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IhTRODlJCTION AND SCOPE 

As a consequence of their ready accessibility coupled with their versatile chemical properties, 
carbodiimidcs rank as one of the most important classks of compounds in organic chemistry. Of 
particular significance is their use as condensing agents in the preparation ofnucleotides and peptides. 
The chemistry of carbodiimides, the beginning of which may be considered to be the first correct 
formulation and characterisation of N,N’-disubstituted carbodiimides by Weith’ in 1873, has been 

tDedicatcd to f’rofessor .I. Michalskl on the occasion of his 60th bIrthday. 
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discussed in many excellent reviews.’ -’ The first was provided by Khorana’ in 1953. The recent one is 
by Kurzer and Douraghi-Zadeh’ which covers the literature to the end of 1964. 

The purpose of this article is to present recent achievements in thecarbodiimide chemistry for the 
period 1965-79. The literature was covered through Chrmicul Ahs~rucrs to the end of 1979. Earlier 
works on carbodiimides are discussed only in those cases, where it was necessary to give the 
background to the subject discussed. 

In order to limit the scope of the present overview, the industrial applications of carbodiimidcs, the 

formation and structure of the complexes of carbodiimides with inorganic salts as well as the 
utilisation of carbodiimides in some biological studies are not discussed. Beyond the limits of the 
present article are also those carbodiimides which contain the silyl, gcrmyl and stannyl groups 
connected with nitrogen since their reactivity is completely different from that of the carbodiimidcs 

containing organic substituents. 
Finally, it should be noted that the syntheses ofcarbodiimides arc presented in a cursory manner. 

Only new reactions and procedures leading to carbodiimides are included. A comprehensive 
treatment of this subject may be found in the review by Kurzer and Douraghi-Zadeh’ and in a chapter 
of the book “,Mt~r/~odic.cc~~ Cl~irtti~~l”.~ 

(A) PREPARATION OF CARBODIIMIDES 

1. From rhioureas 
Elimination of hydrogen sulphide fom N,N’-disubstituted thioureas is a classical and most 

common method of synthesis of carbodiimides.’ - ’ In the recent years a range of new reagents have 

been used for that purpose. Thus carbodiimides were obtained by heating thioureas with sodium 
amide in boiling toluene;‘” b y treating thioureas with dichlorodicyano-benzoquinone and 

subsequent heating the resulting equimolar adducts with NaOH;’ ’ by treating thioureas with SO,,’ ’ 
SOCI,, SO,CI,, SC!, or S,CI,,*’ 2-chlorobenzothiazole,‘J 2-chloro-l -methylpyridinium iodide in 

the presence of triethylamine15 or cyanuric chloride.” 

Carbodiimides are also obtained in the reaction of thioureas with phosgene:U*‘q 

NR 

COCQ 
b [RNu&NHR]Cl- 

E 
R-NH-C-HNR 

/\ 
l R-N S 

I 
Cl ‘C’ 

I -HCl A 

/ -cos 

RN-C-NR 

as well as with diethylazodicarboxylate’” or azodibenzoyl”’ in the presence of triphenylphosphine: 

5 
I 

RNH-C-NHR 

II 

MO-!-N;N-e-OEt + 

SH 
I 

RN=C-NHR 

R-N=C-NHR 

c; ’ EtOCNHNHCOLt 

5 
I 

RNH-C-NR 

/ 

Ph3P 

RN=C-NR l RNH-C-NHR l Ph3P-S 
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Reaction of isothioureas and tosylisothiocyanates forms the 1,4-dipoles, which in thecase of bulky 

substituents on the nitrogen atom in isothiourea undergo [2 + 2]-cycloreversion reaction to give 
carbodiimides and dithiocarbamates:20 

RIN=C’ 
NMe2 

+ R*-N-C-S - ,l_,&;,, + 

‘SMe I 

+ R1-N=C=N-R2 + Me2N-C-S-Me 
1 
S R2 - tosy1 

Carbodiimides are also obtained by pyrolysis of dimetaliated thiourea derivatives” which are 
obtained by treating thioureas with alkyllithium or Grignard reagents: 

M s Y 

R_j$i R 

SM 
- ‘- 170°-200’ _____, RN-C=NR’ l M2S 

Recently a new class of carbodiimides, ~:i.s imidoylcarbodiimides, has been obtained via 
desulphuration of thioureas:22s23 

RN=C-Cl , l++$.$$ RU-y-NH-;-NHR % , RN-C-N=C=NR’ 

Ar Ar S Ar 

The synthesis of carbodiimides from isocyanates consists in the condensation of two isocyanate 
molecules in the presence of a catalyst with evolution of CO,: 

ZRY=C-0 I? 
catalyst 

. RN=C=NR + CO 2 

Various organic derivatives of phosphorus, e.g. isopropylmethylphosphonofluoridate,24 1,3- 
dimethyl-1.3,2-diazaphospholidine or phosphorine oxides (1),25’26 and phosphetane oxides (2)27 
were used as catalysts. 

Me - 

a,n=? 

b,n=3 

MC 

1 2 

Also compounds of urea and amide type2* as well as organometallic compounds such as (i- 

PrO),Ti, (C,H, ,O),Zr, (EtO)sNb.29 wolfram and vanadium oxides or chlorides3’ were used as 
catalysts. By heating phenylisocyanate with N-methylhexamethyldisalazane a diphenylcarbodiimide 
trimer (3) was obtained:3’ 

NPh 

PM+ NPh 

PhNA ANPh 
N 
I 

Ph 

s 
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The reaction of isocyanates with tributyltincarbamates gives carbodiimides in low yields3’ 
Gem-bis-carbodiimides and gem-isocyanatocarbodiimides have been obtained in the reaction of 

gem-bis-isocyanates with triphenylphosphinimide:33 

F3C. 
C 

,KO Ph3P=NR F3C, ,NCO 
C 

Ph3P=NR F3C, ,N-C&R 

Ph’ ‘NC0 Ph’ ’ 
+ 

N=C=NR Ph/” N=C=NR 

r-Phosphorylated carbodiimides were obtained in a similar manner:3’ 

FJC, / 
C 

P (0) (OEt )I Ph+‘=UR F3C, /P(O) (OEtI2 

Ph’ ’ Ph3P0 
. C 

h’=Cr0 Ph’ ’ ?I=C-NR 

3. From ureas 

Dehydration of N,N’-disubstituted ureas with P,O, givescarbodiimides in a good yield.35 Similar 
yields are obtained In the reactions of ureas with metal carbonyls such as Fe(CO),. Fe(CO),, 
Fe(CO),CN Ph. W (CO), and Mo(CO),.~~ Carbodiimides were also obtained by treating ureas with 

triphenylphosphine dibromide in the presence of triethylamine’- or with triphenylphosphine in 

carbon tetrachloride in the presence of triethylamine.38 

RNH-C-NHR 
(Phjk)Br -, Et3F; 

RN=C=NR 

II 

or Ph3P, CClq. Et3f 

N-(p-or-m-vinylphenyI)-N’-isopropyl- and cyclohexylcarbodiimides were prepared from the 
corresponding ureas using p-toluenesulfonyl chloride in pyridine as dehydrating agent. 

CHZ-CH N=C=YR 

The monomers polymerise smoothly to afford vinyl polymers bearing the corresponding 
carbodiimide units as pendant groups in more or less crosslinked forms..“’ 

4. Orker wuctions leading to curbodiimides 

N-aryl-I -ariridinecarboxyimidoyl chlorides (4). prepared from aziridines and aryl cyanide 

dichlorides, undergo facile rearrangement to carbodiimides. The rearrangement is catalysed by strong 
Bronsted acids.J0 

Ar-K=CCl 
2 

. 50’cc14 J? h-C4 
h-.Ar H* 

‘Cl 
- 

ul R2 

c \-C:h-.4r - 
7 * 

Cl- R1 R’ 

R’ 

. C1-C-CIIZCt12-N-C=Y-Ar 

‘L H 
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N,N’-Dicyclohexylformamidine reacts with N-bromosuccinimide in the presence of pyridine or 

with Br, followed by treatment with 10 “., NaOH to give DCC with a 61 or 78 ‘I$ yield, respectively.4’ 

Cyanamides react with alkyl halides to give carbodiimides or disubstituted cyanamides. 

H”S 
R’-NH-Ci?l __* K’-N=C-NR” + R’R”N-CiN 

-HX 

3,4_Disubstituted 1,2,3,5-oxathiadiazole-2-oxides (5) prepared by cyclisation of amidoximes 
R ’ NHC( R) = NOH with SOCI, in the presence of triethylamine, undergo decomposition to SO, and 
carbodiimides under mild thermolysis conditions.43 

R R1 

‘k- 

/ 

s ,OJSO -&j+ 
R_h._CZh._Rl ;I=aryl 

Amidrazones (6) form in the reaction with the triphenylpyrylium cation the salts (7) which are 
easily converted by mild bases into substituted pyridine-N-imides (8). Pyrolysis of the latter gives 
carbodiimides.44 

6 7 - - 

Ph 

-Ph R-N=C=N-R’ t 

Ph 

N-Substituted phenylsulphonyl-N’-alkylcarbodiimides were obtained in the reaction of suitable 

chloroformamidines with NaOH.Js 

NaOll ArS02N=C-NHBu ___) 
I 

ArSO2-ti-C=NBu 

Cl 

In the reaction of N-phenyldichloroformimide with aniline the diphenylcarbodiimide dimer was 
obtained.46 

PhEi\ 

r-F 
PhN+ 

NPh 

N,N’-Bis( I-chloroalkyl)carbodiimides were prepared from N,N’-bis(alkylidene)ureas by treatment 
with phosphorus pentachloride:4’ 

R1 
\ C-N [_N _ I 
../ 

CjR4 

k3 

5 ,>C=N-<C$: ] - 

R‘. 

-Pm; 

1 ..Cl R’ 
R, i I I 

R2 
,C:h,+N-C-R’ 

I 

Cl Cl 
I I - 41-C-N=C=N-C-R4 

Cl 
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(Bt PHYSIC‘AL PROPERTIES AND STRUCTURE OF CARBODIIMIDES 

At room temperature carbodiimidcs are liquids or low melting solids. Their stability depends on 
substitucnts in the molecule. The stability of aliphatic carbodiimides increases with the branching of 
the carbon skeleton in the substltuents. Among aromatic carbodiimides. those containing electron- 

acceptor groups in the aryl rings reveal lowest stability.’ 
In UV spectra the absorption band of the N=C= N group lie> below 2OOOA. and in IR spectra the 

characteristic absorption bands of the N=C=N group lie at 1460cm -’ *’ and 2150 2lOOcm- ‘. 

Recently Mogul PI rl/.J“ mvcstigatcd spectral properties of several carbodiimides. They assigned 

absorption bands in IR spectra. measured UV spectra and determined dipole moments. 
In “C NMK spectra rhe chemical shift5 of the sp-hybrid&d carbon in carbodiimides appear at 

(‘(1 I40 ppm.“’ It is interesting to note that the chemical shift for the sp-hybridised carbon in allencs is 

(‘d 2lOppm. The lJN NMR spectra allou to distinguish easily the carbodiimlde structure from the 

cyanamide one.’ ’ 
Very recently. the first paper appeared on the structural dcterminatlon of N.N’-disubstituted 

carbodiimidcs by means of X-ray diffraction. Irngartingcr and Jagcr5L have found on the basis of X- 

ray analysis of bis(diphenylmethyl)carbodiimide and bis(p-methoxyphenyl)carbodiimide that the 

azacumulenc systems deviate from a linear arrangement by 9.8 and 1 I .O respectively. The cumulenic 

H-bond systems hake d nearly perpendicular orientation (89.7 and 87.9 . respectively). 
Therefore. carbodiimidc< hake a chiral structure. which is analogous to that of allenes, and can 

exist in optically ac1iLc forms. 

On the basis of INDO calculations it was shoun that the configurational stability of 

carbodiimides is low (comparable lo that of ammonia). the isomerisation being a combination of 

rotation and inversion processes.‘.’ The calculated talue of the inversion barrier around nitrogen in 

carbodiimide is 8.4 kcaI.mo1~.54.‘h 
Some substituents can. however. stabilise the nonlinear structure of carbodiimides and allow their 

separation into enantiomcrs.‘.’ s5 Schliigl and Mechtler5’ were the first who succeeded in partial 

optlcal separation of N.N’-difcrrocenyl carbodiimide into enantiomers by chromatography on 

acctylated cellulose. This carbodiimide was also obtained in optically active state by kinetic resolution 
in rhe reaction with optically actike ( - )-S-6.6’-dimtrodiphenic acid.5’ 

cervinka (‘I crl.” isolated very recently both enantiomers of (R.S)-N.N’-bis (z-phenylethyl) 

carbodiimide obtained from meso-N.N’-bis(r-phenylethyl)thiourea. They managed to determine the 
absolute configuration of the cndntiomers and found that they undergo racemisation at room 
tcmpcrature.‘” 

Similarly. cyclic hepramcthylcnecarbodlltnide was chromatographed on a column of partially 
acetylated cellulose and the ( - ) cnanriomer was obtained. Attempts 10 resolve undecamethyl- 
enecarbodiimide into enantiumcrs bv the same method FdileJ smce the 14-membered ring. owing 10 

its enhanced mobility. obviously enables the carbodiimide grouping to racemise rapidly.“’ 
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Several theoretical works were concerned with calculations of hybridization of the free electron 
pair al nitrogen,‘” explanation of the carbodiimide protonation and isomerisation mechanism,6’ and 
the expected “N-nuclear quadrupole coupling constants.“’ 

Bushweller .~t al. have studied the N,N’-dicyclohexyicarbodiimide (DCC) conformation.63 They 
found on the basis of the low-tem~rature ‘H-NMR that the carbodiimide group exerts a significant 
preference for theequatorial position. The K and A values determined at - 80. for theconformational 
equilibrium given below are 12 and 1 kcal,imole. respectively. 

Hk) 
K 

N=C=NR 

(0 CHEMICAL, PROPERTIES OF CARBODIIMIDES 

This section provides a general overview of the most important reactions ofcarbodiimides. Special 
emphasis is placed on the recent results and mechanistic aspects of the reactions investigated. In the 
first part of this section the reactions ofcarbodiimides with various compounds containing functional 
groups like OH, SH, NH, acidic CH are reviewed. In order to limit repetitions, the previously 
discussed reactions of carbodiimides with water, hydrogen sulphide, hydrogen selenide, hydrogen 
cyanide and phosphine are not included. The next part of the present section deals with the reactions 
ofcarbodiimides with organic acids. It does not include, however, the application of these reagents in 
the synthesis of peptides and nucleotides. This subject has been discussed in previous reviews 
especially by Khorana’ as well as by Kurzer and Douraghi-Zadeh.’ Moreover, the formation of the 
peptide or nucleotide bond using carbodiimides as dehydration reagents has now become the routine 
procedure and there is no reason to list exhaustively reactions of this type. The final part of the present 
section includes a discussion on the cycloaddition reactions ofcarbodiimides and their miscellaneous 
transformations. 

In the absence of catalysts the reaction of carbodiimidcs with alcohols proceeds under very drastic 
conditions i.e. under pressure and at high tem~rature. On this way Lengfeld and Stiegliti obtained 
for the first time the series of O-alkyl-N,N’-diphenylisoureas (9f.“’ Somewhat later Stieglitz found 
that in the presence of sodium cthoxide alcohols react with carbodiimides exothermically giving the 
corresponding 0-alkylisoureas in quantitative yields.“’ 

CbHSN=C=NC6HS + KOli + C6HsN=C-hHC&. 
I 

OR 

The formation of the adducts between alcohols and carbodiimides was utilized by Khorana in his 
synthesis of mixed phosphoric esters. He found, however, that alcohols do not react with 
dicyclohcxylcarbodiimides (DCC) and with other aliphatic carbodiimidcs.hh Synthesis of O- 
alkylisoureas from aliphatic carbodlimidcs was accomplished by applying copper or zinc salts as 
oalalystP - 70 The catalytic action ofmctal ions consists probably in the formation ofa coordinative 
complex on the N atom which contributes to a significant increase of the electrophilicity of the central 
C atom in carbodiimide. 

&+ 

N-h-.=E& 
+ 
C”+ 
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Moffatt and Khorana have shown that acids are the best catalysts for this reaction” since the 
protonation of the nitrogen atom in carbodiimide increases considerably the electrophilicity of the 
central carbodiimide C atom. 

Hartke and Radau obtained recently 0-alkylisoureas in the reaction of alcohols with sterically 
hindered and therefore poorly reactive. di-t-butylcarbodiimide in the presence ofequimolar amounts 

of fluoroboric acid (HBF,) dissolved in ether. ” This method failed, however, in the case of aliphatic 
carbodiimides since HBF, caused their dimerisation or polymerisation.‘” 

“* [R-N=&-R *I RN=;-NI,R] Rh=C=VH - 

The above mentioned Cu catalysts have also been used in the reactions of carbodiimides with 

diols. The presence of two active OH groups in the diol molecule makes the reaction somewhat more 
complicated. According to Schmidt VI al. the reaction proceeds as shown below:74.” 

CuClz &-A&-yNR 
HO-(CH2;,-OH + 2 R_Y=C=hR - ‘I I 'NHR - 

C 
WJ’ ‘0’ 

(cI1z!“_l 

10 - 

-0-p 
NR ILV- cti 

‘YHR 
- 1 I 2 

1 R?l*C io/ (CH21n_ 
l o=c 

,ww 

,l 
‘tiHR 

12 13 - - 

In the first step the corresponding 0.0’~alkylenebisisoureas (10) are formed. They are the final 
products of the reaction when the number of the methylene groups in diol is greater than 3. The 

adducts ofethylene and propylene glycols with carbodiimides undergo spontaneous cyclisation due 
to the intramolecular nucleophilic attack of the imine N atom on the terminal methylene group in IO. 
Then, the proton transfer from the cyclic isouronium ion (I I) to the strongly basic isourea anion (12) 
leads to final products of the structure of 1.3-oxazolidines (13. n = 2) or l,3-oxazolines (13, n = 3). 

In the case of cyclohexanediol the formation of the corresponding oxazolidines was observed only 
with the rrun.+isomcr.‘6 Cyclic compounds of type 13 can also be obtained in the reaction of 
carbodiimides with to-halogenoalcohols7’*” The hydrochloride IS formed as a result of 
intramolecular nucleophilic substitution of the Cl atom by the imino N atom in imino ether 14 yields 

the corrcspondmg cyclic derivatives 13 after elimination of hydrogen chloride under basic conditions. 

Cl(CH2)nOH l RN-C-NR 
CuC12” or HBF,” 

Isoureas 13 rearrange upon heating at 250, affording the corresponding derivatives of the ureas 
(16):“’ 

RN-CCH 
I 2 

250° RN- CH 
I 

, 

2, ,(~“:)n_l 

n=2,3 
C , JC”2)n-1 

RN” 0 0 
k! 
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0-Alkylisoureas 9, 13 are very reactive and form with alochols and phenols the correspondmg 
ethers and ureas7s*“*no for example: 

iPr-h’* 
C-O-CHZ 

iPr-N’ I 
+ HOCH2CH=CRIR2 - 0(Cir,-Cti=CR1RZ!~O~(h’tfRJ2 

k CH 

Using in the reaction “0 labellcd ethanol, Bach has demonstrated that ethers are formed I%{ the 
attack of alkoxy or phenoxy anions on the alkyl group in 0-alkylisourea:” 

R-W=C=N-R RNII-C=LR - 
I 

0-Alkylisoureas react with mercaptans and thiophenols to give the corresponding thiocthcrs in 
high yields:82*w” 

R-3-l + C6H11N=~-NHC6H, f - R-S-Alk + C6HllNHCONH&6Hll 

OAlk 

It is interesting to note that in the reaction of 0-alkylisoureas with mercaptoalcohols only Ihe 
thiol group being more nucleophi~i~ was alkylated. 

HS- (CH$ 2-OH + 
P*NR 

Cti#bC, 
NHR 

- CHJS-CH2CH2-OH + ~~HCON~ 

Vowinkcl and Wolff took advantage of this property to develop a convenient method of synthesis 
of asymmetrically alkylated dithiolss2. 

CH~-S-CHICLE-OH + DCC --+ &JH1l _ CH,-S-CH2CH2-O-C, 

NHC6H11 

0-Alkylisoureas are also convenient reagents for alkylation of amincs. Markiw and Cancllakis 
tave found that alkylation of thymine, thymidine and uridine with alochols in the presence of DCC 
esulted in the formation of N-alkylation products only. No traces of isomcric 0-alkylation products 
vere detected.8”,85 

Reaction of 0-alkylisoureas with ~rb~xy~j~ acids leads to the formatjon of esters in high 
ieIds.****’ In the first step of that reaction protonation ofO-alkyhsourea takes place followed by an 
ttack of the acid anion on the alkyl group as shown below. Since this stage does not require the 
)rmation ofa tetrahedral t~nsition intermediate at the carbonyl carbon atom, it is possible to USC 
lis method for esterification of the sterically hindered acids. 
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CH 

Q 

3 

H3C- 0 
NR’ 

-COOH l R-O-C* 
‘tiHR’ 

* H3C 

CH3 

- H3C- -COOR + R’YHCONHR’ 

cH3 

Similar reaction takes place between dialkyl phosphates and 0-alkylisoureas.“8 

o-HO-CblljO\ //O N-R” 
P 

RO’ ‘OH 
+ R’sOC’ + 

o-HO-C6H~O\P//0 

‘NHR” / \ 
+ R”M(axwT’ 

RO OR’ 

Adducts of carbodiimides and suitably protected sugars have been used for glycosidation of a 
Larlcty of organic compounds.6” 

O-Alkyl and 0-arylisoureas are easily reduced with hydrogen on a Pd catalyst to the 

corrcspondmg alkanes and arencs.““.” This reaction can be utilised as a general method for reducing 
alcohols to hydrocarbons. 

/I-Hydroxyketones when heated with DCC undergo intramolecular dehydration to I$- 

unsaturated ketones.q)2*“’ Corey et ~1. used this method in their PGE, synthesis to introduce under 
mild conditions the double bond in the position 13.“’ 

hHCH0 NHCHO 

CsH1 1 

DCC _ ec5,,,, 

CuClz 

A‘0 1 

Dehydration of /I-hydroxyesters leads likewise to r&unsaturated esters.‘4 

CHC02Et 
II 

DCC 

’ 0 

;,-HydroxyketonesgJ and c-hydroxyketones” form under these conditions cyclic products, e.g. 

0 0 
I II 

DCC 
4 

CHZOH 

# 
DCC CHZ-CH-CH-WC”3 - 

H=CHCH3 

I 
011 

Dehydration of -I-hydroxqclohrxanonc using chiral carbodiimidrs exhibited no asymmetric 

induction whatever. giving only raccmic bicycle 13.1.01 hexan-2-one”’ 

HO 

o- 

0 - 0 



Recent developments in the carbodiimidc chemistry 233 

The reaction of hydroxyalkynes with carbodiimides yields the corresponding oxazolidines;‘” 

R*-CH-C=CR1 + R3N.CrNR3 = 

I 
OH 

2. Reuct io,t 04’ carhodiimides with N-hydroxy cvrnpourds 
Ketoximes and aldoximes like alcohols undergo addition to carbodiimides in the presence of 

catalysts such as powdered sodium hydroxide” hydrofluoric acid“H or Cu salts,“” yielding 
corresponding adducts. 

CH3\ 
,C=N-0H*CH3-N=C=N-C (CH3) 3 -_, CH3\ &H3 

c25 

/ C-N-O-C, 

CzHs NHC(CH3)3 

However, the adducts of aldoximes and carbodiimides are unstable and decompose to the 
corresponding nitriles and ureas.04 

This fact has been utiliscd to synthesise nitriles from aldoximes.‘““~‘“’ Vowinkel has developed a 
one-step method of obtaining nitriles from aldehydes and hydroxylamine in the presence of 
,,CC,““, 102 

R-C 
B 

+ H2tiOH 
1) Py, H20, HCl 

‘H 2) CU*+,E~~N,DCC 
l R-C:“\: 

Carbodiimides react with cyclic hydroxyimides ofaliphatic dicarboxylicacids (17) affording in the 
first step the adducts having the structure of isourea ethers (18). However, these compounds are not 
the final products of the reaction and react further with two hydroxyimide molecules to yield 
derivatives of the corresponding amino acid ( 19).103.10” 

O* n 

‘NHR 

4 O 
-C 0 

II 
N-0-C-(CH2) j-NCO 11. 

Hydroxamic acids can be obtained in the reaction of carboxylic acids with hydroxylamine or its 
hydrochloride in the presence of carbodiimides.‘“5 - lo7 

R* R1 R2 R1 

HO-!-A-COOH + H NOH 
I I 

2 IIO-C-C-C-N11011 

b3 h 
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It was found that hydroxamic acids react also with carbodiimides”’ as illustrated below: 

Ph-C-YIIOH l Rbd=C=biiK - -KKHCONHR R-?(=C-YHR - 
II 
0 

20 
- Ph-C-4 - PhN=C-9 = Ph-C-NH-0-CYHPh 

b- 
I 
0 

The adduct formed in the first step of the reaction undergoes the Lossen rearrangement to give 
urea and phenylisocyanate. The latter reacts with the next hydroxamic acid (20) molecule giving N- 

(N’-phenylcarbaminoxy)-benzamide (21) as final product. Hoare ct al. succeeded in stopping that 
reaction at the isocyanatc stage by using an excess of water-soluble 1 -benzyl-3-dimethylaminepropyl- 
carbodiimide for the reaction with hydroxamic acids. This allowed them to obtain after hydrolysis the 
corresponding amines in high yields.’ ” 

3. Ruuction 01 cdmitintidrs with phcwo1.s 

The reaction of carbodiimides with phenols depends both on the acidity of the phenol and on the 
type of carbodiimide. Weakly acidic phenols and diphenylcarbodiimide yield at high temperatures O- 
aryl-N,N’-diphcnylisoureas. whereas strongly acidic phenols afford under the same conditions N- 
aryl-N.N’-diphenyturcas.’ “’ DCC behaves likewise with respect to phenols.” ‘.I ” It is obvious that 

the N-aryl urea derivatives are formed from the primary 0-arylisoureas as a result of migration of the 
aryl group from the oxygen to the N atom. 

Ar-OH + R-N=C-N-R - R-N=C-NHR - R-Y- C-Nt1R 
I ! II 

OAr Ar 0 

Comparison of the data from the literature strongly suggests that 0-arylisoureas are the final 
products when weakly acidic phenols react with weakly basic carbodlimides, whereas N-arylureas are 

the final products when strongly acidic phenols react with strongly basic carbodiimides. Of course, 

this is a rather general rule and some exceptions are reported in the literature. As long as picric acid. 
which is a strongly acidic phenol, yields the respective N-picrylureas with every carbodiimide ’ ’ 3*’ I4 
(for different result set’ If, ), 2-carboethoxy-4,6-dinitrophenol still gives with DCC N-aryl-substituted 

urea but with di-p-tolylcarbodiimide already 0-arylisourea. while 2.6-dichloro-4-mtrophenol yields 
0-arylisourea even with DCC.’ I6 It deserves noting that In-and p-dihydroxybenzenes do not react 
with DCC at all.“’ 

4. Rr1rc.t ion (!f curhodiintities ,\.itlt nwrcaptatts and thiophends 

Mercaptans react with carbodiimides to give S-alkylisothioureas.’ ‘” Addition of mercaptans to 
aliphatic carbodiimides is a reversible reaction. what has been utilised in the synthesis of 

carbodiimides by pyrolysis of the S-alkylisothioureas obtained in another way.“’ 

l 

RNH-C-NHR’ - (!leOjZS02 --+ R?rll’C-NtiR’ MeOSO; - 
‘I I 
s Scle 

- Rh’=C-NHR’ L 
-011 

Rti=C=hR’ l MeSit 
I 
SMC 
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S-aIkylisothioureas are also obtained as a result of hydrolysis of the adducts formed in the reaction 

of thioboronites with carbodiimides.“” 

C6t111N=C=NC611, 1 + Bu2BSBu - C6H, I -N-C=XC,,I$ 1 - 

Bu i k3u 2 

H2o - C6H11Nt1-$-NCbHlI 

iBu 

In contrast to 0-alkylisoureas S-alkylisothioureas do not react with alcohols or mercaptans.“’ 
However, S-alkylisothioureas have been applied for synthesis of heterocyclic compounds in the 

reaction with isatoic anhydride.“” 
Thiophenols react with DCC in a somewhat different manner.“’ At 0 all thiophenols form with 

DCC S-arylisothioureas, whereas at 80-100’. further reactions proceed whose character depends on 
the acidity of the thiophenols used. In the case of p-thiocresol. S-p-tolyl-N,N’-dicyclohcxylisothiourea 
formed in the first step yields in’the presence of excess p-thiocresol a complicated mixture of products. 
The main products of the reaction of p-nitrothiophenol with DCC are: bis-p-nitrophenyl sulphide. 
N.N’-dicyclohexylthiourea and theaccompanying them N-p-nitrophenyl-N,N’-dicyclohexylthiourea 
produced as a result of the S -+ N migration of the aryl group. 

HS- \O 0 N02 

X-NHC6H1 1 
I 
S 

5. Reuctions of carhodiitnkks \vith compounds cxwtuitrittg utnino group 

Ammonia and primary as well as secondary amines undergo addition to carbodiimides yielding 
di-. tri- and tetra-substituted guanidines12’- ‘26 

R-N=C=N-R + R’W2 - RNH-C-NHR 

;)-NHPh + PhN=C=NPH 

lmines react with carbodiimides in a similar rnanner12’ 

- 
C 

- \ N-CH2CH2Ph + i-PrNmC-NPr-i -t C \ 
N-CH2CH2Ph 

% 
NH 

u 
N-C-NHPr-i 

I 
NPr- i 
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N-Sulphonylguanidin~s have been obtained in rhe reaction of carbodiimides with tosyl azide in 
the presence of copper as catalyst. Copper plays here a significant role forming in the first step a 
complex with tosyl azide’ 28 

TosN +Cu 
3. 

N 
‘X2 

* Cu =NTos 

\ / 
h 

TOS 

i Rh’=C;NR RN-C=KR I 

//N\ R 
NTos 

N .VTOS -N2 
CU 

3 
=NR %m.?% RN”-t-N”R 

\ 
h’Tos 

Addition of N-nitrourethane and carbodiimides leads to the formation of the corresponding N- 
nitro-N’-carboa~koxyguanidines’2~ 

02NNH602Et l Rh’=C=KR - EtO2C-N-C-NR 

ri FiHNO 
2 

The reaction of carbodiimides with aminoalcohols or aminomercaptans is interesting for two 

reasons. Firstly, it allows the comparison of the reactivity of each of the functional groups, and 
secondly, it should be accompanied by the successive cyclisation reactions leading to heterocyclic 
compounds. Aminoalcohols containing the primary amino groups react with carbodiimides as 
follows:’ i y.i Jo 

H 
I 

HZ~-pl-l 

H2N-(CH2)n-OH + RN-C-NR - RN-[-NH-(CH2)nOH - N, 

XR Y0 
!iHR 

ng2.3 

In the first step, the amino group adds to the double bond of carbodiimide to form the respective 
guanidine. Subsequently. as a result of the intramolecular attack of the 0 atom on the imino C atom 
and splitting off the amino group the corresponding 1.3-oxataheterocycles are formed. Salts of 
aminoalcohols react in a similar manner.“’ 

When carbodiimide is used in a molar ratio 2:1 with respect to aminoalcohol. the addition takes 
place 31 both functional groups.‘4 The resulting compound undergoes cyclisation to yield 1.3- 
diazoheterocyclic compounds. In this case, the cyclisation occurs in a ditierent way to that described 
above since urea functions here as a leaving group. 

NHR’1 
R~S-~C~~2)~-OH ’ ZR’N-C=NR’ - “C-i%:(Ct121*-O-C~ 

NR’ 

H c -(S”2)n-1 2l 

,YNR’ 

l R’NIICONHR’ 

KR’ 
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Analogous compounds are formed in the reaction of 2-mercaptoethylamine with diarykarbo- 
diimides. At low temperatures the double addition products are formed whereas at about 100’ 
cyclisation occurs with the fo~ation of 2-arylamino-~,3-thiazoline:’ 

I I 
H2N-CH2CH2-SH -RN-C-NRL RNH-C-NHCHZCHZS-C-KHR ----) 

II R 
KR NR 

NHR 

In the case of hydroxylamine and its derivatives the amino group shows greater reactivity towards 
carbodiimides what in consequence always leads to the formation of the respectiveguanidines and not 
isourea ethers.‘“2 - 1 35 

R-h‘=C-ti-R + R’Nfi-Oil - R-?dH-C-%-R 

Among compounds containing the amino group, enamines,13’ hydrazines,‘3’*‘38 carbohyd- 
razides’ w and thiocarbohydrazides la0 were studied as regards their reactions with carbodiimides. In 
the first step. the formatjon of the corresponding guanidincs (products of mono- and bi-addition) was 
always observed. In the successive reactions these guanidines yicldcd heterocyclic compounds. 

Quite interesting is the reaction of DCC with thioureas.“’ it turned out that the reaction of DCC 
with N,N’-disubstituted thioureas is a typical reversible reaction in which DCC and the starting 
thiourea on the one hand, and N,N’-dicyclohexylthiourea and the N,N’-disubstituted carbodiimide 
formed on the other hand are in equilibrium. 

C6H1 IN~C=NC6H11 + = C61i11NHCRIK6H1, + RNsC=NR 
I 
S 

However, in the case of unsubstituted thiourea. monosubstituted thioureas or asymmetrically 
disubstituted ones the reaction is irreversible. and N,N’-dicyclohexylthiourea and the respective 
cyanamides are obtained as products: 

la) R=R’~H 

(b) R-H, R’=alkyl or aryl 

tc) R,R’=alkyl or aryl 

Thisconfirms theresultsofearlierstudiesindicating that both the unsubstituted carbodiimideand 
monosubstituted carbodiimides occur solely in the tautomeric form of cyanamides. 

The occurrence ofequi~ibrium between DCC and thiourea has found application in the cychsation 
reaction of ~~~?~~-substituted phenylthioureas yielding the respective heterocyclic systems.‘32 

YII YH 
DCC , 

NIICNIIR 
I 

?I=C=NR 

S 

-a Y 

-NIIR Y=O,S,NH 

N 

It has recently been reported that the reaction of amines with carbon dioxide in the presence of 
riethylamine and DCC leads to ureas.‘43 

f 31.2 - e 



148 M MIKNAJCLYK and P KIEAISASIYSKI 

6. Rtwrion of’ curhodiimidtt~ with cwho.u,rlic ucids 
6. I. R~~YWI wirh rt~r,,~r,c.u~/)r/.~~.(rc trc.ir1.c C’arboxylic acids react wtth carbodiimides to form acid 

anhydrides (22) and the appropriate N.N’-dtsubstituted ureas and.:or N-acyl-N.N’-disubstituted 
ureas (23). 

0 
‘I 

!RC-Otl . R’N-C=NR’ - RC-O-CR + R’NIICNHR’ + I(‘-N-C-NHR’ 

II I r, I’ I 
0 0 0 0 C=O 

I 
R 

2’ . - z 

The mechanism of this reaction suggested by Khorana’.‘4”*‘J5 to explain its bidirectional course 
is as follows: 

R’N=l_=NR’ + RC-OH e R’N-C=;HR’ + -0-C-R - 

I 
0 b 

- R’N-C-VHR’ d R&O II’;&-WR’ + RC-O-CR + R’NHCONHR’ 
‘I 

R-5-0 
iI 
0 

\ 
0 
I 

R’ti-C-h’HR’ 

R-b 
I 
0 

23 - 

In the tirst step carbodiimide is protonated and then the acid anton attacks the C atom of the 
catton formed lcadtng to the formation of the very active 0-acylisourea (24). The latter, in turn, can 
react further in two ways. On the one hand, intramolecular migration of the acyl group from the 0 
atom to N yields N-acylurea (23). On the other hand, after initial protonation ofO-a.cylisourea (24) by 
the next acid molecule the anion of that acid may attack the carbonyl C atom and yield the acid 
anhydride and urea. A very convmcing argument speaking in favour of that mechanism has been given 

by Dolcschall and Lcmpert IJb who isolated the cyclic intermediate with 0-acylisourea structure (26) 
formed as a result of intramolecular reaction of the carbodiimide moiety and the carboxyl group in N- 

o-carboxyphenyl-N’-phenylcarbodiimidc (25): 

NtICNHPh 
Ii 
0 

N=C=?rPh -0q 0 

0J 
?1 l NPh 

H 

2s 26 - - 

This compound reacts in the presence of hydrogen chloride with water. alcohols or amines to yield 
acid, esters or amides. respectively’J7 

divp; BtI _ QI;:... B=oH’ OR’ NR2 
I 0 

H 
26 - 
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Hegarty ~‘f al. have obtained acyclic 0-acylisourea (27) in an independent way and studied its 

reaction with water as well as the intramolecular rearrangement to N-acylurea.‘48 The 0-acylisourea 
(27) obtained was stable in the absence of light. acids and bases. When dissolved in waterldioxane it 
underwent competing acid catalysed intermolecular transfer of the acyl group to H,O to give benzoic 
acid and urea, and intramolecular transfer to N-acylurea (27b). 

Cl 
, 

Me2N-C-NR PhCOOAg _ Me2N, 

O< 

C’1.R 

COPh 

H*, Hz0 

COPh 
I 

Me2N-C-N-R - 
I 
0 

Me2NCONHR + PhCO2H 

27b 27a - - 

It was found that at pH > 3 N-acylation occurred perferentially. but that intermolecular transfer 
is then progressively favoured as the pH is reduced. These observations can be rationalised as follows. 
Rearrangement of 27 to 27b cannot take place unless preceded by N inversion or rotation about the 
C=N bond. Acid catalysis (protonation of the iminc nitrogen) reduced the C=N double bond 
character in 27 facilitating isomerisation to 27a and ultimately to 27b. The reduction in the rate 

conversion of 27 to 27b at pH < 2 occurs since the fret bases 27 and 27a are now present largely as 
their conjugate acids; the N-protonated form of 27a does not undergo 0 -+ N-acyl transfer to 27b. The 
conclusion is that the 0 + N-acyl migration, which is acid catalysed, can be suppressed by the use of 
excess acid. This is especially important in peptide synthesis, where the N-acylureas are undesired by- 
products. 

Arendt and Kolodziejczyk succeeded in tracing the intermcdiatc 0-acylurea by radiochemical 
tlc,lsc methods in the reaction of N-blocked phenylalanine with 0-mcthylleucine in the presence of 
DCC. The authors concluded from the 0-acylisourea and N-acylurea concentration curves that in 
this case both compounds are formed in parallel reactions. and that N-acylurea is not produced as a 

result of intramolecular transfer of the acyl group from the oxygen to N- atom in 0-acylisourca. So far 
the quoted authors have not advanced any other mechanism of formation of N-acylureas.“” 

The rate of the reaction of carbodiimides with carboxylic acids and the ratio of the products 
obtained are affected by a whole range of factors. Among them the most important arc: 

(i) the type of carbodiimide used. 
(ii) strength of the acid and the nuclcophilicity of its anion, 
(iii) kind of solvent. 
(iv) presence in the reaction medium of other active compounds, 

t/r!(i). Under comparable conditions aromatic carbodiimides yield N-acylureas as main reaction 

products whereas aliphatic carbodiimides form chiefly anhydrides and N,N’-disubstituted 
ureas. ‘45*150 -Is5 In general. the migration of the acyl group from the 0 to N atom is the more 

preferred the less basic is the N atom. 
d(ii). The reaction rate is the greater the greater is the strength of the acid usedL5”*“’ and the 

nucleophilicity of its anion. ‘44 The results ofkinetic studies of the reaction of DCC with various acids 
‘n tet rahydrofurane’ ” given below illustrate this effect. 

pKa 

CH3COOH<C1CH2CH2CO2HsHCOOH<ClCti2C32H<N~CCti2CO2H 

4.75 4.08 3.75 2.86 2.47 

1 
Kk mol.min 

0.07 0.21 0.27 1.5 
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The strength of the acid has also a significant effect on the ratio of the resulting products. The 
general relationship is such: the higher the strength of the acid the higher is the yield of anhydride and 
N,N’-disubstituted urea, and the lower that of N-acylurea. For,instancc. in the reaction of DCC with 
acetic acid in THF one obtains 40 ‘!; of N-acylurea, whereas in the reaction with chloroacetic acid the 
sole products are anhydride and N.N’-dicyclohcxylurea. 

The reaction exhibits first-order kinetics both m the acid and in the carbodiimide. and the rate- 
determining step is addition of the acid molecule to one of two C-N double bonds in carbodiimide 
resulting in the formation ot 0-acylisourea.“.’ ” Its formation is considered to occur in three different 
ways: 

I 
R’-Y,xC=t,-R’ R’_\r=(‘-,,_%I R_$-.(‘;\_H’ 

: 

li-o-C-l’ ti 0 
\ 

I 0-t 
0 ‘R 

Oi.: .i” 
C 
I 

According to DeTar and Silverstein most probable is the path via an intermediary ion pair. 
Moreover. they consider the fully ionic mechanism suggested by Khorana as a less probable. since the 
addition oftriethylammonium acetate to the reaction not only dots not accelerate the reaction (what 
should occur if free ions were present). but on the conrrary it has an inhibiting effect.’ 5n 

Very recently lbrahim and Williams. investigating the reaction of a water soluble carbodiimide 
(EtN=C=NCH2CH2CH2$Me3) with acetate buffer, have excluded a stepwise mechanism for O- 
acylisourea formation by the observation of general acid catalysis. According to these authors O- 
acylisourea is formed in the reaction m which acctatc ion attack on carbodiimide is concerted with 

proton transfer. 
l 

-+ 4‘0-c’ 
UHR 

%R’ *NR’ 

However, they do not comment. whether this mechanism is general for all kinds of 

carbodilmides.’ ” 
ad(iii). Solvents exert a fairly surprising effect on rhe reaction rate of carbodiimides uith acids. It 

was found that the reaction rate is highest in carbon tetrachloridc and lowest in THF, as it is 
illustrated by the relative reaction rates”7 of DCC with acetic acid placed under the formulae of the 

solvents: 

The solvents have also a distinct effect on the ratios of the reaction products.‘~h.‘~~.‘“*.’ h’ The 
proportion of N-acylurea is greatest from the reaction in THF and smallest from that in CC’I,. In the 

reaction of DCC with acetic acid in THF the yield of N-acetylurea IS 40”,,. In CH,CN is 6”,,. and in 
nitrobenzene and CC!, it reduced to 0. According to DeTar and Silverstein these results can be 
explained as follows. Primarily one should note that the carboxylic acids show a strong tendency to 

form dimers the amount of which depends strongly on the solbent used.’ “.“‘) For instance. in CCI, 
acetic acid exists almost exclusively in dimcric form, whereas in CH ,CN or TH F it is monomeric. The 
quoted authors claim that the presence of acetlc acid dimer is responsible for the higher reaction rate 
in Ccl,, since it shows higher reactivity towards DCC. That higher activity is supposedly due to the 
strong tendency of carboxylic acids to form complexes involving hydrogen bonds and the ensuing 
possibility of stabilisation of the initially produced ion pair. 

“II should bc pomtcd out. however. Ihat the rractwn 
Isolate some ~tablc 0-;qllsourc~\ [cf. ref. 146 cind I 

Jspcndent on the hind ofthcuc~d t~xd. SIIICC II po\slhlc 
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Of course. this effect should be more pronounced in Ccl,, which itself does not give effective hydrogen 
bonds, than in CH,CN which forms them very easily. The presence of two acid molecules and one 
~rbodiimide molecule in the same solvent cage, which takes place when the acid exists largely in the 

form of dimcr, may account for the predominant formation of anhydride. However, Mironova et ut 
definitely discard this explanation and are of opinion that the concentration of the dimer in solution 
h;ls no c!Tect at all on the reaction rate and the ratio of products obtained.’ 57 In fact, in the reaction of 
DCC with chloroacctic acid in THF. where the content of the dimer is close to zero, chloroacetic 
anhydride and N,~‘-dicyclohexylurca are solely formed. lh2 Moreover, Mironova t’f al provided some 

evidence that the reaclivities of the monomer and dimer of a given acid are similar and vary wiih the 
solvent used (e.g. in THF the dimcr is more active. whereas in Ccl, the monomer).‘s7 The quoted 
authors ascribe the variation of reaction rate with kind of solvent to a specific solvation 2lYect. The 
reaction rate increases with the lowering of the solvation propertics of the solvents (from THF to 
CCI,), whereas the polari~abilities of the solvents increase in the order from THF to ~-nitrobcnzene 
and rapidly decrease on passing to Ccl,. If one tukcs into account that the activation energy of the 
reaction is 16 times lower in Ccl, as compared with THF. the conclusion can be drawn that the 
preliminary polarisation of the O-H bond in the acid is not decisive for the formation of the 
intermediary compound. Of greater importance must be energy losses connected with desolvation of 
[tic acid. Thus in THF the less solvated dimer is more active. whereas in Ccl, the weakly solvated 
monomer shows higher activity.’ 57 The varying ratio of the yields of the particular reaction products 
with solvent used and other rexwon parameters (c.g. Ictnperature) are explained by Mironova and 
Dvorko by the change of the relative reaction rates at steps a and b:15’*1’z 

_i.J=C=h_ * mp 3 
RCO2H 
3 (RW20 + -?lH034I- 

b 

\ 0 

_J_\I” 
I ‘- 

R-C=0 

However, the e&ct ofsolvent on the mechanism of the reaction between acids and carbodiimides 
is very complicated and further studies would be very desirable. 

crtl(it). Amines, depending on their order and basicity, alrect the-reaction of carbodiimides with 
acids in a diRerent manner. The strongly basic tertiary amincs (e.g. Et,N) decrease significantly the 
reaction rate. ’ “O*’ ‘-’ They also decrease the yield of anhydride and increase that of N-acylurea in both 
CCI, and CH,3CN solutions. This can only be due to the “trapping” of the acid by the amine (salt 
Formation), or the amine may catalyse the O-acylisourea 10 N-acylurca rearrangement. A different 
cffwt is exerted by pyridine. It lowers, indeed, the reaction ratc.lb3 but leads to an increased yield of 
theanhydrideat theexpenseofN-acylurea.“” Thelatterefl‘cctcan beexplained bythepossibilityofo- 
acylisourea being stabilised due to the f~~rmation of an acylpyridinjum complex. 

Primary amines (benzylaniinc,‘*“.‘“’ aniline. p-toluidine’@ ) should exert an analogous effect as 
tricthylaminc. On the other hand. however. being nucleophilic compounds, they give with acids in the 
presence of carbodiimidcs the respective amides: 

R-N=C=KR + ZR’CO2H * R”F;H 2 

RNHCONHR + (R’CO) 20 

RNHC-NR RfW?MfR + R’C-MiR” 

SO 
I- 
R’ 
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Usually it is difficult to observe the anhydride formed in this reaction, since it reacts immediately 
with amine to yield amide. In order to eliminate the formation of anhydride Mironova et al. reacted 
equimoiecular quantities of acid. carbodiimide and amine.ths They found that primary amines. in 
contrast to tertiary ones, increase the reaction rate. According to those authors this is due to the 
formation of a cyclic complex which facilitates the transfer of the proton to carbodiimide and the 
formation of 0-acylisourca: 

iN-<=+ 
'O-C-R' or 

-,N- C,= N - 
H' 
I 

/NH 
R” j,_fC\Ro 

Addition of a primary amine so as of a tertiary one leads to an increased yield of N-acylurea. This 

proves that the amide is formed in a secondary reaction of the amine with the preliminarily 
synthesized 0-acylisourea. 

Among the works concerned with the mechanism of the reaction of carboxylic acids with 

carbodiimides those of Knorre rf uI.,“’ - “’ devoted to the kinetics of reaction of carboxylic acids 
with water-soluble carbodiimides, e.g. N-cyclohexyl-N’(4-methylmorpholine-~~-yl)-carbodiimide p- 
toluenesulphonate, deserve special attention. Similarly, the work of Muramatsu ut ~1.‘~” deserves 
mentioning, since the authors reacted DCC with formic acid to obtain formic anhydride. As a matter 
of fact, they did not isolate that anhydride on account of its instability, however, they proved its 
presence in the solution in an indirect manner.“” Recently, Olah et al. have repeated this experiment 
and established the structure of the anhydride by means of spectroscopic methods.’ ” 

6.2 Reucrions wirh d~curhoq~lic acids. Reaction of carbodiimides with dicarboxylic acids affords 
different products depending on the structure of the acid. Oxalic acid yields quantitatively under any 
conditions the corresponding urea and mixture ofcarbon mono- and dioxides. This reaction has been 

applied by Zetzsche PI trl. for the quantitative determination of carbodiimides.‘7’ 
According to Mironova and Dvorko”’ malonic acid yields with DCC a polyanhydride. Other 

authors claim that malonic acid and its homologues react with aliphatic carbodiimides to yield the 

substituted barbiturates:‘-’ 

R 
I 

R’ 
\/ 

COLH R’ CO-N 

A 
‘C’ 

\ 
’ Rti=C=NR - c-o 

R” CO2H 
‘\ 

R" co---u 
/ 

I 

An ultimate explanation has been provided by Resofszki ec ul. who showed that in the reaction of 
diethylmalonic acid with DCC a cyclic anhydride is first produced which undergoes further reaction 

with DCC to yield substituted l,3-oxazinedione-4.6 (28).17’*‘75 

v\ 

Et, ,CO2H 
C + 

Et’ ‘CO2H 
DCC --_, 

i 
Et \ A DCC 

Et +,O - 
I 
0 

0 
I 

Et, ,‘-O\ 

EA 
C=?ICbHI 1 

C-N / 

n I 
0 

'6"ll 

28 - 

The latter compound undergoes slowly rearrangement in the solution to yield the corresponding 
barbiturate (29). 
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u 
N/ 

'gHll 
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Furthermore, the quoted authors isolated in this reaction the compound 30 which is a dimer of 

diethylmalonic anhydride. 

; 
Lt, .,(: 

d(,\C 
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--n 

-0 
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Dicarboxylic acids containing two or three methylene groups yield in the reaction with 
carbodiimides cyclic anhydridcs whereas acids containing four or more C atoms in the methylene 
chain give bis-adducts.’ “*I ” 

Mironova and Dvorko studied the kinetics of the reaction between a number of dicarboxylic acids 

and DCC giving cyclic anhydrides.‘“8.“2 They found that, although the reaction rate increases with 
growing acid strength. the activation energy ofanhydride formation depends only very slightly on the 
kind ofacid involved (11.3. 12.3 kcal,imoie in THF). The change of the reaction rate with the change of 
acid depends primarily on the variation of activation ontropy. Therefore. theereaction rate increases 

with the probability of the anhydride ring formation. Mironova and Dvorko believe that O- 
acyhsourca does not have to bc an intermediate and that the formation of the cyclic anhydride is the 
rate determining step of the reaction proceeding as shown below: 

-h=C=r\l- _h’=L:=y_ 

,*’ 

H’ 
/ -4 

H ‘\ 

6 O-II - b b-H - 
+O 

\ 
C.()...&O 

‘c I 
l -NHCONII- 

C=O 4 C-O 

\ - 

The reaction rate decreases with the solvent used in the following order: 

CH,CN > MeOH > acetone > THF > pyridine 

Tertiary amines markedly lower the reaction rate. 
Bis-carboxylic acids react with bis- or polycarbodiimides to product substituted polyurcides.“’ 

6.3 Rewtions \t*ith ucids conruining un trdditionu(litnc.tioncrl group. The structure of the products 
brmed from hydroxycarboxylic acids and carbodiimides depends on the relative positions of the 
.rydroxy and carboxy groups. Cyclic lactones arc obtained when conditions exist for easy 

:yclisation. ’ “. ’ “’ The respective N-acylurcas arc sometimes formed as by-products.‘*” 

R, A2 
0 
II 

HOCH2CR2COZH + R’N-C=NR’ --+ 
R/Y/ 

0 + HOCHZCR2hR’ -C-NHR’ 

II 

II 
0 

0 l nthcrs 
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In other cases cyclic products are also formed which contain. however, fragments ofcarbodiimides 
in the molecule, e.g. in the reaction of 4-hydroxy-6-nitroquinoline-3-carboxylic acid with DCC the 
respective oxazine (31) is formed:“’ 

Robba and Maumc found that in the reaction of ~-hydroxycarboxylic acids with ~rbodiimides 

oxazolidinedioncs 132) are formed :l HZ 

011 
R 1 
'C-CJZH ‘ R’V=C=VP’ - R’ \ / * 

2’ C--N 
R’YHZ 

d’ ‘R’ 

3: - 

When optically active R-( + )-2-methyl-2-ethyl-3-mer~dptopropionic acid was reacted with DCC, 
optically active thiololactone (33) was obtained:rx3 

CH3 
T 

HSCflZ.-- i---C”“” 

Czfi5 

Thiosalicylic acid reacts with carbodiimides to yield the corresponding 2-imine-1,3- 
~nzothiazinones-4 (34):“’ 

copi : 

RN*C=%R 
-RNfiCONHR* 

SH 
34 

Similar compounds are obtained from mercaptoacetic acid and aryl carbodiimides. The same 

reaction with aliphatic ~rbodiimides leads. however. to the polythioglycolate (SCH,Cf,.‘*’ 

II 
0 

Rcnction of carhodiimides with 2-mercaptopropionio acid affords a mixture of thiazolidinones, 
diatolidinediones and dithiolactidc:‘“” 

KN=C*hR ’ HS-Cti-COOH - 
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The structure of products of the reaction between carbodiimides and carboxylic acids containing 
an amino group in the molecule depends on the kind ofacid, and especially on the substituent at the N 

atom. Anthranilic acid when reacted with aromatic carbodiimides yields the respective 
benzodiazinediones (35) : 

H 
I 
I 

NH2 0 
RN=C=KR -* 

CO2H 

Ir 
0 
3s - 

N-Methylanthranilicacid when reacted with carbodiimides yields iminobenzodiazinones (36):“’ 

NHCH 3 
RN=C-NR 

CO2H 

36 ’ - 

In distinction, N-acylanthranilic acids yield with DCC bcnzoxazines (37):lHH 

C02H 

NHCR 
II 
0 37 - 

Phthaiamic acids substituted at the N atom react with DCC giving either imides (38a), when the 
substituents are electron-attracting groups (P-NO~C,H,. acyl). or isoimides (38b). when the 
substituents are aryls or alkyls. The mechanism of the formation of these compounds is as follows:’ UC) 

I 
0 

C 
.VHR ’ 

u 
NR’ 

0 
II .NR’ 

‘NHR’ 

2NC6”4 

l R’NHCONHR’ 

NR 

0 

+ R’tiHCOhHR’ 

0 

3 8b 38a - - 

The reaction of phenylpropiolic acid with DCC is more complicated and yields substituted l- 
phenylnaphthalcne-2Jdicarboxylic anhydrides as a result of additional condensation:tqO 
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6.4 Esttv utd urnid~~fhwriott rtwcrions. Equimolar mixtures ofacids and alcohols undergo in the 

presence ofcarbodiimides condensation giving esters in high yields.‘“’ - I“’ Under similar conditions 
oximes are acylated by carboxylic acids:‘“” 

x’XC=NR” 
RCOOH l R’OH _R”,(H,-ONHR” ’ RC-OR’ 

!I 

Ph$-N-OH l PhCH$OOH % Ph2C-N-0-CCHZPh 
I 
0 

However, in some cases this procedure failed. For instance, attempts to esterify fatty acids with 
alcohols in the presence of DCC have led as a rule to the formation of N-acylureas.‘99 

It is generally accepted that the mechanism of formation ofesters in this reaction is analogous to 

that of obtaining anhydrides (Section 6.1). i.e. 0-acylisourea is the active acylating agent. A 
modification of the esterification procedure has been introduced, which consists in the addition of 
catalytic amount of 4-dialkylaminopyridine to a mixture of acid. alcohol and carbodiimide. 
Carboxylic anhydride. which is formed first, serves in this case as an acylating agent.z”“-zO~ The 
yields of esters obtained by this procedure (also from fatty acidszO’) are 65-96’:“. 

Py-NR2 0 
R-C-OH + DCC - RC-O-CR l R-C-ii 

!3 
I I 
0 0 

t, 
d 

-NR2-+ 

RCO2- 

R’OH 7 RC-OH l R-C-OR’ + N 
I I 

NR2 

0 0 

Reactions conducted in the presence of carbodiimides containing chiral substituents, e.g. 
esterification of raccm’c carboxylic acids with achiral alcohols and acylation of achiral amines with 
racemic carboxylic acids. did not give a measureable enantioselcctive etfcctzo- Acylation of rdcemic 
amines with achiral carboxylic acids carried out under the same conditions was found by Rebek et 

(11.‘“’ to be highly enantiosclective. However. Krawczyk and Beiiecki claim that this reaction, just as 
the above-mentioned ones, exhibits a very low enantioselectivity.2u3 

The reactron of amines with carboxylic acids in the presence of carbodiimides leads to the 

corresponding amides (cf Section 6.1 .d). lb0 _ ‘h4*205 _ 2o8 This reaction has found very wide use in the 

chemistry of pcptides. As early as in 1955 Sheehan and Hess20“ as well as Khorana”’ found that 
suitably protected amino acids can be condensed in the presence of carbodiimides to form amide 

bonds: 

R 0 R’O 
II II 

AC y UHCHCOOH l AcylNHCHCNHCHCOR’ 
I 

R 

The mechanism is here analogous as for amide formation.2’ ‘.2’ 2.2’ ’ A role of an acylating agent 

plays O-acylisourea,h although under the conditions of solid phase peptide synthesis the DCC 
reaction mechanism follows the alternate path and the active acylating agent is the symmetrical 
anhydridc.” 2 Sometimes products being the result of the 0 -+ N migration of the acyl group 

“II should bc pointed out that the enact nature of the acylatmg agent in the pcptlde synthew by means of DCC IS still 
controvcrslal. Accordme to D. S. Kemp und J H Jones as well as to A Arendt the ztructurc of the acylarion agent formed from 
amlno acid and DCC may lx d&rent from that of O-acyhsourca (A Arendt. Techmcal University. Gdansk. private 
commumcatmn conccrnlng the drsxsslon at the 15.th European Peptldr Sjmposlum. Gdansk 197x1. 
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predominate.2’J*2” The contribution of this direction can be limited by using carbodiimides with 

suitably chosen substituents. e.g. PhCH,N=C=NEt. ‘I ’ The use of carbodiimides in the synthesis of 

peptides has found cxhaustivc treatment in the 15th volume of the Houben-Weyl “Murhodrn drr 

orguni.s&n ChrrG”.” ’ ’ and in a review of Rich and Singh.” ’ Recently DCC has also been used in the 

synthesis of phosphonic dipeptide analogues.“” 
DCC, glucopyranosidc (R = H) and piperydynoxyl R ‘C02H give the corresponding spin 

labelled sugars (R = R’CLJ2” 
II 

The direct reaction ofmercaptans with carboxylic acids in the presence of DCC gives thiolesters in 
moderate yields.22’.222 Addition of a catalytic amount of 4-dialkylaminopyridine increases 
considerably the yield of thiolesters”” (cfesterification). Another improvement has been described 
by Horiki who esterified in the first step carboxylic acids with I -hydroxybenzotriazole in the presence 
of DCC and subsequently reacted the resulting compound with mercaptans. This procedure makes it 
possible to synthesize thiolestcrs in yields exceeding 90”,,.22’ 

- l R-C-SRI 

The reaction of carboxylic acids with diazoalkanes gave in the presence of DCC diazoketones in 
yields not exceeding SO’Y) because of the competitive ester formation process.“J.22’ 

7. Reuctiom oj’ cwhodiirnidrs with thio unalogrw~ qf cut-ho.y4~~ ucids 

7. I Rructim with )?1011(~thioCurhO.Y)?liC’ trcid.s.22b*22 7 Monothiocarboxylic acids react with DCC in 

two ways yielding symmetrical diacyl sulphides (39) and N,N’-dicyclohexylthiourea and,:‘or N-acyl- 
V,N’-dicyclohexylthioureas (40). 

0 0 
I II 

KC-S-CR ’ C61111NHCNHCGt111 

3’) - 
ZRC-SH 

I 
+ C6H11N=C=NC6tI11 

s 
II II 

CbHl 1N-:-‘4HCbll, 1 
I 

R-C=0 

40 - 

Thelattcr compounds are the main product ofthe reaction between DCCand thioacids containing 
n their moleculesstrongelectron-acceptorgroups (forexamplep-N02C6Hd-. CICH,-). It isassumed 
hat the mechanism of this reaction is similar to that of DCC with carboxylic acids. In the first step the 
mbident monothio acid anion attacks the protonated carbodiimide molecule with S yielding S- 
cylisothiourea (41). The resulting adduct can react further in two ways. Intramolecular migration of 
?e acyl group from S to N leads to the formation of N-acylthiourea (40). On the other hand. S- 



~cyl~~othiourca (41) can react, after preliminary protonation, with the next thioacid amon to give 
diacyl sulphide (39) and dicycl~hexylthiour~~: 

II RCOSII 

RC-S-CR 
I r 
0 0 

From the two possible paths of this step one has been excluded. i.e. the one proceedmg via 
asymmetric monothioanhydridc (42). Therefore. symmetric diacyl sulphides are directly formed in 
this reaction. 

7.2 R~~[~(.~~~)~I ~tlr tf;fIiirJt-tr~hrJ.~I’ii<’ ~c~xf. It was found that the reaction o~dithioaccti~ acid with 
DCC gives in the first step dithioacetyl sulphide which owing to its instability undergoesdimerisation 
yielding a mixture of 1.3.S.7-tctrameri~~1-j,3,6,1o.10-hcxathi~~d~m~ntanc \43) and c& and ~rcrn.+ 

7.4-dimcthyl-2.~-bis-t)~i~~~~cctylthio-1.3-dithietanc (44).““.“’ 

ln the reaction of DC’C with dithtopropionic acid only the mixture of& and trots- dithietants is 
formed.? “’ 

In the cast of the reaction of DCC with substituted dithi~~nzoic acids aswell as djthioisobutyri~ 
acid dithioacyl sulphidcs formed proved to be sufhciently stable to allow their isolation.23’.231 

7.3 Rr~trc*riorr rvirh Jithic~t.cr~t)cirttj(,uc.itls. When dithiocarbamic acids are reacted with DCC. instead 
of the formation of the respective anhydrides, an intramolecular eliminatton of hydrogen sutphidc 
takes pluce leading to the formation of tsothiocyanates. This behaviour was utiltzed by Jochims and 
Seeliger 21_‘.23.’ to develop a simple method of synthesizing isothioeyanates from amincs and carbon 
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disulphide in the presence of DCC. Dithiocarbamic acid formed in the first step reacts with DCC via 

the intermediary S-acylisothiourea and yields thiourea and the respective isothiocyanatc: 

s 
RNtf2 + CS; - Rh’H-C 4 

‘SII 

- C6HI INHCSS!iCOffll + IL!d=C=S 

Sulphinic and sulphonic acids react readily with carbodiimides yielding the respective 
anhydrides.234-23h The synthesis of esters proceeds analogously as in the case of carboxylic acids. 
Japanese authors obtained, upon treating sulphinic acids with alcohols in the presence of DCC. the 
corresponding sulphinates.‘“’ Using “0 labellcd sulphinic acid they showed that the cstcrs can be 
formed on two paths: 

ArSO’*H 

J 

2 

, ROH 

ArS-OR + 
+ 

0’8 

Sulphinamides arc obtained in the similar reaction ofsulphinicacids with amines in the prescncc of 

DCC which acts here as dehydrating agent.“’ 
In the reaction ofsulphuric acid with alcohols. mercaptans and amines in the presence of DCC the 

respective sulphates. thiosulphates and sulphuric acid amides are obtained. e.g.:“” - 24’ 

+ 

c6f’1 1;” 0 ’ t 
ire + li2SOJ - C--o-s-o- RS_HI 

I I I 
;Cbfll 11VH 0 

9.1 Rcwtion \vith H3P04. The carbodiimide induced condensation of H,PO, in the presence of 
trong tertiary amines leads. as evidenced by the ” P NMR spectra. to condensation only sllghtl) 
beyond the metaphosphate components. However. in the absence of amine the condensation 
lroceeds into the ultraphosphate region about halfway between the metaphosphate and phosphoric 
nhydride components. When amine is used. the principal product consists of the cyclic 
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trimetaphosphate anion, with one of the nonbridging O-atoms substituted by the urea resulting from 
hydration of the carbodiimide. e.g. 45 for the condensation vvrth ditsopropylcarbodimide: 

7 
0 +nl 
-0’1 0 I 0 

01 r” 
‘P&o’ ‘o- 

I 
0 

lh - 

The major product of the reaction obtained without amine is the IS-p-oxotetramctaphosphate 
anion (46~.“‘.‘~’ Carbodiimide mediated phosphorylations carried out with ortho-. pyro-, trimeta-. 
tetrameta- and long-chain polyphosphoric acids dissolved in various alcohols consist of complicated 

reaction sequences involving various phosphoric acids, then esters and complexes formed by 
carbodiimide and these acids or esters. In the case of condensation of orthophosphoric acid, the 
process of stepwise esterification competes with the process of condensation to form condensed 
phosphoric acids and their esters. In general. esterification as opposed to condensation is promoted 
by increased acidity, smaller size and increased concentration of alcohol as well as by incrc’ased 
concentration of dissociable protons m the solution.2J’ 

By 3’P NMR the existence in the solution of phosphoric anhydride P,O,” of bird-cage structure 
has been proved-for the first time. It was obtained in the form of adduct with DCC (48):z4h 

OA p--O 

/ 
O=P. 

i. \r 
..P_ 

P-C& 1 

\“O-. --/ 
I o.p/ 0 

%C6H,, 

i 
0 

48 - 

9.2 Rewtiom with orgullic.plto.\phoru.~ rlckls. In 1953 Khorana and Todd observed that mono- and 
di-substttutcd phosphoric acids react with DCC to give pyrophosphates:2.2J’ 

0 0 0 
II II II 

2HO-P-OH l R’N-C-NH’ - RO-P-O-P-OR * A’KHCONHK 
I I I 

OH OH OH 

2(RO)2P~o * R’N=C-NR’ -. 
OH 

(RO)2;-0-;(OR)2 + R’NHCOKHR 

0 0 

The formation of pyrophosphate systems was also observed in the case of phosphmic acids.‘Zn.248 
Methylcnediphosphonic acid yields the anhydride (49) having a bird-cage structure when treated with 
DCC.LJ“ 
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Monoesters of phosphoric acid react in the presence of carbodiimides with alcohols and phenols 
giving the corresponding phosphoric acid diesters quantitatively.‘“’ - ’ s5 

0 0 
u 

RO-P-011 + R’OH 
K”,+.C-NR” II 

I 
_R”N),CON,,R”* RO-I;-011 

OH OR’ 

This reaction has found wide application in nucleic acid chemistry.7~zSh Carbodiimidcs have been 

used as condensing agents in the synthesis of nucieoside phosphates. cyclic phosphates and 
polynucleotides, 

According to Weimann and Khorana,*“’ in the reactton of phosphoric acid monoesters with 
alcohols in the presence of DCC first the cyclic metaphosphatc trimer (50) is formed, which then serves 
as an active phosphory~atin~ agent: 

c?\ .o, 00 
Kc 

P P 
3R@-P--C+4 _ RO’ ! I’OK 

I 0 0 
OH 

\ I 
P 

0” ‘OK 

so 

Recently, Knorre et (11. have established the structure of three main types of intermediates (B, C 
and D) being active phosphorylating agents both in the case of using DCC or triisopropyl~nzcne- 

sulphonyl chloride (TPS) as condensing reagents. B-type derivatives, formed only in pyridine 
solutions, are designed as complexes of metaphosphates with pyridine.25’.2s” C-type derivatives 
formed both in pyridine and DMF solutions possess phosphomonoester and phosphodiester 
residues, combined to trisubstituted pyrophosphate. 258~260 D-type derivatives contain two phospho- 
diester groups combined to tetrasubstituted pyrophosphatc. The pathways established with the most 
simple representatives of mononuclcotides and dinucieoside phosphates may bc represented by the 
following scheme: 

i -o-p-o- ---4 -o_~_o_~_*- _,._._+ - _ _ _1_ 

I 

-,.[ o E o 1 o- v_ R* 
’ I 

OR 6R OK 
I I I 

OR OR OR 

0 0 
u B II 

R’3H + & ---+ Q’O-P-OR -=-+ R’O-P-O-R 
I I 
I_ 

0 d 
I 

-O-P-OR 

0 
II 

? R’-O-P-OR 4 R’O-P-OR 

R-3’-acetylthymldyl-5’ 

R’=S’-trltylthymldyl-3’ 

R’O-+-OK 
I 
0 

Among the recent works concerning the application of DCC in nucleic acids chemistry a series of 
publications of Russian authors should be mentioned.“’ - 264 An interesting result has been obtained 
by Zarytova ut LII.~~~ who have found that N-(P-5’-O-trityIthymidyl-P-3’-O-acetylthymidylphos- 
2horyl)-N,N’-dicyclohcxylurea (54) is formed as one ofthe reaction products on treatment nucleotide 
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(S2) with nuclcoside (53) in the presence of DCC. It is of interest to point out that the product (54) has 

the structure of N-phosphorylurea and this is the tirst synthesis of equimolar adducts of 

carbodiimides and disubstituted phosphoric acids reported in the literature. 

0 
I 

HIIC6-h-C-KH-C6HlI 
I 

Tr(Td)O-P-OTdR 

b 

a) R-.tc 
h) P=H 

54 - 

The compound described is stable under nucleotide synthesis conditions. It does not react with 
amines or clecrrophtlic reagents. but undcrgocs rapid. quantitative hydrolysis in aqueous pyridine. 
Zarytova rl trl., took advantage of the possibility of easy removing the dicyclohexylurea moiety and 

applied (54b) as the protected nucleoside component in the synthesis ofoligonucleotides.2”4 The same 

reaction course was observed for other carbodiimidcs, e.g. N-cyclohexyl-N’-/I-ethylmorpholyl- 

carbodiimidc.2b’ 
In the case ofdisubstituted phosphoric acids and phosphinic acids the mechanism of their reaction 

with carbodtimides proposed by Khorana and Todd is analogous as for carboxylic acids:2.247 

51 - 

- (RO) :;-0-i(OR) 2 l R’YHCOYHR’ 

0 0 

0-Phosphorylated isourea (51 ) formed in the first reaction step reacts with another acid molecule 
which leads to the rcspcctive pyrophosphate and urea. 

When halogcnomagncsium salts of tetraalkylamidophosphorous acid are reacted with DCC, 
cquimolecular adducts with C-phosphorylated formamidine structure (55) are obtained.“’ 

(n,~lp? ‘Q,X . UC-C _ (R2N)2;-Cfc6H11 f!&R N) i-C4Nc6H11 

hChH 11 
2 2 

0 I 
‘NHQ,H, I 

?IpX 55 
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The reactions of secondary phosphines, phosphinites and thiophosphinites with di-p- 
tolylcarbodiimide also yield C-phosphorylformamidines. The latter have found application as 
transition metal complexing agents (see for example the synthesis of 55-A):Zh6 

H-PPh2 
,N-p-to1 

I 
+ p-to1 N-C=tG-p-to1 -_, PhZP-C, 

II NH-p-to1 
X X 

X-clec 
S,O 

tron lone pair, 

Ph3P, ,PPh3 

/Rh, 

&N-p-to1 Ph P /Py 
* j ‘Rh 

Ph3P cl 
l PhZP-c, C=N-p-to1 

!-p-t01 :;ypj 
Ll’ 

Ph3P’ \ J 

I 
p-to1 

55-A 

9.3 Reactions with organic phosphorus thio- und seieno-acids. The course of the reaction of 

carbodiimides with phosphorus thio- and seleno-acids is dependent on both reactants. 
Phosphonothioic and phosphinothioic acids.267 as well as phosphonoselenoicZ6t*26” and 

phosphinoselenoic268 acids react with DCC analogously as phosphorus oxy-acids giving rise in a 

rapid exothermic reaction to N,N’-dicyclohexylthiourea (or selenourea) and the corresponding 
unsymmetrical monothiopyrophosphate (selenopyrophosphate) systems: 

R 
C6H11N=C-NC6H11 * 2 ;P-OH 

R’ll 
X 

(a) R-Et, R’-OEt, X=S (c) R=Et, R’=OEt, X=Sc 

(b) R-R’=Et, X=S (d) R=R’-Et, X=Se 

R 
)P-O-P’ 

R 

+ C6HllN”-~-N”C6”11 + R’k ;\I 

The proposed mechanism of this reaction is shown below: 

57 - 

R, 
,P-OH l C6H1 1N-C-NC6H1 1 = ;;P;; 

I - 

C6”11iH=C=NC6”1 1 - 

I 
R” 1 

s 

- 

56 - 

R 
- \P-O-d\R + 

RsI 1 R’ C6H11NH;NHC6H11 

s 0 S 

57 - 
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In the tirst step the thioacid anion adds to the protonated carbodiimide molecule by means of its 
nucleophilic centre at the sulphur atom. As a result S-phosphorylisothiourea (56) is formed as 
intermediary product. In the next step a second thioacid anion attacks the P atom in the adduct by 
means of its 0 atom which leads directly to the formation of an unsymmetrical 
monothiopyrophosphatc system and thiourea. Stereochemical studies with the use of optically active 
O-ethyl ethylphosphonothioic acid speak in favour of this mechanism.2h’ The formation of the 
optically active thiopyrophosphonate (57a) with opposite configurations at the thiophosphoryl and 
phosphoryl centres provided a proof that the second step proceeds with inversion of the configuratton 
at the P atom in the adduct (56). 

In the reaction of carbodiimides with phosphorothioic. phosphorodithioic and phosphoro- 
selenoic acids stable cquimolar adducts of N-phosphorylthio(scleno)urea structure (60) are initially 
produced~.2”‘.~~‘l It has been proved by low-temperature 3’P-NMR investrgations that theseadducts 
are formed as a result ofmigration ofthc phosphoryl group from the S (Se) atom to N in very unstable 
S(Se)-phosphorylisothio(scleno)ureas (59). The latter are produced in the first stepof the reaction as a 
result of addition of the acid anion to the protonatcd carbodinnidc: 

4S(Se) 
R’N=C=NR’ + (RO)ZP, 

/.S(Sel 

OH 
- R’NH=&NR’ (R0)2P<, - 

.VR’ 
- (RO)2P-S-C, 

1 (91 NH!?’ 
- (RO)$-Fi’R’ 

0 
O i=S(Se) 

~HR’ 

60 - 

N-Phosphorylthio(seleno)ureas are the tinal reaction products m the case of R’ = benzyl, p- 

nitrophenyl or p-chlorophenyl. However, when R - cyclohexyl or isopropyl, the adducts react slowly 
with the next acid molecule yielding thio(seleno)-pyrophosphates (61). phosphorothion(selenon)ates 
(62) phosphorothiol(selenol)ates (63) and mctaphosphate polymers (64) 

60 61 - - 

By means of cross-over experiments and using -\“S labelled sulphur it was demonstrated that in 

this case the rearrangement of S(Q)-phosphorylisothio(seleno)urcas (59) to N-phosphoryl- 
thio(seleno)ureas (60) is a reversible reaction. Thus, N-phosphorylthio(seleno)ureas (60) are in 
equilibrium with S(Se)-phosphorylisothio(scleno)ureas (59). the latter being active phosphorylating 
agents responsible for the formation of all the reaction products. In summary the mechanism of the 
reaction under discussion consists of the following principal steps:2h” 

‘Fquimobr ddducth ofcarhud~~m~dcs with phosphorothlolc and -dithlniz acids were already known in the patent Itteraturc 
hug thar btructurc UJS not dctermcned unrqunc>c~lly.“’ 
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In the first step the acid and carbodiimide form a salt; then, the acid anion attacks the protonated 
carbodiimide molecule producing an adduct (59) which is in equihbrium with the stable, isolable 
adduct (60): in the next reaction step another acid anion may react with the protonated adduct (59) in 
two ways: it either attacks the phosphorus atom (i) which leads to the formation of 

thio(seleno)pyrophosphate (61) and thio(seleno)urea, or attacks the C atom in the alkoxy group. The 
attack by means of the 0 atom (ii) leads to the formation of phosphorothion(selenon)ate (62) and by 
means of the We) atom (iii) results in phosphorothiol(seleno~)ate (63). Both directions (ii) and (iii) 
produce afso thio(seIeno)ure~ and very reactive metaphosphatc (64). which under the reaction 
conditions undergoes polymerisation. 

(l~o)2~-oll + K’A=C=NR’ - (RO& K’ TiI-C=SR = 
S(Se) 

S(Sej 

(ROl,P-S-C=NR’ 
e 

3 C=S(Scf 
I 
VIIR’ 

59 60 - - 

S(Sc) 

011 

i ii 

K.\itf-C---hllR I’ 
.A *-..* 

-, 

I 
R’~t~CS(Se)~~lR’ Y 

KOP< 
0 

+ R’N!iCS(SejNH!t’ 
0 

64 - 

10. ~eoi.t~o~.s of ~l(~,~eo~~~i~e,s with ~~~et~?~.~ .sll~~~o.~i~e {ALTO) in the presence f+ KC 
The reaction of DCC with DMSO in the presence of acids affords the oxysulphonium 

intermediate (65): 

lIllCbh 
I + 

DCC + CH3-S-CH3 
I 

- 11+ -+ t!,,C,N=C-0-S(CH,), 

0 b5 - 

This intermediate can be attacked by various nucleophiles. For instance, the reaction of 65 with 
sulphonamides gives S,S-djmethyl-N-sulphonylsulphilimines (66) in high yields:2’3 

HI 1C6h’ll 
I + 

+ tl,ICbN=(:-O-S(CH3)2 

65 - 

Under similar conditions amines and carboxylic acids amides give S,S-dimethylsulphilimes and 
N-acyl-S,S-dimethylsulphilimines, respectively.274 
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When carboxylic acids are treated with DMSO in the presence of DCC methylthiomethyl esters 
(67) are obtained:2’5 

0 (1 

‘I l ,CtI_ 
- R-C-O-S, ‘_ - L p_L.“- f-,1 &,, I’ 

Cl1 
2 5 1 - ’ R-c-0-CI12SCtI. > 

? 
b 7 
L 

(5 ,- 
Starting from the optically active sulphoxidc (68) the DCC reaction gave optically active 69 
29’1; optical purity):“” 

-S-CH,Ph * UCC e 

-- 
H 

I’h 

69 - 

Particularly well known is the reaction of oxidation of alcohols by means of DMSO in the 
presence of DCC leading to the formation of the corresponding carbonyl compounds.“7.L3H Instead 
of DCC other carbodiimides were also used.“” The oxidation proceeds here under very mtld 

conditionsand can be applied to very sensitive and unstable compounds.2H” _ 2x2 Ofgrcat importance 
is the selectivity of the method towards primary alcohols. which are oxidised solely to aldchydes 
without traces of acids being formed. The reactton mechanism is as foliow~:“‘.~“’ 

- R,C=O l Cl13SCH. 3 

The nucleophilic attack of the alcohol molecule at sulphur of the oxysulphonium intermediate 
(65) leads to the formation of the sulphonium ylide (70) which &composes yielding the carbonyl 
compound and dimethyl sulphide. 

In the reaction of phenols with DMSO and DCC o- and p-methylthiomcthyl dcrivativcs are 
formed according to the scheme:“’ ‘- “’ 

CH .SCl13 
I L 

OH 
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Heating DCC with methyl iodide yields N-methyl-N.N’-dicyclohexylcarbodiimide iodide (71).“” 

This compound has been used for obtaining alkyl iodides from alcohols. It deserves mentioning that 
cken highly stericslly hindered alkyl iodidcs can bc prepared by this method: 

DCC + CHjI F 
+,CH3 

C6H1,N=C=N,. I- 

L6H1 1 
71 - C113 

I 
71 + ROH - -KI l C6Hl lhHC-N-C6111 1 

Ii 
0 

Schnur and van Tamelenzy” have described the use of N-methyl-N.N’-di-t-butylcarbodiimide 
tetrafluoroboratc (72) as condensing agent in the synthesis of ethers and esters. They obtained. for 

instance N-phosphorylurea (73~ by condensing dialkylphosphoric acid with 72: 

K = 

HO OH 

12. Atlt1uct.s q/’ curhodiinritics trrd trq’l chlwid~~.s 

Acyl chlorides and carbodiimidcs yield the corresponding chloroformamidines2”‘~2”2 

Cl 

RN-C=h’R’ + K”C-Cl - 

I 
0 

RN-?-N-R’ 

b=o 
I 
R” 

73 - 

Hartke”‘.’ applied these compounds for elimination of hydrogen sulphide from primary 
thioamidcs converting them into the corresponding nitriles in high yields: 

c 1 

I 
RN-C-AK + K”C-till 

Ct p 

I II ? 
-Et jh.‘llCI* I - 

T 
___t R”CzI\’ + RNH-C-GR” 
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/&Hydroxycarboxylic acids chlorides yield in the reaction with carbodiimides corresponding 
substituted oxazineszu4 

OH 
+ RY=C=?(R -- 

-HCl 

The reaction of a-halo acids chlorides with diisopropylcarbodiimide yields the corresponding 
acylchloroformamidines. Their hydrolysis gives N-acylureas which. upon heating. undergo ring 
closure (ria 0-acylisoureas) to the 5-oxazolidines (7!5):ly5 

R-t:!-,, + iPrK=C=NiPr - R-C-C-h-CyhlPr ----+ 

I 
X 

iI20 
- 

R’ 0 

I I 
R-C-C--.Y-C-NHiPr - iPrk 

,_/‘D - 

t 
ViPr 

R’ 

‘1 eo r 
iPrN 3 

Y 
NiPr 

75 - 

Dicarboxylic acids chlorides and carbodiimides give the corresponding cyclic products which can 
serve as substrates for the synthesis of a range of heterocyclic compounds:23e*2”1 

Cl 

R’y.C.f,R’ 4 Cl 

N-Acylcarbodiimides. R-C -N=C=NR’. show different chemical properties in comparison with 

II 
0 

simple aliphatic or aromatic carbodiimides. For instance, when the carboxylic and amine groups are 
simultaneously present in the molecule subjected to reaction with N-acylcarbodiimidc, the amine 
reacts first which makes it impossible to use these carbodiimides in the synthesis of the peptide bond. 
With carboxylic acids acylcarbodiimides give imides and isocyanates.‘” 



Recent developments in the arbodiimide chemistry 269 

13. Reuctions of corhodiimides \c*ith orgunosilicon compounds 

Hydrosilanes react with carbodiimides giving N-silylformamidines (76):“’ - “‘” 

iPrN-C-NiPr + Et3SiH or 
PcIClz 

cPh3P)3mc 
iPrN-CH=NiPr 

I 
SiEt3 

76 - 

Trimethylcyanosilanc undergoes addition to carbodiimidcs in a similar manner:3”‘.‘0’ 

RK=C-NR l Me3SiCN e Mc3SiN-C-NR 

k LN 

N-Trimethylsilylcarbodiimides (77) obtained in the reaction of N-trimcthylsilylamine with 
chlorocyan are unstable and after migration of the trimethylsilyl group give N-trimethylsilylcyan- 
amides (78)?” 

RNHSiMe3 + CICK --+ RK=C=NSiMe3-+ RN-C:!4 

I 77 - SiMe3 

78 

14. Reaction oj curhodiimidrs with ~-/ides 
The reaction of phosphoric ylides with diphenylcarbodiimide gives betaines which arc. however. 

unstable and products of their decomposition are usually isolated:““J 

Phjl’=CPh, l PhN=C=h’Ph -_, 
Ph j;-CPh2 

_ I 
Ph<--C=NPh 

+ PhjP=KPh * Ph2C=C=Nl’h 

Ramirez et al. obtained in the reaction of hexaphcnylcarbodiphosphorane with diphenylcarbodi- 
imide adducts with ethylene-l,l-bis(triphenylphosp~~onium)-2.2-bis(phcnylamide) structure (79):.“I” 

Ph~$‘=;-;Phg * PhFi=C=NPh -_ 

+ 
PhjP* / 

C 
k’h3 P+f\ ,Pl’h; 

I t) k 
c - 

PhNB ‘N?h 
-A- 

I’hK NPh 

79 - 

Thiazolc ylides add to carbodiimides in a similar manner:30” 

“jc CtI~ctIpl H;c CIl,CI120H L 
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Carbodlimides have also been used in the synthesis of ylides. For exampie, seienonium ylides were 
obtained when solenoxides were reacted with benzoy~~uoroa~tone in the presence of DCC307*308 

COCF3 
I . 

l’hCH,C-LIi2-C-CF1 ’ LKC = H(: - 
‘3 I I 

CO”, INHwC=NC6HI 1 

0 COl’h 

COCF 3 
I 

R 
‘;HC61’1 1 

;se+o * c 
x ’ I 

NC6Hl 1 

HC‘- 
I 

COPh l 

R,* y,COCF3 
- ,sc-c 

R’ ‘COPh 
* C6H11KHCONHCbH11 

Ozonisation of ~rbodiimjdes gives mainly ketones, isocyanates, cyanamides and oxygen, 
together with minor amounts of nitro compounds, CO, and ureas.3o9 

Oxidation of di-t-butylcarbodiimide with m-chloroperbenzoic acid (m-CPBA) leads to di-t- 
butyla4ridinone (80) which under t he action of trivalent P compounds can be transformed back to the 
Initial carbodiimide:3’0 

m-CPBA t BuK-C-Nt Bu -- 
R3P d tBuX=C=NtBu 

80 

Attempts to obtain carbodiimide N-oxides by oxidation ofcarbodiimides or N-hydroxythioureas 
with peracids have been unsuccessfu13’ ’ 

Reaction of aliphatic carbodiimides with 98”; H ?O, gives peroxycarboximidic acids (81) which 
easily oxidise certain arenes to arene oxides:“’ 

RU=C=NR + 
“2Ot - RKH-C6 

NR’ 

‘0011 

81 

The action of diverse dehydrating agents. among them N-benzoyl-N’-t-butylcarbodiimide, on 
anhydrous hydrogen peroxide generates intermediates which are effective epoxidising agents for 
olefins. In the absence of olefins the dehydrating agents react with H,O, to produce singlet molecular 
oxygen (in the case of the carbodiimide mentioned above in a yield of cu lOy;).3’3 

16. Re6lc.rion.s 01‘ (.ur~{)diimi~~s ksith CH-urirls 
DCC reacts with compounds containing strongly acidic protons giving adducts (82)?14 

0 

4 
“1 lC6”Y 

0 

DCC * “2C 

LO 
>(- /C x 

O9 
‘i1 lC611N c 0” 0 

82 
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The reaction of phenylacetylene with DCC in the presence of sodium leads likewise to the 
corresponding adduct (83)r315 

C6H11-N=C-NH-C6H11 
I 

m 
C 

I 
Ph 
83 - 

A variety of active methylene compounds were carboxylated using the DCC-tetraalkyl- 
ammonium hydroxide-CO, reagent system in DMSO at room tempcrature.J1” 

17. C~*cloudditions of’ curhodiimida 

Carbodiimides undergo cycloaddition with a number of compounds having double bonds. The 
mechanism of cycloaddition varies with the type of compound involved. In some cases the 
cycloaddi tion react ion proceeds via non-cyclic dipolar intermediate. in other cases there are evidence 
supporting the concerted reaction mechanism. 

17.1 C~vzloodditiotl of curhodiimides ro kerenrs. Cycloaddition of carbodiimidcs to ketcnes 
proceeds exclusively at the ketene olefinic bond and leads to the formation of the corresponding 4- 
imino-2-azetidinones (/I-lactams) in high yields:““- jz4 

RN-C-NR l 

Aliphatic carbodiimides show higher reactivity in comparison with the aromatic analogucs. In 
mixedaliphatic-aromaticcarbodiimides thealiphaticsubsticutedC=N bondrcactspreferentially.“’ 

It has been proved that cycloaddition ofketenes to carbodiimides is not a concerted process9 but it 
proceeds in two steps via the 1,4-dipolar intermediate (84). The latter intermediate was detected in two 
ways. The reaction was interrupted by adding water, when alongside the iminoazetidinone (85) 
product also N-acylurea (86) was obtained. On the other hand, cycloaddition carried out in liquid 
SO, yielded the adduct (87):323-325 

Ph2C=C=0 + Rh-C=NR - 

*-3 
Ph2+C,=O 

,,Q”-” 
I 

Ph2c--C=o 

RN- i! ’ -N-R 

Ph2C-c-0 
/ \ 

so hR 
\‘C/ 

The [2 + 25cycloaddition reaction of carbodiimides with ketencs is one of few reactions of 

zarbodiimides in which a new chiral centre can be created. BeEecki and Krawczyk have found that 
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applying carbodiimides with chiral substituents at N atoms and prochiral ketenes in such a 
cycloaddition results in the formation of /I-lactams in a highly diastereoselective manner.326*32’ 

17.2 C_rc~loaddirir~~ oj’ carhodiinrides to isoc~~~~ares. Cycloaddition of carbodiimides to alkyl or 
aryl isocyanates proceeds exclusively at the C-N bond and affords the corresponding 
iminodiazetidinones (88):32”.32”.33’ 

RN=C--NR’ 
RN=C=NR + R’N=C=O -3 

FLLO 

83 - 

The polar cycloaddition reaction of arenesulphonyl isocyanates with carbodiimides gives rise to 
the formation of 6-membered ring cycloadducts:330 

R’ -?I-&!# R’N--C=NR’ 

I = 

&02R 
O=kO R e 

2 

I 89 - 

RSO,+O 

0 A,,“\ 
0 

I II 
S02R 

33 - RS02N=C=?;R’ * R’XCO 

96 - 

0 

II 

RSOL;+R’ 
I 

C C 

R’ti y ‘N’ ‘h.SO2R 

I 
ii* 
95 - 

The mechanism of their formation is as follows. In the first step acyclic equimolar adducts are 
formed (90 and 92) which can mutually transform into each other t.io the cyclic adduct 91 (all the 
adducts were observed by N Yl R). lnterccption of the adduct 90 by isocyanate (89) yields 93. Opening 

of cyclic adduct may also lead to the third acyclic adduct 94 which exists in equilibrium with 
sulphonylcarbodiimtde (96) and R’N=C=O. interception of the acyclic adduct 92 by 96 gives 95. 

The reaction of carbodiimides with chlorosulphonyl isocyanate also gives two products whose 
proportions depend on the kind of carbodiimide used and the way the reagents were mixed:33z 

R-X-C=\R 
L\ 

?iR 

I ’ I 
O=C--sso,c1 

_ 
0 

ANA 
0 

I 

R=cyclohexyl 

(uhcn 97 was added to DCCj 

SO*Cl 

R=Ph 

R=cyclohcxyl (when KC was 

added to 97 ) 
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Three papers have been published so far on the cycloaddition of carbodiimides to 

benzoylisocyanate, whose authors have assigned three different structures to the reaction products. 
According to Neidlein the adducts formed have the structure of diazetidinones (98). Therefore, 
isocyanate should undergo cycloaddition across the N=C bond:333 

0 

n 
PhC-N-C’0 

PhC-‘v-C=0 l !?_‘d=C=.UR - 
II RX=;-4 R - 
0 

98 - 

Tsuge and Sakai claim, in turn, that cycloaddition of benzoylisocyanate and DCC proceeds 
according to the [2 + 41 scheme involving the benzoyl C=O group and the N-C bond in isocyanate, 
which leads to 6-membered adduct of oxadiazine structure 99. However, cycloaddition and 
diphenylcarbodiimide proceeds as a [2 + 2]-cycloaddition and the adduct of98 type produced in the 
first step undergoes thermal isomerization to give oxidiazine (100):3”4 

PhCN=C=O + C6t111V=C=NCbHl 1 - II 
NC6Hl 1 

! ?h’ 
C C 

‘0’ “hC6H11 

99 - 

0 
0 
II 

1 
C 

PhCN=C=O + Phh =C=KPh 00 
PhC-;-f-O ~ ’ ‘NPh 

U PhK-C-NPh 

E c 

0 Ph’ ‘0’ *hPh 

98 100 

Thiobenzoylisocyanate undergoes cycloaddition of [2 + 4]-type irrespective of the carbodiimide 

used:334 

0 
1 

+.NR 
PhC-N=C=O + RN=C=NR - 

c k c 

s Ph/ ‘S/ *NR 

In contrast to the authors quoted above, Ulrich ef ul. determined the structure of the product of 
addition of benzoylisocyanate and t-butylmethylcarbodiimide and claim that it is a substituted 
jxazetidine (101) produced as result of cycloaddition across the C=O bond in isocyanate. These 
urthors drew such a conclusion based on the formation of tBuN=C=O and 101-A upon the pyrolysis 
)f the adduct3” If the adduct were ofa structure 102 (analogous to that proposed by Neidlein (98) 
he pyrolysis products would have to be MeN=C=O and PhC(O)N=C=N-tBu. whereas in the case of 
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the structure 103 (analogous to that determined by Tsuge and Sakai (99 and 100). MeN=C=O. 
~BuN-C--O and PhCN. respectively: 

FleN-C-N - t Bu 
FleN=C=N-tBu l PhC-?(=C=O _ 

PhCN-iA 
I - 
0 

101 - 

MeN-C=?l-tBu 
A tBu-N-C-O * PhC-K=C=Nllc 

II 
0 

N-tBu 

MeN A0 
I I -L MeN-C=O + tBu-V-C-0 + PhC’-N 

0 
AN/C\ 

Ph 

103 

17.3 Reucfion t$ carhodiintidvs Gth isothioc~~unurcs. Cycloaddition of carbodiimides to 
isothiocyanates always leads to equimolar adducts of the 1.3-tiaretidine (104) structure in whose 
formation the C=S bond takes part:3J5 _ 3’* 

RY=C-s l R’N=C-NR’ z== RE;/‘C=NR’ 
\h./ 

R’ 

104 - 

Studies on the reaction mechanism have led to the following conclusion.“- The reaction rate 

depends but slightly on the solvent used. The increase of the reaction rate in polar solvents is too small 
to provide evidence of the formation of a dipolar intermediate. Moreover, trapping experiments did 
not give evidence of the presence of an open-chain intermediate. If in the reaction one of the substrates 
is in excess, non-equimolar adducts are not formed. The latter observation speaks against the open- 
chain intermediate. Finally. cycloaddition proceeds in various solvents with a high negative entropy 
of activation and a small energy of activation. This is consistent with LL tight transition state where 
redistribution of bonds is mutually assisted. All these data, including the stereoselectivity of 
cycloaddition. arc consistent with a concerted mechanism. However. other mechanisms cannot be 
unambiguously ruled out. 

Walter it ul. described an example which is inconsistent with the results presented above.“” They 
obtained in cycloaddition reaction of carbodiimide (105) and MeN=C=S or PhCH,N=C=S. used in 
excess. the adduct 106 in which two isothiocyanate molecules take part. This is contradictory to the 
results of Battaglia. Dondoni er u1.337*338 and is inconsistent with the pcricyclic mechanism proposed. 

we IPr 

+, , N-C-NiPr 

Mc’ 
F 

RN-C-S 

CbpeZ 
II * R-?lc .PhCHZ 

s 
105 - 
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Moreover, cycloaddition proceeds in this case across the N=C bond in isocyanate, and not as always 

so far observed across the C=S bond. 
Substituted benzoyl isothiocyanates enter [4 + 2]-cycloaddition reactions with DCC to give 

1.3.5-oxadiazine-4-thiones (107). In the case of benzoyl isothiocyanate it is possible after a shorter 

reaction time to isolate also the [2 + 2]-cycloadduct, i.e. 2-benzoyliimino-3-cyclohexyl-4- 

cyclohexylimino-I .3_thiazetidine (108):540 

R-C-S=C=S + 
II 

CbHIIK=C=VCbt!l, 

0 

0 

z= 
R-C’ ‘C-NCbH,, 

II I 4 
N, ,:icb1111 

C 
II 
s 

10: - 

17.4 Anionic’ 1.3~qdoaddirion. As a result of anionic I .3-cycloaddition of 1.3-diphenyl-2- 
azaallyllithium (109) and DCC the corresponding final product (110) is formed:.7”-2” 

R g_,.+, - \ 

I %I 
H11 Cb+C=NCbH1 1 

108 

!I H 
1 Li I 

H11Cby_C4S(‘6”1 1 

DCC Ph-C;,--,X-Ph - 
/ \ 

PhHC 
lNYCHPh - 

109 1. 1 - 

Hl 1’6, 
?I-c 

.!iicbti, 1 

I \ 

* 
PhHC, ,CHPh 

N 

L 
H1lCtiK ++ ‘NHCbHll 

110 -- 

In a similar cycloaddition reaction of 1,3-dipoles of the type (111) and carbodiimides the 
corresponding t hiadiazolidines (112) are produced :343 

S 
RSO2V=C’ ‘N 

\ 
N-F? 

HjC’ 

- 
-N2 

i 

RSO2N-C-S+ 

I_ 
H -,C-N 

/ R’N-C-NR’ 

RSO2N=+NR’ 
\ 

H3C 

p--c 
%R’ 

112 - 



Ph 

17.5 Reucrio~~.s wirlr imiws. In the reaction of PhN=C=NPh with p-MeC,H,N=C 
/ 

the 
\ 

Ph 

formation of the intermediate adduct of 1.3-diazctidine (113) structure was observed:344 

PhN-C-YPh l 
iPh 

p-Me-C6Hd -N-C, - 
Ph2C-N-C6H4-p-Me 

I I 
Ph PhN-C=NPh 

113 - 

Similar products were obtained in the reaction of [PhCH=N;ilEt,]Na‘ with RN=C=NR.345 
N-pyridyl-(2)-triphenylphosphimine reacts with diphenylcarbodiimide to afford the [2 + 2]- 

cycloaddition product (I 14). which undergoes cycloreversion reaction giving N-phenyl- 
triphenylphosphimine and N-phenyl-N’-2-pyridylcarbodiimide (115). Cycloaddition of this 
carbodiimide with diphenylcarbodiimide proceeds according to the [2 + 4]-scheme and produces 
the adduct ( 116):34” 

m l’h3P=VFh 
PhN=C=sPh . 

115 

‘?IPh 
I 

Ph 

lib - 

N-Sulphinylsulphonamides react with carbodiimides to give the 1.2-cycloadducts namely 3- 
imino-l.2.4-thiadiazetidin-l-oxides (I 17), which are readily thermolysed to sulphonylcarbodiimides 
and N-sulphinylimines:3”.J”’ 

11soL-N=5=0 l H’h=C=KR’ - uso,Y-5-n - 
-1 I 

R”J=C---HI;’ 

117 - 

,I 
: RS023=C=\R’ * R’N=S=O 

17.6 Orher cyclotrddirior~ tw~~riom of curbodiimides. DCC reacts with benzoylsulphcne 
generated in siru to give [2 * 2]- and [2 T 4]-cycloaddition products:J4B 

118 - 

(118) 

0’ 0 
I do 

y” 
PhC-c-s HC’ ‘?IC61$ 1 

- II I”0 l I 
H, IC6HV-C-NC6H11 L 

Ph-C\(f * 
NC6HI I 
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The reaction of carbodiimides with aromatic aldehydcs gives the corresponding isocyanates and 

benzylideneamines probably via the [2 + 2]-cycloaddition reaction:3ss 

R_V-C=NR l ArCHO --w RN=C-0 + RN=CHAr 

R-C6Hs. C-C6H11, n-CqHY 

Reaction of carbodiimides with phenylacetylene in the presence of pentacarbonyliron yields 
adducts having the imidazolidine structure. The probable mechanism assumes the formation of an 
acetylene-Fe(CO), complex in the first step.“” The reaction ofdiphenylbutadiyn with carbodiimides 
proceeds in a similar manner.35’ Cyclotrimerisation of asymmetric acetylenes with PhN=C=NPh 
gave two 2-imino-l,2-dihydropyridine isomers.352 

Alkyl diazoacetates react with N.N’-diisopropylcarbodiimidc in the presence of transition metal 
salts to give corresponding oxazolines (119)“” and not aziridines (120). as it was stated previously:“” 

KN=C=NR + \‘ZCHCO*R - 

% 

!lcZCHN-C-?ICHf!e2 

\/ 

Orl 

C 119 - 

Cycloaddition of N-trimethylsilyl-l-cyanoformamidines with carbodiimides leads to substituted 
imidazolidines. This cycloaddition is not a concerted process, but proceeds via an open-chain 
intermediate:3”2 

r 
NR’ 

CN 
I 

R-N-C=?I-R + R’N=C=NR’ - - 

NR’ 
II 
C 

R’ti ’ ‘KR 
- \ / 

C-C 
Wc3SiN 

4 
*h’R 

18. Other rrucrions qf carhodiitnidcs 

Cyanuric chloride gives with DCC the corresponding adduct (121 )355 
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The reaction of DCC with aliphatic primary nitramines RNH-NO, yielded 
C,H, , NHCONHC,H,, and nitrous oxide together with variable proportions of RN=NO,R, 
R,N.-NO, and the olefin. which might be derived from the alkyl group R.Js6 

Carbodiimides when heated or irradiated give cyanamides. 

RN=C-hR’ L 
cv h, 

RR’N-CEN 

Conceivably cyanamide formatton may result from either bond cleavage and radical recombination 
within the solvent cage or an intramolecular cyclic reorganisation of ti and IT bondsJ5’ 

Carbodiimides react with Grignard or alkylhthium compounds giving, after hydrolysis, the 

corresponding formamidines:.‘“X 

II 0 
R\=C=!dR l R’M - RN=C-h-K L PA=C-YHH 

h 

C,N-Bis-silylformamidines were obtained in the reaction of bis-trimethylsilylmercury with 
carbodiimidcs:35” 

S i MC 
3 H 

PhK=C=hPh * Hg(Mc3Si)2 ---c Ph-K-i=hPh 
YeOli I 
- PhNH-C=hPh 

I 

Dichloromethylenedrmethylammonium salts react with carbodiimides 
which are useful substrates in the synthesis of heterocyclic compounds:360 

H 

to give adducts (122) 

H3c, + /Cl 
N-C l RN-c-NK - 

H,C’ ‘Cl 
RN+L,,,, Cl - 

L1 hl 

122 

Hydrolysis of thiocarbamoylcarbodiimide (123) leads to an unexpected cyclic product (124):361 

H20 Ye,~CCble2h=C=~CH~lc~ - 
- r 

Mc2hCCYe2hHCtiHCHMe2 - 
II 

S ; S 
123 - 

H 
Pie k 

-Me2hH 
Me 

KJ 

55 

Reduction of carbodiimtdes with NaBH, leads to the corresponding formamidincs:3”z 

H 
haBHq 

RN=C=NR - R\J.:-NHK 
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