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Preface

Carbodiimides are the diimides derived from carbon dioxide, and they are extensively used
in the formation of peptide amide bonds from carboxylic acids and amines. This reaction
was utilized by the Nobel laureate Sheehan in the total synthesis of penicillin. He also was
the first to use water soluble carbodiimides to crosslink gelatin. Khorana, another Nobel
laureate, demonstrated that carbodiimides can also be used in the synthesis of nucleotides.
Today, carbodiimides are used extensively in the synthesis and modification of proteins.
Proteomics is the new frontier of chemical research.

I became involved in carbodiimide chemistry in my research work on isocyanates at
the former Donald S. Gilmore Research Laboratories of the Upjohn Company in North
Haven, CT. Carbodiimides are readily synthesized from isocyanates using a phospholene
oxide catalyst. This reaction can be conducted without a solvent, and the byproduct is
carbon dioxide. We used this reaction in the manufacture of a liquid version of MDI
(4,4’ -diisocyanatodiphenylmethane), which today is sold in huge quantities worldwide. By
reacting MDI with dicarboxylic acids in a vented extruder we manufactured a family of
thermoplastic polyamide elastomers, which are sold today by the Dow Chemical Company.
Also, N-sulfonylcarbodiimides were synthesized for the first time in our laboratories. They
are the precursors of the antidiabetic sulfonamides, such as Upjohn’s Tolbutamide (Orinase).
Because of the close relationship of isocyanates with carbodiimides we studied many linear
and cyclic carbodiimide reactions, especially their cycloaddition reactions.

This book reviews the technical literature on carbodiimides with emphasis on the last
decades of the old century and the new century. The carbodiimides are subdivided into
alkyl and aryl isocyanates, which cover a major portion of the book.

The remaining chapters are carbodiimides with unsaturated substituents, halogenated car-
bodiimides, acyl-, thioacyl- and imidoylcarbodiimides, silicon substituted carbodiimides,
nitrogen substituted carbodiimides, phosphorous substituted carbodiimides, sulfur sub-
stituted carbodiimides, metal substituted carbodiimides, cyclic carbodiimides, polymeric
carbodiimides and application of carbodiimides.

The last chapter includes the numerous biochemical applications of carbodiimides, and
the chapters on silicon substituted carbodiimides and metal substituted carbodiimides in-
clude their role as precursors for ceramic materials.



Xiv  Preface

Environmental considerations, spectroscopic properties, and the toxicology of carbodi-
imides are discussed in the general introduction.

The text should prove valuable to researchers and technologists in organic and bio-
chemistry, especially in the new emerging fields of proteomics and nanotechnology. The
future of these vibrant fields with endless possibilities is bright indeed.
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1

General Introduction

Carbodiimides are a unique class of reactive organic compounds having the heterocumu-
lene structure R—N=C=N—R. They can be formally considered to be the diimides of
carbon dioxide or the anhydrides of 1,3-substituted ureas, and they are closely related to
the monoimides of carbon dioxide, the isocyanates. The substituent R can be alkyl, aryl,
acyl, aroyl, imidoyl or sulfonyl, but nitrogen, silicon, phosphorous and metal substituted
carbodiimides are also known. The unsubstituted carbodiimide HN=C=NH is isomeric
with cyanamide, H,NCN. Mono substituted carbodiimides, generated in the thermolysis
of 1-substituted tetrazoles, can be isolated at liquid nitrogen temperature but isomerize to
the cyanamides at higher temperatures.’

Cyanamide is a relevant molecule in prebiotic chemistry, and it was recently shown that
water-ice catalyzes the rearrangement of cyanamide to carbodiimide. Carbodiimide could
act as a condensation agent in the assembly of amino acids into peptides.? In the peptide
synthesis, using substitued carbodiimides as condensation agents, formation of L—L bonds
is favored over D—D bonds by a ratio of 6:1.

Carbodiimides are widely used to mediate the attachment of biomarkers to polypeptides.
Examples include carbodiimides with ferrocenyl substituents. Also, peptides are covalently
modified with ferrocenecarboxylic acid using EDCCI and N-hydroxy-succinimide to pro-
mote the coupling to surface lysines. They also mediate the attachment of substituents to
single walled nanotubes (SWNTs) and multiwalled nanotubes (MWNTs). Also, microdots
are attached to virus molecules using a water soluble carbodiimide. The attachment of viral
DNA to gold particles is used in the manufacture of a new type of vaccine.

The first synthesis of carbodiimides was reported by Weith in 1873.* However, car-
bodiimides were already synthesized by Hinterberger’ and Zinin® in 1852, and Biziro’ in
1861. The earlier authors obtained carbodiimides by desulfurization of 1,3-disubstituted
thioureas’ but did not recognize their structure.

Carbodiimides are exceedingly useful compounds in organic synthesis. Of particular
significance is their use as dehydrating agents in the synthesis of S-lactam antibiotics,

Chemistry and Technology of Carbodiimides ~ Henri Ulrich
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nucleotides and peptides. In 1953, Khorana and Todd? reported the use of carbodiimides,
especially dicyclohexylcarbodiimide, in the synthesis of ortho- and pyrophosphate esters.
The use of carbodiimides in the synthesis of peptides was reported by Sheehan and Hess in
1955.2 Sheehan and Henery-Logan used dicyclohexylcarbodiimide in the total synthesis of
penicillic acid in 1957.'° Sheehan published a book on the synthesis of penicillin in 1982."!
He also used a water soluble carbodiimide to crosslink gelatin.'?

Merrifield received the nobel price in 1985 for the synthesis of polypeptides using poly-
meric substrates.!? Dicyclohexylcarbodiimide (DCC) is used in this automated stepwize
synthesis of polypeptides to activate the carboxyl group. The Merrifield method allows the
synthesis of polypeptides, such as ribonuclease A, consisting of 124 amino acids. Oligonu-
cleotides are also synthesized using a carbodiimide in the automated condensation step.'*
Carbodiimides are also ‘zero length’ protein crosslinking agents, which promote formation
of covalent crosslinks between reactive side groups of amino acids, but do not remain as a
part of the crosslink. Also, blocked carbodiimides are used as crosslinking agents.'

The most widely used carbodiimides are dicyclohexylcarbodiimide (DCC) and diiso-
propylcarbodiimide (DICDI). Carbodiimides with primary alkyl substituents are usually
less stable. The most stable aliphatic carbodiimide is di-t-butylcarbodiimide. For racem-
ization free esterifications, peptide couplings and for dehydration reactions bis[[4-(2,2-
dimethyl-1,3-dioxolyl)Jmethyl]carbodiimide (BDDC) was introduced in 1994.!® Another
group of important aliphatic carbodiimides are the water soluble aliphatic carbodiimides.
They usually contain a tertiary amino group in the side chain. Numerous carbodiimides
with one alkyl substituent having a terminal t-amino group attached to the side chain
have been synthesized. They are usually converted to the more water soluble quaternary
ammonium salts by alkylation with Mel or other alkylating agents. Examples include
N-ethyl-N’-(3-dimethylaminopropyl)carbodiimide (EDC), and its hydrochloride (EDCCI,
sometimes referred to as EDAC). For the solid phase synthesis of peptides a poly-
meric version of EDC was obtained by treating Merrifield resins with EDC in DMF at
100 °C or in refluxing acetonitrile.!” Polyamine carbodiimides combining the phos-
phate activating property of EDC with the DNA binding property of spermine have also
been synthesized from the corresponsing thiourea and HgO.!® Another useful carbodi-
imide is ferrocenylcarbodiimide (FCDI) which reacts with guanine and thymine bases of
single stranded DNA.'? Also, a bipyridyl-tagged carbodiimide, used as a chelating tag, was
synthesized.?°

In the aromatic series, carbodiimides having a substituent in the o-position are preferred.
Examples include N,N’-di-o-tolylcarbodiimide and N,N’-di-2,6-diethylcarbodiimide, the
latter being a useful stabilizer for polyester based polyurethanes.?!

The use of carbodiimides in organic synthesis includes the Moffat oxidation of primary
alcohols to aldehydes using a dicyclohexylcarbodiimide/DMSO adduct as reagent. Also,
conversion of alcohols or phenols into hydrocarbons via hydrogenation of acylisoureas
derived from the corresponding carbodiimide adducts is a useful reaction. Furthermore,
aldoximes, on treatment with carbodiimides, are converted into nitriles, and numerous uses
of carbodiimides as condensation agents or catalysts are known (see Chapter 13).

Another useful synthetic method for the synthesis of complex heterocyclic com-
pounds is the aza-Wittig reaction, involving carbodiimides as intermediates.?? This re-
action was discovered by Staudinger and Hauser in 1921.2* Carbodiimides have also
found use as agricultural chemicals and pharmaceutical intermediates. For example,



