Chem. Rev. 1981, 81, 589-636

Carbodiimide Chemistry: Recent Advances

ANDREW WILLIAMS* and IBRAHIM T. IBRAHIM

University Chemical Laboratorles, Canterbury, Kent, England

Contents

I. Introduction
I1. Synthesis and Formation of Carbodiimides

III.

1v.

A.
B.

C.
. Reaction of Thioureas with Acid Haiides

General

Metal and Metai Oxide Preparations from
Thioureas

Oxidation of Thioureas

a. Phosgene
b. Suifur Acid Halides
¢. Phosphorus Halides

. Synthesls from Ureas and Thioureas by

Eiimination
a. Heterocyclic Halides
b. Simpie Eiimination Reactions

. Fragmentation Reactions

a. Five-, Six-, and Seven-Membered Rings
b. Four-Membered-Ring Heterocycies

. Catalytic Methods

a. Phosphorus Catalysts

b. Soiid-Phase Catalysts Based on
Phosphorus

¢. Organometaliic Cataiysts

. Tiemann Rearrangements
. Syntheses through Combination of N and

CN

. Exchange Reactions
. Synthesis from Cyanamide and Its

Derivatives

Structure and Physicai Properties

~IOMMOOD>

. Structure

Electronic Structure
Stereochemistry

Nuciear Magnetic Resonance
Infrared Spectroscopy
Photoeiectron Spectroscopy
Ultraviolet Spectroscopy

. Mass Spectroscopy
. Misceilaneous Physical Properties

Chemical Properties

A
B.
C.

Generai Properties
Isomerization

Addition of HX

a. Water and Aicohols
b. Nitrogen Nucieophiles
¢. Carbon Nucieophiles

590
590
590
590

591
592
592
592
592
592

592
592
593
593
593
594
594
594

594
594
585

595
595

596
596
596
597
597
598
598
598
598
598
599
598
599
599
599
600
601

E.
F.

Received March 30, 1981

Suifur Nucieophiles

Phenois

Carboxylic Acids

. Reactions with Metais

. Reactions Invoiving Dimethyl Suifoxide
I. Solld-Phase Oxidations

Reactions of Carbodiimide Invoiving the
Nitrogen as a Nucieophiie

a. Alkyiation

b. Acylation

Reduction
Miscelianeous Reactions

JToe ~0 0

V. Metai Insertion Reactions
VI. Formation of Heterocycies

A.

Cycloaddition Reactions

. Condensation with C=N

Condensation with C=0

. Condensation with Isocyanates
Condensation with Acyi Isocyanates

. Condensation with Suifonyi Isocyanates
. Condensation with Isothiocyanates

. Condensation with C=C

. Condensation with PN and PC

I. Misceilaneous Cycloaddition Reactions

Incorporation of Carbodiimides into
Heterocycies

a. Full Incorporation
b. Incorporation of CN
¢. Incorporation of One Element

SO .0 Qa0 Op

VII. Carbodiimides in Biological Chemistry

A.
B.

C.
. Modification of Carboxyl Groups in

General

Modification and Inactivation of Proteins
and Enzymes

Modification of Carboxyl Groups in Proteins

ATPases

. Use of Carbodiimide as a Biological Tooi

a. Attachment of Bioiogical Materials to
Solid or Polymer Supports

Carbodiimide as a "Fixing” Agent

. Cross-Linking of Proteins

. Spin-Labeiing with Carbodiimides

. Peptide Sequence Determination

. Carbodiimides as Bloiogicai Effectors

Other Membrane Activities
Carbodiimides

h. Action on Nucieotides and Nucleosides

@ .0 aovU

0009-2665/81/0781-0589$06.00/0 © 1981 American Chemical Society

602
602
603
604
605
606
606

606
606
607
607
608
608
608
608
608
608
610
610
610
610
612
612
613

614
614
615
616
616
616

616
618

618
618

619
618
618
618
618
619

619



590 Chemical Reviews, 1981, Vol. 81, No. 4

VIII. Carbodiimides and Polymer Chemistry 619
A. General 619

B. Modification of Poiymers 620

C. Polymerization Cataiysts and Reagents 620

D. Polymers with Functionai Carbodiimides 620

E. Insulators and Heat Resistant Plastics 620

F. Reinforcements 621

G. Adhesives and Microcapsuies 621

H. Foams and Microceiiuiar Eiastomers 621

1. Stabiiization of Polymers with Carbodiimide 621

IX. Photography and Related Subjects 621
X. Dyeing and Reiated Subjects 622
X1. Analysis 622
A. Assays for Carbodiimide 622

B. Determination of Carboxyiic Acids 622

C. Carbodiimide in Biological Assays 622

XII1. Uses of Carbodiimides in Synthesis 623
A. Peptide Synthesis 623

B. Amide Synthesis 624

C. Ester and Anhydride Formation 624

D. Phosphorus Esters 624

E. Misceilaneous Dehydration Reactions 625

F. Use in Oxidation 625

G. Dlazoketone Synthesis 625

H. Heterocycle Formation through Dehydration 626

I. Aikyiation Reactions 626
XII1. References 626

I. Introduction

The heterocumulenes form a large class of unsatu-
rated compounds based on the allene structure (Table
I). Some of the members of this class are very well-
known whereas others are relatively unstable or have
only been detected as transients. Carbodiimides, de-
spite being relatively stable molecules, have only in the
past 20 years become other than chemical curiosities.
General use of these species was stimulated by Khora-
na’s pioneering investigations! of their action in peptide
and nucleotide syntheses. Even a decade and a half ago
at the time of the second comprehensive review,? the
only major use of carbodiimides was in peptide and
nucleotide coupling reactions. Since that time the
discovery of catalysts to convert isocyanate to carbo-
diimide with the loss of carbon dioxide has allowed the
industrial scale production of carbodiimides and their
availability for use in many manufacturing processes.
The incorporation of carbodiimides into polymeric
materials probably takes the bulk of world production.
Other growing points in carbodiimide chemistry include
the continued use of synthesis of nucleotides and pep-
tides, heterocycle synthesis, oxidation with dimethyl
sulfoxide, permease inhibition, biological modification,
and cycloaddition reactions.

In this review we shall cover the literature compre-
hensively from 1965 until mid-1980 and will assume
that the reader is cognisant of the material in the two
earlier reviews.!” During the period under consideration
several large fields have opened up, such as in permease
inhibition where carbodiimides have been used exten-
sively and where carbodiimide chemistry is not of

Willlams and Ibrahim

TABLE 1. Some Heterocumulenes

0=N=0 0=C=0 R,C=C=0
0=8=0 $=C=$ R.C=C=S
RN=S=NR  §=C=0 R.C=S=0
RN=8=0 S=C=NR R.C=S0,
RN=S0, 0=C=NR R.C=C=NR
RN=PO, RN=C=NR  0%S0,
RN=PO 0=P=0 RN=P=NR
NR, o NR,
R,C=S=CR, RN=P=§ R,C=N-0
R.C=N=NR I
chel) NR R
R—N=NR R,C=N=0 N=N-0
o R,C-N-NR  R—N=N=N
R—S—N=0 VR,
R—N=N—R

primary importance; references not relevant to the
chemistry of carbodiimides will therefore only be
mentioned in passing.

Probably the most important feature of carbodi-
imides relating to their wide use in their relatively low
uncatalyzed reactivity which allows easy storage. The
driving force for most of the reactions is the very pow-
erful saturating ability of the C=N bond and in the
case of dehydrations the very stable product. The
carbodiimide fulfills most of the properties of a perfect
reagent: it is unreactive until a catalyst is added but
provides a powerful driving force for a reaction to
proceed. A drawback to the use of carbodiimides is
their powerful action as contact allergens (particularly
the lipid-soluble reagents);? this need only be obtrusive
to the careless worker.

11. Synthesls and Formation of Carbodiimides

A. General

A useful review on carbodiimide synthesis has been
published.*

Carbodiimides may be constructed by three major
processes, including a preformed N-C-N skeleton, ad-
dition of N to C-N, and an N + C + N scheme.

The classical process involves elimination of ligands
from the N-C—N skeleton; more recently electrophilic
substitution into an existing carbodiimide has been
employed. Addition of N to CN is the basis of the
modern exchange and catalytic processes. The N+ C
+ N method involves preassociation of C and N fol-
lowed by further addition of the N grouping.

B. Metal and Metal Oxide Preparations from
Thioureas

Lead, silver, and mercury oxides have been used to
abstract HyS from thioureas®!! via classical method.!?
Active aluminium oxide has also been utilized with
thioureas.!?> A novel method has involved the formation
of the amide salt from thioureas and Grignard reagent
or })Sutyllithium followed by attack of sulfur dioxide (eq
1).

A further interesting method involving metals is the
decomposition of the metal salt to yield metal sulfide
and carbodiimide in 30-60% yield (eq 2).1* The re-
action with lithium is accelerated by CS, probably via
a mechanism similar to eq 1. A similar method involves
trialkyltin oxide as the “metal salt”.1%162 N-Saccha-
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RyNH
ik, 98 RM R'NM\ S0z /OM
/CS —- /CS — R;N—S\ e
RoNH RoNM N\ Do
sfc'\
TM
R2
oM
S.——
7
R2N=Cﬁ( — RpNCNRy + MSz0; (1)
/NM
Ry
R,NH RyNM
Se=s M Ne=s —2 = RNCNR; + M5 (2)
s / 170-
RaNH RaNM 200 °C

ryl-N’"-phenylcarbodiimide has been prepared from the
urea by heating with lithium carbonate.!6?

C. Oxidation of Thioureas

Sodium hypochlorite has continued to be a good ox-
idizing agent for production of carbodiimides from
thioureas (eq 3),!%?! and N-bromosuccinimide has been

NaClO

RNHCSNHR —— RNCNR (3)

used to good effect.?? Dehydrosulfuration with a qui-
none has provided an interesting pathway to carbodi-
imides? with the formation of a quinol and elemental
sulfur; the stoichiometric equation (eq 4) masks a

0
o cl
RNHCSNHR  + —_
o cl
o
OH
Cl o
+ RNCNR + Y%Sg (4)
o Cl
OH

somewhat complicated mechanism. The mechanism
involves a 1:1 adduct of thiourea with the quinone, and
a possible scheme is outlined (eq 5). The initial re-

RNHY RNHYNR _
S S

— |

|
0o S

RNHG—NHR NR

5
-~-RNCNR

———

0
cl ) _cl cl ci /K
RNH” SNR
cl cl ci cl
o on
I
RNHYNR RNH\(NR RNHYNR
S
I -RNCNR
l ~ (5)
H

}—m—m—m

RNH NR

action of thiourea and quinone yields a sulfenate ester
(I) which acts as a carrier. The final step in the reaction
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must involve quinone (eq 6) in a cyclization to split out
sulfur.

RNHC(NR)—S—Sg—S —H —

Cl Cl
RTJ—C(NR}E:EG/—/SWQOH (6)
& Cl C

RNCNR + Sg —+ quinol

Another method with p-quinol involves addition of
the thiourea to the ring followed by elimination (eq 7).%

0

_ o -
H
RN
0 \>——S
RNHCSNHR ——— |\ A@ =
L OH
H OH
RN
\;\ o H |
N ) —_— + RNCNR + YSg (7)
Ny
OH

OH

Diethyl azodicarboxylate reacts with thiourea in the
presence of triphenylphosphine to yield carbodiimide
in good yield (eq 8).24? The sulfur is recovered as
phosphine sulfide.
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COLEt

N/
LI
- NHCOEt
RNHCSNHR —-——= Ph3PS + | + RNCNR  (8)
3 NHCO,Et

D. Reactlons of Thioureas with Acld Halldes
a. Phosgene

Reaction of thioureas with phosgene in the presence
of base gives very good yields of carbodiimide.?”* The
mechanism of the reaction is not understood but could
involve formation of a four-membered ring followed by
expulsion of COS (eq 9) or go through a chloro imide
intermediate (eq 10).

cocCtz
_—

RNHCSNHR RN—C—NR —
(-
S C=0
Cl
R

l
N
RN=<S>=O —5T RNCNR (9)
cocCiz

RNHCSNHR ZE% pn=—C(CIINHR 5= RNCNR  (10)

b. Sulfur Acid Halides

Carbodiimides may be obtained by reaction of thio-
ureas with thionyl chloride, sulfenyl chloride, chloro-
sulfonic acid, SCl,, and S,Cl, followed by neutralization
with base.%536

¢. Phosphorus Halides

Ureas and thioureas may be dehydrated or dehy-
drosulfurated by phosphorus halides, which most likely
provide a good leaving function (eq 11).840
RNHC(0,SINHR —Zw RNH_ __NR  ——

0(S1FC!s
RNCNR + P(0,S)Cl3 (11)
An interesting variation of the above method involves

the action of triphenylphosphine, carbon tetrachloride,
and tertiary amine on ureas and thioureas (eq 12).#!

+ - + -
PhiP + CClg ——= PhzPCICClz —= Ph3zPCCl3Cl

RNH RN
~ /\\4- +,.~
c=s PPhy ——=  >=S(0)5—P— —»
RNH/ o) ) 3 RN 7\)/ ~
\
CClz H

RNCNR + PhiPS(0) (12)

The stability of the PO and PS bonds provide the
driving force for these reactions.

E. Synthesis from Ureas and Thiloureas by
Elimination

a. Heterocyclic Halides

Cyanuric chloride reacts with thioureas to yield an
S-heteroarylisothiourea which may be split with base
to eliminate a thiol; this procedure is the basis of a
synthetic method (eq 13) giving yields of up to 90% 4>
(eq 13). Similar methods based on chloropyrimidines,*’

Williams and Ibrahim

N-phenylbenzimidoyl chloride,*” 2-chlorobenzo-
thiazole,* and 2-chloropyridinium ion* give good yields
of carbodiimide. 1-Chlorobenzothiazole®® and N-

RNHC(NR)S SCINR)NHR

N
cyonuric chigride Y Y bose
Syonure chiores 1 Dose
N~ N

SC(NR)NHR

3RNHCSNHR

HNT N
)\ /& + 3RNCNR (13)
SZNTSs

chloroamidines®! have been used essentially as oxidizing
agents; a reasonable mechanism is postulated in eq 14.

NR
R'Cl + RNHCSNHR ——= R'S—'</ -
\J(TR
H
RNCNR + R'SH (14)

l l

N N
@0

N NH2

b. Simple Elimination Reactions

Elimination of thiols from S-alkyl- or -arylisothio-
ureas has not been used preparatively except where
these species are intermediates; carbodiimides are found
as intermediates in the decomposition of these species
(eq 15).52

AgNO, R'NH,
RNHC(SMe)NCN —— [RNCNCN]———
cyanoguanidine (15)

Direct elimination of HCI from chloroformamidines
has been used to form sulfonylcarbodiimides (eq 16)%%

ArSO,N=C(C)NHR —=+ ArSO,NCNR (16)

The dehydration of ureas with P,0,, and by azeotropic
distillation has also been used to prepare carbodi-
imides.55:56
The mechanism of thiol formation from isothio-
uronium salts in base has been shown to involve cyan-
amide in the case of the parent thiourea® and presum-
ably a carbodiimide in the case of symmetrically di-
substituted thioureas (eq 17).
R'SC(NHR),* ==~ R’SH + RNCNR  (17)
Carbodiimide is probably involved as an intermediate
in the cyclization of 2-amino alcohols to give 2-amino-

2-oxazolines (eq 18).3% There is, however, no definitive
evidence for this mechanism.

N OH
RNHCSNHCH,CHOH 290 A S
R—NH SMe
R” OH —= NYO (18)
ﬁ NHR
NR
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F. Fragmentation Reactions

a. Five-, Six-, and Seven-Membered Rings

Fragmentations of heterocyclic species to yield car-
bodiimide and easily removed byproduct have been
exploited extensively for synthesis. Tetrazoles have
been used to synthesize a novel 7-membered endocyclic
carbodiimide (eq 19) through a proposed nitrene.*® A

flosh vocuum
AN pyrolysis AN
@Q\ N2 @
N N N:

I I

~
N (19)

C

N==N
/

similar reaction involving carbodiimide formation is also
thought to involve a nitrene intermediate.

Tetrazole species have also been used in the synthesis

of carbodiimides; photolysis of 2-tetrazolines yields

carbodiimides in reasonable yield (eq 20 and 21).! The
s

A

RN ?IR Z% RNCNR + S + N (20)
N=N
NR NR

L, - R o

RN NR —= RNCNR + RN—NR + RNz
\ /
N=N

ylide from a tetrazolium ion also fragments to yield
carbodiimide (eq 22).82

.
A N
RNTTNRD ZmE RNTONRT o~ RNeNR 4 N, (22)

N N N=N

A limited synthesis related to eq 22 is of an acyl-
carbodiimide from an oxadiazolium ion (eq 23).6%63

Ph .
\«)O(\NEt —= PhCONCNEY (23)

/)

NT -
The extrusion of SO, from 1,2,3,5-oxathiadiazole 2-

oxides®* %" involves rearrangement, probably via a
multicenter transition state (eq 24).64

\ SOCH, \ A CO 7—
R NH2 -E.l—z— R'N i \ —_—
~0” \o
R
-~ I S —= ArNCNR' + SO 24
Ar’, | O/ \ 2 (24)

1,2,3,4-Thiatriazolines have been used to prepare
carbodiimides where sulfur and nitrogen are fragmented
(eq 25).98

=N
RN3 7 \ =S
ArSOpNCS  —= R—NT]/S -_?2’ RNCNSQzAr (25)
NSOzAr

Elimination of CO, from 1,2,4-oxadiazolin-5-ones and
their N-alkyl salts yields a carbodiimide in good yield
(eq 26).%8

Triphenylphosphine abstracts sulfur from a thiadia-
zole (eq 27).70
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A r/_\* -co
Me N~ NR == Me N NR —% MeNCNR  (26)

&, K
R L Ru==ceanenm' + PhaPs  (27)
Ph

A novel degradation of a diazepine has been reported
where the product is a carbodiimide; the mechanism is
believed to involve a bicyclo derivative (eq 28)."!

0 o~ Ph
/ /
N N
>=NPh et JE=NPh
NPh decolin N)
Ph
0

@iir\lph + PhNCNPh (28)

Cycloaddition of a hindered cyanate with a 2H-azirine
yields an oxadiazoline which opens probably through
a nitrene intermediate to give a carbodiimide (eq 29).

Ar Ar

Me W Ph ArCNO y,
N 7A— —\_<

N —=  PhCOCHMeNCNAr (29)

A similar cycloaddition reaction of an azirine with
arylisothiocyanate yields a carbodiimide, probably
thro71§gh ring opening of a thiazolium intermediate (eq
30).

NCNAr
>W——NMe2 e j_Y
N Me 2N NMe
(30)

b. Four-Membersd-Ring Heterocycles

This fragmentation reaction is essentially the reverse
of a [2 + 2] cycloaddition which is considered later in
this review. A simple reaction which, however, gives
poor yields is the coupling of N-sulfinylamines with
isothiocyanates to give a four-membered heterocycle
which extrudes S and [SO] (eq 31).™ Dithiocarbamates

R
NN—S—=0

RNSO + R'NCS == i
—

RNT

—= RNCNR' + S + [S0]

(31)

and carbodiimides are the products from the reaction
of isothiourea derivatives and isothiocyanates (eq 32).”
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NMe2 "N ez NMez

. RNCS —ﬁ'SMe
R'N % — \ )k SMe == S —
SMe /K

N -8
R

R'NCNR + MepNCSSMe (32)

G. Catalytic Methods

a. Phosphorus Catalysts

The reaction of two molecules of isocyanate to yield
one of carbodiimide with the extrusion of CQO, is es-
sentially a cycloreversion procedure (eq 33),’%"" and it

{R_N_f} %% RNCNR (33)

may be catalyzed by compounds with P=X groups.
This approach to synthesis has a major disadvantage
in that only symmetrical carbodiimides may be pre-
pared. There is now considerable evidence in favor of
the original mechanism (eq 34).”*™ The reaction is

R—N=C==0
RN=(C =20

~ R\N ° €Oz NGO

—p=p & i - =p=wr
—pP—0
77

(34)

R

~ RNCO Ny NR

—P=NR — | . U RNCNR

-~ ;/P"O —PO

catalyzed by pentavalent phosphorus compounds which
may be ring or linear and which may possess different
ligands.8% The formation of the =P=NR interme-
diate is confirmed by its synthesis and use with R"NCO
as a method for forming mixed carbodiimides (eq 35)
in up to 70% yield.?%% This method allows the for-

CICH(CCl;)NCO + PhyP=NPh —
CICH(CCl;)NCNPh (35)

mation of unsymmetrical carbodiimides which are not
available from the simpler catalytic procedure and has
been reported earlier. The mechanism of eq 34 is
consistent with the observation that 2Q-enriched
phosphine oxide catalysts yield CO, with considerable
180 incorporation.?’?

Arsines® and vanadium and tungsten oxides® have
proved to be efficient catalysts of the decarboxylation
of isocyanates.

b. Solid-Phase Catalysts Based on Phosphorus

Attachment of the phosphorus catalyst to a solid
phase has been attempted, and an example of such a
catalyst is given (II)1%10! jn which the phosphorus

—E—CHz—‘CH -i—
5
(CHp), — P
|
C

1I

Wiliilams and Ibrahim

heterocycle is covalently attached to a styrene/di-
vinylbenzene matrix. An alternative solid-phase cata-
lyst involves binding an anionic species to an anion-
exchange resin (III).102103  Argine oxides bound cova-

';‘—@

\

+
Resin — NMez -~

II1

lently to polystyrene matrices have also been success-
fully used as carbodiimide forming catalysts.!94105

c. Organometallic Catalysts

Iron pentacarbonyl and other metal carbonyls cata-
lyze the decarboxylation of isocyanates. It is thought
that a cycloaddition reaction occurs with the expulsion
of carbon dioxide (eq 36).19%197 Metallic salts of alco-

MetCO ——2+ MetCNR + CO,
MetCNR ———» Met-CO + RNCNR
hols are also effective catalysts for the decarboxylation
of isocyanates, and carbamate esters have been pro-
posed as reactive intermediates (eq 37;1%%1% up to 90%
yields have been observed with these catalysts).

(36)

+ 0 o~ M
M
MOR // RNCO re 0
CO RN—‘< — RN=C
RN \‘-\ /
OR' N
R/

RNCNR + COz + MOR' (37)

H. Tlemann Rearrangements

Several useful syntheses of carbodiimides utilize an
electron-deficient rearrangement (eq 38). Amidoximes

N\
N—X
e
R—< —= RNCNR' (38)
NR'

~N./

base ' H

X = -OPOCl,, -0S0,Ph, -OCOPh

in the presence of phosphyl halides!'%!!! and base give
carbodiimides in up to 60% yield. O-Benzoylation of

Ph

=
A
NzH4 , PN o £h
RCSNHR' —— R\”/NHR
NHp
Ph
Ph Ph
N
= 2 '
+] —_ l + RNCNR' (39)
X NS
Ph T) Ph
N Ph

R ( N—R'
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an amidoxime followed by base-catalyzed elimination!!?
also gives a good yield of carbodiimide. Recently a
versatile method of carbodiimide formation from am-
idrazones has been reported (eq 39);!!3!!4 triphenyl-
pyrylium ions form the corresponding pyridinium
species which then eliminates with rearrangement to
carbodiimide. Reaction of N-chloroamidines with silver
oxide yields carbodiimides, probably through a nitre-
nium ion (eq 40).115
H

NHR (\ .

A Agz0 A NR  -H
' Lol A - ANNCNR (40)
N—CI (
N+

I. Syntheses through Combination of N + CN

The synthetic method for carbodiimides involving
decarboxylation of isocyanates through phosphorus
catalysis is strictly an N + CN pathway but is best dealt
with separately. The reaction of amines or their de-
rivatives with isocyanides has been exploited as a useful
synthesis. Palladium dichloride has been used as a
catalyst for the reaction of primary amine with iso-
cyanide in the presence of silver oxide;!!¢ the reaction
yielding up to 90% carbodiimide is thought to involve
a complex species (eq 41). Azide and isocyanide in the

PdCl,
RNH, + R'NC —
PdCI,(R'NC)[C(NHR/)NHR] —2- R’'NCNR (41)

presence of iron pentacarbonyl catalyst give a 50-60%
yield of carbodiimide (eq 42) 117 Carbodiimides are

e(CO)s
RN; + R'NC RNCNR’ (42)

2

prepared in up to 80% yield by the interaction of amine
and ~C=N- groups (eq 43);!!® aliphatic amines require

ArNH, + F,C—N=CF, ——» F,C—NCNAr

RNH, + F,C—N=CF, —

F;,CN=CF—NHR —— F,C—NCNR (43)

distill

a distillation step to expel the second HF molecule.
Cleavage at a CN bond occurs when the amine is sec-
ondary (eq 44).)®* Reaction of aminosilanes with

Rz Rz

Ry Ry
ArN=CCl2 A
NH —m N—CCl==NAr ———

CICR;R,CHNCNAT (44)

cyanogen halides yields silylcyanamide which tautom-
erizes to the carbodiimide (eq 45).120:12!

RNHSIMes ~<h RN—SiMes ===

l

CN

RNCNSiMes  (45)

J. Exchange Reactions

Simple exchange of a carbodiimide with halides have
been utilized in preparations with up to 90% yield.122-1%
Equation 46 exemplifies a typical process.!?2

Stannylamines exchange with isothiocyanate to give
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stannyl sulfides and carbodiimides in up to 90% yield
(eq 47).181% A similar exchange process involves iso-

MegSiCl
R;SnNCNSnR, —2's R,SnNCNSiMe; + R;SnCl
(46)
(RgSn);NR + R'NCS —=— R'NCNR + (RoSu),S
(47)

cyana;:e or isothiocyanate and trialkyltincarbamates (eq
48).12

(R4Sn),0 + ArNCO —

R,SnOCONAr(SnRy)———

R’NCNAr (48)
—(Rss..)gs

A novel method involves exchange of the nitrogen of
a silylamine for oxygen of an isocyanate (eq 49).1%8

R'NCO + RSIFN(LIR" — —S|i-—NR"
0

—— R'NCNR'
-QSi-

NR'
(49)

K. Synthesls from Cyanamide and Its
Derlvatives

The preparation of carbodiimides can be effected
through electrophilic substitution on the preformed
carbodiimide or cyanamide. Synthesis from metal
cyanamides using reactive halides has been exploited
(eq 50 and 51)!2%130 for phosphyl (X = S, O) and silyl

Ph,P(X)Cl + Ag,CN,; — Phy,P(X)NCNP(X)Ph, (50)
R;SiCl + KNCNPh — Me;SiNCNPh  (51)

carbodiimides. Other examples use zinc or lead cyan-
amide!®1%2 and calcium or sodium cyanamide!? to give
moderate to good yields of carbodiimide from reactive
halides. Action of halides on N=C==N species in the
presence of base has also given good yields of carbo-
diimide.15:134-136

Oxides and amides of group 4 elements can act as
electrophilic substitution agents for cyanamides to give
carbodiimides in good yield (eq 52).77137-140

NH,CN
(RsM),0

R;MNCNMR,

NH,CN
(R;M);NR ——— R;MNCNMR,  (52)
M = Pb, Si, Ge, Sn

Carbodiimides may be prepared from cyanamide and
olefins with tert-butyl hypochlorite, possibly through
a free-radical process (eq 53).141 A further synthesis

BuCHCI” ™ NCN ~ " CHCIBU
7 /
NH»CN + 7-BuOCI
\\\ PN

PhCHCI NHCN

(53)

giving a 22% yield of carbodiimide is also thought to
involve free radicals (eq 54).14?

n—en —2 —f—NCN:O (54)
S QO
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I111. Structure and Physical Propertles

A. Structure

The allene-type structure of carbodiimides was well
established by the time of the last review.2 Recent work
was aimed at detailed structural analysis. The inter-
esting feature of X-ray crystallographic studies is that
the carbodiimide bond itself is nonlinear, with NCN
bond angles varying from 166 to about 170° for both
aromatic and mixed-aliphatic-aromatic species
(IV).43-146 The dihedral angle between the substituents

a

IV,R =MeO;a=169°
R=NO,;a=169.7°
R=H;a=170.2°
R=Me;a=1704°

ranges near 90°, but the CNAr angle is larger than the
expected 120°; values range from 123 to 180°. The
anomalous NCN angle could be attributed to “packing”
factors in the crystals, but the fact that all carbodi-
imides that have been investigated possess the anomally
makes this explanation doubtful.*® The bending of the
NCN bond may be due to steric interactions between
the two nitrogen substituents. The X-ray crystallo-
graphic structure of allene-1,3-dicarboxylate shows a
similar buckling effect occurs in the central allene
carbon, and a similar steric explanation is advanced for
this.!¥”  Symmetrically substituted allenes (e.g.,
1,1,3,3-tetraphenylpropadiene) have perfectly linear
central allene bonds,!4” presumably because steric re-
pulsion from one side is balanced by that on the other.
The salt Li,NCN has of course a linear structure be-
cause the NCN?" is a symmetrical dianion.!4%

It is interesting to note that other heterocumulenes
have also been shown to have a slightly buckled three
atom bond. Microwave and electron-diffraction studies
of chloroisocyanate (CINCO)!48b< indicate an angle of
approximately 171°. This angle has been reproduced
by ab initio studies!*® and CNDO/2!“® calculations.
Microwave studies!*®® also indicate a bent structure
(«NNN ~172°) for chlorine azide (CIN;3). Ab initio
calculations!*™ predict trans bent structures for HON-
CO (ANCO ~170°), HNCO («NCO =~ 169.7°), MeNCO
(«.NCO = 169.6°), H,BNCO («/NCO = 171.9°), and
NC-NCO, («NCO = 168.7°). These data indicate that
the buckled carbodiimide group may result from an
electronic effect such ag steric or lone-pair repulsion
rather than from crystal packing.

Electron-diffraction studies on bis(difluoro-
phosphino)carbodiimides indicate a dihedral angle of
55° (V and VI).1¥* Both electron diffraction'®® and

/N=C=N\.\ @{

FpP PF,  FP PR
v VI

X-ray crystallographic!® studies indicate a nonlinear
and linear structure respectively for digermyl- (VII) and
bis(triphenylsilyl)carbodiimides (VIII); gas-phase elec-
tron-diffraction studies also indicate a linear SINCNSi
configuration for disilylcarbodiimide.!®? The crystalline

Wililams and Ibrahim

N=C =N Ph3Si=—N=—=C=N—SiPh3
/ \ N
HiGe GeHs 180°
VII VIII

bis(trimethylstannyl)carbodiimide has been shown by
X-ray crystallography to possess a highly aggregated
structure with an NCN group intermediate between
cyanamide, carbodiimide, and ionic NCN? (IX).15®

5 Mess Snvies
Messn\ _.-SnMes Me3Sn _onies
’,N=C=N\ N—C=N__
/Me3Sn' SnMe3s /,Me35” S”MQ
.~ N + + .
‘Me3Sn_\, R SnMe3z Messn\\__ . /SnMe3
N=C =N + . N=C=N N
SnMez~ SnMes , SnMe3z SnMez
IX

The structure consists of an infinite helical network of
planar trimethyltin groups linked by NCN units; the
dihedral angle between the Sn,NC planes is 68°, and
the SnNC angle is 117.6°. The CN bond length is 1.24
A, close to that in CaN,C, but the SnN bond is 0.33 A
longer than that in Me;SnNCS.

B. Electronic Structure

Molecular orbital calculations have been carried out
on a number of simple carbodiimides. A geometry
search using the INDO method!® for dimethylcarbo-
diimide!% has revealed that the lowest energy singlet
state has a dihedral angle of 90° and an angle for
CH;—N=C (CNC) of 90°; the latter value is 120° for
difluorocarbodiimide and parent carbodiimide. Ener-
gy-optimized geometries were obtained by using the
Gaussian 70 program!%¢ and STO-3G and 6-31G basis
sets, and the dihedral angle of carbodiimide was found
to be 93° and that of HNC 111.4°.17 Molecular orbital
calculations indicate a negative potential maximum in
the region of the nitrogen lone pair;!* the dihedral angle
was assumed to be 90°, and energy minimization of the
HNC angle gave a value of 115°.1% The cyanamide
molecule was shown to be more stable than carbodi-
imide and the equilibrium constant (eq 55) calculated

NH,CN = HNCNH (55)

to be 10'° at 300 K in the gas phase. The physical
parameters: *N-quadrupole coupling constant, dipole
moment, average diamagnetic susceptibility, molecular
quadrupole moment, and diamagnetic shielding have
been calculated from molecular orbital theory.!%®

Molecular orbital drawings have been published for
the parent carbodiimide.!®® The two highest filled or-
bitals correspond to the n electrons and have vanish-
ingly small coefficients on the central carbon. The
lowest vacant orbital (6B) has a large coefficient on the
central atom. There is a general similarity between the
molecular orbitals of the heterocumulenes CO,, CH,CO,
CH,CCH,, CH,N, and carbodiimide. Table II gives the
detailed comparison, and the differences lie in the ex-
istence of degeneracy and the type of the highest oc-
cupied molecular orbital.
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TABLE II. Molecular Orbitals of Species Isoelectronic with Carbodiimide

allene ketene diazomethane Cco, carbodiimide
2B,—?r? 2B,—n, 5B—n
2B2_Tf co 2B2_TTN’N 6A—n
2E——1rcc 1B|—1rl 7A|_n|OCN lﬂ’g__ 5A—n
].E__T'I’CH2 1B2_Tr’CH2 1 l_ﬂ’; ].TTu__ 4B—n
3B2_0CC0CH2 7A,—n,occ 1B2_ﬂ’ CH2 30u— 3B_0NC0NH
4A,—o¢y,0¢cC 6A,—ocH,%cc 6A,—o dog— 4A—oNHONC
2B,—ocH, 5A,—occocH, 5A,—0 20cc— 2B—ony
3A,—occ 4A,—oco 4A,—oNNOCN 3o0g— 3A—oanC

C. Stereochemistry

Molecular orbital theory has been applied to the
problem of racemization of carbodiimides. Since car-
bodiimides are analogous to allenes, they should in
principle be resolvable. An ab initio SCF LCAO MO
study of nitrogen inversion in carbodiimide indicates
a barrier to racemization of some 8.4 kcal/mol.'s! An
INDO study which also minimized geometry to give a
dihedral angle of 94° calculated the energies of struc-
tures of carbodiimide on possible paths of racemiza-
tion.12 Two paths exist—the rotational and the
inversion—both with very similar energies; Table III
collects the energies for fluorocarbodiimide and carbo-
diimide.

It was concluded that the CNR valence angles opened
out slightly in the planar (rotational) transition state.
The lowest triplet state is 60 kcal/mol higher than
ground, effectively ruling out such a mechanism for
racemization. An interesting point is that the di-
fluorocarbodiimide with energy for racemization of
about 22 kcal/mol should be resolvable. The low energy
for racemization of the parent of 8 kcal/mol is compa-
rable with that for NH; inversion; the high energy of
the FNCNF racemization parallels the high barrier for
inversion at NF;.162 Similar low barriers for racemiza-
tion have been calculated for dimethylcarbodiimide (5
keal/mol for inversion and 4.5 keal/mol for rotation).!$®
The dicyanocarbodiimide structure is flexible, with even
less barrier for racemization than regular carbodiimides,
and a linear resonance structure is proposed (X).163

N=C—N=C=N—C=N « N=C—N=C—N=C=N «—

N=C=N—C=N—C=N
X

The diaminocarbodiimide has a (calculated) barrier to
inversion of 18.5 and to rotation of 41.5 kcal/mol.1$3 A
semiempirical method confirms the low barrier to rac-
emization in carbodiimides of <10 kcal/mol.1%

The problem of the configurational instability of
carbodiimides has recently been reviewed.!®® Despite
the low barriers to the optical isomerization calculated
for regular carbodiimides, bisferrocenylcarbodiimide has
been partially resolved;!® application of Lowe’s rule for
allenes!®’ indicates that the resolved components have
the absolute configuation XI. There seems to be no

ferrocene ferrocene

N=C =N N=—=C =N

>

ferrocene

(+)-(8)

ferrocene
(-)-(R)
XI

reason why the ferrocenyl derivative should be any
different from the parent with regard to the racemiza-

TABLE III. Energies of Difluorocarbodiimide and
Carbodiimide'¢*

R=H R=F
dihedral/ E/(kcal dihedral/ E/(kcal
deg mol-! deg mol™!
R—N==C=N—R 16.8 51.4
R/N=C=N\R 0 15.7 0 46.6
R/N=C=N—R 8.1 22.4
R 180 7.8 180 22.8
N==C=—=N
R
N=C=NmsR 94 0 93 0

tion process, and we suggest that the relatively small
expected dihedral angle of about 90° allows an inter-
action stabilizing either of the ground-state forms to
occur. Such an interaction has been already proposed
as the cause of the /N=C=N and 2C=C=C buckling.
The species bis(methylphenyl)methylcarbodiimide has
also been resolved by using partially acetylated cellu-
lose.!®® Application of the Brewster model applied to
chiral allenes!® in conjunction with Lowe’s rule!¢’ allows
assignment of configuration.

Optically active endocyclic carbodiimides have been
resolved on partially acetylated cellulose;!®® the homo-
logue with n = 7 (XII) is resolvable, but that with n =

(CH )/-ﬁ
3
XII

11 is not. The cause of the relatively high barrier to
racemization is the restraint effected by the medium-
sized ring (n = 7); as these restraints are lifted (n = 11),
rotation or inversion become possible.

Measurements of the energy barrier of racemization
have been made by using NMR techniques!¢®!7® and
found to be in the range 6-9 kcal/mol, in remarkable
agreement with theory.

D. Nuclear Magnetic Resonance

The use of NMR techniques has been mainly aimed
at the racemization problem as above, but structural
problems have been attacked. 13C NMR chemical shift
studies have shown that the resonance of the central
carbon of carbodiimides occurs at an unusually high
field (g = 140 ppm) whereas that of allenes is at about
210 ppm.1"! N,N”-Disilylcarbodiimide has a '3C reso-
nance at 130 ppm!”2 and that of the #®Si at —0.8 ppm.!™
Thus N resonances of carbodiimides occur (like those
of 3C) at high fields due possibly to the contribution
from polar resonance structures which increase the
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TABLE IV. A Value of Groups Attached to Cyclohexane

substituent A

-NCNC,H,, 1.00
-NCO 0.51
-NCS 0.28
-N=C 0.21
-NO, 1.05
-CHCH, 1.35
-C=CH 0.41

shielding of nitrogens and the central carbon of the
carbodiimide (XII).'7* Polar solvents have little effect
N —CEF:I\ — N

4 \ 4

R R R

=C —N
\

XIII

on the 13C chemical shift of the central carbon but
significantly alter that of the !N resonance.!™ This is
probably related to the ability to solvate at the nitrogen
and its lack at the carbon.

The A value of carbodiimide attached to a cyclo-
hexane ring has been estimated by NMR techniques
with CS, solvent (eq 56).1"> The value of A is compared

N=C ==N\R

w\ =0
" = Lq (56)
N=C=NR
Ha

A=RTIn K/1000

with that of other substituents (Table IV). The con-
formational requirement of the nonbonded lone pair on
the nitrogen of the carbodiimide is not as severe as that
of the hydrogen in the vinyl group (XIV).

H-==-H M-

. H o N—C—
e \fc 2 he N=C=NR

XIv

The 5N resonance in carbodiimides is half way be-
tween that of CN and NR, in cyanamides.!’”® NMR
studies with N-ethyl-N”-[(dimethylamino)propyl]-
carbodiimide indicate the presence of a cyclic species
in solution,!’#1"” and we shall return to this problem
later.

E. Infrared Spectroscopy

Low-temperature matrix isolation methods have been
used to observe the infrared spectrum of carbodiimide
and its deuterio analogue for the first time.!”® The 27
fundamental vibrations in dimethylcarbodiimide have
been assigned by analyzing the infrared spectrum of
vapor, liquid, and crystalline form together with Raman
spectroscopy.!’®181 The asymmetric vibrational fre-
quency of carbodiimide with aryl substituents may be
correlated with the appropriate Hammett o or ¢* val-
ues.!82183 The Hammett substituent constants have
been determined for the NCNPh group on a phenyl ring
making use of the relationship of eq 5718 where A is

og® = 0.00794Y2 - 0.027 (67)

the area under the peak for the »)4 ring band in mo-

Wiiilams and Ibrahim

nosubstituted benzene.!8

The vibronic spectrum of digermylcarbodiimide in-
dicates that the structure is a carbodiimide and not a
cyanamide (XV and XVI).!?® The selection rules are

GeHs
GeHzN=C == NGeHs3

XV GEH3
XVI

consistent with a linear heavy atom skeleton. The
spectrum is similar to that of bis(trimethylsilyl)carbo-
diimide.!?®

The structure and lattice dynamics of bis(tri-
phenylstannyl)carbodiimide have been studied by using
Raman %Sn Méssbauer correlational spectroscopy
(Raman frequency w = 26 ¢cm™).1% The infrared
spectrum of dicyclohexylcarbodiimide has been inves-
tigated.188

N—CN

F. Photoelectron Spectroscopy

He(I) photoelectron spectra of dialkylcarbodiimides
have been studied.!®"!88 A distinct peak due to lone-pair
character is separated from the rest of the ionizations.
Dimethylcarbodiimide shows bands at 9.5, 11.55, and
12.26 eV the first maximum consists of two ionizations
representing two orbitals on the NCN part with both
m and n character. The 9.5-eV bands represent orbitals
of B character and are probably assigned to the n or-
bitals described in Table II.16°

G. Ultraviolet Spectroscopy

The ultraviolet spectra of several alkyl- and aryl-
carbodiimides have been measured.!®-1®! The absorp-
tion spectrum of dimethylcarbodiimide in the vapor
phase has a maximum at 191 nm, a shoulder at 207-210
nm, and three maxima at 246.4, 252.5, and 258.4 nm;
in heptane solution there is a strong band at 206.6 nm
and three at 247.5, 254, and 260 nm due to the allowed
n—7* transitions polarized perpendicularly to the plane
of the CNC angle.’®! The near-UV absorption spectrum
of N,N-diphenylcarbodiimide is sensitive to substituent
effects and varies systematically with ¢.192

H. Mass Spectroscopy

The mass spectra of both alkyl- and arylcarbodi-
imides have been investigated.!®® Diarylcarbodiimides
have relatively stable molecular ions; there is a little
fragmentation decomposition via the rearranged benz-
imidazole for 4- or 3-substituted phenyl groups. The
dialkylcarbodiimides have weaker molecular ions which
suffer N-alkyl cleavage and a-cleavage fragmentation.1®?
The fragmentation pattern of bis(trimethylsilyl)- and
-(trimethylgermyl)carbodiimides are similar.!® Bis-
(trifluoromethyl)carbodiimide fragments to yield Cs-
FGNZ, CZF4N! CZFb CZFZNZv CZFZNv CZFNZv CFS! CFN,
CN, and CF.1%

I. Miscelianeous Physical Properties

Physicochemical properties (viscosity, surface tension,
refractive index, and parachor) have been measured for
bis(tributylstannyl)carbodiimide.!® The Sn—-N bond
energy is of the order of 100 kcal/mol, as determined
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TABLE V. Pathways for Reactions of Carbodiimides

Addition
¢\

— RNECNu(NR)

+
RNE—C==NR

RNCNR /
+ RN—(;:NR

E—Ny —

RN—CNu(NR) —= or further reaction with
carbodiimide

Electrocyclic Addition

+
R—T—C=NR
/ E—Nu_ \

*
RNCNR — |RN— C==NR —= RN—C=NR
Lo

Exee2eNu

AN /

R— N—C==NR

E=Nu E—Nu

+E—Nu

from heats of formation in the liquid and gaseous states
and the heats of atomization for bis(tributylstannyl)-
carbodiimide.!®” The dipole moment of bis(triethyl-
stannyl)carbodiimide is 2.79 D.19

1V. Chemical Properties
A. General Properties

The carbodiimide molecule has two centers of re-
activity; the central carbon atom is electrophilic and the
terminal nitrogens electron rich. By far the most im-
portant reactions involve nucleophilic attack of a
reagent E-Nu which may add by stepwise or concerted
paths (Table V). The reaction essentially occurs by
interaction of the highest occupied molecular orbital of
the reagent and the lowest vacant orbital on the car-
bodiimide which has a large coefficient on the central
carbon.

Table VI illustrates a comparison between reactivity
of a series of heterocumulenes and nucleophiles; as
might be expected, the oxygen analogues, carbon di-
oxide and isocyanate, are much more reactive than
carbodiimide.

B. Isomerization

The isomerization of N-phenyl-N-tritylcyanamide to
carbodiimide has been studied kinetically (eq 58),19:2%0

PhN(CPhyg)CN — PhNCNCPh; (58)

and an ionic mechanism was postulated to account for
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the accelerated rate constant in polar solvents. The
formation of cyanamides from carbodiimides was also
studied, but the mechanism is uncertain.?! Possibilities
involve radicals reacting in cages or an intramolecular
cyclic reorganization of ¢ or = electrons (eq 59).%°!

RNCNR' —= [R + N=—C=—NR'I1 —= NCNR'R
%

Ring—chain tautormerism has been demonstrated in
the well-known water-soluble carbodiimide 1-ethyl-3-
[3-(dimethylamino)propyl]carbodiimide (eq 60).22 At

R\ ’/\/R'

N

+ Wt
EtNCNCHzsNHMe, —= m . (60)
HN_ _NMez

*HNE?

neutral pH the cyclic form contributes some 7% of the
total material. A similar form of tautomerism is de-
duced from the unusual product of hydrolysis of a
thiocarbamidocarbodiimide (eq 61)20%%4 where intra-

N
< >\._. < H20
$r N=C=N — i N
N S
7
cs Rz

NR>

NH
T

Y
molecular rearrangement yields a thiazolidine which
extrudes the secondary amine (NHR,) to yield a thio-
hydantoin.

A novel form of tautomerism has been observed be-
tween aziridines and carbodiimide (eq 62).20

WL\N cl
>=NAr Aoh_ ArN=C=N—CH2—7< (62)
cl

Bis(trifluoromethyl)carbodiimide may be prepared
by isomerization of perfluoro-2,4-diaza-1,4-pentadiene
(eq 63).206

CF,—=NCF,N=CF, = CF,NCNCF,  (63)
C. Addition of HX

a. Water and Alcohols

The hydrolysis of carbodiimides is a relatively slow

TABLE VI. Reactivity of Some Heterocumulenes to Nucleophiles?®

heterocumulene Eg/(Mts™t) kou/M's™t) ky,0/57! krnm, /(M s7)
HNCO 0.16 980 0.079 1300°
n-PrNCNPrn 630 0.014 <1078 0.015¢
0=C=0 40009 0.0145¢ 98104
0=C=8 4.2f 12000¢
§=C=8§ 1.1 x 1037 1.7
n-BuN=C=§ 0.0268 4.2 % 10°2°

@ 25 °C aqueous solution, ? Methylamine. ¢ Ethylamine. ¢ M. B. Jensen, Acta Chem. Scand., 13, 289 (1959). ¢ B. R.
W. Pinsent, L. Pearson, and F. J. W. Roughton, Trans. Faraday Soc., 52, 1512 (1956).  B. Philipp and H. Dautzenberg,
Z. Phys. Chem. (Leipzig), 231, 270 (1966). ¢ B. Philipp and H. Dautzenberg, Faserforsch. Textiltech., 19, 23 (1968).
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reaction but is catalyzed by oxonium ions and hydroxide
ions; the mechanisms are proposed to involve cationic
and anionic intermediates, respectively (eq 64).207:208

+
. [RN=C ==NHR] -

RNCNR RN=—=C —NHR (64)
OH~ l

—_—nx " OH \
[RN—T—NR] RNHCONHR

CH

Carbodiimides of the group 4 elements are readily hy-
drolyzed or reacted with alcohols to yield cyanamide,
its dimer, or melamine (eq 65).20:210.211

R;MN=C=NMR, 2~

2R;MR’ + NH,CN or 0.5(NH,C(NH)NHCN) (65)

Carbodiimides react with alcohols to yield O-alkyl-
isoureas. The reaction is carried out with the alk-
oxide, 12214 without catalyst,!5217 with copper salts as
catalyst,218-2% and with HBF,2% ZnCl,,%*" or Pd™ hal-
ides.?® The product O-alkylisourea has been used in
situ as an alkylating agent.?13:215217.220 The glkylation
of phenols with alcohols in the presence of carbodi-
imides has been shown to progress through the O-al-
kylisourea; 130-enriched alcohol transfers the isotopic
label to the oxygen of the final urea product.?!®

Dicyclohexylecarbodiimide may be used as an intra-

molecular dehydration reagent for ketols (eq 66,
67).229’230

0 0
0
RNCNR . : l (66)
0 H o H
H RNH S NR

R"
R i RNCNR WCOR'
Ty ) L
0 >.T_NR
NHR

R"CH==CH—COR'
*RNHCONHR

(67)

Carbodiimidium compounds?¥! may also be used in
alcohol dehydration (eq 68) The syn elimination in-

R'CH,CHOHR"
Mel :< %NM@.R ——3————
AgSF4

RCH==CHR" (68)

RN=—C=—NR

dicates the existence of an intramolecular pathway.2
Carbodiimides have also been used as dehydrating
agents.231b

Addition of the alcohol portion of an hydroxamic acid

R'— éo
‘< ™\
R'CONHOH ~NCNR \_’/N—O \.) — R'NCO +
H NHR

RNHCONHR (69)

Williams and Ibrahim

results in elimination with rearrangement to yield iso-
cyanate (eq 69).2%2
Oximes eliminate water to yield nitriles (eq 70)2%

H

went |12 T

RCHNOH RC—'N—‘O RCN +

NHR'
R'NHCONHR' (70)

Comparison of the reactivity to hydrolysis of the
water-soluble carbodiimide (1-ethyl-3-[3-(dimethyl-
amino)propyl]carbodiimide with that of the quaternary
ammonium derivative indicates that the carbodiimide
form is only involved in the hydroxide-catalyzed hy-
drolysis.?*¢ Hydrolysis at neutral and acid pH involves
attack on the cyclic tautomer (eq 71).

(N = () o))
HN\n/NMez A \rNMez = s NMez = N NMep
| 7
Y NE NE ¢
N ‘ ’ I
J NEt
‘Hzo ‘OH_
products (71)

Reaction of carbodiimide with 2-amino alcohols in the
presence of phenolate ion leads to aziridine formation
followed by alkylation of the phenol (eq 72).2%

CNR

OH f\o_<
RNCNR — H.
— NHR NH

NHz NHp

NH2
(72)
OAr

The epimerization reaction reported in the earlier
review? has been extended to galactose.?*

b. Nitrogen Nucleophiles

Reaction with amines to form guanidines in general
requires no catalyst.Z 20 Tetrafluoroboric acid has been
used as a catalyst for reaction with amines and hydra-
zines.*! Piperidinylguanidines from 4-aminopiperidines
and dicyclohexylcarbodiimides have been used as sta-
bilizers for polymers.23%20

An interesting reaction occurs with the tertiary amine
oxaziridine (eq 78).#2 The reaction is thought to in-

Ph NPh

w
PhNCNPh PhN=< NH
~

R

NCHzR

<

+ RyRRCO (73)

Ph

volve amine attack on the carbodiimide (eq 74),%2 but
it is possible that the initial step involves a cyclo-
addition (eq 75) since the oxaziridine has marked =-
bond character.

Nitrogen attacking as its anion is observed in the
reaction of nitramine with dicyclohexylcarbodiimide.*?
Urea, nitrousoxide, and an olefin result (eq 76).
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Ph
Ry ]
CHzR N NCHZR
‘éN/ b &
0 lcl —= |PAN—C==nPh | —
T PhN\=C=NPh
Ph
szi ,,/H
“N-—CHR
j\ NTE — product (74)
PAND SN
Ph
R /"
| Ph R, Rs

Rz — O N7 | —
I = &
T ph/ NPh
Ph
Ph—N/N/\R
(75)
NPh
RCHp—C —NHNO, —= No0 -+ RCH==C (76)

Other reactions with nitramine nucleophiles involve
the formation of a nitroguanide from N-nitrourethane
(eq 77),2#4 presumably via an acyl-shift reaction from

RN NHR

~N
NOaNHCORE RNENR_ \]/ —_

N
7NN
COE? NO2

NR

EtOCONR—< (77)
HNO,

the initially formed adduct. O-Alkylhydroxylamines
yield the corresponding oxyguanidines (eq 78),%4% and

NH,0Et ——%. RNHC(NHR)NOEt  (78)

N-(ethoxycarbonyl)hydroxylamine yields a 1,2,4-oxa-
diazolin-5-one (eq 79),%46 probably through attack of

EtOCONHOH —NENR_ Ero—co'ﬁ\—< —
| R

OH

EtO—-CO R

R
' Lo

)\ X »K (79)
N
HO—NZ" “NHR NT SNR

nitrogen on the central carbon followed by an acyl shift
and a cyclization. Reactions of carbodiimides with
other hydroxylamines are noted.247-250
Cyanoguanidines may be formed from cyanamide and
carbodiimides.?®! Hydrazoic acid reacts with carbodi-
imides to yield tetrazoles (eq 80).2°2 Reaction of car-

PhSONCNR —3- PhSO,NHC(N3)NR 122

R
N
N 0
PhSOgNH-—(;‘ {\,ﬁ (80)
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bodiimides with tosylazide is catalyzed by copper pow-
der (eq 81),2 and reaction with sulfonamides gives

Cu/RNCNR
TsN, p— RNHC(NTs)NHR (81)
substituted guanidines (eq 82).24 1,2-Disubstituted
O\s \/o o\S \/o -
NH RNCNR N—< (82)
NHR
0 0

biguanidines may be prepared from carbodiimides and
guanidine (eq 83).255:25%
NH,C(NH)NH,
RNCNR NH,C(NH)NHC(NR)NHR
(83)

Anilines react with carbodiimides to give the corre-
sponding N-arylguanidine®"?*® and (dimethylamino)-
acetonitrile reacts to give a-cyano-N,N-dialkylform-
amidine, probably through an initial guanidine adduct
(eq 84).2° Imidazole and its derivatives react with

H

RN (rlm

DT

NH——CMe»CN

RNCNR
NH2CMe>CN TsN..

RNCNR + HCN -+ Me,C==NH —= RNC(CN)NHR (84)

carbodiimides to the corresponding guanidine (eq
85).2802  Polyguanidines have been prepared by the
addition of biscarbodiimides with diamines.2

NR

A AN
H N RNCNR N N
—_— 85
R ﬁ(:/ R/E/ NHR ( )

¢. Carbon Nucleophiles

Carbon nucleophiles form C-C bonds with carbodi-
imides. Reaction with thiazolium salts yields a 1:1 ad-
duct, presumably through the ylide (eq 86),%! and a 1:2

Ar H?\YNAr
SO Sy e
OH \_k/\OH

adduct is obtained with concomitant saturation of the
thiazoline ring (eq 87).
Similar addition reactions occur between indolizine,
Meldrum’s acids, and carbodiimides (eq 88 and 89).%22%
NAr

ArNH ArN

NAr
NAr
+ ArN
—h‘\:l/\ —— A i (87)
OH 0

N N
Me NcNR ~ N_Z

RNH NR
Q 0
0 RNH 0
>< RNCNR >< (89)
0 RNH o
¢ o

8
~ N/ Me (88)
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Grignard type reagents react with the central carbons
of carbodiimides (eq 90).264265 A gimilar reaction is

R’Li(MgBr, ZnBr) ‘—f”;lfg-“—» RN=C(R)NHR (90)

observed with alkylniobium(V) and tantalum(V) chlo-
rides (eq 91).2% Reaction of the dimethyl sulfoxide
RNCNR

R’ MCl,, M =Nb, Ta; x =1,2,0r 3) ——
MCL[RNC(R’)NR]™ (91)
alkyzl6 7ylide yields a C—C bond with carbodiimides (eq
92).
NR
+ = RNCNR - 4 Ac,0

Me2S — CHz —= Me,S—CH —

| _<NHR

0

0
NR
—cn—
MezS CH—< (92)
b NHR
O COCHs

d. Sulfur Nucleophlles

Thiophenols react directly with carbodiimides to yield
S-arylisothioureas (eq 93)%8 which may be conveniently

NHR
1. RNCNR
A —— - 3
rSH > COan ArS _{4» HC204 (9 )
NHR

isolated as the oxalate salts. Reaction of monothio-
carboxylic acids with carbodiimides yield the mono-
thioanhydrides,?? and dithioacetic acid yields trans-
2,4-dimethyl-2,4-bis(thioacetylthio)-1,2-dithietane (eq

94)_270
SS)\S
MeCssH oM >< S5 SCEMe | s (94)
MeCSS 'S K
s

Dithiocarbamates from carbon disulfide and anilines
undergo elimination of the elements of hydrogen sulfide
to give isothiocyanates (eq 95).272"2 Direct attack of

R 7
™ Wy (\NR
=
RNCNR
ArNHz + CSp — S) | RNHCS —NHR +
P

Ar—l\llj S
H

L J

ANCS (95)

thiol on carbodiimide is followed by elimination of
thiourea if a suitably acidic 8 hydrogen is available (eq
96).2® Thioamides react with carbodiimides to yield

NR
SH .
' aNenr  [RICONH s—d/
R'CONH — N R
H NHR
CO2H COzH
R'CONH
Z + RNHCSNHR (96)
COzH

Wiillams and Ibrahim

the nitrile (eq 97).274?"®> Ammonium thiocyanate reacts
with two molecules of carbodiimide to give thiourea and
a-cyanoguanidine.?8

NR
. fs\</J
RNCNR > NHR| —= R'CN +
= I

|

H

R'CSNH,

RNHCSNHR  (97)

A further elimination reaction promoted by carbo-
diimides involves exchange with thioureas and provides
a possible synthetic route to carbodiimides (limited by
the favorability of the equilibrium constant) (eq 98).278

R'NHCSNHR” —~%, R’"NCNR” + RNHCSNHR

(98)

The reaction of thiols with sulfuric acid in the pres-
ence of dicyclohexylcarbodiimide probably involves
oxygen attack (eq 99)?"" rather than that of sulfur.

0
' 0
' H NR
HoSOq + RSH —NCNR o‘—s—o—</ —_ RS—S/éH
I NHR' I
0 0
(99)

Phosphorothio(seleno)ic acid forms the N-phospho-
thio(seleno)urea via an isourea intermediate (eq 100)%®

0

P(OR),
(RO),P(OH) ENCNR_ —~ (RO)PONRCNHR'  (100)
S(Se)
S(Se) S(Se)
RNZ NHR'

which has been detected by using low-temperature FT
SIP NMR spectroscopy. Adducts of phosphorodithioate
and carbodiimides have been used as antioxidants.?’®

6. Phenols

Acidic phenols add to carbodiimides to give the N-
phenylurea (eq 101).28-282 Some acidic phenols yield

/—\ NR
ArOH FNCNR [Arof\—</ } —— ArNRCONHR  (101)
NHR

O-phenylisourea products,?*2? and well-defined crys-
talline O-arylisoureas are obtained from pentachloro-
286,287 gnd 2,6-dichloronitrophenol.?®® It has been sug-
gested that the bulky o-chloro substituents are involved
in preventing the usual O—N shift in the latter com-
pounds.?® The O-arylisoureas from reaction of phenols
with carbodiimide may be hydrogenolyzed over Pd/

charcoal to yield the aromatic species (eq 102).28¢
H,/Pd

SNONR, RNHC(NR)OAr —

RNHCONHR + ArH (102)

ArOH

Acetyltyrosine ethyl ester reacts with 1-ethyl-3-[3-
(dimethylamino)propyl]carbodiimide to yield the O-
arylisourea rather than the N-arylurea.?® Picric acid
yields N-arylurea with carbodiimide, although the
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mechanism probably involves an O-arylisourea inter-
mediate.?®

f. Carboxylic Acids

The reaction of carboxylic acids with carbodiimides
is a very important precursor to the synthesis of peptide
links. The kinetics of reaction of carbodiimides with
mono- and dicarboxylic acids have been extensively
investigated.?421-2% Reaqctivity, in general, increases
with acid strength.? The reaction sequence involves
formation of the anhydride through an O-acylisourea
(eq 103) and is complicated by an O—N shift. A further
complication in the sequence (eq 108) is the formation

RNCNR 0—N)
R'CO,H _k’ Rco—o—</ (_k;—’ R'CONRCONHR (103)

Kz ‘ R COpH

R'CO— 0—COR'

of an isocyanate (RNCO) from the intermediate prob-
ably via the mechanism of eq 104;?#® di-n-butylamine

R'CO —0 R'CONHR + RNCO
-
— NR —= ;BuzNH (104)
R_N\ BuzNCO —NHR

H

was employed as a trap for the isocyanate (eq 104).2%

Evidence for the O-acylisourea intermediate is sparse;
phenols yield the O-phenylisourea, and by analogy it
is reasonable that the intermediate is formed. An
analogue of the O-acylisourea has been isolated, and the
kinetics of decomposition to the N-acylurea have been
studied (eq 105).2® Intramolecular analogues of the

TCOPh
Me,N—C=N— NMeQ NOp —
NOz
MeZNcow(coph)NMe—Q—NOZ (105)

NO2z

O-acylisourea have been prepared and their reactions
investigated (eq 106).2017303  Evidence for an S-
phosphonylisothiourea has already been mentioned.2’®

The products of reaction of acetic acid with dicyclo-
hexylcarbodiimide in acetonitrile and carbon tetra-
chloride are acetic anhydride, N,IV-dicyclohexylurea,
and N-acetyl-N,N-dicyclohexylurea.**3% The kinetics

0 Q
oL =Cry
T&NHZ T N/)\NH
o

NHCONH,

0
-0, =0
= /& S
N NH
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are interpreted according to (eq 108), and in acetonitrile
the ratio ky/k3 = 60 M and in carbon tetrachloride 400
M-, The order of reaction in carbon tetrachloride is
, shghtly higher than unity in acetic acid concentration.
A mechanism (eq 107) involving reaction of acetic
acid dimer with carbodiimide was postulated. The

9CH,CO,H = (CH,CO,H), ==

Ac,0 + urea
(107)

reaction in acetonitrile is slower than that in carbon
tetrachloride, consistent with acetic acid being largely
dimeric in the latter solvent. The possibility that an
N-acetylurea is obtained from acetylation of the car-
bodiimide by acetic anhydride is excluded by control
reactions.

Spectroscopic and kinetic evidence for the formation
of O-acetylisourea has been obtained in the reaction of
1-ethyl-3-[8’-(trimethylammonio)propyl]carbodiimide
perchlorate with acetate buffers.”® The formation of
intermediate is followed by monitoring the absorption
at 250 nm when an increase followed by an exponential
decay is observed.?®® Kinetics of formation of the in-
termediate and its decay were studied and the former
shown to be general acid catalysed (eq 108).2%8

R R

\ S|
Aco\//_j HA —= AcO--—C\ —
N
N// e
s
NR
sco—c? (108)
NHR

The existence of a concerted proton transfer in
aqueous solutions is rationalized on the grounds that
both stepwise mechanisms (eq 109) involve highly

NR
= RNCNR HA
— Ac O—< — A—
NHR

1“6 (109)

-+
RNCNR A RNCNHR

unstable charged intermediates and would give
Bronsted « values of either 0 or —1.0 instead of the
observed value (¢« = —0.67).2%% The mechanism has
particular relevance throughout carbodiimide chemis-
try, as the charged intermediates (eq 109) are even less
likely to form in nonprotic solvents normally used in
their reactions. Intramolecular proton transfer has been

0

N=C=NH

i
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observed in the reaction of dicarboxylic acids with
carbodiimides (eq 110).2%

R
/
XN N
Et 0 l Et . /NR
>; ~ zcl — ©0 O—<NHR (110)
Ef OH™ Ll\ Ef Lo,
R

The water-soluble carbodiimide 1-ethyl-3-[3-(di-
methylamino)propyl]carbodiimide has been shown to
react with acetic acid through the cyclic tautomer XVII

HN_  NMep
+

NHEt
XvIl

by comparison of the reactivity with that of the qua-
ternary ammonium analogue 1-ethyl-3-[3-(trimethyl-
ammonio)propyl]carbodiimide.?** This reaction path-
way has relevance to the mode of action of the tau-
tomeric carbodiimide as a modification agent for bio-
logical polymers.

Diethylmalonic acid anhydride has been detected
spectroscopically in the reaction of the acid with di-
cyclohexylcarbodiimide (eq 110a).%072

o]
COzH co
RNCNR 7\ RNCNR o
E?z\ — E?z\ /O ———— Etp NR
COH co NR
o]
+  (110a)
~ow g

0 0
T 0
Ets >=o Et, Et,
N
! 0
d g o

Bu-7- NCN—@—NCNBu-r + HOCO(CHZ)gCOLH

|

Bu-f-NH—C=N—©— =C—NHBu-7
é L
Lo b
((lle)s (CHalg
(lZO (lZO
J) (l) (110b)
3 $

vaO*EN*@»T—CO(CHZ)BCO}—
(Lo lco "
lLHBu-r

NHBu-7

165 °C
-7-8uNCO

MNCO*LLNH A—Q— NHCO(CH3 )BCO%'\AN
n

Willlams and Ibrahim

An interesting synthesis of a polymer is obtained from
reacting a biscarbodiimide with dicarboxylic acids; the
synthesis exploits the O—N acyl shift reaction (eq
110Db).307

Reaction of 2,2-disubstituted 3-hydroxypropionic
acids with aliphatic carbodiimides in tetrahydrofuran
yields a variety of rearranged products (eq 111).208

R, R,

R» Ry
RNCNR +
OH COH OH ONR—CONHR
0
R, CONHR
/ ( 0 + RR2¢ (111)

+
T CONR—CONHR R, OCONHR
¢

0—C(RR5)CHZ0H

Phenylpropiolic acid undergoes a novel cyclization
reaction in the presence of carbodiimide to yield 1-
phenylnaphthalene-2,3-dicarboxylic anhydride by a
mechanism which is not yet understood (XVIII).3%®
The reaction is also initiated by acetic anhydride.3®

Ph

CO,
9@,
co
XVIII

g. Reactions with Metals

There has been considerable work on the coordina-
tion of carbodiimides with iron pentacarbonyl to yield
XIX.310311  Experiments using unsymmetrical carbo-

NR
RNZ ONR RN’CTNR
AW/ e S
(CO)3FE=Fe(CO)s (CO)sFE=Fe(CO)s
XIX XX

diimides®!® allow the exclusion of the symmetrical in-
termediate XX.®"! The observation that some dehy-
droguanidino complexes have both coordinated nitrogen
bearing the same substituent is not consistent with the
above intermediate, and a mechanism (eq 112) involving

NR'
RNCNR' —= R'NC -+ RNFeCO4 RN NR

NR (CO)4Fe

RNJ\NR'

(CO)4FIe

|
NR NR'

RNJ\NR' RN)kNR (112)

(00N FELSFR(CO)s (COMFEFelcONs
a metal-nitrene intermediate®!® is proposed. An al-
ternative mechanism eliminates one-half of the carbo-
diimide unit as isocyanide in the form of a complex
(Fe(CO),CNR) (eq 113).%12

Carbodiimides may act as ligands to metals, and
structures XXI%3 and XXII%1431% have been confirmed

by X-ray crystallography.
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i Ny N NR
2RNCNR \\‘»’\c\ Ry /['7& b
pASA bbb [ ~ — .
Fe(co)s (CO)3Fe RyS N (cOFe Ro
T r
Nﬂ’ Rd Rd
l NR,
R

c /Fe(CO)

Fe(CO)s (CO)3Fe —

/N\fNRD (113)

(CO)3Fe

Q
(CONsFes-..y”

\ #NRD

(CO);Fe
\R, Ra
NR¢
+

Fe(CO)4CNR

Reaction of chromium pentacarbonyl with di-
phenylcarbodiimide yields a product which possibly

R
\
R R N\
| N TI T
N N
Cp ZTINIT\/Ticpz \\ll\l _ i"d _ N\\C
L . R Cl \\N
XXI \
R
XXII

contains a metal-carbon bond;®!€ reaction of phosgene
with the product yields an isocyanide complex with
liberation of phenyl isocyanate (eq 114).

CcocCl,
PhNCNPh ——> Cr(C0),C(NPh), —>

PhNCO + (CO);CrCNPh (114)

A further type of complex has been observed with a
three-center bond (eq 115);*'7 analogous complexes are

~
N
PhsP hsP I
>Ni(COD)M N pi---C (115)
g™
N
~

observed with isocyanates and ketenes.

Carbodiimides effect some interesting coupling re-
actions between metal complexes, in some cases at-
tacking via the metal (eq 116%!% and 117°19),

(COCr Cr(OH)s
[PhOH)CICr(CO)s —= >——O—< (116)
Ph Ph
COW
s CO\ _~to
0—w=cpPh (117)
P
Ph co co

[Ph(OH)CIW(CO)s —=

Simple displacement of ligands on group 4 carbodi-
imides has been observed (eq 118).3202

CuSO,
(EtgSnN),C ——— Cuy(NCN) (118)

The formation of isocyanates from carbodiimides and
CO, or CO has been claimed to be catalyzed by RhCl,
and V,0;.520b
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h. Reactions Involving Dimethyl Sulfoxide

Dimethyl sulfoxide is thought to yield an electrophilic
adduct with carbodiimide (XXIII, eq 119); this adduct

RN Me

+/
D A
RHN Me
XXIII
RNH Me
s
Seo s n—5C 19
RNH Me

reacts with nucleophiles in a number of interesting and
useful ways.®?1%22 Probably the most important reaction
is with an alcohol to give an intermediate which sub-
sequently eliminates dimethyl sulfide to give an al-
dehyde or a ketone (eq 120). The reaction is selective

Me
+
ROHpOH XX pen—0—37 4+ wea  (120)
I_/ s
Me
H

|

RCHO + MezS

to yield the carbonyl derivative, and overoxidation does
not occur.321422 The oxidation of 5a-lanost-8-en-38-ol
to 5a-lanost-8-ene-3-one does not involve allylic oxi-
dation.??® The mechanism is similar to the Pummerer
reaction which utilizes dimethyl sulfoxide and acetic
anhydride; the function of the carbodiimide is solely to
provide a good leaving group. The mechanism of the
transfer of the sulfur atom from the carbodiimide ad-
duct probably involves intramolecular hydrogen
transfer from the methyl group (XXIV or XXV) be-

NHR
NHR
=
R—N 0 R
N Q CH
- e TR
0—R
/ H\ /%
H—CHy CH, R
XXV
XXIV

cause fully deuterated dimethyl sulfoxide transfers one
deuteron to the product urea.®?#3% A three-body
mechanism postulated to account for the deuteron
transfer®® is probably not valid.?*’

Aromatic substitution at phenols has been observed
with the dimethyl sulfoxide/carbodiimide reagent (eq
121).3%-32 The mechanism probably involves intra-

MeSCH2 CHz SMe
Mezso
RNCNR (121)

S
o \CHZ‘

o—s’ 0
SMe
H
—_— o —_—

product (122)

molecular attack via an ylide (eq 122) rather than action
of the methylenemethylsulfonium ion (CH;=SMe*);
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the latter sulfonium ion is thought to be involved in
para substitution.??®

Stabilized carbon nucleophiles yield sulfonium ylides
(eq 1238).3 Carboxylic acids react with carbodiimide

Me\ ‘ /Me
o
MezSO
RNCNR
\ +
CHa(CN), _s —-<C—N (123)
and dimethyl sulfoxide to give esters (eq 124).3% Hy-
Me

+ +
RCOpH RCO—O—S\ —= [RCOz~ CHz ==SCH3z) —

RCO—0CHeSCHz (124)

droxamic acids yield isocyanate and esters (eq 125).33¢

RCONHOH —= RCOJ

-Me S0
—= RCONO ————= RNCO

—CH2

(125)

MeS0
Mee s

+
RCONO RCOOSMe2 —= RCO—OCH,SMe (126)

Amides yield nitriles (eq 127)34 and O-methylhydrox-
amic acids give imino esters (eq 128).3# Sulfonamides

NH
RCONHp —= R—</ +/cﬁz —= RCN (127)
0—s_

Me
t.~
RCONHOMe —= |RCO—N —S§ —
\ng
OMe

- +
[RCONOMe CHp==SMel —= RC(NOMe) (128)

OCHzSMe

react with Me,SO/carbodiimide reagent to yield S-N
ylides (eq 129).2%# Ketoximes yield O-alkyloximes (eq
CHs
MepSO -t
RSO2NH2 m RSOzN S\CH3 (129)
130) and arylhydroxylamines yield azoxy aromatic
species (eq 131).3% Amines yield an S-N ylide with

PhaC==NOH —= Ph,C==NO—CHSCHs (130)
/CH3
ArNHOH —= ArN—O—\'S/ —=  ArNO
CH2 ‘ArNHOH
H
ArN==NAr
0 (131)

Me,SO/carbodiimide reagent (eq 132)%* and aromatic
hyd;'zggnes undergo a complicated series of reactions (eq
133).

The oxidation of carbohydrate derivatives is an ob-

Williams and Ibrahim

Me

_ t
ArNHz —= ArN —5 (132)
H
l +/CH3
ArNpHz —= |Ar—N-—TN—3S
’ [) \"\_CH2
H
ArN = NH OMSG/RNCNR, Aer‘ (133)

vious extension of the use of the mild and selective
Me,SO/carbodiimide reagent and has been extensively
reviewed,337-340

. Solid-Phase Oxidations

Polymers with pendant or chain-incorporated car-
bodiimide groups have been prepared for action as
solid-phase reagents in the oxidation of alcohols with
Me,S0.341-3¢¢  Hydroxyalkyl methacrylate gels have
been treated with Me,SO/carbodiimide to yield a
polymer gel to act as a carrier for biologically active
compounds (eq 184).34

OH
®—coo” " ::ioa ®coo” ScHo  (134)

D. Reactions of Carbodiimide Involving the
Nitrogen as a Nucleophlle

a. Alkylation

Di-tert-butylcarbodiimide may be methylated to give
N-tert-butyl-N-butyl-N ~methylcarbodiimidinium iod-
ide.%46-3%0 QOnly the highly hindered carbodiimides yield
the monomeric species XVI. Less hindered carbodi-

R
N /Me i N +/Me
7-BIN=C= N\ I R—N:< /L—N\
Bu-7# N
XXVI
R
XXVII

imides form the dimeric type of product
(XXVII).281,347,348,350 Both products have been used as
the basis for novel dehydrating reagents.

Group 4 element carbodiimides react with alkyl
halides with the expulsion of the element already on the
nitrogen as its halide (eq 135).124%1-35 This reaction

CF4CRCINSO
PhNCNSiMe;

PhN=C=NCR(CF3)NSO + Me;SiCl (135)

is the basis of the exchange method of carbodiimide
synthesis (see earlier).

b. Acylation

Group 4 element carbodiimides react with “acidic”
electrophiles such as halides or anhydrides to eliminate
the group 4 element (eq 136).35-361  Anthranil reacts
with carbodiimide to yield a quinazoline by a novel
reaction probably involving electrophilic attack on the
carbodiimide nitrogen (eq 137).262 Sulfenyl halides
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ArCOCH
RsMNCNMR3 ——= [ﬁMN = C(Cl)—NMR3]

/ {

COAr

N
o/k/.\r
R3MO —C(Ar) == NCN
H
rL NHCOZ~ NHco
RNCNR @ @[
(DNRCNR CONR
‘ (137)
W\(NR
@EWNR
0

yield the expected sulfenylated carbodiimide (eq 138).35%
RyNSCl
BuNCNSiMe;

BuNCNSNR, + Me,SiCl
(138)

Alkyl- or aryl-substituted carbodiimides react with

acyl halides to yield a chloroformamidine (XXVIII, eq
139)%3-385 which has been used as a reagent for re-

coa
RNCNR A2 RN =C(e—NT_ r (139)
R
XXVIII

moving the elements of hydrogen sulfide from sulfur-
containing species (eq 140~143).%63

R'CSNH, . R’CN + RNHCSN(COAnR (140)

R'NHCSNHR” "%, R'NCNR”  (141)
(EtS0,),CCSNHR —"% (Et80,),C=C=NR

(142)

HCSNHR —%% RNC (143)

A further reaction of the chloroformamidine leads via
a rearrangement to isothiocyanate (eq 144).%63
Cyanuric chloride reacts with dicyclohexylcarbodi-

TR 1

74 R
N—COAr

N

Z—32

XX
RCSNHR® XYL

)

RNCS + RC(NR'INRCOAr  (144)
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imide to give a chloroformamidine adduct (XXIX, R
= cyclohexyl).366

R R

| |
N N N
TN cenR
NYN
N

R/ \C(CI)NR

XXIX

RNC(CI)

E. Reduction

Direct formation of the formamidine from carbodi-
imides has been effected with sodium borohydride3¢”
trialkylsilanes in the presence of palladium or rhodium
complexes (eq 145).%6839 Ruthenium or osmium hy-

Me,SiH
RNCNR —o—
H,0
[RN(SiMe;) CH=NR]——RNH—CH=NR
A0 RN(COMe)CH=NH

(145)

dride complexes react with diarylcarbodiimides to give
diarylformamidinato complexes (XXX, M = Os or
Ru).3"  Trimethylsilylmercury salts add to carbodi-
Ar
PPh3l
< l/ \
e l\ 7
PPh3l
Ar
XXX

imide and the adduct on methanolysis yields the form-
amidine (eq 146).5"!

Me3Si NR
- 2Me0
MesSiHgSiMe, SMNE | P | ameor

N
MexSi” R

RNH—CHNR + 2MesSiOMe (146)

F. Miscellaneous Reactions

Radical addition to carbodiimides has been little
studied; radicals attack the central carbon atom of
di-tert-butylcarbodiimide to yield an unstable product
(eq 147).372

R,M —= #-BuNys_- NBu-7 (147)
MR,

Ozonolysis yields as main products ketone, iso-
cyanate, cyanamide, and oxygen (eq 148).5® The

R,CHNCNCHR, —>
R,CHNHCN +R,CHNCO + R,CO + 20, (148)

possible intermediacy of a carbodiimide N-oxide has
been postulated in the reaction of nitroso groups and
isocyanides, resulting in the formation of a diaziridinone
(eq 149).5748"  An isocyanate trapping agent diverts the
product from diaziridinone.?”® Carbodiimides may also
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0
RNO + RNC ——= RN==CNR —= RNZN==NR —
0

RNZ—NR (149)

be oxidized with 3-chlorobenzoyl peroxide®™® and hy-
drogen peroxide®”’ to yield diaziridinone. Oxidation
may be effected with trifluoroacetyl peroxide.?®
Reaction with phosphorus as a nucleophile has been
effected with a phosphorus magnesium salt (eq 150).5

0 R"NCNR" NR"
, RaN F +
R'Mgx BEVRPHO(RoN), PP Mgx —H e RNPO—E
) NHR'

(150)

Nitrones react with carbodiimides in the presence of
tetrafluoroboric acid catalyst (eq 151, 152; R = ¢-Bu).3®

NO HBFs N J\
Z N0 NR
N
+ RNHCONHR (151)
~N

ArCH R'

ArCH==N(0)R' ENCNR_ 0 —_

RNCH(NR'Ar) + RNCO (152)

Protic reagents act on trimethyl silylcarbodiimides
and germyl analogues to yield dicyanamide (presumably
from the parent carbodiimide) (eq 153, 154; M = Ge,
Si),381-384

. . BuSeH .
Me,SiNCNSiMe; — Me;SiSeBu+ !/,(NH,CN)
(153)

HNO,
Me;MNCNMMe; ——> Me;MONO, + 1/,(NH,CN)
(154)

V. Metal Inserilon Reactions

Organometallic insertion reactions at the carbodi-
imide conform to the general reaction type proposed in
Table V; the electrophilic component “E” is usually a
proton but can be other functions such as RCO-. In the
present case a family of reactions is reviewed where E
= metal or metalloid species. Reviews of metal inser-
tion reactions at heterocumulene derivatives have ap-
peared, and the carbodiimide reactivity is in general
in the order carbodiimide > isocyanate > isothio-
cyanate.%5

Insertion into boron compounds has been studied
extensively and the following scheme elucidated for
diarylcarbodiimides (eq 155).%86:387

BCl; — CIB[NArC(NAr)Cl],

RBCl, — RB[NArC(NAr)Cl],
R,BCl — R,BNAr(NAr)Cl
R;BX — R,BNAr(NArX (155)
R = RO; X = NR,, OR, SR
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Titanium(IV) amides and alkoxides insert into car-
bodiimides (eq 156).2%%3% Lead and tin compounds

Ti(NMey); ——, (Me,N),Ti[NArC(NAr)NMe,],
Ti(OR), — (RO),Ti[NAIC(NAD)OR], (156)

undergo insertion reactions with carbodiimides (eq
157,390 158,391’392 159,391,392 160393,394)_

Ph,PbOMe ——~2, Ph.PbNArC(NAr)OMe  (157)
Bu;SnOMe — BuzSnNArC(NAr)OMe (158)
(Bu3Sn),0 — BuzSnNArC(NAr)OSnBu,; (159)
Me,;SnNMe, — Me;SnNArC(NAr)NMe, (160)

Trimethylsilyl cyanide reacts with carbodiimides in
the presence of a catalytic amount of aluminum tri-

chloride to give an insertion product which cyclizes (eq
161).395'396

RNCNR R'NCX

MesSICN i tesy RN(SiMes)CcN)==NR £2%
X X X
Me S'NR—-<' R! /lk R R! )L R
3! \R WO Meon NV SN
NEC—ﬁ
\& MesSIN  NR HN R
(161)

The second reaction is, in effect, a further insertion
and is followed by a ring-forming insertion. N-
Benzoyl-N’-tert-butylcarbodiimides have been shown
to react with silyl and germyl compounds to yield the
respective insertion products.¥’ Organomercury species
react with carbodiimides to yield insertion products
which decompose to isocyanides (eq 162).398

PhHgCClL,Br ———» [PhHg-NR-C(NR)CCL,Br] —
RNCCI, + RNC + PhHgBr (162)

Carbodiimides have been shown to insert into cup-
rous chloride. The product reacts with alcohols to yield
O-alkylisoureas; the reaction scheme (eq 163)3% prob-

RNCNR —Z. [CuNR-C(NR)Cl] =22
RNHC(OR)NR (163)

ably accounts for the catalytic effect of copper salts on
the reaction of alcohols with carbodiimides.

Other examples of “metal” insertion reactions with
carbodiimides and Grignard reagents have been dis-
cussed earlier.

VI. Formation of Heterocycles

A. Cycloaddition Reactions

Cycloaddition reactions of carbodiimides are now very
well documented and may occur to yield 1:1 or 2:1 ad-
ducts. The 1:1 cycloaddition may be concerted or
stepwise (see Table V), and there is evidence for both
pathways. Carbodiimides are involved in 1,2-, 1,3-, and
1,4-cycloaddition reactions.

a. Condensation with C=N

Self-condensation leads to dimers and trimers. The
dimerization of a sulfonylcarbodiimide is catalyzed by
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pyridine through an addition complex, probably a
zwitterion (eq 164).4%
NSOZR
NR'

, Ppyridine = /
RSOzNCNR ———= RSO2N

’d
N‘*‘I

— RSO2N NR'

NR'
(164)

Recent work on the alkylation of carbodiimides has
indicated°1402 that unless both the nitrogens in the
carbodiimide possess very bulky groups such as tert-
butyl the product is the diazetidinium ion rather than
the linear alkylated species (see structures XXVI and
XXVII and ref 231, 347, 348, and 350). Dimer and
trimer are obtained in the synthesis of N-aryl-N-(tri-
fluoromethyl)carbodiimides from aniline and per-
fluoroazapropene (eq 165);**® the carbodiimide is too

ArNH
CF3NCF, 2 [CFN=C=NAr] —=

unstable to isolate. Azomethines undergo cycloaddition
with carbodiimides with the expulsion of the trans-
ferred group (eq 166).4%

B amena |77 —
N/ \N ; Ph

N==CHPh N

)—:NAr
ArN :
s ~N
| + PhCH==NAr =ML @ (166)
N
~

N N N N
|

ArN N
lC r Ar NAr

NAr

Evidence has been provided for an imine—carbodi-
imide 1,2-cycloaddition adduct from the nature of the
disproportionation products of the coupling in eq 167.4%

PANCNPh  [Php I——NAr

Pho,C==NAr —
A N T
Ph NPh
PhaC==NPh <+ ArNCNPh (167)
1]
V N
Phy R
| ; | —= PhC==NPh + ArNCNAr (168)
L
e b
T.
R'Na_ _N_ NR'
RoAICN==CHPh S NNR_ Y %

N NH

N
Ni“"“ H><Ph (169)

PhN—-(
+—NH
H

Ph
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An interesting retro cycloaddition from a 1,2-diaz-
etidine imine is reported (eq 168).4%

There is a report of the synthesis of the diphenyl-
carbodiimide using tri-n-butylphosphine catalyst*® and
of the cycloaddition of carbodiimide to N-
benzylidenealuminium amides (eq 169).47

b. Condensation with C=0

Carbodiimides react with aromatic aldehydes to yield
isocyanates and the corresponding imine (eq 170).408

R Ar

l l Ar

N CH RN__|/

” + ” —= | ==efs==|--— | —= RN==CHAr + RNCO (170)
cC 0 )—0

l RN

N

l

R

¢. Condensation with Isocyanates

Condensation (1:1) with isocyanates involves a re-
gioselectivity problem where CN or CO addition takes
place (eq 171). The oxaazetidine product has not been

NR
N
. (CN add™
}—NR
/ d
RNCNR + R'NCO (171)
\ R'N NR
I (CO add”)

0—=NR

reported, and it is thought that the diazetidines (ure-
tidinones) are the major products (eq 172).4%

Ph

0
N
)__Nph (172)
RN

Phenyl isocyanate reacts with (trimethylsilyl)carbo-
diimides to yield the 2:1 cyanurate product (XXXI),#0

NSiME3

PANCO -+ RNCNPh —

Me3SiNT “NPh

o] N 0

Ph
XXXI

but with (triethylgermyl)carbodiimide exchange occurs,
presumably through the uretidinone, and further cy-
cloaddition and hydrolysis results in a 1,3-diphenyl-
uretidinone (eq 1783).410

t
e
1}
E13GeNCNGeE PhN
PhNCO —3SeNCNBeRls S —~ Ets6eNCO +
~NGeEtz
Et3GeN H
NH
o. PhNCO PhN—(
PhN—C—NGeEt3 W NPh + (ET3GE)20 (173)
o]

Phenyl isocyanate inserts into (tributylstannyl)-
carbodiimide and the CN product cycloadds to a further
isocyanate molecule to yield a 2:1 uretidinone derivative
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(eq 174).*" Yet further phenyl isocyanate gives the 3:1
cyanurate (eq 174).4!

BusSNNCNSnBuz —m<d

0SnBuz
PhN=< “ . PhN(SnBu3z)CONCNSnBuz
NCNSnBusz
lpnnco (174)
Ph
0SnBus 0 |
No _.NH

0
PRN—T—NCNSnBus prnco PRN™ “NPh Y
J—neh )\ /g PN _NPh
0

Ph

d. Condensation with Acyl Isocyanates

A 1,3 cycloaddition occurs between chloroformyl
isocyanate and bis(trimethylsilyl)carbodiimide to yield
the chlorotriazine (eq 175)*'2 in 64% yield. Other acyl

CICONCO N

Me1SINCNSiMes ——cle /k\ /'k (175)
OSiMes

ME3SiO N

isocyanates react to give oxadiazinones presumably via
a zwitterionic intermediate (eq 176).413:414

2N

N
RCONCO + PhNCNPh =—=

)Q +c

R 0 »l

-

Ph

I

=z
o
>

NPh

e. Condensation with Sulfonyl Isocyanates

Evidence has been advanced for the stepwise addition
of sulfonyl isocyanates to carbodiimide (eq 177).415:416

+
RNCNR ArSO,N===C===0 ArSO,N, |-
ArSOaNCO ——— )\ + o

RN T NR NR
+
7

RN

—_—

NR
RN

O)——_ﬁOZAr (177)

Infrared absorption peaks at 1869 and 1724 cm™ ap-
pear on addition of carbodiimide to isocyanate*!5416
followed by their slow disappearance. Addition of tolyl
isocyanate to N-tert-butyl-N"-methylcarbodiimide re-
sults in a shift in the N-methyl NMR signal from 2.9
to 3.32 ppm,; this signal slowly decays and is replaced
by new ones at 2.9 and 3.6 ppm. The acyclic interme-
diate consistent with these observations may be inter-
cepted by a dipolarophile to yield a six-membered
heterocycle, and this is the basis of the synthesis of
several triazine derivatives.f17419

Wiillams and Ibrahim

f. Condensation with Isothiocyanates

The regioselectivity in the addition of carbodiimides
to isothiocyanates in the 1:1 stoichiometry results in
thiazetidine formation (XXXXII)42-42 g5 well as the
diazetidinethione (XXXIII)*%425 (eq 178). Benzoyl

s
, s
R'NCS + RNCNR —= R N=< D=NR + RN R (178)
N
R

NR
XXXIII

XXXII

isothiocyanates add to carbodiimides to yield thiazet-
idine and 1,3,5-oxadiazine (eq 179)*% in a 1,2- and

Ar ArCON,

0 NR
S
NIT\E + MNR (179)

S

ArCONCS LUCNR

1,4-cycloaddition, respectively. The cycloaddition of
methyl isothiocyanate to N-isopropyl-N’-((N,N-di-
methylthiocarbamoyl)dimethylmethyl)carbodiimide
yields a triazine (XXXIV) derivative which is shown

o T CSNMe,

Tos NBu'
MeN /U\N< \N__(
By
S N S g
Me XXXV

XXXIV

to have a boat conformation.?’ tert-Butylcarbodiimide
and tosyl isothiocyanate interact to yield tert-butyl
isothiocyanate and tosyl-tert-butylcarbodiimide, pre-
sumably through the diazetidinethione XXXV.428

g. Condensation with C=C

Ketenes react with carbodiimides to yield a variety
of products. The evidence that there is an acyclic in-
termediate in the reaction with diphenylketene is that
quenching the reaction with water yields an acyclic
amide (eq 180).4? In sulfur dioxide as solvent the

RNCNR,  PhCys-ro M0 PhyCH

Ph,C=C=0 (180)
AR o
*,"c/ NR
R,:,/ RNHCO

reaction is diverted to a thiazolidinone S,S-dioxide (eq
181).43-432  Tp the absence of dipolarophiles the cor-

R,C-/0 Y
S0 R,
MR == Y W (181)
7T e
+ "C
0 AR
RN

responding azetidinone is formed (eq 182).45343 Re-
gioselectivity to yield the oxaazetidine is not observed.
Reaction of acylketenes with carbodiimides has been
shown to yield the aminooxazinone, presumably by in-
tramg}gcular trapping of an intermediate zwitterion (eq
183).
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R
Ry . p
\
R\RC==Cc=0 INCNR. N, — R (182)
Ry o NR
RN
R

/N
+’I’
RN
R, 0
NG R, o
RCO—CR=c=0 B¥&. |/ = /g
0 I?“R R N0TTINR!
.
RN

(183)

Addition of diphenylketene with carbodiimides in a
2:1 ratio has not been observed,“! probably due to steric
inhibition of the bulky adduct to a bulky dipolarophile

(XXXVI).
‘r”//:;£<ﬁ;;o
Ph
O\ NR

C§§§C’/’Ph /¢
wen

RN
XXXVI
The reactivity of mesoionic 5-oxazolone with carbo-

diimides is probably due to the small equilibrium per-
centage of ketene (eq 184).#" Carbodiimide traps the

Q.

Q
0
0"~ O _Ph N\
\ R/ _o & Ph enenm RN
+ >“—N N—COPh
Me \ RN |
Ph Me

Ph Ph Me
(184)

ketene from the interaction of base with (trimethyl-
silyl)bromoacetyl bromide (eq 185)*% and that from the

Me3Si MesSi 5 o
Et,N RNCNR r
>_COBr —_— %Czo El3NH‘Br' 'R
Br Br

RN
(185)

interaction with chloroacetyl clorides.43&
Cycloaddition of acetylenes with carbodiimides to

yield pyridine derivatives is catalyzed by cobalt com-

plexes (XXXVII) (eq 186).442442 The reaction is also

catalyzed by nickel(0) complexes such as
(Ph3P),NiC,H, .4
R, R,
Ry SNl Ry xR
PRNCNPR L=Re [ + l (186)
R, NPh R, NPh
Ph Ph

CO,Me CO,Me
catalyst = / \
G

P ) Ph
Cp \PPh3

XXXVII
(Cp = cyclopentadienyl)
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Iron pentacarbonyl catalyzes the addition of carbo-
diimide across diphenylbutadiyne to give imino-
pyrrolidin-2-ones and 2,5-bisaryliminopyrrolines (eq
187).45 The complex RCN-Fe(CO), is also obtained,

Ph CCPh RN NR
— Ph R
RNCNR
PRCCCCPh Fiege I& + ol \ (187)
0N IR \
R
NRoBh 0

but in small yield, and the mechanism is thought to be
as in eq 188 and 189.44644¢ Reaction of X (as —C=

FelCOlg
+ [ Fe(CO)s_,,,(CNAr)m]

mArNCNAr
+
L oAnco s
Q
\—Fem,,
— C0, + (ANCIFe(CO)s (188)
NAr
Ph
Ph X
Fe(CO)y e jDFe(CO)4_mLm AhCNAL Fe(CO),_ b,
X ArN l
Ar
+CO lArNc
X Ph Ph
Arw=b=o ArN%LNAr
Ar Ar

(189)

C—Ph) in eq 189 with further ArNCNAr and Fe(CO);
gives the bis(pyrroline).

Phenylacetylene bromide with diphenylcarbodiimide
in the presence of iron pentacarbonyl yields benzo-
diazepinone (eq 190).%2 The diyne is produced via the
acetylene adduct (XXXVIII) which reacts with carbo-
diimide to give the benzodiazepinimine (XXXIX); the

Fe(CO
PhocBr o0 (phca=c—pr| 2EDNGNPD
Fe(CO),
XXXVIII
N Ph PhN

/ )\
- -
PhK UFe(co)ﬂ Br —  PhN N\© PRCCFe(CO),Br
>—c )\ . —
Ph \\\c PhN "'\C‘/

‘>/Fe<c0),,er

\
Ph Ph
NPh NPh
Ph /U\NH o PhN /U\NH
—Z (190)
PhN ¢}
Ph Ph
o
\
\\\CPh C\\CPh

XXXIX XL
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latter undergoing hydrolysis on work up with water to
yield the benzodiazepinone (XL).47

h. Condensation with PN and PC

The ylide Ph;PNR adds to diphenylcarbodiimide (eq
191)#8449 yig zwitterionic intermediates. Tetrakis(tri-

NPh

+ s

PH3P—N—<',_

+ - N )\ NPh
PhsP—N - N~ N
3 T\J PhNCNPh U
~ ~

PhsP—N N PhaP—N N—Ph
|
PhN >——NPh
NPh NT SN A0
i N
~ Ph
NPh
N NPh N NPh

-PhzPNPh o~ NPh (191)
N

SN
| @\+
= N\| “PPhy
Ph

methylsilyl)aminodiiminophosphorane reacts with bis-
(trimethylsilyl)carbodiimides to yield phosphocarbo-
diimides through cycloaddition (eq 192).#° The

/N\,L// Y
[\/ \H/Nph

NPh

ME3S|
(MezSi)oN (Me3Si)2N\ N
P=NSiMe; Me3SINCNSiMe3z Pé/ NSiMe 3z
M Z AN
esSiN MesSiN ) l
SiMes
(Me3Si)2N\ _NCNSiMey
P (192)
MesSIND  N(SiMes),

“Wittig” reagent (PhyPCHR) acts on diphenylcarbo-
diimide to yield an iminophosphorane after a cyclo-
addition reaction to form a ketenimine (eq 193).45!

-
+= PhsPCHR
PhsPCHR —NMPL [RCH=C==NPH]
+ +-
PhsPCHR PhaPCR
— (193)
RCHZ=X"NPh RCH3 “NPh

i. Miscellaneous Cycloaddition Reactions

Sulfenes produced by the action of tertiary amine
base on sulfonyl chlorides are trapped by carbodiimides
to give four- and six-membered heterocycles (eq 194).452
Nonactivated sulfenes do not undergo cycloaddition
with dialkylcarbodiimides. N-Sulfinylamines yield

EIN_ phcocHS0, MR

o ©
\/
S PhCO

7
“NR Is—»o
/[ /& + |1 (194)
Ph 0 NR RNH NR

PhCOCH,S05CI

Williams and Ibrahim

thiadiazetidine S-oxides which may be split by heating
to yield the transferred carbodiimide (eq 195).428453

0
I
ArSOzN"’—S
AsSOpNSO SNENR. Er'\m Dol ArSORNCNR (195)
RN i +
i RNSO

Reaction of carbodiimides with diazoalkanes can in-
volve 1,3-addition to yield a 1,2,3-triazole (XLI)*3* or

Ph NHPh

XLI

nitrogen may be eliminated in the diazoester case to
give an iminooxazoline (eq 196);%5457 the reaction is

NR
N,CHCOaR' —= R'OCOCH: NN R'O—a (196)
07 \R
catalyzed by copper triflate and may involve a carbene.

Aminotetrazoles are formed from hydrazoic acid and
carbodiimidees (eq 197).458-460

Ph Fl’h
RN N RNH N
RNCNPh N ~
HNy B NI NN (107
HN—N N—N

The addition of the C-N-O unit to carbodiimides
yields isoxazoles; hydroxamoylchloride reacts to give the
nitrile oxide which then adds to the carbodiimide (eq
198).#! Nitrones act similarly, but the oxadiazolidine

NOH R'—C=N—0 R' N
7 2
R'C — _— 198)
e R r:\=NgNR \(g& (

NR

product rearranges to a triazolidinone (eq 199).46%
1,2,3,4-Thiatriazoline yields a 1,3-dipole which reacts

R 0 NPh
Vs R
< ‘H NPh
R ROX
\ R
Ph

Th
N R N_ 0O
RN AN ~.-
QLNPh — N\ :// (199)
R NBh R ):— Ph
R R

PhNCO + RNINPh)CRR

with carbodiimide to give an iminodithiazolidine (eq
200).4620~485 T the absence of carbodiimide sulfur is

N=N R'NCe=shR' }—N/
RNIY\S —_— 2. —- \ (200)

NTs NTs NTs
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also extruded to yield a carbodiimide.’'45!® Trapping
experiments are not conclusive for the thiaziridinimine
intermediate.
Pentacarbonyl(hydroxymethylcarbene)chromium(0)
reacts with dicyclohexylcarbodiimide, possibly through
the dehydrated species (eq 201), to yield the isonitrile
complex and ketenimine.4

[Me(OH)CICr(CO)5 —= [ ((’3H2=9)Cr(CO)5] S

) H
RNC = NR

CCr(COls
rLR —= RNC-Cr(C0)s + RN=C==CH, (201)
RN

B. Incorporation of Carbodiimides Into
Heterocycles

In this section we review the synthesis of heterocycles
where carbodiimide is incorporated in the ring. The
carbodiimide nucleus has been found to incorporate all
three atoms, two, or only one in the ring, and the
chapter is divided accordingly. We shall not deal with
those syntheses yielding four-membered heterocycles
where these result from cycloaddition reactions as these
are covered in the previous section; there is of necessity
a little overlap between the sections.

a. Full Incorporation

Heterocyclic syntheses involving full incorporation
have been noted for systems such as XLII and XLIIL

- - N.o
Ne. N--Cy \
< c < /Cn J
Nz' N-~C Nz
XLII XLIII XLIV

An example of XLII involves the interaction of phos-
gene with carbodiimide in acetone to yield a chloro-
formamidine which cyclizes in the presence of diaza-
bicyclooctane (Dabco) to give a 1,3-dialkylazetidinone
(eq 202).4%67

RN—COCI RNCOCI P
RNCNR H20 . RN—(
CoClz RN i Dobeo NR
RNH
¢
(202)

Oxalyl chloride yields 2,2-dichloroimidazoline-4,5-
diones with carbodiimides (XLV).468:469

R

0 / Cl

OI':‘XQ
¢

XLV

Malonic acids react through the scheme represented
by XLIII (n = 1) to yield alloxans.#’%*! It is thought
that the carbodiimide first dehydrates the malonic
acid;*"! the anhydride then acylates the carbodiimide
in the usual way and the acyclic intermediate presum-
ably is further dehydrated by extra carbodiimide (eq
203). The alloxan product has been utilized as a cou-
pling agent for ester formation (eq 204).4™

Chemical Reviews, 1981, Vol. 81, No. 4 613

o]
CO,H CO-NR
>< RNCNR RNCNR >< />~ AR
COH co(‘?

o
-
o
o
e
2
Z
P

(204)

|

Jiy

RN NR
AR

H o H

i j\
RNJKNR
%o 0 0
HJ DH

R"OH ~C0
R’

Diols yield iminooxazolidines with carbodiimides in
the presence of CuCl catalyst. The products rearrange
to give imidazolidinones (eq 205).4’>4" Tetrahydro-

/R
OH
2RNCNR N—\ m
MR =R — S\ (208)
OH 0 \[(

0

diazepinetriones may be prepared through interaction
of carbodiimides with furandione (eq 206).47* Poly-

o NR O
PhCO 0 0
Ph
RNCNR
PH /N—§
. 0
ureides have been prepared from polycarbodiimides

through reaction with dicarboxylic acids at 100-160 °C
(eq 207).#" Diaziridinones (XLIV) are prepared by

(C"Z“ o™ o
®—N=C=N—® _CO_2H> C 'LT’L C (207)
0

peracid oxidation of carbodiimides possibly through an
oxyaziridine imine (eq 208).47

@-w

0
/
#-BuNCNBu-7 < s BN N=NBy-7 —
o

#-BuN—NBu-7 (208)
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b. Incorporation of CN

Table VII illustrates schematically the synthetic
schemes which have been noted. Coupling of CCN and
CCO with carbodiimides yields alkylimidazolines (eq
209)47¢ and oxazolidines (eq 210),*"” respectively.

CH R
-
C-=--N
] I NR
CH2+” >=NR — | N>=NR (209)
rI\AH" N
l l Rl R|
Ry, R
CH R AN
NR
.|~ s
lHR ﬂ R, = alkyl (210)
[
l /,' H \ NR
OH T I>=NR
0
R Ph
R,=Ph

Thioglycolic acid gives thiazolidinones and thiazoli-
dinediones with carbodiimides (eq 211).4’® Reaction

0 0
COH

R,——< BV R,_}’ﬁ R,—&E (211)
SH ST \R S

of carbodiimide with halo acid chloride (in the absence
of base) yields an N-acylchloroformamidine which cy-
clizes to a 5-oxazolidinone (eq 212).4™ Tetrafluoroboric

coc CONR—C(CI)NR
R,Rz/ RNCNR R\Rp H20
e ¢
0
R|RC(CI)CONR— CONHR —= R'RZ(“\ (212)
RN
NR

acid catalyzes the addition of epoxides to carbodiimide,
possibly through ring opening (eq 2183).4%

R R
l l
I I
e
DO HBF4 — 1C —_—
M\' MV\/OH BFs
| |
LR J

NR
[ D=NR (213)
G

1,3-Benzoxazines may be synthesized through XLVII
from 2-hydroxyaroyl halides and carbodiimides (eq 214,
215),481,482 Sl'ml'lar products are obtained from 2-

NR
RNCNR_ \( (214)
COClI
(I Anene_ (215)
COClI

Wiiiiams and Ibrahim

TABLE VII. Schemes for Incorporation of C-N of
Carbodiimide into Heterocycles

N

[y Cr "
o J\N - EN'

XLVI XLVII XLVIII

/Nj /N N/\'N

| N,

NN \..K Y-

) - \

XLIX LIN

C

N-' ’\N Lo N |-
B
LIl LIl LIV
rN
(]
LV

hydroxycarboxylic acids, and these are probably formed
through the anhydride.4®48 Quinazolines may be
prepared through XLVII by the interaction of an-
thranilic acid and carbodiimide (eq 216).4% Synthesis

NH; NH NR
@[ RNCNR \( (216)
NR
CO2H

0

of a quinazoline through isatoic anhydride may involve
acylation of the carbodiimide at nitrogen as a first step
(eq 217).4%

o] o]
R
0 RNCNR Q .
N/go ) C\NR
H " "
o'{)\o

Q

NR
N NR
H

Pyrimidine derivatives may be synthesized through
interaction of carbodiimide and $8-aminovinyl com-
pounds (eq 218).#” The purine, 2,6-diaminonebularine,

~ NH NR

CHO
CHO NHR

—N
R"<\: =N (218)
"\

has been prepared from a 4,5-aminocyanoimidazole (eq
219).4% Cyclohexene enamines react with diphenyl-

NH2
R! y RNCNR

H

<,I RNCNR_ </| /K (219)

sugur sugur

carbodiimide to 4glve pyrimidine derivatives through
XLVII (eq 220).4®® Intramolecular formation of thia-
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Ph

NPh
(IO PANCNPR OE”/Y (220)

/C— NHAr

zolidines and oxazolidines has been carrried out through
XLVIII (eq 221);**® reaction is thought to proceed

N=C=NR NCS

’_'V Na.S
S —_ >;K - NR —
% NM

NMez NM;‘Z o2
NMe,

N\

>g (221)
RN

through the isothiocyanate. Benzimidazoles have been
synthesized from thiourea through carbodiimide (eq
2292).4%0

NHCSNHPh

: : N=C=NPh
N
NW—NHPh (222)
@g— <

H

Thiazines may be synthesized through XLIX from
dimethy] iminobiscarbimidate (eq 223).4%!

NH l

»—ocr—c; . NHYNYOMe MeOYN\I/OM

AN = RN N NN

oo T b

NH NR NHR
(223)

L has been reported for the synthesis of an imida-
zoline species (eq 224)*2 from carbodiimides and (1,3-
diphenyl-2-azaallyl)lithium.

PhCH
\’;\
Phcr-\ \
\ + RNCNR NR +
) —_—— Ph ’,: Li —
/ :

PhCH NR
R
R |
l N
N 0. RNCNR PhCi-i NR
Prer F=NR| bte0 \ (224)
N—CHPh 2\
- Ph
it RN “NHR

There has been considerable activity in heterocyclic
syntheses through L. The NNC moiety in these
syntheses is a hydrazide grouping, and the reactions are
illustrated below; 1,2,4-triazolidines result (eq 225,49
226,484 and 227495-497),

/NH

R"NHNHCOZR ' SnelE )\ o + RN \|/ (225)
NH )/

“ROH

NR
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NR

NHNHCO,Et ENCHR [:RNH-/LNH—N—COZEr] —

RNH NR
O,Et

T e
RNH l NHR

RNH ) =N HoR'
RINHNHOONHNH,  —= RN>—-N-INHCONHNI-R' L

N —NH

RN HALKO(S) (227)

Examples of LII-LIV have been reported.*® The
carbon element comes from phosgeneiminium salts (eq
228).

+ -
Me,N=CCI,ClI RNCNR

RN==C(CI)—NR—CICINMe,

/ , NH \ NHy
PhNHNH, Ph @N
(228)

RNX ?/NMeZ RNY"\I/MAez RNH\(NYNMeZ

Ph

Reaction of 5-imino-A3-1,2,4-thiadiazolines with car-
bodiimide is an example of a synthesis using LV (eq
229).4%

Ph%}fu Ph\rNTNXNR (229)
N\

R’ R

c. Incorporation of One Element

The schemes of Table VIII have been observed for
incorporation of one element from the carbodiimide
skeleton. The atom involved is usually C but can be
N.

LVI is observed in the explosive decomposition of a
mixture of thionyl cyanamide with 2,3-dimethyl-
butadiene to give a six-membered adduct (eq 230).5°

%i—' A O~
|

i

LVII is involved in the synthesis of iminooxazolidinones
(eq 231)%0! catalyzed by CuyCl,. The reaction path
probably involves an O-alkylisourea as an intermediate
since the reaction is copper catalyzed. Reaction of am-
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TABLE VIII. Schemes for Incorporation into
Heterocycles One Element from the
Carbodiimide Skeleton

N

s .
Ly U O
N N P
LVI LVII (S) N N
LVIII LIX

OH
>’A/ 2RNCNR _ (231)

idrazones with carbodiimide follows LVIII to yield 3-
substituted 5-(arylamino)-1,2,4-triazoles (eq 232).502503

R NH—NH: NHAr AN
—ArNH
RCINHINHNH, 2NCNAT_ \ﬂ/ 7/(/ —-

N NAr
e

~NH
R%/& (232)
N

NAr

Dimethyl iminobiscarbimidate reacts with diaryl-
carbodiimides via LIX to yield triazines (eq 223).4%!

1,3,4-Thiadiazoles may be prepared by the interaction
of acetylated carbodiimides with thioacylhydrazides
(LVIII, eq 233).504

COCH,
R'CS—NHNH
RNCNR  qtree =G —_— /4 >\

NRCOCH

\Q

(233)

VII. Carbodiimides in Blological Chemistry
A. General

The synthetic usefulness of carbodiimides was first
recognized because of their application to peptide and
nucleotide chemistry; other biological properties were
not very well-known at the time of the previous com-
prehensive review,? and only five references were re-
corded of work directly related to physiology. It has
since been recognized that carbodiimides may play a
role as effectors in biology other than that of synthetic
tools, for example, as protein-modifying agents or as
site-directed modifiers.

The carbodiimide moiety has never been postulated
as an intermediate in biological transformations; how-
ever, it is probable, in view of previous work on ElcB
mechanisms,*% that carbodiimides play a role in the
urea cycle reactions. The synthesis of arginine from
citrulline ATP and argininosuccinate synthetase is

Nz K“’*2 [N
go AT !_OPO3H2 0°03H; g HRNCHICH,CO0H);
l)—* 'J\JH 'UlTl
| | |
N COpH
NH—( (234)
% GOk

argininosuccinic acid

Williams and Ibrahim

likely to involve a carbodiimide (eq 234).

It is, however, unlikely that the carbodiimide would
enjoy a free existence but would most probably be
bound in an enzyme complex.

B. Modification and Inactivation of Proteins and
Enzymes

Proteins carry a normal complement of reactive
groups and therefore will react with carbodiimides
largely in the same fashion as with simple nucleophiles
(see earlier). o-Chymotrypsin has been inactivated with
a water-soluble carbodiimide which reacts with the
active-site serine (residue 195) (eq 285).5% The O-

§>——CH OH >—\
N RNCNR q_<NHR YO (235)

- T

Ser-195

acylisourea also reacts with cysteamine (eq 236) and
hydroxylamine (eq 237); the inhibition is analogous to
that caused by cyanate and isocyanate.5’

3
>/\ _</ g OS> Ne™NAMe (236)

Co Co

¢

NH,OH
<0 RNH
OH + N
NH>/\ RNH: OH

éo (237)

£

Protein thiol groups react with water-soluble carbo-
diimides;**®%10 papain is modified at residue cysteine-
25,598 and the free thiol group of buckwheat a-gluco-
sidase is protected (eq 238).5%°

NR
rsH SNER L R (238)
NHR

Tyrosine residues may be modified by carbodi-
imides, 551! and the inactivation of yeast hexokinase
is reversed by hydroxylamine which presumably forms
the N-hydroxyguanidine (eq 239).51!

NR
NH,OH
pro?ein—©>0—</ mon, proteinQOH +
N

HR

N—OH (239)
RNH
For the possibility of other pendant groups reacting
with carbodiimides (e.g., imidazoles, amines), see the
section on chemical properties.

C. Modification of Carboxyl Groups In Proteins

Carboxyl groups may be modified by using carbodi-
imide and a nucleophile such as an amine. Glycinamide
has been attached to the carboxyl groups of cell walls
to remove the negative charge (eq 240).51> Radioactive
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NCNR
cell wall-CO,H ——n® cell wall-CONHCH,CONH,
NH,CH,CONH,

(240)

glycine has been used to label carboxyl groups in blood
coagulation Factor VIII through carbodiimide®? and
glycine ethyl ester or N-(2,4-dinitrophenyl)diamino-
ethane have been coupled to carboxyl groups in rabbit
muscle phosphorylase.’* The carboxyl groups of lyso-
zyme have been modified with glycine®'® and sulfanilic
acid (eq 241).51

lysozyme-CO,H F—%—m@r lysozyme CO—NH@SO;

(241)

Pepsin has been coupled to colored hydrophobic
amines (eq 242).5'7 Reaction of yeast hexokinase with

NC

pepsin-COzH

2
Pepsm-CONH/\/NH*—Q—NOZ
Ot
(242)
pepsm-CONH—Q—N=N—©

nitrotyrosyl ethyl ester and carbodiimide gives inactive
protein when two carboxyls have been modified.5!®
Modification of bovine collagen fiber with carbodiimide
and diaminoethane as a cross-linking agent leaves the
fiber structure unchanged.’!® Exposed aspartyl and
glutamyl residues in proteins may be converted to as-
paraginyl and glutaminyl residues with carbodiimide
and ammonia (eq 248).5%

RNCNR
—_—

R'CH,CO,H R'CH,CONH, (243)

3
Active-site carboxyl groups may be protected by
substrate or inhibitor at saturating concentrations,5%:52
and the carboxyl group may be modified as in ribo-
0

RNase-CO,H MM NH,CH,CO—0—CH—N

NH (244)

HPer e . RNaseCO-NHCH,CO,H
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nucle:zsae (RNASE) but retaining its negative charge (eq
244).

The total number of carboxyl groups in a protein may
be determined by treating the material with a denatu-
rant, coupling with glycinamide or glycine methyl ester
(using carbodiimide coupling agent) and then com-
paring the amino acid analysis with that of the original
protein.’# Buried carboxyl groups may be detected by
reacting the natural protein and the denaturated pro-
tein with glycinamide in the presence of carbodi-
imide.5%52" Fifteen of the seventeen carboxyl groups
in a-chymotrypsin have been coupled to ethyl glycinate
through a water-soluble carbodiimide.’® Bovine trypsin
has been modified with semicarbazide (probably at its
carboxyl functions) in the presence of a carbodiimide.®

The reaction of carbodiimides alone with the carboxyl
group in proteins can lead to inhibition; this can be
caused by either interaction of neighboring nucleophiles
or through the O—N acyl shift (eq 245). If the external

CO,H c
7 men_ LN
P —= P 0 /NR
NuH NuH NHR cross- linking
/ [exlernol
O=N nucleaphite
(Nu")
CONRCONHR CONu' cO
/ /
P P P (245)
\ \ \
NuH NuH Nu

nucleophile (eq 245) is water, then the enzyme is re-
generated. The O-acylisourea is relatively labile to
hydrolysis back to active enzyme, and permanent
modification must involve one of the other paths.530

Another carboxyl modification reaction involves that
of yeast enolase by water-soluble carbodiimides.5®! The
interesting observation was made®®! that noninhibitor
or nonsubstrates such as phosphate or glucose 6-phos-
phate protected the enzyme against inactivation; these
species were assumed to react with the carbodiimide in
competition with the protein.®3! An insect mid-gut
trehalase,’® acetylcholinesterase,®*® bovine 8-lacto-
globulin A % bovine serum albumin,’® casein,’® L-
glutamate dehydrogenase,’®” and an acid proteinase
from Aspergillus awamori®® have been modified at
essential carboxyl groups with carbodiimide.

Pepsinogen is modified with dicyclohexylcarbodi-
imide at four sites and pepsin at three.5*® One of the
carbodiimides is attached at the N-terminal of pepsi-
nogen and is removed (together with a peptide) when
the precursor is activated.5%

Two colored carbodiimides have been synthesized
(LX, LXI) and used in modifications of pepsin, pep-
sinogen, and aspergillopepsin A 540-543

Me3ﬁ/\/\N=c=N-©~N=N—©
LX
MeZNMN=C=N©—N=N—©
LXI

Carbodiimides have been utilized in the histochemical
detection, using a fluorescent coupled group, of carboxyl
groups in proteins (eq 246).54454% It has been pointed
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TABLE IX. Collection of Sequences of Some F,; Lipoproteins

Williams and Ibrahim

organism No.d Ne carboxyl sequence cr
Neurospora crassa® 81 Tyr Ala-Phe-Val-Glu-Ala-Ile-Gly Thr
bovine heart? 75 Asp Ala-Leu-Ser-Glu-Ala-Met-Gly Met
Saccharomyces cerevisiae® 76 fMet Ala-Leu-Ser-Glu-Ala-Thr-Gly Val
spinach? 81 fMet Ala-Phe-Met-Glu-Ala-Leu-Thr Val
E. coli¢ 79 fMet Gly-Leu-Val-Asp-Ala-Ile-Pro Ala
PS-3¢ 72 fMet Ala-Leu-Val-Glu-Ala-Leu-Pro Arg

@ Mitochondria, ® Chloroplast. ¢ Bacterial plasma membrane. ¢ Residues in protein. € N terminal. 7 C terminal.

OH
RNCNR
protein=CO,H
CONHNH,
OH
CONHNHCO-protein

(fluorescent)

out that since proteins contain both amine and carboxyl
side chains, the possibility of polymerization may be
realized in protein modification studies;**” we shall turn
later to a similar fixation phenomenon which is utilized
in electron microscopy. Two to three carboxyl residues
of serine pepsin have been shown to be modified by
tritium-labeled dicyclohexylcarbodiimide with the loss
of aagroximately 70-80% of the activity to hemoglo-
bin.

D. Modification of Carboxyl Groups In ATPases

Since it was discovered some 13 years ago,*° there
has been increasing activity in studies on the inhibition
of membrane ATPase by carbodiimides. There is
considerable interest in ATPases as the mitochondrial
enzyme system is an important coupling factor in oxi-
dative phosphorylation; it has a role in muscle con-
traction and in the transport of ions across mem-
branes.5%

The inhibition of ATPases was early shown to be
associated with membrane lipoprotein,®s! and carbo-
diimide binding proteins were isolated from mitochon-
drial membranes.552%3 The lipoprotein (F) which binds
carbodiimide in mitrochondrial membranes was shown
to have a molecular weight of about 10000.5% Work in
the early 1970s succeeded in isolating the F, lipo-
proteins and established the amino acid sequence for
these from several species; it showed that a glutamate
or aspartate residue in the central position of the F,
proteins is responsible for the proton translocation and
energy-transducing properties of the ATPase com-
plex.?545%% Tahple IX559% collects the amino acid se-
quence of some isolated F, proteins.

Carbodiimide binding proteins have now been iso-
lated and purified from a large number of sources in-
cluding bacterial membranes,?%57 chloroplasts,&570
animal liver mitrochondria,?’!%’2 hovine heart mito-
chondria,’”® moulds,”* and yeasts.57

Spin-labeled carbodiimide (LXII) has been utilized
to bind to the ATPase complex, and EPR studies have
indicated a distance between the ATP binding site for
Mn?* and the inhibitor site in the F, protein of the
order of 20 A. The inhibitor site in mitochondrial AT-
Pase has characteristics of low polarity, and there is a
strong restraint on rotational motion of the probe.576-578
The site of carbodiimide attack in the F, protein is
probably in a hydrophobic region as only lipophilic

<z:::>——N:=C==N N==0

LXII

carbodiimides are effectve inhibitors.5®

Carbodiimides act as inhibitors of ATPase as an
ATP-driven proton “pump” in mitochondria and
chloroplasts®®%8 in electron transport5®%% and in
calcium®7"58 and alkali metal transport.’®-%2 JIon
permeability is also affected by carbodiimide inhibition
of ATPase.

ATPase complexes have been isolated and stud-
ied.59"€% The complex consists of a fragment (F,) and
two peptides (F;) of molecular weight approximately
10000.5%7 The F, fragment is insensitive to carbo-
dimides whereas F is.5’

The chemistry of the F,, subunits has been the subject
of intensive research. Mutant strains of E. coli bacteria
resistant to carbodiimides have been shown to possess
an altered aspartate in the F, protein and blocked
proton translocation.’® Mutant strains on other or-
ganisms resistant to carbodiimide have been studied,
and the F, protein has been isolated.®®%14 The pro-
tection by Ca?* of ATPase from sarcoplasmic reticulum
toward carbodiimide inhibition has been advanced as
evidence for a Ca?* binding site in the hydrophobic
region of the F; protein.® Water-soluble carbodiimides
inhilgliet the ATPase of mitochondria, but not at the F,
site.

The addition of methyl glycinate protects erythrocyte
membrane ATPase against inhibition by carbodi-
imides.’'” The mechanism of the inhibition process is
thought to be formation of the O-acylisourea species
followed by attack of an adjacent nucleophile to cause
loss of urea, covalent binding of the nucleophile with
the binding site to produce cross-linking, and no loss
of inhibition.®!” Protection of the enzyme by methyl
glycinate only occurs when this nucleophile is added
simultaneously with the carbodiimide; subsequent ad-
dition to the nucleophile does not cause regeneration.
The possibility that methyl glycinate protection is due
to the competing reaction of the protecting amine with
the carbodiimide was not considered. It is now thought
that the inhibitory action of carbodiimide is an O—N
acyl shift."* The binding sites of carbodiimide in
membrane-bound ATPase of E. coli and beef heart
mitochondria®2%62! have also been characterized.

E. Use of Carbodlimide as a Blological Tool
a. Attachment of Biological Materials to Solid or
Polymer Supports

Enzymes such as creatine kinase have been grafted
on collagen films by using water-soluble carbodi-
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imides,®?? and the carbodiimide method of binding
chymotrypsin to carboxymethylcellulose has been
evaluated.”® The pH optimum for coupling collagen
to acrylic acid polymers is 4.4, and only accessible
carboxyl groups are active.’24%%5 Carbodiimides have
been employed to couple ovalbumin to mouse spleen
cells®? and melibionic acid to serum albumin.®?’ Im-
munologically active species may be joined to glass
through 3-(triethylsilyl)propylamine (eq 247).6%® Car-

NH” ™~"NsiE13 NN RCO,H
glass-Si NH, =t

glass-5” " "NNHCOR (247)

glass

bodiimide has also been employed to coat glass beads
or modified polyacrylamide beads with polyamines,522630

b. Carbodiimide as a 'Fixing Agent”

Carbodiimides have been used as fixatives for im-
munohistochemistry; intestinal glucagon has been
preserved and localized by a water-soluble carbodi-
imide.%3! “Fixation” by carbodiimides is useful as an
ultrastructure preservative for electron microscopy,*?
and the quality of the result is similar to that from the
action of glutaraldehyde a conventional fixative.53® The
action of the carbodiimide in these processes is probably
to effect cross-linking between carboxyl and amino
groups.

¢. Cross-Linking of Proteins

Lysozyme and a-chymotrypsin when treated with
water-soluble carbodiimide undergo intermolecular
cross-linking to yield thermostable proteins.®** A similar
stability has been induced in hemoglobin used in
transfusions by cross-linking with water-soluble carbo-
diimides.®3 Intermolecular cross-linking caused by
carbodiimides leads to an increase in viscosity of col-
lagen fiber.%%2b Carbodiimides have been utilized to
cross-link wool, %3¢ hair (in a permanent wave compo-
sition),%¥" and bovine lutotropin.638:639

d. Spin-Labeling with Carbodiimides

We have already discussed an example of spin-la-
beling in the problem of carbodiimide binding proteins
of ATPases.t26628 Water-soluble spin-labeled carbo-
diimides have been synthesized and reacted with nu-
cleosides;#40%42 poly(uridylic acid) is modified on the
pyrimidine nitrogen (LXIII).542

Me

Ve

NHCHiCHpN+ O

/K /

MO —O

LXIII
e. Peptide Sequence Determination

N-Terminal glutamic acid or aspartic acid may be
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modified with carbodiimide and methylglycinate to
yield a residue which may be distinguished readily from
glutamine or asparagine in the Edman method (eq
248).843

CO,H CONHCH,CO,Me

RNCNR
+ r NHoCHCOgMe —  + /ﬁ (248)
RHg” S CONH- NHg™ N CONH-

f. Carbodiimides as Biological Effectors

Carbodiimides have been shown to act as herbi-
cides;® involvement of ATPase activity with initiation
of germination has been inhibited by carbodiimides.®?
Antifoliant,®8 fungicide,’” and antitumor®? activities
are all observed with carbodiimides. Carbodiimides
may be used in pesticide formulations of thiophosphates
to prevent hydrolytic decomposition.5¥ Insecticidal and
acaricidal®®®! and ectoparasiticidal®?555 activities have
also been observed with carbodiimides.

Miticidal and lepidoptericidal activities are observed
with isothiourea species;® this may be due to the op-
eration of a controlled-release mechanism producing
carbodiimides (eq 249).

RN=C—NHR" =M e RNCNR' (249)

slow

SR
g. Other Membrane Activities of Carbodiimides

Low concentrations of carbodiimides modify the ef-
fector portion of the 8-adrenergic receptor of the ade-
nylyl cyclase system in frog erythrocytes.®® Dicyclo-
hexylcarbodiimide blocks the catecholamine activation
of adenylyl cyclase in turkey erythrocytes.t% Carbo-
diimide modifies neuromuscular transmission in the
frog®’ and has been examined as a possible affinity
label for the acetylcholine receptor at the frog neuro-
muscular junction.8%® Dicyclohexylcarbodiimide has
been shown to affect the photoinduced changes in
electric potential differences and resistance in plasma
membranes of Nitella cells.5%°

h. Action on Nucleotides and Nucleosides

Water-soluble carbodiimides have been shown to in-
hibit transcription of supercoiled PM2 DNA with E. coli
B RNA polymerase.f608l2 Reaction of carbodiimides
with cytidine 2'(3’)-phosphate yields an adduct which
leads to cyclic 2’,3’-phosphate, hydrolysis product, and
N"-amidinyl product similar to LXIIL.%! Uridine reacts
to give an N-substituted product (LXIII),640-642661c
Polynucleotides react with positively charged water-
soluble carbodiimides much faster than do the mono-
mers owing to the electrostatic effect.861%¢

VIII. Carbodiimides and Polymer Chemistry

A. General

Since the discovery of catalytic methods for the
preparation of carbodiimides from the readily available
isocyanates, carbodiimides have been increasingly
studied as precursors for polymer materials. At the
same time the use of carbodiimides as reagents in
polymer chemistry has been increasing, and we have
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already dealt with this aspect for biological polymers.
Carbodiimides may participate in polymer structures
as part of the backbone (chain or cross-link) or as a
pendant group. Incorporation in polymers by polym-
erization of carbodiimides is dealt with elsewhere in the
review with regard to dimers and trimers; polymeriza-
tion by condensation with an appropriate reactive group
such as diamine is discussed under chemical properties.

B. Modification of Polymers

Syndiotactic poly(methacrylic acid) is esterified by
alcohols in the presence of carbodiimides to give al-
ternate ester links.%62%6¢ Strong acid catalysts yield
random esterification; the explanation is believed to
involve anhydride formation from the isomer, yielding
one ester for every two carboxyl groups (eq 250). The

®—cMe” eMe—F) — B —cMe” Seme—(E) —

Co  COpH e~/ o

>
RN KR
E—cve  eve—@) £ B —cve” ScMe—E) (250)
07 N0 N0 (IZOZR' lcozH

simple explanation (eq 250) can only be partially cor-
rect, as it requires the formation of alternating isourea
groups. This condition can arise through concerted acid
catalysis, as discovered recently (eq 110),%¢ and we
propose the initial reaction to be as in eq 251.

®—CMe/\CMe—® ®—CMe/\CMe—®

(251)
0 0 Co CO,H
9] Q.
W(/\H C'
N=C=[N. RNZ\NHR
/ \
R R

Water-soluble carbodiimides have been used to cou-
ple glycine ethyl ester with poly(acrylic acid); it is
thought that the reaction proceeds through the car-
boxylic anhydride.2?

Carboxyl group site—site interactions have recently
been shown to occur in functionalized cross-linked
polystyrene resins. Dicyclohexylcarbodiimide treatment
of the carboxyl resin was followed by infrared spec-
troscopy, and the appearance of a band at 1785 cm™
indicates a lower limit for anhydride formation.®¢ A
band at 1660 cm™ was proposed to be due to the N-
acylurea group. Previous to this work®® there was no
definitive evidence, and it was generally assumed that
there was little or no interaction between groups in
cross-linked polymers.

Hardening of amino/carboxyl emulsion polymers has
been effected with ditolylcarbodiimide to yield films.5’
Butadiene/acrylonitrile copolymers with 0.09% car-
boxyl group content have been cross-linked with a bi-
functional carbodiimide (LXIV).%8 Water-soluble

PhNCN(CH,)¢NCNPh
LXIV

carbodiimides suitable for polymer modification have
been synthesized from basic carbodiimides and sultones
(eq 252).86°

Williams and Ibrahim

SOz /-BUNCN(CH,)3NM +
[[(177 [ BuNCNCHMe,(CH),S05™  (252)

Hemin has been derivatized as amide and ester by
using water-soluble carbodiimides.6”® Hydroxyl poly-
mers may be modified to yield more hydrophobic
species by using dicyclohexylcarbodiimide with tetra-
fluoroboric acid through O-alkylisourea formation®! and
to contain guanidine groups.®’> The latter species with
M, 400-2000 are useful in the preparation of poly-
urethanes.®”? Fluoroaliphatic carbodiimides have been
used to impart oil- and water-repellent finishes to nylon
and polyester fabric® and also to leather.675:676

C. Polymerization Catalysts and Reagents

Carbodiimides may be used to polymerize malic acid
to yield a possible protease inhibitor (eq 253).677

/CCOZH . /K-COZCHZPh HNO,
NHy™ SCOH NH CO,H

2

H,/Pd

COLHPh  nenr —=CH3Ph
——==—= polymer
CO,H

polymer acid (253)
HC

Protamine sulfate may be polymerized by carbodi-
imides;?’® dicyclohexylcarbodiimide induces the for-
mation of a tacky fire-resistant polyphosphoramide
from diamines and inorganic phosphate.6” Carbodi-
imides catalyze the polymerization of lactones;®* the
reaction requires a catalytic amount of sodium.

D. Polymers with Functional Carbodlimides

Polymers with pendant carbodiimides have been
pre;gaazred and used as dehydrating agents (eq 254%! and
255682,

Cqu Sobriel_ CHzNH2 L=
CHZNHCONHR TsCl/pyridine
R—N=C=N—CH2 (254)
NH, —= NCNEt —=
7 C> : V4 <:>
NCNE? (255)

E. Insulators and Heat-Resistant Plastics

Cross-linked organosilicon carbodiimide polymers
have been prepared and found to be useful for electrical
insulating coatings and high-temperature paints.68
Cross-linked carbodiimide polymers with electrical in-
sulating properties may be prepared by using bis(iso-
cyanatophenyl)methane (LXV) and a catalyst.5®* Iso-

OCN—@—CHZO—NCO

LXV

cyanurate foams®5 and other plastics containing poly-
carbodiimides are useful as heat-stable materials.586-8
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The fire resistance of carbodiimide foams based on
polyols from trichlorobutene oxide or epichlorohydrin
has been reviewed.t®

F. Relnforcements

Poly(4,4’-diphenylmethanecarbodiimide) (LXVI) at
1% in nylon increases the relative melt strength and
viscosity.®! Polycarbodiimides have been used as fiber

LXVI

reinforcements®®*6% and in strengthening glass-fiber
compositions.??48% The strengthening effect probably
comes from the rigid nature of the polymer carbodi-
imide which has relatively few degrees of rotational
freedom.

G. Adhesives and Microcapsules

Polycarbodiimides have been used as adhesive prim-
ers.5%6%  PBjlm forming carbodiimide homo- or co-
polymers have been used in microcapsulation tech-
niques for pressure-sensitive copy paper.89%-701

H. Foams and Microcellular Elastomers

Catalytic formation of polycarbodiimides from bis-
isocyanate monomers results in carbon dioxide libera-
tion (eq 256); use is made of this phenomenon in the

OCN—R—NCO <2 (B)—N==C=N—(F) + c0,  (256)

production of rigid cellular foams for mouldings, sealing

compounds, reinforcements, and other useful purpos-
702-723
es.

1. Stabllization of Polymers with Carbodlimides

The instability of cross-linked polyesters is due to the
hydrolysis of the ester link which is accelerated as the
carboxyl groups are formed.” 72" Scavenging the car-
boxyl end groups with carbodiimide has been shown to
prevent hydrolysis.”?* Monomeric carbodiimides’?%73
and poly(carbodiimides)’?745 have been suggested as
stabilizing additives for polyesters. The blocking
function may be due to formation of N-acylurea or to
formation of ester links with adjacent hydroxyl groups.
The stabilizing effect is felt in both aqueous emul-
sions™! or solutions’ of polyester as well as in the bulk
polymer.

The storage life of liquid poly(isocyanates) is im-
proved by the addition of carbodiimides which pre-
sumably scavenge water.74¢751

IX. Photography and Related Subjects

Carbodiimides have been used extensively as gelatin
hardeners;’52-7 the action of the carbodiimide is to link
carboxyl and amino groups on the gelatin chains, ef-
fectively cross-linking the polymer.” Carbodiimides
also have application as “antifoggants”.767.768

Applications for carbodiimides have been found in
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the generation of azo-dye images from light-sensitive
heat-developable diazotype compositions. These com-
positions comprise a light-sensitive diazonium com-
pound, a normally solid carbodiimide, and a normally
solid diazo-coupler precursor. The latter is converted
to a reactive coupler by dehydration with the carbo-
diimide (effected by melting). The light process con-
verts diazo species to a phenol (eq 257), and the re-

ArN;X —=~ ArOH + N, + HX  (257)

maining diazo compound couples with the oxazolone (eq
258, 259) in the developing process effected by heat.

N
RNCNR /
oo = Ph‘@o (258)

{to melt the species

PhCONHCH ,CO,H

Diazo coupling:

/NAr N=NAr
N, Aer
Phﬁ — Ph—g ( = Ph
0

(colored species)
(259)

The process may be envisaged as in eq 260; the light-
exposed areas are colorless.”®

ArN,X 4 PhCONHCH,CO,H

= —] — (260)

2 RNCNR
i heated rollers
l/!y
developing stage
exposure stage

A thermographic process involves printing by infrared
radiation; the heat warms and mixes solid carbodiimide
with the dye precursor which cyclizes to give the dye

(eq 261).70
\ o]
/N—CH—CH'—<\§'

AN °
CQDCH—CH@ (261)
X

Y Et

magenta color

Carbodiimides have been used as stabilizing agents
for a photosensitive polymer composed of cinnamate
attached to a polyether chain through ester links. The
carbodiimide presumably acts as a water scavenger.””!
Adhesion of the gelatinous photographic material to
polyethylene terephthalate supports has been improved
through the addition of carbodiimides; the mechanism
probably involves the formation of ester linkages.””2

Titanium(IV) oxide electrodes may be dye sensitized
by coupling with a bipyridylruthenium complex; ester
links are formed from the TiOH group and carboxyl
groups through the action of carbodiimide (LXVII).”?3
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Electrode
Y
| |

0

X. Dyeing and Related Subjects

Most of the applications of carbodiimides to dyeing
refer to improving the wash-fastness of the dye.
Wool”47 gnd hair’’® dyeing is improved by treatment
with carbodiimides. 1-Ethyl-3-[3-(trimethyl-
ammonio)propyl]carbodiimide fixes the red dye [2-
nitro-4-[ (8-aminoethyl)amino]aniline] to hair, probably
via an amide link (eq 262).”® Neutral or acid condi-

Hair—CO2H + NH2CH2CH2NH—<§NH2 —_—

NO,

Hajr—CO —NH —CHaCH>NH —@»NHZ (262)

tions may be used to couple a phosphorus dyestuff with
a cellulosic material by using carbodiimide (LXVIII).?””?

i
Fl’—o—cellulose
COCHz l

l N OH

NH OH//

N

The cosmetic qualities of bleached human hair may
be improved, presumably by some form of internal
cross-linking, by treatment with 1-cyclohexyl-3-(V-
methylmorpholino)carbodiimide.””®

-+
S0s Na
LXVIII

4
Na 038

XI. Analysis
A. Assays for Carbodiimide

The estimation of carbodiimides has been relatively
unsatisfactory in that no reliable, sensitive, color assay
has been available. Despite increasing use of carbodi-
imides at low concentrations as biological effectors, the
only assays available until the present involved the
estimation of carbon monozxide from oxalic acid under
anhydrous conditions or of excesss oxalic acid by
back-titration (eq 263).2 The latter method was used

RNCNR + (CO;H); =~ RNHCONHR + CO + CO,
(263)

Williams and Ibrahim

to determine carbodiimide in polymer supports’ and
in other analyses.’®’® GLPC analysis’®! and infrared
absorption spectroscopy’2 have been used as assays for
carbodiimides. An interesting technique for polymer-
supported carbodiimides involved reaction with acetic
acid to give an equivalent amount of acetic anhydride
which was then analyzed by GLPC.™® Paper or thin-
layer chromatograms of free dicyclohexylcarbodiimide
were exposed to iodine vapor; colored spots formed at
the carbodiimide which disappeared in the free atmo-
sphere.”

Recently a sensitive method for estimation of carbo-
diimides has been reported to involve a color develop-
ment (400 nm) when the water-soluble carbodiimide is
added to a pyridine buffer at pH 7 containing ethyl-
enediamine.’® The cause of the color is not apparent,
but concentrations in the assay mixture down to 50 uM
of carbodiimide may be estimated.

Two methods of assay based on the known chemistry
of carbodiimides have been developed.”® The first
method involves guanidine formation by reaction of the
carbodiimide with 1 M anilinium hydrochloride fol-
lowed by quenching in 1 M HCI and reading the ab-
sorption at 230 nm (eq 264). The phenylguanidine

RNCNR

PhNH,* PhN=C(NHR),-HC]l (264)
spectrum has a very large absorbance at 235 nm, and
the large extinction coefficient at 230 nm (e 1 X 10%)
allows concentrations to be measured down to 0.2 uM.
The second technique’™® relies on the formation of an
amount of acetic anhydride equivalent to the carbo-
diimide by addition of acetic acid. The acetic anhydride
is quenched in alkaline hydroxylamine and the color
developed (at 540 nm) with ferric chloride solution (eq
265).7% The sensitivity of this method is close to that
NH,OH F
RNCNR =%, Ac,0 —~. ACNHOH — 2
colored ferric complex (265)

claimed for the pyridine/ethylenediamine technique.”™?

B. Determination of Carboxylic Aclds

Carboxylic acids have been assayed by using carbo-
diimide to promote ester formation followed by GLPC
analysis.”® A colorimetric method utilizes carbodiimide
as a coupling agent to yield hydroxamic acid with hy-
droxylamine; color is developed with ferric chloride-
,78-19% and the chemical basis of the method is as de-
scribed in eq 265. The assay of carboxylic acids in
biological polymers is dealt with earlier.

C. Carbodiimide in Biological Assays

Carbodiimides have been used as coupling agents to
form conjugates between steroids and chemiluminescent
species; these act as the basis for an assay of plasma
progesterone through antibody-enhanced chemilumi-
nescense.”® Conjugate formation through carbodi-
imides is the basis of the immunoassay of secretin and
IBG.™77%8 Antibodies have been coupled to carboxy-
methylcellulose through carbodiimide to form the basis
of an immunoassay.”™ The preparation of tritium-la-
beled dicyclohexylcarbodiimide for the assay of bio-
logical species has been described .8
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XII. Uses of Carbodiimide In Synthesis

A. Peptide Synthesls

Peptide synthesis continues to utilize the carbodi-
imide “method” and its major coupling procedure.®01-88
The mechanism of peptide coupling involves the overall
scheme given in eq 266 (see also eq 103). There are two

NR'
RCOpH SMCNRL Rco—o——/< 2—% RCONR'CONHR' (266)
NHR'
Rcozy Y”NHZ
RCO—OCOR ——H2% R"NHCOR

main side reactions, namely, the O—N acyl shift to give
N-acylurea and racemization. The anhydride and O-
acylurea pathways to peptide remain as protagonists.
Reaction of dicyclohexylcarbodiimide couples monomer
amines to a cross-linked polymer containing pendant
carboxyl groups; it is unlikely that anhydride formation
could occur between polymer acids even in an intr-
apolymer reaction (eq 267).%° However linear poly-

NR
R R
CopH XM @—co—o—<
NHR

COzH
X % (267)
@~c\o @—-co—o—co@

0
Co—"

(acrylic acids) appear to form anhydrides readily,? and
even some carboxyl functionalized polystyrenes form
intramolecular anhydrides.®¢ The product distribution
in the reaction of a mixture of three amino acid amines
with benzyloxycarboxylglycine anhydride ((Z-Gly),0)
and benzyloxycarbonylglycine (Z-Gly) with carbodi-
imide is different under identical conditions; this in-
dicates that the O-acylisourea path predominates for
the carbodiimide method in solution (eq 268).51° A

NHR,(RsR5)
B ———————

(Z-Gly),0 Z-GlyNHR, (a,)
Z-GlyNHR, (ay)
Z-GlyNHR; (ag)
G dicyclohexylcarbodiimide
Z-Gly N Ry Z-GlyNHR, (b,)

Z-GlyNHRZ (bg)
Z-GlyNHR, (by)
(268)

(aj:ag:ag :: by:by:by)

similar method involves the use of an optically active
carbodiimide coupling on optically inactive acid
(PhCO,H) with an optically active amine. The anhy-
dride pathway should involve no optical selectivity
because the anhydride is symmetrical. The O-acyliso-
urea, however, is an asymmetric molecule, and the ob-
servation of optical selectivity in the synthesis indicates
that the O-acylisourea pathway is being followed (eq
269).81! Carbodiimides with only one optically active
substituent have been found to be weakly selective in
the coupling of cyclohexylamine with racemic carboxylic
acids.®!? The presence of excess acid in the coupling
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" * NR* »*

RTNCNR Rt NH

PhCOZH ——— e PhCO—O—< T PhCONHR
NHR* selectivity
1PhCOzH
-*,
PhCO—O0—COPh —RLNM2_ pLCONHR, (269)
no opticol

sefectivity

reaction leads to anhydride being the major path; when
acid is present in equimolar amount with respect to
carbodiimide, the O-acylisourea pathway predomi-
nates.8!! The isolation of the O-acylisourea has been
claimed during a peptide synthesis in solution.'* The
anhydride path is not a necessary requirement as the
benzoxazine analogue of the O-acylisourea (LXIX) does

0
<@
”,
N*NHZ
LXIX

not require the action of a carboxyl group in order to
acylate amines.®1-302 Under the conditions of solid-
phase peptide synthesis using a resin-bound amino acid
as the amino group the mechanism which predominates
is the anhydride.?!* The solution studies indicate that
neither mechanism is necessarily predominant but de-
pends on the conditions employed. The relatively
slower reactions with solid-phase amine will presumably
allow the O-acylisourea to react with the usually less
nucleophilic carboxyl group to yield the anhydride
which then becomes the major acylator. The latter
conditions may also be reached by increasing the car-
boxylic acid concentration.t!! The evidence for the two
pathways has been reviewed.?165816

The overall reaction of leucylleucine synthesis in
aqueous solution effected by 1-ethyl-3-[3-(dimethyl-
amino)propyl]carbodiimide involves a maximal yield at
0.1 M HCL;#" the reason for this result is not clear.

The racemization problem is acute in carbodiimide-
mediated coupling. Racemization decreases according
to carbodiimide structure in the order CgH,;;NCNC¢H,,
> PhCH,NCNEt > 4-CH,;C,H,NCNEt > PhNCNEL.%®
Coupling with carbodiimides is accelerated by catalysts
such as N-hydroxybenzotriazole and N-hydroxysucein-
imide which also tend to suppress racemization.519-833
The action of these catalysts is probably as a transfer
agent (eq 270), but it is not certain which group in, for

N N
HOBT N\ \Y
RoogH W@N/N = ©:*,N CoR - (270)

\
|
OCOR OH
example, hydroxybenzotriazole (HOBT) is acylated (eq
270).

The problem of N-acylurea formation arises espe-
cially when long reaction times are involved,4%% as in
solid-phase methods. This problem can be resolved if
a reactive nucleophile such as HOBT is added to react
with the O-acylisourea to yield a secondary reacting
species (eq 271). N-Hydroxybenzotriazole catalyzes the
formation of a further byproduct, namely, the diazet-
idine (eq 272), in a peptide synthesis®® probably by a
stepwise cycloaddition reaction involving the acyl hy-
droxybenzotriazole.
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R'CO ©
NR
HO8T /N
ol =
NHR N (271)
‘0——N IR"NHz
R'CONRCONHR R"NHCOR'
RN
R NR
=
RNCNR 22T \_N—c/q — RN, NR O (272)
~N
0BT
RN==C==NR e

Solid-phase carbodiimides have been utilized as
dehydrating agents in peptide coupling; both long-chain
polymers®® and pendent side chains®%842 have been
used (LXX5%¥ and LXXI®)., The cyclic peptide

-+ =(CHa)e—N=C=N—(CHple=-N=C=N---
n

LXX
LXXI

gramicidin S has been synthesized by using a resin-
bound carbodiimide with HOBT additive.34
Solid-phase peptide synthesis has utilized carbodi-
imides for coupling; reaction with radioactive dicyclo-
hexylcarbodiimide has shown that less than 0.2% of the
polymer-bound amine reacts directly with the reag-
ent.83 Studies have been made of the availability of
carbodiimide-activated N-protected amino acids in
solid-phase synthesis.®:34 Carbodiimide has been
shown to be superior to the mixed anhydride or
Woodward method of peptide coupling in solid-phase
synthesis.®4¢ The evaluation of carbodiimide stoi-
chiometry in the reaction of glycine with amino acid has
been made by “resin probe” analysis (eq 273a). The

resin-(OCOCH,NH,), + amino acid ————»

NaOCH;
resin-(OCOCH,NHCO-CHR’NH,),

" COCOCHNHy,,
resin-OH + (n—x)Gly + xGly (273a)

glycyl-resin is reacted with amino acid derivative in the
presence of dicyclohexylcarbodiimide and the product
cleaved from the resin; the ratio of free glycine to glycyl
peptide as determined by amino acid analysis gives a
measure of the stoichiometry of the reaction. The
method of course suffers from the grave disadvantage
that some of the glycine esters will be protected from
reaction by the polymer architecture. A pentapeptide
fragment of substance P has been synthesized by using
Sephadex LH-20 as the polymer support.®3

B. Amide Synthesis

Dicyclohexylcarbodiimide has been used to couple
nitroxide spin-labeled species with monosaccharides
(LXXII).8¢ Carbodiimide has been used as a reagent
(albeit an expensive one) for coupling amine and acid
groups to synthesize potential local anesthetics from
benzocaine,®® analgesic and antiinflammation drugs
from 2-aminobenzothiazoles,! and ureas direct from
carbon dioxide and amines.?

Willlams and Ibrahim

AcO
Q.0Me

OAc
AcO

NH——CO N—O

LXXII

Kinetic studies on N-arylamide formation indicate
that anhydride production is the rate-limiting step.®®

A complicating feature in amide synthesis is a side
reaction, presumably caused by the attack of amine on
the N-acylurea. In the dicyclohexylcarbodiimide cou-
pling of an aziridine with a fatty acid some 22% of the
product is N-cyclohexylamide and N-cyclohexyl-N"-
aziridinylurea (eq 273b and 274).8%

RCOH

] e

RoON] + 22%RCONHR', RNHCON (273b)

R’ = cyclohexyl

NR' HN.
RCO,H —= R—O%NHR, ~+= RCONRCONHR' ——=-

RCONHR + C,H/NCONHR' (274)

The very high nucleophilility (“supernucleophile”™) of
the aziridine moiety®® probably accounts for the
cleavage of the N-acylurea; we would therefore not re-
gard this problem as generally very troublesome, as
most amines are not “supernucleophiles®. A new
technique for formylating sensitive amino acids has
been reported to work efficiently (eq 275).5%¢

2HCO,H RNCNR

amino acid

HCO-0-COH
HCONH-CHRCO:H (275)

C. Ester and Anhydride Formation

Carbodiimide continues to provide a useful route to
ester; the preparation of thiol esters has been exem-
plified® and the difficulty experienced with simple
alcohols may be relieved by the use of pyridine cata-
lysts®8-80 which probably act by formation of acyl-
pyridinium intermediates (eq 276). An alternative

1 ' / "
RCOH —LMEe ReO—N N N 2% Rooor”  (276)
’\J/ N ' S
~

pyridine derivative is the 4-hydroxy species; acylation
still occurs at nitrogen to give the N-acyl-4-pyridine
species (LXXIII).861-863

RCO —N<:>:O

LXXIII

Toluenesulfonic acid has been employed as a catalyst
for ester formation using carbodiimides;** the esteri-
fication method is generally used for exotic esters on
account of the cost of the reagent.%65866

Carbodiimides have been used as reagents for the
synthesis of rare symmetrical anhydrides®7-%° and
formic anhydride.?%

D. Phosphorus Esters
Reaction of dicyclohexylcarbodiimide with phos-
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phoric acid leads to an anhydride complex analogous
to phosphorus pentoxide (P,0,,, LXXIV).87087  Me-

i !
o> g r N\
_— -0, NR _ /O{l

LXXV

thylenephosphonic acid (H,O;PCH,PO3H,) yields the
methylene analogue of P,0,y (LXXV).3 The esteri-
fication of phosphonic acid mediated by carbodiimides
involves phosphonic acid anhydrides (LXXVI); in the

o 0
\/
O/P/\O O\P/O \P<O
B 0
b A T
o So ~p~
L b I~
O//\T LXXVII
LXXVI

presence of tertiary amine the trimer LXXVII is the
major intermediate.®’> The stepwise esterification of
phosphate competes with condensation to form poly-
meric phosphoric acids and their esters. Esterification
is promoted by increased acidity, smaller size, and in-
creased concentration of the alcohol.8”® Pyridine-
phosphonic acids have been esterified by the use of
carbodiimide®” and the pentacoordinate phosphorane
(eq 277) from phosphorous acid.®”® Carbodiimides

EIOH TH
0 .
O N/
P03 —RNeNR ©:Z/P\O:© (277)

continue to be used in nucleotide synthesis,76-82 gnd
several reports have indicated phosphonic anhydride
intermediates.76-87

E. Miscellaneous Dehydration Reactlons

Toluenesulfonic esters have been synthesized from
toluenesulfinic acids and alcohols.®® A very powerful
agent for a number of dehydration reactions involves
the linear N-alkylated di-tert-butylcarbodiimide
(XXVI) or the dimeric analogue (XX VII)231:346-350 (gq
278).

R

_~Bu=t  RCO,H N=—Bu-# R"NH,(OH, SH)
#-BuNCN — 7-BuN=xX -
\R' OCOR

amide, ester, thioester (278)

Carbodiimides effect the dehydration of 8-hydroxy-
carbonyl moieties (eq 279),% presumably through the
intermediate LXXVIIIL

An intermediate similar to LXXVIII is probably in-
volved in the formation of a tertiary amine from car-
bazole and N-(2-hydroxymethyl)acrylamide in the
presence of toluenesulfonic acid (eq 280).
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COLEt
HO CO,Et
6’ RNCNR
(
0 OH ¢}

279)

HOCHANHOO— =

&
C

N—CHp—NHCO— (280)

F. Use In Oxldation

We dealt with the considerable literature on the di-
methyl sulfoxide—carbodiimide method for oxidizing
alcohols to carbonyl moieties earlier in this review.
Hydrogen peroxide with carbodiimide has been shown
to react with polycyclic aromatic hydrocarbons to form
arene oxides which are possible intermediates respon-
sible for the carcinogenicity and mutagenicity of poly-
cyclic aromatic hydrocarbons.?#8" The mechanism is
shown to involve an intermediate (LXXIX) which de-
grades to urea and oxidation products (eq 281). The

RNCNR _Hz_Oz- RNH NR
=
O0—OH
LXXIX
‘L— ['0,1 — arene oxide
RNHCONHR (281)

oxidation is supposed to involve singlet oxygen.38®

Aldehydes may be oxidized to the acid level oxidation
state by a process involving dehydration of an oxime
(eq 282).8898% o Hydroxy substituents block the oxi-
dation.38®

H
NHZ0H lw
RCHO -z RC=N—O NR' —= RCN + urea (282)
RINCNR'
NETy

NHR'

G. Dlazoketone Synthesis

The synthesis of diazoketones from acid chlorides
with diazomethane is not always possible due to the



626 Chemical Reviews, 1981, Vol. 81, No. 4

sensitivity of the acid; acylamino acid chlorides give the
oxazolinone. Interaction of diazoalkane with a mixture
of acid and carbodiimide effects the synthesis.®#2 The
reaction probably involves the anhydride as an inter-
mediate in the case of simple acids.?%?

H. Heterocycle Formation through Dehydration

Oxazolinones are well-known as troublesome inter-
mediates in peptide syntheses through the N—C ter-
minal strategy and have been prepared from N-acyl-
amino acids by interaction with carbodiimides (eq
283).893-898  Carbodiimides have also been used in

R N R'
RCONHCHR, COpH SNNE \(o( (283)
(0]

benzoxazinone synthesis (eq 284).5%%° The synthesis

o]
COpH @EU\
R'NCNR' 0
RNCNR_ (284)
[:::[: NéL\R

NHCOR

of dibenzoxazocines has been accomplished for 2-
carboxybenzyl 2-aminophenyl ether (eq 285)%! using
carbodiimide. Intramolecular elimination of hydrogen

0
COzH NHp NH
seissCicaps
CH,——0 CH>-0
(285)

sulfide has been effected from bis(thionacylamido-
methane) using an acetylated carbodiimide (eq 286).%?

P

! ' (RCSNH),CH N N

accl ZENR. pNCCNACR! ———2 % )1\ /lk (286)
R S R

The dehydration of phthalamic acids yields the iso-
Dphthalimide if the nitrogen substituent is methyl or
phenyl and the imide when the substituent is electron
withdrawing (eq 287).°®%  Benzimidazoles, benz-

0
NR

AC/NR' o
CONHR
@[ R = electron with drawing
(287)
COzH @R' 0

o]
R = Me or Ph

thiazoles, and benzoxazoles have been obtained by de-
sulfurization of thioamides.** The reaction probably
involves the formation of a carbodiimide intermediate
(eq 288; see, e.g., eq 141%63),

Dicyclohexylcarbodiimide effects an intramolecular
Pummerer reaction in a sulfone to yield the 1,3-benz-
thioxan-4-one LXXX. Oxygen-18 transfer takes place
(eq 289).206

Williams and Ibrahim

ZH ZH

@[ R'NCNR' @[ —
NHCSNHR NCNR
z
@: D—NHR (288)
N
Z=0,NH,orS
o 0"
Il Il
5 5

@i “SCHZPh @ SCHPh R'NCNR!
CORM CORH

[ Ph
@'r\of (289)
0

LXXX

I. Alkylation Reactlons

Carbodiimides have been employed as precursors of
O-alkylisoureas which are proving to be valuable al-
kylating agents.213215-217.220 A recent review®® indicates
that O-alkylisoureas may be used in the formation of
esters (eq 290), phenyl esters (eq 291), and phosphate
esters (eq 292). The driving force of these reactions

R’CO,H + R”OC(NR)NHR —
R’CO-OR” + RNHCONHR (290)

ArOH + R”OC(NR)NHR —
ArOR” + RNHCONHR (291)

(RO),PO,H + R”OC(NR)NHR —
(RO),POOR” + RNHCONHR (292)

is the thermodynamic stability of the urea; sulfur, ni-
trogen, and carbon may also be alkylated. N-Alkylated
carbodiimides (which are probably dimers) may be used
as alkylating agents (eq 293).34°

Me

RNCNR XL [RAMe=C=NR I ] —»
i
+ N + R'OH
RMeN‘:‘—< NMeR ~2L R'I + RMeNCONHR (293)
N
R 21"
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