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Preface

Preparation, properties and the manifold synthetic applications of “azolides” in
organic and bioorganic chemistry are the topics of this book. Azolides like the N-acyl,
N-sulfonyl and N-phosphoryl derivatives of imidazoles, triazoles, tetrazoles, benz-
imidazoles and benzotriazoles represent an easily accessible class of activated acid
derivatives, the distinct and gradually varied reactivity of which makes them especially
useful for a wide variety of synthetic reactions. The systematic investigation and
expansion of this group of compounds, as well as its introduction into synthetic
chemistry, are based almost exclusively on syntheses, reactivity studies, and pre-
parative developments introduced in our laboratory during the decade from the mid-
50s to the mid-60s. Of special importance for the synthetic application of azolides was
my synthesis in 1956 of N,N’-carbonyldiimidazole (CDI), followed by its analogues
which as highly reactive reagents paved the way to a variety of new reactions. CDI still
remains the most used compound in azolide syntheses.

A first review of our work in this field was published under the title “Syntheses
Using Heterocyclic Amides (Azolides)” in Angewandte Chemie in 1962; an updated
version co-authored by . Rohr was included in Vol. V of the series Newer Methods of
Preparative Organic Chemistry (Verlag Chemie, Weinheim 1967). Since then, how-
ever, azolide reactions, due to their versatility, ease of handling, and mild reaction
conditions, have become widely used in very diverse fields of chemistry and bio-
chemistry, as will be shown in this book.

After conceiving and working out most of the basic types of azolide reactions, our
own group left this field completely more than 25 years ago to become engaged in
quite different areas of organic chemistry. Nevertheless, we followed with interest the
further growth of my first “scientific baby”, and we note with satisfaction the wide
scope within which azolide reactions are now being applied and continue to be
introduced for new synthetic purposes. Under these circumstances we felt that a
comprehensive account of azolide reactions with emphasis on their application in
organic and bioorganic synthesis was overdue.

We soon found out that the material we had to deal with was much more extensive
than we had anticipated. It was necessary to evaluate several thousands of papers
dealing with azolide reactions in recent years. Chemical Abstracts lists more than 1500
references to CDI alone from 1967 to the present. Thus, what was originally planned
as a progress review chapter in one of the existing series on organic reactions grew up
into a real book, which we hope to be of value to organic chemists and biochemists
interested in synthetic methods.



vi Preface

This book never would have been completed without the enthusiastic engagement
of my co-authors Professor Helmut Bauer and Ms. Karin M. Schneider, whom I would
like to thank for the great effort they devoted to this project, their careful collecting
and evaluating of the extensive material, and their excellent achievement in preparing
and drafting most of the manuscript. We also thank Ms. Anke Friemel for her out-
standing word-processing and editing of chemical structures and equations.

Heinz A. Staab
Heidelberg, January 1998



Errata

Azolides in Organic Synthesis and Biochemistry
H. A.Staab, H. Bauer and K. M. Schneider

Some mistakes which occurred during typesetting failed to be corrected.
We apologize for the inconvenience.

Pp. xiii, 9th line from the bottom — the correct spelling of LDA reads:
LDA Lithium diisopropylamide
P. 1, line 6 — reads:
... reactions with nucleophiles at the carbonyl group ...
P- 1, line 19 — reads:
... nucleophilic reactions at the carbonyl group ...
p. 3, 5 and 7, the running head reads:
1.2 Reactivity of N-Acylazoles in Hydrolyses
p- 39, 4th line from the bottom — reads:
... if X=Li or Na, 60 °C and DMF ...
P. 72, headline of table 3-11 — add:

Carbohydrate
R, R, R, R*=H

p- 154, chapter 4.1.9, left formula — reads:
Asamycin analogue

p. 209, line 13 — the correct spelling reads:
N-Protected amino acids ...

p. 209, line 15 — the correct hyphenation reads:
... dimethylform-
amide ...

p- 306, section “Reaction with Phosphoric Diimidazolides”, right formula in scheme a) — the correct
position of the positive charge is:

0
PNOCHCHO-T°  -CottyNHS
OC¢Hs
p- 387, formula at the bottom — the correct formula reads:
1. C,Hl, NaH, C,H,Li, THF
P. 444, table 19-1, right column, 2nd line from the bottom — the correct position of the double bonds is:
N/CH3
N//—
V4
°N
P- 444, table 19-1, right column, last line — the correct position of the double bond is:




List of Abbreviations

AIBN
ADP or
PPA
AMP
AMP-Im or
ImpA
ara-A
ATP
Bn
Boc
Bz
CDI
DBN
DBU
DCC
DMAP
DMF
DMSO
DMTr
HMPA or
HMPT
ImH
ITP
LDA
MMTr
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OAc
PEG
THF
THP
TMTr

Azoisobutyronitrile
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Adenosine-5"-monophosphate
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t-Butoxycarbonyl
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Dicyclohexylcarbodiimide
4-Dimethylaminopyridine
Dimethylformamide
Dimethylsulfoxide
4,4’-Dimethoxytrityl

Hexamethylphosphoric triamide
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Inosine triphosphate

Lithium disopropylamide
4-Monomethoxytrityl
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1 Reactivity of Azolides

1.1 General Introduction

The compounds referred to as “azolides” are heterocyclic amides in which the amide
nitrogen is part of an azole ring, such as imidazole, pyrazole, triazole, tetrazole, benz-
imidazole, benzotriazole, and their substituted derivatives. In contrast to normal amides,
most of which show particularly low reactivities in such nucleophilic reactions as
hydrolysis, alcoholysis, aminolysis, etc., the azolides are characterized by high reactiv-
ities in reactions with nucleophiles within the carbonyl group placing these compounds at
about the same reactivity level as the corresponding acid chlorides or anhydrides.!]

N N N N
\ —\ I~
[ N () [ N LN NN
l}l N

' g=0 (I:=O C=0

R R R R R

One of the unique advantages that the group of azolides offers to synthetic organic
chemistry consists in the wide spectrum of reactivities displayed in nucleophilic reac-
tions. This reactivity gradation depends on the number and location of the nitrogen atoms
in the azole rings, which in turn determines the electron-withdrawing effect on the
carbonyl group as well as the effectiveness of the azole units as leaving groups (for
details of mechanisms see the following chapters). Whereas in such nucleophilic reac-
tions on the carbonyl group as hydrolysis or alcoholysis N-acylpyrroles are nearly as inert
as normal amides, the corresponding imidazolides react already under very mild condi-
tions, and the triazolides and especially the tetrazolides are so activated that special care
must be observed in storing and handling these reagents under strict exclusion of
moisture. Benzoanellation like that in benzimidazolides and benzotriazolides reduces the
reactivity toward nucleophilic reactions of the carbonyl group. In addition to this
variability derived from the azole units themselves, further reactivity modifications can
be achieved through substitutions on the azole rings (for problems associated with iso-
mers of the azolides see Chapter 2).

The reactivity of the various azolides as well as the order of reactivities within this
group can be explained on the basis of the quasi-aromatic character of the azole n-system:
the lone electron pairs on the acyl-substituted nitrogens N(1) are part of the cyclic -
system of the azole units, leading to a partial positive charge on N(1) that interferes with
the normal carboxamide resonance and exerts an electron-withdrawing effect on the
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carbonyl groups, making these groups more susceptible to nucleophilic attack. Moreover,
with increasing numbers of nitrogens the azole units become better leaving groups,
especially in proton-donating solvents. Thus, the dramatic increase in reactivity in the
series imidazolides/triazolides/tetrazolides, as shown for hydrolysis in Table 1 of Section
1.2, is a result of the increasing replacement of carbon atoms in the azole rings by the
more electronegative nitrogen. For isomeric azolides with the same number of nitrogen
atoms in the azole rings, those with the greater number of adjacent nitrogens show
lower reactivity (e.g., pyrazolides < imidazolides; 1,2,3-triazolides < 1,2,4-triazolides).
Obviously, neighboring nitrogens cannot accommodate the same electron density in the
azole rings as nitrogens separated by a carbon atom.

Thus, the family of azolides represents a versatile system of reagents with graduated
reactivity, as will be shown in the following section by a comparison of kinetic data.
Subsequent chapters will then demonstrate that this reactivity gradation is found as well
for alcoholysis to esters, aminolysis to amides and peptides, hydrazinolysis, and a great
variety of other azolide reactions. The preparative value of azolides is not limited to these
acyl-transfer reactions, however. For example, azolides offer new synthetic routes to
aldehydes and ketones via carboxylic acid azolides. In all these reactions it is of special
value that the transformation of carboxylic acids to their azolides is achieved very easily;
in most cases the azolides need not even be isolated (Chapter 2).

The azolide concept can be extended further to other N-substituted azoles, such as N-
sulfonyl- or N-phosphorylazoles, for which an analogous gradation of reactivity is
observed depending on the choice of the specific azole system. The reactions of these
compounds are dealt with in Chapters 10 and 12, respectively.

1 -
OR \=N

~ N n h Q N =
R-SOz—N/\;? R—soz—N'\jN Ro—lg—N/\j RO-P-N
OR

Not only this manifold and graduated reactivity of azolides, but also the facile pre-
paration and generally very mild conditions for their reactions make this group of
compounds a useful addition to the repertory of synthetic organic chemistry. Starting
from the first synthetic applications described by our group in the late 50s and early 60s,
azolides attracted increasing attention, and continues still to do so.

To our knowledge, only a very few references are to be found in the early literature on
azolides, limited to specific imidazole derivatives. Thus, Gerngross described in 1913 N-
benzoylimidazole and noted its easy hydrolysis to imidazolium benzoate.”?! On the basis
of these findings Bergmann and Zervas observed the transfer of an acyl group from
the imidazole unit of histidine to other amino acids, and discussed whether reactions
of this type might play a role in the biosynthesis of peptides and proteins.®! After
earlier unsuccessful attempts, in 1952 Boyer prepared N-acetylimidazole from imidazole
and isopropenyl acetate.l*! One year later, in 1953, Wieland and Schneider prepared
the same compound using the method of Gerngross;l®! these authors were the first to
carry out a few transacetylation experiments, and on the basis of these experiments



1.2 Reactivity of 3

they classified this compound as an “energy-rich” acetyl derivative. At about the same
time (1953—1955) the senior author of the present monograph, in his first independent
research at the Max-Planck-Institute Heidelberg, became interested in this area from
quite a different point of view while studying the in situ acetylation of choline to acetyl-
choline, using for detection the isolated guinea pig colon. In this context there was
prepared the then unknown N,N’-diacetylhistamine, which indeed converted choline to
acetylcholine by a transacetylation in which only the acetyl group on the imidazole ring
of histamine participated.'s) This observation raised our interest in N-acylimidazoles and
led eventually to the extended syntheses of azolides and their application in organic
synthesis.!'*”] A major breakthrough in this field was the synthesis in 1956 of N,N'-
carbonyldiimidazole,®! the first example of an N,N’-carbonylbisazole, which soon
acquired practical significance in the preparation of azolides and their reactions, as well
as for a variety of other synthetic applications. The reactivities of N,N’-carbonyldiimi-
dazole and related N,N’-carbonylbisazoles as well as such analogues like N,N’-thio-
carbonyl-, N,N’-sulfinyl- and N,N’-sulfonylbisazoles are dealt with in Section 1.3.

1.2 Reactivity of N-Acylazoles in Hydrolyses -

Table 1-1 provides rate constants k' and half-lives 7,,, for the hydrolysis of N-acetyl-
azoles in pure water (“conductivity water,” pH 7.0, 25 °C).l"*PM1% 1 a]] the cases

Table 1-1. Rate constants &’ [10° sec™!] and half-life times 7, /2 [min] for neutral hydrolysis of N-acylazoles
[“conductivity water,” pH 7.0, 25 °C] together with IR frequencies v(c—0) in CCl4 and enthalpies.

N N N N
[ \5 {/ \ f R A\ IR
N N C‘l» N Lot NN

=

" a1’

. ) . . N N
g0 ¢=0 ¢ ¢ g0 =0
CH, CH, CH, CH, CH, CH,
k'-10° [sec™!] —0 1.27 282 435 180 > 2000
11, [min] - 908 41 26.6 6.4 <05
Ve—o [em™!] 1732 1746 1747 1762 1765 1779
AH (kcal/mol) —4.83 -729 —1031
N N
o Oy
N N N
c=0 c=0 c=0
k'-10° [sec™!] -0 0.92 10.0
71,2 [min] — 00 1260 115

Ve—o [em™] 1711 1729 1735
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mentioned above, the rates of hydrolysis were determined by UV-spectroscopic mea-
surements of the intensities of the typical longer-wavelength absorptions of azolides (c.f.
N-acetylimidazole : A nax 242 nm in THF) relative to corresponding hydrolyzed systems.
The hydrolysis rates obtained spectroscopically were complemented in some cases by
conductometric measurements'’! as well as by measurements of heats of hydrolysis.['!]

Whereas under the conditions specified above N-acetylpyrrole, like a typical acet-
amide, is not detectably hydrolyzed in neutral aqueous medium, the half-life of N-
acetylpyrazole is 908 min, and that of N-acetylimidazole is reduced to 41 min; for
1-acetyl-1,2,4-triazole and for the isomeric 1-acetyl-1,2,3-triazole, half-lives of 6.4 and
26.6 min, respectively, were observed (for an explanation of the different reactivities of
the two pairs of isomers see above). Hydrolysis of N-acetyltetrazole under the same
conditions occurs too rapidly to be measured with conventional spectroscopic techniques.
The reaction enthalpy AH was determined for N-acetylimidazole to be — 4.83 kcal/mol;
for the corresponding 1,2,4-triazolide the value was — 7.29, and for the tetra-
zolide — 10.31 kcal/mol.!'"}

In the benzoanellated series N-acetylindol/N-acetylbenzimidazole/N-acetylbenzo-
triazole the rate of hydrolysis again increases with the number of nitrogen atoms in the
five-membered rings. In each case, however, the hydrolysis rate is, as expected, lower
than that for a monocyclic azolide with the same number and arrangement of ring
nitrogens.!'? The half-lives under the same conditions as for the previously described
series (pH 7.0, “conductivity water,” 25 °C) are 1260 min for N-acetylbenzimidazole and
115 min for N-acetylbenzotriazole.

Substitution on the carbon atoms of the azole rings has the expected effect: electron-
withdrawing substituents such as nitro or halogen increase the reactivity of the azolides,
whereas alkyl substituents lead to a decrease in transacylation rates.'%]

The data in Table 1-1 reveal a strong increase in the infrared wave-number for
carbonyl absorption with increasing hydrolysis rate. For the most reactive N-acetyl-
tetrazole with v(C=0)=1780 cm~! (CCl,) a carbonyl absorption is observed that is
quite unusual for a carbonyl group of the carbonamide type,!”™ which demonstrates the
strong influence the azole group exerts by its electron-attracting effect in competition
with the amide resonance. In fact, the carbonyl frequencies v(C=0) for substituted N-
benzoylimidazoles and N-benzoyl-1,2,4-triazoles are so closely related to log k for
neutral hydrolysis that the hydrolysis rates can be predicted, within the range of accuracy
of the kinetic method, from the infrared spectra.””!

The same order of reactivity observed for the hydrolysis of N-acetylazoles (Table
1-1) is also found for azolides with other N-acyl groups. Exceptional, however, are the
N-formylazoles: N-formylimidazole in neutral water is hydrolyzed unmeasurably rapidly;
even in a 1:1 mixture of water/tetrahydrofuran at 20.6 °C the half-life is in the order of
only 3.7 min, approximately a factor of 100 faster than that for N-acetylimidazole under
the same conditions.!"*!

Although hydrolysis as well as other nucleophilic reactions of N-acylazoles (alco-
holysis, aminolysis etc.) most likely follow the addition—elimination (AE) mechanism,
there are indications that more complex mechanisms must be taken into account for
hydrolysis under specific structural conditions. For example, for neutral hydrolysis of
imidazolides with increasing steric shielding of the carbonyl group by one, two, and three
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Table 1-2. Relative rates for aminolysis and neutral hydrolysis of N-
acylimidazoles [~ 10~3 M solutions, 25 °C].[*

k’ (5% diethylamine k’ (conductivity

in tetrahydrofuran) water)
Im-CO-CH;3 1 1
Im-CO-CH,CHj; 0.55 14
Im-CO-CH(CH3), 0.22 42
Im-CO-C(CHj3); 0.16 11.2

methyl groups in the a-position of the N-acyl chain, no decrease in hydrolysis rate is
observed. Instead, in the series N-acetylimidazole/N-propionylimidazole/N-isobutyr-
ylimidazole/N-(trimethylacetyl)imidazole, despite the great increase in steric hindrance,
the rates of neutral hydrolysis do not decrease but increase by more than a factor of ten
[8-10~* M solution in “conductivity water”, 25 °C]. On the other hand, exactly the same
series of compounds with increasing steric hindrance through a-branching methyl groups
shows a strong rate decrease in reactions with stronger nucleophiles, as in aminolysis
[5% diethylamine, dry tetrahydrofuran; 25 °C], obviously a consequence of a bimole-
cular mechanism of the AE type (Table 1-2[!4M(15)),

N-(Trichloroacetyl)imidazole, although sterically comparable to N-(trimethylacetyl)-
imidazole, reacts with water at room temperature almost instantaneously in a vigorous
reaction, as does the corresponding trifluoroacetyl compound.!'® These highly reactive
compounds can be used for the synthesis of symmetrical carboxylic acid anhydrides from
carboxylic acids, as will be shown below.!'8] Obviously, the high reactivity of N-(tri-
chloroacetyl)imidazole/N-(trifluoroacetyl)imidazole, in contrast to the steric hindrance
observed with N-isobutyrylimidazole/N-(trimethylacetyl)imidazole,!'”! is due to strong
inductive effects of the trihalogenated acetyl groups.

N¢\ 1] ,x
|\/N-C-C-X X =F, Cl, CH,
= \x A

Steric distortion by phenyl rings in the 4 and 5 positions of N-acylimidazoles further
gave rise to enhanced rates of hydrolysis proceeding in a concerted manner.[!”!

Kinetic data for the hydrolysis of an extended series of m- and p-substituted N-
benzoylazoles'™ suggest an addition—elimination mechanism. Essentially the same results
were confirmed later by other authors on a few of these substituted N-benzoylimida-
zoles.["®! All these hydrolysis reactions can be followed spectrophotometrically due to the
characteristic intense absorption bands of azolides at wavelengths longer than those of the
products obtained by hydrolysis. Fig. 1-1 shows as an example the change in the
absorption spectrum of N-(4-methylbenzoyl)imidazole during neutral hydrolysis [21 °C,
water/tetrahydrofuran 3:1]. The sharp isosbestic points observed in all these cases for
both imidazolides and 1,2,4-triazolides of meta- and para-substituted benzoic acids prove
the exclusion of any side-reactions.!!
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200 250 300 X0
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Fig. 1-1. Hydrolysis of N-(4-methylbenzoyl)imidazole in water/tetrahydrofuran (3 : 1) at 21 °C."

Fig. 1-2 shows a Hammett diagram for 14 different imidazolides of benzoic acids
with a wide range of substituents upon which the reactivity is strongly dependent; for
example, the difference in rate constants between N-(4-nitrobenzoyl)imidazole and N-(4-
dimethylaminobenzoyl)imidazole under the same reaction conditions amounts to a factor
of about 3000. The Hammett reaction constant p = + 1.85 for the series shown in Fig. 1-2
indicates clearly that the hydrolysis is following a nucleophilic addition—elimination
reaction path.

Unexpectedly, the hydrolysis of N-(2,4-dinitrobenzoyl)imidazole at 25 °C was found
to be slower by a factor of 25 in comparison to N-(4-nitrobenzoyl)imidazole. This lower
reactivity of N-(2,4-dinitrobenzoyl)imidazole was explained by a combination of steric
crowding at the reaction center and intramolecular stabilization of the reactant state.['”!
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Fig. 1-2. Hammett diagram for the hydrolysis of imidazolides of aromatic carboxylic acids in water/
tetrahydrofuran (3 : 1) at 21 °C."

Results corresponding to those for the substituted N-benzoylimidazoles have been
observed for a series of meta- and para-substituted N-benzoyl-1,2,4-triazoles which,
under the same conditions and over the whole range of substituents, show reaction rates
about ten times faster than those of the imidazolides.”*!9}

Following the adoption of azolides as valuable and versatile reagents in synthetic
organic chemistry,!" and also in the context of their potential role in biochemistry, a great
many kinetic, mechanistic, and theoretical papers appeared concerning this group of
compounds and their properties. Some of these papers!!®2% are very useful for a better
understanding of the reactivity of azolides.

The present monograph deals primarily with synthetic applications of azolides, so
kinetic and mechanistic problems cannot be treated in extensive detail. The chapters that
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follow will therefore include only brief discussions on the mechanisms of acyl transfer of
azolides to the extent that these are of interest in understanding the scope and limitations
of the reactions themselves. As is true of most of the mechanistic studies in this area, we
confine ourselves in this chapter to the hydrolysis of azolides.

Azolide hydrolysis proceeds, as noted previously, in neutral aqueous medium,; it can
be further catalyzed by acids and bases. Hydrolysis in neutral aqueous solution has been
especially well studied for N-acylimidazoles because of the potential biochemical rele-
vance of imidazolide systems. Formally, neutral hydrolysis of an N-acylimidazole is the
cleavage of an amide bond by a water molecule acting as a nucleophile. In fact, however,
it is generally agreed that more than one water molecule is involved.”?!! Obviously, the
water molecule acting as a nucleophile on the imidazolide carbonyl group is hydrogen-
bonded to a second water, making the first one more nucleophilic. A further water
molecule is expected to be attached by hydrogen bonding to N(3) of the imidazole. The
imidazolyl group with respect to inductive substituent effects has been assigned a high
“nucleofugicity” transmitted by o-bonds; the corresponding estimated substituent con-
stants for imidazolyl and chloro substituents with + 0.60 and 0.58, respectively, are very
similar.”??! Hydrogen bonding to N(3) of the imidazole as a stage preceding protonation
should further increase the leaving-group capacity of the imidazolyl unit. This effect of
hydrogen bonding may also play a role in the catalysis of N-acylimidazole hydrolysis by
imidazole itself.[**!

o
H ?;Am 9 I:l H
~O--H- “>N-C--0--H--0Z
V H
= R
[23]

In the acid-catalyzed hydrolysis of azolides,'“>' protonation of the azole to afford an
azolium unit leads to a stronger electron-withdrawing effect on the reaction center, which
in turn favors addition of a nucleophile to the carbonyl group. Furthermore, protonation
to the imidazolium group in the case of N-acylimidazoles has been shown to support the
reaction by now permitting loss of neutral imidazole as the leaving group. In fact, by
comparing N-acetylimidazole with 1-acetyl-3-methylimidazolium chloride it was found
that the hydrolysis rate of N-acetylimidazole in dilute acid solution below pH 6 is very
similar to that of 1-acetyl-3-methylimidazolium chloride. This result suggests that, in acid
hydrolysis of azolides, protonation on the azole nitrogens plays an important role.

For the mechanism of azolide hydrolysis under specific conditions like, for example,
in micelles,®" in the presence of cycloamyloses,*! or transition metals,’*®! see the
references noted and the literature cited therein. Thorough investigation of the hydrolysis
of azolides is certainly important for studying the reactivity of those compounds in
chemical and biochemical systems./*”? On the other hand, from the point of view of
synthetic chemistry, interest is centred instead on the potential for chemical transfor-
mations; e.g., alcoholysis to esters, aminolysis to amides or peptides, acylation of car-
boxylic acids to anhydrides and of peroxides to peroxycarboxylic acids, as well as certain
C-acylations and a variety of other preparative applications.
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1.3 Reactivity of N, N'-Carbonylbisazoles
and Analogous Compounds

Our discovery of the reactivity of azolides and its mechanistic interpretation, as described
in the preceding section, led us rather soon to a new class of compounds that extended
considerably the range of preparative applications of azolides. Given a knowledge of the
way carbonyl groups in azolides could be activated by electron-attracting azole groups, it
was an obvious challenge to try synthesizing N,N'-carbonylbisazoles in which this type of
activation toward nucleophilic reactions should be increased by rwo azole units linked to
the carbonyl group. Formally, such hitherto unknown N,N’-carbonylbisazoles can be
regarded as N-substituted ureas. However, in contrast to the inertness of normal ureas
with respect to nucleophilic attack at the carbonyl group, N,N’-carbonylbisazoles are
reagents of very high reactivity toward nucleophiles. These compounds, which can also
be considered as bisazolides of carbonic acid, show the same versatile gradation of
reactivity as the azolides of carboxylic acids. Rate constants for hydrolysis and corre-
sponding IR frequencies are given in Table 1-3.[8M5}:128]

For preparative purposes, the most important N,N’-carbonylbisazole is N,N’-carbo-
nyldiimidazole (abbreviated in the subsequent text as CDI), which as the first member of
this family was synthesized in 1956 by the senior author.?*1*”] The unusual reactivity of
this compound is demonstrated by its hydrolysis, which occurs instantaneously at room
temperature with drops of water, causing effervescence of carbon dioxide.

In addition to CDI, just as in the family of the carboxylic acid azolides (see the
preceding Section), changes in the azole units have permitted preparation of a whole
series of CDI analogues with graduated reactivities: N,N’-carbonyldipyrazole,’*!] N,N'-
carbonyldi-1,2 4-triazole,®?! as well as N,N’-carbonyldibenzimidazole and N,N’-car-
bonyldibenzotriazole.[**!

The increasing reactivity on going from CDI to N,N’-carbonyldi-1,2,4-triazole is also
reflected in the corresponding dibenzo derivatives N,N’-carbonyldibenzimidazole and
N,N’-carbonyldibenzotriazole.

CDI and the other N,N’-carbonylbisazoles of sufficiently high reactivity react with
alcohols ROH to produce diesters of carbonic acid RO-CO-OR, and with amines
R!R?NH to give diamides of carbonic acid (ureas) R'R?N-CO-NR'R2. By use of cor-
responding bifunctional partners, heterocyclic systems are accessible through insertion of
the carbonyl group between two heteroatoms (see Chapter 7).

Much more important than these reactions, however, are the reactions of CDI and its
analogues with carboxylic acids, leading to N-acylazoles, from which (by acyl transfer)
esters, amides, peptides, hydrazides, hydroxamic acids, as well as anhydrides and various
C-acylation products may be obtained. The potential of these and other reactions will be
shown in the following chapters. In most of these reactions it is not necessary to isolate
the intermediate N-acylazoles. Instead, in the normal procedure the appropriate nucleo-
phile reactant (an alcohol in the ester synthesis, or an amino acid in the peptide synthesis)
is added to a solution of an N-acylimidazole, formed by reaction of a carboxylic acid with
CDI. Thus, CDI and its analogues offer an especially convenient vehicle for activation of
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Table 1-3. Rate constants and half-life times 1,,, [min] for hydrolysis of N,N’-carbonylbisazoles and their
benzo and thio derivatives in THF/water (40:1; 27°C) and IR frequencies vc—o) in CHCl;.

/N 9 /N\ N’\ (u) /*N N‘\ S /§N
L/\N-C—N\; L N"CN_J N\/ -c-b{l \1!: ’\/N-C-N g

k'-10° [sec™!] — 6.43 129 0.042
7y, [min] — 1.8 0.9 275
Voo [em™'] 1743, 1719 [34] 1762, 1732 1792, 1770
(o] (o] N S
= ’= =

NW-6-N § l Nt Nf , Nmterd ,
k'-10° [sec™!] 0.041 6.10 0.068
11/, [min] 282 1.9 170

Ve=o [em™!] — —

carboxylic acids and subsequent reaction with nucleophiles. Both steps usually take place
with excellent yields.

As will be shown below in subsequent chapters, CDI reacts in a corresponding
way with sulfonic acids, which lead via the corresponding imidazolides to sulfonamides
or sulfonic esters, and with phosphoric acid, which reacts with CDI to give the
corresponding imidazolides of phosphoric acids that can in turn be used for phosphor-
ylations.

The general concept applied to the group of N,N’-carbonylbisazoles has also been
extended to the corresponding N,N’-iminocarbonyl analogues as well as to N,N’-thio-
carbonyldiimidazole.'**! Of further interest are N,N-sulfinyldiimidazole and N,N'-sulfo-
nyldiimidazole,®®! the reactivity of which will be discussed in Chapter 2. Preparation and
synthetic applications of these CDI-analogues will be dealt with in detail in the appro-
priate chapters; they are mentioned briefly here only to show the wide scope of azolide
chemistry. The corresponding activated phosphoryl imidazoles>”"(*® are also analogues
of CD], they will be dealt with in Section 2.2 and Chapter 12.
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2 Preparation and Properties of Azolides

2.1 Imidazolides of Carboxylic Acids

As shown by the kinetic studies reported in Chapter 1, the azolides of carboxylic acids
constitute a series of versatile reagents with a broad range of gradually changing reac-
tivities with respect to nucleophilic reactions at their carbonyl groups. It has already been
pointed out on the basis of hydrolysis kinetics that this specific stepwise reacting capacity
is a consequence of the gradual electron-withdrawing effect that the azole groups of
azolides exert depending on the number and positions of nitrogen atoms in the azole rings
(pyrazoles < imidazoles < 1,2,4-triazoles < 1,2,3-triazoles < tetrazoles). Benzoannelation
of an azole group reduces its reactivity compared to the corresponding monocylic azo-
lides; the reactivity dependence on number and position of the nitrogens follows, in
general, the same tendencies observed with the monocyclic azolides.

Based on these reactivity studies on azolides, the imidazolides do not represent the
most reactive members of the azolide family. In most cases, however, they are suffi-
ciently reactive to undergo nucleophilic reactions leading to the desired products. Due to
the easy and economical availability of imidazole, imidazolides are by far the most
commonly used azolides for synthetic purposes. If, on the other hand, imidazolides are
not sufficiently reactive in a specific case, one of the more active reagents from the
arsenal of azolides might be used, as, for example, an azolide derived from a triazole or a
tetrazole.

Preparation of Imidazolides by Acylation of Imidazole

Imidazolides may be obtained by the conventional acylation method: reacting imidazole
with an acid chloride in a 2 : 1 molar ratio at room temperature in tetrahydrofuran or some
other inert solvent in which imidazolium chloride is insoluble. After filtering off the
imidazolium salt, imidazolides of good purity are in most cases obtained simply by
removal of the solvents. Further purification may be effected by recrystallization from
tetrahydrofuran, benzene, or similar solvents, or by vacuum sublimation. A great many
imidazolides prepared in our group have been obtained in yields between 80 and 95%
essentially independent of the structure of the acyl chain, which has ranged from straight
to branched and from saturated to highly unsaturated acyl groups as well as to aromatic
units with a wide variety of substituents.['"?! Imidazolides can be handled easily since in
general only long exposure to moisture is likely to result in hydrolytic cleavage. Melting
and — in the rare cases of non-crystalline compounds — boiling points are available today
for well over a hundred imidazolides characterized by a wide choice of acyl groups. For
the subsequent transacylation steps, however, it is usually not necessary to isolate the
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imidazolides themselves since solutions of the compounds can be used directly in one-pot
reactions.

The use of N-trimethylsilylimidazole has been suggested in the reaction with acid
chlorides to form imidazolides.®! In fact, the rate of conversion to imidazolides by
reaction of N-trimethylsilylimidazole with acid chlorides is remarkably rapid even at
rather low temperatures. On the other hand, the preparation of the N-trimethylsilylimid-
azole from imidazole requires the heating of imidazole with hexamethyldisilazane for
several hours.

Direct acylation of imidazole can also be achieved with carboxylic acid anhydrides.
For example, if imidazole is dissolved at room temperature in acetic anhydride, crystals
of N-acetylimidazole begin to separate out; after removal of excess anhydride and
the resulting acetic acid under vacuum at 60 °C, nearly pure N-acetylimidazole (m.p.
100-102 °C) is obtained in almost quantitative yield.!*!

The preparation of imidazolides by acylation of imidazole with acid chlorides is
sometimes limited by the inaccessibility or instability of the required acid chlorides (e.g.,
formyl chloride, highly unsaturated acid chlorides, etc.) or by side-reactions in the case of
multifunctional systems. For these reasons and due to the availability of an easy and
convenient procedure involving very mild conditions, imidazolides today are usually
prepared directly from the corresponding carboxylic acids with N,N’-carbonyldiimida-
zole (CDI) or one of its analoga (see page 16). Use of these reagents has become more
and more the preferred method for activation of carboxylic acids to azolides and their
further transacylation to esters, amides, peptides, etc. (see subsequent Chapters).

Preparation of Imidazolides from Carboxylic Acids Using
N,N’-Carbonyldiimidazole (CDI)

N,N’-Carbonyldiimidazole (CDI) is prepared in a convenient and safe procedure from
phosgene and imidazole as a non-toxic crystalline compound (m.p. 116118 °C).>M! 1t
reacts almost quantitatively at room temperature or by short and moderate heating with
an equimolar quantity of a carboxylic acid in tetrahydrofuran, chloroform, or similar inert
solvents within a few minutes to give the corresponding carboxylic acid imidazolide,
which is formed under release of carbon dioxide, together with one equivalent of readily
separable and recyclable imidazole."® Thus, this reaction leads under very mild
conditions to the activation of a carboxylic acid appropriate for transacylation onto
a nucleophile: with an alcohol to an ester, with an amino compound to an amide or
peptide, etc.

A two-step mechanism must be assumed for this very valuable reaction of carboxylic
acids with CDL™ Obviously the first step is a nucleophilic attack of the carboxylic acid
or — depending on the acidity — the carboxylate ion on the carbonyl group of CDI,
leading after elimination of imidazole to a mixed anhydride of imidazole-N-carboxylic
acid and the attacking carboxylic acid. This intermediate must have a very short life-time
since it has not been detected down to — 50 °C. Rapid cleavage of CO, from this mixed
anhydride involves exclusively the carbonyl group linked to the imidazole unit: If
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[1-'*C]cinnamic acid is reacted with CDI, the radioactivity is completely preserved in the
N-cinnamoylimidazole."®! This result is fully in accordance with the observation that the
CDI analogue N,N’-thiocarbonyldiimidazole reacts with carboxylic acids to form
exclusively carbonoxysulfide COS and the imidazolide of a carboxylic acid, whereas
formation of CO, and N-thioacylimidazoles is not observed. In the second step, reaction
of the mixed anhydride to give acylimidazole, either an inter- or an intramolecular
pathway is possible. The intermolecular pathway includes a transacylation reaction
of the mixed anhydride with azole set free in the first step. Upon running
the reaction with cinnamic acid and N,N’-carbonyldibenzimidazole instead of CDI
in the presence of [2-'“C]benzimidazole, radioactivity was found exclusively in the
N-cinnamoylbenzimidazole. This result provided strong evidence for the intermolecular
pathway in the case of N,N’-carbonyldibenzimidazole, although exchange with [2-1C)
benzimidazole at the stage of N,N’-carbonyldibenzimidazole cannot be completely
excluded.

The transformation of carboxylic acids with CDI into imidazolides has a wide range
of applicability. CDI reacts with aliphatic, aromatic, and heterocyclic carboxylic acids
under very mild conditions, and these reactions are not affected by the presence of
functional groups unless the latter are strongly nucleophilic and themselves react with
CDI; in such cases a reversible protection of the functional groups is necessary. The
reaction of CDI also works in such specific cases as trifluoro- and trichloroacetic acids,
leading to the very reactive N-triftuoro- and N-trichloroacetylimidazoles.[19{!!]

Dicarboxylic acids, including, for example, succinic acid, adipic acid, fumaric acid,
and terephthalic acid, have been converted with CDI into the corresponding diimidazo-
lides, which are generally obtained in very good yield!'*'?) and can be used due to their
reactivity for further conversion to other bifunctional systems derived from two carboxyl
groups. Difficulties were encountered, however, in an attempt to synthesize the diimi-
dazolides of malonic acids; here, at the stage of the monoimidazolides, decarboxylation
competes successfully with reaction of the second carboxyl group with CDI. In this case,
the corresponding monocarboxylic acid imidazolides are obtained preferentially. For
example, reaction of 2,2-dimethylmalonic acid with two equivalents of CDI resulted even
at —5 °C in formation of the diimidazolide in only 15% yield, whereas the imidazolide
of isobutyric acid was obtained in 70% yield.['?)

The reaction of carboxylic acids with CDI is surprisingly insensitive to steric hin-
drance. For example, from 2,4,6-tri-tert-butylbenzoic acid and CDI in refluxing tetra-
hydrofuran the sterically very crowded N-(2,4,6-tri-tert-butylbenzoyl)-imidazole was
obtained in 80% yield.[!*!

Azolides as acylating reagents are, of course, of special interest where the corre-
sponding halides and anhydrides are not available due to their instability. Since neither
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formyl chloride nor formic anhydride is stable at ordinary temperatures, the easy for-
mation of N-formylimidazole as a formylating reagent was of considerable interest. In
fact, CDI in dry tetrahydrofuran at room temperature reacts with the equivalent amount of
formic acid to give N-formylimidazole in 85% yield (hygroscopic crystals, m.p. 53—
55 °C, from tetrahydrofuran).!'*] N-Formylimidazole is an extremely strong formylating
reagent, reacting with alcohols to give formic esters and with amines to give formamides
in exothermic reactions in excellent yields. For example, fert-butyl alcohol, which due to
steric hindrance reacts rather slowly with other imidazolides even at higher temperatures,
produces with N-formylimidazole the fert-butylester of formic acid in excellent yield
even at room temperature. Aliphatic and aromatic amines react with N-formylimidazole
in exothermic reactions to give formamides. One very unusual property among imida-
zolides is the fact that N-formylimidazole completely decomposes slightly above its
melting point (at ca. 60 °C) into imidazole and carbon monoxide, 84% of which were
detected by gas analysis.!'*] Because of this instability of N-formylimidazole it is an
important advantage to have available a series of azolides of formic acid that are much
more stable than N-formylimidazole itself, but still sufficiently reactive for formylation
reactions: N-formylbenzimidazole (m.p. 137-139 °C) and N-formylbenzotriazole (m.p.
94-96 °C), both prepared from the corresponding N,N’-carbonylbisazoles by reaction
with formic acid.

Preparation of Azolides from Carboxylic Acids Using CDI Analogues

In analogy to the reaction of CDI with carboxylic acids, the even more reactive N,N'-
carbonyldi-1,2,4-triazole[5b] has been used instead of CDI in cases where specific
structural effects require a higher reactivity of the azolide. On the other hand, the
example of the last paragraph of the preceding section showed that N,N’-carbonyldi-
benzimidazole!'**'4! and N,N’-carbonyldibenzotriazole[‘5] have been useful for the
syntheses of azolides with reduced reactivities when these are essential and sufficient for
the specific reaction in question.

In addition to these N,N’-carbonylbisazoles there exist analogues of similar reactivity
in which the carbonyl group is replaced by other groups that also react with nucleophiles
to provide azolides. Closest to CDI is N,N’-thiocarbonyldiimidazole, which is easily
prepared from thiophosgene and imidazole.!'®! Replacement of the carbonyl oxygen
by the less electronegative sulfur, in comparison to CDI, results in reduced reactivity
in reactions with nucleophiles. Neutral hydrolysis with water leads at room temperature
only slowly to imidazole and carbonoxysulfide COS (instead of CO; in the hydrolysis
of CDI). With carboxylic acids, an imidazolide together with COS and imidazole is
obtained after heating in chloroform or tetrahydrofuran for several hours. Primary ali-
phatic and aromatic amines react with N,N’-thiocarbonyldiimidazole in a 1:2 ratio to
yield thioureas (see Chapter 4); in a 1:1 ratio, however, N,N’'-thiocarbonyldiimidazole
reacts with primary amines to give a mixture of an isothiocyanate and imidazole!'"}
(see Chapter 8).
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In contrast to the N,N’-carbonylbisazoles and the corresponding thiocarbonyl com-
pounds, certain analogues like the N,N’-carbiminodiimidazole with R = C¢Hs (prepared
from CDI and triphenylphosphine-N-phenylimide) are remarkably unreactive compared
to CDI: this compound can be dissolved in aqueous 2 N hydrochloric acid and repreci-
pitated with ammonia.l'® The parent compound (R =H) was later prepared by reaction
of two equivalents of imidazole with cyanogen bromide. Also this N,N’-carbiminodi-
imidazole (R =H) is less reactive than CDI. It was used as a condensing agent in both
aqueous and anhydrous media for the formation of phosphordiester bond!'®! (see Chapter
12.1).

Q
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R = H, CeH,

N,N’-Carbonyl-2,2’-biimidazole (N,N’'-carbonyl-2,2’-biimidazyl) prepared from 2,2’-
biimidazole and phosgene is relatively unreactive on hydrolysis, and shows reduced
reactivity in reactions with carboxylic acids.!"M1%]

On the other hand, N,N’-sulfinyldiimidazole is an extremely reactive analogue of CDI
prepared by reacting sulfinyl chloride in a 1: 4 ratio with imidazole in tetrahydrofuran. "’
The product is extremely hygroscopic and sensitive to moisture. Therefore, N,N’-sulfi-
nyldiimidazole is used immediately after separation of the precipitated imidazolium
chloride in the tetrahydrofuran solution in which it is prepared. Analytically pure N,N'-
sulfinyldiimidazole (m.p. 78-79 °C) was later obtained by reaction of sulfinyl chloride
with N-trimethylsilylimidazole.*") With alcohols and phenols N,N’-sulfinyldiimidazole
reacts exothermally to give esters of sulfurous acid in excellent yields (see Chapter 10).
With carboxylic acids it yields imidazolides nearly quantitatively at room temperature
under development of SO,, and it can thus be used like CDI for the synthesis of esters,
amides, peptides, etc (see Chapters 3, 4 and 5). N,N’-sulfinyldiimidazole was already
used very shortly after our synthesis by Wieland and Vogeler for peptide synthesis.??!

N /SN NA /~N
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The corresponding N,N’-sulfonyldiimidazole, prepared from sulfonyl chloride and
imidazole, is of surprisingly low reactivity in every respect. It forms stable crystals of
m.p. 141 °C which can be sublimed in vacuum and recrystallized from ethanol without
alcoholysis. Even in dilute aqueous hydrochloric acid hydrolysis occurs only very slowly.
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With carboxylic acids there was no activation to carboxylic acid imidazolides observed.
Reaction with p-toluenesulfonic acid in boiling tetrahydrofuran did not yield the
p-toluenesulfonic acid imidazolide, but rather the double p-toluene sulfonate, from which
N,N’-sulfonyldiimidazole can be released again quantitatively with imidazole or aniline.
Only from the melt of water-free p-toluenesulfonic acid and N,N’-sulfonyldiimidazole
at 90 °C p-toluenesulfonic imidazolide (m.p. 75.5-77 °C; 87% yield) could be
obtained?” (see also Section 10.1.1).

Of great preparative potential with respect to the activation of carboxylic acids to
imidazolides is N,N’-oxalyldiimidazole, which reacts with carboxylic acids or their
sodim[rzlﬂor lithium salts under release of CO and CO, to give imidazolides in excellent
yield.

NA /~N +R-COOH N& / I‘\I

-CO-CO- SR s -Co- b

| N-CO-CO-N_ ~C0,. co, I N "CO-R + N)
H

2.2 Azolides of Phosphoric and Phosphorous Acids

Azolides of Phosphoric Acid (Phosphoric Azolides)

The preparation of some frequently used mono-, bis-, and trisazolides of phosphoric and
phosphorous acid is briefly described here and in the following section. Applications will
be discussed in detail in Chapter 12.

While monoimidazolides of orthophosphoric acid or its monoester are prepared from
the corresponding phosphoric acid and CDI, the imidazolide of the diesterphosphate,
because of its lower nucleophilicity, must be prepared by condensation of the corre-

sponding chloride with imidazole:1?4]
(ll) Nf\ "
(C¢H;0),PCl1 + ImH W . N-P(OCHj),

The diimidazolide of orthophosphoric acid can again be obtained by conversion of the
acid with two equivalents of CDI in acetonitrile and triethylamine. Addition of sodium
iodide permits its isolation as sodium salt.[?*!

(C;H,);N, Nal NA Q

H,PO, + 2equiv.CD -
3P0, equiv. CDI CH,CN, 75% l ng

/<N
—N\é
'G
Na®

Other bisazolides of phosphoric acid include O-phenylphosphoric diimidazolide and
-ditriazolide; O-phenylphosphoric diimidazolide, for instance, has been prepared from
phenylphosphordichloridate and four equivalents of imidazole in benzene.
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The diimidazolide is very hygroscopic.**! In analogy to CDI it is also called

“phenoxyphosphoryldiimidazole.” Just like CDI, it reacts with carboxylic acids to give
the corresponding N-acylimidazoles.

N QS AN, N 99 N
L N-P-N__J + RCOH ———> || _N-P-0-C-R*| + |_ NH
OR' OR'
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A mixed anhydride probably is formed as an intermediate which is cleaved inter-
molecularily by the imidazole set free in the first step. For example, reaction with the
compound in which R! =thymyl and R?> = C¢Hs yielded quantitatively O-thymylphos-
phoric imidazolide and benzoylimidazole.”**! “Phosphoryldiimidazoles” are also used as
condensing agents for the synthesis of amides and peptides, as well as for phosphoryl-
ations (see Chapters 4, 5 and 12).

Various chlorophenoxyphosphorylditriazoles, prepared analogously to the phos-
phoryldiimidazoles from phosphordichloridate and triazole, are frequently used as
reagents in the phosphorylation of nucleosides (see Chapter 12).

0
PN b Ar=o-CICH,p-CICH,
Ne & \=N m-CIC¢H,, 2,5-CL,CH,

~

Ar

The condensation of phosphoryltrichloride with imidazole or N-trimethylsilylimida-
zole in THF provides (in 65 and 85% yields, respectively) the extremely hygroscopic
phosphoric acid trisimidazolide®*), which reacts under effervescence with water or

alcohols.
(20)emo (rj)

Analogously, the corresponding tristriazolide of phosphoric acid was prepared from
POCI; and N-trimethylsilyl-1,2,4-triazole in 60% yield.[*®! Both trisazolides are used for
the phosphorylation of nucleosides.
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Azolides of Phosphorous Acid

Tetrazolides of phosphorous acid esters or amides have been developed for the phos-
phitilation of nucleosides. For instance, the tetrazolide of the diester of phosphorous acid
(N-tetrazolyldiethoxyphosphine) can be prepared either from diethylchlorophosphite and
sodium tetrazolide (Method A) or from diethoxydiisopropylaminophosphine and two
equivalents of tetrazole. The latter reaction (Method B) was undertaken to verify for-
mation of a tetrazolide in the activation of phosphoramidites by tetrazole.[*”!

© ,r~
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The ditetrazolide of methylphosphite plays a role in the solid phase synthesis of
polynucleotides. The ditetrazolide, which is stable for weeks when stored at —20 °C, is
prepared in a simple condensation reaction between methylphosphordichloridite and two
equivalents of tetrazole in anhydrous tetrahydrofuran in the presence of 2,4,6-tri-

methylpyridine.!?%!
=\ =\ /—\
N N POCH, NNp-N o
N < N N < N \ /
2

Another convenient phosphitylating reagent for use in an oligodeoxyribonucleotide
synthesis based on the phosphoramidite approach is bis(tetrazolyl)morpholinophosphine.
This is generally prepared in situ from morpholinophosphordichloridite containing di-

isopropylethylamine and two equivalents of tetrazole in dichloromethane/pyridine at
0 °C.[291.130]

2.3 Examples of the Synthesis of Carboxylic Acid
Imidazolides

In the preceding sections it has been shown — using the imidazolides as examples — that
azolides can be prepared easily by a number of different reaction pathways. In view of the
higher or lower reactivities of other members of the azolide family it becomes evident
that this class of compounds contributes to a powerful arsenal in synthetic organic
chemistry. The various reactions these azolides undergo are dealt with in detail in the
chapters that follow. Since imidazolides are utilized for most of the azolide reactions,
certain additional information is provided here for this particular group of the azolides.
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In review articles®! published about three decades ago, data were presented for about
100 imidazolides. In the meantime azolide reactions have developed to the point of
becoming standard reactions, based mainly on imidazolides, so it seemed reasonable to
underscore once again the structural diversity of the group of azolides. This is done
mainly in the context of the following syntheses, most of which were essentially
developed within our research group.

NA /~N N= @ N
RCOH + | N-X-N_J —5—> | N-C-R + | MNH
X = CO, CS, SO

Table 2—1. Various carboxylic acid imidazolides prepared by the use of N,N’-carbonyldiimid-
azole (CDI), N,N’-thiocarbonyldiimidazole (Im—CS-Im) and N,N’-sulfinyldiimidazole (Im—SO—
Im).

Imidazolides M.P. (°C) Yield (%) Reagent Ref.
H—COIm 53-55 85 CDI (14]
CF,-COIm 136 - 137 70 CDI 1
CCl,~COIm 39-40 73 CDI [11]
C,sH,—COIm 81-82 83 ImCSIm [10]
CH,00C- (CH,),—COIm 63 - 64 75 CDI 31
CeHs—’A_COIm 118-119 89 CDI [32]
CeHs
CeHs
CeHs COIm 163 - 164 97 CDI (32
4-CH,C¢H,~COIm 73-74 80 CDI (12]
4-[(CH,),C]C¢H,~COIm 109-110 95 CDI [12]
4-[(CH,),C]C¢H,~COIm 109 - 110 83 ImSOIm [19]
4-[(CH,);CIC¢H,—COIm 109 - 110 84 ImCSIm [10]
2,4,6-[(CH,);C};C¢H;~COIm 187 - 190 80 CDI [13]
CH,N-COIm (Isonicotinic acid) 95 70 CDI [12]
4-(CH,),;NCH,N=NC¢H,—COIm 97 - 100 88 CDI [12]
ImCO~(CH,),—COIm 167 84 CDI (12}
ImCO—(CH,),—COIm 148 - 150 99 ImSOIm [19]
ImCO— (CH,),—COIm 146 - 147 75 ImCSIm [15]
H,CCH, CH, CH,
N COIm
112-113 80 CDI 31
CH,
(Vitamin A acid imidazolide)
CH, CH,
ImCOSAAAANAALCOm ) 0 92 CcDl [33]
CH, CH,

(Crocetin-diimidazolide)
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Table 2—1 lists some examples of carboxylic acid imidazolides of various structures
prepared by the use of N,N’-carbonyldiimidazole (CDI), N,N’-thiocarbonyldiimidazole
(Im—CS-Im), and N,N’-sulfinyldiimidazole (Im—SO-Im). Independent of the specific
method applied, the data in Table 2—1 show that reasonable yields of imidazolides and
diimidazolides are quite general, irrespective of various substituents and of steric factors.
The rather mild reaction conditions also permit the formation of imidazolides of highly
unsaturated systems. As a further advantage, it should be mentioned that almost all
imidazolides are crystalline compounds, which can be conveniently handled. Melting
points are therefore included for the imidazolides listed in Table 2—1.

Following the development of azolide chemistry in the late 50s and mid-60s, a
number of similar systems were described in which the azole rings are replaced by related
heterocycles. These compounds share with azolides the characteristic of activation of the
carbonyl groups toward nucleophilic reactions. Like the azolides, some of these com-
pounds were introduced as coupling reagents for the synthesis of esters (a), amides (b),
peptides (c), aldehydes (d), ketones (e), and glycosides (f). The letters in brackets below
refer to specific reactions for which the compound have been used. The following for-
mulas depict only a few examples of this group of “azolides in a wider sense.”

CH,
=\ N=N =N
O __N-CO-R N-CO-R ~-N__N-CO-R -CO-
h'd K/ CH. Y SYN CO-R
o S S
[a,b,c,d] [34] [ab,cdefl [35] [a,b] [36] [a] [37]
CeH, CeH,
StTeolhnotte
[a,b,c] [38] [a,b] [39]

2.4 Physical Properties of Azolides

UV/VIS- and IR-Spectra

The UV-spectra of azolides have already been discussed in the context of hydrolysis
kinetics in Chapter 1. Specific infrared absorptions of azolides were mentioned there as
well: increased reactivity of azolides in nucleophilic reactions involving the carbonyl
group is paralleled by a marked shift in the infrared absorption of the corresponding
carbonyl bond toward shorter wavelength. For example, for the highly reactive N-acetyl-
tetrazole this absorption is found in a frequency range (1780 cm™') that is very unusual
for amides; obviously the effect is due to electron attraction by the heterocyclic sys-
tem.[*”) As mentioned previously in the context of hydrolysis kinetics of both imidazo-
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lides and 1,2,4-triazolides of substituted benzoic acids, the observed carbonyl wave
number vo_q is so closely proportional to logk for neutral hydrolysis that hydrolysis

rates can be predicted from the infrared spectra within the accuracy range of the kinetic
method.!?!

!H-NMR- and *C-NMR

The NMR-spectra of azolides are in accordance with their structures and, in general,
do not show distinctive features that could be correlated with reactivity.!*!} In imidazole
itself, rapid proton exchange between the two nitrogens leads to two absorptions for
carbon-bound protons in a 2 : 1 ratio due to the apparent equivalence of H, and Hs; in N-
substituted imidazoles there are, of course, three signals for carbon-bound protons (H,,
H,, Hs). This is also the case for imidazolides, where a series of N-acyl- and N-ben-
zoylimidazoles has been measured. Surprisingly, for N-benzoylimidazoles with a wide
range of donor and acceptor substituents in the para-position the absorptions of the
imidazole protons are remarkably constant.!*!] A characteristic feature of ordinary amides
is the partial double bond character associated with amide bonds, which may lead to syn-
anti rotamers. In the case of imidazolides and other azolides, however, the barrier for this
isomerisation is expected to be rather low due to the fact that the lone pair of N(1) is
partially integrated into the cyclic quasi-aromatic m-system of the azoles. In fact, in
earlier 'H-NMR measurements of N-acetylimidazole and a series of N-benzoylimidazoles
in CDCl; no splitting of 'H-NMR signals was observed. This result indicates that in
azolides the normal amide resonance is greatly reduced, leading to a very small n-bond
order for the C---N-bond of the amide group of an azolide.

N—-55 N—7-55
9.00 43&73 = = 8.79Q__\>8.29
N N
//C\ 3.16 3.10 /C\

O CHy> CH; O
A in CD3COCD; B

In later measurements at — 90 °C (100 Mhz, in acetone) for N-acetylimidazole,
hindered rotation was found with about 75% of isomer A and 25% of isomer
B;[*2M%3] 3 rotation barrier AG* of 10.5 kcal/mol (in CHCL,F) was determined.[**+44]
This barrier is considerably lower than those found in normal carboxamides (AG* =
14-18 kcal/mol); for formamides, where for steric reasons the planar arrangement is less
hindered, higher values were measured (around 21 kcal/mol). On increasing steric
hindrance (for example, with 2,4,6-tri-tert-butylbenzoylimidazole) a strong increase in
the rotation barrier around the C-N bond in imidazolides was observed with AG* of about
23 kcal/mol. For N-(2,4,6-tri-tert-butylbenzoyl)benzimidazoles the barrier was in the
order of 28 kcal/mol, permitting preparative isolation of the isomers by thin-layer
chromatography on silica at room temperature.!'* For *C-measurements of the rota-
tional isomers see reference [43].
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Dipole Moments

Dipole moments of azolides have been reviewed, with emphasis on the conformation
of the acyl group.[**! Unfortunately, structural and conformational studies on azolides by
X-ray structure analysis are almost totally lacking, although they would be of great
interest with regard to the conformations and to the bond lengths and bond orders in these
systems. Only an X-ray analysis of N-acetyl-4-bromopyrazole!! has been reported.

Mass Spectrometry and Flash Vacuum Pyrolysis

The mass spectra of azolides are not very specific, since they depend to a large extent
on the structures of the respective acyl groups. Flash vacuum pyrolyses of azolides has
been studied for 1-acyl-1,2,4-triazoles and benzotriazolides by tandem mass spectrometry
(MS/MS).[*®! Rearrangements of triazolides resulted in the formation of oxazoles.[*”]

Molecular Orbital (MO) Calculations

For calculations of electronic structures of azolides (CNDO, PCILO, EHMO, INDO
and Molecular Mechanics Calculation) the interested reader should consult the relevant
papers.[8]
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3 Syntheses of Carboxylic and Carbonic
Esters

3.1 Syntheses of Carboxylic Esters

The reaction of a carboxylic acid with N,N’-carbonyldiimidazole!'**! (abbreviated as
CDI), forming an imidazolide as the first step followed by alcoholysis or phenolysis of
the imidazolide (second step), constitutes a synthesis of esters that differs from most other
methods by virtue of its particularly mild reaction conditions.""*! It may be conducted in
two separate steps with isolation of the carboxylic acid imidazolide, but more frequently
the synthesis is carried out as a one-pot reaction without isolation of the intermediate.
Equimolar amounts of carboxylic acid, alcohol, and CDI are allowed to react in anhyd-
rous tetrahydrofuran, benzene, trichloromethane, dichloromethane, dimethylformamide,
or nitromethane to give the ester in high yield. The solvents should be anhydrous because
of the moisture sensitivity of CDI (see Chapter 2). Even such unusual solvent as
supercritical carbon dioxide at a pressure of 3000 psi and a temperature of 3668 °C has
been used for esterification with azolides.!

(0]
0

o]
fiststep:  R'COH + E/N-C-N\’j _— EN-E-R‘ + Nl;\/rm + CO,

second step: |§/N-C-R' + R'OH ———> RI!COR® + I\/NH

3.1.1 Reactions of Imidazolides with Alcohols

The second step, nucleophilic attack of an alcohol or phenol on the activated carboxylic
acid RCOIm (carboxylic acid imidazolide), is usually slow (several hours), but it can be
accelerated by heating!”! or by adding a base!®® such as NaH, NaNH,, imidazole
sodium (ImNa), NaOR, triethylamine, diazabicyclononene (DBN), diazabicycloundecene
(DBU), or p-dimethylaminopyridine to the reaction mixture (see Tables 3—1 and 3-2).
This causes the alcohol to become more nucleophilic. Sodium alcoholate applied in cata-
lytic amounts accelerates the ester synthesis to such an extent that even at room tem-
perature esterification is complete after a short time, usually within a few minutes.[F*]
This catalysis is a result of the fact that alcoholate reacts with the imidazolide very
rapidly, forming the ester and imidazole sodium.



28 3 Syntheses of Carboxylic and Carbonic Esters

o @

g\
k/N-CO-R' + R0 Na ®
=

1 2 N e
—> R'COR* + | _N"Na

NA o @ 2 —_— 2 NA
|§/N Na~ + ROH = RONa + |§/NH

The resulting imidazole anion is in equilibrium with the alcoholate, because the
acidity constants of alcohols and imidazole are of the same order of magnitude. Hence,
alcoholate is constantly supplied as long as it is used up by its reaction with the imi-
dazolide. In agreement with this explanation, imidazole sodium or other alkali metal
compounds capable of converting alcohols to alcoholates (e.g. sodium amide) may be
used to initiate the catalytic cycle. In the presence of these catalysts, CDI itself reacts
with alcohols to give carbonic esters, so in an ester synthesis based on one-pot procedure
the catalyst must be added only after the reaction of CDI with the carboxylic acid has
proceeded to the imidazolide stage, as indicated by ceasing of CO, evolution. An
approximately 0.05 mol-% solution of sodium alcoholate or imidazole sodium is usually
used, easily prepared by dissolving sodium in alcohol or in a tetrahydrofuran solution of
imidazole.

If in the ester synthesis CDI is introduced in excess and benzene is used as solvent
without any base, treatment of the reaction mixture after the first step with Sephadex LH-
20 is recommended in order to remove the abundant CDI and thereby eliminate possible
reactive by-products such as imidazolecarboxylates (ImCOOR).!'”

The imidazolide method catalyzed by base permits even esters of polyenecarboxylic
acids and polyene alcohols [e.g. the indicated esters of the vitamin A group (see Table
3-1)] to be obtained in excellent yields. The same is true for esters of sterically hindered
carboxylic acids and sterically hindered alcohols (e.g., tertiary alcohols), in which case
use of a basic catalyst is indispensible. For example, tert-butylbenzoate was obtained
with base catalysis in 91% yield, but only in 5% yield without base even under reflux and
longer reaction time. Under the latter conditions the reaction with primary and secondary
alcohols provided benzoic esters in 75-85% yield.’+!!) However, this imidazolide
method with base catalysis cannot be used for esters of tertiary alcohols and carboxylic
acids containing acidic hydrogen atoms on the a-C atom, since in this case the reaction
leads to C—C condensation. Thus, N-acetylimidazole and fert-butanol, in contrast to
primary or secondary alcohols, could not be converted into the corresponding ester with
sodium tert-butanolate as catalyst. Instead, dehydroacetic acid was formed via hydrolysis
of the intermediate sodium enolate of acetoacetic acid imidazolide. Also N-propionyl-
imidazole and fert-butanol in the presence of sodium fert-butanolate underwent a C—C
condensation to give the 2-propionylpropionic fert-butyl ester. Aliphatic imidazolides,
however, for which the C—C condensation is rendered more difficult or impossible (e.g.
imidazolides of isobutyric acid and pivalic acid), could be easily converted into the tert-
butyl esters by the catalyzed method.!

Esterification of a dicarboxylic acid such as terephthalic acid via the diimidazolides
with diols readily leads to the corresponding polyesters.!'?]

Cytostatically active esters of 1- or 2-ethyleneimino-2-hydroxy-3-butene, which are
difficult to obtain by conventional methods because of the sensitivity of the unsaturated
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alcohol component, have been synthesized in excellent yields by the imidazolide method
with reaction times of only a few minutes at room temperature. In this case the superiority
of the base-catalyzed ester synthesis with acetylimidazole is convincingly demonstrated:

H,COI
HOCHCH,N_] LHCOIm CH,CO,CHCH,N{]
CH=CH, CH=CH,

While in the uncatalyzed reaction of 1-ethyleneimino-2-hydroxy-3-butene in THF,
refluxing for four hours was necessary to produce 70% of the ester, in the presence of
NaNH, a 90% yield was achieved at room temperature after only five minutes.[!>+!4!

An especially interesting example of the use of the imidazolide method for ester
synthesis is illustrated by the total synthesis of actinomycin Cs.!'"!!6] Working with N-
protected L-N-methylvaline and CD], esterification of the hydroxyl group on the threo-
nine residue proved successful whereas this could not be accomplished by any of the
conventional methods.

Sar-OCH,CcH; Sar-OCH,CeH;
Pro Fro
D-a-!leu D-a-peu Z-(NCH3)Yal
Thr Z -(NCH,)Val / CDI Thr———0
co > co
NO, NO,
OCH,CH; OCH,CH;
CH, CH,

p-Nitrophenyl esters of amino acids, which are important for peptide syntheses, have
been . obtained in a one-pot reaction from N-protected amino acids, CDI, and p-nitro-
phenol at room temperature; however, better yields of these esters could be achieved by
use of N-trifluoroacetylimidazole. In this reaction a mixed anhydride is presumably
formed as an intermediate, which then acylates the alcohol component:!!”)

o 2
R'COH + CFcolm —BH s pi_¢-0-C-cr, RO _5 Ricor?
_CF,COH

By the way, N-trifluoroacetylimidazole and N-trichloroacetylimidazole are both such
remarkably strong acylation agents that base catalysis is not necessary in their reactions
with alcohols to the corresponding esters.!'®}{!]

In general, phenolic hydroxyl groups in complex molecules, which could not be
esterified by the usual methods, were smoothly acylated with imidazolides. For example,
a cyclohexapeptide containing two tyrosine groups reacts with 3,5-dinitrobenzoyl-
imidazole to give a 95% yield of the crude bis-3,5-dinitrobenzoate.[*”!
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Since the imidazolide method proceeds almost quantitatively, it has been used for the
synthesis of isotopically labeled esters (see also Section 3.2), and it is always useful for
the esterification of sensitive carboxylic acids, alcohols, and phenols under mild condi-
tions. This advantage has been utilized in biochemistry for the study of transacylating
enzymes. A number of enzymatic transacylations (e.g., those catalyzed by a-chymo-
trypsin) have been shown to proceed in two steps: an acyl group is first transferred from
the substrate to the enzyme to form an acyl enzyme, which is then deacylated in a second
step. In this context it has been shown*!! that a-chymotrypsin is rapidly and quantita-
tively acylated by N-trans-cinnamoylimidazole to give trans-cinnamoyl-a-chymotrypsin,
which can be isolated in preparative quantities and retains its enzymatic activity (see also
Chapter 6).

3.1.2 Typical Procedures for the Preparation of Carboxylic Esters

a) Using isolated imidazolide

tert-Butyl formate!®®! A mixture of 9.8 g (102 mmol) of N-formylimidazole and 7.3 g
(98.5 mmol) of anhydrous fert-butyl alcohol was stirred for two hours, in the course of
which the imidazolide dissolved completely. After standing for 12 h, distillation directly
from the reaction flask yielded 7.93 g (78%) of the ester, with b.p. 82—83 °C.

b) Using a one-pot reaction without base catalysis

Ethyl cinnamate!”’ To 2.96 g (20.0 mmol) of cinnamic acid in 25 mL of anhydrous
THF 3.24 g (20.0 mmol) of CDI was added. When CO, evolution had ceased, 5 mL of
ethanol was added and the mixture was refluxed for 30 min. After concentration in a
rotary evaporator the residue was taken up in 100 mL of diethylether and extracted three
times each with 50 mL of water. After drying of the ethereal solution and concentration
in vacuo the residue was distilled to give ethyl cinnamate (b.p. 145-147 °C/17 mm) in
80% yield.

¢) Using a one-pot reaction with base catalysis

Methylretinoate!®® To a suspension of 2.37 g (7.9 mmol) of retinoic acid in 50 mL of
benzene 1.34 g (8.3 mmol) of CDI was added under nitrogen. The mixture was stirred for
four hours and then refluxed for a few minutes before concentrating in vacuo. The
crystalline residue was dissolved in 45 mL of anhydrous methanol and treated under
nitrogen with a solution of 0.15 g (8 mmol) of sodium in 15 mL of methanol. After
standing for 12 h the excess methanol was removed in vacuo and the residue shaken with
water. On cooling in the refrigerator 2.25 g (91%) of crude material (m.p. 51-55 °C) was
obtained which after recrystallization from methanol/water (6 : 1) provided 1.66 g (70%)
slightly yellow needles with m.p. 55.5-56.5 °C.

By this method numerous carboxylic esters have been prepared as is shown in Table
3—-1. Diesters are compiled in Table 3-2.
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Table 3—1. Monoesters prepared from carboxylic acids and alcohols or phenols using N,N’-carbonyldiimid-
azole (CDI), N-acylimidazole (RCOIm), or N,N’-sulfinyldiimidazole (ImSOIm).
Ester Coupling Yield (%) Ref.
reagent
HCO,CH, cDI 80 [22]
HCO,(CH,),CH(CH,), CDI 80 [22]
HCO,-tert -C H, CDI 78 [22]
HCO, _;b HCOIm 7 23]
CH,
H. O-tert-CH,
,&S HCOIm 87 [24]
HCO,
HCO,(CH,),(CH=CHC H, CDI / ImNa 79 (25)
CH;CO,CH, CH;COIm 57 61"
CH,CO,CH,CHN] CH,COIm/NaNH, 90 n3p»
CH=CH, 8 "
CH,CO,CHCH, N CH,COIm/NaNH, 72 141 »
CH=CH,
CH,,CO,-retinyl CH,COIm/ImNa 66 (81091
CH,CO,
ma—@ CH,COIm / NaH 80 126}
O CocH,
CH,CO,CH,CH =CHC¢H; CH,COIm / Nalm 78 91
CF,CO,-¢c-C¢H,, CF;COIm 73 [19]
67 [18]
CCl1,CO,(CH,),CH(CH,), CC1,COIm 84 [19]
CH
CeH, COCH, Ny ™2y ™~y 0 CDI 87 27
CH, CH, CH,
C\sH;,CO,CH,CH =CHCH, CysH;COIm /ImNa 80 (81491
CH,
CH,
CDI/ alcoholate 68 [28]1291"
X
HN
(o]
9 CDI 61 30
§” ~(CH,)CNH(CH,)CO, -N (301

(o)
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Table 3—1. (continued)

Ester Coupling Yield (%) Ref.
reagent
(1:9 o
[:I N- (CH,);CO,~N Q CDI 70 31
S0,
o
CH,
CH,=CH(CH,),CO, @ Cpl 95 (321
CH,
S
CH,S
CDI 63 [33]
(—N
St
CyH4CO,(CH,),
H,C CH,
CH; CH,
CeH,0,SN CDI/ alcoholate 65 [34]
C¢H,CH,0(CH,),CH(CH,)CH,C0, o
3
CsH;COCH,0CO(CH,),0C0O
n
THPO H,C CH, CDI/DBN 52 [35)
> N CH
H (¢] 3
CH,C0,CH,CHCO,H Hn2
CH,O L0, S ol CDI 81 36]
CH, CeHs
N
COCH,-p-Cl
O CDI 85 (37138}
co2 H H co,(:n2 N >-o
(CH_,)ZCHC02C(CH,), (CH,),CHCOIm / 70 (819}
alcoholate
. ,.CO,-is0-C3H,
CDI/ alcoholate 98 [39]
H,CO
CONH,
C¢H,CHCO,(CH,),N(C,Hy), CDI/NaH 57 (40}
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Ester Coupling Yield (%) Ref.
reagent
0
mN—O—gﬂco,m, CDI/N(CHy), quant. 1]
CH,
COy- is0-C;H,
CH, CDI 80 [42)
0" 0" “CH,
CO,CH,
CH, cDI 70 (42]
[ 2rs} CH,
CH,CH,~ N:>-co,- iso-C3H, CDI/ alcoholate 86 43"
€0,CH, CDI/ p-dimethyl 75 [44)
i .
CHCH,NH - Boc p-dimethy
aminopyridine
N
H
CICH,CH, N CONH CHCO,- n-C H, cDI 68 (451
NO  CH,
(C¢H,),CHCO,C H, (C¢H,),CHCOIm 7 (46]
(CH,),CCO,C(CH,), (CH;,),CCOIm / 64 (81191
alcoholate
2 N(CH,)Z 3}
CDI /alcoholate 64 {47
Csz
NCH,
L@ oI 86 (48]
(c‘,H,)zcco2 H
)
CDI {491 »
(CGHS)ZCCOZ = (CH2)4 70
~CH,CH =CH CH,- 62
54

-CH, CH,-

=(CHp),O(CHy)5—
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Table 3-1. (continued)

Ester Coupling Yield (%) Ref.
reagent
Q  cH G,
rert-C,H,SCCH,CH—COCOCH,
¢0,CH, CDI/NaH 62 {501
H--}-N
HO
CDI/BulLi 85 (513"
s
H
CO,CH,CH=C(CH,),
C¢Hso_+ OH
> . RR  CDI 73 (521"
p-ICH, Coz'f)j SR col 75
N RS cD1 80
ss cpl 70
CH, C2Hs
CH,CH=C~ €0, -CH(CZC),CH =CHCO,CH, CDI/ImNa 60 [53]
z E
CH, CH,
CH_‘J\/\/K,CO,C,,H‘-pczH, CDI/NaH 31 [54]
retinoyl-OCH, (methy! retinoate) CDI/ alcoholate 70 819"
retinoyl-O(CH,CH,0),CH, cpI 47 (5]
retinoyl-OCHCH,NJ retinoyl-Im / NaNH, 83 (13
CH=CH,
. CH,
retinoyl-O retinoyl-Im /ImNa 75 (56]
CH, '
N o,
fluororetinoyl-Im / sn®
ImNa
40
30
retinoyl-O-retinyl retinoyl-Im / ImNa 73 [8]09]
o 174 COL(CH2)2N(CHs )CH, CeH cBI o (81"

H,C” N~ CH,SCeH
H
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Ester Coupling Yield (%) Ref.
reagent
H
) OCH,
O. CO,CH,
070~ COCH; Cpl 83 (591 »
C,H;CH=CHCO,CH; CDI/ alcoholate 72 18191
C(H,CO,C,H, fo) 75 m
C(H,CO,CH; CDI 85 m
CH,CH=CHCO,CH; (o)) 80 m
C¢H,CH=CHCO,CHCH,N] CH,CH=CHCOIm/ 79 [13]
CH=CH, Nalm
CH;CO,CH,CHj CDI / alcoholate 89 (819
C¢HsCO,CH,CH =CHCH; RCOIm / ImNa 85 891"
C4HsCO,CHCH,N] CH,COIm/NaNH, 87 (3"
CH=CH,
CeH;CO,-tert-C,H, CDI/ alcoholate 91 [8119]
CHCO>tert-C.Ho CD1/DBU 91 [60] »
; CH,
r CszCJLCOzCHzxﬂl/\ak CH, CDI 74 [54]
tert -C;H;CH,CO,C(CH,); tert -C;H;C¢H,COIm / 75 (8191
alcoholate
H,C CH;,
C CH,
CDI/NaH 69 [61)
p -ICH,CO,
3
Co, N-CH,
CDI/ 89 62)?
CH,NH Li tropanolate
’ (o]
(CH_,),co—o—co—Q-co,CH, CDI 80 (631
CO,CH,
(I cDI 80 [63]
CO=-0-0-C(CH,),
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Table 3-1. (continued)

Ester Coupling Yield (%)  Ref.
reagent

CDI 93 [64]
a”
N
J\,j,co,c.,ﬂ.oc,u,, CDI/ alcoholate 52 161"
0’ N
H
2 CO,N=C(CHy),
m col 67 [66]
CH N’
CeH,-p-Cl
CF;CONHCH,CO,CH,CH=CH, cpI 73 67
Boc - Ala ~OCH,COCH, cDpI 80 (68]

COCO- NHCH,CO,C H,
O\—I coI 59 (691

N

/

s NH~C-CH, S

‘r_-_( o cDI 59 (70}
Boc -NHCH,CO,CH, L’ N [o}

¢=0

90 Na ®
Z-Ala—~OCH,CO,H Z-Ala-OC(H,-p-NO,/
ImH 75 [71]
Z-Ala~OC¢H,-p-NO, CDI 30 7
Z-Ala=OC¢H,-p-NO, CF,COIm 72 (17
Z - Asp-OC¢H,-p-NO, CF,COIm 66 17
Z -Glu~0C¢H,-p-NO, CF,COIm 65 17
Z-Pro=0C,H,-p-NO, CF,COIm 79 [n
Z -(OCH,)~Tyr -OC¢H,-p-NO, CpI 40 1n
Z,- Arg=OC¢H,-p-NO, CDI 52 [n
Z,= Arg~OC¢H,-p-NO, CF,COIm 80 1n
Boc= Ala ~Lac—OCH,C¢H cpI 68 (721
Boc— Ala—Lac—Lac—OCH,C¢H, CDI 65 (721
? (D)

Boc—Lys-O —(I3H -CO,CH,CcHs CDI quant. [73]

CH(CH;,),
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Ester Coupling Yield (%)  Ref.
reagent
Boc—Lys ~0—CH -CO,CH,C{H; cpl quant. 73]
CH(CHy),
D)
Boc=Val =0—CH —CO,CH,C¢H; CDI quant, [74)
CH(CH,),
Boc ~Leu -O—CH ~CO,CH,C¢Hs CDI 69 (751
CH,CH,SCH,
Boc =D- Val —~0-L~- Lac=OCH,C¢H; CDI 97 74
CDpI 81 (76}
CeHs
Z = Val =0 CHCO,-tert -C,H, cpl 68 !
(D)
Z
Z -Gly =O—Ser—OH CDI 78 (78
HNCOCH,
C¢HsCO-Phe~OCH, CH,CH; CDpI 65 (LL) (79180} "
CH(CH),
Boc-D- Val =0 CH CO,CH,C¢Hs CpI %0 (71]
()]
CH(CHy),
Z-0-Val~0OCH CO,NHNH - Boc CDl 65 171]
[(»))
(CHy)CH,8
2=Vl ~OCHCHCO- tert-C LD CDI / ImNa 59 181]
LL 69
CH(CH,), CH(CH,),
THP -OCH -C=D-Val =0 CH—C—D-Val ~OCH,C H; CDI1 52 1710
[(»)] [o] ()] L
GH 7
Boc —NHCH-0-Tyr -OH CDI / N(CHy), 52 182)
cyclo-(Gly-Tyr-Gly),bis-3,5-dinitrobenzoate 3,5-(NO,),CH,COIm 75 120]
CH, H 0 CH H q 5
o )k(N CDI/ImNa 83 [83]-[85]
THP -O 0 N(CH3)2
O CH, CH, O CH, CH
CH, CO—Thr - p-0-Tleu—Pro —Sar—OCH,C¢H; CDI 25 [86]

O=Z—1L-(CH;N)Val

NO,
OCH,C H,
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Table 3-2. Diesters prepared from carboxylic acids and alcohols using N,N’-carbonyldiimidazole

(CDI).
Ester Coupling Yield (%) Ref.
lugen(
CH, (‘:HJ
P-CICH,0C=C0,(CH,);,0€0~COCH,- p-Cl coi 48 (871
CH, CH,
CiH,,CO,CH,
CyH,,CO,CH
o
Uo-ca, CDI/CH,SOCH,Na 93 (65]
| L 2
R'O, : CH,OR
N
R' = R’ = (E)CH,CH=C(CH,)CO CDI/ImNa 53 [88)
R' = R? = (CH,),C(OH)CO o] 95 (88)
0 | o
HN— N% )—NH
OLN-CHICO, H  ococH~N =0 cDi % B
a’
4L )
N cDI 87 189)
o
N
CH,0,C =(CH,),~CO,CH, CD1/ alcoholate 84 8U7)
[CN—CH,~CH-0,c~(CH,),~C0,CHCH,-N ] ImOC(CH),C0Im/ 43 (14]
CH=CH, CH=CH, ImNa
p -C;H,0,CC.H,CO,CH, IMOCC4H,COIm 9% 112)
g 9 Q @
ROC(CH,),C(OCH,CH,),0C(CH,)LOR R=CH, ImH / DCC quant. 190 ¢
R=c-CH,, 35%

1 For further examples see the references cited

2 Isolated as cyclohexylammonium salt from (+) ROH and (—) ROH, respectively
¥ Isolated as hydrogenmaleate

4 After deprotection

%) No racemization

© MW of diimidazolide ~ 2000
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Remarks associated with Table 3—1: In ref. [43] the authors claim that one equivalent
of alkoxide is necessary on a preparative scale instead of catalytic amounts. As an
explanation they quote the difference between the pk, of imidazole (pk, = 14.17) and that
of alcohols (pk, = 18-19). This conclusion, however, seems to be erroneous, because of
the higher nucleophilicity of the RO® in comparison to imidazole anion must also be
taken into account. In ref. [56] d-a-tocopherol was also converted into the retinoate in
96% yield. The imidazolide in ref. [47] is easily formed despite steric hindrance of the
carboxyl group. With the diastereomeric carboxylic acid an epimerization was observed
during formation of the imidazolide. The method in ref. [60] with diazabicycloundecane
as base was not applicable to either pivalic acid (less than 10% yield even after prolonged
heating at 80 °C) or N-acyl-a-amino acids (complex mixtures, probably by oxazolone
formation and subsequent reactions). In reference [71] the imidazolide was generated in
situ from the active p-nitrophenylester and imidazole. The yield of the ester in ref. [80]
was only 15% if benzenesulfonyl chloride was used instead of CDI. A peptolide of N-
protected methylvaline and an N-protected Ser-Ala-tert-OC4Hy prepared by CDI is
described in reference [91]. With 2,2’-dimethyl-N,N’-carbonyldiimidazole as condensing
agent the yields were lower than with CDI.

Appendix to Tables 3—1 and 3-2: Other esters, especially of natural products, syn-
thesized by the CDI method but not mentioned in the tables include: steroidal esters of «-
amino acids,’®? of alkanoic acids,®® of a chiral alkanoic acid® and of iodobenzoic
acids;"°5] mono esters from ursodeoxycholic acid and polyglycols;'®®! di- and tetra-
esters of succinic acid and steroidal alcohols, such as androgens and progestagens;°>7+%8]
depsides (aroylation of phenol derivatives);/®*) mono- and diacylation of glycerylphos-
phatidylcholines with various carboxylic acids;!'®H!%% acylcarnitines;!'® 18-deoxy-
reserpic esters;!!%! bilirubindiesters and glucuronides;!!%! pyropheophorbide-glycol-
ester;!'%”! high molecular peptolide.!'%®!

3.1.3 Reactions with N,N'-Oxalyldiimidazole

Similarly applicable for ester syntheses as CDI is N,N’-oxalyldiimidazole, which was first
described in reference [109]. It has been used to convert not only carboxylic acids but
also metal carboxylates into the corresponding imidazolides.!''”) Typical reaction con-
ditions for the reactions with oxalyldiimidazole are: for the first step 1-2 h,
25-45 °C, and for the second step 4 h, room temperature if X =H; if X=Li or Na, if
60 °C and DMF as solvent. In the latter case the resulting Lilm or Nalm function as

catalysts in the conversion of alcohol into the alcoholate. Results are given in Table 3—
3.(110)

N™&A 9 9 /SN
QN—C“C—N\%
CH,0H
RCO,X > RCOIm ——3> RCO,CH,
-CO y = COz
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Table 3-3. Esters prepared with InCOCOIm.

RCOX RCO,CH; Yield (%)
linoleic acid methyl linoleate 79
lithium linoleate methyl linoleate 72
sodium linoleate methyl linoleate 85
linolenic acid methyl linoleate 78
arachidonic acid methyl arachidonate 72

Further examples are mentioned in the reference [110]

A base-catalyzed (tert-C,HoOK) reaction of N,N’-oxalyldiimidazole, prepared in situ
from oxalyldichloride and imidazole, to give methyl linoleate (93%) is described in
reference [111].

3.1.4 Selectivity of Reactions with Imidazolides

a) For the esterification of anthranilic acid and analogues it is necessary to protect the
strongly nucleophilic amino group and reduce its nucleophilicity in the following
.[112]
way:

NHCOCF; .y NHCOCF; | tert -C,HjOH / tert-C,;H,ONa
—— 3 3>
COH COIm
NHCOCF;  nupH NH,
4
CO,-tert -C Hy 7% CO,-tert-C,H,

b) In the reaction of pyridinoindolecarboxylic acid with 3-hydroxymethylpiperidine
the nucleophilic NH group of the alcohol component must be protected in order to obtain
the corresponding ester.!"!*!

H H
N

Z
N
HOCH ImN
O, e =Y
I —_— i >
CoOH 2% 50%

COIm

H

H
N H, (Pd) N H
o (J e )
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In the case of 2-(2-hydroxyethyl)piperidine it is not necessary to protect the NH group
because of steric hindrance at this position. The imino function within the pyridinoindole
is not nucleophilic enough to react with CDL

For analogous syntheses of f-enamino esters or o-aminophenyl esters see references
[114] and [115], respectively.

¢) A selective acylation of a primary alcohol in the presence of a secondary alcohol
group is shown in reference [116]:

HO _ CH,OH
" CH
CH;  CH,COIm
X o DBU, 95%
3 1 H
cH, O—,cH,

CH,

A further example is given in reference [88]: Selective esterification of retronecine,
the dialcoholic component of a pyrolizidine alkaloid, by the imidazolide method was
found to be superior to the acid chloride/pyridine method. Acylation of the 9-position of
retronecine with tiglic acid, pivalic acid, isobutyric acid, and propionic acid was inves-
tigated concerning the steric requirement of the carboxylic acid.

9

HQ H  CH,0H HG H CH0CR
m’ RCO,H/CDIor RCOIm m
N THF N

Retronecine
R Yield of C9-monoester (%)
(E)-CH;CH=C(CH3) 40; 50V
tert-C4H, 75, 352
(CH3),CH 60; 252
C;H; 40;  20?
D In CHCl,

D With acid chloride/pyridine

A similar example is found in reference [117].

d) Selective acylation of a secondary OH-group in the presence of a primary OH-
group can be achieved as in the glycerylphosphatidyl choline by protecting the primary
OH-group with the trityl group, which can be removed after acylation.!!!®]
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1. oleic acid / CDI CH,0C(C¢Hs),
CH,0C(CeHs), 2. CH,SOCH, / Na Q
CHOH o >  CHOC(CH,),CH=CHCgH,,
CH,0—P-O(CH,,N(CH,), % 0
o] o CH,0—P~0(CH,),N(CH,),
10
Oly

¢) In the acylation of verrucarol the secondary OH-group reacts in preference to the
crowded primary group, thus depending on the reaction conditions, the two OH-groups
can be successively acylated by two different carboxylic acids.**)

QH 1. CgH,COCH,0,C(CH,),CO,H oH
HO H,G CH, CDI, benzene, room temp. H¢ CH,
t 2.DBN, room temp,, 48 CoHsCOCH0.C(CH,),C0; t
A o CH 54% - o o cH
H 3 H 3
Verrucarol
CH,
1. THP-O(CH,),C-CH,CO,H /CDI
OH
room temp.

2.DBN, 50 °C, 48 h, 32%
GH,
THP—O(CH,),C-CO0,
OH
HC cH,

CgHsCOCH,0,C(CH,),CO5q :l v I
| CH
H (o] 3

f) A selective synthesis of 1-palmitoylglycerylphosphatidyl-N-tritylaminoethanol
from glyerol-3-phospho-N-tritylaminoethanol via the dipalmitoyl derivative is described
in reference [119].

DBN = 1,5-diazabicyclo[4.3.0]non-3-ene

"
cron o o CH,0CC,H,,
P C,sH,,COIm / CH,SOCH,Na

n
CHOH o o - >  CHOCC,H,,
CH,0 —P~O(CH,);NH,C(C¢Hy), 67% 9 ®
10] CH,0- ll’ —O(CH,),NH,C(C¢Hs),
° 101
(]
i
phospholipase A, ?HZOCCISHM
(|3HOH o

®

"
6% CH,0 —P~O(CH,),NH,CCHy),

101
©
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Examples for analogous reactions with polymer-bound bases such as 1,5,7-triazabi-
cyclo[4.4.0]dec-5-ene or 1,8-diazabicyclo[5.4.0Jundec-7-ene [DBU] are given in
reference [120].

g) Monoacylation of diols like cyclohexane-1,4-diols can be achieved in 50-80%
yield if a high (~ sevenfold) excess of the diol is utilized.!'!*!

N HO=on K
N
_—
Z> CoIm ZNco

h) 2-Phenylindan-1,3-dione reacts with CDI in the form of a vinylogous acid to give
with methanol the vinylogous ester:!'?!]

OH

0 0 0
cDI CH,OH / CH;0Na
cH, —> OQ CH, | - —> OQ CJH,
70%
o m ocH,

3.1.5 Preparation of Esters by Use of a Polymer-Supported
Carboxylic Acid Imidazolide

An imidazolide-supported polymer was used for transacylation of phosphatidylcholine.
The polymer () was obtained from a chloromethylated polystyrene with two mol-%
divinylbenzene. The imidazolide group was anchored by reaction with 3-hydroxymethyl-
1-tritylimidazole, cleavage of the trityl group, and condensation with palmitic acid:!?%

C,sH;,CO.H
cu,ocu2 '—.—CH,OCH
N=C=N

N N-C- C|5H3|
CH,OH
CHOH
Q ®
— P - "
CH,0 | glacnz»N(cn,); CH,0—8C, 1,
- o N I
>  CHO-C-C,H,,
DMSO / CHCl,, DBU, 60% o
n
CH;0 — P-O(CH,);NC(CH;);
|0I

©
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With nonsupported 1-palmitoylimidazole and DBU, however, a higher yield of the
dipalmitoylphosphatidylcholine was obtained (91%).

3.1.6 Preparation of Esters Using Azolides Other than Imidazolides

Reactions with Pyrazolides

The pyrazolide indicated below was used for ester syntheses in the presence of an
alcoholate.

CH,

\
cH ,[/ N R yield (%)
3
~ ROH / RON: CHs 4
o=ccuzo-©—c1 2 Ro,ccuzo@a CHCH, 77
room temp.,
CHs 88

a 30 min cl

Whereas in alcohols as solvents good yields of esters are obtained a self-condensation
of the ester was observed in THF.['?*]

Reactions with Triazolides and Benzotriazolides

a) With N-acetyl-1,2,4-triazole and lipase as catalyst the following enantioselective
acylation of 1-phenylethanol was achieved:[124]

fN CH;  lipase P CH, CH,
v O =1 O - O
OH OCOCH, OH
RS 47% 51%
9%ee (R)  92%ee (S)

b) While N-formylimidazole, as used in formate syntheses, has the disadvantage of
being extremely hygroscopic, N-formylbenzotriazole is stable and nonhygroscopic. It is
accessible from N,N’-carbonyldibenzotriazole and formic acid™®? or from benzotriazole,
formic acid, and dicyclohexylcarbodiimide,!'**! and it conveniently formylates both
alcohols and phenols (diethylether, 20 °C, 24 h or THF, 67 °C, 5 h).

N, ,
@: ‘)*I + ROH ———3> HCO,R R yield (%) _ [125]
N C.H, 88

CHO 2-naphthyl 75
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Trifluoroacetylbenzotriazole,!'252! which is easily prepared from benzotriazole and
trifluoroacetic anhydride, is a very expedient trifluoroacetylating agent. Because of its
stability the solid product can be stored in the covered bottle for several weeks without
decomposition. By reaction with alcohols the trifluoroacetate esters were obtained in high
yields:

©:N\\ ROH R Yield (%)

N > CF,COR CHCH, 95
boiling THF, 3- 6 h

N iling CH)CCH, 19

COCF, 4-CICH, 94

Further examples are described.

c) Diesters of 1(R),2(R)-trans-cyclohexanediol and various polyene carboxylic acids
are synthesized via the corresponding carboxylic acid triazolides!'?®:

I’ N c CH=CH- CH—CHON(CH3)2 + %0}1 —_

OH

(0]

%/O‘E'CH'-‘CH-CEFCHO N(CH;),
o-g—CH=CH—CH=CHO N(CH,),

o
88%

d) A diester of a polymeric diacid was prepared via the bisbenzotriazolide. In this
case the azolide was formed from the carboxylic acid, benzotriazole, and dicyclohexyl-
carbodiimide.[*"!

O benzotriazole 9 0 9 9
H02C(CH2)2C(0CH2CH2) OC(CHZ)ZCOZH —— XC(CH2)2C(OCH2CH2) OC(CHp)LCX
DCC, CHCl,
79% (MW ~ 2000)

9 9 9 9 ROH (o] [0} 0 [0}

n 11} " "
XC(CH,),C(OCH,CH,),0C(CH,),CX > ROC(CH,),C(OCH,CH,),0C(CH,),COR
CHCl, or DMSO

R Yield (%)
N p-HO,CCH, 60
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For esterification of the bisbenzotriazolide, the presence of triethylamine was
recommended (methanol: 100% yield, cyclohexanol: 33%).

Reactions with Pyridinotriazolides

Pyridinotriazolides were used for esterification in the presence of DBU under mild
conditions, and for the selective acylation of steroids.['?”]

CH CH
HC c- HC CO,CH,
€ N CH,OH /DBU <
THF, room temp., -
30°C, 81%

HO R

A series of acetates was prepared using 1-acetylpyridinotriazole and DBU:[!27+!28]

holesterol > {
cholestero THF, room temp., 24 h cholesterylacetate
79% [127]
tr >
estrone DMF, room temp., 24 b estrone acetate
89% [127]

H,C OH

——> 3.acetate  + diacetate
THF

64% 10% [128]
17-B-estradiol

C,H,CHOHCH,0H ———> C;H;CHOHCH,0COCH, + C,H;CHCH,0COCH; + CiH,CHCH,OH

THF OCOCH, OCOCH,
37% 19% 9% [128]
OCOCH, OCOCH,
—_— +
THF
(CH,),OH (CH,),OH (CH,),0COCH,

36% 22% [128]
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Selective acetylations of hydroxyalkyl phenols by 1-acetylpyridinotriazolide were
carried out with excellent results in 1 N aqueous sodium hydroxide solution:[!?®!

HO-@-CH,OH

HO

Reactions with Tetrazolides

Even tetrazolides, which are among the most reactive azolides, have been applied in
esterifications.

a) In a phase-transfer reaction!'?®! or in THF,!"**! benzoic esters were prepared with
the highly reactive 1-benzoylphenyltetrazole. This tetrazolide, made from 5-phenylte-
trazole and benzoyl chloride, is supposed to be a mixture of the 1- and 2-benzoyl-5-
phenyltetrazoles. The isomers were not separated because both lead to the same product.

CeH; ®
il-l;{ N ROH /NaOH , [(C,Hs),;NCH,C:H,]Cl "
N and N. N 3 ROCCH,
CoHs N N CH,Cl, / H,0
COC¢Hs, COCGHs

R: | CH, | CH, | 4-NO,CH, | Bnaphthyl [129]
%| 70|73 | 38 | 86

Methyl and other alkyl esters were prepared in THF, also in high yields.!3"!
b) Arachidonic acid was converted via its tetrazolide with the aid of oxalyldi(1,2,3,4-
tetrazole), prepared in situ, into the methyl ester.!!!!]

N=A 99 /=N

— = r  N=C-C-N_ !
(CHz)s—COZH N: N/N \N‘_N N 4\
CH,, > 1 N—CO—(CH,), :D

CHC1,,0°C, 1 h N=y H,,C,

CH3OH > — VT (CH2)3_ COzCHs
room temp., 3-8 h CsH,,

82%

Arachidonic acid
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¢) A special example in the series of tetrazolides applied for ester syntheses is the use
of 8-quinolinesulfonyltetrazole.['>!) In the first step a mixed anhydride is assumed to be
formed, followed by an acylation of the resulting tetrazole to give the carboxylic acid
tetrazolide, which then reacts in the normal way with added alcohol. The zwitterionic
8-quinolinium sulfonates separate as a precipitate from the reaction mixture. This pro-
cedure is very effective in the esterification of carboxylic acids with sterically hindered
alcohols. When 8-quinoline sulfonylchloride is used instead of 8-quinoline sulfonylte-
trazolide the carboxylic esters are obtained in lower yields along with acid anhydrides as
by-products.

R'CO,H N SO R'%Og N
) — > —_—C=-0)—- )
OH + N:If’ 2 CH,Cl,, (C,H);N a * N:N/NH
0°C —roomtemp., 1 h
N, 7 P Ny /4

N

- |

N

©5so0, H®

\

R’OH 0 ,~
R'COR’ €«——- [R'-C-N N
N'—N

R' | CH, CH.CH=CH| (cH,),cH| (cH),C |CH,
R’ |CH,CH, |CH.CH, CeH;CH, | CHLCH, | (CHy),C
% |89 87 84 79 82

Further examples are mentioned in reference [131]

Reactions with N,N’-Carbonylbis[2(3H)-benzoxazolethione]

N,N’-Carbonylbis[2(3 H)-benzoxazolethione], obtained from mercaptobenzoxazole and
dimeric phosgene as the more thermodynamically stable N-acyl product, also represents a
reactive heterocyclic diamide of carbonic acid, and is therefore used in the same way for
ester syntheses as N,N’-carbonyldibenzimidazole.!'*?!
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o
N C1-C-0CCl < > < > Ce¢H;CO,H
@ »—SH 3 9 sH5CO;
o -N_ O
Y
S

45% o__N-C
h ¢
S

ROHT(GHIN R|cH, | cHCH, | p-NO,CH

- -

2 CHOOR  2Too o o8~
0 N-C-C,
S

3.1.7 Preparation of Esters with Imidazolesulfonates

In this case the alcohol component is activated. By treating an imidazolesulfonate, pre-
pared from an alcohol and sulfonyldiimidazole, with tetrabutylammonium benzoate, the
corresponding benzoic ester is obtained:!'*!

CH,OCH,C¢H, CH,0CH,C¢Hs CH,OCH,C¢H;
CH ImSOQ,Im CH, (CHo) N ® C4H.CO. © cx
k/zo A X (0) l/zo
0 0 toluene, reflux, 24 h )
s C¢H,CH,” -
CH:CH, OCH,C¢H; «HsCH, OCH,C,H; CeH:CH, OCH,CH;
OH 0S0,Im OCOCH;
82% 53%

Further examples of the preparation of benzoic esters via imidazolesulfonates include:

? (0] CsstM OBnO
cH,CH (R O%Bno O%Bno
(o) OR

OCH, BnO op;y
NH-Z R = C¢H,CO; Bn = C{HCH,

85% [134] 90% [135]

3.1.8 Preparation of Esters with Activated Azolides

Activation of Azolides by Protonation

Protonation of an imidazolide increases the electron-withdrawing effect of the hetero-
cycle and, in this way, enhances the reactivity of the N-carbonyl group toward nucleo-
philic attack. A number of retinoates have been synthesized by this method.[!*%]

Q R’OH
”n @ 1)
R'-C—Im -CH,CeH,SO:H HN"SN-C-R' ———> RICOR?
benzene \—/
S}
retinoyl imidazole p-CH;C¢H,SO,
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Examples: 0o CH, H,C HJC. CH,
0 LA LA A 2
O CH, CH, CHs HC FO [ ]
O)‘\’/\’/\Njé HO 3 --0,CR CH,

cH, H,C --CH,

8% o R |CH, |CH, |CH,

% (89 |16 |83

In the reaction with steroidal dialcohols, activated azolides attack the less hindered
OH-group with a high degree of preference:!!3¢!

O CH, H,C H,C. ,CH,
g/ -, 2 7
0)‘\/\/\/\/@
(o)
CH

3

OCH,

o 85%

OCOCH,

HC FO
--OH

-CH,

HCCH: cH, HC O
QAR AZAY
@WMO
CH

3
82%

Substitution of a protonéted imidazole group by an azide anion permits an azido-
carboxylic ester to be obtained in good yield:!'*”!

o)
i -CH,C.H.SO,H HN’\ 1 A
PN=C=0- fert-C -L-l—f!'-'i—-l—> N=C=~0- fert-C tert -
|\/ ert-C,Hy |\/ O- tert-CH, Hz O, room temp. N;CO,-tert-C,H,
77% (=] 15 min, 85%
p-CH;C¢H SO,

The following compilation shows the results of a reaction sequence consisting of the
conversion of carboxylic acids by N,N’-oxalyldiimidazole (A) or N,N’-oxalyldi(1,2,4-
triazole) (B) into the corresponding azolides followed by acid-catalyzed reaction with
alcohols to give the appropriate esters.[!>®!
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0
AorB " CH,SO,H
RCO,H ————> RC—azole —2——>
>’ "CH,CN 320€¢ "CH,CN

I D
RC—azole-H CH,SO? CH,OH

>
room temp. — 60 °C, 3 h RCO,CH,

A Ng\N ('c? g N/bN B N¢\N éq 2 N/bN
s~ NSRRI 2
With Azolide A Azolide B With Azolide A Azolide B
R Yield (%)  Yield (%) R Yield (%)  Yield (%)
CH,(CH,)s 61 72
c-CH,, 65 60 [/ \5 74 53
CeH, 67 61 o
p-NOCH, 83 76
! \S 76 68
@ 73 68 s

Analogous to the activation of imidazolides by protonation, boron trifluoride also
activates an imidazolide:

o} o & 0
NA_ BF,O(C,H), . BF,—N&\ 1 CH,OH
L, N~CCeHs iy S L N"C~CHs ———> CH;COCH,

The effective half-time for this reaction at room temperature is 9 min in comparison
with 79 min without BF3-etherate.“39]

In a similar way, N-bromination on the imidazole group of an imidazolide by
N-bromosuccinimide increases the compound’s reactivity:H11140]

(o)
CN"BI‘
0 ® o)
I (o) Br—N=\ 1 R’0OH
R'-C-Im ——m8 > N—C—R! —> R!'CO,R?
'\/ CH,Cl,, room temp., 1 h RCOR
R! R? Yield (%)
tert-C4Ho C,H;s 84
tert-C4Hg | tert-C,Hg 48
CH,(CH,),CH(CH,) tert-C4Hg 95
2,3,6-(CH,)3C¢H, tert-C4Ho 65

Further examples are mentioned in the references cited above
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Activation of Imidazolides by N-Alkylation

a) N-Benzylation of imidazolides by benzyl chloride or bromide, which at room
temperature in acetonitrile form the corresponding imidazolium salts in nearly quanti-
tative yield, leads to highly reactive acylating agents.!'*!] Acylation is carried out with
equimolar amounts of the imidazolium salts. Primary and secondary alcohols react
especially well. If solvents other than chloroform are used (e.g., CH,Cl,, CH;CN, THF,
or CCly) the yields of the esters are considerably lower.

o}
0o © ROH NA

Rl" -N N- > 1 2 -
N/ CH’_Q X CHCl,, room temp., 1h > R COR + I QN"CHs

R’OH R' X Yield(%) R’OH R' X Yield (%)
of R'CO,R? of R'CO,R?
C4H,CH,0H CH, Br 97" C¢H;CH=CHCH,OH CH, Br 96"
C¢H,CH,0H CHs, C1I 84" (CH,),CHCH,CH(CH;)OH CH, Br 80"
C(H,CH,0H CHs Br 96" borneol CH, Br 88"
CH,CH,CH,OH CH, Br 942 p-CH,CH ,OH CH, Br 9"
CH;CH,CH,OH CH, CI 81" 2,6-dichlorophenol CH; Br 94"

" yields spectroscopically determined
% isolated yields

b) A mechanistically analogous activation of imidazolides is achieved by N-allyla-
tion or N-methylation with allyl bromide or methyl iodide.l'*?! N-Substitution and
transacylation are again one-pot reactions under neutral conditions giving high yields.
Two methods have been described for the application of this principle in the ester
synthesis. In method A, the respective carboxylic acids are converted by CDI (one equiv.)
into imidazolides, which then are N-alkylated by RX (two to five equiv.). In method B,
CDI is first mono- or dialkylated to the activated species, which is then treated with the
appropriate carboxylic acid.['*%]

Method A:
1.CDI (1 equiv.) o R’OH ®
R i ® i
R'COH 2 RX@Sequiv) o o 8 NAy-g| oquiv.orexces) o picop? 4 uNPIN-R x©
CHCl,, room temp., \—/ e room temp. or reflux, \—/
05-1h X 1-10h
RX = CH,=CHCH,Br or CH,I
R'CO,R* Yield (%) R'CO,R? Yield (%)
HCO,(CH,),CH; 95 Z-NHCH(CH,)CO,CH, 95
CeH(CH,),CO,-tert-CHy,  95(<5)" CH,(CH=CH),CO,CH, 95
CH,CO(CH,),CO,C,H 88 p-HOC4H,CO,CH, 95
@ p-CH,0CH,CO,-tert-C;H, 80 (<5) "
§” ~CO(CH),CO,CH, 95 p-HOC(H,CO,C-Hs 7
tert-C H,CO,- tert -C,H, 90 p-CHCOCH,COLC;H, 95

p-ICgH,CO,C,Hs 93
""Yield in the absence of the N-alkylating agent RX
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Method B:
.. RX(2equiv.) O 9 A® © R'COH
CDI (1 equiv.) > R-N° N—C—N""N-R 2X —*—>
CHCl, or CH,CN \—/ \—/
room temp. or heating, 2 h
P L e 2
R-N“"N-C-R' X ROH > R'CO,R?
\—/ room temp. or reflux, 1 - 10 h
R'CO,R’ Yield (%)

C¢H,(CH,),CO,CH, 86

CO,C,H;
Y

N

The activation of CDI by N-alkylation (method B) has been used for the reaction
between carboxylic acids or N-protected amino acids and alcohols to give the esters in
excellent yields.!'**! Under the following conditions, which are free of any acids and
stronger bases no racemization was observed.

(o] 1 0 2
CH,—ﬁAN—E—NAﬁ-CH, —l}ﬂ————> CH,—SAN—E—R' B—CE{———-> R'CO,R?
\=/ \=/ CH,NO, , 5 min. = 3h
2 CF,50,° CF,50°
R'CO,H R’OH Yield of
R'CO,R? (%)

CHCO,H  C¢H;CH,0H quant,
Z-Phe C,H,0H 95
Z-Phe C,sH;;0H 95
Z-Phe 1-menthol 98
Z-Gly + CH,CH(OH)CO,C,Hj 95
Z-Ala L-C4H,CH,CH(OH)CO,CH, 94

Analogously prepared are the diesters of N-methyl-phenothiazine diacetic acid and
mono-p-toluenesulfonyl-, chloro- or iodooligoethylene glycols.!'**!
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a

2 R Yield (%)
Jijtnjij,cuzg(oa{,cnz),,R 5 p-CH,CH,SO, 60
o 6 p-CH,CHSO, 54
R(CH,CH;0), CCH, s 1 cpl S0 66
o 2 a 60
3.a 44
2 1 87
4 1 45

The reactive 1-acyl-3-alkylimidazolium species also plays a role in acylation of
alcohols with carboxylic anhydrides or carboxylic acid chlorides using 1-substituted
imidazoles as catalysts.['#% In this case the reactive species is formed in situ:

R’ R’
7 7
N N
(R'CO),0 or R'COCI + L/; ) — @)
C=0
él
N/R3 N’RS
[}?}’) + RROH —> R'COR* + [/;)
C=0
l'zl

Acylation with acetic anhydride and imidazole catalyst:

ImH (0.02 - 0.05 equiv.)
(CH,),CHCH,CHCH, + (CH;C0),0 ~2 Cl, 40°C,3h > (CH;),CHCH,CHCH, .

OH OCOCH,

Acylation with an acid chloride and imidazole catalyst:

ImH(0.02 - 0.05 equiv.), (C;Hy),N
C(H:CH,CHCH, + R
oHCHGHCH, -+ RCOCl o efiux, 31 > CéHCH,CHCH,

OH OCOR
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Illustrative yields for the two acylation methods catalyzed by N-substituted imida-

zoles are given in the following tables.

Table 3—4. Acylation of 4-methyl-2-pentanol with acetic anhydride to produce the acetate, with the

indicated N-substituted imidazoles as catalysts.!!*’]

N-substituted imidazoles

as catalyst Yield (%)
ImCH,3 74
Im(CH,),CH, 75
ImCH(CH,), 92
ImC(CH,), 81
ImC(CgHy), 20
ImC¢H, 28
CH,
A
N 'N-CH, 9
\—/

N-substituted imidazoles

as catalyst Yield (%)
AN
N~ N—CH,C¢H; <5
CeHs
ZN
N~ N-=CH,C¢H, 86
CH,
N
N N - CH2C6H4'p‘OCH3 96
CH,

Table 3-5. Imidazole catalyzed acylation of 3-phenyl-2-propanol with acid chloride RCOC1.!!4%]

N-substituted imidazoles

N-substituted imidazoles

as catalyst R Yield (%) as catalyst R Yield (%)

ImCH(CH,), C¢Hs  quant. A

ImCH(CH,), tert-C,H, 82 N__ N~CH(CH,), Cells  quant.
CH,

S
N” 'N-CH,CH,-p-OCH, CeH; 88
CH,

AN
N7 N~-CH,CH-p-OCH, tert-C,H, 88

CH,

Activation of Imidazolides by Complexation

N
N~ N-=CH(CH,), tert-C,H, quant.
\={

CH,
without catalyst C¢Hs 39

The reaction of interest occurs when either the imidazolide or the alcohol is initially
bound in the form of a Pt(Il) olefin or phosphine complex.!'¢!
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trans[ROHPCL,X] + CH,COlm <= trans[PtC},XCH,COIm] + ROH —> CH,CO,R

X = CH, (A)
X = (CHy)sP (B)
CH,CO,R Method Yield of ester (%)
CH,
R= (CHy),
CH,
n=1 A 62
n=2 A 88
n= 2 B 74
n=3 A 85
(CH,),C¢H; A/collidine 80

B/(CHy),N 170

For the complex-catalyzed acetylation of 1-phenyl-3-propanol, an equimolar amount
of a base such as collidine or triethylamine was necessary.

3.2 Syntheses of Isotopically Labeled, Spin-labeled,
and Photoreactive Esters

Syntheses of Isotopically Labeled Esters

Due to excellent yields, mild reaction conditions, and a fast reaction rate, the azolide
method is well suited to the synthesis of isotopically labeled esters, even ones with very
short half-lives, just as it is always useful for the esterification of sensitive carboxylic
acids, alcohols, and phenols under mild conditions. An example is provided by the
synthesis of [''C)-quinuclidinyl benzilate prepared from benzilic acid, CDI, and ''C-
labeled quinuclidinol.!*4”!

CsHs)zCLI —> (GHy,C-"'COH —'1—'———>
- O

H 85 °C, 1 min
0O
(CH)C—"COm —N—— > csno,d‘oo,
OH 85 °C, 10 min

As an example for the synthesis of a '*C-labeled depsipeptide from 14C-glycine and
serine by the imidazolide method, see reference [78].
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Syntheses of Spin-labeled and Photoreactive Esters

57

The spin label in question may as well be in the carboxylic acid fragment as in the alcohol
moiety. Photoreactive esters bear azido groups in their carboxylic acid moieties. The
esterification of nitroxide- or azide-bearing carboxylic acids with complex alcohols and
CDI is illustrated in Table 3—6 by way of some examples.

TABLE 3-6. Spin-labeled and photoreactive esters prepared with imidazolides.

Ester ROH Coupling agent _ Yield (%) Ref.
CO,R
CH, CH, Pheophytine b-alcohol CDI/ImNa 45 [148]
CcH, N CH,
0 .
CO,R
CH, CH, Testosterone CDI /tert-C,H,0K 19 [149]
CH, N’ CH,
O .
CO,R
CH, CH, Cortisol (C(21)-OH) ImSOIm 16 (150]
CH, N” CH,
Oo
CO,R
CH, CH, ATP (2- and/ or 3-OH) cDI 32 [151]
CH, N” "CH,
0 .
"
CH, CH,0CC,H,,
CH, i
4 N-o CHOH o ® cDI 14 [152]
CH,0 —PO(CH,),N(CH;),
C,Hy (CH,),COR 101
)
CHCaH RO }—00-CH,
cDI 68 [153]
3 OR
0. _N-0O- CHOH
OR CH,0-oleolyl
CH;; (CHy),(COR 2 Y
R = CH,CH(OCH;) -
Pyropheophorbide a ester CH (CH,),,OH CDI/ImNa 67 [154]
3
CH, II‘J CH,
NO, o
N;-Q-NH(CH»:CO:R Amorphigenin CDI/Nalm 25 [15S]{156]




58 3 Syntheses of Carboxylic and Carbonic Esters

The following reaction illustrates conversion of a nitroxide radical-bearing alcohol by
CDI and azide ion to a spin-labeled ester of azido formic acid, which is used for the
labeling of amino acids, giving carbamates:!!>”)

~on, ; CI:;'HT:‘L SOH, 9% HNAN. 9 G cHy HCcH,
. p-CH,CH,SOH, HNA\ W NaN C:
HO N-0° > N-C-0 N-Oe AN ___ -0°
C Ny C H,0,92% > €0 N-O
H,c CHs o HCTH H,C Ot

p-CH,CH, SO,

An analogous reaction was carried out with zert-butyl alcohol to give the imidazolium
carboxylate in 77% yield and the azido formic ester in 85% yield.!'*”!

3.3 Azolide Esterification to and on Polymers

Polymeric esters by use of imidazolides or benzotriazolides have been obtained in dif-
ferent ways.

a) By reaction of a diol monomer with a bisazolide monomer.

HOCH,CH,0H + ImOC—O'COIm —> -(CH, ()zc—O-cozcmCH}o—

n

With 1,6-hexanediol a polyester was analogously prepared.!'?! Further examples are
shown below.

0
NP ON-C-y-C-NT SN

o o
" "
HO(CH,),NHC- X ~CNH(CH,);,OH + G G - -Ecu,),nug-x-gNH(Cﬂzhg‘y—gﬂ—
o o o O

X Y Yield (%) Ref. X Y Yield (%) Ref.
©/ /©/ 70 (157} U \0/ 82 {1571
O L owm L e ow

b) By treating a poly(cérboxylic acid) imidazolide or benzotriazolide with an alcohol.
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R \ 1.cpl
'
cH,—C 2.CH,OH _ — c
COMH /n
Ha

R =H, 79%; also with R = CH, and c-C;H,, [158]

CH \ CH
CH,—C— cCHOH o [y &2
1
co / co
n )'( n

1 ]
c=0 CO,-c-CeH,,
I
\
N
X = =NH(CHp)s— or —O—p—CH,— [159]

c) By the reaction of a polyalcohol with an imidazolide formed from CDI and the
appropriate carboxylic acid.['®1!64] The polyalcohol could also be formed via the

azolide method.

HN
—anz—?n I+ o=®—coxm NeOCH —f c—cHy; ;
OH o- C—Q):O

poly (vinyl alcohol) ~ (from CDI and RCO,H) o
~90% [160]
— cH,—cH)- —fCH,-CH)-
+ Boc-Gly -EL
il
CH,CH,0H (CH,),0-C—-CH,-NH-Boc  [161}

+ HO,C-CH-NH-S$

—GCHrCHQ; ‘Q oo -(-CH,-CHﬁ;

CH,C,
,CeHs NO,
CH,0H cazo—g—(I:H-NH—s—Q [162]
polyhydroxymethyl- 0 CHGCH, NO,
styrene
fonegu, £ S
CH,~CH CH,~CH-}- S £ cH,~cH)
L_o" HNCHCHOH 20 /n N 27
—_———l = —_— =
¢ §=o oot N
HNCH,CH,0—C
=N

i
“CQ HNCH,CH,0H
[163][164]

benzotriazolide of
polyacrylic acid
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d) Attaching of an N-protected amino acid to a polyalcohol.

In the peptide synthesis for connection of the first protected amino acid with a
hydroxymethyl polymer from styrene and divinyl benzene (Merrifield resin or other OH-
containing resin) CDI is very suitable as coupling agent compared to N,N’-carbonyldi-
1,2,4-triazole or dicyclohexylcarbodiimide (DCC). The yields obtained with this method
are higher than those with the other two coupling agents, the conditions are
mild, the reaction time is short, and the undesired formation of by-products is
lessened.!'6H1%%1 The remaining hydroxymethyl groups were esterified with acetic acid,
again by use of CDI""®*! or acetic anhydride.['®”)

@-C6H4CH20H + Boc-NHCHCO,H C —C O @—CJ{,,CH,OCOCHNH Boc
R >
Boc—Gly ~polymer, 78%;
Boc—Pro—polymer, 37%;
Boc— Arg(NO,)~polymer, 40%; [165]

@—CH20H + lmCﬁ _— @—CHZ —O [167],(168]

hydroxymethyl resin from Boc-Pro and CDI

D
@—OH + Boc—Ala -Q—-I% OE—(FHCH3 [169]

NH-Boc
hydrolyzed copolymer
of 1-vinyl-2-pyrrolidone
and vinylacetate

e) Syntheses of high molecular weight esters of poly(ethylene glycol) with an amino
acid"’® or methacrylic acid leading to an unsaturated end group!”") have also been
carried out with CDI.

(0]
CDI "
PEG—OH + Boc-NHCH,CO,H —> PEG—OCCH,NH—Boc 170}
poly(ethylene glycol)
CH, CH;, O CH;,
] ImH /DCC | PEG—OH / (C,H,),N "ot
CH,= ———— = > —OC—-C=
SCCOH  — CH,=CCOIm Toxame 20 °C b PEG—OC-C=CH,

quant. [171]
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For an analogous reaction of ferrocene carboxylic acid with poly(ethylene glycol) see
reference [172)].

f) Acylation of dextran with imidazolides of N-protonated amino acids or dipeptides
in anhydrous or aqueous medium.!!”3!

I ®

H;NRCOzl;l I:CFSCO2 e:| CDLor o3t H,NRCO(x;‘ cp,cozé_-l
[C,,H,OZ(OH),] , dextran 0 o %I
DMSO or H,0 > | CiH,0,(OH); ,(OCRNH;), (CF,CO,),

Amino acids used include Gly, Ala, Phe, Leu, His, w-aminoheptanoic acid, and Ala-
His dipeptide. It was found that not only single amino acids were added to the dextran,
but also poly(amino acid) chains formed during the reaction.

A suitable degree of esterification of dextran with butyric or palmitic acid is achieved
by CDI in formamide or DMSO. In the absence of carboxylic acids dextran can be
converted by CDI into a crosslinked product with intrachain as well as interchain car-
bonate links. Such carbonate links permit drugs containing hydroxyl groups to be coupled
to the dextran.!'’¥

3.4 Synthesis of Thionocarboxylic Esters

Analogously to carboxylic esters, thionocarboxylic esters can be synthesized by the
azolide method. An example is the synthesis of thionobenzoic acid methyl ester via a
1-thioacyl-4-alkyl-1,2,4-triazolium tetrafluoroborate and methanol.!'”*]

n e PN =) §
CHs—C-N" 'N-CH; BF,® + CHOH —> CH,COCH,
N=/
89%

3.5 Synthesis of Thiol- and Selenolesters

A series of thiol and selenolesters can be prepared from carboxylic acids and the coupling
agents CDI, oxalyldiimidazole, or oxalylditriazole via the corresponding carboxylic acid
azolides (Tables 3—7 and 3-9).

Generally the azolides RCOIm used for the thiolester synthesis are prepared in situ in
benzene, THF, CH3CN, or DMF. The reaction conditions range from refluxing benzene,
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six hours,['”®! to THF at room temp. for four hours.["’”! In some cases the addition of a
catalytic amount of base such as NaOCH; (refluxing benzene, three hours)!'’®! or
Mg(OC,Hs), (DMF, room temp., 12 h)!'”! was recommended to obtain high yields
(Table 3-8). An amino acid thiolester could be obtained in base-free DMF without
racemization.!®% Especially mild conditions (CHCl3, room temp., 0.5—1 h) are described
for the reaction of a benzyl-activated imidazolide with thiols.!'*!] A quantitative pre-
paration of c-C¢H;COSCgHs!"8? is also described (CDI, cyclohexane, NaOCgHs as

catalyst) in reference [181].

1) Synthesis of thiolesters from carboxylic acids R'CO,H.

2 o]
RcoH s Rcom SH 5 RICGK?
(base)

Table 3-7. Carboxylic thiolesters R'COSR? prepared by use of CDL
R' R’ Yield (%)  Ref.
CeHs CeHs 97 [180]
(CH,),C C,H, 93 [180]
c-CeHy, (CH;),CH 92 [180]
C,H,SCO(CH,), C,H; 87 [180]
CH,(CH,),¢ (CH,),CH 92 {180]
6,8-dimethylazulen-4-ylmethyl CeHs 91 [180]
trans-8-heptadecenyl CeHs 91 [180]
11-hydroxy-trans-8-heptadecenyl C,H, 81 [180]
CH;SCH=C(SCH;) 1,5-dioxa-9-thia spiro[5.5]undec-8-yl 87 [180]
C4H;CH,CHNH-Z (CH,),CH 92 [180]

H
O\/\COOCH’ CH; 77 (180a]

H CH,-

Table 3-8. R'COSR? by use of CDI and Mg(OC,Hs),.['"!

R! R? Yield (%)
C6H5 tert. -C4H9 87

o- HOC¢H, C,H;s 87
0-CIC¢H, tert-C4Hg quant.
B-pyridyl tert-C4Hg quant.
tert-C4Hg tert-C4Hg 87
Z-NHCH,CH(OH)CH, C,Hs 85
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Acyl-coenzyme A compounds, which, because of their high acetyl group transfer

potential represent carriers of activated acyl groups in biological systems, are prepared
from the corresponding carboxylic acid, CDI, and coenzyme A.[4-6H177}182L183]

"
R=C=S=Coenzyme A

R |CH; |CH, CgH,; | 3,4-dihydroxy- | oleoyl | linoleoyl | linolenoyl
(CH,"COS-) cinnamoyl

% |82 |40 68 80 70 61 72

Ref| [177]] [182] [1771 | [183] [1771 | 1771 [177]

Further interesting S-acylations have been reported for the synthesis of a cholesteryl
thiolester!!”®) (see also references [184] and [178]) or an azetidinoneacetic acid thiol-

ester!'®* by use of CDI, as well as of a thiolester with the deoxydaunomycinone structure
by use of CDI and Mg(OC,Hjs), 1'%

CH, CH,
H,C
3 CH,

R-C-S

R |u |om |oH |y 1176
% |31]8 |65 |60

O OH
tert -C;Hy(CH;),Si0 § y CH, COSC,H,
5 --OH
CH,y L‘f ~COSC,Hs O‘O‘
N
(0]
CH, O OH
quant. [185] 67% [186]

Thiolesters prepared with coupling agents other than CDI (A, B, and C below) are
listed in Table 3-9.

NN SN N 2R A NR B8 AN
L G o e
A B

C


Administrator
f
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Table 3-9. Thiolesters prepared with the coupling agents A, B, and C.

R'COSR? Coupling agent Yield (%) Ref.
R' R?
C.H, o-pyridyl A 86 (180]
CH, C H; B/CH,SOH 78 [138]
CeH, o-pyridyl B/CH,SO,H 63 [138]
p-NO,CH, C¢H, B/CH,SO,H 54 [138]
CeH; C H, C/CHSOH 75 [138]
CeHs a-pyridyl C/CH,SOH 70 [138]
p-NO,CH, CH, C/CH,SO,H 66 [138]

2) Malonic half thiolesters are prepared in good yields from magnesium mono-
methylmalonate with CDI under C-acylation and subsequent addition of a thiol.['
Benzyl- and allylmalonic half thiolesters are prepared analogously.

Im
1
CO.R! COR L
7 CDI | /Im ,’C 0 R3SH
% ———> HCzC=0 —————> HC Mg
- ImH %) - COo, =g Y2 - ImH
oM G0 Mg, -
o 2 OR
i
— 2
/? 0\ H.0% COSk
HC Mg, ——>
¢=0 COR!
OR!
Yield (%) Yield (%)
CH,0CCH,COSCeH; quant. CH,0C-CHCOS-tert-C;H,  quant.
0o O CH,CeH;
tert-C,H,0CCH,COSC¢H;§ 86 C,H,0C - CHCOSC,H; 76
0 O CH,CH=CH,

3) Selective thioesterification of glyceric acid and lactic acid.l'8”!

COH COlm NHCOCH, COSCHLHCOH COSCHCHCOH
émn%@onw:{nm E&"—)@mn
CH,OR CH,OR CH,0R CH,0H

R = tert -C H,Si(CH,), 31% (based on N-acetyicysteine)
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NHCOCH, NHCOCH, NHCOCH,
COH COIm 1 C COSCH,CHCO,H
CHOR oSy ¢aor HSCH,CHOOH __ CHOR cF ¢HOH
CH, CH, CH, CH,

R = tert -C H,Si(CHy), 42% (based on N-acetylcysteine)

4) Preparation of a thiolester from an azolide activated by benzylation.['*!]

TH-P N o RSH 9
CH,C-N~ N-CH,CH; Br ———— > CH,CSR

R = C¢Hs, 99% (from NMR); 2-naphthyl, 94% (isolated)

5) Selenolesters
In analogy to the formation of thiolesters, some selenolesters have also been

synthesized from carboxylic acid, phenylselenol, and N,N’-carbonyldi-1,2,4-
triazole.[18%)

NA 9 AN
l*rf —C—P{N’l /~N 2
RCOH — nc-r\‘ _l SHSH o pe-sec,
R ‘c,n,l (CH),C| cCHy |c,,u,,|5,a-dimahy1- lm-s-mpu- lcgl,cn,amn-z
azulen4-ylmethyl | decenyl
Yicd(%) [92 [90  [94 |94 o4 88 |89

3.6 Esters of Carbohydrates (Mono- and Disaccharides)

Selective acylations of many carbohydrates have been achieved by the azolide method.
A short review on acylation of carbohydrates is given in reference [188]. Of special
interest is the selectivity of acylation by azolides, as demonstrated by the following
examples.

For reaction of methyl 6-bromo-6-deoxy-a-D-glucopyranoside with benzoylimidazole
the yield of the 2,3-dibenzoyl product is 75%, further benzoylation at C-4 occurs only to
the extent of 15%:!1%%)
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4 Br Br
AN > ey
HO=, o) CICHCH,CL, reflux, 24 h 0 5

OCH, C=0 /~ OCH,

Similarly, methyl 6-deoxy-a-D-glucopyranoside yields predominantly 2,3-benzoyla-
tion (59%), whereas 2,4- and 3,4-dibenzoylations were observed only in minor yield (13
and 12%, respectively).

The selective benzoylation of methyl a-D-glucopyranoside gives as major pro-
duct the 2,3,6-tribenzoyl derivative (71% yield), whereas the 2,6-dibenzoyl-, the 2,4,6-
tribenzoyl- and the completely benzoylated 2,3,4,6-tetrabenzoyl compounds are minor
products (13, 3 and 11% yield, respectively).

§[190]

Q
OH 0-C-CH;,
HO (o) C6H5C01m > HO (0]
HO% CH,ONa, reflux, 32h . CeH, —CO—&%
OCH, cZo OCH;

Selective acetylation of the methylester of N-acetyl-f-D-neuraminic acid methyl-
glycoside produces, roughly in a one to one ratio and in 74% yield, the two acetylation
products shown:[!*!]

o

L]
OH 0—CCH, 0-CCH,
HO HO HO
HO HO HO
CH,0,C O LHCOm __ cH0,c0 . CHOCO
HO 74% HO )
CH,0 NHCOCH, CH,0 NHCOCH, CH,0 /¥ Nucon,

COCH,

4,6-Benzylidene-D-hexopyranoside and benzyl-3,6-dideoxy-f-D-xylohexopyranoside
are beglgz;;ylated with N-benzoylimidazole yielding the product ratios indicated in Table
3-10.

The product ratio obtained with N-benzoylimidazole has been compared with those
obtained through the reaction with triethylamine/benzoyl chloride and also pyridine/
benzoyl chloride. With triethylamine/benzoyl chloride the yields and selectivities are in
most cases higher, but those with pyridine/benzoy! chloride are usually lower than with
N-benzoylimidazole:
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benzyl-3,6-dideoxy-f-D-xylohexopyranoside

0 C¢HCOCl1/
CeHsC—Im (C,Hs)N
4-ester (40%) 2-ester (35%)
( also diester ( also diester
and a little 2-ester) and a little 4-ester)

Thus the reactions of N-benzoylimidazole and benzoylchloride/triethylamine with
benzyl-3,6-dideoxy-fS-D-xylohexopyranoside are supplementary to each other.['%Z]

Table 3—-10. Various benzoates of carbohydrates.

Starting carbohydrate Yield of benzoates (%)
Methyl 4,6-O-benzylidene -X-pyranoside  2-benzoate  3-benzoate 2,3-dibenzoate
X = o-p-gluco 44 33 11

B- p-gluco 26 42 9

o- b-allo 46 18 15

a-D -altro 53 2 22

O- D -manno 53 23

Acylation of B-D-glucose with azolides yields preferentially esterification in the 1-
position of which for example, with R = CgHs 60% and with R =C;;H3s 71% yield are
obtained. Azolides of sterically crowded acids [R = (C¢Hs),CH or (CH;);C] give poorer
yields (~28%).l!%]

NA (n?
, ~OH A OH
HOM/OH > HO%O-C-R
HO HO n
3 HO ! HO o

1-O-Stearoyl-p-D-glucopyranose is prepared analogously with 1-stearoylimidazole
or 1-stearoyltetrazole, and 1-O-diphenylacetyl-8-D-glucopyranose with 1-diphenylacetyl-
imidazole. The azolide method for synthesis of 1-O-acyl-B-D-glucopyranoses is both
convenient and of potential general applicability, as well as being regio- and stereo-
selective.!!?] 37

The reaction of crocetin bisazolide has also been achieved with unprotected (!) f-D-
glucose in excellent yields (67% from the imidazolide; 70% from the 1,2,4-triazolide).
Esterification takes place exclusively at the anomeric C-atom, and produces only the
B-anomer. The higher acidity of the anomeric hydroxyl group compared with the other
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hydroxyl groups of the carbohydrate was claimed to be responsible for this selectivity.
The high degree of regioselectivity and stereoselectivity by this method is note-
worthy.[194

CH, CH, CDIor N,N’-carbonyldi- R CH, CH, 1)
HO\AMNWOH (1,2 4-ditriazole) > M/WYWKR
CH, CH, DMF o CH, CH,
Crocetin R = imidazolyl, 92%; 1,2,4-triazolyl, 90%
OH
HO

pyridine , NaH (cat.)
room temp. ,4 h

Ho%&/ CH, CH, o -

HO O AARAIIIARAA o

HO O CH, CHoNO= Y\ oH
HO

Analogously prepared are the f-D-glucosyl ester of 8’-apo-f-carotene-8’-oic acid (as
imidazolide and triazolide, obtained in 81 and 66% yield, respectively) and vitamin A
acid (as triazolide, obtained in 87% yield):[*!

(o) 0
HO H o) 1] CH, CH, H;,CCH, o )
HO O=C AN AN A 80% from the imidazolide;
HO

CH, CH, 84% from the triazolide
H,C
OH (o) IOI CH3 CH3 H3C CH3
Hl.?o 0-C A NS
HO 76% from the imidazolide; 92% from the triazolide
H,C

The esterification can also be carried out as a one-pot reaction without isolation of the
azolide; for example, an 80% yield of crocetin bis(f-D-glucosyl ester) was obtained via
the triazolide.!'**! Reactions of 8’-apo-f-carotene-8’-oic acid with D-galactose or lactose
were claimed to proceed also with a high degree of regioselectivity.!'*¢!

The ratio of the a- to the $-anomeric D-glucosyl ester can be influenced by changing
the reaction conditions. In DMF the a-anomer of the crocetin bis(D-glucosyl ester) was
formed in about 70% yield.['9) Esterification of D-glucose with the imidazolides of
benzoic acid or stearic acid in pyridine furnished a mixture of the a- and f-anomers of the

C(1) glucosyl ester.[!%¢]
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The acetylation of methyl-a-D-glucopyranoside with N-acetylimidazole (DMF, room
temp., 48 h) affords no significant selectivity, and leads to partial substitution at all four
hydroxyl groups (2-OAc : 3-OAc : 4-OAc: 6-OAc =35:15:20:35).['7]

Acetylation of 4,6:4’,6’-di-O-benzylidene-a,a-trehalose with N-acetylimidazole
(CHC1;/DMF, 18 h, room temp.) yields 50% diacetylation at R! and R?, 32% mono-
acetylation at R', as well as acetylation in all three positions R', R?, and R? (altogether
about 10%):!%¥!

C6H5_V HO OH
0= o CeH,
TR O)m)g;—

CH,COIm CHCl,;, DMF

room temp., 18 h

CeHs—~ R0 OH
(0] 4"C6H5
OMO m o

R'=R*=CH;,CO,R’=H 50%
R'=CH,CO,R*=R’=H 32%
R'=R?=R’=CH,CO 10%

Improved selective acylation of 4,6:4’,6’-di-O-benzylidene-a,a-trehalose was
achieved in acetone by the following method, in which a gentle liberation of N-acyl-
imidazole occurs on the conversion of benzotriazolyl-N-oxytris(dimethylamino)phos-
phonium hexafluorophosphate with the carboxylic acid in the presence of triethylamine
and addition of imidazole:!'*”)

C,H, CO,H N ImH
—L 32 5 _—> C .H.COIm
N(C,Hs), N'N ~s—— (isily

1 @
O=P[N(CH,),];[PF¢}

If the acylation is carried out in CH;CN, DMF, or HMPA, 2,2’-diester is formed
along with the trehalose 2-ester.
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A selective 6-acetylation of the following diglucoside in 71% yield by N-acetyl-
imidazole has been reported:12°"!

n
¢-OH CH,COIm OCCH;
HgMO-(CHQsCOzCHa HgMo—(CHg,co,cng
NH N
COCH, COCH,

R = tetra-O-acetyl-B- D -galactopyranosyl

Further acylations/selective acylations of carbohydrates are compiled in Table 3—11.
The acylations are carried out either by using imidazolides prepared in situ from the
carboxylic acid and CDI (method A), or by using the isolated carboxylic acid imidazo-
lides (method B).

By the azolide method a great number of carbohydrates has been acylated of which
only a few examples can be mentioned here. Reactions have been reported with an
oleandrose,'?°!! x-p-mannopyranoside,’?°?! a-D-glucopyranosides,!!89+203H207) g, g1y
copyranosides,’?°®! B-D-galactopyranosides,?*°*219 3 4 6-dideoxy-a-D-xylohexopyr-
anoside,?!!! a 2-acetamino-2-deoxy-B-D-glucopyranoside,*!? an o-D-
altropyranoside,?'® a 2,6-dideoxy-a-D-lyxohexopyranoside,?'*] a B-D-galactopyrano-
side,”'”) an a-D-galactofuranoside,’*'8) a myoinositol,*!”! an a-D-mannopyranosyl gly-
ceride,’*'®] a rhamnal,®'®! o,a-trehaloses,'??®1??2] and a (B-D-galactopyranosyl)-2-
acetamino-2-deoxy-f-D-glucopyranoside.[?**!

Table 3-11. Acylated carbohydrates.

Carbohydrate Acylated carbohydrate Method Yield Ref.
RR'R’R’=H
RO ?
™ R' =R*=CH,CO A (2 equiv. CDI, 40 201
0™ og! R'=CH,;CO,R’=H CH,Cl,) 53 1201
oleandrose
Rl
CH, 1 2 3 .
R . R'=R*=CHCO, R’ =H B (2.2 equiv. CDI, 43 202]
R0 R'=R*=R’=CH,CO CICH,CH,CI) 22
OCH,
B
RQ o R'=R’=CH,CO,R’=H| BQdequiv.CDI, 75 189
R’0 20 R'=R?’=R’=CH,CO CICH,CH,Cl) 15 [189)
OCH,
OR CH,0
RO 9 ’ 0
RO RO R= CH,0 C A (ImNa, DMF) 90 [203)
OCH,

CH,0
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Table 3-11. (continued)

Carbohydrate Acylated carbohydrate Method Yield Ref.
Y Y y
RR'R2R}*=H (%)
OR* CH;0
R 3 _— . 3 Q A equiv.CDV
RO N R'=R*=R*=H,R‘= CH,0 C . 63 [204]
OCH, ImNa, dioxane)
; CH,0
CH,CH,0 OR
M R =CH,CO B (CICH,CH,Cl) 78 [224)
HO OCH,
N,
OR
HOM, R =CH,CO B (CH,Cl,) 88 [212)
CH,CO, 0—(CH,);CO,CH,
NH
COCH,
C,,H,_V 1 2
! 0 R'=C, H,,CO,R*=H 83
O°r0 N R'=H R'=C,Hyco [ BCHCL 6 (205]
OCH,
CH
6 5_2@3\ R=C¢H,;CO B (CHCl,) 78 [206]
HO—_—"T% 61 207)
OCH,
cH, o
o
o R = CH,CO B (CHCl,) 89-93 [209]
RO
OH
OCH,CH;
CHs o R'=C(H,CO,R*=H 30
0°Ro OCH, R'=H, R*= CgH,CO B (CHCl,) 45 [208)
R'O R'=R?=C¢H,CO 6
C°H5—V o
0 R = CgH,CO B (CHCl,) 48 [213)
HO OCH,
C"H’—\B 0 R' = H, R? = CH,CO B 40 1210]
R'O 5 R'=C4H,CO,R*=H 12
OCH,CH,
CHyy OR’ i 2
0 R'=H, R® = C(H,CO 81
CH OCH,C, ; s
3 0 H 1CeHs R'=R®=CH,CO } B (CHCly) 3 [215]

(continued)
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Table 3-11. (continued)

Carbohydrate Acylated carbohydrate =~ Method Yield Ref.
RR!,R’R=H (%)
CH3>( OR’ 1 2
o R'=H, R* = CH,CO 81
CH OCH,C s
3" "o D CHs R'= R = CH,CO } B (CHCly) 3 [215)
o o4
0
R=C¢H,CO B (CsF, DMF) 65 217
0 see also [225]
OH
0
B2 o R =CH,CO B (CHCl,) 56 1216]
0-XCH I ’
HCOH CH,
CH,OR
AcOCH,
0Ad R = CO(CH,);CO-B-anthryl A (CH,Cl,) 31 [218]
OAc O_C-:Hz
HCOR
CH,0COC,,H,s
CH
Sl o R =CH,CO B (CHCl,) 75 [220]
%% ho
RO
0
2
AcO . OR
HO =
ACO% Q o_ca, R=CH,CO B (CHCl) 76 (223

Remarks to Table 3—11: In ref. [203] the reaction time with base as catalyst was 3 h,
without base 15 h. In ref. [204] the order of reactivity for the secondary OH groups in a-
methyl-D-glucopyranoside was found to be 2-OH > 3-OH > 4-OH. The primary OH
group (6-OH) was more reactive than the secondary one. The selective acylation is
thought to be due to the formation of intramolecular hydrogen bonds. In ref. [206] the
azolide method, in contrast to other benzoylation procedures, revealed a high degree of
discrimination between the hydroxyl groups at C-2 and C-3, leading to exclusive for-
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mation of the 2-benzoate. In ref. [209] the reaction with benzoyl chloride/pyridine was
reported to give a mixture of 3-benzoate as the main product, with 2-benzoate,
dibenzoate, and starting material. If in ref. [217] benzoy! chloride or benzoic anhydride is
used for the benzoylation, a significant amount of the other isomeric monobenzoate is
formed as well.

3.7 Carboxylic and Carbonic Esters of Polysaccharides

Ester formation from polysaccharides can be achieved in several ways: First by acylation
of the OH groups with carboxylic or sulfonic acid azolides, second by converting the OH
groups with imidazole carboxylates into carbonates, and third by reaction of an acid
“leash” on the polysaccharide with an alcohol by means of CDI or analogous azolides.
The acid leash might, for example, be a succinate attached to the polysaccharide.

Starch esters have been obtained by reactions of starch and carboxylic or sulfonic acid
imidazolides in aqueous NaOH or nonaqueous solutions, as described in reference [226].
The esterification of dextran with butyric or palmitic acid using CDI in DMSO or
formamide is discussed in reference [174].

Carbonates of B-cyclodextrin are prepared with imidazole carboxylates:

Yields of carbonates are good (~ 80%, degree of substitution 4.2-5.7) with the

ImCO,-alkyl i > i -
O,-alkyl + B-cyclodextrin pyridine, 6080 °C, B-cyclodextrin-OCO,-alkyl + ImH

30min44,5h

exception of the methoxycarbonyl derivative (~ 50%). It was not possible in this case to
obtain complete substitution of the hydroxy groups of the f-cyclodextrin even by using a
large excess of the alkoxy-carbonylating agent.[*>”]

The esterification of dextrantrisuccinate is illustrated by the following example.!??®!

Q |
CH,0C(CH,),CO,H
0 CDI CO.CH,

- (o] O—++ + CH,;0H W 61-1-,02(OgCHzmz)n(OgCHZCHZCOZH)_;_n
(.:= o 9 80% X
(CHy),
con CH:

L H Jdy

The required imidazolide in this reaction could also be prepared from imidazole and
dicyclohexylcarbodiimide. The latter method was used for preparation of the fairly stable
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benzotriazolides (97%), which are soluble in chloroform and therefore easier to deal with
than the imidazolides in DMSO. ’

3.8 Syntheses of Carbonic Esters (Carbonates)

The reaction of CDI with a single mole of alcohol yields imidazole-N-carboxyl-
ates,?2H2311 which by reaction with a second mole of alcohol lead to carbonic esters.
With bifunctional alcohols CDI yields polycarbonic esters.[''(23%]

3.8.1 Acyclic Carbonic Esters N

CDI reacts with alcohols and phenols via the imidazole-N-carboxylates to give the
diesters of carbonic acid (carbonates).

— i
CDI ImCO,R ————— > RO-CO-OR

By adding one equivalent of alcohol to CDI at room temperature with or without base
it is possible to isolate the imidazole-N-carboxylate, which then reacts with a second
mole of ROH to yield the carbonate. As in the case of alcoholysis of imidazolides, the
reaction can be accelerated so effectively with catalytic amounts of NaOC,Hs or ImNa
that it takes place in most cases exothermically, even at room temperature. However, tert-
butyl alcohol, even when in excess, affords with CDI and base catalysis at room tem-
perature only the imidazole-N-tert-butylcarboxylate, obviously for steric reasons. At
higher temperature the carbonic ester is formed. Mixed carbonates such as ethyl benzyl
carbonate or ethyl fert-butyl carbonate can be prepared with two different alcohols added
sequentially.[°}229]

(C,H;0),CO (tert-C Hy0),CO
A C,H,OH A
reflux, reflux, tert-C,H,OH / Na
CH,OH| 1h, 1h, 65 °C, 6 h, 43%
70%
C,H,0H tert-C,H,0OH / Na
I < cDI > tert-
mC0,CHs < o temp. — 50 °C, 71% room temp., 2, 47% . \mCOxtert-C/H,
C4HsCH,0H / Na| 41% .—50°
sHCH,0H / Na| 41 CH,CH,0H / Na| OO 6P 2 50°C  CH,OH /Na | 58%
L 79%
\ v
P C,H,OH
C,H:0CO,CH,CH, < 40_50205' r ImCO,CH,CH; C,H,0C0,-tert-C,H,
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Imidazole-N-carboxylates can also be prepared from imidazole and chloro-
formate.[2%]

The solvents used for preparing carbonates from alcohols and CDI are THEF,
DMF, benzene, toluene, chloroform, 2-butanone, and pyridine. It is also possible to
carry out the reaction without solvent. A collection of acyclic carbonates is given in
Table 3—12.

Table 3-12. Acyclic carbonates.

Yield (%) Ref.

CH
CHzNYV 2 33 [233)
OCO,CH,-p-CH,0CH,
CH, 7Y CH 50 233
OCO,CH,C¢H;-2,4-(OCH,), [233]
H CH,; C.H
CH, Y 2 Gafh 76 [234]

0C02 -CH- C3H7

=C O—CHZ—[;) 72 [235]

CO,C;H /,

0—CH,

0=P—0~CH,—C—CH,0C0,C,H, 25 [236]
\ pd
0—CH,
ROCO,— O uanine

R = CH, 72 [237]
OCO,R O— 34 [237]
C.H, 30 [237)
CH,(CH,), 54 [237]
ROCO,— thymidine R = CH, 46 [238]
U R =c-CH,, 79 [238]

Further examples referred to unsymmetrical carbonic esters of interest are treated
below.
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An interesting synthesis of a nucleoside carbonic ester was conducted in excellent
yield by reaction with 1-methyl-3-[2-(p-nitrophenyl)ethoxycarbonyl]-imidazolium
chloride (for an analogous introduction of the npeoc-protecting group, see also Section
3.10.1);**! as mentioned in Section 3.1.8, methylation of the imidazole unit increases
significantly the reaction rate.

HNR! HNR!

:I R Q @ b'fI S

n AN
NT N p-NO,CH(CH,0C-N""N-CH, N7 N
CH,0Tr0— _0 \=/ ¢° _ cHomo— _o
CH,Cl,, room temp., 9 h T

OR? OH OR? OR!
89%

R'=p-NO,CH,(CH,),0C
R%= CH;CO(CH,),C0,(CH,),;

In a one-to-one ratio the reaction of CDI with (CHj3)3Si(CH,),OH gave the corre-
sponding imidazole carboxylate (97% yield), which was used in a selective protection of
verrucarol, the parent compound of mycotoxines, as follows: 124"

o)
h ° (CHYSICHY,0CHm b °
5° > F9 o
\ DBU, benzene . )j\
Ho’ CH, OH HO® CH, O “O(CH,),Si(CHy),

verrucarol 54%

In a reaction of CDI with 2’-0,3’-N-bis(benzyloxycarbonyl)-N-desmethyl-6-O-
methylerythromycin A the corresponding imidazolecarboxylate (K,COs;, THF, 36%
yield) was formed, which yielded in a further reaction with C¢HsCH,OH the 4’-benzyl-
oxycarbonic ester of this erythromycin A analogue in 40% yield.?4!!

3.8.2 Cyclic Carbonic Esters

Cyclic carbonic esters can be readily obtained from 1,2-diols and CDIL[242H2%4] Apart
from the observed high yields, the procedure is so straightforward that it undoubtedly
constitutes the method of choice for compounds of this type. The procedure offers the
advantages of mildness, simplicity, and absence of by-products other than imidazole,
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which is water soluble and easily removable from the desired product.[**>] It also pro-
vides high yields in cases where no cyclic carbonic esters could be obtained with ethyl
chloroformate even under vigorous conditions.'**>! Cyclic carbonates are widely used as
protecting agents for vicinal hydroxyl groups, especially in the field of carbohydrate
chemistry. They are base labile, but relatively stable under acidic conditions.**®! The
reaction occurs most readily with cis-1,2-diols whereas, for example, trans-ace-
naphthenediol provided a cyclic carbonic ester only in low yield.[**"]

Preferred formation of the cis-carbonic ester is demonstrated by the following
example:[?*®!

H,C_CH,
X
11
CgHCH,0CH, —CH -CH~CH~CH~COCH,
i o1 HC. CH,
OH OH » X
11
BCy (s CeH,CH,0CH, ~ CH - CH~CH~CH~COCH,
o" o OH cDI o 6
C¢H,CH,0CH, — CH - CH~ CH -CH-COCH, 56% o
OH

The best procedure for obtaining a cyclic carbonic ester requires that CDI (4
equiv.) be added gradually over a period of ca. eight hours during refluxing of the
reaction mixture. However, it was found in the case of cis-cyclohexane diol that if
the diol and CDI are dissolved together in benzene and the solution heated under
reflux, the bis(imidazole-N-carboxylate) is obtained instead of the cyclic carbonic
ester.[24%)

A cyclic carbonate was utilized as a protecting group for the cis-diol system in
butane-1,2,4-triol:

on CDI > OH
HO/Y\/ CH,Cl,, room temp., 30 min 0’\:/\/
OH o°

79%

The five-membered 1,2-cyclic carbonate was isolated as the only product
(regio-selective protection of the vicinal diol system).?**) Analogous formation
of a cyclic carbonate containing a secondary hydroxy group is described in reference
[256].

Further examples of cyclic carbonates are collected in Table 3—13.
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Table 3—-13. Cyclic carbonic esters obtained by the reaction of 1,2-diols with CDI.

Product Yield  Ref.  Product Yield  Ref.
%) %)
C‘H5 0 .-0
t >=o 64 [242) O =0 9% [245)
o -0
) )
O_‘_[ o 85 [243) >0 % (247)
o ~0
o Sn(C,Hy),
>xo0 97  [243)
L, Oy
o Q >=0 95  [249]
O:[ *0 84  [243) 0
o
o
Q ,o)= CH,0Si(CgHy),-tert-C H,
o 20 [245) 74 [254)
ol¥ e
0
L (7R
X o 76 [246) o/\
CH _J C(H,CH Nes 80 245
i Ho—{ "\,Z‘QLOW*': (243]
CH, ) &
R CeH
N s
 oN 0 Q
e » s N 0 e
4-FCH, CH,Cl,-24 H,COCO \,0
CO,CH, 0 °
ity 95  [244) "i‘\ﬁ
oY 0" ~cocH, o™NN R=(CHycOB 252
o)" o R/ 0 R=H 81 [253)
N
H R=CHS00 60 [253)
0_.0
LGl Y
CH,0 by, b o
o o<
R=COCH, 92  [245) CH,):‘;(O 80  [251)
0
CH. CONH
0o 68  [25a) > OH ’
(CHy,SICECH)—& CECSi(CHy),
(CH,),SiC=C C=CSi(CH,),
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Cyclic carbonic esters were also prepared, for example, from the cardiac glycoside
proscillaridine!?>”! (where besides CDI the benzyloxycarbonylimidazole was successfully
used), ingenol,?*®) the macrolide antibiotic tylosine,*>®! and an erythromycin A deri-
vative.[26]

3.8.3 Polycarbonates

With bifunctional alcohols CDI yields polycarbonates.””) Syntheses of polycarbonates
based on the CDI-method in a solid/liquid phase-transfer catalyzed reaction are described
in references [261}{263].

CH CH CH CH

r2 1%  CDI/NaorK Pa oo
HOC(CH,), COH - ImCOC(CH,), CO-CIm

! ! excellent yield "o toon

CH, CH, O CH; CH,0

K.CO,
[18]crown-6 p -HOCH,C¢H,CH,0H

CH, CH,
COC (CH,),CO~COCH,CH,CH,
O CH, CH,0

MW 7000 - 50 000

Analogously prepared:

COCH;,C¢H,CH,0COCHCH, CHO
0 O CH, CH,
n

The synthesis of copolycarbonates from 2,5-dimethyl-2,5-hexanediol and bis(hy-
droxymethyl)benzene was also achieved by this method.!?64

If in the synthesis of carbonic esters with CDI one alcohol component is replaced by a
hydroperoxide, peroxycarbonates are formed.[%>) More details on this reaction are given
in Section 3.11.
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4 Syntheses of Amides and Analogous
Compounds with CO-NR Functions

4.1 Amides and Imides

4.1.1 Amides from Imidazolides and Amines
Amides are conveniently prepared by the azolide method, usually in two steps: first by
reaction of the free carboxylic acid at room temperature with CDI in a 1:1 molar ratio
under elimination of CO, the carboxylic acid imidazolide is formed; after CO, evolution
has ceased an equimolar amount of amine is then added."!

RCO,H + ImCOIm —> RCOIm + ImH + CO,

RCOIm + HNR'R® > RCONR'R’ + ImH

The reaction is complete after one to two hours at room temperature. Amides are
usually obtained in very good yields. A wide range of solvents can be used, including
tetrahydrofuran, chloroform, acetonitrile, dimethylformamide, and benzene.’?! The
reaction can also be carried out in the melt. Examples have been collected in the fol-
lowing pages. In some cases the intermediate imidazolides were isolated, but the reac-
tions are preferably carried out as “one-pot reactions”.

Instead of CDI, analogues like N,N’-thiocarbonyldiimidazole (ImCSIm), N,N’-sulfi-
nyldiimidazole (ImSOIm), or N,N’-oxalyldiimidazole (ImCOCOIm) have been used for
forming the azolides.

For the aminolysis of N-acylimidazoles in dry tetrahydrofuran a bimolecular reaction
is suggested. The rate constant for conversion of N-acetylimidazole with an ammonia-
saturated solution in tetrahydrofuran at 25°C was found to be 0.01min~!, with
712 =693 min.P?)

The reaction with N-acetyltriazole is about a hundred times faster; for example the
rate constant of its reaction with dry ammonia saturated in tetrahydrofuran is
k=0.95 min~!, with 1, /2~0.73d:0.015min.[3] (For other reactions with triazolides see
Section 4.1.2.)
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1.) Amides prepared from carboxylic acids and ammonia using CDI. Yields refer to
reaction of the azolides with ammonia.

Examples:
o__0O
fgjcozvy,
CONH, N
SCH, SCH; CONH, COCH; (CH,),N'°BH,LONH,
73% [4] 75% [4] quant. [5] 32% [6]
HO,
NN CONH
2 CH]O Z N Y N
THPO THPO C,H;
CH,
69% (7] 90% (8]
Q CONH, CONH,
Cl N@/COZCH:, ‘~¢CH2
N= CH,
61% [9] 95% [10]

2.) Amides prepared from carboxylic acids and primary amines using CDI.
Examples:

HCONH-Q
HCONH—QNOZ a
2

HCONHCH,CH,C¢H, HCONHC (H;
81% [11] 67% [11] 70% [11) 84% [11]
HcozlifI
N(CH,)
HCONH 32 NH,

2

H 7\ ¢
OO HCON N~ ~CONH|(CH,),~C.®
]
N(CH,), CH, Cle NH,

82% [11] 55% [12] 70% [13)
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HCO
CONEH (m_‘::e HCON (A _CONH (cx-r,),—c'e
a® N"z
7% [(13) S1% [14]

CH,CONHCgH; CF,CONHCgH, cr,com-Q-No, cp,coNH—O—co,H
83% [3] 83% [15]

84% [15] 78% [15]
CON
=D
CC1,CONH CeHy NH Tos OCH,0CH,
cn,ocn,o Tos
83% [15) 0% [15]
70% [16}
CeHCH,CONH
-0
CHs 2=0 i ]
0o O™N
E 0 Csz CH;— SYS CH; (CH,),Si0
vcog " /\—:
o CH,-0 (CH,),Si0 OCH,
GHs;—-0 90% [17]
84%  [16a] (after desilylation)
o H,C CH,

HSckaH \1
A
4Sop0 N“0

s ™ »vm
S ? @558 10

(o]
“% (18] 84% [19] 78% [20]
NO, 3
0O<-cH,
| NCHCONH CH, B |
° ? CH,/W CONH-iso-CH,

21% [21] 52% [22)
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HCCH, CH,

OONH(C!%OQ Q\/\/\N\‘”Nﬂmm
cn,

29% [23) 89% [24)

CONHCH, CONH CH(CO,CHy),
cx-x,coun-@—ccomc,u, O,N ( §
]
N cl-lg N” N,

CH,CH,
quant. [25] 86% [26] 9%6% [2T]
CONH CH,CHy H,C{ H
?,‘j CONH-c-CJH, CJH,CONHCH,
N 85% [2] (see also [30])
N% [28)
"‘ O-eomencly)
CH, CONHCH,
N'-g;ethyl-b-dihydtolysetgicacid OCH, C'isz
amidae
85% [29] 7% [31]
S
I
CONH(CH),N(CHy), N
CONH(
a% 2 (CH),N(C;Hy),
2% [33]

{ Hen,
N
Q—cozvn(cuz)zcsﬂ.-p -CO,CH, @f}cozm (CH,CO,C;Hs

a CH,
51% [34] 70% [35]
CHO
CONH (CHp),CO,C;H;
H
2% [35]

In the condensation of methacrylic acid and N-dansylethylenediamine to give the
corresponding methacrylamide in 19% yield (part of the monomer polymerized during
the purification process), the methacryloylimidazole prepared from the acid with CDI
proved to be more efficient than methacryloyl chloride:™®!
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CH,
CH,=C—CONH(CH,),NHSO, Q

Q N(CHy),

The following amides prepared from 4-(3-nitro-1-pyrazolyl)butanoic acid, CDI, and
primary amines represent partial structures of the histamine H,-receptor antagonists
roxatidine, cimetidine, ranitidine, and famotidine:*”!

O,N ’%
L =(CH,);-CONHR R= G \/CL 04
N %o
O(CH,);~

\ s~ (CH2)2_
90%
L P ch,
(CH,),N o o (CH,),—
T
HNA s~
’ _k 76%

Other amides with very complicated structures, including the following amides of the
alkaloid vinblastoic acid, could also be synthesized with CDL:®!

R Yield (%)
H 50

iso-C;H, 35
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3.) Amides prepared from carboxylic acids and primary amines using azolides obtained
from acid chloride/imidazole® or ketene/imidazole systems.”
Examples:
HCONHC H, (C¢Hs),CHCONH CH,
93% [39] * quant. [40] ©

4.) Amides prepared from carboxylic acids and primary amines using N,N’-oxalyldii-
midazole (InCOCOIm).

Examples:
CONH CgH
HCONHC,H, C¢H;CONHCH;  tert-C,HCONH-c-CH,, c-C4H, CONH C¢H;
84% [41] 59% [42] 83% [42) 3% [42]
91% [42)

[\
CH;CONHCH;  p-CH,CoH,CONH C¢H, p-NO,CH,CONH CH o~ CONHCH;
91% [42] 81% [42] 9%6% [42] 64% [42]

N
[ 8 §!
OCH,CONHC(,H, QCONH-c-QH,. '

o NZ CONHCH,

72% [42) 84% [42) 90% [42]

5.) Amides prepared from carboxylic acids and primary amines using N,N’-sulfinyldii-
midazole (ImSOIm) or phenoxyphosphoryldiimidazole (Im,P(O)(OCsHs)*.

Examples:

CH3
N‘

CH,(CH,),CONH O p-CH,COCH,CONH \
CONH CHCH=C(CH,),
CN

® ® L

79% [43] 81% [43] 80% [44)

C¢H;CH=CHCONH C H;
76% [45]*
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6.) Amides prepared from carboxylic acids and secondary amines using CDI.

Examples:
HCON (C,Hy), HCON (CHy)CH;  CCILON (CHy), CCLCON (CH;)CH;
% (1] 64% [11] 2% [15] 87% [15]
H CH3
HCONCH, /_\
THP-OCH,CHCN  C,H;CON ——CH,CH, CH,CON c,n,cn,cn,cowa
LY coCH;
84% [46) quant. [47)* 57% (mixture) [48] 2% [48a)
tert-CHy CH, GeHs
tert -C;H;COCH, CHCH CON, tert-C;H,COCH, CHCHCON (CH,), ~ tert -C,H;COCH,CHCHCON,
CH; CH; CH3
80% [49] 65% [49] quant. [49]
CH,CO,C(CH,),CON(C,Hy), HiC CH, CONCH;(CH,);NHCOCF,
40% [50] 2% [51) CHy 599, [51a)
H,C
HC L _coN o
H,C —/ CON
Q. Q
HCO’ -0
65% [52] 9%0% [24]
CH,
CH,
CH, COCHCHCHCON, \
cH, CH, (CH,),NCHZ—O-CON NCH,C¢Hs
82% [53] 43% (54]
Q
CH,-C
S a
(.:N /~\ Q /7 \ ] \
(CH,),N CH=CCON  NCgH, CON. NCH; N _ »CON
83% [55) 75% [56] 90% [57]
CaHy
Im CN 0= PSCH ™ 7~CO,-rert-C H,

96% [58] 9%0% [118]*



136 4 Syntheses of Amides and Analogous Compounds with CO-NR Functions

BCsy CON(C Hy) H,C
3 \
0 Hy 7 uN CON(CIH,),
SSOIe
CON NCH3
0 én3
2% [59
1 N’—methyl-Ddihydrolysergic D-lysergic acid amide

acid amide 81% [29]
9% [29] mixture of lysergic and

isolysergic acid amides
* Further examples are given in the references cited.

In the preparation of the oxocarboxylic acid imidazolides in ref. [49] and [53], as well
as in their aminolysis, the stereochemical integrity was maintained.

Because of the easy conversion of N-acylaziridines*’! into oxazolines, this method is
also useful for protecting carboxylic acids; furthermore, it is a means for resolving chiral
carboxylic acids.

The last step of the total synthesns of natural (4)-duocarmycin SA, a potent antitumor
antibiotic, was accomplished by forming the amide bond with CDI in 74% yleld.[6°]

CH,0
CH3O: j :

OCH,

7.) Amides prepared from secondary amines and acylchloride/imidazole,®! carboxylic
acid/oxalyldiimidazole,*! carboxylic acid/sulfinyldiimidazole!®!! or isolated imidazo-
lide 16?1

CH
ON y CH,),N(C
e C> HCONCH; HSCOO'CH CHCON(CH),N(CH,),

CH,
83% [39] 2% [41] 30% [61]

98% [41]

C;H, CONCH,
(CHz)J

86% [62]
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8.) Amides prepared from carboxylic acids and amines containing other reactive groups

(OH, CO,H) by using CDL

Examples:

C\sH;, CONH (CH,),CO,H

C,Hy(CH,CH=CH),(CH,); CONH (CH,);CO,H

78% [68] 61% [69]
H.C CH, CH CH H,C CH, CH CH
< ’ ’ ® CONH (CH,);OH d\)\;\)\a‘
NN NVWRNIRII
CH, cn, CONH (CH,),0H
65% [63] 66% [63]
CH,OH
H (CHy,cHO,c ~ GHOH
iso-CHy C=CO~N / 0 CHOH
Br H" - o OH
CH-C=CSi(CHy),
OH FCH,CONH
56% [64] 79% [65]
C¢H;CONH
H,Co H Y
CONH CHCH,0H | N & |
GH, N’LO SN
How CONH (CH,),0H
N a b 98% [67]
CH, H>D
N'-methyl-p-dihydrolysergic acid CH,0 OCH,
amide 94% [29] 9% [66]
CONHCH,CO,H CHw N CO,NH,
= 3 CONH
H,C CH, :!}/ |
H,C N CH, OCH, HO
o CH,

40% [70]

85% [71]
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9.) Amides prepared from OH- or NH-containing carboxylic acids and amines by using
CDIL

Examples:
NH, OCH,
CHCONH _s
O x
o N CH, HN CONH
COH c
92% [72) 4% (73]
(C¢Hs);CNHCH, CONH
1
O oy
H,NCOCONH (CH,);0 R’ (
% [74) N—N=(CH,),N(C,Hs),
R'=H,R*=0H 73% [74a)
R'=R’=H 77% [74a]
R'=OH,R’=H 81% [74a)
cl
CH,0CO. CO,C,H; CH,0,C CONHCH,
Y ) s
CH, N 0" CONH, CH,” “N” "CH,
H
87% [75) 0% [76)

CO,C;H;
NH; (CH,),NH -@—cozvn J§H ci ]C[CONH(CHz)z -N
N

I
H,NJ\N

CO,C,H; HN OCH,
31% [717) 2% (78]
o a H
N\ CONH.
a ﬁcozvn(cu,), -N O N 2
N H,N OCH, s-N
H CONH (CH,),N(CH;), 0,
87% [79] 58% [80] 50% [81]
HO
N-CONH (CH,),CO,C,H, CONH CH(CO,C,H;),
N N CON,
[} )
H H CH,0
88% (35 88% (35 85% (82]
/\
9@ M  con o s _oH
OH ™ HO(CH,)CH(CH), N
\O CONH CH(CH,)C{H,
O OH NZ “CONHCH,
56% (83]

46% (84] 90% (85]
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In addition to the amides described in ref. [72], further examples prepared by means
of CDI from amino compounds of the cephalosporin or penicillin type, and various
heterocyclic carboxylic acids, are reported in ref. [86] and [87] and ref. [88] and [89],
respectively.

Sterically Crowded Amides

Condensation of 4-pyridazinecarboxylic acid with fert-butylamine and CDI opens the
way to the corresponding sterically hindered N-tert-butylcarboxamide:!?®!

1.CDI

N7 COH ) 1. CHNH, _ N? CONH-tert-CH,
Na 38% ~ Na

Still more crowded amides were prepared with N-methyl-2,6-xylidine as the amino
component'?®* or with 2,4,6-trimethoxyaniline:?**]

1.CDI
2. CH;HN CH
CH CHy )~
C,H,0,CCH,CO,H i—> (,H,0,CCH,CON
CH,
CH,
CH,NH CH,
——34—2> CH,NH-COCH,CON
CH,
40% overall yield
1.CDI
N 2. 2,4:§—Mmcmoxy-
CioHys—N Y—CH(CeHs)COH —2iite-
N=N OCH3
N
CizHps—N" y—CH(C4Hs5) CONH OCH;
N=N
OCH;

For the preparation of sterically crowded amides amino magnesium salts have been
recommended for the reaction with imidazolides in order to increase the nucleophilicity
of the amine moiety. Amino magnesium salts are prepared from the appropriate amines
and ethyl magnesium bromide in tetrahydrofuran:©*®!

CDI 'R?
RCOH 25 Rpeom XRNMEBr o ¢ conr'R?
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The following are further examples of amides prepared from carboxylic acids/CDI and
primary amines activated by magnesium salts (additional examples are reported in ref. [90]):

H.C §ONH-tert-C,H, H.C CONH-tert-CH,

1-adamantyl- CONH-tert-C;Hy
N .
H 96% 90% 88%

(C¢Hs),CHCONH-tert-CHy  tert-C,H,CONH -1-adamantyl
82% 92%

This method also provides the amide from the reaction of diethylamine with the A'-4-
aza-Sa-androsten-3-keto-17-carboxylic acid in 92% yield.[*”!

Sterically hindered amines like 2,6-dimethylaniline can be formylated with N-for-
mylimidazole in excellent yield starting from formic acid and N,N’ -oxalyldiimidazole:"!!

CH,
NH, CH,
ImCOCOIm + HCO0H —> ImCHO —CH, 5 NHCHO
CH,
93%

4.1.2 Syntheses of Amides with Other Azolides

1. Pyrazolides with various substituents are sufficiently reactive to yield amides in very
good yields:

a) R? CH, Cl ql
= C(H,NH,
-C- a > -C-
l]::,N c cnp—@— bemone. 50 °C.2h C¢H;NH-C-CH,0 a
R o o
R' R’ Yield (%) Ref.
CH, H 74 91}
CH, NO, 87 [91)
CH H 94 [91]

CHO H 89 91]
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b) s
CH, Q )-NH,
N )
—>

—
< N"COCHCN —— - 2~ NHCOCH,CN
H3C N lojuene, reriux N
91% [92]
©  CH, CH,

= CH,NH

N —COCH(CH,)COCH 32 CH

N 3 L — sNHCOCH(CH,)COCHj
hexane 84% . [92a]

i-CiH,

2. Examples of amide syntheses based on the more reactive triazolides are presented
below:

a) An efficient synthesis of N-protected ribonucleosides like cytidine or adenosine was
performed by use of 1-phenoxyacetyl-1,2,4-triazole under additional application of the

transient protection of the sugar OH-groups by silylation.!*!

NH, ) o NHCOCH,OCH,
A 1. (CHjy); SiCl/pyridine
N I N N I
=\
OJ\N 2. NrNN-COCHzOC(,HS OJ\N
HO= -0 3. NH,OH HO= O
>
OH OH CH,CN OH OH
88%
b) R Yield (%) [42)
/=N CH,NH
RCO-N_ _| _cﬁﬂuiaL) RCONHCH, CeHj3 88
3 tert-CiHy 80
from RCO,H and c-CH,, 67
oxalydi(1,2,4-triazole) Ce¢Hs 83

¢) In the synthesis of 8-methylcercosporamide, an amidation was achieved using
N,N’-carbonyldi-1,2,4-triazole and NHj, the tert-butyldimethylsilyl group predominantly
is split off in this reaction.!®¥
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tert-C,HySi(CH;),

NA ~

s N'N -CO- N\N o+

DMF

ter-C4HySi(CH;),

d) Formylation of amines is feasible in a one-pot reaction via N'-formyltriazole,
prepared from formic acid, oxalyldichloride and 1,2,4-triazole (overall yield 82%).1°%!
However, the combination of imidazole/triethylamine instead of the triazole gave a
higher yield (95%).

1. CICOCOCI N
2.1.24-triazgle (2 C,H,NH
HCOH o NV\N-CHO —3C—HLC|22—> HCONHC H;

¢) N'-Formylbenzotriazole was demonstrated in a series of reactions to be a con-
venient N-formylating agent.!®!

N 1p2
@E N —':,—-:F—’ﬂ—» HCONR'R? R! R.__ Yield (%)
N C.H, CH, 78
CHO CHCH, H 84
CH; H 5
2-thiszolyl H 78

As for the reaction with alcohols N'-trifluoroacetylbenzotriazole is conveniently used

for trifluoroacetylation of primary or secondary alkyl or aryl amines to give excellent

yields of trifluorozcetamides:**?!
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N in2
Sy DRR > CF,CONR'R? R R Yield (%)
N / THF, room temp. or cn, H 100
Socw (C;HY),0, reflux, 3-6 h (: a”)’c‘n’m’ H 95
’ 4NOCH, H %
CeHs CH; 8

f) 2-Aminoethanol, derivatives thereof, other aminoalcohols or aminophenols are
selectively acylated at the nitrogen with N'-benzoyl- or trifluoroacetyl-benzo-
triazole®®1°% and N'-acetylpyridinotriazole.®”!

(o]

CH,~C-N" N

€S H,N(CH,),0H

THF, room temp., 2 h

> C,H,CONH(CHj),0H

84%
"
HO NH, HO HN-C-CH,
CH,CH—-CHCO,CH, CH,CH-CHCO,CH,

4>
NN yd 76%
o
N O NH, OH

NHCOCH;

93%

g) In the amide synthesis by means of a N'-methylsulfonylbenzotriazole as con-
densing agent a mixed anhydride is presumably formed as the intermediate acylating
agent.[%®

N
_OCH, /CI N _OCH,
) HN__ _s s p WK
N-skcozu . ? ]:( SOCH, 1;;-§H( r(s
H,N"( N CH, 90% - HzN’ks o o N CH,

S o
CO,R C1 COR CI
R =(CsHy),CH

3. A wide array of aliphatic and aromatic amines has been converted to amides in very
high yields by the particularly reactive fetrazolides. The reaction temperature was
10 °C to 20 °C. Higher temperatures (refluxing THF) should be avoided because of
instability of the tetrazolide, which in this case was prepared from benzoyl chloride
and phenyltetrazole in 68% yield.[**+!%
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=N, =N,
E#N-COQH, and/or JN;N'N-COCGH, %Nié{éﬁ'ﬁp—) RNHCOCH,
C 6H5 CGHS

R Yield (%) Ref.
CeH, 99 [99]
p-NOCH, 34 [100]
2-C,oH, 67 (100]
CH, 99 [99]

4.1.3 Amides of Amino Acids

Amides of Amino Acids Involving the Carboxyl Group

Examples are given in Table 41 for the synthesis of amides of N-protected amino acids
by means of imidazolides and triazolides (where Z and Boc represent the protecting
groups benzyloxycarbonyl and tert-butoxycarbonyl):

TABLE 4-1. Amides of N-protected amino acids.

Amide Coupling agent Yield (%) Ref.
84 101
VA NHCH2CONH—‘;\/Sj col Lot}
CH,CH,
. CDI 72 101
Z-NHCHCONH— S Lot}
CONH,
CH, N
zZ -NHéHCONH N,N CDI 51 [101a]
H
Z-NHCH,CONHCH,- p-CO,C,H; CDI 95 [102]*
Boc=NH(CH,); N(CH,),CONH-c-CiH,;,  CDI 87 [103]
zZ
CH,CeH
Z-Leu -COI:I—CHCOZ- tert_C,H, CDI 26 [104]
CH,C(CH,),CO,H
THs Q
Z-NHCHCONHCH;, Irn—I:— Im 92 [45]
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Table 4-1. (Continued)

Amide Coupling agent Yield (%) Ref.

z-NH(gzgchcggs}l-c-c6H,l H’C—?:\/N— so—N\:N—CH’ 72 (105]
20

Z-Gly ~NHCH, F:N—&—N/P\:'q 85 (106]

Z-Gly -NH-c-CH,, I’ ‘N— —N’\:N B 81 [106]

* Further examples are described in the references cited

15N-labelling of amino acids was achieved via the amino acid imidazolides:!'®”}
1.CDI

2. B5NH,C1
Boc - Asp—OCH,CH W Boc—[4-'"N]Asn—OCH,CH,
81%

The same method was used to prepare Boc-[5-*°N]GIn-OCH,CgHjs in 54% yield!'®”}
and Boc-NHCH,CO'*NH, in 77% yield.[!%%]
The reaction of an amino acid imidazolide with a diamino compound could be

directed so that a mono amide was obtained in good yield,!'*®! as shown by the following
example:

CH,NH,
CH,CH(CH,), CH,NH, CH,CH(CHj),
Boc- COIm —————X 3> Boc-NH-CH-
oc - NHCH CHCL, 4% oc ~NH-CH-CONHCH;

CH,NH,
Another method for the synthesis of amino-acid amides entails the conversion

of N-(1-benzotriazolylcarbonyl) amino acids with amines in anhydrous or aqueous
systems: (110]

1
N R
@E N R'NH, >  H,NCHCONHR?
N R N

) ) - N -
0=C-NHCHCOH @:NN CO;

H
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R' R’ Yield of
amide (%)
CeH, C¢H,CH, 78
CHCH, CH,S(CH,),CH— 63
CH,OH
CH, c-CHy, 93

The reaction mechanism was not discussed by the authors.

Amides of Amino Acids Involving the Amino Group
(N-Acylamino Acids)

Examples of amides of this type synthesized via azolides are presented in Table 4-2.

Table 4-2. N-Acylamino acid esters.

Amide Coupling Yield Ref.
agent (%)
CF,CONHCH,CO,C,H; CpI 51 (151
CH;CONH
p-CH;CeH,SO,0CH,CHCO,CH, CH,COCVImH 40 [111]
cH,
Boc~NH(CH,);N(CH,),CONH CHCONHC;H, CDI 7 {103]
Boc
GH,CHs
CH,CONH -C~CONH -CHCON(CHy), cDl 87 m
CH,
CH,
¢, OH
C,H; -CH(CH,),CONH '(E}H —CONH-CH-CO,CH, CDI 71 [112)
(CH,), "NH—Z
GH,CeHs
O-—CH,CONH -CHCO,C,H, ImSOIm 70 [113]*
2 see also [114]
tert-C,H, CH,CH(CH;),
O~—CH,CONH -CHCONH =CHCO,C,H; Cpi quant.  [114]*
2

N Gl p-OH
C‘g{" ~CH-COCH, cpI >40  [115]
3

I
’

OH OH
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Table 4-2. (Continued)

147

Amide Coupling Yield Ref.
agent (%)
GH; G¢H;CH(CHy),
CH-CONH-CHCO,C;H,
m ImSOlm 8s (116)
H,CO
CONHCH,COH
H,C: CH.
I-i,C I:J CH,S CDI 40 [70)
0'
? NH=Boc
NAconm,
N CDI 83 [117]
CONH '?HC01CH,
H,
HN N
GH,CeHsy
HC_  CHs CHs CONH-CHCO,C,H;
2 S l s CDI 85 [118]*
[6) N CH™ N CO,-tert-C,Hy
H H
=CH, ¢H: (GH,)NHC(CeHy),
H,C (CH,),CONH -CHCO,CH,
ImCSIm 53 [119)
HCA (CH,),CONH -CHCO,CH,
CH, CH, (CH,),NHC(C¢Hs),
( Hz)4‘C0NH¢HC02CH3 CDI 57 [120]
N, CH,C¢H,-p-OH
N
Cl N
Cl

* Amides derived from other amino acids are described in the references cited
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In the following examples, acylations of amino acids were accomplished with the
more reactive N-acylimidazolium compounds in aqueous systems:!!*!

®
O\ N
R'cocl + N” N-CH, — > R!CON” N-CH, a®

RZ

[ R2
R'corsl\_/j:/gB o, ¢ HNTCHTCOM o oiconmcHCOH
R' Amino acid R’ Yield of

amide (%) *

C.Hys glycine H quant.
CeH; glycine H 85
CeH; serine CH,0H 35
CH, leucine CH,CH(CH,), 88

* Additional examples are described in the references.

N-Trifluoroacetylations of amino acid esters by a pyrazolide are described in refer-
ence [121].

R
H,C __N ! R
H,NCHCO,CH -
\‘N-COCF3 HLNCHCOCH; o, CF,CONHCHCO,CH,
CH,

R Yield (%)
H 67
CH, 54

CH,CH(CH,)), 65

4.1.4 Amides by Reaction with Polymer-Supported Azolides

Azolides can also be used in amide syntheses with very good results when incorporated
into copolymers. For example, reactions with 1-acyl-4-vinylimidazole/divinylbenzene

(96 : 4) copolymer in solvents like 1,4-dioxane or acetonitrile provide amides in good
yields within 1-4 h:{'?2!

Table 4-3. Amides from 1-acyl-4-vinyl imidazole/divinylbenzene

copolymer.
Acyl group at the polymer _ Amine Yield (%)
acetyl HOCH,CH,NH, 86
acetyl c-CH;\NH, 97
acetyl piperidine 71
propionyl C¢H;CH,NH, 98
benzoyl C¢H,CH,NH, 84

benzoyl piperidine 92
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It is interesting that one observes exclusive N-acylation of ethanolamine even when
the molar ratio of polymer-bound acylimidazole to amine is 1:2.

Other acylations using the copolymer 1-acyl-4-vinylimidazole/divinylbenzene/
styrene (48 :4:48) in solvents like 1,4-dioxane, benzene, diethylether, or acetone pro-
duce within reaction times of three hours the amide yields listed in Table 4-4.1'2%

TableE 44. Amides from 1-acyl-4-vinylimidazole/divinylbenzene/
styrene copolymer.

Acyl group in the polymer _Amine Yield (%)
acetyl CsHsCH,NH, 92
acetyl C¢HsNH, 97
acetyl tert-C,H,NH, 63
propionyl C¢H,CH,NH, 98
benzoyl C¢H,CH,NH, 84
benzoyl c-C¢H;;NH, 45
benzoyl piperidine 67

4.1.5 Amides via Oximinoimidazolides

Oximinoimidazolides can be obtained from oximes and CDI with retention of stereo-
chemistry; heating in octane or nonane under anhydrous conditions leads to their con-
version to imidazolylimidates:!'?*!

1 1 _n2
HON C/R CDI Ng\N g' O-N C/R —A—+ Ng\N C//N )
= —— -C=-0-N= -
\Rz = ImH l\/ N\_, octane or |§/ \R'
nonane

R' R’ Yield (%)
CH;, CHs, 77
GHs CgH; 95

Hydrolysis then provides the amides in good to excellent yields (R'=CHs,
R%=CgHs, quant.; R! =R? =CgHs, quant.; R', R> = (CH,)s, 55%).

A modification of this method, related to the Beckmann rearrangement, entails
treatment of a ketoxime with one equivalent of CDI, then four to five equivalents of a
reactive halide such as allyl bromide or methyl iodide (R*X) under reflux in acetonitrile
for 0.5-1.5 h. Quaternization of the imidazole ring effectively promotes the reaction by
increasing the electron-withdrawing effect. The target amides then are obtained by
hydrolysis. High yields, neutral conditions, and a very simple procedure make this
modification of the synthesis of amides by azolides a very useful alternative.!'**
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R! 0o R
7 =\ 3
HON=C_ o) SN L/N-E—o-n-c' RX S
2 N2
R R
3 @ 1
e R \N‘-‘\ W /R
X L N-C-0-N=C ——> R!C-NHR
\R2
R' R’ R°X Yield (%)
CH, p-CH,CgH, CH,=CHCH,Br 93
CH, CH, CH,=CHCH,Br 80
CH,CH, CH,CH, CH,=CHCH,Br 93
CeHs CH, CH,=CHCH,Br 80
CeHsCH, CH(CH, CH,=CHCH,Br 93
—(CHp)s— CH,=CHCH,Br 93
C,H, CeH, CH,I 98

4.1.6 Diamides of Dicarboxylic Acids

The following diimidazolides, prepared from the dicarboxylic acid, are quantitatively
converted with amines into the corresponding diamides: 23]

CcH,NH
120 °C, 15 min

I
moc-O— 1 s c A C&,HNOC—O—CONHQHS

Diamides can also be prepared in a one-pot reaction using CDI or ImCSIm, dicar-
boxylic acids, and amines: :126]

ImOC(CH,),COIm C¢HsHNOC(CH,),CONHC H;

Q Do |diimidazolide] i Q
HOC (CH),COH H,NOC (CH,),CONH,

From the cis-compound, the cis-diamide was obtained exclusively (80% yield);
analogously, the trans-compound is obtained from the corresponding trans starting
material.

The bisbenzotriazolides of terephthalic acid or isophthalic acid react with 2-amino-
ethanol to give bisamides selectively in high yield:!¢!

H,N(CH,),OH

o
LN u N, S
B ¢ E S DMF, room temp,, 25~ TO(CHz),NHCO CONH(CH,),0H

99%
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The carboxylic groups of hemin are successfully converted into a bisamide by means
of ImCSIm without affecting other functional groups of the hemin!!?” (see also Table
4-2 in Section 4.1.3):

HC=CH, CH,
H,C S M)-CH=CH, | o CH=CH,
2. CH,0,C(CH)NH, _
70% -
H,C™Y 2 4 CH, \ CH,
(CHy), (CHY, (CHp, (CHy),
COH COH CH,0,C(CH,)HNOC CONH(CH,),CO,CH,

A further example of bisazolidization is the formation of a diamide from a succinic
half-ester of poly(ethylene glycol) (MW ~ 2000) via a bisimidazolide (A) or a bisben-
zotriazolide (B):1'%®!

ImH or

0 0 o o o o
[1] n i
HO,C(CH,),C(OCH,CH,),0C(CH,),COH —g%————e "g"(’:m“’"lk XC (CH,);C(OCH,CH),0C(CH,), CX
] 3
0 NH
s
o N('C')CH gocucu o(é?cngn o
(CH),C (OCH,CH,),0C(CH,),C-N_ X= N N- or NP ON-

4.1.7 Lactams

Macrocyclic lactams making use of the double reaction of bisimidazolides — in this case,
prepared from the corresponding dicarboxylic acids by in-situ reaction with
CsHsPOIm, — were obtained in acceptable yield considering the unfavorable ring sizes
of the products:!!?*!
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Oty vy 2O
1 SC~CHy~X~CH,-CZ
+
0—(CH,-0-CH,),~0
i
60°C,25h
X n Yield (%)
o o o 1 a1
SC-CH,-X-CH,-C” o 2 14
NH HN s 1 18
@[ O s 2 16
0-(CH,-0-CH,),~0 NCH, 1 10

A similar reaction of a bispyrazolide to a macrocyclic dilactam was also success-
ful:1130]

H!C = N‘ (“) (“) .N a{3 I]zN CE]QCHZN}IQ HN- (CH;CH,),,— NH
\L(N-C(CH‘OCH”’C—NJ benzene, 60% > O=L )= o
CH, CH, Lo\j

4.1.8 Imides

Dicarboxylic acids were converted in a “one-pot procedure” with CDI (boiling THF,
15 min) into the bisimidazolides, and then by subsequent treatment with aliphatic, aro-

matic, or heteroaromatic primary amines into imides (piperazine-2,6-diones) in excellent
< 1de-[131]
yields:

/—OOIm 2
- RNH, - -

CetisCH, N\_omm a Ty Cd,CH,~N  N-R
(o]

R Yield (%)

phenyl 88

4-methoxyphenyl 98

4-nitrophenyl 94

2,6-dimethylphenyl 79
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For the reaction with sterically highly demanding amines the higher boiling solvent
dioxane is used in order to obtain good yields. With ethylenediamine as amine compo-
nent, an ethylenedipiperazine derivative is obtained from (benzylimino)diacetic acid in
good yield.!3!

The following examples illustrate the intramolecular cyclization of suitably sub-
stituted systems by the intermediate formation of azolides:

0 OocH 0 OCH,
Ce; CH,~N #—@ D5 cHm,-N N—O
THF, refux
con —

o
83% [131]
o
CO,NH, NH
mxv}m o1 CJ"\;«&
N > N o
6% 9]
/\
cH, 9 NH;(CHp),-N  N-CgH,-0-OCH,
; o /
A 2%
N0
CH, H

o
CDI | THF, A, 83% ~ M
I g, NHCONH(CH),-N  N-CJHiro-0CH,
o [132]
CH,
o
IQ, Imconncs,

o v

2% [133]

This type of conversion of a cyclic anhydride into an imide was also applied in the
following double reaction to give a bisimide in surprisingly good yield:!!**!
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: } ‘; + coni{ Va4 Y-reconm
NQ-N(CH,),

90°C

B G oo HE

84%

4.1.9 Some Special Azolide Reactions Related to Amides

Acylsulfamoyl Compounds

The reaction of imidazolides of carboxylic acids with sulfamoyl compounds affords the
corresponding acylsulfamoyl derivatives.

Boc-NH
CH, NfN
1 ( ’L
Bocfun-cn—coxuso,ocna N-~N""Q ECH,),OONHSO,CJL-p-m,
os—zxo C :N: "CHO
K . 1, cn, 31% [135])
amw:l':gyue 86% [134] Leukotriene D, antagonist

Primary Amines from Carboxylic Acids

The carboxylic acid group is converted by CDI and sodium azide into an acid azide,
which via a Curtius rearrangement gives the corresponding amine.!!>%]

HN)KFCO’H 1. NaN, **N*r““’

(100°C,15h)
6 LDl imidagolide - N E’)
3. CH,COH
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Secondary and Tertiary Amines via Amides

Tertiary amines have been prepared in good yield by a repetitive generation of imida-
zolides and subsequent reduction with borane/dimethylsulfide,!'>¢! as the following
examples show:

- D% TG, > ROCHCONHCH, —elC)S o

ROCH,COH  —  C.BNH,, 20°C, 201

1 wkl 1
ROCH)NHCH, SO o pocupNcH, —2lCH)S o pocuyNCH,

Cl
N
z v i N
R-Cl—< :>—,Rl- EI@ gj/.[%
l N N N N
CH,
LiAlH, has also been applied as reducing agent of the resulting amide group.!'>”)
1.CDI

2. HN N (39%)
—/

O S oY
3. LiAlH4 (16%) —> ©j/\/\

(0] (6]

\/

Amides from Heterocyclic Amino Compounds

Heterocyclic amino compounds including, for instance, 2-aminothiazoles or 2-amino-

benzothiazoles, which contain a nitrogen in the ring capable of forming tautomeric

structures, yielded the corresponding amides, although in general in lower than usual
iald-[138]

yield:

CH,

W N
C,H,0CCH,COIm + H,N—¢ ] % CzHSOCCHzCONH—<’ j
S

CH,

Other heterocyclic amines used for the synthesis of amides include, among others,
4-amino-1,2,3-trimethylpyrazolone (27%) and 6-aminoindazole (15%).
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The yields of malondiamides starting from various malonamic acids are, however,
higher:[!%8]

(C;H5);NCOCH,COIm + RNH, —————3> (C;H,),NCOCH,CONHR

OCH,
HC N N N
R= [ 3, 52%; S ,38%; @ > 1%
s S H,CO s

For similar cases of tautomeric heterocyclic amines, fairly good yields have been
reported:!! 011152

cacon LB —— )
’j CGHSCONH
90% [101]
H,C
1. CDI
RCOH ———————> - C
ol T 8
HN" °N 53% [52] (o]

TR
HC-0

Some heterocyclic amides, in principle similar to those described above, were shown
to cyclize in a Michael type reaction to give anellated pyridones in excellent yield:“”l

- CHeCHs N,G'z‘-‘«“s - CHCells
C0,C,H, HCE@EI@I *G{ R(B=GCOJ'UCDI > C0.CH;
E,{j THF, refiux Eﬁ ‘o, THErAm END_R

R=H, 98%; CH,, 89%; C¢H,, 9%

Amides by Reaction with Acylimidazolium Salts

While with N-acetylimidazole (A) only primary amines are generally converted to amides
in high yields, and secondary amines are formed in moderate or low yields, both primary
and secondary amines can be acetylated in high yield using 1-acetyl- 3-benzy11rmdazo-
lium bromide (B) at room temperature: [140)
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CH,--N"N-cH CHs Br° + RR'NH —> CH,CONR'R?
} —/ 9 CHCl,, 30 min 3
Amine Acylating agent Yield (%)
(n‘C5H11)2NH A 5
(n-CsH,),NH B 94
piperidine B 93
C¢H;CH,NHCH, B 91
CH,
NH, B 80
CH,

A similar principle of increasing the reactivity of imidazolides was used for the
acylation of cyclohexyl amine and amino acids in an aqueous system:(1%%]

9 ®
RCOCI + NP N-cH, DBehedA o g C-NOn-ch, a® SN peonncH,,
\—/ \—/ H,0
Rco%ods R Method _ Yield (%)
® A CH, A 95
CH,-N N-sO-N"> N CH, CHs A 95
S CH,; A quant,
N-
(from SOCL, + N CH, ) CH. B 20
Dicarboxylic acids are analogously converted to diamides:!'%*!
® o o @
N 1 S A
2 NON-cn, SOEXO S oy, —NN-C-X-C-N"N-cH,
\=/ \=/ \=/
c-CgH NH, 2.9
c-C¢H,; NHC - X-CNH-c-C¢H,, X = -CH,-CH,- 80%
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Amides by Ring Cleavage of a Furan Compound

A special case of amide formation was observed in the reaction of a furan-2-carboxylic
acid with two moles of CDI and subsequent conversion with amines. In this reaction,
besides formation of the imidazolide, addition of imidazole also takes places.!!4!]

R R COIm
2/ § e S Z § ImH Z/ i&
o cn,cu,,zh > o ImH >
R R COm
\ 0
Z Clﬂm: o } cim | ——> _ J ‘cum
OH Im-C-O - CO, Im
83%
CH,0
ImCH-C C=CHim R=
S mo-t-peam pnee

93%

Analogous products are obtained if 2-furylmethylamine, di-n-propylamine, or N-(1,5-
dimethyl)hexylamine are used instead of NH;, with yields of 67, 88 and 84%, respec-
tively.

4.2 Acylation of Diamino and Triamino Compounds by
Azolides

4.2.1 Reactions of Azolides with Diamino Compounds
Diamines react with azolides to produce diamides in cases where the nucleophilicity, the

steric situation, etc. for the two amino groups are similar. If this is not the case, azolides
may react selectively to give monoamides, as the examples below illustrate.
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Examples of monoamides from diamino compounds using CDI:

a @-m-(cmaﬂ

Fe

O CO-N~—(CH),NH a N
a @
0% [142) 4% [143]
H - CH(CHy),
CH,0 g\ y
- N N-N
C-Ny n AR
No H H N\ gA~C-NS N
Cell; H
U% [144] 2% [145)
CH,

Si(CH,)
CH,0 OCH(CH,),
’N- Ww m
NN
oH g a N
19% [145] X=(CHy),,#=234 50-60% [146]

An example of the aminoacylation of a 5-aminotriazole with a pyrazolide is presented
in reference [147]:
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Treatment of 3-amino-1,2,4-triazole with 1-acyl-1,2.4-triazole containing acetyl,
benzoyl, or ethoxycarbonyl groups leads to an acylation of the ring nitrogen (method A),
whereas with 1-acyl-1,2,4-triazoles containing electron-withdrawing groups in the acyl
function acylation at the exocylic amino group is achieved (method B):[148]

R Yield (%)
HN_N © - o

A T N-¢-r cH, 93

Nav CeHs 93

94

P[: l\i-OOR + Y NH
~/ Na/
H R Yield (%)

B RCONT‘NNH A o5
Nw/ CHF, 88
(CF),CF, 91

A sequence of imidazolide reactions was used in the following synthesis:['*’!

HO,CCH,NCH,CO,C,H;
e a e Ry
- NH, RCOH _ o _ NHCOR _H;C,0,CCH,NCH,CO,C;Hy
CHy~"N ~_NH, coLesx > BN _ _Ng, coL15% .

CH,—NN NHCOR NO,
N\ NHCOCH,;NCH,C0,C;H, A
€y, R- N~ CONH
B,C,0,CCH,NCH,C0,C,H, & N
CH,

Eventually, the nitro group in the product was catalytically reduced (Pd/C, H,) to an
amino group, which was acetylated with acetic acid and CDI in 54% overall yield.
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4.2.2 Reactions of Azolides with Triamino Compounds

Syntheses of Triamides:">"
R
[]
¢=0
CH,),NH, NH
(i o  Cun 9
9% RCNH(CB,),N (CH,),;NHCR
R
2 o C=0 o
R-C-Im NN o) ficsuta

CH,NHCH, ¢=

O T

CH,NHCH, CH,NHCH, »O

70% -
s OH

{j}_ c=0 c=0

R i i

R R

Selective Acylations to Diamides:
CHCOH + HNCHNHCH)NE, -~ —> CH,CONH(CH,),NH(CH,)NHOCCH,
spesmidine 78% [151)
A similar diacylation of spermidine is also described with the imidazolide of
dibromopyrrolcarboxylic acid.[*>'®!

Analogous diamides are prepared by using other carboxylic acids and triamines.['>"]

RCONH(CH,), NH(CH,), NHCOR R »_Yield (%)
CeH, 2 7
CoHL,CH, 2 75
23(CH0GH, 2 T7
23-CHCHO)CH, 2 72
CH.CH, 3 &

The two primary amino groups of spermidine can be selectively acylated by the following

two routes:[512!

NEycEy Ny NE, mx(j—(cmm 5 ml\’j«-(mmnoc
Br
Y
1
* H
"’l?”‘“‘” H;N(CH,);N(CH,)NH-Boc
2. HO,CCH,CO,C,H; 1 Br
L.” !"! COIm
H
B Y 2.3nHCI, CH,0H

Br
0 )
HJN(G!;),N!{(GI,).NBE":S‘B: B\ o>~ C NH(CH,);NH(CH,), NH,
68% H H 0%
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4.3 Synthesis of Polyamides and Polyimides

The azolide method has also been used for the synthesis of polyamides and polyimides.
These can be obtained by several routes: First by condensation of two dihomofunctional
components (dicarboxylic acid diimidazolides and diamines), secondly by condensation
of a heterodifunctional compound (amino carboxylic acid and CDI), or through reaction
on a polymer (for example, polymeric carboxylic acid imidazolides and amines).

Polyamides from Monomers

Examples:
xmoc-Q—coxm l‘;*:f,(g’g‘:;" > {NHCO-Q—CONH(CH,),} [125)
without solvent n

ImOC COlm HN NH, NHCO CONH (152}
e - o]
0 0
G OO - Do

o 0 l
. O:;N -Q'O _ON(}}:O,OONHO-OO-NH (153}

For preparation of dipolar polymers with dielectric properties and nonlinear optical

applications, a piperidino-substituted a-cyanocinnamic acid was polycondensed with
CDI.[SS],[154]

/ \ CDI1 /\
___._6_._%
‘m\__/"Q\Oozﬂ DMF, 90°C, 31 {N\__/N'O\-co}
CN CN "
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Polyimides from Monomers

The following preparation of a polyimide from a diimidazolide and pyromellitic anhy-

dride took advantage of the fact that imidazole is an excellent blocking agent for iso-
cyanates:!'>]

o

Polyamides and Polyimides by Reaction on Polymers

For the preparation of poly(methacrylamide), the poly(methacrylic acid) is converted
with CDI into a polymer imidazolide, which reacts with an amine to give the corre-
spondmg polyamide:!!6}[157]

@] ] w v o=
¢ —> o= Sl > —CB,—C [156]
com | conn_Jn | "

CO-N  N-CH,
—/

In the context of the synthesis of polymer-bound antiphlogistic drugs, a polymeric
carboxylic acid was converted into the polyimidazolide, to which pharmaceutical agents
were attached in the form of their amino esters:!!>”!

T cm @ H
- cn,—, SO O S B P s N
CoH  Coy com  Co,ch

m
Eudragit® L 100
CH, CH, CH, CH,
HNCH)OR cn,-—c cu,—c cn,—c cn,—c

Lo oo

NH

(CH
OR
(') (o] 1]
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Another way to prepare a poly(acrylamide) illustrates the polymerization of the

benzotriazolide of acrylic acid and reaction of the resulting polyazolide with an
[158},[159]
e

amine:
/ .
1. CH,=CH-CO-N N§N _E’l!m_;L-_ﬁ";> ..Ecn’-?ﬂ; % _Ecﬂz_cl:aj; [158]
?lo OONHC.K,
NQ
g
N
H,I 9 i /Ny Ial’
2. CH,=C-C-0CgH,-C-N N\N .ﬂ% _Ecuz._(lza; _% -ECH’—(I:S; [159]
(':.o C=0
0 0
(|3=0 CONHC H,

Further examples of this type are reported in the references cited.

In the context of synthesis and exchange reactions of biodegradable drug-binding
matrices, starch trisuccinic acid was loaded via imidazolides with amines such as n-
butylamine, morpholine, 4-aminobenzoic acid, or 3,4-dihydroxyphenylalanine to prepare
the respective amides in high yields;!**”! an example is presented below.

CB,OCCH),COH | 1, CDI or ImH/ DCCD CH,0C(CH,),CONHC &,
- (o] © (o) 2. CHNH, > o] © o—
room temp., 12 h —  [160]
¢=o @ ¢=0 0
CH), C=0 CHy), C=0
COH (CHy), co (CH,),CONHC H,
L Com | | NHC,H, _
X

With respect to macromolecular drug-carrier approaches, the linear polysaccharide
poly a-1,6-maltotriose (pullulan (7-OH) was combined with l-aminopropan-2-ol via the
succinate ester in the following way:['®!)

,CH, o
®-OH + Q DMSO, Pyridine ®‘0(“:‘GIQCH,-CO,H
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1.CDI

2. CH,CHCH,NH,

OH o OH

> (?)-0C~CH,CH,~CONH-CH, - CH-CH,

(0]
(®-0C-CH,CH,~CoH

A benzotriazolide was also used instead of the imidazolide.

Polyamides can also be prepared by the reaction of polyamines with azolides, as
shown by the following reaction of nucleosil-300 (7 NH,), a spherical silica derivatized
with propyl amine, with lecithin imidazolide:['¢*

O _h nucleosil - 300 (7 . .
0-C—(CHp);—C—Im CHCI, 25°C % nucleosil - lecithin

CH,~0~-P—0-(CH,),—N(CH),
%9

A polyimide film was made by heating a polyamide carboxylic acid at 300 °C
for 30 min with azolides such as N-acetylimidazole, N-trifluoroacetylimidazole, or N-
benzoylimidazole.!'¢*!

4.4 Thioamides

Thioamides can be synthesized by reacting thioazolides with primary or secondary
amines in cyclohexane, THF, or CH,Cl,, or without solvent at 2050 oC 116431165

For example:

s
[}
RN —2oCTCHs o pipen-cs—c,

Thiobenzamides synthesized via the thioazolides N-thiobenzoylimidazole (A), N-thio-
benzoyl-2-methylimidazole (B) and N-thiobenzoylbenzimidazole (C) are listed in Table
4-5.
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Table 4-5. Thiobenzamides from imidazolides.

N S Yield (%)
- 1] 1
I\IN—C—C,H, (A) R'R*NCSC¢H, fromA fromB fromC
R'=R*=H 63 33 7
ACH, s R: = CH,, R’z- H 49 35 31
N i R'=CH, R*=H 7 78 73
N-C-CeH;s
</ ®  ReCHCH, R-H 65 70 -
R'=R?=CH; 49 9 33
R'-R!= —(CHps— 54 48 52
s R'-R!= -(CH),0(CH),- 60 58 69
N N-C-CH; (O R! = CH,, R’ = CH, - 42 -

Thiobenzamides can also be obtained by reaction of N-thiobenzoyl-1,2,4-triazole (D)
or N-thiobenzoylbenzotriazole (E) and amines (in cyclohexane, CHCl;, or acetone as
solvents, at temperatures between 10 and 50 °C),!'%! as indicated in Table 4-6.

Table 4-6. Thiobenzamides from triazolides.

Yield (%)
R'R’NCSCH, fromD fromB

N S R'=R*=H 32 47

© N-C-CH, (@ R'=CH,R*=H 2 0

N/

R!'=CH, R*=H 63 53

R! = o-CH,CH,, R*= H 26 72

R!=R?=CH; 88 44

s R!-R!'= -(CH);~ 56 58

—C- R!'-R!= -(CH),0(CH,),- 60 39

A ® R! = CH,, R* = CH, 43 0

A novel and convenient one-pot synthesis of N-mono-and N,N’-disubstituted thio-
amides mediated by N-trifluoromethylsulfonylbenzotriazole is described in reference
[167].

1.CS,

R! R} R Yield (%)
2. 0:} cH, H CH, )
) CHCH, H CH{(CH), 79

CF.
RMgBr — s 20 RcsNR
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For this reaction the following mechanism is proposed:
§ M
R!-C-S-MgBr ———> R!-C-S$-SO,CF;, —> R!CSNR’R®

cp,so,—r:(N’N R’R’zn

Hydrazono derivatives of a thiocarbonyl-1,2,4-triazole have been converted with

primary amines into the corresponding thioamides:[!%®

N 3 S
1 . 1
R'NH, + r!::/N-C-CIkN-NR, C,H:OH, heating to b.p, 1-2 min> R'HN-C-CH=N-NR,
R! R Yield (%)
H iso-C3H, 89
H CH.CH, 9%
GHCH, CH, 81
CeHly CH, 48

Another way of preparing thioamides is by treating aldonitrones with N,N’-thio-

carbonyldiimidazole (ImCSIm) in refluxing benzene:!' 7%}

T
N‘\N & /~N R R Yield (%)
R 00° |/ N i H i, CH, 7
'CEN‘R‘ > R'C‘N~Rx a-furanyl CH, 68

GeHs CHCH, 170

Similar results are obtained by using N,N’-thiocarbonyldi-1,2,4-triazole instead of
ImCSIm.

Analogously, reaction of the cyclic aldonitrone 3,4-dihydro-2,2,3-trimethyl-2H-pyr-
role-1-oxide with ImCSIm yields 2,2,3-trimethyl-y-butyrothiolactam in 84% yield:!'""!

NA § /N H,C
[ N—C—N__J
ch @/ > H3c S
HC N benzene, room temp., 8 h H,C l}-‘I
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For the reaction mechanism of this way a 1,3-dipolar cycloaddition has been pro-
posed:

R R
l_ (1-\_ Rl R
R‘—N*C\H —_— R'—N’c*-fl SN—c{ + Im-C—Im
0. & %) /s) g® 8 s
Im.; SIm In;.;c\lm

With base (e.g., pyridine) the reaction rate is enhanced. No thioamides could be
obtained starting with ketonitrones. If C-phenyl-N-methylnitrone is treated with thio-
phosgene instead of a thioazolide, only N-methylbenzamide (73%) is formed, but no
thioamide.['7"

In the reaction of benzonitrile oxide (1,3-dipolar addition) with N,N’-thiocarbonyldi-
1,2,4-triazole the cyclic addition product has been isolated in 87% yield:mo]

P
s__0
a N N N X N
_'= rﬁ R ﬁ =N, ]
CHy-C=NoH + [ N-C-N_] — T rl;/ N\:IL

4.5 Hydrazides and Thiohydrazides

Hydrazides of carboxylic acids can be prepared by the imidazolide method in a similar
manner as amides.”) These syntheses are also conveniently carried out as one-pot
reactions (room temperature, 12 h):

RCO,H + ImCOIm —————————3> RCOIm + ImH + CO,
RCOIm + R'NHNR’R?® — > RCONR'NRR®

R R R® R Yield (%)
ypyidyy H H H 80
(CH:),CH H CgH; CH; 83

N,N’-Dibenzoylhydrazine is obtained with an imidazolide/hydrazine ratio of 2: 1. For
preparation of the carbonic acid bishydrazide the ratio CDI : hydrazine was 1:2:
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NH,NH
2 CH;COlm ———2+—23> CH;CONHNHCOCH; 90%

2 NH
cor  2NENH H,NNHCONHNH, 70%

Diimidazolides of dicarboxylic acids react with hydrazines in a 1:1 molar ratio to
form cyclic hydrazides; e.g., the diimidazolide of 2,2-dimethylmalonic acid and phenyl-
hydrazine affords 1-phenyl-4,4-dimethyl-3,5-dioxopyrazolidine in 67% yield:'*!

H,0S
H,C- _.COIm 3 I(
CHNHNH, + 4 ~C~coim o
CeHs

Examples of the synthesis of other hydrazides from carboxylic acids and acyl- or
alkylhydrazines are provided below:75}171]

a a
Cl
CH,0-CO. CO-0-CH, CH,0-CO C0-0-C,H,
AN 1.CDI N-N. CH,
—_—
CH," "N 0" COM = HNNHCCH, CH,™ "N oYY
) ) X
X=0,92%
X=8,83%
b 0
HN-N-C_
CH,NHNH, - / 3
CH,CN; 55% No,” N
CH,CgH
o H (0]
HO,C Im-C” _N-c?
i N oo / A C¢H;CH,NHNH o N
y oy ) gH,CHNHNH, > CH,CH, 3
No,” "N No,” N THF / DMF; 97% No, N
CH,CeHs CH,CH; CH,CH,
CHCH, o
Nl
C¢H,CH,NHNHCO,CH, [ 3
>
THF: 51% 0=¢ No, N
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Thiohydrazides can be prepared from alkyl- and aryl-substituted hydrazines and
various N-thiobenzoylazoles,!'5>! as the following examples illustrate:!165}1166]

R'R*NNH, (A), (B), (©), (D) or (E)

S
"
—> C¢H,CNHNR'R’

S
N‘\ " T 3 - -
(A): g/N—C—C,,H, R R Yield (%), (azolide used)
CH CH; CH, 71 (A), 29 (B), 28 (C),
NA S 30 (D), 39 (E)
(B): |\/N—C—C(,H, CH, GCeHs; 68(A), 56 (B)

CHs CiHs  10(A), 45 (D), 27(E)

N
©): @i >
N

S=C-CgH,
PN
@) N-C-CH,
Ny
(E): N
N

S=C~C,H,

For testing sedative hypnotic drugs of the triazolam type the preparation was
undertaken of 8-chloro-6-(o-chlorophenyl)-4H-s-triazolo[4,3-a][1,4]benzodiazepin-1-

valeric acid methyl ester as an intermediate, with subsequent cyclization and amida-
tion:(12%!

CH,0,C(CH,), LN
NHNH, TN
Nas N‘S 1. NaOH
C 4 2.CDI
Cl =N (51’17{;:0 2CCH)COM/CDL Cl room temp.

A



4.5 Hydrazides and Thiohydrazides 171

COCH,
1-[0-{3»0-12 -CH-NH-C—(CH,), ~_ N,
N

o

N~

TyrOCH. ‘S

room temp.; 57% a =N
Cl

imidazolide
BSA -NH-C— (CH,), N
5Ty

SO

bovine serum
albumin (BSA)

The synthesis of hydrazono derivatives of thiohydrazides is described in reference
[168].

$ S
N 2\ ] R -
|\/N-C-CH= NN(CH,), RHNNH, RHNNH -C-CH:= NN(CH;), g Yl_;zd (%)
p-CH,CH,SSO, 48
C,HNHCS 47
CeH.CO 98

Hydrazides from Polymer-Supported Azolides

As mentioned before for other azolide reactions, acylations can be carried out with
polymer-supported azolides as acylating reagents. For example, acetic acid hydrazide can
be prepared with a polymer of 1-acetyl-4-vinyl-imidazole/divinylbenzene (96:4) and
hydrazine (no diacylation occurs when this method is used):!'??!

(o]
1\ n
H,NNH, * H,0 —Bo > H,N-NH-C-CH,
1,4-dioxane, 3 h 2

Polymeric hydrazides are obtained in quantitative yield by the reaction of hydrazine
with polymer-supported benzotriazolides..'”?! (R may be H or CH;, X preferably
CONH(CH,)s or COCgH,):
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R | [ R ]
-+ CH,—C—1~ ——CH,—C—
X X
beo| MW cmo, |\ L
N NH
Q«“_n - N,

4.6 Monoamides and Monothioamides of Carbonic Acid:
Carbamates and Related Compounds

Carbamates can be synthesized from imidazolides or other azolides according to the
following three routes, which usually give excellent yields. As solvents, THF, CHCl3, and
benzene are generally used. The reaction of imidazole-N-carboxylates with amines works
satisfactorily only by heating (A). Whereas the imidazole-N-carboxamides of secondary
amines react with alkoxides also if the solution is heated (B), imidazole-N-carboxamides
of primary amines react with alcohols even at room temperature (C).!'! Nevertheless the
reaction mixture is usually heated since in the latter case a dissociation occurs forming
the corresponding isocyanate, which reacts rapidly with alcohol to give a carbamate. For
the dissociation of imidazole-N-carboxamides into imidazole and isocyanates see refer-
ences [217],[218] and [173],[174].

o

n
A) RO-C—-Im + R'R™NH
\ O
n
fo) /
"
R'RIN-C—Im + Roe

B)
1 n
C) R'NH—C—Im
)
ROH o Ro-C-NHR!

R'NCO + ImH
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Because of the higher reaction rate, N(3)-alkylimidazolium-N(1)-carboxylates or
thiocarboxylates have often been used for the synthesis of carbamates and thiocarbamates
by the azolide method instead of imidazole-N-carboxylates.

4.6.1 Carbamates by Reaction of Imidazole- or Imidazolium-/N-
carboxylates. Introduction of Amino Protecting Groups

a) Carbamates from imidazole-N-carboxylates

ﬁa:)ine s n A, OSKCHy),tert-C,H,

0 it
CH,O-C-NHCH,CH=CH,  O-C-NHC;H, tert-CH,(CH,)SiO (CH,), ~O~C - NHCH,CH,C
59% [17610177) 2% [178] quant.  [179]
0

1
C-NH(CH,),N(CHy), 7\

Q 2 M
QOD HN N -C-O(CHzCHZO),,-C-N\__/NH

NO, o n= 181, PEG 8000 83% [181]
45, PEG 2000 84% [181]
92% (180] 22, PEG 1000 86% [181]

U o. ODMTr
DMTrO—- _0._thymine 0 Q9 i ?
i / CH,0-C-NH CH,0-C-NYH

n N OAcO
s N N) & [ ¥ o=pP-ocuccy,
r=0 k ; N~ N o_roO
¢ N” N _o_ rOAc
HN .  thymine k ;
LQ OAc OAc 0N 0
OH H,C CH,
87% [182] 90% [183] 88% [183]
DMTr = dimethoxytrityl
0 o
"
CH;0 —PEG—-0-C- NH(CH,),NH, N)‘Q 9
ineri-C-OCH; o
quant.  [184][185] IYN tert -C Hy(CgH;),Si0 N 5
PEG = polyethylene glycol ) ).N o
N CH,0-NH-¢-0 ©
@ 5
/ CH,CeHs
@-O"C'NHCHCOZ-tert-C‘H, 91% [186] 93% [186b]

[186a]

@= polystyrene —CH,0 -O—CH2 -
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b) Carbamates from imidazolium-N-carboxylates

This method is used, for example, for the mild introduction of protecting groups like
benzyloxycarbonyl (Z), tert-butoxycarbonyl (Boc) and p-nitrophenylethoxycarbonyl
(npeoc).

('\NH
" N*o
(CH,=CH CH,),N-C~-0-CH~COCH; HOA o
CH,0 OCH, OH NHCO,(CH,),CH,-p-NO,
90% [187] 75% [187a]
0 Q
p-CH,SC¢H,0C GlyGly CH,S-C-NH
N N\ N
85% [188] ¢ A
tert-CHy(CH,),Si0 _o_ N” "N "NH,
tert-C,H,(CH,),SiO 60% [189]
" 2 C,H,CH,0 g
p-NO,C,H,(CH,),0-C-NH N NH
NN <1 X
¢ J tert-C Hy(CH,),SiO N N*LNH
HO o N N 4 3 o 2
tert-C,H,(CH,),SiO
HO  94% [189a] ert-CiH(CHy), 95% [189]

The water soluble 1-methy1-3-(methylihiophenyloxycarbonyl)imidazolium chloride
is used for introduction of the methylthiophenyloxycarbonyl protecting group at the
amino nitrogen of peptides. Higher yields are achieved with this compound than with the
corresponding chloroformate.

It should be emphasized that benzyloxycarbonylimidazolium salts are effective
agents for the direct mono-N-protection of deoxynucleosides as their benzyloxycarbonyl
derivatives. No over-acylation occurs. However, bis(tert-butyldimethylsilyl)-deoxy-
guanosine failed to react with this reagent.[*"!
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In the reaction of an aminoalcohol with a methyl imidazole-N-carboxylate or tert-
butyl imidazole-N-peroxycarboxylate, selective acylation of the amino function can be
achieved"®! to give the carbamate and peroxycarbamate, respectively, the hydroxy
groups of which can be further acylated:

ImCO,CH, CO:CH, ImCO;-tert-C,Hy COCH; O
THF, 0 °C CH, NCH,CH,0H ‘—% CH; NCH,CH,0CO,-tert-C,H,

45%
CH;NHCH,CH,0H
ImCO;- tert-C CO,-tert-C/H, CO;-tert-C,H,
0°C CH, NCH,CH,OH —2—1-> CH, NCH,CHzogCH,
20%

The reaction below illustrates the synthesis of a hydroxyphenylcarbamate:!'°!!

OCH, 1. K,CO, / acetone OCH, o . CNH
oH 2.CDI > 0-Gtm 2. ZnCl - O(CHY),
0CO,CH,CH=CH, 0CO,CH,CH=CH
OCH,
Q
0-C-N 75%
OH

A cyclic carbamate (see also Chapter 7) is obtained in the reaction of an aminoalcohol
with CDL:!!*]

CDI n=2 70%
—————
CH,NH(CH,), OH (CH,),, >=o 2

CHs

The Boc-protecting group is easily transferred onto amino compounds (for example,
amino acids) with the aid of tert-butoxycarbonylimidazolium compounds.!'*?! As solvent
CH,Cl,, CH;CN, or an aqueous 1 N Na,CO; solution can be employed. The reaction is
rapid (five minutes) at room temperature, in comparison to that with the terz-butox-
ycarbonylimidazole, which requires prolonged heating at 110 °C.['*%]
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o
tert -C.H,O-C-NE/N-C,H, BF, ©
i —_—
or + amino compound CH,CL,, CH,CN o carbamate  [192]
tert-CH,0-C- N\fi/n-cu, cio® I Na,CO,
Amino compound Carbamate Yield (%)
c-C¢H, NH, Boc-NH-c-C¢Hy, 95
Gly-OC,H, Boc -Gly-OC,H, 75
Gly Boc -Gly 80
L-Pro Boc -L-Pro 95
Z-Lys Boc-Z-Lys 75
L-Phe Boc -L-Phe 74
L-Ala Boc -L-Ala 95

Boc = tert - butyloxycarbonyl

A variant of this method for the introduction of amino protecting groups into amino
acids via the alkoxycarbonylimidazolium salts starts from the more reactive carbonyl-
bis(methylimidazolium) salts:[1%%]

[o) (o] (o]
AN A ROH AN 0 R'NH 0
CH,~ -C- - - -C- '-NH-C-
H, N\g/’NC NEN CH;, —>> CH; N\ngC OR aq NaOH, R'—NH—C-OR
room temp.
20l © Cl ©
Yield (%) of alkoxycarbonyl-
R Amino acid, RINHZ amino acids
C,H, glycine ethyl ester - HCI 50
i-C;H, glycine 65
C¢H,CH, L-lysine (e-NH,) 60
CeHsCH, L-histidine (V,-imidazole) quant.
C¢H,CH, L-serine @.-NH,) quant.

Some examples for the introduction of amino protecting groups such as 2-(4-nitro-
phenyl)ethoxycarbonyl (npeoc) or benzyloxycarbonyl (Z) were already given in the
compilation of carbamates produced with imidazolium carboxylates in Section 4.6.1.
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Analogously to these reactions of imidazolium carboxylates, the introduction of
urethane-type amino-protecting groups can be accomplished with the following

mesoionic azolides:!*¥
COzR
"{ Lcoc, R'NH, ROCONHR’
N ‘l( 2. pyndme \/" protected amino compound
o] 3.ROH |0|
. Yield (%
R Yield (%) Boc-L-Trp-OH 9% =
'C”:;l%? 2(7) ’ Boc-L-Glu-OH 82
32 p-CH,0CH,CH,0CO-(D)-Phg-OH 82
p-CHOCHCH, 82 Z-Gly-OH 86
-Ni
f c ; ’:é‘:‘CH’ z: C1,CCH,0C0-(D)-Phg-OH 93
S.
CLCCH, o8 (C¢H,),CHOCONHCH,CH,0H 9%

p-NO,C,H,CH,OCONHCH,CH,SH 81
Phg = phenylglycine

The mesoionic azolides are reported to be relatively stable toward hydrolytic
decomposition, but more reactive against amines than the corresponding imidazo-
lides.!"®¥ N-Protection of the amino compounds (for example by the Boc group) takes
place smoothly at room temperature in about one to five hours and with high yield. The
amino acids are introduced as sodium salts in aqueous acetone.

The benzyloxycarbonyl protecting group for amines is introduced in high yield
using benzyl imidazole-carboxylate with a catalytic amount (5%) of dimethylamino-
pyridine.[!%!

C,H,CH,NH,

n
> NHCH,C,
room temp., 8 h, quant. CeHsCH,0C Lol

0o 0o
] H,N(CH,)NH. n W
Im 2 262 > NH(CH
C¢H,CH,0C emp.. 165 coamt C4H,;CH,0CNH(CH,),NHCOCH,CH,

o

"
HNCH)NHCH)NE, o, ¢ H,CH,0C NH(CH,);NH(CH,) NHCOCH,CH;

room temp., 16 h, 76%

The alkoxycarbonyl protecting groups can also be introduced into amines by
, triazolides (Table 4-7). With N-tert-butoxycarbonyl-1,2,4-triazole the tert-butoxy-
carbonyl protecting group (Boc) is transferred readily onto amino functions of primary
amines, trimethylbenzyl ammonium salts of amino acids, or peptides.['*S) Alternatively,
the Boc group can be transferred with ferz-butylphenylcarbonate in the presence of 1,2,4-
triazole. In this latter approach the triazolide is presumably formed as an inter-
mediate.!!%®!
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Table 4-7. Carbamates synthesized from triazolides.

4 Syntheses of Amides and Analogous Compounds with CO-NR Functions

Azolide R Amine Carbamate Yield (%) Ref.
N tert-C,H, c-CH,NH,  ROCONH-c-CgH,, 88 [19%]
L lfl-cozk tert-CH, Gly-OC,H, ROCONHCH,CO,C,H, 82 (196]
tert-C,H, Phe ROCONHCHCOH 84 [196]
‘' CH,CeHs
CH, C,Hy;NH, ROCONHC, ¢Hs, 85 [197]
GE} C¢H,CH, C,H,NH, ROCONHC,H, 90 (197
\ C4H,CH, NaO,SCH,NH, ROCONHCH,SO,Na 50 [197a)
COR CgH, c-CH,NH,  ROCONH-c-CH,, 95 (1971
CH, H,N(CH,);NH, ROCONH(CH,),NHCO,C;H, 76 (197]
p-NO,C4Hy(CH,), Cytidine N4-npeoc-cytidine 90 [197v)
Br CH,
H,C CH, c-CH,NH,  ROCONH-c-C(H,, 83 (198]
N=
N tert-CH, CH,CH;NH, = ROCONHCH,CH, 80 7
QI}: C4H,CH, Ser ROCONHCHCO,CH, 92 [97)
\ CH,0H
CO,R
tert-C;H, CH,CH,NH,  ROCONHCH,C¢H, 82 97
C(H,CH, CH,CH,NH,  ROCONHCH,CH, quant.  [97]

xy

Analogously, bisbenzotriazole-N-carboxylates react with amines to give biscarba-

mates.[1*7H1%8] For example:

Ny N
L O X
N S I N

N

|
CO,CH,

IO

[}
CH,0CO

&
N
N

RHNOCOCH,

R Yield (%)

CH, 96
iso-CH, 76

CH,OCONHR

With tetrazole-N-thiocarboxylate the amino group of an OH-protected deoxy-
adenosine is converted into a thiocarbamate:

[189]
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NH, NHCOSCH,
NZ N N? N
- Sy (]
N/
I:I ,N-COSCH3 + RO—‘ :0: I
N
RO

> >
N SN7 N
——> RO _O 50%
R =tert-C,Hy(CH,),Si
RO

Conversion of Natural Compounds into Carbamates

The hydroxy groups in natural products like, for example, the macrolide antibiotics
erythromycin,!'*”! and desmycosin, 2?21 35 well as the 3-(hydroxymethyl)-2- or 3-
cephems!?®?! and derivatives of the amino sugar garamin*®®! have been converted into
the carbamate function with CDI and amines. In the case of aminoglycoside antibiotics of
the sisomicin series, thiocarbamates or dithiocarbamates have been prepared from
alcohols or thiols using ImCSIm and amines.!**!!

The synthesis of a monocarbamate (monothiocarbamate) from trihydroxy-abdenone,
CDI, and piperidine is described in conjunction with tests of drugs for treatment of
glaucoma:?%%!

H,C CH;0H
R = tert - C,Hy(CH,),Si-

The synthesis was carried out as a one-pot reaction in ethyl acetate. The result is
actually surprising, since there are three hydroxy groups in the educt, any of which might
in principle react with the imidazolide. Probably the 6§-OH- and the 92-OH groups are
more sterically hindered than the 75-OH group. With ImCSIm in the presence of
methylamine the corresponding thiocarbamate was obtained in 15% yield.

Carbamates of High Molecular Weight Alcohols

The activation of the 5’-hydroxy group of synthetic deoxyoligonucleotides on a con-
trolled porous glass support was achieved with CDI to give a 5'-imidazolide, which was
subsequently converted with hexamethylenediamine to yield as the carbamate a 5'-
aminoalkylated supported deoxynucleotide.2%]

Imidazole carboxylates of polyethylene glycols prepared with CDI react with amines
to give polyethylene glycols (PEG) with carbamate end groups.”*”! For example, PEG-



180 4 Syntheses of Amides and Analogous Compounds with CO-NR Functions

piperazinecarbamates from PEG 8000, PEG 2000, and PEG 1000 have been prepared in
this way:[m]

? 0 . Q 0
lm-C-O‘(/\OZ'_E_Im piperazine HN//\//N—C—O%/\O);E-N\\//\\

The following reaction of imidazole carboxylate of PEG was chosen for the purpose

of introducing amino functions onto methoxypoly(ethylene glycol) chains (CH;0-
PEG):l'*

CDI n
CH,0-PEG > CH;0-PEG—-0-C—Im
e

toluene, 24 h, room temp.

H,NCH,CH,NH,

o
1l
watez, 30 mi > CH,0-PEG-0-C-NH(CH,);NH,

quant.
In a similar fashion, polyethylene glycol can be activated with CDI for connection to

a protein, as has been shown for superoxide dismutase, a,-macroglobulin, a>-macro-
globulin-trypsin, lactoferrin, and tissue plasminogen activator:[208120°]

0 0
i NH,-protei
CH,(OCH,CH,),-0Clm —=E2M5  cy (OCH,CH,), ~OCNH~ protein

The formation of resin-bound tert.-alkyl carbamates for anchoring of amines was
recently described: (29

1. -C,H,0K
cH, 2.()-CH,0H CH, CH, O
] i CDI/ DMAP s r~
HO(CH,),~C~-OH (®-CH,0(CH,),—C-OH ®—CH,O(CH,).—¢-O-(“:-N\J
CH, CH, CH,
1. CF;CO,CH,
CH, 0 , @ CH, O
2. (GH)N ; /~N- ' s
LGN o ®-cnoeuy-¢-0-c-N_) M RRN_ ®)-ch,ocH)-¢-0-E-NR'R:
CH, CH,

n=24, ®-CH,OH =Merrifieldresin ~ R'R*NH = p-CI-C,H,CH,NH,
DMAP = 4-dimethylaminopyridine ¢-C¢H|;NHC,H,
Trp-OCH,
and others
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Cellulose can be activated by CDI and coupled with the amino groups of peptides or
immunoglobulins in aqueous alkaline solution to give immobilized peptides or antibodies
such as the immunoglobulin IgG *'% (see also Section 6.2):

(0] (o)
DI n NH,-
Cellulose £—-————> Cellulose —OC Im ——ZL Cellulose —OENH—IgG
acetone

This method was used, for example, for the solid-phase immunoassay of thyroxine
(affinity chromatography). Various activation methods (CDI, periodate, and cyanogen
bromide procedures) were compared with each other for coupling antibodies to magne-
tizable cellulose/iron oxide solid-phase particles.[?!!]

Other hydroxylic solid-phase supports such as cross-linked agarose are similarly
activated with CDI or N,N’-carbonyldi-1,2,4-triazole. The activated matrices can then be
smoothly coupled with N-nucleophiles such as glycine, 6-aminohexanoic acid, diamines,
or proteins.?!

The antibody of human epidermal growth factor (EGF) was coupled to diol silica
(prepared from silica and 3-glycidoxypropyltrimethoxysilane via an epoxy silica) by
means of CDI. This supported antibody was utilized for immunoaffinity HPLC analysis
of human epidermal growth factor.!?!*!

4.6.2 Carbamates by Reaction with Carbamoylazoles
(Azole-N-Carboxamides) of Secondary Amines

In the course of an investigation of cytostatically active derivatives of 1-ethylenimino-2-
hydroxybuten-(3), also called Tetramine, the following carbamate was prepared:>'¥

CH,=CH-CH-CH,~N{]

10l
(C;Hy),NCOIm N2 o CH,=CH-CH-CH,~N7]
5)2: : 2 - 2
THF, reflux, 30 min OCON(C,Hy),
60%

The corresponding N,N’-diphenylcarbamate was prepared in 64% yield.
In an analogous reaction the following carbamate was synthesized:?'4?!

HOCH,
CH;0. 07 5 CH,;0
" "
CH,0 N-C=lm HC CH, _ CHO N-C-ocHT
, THF, reflux, 2.5h
CH,0 N—Boc NaNH,, THF, reflux. CH,0 N-Boc HC CH,
CH,0 CH,0

39%
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Carbamates can also be obtained from the carbamoyltriazole of a secondary amine by
reaction with an alkoxide, as the following example shows:*'*]

COOB:
o N . COOBn o N
N"NN'C N BnOQOH /NaH @O-E'N N
~ OBn__ BnO .
CHCL,45% n

Analogous to this reaction, thiocarbamates have been prepared using ImCSIm, which
is generated in situ from two equivalents of imidazole, CS,, sodium hydride, and one
equivalent of a thiazolium salt!?'S);

-R!
NH_ , S S
i - N*A u R W __R'
| N-c N | R l N"C-Npe CHCHOH o, cm,cu,o-c-N\::z
R' = CgH;CH,, R? = CH,, 64%; R' = CH,CH,, R* = CH,, 73%;
R' = C¢H,, R* = CH,, 47% R' = CiH;, R® = CH,, 90%

4.6.3 Carbamates by Reaction with Carbamoylazoles
(Azole-N-Carboxamides) of Primary Amines

The great reactivity of carbamoylimidazole and carbamoylbenzimidazole is explained by
the easy dissociation of these compounds into the corresponding azole and isocyanate.

CH;NHCO,-c-C¢H,, <<GHOH CH,NHCOIm —GHOH C¢H,NHCO,CH;

reflux, 4h 70°C,4h
68% [217] 8% [218])

Carbamoylazoles of pyrazole and triazoles dissociate only at 130 °C and 145 °C,
respectively. An activating influence of imidazole (significant shortening of reaction time
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and slight enhancement of yield) was observed on the reaction of carbamoylbenzo-
triazoles with a diol.?'")

)

HOH,C” ~N” “CH,0H o 1 o

n
RHN-C-X ——35® RNCO > RHN-C- OH,C” “N? “CH,0 -C- NHR
Reaction Reaction
X R temp. /°C  time/h Yield (%)
1-imidazolyl CH, 95 20 96
1-imidazolyl CH, 95 0.5 95
1-benzimidazolyl CH, 130 0.5 84
1-pyrazolyl CH, 145 140 72
1-triazolyl CH, 145 10.0 64
1-benzotriazolyl CH, 145 14.0 55
1-benzotriazolyl  iso-C;H, 145 24.0 36
1-benzotriazolyl c-CH,, 145 14.0 73

The following carbamoylimidazole, which was prepared from 14C.labeled methyl-
ammonium chloride and CDI, was not isolated. It was instead fragmented by heating in

vacuo into the isocyanate, which was then reacted with an alcohol to give the labeled
carbamate: 122"

Cl
Cl1

HOCH, cl 0
n
RHN C Im heat, — RNCO RHN COCH,—O—CI

R = “CH,, 80%

A biscarbamate was obtained from p-anisidine, CDI, and hydroquinone in a one-pot
reaction:??!]

OH
e SN N c NH Q >
_O'OCH’ o _O'OCH’ 40%
cn,o—@—rm—c— O—o Cc- NH—Q—OCH,
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4.6.4 Special Cases of Carbamate Syntheses with Azolides
As compared to the carbamate synthesis above, an abnormal reaction course was
observed in the reaction of m-tolyloxythiocarbonylimidazole with benzylmethylamine;

here the phenolate is exchanged instead of the imidazole, obviously because the sub-
stituent with the lower pK is eliminated:!2!®!

CH,

2\ ~ (6) 2\
N [ N Na \

n
NN 24% '\/N -c-o

lQHSCHzNHCH3

$ CHCH,

|\/N C-N

CH,

In the reaction of 1-alkoxycarbonylimidazoles with 2-aminobenzimidazole at low
temperature and short reaction time an acylation at the ring nitrogen was encountered. At
higher temperature (refluxing mesitylene) and longer reaction time, however, the 2-amino
group is acylated:**%

N
- OCH, + @ NH, @ SNH, — e (IN%NHco,czH,
H

reﬂux. mﬂux,
COzCsz

1
5 min 75 80%

Similar findings applied to other azolides as, for example, benzotriazole systems:(**2!

N R N R N
+ ) —> )

Pfl N>- NH, mesitylene, reflux, 15 min N>— NHCO,CH,
H H

]
CO,CH,

R = H, 96%; CH,, 85%; C;H,CH,, 90%

1-Methoxycarbonyl-3,5-dimethylpyrazole and 1-methoxycarbonyl-5-p-tolyloxytetra-
zole are also used as acylating reagents in this reaction.!?2?!

A special carbamate still containing an azole moiety is formed if an aldehyde is
inserted into a carbonylbisazole and subsequently treated with an amine:?%*!
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o 1 2p3
"
NN, B0 o P omg ) KR
R o]
R2
™) ’
N\/N'(.:H'O_E.:'N\
R' o F®r

X =CH, R' = C;H,(CH;),C, R*-R® = CH,CH(CH,)OCH(CH,)CH,  69%
X =N, R' = C;H,(CH,),C, R* = H, R® = p-CICH, 67%

Another way to obtain a carbamate via an isocyanate intermediate is the conversion of
an imidazolide RCOIm into the azide RCON;, followed by the Curtius—Schmidt rear-
rangement and treatment with an alcohol:[??4

CO,(CI-I,),S:(C!-I,)3
COlm CH(OCH;), ,;; CON, CHOCH: (e sicchon NH CH(OCHy),
(”:,N (":, N toluene, reflux C’N
(o] (o] (o]

50% overall yield

4.6.5 Peroxycarbamates

The syntheses of fert-butylperoxycarbamates begins with tert-butylperoxide and CDI,
forming in 92% yield the surprisingly stable (at room temperature) tert-butylperoxy-
carbonylimidazole, which is then converted with an amine. This synthesis might also be
carried out as a one-pot procedure:[! 7612251

0 o}
tert-CHO00H ~2l> (s C,H,00~C—Im m“—>tm-c4ngoo—c NHR'R?

R! R® Yield (%) Ref.

H CH,=CHCH, 62 [176]
H C,H, 60 [225]
C,H; CH, 55 [225]

In the reaction of an aminoalcohol with fert-butylperoxycarbonylimidazole, selective
acylations on N and O can be achieved:!'*”
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"
tert-C;H;00—C—Im + CH;NHCH,CH,OH -———-—3 CH;—N-CH,CH,0H
THF, 0 °C
o= C 0O-tert-C,H,

Q
Im—C-OCH3

n
CHJ - ¥ _CH2CH2_ o-C _OCH3
0=C=-00-tert-CH,

20%

4.7 Monohydrazides and Thiohydrazides of Carbonic Acid

Alkoxycarbonylimidazoles or alkoxythiocarbonylimidazoles, easily prepared from alco-
hols and CDI or ImCSIm, are treated with hydrazines to give alkoxycarbonic acid
hydrazides and thiohydrazides, respectively:[226+(227]

Ol
N-C N R'R?
'\/ \4‘ N X HN-N-R® X R'R
ROH > | N-C-OR ———= 5 RO-C-N-N-R’

A few hydrazides and thiohydrazides prepared with the aid of alkoxycarbonyl-
imidazoles or thiocarbonylimidazoles are shown below:[2261227]

0 0
2\ -
1 N-C-o0-cchy, —%%N—Iﬁ-) (CH,),C-0~-C~NHNH,

. s
H,N-N(CH,) I
-R —=2CHh sy R-0-C-NH-
l\/N -0 5 R-0-C-NH-N(CH,),

R = So-cholestan-38-yl
S S
NA H,N-N(CH,) 1
N -C-OCH; —ZN—U—>50 - C,H,0-C-NH-N(CH,),

S

S
N& H,N-N(CH,), W
g/N-C-O‘" -C18H37 n 'C|8H37O-C-NH- N(CH3)2

13%
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S Synthesis of Peptides

S.1 Syntheses of Peptides via Carboxyl-Activation of
Amino Acids

Short Historical Introduction

The first peptide synthesis according to the “imidazolide method” was observed in 1928
when N-benzoyl-L-histidine methyl ester, substituted at the imidazole nitrogen, was
converted at room temperature with glycine to N-benzoylglycylglycine.!'! Later, in
analogy to the first experiments, it was demonstrated by the example of the synthesis of
Z-glycylalanine methyl ester that under very mild conditions an aminoacyl residue on the
imidazole ring of histidine can indeed be transferred to the amino group of an amino acid,
thus forming a peptide./”! However, due to the difficult synthesis and the poor yields of
the reactions, no preparative value was attributed to this synthesis of peptides. The wide
scope of the use of azolides for peptide syntheses was, however, initiated by the dis-
covery of CDI and its analogues in 1956 and of the acyl transfer to amides and esters by
azolides in the same year.*4

CDI as Coupling Agent

The broad use of N,N’-carbonyldiimidazole (CDI) for the synthesis of amide and peptide
linkages became a routine method only in the early sixties.!”) N-Protected amino acids
were treated at room temperature with an equimolar amount of CDI to give imidazolides.
Anhydrous tetrahydrofuran, dimethoxyethane, dichloromethane, pyridine, dimethylfor-
mamide, and diethyl phosphite were utilized as solvents. In the second step the esters of
amino acids, their hydrochlorides, or sodium salts were added to yield the peptide after
several minutes or hours of reaction time.

Example:

CDI

first step: Z-Gly-
rst step Gly-OH THF, room temp., 30 min

> Z-Gly=Im
80%
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Tyr -OC,H
second step:  Z-Gly—Im —-u'—c-:z—b Z~-Gly-Tyr -OC,H,

83%

Although the yields are lower, it is possible to use even aqueous solutions of salts of
amino acids in the second step. The first step, however, must be carried out under
anhydrous conditions. Usually the reaction is carried out as a one-pot procedure.

Example:

CDI
Z-Gly-OH + Tyr-OC,H; ———3> Z-Gly-Tyr-0OC,H;

95%

An excess of CDI must be avoided because this would react with the amine com-
ponent to give a urea derivative.[! Further examples are compiled in Table 5-1.

Table 5-1. Di-and tripeptides prepared with CDI.

Yield (%) Ref.

Boc-Phe-Gly-OC,H; 78 (51
Z-Gly-Leu 68 51V
Z-Gly-Phe 40 512
Z-Ala-Gly-OC,H; 65 (51
Z-Gly-Phe-OC,H; (DL) 82 i51¥
Z-Phe-Tyr-OC,H; 57 (51
CF3CO-Gly-Pro-O-tert-C4H, 51 (51
Z-Glu-His-OCH, 88 [61
Boc-Ser(OCH,C¢Hs)-Ser(OCH,CgHs)-OC,Hs 84 (71
Boc-DL-Val-DL-Val-OCHj; 40-45 [8]
Boc-Met-Glu-His-OCHj; 53 9]

D via Leu-OC,H;-HCI and saponification
2 via Phe-ONa
% via Phe-OC,Hs-HBr

Racemization studies in the synthesis of the tripeptide Z-Gly-Phe-Gly from Z-Gly-
Phe and Gly-OC,H;s revealed that in THF at room temperature such racemization
occurred to the extent of about 5%, in DMF at —10 °C, however, less than 0.5%.551°

In the synthesis of Boc-Val-Tyr-OC,H; (50%) from Boc-Val and Tyr-OC,H; with
CDI, a small amount of O-acylation of tyrosine (4%) also occurred in the dipeptide.!'")

N,N’-Carbonyldibenzimidazole was found inferior to CDI in the synthesis of peptides
because of poorer yields and more rigorous reaction conditions needed.!

The synthesis of the octapeptide isoleucine-5-angiotensin Z-Asp(NH,)-Arg(NO,)-
Val-Tyr-Ile-His-Pro-Phe-OCHj using CDI as condensing agent was achieved by pre-
paring the four required dipeptides (1-2), (3—4), (5-6), (7-8), two tetrapeptides (1-4) and
(5-8), and finally the octapeptide itself.['!
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The CDI method was also used in a block condensation to give a hexapeptide from a
tetrapeptide and a dipeptide,!'*! as well as an undecapeptide from a pentapeptide and a
hexapeptide.!'*! Further syntheses of peptides with the CDI method are described in
references [14}-{16].

The reactivity of an amino acid imidazolide is examined in reference [17]. Thus,
the reactivity of Z-glycine imidazolide (k=2.6+0.2 x 10~2 [I-mol~!s~!]) toward
N-methylbenzylamine is between that of Z-glycine 2,4,5-trichlorophenyl ester
(k=5.220.2 x 1072) and Z-glycine 4-nitrophenyl ester (k=0.980.09 x 1072).
Based on this range of reactivity, the glycine-imidazolide was prepared from Z-glycine-
trichlorophenyl ester and N-trimethylsilylimidazole in 79% yield. With respect to
the conversion of various activated glycine compounds with N-methylbenzylamine
(in ethyl acetate, 25 °C, 12 h), the yield of the amide with Z-glycine imidazolide
was highest.

Syntheses of Peptides from Silylated Amino Acids and CDI

Application of amino acid silyl esters or N-silyl amino acid silyl esters as amino com-
ponents is very convenient in peptide synthesis with CDI, because the resulting peptide
silyl esters are easily hydrolyzed to dipeptides during the usual work up. They need not
be saponified in a separate step, as would be the case with the corresponding alkyl esters.
Furthermore, no racemization occurs with this method.['8+{!°]

Example 1:
Z-Gly-Im + Gly-Gly-pf—Ala-OSi(CH)); ——> Z-Gly-Gly-Gly—-p-Ala
82% [18]

Analogously prepared was phthalyl-Gly-f-Ala in 85% yield.

Example 2:
CDI
-DL— —_— > Z-DL—Va]—
Z Val THF, 50°C, Ik Z-pL 'Val Im
not isolated

Z-pL—Val—Im
> Z-Di-Val=Gly-B-
1. THF reflux, 3 b Z-pL=Val-Gly-B-Ala

2. H,0, room temp. 87% overall yield [19]

(CH,),SiNHCH,CONH(CH,),CO,Si(CH,);

Additional di-, tri-, and tetrapeptides have been prepared?”! according to this method,
as indicated in Table 5-2.

N,N'-Sulfinyldiimidazole has also been recommended as a condensing agent for
peptide syntheses.'*?) In a one-pot reaction the N-protected amino acid, sulfinyldiimi-
dazole, amino acid ester hydrochloride, and triethylamine combine to form the peptide in
good [%;i]eld. Thus, the peptide Z-Asp(OCH,CgHs)-Phe-OCH; was obtained in 89%
yield.
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Table 5-2. Polypeptides from silylated amino acids and CDI.

Dipeptides Yield (%) Ref. Tri-and tetrapeptides Yield (%) Ref.
Z-Gly-bL=Ala 85 20} Z-Gly—bL—Ala-DL~-Val 60 [20]
Z-Gly—-bpL—Val 70 [20] Z-Gly-DL~ Val-DL~-Ala 80 [20]
Z-Gly—bL—Ser 80 [20] Z-Gly—bL- Val-DL-Val 65 [20]
Z-Gly—L-Cys 40 [20] Z-Gly—-DL—Leu-DL-Ala 90 [20]
phthalyl -Gly-B—Ala 83 [18] Z-Gly-Gly-Gly-B—Ala 80 [21]

Syntheses of Peptides with N, N'-Carbonylbis(3-methylimidazolium) Triflate

N,N'-Carbonylbis(3-methylimidazolium) triflate was introduced into peptide synthesis
because of its greater reactivity in comparison to CDL.[**! Recently, N,N'-carbonylbis(3-
methylimidazolium) triflate has been applied in combination with anhydrous CuCl, and
Cu(0SO,CF3),.%%! Activation of the carboxy terminus of a peptide with this reagent
followed by reaction with an unhindered amino acid ester in the presence of CuCl, or
Cu(CF380,), gave peptide segment coupling with sometimes less than 0.1% racemiza-
tion,[! as shown in Table 5-3.

TABLE 5-3. Peptides prepared with N,N'-carbonylbis(3-methylimidazolium) triflate.

Peptides prepared with Peptides prepared with
® o ® @ 0 ®
H,C-N*\ @ /~N-CH H,C-N*\ 1 /~N-CH
3 N-C-N 3 3 N-C-N__| * +CuCl, - Cu(CF,S0;), [25]
2 c1=_,so_,e [24]* 2 CF,so,e
Yield (%) Yield (%) Ra:;h 'nn:bn
Z-Gly -Leu—OCH, 90 . : A
i 3 Z- Ala-Phe—Gly -OCH,C¢H, 81 <0.1
Z-Phe-Leu-OCH, 94
Z-Phe-Val-OCH. 90 Z- Ala=D~Phe-Ala-OCH, 79 <0.1
Z-Als —vm—ocna %0 Z- Ala-D-Phe-Phe~OCH,CH; 84 <0.1
7 Ala=Ser-OCH s Z- Ala-Phe- Val-OCH, 73 02-03
2 Z~ Ala~-Phe—Phe- Phe~OCH, 76 02-0.5

* More examples are described in the references cited

Syntheses of Peptides with Other Imidazolides and Triazolides

Besides CDI, other azolides such as N,N’-oxalyldiimidazole, N,N’-carbonyldi-1,2,4-
triazole, N,N’-oxalyldi-1,2,4-triazole, and phosphorous and phosphoric imidazolides have
been used in the synthesis of peptide bonds, as displayed in Table 54.
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TABLE 5-4. Peptides prepared with other imidazolides and triazolides.

Azolides as coupling agents Peptides Yield (%) Ref.
Z-Ala-Gly -OC,H; * 84, resp. 84 [26)
N A\ [T /= - - - *
l\/N GG N\/lf Z-Ala-Phe-OCH, 79 83 [26]
= == Z-Phe-Gly -OC,H; * 92 97 [26]
resp. Z-Phe-Leu-OCH, * 71 90 [26]
N 4\,N E:') ('C') N\N N Boc = Phe~Val-OCH, * 85 95 [26]
ky N
=N, (") Nx Z-Gly =Tyr-OC,H; * 70 [27]
l!: N-C- N\’\r!‘ Z~-Gly -Ser-OCH; * 69 [27]
Z-Gly -Phe-OCH, * 97 [27]
Z-Phe- Gly -OC,H; * 71 27
N ‘\N -p .OC,H, Boc —=DL-Val—-DL-Val-OCH, 45-50 [81
s/ ~OC,H, Z-Ala- Ala-OC,H, 76 28]
NA P
|§/N- P\o] Z-Ala- Ala-OC,H, 79 [28]
NA 0
~ N- P\O Z-Ala- Ala-OC,H; 73 [28]
N&A /<N
|\/N -P-N \4‘, Z~-Ala-Ala 85 [29]
~ 5
“CeH;

* Racemization was not detectable?H27]

Syntheses of Peptides by Means of Pyrazolides

Peptides can be formed by aminolysis of N-aminoacyl-3,5-dimethylpyrazole with free
amino acid esters®”! as shown in Table 5-5.

TABLE 5-5. Peptides prepared from pyrazolides.

Pyrazolide Amino acid ester Peptide Yield (%)
H,C Gly-OC,H, Z-Gly-Gly-OC,H, 75
¥ 5 Z-pL-Ala-Gly-OC,H
N‘N\ CH, Z-Le él e
\ ; =Leu-Gly-OC,H, 73
C=0 Z=Tyr~Gly—OC,H, 88

]
Z-HN-CH-R Z-pL-Trp-Gly-OC,H, 81
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B-Aminoacid peptides (c.f. Z-B-Ala-f-Ala-OC,Hs, 75% yield) have also been prepared
by this pyrazolide method.*!! A glutathione synthesis was accomplished by the pyr-
azolide method in the following way:%

CH,
L}
H,C 17;/” C(;(I:YHO)C;IHS HC Z- NH-CH-CONHCH,CO,C,Hj
Z-NH-CH-C=0 23 CH,SCH,C,H;
CH,SCH,CH 4%
FCH’ H,N-CH-CONHCH,CO,C;H
A i 2-E22s CH,SCH,C,H.
N CH,SCH,CeHy
HC™ CH,SCHCH, > Z-NH-CH-CONH -CH-CONHCH,CO,C;H,
Z-NH-CH-C=0 CH,CH,CO,C,H,
CH,CH,CO,C,H, 7
?HZSCH2C6H5 NaOH
Z-NH-CH-CONH-CH-CONHCH,CO,C;H; ————3 N-Z-S-benzyl-glutathione
CH,CH,CO,C;H,

89%

O-Ethyl%)hosphoric acid dipyrazolide was used to synthesize Z-Phe-Gly-OC,H;s in 85%
yield.!*3

Solid-Phase Synthesis of Peptides with Triazolides and Imidazolides

The amino acid attached to a polymer is treated with an N-protected, carboxyl-activated
amino acid to give the supported peptide. In the following reaction the triazolide was

formed in situ from the p-nitrophenyl ester and 1,2,4-triazole:**]

Boc—Leu-P{::tL + Gly-@ —_— Boc—Leu-Gly—@

@ = polymer from chloromethylated polystyrene / 1,4-divinylbenzene

For the coupling of a supported peptide fragment with an N-protected amino acid (or
a peptide), CDI and 1-hydroxybenzotriazole (HOBt) were used.!**)

Another solid phase fragment condensation with CDI and 1-hydroxybenzotriazole in
the synthesis of the human insulin B-chain afforded the oligopeptide in 75% yield. The
reaction time with the coupling pair CDI/HOBt was shorter than in the case of the DCC/
HOBt system.'>) The CDI/HOBt activation method was also applied to the synthesis of a
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thymosin-a; analogue and a proalbumin prosequence. Racemization by that method was
insignificant.?”) A further advantage of coupling with CDI/HOBt was the high-yield
recovery of excess fragments.[3>+136]

Tos Tos
Ddz-Gly-Val-Phe-OH + H- Arg Arg—O CHz-C—@

CDI (1 equiv.) / HOBt (2 equiv.)

Tos Tos
Ddz ~Gly - Val—Phe - A:g Arg—O CH,- C-@ 9% [35]

Ddz = o, 0-dimethyl-3,5-dimethoxybenzyloxycarbonyl
Tos = 4-toluenesulfonyl

@ = polymer from cross-linked polystyrene with 2-oxoethylbromide anchor functions
HOBt = 1-hydroxybenzotriazole

1-(2,4,6-Triisopropylbenzenesulfonyl)-3-nitro-1,2,4-triazole in the presence of 4-
morpholine pyridine-1-oxide was used with advantage as a coupling reagent for a solid-
phase (p-alkoxybenzyl ester type resin) synthesis of peptides such as Leu-Ala-Gly-Val-
OH or Leu-enkephalinamide (Tyr-Gly-Gly-Phe-Leu-NH,). The overall yield in the latter

case was 70%, the purity of the peptide was 85-90%, and racemization was virtually
[38]
Zero.

\I’ N SOZ-O iso-C;H,

iso-C;H,

An application of CDI for the attachment of peptides to porous glass is described in
reference [39]. Succinyl glass was treated with CDI to give the activated glass, which was
stable at — 20 °C under exclusion of moisture. The peptide glass was obtained by
covalent attachment of a peptide (e.g., Gly-Leu > 95%, Gly-Leu-Ala > 95%, Gly-Leu-
Tyr 93%) as its triethylammonium salt to the activated glass. This method permitted
investigation of stepwise degradation of peptides from the CO,-terminus.

0
—s:-cnzcmcu2 C-CH,CH,COH 2> azolide

succinyl glass activated glass
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Azolides as Terminating Agents

N-Acetylimidazole was found to be a very efficient terminating (capping) agent in the
solid-phase synthesis of peptides."*®**!] A terminating agent is used to block any N-
terminal amino groups that have not reacted in the coupling steps.[*"!

S.2 Syntheses of Peptides via Amino-Activation of Amino
Acids

Activation by Imidazolide, Triazolide, and Pyrazolide Groups

The imidazolide group at the amino end of an amino acid is as reactive toward
nucleophiles as the imidazolide group at the carboxylic end of an amino acid. If an N-
protected amino acid is selected as nucleophile, this method can also be used for peptide
synthesis. The amino-activated amino acids, for example N-(1-imidazolylcarbonyl)-
amino acid esters, are prepared from a-isocyanatocarboxylic acids and imidazole.

R o R
1
0=C=N-CHCO,C;H; + ImH ——> Im-C-NH-CHCO,CH,
azolide
Im g NH lénco,c,n, Z-NH Z-NHCH,CONH R(':Hco,c,a,
-ImH, -CO, CH,
azolide peptide
TABLE 5-6. Peptides from N-(1-imidazolyl or 1,2,4-triazolyl carbonyl)amino acid ester and Z-glycine.
R Azolide Yield (%) Yield of peptide (%) Ref.
H imidazolide 84 80 [42]
CH; (@©L) imidazolide 92 63 [42]
CsHsCH, imidazolide 89 70 [42]
CsHsCH,SCH, (L) imidazolide 79 61 [42]
H triazolide 84 72 [43]
CH; (oL) triazolide 79 59 [43]
CsHsCH; (L) triazolide 95 87 [43]
(CH,),CHCH, triazolide 75 76 [43]

The reaction conditions for this peptide synthesis are equimolar amounts of the
reagents, five to eight hours, and 75-85 °C.1**1 Use of a-isothiocyanatocarboxylic acids
caused the yields of peptides to be lower. Instead of N-(1-imidazolylcarbonyl)amino acid
esters, the corresponding triazolides were also utilized in the peptide synthesis.

If the reactions are carried out with hydrazides like Z-NHNH, or Z-Gly-NHNH,
instead of N-protected amino acids, the reaction products are called azapeptides:**]
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Example:

) 0
Im~&-NH-CH,C0,CH, 2 NH; o 7. NHNH-C-NHCH,CO,CH,

78%
An azapeptide was also synthesized from a pyrazolide of an N-activated glycine
ester:[4%]

Q Q
@N—C-NH-CH,CO,C,H, Z-NHNH, o 7-NHNH-G-NHCH,CO,CH,
43%

Activation by a Benzotriazolide Group

Amino acids activated at the amino group by a benzotriazolide moiety react with amino
acids under elimination of benzotriazole and CO, to give peptides. Reaction is achieved
by warming up equimolar amounts of the components in anhydrous acetonitrile or
aqueous acetone.[*>! The benzotnazolylcarbonylammo acids are prepared from benzo-
triazolyl-1-carboxylic acid chloride and amino acids.[*

,}z R‘ R’
@::}« H;N-CHCO,H > H,N-CH-CONH-CH-COH
Nucnco,H @:} —Co,
Peptide Yield (%)
Phe- Gly—OH 83
Phe-Leu-OH 87

Gly-Phe-Leu-OH 81

The mechanism of this reaction is not fully understood.!*’!
An analogous synthesis of Z-protected peptide esters is described in reference [47].
The reaction conditions were heating for several hours in anhydrous xylene at 140 °C,

Rl

R! R?
Z-HN-CHC
@:} OH 5  7-NH-CH-CONH-CH-COR®
o=C- NHCHCOR’ @:}*’ —CO,

Pcptide Yield (%)
Z -Gly-Gly-OCH, 60
Z-Gly-Gly-OCH,CH; 55
Z-Phe-Gly-OCH,CH; 75
Z ~Phe-Met —OCH, 51
Z-Gly-Phe-OCH,CH, 68
Z-Phe-Phe-OCH,CH; 75
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Tripeptide esters can also be synthesized by this method. Dissociation of the ben-
zotriazolide into benzotriazole and isocyanate has been suggested for the reaction
mechanism.[*7]

N » R’ N,

N 1)

@: N ———> 0=C=N-CHCOR® + @: N
N R N

0=C-NHCHCOR® H

Rl

R? )
Z-NH-CH-CO,H

' R' O O R
0=C=N-CHCO,R’

> 7-NH-CH-C-0-C-NH-CHCO,R’

R0 o W R R’
Z-NH-CH-C-0-C-NH-CHCO,R® ——=> Z-NH-CH-CONH—CHCOR’
2

Activation by a Sulfenamide Group

Another N-activation of amino acids for peptide synthesis is achieved by preparing
sulfenamides from sulfenylimidazoles. A sulfenylimidazole is formed in situ from the
sulfenyl chloride (prepared from the disulfide and chlorine) and imidazole, which reacts
further with an amino acid ester to give a sulfenamide in high yield. Conversion of such
sulfenamides with N-acyl amino acids by means of triphenylphosphine affords dipeptides
with racemization of less than 0.5%.%!

CH,
a ImH a
R-S-S-R —2%—> RSCI ——3> R-S~Im R= |
H,C" °N
“m-ll'zs s i
R*NHCHCO,R' .
-§—Im —————4%—> R-S-N- 6
R-$=Im —— R-S-N-CHCO,R
R”® R R® Yield (%)
H iSO'C3H7 CH3 81

CH 3 iso ‘C4HQ (‘iﬂscﬂz 96
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2 p3
455 R*R
. R p o R°R* R'R’
) R'—N-CHCO,H
R-S-N-CHCOR® 22> R'-N- CHCON-CHCOZR
(CgHy),P
R" R R R* R R Yield (%)
Z H iso-C3H7 H iso'C3H7 CH3 78

Boc CHLiSO-C& CH3 iso-C3H7 CsHsCHz 80

5.3 Polypeptides

Condensation by CDI

Amino acids such as glycine, alanine, or phenylalanine have been reacted to polypeptides
by means of CDI in aqueous imidazole buffer.[*’]

R |
1
H,N-CHCO,H ]’
) CO, H68 HNCH co

The reaction rate of glycine in the presence of CDI is about 700 times greater than
without CDI.

Amino acids containing nucleobases like uracil and adenine, as well as imidazole,
such as p-(uracil-1-yl)-a-alanine, B-(adenin-9-yl)-a-alanine, and p-(imidazol-1-yl)-a-
alanine, can also be polycondensed by CDI in aqueous imidazole buffer solution at pH
6.8 at 0 °C. The polycondensation leads to low conversion (yields of polymer ~ 1% after
four days), but pure polypeptides resulted from the reaction. Thus, compared to other
alternative procedures for polycondensation, that using CDI proved to be the most
effective.’"

Test results for a series of reactions of polyfunctional amino acids with CDI in
aqueous solution are reported in reference [51]. Serine and threonine did not poly-
condense. Instead, via the N-imidazolyl-carbonyl amino acids, L-2-oxooxazolidine-4-
carboxylic acid or L-(+)-trans-5-methyl-2-oxooxazolidine-4-carboxylic acid were
obtained.

® (':HZOH CDI O CH,OH o-CH
HN-CH-C0,® ——> Im-C-NH-CH-COH ——>
» 2 TgeC m= COH 5% J\ )~ COH
CH, CH, CH,
HCOH
® CDI O HCOH .CH

)
HN-CH-COL ——> Im-C-NH-CH-COH ——3>
3 2 TgeC m= OH % J\ )-CoH
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In the reaction of histidine with CDI, however, polycondensation was achieved at
30 °C with excellent yields of oligohistidines via a variety of histidine-containing
intermediates.[*!!

Amino acids containing nucleobases were polycondensed by means of CDI as indi-
cated in the following examples:*?!

0 r o
HN)j 2CDI HN)ﬁ
o~ N I imidazole buffer | o2 N l sh > Oligomeric peptides

] 1

CH,CH,CHCOH CH,CH,CHCOH
NH, NH-C~Im

o}

NH, NH, ]
N Q N
N 2CDI N
S ———e \ . . .
|§ N | N> imidazole buffer [§ | > ? oligomeric peptides
] 1
(CH,),CHCO,H (CH,),CHCOH
NH, NH-C~Im
(6]

—

-

Among the polymeric peptides up to decamers are formed in varying yields.!>?!

Condensation by Triazolides

Polycondensation of amino acids with phosphorous diester triazolide are described in
references [28] and [53]. Below 80 °C, no racemization was found.

=N _ocH
I[;/N-P: 0C2H5 (A) CH,C¢H;
B-Ala-Phe OME 4—3—> +NH-(CH,),~CONH~CH-CO "

55%

The following phosphorous triazolides, can also be used for this polycondensation.
The most suitable triazolide, however, is the phosphorous acid diethyl ester triazolide
because of an easy work-up of the reaction mixture.!?®!

N'L/ —P:o] (B) and r!;)v-l(o ©)

Other polypeptides obtained by polycondensation with phosphorous diester triazo-
lides are: N®-Z-polylysine,'*8! N*-Z-isopolylysine,’?®! and the sequence polypeptides from
B-Ala-B-Ala-Gly.!
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Sequence polypeptides were obtained by polycondensation of tauryl peptides and
3-aminopropansulfonylpeptides with the two phosphorous acid diester triazolides
A and B:P4

AorB
H,N(CH,),SO,NHCH,CO,H ﬁ—) ~fHN(CH,),SO,NHCH,CO4—

5.4 Determination of Amino Acids in Polypeptides

N-Terminal Cyclization of Peptides

N-Terminal cyclization of peptides by heating to give hydantoins was achieved with
CDI or N,N’-thiocarbonyldiimidazole (ImCSIm) under very mild conditions (room
temp.) and without racemization.[*> This method is suitable for determination of the first
two amino acids in the sequence of an unknown oligopeptide, as shown in the following
two examples:

O
X
N-Leu-Asp(OCH,C¢Hs)-Phe-NH,
Trp-Leu-Asp(OCH,C¢H,)-Phe-NH, -%——9 CH, O
g
N 94%
H
L
CDI HN
Asp(OCH,C¢Hj)-Phe-NH, W N-Phe-NH,
9H2 0 88%
CO,CH,C(H,

The cyclization reaction can also be carried out with oligopeptides in the solid phase.
Thiohydantoins are obtained analogously by conversion of oligopeptides with
ImCSIm:1*%!

S
HN
)\(N -Leu-Asp(OCH,C¢Hs)-Phe-NH,
ImCSIm
Trp-Leu-Asp(OCH,C¢H,)-Phe-NH, —>9 % 2 O

Tz /29
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Peptides with N-terminal f-amino acids are cyclized by CDI to give 2,4-pyr-
imidinediones:!*!

O
col HN—
B-Ala-Phe-NH, -—77%7—9 N-Phe -NH,
o

Carboxyl Terminal Determination of Peptides

For carboxyl terminal determination of peptides by means of CDI the terminal carboxylic
acid group of the peptide is selectively reduced with sodium dihydrobis(2-methoxy-
ethoxy)aluminate to an alcohol. Subsequent conversion of the amino alcohol moiety with
CDI yields an N-acyl-2-oxazolidone derivative, from which the oxazolidone unit can be
easily removed and characterized.>!

Na[H,Al(OCH,CH,0CH
Peptide ~NHCHCO,H alILANOCH,CH,OCH),) o Peptide ~NHCHCH,OH
R R
CDI | THF
HN-CH-R Peptide ~N-CH-R

Peptid p ;

eptide + OJ\O—Cﬂz HCI o O'CHz
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6 Modification and Immobilization of Proteins

(Enzymes)

6.1 Modifications of Proteins (Enzymes) with Azolides

Chemical modifications of proteins (enzymes) by reacting them with N-acylimidazoles
are a way of studying active sites. By this means the amino acid residues (e.g., tyrosine,
lysine, histidine) essential for catalytic activity are established on the basis of acylation
with the azolides and deacylation with other appropriate reagents (e.g., hydroxylamine).

Example of the modification of an enzyme by an azolide:

The inhibition of Ca?*-ATPase at the active site by ATP-Im or ADP-Im with the
participation of Ca®* is illustrated by the following model. In the reaction of ATP-
imidazolide with the carboxylate of Asp 351, a mixed anhydride is formed with the
aspartate residue, followed by presumably nucleophilic attack of a lysine side chain,
thereby displacing the nucleotide and leading to an intramolecular crosslink.'

okl

Asp 351
H

:C\(‘:_o

(on
w (/N
ADP\O, ?-N\’]

(=]

Asp 351

+Ca

11
351
:@ HCS Coo

Proteins/enzymes that have been modified with N-acetylimidazole include:

Acyl carrier protein!?!

Adenosine triphosphate
sulfurylase (Penicillium
chrysogenum)™!

Aldolase (muscle and liver)!]

Aminopeptidase!™

a-Amylase (Bacillus

subtilis)'®!

Apyrase (isoenzyme of high
ATPase/ADPase

ratio, potato)m

S-Aryltransferase (sheep liver

glutathione)®
L-Asparaginase!”!
Aspartokinase-homoserine
dehydrogenase
(Escherichia coli)!'"!
ATPase (H)!'1]
ATPase (human
erythrocyte)!'?!
ATPase (renal Na, K-
ATPase)!'!
Demineralized compact bone
matrix!'4!

Carboxypeptidase A (goat
pancreas)['’!
Carboxypeptidase B (goat
pancreas)!'®!
Catalase (bovine liver)!!”!
a-Chymotrypsint'®]
Colipase (pancreatic)!'®]
Collagenase[*”!
Complement (protein in the
blood /Lymph from
guinea pig)l?!!
Concanavalin A?2
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Cytochrome C'?!

Cytochrome C (horse
heart)?*!

Cytochrome P-450 (liver
microsomal)i?*!

Diamine oxidase (pig kidney,
human pregnancy plasma,
pea seedlings)!?¢!

Dihydrolipoyl transacetylase
(Escherichia coli)?”

Dipeptidyl

carboxypeptidase!?®!

DNA polymerase-o
(hmnm)[29]

DNA polymerase-o (human
placenta)i>”

e-Toxin (Clostridium
perﬁ‘ingens)[“]'pzl

Fructose 1,6-diphosphatase
(rabbit liver)?*3!

Fructose diphosphatase
(liver)¥

B-Fucosidase (Achatina
balteata)®*]

B-Glucosidase and
B-galactosidase
(sweet almond emulsin)[¢!
Glutamine synthetase'(native
octameric brain)i*”!
Glycogen phosphorylase
A8

Glycogen phosphorylase B
(rabbit muscle)?”!

Glyoxalase I (yeast and
human erythrocytes)*’!

Gonadotropin (human
chorionic)*!]

Growth hormone (human)*?!

Haptoglobin (type 2-1
human)**!

Hirudin thrombin complex!*4!

D-fB-Hydroxybutyrate
dehydrogenase (rat liver
mitochondrial)t"!

Lactate dehydrogenase (pig
heart)“¢!

Lectin (seeds of lentil)!*”!

Lysozyme!*®]

Malic enzyme (pigeon
liver)*”!
Mitochondrial L-malate
dehydrogenase (bovine
heart muscle)!>”

Mutarotase (bovine kidney
cortex)[s 1

Nuclease (Staphylococcal)>?!

Ornithine transcarbamylase
(Streptococcus faecalis and
bovine liver)l*3]

Pepsin®¥

Phosphorylase B!

Phosphorylase B (rabbit
muscle)*®!

Prolactint®”!

Prostaglandin endoperoxide
synthase!*8+(59]

Proteinase (Bowman—Birk
soybean)[®”)

Proteinase (lima bean)

Renin (mouse submaxillary
gland)!®!!

Ricin D%

[60]

Serotonin transporter (human
placental)[¢®!
Sodium/glucose cotransporter
(rabbit intestinal brush
borders)!*]
Stearylcoenzyme A
desaturase (rat liver
microsomal)®*)
Subtilopeptidase
amylosacchariticus
Succinate dehydrogenase
(mitochondrial)[¢”!

[66]

Thrombin (bovine)!®!
Thyroglobin (porcine)
Trypsin (bovine)’”!
Trypsin (lima bean)!”!!
Trypsin'

[69]

UDP-galactose—glucose
galactosyltransferase!””!

In ref. [74] it is emphasized that N-acetylimidazole reacts with all tyrosyl residues in
copolymers and denatured proteins but only with free tyrosyl residues in native proteins.
In ref. [75] it is noted that N-acetylimidazole reacts extensively with both lysine and

tyrosine chains.

In a few cases when enzymes are treated with CDI the result is crosslinking. The
enzyme is often stabilized in the process, thereby retaining its activity.
Enzymes modified with N,N’-carbonyldiimidazole (CDI) include: horseradish per-

oxidase,!”®) B-lactamase after nitration and reduction,!””! lysozyme, and urease.[’®! Ref.
[77] describes how the tyrosine side chain of a protein was nitrated, reduced with
dithionite to an amino group, and then treated with CDI or N-(2,2,2-trifluoro-
ethoxycarbonyl)imidazole to give the benzoxazolinonyl alanine moiety:
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(0]
S o
CH,

—HN-CH-CO-

No significant loss of f-lactamase activity was associated with this modification.
Several proteins have been modified with N-cinnamoylimidazole (A), 1-(N-6-ami-
nohexyl)-carbamoylimidazole (B) or 1-acetyl-3-acetoxy-5-methylpyrazole (C):

r~N r~N N OCOCH,
CH;CH=CH-CON__| NH,(CH,)NHCON, _| CH,CON j
A B CH, C
Acetylcholinesterase [79] Kidney-cell plasminogen Bovine serum albumin [93]
a-Chymotrypsin [79]-{88] activator [92] a-Chymotrypsin [93]
B-Chymotrypsin [89] Plasmin [92] B-Chymotrypsin [93]
Elastase [79] B-Trypsin [92] Insulin [93]
Papain [79], [90], [91] Urokinase [92] Lysozyme [93]
Subtilisin [79], [89] Ovalbumin [93]
Trypsin [79] RNase [93]
Trypsin [93]
Proteins modified with other azolides:
Proteins Azolides Ref.
Acyl carrier protein CpH,,41CO-Im (n=3, 13, 15; [1]
A3-decenoyl-Im)
n
Bovine serum albumin [94]
Lactosaminated human serum ara-AMP-Im [95]
albumin (L-HSA)
Ca-ATPase ATP-Im [96]
a-Chymotrypsin a) furylacryloyl-Im [82], [97]
b) indoleacryloyl-Im [82]
c) thienylacryloyl-Im [971

d) C¢HsC = C-COIm [98]
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(continued)
Proteins Azolides Ref.
B-Chymotrypsin indoleacryloyl-Im [89]
6-Chymotrypsin N-acetylbenzotriazole [99]
Creatine kinase AMP-Im, ADP-Im, ATP-Im [100]
DNA-polymerase ATP-Im [101]
Factor serum thymic N-acetylbenzotriazole [102]
Horseradish peroxidase CgF,7(CH;),COIm [103]
Phospholipase A, (bee venom) oleoyl-Im [104]
Subtilisin a) indoleacryloyl-Im [89]
b) furylacryloyl-Im [105]
(1]
¢-n_]
. . p—C-NH -CH
Thyrotropin-releasing hormone (THR) N & ! .. CONH, [106]
e
O=C-Im
Pyroglutamyl-O-(1-imidazolyl-
carbonylseryl)-prolinamide
Urease C3F17(CH,),COIm [107]

6.2 Immobilization of Proteins (Enzymes) and Affinity
Ligands Mediated by CDI

A review covering CDI-mediated immobilization of enzymes and affinity ligands with
preparations of activated matrices, ligand coupling to CDI-activated supports, and
applications of CDI-derived biospecific affinity supports in the purification of enzymes is
available in reference [108]. This method has been used in biospecific interaction
chromatography (affinity chromatography for the purification of biologically active
molecules such as enzymes!'%®! or antibodies!*®). Polymeric supports (gel matrices)
containing hydroxy groups are activated by CDI to give intermediate imidazolylcarba-
mates that readily react with N-nucleophiles such as the free amino groups of the ligands
(proteins), yielding non-basic, uncharged N-alkyl carbamates.['?8}(110]
Activation of gel matrices by CDI (anhydrous milieu):

matrix—OH 2> matrix—0-C-Im
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Coupling of a protein to the support (aqueous milieu):

0] (0]

" 1]
matrix—=0=C—Im %;ﬂsz? matrix—O—C—NHR

RNH, = protein or HO,C(CH,)sNH, or NH,(CH,);NH,

This method is considered to be superior to the standard cyanogen bromide proce-
dure [108L(110]

The activation reaction is usually carried out in acetone, dioxane, or dimethyl-
formamide. The activated matrices have sufficient stability to aqueous conditions to
allow isolation of the washed products.““] In addition to CDI, N,N’-carbonyldi-1,2,4-
triazole or N,N’-carbonyldi-1,2,3-benzotriazole have also been tested as activating
agents,['®8F111LI12] Aong them, however, CDI is most convenient for preparation of
the activated matrices used in affinity chromatographic experiments. The carbonyldi-
1,2,4-triazole-activated matrix is more reactive than the CDI-activated matrix, and
therefore useful for the coupling of unstable protein ligands over short coupling times.
Carbonyldibenzotriazole reacts with the matrix only slowly and inefficiently.!''"! Pro-
teins are attached to the supports either directly or via spacer molecules (leashes)
such as 6-aminohexanoic acid,!'°®! 1,6-diaminohexane,!''%! or 3-aminophenylboronic
acid.""! In the latter cases coupling of the leash to the matrix is achieved by CDI,
while coupling of the protein to the leash is usually carried out with other mediators
(for instance, with a carbodiimide, as described in references [111] and [112]). The
matrices can be polysaccharides or similar soft polymeric gels such as agarose (e.g.
sepharose CL-6B), cellulose, cross-linked dextrans, cross-linked allyl dextrans, agarose
polyacrylamide copolymers, poly(ethylene glycols), hydroxylic vinyl-, acryl- or allyl
copolymers, and silica-based supports such as quartz surfaces with spacer chains,
glyceryl propyl bonded porous diol silica,!!°®! or primary hydroxyl silica.l!?°M1141115]
In the activation of hydroxylic solid phase supports with CDI, high levels of activation
can be achieved. For example, with cross-linked agarose in dioxane the yield of active
groups was found to be 1.73 mmol/3 g of moist cake, or 65%. This CDI-activated
agarose had a half life of greater than fourteen weeks when stored in dioxane, with
good stability over a wide pH range.[''®! Activation of various other insoluble poly-
saccharides with CDI and the properties of the activated matrices are discussed in
reference [116].

The diverse activation levels of polyhydroxylic matrices generated by conversion
with CDI is illustrated in reference [117].

The scheme below shows reaction possibilities for carbonyldiimidazole activation of
polyhydroxylic matrices. The formation of these activated sites depends on!'71 1. the
partial disposition of hydroxyl groups accessible to the solvent, 2. the initial concentra-
tion of CDI, and 3. the chemical nature of the gel matrix.
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ot
CDI
————p oM [
oDl Low Activation
ol
oL mia
oM /
Medium Activation High Activation

Optimization of the CDI method for the development of affinity membranes of the
cellulosic or polyamide type is described in reference [118].

Different types of protein or ligand linkages to hydroxylic matrices via spacers are
shown in the following three examples:

Example 1: Attachment of an enzyme to a quartz surface is usually effected via a spacer
chain 1]

COH COIm CONH-Urease
(CHy)s (CHy),s (CHy)ys
CDI - -
CHy$i-CH, ————3> CH,Si-CH, Urease N, CH;-Si-CH,
o o o)
[si | [si] [si |
quartz side quartz side quartz side

Example 2: Linkage of c-AMP to aminohexyl(AH)-Sepharose 4B.[12]
NH2 NH2

N \ N \
N N
¢ 1 <’Nf»
N N
(o) cD (o)

0 o
[T S
0=P—¢p oH 0=P—o 0-c-Im

10l 10l i
) ) o



6.2 Immobilization of Proteins (Enzymes) and Affinity Ligands Mediated by CDI 231

NH,
N S
N
¢
o N NJ

AH-Sepharose 4B ___ /0
H,0 / DMF oet
—I ] ;\0 0~-C-NH(CH,){NH-Sepharose
o 0

Example 3: Coupling of a protein to a copolymer via a spacer.['?!)

COH ¢-g-papain
(CHy)s (CHy)s
im N NH
¢=0 ¢=0 ¢=0
OH  cpi 0 HN-(CH);-COH _ 9 in-NH 0
- R'-N=C=N-R
vinylaicohol /
vinylbutyral
copolymer

H,C

o N=r=N-R2 er= A
R'-N=C=N-R’ = N=C=N-CH,CH,-N O
@\_/

Enzymes or affinity ligands attached by the aid of CDI to various matrices are listed

in Tables 61, 6-2 and 6-3.
Bacterial polysaccharides were activated with CDI and then coupled via spacers to

immunogenic membrane proteins.!!33H134]

(o]

(o) 0 n
1 o
POH 2> ps0-C-im —NCHINH o pooc-NH(CH)NH, —BNOCHOCCHBr

NHCOCH,

o 0
" n P - X
PsO-C~-HN(CH,),NH -C-CH,Br NHCO-CH(CH,),SH >

0 0 NHCOCH,
PsO~C~HN(CH,),NH -C~CH,S(CH,); CHCONHPro

Ps = polysaccharide, Pro = protein

Cellulose acetate-bonded photosensitizers are prepared by coupling a carboxyl-con-
taining photosensitizer (such as bengale rosa, rhodamine B, or acridine orange modified
with chloromethylbenzoic acid) to the hydroxyl containing cellulose acetate by means of
CDI. Photosensitizers immobilized in this way by an ester linkage are used for the

production of singlet oxygen.!'"!
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Table 6-1. Immobilization of enzymes and affinity ligands on polysaccharide matrices with CDI.

Matrix Attached protein or affinity ligand, or spacer and affinity Ref.
ligand

Agarose a) m-Aminophenylboronic acid [113], [122]
b) Insulin [123]

Bead cellulose 6-Aminocaproyl-p-aminobenzamidine [124]

Phosphocellulose RNA

a)
H,N

NH(CH,),NH,

N=
Sepharose CL-4B ® :C—O— NH—(\ :</<N
N

NHCH,

b) Goat antiapolipoprotein B polyclonal antibody

AH Sepharose 4B c-AMP

Sepharose CL-6B a) 6-Aminocaproyl-p-aminobenzamidine

b) 1,6-Diaminohexane/iminobiotin
¢) 6-Aminohexanoic acid/trypsin inhibitor

d) Thyroglobulin

¢) Immunoglobulin (IgG)

f) 6-Aminohexanoic acid/p-aminobenzamide
g) Trypsin inhibitor

h) Lactate dehydrogenase

[125], [126]

[127]

[128]
[120]
[108], [112],
[124]
[108], [129]
[130], [131]
[132]
[132]
[112]
[110], [112]
[108]

Table 6-2. Immobilization of enzymes and affinity ligands on silica gel matrices with CDIL.

Matrix Attached protein or affinity ligand or Ref.
spacer/affinity ligand
Diol bonded silica Glucosamine, bovine serum albumin, [136]
immunoglobulin, acetylcholine
esterase, horse liver alcohol
dehydrogenase
Diol silica Concanavalin [137]
LiChrospher Si 500 Protein A [108]
‘Porous glass p-Aminophenylboronic acid [138]
Primary hydroxy silica a) Trypsin inhibitor [109], [114]
b) Trypsin [115]
Silica gel coated with dextran or agarose  Protein A, concanavaline A [139]
Nickel/silica composite Invertase [140]

Quartz surfaces

16-Carbon spacer chain, urease

[119]
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TABLE 6-3. Immobilization of enzymes and affinity ligands on matrices from polyamides, proteins, or other
polymers/copolymers with CDI.

Matrix Attached protein or affinity ligand or Ref.
spacer/affinity ligand
Acid hydrolyzed nylon 6/6 Antibodies [142]
Bovine serum albumin 7-Imidazolylcarbonyltaxol . [143]
Histone m-Aminophenylboronic acid [144]
Styrene/4-vinylbenzoic acid copolymer Lysozyme [145]
Fractogel HW 65 F Antilysozyme [146]
Poly(ethylene glycols) Trypsin-radiolabeled a-macroglobulin  [108]
complex
Ethylene glycol dimethacrylate/ Antibodies [147], [148]*
hydroxyethyl methacrylate/
methyl methacrylate copolymer
Rayon polyester Bovine serum albumin [150]
Trisacryl GF 2000 a) Antilysozyme [146]
b) Protein A [108]
c) Pepsin [108]
Vinylalcohol/vinylbutyral copolymer a) Papain [121]
membrane
b) 6-Aminocaproic acid/Papain [121]

* Further examples are given in references [147}-{149]

The formation of a nucleosil bonded lecithin by means of an imidazolide is described
in reference [141]. See also Chapter 4, page 165.

Antibodies were attached to liposomes by the CDI activation method via the gly-
colipid tetradecylmelibionamide.!>!]
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7 Syntheses of Heterocycles

7.1 Heterocycles Based on C=0, C=S, or S=0 Insertion
Using N,N’-Carbonyldiimidazole (CDI),
N,N’'-Thiocarbonyldiimidazole (ImCSIm),
and N,N’-Sulfinyldiimidazole (ImSOIm)

7.1.1 Five-Membered Rings with N-CO-N or N-CS—N Units

The insertion of a C=0 or C=S group between two amino functions or one amino and
one imino function of 1,2-diamino or amino/imino compounds leads to five-membered
heterocyclic rings.

‘I{l Rl
NH DI or InCSIm )
> /c X X=0,8
NH
Rz }'12
R’ R
NH  cpj or ImCSI N
( T >c=x  X=0,s
C=NH C=N
R’ R?

Various five-membered rings and their cyclization yields are shown below, with the

inserted groups in italics:
H
N,
g Opoon o o
3 3 N, S=C- (':H-NH"'BOC

CH,OCH,CgH,

88% [1] 75% [2] (prepared with carbonylditriazole)
91% [3]
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HN F—O—(CHZ)Z —Q mN"CHzcsﬂs
N N
H o
47% [4] 72% [5]

CH,0  OCH,

? = c\
NH
N CH, -N
r{[ NSOCH, wy D‘ : ))rCGHs

91%  [6] 53% [7]

CH,S o

(4] 3 &
Q\f \/Q 05t e
—Oc CH- CO-QN-C\\O CHs=N | N-CH; >(N\< 3

>N~

o o CH, CH, O
45% (8] 80% [9] 86% [10]
[0}
S, o)
N‘N,\ \ \,N \:C ‘N/(
g, CooH L -NH CH,~N_ ' N-C¢H,
N o yN
(0] \‘0
85% [11] 36% [12] 51% [13]
N-NH o CH,
N CSs N-N N)'IN‘b SCH,CH
J\ )\ _ :C‘SH ‘s N 2Cets
(CH;),N N(CH,), s” N H
65% [14) 85% [11L,[15] 61% (after benzylation) [16]

Further examples of this type are described in references [17}-{21].

7.1.2 Six-Membered Rings with N—CO—N or N—CS—N Units

Insertion of a C=0 or C=S group between the two amino functions of a 1,3-diamino
compound proceeds correspondingly to give six-membered heterocycles.
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R' R'
1 U
NH  cDI or InCSIm NG
—> _~c=x X=0,8
NH N
lllz 1'12
Examples: H
NH, HCO.C, .
N
™ "Tﬁl. 29 P
Qo AN \B,NH
o A N
>90% [22) %% [23] 0% [24] 62% [25]
N-C(CeHy)s S
0 s °*§_§°*‘°“=> (A O
CH,
4% [26] 2% [26]
o

o NH, 00
CH,CeH; i NP NN 3
M o”é NN N Hz;l
H . CO,C;H,

'\/LC‘H, H o H

85% [28) 2% [29] 89% [30] 86% [31)
NH,
N
W
HO” N
. H SH
cu,vg iso-CyH, Q.s CH, CH, N, ¢r,,o o L-°
vy X\ 5 |
CH,S” N5 A X 0=P—0 OH
9% [32) 2% [33) 87% [34] 33% [35]

0o
o
N
Ci!a—i)‘INE—CJL-p-OCHs (tert-C H,)(CH,),SiO o N,‘}:\NICH’
0 rlq %o _Q)‘. /LO
< o N
CH, (tert-C,Hy)(CH,),SiO
95% [36] 85% [36a)
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Cli,-p-CH,
-K:lion cu.cH . e,
SN N -N ~
rcBca® § rx;:b ccaiu’"'m-(m’)‘w
g
N S
95% [37] 43% [30) 97% [38]
NH,
o
N7 N
O/CHQ0
|
NC{\‘—H NN o=;I|>—o OH
cH,  OH
60% [39] 81% [27 85% [29] 8% [35)

Further examples of this type are found in references [40]-{43].

7.1.3 Seven-Membered Rings with N—CO—N or N—CS—N Units

The insertion of a C=0 or C=S group between the two amino functions of a 1,4-diamino
compound to give a seven-membered heterocycle usually occurs in very good yield. The
yields of heterocycles are, in most cases,!**! considerably higher than in the corre-
sponding reactions with phosgene or thiophosgene. For instance, the 1,3,5-triazepin-2-
thione derivative in ref. [45] could not be obtained with thiophosgene at all.

Rl

. R
NH DI or ImCSIm N
( > ( >c=x  x=0s
NH N
1 ]l{2

RZ

F O e 0P

40% [46) 88% [47) 53% [45] 85% [48)
sco also [46a],[46b]



7.1 Heterocycles Based on C=0, C=S§, or S= O Insertion 243

AL, S " a{?

k/N n-CH,
82 -90% [441 46% [45] 2% [44] 39% (with thiocarbonyl-
ditriazole) [49]

For further examples of this type see reference [50].

7.14 Eight- and Higher-Membered Rings with
N—CO-N or N—CS—N Units

Insertion of a C=0 or C=S group between the two amino functions of a 1,5-diamino
compound can be used to produce eight-membered heterocycles. Higher membered
heterocylces are also obtained on this way:

Rl
1
NH  CDI or ImCSIm
C /c =X X=0,8
NH
RZ
0 Boc-NH -tert-CJl,
CH:OQ ‘NH CH,OU ~C,
66% [51] 74% [51] 9% [52]

7.1.5 Five-Membered Rings with N—CO-O0,
N-CS-0, or N—SO—-O0O Units

Insertion of a C=0, C=S or S=0 group between an amino and a hydroxy function of a
1,2-aminoalcohol produces a five-membered heterocycle with O and N as ring hetero-
atoms linked by —CO—, —CS— and —SO—groups. Although the reaction proceeds in two
steps, it can often be carried out as a one-pot process.

R Ry X

Lo
NH N-X~-Im N - -

( CDI,IIII!:SI!I\E ( ( \XSY X=C,Y=0,S
OH or ImSOIm OH o/ X=8S,Y=0
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If R =H an isocyanate is formed as a further intermediate. The required OH group
can also originate from a keto—enol equilibrium as below.!**]

R
I IN COIm R’Ifq
| o

R! R? R Imidazole- Oxazolone
N-carboxamide

CH: H H 91% 40%

CH; CH, H 9% 98%

CH, H CH, 57% 34%

Further examples of heterocycles prepared accordingly:

g
P P § ‘ ocs,
e O oo =HY

9%4% [54] 88% [S54a] 78% [55] 93% [56]
CeéHs, O,
(CHYs ] ‘c=0 CHs’S f’
\/" M o ~

H OCH,

52% [57) 85% [58]

N
At Qe U=
¥ ¥

)
87% [61) 9% [62] 50% [63] 40% [64) 41%  [65)

OH QO HN-(CHp,— -({:
CH,), ~Si(CHy), l,

o
.0, s )
" --{:{__Mc-s OH O rm—(am,—Qs GO_OC&U—G"

OH H
81% [66) 88% [67] 87% [68]
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b

~CH,

g
(I C=s H;Co

0 exo / endo 41
62% [69]) 85% [70]

Other examples are described in references [1], [64], [71H{75].

The CO-transfer reaction onto o-aminophenol or o-phenylenediamine by CDI has
been used as a method for converting f-lactam carbanilides, obtained by a 4-component
condensation, into the corresponding carboxylic acids without damaging the sensitive p-
lactam moiety. The method has its basis in the production of easily cleavable compounds
from o-hydroxy- and o-aminoanilides and CDI:!"8!

] icH, I | i-cH,
o>—N-CH-CONH N-CH- con—D

HX X
acetone;
0.1xHC1

- H
X=0:59% i-C;H, N
X =NH: 61% E]_ -

o N CH-COH + o=(x

7.1.6 Six-Membered Rings with N—CO—-0O or N-CS—O Units
In analogy to the preceding Section 7.1.5 the insertion of a C=0 or C=S group between

an amino and a hydroxy function of 1,3-aminoalcohols using CDI or InCSIm yields six-
membered heterocycles with a carbamate or thiocarbamate structure.

£ o, s _N
F,cj\)*c,n, CeH; oi ’)""o e
3% [77]

74% [78] cﬂg 4% [19] 53% [80)
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e m .,m b S

83% [81}] 5% [82] 61% [82] 65% [83] 66% [84]
H o

N ]
(CéHy):CO—1 O o’é *o

CH, CHa
90% [85) 79% [86) 54% [86) 56% [87]
" CHy~on o
0. THP
T Ly F AKX
P! [ Za,
74%  [69] éﬂa 0% [79] 56% [86] 4%  [82]
0 gy
Nv
| N
CH,S”
f‘s AcO Q
57% [81] 7% [69] 93%  (after methylation with CHJ) [88]

Further examples in references [89}-{91].

7.1.7 Five- and Six-Membered Rings with O—CO-S,
N—-CO-S, or N—CS—S Units

Insertion of a C=0 or C=S group between hydroxy or amino groups and a thiol function
in 1,2- or 1,3-positions leads to a five- or six-membered heterocycle:

CSH CDIorImCSIm CS\C=Y X=0,NR
XH x”
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Examples:
H Hoc, H X

[ [ k=0 [:N,c=o Ht}"" O:;c-o

N~ S S H

90% [92] 68% [93] 1% [94] 2% [95]
(I:" l:s C=s x(‘ J:s c=s

o
CHzC(ﬂ'ls)zSCBzCoH.-P-OGIs

71% [96] 62% P71 2% [69] 91% [98]

Further examples are described in reference [99].

7.1.8 Five- and Six-Membered Rings with 0—-CO-0O
or O—CS—O Units

Insertion of a C=0 or C=S group between the two hydroxy functions of 1,2- and 1,3-
diols results in a five- or six-membered ring (see also Section 3.8).

OH (o)
C CDI or ImCSIm > C >c=x X=0,8
OH o
Examples:
\
c=0
0 ‘o %
40 - 60% [100] 80% [101] 85% [101)

OQEIONNIW sﬁx/oxnzc}]!
c=s (o] (o]
CH, CH, CH, c-CH,,
76% [102) 82% [69] 85% [103]) 78% [104]

Further examples of the 1,5,2-dioxazinane-3,6-dione type obtained from glycolohy-
droxamic acids and CDI are described in references [105] and [106].
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These compounds can be converted either to 1,2-oxazetidin-3-onest!?>H107H10]
under elimination of CO, or to 4-oxazolidinones!'®”! by treatment with imidazole:

X ®
@0 9 20-110°C o-N’
—_——ee
-CO, RI_I._L
Rz R’ R? (o)

ImH | if R> = (CgHy),CH,

(CeHs)(CH,)CH,
CéHisCH,
CeHs
é_R4hn Cﬁllix
J 110°C ,
R’i}g"\o*o Co, mH > " ‘0

R*= C{H,, CH, H

Other follow-up reactions from the 1,5,2-dioxazinane-3,6-diones are described in
reference [106].

Reference [110] describes the synthesis of 1,2-oxazetidin-3-ones from N-substituted
glycolohydroxamic acids and CDI without isolation or purification of the intermediate
1,5,2-dioxazinane-3,6-diones:

0
OH O A
c-c,!!,-c::—i':\ _OH -gm.? c-cH, E
S8 luca, el §CHCH,
CH,Cl reflux o GH,CH,
molecular sieve 20°C__ 0-N
-co, eCH——4
c-CH;
4%

The conversion of 4-hydroxy-1,3-dioxolanes into 2-oxodioxolanes with CDI via a
diol is described in reference [110a]:

Example:
CeHs X C4H;
)\, o )\,
.-OH .-CH
§I e, cuyten s (Y
CH, quant. OH o
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7.1.9 Five- and Six-Membered Rings with S—CO-S§,
S—CS-S, or Se—CS—Se Units

Insertion of a C=0 or C=S group between two thiol or two selenol functions of a 1,2- or
1,3-dithiol or diselenol results in formation of the corresponding five- or six-membered
heterocycles.

Cs(s«)H CDlor lmCSlm Cs(“ C=X X-0.8
S(Se)H S(Se)/ ,

Examples:

30% [111] 94% [112] 97% [112]

7.1.10 Five- and Six-Membered Rings with S—CS—-C
or N—CO-C Units

Insertion of a C=S group between a thiol and a CH function of a corresponding thiol (a)
or of a C=0 group between an amine and a CH function of a corresponding amino
compound (b) may be achieved in the following ways:

S S
" 1]
SH(Ag) ImCSI S=C—=Im LiN(Si(CH S=C=Im S
a) C AmCSIm C iN(Si(CH,),) CC_ _— CC:C=S

CH CH
/N 7\ N N
Examples:
OH
}‘ s

CO,CH,CH=CH,
70% [113], see also [114]
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H
NH, N

b) C o >c=0
CH o
/7 \ /7 \

Examples:
H 2
N. .0 N.c??
4@
Ny 2~N 1}_ N)-CH,
R CH,

R =H, CH;; 85-96% [115] 98% [115]

For further examples see reference [116].

7.1.11 Special Cases of Syntheses of Five- and
Six-Membered Rings by Use of CDI and
N,N’-Sulfinyldiimidazole (ImSOIm)

Heterocycles like 1,4,2-dioxazole-5-ones and 3-hydroxy-1,3-oxazolidine-2,4-diones are
formed from a 2-hydroxycarbohydroxamic acid and CDI in the following reactions:!!'”}

OH o 00
! CDI N~ R! \r
R'-C-C-NHOH —mM8M88> o
2 M CH,Cl,, ~ 1 min, HOL JLO>= * R2>SfN‘
R° O C OH
then 0.5~HCI N,
R R
R’ R’
CGHS C6HS 91% -
CeHs c-CeHy, 90% -
CeH, CH, 93% -
=(CHy)s— 89% -
CHCH, H 25% 38%
CeHs H - 63%

Depending on the substitution of the 3-hydroxycarbohydroxamic acids, 1,4,2-dioxa-
zole-5-ones, 1,3-oxazine-2,4-diones, or 3-ethenyl-1,4,2-dioxazole-5-ones are formed with
CDL!!8
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E K yidd(%)
—(CH)s~ o1
=(CH)s~ 90
H 45

H
H H 23

H H 35
H H 42
H H 88
H H 37

Starting with 2-hydroxycarbohydroxamic acids and ImSOIm, 3-alkoxy-1,2,3-oxa-
thiazolidine-4-one 2-oxides or 1-alkoxy-3-arylindoline-2-ones can be obtained depending
on the substituents at C-2 of the hydroxamic acid:!''")

R OR’
7/
N

> R® = C;H,CH,, R* = CH;; 62%
ifR' =R’ =4-CH o iy >
\;p\s iR or C.H, $CeHls H R® = CH,CH,, R* = H; 63%
R' OH
N

4

-Cu
R? g-NHOR’ R

8 %

%

RI
R’ 0\
— > t A0 R_cHCH, 8%
ifR'=R"=CH; o 1:1 =Lty

OR’

The 3-(1-hydroxyalkyl)-1,4,2-dioxazole-5-ones slowly fragment under imidazole

assistence:[!'7]

.0 0o o R! o] 0o

N ImH ) [ no 1] =\ 3

Ho 'Lo>=o —T—elqu\/N—c-o-NH-c—cl:-R’ ——> R'-C-R? + Ii;/N-'c-NH2
~C OH
Vans

R!" R

R'=R*=CH;

Carbonylation by CDI of 2-aza-1,3-dienes yields 4-(1H)-pyridones[12°] (see also
Chapter 14):
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H [ z -
R' N. R R R Yield (%)
j’ \[ (] CeH; C,H; 90
BF1 O(C,Hy), R? R C¢H; n-C;H, 85
THF, room temp. o c-CH,, CH, 75

3-Alkoxy(hydroxy)thiazolidine-2,4-diones have been prepared by the reaction
between two imidazolides:!'2!!

0o
CDI " - 2—
H,NOR'® ———> Im—C-NHOR® HSCR R') C Im o, o )h o
CH,Cl, CH,Cl,
R' R R Yield (%)
H H CHCH, 90
H  CH, CH, 65

CH, CH, CHCH, 68

7.2 Heterocycles by Intramolecular Dehydration
or H,S-Elimination

For further dehydration, for example, of aldoximes and amides to nitriles, of alcohols
to olefines, as well as the synthesis of heterocycles like oxiranes and aziridines see
Section 18.5.

7.2.1 Benzisoxazoles

2-Hydroxybenzohydroxamic acids and CDI have been used!'?? to produce 3-hydroxy-
1,2-benzisoxazoles:

C NHOH R Yield (%)
U e O o

a 68
CHO 42
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Under different reaction conditions, however, a 3-hydroxy-1,3-benzoxazin-2,4-dione
is formed!'??! (see also six-membered heterocycles containing an N—CO—O unit, Sec-
tion 7.1.6):

(0] (o]
1]

ngc-mou CDldoqv) R‘:Ikm
oH CH,CY,, room teep. oo

R=H, 90%; Cl, 72%

7.2.2 B-Lactams

An interesting application of N,N'-sulfonyldiimidazole is illustrated by the synthesis of
B-lactams from substituted L-serine amides.[?*]

H H
R-N

Fa el Tw — I
(0]

Q

OCH, i OCH, OCH,

R=2Z,75%; Boc, 85%

In this reaction no epimerization was observed at the 3-position. Ring closure occurs
in spite of the low nucleophilicity of the NH group of the amide.['>*! Another B-lactam
synthesis involving condensation of arylaldimines with 2-p-tolylsulfinylacetimidazolide
is described in reference [124].

7.2.3 1,5,7-Triazabicyclo[4.4.0]dec-5-ene

A 1,5,7-triazabicyclo[4.4.0]dec-5-ene containing a bicyclic guanidine system was
obtained from a 4,4’-iminobis(butan-2-ylamine) and N,N ' -thiocarbonyldiimidazole:[!"!

H
[(I;:;D\ ImCSIm '.(N\ i;j\

OCH,0CH, OCH,OCH, OCH,0CH, OCH,0CH,

58%
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7.2.4 2-Oxazolines (4,5-Dihydrooxazoles)

Reaction of N-acyl-f-amino alcohols with o-chlorophenoxyphosphoryldi-1,2,4-
triazole (A) or phosphoryltris-1,2,4-triazole (B) leads to a variety of 2-substituted 2-
oxazolines.!'?¢!

AorB Q 'Nﬁ

CH,CN, pyridine RCONHCH,CH,0 p- N\’ N

quant. | al

RCONHCH,CH,0H NaHCO, o R\«Oj
N

2-Oxazolines have also been obtained from aziridines and carboxylic imidazolides
via N-acylaziridines.['?”) Isomerization of the N-acylaziridines can be achieved by
heating with a catalytic amount of tetrabutylammonium iodide or bromide. The trans-
formation can be carried out as a one-pot reaction in quantitative yield (solvents: THF,
CHCl,, benzene) with a wide spectrum of substituents R (R =H, alkyl, c-C¢H,;, C¢Hs, 3-
pyridyl).

Cetls CeHy CeHs
N
ROOH + \/ @ \/ _cHN R,qgf_
H

=0

n-Q-2

7.2.5 Thiazoles

Thiazoles may be obtained starting from the imidazolides of a-bromocarboxylic acids

and thiobenzamide, as shown by the following example:!'?®!
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5 (tert-CHo)(CH,),SiO

r § © N N
i H,N-C-CH Z (CHy)y(tert-CH)SiCl _
CHCHCOIm ———=4 Yy S)*csu, T e C,H; s}cﬁl{,

7.3 Various Other Syntheses of Heterocycles Using
Azolides

7.3.1 Thiadi(tri)azoles and Oxathiols

Ethyl diazoacetate and ImCSIm can be cyclized by a dipolar addition to give the cor-
responding ethyl 5-imidazolyl-1,2,3-thiadiazole-4-carboxylate:

ImCSI BEOC_

mCSIm

N,CHCO,C,H > N mH

? #7275 benzene, room temp., 12 h Im 4 S,N + 1
94%

With N,N’-thiocarbonyldi-1,2,4-triazole the corresponding ethyl-5-(1,2,4-triazol-1-
yl)-1,2,3-thiadiazole-4-carboxylate was obtained in 90% yield.['**! However, analogous
1,3-dipolar reactions in the presence of (C,H;s);N are reported to yield the isomeric 2-(1-
imidazolyl)-1,3,4-thiadiazoles: (! 30+(131]

ImCSIm > N-N
o 7\
(GH,)N, several hours, 20 - 80 °C Im’ks)‘COzCzﬂs

N,CHCO,C,H

74%

For corresponding reactions with 2-furyl- and 2-thienyldiazomethylketone see

reference [131]. An obvious mechanism for the reaction of N,N'-thiocarbonyldiimidazole

with diazomethane is a 1,3-dipolar addition:'3"

s o N=N N-N
NA W /N ® _=2 — 10 V4N \
WN-CN_J + O -NeN ——> ll';lm,C\s,CH H —> lm»QS) + ImH

With hydrazoic acid or (better) trimethylsilyl azide and ImCSIm, 5-(1-imidazolyl)-
1,2,3,4-thiatriazole is obtained:[130}132]

N

Imcsim _ N&A_A

. s .
(CH,):SiN, toluene l%/N §

55%
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Addition of thiophosgene to the reaction mixture of ImCSIm and trimethylsilylazide
causes the yield to become quantitative.l'>****2] In the conversion with trimethylsilyl
azide the required ImCSIm could also be made in situ from trimethylsilylimidazole and
thiophosgene, giving the thiatriazoles in 70-80% yield.!'*?)

Oxathioles are prepared by the reaction of 1-imidazole-N-carbodithioate or 1-
imidazolephenyliminothioate with a-haloketones, as shown below:!1%%

S
N*\ % o @ RCOCH,Br O)l\S

-C- >
NS N o ON/ GHYN, 25 °C R)==/

R Yield (%)

C¢H; 90 (66, without base)
4-CH,C,H, 63

4-CH,0CH, 80

4-BrCH, 70
N-CgH,
-C
N= NG C¢H,COCH,Br o)ks
N-C-So K : >
~/ © “® "CH,CN/(C,Hy),N ={
CHy  CgHs
90%

7.3.2 Thiacyclohexenes by Diels—Alder Additions

Diels—Alder reactions of thiocarbonyldi-1,2,4-triazole (A) or thiocarbonyldibenzotriazole
(B) with 1,3-dienes lead in excellent yield to the expected addition products.m“]

) A

NN NT'N
N CeHs CeHy -1

CH,ICHZ A Cﬂsﬁ A
—_ | N=\ —_—— ' N=\
' ne \
CH,” “CH, room temp., 48 h CH, S N N benze s bj \

A reflux, 62 h
C * C
99% 5“5 6H5

A
N° N ; N
N N-N
D e CFy O e CLFpy
CH,Cl, ~~s o~ \ CH,Cl, S N
2 N\ N N
15 min g 20h
9% 98%
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N N
o
¢y
E 2 ?A A
© benzenc S 'N—‘\N toluene
reflux, 18 h reflux

85%

7.3.3 Oxazoles and Isoxazoles

Oxazoles can be prepared from alkylisocyanide carbanions (base: (C,Hs);N or tert-
C4Hy0K) and azolides,!!35}136] a5 the following examples show:

NC NC
I 2 It 2 A
a) R'-CH + RCOIm —> R —=CH-COR > N O

R! R?
R' R? Yield (%) [135]
CO,CH, CO,CH, 89
CO,CH;, H 74
CO,CH, is0-C;H, 75
CO,CH, p-NO,CiH, 92
NC 90 ot
b) CH,0,CCH + Im-C-C—Im —> f/ /J
° N
CH,0,C
81% [135]
o CO,CH,
PN i F N\ /N
N0 + Im—C-CO,CH, ————>
c) _ m ,CH, o / J
CH,0,C  CHNC CO,CH,
)
81% [135]
CH,0,C CO,CH,

NC Q Q
d) CH,0,CCH + lm—c—O-c—lm —> N7 ”
) L\ /

75% [135)
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FaN
~ o 0 N oNT 0~ 0NOTSN
e NTo m—C-—Q—C—h —_— CH;O,C-3==-L—\=4-<;>—\==L3-“1—CO,(:H3

CH,0,C  CHNC
e 7% (135]

~ 0 N oNnT 00N
f) N0 4+ Im-C-C-Im —> CH0c =L A=/ \—/ > CO,C,H,

CH:0,C CHNC 88% [135]
<]
e N AO R Yield (% 36
g) (CHy),P-CH + RCOIm —> _ o l;:s (%) [136]
© C,H;),P= R 3
(GH,),P=0 CH, 8

A different synthesis of oxazoles based on azolides is the flash-vacuum pyrolysis of
1,2,4-triazolides, which includes a shift of the acyl group and elimination of njtrogen:[13 7

N N R i
LN Ny s
N 800 °C/ 10” torr o) CH’=CH e
COR 2
CeH, 90
CH,0CO 60

The synthesis of isoxazoles by use of azolides is illustrated by the following example
of 3,4-diphenyl-5-methylisoxazoles, prepared by conversion of the deoxybenzoin oximes
with N-acetylimidazole with the aid of butyllithium:!3#!

1. BuLi

R -@-c-cnz O_R 2. CH,COIm R Yield (%)
i H 93

7
N >~cH, CHO 95

JZ
Q

Isomeric 3,5-disubstituted isoxazoles can be prepared from vinylogous azolides and
hydroxylamine hydrochloride.">%! In this reaction the ratio of the two isomers A and B
formed can be controlled by the nature of the base:

N

3
o N NH,OH -HCl .
R' z R2 base Rl/Vst RI&)\Rz
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R' R’ Base Yield (%) Ratio A/B
C;H; CH,; none 98 14 : 86
K,CO, 87 77:23
(C,H,);N 85 75:25
2 NaOCH, 92 14 : 86
CH; C;H; none 50 20:80
K,CO, 70 58:42
(C,H,);N 50 78:22
2 NaOCH, 98 7:93
CHs CH; none 55 52:48
K,CO, 63 82:18
(C,Hy);N 65 91: 9
2NaOCH, 57 23:71

3-Hydroxyisoxazoles were prepared by reaction of a vinylogous imidazole carboxy-

late with hydroxylamine hydrochloride and sodium methoxide:

CHy O

AN
N” "N-C=CH-C-OCH; NH,OH-HCl/CH,0Na

7.3.4 Oxadiazoles

1,3,4-Oxadiazoles

CH,OH, reflux, 3 h

[140}

O-N

> \
e, Non

60%

Tetrazolides are excellent starting materials for the synthesis of 1,3,4-oxadiazoles, as the

following examples demonstrate.

Reaction of a perfluoroalkyltetrazole and a perfluoroacyl chloride yields, via a tetra-
zolide and under elimination of nitrogen, the corresponding substituted oxadiazole:!'*"!

N'-Ne

\ ®
C,p‘/ﬁ N,,N Na

RCOClI
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A more versatile approach is the thermolysis of tetrazolides, which leads to

oxadiazoles in excellent yield:!!42}143]

D N o & I o |
N N-C-R ——2 > )
CHs T N and CH Ny 10°C,1n ~ Ces™ o7 R
¢=0
R e
R Yield (%)
CH; 95
p-CH,CH, 98
p-NO,CH, 91
p-BICH, 95-99
0-BrCH, 95
0-CICH, 95
CH,0
N N AR
1 ) o
N\N/N 120 oC, DMF —=> C6HSOAO)\C6H5
]
¢=0 85% [144},(142]
CeHs

Semiempirical calculations have been carried out for the transformation of N-acyl-

tetrazoles into 1,3,4-oxadiazoles.!!#42]

1,2,4-Oxadiazoles

1,2,4-Oxadiazoles are synthesized by the reaction of an amidoxime with the imidazolide

of a carboxylic acid.

N 1.CDI
. HON
\Z‘COZH 2y N
N

NS

PNy _sNOH

N / NHz
cl N

N\¢N

lmco—q

I-—N 0-
@Q’ iy
84% [145]

)V

80% [145]
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iOH C;H,CO,H, CDI /E -0
p_CH3C6H4 NH2 p—CH3C6H4 N}\C3H7

57% [145a]

7.3.5 Hydantoins

A hydantoin structure can be built by the reaction of a primary amine with CDI to an
isocyanate (Section 8.1), followed by conversion with an amino acid:[14¢)

CDI H
(CH3)2N (CHz)zNHz — [(CHs)zN(CHZ)ZNCO] wCOZ
NH
N
H >

o}

| N(CH,),N(CH,),
Swee
H o)

40%

Another method for the synthesis of hydantoins is the cyclization of N-(1-benzo-
triazolylcarbonyl)phenylalanine butylamide.!*”)

N Hﬂ J(O
~ C H
N — N-C,H,
N CH acetone, Na,CO,, 15 min HN\(
[} 1 5
CONHCHCONHC H, o
78%

The reaction can also be accomplished by heating the substituted benzotriazolide in
xylene.[148]

7.3.6 Thiazolidindiones

Using azolides, thiazolidindiones can be prepared by condensation of alkoxy-
carbamoylimidazoles obtained in situ from O-alkylhydroxylamines and CDI with thio-
glycolic acid methyl ester or the imidazolide of thiolactic acid obtained in situ from
thiolactic acid and CDI:['?!)
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HSCH,CO,CH; ~ 0%
CH,Cl,, 3d N.
o OCH,C¢H,
Im_ C - NH .'OCHzCﬁHS
HSCH(CH,)COIm u. S~°
2 > g 73%
CH,Cl,, 24h CH; N,

7.3.7 Triazepines
Interesting triazepine derivatives have been prepared from silaheterocycles with CDI or
ImCSIm. For the conversions via the various routes with about 70% yields were

reported.[! %]

C4H,CH,NH— (CH,),— NHCH,C Hj

(CH;);S:(NCy \3)281(NCS)2

C¢H,CH,.
C¢HCHy\ )\ 61 ZFJ\I‘{H
(CH. i(CH.
((31-12)2 ,Sl(CH3)2 C\Nz\);/ N'il (CH;),
N NH
C,H,CH,” Y CeHsCH,”
mCSIm
ImCSIm
C6H5CH2\N C6H5CH2\N CHCH,. S
(C\Hz)z (CHy), (CHy),
N N N
CHCCH,’ O CHCH,® O CHCH, S

Analogous reactions are reported for the synthesis of urazoles (1,2,4-triazacyclo-
pentandione-3,5), monothiouracoles, and dithiouracoles.['4%]
7.3.8 Deazaflavines

Reactions of anilinouracils and CDI lead to 5-deazaflavins, as shown in the following
scheme:!'>%!
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CH3 8
CeHs = K(\r o
PT, 140 °
“ct, “HMPT, 120°C
N
26%

66%

With a threefold excess of CDI the yield of the S-imidazolyldeazaflavin can be
enhanced to 80%. The following mechanism has been suggested for these reactions:!'>"

CH, y

N CH3 H ® SHS g
O, O Y
“CH, Ncn,
0 1ol mo
e
cDI l
CH, 4
N \I;I 0
@Ql( <~ @;ﬁfy
® ~CH, o
o mo l N.
N 0=C .. CH,
Im

In analogy to this reaction, a substituted anilinouracil with CDI in trifluoroacetic acid
was shown to yield the 5-deazaflavin with a trifluoromethyl group in the 5-position:!'>!

C,Hs C:Hs
H,),N N
(CHy), IJ/N\“;(YO CDI/ CF,CO,H > (CH3)2N:©;rIiYO
Ne . 1h,20°C, then 150 °C Ne
CH, CH, CH, CH,
! CF, O
51%

7.3.9 s-Triazolo[4,3-a][1,4]benzodiazepine

-Hydrazino-1,4-benzodiazepine and formic acid 2-methylimidazolide, prepared from

N,N'-carbonylbis(2-methylimidazole), yield an interesting triazolobenzodiazepine in
excellent yield.“sz]
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CH, C)lis \’N‘
NHNH, N&\ @ /SN N
Nx 2 |\/N—C—N\¢| ACOZH N
—
Cl =N Cl =N
CeHs CeHs

This reaction was also carried out with '4C-labeled formic acid, leading to the
radiochemically labeled s-triazolo[4,3-a][1,4]benzodiazepine (58% yield).!'>)

7.3.10 Imidazo[1,2-a]pyridines and Pyrido[1,2-a]benzimidazoles

Imidazo[1,2-a]pyridines are formed by condensation of N-arylacetylimidazoles with
dimethyl acetylenedicarboxylate;[!341-1156]

0

CO,R?
R A\ 2
R’0,C~C=C-CO,R? g :Cig“goc?éCOIm> N + N\ N-é=(.;H
N pRICH,” N “COR? CO,R?
CO,R?
R R vild® °Pod
H CH, 64
H tert-C,Hy 61

OCH, CH, 89
NO, CH, 11

The crystal structure of the compound with R' = H, R? = CH,''*"! was determined by
X-ray crystallography. A mechanism for this reaction has been proposed.['>*!

Products from the reaction of N-propionylimidazole with di-fert-butyl acetylene-
dicarboxylate at room temperature have a somewhat different structure:'*"]

H R

o C,Hs O
R N 2775 N
R-C=C-R CHCOlm > R —\> + R\'g/« _\>
CH,CN, room temp. Z "N & N
H

R
14% 10%

R = tert-C;H,0CO
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For the mechanism of this reaction see reference [157].
A similar reaction of 1-arylacetylbenzimidazoles with dimethyl acetylenedicarboxy-
late leads to pyrido[1,2-a]benzimidazoles:

N
’ X
p N
COCHZ—QR | P
CH,0,C-C=C-CO,CH, > CO,CH;
: CH;CN, 82 °C CO.CH
R 2 3

R =H, 8%; OCH,, 6%

Although the yields are only moderate, this method provides easy access to the
pyrido[1,2-a]benzimidazole framework in a one-pot reaction.[!*"]

7.3.11 7H-Pyrrolo[1,2-alimidazoles and
Imidazo[1’,2’ : 1,2]pyrrolo[2,3-b]furans

By condensation of 1-acetylimidazole or 1-(1-pentin-4-oyl)imidazole with dimethyla-
cetyl-enedicarboxylate at higher temperature, 7H-pyrrolo[1,2-a]imidazoles are formed
along with dimethyl(imidazol-1-yl)fumarate:[!8+(157]

N

RCOIm . o R ’;\) = GocH

toluene, 50 - 60 °C°  R-C-0"\__
CH,0,C COCH,

CH,0,C-C=C-CO,CH,

R =CH;, 19%; by-product
HCZC(CH,), , 32%

A crystal structure is available for the compound with R =HC=C(CH,),, and a
mechanism was also proposed. On changing the reaction conditions (CH3CN, 82°C) and
using N-propionylimidazole, a tricyclic imidazo[l’,2’:1,2]pyrrolo[2,3-b]furan was

obtained in a diastereoselective spirocyclization reaction:!!5*M!57]

CH,~
- C,H,COI 3
CH,0,C-C2C-COCH, ~L o0 :; o> CHOC ).
’ CH,0,C" O _
c=0
HC, C,H,
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Here, too, a crystal structure was solved, and a mechanism for the reaction has been
proposed.

A similar spirobicyclization was observed in the reaction of N-acylbenzimidazoles
with dimethyl acetylenedicarboxylate:(!*)

C
)
N
CHO.C—C COCH, COCH, -
,0,C-C=C-CO,CH, ——————>
CH,CN, 82 °C N /
o

CH,0,C~ CH—C

COZCH3
13%

The reaction of N-acylimidazole with dimethyl acetylenedicarboxylate in acetonitrile
at 25 °C provided (2-imidazolyl)maleates and, as by-product, dimethyl(imidazol-1-yl)-
fumarate:!!>7]

Cco,CH
RCOIm N\ §O:CHy

CH,0,C~C=C-CO,CH :Q,/( 5 L'/( §
10 CHs N, CH,0,C CH,o,c + ‘\,N C=cH

CO,CH,
5% CH,o,c’K(C(”CH‘
R=CH,  13% 16% by-product
R=iso-CH, 34% 25%

A mechanism for the reaction was proposed.!'>”]
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8 Synthesis of Isocyanates, Isothiocyanates,
Aminoisocyanates, Aminoisothiocyanates,
and N-Sulfinylamines

8.1 Isocyanates and Isothiocyanates

When N,N’-carbonyldiimidazole (CDJ) is reacted with a primary amine in a 1:1 molar
ratio, the product is an imidazole-N-carboxamide. However, these compounds dissociate
in solution into isocyanates and imidazole even at room temperature,'!! forming a rapidly
equilibrating system. Because of this equilibrium, primary imidazole-N-carboxamides
can also be prepared from isocyanates and imidazole.

Analogous to the synthesis of isocyanates, isothiocyanates are obtained in good yield
by reacting N,N’-thiocarbonyldiimidazole (ImCSIm) with primary aliphatic or aromatic
amines in equimolar amount. In chloroform at room temperature the dissociation equi-
librium of imidazole-N-thiocarboxamides is shifted completely to isocyanates.!!

X X
RNH, — lan";‘HF RNH-C-Im =——> RNCX + ImH
X=0,S
)-S

Im—C—Im Primary amine RNCX Yield (%) Ref.
CDI C,H/NH, CHNNCO 57 1
ImCSIm C,H)NH, CHGNCS 77 [2]
CDI c-C¢H,NH, ¢-CH,\NCO 83 [1}13]1
ImCSIm c-C¢H,;NH, c-CH, | NCS 72 [2}
CDI CHsNH, CcH,NCO 63 [1]
ImCSIm CcHsNH, C¢HNCS 78 [2]
ImCSIm 2,4-(CH;0),CH;CH,NH, 2,4-(CH;0),C¢H;CH,NCS 60 41
ImCSIm H;C,0,C-(CH,);~NH, H,C,0,C~(CH,);~NCS 98 5]
ImCSIm CH,=CH-CH,NH, CH,=CH-CH,NCS 43 [6]

From the intensity of the very characteristic IR-band at 2250 cm~! for the N=C=0
group it was found that the imidazole-N-carboxanilide in chloroform is dissociated to the
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extent of 16.1% at 20 °C and 36.7% at 45 °C.!" The corresponding reaction enthalpy AH
was determined to be 14.5+ 0.5 kcal/mol. A similar equilibrium exists for benzimida-
zole-N-carboxanilide in chloroform, with a dissociation of 14.0% at 20 °C and 36.8% at
50 °C, AH being 13.5+0.5 kcal/mol. This dissociation forms the basis for a simple
method of preparing isocyanates from aliphatic, alicyclic, and aromatic amines. One
mole of amine is added dropwise at room temperature to a solution of one mole of CDI in
THF or CH,Cl,. Distillation of the mixture then produces the pure isocyanate in good
yield"! Because of their great tendency to dissociate, imidazole-N-carboxamides
represent a type of masked isocyanate. Solutions thereof behave almost like isocyanates,
even at room temperature. In the solid state, however, imidazole-N-carboxamides are
crystalline, stable compounds that are easy to handle (see also Chapter 4.6).

If N,N’-carbonyldi-1,2,4-triazole or N,N’-carbonyldibenzimidazole is used for the
synthesis of isocyanates instead of CDI, the yields are lower.['”] For the synthesis of
isocyanates and isothiocyanates according to this method see also references [8] and [9].

The ImCSIm-method has been used, for instance, in the synthesis of isothiocyanates
containing steroid, sugar, and alkaloid components: ’

CH
H,C 3 OH
3 CH, OH oy
H,C O
HO
o—@- NCS
SCN(CH,):0
50% [10] 83% [11]

1.LiAIH,

2. ImCSIm

In analogy to imidazole-N-thiocarboxamides, the corresponding pyrazolides have
also been introduced for the synthesis of isothiocyanates.'> N-methylthiocarba-
moylpyrazoles, see next page, are obtained from N-methylisothiocyanate and pyrazoles
by gentle heating. If the two hydrogens of the thiocarbamoyl group in thiocarba-
moylpyrazoles are substituted, no elimination of a thiocyanate is possible. These com-
pounds are then thermostable.
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R _N § R'\_N,

—_— =
N-C-NHCH, =—_—_= CH,NCS + NH
R R® =
R’ R?
T (°C) R! R’ R}
135 - 140 CH, CH,; (CH,),~C-CH,
N-NHCSNHCH,

135 -140 CH; CH; (CHy,COCH,
185 -190 CH, H H
185 - 190 H H H

On short heating thiocarbamoylpyrazoles yield quantitatively the corresponding
thiocyanate salts. Highly substituted thiocarbamoylpyrazoles such as 3,5-dimethyl-
1-thiocarbamoylpyrazole undergo this transformation in solution even at room

temperature.['*!

R! N S @ e
\ C-NH, e______. 3L( NCS
R : ;‘<
Rz
T (°C) R! R? R}
95-10° CH, CH, (CHp),C-
N-NHCSNHCH,

85-100° CH;, CH, H
100° CH, CH, (CH,,COCH,
155-160° H H H

With a stronger base such as cyclohexylamine the pyrazolethiocyanate salts are
converted into cyclohexylammonium salts:!'*!

CH3 - N\N'E—NH C‘CQH“NHz
\ 2 benzene, reflux

CH,

® CH, =N,
QNH, SCN® . NH
\
82% CH,

1-Carbamoylpyrazoles are significantly more thermostable than their sulfur analo-
gues. They decompose quantitatively only at high temperatures and long reaction times
into a pyrazole and cyanic acid, which trimerizes into cyanuric acid:*¥!
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2
RN 9Q RGN,
 N-C-NH, ——> L(NH + HNCO
Rl

R' ¢
(HNCO),
T ( oC) Rl R2
185- 190 H  CH,
185-190 CH, CH,
195 - 200 H H

Prompted by the dissociation of imidazole-N-carboxamides into isocyanates, the
preparation of alkoxyisocyanates (i.e. representatives of the hitherto unknown mono-
ximes of carbon dioxide) was attempted.!'*+!>) However, when N-benzyloxycarba-
moylimidazole (ImMCONHOCH,C¢Hs) was heated, the corresponding trialk-
oxyisocyanuric acid was formed by trimerization of OCNOR.['¥]

0
- ImH rRo. J\ _OR
CDI ~ .
HNOR ———> ImCONHOR T————2> [ocNOR] ——> i 1
+ ImH O"°N" O
R = C¢HsCH, OR

It is very probable that aminolysis of InCONHOCH,CeHs, which, for example, gave
a N-benzyloxyurea with cyclohexylamine in a few minutes at room temperature, pro-
ceded through the stage of OCNOR. These results suggest that compounds of the type
OCNOR can in fact be formed, but their tendency to trimerize is apparently too great that
direct detection is possible.

Conversion of N-alkoxy amines with InCSIm at room temperature in ether produced,

instead of N-alkoxythiocarbamoylimidazoles, the corresponding zwitterionic com-
pounds:[2].[16]

ImCSIm A 4 Vs

HNOR —= 5 N N-C HN""NH == uN? n-
- D C
=/ N5© e/ +ImH =/ N5©

S|
R Yield (%) Ref.
CHCH, 73 [2]

CH;, " quant. [16]
CH, 85 [16]

C,H, 60-70 [16]
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Dissociation of the product with R = C4HsCH, into the corresponding isothiocyanate
could not be achieved. Upon treatment with cyclohexylamine instead of a thiourea, the
cyclohexylammonium salt was obtained.”!

8.2 Aminoisocyanates and Aminoisothiocyanates

Attempts have been made to prepare aminoisocyanates from suitable hydrazidocarbo-
nylimidazoles. However, because of the high reactivity of the expected product, a
dimerization occurred instead, as illustrated by the thermolysis of imidazole-N-carboxylic
acid (1,1-pentamethylene)hydrazide.!'”!

0
A

{ N-NHCOlm ——> [{ N-NcO| ——> { N-N_ N-N )
LS

However, N-isothiocyanatoamines could be prepared as a result of thermolysis of
thiocarbazoylimidazoles under high vacuum.!'®™1") The reaction was found to be
reversible in solution.?"!

S
"
(iso-C;H;),N-NH-C—Im = (is0-C;H,,N-NCS + ImH
70 - 90%

Thermolysis of N,N-diphenylthiocarbazoyl-1,2,4-triazole in vacuo led only to the
rearranged product N-isothiocyanatodiphenylamine.'?!)

SCN

N,
|4 _u_
N NC-NHNCHY), ——e>  [(CHYNNCS] ——> NH

8.3 N-Sulfinylamines

N-Sulfinylamines have been prepared from imidazolides by two methods.[*”!
Method A: Reaction of amines with N,N’-sulfinyldiimidazole.

ImSOIm

RNH, T ImSONHR W RNSO R Yield (%)
CgH, 73
p-CH,CH, 72

p-CICH, 69




278 8 Synthesis of Isocyanates and Analoga

Method B: Reaction of an amine with N-chlorosulfinylimidazole, which is formed
from N,N’-sulfinyldiimidazole and SOCl,. Using this method, N-sulfinylamines are
obtained in good yield at 20 °C.[??!

ImS! i
RNH, mSOCI > RNSO R Yield (%)
~Himi® c® Gt 89
p-CH,0C¢H, 86
P 'N02C6H4 80
tert-C,Hy 63

p 'CH;C@H‘SOZ 86

Generally, method B is superior to method A, because the imidazolium chloride
formed in the reaction can easily be removed by filtration, in contrast to the imidazole
formed in method A.

If N-sulfinyl-p-toluenesulfonamide is prepared from p-toluenesulfonamide by using
. SOCl, only, the yield turns out to be low even after heating the reaction mixture
(refluxing benzene) for five days. By method B, however, the yield is high after only one
hour at 20 °C in dichloromethane.
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9 Reactions of Imino Analogues of Azolides

The preparation of the imino analogues of N,N'-carbonyldiimidazole has been dealt with
above (see Chapter 2). Here we consider certain reactions of such carbiminobisazoles
(iminocarbonylbisazoles) and also of other carbiminoazoles (iminocarbonylazoles)
leading to iminoesters, cyanamides, amidines, aldimines, enamines, and guanidines.
The results are very similar to those experienced with the corresponding carbonyl
compounds, thus widening further the scope of azolide reactions as the following
examples show:

. _CeHs -G,
NA W N NaOC, H M)
N-C-N ——23> H.C,0-C-
o J C.HOH 5C,0-C~0C,H, 81% [1]
R Yield (%) [2]
NH
2RO° RO-C-OR C,H; 73
NH /' ROH, THF n-C;H, 81
F -eon )
N-C-N
N~/ =N

R Yield (%) [2]
R,NH -
RN R,N-CEN C,H, 70

THF
CH,=CHCH, 179

.R? N,R2 R' R’  Yield(%) [l
NA
k/N‘e— R‘ NaOCzHE CZHSO-&—R‘ C6H5 CH3 53
~ C,H,OH CeHs CH; 83
CH, CH; 83

CH,CH=CH CgH, 80

tert -(;,,H., tert -('34H9
N=\_ n-C;H,OH "
- .——J—i—% —
g/N CH 100°C, 14 b n-C,H,O—-CH quant. [3]

The formimidoyl group can be transferred onto either amines, alcohols or CH-active
compounds without use of a catalyst, providing amidines or aldimines and enamines,
respectively:®!
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D NH yield (%)

/—> DN—CH=N- tert-C4Hg quant.
C.H.NH
tert-CH, /—JE’—L——> C,HNH~CH=N-tert-CHy 94

N
NA COCH
N H:Ccoch, _ c,-c20
T > L @C=CH-NH-tert-CH, 64
3 < le)
CN
H,C<
Z">CN NC<
Ne>C=CH=NH-tert-CH, 69

Compounds of the latter type can also be prepared from corresponding isocyanides
and active methylene compounds in the presence of catalytic amounts of imidazole
and AgCl. A 1-(N-alkyliminoformyl)imidazole (Im-CH=NR) is formed in this case as
intermediate:'!

W
COCH ImH, AgCl H,C-C
-CH;,NC + H,C< 3 ——=—2—_ 3 "% “>C=CH-NH-c-
c-C¢H,NC H2C\COCH3 120°C. 13 h H,C-IIC’C CH-NH-c-C¢H,,
(o)

64%

Primary amines with various complex groups R can be transformed (amidinylation)
into guanidine derivatives by reaction with 3,5-dimethylpyrazole-1-carboxamidinium
nitrate in the presence of a tertiary amine such as diisopropylethyl- or triethylamine in
THF or DMF;“#HS! gee also reference [7].

@

CH,_N NB, NH

RNH, + [ N-c-Nm, No,© > RNH-C-NH,
cH,

R= HOC-CH-CH,—p-CH,- R= @)~  R= HC P

NH Z~Trp-CH,~CH-COH PP

Boc o

81% [4] &% 5] 5% (6]

Very similar reactions have been described using unsubstituted pyrazole-1-carbox-
amidinium chloride.[®
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In2 =N r'?H 1p2 r'"‘H T2
RRNH + L/N-C--NH2 *HCI ——> R'R'N-C-NH, -HCI R'R°NH Yield (%)
cyclohexylamine 84
piperidine 71
2-ethanolamine 88
glycine 77

4-methoxyaniline 60

Pyrazole-1-carboxamidine has been used successfully in the solid-phase peptide
synthesis for converting ornithine-containing peptides into the corresponding arginine
peptides.®!

Also N, N'-bisprotected pyrazole-1-carboxamidines are applied for preparation of
guanidines.®®»®®! A variation of this reaction permitted the copper salt of ornithine to be
converted to the copper salt of arginine:!'"

N
=N\ ¢NR
Cu(Om), * CuCl, + | N-C‘NHR —3> Cu[N,N'(R),Arg], R Yield (%)
Boc 91
Z 89

The bisprotected pyrazole-1-carboxamidines referred to above were obtained in the
following way:!*)

(Boc),0

N, / N\ N .
L/N _czMH L/\N_ c2MR R Yield (%)

NH NHR
2 \_CICO,CH,CH, 7 IZ?’°° ;3

The recently prepared benzotriazole-1-carboxamidinium tosylate represents a con-
venient reagent for conversion of amines to guanidines in moderate to good yields. The
presence of the benzotriazole moiety causes the compound to be more reactive than
pyrazole-1-carboxamidinium hydrochloride: tn

R' _R?

N, R'R’NH S N O_ e
O:N‘,N CH, -<_=—>—so,e DMF, (iso-C;H,),NC;H, H zN*NHze CH, SO
H,N'&NHZe
Amine Guanidine
yield (%)
dimethylamine 69
piperidine 84
pyrrolidine n
morpholine 86
hexylamine 67

p -methoxyaniline 68

The reaction could also be carried out in CH3CN or in the absence of solvent.
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10 Syntheses of Sulfonates, Sulfinates,
Sulfonamides, Sulfoxylates, Sulfones,
Sulfoxides, Sulfites, Sulfates, and Sulfanes

10.1 Sulfonates and Sulfinates

Sulfonic Esters (Sulfonates)

The 1midazolides of aromatic sulfonic acids can be obtained 1n the following ways

1 By reaction of the appropriate aromatic sulfonic acid halide or anhydnde with
imidazole ! Toluenesulfonic 1midazolide was obtained from toluenesulfonic anhydride
n very good yield

NA
RO—SO,X+ . NH —> R-@—SOzlm

R X  Yield (%) Ref
CH, Cl 99 [11
H Cl 97 1]
CHN=N- (I 98 [1]
NH, F 69 [2]

2 From an aromatic sulfomc acid and N,N’-carbonyldumidazole (CDI), N,N'-sul-
finyldumidazole (ImSOIm), or N,N’-sulfonyldumidazole (ImSO,Im) While heating 1s
necessary 1n the reaction with CDI or ImSO,Im, room temperature 1s sufficient in the
reaction with the more reactive InSOIm

®
ImSOIm HNA )
2 CH G
,—O-so,u THF, room &mp SO, CH,—O—SOJm + | NH CH;—O—SO,

61% [3]
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ol R Yield(%) (1
R SO;H > R
O " "THF, reflux or melt(90 °C) ‘Q_SO’"“ CH, 51,77 (mel)

H 65
ImH
CH SO,H
’_O_ H + ImSQ;m 90°C, 87%

THF

reflux CH;—@—SCZIm
Hﬁ“\N so N/*gﬂ 2CH_©_ 09 ImH 3
0N 3 S0s 30-140°C. 61%

Imidazolides of aromatic sulfonic acids react much more slowly in alcoholysis
reactions than the carboxylic acid imidazolides. Although the reaction with phenols is
quantitative when a melt is heated to 100 °C for several hours, with alcohols under these
conditions only very slight alcoholysis is observed. In the presence of 0.05 equivalents
(catalytic amount) of sodium ethoxide, imidazole sodium, or NaNH,, however, imida-
zolides of sulfonic acids react with alcohols almost quantitatively and exothermically at
room temperature in a very short time to form sulfonic acid esters (sulfonates). (If the
ratio of sulfonic acid imidazolide to alcoholate is 1 : 2, ethers are formed; see Chapter 17).
The mechanism of catalysis by base corresponds to that operative in the synthesis of
carboxylic esters by the imidazolide method. Because of the more pronounced nucleo-
philic character of alkoxide ions, sulfonates can also be prepared in good yield by
alcoholysis of their imidazolides in the presence of hydroxide ions; i.e., with alcoholic
sodium hydroxide.[* Examples of syntheses of sulfonates are presented below.

2
R'—O-so,nn ROH R'-<;>—5020R2

Reaction in the melt, 100 °C Reaction with basic catalyst at room temperature
(without catalyst).

R' R Yield (%) Ref. R’ R’ Catalyst  Yield (%) Ref.
H  CdH; 90 i CH, CH; CH,ONa 70 (]
CH, CgH; 97 [ CH, CH; CH,ONa 84 m
CH, p-NO,CH, 78 m CH, CH, ImNa 74 48]
CH, CHy  INNaOH 82 18]
p-CHN=N- CH; GCHOH 91 (
CH, c-C¢H,, NaNH, 72 2]
NH, CHs; CH0ONa 76 m
H CiHs  CgHONa 93 [

CH, CH;, CH.ONa 97 1]
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The mild conditions of the base-catalyzed sulfonate synthesis are particularly

apparent in the case of two reactions in which the reacting OH groups are present in an
azetidinone system:!*’

HO

-CH,C(H,S0,0
}Qcﬂzcaﬂs CH.C.H.SO:1 PCHCHISO, }QCHzc(’Hs
CHy "~ OSi(CHy)y-ten-CoH, LEHGHSOIm CH, 5 —"~ OSi(CH,),- ren-CHo
N DMF, NaH, 75% N
CeH,-p-OCH, "CeH-p -OCH,
CHsCOIm
NaH
CHCO 1. NH,HCO, / Pd / C C"H’Cg’ 0S0,C(H,- p-CH,
A 2LeHls s . v
CH, " OSI(CH,),-terr-C.Hy 2L CHCHSOlm  CHy I_—(‘ OSi(CH,),-ter-C,H,
N 75% N,
. CH,-p-OCH
C4H,-p-OCH, of14-P 3

A silyl-protected alcohol can be converted into the corresponding sulfonate by
treating with p-toluenesulfonylimidazole and tetrabutylammonium fluoride:(®}

(CH;))OSi(C(,Hs)z' tert 'C‘Hg
o:[ p-CH,C{H,SO,1m / (C;Ho),NF . 0:(

74%
CH,080,C¢H,- p-CH,

(CH,);080,C¢H,-p-CH;

CH,080,C¢H,- p-CH,

For conversion of the more reactive 1-arylsulfonyl-3-methylimidazolium triflate
(trifluoromethane sulfonate) with alcohols or phenols, no base is required:”!

CH,<®
N\ SN\ 2
&N-S0,0R'% L/N-SO,-Q—R' ROH R’oso,-Q-R'

In this reaction the 1-arylsulfonyl-3-methylimidazolium triflate was prepared in situ.
Table 10-1 reveals the broad scope of this reaction.

Table 10-1. Arylsulfonates from 1-arylsulfonyl-3-methylimidazolium triflate.

Alcohol/phenol (R,OH) Arylsulfonate (RZOSOZ-C(,H;R') Yield (%) Ref.

(= menthol (-) menthyl-benzenesulfonate 95 )]

methyla-D-glucoside methyl O-tetrakis(benzene 7 quant. N
sulfonyl)- o-b-glucoside

2,6-dimethylphenol benzenesulfonyloxy-2,6-dimethyl- 76 7
benzene

catechol 1,2-bis(benzenesulfonyl)benzene quant. 7

1,3,5-trihydroxybenzene 1,3,5-tris( p-toluene- quant. 71
sulfonyloxy)benzene

(continued)
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Table 10-1. (continued)

CO,CH,
£>—C02CH3 (H,C-@-sozo
2

(HO);
2.3 97 (8
24 96 (8]
25 83 [8]
34 95 (8]

OCH,
@—ocu, (H_,c-@sozo

(HO); :
23 82 [8]
24 75 (8]
2,5 72 [8)
34 76 (8

Application of this reaction to the sulfonic ester of a polyfunctional alcohol is demon-
strated by the following example:m

oH cHiR - OH
oH H (N ~SOCHep-CH OH H
HO T . ¢ CH, cFs0® _ p-CH\CH,S0,0. T . ’ CeH,
4 e 4
HC CH, < CH,

As in the synthesis of carboxylic esters, benzotriazolides may also be used in the
preparation of aromatic sulfonic esters:'"!

AN Ny
,N + ArOH —_— C(,HSSOZOAI‘ + ,N
\ )
SO,C,H,
Ar Yield (%)
4-CIC,H, 88
3-CH,0C(H, 91
4-CH,0CH, 99

2,6-(CH,),C¢H,4 62
3,4-(CH,),C¢H; 96
1-naphthyl 51
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Di- and trihydroxybenzenes could be completely benzosulfonylated in this way as
well.l19

As an example of esters of aliphatic sulfonic acids triffuoromethylsulfonic imidazo-
lide has been treated with various phenols to give phenyl sulfonic esters:!'!]

e
NA (CF,80,),0_ N=A ArOH / ArO (cat.)
| NH - >
2% [ N-SOCF; — H ArOSO,CF,
Ar Yield (%)
CeHs 68
p-CH,CH, 76
p-CICeH, 71

P -N 02C6H4 7 3
B-naphthyl 70

Sulfinic Esters (Sulfinates)

In a way analogous to sulfonic esters, sulfinic esters are available quite readily and in
very good yield. As usually the first step is the activation of sulfinic acid by CDI to the
corresponding imidazolide which then reacts with alcohols:[*?H!4]

o] o]
=\ 2
RsoH 2 5 [N N-gR] ROH 5 gisoR?
R' R? Yield (%) Ref.
p-CH;CH, 1-adamantyl 78 [12]
p-CH;C¢H, 1-adamantylmethyl 92 [12]
p 'CH3C6H4 P 'N02C6H4 57 [12]
p-CH;CH, p-BrC¢H, 69 [12]
HO
p-CH,CH, CH,0 Q CH,~ 69 121
CH,

CH, CH,—
p-CH,CH, 53 (12
- CH2 CH3
C

3
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R' R Yield (%)  Ref.
p-CH;CH, 9-fluorenylmethyl 78 [12]
p-CH;CH, cholesteryl 56 [12]
cl
CH,0 D 2-adamantyl 68 (13]
Cl )
CHy o
A
CH; ©O o
p-CH,CH, 94 [14]
0—CCH,
HS

Sulfinates from Bisazolylsulfides (V,N'-Thiobisazoles)

With N,N'-thiodiimidazole (ImSIm)®”! or N,N’-thiodibenzimidazole, (obtained from the
N-trimethylsilylazoles and SCl,), the following sulfinates can be formed. The sulfinates
arise by rearrangement of the first formed sulfoxylates (see also Section 10.3).

OH  ImSIm or dibenzo deriv> §¢0
OH (o]

quant. [15],[16]

0
HO OH Oo-S

95% [151,(16]

O
"
H? (|)H ImSIm 9’5‘9 R 0—s§
—_—
DZC\CH ~CD, ]_)zc\/CD2 1)2(:\/CD2
2
17 : 83

6% 31% [17]
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10.2 Sulfonamides

Aminolyses of the imidazolides of aromatic sulfonic acids require prolonged heating with
a primary amine at temperatures above 100 °C in a sealed tube to generate sulfonamides
in good yield.

Examples:

2
R' —@—SOzlm RNy R —@-sozNHR"

R' R* Yield (%)
CH, CHCH, 89
H CHCH, 88
CH, CHs 88
NH, CH, 86

The imidazolides required for these reactions can be prepared from sulfonyl chlor-
ides!"! or sulfonic anhydrides'” and imidazole, or by treatment of the corresponding
sulfonic acid with CDL!"! ImSOIm,?! or ImSO,Im™! (see Section 10.1.1). However, for
the synthesis of sulfonamides it is more convenient to employ a one-pot reaction starting
from the free sulfonic acid, CDI or InSOIm, and the appropriate amine:[!]

For example:

CDI C.H,CH,NH.
CH S H —____> __&__ﬂ&)
’O_ 0:0H =55 eC. 10 min CH’_O—SOZ‘“‘ 100°C, 4h CH’_O_SO’NHCH’C‘H’

not isolated 7%

Imidazolides of aromatic sulfonic acids form very sparingly soluble 2:1 complexes
with AgNOj3, which undergo aminolysis to give sulfonamides much more rapidly than the
imidazolides of sulfonic acids themselves.!”! As in the protonation of N-acylimidazoles
in acid solution, binding of the lone electron pair on nitrogen by complex formation
results in increased reactivity, attributable to the increased electronegativity of the
relevant ring nitrogens.

1 ""] ® — =2 5 R’NH 1 2
R —<;>—so2 N N--- Ag___Nv SOZO-R %0°comn> R SO,NHR

NOo,® U .
R’ Yield (%) [2]
CH, CH,CH, 75*
CH, CgH 85
H CH, 80

H CH,CH, 88
* without AgNO, 2.7%
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A similar effect is achieved by N-methylation of the imidazolide with fluorosulfonic acid
methyl ester'®! or methyl trifluoromethylsulfonate!” as catalyst:

iso-C;H, iso-C;H,
. ®
ImSO, is0-CH, ~oiCHs —> CH,-N?"N-s0, iso-CH,
CH,Cl,, room temp., 10 min \—/
iso-C;H, iso-C;3H,
iso-C;H,
n-C;HoNH, .
> - -
benzene, room temp., 10 min n-C,H,NH-SO, iso-C3Hy
iso-C;H,
95%
CF,SO,CH KN R,NH
ImSO,CH, ——2—1-> CH,—N” N—SO,CH; —4———> CH,SO,NR,
\—/
CF,509

with (iso-C;H,),NH,71%; with prolin, 80%

The “imidazolium effect” is also used on the following route, where N-arylsulfonyl-

N’-methylimidazolium salts as intermediates are aminolyzed easily in aqueous solution

because hydrolysis is much slower:!']

®
A

CH,-N">N +c1so,-<_:_>—cn3 _— CH,—NAN—Soz‘Q-CH, a®
\=/ \—/

RR'NH

RR’N—SOz—O—CH3

RRINH Yield (%)
benzylamine 68
c~hexylamine 66
pyrrolidine 81
Gly 43

G]y—OCZ Hs 46
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For the sulfonation step, amino acids were added as their sodium salts. The reactions
were carried out in cold aqueous solution, in which the sulfonamides were immediately
precipitated. By the same method “dansylations” of amino acids could be accomplished
with N-(1-dimethylaminonaphthalene-5-sulfonyl)-N’-methylimidazolium chloride:

®
CH,-N7 N-s0, O
— O
N
Cle N

The N-dansylated amino acid (e.g., glycine, leucine, proline) exhibits a yellow
fluorescence. The sensitivity of detection for amino acids by this method is about
10~ mol of amino acid. The advantage of this prodecure in comparison with that using
dansyl chloride is the fact that it can be carried out in homogenous aqueous solution
without addition of a cosolvent.!'"]

N-Acylsulfonamides are synthesized from carboxylic acid imidazolides and sulfo-
namides. Two typical procedures are worth noting here: 122!

CH,

CDI RSO,NH
Z-NH(CH,) CO0H ———> imi i 22
( 2)" 2 imidazolide diazabicycloundecene

>  Z-NH(CH,),CONHSO,R

Z= C(,HsCHzOCO, R =C3H|7; n: 2. 77%; n:3, 33% [20]

CD| . @
tert-C;H,0CONHCHCO,H LDL, i midazolide ; ;gu,csn.sozmmk H,;NCHCONHSO,CH,- p-CH,
CH,C¢H, ’ CH,C¢H;

52% [21]

Sulfonamides can also be obtained by sulfonation of amines with N-sulfonylbenzo-
triazole in THF:!'

N
Q N + RR'NH T C¢H,SO,NR'R? R' R’ Yield (%)
N CH,CH,CH, H 93
SO,CeH, = (CHys~ 99
CeHs H 87
CcH, CH, 78

Primary aliphatic amines and piperidine react even at room temperature, whereas
secondary aliphatic amines require reflux temperature. Primary and secondary aromatic
amines also require reflux temperature and N-methylimidazole as catalyst.

A polysulfonamide was prepared in the following way:[?2]
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BF, O(C,H;)
ImSO,CH,- p-NH -2 572 >
MOV P 2 TN methylpyrrolidone, 60 °C, 24 h S0, NH
n

The crosslinking of a sulfonylated polyarylene ether sulfone was accomplished by
addition of CDI and bis-4-aminophenylsulfone as crosslinking agents:**]
a) Activation of the sulfonic acid group

CDI
polymer —SO;H ——9 polymer—SO,Im + polymer— SO; HN
- CO, \2

b) Crosslinking

2 polymer -SO,Im —“Hﬁ—AQ——) polymer~-SO,NH -O—SOZ ‘Q NHSO, - polymer
n

10.3 Sulfoxylates and Sulfones

Sulfoxylates have been obtained by the treatment of alcohols with the reactive N,N'-
thiodiimidazole (ImSIm, see Section 10.1, page 290).

2ROH —2SIM__ o go-s-or R Yield (%) _Ref.
pentane
CH, 34 [24]
CH, 76 [25]
iso-C,H, 72 [25]
CH, 78 [25]
s-CHy, 83 [25]
tertCHy 71 [25]

Sulfones are prepared by rearrangement of the first formed sulfoxylates. For example,
treatment of vitamin A alcohol with ImSIm yields the corresponding sulfone, which can
be converted to S-carotene:16!

H,C CH, CH, CH, H;C CH, H, CH, H,C CH,

ZW Y M\/jij
CH,
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Allyl alcohol reacts analogously with ImSIm, which in this case was made in situ
from four moles of imidazole and SCl,.*”!

ImSIm

o}
2 CH™~on 3300 = CH2V\§/\&CH2
o

10.4 Sulfoxides

A recently discovered novel synthesis of toluenebenzylsulfoxides is based on the reaction
of N-phenylacetylbenzotriazoles with sodium toluenesulfinates:*”?!

N Q
@: MN + CH, OSO:Na DMF, reflux, 3-4h "~ CHJ—QS_CHZC‘SHS

c
4
0" TH,CH, 98%

In the mechanism proposed, arylketene (which is thought to be an intermediate in this
reaction), is attacked by the sulfinate anion acting as a nucleophile.

N Al NG~
\\N —_— [Arl—C]-I:C:cﬂ M <O | —
{ heating )
p AP é
C RN
VAN 0
O CH,CHs
Ar' c2° 0
2_1— O | —> AP-S-CHA!
*0 -CO,

10.5 Sulfites and Sulfates

Esters of sulfurous acid (sulfites) or sulfuric acid (sulfates) can be synthesized by reaction
of alcohols with N,N’-sulfinyldiimidazole (ImSOIm) and N,N’-sulfonyldiimidazole
(ImSO,Im), respectively.
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Linear sulfites were prepared as follows!>!28]

(o]
ImSOIm &
2 >
ROH THF, room temp., 30 min ROSOR

CH, CH,
9 9
0-5-0 0-S-0
T ot
P\ [AAY
H,C CH, H,C CH,

94% 75%

Cyclic sulfites and sulfates are obtainable by the following reactions:?*131]

ImSOIm H

O, .0 —
S
]
o

> < RuO,

HO OH (route a)
\ ImSO,Im / NaH 0> 0<
(route b) \ 7/
SO,
CHy /OCH2 o
tert 'C4H9—§i -0 CJISCH (o) N
CH 0O O CH,
94% [29] (o)
SO,
O\s 0
W 78% [30]
(o)

The bicyclooctane sulfite illustrated can be oxidized with RuQy to the sulfate in 72%
yield.!*”) The mannopyranoside sulfate was obtained by means of N,N’-sulfonyldiimi-
dazole (ImSO,Im).% A trifold cyclic sulfate was synthesized according to route b.B!!

(0] (o]

82% [31]
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The following ribofuranosyl sulfate was obtained with ImSO,Im/LiH in 42%

yield:??
CH,
2 o
N
LT
tert-CHy(CHy); 10 :o: | N~ NH,
o o
\s/

2

Catechol sulfates are efficiently synthesized by reacting the appropriate catechol with
N,N’-sulfonyldiimidazole in the presence of potassium fluoride:[**)

R R
@OH ImSO,Im > onsgo
-90° - 75
o KF.DMF,85-90°C,1-3h 0”0
R Yield (%)
H 85
4-tert-CH, 79
3-CH,0 81

4-Z-NHCH,CH, 80

10.6 Sulfanes (Polysulfides)

Sulfur insertion into thiols RSH to give symmetrical trisulfides in high purity is easily
accomplished by diimidazolylsulfide (reaction conditions: hexane, 025 °C, 0.5-2 h).?4

2 RSH Im$im > R-S,-R
R Yield (%) (34]
CH,=CHCH, 80
CH, 80
is0-C;H, 80
tert-C4H, 90

CeH, 80
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Diimidazolyldisulfide, dibenzimidazolylsulfide and -disulfide, ditriazolylsulfide and
ditriazolyldisulfide as well as the corresponding dibenzo derivatives have also been used
for sulfur insertions.!'>!

The bisazolylsulfides shown below are much better sulfur transfer reagents than S,Cl,

(x=1, 2). Moreover they are reactive toward alcohols and primary and secondary
amines.

2

NA\ /~N NA ~N N : NeN
(NS N f\ N-S, -N | NNN-sx-N)\v:rlq T\ N-S, -N
x=1,2

Syntheses of small cyclic trisulfides were not successful, but a larger ring was
achieved:

SH ImSIm S
7/ / N\
CHy, —HF—> CHy s
\ n /
SH N——5
n=234 [34]
= ~
N N-s-N
N —
CH,SH CH,
2 Z" s
> s_
A x_ .S
CH,SH CH,

30% [35]

Whereas CDI reacts with thiols to give thiocarboxylic imidazolide and the corre-
sponding dithiocarbonate. The reaction with N,N’-sulfinyldiimidazole afforded, surpris-
ingly, a mixture of dithio and trithio compounds in good yield:™®!

(o)
CDI N=&\ i
l N-CSCeH,-p-CH; + (p-CH;C¢H,S),CO

33% 22%
p-CH,C,H,SH

ImSOIm
p-CH;CH,—S—S—C¢H,- p-CH, + p-CH,C¢H,~S—S—S~C¢H,-p-CH,
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The ratio disulfide/trisulfide varies from 1:1 to 3.9:1 depending on the diol used in
this reaction (C¢HsCH,SH, 0-CH30C¢H,4SH). With p-NO,CsH,SH, only the disulfide
was obtained in 70% yield.

The formation of disulfides and trisulfides has also been accomplished with N,N'-
sulfinyldibenzimidazole,'®! although such a reaction was not observed in reference [16].

10.7 Diaminosulfanes

These compounds are prepared from bisimidazolyl sulfide (N,N’-thiodiimidazole) and
secondary amines such as piperidine.l*”}

NA /SN
2 NH + |\/N—S—N ] ————> N-S-N
quant. [14]

Reactions with aziridine were also described.!>®!

Moreover, N,N'-thiodiimidazole has been used for the preparation of dithio-
sulfurdiimides.”!

Example:
2NSi(CH
ImSI o \N[SIE(C[;;]’ > CH,SN =S=NSi(CH ImSim C4H,SN =S=NSC,
m 78% > CeH;s i(CH,), ~ (CH,),Silm 6Hs Hs
-S\N, 82%
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11 Reaction of Phosphines with
N,N’-Carbonyldiimidazole (CDI)

The reaction of CDI with primary phosphines was expected to lead first to an azolide
ImCOPHR, analogous to imidazole-N-carboxamide as the reaction product of primary
amines and CDI. In fact, reaction of phenylphosphine with CDI leads directly to
imidazole, carbonmonoxide, and tetraphenylcyclotetraphosphine (THF, reflux, 5h). In
analogy to the dissociation of imidazole-N-carboxamide into isocyanates and imidazole,
this can be explained by the assumption that the first-formed InCOPHC¢H; dissociates
into an isocyanate analogue, C¢H;P=C=O0, which is unstable and decomposes into
carbon monoxide and phenylphosphene (C¢HsP) which tetramerizes. However, the
intermediate formation of phenylphosphene has not yet been definitely proved.!!!

CGHS \ /C6HS

CDI -
CHiPH, ——3 [CHHPCOIm] ———> [CH;~P=C=0] ——> E_g
\
C6H5/ C6H5
74%

With secondary phosphines the reaction with CDI is similar to the reaction of the
corresponding amines, but more vigorous conditions are required (reflux in dioxane for
several hours). Thus, diethylphosphine gives diethylphosphinocarbonylimidazole, in
which, however, the imidazole groups cannot be replaced even by prolonged heating with
an excess of diethylphosphine in contrast to the corresponding diethylaminocarbonyli-
midazole:[!!

CDI
(CH)PH ———> (C,H,),PCOIm + ImH

Reactions of diethylphosphinocarbonylimidazole with alcohols such as ethanol or
benzyl alcohol are strongly exothermic, and lead to diethylphosphinocarboxylates. For
the reaction with aniline, leading to diphenylurea, another mechanism seems to apply.

ROH C,H,NH. CgH,NH
(C,H;),PCO,R €—— (C,H,),PCOIm —5—=—2-> [ C,H,;NHCOIm ] SN, o CgH;NHCONHC H;

R =C,H,, 86%;
C¢H,CH,, 62%

Reference

[1] D. W. Miiller, Ph. D. Thesis, University of Heidelberg, 1963; see also H. A. Staab, W. Rohr, Newer
- Meth. Prep. Org. Chem. 1968, Vol. V, p. 61-108.
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12 Phosphorylation and Nucleotide-Syntheses

The following sections deal with a variety of rather complex syntheses using different
versions of phosphorylations by azolides. The syntheses described here are selected
primarily not for their specific practical applications but to show the versatility of the
azolide method in synthesizing very complicated phosphorus-containing structures.

12.1 Phosphorylation, Phosphonylation and
Phosphinylation of Alcohols

Reactions with Phosphoric and Phosphinic Monoimidazolides

Alcohols can be phosphorylated to phosphoric diesters by ionic phosphoric mono-
imidazolides in acetone at temperatures of about 50—60 °C over the course of several
hours. These imidazolides are generally prepared by reaction of the appropriate phos-
phate with CDI (see Section 2.2). Reactions with ethyl, n-butyl, n-pentyl, n-octyl benzyl
alcohol and various other alcohols have also been described.!)

1.CH,OH o
2 Ral CH,0-P-OC(H
50°C, 10 h T 95% 1)
(0] [e] ®
" =0 Na
Im—P-OCgH,
Qe i -C;H,0H Q
1 - n
i -C,H,0- P~OC(H
HImH® 60°C, 15n GO PmOGH, - 80% 11
101

as cyclohexylammonium salt

In 1,2-diacylglycerol-3-phosphate the phosphate group was esterified with choline by
means of CDI to give the phosphatidyl choline:

1. CDI

CH,0COC,;H1s . CH,OCOC,;H;;

! 2. choline « HC1 ! ’
(‘IHOCOC”H“ L 70-80°C CHOCOC ;H;;

CH,OPO-H, B ’ O

- 16h " ®
CH,0- lI:’—OCH2CH2N(CH3),
10 I@

30% (2]
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The reaction of phosphoric diphenylester imidazolide (for preparation see Section
2.2) with tris(1,1,1-trifluoropropyl-3)silylmethanol yields a phosphoric triester."!

o

CF,CH,CH,),SiCH. 0
(CF,CH,CH),SICH,0H o (¢,H,0), P~OCH,Si(CH,CH,CF,),

THF, reflux

Q
(C(H,0), P-Im
62% [3]

Analogously to the phosphorylation of alcohols with phosphoric azolides the phos-
phinylation is carried out by means of phosphinic azolides (CH,Cl,/C,HsOC,Hs). In the
following case a 1,/C,Hs0C,H;s) protonated diphenylphosphinic imidazolide is used to
give the allylic diphenylphosphinic esters in good yields:[

Q 9 ® =CR-CH,OH 9
cayra s cupp-tmn o SHEER-CHOH, o4 PocH-CR=CH,

R =H, 81%; CH,, 87%

Adenosine and uridine monosphophate (AMP and UMP, resp.) react via their imi-
dazolides with alcohols to give the phosphoric diesters:

1.CDI, N(C;H,),

0 DMF 0 (o)
A n A " A "
Oy 0-P-OH _2.NaClO, O._r-O-P—Im ROH 0._rO-P-OR
" b SRS ] —_— ]
OH [o]/2) DMF 1016
OH OH OH OH a ® OH OH Na ®
67% [1]

R= C¢H,CH,, 94% [5]

o o o)
U "o U [ U "
0 0-p-0l CDI 0~y 0-P—Im L.CH,OH 0~J~0-P-OCH,
19 pyridine 1016  2.(C,Hs);NH® 1016
OH OH DMF OH OH HCO:© OH OH
(C,Hs);NH®
pyridinium
salt 75% (6}

The formation of a 2’,3'-cyclic carbonate during the reaction of AMP with CDI is
discussed in reference [7] (see also Section 3.8.2).

In the case of arabinosyladenine-5'-phosphoric imidazolide, a reaction with the 2’-OH
of the sugar moiety was observed:'®!

©,

ol
\P 20
0 75\
n A 0
im—P-0-_-0 - oA
I0lg K H? imidazole buffer, pH 7.2
OH
OH

24%
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Another cyclization of 3’-adenylic acid (3-AMP) to 2’,3'-cyclic adenylic acid (2/,3'-
cAMP) took place by condensation with carbiminodiimidazole (or N-cyanoimidazole) in
aqueous or anhydrous medium. It is supposed that the reaction of 3'-AMP probably
proceeds via a phosphoric imidazolide:!

NH
HO O | _al Ho-_o} o0} HO-_O}
——————
o S A A e
® [) n n
0,0 oOH HImH Im-C-O-P-O OH Im-P-O OH o o
o | | . Np
3 (I 10 P

RN
o ¢e

With neutral phosphoric monoimidazolides, which are more reactive than the ionic
species, the reaction time for phosphorylation of an alcohol is reduced. A one-flask
synthesis of unsymmetrical phosphoric diesters from N-(1,2-dimethylethylenedioxy-
phosphoryl)imidazole, prepared from di(1,2-dimethylethylene)pyrophosphate and imi-
dazole, is presented below:!!%+11]

CH, CH,

OR?
fo) 1 2
'/\&-CH3 ROH | 9’%—% ROH__ .  R'O-P-0-cH-C-CH,
Im—P~O 45 min R O—P~0 several h n 1oon
i 113 0 CH O
(0] (o) 3
(.)Rz HO (')Rz
R'O—P-0-CH-C-CH; —*—> R'O—-P-OH + HOCH(CH)—C-CH,
O CHO o] o)
R' R’ Yield (%) as
dicyclohexylammonium salt
(CH;);CCH,  (CH;),CHCH, 74
c-CsH, CgHsCH, 80
(C;Hs),CH C¢H,CH, 74

The dialkyl(1-methylacetonyl)phosphates, which were easily hydrolyzed, are
obtained in higher than 90% yields. Such reactions can also be carried out by making the
phosphoric imidazolide in situ from the di(1,2-dimethylethylene)pyrophosphate and
imidazole.['"]

If 1,3-, 1,4-, and 1,5-alkanediols are introduced in this phosphorylation reaction, 6-, 7-,
and 8-membered cyclic phosphordiesters are obtained:!!?
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CH,

o)
CH. 1
o i R_ ) CHOH R_ )} CHO-P~q CH,
! CH; + C _—> C o + ImH
Im—g.o 7 ;
o]

R/ cH,0H

l

2.\ ci,0 o 1. (i-C3Hy),(C;Hs)N, CH,CN / H,0 R\ cu0 o
‘o S~;? < LHC/HO e ~_.7
7

< P
R /cH,0 OH R’ Jcuo \o-gﬂ—é—cn,
n n CH,
R n_Yield (%) R n_ Yield(%)
H 1t 77 H 1 170
CH, 1 80 CH, 1 90
H 2 86 H 2 8
H 3 8 H 3 43

Reactions with Phosphoric Diimidazolides

In the reaction of a phosphoric ester diimidazolide (for preparation see Section 2.2) with
an alcohol it is possible to substitute either one or two of the imidazole groups.

0
. p- —©
a) m—p—Im ——BNOCHCHOH o cH.CH,0-P-OF c-CH,ONH
; 2. H,0/c-CH,NH, _ P2 P = n T
OC,H; 2 2 OC,H;
91% [13]
0 0
1] H.OH
b) Im=P=Im LHOH cn,o—i}—ocn,
10lg 10lg
HImH® HimH®
98% [11

Reactions with Phosphoric Triimidazolide

In the reaction of the very reactive phosphoric triimidazolide!'] (for preparation see
Section 2.2), which is also called phosphoryltriimidazole in analogy to the carbonyldii-
midazole CDI, with an excess of methanol, as products trimethylphosphate, dimethyl-
phosphate, and O-methylphosphoric imidazolide were detected after one hour, and after
two days the imidazolium salt of dimethylphos-phate was obtained in high yield:"3
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0

N OCH

A N A~ 3

LN-P-N\)N LHOH o 6=p-ocH,

=~ o5 = 101 ®
= HImH
74%

Reactions with {Phosphoric Pyrazolides

Phosphoric, phosphonic and phosphinic pyrazolides have been used for phosphorylation,
phosphonylation, or phosphinylation of primary and secondary alcohols: 14

CH,0,C NN R'OH 0 R' R’ R} Yield (%)
L{ 'P R' FPT(—:N—-} R’0O- P- OCH,; OCH, i-CH, 77
’ R OCH, CgHs; C,Hs 83

uR
CeHs CH, CH, i-CH, 83

B-Oxenols!' and oximes!'*) can also be phosphonylated successfully in this way. In
the reaction with diols, selective monophosphonylation has been achieved.!*!

The synthesis of phosphonates with anionic phosphonic pyrazolides is described in
reference [16]:

].CH3Oe
®
2.H
L(\N-i;;_'(_sl 3—(9‘_{2)_1%_.) CH,0- p..0|
CH C H
C6H5 6415 6 *5
® CH C%H
(CH);CNH, (CHOCNE,

Reactions with Phosphoric Triazolides

Analogues of phosphatidyl ethanolamine, phosphatidyl choline, and phosphatidic acid
with pantoic acid skeleton were prepared by phosphorylation with the respective phos-
phoric mono-, bis-, and tristriazolide:(!"!
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N
1. 7 N-p. CH,-C-0 1L CONHC,Hy
Ne/' h™NH 13Hz hh
THE Bl o
2. HCL, H,0 . AN\-0-P-O(CH,),NH,
3 CH [
3 0

75%

I’N o)

o 1'(N'VN ll’=0 c,,H,7~5 -0 l:l CONHC,,H,,

" H , O(CH,),Br

Ci3Hy =C=04 CONHC,,H,s DMAP. THF |9|e ®

>

cn.\-OH 2.HCL H,0 CHy Ty O R~ OCHINCHy);
3 CH 3 (0]
8 3. (CH,);N, THF 9%
rr 0
l'(N:/X‘ P=0 CiHy~C-0 L CONHC ,Hys
3
DMAP, THF I,O-P(OH)
0y CH 2
2. HCI > SCH, 45%

DMAP = p-dimethylaminopyridine

12.2 Diphosphates and Triphosphates

Access to diphosphates (pyrophosphates) and triphosphates is provided through the
reaction of phosphoric mono- or diimidazolides with a monoester phosphate.

CH,O g '6e
S P-4
Y Ole
Im—P~-OCH  — c,,H,o—p-o P OC,H,
10l THF 10lg 10l
Olg Qlg 10lg
in situ by CDI imidazolium salt, 97% [1]

b) Polyprenylpyrophosphate sugars, which are intermediates in the biosynthesis of
Salmonella O-specific polysaccharides, were prepared from polyprenylphosphoric-
imidazolide and glycosylphosphates, for example, a-D-glucopyranosylphosphate:!!H2%!
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CH,0H
o
OH
Q _© ImSOim Q HO Opo,’®  THCH
RO-P ol ol o, RO-P—Im = OH o (ou o o
101 o IQIe HO 0-P-0-P-OR
OH
10l 101
HJ\
R= (CH,),C=CHCH,
Polyprenyl

The reaction was also carried out with other glycosylphosphates. 2123

c¢) In the reaction of phosphoric diimidazolide (for preparation see Section 2.2) with
thymylphosphate, a triphosphate was formed:[!!

isoC,H,
Q _e
0-P-0l isoCJH, isoC{H,
ol (o] (o] (o]
n CH 9 n " "
Im=P—1 3 -P-0-P-0-P~
m ol ™ T(CHy),N, pyridine, 91% °|é'°|£|°|g|°
© CH, e Te Te CH,
cyclohexylammonium salt

12.3 Phosphorylation of Nucleosides

Reactions with Phosphoric Monoazolides

By using a phosphoric diester monotetrazolide, made in situ from the corresponding

phosphoric chloride and tetrazole in the presence of triethylamine, the 3'-OH of a suitably
protected nucleoside could be phosphorylated to give a fully protected nucleotide:!>*]
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B
NN DMTrO—_-O
LN - -
» N R AN OH OTHP
p-CICH0-P-Cl —E—> | .CICH0-P-N
! (C2H5)3N ! N'.N
) 0
N N
d 7
N N
al i a

DMT0~_-0- B

B Yield (%)
B:
OTHP AT 9l
<|) ch® o
0=P-0CH,-p-Cl v %
o G 82
_N AP = N-benzoyladenine
C6H5
\ 1]

DMTr= (CH,0CH,),C
a

Fully protected nucleotides could also be prepared with a phosphoric diester chloride/

N-methylimidazole combination, probably via a phosphoric imidazolium inter-

mediate:[?*]

CHJ\N’\\ 9 CH,~ A "
N+ Cl—(l;-OC6H4-p-C| —_— (@ N-P-OCH,- p-Cl
CH,CH,CN c®  CHCHCN
o ABz

DMTrO Bz

K 7 DMTrO-_-0-}

OH GeHls

- > o : DMTr= (CH;0CH,),C
quant. 0=P-O(CH,),CN
OCH;-p-Cl

Reactions With Phosphoric Bisazolides

More important than the phosphoric monoazolides are the phosphoric bisazolides in the
generation of nucleoside 3'- and 2’-phosphates or 3’,5'-dinucleotides. The phosphoryla-
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tion of nucleosides has been conveniently achieved with phosphoric bisazolides, fre-
quently prepared in situ from phosphoric dichloride and azoles. The first azole group is
generally substituted by a nucleoside 3’-OH, the second by an alcoholic or phenolic

protecting group to give the fully protected nucleotide triester. Hydrolysis of the second
azole affords the nucleoside phosphordiester.

2 2 3 0] 2
Rl O_P<azole R'OH _ o o—i;:OR R'OH _ o O_i-,:OR3
le azole OR
H,0
R'=C¢Hs, p-CICeH,, m-CICH,, CCL;CH,
o R? = nucleoside 3'- or 2'-
R'O—p :ORZ R® = NCCH,CH,, p-NO,C¢H,CH,CH,
OH azole = ImH, 1,2,4-triazole, tetrazole

The phosphoric bisazolide reacted only with one nucleoside 3’-OH to give a di-
esterified product (cf.26H32l): however, with a nucleoside 5-OH component, one or two
triazole groups could be substituted, depending on the ratio of the reaction partners.!*]

The 3’- or 2/-phosphordiester and -triester were generally obtained in good yield.

Examples:

3o
a) DMTI0-_-0- B ~ zp sHep-Cl

B
{ 7 > DMTrO Koj HOCH,CH,CN
dioxane

OH

(0]
omp-n
| \=N
OCH,-p-Cl
pMT0-_-0-b \
A e
o DMTr= (CH,0CEH,),C
0=P-OCH,CH,CN B = protected nucleobases A™%, C** or G*
OCH,-p-Cl

70 - 85% [34],[35),[13]

The 5’-dimethoxytrityl or f-cyanoethyl group of the fully protected mononucleotide
could then be selectively cleaved.
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(o}
1. (":N\N) P-OR!
nd 2

b) MMTrO 0B 2 MMTrO- _O0._B
{ 7 2. R°OH > ( 7
pyridine
OH o)
O=l|’—OR2
OR'
B R' R’ Yield (%) [36]
A% 0-CICH, NCCH,CH, 79

A% 14CL,CH; p-NO,CH(CH,), 88
A™"  14-CLCH, p-NO,CH(CH,), 8l

MMTT = 4-monomethoxytrityl
A = N-benzoyladenine
A= N2 p-nitrophenyl)ethoxycarbonyladenine

c) Synthesis of di-, tri- and tetradeoxyribonucleotides, utilizing an O-arylphosphoric
ditriazolide with N-methylimidazole as catalyst:!*")

RO- -0}
SN R S
+ P"OCGH“O‘CI —
=/ 9 N
2 -N
OH O=P-N
| =N
OCH,-0-Cl
pyridine
B
HO o
y -
Q N N -methyl- 0=P-0(CH,),CN
081.’—QI imidazole imidazole OC(H,-0-Cl
OC¢H,-0-Cl

0=P-O(CH,),CN e
1
OCH,-0-Cl 0=P-O(CH,),CN
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Trinucleotides are formed by 5'-deprotection of the dinucleotide and subsequent
conversion with the monotriazolide in the presence of N-methylimidazole. The fully
protected di- and trideoxyribonucleotides of the following nucleotide sequences have
been obtained in high yield: T-T (82%), C-T (88%), C—C (84%), G-G (81%), G-T
(83%), A~G-T (65%), C-G-T (61%). The yields are similar to those obtained in a
reaction involving 1-(triisopropylbenzenesulfonyl)tetrazole as coupling agent 7% (see
also Section 12.7).

Other phosphoric bisazolides employed for the synthesis of 3’,5'-nucleotides are:

[ffo-on 2 [EFoe

(@-pyridyl)methyl phos- hexafluoro-2-propyl-
phoric ditriazolide  [40] phosphoric ditriazolide [41]
NS

"
N* “N\POC4H,-0-Cl

NO, 2

o -chlorophenyl phosphoric
bis(nitrobenzotriazolide) [42]

A cyclic enediolphosphoric imidazolide, although a monoimidazolide, works in the
same manner as a bisazolide:

u. ICH3
'P [43]
'“" CH,

. Another synthesis of nucleotides by means of phosphoric bisazolides proceeds via

phosphoric-sulfonic anhydrides or pyrophosphates. The arylsubstituted phosphoric sul-
fonic anhydrides are prepared from a phosphoric imidazolide or phosphoric triazolide and
a sulfonic anhydride. It reacts with nucleophiles like alcohols to give phosphortriesters,
with triazole to give back the triazolide, and with a nucleoside phosphordiester to give a
pyrophosphate derivative. However, it does not react with the 5'-hydroxyl of a nucleoside
such as 3’-O-acetylthymidine to give the phosphortriester except in the presence of N-
methylimidazole. The highly reactive intermediate produced upon addition of N-
methylimidazole to the phosphoric sulfonic anhydride was observed using *'P-NMR-
spectroscopy. Formation of the dinucleoside phosphortriester could also be achieved
from the symmetrical tetrasubstituted pyrophosphate in the presence of N-methylimi-
dazole:*4
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T
0.
x R01 .: : J RO o T
0 b':/ —Si(CH,), F‘\; 0 OH \/-_j
CLPOCH,- p-Cl N P—OCH,- p-Cl ——————> o
2 p CIC9H40—P=O

o)
p ClC,H‘O—P—QI RO
p-ClC6H40—I"=0 C.H.OH
0 < o) == o)

] -
X -P= \ v
P-CICH,O (‘.; 0 p-CICH,0~P=0 p-CICH,0-P=0

0SO,CeH,- p-CH, OC,H;
‘ \ oR (l% phosphoric sulfonic anhydride
(0]

T N s
CH
: N
CH,
RO~ :0: ] Hom_olT Ro-@T
CIC, 030 OAc ClCHO(lIZO
- —P= -« - —P=
P i 6 o T quant. P e &
(W
~
OAc @ CH;

Reactions with Phosphoric Trisazolides (Phosphoryltrisazoles)

The 3’-OH of a nucleoside can be phosphorylated with phosphoryltristriazole or phos-
phoryltrisimidazole.

a) Phosphoryltristriazole is considered very useful for the preparation of nucleoside
3’-phosphortriesters bearing various phosphate protecting groups. It is generally obtained

from POCIl; and 1,2,4-triazole. As a stock solutlon in dioxane it is stable for at least 10
days: 145]

T T
0
F \’9"‘ DMTIO L Rloy DMT0- 0
DMTrO 2. R°0H
k ’ —9
]

0 N —_— o
o=1.>-N\:lI 0=P-OR!
N. OR?

“N
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R' R’ Yield (%)
NCCH,CH, GCH, 60
NCCH,CH, C4H;OCOCH, 61
NCCH,CH, BrCH,CH(Br)CH, 63
NCCH,CH, Cl,CCH, 75

If the nucleoside is treated with a threefold excess of phosphoryltristriazole and
subsequently with a mixture of triethylamine and water, the ionic nucleotide phosphoric
triazolide can be obtained:*!

(0]
O
"
p 'CH3OC6}{4C \ CH3 'CH3OC6H4C \ CH3

By (,g‘)po o

o 0
RO 2. CHIN/HO RO
42%

o R
I
o ' N}"
R= ®
HN(C,H,),
CeHs

With thiophosphoryltristriazole the corresponding thiophosphoric triazolide was
formed in 80% yield.! 5!

b) The reaction of phosphoryltriimidazole with a 5’-protected ribonucleoside gives
the 2/,3’-cyclic phosphate, which is cleaved by ribonuclease to afford a nucleoside 3'-

phosphate:!7!
ro-_00
mgo_ Bo w _ribomlesse 1(_7
OH OH O OH
04 < ¢P~Q| 0=P gle
IQIG

S
cancone [}
riz o

c) In the phosphorylation of a 5'-protected dideoxynucleoside phosphate with
phosphoryltriimidazole, the phosphordiester group is converted in the first step of the
reaction into a phosphoric diester imidazolide, which in the second step is phosphorylated
at the free 3'-OH group. Hydrolysis of the imidazolide groups gives the dinucleotide. If
the monoimidazolide is treated with B-cyanoethanol the corresponding phosphortriester is
formed. Further examples are presented in ref. [48].
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' (0]
MmTeTpT —2P0%  mmrrr—p-r L2 MMTeT—P~T-P—Im
Im Im  Im
p = phosphate CN(CH,),0H

70%

"
MMTT—P-T

O(CH,),CN

d) Deoxyribonucleosides are instantaneously and quantitatively phosphorylated in
pyridine with a mixture of imidazolides obtained when POCI; and imidazole are mixed in
a 1:2 ratio. The nucleoside is also phosphorylated with Im3PO alone, albeit more

149]
ImPOCI, + ImPOCI + ImPO MMTrO~ _O-_T MMTr0_-O<J
1 : 2 H 1 -
= \/-—: + :—-:‘
0 Q

slowly:
1
T / 0=P~-Cl O=P—Im
MMTrO-_.O I [

Im Im
OH T
MMTrO (o} MMTr = monomethoxytrityl, T = thymine
Im,PO < 7
1.2 h, 76% 0
0=l|’—'lm
Im

Reactions with Arylsulfonylazoles

The phosphorylation of the 3'-OH of a 5'-substituted thymidine was achieved with 2,4,6-
triisopropylbenzenesulfonyl-3-nitro-1,2,4-triazole:

0NN CiH7
2 IJ-SOZ'D‘i-Cgl'h
0 R204_0T i-C3H, R20-_0TJ

R'O-f’-OH + k 7 - — .
O(CH,),CN ! pyridine, 50%
2 OH

R‘o-g-o
O(CH,),CN

Rl=CgHsCON »N_
COZCH2CH = CH2

R? = CH, = CH-CH,0,C(CH,);-CO
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12.4 Nucleoside Oligophosphates

Nucleoside Diphosphates

Nucleoside diphosphates can be synthesized by either of two azolide methods. The first
method consists of the reaction of a nucleoside phosphate with CDI, followed by treat-
ment of the resulting imidazolide with trisbutylammonium phosphate to give the
diphosphate. The second method takes advantage of the reaction of phosphoric bisazo-
lides with a nucleoside phosphate. 5’-Phosphates such as AMP, UMP, GMP, CMP, and
IMP (but also 3'-phosphates®®)) are in this way converted into the corresponding
diphosphates ADP, UDP, etc.[3!MSMIL52H54)

1. Method [51),[55]
[o)

L] ] Q 0
HO=P-0- O} Im-P-0- O ® o HO=P-0-P~0~ 0. A
10! CDI (Seq. Y o« S ¢
o'? _l)_M_F_ggL, ecgt H OH OH
OH OH OH OH OH OH
® )
(C,Hy):NH (C,H,);NH ADP, 93% (51)

Instead of CDI, carbonyl-, thiocarbonyl- or sulfinyldibenzotriazole have also been
used for formation of the nucleoside phosphoric azolide.!**!

2. MCthOd [51],[56] n
HO-P-0-_-0J

101
® e CDI (5 Q o? OH OH e 9 A
(C;Ho);NH H,PO, 3 m=P—Im » HO-P-0-P-0- -0
DMF ]
lQ‘e OH OH
CH ;NHO OH OH
ADP,91% (51

With [*2P]phosphoric diimidazolide, prepared from sulfinyldiimidazole or CDI and
H;*?PO,, the 5'-terminal monoester phosphate groups in various RNAs could be selec-
tively phosphorylated (radioactive labeling method):(*7+(58]

(0] .
2 ImSOIm_ N\ n# /N pN'oNpN’p
H,"?PO, * N(C,H,), W IN/N-'?;'N P PPN PI o 2 oN'pNpNp
Q
© p=phosphate  N', N?, N’ = nucleobases
A guanosine tetraphosphate with pyrophosphate groups in the 3'- and 5’'-positions was

synthesized by double phosphorylation of the corresponding guanosine 3’,5'-dipho-
sphate.[*]
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2
e031>o oS
20
00 O
o HC-CH, 26071:020 0. G
Ng\ " NN OCH3
N-l"-N _ 20
ol DMF, 69% 0FO O
HC-CH,
OCH,

Nucleoside Triphosphates

Nucleoside triphosphates are prepared analogously to the diphosphates by the methods a,
b, c, and d, representing conversion of a nucleoside phosphoric azolide with inorganic
pyrophosphate (Method a), of a nucleoside diphosphoric azolide with inorganic phos-
phate (Method b), of a phosphoric bisazolide with a nucleoside diphosphate (Method c),
and of a diphosphoric bisazolide (bisazolide of pyrophosphoric acid) with a nucleoside
phosphate (Method d).

Method a [59] (see also [60}{651,[65a],[531,[54]).
By this method, for instance, thymidine triphosphate (psT) has been synthesized.>”!

0 . ? 9 9
lm-l"-o-(07 ® o HO-P-0-P-0-P-0- 0 T
eIQI \ (CHo);NH H,P,0, > lol 1ol 1ol -Q
OH DMF © © © OH
®
(C4H,);NH 0%

Whereas imidazolides of nucleotides react only in organic solvents with phosphates
or pyrophosphates to give the corresponding anhydride derivatives in high yield, ATP can
also be formed enzymatically in aqueous solution from AMP-Im with inorganic pyr-
ophosphate in the presence of valyl--RNA synthetase.[%¢! A variant of this method is the
one-pot reaction of a nucleoside with phosphoryltristriazole and tributylammonium
pyrophosphate.’”) An a-methylphosphonyl-B,y-diphosphate of a thymidine derivative
has been synthesized in a similar way:!

o)
"
L g 2 9 ¢
HO- O T ’ (VN), Ho-g-o-i}—o-i}-o oJ
Y 7 2. (CH)NHLHP,O; . OH OH CH, _/
lJ

N, DMF, 32% N,




12.4  Nucleoside Oligophosphates 319

Method b [51],[69]

O O B 1] 1] (S ‘i? 9 |0|
IQ-P o- P o Im-P-0-P-0- -0} o I0-P-0-P-0-P-0- OB
IQI 101 K 7 CDIGeq), 01 IQl k 7 H,PO, 10l 101 10l < 7
e DMF e o ——> o~ o o
OH OH OH OH OH OH

tributylammonium salt B=nucleobase

By this method adenosine triphosphate (ATP) and inosine triphosphate (ITP) were
prepared in 89% and 93% yield, respectively.>!]

Method ¢ [51],[70]

0
n n
HO-P-0-P-0- -0
lglelgl elﬁgogogo oB
CDI (5 OH OH 'R7F-0=I=0=b~=
(CHINH H,POS -D—MF-‘—“L> Im- P—Im > 10l 101 101
'Q'e / OH OH
® e.g. ATP 84%
(CJHy),NH as ammonium salt
Method d [7]
H,0,,0q OB
L. Q@ 9
0o o OH OH HO-P—O-P-O—P—O ok
Im-P-0-P~—1I >
o e 2 cHCoH e'Q' 101 'Q'
oT o~ OH OH
®
e.g. ATP33% + AMP 34%
2 (C/Hy)NH 8

Method a has been used to synthesize ATPs modified in the ribose portion and/or in
the nucleobase!’' 173! as well as 5'-triphosphates of 2’,5'-oligoadenylates [for example
PPPA(p5'A2’), with n=1 and 2].74M7!

Use of the bisimidazolide of peroxydiphosphate permitted adenosine 5'-(8,y-
peroxytriphosphate) to be prepared.’®! An adenosine 5'-['%0,]triphosphate was
obtained in 54% yield.[””!

Other nucleoside triphosphates modified in the a- or f-positions were obtained
according to the following routes:

o o
I
(HO;P~ CH(BI— (O, HO E CI-ZB )——('r;) o ('ﬂ) 0-_0.A
- . -p—- y—P~0O-P~-
a) AMP-Im as tributylammonium salt > (I)H 6H (I)H
OH OH

50% [78]
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(o) (0]
1] 1] 0 lo) B fe)
b) Im=P-CH(Br)y—-P-0 o.A 0 T " A
OH OH HPO, ,  HO-P-O-P-CH(Br)—P-0- -0
OH OH OH
OH OH
46% [78] OH OH
g Q@ 9 Qe ¢
©) Im-P-0- O B HO-P-NH-P-OH HO-P-NH-P-0-P-0- _-O B
OH Y 7 OH OH > OH OH OH
v \
OH OH OH OH
20-30% [53]
NH,
N N
B= | 3~ NH~(CH,)¢— NH-CO~CF,
NN )
Synthesis of pseudo ATP (y-ATP):

Adenosine 5'-a,8,8'-triphosphate (pseudo ATP ='W-ATP) was obtained by treatment
of the phosphoric diimidazolide of adenosine 5’-monophosphate with tributylammonium
phosphate. It rearranges with CDI into ATP.P!

0
(Im),; P-0-_-OA I5-P-0~P-0 O
e
OH OH e'.Q'?"O OH OH
o

A mixture of adenosine 5'-di (ppA), tri (pppA), and tetra (p4A) phosphates is formed
if adenosine 5’-phosphate (pA) is reacted with phosphoryltriimidazole in aqueous solu-
tion (N-ethylmorpholine buffer, pH 7) in the presence of Mg" ions./’"!

12.5 Analogues of Dinucleoside Di(Tri)phosphates and
Oligonucleotides with a Di(Tri)phosphate Bridge

Analogues of Dinucleoside Di(Tri)phosphates

The following diphosphates and triphosphates can be prepared by reaction of nucleotide
azolides with nucleotides, sugar phosphates, phosphopeptides, or aminohexyl phosphates.
a) NAD-analogues and P!, P>-dinucleoside-5'-diphosphates:[*”!
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Q
HO-P-0- -0 Y

o 0o
HO-P-0- O~ X Im-P-0-_0-X OH
OH OH
OH CDI OH .
OH OH OH OH DMF, (C,H,),N, room temp., 48 h

OH OH

X Y Yield(%) Ref.
o 9Q A G 73 [81(82]
X 0~ L0-P-0-P-0 O A A 98 [81]
OH OH G G 62  [81)
OH OH N_gcoml2
8
s A 61 [80]

N—¢CONH, _CONH,
/(;S A} <18 [80]

b) Condensation of a nucleotide imidazolide with a sugar phosphate:

OH
o
OH Q_e
o HO 0-P-0l
Q OH |0}
Ho'io X ° 7U im-F-0 °7U 2 [HN(C,H,);)® -
H 5 OH Y s
+ cot LA, DMF/DMSO
OH OH OH OH
OH
° o o
OH
HO 0-P-0-p-0- O
OH OH IQ!e 95% [83]; see also [65)
® OH OH
HN(C,Hy);

Nucleotides containing the nucleobases T, G, and C are also subject to conversion in
an analogous way. In place of CDI, carbonyldibenzimidazole, carbonyldi-1,2,4-triazole,
and carbonyldibenzotriazole were utilized in these reactions.

Nucleoside 5'-phosphoric azolides are generally obtained in high yield, although
yields from the reactions with carbonyldibenzimidazole and carbonyldibenzotriazole are
slightly lower (~ 70%) in comparison with those achieved with carbonyldiimidazole and
carbonylditriazole ( ~ 90%). With phosphoric imidazolides or triazolides the synthesis of
diphosphates was accomplished in high yield. Although yields with the phosphoric
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benzimidazolide and phosphoric benzotriazolide were slightly lower, they could be
increased by adding N-methylimidazole to the reaction mixture, probably forming the
zwitterionic phosphoric-N-methylimidazolide as a highly reactive intermediate.

Another route to such nucleoside diphosphates starts from imidazolides of phosphoric
acid monoester and nucleoside phosphates:

HO 3 008
on 7/ @ @
RO-P-0-P-0-_-O0. B
CDI OH OH S 6H (')H

RO-P-OH ———3 RO-P—Im
OH OH OH OH

R B Ref.

n
CF,-C-NH-(CH))s, A [53]

0

n
CF;-C-NH-(CHy), U [54]
DMT

oN-(CH), G [84)
Cortison-21-y! A [85])

¢) Flavin adenine dinucleotide (FAD) was synthesized from flavin mononucleotide
(FMN), adenosine monophosphate, and CDI in 92% yield,[S}861-88]

d) The synthesis of a y-dipeptidyl ester of ATP by coupling of a phosphopeptide to
ADP in the presence of CDI has been reported:®%)

CH,
¢=0
NH
HC~-CH,
¢=0
CH;CONH —CH-CONH -CH~CO,CH, A o] 0 0 NH
CH, CH,0PO,H® 0.y 0-P-0-P-0-P-0-CH,-CH
ADP-Im >
G CHON |Q|e |Q|e |_Q|e CO,CH,
OH OH
60%
€) Synthesis of triphosphate P3-(6-trifluoroacetylaminohex-1-yl)-dGTP.P%)
9 "
CF,CONH—(CH,)s-0-P-0-P-OH
10| e|Q| W W n 0.G
SCOMP-Im ) 5 CFCONH—(CH,)-0-P-0-P-0-P-0
49% eIgl elgl 10!

OH
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Oligonucleotides with Di- and Triphosphate Bridges

Similarly to the foregoing reactions, di(pp) and triphosphate (ppp) bridges could be
constructed in oligonucleotides:!*!

AMP + Im(p5'A2); — 3> AS5'pp5'A2'p5S'A2pS'A

50%

ADP + Im(p5'A2), ———3 AS'pppS'A2'pS'A2pS'A

27%

The phosphoric imidazolide was prepared either from the corresponding oligonu-
cleotide and CDI or from the oligonucleotide, imidazole, dipyridyldisulfide, and triphe-
nylphosphine. Both procedures led to yields greater than 90%.1°"]

GDP + ImpA ———3> Gp,A

23% [92]

GDP + Im(pA), — 3 Gp,A3pA
16% [93]

Analogously prepared were dGpsA, Ips;A,°2! Gp;A2'pA, and a Gp;A3'A deriva-
tive.[*?

Another triphosphate synthesis is described in reference [94], where a partially protected
hexaribonucleotide derivative is converted by CDI into the imidazolide and subsequently
condensed with a protected 7-methyl guanosine diphosphate to give the triphosphate.

(0} (o]
[ n 2
HO-P-O P-OR

0 0 0
RO" -OH -%W R'O- P Im ———2!{—-0-H—> RO-P-O--P--O-'P-'OR2
OH s OH OH OH OH
16% overall yield
A U G
HO THPO THPO
R'= 9 Q 9
HO 0-}:-0 O-l|> (0] 0 O o- P 0 o- P (0]
OH OH H
(0} /CH;
N®
k= MY
TMTIN" IN” N o THP = tetrahydropyranyl
H X_j‘ TMTr = trimethoxytrityl
o__0O
>
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The capped leader sequence of the brome mosaic virus mRNA, an oligonucleotide 5'-
triphosphate, has been s Ynthesxzed analogously by reaction of an ohgonbonucleotxde 5'-
phosphoric imidazolide.**!

12.6 Phosphitylation with Azolides of Phosphorous Acid:
Synthesis of Oligonucleotides

Reactions of Phosphorous Acid Mono- and Bisazolides

Reaction of the tetrazolide of phosphorous acid diester with a 5'-protected thymidine and
subsequent oxidation with iodine yields the corresponding thymidine phosphortriester:*!

OCH
DMTrO Ifl POCH):  pmtvo-_0 T
Y 7 2.5 > ; ;
70% o
0'1""0C2H5
OC,H,

For an analogous synthesis of a phosphortriester see also reference [97].

The phosphitylation agent N-tetrazolyldiethoxyphosphine (phosphorous diester tetra-
zolide) can be made in situ from diethoxydiisoprop {lammophosphme and two moles of
tetrazole (tetrazole activation of pbosphoramndltes)

In the phosphite triester approach to the synthesis of nucleotides, morpholinophos-
phorous ditetrazolide is used as the phosphitylating agent. The procedure generally
consists of three steps:

1. Reaction of a 5-O-protected nucleoside with morpholinophosphorous ditetrazolide
(phosphitylation), -

2. Reaction of the resulting mononucleoside phosphoramidite with a second nucleoside
(condensation), and

3. Non-aqueous oxidation with terr-BuOOH (oxidation).!*®+*!

T HO- O
L
(S\)P_N/ \»  MMT0- 0 .Q
MMTr0-_-O ~l s

—

OH
———————
o <
OH I:,- \—z
N
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mmoj<17T Mm\ow
CeH,
5 '—‘gf*w» ) MMTr = p-CH;OCHC

o 0mP-0 0] CeHs
o) O

In the approach using bis(tetrazolyl)morpholinophosphine for synthesizing bis-
(deoxyribonucleoside) phosphates it is not necessary to protect the 3'- {droxyl group of
the second deoxyribonucleoside (selective attack on the 5'-OH).°*+!%! [ this reaction
bis(tetrazolyl)morpholinophosphine is s%enor to other bis(azolyl)morpholinophosphines
or azolylchloromorpholmopho?hme

Dinucleotides with AP% CP% or G'® (NP-isobutyrylguanosine) as protected nucleo-
base can also be prepared in good yield according to this method, whereby the biste-
trazolide is formed in situ from two moles of tetrazole and one mole of
dichloromorpholinophosphine. Consecutive treatment of a dinucleotide prepared in this
way with a ditetrazolide, unprotected thymidine, and tertiary butylperoxide, provides a
trinucleotide in 77% yield (route A). A second and also convenient route (B) to the
trinucleotide involves coupling of the 5'-protected deoxy-ribonucleoside with a dinu-
cleotide derivative containing free 3'- and 5'-OH groups.!'®”!

' Q
o by
3. tert-C H;00H °

(o) N=-P=-0 o
\ / 1]
(o]
Cels

DMTr = (CH,0CH,),C-
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Similar phosphitylation and subsequent conversion to a dinucleotide has been

carried out using the methyl- or m-chlorophenyl esters of a phosphorous acid bisazo-
lide.UOlH“B]

Tetrazolide-activated nucleotide phosphites have been employed in the synthesis of
polynucleotides on a polymer support using methoxybistetrazolylphosphine as phosphi-
tylating agent:[!%4

N-N ,
L N DM o B
N N TrO
1 [N® ]
HO~ O} (,:,;N)P-OCﬂs cH0-P-04 0.8 1L
oy b Lo R "
] > T —
o) o

2.1,

. [
0=C 0=C

® ®

)
1 -_
CH,0-P-0- -0 @ = polymer
5 X7

0] DMTr = dimethoxytrityl

The condensations (B', B> =protected dA, dC, dG or T) afford yields greater than
98%.

Tetrazolides can also be formed from phosphoramidites (phosphorous amides) by
reaction of tetrazoles in the presence of p-dimethylaminopyridine:!**)

H
-N
N
DMTI0 Oy & )CHep-NO, DMTr0- O
"N
7 - S
(') OR = (l) OR
CH,0-P N N(CH,), CH,0-P
N N_ CH,-p-NO
9 ” 644 2
i'C3H7 i‘C3H7 N‘l‘q - NIY
CH,
R= (CH),C-Si

CH,
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Such compounds have been used in the solid-phase synthesis of oligoribonucleotides.
In the synthesis of (Up)sU, for example, the coupling reaction gave a yield of 96%.!1%!

DMTr~ 0T
DMTr+ O T HokovT o; :
Q " —> CH,0-P-0-_ O]
ey (®

'
CH,0-P-N__*

-

N*

o}
@ = Silica(-CH,);NHCO(CH,);C [106]

Unreacted support-bound nucleoside hydroxy groups can be blocked with diethoxy-
triazolylphosphine. Oxidation of the phosphite triester to phosphate triester was achieved
by I,. Yields in the condensation exceeded 95%. Tetrazolide as phosphitylating reagent is
superior to a 4-nitroimidazolide, a triazolide, or even a chloride.!'%!

Trifluoromethylphosphonous bistriazolide (trifluoromethylbistriazolylphosphine) has
been [f(r)?]ployed in the synthesis of trifluoromethylphosphonate analogues of nucleo-
tides.

Another effective synthesis of a nucleosidephosphoramidite takes advantage of
condensation of the phosphitylating reagent 2’-cyanoethoxy(N,N-diisopropyl)amino-3-
nitro- 1,2,4-triazolylphosphine with 5'-dimethoxytritylthymidine.!'%®!

_N
r 2—NO.
/N-N>_ > DMTro--0] DMTr0 -0
NC(CH,),0P + \ 7 —_—
PN N CHNG-CHy), \/—3
N(i-C;Hy), OH 9% 0o

Po
NC(CH,),0”" ~N(i-C;H,),

Reactions with Phosphorous Acid Trisazolides (Triazolylphosphines)

a) Phosphorous acid tris(1,2,4-triazolide), generated in situ from PCl; and three moles of
1,2,4-triazole, reacts under mild conditions with a 7-deazaguanosine derivative to give,
after hydrolysis, a nucleoside phosphonate:[1%%]
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2 L <"\9P/CH2C12,O°C
e v
MMTr—_O Y N’LN-CHN(CzH,)z 2. KQ.“«;:;T:'I}HCQG >

OH OSi({ -C;H,)s

(o}

aLx

MMTr (o) N=CHN(C,;H,),

Q _OSi(i -CHy),
o=p-Q! ®
© CHyNH

b) Reaction of phosphorous tris(2,5-dimethylpyrazolide) with D-xylopyranose!(*!%
yields a bicyclophosphite, which after protection of the free hydroxy group by acetylation
(acetic anhydride) or benzoylation (benzoyl chloride) can be oxidized with ozone to give
the triesterphosphate in quantitative yield; alternatively treatment with sulfur or selenium
gives the bicyclot<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>