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Foreword 

The present volume, ”The Chemistry of Cyanates and thcir Thio 
Derivatives” includes material on cyanates. isocyanates, thiocyanates and 
isothiocyanates as well as on isocyanatc dihalides and on selenocyanatcs 
and related compounds. The volunic is organized on the sanie gcncral 
lines as the other volumes of “The Cheinistry of Funcrional Ciroups” 
series, and which are described in the ”Preface to the Series” appearing 
on the following pages. 

For once, all the chapters included in the original plan of the volume 
materialized. Hence omissions. if any. this time are solely the responsibility 
of the Editor. 

The chapters have been commissioned for this \.olume i n  the Spring of 
1974, ;ind were mostly delivered between March and August 1975. I n  most 
cases the literature coverage of the chapters is therefore roughly up to thc 
Spring of 1975. 

. 

Jerusalem, .lunc I976 S A U L  PATAl 



The Chemistry of Functional Groups 
Preface to the series 

The scries 'Thc Chcmistry of Functional Groups' is planned to cover in 
each volume all aspects of thc chcrnistry of one of the important functional 
groups in organic chemistry. The emphasis is laid o n  the functional group 
trratcd and o n  the cffects which i t  exerts o n  the chemical and physical 
properties, primarily in the irnrnediatc vicinity of the group in question. and 
secondarily on the behaviour of thc whole molecule. For instancc. the 
volume Tlic Clicwisrt-!~ (?/'!he Erlier Liiikcqc dcals with reections in which 
the C-0-C group is involved, :IS well as with the effccts of the C-0-C 
group on the reactions of alkyl or  iiryl groups connected to the ether 
oxygen. I t  is the purpose of the volume to give a complete covcragc of all 
properties and reactions of ethers in iis f a r  as these dcpend on the presence 
of the ether group but the prirnhry subject matter is not the whole molecule, 
but the C-0-C functional group. 

A further restriction in the treatment of the various functional groups in 
these volumes is that inaterial included in easily and generally available 
secondary or tcrtiary sources. such ;is Chemical Re;liews. Quarterly 
Reviews. Organic Rcactions. various 'Advanccs' and 'Progress' serics 21s 
well as textbooks (i.e. in  books which arc usually f0ur.d in  the chen;ical 
libraries of universities and research institutes) should not, as  a rule, bc 
repeated in detail, unless i t  is neccssary for the balanced treatment of thc 
subject. Thercfore each of thc authors is asked no! to give an encyclopaedic 
coverage of his subject. but to concentratc on the mo:+ important recent 
develogments and mainly on material that has not bcen adequatcly covcred 
by reviews or other secondary sources by the time of writing of thc chapter, 
and to addrcss himself to ii reader who is assumed to bc ;IPII fairly advanced 
post-graduate levcl. , 

With these restrictions. i t  is reulized that n o  plan can be devised for a 
volume that would give a cot?ip/crc coveragc of the subject with 1 7 0  overlap 
bctween chapters. while at the same time preserving the readability of lhc 
text. Thc Editor set himself the goal of attaining rctrsoiicrhlr covcragc wi th  
~irot lcr~~rc overlap, with ii minimum of cross-references betwceii the 
chaptcrs ofeach volunic. I n  this manner, sufficient rrccdom is given to each 
author to produce rcndable quasi-monogr~lphic chapters. 

< 
i x  



\ Preface to thc wries 

The gcneral plan of cach volume includes thc following main sections: 

( a )  An introductory chapter dcaling wi th  the general and theoretical 
aspects of thc group. 

( b )  One or tnorc cha@-rs dealing wi th  thc formation of the functional 
c group in question. cither from grqicp present in the molecule, or by 
introducing thc new group directly or indirectly. 

(c) Chapters describing the characterization and charactcristics of the 
futictioniil groups. i.e.. ;i chapter dcaling with qualitutive and quantitative 
nie:hods of dcterminution inclttding chemical and physica! methods, 
ultraviolet. infrared. nuclear magnetic resoti;ince and mass spectra: ;i 

chapter dealing w i t h  activating and dircctive effects esertcd by the group 
a!id,or ii chapter on thc basicity. acidity or complex-forming ability of the 
group ( i f  applicablc). 

(d ) C ha pt crs o t i  t he react ions. t r;i nsfor nig t ions and re;irra t i  gemen t s 
which the functional group can undergo. cithcr alonc or in conjunction 
with other reagents. 

(e)  Special topics which d o  not f i t  any of the above scctions. such iis 

photochemistry, radiation chctiiistry. biochcniical formations and re- 
actions. Depending on the nature of each functional group trcatcd. thesc 
special topics n iay  includc short monogr:iphs on related functional groups 
o n  which no separatc volumc is planned (e.g. ii chup?er on 'Thiokctoncs' is 
includcd in thc volume Tlic Cliwii.s/r.i~ ( ~ / ' i l i o  Crrhm,i./ Grolrp. and ii chapter 
o n  'Ketcnes' is included i n  thc volume Tlio Cliwii.s/r.t. of'AIX-cws).  I n  othcr 
cases, certain compounds. though containing only the functional group of 
the title. m a y  have special features so ;IS to be bcst treated in ;I separate 
chapter. as e.g. 'Polyethcrs' i t i  Tlic c'Iioiiii.s/I..i. n/ .  ~ l i c  E/ l ior  LiiiX-(i,qc. or 
'Tctraaminoet hylenes' in  Tlic Clioiiii.v/r.i. o/' / I I P  Aii i i i io Group. 

This plan entails that the breadth. dcpth iitid thought-provoking tiiiturc 
of cach chapter will differ with the views and inclinations of thc :iutlior and 
the presentation will tieccssiirily be somc\vhat uncvcti. Morcovcr. a s c r i o q  
problem is causcd by authors who dclivcr their manuscript late or no t  at all. 
I n  order to overcomc this problcm at  Icast to sonic extent. i t  wits decided to 
publish certain volumes in scver;iI parts. wit!iout giv.ing consideration to 
thc originally planncd logiciil order of thc chapters. Il'after the appcaruncc 
o f  the originally planned parts of ;i  volume i t  is l.oiind that either o\ving to 
non-delivery of chapters. or to ncw dwclopiiictits in the sub.jcct. sufficient 
ma t c ria 1 has ;a ,: urn u I a t cd c'o r p ii bl icii t inn of :I supple men t ii r y L ol 11 me. 
containing material on rclatcd 1'unction:il groups. this will be done ;IS soon 
a s  possiblc. 



Preface to the serics si 

The overall plan of the volumes in the series 'The Chemistry of 
Functional Groups' includes the titles listed below: 

The C'lwtiiistry of* Alkc~tic~s ( I I W  w1irtiio.s) 

Tlie Clientistrj* of' tlio Cirrboiiyl Grotip ( I  wo i d t i t i i i ~ s )  

The Clicwii.stry q f .  tlio Ether Liiikligc. 
The Clientistry q f '  the Ainirio Group 
The Clieitiistry of  the Nitro i it id Nitroso Grotips ( two p ~ r t s )  
The Cliei?ti.srry of' Curtmvylic A cid.v ciiid Esters 
The Cliotiistry q f the Curbon-Nitroget1 Doirbk Bottd 
The Clieiiiistry of' tlie C:r.cirio Group 
The Clieittistry of Antides 
The C'liettiistry of tlie Hj*dro.yi*l Groirp ( t n*o purrs) 
The Clieiriisrry o f tlie Azido Groirp 
The Clietnistry q f  Acyl Hu1ide.s 
The Clieiiiistry of the C~i rho t i - -Hc i l~~~a i  Botid ( t w o  I,co't.s) 
Tlw Clieitiistry of' Qiriiiotioid Con1potrttcl.s ( two pcrrts) 
Tlte Clicwiistry qf the Tliiol Group (two parts) 
Tlic Clieinistry q f ' Aivi1liiw.s md h i i d m s  
The Clteitiistry c? f '  the Iiytlrcrzo, Azo oi id  Azosy Grotips i t i vo  piirts) 
The Clieinistry o f ' Cpiciti~.s iittd their. Tliio Derisiitiiw (two purrs) 
Sirppliwiiwt A : Tlw Clicwiistry of' Doiihle- Boticletl I=luic.tiotictl Grotips 

( I  II'O piirts) 

Titles in press: 
Tlie Clieiriistry of tlie Dicrzcrtiilini ciiid Dicczo Grotips 
Tlie Clieit iistry of' tho Ccirhott-Ciirboti Triple Boticl 
Sirpplcimtit B: Tlie Clietiiistr). of Acid Deriiwtiri~s 

Future volumes planned include: 
The C'lic.riiistry of' Cirinirliwc~s mid Ne~erc~cit~~iuli~tie.s 
Tlie C'lic.iiti.str!* of 0t;ycitiottirtcilIi~ Coriipoirtids 
The Clieinistry y f Sttlplitrr-coiitciii~iii~ C'ompoids 
Sitl.y*iwiit C: Tlic Clieitiistry of' Tripli~-Botitlid Firrictiotrcil Groups 
StrppI~~tiic.rit D : Tlic Clic.rtii.strj* qJ Hdidos ~ t t d  P.sc~ii~l~i-h~il i~~i~.s 
Sirppleiiicb* E: The Clic.riii.stry of' - NH2 , -OH. ciiid -SH Grotrlis litid 

tlieir Deriscitiriv 

Advice or criticism regarding the plan and execution of this series will be 
welcomed the Editor 

The publication of tfnis series would never have started. let alone 
continued, without the support of niuny persons. First itnd foremost 
among these is Dr. Arnold Weisshcrger. whose ieassurttnce and trust 



xii Preface to the serics 

encouraged me to tackle this tws’i, and who continues to help and advise 
me. The efficient and patient cooperation of several staff-members of the 
Publisher afso rendered me invaluable aid (but unfortunately their code of 
ethics does not allow me to thank them by name). Many of my friends and 
colleagues in Israel and overseas helped me in the solution of various major 
and minor matters, and my thanks are due to all of them, especially to 
Professor Z. Rappoport. Carrying out such a long-range project would be 
quite impossible without the non-professional hut none the less essential 
participation and partnership of my wife. 

The Hebrew University. 
Jerusa Icni . I S R A E L .  

SAUL PATAI 
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1. INTRODUCTIG\N 

lsocyanates arc esters of isocyanic acid. and the first member of this class 
of compounds was synthesized by Wurtz in 1848. Shortly thereafter 
several prominent nineteenth century scientists. such as Hofmann and 
Curtius, systematically investigated the chemistry of isocyanates. Although 
many of the standard reactions of isocyanates were discovercd in the 
early investigations, it took almost a century until it was recognized by 
Bayer and his coworkers in 1937 that diisocyanates are ideally suited for 
preparing polymers by a simple polyaddition reaction. The pioneering 
work on polyurethanes. the polymers derived from diisocyanates and 
diols, was conducted at the laboratory of I .  G. Farbenindustrie in Lever- 
kusen, Germany, and after a long delay caused by the Second World War. 
rapid growth of the polyurethane market was obscrved. The anticipated 
production of polyurerhancs in the U.S. by 1976 is ovcr 2 billion pounds. 
While the majority of polymers are based on a narrow range of chemical 
intermediates, polyurethanes can be made from numcrous types of raw 
materials, making possible the manufacture of polymers with an extremciy 
broad range of properties. 

Approximately 90% of the total world production of di- and polyiso- 
cyanatcs is accounted for by two products, tolylene diisocyanate (TDI)  
and diphenylmet hane diisocyanatc (MDI). The U.S. market value 
of the two diisocyanates is in excess of 200 million dollars annually. 
Numerous polyester and polyether based diols are used in the manufacturc 
of polyurethane products. This versatility allows formulation of products 
ranging from hard rigid foams to soft thernioplastic elastomers. 
@'?ome of the basic aromatic diisocyanatcs are converted on a commercial 
scsle into derived products containing residual isocyanate groups. For 
example, tolylcne diisocyanate is trimerized and sold as a solvent solution. 
and hcxaniethylene diisocyanate is converted into a substituted biuret. 



17. Synthcscs and preparative applications of isocyinatcs 6 2  I 

Reaction with a deficient amount of a diol produces non-volatile car- 
bamates containing terminal isocyanate groups (prepolymers). 

Monoisocyanatcs are also produced in coninicrcial quantities as intcr- 
mediates for the manufacture of derived end products. The isocyanate 
derivatives, mainly carbamates and ureas, are used in the production of 
herbicides and crop protection agents. Long chain aliphatic monoiso- 
cyanates are used for surface treatment of textiles and n-butyl isocyanate 
and p-toluenesulphonyl isocyanate are used in the manufacture of 
antidiabetic drugs. 

The reactivity of isocyanates has generated considerable interest in 
synthetic organic chemistry. While new examples of addition to active- 
hydrogen-codtaining substrates are constantly uncovered, considerable 
research in recent years has been conducted in the area of cycloaddition 
reactions of isocyanates. For example reactions with C=N double bond 
containing substrates are used for convenient interconversions of iso- 
cyanates (exchange of R groups). The so-called insertion reactions of 
isocyanates, i.c. reaction with activated single bonds, are used to prepare 
novel adducts. 

Stable isocyanates, having the isocyanate group attached to elements 
other than carbon. have become available in recent ymrs, and silicon. 
phosphorus and sulphur isocyanates are important chemical intermediates. 
An increase in reactivity of these isocyanates toward nucleophilic addition 
reactions is usually observed. For example arenesulphonyl isocyanates 
react rapidly at room temperature with water to produce arenesulphon- 
amides and carbon dioxide gas. We have utilized this reaction for rapid 
drying of organic solvents. The hydrogen atom of the N H  group in sul- 
phony1 carbamates is acidic, and therefore water-soluble salts can be 
formed on neutralization with inorganic or orzanic bases. This fact can 
be utilized for the solubilization of polymers in aqueous systems. 

In summary, isocyanates are a fascinating class of compounds which 
have found wide-ranging app!ications in organic and polymer chemistry. 
Their commcrcial success is unparalleled in the short history of the 
plastics industry. 

I I .  S Y N T H E S I S  OF ISOCYANATES 

A. A lk y l  and Aryl lsoc yanates 

1. Phosgenation of amines, irnines, carbamates and ureas 

Thc phosgenation of arylamines to producc isocyanates \v:is first 
rcpnrtcd by Henrschel in 1884’. and se\.eral years later Gattermann’ 



022 Rciiiliard Ricliicr and Hcnri Ulticli 

extended this reaction to aliphalic amiiie hydrochloridcs. The initial 
reaction of amines with excess phosgene gives carbamoyl chlorides (1 1. 
which, upon heating above 50"C, eliminate hydrogen chloride to yield 
the isocyanates (2). 

2 RNH2 + COCl2 ___* RNHCOCI + RNH, 'HCI  

( 1  1 
RNHCOCI - RN=C=O + HCI 

( 2 )  

Tlie by-product. amine hydrochloride. is converted at elevated tempera- 
ture with excess phosgene to isocyanate as the sole reaction product. 
I n  order to prevent reaction of the generated isocyanate with starting 
amine to produce 1,3-disubstitutcd ureas, several methods are used. 
Tlie 'free base' pliosgenation involves addition of the amine. dissolved in 
an inert diluent. to excess phosgene collected in the same diluent. The 
dilucnt is necessary bccause of formation of a slurry of the solid carbamoyl 
chloridc and amine hydrochloride. The reaction mixture is slowly heated 
abovc the decomposition temperature of .tile carbamoyl chloride (50- 
70°C) and the amine hydrochloride is conbyrted with excess phosgenc 
above 100°C. usually at thc rgtlux temperature of the solvent. The 
appcarance of a clear solution 6;nals the end of the reaction. Howcver 
long-cliaiti alkyl amintt liydrochloridcs are qiiitc solublc and iiifrurcd 
techniques are used to monitor the progress of reaction. 

In  an alternative procedurc the free amine is first trcated with hydrogen 
chloride or carbon dioxide to form a slurry of thc corrcsponding aminc 
salts. which arc subsequently phosgenatcd abovc 100°C. This method 
h a s  the disadvantage that the gaseous phosgene rcacts only vcry slowly 
with the suspended amine salt. While less basic amine hydrochlorides. 
w ~ : h  are appreciably dissociated ab0i.e 100 "C into frec amine and 
hydrogen chloride. arc convertcd quite rapidly. excecdinsly long reaction 
times are required for aliphatic dianiine dihydrochlorides. co-Cliloro- 
alk)!cne isocyanaics are by-products. especially if the reaction is con- 
ductcd above I50 OC3.'. Since tlic monofunctional isocyanags arc difficult 
to remove by fractional distillation thcir formation has to bc minimized 
in order to produce a polymer grade diisocyanate. 

I n  a recently-reportcd new method we have converted thc iimine first 
wi th  thionyl chloride to the corrcsponding N-sulphinylamine ( 3 )  and in 
the subsequent phosgenation of 3 thc isocyanate is formed in high yield'. 
In  this,rcaction step the thionyl chloridc is regenerated. This inkthod has 
thc adhntage  t h a t  i h r  amine hydrocl&>-ide is rapidly convertcd w i t h  
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thionyl chloride, and that the phosgenation of the soluble N-sulphinyl- 
amines (3) proceeds rapidly in the presence of a catalytic amount of 
pyridine or N,N-dimet hylformamide. In  the absence of the catalyst no 
reaction occurs. 

RNH, + SOCI, - RN=S=O + 2 HCI 

(3) 

RN=S=O + C O C I ,  - RN=C=O + SOCI, 

The solvents most commonly used in phosgenation reactions include 
benzene, toluene. xylencs. halobenzenes, halonaphthalenes and, occasion- 
ally, more-polar solvents such as acetates. dioxanc, nitrobenzene and 
dimethyl sulphone are used. The highly polar solvents, such as dimethyl- 
sulphoxide (DMSO), N,N-dimethylformamide ( D M F )  and hexamcthyl- 
phosphoramide (HMPA) are not suitable as diiuents because of rapid 
reaction with phosgene. Recently the use of an aqueous organic solvent 
system in the presence of sodium hydroxide to neutralize the hydrogebn 
chloride, has been described6. However this modification is not advan- 
tageous from a commercial point of view because the generated hydrogen 
chloride is usually collected and sold as a by-product while sodium chloridc 
is difficult to discard. 

The reaction of amine hydrochloridcs with phosgene is reported as 
being catalysed by tertiary amincs’, metal hal’ides’ and boron trifluoride’. 
The value of these catalysts is limited because they also catalyse the cyclo- 
trimerization of isocyanates. The Lewis acid catalysts would also tend to 
catalyse the elec[Iophilic reaction of the isocyanato group with the 
solvent. Better catalysts for the phosgenation of aromatic amine hydro- 
chlorides are tetramethylurea. tetramcthylphenylguanidinc and N.N- 
dimer ti y Iformainide I ”. In I hcse cases I lie ellrcr ive c;i r al ysts are iiiiiniuiii 

chlorides. which are generated by th? h p i d  reaction of the catalysts with 
phosgene’ I .  

Thc aliphatic or aromatic structure can be substituted by it varicty of 
groups which are non-reactive with phosgene (halo. cyano. nitro. alkoxy 
carboalkoxy. etc.)”. However ether cleavage has bcen observed in the 
phosgenation of short chain ether and thioethcr group containing alkyl 
a mi ncs‘. 

I f  the aliphatic or aromatic moiety contains groups which react with 
phosgene, clean convcrsion of the attached groups often occurs also. For 
example. phosgenation of a variety of aminoalkylcarbosylic acids (4) i n  
diqxane produced the corresponding isocyanatoalkylcarboxylic ;isid 
chlorides ( 5 )  in fair-to-good yield ”. 

1 



624 Reinhard Richter and Henri Ulrich 

COCI, 
H,N(CH ?),COOH - OCN(CH,),COCI 

(4) (5) 

Likewise aromatic aminocarboxylic acids are converted to isocyanatoaryl 
carboxylic acid chlorides provided the substituents are not ortho to each 
other. The reaction is considerably facilitated if  a catalytic amount of 
N,N-dimethylformamide is used. lsatoic anhydride (6) is in equilibrium 
with 2-isocyanatobenzoic acid (7) and therefore phosgenation to the 
corresponding carboxylic acid chloride (8) is readily accomplished, again 
using N,N-dimethylformamide as the catalyst". 

COCI 

d L o =  acooH N=C=O -a 'N=C=o 

(6) (7) ( 8 )  

Arenesulphonic acids are also readily converted to isocyanatoarene- 
sulphonyl chlorides. For example sulphanilic acid (9) affords isocyanato- 
benzenesulphonyl chloride (10) in high yield' '. 

Q coc'l Q 
NHZ N=C=O 

(9) (10) 

Isothiocyanatoalkyl isocyanates are obtained from the phosgenation of 
a mixture of alkylenediamines and carbon disulphide. For example, 
hexamethylenediamine adds carbon dhulphide to produce the thio-  
carbamate 11. which upon reaction with phosgene yields 6-isothiocyanato- 
hexamcthylene isocyanate (12) '".  

+ COCI, + * [ H 3N (CO 2 ) ,NH-C-S-C-CI] CI- 
II II 

0 

H 3 N  (CH ) 6N H -C -S - 
II 
S S 

(11) I -,COS. HCI 

COCI, + 
OCN(CH2 ),NCS - [H3N(CH,),NCS]CI - 

(1 2) 
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Sometimes a more reactive g:oup can be converted selectively with 
phosgene, thereby producing an isocyanate having an attached group 
which could undergo further reaction with either the isocyanato group 
or phosgene. 2,4,6-Tribromo-~n-phenylenediamine can be phosgenated 
selectively, giving 2,4,6-tribromo-3-aminophenyl isocyanate as the main 
product ”. 

Likewise 2,6-disubstituted aminophenols are readily converted into 
the corresponding substituted isocyanatophenols’ ’. Surprisingly even 
the unsubstituted 111- and p-aminophenol can be sclectively phosgcnated 
to the co;responding isocyanatophenols”. Upon attempted isolation of 
the unsubstituted isocyanatophenol from the solvent, homopo!ymeriza- 
tion is observed. The monomeric isocyanatophenol can be regenerated 
upon heating of the h o r n ~ p o l y m e r ’ ~ .  If aminophenols are phosgenated 
for prolonged periods of time above 100°C, preferentially in the presence 
of N,N-dimethylformamide as the catalyst, isocyanatoaryl chloroformates 
are obtained2’. In Table 1 the reaction products obtained in the phos- 
genation of reactive group containing substrates, are listed. 

TABLE 1 .  Reaction products obtained in the phosgenation of substrates containing 
reactive groups 

Substrate Product Reference 

+ 
H~N(cH~),, NHCSS- 

OCN(CH2),, COCl 13 

OCN(CHZ)F, NCO 46 

OCN(CH2)” NCS 16 

NCO 

NCO 

ti, s o  

21 

32 
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TABLE I (cojif.).  

Reinhard Richter and Henri Ulrich 

Reaction products obtained in the phosgenation of substrates 

Substrate Product Rcference 

containing reactive groups 

0 

"2Ns:, 
Br 

N3 
/ 

O C N O C O C I  

O C N ~ S 0 2 C I  

OCN 

Br 

/ N3 

14  

13 

15  

17  

22  
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Reaction products obtained in the pliosgcnation o f  substrates TARLE I ( [ m i . ) .  

containing rcactive groups 

H 2 N 0 0 H  

O C N G S C N  

O C N o S 0 2 N C 0  

0 C N G O t - I  

O C N G O C O C I  

53 

23 

24 

19 

20 
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The phosgenation of secondary amines yields secondary carbamoyl 
chlorides, which are stable compounds. However some secondary car- 
bamoyl chlorides can be readily converted to isocyanates. For examplc, 
r-butylalkylcarbamoyl chlorides (13) are thermolysed above 120°C 10 
produce an isocyanate, isobutylene and hydrogen chloride”. 

(CH3),,CN(COCI)R A RNCO + (CH3),C=CH, + HCI 

(13) 

Also 4-isocyanatobenzylphenylcarbamoyl chloride (14) reacts with 
hydrogen chloridc at-elevated temperatures to produce phenyl (15) and 
4-chloromethy!phenyl isocya.nate (16)? 

4-OCNCbH 2 CH 2 NC, H C,,H,:NCO + 4-CICH2C6H.:NC0 
I 

COCI 

(14) (1 5) (16) 

The phosgenation of aziridines, using trierhylamine as hydrogen 
chloride acceptor. gives fair-ro-good yields of 2-chloroalkyl isocyanates. 
For example from ethylenc iniine (17). 2-chloroethyl isocyanate (18) is 
obtained in 537” yield”. 

EI:N LNH + coci, - CICH,CH,NCO 

(17) (18) 

Silylnrnines arc also convcried into isocyanates o n  treatment with 
phosgene. For esampie rcaction of Me,SiNHMe with phosgene bclou 
room tempcraturc gives a mixture of methyl isocyanate and trimethyl- 
chlorosilane’H. A h  reaction of the secondary silylamine’9 19 and thc 
tcrtiary siIylamine3’ 20 with phosgene produces thc corresponding iso- 
cyzna t es. 

COCI, 
qu , Sn ( C  H ) N H SI Me Bu3Sn(CH? ).3 NCO + Me3SiCI + HCI 

(1 9) 

COCI, 
E t  ,Ge(CH, ) , N ( S i M e  { )  

(20 )  

Et ,Ge(CH, ),NCO + 2 Me,{SiCI 

Kcaction of phosgcne or oxalyl chloride with diarglimines produces 
lautomeric mixtures of N-chlorocarbonyl ketiniines 21 and isocyanatcs 
22.3 I .  
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Ph2C=NH + COCI2 - Ph,C=NCOCI Ph,C(CI)NCO 

629 

Similar tautomeric mixtures are obtained in the reaction of the same 
imines with carbonyl fluoride3’. 

If one of the substituents is a secondary alkyl group, elimination of 
hydrogen chloride occurs, and the isolated product is a 1-alkenyl iso- 
cyanate ( 2 3 1 ~ ~ .  

Me,CHC(CGH 5 )=NH + cocl: - hle,C=C(C,H, )NCO - 
(23) 

The imine intermediate 24, which is formed on reduction of an aliphatic 
nitrile, can be trapped with phosgene to produce the N-chlorocarbonyl 
imine 25. which is reduced under the reaction conditions to the iso- 
cyanate 2634. 

RCH, NCO C 0 C l 2  H2 , RCH=NH RCH=NCOCI 
H2 , 

-HCI  
R C N  

(24) (25) (26) 

Phosgenation of cyclic Iitctim ethcrs-35 or  rhioethers-‘” produces l’inenr 
isocyanate esters. For cxample reaction of 27 with phosgene gives 
6-P-isocyanatoethyl thiocarboxylate (28)3h. 

/ /  s COCI, 

v , PhCOSCH>CH>NCO 

(28) I 
Ph 

(27) 
Oxalyl chloride has heen used to convert the perhaloimine 29 into the 
r-haloisocyanate (30). ‘which on dechlorination with zinc gives the per- 
fluorovinyl isocyanate 313’. 

(COCI) Zn 
CF,CI(CF, )C=NH 4 CF,CI(CF, )CNCO CF,=CNCO 

I I 

(7-9) (30) (31 1 

CI CF3 

Thc phosgcnation of alkyl carbamates is another ueful method to syn- 
t hesize alkyl isocyanates. Although carbamates itre usually produced 
from alcohols and isocyanates. scverat methods are known for producing 
carbamates directly from olefins, kctones or aldehydes. 

The conversion of carbamates to isocyanates proceeds readily using 
phosgene and a catalytic amount. of N.N-dimethylformamideJ”. In the 
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absence of the catalyst no reaction has been observed. The reaction most 
likely proceeds by initial attack on the enol form of the carbamate 32 by 
chlorodimethylformiminium chloride (33) with formation of the imido- 
chloroformate (34) and regeneration of the catalyst. The thermolysis of 
34 to produce isocyanates and alkyl halides is a well-known reaction. 

+ h - D M F  
RN=C-OR' + [(CH3)2N=CHCI]CI - RN=C-OR' - 

I I 
OH CI 

(34) 

(32) (33) RNCO + R'CI 

The conversion of carbamates or N-chlorocarbamates can also be accom- 
pl i sh cd usi ng ph os p h o ru s pen tach lo ride ". ca tech o 1 p h 0 s  ph o ru s t ri- 
chloride4" and trimethylsilyl chloride4'. The latter method is especially 
useful, and it  has been extended to convert heterocyclic carbamates into 
i s ~ c y a n a t e s ~ ~ .  For example, thermolysis of silylated benzoxazolones (35) 
produces the corresponding isocyanates (36)42. a>o A aoSlMe3 

NCO 
I 

SiMe3 (36) 

(35) 

Of the derivatives of carbonic acid, ureas were the first to be converted 
to isocyanates by means of phosgene. Hentschel' had already described 
the formation of phenyl isocyanate in the phosgenation of N,N-diphenyl- 
urea. However since N.N-diarylureas (37) are dissociated appreciably at 
elevated temperature, the reaction proceeds via phosgenation of thc 
amine generated in the equilibrium. i.e. 

ArNHCONHAr a ArNCO + ArNH2 

(37) 

ArNHz + COCl, - ArNCO 

In contrast alkylureas undergo a facile reaction with phoggene. The 
attack of N.N'-dialkylureas (38) could occur on the oxygen or on the 
nitrogen 10 produce hi.:V'-dialkylcliloruf~rliiamidine hydrochlorides (39) 
and allophanoyl chlorides (40), respe~tivcly'~. Thc latter can 'oc dehydro- 
chlorinated at elevatcd temperature to produce 2 moles of isocyanate and 
hydrogen chloride. 
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RNHCONHR + COCl, - RNHCCI=NHR]CI - + RNHCON(C0CI)R 

(38) (39) (40) 
( R  = Alkyl) 

A 
RNHCON(C0CI)R - 2 R N C O  + HCI 

The structural feature of the starting N.N'-dialkylurea determines the 
distribution of 39 and 4043. In primary alkyl-substituted ureas pre- 
dominantly 40 is formed. while secondary and tertiary alkyl-substituted 
ureas produce preferentially 39. Cyclic five and six-membered ring alkyl- 
ureas are readily converted to aliphatic diisocyanates by this method. 
For example phosgenation of ethylene urea (41) yields thc cyclic allo- 
phanoyl chloride (42) which is readily dehydrochlorinated using a tertiary 
amine at room temperature or by thermolysis at elevated temperature. 
in the presence of FeCI, as the catalyst, to produce ethylene diisocyanate 
(43)43. 

r\ 
CI - OCN- NCO 

A A 
HNyNH + CoCl2 HN 

YNK (43) 
0 0 0  

(41) (42) 

Since ethylene diisocyanate cannot be synthesized by direct phosgenation 
of ethylenediamine. this method provides an attractive alternative routc 
to 43 because the starting 41 is readily prepared from ethylenediaminc and 
carbon dioxide. 

In a similar manner, benzimidazoloncs (44) can be converted into 
o-diisocyanates (45) on prolonged phosgenation at elevated tempcra- 
t 11 rea4. 

(441 (45) 

N-.lilkylureas have been converted to isocyanates using boron tri- 
fluoride'" or  nitrous acid"* to complex or destroy the by-product am- 
monia. Treatment of I-aryl-3-dialkylujeas with HCI and COz gives a 
ni i x l  u re of p h en y 1 i  so cy a n a t e and d i a 1 k y I a m i n e h y d r oc h 1 or i de' '. 

In the reaction of N.N-dialkylureas and h'-alkyl-N-arylureas with 
phosphorous pentachloride N-attack is also observed w i t h  formation of 
thc four-mcnibcrcd riiis 1.1.4-ptiospIi~1dia~etidin-3-ontts (46). Ther- 
molysis of 46 produces isocyanate and phosphazene (47). b*! the facile 
reaction. of thc generated isocyanate with 47 leads to the formation of a 
cii rhodi i iii ide r;i t her t ha n I he isocya na Ie5". 
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0 

RNHCONHR + PC15 R N  N R  
\ /  

P 
I 
c13 

(46) 

c 
RN=C=NR + POC13 - RN=C=O + RN=PC13 

(47) 

Likewise N-arenesulphonyl-N’-alkyliireas (48) are very readily phos- 
genated to yield a mixture of arenesulphonyl isocyanate (49) and alkyl iso- 
cyanate5 ’. 

RSO2NHCONHR + COCI, - RS02NCO + RNCO 

(48) (49) 
The reaction proceeds via the unstable allophanoyl chlorides as evidenced 
by the fact that the dissociation product, arenesulphonamide, can not be 
phosgenated under the reaction conditions. The rapid rate of phosgenation 
of 48 has been utilized in the conversion of arenesulphonamides to arene- 
sulphonyl isocyanates in the presence of a catalytic amount of an alkyl or 
aryl isocyanate” (see Section II.C.10). Since the ureas (48) can be obtained 
in quantitative yield by reacting 49 with alkyl amines and alkylene- 
diamines, rapid phosgenation of the ‘maskcd’ amines and diamines is 
assured. In contrast, phosgenation of the highly insoluble alkylene- 
diamine dihydrochlorides poceeds only slowly and long reaction times 
are necessary‘. Alkoxyalkylamines are also readily converted by this 
method into alkoxy isocyanates, thus avoiding the ether cleavage which 
occurs in the direct phosgenation of a l k ~ x y a l k y l a m i n e s ~ ~ .  The required 
sulphonyl isocyanate is regenerated in the phosgenation and can be 
re-used in a consecutive reaction. The overall reaction proceeGS as follows: 

RNH, + RS02NCO - RNHCONHSOzR 

(49) (48) 
COCl2 

R N H CON HSO zp ’ RNCO + RSOZNCO 

(48 ) (49) 

The reaction of 48 with phosphorous pentachloride also produces an 
alkyl isocyanate: thc by-product arenesulphon~lphosphazene does not 
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react with the isocyanate50. N.N’-Dialkylureas (38) can be converted to 
a mixture of isocyanate and N-sulphinylamine upon reaction with 
t h i o 11 y I ch I o r i de ’. 

Instead of phosgene diary1 carbonates can also be used to prepare 
isocyanates. Fcr example, reaction of aromatic amines and aliphatic 
diarnines with diphenyl carbonate produces aryl and alkylcne diiso- 
cyanates”. Also addition of gaseous m ~ t h y l a m i n e ~ ~  or phenyl methyl- 
 arba am ate^^ to molten diphenyl carbonate produces methyl isocyanate 
in 86-88 ”/; yield. 

M e N H 2  + (Ph0)2C=O - MeN=C=O + 2 PhOH 

2. Formation of alkyl and aryl isocyanates via nitrene 
i n t e r med iates 

A group of rearrangements which could formally involve acyl or aroyl 
nitrenes as common intermediates has been used to synlhesize iso- 
cyanates in the laboratory. The zeneral outline is shown in Scheme 1. 

/+ - 0  

II I1 tt. 
.. T‘r 

R-C-l-X A R-C-N ___* R N = C = O  

0 0 

( C u r t i u s  rearrangement) X = N, 
C I ,  a r  ( H o f n i a n n  rearrangement) 

OH (Lossen rearrangement) 

0 - C - R  

; 

The carbonyl azide (SO) precursors were first synthesized by Curtius in 
18905’, and Curtius and his students have studied the thermal decomposi- 
tion of 50. which produces isocyanates and nitrogen. extensively. A 
summary of the classical work related to the Curtius rearrangement 
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appeared in 194658. The starting carbonyl azides (50) are best prepared 
from carboxylic acid chlorides and sodium azide or from carboxylic acid 
hydrazides and nitrous acid, and the fragmentation can be conducted 
thermally or photolyrically. The Curtius rearrangemept is a good labora- 
tory method for preparing isocyanates. but the handling of the sensitive 
50 can be hazardous. especially in larger scale reactions. 

A 01 hv 
RCON, RN=C=O + N, 

( 5 0 )  

A recent modification of this reaction involves the reaction ofcarboxylic 
acid chlori&:s with tt.imethylsilyl a ~ i d e ~ ~ .  Also anhydrides''0."' and 
lactones"' can be reacted with trimethylsilyl azide to give isocyanates. 
For example kctene dimer 51 reacts with trimethylsilyl azide to give a 
mixture of the two unsaturated isocyanates 52 and 53". 

+ Me3SiN3 - CH,=CCH,NCO + CH,-C-CHNCO 
I 

OSiMe3 OS iMe3  

(52)  (53) 

Esters react similarly wi th  trimethylsilyl azide to give isocyanates'". 

gives the expected isocyanate (5513'. 
Reaction of the carbosylic acid fluoride (54) with sodium azide also 

CF,-CFCOF CF, -CFNCO 
I I  + NaN, - I I 
CF,-CF, CFJ-CF, 

(54) ( 5 5 )  

The Curtius reaction can be used to synthesize isocyanates containing 
c groups which are reactive with phosgene. For example heterocyclic 
isocyanates are obtained by this method"'. A detailed procedure for the 
synthesis of substituted arylene diisocyanates has appeared recently".'. 

Styryl isocyanates (56) can also be obtained by the Curtius reaction. 
but at elevated temperatures they rearrange to give isocarbostyryls (57) 
in excellent yields"'. 

- N, PhCH =C(R)CON3 + PhCH=C(R)NCO A 
(56)  
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N - N i t ro s o- A' -s u cc i n i m id y I a ni i dcs ( 58) upon hea t i n g prod u ce is oc y a n ;I t es 
59. which arc trappcd as thc carbamates 60'". 

0 

I1 

0 

A simple one-step conversion of carbosylic acids to urcthancs has bccn 
achieved by heatins an equimolar mixture of a carboxylic acid w i t h  
diphcnylpliospliora7.idate (61 ) and triet hvliimine in alcohol"" 

Ei,N R ' O H  
RCOOH + (PhO), P ( 0 ) N  3 b [RCON,] ___* RNHCOOR' 

(61 1 

The Hofmann rearran9cmcg;t is usually conducted in  an aqueous 
system. and t tic gcncrnted isocyanates undergo secondary rcactions. 
Hotvcvcr by using r-butyl Iiyfiochlorite i n s t c d  of sodium hypobimmitc 
isocyiniites c;tn be ymeriited in incr[ solvents. Potassiirin fluoride h s  
recently bccn used to convert N-chlorobenzamide 62 to phcnyl iso- 

syanatc". 
KF 

PhCONHCl - PhNCO 

( 6 2 )  

gluorination of cyclohexylamidc (63) \\.it11 elcmcntary Ruorinc in aceto- 
nitrile gives ;i low yield of cyclohcxyl isocyanate"H 

- H F  
RCONH, + F? RCONHF RNCO 

(63) 

The Losscn rearrangement also has found some utility for the synthcsis 
of isocynnatcs. Pyrolysis of several benzliydrosaniic chlorides at I80 "C 
g a \ ~  aryl isocyanates in moderute yields"". Rcnction of hydrnsamic 
acids wi th  the pyridinc/SO, complcx produces crystalline watcr-solublc 
salts which. on treatment wi th  tertiary amines. producc alioliatic iso- 
cyanates i n  good y i ~ l d s ' ~ .  Isocy:in,+gs arc also obtained by thermal 
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decomposition of acetates of hydroxamic acids7'. The proton of the 
cyclic hydroxamic acid ester 64 can be removed with sodium hydride in 
DMF, and benzimidazolone 66 has been isolated. The latter is formed by 
interaction of the o-diisocyanate 65 with DMFS8'.  

;;HF , laNco ' 

NCO NH 
J 

(65) 

Benzimidazolone can be converted into 65 by prolonged phosgenation 
at elevated temperaturesa4. 

Heating of aminimides also produces isocyanates by a mechanism 
similar to the Curtius rearrangement. A variety of aliphatic isocyanates 
are thus obtained in high yield on heating of trimethylamine-acylirnides 
6772 

A 
RCONNMe3 - RNCO + M e 3 N  

(67) 

The tertiary amine leaving group has to be modified to synthesize aromatic 
isocyanates, because trimethylamine causes trimerization of aryl iso- 
cyanates. However, heating of dimethylphenyl amine-aroylimide produces 
aryl i s ~ c y a n a t e s ~ ~ .  

The carbonyl nitrene intermediates can also be obtained by oxidation 
of primary carboxylic acid amides with lead t e t r a a ~ e t a t e ~ ~ .  For example 
oxidation of 2-phenylseniicarbnzones (68) wirh lead tetraacetate or 
chromyl acetate in chloroform produces phenylazomethyl isocyanates 
(69)75 

CrO , (OAc) 2 
R,C=N-N(Cc, H !,)CONHI, ' R, C(NCO)N= NC, H c, 

(68)  (69) 

Lead tetraacetate in pyridine oxidizes P-hydroxy primary amides (70) to 
2-oxazolidinones (71) in high yields". 
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The direct conversion of amino and nitro compounds with carbon 
monoxide to produce isocyanates has received considerable attention in 
recent years. The reaction probably proceeds via the nitrene as the reactive 
intermediate, and trapping of the nitrene by the excess carbon monoxide 
produces the isocyanate. For example Hardy and B e n e ~ ~ ~  3btained 
phenyl isocyanate in the reaction of nitrobenzene (72) with carbon 
monoxide at high pressure and high temperature in the presence of 
rhodium on carbon and ferric chloride. 

CsHsNO, + 3 C O  - C,H,NCO + 2 C 0 ,  

(72 )  

Up to 72% of 4-chlorophenyl isocyanate was obtained from 4-chloro- 
nitrobenzene and carbon monoxide in the preshce of palladium chloride 
as the catalyst78. I n  numerous recently-issued patents conversion of 
2,4-dinitrotoluene to tolylene 2,4-diisocyanate has also been claimed. 
A variety of noble metal catalysts is disclosed and the more soluble com- 
plexes stabilized by ligands, such as triphenylphosphine, allow reaction 
at lower pressure. Similarly carbonylation of amines to isocyanates, 
using equivalent amounts of palladium dichloride as the oxidizing agent, 
has been de~cr ibed’~ .  Moderate yields of monoisocyanates and a low 
yield of tolylene diisocyanate were obtained. Tolylene diisocyanate was 
also obtained from the corresponding diamine, carbon monoxide and 
oxygen in the presence of nickel tetracarbonyl”. 

The above methods could be of economical significance but difficulty 
in catalyst recovery and slow reaction rates, even at the high pressures 
used, renders these processes impractical. 

The intermediacy of nitrene is further indicated by the fact that aryl 
azides (73), a conventional source of arylnitrenes, undergo reaction with 
carbon monoxide under pressure, in the absence of catalysts. to yield 
isocyar?ates*l. 

RN, + CO RNCO + CO, ( R  = h ’ l )  

(73) 

Azo compounds could be intermediates in some of the above reactions as 
evidenced by t l ic  fact that lowcr pressures produced a70 compounds as 
by-products”. and conversion of the perfluoroalkyl derivativc 74 to the 
corrcsporiding isocyanate under similar conditions**. 

CF,N=NCF:, + 2 CO - CF,tNCO 

(74) 
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3. Formation of alkyl and aryl isocyanates by thermal 
* processes 

The 1 : 1 adducts obtained by the addition of an active hydrogen com- 
pound to an isocyanate are thermally labile to a certain degree. Usually 
the reversal of this reaction is of limited synthetic interest because the 
adducts are most readily prepared from the corresponding isocyanate. 

Carbamates, the 1 : 1 adducts of alcohols and phenols with isocyanates. 
eliminate alcohol at elevated temperat urcs. The dissociation temperatures 
of various carbaMates are shown in Table 2". Heating of carbamates in 
the presence of phosphorous pentoxide also produces isocyanates"". 

TAR1.E 2. Dissociation temperatures of carbarnates 

Reiiihard Richtcr a n d  Hcnri  Ulrich 

? 
R N H C O O R '  

R R' Tcm pcrat urc (" C )  
.- . . - __ - - - - 

Aryl Aryl 120 
Alkyl Aryl I80 
A I k y I" 130 
Aryl Alhyl 200 
Aikyl Alkyl 250 

4 - 0  2 NC,, I-I 4 

' t-lcxamct hylenc diisocyn;iie adducr. 

With carbamates derived from tertiary alcohols at elevated tempera- 
tures, fragmentation to the corresponding olefin, amine and carbon dioxide 
is observed. Generally the eliminations are catalysed by the  same catalysts 
which are used in the carbamate formation. Since the adducts of the more 
acidic phenols dissociate at lower temperatures. they have been used for 
the preparation of 'masked' isocyanntcs. For example isocyanate- 
terminated prepolymers are reacted with phenols and the obtained stable 
oligomeric carbamates are heated with a hydroxy-terminated polyester 
or polyether to form the linal polyurcihane coating. This rcaciion is 
iiiitiated by the elimination of phenol, thereby relcasing thc reactive 
isocyanate group. 

The carbonate, derived from catechol. has been used to synthesize 
low-boiling aliphatic monoisocyanates. For example. reaction of this 
carbamate with ethylamine yields a carbamate which on gentle heating 
to 250°C cliniinatcs ethyl isocyanate. which is rcnioved frotn the cqui- 
librium by distillation'. The dissociation of alkyl or arylthiocarbamates 
also produces isocyanates", while heating of alkyl allophanates and 
alkyl thioallophanates (the 2 :  1 adducts of isocyanates to alcohols and 
mercaptans. respectively) gives rise to the formation of two equivalents 
of isocyanates86. The allophanates and thioallophanates (74) can be 

* 
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prepared from the corresponding allophanoyl chlorides (75) and sodium 
alcoholates or sodium mercaptides, respectivelys6 

RNHCON(C0CI)R + R'XH - RNHCON(C0XR')R 

(75) (74) 

x = 0 , s  
1 

2 R N C O +  R'XH 

Dissociation of N-silylcarbamates (76), prepared by reaction of carbamates 
with trimethylsilylacetamide, produces isocyanates at relatively low 
temperatures (50-70°C)41. The advantage of this method is the fact that 
the generated aryloxysilane does not recombine w i t h  rhe isocyanare. 

A 
RN(SiMe3)COOC,H, RNCO + C,H50SiMe3 

Thermolysis of silylcarbamates (77), obtained by reacting silylamincs 
with carbon dioxide, followed by N-silylation similarly givcs alkyl 
isocyanates*'. 

(76) 

co M e  SiCl 
RNHSiMe, A RNHCOOSiMe, RN(SiMe, )COOSiMe3 

RNCO +: iMe: ,S i )70 

Reaction ofsome olefins wi th  ethyl carbamate or ethyl N-chlorocarbamatc 
produces N-substitutcd carbamates. which upon reaction with a high 
boiling diisocyanate generate t hc lower boiling isocyanate, which is 
constantly removed from the reaction mixture by disJ.llation". 

Di-wnd tri-substituted ureas dissociate on heating into isocyanates and 
amines. For example methyl isocyanate is readily prepared via pyrolysis 
of l,i-diphenyl-3-methylurea (78). The urea 78 can be obtained from 
diphenylcarbamoyl chbride (79) and ~ n e t h y l a r n i n e ~ . ~ ~ .  

Ph,NH + COCI? Ph-,NCOCI 

(79) 

M e N H ?  

3 c 
Ph,NH + MeNCOT - Ph,NCONHMe 

(78)  
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Low boiling aliphatic isocyanates are also obtained upon heating of 
N,N'-dialkylureas with d i p h e n y l ~ a r b o n a t e ~ ~ .  

Enureas (i.e., ureas hav$g double b m d s  in conjugation to the 
NHCONH group) dissociate more readily than N,N'-diarylureas. For 
example imidazolg substituted ureas (80). prepared via reaction of 
N . N '-ca r bo n y I d i i in id a zo 1 e (8  1 ) w i t h p r i ma ry a ni i n es. d i sso c i a I e c x ceed in g I y 
readily to the corresponding isocyanate and imidazolegO. 

(81) (80) 

The chloroform solution of urea 80 ( R  = C,H,) at room temperature 
shows dissociation to the extent of 16.1 X9O. 

Some lower alkyl isocyanates are quite unstable and upon long storage 
trimerization is observed because it is quite difficult to remove traces of 
hydrogen chloride, which can catalyse this reaction. We have developed 
an interesting method to generate thermally the required isocyanates 
simply by heating the corresponding tosylurea (82) in a distillation 
apparatus". The tosylureas 82 are prepared in quantitative yield from 
tosyl isocyanate and primary amines, and the crystalline urea derivatives 
can be stored indefinitely. Phosgenation of the p-toluenesulphonamide, 
produced in the elimination reaction, regeneratcs the required tosyl 
isocyanate. 

R S O 2 N C O  i R ' N H ,  - R S 0 2 N H C O N H R '  

(82 )  

( R  = 4 - C H , C , H 4 )  , R S O Z N H ,  + R ' N C O  

Pyrolysis of acetoacetamides at approximately 500 "C also yields mono- 
and diisocyanates". 

The insertion products, obtained by addition orisocyanates to rcactive 
single bonds, also dissociate at elevated temperature to rcform the 
starting isocyanate or lo form new isocyanates via an exchange processQ3. 
However these reactions are of limited preparative usc because trimeriza- 
tion occurs simultaneously. 

Other nyrolysis procedures involvc the thermolysis of homopolymers 
of isocyzates and thermolysis of certain heterocyclic compounds. The 
isocyanatc trimers (isocyanurates) can be pyrolysed at 600--800°C to give 
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monomeric isocyanatesyJ. This method has been used to synthesize chloro 
isocyanate (84) and c7rbonyl diisocyanate (85) from hJ.N',N"-trichloro- 
isocy an ura t e (83)' 5 .  

The formation of 85 is due to disproportionation of 84 which also results 
in formation of NCI,. 

Dimeric isocyanates (86) also dissociate upon heating to rcgenerate the 
monomeric isocyanates. but the arpluretidinoncs 86 ( R  = Ary l )  are again 
best prepared from aryl isocyanates. Alkyluretidinones 86 ( R  = Alkyl )  
are only occasionally obtained on attempted oligomerization of alkyl 
isocyanates. 

'' Z R N C O  
RN-f" I 

The 2 + 2 cycloaddition of isocyanates to a number of double bonded 
substrates produces four-mcmbcred ring 1 : 1 adducts. Fragmentation of 
these adducts 87 results in the starting materials as well as a new set of 
compounds. and removal of the lowest boiling fragment can shift the 
equilibria to give a new isocyanate. 

RNCO + R'N=X e-- - ';--f0 R'NCO + R N = X  
X-NR'  

(87) 
s 

X = C = S .  C = N R .  NR.  S = O  
Qk 

I t  is not necessary to isolate the four-membered ring adducts 87. For 
example heating of a lower-boiling isothiocyanate with an aryl iso- 
~yanate"~or  diisocyanate" gives rise to the formation of the lower 
boiling isocyanate. which is removed from the equilibrium by distillation. 
A similar exchange reaction occurs wi th  N-sulphinylamines and iso- 
cyanat es9 ', and carbodi i mides and isocya ria tes O0. 
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Likewise 2 + 2 cycloadducts derived from aLobenzene and diphenyl- 
ketene"'. and nitrosobenzene and diphenylketenidiines dissociate on 
heating to give aryl isocyanateslo2. 

Heating of C=N double bond containing substrates (imines, amidines, 
guanidines, etc.) with isocyanates also leads to an exchange reactionlo3. 

A wide variety of other heterocyclic compounds also produce iso- 
cyanates on heating (Scheme 2). The generated by-product is usually a 
volatile gas. Several of the Type I heterocycles (Scheme 2) are readily 
synthesized from hydroxarnic acids (88) and carbonyl chloride (phosgepe), 
thionyl chloride and thiophosgene, respectively, and pyrolysis of ihe 
heterocycles produces isocyanates in excellent yields' 04. 

A R N C O  + C O z  
NN\0 

Rc\oAo RC(OH)=NOH + COC12 - 
(88) 

This method has also been used to synthesize d i i s o ~ y a n a t e s ' ~ ~  and meth- 
oxymethyl isocyanatelo6. 

Heating of the heterocycle 89 in o-aFnlorobenzene produces an inter- 
mediate heterocyclic isocyanate, 90, which rapidly dimerizes to produce 
the isolated 91 lo '  

- 
R 

Heating of 3,Sdiphenyl- 1,2,4-oxadiazole (92) and 2,5-diphenyl-l,3,4- 
oxadiazole (93) produces phenylisocyanate and benzonitrile' 0 8 .  Pyrolysis 

PhNCO + PhCN 
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of 5-(2-alkenyloxy)- 1.2.3.4-t hiatriazoles produces 2-alkenyl isocyanates' 14. 

Mono- and di-isocyanates can readily be prepared in good yields on 
heating furazan N-oxides (furoxanes) above 200'-C. The reactions were 
shown to proceed via thermally gencratcd nitrile oxides which rearrange 
to isocyanatess8'. 

'HR ;-1-* R-C-'N-+O A R-NCO 

R = Alkyl 

Pyrolysis of perfluoro-2-fluoroformyl- I 2-oxazetidinc (91) at 400°C 
yields trifluoromethyl isocyanate (95) and carbonyl fluoride (96)Io9 

Also certain three-membered ring N-heterocycles. o n  heating. can produce 
isocyanates. For example acylaziridines such as 97 yield P-substituted 
ethyl isocyanates' l o .  

A 
C ~ H ~ S - C - N ~  - C~H~SCH~CH,NCO 

1 1  
0 

(97) 
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Also heating of the unsaturated three-membered ring N-heterocycle 98 
produces the fluoroalkyl isocyanate 99‘ ’ ’. 

A 
(CF, )2  C-COCH3 - CH,C(CF, )2 NCG 

\ /  
N 

(98) (99) 

Five, six and seven-membered ring Si-N heterocycles, such as 100, 
pyrolyse at 200°C to produce alkyl isocyanates containing silicon’ ”. 

F ,Me 
fs‘NCOOMe A - MeOSi(Me)2CH,NCO 

MeOOCN, ) 
M e /  si ...Me 

(1 0 

N-Trimethylsilyloxazolidinediones-2,5 ( 101) are in equilibrium with 
a-isocyanatocarboxylic acid trimethylsilyl esters (102)’ 3. 

M e ,S i,N- C,HR 

Heating of phosphorimidates 103 to 200 ‘T results in the formation of 
alkyl isocyanate and trialkyl phosphate’ ’’. Likewise, heating of phosphor- 
amidate anions with carbon dioxide produces alkyl isocyanates’ 16. 

0 
A II 

R O O C - N = P ( @ ~ ~ ) ,  [ROOC-N(R’ ) P ( O R ’ ) 2 ]  

(103) 

4. Reaction of organic halides and sulphates with salts of 
cyanic acid 

The reaction of organic sulphatcs with potassium cyanate was the 
method used by Wurtz in 1848 to synthesize the first organic isc4vanate’ ”. 
For exa,mple ethyl isocyanate can be obtained in 95% yield by heating 
diethyl sulphate (104) with potassium cyanale’ ’’. 
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(EtO)2SO, + KOCN - EtNCO 

(1 04) 
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A similarly high yield was obtained from ethyl bromide and potassium 
cyanate in dimethyl sulphone as solvent"*. The reaction of alkyl phos- 
phates' Is) and alkyl p-toluenesulphonates'20 with potassium cyanate 
also produces alkyl isocyanates. I t  is sometimes advantageous to conduct 
this reaction in a mixed solvent. For example rnethoxyrnethyl chloride 
reacts in a mixture of xylene and N,N-dimethyIformamide with sodium 
cyanate to'give met hoxymethyl isocyanate in good yieldI2 '. Unsaturated 
isocyanates were prepared from the corresponding bromides and silver 
cyanate in diethyl ether12'. 

The use of highly polar solvents in the absence of a cosolvent leads to 
exclusive formation of isocyanate trimers (isocyanurates)' '3. I f  alcohols 
are added, the corresponding carbamates are obtained in high yields' 

Diisocyanates were also obtained in the reaction of dihalides and silver 
cyanate. For example reaction of the 3.2-dihaloalkylether (105) with silver 
cyanate in diethyl ether produces the diisocyanate 106 in good yield'". 

rOY 2 AgOCr;! ( O y N C o  

Polyurethanes are prepared by reacting dihalides. such as I .4-dichloiw-2- 
butene, wi th  sodium cyanate in glyc01s"~. 

Reaction of carbonyl fluoride with potassium cyanate in a eutectic 
melt of LiCl and KCI at ,400"C gives a mixture of carbonyl diisocyanate 
(107) and fluorocarbonyl isocyanate (108)"'. 

COF, + KOCN OC(NCO) ,  + FCONCO 

(107) (1 08)  

Also from chloroalkyl silanes upon reaction wi th  potassium cyanate the 
corresponding isocyanates are obtained128. Likewise chloromethyl 
siloxanes and chloromethyl phosphates produce isocyanates upon reaction 
with silver cyanate'"). 

Polymeric cyano isocyaa te ha$ been obtained in the reacilon of 
cyaiiogcn chloride with silver cyanate' 'O. The nionomcric cyano iso- 
cyanate can be generated in the pyrolysis of the polymer under vacuum. 
and the monomer is a liquid at liquid nitrogen temperature. 
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5 .  Reaction of olefins, aldehydes and imines w i t h  
isocyanic acid 

Reinhard Richter and Henri Ukich 

The addition of isocyanic acid to olefins affords aliphatic isocyanates 
in relatively good yields. However isocyanic acid is not stable and has to 
be generated in sirir by pyrolysis of cyanuric acid (trimeric cyanic acid), 
urea or carbamates. For example heating of a mixture of isocyanic acid 
and or p-diisopropenylbenzene' 3 2  gives mixtures of mono and 
diisocyanates. Other substrates used include isobutylene' 3 2 ,  isoprene'32, 
styrene'". a-methylstyrene (109)' 3 2 ,  norbornene'33 and vinyl ethers'34. 

C,H,C(CH,)=CH, + HNCO C,H,C(CH,),NCO 

(109) 
In contrast. reaction of olefins with isocyanic acid in the presence of 
1-bury1 hypochlorite gives P-chloroalkylisocyanates'55. P-Chloroalkyl- 
isocyanares arc also obtained by reacting olefins with isocyanic acid and 
chlorine in t tie presence of iodoaryl compounds1 3 h .  

RCH=CH, + HNCO + BuOCl - RCHCICH,NCO 

Certain aldehydes and ketones also react with isocyanic acid at low 
temperatures to give a-hydroxy isocyanates. I f  the hydroxy group is 
scavenged with dihydropyran an ether isocyanate is produced' 37. For 
example reaction of formaldehyde w i t h  isocyanic acid gives ihcr-hydroxy- 
alkylisocyanatc, 110, which imniedia[ely rcacrs w i t h  dihydropyran to 
produce 2-isocyan~11onie1liyl1c~rahydro~~yran I 1  1 I 37. 

O C H 2 N C O  

0 
CH,O + HNCO ___* HOCH,NCO 

(1 10) 
(111) 

Addition of isocyanic acid to pentafluoroguanidine givcs a 1 : 1 adduct, 
112. which on fur ther  fluorination produces tris(difluoroamino)methyl 
isocyanate ( 1  13)' '*. 

F, 
(F,N):>C=NF + HNCO ___* (F;N)?C(NCO)NHF ___* (F,N),CNCO 

(112) (1 13) 

Also rcaction of halogenated aromatic and aliphatic hydrocarbons with 
isocyanic acid in the vapour phase in the presence of nickel oxide or 
cupric chloride on pumice. affords isocyanatcs in low yicld13'. Vapour- 
phasc rcaction of primary amincs w i t h  isocyanic acid in the presence of 
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hydrogen chloride gives mixtures of isocyanates and carbamoyl chlor- 
i d e ~ ' ~ ' .  

6.  Miscellaneous methods 

Carbonimidoyl dichlorides (isocyanide dichlorides) which are available 
by a variety of synthetic procedures not involving isocyanates as starting 
materials, are readily hydrolysed to produce isocyanates. The hydrolysis 
can be conducted with methanesulphonic acid'41, phosphoryl chloride 
and ~ a t e r ' ~ ' ,  anhydrides'"' or formic a ~ i d ' " ~ .  

RN=CCI, + HCOOH ___* RNCO + CO + 2 HCI 

Trifluoromethylcarbonimidoyl difluoride (1 14) can be hydrolysed with 
water to give trifluoromethyl isocyanate ( 1  15)lJ4. 

If the carbonimidoyl dichloride is generated in the presence of a carboxyl 
group an intramolecular reaction occurs to produce the corresponding 
a-chloro-P-isocyanatocarboxylic acid chloride (1 16) in low yield 1 4 ' .  

- HCI 
[CH3CHCH(CI)COOH] CH,CHCH(CI)COCI C' 2 CH,CH=CHCOOH CICN ' 

I I 
N=CCI, N CO 

(1 16) 

Reaction of isobutylene with sulphur trioxide and cyanogen chloride 
produces the isocyanate 118 via the cyclic intermediate 117 in 50% 
yield'". If chlorosulphonic acid is used instead of sulphur trioxide the 
same isocyanate is obtained'"'. 

(CH3)2C=CH2 + SO3 + ClCN - 
Trifluoromethyl isocyanate is obtained in the reaction of the carbon- 
imidoyl dichloride 119 (the chlorination product of methyl isocyanate) 
with hydrogen fluoride "' 
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Alkylation of ClCN with alkyl chlorides in the presence of FeCI, gives 
carbonimidoyl dichloride complexes (120) which are converted to iso- 
cyanates using ZnO or salts of carboxylic acids146. 

ClCN + (CH3),CHCI - [(CH3),CHN=CC1213(FeC13 1 2  

(120) 1". 
(CH3)2CHNCO 

Chloroformimidates (121) on t h e r m o l y ~ i s ~ ~ '  or treatment with base148 
also produce isocyanates. 

NaOR A 
RN=CCI, - RN=C(CI)OR RNCO 4- RCI 

(1 21 1 

Isocyanates are also obtained in the reaction of nitriles with phosgene 
or carbonyl fluoride. For exarRgle reaction of acetonitrile with carbonyl 
fluoride gives r.r-difiuoroethyl isocyanate ( 122)lJ9. 

CH,CN + COCF, - [CH3C(F)=NCOF] - CHxCF2NCO 

(1 221 

Similarly trifluoroacetonitrile on reaction with carbonyl fluoride in the 
presence of CSF at 20&3OO"C gives perfluoroethyl isocyanate in 18x 
c8iversion '. 

The addition is stereospecific, the iodine and isocyanate functions being 
inkoduced rrnm to each other. For example from cis-2-butene (123) the 
rl1rc.o-3-iodo-2-butyl isocyanate ( 1  24) is obtained exclusivel;*' 5 2  

Additionofiodineisocyanatetoolefinsyields~-iodoalkyl isocyanates'". 

I 

Me 

Me, ,Me 

H' 'H 
c=c + INCO - 

H 

(124) 
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Two classes of compounds which are isomeric to isocyanates (nitrile 
oxides and cyanates) can be rearranged to produce isocyanates. For 
example sterically hindered nitrile oxides (125) are readily converted into 
isocyanates upon heating' 53. 

The steric hindrance is necessary because otherwise nitrile oxides undergo 
dimerization rather than rearrangement. 

Aryl nitrile oxides, obtained in the reaction of NOCl with toluene or 
benzyl chloride, rearrange also to give phenyl i ~ o c y a n a t e ' ~ ~ .  Primary 
aliphatic cyanates are also known to rearrange readily to give iso- 
cyanates' '. Another example of this rearrangement involves the forma- 
tion of perfluoroisopropyl isocyanate (126) from perfluoro acetone' 56. 

(CF3 ) 2CFNCO 

(126) 

Also tertiary bridgehead dicyanates such as 127 rearrange in the presence 
of a catalytic amount of boron trifluoride to give the diisocyanate. I B l 5 ' .  

OCN NCO 
I 

Isonitrigs (129) are readily oxidized to produce isocyanates. The oxidizing 
agents used include dimethyl sulphoxide' 5 8 ,  mercuric oxide' ". pyridine 
N-oxidc'". nitrile oxides'", nitric oxide"" and 

Also isothiocyanates can be oxidized to give isocyanates using mercuric 
oxidc as oxidizing agent ' 6 4 .  
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Nitriles have also been converted into isocyanates. For example Y#- 
unsaturated isocyanates (131) can be obtained in moderate yields (27- 
50%) by reacting aliphatic nitriles ( R  = alkyl) having 2-hydrogcn atoms 
(130) with phosgene in the presence of hydrogen chloride’65. If this 
reaction is conducted wi th  sterically hindered aryl acetonitriles ( R  = aryl 
groups with substituents in the 2 and 6 position). r-chlorostyryl isocyan- 
ates (132) are obtained’“. 

qCH=CHNCO 

(131) 

RCH=C( CI) NCO 

(1 32) 

RCH, CN 

(1 30) 

Also reaction of enaminonitriles with phosgene gives isocyanates in 
moderate to good yields’”. 

Oxidation of monosubstituted formamides is another method of 
producing isocyanates. Arylformamidcs are intermediates in the carbonyla- 
tion of amines to isocyanates (see Section II.A.2). Recently i t  was shown 
that phenylformamide can be oxidized to phenyl isocyanate in low yield 
( -30%) using a Pd/Ni catalyst”’. A high yield of benzyl isocyanate (134) 
can be obtained in the oxidation of benzylformamide (133) with sulphuryl 
chloride’ ”. 

SO,CI, - HCI 
PhCH 2NHCHO ’ [PhCH,N(CI)CHO] - PhCH,NCO 

(1 33) (1 34) 

Elimination of hydrogen halide from N-halo formamides lo give mono and 
diisocyanates has also been conducted using a tertiary amine as 
acceptor’ 70. Reaction of formamidothiophenes with phosgene in the 
presence of triethylamine gives isocyana,tolhiophenes’ ’. 

Rearrangement of hr-~ialo-2-azetidinones produces (Hialo alkyl iso- 
cyanates. The reaction is conducted at 50 C and pcroxides arc used ;IS 

initiators. The presence of an olefin as ;i co-catalyst is necessary. and the 
obtained yieldsare h igh  in the case ofrhe N-bromo-2-uzetidinnnes( 135)’”. 

I 2 Br Y N C O  
B rN 

“0 
(135) 

Adducrs of phosgene to carbodiimides 136 are in equilibrium with iso- 
cyanates and carbonimidoyl dichlorides at elevated temperatures’ 7 3 .  
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RN(COCI)C(CI)=NFY RNCO + RN=CCI, 

(136) 

65 I 

Reaction of phosgcnc or carbonyl IIuoride witti carbonyl diisocyanate 
gives the corrcsponding halocarbonyl isocyanatcs I37 and 138. respecte 
ively. in high yields”’ 

lsocyanates can also be generated in the photolysis of special C=N 
double-bond-containing heterocycles. For cxample photolysis of 5.7-di- 
r-butyl-3.3-dimct hyl-3H-indole- 1 -oxide ( 139) gives 2-isopropyl-4.6-di-r- 
butylphenyl isocyanate (140). The same isocyanate is also obtained in 
m o d era t e y ield t h r o ugh t he ox i da t i o n  of 5.7 -d i - r - b u t y 1 - 3.3 -d i met h y 1 - 3 H - 
indole (141) with peracid I “. 

1 
0 

(1 39) 

(1 40) 

Photolysis of 2-ethoxypyrrolin-5-one (142) in r-butanol results in ii  70“,, 
yield of !V-(c‘tIi~s~C~cIopr~I~yI)C;irb;i~niite (143)’ 7 5 .  
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Isocyanates can also be generated in electrochemical processes. For 
example treatment of a met hanolic solution of potassium cyanate and 
anisol with an electric current produces methyl N-anisylcarbarnatel 7 6 .  

6. Ac yl,  Thioac y l  and lmido y l  Isoc yanates 

In this class of isocyanates the cumulative Gouble bond system N=C=O 
is directly attached to a carbon atom double-bonded to oxygen. sulph~ir 
or nitrogen: 

II 
X 

R-C-N=C=O X = 0 Acyl or aroyl isocyanales 

X = S Thioacyl or thioaroyl isocyanates 

X = NR lmidoyl isocyanates 

The neighbouring groups stabilize the developing negative charge in the 
transition state of nucleophilic reactions and therefore these isocyanates 
arc considerably more reactive than aryl isocyanates. Furthermore 
stabilization by 2 + 4 cycloaddition to form dimeiic species can occur 
and, in fact, in the case of thioacyl isocyanatcs. only the dimers are stable. 

Since the synthesis of acyl and thioacyl isocyanates is discussed in a 
separate chapter of this volume, only the synthesis of imidoyl isocyanates 
is treated in this section. 

Imidoyl isocyanates were postulated as  intermediates in chemical 
transformations as early as 193617’. but only  recently were stable imidoyl 
isocyanates synthesized by phosgenation of certain amidines. For  example 
reaction of trihaloalkylamidines 142 with phosgene produced the cor- 
responding imidoyl isocyanates 143 in good yield178. 

C C I j C ( N H ? ) = N R  + COCI, -__* CCI,C(NCO)=NR 

(142) (143) 

Attempts to Treparc the corresponding N-phenyl derivatives 144 by a 
variety of methods resulted in formation of the intramolecular 2 + 4 
cycloadduct 135’ 7 8 .  

(144) (145) 
> 

The cyclic pcrllalo iniidoyl isocyanates 147 are obtained in the reaction 
of the corresponding cyclic amidine 146 with oxalyl chloride17”. 
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N H2 

(1 4 6) 
NCO 

(1 47) 

Isocyanates derivcd from A'-heterocyclic r-amines are irnidoyl isocyanates. 
For example 2-isocyanatopyridine 148 can be generated by phosgenatiun 
or thermolysis of the corresponding phenylcarbamate. but only its cyclo- 
dimer 149 can be isolated' 8 0 .  

Dimeric species were also obtained from 2-aminot hiazole and ?-amino- 
benzthiazo!e. The imidoyl isocyanate 151 was also generated by thernio- 
lysis of the bicyclic derivative, 150, obtained from 2-aminobenzthiazole 
and oxalyl chloride. 

Recently the synthesis of 2,6-diisocyanrltopyrid::te was reported" ', 
however i t  is not stable and homopolymerization occurs on standing. 
2.4-Dichloro-6-isocyana10- 1,3,5-triazine (153) has been obtained upon 
pyrolysis of the chloroimidate 152'" 
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Stable heterocyclic isocyanates were also obtained from aminoper- 
chloropyridines, pyrimidines, pyrazines and triaziks and oxalyl chlor- 
idele3. 
Diaminodichloro-l,4-benzoquinone 154 has also been convcrted into 

the corresponding diisocyanate 155 using oxalyl chloride’ 8 3 .  

HZN CI OCN cloNco 0 CI “‘ON”’ + (COCI), - 
0 

(1 54) (155)  

C. Inorganic lsoc yanates 

In this category isocyanates are discussed in which the NCO group is 
not attached to carbon. Ionic species such as salts of isocyanic acid are not 
included. Also isocyanato complexes of transition metals do not fall 
within the scope of this chapter. The main groups of the periodic system 
have been used in order to present a consistent picture and the elemcnts 
under discussion are summarized in Scheme 3.  

1 norgan ic isocyanates 

Main g r o u p  Element 
.- -. .- . .- _- __ - . -. - - - 

3 Boron 
4 Silicon. germanium. tin. lead 
5 
6 Oxygen, sulphur  
7 

Nitrogen, phosphorus. arsenic. ant imonp 

C h 1 or i n e. b r o m  i ne. i od in e 

The standard method of synthesis of inorganic isocyanates consists of 
reaction- thc corresponding halides with a cyanate salt. However other 
methods have been used frequently, especially in the synthesis of phos- 
phorus and sulphur isocyanates. The inorganic isocyanates are con- 
siderably more reactive than isocyanates in which the NCO group is 
attached to carbon. For example nitrogen and oxygen isocyanates are 
not known in the monomeric form, and halogen isocyanates are rather 
unstable. Even iodine isocyanate can be handled only in solution. Silicon. 
phosphorus and hexavalent sulphur isocyanates are stable for prolonged 
periods of time. but the lowcr valent sulphur isocyanates are also rathcr 



17. Syntheses and preparative applications of isocyanates 655 

unstable. Often perhalo alkyl substitution enhances the stability, as has 
been observed for the divalent sulphur isocq'anates. The hydrolytic 
sensitivity of the carbamate linkage attached to the inorganic elements 
renders some of the synthesized isocyanates rather useless for polymer 
applications. but exceptions arc sulphonyl carbamates which are quire 
stable. Iodine isocyanate is mainly being used for addition reactions to 
olefins and the derived carbamates are stable. 

1. Boron isocyanates 

The reaction of boron tribromide with silver cyanate produces boron 
tricyanate rather than the t r i i ~ o c y a n a t e ' ~ ~ .  However in the reaction of 
dimethylbromoborane (156) with silver cyanate the corresponding 
isocyanate 157 was obtained in 90% yield'H5. 

(CH3)2BBr + AgOCN (CH3)2BNCO 

(1 56) (1 57)  

Many boron isocyanates have been synthesized by this method and the 
compounds obtained are moderately stable at room temperature's6. 

Difluoroisocyanatoboranc (159) is supposed to be generated in the 
reaction of silyl isocyanate (158) with boron trifluoride, but the compound 
undergoes rapid decomposition at room t e m p e r a t ~ r e ' ~ ' .  

H ~ S I N C O  + BF, H ~ S I F  + F?BNCO 

(1 58) (1 59) 

* 
2. Silicon isocyancltes 

The classical method of synthesis of silicon isocyanates is the reaction 
of silicon halides with silver cyanate'". Instead of silver cyanate, lead 
dicyanate or alkali cyanates can also be used, but the yields are usually 
lower' 89. Reasonably good yields of silicon isocyanates are obtained 
when the reaction of silicon chlorides with potassium cyanate is conducted 
in liquid sulphur dioxide'", and silicon isocyanates are also obtained in 
the reaction of silicon halides with isocyanic acid'"'. 

Alkoxysilicon isocyanates are produced in the reaction of silicon tetra- 
isocyanate with alcohols' 9 2 ,  while fluorosilicon isocyanates are obtained 
on reaction of silicon tetraisocyanate with antimony trifluoride' 9 3 .  

Thcrmolysis of silicon ureas also.gives risc to the formation of silicon 
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isocyanates. For example heating of the silicon urea 160 to 25&3OO0C 
gives trimethylsilicon isocyanate 161 194. 

‘I 
Me,SiNHCONPh, - Me3SiNC0 + Ph,NH 

(1 60) (1 61 1 

Reaction of trimethylsilicon chloride 162 with chloro isocyanate or  
tri-rr-propyltin isocyanate”’ g i v p  rise to the formation of trimethyl- 
silicon isocyanate, 163’95. 

Reaction of silicon tetraisocyanate (164) with ethylene oxide at 100°C 
gives the tetraisocyanate 1651q6 

S i ( N C 0 ) d  + 3 \I - OCNSi(O%NC0)3 
0 

(164) y 6 5 )  

3. Germanium isocyanates 

Germanium tetrai~ocyanate’~’, trimethylgermanium isocyanate198 
and GeH,NCO’ 99 have been synthesized by reacting the corresponding 
halides with silver cyanate. 

4. -En isocyanates 

Several tin isocyanates have also been synthesized by reaction of the 
corresponding halides with silver cyanate200. In the synthesis of thc tin 
isocyanates moisture has to be rigorously excluded, otherwise crystalline 
hydrates are isolated. Triaryltin isocyanates are also obtained in the 
reaction of triaryltin iodides with lead cyanate*”. Reaction of ethyl 
carbamate with trialkyltin methoxide also produces trialkyltin isocyanates 
in good yields”’! 

5 .  Lead isocyanates 

standard halide/si I ver cyana t e procedure” ’. 
Only trimethyllead isocyanate has been obtained in low yield by the 
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6. Nitrogen isocyanates 

Isocyanates having the NCO group attached directly to nitrogen arc 
not stable in the monomeric form. Dialkylamino isocyanates can- be 
generated as transient intermediates by the photo-Curtius rearrangenieat 
of carbamoyl azideszo4, by treatment of N,N-dialkylaminophosphor- 
amidate anions with C02205, and by reaction of N,N-dimethy1-N'- 
dimethylaminoformamidine with phenyl isocyanate206. For example 
photolysis of dialkylcarbamoyl azides (166) produces the monomeric 
dialkylamino isocyanates (167), which can be trapped with other iso- 
cyanates to form the cycloadducts 168207. Thermolysis of the cycloadducts 
occurs on heating to 60°C when R' = 1-butyl, and this method has been 
dsed to generate the dialkylamino isocyanates for trapping with other 
reagents2'* 

x x o  
R'NCO RZNCON, '' b [ R2 NNCO] 

0 
(167) I (166) 

R '  
(168) 

In the absence ofsubstrates which add to 167 the isocyanate forms a dimer 
with structure 168 ( R '  = NR,). 

Arylcarbamoyl azides upon photolysis or thermolysis also produce the 
corresponding arylamino isocyanates which undergo intramolecular 
cycloaddition to give indazolone derivatives. For example, heating of 
diphenylcarbamoyl azide 169 in xylene yields 1 -phenylindazolone 
( 170)'09. 

(1 70) 

Substituted 4.5,6,7-tetrahydro-3;indaiylidinones (172) are obtained in 
thd thermolysis of carbamoyl azides ( 171), l o .  

? 
- N? [ oN(R)Nco] L 

- 
(171) 0 

(1 72) 

0 N(R)C O N3 

k 
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The intermediate isocyanates can be trapped if the reaction is conducted 
in the presence of alcohols or amines’”. A review article related to the 
synthesis and reactions of carbamoyl azides has appeared recently” ’. 

Amino isocyanates are also generated in the photolysis of mesoionic 
heterocycles. For example in the photolysis of 173 the isocyanate 174 
is formed as a transient intermediate which rearrangcs rapidly to give the 
amino isothiocyanate ( 175)’ ’. 

7. Phosphorus isocyanates 

The isocyanates derived from trivalent and pentavalent phosphorus 
derivatives are well known. A variety of methods ofsynthesis of phosphorus 
isocyanates is reported and the isocyanato group directly attached to 
phosphorus is quite reactive. A review article related to the synthesis and 
reactions of phosphorus isocyanatcs has appeared recently’ 14. 

The reaction of phosphorus amides with phosgene often results in the 
cleavage of the P-N bond with formation of a P-CI bond. However 
moderate yields of phosphorus isocyanates can be obtained in the dircct 
phosgenation of (EtO),P(O)NH,, (MeO),P(S)NH, and (ArO),P(S)NH, 
in the presencc of pyridine”’. Instead of the free amide the sodium salt 
of the corresponding amide or urea can be usedZl6. 

Pentavalent phosphorus isocyanates are also obtained in the reaction 
of the amides with oxalyl chloride, and in one case ( R  = Aryl, X = 0) 
the therrnolabile intermediate 176 could bc isolated”5.’ ”. 

33 

(176) ilt 

(RO)s P(X)NHz + (COCI), - (RO), P(X)NHCOCOCI 

-HCI. CO 

\. 
x = 0 , s  s- 

c 
(RO), P(X)NCO 

The most general method of synthesis of phosphorus isocyanates involves 
the reaction of phosphorus halides with sodium. potassium or silver 
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cyanate. For example reaction of phosphorus trichloride with silver 
cyanate gave isocyanates by stepwise replacement of the chloro groups’ * M .  

Alkyl and aryldihalophosphines are similarly converted to the cor- 
responding diisocyanates‘ 9, and phosphoryl trichloride and thio- 
phosphoryl trichloride have been converted to triisocyanates’ 20. Phos- 
phonic acid dichlorides” ’. phosphinic acid chlorides2’ 1 . 2 ’ 2  and tetra- 
iodobiphosphine”3 react in a similar manner with silver cyanate to give 
the corresponding mono, di and tetra isocyanates, respectively. Halo- 
phosphoric acid esters are converted to isocyanatcs in good yields by 
conducting the displacement reaction with sodium cyanate in aceto- 
nitrile’24. In the mixed halides RP(0)CIF only the chloro group is 
displaced by sodium cyanateZz5. Also methylphosphonic acid azidoiso- 
cyanate can be obtained by reaction of MeP(O)CIN, with sodium 
cyanate’2h. Mono and diisocyanates of alkylthiophosphonic acids are 
obtained in the reaction of RPCI, with sodium cyanate in acetonitrile, 
followed by reaction with PSCl , ”’. Tetramet hylphosphordiamidic 
isocyanate (Me2N),P(0)NC0 was also synthesized by reacting 
(Me,N), P(0)CI with silver cyanate in benzene’”. 

The reaction of alkoxydichlorophosphines with cyanic acid in the 
presence of pyridine produces diisocyanates. For example C,H,OP( NCO), 
was obtained in 61 o< yield upon reaction of C,H,0PC12 with isocyanic 

Reaction of phosphorylureas 177 with thionyl chloride produces 
acid?zY 

phosphoryl isocyanates and a l k y l ~ u l p h i n y l a m i n e s ~ ’ ~ .  

R?P(O)NHCONHR’ + SOCI, R?P(O)NCO + R’NSO 

(177) 

Thermolysis of alkoxycarbonyliminophosphorans to produce isocyanatcs 
was discovered by Kirsanov in 1954’31. For example. reaction of car- 
bamates (178) with phosphorus pentachloride produces uichloro- 
phosphazenes (179). which eliminate alkyl halide quite readily to produce 
the isocyanate 180. 

ROCONH2 + PCII, [ROCON=PCI,] CI?P(O)NCO + RCI 

(1 78) (1 79) (180) 

9 
A revised procedure for the synthesis of 180 has appeared recently’”. 

A’-Chloroimino carbonates 181 have also been used lo produce iso- 
cyanates as shown in the following reaction  sequence^"^: 
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(RO),C=NCI + X2PCI - [(RO)?C=NPX,CI]CI 

(181) I-.., 
X,P(O)NCO + RCI - ROCON=PX,CI 

S = Alkyl. aryl. ArO. CI 

Also thermolysis of alkyl and arylphosphoryl carbamates (182) can be 
used to synthesize phosphoryi i s o c y a n a t e ~ ~ ~ ~ .  The generated alcohol or 
phenol has to be removed in order to prevent recombination. 

A 
.(RO)2 P(0 )NHCOOR’  - ( R 0 ) 2  P ( 0 ) N C O  + R’OH 

(182) 

The transfer reaction of phosphites with phosphorus triisocyanate yields 
mixtures of substituted i s o ~ y a n a t e s ~ ~ ~ .  

( R 0 ) 3  P + P(NC0)3 R O P ( N C 0 )  2 + ( R O ) ?  PNCO 

Likewise tetraisocyanatosilane undergoes transcsterification with POF, 
to yield difluorophosphoryl isocyanate 18323”. 

Si(NCG)d + POF3 - F z P ( 0 ) N C O  

(183) 

Carbonimidoyl dichlorides (184) are also readily converted to phosphoryl 
isocyanates (185) on treatment with formic 

RP(O)CIN=CCI? + HCOOH - RP(0)CINCO + 2 HCI + CO . 
(1 64) ( 1  85 )  

8. Arsenic and antimony isocyanates 

Reaction of arsenic trichloride or antimony trichloride with silvcr 
cyanate gives a mixture of the corrcsponding non-volatile tricyanate and 
the triisocyanate””. At elevated temperatures the triisocyanates isomerize 
to the tricyanates. Antimony triisocyanate has also been obtained in thc 
reaction of phosphonic diisocyanates with SbFAZ3*. 

9. Oxygen isocyanates 

Phosgenation of O-bcnzylhydroxylamine gave only the corresponding 
trimer ( 1 .3,5-tribcnzyloxyisocyanurate)2”’. The same compound was 
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obtained when Staab and Benz used the mild imidazole method to 
produce the monomeric benzyloxy is~cyanate’~’. 1,3,5-Trimethoxy and 
I ,3,5-triethoxyisocyanurate were obtained in the reaction of the cor- 
responding diethyl N-alkoxyphosphoramidate anions with carbon 
dioxide” ’. Even room temperature photolysis of methyl azidoformates 
gave only the corresponding triisocyanurate derivative (186) indicating 
that monomeric methoxy isocyanate, produced by the rearrangement of 
methoxycarbonyl nlrene,  is not stable at room t e m p e r a t ~ r e ’ ~ ~ .  

A 
MeON . NOMe 

oANAo MeOCON3 - [MeONCOl - 
I 

OMe 
(186) 

10. Sulphur isocyanates 

Stable isocyanates having t h s  N C O  group attached directly to sulphur 
are well known, and derivatives derived from di, tetra, and hexavalent 
sulphur have been synthesizs.  Review articles related to the synthesis 
and reaction of sulphonyl isocyanates have appeared r e ~ e n t l y ~ ~ ~ . ’ ~ ~ .  
Trifluoromethylsulphur isocyanate (188), the first monomeric divalent 
sulphur isocyanate, was. 3ynthesized by Emeleus and Haas in 1963’”. 
Their synthesis consists b f  reacting the corresponding sulphur chloride 
(187) with silver cyanate, and as a by-product the dimer 189 is obtained. 

CF3SCI + AgOCN - CF3 SNCO + (CF3)2 NCONCO 

(187) (1 88) (1 89) 

I n a s i m i 1 a r ma n ner d i c h 1 or o fl u o roo a n d d i fl uo r och 1 or 0s u 1 p h u r isocyanate 
w n  be prepared. but these isocyanates slowly dimerize on standing246. 
Pentafluorobenzenesulphenyl isocyanate can only be o9tained as a 
polymeric solid’“’, buP F3SCCIFSNC0’48, CICOSNC0249, FCO- 
SNCO’P’, and CI,C(S)SNC02s” fiave been isolated as monomeric 
isocyanates. 

Sulphinyl chlorides also react with silver cyanate to give sulphinyl iso- 
cyanates. In this manner CC13SONC0251, 4-CH3C6H4SONCO’S’, 
CF,,SONC0’s3 and II-C,F,SONCO’~~ are obtained. 

Hkxavalent sulphur isocyanates are considerably more stable than the 
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lower valent isocyanates. The direct phosgenation of arenesulphonamides 
occurs at high temperature. and simultaneous cleavage of thc S-N bond 
is o b s e r ~ e d ’ ~ ~ . ’ ~ ~  . Thc use of nitrobenzene as solvent for the phosgenation 
of arenesulphonamidcs has bcen rcported al~o’~‘’ .  However best results 
are obtained if the phosgcnation of the arenesulphonamide is conducted 
in the presence of an alkyl isocyanate. Rapid reaction occurs at approxi- 
mately 100 ”C the corresponding sulphonyl urea (190) being the inter- 
mediate‘ ’. 

R’NCO 
RSO,NH, + COCI, [RSOL,NHCONHR’] ___* RSOJNCO + R’NCO 

(1 90) 

In this manner arencsulphonyl isocyanates can be synthesizcd frec of 
chloride by-products. Instead of phosgene. arenesulphonamides can also 
be reacted with carbonyldiirnadaz+: to givc an adduct. which on heating 
in the presence of P,O, yiclds arenesulphonyl isocyanates2”. 

Reaction of arenesulphonamides with excess osalyl chloride also pro- 
duces the corresponding sulphonyl i so~yanatcs~  5 8 .  Perfluoroalkane- 
sulphonyl isocyanates are also obtained in the reaction of the correspond- 
ing sulphonamide with chlorosulphonyl isocyanate in refluxing sul- 
pholane””. - 

Chlorosulphonyl isocyanate has bcen used also to synthesize arene- 
sulphonyl isocyanates. For example electrophilic rcoction of chloro- 
sulphonyl isocyanate with naphthalene at 150°C in the absence of a 
catalyst gives a 5-C‘,’,, yield of 2-naphthalenesulphonyl isocyanatc ( 191)260. 

+ ClSO2NCO ~ s o 2 N c o  + HCI 

(1 91 ) 

I;ree-radical-c:italyscd addit ion of chlorosulphonyl isocyanate to olcfins 
yields ;I mixture of teloineric c l i lorc~alk~lsulpt i~n~l  isocyanatcs””. FoI 
examplc. addition of clilorosulphon,yl isocyanatc to cthylcnc yields 7- 
cliloroetliylsulplionyl isocyanate ( 192). J-,liloi-obut!:lsulplioiiyl iso- 
cyan:ite (193) and thc heterocyclic addiict 194””. 
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Reaction of phenols with chlorosulphonyl isocyanate in refluxing toluene 
produces aryloxysulphonyl isocyanares (195) in good yields'h'. 

OH + ClSOzNCO - QOS02NC0 + HCI 

(195) 

Thermal decomposition of carbamates (196) derived from chlorosulplionyl 
isocyanate and phenol. followed by reaction wi th  an alcohol produces 
alkoxysulphonyl isocyanates ( 197)2('3. 

OCONHS020R' 2 R'OS02NCO + 

Also arencsulphonylcarbamates undergo thcrmolysis in ihe presence of 
P 2 0 ,  to give the corresponding arenesulphonyl isocyanates'hJ. The 
required carbarates  can be obtained by reacting the sodium salt of the 
correspond in  g s 11 I p h o n a m i de wit h a I k y I ch loro fa r ma tcs. A rcncsu I p h on y I 
isocyanates are also obtained in the pyrolysis of thiocarbaniates 

Reaction of arenesulphonyl ch1oria'c.s with silvcr cyanare produces 
arencsulplionyl isocyanntes'"". Sulphonyl diisocyanatc can be obtained 
similarly from chlorosulphonyl isocyanatc and silvcr cyanate"'-. Methunc- 
sulphonyl isocyanatc (199) w;is also obtained in 38" , ,  yield in  thc rcacrion 
of nietlianesulphnnic anhydride (198) with  silver cyanate"". 

RSO~NHCOSMC? t 

(MeSO,).O . .  + AgOCN MeSO:,NCO 

(198) (1 99) 
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Alkanesulphonyl isocyanates are rc9Jily prepared by thermolysis of 
triniet hylsilylated sulphonyl carbaniatrs (200)26y. ‘ 

A 
RSO,N(SiMe,)COOEt RS0,NCO + Me,SiOEt 

(200) 

Thermolysis of certain tetrazolin-5-ones (201) also gives rise to the forma- 
tion of arenesulphonyl isocyanates. but since tetrazolin-5-ones are 
best produce: by cycloaddition of arenesulphonyl isocyanates to azidcs, 
this method is of no preparative s ignif icanc~’~~.  

/N=N 
\ 

NS02R‘ 4- R‘NS02NCO + RN3 

RNY 0 

(201) 

The reaction of cyanogen chloride with sulphur trioxide produces a 
mixture of chlorosulphonyl isocyanate and chloropyrosulphuryl iso- 
cyanate (202) ’~  I .  

ClCN + SO3 ___* CIS0,NCO + CIS,O,NCO 

(202) 

In  contrast. reaction of cyanogen bromide with sulphur trioxide gives a 
mixture of sulphonyl diisocyanate (203) and pyrosulphuryl diisocyanatc 
(204)” ‘. 

BrCN + SO3 S 0 2 ( N C 0 ) 2  + S 2 0 5 ( N C O ) 2  

(203) (204) 

Sulphonyl diisocyanate is also formed (besides chlorine and SO,) on 
heating chlorosulphonyl isocyanate to 200-500 C. preferentially in 
prcsencc of 

A small itnioiint ofchlorosulphonyl isocyanate is obtained in the reaction 
of urea with chlorosulphonic acid”‘. and fluorosulphonyl isocyanate 
can be obtained from sulphonyl diisocyanate and fluorosulphonic acid’75. 
Howevcr the best mcthod of synthesis of fluorosulphonyl isocyanate 
involves fluorination of chlorosulphonyl i~ocyanate’~’. Pyrosulphuryl 
isocyanate has also been obtained from potassium cyanate and sulphur 
trioxide’”. 

Hydrolysis of the carbonimidoyl dichloride derivative 205 with water 
produced the sulphur isocyanate 206’”. 
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SF,N=CCI, + H,O - SF,NCO 

(205)  (206) 

665 

11. Halogen isocyanates 

I n  1929 Birkenbach and Linhard”” obtained monomeric iodo iso- 
cyanate upon reaction of iodine with silver cyanate in diethyl ether. I n  
contrast only dimeric species X,NCONCO were isolated even at - 80°C 
when this reaction was extended to chlorine and In 1966 
Nachbaur and Gottardi reported the synthesis of monomeric ctiloro 
isocyanate by pyrolysis of its cyclic trinicr. N-trictiloroisocyanuric acid”’. 

The melting point of monomeric chloro isocyanatc is -98.5 C. and 
spectral data and derived reaction products verify thc proposed structure. 
I n  the liquid phase chloro isocyanatc undergoes rapid dinierimtion2*’, 
and on attemptcd distillation extensivc dccornposition occurs. I n  contrast 
iodo isocyanate is relatively stable in ethereal solution. and the isocyanatc 
is usually reacted i r z  s i t i r .  For example the stercospecific addition of iodo 
isocyanatc to a wide variety of olefins has been well investigated’”. 
The preparation and stability of iodo isocyanate solutions has been 
described in detail by Rosen and Swern’83. 

111.  REACTIONS OF ISOCYANATES 

A. General 

The polarization of the isocyanate group in the manner indicated 
- +  + -  

R-N-C=O e----* R-N=C=O - R-N=C-DI 

clearly shows the electrophilic character of thc cent@ . carbon atom. 
Conscqueytly most reactions arc initiated by an attack of isocyanates 
011 electron-rich centrcs. Electron-withdrawing groups in K or directly 
linked to the isocyanate moiety increase the rcacrivity oErhe NCO group. 

Most of thc chemistry of isocyanatcs is based on reactions of the C = N  
bond of the O=C=N moiety with substrates A-B. A=B.  A E U .  
A=B--G=D a s  well as 1.3- and 1.4-dipolar compounds. resulting in the 
formation bf widely difl’erinz acyclic and cyclic reaction products. New 
types of r$actions and application of known oncs lo new substrates are 
reported continuously. Very often initially-formed reaction products are 
furthcr modified by action of excess isocyan2ttc or substrate. A number of 
typical reactions of isocyanatcs are summarized in Schcme 4 below. 
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Reactions which take place under participation of the R-N or C=O 
bonds of isocyanates are known too. I n  addition isocyanates are known 
to react with each other,&rming dimers, trimers and polymers. 

The reaction f alcohols with isocyanates to give carbamates (urethanes) 
and its applicatiw to polyfunctional alcohols and isocyanates is the basis 
of the polyurethane industry. Other reactions such as the formation of 
ureas, oxazolines, imides and carbodiimides and the oligomerization of 
isocyanates are also of importance in industrial applications. The con- 
tinued search for new and potentially useful reactions of isocyanates is 
certainly one of the main reasons for the steady increase in the amount of 
information about the chemistry of isocyanates. 

R --N - C =O 
I I  

A B  R-NCO + A-B - 
0 R 

R - N C O + A = B  \ /' R, )-.,A 

I 
N-C . N 
I I '  

A-B oANN 

R 
R-NCO + A G B  

I 
A=B 

R-NCO + i - B - e  

R 

A A 

0 B 
R-NCO + o=c: - R-N=C' + C O ~  

SCIIEME 4. 
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The large amount of material related to synthetic reactions involving 
isocyanates together with the space limitations of this book allow for 
only a limited coverage of the area. The chemistry of acyl and thioacyl 
isocyanates is excludcd. Occasional mention of reactions of these com- 
pounds is limited to cases where a distinction betwecn alkyl. aryl and 
other isocyanates must be emphasized. 

Strict adherence to the arrangement chosen for the description of the 
reactions of isocyanates is sometimes not possible. Certain transforma- 
tions, belonging to diffcrent sections but leading to related products or 
involving similar intermediates, are occasionally treated under one 
heading with the intention of conveying to the reader the various aspects 
of a particular type of reactions. 

B. Reactions of lsocyanates Across Their C=N Bond 

1. Oligomerization and polymerization of isocyanates 

a. Dimv-izrrtiori. The dimerizations of isocyanates are not uniform 
rcactions in regard to thc nature of the products formed. They depend 
rather upon the reactivity and structure of the starting matcrials. Aryl 
isocyanates dimerize generally under crosswise addition to the C = N  
bonds of the NCO group. Acyl, thioacyl and imino isocyanates give dimcrs 
under the inclusion of adjunct C=X groups (X = 0. S, N R )  in thc ring 
formation. Amino isocyanates and halo isocyanates give still other types 
of dimers (sce Schcme 5 ) .  

HolTman observed that phcnyl isocyanate is readily dimerized in 
presence of triethyl phosphine as ~ a t a l y s t " ~ .  Othcr trialkyl phosphincs 
and a r y 1 d i a I k y 1 p h 0s p h i nes. d i a I k y Ica r ba mo y I d ie t h y 1 p h 0s p h it e. t r i s- 
dialkylcarbamoyl phosphites. hexaalkyl phosphortriamides, and bis-N- 
dialkyl phosphoramidous acid ethyl ester355, as well as a number of 
amines (pyridines. 1 ,2 -d ime thy l i rn ida~o le~~~ ,  N.N.N',N'-tetramethyl-N"- 
phen,?8guanidincz") were later shown to catalyse the dimerization of 
a r y I isoc y a na t cs as we I I 'I  .'. S t r uc I u re dele r m in i\ t io 11 on t he wcl I -cr ys t a I I izing 
aryl isocyakte  dimers by X-ray diffraction""' rcvealed their existence in 
the symmctric 1.3-dinzetidinedionc and not the equally possible imino- 
ovazitidinone form. The role of the catalyst in the oligomerization and 
polyInerization of isocy?natcs has been discusscd c ~ t e n s i v e l y ~ ~  and i t  is 
assumed that polar internicdiatcs of various chain length arc formed from 
catalyst and isocyanate. Attack by the catalyst on thc ccntral carbon 
atom of the isocyanate moiety is believed to be the initial reaction step. 
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Dimers of isocyanates 
0 

Monomer  Type of Reaction Product 

0 
A 
K 

RNCO [ 2  + 21 cycloaddition 

R Aryl. alkyl. R’S R N  NR 

0 

RCNCO [ 2  + 41 cycloaddition 
I1 
X 

R = Arvl R 
X = 0. ‘S, NR 

R,N-NCO [ 2  + 31 cycloaddition R 2 j - N \  

R = Alkyl 

I 
NR2 

XNCO X-N insertion X,NCONCO 
X = CI. Br 

dL: RNCO(AICl3) [ 2  + 41 cycloaddition 

R = Aryl wi th H sh i f t  
H 

SCHEMI: 5 .  

Very reactive isocyanates, such as sulphonyl isocyanates, form on ly  polar 
1 : I adducts wi th  amine catalysts. which do not further o l i g ~ m c r i z e ’ ~ ~ .  

I t  is a curious phenomenon that simple alkyl isocyanates do not 
dimerize but rather trimerize to isocyanurates under comparable reaction 
conditions. I t  has recently been claimed, however. that butyl and cyclo- 
hexyl isocyanatcs and also hexamethylene diisocyanate can be cyclo- 
dimerized in less than 1 yield on heating in presence oftributylphosphine 
or  other cataly~ts’~’. We were able to cyclodimerize a number of benzyl 
isocyanates in reasonablc yield in the presence of 1.2-dimethylimid- 
a ~ o l e ” ~ .  By-products in these reactions are the corresponding tribenzyl 
isocyanurates. Infrared spectroscopicz~onitoring of the reactions revealed 
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slbw conversion of the initially formed dimers into trimers. Catalysed 
trimerizations of other aliphatic isocyanates could be shown to proceed 
in some cases via formation of dimers as intermediates. A related but slow 
conversion of phenyl isocyanate to triphenyl isocyanurate via 1,3- 
diphenyl-l,3-diazetidinedione was observed in presence of a guanidine 
catalyst'*". Trialkylphosphines. which have been regarded as highly 
specific dimerization catalysts for aryl isocyanates, were recently shown 
to catalyse the conversion of dimer into tr iper on prolonged standing of 
the reaction mixtures'88. Pyridines and other basic catalysts have an 
even lower degree of specificity because at elevated temperature tri- 
merization competes with dimerization. Mixtures of dimers and trimers 
of aryl isocyanates are also obtained with sodium perbenzoate in di- 
met h y 1 form am idc2 ' *, organ 0s i I y I s u 1 p h ides ' and t r i met h y1 si I y Id i p h en y I-  
phosphine28'. 

The graduzi disappearance of the dimers and appearance of trimers in 
t hesc catalysed oligomerizations of alkyl and aryl isocyanates can be 
explained by the assumption of equilibria between dimer and polar inter- 
mediates formed from dimer and catalyst. The latter are able to react 
further with excess isocyanate to give t~ii*~ier. I t  is, however, not  possible 
so far to predict the formation ofa  certain product (dimer or trimer) wi th  
a certain catalyst. Factors such as charge stabilization in the polar inter- 
mediates and their lifetime or steric rcquirements might be of importance 
too. 

R = Alkyl. a r y l  
(C) = Cata lys t  

jllLl 
4 

0 
A. 

R N  N R  

o A N A O  R 

1 

Phenyl isocyanate is also dimerized when heated under pressure. 1.3- 
Diphenyl- 1.3-diazetidine-2.4-dionc is obtained in over 90'!:, yield at 
16 kilobars at a tcmpcrature range of 175-2X°C, while highkr tempera- 
tures and pressures lead to formation of  by-product^^^'. 

Certain isocyanates are known to dimerize even without a catalyst. 
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Thus dimethylamino fluoromethyl isocyanatc. in which the dimethyl- 
amino group is possibly acting as catalyst, dirnerizes to give 207 when 
synthesized from potassium cyanate and dimethylaminodifluoromethane: 
1,2-bisdimethylamino- 1.2-diisocyanatoethylenes 208 and 209 are formed 
as by-products’” 

0 

( c  H3)2 N C H  F N A N C H  FN (C H3)2 

0 
\rf 

/ (207) 
KNCO (CH3)2NCHF, ___* [(CH,),N-CHFNCO] 

l.~~-BistrifluoromethylsuIphenyl-l.3-diazetidinedione is obtained on di- 
merizing the corresponding sulphenylisocyanate at room or elevated 
temperat u rc2-Ih.’ ‘O. 

The dimerization of dialkylamino isocyanates. formed as transient 
intermediates in a number of reactions, does not lead to formation of 
1,3-diazetidinediones but lather 1,2,4-triazolidine-3,5-dione-l,2-ylides 

. This behaviour is in contrast to that of N,N-diarylamino and 
arylalkylamino isocyanates which are claimed to give 1.3-diazetidine- 
diones (21 1 )  and varying amounts of I-phenylindazolone (212)’09 (see 

210204-208 

also p. 39). 

RR’N-NCO - R = R’  = Alkyl N H  

0 
(2 1% ) 

0 

A R =; R’ = Ary l  

R = Aryl .  R ‘ =  Alkyl 
RR” - NKN - NRR’ 

0 .  
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Mixed diiners 210a are obtained o n  intercepting the dialkylamino 
isocyanates wi th  alkyl or aryl i s o ~ y a n a t e s ” ~ ~ ~ ~ ” ~ ” ~ .  

[R?N-NCO] - 
I 
R‘ 

(21 Oa) 

Formation of mixed dimers of two different aryl isocyanates or aryl and 
alkylisocyanates has not been observed to date. The latter (as well as 
1,3-dialkyldiazetidinediones) have been prepared from N-aryl-N‘-alkyl- 
allophanyl chlorides on treatment with base291-2’4 . [2 + 21 Adducts, 
213, with diazetidine-dione structure are obtained in very good yield on 
heating triisocyanatophosphine with aroyl a z i d e ~ ~ ’ ~ .  

A dimerent type of oligomerization is the dimerization of A’-haloiso- 
cyanates. N-Chloro and bromo isocyanate dimerize rapidly to give 
N.N-dihalo carbamoyl isocyanates (214)’7”.’80.28’. . 

X 
\ 

/ II 
X 0 

2 X N C O  - N-C-NCO 
X = CI. Br 

(2 14) 

Two different structural formulas have been suggested for dimers 
derived from acyl isocyanates. Neidlein claims that the dimer of the 
pyridine-catalysed diinerizat&i of benzoyl isocyanatc has the I .3-dinze- 
tidine-2,4-dione structure 2iM’”. Subsequent investigation intd the 
catalysed di- and trimerization of aroyl isocyanates in presence of amines, 
amine oxides and stannic chloride at room or elevated temperature 
revealed the formation of a number of different p r o d u ~ t s ” ~ . ~ ’ ~ .  The 



672 Reinhard Richter and Hcnri Ulrich 

dirners formed in these reactions are believed to be 1,3,5-oxadiazine 
derivatives (215a) produced in a [2 + 41 cycloaddition from two iso- 
cyanate molecules acting as diene and dienophile. These structure assign- 
ments are in agreement with related dimers of thioacyl isocyanates which 
were found to be 1,3,5-thiadiazine derivatives (215b)'99*300. 

0 

_L : RCN NCR 
I 1  y I 1  
0 0  0 

(216) 

l:I:xR NX 2 RC 
R' \ 

NCO 
(215) 

a X = O  

b X = S  

A number of isocyanates bearing an imino group adjacent to the NCO 
moiety are not stable in the monomeric form and dimerize in a [2 + 41 
cycloaddition with incorporation of the imino group into the ring giving 
1.3.5-triazine derivatives. When such imino isocyanates, in which the 
imino group can be part of a heteroaroniatic ring, are generated in presence 
of excess arylisocyanate, mixed dimers with related structure are formed. 
A few examples of cyclodimerizations of imino isocyanates, including 
their path of generation, are shown below. 

Imino isocyanate d i m e r ~ ' ~ ' . ~ ~ ~ .  . (see also Section 1i.B). L 
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Imino isocyanate-aryl isocyanate co-dimers301-’03.356. 

[ (r>NCO] A r N C o b  <yNyo 
\rf ‘Ar 

0 

(ii) 

(iii) 
R R 

R ‘ N C O ,  eNyo 
Pyridine ‘ N).(N,R, 

0 

A different type of dimerization of aryl isocyanate takes place in the 
prcsence of Lewis acids. Treatment of phenyl isocyanate with aluminium 
chloride at room temperature givcs rise to formation of isocyanate 
triniers (isocyaniirares): a1 temperatiircs of 130-135 C and in presence of 
ali!minium chloridc-sodium chloride mixtures high yields of 3-phenyl- 
Z.J-dioxotetraliydroquinazoliiie (221) obtaii~cd instead””‘. Other quin- 
azoline derivatives can be obtained with substituted aryIisocyanatesJh3. 
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0 0 

Ar I 
H 

(221) 

In this reaction, which can formally be regarded as a [2 + 41 cyclo- 
addition with successive proton shift. the aryl isocyanate acts as both 
diene and dienophilic component. 

b. Trimerization. Like isocyanic acid, alkyl, aryl and some other 
isocyanates trimerize o n  heating or in presence of catalysts to 1,3,5- 
trisubstituted hexahydro-s-triazinetriones (isocyanurates). Only highly 
hindered isocyanates, such as t-butyl and r-octyl isocyanate, fail to 
undergo trimerization. 

Numerous catalysts, such as l i t h i m  oxide. sodium and potassium alk- 
oxides, sodium formate, carbonate, benzoate and borohydride, potassium 
and calcium acetate, alkali soaps, lead hydrides, lead salts, metal alkoxides 
and metal napht henates in general, tcrtiary amines, N.N-dimethyl- 
formamide. and FriedelLCraft type compounds. are reported to cause 
trimerization. Among these, alkali metal alkoxides are most eflective 
and are widely used. Morc recently ii growing number of metal organic 
compounds of groups IVa, IVb, Va and 1Ib elements have been suggested 
as trir;terization catalysts' 2 3 .  The usually-slow trimerization ofisocyanates 
in presence of tertiaryidmines can be dramatically increLsed by adding 
olefin pxides, carbonyl-group-containing compounds, alkyleneimines or 
alkylene carbonate as c o - c a t a l y s t ~ . ~ ~ ~ - ~ ~ ~ .  

Trialkylphosphines or arylalkyl phosphines which are known to be 
excellent dimerization catalysts for aromatic isocyanates trimerize 
aliphatic isocyanates. A compilation of catalysts as well as experimental 
details for several trimerizntions can be found in recent reviewsv3.' 13 .  
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The comnioii step in  all the catalysed trimcrizations is the act ivalion 
of the C = N  doitble bond of the isocyanate group. The esitmple below 
sliows the cataljlic action of ttic alkoxide anion n.hich causes formation 
of cii r baiiia te ii nd ;i I I o pha ti :i t e in t ermed ia tcs : 
Alkoxide catalysis: 

Kclated oligonicrization steps must be involvcd with othcr catalysts. of 
which a detailed discussion can be found ~lscwherc '~.  

Sincc some catalysts initiate dimerimtion and trirnerizution (as well its 
polymerization) undcr certain conditioiis. equilibria betwecn monomcric 
isocyanatc/catalyst, dinier;catalyst and trimer/cutalyst muht exist. Tri- 
phenylisocyanate is obtained in 77 ",, yield from plicnpl isocyanute in 
prescnce of catalytic amounts of i i  pcnta-substituted suanidinc. On 
interrupting thc reaction aftcr only :i short time. I .3-dipIictiyldiazctidinc- 
3.4-d ionc can bc isola tcd "". 

Application of certain basic ciitalysts in the trimcrization of ai-yl iso- 
cyanatcs can lead to formation of carbodiimides instcad of the expcctcd 
isocyanurates. or mixtures of both. cspccially w i t h  stcrically tiindcred 
a rom ii t ic isoc ya ti a t es ( 2.6-d ie I li y I ph en y 1 isoc y a iia t e )  ii nd bu I k !, ii  1 k ii I i  
alkoxides such ;is potassium or  lithium r-burosidcl"". Interaction of rhc 
formed carbodiiniide with isocyanate to cyclic I : 1 iidducts'""~~'' ' '  01'. 

undcr certain conditions. 1 : 2 adducts-' I I . . '  I is likely and leads to com- 
pl ica t ed react ion ni is t i t  rcs. 
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While certain isocyanates, such as the highly sterically hindered 
r-butyl isocyana!c and sulphonyl isocyanates, are so far not known to 
trimehze, others are not stable or only stable to a liniitcd extent in the 
monomeric form. Attempts to prepare alkoxy isocyanates produced 
only the isocyanurates in each instance. Thus phosgenation of O-benzyl- 
hydroxylaniine or thermolysing 222 leads to formation of the [rimer 
2-23 2 3 9 .240  

i 

Other trialkoxy isocyanurates are obtained from N-alkoxy phosphor- 
amidate anion and carbon dioxide”’ or photolysis of niethyl azido- 
fo rmateZJ’. 

Trialkyltin isocyanate trimerizcs to rris(trialkyltin)isocyanurates during 
preparation from trialkyltin oxide and isocyanic acid-’ I ’, and diphenyl 
phosphinic isocyanate3 I - (  as wcll as  phcnyl diisocsanatophosphinc21 
trimcrize slowly o n  standing. 

Alkylation of alkali cyanates with alkyl halides in hot dimethylform- 
amide or other highly polar solvents causes formation of 1.3.5-trialkyl 
isocyanurates in high yield besides the mononicric isocyanates” I ”-” ’. 

During t lic r ma 1 d e w  m pos i t ion of t ria I k y 1 a mine-- benza in ide (224) a 
trialkylaminc and phrnyl isocyanate arc foniicd. The la t ter  readily 
trimcrizes to triphenyl isoc;an tiriitc.” ‘’..‘”’.”. 

C 6 H 5  
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The behaviour of methyl isocyanz*::e which forms two different products 
during t h e  trialkylphosphine-catalysed trimerization is unusual. Besides 
the expected triazine (225) 3,5-dimethyl-2-methylimino-4,6-dioxohexa- 
hydro-1,3,5-oxdiazine (226) is obtained also3’ ’ 

0 

The co-trimerization of differen isocyana 

+ 

es o isocyanurates has been 
attempted in different ways. Random forination of all possible trimers is 
observed in simple base-catalysed co-trimerization of two different 
aromatic and aliphatic i~ocyanates~” .  The reactions can be somewhat 
influenced by using an excess of one component. 

Heating of a 2 :  1 mixture of aryl isocyanates with diflerent degrees of 
reactivity, such as 4-nitrophenyl isocyanate and p-tolyl isocyanate, is 
claimed to lead cleanly to ~ o - t r i m e r s ~ ’ ~ .  The systematic stepwise forma- 
tion of isocyanurates from two different aliphatic or aromatic isocyanates 
was shown to be possible with certain organotin  catalyst^^"-^^'. Tri- 
alkyltin niethoxide and isocyanates give an isolable carbamak 227 
formed by insertion of the isocyanate into the S n - 0  bond. Application of 
a different isocyanate for the formation of the isocyanurate via an allo- 
phanate leads cleanly to 2: 1 co-trimcrs. 

Co-trimerizations between isocyanic acid (alkali cyanates) and aryl iso- 
cyanates (or thcir dimers) in N.N-dimetliylf~~rInalnidc give cyclic I : 2 
adducts in excellent yield. Carrying out rhe reactions i n  presence of an 
a 1 k y 1 h ii I i dc leads to N . N ’ -d ia ry I - IV ” -a  I k y I i socya n u r;i t cs 228 ” ’ ‘O. 
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0 

ArN 

0 

DMF 

R' 

2 ArNCO + HNCO 

H 

I t  has recently been found t h a t  even p-tolylsulphonyl isocyanate can be 
cc-trimerized w i t h  aryl isocynnatcs to 2 :  I adducts in presence of 1.2- 
di inetl iyli i i i id~~zole~'~.  Isocynn urn  tes contain i n €  only one arenesu Iphony l 
isocyanate as building block havc been synthesized via dillerent 
I' L I  t es X 7 6 . 3  3 1 3 Z 3 

R = 4-CH3C6Hd 

R'= Aryl 

2 R S 0 2 N C 0  + R'NCO 

N R' 
CH, 

A rather unusual ? : I  cycloadduct. 229. is obtained 011 reactin3 methyl 
isocyanate wi th  chlorosulplionyl isocyanatc in presence nl  stannic 
ch I or ide '' 

0 2  

c H3N/'\N 
2 CH;NCO + CISO2NCO - 

oAoA N C 0 C I 
I 
CH, 

(299) 

c. f ~ o l ~ ~ r i i l ~ r ~ i ~ r r r i o r l .  Alkyl and a r y l  isocyanates ILIVC becn shown to 
polymerize in the prcscncc of anionic and basic catalysts and alsc photo- 
chemically. The reactions are gencr;illy conductcd i i i  highly polar solvents 
such ;IS R'.N-diincthglfnrmiimide and ; i ~  temperatures below - 40 'C. 
siiicc higher Icmpernturcs C ~ U S C  formalion of considerable aTnounts of 
trimcric isocyanales (isocyanuratcs). Shashoua and c o \ v o r k c r ~ ~ ~ ~ ~ ~ ~ - ' ~ ' .  
\vho effect.eed this low tenipcrature polymerization of a number of alkyl 
and aryl ihocyanates in presence of sodium cyanide. sotliiim ketyl. sodium 
naphthalene. sodium in N.h?-dinictliylforrn~imidc. or !Y-meth>.l acctumidc. 
called the pi-odticts N-sirhstiruird I -nylons (230). 
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I t  was later found by Natta and that alkyl lithium and 
sodium catalysts and Friedel-Craft catalysts promote the polymerization s 
too. Polymers obtained from ri-butyl and phenyl isocyanate are crystal- 
line. Boron trifluoride ether at^^^^ and tris-isobutyl aluminium33q as 
well as organic bases like hexamethylene tetramines3" and (CH,),- 
N(CH2).N(CH3),"' have been used as catalysts for the homopoly- 
nierization or copolyrner i~at ion~~'  of isocyanates. The polymerization 
has also been induced by radiationJ43 and e l cc t rochemi~a l ly~~~ .  Recently 
it was shown by lwakura and coworkers that even aqueous bases can 
e f k t  thc honiopolymerizg!ion of phenyl isocyanate provided tlizt thc 
reaction is conduc ted  at - 50 .CZ4'. A A'.N-dimethyl formainide solution 
of lithium azide is supposed to cause polymerization of phenyl isocyanate 
above room t e m p e r a t ~ r c ' ~ ~ .  

Molecules containing more than one isocyanato g o u p  have also been 
homopolymerized under rclated  condition^^"^^'^^' . An optically active 
polyisocyanate is obtained from r,-P-phenylpropyl isocyanate"". 

The homopolymers melt around 180-2513 " C  usually with dccomposi- 
tion. Treatment of polyisocyanate solutions in dinlethylforman~ide with 
di-11-butylamine effccts depolymerization wi th  formation of the corrc- 
sponding trimer and urea. the latter compound arising from the reaction 
of the monomer with the amine3". 

Structure determinations of homopolymeric alkyl and aryl isocyanate 
revealed that the macromolccules have ;i stiff: rod-like s t r u ~ t u r e ~ ~ ~ - ' ' ~ .  

Heterocyclic polymer?: are obtaincd from r..co-polymethylcnc diiso- 
cyanates such i\s I .7-diisocyanatoetIi~iIle~~'. 

Q 

ViTvl isocyanate has also been sclectivrly polymerized to giw thc I -nylon 
homo pol ymcr 23 1. which on t rea t ment with azoiso but yron i t  ri le a 11 d 
ultraviolet light ;it room temperature gavc the ladder polymcr 232"". 
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The same polymer can be obtained from vinyl isocyanate directly on 
. I  i  ri1d i n  t i0 3 5 3. -1 5 4 
i -  

2. Cycloadditions 

a. [2 + 21 Cj*c.locitltlirioris 
( i )  With C=C bonds. Reactions of olefins. as well as othcr systems with 

C=C double bonds (such 11s allenes and keiene derivarives). arid iso- 
cyanates are numcrous and have been studied in great detail; many of 
these reactions are of significant synthetic value. cspecially for the pre- 
paration of p-lactams and carboxylic acid amides. 

A l k j * l  c t r i d  c i r j d  s t thsf  if w e d  o l c $ r i . s  t i r i d  dierics. Aryl isocyanates react only 
occasionally with olefins. p-Nitrophenyl isocyanatc and the phenylogous 
ketcne aminal r.r'-bis-~)-dimetliylaminoplienyl ethylene give a sub- 
st i  t ut  ion product 233'"'. 

Formation of ii 1.4-dipolar inierniediatc is likcly in this rexiion. since such 
a species could be isolatcd in thc analogous rcaction with CSl"'. 

Irradiation of rrws-stilbcnc in phenyl isocpanntc was shown to give 
45 ',!,, of r Q  IS- 1.3.4-triphenylazetidinone-2. 234. besides 70"(; of stilbene 
d i me rs .' 

C,H,H 
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The generally more reactiv‘i sulphonyl isocyanates add to a \Jariety of 
olefins, giving substitution products or ~ - ~ a c t a n ~ s ~ ~ ’ .  Very often both 
reactions take place at the same time, as is shown with isobutene and 
halosulphonyl isocyanatc3”. 

Other sulphonyl isocyiinatesgive similar products with a number ofrelated 
olefins3”. The acyclic I : I adducts of type 236 are probably being formed 
as secondary products from thc cyclic [3  + 23 adducts. like 235. since i t  
could bc shown i n  certain cases that initially-formed p-lactanis are 
transformed into acyclic P;!-unsaturated carboxylic acid a m i d e ~ ’ ~ ~ . . ~ ” .  
Alternative mechanisms such as equilibria between cycloadduct and 
I .4-dipolar intermediates with succcssive proton migration and/or con- 
certed addition-elimination involving a cyclic transition state, 237. havc 
been suggested also’ ’ -  

’ 7 , 3 7 3  

R 
\ RFM CISO2NCO 

_____* 

R R 

Mixtures of structurally isomeric cycloadducts (and also small amounts 
of acyclic I : 1 adduct) arc obtained from unsymmetrically substituted 
olcfins”‘: I 
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ClSOzNCO 
R'CH,-CH =CH=CH2- R 2  

R1-CH2-CH - CH - CH2R2 R'C 
+ Acyclic 1:1 adducts 

S0,CI 

+ 
/ 0 CISO, 

I t  was found that these cycloadditions proceed with conservation of the 
stereochemistry on the  ~ I c f i n ~ ~ ~ . ~ ' ' .  Thus rrrrns-butene-2 gives trtni.s-3.4- 
dimcthyl-azetidine-?-one and cis-hcxene-2 yields a mixture of the struc- 
turally-different cis isomers 238 and 23937". 

The rcaction of indene and CSI (chlorosulphonyl isocyanatc) yields two 
different products depending on thc conditions. Cycloaddition 10 thc 
unstable 240 is obscrved at  room t e m p e r a t ~ r e - ' ~ ' . ~ . ~ '  (a structurally 
different adduct 241 witti reverse isocyanate addition has been sucsested 
for benzenesulphonyl and rnethnnesulpl~onyl iso~yanate. '~ ' ' ) .  while heai- 
in@ of the components resulted in the formation of 2422"y. 
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The successive formation of cycloadduct and acyclic substitution products 
can also be observed in reactions of cyclopropyl cthylenes with sulphonyl- 
i c oc y a n a t es as s h own be I ow ' 7 .  ' '. 

The bchaviour of CSI (&lorosuIplionyi isocyanate) toward kthylidenc- 
bicyclo[2.2.l]hept-_~.ne (243) is rather unusual. [2 + ?]-Cyclo;iddition 
t a k es place. gi v i ng a p- I ac t ii in. 1 -ch I o ros u I pli on y 1-3 -mc t I1 y l-?-a zc t id in  one- 
4-spiro-5'-bicyclo[2.2. I]hcpt-2'-ene (244) in high yield.3i'). Attack of the 
isocyanate occurred esclusivcly at thc eiocyclic and nor. ;is cspected. ;it 

the norbornenyl double bond. 

The reaction of bullvalene \\it11 CSI yields ;I tempcrature dependent 
i1iixtur.c of products2n0. Eqtiivalcnt ;imounrs of rhc rcagents yield tlic 
lacttne 245. the valence isomeric (3Yactam 246 and 247 and lactam 248 
when reactcd at 0°C (isolated after hydrolysis). This rirltio can be changed 
by raising the reaction temperature. resulting in an almost complete. 
disappearance of the P-lactam 246 and 247. An initially forincd dipolar 
intermediate. in which the positivc charge is dclocalized o y r  part of the 
molecule. is likely to be responsible Tor the obscrvcd 1.2- and 1 .O-c>cliza- 
(ions. 
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Hao R 

ClSOiNCO 

1 ,&Addition is exclusively observed in the reaction of 5.7-dimethyl-8- 
methyIene-tricyclo[3.2,1 ,O’.’]oct-3-en-6-one with CSI leading to adduct 
249 in 7 C 7 5  yL yield3*’. 

CISO2NCO 
0 

\ 

C H 3  

Treatmcnt of hexamcthyl Dewagpenzene with thc same isocyanate at low 
temperaturc causes also exter&: rearrangements in the molecule via 
sevcral dipolar interrncdiates. resulting in the formation of a I : 1 adduct. , 
isolated after hydrolytic removal of the chlorosulphonyl group as lactam 



17. Syntheses and preparative applications of isocyanates 685 

0 

0 

C102SN-C 
-:, I 

$ 
(250) 

Some isocyanate-olefin reactions are known to proceed intramolecularly 
and are connected with additional changes in the molecules3*3~38s . The 
formation of 251. observed during preparation of cis-2-vinylcyclopropyl 
isocyanate from t hc corresponding azide, is explained by a Cope rearrange- 
ment. followed by double bond shift’”. The same product is obtained 
from the !rcr,i.s-isocyanate on heating to 350 “C. 

Exo-A’-norcarenyl 7-isocyanate failed to undergo a similar Cope re- 
arrangement on heating to 195 oC’Hh. 

Equally complex is the behaviour of sulphonyl isocyanates towards 
1.3-dienes. Butadiene and CSI yield predominantly the p-lactam N -  
sulphochloride 252 and only a little unsaturated carboxylic acid aniide- 
N-su I phoc h loridc3’ ’.’ *. 

(252) 

Different products are. however. obtained on reacting other 1.3-ciienes 
\ v i I h  sulphonyl isocyanates. Thus mixing molar amounts of isoprene w i t h  
CSI a1 low temperature yields a [2 + 23 cycloadduct 253 which rearranges 
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at room temperature via a 1,6-dipole giving a A‘-dihydropyrone, 254 
( R ’  = CH,;  R’, R3,  R 4  = H)3”.390. (In another paper the isomeric 
dihydropyridone formula 255 was suggested for the rearranged 1 : 1 
adduct3”.) Other 1,3-dienes behave similarly o r  give mixtures of [2 + 21 
cycloadducts 254 and 255 with ring closure taking place either across the 
C=O or  C=N bond of the isocyanate group. I t  was observed that dienes 
with the general formula CH2=CR’-CR’=CR3R‘ in which R 3  and 
R‘ represent hydrogen and R ’  and R 2  aryl and/or alkyl groups, react 
with isocyanates preferentially under formation of 3.6-dihydro pyrones. 
Successive exchange of the R3. R 4  hydrogens by alkyl or aryl groups leads 
increasingly to formation of 6-lactam and unsaturated amides, possibly 
due to a q  increased stabilization of the 1.6-dipole. The scheme below 

CH-CH=CH-CONHSO2CI NSO2Cl ~ 

!;;co 1 
(256 R“ R’ R2.  R3’- H R 4  = CH,) 

R ‘  -CH,  \ / I 
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summarizes all the products observed in reactions of simple 1.3-dieiics 
with chlorosulphonyl isocyanate. 

Alkenes, cycloalkenes and bicyclmlkenes arc claimed to react with 
halogen sulphonyl isocyanates in the presence of catalytic amounts of 
free radical catalysts (azobisisobutyronitrile) wi th  insertion into the 
X-S bond (X = CI, Br), giving 0-halqalkyl sulphonyl isocyanatcs and 
higher oligomer; as well as cyclic products like 258392. 

R 

A R C H E C H R '  + XSOiNCO X(RCHCHR'),S02NCO + 
0 

I 

O/e/ir?.s wit/? r/rc*tr-ori rloiirrriiig gwirp.s.  React ions involving isocyanates 
and electron rich olefins (enamines. vinyl ethers. ketcne acetals. tetra- 
methoxy and tetraamino olefins) havc been studied extensively in the 
past 10 years and results on enamines3"3 and d n y l  ether"' havc been 
summarized in recent reviews. Thew reviews should be consulted for 
detailed information. More literature is given in Refcrencc 93. 

The reactions of alkyl vinyl cthers and p-toluenesulphonyl isocyanate 
give 4-alkoxy-azetidinones-2 in stereospecific (and stereosclective) pro- 

. lsomerization of initially formed cis- or rrrrr1.s-adducts 
259 and 260 into mixtures of both isomers are believed to proceed via a 
J .4-dipolar intermediate 261 which is also responsible for irreversible 
rcarrangenient of the [2 + 21 cycloadducts into cis and rr.cyis-P-alkoxy- 
acryl aniides 262. This implies that thc initial cis addition leading to the 
azctidinsnes is a one-step n~ulticentie process. while the rearrangement 
to iicryl amides and the isomerization has to proceed via a zwitterionic 
intcrincdiate. Certain arylthiovinyl ethers werc also shown to react at low 
:emperailires stcreospecilically wi th  CSI to ,-aryltliio-azetidinones-2 
while others givc pyrilnidine Vinyl  csters were found 10 

givk similar [3  + 21 cycloadducts wi th  CSI-"9. 

cesses3 7 3.3') S 3 9 7 
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R 2  

H H 

R S 0 2 N C O  I 
R1oMH H R2 

RSOiNCO I 

cis + trans R1 C ( R2 ) C 0 N H S O2 R 
H 

(262) 

Enamines react readily with isocyanates, giving electrophilic addition 
or substitution products. The formation of cycloadducts in a molar ratio 
of 1 : 1 is only observed when the P-carbon atom is fully alkylated400*401, 
but [2 + 41 cycloadducts (enamine-isocyanate ratio 1 :2) have also been 
obtained in certain casesJoz. 

V '  
C H  

/CH3 C,H,NCO 
P 

s 5  
CH, N '\ 

N-CH=C 
/' \ 

CH3 CH3 

More common. howcver.'are substitution reactions on enamines w i t h  one 
or no substitucnts on the P-carbon. The adducts, such as the one derived 
from Fischer's base (1.3.3-trimethyl-2-methylene-indolene) shown be- 
Iow4O3, are obtained in high yield with aliphatic and aromatic iso- 
cyanates. 
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Reactions of isocyanatcs with enamines derived from ketones may lead 
to acyclic I : 1 and 2: 1 adducts such as 263 and 2644”4.405. Mixed adducts 
(with aryl isocyanate and isothiocy!anate) have been prepared this way406. 

C,H.,NCO 

’ R0C0NHc6H5 
___* 

R--H 

(9 

Secondary reactions of initially formed 1 : 1 or 2: 1 adducts under more 
stringent conditions have also been observed; below is given one example 
in which heterocycles have been synthesized from acyclic 2: 1 adductsJo7. 
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P and N containing six-memberedrheterocycles have been obtained 
si m ilarIy4' *. 

A number of sulphonyl isocyanates have also been reacted with a$- 
disubstituted olefins leading to [2 + 21 cycloadducts @-lactams) and 
a c r y l a r n i d e ~ ~ ~ ~ * ~  '. 

R S 0 , N C O  X- CH=CH-Y 

X Y  
X = Y = O R  

X = Y = S R  

R = Aryl, aryl-  and alkyloxy, CI 

+ XCH=C-CONHS02R = OR, = SR 9. I 
Y or 

I 
X 

X = NR2, Y = SR 
YC H =c - c ON H S O ~  R S02R 

(265) 

The substitution products of type 266 with R = CI have been shown to be 
excellent starting materials for the synthesis of nitriles4' Thus by 
treating the adduct 267 obtained from CSI and 2,2-dimethyI-3-acetyl- 
A4-thiazoline with triethylamine, the nitrile 268 is obtained in 70-80"/, 
yield4' l .  

I 
COCH3 

Aryl, acyl and sulphonyl isocyanatcs were also shown to react readily with 
2,2.2-trialkoxy- 1,3,2-dioxaphospholenes, giving the carbamoyl phos- 
pholenes, 269, in high yield41 '. 

R = CH3. C6H5. R' = Aryl. tosyl. R O C 0  
W O N  R' 

R 

0 0 R'NCO 

0 h 0  \/ 
CH30' I 'OCH:, 

'P' 
CH,O I OCH3 

/ \  
OCH3 OCH, 
(269) 
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Aryl and arenesulphonyl isocyanates add also to cyclic and acyclic tri- 
methylsilyl enol ethers, giving substitution products at the p-carbon or 
[2 + 21 cycloadducts" '. 

Ketcne-N,h'-, N,S-. N,O- and -S,S-acctals wcrc found to react readily 
with alkyl, aryl and especially sulphonyl isocyanates in a molar ratio of 
1 : 1 and 1 :2 depasding on the number of protons present on the P-carbon. 
All adducts obtained were found to be substituted acrylamides or alkyl- 
idene m a l ~ n a m i d e s ~ ' ~  -'I*. 

X = y = NR , R = H415.422 

X = y = SR,  R = H416 

X = Y = SR, R = C ~ t i 5 ~ ' ~  

2 

~ 4 1 8  
X = SR, Y = NR2. R = C z  

X = CR, Y = NR,, R = 

alkyI4" 
SR 

Reactions between the ketene-0,N-acetals 270 (without protons at the 
P-carbon) and sulphonyl isocyanates lead to formation of stable 1,4- 
dipoles 271 which were shown to rearrange to 273 or to eliminate alkcne. 
giving 272"'". 
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The nature of the products formed in reactions of ketene-0,O-diethyl 
acetals and phenyl isocyanate depends on the degree of substitution on 
the P-carbon of the acggals: P-disubstituted ketene acetals give [2 + 21 
cycloadducts; r2 + 41 cycloadducts with pyrimidine structure are 
obtained with unsubstituted ketene acetals. Monosubstituted acetals 
yield a~rylani l ides~ '  'a-c.422. 

4l. 

Tetramet hoxyethylene and phenyl isocyanate react at elevated temperature 
to 3,3,4,4-tetramcthoxy-l -phenyl azetidinone-2 (274) in very good 
yield423. 

Tetraaminoethylenes behave like heterocarbcne precursors and react 
with isocyanates under cleavage of the C=C double bond (a clescription 
of reactions of this type can be found in Section III.B.2.e). 

A I l e i i r s .  k e t c w s  t r r d  keroiimirws. Addition of CSI and p-toluenesulphonyl 
isocyanate to variously alkylated allenes leads to formation of both N -  
chlorosulphonyl-O-lactams ([2 + 21 cycloadducts) and, after work-up 
wi th  water. 2-carbamoyl-1.3-butadiene~~~~-~~~ . The reactions proceed 
in a,qtepwise fashion via dipolar intermediates which either cyclize to 
p-lactams or are stabilized by proton transfer as is shown below for 
3-methyl- 1 , 2 - b ~ t a d i e n e ~ ' ~ .  

a 
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cH3KH2 SO2Cl 0 

Reactions of substituted isobutenylidene cyclopropanes with CSI have 
been studied in detail and were shown to lead in all cases to complicated 
product m i ~ t u r e s ~ ” - ~ ~ ~  . The mechanism of these reactions involving 
various dipolar intermediates (partially formed under opening of the 
cyclopropyl ring) as well as configurational aspects were studied. 

The products obtained from rrcrr1s-2.3-diniethylisobutenyIidene cyclo- 
propane are shown below4” 

C 63 I 
S 0 2 C l  

NSO,C I 

+ H3:*0 R ’  

H C H 3  

CH3 

+ 

a: R=H, R’=CH3 

b: R = C H 3 .  R‘=H 
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The el cc t r o n - r i c h t e t r a k is( e t h y 1 t h i o )a 1 I en e reacts w i t h p h e n y I s u I p h o n y I 
isocyanate, giving a 1 :  1 adduct which exists at low temperature in the 
p-lactam form (276) and at room temperature in the resonance-stabilized 
dipolar form 275430. 

EtsEq SEi 

room temperature 

A n  allene with electron-donating and -withdrawing substituents on oppos- 
ing ends of the molecule was shown to give a cyclic [2 + 2j adduct with 
phenyl isocyanate43 '. 

The cycloadduct formed from dicarbonyl (petzfLlhnptocyclopentadieny1) 
(alleliyl) iron and toluenesulphonyl isocyanate at room temperature was 
found to be the butenolactam 27743'. 

Ketencs and derivatives undergo [2 + 21 cyclization reactions with alkyl. 
aryl and sulphonyl isocyanates. This type of reaction was first investigated 
by Staudingcr and coworkers, who reacted diphenylkctene with phenyl 
isocyanate at high temperature and obtained N-plienyl diphenylmal- 
onimide4". Many other malonimides were prepared ~ i r n i l a r l y " ~ ~ - " ~ ' .  
I t  has occasionally been found advantageous tG use carboxylic acid 
chlorides as precursors of ketenes and carry out the reactions in presence 
of isocyanate and trialkylamine as the MCI acceptor"'*. 
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9 
695 

R2CHCOCI ___* RzC=C=O ___* 

NEt, A 

0 

Thermal reactions between aryl isocyanates and N-aryl ketenimine give 
excellent yields of 4-Iminoazetidine-2-ones (278); with CSI, however. a 
[2 41 cycloadduct with 2 moles ketenimine as building block is 
obtained439 

-C=NAr + ArNCO A , .$ N Ar 

R’ R’  
0 

( 27 8) 

Rt 

The resonance-stabilized N-phenyl alkylidine ketenimine, 278a, reacts 
with 3.4-dichlorophenyl isocyanate to the [2 + 21 cycloadduct 278bg6’. 

H3COOC-C-C-@30CH3 

(C6H5)3P 

C6H5N ir ‘A, 

(27~~5) 

Ar = 3.4-dichlorophenyl 

( i i )  With C=O bonds. Reactions of isocyanates with carbonyl-group- 
containing compounds are numerous but primary reaction products can 
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only occasionally be isolated. [2 + 21 Cyclondducts 279 with 1,3-oxazet- 
idine structure are believed to be formed initially, and these decompose 
immediately to iniines and carbon dioxide. 

. 

R ~ o  R 
' )=O + RNCO - I J  - )=N-R + co2 

R R' 
* N 

R 
..- ,\ 

0 

Only recently have stable 1 : 1 adducts been isolated. Thus hcating ketones 
bearing strongly electron-withdrawing substituents (such as in hexa- 
fluoroacetone and other p8halogenated Z.etones) with alkyl isocyanates 
gives low to moderatcgjields of 1,3-oxazetidinones 2804"0."4' . Aromatic 
isocyanates and CSI failed to react. Boron trifluoride was found 10 

catalyse the cycloadditions. 

R = R' = CF,, R" = CH, or n -  C4Hg 
R = CF3. R' = CF2CI 
R = R' = CFzCI 

R 
R'f 0 

R " R-R' = CFZCF2CF2 

4 R)=O + R " N C 0  

R '  / 0 R = R ' = C H F ,  

(2 80) 

Cyclic 2: 1 and 1 :Padducts are obtained as major products besides 
280 when methyl isocyanate and hexafluoroacetonc are hcated for about 
8 11 a t  100 C in the presence of a caesium fluoride"J0. 

On rcacting phenyl isocyanate with 1.3.5,7-tctroxocane (tctranicric 
formaldchyde) in the presencc of boron trifluoridc etheratc as catalyst at 
0 ' C .  II \ow yield of 3-phenyl-l.3-oxazc& Jinone (281) is obtained'42. 
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4-Chlorophenyl and 3,4-dichlorophenyl isocyanate are claimed to 
tetramerize on heating with small amounts of ethanol and N-methyl- 
n ~ o r p h o l i n e ~ ~ ~ .  The initially-formed 1,3,5-triaryl isocyanurate is supposed 
to add another molecule of aryl isocyanate across one of the carbonyl 
- groups to give 282. 

Aliphatic aldehydes and aliphatic or aromatic isocyanates are hlso 
known to form acyclic polymeric adducts with a molar ratio of 1: I ,  2: 1, 
3 :  1 and 1 :3. Anionic catalysts such as sodium cyanide. naphthaler?e or 
fluorene sodium and butyllithiuin as well as low reaction tcmperatures 
arc required in order to obtain good yields of the polycarbamates 
28344L5-J 4 7 

(283) 

Thc tcndency of cyclic [2 + 21 adducts derived from isocyanates and 
carbonyl compounds to decompose readily into carbon dioxide and 
imines has preparative value. Heating of aryl isocyanates with benz- 
:il<khydc. furfural and 2-formyl thiophene gives low to good yields of the 
corresponding N-arylated Schiff bases"'. The reactions can be catalpsed 
by adding nieral carbonyls of Co, W. Fe. Mo and Cr"' 

R - C H O  + R'NCO \or [ 'tiR'] RCH=NR'  

MCO),, 
PLPO 

R -= Aryl, furfuryl .  thienyl. styryl. 

C H 3 - C H z C H -  
R' = C6H5 
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Benzophenones and aryl isocyanates react 1.2-Diphenyl- 
cyclopropenone and 4-pyrones react already at room temperature with 
sulphonyl and acyl isocyanates to give the corresponding imino cyclo- 
propenes and pyrones respectively in good to excellent yield45 '.'52. 

On heating phthalaldehyde with aryl isocyanates at 170 "C, N-aryl- 
phthalimidines 284 are obtained in excellent yield in a reaction which 
involves an intramolecular redox 0-Benzoylbenzaldehyde 
behaves simila rly4 54. 

Reinhard Richter and Hsnri Ulrich 

Sulphonylimines are obtained on rcacting sulphonyl isocyanates with a 
variety of aromatic and aliphatic  aldehyde^^^^.^^^. A reaction of p-toluenc 
sulphonyl isocyanate and isobutyraldehyde at room temperature took 
an unexpected course in that two molecules of aldehyde were incorporated 
into the product (285)255.  

RSO?NCO (CH.+CHCHO (CH3),CHCHO -co, (C H3) 2 C H C ti = NSO 2 R 

( C W 2 C H  

'c H - N H s o,R 
/ 

'CHO 

(285) 

(CH3)2C 

R = p-CH,CgHj  

Aliphatic aldehydes and ketones having CH, groups adjacent to the 
carbonyl group yicld uracils and quinolincs on heating with aromaric 
aldehydes to 200 Cs8'. 
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N,N-Disubstituted formamides and other M .disubstituted carboxamides 
have in many instances been converted into N-pcrsubstituted amidines 
on heating with i s ~ c y a n a t e s ~ ' ~ - ~ ~ '  . Aryl isocyanates and benzoyliso- 
cyanates require heating for the amidine formation462 : ceoling and 
dilution are necessary. howevcr, in similar reactions wi th  sulphonyl 
i s o ~ y a n a t e s ~ ~ ' .  

I 'NR~ 

1 

N- M onosu bst i t u t ed ca rbox y I ic 

J 

acid amides havc also been transformed 
into N,N'-disubstituted amidines by the same meth~d"'.~". N.N'- 
Tetramethyl-N"-phenylguanidine has been prepared from tetramethyl 
urea and p h e n y l i ~ o c y a n a t e ~ ~ ' .  In the reaction of carbamoyl diphenyl- 
phosphine with p-toluenesulphonyl isocyanatc the cycloadduct 4-amino- 
4- d i p h e n y 1 p h o s p h i n y I - 3 - p - t o 1 y 1 s u I p h on y I - 1 .3 -ox a 7.e t id i no n c ( 286) has 
been obtained in very low yield465. 

Thc reaction of carboxylic acid anhydrides with isocyanatcs. giving 
imides and carbon dioxide. has been well investigated. Borh aliphatic and 
aromatic isocyanates have been heated with aliphatic or aromatic acid 
anhydridcs to give the i m i d e ~ " ~ ' .  Recent investigations into the reaqion 
of phthalic anhydride with phenyl isocyanate revealed that the formation 
of N-phcnylphthalimidc (287) in hot pyridine is dependent on the presencc 
of a proton source (H1O. primary or secondary amincs)J"h. Almost no 
iniide is formcd on heating in dry pyridine: adding one cquivalent of 
watcr to the reaction mixture leads to formation of 97'>,, of 287 withi- 
2 hours. indicating that ,V.N'-diphenylurea and not a scven-membered 
cyclic intermediate (288) as had becn suggested earlicr'"". is involved in 
t h is t ra ns fo r ma t ion . 
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0 

RNCO 

The Co,(CO), catalysed reactions of carboxylic acid anhydrides with 
phenyl isocyanate which give imides in high yield4'" seem to bc cntirely 
d i Re re n t i n t he i r m cc h an i s m . 

The long-known. uncatalysed, t hermy, formation of carbodiimides 
from isocyanatcsJ"" must Involve asymnietric isocyanate dimers as 
intermediates. I t  has recentlp5een shown that prolonged heating of phenyl 
isocyanate alonc does not lcad to N.N'-diphcnylcarbodiimide (289). 
Passing a slow stream of nitrogen through the reaction mixture, however. 
removes the carbon dioxide and 289 is formed"". Catalysed chrbodiiniidc 
formations involve a different mechanism and are discussed in Section C. 

a 

9 

r 7 

L J 

( i i i )  With C = N  bonds. Isocyanates and compounds containing C=N 
double bonds arc known to give. in soinc cases. cyclic 1 :  I aaducts w i t h  
diazetidiiione structure. More cov,:nion. however. is the formation of 
cyclic 1 : 2  and 2: 1 adducts. I t  is so far not possible to predict wi th  certainty 
the n;itLiI-e of rlic product of imine isocyanatc reactions. 

Heating of a r y l  isocyanates with bcnmldehyde anils derivcd Froni 
benzaldehydcs having electron-donating groups in  the ~ I I ' N  position lends 
to 1.23-triaryl-I .3-diazelidine-4-ones (290) in yields of 5-85 '',,jSO. 

0 
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f290) 

The reactions are therm:.l equilibria and are shifted toward the starting 
materials at elevated temperature. Scrambling of sgbstituents takes place 
when imines ArCH=NR are heated with isocyanates Ar'N=C=O. 
This is somctimes observed at room temperature and below. A case 
where no [2 + 21 cycloadduct formation is observed is shown be lo^"^^-^'? 

Reacting E-caprolactim methyl ether with equimolar amounts of aryl 
isocyanates at room temperature yields 1,3-diazetidinones (291)"", 
while higher reac!ion temperatures lead to entirely different pro- 
d u c t ~ ~ ~ ~ . ~ ~ ~ .  The corresponding 1 : I adduct of }:-caprolactim methyl 
ether and aryloxy sulphonyl isocyanates was found to exist in the 
zwitterionic form 292'". 

The formation of 1 : 1 adducts from arenesulphonyl isocyanates and 
N-persubstituted guanidines has been reported too. but i t  seems to be 
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unlikely that these compounds exist in the proposed 1,3-diazetidinone 
form4". Scrambling of substitrients is observed in the thermal decomposi- 
tion of the adduct of N,N'-tetramethyl-A"'-n-butyl guanidine and p-tosyl 
isocyanate, indicating at least the temporary existence of a cyclic inter- 
mediate 293. 

R'=  Arene SO2 

Cyclic [2 + 21 adducts are claimed to be formed in moderate to good 
yield from 2-amino-3-Iiydroxythiazolium chloride and alkyl or aryl 
isocyanates"'. Structure determination of the 4-oxo-diazetidino[2.3-h]- 
thiazolium chlorides (294) is based mainly on spectral evidence. 

"y'>NH2 + R " N C 0  =-===== R' RxsxH2 
R' N + ti dN KN - R" 

I 0 C I -  OH C I -  
(294) 

= H. aryl. alkyl 
R ' =  A lky l  

R" = Alkyl. aryl. arene su!ph~ny! 

1.3-Disubstituted 1.3-diazetidine-2,4-d~nes, the cyclodimers of aryl and 
alkyl isocyanates, are of course also products of an addition of isocyanates 
to CN double bonds. A description of thesc compounds is found in Section 
1II.B. 1 .a. 

The addition of isocyanates to one C=N double bond of carbodiimide 
to give imino- 1.3-diazetidinones (295) is a well investigated reaction. The 
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[2 + 21 cycloadditions can be carried out in the presence of catalysts 
(cuprous and cupric salts)482 or  by heating the reactants in absence of 
solvents' o o * 3 1  O :  very reactive aryl isocyanates such as p-nitrophenyl 
isocyanatc form adducts with diarylcarbodiimides even at room tempera- 

Excess ofeither isocyanate or carbodiiniide in the reaction mixture 
does not lead to formation of 2: 1 cycloadducts provided acidic catalysts 
are absent3". Thc adducts are thermally labile and dissociate on heating 
above the melting point with reversal of the mode of formation or frag- 
mentation into a new pair of isocyanate and carbodiimide'O.'o" 

N-Triethylgermyl-N'-phenylcarbodiimide and phenyl isocyanate givc 
also a stable diazetidinone4'-'. 

The cyclic [2 + 21 adducts derived from benzoyl isocyanates and 
dialkyl or diary1 carbodiimides previously believed to be imino-1.3- 
diazetidinone 296"' were recently shown by fragiientation experiments 
to be 2,4-diirnino- 1.3-oxazetidines 297"". 

I1 
0 

R'N dNR' 
\ 

I 1  w 
R O C N  

(297) 

React ions between dialk yl carbodiimides and arencsulphonyl isocyanates 
lead to 1.4-dipolar 1:l adducts in thc first reaction step: subsequent 
addition of more isocyanate. however. gives cyclic 1 :? :idductsJHS..'S". 
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b. [2 + 41 C\.c,/otrtltlirio,l.s 
( i )  With olefins. 1.3-diencs and hcterodienes and cumulenes. The 

formation of' cyclic addition products from olefins. I .3-dienes (hetero)- 
cumulenes and other conjugated double bor,d systems o n  the one hand 
and isocyanatcs on the other h a s  been observed occasionally. Many of 
these [Z  + 41 cycloadditions are believed 70 proceed in ;I stepwise fashion 
via dipolar intermediates. A detailed discussion on the mechanism of these 
reactions has appeared recently'". I n  the case of olefins. adducts with a 
molar ratio of I : 2  and 2 :  1 (isocyanate: C=C component) can be obtained. 
often independently of the molar ratio of the reactants. On reacting p- 
disubstituted enatnines w i t h  aryl isocyanate at elevated temperatures 
amino hydrourncils (298) are obtained in good yield"'. 

R = Alkyl 
R' = Aryl 

R 
\ 2 R'NCO 

N - C H H C ( C H ~ ) ~  , + 

/ 
R 

I 

R '  

Ketcne diethyl acetal is also claimed to give a [ 3  -I- 41 cyclo:tdduct with 
Z moles of pIicnyl isocyanarc" '.I. c.i .~-~-MctIiyItt i iostyrenc reacts w i t h  
CSI (followed by hydrolysis) giving cycloadducts w i t h  i1 molar ratio of 
1 : 3  (pyrimidines) and 2: 1 (pyridone dcrivatives:swhile 1-(phenylt1iio)-1- 
propene &cs only a I : 3  cycloadduct (dihydrouracil) as major producta8'. 

1,3-Dienes give [3 + 31 and also [ 3  + 41 cycloadducts with sulphonyl 
isocyanatcs in dependence on the nature of the substitucnts on the diene 
system. Dicnes w i t h  the general formula CH,=CR' -CR2=CR3Ra 
were shown to react either ;\cross the C=O or C = N  bond of the isocyanate 
lo give 316-dihydropyridones (299) or 3.6-diliydropyi-ones (3W, in a ratio 
influenced by the substituents R '  R': i f  R Z  and R4 arc hydrogen and 
R' and R: iiryl and/or ~ i l l i y l  groups. pyrones are preferentially obtained: 
eschangc'of R.'. R" hydrogens by i i lkyl  or aryl groullPJ leads incrcasingly 
to pyridonc formation3Y". A 1.6-dipolc is probably, the common inter- 
mediate. 



On reacting the I -vinyldihydronaphthalene (301) with CSI at low tenipera- 
ture. a [2 + 41 cycloadduct. 302. is obtained which is slowly converted 
into thc isomeric adduct, 303'"'. This interconversion is best cxplained 
with ;i 1.6-dipolar transition state. Acid-cataly4ed shift of the cyclic 
doublc bond to conjugated lactams was observed in this and othcr cases 
also"' 

Entirely different rcactions take place between 1.3-dienes and phcnyl 
isocyanate in the presence of palladium-triphenylphospliine compleses'"2. 
Thus heating of isoprene or butadiciie wi th  phenyl isocyanate in  benzene 
in the presence of catalytic amounts of bis(triplicnylphosp1iinc) (maleic 
anhydride) palladium Icads to mixtures of two isomeric 2 :  1 cycloadducts 
(dienc: isocyanate) identified as 3-alkylidene-6-\:inyl- and 3.6-divinyl-2- 
pipcridones respectively. 
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Cyclooctatetraene was shown to react with chlorosulphonyl isocyanate 
in a [2 + 41 fashion. giving the lactam, 304. in high 

Monosubstituted cyclooctatetraenes react similarly and yield mixtures 
of two isomeric [Z + 41 cycloadducts, 305 and 306, in varying ratios. The 
involvement of dipolar intermediates (homotropylium cations) is likely 
and explains the ring closure at C(3, and C,5,.  as well as the different 
product ratios observed for dinerently substituted starting materials. 
The adducts are not isolated as such but are transformed into imino 

Benzocyclooctatetraene also undergoes a cycloaddit ion reaction 
with chlorosulphonyl isocyanate yielding mostly one isomer with a 
structural formula similar to 30hJ9'. 

Intramolecular cycloaddition of an isocyanate and 1.3-diene is observed 
during the thermal generation of 1 ,3-pentadienyl isocyanate from sorboyl 
chloride and trirnethylsilyl azidexhl. The isocyanate slowly cyclized on 
heating in o-dichlorobenzcne. giving 3-methyl-2( 1 If )-pyridine in 17 :(, 
yieic. 

ethers by 8 .  &ion of sodium hydroxide and trimethyl oxonium fluoro- 

6 
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OC H3 OCH3 

R 

707 

35% 

20% 

55% 

83% 

Generating the isocyanate at a lower temperature causes interception 
of the isocyanate by sorboyl azide and formation of a tetrazolinonc"'. 

CH3CH=CH-CH=CHCON3 A CH3CH = C H  - C H  =CH -NCO 
-- N ,I 

Y 1 I 

acH3 0 

H 
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Compounds containing two double bonds such as C=C, C = O  or 
C=N in conjugation may undergo cycloaddition reactions with iso- 
cyanates with participation of one or both double bonds. 

Phoron. which contains three double bonds, reacts with 2 moles CSI at 
Ck10"C only with addition to one C=C bond. giving barbituric acid 
derivatives. 308'". O n  the other hand a number of vinyl ketones and 
distyryl ketone were shown to undergo [2 + 41 cycloaddition with partici- 
pation of the C=C and C=O double bonds affording 1,3-oxazine-2- 
ones (307)'". 

R=H.  alkyl, aryl 

R'= Alkyl. aryl 
ReAoAO- 

0 

C I S O 2 \ i $  R' R =: CH, 

0 R'= COCH=C(CH,), 
I 

SOZCI 

Perfluoro methacryloyl fluoride was shown to react wi th  cyclohexyl 
isocyanate affording a 3.4-dihydro-2ff -0xazinone bcsidcs othcr pro- 
d u c d 3  '. 

Other cases in which heterodienes react wi th  isocyanates in a molar 
ratio of 1 : 1 are shown below. 
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Treatment of bromodione309 with triethylamine leads to the dioxocarbene 
310 which undergoes WolfT rearrangement, giving a kctokctene 31 I ; 
the lattcr can be intercepted with aryl isocyanates to 312"' 

Other ketoketenes were shown to rcact similarlyJ98 5 0 0 . 8 8 0 .  

Diketene reacts with cyanic acid and aryl isocyanates in the presence of 
acidic catalysts (p-toluenesulphonic acid, BF,-etherate. SnCI,) to yield 
3,4-dihydro-2,4-dioxo-6-methyl-2N- 1.3-oxazines (313) and 3-carbamoyl- 
2.6-dimethyl-4-pyroncs (314)'"'. 

Reaction of lithium (N-pheny1)phenylketenimine (obtained on frag- 
mentation of 1.4-diphenyl-1.2,3-triazolyl lithium) with phcnyl isocyanate 
produces 6-anilino- 1.3.5-triphenyl ura8iso2. 

n 
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P hos p h or any1 idenc su bst it  u t cd p y r i ni id i n c t r i ones ;i re o b t a i ned from 
a r y I isoc y a na t es and phosp h o ran y I idcne ke t enes' ') '. 

A rathe; unusual [ 2  + 41 cyclonddition has bcen observcd in the 
reaction of 2.5-hcsancdionc and chloro and fliioro sulphonyl iso- 
cyanate"*. Both ketonic carbonyl groups take part in the formation of a 
bicyclic 1 : 1 add& 315 iit - 50°C. Heating of 315 to - 25°C or highcr 
results i n  loss oT carbon dioxide and formation of azomethine. 316. 

CH3 CH3 

(315) 

X = C I . F  

(316) 

( i i )  With C=O compounds. The foriii:ition of 1 ..1.S-osadiazinc dcriva- 
tives from isocyanates and carbonyl group containing compounds has 
been observed occasionally. Methyl isocyanate w;is shown to react with 
carbon dioxide in the presence of trietliylphosphine ;is ci1tiilyst to givc 
3.5-dimcthyl- 1 ,?.5-oxadiazinc-2.4.6-trionc'? (317. R. R '  = CH J ) .  Siniilar 
reactions were carried oiit wirh  other aliphatic isocyanates and catalysts 
(phosphincs. arsincs. t r ip l ie i iy l~ i rs i i io~idc)~"~ "" . Misturcs of two direr- 
ent isocyanates werc &so employed in  tlicse reactions. 

0 

RN A NR' R R ' =  Alkyl 

oA,Ao R. R ' . -  Alkyl 
RNCO + R'NCO + CO: - : 

(317) 

Cycloiidducts 319 and 320 \\,it11 2 :  1 o r i  . 2  tnolar composition hiivc becn 
obtnincd along \\ i t l i  a I : I cycloadduct (oiaxtidinone) 318 in thc cacsiuni- 
Ruoride-cntalysed rcaction of Iialogciiutcd x c t o i i t ' s  with nictliyl iso- 
c y a  Ill1 t c4 
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Compounds \vith a related structure, which can be formally regarded as 
cycloadducts of isocyanic acid and aliphatic halogenated aldehydes or 
ketones. are obtained from substitutcd hydroxymethyl isocyanates on 
standing or on treatment wi th  watcr or pyridine'.''.jO'. 

0 

The behaviour of halogen sulphonyl isocyanutes towards a wide variety 
of carbonyl-rrroup-containinp compounds has been thoroughly investi- 
gatedJS8. Aromatic aldehydes and pivalnldchyde form cyclic 2: 1 adducts 
(321) (1.3.5-dioxazine-6-ones) with chloro and Huorosulphonyl isocyanates 
in good yield a (  - 20 and - 60 "C in suitable solvents. Heating of theso 
adducts to room temperature and above leads to dissociation and 
cventually formation of azomethines. 

0 
A N , S 0 ? X  

XS0;NCO 

RCHO . below 0 'C - R$o+R above 0 'C 

x .. CI. F CO, + RCHO + R C H = N S O ? X  
(321) 

Simil;ir rencrions with acetaldehyde. buryraldchyde. and isobiityraldehydc 
lead primarily to trimcrization of [he aldehydes and the cyclic acetuls 
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obtained add only slowly to sulphonyl isocyanates, giving related 3: I 
adducts. 

Tetrameric acetaldehyde and paraldehyde add CSI giving a mixture of 
isomeric 2: 1 adducts, 322a and b at low temperatures. 

Oligomers of formaldehyde, s-trioxane and I .3,5,7-tetroxocane, as well as 
methaldehyde (trimeric acetaldehyde). react with the same isocyanate to 
give either cyclic 2:  I -  or 4: I-adducts at - 20°C in liquid sulphur dioxide. 
The composition of the products can be influenced by choosing the 
appropriate molar ratio for the transformations. All these reactions are 
believed to involve dipolar intermediates of various chain lengths. 

The behaviour of ketones towards halogen sulphonyl isocyanates 
is different. Diarylketones, like benzophenone and Michler's Ketone. 
give only azomethines at room temperature and above. Ketones with 
a-hydrogens and P-dicarbonyl compounds react under CH or OH 
insertion (see Section III.B.3.a and c). Vinyl ketones and 2,S-hexanedione 
behave like heterodienes in reactions with sulphonyl isocyanates (see 
Sect ion III.B.2.a.i)'". 

( i i i )  With C=N bonds. Imines and isocyanates are also k n o w n  to form 
cycloadducts with a molar ratio of 2:l  in which either one of the two 
reactants can be the dominating component. A recent review article 
describes the synthesis of such 2: 1 and 1 : 2 adducts (hexahydro-s-triazines) 
in detaillZ3: reaction mechanisms responsible for the formation of these 
compounds are discussed e l s e ~ h e r e ' " ~ . ~ " ~ . ~ " ' .  The ease with which 
adducts are formed from imines and isocyanates depends largely up& 
the electron density on the N atom of the imine and the electrophilicity of 
the central carbon of the isocyanate. Most reactive are therefore the per- 
substituted guanidines and amidines on one side and isocyanates bearins 
electron-withdrawing substituents (p-nitrophenyl. acyl. sulphonyl) on the 
other. Reactions between these groups of compounds are generally exo- 
thermic and require diluents. Steric factors are only of secondary impor- 
tance and are normally limited to influencing the nature of the product, 
not the reaction itself. The [2 + 41 cycloadditions described here proceed 
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via formation of 1.4-dipolar intermediates, 323. Addition of a second 
molecule of isocyanate or imine leads to the adduct 324 or 325. 

R 
(323) 

R 
(325) * 

Many differently substituted hexahydro-s-triazines derived from one 
molecule of imine and two molecules a' isocyanate have been synthesized 
by reacting benzaldehyde and benzopli&:one anils, amidines and guan- 
idines with alkyl, aryl and s&phonyl isocyanates: 

R =  Alkyl, ary15'o-5'3 

0 a 
R = Ary15" 

I 
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The formation of 2: 1 adducts with imine as dominating component is 
less common. Monomeric or oligomeric N-alkyl and aryl formaldimines 
generally give adducts of type 326 with aryl and alkyl isocyanates on 
heating or in the presence of zinc chloride as ~ a t a l y s t ~ ” . ~ ’ ~ ~ ~ ~ ~ ~ .  

0 
R \ ~ A ~ / R ‘  

L N )  
I 
R 

(326) 

R’NCO 

.I or ZnCI, 

R = Alkyl. R‘ = alkyl. ary1520* 5 2 1  

R = Alkyl, R ’  = S O ~ R * * “ ’ ~  
R = Aryl. R’ = ary1877.522 

(RN=CH,), - 

The mechanism responsible for the formatidn of adducis 326 from oli- 
gomeric, especially trimeric, formaldimines is not well understood in all 
aspects and #s questionable whether a cyclization mechanism as proposed 
is cperative. I t  could be shown that higher adducts composed of three 
molecules of formaldimine and two molecules of isocyanate are occasion- 
ally involved as intermediatess2’. Reports on the synthesis of adducts of 
type 326 with other imines are icarcc. N-(2-Methylpropylidene)alkyl- 
amines react wi th  chlorophenyl isocyanate :it room temperature to the 
cyclic 2 : l  adducts 3275’1. A similar adduct 328 is obtained from 3,4- 
dihydro isoquinoline and phcnyl isocyanatc5l8; N-benzylidene amines 
give adducts 329 with sulphonyl i so~yanates~” .  

a 

’ 
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R = Alkyl. R' := ary l  

Attempts to influence the composition of 2: 1 cycloadducts by adding 
an excess ofpne component to the reaction mixture are successful in only 
a few cases. Thus reacting N-benzylideneal~ylamines with phenyl iso- 
cyanate or vinylsulphonyl isocyanate in a ratio of 1 : 2  and 2: 1 gives 
either 330 or 331518.J7". 

R-NCO I 

a: R -  C2H5. R' = C6H5 

b: R = C G H ~ .  R' -= SOZCH-CH, 

Proof for the formation of dipolar intcrmediates of type 323 as shown 
above was obtaincd through stepwise synthcsis of 2 :  I adducts with I W O  

different isocyanatcs. R N C O  and R'NCO. as building blocks'"h5' '. 
1 -Methyl-2-met hyl-iminopyrroline reacts with methyl isocyanate and 
phenyl'isocyanatc in that sequence to givc the cycloadduct 332. I f  this 
rcaction is carried out with phenyl isocyanate in the first step, no inter- 
ception of the dipole with methyl isocyanate is possible under thc rcaction 
conditions and 334 is obtained insiead of 333"'". 
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A similar set of reactions is observed between N,N'-tetramethy1-N"- 
phenylguanidine and phenyl and methyl isocyanate2*'. Another three- 
component reaction in which phenyl isocyanate acts as interceptor of the 
1P-dipole takes place between isoquinoline and dimethyl acetylene- 
dicarboxylate' ". 

aN CH,OOCC=CCOOCH,, C, H N C 0 

COOCH3 

COOCH3 
0 
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Since all steps in the [2 + 2 + 21 adduct formation are equilibria, scrambl- 
ing of substituents on the 2:1 adducts might occur, especially i f  one 
component is used in large excess. The reaction of N,N-dimethyl-N‘-aryl 
formamidine with methyl isocyanate leads to a mixture of two differently 
substituted hexahydro-s-triazines 335 and 3365 I .  Exchange of the 
N-substituents on the formamidine can well be explained with the porma- 
tion and reversed ring scission of a cyclic I : 1 adduct (1,3-diazetidinone) 
as shown below. 

I 
R 

(335) 

I 
R’ 

(336) 

On reacting N.N-dimethyl-N’-(dimethylamii1o)formamidine with a nuin- 
ber of aryl isocyanates triazolidinium betaines (338) are obtained as 
products of an  initial cycloaddition of the isocyanate to the amifline 
C=N bond. followed by ring scission and formation of dimethylamino 
isocyanate (337). Excess aryl isocyanate will add to 337 in a [3 + 31 
cycloaddition 10 givc 338”’. Other chloro- itnd Irifluorc,.rlethyl sub- 
stituted aryl isocyanates reacted wi th  the same fortnamidinc to give 
[2 + 43 cycloadducts, 339”’. 
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(339) I 
R = Aryl 

Compounds containing a double bond (C=C or C=N)  adjacent to 
the C = N  bond may or may not behave like heterodienes as illustrated 
by the reaction of 2-isopropenyl-A'-oxazoline with phenyl i ~ o c y a n a t e ~ ' ' ~  
and tr.trns-cinnamaldehyde anil with p-toluenesulphonyl isocyanate"' 
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The heterodiene N,N-dimethyl-N'-(2-thiazoline-2-yl)formamidine can 
react both ways and undergoes two different cycloadditions with phenyl 
isocyanate as shown below3". 

(3 4 0) 0 

(341) 

2: 1 Adducts with an s-triazine structure are also formed from carbodi- 
imides and isocyanates. Aryl isocyanares and N.N'-diary1 carbodiiniides 
give only [2 + 21 cycloadducts on reacting at room or elevated tempera- 

[2 + 41 adducts in the presence of hydrogen chloride as catalyst is 
pos~ib le"~ .  Since ring closure with a 

ture100.3 10 .  , transformation of these adducts with excess isocyanatc into 

0 

A HCI , R N = C  = N R  R% N R  

Y 
N R  

s (343) 

different isocyanate R'NCO in the second step gives exclusively the 
iminc~;exahydro-s-triazinc dione (343) and none of the other isomers. 
the intermediate formation of an acyclic HCI adduct 342 seems likely. 

N.N'- B i s( t r i me t h y Isi I y I )car bodi i rn ide reiic t s w i t 11 p hen y I  isocy a na t c with- 
ou t  catalyst. j jving an iminohesaliydro-.s-~riazinedione~'xJ. 
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Arenesulphonyl isocysnaies and N,N'-dialkyl carbodiimides give 
exclusively [2 + 2 + 21 adducts, but scrambling of N-substituents occurs 
during the reaction and mixtures of 344 and 346 arc ~ b t a i n e d ~ " ~ ~ " .  
Formation of the 2:1 adduct 346 derived from two carbodiimides and 
sulphonyl isocyanate can best be explained with equilibria between 
different polar 1 : 1  intermediates which lead to formation of an asym- 
metric carbodiimide 345. 

R-SOz - NCO + R'-N=C=N-R' 

ll RSO, N = C= N R '  I '. 

RS02N=C=NR' + 3 'NCO 

(345) 

c. [2 + -71 C!.c.lorrdtlirio,i.s. Cycloaddition rcactions between isocyanates 
and 1.3-dipolar compounds have been used extensively to synthesize a 
variety of heterocyclic compounds. A comprehcnsivc rcview article 
describing the many reactions of isocyanatcs with 1.3-dipoles has bcen 
published A'-Oxides of imines or hetcroaromatic aniines give 
cycloadducts with a number of aryl isocyanatcs. Thus reacting C-phcnyl- 
A'-bcnzyl nitrone with phenyl isocyanate yields the 1.2.4-oxadiazolidine- 
5-one. 347 5 1'. 5 2 ' . Other nitrones derived from cyclic or acyclic imines 
give all similar adduct s with 1,2,4-oxadiazol ine-5-one structure' 5-3  ?. 
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CHzC6H5 

72 I 

(347) 

The reaction of 7-chloro-2(methylamino)-5-phenyl-3H-l,4-benzodi- 
azepine 4-oxide with methyl isocyanate gives initially a mixture of the 
two  expected products 348 and 349. The acyclic urea derivative, however, 
provcd to be unstable and rearranged in a base-catalysed reaction giving 
the cyclic urea 3505". 

Standlng i 
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N-Oxides of pyridine, isoquinoline and phenanthridine and other 
heteroaromatic amines react with phenyl icocyanate at 110°C with 
evolution of carbon dioxide to give heteroaromatic amines having 
anilino groups adjacent to the nitrogens30~s3J-s36. I t  is believed that, 
these reactions involve the formation of [2 + 31 cycloadducts as labile 

,intermediates. Such [2 + 31 adducts can indeed be obtained in the 
reaction of 3-picoline oxide with phenyl isocyanate at 100-1 10 ‘C5”. 
The 1.2-dihydropyridines (351a) were recently shown to be formed only 
as short-lived intermediates which rapidly undergo 1.5-sigmatropic shift 
giving the more stable 2.3-dihydro compounds 351b878. Higher reaction 
tcmperatures lead directly to the 2-amino-picolines. 

ArNCO 110 c ’  B [ R v ; , A r l  1.5Shlh , ‘a”> 0 

N 
I I O - % I  

.. 
1 A L J Ar 

(351a) (351 b) 
U 

R, R‘ = H or CH3 
Ar = Ph. p-BrCsH4 

150-160 C 
-co2 ’ 

NHAr 

The related reaction of pyridinc-N-oxide with sulphonyl diisocyanate 
does not lead to a [2 + 31 cyhoadduct: an acyclic dipolar 1 : l  adduct 
352 is obtained instead538. 

1 
0 

I 
0 
A 0’ N-SO2NCO - 

9 

Nitrile oxides have only recently becn shown to give cycloadducts with 
aryl isocyanates”“. On generating aromatic nitrile oxides from aryl 
hydroxamyl chloride with triethylamine or sodium IiydroxidG- s base in 
the presence of phenyl isocyanate, 2.4-diaryl- 1,2,5-oxadiazolc-3-ones 
(353) arc formed in addition to the nitrile oxide dimcrs (furoxanes). 
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e 

(353) 

Azomethine imines and aromatic nitrile irnines. the nilrogen analogues 
of N-oxides and nitrile oxides. are also known to add to isocyanates under 
formation of five-membered ring heterocycles. Thus by reacting iso- 
quinoline N-phenylimine w i t h  phenyl isocyanate at  room temperature. 
high yiclds of the adduct 354 ai-e obtained"". 

(354) 

A number of other cyclic and acyclic azomethinc imines give related 
c y c l o a d d u c t ~ ~ ~ ' . ~ ~ ~ ~ ~ ~ " .  Certain azomethinc imines havc to be generated 
from other cycloadducts and reacted iri sit ~ ,  with cxccss isocyanate as 
shown by the following two  example^^^^^'^^. 
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Aromatic, nitrile imines, generated by thermolysis from 2.5-diphenyl- 
tetrazoie or by dehydrochlorination of carboxylic acid hydrazide chlorides. 
add readily to aryl i s o c y a n a t e ~ ~ ~ ~ ~ ~ ~ ~ .  Benzonitrile-N-phenyliniinc and 
aryl isocyanates give mixtures of adducts 355 and 356 formed by addition 
;:cross the C=N or C=O bond of the isocyanate. 

In the reaction of diphenyl phosphinous isocyanate with nitrile N- 
arylimines both components behave like 1.3-dipoles and adducts of type 
357 are obtained'". 

(357) 

The behaviour of azides towards isocyanates is more complex. Heating 
ofalkylazides with aryl isocyanarcs for an extended period (40 h to 23 days) 
leads to formation of l-alkyl-4-aryl-A'-tetrazoline-5-ones (358) in  
c\cellent yield; acyl and sulphonyl isocyanates react with alkyl and aryl 
azides more rcadily to give similar a d d ~ c t s ~ ~ ~ . ~ ~ ~ .  

Monosubstituted A2-tetrazoline-5-ones are obtaincd on rcacting alu- 
m i n i 11 m ;i z i  de w i t h ;.i r y I i  soc y a nates i n t e t r a ti y d r o f u r a n ' ' . P h o t oc h e m i ca I 
reactions of aroyl azidcs wi th  alkyl isocyanates take a difcrent course. 
Loss of nitrogen leads to formation of aroyl nitrenes which intercept 
isocyanates to give [7 + 31 cycloadducts 35954".55'0. 
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(359) 

Thermal and photochemical reactions of azidoformates in the presence 
of isocyanwtes are again diflcrent (see Section III .B.2.f) .  They lead to 
complicated reaction mixtures5". 

Dimerizations of N,N-dialkylamino isocyanates. formed from car- 
bainoyl azidcs (described in the sections on the synthesis and dimerization 
of isocyanates) are also [2 + -31 cycloaddition reactions'o'-'08. 

Certain compounds containing C = N  double bonds in conjugation 
wi th  other double bonds behave likc 1.3-dipoles in reactions with iso- 
cyanates. Thus treating rropone or 2.7-dipl~enyltropone with arenc- 
sulphonyl isocyanates leads initially to formulation of iniines. 360. which 
w i t h  excess isocyanate give imidazolones. 36lSs1-"j'. 

A number of arcnecarboxaldchyde azincs react readily on heating with 
aryl. acyl and sulphonyl isocyanates in a double 1 .3-dipolar cycloaddition 
('criss-cross' addition) involving both C = N  double bonds. affording 
tct rah ydro-t riazolo-t riazolcs (362) - 1 7 0 . 5 1 ( , . 5 5 3  5 5 5  

R = Aryl. ArCO. 
CISO,. ArSO,. 
ArOS0,. +qNR alkyl So2 

' + R-N A N A  
R-NCO + Ar -N=CH-CH=N-Ar  

Ar 0 

(362) 
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A ketocarbene is possibly formed in the reactions of benzil with irieihyl 
phosphite in the presence of anhydrous CuSO, since 3,4,5-triphenyl-4- 
oxazoline-2-one (363) is obtained in presence of phenyl isocyanatess6. 
(For different cyclization reactions involving 1,2-dicarbonyl compounds, 
aryl isocyanates and trimethyl phosphite, see Section 1II.B.Z.f.) 

On heating 3.4.5.6-tetrachlorophenyl-2-diazo-1 -oxide in presencc of 
phenyl isocyanate, nitrogen is evolved and a bcnzoxazolone (364)  is 
obtained"'. The ketocarbene intermediate tis;med on nitrogcn elimina- 
tion reacts like a 1,3-dipolar con!pound. 

A similar mechanism was postu1ated"ror the adduct formation during 
thermal decomposition of exo-3-phenyl-3.4.5-triazat ricyclo[5.2.1 ,O'."]- 
dec-6ene in presence of aryl isocyanatcs giving imidazolone derivatives 
365s50*5s5"., I t  was later shown. however. that actually the reaction takcs 
a difl'erent course and adducts 367 are obtained instead. possibly via 
3665 5 9- 5 h I 
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,C6H5 p";;. N 

I 

(366) 

Epoxides and aziridines are known to react readily at elevated tempera- 
ture with alkyl, aryl. acyl and sulphonyl isocyanatcs. mostly in presence 
of solublc lithium salt-phosphine oxide adducts as catalysts. to give 
2-oxazolidinones (368) and iniidazolidinones (369) - s h 8 .  

Unsymmetrically-substituted 1.2-cpoxides were shown to give mixtures 
of isomeric oxazolidinones in scveral casesshJ. Application to bis-epoxides 
and diisocyanates givcs 

n R = Aikyi. aryl Cata lys t  \ / + R'NCO .\ 
N RN 'r( NR' R ' =  Aryl. acyl. arene sulphonyl 
R a.3 

(369) 

polyoxazolidinone~~"~. Thc reactions can formally be regarded as inter- 
ccptions of thermally-generated 1.3-dipolar intermediates (370) by 
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isocyanatc. Othcr studies indicate. howevcr, that direct reactions bctween 
isocyanates and eposides do not take place unlcss catalysts initiate 
epoxide ring opening57o or the isocyanate is transformed into urctliane 
prior to reaction with c p o x i d e ~ ~ ~ ~ ~ ' ~ ' .  

Similar dipolar intermediates are possibly formed in the thermal 
dccomposition of alkylene carbonatcsj4". which also yield oxazolidinoncs 
in presence of isocyanate~~".  Yields in all these rcactions involving 
alkylene oxidcs, 

v X 

n 
O K 0  

R N C Q  -s-+ 
A 

YNR 
X 

0 

0 

carbonates and aziridines arc high. Catalysts added to accelerate thc 
transformation oftcn cause trirncrization of isocyanatcs. I : 1 Adducts 
(371) of triaryl isocyanurate and ethylcne carbonate can be obtained in 
presence of N-methylmorpholine. which on further treatment with 
etliylenc carbonate are converted into oxazolidinones"'. 

/--7 

Carbonates of r-liydrcsy carboxylic. r-mercapto carboxylic and r -N-  
substituted amino acids rcaci also w i t h  isocyanatcs undcr espulsion of 
carbon dioxide to give oxa- and thiazolidine-2.4-dione. and imidazolidine- 
2.4-dioncs' ''. 

N--R' X 0. S. N R  R'NCO 

xKo = xY 0 
0 
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Interception of f r ( / l i . y .  fr(oi.v- 1.3-diplic~~yl-2-azaalllyl lithium, prepared 
by thermal ring cleavage from N-lit hio-2.3-diphenylaziridine. with phenyl 
i soc y a 11 a t e at I OW t c 111 pe r a t u re g i ves 2,3.5 - t r i p h e n y I i m i d a zo I i 11 e-4-0 ne in 
a 1 J-anionic cycloaddition reaction575. 

I .  N-Substituted oxaziridincs have also been shown reccntly to rcact w i t h  
alkyl and aryl isocyanates at elevated temperatures to give 1.2.4-oxadi- 
azolidine-5-ones in good to vcry good yield' 7".s '. 

R 3  

R 2  R ' t N '  R -- H. alkyl 
R' = Alkyl. aryl 

* R2/N\(3X0 R 2  - -  Alkyl. acyl 

R 3 =  Aryl. alkyl 

:?;' + R 3 N C 0  \ 

0 .  

The reaction of 1.2.3-trietliyldiaziridine with phcnyl isocyanate in refluxing 
benzene leads to a complex mixture of products57X. The thcrmul de- 
composition of 4-niethyl-5-arylsulplionylimino-4.5-dihydro- I ,2,3.4-t hia- 
triazole leads to formation of a 1.3-dipolar intermediate 372. which ciln 
be interceptcd by aryl and arencsiilphonyl isocyanates to give 4-methyl-3- 
0x0-5-sulphonyliniino- 1.2.3-1 liiadiazolidincsx"'. 

I 
CH3 J I 

CH3 

(372) 
R = CH3. aryl 

8' = Aryl. arenesulphonyl 

Wlicn 3-phenylsydnonc is heated with phcnyl isocyanate. carbon 
dioxide is gcnerated and a new mesoionic compound. I.4-diphenyl-l.2.4- 
diazolone (373) is obtained in vcry good yield. possibly via ii labilc [2 + 31 
cycloatld iict5 -". 
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(373) 

Other mesoionic compounds. anliydro-2.4-disubstituted 5-liydroxy-3- 
met h y 1 t 11 iazo 1 i u m li yd rox ide, react with act i va t ed isoc y a n ii t es (s 11 1 phony I 
and aroyl isocyanates) at room tcmperature to give stable 1 : 1 cycloadducts 
in good yieldHh0. 

,/w 
O < y R  - Ar S 0 , N C O  

room temperature' 

SO2Ar 
H *' R \  c H3 

Some rcactions involving isocyanates nnd aliphatic thrce-membered ring 
compounds proceed by ring cleavage and extensivc skcletal rearrangc- 
ments. Reactink bicyclo[2, I.O]pentane w i t h  CSI in appropriate solvents 
at  room temperature and below lcads to a mixtiirc of 374 and (after 
aq ucous work -u p) 375 '(I.  

Two structurally different products arc obtained on treating substitutcd 
cyclopropenes with CSI " I .  1 ..3.3-Trinietliylcyclopropcne and tlic iso- 
cyanate givc. ;it low temperaturc. an acyclic product (376) while a similar 
rcaction w i t h  1-metliylcyclopropene gave a cyclic 1 : 2 adduct (378). 
Thc latter product is bclicved to arise from a 1.3-dipolar intcrmediarc 
377 while 376 is f a m e d  via a dilTercnt mechanism. 

1.3-Dipolar ndducts. which rearrange to -/.-iminoboranes .are fnrnicd 
011 rcacting trialkylboranes w i t h  isonitrilcs in incrt solc!ciits. These 
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CIS0,NCO I "  
C I  C S02N a. 

- 

""":"' C H 3  

CH w I 

OAA N S 0 C I 

73 I 

CH3 

" ' c o  

intcrmediates can bc intercepted by phenyl isocyanate. all'ording 1.4-diara- 
2- bo r ac y clopen t an ones 379 aft el- fu rt h cr a I k y I ni igra t i o 11 '. 

R'NCO, 1 R 
7' R ' N E C - B R ~  

R ' N  B R  
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Reactions of electron-rich olefins with isocyanates leading to formation 
of 1.3,6,9-tetraaza-spiro[4,4]nonanes are also believed to involve 1.3- 
dipolar intermediates. They are described in Section III.B.2.e. 

The behaviour of isocyanato phosphonites towards carbonyl-group- 
containing compounds is exceptional. The trivalent P-compounds react 
with aldehydes, %-dikctones, phenyl glyoxal and esters of r-keto acids 
like 1,3-dip0les~"~"~. Adducts 380 could be isolated with aldehydes in 
low yield5". Isomeric 1 : l  adducts (381) are, however, obtained with 
other carbonyl compounds in which an alkyl group of the phosphonites 
has migrated to the adjacent n i t r ~ g e n ~ " . ~ ~ ~  . Bicyclic adducts are obtained 
as a result of alkyl migration in similar reactions with alkylene isocyanato 
phosphonites and ct-diketoness85. 

0 
I1 E l  

R COR 

d. Cj*c'lotitldirc't.s wirh ticot)~letic.s. Reactions between isocyanates and 
compounds containing C E C  triple bonds have been investigated i n  
recent years, resulting in the discovery of a number of interesting cycliza- 
\ion reactions. Two structurally ditTerent types of cycloadducts are obtained 
on reacting Ruoro or chlorosulphonyl isocyanate w i t h  alkyl. aryl. and 
aryl alkyl substituted acetylenes at ambient temperaturessH6-"'. Cyclo- 
adducts 382 derived from acetylenes and isocyanate in a molar ratio of 
1 : 2  arc preferentially formed with fluorosulphonyl i ~ o c y a n a t e ~ " ~ . ~ ~ ~ ~ ~ ~ ~ .  
1 : 1 Cycloadducrs wh were identified by X-ray analysis to be 6-halo- 
1.2,3-oxathiazinc-2.2-a,~1~~s (383) are obtained mainly with CSI and 
their formation can best be explained with the reaction steps in the follow- 
ing The formation of the 2: 1 adducts 383 is possible 
in a stepwisc cycloaddition reaction via a 1,4-dipolar intermediate. 
althqugh an alternative mechanism via the iminoketene intermediate 384 
would explain the formation of both products (see below). 

@ 
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1 

I 
S02R'  

(382) 

R'S0,NCO R - C r C - R  

TI R'SOIYCO I 

R' = CI. F 

Similar 1.2.3-oxathiazine-2.2-dioxides are obtained on reacting CSI with 
1 - m e t h y 1 t h i 0-2 - p h en y I'- and 1 -met h y 1-2 -( p- t o 1 y t h i o )a ce t y I ene ' I .  The be- 
haviour of the same Isocyanate towards 1 -dimethylamino-2-phenyl- 
acetylene, however, is entirely different, giving rise to formation of the 
pyridone 3855y1. 

(385) 

The reaction of ethoxyacetylene with a number of aryl isocyanates is 
claimed to proceed in a [2 + 41 fashion in which thc isocyanate acts as 
thc h e t e r ~ d i e n e ~ " . ~ ' ~ .  
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EtOC = CH - 
' e N C 0  R& OH 

The reactions of aryl isocyanares with aminoacetylenes (ynamines) give 
other kinds of cycloadducts. On mixing phenyl isocyanate with ynamincs 
in appropriate solvents, 4-amino-2-quinolones (386) an& 2-amino-4- 
quinolones (387) are f ~ r r n e d ~ ~ ~ . ~ ' ~ .  A [2 + 41 cycloaddition accounts for 
the formation of 386, while the isomeric adducts 387 are the result of an 
initial [2 + 21 cycloaddition followed by ring scission at the C--N bond 
(to give an iminoketene) and recyclization. A third type of product is 

I I 
R2N AO 

L -1 

R,N - C =C - C N  i 
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obtained on reacting cyanoynamines with phenyl i ~ o c y a n a t e ~ ' ~ .  I t  is 
believed that the 1 : 1 adduct resulting from an initial additicn of the C=O 
group of the isocyanate across the triple bond of the ynamine. isomerizes 
to a ketenimine which reacts with more ynamine in a [2 + 41 c y c a  
addition to give the product 388. Acylisocyanates were found to rcact with 
substituted acetylenes and ynamines in [2 + 21 or [2 + 41 cycloadditions, 
giving either azetine-4-ones 389 or 1,3-o;azine-4-ones 39OS9'- 6oo. 

R"C0, 

go 
R R' 
(389) 

R-C-C-R' + R"Gr)NCO 

On reacting sodium phenylacetylide with phenyl isocyanate in ether, a 
hydantoin, 391, is formed besides an isomeric 1 : 2  adduct bclieved to be 
39260'. 

The same hydantoin 391 is obtained i n  high yield besidcs varying amounts 
of 2,5-diphenylcyclopcntadienone irora ricarbonyl on rcacting phenyl- 
acetylcne with phcnyl isocyanatc in prescnce of iron pcntacarbonyl"'. 

Two attempts to add isocyanates across the triple bond of benzync 
failed. Reacting pheriyl isocyanate with diazotizcd anthranilic acid leads 
to formation of phcnnnthridinonc (393) and 9-phenoxyphenanthridine 
(394) in low yield"03. Chlorosulphonyl rsocyanatc and the bcnzyne 
precursor- gave a 1,2.3-bcnzotriazine-4-one (395) in high yield believed 
to bc formed via an eight-membered 

CL) 
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CIS0,NCO 

+ cq) 0 
1 (393) (394) 

n 4 "  I 0 

e. Cjlc1ociddiict.s with ccriheries arid ccwberie prec~ii.sors. The simplest 
case of a cycloaddition between an isocyanate and a bivalent carbon is 
the reaction between 2 moles of diazomcthanc and phenyl isocyanate, 
giving the p-lactam 396"'. 

A similar type of product is obtained on reacting diazofluorene with 
arenesulphonyl isocyanatc at  low temperaturc"05. The sanic isocyanate 
gives. ho~vevcr. a 1.2.3.-oxathiazolc-4-one-2-o?tide (397) when reacted 
with diazometliane in  dicthyl ether ;it - 25°C'"'. Another type of cyclo- 
addition was obscrved in the reaction of phenyl isocyanate with the 
photochemically generated diphenylcarbene. which gives 2.2-diphenyl- 
indoxyl (399) probably via an r-lactnm as intermcdiatc60". The reactions 
of certain electron-rich olefins wi th  isocyanates can be regarded as cyclo- 
additions involving carbenes. Thus reacting aryl or  alkyl isocyanites with 
N.N'-disubstituted diimidazolinylidcnc-2 in a4 molar ratio of 4: 1 leads 
to cleavage of the C=C doublc bond and formation of 1.3,6,9-tetraaza- 
spi 1-0[4.3] iioiia iics (4OO)""' -'"' . Thesc products are also acce%ible via a 
dinerent route. 1.3-Diphenylimidazolium chloride or N-substituted 
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R -  

0 
II 

.S-N A,,Ao R = Ar. ArO 

H 

(3 9 91 

thiazolium niethosulphates behave also like 11 iicleophilic carbenes when 
treated wi th  triethylainine atid form similar parabariic acid derivatives 

R R 
I I 

R' 

()4:1 
R I R ' w  R I I yy?; R" 

0 X =  NR. S. R ' =  alkyl. aryl. R" = H. alkyl, aryl  

(400) A = C I .  CH3S04. I R 
R " 

I+;>H A- 

R" 

with aryl or alkenyl isocya~iates"~'). Stablc I .4-dipoles. 401. arc obtaincd 
on reacting 1 . I  ' .3.3'-~~~raphen~l-3.2'-diimidazoli1~ylide1ie wi th  acyliso- 
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cyanates; they can be intercepted with phenyl isocyanate as dipolarophile 
to give related tetraazaspiro[4.4]nones (402)h'". 

A number of 3,.4.5-trisubstituted thiazolium and rhiazolidiniurn halides 
react in presence of triethylamine with isocyanates or carbodiimidc and 
isocyanates in a stepwise fashion with formation of 1 -thia-4,6,8-triaza- 
spiro-[4.4]-none-2-enes (403) or hydrogenated species in good yicldsh I I - "  -! 

X = O  NR 

R R R R 
Hal - R R 

(403) 

R ea c t ions of 2-d i a I k y 1 a m i n o - 1 ,3.5 - t ria r y 1-4.6 -d i ox o hex a h y d r o -s- t r i azi n es 
(404) with excess aryl isocyanates are rclated. Thermal elimination of 
A'."-trisubstituted urea from the initially formed ureido-s-triazincs 
(405) leads to a heterocarbcne, 406. which is either intercepted by excess 
isocyanate. giving a pentaazaspiro[4.5]-decanetct raone (307) or. in 
absence of isocyanare. a bis-s-triazine tctriionc (408)' I 2 . 5 ' J . h 1 4 . h ' s  . The 
reactions of triincthyl orthoforniate w i t h  aryl isocyanaies leading to 
parabanic acid 0.0-acetals probably proceed via dimethoxycarbenc as 
i n t e r ni ed in r eh ' ".' ' . 

f. /Misc.c~//~i/iro~r.s cI.(./i:(/~io/i.\. Formation of [? + 2 + 1 3  cycloadducts 
has been observed on reacting r-aniino-alkenes w i t h  isocyanates and 
sulphur or isonitrilcs in highly polar. non-protic solvents"' ' - ' lo . The 
amino olefins are first reacted with sulphur or isonitrile. followed by 
addition of aryl or alkyl isocyanatc. Thc structure of the obtained 1,3- 
thiazolidine-?-ones (409) and iminopyrrolidinones (410) indicates a 
s t e pw i se ad d i t i o n seq ue n ce . 
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R 
(405) 

I 

HC(0CH3)3 -ArNHCOOCH, ArNCO , ,c \ RNCo ' o < ; z k H 3  
OCH, 

Ar 

The formation of I .4-dialkvl-3-cthosycarbonyl iirazoles (41 I )  in the 
thermal and photochcmicnl reaction of azido alkyl fornintes i,i presence 
of alkyl isocyanatc can only fortiidly be regarded as ;i [ 3  -t 1 + I ]  cyclo- 
add i t i  o ti. 

I t  is suggcs~cd by the  authors t h a t  311 is formed -among fi\x other 
rcaction prodAicts-- v i a  an initial nucleopliilic attack ol' the N, of thc 
azidc 011 thc isocyanate carbonyl witti successive reaction steps as  outlined 
be I o,\,' 5 5 0 
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NR2 = Piperidino, pyrrolidino. morpholino 
R ’  = CH,. aryl, p -  tosyl 

R 2 =  Alkyl 

R’NCO, 
ROOCN, 

R’NCO ’ 
O ~ N ~ O  ] -N1 

R’ 

Enamines react with carbon disulphide at low temperatures to give 
deeply coloured 1,4-dipoles w h i c k d n  be intercepted with aryl isocpanates 
with fcrmation of 1.3-thiazines6”. 

lsocyanates react with 1,2-dicarbonyl compounds and trimcthyl 
phosphite with formation of 5-acyl hydantoins 412 and trimethyl phos- 
phate in good yieldsh‘2~‘’’J . The indicated products arc obtained via 
initial formation of 2,2.2-trimct hoxy-2.2-dihydro- 1.3,2-dioxaphospholenes 
from P(OCH,), and the dicarbonyl compounds. Attack of isocyanate 
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leads to another intermediate which is finally converted to the hydantoins 
wi th  excess isocyanates. 

A r N C O  

N 
t ArN 

(412) 

On treating the anion of certain diethyl N-alkylaminophosphoramidates 
(413) with carbon dioxide in the presence of rz-butyl isocyanate, spiro 
nitrogen ylides are f ~ r m e d " ' ~ .  

n-Bu  

(414) 

Cycloaddition reactions of isocyanates and compounds having S=O 
and S=N bonds have also been observed. On reacting N.N'-bis(trimethy1- 
sily1)sulphur diimide with equimolar amounts of CSI. a 1,3,2,4,6-dithia- 
triazine-l,I-dioxide (415) is obtained$ low yield"". 

(425) 

Formation of 1 : I-cycloadducts with so-far unknown structurc has been 
observed during mixing of halogen sulphonyl isocyanates as wcll as 
sulphonyl diisocyanatc wi th  S,N, in incrt ~olvents"~.  

Sulphonyl isocyanates react rcadily also with dimethylsulphoxide to 
dimcthyl sulphimines (416) and carbon dioxidc5.'H.''5 . C H  insertion 

7, 
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on the methyl group takes placc. however. on treating tlic sodium salt o f  
DMSO (and sulphones) with aryl isocyanates"'". 

Bond shift 5nd alkyl or aryl group migration together with cyclization 
takes placc during bricf heating of phenylazomctliyl isocyanates at  
130 "C. resulting in the formation of A3-I .~,4-triazoline-5-ones"~".~ 

R , ,C6H5 

R N=NC,H, N - N  

R X N=C=O ' ' R < A N A O  

Cyclic carhoxylic acid anliydridcs react with rrimctliylsilyl axide. 
giving risc tovigorous evolution of nitrogen and formation of N-trimethyl- 
silyl-N-carbos~inIigdridc isocyiinatcs (417) \vliicli cyclize to l.?-oxazinc 
diones with siiniiltiiiieous migration of the trimc1liylsilyl group 10 the 
ring nitrogen"".'. Tlic corresponding rextioii of phthalic anhydride is 
s lw w n be I ow. 

' 0  

3. Insertion reactions 

;I. R ~ t / c . t i o / ~ . <  \\.it/! 0 H -  t//lt/ S ~ ~ - ~ / . ~ ~ I / / ~ - ( ' [ ~ / I t ~ / ; / I i / ! ~  ( ' ( ) / i ! / ) [ > I / / l t / . < .  Alkyl  iind 
a r y l  isocganatcs react Lvitli \v;itcr resulting in tlic formation of A'.N'- 
disubstituted arws. Addition of I mole \\'iitCr to isocyanate produces 
the labile carbaniic acid. \vhich lnscs carbon dioside _giving ii primary 
aminc capable of adding iinotlicr mole of isocyanate. This sequcnce is 
gcncrally not observed in tlic hydrolysis of sulphonyl isocynutcs .  The  
reactions stop at \lie amine stage since the gcneratcd sulphonamides art: 
not basic ciiougli to react \\.it11 anotlicr mole of Therefore 
the bcli:i\~iour 01' tluorosulphonyl isocyaiiate. \\.hich \\:IS sIio\+m to form 



17. Syntheses and preparativc applications of isocyamiteh 143 

N.N'-bis-fluoi.osiiIpliLiryl urca upon mild hydrolysis63". is exceptional. 
Industrially the most important reaction 

R N C O  
[RNHCOOH] RNHz RNHCONHR H2O RNCO 

RS0,NCO H z o  R S O z N H z  + CO, 

of isocyanatcs is their addition to alcohols and conversion to carhamates 
(urcthanes). since application to diisocyanates and diols produccs poly- 
meric urethanes of widely varying qualitics and charactcristics. The 
development of this chemistry and rccognition of its industrial potential 
was pioneercd by Bayer. A detailed dcscription of thc urethane formation 
including polymeric materirils can be found elsewhereh3' f'.3.'.Hs7. 

RNCN + R'OH RNHCOOR' 
(Cata lvs t )  

The reactions. which are simple additions. arc rcversible and RNCO and 
R 'OH can bc regenerated on heating. 

The reactions of thionlcohols and thiophenols w i t h  isocyanates arc 
much slower than thosc of thc corrcsponding alcohols and prweed even 
in presence of mild base catiilysts (trietliylamine) ;it moderate tempcraturc 
; i t  very slotv r a ~ c ~ ' "  ' 'I  . Rapid forinatioii of mixtures of thiocarbamutes 
and tliioallophanates is. ho\vevcr. observed in prcsence of alkoxidc ;is 

cat a I y s t 

C H  N C O  CH,NCO 
RSH 3 CH3NHCOSR CH3NHCONH(CE,)COSR 

A differcnt typc of rcuction is involved in carbosylic acid-isocyanate 
interactions. which irreversibly yield curbosamides ai% carbon dioxide 
via formation of ;i mixed aiiliydride".".""."~5 . Ainincs ;ire recoiiinieiided 
;is catalysts in t hcse reiictions"34. 

Quaternizcd amino acids werc also shown to rcact readily Lvitli ;iryl 
isocyiiniites to the correspondin:. aniides"-'". 

R; . h' - D i s u bs t i t  11 t ed h y d r os y I ;I ni i ncs " .' ' ;I nd ox i i n  es" ' ti .(' ' . (A'-hydrosy- 
imi no)d icIi Ioroniet ha  nc"'"' or hemiacctals of chlor;il"" react also wi th  

i 
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isocyanate to give carbamates. Hydroperoxides, such as r-butyl hydro- 
peroxide, give peroxicarbamates642. 

OR 
/06 ArNCO / 

B-13CH - C13C 
Base \ 

' 0  H OCONHAr 

Reactions of isocyanates with OH-group bearing compounds can 
sometimes take an unexpected course. Thus treating 4-hydroxy coum2,;ir.s 
with aryl isocyanates leads to 3-(N-aryi)carbamoyl-4-hydroxycou- 
mar in^'^^. Carbamates are, however, formed on heating 3-hydroxy- 
coumarin in nitrobenzene with isocyanates in presence of base644. 
CH instead of O H  attack is observed between these two reactants on 
conducting the reactions in dimethyl ~ulphoxide"~. A similar solvent- 
dependent orientation of the isocyanate attack was observed in reactions 
of aryl isocyanates with 2,5-dihydroxy-l,4-benzoquinone which lead to 
carbamates or 3,6-bis( N-arylcarboxamides)' 7 9 .  

?H ?H a. A r N C O ,  mCoNHAr 
0 -< ArNCO p+O1 

CONHAr 

A e C O  , 
P Base -DMSO 

AiNCO 
Base- CHICN 

HO 
ArNOCO OoCoNHAr 0 0 

0" ArHNOC 

HO CONHAr 
0 
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No thiocarbamate but rather a N,h;.N'-trisubstituted urea is obtaincd 
o n  treating aryl isocyanates with certain dimethylamido thiolophosphoric 
acids6aJj . Unstablc intermediates like 418 are bclic.,ded to bc involved in 
these reactions. 0.0-Diethylthiolophosphoric acid is known to give thio- 
carbamates with alkyl  and aryl isocyanates at low temperature'"'. 

(CHd2N O 0 
I I  1 [ (CH3)2N+>t 11 

P -  SCNHAr (CH3),NCNHAr 
ArNCO 

+!SH 

(CH3)2N (CH3) 2N 

(418) 

The behaviour of methyl isocyanate-toward 2-( I-iminoethy1)phenols is 
exceptional, leading to formation of allophanates 419 instead of the 
expected carbamates"". 

3:-Chloro-a-diphcnylnie[hyl isocyanates react w i t h  phenols with cliniina- 
tion of HCI giving :in unstablc 1-phenosy isocyanate (420) which is 
spontaneously converted to the isonicric 421 "*. 

. 

H 5 C > N C 0 0 A ~  

H5C6 

(421) 

Certain carbamates. obtained by reacting hydroxyl-group-containing 
benzoa7.ines and quinazolines w i t h  nlkyl or aryl isocyanate. were shown 
to be easily converted into the corresponding amines on treatment with 
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triethylaminc or water: primary and secondary aniines were also shown 10 

replace the carbainoyl grouph''."'O. An example is shown bclowhS0. 

Many reactions of isocyanates with substrates containing OH or SH 
L croups are known, in which the originally formed carbamates and thio- 
carbamatcs are further modified by interaction wi th  adjacent siibstituents. 
Hetcrocyclic compounds are  ofren formed in processes which are catalysed 
or thermally initinlcd. A number of examples arc given below. 

R = CH,, C,H5 651 652  
Ease toluene 

COOCH3 
0 

CN 
A ~ N = (  

SH 

CH>NCO, 
NEI t  

a 
C,,HjNCO H 

OH 
C H 3 t C O O H  D tGS 0 

(Ca salt )  

A r N  

HNH 
VNCH3 0 ( j S 3  

654 

O Y N  - CGH5 
0 

\ HoH2Ch 
C6H5N\d0 6 5 5  

CH~OCONHCGH,  r 7 -  
0 

0 
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H 

6 5  7 

N H C O N H R '  R =: H. alkyl 

R = Alky l .  a r y l  

R : Alkyl .  ary l  
R '  - H. alkyl  
R'- H. b l ky l  

b. Recic.r ions \vir Ii ciriiiric~s. Rcactioris of isocyanates with compo\lnds 
bearing NH,  or N H  groups lead 9ener:llly to the iorniation of urcas. Thc 
scope. kinctics. solvent dcpcndellce and catalysis of these isocyatiatc 
transformations have been studicd in dctail and arc dcscribcd clse- 
wherc"J 1.660 

HNR, = Ammonia 
R N C O  + R 2 N H  - RNHCNR:! Primary and secondary amines 

# ;  Hydroxylamines 
Hydrazines 
Cyanamides 
Amidines 
G uanidines 
Carbamates 
Ureas 

A detnilcd description of these generally well-knoivn rcactions is omittcd. 
Instead ;i sclectinii of reactions involving more comples. iiiiespected and 
less known tra~isfor~n:~tions with aniincs is given. 
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Tertiary amines also react with isocyanates, occasionally with formation 
of labile dipolar 1 : 1 ad duct^^^^, but generally under oligomcrization of 
the isocyanates (see Section 1II.B. I .a and b). Formaldehyde-N,N-acetals. 
react with aryl and sulphonyl isocyanates with insertion into a C-N 
bond and formation of ureas 422”*661 ; excess isocyanate and elevated 
rdction temperatures can lead to insertion into both C-N bonds, 
givi& 423”. 

C N c H z N 3  c N - l y c H 2 N o  R S O ~ N C O  \ + 

a 

0 

S 0 2 R  
(422) 

SO,R SOZR 

This reaction is relsted to the formation of hexahydro-s-triazine dcriva- 
tives from oligomeric formaldimines and isocyanates (see Section 
III.B.2.6.iii). 

Tris-aminomethane derivatives react with aryl isocyanates at elevated 
temperatures with insertion into a C-N bond and formation of 
ureas5 12.5 I 3  

Not all compounds having free NH or NH, groups available can be con- 
verted into ureas or related products by action of isocyanates. Isocyanatcs 
and pyrrolc, indole or carbazol undcrgo substitution reactions on the 
aromatic n u c ~ e u s ~ ~ ’ . ~ ‘ ’ ~ .  Only conversion of pyrrole into the potassium 
salt assures urea formation with alkyl and aryl i s o ~ y a n a t e s ~ ~ ~ . ~ ~ ~ .  
Hydroxylamine. which has both O H  and N H 2  available for reac;’ion with 
isocyanates, adds isocyanates exclusively at the amino group, giving 
1 -phenyl-3-hydroxyurea and 1,5-diphenyI-3-hydroxybiuret “66.667 and 

s. .- 
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I 
CONHR 

only excess isocyanate attacks the hydroxy g r o i ~ p " " ' . ~ " ~  . N-Alkyl and 
aryl hydroxylamines also react first with the remaining N H  proton8'"'. 

OH 
I R N C O  R N C O  R N C O  

RNHYNYNHR - 
0 0  

. RNHYNHoH 
H,NOH 

0 

OCONHR 
I 

0 0  
ti YN 'r( NH 

N-Hydroxyl ureas. 424, obtained on trcatment of N-isopropyl and r-butyl 
hydroxylamine with alkyl isocyanates. rearrange at room temperature ro 
thc corresponding 0-carbamoyl hydroxylamines 425""". Orher N-alkyl 
(CH,, cyclohexyl) and, aryl hydroxylamincs failed to undergo this re- 
arrangement . 

Stepwise addition of isocyanates to monoalkylated hydrazines leads 
initially to urca formation at thc alkylated amino group and only a second 
mole of isocyanate attacks the N H ,  g r ~ u p ' " ~ . ' ' ~ ' .  

R'NH R'NH R H NHR' 
RNHNHz T R ' N a  )-ANH, R'NCO )-;-A< 

0 0 0 
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Carboxamides are known to react readily with alkyl and aryl isocyanates. 
giving acyl ureas"?. Similar reactions with thiocurboxamidcs and arpl 
isocyanatcs require the  prescnce of CU(I)  oxide"73. since symmetrical 
diaryl ureas and other products are obtained o t f ~ e r w i s e ~ ' ~ .  

A r N H  NHAr + R C N  + C O S  he' 
0 

NH, S 0 

RYk N H A N H A  r 

Sulphonaniidcs react w i t h  CSI at the CISO, group with retention of the 
isocyanate group. AryI and alkyl  sulphonyl isocyanates are obtained 
besides chlorosulphonamide on reacting aryl and alkyl sulphonamides 
w i t h  CSI below 100°C"75. N-Alkylated sulphonamides again react 
diflerently above 100 " C  giving sulphonyl isocyanatcs 426h7h. Sulphonyl- 
ureas are formed, on the other hand. on refluxing sulphonaniides wi th  
phenyl isocyanate in toluene in presence of t r ic thylamir~c"~~ or reacting 
alkali salts of sulphonamides with i s o c y a n a t ~ s " ~ ~ .  

R S 0 2 N C O  + C I S O ~ N H : J  

+ 
RSO2 N ( R ' )CON HC6H5 

N.N-Dialkyl and diarylsulphamides react w i t h  CSI at rooin temperature 
in B similar fashion giving N-chlorosulphonyl-N'-(dialkyl- and diaryl- 
sulphamoyl) ureas in  generally excellent yield"'. 

Substituted pyridine-2-01s were shown to react with methyl isocyanate 
(in dependence on the position and nature of the substituent) either in 
the atnide or itnide form, giving 427 or 428""' 

(427) CONHCH3 

(428) 
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A number of isocyanate-aminc (imine) interactions were shown to lead 
to a variety of heterocyclic compounds most often resulting from secondary 
ring closures of initially-formed acyclic adducts. Some examples are 
listed below. 

k 
(a)  X = S. R = NHC~HE,  
( b )  X = 0 .  R = OC?H5 
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n = 3 . 4  

R R = Alkyl. ary1859 2 RNCO 
CsHsN 
L 

" a l H 2  H 0 

/ \  R = Aryl 
N-R' + R'NHCOOR687 

R'NCO 

R' = Alkyl. aryl 
ArN Y 

ArNHCOCOOR - 
N R 3  

0 

5 689-691 

CH2CN 

ArN 

0 

H N (CH2CN)2 ArNCO A r N v r ! J - C H 2 C N  A 

k N C H 2 C N  0 
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f? R 

153  

. .  
I I 694 

R = Alkyl. aryl 
R' = Aryl 

("OH N R2 2R"Co* &9 R' 

R' R2 695 
R, R3 = Alkyl 

R N HC B' - R P (0 R3)z R'NCO, RN x P /p R'.  R2 = H, alkyl 
I R4 = Alkyl, aryl 
R2 

Anthranilic acid and alkyl anthranilates give carbanilides on reacting 
with alkyl and aryl isocyanates. Treatment of these ureas with acidic 
catalysts (concentrated HCI) leads to cyclization under participation of 
the adjacent COOR group, giving quinazolinediones, 429h'7-699. 
Isomeric benzoxazine-4-ones (430) are obtained on conducting the 
cyclizations with polyphosphoric acid below 100°C; higher temperatures 
and longer reaction times yield 429 here also7". Ethyl N-hydroxyanthrani- 
late was also shown to yield tetrahydroquinazolines with isocyanates86". 

0 

acooR R ' N C O ,  a COOR 

N H2 N H CO N H R' 

R = H. CH3 

(430) 

R' = Alkyl. aryl 
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o-Aminobenzaldehyde and o-aminobenzophenone rcact also with 
isocyanates with formation of cyclic products. quinazolones (431). which 
are derivatives of 1 , 2 - b e n z o q ~ i n o n e s ~ ~  l . ’02 . A methylenequinazolinone 
432 is obtained, however, on treating o-aminoacetophenone with methyl 
isocyanate703. 

Benzoyl acetamide reacts with iri sirir generated aryl isocyanates (from 
the corresponding aroyl azides) on heating, giving N-aryl-N-benzoyl- 
acetylureas (433) which are readily converted by action of PPA into 
1,6-diaryluracils 434’“. 

ArNCO C E H ~ C O C H ~ C O N H ~  A 

I 

A P(irr) -+ P(v) oxidation giving 436 is observed during thc reaction of 
phenyl isocyanate with the N-phenylphosphinous amide 435a, believed 
to involve the steps shown 
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Thc reaction does not seem to be general. since the A'-alkyl phosphinous 
amide 435b ( R  5 K' = Et) gives a NH inscrtion product instead"'. 

Still another possibility for the reaction of R,PNHR typc compounds 
was observed with propyl isocyanate and dipheny! A'-phenyl phosphinous 
ainide which gave a niixture of 437 and 438'"'. 

(438) 

The behaviour of compounds containing SiNH bonds towards aryl 
isocyanatcs under various conditions has also been studied in detail. 
Generally complex product mixtures were obtained"'. 
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C. Iiwrriori iijro C--H houtls. Olefins and aromatic iis well as aliphatic 
compounds having a CH or CH, group were shown to react in  a number of 
cases with isocyanates producing N-substituted carboxylic acid amides. 
Substitution reactions (acylations) on olelins, especially thosc bearing 
electron-donating groups. have been stildied horoughly in connection with 
[2 + 21 cycloaddition reactions and are treated in Section II1.B.a.i. I t  was 
found that many insertions into olelinic C-H bonds are the result of 
irreversible isoinerizations of initially formed I .4-dipolar irltermediates or 
~ y c l o a d d u c t s ~ ' ~ ~ ~ ' ~ .  

Some other insertions of isocyanates into olefinic C-H bonds are not 
likely to involve the intermediacy of [2 + 21 cycloadducts as shown in 
the equation above. Reactions of 4-amino ~ r a c i l s ~ ~ " ~ ~ ~  with isocyanates 
might be more related to electrophilic substitutions on aromatic com- 
pounds. 

x' ' R?NCO,  ~ ~ c o N H R 2  R1 R = = Aryl. H. CH3 alkyl 

R 2 =  Aryl. EtOCO 
0 N R 2  0 NU2 

R' R' 

The factors governing the acylation of aromatic compounds8y isocyanates 
are very much similar to those of other acylations: electron-donating 
groups on the aromatic nucleus on the one side, and electron-withdrcwing 
groups adjacent to the NCO group of the isocyanate enhance the-reactivity 
of both components. Lewis acids such as aluminium chloride have been 
applied ziccessfully as ~ a t a l y s t s ~ ' ~ . ~  ". N-Substituted carboxylic acid 
amides are obtained in each case. Application of the highly reactive sul- 
phony1 isocyanates yields N-sulphonated carboxamides which can readily 
bc converted into the free carboxylic acids or esters of thesc acid'sh"'. 

Several examples of acylations of aromatic and heteroaromatic coni- 
pounds by isocyanates are lis;ed below. i 
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ArH + RNCO Cata'Vst Ar CON HAr 

Product Catalyst Reference 
.- 

p - X C6 H d  C 0 N H S 0 2 N H Ar- 
X = H. CI. CH3. OCH3 AIC13. HBFj. HPFs 709. 710 

X = R2N 662 

YON HCOzAr 

.-., CONHS02Ar 

R +:. . 
'ir - 

R 

a N ~ C O N H S 0 2 A r  

ti 

x = o .  s 
o C O N H S 0 2 C I  X 

CONHR 

(CH3)2 N- CH 4 
R = SO?Ar. Ar. COAr 

a1c13 709 

a1c13 71 1 

71 3. 71 3 
71 2 
71 2 

662 

662 

369 

71 2 

71 2 
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Other carboxamidat ions involving aromatic compounds have been 
shown to take place photochemically or during the thermal generation 
of certain isoc;ij..nates from carbonyl azides. Carboxamidat ions resulting 
in thc formation of substituted or condensed pyridoncs havc been ob- 
served during thermolysis of certain acryloyl azides substituted in p- 
position by vifiylidene radicals. aryl or hetaryl 

R = Alkyl. aryl, 
hetaryl 

R' = H. aryl 

A 11 = Aromatic or 
heterocyclic ring 

Heating of the bis-acyl azide of 3,3'-bipyridinc to 60-65 "C yields quan-  
t itatively 1 -isocyanatopyrido[2.3-h]-2.6-naphlhyridine-5-onc (439)' ". 

0 

(439) 

Ring closurc takes place also during photolysis of ?-biphenyl isocyanate 
Icading to a mixture of phenanthridone and carbazolr" '. 

I 
H 

NCO 

H 
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A related ring closure with formation of 3-phcnyl isocarbostyril is 
observed during irradiation of P-styryl isocyanate7'; 

0 0 
xso2Nco + I I  xso?luco R - - C - C H ~ R '  R C C H C O N H S O ~ X  I c, 

R' 

A largc number of CH insertion reactions have been carried out on c j m -  
pounds having a RCH2CO- group in which R is preferentially. but not 
neccssarily, an electron-withdrawing substituent. Fluoro and arylosy 
sulphonyl isocyanate react with alkylatcd and arylated ketones'88. 
Other ketones react w i t h  chloro and fluoro sulphonyl isocyanate at room 
tempcrature ( i n  dependencc on the solvent used) to give, after work-up 
with aqueous bisulphite, 1,2.3-oxathiazines (440) or 1.3-oxazines (441) as 
a rcsult of secondary reactions of initially formed adducts' ". 

0 SO?CI 
! '  

RC-CHCOT(I--CONHSO?CI 

R' 

:+0 
9' 

0 

OANH 

R' 

The carbanions of dimethyl sulphoxidc and dimethyl sulphonc add I or 
2 moles of aryl isocyanates. giving p-mono or diamido sulphoxidcs and 
suiphones' '. 

0 0 

( 0 )  H.0 \ 
CH3S-cH2 CH3S--CH R = H or CONHR 

( a )  AiNCO T ,..R T 
Na' CONHAr 
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r-Aryl sulphonylacctophenone and p-tolylsulphonylacetone werc shown 
to react similarly with aryl i ~ o c y a n a t e s ~ ’ ~ .  

ArNCO ArS02CH2COR ArSO2CHCONHAr 

R = CH3. C6H5 COR 
I 

Inorganic isocyanates, such as P(NCO) ,  or OP(NCO) , ,  react with aceto- 
phenone also by C H  insertion in refluxing toluene719. 

Dialkyl malonates react with phenyl and methyl isocyanatc in presence 
of triethylamine or alkali to give dialkyl carbamoyl m a l o n a t e ~ ~ ’ ~ . ~ ~  I .  

Heating the reaction mixtures leads to consumption of 2 moles of iso- 
cyanate and formation of 1,3-disubstituted barbituric acid-5-carboxylates 
( 442)7 ’ I .  

,COOR 

‘COOR 

Room ternpcrature 

H2C\ COOR -<;: R’NCO ot;l;oR 
R’ 

(442)  

Reaction conditions influence the nature of products in reactions of ethyl 
cyanoacetate with phenyl isocyanate. Thus heating of phenyl- or p- 
chlorophenyl isocyanate with ethyl cyanoacetate in pyridine yields 
5-cyano barbiturates (445)7”. On carrying out the reactions at room 

CN 
I 
CHCONHAr 
I 
COOC2H5 

(443)  

ArN%cN I 

H 

(444)  

Ar 

1445) 
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temperature. cthyl cyannialonanilic acids (443) are obtaincd. which on 
heating (Ar = Cc,HS) cyclizc to 3-cyano-4-hydroxycarbostyril (444)’”. 

Alkyl  hydantoin carboxylates. prepared from alkyl aminomalonatc 
hydrochloride and aryl isocyanates. react with phenyl isocyanare at 
room temperature in presence of triethylamine by CH and N H  insertion 
and formation of 446’”. Heating a mixture of the samc reactants leads to 
an iniidazolb[ 1.5-c]imidazolc (447)”‘. 

CbHbH NOC, C O N H C ~ H ~  

0 

(447) 

A mixture of products resulting from CH and C=O attack is obtained 
in thc reaction of dimedone with fluorosulphonyl isocyanate’x8. 

FSOzNCO 
, . Go’ < 0 
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Other reactions of compounds of the gencral formula RCH,COR will1 
isocyanates are shown below: 

P h  

P h  

Ca,H!,NCO 

NC 

The formation of parabanic acid 0.N-acetals from dimethjl formamide 
dialkylacetals and alkyl as well as aryl isocyanates is also explained with 
initial insertion of isoc9anates into the CH bond of the orthoformic acid 
derivative' 2 y .  
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The validity of the proposed mechanism is questionable, however, sincc 
orthoformates and trisaminomethane derivatives werc shown to react 
with isocyanates under insertion into a C-OR or  C-NR, 
5 1 5 . 7 3 0 .  An example is shown helow: 

iC' \. OCH3 2 A r N C O *  oq4 
OCH; OCH3 

OCH3 Ar 

Dimethyloxosulphonium met hylide was shown to react readily with 
1 or 2 moles of aliphatic o r  aromatic isocyanate to dimethyl-oxo-sul- 
phonium-[(his)-carbamoyl-mcthylides] 448 and 44!17". Other sulphur 
and phosphorus ylides react ~ i m i l a r l y ~ " ~ ~ ~ ~ .  

Hydrogen cyanide adds to aliphatic and cven bettcr to aromatic iso- 
cyanates in prcsence of tertiary amines and highly polar solvents (DMSO.  
dinierhylacetamidc) a t  l ow tempei9iurrs with final formation of 1.3- 
i ni i dazol i d i nes ". 
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RNCO R N C O + H C N  R - N H - C O C N  - 

Not all reactions taking place between N-substituted imines and iso- 
cyanates lead to formation of cyclic adducts. lmines having a R-CH? 
or CH, group attached to the carbon atom of the C=N group are known 
often to b2havc like tautomeric enarnines and react with isocyanates 
under CH insertion735. Thus. treating cyclopentanone anils with phenyl 
isocyanate gives 1 -a t i  i I inocyclopen tene-2-ca rboxan i I ides (450)5 '. 

2-Methyl- and 2.6-ditncthyl-A1-piperidine also reacts w i t h  1 mole 
isocyanate witli C-substitution giving 451 ( R  = H. CH3)737. Accto- 
phcnone anil reacts wi th  aryl isocyanates twice at the methyl group with 
substitution to aroyl nialonic acid dianilidcs (4S2)7". and x-indanonc 
aiiil rcacts with plicnyl isocyanatc to give i4t1 acyclic I : I adduct 453.',' 

A'-Arvlimino~icetoacetic acid itnilides rc:icI si~iiilarly"~. 2-Diniethyl- 
aniiiio-A'-pyrroIinc. which give5 cyclic 2: 1 adducts 454 oil rcactiiig wit!i 
aryl isocyaniites ;it room teinpcraturc5". yields 3-:irylcarbnmoyl-2- 
dinicthylarninopyrrolincs (455) on heating. without solvent. to 200- 
21 O"C.5 15 .  
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Ar 

(454) 

C O N H A r  

N 

(455) 

Comparable reactions of 2-methoxy-A'-pyrroline and 3.4.5.6-tetrahydro- 
pyridine with aryl isocyanates give, w e n  at room temperature, the 
corresponding 3-arylcarbamoyl compounds 456 and no c y c l o a d d ~ c t s ~ ~ ~ .  

This is surprising. since it  was found earlier that c-caprolactim ether 
gives cyclic 1 :  1 adducts 457 with aryl isocyanates at room tcmpera- 
t ~ r e ~ ~ ' .  At elevated temperatures pyrimido azepines (358) are obtained 
instead" '. 

PH3 0 

(457) 
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Other rcactions of structurally similiir imincs oftcn proceed via ini t ia l  
ilttack of thc isocyanate on the nitro3en atom Iollowed by proton shlli. 
and en-ureas 459 arc formcd in the first reaction step. Compounds of this 
type react with more isocyanate under substitution on the newly formed 
C=C double bond. giving 460 or 461. Thc latter two adducts are able to 
loose the ori~inally-introduccd isocyanate molecule duc to the rcduced 
basicity of the 

CH j RHNOC 
R N C O  

___* HR - R N C O  H)+R R N C O  

R R H NA H NR 
I I 

CONHR CONHR 

(459) (460) 

No kR RHNOC 
____* 

- R N C O  
RHNOC NHR 

RHNOC >-(" NR 

I 
CONHR (462) 

1461) 

nitrogen atom. thus erasing the evidcnce for an initial N attack of the 
isocyanate. Examples of all these propnscd rcaction intermediates 1i:ive 
been synthesized. '-Plieiivl-~'-pyri-oliiic a n d  phenyl isocyanate give threc 
dift'erent products. 463. 161 and 165. depending on thc reaction con- 
ditionsY4'. 

CONHCr,Ht, 

!464: 
(465) 
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O n l y  en-urcas arc obtaincd on reacting hi-alkyl-N-cyclohcxylidcne- 
amines with alkyl or aryl isocyanutes in the rnoliir ratio of 1 : I ”’.’-‘-’. 

1 -Mc1liyl-3,4-diliydro-isoquinoline ;!!id aryl isocyinatcs givc labile en- 
ureas (466) at room tcmpcrature. 1 : 1 -  and I :?-adducts with ncwly fornied 
C-C bonds are obtaincd at  elevated t e r n p e r a t ~ r e ’ . ‘ ~ ~ ’ ~ ~ .  

CHCONHR 

(467) 

?,?.3-Triniethyl indolcniric \\‘;IS shown to rciict with phcnyl isocyanate to 
give 3.3-dimctliyl-pticnylc~irbamoyl nict hylcnc-’.?-diIiydro-indolc 469 in 
high yieldiJh 

The betiaviour of h;-(2-niethylpropylidcnc)alkyl arnincs (470) towards 
aryl isocyanates is more complex5”. Cyclic I : 2  adducts 472 with .\-triazinc 
structurc arc obtained ;it room ternpcrature. Higher reaction tcrnprratures 
lead to acyclic 1 : I adducts. en-urcas (473). and carbanilides (374). which 
are probably fornicd f r o m  the tautonirric cnamine 471. 
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11 
(472) 

The reaction of butyraldazine 475 with phenyl or benzyl isocyanate in 
presence of acid (picric acid) is entirely different in its course. The iso- 
cyanate attack is preceded by an acid-promoted proton shift in 475 
followed by cyclization to the cis- and rrtrris-pyrazolines 476 and 477 
as well as the isomeric 478. Insertion of isocyanate into the N-H bond of 
477 and 478 gives rise to the 1 : I  adducts 479 and 480"'. 

(477) (478) 

I 479) (480) 
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Many different products are obtained o n  reacting 2-alkyl-A2-oxazolines 
and -thiazolines with alkyl, aryl and benzoyl isocyanates. Acyclic 2: 1 
adducts 481 and 482 in which the isocyanate is linked to a carbon or  
nitrogen (kctene-O(S).N-acctals, en-ureas) are formed at room, or only 
slightly elcvated, t e m p e r a t ~ r e ~ ~ ~ ~ ~ ~ ” ~ ” ~ .  Oxazolopyrimidines 483 and 
484 are, however. obtained on heating 2-methyl- or 2-ethyl-A2-oxazoline 
with phenyl isocyanate to 16C°CR77. Still differcnt adducts with a molar 
ratio of 2:2 are obtained in the presence of catalytic amounts of boron 
trifluoride etherate at room teniperaturc. Similar adducts are formed 
also with methyl isocyanatc in absence of the catalyst7“. 

Even more complicated are the reactions of N.N-dimethyl-N’-phenyl- 
acetaniide J8670H and 1-mcthyl-2-phenyliminopyrrolidInc 4895’:.7Ju 
with  aryl isocyanates. A 5-diamino nicthylene- 1.3-diphenyl barbituric 
acid (487) is obtained on reacting M.N-dimethyl-N’-phenyl~~etanlidinc 
with phenyl isocyanatc at elevated t e m p ~ r a t u r e ~ ” ~ .  A by-product of 

\ 
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unknown structure formed in thcse reactions could very well bc the 
q u i no I i ne car boxa n i 1 ide, 488. 

Rcinriard Richter and Henri Ulrich 

Heating of N-methylpyrrolidinone with excess phcnyl isocyanate to 
140°C initially produccs 489. This amidinc and phenyl isocyanate react 
further to give 1 -methyl-2-phenylamino-2-pyrrolino-3-carboxanilide (490), 
the key intermediatc, from which two differently substituted pyrrolo- 
[2,3-b]pyrimidines (492) and pyrrolo[2,3-h]quinolines (491) are obtained 
in inter- and intramolecular [2 + 41 cycloaddition reactions. 

XH 

CONHR 

CH3 
(490) 

X = O.NR 
R = CeH5 

% 
0 x k  R I 

Mixing the-aniidine 489 at room tcmperalure wi th  phenyl isocyanate 
gives a cyclic 7: 1 addiict 493 in almost quantitative yicld5". 
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d. Iiiserfiori iriro COC trrid C-hologe~ bords. Isocyanates are able to 
insert into COC b o d s  resulting in the formation of carbamates. Several 
of these reactions, which can best be described by the general equation 
R,COR + R'NCO + R,CN(R')COOR, have bcen treated in Section 
II1.B.Z.b.ii. Oligomeric alipJ1:itic aldehydes (formaldehyde, acetaldehyde) 
which have the general formula [RCH-01,. react readily with fluoro and 
chlorosulphonyl isocyanate at low temperature to adducts 494 or 495"'. 

(494) (495) 

Similarly. methylal reacts with chlorosulphonyl isocyanate or alkyl and 
aryl isocyanates in presence of Lewis acids (BF,. ZnCI,, AICI,) wi th  
formation of carbamates308~'50. Double insertion into both COR bonds 
is observed on 

R 
i 

OCH:< ,OCHj ,NCOOCH:j 
RNCO RNCO CH.) - CH2' (Cal;Ilysr) ICatalvsi)  

CH/' 
\ \ \ 

OCH? NCOOCH3 NCOOCH3 
i I 
R R 

increasing the quantity o f  acid catalyst 7 2 0 .  Thiokctals were found to 
react similarly. Orthoformates also form 1 : 1 adducts (497) with  aryl and 
alkyl isocyanates when heated to 30-70 "C in presence of Lewis 
Refluxing aryl isocyanates with excess tricthyl orthoformate. however. 
leads to 1.3-diaryl-j.j-diethosy(3H.51-I )iniidnLolcdiones 49875 '. The 
latter teactions are related to thc formation of 0.N-acetnls of I.?-di- 
substituted parabanic acids from isocyanates and dimethyl formamide 
diethyl acetal"'. I t  islikely that both types of products are lormcd via it 

common intermediate 496 its shown bclnw"'". 
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OR ' ,COOR 
ArlJCO + HC(OR), Ar -N-  HC' / - - +  t-- ArN 

I \ \ 
COOR OR CH(OR), 

(496) (497) 

I ATNHCOOR 

OR * OR 0 
I c' ArNCO, ? T O R  

\ 

OR ArNYNAr 

Sulphonyl isocyanates and ortho esters of formic, acetic and benzoic 
acid react in a third mode and afford mixtures of N-(chloro or aryll- 
sulphonyl-N-alkyl urethancs and esters of carboxylic 

.. 
R"SN2 

\ 

/ 
R'C(0R) :J  + R"SOZNC0 R'COOR + N-COOR 

R 

The insertion of isocyanates into C-halogen bonds atfording carbamoyl 
halides has been obscrved occasionally and all known examples indicate 
that catalysts are required for these additions. Thus ethyl N-methyl-N- 
chloromethyl carbamate reacts with methyl isocyanate in the presence 
of small amounts of zinc chloride to yicld a mixture of 399 and a cyclic 
anhydride of met hyAnne-bis( N-mcthylcarbamic acid). 500. Other carba- 
moyl chlorides are prcpared ~imilar ly"~.  

CH.? 
\ ZnCl i  

/ 
N - C O O C ~ H E ,  + CHsNCO 

CICH;! 

CH3ilJ I CH3NnNCH3 
I 

C2H5OOC COCl + 0 A O A O  

(499) (500)  

Lewis acids or elemental carbon arc also catalysts in reactions of 
. Examples arc shown ca r bo x y I i c acid h ;i 1 id cs w i t h isoc y a n a t es 

be I o w . 
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COCl 
150 'C / 

\ 
RNCO + COCl:, - RN R = CH3.  CIH,. C j H 7 .  C,H, 

COCl 

773 

COR' Catalysts: SnCI,. SnCI2. SbCl,,, TiCI, 
20 'C / ZnCI?, etc. 

RNCO + R'COCI - RN 
Catalyst \ R = Alkyl. alkenyl 

CNCl R'  = Alkyl. alkenyl. aralkyl 

N-Aryl and alkyl-S-chloroisothiocarbamoyl chlorides. however, react 
with isocyanates by insertion into the SCI and not the CC1 bond as shown 
below7 5h. 

R'  
SCI SNCOCI 

CI CI 
R-N=( +R"co  - R-N=( R. R' -- Alkyl. aryl 

e. 1risc~r.tiori.s iritwlvi i ig  i?ic.rrrl org~rriic c*or,ipoirritl.s. 
( i )  Group I ,  lia. Ilb and IIIa elements. Organolithium compounds 

have recently been shown to react readily with thermally generated (from 
the corresponding acylazides) isocyanates to give, after work-up with 
water. ex ce I I e n t y i e I d s of N -s u bs t i t  u t ed am ides ' . 

0 0 
( a )  R ' L I  11 

R-NHCR' R. R '  = Alkyl. aryl 
// ( a )  NaN, 

R-C R-NCO 
\ ( b )  .1 ( b )  H2O 

CI 

Alkyl  and aryl magnesium halides react similarly with phenyl and fury1 
isocyanate. Sivins the corresponding substituted carboxylic acid 
a r n i d e ~ ~ ~ "  7 h ' . , 4 7 5 .  Two types of intermediates have been considered ;is 
being formed in these reactions and none could be ruled 

0 
H2O , R'c$ 

\ 
OMgX1 R '  NHR 

0 
II / 

\ 
RNCO + R'MgX - RN-C-R' or RN=C 

Mgx 

Organozinc compounds behave like Grignard compounds and underso 
similar r~actions" '~.  Insertion of isocyanates into HgOCH, bonds takes 
place readily. giving c;irb;iniatcs such as  SO1 
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Triplienylborane and phenyl isocyanate givc bcnzanilide on heating 
in sylenc folloMd by work-up wi th  -’‘” . Thc insertion of iso- 
cq”iii;ites into BOK bonds @s: t coiiimon iind has only been observed in 
the reaction of phcnyl isocynnre \vi th  2-/1-butosy-I .3.2-benzodio.ua- 
borole‘(’’. Tri-/i-butosy boranc failed to react with the siinic isocyanate 
on I-efluxing. Inscrtions inlo R-NR, bonds. however. titke place readily 
;I nd lia vc been o bscrved with mono-. di- arid t r ianiino bola nes’ ’ 70. 
Bis( d i iiict Ii ?la 111 in o )phcii 1 1  l bora iic reiicts siiinot h I!. ivi t h I inole phcn yl 
isocyanate \i,liilc t Iic second cscliange c;iii be cllccted only under forcing 
con d i t ioiis-‘”. 
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Boron halides or arylchloroborancs react also w i t h  is~cyanates '~".  All 
three BCI bonds are available for insertion in BCI,: no reaction. Iiowcvcr. 
w;is observed with BF,. Phenyl dichloroborane rcacts with 2 molcs of 
isocyanatc w i t h  inscrtion into ii BCI and B-C bond'"". 

R 
I 
NCOCI 

/ 

\ 
C,H:,BCIz + 2 RNCO - CI-B 

NCOCCH:, 
I 
R 

i 

Organoaluminium compounds of the general typc AIR, with R = a lk  I 
behave likc Grignard compounds in reactions wi th  alkyl and aryl iso- 
cyanatcs. yielding carboxylic acid amides upon hydrolysis of thc rcaction 

. The initial adducts formed in thcse reactions were shown m i x r " r e s 7 7 1  7 7 3  

lo be diincric and arc best represented by the cyclic structures 5043 and 
S03b77J. 

1 

R 

I 1 

t I 

R"./ C b o  

AIR3 + R'NCO R z A I  AIR:) - 
N R' 

R 

(504a) 

R 

0 R'N pc '\ 0 
1 I H O  4 

A I R ?  RC 

N H R '  
t 
N R' 

RzA,l 

0 
AC // 

R 

(504b) 

A l k y l  aluniiniuni chlorides could be applied in thcse reactio7is ;is 
\ \ e l ] ' 7 1 . 7 7 a  . Diclli~lali i i i i ini~i~i clliyl lliiol;ilc or diiiiethylaniidc rcacI 
i v i t l i  rquimolar iinioiints ol%lkyl and ary l  isocyanate with prcl't'rrcd 
AI-SR and AI-NR,  bond clewvagc yiclding I : 1 adducts like SOS--5. 
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R = Alkyl. aryl 
\ 

COSC2Hzj 

Reactions between aluminium halides and isocyanates have also been 
studied. Variocs structural formulas have been suggested for 1 : 1 adducts 
of phcnyl isocyanate and A1C1,3’”3h’.3h3 . but from evidence provided 
by later investigations on AIBr,.RNCO adducts i t  is believed that all 
these adducts have to be formulated as AILX insertion products 506774. 

Ph 
/ 

\ 

( 506 1 

AIX3 + PhNCO - XZAIN X = CI. Br 

cox 

Triethylindium was shown to give a 1 : 1 adduct with equimolar amounts 
of phenyl isocyanate: with excess isocyanate, however, 2.4-dioxo-6- 
et hylidene- and 2,4-dioxo-6,6-diet hyl- 1.3.5-triphenyl hexahydro-s-triazine 
507 and 508 are obtained besides N,N’,N”-triphenylbiuret and N-phenyl- 
propionamide7 7h.777 . The product ratio can be influenced by varying the 
isocyanate-InEt, ratio. The product formation in this unusual reaction 
is partially explained by the occurrence of Et,lnOH as intermediate. 

* 

( i i )  Group 1Va and IVb elements. Organotin compounds are by far 
the most intensively studied metal organic compounds in isocyanate 
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chemistry. Both $n(ii) and Sn(iv) compounds have been found to react 
readily with isocyanates. 

Tin(ii) dimcthoxidc was shown to exchange both methoxy groups on 
rcacting with phenyl isocyanate, giving a bis(methy1 h'-pheny1carbamate)- 
rin(1i) S0977H. 

Reactions involving Sn(iv) compounds deal mostly with insertions into 
SnOR and S?:OSn bonds. and have been investigated in connection with 
catalysed oligomerizations of isocyanates (see Section 1II.B.l.a and b). 
Two typical reactions arc shown be lo^^^".^^^. 

R '  
R'NCO / 

R,SnOCH, - (C2H,0),SnN 
\ 

COOCH 

R = Alkyl 
R' 

R3SnOSnR3 ___* R,SnN R' = Alkyl. aryl 
R'NCO / 

\ 
COOSnR 

On treating bis-tributyltin oxide with excess. or stepwise. with two different 
isocyanates. isocyanurates are obtained via repeated insertion of iso- 
cyanate into SnO and SnN bonds as shown below'". 

R' 
/ R NCO 
'C 

___* (R3Sn120 R " C o +  R3SnN 

COOSnR3 

R " N C 0  I 

Depending on thc structure of the isocyanates used in these trimerizations, 
insertions might take a different course and urea derivatives are obtained 
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as a result of two successive SnO bond  insertion^^".^^^. lnscrtions into 
GeOGe and GeOSn bonds have also been investigated7“: 

Y G H S  C6H5 
I 

,C6H5 

\ 

Ct,H‘,N CO CI, ti L> N C 0 

--CO2 Bu3SnNKNSnBu3 
(Bu3Sn)zO Bu3SnN 

0 
COOSnBu3 

Insertion and isomerizations are observed on reacting tributyl tin meth- 
oxide or bis-rributyltin oxidc with arenesulphonyl i s~cyana te s~” . ”~ .  

SO2Ar . /OCH3 
Bu jSnOCHj  ArSO:)NCO Bu3SnN / Bu3SAOC 

\C 00 C H 3 b 0 2 A r  

OSnBu3 < /S02Ar 

\ 
ArSO?NCO, Bu3Sn 

Bu3SnOSnBu3 and/or ArS02N 

OSnBu3 COOSnBu3 

Triphenyltin r-butyl peroxide is also capable of undergoing reactions with 
alkyl isocyanates, giving r-butyl ~-alk\l l- l~-triphenyl stannylperoxy- 
~ a r b a m a t e s ~ ~  ’. 

Reactions of isocyanates w i t h  hmpounds  containing Sn-N bonds are 
very similar to SnO  insertion^^"^. 

a 

Insertions into SnH bonds have also been observed and are not uniform 
wit$ regard to thc structure of the products obtained as is shown 
below789 7 ‘ )  I 

,a, H 5 

(C2a5)3SnN 
\C”O 

( C2H5)3SnCON H CGH 1 1 

(Cz H5)3SnH 

Stannyjphosphines were shown to react wit11 plienyl isocyanate, breaking 
the Sn-P’oond and giving 510 in good yield7”’. 
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Reactions of isocyanatcs with silicone compounds having Si--S. Si- N. 
Si-OR, Si--P. Si-C and Si-t-3 bonds havc bcen investigated and resemble 
in many instances thosc of tin compounds. 

P-Halogen alkoxy trimethyl silancs rcact only at clevatcd temperature 
(17(r200°C) with phcnyl isocyanatcs with insertion into the S iO bond; 
initially formed adducts, however. rcact with excess isocyanate, giving 
rise to formation of complex reaction mixtures containing N.N'-diphenyl 
carbodiiniide, triplienyl isocyanurate as well as a cyclic 2: I adduct of 
phenyl isocyanate and N.N'-diphenyl carbodiimide but no defined 
product of a SiO i n ~ e r t i o n ' ~ " .  This is diflercnt from Si-SR compounds 
which readily yiebd silyl thiocarbiini;ites atid isocyiinate t r i m e r ~ ~ " ~ .  

Even more reactive are  compounds with Si-N bonds. and insertions of 
isocyanates arc rxothcrmic7" ")*. 

2 
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Cyclization to N-silylimidazolidinones is observed during the reaction 
of dime t h y 1 bis( d i me t h y I a 111 in o )s i la n e with  et h y I cne d i i socy a 11 ii t e '"". 

R 
/ 

( C H ~ ) ~ S I N ,  \ 

CONCOCN 
I 
R 

RNCO /R 
( C H ~ ) ~ S I - C N  A ( C H ~ ) ~ S I N ,  

\ 
COCN 

(511) - 

Trimethyisilyl cyanide reacts with aryl and p-tosyl isocyanate initially 
with insertion into the Si-CN bond. giving 511. Only  with sulphonyl 
isocyanate. however. is it possible to isolate a 1 :  1 adduct; uncatalysed 
addition of another mole of isocyanate is observed in all other cases. 
ultimately Icading to IV.h"-disiibstittited 5-t~imc~liylsilylimino iniidazol- 
idinedione 512y00. 

R R = Aryl 

(51 '2) 

Reactions of compounds having Si--P bonds have also been studied. 
Very often isocyanate oligomerization was observed exclusively. together 
with carbodiimide formation. In the case of phenyl-bis(trimethylsily1)- 
phosphine, however. acyclic 1 :  I adducts resulting from a Si-P bond 
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insertion could be isolatcd. These initially-formed adducts isonierize 
readily, giving mixtures of 513 and 514'''. 

Two dilfercnt pathways have been observed in reactions of triethyl- 
silane with alkyl and aryl isocyanates in presence of palladium cata'lysts 
211 80 "C. While silyl formamides are formed with r-naphthyl isocyanate, 
similar reactions with phenyl and ri-butyl isocyanate lead to Si-C bond 
formation _giving carbamoyl silanes"'. Related reactions are observed 
with organotin hydrides. 

(Trimethylsilylmetliylene)dimethylplienyl phosphorane reacts w i t h  phenyl 
isocyanate at - 35 " C  in ether, giving a 1 : 2 adduct, formed by insertion 
into the CH and C-Si bonds. involving also a Si(CH,), migrationH5'. 

Insertion rcactions involving lcad compounds are also known, and 
are similar to reactions of compounds of other group IVa elements. 
Insertion into a Pb-OR bond takes place on treating triphenyl or tributyl 
lead methoxide with r-naphthyl isocyanates"". Spontaneous trimeriza- 
t ion of phenyl isocyanate. however. is observed in the prcsence of trimethyl 
lead met h ox ides ". 
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AiNCO R = CH? 

Ar : s-Naphrhyl 
R : Butyl. C G H ~  

-c ,Ar 

R3PbOCH3 

R3PbN. 
'COOC H 3 

On cnrefiil addition of phenyl or cyclohexyl isocyanatc to tributyl 
pliimbyl-hr-dietliylominc. a I : I inscrtion product is formed. Reverse 
addition. however. leads. cvcii N i t h  triiccs of the plumbyl amine. to 
trimerization of the isocyanate'"'. 

Trierhyl phtxiylethynyl lead rcacts esothcrmically with plieiiyl iso- 
cyanate. Tuo niolcs of the isocyanntc arc inserted into thc Pb-etliynyl 
bond giving a linear adduct 515. Cyclization of the latter and hydrolysis 
y i e I ds I .3.5 - t r i p h c 11 y I - u rac i I 5 I 6 so '. 

R 

Reac! ions of t i t  ; i n  i u  111 conipo 11 nds wi I 11 isocyana ies ha \T ;I Is0 been 
~ s p l o r e d ~ ~  7.X0s. R?ad\. i nscrl ion of  ho t 11 ;ilk yl ;I nd ;i ryl isocya na tcs 
into Ti-OR bonds is observed ;it  low teiiipcixtiircs. Titanium tetra- 
alkoside reacts re\rrsibly \\'Ii!i 4 niolcs of isocyanate. giving tctracar- 
bamates u*ith the gencral forniiil:i 517. On standing at room tempcratiire. 
slo\v conversion In to isocyanate t rimers \vas observed and titanium 
alkosidc \\':IS reformed. indicatiiig the lollowing proccsscs: 

-3 
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R’ 
\ / 
-TI-N 

/ ‘COOR 

R’ c 

( i i i ) .  Group Vn elements. A number of reactions involving phosphorus 
compounds and isocyanatcs are described in Section C. Icadins very 
often to the formation of carbodiimides. Other phosphorus-containing 
compourlds arc k n o w n  to bc excellent catalys!s for the oligomeri;li~tion 

A large number of phosphorus compounds react readily with isocyanates 
with iriscrtion into a P-R bond. IsocyanatL‘ insertion into P-H or P-N 
bonds. resultiiig in thc formation of amides and urea  (sce equations 
below) isobscivd wi th  both P ( t~~) i lnd  P(v)co~i>potr~~ds.  However. reiictions 
of‘ trivalent P compounds lead occasionally to unexpected products. 
Treating 2.2.2-1 rimetliosy-2.~-ditlydro- 1.3.3-dioxapliospliolenes (518) with  
ii r y I i soc y a n a t es leads to for in a t i  on of 4-i1 r y I i ni in od i o s i1 ph 0 s  p I1 o t a 11 es 

. Tlic latter can be further converted wi th  excess isocymutc into 

of isocyana tc s ’7 ‘” .~ ‘ ) ‘ ) .~  10 

5 1 96 2 -i 

hydantoins (520) and trimethyl phosphate. 9 
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The conversion of isocyanates into isonitrilcs on trcatmcnt with 2-phenyl- 
1,3,2-oxazaphospholidiq~. as described in Section C is accompanied by 
formation of an insertion product S21"". 

,CGH5 

Q \p//o + RNC t 
0 

PCGHE, f RNCO 

N ,  'N' 'CsH5 
I ! 
CH3 CH3 I 

(": 
CH3 

(521) 

Reactions of phosphorus-containing compounds with isocyanatcs: 

RNCO H0 812 
(R0)2PHO NE,3 ' (R0)2P 

'CONHR 

81 3 
b (CH3)2NCNHC6H5 + Resinous material CsHsNCO 

II from P-containing 
0 component 

[(CH3)2Nl2PHO 

S O ~ C I ~ H ~ C  H J -  p 
81 4 

/ 
(CH3)2NP-N 0' C i i  jC6 H a S  0 2  N C 0 

[ ( C H ~ ) ~ N I ~ P O C Z H ~  I 'CON ( C  H3)2 
OC2H5 
8 

CI CI CI 

oNp/cI 816. 817 
\ I /  CI, ,CI 

_. CH3N'e'"'R 
P 

'I- " I o  ' A N A o  0 
so2 

I 
CH3 Y 0 I-'._".j -., 

RNCO NCH3 
/p\ 

CH3N 

Most phosphorus compounds having P-NR, linkages react with iso- 
cyanate withsnscrtion into the P-N bond or oligomerization of the iso- 
cyanates. V N  compounds derived from prima'ry amines, however. 
behave differently and can give different products &pending.. on the 
structure of the reactants (see also Section III.B.3.b). When dialkyl-N- 
phenylphosphoramidites (522)  are treated with phenyl isocyanate, 
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diesters of N.1'-diphenylamidinophosphonic acid (523) are obtained, 
believed to be formed via the following path\.~ay"".'~': 

I . 

(523) 

This reaction is. however. not common. since dict hyl-N-et hylphosphor- 
amidite reacts with ethyl isocyanate only under N H  in~ert ion '~ ' .  Another 
possibility of interaction is encountered between alkyl as well as aryl 
isocyanates and N-phenyl diphenylphosphinous amide. yieldin? a 
mixture of 524 and 525'". Similar reactions are described with silyl- 
am ines"". 

R 

( 524 1 (525) 

Both alkyl and aryl isocyanates were shown to insert readily into As-N 
bonds, giving tris-ureas 526111 high ~ i e l d ' ~ ~ . ~  14. 

A~"(CH31213 - ""' As [ N (R ] R = Alkyl. aryl 

CON(CH3)2 3 

(526) 

Other reactions of phosphine and arsine oxides with isocyanates are 
described in Section C. 

C. Reactions of lsocyanates Across Their C=O Bond 

Reactions of isocyanates o n  their C=O group are less common. The 
thermal formation of carbodiimides from isocyanates has been reported 
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for sevcral examples in which asymmetric isocyanate diniers (527) are 
bclievcd to be intermcdiates. 

2 R N C O  

I t  is not cntirely certain whcther a t ru ly  uncatalysed carbodiimide 
formation from isocyanates exists at all. 

Compounds of group V elements (P. As. Sb). which rcadily undergo 
reactions wi th  isocyanates across their carbonyl group. 

Thc phosphonium ylids 528 wcre shown to react with alkyl and argl 
isocyanate possibly via a four-mcmbered ring transition state. giving 
triphenyl phosphine oxide and the kctcnimines S29""." '. 

(528) (529) 

A polar adduct is claimed to be formed from dimethyl nicthylenc triphenyl 
phosphorane and phenyl isocyanate""', and unsubstitutcd mct hylenc 
phosphoranes react wi th  isocyanates prcferentially by CH insertion"'. 

More'iniportant are r c m  ions of isocyana tcs w i t h  pliosphige imines : 
the latter are readily formed from tertiary phosphines and azides""'. 
Phosphinc imines rcact with isocyanatcs to form carbodiimides and 
phosphinc oxidc'". A numbcr of other phosphine oxidcs were later 
found to react rapidly wi th  isocyanatcs. giving Yhosphininiines. which 
with excess isocyanate form carbodiimide and regenerate the phosphine 
oxidesJ70.8' 1 - 8 . 3 2  . In  a study involving five ditrerent phosphinc oxides 
and independently prepared N-phenylphosphinc imines. it was found 
t l i a t  the ptiosphin injnes react lo5- I 0' times faster with phenyl isocyanalc 
than the corrcspondiii? phosphine asides"". Since the phos*ine 
oxide is constantly rcgencratcd. catalytic amounts arc suficient for' the 
conversion of isocyanates into carbodiimides. Cyclic phosphinc oxidcs 
such as I-alkyl- and ~iryI-3-phospholene-l-oxides arc outstanding catalysts 
for the carbodiimide ~ repa ra t ion"~" .  but 1.3.2-diazaphospholidine-2- 

1 .3.2-dia~aphosphorine-l-oxides~~~. pliosphetane 1 -ox- 
idesXjs and acyclic phosphine oxides as wcll a s  others werc shown to 
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catalyse the reaction too. Alkyl  as wcll as aryl isocyanates havc bcen 
converted into carbodiimides: 

R3PO + R'N=N=NR' z, 

(531 1 

bcnzoyl isocyanate rcacts di crcntly and gives. in addition to unidentified 
products. benzonitrile and carbon dioxideJ7'. Sulphonyl isocyanates 
react rcadily with cyclic or acyclic phOosphinc oxides. giving N-sulphonyl 
pliosphiii iminej. \vhich can noi be further transformcd into N.N'-his- 
sulphonyl c ~ i r b o d i i ~ n i d e s " ~ " . ~ ~ ~ .  

The preparation of carbodiimides having two diffcrent N-substitucnts 
is possible in ccrtain cases. Thus reacting N-phenyl-triphenylphosphin- 
imine at - 78 "C with r-hydropcrfluoroisopropyl isocyanate gives the 
carbodiimide 532 in good yieldH3H."'). 

1 

- (CF3)zCHN =C=N Ph - Ph3PO 

(532) 

iCF3),CHNCO Ph3P=NPh + 

Other compounds of group V elements with nietal.--oxygen bonds such 
11s triphenylarsine oxide 533 or triphenylstibinc oxide are also carbodi- 
imideaatolysts8'2. Molar amounts of 533 and aryl isocyanate givc high 
yields of triphenylarsine irnines 534'" 

(C6H,)3As0 + C,H,NCO -cO,- ( C , H ,  ),AsNC6H5 

The convcrsion of aryl isocyanates into carbodiimides i n  tlic prcsence of 
catalytic amounts ol' iron. tungstcn and molybdenum carbonyls is%ely 
to proceed via formation of isonitrile-metal complexcs. as outlined 
bclow'" I .  

(533) (534) 
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- R N .= C = N R I 
- RNCO 

t-- 

1 
I 

Me-C=N-R 
I 

Heating of aryl isocyanates with phosphorus pentachloride produces 
aryl isocyanide dichlorides, phosphorus oxychloride, diary1 carbodiimide 
and p h ~ s g e n e ' ~ ' . ~ ~ ~  . I t  is believed that a cyclic 1 :  I adduct 535 is rcspon- 
sible for the formation of these products. N-Substituted trichlorophos- 
phinimine (536). a likely intermediate. is convcrtcd with excess isocyanate 
into carbodiimide and POCI,. 

CI 

PC15+RNCO 

[RN=PCI,] + COC12 
1 

Trivalent phosphorus compounds arc used as deoxygenating agents of, 
isocyanates leadins to formation of isonitriles and pentavalent phos- 

. en 2- henyl-3-methyl- I ,3,2-oxaphosphol- phorus compounds" Wh 
idine (537) is reacted with aryl or alkyl isocyanates at a low temperature. 
isonitriles are obtained in good yield in addition to small amounts of 

8 .  
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3-su bst ituted perhydro-2-phenyl-5-methyl- 1,3,5,2-oxadiazaphosphine-4- 
one. The formation of the isonitrile is believed to involve an intermediate, 
538, which collapses to give product and 539*' 1.844."J5. 

C 
(538) 

I 
C H j  

I 
/N\ 

(539) 

Ketenimines (541) are obtained in high yield on reacting rx-(0,O-diethyl- 
phosphon0)-7-butyrolactone carbanion 540 with alkyl isocyanates in 
warm benzene"'. 

(540) (541) 

2-Aryliminobenz-3,1-oxazine-4-ones (543) are formed during the thermal 
decomposition of benzotriazinone and isatoic anhydride in presence of 
aryl i ~ o c y a n a t e s ~ " ~ ~ " ~ .  The reactions are believed to involve formation 
of iminoketene. 542. The obtained phenyl isocyanate adduct. 543. 
can be rearranged into 3-phcnylquinazoline-2.4-dione. 2.2-Tctramethy- 
Icnc-I-inethylene 1.2.3.4-tetrahydronaphthalene reacts with CSI at  low 
teiiiperarure to give quantiratively 4a. 10a-[2'-h~-chlorosulphonylirnino- 
3'-osapropano] I.2.3.4.4a.9.lO. I Oa-octah~drophenanthrenc (544) i n  a reac- 
tion accompanied by a Wagner -Meerwein rearransement in the dipolar 
SI  ageXJ9. 
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[a::"] A " C o b  d L  NAr 

H 

(543) 
H 

(544) 

Two different addition products have been obtaincd from 1,1 -dimethyl- 
2.5-diphenyl- I-silacyclopenta-2.4-diene and CSI. Mixing the componcnts 
in ether at room tempcratureproduced 545 in good yield8"h. The reaction 
is likely to proceed via a dipolar intermediate which rearranges to 545 
via silicon migration to oxygen. Mixturcs of 545 and 546 are obtaincd. 
however. on carrying out thc reaction at 0°C in CDCl.3\"h". 0 1 1  reacting 
CSI with diphenyl mcthylenc cyclopropanc at room tcmperatur-c. r.- 
diplienyImetliyIcne-N-chlorosulpllonylinii~lo-;.-butyrolactone (547) I S  

formed in high yield"'. Possiblc dipolar intermediates in this [2 + 31 
cycloaddition reaction arc shown below. 
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,S02CI 

A related 1.3-dipolar cycloaddition is used for the preparation of 
oxazolines from 3-phenyl-2H-azirines. Irradiation of the latter in solution 
leads to bcnzonitrile methylene ylids (548) which can be intercepted by 
heterocumulcnes such as aryl isocyanates, giving oxazolines (549) in  good 
yieldg: ’ . 

R 2  R”Co ’ 
(548) 

R’ 

N Rz , 

C s H S d  - h\ 

C6H5 

HNR3 
0 R’ = H. alkyl. R2 = Alkyl, aryl; R3 = Aryl “x RZ R’ 

(549) 
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Phenyl isocyanate has been shown to dimerize to 1,3-diphenyldiaze- 
tidinedione on irradiation with ultraviolet light85z. Extensive polymeriza- 
tion and evolution of carbon monoxide is observed when several P-styryl 
isocyanates are irradiated71”.853.85~. The styryl nitrenes produced in 
these decarbonylatiors undergo further reactions resulting in the forma- 
tion of a number of products which are shown below. 

v 

( R  = H. CH3) 

Decarbonylation takes place also on irradiating phenylethynyl iso- 
cyanate generated from phenylpropionyl azide, resulting in the formation 
pf r,P-dicyanostilbene. The latter is photochemically transformed into 
6 ,  IO-di~yanophenanthrene’~~. 

t> I t l \  , c ~ j  H5C 3 C-CO N3 ___* [ C6H5C EE C - N co]  

e 
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-3. I NTR 0 D U CTI 0 N 

This chapter deals with the syntheses and preparative applications of 
organic thiocyanates ( I ) .  

Discussion is limited to thiocyanates in which the functional group is 
covalently bonded to carbon, nitrogen or sulphur. 

Organic thiocyanates are readily prepared by a wide range of methods 
which often show a striking parallel with those used for making the cor- 
responding halides, thus reflecting the niarked pseudohalide character of 
the thiocyanato group'. The most common by-product of the reactions, 
often occurring in substantial amounts, is the corresponding and thermo- 
dynamically more-stable isothiocyanate (2), which may be form@ either 
in the primary reaction or in a secondary isomerization reaction. Ih many 
investigations this has not been appreciated or has been disregarded, and 
so the interpretation of such work often needs to be viewed with caution 
and re-appraised in the light of current knowledge. Physical methods, 
e.g. i.r.' and n.rn.r.j spectroscopy, now permit rapid detection of iso- 
thiocyanato by-products, which may be readily removed, if necessary, by 
chemical or  chromatographic methods'. Isothiocyanates are the subject 
of a separate chapter, and consequently discussion in this chapter will be 
confined to the circumstances under which they arise in the synthesis and 
reaction of thiocyanates. 

Thiocyanates undergo a rich variety of reactions due to the ability of 
the thiocyanato functional group in I to react either as a pseudohalide 
group or as a sulphenyl cyanide group. This dichotomy of behaviour 
provides attractive routes to many types of compounds, particularly 9- 
and S-heterocycles of marked physiological activity. In this context, i t  
should also be noted that many thiocyanates show toxic effects, mainlv 

*-a dermatitis, which varyrzonsiderably in different individuals, and so due 
precautions should be exercised in all handling of these compounds. 

Previous reviews of the syntheses and preparative applications of 
orgnnic thiocyanates include those by Kaufman (194l)', Wood (1946)f 
Bacon (1961)'. Reid (1965)*. and Knoke, Kottke and Pohloudek-Fabini 
( 1 973)9. The last two p~bl icat ions ' .~  are particularly comprehensive 
accounts. with Reid's article' also tabulating physical data for, and 
reviewing the physiological activity and commercial applications of, a I 

wide range of organic thiocyanates. This review. therefore, will concentrate 
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on recent developments in synthetic methods. preparative applications. 
theories. and rcaction mechanisms. wi th  adequate reference to the eurlicr 
work where appropriate. In particular, resulP3:if mechanistic studies on 
the reactions of thiocyanogen with ganic compounds are emphasized 
in order to rationalize the extensive, but often confused. literature on such 
reactions. # 

II. PREPARATION OF THIOCYANATES BY REACTION 
OF ISOTHIOCYANIC ACID OR ITS SALTS WITH 

ORGANIC C O M P O U N D S  

The reaction of isothiocyanic acid (HNCS) or its salts with organic 
compounds is one of the most widely used methods of thiocyanate syn- 
thesis*.'. As in the corresponding reactions of hydrogen halides or their 
salts, isothiocyanic acid' behaves as an electrophilic reagent and its salts 
as nucleophilic reagents. The thiocyanato anion. however, dilrers from 
halide anions in that i t  is an ambident" nucleophile due to the resonance 
-1 - S-C=N ++ S=C=N. which results in the hybrid structure and charge 
distribution shown in 3l ' .  

- 

-0.7108 t0 .1934 -0.4826 
s.----.c------ -- -N 

Consequently, kinetically-controlled reactions of the thiocyanato anion 
with organic compounds may lead either to thiocyanates ( 1 )  via nucleo- 
philic attack by the sulphur atom, isothiocyanates (2) via nucleophilic 
attack by the nitrogen atom, or mixtures of 1 and 2. In common with other 
arnbident species", the reactivity ratio (relative nucleophilicity) k s / k , I 3  of 
the two ends, S and N, of the thiocyannto anion 3 may depend on the 
interplay of various factors. e.g. solvent or medium, counter-ion. cat>ilysi, 
Cora-ntration. temperature. leaving group, and structure of the organic 
co ni po 11 rid. 

In  heavy-metal thiocyanates, the thiocyanato group may be S-bonded 
or N-bondcd to the metal atom BS in Hg(SCN), and Cu(NCS)? respec- 
tively''. Not surprisingly. the behaviour of these thiocyanates with 
organic compounds maps  e quite dilrerent to that of the ionic alkali 
metal thiocyanates. and some successful exploitations of this difference 
are described below. Cupric thiocyanate occupies a special position since 
i t  can also act a s  a soiircc of thiocyanogcn on being heated5.". 
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A. Halides 

The archetypal method of preparing alkyl and aralkyl thiocyanates. 
and the one on which most mechanistic studies have been made. is the 
reaction of the corresponding halides w i t h  metal thiocyanates in suitable 
S O I V C ~ ~ S ~ . ~ . ~  (equation I 1. 

(1) 

Tradit ionally. solutions of sodium. potassium or ammonium thiocyanate 
in water. ethanol or acetone are used4.  glycol^'^ and liquid sulphiir di- 
oxide'" have also been used as solvents. However, dipolar aprotic solvents 
such as dimethylformamide. diet hylforniamide. dimethyl sulphoxide and 
tetramet hylene s u l p h ~ x i d e ' ~  have been shown to be superior since they 
reduce reaction times. lower temperatures. and improve yields. This has 
been attributed" to the formation of onium-type intermediates (4) which 
react more rapidly than the original halide wi th  the thiocyanato anion 
(equation 2). 

RHal + [SCNI- - RSCN + Hal- 

H 
+ I  ( S C N ]  - 

RX  + HCONMe2 ====== R-O=C-Nfvle2 + X -  - 
(4) 

RSCN + HCONMe2 (2) 

Intermediates of type 4 have been isolated :ind shown to undergo inversion 
of configuration on treatment with metal thiocyanotes'". Good results 
have also been obtained using the technique of phase-transfer catalysis'".'. 

As in other nucleophilic displacement reactions. the reactivity 01' the 
organic halide in equation ( 1 )  follows the sequence Hal = I > Br > CIS F. 
thus permitting selective displacement in dihalidcs'l (equation 3 ) ~  

(3) 

Usually the only by-product of reaction ( 1 )  is the corresponding iso- 
thiocyanate. RNCS. Bacon and coworkers have shown that thc amount 
of isothiocyanate increases in the order of primary < secondary << tertiary 
halides. and in the order of alkyl < aryl < polycyclic aryl substituents on 
the carbon atom at which suhstitution occurs20.3'.21 . This niay pcciir 
through secondary. t l i e rn iod~n~imicul I~-cont ro l~ed  isomerization pro- 
cesses (see Section V1.B). but recent studies by Fava". Okano2". and thcir 
coworkers have shown that it niay also occur in kinetic~tlly-co~trollcd 
Sx2 and S,I reactions. 

Under S,? conditions. the competing kinetic~illy-controlled reactions of 

DMF 
30 C 

F(CH2)dBr + KSCN F(CH2)dSCN + KBr 

* 
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the Sand N ends of the thiocyanato nucleophile are as shown in equhions 
(4a) and (4b) respectively. 

RSCN + X- (4a) 

RNCS + X- (4 b) 

R X  + [SCNI- 

The overall rate of reaction follows the expected order of primary > secon- 
dary > tertiary halide, while the relative rate ratio, k , /kN ,  as measured 
by the resulting kinetically-controlled isomer distribution, decreases in 
the same order23. Some typical results are shown in Table 1. 

TARLE 1.  Reaction of RBr with 
KSCN in D M F Z 3  

R in RBr M k ,  

ti-BU 99 
P h C H z  49 
i-Pr 49 
PhCHMe 32 
c - C ~ H  I I 24 
I-BU 0.92" 

Some isomcrization may have occurred. 

This increasing tendency for isothiocyanate formation as the halide 
structure changes from primary to secondary to tertiary may be rationa- 
lized on the basis of the Hard and Soft Acids and Bases (HSAB) pr in~ip le '~ ,  
which states that hard acids prefer to coordinate to hard bases while soft 
acids prefer to coordinate to soft bases. In these systems, the thiocyanato 
nucleophile 3 is the base, with the mork polarizable, less electronegative 
sulphur atom being the softer atom 'dnd the nitrogen atom the harder 
one; the organic halide is the acid, with the degree of hardness of the 
attached carbon atom increasing with increasing electrophilic character, 
i.e. in the order primary < secondary < tertiary. Thus primary halides 
(soft acids) prefer to react with the soft sulphur atom of 3 giving thio- 
cpnatcs  predominantly. whereas secondary and tertiary halides (in- 
creasingly harder acids) give increasing amounts of isothiocyanates by 
their greater tendency to react with the harder nitrogen atom. 

Fava and coworkers13 have shown that. for sN2 attack on benzylic 
carbon, the relative nucleophilicity of the two ends of 3 is dependent o n  
both temperature and solvent. For example, at 70 'C in methyl ethyl 
ketone and acetonitrile, the kJk ,  values are 1000 and 725 respectively; at 

% 

* 
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100°C the corresponding values are 650 and 460, i.e. isothiocyanate 
formation is favoured by increasing temperature. 

Under S,1 conditions, the competing kinetically-controlled reactions 
of the sulphur and  nitrogen ends of 3 are as shown in equations (5a) and 
(5b) respectively. 

17 RSCN 
R+ + [SCNI-  

RNCS 

In the few investigations reported, values of k,/k,  ranging from 2 to 9 
have been obtained for R = 1-butyl" and 4,4-dimethylbenzhydrylZG ir. 
various solvents. I n  the related metal-catalysed S,1 reactions of heavy- 
metal thiocyanates, e.g. mercuric thiocyanate, with alkyl bromides, the 
observed reactivity order is mBuBr: i-BuBr: r-BuBr = 1 : 10: lo4 at 65 "C 
in rl-hexane and much lower k, /k ,  values are obtained in a range of 
solvents23. Some typical results are shown in Table 2. 

TABLE 2. Reaction of RBr  with 
Hg(SCN)* in di-ri-butyl ethcr" 

R in RBr  ks lk ,  

II-BU 3.7 
PhCH, 1.8 
c-C,H 1 I 0.37 
i-Pr 0.18 
I-Bu 0.04 
PhCHMc 0.0 1 

The smaller k s / k ,  ratios obtained in S,1 reactions (cf. Table l) ,  and the 
decreasing k s / k ,  ratio as the halide structure changes from primary to 
secondary to tertiary. are both consistent with the HSAB principle, since 
the carbon atom of carbonium ions is harder than the polarized carbon 
atom of halides in SN2 reactions, and carbonium ions increase in hardness 
in the order primary < secondary < tertiary". The increased preference 
for isothiocyanate formation in the metal-catalysed SN1 reactions has 
been attributedz3 to the fornlation of the sulphur-bonded [BrHg(SCN)2]- 
counter-ion (5), which reacts preferentially via the sterically favourable and 
more electronegative nitrogen atom (equation 6). 
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RBr + Hg(SCN)2 R+ -t [BrHg(SCN)2]- - slow last 

( 5 )  

RNCS + RSCN + BrHgSCN 
( m a w )  

(6) 

Other types of organic halides which have been thiocyanated by treat- 
ment with a metal thiocyanate, but usually not examined in the same 
detail as described above, include vicinal" and geminalI5 dihalides. 
halo ketone^'^. haloesters", acy129.30 and thioacyl halides3', aryloxy- 
alky13' and carbanilinoalkyl" halides, h a l o ~ u l p h i d e s ~ ~ ,  ietrahydrofur- 
fury1 halides3", h a l o a n i l i d e ~ ~ ~  and halo-polyrner~~". Allylic halides react 
readily, but may undergo ready is~merization~' .  Aryl. heteroaromatic, 
and vinyl halides are unreactive unless activated by suitable electron- 
withdrawing substituents. Thus compound+ 538 ,  7"', 8"', 9"', loJ2, and 
1 1 4 3  are readily prepared from the corresponding halide by treatment with 
an alkali-metal thiocyanate. 

SCN SCN 

Ph C z C H N 0 2  ArCOC=PPh3 PhC=N-N=CHPh 
I I I 
SCN SCN SCN 

(9) (10) (11) 

Sulphenyl halides similarly yield the corresponding sulphenyl thio- 
cyanates, RSSCN". 

B. Esters 

The thiocyanato anion displaces the sulphonate anion from alkyl and 
aryl sulphonates under S,2 conditions (equation 7). 

ROS02R' + [SCNI- - RSCN + OSOzR' ( 7 )  

(R' = 4-MeCsHu. 4-BrC&iu. Me, etc.) 

Thc same range of solvents as described in Section 1I.A may bc used in the 



18. Syntheses and preparative applications of thiocyanates 827 

preparation of, e.g. acyclic dithiocyanates4s and allylic46, cycloalky14', 
norbornyl"*, steroidal4", and p~lysaccharide~" thiocyanates; in the latter 
case the reaction servcs to distinguish primary hydroxyl groups from 
secondary ones. Although no detailed studies have been made, the k , / k ,  
ratios follow &e general trends outlined in Section II.A47*48. Dialkyl 
sulphates, (RO),S02,  behave in essentially the same ways '. 

Normally, the carboxylate anion is not displaced from carboxylic acid 
esters, but small-ring lactones" may react to give the corresponding 
thiocyanate by a ring-opcnipg reaction (equation 8). 

Recently, benzoate esters have been shown to give thiocyanates by an 
S,2 process on fusion with a metal thiocyanate mixture53 (equation 9). 

(9) 

As expected from thesc reaction conditions, the corresponding isothio- 
cyanates are also formed. 

fuse 
ArCOzR + KSCNfNaSCN - RSCN + ArC02- 

C. Diazonium Salts 

Reaction of metal thiocyanates with diazotized primary aromatic 
aniines is the traditional m ~ t h o d ' . ~ ~  of preparing aryl and heteroaromatic 
thiocyanates (equation IOa) :  the corresponding isothiocyanate may also 
be formed in a competing kinetically-r~itI.olled reaction (cquation lob) 

ArSCN 

ArNCS 
ArN2' + [SCNI- 

In uncatalysed reactions of bcpzene diazonium tetralluoroborate. the 
k , / k ,  ratio was found5' to be 2.4 _+ 0.5 at 40 'C in aqucous solution. More 
commonly. the reaction is carried out iindcr Sandmcyer-type conditions 
which appear to increase both the yield and the k,/k,  ratio. The catalysts 
usually employed are cuprous t l i i o c y a ~ i a t e ~ . ~ ~ ~ n d  ferric tliiocyanates6, 
and the increased k S / k s  ratio may be due to the formation of N-bonded 
coniplexcs. c.g. K,Cu(NCS),. which would react prefcrentially via thc 
sterically-favourable sulphur atom to give thc thiocyanate. I t  should be 
noted that the activating effect of the diazoniuni grouping may lead to the 
displacement of another group in thc molecule (equation 11)". 
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dN2+ + [SCNI- dN2+ + N O 1  (11) 

Recently it has been shown5* that thc Meerwein arylation reaction may 
be applied to the synthesis of thiocyanates (equation 12). 

Diazotization of t-butyl amine in the presence of thiocyanate ions leads 
to formation of t-butyl thiocyanate and t-butyl isothiocyanate, with 
kJk ,  = 1.9”. 

0. Thallium Compounds 

The versatility of organo-thallium(iir) compounds in synthetic work has 
recently been demonstrated further by their conversion into alkyl and aryl 
thiocyanates by treatment with metal thiocyanates. Thus arylthallium 
acetate perchlorates react with a mixture of cupric and potassiuni thio- 
cyanate in dioxane to yield the corresponding aryl thiocyanate” (equation 
13). 

SCN + TIC104 + CU(OAC)ECN (1 3) 

Photolysis of the readily available arylthollium bis-trifluoroacetates 
in aqueous potassium thiocyanate solution also leads to aryl thio- 
cyanates” (equation 14). 
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A convenient method6' of preparing vicinal alkoxythiocyanates from 
alkenes, thallium triacetate and a metal thiocyanate is shown in equation 
(1  5) .  

R'CH=CH-, + TI(0Ac)s + K S C N  So,venr RoH ROCHCHzSCN (15) 
I 

4 R' 

The reaction proceeds via oxyt hallat ion, replacement of an acetate ion 
with a thiocyanate ion, and dethallation. successively. 

3 

E. Epoxides, Aziridines, and Oxaziridines 

The thiocyanato anion readily attacks epoxides. opening the ring in an 
S,2 reaction, and giving vicinal thiocyanatoalkoxidesh' (equation 16) 

This alkoxide is rapidly converted into an episulphide (see Section 
VII.B.2.d). Under acid conditions, or by using a solution of isothiocyanic 
acid in ether or chloroform, the corresponding hydroxythiocyanate may 
be obtained63 (equation 17). 

H 

The rr.nris-stereospecificity of this reaction has been confirmed in a variety 
of alicyclic63 and ~ te ro ida l "~  systems. I n  the latter case. addition is rroris- 
diaxial ; thus. inethyl 3r-acetoxy- 1 1~,12~-cpoxycholanate gives coinpound 
1264. 
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No isothiocyanate formation has been reported in these rcactions, in 
keeping with the high k, /k ,  ratio expected for S,2 reactions on the basis 
of the H S A B  principle (see Section 1I.A). 

This reaction has been applied similarly to a~i r id ines"~  (equation 18) 
and oxaziridinesfi6 (equation 19). and the mechanism and stereochemistry 
discussed. 

H \ \  ,H M e H \  /SCN 
Me-\C-C'-Me f HNCS Y - C .  (18) 

\ /  / \I'H 
N f4H2 M~ 
H . I 

Ph SCN 
/ I 

\ /  I I  
0 OH H 

t-Bu-N-C-H + HNCS t -Bu-N-C-Ph 

F. Alkenes 

Isothiocyanic acid behaves as an electrophilic reagent towards alkenes 
under heterolytic ccaditions,*ldding across electron-rich double Wands 
in the same manner as the hydrogen halides. The additions are regio- 
specific. yielding the MarkownikoK-oricntated products. However. the 
products are either mixtures of thiocyanates and isofiiiocyanates, or  
isothiocyanates e x c l ~ s i v e l y ~ ~ - ~ ~ .  The reactions of 2-methyIpropenefi7 
and styrene6* are shown in equations (20) and (21) respectively. 

Me2C=CH2 + H N C S  + f-BUSCN + f-BuNCS 
#9 

PhCH=CH2 + HNCS a PhCH(NCS)CH3 
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These results are consistent with the formation of a carbonium ion 
intermediate which reacts with the ambident thiocyanato anion (see 
cquation 5 )  to give isothiocyanates preferentially according to the HSAB 
principles discussed in Section 1I.A. In the reaction shown in equation (20), 
the value of kdk, for the r-butyl carbonium ion is 0.51. Comparison of 
this value with the vaJues of 2 to 9 obtained in other solventsz5, and the 
value of 0.04 obtained in the metal-catalysed reaction of r-butyl bromide 
in di-11-butyl etherz3 (see Section I I A ) ,  shwws clearly the effect of solvent 
and coniplex formation on the ambident reactivity of the thiocyanato 
anion. 

Attempts to add isothiocyanic acid honiolytically to alkenes were 
u n s u ~ c e s s f u I ~ ~ .  

G. a, P-Unsaturated Carbon y l  Compounds 

Isothiocyanic acid adds regiospccifically across the conjugated double 
bond of or,P-unsaturated carbonyl wmpounds yielding either thio- 
cyanates, isothiocyanates or mrxtures of the two according to the degree 
of substitution in the substrates. Typical reactions of a,P-unsaturated 
ekters", acyclic  ketone^^'.^', and steroidal  ketone^^^.^' are shown in 
equations (22), (23), and (24) respectively. 

H ,o 
+ NCSCH2CH2C02Me (22) CH2=CHC02Me + HNCS 

R1R2C=CHCOR3 + HNCS H20 + R1R2CCH2Cc)R3 (23) 
I 
NCS 

CHCI, 

N cs 

Addition to other steroidal ketones is non-stereospecific and gives both 
t h ioc y ana t o and i so t hi o c y a na t o de r i va t ives, w i t h t he I at t er pred o m i n at - 

These results are consistent with carhoniuni ion formation as in 
equation (25),  and with k , / k ,  ratios being determined by the HSAB 
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behaviour of primary, secondary and tertiary carbonium ions (see Section 
1I.A). 

0-H 
+ I 

I l l  I l l  
-c-c=c (25) 

/I O J  11 H+ 
-c=c-c 

Addition to propiolamides is regiospecific and rr.nris-stereoselective, 
and yields the thiocyanato products e x c l ~ s i v e l y ~ ~  (equation 26), suggesting 
that primary vinylic carbonium ions, like the corresponding alkyl car- 
boniuni ions (see Table 2). prefer to react as soft acids on the HSAB 
principle. 

(26) 
H /CONHR H 

+ 'c=c \ 

/c=c\H NCS ' \CONHR 

HC=CCONHR + HNCS - 
NCS 

H. Miscellaneous Compounds 

Isothiocyanic acid shows normal behaviour with nitrogenous bases, 
forming salts, some of which may be used for characterization purposes. 
Examples include q u i n ~ l i n e s ' ~ ,  alkaloids". azines", and hydrazines". 

Diazokerones react with isothiocyanic acid to form thiocyanato- 
ketones" (equation 27). 

RCOCHN2 + HNCS RCOCH2SCN + NZ (27) 

Alcohols react with isothiocyanic acid, probably via carbonium ion 
intermediates, to form thiocyanates, but the reaction has not been studied 
in depth. An exaflple" is shown in equation (28). 

+HNCS - 
O C H 2 0  CH3 
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Direct thiocyanomethylation of thiophen has recently been accom- 1 

plishedI6 (equation 29). 

F) + HNCS + HCHO 'O" 
[7JCH2SCN 

Some isothiocyanate is also forped in the reaction, but may be an iso- 
merization product. 

Valeryl peroxide, on treatment with cupric thiocyanate under mild 
conditions. gives a quantitative yicld of Ii-bulyl thiocyanate" (equation 
30). 

MeCN 
( n - B u C 0 2 ) ~  + C U ( N C S ) ~  n - B u S C N  + n.BuC02-  + C 0 2  (30) 

111. PREPARATION OF THIOCYANATES BY REACTION 
OF THIOCYANOGEN OP RELATED REAGENTS W I T H  

ORGANIC C O M P O U N D S  

Thiocyanogen. (SCN), , and its halides. i.e. thiocyanogen chloride, 
bromide and iodide (XSCN: X = CI, Br and I respectively). are pseudo- 
halogen analogues of the halogens and intcrhalogens respectively. 
Following Soderback's pioneering work on t h i o ~ y a n o g e n ~ ~ ~ " ,  these 
reagents have been widely used in the preparation of organic thiocyanatcs 
in essentially the same ways as the halogens, i.e. by addition and substitu- 
tion reactions. Recent work has confirmed the halogen analogy by 
snowing that the reactions may take place by either heterolytic or homoly- 
tic mechanisms. In  this survey, the reactions of thiocyanogen and related 
reagents with organic compounds are acmrdingly interpreted in terms 
of heterolytic and homolytic reactions. 

A. Thioc yanogen 

Thiocyanogen is readily prepared in solution by a wide variety of 
methods6, the customary laboratory ones being the reaction between 
bromine and an excess of (a) lead thiocyanate suspended in a dry, inert 
solvent, or (b) an alkali-metal thiocyanate dissolved in acetic acid (equa- 
tion 31 ; M = metal). 

2 M S C N  + Br2 (SCN)2 + 2 MBr (31) 
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The infrareds5 and Ranian*' spectra of thc solutions show that thio- 
cyanogen has the disulphide structure 13. 

NEC-S-S-CEN 

(1 3) 

Thiocyanogen is used in syntheses in essentially the same way as the 
halogens, with the exception that certain precautions must be observed 
owing to the relative instability of the reagent6. 

1. Heterolytic reactions 

Under heterolytic conditions, thiocyanogen behaves as an electrophile, 
which undergoes heterolytic S-S bond fission. Due to the polarization 

6 +  6- 
S - C E N  within each thiocyanato group, electrophilic attack on a - .  

nucleophile X:  occurs via a sulphur atom of the thiocyanogen molecule 
and thus leads, via kinetic control of reaction, to the initial attachment 
of a thiocyanato group rather than an isothiocyanato group (equation 
32). 

X:? SCN - i - S C N + [ S C N ] -  (32) 
I 

GSCN 

In its heterolytic reactivity, thiocyanogen is intermediate between bromine 
and iodine5.". and thus its reactions are confined to electron-rich organic 
compour,ds with readily available 7c- or p-electrons. However, its reacti- 
vity is considerably enhanced by the use of typical Friedel-Crafts cata- 
lysts" which presumably increase the polarization of the S-S bond in 13. 
Although only a few systems have been investigated. the results clearly 
indicate that the catalytic process could be used advantagcglisly in cases 
where the less reactive molecular reagent fails. 

Traditionally, these heterolytic reactions have been carried out in 
diffuse daylight or  in darkness at &20 cC!'.6. Such conditions. although 
satisfactory for the rcactions of thiocyanogen with many organic com- 
pounds, have sometimes resulted in conflicting reports of reaction rates 
or products, or both. Recent work has shown that these anomalous 
results may be due to the incursion of a honiolytic rcaction (see Section 
III.A.2), which can, however, be completely suppressed by the addition 
of a radical inhibitor. 

a. Ar.omri~* c*o~izpoirr~rls. Thiocyanogen reacts with aromatic com- 
pounds that arc highly susccptible to electrophilic substitution with the 
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formation of aryl thiocyanates. N o  detailed nicchanisric studies have 
been reported. but from the many qualitat ve observations5-' that 
electron-donating substituents increase, and electron-withdrawing substi- 
tuents decrease, the reaction rate, and*i.oni the finding that the reaction 
with various phenols is biniolecularR8, the S,,2 mechanism in equation 
(33) seenis to be appropriate. 

L 

R R R 

Hydrocarbons of the benzene and naphthalene series do not react with 
thiocyanogen under heterolytic  condition^'-^ unless a FriedelLCrafts 
catalyst is added". However, polynuclear hydrocarbons8' react readily, 
and anthracene" and azuleneoO are sufficiently reactive to give the 
dithiocyanato derivatives 14 and 15 respective'v. 

(b; 

SCN SCN 
/ 

SCN 

(14) 

SCN 

(15) 

Primary. secondary. and tertiary ainines of the benzene. naphthalene 
and anthracene series react readily and give high yields of product""." I - 9 3 .  

ThiocBilation occurs par-rr to the amino group (equation 33; R = NH,  
etc.), or  ortho if the parrr position is occupied: in the latter case, the rates 
and yields are generally lower, probably due to the steric requirements 
of the bulky thiocyanogen molecule, and cyclization to benzothiazoles or 
benzothiazolines commonly occurs (see Section VII.B.2). Di- and tri- 
substitution can be achieve$ if suficient activating groups or rings are 
present; thus 1-naphthylamine' and I .3.5-trianiinobenzene9" yield com- 
pounds 16 and 17 respectively. 
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Thiocyanation of arylamines still proceeds if an electron-withdrawing 
group is present, but if two or more such groups are present, the reaction 
may be preventedg2. Acylation of the amino group also prevents reaction6. 

Phenols of the benzene. naphthalene. and anthraccne series behave 
ut  are not so reactive as the analogous amines. 

Thus, in aminophenols, the amino group controls the orientation of 
attack9’ (equation 34). 

i i 1 a ly  5 - 9.9 3.9 5 . 9  6 b , 

The presence of one or more electron-withdrawing groups, or alkylation 
of the hydroxyl group, slows down the reaction or niay prevent i t  al- 
together9’. However, improved yields may bc obtained by thc use of a 
FriedelLCrafts catalyst ”. 

b. Hele/.ocrr.o/iitrri(. co/iipor//ids. The common hcteroaromat ic com- 
pounds show the expected reactivities towards thiocyanogen. Thus, 
pyrrole readily yields the mono- or di-thiocyanato products 18 and 19 
respectively9’, and indole gives compound 20 under very mild con- 
dit ions’ ”. 

SCN 
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Thiophen gives a low yield of 2-thiocyanatothiophen with thiocyano- 
gen"', but good yields when the reaction is catalysed by aluminium 
t r i h a l i d e ~ ~ ' " ~ ~ ,  and 2.5-dithiocyanato derivative may hlso be prepared 
by this method8'. Pyridines and pyrimidines react only when there are at 
least two electron-donating groups present in the ring; quinolines require 
at least one such group in the hetero-ring for reaction to O C C U ~ ' ~ ~ - ' ~ ~ .  
For example. compounds 21 and 22 are readily prepared from the cor- 
responding heterocycle and thiocyanogen under mild conditions. 

9 

SCN 

Other heterocyzles which react with thiocyanogen include acridines'"', 
barbituric acids'07, carbazoles'", imidazoles'"', indazoles' l o .  pheno- 
thiazines' ' ', pyrazolidincs' ", pyrazolopyridines' ' ', quinazolones' 14, 
tetrazoles1l5. thiazoles"", thiadiazoles' ", and triazoles' ''. 

c. Merol corripleres. Metal complexes with a pseudo-aromatic ring are 
also readily thiocyanated. Thus copper complexes of porphyrins' l 9  yield 
rueso-thiocyanates such as 23, and metal acetylacetones""--' 2 3  yicld 
products of the type 24 [M = Al(ir~), Be(ii), Cr(rri). Co(iii), Fe(1ii). Mn(iir), 
Pd(rr), Rh(m)], in which each of the ligands is thiocyanated. 

M e  (9," 
. y 
"-.b 

N CS 

E t  E t  M e  

E t  Et 

(23) (24) 
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d. A ~ f i i . t r t c d  / ~ e r / i j ~ / o ; i o  co/iiporr/id.s. Compounds with act ivatcd methylene 
groups’. ‘ I .  c.g. ethyl acetoacetate”. indandiones’”. and r-tetralone’” 
(equation 35). react w i t h  thiocyanogen under. presumably. hctcrolytic 
conditions. The reaction probahly proceeds via the enol tautonier in the 
manner well established for halogenation. 

e. Alipl i trr ic t r1 i i ino .s .  Primary and secondary aliphatic itmines yield the 
corresponding N-thiocyannto-amines (25) when treated with thio- 
cyanogcns-‘.’ 2 0  (equation 36). 

R R ’ N S C N  + RR’NH2+[SCN] -  (36) 
E r O  

2 R R ’ N H  + (SCN)2 

(25) 

0.N-Disubstituted hydroxylamincs react siniihrIy5-” 

f. S r / / p / i w  ( ~ ) / ~ p ~ / / i d . \ .  Thiocyaiiogen also forms S-thiocynnates wi th  
appropriate sulphur compounds5 -‘). Thus itlkyl and aryl thiols”’ and 
thio-ethersIz8 yicld sulphenyl thiocyanates (26) (equation 37; X = H. 
t r i t y 1. bcnz h y d r y 1. 2-1 ct ra ti y d ropy r;l n y 1. iso but y lox y met h y I) .  T h io-acids 
react similarly ’ ”I. 

R S X  + (SCN)2 - R S S C N  + X S C N  

(26)  

(37) 

Sulphonyl tliiocyiinatcs (27) ;ire readily prcpared from thiocyanogcn and 
sul ph ina t cs ’ ‘” (eq ti;\ t ion 38 1. 

A r S 0 2 S C N  + N a S C N  (38) A r S O z N a  + (SCN)2  
CH,CI: 

(27)  

g. Or.go/io-riic.rtr/lic. ~ ~ m i p o ~ / / i ( / . \ .  Organo-mcrcurg compounds react w i t h  
thiocyanogcn to give thc corresponding thiocy:lnitte’ ” (equation 39: 
R = phcnyl”. ferrncenyl’”. 2-thicnyl’2’). 
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R,Hg + (SCN)z A RSCN + R H g S C N  (39) 

Organo-zinc compounds behave similarly*-', but the yields are low. 
Benzylmaenesium chloride reacts with thiocyanogen to give o-thiocyanato- 
tolucne; an intermediate cyclic coniplcx has becn postulated to account 
for this unexpected result 

h. Alkeries. Traditionally".". tl~iocyanogcn has been reported to react 
with a 1 k enes by add i t ion, yielding the co rrcs pond ing fy , P-d it h iocy a na t es 
(equation 40; X = SCN) 

/ I I  

/ \  I I  
' C = C  + (SCN)2 - -C-C- (40) 

X S C N  

Recent work has shown that this reaction, wliiclzis also important from 
an analytical v i e ~ p o i n t ' ~ ' .  is more COI  olicated than indicated by 
equation 40. and can occur by both heterolytic and hoinolytic me- 
cha$isms (see Section III.A.2.b). 

Under heterolytic conditions in benzene, thiocyanogcn reacts slowly 
with electron-rich alkenes to yield z.P-dithiocyanates (equation 40: 
X = SCW, and the corresponding r-isothiocyai:ato-P-t}iiocyanates (equa- 
tion 40; X = NCS) in various proportions'". The additions to alkyl 
alkenes and cycloalkencs are r~trii.s-stereospecific. and. in the case of the 
isotliiocyanato-thiocyanates of unsynimc[ricaI alkenes. non-regiospccific. 
In contrast. additions to alkcnes with cx-aryl substituents are f/vi/ is-  
stereoselective and regiospccific. Some examples of these are shown in 
Table 3'35. 

In acetic acid solvent, reactions are considerably faster. and the cor- 
responding cr-acctoxy-C1-thiocyanates (equation 40: X = OAc) arc also 
formed' 35.' 3 6 .  No addition occurs with hlkcnes containing electron- 
withdrawing substituenrs. 

For aliphatic alkenes. a two-step. kinet ically-controlled heternlyt ic 
addition involving (a) initial electrophilic attack *.,re alkene by thio- 
cyanogen with the fo%nation o fa  cyano-sulphonium ion (28), and (b) sub- 
sequent f/.(;/is-dia',<ial opening of the sulphonium ring at e i th r  of the ring 
carbon atoms by theambident thiocynnato anion 3 or by solvent molecules 

3 .  

,SCN 
' % \  + c-c.  
/ \- Ar 
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in acetic acid, has been p o ~ t u l a t e d ' ~ ~  to account for the observed ~ I ' C I I I S -  

stereospecificity and non-rcbgiospecificity of these reactions. 
For the aryl alkenes. a kimilar mechanism, but with the formation of the 

more stable of the two possible open thiocyanato-carbonium ions (29), 
accounts for the observed non-stereospecificity and regios6ecificity of 
these reactions. The observed preference for trms-addition is ascribed to 
steric control of reaction by the bulky thiocyanato group of the carbonium 
ion 2913'. 

The k, /k ,  ratios of these reactions (see Table 3) show the same range of 
values as those for other carbonium ion reactions (see Table 2), and are 
likewise consistent with the HSAB principles outlined in Section 1I.A. 

TARLE 3. Heterolytic ad%tion' of thiocyanogen to alkenes in benzene'" 

Reaction Yield 
Alkene timc(h) Products ( % I  ks lk ,  

Me,C=CMe, 

cis-i-PrCH =CH Pr-i 

t l -  BuCH =C H 2 

PhCH =CH, 

~rciri.s-PhCH=CHMe 

6o } 0.50 

30 } 0.50 

27 } 1.5 
42 

1 Me2C(NCS)C(SCN)iMe, 
Me2C(SCN)C(SCN)Mc, 30 

( 2 )-i-PrCH(SCN)CH(SCN)Pr-i 15 
I68 rhrc.o-i-PrCH( NCS)CH(SCN)Pr-i 

168 tI-BUCH(NCS)CH,SCN 
tl-BuCH( SCN )CH 2NCS 
tI-BuCH(SCN)CH 2SCN 

NCS 

168 SCN 5 1  c 

10 
SCN 

;; } 3.0 
24 PhCH(NCS)CH,SCN 

PhCH(SCN)CH,SCN 

eryrltro-PhCH(NCS)CH(SCN)Me 

erpkro-PhCH(SCN)CH(SCN)Me 6 

168 rlirro-PhCH(NCS)CH(SCN)Me 
lo' 1 0.66 rhreo-PhCH(SCN)CH(SCN)Me 2 

At  room temperature in  darkness and with added radical inhibitor. 

Apart from those listed in previous many other al- 
kenes '. ', cycloal kenes I *- lJ0. dienes I '. "" . en01s'~' .  entlls'", 

and esters' . unsaturated e n o n e s l J l ,  enoic  aC,dS1>7.141 - 1 4 . 3  
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carbohydrates'". and ketcnc thioacetalslJs have been thiocyanated 
usiiig thiocyanogcn i i i  the dark or. prrstiniably. i n  diffuse light. Rcla- 

and reaction rates have been measured l i v c l J 1 . 1 4 " . l - 1 7  

under the sanie conditions. 
Although the concurrent formation of isotliiocyanato-thiocyanates has 

not been detected or reported in all but a fewIJh.137.141 of these thio- 
cyanations. the reactions probably occur through the heterolytic me- 
chanism described above. or an extension of it. Thus the products of the 
reactions shown in equations (41)lJ5, (42)"", and (43)11' arc best ex- 
plained respectively in terms of addition-elimination, nci_ehbouring group 
participation. and rearrangement variations of the basic heterolytic 
inecha n ism. 

3 

(41) 
/SCN 

a s , c = c \ p h  S + (SCN)2 ap=. \ Ph 
\ 

NCS-- -  @::2H (42) 

+ (SCN)2 

M e O ~ C H 2 C ~ I = ~ ~ 2  + (SCN)2 - 
M e O G y H C H 2 S C N  (43) 

CH2SCN 

I t  m w  be emphasized. however. that competing. or even dominant. 
honiolytic reactions c;innot be ruled out under these conditions (see 
Section lII%.?.b). and. since the reports of isolation and identification of 
products are often too incomplete to make an informed choice of me- 
chanisins on the basis of the products. many reactions, particularly those 
involving rate data. may need to be reassessed under strictly hetcrolyt ic 
conditions. Similar comments apply to these reactions when used in the 
determination of the 'thiocyanogen number' of a l k e n e ~ ] ~ ~ .  This is a 
notoriously fickle estimation. and the lack of reproducibility. which has 
been ascribed to inany factors (including the latitude of the laborntory in 
which the determination is carried out). may be due. at least in part. to the 
incursion of ii radical process. 
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The low yiclds and relatively large aiiiounts of isothiocyanato-thio- 
cyanatcs shown in Table 3 may be considerably altered by the addition 
of catalytic amounts of metals'50 (see Table 4). Thesc results may be 
explained by (a) reaction of thiocyanogen with the metal to give N-bonded 

TABLE 4. Effect of Inctals" on the hetcrolytic addition of thiocyanogen to 
cyclohexene ' 5" 

Solvent Metal 

- C,H, 
f:e 
Zn 
Sn 

CCI, - 

Fe 
Zn 
Sn 

AcOH - 

Fe 
Zn 
Sn 

Q 2Q Q 
SCN NCS OAc 

7 5 - 
17 4 
32 4 
47 7 

2 2 '  _- 

4 2 
7 7 

4 3 

27 I I  10 
38 5 9 
51 0 13 
26 8 14 

kSikxh  

-. . - 

1 -4 
4.2 
8 4 

23.5 

I .o 
2.0 
3.5 
1.3 

7.5 
7.6 

3.2 
> 51 

metal thiocyanates" (equation 44) which polarize or ionize the remaining 
reagent molecules by acting as Friedel-Crafts catalysts (equation 45), 
thus speeding up electrophilic attack on the alkene (equation 46), and 
(b) preferential attack of the carbonium ion at the sterically more accessible 
sulphur atom in the complex counter-ion (equation 47). 

M + n(SCN)2 M(NCS)2,, (44) 

NCS-SCN + M(NCS)2, A NCS' + [M(NCS)2,,+1]- (45) 

YN 
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CN 
I 
S NCS NCS 

I 1  I 1  
\C/>'C/ + [M(NCS)2,+,]- - -c-c- + -c-c- (47) 
/ \ I I  I I  

SCN NCS 
(more) (less) 

Friedel-Crafts catalysis by copper(]) salts has likewise been postulated 
in the direct alkoxythiocyanation of a l k e n e ~ ' ~ '  (equation 48). 

/ cu. I I  
/ \  I I  
\C=C +(SCN)2+ROH ___* -C-C- 

OR SCN 

Vinyl acetates. alkyl \ h y l  ethers. and r.p-unsaturated aldehydes also 
react, the products being obtained in thc form of dialkyl acetals. 

i. Alkj-rics. The general comments made in the previous section apply 
to the literature reports on the reaction of thiocyanogen with alkynes. 
Thus the reported ready addition to mono- and di-stPbs!ituted alkynes'-" 
in darkness or diffuse light has been shown to be due to the incursion of a 
homolytic reaction (see Section lll.A.2.d): when carried out under stricily 
heterolytic conditions, c.g. in the presence of a radical i d b i t o r .  the 
additions are considerably slowcr than to the corresponding alkenes ( in  
keeping with heterolytic additions of the Iialog&es). and the yields are 
consequently extremely sniall"'. By analogy with their effect on additions 
to alkenes (see previous section). Friedel-Crafts catalysts should prove 
useful in these cases. 

j. Plio.splio,.trii~.s. Triplienyl-~-o~oaIkvlencphosplior~~ne~ (30) react 
read i 1 y w i t  h t h i o c y a n o g e n g i v i n g v a r i o us prod u c t s . 

a 

,COCH3 

SCN 
Ph3P=G'COCHR2R3 Ph3P=C, 

\ 

(30) (31) 
b 

Pr Pr NCS 
,\ / 

\ 
C=C=CH-, / C  = c \ 

Pr . I  NCS"' NCS 

(32) (33) 

Thus. the unsubstituted compound 30 (R' = R 2  = R' = 1-1) gave the 
phosphorane derivative :31. whereas the substituted phospliorcncs 30 
(R' = 1%. R' = R' = H )  and 30 ( R '  = Pr. R' = R-' = Me) gave the 
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a I I en ic t h ioc y a na t e (32) a nd the r r ~ / i . ~ - x -  is0 t h iocy a na t 0- p- t h ioc y a nato- 
alkene (33)  respectively. A Iieterolytic mechanism involving clectrophilic 
attack by thiocyanopen on thc P=C bond has bcen suggested' 5-3 .  

2. Homolytic reactions 

The S-S bond of thiocyanogen (13) is readily broken 1iomolyticaIly'5J. 
giving resonance-stabilized thiocyanato radicals 434a) +-+ (34bj to which 
tlie canonical form (3421) makcs thc main contribution' 5 5 .  

f 

S - C G N  - S = C = N  

(34a) (34b) 

This homolysis is readily elTected not only by ultraviolet light from 
mercury-vupour lamps. but also by sunlisht or even dilfuse light. Further- 
more. in tlie dark. radicals from thc breakdown of peroxides. present in 
the reactants or formed ; / I  s i r u  by the action of atmospheric oxygen. can 
also ett'ect homolysis"" (equ:ition 40). . 

R + (SCN)? A R S C N  + [ S C N ] '  (49) 

Thiocyanogen can thus act as a source of ttiiocyanato radicals under very 
niild conditions. 

Bacon and Guy and their coworkers have shown tha t  thiocyanato 
radicals can initiate radical chain reactions i n  essentially the same way as 
the halogens, i.e. by substitution and addition. In these reactions the 
thiocyanato radical behaves as ;in clectrophilic. or acceptor. radical, which 
is considerably less reactive than tlie corresponding halogen atoms (see 
Table 5) .  Reaction is thus restricted to systcnis highly susceptible to radical 
attack. e.g. bcnzylic and allylic hydrogen ;itonis. and n-electron systems. 

TA I H . E  5.  Elccrrnn attiii it ics of various  radicals' 

? .  

' 

ii. .4 r ~ i / / ; ~ / / i c . s .  W he ti i rrad ia t ed i v  i t h u I t r;i vio let I igh t . t h iocpa nogcn 
reacts with priniary x-hydrogen atonis of aralkyl hydrocarbons yielding 
the corresponding thiocyanates" (equation S O :  K = R '  = H).  

(50) 

The mechanisni suggested involves ;I r:idical-chain iuct ion of the type 
well-known for photohalogcnation (equations 5 I and 53).  

t?" 
ArCHR'R2  + (SCN)2 A ArC(SCN)R'R? + H N C S  
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(51) 

(52) 
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ArCHR'R2 + [SCN]' - AreR1R2 + HNCS 

ArCR'R2 + (SCN)2 ArC(SCN)R1R2 + [SCK]' 

Formation of the thiocyanate. rather than the isothiocyanate, in 
reaction (52) niay be attributed to kinctically-controlled S,2 attack of the 
nucleophilic, or donor. aralkyl radical on the position of lowcst electron 
dellsity in the thiocyanogen molecule, i.e. the sulphur atom. This is also 
consistent with the HSAB principles outlined in Section 1I.A. 

Reaction with secondary r-hydrogen ;itonis proceeds siniilarly, but 
reaction with tertiary %-hydrogen atoms leads to mixtures of the cor- 
responding thiocyanates and isothiocyanates. or exclusively to iso- 
thiocyanates". This may occur through secondary, thermodynamically@ 
controlled isomerization reactions (see Section V1.B). However, if it is a 
kinetically-controlled reaction. then the increased tendency to form 
isothiocyanate may be explained on the HSAB basis (see Section II.A), if 
the hardness of radicals follows the same order as carbonium ions, i.e. 
primary < secondary < tertiary, and thus increases thc tendency of 
tertiary radicals to attack the nitrogen atoms of the thiocyanogen molecule. 
Alternatively, the main factor niay be a steric one, with primary, secondary. 
and tertiary radicals finding it progressively more difficult to attack the 
central sulphur atoms of the bulky thiocyanogen molecule. 

b. .4/kenes. The stimulus which sunlight or irradiation from a lamp has 
o n  the reaction of thiocyanogen with alkenes was noticed as early as 
192584. However. this observation was not exploited until recently, when 
it  was shown that such reactions ?re homolytic, dit€ering significantly from 
thc heterolytic reactions described in Section II1.A.l.h. in their rates, 
stereochemistry and the nature of the products'5".156.1sH. 

Under the influence of ultraviolet l ight '5J. '56*'5H or  peroxide initia- 
torsi 54.156.1 5 9  thiocyanogen reacts rapidly with alkenes to yieJd either 
a,P-dithiocyanates or  allylic isothiocyanates or mixtures of the two, the 
relative amounts of each depending on the structure o f  the alkene (equar 
tion 53). 

' 

1 1  / / I  I I I  I 1 1  / 

I \ I I  I I \ 
-C-C=C + (SCN)2 -C-C-C- + -C-C=C (53) 

H SCN SCN NCS H 

Apart from 3-niethylbut- 1-enc, which yields both products, acyclic 
terminal alkenes of the type RCR-CH, and R'R'C=CH, yield the 
dithiocyanates exclusively. In contrast, the reaction with alkenes of the 
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type RCH=CHR is dependent on the nature of the substituents R. Re- 
action may lead to (a) complete and non-stereospecific addition, e.g. cis- 
and rr~rris-but-2-ene ( R  = Me) give identical mixtures of ( + ) -  and meso- 
MeCH(SCN)CH(SCN)Me exclusively; (b) a combination of non-stereo- 
specific addition. allylic substitution and cis -rruris isomerization, e.g. 
cis- and trrrris-hex-3-ene ( R  = Et) give identical mixtures of (+ ) -  and 
rneso-EtCH(SCN)CH(SCN)Et and rrms-MeCH(NCS)CH=CHEt (c) a 
combination of allylic substitution (with subsequent allylic rearrangement) 
and cis-trans isomerization. e.g. ci.$- and rrr/rri.s-2,5-diniethylhex-3-ene 
(R  = i-Pr) give identical mixtures ol’ fr.rr,i.s-iMc’C(NCS)CH=CHPr-i 
and Me,C=CHCH(NCS)Pr-i; and (d) cis-rrtrus isomerization ex- 
clusively, e.g. cis- and rrtrrrs-dichlorocthylene ( R  = CI) each give the 
equilibrium mixture of the alkenes. In  the cyclohexene series. addition 
and allylic substitution generally occur together; the addition, however, 
is stereospecifically r r u u .  e.g. cyclohexcne gives rr.trrls- 1.2-dithiocyanato- 
cyclohexane and 3-isot hiocyanatocyclohexene, and trtrris-A’-octalin gives 
20.3rr-dit hiocyanato-rr.a~is-decalin and 3-isothiocyanato-rr.~rr~s-A ’ -0ctalin. 
The position of substituents can alter tlic addition:substitution ratio 
markedly; e.g. the ratios for 4-methy!-, 3-methyL. and l-methyl-cyclo- 
hexene are 1:  1.7, 1:23 and 1:3.8 respectively”*. No addition occurs to 
sterically hindered alkenes, although allylic substitution may occur. as in 
the case of cholesterolib0. 

These results have been in . terms of two competing 
radical-chain reactions similar to those involved in homolytic halo- 
genation ofalkenes. Radical attack at thc susceptiblc allylic hydrogen atom 
leads to an allylic thiocyanate (35) (equations 54 and 5 5 ) .  Compound 35 
may be isolated under favourable conditions but normally undcrgoes 
spontaneous isomerization to an isothiocyanatc (see Section VI.B.2). 

I I  / I 1  / 

I \ \ 
-C-C=C + [SCN]’  -C-C=C + HNCS (54) 

H 

I 1  

SCN 

(55) 
1 1  / 

-$-C=C + (SCN)2 - -C-C=C/ + [SCN] ’  
\ I \ 

(35) 

Radical attack at the doublc bond occurs via the two kinetically- 
controlled rwctions shown in cquations (56) and (57). 
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/ I I  'C=C +[SCN] '  = -C-$- 
/ \  I 

SCN 

(36) 

The reversible addition of the thiocyanato radical in (56) accounts for the 
cis-trcins isomerizations observed in both starting materials and products, 
while the open radical 36 accounts for the stereochemical results obtained 
in the acyclic systems. 

The stereospecific additions observed in the cyclohexene systems are 
attributed to conformational effects in the intermediate cyclohexyl 
radical and the steric requirements of the bulky thiocyanogen molecule in 
the transfer step (equation 57). This steric requirement is clearly larger 
thzn that of the thiocyanato anion (3) in the corresponding heterolytic 
additions (SCC Scction III .A. l .h) ,  and is responsible for the marked 
difference in 'reactivity of thiocyanogen towards hindered alkenes, c.g. 
2.5-dimethylhex-3-ene (see above and Table 3). under homolytic and 
heterolytic conditions. 

Isothiocyanato-thiocyanates have been observed in only a few cases. 
Thus, cis- and rrcrris-stilbene each yield identical mixtures not only of 
the expected r?icso- and (2)-dithiocyanates but also the rlzreo- and 
er.)ttltro-lr-isothiocyanato-P-thiocyanate, the ratio being 5. These 
results are consistent with either the HSAB or the steric hindrance theories 
outlined in Section III.A.2.a. 

c. Aller1c.s. A similar homolytic mechanism accounts for the photo- 
addition of thiocyanogen to allencs' h ' ,  which gives mixtures of 2,3- 
dithiocyanntopropenes as products (equation 58) .  

\ hi 

R 
+(SCN)2 

\ 
H H .9 

\ /CH2SCN \ /SCN 

/c=c\ 

R 

\ 
CH2SCN 

+ /c=c 
SCN H H 

d. A/kj : r ics .  Equiniolar amounts of thiocyanogen and acetylene react 
readily under the influencc of light".' 52 or peroxides' O 2  yielding a 
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mixture of cis- and tr-arts-dithiocyanatoethylene in the ratio 5:9515' 
(equation 59). 

H H &- SCN 

(59) 
\ /  

H 
/c=c\ 

' hi 

SCN NCS 
/c=c\ 

HC-CH + (SCN)2 

NCS 

With excess reagent and prolonged irradiation, no further addition 
occurs. but the product ratio reaches an equilibrium value of c is :rrms  = 

20: 8084.'52. The same equilibrium mixture can be achieved by irradiation 
of either isomer in the presence of a trace of thiocyanogen. 

The homolytic mechanism proposed152 is shown in equation (60). 

SCN 
\ /SCN ~ . / 

/c=c\ 

H 

H H 
\ -  

H C - C H + [ S C N ] '  - .C=C 

H 

In the pair of equilibrating vinyl radicals 37 and 38, S,2 displacement on 
thiocyanogen is sterically favoured for isomer 37, thus leading to pre- 
ferential, kinetically-controlled formation of the tl.~~rn.s-dithiocyanate. 
Subsequent reversible addition of thiocyanato radicals to the alkenic 
products leads. via rrtrris-cis isomerization. to the equilibrium mixture 
(equation 61). 

NCS I 

\C=C 
/ \  

H SCN 

NCS t4 
L L )C -y' 1 

[SCN]'  

'SCN 
* -[SCNl' NCS.2 

H 

(61) 
-[SCN]* NCS\ /SCN 

N CS SCN 

,c-c \ .,,'; 
7- 

H 
/c=c\ [SCN]' 

NCS.7 H 'H H 
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Similar results have been obtained with mono- and di-substituted alkyl 
and aryl alkynes, but, due to  the additional steric eHects of the substituents 
o n  the corresponding pairs of vinyl radicals, the ratios of the cis- and 
ri.rr,is-dithiocyanato products differ con~iderably '~ ' .  

0 

6. Thioc yanogen Chloride 

Thiocyanogen chloride is prepared rapidly and practically quantita- 
tively by mixing equimolar amounts of thiocyanogen and chlorine in 
dry. inert organic solvents' 63 (equation 62). 

A useful alternative method'" is shown in equation (63). 

AcOH 
2CI2 + Pb(SCN)Z 2CISCN + PbC12 (63 ) 

The infrared'"5 and ultraviolet spectralo6 of the solutions show that the 
reagent has the structure CI-S-CrN, and that i t  is not detectably in 
equilibrium with chlorine and thiocyanogen. 

Thiocyanogen chloride resembles thiocyanogen in its reactions with 
organic compounds, but shows marked differences in reactivity which 
make i t  a valuable complementary thiocyanating agent. 

1. Hetcrolytic reactions 

Under heterolytic conditions. thiocyanogcn chloride is a stronger 
electrophilic thiocyanating agent th9n thiocyanogen (see Section 1II.A. 1 )  
due to polarization of the 61-S k n d  in the manner CI*--*+SCN. 
Its reactivity is comparable with that of iodine chloride. 
6 Arormrfic con~po~r,iti.s. In aromatic substitution processes thiocyano- 

gen chloride yields aryl thiocyanates exclusive?J! according to equation (64). 

ArH + CISCN ArSCN + HCI (64) 

I t  reacts readily with mononuclear aryl ethers and anilideslh4, naphthalene. 
alkyl naphthalenes. and alkyl benzenes containing two or more alkyl 
groups2'.' l. which are unreactive t o v g i s  thiocyanogen. The products 
39. 40. 41. and 42 are obtained in good yield from diphenyl ether. acet- 
anilide, naphthalene and m-xylene respectively. 
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The reagent is less reactive, however, than thiocyanogen activated by a 
Friedel-Crafts catalysta7, since thiocyanogen chloride does not attack 
benzene or  toluene. 

b. Heteroaromntic compoztnds. Thiocyanogen chloride reacts rapidly 
with pyrrole and thiophen in acetic acid to give the corresponding 
2,5-dithiocyanates in good yield, but no further substitution occurs with 
excess reagent. Pyridines and quinolines with electron-donating sub- 
stituents can react in two ways, giving either nuclear thiocyanates 
(equation 65) or  ionic N-thiocyanato chlorides67 (equation 66). 

oMe + CISCN - ascN + HCI (65) 
H2N H r N  Me 

8 + CISCN A 6 +N 

I 
SCN CI- 

t 

The stability of the ionic products varies widely and, in general, is less 
than that of the corresponding compounds of iodine chloride. 

and 
a r ~ 1 ' ~ ~  alkenes under heterolytic conditions in acetic acid solvent to 
yield a-chloro-P-thiocyanates (43; X = Cl), 3-acetoxy-P-thiocyanates 
(43; X = OAc) and, in appropriate cases, vinyl thiocyanates (44). 

c. Alkeries. Thiocyanogen chloride reacts readily with alkyl' 

I 1  -c-c- 
I I  

'c=c /SCN 
/ \  

X SCN 

(43) (44) 
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Again, the reaction rates are cosiderably greater than those of the cor- 
responding additions of thiocyanogen. but otherwise the general features 
of the reactions are very similar, e.g. the additions to alkyl alkenes are 
r,.N,is-stereospecificL6~ and non-regiospecific' 'O, the additions to aryl 
alkenes are f~.~~rns-stereoselective'69 and regiospecific yielding tlie Mar- 
kownikoff-oriented products exclusively' 70 ,  the reaction rate increases 
with increasing solvating power of the solvent. and one or more electron- 
withdrawing groups on the alkene prevent reaction. Consequently, these 
reactions of thiocyanogen chloride have also been interpreted in terms of 
the cyano-sulphonium ion (28) for alkyl alkenes, and the open carbonium 
ion (29) for aryl alkenes. Ion-pairing has been postulated to account for 
the different ratios of products obtained from cis- and fr.ari.s-stilbeneL69. 

Thiocyanogen chloride also reacts with acrylic acid derivativesL7' and 
pyrimidine nuclcosidcs' 7 2  to yicld the corresponding Markownikoff- 
oriented vinyl  thiocyanates (equations 67 and 68 respectively). 

,NHAc 

+C lSCN - NCSCH=C (E7) 
/NHAc 

CH2=C 
'C02Me 'C02Me 

0 

+ 

R R  

0 

d. A Ikjvies. Heterolytic addition of thiocyanogen chloride to alkynes 
is considerably slower than to alkenes (cf. thiocyanogen) and yields the 
corresponding vinyl products; no further addition occurs with excess 
reagent. The addition to acetylene-js tram-stereospecific (equation 69; 
X = CI, OAc), whereas that to phenylacetylene is non-stereospecific but 
regiospecific' 7 3  (equation 70; X = CI, OAc). 

X 
A c O H ,  \ yH HCECH + CISCN ,c = c, (6 9) 

SCN 
\ 

H' 
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X / S  C N 

+ %=c (70) 
X 

%=c A-OH PhCGCH + CISCN - 
Ph’ ‘SCN Ph’ \H 

2. Homolytic reactions 

Thiocyanogen chloride readily undergoes homolytic fission of the 
CI-S bond either on irradiation (equation 71) or on attack by a radical”‘ 
(equation 72). 

(71) 
t,, 

CISCN - CI’ + [SCN]’ 

R- + CISCN - RSCN + CI’ ( 7 2 )  

In the reaction shown in equation (71), ultraviolek !ight is normally 
used. but, as with thiocyanogen (see Section III.$2.b), diRuse daylight is 
suficient to cause the hornolysis, and thus thiocyanogen chloride can 
act as a source of chlorine atoms and thiocyanato radicals under mild 
conditions”. Although the chlorine atom is the more reactive species 
(see Table 5) ,  each of the radicals produced in (71) is capable of initiating 
chp.in reactioB. However, in the reaction shown in equation (72), S,2 
at&k by the donor radical R’ occurs exclusively on  the electron-deficient 
slcslphur of the thiocyanogen chloride molecule, thus giving a thiocyanato 
product and ii chhrine atom as  the solc chain carrier. 

a. A I.({ Iklr I I  es. T h i o cy a n ogen c h I o r i d e reii c t s with p r i ni ii ry z - h y d rogen 
atoms of a rii 1 k y 1 h y d r oca r bo n s on i r r a d i ii t ion. y i c 1 d i 11 g Y- t h i o cy a na t o 
products exclusively”02’ (equation 73; R ’  = R’ = H). 

(73) 
t r ,  

ArCbR1R2 + CISCN ArC(SCN)R1R2 + HCI 
re 

The suggested mechanism is shown in equations (74) and (75). 

ArCHR’R2 + CI’ - A r t R ’  R2 + HCI (74) 

A r b % ’  R2 + CISCN --(-A ArC(SCN)R1 R2 + CI’ (75) 

The reactions are ge?ierally faster and give higher yields than +: cor- 
responding reactions of thiocyanogen (see Section III.A.2.a); thus 1- 
methylnaphthalene gives ii 78 (![, yield of I-thiocyanatomethylnaphthalene 
in 1.5 li with thiocyanogen chloride, and a SO‘,!< yield in 3 h with thio- 
cyanogen”. This may be due to the relative reactivity of thiocyanato 
radicals and chlorine atoms in reactions (51) and (74) respectively, or to 
the relative steric effgcts of thiocyanogen and thiocyanogen chloride in 
the transfer steps (52) and (75) respectively. 

a 
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Aralkanes with secondary a-hydrogen atoms also yield thiocyanates, 
but those with tertiary r-hydrogen atoms yield mixtures of the correspond- 
ing thiocyanates and isothiocyanates, or  isothiocyanatcs exclusively. 
This behaviour may be rationalized in the same way as for thiocyanogen. 

b. Alkeries. Alkenes unreactive towards thiocyanogen chloride under 
lieterolytic conditions, e.g. vinylidene chloride, cis- and frtrm-dichloro- 
ethylene, cinnamic acid and methyl acrylate, add the reagent readily 
when irradiation is used, and yield z-chloro-P-thiocyanates' 73. The 
addition is predoniinantly anti-Markownikolf. e.g vinylidene chloride 
reacts according to equation (76); it is also non-stereospecific, e.g. tmm- 
cinnaniic acid rcacts according to equation (77). 

CH2=C@ + CISCN CICH2CC12SCN + CC13CH2SCN (76) 

(93%) (7%)  
hx 

rrans-PhCH=CHC02H + ClSCN 

threo- and  erythro-PhCH(SCN)CHClCO2H (77) 

fi.c7ri.~-DithiocyanatoctIiylene is isonierized to the equilibrium mixlure of 
cis- and rr.rrris-dithiocyanatoet hylene. 

These results may be rationalized in ternis of the mechanism shown in 
equations (78) and (79). 

/ I I  'c=c + C I '  -"-$- 
/ \  I 

8 CI 

I 1  I I  

I I 1  
CI CI SCN 

-C-$- + CISCN A -C-C- + CI' (79) 

with the preferential an3-MarkownikolTirkownikolT addition occurring via thc more 
stable of the two possible open chloroalkyl radicals in (78). The greater 
reactivity of thiocyanogen chloride over that of thiocyanogen (see Section 
111.A.2.b) in Iiomolytic addition reactions is attributable to the relative 
stcric effects in the transfer steps (57) and (79). 

C. Thiocyanogen Bromide * 

'' 
but its value as an electrophilic thiocyanating agent is severely limited by 
its dissociation in organic soIventsl6' (equation 80). 

d - J + 
Thiocyanogen bromide has the polarizcd structure Br-SCN 
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2 B r S C N  Br2 + (SCN),! (80) 

Bromine is the most reactive component in the system, and thus hetero- 
lytic substitution reactions of thiocyanogen bromide w i t h  organic com- 
pounds produce mixtures of brominated and thiocyanated products 
with the former predominating. as illustrated in equation (8 

?Me OMe OMe 
I I 

8.Q 0 + BrSCN 

Br SCN 

(92%) (8%) 

N o  homolytic work has been reported. but clearly similar difficulties 
would be encountered. 

0. Iodine Thioc yanate 

On the basis of its infrared spectrum'" and the relative electronegativi- 
ties' of the iodo and thiocyanato groups, the most likely structure for 
iodine thiocyanate is I -NCS. I t  is even more extensively dissociated 
in organic solvents (equation 82) than thiocyanogen bromide' h5. 

d + ,> -- 

2.1NCS 12 + (SCN)2 (82) 

The most reactive component in the equilibrium (82) appears to depend 
on the type of reaction involved'". I n  aromatic substitution rcactions 
the most reactive component appears to be thiocyanogen (see Section 
1II.A.l.a) since, with arylamines and phenols, the products are either 
aryl thiocyanates or mixturss of aryl thiocyanates and iodides. with the 
former p r e d ~ r n i n a t i n g ' ~ ~ . ~ &  the other hand. alkenes appear to react 
preferentially with iodine thiocyanate. giving labile addition products 
which are stated 10 be r-iod~-P-thiocyanates'~' (equation 83). Alkynes 
behave similarly'". 

/ I 1  

/ \  I 1  
'C=C + l N C S  - -C-C- 

I SCN 

(8 3) 

However. the possibility of concurrent forinat ion of the corresponding 
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isothiocyanatc (cf. thiocyanogen additions in Scction 1II.A. 1.h) hns not 
been exclitdrd by, for example, spectral examination of the products. 

The kinetics and activation parameters of the addition reactions have 
been measured for a large range of alkenes. and indicate an electrophilic 
addition: the addition rates to substituted styrenes show good correlation 
with the Hammett equation, while those for acyclic aliphatic alkenes 
correlate with the Tart equation' 7". 

E. Aryl Sulphen y l  and Sulphong Thiocyanates 

Aryl sulphenyl thiocyanates are stated to react smoothly with alkenes 
to give the corresponding ~x-arylthio-P-thiocyanates~" (cquation 84): 
spectral confirmation of the thiocyanato structure is. however. lacking. 

I I  

SAr SCN 

(84) 
\ /  

/ \  I I  
C=C + A r S S C N  -C-C- 

The mechanism of the reaction has not been established, but the observa- 
tion that thc addition is fr.ccris-stereospecific suggests. by analogy with 
thiocyanogen (scc Section 1II .A. l .h ) .  that i t  is a heterolytic onc. 

The corresponding sulphonyl thiocyanates add to alkenes and alkynes 
in the presence of a radical initiator to give r-thiocyanato-P-sulphones'30. 
The orientation ofaddition to styrene (equation 85) suggests that sulphonyl 
radicals, rather than thiocyanato radicals, are the chain carriers (cf. 
thiocyanogen chloride in Section III.B.2.b) in this homolytic addition 
react ion. 

S02SCN A PhCHCH2S02 O C I  (85) 
I 
SCN 

P h C H Z C H 2  + CI 

Thc interesting observation was also made that compound 45 reacts 
with diazomethane by insertion to zive 4-C1ChH,S0,CHzSCN'30. 
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IV. PREPARATION OF THIOCYANATES BY CYANATION 
OF ORGANO-SULPHUR COMPOUNDS 

In these reactions. thiocyanates are synthesized by cyanation of appro- 
priate organo-sulphur compounds, i.e. by the formation of the S-CN 
bond. The most common cyanating agents are the cyanide ion and the 
cyanogen halides; more recently, 2-nitro-5-thiocyanatobenzoic acid has 
been used, particularly in biological systems. The obvious advantage of 
this method is the avoidance of simultaneous formation of the cor- 
responding isothiocyanates (see Sections 11 and I I I ) ,  although subsequent 
isomerization may still take place in some cases (see Section V1.B). 

These reactions have been comprehensively reviewed recently', and 
so only a brief account is given below. 

A. Cyanide Ion 

Cyanide ion reacts with organo-sulphur compounds containing stable 
leaving groups with the formation of thiocyanates by nucleophilic dis- 
placement on sulphur. The method has been applied to sulphenyl 
halides'21.1xo (equation 86), sulphenyl thiocyanates"' (equation &'), 
thiosulphates' 8 2  (equation 88), and disulphides183*'84 (equation 89). b 

SCl SCN 

SS03Na SCN 

H:o + NaS0,- (88) 
+ CN- 
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NO2 

857 

B. C yanogen Halides 

Organo-sulphur compounds can displace the halide ion from cyanogen 
chloride, bromide, or iodide with the formation of the corresponding 
thiocyanate. The method has been appli& to thiols in either acidic‘8s or 
alkaline’*6 solutions. A recent example is shown in equation (9O)lg3; by 
applying reactions (89) and (90) successively, an almost quantitative 
yield of 46 may be obtained from the disulphide 45l”. 

+ BrCN ___* 6 + Br- 

C02H C02H 

N 0 2  NO2 

(46) 

Metal thiolates may also be ~ s e d ~ ’ . ‘ ~ ’ ;  thus t-butyl thiocyanate is formed 
on reaction of the lead thiolate with c;s..:nogen chloride67. and acetylenic 
thiocyanates have recently been prepared in the two-step reaction shown 
in eqmtion (91)’”. 

(91) 

Cyanogen bromide also cleaves sulphides according to equation (92). 

( a )  S 
R C E C L i  R C F C S C N  + LiCl (b)  ClCN 

RSR + B r C N  - RSCN + RBr (92) 
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The factors controlling the cleavage of unsymmetrical sulphides have 
been discussed'88. 

C. 2- Nitro -5 -thioc yanatobenzoic Acid 

2-Nitro-5-thiocyanatobenzoic acid (46) is a remarkably mild and 
selective cyanating agent for thiols'*' (equation 93). Its reactivity is due 
to the ease of displacement of the 4-nitrothiophenolate anion, which is 
a very good leaving group with respect to sulphur nucleophiles. 

S C N  

(93) 9 + RSCN Q C 0 2 H  + R S H  - c& CO2H 
NO2 NO2 

(46) 

V.  PREPARATION OF THIOCYANATES BY 
M IS C E LLAN EO U S M ETH 0 DS 

I n  this section. some miscellaneous methods of preparing thiocyanates 
are briefly described. Some appear to be of general application, while 
others are limited in scope. In all cases. the primary products are exclu- 
sively thiocyanates. 

A widc rangc of thiocyanates has been pepared from the corrcspondin_g 
sulphenyl chlorides and formamide in the presence of thionyl chloride'g0 
(equation 94). 

-HX RSCN'  (94) 

I n  an unexpected reaction. an equally wide range of thiocyanates may 
be prepared by reaction of sulphonyl halides with cyanide ion in an inert 
solvent '' ' (equation 95). 

SOCl2 /c' 
H2NCHO + RSCI + H N = C  

' S  R 
e 

(95) RS02CI  + CN; RSCN + RS03- 

The thiocyanato group has an or.rho/ptrrx directing elTect in electrophilic 
aromatic substitutions"". Thus. nitration 0.; phenyl thiocyanate proceeds 
according to equation (96), wi th  a n  orrho/ptrrtr ratio of 1/4. 
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SCN 1 &02 +G 
NO2 

+ NO2+ ____* (96) 

The pro-dirccting effect of the thiocyanato group is considerably larger 
than that of the chloro, bromo. or methyl groups. and this difference has 
been exploited in the preparation of dissbstituted aryl thiocyanates"'2. 

Thiocyanates may also be produced by ring cleavage of appropriate 
thiazole dcrivatives. Thus, 3-chloro-l,2-benzisot h i a ~ o l e ~ ' ~ ,  2-bromo-5- 
ni t ro- thiaz~le"~.  and 5-acylthi0-1,2,3,4-thiatriazoles'~~ react according 
to equations (97), (98) and (99) respectively. 

VI. PSEUDOHALIDE REACTIONS OF THIOCYANATES 

In many of their reactions. organic thiocyanates behavc in essentially the 
same way as the corresponding halides, i.e. as pseudohalides. The most 
common pseudohalide reactions are those which involve fission of the 
R-SCN bond. In most reactions of this type the products and mechanisms 
are the same as for thc halides, but thiocyanates show one important 
reaction which is not available to halides, i.e. isonierization. 

A. Substitution Reactions 

reactions being as shown in equation (100). 
Organic thiocyanates undergo S,1 and S,2 reactions readily, the overall 



860 R. G. Guy 

X- + RSCN ___* R X +  [SCNI- (1 00)  

S,2 reactions are generally confined to weak nucleophiles, e.g. ethanol' I ,  

thiourea", thiocyanateI3, and azide'", since stronger nucleophiles, e.g. 
alkalies, alkoxides, and amines preferentially attack the carbon atom of 
the thiocyanato group (see Section VII.A.3).  S,1 solvolyses promoted 
by ferric chloride" or silver nitrate"' in alcoholic solutions are used as 
diagnostic tests for labile thiocyanates. Further S,1 reactions of thio- 
cyanates are discussed in Section VI.B.1.a which deals with isomerization. 

Intramolecular displacement of the thiocyanato group occurs when 
fraris-a-isothiocyanato-P-thiocyanatoalkenes are treated with amines, 
and leads to 2-aniinothiazoles as shown in equation ( 101)'53. 

FriedelLCrafts alkylation of substituted benzenes by alkyl thiocyanates 
(equation 102) is another example of heterolytic fission of the K-SCN 

R' R' 

Sulphenyl thiocyanates undergo RS-SCN bond fission 011 treatment 
with thiols. and the method has been developed iis a synthesis of unsym- 
metrical disulphides'27.'2H (equation 103). 

RSSCN + R'SH - RSSR' + HNCS (1 03) 

The thiocyanato group may also he renioyed from carbon atoms by 
metals. e.g. copper in the Ullniann reaction'99. and Raney n i ~ k e l ' ~ ~ . ~ " ~ .  

B. lsomerization Reactions 

The most coninion reaction involving fission of the R-SCN bond in 
thiocyanates is the isomerization to the isothiocyanate shown in equation 
(104). 
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R - S C N  R - N C S  (1 04) 

The con con1 i ta n t k i net ical l y-con t rol led for ma t ion of the iso t h iocya na t e in  
the preparation of some thiocyanates has been discusyed in Sections I1 
and 111. In this tlierinodynamically-contrceebd formation of isothio- 
cyanate. the driving force for the rearranpenient is the preatcr R-N bond 
strength. Gencrally, the isomerization is practically coniplete for the vast 
majority of substrates and conditions, although in a few cases i t  is possible 
to establish the prescnce at cquilibriuni of small. or  even considerable, 
amounts oTthiocyanate. There are three principal pathways for isomeriza- 
tion; these have been thoroughly reviewed by Fava"" and Spurlock lo'. 

and so only a brief account is presented here. 

1 . -3issociat iop-recom bination 

Isomerization by this pathway involves either heterolytic or hotiiolytic 
dissociation of the R-SCN bond followed by recombination of the inter- 
mediate species. 

a. Cnrho/iiirriz io/i iurer/iidiore.s. The ease of isomerization of alkyl and 
aralkyl thiocyanates increases in the order primary < secondary < 
tertiary thiocyanates and is favourcd by the  presence of aryl groups on 
the carbon atom to which the thiocynn:ito group is or 
by the addition of a catalyst such ;IS zinc chloride2"'. Thus, in the alkyl 
series, while priniary thiocyanates cannot be isomerized at all, secondary 
thiocyanates can be isomerized by heating in the presence of zinc chloride. 
and tertiary t hiocyanates can be isotnerized readily at room tcniperature 
in the presence of zinc chloride. In the aralkyl series no zinc chloride 
catalyst is required, and thc ease of isomerization ranges from that of 
benzyl thiocyanate. which isomerizcs at 250 C to that of triphenylinethyl 
thiocyanate which is so labile that i t  has never been isolated, even under 
mild conditions" I .  

There is clearly a close parallel between the ease of isomerization 
(either uncatalysed or catalysed by zinc chloride) and the stability of the 
carboniuni ion derived froni the parent t hiocyanate. Kinetic strgiies also 
show that' the isoinerization reaction is first-ord,cr. that the rate of iso- 
tnerization increases with increasing solvent polarity, and that it is of thc 
same order of niagnitude ;is I'or the solvolytic reactions of the corrcspond- 
ing Furthermore. isonieriziition occurs wi th  100'1,;, rctentinn 
of configuration I"( ' .  

These resulls have becn interpreted in terms of the ionizatioii-rec">m- 
bination mechanism shown in equation ( 105)1')('~'"3.'0'. 

c 
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R-SCN ___L :R ' [SCN] - :  R' + [ S C N I -  

(47 1 (48) 

R-NCS 

The important feature of equation (105) is that i t  is the ion pair 47. and not 
the free carboniuni ion 48, through which isomerization takes place"'; 
collapse of47 to the isothiocyanate is more likely to occur on the same side 
of the plane. as defined by the carboniuin ion in 47, from which the thio- 
cyanato ion departed, and thus lead to the observed retention of con- 
figuration. The equilibrium fraction of thiocyanate in these thermal 
isonierizations is generally low. Thus. in alkyl thiocyanate-isothiocyanate 
isoinerizations no thiocyanate is detectable at equilibrium. and in the 
benzhydryl thiocyanate-isothiocyanatc isonierization the amount of 
thiocyanate at equilibrium in cyclohexanc is less than 1 :<: in acetonitrile 
the figure is 2.3 y , , , 2 0 ' .  However, in the furfury1 thiocyanate-isothiocyanate 
equilibrium (equation 106). substantial amounts ( 1  1-207,'J of the thio- 
cyanate are present: again polar solvents permit larger fractions of the 
tliiocyanate at equilibrium than do non-polar solvents'('s. 

It has been suggested t h a t  the furan ring. p i n g  nlore polarizable, i.e. 
softer on the HSAB principle (see Section 1I.A). th& the benzene rings 
of aralkyl thiocyanates and the rr-bonds of alkyl thiocyanates, shows a 
L greater preference for the soft sulphur atom of the thiocyanato anion"'. 
The stabilization of the thiocyanate in more polar media is in agreement 
with the greater polarity of thiocyanates with respect to isothiocyanates, 
as shown by their respective dipole monients" '. 

Spurlock and coworkers have investigated the isomerization of cyclic 
and bicyclic thiocyanates. in which anchinieric ;1SSiSti\IIcc by ci or 71 

electrons causes the additional complication, of skeletal equilibration as 
illustrated i s o u a t i o n  (107). and have discussed the r%ults in terms of 
ion-pair beh2%0ur''~.~" '."('. 
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Some acyl thiocyanates, RCOSCN, may also isomerize by this ionization 
mechanisni’ 9 5 .  

b. Rcuiictrl iiifer-r~icrlitrtes. Parks and S p ~ r l o c k ” ~  have recently shown 
that photo-isomerization of thiocyanates to isothiocyanates can proceed 
under relatively mild conditions. Thus, ultruviolct irradiation of benzyl 
thiocyanate in an oxygen-free organic solvent for a few hours at 25°C 
produces an  equilibrium mixture consisting of 96-99 yo benzyl isothio- 
cyanate (equation 108). 

These ratios were verified as stationary states in each solvcnt by approach 
from either isomer, and were shown to be independent of the effects of 
methoxy, methyl, chloro, and trilluoromcthyl substituents in the porcr 
posit io 11. 

The inechanism suggested involves photo-induced honiolytic dissocia- 
tion of the R-SCN and R--NCS bonds in thiocyanates and isothiocyanates 
respectively, followed by reconibination of the benzyl and the ambident 
thiocyanato radicals (see Section III.A.2) in the solvent cage 49 to give 
the isothiocyanate preferentially207 (equation 109). 

PhCH2SCN I PhtH2[SCN]’ PhCHzNCS (109) 

(49) 

2. Sigmatropic rearrangement 

Allylic thiocyanates isoinerize thermally with much greater ease than 
other systems, e.g. benzyl, of comparable electron-releasing ability. Thus. 
3-thiocyanatocyclohexene undergoes isomerization to 3-isothiocyanato- 
cyclohexene at 32 “C, with a half-life of 2 The first-order isomer- 
ization rates. unlike thosc of the alkyl and aralkyl thiocyanatcs (sec 
Section V1.B. 1 .a), are only marginally inlluenced by changes in solvent 
polarity and electronic effects of substituents. Furthermore, the carbon 
skeleton undergoes an allylic rearrangeinent during the isomcrization”’. 
Thus, crotyl thiocyanate yields a-inethylallyl isothiocyanate (equation 



864 R. G. Guy 

1 lo), and heating the allylic thiocyanata?yranoside (50) leads stereo- 
specifically and regiospecifically to the allylic isothiocyanate, 514‘ 
(equation 1 1  1). 

CH3CH=CHCH2SCN - CH3CHCH=CH2 (1 10) I 
NCS 

These results have been interpreted”’ in terms of the suprafacial 
[3.3] sigmatropic rearrangementJ6 and 
in equation ( 1  12). 

cyclic transition state 52 shown 

As in the isomerization of alkyl and aralkyl thiocyanates, the amount 
of thiocyanate present at equilibrium is usually small, and is greater in 
solvents of high polarity. However, where the rearrangement produces a 
less stable carbon skeleton, the equilibrium fraction of thiocyanate may 
become sizeable or even unity. Thus. cinnamyl thiocyanate does not 
undergo allylic rearrangement at all. due to the loss of delocalization 
energy outweighing the energy gain accompanying isomerization”’ 
(equation 113). 

P h C H  = C H C H2 SC N ** P hcd C H=C H2 (11 3) 
I 
NCS 

3. Direct displacement by thiocyanato ion 

I n  the presence of substantial amounts of thiocyanato ions (3), organic 
thiocyanates may be isomerized in an S,2 reaction involving direct 
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nucleophilic displacement of the 'organic' thiocyanato group by the N 
end of the 'inorganic' thiocyanato ion" (equation 114). 

[SCNI- + R-SCN SCN-R + [SCNI- (114) 

For the reasons outlined in Section 1I.A on the basis ofthe HSAB principle, 
the extent of this reaction increases as the structure of the halide changes 
from primary to secondary to tertiary, and becomes relatively more 
important than the concomitant reaction involving the S end of the 
'inorganic' thiocyanato ion. 

This mechanism may be exploited in the syilthesis of those isothio- 
cyanates in which the nature of the organic moiety precludes isomerization 
via the ionization mechanism (see Section V1.B. 1 .a). Thus, 4-nitrobenzyl 
isothiocyanate is obtained in moderate yield by heating 4-nitrobenzyl 
thiocyanate with potassium thiocyannte in'acetone". 

Spurlock'"' has suggested that acyl t h i o ~ y a n a t e s ' ~ '  may also isomerize 
0 in an addition-elimination variation of this mechanism (equation I 15). 

0- 0 
I II 

I I 
NCS NCS 

.S 

RCOSCN + [SCNJ- ___* R-C-SCN - R-C + [SCNI-  (115) 

C. Esnination Reactions 

Relatively few examples are known of thiocyanates undergoing 1.2- 
elimination of isothiocyanic acid with the formation of alkenes, but they 
illustrate the pseudohalide analogy wcll (cf. Section VII.A.5).  Thus. 
isopropyl thiocyanate yields propenc, presumably by the E2 mechanism 
shown in equation (116). on treatment with potasslhm i-butoxidc in 
diniethyl sulphoxide. t h e  r;!te of elimination beingconsiderably slower 
than for the corresponding deliydrobromination'O". 

Me 
t - B u O a H - ~ - C c S C N  - B u g H  + CH2=CHMe + [SCNI-  (116) 

I 0 
H 

I n  r.-halo-P-t hiocyanates. hydrogen halide rather than isothiocyanic 
acid is eliminated on treatment with base?' 7".20y. 

Gas-phase pyrolysis of thiocyanates occurs readily. and leads to 
alkenes in a highly concerted. unimolecular reaction proceeding through 
the six-centred transition state !?4''' (cquation I 17). 
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I/ \ /  \ /  
/"= "\ c-c \ /  \ /  c-c 

s'] -\ti - s H -s 
H 

NN/ 
' c  /'1 'C N C  

*N N N  

(53 1 

The same mechanism probably applies to the spontaneous deconiposi- 
tign of certain aralkyl thiocyanates to alkencs and isothiocyanic acid on 
standing at room temperature". 

0. A ddition Reactions 

Additiosreactions involving fission of the R-SCN bond are exemplified 
by the heterolytic and homolytic additions of aryl sulphenyl thiocyanates" 
(ArSSCN) and aryl sulphonyl thiocyanates' 30 (ArS02SCN)  respectively. 
These have been discussed as methods of preparing thiocyanates in 
Section 1II.E and are illustrated in equations (84) and (85). 

E. Oxidation Reactions 

Oxidation of alkyl and aryl thiocyanates by peracids leads to the 
corresponding sulphonyl cyanides" ' (equation 1 18). 

RSCN + R'C03H RS02CN + R'C02H (118) 

This may be compared with the peracid osidation of aryl iodides to iodoxy 
compounds (RIO,). 

VII. SULPHENYL CYANIDE REACTIONS OF 
TH I 0  CY A N  ATES 

In these reactions. organic thiocyanates show behaviour due to their 
sulphenyl cyanide structure. i.c. RS-CN. This involves either fission of 
the RS-CN bond or addition reactions of the R S C E N  bond: in each 
case the reaction may be intermolecular or intramolecular. 

A. Fission of the RS-CN Bond 

1. Oxidation reactions 

Vigorous osidation of thiocyanates is ;I convenient way  for pre@+ng 
w the corresponding sulphonic acids (equation 1 19) (cf. Section V1.E). 
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' RSOBH (119) 

Nitric acid is the usual oxidizing agent"'. but the oxidation may also bc 
effected by alkaline hypochlorite. sodium hypoiodite. hydrogen peroxide. 
or by clectrolytic nieans'. Caution should bc exercised in treating ii tliio- 
cyanate with ;I peroxidc. since such mixtures have becn known to cxplodc'. 

Oxidation with ilqueous chlorine yields the sulphonyl chloride. often 
in good yield' I (eq tiat ion I 20). 

H:O RSCN t [O] 

R S C N ' +  3 C l z  + 2 H 7 0  R S O r C l  + C lCN + 4 H C I  (120) 

2. Reduction reactions 

Reduction of ; in  dgan ic  thiocyanare produces the corresponding 
1 '  t!iiol (equation 171). 

R S C N  + [ H I  A R S H  (121) 

The reaction may be effected by t i n  and hydrochloric acidx. lithium alii- 
miniuni hydride' l a .  sodium in liquid ammonia' I T .  sodium sulpliide'"'. 
or di thiothreitol I ". 

This reaction is \/aluable i n  the synthesis of tliiols. e.g. thc biologically 
active 5-niercaptopyrimidine nucleosidcs' '' or the nicrcapto analosuc of 
compound 23. which ;ire dinicult 01- tedious to prepare by othcr mctliods. 

3. Nucleophilic displacement reactions 

N ucleophilic displ~iccmcnt rcnctions on the RS CN struct tire may 
takc placc either on the carbon atom (equation 122) or on thc sulphur 
atom' ' '  (cqtiation I 23). 

(122;  2 f'? 
1 1 1  
N 

X -  C-5R - XCN + R S  

The most coninionly encountcred lission reaction of S-CN bonds. in  
both the alkyl and the Liryl scries. is in the convcrsion of thiocyanates into 
disulphides by treatment w i t h  alkaline rcagents. e.g. aqueous or iilC~>holic 
solutions of alkali-metal hj/droxides or alkosides. sodiuni c:irb01ii\te. 
amines. and sodium sulpliide 0 1  hydrosulphide5 ". This is readily 
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accounted for by a two-stage mechanism, the first of which is the formation 
of the thiolate anion (equation 122; X = OH, OR etc.), and the second of 
which is nucleophilic displacement of cyanide ion from the thiocyanate 
by thiolate ion (equation 123; X = SR). 

If the thiolate ion contains a stable anionic group on an adjacent atom, 
intramolecular displacement takes place readily with the formation of 
an episulphide (equation 124). 

PX 

(124) 

This has been shown to occur for X = SkN'3"43.''8, C1'43*"9, 1'" 
and OMs219, and in acyclic'43, a l i c y c l i ~ ' ~ ~ ~ ' ' ~ ,  and steroida12".'20 
systems. Recently it has been shown that a similar intramolecular reaction 
occurs with rrvrris-cc-isothiocyanato-P-thiocyanato-alkenes, the products 
being 2 - m e r c a p t o t h i a ~ o l e s ' ~ ~  (equation 125). 

/ \  
SCN 

/ \  
SCN 

/ - ' \  
N S 

S- SH 

1 termolecular reaction with added organic halides2"." or alcohols2z' 
leads to the formation of sulphides (equation 126). 

RS- + R'X R S R '  + X-  (126) 

Grignard reagents attack either the carbon atom or the sulphur atom 
of the RS-CN structure according to the reaction conditionsz2' (equations 
127 and 128). 

RSCN + R'MgBr A RSR' + MgBrCN (1 27 ) 

(128) 
HBr 

RSCN + R'MgEr RSH + ,R'CN + MgBrz 
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Trialkyl phosphites behave similarly. Thus.  aliphatic thiocyanates 
undergo an Arbuzov-type reaction with trialkyl phosphites yielding 
alkyl nit riles and the corresponding phosphorothioates, the mechanism 
involving displacement of the cyanide ion by nucleophilic attack of 
phosphorus o n  the sulphur atom223 (equation 129). 

(R0)3P + R'SCN - [ ( F I O ) ~ ~ S R '  CN-]  - (R0)2PSR '  + RCN (129) 

I n  contrast, aromatic thiocyanates react to give aryl aikyl sulphides and 
phosphorothioates, the mechanism involving displacement of the thio- 
phenoxide ion by nucleophilic attack of phosphorus on the carbon atom"' 
(equation 130). 

0 
II 

0 
+ II 

(RO)3P + ArSCN [(R0)3PCN ArS-] (R0)2PCN + ArSR (130) 

The difl'erence in behaviour is clearly due to the relative stabilities of the 
R'S-. C N - .  and ArS- anions. Simikr differences havc been observed in 
the reaction of heterocyclic thiocyanates with diethyl hydrogen phos- 
phite'". 

Nucleophilic attack by cyanide ion occsrs uniquely on the sulphur 
atom. and has been exploited to prepare isotopically-labellee organic 
thiocyanates""' (equation 131). 

'CN- + RS-CN RS-'CN + C N -  (131) 

Carbanions behave similarly under conditions of phase-transfer 
ca t a 1 y s i s. y i e I d i n ,g s u 1 p h ides 6.1. 

4. Homolytic reactions 

Cyclohexyl thiocyanate does not undcrgo photo-isomerizat ion i f ;  
cyclohexane (see Section V1.B. 1 .b). but readily affords dicyclohexyl 
sulphide. dicyclohexyl disulphides, nd hydrogen cyanide'"7. The proposed 
mechanism involves homolytic dissociation of the RS-CN bond. followed 
by radical recombination reactions (equatiog 132). 
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5. Elimination reactions 

Diphcnylmcthyl t hiocyanatcs yield t hiobcnzophenoncs on treatment 
a 1.2-climination of hydrogen c y a ~ i i d e ~ ' ~  (equation 133) (cf. wi th  base 

S g i o n  V1.C). 

H CN 
I I  I PIOH 

Ar2C-S + /-Pro- ___* ArZC=S (1 33) 

The second-order rate constants fit the Hamniett equation. givRg a very 
high p value of + 3.5. Optically-active thiocyanates do not racemize 
during the elimination. and the reaction shows a kinetic isotope effect 
of k , , / k ,  = 34.  On the basis of these results, a concerted ElcB-like 
mechanism has been suggested 2 2 7 .  

I n  what may be considered to be a 1.5-eliinination of hydrogen cyanide, 
cis-? - t h i oc y a na t o a c r y 1 a m id cs c y cl i ze I o t hc co r res po n d i ng 3 - i so t h i - 
azoles7' (equation I 34). 

NC-S?O ___* S D O + H C N  

N N 
I 
R 

/ \  
H R  

(1 34) 

Similarly, 1.2.4-benzodithiaAms are formed by a 1.6-elimination of 
hydrogen cyanidc as shown in equation (135)"! 

B. Reactions of tge RSC-N Bond 

Organic thiocyanatcs resemble cyanides in undergoing addition 
reactions at the C-N bond which is an rtnibiphilic ccntrc. The orientation 
of addition is controllcd by the polariznlion C E N .  and initial attack 
may be either by nucleophiles at the carbon atom yielding an iinino ion 
intermediate (54, equation 136). o r  by clectrophiles at the nitrogen atom 
yiclding a nitrilium ion intermediate (55. equation 137: X = 1-1. R. etc.). 

d 4- ,) - 



18. Syntheses and preparative applications of thiocyanatcs 87 1 

n f- 
X- C Z N  A X-C=N- 

I I 
SR SR 

(5 4) 

(1 3 6) 

+- 
X+-:N=CSR - X-NZCSR - X-N=;SR (137 I 

(55) 

These reactions often occur much more readily when they are inira- 
molecular, thus yielding cyclic products. Such cyclization reactions are 
particularly valuable in the synthesis of heterocycles. 

I .  Addition reactions 

a. IVrrrcv rrrirl rrlcoliols. Thiocyanates are readily hydrated lo thio- 
carbamates by treatment wi th  sulphuric acid and then water”’ (equation 
138). 

H,O 
RSCN + H+ - RS?=NH 

RSC=NH 4 RSCNHz + H+ (138) 
I II 
OH 0 

Alcohols behavc similarly. yielding N-substituted thiocarbamates”’” 
(equation 139). 

RSCN + R‘OH H‘ RSCONHR’ (139) 

When the conditions do not favour carbonium ion formation from the 
alcohol. nucleophilic attack occurs yiClding iminotliiocnrbonates (56) :  
if this reaction is carried out in the presence of a thiol-trapping agent, 
e.g. niercuric oxide. alkyl cyanates are formed in good y i ~ l d s ’ ~ “  (equation’ 
189). 

RS 
RSCN + R’OH ___* )=NH ““ R’OCN ( 1 4 0 ) -  

R‘O 

(56) 

b. A/l;cwe.s. Alkenes behave similarly to a&hols, yielding N-substituted 
thiocarbamates 011 treatment with sulph-.-; acid and then \vater2”’.’3’ 
(equation 14 1 ). 

(141) 
t i  

RSCN + CH?=CHR’ H,O RSCONHCH(CH:3)R’ 
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cyanates yielding dithiourethanes”’ (equation 142). 
c. Hydroget? sulphide otid rhip-ncids. Hydrogen sulphide adds to thio- 

RSCN + H2S RSCSNH2 (142) 

Thio-acids add readily to thiocyanates to give N-acyldithiocarba- 
(equation 143). mateS 155.2 33 

RSCN + R‘COSH RSCSNHCOR‘ (143) 

This reaction is useful for characterizing thiocyanates and distinguishing 
them from isothiocyanates, which under s i d ~ l a r  conditions give N- 
ac y la inines and carbon d isu I p h ide. 

d. Phosphorzrs perztnch/or.ide. Aromatic thiocyanates are phosphorylated 
by treatment with phosphorus pentachloride and sulphur dioxide as 
shown in equation (144)23J. 

ArSCN + PCI5 ArSC=NFC13 PCI6 b ArSC=NPOCI* (144) 
I I 

CI CI 

e. Hydt.ogeiz c/z/oride. Alkyl thiocyanates react with hydrogen chloride 
in ether yielding thioimidoyl chloride salts (V,, at OcC235 and dimeric 
adducts (58) at 60 cC’36 (equation 145). 

RSCN t I-ICI - R S C = & H ~  CI- - RS-c 

[;1H?CI 

(145)  
RSCN 4 

I I 
CI 

(57 )  

N 

‘C-SR 
I 

CI 

( 5 8 )  

2. ‘Cyclization reactions 

a. S-I-lererocycles. 1.2-Dithiocyanates undergo acid-catalysed cycliza- 
tion to iminodithiocarbonates, which may be converted into the cor- 
responding di- or tri-thiocarbonate~‘~.” (equation 146). 

I 

I 

I 

-C-SCN 

-C-SCN 
H‘ 

-p, 
I c=s 
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b. N-Heterocycles. In the presence of tin tetrachloride, thiocyanates 
react with 0-chloroethylbenzene forming nitrilium salts which cyclize 
to l-thioalkoxy-3,4-dihydroisoquinolines237 (equation 147). 

' 

Thiocyanates react with chloro-, phenyl-. or benzyl-substituted malonyl 
chlorides to give 4-chloro-pyrimidine-6-ones with an alkyl- or aryl-thio 
group in the 2-positionZ3' (equation 148). 

RCH(COC1)2 + 2.R'SCN 'cTsR' + R'SCOCI (148) 
R "  

c. S,N-Hererocjvles. Thiazoles (59), 2-thiazolines (60), 4-thiazolines 
(61), and thiazolidines (62) are readily prepared from organic thiocyanaies 
by a variety of methods. 

Aliphatic a-thiocyanato ketones react with aqueous acid yielding 
2-hydroxythiazolesz7 (equation 149). 

(1 49) 
R-C=O H' 

R-C-SCN 
I + H20 ___* 

I 
H 

Reaction with hydrogen sulphideZ7, hydrogen chloridez7. a m m ~ n i a ' ~ ,  
d i e t h y l a n ~ i n e ~ ~ ,  or  aniline239 gives the corresponding 2-mercapto-, 2- 
chloro-, 2-amino-, ?-diethylamino-. or 2-anilino-thiazoles. 
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t h i o c y a n a t e ~ ~ - ~ * ~ " . ' ~ ~  (equation 150). 
2-Aminobenzothiazoles are readily prepared from o-amino aryl 

aNH' 
SCN 

The ease of formation of the thiazole derivative varies with the nature of 
the thiocyanatoamine, some rearranging spontaneously, whereas others 
require heating with acid. The reaction has also been used to prepare 
thiazolo-py~idi~ies '"~.  l o 5  . -qui~iolines'"~. - p y l - i r n i d i ~ i e s ' ~ ~ . ' ~ ~ . . ' ~ '  . -acri- 
dines'06, and -indazoles' ' 0 .  Bi~-94".'~'.'''3 and tris-" thiazoles may be 
prepared f rcg i  the corresponding t hiocyanatoa mines. 

Aliphatic r-amino-0-thiocyanates cyclize spontancously to give 2- 
amino-~- th iazol ines~~ P (equation 15 1). 

Chlorination of an alkene in the presence of an alkyl thiocyanate 
leads stereospecifically to the formation of the N-(P-chloroalkyl) imido- 
chloride 63, which, on treatment with sodium hydrosulphide solution, 
yields a .  2 -a lkyl th i0-2- th iazol ine~~~ (equation 152). The synthesis has 
the a&!d advantage of being performed as a one-pot process. 

I 
SR 

I 
S R  
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The o-thiocyanato derivatives of secondary aromatic amines rearrange 
readily to 2-iininobenzothiazoline~~-~ (equation 153). 

a-Thiocyanatoalkyl aryl ketones, when treated with aniline in the presence 
of mineral acid, yield 2-irnin0-4-thiazolines~~' (equation 154). 

S \ 

+ I  PhNH2 
ArCOCHZSCN + H+ - Ar-C-CH2 H. 

I 
OH 

N N H  N H  
Ph ' I '  II I1 

\NHCIS Ph-N' Ph-N"\? I 
Ar --C=CH (154) 

"7 -H?O, I I I 
I I I 

OH OH H 

Ar-C-CH2 Ar-C-CH 

T h i  a z o! id i n es in a y be p r c p a red fro In 2 -I h i o c y a n a t o a n i 1 ides ( eq u a t ion 
155), r-thiocyanatoesters" (equation 156). and 2-thiocyanatoinethyl 
benzi~nidazole"'~ (equation 157). 

RCHCONHPh 
I 
SCN 

H H 

RCHC02R' I + H2NhH2 - o ~ ~ N - N ~ N ~ o  (156) 
R R SCN 
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leads to 1,3-!hiazine derivatives in good yield'" (equation 158). 
Cyclization of the thiocyanato group with an o-acyl chloride group 

The thiocyanato compound I 1  yields 1,3,4-t hiadiazole derivatives o n  
cyclizntion under both thermal and acidic conditions'" (equation 159). 

N-N 

S 1 4 C H P h  9 p,,As,.k N=CHPh 

d. S.O-H4rer.oc.!Jc.le.s. o-Thiocyanatophcnols rearrange readily to the 
corresponding 2-iminobenzoxat hi ole^"-'^^"^ (equation 160) 

Cyclization is slow in acid solution. but fast in  neutral or basic solution, 
rellecting the relative nucleophilic strengths of the phenolic oxygen atom 
under these conditions. The irnino group may be hydrolysed to a keto 
group under aqueous conditions. 

Aliphatic cc-hydroxy-0-thiocyanates do not rearrange in this way, but 
the corresponding alkoxides. wi th  a more powerfully nucleophilic oxygen 
atom, rearrange rapidly63 forming the reactive anion 64 which may be 
trapped as shown in equation (l61)'-? 
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In  the absence of thc aroyl chloride. however, the anicn undergoes C-S 
bond fission, followed by intramolecular displacemint of cyanatc ion 
and formation of an episulphide. This reaction provides an excellent 
stereospecific synthesis of episulphides from epoxides" (equation 162). 

A similar mechanism has been proposed to account for the formation of 
thietanes from cyclic carbonate esters and thiocyanate ion'? (equation 
163). 

/CH2 
C=O +[SCN]- C p  'S + C 0 2  + [OCNI- (163) 
\ 
/ / 

,CH2-0 

cy2 
CH2-0 CHZ 

e. N.O-He!eroc*yc/cs. Thiocyanates may undergo cyclization reactions 
with suitable oxygen-containing compounds to yield I,?-oxazoles and 
1,3-0xazines'~'. Thus. in the presencc of tin tetrachloride, alkyl thio- 
cyanates react with desyl chloride to yield 2-thioalkoxyoxazoles (equation 
164). and with 4-chloro-4-1nethyIpcntan-2-one to yield 2-thioalkoxy-4H- 
1,3-oxazines (equation 165). 
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Reaction with the self-condensation product (65) of malonyl chloride 
prQduces a nitriliunl salt which undergoes cyclization to a pyran0[3.4-~]- 
[ 1,3]osazinc-4.5-dionc derivative2” ( rqua t ion  166). 

H 

+ R S C N  - cly-----&h<sR N+ _L 

COCl clooH 0 0 0  

(65) 

0 0  
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I. INTRODUCTION 

Very few reviews exist concerning selcnocyanic acid and its derivatives. Thc 
prcparative aspects of organic derivatives of selcnocyanic acid have been 
reviewed by Rheinboldt'. who has summarized all thc relevant literature. 
The grcat m2ijority of general and theoretical data on this subject can be 
found in the chapters of the recently published comprehensive monograph 
on organic selenium compounds2. 

Organoseleniuin coinpounds arc in principlc formally similar to those of 
sulphur. However much fcwer compounds of thc former are known. The 
reasons for this arc their often difficult obtainability, their sometimes 
unpleasant or even dangerous handling, as well as thc multiplicity of their 
reaction modes. A notable diffcrcnce between organosulphur and organo- 
selcnium compounds originates in the increasing metallic character of thcse 
elements, resulting in an increasingly labile b o d  to carbon. This is even 
morc noticeable with organotelluriurn compounds. Hcnce a great number 
oforganoselenium compounds. as well ;is some of the starting matcrials for 
their preparation. are strongly poisonous. Many have obnoxious odours 
and causc strong physiological irritation. Thcir handling should therefore 
bc conducted wi th  the utmost safety precautions. 

It. SELENOCYANIC ACID 

Selenocyatiic acid. HSeCN. is the analogue of thiocyanic acid. A dilute 
aqucous solution of the former can be prepared by tlie introduction of 
hydrogen sulphide into a suspension of lead selcnocyanate in water. Thc 
anhydrous acid is a s  yet ilnknown. Attempts to prepare solutions of 
sclenocyanic acid i n  organic solvcnts haw been unsucccssful. since these 
deconiposc very easily w i t h  climination of clcnientary selenium. 

Of tlic salts of selcnocyanic acid, potassium sclenocyunate ( I )  is the most 
important. i t  bcing the most widely used rcagcnt for the int;i;pluction of 
selenium into organic compounds. 1 is very easily obtained by the melting 
of cquiinolar quantities of finely pulvcrizcd selenium w i t h  potassium 
cyanidc (cquntion I ) 

W 

K C N  + Se - KSeCN 

(1) ' 

I n  anothcr procedurc 1 is obtained i n  sollition by heating tlie coiii- 
poncnts in water or alcohol undcr rellus u n t i l  all the selcniuiii is dissolved. 
Filtration and concentration of tlic solutions precipitates solid 1 which is 

8 
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purified by rccrystrc!lization. Crystalline 1 is hygroscopic but may be kept in 
wcll-sealed containers. When exposed to air I dccolnposcs easily with 
elimination of selenium. 1 is solublc in water and H nunibcr of organic 
sol vcn t s. 

Bosch and his coworkers3 havc investigated the properties of thc 
selenocyanate ion as an analytical reagent. Badu and his coworkers-' found 
that the silvcr/silverselenocyan~lte electrode is reversiblc wi th  respect to 
SeCN- and is thereforesuitable for the potentioinetricdcterlnination ofthe 
latter. Thc standard potential of the electrode was dcterniincd in thc samc 
laboratory5. 

Selenoureas result from thc reaction of selcnocyanare kn with 
aniines"'. For instancc, N-benzylselcnourea (2) results froin mixing 
alcoholic solutions of benzylaminc hydrocliloridc and potassium scletio- 
cynnate (equation 2). 

[PhCH,NH3JfCI- + KSeCN - PhCH,NHCSeNH, + KCI (2)  

(1 1 ( 2 )  

In contrast. a11 the attcmpts to obtain selennsernicarbazide by the 
isomerizar ion of liydrazinoselenocyanate wcrc unsucccssful. 

However, if the rcactions are conductcd under certain conditions in thc 
presence of a carbonyl compound (acetone has proved cxccptionally 
suitable) it is possiblc to isolate the selenoseniicarba%ones'" - '  '. The follow- 
ing mechanism was postulated' ' for thc formation of ilcetone selenosemi- 
carbazone (3) (equations 3-5). 

2MeCOMe + H,NNH, - (Me),C=NN=C(MeL, + H,O (3)  

(Me),C=NN=C(Me), + H,O ___* (Me),C=NNH, + MeCOMe (4) 

(MeIzC=NNH2 + HSeCN - (Me),C=NNHCSeNH, (5) 

(3)  

A dctailed quantitative study of this reaction tias bccn done". 
Thc selcnocyanate ion ;is ii ligand has been iitilizcd in many Complex 

compounds. The great nunibcr of articlcs concerning t h i s  aspcct has been 
reviewed by Norbury and'jinha''. I n  such complexes thc metal atom may 
be bound to either thc nitrogen atom or thc selenium atom. Thc whole 
scl en oc y a n a t e i o t i  t li  u s  for ins ;i bridging f u n  c t i on. S t r uc t u r ~1 I assignments 
can be mudc by i.r. spectroscopy. 
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111. ESTERS OF SELENOCYANIC ACIDS 

A. Selenoc yanates 

As mcntioned abovc (see Section 11) potassium selenocyanate ( I )  is an 
important starting material for tlic introduction of thc selenocyanate 
residue into organic compounds. The reactions consist of the nucleophilic 
substitution of halogen atoms as wcll ;is the diazo function by scleno- 
cyanate ion. Owing to the sluggish reactivity of aromatic halides the 
substitution of halogen is applicable mainly in aliphatic compounds, 
whereas the substitution of the diazo group is limited to aromatic 

' compounds. Occasionally thc selcnocyano group is introduced directly, i.c. 
by the use of dicyanodiselcnide (SeCN)? (4). For this purpose the latter 
need not bc isolated and may bc formed iis an intermediate ; / I  s i r i r .  

1. Preparation 

a. By [lie eschtrrige of' Iictlogeri. The substitution of halogcn by seleno- 
cyanate is usually achieved by heating the proper halide dcrivative wi th  
potassium selenocyanate (1) in ctlianol or acctonc or anothcr suitable 
organic solvent. The prccipitation of the potassium halide can bc used as  a 
measure for tlic coniplction of thc reaction. 

R X  + KSeCN - RSeCN + KX (6)  

Both simple alkyl sclcnocyanatcs and a l k y l  sclenocyanntcs having ad- 
ditional functional groups such :is doublc bonds. carbonyl and carboxyl 
c croups havc been prepared by this method'h I t  is also possible to pre- 
pare by this method haloalkyl sclcnocyanates. This is achicved by making 
use of the dineerence in reactivity of dinerent Iialogcns. Thus 2-chloroethyl 
selenocyanatc ( 5 )  is prepared by t hc reaction of 1-bromo-~-cliloroetliane 
with potassium selenocyanate ( 1 ) .  i n  acctone (cquation 7)". 

CICH,CH,Br + KSeCN CICH,CH,SeCN + KBr (7) 

(1 1 (5) 

As a rule. I does no1 react M:it l i  aroniatic halidcs. If. however. the iiro- 
mat ic ha  I idc is iic t iva  t ed by add i t ional suit ;I ble subs t i t uen t s. the subs t i t u- 
tion or thc hulidc by I becotncs feasible. Thus for instancc i t  is possible to 
prepare smoothly 2..l-dinitr-oplienyl selenocyanatc by the reaction of 2.4- 
diniti-ochlornbenzcne with potassiuni selenocyanatc ( 1 )  i n  alcoholic 
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solution. The positive chargc imparted to the ring atoms through the I and 
M erects of the nitro substituents makes the nucleophilic attack by the 
SeCN - ion easier. 

This method is also suitable for the preparation of heterocyclic seleno- 
cyanates. Suzuki26 succeedcd in the substitution of the bromide in the 4- 
position of quinolyl-( I)-oxide wi th  potassium sclenocyanate( 1). I n  a similar 
manner Chierici” has succeedcd in transforming 5-iodo-2.4-dimethyl-3- 
ethosycarbonylpyrrole into the corresponding 5-selenocyanato derivative. 
6 (equation 8). and the analogous 3-iodo derivative into the 3-seleno- 
cyanato dcrivative”. 

The substitution of halogcn has likewise been applied to the preparation 
of diselenocyanatcs’ ’.’‘)- ’ .This however occasionally meets with difficul- 
ties. I t  has been found by w n  E s . ’ ~  that the reaction of vicinal dibroinides 
with potassium:;clenocyilnate ( I )  leads to olefins rather rhan to the expcc- 
t cd se I e n oc y a 4  a t es. For i n s I a 11 ce when I N  P S O -  d i in e t h y I 2.3 - d i b ro m o- 
succinate is lieared with I i n  dimcthylforinamide or inethanol a 95”, ,  yield 
of dimethyl fumaratc (7) is obtained (equation 9). 

M e 0 2 C  H 
/ 

,C02Me 
1 ‘c=c I KSeCN] 

Me02C 
‘CH-CH 

Br Br 
I 1  H ’ ‘C02M!? (9) 

( 7 )  Qp 

The reaction of P.P-dibroniodieS.yl sclenide w i t h  potassium seleno- 
cyanate does not give thc expected disclenocyanatc. The main product is 
1.2-diselenocyanatoethane (8) alongside elcrnentary selenium and ethylenc. 
For the reaction path. ;I mechanism similar to t h a t  of the solvolysis of, 
mustard gases going through a cyclic selelionium ion is proposed33 
(Schcme I ) .  6 

According to this mechanism thc first step in the reaction consists of i i n  

intramolecular attnck by thc nuclcophilic selenium on the P-carbon atom. 
The resulting glcnonium ion is subsc‘qiiently attackcd by the selcnocyanate 
ion giving 1-br.oino-l-sclenocy~l~~atoeth~~ilc and selenirnnc. Subscqucnt 
reactions of thesc molecules lead to thc  obscrvcd products. 

.I 
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11 BrCH2CH2SeCH2CHzBr 

+ SeCN . I  
BrCH2CH2SeCN + Se./THz 

\ 
c H2 

NCSeCH2CH2SeCN Se + CH2=CH? 

( 8 )  
SCHEME 1 .  

b. From (litrzoriirrrii stilrs. For the preparation of aromatic seleno- 
cyanates the reaction of diazonium salts is the most suitable (equation 10). 

This is achieved by the addition of an aqueous solution of alkali seleno- 
cyanate to a buffered solution of the diazonium salt. A buffer of pH around 
5.5 is essential because frec mineral acids cause the sclenocyanate ion to 
decompose w i t h  elimination of selenium. I t  is of interest that this reaction, 
in contradistinction to the Sandmeyer reaction for thc preparation of aryl 
cyanides or tliiocyanatcs, can be conducted in the absence of catalysts such 
as copper powder or Cu'-selenocyanate. A large number of selenocyanates 
is obtained in this manner"-"'. 

c. Frorir sc4cwcr1j-l doriiwriws. While. according to the above mentioned 
methods, the selcnocyanatc iiinction is introduced as a whole entity, i t  is 
also possible to procced in a stepwise manner by reacting appropr$ite 
selenium compounds w i t h  cyanide to form the Se-CN bond. Into this class 
of reactions belons the reactions of silver cyanide and alkali cyanides with 
selenenyl halides. which have been applied to the preparation of a whole 
series of seIenocyanntcs"O-~J . For instance, by melting together for a short 
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period 2-ethoxycarbonylphenylselenenyl chloride with an equivalent quan- 
t i ty  of silver cyanide, a 70% yield of 2-ethoxycarbonylphenyl seleno- 
cyanate (9)45 is obtained (;:quation 11). 

C02Et 

SeCN + AgCl d- SeCl+ AgCN - 
(9) 

Further, the thiocyanate group of selenenyl thiocyanates may be sub- 
stituted by cyanide on heating the former with potassium cyanide in 
chloroform, alcohol or glac:3 1 acetic acid according to equatior. ( I  2). 

ArSeSCN + CN- - ArSeCN + SCN- (1 2) 

Selenocyanates may  be obtained analogously from alkyl sclenenylsul- 
phinates (equation 1 3)J6. 

ArSeSOzR + CN- - ArSeCN + RSO; (1 3) 

Finally i t  is possiblc to obtain aromatic selenocyanates simply by heating 
the corresponding arylselenenyl selenocyanatcs above their melting points 
(equation 14). 

ArSeSeCN - ArSeCN + Se (1 4 )  

d. By selerioc!,orrurio!!. !n certain compounds i t  is possible to introduce 
the -SeCN function by the direct electrophilic substitution on an aromatic 
nucleus. A n  occasionglly very useful reagent for this purpose is selenium 
diselenocyanate (dicyano-triselenide\&(ScCN),( 10). This is prepared by 
the oxidation ofpotassium selenocyanatc in aqueous solution with chlorine 
or nitrogen dioxide. 10 is obtained as well defined. relatively stable, yellow 
to orange crystals. which are easily sobhlc  in many organic solvents. In 
water or alcohol 10 is hydrolysed. Concerning its reactions 10 may be 
regarded as the mixed anhydride of the hypothetical acid Se(OH), with 
scl%l;\ocyanic acid HSeCN. 

-1. reaction of selenium disclenocyanate (10) with aniline or substituted 
anilincs by prolonged shaking in  ether solution results, at room tcmpera- 
ture. in thc formation of the appropriately-substituted p-aminophenyl 
selenocyanate. Aniline itself gives 11 (equation 15). 
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Dicyanodisclcnide (sclenocyanogen. (SCCN), .~)  m a y  similai-ly be used 
for the direct introduction of the selenocyanato function into aromatic 
compounds. 4 is best obtaincd by thc reaction of iodinc wi th  silver 
selenocyanate in anhydrous inert solvents. 4 IS a yellow, crystalline. quite- 
unstablc compound which starts decomposing abovc 20 "C. Traces of 
humidity C ~ U S C  hydrolysis with elimination of elerhentary selenium. 

Dicyanodiselenide also shows pronounccd pseudohalogen charactcris- 
tics and is thereby a useful reagent for thc direct introduction of selenium 
into organic compounds. For this purpose i t  is unnecessary to isolate 4. I t  is 
advantageous immcdiately to use the solution of the reagent for the next 
step. Thus 1 -liydroxy-2,6-di-r-butyl-4-selenocyanatnzenc (12) was ob- 
tained by the dropwise addition of bromine to a mixture of 2.6-di-r- 
butylphenol and potassium selenocyanatc i n  ii inetlianolic solution sat- 
urated with K B r  (equation 16)-". 

I - B y  I -  B u  

t - B u  t -  BU 

This reaction has bccn the subjcct of a detailed study by AgenBs. He 
showed i h a t  i t  could be applied in :I fairly general nianncr to aromatic 
aniines". :is well ;is to heterocyclcs such ils in dole^^"'^ pyrroles" and 
indolincs5'. I n  this procedure first :I solution of dicyanodiselenide (4) is 
generally prcparcd by the oxidation of potassium selenocyanate with 
bromine in  methanol at - 70 to - 50 -C (equation 17). Then at the same 
tempcrature 21 mcthanolic solution of thc aromatic or Iicterocyclic com- 
pound is added and the mixture is left to warm up slowly to room 
temperature. Thereby the pseudohalogcn 4 substitutes in thc appropriate 
position (equation IS). The simultaneously-formcd sclcnocynnic acid 
dccoinposes quantitatively into sclcniiim and hydrogen cyanide according 
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to equation (19). Finally. the reaction mixture is poured on ice and is 
appropriately worked-up. In this manner it has been possible to obtain 
30 Y,c; of 2,5-dimethyl-3-selenocyanatopyrrole (13) from 2,5-dimethylpyr- 
role. 

2 KSeCN + Brz * (SeCN)? + 2 K B r  (17) 

(4 1 

,ScCN 

HSeCN -----+ H C N +  Se (19) 

Another appropriate procedure for the preparation of nascent dicyano- 
diselenidc is the anodic oxidation of potassium selcnocyanatc in aqueous 
alcohol solution. In  thc prcsence of appropriatc organic compound* the 
rcspcctive selenocyanatcs are obtained. Rccently this reaction has bcen 
studied in more detai153.54. I t  was found that the clectrochcmical oxidation 
of ScCN- on a platinum electrodc in acetonitrile with l i thium perchlorate 
as the conducting salt and in  thc prcsence of primary, secogdary or tertiary 
aromatic arnine. was well suited to the preparation of the respective 
selcn~cyanates~ '. 

e. Bjj r,ii.scelltrricoir.s r,ict/rot/.s. Besides the halogens. other groups can also 
be substituted by SeCN-. For insta2.e. the heating of tosylates with 
potassium selenocyanatc in  ii suitable solvent transforins thcm smoothly 
into selenocyanates. Thus s-butyl sclenocyanate was obtained by thc 
heating i n  ethanol under reflux, 0'; s-L'iityl p-tolucnesulphonate. with 1. 
Ethyl cc-tosyloxypi-opionate gave analogously ethyl r-selenocyanato- 
propionate5'. I n  both C ~ S C S  inwrsion at tlic asymmctric carbon wi~s 
observed. This reaction has also occasionally been uscd in carbohydrate 
chemistry. Thus i t  is possiblc to substitute w i t h  sclenocyiinate the tosyl 
group of mctliyl-~,?-O-diisopropylidene-5-O-tosyl-~-n-ribofuranoside by 
heating them for 15 rnin in D M F  under rcflux rcsulting in methyl-5-deoxy- 
2.3-O-diisopi~opylidinc-5-sclenocy~in~1t~-~~-~~-ribofuranoside (14. cquation 

U 

20)5'. 
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CH20Ts CH2SeCN koyoMe [KSeCN], koyoMe 

The attempt to similarly transform the dibenzcnesuiphonate of d.1- 
bis(hydroxymethyl)cyclohcxanc into the diselenocyanate by heating at 
180°C in ethylene glycol, failed5'. I t  rather leads directly to the cyclic 
diselcnide 2,3-diselcna-spiro-[4.5]-decanc ( 16). The intermediately-formed 
diselenocyanate (15) could not be isolated (cqkqtion 21). 

By the heating under reflux of an ethanolic solution of 2.4.5-trinitrotoluene 
w i t h bc n z y I s e I e n o u r ea , 2,4- d i n i t r o - 5 - s e 1 en o c y a n at o t o I u e n e was o b t a in ed 9. 

A number of organometallic compounds have served as starting mat- 
erials for thc synthesis of selcnocyanates. For instancc, the reaction of 
triphenylbismuth with selenium diselenocyanate (10) givcs phcnyl seleno- 
cyanate (17, equation 23). 

Aynsley and his c o w o r k c r ~ ~ ~  found that similar selenocyanation is also 
applicable to organomercury compounSfs. Diphenylrncrcury reacted vig- 
orously with 10 in boiling benzene to givc a n  85l:: yield of phenyl 
selenocyanatc (17) alongside phenylmercury(ii) selenocyanate and selen- 
ium (equation 23). 

PhHgPh + Se(SeCN)% PhSeCN + PhHgSeCN + Se (23) 

(1 0 )  (1 7) (18) 



19. Selenocyanatcs and rclated compounds 897 

The methyl analogue of 17 is formed in 43 n;, yield. Both methylmercury(ii) 
selenocyanate and phenylrnercury(ir) selenocyanate are light sensitive, 
insoluble in water and thcrmally unstable. 

A corresponding reaction occurs betwcen diphcnylmercury and sel- 
enium dicyanide (19) i n  benzene solution at  room temperature (equation 
24). Alt hough the react ion proceeds slowly i t  gives 80-90 ",, yield of phenyl 
selenocyanate (17) and phenylmercury cyanide. 

PhHgPh + Se(CN), - PhSeCN + PhHgCN (24) 

(19) (17) 

The HgBr function of ferrocenylmercury bromide was substituted in 
approximately 40Y) yield by selenocyanate with the aid of copper seleno- 
cyanate". The latter is prepared from copper bromide and potassium 
selenocyanate in acetonitrile and is used without being isolated. 

Another procedure leading to selenocyanates is thc addition of selcno- 
cyanic acid to acetylenes". 

Dicyanodiselenide (4) can. analogously. be added to acetylenes to give 
disclcnocyanato compounds (equation 25). From phenylacctylene 20 is 
obtained ". 

PhC-CH + (SeCN)2 - PhC=-CH (25) 
I 

(4 1 ScCN SeCN 

( 2 0 )  

The reaction of potassium selenocyanatc wi th  (j-propiolactone procceds 
w i t h  ring-opcnihg to form [3-selcnocyanatopropionic acid'.'. In  a similar 
manner i t  is possible to prcpare se1cnocy;inatoalkyI sulphonates (21) froin 
sultones"' (equation 26). 

Thc reaction of mercury salts \\,it11 dialkyldiselcnides c;iiises thc lalter to 
split. Thus the reaction of dimethyl- or dictti~l-disclcnide w i t h  mercury 
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cyanide gives methyl (22) or cthyl (29) selenocyanatc respectivcly. Addi- 
tional products are possibly inetliylsclcncnylmercury cyanide (23, equation 
27) as well as the mcrcury salt of niethylselenol (25, equation 28)6". 

M e S e S e M e  + H g ( C N ) ,  M e S e C N  + M e S e H g C N  (27) 

' E t S e S e E t  + H g ( C N ) ,  - E t S e C N  + ( E t S e ) 2 H g  (28) 

(22) (23) 6. 

(24) 3!25) 

2. Physical properties 

Most selenocyanates are colourlcss. stable compounds wi th  unpleasant, 
and in some cascs repugnant. odours. Thcy may be distilled without 
decomposition and are volatile wi th  stcam. The aliphatic selenocyanates 
are mostly liquids with higher boiling points than thosc of the corrsspond- 
ing alkyl halides. Thc :iromatic selenocyanates are cithcr high-boiling oils 
or. mostly, crystalline substances w i t h  wcll-defined niclting points. 

Thc i.r. spectra of sclcnocyanates is the subject of a largc number of 
publications. Agusley and his coworkerss9 have studied the i.r. spectra of 
mcthyl selenocyanatc and of substituted phenyl sclcnocyanates and havc 
assigncd the absorption bands. Data from a similar study on a series of 
alkyl sclcnocyanates havc bccn published by Franklin and coworkers'4. In  
thc context of a structui.c-reactivity study of hetcro-substituted nitriles. 
Martin and his coworkers66-68 reported sonie i.r. spectra of selcno- 
cyanatcs. For the characterization of selenocyanatcs and their 
differentiation from isoseleiiocyanatcs thc C N  stretching band can be 
~ s e d ~ ~ . ' ~ .  I n  organic selenocyanatcs i t  consritutes ;I sharp nicdiuni-strong 
band ;it 4 160 ciii - ' . 

Very few publications deal wi th  the U . V .  spcctra of selenocyanates. 
Cordella and Passerini'l hnvc inensured thc spcctra of ii series of sub- 
stituted ary l  sclenocyanates i n  alcohol and cyclohcxnne. The spectra havc a 
high intensity band at i,,,,, = 236 nin and ii somcwhat less intense band at 
i,,:,, = 250-270 nni. This is ascribed to the conjugation between x-electrons 
of the aromatic ring and thc lonc electron pairs of the selenium atom. The 
so-far obtained spxtra  indicate t h a t  there is vcry little interaction between 
the phenyl ring and the scleniuin atom owing to 1115 strong attraction 
exerted by thc C N  group on the electrons of the selenium atom. 

A3e11isso has studied thc U.V.  spcctra of indolyl selenocyanates. Thcsc 
show ;I good correspondcncc wi th  thosc of ary l  selenocynnatcs. Thc 
absorption resulting from thc coii.juytion of thc heteroaromatic systcm 
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w i t h  the selcnium atom is i n  thc range of 270--290 nin. Cliinuto\ia and 
Neonilina7' ,deal with the U.V. spectra of p-substituted phenyl selcno- 
cyanates in thc context of a study of electronic cflects of the ScCN group. 

The study of thc mass spectra of aromatic sclcnocyanates was under- 
taken by A g e n i i ~ ~ ~ . ~ ' .  The data allows thc recognition of a unifying 
inechanism. I t  shows that the splitting off of the sclcnocyanate group niay 
proceed in two mutually independent paths. as shown in Scheme 2. The 
results obtained with indolyl s e l c n ~ c y a n a t e s " ~ ~ " ~ ~  correspond well with 
Scheme 2. 

nile 183 n i le  103 

( 3 ; s .  - Se 

nile 157 m l e  77 

SCHt-ML 2 

Martin and Brause7' give evidence for the electron structure of aryl 
sclcnocyanatcs based on dipole momcnt me:isurcments. Chinutov;i and 
coworkers78 have Col11pi1red the cnlculared dipole monients of ;I scrics of 
u-. 1 1 1 - .  and p-substituted phenyl sclcnocyanates with t hc experinicnrally 
observcd values. From these i t  could be shown for instancc. t h a t  for 
3-broinophenyl sclenocyanate (26) the trrrii form (26a) is preponderant 
and very little exists in  the sjvi form (26b). The t r r i r i  forin is generally 
preponderant in the /)I- and o-substituted compounds. I n  sonic of the o- 
substituted phenyl selrnocynnatcs the .S.I'II forin niay be complctcly inissing. 
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Of n.m.r. studies of selenocyanates very little is known. Studies of "C 
n.1n.r. mcasurenients on phenyl and p-tolyl selenocyanates as well as the 
6( I9F) chemical shifts of p-fluorophenyl selenocyanate have recer;tS.y been 
p ~ b l i s h c d ~ ~ .  

3. Reactions 

a. Redtrctioi~. The reduction of alkyl as well as aryl selenocyanates gives 
the corresponding selenols (equation 29). Nascent hydrogen, obtained by 
dissolving zinc in acids. may scrvc as the reducing agent27.48.80. Under 

RSeCN RSeH ( 2 9 )  

certain conbtions it  is possible to isolate the intermediate zinc salts 
(RSe),fn, and eventually thc disclenides RSeSeR formcd by the air 
oxidation of the selenols. Thus treatment of thc 5-selenocyanato dcrivativc 
6 with  zinc in acctic acid gives bis(2.4-dimethyl-3-ethoxycarbonyl- 
pyrrolyl)-5.5'-diselenide (27. equation 30). 

Reduction 
2 6  - 

H H 

( 2 7 )  

From thc analogous reaction of thc 3-sclenocyanato derivative thc 3,3'- 
diselenide is formed'". o-Nitrophcnyl selenocyanate is reduced by zinc in 
a 1 k d!. 1 e me d i u m t o 0- a ni in o p h e 11 y 1 s e 1 en o I .  0 t her s u bs t a n ces w h i c h have 
been found useful as reducing agents ;ire hypophosphorous acid"'. sodium 
in methanol". and alkaline solutions of dithionite as we 1 as alkaline 
solutions of dextrose. For instance the dissolution of the'selenocyanaie'Y4 
(see Scction III.A'.I.e) i n  methanol containing sodium mcthoxide. gave 5.5'- 
d i se 1 en o b i s( m e t kv I - 5 - d eo x y - 2.3 - 0 - d i is o p r o p y 1 id i n e)- p- D - r i b o fu r a nos i d e 
(28. equation 3 1 ). The reactions in alkaline medium. primarily with dextrose 

.& 

M e O ~ O - j " ~ s ~ c c ~ O ~ O M e  

2 1 4  - (31) 

OPr-/ OPr-/ OPr- /  O P r - i  
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cannot be unequivocally classified a s  reductions: they constitutc a tran- 
sition ro hydrolysis. 

b. I-Jj*rlro/!*.sis. The alkaiinc hydrolysis of sclenocyanates is one of the 
most important procedures for the preparation of di- 

. For the as-yct unclarified mechanism of 
this reaction two hypotliescs have been proposed. According to one, 
se1cnin;c acids are formed a s  intermediates ;is in equation (32). 

sclenides 16.I8.25.35.49.50.52.83.85 

RSeCN + H,O- RSeOH + HCN (32) 

RSeOH + RSeCN - RSeSeR + HCNO (33) 

According to the other. the reaction proceeds with selcnol intcriiiediates 
(equation 34). 

RSeCN + H,O - RSeH + HCNO 

2RSeH + [ O ]  -+ RSeSeR + H,O 

(34) 

(35) 

In support of the second hypothesis are the findings that by working with 
exclusion of atmospheric oxygen sclcnols can bc isolated and that when the 
hydrolysis is conducted in the prcsencc of alkylating age1iis. t hc  selenols 
could be trapped in the form of sclenides RSeR'. 

A most interesting compound was isolated by Biezais-Zirnis and 
Fredgae5 from the hydrolysis in inetha7olic sodium hydrnxidc. of 1.8- 
bis(selenocyanu~oinetliyl)-naphthalenc. (29). I nstead of the expcctcd 
naptitho- 1 .%diselcncpine. I tic 14-inembered rinzg7.C W;IS obtaincd. 

CH2 c\H2 
/ 

Se Se 

St? 

SeCN SeCN 
I I 

I 

(29) 

(30) 
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The acid hydrolysis of selenocyanates proceeds quite obviously through 
selenol intermediates, which can, under certain conditions, be isolated' 1 * 8  l .  

For instance the hydrolysis by concentrated sulphuric acid of o- 
cyanobenzyl selenocyaiiate (31) results in  o-cyanobenzylselenol (32, equa- 
tion 37). 

* ocn2seH ocH2SeCN Hydrolysis 
(37) 

Usually, howevcr, the corresponding diselenides arc formed by air oxid- 
ation. Amongst others, i t  is possible in this way to transform sel- 
enocyanatoalkylcarboxylic acids into the Corresponding disclenides; when 
selenocyanatoacetic acid is heated wi th  hydrochloric acid it  is easily 
converted into the diselenide acid 34 (equation 38). 

2 NCSeCH2C02H - HO2CCH2SeSeCH2 C02H (38) 

(33) (34) 

Hydrolysis is also applicable to heterocyclic selenocyanates; in  this way 
some indolyldiselenides have been prepared'9.5".'2. 

c. 0 .x id l i f im .  The oxidation of aliphatic and aromatic selenocyanates 
generally leads to good yields of the corresponding selcninic acids (equation 
39). The oxidizing agent mostly used is nitric acid in a largc range of 
concen~ra~ions29.~6-3H.""-8" 

Oxidation RS-CN RSeOzH (39) 

The scleninic acids precipitatc as the hydronitrates. With aromatic 
sclenocyan:itcs ring nitration is possible alongside the oxidation. 
Depending on rcaction conditions the former might somctinies bc the 
main rcact io~i~~." '  . Analogously. i t  is possible to oxidize 7.o-diseleno- 
cyanates, w i t h  fuming nitric acid. to diseleninic acids'3. 

Additional oxidizing agents occasionally used arc 40"(, pcracctic acid in 
glacial acetic acid. 5 y , ,  potassium periiianfanate8"'~0. and aqueous 
chlorine. 

d. i-ltrlogcwrtiom The reaction of selcnocyanatcs wi th  halogens, es- 
pecially chlorine and broininc. is dependent upon the ratio of reagents. 
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When the molar ratio is 1 : 1 selenenyl halides are f o r r n ~ d ~ ~ . ~ ~ . ~ ~ . " . ~ ' ,  while 
with an excess of halogen, alkylsclenium trihalides are f ~ r m e d ' ~ . ~ " . ~ ~  
{equation 40). 

(40) RSeCN - RSeX __* RSeX3 

Alkylselenium trichlorides are also formed from the reaction of seleno- 
cyanates with sulphuryl c h l ~ r i d e ~ ~ * ~ ~ .  

e. Cyclizariort. Through the cyclization of suitable selenocyanates it  is 
possible to obtain :: series of selenium-containing heterocycles. For 
instance o-selenocyanatobiphenyl (35) can easily be transformed with 
bromine into dibenzosclenophcne dibromide (36. equation 41). 

Thc treatment of 2-selenocyanato-4-chloroacetophcnone with ammonia 
in methanol followed by heating for 2 h gives 3-hydroxy-6- 
chloroselenonaphthenc (37)94. 

OH 

(37) 

The acid hydrolysis of dicthyl c/..r'-disclenocyanatoglutarate with sul- 
pliuric acid in water/ct hanol yielded 1 S'JG of the hetcrocyclic conipound (39, 
equation 42)19. 

,c H2 
Et02CCHCH2CHC02Et [H-l , EtOzCCH 'CHC02H 

SeCN SeCN Se- Se 
I I I (42) 

(38) 
J 

(39) 
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The heating at 180 "C of 1,l-bis(selenocyanatomethyI)cyclohexane en- 
tails the splitting off of both cyano groups and the formation of 1658 (see 
Section 1II.A.l.e.) (equation 43). 

The cyclization of 3-selenocyanatoacrolein as well as of the corres- 
ponding butenone derivative (40) in liquid ammonia yields isoselenazole, 
and its 3-methyl analogue (41) rcspectively (equation 44)". 

The selcnol(32) formed by the hydrolysis of o-cyanobenzyl selcnocyanate 
(see Section III.A.3.b) is in equilibrium with its cyclic form: 2-iniinoselena- 
naphthenc ( 1  -iminoselenophthalide, 42" (equation 45))21. 

On melting or hcating in glacial acctic acid, 2-selenocyanatobenzamide 
(43) is transformed into benzisoseIenazole-3-0ne~~ (44, cquation 46). 
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(46) 

(43) 
li 
0 

(44) 

The cyclization of 2-selenocyanatobenzoyl chlqride with hydrochloric 
acid at  60°C gives 2-chloro-1 .3-benzoselenazine-(4)-oneq6 (46, cquation 
47). 

(45) 0 

(46) 

f. Szrbsrituriori r-ecrcrioris. Aryl selenocyanates react vigorously with aryl 
thiols and give9'. with evolution of hydrocyanic acid, selenide sulphides 
(thioselenates. thiaselenanes) (equation 48). Thesc compounds are 

ArSeCN + R S H  - ArSeSR + HCN (48) 

occasionally incorrectly called selenenyl sulphides. For the latter the 
correct formula is RSeSSeR (see Sectipn 1II .R) .  With selenols. diselenides 
are formed in a similar manner. For instance, the reaction of phenyl 
selenocyanate with phenylselenol givesdiphenyldiselenide(47,equation 49). 

PhSeCN + PhSeH - PhSeSePh + HCN (49) 

(1 7) (47) 

2,4-Dinitrophenyl selcnocyanate (48) reacts with methanol. in the pre- 
sence of copper or silver salts and catalytic amounts of pyridine. l o  give the 
mcthyl ester of the corresponding selcnenic acid (49. equation 50)98. 
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In a similar manner i t  is possible without difficulty to obtain selenenin- 
ates from 2-nitrophcnyl. I-anthraquinolyl. and 4-hydroxy-1-anthra- 
quinolyl sclenocyanates. - 

Unsymmetrical diselenides are formed from the reaction of aryl seleno- 
cyanates with Grignard reagents (equation 51). 

The same results are xhicved by the usc of aryllithiurn compounds 
instead of arylmagnesium halides". Thus phenyl p-tolyl sclenide (51) is 
formed in 73y4, yield from the reaction of phenyllithium with p-tolyl 
selenocyanate (50).  The phcnyllithiuni is prepared i r i  siric from bromo- 
benzene and li thium nietal in ether (equation 52). 

M e a - S e C N  + LiPh ___* M e e S e P h  + LiCN (52) 

The reaction of ary l  se7enocyanatcs wi th  Rancy nickcl lcads to de- 
sclenalion (desclenocyanation) as has bccn dcd9;;trated in a series of 
rcactions by Wiseman and Gould'''. For instwncc thc heating of o- 
sclenocyanatobiphcnyl (35) with a twentyfold excess of Rancy nickel in 
ethanol/bcnzcne solurion yields X4",, of biphenyl (9. cquation 5 3 ) .  

SeCN 

(35) 
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8. Selenen y l  Selenoc yanates 

90 7 

Selenenyl selenocyanates are only formally connccted to esters of 
selenccyanic acid. Concerning their chcrnical reactions they might rather 
be regarded as unsymmetrical diselenides. Selenyl sclenocyanates may be 
prepared from selenenyl halides by reacting them with potassium seleno- 
cyanate in a n  inert solvcnt (equation 54). 

ArSeEr + KSeCN - ArSeSeCN + KBr (54) 

Selenenyl selenocyanates are ycllow to orangc splid compounds which 
melt without decomposition. At higher tcmperatures they decompose with 
elimination of selenium (see Section 1II.A.l.c). They are relatively insensi- 
tive to hydrolysis by water or alcohol at rooin temperaturc. However. 
treatnicnt with ainmonia in ethanol or bcnzene solution as well as with 
el ha n o 1 ic b ro mine t ran sfo r ins t hcm in to sy m in el r i ca I d i selen i dcs. Se- 
lenenyl selenocyanatcs rcact wi th  thiols to give quantitativcly triselcnides 
(equation 55) .  With hydrogen sulphide thc reactions ruii  sonic\vhiit 

2 ArSeSeCN + 2 ASH - ArSeSeSeAr + RSSR + Se + 2 H C N  (55) 

differently. For instancc \vil l i  o-nitroplien~lsclcnt-nyl selenocyanate thc 
con-csponding bis-scleneiiyl stilphidc (S4) is obtaincd (cquatioii 50). 

Thc action of bromine transforms selenenyl stleilocyi1nates into di- 
selenides (cquation 57). When an  csccss of bromine is added selenenyl 
bromides are formed (equation 58). 

2 ArSeSeCN + 2 Br2 - ArSeSeAr + Se,Br, + 2 BrCN (57) 

2 ArSeSeCN + 3 Br2 - ArSeBr + Se,Brz + 2 BrCN (58) 
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C. Sulphen y l  Selenoc yanates 

Sulphcnyl selenocyanates may be prepared, by analogy with selenenyl 
selcnocyanates, by the reaction of sulphenyl halides with potassium 
selenocyanates'"' (equation 59). 

ArSBr + KSeCN - ArSSeCN + KBr (59) 

The sulphenyl selcnocyanates have no definite melting points. Their 
reactivity is strongly reminiscent of selenenyl selcnocyanate and they can 
therefore be transformed thermally in to  disulphides. The latter are also 
obtained by the action ofeither ammonia or bromine in ethanolic solution. 
In contrast when dry ammonia is uscd sulphenamidcs are formed, i.e. o- 
nitrophenylsulphenyl selenocyanate (55) gives the corresponding sul- 
phenamide (56. equation 60). 

( 5 5 )  ( 5 6 )  

55 is hydrolysed by water cven in the cold. With phenylselenol 55 reacts 
to give thc corresponding selenenyl sulphide (57, equation 6 1). 

+ HScPh + HSeCN (61) 

( 5 5 )  ( 5 7 )  

Sulphcnyl selcnocyanatcs give, on reaction with bromine, the cor- 
responding disulphides. 

0. lsoselenoc yanates ( 'Seleno mustard oils') 

The isoselcnocyanates are relatively little known as compared to seleno- 
cyanates. Rheinboldt '. in his detailed revicw coverins the literature up to 
1954. remarks that isoselenocyanates are practically unknown since they 
havc ncver been isolatcd in the pure state; Soqn afterwards, some of thc 
methods which havc becn kiiown i n  principle to lead to isoselenocyanates 
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have been improved to a degree which allowed the isolation of pure 
isoselenocyanates and the study of their propertics. Some data dealing with 
acyl isoselenocyanates are found in connection with comparisons with the 
sulphdr and oxygen analogues in two review articles dealing with these 
subjects' 0 2 * ' 0 3 .  

1. Preparation 

Five procedures have been found to be practically applicable t o  the 
preparation of isoselenocyanates. 

a. From iruitlojrl tlilwlides. Stolte'04 has attempted already in 1886 to 
obtain phenyl isoselenocyanate (58) by the addition of powdered sodium 
selenide to an etheric solution of phenylimidoyl dichloride (phenyl- 
isocyanyl chloride). He obtained however, a product which was un- 

8 

PhN=CCI, + NazSe - PhN=C=Se + 2NaCl  (62) 

distillable and analytically impure. Since its reaction with ammonia or 
aniline gave the corrcsponding substituted selenoureas, it  might be implied 
that at least part of the product was 58. 

Subsequently this procedure has been occasionally r e e r n p l ~ y e d ' ~ ~ - ' ~ ~ ,  
but remains limited to the preparation of phenyl and ethyl isoseleno- 
cyanates. 

b. Bji se/emtiori. Phenyl isoselenocyanate (58) was obtained'" from the 
reaction of phenyl isocyanate with phosphorus pentasulphide (equation 
63). 

5 PhN=C=O + P,Se, - 5 PhN=C=Se + PIOB (63) 

(58) 

c. Bj. isoriic~ffztrriort. The yiclds of isoselenocyanates obtained by 
this method arc usually uiisatisfxtory since thea2quilibrium in the 
isnmerization leads to nearly equal quantities of both isomers'". Still i t  
was possible. by heating benzhydrol sclcnocyanatc (59) as well as its 
4.4'-dimcthyI analoguc in a closed tube at 120 'C to obtain" benzhydryl 
isoselcnocyanate (60) and its dimethyl analogue in yields of 4O'X and 4 6 x  
respectively (equa!ion 64). 

(120 'C)  
(Ph),CH-Se-C=N .- (Ph),CH-N=C=Se (64) 
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d. Froiii N-sirhstitirreri ~ise/eiiocnr.biiiiintc.s. Already Warner' ' has pro- 
posed that the formation of selenoureas from carbon diselcnidc and 
primary amincs proceeds through the intermcdiacy of thc corresponding 
diselcnocarbamatcs. Attempts by Franklin and Werner" to introduce 
these as starting inaterials for thc preparation of isoselenocyanates \lure 
unrewarding and gave. for instancc in the case of mcthyl isoselcnocyanate. 
only poor yields. Thesc studies wcre again undertaken after ii short while 
by Henriksen' ' who developed thein into satisfactory preparativc pro- 
cedures. He succeeded, undcr ccrtain conditions. in  obtaining the alkyl- 
ammonium salts of h'-alkyldiselenocarbamates from the rcaction of pri- 
mary aniines with carbon diselcnide. The presence of an exchangeable 
proton on thc nitrogen atom of the ammonium ion facilitates the splitting- 
out of HSe-. By analogy w i t h  thc forination of isothiocyanates thc fornia- 
t ibn  of isoselenocyanates occurs cven at room temperature when thc 
ammonium carbaniate is successivcly reacted with an elcctrophile and ;I 

weak basc. Thus when isobutylammonium 1V-i-butyldiselenocarbaniate 
(67) is rcacted with tosyl chloride and thcn with sodium carbonate, a 74% 
yield of isobutyl isosclcnocyanatc (62) is obtained (cquation 65). 

[ I -  BuNHCSe2 ] -i-BuNH 5 - + TsCl I -  BuNHCSezTs + ' O : - b  ;-BuN=C=Se (65) 

(61 1 (62)  

c. Bj. .si/h.srirurio,i (?I' I iulogvii .  Sincc selenocyanates are ambident 
anions thcy may be alkylated on cithcr sclenium o r  nitrogen. Principally 
1r.xvcver selenocyanates arc formed in alkylation rcactions cwing to attack 
by the* strongly nuclcopliilic selcniuni atom on the rcspcctive substrates 
(see %cction 1II.A. 1.a). Tlic rcaction of triphenylmcthyl chloride with 
potassiuni selenocynnate is thc sole exception to this bchaviour: As shown 
by Turantclli and P ~ c i l e ~ ~  ;is wcll as Pedcrscn"'. in  this case the product 
is the isoselenocyannte (63. equation 66). Sonic organomctallic compounds 
are also prepared in this mnnncr' l J  ' 1 5 .  

(Ph),CX + [ S e C N I -  - (Ph),CNCSe + X -  (66) 

(63) 

Thc fact t l iat  the. rcaction ofSi14,tI \vi t I i  AgScCN gi\'esSil-I,N"e''-'Iias 
prompted Franklin and Wcrner" to attcmpt the prcpration of methyl 
isoselenocyanate from silver sclenocyanatr and mcthyl iodide. They ob? 
tained, howcvcr. only methyl selcnocynnate. 

On the other hand. thc acylation of sclcnocyannte ions lcads exclusively 
to acyl isoscletioc~.atiatcs. Douglass' I "  has found that thc reaction of 



19. Selenocyanates and related compounds 91 I 

benzoyl chloride with potassium selcnwyanate in acetone gave a solution 
of benzoyl isoselenocyanate (equation 67). Attempts to isolate this sub- 

(67) PhCOCl + KSeCN - [PhCONCSe] + KCI 

stancc gave only a compound wi th  a probable polymeric structure7'. The 
addition of aniines or hydrazines to this product in acetone solution gives 
the corrcsponding acyl selenourea or acyl s e l e n o s e m i ~ a r b a z i d e s ' ~ ~ ~ '  '' - I  

(see Section III.D.3.a.b). This fully justifics the postulared intermediacy of 
the benzoyl isoselenocyanatc. I t  is similarly possible lo obtain solutions of 
other acylisoselenocyanates' I ( ' . '  I Y .  

Isoselenocyanatcs with protected acyl groups (64) are obtained'" from 
the reaction o f  N-substituted irnidoyl dichlor~des with potassium seleno- 
cyanatc (equation 68): 

+ KSeCN - 

' 
Gabrio and Barnikow"' have used dialkylphosphoryl chloride as well as 

dialkyltliiophosplioryl chloride for the synthesis of the corrcsponding 
phosphorus-substituted isosclenocyanates (65. cqiiation 69). 

(69) 
\ 
/ 

( 6 5 )  

W ,  RO 

RO RO 

S=PCI + KSeCN A S=PNCSe + KCI * /  

f. F ' r o r ~  isonitrilcs. The so far most useful and most generally applied 
method for thc preparation of isoselenocyanates is the addition of selenium 
to isonitriles (equation 70). Jenscii and Frcdcrikscn''6 were the first to use 

I 

R N E C  + Se - RN=C=Se (70)  

this proccdurc for the preparation of phenyl isoselenocyanatc (58). 
Subseauently thc inethod was einployed. with only minor modification. 

to the prcparation of a wholc serics of ~ i r o ~ n a t i c ~ ~ ~ ' ' ~ ~ ' ~ ~ - ' ~ ~  
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as well as cyclonliphatic”5-1’7 isoseleno- 
cyanates. 

All other experiments to prepare isoselenocyanates in methods analogous 
to isothiocyanate preparations, as for instance by the action of hydro- 
chloric, phosphoric or acetic acids on symmetrically N-substituted 
selenoureas. have been unsuccessful ’ 

aliphatic12. 1 0 7 . 1 0 X . l  2 5 . -  I 2 7  

2. Physical properties 

Isoselenocyanates are mostly solid. well crystallized. colourless sub- 
stances. The aromatic compounds are remarkably stable and may be stored 
for years without decomposition. The stability at ambient temperature is 
strongly dependent on purity. Impurities seem to have autocatalytic 
influence. Most isoselenocyanates melt without decomposition at rclatively 
low temperatures. They are however, on the whole, considered thermally 
labiie, and decompose on prolonged heating or at liigh temperatures. Even 
ir i  C N C I I O .  their distillation is possible only with considerable lasses. They are 
volatile with steam; however varying quantities of selenium are eliminated, 
depending on the isoselenocyanate. Aliphatic isoselenocyanates possess 
acrid, mostly repugnant, odours. the aromatic compounds have a charac- 
teristic not-unpleasant odour. especially in dilute solutions. The vapours 
have irritating effects on eyes. nose and mucous membranes of the throat. 
On contact with the skin they occasionally cause cczemas. 

Several studies of the i.r. spectra of isoselenocyanates have been pub- 
l i shed20.69 .70 .12~. ’2’ . ’  30. A very detailed work by Franklin and co- 
workersI2‘ has appeared recently. In contrast to selenocyanates. the 
isoselenocyanates are marked by a strong wide doublet band in the range 
of 2000-2200 cm - I .  These can be used to distinguish the isoselenocyanates 
from selenocyanates. 

3. Reactivity 

The reactivity of isoselenocyanatcs is determined by the cumulative 
double bond. In the various canonic formulae of the resonance of the 
RNCSe molccule, the positive charge is always on the carbon atom. 

R - N = C = S ~  c---+ R - N - ~ = s ~  - R - N = C - S ~  

Thcrcforc the carbon atom is easily susceptible to attack by nucleophilic 
reagents. Indeed the isoselenocyanatcs behave analogously to the 
isothiocyanates and may be smoothly reacted with. for instance, ammonia, 
amincs and hydrazincs. These reactions are also used, sometimes, as 
chemical evidence for the presence of tlic isosclenocyanate structure. 

a. Rcwcriori.5 \ t . i r / i  t r 1 ? 1 ~ 1 r i i u  trritl twiiricJ.s. The nucleophilic addition of 

+ -  
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ammonia. primary arnines. and secondary amines to isoselenocyanates 
gives the corresponding selenourcas in good yields 

(equation 71). Some of these reactions procdk so 

RNCSe + H N R ' R 2  - RNHCSeNR1R2 (71 ) 

vigorously even at room tcmperaturc that the heat released might cause 
considerable decomposition. In order to obtain higher yields and possibly 
purcr products i t  is advisable to dilute the components by solvent. In the 
preparation of selenoureas i t  is often unnecessary to isolate the isoseleno- 
cyanates. I t  is most advantageous to use the solution in which they are 
prepared by adding to i t  an ethanolic solution of ammonia or amine. 

In a similar manner i t  is possible to use the solutions of acyl isoseleno- 
cyanates in the reaction wi th  amines or ammonia to obtain the correspond- 
ing acyIse1enouLea.s' 1 6 . '  1 8 . '  3J . This method led to the very interesting 
observation"' that depending on the nature of the acyl residues a 
substitutice reaction, leading to amides, could occur (equation 72b) 
alongside the normal reaction leading to acylselenoureas (equation 72a). 

104.105.1 18.124.1 2 5 . 1  31-133 

R CO N H C Se N H R' (72a) 

RCONHR' + HSeCN (72b) 

The isosclenocyanates derived from N-substituted-imidoylcarbonic 
acids (64) (see Section 1II.D.I.e) react with aromatic amines to give the 
correspondingly-substituted selcnourcas'20 (66, equation 73). 

'QiNCSe + R'NH2 - 

(64) (66)  

(73) 

Thc phosphoric asid derivativcs of isoselcnocyanates (see Section 
I11.D. 1 .c) react analogously, i.e. N-[di-(0-p-chlorophenyl)thiophosphoryl]- 
N'-p-chlorophenylselenourea (67)' was obtained in 7 1 ',!! yield from 
sii it  a ble st art i ng mate r ia I s. 

. 
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b. Reactions \ t- irh / i j ~ A ~ ~ r : i / w  irnd sirhsritirretl hydurz iws .  The reactions of 
isosclenocyanates with hydrazincs lead to selenosemicarbazides. Jenscn 
and FrederiksenIo6 have obtained, on treating phenyl isoselenocyanatc (58) 
with hydrazine hydrate, 4-phenylscletioseniic~~rb~izidc (68. cquation 74). 

PhNCSe t H,NNH, - PhNHCSeNHNH, (74) 

(58) 

Subsequcntly a whole series of 4-substituted selenosemicarbazides havc 
been synthesized i n  good yields by this n i c thod 'oA~l ' ' ~ '  1 7 . 1 2 2 . 1 3 5 .  

By employing monosubstituted hydrazines, disubstituted selenoseinicar- 
bazides are formed with substitution at cithcr the 1,4-positions or the 2.4- 
positions. depending on the hydrazinc employed. By analogy with 
thiosemicarbazidcs, 2.4-disubstituted selcnoscmi&irbazides result from 
monoalkylhydrazines' 7.1 2 7  whereas from monoaryl-substituted seleno- 
hydrazines either 1.4-' 1 7 * 1 2 J . 1 J . i  or 2.4-1 36 disubstituted sclcnoscmicarba- 
zides arc obtained. depending on reaction conditions. By choosing suitable 
starting materials this method can lcad lo additionally-substiruted 
selcnoscmicnrbazides' '.'''. 

I t  is interesting to note that undcr the reaction conditions employed, no 
formation of bis-sclcnoureas was observed from the rcactions of isoseleno- 
cyanates w i t h  hydrazinc hydrate. The his-selenourcas can howcver be 
prepared by reacting selciioscmicarbazides with isosclenocyanatcs. as 
could be shown by the synthesis of N.N'-di[h'-p-tolylsclcnocarbamoyl]- 
hydrazine (71) from 69 arid 70'.'-i (equation 75). - 
M e o N H C S e N H N H z  + M e  a N C S e  

(71) 

The addition of acylhydrazines to aryl(alkyl) isoselenocyanates runs 
snioothly. Thus ;I numbcr of 4-substiturcd- 1 -ncylselenoseniicnrbazjdcs (72) 

prepnred I 1 7 . 1 2 4 .  I 37 (cquation 76) from the corresponding acylhyd- 
razines and isosclcnocyanatcs. 

RNCSe + H,NNHCOR' - RNHCSeNHNHCOR' (76 )  

( 7 2 )  
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1,4-Diacylsclenosemicarbazidcs (73) are prepared analogously from the 
reaction of acyl isoselenocyanatcs w i t h  acylhydrazines' 37. 

4 

RCONHCSeNHNHCOR' 

(73) 
8 

c. !Mi.scelltrmmr.s retrcrioris. lsoselenocyanates show notable stability 
towards alcohols. The addition of cthanol to cyclohexyl isocyanate (74) 
which occurs upon heating of thc components under reflux for 24 h, is the 
solc example so far publishcd. I t  gave ethyl N-cyclohcxyl-selenocarbamate 
75 (equation 77) in 49:< yield. 

The reaction of isoselenocyanatcs wi th  water at ambient temperatures is 
very slow. but with even small quantities of very weak acids decomposition 
w i t h  elimination of selcnium is immediate. Likewise. they react in- 
stantaneously wi th  silver nitrate solutions to form black silver selenidcZ2. 
The rcduction of isoselenocyanates with Zn/HCI2' or LiAIH,20.6'' leads to 
aniines (equation 78): 

(78) 
Reduction 

RNCSe-RNH, 

When triphenylmethyl isoselenocyanate (63). is heated in dry acetonitrile. 
thc isoselenocyanate group is quantitatively substituted. rcsulting in the 
formation of t r i t y l  cyanide"' (76. equation 79). 

[ CH, C h i  

( 6 3 )  (76 )  

Ph3CNCSe - Ph3CCN + Se (79) 

Trivalent phosphorus compounds such ;is triphcnylphosphine cause 
dcselenat ion when rcacted with rriphenylmcthyl isoselenocyanate (63). 
Thus nearly quantitativc yields of triphcnylmcthylisonitrilc (77) and the 
corrcsponding selenophosphorus compound are formed1 38  (equation 80). 
The kinetics of the reaction tins becn studied in detail. 
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IV. TELLUROCYANATES 

Very littie is known, up to now, about tellurocyanates although the 
elements of the sixth main group form stable complex ions, such as OCN-,  
SCN- and SeCN-, with the cyanate ion. All attempts to prepare the 
isologous tellurocyanates through coiresponding procedures have been, 
for many  years. unsuccessful'". 

I t  was known that  potassium cyanide in liquid ammonia could dissolve 
tellurium'". However. on concentration of such solutions the sole sub- 
stances obtained were the starting tellurium and potassium cyanide. This 
led to the proposition that the tellurocyanate ion exists only in solution. 
The bonding in the solid state to a relatively small, highly polarizing cation 
such as alkali metal ions should render i t  unstable. Starting from these con- 
siderations Downs'" was the first to succeed in preparing a salt of telluro- 
cyanate. by using a large weakly-polaiizing cation. namely tetraethyl- 
ammonium ion. The cyanide of the latter gave, upon reaction with tel- 
lur ium in dirriethylformaniidc, tetraethylammonium tellurocyanate. Con- 
centration of the solutions brought about the precipitation of pale yellow 
crystals of thc latter which still contained 1 mole of bound solvent. were 
highly deliquescent, and decomposed on addition of water with elimina- 
tion of tellurium. Since the compound was very sensitive to atmospheric 
oxygen no further studies concerning i t  were conducted. 

These views concerning the stability of tellurocyanates obtained further 
support from the work of Songstad and his coworkers, who have studied 
the dependence on the nature of the cation of the properties of seleno- 
cyanate and thiocyanate ions in acctronitrile solution'42. 

They have found t h a t  in  protic solvents. the small alkali metal ions and 
other hard Lewis acids associate with the nitrogen atom of the scleno- 
cyanate and thiocyunatc anions and thereby influence the electron distri- 
bution of these ions. I n  the case of selcnocyanatcs this results in a weakening 
of the carbon-seleniuiii bond. which is suficient to impart an electrophilic 
character to the selenium atom. This reasoning. when applied to telluro- 
cyanatcs. would imply that hard Lewis acids might facilitate the splitting of 
the even weaker carbon-telluriitiii bond. Further. they have found that 
tctramethylninmoiiiuni and tetraphenyl~irsonium thiocyanates as well as 
sclenocyanates were. in contrast to thc tetr~ietliylaininoniltm salts. non- 
hygroscopic and stable. Considering these facts they succeedcd in syn- 
t 11 zs izi 11 g two s t ;i b I e s;i I t s of t c 11 i i  roc y a n a t c. nu tnel y t c t ra me t ti y la in m o n i u m 
and tetraphcnyl~irsoiiiuni tellurocyanate] 4 3 .  Towards this end they reacted 
tlic corresponding cyanides w i t h  powdered tellurium i n  acetonitrile (cqua- 
tinn 81). 
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[R,N]+CN- + Te - [R,N]+TeCN- 
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(81 I 

Tctraphenylarsonium tellurocyanate shows, when pure, remarkable 
stability towards atmospheric components as well as towards light. 
Tetramethylammonium tellurocyanate is somewhat less stable and rapidly 
decomposes in damp air or  by the action of light. Both salts are soluble in 
aprotic solvents. The positions of their absorption maxima in acetonitrile 
solution were determined as 2081 cm-' .  in the i.r. region and in the U.V. 
range at 247 nm. Their crystal structures have been determined by X-ray 
d i f f r a ~ t i o n ' ~ ~ .  

A more accurate study of the vibrational spectra of tetramethylam- 
monium and tetraphenylarsonium tellurocyanates, with the aid of i.r. and 
Raman spectroscopy revealed that the tellurocyanate ion possesses three 
fundamental vibrations. For tetraphcnylarsonium tellurocyanate the folp 
lowing assignments have made: v 1  = 2075 cm- ' for the CN$mnd 
vibration, ti2 = 458cm- '  for Te-C bond and v 3  = 359cm-' for TeCN 
deformation vibration. 

The X-ray-photoelectron spectroscopy of tetraphenylarsonium cyan- 
ate. thiocyanatc and selenocyanate. as well as tellurocyanate, shows'45 
that. contrary to expeftations th*h-( Is )  and C-( Is) bondingenergies in the 
N C X -  ion do not change observably with the change in substituent (X 
= 0.S.Se.Te). 

Attempts at alkylation of the tcllurocyanate ion were unsuccessful. The 
reaction of equivalent quantities of benzyl bromide. and tetraphenylar- 
sonium tellurocyanate in acetonitrile led'4h exclusively to an adduct with 
possibly the  structure 79 in high yields. 

Br 

( Ph),As+PhCH2:e- I 

CN 

(79) 

Some. in part contradictory. data were contributed' by Nefedov". By 
heating powdered potassiu'm cyanide and telluriuin for 3 hours at 
100-250°C he obtained crude potassium tellurocyanate. The latter. when 
reacted with azulene in acetonitrile in the presence b f  copper salts. gave 1- 
tellurocynnatoazulcne (80) i n  22"/, yield. i n  the form of violet crystals m.p. 
SO--81 "C (equation 82). 
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TeCN 

(80)  

Thc only aromatic tellurocyanate so far d e s c r i b ~ d ' ~ '  is o-formylphenyl 
tellurocyanateb(8l). I t  i: prcparcd. analogously with selenocyanates by 
melting an intiniatc mixture of o-formylphcnyltellurcn~l bromide with 
silver cyanide (equation 83). T h c  compound is remarkably stable. aTeBr + AgCN A a + AgBr (83) 

TeCN 

CHO CH 0 

(81 1 
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I. INTRODUCTION 

Cyanates. cspecially the sodium or potassium salt, have long been con- 
sidered as agents of potential biological interest'. This assumption was 
borne out by their vcrsatilc reactivity on the one hand znd low toxicity on 
the othcr. a combination of propcrties which is highly desirable if drug 
application is considcred. Schiitz and coivorkcrs'-' undertook the first 
systematic studies of thc biological properties of cyanates, but almost 20 
years had elapsed bcfore a rencwal of interest in these compounds. resulting 
from cxpericnce with cyanatc-contaiiiinated urea. prompted a new series of 
investigations. 

The formal distinction bctween cyanatc and isocyanatc structures, or 
their corresponding su lphur  analogues. is given by structures i and 11 
below : 

N-C-X-R R-N=C=X 

I II 

Cyanate structure Isocyanate strucfure 

( R  = H: alkyl: aryl. X =  0: S) 

Cyanic or thiocyanic acid (1. K = H )  exists i n  :iclueous solution i n  
equilibrium wi th  thc tautomeric isocyanic or isothiocyanicacid (11. R = H). 
Thcrcfore. even though an indcpciidcnt existcncc in pure form of eilhcr 
NrC-Ok! i i i i t i  I-IN=C=O coii ld bc tlcmonstt-ittcct'. tliis clill'ercncc in 
sIructt~~-e is of 110 conseqtiencc i n  biological mcdia. In this context. the 
structural dilrerence between organic cyanatcs and their isomeric iso- 
cyanales ( I  and 11. X = 0. R = ;tlkyl 01- a ry l )  01' organic thiocyanates atid 
thcir isomci-ic isothiocyanntes ( I  and I I .  X = S. K = alkyl or aryl) is more 
tangible. 

The ionization constant of cyanic acid" has becn assigned thc value of 
10-3.'5. which implics t h a t  only't negligible fraction, less than 0.001 of 
thc total present. would exist i n  thc non-ionized form at physiological pH 
(7.2-7.4). Yet. ciiri-cnt cvidcncc iniplicatcs thc lion-ionized form iis thc 
participant in most biological reactions. Morc specifically. ~ l i c  reactions of 
inorganic cyanatcs arc  largely tliose of structure I I  above. almost irrcspcc- 
tivc ofthe nntiirc o f theg roup  f < .  For tliis reason. 110 distinction will be nlade 
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between orgnnic and inorganic cyanates and isocyanatcs. I n  fact, howcvcr. 
organic cyanates ( I )  havc seldom been used in biological work, if at all. 
bccausc of their highly unstable naturc and tcndency to polyiiierize to estcrs 
of cyanuric acid or isomerize to the corrcsponding isocyanates. 

The case of the thiocyanates and isotliiocyanates is different. The 
biological effects of the inorganic salts arc largely tliose of tlie thiocyanate 
ion, NCS -. but those of the organic thiocyanotes and isothiocyaiiates arise 
either from these niolccules /wr sc or from thiocyanate ion that they may 
evcntually generate. I n  some cases, these effects'could be traced to the mere 
prcsence of divnlent sulphur i n  tlie niolccule. I n  view of this. the biological 
reactions of the thiocyanates and isothiocyanates niay not have a cotnmon 
st ruc t u r;i I dcn o m i n ;i tor. 

Most of the biological effects of tlic inorganic cyanates and organic 
isocyanates are due to their rcactivity ;IS acylating agents. For this reason. 
the low- bo i 1 i ng. highly reactive. isocynnn tes a re LI i i  bea rii blc lacli r y  ma t ors. 
whilst the less reactive isothiocyanates at-e only mild irritants t h a t  evoke, in  
low concentration, ii ra ther  plcasant spicy ctlfct. reminiscent of mustard. I n  
this respect. these compounds rescmblc tlie carbonyl Ixilidcs which liavc 
been revicwed in :in earlier vol\imc of this series'. Henceforth, the term 
'cyanatc' will bc uscd to denotc tlic class ;is ii wliolc. but individual 
compounds will bc refcrrcd to according to acceptcd nomcnclature. 

Target structures for covalent bond formation wi th  cyanates in biologi- 
cal media arc the usual nucleophilic sites i n  niiicromolccular structure, such 
a s  amino. tliiol and hydroxy groups. carboxylate anion. and nitrogen 
hetcrocyclcs such as imid:izole a n d  structures incorporating i t .  The rcacrion 
of these with thc inore rcactivc cyanatc species I1iily bc represented by the 
following gcnernl cquation: 

R~-N=C=O + H - X - - ~ 2  - R ~ - N H - C O - X - R ~  

wlicrcR' lii:tybe H.;ilkylori~ryl:X i i i ~ i y b e N I ~ . O . S . C O O o r N R : ~ i i i d  R' 
a carricr molecule or supporting structurc. An indication of thc occurrence 
of these reactive functional groups in sonic important biologicnl system 
and their relative nucleophilicities have bccn given i n  Kefcrcncc 7. Thcir 
reactions \vi th  cyanates and  cnsuing biological etTcc~s ;ire thc subjcct of this 
prescn l a  t ion. 

II. BIOLOGICAL FORMATION OF CYANATES 

Cyanatc and thiocyanate arc  foriiied i l l  riro i i i  rlic course of detoxification 
of cyanidc. The iii;i.jor a n d  tiiorc iiiipoi-tan1 p;itIinfay. first observcd by 
Lang' is convcrsion to thiocyanatc. Tlic rc:iction is iiicdilttcd by ;in enqiiic 
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which was initially called by tlic trivial nanic rhodanase. but subsequently 
given thc systematic name tliiosulphatc sulphur transfernse (EC 3.8.1.1). 
Tliiosulpliatc or cvcti colloidal sulpliitr are csscntial cofactors: 

SCN- Rhodanasc + so3 
The rcaction iiicdiatcd by rhod:inase is practically irreversible. ;IS the 
equilibrium constant, K. _given by 

[ S C N  -][SO: - 1  .. h:= 
[CN -][s,o: - 3  

lias ii magiiitude" of 10 l o .  Howcver. tliiocyanatc m a y  be reconverted into 
cyanidc by thc action of another cnzymc. thiosulphatc oxidasc'". This 
esplains tlic rccuixticc of toxic symptoms of cyanidc poisoning aftcr initial 
a t i t  idot a I therapy w i?i t 11 iosu I pli ii te. 

Rliodanase iseac:ited mainly in the mitochoiidrial fraction of livcr cells 
but hus also been found at other sources. I t  has been isolated in crystallinc 
forin I I .  Iios ii molecular \\eight of 37.000 and iiiay itsesulpliur donors other 
t ha ti t liiosul pliate. mostly t h ios ti1 phonates. Tlic clticacy of t licse was 
invcstigatcd b!, Sorbo" and is given in Table I .  

Siirbo". ;tiid Wcstley and Grccn l ' . 'Z  suggested t hat rhodanase may 
operate by incans of ; i n  -S-S-group which acts a s  ;i transicnt sulphur 
cit rrier. The fo I lo\\ i iig schc iiic is i 1 I it st'ra t i vc : 

c .  
Enzyi;ie s:o.; E n q n i e  CN Enzyme 

I 1  b I  I ___* I I + S O $ - + S C N -  
S-S s -  s-s7oj s-s 
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More recently. Wiilig i inc l  Volini" reported on the interdcpendcnce of 
substratc and cnzymc conforniation i n  rhodanasc catalysis. The enzyme 
from bovine liver forms ioii pairs w i t h  the substrate and product anions: 
thiosulphate. cyanide. sulphite. and tliiocyanate. I-lowcvcr i t  may also use 
such diverse anions as acetate. forniatc. sulphate. and glycinate for the 
formation of ion pairs. Binding w i t h  tliiosu!pliate leads to II more 
constrained protcin conformation, but relaxation of structure follows 
release of the product. thiocyil1\i\tc ion. 

Within certain limits. the ratc of cyanide detosification dcpcnds on the 
rate ;f sulphur transfcr which. i n  t u r n .  depends on tlic concentration of 
sulphur donors. Bccuusc tlicse are normally prcsent in  tissues in limited 
iiinoiints. this ratc is far  too slow for thc prevention of cyanidc poisoning i f  
intake excecds detoxilication. Howcver. thc rate of detoxification may bc 
accelerated considerably by the administration of tliiosulpliate. For exaiii- 
plc. i t  \+';IS shown t h a t  the LD5,, of cyanides in dogs could bc increased 
threefold upon treattiicnt w i t h  thiosulphate. fivcfold upon trcatnicnt wi th  
nitrite and I Y-fold wlicn a coinbination o f  both agcnts \V;IS used. Thus. 
whilst nitritc produces mcrliacinoglobin \vIiich cnmpctcs with cytochrome 
C. the vu1tier:ible target in cyanidc poisoning. for coiiibination w i t h  CN 
added thiosulphiitc. promotes clc;iixiicc through coil\ crsion to ;I rclativcly 
harmlcss product. This is rlic basis of thc antidotal trcatincnt 01' c!anirlc 
poisoni 119 I '. Rcniark:ibl! . fur1 Iici- pi~otcct ion ag;iinst c\xiiidc colt Id bc 
achieved b!, the administi.~itioii of t l i t  cn/!.nic itself. together \\,it11 tliio- 
sulpliatc"'. hu[ sucli usagc 1ias not p i c  bc!oticl t l ic  expxiiiiciital stage 
because t1K cll7ymc is not ;l\Klilablc ;Is :1 dr11g. 

Othcr trnns-siilpliur;ist. cnzymes \verc also discoveld in ti. uili and r a t  
livcr. Onc of tlicse uses 3-nicrc~iptopyruvate ;IS sulphur donor (EC 2.8.12): 
\vlien cyanide is the acceptor. tIiiosuIph;itc is foriiicd ': 

\ 

HS-CH2COCOO- + C N -  A CH3COCOO- + S C N -  

Thiocyanatc normal ly  O C C L I I ~ S  in  blood at ;I concentration wl@,, is less 
t h a n  2 iiig per I00 nil and its origin is asci-ibcd t o  dictai-y itcnis that contain 
o r  gencr-arc n i t  riles1 '. A classical esuiiiplc is the glycosidc amygdalin found 
in bittci- alnionds and \vhicIi gives rise. upon hydrolysis. to benzaldehyde. 
glucosc ilnd 1iydrocy;inic acid. [High thiocyanatc Icvcls wcrc follnd in 
corn 111 ti 11 i t  ics t ha t  coiisuiiic food coil tain ins c y  t i  idc. such ; IS  CllSSiI\' lI  ~ 1 1  icli 
is :I staple food i n  thc tiupic..;'". The direct intulic of thiocyunatt. rather t h a n  
cynnidc folloivs thc consumptioii of ~cgctablc  products tha t  a rc  particularly 
rich in \vhat is kno\vn ;IS the *iiiust:iid oils' i l1 id  which consist mainly of 
organic isot1iiocy;inatcs. These usu;illy occur ;IS their glycosidcs. part i -  
culaI.ly i n  thc brassic:i plants. ; i n  csample o f  which is cubb:ige'0.2 I .  
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Glucobrassicin containcd in 100 g of fresh cnbbagc Icaves may contributc, 
after hydrolysis. 4 to 3 1 riig inorganic thiocyanatc: 

H 

I n  tlie rclated glycosidc glucotropacolin ( R  = plienyl) hydrolysis leads to 
benzyl tliiocyanate ;IS wcll 21s benzyl isothiocyanate. Another rich source of 
tliiocy~inate-yiclding indole dcrivatives is woad (Isrrtis tiiicrorifr L.)"". 

A cotiiiiion source of cyanide and. hence thiocyanate, is cigarette 
smoking. I n  ;I rccent study of t1iiocyan:itc lcvcls in  sinokers and non- 
siiiokcrs. BaryIko-PikicIna :inti Pang-borii" fount1 t h a t  this level was 
rough I y p ro pn 1.1 i o ti ;I 1 to t lie s i n  o k i ii g p i  t t c 1.11. b ti t w i t 11 I ;I rgc in d i vi d it a I 
variations. A rapid i i ictusc i ti s;i I i ry t 11 iocya natc occurs i m mcdiatel y 
tipon the smoking of ;I cigarcttc. but neither iir i i i i iry nor salivary SCN- 
could serve ;IS :in index of ;i person's crposurc to cig;\\.:-!i(, smoke. 
Esscliti:1lly sitiiilm. coiiclusiotis \ V ~ ' I Y  t.e:Iclid by R a y  i i t id S!iiIIcr'.' \vho 
studied salivary SCN - levels in smokers aiitl noti-siiiokers among ;I sub- 
marine CK\V. :\lid by hlaclll! i i t i d  S\\ellssoIi2J wlio compared urine CN - 
and SCN- in persons csposcd to cyitiidc either tlirougli smoking or ;IS an 
occupational h a m r d .  A iiiorc posiiive correlation W I S  found by Yacoub 
:IlitI wIio rcportcci t Iiat SCN - I C \ Y I  in uriiie \ v a s  ;I I'unction G f  

tlie ::mount ofsnioking atitl cort~clatecl. ;it thc same time. with the level qf 
blood ci\rboti moiiosidc. This \t:it.iiilicc in  results n i a y  be p i r t l y  cxplaiiicd 
by the obsel-votiot12" ti1;it h - g c  ~ ~ S C S  of ti1iocyatiatc i1:ivc ;I fustcr rate of 
elimination t l x n  'iiormal Icvcl' diiocyaiiatc a i i c l  which is due to saturation 
of t liiocyanats-coiiccti t rat ing con1 part tiicii t s  and the i l i a  bili ty of kidneys 
to rcii bso rb I ;i rge amounts of fi I t e red t 11 i ocy a ti a I e. 

W i t Ii t li c ex ci. p t i o ii o f t 11 c d c t ox  i  f i  c ii t ; o I i I i i  cc I1 ;i 11 i s ni s d i sc 11 s sed 11 bo ve, 
cynates  arc not known to arise as such i/i  1.i1.0. However. otic m u y  consider 

bound form. Tlic biological rotmat ion of cut-bam!fl phosphate is biised on 
t ~ i c  ittiIi;/ntion of imiiionia and ci\rOoIi dioxide rat1ic.r tIian cyanate anti 
may reflect ;I pathnay  01' prebiotic evolutioii : 

t i l e  tltiivct.s;iI ciirb~iliiyI~ititigD,1fctit. ciirt>;itiiyI pIio~l>Iii~te". ;IS cyatiate in 

NH3 + C 0 2  + 2 ATP + H20 H2NCO-OP(O)(OH)2 + 2 ADP + H3P04 

c 
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I n  ureotelic vcrtebratcs. the reaction is mediated by :I carbar.iate kinase t h a t  
requires acetyl glutamate a s  an essential c o f n ~ t o r ~ ~ . ~ ~ :  but the require- 
ments in bacteria niay be ditt’crent. Furt hcr reference to carbainyl phos- 
phate a s  cyanate in bound form will be madc in  the ncxt section. 

111. REACTION OF CYANATES WITH 

FUNCTIONAL GROUPS 
B 10 LOG I CALLY -I M PO RTANT 

Any consideration of the biological effccts of cyanatcs should bc made in 
the )light of their reactions \vi l l i  ccll constitiicnts, such ils functional 
polypeptidcs. proteins. nucleic acids and perhaps lesser inolcculcs if thesc 
constitutc important substratcs or cofrictors. Admittedly. not all cyanatc 
reactions repOrtcd in tlic bioclicinical literature arc of immediate biological 
relevance. For example, tlierc is no proof ;IS yet t h a t  cynnatcs react iri ciro 
with ,fi.ee amino acids and that such ;I reaction. if ;it all possible. has 
measurable biological conscquenccs. Yet. such reactions arc iiicludcd in 
this prcsentation bccausc they providc it gciicral background and o tk r  :I 

cluc to possible reactions wi th  prevailin~siibstr~itcs at the cellul:ir I c \~ l .  For 
the sake of clarity. thcse reactions arc classified in xcordaiicc with the 
nature of nucleophilc involvcd rathcr t h a n  wi th  size or  type of substrate. 
Hence. we shnll first proceed by rcvic\viiig rcnctioiis involving N H ? .  0 1 4  
and SH groups. then clcscribc tlie ovcr~ill cllc’ct oil tl\c supportins iiiiicro- 
1110 lccu le. 

A. Reactions lnvolving Amino Groups 

Cpanates react with primary amino groups to foim citlicr A’-substiruled 
aniidcs of carbamic acid. or iireiis: i f  ;I vicinal cilrboxylic acid sroup is 
present (as occurs i n  the r-amino acids or acid hydrolysates of polypeptides 
that have bccn treated wi th  ;I cynnatr) thcn ;I hydaiitoin inay bc foriiicd. I n  
most of the early work w i t h  cyaiiatcs which had more o f  ; i n  analy1ic:il 
orientation. hydantoiiis rather than /V-carbamyl dcriwtivcs were the usual 
end products: 

R’-NCO + H2N-CHR2COOH ___* 

R2- C H -CO 
-H?O I 

R ’NHCONH-CHR~COOH N H  N-R’ 
\ /  co 
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With the inorganic cyanatcs. p = H :  with plienyl isocyanate. ;I favourite 
reagent in analytical work, R = Ph. Early documentation of these 
reactions are the works of Dakin3' on carbainylainino acids. of Bcrgmann 
and coworkers on phenylcarbamyl dipeptides"', and of Jensen and Evans 
011 phenylcarbarnyl-insulin3'. I n  ;I more biological context. the work by 
Fieser and Creech3" on the coupling of isocyanates of polycyclic hy- 
drocarbons, some carcinogenic. with amino acids is noteworthy. Sub- 
sequently. use of plienylisotliiocyanatc w;is advocated by E d ~ n a n ~ ~  and by 
Eriksson and SjosquistJ5 i n  an alternative procedure to the 
dinitrofliiorobenzcne method of Sangcr-36 for the stcpwisc detcrmination of 
ierminal amino groups in proteins. 

The most coinprchensivc information on the reaction of cynnates with 
the amine function of various biological substrates coines from the work of 
Stark mid his collaborators. following ii preliminary observation that 
ribonucleasc is slowly inactivated by trace contamination of urea witb 
cyanate3'. I n  iiri early paper on the subject. Stark and SmytIi3' showed that 
almost all the usual amino acids and  a number of representative pcptides 
and proteins could be N-carbaiiiylated by mild treatment wi th  K N C O  in 
aqueous phase at p1-l 8. At this stage. i t  bccamc clear t h a t  the carbainylation 
of proteins was  problematic. presuni-%Iy on t w o  iiccouiits: 

( i )  Not all amino groi@s in  11 protein molecule arc  accessible to the 
rcagen t ti t i  less drastic d ena t ura t i on ;i nd 11 n fol d i ng of t cr t ia r y s t r uc t 11 re 

8 is eft'ectcd by Ineiins of urea. 
( i i )  Not all  amino groups are  equally reactive towards the reagent; for 

example. the c-ainiiio group of lysine residues(pK:, - 10) appears to be 
less reuctivc than a terminal amino group ( p K . ,  - 8.5) .  This sceined 
paradoxical in vicw of the prcn~isc- '~  adoptctl by tlic authors t h , i t  B cyanate arid aiiiinc arc I-cactivc in  their ionic foriiis. i.c. ;IS NCO - and 
RNI-1.; ratlici. t h a n  ;is iinchai-gcd species. I f  that were truc. thcii 
c-amino groups of lysine would be expected to be more reactive. whilst 
in  llies~inicinvcsti~ation ~ l y c y l ~ l y c i n e ( p ~ 3 ~ 1 7 ) \ v a s ~ o u i i ~ ~  to bc more 
rcactivd than alaiiitie (pK, ,  9 4 9 ) .  . 

89 

I n  a subscqueiit and iiiorc,~:;'~tcii?:it& study. StarkJ" reached the 
fo I I o Wi 11 g co 11 cI ti s i o I i s : 

( I )  The losarithm ol' the second order rate constant. A , .  01' tlic reaction';- 
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is linearly related to the pK., value of the amino groiip involved i n  the 
reaction. However. the lower is the ph', of that amino group. the more 
reactive would i t  seein to be (Figure 1. Table 2). Ai l  important 
implication is that  ;it p1-l - 7. the v.-amino groiips of protcins 
(ph', - 8) are expccred t o  react wi th  cyanate about 100-times faster 
than the niore basic &-amino groups (ph'., 10.7). Thus. cyanate m a y  be 
used 11s a selective curbamylating agent. 
In view of the above. the reaction o f  aniino groups of proteins wi th  
cyanate occurs between the uncharged species and hot between their 
respective ionic fortiis ;IS foriiiulatcd itbovc. I n  support o f  this con- 
tention is the obscrviition t h a t  the rclativc rates of carbaniylation in 
\4'a[Cl- of a series o f  f*mniiiio acids is the siitiie for K N C O  and for 
Et --N =C=O ( Figure 7). 

( i i )  

Tlicsc conclusions were confirmed in ;I latter and independent publi- 
cation by Sniyth" who found that the half-life ( r ,  ,I of various amino acids 
and peptides in  0.2 M-NuNCO at pH 6.0 and 30 C increases with an 
inci'ease in  the ph' ,  value of the ainiiie involved : 

PK.1 f I  2 ( i i i i n )  

Phen y la1 ii ti i ne 9.1 I45 
Leiicylcucine 8.3 19 
Glycylplycylglycinc 7.0 13 
Tyrosyl t yrosi nc 7.7 I I  

Remarkably. the rates of carb;iiiiylation increase i n  the presence of I bl- 
formaldehyde. Smyth considers this ;IS fur thcr  evidence i n  support of the 
non-ionic mechanism. since CI I ?O is expected to favour thc uncharged 
amine by the following n1cch;inism: 

Reccnt l y. Garner ;i nd cot la bow t oIs4' suggested applicn t ion of cyanat c 
rsaction kinetic data for t he  determination of the pK., values of r-amino 
groups in  pcptides and protciiis. The technique \\;is applicd to glycyl- 
c elycine. L-va l~ l -~_- l e i i c~ l -L- se r~ l -L-~ l i i t ; i i i i y l~ lyc inc .  and to the main coin- 
poiicnt fcrrimyoglobins from :i nuniber of m;iritiiiic ni;iniiiialia. 

0 

B. Reactions Involving Thiols 

Cy;inate reacts rapidly w i t h  tliiol gi.0iip.s i i i  cystcinc. gluth~ithionc and 
den a t u red. red uctd p rot el t i  s. y icld i 11s t he correspond i ns S-ca rba ni y l 
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TABLE 2. Apparcnt specific ratc constants for the reaction of amino acids and  pcptidcs, as 
zwittcrions. with cy;in;itc at  30 "c" 

R N H L  Ph', KNCO(rnol/ll k x lO'(l r no l - 'm in - ' )  
-_ - _- - .- .- .. . - 

Tctraglycinc 7.75 0.2 275.279 

Glycylgl yciric 8.17 0.2 I29 
0.4 I50 

Threoninc Y.12 0.2 33.5 
0.3 31.0 

Glycinc '1.60 0.' 70.2 

Triglycine 7.9 I 0.2 2 13.200 

0.4 21.6 
8.42 

0 ;:; S.13  
I 43 8-56 

1 .o 5.74 
E-Aniinociiproic acid 10-75 I .0 2.04 

2 .0 1.98 

Aliininc 9.69 

P-A I a n  i ne 10.19 0.8 5.59 

"Rcprinted with pcrinission froin Stark. H i ( ~ ~ h w i i . s i r , ~ ~ .  4. 1030 (1965). Copyright by thc 
Amcriciin Chcniic;il Society. 

dcrivatives. Thcse arc stable in  solution at pH - 5 but regencratc free thiol 
and cyanate at pH 8. hence. hydroxyl anion may be involwd in thc 
retrograde reaction. I n  vicw of this assumption. Stark" formulated the 
overall rcaction as follows: V 

k, 
RS- + HNCO + H20 7 RSCONH2 + OH- 

where R rcprcsents the cystcinyl rcsique. -CH2CH( NH2)COOH and A,.. 
and li,, are the ratc constants of forthation and dccomposition, respectively. 
Values of thcse in the reaction betwceti cysteinc and sodium cyanate z c  
givcn in Table 3. Again. rcaction witti thiolatc anion rather than with thiol 
requirss tha t  cyanate be i n  the unionizcd foim. 

I n  view of thc sensitivity of S-carbuniylated compounds to hydroxyl ion, 
these tire expected to be short-livcd at phy.4tc,ropical pH and. thercfore. of 
secondary importance to the more stable N-carbamyl derivatives of 
biologically-importanr inolccules. Thjs statenicnt is, however. subject to thc 
following reservation : S-ca r bani y I derivat ivct of pept ides and proleins 
could act as intcrmcdiatcs i n  tlic carb:tmylation of ntlier groups, such as 
aniino groups. For cxatnplc. S-carbnmylcysteiric and triglycine gave. at 
;,H 8, the N-carbamyl derivative of thc latterJ3. I n  a more complex system. 

a .  .91 
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I I 1  I !  I I I 

7.8 8.6 9.4 - 10.2 11.0 
PK, 

+ 
FIGUKE I .  Dependence of second-order rate constants or thc rcactioii RNH,  $. 

NCO- -+ H,NCONHR on pK,, ofaniino group in substrate. D a ~ a  arc those in Table 
2. Reprinted with permission from Stark. Hioc,/rc.ririsr,.!.. -1, 1030 ( I  965). Copyright by 
the American Chemical Society. 

the inhibitory cffect of S-carbnmylcysteinc on tlic microorgunisins 
Ltrctobtrcillirs crr.ithirio.sirs and Str.ej,toc.oc'c.It.s Itrctii"'. at pH 6.8 and 30 "C. 
could be explaincd on sitnilar lines. I n  a n y  casc. caution is recommended in 
thc extrapolation of results obtuincd wi th  small inolccules such a s  cysteine 
or glutathione to tnorc complcx biological systcms wlierc revcrsibility of 
erect is not ;I simple direct function of the regeneration of fret tliiol. 

C. Reactions Involving Hydrox yl Groups 

Formally. carbaniyl phosphatc is thc addition product of cjiil1ate and 
orthophosphate. Indced. Jones. Spector. and LipinannJS dcmonstrated its 
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I 

c-NH, X 
O n 240c---l- 7nn 1 

0-Reaction w i th  ethyl isocyanate 
X -  Reaction w i t h  KNCO 

formation in SO",:, yicld from K N C O  and K l - l j P 0 4  in aqucous solution at 
30°C. I n  living systems. carbamyl phosphate is the universal donor of the 
carbaniyl moiety in the biosynthesis of protein ;md nuclcic acid building 
blocks2'. For exatnple. the fortnation of citrullitMa an intcrmediate in the  
formation of argininc. proceeds ;IS follo\vs4': 

H ~ N ( C H Z ) ~ C H C O O H  + H.NCO-OP(O)(OH)2 # 
I 
N H 2  . 

H?NCONH(CH2)3CHCOOH + H3P04 
I 
NH2 

Thc reaction is mediated by the enzyme ornithine cnrbamyl trnnsfcrase 
(EC 2.1.3.3). Another tniportatil example IS tlic formation of carbamyl- 
aspartatc. an intcrmcdiate in the biosyntlirsts of ur!dglic acidaq7 ". Thc 
rcaction is mcdiatcd by iispartate tratiscarbainylase (EC 2.1.3.2): 
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TAIWE 3. Kate coiistiiiits in  thc rcvcrsiblc rcaction of cystcine w i t h  cyanatc a t  15 "C:  
k f .  is relatcd to the forward reaction (forinat ion) ;\lid k, .  to thc rctrogradc reaction 
(decomposition). T& ratc constant kl;  was calculatcd from r o r t r l  concentration of 
c;icli ofcysteine nnd cyanatc and not from that of thcir respcctivc ionic forms at  thc 

4% corrcsponding pl-I" 

" Kcproduccd froin Stark. J .  Biol. Chiwi.. 239. 141 I (1904) by  perniission of [he  Aincrican 
Socicty 9 Biologic;il Clicniists. 

HOCOCH2CHCOOH + H2NCO-OP(O)(OH)2 __LL 

4. 
I 
N H2 

HOCOCHzCHCOOH + H3P04 
I 
N K C ) N H 2  

I n  view of this and tiiorc rccent cvidence on the action of carbarnyl 
phosphate with haeinoglobin". the question arises whcthcr such rcactions 
i r i  u i w  d o  or do  not proceed via the transicnt formation of cyanate. As a 
model. thc non-cnzymic hydrolysis of carbamyl phosphatc in watcr does 
not prcclude cyanate formation. The rcaction was shown to procecd along 
two ditTerent pathways. depending on thc p H " .  Low pH. i.e. bclow 3. 
favours decomposition into phosphate. ;initnoiiiii and carbon dioxidc. 
Higher pH favours generation of cyanate and phosphate: 

The nicchanisms involved were rationalized by Allen and Jones5 I .  

; Thus. generation of cyanate from carbainyl phosphate undcr physiologi- 
cal conditions has a dcfinite probability and iiiay bc illustratcd by tlie non- 
enzymic carbaiiiylation oi haeinoglobin and histoid'). On  the othcr hand. 
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a sirigle displacement rcaction is suggested by enzyme-mediated carbamy- 
lations. For examplc, 32P-labclled phosphate exchanges with carbamyl 
phosphate only in the presence of receptor amino acid and specific 

In another case53, cyanatc failed to dilute ['4C]carbamyl 
phosphate during citrulline formation from ornithinc. mediated by or- 
nithinc transcarbamylase (EC 2. I .3.3). Also significant in this contcxt is the 
biological degradation of carbamyl phosphate which is mediated by the 
enzyme carbamyl phosphate phosphatase; this reaction is not conducive to 
cyanate but to NH3 and C 0 2 ,  perhaps in analogy with acid hydrolysis of 
carbamyl p l i o ~ ? h a t e ~ " . ~ ~ .  Indeed, there is piausibiiity in thc view advanced 
by Stark4' that carbamyl phosphate may function in the cell by providing a 
safe means of transport for thc othcrwisc reactivc cyanate. 

Cyanate was found to react also with carboxylic acids in a reaction which 
has had& yet no known counterpart iri u i w .  For example, reaction of 
K N C O  or EtNCO with y-aminobutyric acid or E-aininocaproic acid led to 
the formation of 5- or 6-membered lactams, in addition to the expected N- 
carbamyl derivatives": 

RNCO + H2N(CH2),COOH (CH2)n NHR 

co-0-co 
H2O / I 

\ 
N H2 

(R = H. Et; II = 5, 6) 

Lactam formation, which depends on the interrncdiate formation of 
csrbamylcarboxyl anhydrides RCO-O-CONH2, is favoured at pH 5.3; 
that of the A'-carbamyl derivative is favoured ;it pH 6-8. Rcmarkably, if 
acetate is used as buffer in the above rcaction. then partial A'-acetylation of 
the amino group ensues, indicating the transient formation of a mixed 
carbamyl-acetyl anhydride. the electrophilic agcnt in this case: 

RNCO ti, N ( C t i 2  ),COO tk 
CH3COOH - CH3CO-0-CONHR 

CH3CONH(CH2),COOH 

The hydroxyl group in carbinols and phcnols of biological occcrrcnce is 
also known to incur carbainylation w i t h  cyanates. but there have been 
relatively few studies on this subjcct whilst soine of the earlier reports inay 
require rcconsideration i n  view of latter dcvelopincnts. As a rulc, the 
hydroxyl group i n  serinc and threonine residues has been considered 
unreactivc towards the usual acylating or alkylating agents normally used 
i n  protein conjugation or I a b c l I i ~ i g ~ ~ .  Evcn with thc more rriipxive cyanates, 
such as phcnyl isocyanate. forination of 0-carbamyl derivatives of proteins 
could not bc denionstrated". Stark4' briefly incntioned that the OH group 
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in threoninc did not react appreciably wi!h potassium cyanate at pH 8. On 
the other hand. Shaw. Stein, and Moore58 provided indirect evidence to the 
effect that the serine-OH group in tlie catalytic site of chymotrypsin 
undergoes carbamylation with cyanate, but under the same conditions free 
scrine proved to be uiireactivc towards tlic ~ a r . = d e a g e n t ~ ~ .  

The failure to dernonstratc the formation of 0-carbamyl derivatives may 
beascribed, at  least in sornccascs, to the lability of these products under the 
usual working conditions. Indeed. Smyth4' showed in a careful study that 
reaction of phenol with excess sodium cyanate Icd to phtnyl carbamate 
which has a half-life of 2 h in the pH range 6.5-7 at 30"C, but 30min at 
pH 7.4 and 37 "C. Under similar conditions, tyrosine undergocs both N- 
and O-carbamylation wi th  sodium cyanate in water, but the reaction wi th  
tlie amino group proceeds five-times as fast as that with the phenol 
hydroxyl. As a result. the N-carbaniyl and N.0-dicarbamyl derivatives 
could be isolated. the lattcr in 65% yicld by stepwise alteration of pH from 8 
to 6. but not the 0-carbamyl derivativc: 

Smytli also showed that 0-carbaniylation occurs in the tyrosine residue in 
the polypeptide oxytocin4'. 

0. Reactions Involving lmidazole 

Histidine residue. and hence imidazole. forms an cssential part of the 
active site of many hydrolytic cnzymcs which are now morc commonly 
referred to as DFP-sensitive enzymcs" because they are specifically and 
irreversibly blocked at that site w i t h  diisopropyl phospholluoridate [DFP, 
(i-PrO)? P(O)F]. Thc function of tlie imidnzole part is catalysis of acyl 
transfcr from the substrate to the hydroxyl group of serine. Indeed. N- 
ncylimidazoles have long becn known ;IS good acylating agents". Bccause 
ii similar function could possibly be performed by cal.barnyliiiiidazole6', a 
detailed study of this agcnt was carried out by Stark5'; tlic conclusions 
brought here were taken from his work. 

At pH near neutrality (7.2 to 8.1) and i n  the temperature range 20 to 
3 5 "C. ini idazol i urn cyana te cs ist s i n  eq u i I i bri uni wi t  11 car bain y I i i n  idazole : 

t 
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CONH? 

( IMA)  (IMCONH2) 

Thc association constant, K .  givcn by 

[IMCONH.]  
[ I M H + ] [ N C O  -1 

= . -. 2 - 

has a valuc that dcpends on thc concentration of / i * c v  unprotonated 
imidazole (Figure 3 )  : hcnce. unprotonated iniidazole catalyses thc for- 
mation of carbainyl imidazole. Thc value of K in  the presence of 0.08 hl- 

iinidazole ;IS frec bast. at 25 "C is 0-35 inol- I ,  corresponding to AF" 

In thc abscnce of cyanate and f?ee iinidazolc. thc rate a t  which 
carbaniylimidazole dissociates is indepcndent of pH above 6 but decreases 
at lower pH. Such behaviour is co;sistent w i t h  a mechanism whercby 
carbarnylirnidazoliuin ion and not carbamyliniid~izole is attacked by 
Iiydroxidc anion. in  accordance with the following gcncral schemc: 

= 0.82 kcal/ti1ol. A H o  = - 2.1 kcill/t11ol and  AS" = - 9 - ~ c . u .  at 25°C. 

IMH' + NCO- + H ? O  IMCONH2 + H20 

1 ,  

k ,  
IM + HNCO + HzO -- (IMHCONH,)'+ OH-.  

where I ; ,  = l ~ " ~ I n i o - ~ n i i n - '  and = i0""'I n1oI-I min - I .  I'he 
half-life of cnl-b~imylimid~rzole ;it P I - 1  6 is about 1 niin.  

Carbainylimidazolc provcd to be a disappointingly iinrcactivc carba- 
inylating agcrii towards glycine. thrconinc and glycylglycine. A sinnll 
increase in ratc obscrved in the reaction of amino acids with cyanate in  
prescncc of imidazole could be due to ;I sinall cntnlytic cffect on bchalf of 
11 n prot ona led i midazole i t  scl f. 

r 

IV. REACTION OF CYANATES WITH 
INDIV IDUAL PROTEINS 

Whilst covalent bond-forinat ion between cyanates :tiid protcins is gencrally 
confincd to one or nioi'c flinctional groups of the rypc discusscd i n  the 
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prcceding scction. the resulting eflcct on protcin strucriirc and fiinction is 
variable within widc limits. I t  could bo profound and irreversible in one ciisc 
hiit a!most insignificant i n  :inother. I n  the  lirst plncc. this ellcct depends on  
the nature of& 2 protein itself and thc \,ulner;ibility of its functional 
capacity to structiiral modification. I n  tlic second place. thc ellect depcnds 
on the struct itrc of rlie conjugating moiety \\jhich. in thc casc of isocyanates. 
is K-NH-CO--. I n  vicw of this. rile reactions of cyanares \\.it11 proteins 
cannot bc systcmatized. :it least not in terms of elTcct on protein function. 
evcn though they share ;I coptiion chemical biickgrotlnd. Thc prcsentation 
of thcse reactions will bc made 011 ; i i i  individual busis. 

A. Haemoglobin 

Much of the prcscnt h n m  Icdgt. of tlic rcactioti of cyrw,ate w i t h  Iiaeiiio- 
globin has been gciicratcd from ;I concern with sichle-ccll ;in:teniiii. This 
linemolytic condition. or ' t i i o l c c u l ~ i r ~ i s ~ ; ~ s e ~  in the terminology of Pauling 
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and coworkers"'. is characterized by sicklc-shaped red blood cells due to 
honiozygous inlieritniice of an abnormal haelnoglobin (S I-lb). I t  occurs 
almost cxclusively in  negroes. I n  S Iiacmoglobin. valine hiis substituted 
glutamic acid ;is the sisth pcptidc in the fi-chain. caiising an alteration of 
propertics with rcspect to normal hacmoglobin ( A  Hb). The oxygenated 
form of S H b  is as soluble as tha t  of A Hb. but reduccd S I-Ib is ab9ut 1/50th 
as soluble ;is rcduccd A H b  and 1/100th ;is solublc ;IS its own oxygenated 
form. Under low O2 prcssure. iis occurs i n  the smaller blood vessz:s. S H b d 
forins a semi-solid gel (tnctoids), callsing sickling of the crytlirocytes. These 
assunie'a distorted shape and ;ire unable to pars through capillaries. 

Cerami and Manning6' are crcdited for thc first discovery of the anti- 
sickling properties of cyanate. Cyanatc coinbines wi th  the 9-amino group of 
terminal valine in haemoglobin ii i  an irrevcrsiblc carbamylation reaction 
t h a t  lends to the incorporation of 1 to 4 carbainyl residues per hscmoglobin 
tetramcr. I n  tlie case of S Hb, carbamylation arid prevention of sickling 
were found to procced at thc siinie rate. Globin. thc protein moiety of 
hncmoglobin. is composed of four polypeptide chains ai-ranged in the 
configuration of tctraliedron. Tliesc consist of two r-chains of identical 
composition (141 amino acids) and two P-chains (146 amino acids) also of 
idcntical composition. Thc terminal amino grotips in all four chains are 
those of valine. In  ;I detailed study of tlie kinetics ofcurbainylation of these 
groups with cyanate, Lee and Manning"' found no differcnce i n  reactivity 
in tlic various chains of oxyhaenioglobin. These aiiiino groups react 50- to 
100-times fristcr than the c-amino groups of lysinc residues in the siinie 
niolcculc u n t i l  onc carbamyl group has been incorporatcd per haelnoglobin 
molecule. Likewise. tlie riitc constant for tlie carbainylation of dc- 
oxyliaenioglobin A (normal) was iiot found to ditrcr from t h a t  for 
dcoxyhaemoglobin S. indicatinz ii closc siniilaritp in tlie nucleophilicity of 
terminal amino groups in normul and pathological hacmoglobin. I n  
dcoxyliaeiiioglobin. however. tlic rates of carbamyl:ition at the CI- and p- 
chains scem to dilrer. Thus. Manning iind coworkcrshh found t h a t  the rati 
ofcarbaniylatioii is I .7:  1 in  favour of [lie r-chain in partially dcoxygcnatea 
blood (40 to 50";) O2 saturation). wlicreas i n  fully osygcnatcd blood thc 
ratio is I : 1 .  Similar rcsults wcrc reported by Jcnscn and collaboratorsG7 
who also studied tlic clTccts of 2.3-dipliosplioroglyccr~itc on sickling and its 
relationship to o~ygciii i~ion~' . ' .  They found t h a t  the r-chains rcacted at 
twice tlie ratc i n  deoxylinciiioglobiii as conipaiwi ?J oxyliacmoglobin. 
whilst fi-chain carb:iniglation wiis less dcpcndcnt on osygei~iition. 

According to Manning and  co\vo~-kcrs"~, exposure of ht1111a1i 
erythrocytes to 10msr-KNCO for I li does not significantly alter cell 
functions. but the oxygen altinity of carhamylated sickle or normnl cells 

B 
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increascs to ii level coinmcnsurate with the extent of carbamylation. The 
terminal amino group of valinc in haemoglobin is known to fulfil many 
important functions among which is the transport of carbon dioxide as the 
carbaniino dcrivative6'. The high specificity of isocyanic acid, the reactive 
form of cyanatc, towards this amino group has been attributcd to the 
structural similarity between H N  =C=O and O=C=07'. Indeed. the 
C0,-carrying capacity of carbamylatcd haemoglobin has diminished by 
about 15'~,'*. 

Kraus and Kraus" rcported that carbamyl phosphate \vas found to be 
more effective than cyariate in the rcversion of sickling i l l  ciitro. This Icd 
Carrcrus-Barnes, Diederich and G r i ~ o l i a ~ ~  to investigate the comparative 
effectivencss of thcse two agents in the carbamylation of haemoglobin in 
intact erythrocytes. I n  all instances, the  reaction procceds at a faster rate 
with cyanatc than with carbamyl phosphate but, given enough timc, both 
agents would evcntually lead to the incorporation of four carbamyl residues 
per mole haemoglobin. Thcsc and other results are summarized in Tablc 4. 

T A B L E  4. Carbaniylation of hacnioglobin under various conditions" 

Rcagcnt and conditions 
in01 l12NCO/ 

Substrate inol 1-l b Rcfcrcnce 
-. -. .- - .. - . - . - - - . .. -. . - - __ .- . .- 

I mhi-KNCO. 5 11. pH 7. 37 C 
l0Omhi-KNCO. I h. pH7.  37°C 
IOmhi-KNCO. 111. pH 7. 37°C 
IOniM-KNCO.  111. pH 7. 20°C 
10l i iwKNCO.  211. pH 7.8. 20°C 
25 mhi-KNCO. I h. ptl 7. 37°C 
75 inhi-KNCO. 411. pl-l 7. 37°C 
25 inhi- carbamyl pliospliatc. 

25 nibi-carbamyl ptiosph;ite. 

10 ~ n ~ - c a r b a m y I  pliosphatc. 

I0 mM-cnrbainyl phosphate. 

Huiiian sicklc R B C  
tluiiian sickle l<BC 
Human srcklc RI3C 
Intact Iium:iii KUC 
Intact human RBC 
Intact human RBC 
Intact human KBC 
Intact humnn RBC 

Intact human R H C  

A 1-1 b. 25 ~ e / ' ~ ' ~ i l  

S Hb. 25 nigiml 

I 11. pH 7. 37°C 

4 tl. PI-I 7. 37°C pr 

30 inin. pH 6. 38 "C 

30 rnin. pH 6. 38 "C 

" Abbrcvi;itions: RBC = rcd blood ccll: H b  = hacmoglobin. 

64 
64 
68 
49 
49 
49 
49 
49 

4 49 

0.4 1 49 

0.23 49 

The possiblc impairment of haemoglobin functions following carbamy- 
latic% is still a controversial silbjcct. Kilmartin and Rossi-B~rnardi~' found 
that carbamylation of thc a-amino tcrniinal groups in horse haemoglobin 
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intcrferes with CO1 binding. Conipletcly hlockcd liacmoglobin. i.e. carbit- 
mylated on all four terminal amino groups. probably binds no CO1 at all. 
This should be considered in the light of the fact that dircct transport of 
C 0 2  by haelnoglobin ;iccouiits for C,OY<, of total C 0 2  cxclianged by the red 
blood ccll during rcspiration. I t  remains to be shown t h a t  a t  the rate of 
carbainylation obtained iri ri[3070 (one carbaniyl group per inolc huemo- 
c dob in )  110 delctcrious effccts really occur. 

B. Chymotrypsin and Efastase 

Treatmcni of 2-cliymotrypsin wi th  1 J i -KNCO at 30°C led to loss of 
cn2jmic activity, the rate of inactivation being faster at  pt-4 6.5 than at 
p H  8.5s8. A iniiximum of 1 1 .7 carbamyl groups per mole chymotrypsin 
(EC 3.4.4.1) could be introduced ( in  pi-escncc of indolc) of which tivc \vc'rc 
on the c-anir'no. t hrce 011 tcrininal r.-amino groups and 3.7 acid-labile o i l  

groups of undetermined iiat tire. Of tlicsc. a t  Ic:ist onc is a serine-liydr-oxyl a t  
the active centre. licncc inactivation of tlic cnzymc which is not ordinarily 
sensitivc to blockade of amino groupsi2. 

Reaction w i t h  alkyl isocyanate i s  more spccific. Brown and Wold7' 
showed that butyl isocyanatc inactivates both chymotrypsin and clastasc 
(EC 3.4.4.7) but octyl isocyanate inactivatcs only the rormcr. I n  both cases 
inactivation \vas due to the carbainylation of serine-hydrosyl ;I[ thc 
catalytic centre. As the two enzymes arc cxtcnsively homologous in tlicir 
priiiiary iiiiiino acid scqiiencc. foldcd structures and natiire of tlic nuc- 
leophilic function at t ho  active site. rationalization of the ditlerence in 
reactivity toivards the two reagents WIS sought in the topography of the 
'binding pocket'. Thc inactivation proccss is assumcd to proceed through 
the obligatory formation o f  ;in cnzyiiic-inhibitor complex. E :  I. i i i  which the 
nircleophilic group -X t-I must be propcrly ;iligncd w i t h  t h e  inhibitor 
clcctropliile. Following th is.  interaction bctwecn tlicsc two groups occiirs. 
leading to tlic carbaniylatcd enzyme. E--1 : 

In clustasc. the 'binding pocket' c;iiiiiut ciihiirc ;I propel- alipiiment of the 
Icn_rtliicr octyl isocyanate bccatisc of ohstriictioii by  wlinc 2 16 xiid 
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threonine 226. In chymotrypsin, these I W O  positions arc occupied by thc 
much smaller glycine. (Figure 4). 

G LY 
226  

THR 
2 2 6  

X 
Id I 

G LY 
216 

C hymotrypsin 

VAL 
21 6 

E l a s t a s P  
9 

FKUKI: 4. Scheinatic rcpresentation of t l i e  'binding pockets' of chpmotrypsin and 

from Uro\vn and Wold". 
clastue and the possible alignment 0 of alkyl isocyanates in these pockcts. Redrawn 

A n  opposite case is olTcrcd by thc cross-linking agcnt hexnmcthylenc- 
diisocyanatc. O=C=N -(CH ?)(, - N = C 7 0 7 ' :  its reaction with 2- 

chyinotrypsin led to thc formation of a i l  insoluble product which had 
rctained enzymic activity to the extcnt of 30":, indicating the formation of 

serine-hydroxyls. 
intcrnioleculnr bridging betwcen c-amino groups rather t k i n  reaction ;11 +a 

C. Other Peptidoh ydrolases 

.1n addition to the above examplcs. otlicr serinc enzymes inactivated after 
trcatment wi th  K N C O  are rrj*p.si/?(EC -3.4.4.4) and* hr i l i s i~  (EC 3.4.4. I 6)'" 
carbaniylation of thc activc site proceeds simultaneously with reaction a t  
about half the c-amino groups which arc not essential for catalytic activity. 
The inactivation of .sirhri/i.si/i type Novo \vas studied in more detail by 
Svcndscn7 '. This is an alkr.line peptidohydrolase isol;tted from a strain of 
Ptrc*il/u.s .sirhri/iL Treatment w i t h  K NCO led to thc carbamylation of E -  

amino groups and the terminal amino group of alanine but without 
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appreciable change in tertiary structure as evidenced by such paramcters as 
sedimcntation coefficient. optical rotatory dispersion and pH-dependcncc 
pattern of the modified enzyme. Remarkably, treatment of the inactivated 
enzyme with hydroxylaminc restored its catalytic activity wi thout  causing 
thc displacement of carbamyl groups from any of the aforernentioncd 
amino groups. This is perhaps an indirect implication of serine-hydroxyl as 
the group involved in inactivation since hydroxylaininc is known to 
displace acyl groupsfroni the active ccntre of inhibited serine :nzymes7'. In  
this particular case. the 'active' group was assigned ii pK, of about 7.7. 

The carbamylation of two E-amino groups in pcp.si/iogcvi had no effect on 
the generation of full pepsin 

0. Papain *. 
A n  interesting casc is oft'ered by the reaction of activated papain 

(EC3.4.4.10) with KNC07'. This is ;I peptidohydrolase that embodies a 
thiol group at the activc ccntre. Inactivation was shown to proceed rapidly 
in 0.1 mhi-cyannte at pH 6.0and 20°C. but activity could be restored slowly 
by nicre dilution of the enzyme -cyanate mixture. The effect was ascribed to 
the revcrsible S-carbamylation of the essential thiol group of papain. The 
rate constant of c;i r ba i n  y I n t ion vii ri ed w i t h  s u bs t rii t e con mi t r;i t ion ( 5 to 
120 mhf-benzoylarginine ethyl ester): at zero substratc concentration i t  was 
9400 I mol- I inin-' I and a t  infinite substrate coiiccntration i t  was 
1 500 I niol- I min- (by extrapolation). Therefore. substratc protection 
against carbamylation i n  the complcs cnzymc substratc is not complctc. 
For comparison. under the wine conditions the ratc costalit of thc S- 
ca?oaniylution of frcc cysteine was found to be 3.4 1 niol- I niin - I .  Thus.  
the analogous reaction wi th  papain proceeds at a rate 3000-times faster 
than that with cysteinc. , 

E. Ribonuclease 
b 

Stark. Stcin. and M o o d 7  reported that cyanate inhibited ribonucleax 
w i t h  the formation of both N- and S-cLirbiiliiyI dcrivativcs. but selective S -  
carbaniylation of the thiol groups in reduced ribonticlease could be 
achieved by carrying o u t  the rcnction wi th  KNCO iit pH 6 4  and 25°C. A t  
this pH. less t h a n  5"$  of thc =r-ainino groups arc expected to react. A n  
interest ing case of A'-carbamyI~ition of ribnriucleusc without denaturation 
or loss of activity w:is reported by O Z ; ~ W ; I ~ ~ .  Reaction of the enzyme with 
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the cross-linking agent liexamcthylenediisocyanate led to the carbamy- 
lation of t w o  &-amino groups per mole enzyme. Retention of activity, 
intrikisic viscosity and sedimentation coefficient of the native enzyme 
indicate formation of an intramolecular bridge between favourably located 
lysine residues. 

F. Phosphatase 

Alkaline phosphatase (EC 3.1.3.1) from human or pig kidney was shown 
to react reversibly with 0.2  cyanat ate'^. The pH dependence of thc 
reversible reaction suggests that a thiol group is carbamylated at the active 
centre. Otherwise, prolonged treatment of t&z enzyme with 0.6 wcyanate 
was shown to generate a new enzyme with increased K ,  (i.e., lower 
substrate afinity) arid reduced C:,,,, (1.e.. reduced efficacy). These obser- 
vations indicate the occurrcncc of irreversible carbaniylations at other sites 
of thc molccule but without blockade of the active centre. 

The occasional, and secmingly paradoxical. inactivation of enzymes 
exposed to high concentrations of urea in the course of isolation and 
purification procedures is now attributed to the presence of cyanatc in th i s  
reagent. Thus, enzymic activity of /ii.stidi,iol phosphtrre pliosphrrttrsc 
(EC 3.1.3.15) from baker's yeast was subject to temperature-dependent 
irreversible inhibition by prolonged treatment with 8 M-urea8'. Another 
cxamplc is the irrcversible inactivation of DNA-dependent R N A  p o l y -  
Iiieia.w that was treated w i t h  agcd urea solutions without prior dc- 
ionization"'. Again cyanate. which is in equilibrium with urea. is thc 
inhibitory agent. Inhibition may bc due to  the carbamylation of cysteinc 
residues of the subunits of this polyinerasc. since reactivation could be 
achieved by treatment of thc inactivated enzyme w i t h  dithiothrcitol. 

t 8  $ 

(L 

6 

G. p- Galactosidase 

Hustad LIEU coworkersHZ.HJ showcd that P-galactosidase (EC 3.2.1.23) 
could be immobilized on a polyisocyanatc polymcr without loss of activity. 
The immobilized enzyme was reasonably stable arid rctnined 65':6 of its 
origixial activity after intermittent use for 1 I8 days. One may infer that in 
this case bonding of the enzyme to the polyr~& does not occur at or via the 
2tctive centre and docs not entail extensive confornlational changes which 
ivoulcbnterfere wi th  activity. I n  this respect. thc course of thc,.rcaction must 
be an:llogoLls to that reported by Ozawa" for a divalent carbamylating 
il gcn t . 
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TAIII-E 3. EIfccts of cyanatcs on hornioncs iri  rirrw 

Hormone Condit ions ' x  ft .A." Rcference 

I iisu I i n 

Oxytocin . 
Desain inooxyt ocin 

Desaminodeoxyoxytocin 

Adrenocorticotropic 

G r o w t h  h o r m o nc 
hormonc  

T h y  roid-si'ii u la t i ng 

Follicle-st im ula t ing 

Ltiteinizing hormone  

Prolactin 

hormone  

hormone  

H u m a n  chorionic 
gonadotropin 

A 11 t idi u rc t ic h o r  ni one 

PI1 NCO 
I -Naphthyl-NCO 
P h N C S  
100 mbi-NaNCO. pH 74 .  

N n N C O  40 InM. pH 5. 

N a N C O  l00rnxi. pH 8. 

N a N C O  40 111%~ pl.1 6. 

N n N C O  I mhi. pH 6.5. 

N n N C O  100 inxi. p H  7.4. 

N n N C O  100 i n h i .  pH 7.4. 

1 11. 37°C 

17 111111. 30°C 

I so 111111. 30°C 

2 11. 30°C 

2 h. 30°C 

I 11. 37°C 

1 11. 37°C 

I h. 37°C 

I 11. 37°C 

1 11. 37°C 

I h. 37°C 

1 11. 37°C 

I 11, 37°C 

N a N C O  10 1 1 1 % ~  pH 7.4. 

N ~ I N C O  100 II1M. pH 7 4 .  

N a N C O  10 m x r .  p H  7.4. 

N a N C O  100 1 1 1 ~ .  p H  7 4 .  

N a N C O  l 0 0 m ~ .  pf-I 74 .  

N n N C O  I 0 m ~ .  p H  7.4. 

5 
5 

90 

50 

50  

100 

100 

86 

96 

7 

63 

14 

106 

101 

0 

) 

3' 
32 

34.35 
58 

41 

41 

41 

41 

86 

86 

86 

86 

86 

86 

86 

86 

" K.A. = residual activity 

H. Protein and Peptide Hormones 

Hormoncs that consist of polypeptidc chains arc obvious ciiiididates for 
reaction with cyanates but the final cn'ects arc variable. The biological 
activity of f/Ij.~.o;[~-.sf;~~ii~~~~f;fIs / ~ o r . ~ o , i e  (TSH) was abolished after in- 
cubation ill cifr.0 with  NaNCO. but in addition. the product formed provcd 
to be itself inhibitory to thc biological activity of native TSH". An 
analogous casc was reported by Smyth" who studied thc action of cyanate 
on o.yj . roci / i .  thc principal utcrus-contracting hormonc of the posrcrior 
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oituitary. Two typcs of cyanate-tr~tnsforiiied hornioncs \vcrc obtained: N- 
carbainyl osytocin which had retained only 0.1 '>: of t\lc activity of native 
oxytocin and ~.O-dicarbainyloxytocin which could suppress 50(>/;, of the 
eflcct ofoxytocin when applied wi th  the nativc hormone in the ratio O f 3 5 :  1 .  
I n  the dicarbamylated hormone. the location of thc  0-carbamyl group is at 
thc tyrosine rcsiduc and: in analogy with /V,O-dicarbarnyltyrosine itself. the 
0-carbnmyl group is lost and with it  the inhibitory effect of the transformed 
hormonc whcn this is kcpt :it pH 7.4 arid 37°C for protracted periods of 
time. As for the N-carbamylated hormone. i t s  exceedingly poor biological 
activity is unexplaiiied. The terminal cysteinc-amino group in oxytocin, the 
sitc of carbamylation. is not essential for biological activity since thc 
desamino annloguc of oxytocin is almost ;is active. I t  is surprising, 
therefore. to find that carbu1nyliition leiids to such a loss of activity, unless 
one ass u nies concoiii i t  ant con for mat iona I changcs or serious s teric hind- 
rancc i n  the face of interaction with thc rcceptor. Yet. such a change in 
conformation could not be substantiated by experiment". 

Solnewhat dimerent results have been reported recently by Graziano and 
coworkers"' in a stiidy of the pharmacology of cyanate. Thesc authors 
confirnicd the inactivation ofTSH. I i r r c J i i i i i i i i g  (LH) and uiiri-diiwric (ADH) 
/ i o r u i o / 1 ( ~ . s  when thcsc had becn treatcd ill c i t rw with  N;iNCO. but therc was 
no formation of inhibitory agents such ;is thosc reported by thc earlier 
investigators. They ascribed the variance in 1-csults to a difference in 
woikilig conditions which. in the latter C;ISC. ought to be conducivcjto N- 
carbamylntion only, but thcre is no forinal proof that this is indeed the case. 

I t  is not clear w h y  0- or S-carbaiiiylated hormones should be inhibitory 
rather t h a n  simply inactive. Further esploration of the subject is required. 
pnrticularly in view of Sniyth's'' suggestion that inactive 0-carbaniylatcd 
hormoncs that undergo slow hydrolysis ill r i ro  could be exploited for the 
slow releasc of activc hormonc. Some rcsults of horni-onc -. modification wi th  
cyanates are givcn in Tublc 5.  

P 

b J. Plasm a an d Im m un opr o t eins 

These arc the various albumins or globulins which are usdd as carriers of 
;i desired structure (or haptcn) in immunological or diagnostic work. As 
antigens. they are used to elicit immunological response against ;t given 
molecule by coupling or conjugating i t  wi th  the carrier protein. The 
isocyanate of the desired molcculc and sometimes thc iSothiocyanatc have 
provcd i i n  cxcccdingly cflcctlve niciins for this operatlon. I n  almost all 
kno\vn cascs. the rcaction occurs at thc c-i\lliino groups of lysinc. 

A n  ea1.1y exnniple of thc application of isocyanates i n  this respect is the 
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work of Creech and and Fieser and C r ~ c c h ~ ~  on the coupling 
of anthracene ( 1  and 2), benzanthraccnc (3 and 4) and 1,2,5.6-dibenz- 
anthracene ( 5 )  st ructure  to various carricr proteins by iisc of the cor- 
responding iseyanate  derivatives (Figure 5) .  One of these conjugates, 
1,2,5,6-dibcnzanthryI-9-carbamidocascin. when used as an antigen in mice. 
elicited some immunity against the action of dibenzanthracene but was 
itself mildly carcinogenic. The two effects seem difiicult to reconcile. Creech 
and Peck’” also studied the coupling of 4-dimethylaminostilbene (6). 2’- 
methyl-4-dimethylaminostilbcnc (7) and 2-acctylaminofluorene (8),  as their 
isocyanates, with horse and bovine serum albumins in aqucous dioxane. 
The number of prosthetic groups introduced per mole protein varicd 
between 13 to 62 and was most probably a function of the extcnt of 
unfolding of thc tertiary structure since, in most albuinins. at lcast half the 
number of &-amino groups of lysinc are submergcd and. therefore. in- 
accessible to thc reagent. A rcinarkable feature of the stilbenc conjugates 
was a spontaneous changc in thcir ultraviolct absorption spectra cor- 
responding to rapid convcrsion from a I I . ( ~ I I . S  to a c is  stilbene structure. 

Chen. Grossberg and Prcssman” studied the effect of cyanatc on the 
combining capacity of various antibodics with thcir specific antigens. Thc 
authors operated 0% the preniisc” t h a t  specific antibodies directed against 
a charged group contain ;i charged group of opposite sign in thc combining 
region. Thus, rrIili-p-azobenzenearsonate (9) and rrfiri-p-~izobenzoate (10) 
antibodies are cxpcctcd to combine wi th  their rcspectivc antigens via a 

cationic group. most probably an c-NH, group : 

e 

? 

i- 

9 
Indeed. carbamylation of anti-p-a/oben/enearsonatc -/-globulins w i t h  

1 M-KNCO a t  pH S and 38°C resulted in the loss of 20 to 30‘;: of their 
combining sites. This loss in combining capacity could be partially 
prevented whcn the carbamylation rcaction was cnrricd in the prcsencc of 
an agent bcaring the p-azobcn-/cncarsonatc group. These observations arc 
coilsidered by thc authors a s  indicative of ;in attack by cyanatc on the 
coi*Jining region. Under similar conditions, the etTect of cynnate on the 
anti-p-azobenzoate antibodics Icd also to a loss of combining capacity. 
Howcver, thc two casts arc not cquivalent becausc i n  thc latter case thc loss 
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N co 
9-Anthryl isocyanate 

(' ) 

Nco 
9-(1,2-Benzanthryl) isocyanate 

(3) 

9-(1,2,5,6-Dibenzanthryl) isocyanate 

(5) 

2-Anthryl isocyanate 

( 2 )  

34  1.2- Benzanthryl) isocyanate 

(4 

4 ~Dimethylamino-4'-1socyanatostilbene 

(6 

Fi~iu i~ l i  j. Isocynnates of carcinogenic ;ind structurally-related compounds used for 
tIic prep:lrution of protein ~ e r i ~ a t i v e s ~ ~ ~ ~ " ~ ' " .  

cou& not be minimized in the prcsence of p-azobenzoatc. Hence. the 
combining region m a y  not necessarily involve such amino groups as may be 
carbamylared with cyanate. 

Various 'label' molecules, usually from those that fluoresce strongly 
under ultraviolet irradiation, have been coupled through their isocyanates 
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or isothiocyanates to antigcns or antibodies andr;he resulting conjugates 
liavc becn used as tracers for tlie location oi identification of thcir 
combining rcgions in histocheiiiicnl investigations. Thc prepnration. 
purification and characterization of fluorescent protein conjugates havc 
been reviewed recently by Dandlikcr and Portnian"3 'so that only brief 
iiicntion of the tiiorc important reagcnts need be made here. Tlicse incliidc 
the isocynnates and isotliiocyanates of fluorescciti ( I  I )  and rliodaminc (12). 
Various techniqucs havc bccn dcvclopcd i n  ordcr to ensure optimum 
labclling and rcagcnt stability. The most common problem encoLttitticd in 
the application of tliese [echniqircs is pi-oteiii dciiaturation w i t h  coticoni- 
itant loss of antigenic specificity following tlic obligatory use of organic 
agents. such as  acctoiic or dioxanc. :is solvcnrs for thc otherwise insoluble 
isocyanate or  isothiocyanatc. 

CTcooH 
NCO 

Fluorescein isocyanate 

(11) 

i 

Rhodamine isocyanate 

(12) 

(The -NCO group may be in position 4 or 5 in the 2-carboxyphenyl entity.) 

K. Protein-Cyanate Interactions not Mediated by Covalent 
Bonding 4 

A number of bioclicmical ell'ccts of cynnatcs cannot be ascribed to 
covalent bonding wi th  the torget protein. This is particularly truc for thc 
less rcactivc but tiiorc c l i r ror rop ic  thiocyanate anion which hos becn srudicd 
in  ;I wide vnricty of biochcmical sysrcms. A comprehcnsive review of thcsc 
ell'ects is not w i t h i n  the scopc of thc prcscnt cliilpter. but brief mention of 
some of tlie more important cn'ects will bc made so that thesc can bc 
discerncd from the cov~Ilciit-botiditig cllects. 

Thiocyanutc ion bitids t o  protcins at  sites of opposite charge. 
McMcnamy atid c o \ ~ o r k c r s " ~  st udicd the reaction wi th  bovine scritm 
albumin i n  thc pl-l rangc 4.5 to 10 iitid concluded t h a t  the binding data 
could be littcd with two sets of binding constants: ky = 70U. 1 1 ,  = 7 iind ky  
= 10. / I ?  = 90. This \ w s  interprctcd ;IS ati indication of the existcncc of 
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sc\'cIi PrL'fc'I.rCd sites for SCN -- birldin_c per niole :1lbiIll1i~ 111 21 slIbsequc11t 
st~dy' ' '  i t  W ~ I S  shown tililt the binding of SCN - :it tlicse scvcli pril11nl.y sites 
\\':IS not :Illcctcd by niodificatioii of protein :tinin0 groups wit11 ;icylating or 
alkyl;iting agcnts. In view of the fact t h a t  the guanidinium groups are thc 
only ones t1i:it are refrnctory to proteiii-inodi~c~ition rcagcnts. ;\LIt\iors 
concluded t h a t  SCN - bindin_r occiirs preferentially at arginyl residues. 

Thc tlSe of thiocyanatc \V;IS : I IW stlggcsted ;IS ;I iiie:l1is for dissociating 
protcin coriiplcxcs with 0 t h  pi-otcins without apprcciable deiiaturatiol1. 
Unlikc cyannte. Iliiocyanate in ;I conccntration ;is high as  3 M had n o  
irrcvcrsiblc elyects on ~iiitiecn-~rntibody binding. DcSaussure :\lid Dand- 
likero6 showed t h a t  iiiitibixlies purilicd in  3 hi-SCN - at iicutr;il pH still 
retained thcir ability to combine w i t h  thcir corresponding antigcns. but the 
s;iiiic concctitration of SCN - would dissolvc and dissociate specific 
precipitates in thc cqiiivalcnce zone. 

A niimbcr of tliiocy~iiiiite-induced ctrccts could :ilso bc attributed to the 
reversible SCN -- interaction w i t h  anion-bindiiig sites. Exnmplcs are the 
inhibition of rat liver niitc?cliondrial functions which is due to SCN- 
binding a t  the tilci11br;11ie~' iind pci.h:ipsthc excitatory ctt'ccts of SCN - on 
the spinal chord". 

The involvcment of SCN -- i n  redox interactions is :ilso on record. 
I -~og~ '"  studied t hc oxidation of reduced nicotinainide nucleotides 
( N A D H )  with H 2 0 ,  and Iactopcroxidasc. in the prcscnce of SCN -.  In this 
system. oxidation of thiocyanatc appcared to precede t h a t  of NADH. but 
then the oxidized form o f  thiocyanitte would itself oxidize NADH to 
N A D " .  I n  cow's milk and Iiunian saliw. oxidation of tliiocyanute to ;I 

bacterial inhibitor is :I likely proccss. 
Kidder"" prescnted several lincs of evidencc which tcnd to implicatc 

cytocliromc (.-SCN - iiiteraction ;IS the c;iiise of thc iiihibition of niucosal 
iicid secrction i n  the stomach. Thc nature of thc reaction. which may not be 
simple oxidation. has l i n t  bccn established. but the closely rclated anions 
(>CN and NO,  elicit similar dl'ects. both i l l  riro iind i l l  r.irr'o. 111 this 
co 11 t cx I. we recal I t ha t t 11 iocya na t e coiii plexcs w i t h scvera I met a Is, not ;i bl y 
w i t h  ferric ion. so t h a t  such II rcaction i n a y  lie at  the root of several enzymc 
i n;tc t ivii t ions obscrvcd wit  11 t 11 ioc y a n i l  t e I ' I . .5 

\I. REACTION OF CYANATES WITH NUCLEIC ACIDS 
AND THEIR CONSTITUENTS 

The rcaction ofcyanatcs wi th  nucleic acids or i w l i i t c ' r l  purines. pyrimidines. 
thcir iiircleosides and nuclcotidcs has so far iuxived limited attention. This 
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sceins surprising in view of the fact that cyanates, which may arise i r i  uiuo, 
could possibly react with the genetic components of ccll constituents and 
are, therefore, potentially mutagenic. 

Reaction of phcnyl isocyanate wi th  and c y t o ~ i n c ' ' ~  v~ 
shown to lead to N-plienylcarbainyladenine (13) and N -  
phenylcnrbaniylcytosine (14). rcspectively (Figure 6). Isocytosine and 2- 
and 4-atninopyrimidincs likewisc underwent carbamylation at thc extra- 
nuclear nitrogcn. Reaction wi th  gitanincIo3 led to a monocarbamylated 
product which w a s  assigned thc structure of 2-N-plicnylcarbainylguanine 
(IS) because acid convertcd i t  into guanine and xanthine. All thcse 
carbaniylation reactions werc performed at teinperaturcs in excess of 
100°C and. thercfore. may not bc suitable models for possiblc analogous 
reactions ir i  ci~:o.  That thcsc working teinperaturcs ?hay have been un- 
necessarily high w a s  showi&j Ag;irwiI and Khorana' 04' who studied thc 
use of phenyl and n-dithyl isocyanatcs for selective blocking of thc 
terminal 3'-hydroxyl group in dcoxyribo-oligonucleotides. Thcse agents 
were found to add qLiantitntivcly in  dry pyridinc and at room temperature 
to such diverse functional groups ;is the 3'- and 5'-hydroxyl groups of 
deoxythyniidine (16) and the amino groups of deoxyadenosine, de- 
oxycytidine and deoxyguanosine. i n  addition to the 3'- and 5'-hydroxyl 
groups of thcsc deoxgnuclcosidcs. Whcn the amino groups in these wcrc 
protected by inciins of suitable acyl or alkyl groups. then carbamylation 
occurred only at thc hydroxyl groups of deoxyribosc. 

Reaction with purincs and pyrimidincs occurs also with their coinbincd 
forms in deoxyribonuclcic acid (DNA).  Reaction of phenylisocyanatc with 
DNA, performcd at 0 to 4°C for 10 days on the cetyltrimcthylaininonium 
salt of this polymcr in dinictliylforinaiiiide w a s  reported by Jones and 
War re~ i ' ' ~ .  Thcse autlfors could idcntify i n  thc acid hydrolysate of thc 
product the N-cnr t , ny l  dcrivativcs of adenine (l3), cytosine (14) and 
c guanosine (15). 

&' 

V!. ACTION OF CYANATES A T  T H E  
CELLULAR LEVEL 

A ~ ~ a r l y  suggestion by Dustin'"' that sodium cyanatc may cause de- 
gciicratioii of cells in mitosis w s  subsequently disputed by Laveless and 
Rcvcll"" and by Dean and Gunz'"' who ascribed the adverse effects 
observcd to general toxicity of the agent rather than a specific anti-mitotic 
action. The latter authors investigated the ell-ects of injcctcd N;?ICO on the 
bone inarrow of rats and concludcd. rather surprisingly. that  a daily 
itijection of IOnig per kg caused. aftcr ii slight dcpression. ;i considerable 

b 
0 
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(16) 

FIGURE 6. Products of tlic rcactions of phcnyl isocyanate and naphthyl isocyanatc 
with bio1ogic;il purines and pyrimidines. their dcoxynuclcosidcs. or in combination 
in DNA.  From Hubcr"". Jones and Warren".'. Dyer. Gluntz. and Tancklol. and 
Agarwal and Khoranalo4.'. R '  = phcnyl or I-naplitllyl; R' = H or 2-dcoxyribo- 
furanosyl. 

risc in mitotic activity. The nunibcr of mitoses in 1500 cells rose from 9 in 
controls to 23 in cyanate-treated animals. Eventually. continued adminis- 
tration of cyanate resulted in dcpression which was ascribcd to general 
systeniic poisoning. Larger but single doscs of cyanate. e.g. 30 mg per kg. 
reduced the number of mitoses in 1500 nucleatcd cells to 3: but mitosis was 
never completely suppressed and returned to its norinal ratc after 24 hours. 
Similar conclusions wcre reached by Skipper and coworkers'08 who found 
no evidence of leucopenia after injection of large. single doses of KNCO.  

With tlic renewal of interest in cyanatcs as possible therapeutic agents for 
the treatment of sickle-ccll anaemia, further knowledge on the cellular 
cffccts of these drugs became available. Freedman and collaborators'" 
reported ;1 prompt inhibition of protein synthesis in both human sickle-cell 
rcticulocytes and rabbit ~.eticulocytcs. but tlic human cells were more 
sensitive. Cyanate induccd convcrsion of polyribosonies to onoribo- 

thc inhibitory process appeared to be on the initiation step oftranslation. or 
an carly elongation step. Rcinarkably. cyanate wiis  also found to reducc the 
conccntration of reduced plutathione in treatcd cells; hencc. an involve- 
ment of a tliiol group in inhibition may bc inferred. 

soincs. a portion of which remained attached to UI-RNA. Its tnaj 4! r effect in 
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111 cA pcri nicn t al cii iicer chcin o t hera py. the orpa 11 ic isocya ii:i t es have been 
more succcssful than cyanate salts. Moos and coworkers' l o  found that  the 
growth of transplanted Elirlicli ascites tuniour in iiiicc could be inhibited by 
a relatively largc nuinbcr of organic isocyanatcs provided thcsc bc injected 
in pcnnut oil: the early failurcs of thcse agcnts i n  t l ic  usual screening tests 
werc ascribed to the use of wrong vehiclcs. such :IS saline solution. which 
promote their rapid dccoinposition. Soinc results are shown i n  Table 6. Thc 
authors advanccd thc vicw t h a t  the anti-tumour properties of 1.3-bis(2- 
chlorocthyl)-I -nitrosoureal ' (17) may bc duc to 2-chloroethyl isocyanate 
(18) which arises from i t  i l l  rile. Similarly, cyclohcxyl isocyanate (20) may 
arise from the carcinostatic I-(2-cliloroctliyl)-3-cyclohexyl-l-nitrosourca 
(19)' I ? .  but so far, thcre has bccn no dircct demonstration of the occurrence 
of such reactions i l l  rim. 

The prepnrat ion of scveral piiri ti y l  t li iocya iia tes (I liiocyanii topuri ncs) ;IS 

pot en t ial ant i t  unio iir agents \\';IS reported by Snneyosli i aiid cowor- 
~ L S L  wcrc tested agaiut transplantcd sarconia (NF-sarcoma) 

in mice. The most activc members were 6-tliic>cy~iii~itc~~?iirine (21). 2-amino- 
6-tIiiocy~inntopiirinc (22) and their respcctivc niiclcosides (Figure 7). Thcse 
compounds do not o\vc their- aiititgiioiir propcrties to tlic tliiocyanato 
group p c ' r  .w. R; i thc r .  their ell'cctiveiicss is attributed to tlicir probable 
conversion iir r i ro  t o  the potent ~iiitiiiictubolites (,-mcrc~lptopllrinc and 2- 
~l;;iino-6-iiierc~iptn~~tirine or to thcir iibility to block the saiiic nietnbolic 

T ' t t I iways  ;IS the 1;ittc.r compounds do! 1 1 ,  this respect the 6-thiocyanato 
group is simply fulfilling the IoIc of ;i Iiiterit thiol or ;I pscudnhalogcii. Likc 
t hc coiwspondi ng 6-~iicrcapt opt1 ri ncs. I lic 6-1 I1 iocya1iitt opll vines \\TIC 

found t o  bc potcnt iinmunosupprcssi\.c agents' ".I. 

ke r s l13 .11J  TI ~ . ,  . e. 



20. I3idogical I'orniation and reactions 0l'cyan;itc.s 

TAIH.E 6. ElYccts of a l k y l  and  aryl isocyiiliatcs on [lie gro\vtIi o f  
transpl:intcd Ehrlicli ascitcs tiiiiiour cclls in micc. Mice were inoculated 
wi th  10" cells. then irc'atcd daily with isocy:in:itc a t  tlic iiidicatcd dosc 
for 7 consecutivc days. The ratio T/C rcprcsents the raiio of total 
packed ti inlour cell volurnc i n  test ;iiiiiiiiils receiving c y a i ~ t e s  to that  i i i  

control ariiinals not  rcctiving therapy. Data compiled from Moos and 
coworkers' l o .  

955 

Dose 
I socya I1;IIc (Ing kg- ' day- ' ) 1:C 

Ally1 5 0.38 

Hcsarii, thylrnc. di 6 0.00 
Pllcllyl '0 0.00 
o-Chlorophciiyl 3 0 0.14 
rir-Chlorophenyl , .I 0 0.37 

17- B rom o p h cn pl 
p-Nitroptienyl I0 I .59 

1)- Met ho s y plicn y I 20  0.3') 
0-Et  hoxyphc'nyl -7 0 040 
/l-Etllosyphcllyl 30 0.07 

1)-Tolyl '0 0.1 I 
I -Niiphthyl 40 n.01 

Butyl 10 0.07 

1)-Ch I oro phen y I 30 0.07 
20  0.1 7 

o-Metlioxyplienyl 3 0 0.19 

o-ToI!~ 20 0.50 
~)i-Tolyl ' 0  0.06 

I ._i-N:iphtliyIetic. di 20 I .16 

A related c;isc is found in thc 5-tliiocy;iiintop!,rimiditics studied by 
Witkopnnd coworkers' ".Again. the -SCN group i n  tliesc inay be likened 
to ;I halogen such ;is iodine in the potent anti\,iriil agent 5-iodo-2'- 
dcoxyiiridinc. or. otherwise. i t  could undcrgo rcdiictioii i n  biological 
systems to the corresponding 5-mercnpropyrimidiiies. Among rhe pyr- 
i 111 id i nc derivatives. t he on I y coiii po i i  nd t h :it sh owed sign i fica n t activity 
against K 13 cells or LS 17s Y cells \V;IS 5-thiocy~~ni~to-l '-dcosyl~ridinc (23. R 
= 2-dcosy-P-u-t.ibofiiraiiosyl) \vliicli caused inhibition of growth at ;I 

concentration ofC).IO-('\I iind S.IO- '  M. iwpcctively. This efli-ct. however. 
could be complctcly rcvcrscd \villi 10 - hi-tliyiiiidinc. The authors suggest 
t h a t  23 is rcduced i t ?  rjro to j-mcrcapto-l '-deos~iiridinc which is sub- 
sequently pliosphorylatcd by thyiiiidinc kinase (EC 2.7.4.0) to tlic cor- 
responding S'-monopIiospli~ite. :I potent iiiliibitor of tliyinidylatc syn- 
t l ic tusel  I ( ' .  Thc use of tliiocyanatopiirincs and pyrimidines m a y  ollcr 
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S C N  SCN 

0 

(R = H: p-o.ribof uranosyl) 

0 

I 
R 

(23) 

R = H  
P-0-Ribof uranosyl 
2 ' .Deoxy-P-o-r1 bof uranosyl 
p -o  -Arabinofuranosyl 

(24) 

R =OH:  S H  

Fic;ui<E 7. I'hiocyanato- aiid cy~inatopgrimiditi~s and purines of poteritiai clicnio- 
therapeutic interest. From Sb*nqoshi arid coworkcrsl I . ' . '  ''.' . Witkop and 
coworkcrs' I s .  and Morrcal. Hall and Eskins".'. 

ccrtain advantages over thc corresponding mercapto analogucs in drug 
application. But thcsc should be weighed against thc hazard incurred 
following concomitant formation of cyanidc ion in the organism which may 
rcach toxic levcls. This is a case of the detoxification mechanism in reverse. 

A n  exceptional case of antiviral activity was obscrvcd with K N C O  which 
caused ;I 10-fold rcduction in virus infectivity in micc treated wi th  the 
Aujcszky strain of pscudorabies virus' ". This activity. however, consisted 
in thc prcvention of infection rather than a cure. since i t  \\'as observed only 
when thc coinpound had been administcred in  a prophylactic way. Other 
viruses. such 11s hcrpes siniplex and inllucnza A. werc insensitive to 
prctreatment with cyat5ite. Free cyanatc must be preser t at thc time of 
infection and appcars to prevent p5udorabies penetration 111 host cclls by 
an unknown mechnnism but not to prevent later stages of inultipli- 
cation"'. 

Nakamurnl I "  studied thc ovicidul properties of cynnates o n  eggs of 
A . w ~ r i . s  siri lrr.  Orga 11 ic isot h iocya n;i t es were found inorc cflcct ivc in this 
rc'spect than thc corrcsponding thiocyaiiates when tests were pcrforincd in  

J 

a .  
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salinc solution. but the thiocynates provcd tnorc eflcctivc in prescncc of 
urine and faeces. These findings should bc considercd in the light of 
Ortolani’s observation’” tha t  NaSCN itself is capable of intcrfering with 
the normal embryonic dcvelopment of eggs of Plttr/ltrsicr rlrcrlitillclrtr and 
A.scie/tr r ~ t ~ r / ~ t c ~ r .  tlie most scnsitivc period being the end of tlie ncuruln stzige 
of tlie organs difl‘ercntiation. 

Finally. bcnzyl t hiocya nate. I i  kc some ot hcr sit I pli ur-co tit ai ning co tii- 
pounds such ;is disu1pl:ii-am and diiiictliyl ditliiocarbntnnte. was found to 
inhibit thc carcinogcnic eflects of polycyclic hydrocarbons whcn $ded to 
the diet of ra ts’” .  

I n  contradistinction to tlie abovc findings. tliiocyanatcs. isothiocyanatcs 
and pot en t i  ;i 1 is0 t h i oc y a na t e- fo rni i ng co m po u n d s w erc fo u t i  d d isa p poi n t - 
ingly poor to non-elrective antitiiicrobial agents irt riro’”. Also incfi‘ective 
wcrc a nuinbcr of pyrimidylethyl isocyanates (24) which wcre tcstrd as  
antagonists of tet rali ydrofol ic acid o ti St wpf O ~ ~ I K I ~ . S  , / i rwcr / i . s  ’ ”. 

Gll. TOXICOLOGY A N D  PHARMACOLOGY 
OF CYANATES 

A high order of toxicity in :I compound is gencr:illy associated witli a high 
degree of spccificity for ii vital function i n  a n  organism. That is. relatively 
few tnoleculcs of tlic total dose adniinistcrcd arc  ’wastcd‘ on non-specific 
interactions with otticr less vulnerable biological substratcs. By llic s;itiic 
token. 11 igh I y react ivc m olccu les t li ;i t d iscri ti1 i n;i te I i t  t lc ii iii o ng many 
potential substrates ;ire expected to show ;I low ordcr of toxicity. Sucli arc 
the cyanates. ;it lcast the  inorganic alkali metal salts. Thus. the vcry nosious 
nature of the highly unstable frcc cyanic acid atid t-clatcd tnolecules 
incorporating ttic common X = C = Y  structitrc docs no t  go hcyond tlic 
limits of strong laclirymation and vesication of c x p s e d  parts. Cyanate 
anion is devoid of these eflects. 

Thc tosicity of cyanates should bc considered first within the frainework 
oftoxicit~associatcd wi th  tlie X = C = Y  structitrc. The followin3 figures are 
i l l  it st ra t ivc : 

Allcnc Cl-I,=C=CI-I, Toxicity 11 i i  know t i .  

Kctcne Cl.l2=C=O 01.iiI LDS0 in rat. 1300 tiig 
pcr kg: Icthnl brcatliing 
concentriit ion to mice. 
750 m g  pet. m3 pcr 
t i i in‘  ’-‘. 
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Corbon dioxide O=C=O 
Isocyanic acid H N = C = O  

Cy.1 ‘ natc (N=C=O) - 

C y a ii;i ni ide 

Thiocyanic acid N -C-SI-i 

iHN=C=NH( H,NC--N) 

Carbon disulpliide S=C=S 

Pract ical l y non- t ox ic I ’. 
Sanic a s  cyanate ifadniin- 
istered i n  solution. 
Oral LDsO to rat, 
1500 nig per kg’O. 
Oral LDS0 to rat. 125 mg 
per kgl ”. 
Intrapcritoneal LD,,, to 
mice. 500 mg pcr kgl”: 
this is also the toxic dose 
for most inorganic thio- 
cyunates. which cxist in 
cquili bri tiin with the 
isot liiocyanates. 
1 n t raper i to neal t ox ic 
dosc in rat .  400 ing per kg; 
i n rii b bi t . s 11 bcu t a neo ti s. 
3001iig pcr kg”-‘. 

However. thc above gcncralization on t he  low toxicity of cyanates and 
related compounds is subject to the two following reservations: ( i )  D i r w r  

. exposurc ofa highly sensitivc structure in ;I vital organ to thc xtion ofthcse 
agcnts entails an apparent rise in toxicity. A cl:issicn! cxninple of such an 
organ are the lungs where localized d;ini;igc of tlic highly specializcd 
alvcol:u inenibranc leads to widcspread systemic effects non- 
commensurate wi th  the dosc absorbed. This aspect of inhalation poisoning 
has  bccn described i n  more detail for pliosgcnc in :in eiirlier volumc of this 
series’. I n  view ofthis. inhalation oftlic inore volutife isocynnates m a y  be far 
more dangerous t h a n  oral or parcntcral intake. ( i i )  I n  substituted iso- 
cya 15 8 s .  .“li N CO. t 11 i ocya liiltcs. .q SC N. and ixot h iocya 11 i\t es. R N CS. 
toxicity IS a% ;I function of the nature of tlic substitucnt K. A classical case 
is t h a t  wlicrc R is ;in c~)-fluoroalkyl group that is iiietobolized to the toxic 
tluoroncetic acid. FCH,COOH”’. 

With thc advent of polyurethane f o a m  i n  the plastics industry. iso- 
cyanates havc beconic an occlIp;1tioniil hazard: iii-iury to nian may result 
either through the accidental absorption of a massivc dosc rcsulting i n  
acute toxicity. or through prolonged exposurc to lw/ concentrations of 
vapour i n  air. leading to chronic toxicity or sensitmLion of siibjcc~s. The 
safav aspccts of Iiandling organic isocyanates in industriaL?lants have been 
disciisscd by &rbctt 1 2 ”  illid upper air limits for tlic morc coiiinion agents 
havc been set by U S .  0ccupation;il Standards (HEW publication. National 

A? . 
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Iiistittttc of Occupational Safety and Hcalth. 74.- 1-34]. For tolyl 2.4- 
diisocyanate. this limit is I40 ~ t g  pcr 111'. Sensitization of workci-s who had 
been exposed to this agent was dcscribcd by A w r y  and co\vorkcrs'". I n  
these. asthmatic syinptoms dcvcloped almost imm,-diately following rc- 
exposure ' G  minute concentraticds of agent in  air. Surprisingly. most 
serological tests for thc dctcction of specific antibodics i n  the sera o f  thcsc 
patients wcre Iiegiitivc. but conjugates of tolyl diisocyanate wi th  Iiutiian 
serum albumin produced stimulation of Iyinphocytcs dcrived from the 
patients but.qot from healthy controls. 

Data of acute tosicity of represcntativc cyanates arc given i n  Table 7. 
Most of these havc been compiled from thc Toxic Substances List I ':which 
should be consultcd for additional information. Others arc from the rccent 
work of Cerami and ~oworkei -s '~  on the pIiarmacoIogy 01' cyiiliiitcs. and 
from Pnttison'zs. Notcworthy is thc pcrcutancous nbwrption of cyanatcs 
through intact skin and which may be conducive to dcath. 

Thc chronic toxicity of inorganic cynnatc w;is studied by Cernmi and 
co~orkcrs'". The daily iiitraperitoncal injcctioii of K NCO to mice t i t  thc 
rate of 33 m g  per kg. t h a t  is onc tenth the acute LDSo. for ;I 5-inontli period. 
or a daily orzl dose to dogs and monkcys of 100 me pcr kg for ti 15-1iiontli 
period. had no apparent adverse eft'ect on tlic subjccts. The only mcnsurable 
difference bctween tcst and control animnls was an increase in oxygcn 
affinity of the blood of animals t h a t  rcceived cyanatc. Analyscs of the 
haetnoglobin of mice kept oii such ;I schcdulc showed ; in  incorporation of 
0.8 to 1.0 carbnmyl residuc pcr hacmoglobin tetraincr. without dctectablc 
carbaniylation of E-amino groups. A schedule using n lowcr daily intake led 
to :I lowcr rate ofcarbamylation. whilst onc using i1 higher daily dosc. 91 tiig 
per kg. Icd to weight loss and cventunl dcnth. Most of tlic cyanate 
adiiiinistered to mice by iiitr;tpcritoneal injection ( I0 pliiol) iseliniinatcd a s  
C 0 2  (72"<,) whilst incorporation into erythrocytes accounts for 7'.',,, and 
t h a t  into scruni proteins for 0.5'),;, only. Toxic doses of cyanate producc 
markcd diuresis and drowsiness i n  the ra t  (but not i n  man). secretions from 
thc eyc and nose and terminal convulsions. Thcrc is 110 proof. howcver. t h n t  
thcse symptoms n i k  from the impairmcnt of oxygen dclivcry by carbnrny- 
latcd haenioglobin and cnsuinp hyposia. Aii impairment of ;I function at 
the level of tlic ncrvous systcm secnis inorc likcly. 

Bakry. Mctciilf and Fukuto' '' stitdicd the insecticidal propcrtics ofsoine 
organic t h iocy ana t es and isot h iocy an a t  es in t !ie house 11 y. ill 11.scr1 rlo/m>.s- 
r j w .  With the cxception of p-nitrobenzyl thiocyanate. isothiocyanate and p- 
nitrophcnyl thiocyannte which were singularly non-toxic. thc toxicity of 
most members by topicnl application was of the order of 300 to 500 mg per 
kg. Hence. the lcvel of toxicity on I I  wcight basis in thcse insects is 
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TAINE 7. Acutc toxicity of cyanatcs 
6 

Toxic dose Specics and route of 
Compound (nig/kg) administration 

Isocyanic acid 
Na salt 

K salt 

Methyl cstcr 

2-Chlorocthyl ester 
1.6-Hcx;inicth~ Iclic chtcl 

I'licnyl ester 
4-Chloroplicnyl ester 

2.4-Tolglcnc cster 

lhiocyanic acid 
A 111 moni t i  in snl t 
Guenidine salt ( I  : I )  
Potassium salt 

Sodium s i l t  

Methyl ester 
Amy1 ester 
Dodecyl estcr 
2- F1 uoroeth yl cster 
3-bluoropropyl cslcr 
4-F'luorobuL;81 ester 
5-1-1 uoroamyl ester 
6-I~~luorolicxyl ester 
4-Chlorobutyl ester 
5-Chloropentyl cster 
Tricliloromcthyl cstc'r 

310" 
260" 

1500" 
841" 
3 20" 
I 00" 

2 ppni' 
63 ppm. 4 11'' 

71" 
-- 7 3 0  

I 000 mg/in'. I O mill' 
1570 nig/m." 

7 10" 
570" 
940" 

5 3" 
530" 

0.5 ppm' 

I0 ppm. 4 II 
I3 ppm. 4 I1 

500" 
500" 
300h 
80h 

854" 
764" 
500'' 
484" 

7 j h  
I 2 5 0  

15" 
1 S" 
-J .6" 
3 0" 
y' 

15" 
21" 
j" 
3'' 

9 (Y 
2 5 0 '  

I4 ppni. 4 h , . .  

Y . 9  

ip. rat 
ip. mouse 
oral. rate 
oral. mouse 
ip. mousc 
ip. mouse 
inhal.. man 
inhal., rat 
oral. rat 
pc. rabbit 
inhal.. mouse 
inhal.. mousc 
oral. rat 
pc. rabbit 
oral. rat 
iiilial.. niousc 
oral. iiiouse 
i i i l i i i l . .  inan 
inhal.. rat 
inhal.. niousc 
inhal.. guiiiea pig 
ip. mouse 
ill. iiiousc 
ip. mouse 
oral. inan 
oral. rat  
oral. rat 
ip. mouse 
iv. inousc 

5 ~ x i I .  cat 
ip. mouse 
oral. rat 

,'P. Illouse 
ip. niousc 
ip. mousc ' 
ip. mouse 
ip. inousc 
ip. mouse 
ip. rnoiisc 
iv. mouse 
iv. rabbit. 
oral. rat 
pc. rat  

.. 
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TAHLF. 7. Acute toxicity of cyanates (umriuiwd 1 

Toxic dose Species and routc of 
Compound (mgikg) ad ti1 in  i st rat ion 

-m 

1 OOh oral. cat 

150" pc. rabbit 
p-Atninophcnyl ester 230" oral. rat 

1 60h pc. rabbit 
2.4-Dinitrophenyl cstcr lO00" oral. dog 
2-Pyridyl cster 500h oral. rat 

Methyl estcr 205" oral. rat 
Ally1 ester 339" oral. rat 

4 h  ip. mouse 
5-Fluoronmyl estcr 67" ip. inousc 
6-Fluorohexgl ester I 1  .,'I ip. nioiise 
Phenyl estcr 400" oral. iiiousc 

I OOh ip. moiise 
1'- I3l.on1ophenyl CStCI' 400" oral. rat 
I -N:tphthyl cstc'r 74 j" oral. niousc 
p-h;-Dodcc~~louypIieiiyl ester I OOh ip. mouse 

3 5" oral. rabbit 

Isothiocyanic acid 

LD,,,: ' niinimuin rcportcd Icthal dose: '  lethal or tosic concentration. 
ip = intraperitoneal: I V  = 1ntr;ivenous: pc = pcrcutancous: sc = subcutancous: inhal. = 
inhalation. Most data compiled from the Toxic Substances List' 'J. 

comparable to that in mammals by the oral route. Thc LD,o. in pg pcr g. for 
the parent compounds was as follows: PhCH,SCN, 500; PliCH2NCS, 330; 
PhSCN. 365. I n  thc aliphatic series. the most toxic member was 
C12H25SCN. with an LD50 of 225: a shortcr hydrocarbon citain as i n  the 
octyl or  butyl analogues gave less toxic compounds. In  addition. bcnzyl 
thiocyanates were synergistic wi th  carbaryl. an organic carbamate in- 
secticide. suggcsting inhibition of enzymcs responsible for the i11 r i m  
detoxification of carbamatcs. Thcse arc oxidascs that incorporate mol- 
ecular oxygen into the substrate at the N-methyl group or arow.tic ring. 
through the mediation of a met:l-protein complex. usually copper o r  iron. 
producing hydroxyl radicals. Conceivably. such an cffect could be induced 
by thiocyanatc icn.  the e\ientual hydrolysis product of these organic 
thiocyanates. I n  thc authors' viCw. however, the intact organothiocyanate 
molecule is csscntial for .both tosicity and syncrgistic activity. Indced, 
isothiocyanates which are espectcd to yield the same hydrolysis products as 
the C ~ B  csponding thiocyanates exerted no syncrgistic cffect. 

Inorganic thiocyanate h a s  ;I coniplctcly ditTcrent pharmacology than  
inorganic cyanatc: its propcrtics residc in the SCN - ion / w r . s e .  which is not 

* 
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;I carb:iniylating agent. at least not undcr conditions prevailing i r i  c i w .  I n  
fact. SCN- is liandlcd by tlic body ;is i f  i t  wcre ii halide ion;  i t  is slowly 
cumulative. its ultiinate conccntration being a11 invcrsc function of total 
halogen-ion turnover. This niay cxplain its role ;is ioriic irihihifor. of the 
uptake of iodide by the thyroid gland and. licncc, its goitrogenic etTect i n  
ex peri nien t a I ii n i nia Is I '. pat ic 11 t s t reat.:d w i t 11 pot assi u in t li i ocy an a t e for 
hypertension' and subjects used to tlic consumption of thiocyaniite-rich 
diet, especially when iodide intake itself is That the function of 
thiocyanate as ionic inhibitor of the uptake of iodide is not a specific 
property is shown by tlic goitrogenic action of such anions as CIO; and 
RF; which are even more eflective in t h i s  rcspcct'32.'33. I n  the normal 
thyroid gland. the conccntration of iodide is about 20-times higher than 
that in the plasina'"'. Administration ofthiocyanatc abolishes this gradient 
and accuinulptcd iodidc is discharged from the gland. Surprisingly how- 
ever, SCN- itself does not accuinulate in thc thyroid gland, :is one would 
expcct. When thiocyanate labelled w i t h  3 5 S  was used. radioactive sulphur 
was found to accuinulate in tlic gland in  the form of sulphate'35. 

The antihypertensive propcrties of thiocyanatc may well also dwell o n  an 
ionic mechanism which is still poorly understood. Sodium or potassium 
thiocyanate wcre administered orally to patients sulrering from hyper- 
tensionI3' but its use tins bcen discontinued followin$ toxic reactions 
elicited by the build-up of cxccssivc plasma lcvels of the drug. I n  thcse 
reactions. central iiervous system toxicity constitutes tlic most iniportant 
hazard so that mcntul aberration should be expected i n  cases of thiocyanate 
intoxication. In  such cases. elimination of cxccss tliiocyanate could h e  
achievcd by the administration of large ;inIounts of cliloridc'36. 

VIII. CONCLUDING NOTES 
W '  

T o  date, the anti-sickling action of tlie inorganic cyanntcs oversh2ows iq 
importnncc all othcr current applications of thesc agents in  biology or 
medicine. At the siime time. tlie devclopment of sodium or potassium 
cyanate ;is a life-long drug for continuous usc by paticnts will require 
comprehensive knowledgc of biological cflects i n  :ilniost all fundamcntal 
proccsses of liunian life. One would, tlicrclore. anticipatc a growing bod,y of 
investigations with thesc agcnts a t  all lcvels of biological org:inization. 

The organ@ yanates hnvc so far had only limited attcntion a s  potential 
drugs. This may sceni unwarranted in vicw of the unique propcrty of tlie 
cyanato or isocyanate group of providing ;I compact 'anchor' in i%leculcs 
destined to cxert ii protracted dl'cct a t  the site ofaction. A n  exaniplc ofthese 
arc Iiormoncs. Indeed. ;I numbcr of clToi-ts in this particular field arc already 
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on record. such ;IS the work of Onkcn and cow.orkers' -3i ' '' on cyal1:Itc 
derivatives of sex liorinoncs rclated to oestrndiol : 

OH 

NCO NCO 

(25: R = H) 
(26: R = C C C H )  

Ocstronc cyanate (27) has reached tlic stage of clinical trials' 3''.r-(0. I t  is 
activc when administcred orally, the endometrial proliferation dosc bcing 
6 mg in women w i t h  sccondary arncnorrliea. The exact contribution of the 
3-cyanato group in thc  overall activity of tlicsc agents has not bcen 
elucidated. Remarkably. compounds 25-27 arc among the very few 
cjuritrrcs rathcr than isocyanntcs cver uscd in  biomedical rcscarcli. but tlic 
possibility of isoincrization sliottld bc borne in mind. 

Another exnniplc is the work of Hei.zog and collaborators'" on tlie 
preparation of 4-thiocyanato and 4-isotliiocyanato dcrivativcs of 3-0x0- 
A'.'-steroids rclatcd to progcstin. biit t!ic biological iictivity of tlicsc agents 
has not becn rcportcd. 

The judicious use ofcyanates i r i  such problematic fields is still optional so 
t h a t  further application of these agents in  bionicdical scicnccs may bc 
for!hcoming. Thus, onc would cxpect to sec iiiore cynnntes aiiioiig specific 
enzyme inhibitors or irrcvcrsible blocking agcnts of the various rcccptors. 
Water-soluble cyanntcs. like tlic closely relatcd watcr-soluble orgaiiic 
carbodiirnides. a synthctic feat in its own right. should be of milch 
conveniencc i n  enzyniological or p1iartn:icological studics. Admittcdly. a 
major difliculty in such projccts and often ii deterrinp factor is thc highly 
r-:ictive nature of tlic 'cyanate' function which tends to iiiakc a n y  cyilnilte 
derivative both unstable and non-specific. The control of tlicsc properties 
may prove to bc ;I forinidablc task but. a t  tlic satnc time. also ;I stimulating 
challenge to tlie nicdicinal chemist. 
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I .  INTRODUCTION 

The first membcr of thc class of compounds discuped in this chapter was 
prepared about one hiindred years ago by Sell and Zierold'. I n  spite of 
the fact that numerous dcrivatives have been synthesized since then. the 
noinenclature is still very much in doubt. We using isocyanide dihalide 
in this chapter. while Chcwic-trl A??srrtrcrs uses the term imidocarbonyl 
dihalides. and since the isocyanieq: dihalidcs are derivatives of the hypo- 
thetical carbonimidc acid HN=C(OH) ,  . probably carboniinidoyl di- 
Iialides would be the more appropriate name. Other namcs frequently 
encountered include isonitrile dihalides. carbylaminc dihalidcs, dichloro- 
niethyleneaniines, carbonyl dicliloridc iinides and iminop1io;;genes. In 
fact, isocyanide dilialides are morc closely related in thcir chemistry to 
phosgene than to isocynnides. 

Two sumniarics of the methods used in the synthesis of isocyanide 
dihaides have appeared and thcir general chemistry has bcen 
reviewed also'.". Therefore emphasis on new methods is stressed in this 
chapter and the general methods of synthesis as well ;is reactions are 
only treated briellg. Numerous nuclenphilic, reactions of isocyanide 
dicliloridcs have been investigated". and the fact t h a t  the two geininal 
chloride atonis can react selectively in succession allows the synthesb of 
a widc variety of carbonic acid dcrivativ'es. Utility of some of the dcriva- 
tivcs as agricultural chemicals is indicated and phenylisocyanide dichloridc 
was used as ii war gas in the closing months of World War I. 

The utilization of the phosgcne diinethylimmonium salts in organic 
synthesis5 is another example of the enormous vcrsatility of 'phosgene 
imidc derivatives'. 
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I I .  SYNTHESIS OF ISOCYANIDE DlHALlDES 

97 1 

A. Alkyl and Aryl  lsocyanide Oihalides 

1. Addition of  halogen to isocyanides 

The synthesis of isocyanide dihalidcs b y  addition of halogen to iso- 
cyanides proceeds in chloroforiii solution ;it room tcmperaturc'. I n  thc 
aliphatic scrics i t  is sometimes advantagcous to conduct the reaction in 
diethyl ethcr, using sulphuryl cliloridc as the chlorinating agent. However 
in long chain aliphatic isocyanides prcferential chlorination of the aliphatic 
chain has been observed'. I n  contrast isocyanides containing tertiary 
amino groups at the end of thc aliphatic sidc chain readily add chlorine 
to the isonitrile group to givc the corrcsponding isocyanide dich!orides 
in 62-64",; yield'. 

Addition of bromine or iodinc to phenyl isocyanide gives rise to the 
for ina t ion of t h'e correspond i ng d i ha I ides".". 

2. Halogenation of isothiocyanates 

The chlorinatioii of phenyl isothiocyan:1te is the classical mcthod of 
synthesis of phenyl isocyanide dichloride'. I t  this reaction is conducted in 
carbon tetracliloride below 3 C. yields of 85--90",, are obtained"'. I n  
the aliphatic series also good yields are ohtainnblc. However i t  is advan- 
tagcous to treat thc crude reaction mixture w i t h  aqiicous sodium sulphite 
and sodium carbonate to removc inipuritics which may c;iiisc dccompo- 
sition during viiciiiini distillation' I .  

The mcch a n is i;' of the ch I o ri na t ion of isot h i ocya ii;i t es in  vo I ves fo riiia - 
tion of n I - ( c h l ~ ~ h i o ~ f o r m i n i i d o y l  chloride interincdiate 1. \vhicli i~poii 
further chlorination gives ii misture of the isocyanidc dichloride 2 and 
sulphur dich\oride''. 

RNXCC12 + SCI, CI, R N =- C - SCb 
I 

C1.J . RN=.C=S 

CI 

(1) 

The chlorination of isothiocyanates is a general procediirc and escellcnt 
yields are reported for a wide variety of aliphatic and aromatic isocyanidc 
dichlorid~s' .~.  Also aliphatic isothiocyanates wi th  ether3 or cster' 
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groups attached to the alkyl chain are readily converted to alkyl iso- 
cyanide dichlorides using this method, and recently Iluorochloromethyl 
isocyanide dichloricJes were synthesized analogously". Since isothio- 
cyanates arc obtained by oxidation of N-monosubstituted thiocarbamates 
3, these compounds have also been used as starting materials for isocyanide 
dichlorides. because the chlorine oxidizes 3 to generate the isothiocyanate 
ill sitrr' 5 .  

CI, 
2 RNH2 + CS2 - RNH-C-S-+H;NR RN=CClz + 2 SC12 

II 
S 

(3 ) 

However I -naphthgl isothiocynnate does not produce the corresponding 
isocyanide dichloride. because the (clilorothio)foriniinidoyl chloride inter- 
mediate 4 cyclizes to produce the [ 1,2-t/]thiazole derivative 5 ' " .  

Chlorination of masked isothiocyanates, such as 6.9 and I 1  a l z  produces 
isocyanide dichlorides. Thus chlorination of the thioalkyl derivative 6 
gives rise to the formation of diisocyanogen tetrachloride (7) in 67-70?;> 
yicld' '. 

Chlorination of 1.2.4-dithiazoles also produces isocyanide dic&n-rides'4. 
For cxytmple t hermolysis of 8. obtaincd in thc chlorination of'iC@:NCS, 
gives rise to the formation of 3,5.5-trichloro- 1.2.4-dithiazole f!8! which 
upon further chlorination yields trichloromethyl isocyanide dichlwide 
(10). Hydrolysis of 9 proddces 3-chloro-5-oxo-l.2,4-dit liiazole ( I  1). and 
its chlorination produces chlorocarbonyl isocyanide dichloride ( 1  2)". 

T1 
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CIl , CCI,N=CC12 

C I F N  

.\,A,, (1 0 )  

C12C(SCI)NCS A 

(8) 
(9) 

973 

0 
Y-N 

Isocyanide difluoridcs can also he obtained from isothiocyanates. Thus 
heating of isothiocyanatcs wltli mercuric fluoride produces isocyanide 
difluoridcs”. 

- 
RNCS + HgF2 ____* RN=CF2 + HgS 

3. Halogenation of isocyanates and carbamoyl chlorides 

react ion of a I i p h a t ic i so c y a n a I es w i t h ph 0s p h or u s pen t a c h 1 o ride ’ ”. lo. 

Aliphatic isocyanide diclilorides are obtained in good yield upon 

RNCO + PC15 ___* RN=CC12 + POCI, 

Aromatic isocyanates react differently'".''. and acyl and aroyl isocyanates 
also fail to yield the corrcsponding isocyanide dichlorides”. Thc latter 
undergo preferential reaction on the C=O group attached to the iso- 
cyanate function to give chloroimidoyl-N-cai.bony1 chlorides (13) which 
are in equilibrium wi th  the isomcric isocyanates 14 whcn R = alkyl”. 

Chlorination of chloroinethyl isocyanate (15) yields chlorocarbonyl 
isocyanide dichloride ( 16)’3. 
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ClCH2NCO + Cl2 A CICON-CC12 

(15) (1 6) 

A 1 i pha tic second a ry ca r b:i nio y l c h I o r ides ;I Iso prod iicc isocy a n ide d i-  
chlorides on high temperature chlorination. provided one of the alkyl 
_croups is a methyl group”. The methyl group. after perchlorination. 
generates the N=CCI, group with elimination of phosgenc. 

(CH3)2NCOCI + 6 CI2 - CCI,N=CCIz + COCl2 + 6 H C I  

A s i in i 1 a r react io n is o b se r ved \v lien b i  s( t r i n u or o met h y I )ca r ba in o y I 
fluoride (17) is heated at 490-575 C: the isolated reaction products are 
trifluoromethyl isocyanide difluoridc (18) LincI carbonyl Riioikk (l9)? 

Chlorination of 2-diiiiethylaiiiino-4.6-dichloro- I .3.5-triazine (20) produces 
mainly the triaziiiyl isocyanide dichloride 21 (tetraineric cyanogen 
c h I o r i de )’ ” . 

B In a similar manner pentameric and hexaineric cyanogen chloride are 
obtaincd in the eshaustivc chlorination of 2.4-bis(diiiiethylamino)-(,- 
chloro and 2.4.6-rris(dinietIiglainino)- 1.3.5-triazine. respectively. On at- 
tempted synthesis of N-cyanoisocyanide dichloridc (22). its diiner 21 
was obtained”. a 
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4. Halogenation of imidoyl chlorides 

Reaction of formamidcs with thionyl chloride generatcs thc iniidoyl 
chlorides. 23, which are chlc*unted with sulphuryl chloride to give iso- 
cyanidc dicliloridesm good yields3. I n  this manner a great number of 
aromatic isocyanide dichlorides are synthesized simply by adding the 
correspond i n  g a ry I for ma m ide to one eq u iva I en t of su I pli u r y I cli lor id e 
dissolved in cxccss thionyl chloride at 15-20 -C 

A r N H C H O  + SOCl2 ArNH+=CHCI lCI -  + SO2 

(23) 

ArNH'=CHCI]CI- + SO2C12 - ArN=CCI2 + 2 HCI + SO2 

(23) 

Aliphatic formamides react similarly. but the reaction has to be conducted 
stepwise. i.e. the initial conversion to 23 has  to be completed prior to the 
addition of the sulphuryl chloride. 

The reaction of phenylthioformamide (24) with bromine yields 4- 
bromophenyl isocyanidc dibromide (25) .  most likely by a siniilar mcch- 
anism". 

3 *  

5 .  Halogenation of amines 

High temperature chlorination of tertiary ainines containing two methyl 
groups attached to nitrogen gives rise to the forination of isocyanide 
dichlorides. Howcver this reaction is difficult to control and higher 
h a 1 oge n a t ed d c r i va t i vcs a re u s u ;i I I y o b t B i i i  c!.i " . 

0 '  

N(CH3)2 N=CCI2 N-= C C I 2 

CI, C y q "  ~ FeCi, CI, . y & C I  

-4 CI 
CI CI 

A I so c h I o r. i n ii t ion of N . N . N ' , N ' - t e t r a met h y 1 et h y 1 en cd i a m i nc ( 26) pi ves 
rise to thc formation of the perchlorinatcd bis-isocyanide dichloride D Z 8 .  

E5 
.€ 
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One example of chlorination of a secondary amine to the corresponding 
isocyanide dichloride has also been reported. Reaction of bis(trifluor0- 
methy1)amine 28 with phosphorus trichloride produces trilluoromethyl- 
isocyanide dichloride (29)". 

Heating of 28 with sulphur produces trifluoromethyl isocyanide di- 
fluoride". 

6. From dichiorocarbene 

Addit ion of dichlorocarbene, generated from phenyl(bromodic1iloro- 
methyl)mercuiy, to aliphatic carbodiimides produces the corresponding 
isocyanide dichlorides in good yields". 

PhHgCC12Br + RN=C=NR - RN=CC12 + RNC + PhHgBr 

Isocyanide dichlorides are also obtained in the reaction of azirines with 
d ich lor~carbenes" '~~  For example 2-phenylazirine affords the styryl- 
isocyanide dichloride 3034. 

Cyclohexylaziridines (31) arc also attacked by dichlorocarbene to give 
3&40"/, of cyclohexyl isocyanide dichloride (32).35 

Long chain aliphatic isocyanide dichlorides are obtained from thc ccrg, 
responding azidcs and dichlorocarbenc. For example stirring of 1 1 -  

octyl azide (33) in pentanc at 0°C in the presence of excess potassium 

. 
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r-butoxide in chloroform affords 11-octyl isocyanide dichloride (34) in 
89'::, 4 

7 .  From cyanogen chloride 

Cyanogen chloride is an exceedingly useful starting material for iso- 
cyanide dichlorides. For example. reaction of chlorine with cyanogen 
chloride in the presence of charcoal produces N-chloro isocyanide di- 
chloride (35) in over 95 7; yield3'. 

0 

C l C N  + CI2 A CIN-CCI, 

(35) 

I n  contrasr. reaction of cyanogen chloridc with CIF produces N-dichloro- 
chlorodifluoroniethyl amine (36) cxclusively38. Heating of36 above 100 - G  
produccs N-chloroisocyanide difluoride 3738. 

A ClCN + 2 CIF A CIF2C-NC12 C IN=CF? 

(36) (37) 

Reaction of cyanogcn chloride with phosgene over carbon at 130- 
180 "C and 45-75 atm produces a mixture of N-chlorocarbonyl isocyanide 
dichloride (38) and carbonyl bis(isocyanide dichloride) 39"'. 

c 
ClCN -t COCI, A CICON y-CCI> + CO(N -CCI,P)J 

(38) (39) 

Chlorination of olefins in the prcsence of cyanogen chloride gives rise 
19  the formation of chloroalkyl isocyanide dichlorides4".4' 

R R  
I I  

'C=C' + CI2 + C lCN - R-C-C-N=CC12 
I I  ' 'R CI R 

R R 

R 

D 

The yields obtained are in the order of 20-90",,. The higher yields were 
obtained from butadienc or vinyl chloride. I n  the case of vinyl chloride. 
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Lewis acids such as FeC1, are required to catalysc the reaction. lrfi the 
addition to 2-cliloropropene, simultancous cliiiiination of hydrogen 
chloride is obscrved to produce 1-chloroisopropenyl isocyanide dichloride 

- H C I  CICH=C(CH3)N=CCI2 

(40) 

If  this reaction is extended to an r.,P-unsaturated carboxylic acid rhe 
initial adducts undergo an intramolecular rcaction to produce r-chloro- 
p-isocyanato carboxylic acid chlorides 414'. 

CH3CH (NCO)CH( CI)COCI 

(41) 

A similar reaction occurs when isobutylenc is treated with cyanogen 
chloride and chlorosulphonic acid, the isolated reaction product being 
the isocyanate 42". 

c 

(C H 3)2 C ( N CO) C H 2 SO 2C I 

(4 2 )  

The addition of cyano_gen chloride to N-chloro-bis( tril1uoronietliyl)aniine 
in the preseficc of light produces thc isocyanide dichloride dcrivative 43". 
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Tetramerimtion of cyanogen chloride produces 2.4-dichloro-l.3,5-tri- 
azi nc-6- isocy a n i de d ich I o r ide (44) in h igh yield' 3 .  

8 .  Miscellaneous methods 

Reaction of nitrogen trichfiride wi th  carbon tetrachloride in the 
presence of aluniiniuni chlorid* dives rise to the formation of trichloro- 
niet h yl isocyanide d ichloride 45 dichloromet hyl-bis( isocyanide dichloride) 
(46). cli lo ro met h y 1- t r is( isoc y a n ~ d e  d ich I o r idc) (47), and cyan uric c h lo ride 4 :  

(48V". 

AICI, 
C13N + CCld 

# 

CC13N=CC12 

(4 5) 

The same products (45, 46. 47 are also obtained in the reaction of N- 
chloroisocyaAide dichloride with carbon tetrachloride in the presence 
of aluminium chloride". I f  chloroform is used in this reaction a mixture 
of chloronicthyI-bis(isoc~.lide dichloride) and mcthylene-bis( isocyanidc 
dichloridc) is obtaincd4'. 

Reaction of the sodium salt of tricyanoinetliane w i t h  carbon tetra- 
chloride in the presence of aluminium chloride also gives the isocyanide 
dichloride derivativc 49 in low yieldA6. 

AlCl j  
NaC(CN)3 + CC14 ' (N C),C=C(Cl) N=CC12 

(49) 

Reaction of carbon tetrachloride with nitriles, such iis trichlo%aceto- 
nitrile. in the presence of aluminium chloride produces isocyanide di- 
chlorides 50 ( R  = C1. CN.  CH,CI)'". 
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RCC12CN + CC14 b RCC12CC12N=CC12 

(50) 

Trichloroniethyl isocyanide dichloride (51) reacts with anhydrides in the 
prcsence of FeCI, to give A’-chlorocarbonyl isocyanide dichloride (52)  
in exccllent yicld“. 

The isocyanide dichloride deri,vntive 52 is also produced in the reaction 
of 51 with chloral in the presence of FeCl.349. 

Reaction of N-chloroisocyanide difluoride (53) with tetrafluoroethylene 
gives a 75‘5,, yicld of chlorotetratluoioethyl isocyanide dinuoride (S4)50. 

Reaction of the pcrhalogcnated amine 55 with iron pentacarbonyl gives 
a 43 (’I, yicld of thc N-fluoroisocyanide dihalide 5hS’. 

F c ( C 0 )  I 

(55) (56) 

CC12FNF2 FN=C ( F  )CI 

I n  i i  similar manner N-fluoroisocyanide dit3uoride and N-lluoroisocyanidc 
dichloride are obtained’ I .  Thc thermolysis of trichloronitrosomethane 
(57) gives rise to the formation of trichloronietliplisocyanidc dichloride 
(58)’2. 

3 

3CC13N0 - CCI3N=CC12 + CCI3N02 + NOCl 

(57) ( 5 8 )  

Pyrolysis of periluorotricthylamine aflords pentatluoroethyl isocyanide 
difluoride’-’. I n  ;I similar manner perlluoro morpholine (59) on thermolysis 
produces pentalluoroeth\~l isocyanide dill uoridc (60)”. 
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(6 0)  
F2 

I 
F 

(59) 

98 I 

The oxazeridine dcrivative. 61. produced in the cycloaddition reaction of 
t rifluoronitroson~ctli~ine and tctrafluoroetliylene. on thermo!ysis or 
photolysis yields tri tluorornethyl isocyanide difluoride (62)55 .  

0-NCF3 
(62) 

(61) 

Thermolysis of the fluoroalkyl azide 63 gives risc to the formation of 
t e t rii 11 u o roe t 11 y I i soc y it n i de d i fluoride (64 1 ”. 

Rektion of isocyanide dichloridcs wi th  hydrogen fluoridc produces the 
corresponding trifluoromcthylamine. which cliininates hydrogen fluoridc 
on heating in the presence of potassium tluoride to yield the corresponding 
isncyanide difluoridc”. 

RN=CC12 + 3 HF RNHCF3 RN=CF, 

I n  contrast. reaction of trichloromethyl isocyanide dichloridc with sodium 
Iluoride in  sulph*::ane results in step-wise displacement of chloride on the 
mcrhyl group to c h f :  ;I mixture of !3uorodichloronieth I. difluorochloro- 
methyl and trifluoroniethyl isocyanide dichloride5*. 

Cyclic uns;iturnrcd isocyanide dichlorides (66) ;ire obt?cined in rhe 
Dick Alder reaction of thc unsaturated :socyanide dichloride. 65. with 
but ad iene o r  cyclopen t ad iene5 ‘. 

- x 
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Unsaturated isocyanide dichlorides are obtained by either dehydro- 
chlorination of the addition products of chlorinc and cyanogen chloride 
to olefins (see Section 11.A.8) or by dechlorination of haloulkyl isocyanide 
dichlorides. such iis 67. with  iron or zinc". 

lsocyanoeen tetrabromide (69) is rcadily obtained in the bromination of 
the hydrazotetrozolc derivative 68"'. - 

(6 8 )  (6 9) 

6. Ac y l  and Aro y l  lsocyanide Dihalides 

1. Halogenation of isothiocyanates 

Chlorination of aroyl isothiocynnntcs for prolonged periods of time 
at low temperatiirc produces aroyl isocyanide dichlorides 70 ( R  = aryl) 
in good yields"'. 

RCONCS RCON=CCI2 

(70)  

Acyl isocyanide dichlorides (70. R = alkyl) ;ire best synthesizcd b y  
chlorination of the corresponding isothiocyanatcs in thc prcsencc of ;I 

catalytic :inlotint of titanium tett-achl~ride"~. Thc required acyl or aroyl -  
isot hiocyanates arc rcadily obtaincd by i'cact ing carbolylic acid chlorides 
with t I - i  met h ylsil yl isot h iocyanate (7 1 
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RCOCI + Me3SiNCS ____* RCONCS + Me3SiCI 

(71) 

983 

Chlorination of N-~iroylditliiocarbaniates or dietliyl~iroyliminodithio- 
carbaniates also produces aroyl isocyanide dichlorides65. 

2. From acyl chlorides and cyanogen chloride 

ScveraI acyl chlorides are readily converted into acyl isocyanide di- 
chlorides on reaction with cyanogen chloride (see also Section II.A.8). 
For example react ion of chloroacetyl chloride with cyanogen chloride 
gives isocyanide dichloride 72 in good yield'". 

CICH2COCI + ClCN A CICH2CON=CC12 

( 7 2 )  

Similarly reaction of phosgene wi th  cyanogen chloride gives a mixture of 
N-chlorocarbonyl isocyanide dichloride and carbonyl-bis(isocyanide 
dicl i l~r ide)~".  N-Chlorocarbonyl isocyanide aihloride is also obtained 

3 in the chlorination of methyl isocyariate'6. 
The lower acyl isocyanide dichlct ides dissociate on long standing into 

acyl chlorides and cyanogen chloride. 

C. Sulphen yl  lsoc yanide Dichlorides 

1. Halogenation of isothiocyanates 

Chlorination of dithiocyanogen (73) in ethyl bromide produces chloro- 
sulpli&nnyl isocyanide dichloride (74)"'. The same compound w;is also 
obtainCd i n  the chlorination of trimethylsilyl isotliiocyinute (75)-3. 

2. From sulphenyl halides and cyanogen chloride 

Addition of sulphenyl chloride to cyiinogen chloride also produces 
74. additicp of :I second mole of cyanogen chloride produces the bis(iso- 
cyanide d ich loride) 76"'. 
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ClCN SCl2 ' I C N  b CIS-N=CCI2 - C12C=N--S--N=CCI2 

(74) (76)  

This reaction is a general reaction and a variety of pcrhaloalkyl sulphenyl 
chlorides are readily converted into the corresponding sulphenyliso- 
cyanide dichlorides on heating with cyanogen chloride under pressure 
(60-120 "C) in the ptesence of c h a r ~ o a l ~ ' . ~ ~  

3. Miscellaneous methods 

Reaction of chlorosulphenylisocyanide dichloride with thiocarbonyl 
halides in the presence of light produces the novcl isocyanide dichlorides 
77 (X = CI or  F)7". 

CI 
hi. I 

CISN=CC12 + X-C-F A F-C-S-S-N=CC12 
II I 
S X 

(77) 

D. Sulphon y l  lsoc yanide Dihalides 

1. Halogenation of  isothiocyanates 

The chlorination of arenesulphonyl isothiocyanates in diethyl ether 
produces the corresponding arenesulphonyl isocyanide dichlorides7 I .  

However the rcaction does not proceed as smoothly as !ha[ of a;yl iso- 
thiocyanates. For examplc chlorination of 3.4-dichlorobenzenesulphonyl 
isothiocyanate produces a mixture of the desired isocyanide dichloride 
(78) and the i$&erocycle 7972. 
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2. Chlorination of S,S-dialkyl-N-sulphonyldithio- 
carbon i m ides 

S,S-Dialkyl-NI-sulphonyldithiocarboninlides (80) react rapidly with 
chlorine to give sulphonyl isocyanide dichlorides in excellent  yield^'^.^'. 

RS021\r=CC12 + 2 R'SCI CI? * RS02 N=C(S R')2 

(8 0) 

In a similar manner sulphonylisocyanide dichlorides are obtained in the 
chlorination of dithiocarbaiiiate salts 81 7 5 .  

3. Miscellaneous methods 
8 The reaction of the urea derivative 82 with phosphorus pentachloride 

affords the sulphonyl isocyanide dichloridc 8376. 

E. Phosphoryl lsoc yanide Dihalides' 

1. Halogenation of isothiocyanates 

Isothiocyanato groups attached to phosphorus are also readily con- 
verted to the corresponding isocyanide dichlorides (84) using ~ I i l o r i n e ~ ~ . ~ ~ .  

(R0)2P--NCS + 2 Cl2 (R0)2P-N=CC12 

1 
0 

1 
0 
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Riaction of chlorosulphenylisocyanide dichloride with phosphorus 
halides (85) gives rise to the formation of thiophosphoric acid derivatives 
86". 

ROPCI2 + CISN=CC12 ROP(CI)N=CC12 

1 
5 

(86) 

(85) 

F. Dichloro formaldoxime Derivatives 

Dichloroformaldoxinie (87) can be obtained in 44-70 yield by reduc- 
tion of trichloronitrosomethane"'. 

CC13NO + H7S C12CxNOH + HCI + S 

(87) 

Dichloroformaldoxime as well as the dibronio and the diiodo derivative 
are also obtained by halogenation of mercuric or sodium fulminate"'. 

Reaction of 87 with isocyanates produces the carbarnates 88 in good 
yields8'. 

C12C=NOH + RNCO A C12C=NOCONHR 

(87) (88) 

Reaction of 87 with pliosphorus pentachloride produces the pentavalent 
phosphorus compound 88, which on treatment with ethanol gives 89 
and on reduction with sulphur dioxide gives 90H3. 

(87) 
L CI-P-ON=CC12 

1 
0 
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Rcactioii of halonitrosoalkancs with dialkyl phosphites also produces 
dicl~loroform~il.cioxime derivatives. For examplc passing chlorodilluoro- 
nitrosomethanc into dimethyl phosphite gives a 20";) yield of 91". 

CIF2CNO + (CH30)2PHO (CH30)2P-ON=CF2 

1 
0 

(91 ) 

Other halonitrosoalkanes were reacted with a widc varicty of phosphorus 
cernpounds to yield the corresponding isocyanide dihalides". 

Reaction of dichloroformaldoxime with the perfluoro coinpound 92 
produces the isocyanide dichloride 9386. 

NHF 

(93) 

111. REACTIONS OF ISOCYANIDE DIHALIDES 

A. Nucleophilic Displacement Reactions 

1. Formation of linear reaction products 

The most important reactions of isocyanide dihalides involve nuclco- 
philic displaccinent on both halide goups .  These react ions h a w  becn 
investigated extensively. and reviews have appeared recently'.'. The 
reactivity of the chloro groups in isocyanidc dichlorides isd-n the ordcr of 
alkyl < aryl < acylisocyanide dichlorides, thc reactivity of the lattcr 
approaching that of carboxylic acid chloridcs. After substitution of one 
of the chloro groups the reactivity of the remaining chloro group is con- 
siderably reduced. thereby allowing a selective displacement on  both 
chloro groups. The selective displacement reactions can be conducted 
wi t  11 o u t is0 1 a t ion of t he i n t c r m ed i a t e m o n 0s u bs t i t u t ed i m id o y 1 c h I or i d e. 
For example, reaction of an isocyanide dichloride with an amine and an 
alkoxide or mercaptide can be conducted cither by first reacting the iso- 
cyanide dichloride with the amine to the corresponding chloroformamidine 
intermediate, followcd by reaction with the alkoxide, or by reversing the 
reaction sequence (see Scheme I ) .  
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A general summary of the nucleophilic reactions of isocyanide dichlorides 
with a wide variety of nucleophiles is shown in Table 1.  For pertincnt 
literature references see the review articles'.'. 

T A I ~ L E  1. Nucleophilic displaccmcnt reactions of isocyanide dichlorides 

RN=C=O RNH2 

RN=C=S 

RN=C(CI)SR' RN=C(SR')2 

S 
I 1  

R N C(S -CO R')2 

S 
I 1  

R N=C[S-C( OR')2]2 

R'NH2 
RN=CCI;, RN=C(CI)NH R' - RN=C( N H R')2 

RNHCONHR'  RN=C= N R' 

R N= C( CI ) C N R N =C ( CN)2 

b RNC 
- 12 

RNHCF3 

The converrion of isocyanide dichlorides 10 isocyanntes is best conductcd 
wi th  formic acid. phosphoryl chloridc, chlorosulphonic acid or methyl- 
sulphonic +'d8'. Hydrolysis with aqueous*ncid leads to the formation of 
the corresponding ainincs by furthcr hydrolysis of the generated iso- 
cyanate. Isocyanide dihalides are also convcrtcd to isothiocyanates. 
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However this method is of limited value becausc isocyanide dichloridcs 
are best synthesized by chlorination of isothiocyanates. One rccent 
method of synthesis of isoihiocyanates involves reaction of arylisocyanide 
dichlorides with thioacctarnide in DMFR8.  

Monosubstituted thiocarbaniic acid 0-aryl esters (94) are readily 
obtained by reacting isocyanide dichlorides with a phenol in the presence 
of base, followed by reaction with hydrogen sulphideH9. 

”” b RNHCSOR’ :0 RN=CC12 + R’OH ___* RN=C(CI)OR‘ 

(94) 

Isocyanide dichlorides also undergo rapid reaction with sodium malonate 
or sodium cyanoacetate to mono and disubstituted products”. 

RN=CC12 + 2 NaCH(COOR)2 RN=C[CH(COOR)z12 

Reaction of isocyanidc dichlorides with phenols also produces ortho- 
carbonates9’. For example reaction of trichloromethyl isocyanidc 
dichloride with catechol gives the orthocarbonate 95”’. 

2. Formation of heterocyclic reaction products 

lsocyanide dichlorides are widely used 10 synthesize heterocyclic 
compounds by nucleophilic displaccment rcactions. The per-tincnt 
reactions leading to cyclic systems arc summarized in Ta’olcs 3 and 3.  
In  addition ;i grcat variety of fivc-menibercd ring heterocyclcs derivcd 
from o-disubstituted benzene derivatives have also been reported’.‘. 

Several special isocyanide dichlorides are used to form diffcrcnt types 
of heterocycles. I n  trichloromethyl isocyanide dichloride chloro groups 
attached to thc carbon atom of the methyl group are also utilized in the 
formation of six-membered ring heterocycles’”. For example, acrylates 
(96) on rcaction with trichlor-omethyl isocyanide dichloridc produce 
2.4-dichloropyrimidine-5-carboxylates (97)’”. 
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CI 

(97) 

Benzoylisocyanide dichloride on reaction with amidines prpvides 
1.3.5-triazine derivatives'"'. For example, reaction of 2-aminopyridine 
(98) with benzoylisocyanide dichloride gives the triazine derivative 
99IO3. 

Reaction of the his-isocyanide dichloride 100 with elcmentary sulphur at 
240-280 ' C gives 2.5-dich lorot 11 iazolo[4,5-rl]t ti iazole ( I0 I ) I  "'. 

Pyrolysis of the isocyanide dichloride 102 2iws ti 70-73",, yicld of 1hc 
h&c-.ycle 103 I 0 5 .  

00 
CI CI 

(1 0 2 )  
(1 03) 
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TABLE 2. Formation of four,and five-membered ring heterocycles from isocyanide 
dichlorides 

References 

NSOzR' 

ti 

' R N < l o  

HSCH,COOH 

NR' 

R'NHC-NIOHIR' 

NR'  

NNH? 
I 

R'NIIC-NU: 

N H R '  

C! N.3 

93 

94 

4.95 

4 

4.96 

4.97 

4.97 

98 

99 

I00 

7 - 

2. I01 
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TABLE 3. Formation of six-membered ring heterocycles from isocyanide dichlorides 

Keferences 

4 

, X = 0. S .  NR 4 

RN 

, X = 0,s. NR 4. 97 

RN 

RN=CC12 

4 

CH3C - NH2 

NHR 

4 

3. Nucleophilic reactions of isocyanide difluorides 

?ne nucleophilic reactions of isocyanide difluorides are similar to those 
of isocyanide dichlorides. However comp8iition of fluoro groups attached 
to the carbon of the methyl group is sometimes encountered. For example, 
reaction of trifluoro.methyl isocyanide difluoride with methanol gives 
10410". 1 
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B. Electrophilic Reactions 

1 .  Friedel-Crafts reaction 

9 93 

The Friedel-Crafts reaction of isocyanide dichlorides with benzene 
in the presence of aluminium chloride produces imidoyl chlorides, which 
are hydrolysed to give benzamides 105”‘. 

From pentachlorophenyl isocyanide dichloride and benzene in the 
presence of aluminium chloride the imine 106 is obtained”‘. 

Reaction of phenylisocyanide dichloride with bcnzonitrile in the presence 
of aluminium chloride produces the heterocycle 1 0 7 2 . 4 .  

2. Other electrophil ic  reactions 

of zinc chloride givcs 2-oxazolidinone derivatives ( 108)2.‘. 
The reaction of isocyanide dichloridc with ethylene oxide in the presence 
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C. Addition to the C=N Bond 

1. Addition of hydrogen halides and carbonyl fluoride 

The reaction of isocyanide dichlorides with hydrogen fluoride rcsults 
in replacement of the ctiloro groups by fluorine and addition of hydrogen 
fluoride to the C=N bond (see Table 1 ) .  Addition of hydrogen chloride to 
trifluoroniethyl isocyanide difluoride Sivcs risc to the formation of penta- 
Ruorochlorodiniet hylamine'. 

Addition of carbonyl fluoride to tri Ruornincthyl isocyanide difluoridc 
gives the carbamoyl fluoride (109)'.  

2. Addition of carbenes 

Isocyanide dichlorides readily undergo addition of dichlorocarbene to 
the C=N bond to give tctrachloroaziridines 1 I O ' O ' .  

In a similar manner chlorofluorocarbene has bcen added to phenyl 
isocyanide dichlorides to give it 74"", yield of 1 -phenyl-2,2.3-trichloro-3- 
nil o roazi r id i ne " '. 

Treat mcnt of t ri fluoroinct hyl isocyanide difluoride with diazoniet tune 
produces l-trifiioroinethyl-7.2-difluoroaziridinc'. 

3. Other addition reactizns 

Reaction of isonitriles with trichlorom&yl isocyanide dichloride 
produces chloroimidnzolines I 1  1 l o ' ) .  
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The dinicrimtioii of 1rifluoromethyl isocyanide dilluoride iilsu occ1ii.s by 
addition across tlie C = N  bond'. 

0. Miscellaneous Reactions 

1. Reaction w i t h  phosphorus compounds 

isocyanidcs is best conducted with triphenylplinsphiiie~. 

.) 

The r.-elimination of chloro groups rrom isocyanidc dicliloridcs to give 

RN=CC12 + Ph3P RNC + Ph3PC12 

I n  con t riist. t r ia I k pl phospli i I cs ti ndcrgo tlie M icliacl is- A r hiizov reacI ion 
with isocyanide dichlorides to givc phosplionarcs ( 1  IZ)'.'.' ' O .  

Addition of threc equivalents of metliylenerriplieii~lphosphorane ( I  13) 
to one cqu ivnlent of isocyan ide d ichloridcs prod iices kcteneimin y I idcnc- 
triphenylpliosplioranes 114' ' I .  

2. Reaction w i t h  alkali fluorides 

Displacement of the chloro groups by sodium Iluoride has already been 
discussed in the preparation of isocyuriidc difluoridcs (scc Section 1I.A.Y). 
However these reactions can also Iw used lo prcpare highly fluorinated 
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amines. For example, reaction of isocyanide dichlorides 115 with sodium 
fluoride in sulfolane at 120-1 50 "C gives the iinines 116' I '. 

Kcaction of the bis(isocyanide dichloride) 117 with sodium fluoride in 
sulfolane gives a mixture of I-trifluoromethylpentafluorodihydroimid- 
azolcs 118 and 119' I '. 

I f  trifluoromethyl isocyanide difluoride is treated with sodium fluoride 
and carboxylic acids in acetonitrile the correspondag N-(trifluoromethy1)- 
carboxamides are obtained' ". 

3. Other reactions 

Isocyanidc dichlorides react with tertiary amincs similarly to phosgene 
to give hygroscopic salts which undcrgo dealkylat ion lo produce chloro- 
formamidines' 1 5 .  I n  thc casc of cyclic tertiary amines ring-opcning occurs 
under mild conditions to give urea derivatives derived from secondary 
amines. This reaction is similar to the von Bi'aiin degradation of tertiary 
alnines.* For example. reaction of phenyl isocyanide dichloride with 
1.2.5-rrimethylpyrrolidine gives the urea 120' ''. 

Nitri l iuni salts 121 are obtained from isocyanidc dichloridcs with antimony 
pent a ch lor iile ' ' ('. 
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RN=CC12 5 SbCl [RN=&CI]SbC16 

(1 21) 

Tr ich lo romethy l  isocyanide d ich lor ide  reacts with t h e  1.2-dithia-3-thione 
122 to give 3-chloro-1.2-dithiolium chlor ides  (123)' 1 7 .  

Isocyiinide d ich lor ides  have  also been used to prepare ant id iabc t ic  
a renesulphonylureas ,  e i ther  by reaction of p-~oluenesulphonylisocyanide 
dichlor ide  with 11-butylamine, or by react ion of /i-bhtyl isocyanide di- 
ch lor ide  wi th  p - to luenesu lphonamide '  '. 

1 .  
2. 
3. 

4. 

5.  
6. 

7. 
8. 
9. 

10. 
1 1 .  
12. 
13. 

14. 
15. 

16. 
17. 
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A. Isothiocy;inaks as ;I Tool in the Study of Siructure and Functions 

1 IS7 

I. INTRODUCTION . 
Up to now. only ;I limited ntimbei.ofcoiiipil~iror-y papers on isothiocyitnatcs 
have been published. Morcovcr tlicsc papers dealt with 1iioi.c or less 
spccial i x d  problems. A morc complcs invcstig;ition of isot1iiocyaii:itcs gave 
the inatcrials of the Isr and 1 liid Intcrnational Symposium 011 

isothiocyaiiutes orgiiiized in Czechoslovakia i i i  1964 and 1969. 
I t  goes without sayiiig that ou r  krio\vlcdgc of isot1iiocy:inatcs has 

progressed rapidly both in the cheniistr-y of isothiocyanatcs aiid in  
spcciulized ficlds sticli ;IS the kno\vlcdge of interesting biological clrects of  
ii;i t urall y-occ tirriiig and sy l i t  hct ic isot h iocyanatcs. 

The aini of this chapter is to give inforiiiation on tlic present state of 
knowledge of mcthods of prcpariitioii. chciiiical strtict LII'C. iuct ions and 
rwctivities of isothiocyanates and.  a t  Icitst i i i  part. also about tlic 
chcmical -biological intei~~ictions of isotIiioc\/anatc~. 

I I .  N ATU RALLY OCC U R R I N G ISOTH I OCY AN ATES 
A N D  THEIR PRECURSORS 

In [lie past cciittiry iiiuiiy sulphtir conipounds of p l i i i i t  origiii :ittractcd 
atteiition by their pungcncy or irritant propertics and by rlicir ability to 
prcvent the spoilage of food ;tiid fcmcnialioii of rruir juices. Two of tlicse 
substances \vcre revealed 10 I x  a l l y l  isotl1iocyan;ttc and  bcnzyl 
isot1iiocy:inatc. These discowries iiia1-k rlic bcgiiining of tlic clicniistry or 
isot 11 iocya iia tcs. I sotli iocyina tcs ;I IY prcscn I in ;in ti iidctccr ;i blc a i i i o i i i i  t i n  
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healthy intact plants. They are prcscnr ;IS progenitors and form togstlicrwith 
;I moleculc of gl ucose and su I pli a te lietcimgl ycosidcs cii I I cd gl ucosi no1 a tcs 
11). 

Ho-CH2 -03SO-N 
I II 

S -C-R  
\ I  

H c- 
H C  

I / A  
C 
OH I \?H c- C I /A 

I I 
H OH 

(1) 

Glucosinolates arc produced by plants i n  fi\!niIics o f  dicotyledonous 
angiosperms. They ;ire produced by all specks of the  Iargc fati i i ly Crticiferwc 
tha t  have%ccn studied thus fiir. Glucosinolatcs reprcscnt. bcsides nat t~r;iIIy- 
occurring uiisa t it rated sit 1 ph idcs. sit 1 $:oxides. sti 1 ph o tics. dc riva t ives of 
tliioplienc and sulphur-containiii~ alkaloids. one of the iiiost cstcnsivc and 
most widely studied groups of surpiiur organic compounds of plant origin. 
Glucosinolatcs arc present diKuscly in the pat~cnchymal tissues of plants. 
although their content in various parts of thc plant is diflcrent. The type of 
the glticosinolatc present in  the plant is genetically determincd. Although its 
content depends on the vegetation se;isoii aiid conditions ofcultivation. i t  is 
primarily rclated to the supply ofsulphur. Some plants have only one type of 
gI ucosinolatc. others co ti t ai t i  ;I larger ti um bcr. 

The prcscnr state of knowlcdpe of thc biosynthcsis. degradation. structure. 
an;at,tical detcrminatioti of plttcosinolatcs atid relations to s;stcmatic 
botany has bccn prescntcd in  esccllcnt and compi-cliensivc reviews o f  
K jac r '  '. atid Ettlingcr and Kjacr5.  1-01. rlic sake of completcncss of this 
chapter \ve shall bricfly rcvic\v t h i s  topic. priiiiarily from the iispect of 
isot hiocyana tcs. 

?3 

A. The Origin of lsothioc yanates 

Isothiocyanatcs. along \\lit11 the by-product3 91 ticosc and sulpliatc ion ;ire 
rcleased froti~~'Iicositio1;itcs after damiigc to plants by the action of the 
en/.y1iic iiiytosinase (tliioglucosidc glttcohydpl:isc EC 3.2.3.1. eclttiitioli I ). 
This enzyme occtii's iii : i l l  plants \vliicli proditcc glticosinol;itcs. 

Mvrosmasc! 
R - C -S  - Glucose + R - C - S -  + Glucose 

II H,O I I  
N - O S 0 j  N - O S O j  
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After isotliiocynnates are fortiicd by the action of myrosinasc on 
glucosinolatcs i n  i i n  iiijurcd plant. they ciin be isolated by extraction with 
or-gmic solvents or by steam distillation. Some glucosinolatcs producc 
nitriles5 or oxazolidinctliiones". In otlicr cases tlie isothiocyanate may 
subsequcntly undergo further dcgradation reactions :is. for cxample. 4- 
hydroxybcnzyl isothiocyanate which is hydrolyscd to 4-hydroxybenzyl 
alcohol and SCN - ion. I n  an aqueous mcdiurn ally1 isothiocyanate is in a 
concentration equilibrium w i t h  ally1 thiocyanatc, duc lo an isotnerization 
rcac t ion. 

N at urall y-occurri tig isot liiocya nates may bc iden tilied and q i t i t  n t i t  ativel y 
dctermined by gas chromatography dircctly' '.". Paper or th in  layer 
chromatography may also be used i f  tlicy arc convcrtcd to their 
corrcsponding thiourea dcrivativcs w i t h  ittiiiiioniii l o .  I t i  addition. treatrimit 
of isotliiocyunates wi th  rliioglycolic acid followed by acidic cyclimtion 
produces N-substituted rhodanincs \vliicli are iitnctiitble to paper. t h i n  layer 
and gas chromatoprapliy".' I .  

B. Nomenclature and Structure of Glucosinolates 

Owing to thcir ability to produce isothiocy;lnatcs. glucosinolatcs arc itlso 
called 'mustard oil glucosidcs'. In the Inst ccntury individual glucosinolates 
were given trivial namcs such ;is sinigrin. sinalbin and progoitrin. Lijter thc 
niimcs \wre formed from tlie iiatiic of thc botanic spccies of the producing 
plant from which thc glucosinolate had first bccn isolated and the prefix 
gluco-. e.g. gliicobrussicin. it glucosinolatc isolatcd from Brassica plants. 
According to ctirrcnt chcmical tiomt'ncl:ltuix tlie tiiitnc of slucosinolate 
consistsoftn.o parts: thc nameoftlie radic;il(K--)sidccliain ofthestructure 
1 and thc ending -glucosinolate. e.g. betizyl-glitcosinolate. 

According to thc comprchensivc- twic\v of Etrliiigcr and Kjaer5 na tu ra l  
glucosinolatcs c;iti bc divided into tlie following groiips: 

( 1 ) .  Aliphatic glitcosinolates containing a C-methyl group. or derived 
from diacids: 
(a) ill k y I. a I ken y I. 11 y d 1-0s y a I kc n y I a lid ac y 1 o x y a I ken y 1 coin po it nds : 

C H 3 -. C-2 H 5 -. ( C H 3 )  2 C 1-1 -. H OC H 2 CH( CH 3 )  -. 
C,, IH 5COOC-, 1-1 5CH( C H  - 3 )  -. ( C  1.1 .3)2C( 0 H )CH 2 -_ 
HOCHzCIi(C2H 5 ) - .  C,,HiCOOCI-12CH(C2Hj)--. 
CI4 3CH( c ' 2  H 5)C H 2 -_ CH 3C(C2 1-1 ,i J (0 H)CH 2 -. 
CI-l JC( C H 2)C 1-1 2 C H 2 - 
Kct0; t lkyl  co1iIl)otltids: CLH ,CO(CH 2 ) 4 - .  

C H -,( C 14 1 ) 2  CO( C 1-1 2).3 --. C H 3(  C H 2 ) 2  CO( C H 2 )j -. 
( b )  

(c) Dcrivitlives of CiiLicids: CH30CO(CH -. 
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(ii). o-Methylthioalk ylgl ucosinolates and derivativcs: 
C H  JS(CH 2)3-- C H 3SO( C H 2)3 -. C H  3SO 2( C H 2 ) 3  -. 
CH 2 =CH C H  2 -. Cb H 5 COO(  CH 2 ) 3  -, C H  3S( C H  2)J -. 
CH jSO(CH 2)4 -. CH3SO 2( C H  2 ) 4 - ,  

C H 3 SCH =C H (CH 2)' -, C H 3 SO C H =C H (C H 2 )  2 -, 
CHz=CH(CH2)2-. CHl=CHCH(OH)CHz-,  
CH 3SlC H 2 ) s  -, C H  3SO( C H 2)s -. 
C H 2 =C H (C H 2 ) 3  -, C H 1 =C H C H 2 C H( 0 H )C H 2 -. 
CH 3S( C H  2 ) h  -. C H ,SO( C H  2 ) 6  -, C H 3SO( C H 2)7  -. 
CH 3 SO( C H 2 ) 8  -. C H 3 SO( C H 2 ) q  -. C H 3 SO( C H 2 )  1 0 -. 

( i i i ) .  Arylmetliylgliicosinolatcs: 
CgH5CH,--, HOChHjCH2- (ptr/.rr), CH3OCbHaCH2- (\MYO), 

HOC(,HaCH?- (/llet(/). CH30C(,HJCHz - (/llc'fl/). 

( C H 0) C H C H -4 1 1  I cr (1 ,  pftr(/). 3 - i n d 01 y 1 met h y 1 -. N - m e t h o s y - 3 - 
indolylmethyl-. 

(iv). 2-Arylctliylglucosinolares and derivatives: 
CbH SCH 2CH 2 -. C(, H j C H (  0 H ) C H  2 -. 

Currently othcr nc\v gIucosinoIates'2-l iis well ;is their absolute 
co ti figu r;i t io n s  ii re k t i  own. 

C. Bios ynthesis of Glucosinolates 

The structm,,I similarity of inany aglucons and x-nmino acids led to the 
assumption that g1ucoC:;nolates are synthesized from umiilo acids (Table I ) .  
By means of precursors labclled specifically wi th  the nuclides IbbC. 35S and 
"N this assumption was conlirmcd1h.17. Currently this research area is well 
surveyed by ii n ex t c t i  s i v e o ri gi n a 1 1 i t  e rii t 11 re and co ni preh c n sive 

Briefly. tlic biosynthcsis of plucosinolatcs is as follows: Thc carbon chain 
o?'the decarboxylated aiiiino acid is incorporated into the side chain of the 
2lucosinolate. Thccarbon oft lie thiohydroxiniatc group of theplucosinolate 
originates from the nicthyl group of acetic acid and/'or the acctyl cocnzyme 
A. Here again the carbosyl group is not iitilizcd (cquation 2). 

reviews 1 8 . I 9 . S  

e .  

3 2 1  2' 1' 3 2 2' 
C ~ H S C H ~ C H C O O H  + CH3COOH - CGHSCH,CH,C-SGl (2)  

I II 
NH2 No-CSOS 

The fate of the sulphur of the sulp1i:ite group and t h a t  of tlic tliioglucoside 
sit@P,iir is more obvious on accouilt of the mutual intc.m$ ivcrsion of the 
atonis ofthe inorganicwith the organically bound sulp1iur.A few hours aftcr 
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the addition of [3SS]sulphate to the medium, 80-90 7; of the total amount 
incorporatcd into the glucosinolate appeared in the sulphate group. In the 
course ofseveral days, however, the relative proportion ofthe radionuclide in 
the thioglucoside sulphur amounted to up to one third of the incorporated 
rndioactivity'0.2 , 

If  the sulphur amino acids [3'S]methionine and [" 'S]cy~teine'~*'~ wcre 
used as the sulphur source, then more than 90% of the total amount 
incorporatcd appeared in the tliioglucoside group. 

On the basis of thcse tracer experiments i t  was concluded that the major 
part of known glucosinolates can be derived from a relatively small number 
of amino acids and their derivatives. as illustrated in Table 1 .  

, 
TAULE I .  Relation betwecn amino acids and g l i i c o s i n o l a t e s  

Glucosinolare 
- -. 

(CH3),CH -C-S-C&105 
II 
NOSOT 

ISopropylglucosinolate 

Benzylglucosinolate 

Phenyleth ylglvcosino1ate 

2 .  lndolylglucosinolate 

AllylQlucos8nolate 

Phenylalanine 

2.Amtno 4-phenylbutyric acid 

CH,SCH~CH,CHCOOH 

NH2 

Methionine 

A proposed pathway for tlic biosynthesis of 3-butcnyl-glucosinolate in 
13rcissic.tr ~ t r p i r s  is shown in  equations (3)  and (4). During biosynthesis of 
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,C.H3S(CH2)4CHCOOH CH3S(CH2)4CHCOOH 
I I 
NH2 NHOH 

SC6H110E, 

1 -  / H  

NO2 I 

/SH 

‘\\NOH ‘NOH 

CH3S(CH2)4CH2 CH3S(CH2)4C 

NL-  0 -  
! \\ 

OH 

UDP - glucose 6 - /  
CH3S(CH2)4C x s  CH3S= (CH2),,C 

I 
SCsHii05 

/ 
PAPS CH2=CHCH2CH2C 

PAPS = 3-pliosplioadcnosinc-5‘-pliospliosi1lpli~1tc 

1 

! I 
N id 2 

1 
CH,COOH 

CH3SCH2CH2CHCOOH *ZH3SCH2CH2CH2CHCOOH 

N* 

(3) 

f 
3 2 1  

ZH2CH,CH2CH2CH2CW OH 
I 

NH2 
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alkenyl glticosinolatcs the alipliutic chain is shortencd by rhe cliinination 01' 
the terminal niethylthio gi'oiip. The chain may bc lengthened by using thc 
methyl group of xe ta tc .  thus permitting the biosynthcsis of the k n o w n  
variety of alkenyl glucosinolates. The proposcd pathways for the 
biosynthesis of the m;ijor glucosinoliites i i i  Ri-trssica iwpm are shown i n  
cquarion (4)'-' -". 

I nasmucli iis glucosinolntcs foimcd in  plants are derived from amino acids 
i t  is apparent tha t  there caii bc no plant-derived isothiocyunatcs which have 
an aromatic group directly bonded to the - NCS inoicty. At the same  time i t  
indicatcs that.  i n  contrasi to synrlictic isotliiocyanates. the number of 
isotliiocyanates of na tu ra l  origin is limitcd. Currently more t han  50 of these 
substances arc known which can be formed from the number of amino acids 
;ind thcir derivativcs available to the plants during their metabolism. 

D. Synthesis of Glucosinolates 

Ettlingcr and L u ~ i d e n ' ~  i n  I057 synthesized thc first natur~illy-occurring 
g I 11 c o s i 11 o I a t c. E 11 z y i n  i c h y d r o 1 y~ i s o f t he i r p rod tic t y i e I d s be n y 1 
isothiocyanatc. These authors  s t a b u  ;vitli inagnesium ditliioplienylacetate 
(2) which i n  reaction with hydroxylamine hydrochloride produced phenyl- 
acetotliioliydroxamic acid (3 ) .  After 3 had reactcd with K O H  and 
;I cc t o b I- o i n  o p I I I  c o se. S- I3 - I >- 1 -( I c I 1.a ;ice t y I g I 11 co p y r ;i n o s y 1 ) p li c n y 1 a cc t o- 
tliiohydroxiniic acid (4) was obtaincd. Sulphonation of 4 with 
pyi-idine-sul ph u r  t rioside furnishcd the tct raacet ylgl ucot ropcolate ion. 5. 
Deacetylation with aiiiiiioiiiii yieldcd glucotropeolate (6). 

X = Tcti-aacetyl-p-r>- I -gliicopyranosyI 

In this iii;inner ;I series of other aryl. a r a l  kyl and alkyl~lticosinol~itcs have 
been sy~ i t l i c s i zcd~~ .  
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Another method of glucosinolate synthesis was published by henn and 
Ettlinger3 ’ who prepared synthetic allylglucosinolate identical with natural 
sinigrin. This method achieved formation of the P-thioglucoside linkage by 
the reaction of tetra-0-acctyl- I-thio-P-D-glucopyranose with unsaturated 
hydroxainoyl chloride. 4-Bromo- I -butene (7) on treatment wi th  sodium 
nitrite and urea furnished 4-nitro-I-butene (8). Its N a  salt (9) o n  treatment 
with hydrochloric acid and lithium chloride yielded 3-butcnoliydroxamoyl 
chloride (10) which was condensed w i t h  tetra-0-acetyl- 1 -thio-P-D- 
glucopyranose. The resulting S-(tetra-O-acetyl-P.~-glucopyranosyl-3)- 
butenoisothiohydroxiniic acid (1 1) was sulphonated in pyridine with 
pyridine-sulphur trioxide complex. followed by treatment with potassium 
bicarbonate giving potassium O-[etraacetylallylglucosinolate (12). 
Deacetylation of12 with MeOH-NH, yielded allyl-glucosinoljlte( 13) which 
was identical with samples isolated from natural sources. 

0 

CH2=CHCH2CH2- N 
LiCI,HCI 

CH2=CHCH2C = NOH - T 
‘ 0  - Na+ CI 

3 I 

(9) (10) 

\ 
AcO 

CH2 

, ( r > ’ i - O H  

Te t ra -0 -ace ty l -1  - 
i h i o - [ l - D - g l u c o -  AcO 
pyranose I I 

OAc 

(11) 

NH I 
_L 
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Using this satnc method K j x r  and Jetisen3' preparcd 3-butcnylglucosin- 
olatc with 5-bronio- I -pcntene its 2-hydroxy d e r i v a t i ~ c ~ ~ .  Fundamentally 
this proccdurc is applicable for all other alkcnyllrlucosinolatcs. 

E. The Biological Importance of Glucosinolates 

Scvcral thcories have been advanced to cxplain thc function of  
gl ucosi n o I a t cs i t i  the prod uci t i  g pl ;I ti t . Experi me t i  t s showing t h a t 
isothiocyanates havc an antimicrobial eR'ect gave rise to the hypothesis that 
they might be iniportat; for thc protection of plants against insects and 
tnicroorg:inisms. Prcvious csperinicnts showed, howcvcr. that therc was no 
correlation bctween the glucosinolate content. myrosinase activity and 
resistance to. for exumplc. cI iibroot PIN.s1110dj~1101.(1 bi*n.ssic.trcJ3. However. 
any protective e l k t  for the plant would not bc prcvcntive but perhaps 
mcrcly curative. since thc isothiocyanatc is Iiberatcd from thc glucosinolate 
solcly in dntnagcd cells. 

I t  has also bcen proposed t h a t  glucosinolates might serve ;is :i reserve of 
aminonit rogen and sulphur in  the ccll. Thc busis for this hypothcsis is that i n  
sonic parts of the pliitit. spcli ;is in sccds. ;I high content ofglucosinolates was 
found ( i n  Si~trrp.sis nlha 7.91 --lO.l3':<, dry ~ n u t t c r ) ~ ~ ;  tlie structure of 
_clucosinolates is derivcd from d-ittllitio acids. the content of glucosinolates 
increases almost 20-fold in ; i t1  csccss of sulphur  supply coinparcd with thcir 
contcnt i n  plants gro\vn undcr siilphur deficiency. I t  \v;is provcd. however. 
that they were syntliesixd i n  small amounts even wlieti an acutc S deficiency 
inhibited the protcin synthcsis". The biological importance of 
glucosinolates has iis yct not bccti iincquivocally defincd. 

111. SYNTHETIC ISOTHIOCYANATES 

A. Methods of Preparation 

At prescnt many methods arc :ivail:ible for the preparation of 
isothiocyiinntcs but none c-.f thcm are generally applicable. The choicc of 
mctliod for the pi-cpuratioii of the isothiocyanatc \ \ i l l  depend on the starting 
conipoiind which is suiruble for tlie requircd type of isotliiocyanate. 
0rg;inohalides with ii iuictivc halogcti. or primary, alnincs scrvt' most 
frequcntly ;is rhc starting substances. I n  thc case of organohalidcs a 
s ti bs t i t  t i t  ion rciict io ti \ v i t  Ii i norgii nic t h iocya na tes is followcd by 
rc;i r r a  ngcmcn t s or t lie rcs i l l  t i ng t h iocya ti ii tes i t i  t o corrcspond i ti g 
isotliiocy;iliiitcs. From primary amincs. isothiocyiinatcs c;in bc obtained 
cither directly by the action ofsome sulphur compounds (e.g., tliiophosgene, 
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ditIiioc~ii.baiiioy1 chloride. 11-ichloroiiicthyl sulpliidc. erc.) or by :oi\vertiiig 
them into s t i i  t :i blc i i i  tcniiedia t es (di t hiocarbama tcs. d i t liiocnrbazates. 
thioure~is. etc.) which a1-c rhcn dcconiposed to isothiocyanatcs by reaction 
with various agents. 

I n  thissection w e  shall t ry  to present all ilic possiblc\~aysofprcparation of 
isotliiocyaiiates. We shall deal :it gi-cater Icngth \\!it11 methods t h a t  can t;c 
iiscd in normal cheiiiical Iabor:itorics iiiid which arc more generally 
applic:iblc. The methods of synthesis \ \ i l l  be classilicd according to stiilTilig 
co1iipoulids : l n d  rc:igeIits. Isotliiocy:i1iiit~s ivit l i  tlic NCS g r ~ t ~ p  botiIid to 
double C=C bonds 01' to t l ic  nitrogen atom forin ;I separate group. For the 
wke  of coiiiplctcncss \\'c s1i;ill also rcfci- t o  those methods of preparation 
\vliich Iiavc iiiorc thcorctical t l i a i i  practic;il signiIic:iiice. or r:itliei-. t h a t  can 
be applied only in  spccific c;iscs. 

U p  to no\\' scvcixl cxccllcnt rcvie\vs 1i;ivc been published referring to tlic 
chemistry of isot1iiocyan:itcs incl tiding their synthesis3"~-". The latter two 
include results i n  tlic field of syiitlicsis. properties :\lid rcxtions of iicyl. 
stilplionyl ; i n d  pliosplior-!.l isot1iiocyan:itcs publislicd up  to 1970. 

1.-Reaction of thiocyanic acid or its salts w i th  various 
reagents 

a. N ' / f / i  oi.grrrio/irr/it/c.s. The oldcst iiict hods for preparing aikyl and acyl 
isotliiocyriates incl tide t l ic  thiocy;iiiatc metliodJ'O.J'. I'lic halides ;ire 
trcatcd \\,it11 rlic s:ilts of thiocyanic acid and. dcpciiding on the reactivity of 
the halides aiid the reaction conditions. citlicr thiocyun:itcs (14) or 
isothiocyanates ( IS)  are I'oimcd dii-ectly (equation 5) .  

R - S C N  

R - X  + MeSCN (5) 
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maylaterisomeflze into isothiocyanittc. With respect to thcSNI mechanism. 
thc ituthor assumes the possibility of a direct formation of isothiocyinatc 
without the fobrmittion of the thiocyanate i ~ t ~ ~ ~ i i ~ t c .  Thc mechiinism of 
isomerimtion Of thiocyiinatcs into isothiwyanatcs is ills0 discusscrd in other 

Kinetic studics as well as reactions with labelled compounds have 
fumislrcd cvidcnce thiit isomcrizution of thiocyar.atcs into isothiocyanittes 
may occur bywi~yofseveril mechanisms's--sYirccordingto thcnaturcofthe 
orsanic miduc.  Primary and secondary itlkyl halides rcitct with KSCN 
forming thiocyanatcs which partly decompose itt a higher tempcraturc. 
yielding at tlic wnie time only a negligible itmount of the isomeritation 
product4"s'-s2. I n  the Cit= of methyl thiocysnate. a mirrangement into 
methyl isotliiocyanutc was obscwed in a sealed tube at l8OoCs3. O n  the 
bitsis of kinetic studics. Smith and Emcrsonas itssumc. for thc above typcs of 
compounds. a bimolwular nicchanism of isomcriziition (cquation 6). Thc 
suggested mcchanisni requires a polar medium and a srcric access on the 
ciirbon atom 

p;I pers43-4". 

0 
!+ 

(6) 

l h e  abcve SN2 mechanism assumcs bonding of xearbon of one molccule 
to nitrosen of tlic other molccule. follotswl by substitution with thc 
thiwyitnittc iqn. 

In itgrecnictit with the mechiinism mcntioncd it was found tlriit hutyl 
thixyitnatc isonicrizes les  readily thitn methyl thiWyuniitc (steric d k t s ) .  
Thesolvcnt hitsit niarkcdellitct in thecirse ofmcthyl tliimyinatewhich does 
not yield even ii tracc ofmcthyl i s o t h i ~ ~ y i ~ n a t c  in cyclohcxancat 200"C.Thc 
prcscncc of metal sults, such as Cd12s'*ss or ZnC12s"-st. and of strong 
acids"-sY has a catalytic cffcct. T h c  catalytic elkc? of sults on the iso- 
mcriT.tion of thiocyunatcs ciin be esphined in both bimolsular and 
monomolccular ionimtion mcchanisms by the fact that they hclp to 
mtiintain the ionimtion of thiocyanate by the f o r m a t i o a d  a complcx or 
by somc similar sIssociation's. 

Fava iind coworkersJ8 have prnvcd that pflmrtry thiocyanatcs which 
show no  tcndcncy to ionimtion ciin isomcrizc to isothiocyitnates by the 
cittiilyticctT~Tt ofalkaline thiwytti1ittcs \#jib thc ambidcnt thiwyanatc ion ( 16) 
by ~t dirwt nuclcophilic substitution of thc thiwyanitte (cquation 7). 

2 R--SCN - R-S-C SCN' - R-NCS + RSCN 

/ \ I 
SCN- + -C-SCN - [SCN...E.*.SCN] - SCN-C- + SCN' 

/ / \  \ 

- 

06) (7) 
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The mechanism mentioncd was studied in the isoinerization of benzyl 
thiocyanate in the prescncc of alkalinc thiocyanates. 

Benzyl thiocyannte is the substrate which is readily subject to bimolecular 
substitution but does not undergo rapid ionization. Under these conditions 
the thiocyanatc can isomerue mainly through direct nucleophilic 
substitution via the nitrogen atom of thc thiocyanate ion. Besidcs the 
exchange rcaction between the ionic and 'organic' SCN group (equation 7) 
isomerization of the organic thiocyanate may take place alongside. I n  fact, 
measurement of thc rate ofisomerization of the benzyl thiocyanateat 1 10°C 
in  mcthyl ethyl kctone. as a function of NaSCN concentration in the 
presencc of a sufficient amount of sodium perchloratc to ensure a constant 
concentration of the total clectrolytc. revealed that undcr such conditions 
the mcchanism of ionization does not assert itself. lsomcrization occurs by 
bimoleculnr reaction at which one molccule of the organic thiocyanatc 
reacts with one molecule of the ionic thiocyanate. By comparing the rate of 
isomerization duc to thc exchange via the N cnd of SCN - (cquation 7) with 
thc ratc of isotopic exchange. i.e. thc  rate of the nucleophilic substitution of 
the thiocyanatc realized by the S end of the SCN ion (equation 8), i t  was 
possible to dctcrmine thc ratio of reactivity k s / k N  ofthe ambident ion SCN - .  

\ 
-NC35S + C - S C N  NC35S-C' + S C N -  ( 8 )  

// \\ 

The kinetic results indicatc tha t  the isotopic exchange is much morc rapid 
than isomerization which does not contribute to the rate of exchange in the 
tempcrature rangeof5&70 "C. The ratio ofthe rateofexchange to the rateof 
isonierizntion. k c x / k i , .  gives directly thc ratio of reactivities (of relative 
nucleophilicity). k s / k , .  of the ambident nucleophile SCN - towards the 
bcnzyl carbon in thc benzyl thiocyanate. Thc activation cncrgy of 
isomcrization is about 4 kcal/mol highcr than at the exchangc reaction. In 
the experimental temperature range uscd by thc authors (50-1 15 "C) the 
ratio was between 102-103. I t  is assumed that thc given ratio ofks/kN will be 
similar also for other substitutions on the primary carbon. I n  this case 
E 0.1 'y, isothiocyanatc may be cxpected aftcr the nucleophilic substitution 
of primary thiocyanntcs. The cxperiinents havc shown that in these 
substitutions which iirc kinctically controlled thiocyanate is formed almost 
cxclusively. Relativc reactivity increases wi th  thc clcctrophik nature of thc 
reaction centre in favour of the niore basic nitrogen atom which forms a 
stronger bond with :he carbon than the more polarized sulphur atom. For 
these typcs of rcarrangemcnts dipolar aprotic solvcnts and electron 
accepting substitucnts are suitablc. For this reiison thc catalytic effect of 
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alkaline thiocyanates can be used to advantage in the preparation of 
isothiocyanates from thosc substratcs which yicld thiocyanates unable to 
isomcrizc via ionization. or for which other routine methods of preparation 
are unsuitable. As an example. by heating thc p-nitrobenzyl thiocyanate 
with KSCN in acetone onc can obtain rclntively good yields of the 
corresponding isothiocyanate. 

thc ionizing inechanisni SN I is assunicd at which the rate of rearrangeincnt 
corresponds to a reaction of the first order (equation 9). 

For thiocyanates that arc able to forni morc stable carbonium 

(9) 

The rate of isomerization is substantially accelerated by a polar medium. 
by the catalytic effect of clcctrophilic agents (ZnCI,. Cdlz) and by the 
introduction of electron donor substituents into the organic molecule. 

Substituted benzyl isothiocyanates (18) can be prepared in good yields by 
isomcrization ofthe corresponding thiocyanates (17) in dimethyl sulphoxidc 
or in dimethylformamide in the presence of Na158 (equation 10) 

R-SCN R' + SCN-  A R - N C S  

CH2NCS (10) 
DMFA/DMSO/Nal, 

reflur 
CH2SCN 

X X 
(17) (18) - 80% 

r-Butyl thiocyanate is rearranged quantitativcly in the presencc of ZnClz 
after stirring for 96 hours and distillation to r-butyl isothiocyanate". 
I n  c o n t r p  to methyl thiocyanatc", thiocyanates of the type 
R-CHzSCNh'.-h5 ( R  = OR' or S R ' )  isomerize relatively easily to the 
corresponding isothiocyanates. The carbonium ions formed can apparently 
be effectively stabilized by the mutua; interaction of the vacant orbital of 
the carbonium ion with the orbital of the electron pairs of oxygen or 
sulphur. At synthesis one proceeds from the corresponding halogen 
derivative which when heated for several hours wyth KSCN in petrolcum 
ether or ligroin changes to isothiocyanate. 

Similarly, halogen dcriva t i  ves ( RCH , X )  with elcct ron-accept ing sub- 
stituents that are unablc to dclocalizc the positive chargc of the transicntly 
formed carbonium ion. yield the corresponding thiocyanates 

0 4  2 

. R 1  = 01H6'. OAlk. C6HS. C1H3Sb3. Ho6. CHJ6'. NH268. CN"). 
- /  

( R  = C 
\ zs, 

R '  
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I n  iiiany cases i t  dcpcnds O H  reaction conditions whethcr tlii0cy:itiiite or 
is0 t h iocya t i  ;i tc is formed. TI1 us fo r e x a m  plc. 5-( X - plic ti y l)-?-fu rfury I 
bromides (19) yield. wi th  alkalinc thiocyanwtes in acetone at a tetiiperiititrc 
ilea:- 0°C. the c o i x y o n d i n g  thiocyitn:itcs (20). wliilc by hcating in 
dimctliylforniamidc isathiocyanatcs (21) are  formed7o (equation I I ) .  

(21) 

Similarly. diphcnylincthyl brotiiidr and KSCN i n  ctlierat ;I lo\\, tcmpcr;itttre 
yield thiocynatc. but in bcnzcnc ;I[ Iiiglicr temperature diphenyliiietliyl 
iso t h iocy a ti ii t c ' ' is fo riiied. A:- I sot I1 i ocya i i  ;i to mc t h y I dc ri v a  t ivcs of 
phth~ilimidc and i s i t i i i 7 ' .  ;is \\,ell ;IS (isocht-otiiun- I-yl)isotliiocyaiiatc7~. arc 
formed by trc;tttiictit orthe corresponding halogen derivjitives with alkaline 
thiocyanates or silvcr thiocy:inutc. Triphciiyltiietliyl cliloridc reiicts \\it11 

KSCN iii  acctone, forming the isothiocyanate (90':., yield) cvcn at room 
tcmperaIure'J. Thiocynnatcs :ire produced at  thcsc reactions probably by 
the Sx? nicchanisiii. 

The ionic mechanism of isomerizatioti of organic thiocyatiiltes was 
studied in detail by Fava arid co \vo i~kc r~ '~ .  On the basis of the kinctics of 
isoiiic rizu t io 11 it 11 d cxch ;it1 gc O f  4.3'-d i tiic t h y I bc t i  7.11 yd ry  1 
isot h iocyana tc i ti acet on i trilc sol ti I ion con t ain i ng N 'SCN. thcy found 
that thc'organic'SCN groupisnot incquilibi.iuni wi th  tlietliiocyanatcion in 
the solution. As ;I rcsiilt. substr;itcs \vhich give bcnzhydryl or less stkiblc ions 
c;tiitiot isotiierizc by  simple dissociation (cqiiiitioti 9). but ; i n  intcriiicdiatc 
state.  is foriiicd (probably i i i i  intimate ion pair 22). through \vhicli 
isomcrization tiikcs placc (equation I?). 

rciict i 0 ti 

t .  
R - S C N  = R - S C N -  k N  R - - - N C S  

( 2 2 )  
As 
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group ( k s / k k  = 5) .  On tlie assumption t h a t  thc intimatc ion pair is tl!c 
prccursor of the ion species pirticipaliiig i n  the exchange. rhc riitc of 
ionization cxcccds tlic rate of isomcrizntinn sis-fold. From tlic ratio of the 
specific rate ofcxc1i:ingc. kCx.  atid ionization. k i .  i t  is possible t o  calculate the 
fraction of the intiiiiutc ion pairs \vliich iirc subject to dissociation xcording 
to t h e  following relation k c x k s ! k i ( k s  + /ix) = fraction of intimate ion pairs. 

This frnction iitiiotititc'd to 5.4':;, i n  thccasc oftlir bciizhydryl tliiocyanatc. 
This means that of 100 intiniatc ion pairs. about fivc iirc subject to further 
ionization and 95 return to tlic covalcnt state. Of tlic latter 2 (about 79) form 
:ig:iin t1iiocyan:ire and {, (about 16) isothiocy:iniitc. 

The mcclianism ofisoinerization taking placc via tlic intimatc ion pair can 
be illuStrxted in  ;I giinplc way :is follows (equiitioti 13):  

A k 
R - S C N  R ' S C N -  2 R '  + S C N -  (13) 

kS 4,, c 1.. 8 
R - - N C S  

I t  is intrrcsting to compare tlic ratio lxt\\.c.cn the wactivily of S and N 
atoms of thc ambidetit ion SCN i n  t l ic  iiicclianisms SNI (rcaction w i t h  
carb3,iutn ion)and Sx2(rc:ictioii \\*it11 thc substrate havinga partial positive 
charge on the carboti atom). W h c r c x  in thccasc of thc Ss7 rcaction the ratio 
k , /k ,  for bcn/yl rliiocyanatc\\,as lo3 liiid for  isopropyl 11iiocy;inatc 10' i n  the 
case ofbetizliydryl thiocyanatc (S, I ) i t  \ \ 'as only 5.  From the above i t  isclepr 
tliat \\/it11 incrcasie  clcctropliilicity of t l ic  reaction cciitrc. tlie iuctivity of 
tlie iiiorc biisic nitrogcii alotii \vliicli fortiis ;I stronger bond (C-N 
= 72.8 kcalimol) than the tiiorc niiclrophilic atom of siilplitir (C-S 
= 65 kciil/mol) iiicreascs. 

For furthcr elucidation of the ionic mrclianism. stereochemical studies 
wi th  ii ti 0ptic;illy act ivc ( - )-4-cli loro%etizhydryl t h iocya iiate w r e  per- 
fornied'". By theriiial isomttrization of the I;ie\.orot:itory tliiocyaiiatc (23) in 
various solve tits (acet oni t rile. :ice to tic. dioxa t i  and bctuciie) dcx t roro t ;it ory 
isothiocyanate (24) \ \ 'as obtaiiicd (cclu:ition 14) 

( - - ) -R-SCN ( . ) -  - N C S  (1 4) 

(23) (24) 

R = 4-Chlorobenzhydryl 
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This finding is i n  agreement w i t h  the notion about the mcchanism of the 
intimate ion pairs ( 1  2). I f  the ion pair is the primary iiiternicdiate and 
isomerization occursvia the N atom ofthenmbident ion i t  is more likely that 
a new bond will bc formcd froiii the same side of the plane. dcterrnined by thc 
carbonium ion. from which the thiocyanate ion has split OK 

The mcchanisni of isotnerimtion of cxo-2-norbornyl thiocyanatc and 2- 
(A3-cyclopentcnyl)cthyl thiocyanate in various solvents was studied by 
Spurlock mid co\s~orkers~'- '~. Thc best solvents were DMFA and accto- 
nitrile and thc best catalyst boron trifluoride. On the basis of kinetic 
incasurcments and thc catalytic efTcct of thc salts they proved that 
isomerization is a rcaction of the first order. Experiments w i t h  35S-labelled 
tliiocyanatc confirmed thc mechanism proposed by Fava and coworkcrs 
(equation 13). Isonicrization of thc optically activc ( - )-exo-?-iiorbornyl 
thiocyanate yielded cxc!usivcly racemic isot hiocyanatc which precludes the 
siniultaneous participation of ;I conccrtcd mechanism via the transition 

25. 

(25)  

At the isomcrizatioii of 2-(A."-cyclopciitenyl)ctliyl thiocyanatc(26) a mixture 
of c.\-o-2-norbornyl thiocyanate (27). c~.\.o-2-tiorbol-tiyl isothiocyanate (28) 
and 2-(A."-cycloprntcnyl)ethyl isothiocyanatr: (29) is fornicd7". 

A S C N  
( 2 7 )  

N C S  

Cyclopropylmctliyl (30). cyclobutyl (31). cyclopentyl (32) atid cyclooctyl 
isotliiocyaii~itcs7'(33) \yere prcpared in  ;I similai. miinner from thc 
corrcsponditip thiocyan:itcs. 
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The mechanisin via the intimate ion pair was proved also by tlic 
isornerization of bcnzyl and p-bromobcnzyl thiocyanate catalysed by 
quaternary iiinmonium salts (laurylpyridiniutn broniidc and benzylhcxa- 
niethylenetctrwainmoniurn chloride) without a solvent78. Isonierization 
takcs place irrcversibly according to a rcaction of thc first order (after 
completion of the reaction no thiocyanate was detccted i n  the reaction 
mixture). 

Cha rac tcris t ic for ally1 t hiocya n i i  tes is iiii  i n  t rainolccu la r mecha nistn of 
ison?crizntioii combincd w i t h  allyl r e ~ ~ r r ~ ~ n g c i n c n t ~ " ~ ' . ~ " ~ ~ ~ . ~ ' .  Exact 
evidence ofthis was provided by M umm and RichterJJoti crotyl thiocyanate 
which docs not isomerize to crotyl isothiocyanatc but to r-methylallyl 
isothiocyanate (34. equation 15). 

c H3 [ 'cH-cH.:.c~2] I CH3CHCH=CH2 

4 N<. I 
CH,CH=CHCH2SCN - 

NCS (15) 

(34) 

c-s." 

Since this isomerization gives rise to :I less stable C-skcleton (the CH3 
group of x-metiiylallyl isothiocyanatc is cxcluded frotn IiypercoiijuEation) 
reaction takcs placc only up to ii certain cqitilibriutnB1 (equation 16). 

L 

I ti kine t ica I I y co t i  t 1-01 led isoiiicriza t ions of a1 I yl t h iocy a n i l  t cs-' '.' ' Ll I1 

intramolecular mccliaiiisni is indicatcd also by only a slight eH'ect ofsolvents 
and substitucnts. 

Cinnamyl thiocyaniite (35) is7mcrizes \vitliout i ~ l l y l  I-ciirrangcment iind 
instead of t ff? n t ici pa t cd r - plic t i  y I al I y l is0 t l i  ivc y ii t i  ;i t c (37) c iRii a m y 1 
isot1iiocyanate(36) is fortiicd82 (equation 17). 

0 
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A study of the kinetics of the above isomerization shows t h a t  this takes 
p1acc:it a much slowcr rate t h a n  in  tliccasc ofiillyl thiocyanatc. Rcaction isof 
the first order, i t  cxhibits a marked solvcnt cl'iect and is sensitive to the 
influcnce of catalysts of [lie -?iiCl, type. Hcncc i t  can be assuii-red t h a t  the 
mechanism of isomcrizntion of ciniiamyl tliiocyanntc is of an ionic nature 
(probably via ion pairs). An intramolecular isotncrization would produce a n  
e tic rgc t ica 1 I y d isadvn 11 t a gco us t i  on-co n j u ga t cd 2- p lie n y 1 a I I  y l s y s t c i n 4  '. 

Halides of tlic v iny l  and aromatic typc (wi th  thc halogen boutid to the sp' 
carbon) usually react by forming organic thiocyanates \vhich do not 
rcarrangc lo isot I i iocya t i~~tcs '~ .~~ -". 

RCOCH=CHCI + KSCN RCOCH =CHSCN 

R = CbH5, CH3. C3H7. i-C4H9 

NkJ L + KSCN - N 5 T r  N\ I 

I 
H 

I 
H 

02NQC\ + KSCN - 02N QSCN 

NO2 NO2 

An rsccption is 9-chloro;icridiiic (38) atid sotiic of its derivatives which rcnct 
wi th  thc tliiocyiinatcs of Iicavy mctals [AgSCN. I'b(SCN)2] in non-polar 
solvcnts a n d  \\.it11 KSCN in DM FA giving risc to the coixsponding 
isothiocyaiiatcs (39) i n  good yiCIdsH'.YH (cquatioti 18). 

? NCS 

R - -  Hal. CH,, RO. N O z  
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In both cases i; bimolccular mechanism of reaction is assumed. 
Isotliiocyanatc is formed either directly or by isomerization of the 
transiently formcd thiocyanatc. A succcssful course of reaction requires a 
highly electrophilic carbon i n  the rcaction centre which in t1:e casc of 
acridines IS duc to tlie electron acccptor' eficct of lietcronitrogen. 

Carbonyl and phosphoryl isothiocyanates represent a separate group of 
compounds i n  which the NCS group is conjugatcd via the carbon or 
phosphorus atom with another heteroatoni (0, S. N). From the aspect of 
chemical behaviour and nictliods of prcparation wc may assign to this group 
of compounds also tlie isotliiocyanates of phosphines and sulphonyl 
isothiocyanates. Isothiocyanatcs of thc above typc are characterized by a 
higher reactivity t h a n  alkyl or aryl isothiocyanaes which makes them 
suitable starting inaterial for the preparation of the most varicd organic 
com po u n ds. 

Currently therc are already many studies dealing with their synthesis and 
properties. An exhaustive Iitcrary review covering this field up to 1969 was 
prescnted by Lozinsky and coworkers39. Papcrs by Ulrich"' and 
Goerdeler9" are also concerncd wi th  sulphonyl isothiocyanates and acyl 
isoth iocya na tes. 

The classification iis \vcll ;IS sonic literary data on the @cparation and 
properties of the basic types of thcse conipouri'ds arc presented i n  Tables 1 
and 3. 

1sothiocyan;itcs summarized in Table 2 a r e  dcrived from the 
corresponding halides by substitution reaction with thc salts 09 
isothiocyanic acid. Tlic rcaction frequcntly gives rise first to organic 
thiocyanate which at  ;I latcrstagc isomcrizcs to isotiiiocyanate(cquatioi1 19). 

V 
ii 

R-C-SCN 

(j - h - /R-c-sCN R-C-NCS X-C-CI + S.-C=N 

Y 
I1 

Y 
I I  Y 

i l  

\ 1 ;  
R -C -NCS, 

X = R ,  RO. RS. RZN Y 0. S, NR 

Presumably the rcaction i n a y  take place vi;r thc  mcchaiiism S,? ;IS well 
;is SKI -30.'2. Thiocyanate W;IS not IoI-med in the cilsc 0 1  imidoyl isotliio- 
cyanatcs' ' '  and formamidinoyl isothiocyanatcs' ". On this basis. 
soiiic iiutliors ;iss;ime tha t  the curi.cspondiiig isothiocyanatcs may  be 
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TABLE 3 .  Classificatioii of phosplioryl isotliiocyanaics 
y tr 

II 
X,P-NCS (1’ = 0. S: ir = 1 or 0) 

1025 

St ruct u ra l  
Con1 pou nd rorin uI;i X 
__ ----- ___-_ .- 

0 
I I  

Isothiocyanatopliospli~ites X I  PNCS Hal. alkyl. alkosy.  
dimctliylninino 

0 
II 

Diisotliiocyan~itophosphates XI’( NCS)3 Hut. alkyl. :try]. alkosy 

0 
I1 

Triisothiocynnatoptiosph~ite I’(NCS), - 

S 
I1 

Isothiocy;inatothiophosph~~t~s X 2  PNCS Hal.  iilkosy. 
dimet h yla ini no. 
diphrnyl 

S 
I 1  

Diisothiocyanatothiophosphiite X P(NCS)? Hal. aryl 

S 
I 1  

Triisotliioc~anatopllospli~~tc I’(NCS)., 
Isotliiocyana t ophosphi ncs X: I’NCS Hal. iiryl 

Diisothiocyan:ito~,Ilosphincs X P(NCS)? Alkyl.  a r y l  
T ri i sot h i oc y a 11 ;I t o ph os p h i 11 c I>( N CS ) .1 - 

, 
Rcfcrcncc 

128.- 132. 
I53 

3?9. 133 
135- I37 

138 

129. 139. I5 
132. 134 

139. 135 
I40 

I .35 
130. 141 
140. 142 

d . 4 3  ’ 

produced from halides ky  a direct attack of the nitrogen atom of the 
thiocyanate anion in ;i thermodynamically controlled reactionJL).Jz.I ”. 

I t  appears. however. that those halides ivhose substitucnts arc able to 
stabilize the formation of the intermediary carboniuni ion (40. X = RO, RS. 
R 2 N )  react prc@rentially by the monomolccular mechanism SN 1 (cquations 
20 and 21). 

Thus. for cxample. a study of the reaction between t hiocarbamoyl i.hloride 
and alkiiline thiocyanates provided cvidencc t h a t  both reaction steps are of 
the first (equation 23). 
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Y 

r I 
- I I  
x-c-CI  - 

X-C-NCS 
(40) 

(20)  

Y Y 
I I  I1 

X-C-SCN - %-C-NCS (21) 
L 

R2N-CSCl SCN.  + R2N-CS-SCN R2N-CS-NCS (22)  

I n  contrast to acyl isotliiocyanatcs tlie other types of carbonyl 
isothiocyanates (Table 2) are fairly unstable. Some derivatives could be 
isolated only a t  low tempcratures' and aryloxycarbonyl isotliio- 
cyunatcs' l o  have as yet not becn isolatcd. On standing m a n y  of thesc easily 
diinerize. polyinerize or undcrgo further transforinations' I . '  ". 
For the prep;iration oftliioacyl and thiocarbamoyl isotliiocyanates the cster 
ofaceticacid appearsto be tliemhst suit:iblcsolvent and NaSCN"". I5O thc 
bcst reagent. Other typcs of carbonyl isothiocyanates can be advanta- 
c geously prcpared in acetonit rile or acetone using NaSCN. KSCN or 
NH,SCN 1 0 2 . 1  10.1 1 7 . 1  .?I . In tlie case of acyl isotliiocyanates good yiclds arc 
also obtaincd i n  non-polar solvents wi th  thc thiocyanates of heavy nictals 

The pliosphoryl isothiocyanutes (Tablc 3) arc ~isually prepared i n  polar 
a c e t o n i t r i l c l  5 0  I5.\ 1. using alkaline thio- 

A ~ S C N  14'3. [ p[,( s c N ) '1 3 .9  6 .9  Y . I 4 5 . 1  1 6 

sol veil t s (ace ton e I 

cyanatcs. I n  some cascs i t  is of advantage to work ivitlioirt soIvents lz l~ 
or in liquid sulpliui- dioside'.''.'". 

Recently Lopusinski and coworkers' '' prcpai-cd c.is- and rrtrii.s-2- 

is0 t 11 iocy ano-2-oxo-J-nie t t i  y l -  1.3.24 ioxa pli 0 s  ph o ri 11 ii 11s (4 1 ) fro i n  t hc 
corrscpondiiig 2-bromo-2-oxo-4-mct hyl- 1.3.2-dioxapliosplioriii~iis (40) by 
nuclcophilic exchangc with potassiiini thiocyanutc (equation 23) and by the 
action of frec t1iiocyan:ites on tlic corrcspondins 2-liydro-2-oxo-4-nietliyl- 
1.3,2-dioxapliosplioriii~iiis (42. cqiiation 24). 

.'. I -I '. I -I 'I . 

PO(NCS) (23) 
Br, , t'./B' KSCN , 

d \ \  0 d 
cis- 40, 95% cis- 41. 6% 

t r a n s -  40. 5% trans - 41. 94 % 

OMe 
trans 
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8 1 2  c0j K S C N +  Co\ P(0)NCS 
01 d 

CIS Br 
C/S- 41. 24% cis - 40. 17 % 

trans - 40.83% trans- 41. 76% 

co)'(0)NCS 0 

cis - 42. 97% trans 43, 98% 
trans - 42. 3 % cis - 43. 2% 

to>? + (SCN),  - r o ) ' ( 0 ) N C S  
0 0  -0 

trans- 42. 9 4 %  
C I S -  42. 6% 

trans - 43, ill % 
CIS - 43, 79% 

Thc configuration at phospliortis in the isomcric isothincyuiiatrr l ix been 
established by chcmical corrcliitions and conlirnicd by i.r. and n.ii1.r. d:it:i. 
Tlic authors assiiiiicd t h a t  in reaction (23)  pliosplioroisorliiocpanates arc 
formed directly without thc inteimicdiacy of pliospliororliiocy~iii~itcs. The 
'hard' phosphoryl centre is niost likely to form ii nc\v bond \\:it11 nitrosen 
which is the 'hardcr' nucleophilic sitc i n  the ambidcnt tliiocyiinatc. ion. Tlic 
rcact ion of 40 wi rh potassi iiiii t h ioc!.a n;i tc procceds \vi t h i n  version 
o f  coiifigiir;itioii i i l  phosphorus. F;icilc epinieri/ation of the c , i . s - ~ -  
isot liiocyuno-~-oso-4-iiic~liyl- 1.3.~-diosupliospIioi-ii~an into t he iiiore 
tlici-modyiiainic;illy stable I r t r r i s  isomer \\J;IS csplaiiicd i n  terms of 
niiclcor!iilic cat;ilysis by thc SCN - anion. Tlic rcaction of tlic 2-hydro-2- 
oso-.l-mc[hyl- I .3.~-dioxapliospli(~rin;iiis (42. ecltiatioii 21) \ \ , i t l i  free 
t hiocyanogcn occiirs wi th  thc lormiition ol:i tr;insiciit pliosphoi.ylt hiocyanu 
intcrmediatc (44, cqiiarion 25)"". 

*' 

* 
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Evidence for the intermediate formation of phosphorothiocyanates 
Icading to the isomeric phosplioroisotliiocyanates was given only recently 
by Lopusinski and coworkers'". In the re?&im of dineopentoxyoxophos- 
p h o ra nes u 1 p he n y I ch 1 o r ide (45) w i 1 11 si I ve 1' cyan i de, ph 0s p h or o t h i  oc y an a t e 

corresponding isothiocyanate (47). The coinpound (47) can be obtained 
readily in an  independent way by direct condensation of the 
dineopentoxyphosphorochloride with potassium thiocyanate (equation 
26). 

(46) is formed. which isomerizes c v ry quickly at room temperature to the 

(Me3CCH ,O) ,P(O)SCI AgCN b (Me,CCH,O) ,P(O)SCN 

(45) 

(46) lisomerization 

(Me3CCH2O),P(O)CI KSCN (Me3CCH20)2P(0)NCS 

(47) 

The results of the stereochcniical study of tliiocyaiio-isotliiocyano 
rearrangement of the c is -  and rr-~ri~.~-2-thiocyano-2-0~0-4-methyl- 1,3,2- 
dioxapliosphorinans (48) allow the authors to suggcst an S,2 (P) type 
mcchanism"". They noted. significantly. that thc isomerization is strongly 
dependent upon the concentration of SCN - anions in the reaction 
medium. The iwmerization is also strongly promoted by the presence of 
nucleophiles such as H,O. R,N, P(OR),. P(S)O-. All of these compounds 
may act as a source of SCN- ions (equation 27). 

The induction pcriod in epimerization can be ascribed to a dday in 
forming a minimum conccntration of SCN- anion6 requirsd for an 
S,2 (P) mechanism (eqiiation 28).  
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Diethyl selcnophosphite (49) rcacts with thiocyanogen i n  benzene solution 
to give 0,O-diethyl phosphoro(isothiocyano)selenoate (50) in 55 yo 
yield''* (equation 29). 

2" 2" 
(CZH&P, + (SCN), - (C2H&P, (29) 

H N=C=S 

(49) (50) 

lsothiocyanato phosphtnes arc most frcqucntly prepared in non-polar 
solvents by reaction of the phosphor halides with thiocyanates of heavy 
mct a 1 s ' O -  ' . The corresponding sulphur analogues arc preparcd in a 
s imi la r  3 2 . 1  3 5 . 2 3 9 . 1 4 0  . Ethoxysulphonyl isothiocyanatc' 5 9  (51) is 
the only isothiocyanate of sulphonic acid which has thus far becn prcpared 
with this method (equation 30). 

C2H50S02CI Pb(SCN)2 b ' C ~ H S O S O ~ N C S  (30) 

(51) 
b. Wirh irrisrrtrrr*trtetl c*or~porrritl.s. In some spccilic cascs i t  is expedient to 

employ for the preparation ofisothiocyanates an addition of thiocyanic acid 
on unsaturated hydrocarbons ir i  s irrr .  This method was first used for thc 
prcparation of t-butyl isotliiocyanate eiiiploying thc addition of thiocyanic 
acid on 2-methylpropenc'60(52). At room tempcrature a mixture of 
isothiocyanate (53) 62 and thiocyannte (54) 32 '!< was formed. Thc pure 
isothiocyanate was obtained by isomcrization (equation 3 1 ) .  

(CH3)3CSCN < (54) (31) 
cq3 
/C=CH2 + HSCN 

CH3 (CH3)3CNCS 

(52) (53) 
Excellent yiclds were obtained at tlic preparation of I .  1.3.3-tctramcthyl- 

butyl isothiocyanate whcre the iiiixturc of diisobutylcne and NaSCN \vas 
trcated with diluted sulphuric acid in cold". 

Thc  incthod was successfully applied also to tinsaturated polycyclic 
systems. Divcley and coworkers also studied the stercocheniical course of 
the synthcsis of isothiocyanates of tlic norbornyl typcI6'. They found that 
the thiocyanic acid reacts iri  s i f i r  witti norborneiie (55)  giving rise to (..YO-2- 
norbornyl isothiocyanatc (56) wi th  ;i 65 'J:, yicld (cquation 32). 
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The reaction is carricd out by treating the mixture or norbornciie and 
KSCN wi th  dilii*,ed HISO, in benzene at II temperature of 30-40 ‘C. 
Evic?lencc of 111: C.YO posilion of the isothiocyanate group was provided by 
its convcrsion to the known o\.o-2-noi-bonyl aniine 21s well as by the rcaction 
of norbornenc with dcutcratcd thiocyanic acid (DNCS) and by n.ii1.r. 

analysis of the prodiict obtaincd. I n  coiitriist to the earlier 
concerning dicyclopcntadienes thcy found tha t  these rcact with HNCS 
by cis-cro addition without isotnci~izurion of the cyclic systcm. From 
cwtlo-d icycl open I ;I d iene (57 1 t licy o bt a i ncd cJ.Yo-5-isot ti iocyan o-5.6-d i h yd ro- 
~ ~ ~ ~ I ~ - d i c y c l o p c n t a d i e n e  (58). and from o.yo-dicyclopcntadicric (59) 
cJso-5-isor h iocyano-d iliydi.o-c~.~o-di-c~ctopcii t ad ienc (60. eq liar ions 33 and 
34). 

& veld HSCN 65% , &is 
H 

(59) ti H H  

(34) 

Ei itlo- and e . ~ o -  5 -c{i I o r o 11 o r bo r n e ne s :I I so react w i t  li 1H SC N wit h o LI t 
isoincr@ition of the  cyclic sysrcm (the chlorinc aloins i n  their original c d o -  
or e.\-o- positions) and so does norbornxiienc (61. cq tiation 35). 

H S C N .  &:’ 
/ / v e l d  80% (35) 

- 
5.6- Dehydro-exo-2 -norbornyl 
isothiocyanaie 

The ii%ition of thiocyunic acid is of great iinportance also for the 
synthesis of biologically interesting steroid isothiocyanatcs. The literature 
dcscribes the preparation of thc scrics of isothiocyanatc dcrivatives of 
i\lidrosti\llc by the iictio11 of thiocyunic acid on thc corrcspondinp steroids. 
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which contain in  their skcleton ;I doublc bond coiijugated wi th  the carbonyl 
s o u P ' 6 4 . ' 6 5  (equation 36). 

@ 25% H S C N  o& H3C OH (36) - cn,ci, N, 

0 
NCS 

Testostery; acetate 5-lsothiocyanatoandrostan . 17 p - 0 1  -3 -o l ie  

Unkovskij and coworkcrs studied thc rcactions ofr,P-unsaturated acyclic 
ketoncs (62) with  thiocyanic acid iri s i r i r  and obtained the corresponding p- 
isothiocyanate kctoncs (63) in 75 I:,', yieldlh" (equation 37). 

R' R2 0 R' R2 0 
I I I I  I I I I  

(62) (63) 

HC=C-C-CH3 KSCN SCN-CCH-CCH-C-CH, ( 3 7 )  
H'  

R'=H, CH3. C6H5 
R2= H. CH? 

2-lsothioc~anato-1-iiietliyIpentan-~-onci'" had already been prepared 
carlier from niesityl oxide undei- thc same conditions. P-Thiocyanato- 
ketones which were to bc expected cluc to thc existencc of two tautonier 
forms of I-ISCN were not produced. Thc authors assume t h a t  this may 
be ascribed to the isomerizotion on highly polar and thus fairly unstable 
thiocyanate derivativcswhich m a y  ariseas thc primary productsofaddition. 

Using a si 111 ila r ilic t hod. p-is0 t h iocy an il t oine t h y l-  t rial k y lsi lanes wcre also 
prepared'"' (64. equation 38) 

CH3 
I 

(38) R\ KSCN R \  
/ 

R-SI-CH=CHCH~ A R-Si-CIi- CH-NCS 

R R 
/ U- 

(64) 

By t hc add i t  ion of t h i oc y ii  11 ic acid t o i so n i  t ri I cs 2.- i m i 11 oil 1 k y I 
isothiocyarintes arc  fornicd I('' (65. equation 39). 
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2. Reactions of amines  w i t h  sulphur compounds 

i. Drobnica. P. Kristian and J. Augustin 
L 

a .  Thiopliosgcwe. Tlie most gcnerally used method for the preparation of 
isothiocyanates is based 011 thc direct treatment of the primary a ~ i i i n e ' ~ ~  
with tliiopliosgcne. The first product of thc reaction is a n  unstable 
thiocarbarnoyl chloride (66) which splits ofT hydrogen chloride casily 
yiclding isothiocyunatc' ' I .  The coiirsc of tlic reaction can bc illustrated by 
the following addition elimination mechanism (equation 40). 

- 
CII 

H 

I 
I ''I GI I - 1 (40) 

I ,+T-.\ ~ [. 7 '7' - 
A 1  

s> 

R-NI c=s/ - R-N+-C-SI- -- R-NH-C-SH -HCI 

ICJl 

I I -  
H lCll - 

S - H  
R-KH-c 7 R - N = C  /- - !  R-g=C=S\ 

\ -  \ -  
c_l I c_r I 

(66)  

I n  thc case of aromatic amincs, espccially wi th  clectron-accepting 
substit ugits. N.N'-disiibstitutcd thiourcas (67) m a y  be formed as  by- 
products17' (eqiiation 41). 

S 
I 1  

(41) " 2 - H C I  
A r N H C  + %NH, A r N H C N H A r  

\C I (67 )  

Tlie formation of thiourcnscwn be prevciited by the iisc ofa siii:ill excess of 
tliiopliosgene. Since isothiocyanarcs ;is \vcll ;is tliiophosgcne ;ire relatively 
inscnsitive towaterthey can also bc prepard ' i i  ; i n  iiqiicous medium' j 3 .  Not 
only free amines bur also thcir salts. particularly hydrochlorides, react with 
thiopliosgcne to produce isotIiiocyan:itesl7'. 

Rcaction with free amincs is most frcq uently pcrformed i n  such way that  ii 
cliloroforiii' 75. dicliloroethane' '(' or toliiencl i7 solution of iimine is addcd 
to the water emulsion of thiophosgenc. Hydrogen chlo,ridc rcleased i n  thc 
coiirscof the rcaction combincs \ \ * i t l i  the strongly bnsicaminc IiydrochloJride 
\vl g ~ l i  is very 3i Ilicul t to t i  ydrol yse i i i  \v:itc'r ;ind t ti 11s complicates the react ion 
of thiophosgene \\ , i t t i  the aniinc For this imsoii bases are frcquently added 
to the reaction mistiirc for the binding of hydrochloride. c.2. calcium 
cnrbonatc' j('- sodiirni carbonate and  sodiuni bicarbonate' j 8 . '  7"  . or 
trietli~l~iiiiinc'H". I t  is no t  advisable to use strong base for this purpose since 
is0 t h iocyi nates a re easily h ydrol y scd i 11 ;in a1 kul  inc medi 11111. 

4 
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During the preparation of isotliiocyanatcs from tlic hydrochlorides of 
primary miiiiics, B I I  qi teous  solution of amine liydrocliloridc is used, 
prcserving similar reaction conditions iis employed with frec amities' 7 6 .  The 
addition oTCaCO, or alkali ciirbon;itcs kccps tlie reaction niixture Iieittral 
and assists in thc slight hydrolysis of liydrocliloridc. This modified 
thiopliosgene tiicthod is used primarily for the prcparatioti of aliphatic 
isotliiocyunaws and for amincs t h a t  arc sensitive to atmospheric carbon 
dioside atid oxidation (amities of tlie benzyl typc. some diamiries. ctc.). 

Thc thiopliosgcne method. thanks to its versatility and mild rcaction 
conditions. is being used i n  the Cytitliesis of isotliiocyanates of very varied 
structures. I n  our laboratory alone iiiorc t h a n  350 isotliiocyanatcs of [tic 
following types h a w  bccii prcpared using this mcthod: 

( i )  Isothiocyanatcs w i t h  one arotiiatic ring: substit uted plicnyl 
isothiocyaiiatcs'n ' . i sot 11 i ocy a t i  ;i t es of phe ti y 1 a I k y l s ul ph ides and 
slllphones xJ. . isotliiocyanates of siilplioiiaiiiidcs' '('. substitutcd 
benzyl isotliiocyanates'87. ar-yl and arylmethyl di isot l i iocyana~ts~~*.  
sit bsti t ittcd P-phcnyletli yl isotliiocy:~ nntcs ' 8'' and ~y-sit bst i t it ted I-tolyl 
isothiocya narcs ' "". 

( i i )  Isotliiocy;inates with two aromatic rings connected with ;I bridge. 
is0 t h iocy ana tcs of di phen y 1 iiie t liii tic I '' I . d i phc ti y lam i tic I "'. dip henyl- 

diplieiiylsulpliide. diphcnyl sitlphonc'"". diphcnyl kctone'". 
stil bcnel"". ;izobctizctic I ' I 7 .  I "' ;i ii d c h ;I I c o 11 e ' ' ' I .  ' " n. 

( i i i )  lsot hiocyana~es wi th  m it I tiplc ri tig systenis: isot 11 iocya natcs of 
anthracenc. clirysenc and pyrcne'"'. biplicnyl'". naplitli~ilciic"~".'nJ. 
ph en iiii t 11 re 11c ' " .' ;i t i  d t e rph cii y I " 5 .  O h .  

( iv)  Isotliiocyanatrs \v i th  hctcrocyclic rings: isotliiocyanatesofacriditic and 
be nziic r i d i n c isothiocyanatcs of pttrinc'n'.''O . be tizo- 
thiazolc" I .  bcnzotriazolc'l ' and ferrocc~ic''~'. 

In  some ciiscs the tliiophosgcnc nicthod \ \ 'as  tiiodified. Thus for cxample. 
the prepa rat i o t i  of fl uorcscci t i  isot 11 i ocya ti ;i t e w a s  c;i rried o it t by t rea tine t i  t of 
the corrcsponding ittiiitic \\.it11 the thiopliosgcne i n  dry acetolie"". For thc 
preparution of isotliiocyanatcs derived from aniino acid cstcrs the reaction 
is performed in ethcr or toluene2' '. Isothiocyanates of the benzyl typc are  
advantageously prepared i n  ;I i1itrog.cn a?mospherc \\liereby the frcc bases 
are released froiii the corresponding amino hydrocliloridcs by the g r a d i ~ l  
addition of dil utcd alkali. These rcact iiiimediately \\it11 tliiophosgcnc and 
thc isorhiocyanatc formcd passes into the chloroform Iayer'"7.1Y'."'3. 
lsot hiocya natcs from aromatic ;I mi tics con t ai ni  tig tlic carboxyl group or 
sulpho group arc prcparcd by trcatiiig irqticous soltitions of their alkaline 

' '. " . 

\v i t I1 t h i o p 11 o s gc I i e ( cq i I :I t i o I i 4 2 ). 1 6 . 2  1:  
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COOH COOH 

NH2 NC s 
# 

Another modification of the thiophosgcne method utilizes thc reaction of 
the bistrichloromcthyl estcr of pciitntliio-diperc~i~bonic acid (68) with 
primary The rciiction c;in bc dernnnstrated by tlic cquation (43): 

S-NHR 
/ 

\ 

s-s-CCI, 
+ 2 R-NH, 2 HSCCI3 + S=C 

/ 
\ 

s=c 
s-s-CCI, S-NHR 

(6*, (69) (70) 

(43) 
CI 

HCI / +RNH,  R-NH-C Hs %& R-N=C=S 
\ - HCI 69 - S=C 

CI 
\ 

CI 
(71) ( 7 2 )  

70 + 71 2 R - N = C = S  
- 2  s 
- 2  HCI (72) 

Rcaction is curricd out i n  ;I water tncdium. One molc of the rcageiit (68) 
suffices for three inolcs of aminc. 68 is i1 stable. slightly volati lepd slightly 
toxic liquid, and is prepared from trichloromethanesulphenyl chloride and 
excess of sodium trithiocarbon~itc’l‘’. I t  is suitable for the synthcsis of 

The thiophosgcne, method meets wi th  difliculries i n  the c’i se . of some 
heterocyclic amin~ . ,~ - .g ,  9-~1mino-~1cridinc””. 4.6-diarninoquinoline’”. 
aniitr.)pyridincs i t& 4-a t~ : ioa i i t ip~r ine’~’ .  I f  the amino group is on thc 
benzenc ring of aniinoquinolinc (73) i t  rcacts rcadily i i9ith thiophosgenc. 
giving risc to the corresponding isothiocvanatc”‘ (74. equation 44). 

aromatic and aliphatic isothiocyatiutes. ., ’ 

(73) (74) 

I t  \vas possiblc IQ prepare 2-ayrimid;iiyl isothincyiit1;itc (76) by trcating 2- 
tritiictli~lsilylaminopyritnidttt~ (7s) wit11 thiophosgenc in absolute ether 
undcr nitrogen at -60°C’’3 (cclitiition 45). 

4 P .  
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(76)  
i 

The following compo 11 lids \\'ere prepa I-rd froiii 01 Iici- Iietcrocycl ic 
isothiocynnntes in  il \\riiter-cther iiiediuin by trcating the corresponding 
amiiies w i t h  ~liiopliosgcnc i n  t he  prescncc of NaI-ICO,: 2-pyridyl. 4.6- 
dimctliyl-3-pyridyl. 3.6-dinictli~l-~-~~'yrimidyl. 4-mctliyl-2-tlii;izolyl aiid I - 
plienyl-3.3-dimetliy~4-py~~1zol-5-oiiyl isol1iiucy;iii~if~s"~. 

Ainines capable offorming strong i ~ i t ~ i \ ~ i i o l c c t ~ l ~ i ~  bolids ; I I W  do not rci~cl 
with tliiopliosgene (4-;1minoacridinc~"'. 2-~iiiiiiio~tzobenzciic~ ' 5 ) .  Thc Iat ter 
reacts with thiophosgenc i f  ;i nicthyl group is introdnccd i n  position 3 which 
prevents llic aniiiio group from foriiiiiig ;I Iiytlrogen bond"'. 'The synthcsis 
of 4-hyd r-ox: isot 11 iocya ii;i tc 11 i i d  9. I 0-d i is01 h ioc!.;i ii;i t o a  11 t h ~xcci ic  ' '' gavc 
n e g a t i \ ~  results. Arornatic orrl io diaiiiiiics and or r l io  aiiiiiiopliciiols relict 
w i th  tliiophosgciic yielding live-iiiciiibcr hclcrocyclic compotinds' - 5 .  The 
rc ac t i o 11 of am i lies \v i t h t h i o p Ii osge i i  t is i 11 h i bi t cd by e I cc t r o i i  - w i t h d r a \\I i n g 
substituents'72."(' \vliich dccrcasc t h e  clcclron density 011 the amino 
nitrogen. Steric Iiiiidriiiicc by substitiicnts ;it or / / io  positions is also 
inhibitory'". 

This is t l i c  simplest and most iiiii\~crsaI iiictliod f o r  t l ic  piqxiration of 
isotIiioc\~anatcs. I t  gives high yield and  is suirablc for- tlic piqxiratioii of 
aliphatic ;IS well :is iiro\>ii\tic isotl~iocyan~itcs. Its importance hiis incrcased 
due to thc frict t h a t  thiophosgcnc has bccomc ;I comincrci;illy available 
rcagcnt. Some ;iiitIioi.s ob.jcct 10 its iinplctas;iiit odour and toxicity. 

b. ' I ' / ~ i o c . c r / . h o / i i ( ~ ~ , /  t l c r i r o t i r c ~ s .  Sayigli a n d  co\\.oi-kcrs'"' I i a w  proposcd 
iV.iV-dictliyltliioc~ir-baino~l chloride ;is ii 1ic\\' i u g c i i t  which could rcplacr 
the toxic thiopliosgene. I t  i s  universally ;icccssiblc and is siiit;iblc for thc 
prcpaixtioii of iiromatic isnthiocy:in:itcs \ \ . i l l1  c l c c t r o i ~ - \ ~ i t l i d r ~ ~ \ ~ i i i g  
substiruciits. I t  is ;I onc-step iiictliod and consists in tlic Iiwliiig of tlic 
;i roiiiai ic ; i n i i  i ic  wit Ii N.N-diet hyl t h ioca rba moyl cli loi-idc (77) i i i  i i i i  i iiert 
solvent such ;IS chlorobrnzcnc. benzcnc. t o1  iiciic or ctliyleiic dichloridc 
(eq tiation 46). 



I036 t. Drobnica. P. Kristirin and J .  Augustin 

S 
I1 

NCS + (C2H5)2NH*HCI NH2 + CICN(C2H5)z - X 
1-3 h 

(77) (46) 

X =  N02,CN. CH3CO. CzH500C. CI 

Thc yiclds dccrcase with the increasing basicity of amincs. Thc limiting 
pK, valuc of the rcaction medium is 4.6. Under t h e  conditions phcnyl 
isothiocyaiiate is formed from ilt1ilinc in tracc amounts only. Reaction 
probably takes place via tlic niechanisin S J  (equation 47). 

Marq uard modified I he ;i hove met hod by using. i ns9sad of diet h y  I t  hiocar- 
banioyl chloride, bis-die~liyI~liiocarbamoyl sulphide (78) or d i s i~ lph ide”~  
(79. cquation 45). 

The reaction is performed in  dry chlorobenzcne saturatcd.\vith Iiydrcjgen 
chloride. Bcsidcs isothiocyanatc. dictl1ylaniino hydrochloride \v;is isolated 
;IS ii by-produc!. !n the absence of hydrogen chloride. reaction does not 
takc place. The anticipated intcrmcdiate ( N.N‘-dictliyl-hr(p-nirroplienyl)- 
thiourea) could not bc isolated. Higher yields \vzrc obtained by using 
bis-diet ti y l I li iocarba inoyl’dis u l  ph ide ( t ct ruct ti y l t liiuram disul phide). 
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3. Decomposition of dithiocarbamic acid and i ts  salts or 
esters 

1037 

a, Dt.c,o/,ipo.sirior? />.I? / ? c w u ! *  m f o 1  sct1r.s. Synthesis takes place in two steps. 
I n  the  first step the corresponding salts of dithiocarbumic acid (80) are 
prepared by the action of carbon disulphide and alkali"'H."9 or 
a ~ n ~ n o n i a ~ ~ ~  on the aqueous or organic (alcohol. inethylcnc chloride, 
toluene. etc.) solution of the primary aminc (equation 49). Aliphatic miines 
react with carbon disulphidc i n  the abscncc of other bases, yielding 
a1 k y Inmmon i um di t h ioca rbainat es2 I (8 1. eq ua t ion 50). 

S 
I1 - +  

(80)  

R-NH, + CS2 + NaOH - R-NH-C-SNa + H 2 0  (4 9) 

Obviously amines whosc basicity is so low t h a t  they do  not forin 
di t 1.1 i xa rbama  tcs can not be used (c.9.. n i t  rani lincs). 

In the sccond stcp. he:itiilg of al kalinc ditliiocarbninates w i t 1 1  heavy mctal 
sal ts  i n  a n  aqueotis iiicdiuin produces unstablc Iicavy metal 
di t 11 iocar bamat cs which decom pose casil y into isot h iocyn nates and metal 
sulphidcs (equation 5 I ) .  

R-NCS + PbS + NH4N03 + HN03 (51) 

a 
For thg decomposition of ditliioc~irbainutes. mcrcury salts'".233, lead 

Loose and W ~ d d i g e ' ~ '  prcpnrcd isothiocyanates derived from esters of 
ii i n  i no acid. i.e. !$yci lie. 1)L-Y-a  la n i ne. vi--phciiyla la n i ne ii nd DL-W I ine by 
decomposing dit hiocnrb:ll11iitcs w i t h  mercury chloridc in anhydrous ace- 
tone in thc presence of tricthyl amine. M c E l h i n ~ i e y ' ~ ~  used this modification 
of the dit hiocarbamatc method for tlic preparation of aliphatic 
%othioi.yan:itcs with basic subsririicnts (cclii;itioii 52). 

aitrate'34 '-". cupric si~lph;ite'~'. ferric ~h lo r ide '~ ' .  etc. w r c  used. 



NH-CS-SNH4 + COC12 To'uene* R - N C S  + NHdCl + COS + HCI (53) 
o c  

The phosgene mcthod failed to succced in  rhc prcpar;itioii of soiiie 
i so t h i ocy a i i  a t cs \v i t h c 1 ec t r o t i  - \v i t h d ra  \v i ng sii bst i t 11 cn t s (4- br&,i o ph en y I 
isothiocyanatc. nitr-ophcnyl isothiocyanates. crc.). I t furnished i n  vcry good 
yields 3-hydrosyphenyl isothiocyanale \i,liich \\.e did not  1iiiiIi:lge to prcpare 
by thc thiopliosgcne tnethod. 

The decomposition of ditliioc~~i.b~iiiiates with cthyl'""~ "' or methyl'"J 
chloroformate produces i1liph:itic isothiocynnatcs in very good yields. 
Reaction t;i kcs place via t lie iiiist;~ blec~ii.bcr Iioxydit Iiioca I-bamate(82) \vliicli 
dcconiposes in  lo isot Iiiocya ti;\ IC. c;i rbon ylsu I pli idc a iici t ' t  1i;i 1101. Bases. like. 
a l k a  Ii and t riet h y lu mine, Iiiivc 3 cat a i y  t ic ellect on the decomposition of 
ca rbet hos ydi t h i ocif rbaiiiiit e" ' -" (equation 51). 

S 
II 

RNHCSS-l jH4 4- CICOOC2H, RNHCSCOOC2H5 - 
( 8 2 )  

(54) 

RN=C(S)COOC2Hs *---.--, RN--C(S)COOC2H5 

S -  S 
E1,N [ I I1 
H -  

RNCS + C?H50COS- [COS + C,H,OH] 

Aliphatic and ai.om;itic isothiocyanatcs ciin be ;ilso prepared by thc 
oxida t ivc decomposition ol'dith ioca rba iiiarcs by sodi 11 m hypocli lori te  i n  a ti 
iiIkulit1c tiicdiuni'J'Y.'"' (cq L I I I  t ion 55 1. 

RNHCSS-NHJ + 4 NaOCl + NaOH 
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aromatic isot liiocyanates wi th  clectron-donor substitucnts were prepared 
cven in 90 ‘x, yiclds””. c.g. alkosyplienyl and dinicthyluminophenyl 
isot hiocy u na t es. 

Van den Kcrk and c o w ~ r k c r s ’ ~ ~  iiscd for the preparation of aromatic 
isot 11 iocyana tes tlic dccom posi tion of ditliiocarbamate wit ti thc salts of Y- 

Iialogcn fatty acids. Reaction took place in two steps. In thc first step 
aiii iiioii i urn (S-ca rbox y al k y i)plicn y ldi t Iiioca rbama t e (83) \vas fornicd which 
decoinposcd to isotliiocyanatc in a weakly basic medium in the presence of 
ZnC1, (equation 56) 

A r N H  - C ” 2 
No 

* ArNH-C Yo NiiCI 

\ -  + ’\ 
+ CICH2-C 

\ - ,  
S N H j  ONa SCHZC 

\- - 
O N H n  

(83) 
S (56) 

0 -t- ZnCI, + 2 N a O H  - N 
\ 4-  + 

2 A r N H - C  

S C H 2 C - O N H j  

2 A r - N C $ , +  2 NaCl + 2 H 2 0  +Zn(SCH,COONH,)2 

For example tlic following aroinatic isotliiocyaiiatcs IVCIY prepared using 
this met t i  od : a 1 k os y plicn yl isot 11 i ocya nii  tcs. li ii I open plieii yl isot li iocyan a tes 
and p-plienylcnediisotliiocyanntc (60-70 yiclds). 

Dithiocarbamntes caii be also decomposed by nieans of phosphorus 
ox yc h I o ridc o r  ph 0s ph or u s o- p licn y Icncd i ox i t rich 1 o ride' ’ ’. ’ ’ (83). 
Ditliiocarbam~itc is suspended i n  ethcr or beiizenc and t h e  decomposition is 
carried out with  cooling i l l  tlic prcscncc of rriethylaniine (equation 57). 

H S  
Et jN + POCI, -NH,C, 

2 R - N H - C  
\- + 

SNH, 

Et,N*HCI + POSCl + R-NCS 

+ a I > p c 1 3  --, R-N-C-S-P I I1 

I \  
CI 0 

2 
R-NH-C 

\ -  
S*+ ‘4 H , 
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84 was prepared by the treatment of pyrocatechol with PCI5 in 
benzcne" '. 

c. Decoriiposiriort hji Itjdrogert peroxide. Treatment of a mixture of 
primary amine and carbon disulphide with hydrogen peroxide in the 
presence of secondary alip!atic amine produces a rapid cxotherniic reaction 
which gives i s o t h i ~ c y a n a t e s ' ~ ~  (equation 58). 

S S 
II - II 

RNH, + CSz RNH-C-SH ___L R-N-C-SH = 
I 

2 H20 + S 

This one-step reaction is suitable only for the preparation of aliphatic 
isothiocyanates. Thioureas are produced as by-products. 

d. Decoutposiriorzs i m d ~ i ~ g  c.or.hot/iiriiides. Primary amines rcact with 
carbon di~ulphide and dicyclohexyl carbodiiniides (85) in R suitable organic 
solvent at temperatures below 0 "C. forming isothiocyanate and 1,3- 
dicyclohexylthioureas (86). For the preparation of aliphatic isothiocyanates 
ether or tetrahydrofuran"' proved to be a good so1vcnt:Aromatic amincs 
rcact under identical conditions only w i t h  B one-half molar equivalent of 
carbodiimide yiclding. quantitatively, symmetrical diary1 dithiourcas. I f .  
however. the reaction is carried out in pyridine. and in some cases in the 
prcsencc of thc molar equivalcnt of triethylarnine. tlicn isothiocyanates are 
also formed from aroniatic primary ainines in vcry good yields'57 (eq4'-lation 
59). 

S 
1 1  R ' N = C = N R '  

RNHZ + CS2 - RNHCSH 

(85)  

RN=C=S + R'NHCNHR' 
I1 
S 

(86 )  
R =  Aryl or alkyl (yields 70-96%) 

R' = Cyclohexyl 
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The carbodiiniidc method can be used for the preparation of aromatic iis 

wcll as aliphatic isothiocyanates under very mild conditions. By this 
method werc prepared, for example. 9-fluorcnyIfg'lenzliydryl. phcnyl. 
isobutyl. 3-pyridyl. I-naphthyl. 2-naphthvl and other isothiocyanates. 
4-Nitroaniline and o-plienylcndiarnine p i h u c e s  undcr these conditions 
1.2.3.-1ris(4-nitroplienyl) gitanidinc and bcnzimidazolinthione. re- 
spect i \~eIy '~ '. 

e . Decor i t pus if io r i s ir I u o  I P i rig o ry r I os i I icu t i  cor )I poir 11 As. N -S i 1 y I a t  ed 
priinary aliphatic aniincs (87) rcact wi th  carbon disulphide giving risc to 
silylestcrs of ditliiocarbainic acid (88) which are unstablc above 0 "C atid 
decornposc into isothiocyanatcs' 5 s  . The dccoinposition is carricd o u t  w i t h  
trirnethylsilyl chloridc in the presenceoftriethylaminc(equations60 and61 1. 

S 
0°C II 

P ~ N H S I ( C H ~ ) ~ +  CS2 RNHCSSI(CH~)~ 

I ti parallcl with iso;hiocyanates. thecorresponding thiourens may also arise. 
Higher basicity of amine. ;in cxcess of carbon disulphide and low 
temperature are frivourablc for the formation of isothiocyanatr. Thc 
reaction is suitable for the preparation of isothiocyanales from amino 
alcohols and amino acids whcreby the hydrogens of the hydroxyl groups are 
protectcd by the casily removable silyl group. 

0-Alkyl( aryl)csters of tliiocarbamic acid (89) arc similarly dccotnposcd by 
t t ie  action of trimcttiylsilyl c h ~ o r i d c ' ~ ~  (cqttation 02). 

L 
2 + R- i -C -El,N.HCI 

RNHC Hs + Si(CH3)3CI + Et3N 

'OR' 1 'ORf 
(89) Sl(CH3)3 

# 
RNCS + (CH,)~SIOR' 
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Trimethylsilyl chloride is also used in the presencc of triethylaminc for the 
decomposition of N-metliylaroylditliiocarbamates (90) occurring during 
the reaction of acyl chloridcs with dithiocarbamates'"' (equation 63). 

0 s  0 S Si(CH3)3 
II I I  

(90) S (63) 

- Et,N.HCI I1 " f l  
R'C-S-C-NR W R'CSCNHR + (CH3)3SiCI + Et3N 

II 
RN=C=S + R'COSi(CH3)3 

f. Other. rnerhotls ol'tlec.or,ipo.sitiori. Rcccntly two ncw modifications of thc 
dithiocarbamate method were published. Fujita and coworkers"" obtained 
isothiocyanates in good yields under mild conditions by decomposing 
t riet h y l a m m o  t i  i  u ni N-su bs t i  t i t  t cd d i t li ioca rba m a t es (9 I ) with A'. N'- 
disubstituted propiolamidincs (92). P-Mercaptocinnaniii~nidines (93) are 
produced as by-products (cquation 64). 

NHR 
I I  ' + R'NHC&Et3 EtOH 

PhC-CC 
I1 I 

'NR S H  

(92) (91) 

NHR - PhC=CHC ' + R'NCS 
/NHR 

'NR SH I '\\NR 

Ph 
\ 

/ 
C =CHC 

S 
I 

R'NHC=S (93) 

Thc second modification publishcd by Sakai and coworkcrs"' is based 
on the rcaction of lithium dithiocarbamate with butyl litliiitni and carbon 
disulphide (equation 65). 

b R N ( C S ~ L I ) ~  - RNCS C S ?  
RNHCS2L1 B u L '  b RN(Li )CS2Li  

(65)  

Thc reaction iscarried out i n  T M  F under dry nitrogen at 0 "C.Alip1iatic and 
arotniitic is0thiocy;itiiitcs \\'ere prcpnred in high yields (7  I --99 ' x )  using this 
me t hod. 

Of the older. now rarely used. methods thc dccomposition of 
d i t h i o c ;~  1-ba ni i i  t es wit ti iod i tie via t h i it ra m d i s ti I ph i de  sh o u I d be 
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iiicntioned'6'.'"". Ditliiocarbamate is first oxidized wit11 :ill ;ilcoliolic 
soltition of iodine at a low Ictiiperatiix to tliiuramdisuIpliide(91). ltssodiu~n 
salt (95) obtaincd in a t 1  alcoliolic solution ofsodiurn ethoxidc issubsequently 
oxidized to the cor iqmnding isothiocyanatc (equation 66). 

2 NaOC,H, 2 R N H C S S ~ H ~  + i 2  - RNHCS-S-CSNHR b 

(94) 
(66) 

I, 
RN=C(SNa)-S-S-C(SNa)=NR 

(95) 

2 RNCS + S2 + 2 Nal 

Besides thc abovc iiicntioncd methods the litcraturc refers also to the use of 
clilor-cyano~en'"l and chloratiiine T'"'. 

4. Decomposition of thioureas 

Ai.om;itic atii~iics can bc prepired by the decomposition of .s!*ru- 
diarylthiourca with acids or their anhydridcs. The most frequently used 
acids are hydrochloric acid'"6 '68 . sulpliuric ;~c id '~ ' . '~"  and phosphoric 
acid. Tlic salt of thc corresponding arylatninc IS formed a s  by-prod~ct '~ '  
(equation 67). 

In ilddition lo arol;:iitic isotliiocyanares. cyclohesyl i s o ~ l i i o c g a n ~ ~ t e ~ ~ '  \\$as 
prepared by the treiitment ofdicycloliexyltliioure~i wi th  phosphoric acid. Of 
carbosylic anhydridcs. acctic anhydride'73 -'713 IS the best. This method of 
dccomposition \\';IS uscd also in  thc synthesis of aryl:izophenyl 
isor Iiiocyatiiitcs (96) from asymmctric tliiourcas'"' (eq tiation 6s). 
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5.  lsothiocyanates wi th  the NCS group in conjunction 
wi th  a multiple bond 

Isothiocyanates with the NCS group bound dlrectly to a carbon-carbon 
doublc bond cannot bc prcpared by routine incthods. The ciiusc lies in  the 
lion-reactivity or instability of the starting compounds. that is of the 
corresponding organo halides or aniines. Neverthclcss there exist currently 
several methods for their. preparation. 

The first mention of the prcparation of this type of isothiocyanates 
appcared in  thc patent litcrature i n  1956. Jones and Zimmernian'78 had 
prepared, by means of deliydrohalogenation of I-isothiocyanato-2- 
broiiiocthane (97). vinyl isothiocyanutc (98) which showcd a tcndency to 
pol y inc rim t i o ii (cq ua t i o n 69). 

i. Drobnica, P. Krtstiln and J .  Augustin 

(69) 
EI,N/ether 

40 50 C 
BrCH,CH,NCS - CHZ=CH-NCS 

(97) (98) 

I n a si mi la I' ma t i  ncr cis-( I 00) ;I nd I r u n s -  P-st y ry I isot I i  iocyana t c' 7y ( 1 O I ) 
wcrc prepared from I -phenyl- 1 -clilor.octliylisotliiocy~inatc(99.eqtiation 70). 

0 

E t  N/dioxan 0 yHC 2NCS - Et :,N. HCI, 100, 'C ' H \NCS 

(101) 

Reaction is pcrforiiicd by heating thc rcaction mixture for 36 h undcr 
nitrogen inasciilcd tubc.Tliet\voisomcrs(l00and 101)arcformedina ratio 
of 1 : 4 respect ivcly. 

Ketiiiiines (102) \\,it11 (3-hydrogcn iitoiiis react in  the cold \vil l i  thiophos- 
genc giving -/.-alkenyl isothiocganatcs 10.3 whcrcby r-chloralkyl 
isotliiocyaiiates'~') ;ire probiibly produced ;IS intcrmcdiates (equation 7 I ) .  
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By heating of ketiinincs not containing thc P-hydrogen atom with 

ihiophosgene i n  tolucnc r-chloralkyl isothiocyanatcs arisc (104. equation 
72). 

Into this group ofcompounds may be included also P-substituted estcrs of 
r.-isothiocyanatoacrylic acid" I .  These are preparcd from the anions of 
oxazolidine-3-tliiones (105) which are phosphorylated at  20-30 "C in 
tctrahydrofiiran with thc diphenylestcr chloride of phosphoric acid. The 
phosphorylated prcduct (106) is decomposcd with p o t p i u i n  r-butoxide to 
hr-pliosphoryl-N-viriyl-thiocnrbamatc ( 107) and further to diphcnylplios- 
pha tc ;I nd isoth iocyana te ( 108. eq uat io ii 73)' ' .; 

S 
I: - 

C"---O 
I 

R N -PO(OCsH5)2 NCS 
/ 

R 
c=c \ \ /  h 

-O~P/OC 'HS 1; 
R' /c=c\ C02C2t-!5 7 '  'C02C,H5 

(107) (108) 

Thl: startingcolnpourid cat1 bc readily pI.cpiircd by basiccondensation ofthe 
ethyl ester of ~isothiocyanatoiicetic acid with carbonyl compounds2*'. 

For P-inoiiosubstitttted and '13-ar-ylsubstittIted r-isothi~cyanatoacryl- 
cstcrs u.l:ich arc sensitivc to alkoxidc the synthcsis must bc modified. Thc 
coinpound 107 is first convcrtcd at - 60 "C wi th  $ocial acetic acid 10 z- 
( d ~ p l i e n o s y p l i o s p l i o r y l ~ i ~ ~ ~ i t ~ o ) ~ ~ ~ r y l i c  cstcr (109). This \\.hen treated wi th  
c;i r bon d is i t  1 p 11 i dc ii nd sod i 11 111 h y d ride y i cl ds N- phos ph o r y 1 d i t h io- 
karbamatc ( 1  10) which decomposes at 20-40 C to isothiocyanatc ( 1  11) 
and 0. O'-diplienylthiopI~osphnre (equation 74). 



1046 i. Drobnica. P. Kristian and J. Augustin 

R NHPO(OCGHS)~ 
CS,  NaH 
___* 

+ H A  \ /  

R#,c=c \C 0 2C 2 H 5 

107 - -cos 

S- 
li 
c 'I' s (74)  
I 

(109) 

R NCS R N - PO(OC6 H5)2 
\ /  \ \ /  c= c c=c 
J \ 

(110) (111) 

SOP(OCt,H5), ,,/ \ 
C02C2Hk R COOC2H5 R 

Isothiocyanatcs with the NCS group bound to the dienal conjugatcd 
system wcrc prcpared for the first time by Hull2". By treating quinolinc in 
methylenc chloride wi th  thiophosgcne and diluted alkali. crystallinc o- 
isotliiocyano-rr~rrrIs-ciniiwmwldehyde ( I  12) wiis obrained. The use of barium 
carbonate instead of sodium hydroxide produccs an oily cis isomer ( I  13. 
equation 75). 

2 N  - NaOH.>lO'C 

BaC03 .H20 .  O'C 
-HCI 

rNCS (112) CH=O 
. ,  
36% 

m c s  CH=O 

(75) 

Thc cis isomer is not stable and \ \ , i th i t i  3 days isomerizes entirely to ;I rriiris 

derivw t i  vc. 
Tlic rcaclion of rhiopliosgene and 2 3-sodium hydroxide w i t h  iso- 

quinoline in mcthylene chloridc i\t :I teinpcraturc of 5-10 "C yields two 
products. i.e. crystnlline 15B. 16ir-diliydro-8I-I-diisoquinoli1io~ 1.3-h: T.1 '-el- 
[ l ,3.5]osadiazine-8-thionc ( l 14) and c,i.\-o-isothiocyanatovinylbenzal- 
dehyde ( I  15). Tlic pentacyclic dcrivativc is probably formed by dehydration 

Thc greatest attention w s  devoted to the rcaction of thiophos_genc wi th  
pyridine which yields. in the presence of b:iriuni cnrbonatc. 21 inixturc of two 
stereoisomcr products. i.e. 5-isotliiocyanatoycnta-1,.trlls-3.~~i.~-4 dienal ( 1  17. 
coiit rollcd kincticully) and 5-isot hiocyanat o-rr~tr~~.s-2.r~rrr1.~-4-dicnal ( 1 18. 
con~rollcd t l i c~~modyn~~mic~~ l ly ) .  The reaction probably tiikcs place by the 
foIIo\\ing tnc'cIi;itiisiiiLyA (cq uation 77). 

of the dcrivative 116 (ccliiarion 76). 8 
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m N C S  \ 

CH=O 
(1 15) 
42% 

(76) 

OH; 

2 a-c=s 
I 

c=s 
!-. 

The raw product is ;I mixture of both isoincrs. The fwus .  cis isomer 
(tiiclting point 59-61 C )  is cxirxted with cold ether and the I V U / I . Y .  t i m s  

product (m.p. 84-85 “C) is cryst4Iized from cyclohexane. 
Isothiocaanatcs of this grottpsxprttscnt ;I hcterodicnr sysrcin in which the 

NCS group is corijugated \vit l i  doublc bonds. Bccausc they iire highly 
rcactivc in  addition and cycloaddition rcactioiis. tlicy are important 
intcrmediatcs of the various organic cornpounds. 

6. N-lsothiocyanatoamines and N-isothiocyanatoimines 

Tlicsc isotIiiock;in:1tcs represent ;i new iiitcrcstiiig group of compounds 
that have b w n  studied by Aiithoni and co\vorkcrs2”- ”‘ . Dial k y 1 a in i 11 o- 
isorhiocyanarcs (120) \\‘ci-c [lie hrst to be syilthesizcd by pyrolysis of N.N- 
dial k yl t h iosa rbaml yl in1 idazolc ( 1 19) i 11 ;i h igli vacu u in 1 8 5 . 2 8 7  (cquation 78). 

s 

1 
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/=N 

R2NNHCSN\__I - R2NN=C=S + HN 

(78) 
- 

(119) (120) 

A’.N-Dialkyltliioc~irba~oyl imidazolcs (122) arc preparcd by the treatment 
of imidazolc \\/it11 thiopliospcne i n  dry benzcne; the thiocarbamoyl chloride 
( 121 ) formed is s u  bseq ueii t ly rcactcd with dial kyl  hydrazi ne188.28y (equation 
79). 

H CSNHNR, 
CI 

(121) (122; 

l’hc isothiocy:in;ires foriiied easily undcrgo dimeriz:ition’”. Whercus A’- 
isotliiocyaiiatodiiiietiiyl~iiiiiii~ atid its diethyl and dipropyl derivatives are 
stablc only at  - 80°C and dimcrizc cntircly within onc minute at rooin 
tern pcra t u rc. A’-is0 t t i  iocy : in ;i t odiiso propy In m i nc rcq 11 i rcs sevcral ho 11 rs for 
dimcrimtion a t  room tcmperatitrc’88. Tlic relatively high stability of this 
iiionotiicr is attributcd to stcric elkcts. 

The prcpLiration of N-isotIiiocyanatodiplicnylan7inc by therniolysis of I - 
(iV.N-diplicnylrtiiociirbazoyl)- I .2.4-rri:izole (123) w a s  nor successful and  2- 
tliiocy~in~itodipli~ti~l~iiiiiiic ( 124) \\:is al\v;iys isola tcd iis the rcsultiint 
product’8” (equation 80). 

I n  order to prcvcnt thc possibility of intramolecular reari-anrrement. ;I low- 
tcmpcraturc. tiicthod of preparation \\‘;is dcvisrd. based on tlic rwction of 
ditliiocarbiizic acid (12s) with dic~ctolics~lc~ir-bodiimidc (126) at very low 
tciiipcr-~i~urc.s1”’ (ccliiatioii S I 1. 
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+ - 80 C ether 

3 days  
- 
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7 .  Other methods 

L. Drobnica. P. Kristirin and J .  Augustin 

Isonitriles. too. niuy servc as starting sttbst;iiiccs for thc prcparaticn of 
isotliiocyatiates. I ti this respect sevcral papers have bccii publishcd recently. 
Slicgusa and c o w o r k c r ~ ~ ~ '  studicd the reaction of isonitriles with 
tncrcapta tis which produces isot Ii iocyana tcs. probably by the radical 
mech a ii isin (cq uii t i o ti 8 3 ) .  

p 

R-NCS + R'*  

R ' -  SH I 
R'S- + R'H d 

Isobiiryltiiercapt~iii ;itid cadniiurn iicctiitc provcd lo bc the best catalysts. 
Aromntic isothiocyunatcs can bc prepared from the corrcsponding aryl 

isonitriles by Iicating \ v i t h  sulphur in bcnzenc"'3 (equation 84). - 
ArNC + S ArNCS (84) 

Reaction of isonitriles \\.it11 clilorocarbonylsitlplicnyl chloride (132) yields 
isothiocyanatcs with thc eIimination of phosge~ic"~ (equation 85) .  

SCOCI 

+ C I - s - c - C I  I I  - "'1 1 (o>(",=c 0 
L 

(132) 
J 

(85) 

K uhle and coworkcrs obriiincd iso.tl?iocyiinates i n  good yiclds from 
isonitrilc dicliloridcs (133) by trcattiirnt w i t h  sodium sulphide or  
phosphor us pcn t iisu 1 p h ide' ') ' (cq uat i on 86 1. 

3 R N z C C I 2  + P2S5 3 RNCS + 2 PSC13 (86) 
(133) 

t 
, 0 t t i n ; i i i n  and Kohcr")" prcparcd aromatic isothiocyqnates directly from 

thc'corresponding nitro compounds by  trciltiiietit with curbon disulphide or 
carboiiyl siilphide ;it  higher tcmper:iturc and pressurc in thc presence of 
b;lstc c:italysts. Thiophenolatcs provcd ro be lhc best catalysts. for thcy 
subst:tntially reduccd tlic forniarion of anilincs as  by-products. Substituted 
plicnyl isotl$.ocyan:ites n'crc thus prepared in good yiclds (50--88 "4,). This 

0 
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method is not suitiible for thc preparation of alipliatic isotl1iocyan:itcs. Thc 
mechanism of reaction is not mentioned. 

A roiiia t ic and a1 i  pha t ic mono-a nd diiso t h i ncyan ii t es can bc o b t ai ncd by 
cxchangc rcaction of thc corrcsponding isocyanates with 0.0-dicthyldi- 
t h i o phos ph a t c ( 133) vi ;I 0 . 0 -d  ie t h y 1 -S-a l  k y I (  ;i ry l)ca rba ti1 o y I d i t h io- 
pliosphatcs (135)’”. At highcr tciiiperaturcs thesc decompose to 
isotliiocynnatc. ;I iiiixture of sulpliitr-containing cstcrs of phosphorus acid 
and ;I sniall aiiiotiiit of dilTercnt unidentifiable pr’oducts (cquation 87). 

b RNCS (87) 1 RNCO + HSP(OC,H5), RNHCSP(OC2H5), 
II I1 II 

S 0 s  50 - 70% 
(134) (135) 

The decomposition of A’-silylatcd cyclic derivatives of carbamic acid to 
isothiocyanates or  isocyatiatc‘s was studied by Krichcidorf and 
~ o w o r k e r s ” ~  - 3 n ‘ .  They found that.  whcreas N-silylatcd oxazolidine-1- 
thionc-5-ones (136) rcarrangc rapidly and irrcvcrsibly lo isothiocyanates 
(137)i\Ircady at O”C(cqiiatioii SS) rliccoi.i.espoiiding tlitazolidiiie-2.S-dioiics 
do  not rearrange- ’9s - 3 0 0  

(CH,),SIN -CHR R O  
I I I II 

(136) (137) 

S=C, o, C= 0 S C N CH - C 0s I (CH 3 )3 (88) 
J 
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H2C-0 
\ 1 ,c=s I 

H2C-N 200-c  s=c- NCH2CH2-0-  Si(CH3)3 (90) 
\ 

I n  the casc of N-triinetliylsilyltl~iazoliditie-2-thiotic (143) instcad of the 
cxpected triinetliylsilylthioethyl isotliiocyailate. rapidly polymerizing tri- 
inethylsilyl isothiocyanate (144) and cthylencsulphidc were obtained (cqua- 
tion 9 1 ). 

~-Alkyl(aryI)mcrcaptotliiazolinc-3.5-diones (145) srdit off carbon 
nionoxide on hcnting giving alkyl(aryl)n~crcaptotI~iocarbonyl isothio- 
cyanatrs (146) which rapidly rcarrange 10 alkyl(aryl)mercaptocarbonyl 
i s o t l i i o c y a ~ i a t e s ~ ~ ~  (147. cq uaiion 93)- 

0 
II 

I t1  t h ~ . . a n n c i ,  diph~nylcarbuliioyl isotliiocyanatc (149) was prepared a s  
colourlcss fimm d ip l i cny lu1~~ino t l~ i~~~~~l ine -4 .5 -d ionc  (148. equa- 
tion 93). 
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Sulphonyl isotliiocyanares (151) c;in be prepared i n  good yields by 
reaction of dipotassium salt of sulplionyliminoditliiocarboiiic acid (150) 
with p h o ~ g c n c ~ ~ ~ ~ " ~  . sulphuryl or th ionyl  i n  an 
organic solvent (benzene. clilorobenzcnc. niethylenc chloride, equ;ltion 94). 

0 

S-K + 

RSOzNCS + COS + 2 KCI (94) 
COCI, 

Ot ten brite3". using thcrmul cleavage of the correspondins S -  
nietliylditliiocarbi~inates ;it 180--300 "C. prepared trisubstitutcd aryl 
isothiocyanatcs. 

Some methods have more of a theoretical significance and are rarely used 
for the preparation of isotliiocyanatcs. For example. treatment of diaz- 
o ni uni salts3oG wit ti inorgn nic t h ioc y ana tes. hca t i ng of me t l i  yla niliiic w i t h  
s ~ i l p l i u r ~ ~ ~  uf,Jcr pressure. exchnngc reaction of h~- s~ t lp l i i i i y l amincs~~~  and 
isocyanatcs"').' ' I  with isotliiocyanatcs. and others. 

B. Preparation and Use of Nuclide-labelled lsothioc yanates 

I n  principle tlie molecule of the isothiocyanutc R-NCS can be labelled 
wi th  nuclides on the functional group of -NCS. o r  on tlie skeleton of the 
niolecule R-oron both sitesoftlie molecule. For practical reasonslabelfing 
is most frequentlydoiie\\~itl~ "C  or wit li -"S. Tliecliicfadvantasee ofthc latter 
lies in the fact t h a t  high specific ritdiouctivity can be achieved. theoretically 
up to 1.500 Ci/milliatom. A certain drawback is t1i:it the labelled coinpounds 
must for long-tcrtn use- -due to ;I shorter half-life -be prepared from fresh 
nuclide ;it intervals o f  several months. This problem is ;\voided by labelling 
wi th  the nuclide "C provided that tlie labellcd coinpounds iire sullicicntly 
resist a i i  I to se 1 f- r ii d i o I y s i s. H o \ \we  r. t 11 r t 11 c o rc t i c ii I m ;i x i in u ni ;i cli i ev a bl e 
specific radioactivity is mcrcly 64 mCi~milliatoni of carbon. In practice [lie 
achicved specific radioactivity is. of course. lcwer:  fo r  14C i t  is about 60";; of 
the t1ieoretic:il valuc. Sulpliiir c;in be prcparcd ;IS carrier free. Labelling wirh 
nitrogen atoms is virtually limited to the stable 'N.  The riidionuclidc I3N. 
due to its short 1i:ilf-lifc of 10 minutes. ciin perhaps be used in special ciises. 

Labelling on the skeleton R - m a y  bc universally I>et-formed by nic;iiis of 
the radionuclides "C. 'H or thc:, stable nuclidc 'H. 
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1. Preparation by chemical synthesis 

Of hitherto kno\\.ii mcthods for thc preparation of isothiocyanatcs the 
most frequent methods for the prcparation of the&J;clled substances start 
from the corrcsponding ani ine arid the la ’Icd CSC12. the dithiocarbarnate 

labelled thioureas and the method of isomcrization of thiocyanates RSCN. 
A rcliablc nicthod of prcparwtion of [ ’-‘C]isotIiiocyaiiates o r  

[39S]isotliiocy~~natcs is the reaction of the corresponding primary arnine 
with thiophosgene C3sSCI, or ‘*CSC12 (equations 95 and 96). 

i-. Drobnica. P. Kristian and J .  Augustin 

method starting from the aniinc and thc la t elled CS?. the decomposition of 

RNH2 +14CSC12 - RN14CS + 2 HCI (95) 

R N H 2  + C35SC12 - RNC35S + 2 HCI (96) 

’ Thc r;idiochemical yield of the reaction is identical wit11 the yield of the 
pure product. given by stoichiometry of the reaction and the losses V i  tlie 
process of isolation and purification of the labclled product. Thiophosgene 
C”SCI, can easily be prepared by the isotopic exchange reaction (eq unt ion  
97) or by synthesis. 

I 11 t h is 111 a11 iicr [ 4- ’ .’ ’ I 3 iodo phcn y l [ -’ ‘S] isot I1 iocya 113 t c \+‘iis prcpa red 
starting from [4-‘” ~]ioJoaniIiiic and  [ ~‘S]thiopIios~cneJ”’. 

Thc method ofdirect rliioplios~cn~ition \ v a s  used for the preparation of[>- 
glucosyl [ l”C]isottiiocyan~itc~’ I .  

A frequcntly used method for preparation of lubclled isotliiocyanutes 
starts from ; i n  amiiit. an3 labelled C S ? .  Ho~vcver. there are differcnces in  
radiochcmical yicld from the rcactioii when “CS, or C.”S, is uscd. 

?tarting from ‘“CS, all thc radioactivity of tlie reacted carbon disulphidc 
passes into tlic molecule of the isothiocyunatc (cquation 98) .  

Hcc;iuw both sulphur :itoms in tlic molecule of the dirhioc;irbain;itc arc 
ecl tr;il. iise ofC”’S2 rcsults iii one h:ilfofthc Iabellcd strlph ur atomsappc~iring 
i n  the isothiocy~tii~irc and [ t ic  (;filer half i n  the spli1-0f1 sulphidc. i.e. the 
ii1;t);iiniiiii thcorstic;iI ladiochcinic:rl yicld \ \ . i l l  bc 5 0  ‘:(, (cquation 99). d 



22. Thc chemistry of thc  -NCS g r o u p  I055 

Similarly, ii 50 ':<, riidioclicmical yield in relntioii to the radionuclide is 
achicvcd by preparing the ditliiocnrbaniiitc from cquimolnr amounts of 
isot liiocyana te and ti ydrosul phidr. H -" S - (cq ua tion 100). 

An even snialler radiochemiciil yield (35 't;,) ciiii be expcctrd if thc Iabclliiig is 
done by reaction of thc isothiocyanote and the 1:ibelled H,S i n  an organic 
solvcnt Icading to t hc forin:iiion of thiourcus aiid carbon disulphide 
(equation 10 1 )-3 ". 1 
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Labelled !A'-monosubstituted dithiocarbamatc can also be prepared, by 
reaction of the isothiocyanatc w i t h  N:i''SH ' I 3  as well iis by isotopic 
exchange reaction between dithiocarbamate and elcmentary s u l p h ~ r - ~ ' ,  
and by exchange reaction bctwecn dithiocarbamate and NaH"'S 3 1 3 .  The 
reaction of isothiocyanate with liydrosiilphidc takes place at ii siificicnt rate 
also a t  laboratory temperature3' '.The ratc constant is given by the nature of 
t hc substituen t R and t hc concent ra t ion oft lic rcact ing form of HS - ; thus i t  is 
;I lincnr function of pH. 

Thc  eschange between t he  elementary sulphur-35 and thc aliphatic A'- 
monosubstitutrd ditliiocarbaniatc can be also performed at  laboratory 
tempcra t u re: \vi t h met h y ldi t ti ioca r ba ma t c. for example. t hc react ion is 
completed aftcr 3-5 tiours"' (equution 102). 

CH3NHCS- + 35S CH3NHC35SS- -t S (102) 

Otto"' has studied in greater dctail the kinetics of this exchange in  tlie 
series of N-disubstituted ditliiocarb~itiiutes ;IS \vcll as t h e  influence of 
tcmpcrat i t  re and solveti ts. 

Tlic lubelling of A'-methylditliioc~irbatiiatc by eschange reaction with 
hydrosulphidc ions a t  liiboratory teniperaturc is slo\v. rcquiring a reaction 
tirnc of3 hours foi~rliecomplction ofthe reiictioti a t  I00 O C J 1 '  (equation 103). 

CH3NHCSS- + Na35Sii  CH3NHC35SS- + NaSH (103) 

Labelled isothiocyanatc ciin bc obtaincd also by the reaction of amine 
wi th  thc labelled iininioniiini thiocyanate and the dcconiposition of the 
thioureas formed31 '. 

The ditliioc~~t.bi~tii~irc method $\:;is itscd for thc. preparation of. for 
esii m plc. 4-d i met h y lani i  no phen y 1 [ ' 'S] isot h iocyi n i l  ie3 ' ' iind fl it orescein 
[3'S]isotIiiocy;iti;ite31". I n  thc latter tlic specific radioactivity wiis three 
orders higher t h a n  that attained by other ~iittliors~'" ;it the preparation of 
Ijuoresccin isothiocy;inate labelled uniformly with the isotopc I T  i n  
s;i n t tic tic benzc tic ri rigs. a. Ma tin" I had prepared [ ")lye Ifcrroccn ylnict 11 yl isotliiocya nate 1c1-1) 

with thc procedure kno\\.ri from inacti\.c synthesis. starting from [ 59Fe]- 
ferric chloride. ""FeC'I, w;is redklctxi wit11 electrolytic iron powder in 
dilutcd hydrochloric acid to .k'&ik TI2 and the anhydrous product b y  
thc reaction w i t h  freshly dclml!.iiierized cyclopcntadictie and dietllylnmine 
gavc 152. Through the rcaction of (1,521 \\it11 !\'.!\'./\'.N'-tetr~imethyl- 
mctliylrnedianiitic and  methyl iodide in tlie prescnct of methanol 

* 

8% 
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N,N-dimethylaniiiioriiet hylferrocene methiodide (153) was prepared. The 
following two procedures wcrc used: 

( i )  From potassium phthalimide and 153, ferrocenylmethyl~~~nine (154) 
was prcpared which. by rcaction w i t h  thiophosgcnc. furnished ferro- 
cenylmethyl isothiocyanalc (155). 

( i i )  A bisulphide adduct of forinyl [ "Fc]fcrrocenc \vas preparcd and this 
was converted by rcnction with hydroxylnmine 10 forrnylfcrrocene oxinic 
(156). By reduct ion o f  156 with lithium :iluminiuni hydride. 
fcrrocenylnietiiyl~iniilie (154) \\/;IS prepared which. a s  i n  the foregoing 
procedure, gavc 155 on reaction with thiophosgene. 

(152) R = H R + 
(153) R = I-(CH3),NCH2 
(154) R = NH2CH2 

(155) R = SCN=CH2 

I 
5'Fe 

(156) R = HON=CH 

2. Preparation via isotope exchange reaction 

I t  is known that orpniciilly bound ~ ~ l p h ~ i l -  c;in particip;itc in  the dircct 
e xc h a i i  ge w i t 11 e 1 e iiic n t a r y s u I p li LI r. t h c i i  ;i t I! re of t h c bo n d be i n 9 dec i s i ve fo r 
the rate of exchange. These observations \\.ere revicwcd i n  1901 3 3 ' .  I n  the 
scries of sulphur compounds w i t h  thioiic sulphur. the ra te  of the cscliiliigc 
reaction with elementary ~ ~ i l p i i ~ i ~  decrc;isrs i n  the scqiiciicc givcn by 
equation (104). 

(104) 
\ 2 >> ,c=s 

S S 
C2H,0cH > (C2HS),NC< > CH3C 

\S  - S -  ' 0  H 

Accordins to Mikluchin and c o \ \ ~ o r k c r ~ ' ' ~ - ~ " '  thc csch;lng~ takes place 
i n  such way that [he sulphur is bound !o the doublc bond of the =C=S 
nroup forming thc cyclic product. thc decomposition of \i,liicli leads lo the 
exchange of sulphur atoiiis (cquittioii 105). 

\ h +  6 -  s -3 
'c=?; + 'S, - \C' 1 - C='S + S'S,- ,  (105) 
/ / JS -3" - 3 / 
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Tlic exchange is more rapid the more polarized is the bond =C=S. 
lsothiocyanatcs rcquire tcinpcraturcs ~p to 180 “C for labelling b y  exchange 
reaction. I t  may bc assumed t h a t  the cxtremc mesonicric structure wi th  a 
negativc chargc on the sulphur atom participatcs in thc exchange reaction 
(see Scction V). Thc exchangc can be carried out without a solvcnt in thosc 
isothiocyanates t h a t  arc liquid at  the exchange tcniperature. or with the use 
of a suitablc inert solvent having iiti iidcqt1:ite boiling point such as xylenc 
and dccatiydronaplitlialene. I t  \vas found, howcvcr. that thc exchangc was 
faster wi th  a solvent than without one. and that  i t  \vas more rapid thc lowcr 
thc analytical concentration of sulphur in thc reaction mixture3”. The 
duration of thecxcliangc can bc sevcral hours and. for example in thc case of 
aromatic isothiocyanates. the rca :tion can bc carried to equilibrium at 

labclled substnnces. At normally obtuinnblc specific activities . of sulphur-35 
of 200 mCi/mmol and the molar ratio ofthe isothiocyanate:sulphur = 1 : 1, 
a specific radioactivity of 100 mCi;’mniol and a raditchemical yield of 
40-50”/;, can be achieved. 

For the rcrliov:tl of elementary sulphur froni thc reaction mixturc, 
fractional distillation of the isotliiocyunnte \\’iis 1 1 s e d ” ~ ~ ~ ’ ~  : however the 
trapping of the su1QiI in thc column of activated copper appcared to be 
morc c o ~ ~ v c ~ i i c n t ” ~ .  For the sitnult:incoits removal of sulphur and thc 
products of thermal decomposition i t  is of advantage to use ;I combined 
column composed of layers of activated copper. charcoal and activated 
;I 1 u ti1 i t i  ii 

The ability of the thiocyanatc ion -SCN to participute in the cschange 
react io t i  wit Ii aliphatic t Iiiocya n:itcs”3 ’ .(’ I \\lit11 ;i half-life of sevci-a1 tens of 
minutes ;it 130°C in  cycloliesanc (equation 106) atid the ability of 
tliiocyanatcs to isomcrizc to thc corresponding isothiocyanatcs (equation 
107) can be applied to the pi-eparation of labclled isC1;Iiiocd~’.itrs. 

180°C w i t h  very slight thermal d ccomposition. i.e. with a good yield of 

0 

’ ’.-’ 30. 

A,, 
R S C N  + 3 5 S C N -  R 3 5 S C N  + SCN-  (106) 

(107) 
k .  

.’ R 3 5 S C N  - R N C 3 5 S  

Isonierimtioni:. isothiocyanatcs is ;in irreversible rtxction and once formed. 
the isothiocyinatc pirticipiitcs no more i n  the csch:ingc reaction with 
3’SCN- ion. Tlic labcllcd K”SC” cat1 be prcpircd by rc:iction of K C N  
w i t h  the sulphur-35 in ethiit101.’2’. NI-IJ.’’SCN ariscs also by isomerization 
of [-‘5S]tliioi~t~c.a iii ; i n  ctIi:itioI xylcnc mistirrc ( I :  I )  at  21 tcmpcrature of 
1 2 0 ~ ~ 3 3 4 .  
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3. Labelling with isotopes of hydrogen 

Tritium-labelled isothiocyanates c a n  he prepared by incorporating 
tritium into it suitable interiiiediatc for isuthiocyaniite synthesis such 11s : i n  

aiiiinc. or in some cases directly into the isothiocyanate molecule by oiic of 
the generally applicable nicthods of tritiation of organic compounds. For  
reviews sce the fol I on i n  g3 '. '' : 

( i )  Labelling by catalytic exclinn~c consists of licating togctlicr thc 
compounds to be labcllcd. II 1iyc;'l-ogcii-iraiisfer catalyst and the 
tritiuted agcnt. such ;is T 2 0  or tritiatcd xids .  i n  ii suitable solvent. 
Irradiation of compounds \v i t l i  tritititii gas using the Wilzbach 
mct hod 3 3  ' or I he catalytic gas c?ipos ti re met hod3 3y. 
Hydrogenation of 11 iisa t it 1-21 tcd co m pounds \\/it11 t rit i un i  gas. o r 
catelyscd halogen--triti t i n 1  rcplaccment. With this iiietliod the highest 
niolar specific activity can bc achieved. 
Reduction \\/it11 tritiatcd inetal hydridcs. 

( i i )  

( i  i i )  

( iv)  

Tlic above methods. \\,it11 thc csccption of the Wilzbacli method. arc also 
suitable for the prelxiration of dcutcr;itcd isot1iiocy:iniitcs if ;I dcutcratcd 
agent instcad of the tritiatcd agcnt is trscd. 

The original Yavorsky iiietliod of titrntion ofiiroiiiatic Iiydimcarbons \\,it11 

it boron trifluoride complex of tritiatcd pliosplioric acid'-"' hiis ;iIso bttcn 
elaborated for the ti'itiiition of aromatic i~otliiocy~~tii~te~~'"'. At the 
prepa r;i t ion of I Iic t ri t ia t ed ageii t o 11 c s t  ;i r t  s fro ti1 t ri t iatcd \\'a ter. ph os pli o r us 
pentoside and 131=,3 (equation 108). 

3 3H,0 + P,O, - 2 3H3P04 

3t i3P04 + BF3 3H3P04*BF3 

The tritiation is pet-formcd at 80°C i n  ;I hctt.i-ogciic.ous system by mixing 
the aroma tic isotliiocyuiiarc \\,liicli is dissolved i 11 1x1 I-;I Ilin or cyclopitra ffin 
1iydroc:trbons. such ;IS cyclolicsane. \\,it11 ;t Iaycr of 'Id3 I'OI.BF3. Tlic 
mcthod is siritcd particularly to the prcp~i~iitioii o f  tritiatcd riioiio- and 
pol yn uclcar a roiiiat ic isot 11 iocyaiia tes. 

Isotliiocyanatcs specifically la bcllcd \\. i  t h dc uteri it ti1 are  most f t q  tie t i  tly 
pi-kparcd for tlic study o f  thcir- t i i xss  spcct tx. R;icli and co~vo~-liers~-'~ 
prepared 6-tl-hcptyl isot1iiocy;iii;tte (160) according to tlic equation ( 109). 
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0 OH 
I1 I (1) TsCI, 

NaBD4 CH3y(CH2)4CONH2 - 
(2) LIAIH, 

CH3C(CH2),CONHZ 

(158) 

H 

D 
(160) 
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5 .  Labelling by biosynthesis 

W i t h t lie :ipplication of s i i i  t i1 blc I:I bcllcd prcc iirsors of gl ucosiiiol:i t e 
synthesis to the cultiviition mcdium i t  is possible to isolate labelled 
glucosiiiolates froin plants. and from these by enzymic splitting tlirough 
myrosinasc. to isol~itc the corresponding labelled isothiocy;iniitcs. As stated 
i i i  Section I I about biosynthrsis of glucosinol;ites. the amino acids arc 
incorporated into the molcculc of glucosinolatcs ;IS ;I whole after loss of t l ic  
curbosyl group. so tli:it  \\.lien using [ “C]amino acids R -NCS 
isothiocyanatcs labelled on tlic skeleton R ;LIT obtained”( ”. Amino Licid 
precursors are incorporated in thc corrcspoiiding gl ucosinolatcs with  ; i n  

cllcctivcness of 25-50 ”:,. When using amino acids labcllcd w i t h  the stable 
nuclide I5N on the r-amino group the 1 1  iiclidc \ \ , i l l  appear i n  the NCS group 
ofthe isothiocyanatc. but in  tli;itcasc~~gi~eiitcrdiliition must bccspectcd duc 
to the possible metabolic iiitcrcoii\.crsioii of amino acids and kcto acids by 
t raiisiiiii in at i on 01‘ ox ida t ivc dca 111 i iia t i o 11 ;I nd I h 11s ;I 1 o\vcr yield c;i Ic ti l i i  t cd 
for the starting niiclidc. 

I f  amino acids. spccilic:illy I:ibcllcd on the COOH group. arc used ;is 

precursors then no I:ibcllcd isot1iiocy;inatc is obtaiiicd because of the 
decarboxylat ion react ion taking place d ti ri ng biosyn t hrsis. 

[”:’S] Sulphate is incorporated i n  glucosinolatcs \\.it11 ;i i i  ctliciciicy of 50 ‘I,;, 
whereby [J~S]gli~cosinolatcs ;ire obtiiiried. Hoi\.cvcr. the nticlide is 
incorporated in ;I ditTei-rnt ratio in  the tliioglucosidc and in tlic sulphatc- 
bound sulpliur. By theaction oftiiyixxiniisc tliesul~~li;itcgr’oiipsplits olland 
only the thio!liicosidc-bound sulphur rciiiains incorporated in the - NCS 
group. I n  the Iirst phases of cultivatioii of the plant i n  the prcscnce of 
[35S]sulpli;~rc tlic radionuclide is incorporatcd iiliiiost cuclusively in  the 
sulphatc group of t l ic ~liicosinolatc and appears only after several diiys i n  the 
thioglucosidc grotip. I n  vie\\, of [lie simple clicmiciil structure o f  currently 
known nat uraI isothiocyaiiatcs a n d  t l i c  f x i l i t y  of thcii~clieiiiic~il syntlicsis. ;I 

biosyntlictic approacli to thc use of nticlidc-..s is iiicanin~ftil only i n  the st tidy 
of biosyntlicsis and nicrabolism of glticosinol:ites aiid of their- decay 
products. 

5 

6. The uses of labelled isothiocya-pates 

1 sot li iocya ii;i tes 1 ;i bcl 1 ed \\* i  I h radio ii iicl ides h a w  been used. i ii ni;i ii y 
tracer st tidies i n  coniplicatcd biological s!’steiiis in pliariiiiicology and 
biochemistry. 11s starting compounds. ;is aiialytical reagents iti protein 
chemistry and in striictui-al organic cliemistr~y. Here \vc sli:ill mention at  least 
;I fc\v exariiples. Isothioc~anates Iii bcllcd \vitli “S \vcw siicccssfully iiscd for 
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i i i i  ;i iitorudiograph ic SI tidy oft Iicii. dist ri bu t ion i 11 sl ices of ;in inial t issue after 
local :ipplic;itioii 011 skin iiiid f o r  iiicastiring tlic rate of rcsoiption (J- 
bro  111 o phcn y l [' 'S] iso t h iocya 11 ;I tc)."". " ' ;i 11 d ;I ftc I- i 11 t ix- iii uscul ;i r 
injcction (:iIIyI [ " ' S ~ ] i s o r i i i o c y ~ i i i a ~ e ) ' ~ ~ .  Pcncti-atioii of 4- 
chlorobenzyl [JiS]isotliiocy~i~i~ite into : i i i i i R i I  skin \ w s  also sti~died~'". 
Labelled antlirliiiintic p-plicnylcne diisotliiocy~iii~itc \\':is used for tlic sttidy 
of the interaction of the driig \\it11 lo\\, molcciilar and high molecular 
coiiipoiiciits of blood"". Organ distribution of c:inccrost;itic [3-n;iphthyl 
["S]isotIiiocy~in~ite \vas studicd in  I X I S  after inti-~ipcritoiical iidliiiliis- 

I.il i o n  3 I 7 . 3  5 1 .4Rromoplicnyl [ '~S]isotliiocy~iii~itc \\':is used for the study of 
kinetics of rctcnrion in iiiici.obial Liiid animal cclls. subcelliilar distriburion 
arid reaction wi th  cg!I componcnts".51.J.iJ. 

I n  thc Edman dcgr:idation protein seqiiciicing techniqiie. labcllcd phcnyl 
isothiocyanurc is cmployed for enhancing t l ic sensitivity of the method. For 
the same purpose. tritium-l:ibellcd phenyl i.orliiocyaiiatcJ". as  w l l  21s 
phciiyl [" jS] i~otI i iocyai i~i~~'~~.  \\;IS used in  conjunction w i t h  isotopic 
dil tition analysis. ['"Fe] I~er-r-occn~liiictIiyl isorhiocyii1:ite served as tag by 
dircct reaction \ v i t h  s-:iiiiino g roups  of lysinc i n  ;I glutaiiiic 
;I c i d - 1 y s i 11 e- t y r o  s i i i  c co po 1 !/ iii c I' A I . 

spccti.;iJ''. Dciitcratcd isothiocyaiiic x i d .  DNCS. and isorryanic iicid. 
DNCO. <Ccrc prcp:ii.cd ;iiid studied in t l ic tiltixviolct-"' diid infrared 

< 

Dcutcratcd isothiocyanntcs \\'ere tisrd for thc study of thcir mas:* 

I.csrioliS-'ih 2 of the spcctl.llIl1. 

C. The Preparation and Use of Macromolecular 
Pol yisothioc yanates 

The advance iii the clieiiiist t y  of iii:icroiiiolcciil;ii. polyisotliiocvaii~itcs has 
bcsiiii only in  the past 10 yc.iss owing to the interest in iiiiiiiobilizcd 
cnzy mcs ;i lid ; in t igcn s a lid maciwm o lee ti lar i 11 sol ti blc reiigcn t s J  ' -.'"". 

M ;icroi 1101 ccu la r pol y i s 0  t I1 ioc y a ii ; i t  cs ;I re ei t her  \v;i lei. i nsol t i  blc 
coin po ti lids l i i i d  of ii sui l a  blc 111 icro-spa I ia I ii i ~ ; i  ngcmcn t ( fi bri I la r. 
iiiicroporous. gels. glass-likc. iubbcry.  t h i n  meiiibranes) or they ;ire oil or * 
\vatcr soluble compounds in \vhich NCS groups :ire bound to the 
iii~icromolccul~ir skeleton in ;I spccilic scci ticlice of altcriiating moltoiiicr 
subuiiits. In ;iccoid;iiicc \\.it11 t l i c  nat tire of tlic basic polymcr skeleton thcsc 
substances may bclong. for csamplc. to the grotip of silylatcd inorganic 
glasses. polys:icclii~ridcs or pol!.pcptides as  ivcll :IS synrhctic polymers bascd 
on styrelic'. xrylaiiiidc and  otlici- pol!.iiicrs ; i n d  copol>iiici.s aiid cross-linked 
111 ;I tcriii 1 s. 

4. 

I 
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For the preparation of tii:icromolccular polyisotliiocy~~natcs essentially 
two proceditrcs can be adopted: 

(F 

( i i )  

Polymcrization of suitablc low molecular isothiocyanutes. prcsctving 
21 certain number of free NCS groups. The reaction can be pcrforined ;IS 

hotiiopolyiiiet~iz~ition or copolymeri~atioii which permits a greater 
variation i n  physical and physicocheniical propertics cf the resultant 
prod itct . 
Formation of thc NCS group on the existing polymer. e.g. wi th  
bifunctional agcn t s or by di rcc t mod i fica t i on of ii cc r t iI i t i  gro it p t o N CS 
grottp with methods used in  thc prep:iration of oilier isothiocyaiiatc. 
I n  this case the most freqticnt problcni is thc preparation of a 
polyamine of adequate physicochemicnl properties. 

A s u rve y of t h c i n  o s t k t 1 ow t i I 11 ;ic lo I i i  o I ec ti 1 ;i r p o I y i so t li i oc y a ti ii t cs. 
method of their preparation and application are presentcd in  Table 4. 

Polyisotliiocyanatcs are regarded a s  supports for iiiiiiiobilizatioii of 
enzyiiicsvia the reaction of NCO groiips\vitl-+VH, groups ofprotcins giving 
risc tocorrcspondi ngdisubstit ittcd i i r c i ~ s ~ ~ ~ ~ ~ ~ ~ ' ~ ~ ' ~ ~ ~ ~ ~ ~  . However.diieto the 
11 11 ii 1 ogy be t ween the react ivi t y of I ow in olec ti I ;i r isoc y a  ti ;i t cs ii nd 
isotliiocyntiates i t  may be expected t h a t  polymcric poIyisocy;iii;ites \vill be 
less stable i n  ii water mcdiuni t h a n  macroiiiolcciilal. polyisotliiocynnates 
because of thc f:lstcr addition of OH - ions. 

IV. SYNTHETIC PRODUCERS OF ISOTHIOCYANATES 

So tile sy ii t het ic prcc t i  rso 1's y icld isot li iocya n i l  tcs spo ti t ;i tie0 iisl y ;it 

laboratory tcmpcratui-es i n  aqucoiis solution or in  ;I sollition of organic 
solveiits. Thiis they reseniblc in  bcliiivioltr aglucones \\.Iiicli arc  formcd by 
enzymic hydrolysis of slucositiolatcs ndiich tiiliy be dcconiposed also to 
isotiiiocyanate. On the basis of this analogy ivit l i  natural substaiiccs 
Marti;.3Hh introduced i n  I962 for s)qttlirtic compounds \\,liich. by 
s po n t ii tie o 11 s deco i i i  p o si t i o 11 give i so t h i oc/a t i  ii t c. t lie G c r iii ;i n t c r m 
'synthctiSchc Senfijlbildncr' which appcarcd i n  tlic Eiiglisli literature ;IS 
-synthetic producers of isotliiocv~itiatcs'. or 'miist:ird oil forniers'-38'. I n  t l ic  
original work of salts of N-moiinsubstittitcd ditliiocarbiitiiic 
acids. 0-cstct-s of A/-tiiotiol;iibstitiitcd thiocarbiimic acids and 3.5- 
disubstitiitcd :etraliydro- I .3.5-tliiadi;izin~-~-tlii~~tics. \\.cre*cotisidered ;is 
synthetic producers of isothiocy:in:itcs. 'Thousli thcse stibst;iiiccs h i d  bceii 
known since the sccond Iialfof tlic last ccntiiry. intcrcst i n  tlic'tii \\';is revivcd 
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i i o l  only by piircly scientific eiidciivours but also by expericncc of tlicir 
antibactcrial. antiftingiil. antialgal and antiworm effccc and by thc iiccd for 
ncw soil fungicidcs and soil stcrilants a s  \ i ~ l l  :is by thc shortage of suitable 
antibiotics having ii low toxicity and  a widc antimici-obial. or antifungal 
spcct I‘LI111. 

Synthctic producers of isothiocyunatcs iirc compounds wliicli contain in 
[lie molcculc the grouping nitrofcn-carbon-sulpliiir from \vhich an 
-N =C=S groupinp may bc formed by hydrolysis. This requirement can be 
met almost universally by the grouping of bonds givcn by the gencral 
formiila 164. i.c. thionc bound sulphur and acidic hydrogen bound to 

R’ -NH- c, 
‘X-R2 

(164) 

nitrogcn. or structurcs derivcd froiii tlic liiieai’structurc 164 by forming a 5-  
and/or 6-member. 3-substitiitcd. I-tliionc licterocyclic moiety (165 166). 

According to thcse criteria thc following groups of compounds arc 
involved : N-mon osu bst i t 11 ted iii 01101 11 ioca rbn m ic acid s a  1 t s ( 167). N- 
monosubstit iited monotliiocal-b~imic acid estcrs (168). N-monosubstitilted 
dithiocarbamic acid salts (169). !V-iiionosubstittitcd dithiocarbainic acid 
esters (170). iV-monosubstittitcd (171) and :~./V’-disubsritirtc~ tliiourcas 
(172). N-substitutcd thioumides (173). 3-oi.3.5-substituted rhodaniiies (174). 
3-, or 3.5-substituted thioliydaiitoins ( 175). 3.5-disubstitured tctraliydro- 
I .3.5-tliiadio~ine-~-tliiones (176). 

R’ -NH - co -s  - M+ 

(167) 

RI-NH - cs - s  - M + 

(169) 

CH, 
s=c /x \  

I I 
R-N, ,N-R 

R’- NH - cs - s - R* 

(170) 

RI- NH - cs - N H - R ~  

(172) 



a 

32. TIIT chcinistry or the -NCS group 

R'-NH-CS-CH2-R2 

(173) 

R '  -N- cs 

(175) 

R'-N- 
I  

S=C I /s'7H2 

'CH 
RI-N. / N - R ~  

i Oh9 

. 

Wc S I I U I I  now deal w i t h  tlic current sitiii\tion regarding [lie decomposition 
of syri t l ic t  ic prod ucei's of isot 11 iocyiinatcs under defined cc,ndit ions. 
particularly in aqiicoiis solutions of ;I defined pH \vitli ;I view to ;I possible 
ionizution ~qiiilibriiim iiiid apparent (k,,,,,)as\vcll ;is t l ic  real ratcconstaiit ( I ; )  
of dccomposition. I n  all tlicsc compounds t l ic  rate <)f decomposition 
primarily depends on. besides the actual stability of the molecule. ilic 
cq u i  I i bri 11 111 of ion izu t ion t :I k i ng pliicc o 11 t lie 11 i t  rogcn ;\lid I h ionc- bound 
sulpliur. Tlicse deterininc not only the v:ilucs X,,,,, but also tlic type of 
dccoiiipositioii. t h a t  is the pH of tlic reaction iiiixt tire dctermincs also tlic 
terminal products of decomposition i n  t lie rc:iction misturc. 

Tlic strictly chemical orientation of this monograph and of the \vliolc 
series Tlic C'lic~riii.srr.\. (!I. Firricrioritrl Groiips docs not ptriiiit ;I \\fidcr 
discussion about the  antimicrobial cllccts of rlicsc coinpouiids. their 
; i n  t imicro biiil spect ruin. cy to to sicit y and t ox icily i ii cs pcrinicn tal ; i n  iiiials. 
Tlicr-eforc. for individual structur:il grouIx ;it least. ~ .c l i . r~p-cs  to papers 
concerned \\,it11 this probleni ;ip givcii. Gcncr:illy i t  should l x  noted for t l ic  
ivliolc of this g o u p  of compounds t l i i l t  thc mccliaiiisrii of their. biologic;il 
elYcct need not be ~111iror111 under all circiinistaiiccs. Apart froni the 
conipoiinds with tlic already iiientioiicd groiipiiig of bondiiigs (164) a i i d  

their- cycliziition pi~odiicts. \vlicrc tlic foriiiatioii of ;I bi'nlogically etlcctivc 
isothiocyanarc i i i  t he  cu1tiv;itioii iiicdium or after pciictration of t l i c  
con1 po 11 iid i 11 to t lie cell is ;is ti nicd. I I1 c c o r i u  pond i iig N -dis ti bst i t  11 t cd 
aiialogiics. ;IS Ji-disubstit iitcd dit hioc:irbamatcs ( 177) ;ire cq tially character- 
ized by a higli anti iiiicixi bial r l lcc t  . 
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N -d isu bst i t t i  t cd d i t h i oca rba m i  t cs. ;I nd cs t crs of .N-moiiosu bst i t  tit  ed and 
N-distibstituicd dithioc:ii.bamic acids. iire alsc characterized by a high 
antiniicr-obi:il clTcc~"s" 3')' . The questioii \\.liether in N-monostibstittited 
de r i v i\ I i ves i t is ;I 11 i s c) I h i oc y ;i i i  a t c' o I' ' 11 0 n -i sot h i oc y ;t 11 ill c' 1 n cc h ii  11 i sin of 
biological eRcct can iisually bc decided by coinparing [lie relutivc biological 
c llcc t o f en r iw po ii d i 11 g /V - m n I i o - ;i 11 d A' -d is I I bs t i t u t ed d e r i v ii 1 i ves. t he i r 
:intitiiiciubiiil spccti.u ;iiid by a inore detailcd biochciiiicul study. 

A. N - Monosubstituted Dithiocarbamates 

1sotliiocy:inutcs ;ire fornicd only froni tlic R'-substiriitcd dci-iv;itives (179) 
of threc possible ditliiocarbaiiiic acids (178-180). 



21.  T h e  chcmis:ry of thc -NCS group 1071 
k 

R-NCS + NaHS dd R-NHCSS-Na+ (114) 
k -  1 

k l  
R-NH, + CS2 . k - ,  R -NHCSSH (1 15) 

Thc dissociation constants of dithiocarbamatcs had already bcen 
studied 1957"'h and at present several laboratories work on this problem. 
ZahradnikJg7 on the basis of a polarographic study of the rate ot' 
decomposition of thc series N-mono-and N-dialkylditliiocarb~itii~tcs has  
determined t h a t  thc iipparcnt rate constants of the decomposition of N -  
monosubstituted ditliiocarbamutcs in acid medium follow thc shape of 
dissociation curve corresponding to the transfer of a single proton. Thc 
asccrtaincd points of intlexion of the,citnctions k,,b, = / '(pH). corresponding 
to the pK,, valucs oTN-alkyl a n d  N-dinlkyl ditliioc~trb~ini~ites. \verc found to 
lie in  the P K , ~  rangc from 2 to 4. On the basis of his obscsiation t ha t  
ditliiocarbumatcs are  stublc in alkaline solution and on the assumption t h a t  
ii furthct- ionization stage is to be cxpectcd i n  iiti 'acidic mediuin. 
Z a I i r a d ~ i i k ~ ~ ~  proposed thc sclicmc slio\vn i n  cquation ( 1  16) for thc 
description of ionization cqtrilibria. He found out that structure 182 \vas the 
dccomposing lorm in  an acid mediitin. but from direct experimental data i t  
M'HS not possible to &:ide whether i t  \vas structure 182a or 182b. In iiii 

a1 kali tie m:di um hi-dial k yld i t h ioca rba tiia t r3s ii re very s t ;I ble '. 

0 1 1  the b a s i s d  tile changes i i i  ultraviolet absorption spectra atid the 
kinetic mcasitrements of t l i c  decomposition of ;I series of N -  
nio nos i t  bs t i t  i i  ted di tliiocarbii mates. Taka mi 11 tid co\\.orkers2'" Iiiitdc 11 

furtlicr dctailed study of ionization equilibria. From the cliatipc in t\vo 
k nowti uI t raviolcr i i  bsorption butids of \\xtcr-sol itblc dit hiocarb:i mates I\ t 

150 and 290 nm. tlicy ascertained thc ionization eqitilibrium over a \vide 
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concentration range ofulkalinc hydroxide (0.001 - 15 M) and detcrinincd thc 
pK, values'"'". The Bronsted plot of pK;,, versus ph',, of the corresponding 
starting aminc showcd a lincar relntioiiship according to equation ( 1  17). 

ph';ll = 0.49. PK.,  + 11.41 ( Y  = 0.994) (117) 

I t  is the ionization stagc which \\'as alrcady assumcd by Wronski"' on the 
busis of kinetic iiieasurcmcnts of the decomposition of N-cthyl 
dithiocurb:iiiiic and A'-phenyl dithiocarbamic acids in  alkaline solutions 

According to Jorris and co\vorkcrs"'\- the following steps conic into 
consideration in  thc x i d  decoiiiposition of ditliiocarbamates (equation 

(0 .4  3 - 0  K-NilOH). 

I IS): 

( i )  
( i i )  

( i i i )  

(iv) 

Protonalion of one of thc sulphur atonis of the anion (184). 
Forniatioii of i i i i  inrramolccular hydrogen bond betwccn this sulphur 
atom and the nitrogen atom in  185. 
Cleiivage of the N -C bond aided by repulsion bctwcen thc fractional 
positive charges i n  the acid molccule. 
Proronarion of the rclcascd aminc. 

l-.roiii thc kinctic iiic;istirciiients of tlic rate of drconipositioii of N-ulkyl 
sii bs t i I t i t  cd d i t h ioca rba ni;i t cs [ c t h !I-. benzy I-.  (4-an1 i no-?-me t hyl-5- 
py ri 111 idi n yl )-met h y I -  J ;it  d i flcrcii t p I4 va I ties i 11 n ~ e a  k l y acidic sol t i t  ions. 
Ta k ;i i i i  i :i 11 d c o \vo r k c rs ' '' ''.' '' calculated the ~ h ' , ~  wiliics of thc acid base 
cq  ti i I i bri t i  i i i .  

A s  in tlic previous ciisc. t1ici.c' also exists the Broiistcd plot of pKil against 
ph', of thc coriupoiiding amiiic w i t h  equal slope ;is i t  is i n  thc ciisc ofstrong 
alkaline i?qtiilibi-ia (equation I 19). 

ph'il = 0.53. pK., - 2.60 (1  19) 
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For thc rate of iicid deconiposition tlic following relationship \vcls 
dctcrtiiincd (cquation 120): 

I O S ~  = -0.37. p K ,  + 3.30 (1 20) 

Howevcr. in  strongly acidic solutions (as in coticcntrated sulpliuric acid) 
with the Hatiimett's acidity function H o  ranging from - 3 to - 5. thc 
obscrved values of tlic pseudo first-order r:itc constants ofdccoriiposition of 
N-substituted ditliiocaroainic acids dccreasc again. 

Thefiict t h a t  ;I plot oflog ko,,,versusthe Hammctt'sacidity function H,fits 
i n  with i i  dissociation citrve indicates tlic cxistencc of :I fitrthcr ionization 
equilibrium in 11 strongly acidic medium. the dissociation constant of which 
is K I .  The r;itc constants of the dccotiiposition in :I strongly acidic iiiedium 
:ire i n  good agrectiicnt \vitlqtlic ratecotistatits detcrmincd for the reaction in  
a \\:cakly acidic solution. I-leticc the authors c;ttiic to the conclusion tli i l t  thc 
decomposing form w:is 187 and not 186. Thesc cquilibria are cxprcsscd by 
equation( I11)~indgrapliic~illy represcntcd by t l ies i immarygr~ipl i (Fi~urc 1). 

R -  

l k  
-NH2 +'CS, 

S -  
/ 

R-N=C 

'S - 

With thc dccomposirioti of ditliiocarbamatcs. bcsides u ~ l l  dcfincd 
acid -b:isc rclntionships givcii by the clcctronic efTccts. other fiictors such ;IS 

[lie steric influcnces of sitbstitiietits and the dielectric constant of the 
mcdium. also manifest tlietnsclvcs to ;I large estcnt. With the volume of thc 
substituctit the rate constant k of decomposition incrcases in tlic following 
order4 niethyl < dimethyl < di-ii-butyl < dt-ii-pi-opyl < diethy1 < di- 
isopropylsoJ.so': fordisubstitutcd cyclicderivatives i t  increases in theorder: 
pgrrolidine < liesametliylctieimine < piperidinc'"". The size of the 
siibstitucnts determines [lie cstent to \vhicli soivation redltccs tlic fr:iclionul 
positivc chargcs i n  the acid moleculc (see equation I IS). 

0 .  
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FIWRE I .  Rronstcd plot o f p K  valucsofN-substituted dithiocarbaniicacids(A. B. E). 
their esters (C). and N-substituted monotliiocarbaniic acid 0-esters (D)  vs ph',, values 
of corresponding ainines R N  1-1' 

(A)pKl (25  "C)valucs forcquation( 121). I .  R = (4-amino-2-mctliyl-5-pyrimidinyl) 
incthyl: 2. fi = inethyl: 3. R = ethyl (according to Takami and c~workcrs. '"~).  

(B )  p K , ,  (25 " C )  viilucs for cqiiatioii ( I  21) .  1 : R = (4-amitlo-2-methyl-5- 
pyriniidinyl) methyl: 3. R = bcnzyl: 3. R = nic.tliyl: 4. f< = ethyl (according to 
I-a k a ni i ;in d cow0 r kc rs.' " ). 

( C )  pK,  (25°C) vaiiics for cqiiation (133). I .  R '  = 4-broniophenyl. R' = p- 
hydrosycthyl: 2. R '  = phcnyl. R' = I3-Iiydrosyc.tliyl: 3. K' = bcnzyl. R 2  = I-1- 
Iiydrosycthyl: 4. K' = benzyl. R' = jr-propyl: 5. R '  = benryl. R' = carbosy- 
mcthyl (according to Drobnicn and coworkcrs"'): 6. R '  = methyl. R' = inethyl 
eLcoi-ding to Tnkami and coworkcrs'""). 

( D ) p K , ( ~ ~ " C ) v a I ~ r e s f o r c r ~ t ~ ~ r t i o ~ i (  134). I .  K' = 4-broriioplicriyl: 2. R '  = pticnyl: 
3. R '  = 4-ethnxyphc:iyl:4. R '  = benzyl: 5. R '  = ri-butyl. R' = ethyl (according to 
Augustin xiid Drobiiic:i."J'). 

( E )  pKlll (25°C)  values for equation (121) .  I .  R = pl;cnyl: 2. R = (4-;imino-2- 
mct l iyI - j -pyi~ imidi i iy l )n ic t l iy l :  3. R = bcn/yl (;iccordiiig to Takami  and 

1. c o w o r k c r s . ~ ' ) Y .  -100 

a 

With dccrc:isiiigvaliic ofthe dirlectricconstant in thcwatcr--:icid systcms. 
by the addition of iiiclliaiiol for insrancc. thc stability of the dithiocai-bamate 
inolecirle diministics bccausc of ;i clccrense in  the dipolar cliaracter and thc 
rcduced ability of thc solvcnt t o  reduce the repulsive forccs bctwren the like 
cliargcs in ;I iiiolcciile of ditliioc~iI.b~imate~"". 
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1. Decomposition of N-monosubstituted dithiocarbamates 
leading to  t h e  formation of isothiocyanates 

Takami and C O \ \ ~ O ~ ~ C I ~ S - " ' ~  studied tlic decotiiposition of tlic methyl and 
plicnyl N-substitittcd ditliiocarbam~ires over :I \vide pH range from ;I \vcakly 
acid region ( p H  4.5-6.5) to alknliiic aiid tip to t l ic  rcgion of alkalinities of 
I5 hi-KOI-l  ;it tctnpcraturcs tip toSO"C:is\\:cll ~istliedccompo~itionofcrli~1. 
propyl atid bcnzyl derivatives in  0.1 s - N a O H .  His  results csprcsscd ;is plots 
ofthc Iogarithrii oftlicobserved lit-st-order r;itcconstants log I;,,,,,. vcrsiis p1-l 
o r  //,, shoh. that the rate decreases nith pH. beconling independent of pH 
in the iiiiddle pH region 9-14 for \lie phenyl derivative atid in the range pl-1 S 
to /-/,! I7 for the methyl derivative. I n  m o i ~  basic solutions ;I decrease in thc 
v;ilucs &k,,,,, hiis bccn observed in both cases. Decomposition. t h c t d O i c  
proceeds according to cqit;itioii ( 122). 

R-NCS + SH- 

'51'0 11 p. 

I n  mild acid. neutral orwc~ikl~~i i lk; i l inc ti1edia.a reaction pi\iinr~ltiiiiie~iiid 
isuthiocyaiiatc ;is \yell ;is the corrcspotiditig rcvcrse rciictiori leading to 
rrsvtithcsis c;iti. t1icrcfo1-c. coii ic into force. I ti this c;isc o\~cr;ill rate of 
decomposition by both tlic iiiec1i;inisms tiientioiicd. caii bc esprcsscd by 

, cqiiation ( I 23V')'. 



1076 e. Drobnica, P. Krisrian and J. Augustin 

[H'I  
a k - 1  + --- - [ H + l  

q K,- 
- [ [ H + I 2  + [H']  + K , ,  K, , ,  + [H ' 3  -A!  

DTC = Ditliiocarb~itii~ite 

I t  is known tha t  dithiocarbatiiates elin undergo osidation in the presence 
of ii mild oxidant. such iis FeCIJJo9 or during weration."O. Oxidalion by air 
\\'as observed i n  ;I strongly acid ~ i i c d i u i n ~ ~ ~ . - ' l  I and in  ii wcakly acid region 
(pI-1 4-6), :is wcll as i n  a wcakly alkalitle region'". At the  same time i t  was 
observcd that a t  pH 9.5 thc rate of decotiiposttion of N-methyl 
ditliioc~irbamate \\'as dcpendctit on oxygen content of thc solution "'. 

N-Methyl and N-ethyl ditliioclli.bam~irc werc rapidly oxidizcd in 
10 "(, H 2S0,  in prcscncc of air atid forincd the corresponding N.N'-dialkgl 
t h i  it r a  mdisul pliides ( 1 88)-'03. In sit l'ficientl y deacrated saiiiples t hc 
dccomposition in ;in acid solution a1Tords amiiic iind carbon disulphide 
cxcl usively. 

2 R-NH-cS-SH O' R-NH-CS-S-S-SC-NH-R (124) 

(188) 

N. A'- Di s it bs t i t  it t ed t Ii i ti r;i in d i s 11 I pli i dcs a risi 11 g i ti a ti ii I k ;I 1 i tic tned i ti ni 
(equation 124) decompose to thc corresponding isolliiocyanatcs. According 
to Reference 41 2. on decomposition of N-substituted ditliiocorbnmatcs i n  
the presence of air. i t  is nccessary 10 iidd tlic ratc of osidotivc decompositioii 
(eqitatioii 125) to the riite ofthc base-catalysed decomposition.Tliis reaction 
is assumed to procecd iiccording to cquiition ( 1  36). 

2 2 R - N H - C .  
\ 

S 

C-NH-R + 2 e -  (126) 
L HS s\ 

/ 
R - N H - C  

s - s  \ 

2 R - N C S  + H2O + 2 S 
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Thorn and Ludwig"' hiivc. however, shown that  oxidation of N -  
rnonosubstituted dithiocarbamates can lead to the fonnation of further 
prod tic t s. 0 n t h e  ac rii t ion of d i sodi u in et h y I cnc bi sd i t ti i ocii r bani a t e t hey 
revealed thc formation of  ethylenctliiiiranionosulphidc (189), the 
corrcsponding polyrneric analogue. and elemental sulphur. 

y 2 - y - b  
NH NH 

I I 

(189) 

N-Monosubstituted dit hiocarbamates can form complexes with heavy 
nictals :it high pH. These coinplcxes subscquently decompose to metal 
sulphidc and isothiocgaiiatc4" (equation 137). 

(R'NHCSS)zM + M 2  + 2 0 H -  - 2 R '  -NCSSM + 2 H20 

e 
2R' -NCS + 2 M S  

1 
2. Consecutive reactions in the decomposition 
of d it h ioca rbamates 

During the basc-catalysed decomposition of N-substituted dithiocar- 
baniates in  a \vc:ikly alkaline water solution. i.c. in  the region of the 
formation of  isothiocyanates. soinc reactions can appear which ciiusc the 
tiiasiiiiiitii yield of isothiocganatc to be less than stoicliiometric. The reasons 
niay be: 

( i )  
( i i )  

4 

The rcaction is in  qiiilibrium: 
The isotliiocyiinate arising continues to react further w i t h  OH - ions 
(sec Section V1) and is transforincd into monothioc~irbamate \\:hich i i i  

;I weakly alkaliiic medium givcs amine iilid carboiiyl sulphidc: thc 
latter decomposcs into carbon dioside and hydrogcn sulphidc: 
Thc aminc formed ;is above or in  a partial acid decomposition of 
di t I1 iocarbamat e. c;iii fu r t  her prod lice N.N'-disu bsr i t ti t cd t 11 iouren. 

( i i i )  

Thc entire schciiic is cspresscd by equation (138). Depending on the pH 
v; i l t~ t :  and the c!iaractcr of the  substit ucnt K \vliicIi dctermincs thc ph' value 
and reactivity. the individual reaction \ \ l i t 1  take placc i n  various stages. 
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As a consequence of the above mentioned wide variety in possible 
reactions ofdithiocarbainates aiid consecutive reactions in water system. tlie 
mechanism of their antimicrobial activity has not yet been clearly 
determined. I t  is ascribed to three possible reaction mechanisms: 

( i )  
( i i )  

( i i i)  

The formation of a biologically effective isothiocyanate. 
The influencing of the rcdox potential of the cell and the forination of 
mi xed d i s u I p h ides. 
The chelate effects causing the bonding gf bivalent ions. essential for 
tlie catalytic function of enzymes. 

C6H5NHC /' D K - -  -0 25  C6H5NHC " + H +  

S- 
\ 

'SH ' 

€3. N - Monosubstituted Monothiocarbamates 

These compounds (190) arefo3ned by a rcaction of isotliiocyanatcs with 
OH-  ions (equation 119). The rciiction is irrevcrsiblc. 

R-NCS + OH- - R - N H - C O - S -  (129) 

(190) 

By thc &:ompositioii of 190 i n  ; in acid. n e u t i ~ l  and ~ ~ i k l y  alk ;1 I '  I l lc '  

mcdium. :imine ;~ndz ,~ rbo i iy l  sulpliide arc formed. aiid the latter further 
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decomposes to carbon disulpliidc and hydrogen sulghide. In strongly 
J I k ;i 1 i 11 e sol ti t  i 0 n s ti1 0 11 0 t I1 i oca I- ha in ii t es :I re s t 11 ble. Th c r;1 t c of  
decomposition of 5 x lo- '  M solutions of 190(wherc R = phenyl, alkyl or 
aralkyl) in 0.1 N - N ~ O H  i i t  25°C wiis ICSS t h a n  1 '!(,after 24 l i o u r ~ ~ ' ~ . ~ ~ ~  . A t  
Iiiglici. tclnpc:xtiiies decomposition takes place cvcn in an alkaline medium. 
The half-lifc of  the dccomposition of N-phenyl monotliiocarb~itii~itc in  2 N- 
N a O H  a t  60°C is approx. 40minJ"'.  

Unlike in ditliiocarbaniate. wherc both the atoms of sulphur are 
cq uivalent. in monotiiiocarbamates there exists equilibrium of forms 191 
atid 192. which isallnost entirely shifted to the side ofthc striictiirc 191 owing 

to thc uiircndincss of' l hc  siiIp!iur atoms to form double bonds. The 
forniatioii o f  isothiocyanntcs. ciiii howevcr. be expected only for the 
structiire with thionc sulphur. On account of rhe  considerable stability of 
monotliiocnrb~imates rhs rcsultine isolhiocyanatc could react with OH - 
ions and convcrt back to rnonothiocarbaniate. Thc formation of isothio- 
cyanalc has not. however. becn proved wen in an alkaline medium 
containing ii surplus of thiol compounds functioning ;is trapping ascnis 
for i so t h iocy a na t e formed 

Spcctropl iotonietr ic  s tudy  of th:: r a t c  of dccoiiiposition of 
monotliioc~irbnrnatcs i n  thc p H  region 6.0-7.6. \\;here R = substituted 
phcnyls. has deinonstrutcd t h a t  a iiiolcculc \\*hich has rcccived a proton is 
sub-jectcd to dccomposit ionJ ' 5 . 3 2  ' . On account of the high ratc of 
dccomposi t ion i t  \Y:IS no t  possi blc dircctly to iiic;isiire the val tics ofk,,,, i n  the 
pH region wherc they \\:auld not depend 011 pH. atid \vould therefore 
represent the rate constaiits of dccomposition of tlic protonatcd form. 
dcpciident only on the nature of the substitwiit R.  For the series of 4- 
plien~lsiibstitiitcd tiionotliioc~it~batii~ircs. i t  \\';is foutid t h a t  the values of 
log k,, , , , /H ' . which \vcrc n iiiiieric;illy ccl ual to t he ratio k / K , .  atid thc values of 
tlie con-csponding aiiiinc R N  H ,  follo\\d tlic linear Bronstcdt's plot 
(equation 130). 

'. 

(1 30) 

0 1 1  tlic hiisis of thcsc facts i t  is possible to propose ;I rcaction p:ith\v:iy for 
thc decomposition of monotliiocai.b~imatcs in  ; i n  x i d .  ncutrxl. or \i,eakly 
iilk:iliiic rncdiuni (cclii;ition 131). I 
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S -  H - - - S  
+ i i +  A R-NH-c (131 1 k ,  *' / / 

RNHC 

\O \O 6 

e 
H20 R--NH,+ COS C 0 2  + H I S  

I[* 
C. Estgrs of N-Monosubstituted Dithiocarbamic Acids 

I 
Bcsides othcr ways of prcpiiration. the csters of N-monosubstitiitcd 

dithiocarbamic acids. or dithiourcthancs (193). may be fornied by thc 
reaction of isothiocyanatcs \\,it11 thiols. Under favourable conditions they 
can be split again into isothiocyanntc (equation 132). 

* 
(1 32) 

2 R' -NCS + HS-R2 R'-NH-C 

S- R 2  
\ 

(1 93) 

Thc decoiiiposition of 193 in orgatiic solvents was sttidicd by Garra\v:iy"6. 
For coin pounds of the type X -C(,H,N H C S  - S - ( C H , ) , C O O H  the rate of 
decomposition in absolute mcthniiol at 26 "C decreased with increasinp 
b s k i t y  oftli::cot-respotidiii_caminc R'N H ?  according to tliccliar~icter-oftlic 
substituent X ( 4 - N 0 2  > 2.4-diCI > 4-CI > H). the iV-mctliyldcrivativc \\':IS 

stable i n  solution. Froiii this fact the author concluded t h a t  thc instability 
\vas caused by tlir labile iiiitttre of the hydrogen attached to tlic nitrosen 
it tom. 

I t  wiis kno\vii carlicr t h a t  esters of monostibstitutcd dithiocarbaniic acids 
decomposcd it? : in  :ilk:iline mcdium and tha t  tlicir stability dcpends on the 
character of tlic substittietits R '  and R' ' I 7 .  Thc kiiowledgc of the 
qitantitutivc relationships coiiccimitig the dccomposition of thcse 
compounds \\'iis obtaincd by thc study ofbystcms \\,it11 dcfned plH \ ~ a l i i e ~ ~ " .  
I ti the series ofcompounds 193 \\*Iicrc R i  ati&Y' reprcsentcd beiiryl. propyl; 
benryl. benzyl: brnzyl. plicnyl: 4-metlios~plicnyl. propyl: plicnyl. propyl: 4- 
br-omoplicnyl. propyl! and, plienyl. !xnz>l i t  \\':IS revealed by tiicaiis of 

* 
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ultraviolet spectra that thc dcconiposition gave the corresponding 
isothiocyanatcR' -NCS.Thevalucsofthe ratcconstantsofdecomposition. 
kc,h.;, increascd with alkalinity of thc mcdiuin. 1.e. the dependence showed i n  
all C ~ S C S  thc form of dissociation curvc depending on pH \vhich confirmed 
that the reaction ~ v a s  preceded by the relcrise ofonc proton. Because ofa high 
rate of decomposition i r  was n d t  possible to find out cither the point of 
inflexion or the value of k,, , , ,  even in il singlc case. However in a reaction 
mixture of isothiocyanate containing at lcast 100-fold cxcess of thiol, the 
cquilibriurn of the reaction (132) is shifted to the side of the formation of the 
addition product 193. even in an alkaline pH region, and pK, values can be 
determined spcctropliotometrically~'*. The observed pKI valucs arc shown 
in Figure 1 .  For details see Scction V. 

Alkyl esters of N-alkyl substitutcd dithiocarbamates (193). which are 
stable in ncutral solutions and show the highest stability even i n  alkaline 
solution. was considered as  another mechunism for the formation of 
1sothiocyanates.Takami andcoworkers"9 found that tlicvalucofk,,,,oftlie 
dccomposition of niethylestcr of N-inctliyldithiocarbaiilic acid in an 
alkaline medium dccreascd wi th  increasing conccntration of N a O H  in  thc 
rangc from 0-01 lo 1.0 N-NLIOH. For this reason they consider the 
niechanism shown by equation ( 133) to be h i sh ly  probable. 

CH3NCS + -S-CH3 + H 2 0  

l h c  experimental v:ilues K I = 10- ' and thc second-order ratc constant at 
25 "C k = I .21 x 10- I lnol - I min - ' \verc dctermincd spectrophoto- 
mctrically. 

0. Esters of N- Monosubstituted Monothiocarbamic Acids 

Monotliiocai.b~im~ttcs m a y  yicld both thione (194) and thiol esters (195). 

SR2 
/ 

R~-NH--C 2 
\ \O 

R'-NH-C 
0 R2 

(1 9 4) (195) 
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Thionurctliancs or tliiocarbntnatcs (194) arc fornicd. i n  addition to other 
ways. by tlic 1-caction of isotliiocyanates wi th  alcohols o r  ;ilkoxide' ion (SCC 

Section V )  : i d  according to tlic n u t  iire oft lic su bsti t iicn t s  R I and K they ;ire 
either stable sit bstiinccs or su bstaiiccs t h a t  readily undcrgo ;I rcverse 
reaction and yicld isotliiocyanatc ?:id tliiol. N-Alkyl-O-;tlkyl derivativcs 
form stable, well defined. Ag salts from which i t  is possible to displace free 
thiourcthane with liydrogcn sulpliidea'". Tlic silver wits of N-uryl-O-~il~yl 
tliiouretliancs iire irnstablc. At rooni tcnipcr;itt1rc aiid i n  tlie prcsencc of  
water they rapidly decompose into isot1iiocy:in;ite and phenol4' I .  0-Alkyl 
esters are rclativcly stablc substances. 0-Plicnyl cstcrs dissolvcd in  organic 
solvents decompose to isotliiocyanate and phenol evcn :it room 
tetnperat tire. Thc rate of dccomposition incrrxcs witti the dielectric 
constant of tlic solvent used'"'. I t  \vas established that tlic rate of dc- 
composition in  SO'?:', methanol depcnds on tlic substittictit K I and increascs 
in thc order: i-propyl < cyclohesyl < phcnylethyl < phcnyl < 4- 
chlorophcnyl < 4-nitrophenyl'"'. Analogously with thc csters of dithio- 
carbiitnic acids. the estcrs of monothiocarbamic acids also undergo 
acid-base equilibria in water solutions. A direct spectrophotoinctric 
dctcrinination of K ,  (cquiition 134) is possiblc only for A'-alkyl. or K -  
ii r y I -0-a I k y 1 t h i ou ret h a n es ( 1 94) which a re st able in a I k a I i ne solutions. 
The ph', values of acid--base eqirilibriiiin f u l l i l  tlie Bronstrd equation 11s is 
obvious in Figure 1 (curve D). 

N-AI k y l  and  N-:iryl-O-aryl t tiio ttrctha tics ( 194) ti ndcrgo rapid 
dccoinposition in  ncutral a;id weak alkaline nicdia and give alkyl or a r y l  
isotliiocyanates and phcnol. Tlic logarithmic v:ilues of tlic observed 
dccomposition rate constiints. k,,,,.. i n c r k r  linearly \\:it11 the pH valuc of 
solution. which indicates that tlic dcprotonated molecule decomposes 
(equation 134). On xcoun t  of tlie high rate of decomposition. Iiowevcr. thc 
valucs k,,,,, have not been measured yct in Illat pH region \\&:re all niolcciilcs 
arc in  :inion form. 

According to tlic prcscnt state of kno\\.lcdge. i t  c;in be assuiiicd t h a t  ;I 

splitting of 196 into isor1iiocy:iiiatc for siibst;inccs where R' represents ;I 

good leaving group. such ;is plienyl i n  i:cutraI iind alkaline solutions. \ \ > i l l  go 
via E lcU c1imin;ition of phenol from anion 196. wliilc tlic apparent ratc of 
deconi posi t ion k,,l,, \ \ , i l  I be dctcrm i ncd by I lie preceding ioniLat ion 
equilibrium \\,it11 constant K l  atid the sl:ibili!y of a n i o n .  

I n  sitbst;iticcs I94 \\,lierc I < ?  rcprescnts ;I poor 1c:iviiig group such ;is i i lkvl .  

anion 196 is higtw.;t:ible even in alkaline solutions. T h s  anion rornis \\,ell- 
defined salts w i t h  silver ions. from Ivhich free thiouretl1:iiic can be displaccd 
\v i t l i  hydrogcn sirlphide"". Coinpouiids I94 \\,liere R' is phcnyl also f?i,.in 
sulrs wi th  silvcr ions. bur thcsc drconiposc spont~incously to isotliio- 
cF:in:ite4' I .  

1) 
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f $ 1 -  

R’-N=C ’- + H +  
K ,  R’ - NH - C 

‘0-R2 Q0.- R Z  

RI-NCS + - o - R ~  

H O - R ~  

I n  weakly acidic solutions \vIicre k0,,< is not a function ofconcentration of 
hydrogen ions. or in polar organic solvcnts. i t  is necessary to iissuiiic that 
dccomposition procccds via solvolysis according to the follovcing 
mechanism (equation I35)which M’iiS also assumed for thcdccomposition of 
carbamate esters” ’. 

R’ -NCS + H0-R’  + H2O 

This is coiifirined by the fact t h a t  tlic analogous cstcrs of dithiocarbamic 
acids(l93)ai.cniucli niorcstable i n  ~iqiieotissoltitionsiftlicyar-e prcsent i n  ;I 

non-ionized form ;is \Yell i\S in iion-polar organic solvents. which. i t s  wcll 21s 
for other reasoiis. is due to the inability of sulphur to form h y d r o p i  bonds. 

For substanccs 196 in  strongly acid solutioiis a further iu%ution stage is 
espccted etvolviiis the protonization of iiitrogen. the constant pK bcing in  
thc / l o  region from - 2 to - 6.  

Thionurcthancs having ;I rcactivc functional group on the substittictit R’ 
c:iii. ;is \\.ell ;is splitting ixxctions. undergo intrrmolccular rcactions. For 
inst:incc thionurctliaiie (197) foriiicd by the reaction bt.r\veeii 
bc iizc ncsu I p h on y 1 i so t h ioc y ;I 11 ;it c and r - b ti  t ;I 11 ol i 111 mcd i ;I t cl y dccom poses 
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and givcs sulphonamidc ( 198). carbonylsulphide and 2-methylpropene 
(equation 136)-"-'. 

I 
f C I ~ H ~ S O ~ N H ,  + COS (136) 

(1 38) 
-s 

Thionurcthanc (199) formed by thc reaction bctwccn benzc$-sulphonyl 
isothiocyanate and 2-chloroethanol can undergo ;I subsequcnt cyclization 
to yield 200 which in t u r n  yields 201 aftcr hydrolysis'". 

S S 
I1 

I I 
CH 

1 1  H I O  *+ CbH5S02-N- C CcHsSO2- N H - C  -0 
t \  

/O 
,CH2 

CICH, CH? 

(200) 

C G H ~ S O ~ - N - '  co I 

8 
By the dccornposition ofthiolurethanes (195) primary anii@:<'NH, and 

carbonyl sulphide are fortiied. The latter dcconiposes to carbon dioxide and 
hydrogen sulphide i n  :\ti aqucous solution. At the si\mc time. howcver. it  \v;\s 
possiblc to trap the isocyanate R -  NCO in the form of X.iY'-disubstituted 
urea it1 the rcuction tiiixtitr~L's. 

Tliionoc~irbariiatcs (193) can isotncrizc into tliiolc~irbatii~itcs (195) undcg 
cei?:iiii ccnditions. Alkyl esters undergo ;I smooth rcarrangcmcnt wlien 
hcatcd in a non-pol3"r solvent in  the prcscncc of aii acid catalyst such as 
boron fluoride etherate o r  ~~-rolucncsulpliorii~ xid'"". Aryl thionocnr- 
bamatcs undergo a similar rcarrangcmcnt u,licn hcated simply with o r  
\\,ithout solvent i n  the absciicc o f  :in acid cutaly~t'~'. ' '~ . This thermal 
rcurrangemcnt proceeds i n t  ratnolcculorly through ;I four-menibercd cyclic 
t rii t i  si t io ti s t  ii t e' ' ' I  . N-M o tiosu bstitiitcd t hi0 nocnrba ma tes undergo. 
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besides thc rcarrangcnicnt. a dissociation i n  prcsencc of catalysts and thc 
corresponding isotliiocyanates and alcohols are  formedA30. 

E. N-Substituted Thioamides 

N-Substituted thioamidcs (202) can bc formed by the rcaction bctwecn 
isothiocyanate and a Grignard reagentA3' (equation 137). The 
carbon-carbon bond is formcd so t h a t .  i n  general, the substances arc very 
stable, but as thcse substances contain ;I diy,ociable hydrogen on tlie 
nitrogen atoni as do  the esters of monothio- and ditliiocarbamic acids, thcy 
can function ;IS synthetic producers of isotliiocyanates under certain 
conditions. For instance. thioamides derived from plicnyl isothiocyanatc 
and tlie diethyl ester of rnalonic acid (203). can provide phcnyl 
isothiocyanate as well as othcr products during vacuuni distillation. I t  is 
assumed t h a t  this reaction obeys the following reaction niechanisni 
(equation 138)'"': 

I I  
(203) 

lsothiocyanatc and nickcl(i1) sulphidc may also be obtaincd by a fcw hours' 
boiling of Ni chelate of thioamidc- in  mctlianol or bcnzcne. This thermal c is  
elimination is facilitated by formation of a Iiydrogcn bondcd 203 structurc 
shown in 205. 

s\, i.. 0 
x 
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F. 3-Substituted Tetrah ydro-4-0x0-2- thiothiazines 

Substances 206 can be prepared by the cyclization of p-( N-mcthyltliio- 
carbamoylthio) propionic acid carricd out by rclluxing w i t h  phosphorus 
t ricIiInt-idcJ1 ('. 

L. Drobnica. P. Kris t i in  and J .  Augusiin 

3-Aryl-substitittcd deI.iviltives of 206 dccompose rapidly in  absolute 
etliiitiol ;it room tcmpcrat itre to give a ry l  isothiocyanatc. However ;is stated 
by Garni\vay."'. t1isi.e exists I* evidence indicating the formatioti of [&(A/- 
~iryItliioc~irbamo~lrliio) propionic acids (207) 11s intcrtiiediatcs. As ;i matter 
ol'f'rict. tlicsc compounds undergo ;I r;itlicr slo\\, decomposition to yield aryl 
isotliiocyaii~itcs. As for [lie decomposition of N-alkyl-substituted 
derivatives. tlic situation is difTercnt. For inst:ince. [lie 3-iiictliyl dcrivutive 
under\vetit ;I ring fission in absoltitc ctli:inol and. by comparing thc 
it I t raviolet ;i bso I-pl ion spect ra. i t  \\'its fo iind t h i i  t t Iic correspond i tig 
derivative 207 w:is thc final product. I-lo\vcvcr. in aqticoiis alkaline solutions 
the intermediate fornied iiiiist participate i i i  ;in ionization cquilibrium 
I 11 rough thc h ydrogeii atom at t :iclicd to n i t  rogci 1 i i  lid the decomposition will 
go on to form isot1iiocyan:itt' (see Scction 1V.C). 

G. N -Substituted Rhodanines 

Rhodiinines (208) rcpresent ;I \vcll stttdic,d group of substances. tlic 
synthesis. structtirc and propertics of \\,liich ka\,e bcen described i n  original 

pcI.sJ 3 J -JJJ ;I 11 l.c\/ ic,\\,s'4 5 $ 6  . Tlic form;ition of rhodiitiincs ;IS filial 

< 
R'-N-C=S PhCHz-N-C=S 

I I I I 

Ck &: $H 
o=c, s o=c, ,s 

I N = N C ~ H ~ R ~  R ?  
(208) (209) 

products of [lie t'cxtions bct\\,ccn acids is discussed in Scction V1 of this 
cI1;i prcr. 3-S ti bst i r  t i  tcd I-hoda nincs ii re its ital l y rcgardcd ;is sit bst aiices with 
:intimicrobi:il activity iittribtitcd to the formation of isothiocyanatcs. 

-fa 1 it k d ;i r" ' s t lid icd t I1 e p A' v:i I it cs ;I I i d k i  tic t ics of :i I k ;i I i  nc h yd rol y sis of 3 - 
beiizyl-5-azoi.liod:inincs (209). According to the character of the 
substittictits K' thc pK valitcs in  :I bullcrcd system in thc prcsencc of 40'!;, 
t i i c t I i ano l~ i t~5"~~ \ : a t~ ied  fr.oiii 7.2 toS.I .but  thcplot oftlicpA'valircsa_cuiiist 
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the Hammert's (a) or Taft's (nR) constants of substituents showed a break 
at about (T = 0.4. According lo kinetic studies by this authoraJ3 the 
decomposition proceeds via solvnted anion 210 to the transition complcx. 
aiid the participatioti ofa solvent moleculc i n  this proccss causes ;I fission of 
the rhodanine ring (cquatiou 139). 

___* PhCH2-NCS + -'Kc,o 
I 

s = c -NH N H R ~  

(139) I 
e 1 

Products 

4 8 -  

t -  
m - 
4 4  - 

4 0  - 
3 0  - 

9 

2 6  - 

2 2  - 

-08 - 0 4  0 + 0 4  crD .08 

FIGUIW 2. (A ) .  Relationship brt\vecn rate constants li of thc splitting of lictcrocyclic 
moiety off\-substituted 2-thiohydantoins (216. R' = H) and I4arnniett constc;!its G,, 
of the  substi tucnts R--C,,H,-:O.I \ i-boraic buflcr pH 9.8. 25°C.  I .  4- 
dinicth~lniiiinoplirii~l: I I. 4-methosyplicnyl; I I I .  4-iiiethylplienyl: IV. phenyl: V. 3- 
bromophcnyl; VI.  acctylphenyl: VI  I .  4-c;1rbethos~phcnvl: VI I I. 4-nitrophenyl: I' 

= 0.94. p = 0.871 (according to Knoppovi ;ind co\vorkcrs45'). 
(B). Rclationship betbvcen rate const;ints of formation of isothiocyanates from :\'- 

substitbtcd rhodanines (208. R' = H )  and Harnniett constants li,, of the substituents 
R-C,,1-I4-:0.I xi-McIlvaine buflcr. pH 8.4 at 25'C. Substituents I VI as in the 
previous c;isc: I' = 0.97. p = 1.85 (according to Knoppo t i  xiid Drohnica""'). 
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3-Arylsubstituted rhodanines (208) wherc R' is hydrogen, decompose in 
buffcred systcms at p1-I values cxceeding 7.4 to givc isothiocyanatc and 
thioglycollic?icid without any observable formation of N-substituted 
tliiocarbanioylmercapto~icetic acids ;is intcrniediary products. The rate 
constant of this decomposition depends on the conccntration of O H  - ions. 
I t  has been found"Jo.J46 t h a t  ;I relationship with the values I -  = 0.97, p 
= 1 .85 and I I  = 8 exists bet\vccn the valucs of thc Haminett's o,constants of 
the substituents RC,H, atid the logarithms ofthe ratc constants k (min- ' )  
i i t  pH 8.4 and 25 "C (Figure 2). 

On the other hand. 3-alkyl-sitbsiituted rhodanines in a neutral or mild 
alkaline medium decompose to produce thc corresponding thiocarbamoyl- 
tnercaptoacctic acids (21 1). 

R ~ - N H - C S - S - C H ~ - C O O H  

(211) 

Subsequently tliesc substances can split into isothiocyanatcs. but thc rntc of 
splitting of the heterocyclic moiety is an ordcr of magnitude lower than the 
rate of splitting of r1iod:inines inlo isothiocyanatcs and thiol. 

H. N -Substituted Thioh ydantoins 

The structure. prcparatioti and propcrties of thiohydantoins are 
described in revie\\~s'~'- 3- and 3.5-Substituted 2-thiohydantoins arc 
formed in  the rcaction bctwccn isotliiocyanates and the amino group of 
amino acids followcd by cyclization of substititied thioureido acids. 

Fu rt hcrmore. isot h ioc$in ;i t es c;i ti ;I No rd 3.5-dis u bst i t  i t  t ed t hio- 
hydantoins by the reaction wi th  r.-aminonitrilcs (212) via thioureidonitrile 
(2 13) \v hich cyclizes i in tiiediatcl y to fortn 2.5-diami not hiazol (2  14). By 
bo i I i n g w i t h h y d roc h I o r i c ii ci d t h i s s i& s t a I i cc a no rd s 3.5 - d i s u bs t i t u t ed - 2 - 
t h io h y da n to i t i  ( 2 1 6) pro ba bl y via i h io it re id o acid ( 2 1 S)"".' '. 

3 - S u bst i t i t  t ed -2 - 1  h i o Ii y da ti t o i t i  s dccoiii posc i n sl ig h t I y a I k ii I i ne so 1 u t io ns 
by opening the hctcrocyclic ring to givc the corresponding thioursido acids 
(2 1 5) .  Th cse s u bst ii ticcs ;IS o t I1 c r A'. N-d i s it bst i t u t cd t h i o it reas ii re q it i t e st o ble 
in slightly acid. ncutriil. ;itid slightly alkalitic solutions. 

Thc rate of decyclization of thioliydantoins \\';IS found to bc ;I function of 
thcconcentration of014 . ions. I t  niay beassiirncd t h a t  01-1 - ion attacks thc 
clcctroii-deficicnt carbon atoiii of ihc carbonyl gt-oitps in  the thiohydantoin 
ring (cquation 140)"o.4'' . A siniil:ti~ iiicclianisiii of thc opening of 
heterocyclic ring w a s  also sitggcstcd for the dccomposition of 3-substituted 
azorliodanincs"'. A corrclation \\.it11 thc valucs I' = 0.94. p = 0.871. I I  = 6 
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RI- NH - c =N 

\C-R2 
\/ 

NH2 

(214) 

R’ -NH-CS-NH-CH-COOH - R’- NH-cs 
I I 

OC, ,NH 
C H  
I 

R2 

I 
R 2  

(215) (216) 

was found to exist between the Hniiimett’s G,, constants for thc substituents 
R -C,H,, i n  position 3 of thiohydantoin ring and the logaritlitns of the  rate 
constants k ( n i i n -  ’ )  at pH 9.77 and 25 oCJJh. 

R’ -NH-CS-NH -CH-COO - 
I 
R2  

Thiohydantoins ;ire able to ionize in  alkalitic solutions according to 
equation ( 141)’52. 

R’-N-C=S R’ - N- F : ~ . s  
+ Ht (141 1 I I I 

OC, ,NH - 
CH 
I I 
R 2  R 2  

Owing to theabove-m~.n~ioned stabilily ofthioureidoacids res~iltingfrom 
opening of the thiohyduntoin ring undcr mild conditions. thiohydantoins 
are not considered to be syiithctic produccrs of isothiocyanates i n  this sensc 
of the word. 
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1. 3,5- Disubstituted Tetrah ydro- I ,  3,5-thiadiarine-2-thiones 

These substanccs have been known since 1 848-'j3 but their corrcct 
structiirc\\/asoiilyconfirined as  latc ;IS I 944454. Thcyoccui-in thc reaction of 
N-monosubstituted dithiocarbnmate w i t h  forinaldchydc and primary 
ainines (equation 143). Thcrc are sevcral modifications of this 
reac l ion45- ' -457  

L. Drobnica, P. Kristian and J. Augustin 

/ S ,  
I I 

RI-N, ,N--R~ 
C Hz 

R'-NH-CS-S- + 2 CH20 + H3N+-R2 S=C CH, + H,O 

(217) (142) 

Several working tea in^^^'--'^^ tvci-c concerned with the synthesis and 
physico-chemical properties of thiadiazines. The biological activity of thcsc 
substances hiis also been thoroughly s t t ~ d i e d ~ ~ ' . - ' ~ ~ - ~ " "  . According to 
HuisgenJ6' the formation of thiadiazines iii:iy be rcgarded iis i i  1.4-dipolar 
cycloaddition (equation 143). 

I+k?R: - S=C A S ,  YH2 
I 

RI-N, ,N-R~ 
c H2 

(143) 

By analogy with othcr producers of isothiocyanatcs. the final products of 
thiadiazinc deconiposition depcnd on thc p H  value of thc reaction mixture. 
Thc Linal products of the cleavage i n  an acid mcdium are primary amincs. 
carbon disulphide and fornialdehydc. This is used for the analytical 
determination of thiadiazines wliicli is based on the cstimation either of 
aniine or carbon disulphide rclcased. 

The kinetics of the dcconiposition of tliiadiuincs in  an acid medium \vcrc 
studied by Taliikdar4"*. H e  rcvealed a lii1eilr relationship bctwccil thc rate of 
dccoiiiposition I;,,, and Iiydrogcn ion conccntration as  \veil a s  ;I change in  
the character of this rclationship which iippeared if the p H  v:iluc of thc 
reaction mcdium passcd from the acid to the neutral region. The acid 
decomposition of tliiadiiizines is supposcd to follow thc niechanisin given by 
equation (1.14). 

I t  h a s  been proved bg riianv authors I h i i t  isothiocyiIniites ;ire formcd ; I S  

reaction products by the cleiivilge of rhiadiaziiies. For the decoinposition of 
t h iad iazi ncs i i i  ;I iic ti t 1.a I or ill kii I i nc med i 11 111 Tali1 kda r ;i nd coworkers 
;isstiinc :I dirccr formalion of isotIiiocyii1i:itc duc to ;I dccny of the structurc 
fol-md by tlic addition of OH ions t o  lhiadiazine4"8. Dclailed sliidy has. 
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(slow) I t H 2 0  

Products 

ho\vcvcr. dcinonstrated t h u t  the dcconipositioii of tliiidiazinc in a11 alkaline 
medium itflords N-monosu hst i t 11 t ed di t liiocar bamn t es3 ' :.'('' . The ratc of 
for mat ion of dit h ioca rbu nia t cs w a s  ;I I i nen r fu iic t io n of t lic coiiccn t r;i t i o 11 of 

wiis not obscrbed and the presciice of ~iioiiotl i ioc~t~bam~ttc \vliicli ought to 
arise from i ~ ~ t h i ~ ~ y i i ~ i a t ~  in such :in .alkali:ie nicdiiini WIS not proved either. 
I n  ii slightly :llkillinc or  neulral ~iiedium ttic dccomposition of tliiadiazines 
proceeds iiT two st:iges \Vhich niay be distiiiguislicd on tlic corrcsponding 
kinetic ciin'cs. The first onc is thc opening of the thi:idi:izinc ring leading to 
dithiocnrbamatc iind the sccond oiic is the deco~nposition of dithio- 
carban-ktc to isotliiocyanate. Thc mcch~iiiism depicting the opening of 
rhiadiazine ring aftcr the addition of OH - ions and the dccoiiiposition 
siving di t h ioca rba nia t e has not bceii t i n a  m bi piiously clcnred u p  yct . 

OH-  ions. In ttic pH region from 10 to 13 t l ic  form:ition of isotliiocy*i ' nate 

V. STRUCTURE OF THE -NCS GROUP 
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They deduced from the position of the band in the rcgion 2000-2200cm- 
that ;i triple bond was present. This idea is i n  contradiction wi th  the modern 
concepts of organic chemistry. Earlier. P c r s ~ h k e ~ ~ '  confirmed the linear 
structure of the NCS group. but tic was not able to decide whether the NCS 
group contained ii systcin ofcumulatcd double bonds (219) or had an ionic 
structurc with a triple bond (220). On the basis of the study of dipole 
moments and Rainan spectra of some aroinatic isdiiocyanates Bergmann 
and TschudnowskiJ7' rcjccted the cyclic structure and proposcd a linear 
structurc (220). Starting from the study of Raman spectra other 
a i ~ t h o r s ~ ~ " . ~ ~ ~  havc assumed ;I considernblc contribution by the inesotncric 
structure (220) to the rcal structure of isotliiocyanutes. Goubcau and 
G ~ t t ' ~ ~  are ofn ditkrcnt opinion. They deduced froin the R a m m  spcctra of 
al k y I isot hiocy ana t cs and alb y l t hiocy a n;i t cs t h a t  cu niul ated double bonds 
(219) occur in  the structure of isotliiocyiinatcs. Linnet and T h o ~ n p s o n ~ ~ ~  
calculatcd the force constants of individuiil bonds i n  the NCS group and 
;issiiiiic that thc rcal structure is a hybrid of incsomeric structures (221 and 
2 19). 

From thc data obtaincd from the iiiicro\va\e spectrum of inethyl 
isothiocyunarc. Beard and DaiIcy"77 calculated the following bond lengths 
andbondanglcs: 14-C. 1.09A:C-N. 1.47A:N-C. 1.22A;C-S. 1.56A: 

Dousinanis and co\~orkcr.s-"~ applicd micro\vwe spectroscopy to the 
determination ofthc bond Icngths and bond angles ofisotliiocyanic~icid and 
its deuterated analogue -I-INCS: C-S. I.5609A: N-C. 1.21658A; 

W i l l i a ~ i i s ~ ~ '  analysed the infrarcd spectrum of phenyl isothiocyanate in 
the region 650- 3000cm- ' :ind considercd structurc 220 to be thc most 
probable. By comparing the infrared spcctra of rhiocyanatcs and 
isot1iiocy;in~iies. I-icbcr and c o \ \ ~ o r k e r ~ ~ ~ ~ '  Ii;ivc' conic to the conclusion that 
the prevailing structure of isothiocyanates is the tiicsoiiicric structure 220. 
For ary l  isothiocy:in;itcs \ \ i t t i  ;I strong clcctron-\vitIidrawing substituent. 

N-C-N. 4 109": C-N-C. Z$ 142": N-C-S. Z$ 180". 

H-N-C. 4 130" 15': DNCS: D-N. 1.003A: D-N-C Z$ 132" 16'. 
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they also propose a contribution from the mesomeric dipolar structure 
possessing a longer cumulated system (222) to the isothiocyanate structure 

In  one of the fundamental papers oii the infrured spectra of 
isothiocyanates. H a m  and WillisJ8' discuss the structure of the NCS group 
in cotincction with tlic analysis of vibration frcqucricies of iiictliyl 
isothiocyanate. Thcy disapprove struct tire 220 suggcstcd by Hibben and 
as5umc that cumulated double bonds (structitrc 219) occur in thc NCS 
group. 

Tlic ultrvviolct and infrared spectra of iilipli;itic and aromatic 
isothiocyanatcs werc studied by Svitek and coworkers'". O n  the basis of 
thc analysis of Raman atid infrarcd spectra they assumed :in clectroii 
distribtrtion approximating dipolar structure 220 to bc present in thc NCS 
c croup and attribute thc absorption in  ultraviolct rcgion to the allowcd N 
+ V trunsition which givcs rise to cumitliitcd inultiple bonds (219). Thcy 
explain thc shift of the absorption bond \'sc.s from 2 I00 cm - to 2054 cm - I .  

observed with phenyl isothiocyanatc. by it conjuptioti e k t  which reduces 
the contribution of thc IiybriI \\:it11 tri$Ic bond in ii molcculc of 
isothiocyanute iltld favours strltcturc 222. 

6. Polar Character of the NCS Group * 
1. Substguent constants 

The subs t i t ucii t co nst i i  11 t s :ire vcry i ti1 port ail I fo I' it q iiaii t i t  a t ivc cval itat io ti 
of induction aiid mesoiiieric elt'ccts of the NCS group. From earlicr 
information about the structttrc of t l ic  NCS group i t  has not been clcar 
whctlier this y.oup is able to enter into iiiesotiieric interaction with 
conjugated systems./\ w r y  liiiiitcd amount ofinteraction betwccii t k j c  g o t i p  
atid ;iromatic carbon residues \\';is itiferrcd from the values of I iu l f -wive  
potentiills of polynuclear isotIiiocy~in~ltesJIH" iIs \yell ;is slight ditfereiiccs in  
[lie n clectroii densities 011 skeleton carbons calculated for pheiiyl. I - 
naplithyl and 2-ti:iplitliyl isotliiocyaiiatcsJ'H1. 

By using the dissociation coiistaiits of tlic isotli6&j;itiiite derivative of 
benzoic acid atid diiiiet1iyl;itiiliiic.. K i.istian kind C O \ \ ~ O I - ~ C ~ S ~ ~ ~  determined 
thc H;imn.~ctt constants G,,, and G,, for tlic NCS group (Table 5 ) .  The 
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TAI~LI!  5. ph', Values of deriwtives of bcnzoic acid and diiiieiliylaniliiic and the 
Hamnitit  constants or the isothiocyanate groupJH5 

pK: of derivatives 

Substance Medium H rrr-NCS 17-NCS IT, , , ,NC-~,  l i p ( * ~ ,  

ncnzoic acid A 5.23 3.9 4.9 0.32 0.32 
13 6.63 5.81 5.99 0.49 0.38 

Diiiiethylanilirie A 4.8 3-1 3.1 I .7 I .7 
I3 3 4 2.6 2.7 0.8 0.7 
C 4.35 3.70 3.20 0.34 0-34 

~. . . - - .  

' T h e  p R >  v;iIucs ncrc dcicrmincd rper.lr')photomrlric;illy in mcdium A and potc.nliomctriwlly 111 B a n d  C. 
A:50" , ,  i i ic th; inol-50", ,  \vatcr. 70 2 C. = 1.085 t 0062*'": H:80",, methylcellosol\e X",, water. 
2 5  C. p = 1.68 0 05A* '. C :  50",, ethanol W",, \\atcr. 2 0  C. p = 3.36') 2 0 042'"" T h e  accuracy ol the 
dctcrmin;ilion of p K ,  values ol bcnmir uc1d and diniethylanilinc I p o t e n t i o i i i ~ r i r l  i s  +_O 05: in othcr caws 
+ - 0 I ph',, iiiiils 

difference bctwccn thc values of u,,, and 5,). found potentionietricnlly. 
evidently represents the ability of the carbosylic group exhibiting thc - M 
elf'ect to producc to ;I certain extent a morc marked inesotneric interaction in 
thc NCS group t h a n  in  othcr systems studied. 

Furthermore. these authors provcd. by comparin!g thc ph', valucs of the 
isotliiocyanatc deriviitivcs ofacridinc wit h the ph',, val ties of non-substituted 
acridinc and sonic of its derivatives. that the NCS group showcd an clecti-on- 
withdrawing character \rhich could be ascribed to its induction clTect. AntoS 
atid co\vorkers'8J9 dcterniitied the Hamiiiett cOIiSti i1its  o,, for thc NCS group 
by correlating tliexcoiist;tiits w i t h  the vibration freqiiencies ofthe hydroxyl 
and carbonyl groups orphenols. benmic acids and acetophenones (from thc 
correlation \vi th  phenols o , , (~ ( .~~  = + 0.34 5 0.07. bcnzoic acids (ip,NCSl 

= 0.48 _+ 0.15. atid acetophenones ' T ~ , , ~ ( . ~ )  = 0.32 0.1 3). I n  the raiigc of 
experimental error thcsc iwults arc in  good agrectiiciit \ r i t h  thc prcceditis 

For thc dctcrtiiiiiation of iiidiictivc ell'ects \\'e usually use the values of 
dissociation coiistaiits of the derivatives of bicyclo['.~.3]nctaiie carboxylic 
acic{'""' . r.-substitutcd pur( i -  and i iwr t i - to l i iy l  acids")'. atid the esters of x -  
substituted acetic ' ' I  C I  .'d4'"' as  \ell ;IS [lie chcmical shifts of the "'F n.m.r. 
spectra of w t t r  substir iitcd 11 iioi.obenzciies'"'". (The 1:ist method \v:is 
subjected to criticism rcccti~ly")' and is not likely to be used i n  future.) B y  
using the cI vulucs obtiiincd. i t  is then possible to calculiitc oSI by subtracting 
thc s h ~ r c  of inducrioii from the total valuc of, .  Kristiin and co\\.orkers'Y" 
uscd 1111: inf1xi.cd spectroscopic riictliod for tlic dctct-mination of the 
ii-,diictivc cllkct of the NCS group. They chose the r.-substitutcd 

diitii :\lid conlirm the clcctroli i1cccptitls chilr:icter of  lie NCS group. 
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4-nitrotoluenes a s  model compounds and assunied that t he  substituents 
bondcd to thc aromatic ring through the methylcnc group would influcncc 
the elcctrotiicstructurc ofthe nitrogroup o n l y  by their inductivecfTcct. This 
assumption w;is confirmed by the ultraviolct spcctra of thc investigated 
derivatives, the substituents ofwhicli did not afTcct thc position ofabsorption 
inaxinin. They cstimatcd thc inductive cfTcct of thc NCS group froin thc 
linear correlation between I' (as N O ? )  and cl while tlicy used the ccmected 
values of the empirical cotistiitits (ol(scs, = +0.71 0.19; I' = 0.098, p 
= 10.84 & 0.80). Thcse authors calculated the mesomcric ef-fect from the 
experimcntal balues of oI(scs, (obtained spectropliotottietrically) and G , , , ~ ~ ~ ,  

(obtained potcntioinctrically). The results show t h a t  thc NCS group is 
charactcrized by ;I medium + M eflect. ohl = -0.33. By introducing 
conveiiicnt coefficients into the Taft eqttations ExiierJY5 ciilculntcd froin the 
valucs of ci,,, ;ind (T,, for thc NCS group t h a t  (rl = 0.54. 

2. Electron transfer effects 

Furtlicr information about the structure and properties ofthc NCS group 
w a s  obtaincd from the correlation betwcen spectral or polnrographic values 
and t lic H ii in tile t t con st a t i  t s. Kao and Veil k a t ii rughavanJ"" i tivest iga t ed t tic 
dependencc of thc positions atid intensities of vibration frequciicics of 
dinerent groups. including the NCS group. on the Hanimctt ci. Brown o- 
and Taft o* constants. They found t h a t  the  rcla'j?nships vvcrsuscT and log ,1 
vcrsiis r~ were lincar. By corrclating the values of log A und cr for dintrelit 
scrics ofcompounds thcy dctermined the relationship between the sign of tlie 
constant p and thc poliir charactcr of ii group. These relationships exhibit 
positivc valucs of thc constant p for compounds witti a n  clectron-don~rtingi~ 
;libstitucnt (c.g.. phenols. anilines) and negative vnlucs for conipotinds with 
an clectron-\vitlidrawiiig substit(tent (c.g.. nitro compounds. nitriles)aAt tlic 
siitnc time thc magnittidc of the v41iie o fp  is ;I iiieiisure of thc intensity of tlic 
effect of a group. Thc slopc dccrcascs \vith increasing elcct ron-acccptiiig 
charactcroftl ie~roup. Tlie~iutliors~issign niesomericstructiires220;ind 222 
to isothiocpaiiates and colic1 tide thal for clectron-\~~itlidr~t\ving substit uents. 
structure 222 is efl'cctivc because the intensity of thc bond of thc NCS group 
increases \vi th  thc elcctron-accepting ell'ect of tlie siibstitucnts (tlic dipolc 
moment oftlie bond inct.cnscs).Accordinf to these authors the positive value 
obtained for tlic scrics ofmclrr- a i i d  prrr-substit uted phenyl isotliiocyanates. 
indicatcs the clectr-oii-don~ititig charactcr of the NCS group. Kristiiiii and  

'.'')' invcstigntcd the vibratiGtial frequencies and iiitcgratcd 
intensities of the ;tbsorption band of the NCS group present in  23 ~ ~ ~ c ' t r r -  and 
prrr - su  bst i t  ii ted plicn yl isot h iocy;i ti;i tcs. ~ l i  ich wcrc dissolved in  solvcii t s  of 
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diHercnt polaritics for the purpose of studying the structure of the NCS 
group. They correlated the measured values of I' , , (~,-~) and log A with the 
Hainmett c,,, or 0'' constants. I t  was not possible to draw unagibiguous 
conclusions froin thc rcsults thus obtained. A good correlation bctween 
\)as(NCS) and the constants dl as well as the shift of the frequencies 
consistent with the character of substituents indicatcd a slight mesomeric 
interaction between the NCS group and substituents and could bc regarded 
as a manifestation of niesomeric structurc with triple bond (220). On the 
other hand, the dependence of the intcgrated intensities log A (NCS) on c,,, 
and a" in carbon tetrachloride and chloroform was linear with a positive 
value for the slope p. suggestingan electron-donatingcharacter for the NCS 
group and the manifestation of structl;rc 22266. 

AntoS and coworkers have published sevcral papers dealing with the 
transfer of the elcctron effects of substitucnts through digerent corijugated 
systcms of isotliiocyanatcs. Tlic transfcr coeficients n' calculated according 
to JafTeels6 from spcctral and polarographic data for diHercnt series of 
compounds are prescntcd i n  Tablc 6 and Table 7. The series of substitutcd 
phcnyl isolhiocyanates (bcnzene system) with reaction constant p" = 
- 54239(TabIe6)orp:., = +0~22(Table7)andcocfficient 71' = I wasuscdas 
a refcrencc standard. From the tabulated values i t  follows that thc induction 
and mesomeric cKects if the substituents i n  conjugated systems arc 
considerably hindered. The lowcst viilues of transfer were found for 4'- 
substituted 4-isothiocyanatobenzophenones (n' = 0.37. Table 6) and 
diphenylsulphones (n' = 0.03, Table 7) .  

3. Dipole moments and electronic interactions 

Tlie results of thc study of the dipole inoiiicnts of isothiocyanatcs provide 
important information on the structure and polar character of the NCS 
group. Thc valucs of the dipolc moments ofisothiocyanates unaiiibiguously 
indicate tlicclectron-acccptingcliaracter oftlic NCS group wi th  t hc negativc 
end ofdipoleat thesulphuratom (Table 8). Tlie problem ofthe structureand 
spatial arrangement of aromatic isotliiocyanatcs is treated in  ii paper by 
AntoSandcoworkcrs5". On the basis oftlie zero valuc ofthe dipolenionicnt 
of p- p hen y lenc d i is0 t h i oc y a n ii t e t hey B ss u nic a possible coil sin1 arrangement 
of the NCS group wit% respect to t l i c  axis of tlie benzene ring with the 
C-N-C angle close to 1 SO" ;IS \veil ;IS the manifcstation of niesomeric 
structiircs 220 and 222. 0 1 1  thc other hand. [hc value of the C-N-C angle 
( I  63") calculated froni tlie csperimentnl value of the dipolc inonient of p- 
chlorophenyl isothiocynnate represents the mean of tlie value ( 1  42") 
suggested for this angle by H u n i m  and Willis. and thc value ( 180") froni tlic 
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preccdiiig statement. The dilTerenccs between the cxper-imcntal and 
calculated viiliics o f  the dipole tiiomcnts of substituted plicnyl 
isotliiocyanutcs (Aid = 0.09 - 0.16 D) do  not indicate any notable 
tiicsoiiieric interaction bctwccn [lie NCS group iind the aromatic ring. 

I t  follo\vs froni the cliarxter of tlie NCS group t h a t  i t  is not possible to 
pcrform the clectrophilic substitution reactions of plicnyl isotliiocyanatcs 
\vitIiout attacking the reactivc NCSgroup. By using the valuesofthcdipole 
tiiotnctits of plicnyl isotliiocyaniite and r -buty l  isotliiocyanatc and tlic 
method ofRi and Eyring’”’ thcy c;i!culatcd tlic values ofcliarge distribution 
on individual atoms fci- plicnyl isotliiocyanatc :is well iis tlie thcorctical 
yields ofnitration (Figure 3).Thc values prcscntcd in  Figure 3 slio\v that  tlic 

N - 1  1132 NCS 6’:; ,0848 6 2813°/0 

+ 0 21853 0 01 O/O . 
(a) +008648 (b) 7186% 

I’ICiURE 3. VxIucs of clcctron cliargc and tlicoretical yields of tiitration of phciiyl 
isottiiocyan;~tccalcul;~tcd by tlic mctliod o f R i  and Eyriiig. (n) Distribution ofclcct ron 

dcrisities on individual ;itonis. (b )  Thcorctical yields of nitration. 

NCS group has t i t i  effect on the aromatic ring \vliich is analogous lo t h a t  of 
lialogcns and esliibits + M and - I cfl‘ttcts. 

Suchiir atid KristirinSo3 sttidied tile dipolc tiioiiictits of 4-substitittcd 
plienyl isoselcnocyanntes and 1-butyl isosclcnocyanate and cotnparcd the 
results with tlic results obtaincd with thc corresponding sulpliur iind osygen 

I t  is ititcresting t h a t  the mugnittide of tlic dipolc moments of thesc 
lietcrocumulcnes docs not depciid on the clcctroncptivity of their terminal 
hetcroatotn and increases in  tlic order pNco < pKcs < phcsL. (Tablc 9). Thc 
authorsassutiie t h a t  thecaiisc oftliis plienomenon is thccliangc ofthc C=X 
bond lengths(X = Sc.S.O)and bond tiiotiicntsas\~~ell ;IS tliecliangcofpolar 
char*;*. of this double bond due to the decreased n-bond intcraction 
betwecn tIie?pK.3pn.:itid4pn orbitalsoftlie hctero:itom atid the 2pnorbital 
of tlie cui-bon ;itom. As tlic changes i n  thc dipole moments of 
lietctrocuniitlctics tiiuy also be rcl:itcd \\.it11 a different tiiesotiieric intcraction 
bctwccn the -N=C=X groups ( X  = 0. S. Se) atid thc ;iroiiiatic ring. tlie 
authors  tried to solve this ptnblciii by detcrmining the geoiiictry of thcse 

annlogucs. 
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groups and calculating rhe dipole moments of thcir l i n i i t  niesomeric 
stt'uctures. They applicd the graphical method of van Woerdcn aiid 
Having'o4 to the calculution of the C-N-C auglc of the NCS group of 
phcnyl isotliiocyanate and detcrrnined the group moiiicnr ofthe NCS group 
(psc . s  = 2.91 D) mid thc C-N-C bond angle (4C-N--C = 164"). For 
isocyanates and isosclenocy~inutes the calculntion \ws  cari.icd out only on 
tlic basis of the valitcs of the 4-chlorophcnyl dcrivativc (Tablc 9). The 
csatiiple of isothiocyaiiatcs shows t h a t  the val~ics obtained by both lhc 
methods iirc i n  good agreement (zj C-N -C = 164". I59O). The calculation 
of dipole nioiiieiits of thc limit nicsotiicric NCO. NCS. and NCSe structitres 
botidcd to the aromatic ring w;is performed graphically by using vectorial 
addition of bond iiioments (Table 10). On the basis of ;i comparison of t h @  

* TABLE 10. Calcu1;iccd \~;iltics of dipolc i i i o i i i e i i i s  ( in dcbycs) oriiicsoiiicric s~ i~ t i c~ t i r c s  

--N=C=;Y --N =c-x -N=C-->(- 
)I; ( A )  ( 1 3 )  ( C )  -,--. . -. .. - __ -. 

0 1 4 0  0.50 5.80 
S I .06 I I .72 7.90 
SC 12.57 s.s0 

cxperimental \Jalucs of [hc dipolc nionients of licterocumulenes with the 
calcularrd values oftheir tiiesoiiicric s t~~t ic t i~rcs  they ;issuiiic t l i i i t  structiirc I3 
contributes only  slightly to thc real structure of lietcroctimtilrnes which n i a y  
bcst be expressed by limit s t i~uc tu rcsA  and C. Moreover. the aurliors ofthat 
study made ; i n  iittcnipt to cstimatc thc iiicsoiiicric interxtion of those 
hetcrocuniulcnes from thc dillerciiccs bctween the dipole monients of 
corresponding aromatic and aliphatic cotnpotrnds (Tablc I I ) .  The 
niesoiiieric niotiieiits p51 indicate th:it tlic iiicsotiicric cn'ect of tlic NCX 
groups iiicrciiscs in  rhc ordcr NCO < NCSe < NCS. Tlicy assumcd t h a t  
this ordcr is in  rclation to the iiiagiiitudc of pcpitive charsr on thc carbon 
atom of tlicsc groups. i.c. the I a r ~ c r  the clcctron defect on tlic central atom of 

- .- - . .- . - .- 

ie 



lit.terocumitlc.nes. the more difficult is their x-bond interaction \\/it11 

aromatic rings. The reactivity of these groups in  nucleophilic addition 
reactions increases i i i  the order NCS < NCSc << NCO \vliich is in 
apreeme n l  \\)it11 the a bovc itit: t i t  ioncd resul [s5" .  

In another paper Dzurilla and co\vorkcrs5(" were coticcrncd with the 
study of the dipole inornents ofcinnamoyl isotliiocyanate for tlic pitrposc of 
deterininiiig thc conformation of tlic acyl isot1iiocy:in;itc group. They 
culculated tlicdipolc tnoincnts ofthe Z atid Econformations of4-suhstitiitcd 
ciiinainoyl isothiocyanates by \~ectorial addition of thcir bond tnoiiicnts 
(Table 12. F igure j ) .At  tlic first sight. i t  is obvious from the tabul:ited \~alites 

that the dipole iiioineiits mcasiit-ed correspond to thc dipole monients 
c~ilcul:itcd for the Z cob;lr.lrti1iitioli. They :ilso confirmed this assumption by 
the grapliical method according to Exiier"" (Fi2iir-c 5 ) .  I t  follows froin this 
figure t h a t  tlic acyl isotliiocyai1:ite group of cinn:imoyl isot1iiocy;inates 
occttrriiig i n  the Z conformition is not  pl:iii;ir but forms ;I dihcdr:il 
O=C--C=N anglc of 53'. Furtlicrinorc. tlicy obtained tlic \iiilue of 3.43 D 
\ v i t h  tIic~inglcof?_S" \\.it11 rcspcct to tlicctliylcnc bond for tlicgroup inotpcnt 
of thc CONCS group. 

4D 
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FIGURE 4. Conformational isonicrs of cinnarnoyl isothiocyanlitcs: Z conformer. E 
conforincr. 

22 

4 
18 

14 

10 

6 

2 

I I I I I I I I 

dZ 

I 
8 12 P', '6 4 

FIGURE 5. Graphical comparison of thecalculaied and cxpcrimcntal dipole rpoincnts 
of cinnamoyl. 4-mcthylcinnarnoyl and 4-chlorocinna1iioyI isothiocynnatcs. The 
abscissa reprcsents pf, for the unsubstitutcd compound, and 011 the ordinate axis the 
j i i  valuesfor4-substitt~teddcriv;1tivcsareg1ven.Thccalcul~~iedv~1luesforihc Eand Z 
conformers arc denoted by empty circlcs (for [he anglc 140") while the expcrimcntal 

viiluc is hatclicd. 

Martvoii"2 invcstiguted the dipolc moments of thc isothiocyanatcs of 
stilbcnr. azobenzenc. diphcnyl ether. and diphenylmninc with the aim of 
vcrifying the possible interactions betwcen the NCS group and tliesc 
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conjugated systems. Hc found. from the differences between thc values of 
experimental and calculated dipole m o k n t s ,  that the NCS group in 
coin bi na t ion wit li a s t ro n g wit li d raw i n g su bs t i t  uen t ( N 0 .) cs 11 i bi t cd t lie 
+ M efi'ect to ii greater extent than i t  did in thc case of non-substituted 
derivatives (Table 13). 

A U L E  13. Dipole tiionietits of the isothiocy;itiates dsti lbcnc. azobeiizenc. diphenyl oxide 
and diphcnyl;imine mcasured in benzene a t  20 OC"'' 

N o .  Compo ti nd 

8 

4-lsothiocy~inatostilbene 
4- I sot h iocyana tobenzene 
4-lsotliiocyariatodiphenyloxidc 
4-Isot hiocyanatodiphcnyl~inine 
4'-N i t  ro-4isot hiocyanxt ostil bcnc 
4'-N itro-4-isol hi5cy~iriatoazobenzcne 
4'- N i t ro-4-isot h iocya t ia I odi pheti yl-  

4'-Nitro-~-isotliio~~~;1ti;itodiplietiyl- 
osidc 

; in1 ine 

3.12 
2.84 
2.97 
4.44 
3.07 
I .9,Y 
3.30 

4.10 

2.9 
2.9 
2.39 
2.67 
1.45 
1.37 
2.67 

2.8 

+ O . I 2  
- 0.03 
+ 0.56 
+ 1.8 
+ 0.62 
+ 0.6 I 
+ 0.56 

i- 1.3 

< 

C. Theoretical Calculations and X-Ra y Analysis 

Zabrodin and coworkcrsSo8 calculated the clcctronic:,tructures of methyl 
and  phenyl i:othiocy:tnate by using thc S C F  method i n  the 
Parr-Pariser- Poplc ;ippro.uimiition. Their calculations arc bascd on the 
assumption that isothiocyanatcs rcpresent :I cuniulatcd system of multiple 
bonds with A non-delocalizcd pair of electrons on n i t r o p i  which occiirs i n  
an orbital ncar to sp'. Siich compounds can contain two orthogonal systems 
ofconjugated bonds. Onc systcm consists ofan,, nitrogcn electron.x,carbon 
electron. and TI: sulphur elcctrons while the other systcm contains a TI,. 

sulpli urclectron. TI,. carbon clcctron. and TI: electrons of thc free electron pair 
of nitrogen. The :-axis is oriented in the dircction of the NCS Zroup which is 
linear. Fortliecnlculation ofthc molcculcsofCH,NCS and C(,HSNCS they 
used the following bond lengths and bond angles: C-N. 1.47 A: N -C. 
1.22A: C-S. 1.56A: PC-N-C.  142". They assumed tha t  thesc values 
wereequal for both thciiiolecules~~~liile thc bcnzcilc ring and the NCSgroup 
were situated in  the same pl;itx. i.e. the .I,: plaiic. Later. Z:ibrodin5"" 
corrected [lie calculation for plicnyl rsotliiocyanate i n  thc sciisc that he 
considercd the angle bctwecn the nitrogen bonds to be cquwl lo 180" while 

3 
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thc frec electron pair of nitrogen occupied thc n orbital. He  came to this 
conclusion on thc basis of the results of the determination of thc dipolc 
moment of substituted phenyl isothiocyanntcs according to which the valiic 
of the C-N -C afigle is near to 180". Then either of the n-systems of thc 
C N C  group 2811 cnter into a coii.jugation with the n elecrron system of the 
bcnzcne ring. Since the angle between the nitrogen bonds is, nevertheless. 
sinallcr. than 180". Zabrodin assumes that the structure in which the x, 
clcctron system of the NCS group. including the frctc electron pair of a 
sulphur atom. enters into conjugation wi th  benzene ring must be the more 
probablc. Schematically, the n clectron struct Lire of phenyl isothiocyanate 
according to Zabrodiii and c o \ v o r k e ~  may be rcprcsented as in Figurc 6.  

( b )  

I'IGUKE 6. Elcctronic structure of phenyl isot hiocyanatc. ( : I )  Model ofntoinic orbitals 
of two conjugated systems K ,  and x, of thc NCS group situated in thc j.1 plane. 

4C-N--C 180". (b) Illustr;ition of rc-clectroii intcractions. 

Thc distribution of the TI clcctroil charge in methyl a n d  phcilyl 
isothiocyanate (Table 6) is churacterized by considerable ncgutivc charge 011 

the atoms of nitrogen and sulphur and positive charge on thc carbon atom. 
The dirercnces i n  thc magnitude of ncgativc chnrgc on the atom of nitrogen 
and stilpliiir i n  inethyl and phcnyl isotI1iocy;inatc arc connected with ;I 
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possible mcsomcric interaction bctwcen thc JI electrons of tlie NCS group 
and the aromatic ring. A high electron dcficiency of tlie carbon atom is 
responsible for its high reactivity in  nucleopliilic addition reactions. 
Analogous results concerning tlic distribution of thcn clcctrons in the NCS 
groilp were also achieved by using the simple H M O  method for phenyl, 
I-naphthyl and 2-naphthyl isotliiocyanate as well as P-styryl isothio 
cyanate' ''. 

Clarke and Powell' l o  dciermined the crystal and molecular structure of 
tetra-B-isothiocyanate-tet ra-N-butylazocine (223). 

X = NCS 
R = t - B u t y l  

(2233 

They have found that this inoleculc contains at1 eight-mcmbered ring with 
alternatingnitrogen and boron atoms and tnultiplc bonds. Furthermore, the 
data givcn in Table 14 show t h a t  the NCS group is interacting with the 

TARLE 14. C:ilculatcd values of t hen  clcctron churgc and rr-bond ordcrs of thc NCS 
group of mctliyl and plicnyl isothio~v;~nate~"~~""' 

8 

A [ o ni ic cha Igcs n bond orders 
~ -. 

Substance 0, 0,- 0, x S(' =cs 
- -. . - .~ .. ... . - .... . 

CH , N CS" - 0.25 I + 0.33s - O m 7  1.212 I  .438 
CGH NCSh -0.1 12 -t0.320 -0.176 1.495 1.377 

"The value of tlic C-X--C aiislc used for ciilctil~itioii \\:is 141". 

hThc v ~ l u c  or the C-N--C' ;1113le ~ s c d  Tor ciilcul;iiioii w s  ISO". 

double B=N bond of the ring. The cxocyclic B--N bond (1.431 A) should 
correspond to the bond order of I .-3c). I t  is. therefore. sliortcr than thc 
assumed simple bond. Thc 13-N --C angle ( 17642") is considerably greater 
when compared \\lit11 rhc corresponding anglc in  a inoleculc of methyl 
isotliiocyanarc( 142") which cannot be i n  tiiesomeric intecf,.:tion w i t h  carbon 
residues. The N-C bond ( I  . I 72  A )  is also much shorter t h a n  it  is in methyl 
isotliiocyanatc ( I .22 A). Besides. Table 15 sivcs tlic rcsults of X-ray analysis 

4 



32. The chcinistry of the -NCS group 1 I07 

T A i 3 i - i :  15. Inlcr;itomic distaiiccs ( A )  and C-N -C or B--N -C angles (dcgrccs) of 
t l i c  NCS sroup c~ilcul~iicd for soiiie isothiocyanaics 

C-S 
. 

1.56 

1.617 

9 
1.560 

" Dctcrniiiicd fruin inicro\vavc spccir;i. 
' Dcicriniixd from X-ray i i i i a l ?  

ofcrystalline 4-bromophcnyl isothiocyaniire obtained by Ulicky" I .  Hc has 
round t h a t  thc NCS group is i n  ii plane wi th  the benzene ring with respcct to 
[lie linc connccting thc atom of bromiiie. [lie C I and C, carbons of the 
benzene ring and tlic nitrogen of the NCS group. Tlic C-N -C bond angle 
( 155.33") and thc C--N bond Icngth (1.434) again indicate ;I possible 
iiiesoiiicric interaction bctwccn tlic NCS group and the aromatic ring 
though i t  is less niarked t h a n  in  thccasc ofborazocincdcrivativcs(223. Table 
15). On thc basis of thc measurcd valucs of thc iiitcixtomic N -C and C-S 
distances \vIiich arc i i i w i i  valtics oftlie doublc aiid triple bond for N -C and 
of the double [iild single bond for C-S the iiuthor supposcs t h a t  ;I molcculc 
of 4-bromophctiyl isothiocyonatc is a rcsoii;tiice hybrid tv i t l i  thc iiicsoiiicric 
st rtic t ti rcs con t aiii i iig ;I t ri pic --N -c' -S - bo lid o I- c t i  iii t i  la t cd -N =C = S 
bonds. 

l'lic isor h iocya ii;i te  g o  up is ;I med i ti 111 st rong elect i-on-\\.it lid r;i \v i iig 
substitticnt willi ;I iiegiitivc iiiductivc elfccr and ;I positivc iiiesoiiicric elfcct. 
From rlic vic\v-point or dircctiiig cll'ect i t  i i iay be included amoiig 0.11- 

oricnting st ibst i tucnts.  Thc distribution of the x: clectron'?Jcnsitics 011 the 
NCS group is chai-actcrizcd by ;I ncg:i[ivc charge 011 thc iitoliis of nilrogcn 
iilid s~ilpliur- and ;I positive charge 0 1 1  rhc carbon atom. Thc iiucleopliilic 
iiddirinii reactions 0 1 1  carbon and cycloaddition rcactiolis on thc iiiulriple 
C = N  :iiid C=S boilds arc typiciil reactions of  lie NCS g ~ t ~ p .  The NCS 
croiip itself is lititxr. The value of the C-N -S bond ( I30-- I SO") dcpctids 0 1 1  

[l i t  ch:ll.;ictc.I- of the c:1l+oll I.csidi:; atid thciicc on the hybridization O r  the 

* 
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nitrogen atom in tlie NCS group. In tlic molecules of acyl isothiocyanates 
the acyl ibotliiocyanwte group occurs in  tlie Z conforiiiatiori \v i th  tlie 
dihcdral O=C-N =C aiiglc equal to 53". The structure of t l i e  
isothiocyiinatc group may be cxprcssed only by thc l i m i t  mesomcric 
formuliic. tliccontributions of\vliicli to tl ic real s t r u c ~ i ~ r c  oftlic moleculc arc 
dcpendcnt oii the striictiirc of thc wholc molcculc. 

VI. REACTIONS OF ISOTHIOCYANATES 

Tlic foregoing inforniation. ils well a s  thc bcst known rcxtions of 
is0 t 11 iocy a ii;i I cs wi t h di Ireren t 11 iicleo pli il ic apcn 1s. i nd ica t c a s t roil g 
elcctrophilic character of the NCS group. The elcctron-witlidra\ving 
strength of tlic carbon atoiii in thc NCS g o t i p  is iiiost important for thcse 
reactions by aliiilogy \\it11 the curbon atom i n  thc functional group of 
isothiocyanatcs and other typical C-Iicterocunitilciics of structure 224. The 

3 
0 ti+- 

R-X=C=Y X = N  

(224) Y = O . S  

presence ofsucli carbon atoms inakcs reactions of the type Ad, possible. On 
tlic other hand. the mcchaiiism ofcycloadditioiis is dillcrent: The NCS group 
reacts \\/it11 coiiveiiient agents to Torn1 I.?-. 1%. and 1.4-cycloadducts. For 
isotliiocyanntes i t  may be msumed t h a t  one oft l ie pol:ir rcsoi:;iiicc struct tircs 
of thc NCS group (ec1u;ition 145) is etrcctivc a t  the niomcnt of clicmical 
r c x  t ion. 

R - N - - C + = S  - R - N = C = S  - R-N=C+-S-  (145) 

Which oftlic pol;irstructui~cs ist.llcc,tip e p c n d s  on tlic r e a p i t .  mcdiiiln. 
ciitiilyst. and without doubt. on the ;adical& to \vliicli the NCS group is 
bound. For thc rate ofcycloiidditions the steric elicct of the substitucnt is of 
great im?ort:incc \\.liilc its clccti-ic cliect is sigiiilicant for nucleopliilic 
addi t i oils. 

Even on the basis olca~lierciiipirical kno\\*ledge aryl isothiocy:iniites werc 
considcred I o be iiiorc rciict ivc t h ;I i i  ;I 1 k y1 isot hi ocya 11 ares. both these types 
of compounds being still less r'c:ictivt' tn:iii :inalogoiis isocyaiintcs or 
cai.bodiimidcs. Tlic preparations of acyl. sulphonyl. Iluorophosphoryl. 
tliiopliosplioryl. ;iroyl. tliioaroyl. imidoyl. carbamoyl. thiocarbamoyl. and 
other types of isotliiocyaiiatcs. ;is \WE its espericnce giiined i n  the utilization 
of these siibst;iiicts for [lie prcpiriitioii of i i c u  coiiipounds. playcd ; i n  

impol-t:int part in  revcaliiig large ditl'crenccs in the reactivity of diffcrent 

0 
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types of isothiocyanates and possibilities in  their application ;-is well. This 
especially concerns the cycloadditions of isothiocyanates tiiorc intensively 
studied in thc last dccade. Thc esscntial problems of the mcchwnism of these 
reactions are open to further rescarch. Nevcrthelcss, evcn sitnplc iind long 
known additions of isothiocyan:ites have hitherto bcen applied and 
explnincd mostly in  aii cinpirical way. 

A. N ucleop hilic A dditio ns 

The most important rcactionsofthis typecan bcgeneralizcd by a comnion 
schcme (equation 146) according to which the conipounds containing a 
labile 1r;drogcn. \vliicIi is Lible to add i n  the form ofa proton to nitrogcn.can 
react with isothiocyinates while the clectroncgative residue links with the 
carbon of the NCE group. 

(146) 
2; 

R - & C S ) + H - - X  - R - N H - C  
\ 

X 

According to this reaction sclirnie i t  is possiblc to describc the reactions of 
isotliiocyunatcs with sitnplc nuclcophilic agents such as liydroxyl ions. 
;ilcoliolutcs. atnmonia. amincs. hydroxylamine. hydrazines. alkali sulphidcs 
and thiols ;IS wcll a s  additions of (3-dicarboxylic compounds. carboxylic and 
thiocarboxylic acids and other compounds. These rcactions arc described 
briefly in some carlier surveys' ' J .3 ( '  co t i  t n i  ning n iimcrous citations of 
original papcrs. Howvet-. the rcal evidence i n  support of ;I nuclcophilic 
clialacter of importnnt additions of isocyanatcs results from:thc rcsearch 
carricd out in tlic last 15 ycars. 

1 .  Addition of nitrogen bases 

Tlic additions of nitrogcn bases arc iitilizcd to ii great extent and thereforc 
they reprcsent thc bcst k n o w  rcactions oTisotliiocyanates. By thc action of 
;i m ti1 o ti in ;i nd pri in ;I ry or  secondary ii iii i ncs t hc correspo ndi iig N- 
t i i  o n o s u bs t i t u t cd or eve I i N. N. N '- t r i s u bs t i t  t i t  ed t 11 i o u re21 s :I I- i se. 

Thcsc rcactions ;ire also uscd for the quantitative determination of 
isotliiocyunatcs o r  atnines'I s .5  I h .  I ti ;I similar \vay isothiocyanates react 
wit11 hydrosylamine (cquation 147). hydrozinc (equation 148) and its 
dcrivatives (ec1u;itions 149 and 150)" 7 . 5 ' 8 . 5 4 2  including Iiydrazides. 
thioliydrazides. and sulplionoliydr~i~idcs. 

R - N C S  + H , N O H  R - N H - C S - N H - O H  (147 1 

2 R - N C S  + H,NNHZ R - N H - C S - N H - N H - C S - N H - R  (148) 
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R-NCS + H2NNH - R-NH-CS-NH-NH 

The reactions between isothiocyanates and heterocyclic compounds with 
one or  more atonis ofnitrogen have been relatively less investigated. This fact 
may be explained mostly by the low reactivity of corresponding amino 
compounds, their tautomerism, stcric and other factors. OfcoursE, this does 
not hold for strongly basic compounds such as imidazole. which reacts with 
isothiocyanates easily. Pyrrole reacts with phcnyl isothiocyanate to give 2- 
pyrrole thiocarbanilide (225). An analogous product, 226. is formed in the 
reaction with indolyl magnesium c h l ~ r i d e ” ~ ~ ~ ’ ~ .  

Amino-N-heterocycles as ambident aniidinc systems can react with 
isothiocyanates through the exo- or  endocyclic nitrogen For the 
reaction of 2-amino-2-~hiazoline with iyothiocyanates only product 227 was 
determined“’. However, the qucstios as to whether the possible reaction 
with the endocyclic nitrogen atom5” should be taken i n t o  consideration 
for the more reactive acyl isotGocyanatcs is still under discussion. On  the 
other hand, owing to the presence of two electrophilic centres in the 
molecule, acyl isothiocyanates can react with amines to give acyl thioureas 

. O n  the basis of these 
facts it  is possible to explain the formation of at least three identifiable 
products of the reaction between benzoyl isothiocyanate and 2-amino- 
thiazole (equation 151) or other a~:iino-N-hete:-ocycles”~. 

and the corresponding, amides“4.’?s..’ 0 9 . f . Z h . 1 4 5  
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CH-N 

&!Q ,C-NH, 
S 

I1 + S C N - C O - C ~ H E ,  + H S C N  

(2 2 8) 

Thc formation ofthiourca 228 as an intermcdiate is due to the addition ofthe 
cndocyclic nitrogen atom to the morc clectropliilic ccntre of benzoyl 
isothiocyanate. The subscqucnt cyclizution involving the abstraction of 
water aflordscyclic product 229. This method of ring closui-c is analogous to 
the formation of hcterocyclrs and other products of the rcaction betwecn 
amino compounds and acyl i s o t h i o c y a ~ i a t c s ~ " ~ ~ ~ ~  . describcd subscqucntly 
(equiitibn I 53).  

On Ilic basis of carlicr Gocrdclcr and coworkers 
investigated in more detail the possibility of preparing rriazine thiones by 
treatment of atnidincs xiid ainidinoids of types 230 and 231 wi th  acyl 
isotliiocya~iates~~'~'~. According to the rypc ofisothiocyanatc uscd. triazine 
thionesofgcneral formul;i 232or 233wcrc prcparcd(cquation I51).Asa rule. 
tlic intcrmediatcs cil i1nOI be isoliitcd in  thc :ibove C ~ I S C .  

R" I A 
(RN) O-C-- NCS 

I -H20 (RNH2) + R" 'N'h"" 

R" I A 
(RN) O-C-- NCS 

I -H20 (RNH2) + R" 'N'h"" 
1 

1 EtOH (E1,NH) , HN' 

HN =CR'- N H, (NHR') 

(230. 231) 

(223) 

O = C  - NCS 
I 0 

0-EEc (NE1,) 
(232) 

R = Alkyl. aryl. RO. RS. R,N 
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The reaction of aroyl isothiocyanates (and etlioxycarbonyl isothiocyanates 
also) with N-phenylamidino compounds usually affords a mixture of N- 
plicnyltriazine tliiones and N-iniidoyl-N'-aroyl tliioureas 234( 1 : 1 adducts). 
Triazines originate in the reaction of ?lie N-substituted amidines while 
thioureas arc formed by addition to the N.J groups of the bascs. The latter 
reaction is the more general one' 19. Furthermore, there is a characteristic 
side reaction which results in  the formation of acyl aniidines (235) and 
HSCN. 

Ar-CO-NH-CS-NH-C(NC6H5)-X Ar-CO-NH-C(NC6H5)-x 

X = R .  OR, SR 
(2 3 4) (2 3 5) 

Adducts 234 with suitable groups cifn be cyclized by trcatinent in 
alkali' I " .  Other types of heterocyclic compounds may be prepared by the 
reaction of isothiocyanates wi th  nitrogen bases containing carboxyl or 
hydroxyl groups in the molecule. This mainly concerns the preparation of 
the substituted 3-phenyl-2-thiohydantoins dcscribed a long time 
ago532-536. The reaction between phenyl isothiocyanate and cr-amino 
acids afTords the phenyl thiocarbamoyl amino acid derivatives which 
cyclize in an acid medium to yield the corresponding 3-phenyl-2-thio- 
hydantoin derivatives (equation 153). The reaction with 2-aminobenzoic 
acid is analogous (equation 154). The kinetic study of these reactions with 
different alkyl and aryl isothiocyanates made i t  possible to define the 
reaction conditions under which isothiocyanates give, quantitatively, the 
corresponding addition products and after the cyclization of these 
pioducts the corresponding th iohgdan to in~~~ ' .  

R-NCS + H2N-CH-COO- 
I 
R' 

MNH -0oc 
I I 
R' R '  

H -  R-NH-CS-NH 

- ooc 
R-NCS + H2N 

-0oc 

(153) 
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T 11 e re act ion bc t w ec n 3 - a mi n o ac i d s and 2 -car b o m e t h ox y p h c n y 1 
isothiocyanatc i n  a1 kaline medium yields tctrahydroquinazoline derivatives 
(equation 155). In contrast to the foregoing reactions, the carbomethoxy 
groups (carbon atom of thc carbonyl groups) and not the carboxyl group 
(Lvhicli is transformed into a non-dissociated form after acidifying) take part 
in cyclization. I f  the reaction involvcs serin (equation 156) or serin- 
pllosphoric acid, a five-membered hetcrocycle arises after acidifying538. 

0 R fy-J! H - c 0 0 - 

I + NH?--CH--COO- - 
I .? 

H 

0 

+ H 2 N - C H 2 - C O O H  - 
I O H  

I 
H 

C H 2 - 0 H  

Thc rcaction bctween isothiocyanates and 1 -formyl-I-mcthyl liydrazine. 
followed by cyclization of thc addition product. yields mcsoionic 1.2,4- 
triazolc derivatives (equation 157). 
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,c H3 ,CH3 
ti- R--?VCS + H2N-N - R-NH-CS-NH-N 

CH=O 
\ CH=O 

\ 

f (1 57) 
N-N-CHH, + H2O 

-S 

Anothcr cxamplc of the use of acyl isotliincywnatcs in thc prepatxiion of 
hcterocyclic compo ti nds is thcir react ion \vi  t h hydrazobetizcnc. Thc 
cor.responding 4:icyl tliiosemic~irbazidcs. \vhicIi split oIT etliiinol 
spontaneously and cyclize during crystallization to givc the 1,2-diphenyl 
substituted 5-tliiorro-I.2.4-t~iazolidine-3-oncs5~~. are formcd in  t h a t  
reaction (cquntion 158). 

By using tlic reaction bct\\:ccri the .3-li:ilogcn substituted propyl 
isotliiocyanatcs atid aiiitiioni:i in  mcthanol. tlic 2-atnino-5.6-diliydro-jl-l- 
I.3-thiuzities were prcparcd (equation 159)18". 

X = CI, Br (159) 
( * A N  

ksAGH-,X- 
cNcs + NH3 

I n  general. i t  i s  assirmcd t h a t  iitiiino s i ip r s  sttcli ;IS glucosaminc. 
galactosamine. ribos:imitic. crc.. rcact to yicld rlic corresponding 
t hiocarbamoyl derivatives. Ncvc1.t Iielcss. Scott pr-cscn tcd evidence in his. 
rcgrcrtubly. rarcly citcd pi1per5" t h a t  i n  contrast to the nientioned amino 
s U g i l  rs. g1 iicosa ti1 i lie reacts 11 ndc I' t h c s;\ tiic conditions wi th  phc n y I 
isothiocyanatc 10 give 4-liycirosy-3-plietiyl-5-tetr~iliydrosybutylimidaz- 
olidenethionc. i.c. tlic iidditioti product cyclizcs spontancously (cquation 
160). Cyclization of rhc addition product of plicnyl isothiocyanatc wi th  2- 
aiiiinogluconic acid is accomplislicd only it1 acid niediuiii yiclding the 3.5- 
disubstitiited tliioliydantoiii~" (cqit;ilion 161). 

111 ge~cral. !V-isotliiocyati~ilo~iiiiirics rrprcsctit ;I class of Iiiglily unstable 
isorliiocyiinates \vliicli dimcrizc on s ~ a n d i n g ~ ~ ' ~ .  /Y-lsotliioc?,~inntodi- 
methylatiiinc 236 diinerizcs ;it tmotii remperatitre in  lcss t h a n  onc 



(CHOH)3 
I 
CH20H 

4 

The first step in the dimerizntion consists of ;I nuclcophilic attack by tlic 
nitrogen atom of thc diinethyl:imino group tipon thc  cnrbon atom of thc 
NCS ~ r o u p ' ' ~  (cquation 162). The dimer- formed (237) has not been isolated 
in the piirc state but it has a transient existcncc in  solution. The nest step is a 
cyclization involving nticleophilic attack of the negritively chnrgcd atom 
upon the fr-cc NCS groups. The dipolar petitane-insoluble diiner 238 thus 
for med is st able i 11 the cry s t H I I i ne s t ii t c. bu t IT i~ rran g e ~  i 11 sol 11 t ion to pcn t a ne- 
solublc dimcr 239 by migration ofa methyl group from nitrogen to sulphur. 
The propcrtics of substance 2330 are discussed in References 288 and 544. 

2 (cH,),~-N=c=s - (CH2)2N- N- - C=S 

S =C=N-N I *(CH3)2 1 -  
(237) (2 3 6 )  

(C H3)2N - N - C = S 
* I  

S -7 C a N /  N + (  C H 3 ), 

(238) 
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2. Addition of hydroxyl and thiol groups 

Alcohcls react with isothiocyanates to give monothiourethancs (equation 
163). Hofmann directed attention 10 these reactions in 1869545. These 
reactions proceed very slowly in the cold, but by kee@g the alcoholic 
solutions of isothiocyanates at boiling point under reflux, the time of the 
reaction can be reduced to a few h o ~ r ~ ~ " ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  . A ccording to 
Gockeri tz  and Pohloudek-Fabinis"' the corresponding mono-  
thiourethanes arise in 40 or  cven 80% yield after 2 hours reflux of the 
solutions of aromatic isothiocyanates in aliphatic alcohols. On the other 
hand, phenols react with isothiocyanates slowly even at 180 "C (equation 
164) and the yields are low because the resulting phenyl cstcrs of N-alkyl or  
N-aryl carbamic acids are '. Very reactive N-isothiocyanatoam- 
ines, too, react slowly with phenols5'. 

t. Drobnica, P. Kristian and J. Augustin 

R - N C S  + HO-  R' - R - N H - C S - 0 - R '  (163) 

The reactions of isothiocyanates with alcohols can bc accclcrated by an 
admixture of catalytic amounts of triethylamine" 1 . 5 5 2  , diethylamine or 
pyridine553.55J. I t  can bc explained by thc formation of an intermediary 
complex of thesc nitrogen bases with isothiocyanates55'55".555 (equation 
165), i.e. by the assumption of base-catalysed addition of the alcohol to 
isothiocyanates. 

R"OH 

1 R-N=C=S + R;N - R-N=C-S-  - R - f l - C = S  
I 

'NR; + N R j  

R-NH-CS-OR + R;N 

" 

In  contrast to alcohols. alcoholates react easily with isothiocyanates even 
in t l i ~ c o l d 5 ~ " s 5 6 ~ 5 6 0 . A ~  early as in 1909,RaSdestvenskijS6' called attention 
to this fact. Thesc reactions proved to be of wide application in the 
prcparation of monothiocarbamates and at thc samc time, they scrved as 
evidence of the high nuclcophilicity of alkoxide ( R 0 ) -  ions as well as of the 
activity of these ions in nucleophilic attack of thc NCS group. 

By using the reaction of different types of isothiocyanates with aliphatic 
alcohols, Qyridine and chinoline alcohols, 1.3- up to 1.10-diols and other 
compounds containing a hydroxyl group, several pharmaceutically 
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interesting thiourethancs were prepared. The nicthods of preparation of 
t hese s ti bs t a iices are dealt \vi t 11 i 11 a co ti1 prehcnsive sii ivey ' '. Tliioure t Iiaiies 
as synthetic precursors of isothiocyanates arc treated in Section IV of this 
cliaptcr. 

Isothiocy;it:.ites rciict with tliiols to yicld tlic S-esters of N -  
inoiiosubstitutcd dithiocarbamic acids \equation 160). 

8 .  

R-NCS + HS-R'  R -NH-CS-S-R '  (166) 

According to ea rl ie r pa pe 1-s5 - I h .  ' (' 2 .  ' ' i t  ' was not recotntncnded to use this 
method of preparation because tlic ~irisingditliiocarbamic acidsdccompose 
easily to give the original componcnts. Thc choice of iiiore convenicnt 
reaction conditions resulted in good . On thc basis of the 
study of the kinetics and mechanism of tlic re'actions of alkyl and aryl 
isothiocyanates YGitli tliiols in  bufiered systems. i t  \\'as possible to dcfine the 
conditions u tide r which a1 k y I a lid ii ry I is0 t ti iocyilii ;i tes react q uan t i t 11 t ivcl y 
\s.itli? tliiols. i.e. with the strongly nucleopliilic R S -  foriii of these 
substances56"s69. 

By the riiethod put forwiird by G:irraway. 3-substiti::cd rliodanirles (241) 
may bcprepared i n  two steps using the reaction betwecn isotliiocyanatcswnd 
~ne rcap toacc ta t c '~~ .  The addition products formed in the first stcp are N- 
subs t i t u t ed t hiocarba rnoyl mercap t o;ice t il t es (240) \\+icli il re difiicul t to 
isolate. I n  the second stcp tliesc substanccs split off\vatcr and cyclize to give 
241 i n  acid medium (equation 167). Provided 2-mei-c~iptopi-opionate takes 
part in  the reaction. addition products 242 ;ire not proven to cyclize even in  a 
strongly acid medium" ' I .  The forination of the corresponding thiazines 244 
is xliievcd only after isolation and heating of 243 in  acetic anhydride 
(equation 168). Tlic kinetic inCestigations ;IS well a s  the products of thc 
reactions between alkyl or aryl isorhiocyanatrs and mcrcaploacetate have 
provided evidcAcc t h a t  under suitable rcaction conditions i t  is possible to 
achieve eithcr- ;I dirccl and quantitiitive convcrsion of isothiocyana!cs into 
products 241 (without any observable formation of 240). or  a quanlitative 
conversion to spccics 230 \vliicli. however. demand ; in  acid medium to cycli7.e 
into products 241. Under the s ime conditions. 2-tiierc~iptopropioii~ite 
affords mercly 242 or 243. i.c. thc addition prodiict '"~~s6c'~~"": 

H '  
R.-NCS + HS-CH,-COO- -eVd R - N H -  CS-S-CH,- -COO- 

(240) 
RN-CS + H,O 

I I 
oc-s 

(241) (167) 
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H '  . 

(2 4 2) (1 68) 

R-NCS + HS-CH,CH,COO- R-NH-CS-S-CHH,CH,COO- 

(243) O C d  

(2 4 4) 

The reaction between 2-aminothiophenol and phenyl isothiocyanate 
was described by Hofmann"'. He found that on heating the reaction 
mixture, cvolution of hydrogcn sulphide took place and 2-anilinobenzo- 
thiazole (246) was formed. A more detailcd investigation of this 

revealed t h m t  the first step involvcd the formation of rcac, i on 5 7 3.543 

S-(2-aniinoplienyl) phenyl dithiocarbamatc. 245 (attack on the S H  group 
i n  preference to the NM, group) which. on heating. yielded product 246 
(equation 169). 

CtjHs-NCS 4- H S D  a S - C S - N H - C r H 5  

H2N N H 2  

(245) 

(246) 

One of the preputxtioii methods for the h'-iiiotiositbstititted alkyl or aryl 
ditliiocui-bamutes k n w v i i  and used for ;I long time is bascd on the reaction 
between isothiocyanates and alkiili sulphidcs. e.g. potassium sulphide 
(eqitiitioii 170). I n  thisc;isc. too. the H S -  ions reprcscnt the r eac t i~e fo r t i i~~ ' .  
The pi-odttcts : I ~ C  t-eliltively stable i n  ; III  :1lkaline mcditini. They dccompose 
into the original reaction coiiipotictits in  \vcakly alk:ilinc solutions \vhilc in 
neuttxl or' acid tnedium thcy split to form the corresponding atnine and 
hydrogen sulphide (see Section IV) .  Just  on the basis of these facts i t  is 
possible toaccount for the earlier finding that isothiocyanates reacting w i t h  
hydrogcn sulphidc aH'o I-d t hc /V.N-dis ti bst i t uted t hioureas (cquat ion..! 7 I ). 
Tlic form:ition of t h a t  product itndcr givcn reaction conditions is preceded 
by ; in  addition reaction giving titlstitble dithiocarbamntc \vhich decomposes 
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into hydrogen sulphide and the corresponding an7jr7c. This m i n e  reacts 
with isothiocyanate to givc the N.N-disubstituted thiourea. 

R-NCS t HSK ___* R-NH-CS-SK (170) 

2 R-NCS + H2S R-NH-CS-NH- -R  + CS2 (171) 

According to Anthoni and c o ~ o r k e r s ~ ' ~ ~ ~ ~ '  the reaction between N- 
isothiocyanatodialkyl aniines and hydrogen sulphide is expected to give 
dithiocarbazic acids (248) which arc' of stable compounds. However, these 
cannot be isolated but react with 247 and are immediately transformed into 
bis(N.N-dialkyltliiocarbazoyl) sulphidcs (equation I 72). This conclusion is 
based on analogous reactions to 237 and authentic dithiocarbazic acids. I t  is 
remarkable that this reaction proceeds at room temperature while the same 
reaction involving phens' isothiocyanate demands a ternpcrature of about 
200 O C5  ' 5 .  

(RzNNHCS)2S 
R ? N - N C S  

RZNNCS + H2S IR2NNH-CS-SHI  

(2 47) (248) (249) (172) 

In contrast to the reaction with hydrogen sulphide. thc rcaction of 237 with 
hydrogen selenide rcsults i n  thc formation of sclcnothiocarbazic acid (250) 
which can bc isolated5'". However, i t  is very rapidly oxidized i n  ethanolic 
solution to givc thecorrcsponding bis(N,N-dial kylthiocarbazoyl) diselenide 
(251, cquation 173). I f  this reaqion is carried 0x1 w i t h  hydrogen telluride. 
only 252 is isolated5'.'. I n  aqueous solutions of alkali hydroxides. 
isothiocyanates form N-monosubstit uted thiocarbamates 253 (equation 
174) which are stnblc only i n  strongly alkalinc solutions provided R stands 
for a lkyl  or a ~ - y I " ~ . ~ " .  

RNCS + OH- R N H - C S - 0 ' -  (174) 

(253) 
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Since substanccs 253 are of no practical importance. there is not much 
information on their chemical and physicochemical properties. Simple 
alkyl and aryl isothiocyanates are stable in aqueous solutions and the fact 
that distillation wi th  water vapour is used for the purification of many 
derivatives confirms this. However that does not apply to acyl 
i s ~ t l i i o c y a n a t c s ~ ~ ~  or highly unstablc N-isothiocyanatoamin~s~~~. On the 
other hand, i t  is possible to draw a general conclusion that isothiocyanates 
are subjected to hydrolysis in aqueous solutions mainly as a result of their 
reaction wi th  OH - ions. Moreover, thc formation ofother compounds may 
bc cxplained by assuming the formation of thiocarbamatcs and their 
subsequent decomposition into amine and carbonyl sulpliidc or H2S and 
CO-, (cquation 175). 

9 

Q Q  
253 H+ RNH, + COS 

RNH-CS-NHR CO, + H2S (resp HS-)  
(254) 

For instance, that applies; to relntivcly stable thiourens (254) which arise in 
the reaction between the rcsidual isothiocyanate and its decomposition 
product, i.e. amine. Equally. hydrogcn sulphide (especially HS- ions) can 
react w i t h  the residual isothiocyanatc to givc the corresponding 
dithiocarbamate which is responsible for the formation of othcr products. 
K awa k is h i and N ii ni i k i i west i ga t ed thorough 1 y the deco ni position 
products of alkyl isotliiocyanatc in aqueous s o l ~ t i o n ~ ~ * .  Besidcs allylamine 
and dialkyl thiourca. substanccs 255. 256 and 257 arise as  products of 
consecutive decomposition (cquation 176). 

CH,=CHCH,NCS - CH,=CHCH2NHCS - (CH,=CHCH,SIi), 
I 

CH,=CHCH,S I 
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The formation of product 255can be explained for the derivatives of the ally1 
type on the basis of the isothiocyanate-thiocyanate isomerization. Ally1 
thiocyanate formed probably decomposes to give among other products 
allyl mercaptan which reacts wi th  allyl isothiocyanate to yicld product 255. 
This fact also indicates that the above mentioned isoinerization reaction 
manifests itself significantly eveli in i i n  aqueous nicdium. 

Depending on the structure of the isothiocyanates. other typcs of 
hydrolysis products can arise in aqueous solution. As to thc so-called 
naturally occurring isothiocyanates, it  is worth mentioning the extrcmely 
unstablc 3-indolyl-methyl isothiocyanate 258579.s80 as well ;is 4- 
hydroxybenzyl isothiocyanntc 2595H'.s83 which deconiposcs into the 
correspondingalcoliol and SCN - ion(equutions 177 and 17s). In contrast to 
substance 259, benzyl isothiocy;inatc and inany of its synthetic dcrivativcs 
are relativcly stable i n  water. 

H H 

H O o C H 2 N C S  OH- H O e C H 2 - O H  + SCN- (178) 

As to the synthctic isothiocyanatcs. \\'c refcr !.o acyl tliincyanates. the 
hydrolysis of \vhicli results in  ;I dccoi!ipositic*gi lk~ thc SCN - ions a s  
described ~ a r l i e r ~ ' ~ .  For other tylies of iwthiocj%natp haviiig two 
electropliilicceritrcs i n  the iiioleciilc other possibilities for t h s a t t x k  ofOH - 
ions liiive to be taken into considcriition. 

N*:tul.iillv occurring isott1iocyan:ites \v i t l i  ii [\-hydrosyl group undergo 
spontancous intriinioleculiir cyclizzition 10 givc 7-osozolidinctliiollcs 

.4) 

(equation 179). 0 

R'--HC -NCS 
R'-HC-NH 

/ o  
R2-(!-OH a' I 

R2-C, ,CS I 
R 3  

R3 
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3. Addition of carboxylic and thiocarboxylic acids 

L. Drobnica. P. Kristihn and J. Augustin 

Even i n  earlier papers i t  has bccn stated that the addition of 
c a r b o x y l i ~ ' " ~ ~ ~ ~  and thiocarboxylic : i c i d ~ ' ~ ~ . ~ * '  to isothiocyanatcs, 
followed by additional elimination of COS or CS,. gives acyl ainines. In 
thesc reactions priinary adducts 260 (equation 180) or 261 (equation 181) 
are formed. 

RCO-OH + SCNR' [ R C O - 0 - C S - N H R ' ]  - 
(260)  '6 

COS + RCONHR' 
, 

RCO-Ski  + SCNR' - RCO-S-CS-NHR' ___* 

(1 8 0 )  

The reaction between isothiocyanates and carboxylic acids demands 
temperatures above 130 r'C5H8-5y0 . C ompounds 260 cannot be iso- 
lated59'.3nn. According to Kricheldorf thiocarboxylic acids react with 
i so t 11 i ocy a 11 a t  cs fast c r t h ii 11 do t lie co r rcs po 11 d i n g cii r bo x y I i c tic i d s. The 
primary reaction products arc carboxylic thiocarbamic acid 
tliioanliydi-ides which can be isolated on ly  in certain cases at low 
temperatures5". Tlic higher nuclcophilicity of the thiocarboxylate ion may 
explain the great difference betwcen the reactivity of thiocarboxylic and 
ca I- box y I ic acid s5 w. ' I  ' . 

The reaction of r..o-ditliiocarboxylic acids with diisocyanates or diiso- 
thiocyanates leads to poly [thiocarbonylirnino-(6-osohexa1nethylenes)] 
(polytliioanliydrides). or ;it higher lempcratures to polyarnides of the 
nylon type. By heating the triinethylsilyl ester of 6-isothiocyanato- 
hexanerhioic acid with alcohols o r  phcnols above 200 "C. nylon-6 (m.w up 
to 10 000)5"' may be obtained. The polyaddition or polycondensation of 
to-isocyanato- or o-isothiocyarlatocarbox~l~c acids is described in 
pa pe 5 90.59 3 

4. Addition of carbon bases 

The rctictions of this type comprise the additions of acetylacctonc'" 
(cqutirioii 182). ctliyl ticeto;icct;?tc. and ctliyl malonate (cquution 183) to 
isothiocyanates described sonie time ago. The last two compounds undergo 
addition i n  the form of rheir alkali salts"". 
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,,COCH3 

‘coCH, 
RNCS + CH3COCH?COCH, RNHCSCH (182) 

,COOC,H5 /COOC2H5 
RNCS + CH, - RNHCSCH (183) 

\ 
‘ c o O C  H5 COOC2H5 

The N-aryl substituted amides ofmiilonic and acetoucetic acid react with 
aryl isotliiocyanatcs in thc presencc of alcoholate to yield thioamidcs. The 
addition involves a participation ofthe active mctliylene group of amides’”‘ 
(equation 184). 

R 
I Aryl- NCS 

R 
I 

+ - Aryl-NHC=CCONH-Ary l  (1 8 4) 
I 
S- 

-ZHCONH-Ary l  

+ n,o- 

& 

Aryl -NHCSCCONH- Arv l  

Similarly. those priiii:ir-y and sccondary eti;iminrs aiid imincs able to 
tautomerize can react wi th  isotliiocyanatrs tliroiipli tlir nictliylcns group to 
form thc  I : I C-adducts. For instance. the addition of alkyl. aryl. ;icy1 or 
sulphonyl isotliiocyaiiatcs to eniiiiiiiics of the type of the cstcrs of p- 
a m  i 11 o c  ro t o 11 ic ii ci d (262) ;i fTo rd s t h c co rrcs p o  n d i n g 7 -wcy I - 13- 
aniinothiocroton~iniides 263 \vliich arc  subjected to G?liydi~ogcnation and 
cyc!ize to givc iso11ii:i~ole 264 (equntion I S!J)~‘”.’”‘. 

+ 
R’ -NCS (2 6 3) (264) (185) 

Thc adducts of enaiiiiiirs and ;icy1 isot1iiocyan:ites ;ire iisiially capahlc of 
undergoing polycondeiisatioii. Stiirti1ig froin primary (or 5econdary) 
enainincs of type 265 and :icy1 isorliiocyaiiatcs i t  is possiblc 10 prepare 
different pyrimidine thioncs 266 (cquation 186) and 4-thioiir-acils 267 
( c q l l ~ l t i o n  I 8 7 ) Y O . S Y 7 . 5 Y Y  - ~ ~ ~ ~ I  
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R' 
I 

(26 5) 
RCH=C -NH2(or NHR) 

R' 
I - H70 + RC=C-NH2(or NHR) (1 86) 

I 
R " 
I 

S= C- N H - C 0 - R" 

O=C-NCS 

Rcy;;rR) S 

(266) 

R' 

The compounds of type 266 and 267 m a y  also bc synthcsi/ed by the reaction 
of primary ani ines or ;I riiiiioniii \vi t 11 t hc add i I ion compoii lids consisting of 
;icy I t c r t ia r y 
el; a tii i ncs' " '. 

By investigating thc reaction of cn~iminnketoncs of the type of 4-( 1 -  
piperidyl)- and 1-( 1 -pyr-rolidiiiyl)-3-p~iitciic-~-oncs (structui-es 268a and 
268b) \\ ,itti  phcnyl isothiocyaniircs tlic prcscncc of [lie corrcspondiiig 3-  
plienylrhiocurb~iiiioyl dcrivativcs 269a and 269b 11s 1 : I' adducts was also 
rcvciiled (cquarion 188). Thc rcaction \\ it11 I -naphthyl isorhiocyunatc givcs 
3 -nap l i r l i~ l~1 i ioca rb~ i i i i o~ l  and 2-thiopgrtdonc dcr-iwtives 270a and 270b 
depcnding on I-cuction conditions""J (equation t 89 and 190). 

o r  e t h ox yca r bo  11 y I i so t li 1 ocya  11 ;i t cs 11 i i  d 

X 
I (188) 

07c-x 
Me-C-CH=C-CH3 + R 

H\N 
II 
0 

a. X = piperidyl 

b X = pyrrolidinyl 
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corresponding 269a derivative + 270a 
xylene 

(270a) 

268b + 270 

i 

Rcllux 111 benzcne 

Or xylene 

(270b) 

In contrast to phcnyl isocyanatc. phcnyl isothiocyanares r c x t  t v i t h  
coin po u nds 26th ;I nd 268b to givc 3.5-d i plie ti y lea rba tnoy l -2- py rid one 
a n d / o r  i t s  3-plienyIcat~b;imoyl dcrivatives depending on rcsction 
co 11 d i t i o 11 s" " 

By analogy w i t h  thc reacrion bct\veen diuzomerliane and phcnyl 
isottiiocynnates dcscribed carlier('os. acyl isothiocyanates were used for 
the prepiiixtion of 5-u1iiino-1.2.3-t1iiadi~irolrs"'"~*"~ . - The hydrolytic 
climinotion of the acyl groitp. procccding aftcr addition of isothiocyanate in 
t\vo steps. tilade i t  possible to prodiice tlic priiiiary atnincs (271). hitherio 
unkiiown')' ' ( qua t ion  191 ). 

' I. 

-: 

OPh 
I 

N O=C-NCS 
+ ___, "-JR - i\SIJRNH2 (1 91) 

RCHN, N\ NHC0,Ph 

4 (271) 

Phcnos ycarboti yI isot h iocya t i ; i  te i s  p i  vticu l;i 1.1 y sii i t ;I ble for this mei hod 
bccausc thc hydrolysis proceeds cven uiidcr very mild conditions 
(compounds 271 arc sensitive to alkali). The rcactioii ofacyl isothiocy;itialcs 
wi th  diiizo:ilkones i s  considct-ed to be ;i ( 7  -t 3 )  cycloaddition'"'. 
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5 - M e t h ox y - a n d 5 - 11 i t ro - 2.3.3 .- t r i ni e t h y I i I id o I en i ties ( 272) react w i t h 
' dielectric' isothiocyanatcs to give the pgriiiiido[3.4-~~]it~dolcs (273. equation 
192). Furthermore, I-methyl-3,4-diliydroisoquinoline condenses with 
'dielectric' isothiocyanates to lhc ~~yritnido[6.I-tr]isoquinolities. hitherto 
unkno\vn i n  this state of saturation"'. 

X = O C H 3 .  NO2 

B. Cycloadditions y O . h " Y - - h '  

Cycloadditions of heterocuniul~ncs including isothiocyanates are 
treated i n  a comprcliensive monograph by Ulrich61' who used the 
literature up to 196.5. Another gencral rcview on thc 1.3-cycloadditions of 
isocyanates a n d  isotliiocyanatcs comprising the litcraturc published t i l l  
1973 was written by van Loock6I3. 

In this chapter we arc going to sivc i i  survey of thc niost important type of 
cycloadditions i n  the course of which two new (T bonds arc  formed betwectl 
the coiiiponents to thc detriment of the A bords. We shall not be concerned 
with the cycloadditions involving ;i simple bond or giving unstable 
cycloadducts which isonierize and forin linear adducts. These 
types of cycloadditions arc described in  detail in  the monograph by 
UIrich61'. 

1. [2+2] Cycloadditions 

Isothiocyanates c;in rntcr into [? + 21 cycloadditions either through the 
C=S bond or through the C=N bond \vhich is i n  agreement with clcctron 
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polarization of their NCS group containing fractional liegiitive chargcs on 
thc atoiiis of nitrogcn and sulphur5'.' ' )2.5n9. 

A higher nucleophilicity of thc atdm ofsulphur ;IS well a s  ii dccreased 2n-3rr 
interaction of its bonding elcctrons in comparison with nitrogen enhances 
the polarity of the C=S bond and thus its dipolarophilic activity i n  1.2- 
cycloadditions. From the view-point of reaction mechanism. the 1.2- 
cycloadditions of isothiocyanates can follow cither ii coricertcd mechanism 
or a two-step mechanism. Isothiocyanates fulfil the condition of prcserving 
thesyinmetryoforbitals i n  tliecycloadditionswitli multiple bonds. providcd 
these cycloadditions procecd iis thcrinally permitted n: + ni pericyclic 
reactions' I . '  l J  . Some authors ;ire inclincd to givc crcdit to the two-step 
mechanism according to which cycloaddition procceds through a zwitterion 
intermediate ( I .4-dip0lc)~' 5 . ' '  '. 

a.  Adtiitioris or1 thc C = S  horitl o/'i.sot/iioc'!,trritrtes. By iiieans of the C=S 
bond. isothiocyanates react with compounds containinp doublc C=N 
bonds in ii molecule to give stable [2 + 21 cycloadducts of the 1.3- 
thiazetidinc type" 5.10J. Thc greatcst attention was conccntrated upon the 
react ions bet ween is0 t Ii i ocya 11 ate ;i ii d ci1 rbod i i m ides. U I rich a lid 
COM,0rke rS61~ .h17 .61Y found t h a t  thc reactivc isothiocyanates. such as p -  
nitrophcnyl and alkyl- o r  arylsulphonyl isothiocyanatcs (274). reacted 
quickly with carbodiiniidcs (275) to givc cycloadducts cven at room 
temperature. while alkyl and aryl isothiocyanates reacted with 
carbodiiinides vcry unwillingly. On the basis of analogy with 
isothiocyanates. the authors ascribed tlicstrua urcof l .~-di iaet i t i i ie(276~ to 
the main cycloudd uct formed. Since is0 t h iocyiina tcs undergo addition in  
prefcrencc throuph the C=S doublc bond. thcy did not exclude the possiblc 
formation of I ._i-thiazetidine (277. equation 193). 

R-N-C=S 
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The structure of thc cycloadduct was proposed by Ulrich and 
cowoi\kers62s and confirmcd by Ojima and c o \ v o r k c r ~ ~ ~ ~ .  Thc first authors 
applicd fragmentation of &e. [ 2  + 33 cycloadduct of nicthyl-r- 
butylcarbodiiniidc (278) with 4-nitrophenyl and tosyl isothiocyanatc or 
ethyl isothiocyanatoformate ( R -  NCS, 279) to prove the structure. They 
assurncd t h a t  the cycloaddition \vould go exclusively through thc stcrically 
less protected C = N  bond of carbodiimide. 

I 
M e  N 

\ 
4% 

S - N R  

M e N = C = S  + R N = C = N - B u - f  

(283) (284) I t  (lg4) 

M e N = C = N R  + t - B u N = C = S  
(285) (286) R N  

(282) 

From the fragmentation of the cycloadduct formed i t  is possiblc to 
deterniinc \vhich of the possiblc isoiiicric structures 281 or 282 of the 
moleculc is prcsent. O n l y  r-biityl isothiocynnute w a s  isolated from the 
cycloadducts fornicd by thermolysis ( 160 " C )  on thc basis of \vhich tlic 
structure of 1.3-1hia7ctidinc dcrivativc (282) \\':is confirmcd. Moreovcr. thc 
authors assumed that [tic cyclo:iddition followcd ;I two-stcp mechan7?ssm 
while the 1.4-dipole (280) arising i n  the first stage of thc imction betwcen 
carbodiiinidc and heterocuriiiilcne \\':is cyclized into :I tlicrmodyiiamical!y 
stablc product (equation 194). Further. they invcStigated thc rcactions 
bc t ween d i ph en y1 pli  0 s  ph i  i i  o t h ion y I iso t h ioc y a n a t t' (287) o r  11- 
to1 iiencsul phon yl isot h iocyaiia tc and c:irbod i im idcs. They round t h a t  bot ti 
is0 t h i ocyii 11 ii tcs rc;ict cd \vi t ti d icycl o Ii exyl- and  d i isopropyl cii rbodi im ides 
and atlordc'd solely 1.3-tliiazctidinc drrl\ativcs (288) almobt i n  quantirntive 
yields ( cq  tiation 195). Though the I ..?-dipolar nicsonicric structiirc (28% 

a .  
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equation 196) is, to a great degree. opcrative in dcrivaiivc 289. no forination 
of 1 .I-cycloadduct was observed. 

Ph2P( S)N = C= S 

S 
/ \  
\ /  

N 

Ph?P(S)--N=C C=NR'  

t 
c=s Ph\ /N, '7 I 

Ph s, ,N-R' 
C 

Ph2 P(S)- 

II 
/c\ 

\C' 

N N-R'  

I1 
N R' 

Ph Ph 

Nair and Kim"" invcstigatcd the [4 + 21 and [ 3  + 13 cycloadditions of I -  
azi rines to lietcrociiiii ti Irncs. I n co 11 t r a t  to t 11 io benzoyl isot h iocya natcs and 
bcnzoyl isothiocyinates. which an'orded only cycloadducts ofthe thermal [ I  
+ 21 cycloadditions \vi t l i  I-azirincs (290). bcnzoyl isothiocyanate (291) 
rcncted\vith tlieabovcdipolaropliiIcsand gnvc the[? + ?]cycloadducts. On 
tlie basis of ii7iiss spectra ;ind ' H  and ' 'C  i1.iii.r. spectra of thc resulting 
cycloadducts these authors proved that the cycloaddition \\'as regiospccific 
and involved thc C=S bond of the isot1iiocyiili:ite group. tlie resulting 
products bein_e4.5-di,substitute~ 2-benmniido- 1.3-thiazolcs. From the vicw 
point of rcgiospecifici'ty two isomcric prodticts may  theorctically arisc. each 
of tlieni thi-oiigli different mechanisms. 

While the formation of compound 292 satisfies the conditions of orbital 
symnietryfor the [x: + x.:] c?,cloadditioiis.coinpoiind 293cwn ariseoiilyvia 
nucleophilic attack by the nitrogen atom of the three-mcinbcred uzirinc ring 
on thecarbon iitoin oft lie NCS group and by ;i cleavage oftlie 1 .3-bond ofthc 
:idduct formcd \vliich is stlcccedcd by :I c~Clizitt1Oli \v i th  I .5-~ig1iiittr-opi~ 
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292, 293, a R ’ =  Ph; R Z  = Ph 

b. R ’ =  Ph. R 2 = C H 3  
c R’=Ph .  R 2 = H  

rearrangement of tlie hydrogen iitoiii. Thc analysis of H 1i.in.r. spectra oftlie 
cycloadduct R ’  = f’li and R’ = 1-1 hus confirmed t h a t  only thiazol 
regiostereoisonier ( 2 9 2 ~ )  is formcd in this cycl-e<._lition. Bccaiise of great 
diferences i n  the yields of product 292c. deperd:ng on tlie polarity of 
solvents a s  well a s  dilfcreiiccs i n  tlic pathway of cycloadditions of 
A‘- iobcnzoyl isotliiocyaiiare and benzoyl isocyanate as  conipurcd with 
benzoyl isothiocyanatc. tlic authors suggcst a transition state of dipolar 
character (294) for cycloadduct 292. 

-. 
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0 
I 1  

R-C-N= c . ~ . S 6 -  

N;;C6+-R' 

I131 

x 
R2 H 

(2 9 4) 

Among reactions involving the C=S bond ofthc isothiocyanate group i t  
is worth mentioning the [2 + 21 cyclondditions of alkoxycarboiiyl and 
nierca ptoca rbon yl isot h iocya n a  tes (295) wit ti azoirn i nes (296) w h  icli provide 
the corresponding 3.4-disubstitutcd I .3-thiazetidines (297)'0.'0" (equation 
198). 

6- -c 
I1 

(295) 

RX-C-N=C=S 
0 
It + RX-C=N-C-S  

I 1  
R'N = CHPh R'N - C H P h 

(296) (297) 
J 

R' = i -  Pr, cyclohexyl. P h  

R = CH3(X=S).  C,H5(X=O) 

I .3-Thiazetidincs also arise in the reaction of tosyl isothiocyanate \v i th  p- 
methoxybenzylidcnr aniline. benzylidene aniline and bciizylidcnc Y- or p- 
11 a ph t 11 y 1 am i lie. E I h ox y c;i r bo 11 y I i  so t ti ioc y a  11 ii te ;i 11 d N-ph e n  y I - 
brnzitnidoyl isothiocyanatc do  not react \\.ith benzylidcnc aniline I o 4 .  

The react ion bet \vecii azomet ti incs wit t i  ii on -\:olu mi nous su bst ii ticii IS on 
nitrogcn, e.g. benzylidrne mctliylaniine (298) and carbonyl isothiocyanates 
(2991, provides the 1 : Z adducts w i t h  ;I six-mcmbcrcd triiizine ring (300301. 
equation 199). 

7 H3 

S=C' N, CH-Ph 

R-N=C=S + 2 CH3N:CHPh I I (199) 
R-N, ,N-CHI, 

(299) (2 9 8) CH 
I 
Ph 

(300) 
R = CONPh2. CO,E1. COSMe 

Sulphonyl and :iIkosycarbonyl isothiocyiiniites diiiicl-izc easily throtigh 
thc C=S bond. the outcomc bcing ;I formation of four-inembered 
heterocycles of the 1.3-dithicth:ine type (301"'"~'"' . c q  Lratioll '00).  
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NN s-c 
2 R - N = C = S  I I 

c-s 
// 

(200) 

R N” 
R R’-SO;, 

R’O - CO (301) 

The reaction bctwccn ethyl isothiocyunatc and 302. the pathway ofwhich 
is similur to the incch;inisni ofthe Wittig reaction. has been known for a long 
timeh’ I .  Thc unstable four-membered cycloaddttct (303) is cleaved during 
t lie rcact i o t i  w h i I c t ri phcn y 1 ph 0s pli i nc s t i  I p h idc (301) a n d  diet h y 1 - 
carbodiimidc (305) are fornicd (cquatioti 201): 

b. Atltlirioris 0 1 1  rhc C= N hour/  o/’isorliio(.\.t1/i(1tCs. Isothiocyanates only 
entcr into cycloadditions involving the C=C bonds of nuclcophilic 

(cnu mi tics. [ h m i  no- and P-dia tiiinocro!o na tes. indol yl 
esters. kcttlneaminatcs. etc.””). Th: cycloaddition is likely 10 proceed 
analogously wi th  isocynnotcs through the C = N  bond of the isothiocyanate 
group. and thc unstable azetidine ring (306) yields 307 (cquatioti 202). 

I c f i  5 ‘) 9. h 1 1.6 1 3 

RN-C=S RN-C-SH , RN=C=S 

+ - 1  I H F = = = &  I+Il 
R ~ N C H  - C’ 

(306) 

R ?  N c - CR’ 
R ~ N  -HC=CH-R’ ‘R’ 

(202) 

W hcn sul phon yliso t h iocya nutcs (308) aIe r c x t  ed \vi t h P.({-disirbstit u tcd 
cnamincs (309) cryst:illinc I : 1 adducts arc fot-med””. l h c  s p c c t ~ ~ s c o p i c  
data are consistent wit11 the dipolar structure 310. i n  non-polar so&nts an 
eq iiilibritriii ex is t s  bcrwcn 310 i t t i d  the iiiiidorliict~tnes””(31l.equation 20.7). 

c 
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The cycloadditions of isothiocyanates with azomethines derived froin 
a ry I-a I k y 1 k e t oncs (3  1 2) giving I i ncii I- ii dd uct s ( 3  I 3)6 ' '.' ' ' arc quite 
analogous (eq ii ;it io n 304). 

Thcexchaiigc reactions between hetcrocumulencs R-N=X=Y ( X  = C. 
S and Y = 0. S). for which four-membered rings of dimers may be assunicd 
mere ly  on the  busis  o f  t h e  i .esult ing r e a c t i o n  
prodUC~s308.309. I 2  1 .h26  (equation 305). arc also to be included into this kind 
ofcycloaddition. The reaction is of practical iinportance for the preparation 
of systems with C=N bonds or for tlic prcparation of heterocuinulencs by 
simple transfer of the substituents R and K' 

0 
I I  '. x 

%, \ 
\ ' x ,  

R-N N-R' 

c - \  

I1 
s 

R- NCS 
+ 

R'- NXO 

L 
7 
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An analogous course is also shown by the reaction between 
isothiocyanates and nitroso c o n i p o ~ n d s ~ ”  in which azo compounds (314) 
and carbonyl sulphide (315) arise (cquation 206). 

\ 
R - N C S +  <O=N-Ar ====== R-N-C=S) NI - ------ I 1  + COS (206) , I  

A r - fl- ‘0, NI ’ t (315) 

(374) 

Ar 

Amidines and guanidincs react with p-toluencsulphoiiyl isocyanate and 
4-nitrophenyl isotliiocyanate even at room temperature to form 1 , l -  
cycloadducts of the diazetidinc type. These cycloadducts can sometimes be 
isolated but they frequently disproportionatc even at rooin temperature to 
give the starting substances while the substitt!z:nts R ’  and R’ ”’ exchange 
their positions (equation 207). 

R 
1 -  - 

( c H ~ ) ~ N - c = N R ’  + R ~ - N = C = X  - 

Phenyl isothiocyanatc (317) reacts \vi th  N.N-dimethyl-N‘- 
dimethylatnit:oforni~imidine (316) and gives the titistable [ 2  + 21 
cycloadducts (318) which dccompose afterwards to give dimethyl- 
am in o i so t h i ocy a n a t e (3 1 9) a n d R; . A/’- d i m c t h y I - N ‘- p h cn y I Tor m a m id i nc 
(32% Thc dime t h y la mi noiso t h iocya n a  t e (379) formed by decomposition 
givcs. with another niolcculc of phcnyl isothiocyanate (317). I I  1,3- 
cycloadduct (321) wliich is thermally unstable wd isonicrizcs by 
rearrangcinent of nicthyl group to I -mctliyl-3-met hylthio-4-plicnyl-1.2,4- 
triazol-2-in-5-thione (322. equation 208). 
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+ 
319 + 317 - 

+ 

2. [3 + 21 Cycloadditions 

Isothiocyanates may react \vitIi some 1.3-dipoles through the double 
C=S bond"". wi th  others through thc double C = N  bond630. or via both 
these double bonds to yield ii mixture of c y c l o a d d u ~ t s ~ ~ ' .  

a. C~~c~lorirlt1irio1i.s Q/' 1.3-dipoles \\.ill1 i r i isrr t i rrrrrct l  sesret sriwctirre. The 
cycloadditions of diazo compounds (323) wit11 isothiocyanates giving 
iniinothiadiazolines (324) which immediately rearrange into the 5- 
substituted 1,2,3-t h i a d i a ~ o l e s ~ ~  2 . 6 3 3  (325. equation 209), belong to the 
best known reactions 01 

R-N=C=S 
L 

R' - cq & 

1,3-dipoles of !hat type. 

R-N=C-s 1 R - NH - C-S 
L I I  I (209) 

R ' - L Y  /N  R'-C, +N 
N / '  I N 

J 

(324) 
(3 2 5) 

. ~lry]63.4-636.  I 5 Y  Thc iiiost diversc typcs of isothiocyanatcs. c.g. ;ilkyl"'9.h"4 
'. c;i rbarnoyl 0 2 .  

s u 1 phony I ii I k osy ph osph i n o y I 6 3  ' 
isothiocyanates undergo this cycloadditioii. ~ i ~ i ~ o ~ l k a ~ i c s ~ ~ ~ . ~ ' ~ ~ - ~ ~ ~ . ' O ~ .  

, c;i rbal k osy' 9. I ". i m idoyl 
ii 11 d dial k y I 

a cv h 19.6 3 . 4 .  I 5 9 .  (,Oh. 1 0 H 

'. iind d i i i  ry 1 
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d iazoace t o ph en o tie' ". I ". I * and diazoacctamidelo8 were used ;is diazo 
componen ts. 

The reactivity of isothiocyanatcs increases with the clcctrophilicity of thc 
carbon of thc isothiocyanate group \vhich is cnh;inccd by electron- 
\vithdrawing groups in thc order"" R < Ar < R O z C  < ArCO. 

The ability of diazo compounds to react decrcases through the effect of 
elect r o  n - w  i t h d ra \v i t i  g s u bs  t i t  ue n t s6 ". I " *  i n  the o r d c r  C H I N 2 .  

p h c n y 1 diazo n i  c t h ;I 11 e6 5 .  I () '. t h c L' s t c rs of d i ;i zoiicc t ic acid ' ' ".(' 6 .  I . (0- 

C?H,N, > C(,HSCHN, > NHz-COCHN, > CZHS02C-CHNZ > 
ChH 5 -COCH N 2 .  

For instance, diazo esters rcact with isothiocyanatcs o n l y  after boiling for 
several hours in absolutc dioxanc. wliilc diazomethane dissolved in ctlier 
adds to isothiocyanates cven in  the cold629. Thc cycloaddition of diazo 
compounds to acyl isothiocyanatcs may also becarried out by prcparing the 
corresponding isothiocyanate i r i  s ir ir  in  t h c  presence of 21 diazo 
compound' 08. 

For the formation of thiadiazolcs ii two-step ionic rnechanisni was 
originally proposed633.h36 . 0 11 the basis of kinetic studies of the effect of 
substituents in diazo compounds and polarity of solvent on thc rate of that 
rcac t ion. M a r t i n ii nd M lick c6' h iivc Provcd t i  na m biguo us1 y t h a t 
thiadiazoles arisc i n  a one-step-concerted process by way of :I I .3-dipolar 
cycloaddition. 

Mcthyl isothiocyanutc (326) reiicts only w i t h  cxccss diazomcthane while 
thiadiazole (327) arising in the first step reacts immediately with another 
molecule of isothiocyanate to yield A".N'-dimcthyl-K-[ 1.2,3-thiadiazolyl- 
( 5 ) ]  thiourea (328. equation 210). 

The reaction b e t w e n  2-diazo~icetoplictionc (329) and benzoyl or 
thiobenzoyl isothiocyanate (330) giving thc corrcspondjqg thiadiazoline 
dcrivativc (331. cycloaddition throiigli the C=S double bond) in  the first 
step reprcsents a special C i i j C .  I t i  the ~ubsequcnt  reaction step this derivativc 
splits off nitrogen and recyclizes to givc 8-benzoyl- o r  8-thiobenzoyl- 
acenaptitho-( 1 . ~ ) - A ~ - i s o x a z o l ~ n c - ~ - t l i i ~ n c  (332'13'. equation 2 1 I ). 

Alkyl  and aryl isothiocyanates give cycloadducts with hydrazoic acid via 
C=S bond while 5-substituted 1.2.3.4-thiatriiizole~~~" (333) are formed 

$:equation 212). 
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O H N 2  

1137 

x = o , s  

RNHC-S 
R N = C = S  + H N ,  I I  I 

N\N//N 

R = Alkyl. ary l  (333) 

Arylsulphoiiyl isothiocyanates react wi th  butyl azide or benzyl azide 
through the C=S group of the isothiocyanate groups too, while the 
corrcsponding tlii~ti~inzolit~cs"'" (331. equation 2 13) arc rcaction products. 

R = Bu, Ph  
(3 3 4) 

The reaction betwcen natriuin azide and i so th iocya~ia tcs~ '~- ' '~~  became of 
prcat importance for thc synthesis of I-substitiited tctr~zoline-5-tliiones 
(336). I n  contrast to frcc acid. the cyclooddition ofazide ion proceeds via the 
C = N  double bond of thc isothiocyanate _grotips and gives anion 335. 
yielding 336 ;if@, protonation. 

(335) (336) 

Theaddition oftributyl and triplicnyl t i n  nzide(337)gocs through the C=N 
bond of phenyl isothiocyanate to give cytloadduct 338 (equation 21 5)h'b 
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Nitrile imines belong among other I .%dipoles which react with 
isothiocyanates by thc [3 + 33 cycloaddition mechanism. Huisgen and 
coworkers'"" have found t h a t  diphenyl nitrile iminc (340) arising by 
thcrmolysis of 2.5-diphenyltetrazole (339) rwicts with phenyl isothiocyanate 
to give 3.5-diplienyl-2-plienylimino-2.3-diliydro-l,3.4-thiadiazole and 
1.3.4-triphenyl- I .3,4-triazole-5-tliione (342). Thercfore thc cycloaddition 
involves both the C=S and C = N  double bond of the NCS group(cquation 
2 16). 

N 

C6H5C\ "C6H5 "O -N, ' ' [C6H5-'?=!-E--C6H5] 

(216) 

(340) N RNcs C6HsCC )NCsHs 

N=N 

(339) 

C6H5C\ 'NC6H5 

F C N S  
N C6H5 C6H5 

\\ 
s-c 

(341) (342) 
58% 29% 

Diphenyl nitrile iminc (334). prepared i r i  s i ru  by splitting of hydrogen 
chloride from benzoic acid phenylhydrazine chloride (343) by tricthylamine, 
adds benzoyl isotliiocy~~nateh3' and imidoyl isothiocyanate' " solely 
through the C=S bond of the isothiocyanate group to give the tliiadiazole 
dcrivativc (345. eqiiation ? I  7). 
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In contrast to the isothiocyanates already mentioned, diphenyl nitrilc iminc 
adds ally1 isotliiocyanatc through the C=C bond, the dipolarophilicity of 
which isevidentlygreaterthan that ofrhe NCSgro~p"~ ' ( t I1eau tho~sg iveno  
cxperimcntal results). 

I t  is interesting that  no cycloadditions of isothiocyanates to nitrile oxides 
have becn reveaied u p  to now though the lattcr substances represent some of 
the most studied 1.3-dipoles. Van Loock6'.' explains this fact by thc low 
nuclcophilic reactivity of the C=N double bond of hetcrocumulenes wi th  
respect to nitrile oxides. 

b. Cyc/oadditioiis of 1,3-(iipo/es i r h  sr1tirrntt.d seS1et sti.iict1ti.e. 

Isothiocyanates can enter into 1.3-cycloadditions with nitrones(azometliine 
oxides) either through the C=N or C=S The formation 01 a 
particular cycloadduci depends on  the structure of thc isothiocyanate and 
steric factors i n  the molecule of nitronc. For instance, C-phenyl-N- 
inethylnitrone (346) reacts wi th  phenyl i s o t h i o c y a i i a t ~ ~ ~ ~  and benzoyl 
i s o t h i ~ c y a n a t e ~ ~ ~  cxclusively through tlic C=N bond to give 1.2.4- 
oxadiazolidine-5-thione (347. equation 2 18). 

'3 

p 3  
I 

CH3 H N 
+ i '  \ / \o PhCH-N-0- + RN=C=S Ph-C, , 

(3 4 6) 
R ;N-cis 

R = Ph. PhCO (347) 

Cyclic aldo- and ketonitrones react with phenyl isothiocyanate in a 
similar way. Thus the reaction between methyl substituted I -pyrroline-I - 
oxides (348) and phenyl isothiocyanate affords thc corresponding rnctllyl- 

, substituted 4-phenyl-2-oxa- 1.4-diazabicyclo[3.3.0]octane-3-tl~ioncs (349. 
equation 21 8)'". 

R3 R 4  

R' x7i5+ C6H5NCS - R '  Rx-xR5 
(349) s 

(219) 
R '  N 

&dN - C6H 

R' +N 
I 
0-  

(3 4 8) 

Ic - R' R2 R 3  R 4  R5 
'-3 H H H H 

CH3 H H CH3 H 
H CH3CH3 H CH3 

M e  Ph H H CH3 
M e  H H H CH3 
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However. substituted plicnyl isothiocyanatcs 350 react w i t h  5,5-dimethyl- 1- 
pyrroline- I-oxide(351) to yield both C=S(35?.) and C=N adduct(353).The 
unstable C=S adduct 352 decomposes into thiolactaln (354) and aryl 
isocyanate (355) which partially react with 351 to givc isocyanate adduct 
356bJ7.64'3 (equation 320). 

- 

N-Ar 

H3c0 + ArNCS 

H 3 C  N +  (3 5 0)  
I 
0 -  S 

I f  3.3.~.5-tctr~1mctliyl-pyrroli1ic- I -oxide reacts \\!it11 aryl o r  benzoyl 
isothiocyan~ites. i t  afTords cycloudducts only through the C=S bond'". N- 
Oxides of hcteroaroniatic compounds. the C = N  bond of which is a 
component of conjugated multiple bonds of the aromatic ring, may be 
regarded ;is nitroncs. Tliesc N-oxides (357). e.g. the iV-oxides of 
i so q u i no I i  11 ch " ii n d 1 -met h y I be 11 z i  m id ;i zo I c" ' ', r cac t w i  t h i sot h i oc y a 11 at es 
to give unstable cycloadducts (358). tvhich split OK carbonyl sulphidc 
easily and yield amino derivatives of thc Arresponding heterocyclic 
compounds (359. equation E l ) .  

NHPh 
(359) 
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Komatsii and coworkers”” studied tlie reuctions bctween osaziridines and 
phen y l is0 t !I iocya iia t e. They f o  11 iid t ha t  on I y 3-1 -but  y l osuzi ridi ne (360) 
rcxted \v i th  phcnyl isotliiocynn.lfc (361) to give ;I I : I cycloadduct. i.e. 
oxadiazulidinetliio~ie (362). in good yicld iis well iis a small amount of 
osiidiaznlidinonc (363). Bccausc of tlie steric IiindrLitice of the large r-butyl 
groups this dei-iviitivc is likely 10 produce iiii  isomcric nitronc which reacts 
w i t h  isothiocyanatc by a I .3-cycloaddition. 

@ 

PhCH=NBu-t + PhN=C=S - 
I 

(360) 0- 1 (361) 

Azoiiietliineimiiies cxhibit a high reactivity wi[h rcspect to isothiocyanatcs 
in  I .3-cycloadditions. I n  contrast to 1%’-oxides. they form stable C = N  
cycloadducts with isothiocyaiiatcs. Isoquinolinc-N-plienyliiiiinc (364) 
rcucls with phcnyl isothiocynnate to give I : 1 adduct 365 (cquation 223). 

CH N-NPh + PhN=C=S- w2:h (223) 
+ 

/ 
Ph 

m 
(364) 

I (365) 

Azomcthinc imincs (367) arising i l l  sir i i  by thcrmolysis of 1.2.4.5-tctrazincs 
(366) ;iIToid in tlic pi’cscncc of isot1iiocy;iiiatcs I ..i-cycloitddlicts of the I.2.4- 
triuolidinc typc (368. eqir;ition 224)””. 

I .3-Dipolcs of tlic azoiiicthicnylide system ‘(369) may be prepared FIJ 
adv:intage i ~ r  sir ir  by thermal decomposition of aziridiiics”’”.‘’‘ (equation 
‘ 2 5 ) .  

A high reactivity of these substances \\,it11 rcspcct to isotliiocyilnatcs 
IiiiiliifCStS itself in  tlic cycloadditioiis iiivolving tllc C=s bond of the 
isotli iocyana tc group. I -C~clolies~l-2-plit.nyl-.l-( ~~-toliioyl)~iziridiiie (37 1) 
react \$.it11 p-!iitrop]icnyl isotIiiocyiil1:itt. (372) 10 give iliiazolidinc derivative 
373 which tautoiiierizcs into .3-cyclolicx~l-5-(p-liitroplienyl)-ami1io-~- 
phcny!-+( 1’-t 01 uoy\)-4-t I1 iazolinc (374” ”. equation 326). 

I 
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Ar 
I 

RN=C=S 
CH CH3 

I 
/ \  

H3C-N H3C-N,CkN I 

N-CH, I - 
A ,  [ArCH-N-!-CH3 

(367) 
H3 

I 

Ar N \c/ \ 
N-CH3 

H’ ‘N-c’ 
I \ \  

R S 

R 
f I -  

Ar-CH-CH-R’ ’ * Ar-CH-bJ-cH-R’ - 
\ /  

N 

R 
I (2 2 5) 

(369) R 
I _  

Ar--CH=N-CH-R’ + -  - etc 

(370) 

R 

] ’NCS 

(372) 

Benzene 
PhCH-CHCOR’ - 

\d 
I 

R 

(371 ) 

R 
I ? R’ 

(373) 
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c y c I o h  e x y 1 - 2-( p- b i p h e n y 1 y 1)- 3 - 
b e ~ i z o y l a z i r i d i n c ~ ~ ~  ( 3 7 5) o r 1 - c y c I oh  e x y 1 - L - ( 2' - t h i e n y 1 ) - 3 - 
b e n ~ o y l a z i r i d i n e ~ ~ ~  (376) and aryl isothiocyanatcs (377) i t  is possible to 
isolate two isomeric thiazoline derivatives (378 and 379. equation 227). 

After the reaction bet ween 

R R 2  
I I 

Ar 
(3 7 8)  

COR2 
I 

S-C=NAr 
(379) 

R'CH-CHCORZ + ArNCS 

(377) 
/ /  
N 

I 
R 

(375 or 376) 

R = Cyclohexyl 
R1 = p-Biphenylyl, 2'-thienyl 

R2 = Phenyl 

c. C!*cloadriirio~ls of orhcv rj1pe.s of I ,3-t l ipole~. Kctocarbenes containing 
electron-withdrawing groups arc sufficiently stablc I .3-dipoles to cnter into 
cycloadditions with heterocumulenes. Tctrachlorobcnzcne-o-dixTooxide 
(380) heated to I30 "C undergoes thcrmal decomposition into ketocarbenes 
(381) which react i n  the presencc of isothiocyanatc through the 
isothiocyanate C=S doublc bond to forin 11% I ,3-bcnzoxathiole derivative 
382 (equation 228) "5 i .  

A r N = C = S  

CI 
(382) 
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Thiokctocarbenes, too. react with isothiocyanates in an arialogoils way. 
Thiocarbene (384) produced by thcrmolysis of I ,2.3-benzotliiadiazole (383) 
can react with phenyl isothiocyanate to give 2-phenylimino-1,3- 
benzodithiolc (3856 ', equation 229). 

Huisgcn supposcd6" that symmetric cyclic diphenylthiourea was formed 
in high yield by heating 4-phcnyl-2.3.4-triazabicyclo[3.3.0]oct-2-e1ic (386) 
w i t h  phenyl isothiocyanate. The reaction proceeds via the 1.3-dipolar 
intermediate 387. the Torination of Lvhich is followcd by 1.3-dipolar 
cycloaddition (equation 230). 

Afterwards Baldwin and co\vorkers'" pi-ovcd on the basis of spectral and 
chemical data that this reaction followcd another rncchanism and the final 
product WIS not the I .3-cycloadduct (388) but '-aniliiiocyclopcntenyl- 
t h ioca rban i tide (389). 

NHPh 

(389) 

Etlis and coworkers were conccrned wit11 cycloadditions of 
alkeiiosidt.s""O.""', Thc main products of cycloaddition arc oxazolidones 
(390) \vhich may arisc in dilrcrent \vays accoiding to catalysts and reaction 
conditions. Onc of the possiblc path\vays is dcscl-ibed by equation (231)'". 
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CH2-CH2 
/ \s heatlng CH3N=C=S + CH2-CH2 - 0 

\C/ 
I 
NCH3 

\ 0' 

1145 

\ 
CH>--CH, \ /  ,CH2 - CH2 

CH~N=C=O -L 0 

\JNCH3 I 1  

0 
(390) 

Acyl isothiocynnates (391 1 rcact with alkylcnc oxide (392) through the C=S 
double bond of the isothiocyanatc group to give 2.5-disubstitutcd 1.3- 
oxutIiioIanes (393)"'' (equation 232). 

., 
R'C-N=C=S + RCH-,;H~ - R'-C-N=C T2 

I1 \ /  I1 '0-CHR 0 0 0 

(232) 

(391) (392) (393) 

The cycloaddition of alkyl isothiocyanates to ethylene sulphidc (394) 
yielding thc 2-substirutcd 1 .3-dithiolancs"h3 (395) procceds in t h c  same way 
(eq u;it ion 333). 

S-CH: 
(233) " I RNCS + CH,-CH, - * +  RN=C 

\. 

(395) 
S-CH, 'S' 

(394) 

Bis( 1.3-diphcnyl-~-iiiiidazolidiiiylidcntl) (396) reacts with isothiocyanates 
i n  the ratio 4: I to give 3 4-ditliiono-(,.9-dipIieiiyl- 1.3.6.S)-tctruaza- 
splo[4.3]non;incs (397) in fair($y good yieldshh'. Provided this reaction tvas 
pcrforincd \\.it11 4-nitrophcnyl isothiocyaniitc in  the ratio 2 :  1. i t  w a s  possible 
I o i sol i i  I c ;I  me rc;i pt o- N - i i  ry I - fo r m i in i d o y I - i ni id ;iz:i te i i i  ner s a  I t (398) \v h ich 
rclmscnts ;I 1.3-dipoliir system stabilizcd cxtcrnally. This dipole reacts witti 
ant> t hcr niolcculc of 4-nit ro phen y l iso t h iocy a iiiitr t h rough the C = N dou blc 
bond of the iscdniocyanate group to givc'product 397'"' (eqiialioii 333). 

This typc ofcycloaddition was described for the first tinie by Winberg and 
Co tfni ;I 11 " '' ' fo I- b i s( I .3 -d ic t h y I - 7 - i ni id a z o I id i 11 y I idr n c ) . 1' re jc n t I y Sc I1 O ssk r 
ii n d K c i t z" " heated substance 396 and ucyl isothiocyanatcs in toluene und 
o bt a i i i  cd s t ii bl e 1 .3  -d i p o  1 es  [ ( Z - ;I c y I t 11 i oca  rba in oy 1 ) -  1 . 3  -d i ph e n y 1 - 
imidazoliniuni-betilines. 4001 in  the crystalline form. In  contradiction to 
car 1 i cr a t h rShh f. .hh thcy assumed that only one molecule of 
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Ph S Ph Ph 
I I (rx:) 4 R N C S  . (tYJ;R 
I I I Y 

Ph 
(398) 

R =  Ph. PhCH2, CH3. CH2=CHCH2. cyclohexyl, 2-CH3C H,. 4 -NO C H,, Il-CH,OC,H 

isothiocyanate entered into rcaction and the resulting adduct (399) splits 
into a 1.3-dipole (400) and carbene (401. equation 235). 

396 + RCN=C=S -- 
II 
0 

Ph Ph 

c-0  
I 

R 
(399) 

Ph 
(4 0 0)  

The dipoles obtained (400) ;ire characterized by [3 + 21 additions to 
diacylacctyleiies (402) and isocyanatcs (403). The resulting products of 
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cycloaddition are 1.4,7-triazaspiro[4.4]nonencs (404) o r  1.4,6.8- 
te t raazas pi ro[ 4.41 n on a ties (405, cq ua t i o n 2 3 6). 

(4 0 4) 

R 2  = O W 3 .  Ph. R 3  = P h ,  cyclohexyl. 

Takainizawa and coworkcrs668 invcstigated thc reactions of thiazolium 
}&des (406) with alkyl isothiocyanates the final products of which wcre 1 : 2 
cycloadducts containing fused spiro ring systems (407). On the basis of 
analogy with other ~ y ~ t e m ~ ~ ’ ~ ~ ~ ~ ~ ~ ~ ~ ’ ~ ~  thc authors supposed that this 
reaction involved the formation of a,I : 1 adduct 408. This 1,3-dipolar 
intermediate 408 thus formed iindergocs subscqucnt cyclization with 
another molccule ofisothiocyanate to yicld a I : 2 cycloadduct 407 (eqwtion 
237). 

M e  CH2CH20H 

R‘NCS R‘NCS , 

(237) 

N S 
f .  c - C b  - 
’> /’ 

s N 
/ J \ .  

(407) 

d 
Latcr T a k a t i i i z a w ~ ~  nd coworkcrs“ confirmed that aryl isot hiocya natcs 
rcacled wi th  thiamine and rclated thiazoliuni ylides to forni separablc 1 : 1 
adducts containing a ticw dipolar systcni (409). Thc distribution of products 
exprcssed by thc ratio of thc 1 :  I  adduct to thc I : ?  adduct depends 
considerably on the character of substitucnt i n  a ry l  isothiocyanate. 
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Elcctron-witlidra\ving substitueiits support the forination of the zwittcrion 
(1.3-dipole. 408) whilc clcctron-doti~itiii~ substiturnts favour thc forniation 
of thc cycloadduct (4Q7). 

Isothiocyanatcs (410) react with isonitriles (41 1) atid cnamines (412) in  
pol a r solvcn ts  to yield i i n  i ti ot h iopy rrol idi ncs6 ’ ’ (3 14). Though the a t i t  h ors 
do not describe the mcchanism of this reaction. i t  may be supposcd that by 
iinnlogyh7’ the reuction involves transient formation of the corresponding 
1.3-dipole (413. equation 238). 

[ 3+ ] 
R ’ N = C = S  + R2h=C R’NCC=NR2 

$10) (411) (413) 
e (238) 

+(CH&C = C H R 3  

(412) 

S 
I1 
C 

\ I  

(414) 

R~N’ ‘ c=NR~ 
R H C- C (CH3)z 

R’ = Cyclohexyl. 4-nitrophenyl. methyl 
R Z  = Cyclohexyl. 4-(3.3’-dirnethylazobenzzne) 
R3 = N-Pyrrolidinyl, N-piperidinyl 

Diinethoxycurbcnc (415) arising by thcrniiil decomposition of 1.2.3.4- 
t c t  rnch I oro- 7.7-dime t h ox y-5 - phcn y l bicycl o[ 2.2. I 3 hept a-2.5-d ien e (4 16), 
rcacts wi th  excess aryl isothiocyanatc to give the corrcsponding 5.5- 
dirncthoxyditliioliydantoi~is~~~ (417). In t tic first reaction step ;it1 addition of 
diiiiethotycarbcne 10 a r y l  isothiocyanate takcs place an an esternnlly 
stabilizcd 1.3-dipolc (418) arises. In the sccond reaction step thc 1.3-dipolc 
undergoes cycloaddition rhroug?, the C = N  double bond of another 
tnoleculc of aryl isothiocyanate to give final product 417 (equation 239). 

CH,O 
CH30 clo / ‘CI + A r N C S  

CI Ph CH30  

CH30 
‘CI + 

C&: 140 C, CH30 / 

CI 
CI (41 5) 

(41 6) S .* (239) 
II 
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N.N-Diulkyl ~itninoisocyanatcs (419) generated from 1. I -dimethyl-4-t- 
b u t y 1 - I ,2.4- t r i i;zo I id i tie - 3.5 - d i o 11 c - I ,2- a 111 i 11 i in i d cs ( 420) behave t o w  rd s 
isdthiocyanatcs as  I .3-dipoles. They undcrgo addition through the C = N  
bond ofthe isothiocyunatc group to give I . I  .4-trialkyl-l .i.4-tIii1~0Iiditi~-3- 
onc-5-thione- I .i-arninitiiidcs (421) i n  good yield"'-' (cqu:ition 240). 

+ - 
RN-N 

I I 75 ' C  
O=C,N,C=O L R * N N = C = O +  f BUNCO 

I (419) 
1 - B u  
(4 2 0)  

6+  R\&-i (2  4 0) 
\ -  T/.. R' I I 

f? 

/ N R I 

N - N - c - 0  + R ' N = C = S  - O=C, ,C=O 

Some tnesoion ic compo it nds of tlic ii ti hyd ro-3-;1ryl-5-hyd roxy-3-mcthyl- 
thiazolium hydroxidc system (422) reptrsent I .%dipoles which rcact easily 
with phenyl isothiocyanatc in  hol benzene in  I'JC \Viiy of [ 3  + 21 cyclo- 
additio~i" '~.  The primary 1 : 1 cycloadduct (423) sp??tb ofTccarbony1 siilphidc 
to give a t i  I1 y d ro- 2 - H ry 1-3- in e rcii p t o- I -111 e t li y I - 3 - p ti c ti y 1 i  111 id a ~ o  I i u in I 

hyd;oxidc (424). equation 341 ) 

I f  thc twction is pcrformcd in  the iibscncc of solvcnt. i t  is possible to isolate 
from the reaction mixtiire not  only product (424) but also ;I cycloadduct 
containing phcnyl isothiocyanatc. i.e. the I -sLibstit utcd 7-nicthyl-~.G- 
~~ph~nyl -2 , ( , .7 - t r iazabicyc lo[~ .~ . I ]hcptane-3 .5-d~th~one  (425. equation 
242). 7 H, 

N 

424 + P h N = C = S  

Ph 

(242) 
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3. [4 + 23 Cycloadditions 

This group comprises mainly the dimerizations and cycloadditions of 
isothiocyanates of tlie carbonyl type wi th  electron rich multiple bonds 
known from tlic publication of Coerdeler atid coworkers"' (equation 243). 

t. Drabnica. P. Kristian and J.  Augustin 

S 
I1 

S 
I1 

"C, YR2 

C RC, X ,kR1 

N d C  

+ II - II I 

R/' \x 'R' 

(243) 

X = 0.S.NR 
Y = C.N 

Thcsc reactions procced formally in the \vay ofthe Dicls-Aldcr reaction wi th  
inverse electron demand6" to produce six-mcmbcred heterocyclcs 
according to the schcmc 4 i- 2 + 6. Their mccliwnism has not been 
elucidntcd unambiguously. O\ving to :I high polarity of mttltiple bonds of thc 
d i en o p h i I i c co m po tie n kq, a t w o - st c p m cc h a n i sni i s n o t o u t oft he q u cs t i on '' ' '. 
I t  is nccessary to distinguish between the Diels- Aldcr reactions and the 
1.4-dipolar cycloadditions which satisfy the scheme 4 + 2 -, 6 but 
involve somc unstable substances of 1.4-dipole character arising i r i  sitzr 
from ii nucleophilic ab and an clectrophilic cd component in the equilib- 
rium process6-" (equaf.ion 244). 

Cycloadditions to sitch 1.4-dipolcs can proceed o n l y  i n  two steps by 
successivc formation of both 0 -bonds .  Thc  reaction? betwcen 
isothiocyanates and I .J-dipolcs h a w  been givcn little attcntion up to now. 

a. Addirioiis ( I /  ;A+?, I t i o c . \ w r t ~ i r i ~ . s  ro C=N I w r i t l  sjxrcws. Thc dirncrizatioiis 
of some rckictivc isotliiocyanates i n  \\.liich otic niolccitlc functions as  ;i dicne 
conipotient and the othcr 21s ii dienophilc \\'ere the subjcct of tlie earlicst 
s t u d i es. 2- P y r i d y 1 i so t h i o cy a t i  a t c (4 26 ) '' ' " a ti d i ni id o y I i so t h i ocy a n a t cs 
(127)' I ' ' dinierizc to form deri\,iitives of triazinc (328. eqttutions 245 and 
230). 

Tliiocarbaiiioyl isotliiocyanatcs (329)"'"'" ;i nd e t h y l nie rca pt ot ti ioca r- 
bony1 isothiocyanatc (130)""' I(' (ifTord . dimcrs of thiiidiazinc structure (431. 
cq uation 247). 
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S 
II 

N = C  

L 
II 
S 

(426) (428) 

S 
II S 

S 
I I  S "'/c I I  "6, 11 

N - C - R  N - C - R  
I .L ll L II 

I 0 

R-C+S c=s 

R = N R ;  (429) 

R = SC,H, (430) 

Owing to their dual character. carbamoyl isot h iocyana tcs'02. O 4  

dimcrize i n  such ;I way that the dieric component appears i n  thc form of 
i some r i c t h i o c a r b ;i m o y I i so c y a n a t e ( 43 2 ) w h i I e i so t ti i oc y a n a t e (43 3) 
represents the diznoptiilic component.  The resulting products of 
dimerization arc thc 2.5-substituted thiadiazine-4-onr-6-thiones (434, 
equation 248). 

0 0 
I1 0 I1 

I + I I  L I1 I 
I I  N/c. 

N-C-NR, N -Rz 

c=s R,N- C\s,C = S  

N//C 

S 
R,N-C, 

(248) 

Alkoxycarbonyl isothiocyonatcs dimcrize to give four-mcmbercd 
heterocycles of thc 1.3-dithicranc type (301). 

Considcrablc attcntion \vas given lo cycloaddi~ions of carbonyl 
is0 t ti i ocya n i t  t cs to azo  mc t 11 i 11 cs. Th i oca rba in o y I i so t h i ocya 11 ;i tes  
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(435)l 1 J . h 7 R  and (alkylthio)- or (arylthio)-thiocarbonyl isothiocyanates 
(436;' l o  rciict w i t h  benzylidenc-alkyl and aryl amines (437) to yield 2- 
substit utcd 5.6-dihydro-4i-l- I .3.5-thiiidiazine-4-tliiones (438. equation 249). 

S 
II 

+ I1 li- - I (249) 

S 
II 

4c  ., R' N/c' N-R' 

CH x,c' p - p h  
I I  

x/c*  S 'Ph 
(4 3 5) (437) (4 3 8) 

X = NR,, (435). SR. SAr. (436) 

R' = CH3,cyclohexyl, Ph, o,ot-(CH3)2C& 
ril 

ALoinethincs containing aliphatic R' are much more rcactive than those 
with an aryl R' group. In dry ethcr or dichloromethane the cycloaddition 
terminates ;it room tcnipcrature in the course of few minutes or hours 
depending on thc substituents. I n  moist ether, isothiocyanates (436) react 
with ;izomcthincs to give benzaldehydc (439) and thiourea (440). As 
azoinethincs and cycloadducts (437) d o  not hydrolyse under the rcaction 
conditions. [lie authors iis!,uiiic that thc reiictioii procceds via dipolar 
intermediate 441 which also secnis to be an intcrnicdiatc for cycloaddition 
(cquation 5 0 ) .  

S 
II 

R S - C - N C S  + PhCH=NR' R S - C - N - C - N k - C H P h  
I _.. .. I 

(436) (437) S' - 'S  
(441) 

Cnrb~iiiioyl isothiocyaiiatcs (440) iidd a7omctliines i n  isomeric 
thiociirbumoyl isocyanate form (441) to yield the corresponding 5.6- 
dih ydro-4H- I .3.5-t ti iazi ne-4-ones (412 I I)'. ecv ,  , ~ o n  25 I ). 

Bcnzo y I is0 t li i oc y ii i i  ;it c ( 443) rwc  t s wit  h bcnz y 1 iden eme t h y 1 am i n c (444) 
even ;it%'h11i temperature togivei1 y~llo\\*crystiillinc 1 : I adduct to which the 
st ruct ur* )f 3-met t i y l - 2 . ~ d i p h e n y l - 3 . ~ - d i l i y ~ ~ o - 2 ~ -  1.3.5-oxadiazinr-4- 
thione (31S)"7y has bccn ascribed (equation 252). 

Cycloadducr 445 is thermally unstable and decomposes into thc original 
coniponenls cveii o n  hcating in  .islutioii.  



22. The chemistry of the -NCS group 1153 

+ (4 4 2) 

RN=CHPh 

X = (CH3)2N. (C2H5)N. (C6Hl,)2N. piperidino. morpholino. 

CH3NPh. C2HsNPh. Ph2N 

R =  CH3, C6H11. PhCH2. Ph. P - C H ~ O - C ~ H J .  P - C I O H ~  

(443) (444) (445) 

Milzner and Seckingert*" studied cycloadditions of benzoyl 
isothiocyanatcs to azornethines. They found tha t  N - ( p -  
mcthoxybenzylidene)-amine(446) reacted with r-troyl isothiocyanate (447) in 
the way of 4 + 2 cycloaddition to give exclusively 1.3.5-oxadiazine 
derivatives (448. cquation 253) .  

S S 

I + I I  

Thc 4 + 2 cycloaddition (449) to azoincthincs (450) with  electron- 
withdrawing substituents gives 1 : 1 (448) and 2: 1 (451) cycloadducts 
(equation 254). 
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0 s  
I1 I1 

S S 
I1 II 

/C\  /c\ - I1 I @  + I I 
N-CH3 R N N-CH3 J ”CH3 N/c\ 

F: + I l  
C6H4-R’ 

c c  /c\ /c\ 
R/C+O c\ CsH4- R ’  R’ ‘0’ \ c ~ H ~ R ’  A ’ - H ~ c ~  

I 

Thecourse ofcycloaddition depended prcdoininantly o n  electronic effects 
of the C-aryl substitueiits i n  the molecule of azomcthine. A substitution in 
thc ainine residue of azomethinc and the aryl residue of the isothiocyanate 

’ docs not influence the ratio of products 448 and 451. The mcthoxy group in 
thc C residue ofazomcthine is decisive for the formation of product 448. The 
authors consider the two-step mechanism via the I .4-dipole to be more 
probable. 

Aryl isothiocyanntcs rcact i v i t h  azornethines solely to give 2: 1 
cycl~adducts~~’ .  The reaction proceeds via the 1 .J-dipole 452 while the 
c u m u 1 a t e d s y s t e in of is o t h i o c y 11 11 a t e rep rese n t s t he c 1 ec t r o p h i I ic 
compounds. Another molcculc of azoniethinc takcs part i n  the subscqaent 
cycloaddition yielding hcsahydro-s-tri~izine thionc derivatives (453, 
cquation 255;. 

P h CH = NCH3 
L + 7 

R-N=C=S 

R = Ph. 4-NO2Ph 
(4 5 2)  

55) 

Ph 
(453) 

I n  thc case of benzoyl isothiocyinate t\vo diastereoisonieric 3: I adducts 
454 and 455 were isolated. 
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In  a similar way, some carbony1 isothiocyanatcs react with benzylidene 
methylamine to give a 2: 1 adduct 456"' (equation 256). 

(4 5 6) 
R = PhZN-CO. C ~ H S O - C O ,  CH3S-CO. PhCKNPh.  

p -CH3-c6H4-s02 

The addition of aroyl isothiocyanatcs (457) to iminothiocyanates (458) also 
belong among the cycloadditions through the C = N  double bonds. 
Irrespective of the molar ratios of reacting components 457 and 458, 2 2 -  
his(methy1thio)-dihydro- 1,3.5-oxadiazIne-J-thiones (459)6". arise 
(equation 257). 

Aroyl isothiocyanates react with N.N-disubstituted hydrazones (460) to 
give 1,3,5-oxadjazines (461) as reaction productsh81 (equation 258). 

Ar = Ph p-CH30C6H4,  p -NozC~jH,  

R = CH3. - (CH2)4-. -(CH2)5- 
3 

A n  equilibrium is established i n  solution between t h e  starting 
components and cycloadducts. The possibility of obtaining oxadiazincs 
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(461) i n  thc solid form dcpcnds 011 soluhility. ratc of crystallization, and 
irrcvcrsible side reactions. b 

Some monosubstituted acetone hydrazoncs (462) rcact with benzoyl 
isothiocyanatc to yield oxatriazcpine derivatives68' (463. cquation 259). 

I (259) 
N A N-R 

,I,,NH 
P h - C O - N C S  + (CH3)2C=N-NHR 

Ph CH, CH3 (4 6 2) 

(463) 

Thiocarbamoyl isothiocyanates' '' and imidoyl isothiocyanates' I s  enter 
into 1.4-cycloaddjtions~\~ith the C=N bond ofthe isutliiocyanatogroups to 
givc 2.5-disubstit utcd 4-rhioxo-5.6-dihydro-4H- I .3.5-1 hiadinzine- 4-ones 
(464) or 1.2,5-trisubstituted 4-thioxo-I.~,~,6-tctr~1hydro-.s-11-iazi1ie-6-ones 
( 4 5 .  equation 260). 

S 

S S 
I I  I I  

N//C N - P h  N- P h  
I + I I  - II I 

R j C \ X  c=o R-C,X,C=O 

"C' 

X = S (464) 
X = NR (455) 

Thioca rba moyl isot h iocya iia tes add cii r-bod i i in idcs t h 1.0 ugh the  C = N 
bonds to form 5.6-dihydro- 1.3.5-1lii~tdiazitie-.l-thiot~es' '' (466. cquation 
26 I). 1 

b. Atlrlirioris 01' isofliioc!.rrlItrrc.s ro C=C boritl . y ' . s r e r ~ ~  Sonic carbonyl 
isothi cv:iniitcs cnter into I .4-cycloadditions through the C=C do;ble 

enaniines. Thiocarbamoyl isothiocyanates' I ' givc 2-nniino-6-oxo%- 
thioxo-5.6-dihydro-JH- I .3-tliiazincs wi th  kctens i n  3ood yields and 3- 
amino-6-imino-5.6-dihydro-4il- I .3-tliiazine-3-thiuncs (468) wit11 kctiinincs 
(eq ua t  ion 262). 

bonds %a ui he t c roc11 in 11 1 e tics ( ke t cn s. k et en i ti: i tics) or e nolet hers and 
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S 

R2N-C-NCS I1 + 0 ~ ~ 2 -  

5 

- T A N & -  - H N R >  ’ 

NR2 - 

I157 

73-92% (262) 

( Et ti y I t  hi 0)- t h i oca r bony I i so t h i oc y a 11 il t c I (’ a If0 ids. \v i I h d i p hcn y l ke t cn c. 
2 - e t h y 1 t h i o - 5.5 - d i p h c n y I - 4 - t h i o s o - 5.0- d i h y d r o - 4 H - 1 .3 - t h i ;i z i 11 e - 6 - o 11 e ( 470. 
equation 264). 

I midoyl isothiocyanates rc;ict w i t h  tertiary enamines (471) and  
kctei~edietliylacetiil (472) i n  the manner of a I .4-cycloaddition follwed by 
the cliiniiiation of ~i molecule of amine or alcohol to givc I .4- 
dihydropyriiiiidine-4-tliIoiics (473 and 474. rq~iation 265). 
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NR' 

R 
I 
R' 

(474) 

c. Isotliioc.~ciricirc.s cis rlieiiopliilcs. I n  I966 Arbuzov and Z ~ b o v a ~ * ~  
published the diene synthesis of benzoyl and acccyl isothiocyanatcs with 
butadicne, isoprenc. cyclopentadient9and 2.3-diincthyl- 1 -3-butadiene. The 
cycloaddition wi th  the C = N  double bond yielded the 1.2.3.6- 
tetrahydropyridinc derivatives (475. equation 266). 

4 

(475) 

'39.2-5@.6% 

The reaction takes placc i n  sealcd tubcs in a n  inert atmosphere i n  thc 
presence ofan inhibitor over 6-7 months at 18 -20 "C. Similarly. the reaction 
between isatoic anhydridc (476) and mcthyl isothiocyanatc gives a 
tctraliydrocliinazoline dcrivat i v e 6 g  (477. equation 267). 

(476 1 (477) 

4. [4 + 13 Cycloadditions 

Thcsc rcactions comprise the 4 + I - 3 cycloadditions of carbonyl 
i so t h i oc y ;i n a t c s t o i so n i t r i I e s . T li e re ac t i o n s he t w ee n c a r ba m o y I 
isottiiocyanatcs and isonitriles exhibit the dual character of these 
cyclo~tdditions"". The structure of the main product dcpends on the 
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substituents in thc inoleculc of carbamoyl isothiocyanate while oxazoline 
thiones (478) o r  thiazolinones (479) may arise (cquation 268). As ii rule. an 
oxazolinc derivative (478) is formed 11s the main rcaction product. 

D i c y c I oh ex y I ca r b a in o y 1 is o t h i o c y a n a t e shows d i Re re n t be h a v i o u r . I t rc a c t s 
with isonitriles to give a thiazoline derivative (479) which may be due  to a 
greater selectivity caused by stcric conditions in the system. 

Bcnzoyl isothiocyanate rcacts easily with p-niethoxyphenyl isonit rile to 
y ie I d 2- p he n y 1 - 5 - p- me t h o x y p he n y 1 a in i no-o x azol i ne-4- t h i one "' (480. 
equation 269). 

OCH3 

Analogously. thiocarbainoyl isothiocyanates cyclize with isonit riles to form 
2 -ami no-%mi n o t h iazol i ne-4-1 h iones ' (48 1. eq iia t ion 270). 

I (481 1 
72-95% 

On the basis of thc 1i.m.r. spectra of derivative 481 the authors  have comc to 
the conclusion that the rcsonaiice form 482 contributes substantially to the 
ground state of the moleciilc. 
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VII. REACTIVITY OF ISOTHIOCYANATES 

Thc first information obtained froin a quantitative study of tlic reactions of 
isothiocyanates was achieved by investigating the additions ofalkyl and aryl 
isothiocyanates. i n  particular, to the OH - ion685.687.483. 
butylamine6". glyciiie688 or  other ainino and 2-mercaptoacetic 

Thc cited papers published in the years froni 1958 to 1965 also 
give the first experimcntnl proof t h a t  all the abo.ic-iiirntioncd rcactions of 
isotliiocyanatesstudied arc ofthe typc Ad,. In the following years thisstudy 

*was focused more on the characterization of reactivity of Yxious series 
mainly comprising new synthctic isot hiocyiinatcs w i t h  respect to 
nucleophilic agents. than on a more thorough clucidation of the mechanism 
ofthcse rcactions o ra  quuntitativestudy ofother typcs ofrcactions,e.g.sonic 
important but niore complicated cycloadditions. 

The isothiocyanatcs hitherto invcstigated. i n  spite of their varicty. 
rcpresent a ccrtain stcrcotype cliaractcrized by ;I uniforni typc of bond 
betwcen the polyatomic functional NCS groups and tlic carbon atom of the 
altcrcd residuc. The data concerning the reactivity of acyl or aroyl 
isothiocyanates used all tlic time i n  organic prcparativc chcmistry are very 
riirc and difficult toconiparc with one another. Up  to thc prcsent. there have 
been no quantitative data on tlic rcactivity of other undoubtedly interesting 
typcs of isothiocyanates in which tlie NCS group is bonded tn :in atom of 
silicon. n i t  rogen. sul pli ur. or phosphor 11s. 

Though the subject niattcr of this scction consists of evaluation of tlie 
nvailable kinetic datii conccrning the reactivity of isotliiocyanatcs. \vc will 
also treat briefly other relevant physicochemical data. 

A. Nucleophilic Additions 

1. Attack by the OH- ion and amino group 

ions and amincs \vcrc for the 
first time studied quantitatively by Zaliradnik"".hY" . Hc investigated a 
series of 20 alkyl. allyl. and a ra lky l  isothiocyanates by %- polarographic 
method and confirincd i n  borh c;ises t l i i i t  the reactions \\'ere additions in 
u.hich tlic isothiocyanate behaved 21s a 1 1  clectrophilic component. Rot11 
rcactions are biniolccular and under the conditions used for the 
invcsti~ution(1iigli [ O H  -];[ITC] or[RNH,]![ITC] ratio) thcy procccdcdae 
first order reactions to give thccorrcsponding N - a l k y l  tliiocarbamates or  A'- 
alkyl thioureas. which \\'crc tlic o n l y  cspcctcd rcuction products. The rate of 
combination of  isotliiocyiiiiiitc wirli Of4 - i n  ii predominantly q u e o u s  
mcdiuni \\';is found i n  tlicsc cspcrinients to bc directly 

' Thc rcactions of isothiocyanatcs wirh OH 
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proportional to the conccntration of isothiocyaiiate and frec OH - ion. I t  
was also found that  the reaction wi th  amincs was analogous; 1iowcvcr.it was 
proved that this substance took part i n  the rcaction only in the form ofa free 
base. the coiiccntration ofwliich w a s  controlled by thc dissociation reaction 
which preccdes tlic addition. On thc basis of thesc findings. as well as 011 

investigations of thc influcnce of ionic strength. composition of buffer 
solutions. relationships between thc structure of isothiocyanates and their 
reactivity and other parameters, Zahradnik suggcstcd a coiniiioti fortnal 
rcactiori mechanism for both thc additions of isotliiocyanates (equation 
27 1 ). This mechanism is based on tlie possiblc intcrmediate resonance 
structure R-N=C' -S- which w a s  presuincd to take part in the 
formation of complex 484 w i t h  both types of nLgleopliiles. Tliercfore thc 
rate-dctcrmiuingstcp is ;I rcaction wi th  thecarbon atom bearing an clectron 
sextct i n  the NCS group. 

6 +  k 

Y 

R - N C S +  Y-H R-N=C-S-  -+ 

For the reaction \ v i t l i  thc O H  - ion the rcaction schciiic may bc written 
with more precision by designating the frwctional or whole negative charge 
on thc oxygen atom. i.e. on Y i n  structures 483 and 485 ( i n  this case the 
structure -CY -S - is also tilkcti intoconsideratioil). For the reuctions wi th  
aininc tlie prescnce of ii fractionnl or ii whole positive chargc 011 the iiiirogcn 
atom of structurcs 483 and 481 may be taken into iiccount. 

A comparison oft he second-order rate constants of tlie reactions of alkyl 
isothiocyanates (Table 16) sho\vs that  the rcl:itionships bctwcen thc 
s~~ct t i i .eof isot l i ioc~anatrsand their reactivity with rcspcct to thc OH - ioii 
and butylamine is similar. 7'1ic reactivity of isothiocyanates increases witli 
decrcnsing volumc and increasing clectrophilicity of thc a lkyl  group. This 
result is also indicated by the revealed lineardepcndence of tlie log-arithms of 
the relative rotes ofthe reaction betwcen alkyl isotliiocyanates and [he OH - 
ions on thc Taft ri* constants. Furtliei-inore. i t  \V;IS rcvcaled t h a t  ;I lincar 
relationship bct\vccn log I;,,, and log I;,,l,l,,,J,l,i,lc exists for ;I large group of 
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aliphatic isothio~yanatc?~". Nevcrthclcss. thc data i n  Tablc I6 dcnionstratc 
;I rather low reactivity oft-butyl isotliiocyatiatewitli respect to the O H  - ion. 

f 

TAI)LC 16. Sccond-order rate const;inis !i( I iiiol I inin - ' )  for the 
rcnctioii o f n l k y l  isothiocyanii1es wit11 hydroxide ions and butylamirie in 

i i i i  aq iieoiis inedi ti i i ih8 ' .08h 

Mc1hyl 
E t h y l  
i- I'ropyl 

/ I -  Propyl 
i -  B 11 1 y I 
I I -  I3 L I  t y I 

Cyclohesyl 
/\llyl 
Bcnz y l 

r - B iir  y l 

/r-Aiiiyl 

3.22 f. 0.15 
1.54 * 0.06 
0.96 * 0.05 
0.05 f 0.005 
I .30 2 0.06 
I .24 f 0.06 
1.49 f 0.07 
1.15 f 0.09 
0.74 f 0.05 
5.56 f 0 . 2 5  
5.89 f 0.35 

wb 

On thc other hand. thc valucs of itctivatiot: cmergy found for various alkyl 
isothiocyanates arc wi th in  the ransc 1 I .8 to 14.8 kcal mol- (the valucs 
found for benzyl and cyclohcxyl isothiocqanatc) cxcept for the highest valuc 
(17.8 2 I .O) found for r-butyl isothiocy~inate"". A redetermination of thc 
reiict ivit y of some al k yl isot h iocya iia tcs (including t -  b u t y l is0 t li iocya na te) 
wit'jrespcct to theOH-  ion by mc~insofspcctrophototiietric"8H h 8 y . 4 1 H  and 
c rras-liq uid ch roni~it ugra pliq""" tech niq iics gave the sccond-order rate 
constants which itre in agrccmcnt \\ i t h  the constanis detcrmined polaro- 
graphically by Zahradnik. But the value for thc activat ion eiicrgy ascertaincd 
for the rcactiotfbet\\ccn r-butyl isothiocyanates and thc O H -  ions from thc 
linear relationship given by cc~uation (217) is 14.8 kcal mol-  I .  This linear 
relationship \\';is obtained by ;I computcr-fittcd Icast squarc :lniilysis of tlic 
rate data (corrrliitioii cocllicieiit I' = - 0.970). a 

( 7 '  = temperature in  kelvin) 

Esccptional attcntion \\~:ts given to the in\,estig:ition ofthc reactivity ofthc 
/ m u -  and /,trr.tr-su~stitittcd phcnyl isotliiocyaiiates \ \ i t t i  respect to the O H  - 
ions and dtiTcrent types of iiniiiio compounds. cspccially glycinc. For more 
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than 45 phenyl isothiocyanates representing mainly new synthetic 
derivatives. tlic reaction kinetics with the OH - ions WIS studied 
p o l ~ ~ r o ~ r ~ ~ p l i i c ~ ~ l l y ~ ~ ~ ~ ~ ~ ~  aiid for some derivntivcs spcctrophotornctry w i s  
used as \ve1l6*"" *. whilc the rcaction betwecn phenyl isothiocvaiiatt_.s and 
glycinc was investigatcd nicrely spectroplioto~iietrically~~"~~~~~"'. 

The reactivity of phcnyl isothiocyanares was characterized by the first- 
order and second-order rate constants, and of somc derivatives by the 
activation parametersalso. which made i t  possible toverify thcvalidityofthe 
isokitietic relationship for the series ofderivatives studied as well a s  to justify 
the application of the Hamnictt equation in  the discussion of cxperirnental 
results. The second-ordcr rate constants givcn in Table 17 enablc 11s to 
correlate the reactivity a t  least of phciiyl isolliiocyaiiiites \ v i t h  the 
characteristic Haminett substituents. 

-BI 

-COCH, 

-c1 

-COOH 

--I 

-OH 

-0CHJ 

-C,,t! j 

-ClH J 

- -. -. 

111 

I' 

I' 

I' 

I' 

I' 

I' 

I' 

I' 

I' 

I' 

I' 

111 

111 

111 

111 

111 

111 

1 1 1  

I l l  

111 

111 

. .  

74.3 & 1.6 
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The dat:i in Table 18 indicatc t h a t  the reactivity wi th  rcspect to the OH - 
ion i i s  well ;IS glycine in  tlic investigated scries of thc ,J?cttr- and partr- 
substitutcd isothiocyanates obeys thc Hatnmett equation. The valucs of 
correlation coefTicients of thc corrcsponding positive p constants 
demonstrate ii good correlation in  thc relationships investigatcd. The 
deviations arc discusscd i n  niorc dctail in the corrcsponding rcfercnccs. I t  is 
useful to point o u t  those cases which m a y  bc explained by thc inanifestation 
ofa stcric cffect. For example. lcngthcning of thc carbon chain of the alkoxy 
group in Ii ir t tr-~ilkoxyc~~t-bonylphenyl isothiocyanatcs le'lds to a decrease in  
the reactivity towards glyciiie6"' : 

Su bstit ucti t : COOC2H5 COOC51-I 1 I COOC,H 13 

I;( I iiiol- I niiti - '1:  18.2 16.4 6.1 
3 

Thc rcactivity of diflercnt types of amino compounds towards 
i so t ti i oc y a n :! t es is t ii :i i I 1 I y d c t e r 111 i lied by the basicity o f t hc a I ii i 11 o gro LI ps. 
This fact has bcw denionstrated by the rcsults ofthestudy ofthc reactivityoT 
dilTercn t at kyl iitnines to\va rds tiict h yl isot h iocyaiia tc"'" and amino acids 
to\v;irdsaryl isott i iocy~~tiatcs~"~. I t  follo\vs from thcdara inTable I9 t h a t  the 
order of reactivity of amino acids lowards cacti of the isothiocyanates 
investigated issimilar but does not correspond completc!y to the order based 
011 the ph',, val~ics. Thc reactivity of the isothiocyatiatcs itivcstigated 
decreascs w i t h  the xsuincd dccrcasing elcctron-\vitlidrawing erect of 
R i n  the ordcr: p-iicetylphcnyl > phcnyl > 2 - n a p h t h y l  > p- 
d i ine t t i  y 1 ;ini i n o p hcn y I .  

The investigation of a wider serics of reactions of amino acids and some 
peptides with phcnyl isotIiiocy:in:ites have confimicd the curlier finding 
t h a t  thc reactivity of selcctcd ;iiiiiiio acids to\\xr-ds phcnyl isothiocyanate 
obeys the Taft equat io~i" '~  and decreases with dccrcasing basicity of thc 
amino group of glycinc and peptides i n  thc order 
Gly > Leu---GIs > Gly-Gly > Gly-Gly-~~l~"""'"'5. 01) the othcr hand. ;I 

linear relationship between thc logarithiiis of thc sccond-order ratc 
constants (25 " C )  of the reaction of phcnyl isothiocyanatc wi th  glycine. 
diglycinc.cystinc.lysinc.or osidizcd glutathioticand thc pK,, wlucsofthe2- 
amino groups. given by equatioti (273) (corrclatioii coefficient 0.90) \\';is 
revealed""'. 

109 I; = 0 . 3 5  ph',, - 1.35 (273)  

Since rhe reactivity of the NCS groups to\vat-ds niiclcophilic agents 
incrcascs \\.it11 dccrtxising density of th!; n-elcctrotis on rhe  cnrbon ;itom ii 

relationship bct\\.cen thc rcactivitics of ditl'crcnt types of isothiocyanutes 
wit11 rrspcct to t hc  01-i ion. glycinc. butylamine. and other nucleophilic 
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TABLE 19. Ratcconstaiits.k(l iiiol.. I iniri - I ) .  thereaction ofaryl isoihiocyanateswith 
amino acids at 25 "C in 0.1 hi-borate buffer of pH 9.8 with 2 y,: d i o x a ~ i e ' ~ ~  

p-Dinieth yl- 
p-Acct y 1 ph cn y 1 a in i noplicn y I Amino acid P he n y I 

Glycinc 14.6 _+ 0.6 42.2 f 3.4 5.9 k 0.6 

Valinc 9.3 t 0.3 30.2 _+ 0.3 3.5 & 0.3 
Lcucinc 9.6 _+ 0.4 29.6 f 0.8 3.7 t 0.2 

P h e n y I ;1 I 21 nine 8.8 -C_ 0.3 31.5 -I- 0.9 3.8 _+ 0.4 
Asp:irtic acid 8.3 & 0.5 24.2 f 0.7 2.0 2 0.3 

A la n i ne 7.8 4 0.3 22.3 k 0.9 1.5 * 0.2 
Glutamic acid 6.6 2 0.1 21.3 * 0.5 2.3 & 0.2 
Serinc 5.0 & 0.2 17.3 _+ 0.6 I .8 f 0.1 
Tryptophan - - 8.4 _+ 0 4  

Lysinc 8.0 * 0.4 21 .o f 0.7 3.5 f 0.3 

2- Nil ph t h y l 

1 1 . 1  1.4 
7.4 0.6 
7.3 0.6 
6.3 -t_ 0.3 
7.2 * 0.4 
5.6 0.4 
5.9 0.3 
5.3 4 0.5 
4.4 0.5 

-. 

agents is to be expected. I n  fact I I  linear relationship betwcen tlie reactivities 
with respect to the OH - ion and glycine W;IS found for the series including 
phenyl. biphenyl. and naphthyl isothiocyanates (cqiiation 274)6R8. 

log k i y ,  =- I .68 log k E b  + 0.3 (274) 

(486) (487) 

Among the substances of type 486 are the isothiocyanato derivatives of 
biphenyl. diphenylmetlinne. bcnzophenone. stilbcnc. 'oiphcnyl ether. 
azobcnzenc. diphenyl sulphide. diphcnyl. ctc. (Table 20). Isothiocyanates of 
structure 487 were studied i n  order to dcterminc the influence of low- 
molecular substitucnts R o n  the reactivity of the NCS group and to csti.natc 
the transfer of the electronic effects through ditrerent conjugated systems. 
Table 31 shows thc obtained lincar rclationships bctwecn the logarithms of 
the second-ordcr rate constants of thc ptrr-tr-substitutcd derivatives of ;I 

certain systcrii and the Hamrnctt G,, constiints of the corresponding 
substituents. I t  follows from H comparison of the values of p for tlie 
fundamental series, i.e. benzcnoid isothiocyanates.\\'itli those forconjugated 
systems that the trllnsfcrofelectroniceffi.cts in  coiijugatcd systems is limited. 
I t  may bc esprcsscd in terms o f  the coefficient of electron transfcr. x'. the 
value ofwhicli is approximately equal to 0.40 for stilbcnc and to 0.37 for the 
uobenzene system (calculated fi.om tlic values ofp concerning tlie reactivity 
with respect to glycine). Other dara iti  Table 21 indicate ;I still smaller value 
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;iryl isothiocyanatcs with glycine and hydroxide ion 

0 x G N C S  (25 “C)  (25  “C) Kcferencc 

I167 

T A n L r :  3-0. Second-ordcr rille constilnts ( I  mol- ’ niin ’) of reaction of conjugatcd 

;lea 
Glycinc OH-  

x =  
- - _--_-- __ - 
C(il.i, P 13.0 0.4 5.25  -e 0.16 688. 696 

69 I C6 JH -1 I i I  11-7 2 1.0 .. - 
CH2 17 9.4 C 0.28 4.61 f 0.14 696 
co P 54-4 2 I .O 38.6 _+ 0.7 697 

69 I co 111 10.2 5 0.5 -_  
CH=CIi I’ 11.3 _+ 0.3 6.68 _+ 0.3-0 696 

0 111 17.7 f 0.7 .- 69 1 
co -0 P 12.1 & 0.3 - 696 
co -0 111 12.6 0.3 69 I 
NH I’ 4.6 f 0.14 3.17 & 0.66 696 
N = N  I’ 34.3 f 0.3 15.4 2 0.5 698 
S I’ 21 . I  f 0.5 12.0 _+ 0.1 699 
SO? I’ 30.7 f 0.5 66.0 & 2.0 699 
CtI2 -s I’ 15.5 t 0.3 6.07 f 0.60 699 
c t; 2 --s 0 2 I’ 17.4 _+ 0.1 13.5 t 0.5 699 

0 I’ 9.S & 0.42 6.03 _+ 0.34 696. 695 

for the system involving diphenyl ether and $:s smallcst value of n’. for the 
system involving diphcnyl sulpliide. This sequencc ensuing from the 
evaluation of the kinetic data hitherto published. agrees only partially wi th  
the ordcr based on the cvaluation of infrared absorption spectra and 
polarographic half-wave potentials of the isothiocyanatcs discussed. I t  w;is 
found that i n  all sys t em studied the efl’cct of substitiients appearcd both in 
thc position of the asymmetric NCS vibration absorption bands of the 
infrared spectrum (2000-2300 cin - ’ )  and i n  the p&arographic half-wave 
potentials (linear relationship between i*,,,,,,,s(ls or E l  , 2  values and the CT, 
constants of substit itcnts). Among the values for the coefficients ofelectron- 
transfer. etfect calculated froill infrared spectral data (T‘ablc 6) the lowest 
valuc corresponds to the transfer through carbonyl group. Howcver. i t  is 
worth noticing that the calculntcd value ( p  = - 14.8) has a relatively low 
value for the correlation coefficient ( I ’  = 0.92)’’’. As is consistcnt with the 
result of kinetic measurements. the stilbene and azobcnzene systems hold a 
leading place in the order according to the magnitude of the values of n’. 
Because of rclatively small differences in the slo es. p .  of the plots ex- 
pressing the dependence of half-wave potentials on ~ 7 , , . ~ ~ ~ ~ ~ ” ’ ,  the order of % 
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systenis fixed according to the values of R' calculated on this base is 
exceptionally difficult to justify. 
I( i n et ic tlieiis i t  rc me n t s i nd icn t e sonic i in po r t a n  t d i ffe rc nces in the 

reactivity of thc basic (non-substituted) derivatives of individual systems 
(Tablc 20). I t  has been revealed t h a t  a close rel:ttior.ship between the 
rc.activiticsoftheseisotliiocyanateswitt1 respect to theOH - ionsand glycine 
exists (equation 975)6'h. This finding is of great itnportunce. 

log @, = I .41 log A;;, + 0.69 (275) 

Aryl isothiocyanates of the polycondensed aromatic hydracarbon type 
cxcced phenyl isothiocyanate in their reactivity. the only cxccption being 1 - 
naphthyl isothiocyanate. According to the data i n  Table 27: for 4-Br-I- 
naphtliyl isothiocyanate the reactivity is 3.7-tinics higl:er than i t  i t  is for the 
!ion-substituted derivative. This incrcasc is. Lvithout doubi, due to the - I 
effect ofbroniitie.A relativcly small increase in reactivity of I-Br-2-naphthyl 
isocyr;nate with respect to the O H -  ion on glycine is to be cxplained by the 
favourablc - I efTect as well as  the steric hindrance of b r o ~ i i i n e ~ ~ ~ . ~ ~ ~ .  From 
the theorctical point ofview it  is very interesting that it relationship bctween 
the rcactivity of pol) nuclear isothiocyanates and the atomic localization 
cncrgy of the position i n  parent hydrocarbons wherc the NCS group is 
bonded has been revealedJR3. 

As for heterocyclic isothjocyanates. only the reactivity ofthederivativesof 
acridinc (488). benzacridines. and 3-pyridyl isotIiiocyatiatcJ0' has so far 
becn investigated. The values of thc sccond-order rille constants kolI 
( 1  mol- ' inin-- ':30"C)obtainedfortliederiv~itivesof~icridinc~\;itli the NCS 
group i n  thc corrcsponding positions are writtcn in structure 438 while the 
data i n  p;trcntheses stand for the corresponding values of free bonds 
accord i ti: to molcc 11 1 ;i I' diagra 111 ' 03.  

1 0 54.1' 
P T  

-53.6 (0.400) 

-84.5 (0.427) 

Thc rcitctivity of 3-isothiocyanato acridinc is tnorc than 7-times greater t h a n  
the rcactivity of phenyl iSot1iiocy;in;itc. On the othcr hand. according to the 
r;itc conhtants k c ; , ,  ( 2 5  "C) for phcnyl isothiocyan~itc the rcactivity is 3.8- 
titiics higher t h ; i n  i t  is for hcterocyclic 3-pyridyl isothlocy~itliitc'O'. 

Aryl alkyl isotliiocyatlates (Table 23) are  less re:icti\s than phenyl 
isothincyanate. \vhilc conjugated derivatives. for instnncc 0-slyryl 
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TABLE 22. The second ordcr riitc constants I; ( I  mol- I niin I )  activation energies E ,  
(kcalimol) for the rcaction of ary l  isothiocy:inatcs R -NCS with thc O H  ion"" 

t. Drobnica. P. Kristirin and J. Augustin 

R I, (30°C) E ,  
~ _- .- -~ 

Uen7cnc 7.51 f 0.20 9.5 f 0-5 
Naphthalenc-  1 - 6.13 If: 0.21 12.2 f 0.3 

4-Bromonitphthuletie- I - 23.0 +_ 0.4 - 

I - Broni o n  :I p h I h alene-2- 16.5 ? 7.1 
Ant hracenc-3- 15.6 If: 0.2 
Pyrcne- I - 10.5 f 0.2 
Chryscne-6- 10.3 +_ 0.3 

Naplit halenc-2- 11.6 * 0.6 13-4 0.3 

- 

isothiocyanate. represent an exception. I n  agreement wi th  theoretical views. 
i t  was ascertained that tliesubstituents(1ialogens. --NO2. -CN. -OCH3. 
-CH2 group) in the aromatic residue of bcnzyl and benzhydryl isothio- 
cyanates had a small influence, especially as regards the reactivity of these 
derivatives towards glycine. Notwithstanding, the dependence of the 
vibration frequencies i*asy,,,,x(.s, cn the  FIamrnett (T,, constant% ( p  = - 21.69, 
r = -0.94 for benzyl isothiocyanate and p = - 18.13, r = -0.95 for 
benzhydryl isothiocyanate) indicatcs a certain effect of substituents on the 
character of the NCS g ~ o u p  for thcse derivatives, t ~ o ' ~ ~ ~ ~ ~ ~ .  

I t  is possible to corr.elatc, the sccond-ordcr constants I;,,, with the Tuft 
constants as demonstratcd for the series of isothiocyanato derivatives of 
amino acids706. Thcsc substances iis \vcll iis benzyl or benzhydryl 
isothiocyanates belong among those types of aryl illkyl isothiocyanates 
which exhibit remarkable biological activity and thcrcforc we shall deal wi th  
them again in subsequent sections. 

The reactivity of phctiyl isothiocyanates wi th  respect to :mines has also 
been investigated i n  non-aqueous systems. Rao ;tiid Venkatarn_phav~iti h a w  
slio\vn that by the addition of aniline to the ptrrtr-substituted phenyl 
isothiocyanates the rare d a t a  givc a lineal- correkiion wi th  the Hanimett 
constants. Similar kinctic studies on t he  addition of thc pnrtr-substituted 
anilincs to phenyl isot1iiocynii;ttes slion. t l i i l t  the reaction rate increases wi th  
clectron-donating ability of the substitucnts in anilitie ;IS well a s  with thc 
basicity of ; i n i l i ~ i e ~ ~ ~ .  I t  is wortliy c? note tl i; it  this information ensues from 
the investipiition of t!ie reaction i n  dioxari cuiitaining trimcthyl:ttninc 
(0.01 hi). Akiyama and coworkers7o8 nicasurcd the rates of thc reaction of 
the orrho-. 1 i t e r u -  and prrrrr-substituted anilines with phenyl isothiocyanatc 
and ptrr.tr-Ritorophenyl isothiocyanate in carbon tetr;ichloridc by infrared 
spectrometry and correliitcd them w i t h  the :imino-proton clicmical shifts of 
the substituted anilines i n  tlic siitiic solvent. Thc reactivity of thc amino 



2 2 .  The chemistry of the -NCS group 1171 

TAULE 73. The sccond-ordcr riitc constants k ( I  inol- '  miti- ' )  of the reaction of 
plienyl isothiocyanate and arylalkyl isothiocyanates w i t h  glycinc 

k (25 "C) Refcrencc 

13.6 5 0.6 688 

4.7 2 0.9 688 

5.8 t 0.9 688 

EtCH2- NCS 5.9 +_ 0.4 696 

-NCS 

-NCS 

5.6 2 0.2 696 

7.0 2 0.1 699 

4 I .O 2.3 696 

442 C 0.14 704 
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group of the / P I -  and p-substituted anilines was found to be linearly depen- 
dent upon the electron density on the nitrogen atom of the amino group. 
For the o-substituted anilines a large deviation from the linear correlation 
was observed. Although this deviation was interpreted in terms of hydrogen 
bonding of'tlie aniino-proton to the ortho substituents, the rcactivity was 
mostly governed by steric strain ofthe amino group in rencrion with phenyl 
isot hiocyanate'"'. 

2. &!?tack by HS- ;%id xs- iGf iS 

The first information obtained by quantitative study of the reactions 
between isothiocyatiatcs and thiols wis  published by Drobnica and 
Augustin i n  19655"H. Spectrophotonirtric investigations oft he kinctics ofthe 
reactions between 14aromatic isotliiocyanatesand tliioglycolatc in buffered 
aqiteous systems, or in  systems consisting of watcr and organic solvent. 
demonstrated t h a t  isotliiocyanntes rcnctcd w i t h  niercaptoacctic acid 
through the ionized sulphydryl group. This base-catalysed addition follo\vs 
an Adh? inech:inisin and. provided thioglycolute is prescnt in rcasonablc 
csccss. the reaction adva tices cl i i a  t i  t i  ta t ivcl y w i t h  respect to isot hiocyanate. 
i.c. tlie side reaction with the O H  - ions is negligibleeven i n  strongly alkaline 
bulrer solutions. This infercnce also follows froin the fact tha t  ;is dctermincd. 
the sccond-order riitc cotist;itits k(1 tiiol- ' s -  ' )  of thc reaction of aryl 
isothiocy:inates wi th  mcrcaptoncetic acid wcre hi@ier by four orders of 
magnitude on tlie averase than the rate constants of the reaction with O H  - 
intisorglycitie(investigwred undcridentical conditions).Thc rchtivc ratesof 
rcaction of aryl isotliiocyanates with mercaptoacctic acid s l iowd ;I linear 
dependence whcn plottcd :igainst the re1;itivc riitcs of rcaction of aryl 
isothiocy;inntcs wit11 OH - ions or plycine. 

Finally. detct'mitiation of tlie tciiipcriitiire dcpendencc of reaction rates 
has sho\\:n t h a t  the isokinctic relationship is fulfilled for the investigated 
sc ries of ;I r'y I iso t 11 ioc y nii  t es ' * . 

Thc spect ropliotoiiictric method developed for tlie investigation of tlie 
reaction bct\vccn isotliiocyuniitcsd~~nd 3-mercaptoacetic acid w a s  used to 
advantage for the study of the reactions of isothiocynnatcs wi th  sodium 
sitlpliide. ctliatiethiol. e thyl  tiict'c:ipto;icct;itc. '-tiicrcwptoetlianol. 3- 
mcrcaptopropionic kicid. iiicthyl '-mci-captopropionatc. dithiotlircitol. 
bcnzenctliio15'"'. and othcr tliiols70'). The follo\\.ing conclusions have been 
d r:i\\,ti froin t licsc i i i \ ,est igiir ions: 

( i )  All thiol compounds st tidied react i n  dissociatcd form. This stntemcnt 
is i n  ayccmctit \\*it11 thc pcncrally acccptcd idca ofcstremely differcnt 
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nucleophilicity of the dissociated and undissociated thiol groups. 
Some results concerning the reaction of phcnyl isothiocyanatc with 
sodium sulphide scrvc for illustration (Table 24). 

22. The chcmistry of the -NCS group 

TAM I: 24. The first- and second-ordcr ratc constanis. I;. for ihe reaction of phcnyl 
iwrhiocyunatc with sodium snlphide mcasurcd ;It dimereni pH \,alucs i l l  burcrcd 

react ion mist lircs5li'' 

( i i )  

4 

( i i i )  

( i v )  

Undcr the conditions dcscribed i n  thc cited papers isotliiocyanates 
rcact quantitatively with HS-  and RS- ions to givc dithiocarbamatq 
atld the S-esters of N-substituted dithiociirbnmic acids, respectiv~ly. 
Mzrcaptoacriic acid and iis ctiiyi ester :ire cxccptions becausc the 
corresponding 3-substit utcd rhodanines ;ire the reac!iun products i n  
this case (addition prccedcs thc cyclization reaction). 
Thc reactivity of phenyl isothiocy~~natrs with respect to thc HS-  a n d  
R S -  ionsobeys the Hornmctr equation wi th  positivcslopcs\vliicqevary 
ovcr ;I ii;irro\v range (Tablc 25). The diflercnces i n  the rcactivity of 
plienyl isothiocyaiiatcs atid benzpl isothiocyanates can be cviilliatcd 
on tlic basis of thc data given i n  Tiible 26. 
The corrclat ion between the values of lognrit hrns of the sccond-ordcr 
rilte const;1I1Is I; for the reaction o f  isotliiocyanates w i t h  the Sl-I - 
ion or iiliphat ic thiols atid the valucs of corresponding dissociation 
cot istal i ts shows clearly t h a t  the reactivity of thiols increascs w i t h  
thcir basicity. 
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TABLE 25. The constants of the Hammett equation log k i / k o  = po for the reactions of 
the 4-substituted phenyl isothiocyanatcs \\,it11 sulphidc ;it:d diKcl-ent aliphatic thiols ;,I 2 j o C 5 6 8 . S 0 ' ?  

R-SH 

14' (Nil ' )  

HS-CH-CH- 
: I  

OH OH 
H 3COCOCH ZCH 2 - 
HOCH2CHZ- 
HOOCCH? - 
H 3CCH 2 - 
HOOCCH 2CH 

I' 

+0.898 * 0.086 
__ 

+ 0.969 f 0.068 
+0.961 k 0.107 
+ 1.170 * 0.083 
? 0.96 I 0994  
+ 0.536 f 0.072 
+0.767 2 0.048 

0.927 5 0.086 3.3 I 0  6 
0.982 _+ 0.069 3.223 5 
0.990 5 0.064 7.875 6 
0.968 5 0.129 3.359 9 
0.974 -+ 0.082 2.775 5 
0.994 +_ 0.039 3.450 5 

I' = correlation coetficient: I I  = nuinhcr or the p-substituted phcnyl isothiocyanaics 

The experimental study of the reactions of isothiocyanates with 2- 
mcrcaptoethylamine. cysteine. cystinc. and glutathione or oxidized 
glutathione. has shown tha t  i t  is possible to choose the reaction conditions, 
especially a suitable pH of bufiercd reaction mixtures. under which only the 
reaction w i t h  the sulphydryl groups O C C U ~ S ~ " ~ ~ ~ ~ ~ ~ ~ ~ ' ~ .  The possibility of 
selective occupation of the SH - groups was also confirmed later for sonie 
defined p r~ tc ins"~ .  This suggcsts an enormous din'erence in nucleophilicity 
of the thiol ( -S - )  and amino ( -NH2)  groups present i n  proteins where in 
comparison with the low-molcculnr model compounds studied, this 
dikrence is still inore favoured by the increased difTerence between the pK, 
values of these groups. 

The S-esters of N-monosubstituted dithiocarbamic acids of general 
formula 489 (equation 376). especially provided R' is ii low molecular 
substituent. also represent a vast class of biologically active substances. 
These substances as we:l ;is the thiol proteins modified with isothiocyanatcs. 
decompose.in alkaline solution to give tliiol and isothiocyanatc (equation 
277) which furthcr reacts wi th  O H  - ions to yield the corresponding 
nionothiocarb~i~n~ite (equation 278). Recently. Drobnica and Getneiner" I 

showed that a prerequisite of,til\aline decomposition was the dissociation of 
489 to unstable form 490 (equaLion 276). On the basis of kinetic atid U.V. 

spectral data they determined the dissociation constants for different types 
of the mentioned compounds (Table 27). 
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R ' N H C S S R ~  K R'N=C, - + H+ 

k +Ib 
490 k - Ib R'-NCS + R'S- (277) 

~ 1 - N C S  + OH- - R ~ N H C O S  (278) 

The detcrmination of thc pK, valucs and the first-order rate constants of 
thcdccomposition oftheS-estcrs ofditliiocarbamicacids niade i t  possiblc to 
discuss in more dctail thc structure-st~tbility rclatioiiship for thcsc 
compounds. and showed at thc same timc that the effect of substituents R'  
and R' on thc pK, value may be estimated from the p K ,  values of the 
corrcsponding K 'NH2 and R'SH reactants. 

The constants characterizing thc dissociation-deconiposition reaction 
(cquation 276 and 277). i.e. thc f iKaI \~alues. constants k +  I b  and k -  I b .  and 
other data presented in paper' I I ,  complete the idea ofthe mechanism ofthe 
addition ofisothiocyanates to thiols. On the othcr hand. they may bcofgood 
use for the prcparntion of the coinpounds of structure 491 starting from S- 
csters of dithiocarbamic acids and diffcrcnt nuclcophilic agents R-XH 
according 10 equation (179).  

8.93 f 0.04 
9.1 7 f 0.03 
9.20 f 0.04 

I I .58 5 0.28 
. 11.59 f. 0.04 

I 1  .x7 & 0.02 

9.17 0.0s 
12.05 0.10 

.- 

9.1 I & 0.02 
. .. 

. -  

- 

1 1  4 s  * 0.02 
I 1.99 f- 0.02 
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(279) 

Such exchmgc reactions arc important in connection with sollie spcciat 
probleiiis. such ;is inhibition of tliiol enzymes wi th  isothiocyanates and 
restoring of their activities. use of niacroniolecular polyisothiocyatiatcs for 
the preparation of imniobilizcd cnzymcs and isolation of thc low-lnolccular 
atid polymeric compounds containing thiol groups. 

22. The chemistry of the -NCS group 

R'NHCSSR' + R3XH - R'NHCSXR3 + R ~ S H  

(491) 

3. Addition of alcohols 

Browne and D y ~ o i i ~ ~ ' . ~ ' '  coniparcd the rcactivitics of various aromatic 
isothiocyanatcs wi th  respect lo ethanol at its boi!ing point by isolating :ind 
wcighing the products aftcr different periods of time. Although they swdied 
this reaction w i t h  a great number of substituted phsnyl isothiocyanatcs. no 
satisfactory correlation of the kinetic data with the clectrical properties of 
substirucnts w:is found. R a o  and Vc~ikntarnghavan~ '~  found thc addition of 
alcohols to substit utcd plicnyl isothiocyanates lo be :I second-order 
reaction. The ratc data gavc ;I satisfxtory linear corrclation w i t h  thc 
Hnmmett's constants of substitucnts. The second-order reaction ratcs were 
dctcriiiined at 53 .55 "C i n  bcnzene by using methanol iis :I reactant and 
tricthylaniine iis ;I catalyst. I n  thc opinion of thc abovc-mentioncd authors. 
the mcchanisni of tlic catalysis consists of the forniation of a complex 
isotliiocyanate-trictliylamine (492) and its siibsequcnt reaction Lvitli alcohol 
(equation 280) 

R-C6HdN=C=S + NEt3 R-C,jHdN=C-S- or R-C6H4-N- -C=S 
! I 

+NEt3 +NEt3 

(492) 

I n  another study Rao and Venka ta ragha~an~ '~  found that the ratc of the 
addition of alcohols to 1)-bromophcnyl isothiocyanatc decreased i n  the 
order CH,OH > C,H,OH > I I -C,H,OH > i-C,H,OH in  spite of the 
fact that tlic basicities ofthc alcoholschiinycd in  thc rcvcrsc ordcr. Therefore 
thcy infcrrcd from this finding that steric frictors nii_cht operate i n  the very 
carly stases of [tic mechunism involving the solvation of isothiocyanate by 
thc molecirlcs of alcohol. The first stcp i n  the mcc1i;inism may involvc thc 
formation of ;I complcx containing thc molecules of isothiocyaniite and 
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alcohol while the second step involves the breaking of the solvated molecule 
of isothiocyana;e by another molecule of alcohol. 

Iwakura and Okada7lJ investigated the kinetics of the reaction of 
isothiocyanates with a large excess of I -0ctanol in o-dichlorobenzcne at 
90-140 "C. However, the second-order rate constants varied with the 
initial concentration of 1-octanol. Owing to this fact, a reaction mechanism 
(equation 28 1) involving the transition state with two molecules of I-octanol 
was suggested to be the slow step of the reaction. This reaction mechanism is 
similar to that of the reaction between organic isocyailates and 
alcohols7 ' 5 . 7 1 6 .  

R-NH-CS-0-R' + R'-OH k 3  , 
Complex + R'-OH 

According to Reference 714, th'c relative rate of reaction of isothiocyanatcs 
wi th  1 -octanol decreased a t  120 "C ii;  the order benzyl, phenyl. allyl. ethyl, 1 1 -  

butyl. ri-hexyl. isobutyl, and cyclohexyl isothiocyanatc. The apparent 
energies ofactivation and log A werc 13.5-1 6 - 5  kcal mot- and4.65--6.46(,4 
in litre mol- s -  ' )  respectively. Tributylarnine had a slight catalytic etTect 
while dibutyltin dilauratc and ferric acetyl acetonitte had ii strong catalytic 
effect i n  these reactions. 

Sincc they react only very slowly wi th  isothiocyahales, alcohols. especially 
methanol and ethanol. are commonly used as solvcnts for the preparation 
and crystallization ofisothiocyanates as well as for the study of the reactions 
of isothiocyanates with ditTercnt ~ i t ~ c l c o p l i i l e s ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ .  

Two addition products. i.c. inonothiocarbi~m~tte 493 and monothio- 
urethane 494, arise in  the reaction of isothiocyanatcs in aqueous alcohol 
solutions (equation 283). Two nuclcophilic agents compete for 
isotl8:ocyanate. i.e. the hydroxyl ion and the iilkoxidc ion. the concentration 
of which is given by the dissociation equilibrium described by the 
equilibrium constant K .  Sincc thc portion of alcohol in the alkoxidc form 
incrcascs proportionally w i t h  conccntration of OH .- ions. the ratio of thc 
concentration of inonothiourethac;,o fornq,d to t h t  amcentration of 
inonothiocarbamate forincd i n  the re;ctioii with a given alcohol is 
indctendent of the pH value of the reaction mk&;lre. For a constant 
concentration of alkaline hydroxide in  the system, the ratio of the 
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concentrations ofproducts is a function of the concentration ofalcohol in the 
reaction mixture. 

W-OH + OH- .A K ~ 2 - 0 -  + H,O 
s 

I R'  - NCS R'- NCS I 
RI-NH- co -s- R'-N=CS--O-R 2 

(493) (494) 

As the pK, valries of thc primary aliphatic alcohols vary from 12.25 (2,2,2- 
trich1oroethanol)to 16.1 (I-butano1)at 25 "C. inalkalincaqueoussolutionsa 
considerable part of alcohol is always in the form of alkoxide. 

Owing to the near reactivity values of the OH - and alkoxide ions, i t  is not 
possible to perform direct kinetic measurements of the reactiviry of the 
alkoxidc ions in alkaline aqueous solutions of alcohols under such 
conditions that the addition of the O H  - ions could be negligible. I t  was 
ascertained by spectrophotomctric investigation of the rate of formation of 
reaction products493and494 that the ratio the rcactivitiesofthemethoxide 
and hqJroxyl ions ( k R - O - / k o l , - )  was 3.92 for the reaction of phenyl 
isothiocyanate ;it 25 "C (analogous value for the ethoxide ion is 5.46)405. 

B. Addition-C yclization Reactions 

The information obtained from the quantitative study of the 
addition-cyclization reactions of isothiocyanates has hitherto been limited 
only to the formation and properties of thc 3-substituteg and 3.5- 
disubstituted five-membercd heterocyclic compounds of type 495 and 496 
con t a i n i n g a no t her he t e r o a t o m bcside s n i t  ro ge t i .  

R -  N- CS R-N-CS 
I I  I I  

oc x oc x 
\ /  

CH2 ' C c ;  
I 
R 

(495) (496) 

X = NH (2-thiohydantoins). S (rhodanines), 0 (2-thiooxazolidine-4-ones) 

The rcrictions of isothiocyanates wi th  glycine and other r-amino a g d s  
senled for the basic of the methods of preparation of substituted 2- 
thiohydantoins. I n  the first step the reaction conditions ensurc the reaction 
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of isotliiocyanatc wi th  tlic r.-nmino group. i.e. the formation of the addition 
product. Thc sccond step. i.c. the cyclization. is achicvcd by direct 
acidification of the reaction niixture o r  by c v o s i n g  thc isolated addition 
product to thc cffect of i i i i  acid m c d i i ~ m ' " ~ . ~ ~  '.-*" .This rcaction niay casily 
bc ilivcstigiitcd spectrophotomctt ically. I t  is relatively slow evcn at  an  
c1cv:i:cd tctiipcraturc. For itistiiticc t & x  riitc o f  cyc!ization of the addition -fa-? producrs or tlie investigated p-substttutcd phenyl isothiocyanates with 
glycinc in  1 M-HCI :it 60°C is characterized by the half-period ofcyclization 
tlievaluesof\\:liicli wcrcin the range25 to401iiiti '~'. 13yasiinilarmetliod. i.e. 
in two stcps. i t  is possiblc to preparc the corrcspoiiding 3-siibstituteg 
rtiodanincs' I '." I .'3' from isot li iocya ti;i tes ii nd 2-iiiercaptoacctic acid 
(equutioii 283). 

4. 
R--_N-CS R-NH-CS R-N-CS 

I I  I 1  oc x oc x ' - O H - *  od x 
"d 

Ho I '4 (283 )  
I 

'cH/ 
I 
R' R' R' 

X = S. Or NH 

The data in  Tiible 2s sIio\\. that it1 case of tlic N-(rl-substitiited phenyl) 
t h ioc;i rbii mo yl me t rap t  oacct ic acids. t Iic I, I C  tide ncy to cycl izo t ion is 
siipportcd by thc elcctron-donating substititents on tlic arotnatic residue. 
This is also confirtiicd by ;I liiiear relationship bct\\.ccn the logarithms of thc 
ratc c0tist;itits of civcliz:ition k,,,,, (min - I )  and the Hani8:tt C O I : S ~ ~ I I ~ ~ S  with 
negitivc s!ope I )  = -0.61 ( I .  = -U.93)-"('. 

Fit rt hc I' i tivcst igii t ioti of the react i 011 bet \\/ccn isot ti iocya 11;i tes and 
tiicrc;i pt o;icc't ic acid rcvciilcd cert ;i i ti rciii ;I rk ;I blc d issi in i la ri t ies wi I h respect 
to analogous reactions involving glycinc o r  other r-amino acids. Alkyl atid 
ary! isothiocyatiatcs yield quaniit:itivcly 3-substituted rhodanines in the 
preset~ce of csccss mcrcaptoacctic acid in slightl). acid or sli~litly alkaline 
buflcrcd s ~ ~ s t c ~ i i s  ( p H  7.S)5"".'40 . Rliodanincs arise cveii in ;I more alkaline 
mcdium. but the rate of thcir hydrolysis to the corresponding N-substituted 
.t 11 iocu r ha  111 o y 1 mcrca p t oacc t :i t cs i ticrc':1scs co nsidcra bl y i 11 t his ciisc. I II t he 
pH rcgion abovc 10 these addition products arc the only probablc products 
of tlic reaction of  isc,tliioc!/;itiiites with inci-cnpt&cctic acid. Tlic cyclization 
ol' thcsc products to rhodaiiincs is achieved by acidifying the reaction 
mixtiirc. In slightly acid or alkalitie rc'ictioii ~iiixturcs tlie addition is 
imiiicdi~itc:ly siicwcdcd by cycli7ation (c.quation 2x4) o\ving to which it  is 
vci-y difticulr to provc t lie foriii~ition otan iiitcrnicdiary :idduct. Furtherinorc 
i t  follo\vs I'!-om this fact tli:iio\\.ing to ni~~lt.opliilicattack o f R - S  upon the 
carbon of the NCS group. tlic prcrcqitisitc of siich ;I cycl&ation is the 
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TABLE 28. Ratcs  of cyclizatioii of N-substi tuted 
tIiiocarbamovliiicrc~!ptoacctic acids in 0.4 xi-citratc buffcr 

(pH = - 3 .y 1 )-1-1(' 

I181 

k l 1 j o C )  11:2 
Substituent ( s -  ' 1  (mi n ) 

C H  J -CO - PI1 - 0,096 430 
- - - - 

Br-Ph 0.083 502 
CH 3 - PI1 - 0.139 I74 
CH 3 -0 - PI1 - 0.176 I50 
(CH 3)zN-Ph - 0.063 660 
Ph - 0.2 I0 I98 
Ph-CH? - 0.290 I43 

formation of adduct 497 i n  which the protoiiization olcarboxyl anion. and 
t h u s  the  cyclization to the rnergctically niore stable fivc-membered 
heterocycle. rakes priority over tlic transfer of proton to the atom of 

'. 

- 0 O C -  CH2- S - 

-0OC- CH2- S H  

-t R - N - C r S  i- 
(284) 

S 

OH-C s .P \ ," 
0 CH2 

o=c s 
CH? 
\ /  

Similarly. t h c  3-substitiitcd rhodanincs arise i n  the  rcnction of 
isothiocyanates wi th  thc methyl cstcr of mcrciiptoacetic acid. On the othcr 
ha lid. 2- iiic rc a pt o pro pi o n ic acid ;i d d s. u n dcr I ti e s a  me con d i-i i a 11 s. 
isothiocyanates witlioiit strbscqucnt closing oftIiesi.u-menlbered ring. i.c. thc 
stabilization of the ionixd iiddilct is founded 011 the transfer of hydrogen 
proton to nitrogcn"'"'. 

Thc riitc of hydrolysis of thc 3-substitiitcd rhodanincs iis \\.ell ;IS of the 3- 
sub;titutcd 2-thiohydantoins is ;i function oftticconcentration ofOH ions. 
I t  ~ y . i ; ,  beassumed t h a t  t he  OH ion attacks tlieclcCtroii-deficient carbon of 
the curbonyl group i n  both the mcntioncd types of five-menlbcrcd 
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hcterocyclcs ;is wcll ;IS i n  3-tliioxoazolidinc-4-oncs and other analogous six- 
ineiiibcrcd hctcrocyclcs. On the other hand. the rate of hydrolysis may t3c 
more ol-irss dependent on thc charactcr of thc substit ucnts and their position 
i n  hcterocyclic rings. The data i n  Table 39 indicatc t h a t  ;I similar cflpct is 
achievcd by changing thc strbstitucnts on !iitrogen i n  tlie rhodanine and 
thiohydantoin ring. i.e. thc tcndcncy to decyclization incrcuses with the 
clect row w i t lid ra\v i n g e k t  oft he s u bs t i t ue i i  t s. TIi is fact is :il so con ti riiied by 
tlie lineor rel:itionship asccrtwincd betwcn the 1og:irithms of the relative 
rates of dccoinposition of 3-(psubstituted phenyl) rhodanines and the 
substitticlit constants 6,'. the slope of this relutionship being p = 0.585 ( 1 .  

= 0.973; 11 = 8)JJ'.Tlie\~alueof/) = 0.873(r = 0.94: 11 = 6)'" foundforthe 
analogous 3 -s  ti bs t i t  tit ed 2-1 ti io li y d ii n t  oi n s i ndica t cs ;I s t i I 1  ni orc marked 
cffect by the substiluents. I t  is obvious from the data in Table 29 that the 2- 
substitutcd 2-thiohydantoiris I I I X  iliorc stablc in alkaline hydrolysis t h a n  the 
analogous rhodanincs. While t he  hydrolysis of the 3-stibstit iited or 3.5- 
disubstitukd 2-tliioliyd~intoiiis results in  ; in  opening of [lie ring and i n  the 
formation of the corresponding A'-subst itirtcd tliiocarbiimoyl derivatives ( i n  
alkaline buffer solutions up to pH 12). in  the case of thc 3-substituted 
rhodanincs ;in opening. or cvcntually ;I furthcr dccomposition. of the N- 
s t i  bst i t  titcd t h iocarba moy l tiicrca pt oacelatcs sets i ti :! iid isot ti iocyana tcs and 
2-mercnpto~icct~ites arc forincd. Thesc facts inay be cxplaincd on the basis of 
the assumption t h a t  the dissociation constants of the compounds 
R I NHCSSR' (Table 37) ;ire considerably lowcr \ban equivalent constants 
of thc analogous compounds ~ ~ ' N H C S S N I - I R ' .  

I t  ciisues from the above-discussed information. and cspecially from the 
data i n  Tablc 30. t h a t  rhe stability of rhe 3-substitutcd five-membered 
hcterocyclcs in  alkalinc hydrolysis incrciiscs in  the ordcr: rhodanines < 2- 
thiohydantoins < 2-tliiosazolidinc-3-oncs. 
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TABLE 30. Rates of hydrolysis of 5-~iicmbcrcd lictcrocyclic compounds at  35 “C i i i  

0.1 M illc1lv:iin buffer (pt l  = 8.4)”’ 

1 1 1 2  

( m i n )  

X =  
------- - - - - ---- 

S 4435 9 4 
N H  13s 30 I 
0 0.012 3000 

C. Supplementary Remarks 

I 11 t tic prcccdi iig scc t ions t hc i ii for inat i on o b t ;i i lied from t lie q iia n t i t i\ t ive 
study of the reactivity of isothiocyaiiatcs wi th  rcspcct to different 
11 ucleo phi I ic agcn t s is sii i n  marizcd. Th is i n  forina t ion w a s  m:iinly o b t a i lied 
by investigating the reactions in  aqucous buffercd systciiis. In accf%Jance 
with theoretical predictions. i t  \ v a s  proved that  isothiocyanates reiicted wi th  
O H - .  HS- .RS-  mid RO- ionsaiid i n  cascofamincs tlieii.non-prototiated 
form \\’:is reactive. By using buffer solutions wi th  :in appropriate pH value 
and sufficient bulTcr capacity i t  is possible to achieve the necessary constant 
concentration of thc rcactive form of nucleophilc R-X‘., produced by the 
dissociation rcaction RXH S R X -  + H ’ \vIiich precedes tlic proper 
reaction of*RX- with isothiocyanwtes R’NCS. The condition [RXH] 
+ [RX -1 >> [R’NCS] is also fulfillcd. Simultiineously. owing to constant 
concentration or the OH - ions the reaction of R’NCS wi th  the O H  - ions 
may. to a lesscror_greatercxtcnt. bccllccti\iedepctiding upon the pH valiic of 
the buffered systems. The ratc of thc R‘NCS consumption evidcntly obeys 
the?ollo\ving equation under tlic above conditions (equation 213.5). 

I: = k o l i -  [R’NCS][OH - 3  + k,,[R’NCS][KX] (285) 

Thc reactions thus iiivrstigatcd arc first order reactionswith respect to the 
isothiocyanate a s  well ;IS to tlic O H  - ion  or other nuclcophilc. Hencc froin 
the iii:ithematical view point. tlic processing of edt,critnental data is very 
much simplifed. Of course. thc determination ofr:itc constants neccssitates 
the deteriiiination of the  rate constant of the sidc 1-cuction. liOll-. is. of thc 
re;\ctioii betwcen isothiocyunatc and the components of the buffer solution 
in ;I scparatc expcrimcnt. Thc conditions of thc reactions of isothiocyanatcs 
\\fit11 ditfcrent nucleophilcs \\.her,\ the sidc rcaction \ \ i t t i  the O H  - ion is not 

-.’ 
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eflectivc a rc  stated and  cstablished theoretically i n  
papers””.hR8.s68.56r).J18.J05. On the other hand, thc results of these studies 
enable a comparison to bc niadc of thc reactivity of different nucleophilic 
agents w i t h  respect to isothiocyanatcs (sce Tablc 31). I n  agreement 
with thcorctical knowledgc. thc reactivity of the invcstigated nucleo- 
philes ,vith respect to isothiocyanates increases i n  the order:  
OH- < R-NH-, < RO- < HS- << RS- .  A comparison betwcen the 
second-order rate constants of the rcaction of phcnyl isothiocyanate with 
OH- and different RS- ions reveals a 1000-fold and even ii 20,000-fold 
rcactivity for RS-  depending on thc nature of R.  The investigated amino 
compoundsand alcohols(R-0-)are niorc rcactive than theOH- ions but 
even i n  the ciisc ofRO- the differences arc less than thc order of magnitude. 

The kinetics of the rcaction of alcohols and atnines with isothiocyanates 
was also investigated i n  non-aquec>Js solutions in thc prcsencc of different 
catalysts and at higher tcinpcraturcs. In spit; of the fact that the 
intrrprctation of the kinetic constants obtairgd and their comparison with 
analogous values found i n  aqueous systems is an intricate problcrn. the 

4 

TABLL: 3 I .  Kate const;ints of the reactions of phenyl isothiocynatc with dillcrent 
nuclcwt,:lic agents and the dissociation coiistants of these subbtiinccs” ’ 

Nuclcophilc 

Sodium hydroxide 
M c t  h ii n ol 
E t h ii n ol 
Phenylalaninc 
Lysine 
Serinc 
Glutamic acid 
v. ‘1 I ’  inc 
Leuci ne 
Glycine 
Alaninc 
Sod i u ni sill p h idc 
Ethyl merciiptoacc t a te 
I .4- Di t Iiiot hreitol 
2- Mcrcapt oc t Iiunol 
M e t  h yl-3-niercn pto propioiiate 
Mercaptoacetic acid 
Et hanct h i d  
3 - M c rcii p t o 1’ r o  p i o 11 ic ;I ci d 
Brnzenct hiol 

- _- - - - 

’ 0.119 
0.480 
0.65:) 
0.1 46 
0.1 33 
0.083 
0.1 10 
0.1 55 
0.160 
0.243 
0.129 

13.2 
178.0 
275.0 
607.0 

2245.0 
1900.0 
497.0 

2770.0 
1320.0 

I1  k l , k , ,  
‘1 

I .o 
4.0 
5.5 
1.2 
I . I  
0.7 
0.9 
I .5 
1.3 
2.0 
1 . 1  

1 11.0 
I I 82.0 
23 10.0 
5 100.0 

18.8904 
15.9804 

4 140.0 
13.2504 
I I .090.0 
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results are cotisistent at least ;is regards the apprcciation of the relatioiiship 
bctwecii the structure and reactivity of isotliiocyanates. According to 
Akiyama and c o \ v o r k e ~ - s ~ ~ ~  i t  may bc postiilatcd t h a t  the reaction of phcnyl 
is0 t 11 iocyan ate wit 11 ;in i I i ne fol I o\vs :in elect roil donor- accept o r  iiiec h an  ism 
(equation 386). 

\ 

/ 

H 
- 

P h - N z C - - - S ! -  + N - P h  P h - - N z C - S  

H-N-H 

- 
H 

The product is foriiicd vin transition comples 498. According to the abovc- 
mentioned reaction mech:inism. not only the clcctron density on thc 
nitrogen atom ofaniline but also tlie reactivity ofthe hydrogen atom playsan 
important role in the reaction \i i t t i  phcnyl isothiocyanate. Kristi:in and 
c o \ ~ o r k e r s ~ ~ ~  have produced evidence itgainst the assumption of such 
concerted nicchanisin. These authors consider ;I lion-concerted incchanism 
to bc morc probable. i.c. that the product arises via transition complex 499. 

NH2 
I 
R' 

S- 
I 
R' 

S 
I 

R' 

(499) (500) (501) 

A noii-concerted mcclianism ni list bc assumcd a t  least for t hc reactions of 
isothiocynnutcs wit:; nuclcophiles of the typc R X  - . e.g. for thc bioclicmically 
important reactions of isotliiocyaiiates with tliiols where the KS - anion 
takes part in the formations of activated coniplrs:500 in aqueous medium. 

By investigating the reaction of isothiocyaiiatcs wi th  tliiols i n  alkaline 
butrer solutions containing tliiols in  excess the formation of ;in addition 
product of structure 501 was provcd. By acidifying tlie reaction inixturc this 
product is stabilized by accepting ;I proton oii nitrogen and i n  this \\*ay the 
common KNHCSSR structure correspoiidi;ig to the S-ester of the  
monosubstituted ditliiociirbaiiiic acids arises. l'houpli tlie corrcsp~~iiding 
dissociation constants7' ' havc bccn dctci-miiicd for difl'crcnt coinpounds of 
this type. direct evidence of the localizxtion ofliegilti\;ccli~trg_tt on dissociated 
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sttxxtttrc SO1 is not so far :iviiil:tblc. As to the  compounds hithcrto studicd 
tlic negative cliiirge is iissunied to bc on thc iitoni of sulphur. 

Rcccn t I y. A k ibn and co\\,orkers dctcrmi tied the eq i t  i l  i  bri tit11 conhiants for 
adduct 502 forincd froin tributylphosphinc 503 and phcnyl isothiocyanate 
(equation 257) i n  some organic solvents. The .'I P-t1.m.r. chctnical shifts of 
substances502 and 503aswcll H S  oftliep-substituted phcnyl isothiocyanates 
werc also measurcd and correlated linearly \\)it11 thc o,, values of the R 
groups. On thc basis of these observations and thc  reactivity of 502. the 
strtic!ttre ofthe adduct in  solutions \\'iIS depicted ;IS ;I phosphonium bctaine 
502 with a P-C o-bond'". 

For thc reactions of isothiocyanatcs \\.it11 alcohols :itid othcr types of 
nudeophilic agcnts containing ;I Iiydrogcii iitot11 capable of splitting off 
easily. i l  is not possible for the timc being to decide whethcr the primary 
attack oft hesc s u  bstanccs on the N CS pro it p will be dirccted to the N C  or CS 
botid. On the basis of ;I tiiorc precise calculalioti of the electron structure of 
phcnyl Isothiocyiinate. Ziibrouln c;itiic to the conclusion t h a t  for the 
rcaction \vi th  alcohols the primary LitIi iCk should most likely be directed to 
thc CS 

Isothiocynnatcs can act :IS proton acccptors i n  H-bonding. Thc results 
rcported by Stankovski aiid coworkers. which arc based on the 
investigations of Ihc interniolccular hpdrogcn bonds of phenols and iilkyl 
isothiocyanatcs in CCI,. indicare wciiker H-bonding than rcported for the 
sy s t e I ii s p h e n o 1 - - ; I  I k y 1 is o t h i oc y a ti ;i t t's ' ' ' . T I1 c coin p 1 t's of is o t h i oc y a ti it t c 
\v i th  phenol is prcsirmcd to have structure 504. 

0 l : t h  atid CO\\'OI.~CI.S''. '  pt-ovcd ;I possible protoniition of alkyl iitld aryl 
isothiocyanatcs in supcracid solutions (FSO,H-SO.,:, giving rise to the 
corresponding thiocarbamyl cations 505. This k non,lcdgc provided ncw 
possibilitics for a rc:iso~iing concerning diR'crent bchaviour of 
isothiocy:tn:ites and ~iti:ilogous compounds. 
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VIII. BIOCHEMICALLY I M P O R T A N T  REACTIONS OF 
ISOTHIOCYANATES 

1187 

A. lsothiocyanates as a Tool in the Study of Structure and 
Functions of Proteins 

1. Determination of  primary structure of proteins 

One of the most useful inethods for identifying the NH,-teriiiinal 
aminoacid of ii polypeptide chai!i is based on tlic so-called Edinan 
r e a c t i o i ~ ” ~  (equation 288). The free unprotoniitcd r-amino group of pcptidc 
506 r e x t s  with plicnyl isot1iiocy;tniite (the Edmaii rugcn t )  to yield the 
phcnyltliioc~irbanioyl peptidc 507. When this is treated \\Tit11 acid. usiially in  
an organic solhtent. thc plicnyl rlii8nydantoin ( P T H )  derivative SO8 of the 
NH2-terminal amino acid fisidue and tlic i i i t x t  pcptidc chain minus its 
origin;il NI-12-terminul rcsidur 509 ;trc the products. The PTH-derivative 
can be identified cliromato_gi.apliicaIly. most rcadily by gas-liquid 
chroniatography””.‘”. 

R’  R2 
I I 

N = C = S  + NH,--- CH - C O  --- N H  - C H  .- CO - . . . 

7’ R 2  
I 

NH - c s  - NH - CH - co -- NH - CH - c o  - 
(507) 

(288) 

R’ 
~ o ~ , ; ~ ~  + N H , - C H - C O - - . .  I 

(509) 
CH . 
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\ \ J i l l  pcrmit the reaction cycle to bcJI-epeated to dcterminc the amino acid 
sequence of the pcptidc. I n  most itistanccs. seqticnccs of not more than 10 
atiiino~icidsliavc been idcntificd in  tliis\v~iy.Verycarcfiil \\.ark liaspermittcd 
identification of20 amino ; i c i d ~ ' ~ '  7 2 0  . The tiios! impressive cxamplc of the 
manual iisc of this tccliiiique is tlic coiiiplerc cliicidiition of the primary 
structitrc of ;I pcptidc lioriiione consisting of 11 singlc chain of 32 amino 
acids73 I .  The import:incc of phcnyl isothiocyanate for protein chcinistry 
pixwoked 21 series of studies irito iiiiproviiig the cnicicncy \v i l l i  which each 
cyclc of reaction c;iii be r c l > ~ ' ; i t c d ' ~ ~ ~  '3' . Ediiian has designed automatic 
cqtiiptnciit--tlie proton s c q t ~ c ~ i ; i t o r ~ ~ ~ ~  - by \vhich he has identified the 
scq ueiicc of the 60 rcsidties of whiilc iiiyoglobin. Thc dcvclopmeiit of this 
tccliniqitc \\x follo\vcd by tlic \\.ark of inany scientists using inany 
tcchniqucs. The :iiitoiiiatcd Edman degradation tcchiiiqiic can be coinbiiicd 
wit ti t lie mass-spcct roiiict ric tech niq tic 7 3 " .  isotopc dil tit ion p r o ~ r d t i r e ' ~  or 
with or her tccliniqtiesi~". fxesults of iisiiig dityerent typcs of isothiocyanates 
for Ediiian dcgrudat ion have becii described too537.7-3" - 7 J 1 .  

2. Labelling of proteins 
-. 

Tlic uddition products of reaction by isotliiocyaiyitcs w i t h  aiiiiiio acids, 
aiid :rlso pcpiides o r  proteins. arc rrlativcly stablc i n  ;I mildly acidic. neutral 
or alkaline ciiviroiitiit'iii. In  :I strongly acidic cn\:ironment the tiiodifird N- 
tcrniiiial amino acid splits from thc peptide. but the product peptidc with 
modified t:-amino gwtips (of Iysinc) is no t  attacked. On ihc other hand. 
pcptidcs and proteins niodifcd \ v i l l i  ist>tliiocyi1tiiItcs c;in still hold certain 
importa~.i  functional properties. Kaiser aiitl  co\vorkcrs i n  1953 found 1Ii:it 

modificution of the amino groups it1 the tiioleculc of insulin \\.it11 phcnyl or 
ally1 isothiocyaniites did not result iii tlic loss of activity of this peptide 
t i o r n i o ~ i e ~ ~ ~ .  Later. insuliii I;ibcllcd \ v i l l i  lltiot-escciti isorliiocyanute \ 4 ' X  

successfully tiscd To'r tlic s t t idy of tiict;ibolistii and localization i n  aniriial 

FI uo I-cscei ti isot ti iocyina tc has lo iind ;I ii i tiiporta ti t application in 
immunology. I t  cnablcs the visualizing of sites of ;intibody binditis i n  the 
~iiirigcn--niitibody coniplcs ;tiid its detection inside the C C I I S ' ~ " .  In this 
procedure. ; i t1  iiiitibody to ;I ccll constit iictir is  prepared and is then rendered 
fl tiorescc ti I b!: I lie ;I I t:icli iiictit of 11 iiorcscci ti isot Iiiocyi mi le. The com mcrcial 
product is ;I tiiisttirc of the isoriicrs 510 atid 51 1. \\,hicIi can be ~ p i i r i ~ t ~ d ~ " .  
Also other isotliiocy;tti:itc~ \i.irli Iliiot.csccnt propcr1it.s ;ire dcscribed i n  the 
I i t  [ L1  re i4s .  74'' . R ~ i d ~ ~ i c t i \ ~ c l ~ - l ~ i b c l l e d  isot1iiocy;inatcs m a y  also be uscd i n  
cytoclittiiiistr!, (scc Section I I I .  H ) .  Thus tritiatcd j.i)'-diisot~i-oc~~itito-~.2'- 

* 

isslles714.:Js 
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dihydrostilbcnc disulphonate wis  used for specific labclling of the surhcc 
proteins of maiiimalian cells7". 

3. Modification of enzymes 

The isothiocyanates arc relatively specific and potent inhibitors of 
enzymes which rcquire thiol groups,for their catalytic activity. The basic 
informution about the inhibitory cllcct of dilletuit types of isotliiocyanates 
\v a s re ce i \I c d f r o i i i  c s p e r i m e ti t s \v i t 11 p 1 y c c r ;I 1 d e 11 y d e - 3 - p h o s p 11 ;I t c 
dchydropcnase. glutaiiiatc dehydrogcnuse. ;~lcohol dehydrogcnase. 
hexoki nasc. gI titamute -0x~11~1cct~1~e trat1s;iiiiiti;ise. gI ttt;itliionc rcducti1sc. 

alTcct tlic activity of other types of cn/ytii such :IS riboni~cIe:~sc. 

riiodification of amino groups take p lxc ) .  
By selecting iippropriiitc rcactioii conditions (especially p H )  for the 

reaction of isotliiocyanatcs \\,it11 S H  proleins i t  is possible to obtain: ( i )  
specific reaction \\,it11 SH group?;: ( i i )  reaction \\.it11 SH :ind ?JH2 gi.oups: ( i i i )  
the libcration of blocked SH groups: ( i v )  thc splitting a\\.ay ofmodificd N -  
tcriniiial aiiiiiio xcid b y  siibscqtteiit controlled acid This 
supgcsts ;in cnoriiiotis difTcl-cncc in the iiuclcophilici~v of S -  ittid N H 2  
L groups in  prorciiis \\.hicli cxti bcc\'eii iiiorc f~ivour~ibleo\\.iiip t o  the incrciiscd 
dilTcrence bt ' t \ \wii  thc pKs l l  and pk',,, . \~aliics. Tlic i~sii l ts  of cspcritiiciits 
~ + , h  ycast alcohol dchydrogcnitsc serw ;IS ; in  csamplc of the specific 
blocking of SH grotips of protcins \\.it11 isotIiio8,aii;itcs. Using the .'5S- 
labellcd 4-1~1~otiioplicn~I isotliioc!.;iiiare in reaction iiiisttirts a t  pH i 7 i t  
\v;is possible to titrate apptnrimatcly 36 tliiol grotips of cnzytiic. At p H  10. 
especially itftcr ;I long time period. the binding of isot1iiocy;iii:itt 10 anc;ther 
109 groups ofcnzyiiic u x s  obt;:incd- I ( ' .  I t  is kno\\,n t h a t  lhis cnz!.tiiL'cont~iiiis 

succi tiate deI 1 ydrogc nasc aiid pap;iiiiy').7i I - 5  3.7 '' . 1sltlthiocyitti:Ites do  not 

cytochr~i iosid~isc .  plant cat:tlase. l y s o z y ~ i i c " ~ " ~  3. and p-~lmylasc.7'" (the 

36 of the Sl4 ~ Y O I I P S  itlid 97- 100 N H ?  ~ ~ O L I ~ S .  
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Adducts of isothiocyanates with S H  groups of proteins cxliibit ii 

charactcristic~ibsorption oflight i n  tlic U.V. rcgioii (252and 277 nin). By using 
the spccii-opliotonietric inethod thc kinetics of the reaction of berizyl 
isothiocyinatc and yeast ;ilcoliol dcliydrogcnase \vas followed. Complete 
loss i n  enLyiiic activity wiis obtuincd by blocking approximately 23 SH 
g r o t ~ p s " ~ .  For this rext ion tlic second-order ratcconstant wis determined 
iis li = 0.1 I I iiioI I s -  ' .  Coiiipai-ison \\,it11 the riitc constant for thc reaction 
of bcnzyl isorhiocyanatc wit11 cystcine slio\\:s the mentioned value to be 
si i n  i I ci r. 

Restoring the catalytic activity o f  thiol enzymes inhibited by 
isothiocyiinates WIS studied in iiiorc detail in llic casc of rabbit muscle holo- 
~ lyce i~a ldc l iyde-3-p l ios~l i~ i t~  deliydroge~iasc~'".  Tlic incchanisin of the 
liberation of Sl-I g o u p  and other basic problems were elucidg!ed i n  
Rclcrcnccs 7 1 1 and 569. For the clucidiltion of binding and conformation 
clianges a t  the active site of glycrr-aldehyde-i-dcliydrogeii~isc t hc fluorescein 
i so t Ii i ocya 11 ;i t c 

The choice ofstiit able isothiocyanates ;is specific aylj revc!.siblc inliibitors 
or'reportcr' grotips in t1icchciiiic;il modification ofenzymes tiiid ;is chcmical 
'yiirdsticks' for ineasuriiig rclwiive dimensions of active sires of SH enzymes. 
oflers ne\v possibilitics for the study of structure and function of enzymes. 
The macromolecul~ir polyisotliiocy~inates cai i  be uscd for the preparat ion of 
imiiiobilized cnzprncs (bound by the iciction of N H 2  eroups) and for 
rcversiblc cowlcnt bitiding of thiol cnzymcs (covalent chromatog- 

0 

:I s t i  scd ' ' . 

r i lp l ly)7  IO.75S 

B. fsothiocyanates as Metabolic Inhibitors 

1. Biological activity and mode of action 

TI1 c bi 0 1  ogica 1 clli-ct ivcn css of ii;i t ti tx I ii 11 d sy 11 t Ii ct ic iso t Ii io&i l i i i  tcs. t hci r 
mode of ;ictinii and also t l ic q tiestions of relations bct\\.cen thc chcmical 
s t I' tic t i I re ;I i i  d b i o I o g i ca I it c t i v i t y . 11 ;I vc bee i i  s y s t c m ~i t ic it I I y i i i  vcs t i gated a t 
Tlic Iiistitiite of Microbiology Lind Bioclicmistry of Slovak f'olytcchnical 
University iti'Br:it?Jiiva. During the last 20 years data ~ ' C I T  obtuincd and 
published 011 tlic c1iciiiic:il propertics and biological activity for morc than 
500 pixxiom i 11;iii t I y iic\\ '  syii t lict ic isot li iocyanutcs' "I. 

I t  appeared stiir:iblc to divide thc  st tidied isothiocyiinates into ;it least live 
groups i t1  ;iccoi.d:iiiw \\, i t11 tlicir clielnical siiiii1:iritics atid thc similarity of 
tlieir biological ctli.cts-"". Tllc first g r o t ~ p  is  made up of all t1;ituraI 
isothiocyanates ivhich. iis ii rule. are of the alkyl or aralkyl type. and of 
their most closely related synthctic analogues (thc scrics alkyl-. benzyl-. 
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2-phenylethyl-, cynnanioyl-. benzhydryl-ITC and others). Several sub- 
stances of this grqup are characterized by a wide spectrum of antimjcrobial 
action. having especially an antibacterial and also antiyeast 

. Benzyl isothiocyanate which is an effectual component of erect 6 8 9.7 5 2.7 6 0 

various medicarncnts for the treatnicnt of bacterial and yeast-induced 
diseases of the respiratory and urinary  tract^^"^"^ is greatly su rysscd  in 
its effect by its simple synthetic a~ ia logues~" -~ .  Benzhydryl isothiocyanatcs 
are specific to Gram-positive bacteria including M~whcccrcvitrr,l tuber- 

. Thc sccond large group is composed of mont-l;iuclear 
aromatic isothiocyanates of which many can bc includcd among thc to-date 
most eflcctive natural and synthetic antifungal  agent^^"^^'^. 4-Bromo- 
phcnyl isothiocyanate is used in ~ h e n i o t h e r a p y ~ ~ ~ .  Thc third group corn- 
prises uncondcnsed polynuclear aromatic dcrivatives of the gencral formula 
R -C,H,-X -C6H,- NCS (derivatives of biphenyl, p-tcrphenyl, di- 
p hen y 1 met ha ne. p h cn y let h er, d i p h en y l a m i ne. d i p h en y Isu I p h i de, su I p h o ne 
and of sulphoxide, benzophenone, chalcone. stilbene and azobenzcne). 
Many substances of this group are rcrnarkable because of their specific 
antimycobacterial a c t i ~ i t y ~ ~ ) ~ . 7 ~ ' ' . ~ ~ ~  . They ha\je a low cytotoxic effect on 
HeLa cells i;i tissue culturcs and a low toxic effect on m a c r o o r g a n i s n ~ s ~ " ~ .  
Some substances arc cn'ectivc against pathogenic protozoa i r i  I;irr.o and i r i  
~ . * i r o ~ ~ " .  Also important arc  thcir a i i t h e l m i n t i ~ ~ ~ ~  and c a n c e r ~ s t a t i c ~ ~ '  
properties. 

I'olycondcnscd ai'oiii;i!ic isotliiocyan:itcs (dcriviitives of naphthalcnc. 
ii n t h mcciic. plicna n t h i m c .  py re tic. ch rysenc. 11 tioi'enc ;I nd ; in  t h raq ti i i i c )  lie 
make lip the fourtli. and various lictci-ocyclic isothiocyan;ites the f i f t h .  
group. Sevci-aI isothiocyanatcs of tlicsc groups (ulso Grpup Thrce)  a re  
chariicterizrd by ;I canccrostatic' ' ' - - ' 7 5  iind !intiviral ;iction"". Of thcsc. ;is 
antibacterial siibst;iticcs on ly  derivatives oTiicridinc and went tially ofptirine 
i!  i'c remarka b l ~ ~ ( ' ( ' . ~  . The pictitre o f  the biologicnl action of 
isotli ioc y i i n a  t cs  is coin plc tiic n tcd by  i ti for  111 ;it ion rcga rd i i i  g cy t o- 
to?( id 6 ' ) .  7 7 8 - 7 4 0 an t i \ , o rn i iS  1-78.1 . antitliyroida17s4 and other biological 
elYcc I 

Generally. for the iiiajorit}, of isothiocy;in:ites having iiii  NCS g r o ~ i p  ;IS thc 
only reactive centre in  thc moleciilc. their ;iiititiiici-obii\l and cytotosic action 
lics in the csclusion of key proccss~\s i n  thc energy and intcrniediai.y cell 
mct;ibolisni by [lie iiiliibition of those enzymes which requirc S H  groups for 
thci r cii tal yt ic act ivi ty. The ir;ict ion of isotli iocya nates. espccial ly \ \ , i t  h t hc 
SH grotips of proteins. is rcsponsiblc Tor t l ~  tiiitlIt.+litid degree of the 
i 11 11 Lie ncc o t i  111 c t ;i boI ic ;I 11 d ph y si 01 o+i I ceI I f u  ti c~ ions ' .' " . 

This ;\';IS d'ciiionsiratcd i n  iii:iiiy iriiport:int findings ;I bou : c K ~ t s  of 
11 ;1 [~1  rill ;I lid syii 1 hct ic isot Ii iocy:i ii;i tcs oii biochemica 1 processes i n  v i i  rio us 
eukiiryotic and prokitl.votic types of cells. in  ccll-fiw systcliis lip to isolated 

c.ulos;s 7 6 3.7 64  

* 

_ _  

7 x 5. - 5'1 
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cnzymcs. and of other lindinss which contributed to thc elucidation of the 
mode of ucticn of isothiocyatiates at ;I molecular level7" - 7 5 3 . 7 8 6 - - 7 9 2 .  

The lethal damage to the cell is the cxtrctne case ofisothiocyanate action. 
The sublethal doscs of isothib@?tIi;!tcs regulate thc rate of biosynthetic 
proccsscs and growth of cclls by more or lcss specific primary inhibition of 
the glycolytic pathway andjor biological osidation processes. 

1 1 1  tlie invcstigatcd tj'pcs of c'itkaryotic microorganisms (yeast, fungi, 
protozoa) growing on ~Iiicosccontait i in~simple mineral media. it is possible 
with addition of antifungnl i s ~ t h i ~ c y ~ i ~ i i i t e ~  to stop the glucose metabolism 
a n d per in ;I nc t i  t I y i n h i  bi t t he gro\v t h ' '" . Following iiti inquiry i n t o  
the chiingcs in  t h c  lcvcl of the iiitermcdiatcs i n  tlic plycolytic pathway and in 
the activity of glycolytic enzytncs i n  fertncnt:iting ycnst S. cwwisicie after a 
short-term action of p-broniobenzyl- and p-hromophenyl isothiocyanate. 
the conclusion was drawn that thesc substances impair in  several ways the 
proccss of glucosc dcgradution. primarily by thc inactivation of the thiol 
enzymes liexokinasc. glycct~~iIdcliyde-3-pliospli~itc dehydrogenase and 
alcohol dehydro_ecnasc. The second enzyme appeared to b e  the  most 
sctisitivc. However. in  treated yeast cclls rhe inhibition of glucosr-6- 
p1iospli;dtr dchydrogenase and some i-cspiriltory enzytncs wiis also 
o b s e r v ~ d ~ " . ' ~ ~ .  For regiiliition of grc\vtli of oxidative yeast types. e.g. 
Coticiidli tr1hicttri.s. only ;i fen, inhibition sites iire vital. The crucial sitcs would 
seein to be the  enzymes of the respiratory chain (inhibition of iiti carly step in 
the NAD/P/H oxidation) ;itid pcrhiips suiiic other e ~ i z y t i i e s ~ ~ ~  

co tnb in in~  agents"". i t  is possiblc to dcprcss coniplctcly tlie glycolysis and 
rcspiration of Eht-lich cat-citioiiiii cclls (or HcLa cells) and c;iuse the loss of 
tr~insplantabiliry. Lower concentrations of these compounds stimulate thc 
aerobic glyxlysis and respiriitioii (also endogenous respir;ition) of these 
'model' anitnal cells. but inhibit the biosynthcsis of niiclcic acids and 
protcitis.- without the loss of tt.ansplaiitability of trciited cclls. The attack of 
plycolysis atid respirittion is mirltitat~gct i n  c l ia t~ctcr .  The inhibition of thc 
enzytncs ~lyceraldel i~de-3-pl iosph~ite  dctiydr.ogenasc and hesokinasr is 
responsible for the lo\\.c.r.itig o f  thc I X I C  and f u l l  inhibition of glycolysis7". 
The dcscribcd cliatigcs in I-cspiratory activity of trcated cclls lies in  the 
i n  t crference of iw t hiocya ti;i tes i\.i t 11 rni t oclio nd riiil f i t  nct ions. Thc 
expcrimeiii \\,it11 JSS-labcllcd isot Iiiocy:in:ttcs indicated t l i a t  tlicir main part 
is bo ti  nd to t lie rnitocli o nd t.i:i.3 ' .3. I4 iglier co ticc t i t  r a t  ions of those 
isothiocyan:itcs studied c;i~isc inhibition of respiration by the inhibition of 

. Low succinatc delivdrogcnasc and the N A D H  osidasc systcm 
co lice ti t r a  t i o ti s pro b;i b I y ti nco t i  pl c t Iic i ~ s  pi r;i t i o ti.  7-11 is selcct ive 
intcrfcrcncc results in  i i  partial litiiir;ition of the cncrgy detiiatid of the cells 

'. 

With t i  it nicro us isot hiocya natcs jY. 7 J . 7 Y "  iltid sotiic tic\\: types of thiol- 

P 

7 S Y . 7 9 9  
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and is sufficient tocause transiciit inhibition ofbiosyntlietic proccsscs.These 
conclusions are supported by recent findings that isotliiocyanates represent 
a new class of u n c o i ~ p l e r s ~ ' ~ ;  this effect can bg.i.n connection with 
modification of mitochondria1 ihiol groups7". 

The passage of isothiocyanatcs across the cell membrane is a prerequisite 
for their antifungal. antialgal and cytotoxic i t ~ t i o t i ~ ~ ' .  By contrast. in  
bacteria such iis Escltc~ic/i in col i  the  bnctcriostatic effect of some 
isothiocyanates results primarily from tlie elimination of functions localized 
in the surface laycrs of tlie cell or in their vicinity353. For the elucidation of 
the nature of tlie antibacterial ctl'cct of sonic isothiocyaniites. thc findings 
about tlie re1 at io nsh i p bc t wee ti t lie i n h i bi t ion of res pi ra t i o n. the 
incorporation of radioactivc precursors into nuclcic x i d s  and protcins. the 
decrease in the concentration of free thiol groups of proteins and the 
inactivation ofsomeenzymesin various typesofbacteria ( E .  coli. U t r c . s~~ / i r i / i s  
and R.l!,co.,fo,.riririrl,,) arc iniport;i~it'"~.' 53~71'n.''' I .  Recently tlie inhibition of 
polypeptidc synthesis in  cell-frce system ft-oni E.sc*lic~r.icliin cw/i. e.g. 
inactivation of ribosomcs and some elongation factors, \\.asesplained by tlie 
reaction of SH p-oups of proteins \vi th  isotliiocy~iliiitc-s80D. 

From rciisotis tncntioned above tlie isothlocyanatcs are not only 
interesting ;IS biologically active compounds and tnrta bol ic i ti 11 i bi tors but 
also as tools for the study of the participation of thiols in complicated 
biocheniicnl proccsscs such ;IS protein syiitlicsis. oxidat ivc phospliorylation 
and cspecially cnzymc catulysis. 

Finally. \vc would l i k e  to coinmetit on the important dilTcrei$:s in  
chcinical reactivity. 11s well ;IS i n  tlic lipopliilicity ofdilTerent isothiocyanates. 
Thc data in  Table 32 allo\\. ;I comparison of the reactivity of diflcrent thiol 
combining agents \vith cystcine. The Icss reactive isothiocyanates c;in be 
corn pa red \\,i I h \\el 1- k tio\\,ii ;i I k y la t i ii g itgcii IS ;I lid t he iiios t rciic t ivc 
isot1iiocy:tnates \vi th  ,V-ctliylmnlrimidc. On thc other hiitid. in  contrast to 
those isothiocyaniites \vil l i  relatively good solubility in jviiter. i t  is 
iippropria tc to point out t lie cst rcmcly IipQ~hilic compounds. e.g. 
derivati\/cs of polycondcnscd aromatic Iiydrocar.bons. Thcir partition 
cocficicnt for tlie oct:inol -\vatcrsystctii rciiclied viilucs ofabout otic tiiillioti 
(Table 33). 

C. Structure-Activit y Relationships 

The first import:int itiforniatioii on tlic intc.rr-cl~itiotislii~~s of the chcmical 
structure, physicochemical proGerties and biological ellects and :\bout ii 

possible inatlicmatic;tl fortiiulation of thcsc rclations \\its obtiiincd from ;i* 

study 011 the series of 11-substitlrtcd dcriv:iti\u of plicnyl isotIiiocyan~ite*'". 
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T A n 1 . E  32. Rate constants for rcxt ion of cysteinc wi th  dilfcrent St-l reagents7s"~H"0 

Rcagciit 

I - lodopropionxiiiide 
I -1odopropioiiic acid 
Ch loroiiceta midc 
I odoacetamidc 
Acryloiiitrilc 
4-But:inoyl-ITC 
Benzyl-ITC 
4-Nitropheiiyl-ITC 
Diphcnylsulphon-4- ITC 
N - E t h y I iiiii Ici ti1 idc 
5.5' - Di t h i o his( 2 -11 i  t robe nzoic ii c i d ) 
4-Ctiloroiiicrctir-iberizoa fe 

~~ 

h 
( I  11101 - I 5 - ' )  

1.44 x lo- '  . 
6.10 x lo- '  
4.79 x 10-1 
9.90 x l o - '  
I .70 
3.44 
2.79 x 10' 
2.54 x lo3 

> 1.00 x 105 
3.05 x 10J 

4.00 x 10s 

- 

4.10 i( loJ 

Reaction 
type 

Ad, 
Redox 

S R  

Thc selection of thcse substances for the ~ibovc-men~ioncd purpose \\as 
dccided by t hc a1 rcad y existing da t a i ndica t i 11 g sign i fica 11 t di 1Te I-cnces in t heir 
antimicrobial ctfect 21s \ \ d I  11s i n  [hcir reactivity arid solubiliry. Within this 
series the correlation of thc va l~ ics  !og EDso a n d  I L ) , c , o .  churacierizing the 

-rAnI.E 33. Partition coefficients ofisottitocyiinates t i1  octiinoI:water i it  25°C7"'.759 

lsot hiocyanate log P [sot 11 iocyaiia tc log P 
_____. - ~- 

G / ~ ) i r p  I 

4-Butallnyl- - 0.i0 
Ethyl- I 4 7  

2- Phenct hyl 3.47 

Phetiyl- I -Naplitliylmet tij.1- 6 4 4  
Tt~iplictiylmctti~l- 7.02 

Benzyl- 3.16 
I -Phclicthyl- 3 4 6  

Bcnzoliydryl- 5.09 

G/."lrp I1 

Ptlcliyl- 3.40 
4-Broiiiophenyl- 4 4 3  
4 - H  ydroxyphcnyl- 2.74 

3- Methylptienyl- 3 .02 
4- Nitrophciiyl- 3.64 

4-C;ir-boxyphcnyl- 3.52 

G/.OJl/l 111 

Biphenyl- 
Diphenyl met Iiaiie-4- 
Dip hc nyloside-4- 
Diphcnyl~tmiiie-3- 
Dipticnylsiilplioxidc.-4- 

Deiizoyloxyplicnyl-4- 
St i I  bctic-4- 
A/o bcnzcnc-4- 

Bcnzophenyl-4- 

I -N;lphthyl- 
2 - N ;i p h t Ii y 1- 
I - N ;I ph t hyl iiict hyl-  
Aiithraccne-2- 
Pyrciie- I - 
Chryspc-6-  

4.66 
4.40 
4.75 
4.94 
4.40 
4.88 
1.90 
5.85 
5.55 

4.34 
4.34 
4.4, 
5.70 

> 5.70 
> s.70 
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efkct of these substances on the growth and rcspiration of Escl~c~ric~lri~r c d i  
cells. wi th  the logoritlims of second-order ratc const;itits Lo,,. and the 
Hatnmett coiistatits 6 \ w s  ;tsccrtained. On thc other Iinnd. for thc anti-yeast 
effect of these very saine substunces tlic ~ i l i ~ e s  of log EDjo  c;in bc correlated 
wi th  the logar~irlitii~ of thc i11olitr solubilities S of isothiocyatiutes in  water. 
Thus lheirchernical rcactivity is tlic property dctcrmining theirantibnctcrial 
efl'ecr and for cstiinating the sigtiificnnce of chntiges in suhstituents the 
tnodilicd Hatntiictt eqiiation \v;is used (eqiiation 389). 

1 0 g ( T ; / T r )  = 1'" (289) 

Thevalue 'si is thc biological activity ofthe i t h  and r,ofthe refcrcncc tcrm of 
the invcstigrited scries of substanccs. Thc constant p is characteristic for thc 
biological object and (T is the constiiiit of the substitucnt. The correlaiion of 
the anti-yeast effcct witti thcvalues ofthc molar soliibilitics oftlic derivatives 
ofthis series. using theequation (290). proves t h a t  i t  is a physical proccss t h a t  
determines the hiolo+nl cffect (T:ible 34). 

IO_C(T,'T,) = %11/111 (290) 

log( I i C )  = k / j l ]  + I;' (291 ) 

Eq i i a t  ion (290). t lie so-cul led rz./l-ccl II;I t ion. origi tia I I y set by Zali rad ni k *" 
and cqi.iatioii (29 I ) .  ;is ;I gcnci-a1 form of cqtiation (390). r-eprrscnts tlic 
Ginplest case \vlicrc biological activity in  the \vhoIe scries of compounds 
studied is dependent 011 their lipopliilicity. I ti the cqiiatioiis (2S9) and (291)) 
instead of /jII symbols. molar solubilities in  \\'ntcr (log S ) .  partition 
coefficicnts in suitable systems (log P )  ;IS well ;IS the Hanscli coti?;tatits r of 
substituents cat1 be i~~cd~"~"" .  Among tliesc const;ints tlierc exists i t  well- 
known corrclation expressed by cc~uations (203)  and (203). Thc syiiibol C 
represents I he dose of conipound ncedcd for. staiiditrd biological rcspoiisc 
(EDSO: 1 1 1 . : ~ ~ ~  LDSo). 

log P = I< log S + Ii' 

r =3:og f" - log q, 
(292) 

(293) 

A study of {lie more csrensive scrics of ~~r-si~bsti t i t tcd phenyl 
is01 hiocyan:~ t cs r-evcaled t h u t  t hei I' ;I  t i t  i Ixict eria I c tfect \vas di rcc t 1 y 
proportioiial to theit. ructivity Litid indirectly propoi-tioii;il to thcir 
solubi!&it:y. The itniqiiciiess of this scrics is given by tlic fact that the 
a r r a n p i i c i i t  nf the deri\.ati\:cs iiccording to the dc.ci-c:isirig reactivity is also 
;iii ~irr~i~igetiictit iiccordiiig to their iiict~c:tsing sol itbility and dcciuising 
;111[ibitc[eri;il cffectSo5. I t  \v;is coiisidci~ably simpler :tiid tlieoi~etically easier 
10 esp];iili dercriniiicd coi~relation o f  ~11itibactcri~11 ;itid atitifung:il cllects 
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with thc solubility of bcnzyl. fl-phcnyletliyl (see Tablc 35)7‘0 and latcr also 
other typcs of i so th iocy~i~i~i tes~”~ (basic structures 512-521). 

R o C H 2 N C S  CH2CH2NCS 

Alkyl - SO2 

(51 6) 
R .‘ 

R’  rn R2 

CH2NCS 

R2 Rm 

The lindings nirntiotied arc i n  agi-ectiicnt with the facts. t l i i i t  esc1i;ingc of 
thc substituents in ;I iiioleciilc docs not rcsult in noticcable changes in thc 
rcactivityofthc NCSgroiip. In  tliisconn~ctioiiit iswcfiil tonotethat noiieof 
the isotliiocyan~itcsstudicd in thisscriesdid cscccd thcv;iltieoftlie so-callcd \ 
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optimal lipophilicity Po. I n  thc opposite ciisc such ;i function would not bc 
linear but parabolic (cquation 294)R03.80J. 

log(l/C) = - k , ( l o g P ) ~  + k , l o g P  + k ,  (294) 

From assessing the anti microbial activity of all isot hiocyana t cs that have 
so far been investigated in  relation to their lipophilicity (depcndencc of 
log ED5o and/or log ID50 011 log P) the following valucs of the logarithms of 
ideal partition cocficients Po in respect to different cell types have bcen 
approxini;;!ed: Gram-negative bacteria E. coli 4.1-4.3: Gram-positive 
bacteria Brrc. suhrili.5 and S t o p h .  mrreus 5.3--5.5; A 4 j ~ o .  r~rhercrrlosis 5 - 5 ;  
ycasts Ctrntlida trlhicrrns 4.4; animal cells 4.5. I n  thc niycobxtcria and also in 
animal cells isothiocyanates with pronounced lipophilicity havc proved 
etl'ective: in the rerpiiinder of the investigated microorganisms, exceeding 
the Po value has resulted in a pronounced decrease in e f f e~ t iveness~~"  

log( 1 / C )  = - k(log P)2 + k'log P + pa  + k" (295) 

log( l /C) = - 1 .03(lOg P)' + 8.53 log I' + 0.7760 - 12.62 (296) 

An cxatnple of a more complicated relationship. &)hem besides diffcrences 
in lipophilicitics, ditferences in chemical reactivities take place. is expressed 
by equation (295). The applicability of this cquation for thc correlation of 
antibacterial activity of arylisothiocyanate against Esclwidii(r coli \US 

shown by Lienandco\vorkcrsiindthanks to them tlicvalue~ofthccoiistants 
(cquation 296) have bceii detcrmincd"'. 

B y  studying thc relationships bctween the chemical structure, 
physicochemicul properties and the inhibitory effect of isothiocy? iiates 
against enzymes. i t  is possible to find out also the simple relationships. For p -  
substituted phenyl isothiocyaiiatcs i t  \vas found that the logarithms of 
inhibition constants K i  ( N A D  ' variablc) ;ire thc function of thc reactivity of 
PTC'schariictcrizcd eithcr by HiImn1ctt constants ap (correlation coet-icient 
r = 0.99) d logarithms of ratc c o n s t a n t ~ " ~ .  
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nitrile oxidcs 613 
nitroiics 613 
nucleic acids 95 I .  952 
orgaiiometallic coiiipouiids 584. 

585. 604 
oximes 589. 600 
papiin 944 
peptides 932 
phenols 
phosphatase 945 
phosphonic esiers 606 
phosphorus pentachloridc 609 
proteins 938-95 1 
pilrines 951 

pyrroles 606 
ribonucleasc 944 
semicarbazidcs 602 
sodium azide 61 3 
subtilisin 943 
sulphur trioxiclc 613 
thiocarhoxylic acids 592. 594 
thiols 593. 931 -933 
th iosemicarbazides 6(!3 
t hioureas 593. 602 
trialkylphosphites 608 
triazoles 596 
trypsin 943 

424. 582 -584. 589 -59 I 

pyrimidines 95 1 r: 
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urcas 600-602 Cyanurates. from cyna te s  570. 573. 

watcr 588 
xanthatcs 593 
ylids 606 

re:raction indices 577 
structure 924 
thennochemistry 239-,247 
toxicity 957 -961 
trcotrnent of sickle ccll anaemia 939. 

as trifunctiunal electrophiles 419.- 
953 

423 

trimerization 
596 

ultraviolct spectra 577. 578 
X-ray difraction studies 72 
.set ( I  /.so individual compounds 

2-Cyanatobenzoates. reaction with thio- 
carboxylic acids 593 

C y a n a t o c y cl o he x a  n e. con rorma t iona I 
equilibriuni 146 

cliniination reactions 588 
preparation 572 

solvent elt'ects 42S422 
416. 578. 579, 586. 587. 

Cyanic acid -- svc Hydrogen cyanatc 
Cyanidc detoxification 925-929 

niethaemoplobin production 927 
Cyai!idc ion. aP4ident 608 

reaction with. cyanates 607 
organosulphur compouncl.s 856 

Cy;inopen ;vide. bond Icngi hs 
Cyanogcn chloride. in isocyanidc di- 

halidc synthesis 977- 079. 
983 

Cyanogen halides. in cyanate synthesis 
570. 574 

S-actiori  >.vitti. organosulphur com- 

pliciiols and alcohols 573. 574 
3-C 'yano- . l -~~, i rosyc~i rhos t~r i l .  ftoni iso- 

cyanates 76 I 
Cynnoiwcy;innte. 9 1 s  phasc molecular 

geonictry 7 I .  81 

,v-Cyanuisocy~inidc dichloridc. prcpa- 
ration 974 

Cyanokctc.r.cb. from cyanairs 606 
C)anopyrroles. from cyanates 606 
Cyiino-sulphoniuni ion. formation 839 

94 

pounds 857 

ptep;iration 615 
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586. 5S7.590 
sw t r l s o  individual compounds 

Cyanuric acid. from cyanic acid 
Cycloaddition reactions- sc(> Addition 

react ions 
Cyclobutyl thiocyanate SLY' Thiocyan- 

atocyclobut ane 
Cyclohexene cpisulphidc. photochemical 

production 354 
2-Cyclohcxenylethyl thiocyan~itc---scic' 1 - 

T h iocya na t 0-2-cycl ohex-  
enylethane 

Cyclohexyl cyanate---.sw Cyanatocyclo- 
hcxane 

Cyclohexyl isocyanate-see Isocyana- 
tocyclohexanc 

Cyclohexyl isocyan idc dich loride. pre- 
paration 976 

Cyclohexyl tliiocyanate --.SOP Thiocyan- 
atocyclohexane 

Cyclooctyl thiocyanate -.wz Thiocyana- 
tocyclooctane 

2-(Cyclopent-3-cnyl)etliyl thiocyanate- 
SYY 1 -Tliiocyan~ito-2-cyclo- 
pcn I -3-eny Ict ha iic 

Cyclopentyl thincyanate- -.swThiocyan- 
at  ocyclopen t:r tic 

Cyclopolynierizatioti 133. I47 
Cyclopropylcarbinyl thiocyanntcs. iso- 

nicrization 392 
Cyst$ne residues. niodilications i n  pro- 

tein chctnistry 167 
Cystcincs. optical conligurations 185 

Desclenation - - s w  Desclcnocyanatinn 
llesclenocynnation 906 
Detection and determination 191-229 
1.4-Diacylsclenosciiiicarb~izides. fro111 

isosclenocyan;ttes 91 5 
L l  i a I k y Id i sc I en i dcs. react ion w i t h ni er - 

cury  salts 897 
Di;ilkylaminv isocyanatcs. dimerization 

670. 725 
preparation 657 
reaction w i t h  isocyanatcs 671 

420 

.%'.X-D ia I k y I a ni i no p hosp ti orit ti1 ida  t e 
anions. in  isocyanatc syn- 
tlicsis 657 

I .4-Dialkyl-~-ctlioxycarbonyl ur;rzolcs. 

from isocyanates 739 
Dianiinodichloro- 1.4-benzoquinone, in 

isocyanate synthesis 654 
A'..\''- D i a r y I -  A'"-a I k y I i soc y a n u rates, 

format ion by t ri meriza- 
tion 677 

I .3-Diaryl-5.5-diethoxy(3N SH)imidazo- 
lediones. from isocyanates 
77 I 

I .4- Diaza-2-boracyclopentanones. from 
isocyanates 73 1 

Diazapyrylium salts. from cyanates 609 
Diazctidinedioncs. from isocyanates 

669.670.792 
1.3-Dinzet idinones. from isocyanates 

70 I .  702. 7 17 
9-1 1.2.5.6-Dibenzinthryl) isocyanate. in 

proicin derivative synthesis 
949 

I .3-Di-r-butyl-l.3-diazetidincdione.pho- 
tocticmical decomposition 
346 

2.6-Di-r-butylphe~yl cyanate. photo- 
isonicrization 419 

Dichlorolluorosulphur isocyanate.-pre- 
paration 661 

2.4-Dichloio-6-isocyanate-1.3.5-1 riazine. 
preparation 653 

Dichloromethyi- bis(isocyanide dichlo- 
ride). prcparation 979 

3.4-DichlorophGiyl isocyanatc. cyclo- 
addition of N-phenyl alkyl- 
idcnc kcteneiniinc 695 

3.4-Dichlorophcnyl isocyanate. tetra- 
nierization 697 

Dichlorophosphinyl deriv%?,vcs. geo- 
metrical parametcrs 95. 97 

I~ictilorophosphoi.yl compouilds. geo- 
metrical parameters 97 

, s w  rr  lso in d i vi d ua I compounds 
Diclilornpliosplioryl isocyanate. gas 

phase. molccular geometry 
7 I .  93. 94 

bond angles 82. 85. 97 
bond lengths 79. 80. 82. 97 

electron difiraction 91 
Dichlorosilyl diisocyanate. gas phase. 

molecular gcomcrry 7 I 
bond angles 82. 95 
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bond lengths 79. 82. 95 
WDichloro-  1,3,5-triazine-6-isocyanide 

dichloride.preparation 979 
Dicyanodiselenide, in selenoc anation 

894 
9.10-Dicyanophenanthrenc. from isocy- 

ana!es 792 
Dicyanotriselenide-see Selenium disel- 

enocyanatc 
Difluorochlorometh yl isocyanide dichlo- 

ride, preparation 98 I 
Difluorochlorosulphur isocyanate, pre- 

paration 661 
1.1-Difluoroethyl isocyanate. prepara- 

tion 648 
Difluoroisocyanatoborane. preparation 

65 5 
Difluorophosphino cyanide. geometrical 

parameters 96 
D i f I u o r o p h o s p h i no i so c y a n a t e. gas 

phase, electron diffraction 
92.93 

sry 
0 .  

molecular geomelry 71 
bond angles 82. 85. 96 
bond lengths 79. 82. 96 

Difluorophospino isothiocyanp;c. gas 
phase. electron diHraction 
92. 93 

molccular geometry 71 
bond angles 82. 85. 96 
bond lengths 80.82.96 

D i f I u o r o p h o s p h o r  y I i so c ya nil I e.  

N .N- Di ha loca r ba nioy 1 i socya na tes. 

Di ha I o To r ma I do  x i m cs. p re pa r a t  ion 

D i i soc y a n a t c's. ii I k y I t h i o p h o s  p h on ic 

preparation 660 

preparation 67 I 

986.987 

acids. preparation 659 
see olso individual compounds 

1.3-Diisocyanatocyclohexanc. confor- 
ma:ional equilibrium I33 

, geometrical isomers I47 
ir(itts- I .4-Diisocyanarocyclohexanr. con- 

formational equilibrium and 
frce cner.gies 148 

1.2-D; isocyariatoctiiane. polynieri7~ t ion 
679 

preparation 63  1 

reaction with diniethyl bis(dimethy1- 
amino)silanc 780 

1 .6-Diisocyanatohexane. effect on 
tumour growth 955 

polarographic reduction 336 
reaction with. chymotrypsin 943 

toxicity 960 
ribonuclease 945 

2.6-Di isocyana t opyr idine. prepa ra -  

Diisocyanog.cn teirachloride. prepara- 

Dimerimtion. isocyanates 465-467. 

tion 653 

tion 972 

667-674 
photolytic 792 

isothioc'yanates 467. 1 150. 1 15 I 
4-Dimethylamitio-4-is~cy~~1iat~~stilbenes. 

ii protein derivative syn- 
thesis 949 

N . N - Di nict h ylca rbanioy l t h iocya na t e. 
ca ta 1 y t ic isonieriza tion 394 

Dimethylcyanamide. molecular orbital 
calculations I71 

:V. N- Dime t h y I-N '-d i nic t h y la iii i no fo r ni a - 
midine. in isocyanate syn- 
thesis 657 

4.4'-Dimethyldiphenylmcthyl thiocyan- 
ate. isotope exchange 387. 
388 

3.5 - U irn et h y I -2  -me I h y I i m i no - 4.6- d i ox a- 
hexahydro- 1.3.5-oxdiazine. 
from isocyanates 677 

Dimethyl sulphilimi~ics. from iso- 
cyanatrs 741 

A'. N -  D i ni c t h y I-4-t h io c y a n il t o an i 1 i n e . 
substitucnt effect of thio- 
cyanate 436 

4.4'-Dinitrodiphenylmcthyl thiocyanate. 
isotopicexchange n t c s  387 

2.4-Dinitrophcnyl thiocyanate. base 
attilck 407 

b i  PhS- 403 
solvent efie'ect 404406 

isomerization 394. 398 
isotopc exchange 395 
reaction with thiocyanatc ions 396 
loxicity 961 

reaction w i t h  ;icy1 isocyunates 398 
1)ioxaphospholenes. formalion 740 
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1,3.5-Dioxazine-6-oncs, from isocyan- 
ates 71 1 

Nh”Dipheny1amidinophosphonic acid, 
from isocyanates 785 

N.N-Diphenylcarbarnoyl thiocyanate. 
catalytic isomerization 394 

1.5-Diphenyl-3-hydroxybiuret, from iso- 
cyanates 748 

Diphenylkctene. in isocyanatc synthesis 
642 

x -  Dip hen y I m c t h y lcne - A‘-c h I o ros u I - 
phony I i m in 0-  y -  bu t y ro I ac- 
tone. from isocyanates 790 

Diphenylmcthyl thiocyanate. isotopicex- 
change ratcs 387 

Diphenyloxadiazoles. in isocyanate syn- 
thesis 642 

Diphenyl phosphinic isocpnate. tri- 
merization 676 

Diphenyl phosphinous isocyanate. cyclo- 
addition of nitrile N-aryl- 
irnines 724 

Dipole moments. 
cyanates 576 
excited states 23 
isocyanates I102 
isoselenocyanatcs 1102 
isothiocyanates 1098. I 102 
selenocyanates 899 
thiocyanates 140 

Diselcnides. from selenocyanates 900- 
902. 905 

.WL~ ( I  /so i nd i vi d ual corn po u n d s 
Diselenocarbamates. in isoselcnocyan- 

atc synthesis 910 
Disclenocyanates. prcparation 891 
1.3.2.4.6-Dithiatriazine-I. 1 -dioxide. froni 

isocyanates 741 
Dithiocarbamates. pK,, constants 1 1  7h 

reixtions with cyanatesr 592 
sourceofisothiocyanates 1070- 1078. 

1 O X 0  
Dithiocurbamic acid. dcconiposition to 

isothiocyanates 1037. 1043 
r..(~-Ditliiocyanates. preparation 839. 

84.5 
I .4 - D i I h i o c y a 11 ii I o b t i  t ;I 11 c . d i p o I c in o 

nieiit * IJO 3 
I .2- D i I h i ocya n a I oei h ii nc. c3 n fo r 111 ;it  i  o ii - 

i l l  equilibrium 140 
crystal structure 102. 104, 139 

i n tcr ni 0 lecu I a r  interactions 

molecular packing 106. 109 
singlc molecule 109 
square-planar arrangements 106. 

107, 
109 

107 
dipole moment 140 

Diihiocyanatomcthane. crystal structure 
101. 102. 104. 139 

106, 
I07 

i n I e r  niolecular interactions 

molccular packing 105 
square-planar arrangements 106. 

107 
1.5-Dithiocyanatopentane. dipole mo- 

nicnt 140 
1.2-Dithiocyanatopropane. conforma- 

tional equilibrium 140 
1 .j-Dithiocyanatopropane, dipole mo- 

ment 140 
4-N-Dodecyloxyphenyl isothiocyanate. 

toxicity 961 
Dodecyl thiocyanate. toxicity 960 

Electrochemistry 321 -340 
half-wave pot en rials 322-33 1 
scc U I S O  Polarographic reduction; 

Electron diffraction. elect ronic structure 
Polarography 

determinations 3. 15 
escitcd statcs 23 
structurcdetcrminations 70. 135. 136 

Elcctronic spectroscopy. in detection 
and detcrmination 194. 
195. 203. 204. 2 16. 226 

gas phase 75-77 

Elcclronic struciure 1-65 
trh i/ririo \vavefufi:lions 2. 3 
cxcired stiites 23 .65 

25 
anlisymmetrized state functions 

bending of 36-38 
charge transfer to solvent transitions 

63.64 
CNDO uppaximations 41-43 
conliguration intcraction 24 
interconli_ruratiorial splitting 33 
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intraconfigurational splitting 30- 

irreducible representations 25 
luminescence studies 64 
molccul:ir orbital calculatidns 25.. 

molecular orbital excitations 25 
picosecond studies 23 
single configuration descriptions 

singlet 54-63 
Rydberg transitions 55. 59-63 

singlet-triplet absorption and cniis- 
sion 46-54 

singlet-t riplet absorp!ion intensitics 
24 

spin adaptation 
spin-orbital coupling 33 -36. 39. 

32 

41 

25 

25. 26. 29. 30 

40.50 
and transition intensity 40 
triplet stales 35 

spin orbital excitations ?I I 

symmetry adaptation 25-30 
transitions. intcnsities 38--4 I 

intervalence 55-59 
intravalence & 
oscillator strength 43.47.48 
probability 38 
solvent clTects 64 

Walsh rules 25 
ground state propertics 3 -23 

uh i,iirio wavefunctions 8 
charge distributions 12-14 
ESCA studies 
gcometry 14. 15 
Hartree-Fock energies 10 
ionization cvents 24 
molecular orbitals 3-6. 15-1 7 

7. 1-7--14. 20. 21 a 

angular dependence 4 
calculations 6. 15. 22 

photoelectron spectroscopy 7. 15- 
19 

Walsh rulcs 4. 5 
X-ray studies 

Walsh rules 3 
4. 6-1 1. 15. 20 

Electron spectroscopy for chemical 

Electron spin resonance spectra. radia- 
analysis -.see ESCA 

tion chemistry 365. 367 

1 
Enamines. from cyanates 4 605 

reaction with. cyanates 606 
isocyanates 469472,688. 704 
isothiocyanates 469-472. 1157 

Enthalpy of formation and hydrogen 
bonding 297 

Entropies 238. 240. 242. 146. 248. 250, 
251. 3 3 .  255. 256. 258. 259. 
261. 262. 264-267. 269 

ESCA. atomic charge determination 
3. 20 

excited states 23 
ground state propertics 7. 12-14. 20. 

core ionization energy determina- 

Mulliken population analysis 20 
Ethoxycarbonyl isothiocyanate. prc- 

Ethoxycarbonyl thiocyanatc. isolation 

21 

tion 12 

paration 393 

393 
isomerization 393 
stability 394 

Etlioxyphenyl isocyanatcs. cffcct on  
tumour growth 955 

4-Erhoxyphenyl isothiocyanatc. cyclo- 
additions to 415 

Ethyl cyanatc. isomerization 416 
mechanism 580 
photocatalysed 419 
solvent ClTect 581 

mass spectrum 275. 276 , 
n.m.r. spectrum 196. 577 
nucleopliilic substitution rcactions 

588 
prcparation 571. 572 
reaction with. benzok acid 593 

l:ydroxylam\nes 600 
phenol 590 
phenylhydrazine 598 
propyl ;ilcohol 591 

thcrniochcniistry 242. 233. 266 
Ethyl cyanate-’”. and butyl cpna tc .  

isoiopc c x h r n g e  3 16. 580 
Ethylenc diisocyxnate - -  .sw 1.2-Diiso- 

cyanatoet hanc 
E t h y Ic tic d i t  h i oc y a n a t e .WL, I .7- Di I hi o- 

cya na t oet ha nc 
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Ethyl isocyanate. absorption spectrum 
54 

emission spcctrum 204 
mass spectrum 275. 276 
n.m.r. chemical shifts 204 
photolysis 349 
preparation 416 
reaction with. N-alkylphosphinous 

dicthyl-N-er hy lphosphora  in ida le 
amides 755 

785 
singlet elcctronic states 58  
thermochcmistry 249. 251. 266 

Ethyl isoselenocyanate. mass spcctrum 

Ethyl isothiocyanate. thermochemistiy 

Ethyl sclcnocyanate. mass spectrum 

Et hylt hioca rbonyl t t+wyanatc. isolation 

Ethyl thiocyanate, conformational equi- 

276. 289 

260.264. 267 

276. 288.289 

393 

librium 137 
deuterated. pyrolysis 556. 558 
electronic spectrum 226 
gas phase. bond angles and lengths 

96 
microwave spectrum 96 
torsion angle 98 

mass spectrum 276. 285 
n.m.r. spectrum 228 
steric repulsion 138 
thermochemistry 254. 258. 267 

Fluorescein isocyanate 950 
Fluorescein,isothiocyana~~ chiroptical 

probe 179 
in immunology 1188 
fo:. haelling insulin 1\88 

in detcction and determination 703. 

FI iioroalk y l  isocyanates. preparation 

Fluorescence 55 

204. 2 16.6 76 

644 
scc trlso individual compounds 

Fluoroalkyl isothiocyanatcs. toxicity 

Fliioroalkpl thiocyanaiis. toxicity 960 
96 1 

Fluorocarbonyl isocyanate. preparation 

Fluorodichloromethyl isocyanide di- 

6-Fluorohexyl isocyanate. toxicity 960 
N-Fluoroisocyanide dihalides. prcparz- 

Fluorophosphine derivatives. geometri- 

I-'luorosulphonyl isocyanaie. prepara- 

645 

chloride. preparation 981 

tion 980 

cal paranicters 95. 96 

tion 664 
reaction with. aldehydes 

dimedone 761 
2.5-hexanedione 710 
ketoncs 759 

71 I .  771 

Fu 1 ni i n ic acid- --.see Hydrogen isocyan- 

Furoxanes. pyrolysis to isocyanates 
ate 

643 

Germanium tctraisocyanate, prepara- 

Germyl isocyanate. gas phase. con- 

electron dirtiaction studies 85 
molecular geometry 71 

bond angles 82 
bond lengths 79. 82 

tion 656 

formation 92 

spectroscopic studies 19, 85 

Germyl isothiocyanate. photoelectron 

Glucobrassicin.  hydrolysis to thio- 

Glucosinolatcs 1006 I0 I3 
biological importance IG13 
biosynthesis C;T)08-1011 
damage by enzyme action 1006 
nornenclaturc 1W7 
preparation 101 1-1013 
relation to amino acids 1009 
structure 1007 

preparation 656 

s,pectrurn 19 

cyanate 928 

Glucot ropaeolin. hydrolysis to thio- 

Grignard reagents. rcaction with. cyan- 

isocyanates a n d  i so th iocyanates  

cyanatc 928 

ales 584. 585. 604 

494 
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Guanidine I .  I -dithiocyanate.  toxicity 
960 

Haloalkyl derivatives- -see individtial 

Halocarbonyl isocyanates. preparation 
com pou nds 

65 1 
S C P  also i n d  i v idua I con1 po un ds 

Halogeno-2.4-dinitrobenzencs. halogen 

Haloisocyanates. dimerization 67 1 
preparation 665 
sw ulso individual compounds 

mobility ratios 397 

Hart  r r e+Soc  k corn pu t a t ions. cxcitcd 

Hartree-Fock encrgics 10 
Heat capacities 

--. states 24 

238. 240. 242. 246. 248. 
250. 251. 953. 255. 256. 258. 
259. 261. 262. 264-267. 269 

238. 240. 242. 246. 
248. 250. 251. 253. 255. 256. 
258. 259. 261. 262. 264-267. 
269 

H ex a h y d r o - s -  t r i a z i net riones- - s w  I so- 
cyan u ~ ' a  t cs . 

Hexamethylene diisocyanate- -see 1.6- 
Diisocyanatohexane 

Hexyl derivatives. mass spectra 275. 

Histidine. in hydrolytic enzymes 937 
Hofmann degradation. N-carbamoyl- 

ethyl starch 430 
Hydantoins. biological rormafion ~ 3 2 9  

chirospectroscopic studies IT& 178. 

Hydrazinoselenocyariate. ison%rization 

Hydrazones. cycloadditions to 479 
Hydrogen bonding 295 - 30 I 

Hydrogen cyanate 550. 552 

Heats of formation 

277-279. 284286. 288. 289 

I80 

S89 

in crystals 99. I 0 0  

from cyanates 573. 588. 591 
in cyanate synthcsis 576 
in isocyanate synthcsis 644. h45 
nucleophilic attack of 390 
reaction with. diazoisobutane S& 

thermochemistry 239-241. 266 
diketene 709 

Hydrogen isocyanate. absorption and 

:I Index 1299 

excitation spectra 56 
pas phasc. electron diHraction 98 

niolccular geometry 14. 7 I 
bond itnples 82 
bond lciipths 79. 82 

photolysis 34.1. 347. 338 
in  isocyanate synthesis 646 
microwave spcciroscopy 98. 101 
niolccular orbitals 16 
photocleciron spectruni 19 
structure. crystal 98-100 

hydrogen bonding 90. 100 
non-linearity 99 

clectronic. excited statc 44--46 
bending of NCO proup 46 

r\: Y stretching rrcquency 100 
thcrmoclicinisrry 247. 248. 266 
X-ray analysis 98 

H y d rogen isot h iocya na t c. a bso rpt ion 
spcctrum 59 

gas phase. molecular peonictry 14. 
71 

bond angles 82 
bond lengths 80. 82 

photocleciron spcctruni 19 
in preparation of rhiocyanates 822-. 

833 
pseudoliiilide 822 

reaction with. alcohols 832 
alkenes 830 
aziridincs S N  
diazoketones 832 
eposidcs 829 
3 .  [ 3 -  11 nsa t u r a i ed  cii r bon y I coin - 

pounds 831 
thernwchcmistry 260. 261. 267 

r c x t  ion w i i h unsa t urat ed compounds 

therinochemistry 254. 255. 267 

[Hydrogen thiocyanatc 550. 557 

552. 553. 1029-1031 

1 - FI y d ro  pcr rl u o  roisopropy I isocya- 
nate. reaction with h'-phenyl- 
I he  n y I p h o s p  h i n i m i nc 
787 

t lydrosaniic acid. in isncyanatc syn- 
thesis 642 

rciiction with isocyanarcs 197 
:V-Hsdroxvisourras.  from cyanatcs 

614 
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H ydrox y la In i ne. react ion from i socya- 

Hydroxylamines. from isocyanates 749 
nates 748 

Imidazolcs. from cyanates 613 
Irnidazolo[ 1.5-r]imidazole. from isocya- 

Imidocarbonatcs. condcnsation reaction 

from cyanatcs 423. 570. 573. 574. 

lmido esters. rcaction with cyanates 

Imidothiocarbonates. in cyanate syn- 

nates 761 

5x7 

589. 590. 

60 1 

thesis 575 
from cyanates 593 
from thiocyanates 575 

Imidoyl isocyanates. preparation 652 - 

lmines. in isocyanatesynthesis 621-633 

4-1 mi noazet id ine-2-ones. from i socya- 

Imino isocyanates. dimerization 672 
Infrared spectra. conformal ional analy- 

654 

sce also individual compounds 

natcs 695 

sis 137 
cyanate ion. labclled 545 
cyanates 194. 577 
isocyanates 88,202. 20.7 
isoselenocyanates 91 2 
isothiocyanates 88. 215. 216. 871. 

selcnocyanates 598 
thiocyanatcs 226. 1OY2 
rhrc~o-3-lodo-2-but~l isocyanatc. pre- 

psration 648 

i ty  665 . 

1092. 1093 

lodo isocyanate. preparation and stabil- 

use 655 
P-Iodo isocyanates. preparation 648 
Iodo fhiocyanate. in  thiocyanate syu- 

lonizntion energies 8. 20 
a thcsis 854 

cih i fr i r io  calculations 14 
corc 12. 13 
from photoclectron spcctra IS. 19 

596 
Isobiurcts. from cyanatcs 
I so bu t yl cye iia tc. isonier iza t ioii 

594. 595. 597 

prcparation 572 

reaction with phenylmagnesium bro- 

Isocyanate group. Hamniett crp value 

influence on structurc of substituents 

linearity 80 
structure 69 
substituent effect of 436. 437 

mide 604 

437 

91-96 

Isocyanate ions. CNDO computation 
42 

singlct elcctronic states 58 
transition intensitics 43 

acyclic. conformational and configura- 
lsocyanatcs 619-792 

tional analysis 135-137 
as acylating agcnts 925 L 

alkyl. excited state transitions and  

protection ofcysteinc sulphur 185 
aryl. ultraviolet spectra 578 
bridging in transition metal complcxes 

in cancer chemotherapy 954 
chirospcctroscopic properties 154- 

160 
cornplcxes. with catalysts 304 

SYO also Coniplexes 
crystal structure 98-101 
derived aniine. diazotizalion 200 

polarization 54 

3 I4 

react ion with 2.4-dinit rofl uoroben- 
zene 200 

detection and determination 196- 
20 5 

dimcrization 465467. 667-674 
dipole nionients I102 
clcctronic spectra 203. 204 
fluorescence 203. 204 
gas chromatography 202 
gas phase. molecular geometry 70 

half-wavc potentials 322. 323 
in immunoproteins 947 
infrared spectra 202. 203 
labelled. conversion to carbamates or  

urcas 53 1-537 

bond distances 78. 79. 86 ' 

reaction with amines 534 TI 
mass spectra 205. 273. 275. 282-284 
nioditication of hydroxyl group 184 
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n.1n.r. spectra 204 
oligomerization 667-680 
optically nctivc 154 
photochemistry 346-350 
photolysis. Norrish Type I1 process 

polymeri7ation 374-376. 433-435. 
349 

667-680 
catalysed 434 
products of 435 

preparation--see Preparation. isocya- 

protection ofphenolic side chain 154 
pyrolysis 559. 560 
radiation chemistry 367-369 

Raman spectra 202 
reactions 665-792 

nates 

irradiation to nitrenes 347--350 

across C=O bond 785-792 
addition--see Addition reactions. 

biological 929-963 
cyclondditiori - w e  Addition reac- 

halogenation 493. 973. 974 
insertion 742-785 
nucleophilic substirution 415 
polarographic reduction 201. 202 

336339  
substituent cflects 436 
with. alcohols 425-432 454456. 

isocyanates 

tions, isocyanates 

742-747 
photoassisted 3 50 

alkcnes 468. 680-692. 704-710 
alkyncs 475. 732 -7.76 
allenes 483.692-605 
aluminium halides 776 
atllidcs 150 
amidines 462464.712.717-719 
arnincs 198-2OO. 425 -43 1. 451 - 

4-aminouracils 756 
arsine oxides 785. 787 
azines 478 
boron compounds 775 
E-caprolactini ether 765 
carbenps 736738 
carbodiimides 419.120 
carbonyl compounds 482. 095 

456. 534. 747--755 

703. 710--712. 759. 760. 764 
chloroisothiocarbamoyl chlor- 

ides 773 
chymotrypsin 942 
cyclic C=N 480 
diazo compounds 484-486 
diencs 680-692. 704-7 10 
dimethyl formamidc diethyl ace- 

tal 71 1 
dinicthyloxosulphonium methy- 

lidc 763 
diniethyl sulphone carbanions 

759 
diniet h yl sul p hox idc ca rbanions 

759 
clasrasc 932 
enamines 469-472. 688. 704 
enol ethers 472-475 
epoxides 127. 728 
formamidines 716719 
p-galactosidase 945 
hydrazobenzencs 460 
hydrazines 456-459. 749 
hydrazoncs 461.479 
hydroxamic acid 197 
iniines 712-715, 723. 724. 7 6 4  

isonitriles 488. 489 
kercnc acerals 69 I 
ketenes 4.84. 692--695. 709 
kctenimincs 484. 692-695 
lysine 947 
malachite green-ti-butylamine re- 

nitrile oxides 722. 713 
nitrilcs 482 
nitrones 492 
nitrosobenzenes 492 
nitrosoniuni salts 499 
nucleic acids 95 I 
o r g a  n o  m e  t a l  I ic  coin p o u n d s  

ortho formic acid dcrivatives 
762. 771 

oxaziridincs 729 
peroxy compounds 198.201 
phenols 425431. 454. 742.- 747 
3-phenyl-21f-azirines 79 1 
pliosp h or us compounds  398. 

7 70 

agent 197 

494-496.713-785 
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690, 783-786. 788 
piperidines 764 
purines 951 
pyrimidines 95 1 
pyrrole 497.498 
Schiff bascs 475-477 
sulphur 500 
thiols 742-747 
thioureas 596 
t h r ee- ni e ni be r ed h e t cr o c y clcs 

49c-492 
triphenylstibine oxide 787 

water 425431 
ylides 496. 497, 500 

structure 924 
thermochemistry 247-252 
toxicity 960 
trimerization 465-467, 674-678 
in urethanc synthesis 350 
X-ray diffraction studies) 72 
see also individual compounds 

4-lsocya n a t o ben zy I p hen y Ica r bn rn o y I 
chloride. reaction wi th  hydro- 
gen chloride 628 

Isocyanatobenzenesulphonyl chloride. 
preparation 624 

.T-lsocyanatocarboxylic acid triniethyl- 
silyl csters. preparation 644 

lsocyanatocyclohcxane. ca rci nost at ic 
propcrtics 954 

n.m.r. spectrum 142-144. 205 
reaction with. heterodienes 70s 

t ri but y l  plum byl-N-diethylaminc 
782 

Isocynliwtocyclo\l~~.itnes. cnnforma- 
tional equilibrid and free 
cnergies 141-150 

2-lsucyanatomet h y l  tetrahydropyran. 
., preparation 646 
Isocyanatophenols. preparation 625 
Isocyanato phosphinites. cycloaddit ions 

to 732 
1-1 socyanatop;.rido[2.3-I1] - 2.6- llap?riiy- 

r idi ne-5-one. prcpara t ion 
758 

lsocyanic acid--.w Hydrogen isocyan- 

lsocyanide diclilorides. ha1oall;yl. de- 
chlorinatioii 982 

ate 

' t  Index 

SUP also individual compounds 
lsocyanide dihalides, preparation 971- 

987 

electrophilic 993 
nucleqhilic 987-992 

Isocyanides-. see I sonit riles 
Isocyanogen tetrabromide, preparation 

98 1 
Isocyanurates. from cyanates 580. 586, 

581 
froni isocyanates 674 
see trlso individual compounds 

rcactions 987-997 

see olso individual compounds 

Isomcrization. cyanates 415-419, 573. 
579, 580. 585,586 

isotopic exchange 416 
Lewis acid catalysed 586 
mechanism 580 
photocatalysed 350.4 1 W I9 
rate 586 
salt effccts 416 
solvent effects 416, 581 

i sot h iocya na tes. p ho t oca t al y t ic 352 
thiocyanates 134. 135. 3 8 3 4 1 ,  527. 

530.860-865. 1014-1029 
catalysed 384 

hard and soft acids and bases 

London forces 397. 398 
mechanism 383 

photo- 350, 352.40.401 

principle 393. 394, &l8 

ally1 rearrangement 399. 1021 
direct displacement 864 
dissociation --recombination 

861 -863 
carbon i i i  ni ion inter m ed i@.- 

radical intermediates 863 
ionic 1018-1021 
isotopic exchange studies 384- 

86 1-863 

389 
salt cfects 384. 386. 399 
.'gniatropis rearrangement 863 
S!N reactivity ratios 388. 389. 396 
solvent 4Tect 384. 386. 389. 392. 

7;9 _. ~ , 
w S J N  cart;.m-basicity ratios 389 

$11 Sst i t  iiciit cllbcts 384.388.397.4(x) 
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transition metal complexes 3 13 
Isonitriles, cycloaddition to 488. 489 

preparation 608 

reaction with trialkylboranes 730 
see also individual compounds 

2-Isopropyl-4.6-di-r-butylphenyl isocya- 

Isopropyl cyanate, elimination reactions 

from isocyanates 784 

nate, preparation 651 

588 
preparation 572 

Isopropyl isothiocyanate. pyrolysis pro- 
ducts 554 

Isopropyl thiocyanate. conformational 
equilibrium 138 

Isoselenocyanate group. structurc 70 
Isoselenocyanates 908-9 I5 

dipole moments I102' 
infrared spcctra 912 
mass spcctra 
preparation 909-912 
reaction with. ammonia and aniines 

274, 276. 279, 289 

912,913 
hydrazines 914 

reactivity 912-915 
reduction 9 15 
X-ray diffraction studies 72 
see also individual compounds 

lsosemicarbazides. from cyanates 598 
Isothiazole. from 3-thiocyanatopropcnal 

132 
3-Isothiazoloncs. from thiocyanates 

132 
lsothiocyanate group. Hammett con- 

stants 437. 1094 
intiiuence on structure of substituents 

94-96 
linearity 80 
structure 69 

crystal, bond angles and lengths 
1 1 1 - 1  13 

by X-ray methods I10 
substituent effect of 436.437 

acyl. conjugation encrgy 436 
cyclization 499. 5 0 0  

alkyl. photodecomposition 354 
antimjcrobial agents 957 

Isothiocyanates 1003-1 199 

biological activity and mode of action 

biological effects 925 
chirospectroscopic properties 167- 

I70 
chromatography 213, 214,821 
circular dichroism data 168 
Cotton effects 219 
detection and determination 205- 

1 190- 1 193 

220.821 
chemical methods 206-212 
electroanalytical methods 212 
in presence of thiocyanates 207 
separation methods 212-215 

determination of primary structure of 
proteins 1187 

as dienophiles 1 158 
dimerization 467, 1150, 1151 
dipole moments 1098, 1102 
electronic spectroscopy 216 
enzyme inhibition 1190 
fluor&-.ence 216 
half-wai potcntials 328-331 

substitueni effects 340 
heterocyclic, reactivity 1169 
infrared spectra 

1092. 1093 
insecticidal properties 959 
isolation 21 2 
isomcrization-see Isomerization. iso-- 

labelledconversion to thioureas 537- 

88. 215, 216. 821, 

thiocyanates 

542 
uses 1061 

for labelling proteins 1188 
mass spectrometry 218. 219. 228. 

274. 286.287 
microwavc spectra 1092 
for modifying enzymes 
naturally occurring 1005-1013 
n.m.r. spcctroscopy 216-218. 821 
optically active. isolation and prc- 

paration 167 
pagition coefficients I104 
photodccomposition 353. 354 
polarographic reduction 339. 340 
polycondcnsed aromatic hydrocar- 

pyrolysis 559. 560 

1189. 1 I 9 0  

bons. reactivity 1169 
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radiation chemistry 365-367 
Raman spectra 215. 216. 1091 
react ions I 108- 1 159 

isot hiocyanates 
addition- -. .we Addition reactions. 

biolo&ally importan1 1187-1 199 
cycloaddition-.we Addit ion reac- 

tions. isothiocyanates 
halogenation 493. 971-973. 982- 

985 
hydrolysis i n  aqueous  solution 

1120 
substituent effects 436 
with. alcohols 454-456. 1 1  16 

reactivity 1 177- I 179 

? 

amidines 462-464. 1 1  10.-1113 
amines 210. 454-456. 537-&?. 

chirospeciroscopic studics 

kinetic studies 175 
reactivity 116%1172 

amino acids 930. 1166 
ammonia 207-210. 1109. 1 1  I4 
azoniethines 1 15 I - 1 153 
carbon bases 1 122-1 126 
carboxylic acids 1 122 
CH-acidic compounds 464 
cyclic C=N 481 
diazo compounds 485487 
enamines 469472. 1157 
enol ethers 1156 
hydrazines 456. 458. 459. 1109. 

hydrazobenzenes 460. 1 I 14 
hydrazones 461.479. 1155 
hydroxide ions 1 I6Gl172 
HS-  ions 1177-1177 
isonitriles 488. 489 
ketcnes 1156. 1 I57 
ketenimines I156 
lysine 947 
nitrosonium salts 499 
peroxy cornpounds 207 
phenols 11'18 

kinetic studies 175 
pyrrole 497. 498 
RS' ions 1172-1177 
ScliitT bases 477 

1109-1 I 1  1 

176-182 

1113 

sodium azide 206 
SH proteins 1189 
sulphur 500 
thiocarboxylic acids 1122 
thiol groups 1 I1&112i 

chirospectroscopic studies 

kinetic studies 175 
184-187 

three-membered heterocycles 

zinc acetate 206 
reactivity 116@1186 
release of thiocyanate ion; from 
separation from thiocyanates 821 
steroidal. circular dichroism 170 
structure 1091-1 108 

489-492 

21 1 

conformational and configurational 

crystal 101-1 13 
dipole momentsandeleci'.unic inter- 

actions 1096-1 103 
electron transfcretfects 1095-1097. 

1099 
gas phase 70 

su bstit uent eflccts 
theoretical calculations 1 iO4-1 108 
st ruct urc-act i v i t !  rc' 1;) t ionsh i ps 

4-substituted. relationship between re- 
activity and or constants 
1 I68 

analysis 135. 137-1 39 

bond distances 78. 79. 86 
1093- 1095 

1193-1 199 

ihcriiiochernistry 760-268 
thermodynamics of alkene elimination 

565 
toxicity 961 
ultraviolet spectra 168. 345. 1093 
X-ray studies 77. 1104. I108 
.we trlso Mustard oils and individual 

compounds 
i~-lsothiocyanatoamines. prepara t ion  

.t'-lsothiocyanatoiniines. preparation 

Isothiocvanatocyclohcxanes. confornia- 

conformational free energies 141. 

6-1 sot hiocv;in;itodecaborane. crystul 

1047- 1049 

1047. 1049 

tional equilibria 141 -150 

136. 147 
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structure 110-1  I2  
6-lsothiocyana tohexamethylcne isocya- 

nate. preparation 624 
4-1 S O  t h iocyana t 0-3 -0xo-A~~~-s t c ro  ids. 

preparation 963 
x-lsothiocyanato-p-thiocyanates. prepa- 

ration 839 
Isothiocyanic acid--st'c. Hydrogen iso- 

thiocyanate 
Isoureas. cleavage 596 

preparation 583. 595-599 

Jahn-Teller efkct. excited states 38 

Kasha's rule. excited state transitions 
39 

Ketenimines. from isocyanates 786 
Koopmans' theorem 6. 22 

Lactams. from cyanates 936 
from isocyanates 681. 683. 685. 690. 

736 
Lcad isocyanates. preparation 656 
Lewis acid complexes 302-304 
Lo s sc n deg ra d a t i o n. t h i o ca r ba m a t e s 

575 
Lossen rearrangement 600 

Malachite freen-ri-butylaininc. tcst for 
isocyanate I97 

Mannich bascs. reaction with cyanatcs 
596 

Mass spcctrometry 273-292 
z-cleavage- . s t v  Mass spectronietry. 

r-fission 271 
r-fission 

effect of branching in C chain 277. 
284 

a4;pearance potential 285 
cyanatcs 196. 205. 274--282 
in dctection and detcrmination 196. 

isocyanates 205. 274-776. 278. 2x2- 

isoselenocyanatcs 773. 276. 279. 28 I .  

isothiocyaiiates 218. 219. 278. 274. 

205. 218. 228 

2s4 

289 

279. 2x0. 2x7 

sclcnocyanates 276. 279. 28 I .  288. 
899 

thiocyanates 228. 274. 276. 278. 280. 
285. 286 

Meiscnheimer complexes 409 
Mcrcaptans. optically active. configura- 

tion I85 
3-Mercg~topyravate. reaction with cy- 

anide 927 
Methaemoglobin. competition with cy- 

tochrome C' 927 
Methznesulphonyl isocyanate. cycload- 

dition of indrne 682 
preparation 663 

4-Methoxy-2.6-dimethyl bcnzonitrile-hr- 
oxide.crysralstructure 100. 
1 0 1  

Merhoxyphenyl isosyanatcs. effect on 
tuinour growth 955 

1 -Methylallyl isothiocyanatc. prepara- 
tion 399 

2-Methylallyl thiocyanate. isomerization 
399 

.)-Methyl but-2-enyl thiocyanate. isomcr- 
ization 399 

Methyl cyanatc. isonierization 573 
preparation 572 
thermochcmistry 241-243. 266 

4-Methytdiphenylrnethyl i h iocya na re. 
isotopic exchange rates 387 

Methylene-bis(isocyanidc dichloride).  
prcparation 979 

Mcrhylene-bis(N-niethylcarbamic acid). 
from isocyana tcs 772 

Methylenc dthiocyanate- .sot> Dithio- 
cyanatomet hane 

Mcthylcnesulphonium ion. in N-alkyla- 
tion 612 

in DMSO reaction with cyanatc 59i 
Methyl group. barrier to internal rota- 

tion 136. 137 
Mcthyl isocyanatc. atomic chargcs 21 

conformational equilibrium 136 
[ 2  + 31 cycloadditions 721 
elcctron diffraction 135. 136 
electronic strucyure. excited state 46 
electron spin resonancc studies 367 
yas phase. eclipsed conformer 87 

rnolecul;ir gcoinetry 14. 71. SO. 135 
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angle of,tilt 88 
bond angles 
bond lengths 79. 80. 82 
internal rotation barrier 88 

microwavc spectrum 78.88. 135. 137 
molecular orbitals 16 
n.ni.r. spectrum 204. 205 
phosphorescence 52 
photoelectron spectrum I9 
preparation 639 
rcaction with. 2-alkyl-AZ-ox;izol incs 

82. 86. 136. 137 

photolysis 348 

7 69 
carbon dioxide 710 
chlorosulphonyl isocyanatc 678 
.V, N - d i met h y I -  N’ - a ry I To rni a rn id i ne 

2 4  I-iminocthy1)phenols 745 
pyridine-2-01s 750 
h’.N‘-tet raniet h y I-N”-phenylguan- 

71 7 

idine 716 
therniochemistry 247. 249. 250. 266 
toxicity 960 
trirncrization 677 ‘ 

Mcthyl isothiocyanate. uiiinc deriva- 
tivc. circular rlichroisni data 
176. 178 

atomic charges 21 
electron spin resonance spectruni 

emission spcctrurn 2 16 
gas phase. molecular gcornetry 

angle of t i l t  ,X8 
bond angles 82. 86. 137 
bond Icngths 80. 82 
internal roiiition barrier 88 

365 

14.7 1 

rotational barrieraboui C--N bond 
137 

niicrowa\r: spcctruni 
q.ni.r. spectroscopy 2 I8 
photoelectron spectruni 19 
photo iso nier i Lnt ion 3 5 2 
reaction wi th .  !~-acetyl-L-c\.steinr. 

chiroptical properties 186 
thiols. chirospectroscopic studics 

185 
thcrmoclicinistry 260. 262. 267 
tosicity 961 

78. 88. I 37 

\I et hyl 11 i t  rene. pol yrner iza I ion 31s 

i - Methyl-2-phenylamino-2-pyrrolo-3- 
carboxanilide. from isocya- 
nates 770 

2-Methylphenyl cyawte. photoisomeri- 
zation 419 

Methylphenyl-2.4-diisocyanaie. toxicity 
959.960 

M e t h y I p he n y I - 2.44 I4C]d i i socya na t e. 
prcparation 514. 535 

2-Methylphenyl isocyanate. photode- 
composition 349 

4-Mcthylphenyl isocyanate, alcohol ad- 
dition reactions 428 

trimerization 677 
Methylphenyl isocyanates, effcct on tu- 

mour growth 955 
4- M c t  hylphenylsulphonyl isocyanate. re- 

action with. alkylated allcnes 
692 

alkyl vinyl ethers 687 
carbamoyl diphenylphosphine 699 
rrwis-cinnamaldehyde anil 718 
N.rV‘-tetramethyl-N’’-~~-butyI guani- 

trirnethylsilyl cyanide 780 
dine 702 

4-Methylphenylsulphonyl isocyanide di- 
chloride. reactics with ) I -  

butylamine 997 
Mcthylphenylsulphonyl isothiocyanate. 

cycloadditions 413 
Met hylphnsphonicacid azidoisocyanate. 

prcparation 659 
Methyl thio*;_*anate. iitoinic charges 21 

emission \ p c w w  )26 
gas phase. sw.’ecular geometry 14. 

96. 137 
intcrnal rotation barriers 137 
microwave spectruni 77. 96. 137 
photoclectron spectruni 19 
photo iso nie r izii t i 011 

therniochemistry 254. 256. 267 
ioxicity 960 0 

35 2 

Microwave spcciroscopy. for conforma- 
tional analysis 135. 137 

cyaniites 70 
in c I ec t r o n if% r u c t u re de t e r m i n a t i o ns 

3. I5 
isocyaniitcs 78.8 1.83.88.94. 135.137 
isothiocyanates 78. 88. 137. 1092 
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rotational constants from 137 
5trur:tural chemistry 70. 75-77. 96. 

I03 
thiocyziv :S 70. 77. 96. 103. 137 

Moriochlorosilyllri(diniet1iyl;iniinc.). 

gas phase. conroimation 91. 92 
bond angles and lengths 95 

molecular geometry 7 I 
bond anglcs 82.95 
bond lcngths 79. 8 2 .  95 

Mustard oils. distillation. distribution 
and crystallization 213 

optical rotatory dispersion 167 

2-Naphthalenesulphonyl isocyanate. pre- 

1.5-Naphthylene diisocyanate. elTcct o n  

I-Naphthyl isocyanate. e k t  on tumour 

paration 662 

turnour growth 955 

growth 955 
photodecomposition 349 
reaction with. insulin 946 

lead niethoxides 781 
nucleic acids 952 

I-Naphthylisothiocyanate.toxicity 961 
Nitrenes. from isocyanatcs 347-350 

in isocyanate synthesis 633-637 
s w  also individual compounds 

Nitrite oxides. in isocyanate syiitliesih 
643.649 

. sLv  nlso in d i v i d ua I compounds 
Nitriles. from cyanates 584. 585. 593. 

602.604.608.614 
see cr /.so i nd I v i d ual com po u n ds 

Nitrites. alkyl. preparation 558 
Nitroncs. cycloadditions to 492 
Nit roa 1 ka nes. To rma t ion 
4-N it  robenzyl thiocyanate. pola rogra- 

588 

phic reduction 335 
radical anions 335 

4-Nitrodiphenylmet hyl thiocyanate. iso- 

Nitrogcn isocyanatcs. preparation 657 
4-Nitrophenyl isocyanate. effect on t u -  

mour  growth 955 
reaction with. ~.~'-bis-4-dimcthylani- 

inophenyl ethylene 680 

topic exchange rates 387 

diarylcarbodiiinides 703 
4-rnethylphcnyl isocyanate 677 

4-Ni trophenyl isot hiocyanate.cycloaddi- 

4-Nitrophenyl thiocyanate. base attack 
tions 415 

404-406 
polarographic reduction 334 
radical anions 334 
reaction with PhS- 403 
S-basicity 409 

Nitrosobenzrnes.cycloadditionsto 492 
7-Nit ro-5-thiocyanetobenzoic acid, re- 

act ion with o rga nosu I p h ur 
compounds 859 

5-ezo-Norbornenyl isothiocyanate, pre- 
paration 392 

Korbornenyl thiocyanate. isoiiicrization 
392 

 YO-2- N o rbo rn y l-74-1 h iocyana te. i so t o- 
pic exchange rearrangement 
390 

O.\O- 2-Norbornyl-2-tl-4-trifluoroniethyl- 
thiobenzoate. isotopic es- 
change rcii rra ngenicn t 390 

c.so-A'-Norcarenyl-.'-isocyanate. Cope 
rearrangcinrnt 685 

Nortricyclyl isothiocyanate. preparation 
392 

Nortricyclyl thiocyanate. isonierization 
3Y2 

Nuclcar magnetic resonance spectra. 
coii format iori;i I analysis 
132. 142 

- 

cyanales 195. 196. 577 
in detection and determination 195. 

isocynnates 142-144. 205 
isot hiocyanarcs 
selenocyanates 900 
thiocyariates 227. $28 

N ucleop hi licit y 382 
solvent ciTect 389 

1 -Nylons. iv-substitv.=d.forniation 678 

196. 204. 216-218. 727. 228 

2 16-11 8. 8- 1 

Octyl isocyanate. reaction with. chyrno- 
trypsin 942 

clastase 942 
I-Octyl isocyanate. trimerization 674 
Octyl isocyanide diciiloridc. preparation 

Olcfins- .so(' Alkenes 
917 
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Oligornerization. isocyanates 667--680 Pernuoroethyl isocyanatc. preparation 

Organometallic compounds, reaction * Perfluoroisopropyl isocyanate. prcpara- 
Optical rotatory dispcrsion I53 - I  87 648 

tion 649 with.  acyl and  thioxyl deri- 
vatives 4 9 4 4 9 6  * b cyanates 585 

thiocyanogcn 838 
s w  nlso Grignard reagents 

Ornithine carbarnyl transferase. in bio- 

Orthocarbonates. formation 590 
I .3.5-0xadiazine-2.4.6-t rionc. froni iso- 

1.3.4-Oxadiazoles, from cyanates 602. 

1.2.4-Oxadiazolidine-5-oncs. from iso- 
cyanates 720. 729 

I .2.4-0xadiazolin-5-oncs. from cyanates 
599 

I.1.3-0xa I h iazine-2.2-dioxides. froin iso- 
cyanates 732. 733 

I 2.3 -Ox a t ti i a zi nes. from i socya iia I cs 
759 

1.2.3-0xathiazole-4-ont-2-oxides. from 
isocyanatcs 736 

1.3-Oxazctidines. from isocyanatcs 696 

Oxazetidinones. from isocyanates 69h. 

1.3-Oxazincs. froin isocyanates 759 
Oxazinnnes. from cyiriates 509. 614 

708. 735. 753. 789 
[Mlxoamides. irradiation -346 
Oxygen isocyanates. preparation 661 
Ozone. molecular orbital energies 6 

synthesis 934 

cyanates 7 I 0  

603 

see ~ l s o  individual compounds 

699 

trorn isocyanatcs 

Parabanic acid O.,\’-acetals. from iso- 
cyanates 762 

Pent aazas pi ro [4.5]deca nct et raonc. from 
isocyanatcs 738 

Pcntachloroplienyl isocyanide dichlor- 
idc. rcaction with bcnzenc 
993 

Pent a f l  i i  or o be n zenesu I ph  en  y I ihocy - 
anatc. prc;?aration 661 

I’entafluoroettiyl isocyanide dinuoride. 
preparation 980 

Pcnryl thiocyanatc. toxicity 960 

Perhalo iniidoyl isocyanatcs. prepara- 
tion 652 

Pc  ro x i ca  r ba m a t e  s. fro iii is o c y a n a t e s 
744 

Phenacyl thiocyanates. polarographic 
rcduction 333 

Pli cna n t h r idi n one. from i s o c p  na tcs 
735 

I’ h c n a ii I r i d o n e . p rc p a ra t i o n 
Phcncthyl cyanatc. prcparation 573. 

586 
9-Phenoxyphenantliridinc. from isucya- 

natcs 735 
3-Phenylallyh isothiucyiinate. prcpara- 

tion 399 
3-IJlicnylnllyl thincyanate. catalytic rc- 

, arrangement 399 
PhenyI&omettiyI isocyanatcs. action of 

3 50 

hcat 74, 
preparation 636 

Phcnyl carbamate.?;om cyanates 937 
Phcnyl cyanatc. mass spectruni 196. 

277. 280 
ti.1n.r. spectrum I96 
photoisonierizrition 419 
prepar;ition 571 
reaction with. benzoyl chloride 609 

methanol 474 
phenol and N-methylaniline 583 
phcnols 582 

rcfraction indiccs 577 
thcrniocheinistry 235 247. 266 

I’licnylethynyl isocyanate. decarbonyla- 
tion 792 

I - P he 11 y I i n d a zo I on c . p r e pa r a t i o n 
from isocyanates 670 

1-Phcnyl isocarbostyril. from isocyan- 
ares 759 

Phcnyl isocyanate. conjugation cncrgy 
336 

65 7 

cR‘ea on luinour growth 955 
electronic structure. cxciled statc 46 
fluorescencc 52 
fcl rni ii t io: 1 of .  6 - i i  n i 1 i no- I .3.S - t r i phr n y l 

uriicil 700 
f. 
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2-carbamyl dcrivativcs 936 

niolcculnr gcoinetry 14. 71. 82 
gas phasc. conformation 87 

iniiss spectrum 2x4 
rnicrowaw spectrum 94 
molccul;ir orbitals 16 
n.m.r. chemical shifts 205 
phosphorescence 52 
photodecomposition 349 
photodinierization 792 
polarographic rcduction 336 
reactions. addition 425 

with. alcohols 425 
amino groups 722. 930 
4-aniinopyriinidines 952 
anils 764 
aziridines 729 
benzil 726 
bcnzgne prccursor 735 
borancs 731. 771 
butyraldazine 768 
C=N bond 716 
diazoinethanz 736 
1.3-diencs 705 
3.  A’ - d i 111 t‘ I !I y I - iY ’ - d i M C I  h y l am i- 

J t ’  . !\‘ -dim et h y I - iV ’ -( 2- I h i a zo I i n  e- 2- 

1.4-dipoles 738 
et h y I cyanoacct a te 700 
iniinoketencs 789. 790 
insulin 946 
2-isopropenyl-A’-o~~i~oli1iz 7 I8 
isoq u i no1 i nc A’-plicnyl i mine 723 
ketenc diethyl acetals 692. 703 
.W - m e I h y I p y r r o I id in o n e 
nucleic acids 952 
oxazolines 769 
2-phenyl-A-pyrroline 766 
3-phenylsydnonc 729 
p hos pli o r 11s con1 po u n d s  

778. 780. 784. 786 
silanes 779 781 
stilbenc 680 
s u I p ho na m ides 
rctraniethoxyetliylenc 692 
t i n ( i i )  dimethoxidc 777 
t rib u t y 1 p 111 m by I - A’ -d ie t ti y I am i n e 

n d o r  ni a in i d i lie 6 5 7 

y1)formaniidinc 719 

7 7 0 

753. 

7 50 

782 

N - t  r i c t h y I pc r ni y I -!V ’-phen y Ic;i r- 
hodiiniide 703 

trictliplindium 776 
rricrhyl phcnyleihynyl icad 7x2 
2.3.3-rrirnethyl indoleninc 767 
ynamines 734 

thermochemistry 252. 253. 266 
toxicity 960 

Ptlcriyl isocyan;itc diiiicr. crysiiil strut- 

Phcnyl isocy:iiiidc dicliloride. preparii- 
lure I00 

lion 971 
reaction with.  bcnzonitrile 993 

chlorofluorocarbciie 994 
1.2.5-triniethylpyrrolidine 996 

Phenyl isoselenocyanate. iiiass spcctrum 

Phcnyl isothiocyanate. geometric struc- 
2x1. 28Y 

ture 14 
idcntitication 207 
mass spectrum 2KI. 787 
po I a r o gr a p h i c r c d u c t ion 
rtxct ions. I 3 - d  i polar cy cloadd i t ions 

nucleophilic. rate constants 1 173. 

with. polycyclic hydrocarbons 930 

3 39 

413 

1184 

sodium su!phidc I173 
substituted anilines 412 

therniochemistry 263. 265. 267 
toxicity 961 

Plicnyl[’“C]isothiocyanate. tracer iii Ed- 
man degradation 540 

Phcnyl isothiocynnatcs. cycloadditions, 
su bst i t  ucnr effects 4 I 3-4 15 

riucleophilic addirioii. Hammctt p 
cr)iist;int I I65 

rate constants 1163. 1175 
reactivity and or consrani 1168 

rc:iction with. aliplia?c thiols 
butylarnine 1165 
erlianol 412 
plycinc. 1163. 1165. I175 
hydroxidc ions 1163. I165 

.\ LV trl.so i nd i vidua I coiii pou nds 

derivatives 

zation 079 

1 I 7 5  

Plicnylnicthyl derivatives-- SCLJ l3enzyl 

i)-(bl>henylpropyl isocyiinate. polynieri- 
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3-Phenylquinazoline-2.4-dione. from iso- 

Phenyl selcnocyanate. mass spcctrum 

P!>.enylsulphonyl isocyai!ate. cycloaddi- 

tetrakis(ethylt1iio)allcnc 694 
N-Phenylsydnone. preparation 589 
Phenyl thiocyanate. massspcctrum 228. 

cyanatcs 789 

281.288 

tion of. indcne 682 

280. 285 
reaction with insulin 946 
S-basicity 409 
therrnochemistry 257. 259. 267 

Phospheryl isocyanide dihalides. pre- 

Phosphincoxidcs. from isocyanates 786 
reac!ion with isocyanates 786. 787 

Phosphoranes. from cyanates 606 
rcaction with cyanates 607 

Phosphorescence 50-52. 65 
Phosphorimet ric tcchniqucs 50 
Phosphor us i socya nat es. prcpa r;t t iEn 

paration 985 % 

658-660 
see tilso individual compounds 

Phosphorus oxychloride, geometrical 
parameters 97 

Phosphorus trifluoridc. gcorneti.ical par- 
ameters 96 

Phosphorus triisocyanate. transfer re- 
action with phosphitcs 660 

Phosphoryl isocyanatcs. preparation 
659.660 

Phosphoryl isothiocyanates, classifica- 
tion 1025 

Photochemistry 343-354 

Photoclectron spcctroscopy. ground 
cyanates 578 

state properties 7. 15:.!9 
ionization cnergies from 18. 19 

Photoisomerization--ser Isomcrization 
Picry-.see 2.4.6-Trini trophenyl 
Pivaloyl azide. photo-Curtius rearrange- 

Polarographic reduction 224. 33 1-340 
Polarography, for detection and dctcr- 

mination 201.202. 212.224 
Polycarbamates. from isocyanates 697 
Polyisocyanatcs. circular dichroism pro- 

perties 159. 160 

ment 347 

Pol y isot h iocyana tes, macromolecular. 
preparation and uses 1063 

Polymerization, cyclo- 133. 147 
isocyanatcs 374-376. 433-435. 667.- 

radiation induced 374-377 
see also Dimerization; Trimerization 

r.w-Polymethylene diisocyanates. poly- 
merization 679 

Pol y t hiolcar ba mates, from isocyana t es 
43 5 

Polyureas. from isocyanates 435 
Polyurethancs. from isocyanates 435 
Potassium isocyanate, antiviral activity 

carbamylation of haemoglobin 941 

toxicity 960 

680 

956 

qeaction with papain 944 

Potassium selenocynnatc. crystal struc- 

Potassium tliiocyanate. crystal structure 
ture 114 

I10 
irradiation 353 
toxicity 960 

Potassium triselenocyanate. crystal st ruc- 

Preparation. cyanatcs 135. 571 -576. 
turc 114. 117 

593 
rrom. carbarnyl phosphate 935 

cyanic acid 576 
cyanogen halides 570, 573, 574 
imidothiocarbonates 575 
thiatriazolcs 571-573 
thiocarbamates 574. 575 
thiocyanates 576 

labellcd 509. 51 I 
thermal processcs 564 

isocyanate? 62 1 .-665 
acyl 44C449.652-654 
ollylic 573 
amino 657 
by. isomerization 416 

phosgmation 621--633 
photochemical methods 346 
thermal methods 561-564.638- 

from. carboniniidoyl dichlorides 
644 

647.648 
cyanic acid 644. 645 
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isocyanic acid 646 
nitrenes 633-637 
nitrile oxides 649 
trimethylsilyl azidcs 742 

inorganic 654-665 
labelled 511-518 

by. I4C scrambling 515: 318 
carbonylation of arnines 514. 

Curtius rearrangement of acyl 

rearrangement of nitrile oxides 

515 

azides 5 1 1-5 14 

518 
thioacyl 449.500, 652-654 

is0 t hiocyana tes 1013-1061. 1063- 
1091 

acyl 393,450,452 
allylic 845 
amino 657. 658 
bcnzylic 400 
from, amincs 1032-1036 

cyanates 592 
dit hiocarbamic acid 1037- I043 
glucosinolates 1006 
rhodanines 10861088 
tetrahydr0-4-0~0-2-thiothiazines 

tetrahydro- 1.3.5-1 hiadiazine-2- 

thioamides 1085 
3 thiocarbamate 1070-1085 

thiocyanates 101 4-103 1 

thiohydantoins 1088 
thiourens 1043 

by. biosynthcsis 1061 

1086 

thiones 1090 

by isomerization 10 14- 1029 

la belled 5 22-530. 1 053- 106 1 

exchange with. ['"C]isc*. rite 
525 
elemental "S ??2e1057 
[ "S]thiocyanate ion 524. 

I058 
hot -rccc; i I  rrii ct ion 
isomerization of thiocyanates 

527. 530 
rezctionwith H3'SS-and H,"S 
I 523.524 

* O60 

amines 525-527 
using hydrogcn isotopes 1059 

steroidal 170 
thermal processes 561 -564 
thioacyl 451 

by. halogen exchange 89s892 
selenocyanation 893-895 

f r o m ,  alkyl selenenylsulphinates 

arylselenenyl sclenocyanates 

diazonium salts 892 
selenenyl halides 893 

thiocyanatcs 594.8 19-859 
acyl 383,450.451 

selcnocyanates 890-898 

893 

893 

by, cyanation of organosulphur 
compounds 856-858 

from. arylsulphenyl thiocyanates 

arylsulphonyl thiocyanates 855 
iodine thiocyanate 854 
isothiocyanic acid and its salts 

metal thiocyanates 823 
thiocyanogen 833-849 

thcrmal proccsses 564 

855 

822-833 

hetcrolytic reactions 334-844 
homolytic reactions 844-849 

thiocyanopen bromide 853 
thiocyanogen chloride 849-853 

heterolytic reactions 849-852 
homolytic reactions 852. 853 

woad 928 

i s o t o p e  exchange  reac t ions  
labellcd 518-522 

519-521 
radiation inducd 372-374 
steroidal 963 
thioacyl 452 

Projiyl cyanate, preparation 572 
Propyl isocyanate. n.m.r. chemical shifts 

2-Propyl thiocyanate -we lsopropyl 

Purinyl thiocyanatcs. preparation 954 
PvrazoIes. from cyanates 605 

< 205 

thiocyanate 

froni. a 1 k yi @,,a I ide and la bcl led P v  t id i nc-2-i socya nil t c. hot  ocheni ica I 
SZN - 530 % -  prcpara i b 4 q t i  
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2-Pyridyl thiocyanate. toxicity 961 
Pyrimidines, from cyanates 605. 607 
Pyrimidoazcpines. from isocyanatcs 

Pyrolysis 549-566 
Pyrosulphuryl diisocyanate. preparation 

Pyrrolo[2,3-h]pyrimidines. from isocya- 

Pyrrolo[2.3-b]quinolincs. from isocya- 

765 

664 

nates 770 

nates 770 

Quinazolinediones. from isocyana tes 

Quinazolines. from cyanates 609 
Quinolines. from isocyanates 698 

set' tilso individual compounds 

Radiation chemistry 357-377 
and chain reactions 369-374 
e m .  studies 367 
polymerization 374-377 

7 radiorelease method 367 
h@,i,an spectra. cyanatcs 194. 577 

753 

in detection and detcrmination 194. 
202. 215. 216. 226'. 

isothiocyanates 1091 

thiocyanates. allylic 400 
cycloalkyl 389-393 

catalysed 392 
salt eKect 392 

Rearrangements. cyanates 135 

6a-Selenaselenophthcne. crystal struc- 

Selenation 909 
Selencnyl halides. reaction with cyanides 

in selencnyl selcnocyanate synthesis 

from selenocyanates 903 

turc 113 

892 

907 

Selenenyl sclenocyanates. aryl. in scleno- 
cyanate synthesis 893 

as diselenides 907 
preparation 907 

Selcnenyl sulphides. formula 905 
Selenenyl sulphinates, alkyl. in seleno- 

cyanate synthesis 893 
Selenenyl thiotyanates. reaction with 

cyanide ions 893 
Selenidrs. from sclenols 901 

Selenide sulphides. from selenocyanates 

Seleninates. from selenocyanates 906 
Seleninic acids. from selcnocyanates 

Selenium dicyanide. crystal structure 

m 

sre rrlso individual compounds 

905 

902 

108. 110 
X-ray studies I I8 

Seleniui;4 diselenocyanate. crystals. intcr- 
intermolecular intcractions 
106. 107. 115. 116 

structure 113-1 16 

isotopic exchange, SiA' reactivity * squawplanar arrangcment 
ratios 390. 391 104-107. I16 

for selenocyanaiion 893 see trlso Isomerization 
Seieniuin dithiocyanate. crystal struc- 

intermolecular interactions 106- 

Renner effect. excited states 38 
Rhodamine isocyanate 950 turc 102. 104. 108. 1 IS  
Rhodamincs. gas chromatography 'I 3 
Rhodanasc. in biological formatior1 of 108 

thiocyanaie 926 molecular packing 106. 108 
square-planar arrangement 104- siilphur donor 926 

1086- 1088 

ttirc 114. I18 

R Iiodan iiics. sotircc of isot Ii iocyiiiiatch 

Rubidium trisclenocyanare. crysr' 'I I struc- . 

SchilT bases. cycloadditions to 475-478 c 575 
Schlanck-Kumpf determination of C- from cyanatcs 592. 614 

tcrminal groups in proreins 
533  I 14 

104-107 
Selenium isotopes *87 
Scleniurn trihalides"s.:kyl. froni selcno- 

Se1cnocarb:iinates. i n  cyanate synthesis 
cyanates YO3 

Sclcnocyinatc group. crystal structure 
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linearity I13 
structure 70 

crystal structurc 113 
electronic absorption bands 63 

Selenocyanates 887-91 5 
allylic. solvent dependent rcarrange- 

ments 400 
crystal structure 104. 113.- 118 

bond lengths 113 

infrared spectra 898 
isomerizat ion 909 
mass spectra 274. 287-289, 899 
n.m.r. studies 900 
physical properties 898-YO0 
prepiratioy--sw Preparation, seleno- 

reactions 900-906 

Selenocyanate ions. in coniplexcs 889 

dipole moments 899 e 

cya nat es 

cyclization 903-905 

hydrolysis 901 
oxidation 902  
reduction 900 
with selenols 905 

ultraviolet spectra 898 
X-ray difiraction studies 72 
.SCV trlso individual compounds 

'halogenation 902 

Sclrnocyanation 893-896 
Sclrnocyanic acid 888. 589 

SelL.nocyanogcn-.scc. Dicyanodiselenidc 
Sclenols. from sclcnocqanattts 901 

prcparation 888 

oxidation 900 
reaction with selenocyanates 905 

Seleno mustard oils- see Isosclenocya- 

Selenoscmicarbazidzs. from isoseleno; 

Sclenosetnicarbazone. isolation 889 
Selcnoureas. from. carbon diselenide 

nates 

cyanates 91 1. 914 

9 10 
isosclenocyanates 909. 91 1.9 13 
selenocyanates 88Y 

Seniicarbazides. from cyanates 603 
SC'P t i  /so i ntl i v id ual compounds 

Sicklc ccll ;iti:ictiiia 039. 95.; 
Silicon isocvanates. preparation 655 

Silicon tetrachloride. molecular geo- 

Silicon tetraisocyanate, gas phase, con- 
metry 95 

forma!ion 92 
molecular geometry 7 1 

bond angles 82 
bond lengths 79.82 

reaction with, ethylene oxide 656 

Silicon tetraisothiocyanate, gas phase. 
POF, 660 

conformation 92 
vibrational spectrum 82 

Silylcarbamates, in isocyanate synthesis 

Silyl chloride. molecular geometry 95 
N-Silylimidazolidinones, from isocya- 

Silyl isocyanate. gas phase, conforma- 

639 

nates 780 

tion 89 
molecular geometry 15. 71 

bond angles 81, 82, 85 
bond lengths 79. 82 
bond shrinkage 83 

in inorganic isocyanate synthesis 655 
microwave spectrum 83 

Silyl isocyanates. gas phase. elcctron 
difiraction 92 

linearity 85 
microwave spectrum 92 

s c ~ c  rrlso individual compounds 
Silyl isothiocyanate. gas phase. bending 

vibrations 85 
conformation 89 
molecular geonietry 15.71 

bond angles 81. 82. 84 
bond lengths 80.82 
bond shrinkage 83 

microwavc spectrum 83 
Silyl isothiocyanates. gas phase. linearity 

85 
w e  trlso individual compounds 

Silyl trichloride. inolccular geometry 

Sodium cya na te. absorption spec1 ru  ni 
95 

54 
rcaction with. phenol 937 

tyrosine 937 
Sodium isocyanate. reaction with her- . .  

W P  ~ l s o  individual compounds rnones 946 
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toxicity 960 
Sodium thiocyanate, toxicity 960 
Stannylperoxycarbamates. from isocya- 

nates 778 
Stereochemistry 13 1-1 50 
Stevenson's rule 282 
Structural chemistry 69-124 

bond lengths and electronegativity 
orligand 86 

bond shrinkage 73, 78,83,93 
crystallinc phasc 
electron density 73 
gas phase 70, 74-98 
internuclear parameters 7 I ,  78 
Schomaker-Stevenson equation 86 
thermal vibration effecis 73 

Styryi isocyanates. irradiation 349.759. 

70. 72. 73. 98-124 

792 
preparation 634 
see also individual compounds 

Styryl isocyanide dichloride, preparation 
976 

Sulphenyl isocyanide dichlorides, pre- 
paration 983. 984 

Sulphenyl selenocyanates 908 
Sulphenyl thiocyanates, aryl, in thio- 

cyanate synthesis 855 
from isothiocyanic acid 826 

Su Ip h i n  y la mines, alk yl. preparation 

Sulphinyl isocyanates, preparation 661 
Sulphonyl diisocyanate. cycloaddition 

659 

of pyridine-N-oxide 722 
preparation 664 

*r 663, 6x7 
reactions 66 I 

Sulphonyl isocyanatcs. prcparation 661. 

with. alcohol 428 
c-caprolactini methyl ethcr 701 
dtmethylsulphoxidc 741 
form a I de h y de- N . N - a ce t a Is 7 48 
imines 713 
ortho esters 772 
tributyltin oxides 778 

.WL' ulso individual compounds 
Sulphonyb isocyanide dihalides. pre- 

Sulphonyl isothiocyanatcs. preparation 
paration 984. 985 

394 

N-Sulphonyl phosphirnines. from iso- 

Sulphonyl thiocyanates. aryl. in thio- 

preparation. by thiocyanation 394 
Sulphonyl urethanes. from isocyanates 

Sulphur, atomic. from isothiocyanates 

Sulphuranylidene derivatives, formation 

Sulphur dicyanide, crystals, intermolecu- 

cyanates 787 

cyanatc synthesis 855 

772 

353.354 

59 1 

lar interactions 107 
molccular dimensions 101, 102 
square- plana r arrangement 105. 

structure 108. 110, 118 
X-ray diffraction 103 

gas phase, electron diffraction 103 
microwave spectroscopy 103 

photoclectron spcctruni 19 
Sulphur dithiocyanate. crystals. inter- 

molecular interactions 106, 
107 

sq uarc-planar arrangement 106. 
I07 

structure 102. 104. 115 

107 

Sulphur isocyanatcs, preparation 661- 
665 

see trlso individual compounds 

Tei!.Jrocyanatc ions. electronic absorp- 
tion bands 63 

Tellurocyanates 9 16918 
Tctraazospiro[4.4] nona ncs 7 32, 7 36. 

738 
Tetrafliiorocthyl isocyanide difluoridc. 

prcparation 981 
4.5.6.7-Tct r;i hydro-3-indazolidinones. 

preparation 657 
Tetrah ydro-4-0x0-2-1 hiothiazines. 

source of isothiocyanates 
1086 

Tetrahydro-1.3.5-thiadiazine-2-1 hiones. 
sourcc of isothiocyanates 
1090 

Tctrahydrotriazolotriszoles. from iso- 
cyanates 725 

Te t ra i socya na t osi la n c - . s w  Si I ico ti 
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t c t ra  i soc y a n u t e 
'fetra-B-isothiocyanatoietra-~-r-bii ty  1 - 

borazocine. crystal structure 
110-1 12 

Tctrarnetliylpliosphordiarnidic isocya- 
nate, preparation 659 

Tetrazoles, from cyanates 613 
Thcrniochcmistry 237-270 

cstiniation of group additivity 268 
Thiadiazoles. from cganates 509. 602 
1.2.3-Thiadiazolidines. from isocyanates 

Thiaselenanes-.we Selenide sulphidcs 
Thiathiophihene. crystal structure I16 
Thiatriazoles. in cyanate synthesis 575. 

729 

586 
i n  isocyanatc synthcsis 643 
preparation 571 
pyrolysis 643. 729 
therniolysis 564. 571-573 

1.3-Thinzines. froni isocyanates 740 
Thioacyl derivatives 445-501 

pounds 

743 

SL*C ulso individual groups and com- 

T hioal lop hana tes. from isocyanates 

in isocyanate synthcsis 638 
Thioaniicics. source of isothiocyanate 

Thiocarbamates. from cyanates 592. 
1085 

593.614 
from isocyanates 743. 745. 746 
in cyanatc synthesis 574. 575 

, iii isocyanate synthcsis 638 
L ~ w i  degradation 575 
w.,'ce of isnthiocyanates 1078 ,1085 

Tliiocarba nioyl derivatives. rcnct ion w i t h  
amines 1035. 1036 

I'hiocar bony1 isot h iocyanat cs. cia ss i -  
fication 1024 

Thiocyanatc groups. crystallinc. bond 
lengths I I2 

X-ray analysis 103. 104 
gas phase. microwave spectroscopy 

I&mmctt (T,, valuc 436 
pscudohalide c1i;ir;ictcr Y ? I  
structure 69 
substituent ellect of 402. 435. 420 

I03 

Thiocyanate ions. antibody purification 
95 I 

antihypertensive properties 962 
biological formation 926-928 
crystal structure 110 
effect on thyroid gland 962 
electronic absorption bands 63 
goitrogenic effect 962 
labelled. preparation 510 
pscudohalide character 822 
reaction with, bovine serum albumin 

950 
cytochronic 95 I 
cpoxides 829 
ni t  robenzenes. S/h' reactivity ratios 

organic esters 826 
organic thiocyanaies 518. g 9  
sii 1 p ho n a t es 8 26 
thiosulphate oxid;isc 926 
trinitrophcnyl thiocyanate 396 

Thiocyanate radical. formation 844 

396--398 

reactivity ratio 822 

photochemical 353 
heat of formation 565 
rcversiblc addition to alkenes 847 

Thiocyanate radical anions 335 
Thiocyanatcs 819-878 

aryl. ultraviolet spectra 226 
ambiphilic centre 870 
antimicrobial agents 957 
bio1opicaCPtTects 925 
biological formation 93-92!) 
chirospectroscopic properties 161- 

167 
octant rules 161 

chromatography 225 
from ci_earette smoking 928 
circular dichroisrn spectra I71 
complexes-ser Complexes 
conform a 1 i 0 n a I and co n fi g u ra t ion a I 

co1i\iersip*., imidoti,iocarbonates 

crystalline. intrrmoIe'Tiar interactions 

nalysis 135. 137-140 

575 

106. 107 

crystal structure 101-1 I<' 
thcrmal motion 103 I 

bond lengths 1ol--l03 * 
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squarc planer 105- 107 
detcction and detcrmination 220 - 

229 
chemical methods 22 1-224 
separation methods 225 

nates 207 
detection in presence of isothiocya- 

electron ditfraction studics 70 
electronic spcctra 226 
fluorescence 65. 216 
gas phase. conformation 96. 98 
half-wave potentials 324-327 
infrared spectra 226. 1092 
insccticidal propertjcs 959 
i so me r i za t i o n soi' I so me r i za t i o n . 

mass spectra 228. 274. 276. 278. 280. 

nictal. i n  organic thiocyanatc syn- 

n-iicrowave studics 70 
n.ii1.r. spectroscopy 227. 728 
phosphorcsccnce 65 
pchrographic reduction 214. 33 I -  

335 
prcpu ration ---.sci~ Prepa rat ion. I ti io- 

cyanares 
pyrolysis 556-559 
riidiation chcniistry 262 -364 

rxiiation induced synthesis 372 374 
Raman spcctroscopy 226 
reaciions 859-575 

t hiocyanntes 

285.286 

thesis 823-826 

radical yields 263 

addition-. . s w  Addition reactions. 
I h iocyanatcs 

biologic+ 29 953 
clca\.;lgc 221 " 3  
pyudohalidc 859 866 

addition 566 
el i m i n a t io 11 
i so mc r i za t ion 
oxidation 866 
substitution 859. 860 

substituent clTects 425. 436 
sulphenyl cyiinide 866 878 

by clin1in;ition 870 
b! 11 ( ) 111 o I !.> i  s 
by nuclcophilic displaccincnt 

86 5 
860 - 8 6 5 

RS--C" bond lission 866-87U 

S 69 

867- 869 
by oxidation 866 
by reduction 867 
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