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INTRODUCTION AND SCOPE
As a consequence of their ready accessibility coupled with their versatile chemical properties,
carbodiimides rank as one of the most important classes of compounds in organic chemistry. Of
particular significance is their use as condensing agents in the preparation of nucleotides 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

tDedicated to Professor J. Michalski on the occasion of his 60th birthday.
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234 M Mikorajczyk and P. KICLRASINSKI

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 the carbodiimide chemistry for the
period 1965-79. The literature was covered through Chemicul Absiracts 1o 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 carbodiimides, 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, germyl and stannyl groups
connected with nitrogen since their reactivity is completely different from that of the carbodiimides
containing organic substituents.

Finally, it should be noted that the syntheses of carbodiimides 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 “Methodicum Chimicum™."

(A) PREPARATION OF CARBODIIMIDES

1. From thioureas

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;'® by treating thioureas with dichlorodicyano-benzoquinone and
subsequent heating the resulting equimolar adducts with NaOH ;!! by treating thioureas with SO,,'*
SOCl,, SO,Cl,, SCl, or S,Cl,,'* 2-chlorobenzothiazole,'* 2-chloro-1-methylpyridinium iodide in
the presence of triethylamine!® or cyanuric chloride.'®

Carbodiimides are also obtained in the reaction of thioureas with phosgene:*!"

NR

s L
| coci, + - /N
R-NH-C-HNR ——=» [RN;;J?:AJNHR]CI + R-N /s

\

c1 f

|-Ha1 ;// 0

-Cos
RN=C=NR

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

s
RNH-E—NHR 0 0 R-N<C-NHR

" EL"L!'OEL» é * ELOCNHNHCOTC

Sk ! boob
RN=£-NHR ANH-C=NR

RN=C=NR + RNH~?|:-NHR ’Phsp-S
S
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Reaction of isothioureas and tosylisothiocyanates forms the 1,4-dipoles, which in the case of bulky
substituents on the nitrogen atom in isothiourea undergo {2 + 2]-cycloreversion reaction to give
carbodiimides and dithiocarbamates:2°

Tﬂez
NMe :'-.‘
RIN-c] % « R%-N=Ce5 — R oe —
SMe

¢
RANSTYS

——» Rl-NacaN-R? + Me ,N-C-S-Me

S R2 = tosyl

Carbodiimides are also obtained by pyrolysis of dimetallated thiourea derivatives?' which are
obtained by treating thioureas with alkyllithium or Grignard reagents:

MSwy
Ll AN °-300°
R-N-C-N-R' ——» R-N=C h 170°-200_, gnag=NR® + M,S
X 2
3
R

Recently a new class of carbodiimides, vis imidoylcarbodiimides, has been obtained via

desulphuration of thioureas:22-
- -H,S
RN=(|Z-C1 (1) SCN | RN-([,‘—NH-[(lj—NHR' -2, RN=C!-N=C=NR'
2
Ar Ar S Ar

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

A =Cs=
2RN=C=0 m RN=C=NR + co,

Various organic derivatives of phosphorus, e.g. isopropylmethylphosphonofluoridate,?* 1,3-
dimethyl-1,3,2-diazaphospholidine or phosphorine oxides (1),2>2¢ and phosphetane oxides (2)?’
were used as catalysts.

R Me
ye Me Rl
/‘ N 20 a,n=2 2
(Cl!z)n P\ M¢ P R
\ / R b,n=3 7/ \
N R
Mc

1

(L)

Also compounds of urea and amide type?® as well as organometallic compounds such as (i-
PrO),Ti, (C4H,,0),Zr, (EtO)sNb.?* wolfram and vanadium oxides or chlorides®® were used as

catalysts. By heating phenylisocyanate with N-methylhexamethyldisalazane a diphenylcarbodiimide
trimer (3) was obtained:3'

NPh
PhN NPh

PhN’I\ /l\NPh

h

v o—2=
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The reaction of isocyanates with tributyltincarbamates gives carbodiimides in low yields.*?
Gem-bis-carbodiimides and gem-isocyanatocarbodiimides have been obtained in the reaction of
gem-bis-isocyanates with triphenylphosphinimide:**

FyC, NCO PheP=NR  F,C_ NCO PhoP=NR  F,C_ N=C=NR
/N 7 N\ /C\
Ph NCO Ph N=C=NR PN N=C=NR

x-Phosphorylated carbodiimides were obtained in a similar manner:>*

FSC\C,P(O)(OEt)Z Ph P=NR FSC\C/P(O)(OEt)Z

PN “N=C-0 “Phy Ph’ “N=C<NR

3. From ureas

Dehydration of N,N'-disubstituted ureas with P,0, gives carbodiimidesin a good yield.** Similar
yields are obtained in the reactions of ureas with metal carbonyls such as Fe(CO),. Fe(CO),.
Fe(CO),CNPh, W(CO), and Mo(CO)°.3° 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.®

+
(Ph,PBr)Br -, Et N

oF 3 RN=C=NR

RNH-ﬁ-NHR

3 4 3

0

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

CHZ'CH N=C=NR

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

4. Other reuctions leading to carbodiimides

N-aryl-1-aziridinecarboxyimidoy! chlorides (4). prepared from aziridines and aryl cyanide
dichlorides, undergo facile rearrangement to carbodiimides. The rearrangement is catalysed by strong
Bronsted acids.*?

o N-Ar .
NH o+ ar-K=CCl, 57,CC Px-c’ H,
S
1N 2 K.

1

/,NAr
N-cZ —_— N-CiN-Ar ——
cl .
2 \~ : /T 2
1 R R

c

—_— CI'C‘C”ZCHZ'N'C=N—Ar
¥
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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 ¢/ yield, respectively.*'
Cyanamides react with alkyl halides to give carbodiimides or disubstituted cyanamides.*?

RX

R'~NH-C:N ——3 R'-N=C=NR" + R'R"N-C:N
~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.*?

ronopl e
N S0 —= R-N=C=N-R R=aryl

N0
3

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.**

Ph
Ph R
N-NH
2 o J \
R-C_ + | — Ph + N-N=C~NHR' —
NHR' PR Y2 S —
0 Ph
7

] 7
oh Ph
N S
—Ph / eN-N-C=NR' &~ R-N=C=N-R' -
_ PR Ph
Ph

8

N-Substituted phenylsulphonyl-N'-alkylcarbodiimides were obtained in the reaction of suitable
chloroformamidines with NaOH.*?

Arso,N=c-NHBu M2, Arso,-N-CoNBu
|

Cl

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

N,N’-Bis(1-chloroalkyl)carbodiimides were prepared from N,N'-bis(alkylidene)ureas by treatment
with phosphorus pentachloride:*’

1 0 4 1 4
R R R
Il / PClS N /NQ /R
C=N-C-N=( —2 . | Ce=N-c* el —_
sz N3 2 P P2 R3
R R R 0. ‘c1
Np»r
)
¢l
cr r? 1 1
RO T Ry |
TP-OC_].; RZ,C?.N_;C N—(|:~R —— R7'-C-N=C=N-C-R

Ct R R
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(By PHYSICAL PROPERTIES AND STRUCTURE OF CARBODIIMIDES

At room temperature carbodiimides are liquids or low melting solids. Their stability depends on
substituents in the molecule. The stability of aliphatic carbodiimides increases with the branching of
the carbon skeleton in the substituents. Among aromatic carbodiimides, those containing electron-
acceptor groups in the aryl rings reveal lowest stability.”

In UV spectra the absorption bund of the N=C=N group lies below 2000 A. and in IR spectra the
characteristic absorption bands of the N=C=N group lie at 1460cm "' *® and 2150 2100cm ™',
Recently Mogul er al*" investigated spectral properties of several carbodiimides. They assigned
absorption bands in IR spectra, measured UV spectra and determined dipole moments.

In "*C NMR speetra the chemical shifts of the sp-hybridised carbon in carbodiimides appear at
ca 140 ppm.** It is interesting to note that the chemical shift for the sp-hybridised carbon in allencs is
ca 210 ppm. The '*N NMR spectra allow to distinguish casily the carbodiimide structure from the
cyanamide one."'

Very recently. the first paper appeared on the structural determination of N.N'-disubstituted
carbodiimides by means of X-ray diffraction. Irngartinger and Jager®? have found on the basis of X-
ray analysis of bis(diphenylmethyl)carbodiimide and bis(p-methoxyphenyljcarbodiimide that the
azacumulene systems deviate from a linear arrangement by 9.8 and 11.0 respectively. The cumulenic
[1-bond systems have a neurly perpendicular orientation (89.7 and 87.9 . respectively).

Therefore. carbodiimides have a chiral structure, which is analogous to that of allenes, and can
exist in optically active forms.

mirror

On the basis of INDO calculations it was shown that the configurational stability of
carbodiimides is low (comparable 1o that of ammonia). the isomerisation being a combination of
rotation and inversion processes.®” The calculated value of the inversion barrier around nitrogen in
carbodiimide is 8.4 kcal mole.****

Some substituents can, however, stabilise the nonlinear structure of carbodiimides and allow their
separation into enantiomers.** ** Schlégl and Mechtler®” were the first who succeeded in partial
optical separation of N.N'-diferroceny! carbodiimide into enantiomers by chromatography on
acetylated cellulose. This carbodiimide was also obtained in optically active state by kinetic resolution
in the reaction with optically active ( —)-S-6.6"-dinitrodiphenic acid.®’

Cervinka et al.*" isolated very recently both enantiomers of (R.S)-N,N'-bis (z-phenylethyl)
carbodiimide obtained from meso-N.N'-bis(x-phenylethyl)thiourea. They managed to determine the
absolute configuration of the cnantiomers and found that they undergo racemisation at room
temperature.®

Similarly, cyclic heptamethylenecarbodiimide was chromatographed on a column of partially
acetylated cellulose and the ( —) cnantiomer was obtained. Attempts to resolve undecamethyl-
enecarbodiimide into enantiomers by the same method failed since the 14-membered ring. owing to
its enhanced mobility. obviously enables the carbodiimide grouping to racemise rapidly.”

v Mg Me

° v l I

\ p Ph-C-N=C-N-C-Ph
v 1

|
H H
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Several theoretical works were concerned with calculations of hybridization of the free electron
pair at nitrogen,®° explanation of the carbodiimide protonation and isomerisation mechanism,®' and
the expected '*N-nuclear quadrupole coupling constants.®?

Bushweller ¢t al. have studied the N,N'-dicyclohexylcarbodiimide (DCC) conformation.®® They
found on the basis of the low-temperature 'H-NMR that the carbodiimide group exerts a significant
preference for the equatorial position. The K and A values determined at — 80 for the conformational
equilibrium given below are 12 and 1 kcal/mole, respectively.

N=C=NR
K
N=C=NR
Hia)
RTInkK
A=-AG = -- =
1000

(C) CHEMICAL PROPERTIES OF CARBODIIMIDES

This section provides a general overview of the most important reactions of carbodiimides. Special
emphasis is placed on the recent results and mechanistic aspects of the reactions investigated. In the
first part of this section the reactions of carbodiimides 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 scction deals with the reactions
of carbodiimides 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 of carbodiimides and their miscellaneous
transformations.

1. Reactions of carbodiimides with alcohols and diols

In the absence of catalysts the reaction of carbodiimides with alcohols proceeds under very drastic
conditions i.¢. under pressure and at high temperature. On this way Lengfeld and Stieglitz obtained
for the first time the series of O-alkyl-N,N'-diphenylisoureas (9).** Somewhat later Stieglitz found
that in the presence of sodium ethoxide alcohols react with carbodiimides exothermically giving the
corresponding O-alkylisoureas in quantitative yields.®*

COI]5N=C=NC6HS + ROH ——> CbHsI\J=C-l\.HC6“S
OR
9

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
dicyclohexylcarbodiimides (DCC) and with other aliphatic carbodiimides.®® Synthesis of O-
alkylisoureas from aliphatic carbodiimides was accomplished by applying copper or zinc salts as
calalysts.®” =7 The catalytic action of metal ions consists probably in the formation of a coordinative

complex on the N atom which contributes to a significant increase of the electrophilicity of the central
C atom in carbodiimide.

[ 34

—~
R-N=C=N-R
+

+

Cu
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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 O-alkylisoureas in the reaction of alcohols with sterically
hindered and therefore poorly reactive, di-t-butylcarbodiimide in the presence of equimolar 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.”*

+

H . “
RN2C=NR === [R-N=C=NH-R -+ RN=C-NHR]

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 er al. the reaction proceeds as shown below:”#73

H NR
cucl, R-r\/\c—/alcf
HO-(CH, ) -OH + 2 RN=C=KR i \ NHR —
\
R}N/C\O/(C“Z'n—l
10
RNg——CH } NR RN——CH ,NHR
_ Ié’ 4 2 o-¢t  — R o=
H,Y NHR C (CH,) VHR
R-hj ~o 2'n-1 pv? Ngo 2'n-l
|
H

11 12 13

In the first step the corresponding O,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 of ethylene 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 10.
Then, the proton transfer from the cyclic isouronium ion (11} to the strongly basic isourea anion (12)
leads to final products of the structure of 1.3-oxazolidines (13, n = 2) or 1,3-oxazolines (13, n = 3).

In the case of cyclohexanediol the formation of the corresponding oxazolidines was observed only
with the trans-isomer.”® Cyclic compounds of type 13 can also be obtained in the reaction of
carbodiimides with w-halogenoalcohols.”®”” The hydrochloride 15 formed as a result of
intramolecular nucleophilic substitution of the Cl atom by the imino N atom in imino ether 14 yields
the corresponding cyclic derivatives 13 after elimination of hydrogen chloride under basic conditions.

cuc1,’® or uer,’’ R-N/\}Iz—/(;l\
CI(CH,) OH + RN=C=NR “l: (Elz) .
~o” n-1
1
.
—_— Rf ?‘12 c1” _L_., 13
RHN-C__(CHy) -H,0, -C1

D
15

Isoureas 13 rearrange upon heating at 250 affording the corresponding derivatives of the ureas
(16):78

RN CH o RN =——CH
| 2 250", ' e n=2,3
RN’IC \O/ECHZ)n-l Oﬁc\N/(CHZ)n—l
R
13 16
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O-Alkylisoureas 9, 13 are very reactive and form with alochols and phenols the corresponding
ethers and ureas’77*¢ for example:

iPr-N
‘ = = .
iPr-N’C-O‘?Hz + HOCHZCH—CRiR2 —_— O(CHZ-CH-CRle);O=c(h“R)2

H CH
i
CR4R,

Using in the reaction '*Q labelled cthanol, Bach has demonstrated that ethers are formed viu the
attack of alkoxy or phenoxy anions on the alkyl group in O-alkylisourea:*'

R-N=CoN-R ¢ € i 'Poi —— RNH-CEMR —s
|

18
D-CZHS

+
——  RNH-CENHR — R.\m-ﬁ-mm ¢ R'CH,OC,H,
: :
18,) - 189

O-CH,C}I3 OCSHJR'

O-Alkylisoureas react with mercaptans and thiophenols to give the corresponding thioethers in
.82.83

high yields:

R-SH + C6H11N=C~NHC6H]x w3 R-S~Alk + C6H11NHCONHCﬁH11

DAlk

It is interesting to note that in the reaction of O-alkylisoureas with mercaptoalcohols only the
thiol group being more nucleophilic was alkylated.

AR
HS-(CH2)Z~OH + CHSO-C\NHR — CHSS-CHZCH2~OH + RNHCONMR

Vowinkel and Wolff took advantage of this property to develop a convenient method of synthesis
of asymmetrically alkylated dithiols®2.

_ Jﬁcﬁﬁll
CH,-8~CH,CH,-0OH + DBCC ~—— CH,-S-CH,CH,-0-C
3 2-"2 3 2772 AN
NHCGH11

PhCstﬂ
———b CHS‘S-CHZCHZ—S-CHZPh

O-Alkylisoureas are also convenient reagents for alkylation of amines. Markiw and Canellakis
1ave 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 isomeric O-alkylation products
vere detected.3* >

Reaction of O-alkylisoureas with carboxylic acids leads to the formation of esters in high
ields.®®#7 [n the first step of that reaction protonation of O-alkylisourea 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 of 4 tetrahedral transition intermediate at the carbonyl carbon atom, it is possible to use
1is method for esterification of the stericaily hindered acids.
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CH. CHy
3 . ¢' .
AR oy SR
H3C- <COOH ¢ R-0-C =+ H3C 000~ RA0LCT -
NHR' NHR'
CH, CHy
CHy
_ H3C- -COOR + R'NHCONHR'
CHy

Similar rcaction takes place between dialkyl phosphates and O-alkylisoureas.?®
-HO- -HO- 0 0

0-HO-Cyl,0 O N 0<HO-CH 0 |

+ R'-0C — P

/7 \ AN " \
RO” MoH NHR re” “oR"

+ R'NHOONHR""

Adducts of carbodiimides and suitubly protected sugars have been used for glycosidation of a
varicly of organic compounds.®"

O-Alkyl and O-arylisoureas are casily reduced with hydrogen on a Pd catalyst to the
corresponding alkanes and arencs.”%"' This reaction can be utilised as a general method for reducing
alcohols to hydrocarbons.

S-Hydroxyketones when heated with DCC undergo intramolecular dehydration to x,f-
unsaturated ketones.”?** Corcy et al. used this method in their PGE, synthesis to introduce under
mild conditions the double bond in the position 13."?

NHCHO NHCHO

=1CHZ)6CN

Acé 8

o=

/\C6 OH

Dchydration of -hydroxyesters leads likewise 10 2,f-unsaturated esters.”®

HO CH,CO,Et ?HCO Et
|

2772
DCC
B —

+-Hydroxyketones®* and «-hydroxyketones”* form under these conditions cyclic products, e.g.

2

0 0
| It
DCC

CH,O0H

V4
H=CHCH
CH,-CH=CH-Cli-CHy  2EC 3

I
oH

Dehydration of 4-hydroxvclohexanone using chiral carbodiimides exhibited no asymmetric
induction whatever. giving only racemic bicyclo [3.1.0] hexan-2-one®*®
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The reaction of hydroxyalkynes with carbodiimides yields the corresponding oxazolidines:””

RZ

0
RZ-cH-cecr? + RONecenp® LML, ,4 5 .
[ RN\~ = CHR

OH ‘
RS

2. Reaction of carbodiimides with N-hydroxy compounds
Ketoximes and aldoximes like alcohols undergo addition to carbodiimides in the presence of
catalysts such as powdered sodium hydroxide,®® hydrofiuoric acid”® or Cu salts,”” yielding
corresponding adducts.
CH

3\c N-OH+CHy-N=C=N-C (CH) ; —

CH CHe “NHC (CH

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

This fact has been utilised to synthesise nitriles from aldoximes.'??!?! Vowinkel has developed a
one-step method of obtaining nitriles from aldehydes and hydroxylamine in the presence of
DCC"W,IOZ

100,

A0 1) Py, H,0, HCI
R-C + H,NOH 5 R-C
w2

2) cu’,EtyN,DCC

N

Carbodiimides react with cyclic hydroxyimides of aliphatic dicarboxylic acids (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).!03-194

0 L0
MR 17
N-OH + RN=C=NR ——— — N-o-cf ——
NHR
Yo Yo
17 18
Og
A ?‘N
~—"H i
_ N . 0 —_ K-0- (. (Cliy) C-§ —
NR ;
N C,' 3[‘
N 0
NHR
20 o 0 o Os
| Py
—_ N-0-C- (CH,) s-NCO ——— \-OC(CHZ) NH(_O N
S0

Hydroxamic acids can be obtained in the reaction of carboxylic acids with hydroxylamine or its
hydrochloride in the presence of carbodiimides.'®® !¢’

22 gl 22 gl
no—c‘—(l:-coo + HNoy DEC ..

S H o+ HNOK Bregs 10- f;c\ f -NIOH
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It was found that hydroxamic acids react also with carbodiimides'’® as illustrated below:

Ph-C-NHOH + RN=C=NR ~——» R-N=C-NHR —RNHCONHR
Il |
0 Ha [0
g 'r
C
o* “ph
_ 20
Ph-f-.\i PhN=C=0 ——+ Ph-C-NH-0-CNHPh
Il
0 0 0
21

The adduct formed in the first step of the reaction undergoes the Lossen rearrangement to give
urca and phenylisocyanate. The latter reacts with the next hydroxamic acid (20) molecule giving N-
(N'-phenylcarbaminoxy)-benzamide (21) as final product. Hoare et al. succeeded in stopping that
reaction at the isocyanate stage by using an excess of water-soluble 1-benzyi-3-dimethylaminepropyl-
carbodiimide for the reaction with hydroxamic acids. This allowed them to obtain after hydrolysis the
corresponding amines in high yields.'®?

3. Reuction of carbodiimides with phenols

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 yicld at high temperatures O-
aryl-N,N'-diphenylisoureas. whereas strongly acidic phenols afford under the same conditions N-
aryl-N N'-diphenylurcas.' ' DCC behaves likewise with respect to phenols.' ' 2 It is obvious that
the N-aryl urea derivatives are formed from the primary O-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-N— C-NHR
| Lo
OAr Ar 0

Comparison of the data from the literature strongly suggests that O-arylisoureas are the final
products when weakly acidic phenols react with weakly basic carbodiimides, 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-''%
(for different result see’ '), 2-carboethoxy-4,6-dinitrophenol still gives with DCC N-aryl-substituted
urea but with di-p-tolylcarbodiimide already O-arylisourea, while 2.6-dichloro-4-nitrophenol yields
O-arylisourea cven with DCC."'® It deserves noting that m-and p-dihydroxybenzenes do not react
with DCC at all.'"*

4. Reuction of carbodiimides with mercaptans and thiophenols

Mercaptans react with carbodiimides 10 give S-alkylisothioureas.''® Addition of mercaptans to
aliphatic carbodiimides is @ reversible reaction, what has been utilised in the synthesis of
carbodiimides by pyrolysis of the S-alkylisothioureas obtained in another way.''”

, — RNII=C-NHR® MeOSOi —
I

S SMe

RNH-C-NHR' - (Me0j,S0
1

Ol, RN=C-NHR' —2—+ RN=CaMR' + MeSH

|
SMe
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S-alkylisothioureas are also obtained as a result of hydrolysis of the adducts formed in the reaction
of thioboronites with carbodiimides.!’®

C.H

6 N=C=NC

6“11 + BUZBSBU _— COHII-N-C=NCUH11 —_—

BuzB SBu

11

H,0
2
——— CH H

611

11NH-(J:-NC

SBu

In contrast to O-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.'2° At O 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’-dicyclohexylisothiourea
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 the accompanying them N-p-nitrophenyl-N,N'-dicyclohexylthiourea
produced as a result of the S — N migration of the aryl group.

NO

4 NO
2

|

—————————
? l
|
-C=N H,,C,-N-C-NHC. H
HllchH C-NC6H11 1176 I 611

S

H“C6NH"CNHC6H“ . 02N© s @NOZ
s

5. Reactions of carhodiimides with compounds containing amino group
Ammonia and primary as well as secondary amines undergo addition to carbodiimides yielding
di-. tri- and tetra-substituted guanidines!?! '2¢

R-N=C=N-R + R'NH2 — RNH-ﬁ-NHR
NR!

N
N .
O: §-NHPh + PhN=C=NPH = @?‘T“;‘““Ph
s

PhNPh

Imines react with carbodiimides in a similar manner'?’

<\ N-CHZCHZPh *+ 1-PrN=C=NPr-i —» «\ N-CHZCHZPh

1\ )
NH N-IC-NHPr-i

NPr-i
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N-Sulphonylguanidines have been obtained in the 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'?®
TosN3~Cu
1
£ 3
N
N N
cd N — Cu==NTos
N 7/
N
Tos
! rn-cenr RN-c-NRl
AN R
¥ NTos N, e
[ _— cd H=Nr 24 HCl | ony-C-NHR
Cu A NR \'
NTos

Addition of N-nitrourethane and carbodiimides leads to the formation of the corresponding N-
nitro-N’-carboalkoxyguanidines'2”

OZNNHCOZEt ¢+ RN=C=NR —— Et02C~N-C'NR

R NHNOz

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. %minoalcohols containing the primary amino groups react with carbodiimides as
follows:'!7:43

T ”zf'—‘?”z’n-l
H,N=(CH,),-OH + RN=C=NR — RN-‘:-NH-(CHZ)HOH — N\/O
NR NHR
n=2,3

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 O atom on the imino C atom
and splitting off the amino group the corresponding 1.3-oxazaheterocycles 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
placc at both functional groups. * The resulting compound undergoes cyclisation to yicld 1.3-
diazoheterocyclic compounds. In this case, the cyclisation occurs in a different way to that described
above since urea functions here as a leaving group.

RUN NHR'I
IN- - 2R*N<{=NR' — C-N{Ch,) _-0-C —_—
REN-(CH,) -OH ¢ N=C - (Ciyy e

HpC ——(CHa)n )

+ R'NHCONHR'

NR'
RN\\,/

n
KR!
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Analogous compounds are formed in the reaction of 2-mercaptoethylamine with diarylcarbo-
diimides. At low temperatures the double addition products are formed whereas at about 100’
cyclisation occurs with the formation of 2-arylamino-1,3-thiazoline:’

. _ 2_RN=C=NR . ‘
HyN-CH,CH,-sH = S0=CZNR, RNH-I(lI-NHCHZCst-‘?-hHR — NYs
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 respective guanidines and not
isourea ethers,'32 133

R-N=C=N-R + R'NH-0H§ —— R-NH-C=N-R

R'N-0OH

Among compounds containing the amino group, enamines,'>® hydrazines,'*’'3* carbohyd-
razides'*” and thiocarbohydrazides!*® werc studied as regards their reactions with carbodiimides. In
the first step, the formation of the corresponding guanidines (products of mono- and bi-addition) was
always observed. In the successive reactions these guanidines yiclded 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.

611 + RN=C=NR

S S

CéHllN‘CzNCOHll * RNH?NHR: c.H NH?I\'HCGH11

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:

R

~ , R
R'/NI([:-’\HZ + C6H1]N=C'NC

Npope .
gfiy > SNCaN + CoHy NHCSNHCGH) |

S

{a) R=R'=H
(b) R=H, R'=alkyl or aryl
&} R,R'=alkyl or arvl

This confirms the results of earlier studies indicating that both the unsubstituted carbodiimide and
monosubstituted carbodiimides occur solely in the tautomeric form of cyanamides.

The occurrence ofequilibrium between DCC and thiourea has found application in the cyclisation
reaction of ortho-substituted phenylthioureas yielding the respective heterocyclic systems.'#?

YH YH
DCC
NH;INHR N=C=NR

S

Y
—_ @ ) -NiIR Y=0,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.'*?

T3r2-8
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6. Reuction of carhodiimides with carboxylic acids
6.1. Reuction with monocarboxvlic acids. Carboaylic acids react with carbodiimides to form acid
anhydndes (22) and the appropriate N.N'-disubstituted ureas and;or N-acyl-N,N'-disubstituted
urcas (23).
0
|
2RC-0!1 + R'N=CsNR' — RC-0-CR ¢ R'NHCNHR' + R'-N-C-NHR'

I | ! I
0 0

0 0 =0

o —0—

22 2

[

f

143.14% 10 explain its bidirectional course

The mechanism of this reaction suggested by Khorana*:
is as follows:

+

R'N=(=NR' ¢ RC-OH === R'N=C=NHR' + -O-E-R —_—

0 0
*
—— R'N=C-NHR' =RCWOL. quflcowpre —» R%~0—EZR + RYNHCONHR'
1 7o
R-C-0 r-cfo jocr 0 0
1 i |
0 0\/ 0
2 22
N
0
1
R'N-C-NHR'
°
R-C
|
0
23

In the first step carbodiimide is protonated and then the acid anion attacks the C atom of the
cation formed leading to the formation of the very active O-acylisourea (24). The latter, in turn, can
react further in two ways. On the onc hand, intramolecular migration of the acyl group from the O
atom to N yiclds N-acylurea (23). On the other hand, after initial protonation of O-acylisourea (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 convincing argument speaking in favour of that mechanism has been given
by Doleschall and Lempert’ *® who isolated the cyclic intermediate with O-acylisourea structure (26)
formed as a result of intramolecular reaction of the carbodiimide moiety and the carboxyl group in N-
o-carboxyphenyl-N’-phenylcarbodiimide (25):

O
I
coon COOH 0
HEO
NH::NHFh N=C=NPh N *NPh
‘ l
H

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

; i
C-B B=OH, OR, NR,
0
,J + BH —
NHCNHPh
N Syph |
I 0
H
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Hegarty et al. have obtained acyclic O-acylisourea (27) in an independent way and studied its
reaction with water as well as the intramolecular rearrangement to N-acylurea.'*® The O-acylisourea
(27) obtained was stable in the absence of light, acids and bases. When dissolved in water/dioxane 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
|
| Me N
Me N-C-yp LRCOOA ZeeNgg
0!
Ncorh
27
0t
//// 1 H', H,0
COPh r Me,NCONHR + PhCO,H
Me N
Me,N-C-N-R ~— Z ,c=N’R
I 3.
0 coph

27b

~

7a

It was found that at pH > 3 N-acylation occurred perferentially, but that intermolecular transfer
1s 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 doublc bond
character in 27 facilitating isomerisation to 27a and ultimatcly to 27b. The reduction in the rate
conversion of 27 to 27b at pH < 2 occurs since the frec 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 O —» N-acyl migration, which is acid catalysed, can be suppressed by the use of
cxcess acid. This is especially important in peptide synthesis, where the N-acylureas are undesired by-
products.

Arendt and Kolodziejczyk succeeded in tracing the intermediate O-acylurea by radiochemical
tlc/1sc methods in the reaction of N-blocked phenylalanine with O-methylleucine in the presence of
DCC. The authors concluded from the O-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 O-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 are:

(i)  the type of carbodiumide used,

(11)  strength of the acid and the nucleophilicity of its anion,

(i) kind of solvent,

(iv) presence in the reaction medium of other active compounds.

ad(i). Under comparable conditions aromatic carbodiimides yield N-acylureas as main reaction
products whereas aliphatic carbodiimides form chiefly anhydrides and N,N’-disubstituted
ureas.'*3:159 ~ 155 In general, the migration of the acyl group from the O to N atom is the more
preferred the less basic is the N atom.
ad(ii). The reaction rate is the greater the greater is the strength of the acid used'**'*” and the
nucleophilicity of its anion.'** The results of kinetic studies of the reaction of DCC with various acids

n tetrahydrofurane'*® given below illustrate this effect.
CH4COOH<C1CH,CH,CO,H<HCOOH<C1CH ,CO,HNZCCH,COH
pK 4.75 4.08 3.75 2.86 2.47

a

l
Kk mol-min 0.07 0.21 0.27 1.5 3.3



250 M. MikoraJCzyk and P. KiLLRASINSKI

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 instance. 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'-dicyclohexylurea.

The reaction exhibits first-order kinetics both in 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 O-acylisourea.*' *® Its formation is considered to occur in three different
ways:

H

I,
R'-N=C=N-R" R'-N=C=N-R R-N="o(=N-R'
H-0-C-R HD O'\%'/O
| 0-C, ,
0 R R

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 of triethylammonium acetatc to the reaction not only docs not accelerate the rcaction {what
should occur if free ions were present). but on the contrary it has an inhibiting effect.'*"

Very recently lbrahim and Williams, investigating the reaction of a water soluble carbodiimide
lElN=C=NCH2CH2CHZNMe3) 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 in which acctate ion attack on carbodiimide is concerted with
proton transfer.

NR VHR
AcO WA A T . aco-C7
SNR! SNR®

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

ad(iii). Solvents exert a fairly surprising effcct on the reaction rate of carbodiimides with acids. It
was found that the reaction rate is highest in carbon tetrachloride and lowest in THF, as it is
illustrated by the relative reaction rates'*” of DCC with acetic acid placed under the formulae of the
solvents:

CCl4 > COHSNOZ > CHSLN > THF

34 18 6 1

The solvents have also a distinct effect on the ratios of the reaction products.'*®!*7:1°%-10! The
proportion of N-acylurea is greatest from the reaction in THF and smallest from that in CCl,. In the
reaction of DCC with acetic acid in THF the yield of N-acetylurea1s 40", in CH,CN is 6",. and in
nitrobenzene and CCl, it reduced to O. 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 solvent used.'**-'¢” For instance. in CCl,
acetic acid exists almost exclusively in dimeric form, whercasin CH ;CN or THF it is monomeric. The
quoted authors claim that the presence of acetic acid dimer is responsible for the higher reaction rate
in CCly, since it shows higher reactivity towards DCC. That higher activity is supposedly due to the
strong tendency of carboxylic acids 1o form complexes involving hydrogen bonds and the ensuing
possibility of stabilisation of the initially produced ion pair.

H
!

R* =N (-~N-R’

0.~ 0.
N

¢/ "'l-0-C-R
! I
R 0

“It should be pointed out, hawever. that the reaction is strongly dependent on the hind of the ucid used. since 1t was possible to
nolate some stable O-ucylisourcas (cf. ref. 146 and 1491
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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
carbodiimide molecule in the same solvent cage, which takes place when the acid exists largely in the
form of dimer, may account for the predominant formation of anhydride. However, Mironova et al
definitely discard this explanation and are of opinion that the concentration of the dimer in solution
has no cffect at all on the reaction rate and the ratio of products obtained.'*” In fact, in the reaction of
DCC with chloroacetic acid in THF, where the content of the dimer is close to zero, chloroacetic
anhydride and NN -dicyclohexylurea are solely formed.! 2 Moreover, Mironova et al provided some
evidence that the reactivities of the monomer and dimer of a given acid are similar and vary with the
solvent used (e.g. in THF the dimer is more active. whereas in CCl, the monomer).'*” The quoted
authors ascribe the variation of reaction rate with kind of solvent to a specific solvation effect. The
reaction rate increases with the lowering of the solvation propertics of the solvents (from THF to
CCl,). whereas the polarizabilities of the solvents increase in the order from THF to p-nitrobenzene
and rapidly decreasc on passing to CCl,. If one takes 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
the acid. Thus in THF the less solvated dimer is more active. whereas in CCl, the weakly solvated
monomer shows higher activity.'*” The varying ratio of the yields of the particular reaction products
with solvent used and other reaction parameters (c.g. lemperature) are explained by Mironova and
Dvorko by the change of the relative reaction rates at steps a and b:'37-102

-N=C-\H-
[ RCO,H
=N=C=N- + RCO,H —» 0 —5 (RD),0 + ~NHOONII-
I 2
0=C-R
AN
0
I
-N-C-NH-
|
R-C=0

However, the effect of solvent on the mechanism of the reaction between acids and carbodiimides
1s very complicated and further studies would be very desirable.

ad(ir). Amines, depending on their order and basicity, affect the reaction of carbodiimides with
acids in a different manner. The strongly basic tertiary amines (e.g. Et;N) decrease significantly the
reaction rate.' ®%-1%3 They also decrease the yield of anhydride and increase that of N-acylurea in both
CCl; and CH ,CN 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 to N-acylurca rearrangement. A different
cffect is exerted by pyridine. It lowers, indeed, the reaction rate.'®® but leads to an increased yield of
theanhydride at the expense of N-acylurea.' ° The latter effect can be explained by the possibility of O-
acylisourea being stabilised due to the formation of an acylpyridinium complex.

Primary amines (benzylamine,'®"' 2 aniline. p-toluidine'®*) should exert an analogous effect as
tricthylamine. On the other hand. however. being nucleophilic compounds, they give with acids in the
presence of carbodiimides the respective amides:

R=N=C=NR + ZR'COZH * R"NHz — RN=C-NHR

l
R CO,H R*
RNHCONHR + (R’CO)20 / \'mz
RNHlfll rlm RNHOONHR + R' C-N*{R"

0 C=0 0
L
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Usually it is difficult to observe the anhydride formed in this reaction, since it reacts immediately
with amine to yield amidc. In order to eliminate the formation of anhydride Mironova et al. reacted
equimolecular quantities of acid. carbodiimide and amine.'®* 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 O-acylisourca:

~Nume C== N- N C == N-
; A '3 ®
i{ /O-C-R' or H (.)
U
Rll_|N.--OH (l) /NH c\
H R J—d R

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 O-acylisourea.

Among the works concerned with the mechanism of the reaction of carboxylic acids with
carbodiimides those of Knorre ¢t al.,'®*~'®% devoted to the kinetics of reaction of carboxylic acids
with water-soluble carbodiimides, e.g. N-cyclohexyl-N'(4-methylmorpholine-f-yl)-carbodiimide p-
toluenesulphonate, deserve special attention. Similarly, the work of Muramatsu et al.'®” 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 Reuctions with dicarboxvlic acids. Reaction of carbodiimides with dicarboxylic acids affords
different products depending on the structure of the acid. Oxalic acid yiclds quantitatively under any
conditions the corresponding urea and mixture of carbon mono- and dioxides. This reaction has been
applied by Zetzsche e1 al. for the quantitative determination of carbodiimides.' "

According to Mironova and Dvorko'’? malonic acid yields with DCC a polyanhydride. Other
authors claim that malonic acid and 1ts homologues react with aliphatic carbodiimides to yield the
substituted barbiturates:'

R
|
R! CO,H R’ Co0—
N s ) N/ "N
P ¢ RN=C=NR —s e C=0
R CO,H R Ncomv”
‘ |
R

An ultimate explanation has been provided by Resofszki et ul. who showed that in the reaction of
diethylmalonic acid with DCC a cyclic anhydride is first produced which undergoes further reaction
with DCC 1o yield substituted 1,3-oxazinedione-4.6 (28).! "*:!"*

A 0 1
Et_ ,COH Et Ic\ SN
Ne7 T2 N bCC N
e T S T 'S R
2 I t c—n"
! I
0] Clel
28

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

0
1 Cefn
C—N
Et N
28 — )c/ c=0
Et \CI _ N<
|
CeHyy



Recent developments in the carbodiimide chemistry 253

Furthermore, the quoted authors isolated in this reaction the compound 30 which is a dimer of
diethylmalonic anhydride.

—0 C
Lt\(i/ \C/Et
’ AN
Lt \C—O—C/ Et
It |
0 0
30

Dicarboxylic acids containing two or threc methylene groups yicld in the reaction with
carbodiimides cyclic anhydrides whereas acids containing four or more C atoms in the methylene

chain give bis-adducts.'72:!7°
0 o
o ‘ i
/‘ (‘.\ /‘( 0,H /\ C-NR-C-NIR
(), /0 ey iy Sy ()
K/&O \_,com \_/C-NR-C-.\'HR
oot
0 0

Mironova and Dvorko studied the kinetics of the reaction between a number of dicarboxylic acids
and DCC giving cyclic anhydrides.'%®:!7? They found that, although the reaction rate increases with
growing acid strength, the activation cnergy of anhydride formation depends only very slightly on the
kind ofacid involved (11.3- 12.3 kcal/mole in THF). The change of the reaction rate with the change of
acid depends primarily on the variation of activation entropy. Therefore, the«reaction rate increases
with the probability of the anhydride ring formation. Mironova and Dvorko believe that O-
acylisourca 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 bclow:

-N=C=N- N=(C=N-
» s \
H i \ ((NZA NG
\ \ K 7
0 0-H ——= 4] 0-H —u « -NHCONH-
\ | \ ! =

C=0---»C=0 C=0 - C=0

\—/ \—/

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 produce substituted polyurcides.'”’

6.3 Reactions with acids containing an additional functional group. The structure of the products
‘ormed from hydroxycarboxylic acids and carbodiimides depends on the relative positions of the
aydroxy and carboxy groups. Cyclic lactones arec obtained when conditions exist for easy
syclisation.! %'’ The respective N-acylurcas arc sometimes formed as by-products.'8°

cH 0
R /N2 I
HOCH,CR,CO,H + R'N=C=NR' —» C 0 + HOCH,CR,CNR'-C-NHR!
2-"2"Y2 s 7/ 2702
RN |

I 0
+ others
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In other cases cyclic products are also formed which contain, however, fragments of carbodiimides
in the molecule, e.g. in the reaction of 4-hydroxy-6-nitroquinoline-3-carboxylic acid with DCC the
respective oxazine (31} is formed:'®’

NCeH1
on 0 KCeHyy
0,N COLH O,N "
OO =100
N N

Robba and Maumec found that in the reaction of x-hydroxycarboxylic acids with carbodiimides
oxazolidinediones (32) are formed:!*?

0
Ol R\ VAN
R\l o C=0
JC-COH » R'N=C=NR' — R7\ / © R'NH,
R “ C—N
of re

]r.,

When optically active R-( + )-2-methyl-2-ethyl-3-mercaptopropionic acid was reacted with DCC,
optically active thiololactone (33) was obtained:'*?

c
3 o .

1 O,
Wsch,--tmcoon BEC, g7 S 2t
2 N N
. cH M3

C,hs 2
: 33

Thiosalicylic acid reacts with carbodiimides to yield the corresponding 2-imine-1,3-
benzothiazinones-4 (34):'**

0
€o,H A
RN=C=NR NR
“RNUCONHR ™ <
SH S NR

Similar compounds are obtained from mercaptoacetic acid and aryl carbodiimides. The same
reaction with aliphatic carbodiimides leads. however. to the polythioglycolate (SCH,C),.'®*
il
O
Reaction of carbodiimides with 2-mercaptopropionic acid affords a mixture of thiazolidinones,

diazolidinediones and dithiolactide:'™"

RN=C#NR + HS-CH-COOH ——
|

CHy
CHy
0,
~ T T s
S Jo

5 . - 5 E8
HyC S NR H,C S 0 \)‘0

CH
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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 of acid, and especially on the substituent at the N
atom. Anthranilic acid when reacted with aromatic carbodiimides yields the respective
benzodiazinediones (35):

N-Methylanthranilic acid when reacted with carbodiimides yields iminobenzodiazinones (36):'%’

i
NHCH N NR
3 RN=C=NR 1‘
————.
R
COH
56 0

In distinction, N-acylanthranilic acids yield with DCC benzoxazines (37):'%%

0
|
CO,H
. A
vuﬁn N# R
0 37

Phthalamic 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:'*?

0
NR’

| /
CO,H ¢-0-C
R'N=C=NR' “NHR?
C-NHR
C NHR ]

R=Me, V 0
l!z Ac, p-n,NCyi,

! 9 MR

(i ~ C,\JHR C— ﬁ

\o Lo N
C-N-H

“( %

RN 0O R

} t

40 /IO
O + R'NHCONHR' ©::NR + R'NHCONHR'
\N Y

The reaction of phenylpropiolic acid with DCC is more complicated and yields substituted 1-
phenylnaphthalene-2,3-dicarboxylic anhydrides as a result of additional condensation:!®°
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6.4 Ester and amide formation reactions. Equimolar mixtures of acids and alcohols undergo in the
presence of carbodiimides condensation giving esters in high yields.!”! ~'*” Under similar conditions
oximes are acylated by carboxylic acids:'*®

R'N=C=NR"
RCOOH <+ R'OH W RE'OR'
0

Ph,C=N-OH + PhCH,COOH !&»th “N-0-CCH,Ph
|
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.'®°

It i1s generally accepted that the mechanism of formation of esters in this reaction is analogous to
that of obtaining anhydrides (Section 6.1), i.e. O-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.?°°~2°? The
yields of csters obtained by this procedure (also from fatty acids???) are 65-96"..

0
Py NR 1.
R-("Z—OH « DCC ——r RC -0- CR R-C-N O -NRZ—*
0

1
Ko, RIC-OH + R-C-OR' >-NR2
0

Reactions conducted in the presence of carbodiimides containing chiral substituents, e.g.
esterification of racemic carboxylic acids with achiral alcohols and acylation of achiral amines with
racemic carboxylic acids. did not give a measureable enantioselcctive effect.2%* Acylation of racemic
amines with achiral carboxylic acids carried out under the same conditions was found by Rebek et
al.2** 10 be highly enantioselective. However, Krawczyk and Belzecki claim that this reaction, just as
the above-mentioned ones, exhibits a very low enantioselectivity.?V?

The reaction of amines with carboxylic acids in the presence of carbodiimides leads to the
corresponding amides (¢f Section 6.1.d).'°0 ~ 14.20% - 208 Thjg reaction has found very wide use in the
chemistry of peptides. As early as in 1955 Sheehan and Hess?® as well as Khorana?'® found that
suitably protected amino acids can be condensed in the presence of carbodiimides to form amide
bonds:

RO R'O

S o3 Pl
AcyINHCHCOOH + H,NCHCOOR? B N=C-NR Acy INHCHCNHCHCOR?

| | -R“NHCNHR
R R' i
o]

The mechanism is here analogous as for amide formation.2''-2'2:2'3 A rolc of an acylating agent
plays O-acylisourea,” 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
anhydride.2'? Sometimes products being the result of the O — N migration of the acyl group

"1t should be pointed out that the exact nature of the acylating agent in the peptide synthesis by means of DCC s stll
controversial. According 1o D.S. Kemp and ] H Jones as well as to A Arendt the structure of the acylation agent formed from
amino acid and DCC may be different from that of O-acylisourca (A, Arendt, Technical University, Gdansk. private
communication concerming the discussion at the 15-th European Pepude Symposium, Gdansk 197¥).



Recent developments in the carbodiimide chemistry 257
predominate.?'*2'* The contribution of this direction can be limited by using carbodiimides with
suitably choscn substituents, e.g. PACH,N=C=NEt.*'* The use of carbodiimides in the synthesis of
peptides has found cxhaustive treatment in the 15th volume of the Houben-Weyl “Methoden der
organischen Chemie™,*'” 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'CO,H give the corresponding spin
labelled sugars (R = R'C).*%"

I
AcOCH
0, OMe
AcO AC R'= N-0

O
MR

The direct reaction of mercaptans with carboxylic acids in the presence of DCC gives thiolesters in
moderate yields.2?!-222 Addition of a catalytic amount of 4-dialkylaminopyridine increases
considerably the yield of thiolesters?’° (¢f esterification). Another improvement has been described
by Horiki who esterified in the first step carboxylic acids with 1-hydroxybenzotriazole in the presence
of DCC and subscquently reacted the resulting compound with mercaptans. This procedure makes it
possible to synthesize thiolesters in yiclds exceeding 90°,.%%?

(@\/ N RCO-,H/DC( @ N or/and @
/
N
|

oH

o}
R'SH/EE 5N 1
—_— 2 . R-C-SR’

The reaction of carboxylic acids with diazoalkanes gave in the presence of DCC diazoketones in
yields not exceeding 50 '/, because of the competitive ester formation process.>**?2°

7. Reuctions of curbodiimides with thio analogues of carboxylic acids

7.1 Reaction with monothiocarboxylic acids.***-??” Monothiocarboxylic acids react with DCC in
two ways yielding symmetrical diacyl sulphides (39) and N,N'-dicyclohexylthiourea and/or N-acyl-
N,N’-dicyclohexylthioureas (40).

0O O S

[ l
RC-S-CR ¢ C¢li| | NHCNHC 1

6 611
39
ZRkC SH + CHy N=C=NC n“—< <

0

I
CoHp(N-C-NHC I |

R-C=0
40

The latter compounds are the main product of the reaction between DCC and thioacids containing
n their molecules strong electron-acceptor groups (for example p-NO,C¢H,-. CICH,-). It is assumed
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. Intramolccular migration of
1e acyl group from S to N leads to the formation of N-acylthiourea (40). On the other hand. S-
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acylisothiourca (41) can react. after preliminary protonation. with the next thioacid anion to give
diacy! sulphide (39) and dicyclohexylthiourea:

s :
R(C-SH C()H”N (‘-NLOH“ = lR CQ’() + (,bll”Ml-C-NCbH“J

i
° |

i
0 [s I
§ 1
R-C.'S‘ R-C-5
i
‘[“C"NH( b”ll < ?’C-NHCBU“
CoFiy Col'1y
0 1
\RCOSH
R
/S~
R-C: - C—S-—C-NHCOHI
N 1
K © b d
o} NHC()H“
RC-0-CR
11
S

RC-S-?R . Co“ln””ﬁ“”co“ll
0 s
39

From the two possible paths of this step one has been excluded, ic. the one proceeding via
asymmetric monothioanhydride {42). Thercfore, symmetric diacyl sulphides are directly formed in
this reaction.

7.2 Reuction with dithiocurhoxvlic acids. It was found that the reaction of dithioacctic acid with
DCC gives in the first step dithioacetyl sulphide which owing to its instability undergoes dimerisation
viclding a mixture of 1.3.5.7-tetramethyl-3,4.6,8.9.10-hcxuthinadamantanc (43) and cis- and trans-
2.4-dimethyl-2.4-bis-thioacelylthio-1.3-dithietanc (44).22¢*%

Cle IN;CENCOHH d ZCHS(?SSH

. lw}g‘:-s-ﬁcus}- CanNH(‘INHCbll“

§ 008 S
s - \
.
Pl
{
§7¢ g
H.C S\ CH.
5 ><L”° T r-é\i ‘F-(‘H
1H:CCS SCCll 56 7
3 | S ! 3 (.S /
S S S/’\s
31 H
13

l

In the reaction of DCC with dithiopropionic acid only the mixture of ¢is- and trans- dithietanes is
formed.”"

In the casc of the reaction of DCC with substituted dithiobenzoic acids as well as dithioisobutyric
acid dithioacy] sulphides formed proved 1o be sufficiently stable to allow their isolation.? 23!

7.3 Reaction with dithiocarbamic acids. When dithiocarbamic acids are reacted with DCC. instead
of the formation of the respective anhydrides, an intramolecular elimination of hydrogen sulphide
takes place leading to the formation of isothiocyanates. This behaviour was utilized by Jochims and
Seeliger? 2231 10 develop a simple method of synthesizing isothiocyanates from amines 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 isothiocyanate:

s
RNH, + €S, ——s RNH-C”
- SH

S
RNI-CT + C H, N=C=NC, M, ——|C H.  NH—C==NC.H —_—
o 611 b1 611 7 \ 3 11

’ Y J
| § R

—— (H NHCSNHCOH + RN=C=S

11

8. Reactions of carbodiimides with sulphinic and sulphonic actds

Sulphinic and sulphonic acids react readily with carbodiimides yielding the respective
anhydrides.?**~ 23® 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 '*O labelled sulphinic acid they showed that the esters can be

formed on two paths:

r

18 e
arso3®u e —— ‘C()H“MFE—NCbHu
180
\s_ﬂ)ls
i
Ar J
ArS();BH
ROH
. |
18 ROH
ars—o—sar| ROH . Ars-oR « C.H. . NHCNHC
tis  tis t1s MELR R
0 0 0 ol

Sulphinamides are obtained in the similar reaction ol sulphinic acids with amines in the presence of
DCC which acts here as dehydrating agent.?*®

In the reaction of suiphuric acid with alcohols. mercaptans and amines in the presence of DCC the
respective sulphates. thiosulphates and sulphuric acid amides are obtained, e.g.:>3" 242

*
. . i ~
Lc”ni]‘” (; ‘LOHH?H 0 |
. - |RSH Lo~ 1 -
DCC + 13,50, —— —0—5-0 \——’, c—o—s‘—\o —
- ol ! i | {

gy M 0 lCGH“NH 0 T-H

L R

— COH“NHCONHCOH” g RS-S:—OH
0

Lo Reactions of carbodiimides with phosphorus acids

9.1 Reuction with H;PO,. The carbodiimide induced condensation of H, PO, in the presence of
trong tertiary amines leads. as evidenced by the *'PNMR spectra, to condensation only shightly
cyond the metaphosphate components. However. in the absence of amine thc condensation
rroceeds 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 with diisopropylcarbodimide:

0
0 : 0 l
N R O\ LO0—=P_
- P Pe LT /0
0 (L 170 0] o |0
~p-0 o_ | g
N 7N
0* \.\'-?-r\mrr E'—O 0
|
1Pr0 0
15 16

The major product of the reaction obtained without amine is the 1,5-u-oxotetramctaphosphate
anion (46).7*3-*** 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 increased
concentration of dissociable protons in the solution,?**

By *'P NMR the existence in the solution of phosphoric anhydride P,O, , of bird-cage structure
has been proved for the first time. [t was obtained in the form of adduct with DCC (48):2*¢

0
|
O/P\‘O
0=P/ Y \r: MNCelyy
N -
\0 / N-CeH))
0O~ p-0
|
0
48

9.2 Reuctions with organic phosphorus ucids. In 1953 Khorana and Todd observed that mono- and

di-subsuituted phosphoric acids react with DCC to give pyrophosphates:2?*”

0 0 o
!

ZRO-P-OH + R'N=C=NR®
|
OH OH OH

4
R0-1|>-0-P-0R + R'NHCONHR'

0
Z(RO)ZP:/O + R'N=C~NR' —o (RO)lel’-O-ﬁ’(OR)2 + R'NHCONHR®
H
0

The formation of pyrophosphate systems was also obscrved in the case of phosphinic acids.? 4243

Methylenediphosphonic acid yiclds the anhydride (49) having a bird-cage structure when treated with
DCC.2*”

0
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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,?3¢ - 25%

0 0
" I
R"'N=C=NR" N
RO-P-OHl + R'OH Eoeetier Ro-? oH
OH OR'

This reaction has found wide application in nucleic acid chemistry.™?*® Carbodiimides have been
used as condensing agents in the synthesis of nucleoside phosphates, cyclic phosphates and
polynucleotides.

According to Weimann and Khorana,?*” in the reaction of phosphoric acid monoesters with
alcohols in the presence of DCC first the cyclic metaphosphate trimer (50) is formed, which then scrves
as an active phosphorylating agent:

(l) D\\ /O\ v
3 RO-—P—OH X we’t or
| . 0
OH ol
o” “or
0

Recently, Knorre et al. 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 triisopropylbenzene-
sulphonyl chioride (TPS) as condensing reagents. B-type derivatives, formed only in pyridine
solutions, are designed as complexes of metaphosphates with pyridine.2°*2%° C-type derivatives
formed both in pyridine and DMF solutions possess phosphomonoester and phosphodiester
residues, combined to trisubstituted pyrophosphate.?*%:2°° D.type derivatives contain two phospho-
diester groups combined to tetrasubstituted pyrophosphate. The pathways established with the most
simple representatives of mononucleotides and dinucleoside phosphates may be represented by the
following scheme:

0 0 0 0 0 o 0
N o . NN N R B 0 I -
o-z;—o — o-r[J-o-rr-o _— o-1;-o~p~o~p-o — RO-P-N
! i |
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R'OH ¢+ B — R'0-P-OR — R'0-P-0-R

“0-P-0R
I
)
[
0
i ﬁ R=3'-acetylthymidyl-S'
2 n'-o-T-on — R'O-?-OR R'=5'-tritylthymidyl-3"
0~ 0
|
R*0-P-OR
|
0
D

Among the recent works concerning the application of DCC in nucleic acids chemistry a series of
publications of Russian authors should be mentioned.?®! ~ 2% An interesting result has been obtained
by Zarytova et ¢l.>*' who have found that N-(P-5-O-tritylthymidyl-P-3"-O-acetylthymidylphos-
shoryl)-N,N'-dicyclohexylurea (54) is formed as one of the reaction products on treatment nucleotide
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(52) with nucleoside (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 first synthesis of equimolar adducts of
carbodiimides and disubstituted phosphoric acids reported in the literature.

0
0
]
0 - vee
i N /J °
Ph;COH,C HO'T‘OHZC Y
OH
OR
53
0
L H
Hy CoN-C-NH-C(H |
Tr(Fd)O-ﬁ-OTdR i; g:zc
0
5_4

The compound described is stable under nucleotide synthesis conditions. It does not react with
amines or clectrophilic reagents. but undergoes rapid. quantitative hydrolysis in aqueous pyridine.
Zarytova et al., took advantage of the possibility of easy removing the dicyclohexylurea moiety and
applied (54b) as the protected nucleoside component in the synthesis of oligonucleotides.®* The same
reaction course was observed for other carbodimides, c¢.g. N-cyclohexyl-N'-B-ethylmorpholyl-
carbodiimide.?®?

In the case of disubstituted phosphoric acids and phosphinic acids the mechanism of their reaction
with carbodiimides proposed by Khorana and Todd is analogous as for carboxylic acids: 247

’
(RO)ZPOZH ¢ R'N=C»NR' === [(RO)ZPOZ- R'N=CaNHR' —

RO (" NHR
AR ] (RO),POLH o \ v
—— | (roy p-0-c7 =2t | ro 7 T NpLor -
“NHR! 0 ro’l NHR
0 0 :

1

——— (RO),P-0-P(OR), * R'NHCONHR'
o
0

O-Phosphorylated isourea {51) formed in the first reaction step reacts with another acid molecule
which leads to the respective pyrophosphate and urea.

When halogenomagnesium salts of tetraalkylamidophosphorous acid are reacted with DCC,
cquimolecular adducts with C-phosphorylated formamidine structure (55) are obtained.?®*

0
a
VA H,0 I NCH
(RN),P7 - "MgX o DCC = (RyN),P- c*h ot T2 a N R
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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);26¢

oN-p-tol
H-PPhZ + p-tol N=C=N-p-tol —» thP-C\
] NH-p-tol
X
X=clectron lone¢ pair,
S,0
PPh
Ph.P_ PPy N-p-tol NN
LN + Ph,P-C I Kh C=N-p-tol
3 C1 N-p-tol /103 Ph.P \V/
L W
p~tol
55-A

9.3 Reactions with organic phosphorus thio- and seleno-acids. The course of the reaction of
carbodiimides with phosphorus thio- and seleno-acids is dependent on both reactants.
Phosphonothioic and phosphinothioic acids,?®” as well as phosphonoselenoic?®®%°” and
phosphinoselenoic?®® acids react with DCC analogously as phosphorus oxy-acids giving rise in a
rapid exothermic reaction to N,N’-dicyclohexylthiourea (or selenourca) and the corresponding
unsymmetrical monothiopyrophosphate (selenopyrophosphate) systems:

R R R
C.H, N=C=NC(H . + 2 _P-OH — C.H, NH-C-NHC.H,, + ~p-0-P{
oth1 6M11 P 611 1 “

Rl e R e

X X X 0
él

(a) R*Et, R'=0Et, X=S (c) R=Et, R'=0Et, X=Se
(b) R=R'=Et, X=S (d) R=R'=Et, X=Se

The proposed mechanism of this reaction is shown below:
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In the first step the thioacid anion adds to the protonated carbodiimide molecule by means of its
nucleophilic centre at the sulphur atom. As a result S-phosphorylisothiourca (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 O atom which leads dircctly to the formation of an unsymmetrical
monothiopyrophosphate system and thiourea. Stereochemical studies with the use of optically active
O-ethyl ethylphosphonothioic acid speak in favour of this mechanism.?®” 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 configuration
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®.?”"*"! It has been proved by low-temperature *' P-NMR investigations that these adducts
are formed as a result of migration of the phosphoryl group from the S (Se) atom to N in very unstable
S(Se)-phosphorylisothio(seleno)ureas (89). The latter are produced in the first step of the reaction asa
result of addition of the acid anion 1o the protonated carbodiimide:

,S(Se) . ~S(Se)
R'N=C=NR' + (RO]ZP\ —— R'NH==C=NR' (RO)ZR&- —
OH 0
4 R!
— (RO),P-$—C_ —— (RO),P-KR!
| (Se) NHR'
(o] 0 C:=5(Se)
NHR?
59 00

N-Phosphorylthio(seleno)ureas arc the final reaction products in the case of R’ = benzyl, p-
nitropheny! 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)

(RO} ,P-NR'
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> (Se) o/n '
S(Se)
64
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By means of cross-over experiments and using **S labelled sulphur it was demonstrated that in
this case the rearrangement of S(Se)-phosphorylisothio(seleno)urcas (59) to N-phosphoryl-
thio(selenojureas (60) is a reversible reaction. Thus, N-phosphorylthio(seleno)ureas (60) are in
equilibrium with S(Se)-phosphorylisothio(seleno)ureas (59). the latter being active phosphorylating
agents responsiblc for the formation of all the reaction products. In summary the mechanism of the
reaction under discussion consists of the following principal steps:2®®

*Equimolar adducts of carboditmides with phosphorothioic and -dithioic acids were already known in the patent literature
but their structure was not determined unequinocally.” ™
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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 equilibrium with the stable, isolable
adduct (60):in the next reaction step another acid anion may react with the protonated adduct (§9)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 O atom (ii} leads to the formation of phosphorothion(selenon)ate (62) and by
means of the S(Se) atom (iii) results in phosphorothiol(selenol)ate (63). Both directions (i1} and (iii)
produce also thio(selenojurea and very reactive metaphosphate (64). which under the reaction
conditions undergoes polymerisation.

8] +
(RO},P-0L + R'N=C=NR' m=== (RO),P7 - R'NH=C=NR =—==
< Ns(se)
5(Sej
(RO),P—S—C=NR' (RO) ,P-NR"
Rl "1 (Sey| = |
0 NHR! 0 C=5(Se¢)
NHR!
59 00
S(Se)
(r0) ,7%
oH
. RN
RNH—C—NHR - .
0-R¥ ; 0
c e N
r5e15-f ->P(OR),
‘r«,,—"’—— % T~ (SC)
(RO;ZE—~O——P(OR), (RO} ;P=S(S¢c) (RO)ZESR
e 62 og
6l
ol \ N 63 P
RINHCS(Se)NHR! ROPY + R'NHCS (SeJNHR'
0
64

10. Reactions of nucleophiles with dimethyl sulphoxide (DMSQ) in the presence of DCC
The reaction of DCC with DMSO in the presence of acids affords the oxysulphonium
intermediate (65):

“11Co? .

DCC + CHS-?-CH - H —s 1, C N=C-0-S(CHy)

3 1176 2

o]

o

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

0 Hllch” 0 0

i l M “H‘ " '/Cus - '/CH3
R-S-NH, + H11C0N=C—O—S(CH3)Z — R-5-NH-S5_ —+R~5-N-§

F < % N

i [ o, [ o

0 0 0

65 66

Under similar conditions amines and carboxylic acids amides give S,S-dimethylsulphilimes and
N-acyl-S.S-dimethylsulphilimines, respectively.27*
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When carboxylic acids are treated with DMSO in the presence of DCC methylthiomethyl esters
(67) are obtained:?’’

H, C NH

ntel™ . CRRC It
CoHy N=C-0-S(CHY, + Rooon o Co”ll‘\‘j tob . T
: R oM MICONHE 11y
[N QWAL
i, :
I,
0 Q 8]
\ *,Chs [ - [
— R-C-0—5{ 7 — [R-C-07 Cl,=SCH3| —+ R-C-0-CH,SCH,
c, 2 :

07
Starting from the optically active sulphoxide (68) the DCC reaction gave optically active 69
(5-29°, optical purity):?7°

Co,H co,

i NC . H
V4
@-s-mgvh - peC == @-s-o-«f Pl
g _ NHC
68 0
|
—_— 0
P3
57 Ten
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 Instead
of DCC other carbodiimides were also used.?”® The oxidation proceeds here under very mild
conditions and can be applied to very sensitive and unstable compounds.?®® ~ 2*2 Of great importance
1s the selectivity of the method towards primary alcohols, which are oxidised solely 1o aldehydes

without traces of acids being formed. The reaction mechanism is as follows:? "4
ri‘nch“
2% i A
C.H, N 0 - e R,(50—S _
oY) K]’ T WO~ B30T
s: B
Hay 55005
Ck, 0
65 0-Ciik,
H

—  R,C=0 * CH{SCHy

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

In the reaction of phenols with DMSO and DCC o- and p-methylthiomethyl derivatives are
formed according to the scheme:?®* ~28%

:: b :: : CH,SCH

,/ ] CHZS(‘.H3 2 3
CH,

0-$

|
! on

*TCH,
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11. N-Alkylated carbodiimides derivatives

Heating DCC with methyl iodide yields N-methy!-N.N-dicyclohexylcarbodiimide iodide (71).**"
This compound has been used for obtaining alkyl iodides from alcohols. It deserves mentioning that
even highly sterically hindered alkyl iodides can be prepared by this method:

Oy
DCC + CHgl ——— CH ) N=C=N] I
Coly
a cn
3
. ,CHy |
71+ ROH ——» C_H  -NH=C-N] ° ——=RI + C.H, NHC-N-C_ i
o1 N 6N o'
In CeHyy I
0--R

Schnur and van Tamelen?®® have described the use of N-methyl-N,N'-di-t-butylcarbodiimide
tetrafluoroborate (72) as condensing agent in the synthesis of cthers and esters. They obtained. for
instance N-phosphorylurea (73) by condensing dialkylphosphoric acid with 72:

RO 40 L
P ¢ |tBu-N=C=N-tBu | BF,~ ——
MeO OH
Me
72
Il or
OMe tBuN-P{
tBuNg | [ “OMe
_— c—0—P—0OR _— c=0
tBuN” ! |
! t BuN
L Me |
Me
73

12. Adducts of carbodiimides and acyl chlorides
Acyl chlorides and carbodiimides yield the corresponding chloroformamidines?”!272

?1
RN=C=NR' + R"f-Cl —— RN=C-N-R'
|
o] C=0
|
R
74

Hartke?”? applied these compounds for elimination of hydrogen sulphide from primary
thioamides converting them into the corresponding nitriles in high yields:

. i R
C1 ) ./
[ Et4N N) N
R.\'=(2-TR' ¢+ RUC-NM, —imer | I |
I e C C R
=0 S ol N N |
| ) I
Cits c=0
|
CHy
s

—— RUC:K + RNH-C-NR"
|
c=0
|

Cll3
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B-Hydroxycarboxylic acids chlorides yield in the reaction with carbodiimides corresponding

substituted oxazines?®*
c1 v - OH €l N O AR -
o | ¢ RNeC=NR -~— 5 I €1 —
I Qg l M
ol 6 O

-HC) |

fo

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 O-acylisoureas) to the 5-oxazolidines (75):2%>

R' O R

I I

R—(C—C—Cl + iPrN=C=NiPt —> R-C—C—N—C*N1Pr —»
|
X

X

6,

R' 0 RR'C — 70 R 44—
“ZO a | |C c ( \
— -C—C—N—C-NHiPr — iPTN 0 —— iPIN o}
| 1 7 N7
X iPr O ] Il
NiPr 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:2°®-2°”

}.{.
00 S N
I i Cl
1 2 ¢
R N=C=NR + C1-C-C-Cl — 4 N 1
0 h;
0 R!
N | N
R3 . R3 cl
RIx-c=nR? o —_— 1
R* R™ N
7 1 o* R?
0

N-Acylcarbodiimides, R —C —N=C=NR", show different chemical properties in comparison with
Il
O
simple aliphatic or aromatic carbodiimides. For instance, when the carboxylic and amine groups are
simultaneously present in the molecule subjected to reaction with N-dcylcarbodiimide, 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.'”
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13. Reuctions of carbodiimides with organosilicon compounds

Hydrosilanes react with carbodiimides giving N-silylformamidines (76):2"% ~*°

) PaCl,
iPTN=C«NiPr + Et SiH iPrN-CH=NiPr
or (Ph;P) RRCT |
SiEt3
76

Trimethylcyanosilanc undergoes addition to carbodiimides in a similar manner ;391392

RN=C=NR + MeSSiCN — McsSiN-C=NR

R CN

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):3°}

RNHSiMe3 + CICN —» RN=C=NSiMe3—¢ RN-C=N

77 SiMe
78

14. Reaction of carbodiimides with viides
The reaction of phosphoric ylides with diphenylcarbodiimide gives betaines which arc, however,
unstable and products of their decomposition are usually isolated:***

+
) e
}hSP (,th

Ph31’=CPh7 *+ PhN=C=NPh —»
- PhN—C=NPh

— Ph3P=NPh + Ph2C=C=Nl’h

Ramirez ¢t al. obtained in the reaction of hexaphenylcarbodiphosphorane with diphenylcarbodi-
L3058

imide adducts with ethylene-1,1-bis(triphenylphosphonium)-2.2-bis(phcnylamide) structure (79):

- 4

l’h.’l»’=(,-PI7h3 *+ PhN=C=NPh ——-

+ + +
PhsPy ,PPh, PhiP_ ,PPh
c ¢
T - - C -
PhN? “Nph PRN” “Nph

Thiazole ylides add to carbodiimides in a similar manner:3°¢

R?\H\(’\H!

RCH ,-N K RCH,-N S

:__: * RN=cenz HCL, 2 \‘_< c1-

H:C Cil>CH,0H HsC CH,CH,0H

3
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Carbodiimides have also been used in the synthesis of ylides. For example, selenonium ylides were
obtained when selenoxides were reacted with benzoylfluoroacetone in the presence of DCC307-308

COCE
+
PhCH,C-CH,~C - = HC - NH=C=
A H, ? CEy + DCC H% CoHy | NH=C=NC(H, |
0 0 CObh
COCF 4
‘gﬂcbull Hf‘
R R NC H
NSes0 ¢ C — %e-0-¢f Ol Lokh
& | R* \NucbnH
NC, H
& 11
R\' T,COCFS
—— Se-C +  CgH | NHCONHCH, |

R Ncoph

15. Oxidution of carbodiimides
Ozonisation of carbodiimides gives mainly ketones, isocyanates, cyanamides and oxygen,

together with minor amounts of nitro compounds, CO, and ureas.*®®
Oxidation of di-t-butylcarbodiimide with m-chloroperbenzoic acid (m-CPBA) leads to di-t-
butylaziridinone (80) which under the action of trivalent P compounds can be transformed back to the
initial carbodiimide:*'?
0

I
m-CPBA

ACO R, P
tBuN=C=NtBu -———» tBu-N—N-tBu

S tBuN=C=NtBu

80

Attempts to obtain carbodiimide N-oxides by oxidation of carbodiimides or N-hydroxythioureas

with peracids have been unsuccessful.’!!
Reaction of aliphatic carbodiimides with 98", H,0, gives peroxycarboximidic acids (81) which

easily oxidise certain arenes to arene oxides:*!'?

RN=C=NR =+ HZGZ —=  RNH-C

9@
—_—e—
“oon
2

81

The action of diverse dehydrating agents, among them N-benzoyl-N’-t-butylcarbodiimide, on
anhydrous hydrogen peroxide gencrates 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 10%).>"?

16. Reuctions of carbodiimides with CH-acids
DCC reacts with compounds containing strongly acidic protons giving adducts (82):3'*

S 0,
/ Hy  CeHN, 0
DCC + HyC >( _ ¢ >(
My, CoHN J
4
0
2

\ o 11%
82
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The reaction of phenylacetylene with DCC in the presence of sodium lcads likewise to the
corresponding adduct (83):*!'°

C.H -N=C—NH-C6H1

611 1

EE

A variety of active methylene compounds werc carboxylated using the DCC-tetraalkyl-
ammonium hydroxide-CO, reagent system in DMSO at room temperature.'®

17. Cycloadditions of carbodiimides

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
cycloaddition reaction proceeds via non-cyclic dipolar intermediate, in other cases therc are evidence
supporting the concerted reaction mechanism.

17.1 Cycloaddition of carbodiimides to keienes. Cycloaddition of carbodiimides to ketenes
proceeds exclusively at the ketene olefinic bond and leads to the formation of the corresponding 4-
imino-2-azetidinones (f-lactams) in high yields:?!'7 " 32¢

RY_ RN—C

RN=C=NR ¢ ,2C=C=0 — | |

R C—C-R
R

Aliphatic carbodiimides show higher reactivity in comparison with the aromatic analogucs. In
mixed aliphatic-aromatic carbodiimides the aliphatic substituted C =N bond reacts preferentially.*!”

It has been proved that cycloaddition of ketenes to carbodiimides is not a concerted process, 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):32332%

Ph,C=C=0 + RN=C=NR ——
Ph,C—C=0 Ph,C—C=0
L
+ 9 + \N-R
— RN=C—NR N/
R %
84
| S0
/ | \z
+
0
I
Ph,C—C=0 Ph,CHCNRCNHR o Ph,C—C=0
é il 7\
RN=C—N-R 0 30, S0, MR
N/
[
8
LE} 86 NR
87

The [2 + 2]-cycloaddition reaction of carbodiimides with ketenecs is one of few reactions of
:arbodiimides in which a new chiral centre can be created. Betzecki 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 f-lactams in a highly diastereoselective manner.?26-327

17.2 Cycloaddition of carbodiimides to isocyanates. Cycloaddition of carbodiimides to alkyl or
aryl isocyanates proceeds cxclusively at the C=N bond and affords the corresponding
iminodiazetidinones (88):32#-329.331

RN=C—NR'
RN=C*NR ¢ R'N=C=0 — |
RN—C=0
83
The polar cycloaddition reaction of arenesulphonyl isocyanates with carbodiimides gives rise to
the formation of 6-membered ring cycloadducts:*3°

RSO,N=C:0  +  R'N=C=NR’
89 S
* +
R'-T-chR' R'N—C=NR' RSO, ~C-0
— — I
C 0=(—NSO,R ¢
0733NS0,R 2 R NZENNRY
% 91 b2
n 5
RSO,N-C=\R
TR' | 0
C I
AIN
c T C
RN ONNSOLR 94 RSO.NT AR
b N N
. ‘ ¢ C
g \T/ Yo “ R'NT SN MNSO,R
|
S0,R R
33 RSO,N=C=NR' + R'NCO 95

s 2
96

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 via the cyclic adduct 91 (all the
adducts were observed by NMR). Interception of the adduct 90 by isocyanate (89) vields 93. Opening
of cyclic adduct may also lead to the third acyclic adduct 94 which exists in equilibrium with
sulphonylcarbodiimide (96) and R’"N=C=0. 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:*3?

RN=C=NR . C1S0,NCO
’/// \\\\gi NR
I
/'C\\
R-N—C=NR ClSOZN TR
' '
0=C—N50,C1 C c
2 04 ~Nn7 \O
|
SOZCI
R=cvclohexyl R=Ph

(when 97 was added to DCC)

Racyclohexyl(when DCC 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 threc 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

PhC-N—C=0
PhC-N=C=0 + RN=C=NR — [
I RN=C~—N-R
0

Tsuge and Sakai claim, in turn, that cycloaddition of benzoylisocyanate and DCC proceeds
according to the [2 + 4] scheme involving the benzoyl C=0 group and the N=C bond in isocyanate,
which leads to 6-membered adduct of oxadiazine structure 99. However, cycloaddition and
diphenyicarbodiimide proceeds as a [2 + 2]-cycloaddition and the adduct of 98 type produced in the
first step undergoes thermal isomerization to give oxidiazine (100):3%¢

0
|
¢
N NCGH,
PhCN=C=0 + C_H, N=C=NC,H,, —> I
o' o .
(") /(‘\ /C\\
R
Ph7 N0 SN H,
99
0
|
I _C
o®  PRC-N—=0 N NPh
PhCN=C=0 + Phh=C=NPh -2, | 2, |
PhN=C—NPh C ¢
0 PR 07 Sxph
98 100

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

used:33*

0
]

c
N7 NR
PhC-N=C=0 + RN=C=NR — [ |
[ PANGAN
s Ph 7 TNR

In contrast to the authors quoted above, Ulrich et al. determined the structure of the product of
iddition of benzoylisocyanate and t-butylmethylcarbodiimide and claim that it is a substituted
»xazetidine (101) produced as result of cycloaddition across the €=O bond in isocyanate. These
wuthors drew such a conclusion based on the formation of tBuN=C=0 and 101-A upon the pyrolysis
»f the adduct.*2? If the adduct were of a structure 102 (analogous to that proposed by Neidlein (98),
he pyrolysis products would have to be MeN=C=0 and PhC(O)N=C=N-1Bu, 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=0,
tBuN=C=0 and PhCN, respectively:

MeN—C=N-tBu
MeN=C=N-tBu + PhC-NeC=0 — |
thNfCA—O

Q
101

MeN—C=N-tBu
\ — tBu-N=C=0 - PhC-N=C=N!e
PhCN=C—0 I
0

%101 101-A

MeN—C=N-tBu A
| —— MeN=C=0 ¢+ Ph(C-N=C=N-tBu
0=C—N-CPh |
| 0
0
102
N-tBu
|
C
MeN/ \O

| | —25  MeN=C=0 + tBu-N=C=0 + PhCEN

17.3 Reaction of carbodiimides with isothiocyanates. Cycloaddition of carbodiimides to
isothiocyanates always leads to equimolar adducts of the 1,3-tiazetidine (104) structure in whose

formation the C=S bond takes part:*3%~33%
75N
RN=C=S + R'N=C»NR' === RN=C C=NR"
A4S
|
R
108

Studies on the reaction mechanism have led 1o 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 cvidence 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 encrgy of activation. This is consistent with a tight transition state where
redistribution of bonds is mutually assisted. All these data. including the stereoselectivity of
cycloaddition, are consistent with a concerted mechanism. However, other mechanisms cannot be
unambiguously ruled out.

Walter ¢f al. 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, uscd in
excess, the adduct 106 in which two isothiocyanate molecules take part. This is contradictory to the
results of Battaglia. Dondoni ¢t al.?*7-33% and is inconsistent with the pericyclic mechanism proposed.

Me 1Pr

Me_ N=C=NiPr puc.g Se. |1
/ /C'_C—_h\«/r\\clS
M e Rede,PhcH, €N e i
N
> N
105

=2 I

S
106
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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, ie. 2-benzoyliimino-3-cyclohexyl-4-
cyclohexylimino-1.3-thiazetidine (108):4°

|

R-ﬁ-y=c=s + C(’HIIN:C:\ICOH
0

11

]

0. |

R-C7 NCeNCLH R=-C-K=C—$

=3 1 ] 611 N ]

N\C/.\con“ Hy1CoN—C=NCH |

!I 108
5
107

l

R=Ph, -'l-.\ie-(‘.bH4 ,4—C1—Cb}la .4-Ph-C6H4

17.4 Anionic 1,3-cycloaddition. As a result of anionic 1.3-cycloaddition of 1.3-diphenyl-2-
azaallyllithium (109) and DCC the corresponding final product (110) is formed:**!-*42

i H H11Coy _ #MCoM
| Li DCC / \
Ph-CyoC-Ph . PhEC CHPh —
Ny
109 L1
HyqC

NCgH
6 !
\_\l—C" 1
/ \
PhHC_ _CHPh
—_—— \\l/
!
N7 SNHCH

Hy oM
110

1

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

/s\
+
RSO ,N=C N RSO,N=C-S RSO N=C—S
25 2 PARRY
N—N > ' A N
P -N, H.C-N !
H.C > |
3 CHy
11
AN=C=NR'
RSOZN=C/S\NR'
\ /
N—C
HyC” RRY
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Ph
/
17.5 Reactions with imines. In the reaction of PhN=C=NPh with p-MeChH,,N:C\ the
Ph

formation of the intermediate adduct of 1.3-diazetidine (113) structure was observed:3%*

Ph Ph,C—N-C H,-p-
PhN=C=NPh ¢ p-Me-C H,-N=C{ = —o = 2y | ofamp-Me
N

Ph PhN—C=NPh

113

Similar products were obtained in the reaction of [PhCH=NAIEt,]Na" with RN=C=NR.***

N-pyridyl-(2)-triphenylphosphimine reacts with diphenylcarbodiimide to afford the [2 + 2]-
cycloaddition product (114), 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):3*¢

X
= l PhSP—N/ RN
Phib=N-& + PhN=(C=NPh === [ —

PhN—C=NPh

1

Z x

D phn-ce l
_ phsp;qph + ph-N:(‘:N-\r\ mﬂh‘_’

N
15 NP
PhN - NPh
I
Ph
11

N-Sulphinylsulphonamides react with carbodiimides to give the 1.2-cycloadducts namely 3-
imino-1.2.4-thiadiazetidin-1-oxides {117), which are readily thermolysed to sulphonylcarbodiimides

and N-sulphinylimines:?*"-3%"

RSO,-N=S=0 + R'N=(C=KR' —» RSO:T-—?=0 —_—
R'N=C—NR"
nr

—Z>- RSO,N-C:NR' ¢ R'N=S:0

17.6 Other cycloaddition reactions of curbodiimides. DCC reacts with benzoylsulphene (118)
generated in situ to give [2 + 2]- and [2 + 4]-cycloaddition products:3*®

0
N -’ - a( =
Ph({i-cn-s\ Coly N=CENCH, | —=
o
us
(:- . 0y 40
rd
PhC-C—S{ He” \Nc(’n11
— I 170 . 1 |
H | CHN-C—NCeH | Ph-C_C
07" SNCH),
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The reaction of carbodiimides with aromatic aldehydes gives the corresponding isocyanates and
349

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

RN=C=NR + ArCHO —s RN=C=0 + RN=CHAr

R.C6HS' c-C6H“, ﬂ-Cﬂ'H9

Reaction of carbodiimides with phenylacetylene in the presence of pentacarbonyliron yields
adducts having the imidazolidine structurc. The probable mechanism assumes the formation of an
acetylene -Fe(CO), complex in the first step.**° The reaction of diphenylbutadiyn with carbodiimides
proceeds in a similar manner.**! Cyclotrimerisation of asymmetric acetylenes with PhN=C=NPh
gave two 2-imino-1,2-dihydropyridine isomers.3%2

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 previousty:?%*

M82CH /NCHHc.,
RN=C=NR *+ N,CHCO,R —e y — -
e /N
HC 0
;i{ N
|
Me, CHN——C=NCH¥te, or
¢ 119
|
CO,R
120

Cycloaddition of N-trimethylsilyl-1-cyanoformamidines with carbodiimides leads to substituted
imidazolidines. This cycloaddition is not a concerted process, but proceeds via an open-chain

intermediate:3°?

R
CN ]
| R! C
R-N-C=N-R + R'N=C=NR' —» SN NNR
[ Me3S - )
SiMeq N=t—Cang

18. Other reactions of carbodiimides
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
CoH,,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.3%®

Carbodiimides when heated or irradiated give cyanamides.

RN:C=NR' —2 = RR'N-C=N
orh

.

Conceivably cyanamide formation may result from either bond cleavage and radical recombination
within the solvent cage or an intramolecular cyclic reorganisation of ¢ and I1 bonds.**’

Carbodiimides react with Grignard or alkylithium compounds giving, after hydrolysis, the
corresponding formamidines:**"

RN=C=NR + R'M —e RN=

C,N-Bis-silylformamidines werc obtained in the reaction of bis-trimethylsilylmercury with

carbodiimides:?*”

SiMc5 H
) . | MeOH )
PhN=C=NPh + Hg(Mf.‘SSl)Z ~» Ph-N-C=NPh ——» PhNH-C=APh
|
SiMe .
S

Dichloromethylenedimethylammonium salts react with carbodiimides to give adducts (122)

which are useful substrates in the synthesis of heterocyclic compounds:*¢°

R
H.C W C1 | . _
N=C 4+  RN:=(=NR — RN=C—N-C=N\leZ C1
C C1 | b
cl1 Q1

1
122

Hydrolysis of thiocarbamoylcarbodiimide (123) leads to an unexpected cyclic product (124):%¢!

H,0
Me ,NCCMe ,N=C=NCHMe, ~—2e  Me,\CCMe,NHCNHCHMe , —
N = I I

S 0 S
125
H
Me b
-Me ,NH =S
2 Me I W
. N
0 “ChMe ,
124

Reduction of carbodiimides with NaBH, leads to the corresponding formamidines:*®?

H
halBH4

!
RN=C=NR RN=C-NHR




Recent developments in the carbodiimide chemistry 279

REFERENCES
'W. Weith, Chem. Ber. 6, 1383 (1873).
2H. G. Khorana, Chen. Rers 53. 145 (1953).
3K. Nowak and 1. Z. Siemion, Wiad. Chem. 14. 327 {1960).
4J. R. Schaefler. Org. Chem. Bull. 2, 33 (1961).
*W. Neumann and P. Fischer. Angew. Chem. Internat. Ed. Engl. 1, 621 (1962).
°B. W. Bucharov. Usp. Khimii 34, 488 (1965).
“F. Kurzer and K. Douraghi-Zadch, Chem. Rers 67, 107 (1967).
*G. Simchen in Korte-Zymalkowskr Methodicum Chumicum, B. 6, p. 778. Georg Thiecme Verlag, Stuttgart (1974).
“H. Ulrich and A. A. R. Sayigh. Angew. Chem. Internat. Ed. Engl. 5. 704 {1966).
'"Farbwerke Hoccht, Br. Par. 1,063.106 (30.06.1967): Chem. -Ahstr. 67. 73227 (1967).
'S, Furumoto. Nippon Kagaku Zasshi 92, 357 (1971); Chem. Absir. 76, 24742 (1972)
"IT. Fujinami, N. Otani and S. Sakai, Synthesis 889 (1977).
V3F.CL. Piselly, Br. Pur 1.171,733(26.11.1969); Chem. Abstr. 72, 31311119720, Fr Par. 1.558.856 (28.02.1969); Chem. Abstr. 72,
54 982 (1970).
148, Furumoto, Nippon Kagakte Kaishi 1502 (1973); Chem. Abstr 79, 104720 (1973).
'*T. Shibaruma. M. Shiono and T. Mukaiyama. Chem. Letters 575 (19771,
Yo Jupun Kohai 7.315,824 (28.02.1973); Chem. Abstr. 79. 65892 (1973).
'"R. Neidlein and E. Heukelbach. Arch. Pharm. 299, 709 (1966).
"8Q. Mitsunobu. K Koki and F. Kakese, Tetrahedron Letters 2473 (1969)
Q. Mitsunobu, M. Tomari, H. Morimoto. T. Sato and M. Sudo, Bull. Soc. Chem. Japan 45. 3607 (1972).
2UE. Schaumann and F. Kausch, Liehigs Ann. 1560 (1978)
218, Sakai, T. Fupinami. M. Otani and T. Aizawa. Chem. Letiers 811 (1976)
2], Goerdeler. J. Haag, C. Lindner and R. Losch, Chem. Ber. 107. 502 (1974)
23], Goerdeler and H. Lohmann, Ihid. 110, 2996 (1977).
241 0. Appleman and V. J. De Carlo. J. Org. Chem. 32, 1505 (1967).
2*H. Ulrich, B. Tucker and A. A R. Sayigh, Ibid. 32. 1360 (1967).
2H. Ulrich, Fr. Pat. 1457457 (4.11.1966); Chem Abstr. 67, 100241 (1967).
27). Ackroyd and B. M. Watrasiewicz, Br. Par. 1215157 (9.12,1970): Chem. Abvir. 78, 20610.
2*E. Mcisert and P. Fischer, Br. Pat. 1.115.260 129.05.1968): Chem. 1hsir. 69. 28119 {1968).
K. C. Smcltz. U.S. Pat. 3,426.025 (04.02.1969): Chem. Ahstr 70, 69007 (1969).
YOM Tani, A. Yoshida and H. Muro, Jupan Kokai Tokkyo Koha 7,966, 656: Chem. Abstr. 91, 157347 (1979).
3UL Ishii, K. Ito. K. Yasuda, Jupan Pat 7.115.501 (26 04.1971); Chem. Absir. 75, 152313,
327 J. Blondworth, A. G. Davies and S. C. Vasishatha, J. Chem. Soc. C, 2640 (1968),
3V 1. Gorbatenko, V. N. Fetyukhin and L. [. Samarai Zh. Org Khun. 13, 2449 (1977).
3¢V, 1. Gorbatenko, N. V. Melnichenko and L. . Samarai, Ihid. 48, 1425 (1978).
C. L. Stevens. G. H. Singnal and A B. Ash. J. Org. Chem. 32. 2895 (1967).
3*H. Ulrich, B. Tucker and A. A. R. Sayigh, Tetrahedron Letters 1731 (1967).
37H. J. Bestmann, J. Lienert and L. Mott. Liehigs Ann. 718, 24 (1968).
3%R. Appel, R. Kleinstuck and K. D Ziehn, Chem. Ber. 104, 1335 (1971).
3°H. Konogawa, M. Nanasawa. S. Uchara and K Osawa, Bull. Chem. Soc. Japan §2. 533 (1979).
*D. A. Tomalia, T. J Giacobbe and W. A. Sprengel, J. Org. Chem. 36. 2142 (1971).
¢1S. Furumoto, Yuki Gosei Kagaku Kyokai Shi 34, 499 (1976); Chem. Abstr. 85, 176906 (1976).
*2K. Lempert, J. Puskas and S. Bekassy, Period. Polytech. Chem. Engng 12, 123 (1968): Chem. 4bstr. 70. 11239 (1969).
#3A. Dondoni, G. Barbara and A Battaglia, J. Org. Chem. 42, 3372 (1977).
A R. Katruzky. P.-L. Nie. A. Dondoni and D. Tassi, Synth. Commun 7. 387 (1977): J. Cheni. Soc. Perkin I, 1961 (1979).
**T. Kodama, K. Uchara, K. Hisada and S. Shinohara, Yuki Gosei Kagahu Kyvokai Shi 25,493 (1967). Chem. Abstr. 68, 12620
(1968).
'*G. Zinner and R. Volrath, Chem. Ztg. 97, 38 (1973).
*"V. N Fetyukhin, M. V. Vovk and L. L. Samarai, Syathesis 738 (1979),
*P. H. Mogul. Nucl Sci. Abstr. 21, 47014 (1967); Chem. Abstr. 69. 47720 (1968).
*“P. H. Mogul. R. N. Kniseley and V. A Fasscl, Spectrosc. Letters 10, 959 (1977); Chem Abstr. 88, 190267 (1978).
"OF. A. L. Anct and [. Yavari. Org. Magn. Res. 8. 327 (1976).
'M. Witanowski, L. Stefaniak, H. Januszewski and S. Peksa. Bull. Acad. Polon. Sci. Ser. Sci. Chin. 20,921 (1972); Chem.
Abstr. 78. 104192 (1973).
?H. Irngarunger and H.-U. Jiiger, Acta Cryst B34, 3262 (1978).
*M. Gordon and H. Fischer. J. 4m. Chem. Soc 90, 2471 (1968).
*J. M. Lehn and B. Munsch, Theor. Chim. Acta 12. 91 (1968)
*Z. Simon, F. Kerek and G. Ostrogovich, Rer. Roum. Chun. 13, 381 (1968): Chem. Abstr. 70. 67418 11969).
*G. Ostrogovich and F. Kcrek. Stud. Cercet. Chim. 16, 923 (1968): Chem. 4hstr 71, 2666 11969).
"K. Schiogi and H. Mechtler, Angew. Chen. 78, 606 (1966).
80. Cervinka. V. Dudck and V. Senft. Coll. Czech. Chem. Commun. 43, 1087 (1978).
“0. Cervinka. V. Dudek. Z. Suhel and J. Zikmund, /bid. 44. 2843 (1979).
®R. Polak and P. Rosmus. Theor Chim. Acta 24, 107 {1972).
'B. T. Hart. Austral.. J. Chem. 26, 461, 477 (1973).
2E. Kochanski, J. M. Lehn and B. Levy, Theor. Chim Acta 22, 111 (1971).,
3C. Bushweller and J. W. O'Neil. J. Qrg. Chem. 35. 276 (1970).
*F Lengfeld and 1. Stieglitz, Drsch Chem. Ges. Ber. 27. 926 (1894).
*J. Sticglitz. Ibid. 28, 573 (1895).
'H. G. Khorana, Cuan. J. Chem. 32. 227, 261 (1954).
"E. Schmidt and F. Moosmiiller, Lichigs Ann. 5§97, 235 (1956).
*E. Schmidt and W. Carl. Ibid. 639, 24 (1961).
'S. E. Forman., C. A Erickson and H Adleman. J. Org. Chem. 28. 2653 (1973).
'E. Dabnitz. 4ngew. Chem. 78, 483 (1966).

T3r.2.0



280 M MikoLAK 2yK and P. KIELBASINSKI

)G Moffatt and H. G Khorana, J Am Chem. Soc. 79, 3741 (1957)
2K Hartke and M. Radau, 4rch. Pharm. 305, 634 (1972).
K Hartke and 1", Rossbach. Angen Chem B0, 83 11968). K Hartke. F. Rossbach und M Radau. Liebigs Ann 762, 167
{1972}
k. Schanudi, A Reichle, M. Wandel and W R Carl, Ger. Pat. 1,182,202 (1962); Chem. Ahstr 62, 3944g (1965)
"*E. Schmudt, E. Duabritz, K Thulke and E. Grassman, Lichigs 4nn. 685, 161 (1965).
F. Vowinkel and P. Glewchenhagen, Tetrahedron Letters 139 11974)
“"M. Radau and K. Hartke. Arch Phurm M5, 665 (1972).
"E. Vowinkel and P Gleichenhagen. Tetrahedron Letiers 143 (1974)
b Vowinkel. Angen Chem. 75. 377 (1963)
“UF Vowinkel, Chem Ber 99,42, 1479 (1966).
“'F L. Bach. J. Org. Chem 30, 1300 (1965).
“*L Vowinkel and Ch. Woltl. Chem Ber 107. 496 (1974)
SYE. Vowinkcel, Svathess 430 ¢1974),
SR T Murkiw and F S Cancllakes, Terrahedron Letters 657 (1968)
*R.T Markiw and £ S Cancllakis, J. Org Chem 34, 3707 (1969}
UCE. Vowinkel Chem Ber 100, 16 (1967).
*TH. Auterhoff and R Oettmerer. Areh Pharm. 308, 732 (1975).
") Calderon and 1. A Medrano. 4 Quen 71711 (1978), Chem Abstr 84, 159091 (1976)
"'H Tsutsum, Y Kuwai and Y Ishido, Cheme Letters 629 (197%).
"CF Vowinkel and H J. Bacse. Chem. Ber. 107, 1213 (1974)
“'F Vowinkel and J Beuthe, Thid. 107, 1333 (1974).
“YE. ). Corey. N H. Anderson. R. M. Carlson. J Paust. E. Vedejs. L. Viattas and R E. K. Winter. J. 4m. Chem. Soc. 90, 3245
(196¥).
“AC Alenandre and FoRouessac, Tetrafiedron Letters 1011 (1970).
“*C Alcvandre and F. Rouessac, €1 R, Acad Sci €. 274, 1585 (1972)
**Y Bahurel and G Descotes. thid €, 275, 1539 (1972)
"CR. R Hiatt, M-J Shaio and F. Georges. J Org. Chem. 44, 3265 (1979}
"TB A, Pawson and S Gurbasan, bid. 38, 1051 (1973).
M. Raduu and H Hartke, Arch Pharm. 308, 702 (1972)
E. Vowinkel and J Bartel, Chem Ber. 107, 1221 (1974)
P M Strecter and F.J. Bartuhin, Ret. Real Acad. Ciene Faactas, Fis Natur, Madrid 62,497 (1968). Chem Abstr. 70. 11312
11969).
"I Hoo Stk Commun: 3,101 (1973)
""YE Vowmnkel, Angew Chenr Internat Ed. Engl 13, 351 (1979).
"AH Gross and L Bilk., fetrahedron 24, 6935 (196X).
VY Jeschkeit, Z Chent 9. 111 11969),
YYD Geftken and 1. ) Kaempl. Synthesis 176 (1975),
S Baittner. dsrae! J. Chem. 13, 141 (1978), Chem Ahsir. 85, 32389 (1976}
"D Geffken. Arch. Pharm M9, 313 11976).
VO Nagarapun. S. Rajappa and V- S Tyver. Tereahedron 23, 1049 (1967)
1. G Hoare. A Olson and D L Koshland, Jeo J Am. Chem Soc. 90, 1638 (196%).
"'"M. Busch. G Blume and E. Pungs. J. Prake. Chem. 79, 513 (1909)
YUOOE Vowinkel, Chem. Ber. 96, 1702 (1963).
RIMAHen. R Y. Maorr, Can J Chem 41, 252 (1963)
YI3IM. Moreno and J Marcual, An. Quon 85,175 (1969). Chem. Abstr. 71, 3072 {1962)
P I Bateluan, W. Heerma and G Tadema, Pruc. Kon Ned. dcad Wetensch B, 72,132 (1969), Chem, Abser 71, 38471
(19691
"TUALO. Hawtrey, Tetrahedron Letters 6103 (1966).
VR H O Stewart, duntral J Chem. 20, 477 (196K
PP Sehlack and G Keil, Lickig Ann. 661, 164 (1963),
"AT Mukalyama, K Inomata and S, Yamamoto. Tetrehedron Letters 1087 (1971,
'UE. Zicgler. W Steiger and T Knappe, Monatsh Chem 99, 1499 (196X).
Y20 Vowinkel and G Claussen, Chem. Ber. 107, 89% (1974)
'2UE Micheel and W Brunkhorst, Thul. 88. 481 (1955)
122] Macholdt-Erdmiss. Thad 91, 1992 (1958).
Y23k Kurser and P M. Sanderson. J Chem Soc. 3230 (19601,
V24KV Suresh. J Indian Chem Soc 37,25 (1960)
P2V K Verma and K M. Sarka, J Sa Tad. Res 21B. 236 (1962).
120y Ramirez and Z. K. Hartke, Ket Real Acad. Crene Exactas, Fis. Natur: Madvid 61, 837 (1967): C hem Ahstr. 69, 77157
(1196%).
VITHOL Yale and b A Bristol, J. Heteroavdd Chem, 12, 1027 (19795)
VI yamamoto, H. Tokanou, H. Uemura and H. Gotoh. J. Chem. Sac. Perkin 1. 1241 (1977
"HOM Yuaaf, Karacht Unn J Sei 5,39 (1977): Chem. Absir. 89, 107936 11978),
VOE Schmidt and W Striewsky. Chem. Ber. 74,1285 (19410,
MM Butt, DG Netbon, KM Watson and R Hulll J Chem. Soc Perkin [ S42 (1976)
VA2C Belzeckt and Ul Protrowsk.a Bull dcad Polon Scr. Ser Sci. Chim. 200499 (1972); Chem. bstr. 77, 114002 (1972).
VG, Zimner and H O Gross, Chem Ber 108, 1709 (1972),
MG Voss, F O Fischer and H. Werchan, 7 Chem 13, 58 (1973)
YD Geffken and G Zinner, Chem Ber 106, 2246 (1973)
1) Schoen and K Bogdanowicz-Szwed, Rocz Chenn 41,1903 11967). Chem Aharr 69. 10415 (1968)
"L C Rarford and W. T Daddow. J. tm Chem Soc 83,1552 (1931).
YR Sunderdick and G Zinner. Arch. Pharm. 307, 509 ¢1974)
"YE Kureer and M. Wilkinson, J o Clhiem, Sac €19, 26 (19700



Recent developments in the carbodiimide chemistry 281

1$UF Kurzer and M. Witkinson, Ihid. C, 2099 (1968).

YSIR, T. Wragg. Tetrahedron Letters 3931 (1970).

'42A Mohsen, M. E. Omar. N. S. Habib and O. M. Aboulwafa, Syathesis 864 (1977).

'43H. Ogura, K. Takcda, R. Tokue and T Kobayashi. Ibid. 394 (1978)

'43H (. Khorana, J. Chem. Soc. 2081 (1952).

'45M. Smith. J G. Moffatt and H. G. Khorana, J Am. Chem. Soc. 80. 6204 (1958).

148G, Doleschall and K. Lempert. Tetrahedron Letters 1195 (1963).

"*7G. Doleschall and K. Lempert. Monatsh. Chem. 95, 1068 (1964).

HEALF. Hegarty, M. T. McCormack, G. Ferguson and P. ). Roberts, J. Am. Chem. Soc. 99, 2015 (1977).

"$9A Arendt and A. M. Kolodziciczyk, Tetrahedron Letters 3867 (1978).

'*OF. Zctzsche, E. Lucscher and H. E. Mayer, Disch. Chem. Ges. Ber. 71, 1088 (1938).

I3VF. Zetssche and A. Friedrich. Ibid. 72, 1477, 1735 (1939).

'S2p Zetsche and G. Roctiger, Thid. 72. 2095 (1939); 73, 50 (1940).

'*3R. Schwyser and P. Sicber. Helr. Chim. 4cta 41, 2190 (1958).

V831, Zetzsche and AL Fricdrich, Disch Chem Ges. Ber. 73, 1114 (1940).

'SSD. Aldrige. J. R Hanson and T. P. C. Mullholland. J. Chem. Soc. 3539 (1965).

> I, De Tar and R. Silverstein, J. Am. Chem. Soc. 88, 1013 (1966).

'"*"D. F. Mironova, G F. Dvorko and T. N. Skuratovskaya. Ukr. Khim. Zh. 35, 726 (1969).

KD F. Mironova and G. F. Dvorko. /hid. 41, 840 (1975).

"1 T. Ibramm and A. Williams, Chem. Commun. 25 (1980).

"P91). F. DeTar and R. Silverstein, J. Am. Chem. Soc. 88, 1020 (1966).

'*1Z. Sclinger and Y Lapidot, J. Lipid. Res. 7. 174 (1966).

'ID. F. Mironova and G. F. Dvorko. Ukr. Khim. Zh. 38, 60 (1972).

D, F Mironova, G. F. Dvorko and T N. Skuratovskaya. Thid. 37. 458 (1971).

"D F Mironova. G. F. Dvorko and T. N. Skuratovskaya, Thid. 36, 190 (1970).

'**T. A. Budazhapova. D G. Knorre and O. A. Mirgorodskaya, {z¢. Sib. Otd. Akad. Nauk SSSR, Ser. Khim. Nauk No. 12,73
(1967).

"D, G. Knorre and G. S. Mushinskaya Thid 132 (1967): Chem. Abstr. 68, 77572 (1968).

7D Gl Knorre, V. Kurbatov, G. S. Mushinskaya and E. G. Sailovich, Ihid. 137 (1967): Chem. Absir. 69, 96532 (1968).

"4, G. Knorre and O. A, Mirgorodskaya, Dokl. Ahad. Nauk SSSR 181, 610 (1968).

'Y Muramatsu, M Ttoi, M. Tsuji and A. Hagitani. Bull. Chem. Soc. Japan 37, 756 (1964)

"G AL Olah, Y D. Vankar, M. Arvanaghi and J Sommer. Angew. Chem. Internat. Ed. Engl. 18, 614 (1979).

'"'F. Zetzsche and A. Fricdrich. Disch. Cliem. Ges. Ber. 72, 363 (1939).

2D F. Mironova and G. F. Dvorko, Ukr. Khim. Zh. 33. 602 (1967).

"TYAL K. Bose and S. Garratt, J. Am. Chem. Soc. 84, 1310 (1962).

'"3G. Resofszki. M. Huhn, B. Hegedus. P. Dvortsak and K. Kaloy, Tetrahedron Letters 3091 (1975).

'"*G. Resofszki. M. Huhn, P. Dvortsak and K. Kaloy, Lichigs Ann. 1343 (1976).

V7e) Zetzsche and H. Lindler, Disch. Chem. Ges. Ber. 71, 2095 (1938)

1777, Wirpssza and E. Kurbiel, POL. 98 200; Chem. Abstr. 91, 92447 (1979).

'"*R. B. Woodward, F. E. Bader, H Bickel, A. J. Frey and R. W. Kirstead, Terrahedron 2. 1 (1958).

'MW, S. Johnson, W. J. Bauer. L. J Margrave, M. A. Frisch, L. H. Drcger and W. N. Hubbard, J. Am. Chem. Soc. 82, 1255
(1961).

'4O1). Geflken and G. Zinner, Chem. Ber. 108, 3730 (1975).

YT C. March, W. A. Romanchick, G. S Bajva and M. M. Joullie. J. Med. Chem. 16, 337 (1973).

"¥2M_ Robba and D. Maume, Cr. R. Acad. Sci. C, 272. 475 (1971).

"B Jerman and 1) Fles. J. Polyin Sci. Polvi. Chem. Ld. 14, 1117 (1976); Chem. Abser. 85, 94709 (1976,

"M4B. Loev and M. Kormendy, J. Org. Chem 27, 3365 (1962).

'EEp. Monforte, Attic Soc. Pelorit. Sci. Fis. Mat. Natur. 11, 457 (1965); Chem. Absir. 67, 54068 (1967).

e p Monforte, G. Fenech, M. Basile. P Ficarra and A. Silvestro, J. Heterocycl. Chem. 16, 341 (1979).

'""F Zetssche and G. Voight, Disch Chenm. Ges. Ber. 74, 183 (1941),

""MT.N. Skuratovskaya, D. F. Mironova and G. F. Dvorko. Dopov. Akad. Nauk Ukr. SSR, B 32,163 (19701: Chem. Abstr. 73,
44554 (1970).

YUTUN. Skuratovskaya, D. F. Mironova and G. F. Dvorko. Ur. Khim. Zh. 35, 947 (1969)

"UPCAL Cadby, M. T, Hearn and A. D. Ward. Awtral. J Chem 26, 557 (1973).

"TA. Buvzas, C. Egnell and P. Frcon, Ct. R. Acud Sci. 255, 945 (1962).

'2) Degutis and D. Dzjuvicne, Zh. Obsheh. Khim. 32, 1253 (1962).

"ANL Koshetkov. VA, Derevitskaya and N. V. Molodsov. 1hid. 32, 1500 (1962).

"IN, Pravdic and D. Keglevic, J. Chem. Soc. 4623 (1964).

'*M. Bodanssky. J. Meinhoffer and V. du Vigneaud. J. Am. Chem. Soc. 82, 3192 (1960).

""®J. Pless and R. A. Boisonas, Helr. Chim. Acta 46. 1609 (1963).

'"""A. Buzas, C. Egnell and P. Freon, Cr. R. Acad. Sci. 256, 1804 (1963).

“"R. Rigny and S. Samnc. Jhid. C. 266, 1303 (1968).

“"F. Amat, R. M. Utrilla and A Olano, An. Quim. 65, 829 (1969); Chem. Abstr. 72, 54840 (1970).

"“"B. Neiscs and W. Stcglich, Angew Chem. Int. Ed. Eng. 17, 522 (1978).

YA Hassner and V. Alexaman, Tetrahedron Letters 4375 (1978).

02} F Ziegler and G. 1D Berger, Synth. Commun. 9, 539 (1979).

"7 Krawezyk and C. Belzecki. Polish J. Chem. 53, 631 (1979).

"*J. Rcbek. D. Brown and S. Zimmerman, J. Am. Chem. Soc. 97. 4407 (1975).

"*A. Buzas. F Canac. C Egncll and P. Freon. Ci. R. Acad. Sci. 260, 2249 (1965).

Y®A. Sotiriadis. P. Catsoulacos and D Theodoropoulos, J. Heterocycl. Chem. 11, 401 (1974)

“7R. H. Nealey, M. Rafusc and P. D Silvia, J. Chem. Eng. Data 16, 482 (1971).

%], O Thomas. Tetrahedron Letters 335 (1967).

). C. Sheehan and G P. Hess. J. Am. Chem. Soc. 77, 1067 (1955).

""H G. Khorana. Chem Ind. 1087 (1955).



X2 M Mikorajczyk and P Kiir BASINGKI

2113 Rebeh and D. Feitler. J. Am Chem. Soc. 95, 3052 (1973)

-'*J Rebek and D. Feutler. thid. 96. 1606 11974).

1Y), Rebek and D. Fertler, Inr. J Peptide Protein Res. 7. 167 (1975).

“14] ledebski, M. Lebek und S. Drabarck. Rocz. Chem. §1, 81 (1977). Chem  4bstr. 87, 23708 (1978}

1) tedebski, J Kubiak, D. Kunce and S Drabarck. Polish J. Chem. 52. 539 (1978). Chem Abstr. 90, 23662 (1979).

'*H [to. N. Takamitsu and 1 ichizaki, Chem. Letters $39 (1977)

TG Wendiberger, Houben-Wevl, Methodea der organischen Chemie, Vol 15 20 p. 103, Thieme Verlag, Stuttgart (1974)

1D, H. Rich and 1. Singh, Peprides N ¥ 1, 231 (1979).

TUACArendt. M. Hoffman, A Kolodzieiczyvk and A, Sobezak. ). Sokotowska and C Wasielewskr, Polish J Chem. §3. 447
(1979,

L. Uvelyn and L. D. Hall, Carbohvdr Res 70, C1-C2 (1979),

SN VOA Baigand LN Owen, J Chiem, Soc. C, 340 (1966)

1Y) R. Grunwell and D. L Forest, Siath. Commun. 6. 453 {1976)

SSYKL Horka, thed. 70251 (19770,

33D, Hodson. G Holt and D K. Wall, J. Chem. Soe. €. 971 (1970,

B Penke, ). Czombos, L Balaspir, J Petres and K. Kovacs, Helt. Chim: Acta 83, 1057 (1970)

“PM Mikokyezvk and P, Kietbasinski, Veh Svmposium on the Orgame Sulphur Chenustry. Abstract 11-A-28. Lund {1972)

STM Makotaenank. P Kictbasiniskr and H M. Schiebel. J. Chem. Soc. Perkin 1, 564 (1976).

2V Vhikoligesyk. P Kictbasinshi, Jo H Barlow and D R Russell. J Org. Chem 42,2345 (1977)

UM Mikotagesyk and P Kiotbasinski. unpublished results

S Kato. T. Katada and M. Mizuty. Angew Chem Int Ed. Ingl. 15, 766 (1976).

MG Kato, A Hon, T Takag and M Mizuta, Thid. 16, 787 (1977)

4)C Jochuns and A Sechger. Angen Chem 79, 151 (1967),

S44)0C Jochims, Chem Ber 101, 1746 (1968).

S H G, Khorana, Can J Chem 31 5KS {1953)

TP Samucl and B L. Silver. J 4m Chem Soc. 85,1197 (1963).

2y Lapidot. S Pinchas and D. Samuel. Proc Chem. Soc. 109, 389 (1962)

SUF Miap, H Minoto and M. Kobayashi, Bull Chem. Soc Japun 44, R62 (1971).

WM. Furukawa and T Okawara, Stachesis 339 (11976).

FUROO Mumma, K bujitani and C P, Hoiberg, J. Chem Eng. Data 15, 358 (1970)

YR, O Mumma and C. P. Howberg. 1hid. 16, 492 (19711

RO Mumma, C. P Hoberg und R Simpson, Curbohydr. Res. 14,119 (1970).

0P Hoberg and R O Mumma. J. 4m. Chem Soc. 91, 4273 (1969).

U1 Glonek, J R Van Wazer. R A Kleps and T C Myers, Tnorg. Chem 13, 2337 (1974)

4T Glopek, R A Kleps and 1. R. Van Wacer, Biomorg Chem. 5. 283 (1975).

T, Glonck, J. R, Van Wazer und T C Myers, Phosphorus Sulfur 3. 137 (1977).

3T Glonek. T. C Myers and J. R. Van Wazer, J. Am. Chem. Soc 97, 206 (1975)

3 H. G Khorana and A Todd. J. Chem. Soc. 2257 (19530,

"M Halman, Ihid 305 (1959)

4T, Glonek. J. R. Van Warver and T. C. Myers. Inorg. Chem 14, 1597 (1975).

YR, W. Chambers. J G. Moffatt and H G. Khorana. J. Am. Chem Soc 79, 3743 (1957)

W, Kampe. Chem Ber 95,1031 (1965).

34 G Khoranu. J Am Chem. Soc 81, 3657 (1957)

3A L Nussbaum. G. Scheuerbrandt and A. M. Duffield. /bid. 86. 1021 {1964).

SHYE. Shaw. Thud. 83, 4770 (1961)

ROV, Tombson und G M. Tener, J. Ore. Chemn. 29, 493 (1964)

G Khorani, Some Recent Developments or the Chennstry of Phosphate Esters of Biological Interest Wiley and Sons, New
York (1961).

TG Womann and H G Khorana. 1. dm, Chem Soc. 84, 4329 (1962).

)G Knorre, V. F Zarytovas ALV Lebedev, L. M. Khalinskaya and B A Sheshegova, Nuel Acrds Res. 85,1253 (1973).

TUVOF Zarytova, DM Graifer b1 vanova, D G Knorre. A V. Lebedey and A 1 Rezvukhin, The 1Vth Symposim on the
Chemistry of Nucleic Aads Components Bechyne, Czechoslovakia (19781 Nucl Acuds Res.. Specal Publ No 4.5 209 (1978).

VB Zarytosa and AV Lebedes. Broorgan. Khim, 3, 1211 (1977)

PUVCOF Zarytova, FOM O [vanovi and ALV Lebedev, Thid. 2. 189 (1976)

) G Knorre, A V. Lebedes and V. FL Zarytova Nl Acids Res. 3, 1401 (1976)

) G Knorre and VO F. Zanvtova, Thid. 302709 (1976)

VCOF Zanvtova, b M lanova and AL V. Lebedes, Bioorgan. Kium 2, 1196 11976)

SO E Nifantes and LV Shiov. Zh Obshoh Khun. 43, 2654 (1973)

ey H M. W, Thewissen and F. A Vollenbroek, University of Niymegen. the Netherlunds, private communication

M AMDkotaicsvk, Chiemt Ber 99, 2083 (1966)

9 p Kaetbasinshs, Dissertation, tods (19771, M Mikotajezyk and P Kietbasinski. unpublished results

SOUA Nuretdmos, bV, Bavandina and 1. N Sadkova. Dokl Akad. Nawk SSSR.239. 1110 (1978). Chem Abair. 89, 24364
(197%).

UM Mikolajezy k. P Kiethasinskr and Z. Gosrezynska, J. Org. Chem. 42, 3629 (1977)

) Karoluk-Wojcicchowska, M. Wieeszorek, M. Mikotujezyk, P. Kietbasinske. Y T. Struchkov and MY Antipin. Adt
Cryst B 38 X77 (1979)

TIM Brad, .S Pat 3499.K3K: Chem dbare 72113616 (19701, H. Malz. O. Bayer und W Neumann. Ger Pur 116,301
Chem. Abser. 60, 11945 (19641 H. Malz, E Kuhle and O Buyer. Ger Pur. LIIBIRG, Chem Abstr 58, 6755 (1963)

271 G Moflat and UL Lerch, J. Org Chenm 36, 3686 (1971,

P4} G Moffatt and UL Lerch. Thid. 36, 3861 (1971)

*7) Gl Molfatt and U. Lerch. Thid 36, 3391 (19710,

"B Stnindsberg and S Allenmark. Acte Chem Scand B 3. 219 (1976)

UK I Pityner and ). G Moffatt, oo Am. Chem. Soc. 87, 5661 (1965)

2K OE. Plitzner and ) G, Mollan, Ihed. 87, 5670 (1965



2°"N. Finch. J. J. Fitt and 1. H. S. Hsu. J. Org. Chem. 40, 206 (1975).

28] p. Albright and L. Goldman, Ihid. 30, 1107 (1965).

%18 R. Baker and D. H. Buss. /hid. 30, 2304 (1965).

32A.G. Brook and ). B. Pierce, Ibid. 30, 2566 (1965).

2%3A. H. Fenslau and J. G. Moffatt, J An. Chem. Soc. 88, 1762 (1966).

3#3) G. Moftatt. J. Org. Chem. 36, 1909 (1971).

2*SM. i. Burdon and J. G. Moffatt, J. Am. Chem. Soc. 87. 4656 (1965).

***M. G;. Burdon and J G. MofTatt, Ihid. 88, 6855 (1966).

7). G. Moffatt. Quart. Report Sulfur Chem. 3, 95 (1968).

3R AL Olofson and J. P, Marino, Tetrahedron 27, 4195 (1971).

¥R, Scheffold and E. Saladin, Angew. Chem. 84, 158 (1972).

MOR.C. Schnur and E. E. van Tamelen, J. Am. Chem. Soc. 97, 4644 (1975).

K. Hartke, Archiv Pharm. 300, 766 (1967).

MK, Hartke and E Palou. Chem. Ber. 99, 3155 (1966).

3K, Hartke, 1hid. 99. 3163 (1966).

E Zicgler, H Junck and H. Buschede, Monatsh. Chem. 98, 2233 (1967).

VSW.OT. Brady and R. A, Owens, J. Org. Chem. 42, 3220 (1977)

e, Zinner and R. Vollrath, Chem. Ber. 103, 766 (1970).

*"H. Gross and G Zianer. [hid. 106, 2315 (1973).

2"8Y, Nagai. I Ojima and S. Inaba. Japun Kokar 75116,428: Chem. Abstr. 84. 74424 (1976).
271 Ojima. S Inaba and Y. Nagai. J. Organometal. Chem. 72, C11 (1974).

T Opima and S. Inaba, Ihid. 140. 97 (1977).

WL Opima. S. Inaba and Y Nagai. Ihid. 99, C5 (1975)

928 Tnaba and . Ojima. Ibid. 169. 171 (1979)

1931 Ruppert, Angew Chem. 89, 336 (1977).

1Y QOshiro, Y Mori, T. Minami and T Agawa, J. Org. Chem. 35. 2076 (1970).

WSE Ramires. J. F. Pilot. N. B Desai, C. P. Smith. B. Hansen and N. McKelvie. J. Am. Chem Soc. 89, 6273 (1967).
00 A Takamizawa, K. Hirai and S. Matsumoto, Tetrahedron Letters 4027 (1968)

107N, N. Magdescva. R. A. Kyandvhetsyan and O. A. Rakiun, Zh. Org. Khim. 12, 36 (1976).
3U8N. N Magdeseva, R. A. Kvandzhetsvan and V. M. Astafurov, Ihid 11, 508 (1975).
Y0P Kolsuker and . Joeraandstad, Acta Chem. Scand. B 29, 7 (1975).

MOF G Greene, W. R. Bergmark and J. F. Pazos. J. Org. Chem. 35, 2813 (1970

D, Sarantakis. T. K. Watts and B. Weinstein, Terrahedron 27, 2573 (1971)

128 Krishnan, D. G. Kuhn and G. A. Hamilton. Tetrahedron Letters 1369 (1977).

411 Rebek, R. McCready. S. Wolf and A. Mossman, J. Org. Chem. 44, 1485 (1979).
YA Stephen, Monaish Chem. 97, 695 (1966).

M5 Japan Kokai, 7.225.146. Chem. Absir. 78, 15847 (1972)

ey, Otsui. M. Arakawa, N. Matsumura and E. Haruki, Chent. Letters 1193 (1973).
MC Metsger and J. Kurz, Chem. Ber. 104, 50 (1971),

YRR Hull J. Chem. Soc. C. 1154 (1967).

MUWOT. Brady and E. F. Hoff, J. Am. Chem. Soc. 90, 6256 (1968).

20W. T. Brady. E. D. Dorsey and F. H. Parry, J. Org. Chem. 34, 2846 (1969).

321w, Weyfer, W. (6. Duncan and H. W. Moore, J. Am. Chen. Soc. 97, 6187 (1975).
*27H. W. Moore. L. Hernandes and A. Singh, Ibid. 98, 3728 (1976).

*23W 7. Brady and L. D. Dorscy, Chem. Commun. 1638 (1968).

Y34W. T. Brady and E. D. Dorsey. J. Org. Chem. 35. 2732 (1970).

Y25 Fischer. B. Schumanst, GER(IDDR)., 108.300. Chem. Abstr 82, 156279 (1975).

120 Beliecki and Z. Krawczyk, Chem Commun. 302 (1977).

Y277, Krawcsvk and C. Betzecki. Polish J. Chem. 83, 643 (1979)

32R Huisen. E. Funke, F. C Schaefer and R. Knorr, Angew. Chem. 79, 321 (1967),
“UH. Ulnich. B. Tucker and A. A. R. Sayigh. J. Am. Chem. Soc. 94. 3484 (1972).

YOH, Ulrich, B. Tucker, F. A. Stuber and A. A R Sayigh. J. Org. Chem. 34, 2250 (19691,
SUH. Ulrich, Cyeloaddition Reactions of Heterocwmulenes. Academic Press. New York (1967)
'*2H Suschitzky. R. E. Walrond and R. Hull, J. Chem. Soc Perkin 1, 47 (1977).

3R Neidlein, Arch. Pharm. 297, 623 (1964).

0. Tsuge and K. Sakai. Bull. Chem. Soc. Japan 48, 1534 (1972),

N, Inamoto and L. Ojima, J. Chenr. Soc. D, 1629 (1970).

1L Ojima. K Akiba and N. Inamoto. Bull. Chem. Soc. Japan 46, 2559 (1973),

*7A. Dondonm and A. Battaglia, J. Chem. Soc. Perkin 11, 1475 (1975).

0. Exner. V. Jehlicka and A. Dondoni, Coll. Czech., Chem. Commun. 41, 562 (1976).
E. Schaumann, E. Kausch and W. Walter. Chhem Ber 110, 820 (1977).

0. Hruzova and P Kristian, Coll. Czech. Chem Commun. 43, 3258 (1978).

1T, Kaufmann and R. Eidenschink. Angew Chem. 85, 583 (1973).

12T Kaufmann and R. Eidenschink. Chent. Ber. 110, 651 (1977)

*'R. Neidlcin and K. Salzmann. Synthesis 52 (1975).

**M. W. Burker and R. H Joncs, J. Heterocyel. Chem. 9, 169 (1972).

**H Hobcrg and J. Korll. Liehrgs Ann, 1111 (1978).

*0). Bodcker. P. Kéckntz and K. Courault, Z. Chem 19, 59 (1979).

*"M. Toru. M. Fukuda, M. Abbe and T. Agawa, Bull. Chem. Soc. Jupan 46. 2156 (1973).
YO, Tsuge and S. Iwanamy. Nippon Kaguku Zasshi 92, 448 (1971); Chem. Abstr. 77, 5432 (1972).
1. Yamamoto. H. Gotoh, T. Minami. Y. Ohshiro and T. Agawa. J. Org. Chem. 39, 3516 (1974).
*9Y_ Ohshiro, K. Kinugasa, T. Minami and T. Agawa, Ihid. 35. 2136 (1970).

'K, Kinugasa and T. Agawa, J. Organometal. Chem. 51, 329 (1973)

‘2P Hong and H. Yamazaki. Nippon Kagaku Kaishi 730 (1978): Chem. Abstr. 89. 108980 (1978,

283



284

*3]. Drapier. A. Feron. R. Warin, A. J. Hubert and Ph. Teyssic. Tetruhedron Letters 559 (1979)

**3A S. Hubert. A. Feron, R. Wanin and Ph. Teyssie, Ibid. 1317 (1976).

3**K. Miyashita and L. Pauling. J. Org. Chem. 41, 2032 (1976).

3% A H. Lamberton, R. D. Porter and H M. Yusuf, J. Chem. Soc. Perkin 1, 956 (1974)

337J. H Boyer and P.J A. Frints, Terrahedron Lerters 3211 {1968).

3%%]_ Pornct and L. Miginiac; Bull. Soc. Chim. Fr 994 (1974)

#3"G. Neumann and W. Neumann. J. Organometal. Chem. 42. 293 (1972).

369A Eglavi and H. G. Viehe, Angew. Chem. 89, 188 (1977).

3'E, Schaumann. E. Kausch. K. H. Klaska and B. Metz. Narurwiss 64, 528 (1977). Chem. Abstr. 88. 50239 (1978).

42K, Kaji. H. Matsubara, H. Nagashima, Y. Kikugawa and S Yamada, Chem. Pharm. Bull. 26. 2246 (1978). Chem Abstr 89.
179516 (1978).



