond the disulphide level in aqueous solutions. This phenomenon is

M i Atio aalyuanialdl, axihhimen claale Lt g
more pronounced in dipolar aprotic solvents'#> 147 where sulphonic acids
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are produced together with minor amounts of disulphides (Table 11).
H?weve.r, tl_lsulphldes are again the dominant product when a protic
solvent 1s added (Table 12). No kinetic measurements were made for this

TabLe 11. Effect of solvent, base and temperature on the oxidation of
n-butanethioi*#

Soivent Bases Temperature, Conversion of Sulphonic Disulphide,

°C thiol, mole ¢/, acid, mole %,
(time, h) mole %,  in product
in product

HMPA®? KOH 235 97 (24-5) 95 3
HMPA KOH 235 95 (21-5) 95 1
HMPA KOH 80 100 (23) i00 —
HMPA KOH 80 99 (6) 96 1
HMPA NaOH 235 97 (24) 90 8
HMPA NaOH 80 90 (18-5) 92 1
DMF? KOoH 235 98 (17'5) 88 9
RNE: ?Ie’z‘(:)'l-l 235 94 (18-5) 67 24
Teira- KOH 235 93 (23

methyl- @) o 2

urea
Pyridine KOH 80 83 (18) 20 64

atio base/thi.

ticl = 4

a
® HMPA = hexamethylphosphoramide, DMF = dimethylformamide,

TABLE 12. Effect of added water on the product distribution i

of n-butanethiol in HMPA® at 23-5°C 141

H,0, vol. % Thiol conversion, % Sulphonic acid, Disulphide,
_mole 3 mole %
B » in product in product
_12 96 54 41
20 99 48 52

¢ HMPA = hexamethylphosphoramide: constant o; ; i
KOH/thiol = 4; reaction time = 5h. ygen pressure T aum.; ratio

reaction since the systems were always heterogeneous, but based on the
rate f’f oxygen uptake for several mercaptans (Figure 2), the order of
reactivity seems to be n-butyl> phenyl>2,2-di-n—pentyl-l-hexyl. This
parallels the order of reactivity found for the oxidation in hydroxylic

138, 142, 146 M
solvents 48, It was suggested4L-147 that sulphonic acids derive from
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FiGURE 2. Effects of temperature and thiol structure on the oxygen uptake in
HMPA (hexamethylphosphoramide)'4t. © 1-C,H,SH in KOH/HMPA (23-5°);
A CH,SH in KOH/HMPA (23-5°); 0O 1-C;;H;;SH in KOH/HMPA (23-5°%);
& 1-CyHySH in KOH/HMPA (80°). Reproduced by permission of the

author and editor from Tetrahedron, 21, 2271 (1965).

disproportionation of sulphenate ions formed by nucleophilic displace-

ment at the S—S bond of the disulphide® (Scheme 5). This mechanism is

RS—SR+OH~ > RSOH+RS™ )

RSOH+OH~ T— RSO~ +H,0 (72)

3RSO- — > RSO;+2RS- (73)
SCHEME 5

supported by the fact that disulphide may undergo base-catalysed
oxidation in the same solvent system (Table 13) and that increasing
amounts of water added to the aprotic solvent markedly favour the
formation of disulphide (Table 12 and Figure 3). The protic component
of the solvent, decreasing the activity of the base, would inhibit the
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TABLE 13. Base-caialysed oxidation of disulphides in HMPA® 141
Disulphide Temperature, Disulphide Time, Sulphonic Thiol,
°C conversion, h acid, mole mole %
% %

Di-n-butyl disulphide 23-5 98 41 92 3
Di-n-butyl disulphide 80 96 45 S$7
Diphenyl disulphide 235 98 22 88 —
Dipheny! disulphide 80 98 225 99 —

Di-o-tolyl disulphide 80 98 23 98

¢ HMPA = hexamethylphosphoramide, ratio KOH/disulphide = 8.

100 %ﬂ\n_
s n—BuSH
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mole % each component

8 8
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@
:

101
_ x4 ' f
0 'l H i i I I 1 1
10095 92 88 84 80 75 72 68 64 60

Volume % HMPA in HMPA - H,0 mixture

F‘IGLIRE 3 Eﬁects of .added water on thiol conversion and molar product
distribution in the oxidation of n-butancthiol in HMPA at 80°C 14, Ratio
KOH/RSH = 4, reaction time 5 h. Reproduced by permission of the author

and editor from Tetrahedron, 2i, 2271 (1965).

nucleophilic displacement at the disulphide linkage which is responsible
for the further oxidation to sulphonic acid.

- There i; not, however, general agreement with this explanation. Indeed,
direct oxidation of mercaptide ion to sulphonic acid was proposed b);
Berger#® who considers the formation of disulphide as a side reaction.

17. Oxidation of thiols 813

Most of the work dealt with the oxidation of n-octanethiol but a few
other thiols were briefly studied. The reactions were carried out in
t-butanol with potassium #-butoxide as base under the assumption that
in this solvent trace metal contaminations are less likely.

Tha avidatian undar 1 atrm nragaura of avvuean gava anlnhinia and
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sulphonic acids together with variable amounts of disulphide depending
on the concentration of the base (Figure 4). Increasing amounts of base
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POTASSIUM-#-BUTOXIDE ,mmole
Ficure 4. Oxidation of n-octanethiol in s-butanol at 25°C. Dependence of

product distribution at complete conversion on potassium z-butoxide
concentration®*®, n-Octanethioi 0-25 M (3 mmoies in 12Zmi of #-BuOH);
the products formed and oxygen uptake are referred to the mercaptan as
(mmoles product/mmoles RSH) x 100; ‘acids’ refer to the sum of RSO;7 and
RSOj;. Reproduced by permission from Rec. Trav. Chim., 82, 773 (1963).
decrease the percentage of disulphide in the final products, thus suggesting
a dependence of the distribution of products upon the extent of ionized
mercaptan. Formation of disulphide and higher oxidation products are
indeed processes which progress at different rates, Oxidation of z-octane-
thiol in the presence of insufficient base shows that in the earlier reaction
stages formation of disulphide occurs almost quantitatively. This is even
more evident for the oxidation of benzenethiol in which diphenyl-
disulphide is the only oxidation product up to 20-25% of reaction
(Figure 5).
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FIGURE 5. Oxidation of benzenethiol in #-butanol at 50°C. Distribution of
products as a function of time. Benzenethiol 0-17 M; potassium t-butoxide

0-11 M; oxygen pressure 1 atm. Reproduced by permission from Rec. Trav.
Chim., 82, 773 (1963).

Oatalutio affoaie o 2t _*1 .- o 1. oz N .

ALBIyUC citects om the oxidation of benzenethiol by anthraquinone-1-
sulphenic acid, r-butyl hydroperoxide and phenyl benzenethiolsulphinate
have been observed. It was taken as evidence that sulphenate ion is a key
intermediate in the reaction chain leading to the oxidized products.
Indged the above reagents may give rise to the sulphenate ion by ionization
or by oxidation (equation 74) or by nucleophilic  displacement
(equation 75).

RS~+R'OOH —— RSO-+R'OH (74)
R?SR+RS‘ ———> RSO~+RSSR (75)
o

The overall reaction was rationalized4? on the basis of Scheme 6.
The results reported above and other observations including an analysis
of the reaction kinetics lead the author#® to suggest that the first step is
e - - L . >
the formation ot 2 peroxysulphenate ion in the triplet state (equation 76)
which may react with undissociated thiol, when present, to give, ultimately,

diSulphide (equation m. ultimately,
RS-+0, T”——— [RSO0-*] (76)

(o)
[RSO0~*]+4 RSH ——— RS-+2H,0+2 RSSR (m

17. Oxidation of thiols 815

Alternatively, by an intersystem crossing, 8 gives rise to a peroxy-

sulphenate ion ($) which then initiates a chain reaciion, probably a short
chain, as reported in Scheme 6.

Initiation
RS-+0, ”—— (8) ———— RSO0~ (718)
)
RSCQO-+RS-— 5 2RSO- (79)
Propagaiion
RSO-+0,— > RS—00- (80)
[
(o]
RS—00~+RS™ ———> RSO~+RSO; (81)
I
(o]
Termination
RS—00-+RSO~ —— 2RSO; (82)
il
(o]
R§—00-+RSO; ———> RSO;+RSO; (83)
Il
(o]
RSOO-+RSO; ——— RSO~-+RSO; (84)
SCHEME 6

The above outlined scheme leads to the conclusion that completely
ionized thiols would give exclusively sulphinic and sulphonic acids;
nevertheless, the experimental results indicate formation of ca. 5% of
disuiphide in the oxidation of potassium benzenethiolate even with base
in large excess. Since formation of disulphide would require the presence
of undissociated thiol, other mechanisms must be operative. Again it is
possible that the intervention of irace meial catalysis in the oxidation
reaction has to be taken into account. Cullis, Hopton and Trimm!38
reported that copper ions in concentrations as low as 10~7 M are still
active as catalysts and indeed it is very hard to detect metal ions at such
low concentrations and to exclude adventitious impurities of this order of
magnitude.
autooxidation of thiols in basic solutions (in particular see Scheme 4) is
the assumption that mercapto radicals dimerize almost quantitatively
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Although the dimerization of thiyl radicals has been found to be very fast
(10°-10" M~1sec~1)1% the very low concentration of such species could
still make the search for an alternative path to disulphide formation
rewarding. It may be worth mentioning that Caspari and Granzowls!
observed that mercapto radicals generated by flash photolysis in aqueous
solutions give rise to a radical ion, possibly by interaction with an ionized
thiol molecule (equation 85).

RS++RS- T——> RS—§—R @5)

Similar radical anions have been observed!® as transient species in the
reaction of various disulphides with hydrated electrons (equation 86)

which eventually decay to give thiyl radicals and mercaptide ions {(equation

85 from right to left).

RSSR+e- —— > RS—S—R

P

13}
o

oser oY

observed a one-electron reduction of naphthalene 1,8-disulphide, contrary
to the more usual two-electron reduction of disulphides (see Section II)
and also that the radical anion generated from this disulphide with
sodium in 1,2-dimethoxyethane has an ESR spectrum characterized by a
single line with 1-04 gauss separation from peak to peak, g = 2:0110. The
electrochemical generation of the same radical partially resolves the line
into an overlapped 1:2: 1 triplet, ag = 0-4 gauss. The lack of coupling
of the unpaired electron with the aromatic = system indicates that the
electron is localized on sulphur. This, in turn, suggests that disulphide
radical ions may be a relatively long-living species and hence reaction
in ediates. Indeed, under special experimenial conditions!™ or with
special geometrical constrictions!®? they live long enough to be physically
detected.

A related observation was reported by Zweig and Hoffmann!®® who

B. Catalysis by Aliphatic Amines
Thiols and in particular aromatic thiols are acids strong enough to be

partially transformed into their conjugate base by amines. It follows that
the oxidation of thiols by molecular oxygen, which is much faster on the
anion than on the undissociated thiol (see section IIL.A), may be catalysed
by aliphatic amines acting simply as base (see, however, section Iii.D).

These catalysts have been used® in the oxidation of thiols in hydro-
carbon solvents in which amines, but not the more basic alkali hydroxides,
are soluble.

17. Oxidation of thiols 817

The hypothesis that the amine-catalysed oxidation of thiols is a particular
case of the more general reaction of oxidation by moiecuiar oxygen of
thiolate ions is confirmed by the finding that arene-thiols, which are more
acidic and hence more dissociated, are oxidized faster than arylalkane-
and alkane-thiols in the presence of amines',

A special case of combination of amine catalysis and solvent effect is
given!® by the easy oxidation of aliphatic and aromatic thiols in tetra-

W

ina mabin anluamd
h acts both as base and as a dipolar aprotic solvent

(see

xidation of thiols to disuiphides in tetramethyl-
guanidine at 23-5°C 2353

e TA
L1ABLE 14, U

Thiol Disulphide yield, % Reaction time, h
n-Propanethiol 82 19
i-Propanethiol 82 19
n-Pentanethiol 82 ig
Cyclohexanethiol 72 16
a-Toluenethiol iz 43
Benzenethiol 80 19

C. Catalysis by Metal lons
The addition of heavy metal salts to the basic aqueous solution of thiols

easily realized that the catalytic activity varies with the metal ion. The
oxidation gives, except for very special cases (see below), only disulphide
without any contamination by products of further oxidation (Tabie 16).
The stoichiometric relation of one mole of oxygen for four moles of thiol
has always been observed (equation 65).

The results reported in Table 15 have to be comsidered to be only
qualitative; indeed many of the metal ions listed give in the reaction
medium slightly soluble oxides and hence formation of precipitates is
observed. The addition of thiols to these non-homogeneous solutions
causes changes in the amount, colour and possibly nature of the insoluble
material. In some cases the nature of the precipitate formed was investi-
gated; in particular Co(SC,Hy);, PA(SCH,),, TISC,H;, Ni(SC,H,), and
(C,H;S);Ni(OH) were identified in the oxidation of C,H SH catalysed by
Co?*, Pd**, TI* and Ni?+ respectively.
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TABLE 15. Effect of metal ions on the oxidation of ethanethiol® 154
Metali ion Sait Thiol conversion, —d[0O,]/d¢
%, after 1-5h molel-1s-1?
— — — 1-7x10-%
Cest (NH,),Ce(NOg)s 12-8 31x10-¢
uoi+ UO,(NOy),* 6H,0 11-8 2-9x10-¢
VO VOSO, +aq- 11-5 2:6x10-¢
Cr3+ Cr,(S04):-K,S04:24 H,O 64 2-1x10-¢
Mo®+ (NH,)¢Mo,0,,-4 H,0 139 32x10-®
Wwe+ Na,WO0,-2 H,0 14-3 34 %108
Mn2+ MnSO;-4 H,0 11-4 4-6x 108
Fe?+ FeSO,-7 H,0 114 3-6x 10
Fest Haemin (Fe = 1:5x 10~ M) 90-0 26-8x 108
Co?t CoS0,-7 H,O 357 12:8x10-%
Niz+ NiSO, 45-7 11-9x 10-¢
Pzt PdCl, 48 1-5% 10-¢
Ptit+ PtCl, 122 2:6x 108
Cuzt CuS0,-5 H,0 96-7 26-8x 108
Agt AgNO, 57 1-7x 10~
Zn2+ ZnSO,-7 H,0 17'5 3-9x10-¢
Cdz+ 3 CdSO,-8 H,0 139 32x 108
Hg?t HgCl, 61 2:0x10-¢
A+ Al(S0,);-K,80,-24 H,0 11-8 30x10-8
TI+ TI,SO4 103 2:4x 10
Sn2t SnCl,-2 H,0 15-4 2-2% 10
@ Metal ion=1x10"*M unless otherwise stated; ethanethiol = 0-5 M;

NaOH = 2 M; constant oxygen pressure, 700 mm Hg at 30°C.

b Rate of oxygen uptake.

TasLE 16. Oxidation of thiols catalyzed by copper. ait and nickei suiphatee 153
Thiol Copper?® Cobalt Nickel
90‘}; of  Disulphide 90% of  Disulphide 90% of  Disulphids
reaction, h  yield, 9% reaction, h yield, %° reaction, h yleld %
EtSH 1 100 4-5 101 4 96
n-BuSH 1-5 101 >10 — 15 102
i-BuSH 15 102 6 1 12 99
s-BuSH 2 160 8 98 > 10 —
t-BuSH >10 — >10 — >10 —
n-HexSH i5 104 5 101 45 101
PhSH >10 - >10 — >10 —
PhCH,SH 3 98 >10 — >10 —
@ Reaction conditions as in Tabie i5.
b 1x1075 M.
£ Daforn -

* Referred to thi

1
Ol.
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It was suggested!® 157 that a contribution to the catalysis could be given
by undissoived metai compiexes. However, a careful study on the effect
of these insoluble materials in the case of copper, cobalt and nickel salts
did not confirm this hypothesis!35 158,

Tn Tahla 17 ¢tha ~F A caliidiasmn ansmdalonlonns tho
i1 1avuivc 17 I.uU T dlCD O1 UAy SCI-I uyuuu; O1 Soiutions Lultaluiug uic
precipitates are reported together with those obtained from solutions

filtered before and after addition of the thiol.

TaBLE 17. Effect of actual dissolved metal on the oxidation of ethane-
thiola 155, 158

Metal ion Initial rate of Conditions® Metal concentration
oxygen upiake, in solution, M
mole [-1s~1
Cu 13-2x 107 A 10-%¢
13-2x 107 B 10-5
13-2x 10— C 10—
Co 10-3 x 10-¢ A 10x 10-3¢
76x10°¢ B 8:9x10-5
9-:9x10-¢ C 64 x 10—
102 x 10-¢ D 1-0%x 10-3
Ni 152x10°® A 1-:0x10-3¢
3-4x10-¢ B 13x 108
14-6x 10~ C 53x 104
14-8x 10~ D 1-0x 1062

@ Reaction conditions as in Table 15.

b A: no filtration; B: filtration before addition of ethanethiol; C: filtration after
addition of thiol; D: metal added as thiol complex.

¢ Concentration of metal ion added.

Itis quuc clear that yu:uplldu;b, in this system, do not play aiy role.
The oxygen uptake rates of solutions not filtered (A) and those of solutions
filtered before (B) or after addition of the thiol (C) are almost the same

within experimental errors. The lower rates ochserved when the filtration
Wit gxperimenia. 1€ iOWEr rawes OOsCIrved wiach il ihration

is carried out before addition of thiol (B) could be due to a lower solubility
of hydroxides in respect to that of metal mercaptides. This is further
confirmed by the fact that addition of metals as thiol complexes gives
again the same rate of oxidation (D).

An evaluation of the relative efficiency of the metals listed in Table 15
as catalysts is hindered by several factors. First of all the concentration of
the metal ions in solution is not known, except in a few cases (see Table 17);
for exampie, the different rates observed with FeSO, and haemin compiex

28
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(Table 15) could in part be due to different solubihty and hence con-
centration of the two catalysts. A second point is that the h

uar e Axnsxlbal rates of

oxygen uptake reported (2- 7 % 10~%) are near the diffusion-controlled rates.

In fact with copper salts, rates independent from stirring are obtained
only at much lower concentration than those of other metal ions (Table 18).
On the same line are the results reported in Table 19 which show that

TABLE 18, Dependence on shake rate of the oxidation of
ethanethiol® catalysed by copper ions5®

[Cu**, M Shake rate, Rate of oxygen
cycles per minute uptake?®
19‘3 360 0-80
162 380 1-23
104 310 0-74
360 0-84
400 1-57
10-® 310 060
400 0-60

@ Reactlon conditions as in Table 15.
L3R PR R,
Initial rates, expressed as percentage of final uptake/min.

TaBLE 19. Effect of metal concentration on the oxidation of ethanethiol® 15¢

Metal ion Sait Concentration of —d[0,]
metal added, M dr
molel-1s-1?
Fe®! FeSO,-7 H,O0 0 2:2x10-¢
10-¢ 22x10-¢
10-% 3-0x10-
104 3-5x10-¢
103 58x10-°1
35x10-¢F
102 11-5x10¢1
37x10¢F
Fes+ Haemin 1-5x 102 26:8x10-¢
0-6x 1072 11-6x10-¢
Mn2+ MnSO,-4 H;,0 10-3 32x10-¢
i 30x10-°
103 32x10-¢1
48x10° F
Cr3+ Chrome alum 10— 42x10¢1
2:3x10°¢F
10— 2:0x10-¢
¢ Reaction conditions as in Table 15.
® Rate of oxygen uptake. I = initial rate; F = final sieady raie.
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increasing concentrations of the metals do not increase in the expected
way the rates of oxygen uptake; possibly because of saturation effects.

A typical feature often observed is that initial rates differ, and are
frequently higher than final steady rates!'® (Figure 6, Table 19).

[o]
(@]
1

-
o
3
T
@®
*®
w
T

A/

Oxygen uptake,mole 1"t
S
(e}

N
N\

7-Bu SH
o) R N
0o 100 200
Time,min
FIGURE 6. Oxldauon of thiols catalysed by cobalt sulphate’®. Reaction
............. Damendiioad sermission of the author and the

conditions as in Table 15. Reproduced by permission of

Society of Chemical Industry from J. Appl. Chem., 18, 335 (1968).

The authors suggested that this change in rate is linked to the formation
of disulphide which could compete with the thiol in coordination to the

of disulphide which co
metal. Indeed the addition of dlsulphlde at the beginning of the reaction
depresses the initial rates but does not affect the final steady rate. Since the
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disulphide is very little soluble in the reaction medium, its concentration
in solution is expected to reach saturation quickly. Other effects due to the
formation of a two-phase system could not be ruled out.

Among the most actively studied metals are copper, cobalt and
nickel'™ 1% and we shall devote to them a more detailed analysis. The
rate of oxidation is zero order in thiol concentration for cobalt (see Figure
6) and for copper ions whereas in the case of nickel, first order in thiol
was observed.

However, the rate of oxygen uptake does depend on the thiol: the
relative rates vary with different metals but benzenethiol and t-butanethiol
are always among the least reactive compounds. Probably this is related
for benzenethiol to its greater acidity (i.e. its higher oxidation potential)
and for r-butanethiol to steric hindrance to coordination on the metal.

A detailed analysis of the structural effect of thiols on their rate of
oxidation is probably unrewarding because of several uncertainties like
partition coefficients of the thiols and

metal complexes bety the
aqueous and disulphide phases and, perhaps more important, the degree
of contamination of the solutions by other heavy metals due to the well-
known ability of metal mercaptides to distil together with thicls®, It has
to be noticed that the nominal uncatalysed rate is not as small as could be
expecied in respec to the cataiysed rates and that concentration of copper
ions of the order of 1 x 10~5 M is more effective than that of other metals
at the ‘nominal’ concentration of 1 x 10~ M.

Pertinent to this point is the study of the effect of typical ligands on the
rate of oxidation!® 1%, The results with ethylenediaminetetra-acetic acid
(EDTA), ethylenediamine (EN) and CN- are reported in Table 20.

The complexing agents always reduces the rate of oxygen uptake and
the effect of CN- is particularly large. This latter ion has also the effect
of changing the course of the reaction since no disulphide, or at least
only traces of it, is formed and more than the stoichio
oxygen is consumed.

Tests were made to ensure that the increase of oxygen consumption is
not due to further oxidation of disulphides which appear to be stable in
the reaction conditions even in the presence of CN-,

The effect of complex ligands like porphirine, phthalocyanine, etc. has
been studied by numerous authors particularly on biological systemg32 143,

Some data on studies with these ligands and simple alkane-thiols¢! are
reported in Table 21.

It is interesting to observe that also in these cases, cyanide ion depresses
the oxidation rates and that the rates of oxygen uptake with these metal

complexes exceed in severs et

mpiexes exceed in several cases the limiting rate of oxygen diffusion.

P P SRy f
viieuic amount o1

20. Effect on the oxidation rates of ethanethiol of several ligands® 158

P

TABLE

Notes

Final O,
uptake, % of

Metal ion®

[EN]

:DTA]

[[.

[CN-]

[RSSR]

—d[0y]

dr
molel-1s5-1°

M

M
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¢ Rate of oxygen uptake. I = initial rate, F
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TABLE 2i. Oxidation of ethanethiol® catalysed by metal complexes!6!

Metal Metal complex Concentration, Rate of oxygen uptake,
M & (mole s x 10

Co Co0S0,-7 H,0 10-3

1M0N.2 1.1

Phthalocyanine 3-5x10-2 :1‘7“6' l—l

Vitamin B;, 10-3 80-4 07

Ni NiSO, +aq. 10-3 1‘5”1’ (1,(;
Cu CuS0O,-5 H,0 105 i3:2 12
Phthalocyanine 35x10-3 54 —

Fe FeS50,-7 H,O 103 4.0 1-1
Phthalocyanine 35%x10-3 147 —

Haemin 10-2 17-1 147

— — — 1-0 02

% Reaction conditions as in

This could be due to the ability of these complexes to co-ordinate molecular
oxygen,

) :rpe_sug_g_es_t_ion was advanced that the metal-catalysed oxidation of
thiols 1n alkaline media is based on an electron transfer from the metal
in its higher oxidation state to the thiol viz an inner-sphere process
whenever the thiol may co-ordinate to the metal. Outer-sphere processes
are suggested when strong complexing agents prevent the entering of thiol
into the co-ordination sphere of the meta]l6l,

' Ilz may be worthwhile to notice that disulphide is formed in quantitative
yields :when no strong ligands are present otherwise products of further
oxidation are obtained.

This puts ‘some doubt on the hypothesis that disulphide formation
stems frgm dimerization of free thiol radicals as indicated in the simplified
mechanism (Scheme 7) reported below.

2MM+ 40, ——> 2 M . O2-
2RS™+2M"+H 5 oRS. L2 M+
2RS- —— > RSSR

;" +2H,0 —— H,0,+2 OH-
SCHEME 7
It could be suggested that disulphide is formed within the co-ordination
sphere of the metal or in a step concerted with the release of

a slafe l oo 221
sie w1 Ieiease O1 tniyl radicais.

17. Oxidation of thiols 825
Indeed when, as in the case of cyanide complexes, it is assumed that the

............
radicals are formed as free particles in the solution, disulphide is at the
most a minor reaction product and the thiols are oxidized to sulphinic
or sulphonic acids
or sulphonic acids.

Most proposed schemes assume that hydrogen peroxide is a by product
and that it is consumed in a subsequent probably metal-catalysed fast
reaction. Although this cannot be ruled out, it could also be that when the
oxygen enters into the co-ordination sphere of the metal it is reduced in
successive steps to water rather than released at an intermediate stage of
reduction.

D. Catalysis by Organic Redox Systems

medium as well as other easily oxidizable species like the reduced forms of
several dyes may act as catalysts in the autooxidation of thiols to disulphides.

The rate of oxygen upiake for the oxidation of n-hexanethiol in the
presence of hydroquinone is characterized by an initial slow rate which
increases up to a maximum and then decreases at longer reaction times!62,

hvdroauinone anion (QH™) bv the oxveen to generate the semiguinone
hydroquinone anion (QH™) by ygen to generate the semiquinone

(QH) (equations 88 and 89).
QH,+OH- ——— QH-+H,0 (88)
QH~+0, ———> QH+0; @9

The semiquinone then reacts with the thiol to give the corresponding
thiyl radical (equation 90) which yields disulphide by dimerization.

QH+RS™ ————» QH"+RS- (90)

The oxidation rates depend on the hydroquinone used as catalyst, but
the catalytic power is not directly related to the oxidation rate of the
catalyst!®®, However, the two sets of data are obtained in different
conditions and in particular at largely different pH, and this could justify
the discrepancies observed. Alternatively it is possible that the quinone is
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first transformed into its mercapto derivative (equation 91) and that the
substituted quinone is

o+

he trne oxidizine enaci~cl62
08 IUC OXIGiZing spECics

o) o -

OH 0

%\f + RSH ——> N SCIIN |)K RSH
O Q.= (1, %
OH 0

[o]

o
3
2

OH
1

©
nd BR),

Studies of the oxidation of thiols with tetrasubstituted quinones not
susceptible to further addition would shed light on this problem.
Unfortunately data of this kind are not available in the literature.

An identical mechanism has been proposed for the oxidation of thiols
catalysed by phenylenediamine denvatlvesl“‘m.

Flavine derivatives oxidize thiols to disulphides in the absence of
oxygen with formation of dihydroflavines'®” (equation 92)

tion 32).
R?
|

N

] ~

@T T‘MU + 2RSH ——> RSSR + m | Yo (92)

NN /j/ N ,
R

~
The reduced form of this dye may be reoxidized by molecular oxygen

with regeneration of the oxidant and formation of hydrogen peroxide

which is itself an oxidizing agent toward mercaptans (see section III.A)
(equation 93).

22—
Z2—x

2

R H R?
_|, 13 |
N N N o]
KmYYY 0, — o+ LY T e
\\//\ QAN N/ N\R1
(o]

Other organic redox systems are good catalysts for the oxidation of

thiols by molecular oxygen and probably act by similar mechanisms?®2,

17. Oxidation of thiols 827
E. Co-oxidation
The autooxidation of thiols in the presence of alkenes takes a quite

different course!#3. 18 They are in fact oxidized by oxygen to give, possibly
by a chain reaction, -thiohydroperoxides which eventually rearrange to
fB-sulphinyl alcohols (equation 94). Acetylene derivatives give under the

I
RSH + >c=C] + 0, — RS—C—C—00H ——> (94)
L
R—§—C—C—OH
i 11
same conditions a similar reaction which may be represented by
equation (95).

CH—C—R'  (95)
(I} 1l

0
H C

RSH + R'—C=C—H + 0, ——> [?] —-> RS—

These reactions are usually called co-oxidation of thiols since an
alkene (or an acetylene) is oxidized together with a thiol molecule. It has
been reported that the rate of co-oxidation depends on the alkene and on
the thiol, with aromatic derivatives reacting faster than the aliphatic ones.
Catalysis by typical radical initiators has also been observed!%,

Kharash and coworkers'® first proposed a hydroperoxysulphide inter-
mediate in the formation of S-suiphinyl aicohois in the co-oxidation of
thiols with olefins. This was later confirmed by detection of peroxy
compoundsl“9 in the reaction mixture. Further studies led to the isolation
Uf Sé'v'éi‘al ll_yulUPClUA_yBulylllqu WllCll dlUllldllh LlllUlD WEIT UAlulLCU dl-
low temperatures!?® 171,

An example of this class of compounds is the 2-(2-naphthylmercapto)-1-

) : d
indanyl hydroperoxide (10) obtained'™ as a solid, melting at 70°C, by

co-oxidation of 2-naphthalenethiol and indene (equation 96).
A ASH oA
LI Uy e —
3 S, S~
QO A
A OH

(96)
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When the hydroperoxide intermediate formed in the co-oxidation of
2-naphthalenethiol and indene is allowed to decompose in the presence
of 2-(4-chlorophenylmercapto)-1-indanol, none of the latter was oxidized.
This would suggest an intramolecular transfer of the peroxidic oxygen at
the sulphide sulphur.

Further ev1denoe on the intramolecular character of the oxygen transfer
as well as on the stereochemistry of the co-oxidation process stems
from a careful investigation by Szmant and Rigaul’217 on the reaction
of benzenethiol with indene.

They isolated from the reaction and fuily characterized three of the
four possible diastereoisomeric 2-phenylsulphinyl-1-indanols and prepared

the missing isomer by oxidation of czs-2-phenylmercapto mdanol with
hvdroocen neroxide 41
nydrogen peroxide or with mi- uumuperoxyoenzOlc acid.

The four stereoisomers (only one enantiomer is reported) are listed

below with the relative yields obtained in the co-oxidation in benzene
solution,

—\ —
H \ H/QH HWOH

 H
S, oS,
o L IO 0\‘ ‘ 'I;:
Ph Ph
(11) m.p. 101° (60-3%) (12) m.p. 158° (24-2%)

e A
HWOH Hy\(Kou

S, S,
:‘\‘\I ’/;,0 W0,
Ph ° é”-

(13) m.p. 158° (15-6%) (14) m.p. 146° (0-0%)

These results indicate that a 5-4 : 1 trans/cis mixture of hydroperoxides
is formed and hence that in this system the co-oxidation is stereoselective
rather than stereospecific as it was earlier suggested143,169,171

The formation of only three of the four p0551b1e sulphinyl isomers and
the ratio in which they are formed appears to be clear evidence of the
intramolecular character of the oxidation step.

In fact the molecular models of the cis and trans phenylmercapto indene

vdrane Tdag  smsm i oo

YCroperoxiGes, precursors of compounds 1i-14, show that the trans

17. Oxidation of thiols 829

isomer may suffer intramolecular attack at sulphur from both sides through
conformations of similar estimated energy and hence compounds 11 and
12 are formed in similar amounts. On the contrary in the case of cis
hydroperoxide the conformation which would lead to compound 14 by
direct OXygeii transfer is not accessible xcq‘uuius that the y.leny. be above
the indane ring. This may explain why only the cis isomer (13) is formed.

For the formation of the intermediate hydroperoxide the following
mechanism based on a radical chain reaction may be formulated

mechanism a ragical cham react

(equations 97-100)168.

o 0,, u.v. light, etc. na. (97)
RS > RS

X

1 1
N~ i i
RS+ + Je=C —=> RS—¢—C: (98)
L] L
R$—C—C+ + 0, —> R§—C—C—0OC (99)
T 1 T

2
[ 1o

RS—C—C—0—0; + RSH — RS—C—C—OOH + RS: (100)
I I I

When thiols and olefins are co-oxidized in the presence of an aliphatic
amine, the end-products are 2-mercaptoethanols, disulphides and
waterl’s1% (equation 101).

RIN Iy
3RSH + _c=c{ + 0, ——» RS—C—C—OH +
I I

RS—SR + H,0

This reaction may be explained in terms of an amine catalysed oxidation
of the thiol2® by the 2-mercaptoethylhydroperoxy intermediate.

This was confirmed by the observation!” that the complex of 10 with
triethylenediamine oxidizes quantitatively benzenethiol to disulphide.

Olefins containing isolated double bonds with different reactivity
towards thiy! radicals are selectively co-oxidized at the more reactive
unsaturation centrel™. This is the case of co-oxidation of endo and exo
dicyclopentadienes with 4-chlorobenzenethiol (equations 102, 103).
(The bracket indicates that the stereochemistry is unknown.)

Co-oxidation of thiols with 1,3-butadiene, the simplest conjugated
diolefin, has been studied in the presence of r-butylamine'’. Products
derived from 1,2- and 1,4-addition were observed in the reaction with
methane- and ethane-thiols, predominant 1,2-co-oxidation products were
formed when benzene or p-toluenethiol were used (equation 104).
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A
RSH +ﬂ >\ + 0, —> Rsoﬁm (102)
U J

p—

AN A e £
NN T o o N o
N -

RSH + CHy=CH—CH=CH, —qx> RS—CH;—CH—CH=CH, +
- i
HO (104)
RS—CH;—CH=CH—CH,—~OH

The 1,2- versus the 1,4-addition to conjugated diolefins also depends on
the structure of the dienel™ 7.1, 2 5 Dimethyl-2,4-hexadiene gives only
1,4-co-oxidation products' (equation 105) whereas 2,3-dimethyi-1,3-
butadiene affords 1,2-oxidation products'” (equation 106).

ancu N A AL e s .
enon T oLy LnTun=eling),; + Oy ——>

oo, (09
RS—(;Z—CH=CH—(:?—OH + RSSR + H,0
CH, CH,
3RSH + CH,=C—C=CH, + 0, — %,
e CH,
(106)
CH,
Rs—crfz—cf—<|:=-cH2 + RSSR + H,0
H—0 CH,

The scheme suggested for these reactions is similar to that proposed for
the co-oxidation of simple alkenes. The thiyl radical attacks one of the
terminal carbons to give an allyl radical followed by attack of oxygen at

the 2 or 4 carbon depending on the relative stability of the two formal
radicals (Scheme 8).
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RS- + R)C=C—C=CR}
éz é"’
|
I $1 R? R? R! !_]-‘,_2 R2 1
Lo | |
IRs—g—g—c=CR; <> RS—C—C=C—CR} | -2,
| * ! J
rrr FERY
RS—C—C—C=CR]  orfand RS—C—C=C—C—OQ,
[ | |
R' O, R R

SCHEME 8

Co-oxidation of thiols and phenylacetylene with oxygen produces
phenylglyoxal hemithioacetals'”® (equation 107).

RSH + Ph—C=CH + O, ——> Ph—C—CH—SR (107)
OH
The reaction occurs more easily than the co-oxidation with olefins.
Benzenethiol and phenylacetylene react at reasonable rates even at
temperatures below —70°C under u.v. irradiation. At this temperature a
peroxidic compound which decomposes above —10°C to give the hemi-
thioacetal is formed.
The products of co-oxidation of thiols and phenylacetylene are unstable
and decompose to phenylglyoxal and thiol when vacuum distilled
{equation i08).

R—S——CH—-|C—Ph E—— Ph(l%-—CHO + RSH (108)
OH O O

The mechanism of the co-oxidation of acetylenes and thiols is not
co-oxidation with olefins has been suggested'™,

As reported above, the autooxidation is a quite general and important
reaction. Beside the co-oxidation with olefins, which may be an undesired
side reaction, oxidation of thiols by molecular oxygen represents a simple
method of transforming these unstable compounds characterized by a
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quite unpleasant smell into odourless and relatively stable compounds.
It may also be a cheap method of synthesis of disulphides although care
should be taken to avoid overoxidation. Furthermore, some thiols and their
corresponding products of oxidation undergo easy base-promoted
a-climination leading to desuiphurized compounds3®-15,

V. PHOTO-OXIDATION

Thiols undergo an easy photolytic reaction (see chapter 10 on photo-
chemistry) which is in fact an oxidation of mercaptans to disuiphides
(equation 109).

2RSH —™ . RSSR4H, (109)

The instability of thiols to light has been known for a long timel®®
and there is a lively interest in the photolytic and radiolytic reactions with
high energy radiations of thiols and sulphur compounds in general also
because of the problem of biological effects of radiations32 184,185,

Recent detailed work in the gas phase by Steer and Knight'®s17
largely confirming earlier results’®1%%18518 showed that the primary
photolytic process by irradiation at ca. 2500 A for methane- and ethane-
thiols is the homolysis of the S—H bond (equation 110) to give thiyl
radicals and hydrogen atom. The principal products of the reaction are
molecular hydrogen and disulphides. The simple Scheme 9 was proposed
for this reaction.

RSH —™ . RS.4H- (110)
RSH+H: ———> RS:+H, (111)
2 RS ——— RSSR (112)

Minor amounts of methane and hydrogen sulphide in the methanethio!
R yLivee o lll\.l\r 111 v ulvtuuucuuul

reaction and of ethane, ethylene and hydrogen sulphide in the ethanethiol
reaction were also formed. The authors'® 187 propose that these products
are not formed in a primary process, but they derive from reaction of the

thiol with a disulphide molecule which has not yet transferred the excess
of energy which it contains at the act of formation (Scheme 10).

2 CH;S+ ———> CH,SSCH# (113)
CH,SSCH#+CH,SH —— - CH,SSCH, +CH_ .} HS- (114)
CH,*+CH,SH ——— CH,+CH,S- (115)
HS++CH;SH ——— H,S+4CH,S- (116)

ScHEME 10

17. Oxidation of thiols 833

In the case of ethanethiol in addition to the processes corresponding to
reactions (114)-(116), equation (117) was proposed to explain the
formation of ethylene. Reaction (117), because of the larger rearrange-
ment involved, should be slower than the equivalent of reaction (114),

CoHySSC,HF +C,HSH ——> C,H;SSC,H,+C,H,+H,S (17)

as is in fact observed. Among the evidence presented by the authors!®® 187
in favour of the mechanism of formation of hydrogen sulphide and
hydrocarbons the decrease of the yields of these products with the pressure
of added inert gas is especiaily convincing.

As far as the primary process (Scheme 9) is concerned the supporting
evidence is overwhelming: addition of ethylene, for instance, decreases
the yields of hydrogen and disuiphide with concomitant formation of
ethyl sulphide via addition of the thiyl radical to ethylene.

Flash photolysis studies'® allowed the direct detection of thiyl radicals;
these apcucb were also detected u_y u.v. and €.5.r. when the puuiOl}/SIa was
carried out in solid matrices'®*-192,

Quite similar processes occur also in aqueous solutions, as well as in

othar solvantsl5l. 183, 184 sometimes comnlicated however. hv interaction
CuIer Soavenis somiumes compucaila, aowever, oy inilractudn

of the radical initially formed (equation 110) with other species present.
Indeed the photolysis of thiols has been used as a source of hydrogen
atoms to stu_dv their reactions with several t-nmr\(mﬂrk193

Higher molecular weight thiols, partlcularly secondary and tertiary
alkanethiols, may undergo other primary photolytic processes, in
particular breaking of the carbon-sulphur bond'®4185, In the majority of
cases, however, the main path seems to be the sulphur-hydrogen bond
breaking ieading io the formation of thiyi radicais which may undergo in
appropriate experimental conditions several reactions besides dimerization
to disulphide (section IV). Carbon——sulphur bond fission may also occur
when shorter wavelengm usul. is used. Under these conditions more
complex phenomena due to the production of particles with excess energy

content have also been observed!84-197,
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I. INTRODUCTION
isotopic iabeiling of thiols has been used in research disciplines ranging
from atomic physics to forestry in the study of practically every atomic,
molecular and biological process that thiols are known to undergo In this

..........................

1 +ha
review we will consider the CAaanges that substitution of deuterium for the

841



842 Aviva Lapidot and Charles S. Irving

hydrogen of the thiol group introduces into the translational, rotational
and vibrational processes of thiols both in the ground and transition
states. These perturbations have helped to elucidate some of the most
fundamental structural and chemical properties of thiols. The low energy
B-rays emitted by the thiol group when it is substituted with tritium or
sulphur-35 allow the thiol group and its constituent atoms to be located
in complex reaction mixiures. In this review we will consider the tracer
applications of radio-isotope labelling in mechanistic studies of thiol
reactions. However, we will also consider the use of tritiated and
$ulphur-35 labelled thiols in the optimization of industrial processes, as
well as to trace the path that thiols follow in the body. We extend this

review into these two areas of research which are usually considered to be

beyond the research interests of the organic chemists for two reasons.
First, the physiochemical phenomena which underlie these processes are
the same as those encountered in the reaction vessel by the oréanic chemist.
The same radical transfer reactions of thiols take place in the photo-
chemical reaction vessel, synthetic rubber polymerization chambers, and
v.vii.hin the body of an animal exposed to ionizing radiation. The relative
lipid- as compared to water-solubility of a thiol determines not only the

best procedure for its extraction from a reaction mixture but also whether
the thiol will penetrate the lipoidai biood—brain barrier. Second, we have
included these industrial and biological studies for the sake of the chemist
who may want to extend his research on thiols to more industrially or
biclogical significant problems. In totai, we wili cover processes as
delicate as the passage of a thiol over a transition state or as intractile as
the wearing down of steel. We will trace the flow of a thiol down the

axon of a neuron and through the ecosystem of a forest.

XOn nouron andc tarougn

1l. MOTIONAL PROCESSES

The most fundamental chemical questions concerning the molecular
weight, atomic co-ordinates and bond strengths of thiols have been
answered in the most precise way by careful physical measurements of
the translational, rotational and vibrational motions of thiols. Since in
any one measurcment the number of physical variables usually exceeds
the observable parameters, meaningful physical parameters could not have
been obtained if measurements had not been made on a series of iso-
topically substituted molecules. It is now common practice in moiecuiar
Spectrometry to site a motional process from several isotopically labelled
positions in a molecule. In the following sections, we will briefly describe
the physical origin of the isotope effect in mass spectrometry, microwave

ope €l
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and infrared spectroscopy and review how it has been used to answer
fundamental chemical questions concerning thiols.

A. Translation
faemd —mal 1 O£
CHL MICLnou 101

P P waladie . .

doer o oo s
TOomicii’y iS a reiaiive

Mass spe
the determination of the molecular weight of a molecule. Moreover, in
the course of the measurement, the molecule often fragments to smaller
molecular ions, whose molecular weights are also measured. Later the

pattern of molecular fragments can be pieced together in a way that will

overcomes this problem and precisely traces the origin of molecule jon
fragments.

When thiols enter the mass spectrometer, they are first ionized and
partiaily broken into fragments. Both the moilecuiar parent ion and the
fragment ion carry a charge, e, by virtue of which they can be accelerated
through a potential, ¥. When the ions emerge from the accelerating
chamber they all possess the same kinetic energy, Mv? and potential
energy, eV (where M is the mass and ¥ the velocity of the ion). When this
process is applied to a mixture of normal and heavier isotopically labelled
thiols, both the light and heavy ions will emerge with the same energy, but
the light molecules will be travelling faster than the heavy molecules. The
accelerated ions next enter the magnetic sector of the spectrometer, where
the magnetic field, H, exerts a centripetal force, HeV, on the ions which is
exactly balanced by a centrifugal force, Mv?/r, i.e. HeV = Mv?[r (where r
is the radius of the ions trajectory through the magnetic field). The lighter,
normal ions travel with a greater velocity v and experience a greater
centripetal force, and an even greater centrifugal force, than the heavier
isotopicaily labelied thiols. Accordingly, the path of the lighter ions wiil
have a smaller radius. The difference in paths of the light and heavy ions
facilitates their separation and analysis®.

The two most labile bonds in a thiol, R—CH,—SH, are the S—H and
C—H bonds. However, removal of a hydrogen from the CH, or the SH
group yields fragments with the same mass. Amos and coworkers? have

at CN QK fraomantc + N —QI+

used isotopic labelling to show that CDySH fragments to [CD,=SH]

and [CD4S]* in the ratio 2 : 1, while the ratio in CH;CD,SH is approxi-
mately unity. Upon ionization, benzenethiol-S-d; has been shown by
deuterium and ring hydrogen. In a later section, we will show how
separation of ion fragments using isotope labelling has made possible a
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number of mass spectrometric studies of the bond energies of thiols and

the thermodynamics of their bond cleavages.

B. Rotation

Microwave spectroscopy has proved to be a powerful technique,
providing data on the structure and bonding of gaseous molecules. The
interaction of the dipole moment of the molecule with a microwave field
induces transitions between the rotational energy levels of the gaseous

Ci e gascous
molecule. The microwave frequencies, at Wthh the transitions occur,
depend eniirely on the moments of inertia of the molecule about its
principal rotational axes. The moment of inertia is determined by the
atomic masses and bond lengths and angles of the molecule. Usually the
determination of one set of moments of inertia is not sufficient to give a
unique set of molecular parameters. To obtain such a unique set of
molecular parameters, measurements must be made on a series of
molecules, in which isotopic substitution has been used to create a series
of changes in atomic mass along the molecule. As microwave measure-
ments are quite sensitive, thiols containing 13C, S and %S at natural
abundance can be observed and used to provide a series o
occurring isotopically substituted moleculess.

in the first application of microwave spectroscopy to a thiol, Sollmene
and Dailey® measured the Oy -1y tramsition in several isotopic

wviaxr 1wUWPILall
substituted methane thiols, 1ncludmg 12CH4*SH, 13CH,32SH, 1"‘CD:”SHJ
2CH,™8H, *CHy*SH and CH,*SD. From these data they derived the
moments of inertia and corresponding structural parameters of methane-
thiol. Kadzar, Abbason and Imanev® determined the structure of ethane-
thio! using CH,CH,*®SH and CH,CH,»SH. A more comprehensive set of
molecular parameters for ethanethiol has been obtained by Hayaishi and
coworkers’ from the spectra of the trans and gauche isomers of

CH,CH,SH, CH,DCH,SH (syn and anti), CHy;CD,SH, CH,CH,*SH
and CH,CH,SD.

In addition to rotating with the molecule as a whole, the methyl group

of methane thiol can rotate against the thiol group along the C—S§ bond.

The resulting modes of hlndered rotation (i.e. torsional vibration) create
an additional series of spectral lines. Solimene and Dailey5, by measuring
the intensity of the lower-lying excited torsional states relative to the
ground state in CH3SH and CD;SH, determined that the potential
barrier for hindered rotation is sinusoidal with a height of 1-06 kcal/mole.
Later Kojima®, measuring the AJ=+1, AK=T1 lines in the ground

state and the AJ = 0 lines in the first excited state of CH,SH and CH#SH

determined the note

Getermined the potential barrier of methanethiol to be 444 +10cm—1,
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In similar measurements of CH,DSH and CHD,SH, Knopp, Daniel and
Quade® showed that the staggered conformation for the methyl and thiol
group corresponds to a threefold minima in the potential energy function
for hindered rotation. Reddington10 has found that the height of the
potential barrier of CFSH and CF,SD is quite close to that of CH,SH.

The fact that substitution of CF; for CHj has little effect on the height of
the barrier rules out repulsion between non-bonded atoms as the source of

a Lo fan ard b~ Al
the potential barrier. Measurements like these can be expected to continue

to provide insight into the nature of the interaction between two internally
rotatlng groups.

nd Townes?® who
on close examination of Solimene and Dailey’s microwave spectrum of
methanethiol noticed a group of three very weak doublets. They ascribed
the doublets to the interaction of the electric quadrupole moment of
natural abundance 338 with the electric fieid of the molecuie as a whole.

C. Vibration

Infrared spectroscopy can be used not only in a qualitative way to
identify functional groups in a molecule, but also to provide precise data

] ada T
on the bond strengths. Before such calculations can be made, hov

er,
every observed speclral band must be assigned to one of the vibrational
modes of the molecule. Such assignments can often be ambiguous.
Replacing an atom in a molecule with one of its isotopes does not, to a
high order of approximation, change the electronic structure of the
molecule, and therefore does not aiter the potential functions governing
the vibrations of the atoms. However, the frequency of the vibration will
be affected and will reveal itself in a shift of the vibrational band. The shift
will be small, when the isotopically substituted atoms moves very little in
a particular vibrational mode; but when the atom has a large amplitude of
vibration in a mode, the shift will be large!2. Plant, Tarbell and Whiteman®
reported the first isotope shift observed in the vibrational spectrum of a
thiol. They found that in benzenethiol and n-hexanethiol deuteration of
the thiol groups shifted the bands at 2600 cm—! to 1839 and 1870 cm—1,

respggtivg]y Since then mnfnnp shifts have hAlnAﬂ elucidate the infrared

spectra of several thiols. For example, CF,;SH dlsplays a band at 906 cm™,
which shifts to 699 cm™ in CF,;SD. This large spectral shift has allowed
the band to be assigned to the CSH bending mode; whereas a series of
bands near 500 cm™ shift very little upon isotopic substitution, verifying
their assignment to the CF; deformation modes?®,
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Takeokal® has used the isotope shifts observed in the infrared spectrum
o.f cyclohexanethiol-S-d; to assign the observed bands to the proper
vibrational modes. In addition, bands belonging to the axial and equatorial

conformations of cyclohexanethiol could be distinguished. Furthermore,

tha chonoas tm tha walodlo o L .- oo . ~ .
Hhe Baligts 1 tic relative concentration of the two conformers on going

from the liquid to the plastic to the hard crystalline phases could be
followed. )

Once the vibrational bands of a molecule have been assigned to their
proper modes, calculations can be made of the interatomic forces that
bind atoms together to form a molecule. The strength of these interatomic

forces is measured in terms of a force constant for a narti
erms of a forc tant for a parti

ar vibrational
mode. When the atomic co-ordinates and masses of a molecule are known,
a complete set of force constants can be used in a normal co-ordinate
analysis using the Wilson FG matrix method!5, to obtain a set of calculated
vibrational bands. The set of force constants is then adjusted so as to
obtain the best fit between observed and calculated frequencies. As
occurs in other spectroscopic measurements, the number of force constants
often exceeds the number of observed frequencies in any one spectrum.
Since the force field is independent of isotopic substitutions, the spectra of
isotopically substituted molecules can be used to provide additional
frequencies. A particularly good check of a force field is its ability to
predict the spectra of isotopically substituted molecules. May and
IA’accl“’17 have obtained a force field for methanethiol based on the
frequencies of CH;SH and CH,SD and microwave structural parameters.
Their force field accurately predicts all the observed frequencies of the
normal and isotopically labelled molecules. Hayaishi and coworkers®
have obtained a reliable set of force constants for ethanedithiol from the
frequencies of HSCH,CH,SH and DSCH,CH,SD. Furthermore, they
have shown that when trans, trans, trans and trans, trans, gauche con-
formations are assumed, the force field satisfactorily predicts the observed
frequencies of n-propanethiol, B-thiamethylethane thiol, B-halogenoethane
thiol and 1,2-dithiamethyl ethane.

Hl. CLEAVAGE OF THE S—H RON

A. The Primary Hydrogen Isotope Effect and the Nature of the
Transition State

in the previous section we saw how isotope labelling has played an
indispensable role in the elucidation of the motional processes and

structure determinations of thiols. In this section we turn to the dynamics
A0 el s ool o . 1 [P — < .
of the rupture of the S—H bond. The chemical phenomenon of the
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S—H bond cleavage is indeed only another motional process, in which the
thiol hydrogen moves independently of the rest of the thiol molecule in a
sort of extended S—H stretching mode. As we have seen, substitution of
deuterium for the thiol hydrogen has a pronounced effect on the motion
of a thiol, particulariy the S—H bond stretching vibration. We might
expect that deuterium substitution will greatly affect the dynamics of the
S—H bond cleavage. In this section, after having reviewed the theoretical
basis for primary hydrogen isotope effects®??, we will construct several
transition state models for S—H bond cleavage®, predict the isotope
effect for each model, and compare these to the measured values. Finally,
we will turn to the use of isotopic labelling to trace the fate of the thiol
hydrogen after it has been abstracted from a thiol.

For the purpose of theoretical discussion, we consider that the thiol
lies on a surface of potential energy, whose co-ordinates are the bond
lengths and angles of the thiol molecule in the horizontal direction and
potential energy in the vertical direction. The exact topography of the
surface is determined by the electronic structure of the molecule. During
the processes of S—H bond cleavage, the thiol can be thought of as
travelling across the surface along a pathway of lowest energy, which wiil
correspond to the S—H stretching mode. The highest point along this
pathway of lowest energy is called the transition state. The rate at which
S—H bond cieavage will occur depends primarily on the probability of a
thiol reaching the transition state, RSH*. If we consider that ground state
and transition state molecules are in equilibrium, then the process can be

¢ K+ foans 1 and N
tant X* (egns. 1 and 2).

K+ = [RSH ] — Han-oducts s fA T DT
[RSH]  IQPqctants

Equilibrium constants can be expressed in terms of the motional
processes of a molecule, i.e. in terms of the partition function of the
reactant and the product, which in this case is the transition state, as seen
in equation (2). The partition function, @ or Q° (for unit volume of an
ordinary molecule), denotes the probability of a molecule existing in any
one particular motional state, summed over all the possible translational,
rotational and vibrational states available to the molecuie. The energies
of the motional states are calculated taking the lowest classical state, as
having zero energy. The exponential term in equation (2) corrects for the

Having written K* in terms of motional states of the molecule, we are
now prepared to ask how substitution of deuterium for the thiol hydrogen
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will affect the probablhty of the thiol reachmg the transition state RSH+,

Experimentally the question is posed in the ratio of the rate of the S—H
bond cleavage over rate of S—D cleavage. These rates are largely
determined by the equilibria in equations (3) and (4). As seen in equation

(5) the hydrogen isotope effect can be written in terms of the partition

functlons for the light and heavy thiols.

A major advance in the theory of primary hydrogen 1sotope effects

came when the approximation was made that substitution of deuterium

for hydrogen does not greatly affect the classical properties of the molecule,
such as the mass or moments of inertia and consequently neither the

translational nor rotational partition functions?l, This left only the
ER SIS (V) Ullly LllU

quantum mechanical v1brat10nal partition function as a source of
the isotope effect. Writing the deuterium isotope effect in terms of the
complete vibrational partition function, equation (6) is obtained, where
u; = hv/kT, v, is the frequency of the ith wbratlonal mode and N is the

numbher o

number of atoms in the molecule. The products and summations are

Eg+
RSH %> psH+ ®
RSD —2" > RSD+* @

ka _Kf TIQY TIQY,
ko K§ - Tioy CTIQY ©

IF—H 3’\’&-71 exp (— u¥p)) 311"_31—@(1)( Uym)
kp i l—exp(—ufm) ™ & I—exp(=uyp)

{ 1 [31\/*—7
xexpi—zl X (ufm—ufip
U<l ¢ '

'“mz_b (s) — Uy ] } ©

taken over the 3N—6 vibrational modes of the ground state and over

3N+—17 vibrational modes of the transition state, in which the vibrational
mode correspondmg to the reaction pathway (in our case the S—H
stretch) is omitted. As seen in equation (6), an isotope effect w

VPV viivv Wll} U\/\/ul
only when the deuterium participates in a vibrational mode, whose
frequency changes on going from the ground to the transition state.
We are now ready to characterize various transition states precisely in
terms of what vibrational modes have changed, which is another way of

locating ¢

locating the transition state on the potential surface.
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The simplest model that can be chosen for the transition state is one
in which the only vibrational mode that has changed is the S—H
stretching mode. Since this vibrational mode is the reaction co-ordinate
itself, it does not contribute to the isotope effect in the transition state.
Molecular vibrations invoiving hydrogen generaily have vibrational
bands above 700 cm™, for which exp (—u) is 0-03 at 300 K and products
involving this term will be close to unity. Equation (6) therefore reduces
simply to

k
k_ = exp [J(ursr — Ursp)] = exp I_ZkT(VRSH VRsD)J (¢)]

where 7 is the wave number of the thiol stretching mode in the ground
state. Using the literature value®® for the thiol sireiching mode of methane-
thiol, 2605 cm~ and 1893 cm— for CH3;SH and CH,SD respectively, a
value of 5-5 is obtained for kg /kp. Using equation (8), this corresponds to
a value of
by pn*2) x 144 8
B () @
or 11-29 for kH/kT, the pnmary tritium isotope effect.
Weakening the S—H bond in the transition state must certainly
reduce the frequency of the C—S—H bending mode. If we consider the

extreme case in which the frequency has gone to zero, the product term

n —exnl{—uF YT _oxn{ _u* 1 of equation (6) annroaches uFlut
SXp L ui(D,”“_; —CXPL ¥ myp Of equalicn (O) approacaes up g,

Wthh can be approximated by (mg/mp)?, where m refers to mass. Equation
(6) now reduces to

k e\ i
-H _ (—H exp
kp

i1
nc - -
m %T [(Ps stretch — PSD streten)

+FcsH bena —VosD bend)]} ©

./1
ool

Using values of 802 cm~ and 623 cm™1 for the hendmu modes of CH 5S
and CH4SD,'® ky/ky increases to a value of 5-9 and kg/ky to 11 42 We
may then expect that weakening the C—S—H bending mode will tend
to increase slightly the isotope effect.

In addition to unimolecular dissociation of the S—H bond, thiol bonds
are often ruptured when an acceptor molecule (usually a free radical)
abstracts hydrogen from the thiol. In this case, the transition state will
contain the three-centre linear system S—H—A, where A is the acceptor
atom. The auctuuus and b:;uuuls modes of the C—S—H group Oi f the
ground-state thiol will make the same contribution to the isotope effect

as they did in the unimolecular dissociation, and the S—H stretch will
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remain the reaction co-ordinate. However, in the transition state a new
linear stretching mode associated with the S—H—A system will have to
be introduced. If S—H—A is asymmetric, i.e. A does not resemble
sulphur, then the stretching mode shown in Figure (la) will tend to
weaken the isotope effect for either of two reasons: (1) for large u and
udy s > udy,. the transition state vibration will detract from the contri-
bution made by the ground state molecules or (2) for small u,
{1 —exp (ufp))}/[1 —exp (4m))] will introduce the term mip/miy. On the
other hand, when S—H—A is symmetric, the linear vibration introduced,
Figure (1b), in which H does not move, will not contribute to the isotope

Aaffans
Cnedt.

S H A S H A
a b

FIGURE 1. Stretching modes of the S—H—A system.

We might conceive of a reaction in which S—H bond cleavage occurs
long before the thiol reaches the transition state, such as in the base-

catalysed addition of RSH to an olefin, equations (10) and (11).

RSH+B > [RS~ HB*}] (10)
H
\ v I
[RS™ HB*]+ ;C=C{ ——> RS—C—C—+B (1)
1
Here isotope substitution exerts its effect on the rate of the reaction, via

the pre-reaction equilibrium, equation (10). Rather than calculating the

kinetic isotope effect for the reaction, we will want to obtain an expression
tha af tha ilibeiaim ot

for
for the ratio of the Squiiiofium reactions.

RSH+B [RS--HB] 12)

Kp
RS-

JRE—

RSD4-B

(=)

B] 13)

The ratio of equilibrium constants, Kg/Kp, for EQuaﬁﬁi‘S (12) and (13)
is equivalent to the equilibrium constant Ky,y, for the isotope exchange
equilibrium.

RSH+[RS - DB] RSD+[RS -+ HB] (14)
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Expressmg Kyp in terms of the vibrational partition functions we

K, QR Q'RQ]TB
HD=7 .
®" Opsp Onsus
Equation (15) is simply the individual partition function ratio of
isotopic substituted RSH Qpepn/QOrsp, divided by Orgun/Crsps»

u Upsr — URSD' 1—exp(—Ugsy)
%RSH 1 “BSD o exp (Z RSH _ RSD) <11 - ( RSH) 6)
Crep URSH \ 2 | —expi—trsp)
Orsmn _ ] ¥BSDB exp( YRSHB — “RSDB) <11 1 —exp(—tpsun)
OrspB URSHB 2 1—exp (—urgpB)
(4]

Just as in the case of the kinetic isotope effect, deuterium substitution is

felt only in those vibrational modes that change on going from reactants

to products.

The rate at which a particular reaction takes place is only partially
accounted for by K+, The rate of passage of a thiol over the Dotential
barrier at the transition state is given by »;[RSH], in which »f is the
frequency of the vibration that carries the thiol over the potenual barrier
and tears the S—H bond apart. The magnitude of v is determined by the
curvature of the potential surface near the transition state and since
the curvature is concave downwards the frequency is imaginary, but has the
same absolute value as if the surface were concave upwards, with a real
vibrational frequcncy The rate is influenced by two other parameters,
which intimately depend on the topography of the potential surface. These
are the transmission coefficient, i.e. the fraction of molecules passing over
the barrier in the forward direction, and the percentage of tunnelling of the

molecules under the potential barrier. These parameters are generally
ignored or considered to introduce no isotope effect; however, in cases
where large deviations from the predicted isotope effects are found, they
have to be considered. The way in which these phenomena are affected
by isotope substitution is an active field of theoretical study.

The observation of a large kinetic isotope effect indicates that iso-
topically substituted thiol hydrogen participates directly in a vibrational
mode, whose frequency changes on going to the transition state, i.e. that
S—H bond cleavage is an integral part of the transition state. The fact
that a value for ky/kyp of 2-80 was obtained for the addition of benzene-
thiol-S-d, to nickelocene, led Ellgen and Gregory22 to propose the

N i did not C

Lol oo bl
3

mechanism below for
29

w ATe
¢ reaction. nuhuupx the authors

not comment
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on the rather iow vaiue of kg/ky, it would seem to indicate that the zero
point energy lost on cleavage of the S—H bond is partially offset Iw the

<< << <>
I +RSH \i/ \i')/
"“:5 ~ Ni —_— i

thiol hydrogen by the triphenylmethyl radical proceeds with an anomalous
large value for ky/kq, of 14-9, which was attributed by Lewis and Butler2
.tﬁ tunnelling through the potential barrier, which occurs when a barrier
is symmetrical.

Dmuchovsky, Vineyard and Zienty observed a quite unusual inverse

isotope cffect for ku/kp of 0-65 for the base catalysed addition of n-butane-
thiol-S-d; to maleic anhydride. While inconsistent with any model of a

transition state involving S—H bond cleavage, the inverse 1sotope effect
could be accounted for by po

114 10T PUuLuAaqu a pre-reaction eqmuorlum between
butanethiol and triethylamine, much like the one in equations (10)
and (I1). In fact, substitution into equations (16) and (17) of 2566 and

1850 cm~1 for the S—H and S—D stretching freque
g irequency, Lvoycvuvm_y, and

3253 and 2380 cm~* for the N—H and N—D stretches of the amine-thiol
complex, yields an equilibrium isotope effect of 0-68 23,

Isotope equilibrium exchange constants for a number of thicl-water
systems have been measured and the value Ky, is usually referred to as
the equilibrium isotope separation factor, «. Haul and Blenneman? have
measured o for HSCH,CH,SD as a function of temperature and obtained
Ina = 262/T—0-1162, which corresponds to a AH of —520 cal/mole.
Sakodynskii, Babkov and Zhavoronkov® found that changing the
structure and composition of a thiol had very little effect on «, which
indicates that, during hydrogen exchange with water, changes in vibrational
frequencies are restricted to the C—S—H bonds.

The measurement of kinetic isotope effects have provided insight into

economically important industrial processes. Early in the course of the

synthetic rubber programme it was found that the molecula of
¢ Moieuiar Wclslll o1 da

polymer such as G R—S, could be quantitatively regulated by the addition
of thiols to the polymerization system. Normally the polymerization occurs
as in equation (18); however, a growing polymer can abstract a hydrogen

regen
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iol, thereby transferring the radical to the thiol and

0
S
8
—
- 3
8
=X

no nolvmer chain, equation (19)
ng the polymer chain, equation (19).

ka

MM __ 2 « M° {18)
M:+RSH — s M H4RS" (19)

The chain ]Anu"‘h of the rmlvmpr formed is nronortional to the transfer

rmed is proportional to the trans
constant kg/k,, whlch is the ratio of the specific rate of radical transfer to
the specific rate of chain propagation?. Wall and Brown® measured the
isotope effect ky()/ky(p) of the chain transfer step in the butanethiol-S-d,
mediated polymerization of styrene. A value of 4, somewhat less than the
predicted vaiue of about 6, was obtained. The low kinetic isotope effect
indicated that either the loss of zero point energy of the S—H bond had
been compensated by the formation of unusually strong bonds or that the
reaction was complicaied by the abstraction of butyl hydrogens as well as
thiol hydrogen. Data such as these can often aid in the search for more
efficient transfer agents.

B. Tracers of Atoms and Free Radicals during S—H Bond Cleavage

In addition to its use in probing the nature of transition states, labelling
with heavy hydrogen is an indispensabie aid in following the fate of thiol
hydrogen in the reaction mixture. It distinguishes thiol hydrogen not only
from the hydrogens of the reaction mixture as a whole, but also from other
hydrogen atoms of the thiol, which may have been dissociated under the
reaction conditions that led to the dissociation of the S—H bond.

Greig and Thynne” have measured the relative rates at which methyl

VT Al rogen and deuterium from CD,SH, The hydrogen of
ldulbalb uuauavt u_y\.uus\«u and geuterium irem Soasgidai, 0% NFaUESIE UL

the SH bond was abstracted 120 times faster than the methyl deutcnum
Riesz and Burr3® have measured the relative amounts of D, and HD
produced by the reaction of deuterium atoms with cysteine-S-d; and
n-butanethiol-S-d,. The yields of D, were 80 and 83%, respectively,
indicating that atom abstraction occurred primarily from the —SD group.
Volman, Wolstenholme and Hadley3! irradiated CH,SD at 77 K with
2537 A light and detected e.s.r. signals originating from D- but not from
H. This indicated, that if +CH,SD radicais were observed in the irradiated
sample, they could only have been formed by a secondary radical
abstraction reaction. Keyes and Harrison® were able to study the two
major pathways of thiols that occur in the ion chamber of the mass
spectrometer. Unlabelled CH,SH yields fragments which cannot be
separated, but CD,SH, equations (20) and (21), yields [CD;S*] and

[CD2=SH+] ions, whose heat of formation were found to be 214 and
s
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219 kcal/mole, respectively. The difference in the heats of formation
indicate the relative ease with which hydrogen can be abstracted from a
mercapto group as opposed to a methyl group. Deuterium labelling has
revealed that the fragmentation of benzenethiol is considerably more

CD,SH 22V, o- 1 [cD,sHI* 22V, [cD,s*] 4+ H (20)

247V

[CD,=SH*] + D 21)
comnlax tha thoat F o oaL
compieX inan that of methanethiol. Earnshaw, Cook and Dinneen3s
found that the fragment ions produced from benzenethiol-S- d, could be
rationalized only by assuming that the parent ion C H‘,,DS‘r exists in two

isomeric forms, an ionized be, +ht
s, an ionized benzencthiol \L Asulc Ld} and a bybuC seven-

membered ion, in which the deuterium atom cannot be associated with
any particular carbon atom (Figure 2b).

1|
| y
I

FIGURE 2. Isomeric forms of the C;H.DS* ion,

+
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Labelling of the thiol eroun with heavy
Lanpeimg BIOUp Wil 11¢avy uyulugt:ﬂ can provme

information concerning the nature of the hydrogen abstractor as well.

The phenylethyl radical can exist as two isomers which can be inter-

converted by a 1,2 hydrogen migration (equation 22). Slaugh™® by
v g migr equation 22). Slaugh oy

PhCH,CH, == Ph&HCH,

PhST PhST (22)
v v

PLOL O T R

PRCH,CH, T PhCHTCH,

allowing the radical to abstract hydrogen from benzenethiol-S-t, was able

to mark the site of the radical with tritium. Methanethiol-S-d. adds
inancunion U‘Ul aaas

across the double bonds of cis- and frans-2-butene to form identical
mixtures of erythro- and threo-3-deuterio-2- -(methylthio)butane. Skell and
Allen®? found that the radical reaction takes place in two steps, the
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addition of a methylthio radical to butene followed by the abstraction of

e Faian o ammnlonn Tl SO OLT QT L dha D et lihin A Loéen] andianl
il iFOMM & MOIECUIT 01 Lrigols 0y Uil J>-MiCiny1inio-£-ouiy1 radilar

(equation 23). The fact that with deuterium labelling a mixture of threo

Rs; CHs
H. l/\ H _ R
H™
CH,
H (23)
v
H H . H ICH;,
; RS RS
H)/\CHa — " CH3 - D
CH, CHa DSR CHy

and erythro methylthiobutanes is obtained indicates that abstraction of

thiol hydrogen is slower than the rate of rotation about the 2,3
carbon—carbon bond of the radical,

There are many exchange reactions that can be detected only with the
use of isotopic labelling. One such reaction is hydrogen exchange between
a thiol and a protic solvent. For example, Denisov, Kazakova and
Ryl'tsev®® studied mixtures of MeSH (or iso-BuSH): MeOD and
iso-BuSD : HOAc {or MeOH) to determine the reiationship between the
rate of hydrogen exchange and proton donor and acceptor properties.
Sulphur-35 labelling was used by Dixon, Kornberg and Lund?® in a study
of the enzyme, malate synthetase, to determine whether the enzyme had a
catalytic effect on exchange between coenzyme A-3S and acetyl
coenzyme A (equation 24)

CoA—*SH+acetyl—S—Co > acetyl—*S—CoA+CoA—S—H (24)

In the photolysis of the S—H bond it is possible to introduce into the
thial e thnim mnmntionh cnmano Fan tha Al Afil  Q _ T hand Tha
I,lllUl luUlU ulall cuuusu Cul:xgy IUI tllc UlcﬂVasC Ul Lllc (54 i1 UUIIU LLIU VUl]

subtle question of whether upon bond cleavage this excess energy is
channelled into the vibrational modes of the radical or into the translational

energy o of the dissociated hvdrngnn atom has been answered hv White and

em i

coworkers3 3 by a clever use of isotope labelling. Translatlonally excited
hydrogen atoms displace deuterium from D, to form HD (equation 25)
to an extent that is proportional to the energy of the hydrogen atom.
By photolysing CH,SH in the presence of D, and measuring the amount
of HD produced, they found that the excess energy resided chiefiy in the
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translational mode of the hydrogen atom. Furthermore, hydrogen atoms
formed at 2282 A armem‘ed to have on the average cmmﬁpnnflv more

energy than those produced at 2537 A.

RSH —" 5 RS+H* \
H*+D,— > HD4+D* |

—
<2

IV. TRACING SS-LABELLED THIOLS
IN BIOLOGICAL SYSTEMS

In the previous section we have seen how isotopic labelling has been used
to trace the fate of thiol sulphur and hydrogen atoms in the course of
chemical reactions. However, by far the greatest application of isotopic
labelling in tracer studies of thiols has been in biochemical, biological and
clinical studies which have sought to map out the path foliowed by
various thiols in the body from the time of their administration to their
excretion. While many of these studies have been performed by scientists

other than chemists, the nhenomena thev nrobe ascanti
other than chemists, the phenomena they probe are essentially physio-

chemical in nature. For this reason we have taken the liberty to extend
the scope of this review to the biological applications of isotopic labelling
of thiols. We have done this in the hope that it e the chemist
working in an interdisciplinary group with the nature of a biological
system from the point of view of tracer studies, for which he may be
asked to design a chemical probe.

A. Macromolecuiar Systems

BRefore turnine to body tracer studies, we might consider the applicatio
............. g to body tracer studies, we mignt consider the application

of 3S-tracing to a few isolated biochemical systems. The only place
thiopurines and thiopyrimidines occur in nature are in the tRNA’s
(transfer ribonucleic acid). The question that was immediately posed after
their discovery was whether whole thiopurines and thiopyrimides are
incorporated in tRNA at the time of chain assembly or whether at some
later time sulphur is exchanged for oxygen at particular sites in assembled
tRNA chains that are deficient in sulphur. Sulphur-35 labelling has played
an iﬁuispei‘lsauw role in the (.ubbovery of ihe cysteme tRNA sulpnur-
transferase enzymes, that were found to substitute the sulphur-35 of
labelled cysteine for the oxygen in the 4-position of uridine”, in tRNA
chains deficient in thiol aulphur Sulph‘dl’-35 }abcuuns also revealed that
in some cases B-mercaptopyruvate could also serve as a donor of sulphurf,

Sulphur-35 labelling of the cysteine residues in a protein has often been
used as a convenient way of tagging a parfmnlnr protein in the study of 2
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macromolecular phenomenon. For example, the macromolecular
machinery uscd in the bacterial cell for the synthesis of proteins initially
consists of (1) a chain of mRNA (messenger ribonucleic acid), (2) around
which is clamped a 30S and a 50S ribosome particle, which together form
an active 708 ribosome complex, (3) to which is bound a f-Met-tRNA .
(N-formyl-L-methionyl transfer ribonucleic acid) molecule, that will
supply the first amino acid to be incorporated. It was believed that upon
C of the polypeptide chain, the 70S rihosome
is released in a form that cannot be immediately re-used and that it must
first be dissociated back into 30S and 50S subunits. A protein known as
initiation factor Fy was later found to be essential for the formation of
the initiation complex, and lately its function has been revealed in a
study that has employed *S-labelied F3*'. *S-F; was shown to bind
readily to 30S particles, but to neither 50S particles nor the 70S complex.
When the 35S-F, charged 30S subunit is induced to a 50S subunit by
increasing the Mg?* concentration of the media, *S-F; is released. This
suggested that when an initiation complex is formed from 508 and F;-30S
subunits, F; is released and is free to dissociate other used inactive 70S

complexes into subunits that can cllhennllnnflv reform active 708 rnmn]nvpc
compiexes! nifsth gL

35S-Labelling has also been used in a quantitative fashion to obtam data
on the number of binding sites available to a labelled molecule in a
particular macromolecular complex. For example, the 30S particle was
found to have one site available for 33S-F;4. Arabinosyl—6-mercapto
purine-¥S (ara—MP-%S), a non-toxic suppressor of the homograft
response, was found to bind the surface red blood cells with a minimum
of 6-7 x 10° sites on B red blood cells and 1-2 x 105 sites on tanned sheep
blood ceiis®2.

Turning to a very simple biological system, 3%S-labelling has proved to
be quite efficient in visualizing the behaviour of viruses Virus particles

.............. af o nAd AF winlain anid canéninad ghanth of cnnt
ubuau_y \A)llblbl of a strand of nucleic acid contained in a sheath of coat

protein. Upon infection of a cell at 37°C, the nucleic acid enters the cell
leaving its coat protein bound to the cell surface, whereas at 4°C the
nucleic acid prefers to remain on the cell surface with its coat on. This
phenomenon has been visualized with Sendai virus, whose coat proteins
have been labelled with cysteine-**S4, Ten minutes after infection of
n cell culture, faint uniformly distributed grains appear in
the autoradiographs of the infected cell, reaching a maximum after
60 min. The uniform distribution of grains suggested that the labelied
viral component was absorbed onto, but had not penetrated into, the
cell. This was supported by the fact that identical grain counts were
obtained at 37°C and 4°C. Mechanical shearing is often sufficient to
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knock coat proteins off the cell surface. This technique together with

35Q. labelling can be used to distinguish be A1
i1 usvu W ujouusujou UULWCGII Vllal UUlllpUllCIllb lllJC\/l.Uu

into and absorbed onto cells*. MS-2 RNA coliphages contain two species

of proteins, a coat protein and a maturation protein. The latter is required
for both phage absorption to the F-pili of the host Escherichia coli cell

CRericnia o Cen

and for the reconstitution of the infectious phage. 35S-labelled MS-2
phage was used to determine whether the maturation protein enters the
cell together with RNA. After infection at 37°C and shearing, 300 cpm/10°
cells remained associated with the cell, whereas at 4°C only 20 cpm/10°
cells were obtained. This impiied that during infection the maturation
protein had penetrated beyond the F-pili of the E. coli cell.

B. Whole Body Systems

In the remaining part of this section, we will consider the fascinating

use of 358 labelling to follow the path taken by various thiols
.......... taken various thiols in an

organism. After ingestion or mtravenous or intraperitoneal injection, thiols
rapidly cross the gastro-intestinal barrier and enter the vascular system
of the organism, where they are swept by the blood flow past the
membranes, lipoidal structures that insulate the organs and cells from
the biood stream. At this point the thiol is evenly distributed in the
vascular system of all the organs of the animal and its fate from here on
will be determined largely by its physiochemical properties.

If the thiol is relatively soluble in lipids, it will be able to penetrate the
lipoidal membranes, and will freely pass in and out of cellular structures.
For example, thiopental, a rapidly acting anaesthetic, has a high solubility
in lipids; and this allows it readily to penetrate the lipid membranes of the
brain. A combination of 33S-labelling and autoradiography has shown that

the distribution of thiopental-35S in the brain itself is not uniform%.
Once inside the brain the distribution of the thiol depends

1 of the thic: depends not 56 much on
its lipid solubility, but on the pattern of blood flow in the cortex,
geniculates, colliculi and white matter of the cat brain. In fact, thiopental-
%8 autoradiography has been used as a means of studying the physio-
logical territory of supply of cerebral blood vessels®®, While thiopental is
freely passing in and out of the brain, its concentration in other organs is
rapidly equilibrating in accord with the lipid solubility of the thiol.
Ocular tissues, like the blood-brain barrier, behave as a lipid membrane
and ®S-thiopental, with its high lipid solubility, experiences no delay in
penetrating the uveal tissue®”. This is in contrast to more ionizable drugs,
like phenobarbitone, which slowly penetrate the uveal tissue, but once
inside bind to pigmented molecules. Thiopental-**S forms no such

complexes and is rapidly swept out of the tissue by the blood flow. In

18. Synthesis and uses of isotopically labelled thiols 859

vital organs, such as the brain, lung and liver, 33S-activity reaches its

....... -1 4t 18 o Afbo nd da, ta a2 nlatasn by
l[ldAllllulll lUVUl Wlllllll lJ 8 aiict ILIJU\/I.AULI and qecreases o a plawvau Uy
2 min. The liver then commences thiopental uptake again, obtaining a
peak after 5 min, while depot fat takes up thiol at a constant rate. By the
time the animal awakes, most of the thiol is concentrated in the liver
and depot fat. It is interesting to observe that the lipid solubility of
thiopental that allowed it to penetrate the brain so rapidly has led to the

on®8, With time thiopental will gradually

A rough idea of the path that a thioi foliows in the body can be obtained
by measuring its rate of its excretion via urine, faeces and respiratory
air. ¥S-Labelling has allowed the following kind of data to be obtained:
70% of glutathione-23S subcutaneously injected in a mouse is excreted in
the urine within 18 h°; the radioactivity of 35S-thiobarbiturates are
excreted 70—90‘7 in the faeces and up to 1% by respiration51' SKF 525-A
\A-mcLuymuuuuctuyi 2,2-u1pucu_yivalmaw; yi\uvuso the miopental induced

sleeping time in mice by delaying the urinary excretion of injected 35S-
labelled thiopental®2.

Often in the course of a thiol’s travels through the body, it will enc
Often in the course of a thiol’s travels through the bo enc

a compound with which it will form a complex. In contrast to thiopental,
penicillamine-33S rapidly enters the plasma after oral administration where
it is bound to the serum albumin3. In this bound state, penicillamine is
no longer able to pass through the semi-permeable membrane of the
kidneys, which retards its excretion in the urine. Peniciliamine-*S
subsequently becomes evenly distributed in the body fluids, affording the
drug an opportunity to scavenge copper efficiently from the body fluids.
The resulting widespread and long-lasting action of the thiol makes it the
drug of choice in the treatment of Wilson’s Disease.

Inside a cell, a thiol might form a stable complex with a particular
cellular constituent. Cystamine-*S does not seem to form any particularly
marked complexes with the cell nuclei, mitochondria and microsomes of
liver and spleen®, while cysteamine-*5S forms a very tight complex with
the dinucleoprotein, which cannot be disrupted by repeated water shock

nc GInuc:&
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and extraction®.

In addition to forming a complex with a particular cellular substance,
the thiol may encounter an enzyme that will alter its chemical com-
position. A change in the structure of the thiol can profoundly alter its
distribution within the body. One of the most striking examples of this
phenomenon is the accumulation of 6-methyl-thiopurine ribonucleotide-*S
(6-MMPR) by erythrocytes. The ratio of radioactivity in the erythrocyte
as compared to plasma is 40: 1, whereas in the case of 6-mercapto-
purine-%$ the ratio is 1 : 100, representing a 4000-fold difference between
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the two compounds. The selective accumulation of 6-MMPR-%S in
erythrocytes has been attributed to its intracellular phosphorylation to the
more ionizable and hence less diffusible ribonucleotide®, The fact that
the behaviour of a thiol within an organism is largely determined by
physical properties such as lipid as opposed to water solubility suggested
that more efficient drugs might be designed on the basis of their solubility
properties. An interesting experiment along this line was the conversion of
the water-soluble, carcinostatic drug 9-(B-pD-xylofuranosyi)—9H—purine
6-thiol (xyl—6-MP) to its triacetyl derivative (xyl—6-MP—TAC). It was
hoped that the derivative, which is relatively insoluble in water, would be
refained in the body longer than xyl—6-MP. Surprisingly, xyl—6-
MP—TAC-5S was excreted in the form of xyl—6-MP-35S and sulphate-35S
even more rapidly than xyl—6-MP-358 jtself*’.

If the thiol does not bind tightly to a cellular constituent or encounter
an enzyme into whose binding site it can fit, it will eventually be excreted
in an unaltered form. In one of the earliest applications of 33S-labelling

of thicls i iolooi e vl iy am
of thiols in a biological tracer experiment, mercaptohistidine-%S was

administered to rats and boars to test whether a metabolic pathway exists
for the conversion of mercaptohistidine to its betaine derivative, the
naturally occurring ergothioneine. Ergothioneine did not take up radio-
activity and 90% of the administered 2-mercaptohistidine-**S was excreted
in the urine by the twenty-first day® 5%,

Tracer studies such as those just described have found a particularly
important application in the design of drugs that retard the growth of
tumours and increase the survival times of afflicted animals, inciuding
man. One of the basic strategies that underlie the search for effective
carcinostatic drugs is the design of a drug that has a high toxicity for

tumour cells, while relatively non-toxic for the host animal. The fast
turnover rate of tumour cells, and the demands that this places on the
synthesis of purines and pyrimidines and their incorporation into DNA
have proved to be the Achilles heel of the tumour cell.

One group of compounds that have proved to be particularly effective
in interfering with DNA synthesis of tumour cells are the mercapto-
purines and pyrimidines and their alkyl derivatives: 6-mercaptopurine
(6-MP) blocks the de novo synthesis of purines®; 9-(8-p-arabinofuranosyl)-
—9H—purine—6-thiol (ara—6-MP) inhibits the incorporation of
L-aspartic acid and orotic acid into DNA cystosine®-%2; 9-(8-p-xylo-
furanosyl) —9H—purine—6-thiol (xyl—6-MP) inhibits the utilization
of exogenously administered guanine®”; the periodic acid oxidation product
of 9-(B-D-ribosyl)— 6-methyl—thio purine (MMPR—OP) blocks the
incorporation of thymidine into DNA®3. The effective clinical use of thiols
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such as these depends on two phenomena: whether the thiol will selectively

accumulate in tumour cells, while the remainder of the drug is rapidly
flushed out of the body and whether the thiol is selectively metabolized
by the tumour cell to a more toxic substance.

The correlation of therapeutic action with the distribution of a drug
had already been found in one of the earliest tracer studies of a labelled
thiol. The powerful antithyroid drug, 4-methyl-2-thiouracil-**S, was
distributed more or less evenly in the different organs of the cockerel,
with only the thyroid gland, the pituitary gland and the fast-growing base
of the feathershafts showing distinctly above normal concentrations®,
355 1 abelling has continued to be an indispensable tool in studying both
of these phenomena during the testing of thiol drugs.

Both 6-mercaptopurine and buthiopurine (8-(purinyi-6)mercapto-
valeric acid) are carcinostatic drugs. However, buthiopurine is 8 times less
active, but 30 times less toxic on chronic administration than 6-mercapto-
purine. The origin of this effect was thought to lie in the relative tissue
distributions of the drugs, which were studied using 358-labelling®.
Mercaptopurine-358 passed rapidly through the gastro-intestinal barrier
and fiooded many tissues, especially the liver, lungs, spleen and heart, as
compared to the more gradual accumulation of buthiopurine in these
organs. This was thought to account for the higher toxicity of 6-mercapto-
purine. In the tumour itself, §-mercaptopurine achieved a high level .of
accumulation, which then fell off as a function of time; whereas, buthio-
purine persisted at a lower level for a longer time. The lower ie\{ei c?f
buthiopurine in the tumour as compared to that of mercaptopurine 1is
in correlation with the effectiveness of the two drugs.

The oxidation of the ribosyl moiety of MMPR to MMPR—OP
completely changes the mode of action of the drug as well as its stability.
MMPR —OP-%S is no longer selectively concentrated in tissues, but is
rapidly excreted in the urine, most of it unchanged. The rapid passage of
the drug through the body spares the host animal. However, a small
portion of the drug is bound to the ascite tumour membrar.w and is
responsible for the drug’s therapeutic effect. Although the drug is cleaved
in part to methylthiopurine, intact MMPR —OP was assumed to be the
active agent®®. Ara—6-MP-33S rapidly appears in the blood, after intra-
peritoneal injection, where it is evenly distributed between plasma and red
blood cells. At 3 min, the tumour cells already contained the largest
percentage of the drug. By 30 min the drug is found in ali tissues, exce?t
those beyond the blood-brain barrier. The concentration of the drug in

the kidneys steadily increases with time, as the drug is cleared from the

id o £ ibe drug fi the vita is thoush
blood. The rapid clearance of the drug from the vital organs is thought
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to account for its low toxicity. After 6 h 76% of the injected dose had been
excreted, of which 879 could be accounted for as unchanged drug. The
tumour cells themselves did not cleave ara—6-MP-38S to 6-MP-35S, nor
appreciably converted it to the nucleotide, nor incorporated it into nucleic
acids®® %2,

6-Mercaptopurine-*®S is converted in the tumour cell to 6-methyl-
thiopurine ribonucleotide. The ribonucleotide was shown to be much
more efficient than the nucleotide of the parent compounu, u-lur, in
inhibiting the enzyme, phosphoribosyl pyrophosphate amidotransferase,
and subsequently bringing to a halt de novo purine synthesis in the tumour
pall Tha sanvarcian af A MD fallawe tha nathwau & MDD L MD nunnlants,

cell. The conversion of 6-MP follows the pathway 6-MP —> MP nucleotide
6-Me—MP nucleotide. Tumour cells lacking the enzyme hypoxanthine
phosphoribosyl transferase, which is needed for the conversion to
nucleotide, are cnarm‘l the action of 6-MP. (“nmnmmdc that would be
active against 6-MP-re51stant tumours have been actlvely sought, and those
found include: 6-MeMP, MMPR —OP, ara—6-MP, 9-Me—6-MP and
9-Et—6-MP. 3%S-Labelling studies showed that these thiols are rapidly
excreted unaltered®d 6L 63,66,

Till now we have consideied the behaviour of thiols that are essentialiy
foreign to the metabolism of the animal. However, perhaps the most
sophisticated tracer techniques yet applied to the study of labelled thiols
have been developed in the course of investigations of the uti n of a
pulse-labelled cysteine in the on-going process of the synthesis of body
proteins. After administration, 33S-cysteine quickly enters the various

amino acid nosls of the bodvy and is incornorated alone with ally
amind acii pooils of the vody and is inCorporated along with naturally

occurring cysteine into the polypeptides synthesized in various tissues.

When amino acid sequencing techniques were first applied to proteins,
the sequence (“vc_("]v_("]v was found to occur with greater than chance
frequency. ThlS suggested that perhaps this sequence originated from
glutathione, rather than from free amino acids. To check this, oviduct
mince was incubated with glutathione labelled with 35S in the cysteine
residue and “C in the carboxyl group of the glycyl residue. The ovalbumin
produced was hydrolysed and the specific activity of cysteic acid and
glycine originating from the sequence Cys—Gly was compared to the
activity of those amino acids from other positions in the polypeptide chain.
The results indicated that glutal.uluuc p1 yed no SpeCiﬁC role in the
biosynthesis of the Cys-Gly sequence®.

The rate of uptake of labelled cysteine into proteins has been extensively

used as an indicator of the metabolic activity of tissues. 358-1-cysteine
used as an indicator of the metasoiic activity of lssues -L-Cysteine

administered to mice was found to be preferentially incorporated into
growing hair follicles and claws. In other forms of epithelia the rate of
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incorporation was found to be related to the cell turnover rate end and in
glandular cells to the rate of protein synthesis®. Bleeding caused an
arrest or delay in the incorporation of cysteine-%S into organ proteins,
followed by a period of enhanced incorporation®. Zinc deficiency in rats
imp
the rate of incorporation of L-cystme-“S into pancreas protein. This
suggested that zinc is essential to the synthesis of skin keratin and
collagen™.

Many hormones are rich in cysteine and the tissues ,iﬂ,,WhiCh ttley
accumulate can be easily recognized by a marked uptake ol “>>-L-Cysteine.
For ture virgin mice, mature mice of both sexes and castrated
males display a 33S-labelled juxtamedullary X-zone in the brain, whereas
normal aduit maie mice do not™. The neurosecretory system of the earth-
worm markedly accumulates cysteine-**S"2. The neurosecretory cells of
rapidly developing female locusts and females in the second gonotropic
cycle take up cysteine-*’S at a greater rate tha
slowly developing females™.

The neurosecretory system that has been studied in greatest detail is

alamo-hypophysial tract, that is concerned with the
the Uldlu s u_yyuuuuaulv NYPOPrysidr was

synthesis of the octapeptide hormones, oxytocm and vassopressin, and
their secretion into the blood stream. Bargmann™ and Schrarrer’ have
proposed that the neurophysial octapeptides are synthesized in the
perikaryon of specialized nerve cells. They are subsequently bound to
carrier proteins, the neurophysins, which are then organized into granules.
These granules of neurosecretory material are then transported down the

tha sracration nfi_pnnhna.35q in skin protein while enhancing
ulc lll\/UlP\Jlull\lll Ui T

ewly emerged or
wly emergec
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release of the hormones into the blood vessels is accompanied by the
dissociation of the hormone from the carrier protein. Morpho-

loglcally74'75 7 the system consists of two paired nuclei, the supraoptic

alai wliok lia in the kvr\r\ﬂ-\n]qmue of the
and the pardvcnulbuml nuclei, which lic in the k

brain. The axons that extend from these parlkaryons run through the

hypothalarno -hypophysial tract and reach the neurohypophysis, where

______ next to the basement membrane of the blood capillaries.
they terminate next to the baser

The neurosecretory material is rich in cysteine and can be spotted with
histochemical reagents specific for S—H and S—S bonds. Histochemical
stainine has located neurosecretory material in the Golgi bodies of the

staining

parikaryon and stored in vesicles in the nerve terminals™. However, such
staining techniques cannot detect the fiow of hormones through the
neurosecretory system, while the use of single pulses of 33S-cysteine offers
the possibility of observing the fascmatmg process of the flow of neuro-

secretory material tnrougn the cells of the secretory system.
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In 1959 Sloper™ first performed the now much repeated experiment of
administering %S-labelled cysteine and methionine to rats and observing
the appearance of radioactivity in various parts of the neurosecretory
system. Labelied cysteine and methionine rapidly appeared in the supra-
optic nuclei, and only later labelled cysteine, but not methione, appeared
in the infundibular process of the neurophy51s This suggested that the
buplaupub nuclei were aulvcly cngdgea in proteln syntne51s, and one of
these polypeptides, particularly rich in cysteine, had migrated to the
neurophysis. Ficq and Flament-Durand™ similarly observed that
cystine-%S appeared in the supraoptic and paraventricular nuclei within
5 min after administration of labelled cystine, and only 10h later did
labelled material appear in the neurohypophysis. Talanti and co-
workers”® have monitored as function of time clapsed after the ad-
ministration of labelled cysteine the radioactivity that appears in the
supraoptic and paraventricular nuclei, as well as in three sites along the
hypothalamo-hypophysial tract and in the neurohypophysis. When one
has such a set of data, stating as a function of time the amount of label
present in an anatomical structure, a kinetic model of the system can be
set up that consists of a number of discrete pools of compounds whose
flow from compartment to compartment obeys simple mathematics.
When Talanti and coworkers?™# analysed their data in terms of such a
kinetic model, they could detect a component that first appeared in the
supraoptic and paraventricular nuclei and slowly flowed through the
hypothalamo-hypophysial tract to the neurohypophysis. Superimposed on
the slow component was a rapidly abating pulse of radioactivity that
moved through the hypothalamo-hypophysml tract at a constant speed of
06 mm/h without experiencing any delays. The fast component was
thought to represent neurosecretory materlal, while the slow component
represents structural proteins.

The identity of the labelled material that was seen to flow through
the neurosecretory system was estabhshed only when the system was
taken apart chemicaily. Sachs®, by directly infusing highly labelled
cysteine-*S into the third ventricle of the brain of a dog, succeeded in
isolating minute quantities of vasopressm-“S Vasopressm-“S associated
with the neurosecretory particle always had the lowest specific activity,
whereas vasopressin-*S found in the cell nuclei and in large granules
had the highest specific activity. Norstrsm and Sjostrand82 later showed
ina very P‘egant exper:mem that funuwms (A1 lllJUbuUﬂ of uyblc:lne-"“D
in the area of the supraoptic nuclei, radioactivity appeared in a group of
proteins that migrated through the hypothalamo- -neurohypophysial tract,
at a speed of 2-3 mm/h. Approximately 90% of the radioactivity of

tha
1€ radiocactvity oi tnese
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soluble proteins was recovered in a single protein component. Norstrom,
Hansson and Sjéstrand® later showed that when the microtubuli of the
axons are depolymerized with colchinine, the amount of labelled material
that reaches the hypothalamo-neurohypophysial tract and the neuro-
hypophysis is considerably reduced.

Quite early in the course of these tracer studies it was noted that marked
changes in the upiake of cysteine-**S occur following periods of water
deprivation. Wells®* found that in rats thirst causes a marked increase in
the uptake of radioactivity in the supraoptic nucleus and to a lesser extent
in the yalavcuulvulal nucleus. Talanti® later observed that thirst
accelerates the rate of disappearance of radioactivity from the supraoptic
and paraventricular nuclei, as well as the disappearance of radioactivity

from the nm-rnhxmnnhucm These results indicated that thirst activates
irom the neuronypo suits indicated that thirst activates

both the synthesis and release of neurosecretory hormones that regulate
the function of the kidneys.

V. APPLICATION OF *S-TRACER STUDIES

TO AGRICULTURAL SCIENCE AND INDUSTRY
Perhaps the largest system in which %S-labeiling has been used to foliow
the distribution of a thiol was a 20 acre forested area that was aerially
sprayed with Malathion-**S during a study of the ecological transport of
4l ottt BB Qaienialoan tirasa faliaim Tim n tariralaan €t anialaiin woave Ads
LIC HIDCLLIVIUTT . OdlIIpIed WUIT Lantll 11 a NUuHIUCE U1 LOECHIOUS wayd. Al
samples were taken on frosted glass discs suspended from helium balloons
to measure the above canopy drift of the insecticide off the area. Samples

of bark were taken to measure the settling out of the insecticide at different
of bark taken to measure the settiing out of the insect:

layers within the canopy. Soil samples were measured to determine the
subsurface distribution. Samples collected on spotting enamel paper
placed throughout the forest monitored the horizontal distribution of the
insecticide. Samples from streams, insects, mammals, reptiles and birds
indicated the initial and subsequent transport of the insecticide and its
metabolities in the ecosystem.

The cream of cows which have consumed the weed, landcress, becomes
tainted upon heat treatment with a-toluenethiol. In order to determine the
efficiency of steam distillation for the removal of the taint, 3S-labelled
a-toluenethiol was added to cream. The measurement of radioactivity
Prﬁ'v'ed to be a convenient aucu_yuva] method to determine the amount of
thiol that remained in the cream®.

The SH : SS ratio in gluten has been conveniently measured by assaying
ty of NEMI.cysteine and cystine in gluten prepared

he relative 358-a
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from dough that had been made from the fiour of wheat that was grown
on soil supplemented with sulphate-35S 88,

The friction produced by a chrome-steel ball-bearing moving against
discs and steel and brass creates a layer of FeS on the disc when it is
lubricated with a mixture of cetane- and dodecane-thiol. The rate of
formation of FeS and its subsequent wear were quantitativcly measured
by taking autoradiographs of the tracks of Fe5S left by the ball-bear ing
on the steel discs when dodecane thiol-35S was added to the lubricant®®.

VI. ISOTOPE LABELLING AND COUNTING IN PRACTICE

Having reviewed the phenomena that can be probed with isotopically
labelied thiols, we now turn to the technical problems associated with the
execution of an experiment using isotope labelling. While many of the
isotopically labelled thiols discussed in this review are now commercially
available, we will review the synthetic procedures that have been used in
the past to incorporate deuterium, tritium and sulphur-35 into these thiols,
in the hope that it will allow the researcher with a less common thiol to
choose the best synthetic route to its preparation. Having prepared a
%S-labelled thiol, various methods are available for the assay of its
sulphur-35 activity. The method, best suited to a particular study, will

depend on the accuracy desired, the level of sulphur-35 actis tho
....... pnur-35 u\.uvu_y in the

sample, and the nature of the medlum in which the S-labelled thiol is
dispersed. These and the various auxiliary techniques used to prepare the
sample for counting will be discussed. Finally, we will turn to various
methodological and phenomenological considerations which have
rendered past *5-labelling studies, especiaily in endocrinology, subject to
criticism.

A. Synthetic Methods

Perhaps the simplest and most elegant method of labelling a thiol with
%58 would be to add a neutron to the nucleus of natural abundance S
by the nuclear reaction 3“S(n,-y)“S To date, this method has not been used,
probably because there is no effective way 0 prevent the heat generated
by the nuclear reaction from decomposing the molecule.

If the sulphur in a thiol cannot be rendered radioactive itself, it might
be exchanged for thermally activated radioactive 35S atoms. For instance,
the sulphur atoms of mercaptobenzothiazole exchange with ®S recoil
atoms generated in sifu by the nuclear reactions, Cl(n,p)®S (where
C;H,Cl; is used as the C1 source) or #8(n, «.\35Q where elemental sulnhur

sed as the waere Sitnenia: stupaur
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is the source of natural abundance 34S %. The yield of ®*S-labelled mercapto-
benzothiazole is ~2-5% for 35S generated from 35Cl and ~30% for 3%S
from 34S. It is not necessary to use 35S recoil atoms to accomplish the
exchange. It has iong been known that during the heating of a soiution of
2-mercaptobenzothiazole with sulphur-33S, the sulphur of the mercapto
group is exchanged for radio-sulphur®. Since the thiol group of mercapto-
benzothiazole is in tautomeric equilibrium with the thion form, exchange
is thought to occur by the addition of elemental sulphur to the C=S bond
of the thio tautomer (equation 26). Moravek and Kopecky®*® have

(26)

found the exchange to be generally synthetically useful for the labelling of
thiols that can exist in a tautomeric form. Table 1 lists the thiols that have
been labelled in this way.

The exchange of labelled sulphur can be promoted by enzyme catalysts,
instead of heating. Bird egg yolk™ and the cysteine desulphydrase® %7

that it contains catalyse the exchange of sulphur-35 from Na, 35Q to
that it contains

L-cysteine, L-cystine and L-cysteic amd. Ina typlcal experiment, 150ml
of a buffer solution containing 2 millimoles of cysteine—HCI, 2 millimoles
of Nay38 and 500 mg of cysteine desulphydrase preparation is incubated
at 38°C for 15 h. A mixture of 74-4% cystine-35S and 25-3% cysteine-%*S
is obtained. L-Cystine-*S is subsequently reduced eiectroiyticaily to
cysteine-3S. The total yield of L-cysteine-*S obtained by isotope exchange
is 70%.

Aunougn 1sotopc excndngc Dy virtue of its auupuuty and auuu_y to
form compounds of high specific activity is the method of choice for the
labelling of tautomeric thiols, a synthetic method is often better suited to

PPERSRREL I T =5 ha oluencthiol with sulphur-3S in
OUICL U110, ©oT UAalll.le, ucauus LL"LUlu\tuhLluvl wi SuLpiud 111

benzene at 135-140°C for 6-12 h, yields a-toluenethiol-**S with a specific
activity of only 2-9%. However, the synthesis of the compound from

benzyl-magnesium chloride and sulphur-38 yields o-toluenethiol-*5S

oenzZy:-magnesium CRorae anC Sipiul=o  yleics
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8 ] o with a specific activity of 27% %. There are a number of synthetic routes
P D000 mnmomnOnno—ON @ T T £ AT o td e B Tadeallad AL s s oo
‘2 fANTUHEGS NIRRT NN O yalavie 10r e SYINESiS 01 labenca Uois, ranglng m prClﬂCl[y mrom
5 g = — — - . . i .
AR - high temperature and hot atom reactions to the biosynthesis of complex
thiols, such as coenzyme A.
Tharmalucic and racail atam ranntinmg viald Anita namanlas trzsmne AL
ALVIINVIYOIO aliu ILVUIL atVill Ivavlivi Jivid Uil VULLIPIVA LTUALULICS Ul
thiols. For example, when an equimolar mixture of CyH,—N,—H,%S
2 was passed through an empty quartz tube CzHg, 0-00001%;; C,H,,,
@ 0-001%/: cvclobutane, 0:001%/: ethanethiol, 0-1%/: butanethiol. 0-2°/:
2z TV ey BIMVUE 0" i Aoy SEESEETESE, YV /ey Tuiansumes v ‘-/94;;
E 2 228800 LOLLLLL O isobutanethiol, 0-?/,;and many other umqffnnﬁcdproducts was obtained?®®.
Zlg gg¢g¢ g é“ e é" é“ é“ E‘ “g“ é“ E“ “g" When a 1: 1-3 mixture of ¥C,H, and H,%S was heated for 10 h at 310°C
Sl5 H§E5§555E55555S5552nvana at 20 atmospheres, YCHCH,*SH and (*CH*CH,),%S were obtained
e » Ko X X R N BB DD . . . ..
|8 505555555888 28¢8 in mole fractions of 3-3x 10~* and 3-9x 104, respectively’®, 35S-Recoil
T2 222222582222 288ECEEE atoms produced in a mixture of methane-HCI by the atomic reacti
E 5 898888%‘88888883‘%%%%% a pasu. ' e of me ne35 y :aom.u,reaupn
S 9955590000088 588588838 Cl(n,p)®S, yield a mixture containing H,3S and CH,*SH as the major
9889999.9 ), ] g My 3 1
i aiaiaialah Aalelake e constituents!®l, The relative amounts of the products can be controlled
by adjusiing the conceniration of Ar and NO, which serve as moderator
and radical scavenger. Hot S atoms formed by the neutron bombardment
- of CCl, react with a cyclopentane : cyclohexane mixture to give a mixture
‘;' Py AF 35Q 1ok allad thinnhama 4atenhudenthinnoene cunlananénmathial  coala
S a vl DTiaveliicu I.IIIUPIIUIIC, tcuau_yuluuuuyyxau, \,_y\«lupcutaucuuul, v_y\«lu'
S| e hexanethiol, ethanethiol, proparethiol, butanethiol, dicyclopentyl sulphide
‘é‘ 2 z and polymeric mercaptans and sulphides!®2. Neutron bombardment of a
212 8 1:1 mixture of CCl, and cyclohexane yields a reaction containing
< hel < . ..
=% = " CgH,;,SH and C;H,oS at levels of 3-5 and 8, of the total radioactivity,
D NN NLBB R AAAA nowy ; i o iVity i : 7
§ 5 B88EesEEEEsE §I‘ §" ,‘,-él‘ ,u‘{l‘ EEE respectively; however, the majority of the activity is found in non-volatile
gg EEEEEEEEEEEEEEE.<333 >
SSSSS 58,5922 ‘588 : L f .
“ |8 SBEEEESESEEEEEEESSEEE for the preparation of thiols in general are better suited to the preparation
=] 5:5;;;3;53335"53@@?,;5% ORI -  omer s 4 1y s .
n nnnnnnmanununreannrnras 3 000 of labelled thiol, especially when the **S-labelied precursor 1s commerciaily
available.
Thiomagnesium halides formed by the reaction of sulphur with a
Grignard reagent can be decomposed io the corresponding thiols
) (equation 27). While the reaction has not been extensively used for the
Q . . o, . . .
° g 2 preparation of non-labelled arenethiols, it is particularly well suited to the
=] L EE
g =33 35 HX
5 7 28 RX+Mg RMgX —=2 . R™SMgX R®SH+MgX,  (@7)
o a 8258 @
=] =~ = =] ) Lagg b4 . . . 35
3 883873 £ R 2 = synthesis of 33S-labelled thiols, since the 3S-labelled reactant, sulphur-35S,
Aps o o . . . .
=y 558508 § of8852 = is readily available. Among the 35S-labelled thiols that have been prepared
§| £25SES S.fEFEi2ife 3§ his method iso-butanethiol'®, benzenethiol®, a-tol:
Olg $5g¥8a EESRSABI<hs § by this method are iso-butancthiol™, benzenethiol™, —a-toluene-
§ "g a9 ‘3 ‘E 2 % § § ETe g i é 8.8 @ 'é thiol®: 196,107 p_toluenethiol'®, 2-phenylethanethioli®® and a-naphthalene-
2 £ ;‘g g9 % = X3 _g -% 5] g ié ES0R> thiol'!®, Yields vary from 44 to 90%.
1 0= = - PR A=~ 5.0 .2 v . . . :
£ EZZES CEES RS EESESE In recent years the method of choice for the preparation of thiols in the
E <ER<ks SEESERSEEE0Z8 ] recent year Fra0c of Cholds or he Preparation o' LHos i the
o TV NN NVYVONVvoa D o A’S Q laDOraIOry nas pecome the aadition OI an aiKyi-naldae to toured 10 10rm
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an S-alkylisothiouronium halide which is subsequently decomposed with

alkali to the alkanethiol (equation 28). The reaction is easy to control and

Onire: ang

RSCENH)NH,HI ————» RSH+H,NCN (28)

the isothiouronium salts are stable and can be stored. The decomposition
of S-methylisothicuronium s sulphate, prepared from thiourea and dimethyl-
sulphate, has been used as a convenient source of methanethiol-35S in the
course of a number of syntheses. The quaternization of thiourea with
methyl iodide™ has been reported to give higher yields than with
dxmethyl-su]phate The *S-labelled precursor, thiourea-33S, is prepared
from HJS by reaction with H,0, NH,CN, NH,OH!2 or from Ba®$ by
treatment with H,O, NH, HCO; and a trace cf powdered sulphurits 4,
A number of 353- labellcd thlols have been prepared in this way, including
methane thiol-$S1L11415 4 butanethiol-3S 18, B-mercaptoacetic acid-
88117, dimethylaminoethanethiol-35S us d.prhulammmﬂm thiol-35 119

Hunouaneinior—o

and 2-th1oura<nl-35S 120, Yields up to 90- 5 7 have been reported.
In 1840 Regnault passed ethyl chloride into potassium hydrogen
sulphide in a retort and obtained ethanethiol2l (equation 29). This

1 111§

classical synthetic method has been used to prepare labelled thlols from

Na3%SH and organic halides. The thiols prepared by this method include

RCI+NaSH ———» RSH+NaCl (29)

n-butane-thiol-¥S 18, s-toluenethiol-*S 198 and 2-mercaptobenzothiazole-
%8122 In variations on the method, 2-mercaptoethanol-%S has been
prepared from H®S and 2-chloroethanol™ and 6-mercaptopurine was
obtamed by hcatmg 6-chloropurine with Ba35S0, 123,

A standard method for making aromatic thiols from relatlvely unreactive
aromatic halides is to convert them to the aromatic diazonium sait,

RN,CI+KSCSOEt ——— RSCSOEt+N,+KCI l
{120y

l o)

RSCSOEt+H,0 ———» RSH+COS+EtOH

which readily reacts with a xanthate, such as EtOCS,K (equation 30).
8-Labelled EtOCS,K has been prepared by treating Na,S and sulphur-3§
with CS, to form uniformly labelled NaC8;, which is then decomposed with
HCI and the resultmg CS,-%8 passed through a EtOH/EtOK solution.

Both *S-labeiled p-methoxy- and p-phenyl-benzenethiol have been

prepared from EtOCS,K-%S and the corresponding diazonium chloridelos.

clazonium Chudsria
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When 35S-labelled disulphides are available, the corresponding 358-thiol

can be readily prepared by electrolytic or H, reduction {equation 31).
B-Mercaptoacetic acid'® and cysteine have been obtained in this way125,

RSSR+H, ————> 2 RSH (31)

Although the addition of H,S to unsaturated bonds proceeds in
quantitative yields, e.g. the addition of hydrogen sulphide to ethylene
gives ethyl mercaptan with no by-products, the reaction has been used only
once to prepare ethanethiol-38 from H,S-%S and ethylene {equation
32)100, The addmon of H,S-%S across stramed heteroatomic bonds in

XN A
H,S+ CH,CH, ——> HSCH,CH,XH (32)

small ring compounds has been used to prepare 2-mercaptoethanol112
from ethylene oxide and 2-mercaptoethylamine from cthyleneimine!®2,

In addmon to these standard methods, a number of specialized
reactions of limited scope have been used to prepare some biologically
important 33S-labelled thiols. For instance, 2-thicuracil-3S kas been
prepared by the condensation of thiourea-35S Wltll NaOCH=CHCO,Et 120,
a-Amino-f-mercaptobutyric acid-¥S was prepared by the acid hydrolysis
of 4-carboxy-5-methyl-2-phenylthiazoline-35§ 126, 2, 3-Dimercaptosuccinic
acid-S, was obtained by the hydrolysis of 23~b1s(acetylthlo)succ1mc
acid-®5', p,i-Cysteine-**S was obtained by the acid hydrolysis of
PhCOS—CH,CH(HNCOC,H,)CO,Me 128,

However, as the biologically mterestmg thiols become more complex,
biosynthetic routes would appear to be the method of choice for their
synthesis, in spite of the inherent loss of S isotope in the biological
system and need for chromatographic separation of the isotopically
labelled molecule from a complex biclogical mixture. L-Cysteine-*5 12,
glutathione-®$1% and coenzyme-A-3S3 have been obtained from
labelied sulphate by biosynthetic routes, while complex polypeptides,
such as y-globulin®®? and insulin!?® have been obtained from organisms
grown on cysteine-*S. Even highly labelled whole organisms such as
dysentery bacteria’® have been grown on cysteine-3S,

Deuterium and tritium labelling of the SH group can be carried out
most convcmently by 1sotopc exchange with D,O or T,O by simply
dissolving the thiol in the labelled soivent, followed by evaporation. The
thiols labelled by isotope exchange are, CH,SD5 1, DSCH,CH,SD 8,
CHy(CH,);SD 2, C,H,,SD, C(,HSST23 C,;H5CH28T"4 Thiols have

also been deuterated by the D,O solvolysis of Na mercaptides, such as
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CHy(CH,);SNa® and CsH;SNa'® and by the reaction of MeOD with
XCH,S—SiMe; (X = halide) 134,

As in any synthesis employing radioisotopes, special care must be
taken not to contaminate the laboratory. Special glassware which minimize
the escape of the isotope are usnally designed to meet the needs of a
specific synthetic route. The preparation of thiols from radioactive
sulphur and a Grignard reagent is a good illustrative example of the
design of such vessels for an organic reaction and the subsequent extraction
of the labelled compound with organic solvents1°,

An apparatus for the reaction of %3S with a Grignard reagent is shown in
Figure 3. The Grignard reagent is pipetted in tube A, ether is added and
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FIGURE 3. Reaction vessel used for Grignard reaction.

S____—

the apparatus is flushed with nitrogen. Sulphur-35 dissolved in xylene is
added to the mixture from B and the reaction mixture is stirred nunder
nitrogen at 0°C. The liquid air trap C protects the mixture from moisture,
while tube D acts as a liquid trap in a case of a pressure backfiow due to a
pressure build-up in a series of aqueous sodium hydroxide traps connected
at E. Upon completion of reaction the Grignard reagent is decomposed by

aAdAitiam A0 TTM
aqaqiuidn o1 vl
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The labelled thiol is extracted from the reaction mixture by rapidly

transferring the reaction flask A to the apparatus shown in Figure 4.
The extraction is carried out under a nitrogen atmosphere. By properly
adjusting the traps, the reaction mixture is transferred from A to the
scparatory funne! G, to which ether is added through H. The two phases
are agitated by the magnetic stirrer I, and the aqueous layer is returned
to A and the ether layer to F. The aqueous layer is extracted with more
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portions of ether added through H. The thiol can be prempltated from the
ether layer as the Na salt by simply extracting the aqueot ar with +ha

" g e aquescus la_ym Wwilli tné
10%; aqueous sodium hydrox1de.

B. Counting Methods

he low enerev R-ravs emi 5Q

Th nergy p-rays emitted by *S can be counted in a number of
different ways, including gas flow counting, liquid scintillation counting

and autoradiography on photographic emulsions. The particular method
chosen depends on the nature of the samnle

nalure oI ne sampice.

Perhaps the simplest counting procedure is to place the same on a
pianchet and assay its radioactivity under either a windowless gas flow

counter or a mica end window counter. This method of counting La
X vuuuuus nas

most often applied to BaSO,-%S%.5%64 or benzidine sulphate-%S 5,
which is layered on the planchet. In addition, films of polymers20, TCA
precipitated proteins, whole blood®2, and red blood cell ghosts®2 labelled
with 38 have been counted in this way. Often the countmg of a layer of
material is complicated by the seif- absorption of the radiation from the
bottom of the sample. The self-absorption of radiation is generally
standardized by preparing layers that are ‘infinitely thick’, e.g. 15-16 mg
sulphate per cm® This ensures that radiation from the bottom of the
sample is completely adsorbed. When %S to be counted is in the gas
phase, as in SO, or H,S, it can be introduced together with methane

directly into a Geiger—-Miiller tube and coun
1ger—Mulier and counted at r:uu,lCIlLleb of 93—

96 /135 Sulphur dioxide-%3S can be introduced up to 7- -5 torr, whereas
hydrogen sulphide-**S can be counted at much higher partial pressures
A novel application of this type of counting was the measuremen

as ne un,aaulvuu;ul Ul
,B-acthlty of alkanethiols, as they emerge from a gas—llquld chromatograph,
in which methane was used as the carrier gas'ss,

A convenient and fast method of locating 35S-labelled spots on thir
layer plates oron paper chromatograms is to pass the chromatogram under
a windowless gas flow counters %2, Radiochromatogram scanners of this
type are commercially available and their design have been described?3% 138,
However, for accurate determination of radioactivity the spot must be
counted in a licuid scintilla

counted in a liquid scintillation counter.

Liquid scintillation counting has been used to assay the radioactivity

of numerous #S-labelled compounds after they have been separated on

TLC plates. However, the %S-labelled compoun a
1£G compound must first be located

by rad.lochromatogram scanning, scraped off the plate and eluted off the
absorbent into the counting solution. Alternatlvely, the absorbent
together with the 33S-labelled compound can be sus

) g

ts on thin-
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solution by Cab-O-Sil. Paper chromatograms, on the other hand, are

uauauy cut into 1cm aurpa which are eluted and counted in a toluenc
scintillator. Polyacrylamide gels have been embedded in 29} agar gel,
mounted on a rubber plate and cut into 1 mm thick slices in a mechanical

chonner. The cfrw\a are then placed in a2 linlnr‘ scintillator nl—unl extracted
cadpper. 1ae Sir re taen piaced 1n a iquid santiliator phial SXiracie

in 1 ml of toluene and subsequently counted”. Alternatlvely, gels were
thickened with 10% glycerol and sliced in a dry-ice acetone-hexane
bath!3®, The radioactivity of 3S-labelled compounds, emerging from a
liquid chromatograph, has been measured as they flow through a plastic
scintillator spiral’®. A number of liquid scintillator fluors particularly
suited for the low energy B-rays of %S have been developed!4!- 142143,

Autoradiography has been extensively used to locate radioactive areas
on chromatograms. Usually the chromatogram is pressed againsi a
no-screen X-ray film and allowed to develop®!. The development time
can extend over a period of weeks or months, which allows radioactive
areas of Very low abuvuy to be u:u:\.u:uéﬁ

Autoradiography is particularly well suited for determining the
distribution of radioactivity in tissue. In principle, the distribution of

radicactivity in a tissue could be assessed by cas flow counting, if the
ragigaciivity in a ussue oouid °o¢ §eSsed Oy gas Low counting, i ol

tissue was dissected, its parts weighed and uniformly spread as a dry film
on a degassed planchet. However, very often it is difficult to identify
exactly the part of the tissne that has been dissected. Furthermore, the
fluids which surround the tissue in the body may often be very highly
labelled and will contaminate the dissected specimen. The use of auto-
radiography readily overcomes these difficulties”.

The methods of preparing the autoradiographs most commonly used
in %58 tracer studies are those of Doniach and Pelc** and Ullberg!®. The
choice of exposure time and counting methods has been discussed by
Pelc'#®, The activity recorded on the photographic film can be determined
either by directly counting silver grains™ or by mounting the auto-
radiograph on a microscope slide and measuring the relative amount of
light transmitted using a photocell at the ocular of a microscope®. The

former is more accurate and the data are obtained in a form that can be
former 1s more accurate ang the gata are obvfained in a form th

treated by statistical methods, i.e. silver granules/u?(+S.E.M.). The
absolute sensitivity of electron microscope autoradiography, i.e. ratio of
developed grains to radioactive decays in the specimen, were determined
for 38 w1th ford L4 and Kodak NTE emulsions and found to be 1/21 for
35S in a monomolecuiar layer’#. The resolution that can be obtained
depends on the photographic emulsion. The observed radioactivity
depends on several physical factors, including the thickness of the sample,
the nature of the tissue, the exposure time and the modalities of the
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developing procedures™. Autoradiography has been used to follow
the whole body distribution of 358 in plants and animals®, as well as the

1S and animais™, as w

movement of 355 down the axon of a nerve cell?7?-80,

C. Samble Prabhavatinm
C. Sample Preparation
I. Wet ashing

The wet ashing technique was originally designed to convert sulphur
contained in organic material into a form, such as BaSO,, which could be
layered on a planchet for gas flow counting. This was achieved by
decomposmg the sample with a mixture of HNO3 and HCIO,', or a
mixture of HCl and HNO, together with a copper salt catalyst® 5965
followed by the precipitation of SO%~ by barium. The method also Imde
itself to liquid scintillation countmg when the BaSO, is suspended in a
liquid scintillator solution that has been gelied by Cab-O-Sili®s,
Alternatively, the sample can be reduced to H,S, which is subsequently

absorbedsm a solution of NaOH, and assayed in a liquid scintillation
nterl4

2, Oxygen flask combustion

oxvoe:

The oxygen flask method converts organic suiphur to a form suitable
for liquid scintillation counting. In principle, the sample is combusted in
an oxygen atmosphere. Sulphur is converted to SOz, which is trapped ina
liquid scintillator solution. In practice, a good deal of development has
gone into increasing the speed, efficiency and safety of the technique. The
sample can be held in a number of ways, such as in a Pt basket150.351 or 5

paper cup held by a Pt-Ir wirel®2 or impregnated
mpregnateG on a cotton pcllt:l.,

placed in a paper cup that is hcld in a glass ring or watch-glass-type
combustion platform!¥, The reaction vessel, which can be either a 21
glass flask?! (accommodating 20-200 mg of matter), a liquid scintillation
phlal (holdmg 10-15 mg)'%?, or a plastic bag!®s, is ﬂushed with oxygen.
The sample is ignited most often by focusing a light beam on a dark spot
which has been made on the paper sample holder or by heating
electrically the Pt sample holder. The sample is combusted and SO, is
collected in a uappmg agent such as phenylethylamine!’ 15 or ethanol-
amine’%1% in nine parts of methanol. The trapping solution is sub-
sequently mixed with the liquid scintillator and counted. Usually the
trapping agent, which is a flammable organic mixture, is added to
the reactlon vessel prior to ignition, and therefore poses a hazard when the
sample is ignited. To avoid explosions, the reaction vessel is either cooled
in dry-ice acetone to lower the volatility of the trapping solution or
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alternatively the vessel is fitted with a balloon attached to the side-arm?5L.

A non-flammable tranning solution consistine of a 1:1:2 mixture of
A non-nammac:e wapping SC:iuliln CONSISUng 101 .4 Mixture o1

toluene, triton X-100 and water has also been usedl‘“. Thc efficiency of
counting which takes into account the recovery of radioactivity and the
nnenchmn of the scintillant by the trapping agent is usually Q{LQG"/
In human samples, in which a large amount of materlal with a very low
activity is combusted, a compromise must be struck between the counting
rate and the quenching level. The large amounts of trapping agent that
are required, quench the counting mixture, while dilution of the trapping
agent reduces the counting rate to the background level of the counter®.

3. Specialized techniques

In addition to the wet ashing and oxygen flask methods, a number of
rather specialized techniques have been used to convert a sample to a
form which can be sufficiently counted. Methanethiol-%5S has been added
to Hg(CN), and precipitated as (MeS),Hg and counted under a gas flow
counter'®. 35S-Labelled scintillation counting was carried out by an
in-phial degradation by heating in a xylene solution containing t-butyl
hydrogen peroxide and Os0,*. Labeiled H,S reieased into the
atmosphere by micro-organisms has been trapped on paper strips
impregnated with basic lead acetate, which are subsequently treated with
glyoxal, H;PO, and zinc powder and counted in a Tracerlab counter!®®,

D. Methodological Considerations

A number of important methodological considerations enter into the
design of body tracer studies. The number of iabelied thiol moiecuies that
will be incorporated into a particular macromolecule or tissue depends
on (1) the dilution of the isotope in the added molecule, (2) the pre- existing
conceniration of the cempounu in different organs and w“a, l-’l the
presence of different precursors of the compound, (4) the turnover rate

of the compound and its precursors, and finally (5) the rate of synthesis of

the complex nolypentide into which it will be incornorated. Furthermore.
e compiex poiypepliGe itsc wiilh 1T Wi 0¢ inCorporal roaermore,

in endocrine research, polypeptide hormones may be quickly metabolized
and lead to an unspecified labelling sometimes difficult to detect. Hormones
are n:na"v nthmlnm(‘z“v active at very low co
requires that they be very highly labelled 1f they are to be observed at
all”®. As the metabolic pathways of cells are often ramified, in addition to
the hormone, labelled sulphur may also be incorporated into structural
proteins, lipid sulphatides, sulphonated mucopolysaccharides and water-
solubie substances, such as cysiine, methionine, giutathione, taurine and
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inoreanic sul

..... gamic sulphates. Labelled methionine can be used to determine the
rate of accumulation of labelled sulphur in structural proteins, and
labelled sulphate can be used to check the localization of sulphur in other
compounds™. If the specific activity of the labelled polypepiide is to be
dete_rminf:d then a technique such as autoradiography must be used in
conjunction with quantitative cytochemical methods.

. The interpretation of autoradiographs can be ambiguous, especially
if the anatomy of the tissue furnishes few points of reference and the area
to be counted is far from the cell nucleus. Often the shape of the cell may
impede the exact determination of its centre®®.

Kinetic measurements of the rate of transport of a labelled compound

in a tissue depend on the specification of the time and the site of entry
?f the labelled compound into the system. Ideally, one would like to
inject the labelled compound directly into the system under study. How-

ever, the lo

ver, the local application of ihe labelied substances introduces a serious
risk of disturbing both the timing of precursor adsorption into the system
and the rate of incorporation. There may be no way of knowing whether
the true physiclegical circumstances are preserved. Furthermore, the
lchl application of the labelled compound does not enhance the specificity
of its incorporation in the polypeptide, as opposed to other uptake
mechanisms™. Since the measurement of isotope accumulation requires
that the animal be sacrificed, it is not possible to take consecutive samples
from the same animal as a function of time. The kinetic measurements
must therefore represent a picture of the mean behaviour of the isotope
in a population of animals®.
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thiophenol 436
Carbonyl group, protection of, with
dithioacetals 521-528
with thioenol ethers 551, 552
reaction with thiols 765, 766
reduction 529-532
Carboxylic acids, B-substituted, relative
strength 420
a,B-unsaturated, isomerization 615
reaction with thiolates 734
Carboxylic esters, aryl methyl, cleavage
of
blocking of conjugated a-methylene
groupin 573
sterically hindered methyl, cleavage
of 574

Carboxy]ic esters (cont )

C. thy hiols
Centroids of charge 97, 98, 100
in methanethiol 102

in methanol 101
Chain reaction, of thiyl radicals and

1yl radicals an

dlsulphldes 475, 476

Chemical ionization 326
Chemical oxidation of thiols, by
diethyl azodicarboxylate 799
by halogens 791-795
by halogen transfer agents 801
by iodosobenzene 800
by metal ions 801-805
by metal oxides 805, 806
by nitroso and nitro compounds 800
by peroxidic compounds 789, 790
by sulphoxides 795-798
by trimethylsulphoxonium iodide
800, 801
Chemical shifts, of aliphatic thiols 133
of L-cysteine 131
Chemical standard state 3
modified 12
Chloramine-T, for hydrolysis of
i,3-dithianes 527
for hydrolysis of 1,3-oxathiolanes
JoU
Chlorine kinetic isotope effect 727

Ot « datactinm of
Chromatography, for detection of

thiols 274, 275
Clinical use, of thiols 861-863

Coenzyme A biosynthesis of 623-625

precursor of e

phosphOpantetheme 634
35S.1abelled, synthesis of 870, 873
thioester formation 625-627

Coenzyme A thioesters, a-activation,
leading to C—C bond formation

and cleavage 630-632
acylation by 627-629
formation 625-627

Colorimetry, for quantitative deter-

mination of SH groups 288-

292

Colour reagents, for thiols 272-274
Complex ions, sulphur containing
756

Configuration interaction 48
Conformation—see Molecular
conformation
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Conformational equilibria, effect of
thiol group 445-449

Co-oxidation, of thiols 827-832
stereoselectivity in 828

Copper(1) alkylthiolates, as nucleophiles
725

reaction with vinyl bromides 732
use in preparation of thioethers 743
Copper(1) benzenethiolates, reaction
with mixed hexahalobenzenes
739, 740
reaction with nitro and amino
fluorobromobenzenes 742
reaction with pentahalobenzenes
742
reaction with vinyl bromides 732
use in preparation of thioethers 743
Correlation energy 50-52
for CH;OH and CHgSH 53
for HO, H,0, HS and H,S 52
Counting methods 876-878
Cyanogen, reaction with thiols 765
Cyano group migration 696, 697
Cyanothiols, cyclization and tautomerism
708, 710
Cychzatmn of acetylenic thiols 708,
IU7
of o-(N-acyl- N-methyla.mmo)
benzenethiols 444
of cyanothiols 708, 710

of athulanis thinle 707
Of ethyienic thicis /O

Cycloalkanethiols, addition to
acetylenes 763
conformation of 132, 446
infrared spectra 846
isotopically labelled, synthesis of
868, 871
mass spectra 328
thermochemical data 154
Cycloalkylation 537
Cyclophanedienes, synthesis from
sulphonium salts 564, 565
Cyclophanes, preparation of 567, 568
Cystamine, reaction with aquated
electron 492
reaction with hydroxyl radical 492
Cystathione, intermediate in
transsulphuration by cysteine
601-606
Cysteamine, as radiation protecting
agent 511
data on RSSR 491
hydrochloride, e.s.r. study 507, 508
radiolysis in solid state 507

Cysteamine (cont )
radinlue roramatad 50, Aliatinen
radiolysis, in oxygenated solutions
498, 504

of frozen aqueous solution 510

reaction with hydrated electron 485,

reaction with hydroxyl radical 484
35S-labelled 859
Cysteine, acidity of 400, 401
circular dichroism 369, 370
crystal structure 135, 138-141
—cystine interconversion 601
data on RSSR 491
desulphuration 599-601
determination in proteins 296
ethyl ester hydrochloride, complex
with urea 136-138, 143
flash photolysis of hydrochloride
476

formation through sulphide
assimilation 594-596
hydrochloride monohydrate, e.s.r.
study 507, 508
hydrogen bondmg, of monoclinic
form 140, 141, 143
of orthorhombic form, 139 143
incorporation leading to thioi
formation 606-608
mass spectrum 331, 332
metabolism 594-608
methyl ester, data on RSSR
n.m.r. study of conformation 131,
122
oxidation of 596-598
radiolysis, in oxygenated soluti
496, 497, 502-504
in the solid state 506, 507

reaction with aquated electron 485,
486

401
471

&

reaction with hydroxyl radical 484
35S-labelled, synthesis of 867, 869,
873
uptake into hormones 863
uptake into proteins 862
stereoscopic view along Cg—C,
bond 116
transsulphuration via cystathionine
601-606
X-ray analysis 113-115
Cystine, —cysteine interconversion
601

hydrochioride, e.s.r. study 3509
reaction with aquated electron 492
reaction with hydroxyi radicai 492

Subject Index 941

Dealkylation 744-747
by benzenethiolate 745
by ethanethiolate 745
of sulphides 235-245
Decahalobiphenyl, reaction with SR~
738, 739
Decarbonylation of hydroxymethylene
compounds 534
Degradation, of glutathione 609, 610
Dehalogenation, in presence of thiols
575, 576
Deshielding, of S-methyl protons 422
Desulphurization, of cysteine 599-601
of dithioacetals 529-532
Detoxification, role of glutathione
613, 615-618
Deuteration, upon desulphurization 531
1-Deuterioaldehydes, preparation of
547
Deuterium, as energy sensitive
detector 466
Deuterium isotope effect, on the
ionization of thioi groups 407
Deuterium labelling, in electron capture
reaction 346
in fragmentation of aliphatic thiols
297
327
in fragmentation of thiophenols 330

alacula ranctione 247
in iIon-moisCuie reactions 347

in photolysns of thiols 458, 474
in study o of ion formation from
CH,;SH 338
of SH group 873
Dlalkylcopper lithium, reaction with
a, B-unsatu:ated ketones 559
Dialkyl dithiocarbamate ion, reaction
with alkyl halides 166
Diazomethane, reaction with allyl
sulphides 564
Diazonium compounds, conversion to
aromatic thiols 194-198
coupling with thiophenols 432, 750
Dicarbonyl compounds, formation
from 1,3-dithianes 534, 539
Dicarboxylic acids, reaction with thiols
734
Dihalocarbene, reaction with allyl
sulphides 564
reaction with benzenethiolate 725
Dihydro-1,4-dithiins, formation of 524
Dihydropyrenes, synthesis from
suiphonium saits 564, 565
1,4-Diketones, formation via 1,3-

a £20
aitnianes JJ5

Dimercaptoalkanol, conversion to
episulphide 438, 439
Dimerization, oxidative, of 2-lithio-
1,3-dithianes 546
2,4—D1mtrophenyl group migration 691
Dinitrothiobenzoates, formation for
identification of thiols 276
Dipole moments 41-43
from microwave study 126, 127
of benzenethiols and thioanisoles
425
of fluoro- and chloromethane and
methylamine 420
of methanol and methanethiol 91,
95, 420
of prop-2-ene-1-thiol 127
Dissociation energy 3
of methanol and methanethiol 12
of oxygen and suiphur hydrides 35
Dissociative electron capture 344-346
Disuiphides, as proteciing group for
thiols 670
cieavage, by oxidation 305, 306
by reduction 303, 304
by sulphite treatment 304, 305
conversion to mercapto carbonyl

nnnnnnnn 750
\.uulplc/\wa 157

conversion to thiols 220-229, 670
e.s.r. study 509
formation of, by oxidation of thiols
670, 785-833
from thiols and azides 752
from thiols and chloramines 750
in photolysis of methanethiol
461, 462
in protein structure 647-652
overoxidation 794
oxidation of, base-catalysed 812
photolysis of mixtures 472
quantitative determination 302-306
radiolysis in oxygenated solution
505
reaction with aquated electron 492
reaction with hydrogen atoms 492,
493
reaction with hydroxyl radical 492,
493
reduction of 670, 788
Dithianes, conversion to thiols 243
hydrolysis with chioramine-T 527
lithiation of 536

526
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Dithioacetals, conversion to thione

desulphurization 529-532
photocyclization 581
preparation of 522
from monothioacetals and thiols
765
side reactions in 524
protecting group for carbonyl 521-
525

removal of group 525-528
Dithiocarbamates, formation and
hydrolysis to thiols 210, 211
Dithiocarbonates, formation from

xanthates 700
Dithiocarboxylic acids, acidity of 401,
402

self-association 387
Dithiodipyridine derivatives, for deter-
mination of SH groups 290,
251
Dithioketal, removal of 536
Tithinlamas allbulasin. f £n
L2itniGI1ancs, aikyialion o1 527
conversion to thiols 243

ontical dissymmetry effacts 255-358

optical dissymmetry effects  366-368
oxidation, with 1-chlorobenzotriazole
525

with monoperphthalic acid 525
preparation of 522
Dithiol enzymes 656, 657
Dithiol-flavin enzymes 655, 656
Dithiol proteins 652-657
gem-Dithiols 252
Dysentery bacteria, 35S-labelled 870,
873

Electric nuclear quadrupole moment, of
335 845
Electron affinities 21-30
of the methyl mercaptide radical
345, 351
of oxygen and sulphur containing
species 22-24, 79, 80
Electron configurations 65
ground and excited in H,O and
H,S 19
Eleciron density contours 96, 97
Electron density difference 100
Electron diffraction, for siruciural
information 112
of ethane-1,2-dithiol
of thioacetic acid 131
of thinuraa 192

Of thiourea 125

Electron distribution, in methanol and
methanethiol 91-104
Electronegativity, of sulphur 133
value for OH, SH, NH, and COOH
421
Electronic energy 45, 64
Electronic spectra 15-21
of aliphatic thiols 306
of aromatic thiols 307
Electronic wavefunction 47
construction of 48-54
Electron impact method, for determina-
;i;);a of appearance potentials
Electron pairs 97-104
Electron paramagnetic resonance
spectra, evidence for thiyl radical
formation 477
Electrons, aquated, reaction with
disulphides 492
reaction with enzymes 493
reaction with thiols 485, 486
CoIe “4
valence 4
Electron spin resonance spectra, for
detecuon of intermediates in

adia A00
radiolysis 490

of thiols 313, 314

lectronhilic aramatic cunhotittion
lectrophilic aromatic substitution

431-436
protection of thiol group in 432

Electrophilic substituent constants
429 430

Ellman’s reagent, for determination of
SH groups 288-290

Energy sensitive detector, deuterium as
466

IH

Energy units 2
Enethiols, formation 252
tautomerism with thioketone 395

Entropy 151

Enzymatic isotope exchange, for label-
ling of thiols 869

Enzyme cofactor, glutathione as 613—
615

Enzyme intermediates, persulphide
643-645

thioester 640-643

Enzymes dithiol 656, 657
dithiol-flavin 655, 656
radiation protecuon of 512,513
Ie n wun aquawu CIOCII'OH Q’J
reaction with hydroxyl radical

4017 A04
475, 454

Subject Index 943

Episulphides—see Thiiranes
Epoxides, conversion to thiols 248
reaction with 2-lithio-1,3-dithianes
541-543
reaction with xanthate salts 693
Evolution, of polythiol function 661,

l:)\bltdllull CUCIRY 65
for methanethiol 20, 84

for methanol 84
for water and hydrogen sulphide 20

Extrusion. of sulnhoxide function 572
Extrusion, Of swupnoxice iunctien o/2

of sulphur  561-566
of sulphur d e

twofold 571

566-571

Fast flow system, for study of methane-
thiol photolysis 463
Flash photolysis, of benzenethiol 476
of cysteine hydrochloride 476
of 2-mercaptoethanol 476
of methanethiol 463
Force constants 64
for ethanedithiol 846
Force field, for methanethiol 846
Fragmentation pathways 340-344
for aliphatic thiols 326, 327
for cysteine ethyl ester 331
for heterocyclic thiols 333
for 2-mercaptoethanol 328
for thiophenols 330
Free radicals, of thiols 3i3
scavenger for 612
Friedei-Crafts aikyiation, of aromatic
thiols 434, 435
Fries reaction, unsuccessful with
thiolesters 436

.................... %0
Gaussian type functions 59

Germanium, thiol derivatives 748,

’Glutathlone, as free radlca] scavenger
biosynthesis and degradation
609, 610
circular dichroism 369
13C n.m.r. spectra 312
crystal structure 141
data on RSSR 491
detoxification role 615-618

Glutathione (cont.)
disulphide, reaction with aquated
electron 492
hydrogen bonding in 135, 141
maintenance of reduced cell by

reaction with hydrated electron 486

monnbtam otbhh e deaver] wadinal AQA

reaction with hydroxyl radical 484

role in cystine reduction 601

35Q. 1ahallad 250 Q70 872
S-labelled 859, 870, 873

stereoscopic view along Cg—C, bond

synthesis 681

nuse ag an PI’\7VmP

X-ray anaJysns of 113, 114
Glatathione reductase 611, 612
Glyoxylase system 613
Group additivity, for estimation of

thermochemical data 152-157

Group migrations, acyl 692-695

alkyl 686-688

amidino 697, 698

a-aminoacyl 695

aryl 688691

cyano 696, 697

2,4-dinitrophenyl 691

thiol ester 715

thionoalkoxy 693

trialkylsilyl 687

613-615

Haloaicohol, reaction with thiols 293
Haloalkanes, dipole moment 420
speciral lines 128
Haloa.lkanethiols, conformation 130
bpeura Ul l JU
Ha.loa.lkyla.mnde, reaction with thiols
01
293

Halobenzenes—see also Hexahaloben-

zenes and Pentahalobenzenes
zenes and Pentahaleb

reaction with thiolate anions 741,
742
1-Halobenzotriazole, for oxidation of
olanes 525

1,3

Halocarboxylic acids, acidity 420

Halocarboxylic ester, reaction with thiols
293

Halocycloalkanethiols, solvolysis 440,
441

Halogenation, of thiophenols 431

Halogen displacement 736

Halogens, for oxidation of thiols
791-795



944 Subject Index

Halogen transfer agents, for oxidation
of thicls 801

Halophosphoranes, preparation from
MADF and ethanethiol 750

NG ethanetnic:

Ha.lopyndmes, reaction with thiolate

ions 743

N-Halosuccmlmldes, for oxidation of
1,3-dithianes 526

Halothlophenols, hydrogen bonding in
394

Hamiltonian operator 45
Hammett equation 727
Hammett substituent constants 428,
429
Harmonic force constant 9
Hartree-Fock limit 50
for HO, H,0, HS and H,S 52
for methanol and methanethiol 53
Hartree-Fock molecular orbitals 54
Hartree unit 2
Heat capacity 151
Heat of formation 3, 151
for calculation of H*, H and H-
affinities 30
for compounds with OH or SH
groups 23
for ions from thiols 3335-338
for OH, SH and their ions 25
for oxygen and sulphur atoms and
lons 22

TTatas T
Heter ic halides, con
thiols 182
etarocvclic thinle mace anacten
Heterocyclic thicls, mass spectra
333, 334
nrenaration, from heteracvuclic
preparation, from heterocyclic
halides 182
from organometallic compounds
213

Hexahalobenzenes, mixed, reaction
with CuSR 739, 740
reaction with SH- and SR~ 738, 739
Homocysteine, conversion to methionine
618, 619
formation, from cysteine 601
from methionine 603
reaction with aquated electron 486
reaction with hydroxyl radical 484
thiolactone 494
Homocystine, reaction with aquated
electron 492
Homologization, of an olefin 569
‘Hot® alkyl radicals 465
‘Hot’ hydrogen atoms 465
transiationally excited 466471

Hydride affinities 30-36
for some oxygen and suiphur species
81, 82
nyuluscu affinities  30-36
for some oxygen and sulphur species
o1
81, 82
Hydrogenation, selective, of vinyl

groups £71
ups 3/3

Hydrogen atom, reaction with di-
sulphides 492, 493
reactlon with thiols 486, 487
thiols as source of, in solution
473475
Hydrogen bonding 379-396—see alsa
Self-association
in L-cysteine  139-141, 143
in L-cysteine ethyl ester hydro-
chloride : urea complex 137,
143
in L-cysteine hydrochloride mono-
hydrate 135, 136
in cysteylglycine : Nal complex
142, 143
in glutathione 141
intermolecular  392-396
in thiopurines and thiopyrimidines
144, 145
intramolecular in L-cysteine 119
intramolecuiar O—H-+Ci 130
N—H ~S 14
of s ur 120, 133-146
of thlo] group, in solution 144
A"‘ﬂ D l""
Hydrogen exchange, between thlol
and protic solvent 855
Hydrogen reduction, for labelling of

thinle 868 872
tnigls 865, &/5

Hydrogen sulphide, acidity of 397~
addlnnn to alkenes 169175
stereospecificity 165

data on RSSR 491

hydrogen bonding in 133, 380, 381
radical reaction with l-chlorocycl
hexane 171

reaction with alcohols 179

reaction with alkyl halides 180, 181

reaction with ethyleneimines
246, 247

S—H bond length 126

Hydrolysis, for synthesis of labelled

thiols 869, 873

of n-butylthiomethylene group 554

of sulphenyl halides 792

Subject Index 945

Hydroperoxy radical, reaction with
thiols 500
Hydrosulphide ion, dissociation and
return 716
Hydroxycarboxylic acids, acidity 420
Hydroxydiaryl sulphides, from
mercaptodiaryl ethers 688
Hydroxyl ions, bond angle 78
bond length 78
electron affinity 79, 80
energy 78
heat of formation 25, 31
hydride affinity 81, 82
hydrogen affinity 81, 82
ionization potential 79, 80
Morse potentials 26
proton affinity 32, 35, 74, 75, 81
SCF total energy value 73
spectroscopic constants 25
Hydroxyl radical, bond angle 78
bond lengith 78
correlation energy 52
electron affinity 79,
energy 78
Hartree-Fock limit 52
heat of formation 31
hydride affinity 31, 81, 82
hydmgen affinity 31, 81, 82

ation notential 79, 80
ionization potent: 792, 20

Morse potential parameters 10,
24-26
proton affinity 31, 81, 82
reaction with disulphides 492
reaction with enzymes 493, 494
reaction with thiols 484
relativistic energy 52
stretching potential curve 9
a-Hydroxythiolesters, preparation of
580
Hydroxythiols—see Mercaptoalkanols
Hyperconjugation, of thiols 428

-]
<

Imidizoles, from thiol addition to
C=N bond 765

Imines, reaction with 2-lithio-1,3-
dithianes 345

reaction with thiols 734, 735, 770,

774, 775

Iminoboranes, reaction with thiols
130

Inductive effect, in saturated thiols

AN A9
AL

Infrared spectra, for determination of
conformations 112
isotope effect 843, 845, 846
of o-aminobenzenethiols 427
of ethane 1,2,-dithiol 129
of thiocarboxylic acids 146
of thiols 308-311
with hydrogen bond acceptors 388
of thiophenols 146
Insulin, 3%S-labelled 870, 873
Iodosobenzene, for oxidation of thiols
800
Ion fragments, separation by isotopic
labelling 843
Yonic radius, of I~ 143
Tonization, thermodynamics of 407,
408
Tonization efficiency curves 335, 344
of CgHS™ 345
Tonization energy 65
of H,O0, H,S and H,Se 2
Ionization potentials 21-30, 65

Latin thinle thinlacatio
of lower aliphatic thiols, thiolacetic

acid and thiophenol 334

methano! and mnlkanﬂﬁ\lnl R4
of methands: ang o 4

of
of oxygen and sulphur containing
species  22-24,79, 80
Ton-molecule reactions 346-351
rate constants for 348, 349
Iron—sulphur redox proteins 658-662
Isomerization, of o, B-unsaturated acids
615
Isoprenoids, synthesis of 563, 576, 577
Isotope effect—see also Deuterium
isotope effect and Primary
hydrogen isotope effect
in infrared spectroscopy 843, 845,

27_70
L=z

in mass spectrometry 842-844
in microwave spectroscopy 842,
844, 845
Isotope exchange, for labelling of thiois
867-870
Isotope exchange equilibrium 850
constants for thiol-water systems
852
Isotope shift, in vibrational spectrum
of cyciohexanethiol-S-d; 846
in vibrational spectrum of a thiol
qac
oo
Isotopic labelling by synthetic methods

866 876—see also 358-1abelled
866-876—sce

thiols, synthesis of
n 876-878
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Ketene thioacetals, preparation of
543

reactions of 544
Keto dithianes, cleavage of 535, 536
Ketones—see also Carbonyl group
alkylation 533, 554-556

geminal 557, 558
conversion to thiols by reduction

derivatives 534

monomethylation 554-557

reaction with 2-lithio-1,3-dithianes
543, 544

resolution, using optically active
dithiol 581

o Runsaturatad additinon of
«,g-unsaturated, acaition of

769
methylation 572, 573
Ketone transposition 534, 535
Kinetics, relationship with thermo-
chemistry 157-160
Koopmans’ theorem 65

Lactones, addition of thiols 769
Lead, thiol derivatives 748, 749
LIPUIL acid 637-639
Lithiation, of 1,3-dithiane 536
of 1,3,5-trithiane 546, 547
2-Lithio-1,3-dithianes, for preparation
of }—dehtcncaluw;des 547
for preparation of orthothioformate
547
oxidative dimerization 546
reaction with R{‘V'Ahno agents
545, 546
reaction with aldehydes and ketones
543-545
reaction with alkyl halides 537-539
reaction with aryl halides 540, 541
reaction with epoxides 541-543
reaction with imines 545
reaction with trialkyl- and triaryl-
chlorosilanes 546
Lithium n-alkyl mercaptide, for
cleavage of methyl esters 574
Localization sum 70
Localized molecular orbitals 66-70

Magnesium, thiol derivatives 748
Markownikov product 165, 170

of addition to acetylenes 763
of addition to olefins 761, 762

Mass spectra, in photolysis studies
463
isotope effect 842-844
of aliphatic thiols 326-328
of amino acids and peptides 331—
3

of aromatic thiols 330

of cycloaliphatic thiols 328

of heterocyclic thiols 333, 334

of mercaptoalkanol 328

of mercaptoesters 329
Meisenheimer complex 736
Mercaptide ion, bond angie 78

bond length 78

electron affinity 79, 80

energy 78

hicat of formation 25

, 31
hydride aﬁimty 81, 82

vdrooan ofRn 21 @9
nydrogen affinity 81, 82

ionization potential 79, 80

Morse notentials 28
Morse potentiais 26

proton aﬂimty 32, 35, 74, 75, 81, 82
SCF total energy value 73
spectroscopic constants 25
Mercaptide radical, bond angle 78
bond length 78
correlation energy 52
electron affinity 79, 80
energy 78
Hartree-Fock limit 52
heat of formation 31
hydride affinity 31, 81, 82
hydrogen affinity 31, 81, 82
ionization potential 79, 80
Morse potential parameters 10,
24-26
proton affinity 31, 81, 82
relativistic energy 52
stretching potential curve 9
Mercaptides, formation of 278288
by electromeric procedures
by reaction with mercury
compounds 281-284
by reaction with silver ion
P s

Mercaptoaldehydes, tautomerism
710-712
Mercaptoalkanols, acid dissociation
constant 398
circular dichroism 369
data on RSSR 491
flash photolysis 476
fragmentation scheme 328

Subject Index 947

Mercaptoalkanols (cont.)
gem-, formation 252
isotopically labelled, synthesis of
868, 872, 873
radiolysis in oxygenated solution
reaction with aquated electron 486
reaction with hydroxyl radical 484
B-substituted, from epoxides 248
Mercaptoamines—see Aminothiols
Mercaptobenzothiazole, isotopically
labelled, synthesis of 866, 867,
872
Mercaptocarboxylic acids, acidity 420
circular dichroism 369
data on RSSR 491
dianion formation 397
isotopically labelled, synthesis of
868, 873
Mercaptocarboxylic esters, addition to
oiefins 762
fragmentation 329
Mercapiodiaryi emers, conversion io

Mercapiokeiones, seif-association 386
tautomerism 710-712
MAccnnsmtnlan wanwun cameamd ~F TNO
VICTCApioses, rcarrangemeiit 61 /ve
Mercaptopurines, isotopically labelled,
mihacic o7INn 0719
synthesis 870, 872

Mercaptopyridines, acidity of 406,
407

Mercapturic acid, formation in mammals
615-618
Mercury electrode 281
Mesomeric moment, of benzenethiol
424
Metabolism, of thiols 591-608
Metal carbonyls, mercapto 759, 760
Metal ions, catalysts for oxidation of
thiols 817-825
oxidation of thiols by 801-805
Metal oxides, for oxidation of thiols
805, 806
Metal sulphides, reaction with aromatic
halides 182-185
reaction with heterocyclic halides
182
Methionine, conversion to S-adenosyl
methionine 619
formation from cysteine 601, 602
formation from homocysteine 618,
619
Methyl catlons, monosubstltuted
bldl)lllLdllUll cuclgy fUl ‘fJU

Methylene blocking group 532-536,
56
Microwave spectra, for structural
information 112
isotope effect 842, 844, 845
of methanethiol 115, 125
of molecules containing thiol group
125-131
of prop-2-ene-1-thiol 127
Molecular conformation 112
determination by infrared spectro-
scopy 112, 446448
determination by microwave
methods 127, 449
determination by n.m.r. methods
112, 131-133
effect of thiol group on 445-449
of cyclohexanethiol 132, 446
of L-cysteine 132
of ethane-1,2-dithiol 128-130
of 2-haioethanethiol 130
of 2-propanethiol 127
of prop-2-ene-i-thioi 127
Molecular energy 3, 5
iotai ©
calculation for methanol and
methancthiol 12
Molecular interactions 112

Malanulnr inn far alinhatin thinle
Mi0iCCuaar 10n, 10r anpnalic tnidis

for cycloaliphatic thiols 328
for cysteine ethyl ester 331
for 3-hydroxytetrahydropyran 334
for 2-mercaptoethanol 329
Molecular orbital energies 64
of methanol and methanethiol 83
of water and hydrogen sulphide
17,18
Molecular vibrations 6-14
Molecular wavefunctions, calculation,
for methanethiol 81-86
for pre-thiol family 76-81
Monoclinic form, of L-cysteine 113,
115
crystal structure 119, 139
hydrogen bonding in 119, 140,
141, 143
Monoperphthalic acid, for oxidation of
1,3-dithiolanes 525
Monothloacetals, conversion to
dithioacetais 765
conversion to sulphide 766
conversion to thione 766
preparanon 548, 549, 765

temoval 549, 550

w
13
(=)
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Morse potential parameters, for CS,
SH,COand OH 13,14
for dissociation of hydrogen 35, 36
for OH and SH ions 25, 26

for OH and SH radicals 10, 24-26

Naphthocycloalkene, synthesis of 566
Negative ions, of thiols 344-346
reaction with molecules 349, 350
Neighbouring group effect 86
of thiol group in nucleophilic
substitutions 437443
of vicinal dithiol system 441, 442
Neutron diffraction, for structural
information 112
of thiourea 123
Newmann-Kwart rearrangement
168, 201, 204
Nickelocene, addition of benzenethiol-
S-d, 851, 852
Nitration, of thiophenois 431
Nitriles, addition of thiols 764, 765,
770
Nitro compounds, for oxidation of
thiols 800
Nitro group, dnsplaoement by thiolate
BIOoup 744
Nitrophthalic thioesters, formation for
identification of thicls 276
Nitropolyhalobenzenes, reaction with
r\nppnrf“) thiplates 742

Nitroso compounds, for oxidation of
thiols 800
Normal coordinate analysis, on
ethane-1,2-dithiol 130
Nuclear magnetic resonance, *3C of
glutathione 312
for determination of conformations
112, 131-133
of thiolic protons 311, 312
Nuclear repulsion energy 45
Nucleic acid bases, sulphur-containing,
crystal structure 144
tautomerism of 123
Nucleophilic reactivity 723, 724
Nucleophilic strength 723
Nucleophilic substitutions, by thiols
722-775
neighbouring group effect of thiol
group 437443
Nucleosides, sulphur-containing,
crystai structure 144
Nucleotides, sulphur-containing,

crystal siructure 144

O—alkyl bond, cleavage of 687

- (\rl»“fu] nnrhmwnhnn 7075
Organometalhc cornpounds, conversion
to thiols 211-215
Organometallic transition metal
complexes 756-759
Orthorhombic form, of L-cysteine 113,

crystal structure 137, 138
hydrogen bonding in 139, 143
Orthothioformate, preparation of
547
Oxaazaphospholanes, reaction with
thiols 751
Oxathianes, conversion to thiols 240,

preparation of 547
Oxathiolanes, conversion to thiols
240, 241
hydrolysis with acid or mercuric ion
550
preparation of 547
reaction with chioramine-T 550
treatment with Raney nickel 549
Oxidation, of cysieine 596-598
of thiols 670, 785 833
u'y‘ OXygeni—s€ee Oxidation uy
molecular oxygen of thlols

of thiols

electrochemical 787-789

photo- —see Photolysis
Oxidation by molecular oxygen of

thlols 806-832

catalysed by aliphatic amines 816,
817

catalysed by metal ions 817-825

catalysed by organic redox systems
825, 826

catalysed by strong bases 806
816

co-oxidation 827-832
stereoselectivity 828
Oxidizing agents, for determination of
thiols 276-278
Oxygen atoms, electron affinity
22-24, 79, 80
energies 78
heat of formation 22, 23, 31
hydride affinity 31, 81
hydrogen affinity 31 81
ionization poientiai 22-24, 79, 80
proton affinity 31, 81

Arooan foch amboeoio s 070 @
UXygen uasKk Comousiion  6/0, 6/7
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Oxygen hydrides, bond lengths and
angles 7,78

canonical molecular orbitals 15, 16
correlation energy 52
dipole moment 43
dissociation energy 5
electron affinity 23, 24, 79, 80
eiectron configuration 19
electronic excitation energy 20
energy 78
Hartree—Fock limit 52

heat of formation 23, 31
hydride affinity 81, 82

Sffniee Q1 Q9
i ainnity 61, oz

iomzation energy 29
xntinm notantial 22 24 70 en
4,79, 80

ionization potential 23, 24, 79,
molecular orbital energies 17, 18
O—H bond strengths 160
potential surface 77
proton affinity 31, 32, 74, 75, 81, 82
relativistic energy 52
SCF total energy value 73
vibrational frequencies 5

Oxygen ions, electron affinity, 22,

24,79, 80
heat of formation 22, 23, 31
hydride affinity 31, 81, 82
hydrogen affinity 31, 81, 82
ionization potential 22, 24, 79, 80
proton affinity 31, 81, 82

Pantetheine cofactors 623637
Penicillamine, data on RSSR 491
disuiphide, reaction with hydroxyi
radical 492
hydrochioride, e.s.r. study 508
reaction with aquated electron 486
253-jabelled 859
Pentahalobenzenes, reaction with

substitution of 737, 740

anectra 1727121
Peptides, mass spectra 332, 333

Peroxidic compounds, for oxidation
of ﬂunln 'IQO 790

Cf tnig

Phenols, acidity 425 426

Phenothiazines, synthes1s of 688 689

Phenylthio radical, thermochemical
data 154

Phosphinodithioic acids, self-association
387

Phosphonic acid derivatives, reaction
with thiolate nucleophiles 750

Phosphopantetheine proteins 633-637

Phosphorothiolate ion, reaction with
alkyl halides 166, 185, 186

Phosphorus, thiol derivatives 750,
751

Phosphorus halides, conversion to thio
phosphorus derivatives 750
Phosphorus pentasuiphide, reaction with
alkenes 179
Photocyclizaiion, of dithioacetals 581
Photoelectron spectroscopy 27, 335
lUl. aluuy Ul COIic UlFbllUllb 4
spectrum of CHst 28, 30
Photoionization, for determination of
ionization potentials 334

hatalucie condansed nhaca 47147
notoiysis, CONGLNsea pnase 47147

of +-BuSD 474
of

methyl disulphide-ethyl

methyl di

%

~3

dlsulphlde mixtures 472

472
producing H-atoms, 473475
producing thiyl radicals 475, 476

gas phase 458-471, 832, 833
energy partitioning in primary

process 466471
of deuterated methanethiol 458
of ethanethiol 464, 465, 832, 833
of methanethiol 455, 458-463,

832

of lipoic acid 715
of mercaptoles 708
solid state 477
Piperdine, reaction with thiolates 729
Platinum compiexes, of norbornadiene
of teiraphenyicyciobutiadiene 758
reaction with thiolates 755, 756
Platinum electrode 280
Polar effect, of thiols 419428

P, Sy d oot =d 491
aroinatic and unsaturated 423—

428
qatnrntad AN A1
saturated 420423
Polarization functions 71
Polarography, of thicls 787, 788

Polythlol hgands metal bmdmg

Polythlol protems 657, 658
Population analysis, of methanethiol
and methanol 91, 92

Potential curve 7, 8
for C,H,SH+ 89, 90
for CS, SH, CO, OH 13
for motion in methanethiol 38
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Potential hypersurface 7, 64
Potential surface 7

for two rotational modes in ethanethiol

39
for water and hydrogen sulphide
77

Potentiometric titration, for study of
mercapiide formation 279, 314,
315

Presli 1 e n ms a1

LIC-UU0l 1alnuy 10-01

Primary hydrogen isotope effect, on

cle. I L3 QAr
clcavage of S—H bond 846-

853

Primary tritium isotope efect 840
Orimary {ritium isotope eiiect 842

Propellanes, synthesis of 569, 570

Drnfar-tma groups f for thiols 432
acetamldomethyl 675, 676
acetyl and benzoyl €77, 678
benzyl 671, 672
henwlnxyca:bnnyl 678
benzylthiomethyl and phenylthio-

methyl 681
B.B-diethoxycarbonylethyl 677
diphenylmethyl 672, 673
disulphide 670
isobutyloxymethyl 681, 682
picolyl 674, 675
tetrahydropyranyl 680, 681
thiazolidine 682
B.B,B-trifluoro-a-acylaminoethyl
676, 677

triphenylmethyl 673, 674
urethane 678-680

Proteins, dithiol 652-657
iron-suiphur redox 658-662
phosphopantetheine 633-637
poiythiol 657, 658
thiol 640-652
upiake of **3-labelied cysieine

862

ion, effect o

429 430, 432-434

Dratan affinitiac 201
rroton amnitics 5056

for some oxygen and sulphur
snacies 81
species 81, 82
relation with gas phase acidity and
ity 33, 350, 351
va]ues for HO H,O HS-, H,S
74, 75, 351
Proton magnetic resonance, chemical
shifts of sulphurated compounds
422
for evaluation of inductive effects

Proximity effects of thiol group
437-449

on acid-base equilibria 445
on conformational equilibria 445-
449
on nucleophilic substitution 437-443
Pulse radiolysis, for study of irradiated
thiols 488491
Pyridyl sulphldes rearrangement of

Pyrolysis, of sulphones 566-568

Aoed cioa
Quantumn chemical standard staie 4

Qua51 Equlhbrmm Theory 326, 340

addit of thiala 720
Quinones, addition of thiols 769

from thiols and 4,7-benzimidazole-
diene 775

reaction with thiosulphate 193
reaction with thiourea 191

Radiation biology 473
Radiation protection, by thiols
510-513
Radical-ion, for cysteine 490
for mercaptoacetate 490
for mercaptopropionate 490
Radiochemical methods, for determina-
tion of thiols 299, 300
Radiolysis of thiols, in oxygen-
containing solutions 496-505
mechanisms  502-505
products and yields 496-498
in oxygen-free solutions 483-496
mechanism 487, 488
in the liquid state 5035, 506
in the solid state 506510
Raman spectra, of ethane-i,2-dithiol
129
Ramberg-Backlund reaciion 568-571
leading to propellanes 569, 570
Raney nickel, for reduction of dithio-
acetals 529-532

or reduction of monothicacetals
iory >l Of Moot

and Group migrations
of N. N-alkylaminodiaryl sulphides
689
of allyl aryl sulphides 702-705
of S-benzoyl-2-aminoethanethiol 695

Subject Index 951

Rearrangement (cont.)
of cysteine residue with free SH
group 332
of n-propyl a-mercaptoacetate 329
of prop-2-ynyl aryl sulphides 706
of pyridyl sulphides 689-691
of sulphonium salts 561-566
of O-thioacyl to S-thioacyl system
698-702
Rearrangement ion, from secondary
and tertiary thiols 326
Redox systems, catalysts for oxidation
of thiols 825, 826
Reduction, electrolytic 670, 675, 788
of n-butyithiomethylene derivatives
557
of disulphides 670, 788
of keto acetate 535
Reiative energies 26
Relativistic energy 49
for HO, H,O, HS, H,S 52
for methanol and methanethiol 53
ReSOuauw, of aulpudi 3d-orbitals in
thxophenol 425, 426

Resanance effect aramat
Resonance effect, in aromatic and

unsaturated thiols 423-428
R-factors 113-115
Ring opening, of alkylene oxides
771-773
of alkylene sulphides 773, 774
of cyclic sulphides 712-715
of heterocychc compounds in thiol
formation 246-251
Rotating sector intermittent illumination
technique 463
Rotational barriers, for ROH and RSH
compounds 40, 41, 82, 86
from microwave work 126

SCF energy values, of HO-, H,0,
H;0t, HS-, HyS+ 61,72, 73
of hydrogen sulphide 61, 62, 73
SCF-MO theory, non-empirical
54-63
applications of 63-66
Schénberg rearrangement 201
Schrodinger equation 4547
Selectivity, in preparation of 1,3~
dithiolanes of carbonyl com-
pounds 522
Seleniumm, thiol derivatives 754
Selenium hydrides, ionization energy
20

Self-association, of aminothiols 386
of hydrogen sulphide 380, 381
of B-mercaptoketones 386
of phosphinodithioic acid 387
of thiobenzoic acid 387
of thiocarboxylic acids 387
of thiols 380, 382-386
of trithiocarbonic acid 387
Self-consistent field calculations 15
Semithioacetals, benzylthiomethyl and
phenylthiomethyl derivatives
681
isobutyloxymethyl derivatives
681, 682
tetrahydropyranyl derivatives 680,
681
Sex attractant, of bark beetie,
synthesis of 539
S—H bond, cieavage of 846-856
primary hydrogen isotope effect
846-853
tracers of atoms and free radicals
during 853-856
S—H group, stretching vibration
308-310
Side reactions, in preparation of dithio-
acetals 524
[2,3] Sigmatropic rearrangement, of
allyl aryl sulphides 576,
702-705
of allyl sulphonium salts 562
Sigma values, for SH and SCH; groups
428, 429
Silicon, thiol derivatives 748, 749
Silylation, of 2-lithio-1,3-dithanes 546
a-Silylketones, preparation of 546
25S-labelled thiols, synthesis of
866-876
by biosynthesis 869, 870, 873
by exchange with 35S recoil atoms
866-871
by hydrolysis of labelled compounds
869, 873
from EtOCS,K-%S and diazonium
chloride 872
from iabelied thiomagnesium
halides 871
from iabelied thiourea and an aikyl
halide 871, 872

from Na?*SH and organic halides

872

Froans 35Q Tobeallad diorilats
from 25S-labelled disulphides by

hydrogen reduction 868, 873

Qlatar datarminant §1
Siater geterminant 53
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Slater type orbitals 59
Smiles rearrangement 688-691
photochemical 691
Solvent effect, on oxidation rate of
n-butanethiol 808, 810
Solvolysis, of 2-chlorocyclohexanethiols
440
of chlorocyclopentanethiol 441
Spin—spin coupling constants, for
aliphatic thiols 133
for L-cysteine 131
Stabilization energy, for mono-
subsiiiuted methyl cations 430
Standard states 2-6
chemical 3
modified chemical 12
quantum chemical 4
thermodynamic 2

Steraochemical investication. of
Stergocnemica: investigation, of

anchimeric effect of sulphide and
thiol groups 440

Stereochemlstry 36411

Stereoscopic views, of the projection

the pr

Sulphenyl cations 793
Sulpheny! halides, conversion to
sulphenamides 750
for determination of SH group 291
hydrolysis of 792
reaction with thiolates 752, 754, 792

* Sulphide assimilation, by organic

compounds 594-596
Sulphides—see Thioethers
Sulphites, by sulphate reduction

592, 593
Sulphonate group, displacement of

736
Sulphones formation for identification

of thiols 276

pyrolysis of 566-568
Sulphoniuin ion, aikylations by
621-623

QI earraneement of
Sulphoniuim salis, rearrangement of

non-allyl 564-566

Suint mm vhd t dinta in

down the CB—C bond 116-118
Stereospecificity, of thiolcarboxylic
acid additions to olefins 165
Steroidal epoxides, reaction with
lithiodithiane derivatives 541, 542
Stevens rearrangement, of sulphonium
salts 561-566
38S-tracer studies, application to
agriculture and industry 865,
866
Stretching potential 8
of OH and SH 9
Stretching vibration, S—H 308-310
Structural parameters, of methanethiol
844
Structure, correlation with reactivity
428-431
Substitution reactions——see also
Nucleophilic substitutions
aliphatic 725-735
aromatic 735-744
Sulphate reduction, assimilatory 591-593
dissimilatory  591-593

to sulphide 593, 594

to cnlv\hda 507 501
Lo suipatl 292, 395

Sulphenamides, conversion to disulphides
752

preparation from sulphenyl chlorides
750

a-Sulphenyl carbanions, synthetic uses
576-578

m ylid,
sulphonium salt rearrangement
562

Sulphony! group, displacement of
726, 727
Sulphonyl halides, attempted reaction
with lead thiolate 753
conversion to aromatic thiols
216220
Sulphoxide function, extrusion of 572
Sulphoxides, condensation with
aldehydes 579
for oxidation of thiols 795-798
mechanism 797
for synthesis of aldehydes 579
Sulphoxonium salts, for oxidation of
thiols 800, 801
Sulphur, determination in thiols 301
thiol derivatives 752, 753
Suiphur atoms, electron affinity
22-24, 79, 80
energy 78
heat of formation 22, 23, 31
hydride affinity 31, 81
hydrogen affinity 31 81
ionization poteniial, 22-24, 79, 80
proton affinity 31, 81
Sulyuul-huutnlmus i01i8, appcarance

potentials 335-337

eats of formation 236 217
hea! 337

<
fs of iormaticn 236,

structures of 337-339
Sulphur cycle 596

‘phur
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Sulphur dioxide, extrusion of 566-571
photolytic 567
Sulphur extrusion reactions 561-572
Sulphur halides, reaction with thiolates
752
Sulphur hydride ions, bond an
bond length 78
electron affinity 79, 80
energy 78
ionization potential 79, 80
proton, hydrogen and hydride
affinities 81, 82
Sulphur hydrides—see also Hydrogen
sulphide
absorption spectra 20
bond lengths and angles 7, 78
canonical molecular orbital 15, 16
correlation energy 52
dipole moment 43
dissociation energy 5
electron affinity 24, 79, 80
electron configuration 19
electronic excitationenergy 20, 27, 28
emission spectrum 28
energy 78
Hartree-Fock limit 52
heat of formation 23, 31
hydride aﬂinjty 8], 82
nyurugcn d.].ll.l]lly Dl BL
lomzatwn potenual 23 24, 79, 80
lllUlUb
Morse parameters for dissociation

a1 17
ar orbital energies 17, 18

potential surface 77

proton affinity 31, 32, 74, 75, 81, 82
relativistic energy 52

SCF energy values 61, 62, 73

vibrational frequencies 5

Sulphur ions, electron affinity 22, 24,

heat of formation 22, 23, 31
hydride affinity 31, 81

hydrogen affinity 31, 81
ionization potential 22, 24, 79, 80
proton affinity 31, 81

Tandem mass spectrometer 350, 351
Tautomerism, enethiol : thioketone 395
ring-chain, of cyanothiols 708, 710
of mercaptoaldehydes and

mercaptoketones 710-712
thiol : thione in solid state

125-120

Tellurium, no thiol derivatives 754

Thermal rearrancament of
inerma. rearrangsment, of

thioncarbonates and thio-
carbamates 201-206
Thermochemical cycles 34
Thermochemical data, estimation by
group addmvny 152-157
for thiols 457
relationship with kinetics 157-160
Thermochemical equations 4
Thermodynamics, of ionization
407, 408
Thermodynamics standard state 2
Thiation 179
Thiazoles, hydrogen bonding 144
tautomerism of 123
Thiazolidines, preparation 550, 551,
682

Thietanonium salts, reaction with
n-butyllithium 566
Thiiranes, conversion to thiols
249-251
intermediate 438, 439
optical dissymmetry effects 362-364
synihesis 696, 657
Thiiranium ion, intermediate in sulphide
hydrolysis 437
Thiirenium ion 87, 89
Thiocacetals—see Dithioacetals and
Monothioacetals
Thicalcohols—sez Alkanethiols

CONCIs—see AlKanetr

Thioalkoxy-thiols, formation 240,
241

Thioamides, tautomerism 124
Thiobenzoates, rearrangement 700

Thiobenzoic acxd self-association

Thiobenzoylcarboxylic ester, intramole-
cular hydrogen bonding 395

Thiocarbamates, thermal rearrangement
201-206

Thiocarbonyl group, reaction with thiols
765, 766

Thiocarboxylic acids, acidity 401,
402

electron diffraction study 131, 424

infrared spectrum 146

ionization potential 334

reaction with alkenes 165, 166,
176-178

reaction with alkyl halides 165, 166

reduction of 256

resonance effect 424

seif-association 387
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Thiocarboxylic esters, acetyl and
benzoyl derivatives 677, 678
benzyloxycarbonyl derivatives 678
of coenzyme A  625-627
urethane derivatives 678-680
Thio-Claisen rearrangement 702-706
Thiocyanates, conversion to thiols
232 235
formation 230, 231
reactxon wnh alkyl halides 166

reaction with ethylene carbonates

697

u-
—

preparation 5
removal 552
Thioenol forms 125
Thioethers, acetamid,

676
alkynyl aryl, rearrangement 706
allyl aryl, rearrangement 702-705
allyl, reaction with diazomethane
564
reaction with dichlorocarbene 564
benzyl derivatives 671, 672
cyclic, ring opening 712-715
dealkylation 235-245
B.B-diethoxycarbonylethyl 677
diphenylmethyl derivatives 672, 673
formation in methanethiol
photolysis 461, 462
formation together with alkanethiols
165
hydrolysis of B-substituted 437
optical dissymmetry effects 360-362
of substituted 372-375
picoiyi 674, 675
preparatwn of, by sulphate reduction
593, 594
by thiosulphate reduction 594
for identification of thiols 276
from copper(l) thiolates 743
from hemithioacetal 766
quantitative analysis 301, 302
B,B B-triflucro-a-acylam u..uw.,vl
676, 677
t.r-.phmvlmﬂhy derivati
674
ultraviolet absorption 356, 357
Thioketones, tautomerism 125, 395
Thiolanes, optical dissymmetry gﬁ‘gggs
364-366
Thiolbenzoates, allyl, from thion-
benzoates 702
aryl, from thiobenzoates 700

Thiol-binding centres 645647
Thiolcarbonates, diaryl, from
diarylthioncarbonates 698
Thiol ester group migration 715
Thiolesters, conversion to thiols
206-209
from thionesters 700, 702
unsuccessful Fries reaction 436
Thiol hydrogen, abstraction 852,
855
Thioi proteins 640-652
binding centres 645-647
persuiphide enzyme intermediates
643645
thioester enzyme intermediates
640-643
iols, acidity and hydrogen bonding
379410

cleophiles 722-775
wcleophiles  722-775

ochemistry of 590-663

ular dichroism 255275

circular Cichroism 35537

detection and detemunatlon
272-316

directing and activating effects
417-449
isotopically labelled, synthesis and
use 841-880

mass spectra  325-351
optical rotatory dispersion 355-375
oxidation of 785-833
photochemistry of 455-477
preparation of 164-258
protection of 669-682
radiation chemistry 482-513
rearrangement of 686-716
structural chemistry 111-146
synthetic uses 520-581
theoretical aspects 2-107
thermochemistry 151-160

Thiol tautomers 123, 125

Thiol : thione tautomerism 123-125

Thionbenzoates, ailyl, rearrangement

2

Thi

S I

'xg-sa

thermal rearrangement 201-206

Thiones, formation 254

Thionesters, rearrangement 700,

Thione tautomers 123—125
Thionoalkoxy group migration 693

Subject Index 955

Thiopental, 3%S-labelled 858, 859, 869
Thiophene, isotopicaily iabeiied,
synthesns of 871
Thiophenethiols, tautomerism 125
Thiophenols—see also Benzenethiolate

acidity of 397, 402-406, 425, 426

addition, to acetylenes 763

to azomethine group 765
to C=C—C=N gystem 771
to olefins 761
alkylation 434, 435
bromination 431
deuterio, addition to nickelocene
851, 852
ionization 843
dipole moment 425
flash photolysis 476
hydrogen bonding with various
acceptors 390, 391
infrared spectrum 146
ionization potential 334
isotopically labelled, synthesis of
867, 868, 871, 872
mass spectra 330
mesomeric moment 424
nitration 431
oxidation—see Oxidation, of thiols
pentabromo-, preparation 739
preparation 168
protodesilylation 432434
radiolysis, in liquid state 506
reaction with carbon tetrachloride

436
caction with diazonium compounds
432, 750
qall nﬂnl\n:n ST 104 1085
self-association 384, 385

tritylation 435

hiopurines, hydrogen bond distance

and angles 144, 145
s:S-labelling 856

e

dlstances and angles 144, 145
35S-labelling 856, 869
Thioredoxins 653-655
Thiosemicarbazide, hydrogen bonding
in 144
tautomerism 123
Thiosulphate, reduction to sulphide 594
Thiosulphate ion, reaction with alkyl
halides 166
Thiouracils, 35S-labelled, synthesis of
869, 870, 872, 873

Thiourea, electron diffraction studies

i23
neutron diffraction studies 123
nitrate, crystals 122
structure of 121
reaction with alkyl halides 166,
186-189
reaction with ary! halides
reaction with qumones 19

tantomerism
tautomerism 123

iso-Thiouronium salt, S-alkyl, from
alkyl halides 186-189
S-aryl, from aryl halides 189-191
Thiyl radical, addition to olefins
462, 475, 476
from thiols 456, 475, 476
in radiation chemistry of thiols
482
reaction with oxygen 501
stability 172
thermochemical data 153
Tin, thiol derivatives 748, 749
Torsion angles, in cysteine 118, 119
in glutathione 118, 119
Tracing, of 3*S-labelled thiols
856-865
in macromolecular systems
856-858
in whole body systems 858-865
Transition metals, ions of, for oxidation
of thiols 801-804
thiol derivatives 755, 756
Transmeihyiation, by S-adenosyi
methionine 619~621

Transsulphuration, by cysteine

601 606
M1l yt3, Frrven
Trialkylsilyl group migration, from
silicon to sulphur 687
oles, structure 119, 120

ZWi tenomc forms 120
rifluoromethanesulphonyl group,
displacement of 727
riphenylmethyl radical, abstraction
of thiol hydrogen by 852
Tris (alkanesulphenyl) amines, prepara-
tion 750
Trisulphides 753
Trithianes, lithiation of 546, 547
product of hydrogen sulphide/car-
bonyl compound reaction 252
Trithiocarbonates, conversion to
thiols 198-201
formation 693
reaction with alkyl halides 166

i

3
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Trithiocarbonic acid, hydrogen bonding

in 133, 387
Tritylation, of aromatic thiols 435

Ultraviolet absorption, for
determination of thiols
ane ana
SUU—IVO0

of ethanethiol 456, 457
af shinla nnd sthinatharas
of thiols and thiocthers

Unitary transformation 69

Urea. complex with ¥ -custains sthul
vrea, compaex wilh L-Cysigine etny:

ester hydrochloride 136-138

crystals of 122

crystal

1ee 267
0, I57

van der Waals radii, of iodine 143
of sulphur and hydrogen 133, 143
Variation theorem 45-47
Vibrational frequencies, of methanol
and methanethiol 11
of oxygen and sulphur hydrides
59
of thiols 308-311
Vibrational spectra, of CH;SH and
CH,SD 126, 127
Vibration energy, zero point 5, 12

Vicinal dithiol system, neighbouring
group effect 441, 442

Vinyl cation 87, 89

Vinyi group, seiective hydrogenation
573

Vitamins, B,,, synihesis of 572, 580

Wavefunctions, electronic 47
molecular 76-86

Wet ashing 878

Wittig rearrangement 686

Xanthates, ailyl, rearrangement 702
diaryl, rearrangement 700
intermediates in formation of thiols

194-211
reaction with epoxides 693

X-ray analysis 113-119
of L~cysteine  113-115
of glutathione 113, 114
of structures containing the

group 119-122

acturgl information from 112
uctural information from 112

i1
tnic1

Zwitterionic forms 119, 120



