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Foreword 

The present volunie, “The Chemistry of Cyanates and their Thio 
Derivatives” includes material on cyanates, isocyanates, thiocyanates and 
isothiocyanates as well as on isocyanate dihalides and on selenocyanates 
and related compounds. The volume is organized on the same general 
lines as the other volumes of “The Chemistry of Functional Groups“ 
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 coininissioned for this volume in the Spring of 
1974, and were mostly delivered between March and August 1975. I n  most 
cases the literature coverage ot the chapters is therefore roughly up to the 
Spring of 1975. 

Jerusalem, June I976 

vii 

SAUL PATAI 



The Chemistry of Functional Groups 
Preface to  the series 

a 

The series ‘The Chemistry of Functional Groups’ is planned to cover in 
each volume all aspects of the chemistry of one of the important functional 
groups in organic chemistry. The emphasis is laid on the functional group 
treated and on the effects which it exerts on the chemical and physical 
properties, primarily in the immediate vicinity of the group in question, and 
secondarily on the behaviour of the whole molecule. For instance, the 
volume The Clientistry of the Ether Litikage deals with reactions in which 
the C-0-C group is involved, as well as with the effects of the C-0-C 
group on the reactions of alkyl or aryl groups connected to the ether 
oxygen. I t  is the purpose of the volume to give a complete coverage of all 
properties and reactions of ethers in as far as these depend on the presence 
of the ether group but the primary subject matter is not the whole tnolecule, 
but the C-0-C functional group. 

A further restriction in the treatment of the various functional groups in 
these volumes is that material included in easily and generally available 
secondary or tertiary sources, such as Chemical Reviews. Quarterly 
Reviews, Organic Reactions, various ‘Advances’ and ’Progress’ series as 
well as textbooks (i.e. in books which are usually found in the chemical 
libraries of universities and research institutes) should not, as a rdc,  be 
repeated in detail, unless it is necessary for the balanced treatment of the 
subject. Therefore each of the authors is asked ~ o t  to give an encyclopaedic 
coverage of his subject, but to concentrate on the’most important recent 
developments and mainly on material that has not been adequately covered 
by reviews or other secondary sources by the time of writing of the chapter, 
and to address himself to a reader who is assumed to be at  a fairly advanced 
post-graduate level. 

With these restrictions, it is realized that no plan can be devised for a 
volume that would give a complete coverage of the subject with 110 overlap 
between chapters, while,at the same time preserving the readability of the 
text. The Editor set himself the goal of attaining reosotioble coverage with 
ntodercite overlap, with a minimum of cross-references between the 
chapters ofeach volume. I n  this manner, sufficient freedom is given to each 
author to produce readable quasi-monographic chapters. 

is 



X Preface to the series 

The general plan of each volume includes the following main sections: 

(a) An introductory chapter dealing with the general and theoretical 
aspects of the group. 

(b) One or more chapters dealing with the formation of the functional 
group in question, either from groups present in the molecule, or by 
introducing the new group directly or indirectly. 

(c) Chapters describing the charticterization and characteristics of the 
functional groups, i.e.. a chapter dealing with qualitative and quantitative 
methods of determination including chemical and physical methods, 
ultraviolet, infrared, nuclear magnetic resonance and mass spectra : a 
chapter dealing with activating and directivo effects exerted by the group 
and/or a chapter on the basicity. acidity or  complex-forming ability of the 
group (if applicable). 

(d )  Chapters on the reactions. transformations and rearrangements 
which the functional group can undergo, either alone or  i n  coiljunction 
with other reasents. 

(e) Special topics which d o  not fit a n y  o f t h e  above sections. such as 
photochemistry, radiation chemistry. biochemical formations and re- 
actions. Depending on the nature of each functional group treated, these 
special topics may include short monographs on related functional groups 
on which no separate voluine is planned (e.g. I I  chapter on 'Thioketones' is 
included in the volume The Clrctiiisrrj. of'rhe Ctirhotij.l Gwi ip ,  and a chapter 
on 'Ketenes' is included in the volume Tlie CItcwiis~y~ of Alkenes). I n  other 
cases, certain compounds, though containing only the functional group of 
the title. may have special features so as to be best treated in a separate 
chapter. as e.g. 'Pol yethers' i n  Tlie C/i~wisrrj* qJ' rhc. Erlicr Liirkc/,gc, or 
'Tetraaminoethylenes' i n  Tlic C/imii.yrt-j* oJ' rlw Aniitio Group. 

This plan entails that the breadth, depth and thought-proboking nature 
ofeach chapter will differ with the views and inclinations of the author and 
the presentation will necessarily be soniewhat uneven. Moreover, ii serious 
problem is caused by authors who deliver their manuscript lute or not at  all. 
In order to overcome this problem at least to some extent. i t  was decided to 
publish certain volumes 117 several parts. without giving consideration to 
tile originally planned logical order of the chapters. If after the appearance 
of the originally planned parts o f  ;I volume i t  is found that either owing to 
non-delivery of chapters. o r  to new developments i n  the subjcct, sufficient 
material has accumulated for publication of ;I supplementary volume. 
containing material on rclated functional groups. this will be done ;IS so011 
as possible. 



Preface to the series xi 

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

The Chemistry of' Alkenes ( two volumes) 
Tlie Cliwiistry of (he Carbonyl Group ( t1t-o volunics) 
The Cheniistry of rkc. Ether Linkage 
The Cliernistry of the Amino Group 
The Cliernistry of' the Nitro arid Nitroso Groups (t1t.o parts) 
The Clleniistry of' Carbosylic Acids and Esters 
The Cliernistry of' (he Carbon-Nitrogen Double Bond 
The Clzeniistry of rlie Cyano Group 
The Clieniistry of Amides 
The Cliernistry of' the Hydrosyl Group (two parts) 
The Cliernistry of'tlie Asido Group 
The Cliernistry of' Acyl Halides 
The Cheniistry of the Carbon-Halogen Bond (11i:o parts) 
The Cliernistry of Quinonoid Conlpozmds ( I ~ I ~ O  parrs) 
The Clieniistry of the Tliiol Group (titso parts) 
The Chemistry of Ainidines und Imidates 
The Cliernistry of'the Hydrazo. Aro and Azosy Groups ( two parts) 
The Chemisrry of' Cyanates and their Tliio Derivatives (tbr.0 parts) 
Supplernent A : Tire Cliernistry of Double-Bonded Functional Groups 

(two parts) 

Titles in press: 
The Chemistry y/' the Dinionium and Diazo Groups 
The Clienlistry of the Carbon-Carbon Triple Bond 
Supplement B :  The Clieniistry of Acid Derivatives 

Future volumes planned include: 
The Chemistry of Curnuleries and Heterocrtmiilenes 
Tlie Cliernistry of' Orgnnon~etcrllic Cortipounds 
The Chemistry of' Sirlphur-contairiirig Conipoimds 
Supplenierit C :  Tlie Clieniistry of' Triple-Bonded Functional Grolrps 
Supplernent D : The Cheniisiry of Halides mid Pseudo-halides 
Supplenient E:  Tlie Cherliisrr.), of' - N H , .  -OH, and -SH Groups and 

their Derivatives 

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

The publication of this series would never have started, let alone 
continued, without the support of many persons. First and foremost 
among these is Dr. Arnold Weissberger, whose reassurance and trust 
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encouraged me to tackle this task, and who continues to  help and advise 
me. The efficient and patient cooperation of several staff-members of the 
Publisher also 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 but none the less essential 
participation and partnership of my wife. 

The Hebrew University, 
Jerusalem, ISRAEL. 

SAUL PATAI 
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I. INTRODUCTION 

There are several ways in which one might treat the electronic structures of 
such functionals as the cyanato and thiocyanato groups. One might, for 
example, compile lists of experimental and computational data;  or one 
might focus on discussion: of high quality rib iriitio wavefunctions, such as 
those of McLean for the NCS- ion'. Both of these approaches have merit. 
However, we have chosen a more limiting path. We will select and discuss 
those experimental techniques which bear on the general question of 
electronic structure, and we will utilize the information which these 
techniques provide in order to present a 'status report' on the electronic 
structure of some simple cyanates and thiocyanates (i.e., the anions NCO- 
and NCS-, some of their covalent and ionic metal salts, and their methyl 
and phenyl derivativpls). 
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The theoretical framework will consist of a molecular orbital (MO) 
approach and will reduce, on occasion, to such a simple, but fundamental, 
level as Walsh's rules'. That is not to say that we will evade all cib irlitio 
results, forget about any configuration interaction effects, neglect 
orbital mixings, etc.-indeed, we will not. Our  intent is to remain simple, 
but when the proper interpretation of the phenomenon at hand demands 
theoretical complexity, we will not hesitate to use it. 

The types of experimental data which we deem relevant to electronic 
properties include: 

(i) Gas-phase structures as determined by electron diffraction and 
microwave spectroscopy. This information provides the minima of the total 
molecular energies with respect t o  the geometric qordinates.  

(i i)  ESCA (Electron Spectroscopy for Chemical Analysis) chemical 
shifts. Such data can be used to obtain atomic charges for an atom when the 
atom is part of a molecule. 

( i i i )  Ultraviolet photoelectron spectra (PES). These spectra provide easy 
access to approximate valence M O  energies. 

(iv) X-ray emission+>xtr-a. The intensities of the individual bands in 
these spectra contain information o n  the shapes of valence molecular 
orbitals. 

(v) Ultraviolet and visible absorption and emission spectroscopy. These 
techniques generate the set of excited state properties for valence as well as 
for Rydberg excitations (i.e., for V +- N as well as R + N excited 
configurations). 

The choices (i)-(v). not surprisingly, represent our own personal interests. 
We will endeavour to present a unified interpretation of these diverse 
experimental techniques, and to bring them to bear on the subject of the 
electronic structure of the cyanates and thiocyanates. We fear, however, 
that the  principal k su l t  of our discussion will be the conclusion that a great 
deal of experimental work is still required even for these simple molecules 
enumerated above. 

I I .  GROUND STATE PROPERTIES 
$2 , 

A. Anions 

1. Molecular orbitals and geometry 

Triatomic ABC species are linear (e.g.. the 16 electron molecules, COz,  
N,, NO;), bent (e.g., the I8 electron molecules, NO;. 0,) ocinear  (e.g., the 
22 electron molecules, I;, XeF,). Geometry seems to depend on the number 
of valence electrons. N C O -  and NCS- contain 16 valence electrons and 
are isoelectronic wid1 the linear species CO,. CS,, N,O, NO:, HgCI2, N;, 
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CN:-, etc. and, as expcctsd. they are also linear. The I-ationale for this 
simple behaviour was given by Walsh2 in 1953. 

Walsh's conclusions were based on the dependence of one-electron (or 
M O )  energies on the bond angle. i$ ABC. This dependence, i n  tu rn .  was 
elaborated using arguments which. for thcir time (i.e., 1953). were nec- 
essarily intuitive. We are in a somewhat better situation nowadays: MO 
computations provide precisely the sort of information which Walsli had 
either to intuit or to derive using qualitative ideas. Therefore, rather than 
proceed thyough an extensive and sometimes unconvincing series of 
q ua 1 it a t i ve a 11 d sem i q u a n t i t a t i ve a rg u in en t s, we s i m ply p resen t t he res u 1 t s 
ofa representative semi-empirical M O  for NCS- in  Figure I .  
Figure 1 is similar to that of Walsh' and will be used to illustrate his 
arguments. 

The most important feature of Figure 1 is the angular dependence of the 
In, 2n and 3n MO energies. The 2n M O  is the highest occupied MO of 
ground state NCS-. The degeneracy of this MO is spliLand both of the 
resulting non-degenerate MO's exhibit a decrease of binding energy as 
4 SCN is decreased from the linear 180" casc. A similar behaviour is also 
characteristic of the In MO. The net result is that the sum ofelectronic M O  
energies. as defined by E = ~ / I I ~ , E , ~  where is the energy of thelcth M O  and 

ii,, is its electron occupancy. exhibits a minimuin a t  4 NCS = 180". For 
example. we find E( 180") - E( I SO") = - 1.6 eV = - 37 kcal/niol. and \vc 
conclude that the ground statc of NCS- is linear. This prediction is 
confirmed by X-ray diffraction studies5 and infrared investigations". 

At  least one of the excited electronic stiitcs produced by the one-electron 
M O  excitation 3n --+ 3n is expected to be non-linear. The electron 
configuration ofoo:e such state is depicted on the right hand side of Figure 1 
and is iiiore precisely represented as . . . (2af')'(6a')(7a'): ' .3A' .  Thc bent 
geometry of this particular excited statc is ;I conseqiiencc of the con- 
siderably increased binding energy of the 3n(7a')MO which occiirs for 
4 N C S  < 180". This cor?.lusion. which is also based on the angular 
dependence of E. is founded on arguments identical to those which are used 
to deducea bent geometry for ABC riiolecules wi th  18 valence electrons and 
the e l e c t h  configuration . . . (6a')2(7a')'; 'A ' .  The spectroscopic coii- 
sequences of a transition between two states. one of which is linear and the 
other bent, are interesting and will be discussed in  Section I\' 

Two further comments concerning Figurc I are i n  ordcr: 
( i )  This diagram differs slightl!p from that gi\,en by Walsh' for the 

symmetric triatomic ABA case. The differences occur in  the behaviour of 
the 30. 30 and 4a MO's. These difl'erenccs do not advcrsely affect the 

11 
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S=C=N- Thiocyanate ion S+C//N' 

ZI 

0)  C 
F 

W 
0 
I 

- 

-8 - 

- 

-10 - 

180" 160" 140" 120" 

4 NCS 

FIGURE 1. Walsh-type diagram for NCS-. 

quality of our deductions. Furthermore, they originate in the use of 
hybridization arguments by Walsh', arguments which are replaced here by 
concepts such as orbital interactions and electron redistributions among 
centres of differing electronegativities. 

(i i)  Arguments based on a sum of M O  energies, E,  have no theoretical 
foundation and, indeed, are expected to be wrong. The correct energy, and 
the one which should be used, is the total energy 
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where J,, is a Coulomb integral; K u v  is an exchange integral; the 
summations 11 and 1’ proceed over occupied MO’s only, and the last term 
accounts for nuclear-nuclear repulsions. Fortunately, the computations of 
Peyerimhoff and Buenker’ on N; and O3 provide some experimental 
justification for the use of ESCF = nI l~FF and, by extrapolation, for 

E = ~ I I ~ ~ E ~ ,  where E,, are non-SCF MO energies. Peyerimhoff and 

Buenker performed high quality clb iriitio SCF computations for various 
geometries of N; and 0,. They then computed 8 - EsCK and showed that 
this difference for any one angle of bend was essentially constant for all 
angles of bend. Thus, the changes A 8  which occur upon bending are more 
or less equivalent to the corresponding changes in AEScF. Therefore, at 
least in the two entities studied (i.e.+ azide ion and ozone). the Walsh ‘sum 
of orbital energies’ is justified. 

11 

P 

2. Shapes and energies of valence orbitals: X-ray emission 
spectra 

Although a fairly large number of semi-empiricals-” and ah i17ifio’~’~-’~ 
M O  SCF calculations for N C O  and NCS compounds are available, some 
doubt as to the correct M O  shapes and M O  energies remains. Fortunately, 
provided one is willing to accept a few approximations, these types of 
information can be obtained experimentally. 

One of these approximations is embodied in Koopmans’ theorem’’ 

I€,, = -&SCF ( 2 )  

which allows us to  equate thepth-ionization potential with the energy of the 
pth topmost filled molecular orbital. It is well to stress that ‘orbital energies’ 
are not physical observables, except in a one-electron system. Con- 
sequently, any implication of such observability must involve many 
suppositions. In the case of Koopmans’ theorem. these approximations 
consist of a neglect of both relaxation and correlation effects. The neglect of 
relaxation effects imTiies that the electrons of the molecule do  not readjust 
upon ionization (i.e.: that the increase of positive potential caused by the 
removal of one electron will n@: produce any effects on the motions of the 
remaining electrons). This approximation is also known as the ‘frozen core’ 
approximation. The neglect of correlation effects implies that the error 
caused by the use of Hartree-Fock SCF cornputational procedures is equal 
in both the molecule and the cation and that it cancelswhen we subtract the 
HF-SCF energy of one from the other. Both of these approximations are 
quite severe and i t  is hardly surprising that Koopmans’ theorem often fails. 
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Two different ionization events are illustrated in Figure 2. Ionization ofa 
core electron, (A) -+ (B), is best achieved by X-ray irradiation. This 
technique, unfortunately, has been christened ESCA-which is an acronym 
for Electron Spectroscopy for Chemical Analysis-although its impact is 
much wider--*- . The ionization of a valence electron, (A) -, (C) ,  is also 
achieved by photoionization, usually by irradiation with the He I resonance 
line at 21.21 eV. This technique is termed Photoelectron S p e c t r o s c ~ p y ~ ~ ~ ~ ~  

7 7  73 

- - - 

* 3t 
II 44- 
4-k U 
U U 

+ 
U * 
-4-4- 

44- 
4-4- 
U 

U 

+ 

U 

Configuration Configuration Configuration 

( A )  ( 6 )  ( C )  

FIGURE 2. Configurations describing (A). a closed-shell ground state; (B), a Is hole 
state. and (C), some valence hole state. The energies of the core orbitals are 

approximate and taken from Reference 22. 
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or PES. The removal of an electron from the topmost filled orbital of A is 
referred to as the 'first ionization energy'. The energy difference between 
states (C) and (A) represents a 'second ionization energy' which, contrary to 
the use in atomic spectroscopy. does riot refer to the removal of an 
additional electron. 

The highly excited state (B) may decay into state (C) by emission of light 
which, because of the high energies involved, will usually lie in the X-ray 
region. The observatim of X-ray emission dictates a dipole-allowed 
process. Since the 1s hole is very localized and 'atom-like', the atomic 
selection rules, s -+ p, s $t s, s f ,  d, etc., will be valid. If we now invoke a 
second approximation, namely the LCAO expansion for the valence MO's 

' P p  = x C k p % k  (3) 
k 

the intensity of an X-ray emission band in SCN- will be given by26 

where the summation runs over all three sulphur 3p atomic orbitals. The 
quality of this proportionality has been demonstrated by Manne and 
 coworker^^^-^^. The success they obtained allows us t o  use X-ray intensities 
as probes into the shapes of valence molecular orbitals. 

It is also clear from Figure 2 that the energy differences between X-ray 
emission bands and the energy differences between photoelectron bands 
should be exactly equal-the final states, after all, are the same in both 
techniques. Unfortunately, X-ray emission and valence ionization data for 
solids are scarce. Hence, our discussion will centre around the analysis of a 
typical example, one taken from Karlsson and Manne26. 

The experimental sulphur KP emission spectrum of a thiocyanate salt is 
shown in Figure 3. The K P  emission refers to the transition (B) -+ (C) shown 
in Figure 2. Arrayed above the experimental curve are the calculated 
spectral intensity distributions as obtained by different computational 
schemes. All calculations obtain some kind of agreement except the most 
simple, non-iterative Extended Hiickel Molecular Orbital Theory (EHMO) 
which is known to perform poorly on ionic, polar comp&mds. 'Best' 
agreement is obtained with the crb irlirio SCF wavefunctions of McLean and 
Yoshimine'. 

The first prominent peqk'is very intense and refers to a final state which is 
the ground state of the NCS radical (i.e., a hole occurs in the 2n MO). The 
high intensity of this band is caused by achigh sulphur 3p amplitude in the 
highest energy occupied 2n M O  of NCS-. The next band, which occurs 
some 3.2eV to lower transition energies. is assigned to two final states, both 

0 
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2460 2470 

Energy (eV) 

FIGURE 3.  Espcrimental and calculated sulphur KB emission spectrum of NCS-. 
I Reproduced. wi th  permission. from Reference 26).  

9 

excited. of the NCS radical. In one of these, the hole is in the I X  M O ;  in the 
other, i t  is i n  the 40 MO. The shape of this second band suggests that the I X  
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and 40 MO’s contain similar S 3 ,  amplitudes and that these are con- 
siderably smaller than the S3p amplitude in the 271 MO. Some additional S3p 
character is found in a band which is 5.5 eV below the main peak. This third 
peak:refers to an excited state of the NCS radical in which the hole is 
resident in the 3 0  MO. The calculated intensities, .<d(calc.), are collected in 
Table 1. 

The energy differences which occur in the X-ray emission spectrum of 
NCS- are equal to the electronic excitation energies, AE(electronic), of the 
radical NCS. The analysis of the optical spectrum” of the radical NCS has 
produced a ground state assignment of (40)’( 1 ~ ) ~ ( 2 7 1 ) ~ ;  X2n. The two 
lowest-energy excited states of the radical occur a t  3.23 and 3-33eV and 
have been assigned” as . . . (40)~(  I r ~ ) ~ ( 2 1 c ) ~ ;  A’ I I  and . . . (40)’( ~ x ) ~ ( ~ T c ) ~ ;  
BZC+, respectively. These assignments are in excellent agreement with the 
X-ray emission spectrum of NCS- and its interpretation26. 

Hartree-Fock energies for NCS- are available’ and are also included in 
Table 1. The differences between the M O  energies of NCS-, AcScF, should 
correspond to the X-ray emission energy differences, AE(X-ray), and to  the 
electronic excitation energies, AE(electronic), of the NCS radical; both of 
these latter quantities, as discussed above, should also be identical The 
equality AE(X-ray) zz AQelectronic) has been established for the NCS 
radical. However, since the data base for this molecule is not very extensive 
and since the data base for other polyatomic molecules is equally sparse, it 
is well to insert a caveat. The X-ray data probably refer to a geometry of the 
NCS radical which has minimum energy for the 1s hole state, whereas the 
electronic data-insofar as we use adiabatic energies-are energy 
differences taken for the geometries of minimum energy of the initial and 
final states, respectively. There is no reason why these geometries should be 
identical and, hence, we should expect instances where the correlation of 
AE(X-ray) and AE(e1ectronic) data is poor. The Hartree-Fock M O  en- 
ergies, o n  the other hand, refer to the geometry of ground state NCS-. 
Apart from the approximation implicit in the use ofequation (l), i t  is a!so 
clear that the ground state geometry of NCS- might be considerably 
different from that for either of the two different hole states discussed above. 
Consequently, one should not be surprised to find deviations between 
calculated and experimental values, and even between experimental values 
obtained by different measurement techniques. 

The energies AcSCF for the NCO- ion’ and the energies AE(e1ectronic) for 
the N C O  radical” are also included in Table 1.  Both sets of data predict 
that the 4 0  M O  should lie between the In and 2x MO’s. The corresponding 
data for NCS-/NCS suggest that the 4 0  M O  is subjacent to the lx  MO. 
and contradict the predictions made in Figure 1.  
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3. Charge distributions and ESCA chemical shifts 

Core ionization energiesps determined by the ESCA technique, have 
been found to dep@ on the chemical nature of the  ample^^.'^. The main 
effect is readily understood: One need only remember that i t  is more 
difficult to remove an  electron from a region with positive charge than from 
one with a negative charge. In line with this, many correlations with valence 
charge densities have been established for inner shell ionization energies. 

The two most common correlative equations are2 l . ”  : 

where I E ( X , , )  is the ESCA value for ionization of a Is  electron from atom 
X ;  q x  is the charge on atom X ;  K 1 ,  K 2 ,  K 3  and K 4  are constants and rAX is 
the distance between atoms A and X. Equation (6), which originates in the 
‘point charge potential’ model, reduces to equation ( 5 )  if the last term of 
equation (6) is somehow incorporable into the first two terms. Unfor- 
tunately, it turns out that the last term in equatim (6) is as important as the 
second. As a result, while ESCA chemical shifts can provide a means to test 
calculated valence charge densities, i t  is best to d o  so correlatively. One may 
attempt to use equation ( 5 )  by working with a series of molecules which are 
related in such a way that the term 1 yA/rAx is either roughly constant or 

roughly subsumable within the other two. 
Another problem enter9 when one attempts to compare the values of qx 

obtained by ESCA with values of qx obtained from M O  calculations. The 
manner in which the char e in a bond is partitioned between the two 
bonded atoms is not unique and may well depend on the choice of 
partitioning criterion3’. As a result, the translation of the ‘experimental’ q x  
values intv ‘theoretical’ qx values could be invalid. 

ESCA core ionization potentials for cyanates and thiocyanates are 
collected in Table 2. These data have been ~ o r r e l a t e d ~ ’ . ~ ~  with each other 
and with numerous other nitrogen-containing compounds using equation 
(5). All of the data of Table 231-35 refer to the anions NCO- and NCS-. 
Therefore, it is surprising that ionization energies recorded by different 
workers are so different. For example, the N1, ionization energy of NCS- 
varies byS-4.5 eV. Part of this variation may be associated with changes in 
the Madelung potential produced by the different cations, and part of it 
may be caused by calibration difficulties. 

A + X  

B 
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In  any event. the data do show that the N1, and C1, ionization energies 
are equal in NCO- and NCS-. Thus, by equation (5) ,  one concludes that 
the atom charges in NCO- are identical to those in NCS-. This conclusion, 
while not quite obvious from lib inirio r e s ~ l t s ' . ' ~  is in rather good 
agreement with the atom charges obtained by both CND0/2 and EHMO 
computations3 1.32 .  

Using equation (9, ESCA ionization potentials should correlate with any 
other physical property whose magnitude is determined by atom charges. 
B a ~ c h ~ ~  has suggested that n.m.r. chemical shifts correlate with 'atom 
charges. And, indeed. the 3C chemical shifts, measured relative to benzene, 
are small and similar for both cyanates and thi~cyanates~' ,  in full accord 
with the equality of the C1, ionization energies of Table 2. A linear relation 
between C1, ionization potential and I3C chemical shifts has also been 
established for many other  compound^^^. 

The I4N chemical shifts for NCS- and NCO - differ c ~ n s i d e r a b l y ~ ~ ,  
although the calculated charge densities (Table 3) for the two nitrogen 
centres are very similar. Thus, one must conclude33 that I4N chemical shifts 
are-not as sensitively dependent on atom charges (i.e., on the diamagnetic 
shie1dir.g) as they are on paramagnetic contributions. This conclusion is 
further substantiated by the results of TI M O  ~alcula t ions '~ .  

B. Covalent Compounds 

1. Geometrical structure 

Once the cyanato or tbiocyanato group is covalently bonded to another 
atom or radical R, 4 RNC is generally assumed and usually found to differ 
significantly from 1 SO0,. Some typical e x a ~ i i p l e s ~ ~ - ' ~  are collected in Figure 
4. Phenyl isocyanat,e and phenyl isothiocyanate are usually assumed to 
possess C2,, symmetry because p-diisothiocyanatobenzene has a zero dipole 
moment. This observation, however, merely proves the existence of a centre 
of symmetry and does not preclude a non-linear C-N=C=S arrnnge- 

FIGURE 4. Gas-phase structures of isocyanic acid-'". isothiocyrnic acid", methyl 
isocyanate". methyl isotliiocya~iate~'. and methyl tlii~cynnate'~. 
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ment. Thus, the actual preference for a Czv syniinetry for phenyl isocyanate 
and phenyl isothiocyanate derives from considerations of bond moments 
and M O  arguments". 

Some ambiguity exists for silyl isocyanate and silyl isothiocyanate. 
Microwave de te r rn ina t i~ns" ' .~~  favour a C3" symmetry with a linear 
\ 
-SiNCX skeleton, whereas electron diffraction data have been in- 
/ 
terpreted4' on the basis of 4 SiNC equal to 153" or  164". This difference 
is of some importance to photoelectron spectroscopic results since a 
C,, symmetry would result in some degeneracies and yield a possible 
simplification of the spectrum. O n  the other hand. one should keep two 
factors in mind: 

( i )  The different structures which have been proposed represent 'best 

(ii) The low-energy bending vibrations of the -NCO and -NCS group- 
ings possess fairly large amplitudes. These amplitudes, if large enough, will 
make the concept of molecular geometry more diffuse than normally 
supposed. 

fits' to experimental data of quite different natures. b 

Electron diffraction data for CI-NCO suggest4' a bent structure for 
which z$ N C O  = 171". Although one might wonder whether semi-empirical 
schemes can predict structures to such a high accuracy, a bond angle of 
176.1" has been c a l c ~ l a t e d * ~ " ~  by the CNDO/2 method5'. The same 
workers. using the same semi-empirical M O  approach, also predict non- 
linear N=C=O groups for a variety of other i s ~ c y a n a t e s ' ~ .  

Electron diffraction data5 '3' are available for a variety of isocyanate and 
isothiocyanate molecules, but will not be discussed here. 

2. Energies and shapes of valence orbitals: Photoelectron 

a. Moleciilw orbitcils. Since the M O  description has provided a con- 
sistent and unified interp;etation of different spectroscopic results for the 
cyanato and thiocyanato anions. we will initiate our discussion of the 
covalently bonded NCO and NCS groups similarly. The results of a set of 
representative semi-empirical M O   calculation^^^ are given in Figure 5. The 
results of a minimal basis set. cib irtitio, self-consistent field calculation'* for 
HNCO are also included in Figure 5 for completeness. 

MO's of N C O -  and HNCO. Because of the symmetry reduction, 

and X-ray emission spectra 

Comparison of Figures 1 and 5 reveals a close similarity between the 1 

1 
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_--- w- - - - - - - - 

-16 t 
7a' - 
3"" 

J U  

40' 

FIGURE 5. Molecular orbitals and  orbital energies obtained from CNDO/s 
calculations for isocyanic acid, methyl isocyanate. and phenyl isocyanate. Ah iriitio 

results for H N C O  are included for completeness. 

C,, - C,. all n-levels split into a' and a" components, the latter being 
antisymmetric with fespect to the H N C O  molecular plane. The 2n orbitals 
of N C O -  retain most of their original character in HNCO, whereas the a' 
component of the I n  MO, 5a', is heavily mixed with the N C O -  o-bonding 
orbital, 4a'. The 3a' M O  of HNCO can be characterized as a N -H bonding 
MO, alihough such a description is merely a rough approximation. The 
inner a"iM0's of C H 3 N C 0  areanot %own in Figure 5 because of their 
experimental inaccessibility. The inner MO's of C 6 H 5 N C 0  are truncated 
for similar reasons. The good agreement with the minimal basis set, crb 
iriirio, SCF calculation" for HNCO lends some credibility to the CNDO/s 
results for methyl and phenyl isocyanate. 

The replacement of hydrogen by the methyl group introduFes relatively 
minor changes. The methyl group contributes three additional orbitals. all 
of which remain morgor less local to the methyl group. Orbital energies are 



Electronic structure of the cyanato and thiocyanato groups 17 

generally higher in C H 3 N C 0  than in HNCO, which is the normal effect of 
methyl substitution. and some ‘crowdedness’ arises between - 16 and 
20 eV. 

Molecular orbital ‘crowdedness’ is even more pronounced for phenyl 
isocyanate. Therefore, the only M O  diagrams shown i n  Figure 5 for this 
molecule are for the x MO’s. The NCO-group produces a splitting of the 
degenerate benzene II MO’s. one of which, the a2 MO, retains its original 
0 6 1 ,  form in the C2,, point group assumed for phenyl isocyanate. 

b. P,kotoe/ectrmi spectra. A representative set of photoelectron spectra54 
is collected in Figure 6. These spectra, plus the silyl isocyanate and silyl 
isothiocyanate spectras5. are analysed in Table 3. With molecular orbital 
calculations (Figure 5 )  at hand. the assignnients of these photoelectron 
spectra proceed quite readily. 

The ionization energies relating to the l a ”  and 6a’ orbitals of the acids 
and the 3a” and 8a‘ orbitals of the methyl derivatives correspond to two 
well-separated structures in the photoelectron spectQ in all cases except 
methyl isothiocyanate. The apparent degeneracy of the first two photoelec- 
tron bands of methyl isothiocyanate could suggest a linear C-N=C=S 
skeleton. Fortunately, there is little doubt as to  the structure4‘ (see Figure 4) 
and, consequently, the degeneracy must be accidental. Indeed, the width of 
this first photoelectron band of CH3NCS is so large that i t  can accom- 
modate substantial (i.e., more than 30”) deviations of the CNCS skeleton 
from linearity. Similar comments apply to the photoelectron spectra of 
certain silyl derivatives. 

Despite the simple reflection of the M O  diagram of Figure 5 in the 
photoelectron spectra of Figure 6, some ambiguity remains as to the 
number of ionization events in the 15.8 and 17-54 eV bands of HNCO and 
in the 13.31 aGd 15.12eV bands of HNCS. The earlier  investigator^^^.^^ 
placed two ionization events (n(5a’. la”)) into each of the 15.8/13.31 eV 
bands, respectively, whereas Kosmus and coworkers56 prefer to switch the 
assignment so that two events (x(4a’, 1 a”)) occur in each of the 
17-54/15.12 e V  bands. There is not much experimental support for either set 
of assignments. Vibrational fine structure is usually taken to indicate n- 
charqter  and its presence favours the former Further- 
more, the supposition that the occurrence ofthe symmetrical N C O  bending 
vibration is suggestive of a bent ground states6 is e r r o n e o u s 4  merely 
points up the fact that the excited cationic state is more bent than the 
HNCO ground state. 

The effects of methylation on the photoelectron spectrum are identical to 
those predicted by M O  calculations: The ionization energies decrease and 
additional bands due to the CH, group appear in the 15-20 eV region. The 
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FIGURE 6. Photoelectrob spectra of isocyanic acid. isothiocyanic acid, methyl 
isocyanate and methyl isothiocyanate. (Adapted from Figures I ,  2. 7 and 8 of 

Reference 54.) 

increase of ionization energies which occurs upon replacing the methyl by 
the silyl group was supposed to constitute evidence for x-acceptor proper- 
ties of the SiH3 group (i.e., for &-p, bonding)”. However, the photoelec- 
tron bands of the7ilyl compounds are quite broad and no real distinction-r 
can be made between a ‘nearly’ linear skeleton with4SiNC = 153” and 
near degeneracy ~fx-orbi ta ls~’ ,  or a linear structure with &SiNC = 180” 45 

and exact degeneracy”. 
The photoelectron spectra of a number of other NCO and NCS 

compounds are known (i.e., CF3HgNCOS7, H3GeNCOSS, H3GeNCSS5, 
S(CN)258, CH3SCNS9. Of these, the R-S-CN are very 
similar to those of a cyano-substituted sulphide and, as a result, they are not 
appropriate in the present context. 
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c. X - R q  emission spectra. Unfortunately, sulphur Kj3 X-ray emission 
spectra are scarce. Katahashi and Yabe6’ report two structures, which are 
separated by 5.2 and 4.9eV, in the spectra of allyl and phenyl 
isothiocyanate, respectively. Although a detailed analysis is not available, 
the results clearly indicate the presence of a large sulphur 3p amplitude in 
the highest occupied M O s  and a much smaller amplitude in those MO’s 
which possess 4-6eV higher binding energy. The KP X-ray emission 
spectrum of allyl isothiocyanate is shown in Figure 7. 

A 

c In 
c 
a, 
c H 
c 

I - Energy (eV) 
2470 2450 

FIGURE 7. X-Ray emission spectruin of CH2=CHCH2SCN. (Adapted from Figure 
3 of Reference 60.1 

3. Valence electron distribution : ESCA chemical shifts 

As already demonstrated in Section II.A.3, core ionization potentials are 
found to correlate fairly well with ‘atomic charges’. I t  has been pointed out, 
in an ESCA investigation of NCO and NCS compounds3’, that an 
operator whose expectation value is an ‘atomic charge’ in a midxule does 
n,ot exist. Such a concept, although useful, is fated to be a rough 
approximation and to depend on the actual recipe used in its numerical 
evaluation. For this there are several methods available: One method is 
based on a symmetrical orthogonalization of the atomic orbital basis set6 I ; 
another involves a Mulliken population analysis6’, and, in computations 
involving non-atomic basis sets, the space must be subdivided into regions 
pertaifiing to each atom. and the charge obtained by integration over these 
individual regions”. All three methods involve the determination of the 
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electronic population on a nuclear centre; this. followed by subtraction of 
the core charge, yields the 'atomic' charge. 

Unfortunately, even when based on rather precise wavefunctions, the two 
MO methods yield widely differing numbers. However, certain trends 
within a series of related molecules do seem to be reproduced rather readily 
by them. A set of illustrative data is given in Table 4. The use of semi- 
empirical M O  functions, such as those of C N D O  or I N D O  types, produces 
still different sets ofratomic charges and, eventually, the whole process 
becomes futile. 

TABLE 4. Calculated atomic charges3' 

Carbon" Nitrogen 

Molecule Mullikenb Lowdin' Mullikenb L o  wd i n' 

CH3NCO 0.93 0.49 - 0.63 - 0.34 
C H ~ N ~ S  0.25 0.08 -0.54 - 0.23 
CH,SC_N 0.07 -0.12 - 0.39 -0.18 

Data refer to underlined carbon atom. 
'According to Mulliken6'. 

According to Lowdin6'. 

The ESCA experimental data are collected in Table 5. Correlations with 
atomic charges, as processed according to equation (3, are rather poor 
regardless of the definition of 'atomic charge' used; on the other hand, Fzirly 
good correlations exist when all atomic charges are included in the manner 
specified by the point charge potential model of equation (6). Thus, in view 
of the large role played by neighbouring atoms, an) derivation of atomic 
charges from ESCA data is simply too complex. Indeed, the only reas- 
onably@rm conclusion is that the anions NCS- and N C O -  possess a more 
symmetrical charge distribution' than do the covalently bonded mol- 
ecules3'. 4 

C. Summary of Ground State Considerations 
3 

We have presented a simple unified description of the ground state 
electronic structure of cyanato and thiocyanato compounds. The M O  
description of the closed shell ground state is adequate to the task of 
accounting for geometries, photoelectron and ESCA spectra. and the X-ray 
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TABLE 5.  ESCA core ionization energies (eV) in 
the solid (s) and gaseous (g) phase3" 

Molecule c; \ N,,  

C H 3 N C O  2952(g) 406.1 (g )  
284.5(~) 400.q~) 

CH3NCS 288 .O( S )  400-4s) 
CH3SCN 293.6( g) 406.0(g) 

287.2( S )  399.7(s) 

"Data refer to underlined carbon atom. 

a' 
emission spectra and electronic absorption spectra of the photoionized 
cyanato and thiocyanato entities. The success achieved is directly attribut- 
able to Koopmans' theorem and to the M O  concept (i.e., the supposition 
that each electron experiences only the riverage field produced by all the 
other electrons). The limitations of Koopmans' theorem and of the ground 
state M O  description are well documented in the l i t e r a t ~ r e ~ ~ . ~ ~ ,  as are also 
the difficulties associable with the concept of atom charges in a molecule30. 
Yet, despite these limitations, a high degree of interpretive success is feasible 
and has, we hope, been achieved here. 

There remains hardly any doubt that the  highest occupied MO in N C O -  
and NCS- is of Jr-symmetry, and that the next, whether (3 or A, lies several 
electron volts to higher binding energies. These results also hold for 
covalently bonded N C O  and NCS groups-although there is, of course, 
some slight splitting due to the lowering of symmetry. Indeed, the 
constituent ground state orbitals of the NCO and NCS groups can be 
recognized even in such complex molecules as phenyl isothiocyanate. Thus, 
it may be concluded that the cyanato and thiocyanato groups are true 
functional groups or. i n  a more gpectroscopic language, true chromo- 
p h o re's. 

In a morejaundiced vein, there are a few other observations which we feel 
obliged to make. These are: 

( i )  There is a great need for much further esperiinentcil work. This work 
should include structure determinations of phenyl isocyanate and phenyl 
isothiocyanate; extensive photoelectron spectroscopic and ESCA in- 
vestigations, and-with high prefei-ence-a systematic X-ray emission 
spectroscopic study of both salts and covalent compounds. These X-ray 
studies should include sulphur KP, carbon KQ, nitrogen Kcr and oxygen Kcr 
investigations at t he  highest attainable resolution. 

( i i )  N o  particular need exists for any further semi-empirical com- 
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putational works. unless they constitute an attempt to unify existing or, 
even better. new experimental data. 

(i i i)  Approximate means for 'experimental' access to such quantities as 
orbital energies, LCAO coefficients, and even 'atom charges' in a molecule 
do exist. However, any effort to attain high precision (i.e., several significant 
figures) intrudes on the theoretical difficulties already discussed. In other 
words, while the M O  ideology can ensure ii close relatedness of experiment 
and theory, this relatedness is fated to remain inexact and, at a certain limit, 
to be ill-defined. 

* 

111. CONCERNING THE DIFFICULTIES INHERENT TO A 
DISCUSSION OF ELECTRONICALLY EXCITED STATES 

Our discussion, so far, has been restricted to one single electronic state, the 
ground state (e.g., the X ' C +  st'ite of NCO-). We must now intrude on the 
realm of excited states. When we do so, we run into certain difficulties. 
These are: 

(i)  There is obviously a very large number. in fact an  infinity, of excited 
states. Thus, if the valence set of MO's consists of 11 filled and i i i  virtual 
orbitals, all non-degenerate, Koopmans' theorem correctly predicts i t  

ionization potentials. Similar reasoning leads to a prediction of at least I I  ./IZ 

excited states. And, if we include Rydberg orbitals and take account of spin 
quantization, the number 1 1 / 1 1  increases to infinity. This, however, is a 
technical difficulty( !): We can. if we so choose, attack these states one at a 
time and do as thqrough a job on each one as we might on the ground state. 

(ii) Experimental access to excited state studies is exceedingly difficult. 
Many of these states possess lifetimes which are shorter than 10- sec and 
this places them beyond the range ofcomplex picosecond studies. Indeed, in 
most instances, it becomes immediately necessary to dispense with the 
whole panoply of techniques (n.m.r.. e.s.r.. ESCA, PES, electron diffraction, 
dipole measurement, etc.) which were so invaluable in specifying ground 
state characteristics. In fact, until quite recently, the study of excited states 
was more or less restricted to one technique, namely the technique used to 
generate them. Thus, in many instances, the only information available 
concerning excited states is their energies. This situation, fortunately, is 
changing. 

(iii) The MO's of the ground state may not  be used to construct excited 
electronic states. In other words, the 'frozen core' approximation is not 
valid for excited states. We will illustrate this statement by specific reference 
to HNCO. The Koopmans configurations of HNCO' are non-interacting 
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with respect to the cationic Hamiltonian. O n  the other hand, different 
excited configurations of H N C O  can and will interact with respect to the 
neutral-molecule Hamiltonian. This interaction may be very severe and is 
known as Configuration - Interaction (CI). I n  this sense, even if we freeze the 
whole valence set of orbiials, filled as  well as virtual, we cannot, generally, 
retain an orbital picture for the excited states. Nevertheless, this is also a 
technical difficulty-technical in the sense that it  may be possible to 
perform Hartree-Fock computations on the excited configuration and thus 
generate a new set of orbitals, one which provides as accurate a description 
of the excited state as the former set of Hartree-Fock orbitals did for the 
ground state. This, however, is a rather distasteful affair since i t  forces us to 
use different orbitals for different states. 

(iv) The retention of an M O  attitude for the description of excited states 
is not merely a technical difficulty, it  is also fundamentally inadequate. We 
will illustrate: The spin-orbital excitation cpp -+ (pp, where u denotes a 
+ electron spin, does not produce a pure spin state (i.e., one which is an 
eigenfunction of the spin angular momentum operator, S’). The resulting 
configuration, in other words, does not transform as an irreducible 
representation of the permutation group of all electrons. T o  obtain the 
appropriate transformation properties, one is irretrievably forced into a 
multiconfigurational description of the excited state. This leads to a total 
loss of spin-orbital identifications and. if spin-orbital coupling ( t ide  i1lfi.n) is 
large, to a complete loss of M O  identifications. 

As another example, consider a xi -+ nj excitation in NCO-.  This M O  
excitation is four-fold degenerate. In fact, since the maximum non- 
accidental degeneracy in C ~ is twofold, this excitation produces three 
different excited ‘states’: I+, X- and A. We will construct symmetry 
adapted functions for these states in Section IV, and will see that they must 
be described as linear combinations of the four detFrminants which arise 
from the R~ --* xi M O  excitation (i.e., q P  -+ nJY where : p ,  q )  = [s.y)). I n  this 
instance, M O  identifications are totally lost. 

As a final example, consider singlet -+ triplet absorption intensities6’. 
These are usually small and difficult to meailre.  The reverse process, 
phosphorescence or triplet --* singlet emission, is some%hat less difficult t o  
measure and. in  fact, is a standard analytical technique. The observation of 
phosphorescence implies the presence of spin-orbital coupling effects and, 
also, the necessary argument to solidify the conclusions of the next to last 
paragraph above. 

Q 

In summary,. although ground state properties, especially ionization 
events and related phenomena. are easily understood using an orbital level 
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description, one is forced to abandon this single configurational description 
when one initiates a study of excited states. For reasons listed above, one 
will have to consider%oth i/ztro- and irzter.configurationa1 inixings in order 

than provide a qualitative account of experiment. Thus. the 
group theoretical discussions which. for the ground state, were so neatly 
summarized by a Walsh diagram such as Figure 1.  must become more 
elaborate-although not necessarily more dificult-when we discuss 
excited states. This increase ofcomplexity is not avoidable. Nevertheless, we 
will attempt, in the spirit of Section IJ. to be as simple and as fundamental as 
possible. 

IV. ERClTED STATE PROPERTIES 

A. Theoretical 

Molecular orbital calculations, of both the E H M O  and CNDO varieties, 
provide level schemes for NCO- and NCS- which are similar to that of 
Figure 1. In particular, the 45 M O  is usually predicted to lie between the In 
and 2n MO’s. This conclusion also follows from the Lib inirio M O  SCF 
calculations of McLean and Yoshimine’ except that in NCS- the40 M O  is 
computed to  lie subjacent to the 2n M O  by -0.75eV. These latter 
conclusions’ agree with the results of the X-ray emission and the electronic 
spectroscopy of the radicals NCO and NCS. as given in Section II.A.2. In 
addition, all calculations predict that the lowest-energy unoccupied M O  
will be of x symmetry. 

1. Spin and symbetry  adaptation in the [ p o ,  pl, p -  , basis 

It is reasonable to expect that the lowest-energy excited electronic states 
of the anions will arisd‘rom the M O  excitations 2n .+ 371 and that these will 
be followed, at somewhat higher energies, by states deriving from the 4 0  
-, 3n and In -+ 3n M O  excitations. Any 5 -+ n (or n -, 0) M a  excitation 
produces two states, (1.3)Il, which are separated by Xu,, where K ,  is an 
exchange integral given by ((J( I)n( 1)1~(2)0(2)). The 71 -+ x: MO excitations, 
on the other hand, are quite complex: They give rise to six excited states, 
( ’ * 3 ) X ’ ,  “.3)X- ,  and (1 .3 )A .  The energetic order of these excited states is not 
immediately obvious and must be determined. I n  order to do this, it is 
convenient t o  construct antisymmetrized state functions which are eigen- 
funchms of the angular momentum operators S, ,  S’ and gZ, and which are 
also symmetry adapted (i.e., constitute bases for the irreducible repre- 
sentations X+, X- and A of the Czv point group). 
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It is better, at  the outset, to redefine the set of valence p AO's so that they 
constitute eigenfunctions of I ,  in the cylinder point group. The appropriate 
set is: 

Po = PI 

P1 = I/&, + iPJ 

P -  1 = l/$(P.y - iP,) (7 ) 

These new AO's possess components of orbital angular momentum along 
the internuclear C$ axis (i.e., the z axis) of 0, /I and - h ,  respectively. In terms 
of these AO's, the set of pertinent MO's for the 2x .+ 371 excitation of NCO- 
is given by 

Y i *  = ~ I * N P I N  + Ci*cPic + Ci*oPio 3ni cp- 1. = c -  l * N P -  1N f c -  l * C P -  1C + C'- l*OP- 1 0  (8) 

where the coefficients ~ 1 . 4 ,  c-  1,,, and c -  l.A are taken from some type of 
M O  computation; and where A = N denotes 'nitrogen', A = C denotes 
'carbon', and A = 0 denotes oxygen. 

a. S p i l l  atlopration. The set of configuration wavefunctions for the one- 
electron 2x + 3x M O  excitation is given in T a b l e i .  These wavefunctions, 
being of Slater determinantal type, are antisymmetrized and are eigenfunc- 
tions of Sz and 9':. They are not. however. eigenfunctions 01' S', nor are 
they properly symmetry adapted. The generation of the eigenfunctions of 
S' is most conveniently performed using spin projection operatorsh6. The 
results are given in Table 7. 

b. S p i n e t r y  a(loprtrtiori. The final step is symmetry adaptation and, for 
this purpose, the simplest set of operations of the Cx\ ,  group which one may 
use is E, CI\.(SZ) and C?. I n  terms of the effects on individual MO's, the 
results of these operators are: 

Eq1 = ~ p 1 :  E q -  1 = 43- 1 

O"cp1 = cp-1 ;  o v c p - 1  = cp1 

C$q1 = e-'bcpI: Cccp- =e'+cp- (9) 

Straightforward, tandem application of equation (9) to the product 
wavefunctions of Table 6, as combined in Table 7, yields 

x+ = I / \b (Y i  + Y i )  x- = l/@(Yi - Y i )  
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TABLE 6. Eigenfunctions of S, and 2': derived from the 2rr -+ 3rr 

(This table is to be read in the manner exemplified by Y ,  
= / G I (  l)Gl(2)G- l(3)Gl.(4)1. All wavefunctions are Slater de- 
terminants. All the functions Y l  through Y4 are orbitally (i.e., 
spatially) identical. Insofar as we ever work solely with the orbital 
parts. these four functions, therefore, may be labelled If",.) 

electronic excitation (the ( p o ?  p r .  p -  basis) 

Electron Electron Electron Electron 
yi 1 2 3 4 !\Is A 

TABLE 7. Eigenfunctions of Sr and 5' 

Eigenfunctions A.I, S 
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The set of final state wavefunctions-antisymmetrized, eigenfunctions of 
S 2 ,  S ,  and L?=, and symmetry adapted-may now be written by inspection. 
They are given in Table 8. 

The set of final state wavefunctions for the o - + n  (or n + o )  M O  
promotion may be obtained similarly, but with considerably less difficulty. 
Finally, the ground state wavefunction, of cburse, is simply 

+ - +  - 
'yo = IVlVl(P-  1V- 11 (11) 

and is of representation species E + .  

i 2. Spin and symmetry adaptation in the {pv, p,., p=). basis 

Almost all quantum chemical calculations are done in the . ( P , ~ ,  pr, p _  I I' 

basis. Hence, while i t  is m5re convenient to work theoretically in a { p 0 ,  p l ,  
p-  basis, the pragmatic business of analysing the results of semi-cmpirical 
calculations makes i t  convenient to have spin and symmetry adapted 
functions available in the Cartesian coordinate system. Since the means of 
generating such functi9::ls are no different than that described in Section 
1V.A. I ,  we present the results without comment. 

The n-MO functions are obtained from equation (8) by replacing 1 by s, 
and - 1 by y everywhere. The coefficient c may also be replaced by n in 
order to make clear the fact that the coefficients in both bases need not be 
the same. With the same replacements, we obtain a new Table 6 from which 
we must delete the rightmost (i.e., A )  column. Table 7 remains unchanged 
but equation (10) now reads as follows: 

x+ = l/*(Y\ + !Pi) 
c- = I / f i ( Y >  - Yi) 

Q 

A = l/,fi(Y', - Y;); l / ,b (Y> + 'Pi)). (1 04 

This change in equation (10) yields the new Table 8, namely Table 8a, of 
adapted wavefunctions. 

Thejnteresting result that evolves d p c t l y  from Table 8a is that the ' X + ,  
3C+,  a i d  one of each of the two components of the ' A  and 'A states are 
composed of 'parallel' (denoted //) M O  excitations. That is, these states, or  
components thereof, are generated by an excitation between the MO's 
which are parallel (e.g., TC, -+ n.v,r or T C ~  + TC~.). All other states are composed 
of'perpendicular'(den0ted I) M O  excitations of type nx --f n.,%or nr -+ nX+. 
It is these excitation characteristics that provide easiest access to the 
analysis of CNDO/s results. We shall use the results of Table 8a only when 
we engage in such agalyses. 
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TABLE 8a. State eigenfunctions for states which derive from the 271 4 371 one- 
electron M O  promotion (the :p, ,  /),,, p:] basis) 

M O  
State excitation 

eigenfunctions S M ,  A type" ( 2 S +  llr 

0 

1 
0 

- 1  

0 

1 
0 

- 1  

0 

1 

0 

- 1  

0 

0 
0 
0 
0 

0 
0 

10 
2 

2 

2 

// 

// 
// 
I/ 
I 

'See text for explanation of symbols. 

The ground state function, of course, is given by 
+ - + -  

I 
i 'Po = I(P.x'P.v(Py'PI.I 

* 
3. lntraconfigurational splitting 

Six st8ies originate in the same 2x --+ 371 orbital promotion (i.e.. from 
the same primitive excited configuration.. . ( 2 ~ ) ~ ( 3 x ) ' ) .  These states will not 
usually have the same energies despite t h e  fact that they are 
configurationally similar. Their energy splitting is usually termed 
'I n t racon fi g u rat ion a 1 S pl it t i n g' . 

The six states, being symmetry adapted, are non-interacting with respect 
to the non-relativistic Hamiltonian operator, N. The energy of any of these 
states, for example the '1- state, is given by a diagonal element of the 
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Hamiltonian matrix, which can be evaluated65 using the wavefunctions of 
Table 8. The energy relative to the ground state, X'X+('Yo),is given by 

( 'C- I ;~ l '~- ) - (X 'C+J . jy71X1X+)= q ' r )  - E ( X ' C + )  

&y + A + c (12) - E S C F  - 
3n - 

where A and C are the two-electron integrals defined below (equation 14). 
This energy consists of the difference of the SCF orbital energies and two 
electron-electron interaction terms. A and C .  Since the orbitals 3x and 2x 
are common to all states deriving from 2n -+ 371 excitations, the difference in 
orbital energy will be the same for all these states. Similarly, i t  turns out that 
the A integral is present in all configurational energies. Consequently, the 
different states deriving from 271 4 3n excitations will differ in their energies 
only by electron-electron interaction terms, namely B, C and D. This is 
exemplified for the 'C-  and 'A  states. for which 

€('X-) - €('A) = C - 2 0  (1 3) 

The energies of all states of the 2n -+ 371 excitations are depicted in Figure 8;  
the two electron integrals, finally. are defined as 

A = (cp I (  1 )cp, ( 1  ) I C 2 / h  hl*(2)cpl*(2)) 

B = ( 1 1 * I 1 I * ) = 

c = ( 1  - 11-1*1*) 

D = (1 - l * l -  1 * 1 )  

= ( l l l l * l * )  = J " .  

1 

(1 4) 

The integral A is large whereas the others (i.e., B, C and D )  are expected to t c  
relatively small. In the absence of more specific information, we simply 
assume that A >> B _Y C 1: D, and it  is on this basis that we have drawn 
Figure 8. All conclusions implicit in Figure 8, except one, are independent of 
actual computation of the integrals A ,  B. C and D. The one disputable 
conclusion relates to whether ' A  is of higher or lower energy than the 

states (i.e.. whether D > $C or D < $C). For the moment, we will 
assume that 'A is the higher. 

The ' .3(Z+,  I-, A) states which arise from the 1n + 371 MO promotion 
are expected to lie at considerably higher energy (say, greater than 9eV 
above the ground state) in both NCO- and NCS-. Hence, they are not 
expected to exhibit any observable spectroscopic consequences i n  the 
visible and near U.V. region. 

The (1.3)Il states which arise from the 4 0  -+ 3n promotion may well lie 
somewhere in the vicinity ofthe 'C' excited state of Figure 8 for NCO- but 
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FIGURE S. Intraconfigurational splitting (schematic) in the . . . ( 2 ~ ) ~ ( 3 ~ r ) '  
configuration of a linear N C O -  o r  NCS-  anion. 

not !or NCS-. Unfortunately, any further information on these states 
requires specific calculations. In any event, the (1.3)rI states split into two 
components, 'n and 3rI. The integral K, involves the repulsion of two 
overlap densities. o(i)n(i), and is very sinall because of the G/TC orthogonality 
(i.e., J o(i)n(i) dr  = 0). A not unreasonable value for K ,  is -0.5 eV. Hence, 
the 'n - 31'1 splitting should be of the order of 1 eV. In fact, in the CNDO/s 
approximation, both of these states, in the absence of configuration 
interaction, are exactly degenerate. I 
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4. ln te rconf  igura t iona l  sp l i t t i ng  

This type of mixing, by contrast to that discussed in the previous section. 
Section IV.A.3. is concerned wi th  the interaction of configurations which 
originate in  different orbital promotions. T ~ u s .  the interaction of the two ' A  
states. one arising from the 2n -+ 371 promotion and the other froin the I n  
-+ 371 promotion, would fall in this category. This type of mixing is often 
termed CI. The configurations which mix must forin bases for the same 
irreducible representation of the molecular point group (i.e.. traitsform 
identically). As in the intraconfiguratioii~il case. this interaction is in- 
troduced by the electron-electron repulsion. 2 l / l . i j .  

Let us first consider the mixing of the two configurations of similar 
symmetry which arise from the 1 n -+ 371 and 3n --+ 371 promotions. Based on 
the orbital energy difference c,, - c l n .  as obtained either 'experimentally' 
from X-ray or U.V. data for the radicals or computationally from rrh irlirio 
calculations (Table I ) ,  all intcrticting states Lire ex-pected to be separated by - 3eV or more. Hence. relative to the off-diagonal matrix elements. which 
we estimate to be less t h a n  0.5eV. CI efTects. while not negligible. will 
neither introduce any inajer alteratic3 of the intraconfigurationaIly in- 
teracted energy level scheme of 'Figure 8 nor give rise to a n y  new 
phenomenon. 

The situation may be different for the ( 1 . 3 ) n  configurations arising from 
40 -+ 3n. 30 -+ 371 and 2x - 50 promotions. By symmetry. these cannot 
mix with the X+. X-  or A states resulting from the 271 -+ 3n excitation. 
However, although the individual interactions of these three n states may 
be small. the overall effect may push one of them into the vicinity of the 
lowest excited 'C' state. Since the 'n state is connected to the ground 
state by an electric dipole allowed transition. it is possible that these lattef 
CI effects may be observationally germane. 

i c j  

5. Spin-orb i t  coup l ing  

Spin-orbit coupling will be treated as another form of CI. Iqcontrast to 
the cther two types (See Sections IV.A.3 and 4). which only mix 
configurations of equal spin multiplicity. spin-orbital coupling mixes 
configurations of different spin multiplicity. It may also mix configurations 
which arise from the same or different M O  excitations. The net effect of 
spin-orbit coupling is destruction of the 'goodness' of the spin quantum 
n u in bers. 

../Ti .;i 

where /7: and j i  are orbital and spin angular momentum operators and .c./ is9 

6. 

t% 

Spk-orbit mixing is induced by the one-electron operator 
I 
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the spin orbit coupling parameter which, for molecules, can be quite 
complicated. Spin-orbit mixing will be very small in molecules such as 
NCO- or NCS- because they contain no heavy atoms. Despite this, the 
effects of this latter mixing, small though it be, gives rise to phenomena 
which cannot be otherwise interpreted. Therefore, we will have to devote 
some attention to it. 

a. ( A ,  C)-Coirp/ing. A discussion of spin orbit mixing is best initiated at 
the group theoretical level using double group formalism6’ (k., in the C*,, 
point group). The representation symbols of Figure 8 refer to orbital 
transformation properties, the transformation properties of the spin parts 
being neglected. The spin parts of the wavefunctions, not very surprisingly, 
transform as the rotation operators6’. Hence, the total symmetry of the 
state functions, spin plus orbital, can be determined by taking direct 
products6’ of the rotation operator representations with the state orbital 
representations of Figure 8. The results of this procedure are illustrated in 
Figure 9. 

(A,Z) Spin orbit coupling ( s l , W )  

( 0 , O )  -’ \ 

’c’ ,/- I+\ 
\ 
\ 

I-’ \- 

3 

FIGURE 9. The progression from a Russell-Saunders or (A, X)-coupling limit (left 
hand side) to an (R,to)-coupling limit (right hand side) for a linear molecule NCO- 
or NCS-. The split components of a given (A,Z)-  or (R,o)-state are arbitrarily 
ordered upwards according to increasing component of angular momentum along 

the C,, axis of the molecule. 
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The effect of spin-orbital coupling is to destroy the 'goodness' of the 
quantum numbers Natoms: L) and I(atoms:  S) and to require their 
replacement by the total angular momentum quantum number Q(atoms: J). 
It will, as a result, produce a splittingof triplet states in the manner shown in 
Figure 9. The resultant situation, known as (A, X)-coupling (atoms: L, S or 
Russell-Saunders), is shown on the left of Figure 9. 

b. (Q, w)-Coupling. The ultimate in spin-orbit coupling is illustrated on 
the right hand side of Figure 9. Th? two lowest energy states of the radicals 
N C O  and NCS (i.e., those which arise from the configuration.. . (27~)~ )  are 

The separation of these two states is also denoted A(IP) since i t  corresponds 
to the energy difference between the two lohest-energy ionization events in 
the photoelectron spectrum of the corresponding anion (i.e., NCO- or  
NCS-). This separation is also equal to the spin-orbital coupling parameter 
of the 271 hole state. This parameter can be approximated by the atomic 
spin-orbital coupling constant of the heaviest atom in the molecule (i.e., 
<2p(o)  or 53p(s), respectively). Since these coupling constants are quite small, 
the and 2r13/2 states are effectively degenerate for N C O  and NCS (i.e., 
degenerate within the PES resolution capability for complex molecules). 

We now imagine the addition of a single electron of 37t MO nature into 
the.. . ( 2 ~ ) ~  core in such a way that the electrostatic 37t/core interactions are 
less than the spin-orbit interactions internal to either the core itselfor to the 
(A, 0)-interactions (atom: 1. s-coupling) of the added electron. This type of 
interaction is known as ( 0 , ~ ) -  coupling (atoms: J,j-coupling). 

shown on the extreme right and labelled using the formalism ( " + I )  r,(r*). 

c. Inrerrnrtliate coirpling. In the C: point group, the states of a single 
electron in the 37t MO are denoted El,' and E 3 / ? .  The interaction of an 
electron in one of these states, say E3/' ,  with the 'n3,? core. which also 
forms a basis for E 3 / ? ,  gives, via the$irect product, the states A, X +  and C-  
of C:,. It is in this way that the right hand set of states of Figure 9 has been 
consfructed. The connection of the (A, I) states on the left with the (Q, w) 
states on the right may now be completed by making use of the non- 
crossing rule. These connections provide a simple schematization of the 
effects of increasing spin-orbital coupling. 

Spin-orbit interaction not only produces a splitting of the (A, I) states 
but also mixes different (A, C) states of the same double group species. The 
situation is similar regarding the electrostatic interaction in the (Q, o) limit. 
In this latter limit, the l/rij terms of the Hamiltonian induce a splitting as 
well as a mixing of different (a. o) states. Whether the (A, X) or the (0, o) 
description is more applicable depends on the relative magnitude of the 
electrostatic and spin-orbit interactions. If they are of similar strength, one 
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is forced to work in the intermediate coupling scheme, where neither A and 
1 nor SZ and o are even good approximate quantum numbers. 

It will be obvious from the experimental data (Section 1V.C) that the 
(A, 1) description is most appropriate for the systems of interest. 

6. Bending of excited s ta tes  

The linear ground state anion may bend to a C, point group symmetry in 
some of its excited states. The rationale for this conclusion was broached in 
Section II.A.1. using Walsh's rules and was diagrammed in Figure 1 for the 
specific case of a state of 'A(CZv) parentage. A more Concise set of 

-199 

SC N- an g I e 

FIGURE 10. Total energies. E = En,,/;,,. of various electron configurations of NCS- 

as ii function of i$ NCS:'The eigenvalues E,, are of an EHT nature. 
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conclusions is given in Figure 10 where the 'sum of orbital energies' for 
NCS- is plotted as a function of4NCS. It is seen that the 'A" state of 'C-  
parentage, the 'A"  state of 'A parentage and, possibly, the 'A' state of 'n 
parentage are predicted to exhibit NCS bending. Since the EHMO 
approach does not distinguish between singlet and triplet states, the same 
set of predictions presumably obtains also for the triplet states. 

The correlation of representations of C , ,  with those of the subgroup C, is 
shown in Figure 11. Four main effects should be observed if bendingoccurs. 
These are: 

X Y 

N-C-S--I  

Y / 
Linear 

+- X 

S 
z 

Bent 

c+ A' 

FIGURE I I .  Correlation of representations between the point groups C,, and C,. 

( i )  Transitions ' M  +- X'X', where M = Q4, @, . . . ,will split into two 
transitions if the molecule is bent in the ' M  state. 

( i i )  Transitions which are forbidden in the linear molecule will become 
allowed in the non-linear case. The ' A  c X ' X +  transition, for example, 
splits into two transitions in C,, 'A"  c X'A'  and 'A '  t X'A', both of them 
allowed. 

(iii) If  a given transition between linear and bent states i s  observed, i t  
should consist of a long progression in the bending vibration, with 
considerable separation between vertical and adiabatic energies. 

4 
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(iv) If a given transition between linear and bent states is observed in 
both emission and ab:@rption, there should be a large Stokes shift between 

rgies of the two radiative processes. If, on the other hand, 
g states possess the same geometry and i f  the transition 

between them is allowed, the individual spectra should exhibit strong origin 
bands and the two origins, emission and absorption, should be coincident. 

Linear polyatomic molecules of C,, type d o  not exhibit a Jahn-Teller 
effect. That is, the degenerate electronic states of these molecules do not 
split under the influence of a perturbation which is linear in the normal 
vibrational coorainates, Qi. They may split. however, under the influence of 
a perturbation, QiQj, which is quadratic in the normal coordinates. Such 
splitting is known as the Renner effect68. Specifically, linear polyatomic 
molecules in degenerate electronic states may or inay not distort by bending 
into more stable, non-degenerate states69. Thus, the 'A  state may remain 
degenerate; may separate into two component states, both of which possess 
bent geometries which inay or may not be identical; or inay separate into 
two component states, one of which is bent and the other essentially 
linear". The point of all of this is that the conclusions concerning bending 
or no-bending which are intrinsic to Figure 10 are in full accord with the 
spirit of the Renner effect. 

7. Intensities of transitions 

The only transitions of interest are those whicf\ terminate or initiate in 
the X'Z+(ground) state. In the C,, point group. the only states which can 
combine radiatively?vith the ground state are ' FI (s,y polarized) and 'I+ ( 2  

polarized). If the molecule is bent in both combining states, all com- 
binations with the ,gound stRie, namely 'A'-  X'A'(ground) and 
'A" ++X'A'(ground), are allowed. If t E  molecule is bent in only one of the 
combining states, the conclusions of the prior sentence still hold. 

The numerical quantities which characterize the probability of a tran- 
sition between two states are the molar decadic extinction coefficient E ,  the 
oscillator strength f ,  and the lifetime of the upper state T. The extinction 
coefficient is defined as 

E = (l/cf) Iog(ZcJZ) (1 5 )  

w h e  c is the concentration in moles/litre, I is the absorbing path length 
and log(Io/I) is the optical density. The oscillator strength is given by 

j .=  4.32 1 0 - 9 ~ 4 q d ~  4.32 x 1 0 - 9 ~ , , , , ~ ~ , ~  (1 6) 
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where F is specified in cm- and V l ; 2  is the absorption half-band width. The 
radiative lifetime of the excited state may be obtained directly by decay 
studies combined with quantum yield measurements. It  may also be 
obtained from absorption measurements by the relation 

where Fe is the energy of the emission maximum. 
a. 6flect.Y OJ nzatris uiz transition i17tensitie.s. The molecules NCO- or 

NCS- may be studied readily only in solid or liquid phases. The charged 
nature of these entities induces considerable coupling with the matrix, 
liquid or solid, in which they are embedded. As a result, the distinction 
between solute and solvent vanishes and the NCS- molecule is best 
considered to be NCS- anion p1il.s associated cations plus associated 
solvent molecules. In  other words. the NCS- ion may be quite a large 
polyatomic aggregate and must be treated in a 'large molecule' limit. By this 
we mean four things: 

( i )  The motions of the individual molecular components of the aggregate 
will contribute to any excitation/de-excitation event of the NCS- ion and, 
as a result, the spectra will be expected to be diffuse. 

(ii) These same motions will provide numerous individual pathways for 
non-radiative de-excitation of excited electronic states and, as a result, if the 
system emits any luminescence at all, i t  will d o  so ofiiy from the S l  or T, (i.e.. 
lowest energy excited singlet or triplet) states. This is known as Kasha's 
rule7 l .  

(i i i)  Because of these interactions, the spectra may vary considerably 
froin matrix to matrix and inay even exhibit transitions which depend for 
their existence on the presence of the matrix. A category of such transitions, 
known as 'Charge Transfer to Solvent' or  CTTS transitions, has been 
discussed by Treinin I .  

(iv) Because of their large sizes, the Rydberg orbitals will sample the 
whole or part of the environment provided by the aggregate and will 
become energetically diffuse. This characteristic is embodied in a statement 
by Robin73: N-R transitions in condensed media will be either absent or, if 
present, will be very weak and diffuse. 

b. The rvlasntiorz uj' spin jorbiddenness. If we are to suppose, per the 
dictates of Figure 9, that the lowest-energy excited state ofeither NCO- or 
NCS- is of 'X+ nature. we must conclude that the t rhsi t ion - X I Z +  
is forbidden by electric dipole selection rules. In other words, this transition 
is spin-forbidden in the (A, C)-coupling limit. In the presence of some spin- 
orbital coupling. however, this state splits into two components. one of 
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which (n) can combine radiatively with the ground state by normal electric 
dipole radiation. The other component, C - ,  may not combine radiatively 
with the gr,pund state, even in the (Qo) limit, and, hence, will not be 
considered further. 

In a group theoretic sense, the effect of spin-orbital coupling on the 
'Z+(n) component is to mix into it small contaminations of 'A, 'Z- and 
In. Since neither ofthe transitions 'A c t X ' X +  and 'X- t + X I X +  carry any 
intensity, these contaminations, while real, do not contribute to the 
'allowedness' of the 'X+ c X ' X +  transition. However, the I l l  state; which 
derives from the 40 -+ 3x M O  promotion, remains n in the double group 
and a slight contamination of this state in the nominal 'X+ state can confer 
'allowedness' on the nominal 'I+ - X ' C +  transition simply because the 
process ' I I c t X l X +  is electric-dipole allowed. In this way, the 'II states 
may attain importance because of their significance to the intensity of the 
lowest energy T, H So absorption/emission properties of- NCO- and 
NCS-. 

The actual process of intensity conferral via spin-orbit interactions is 
complicated by the fact that nominal triplets may also mix into the X'C+ 
state and intensity may also be gained by this route. The totality of intensity 
conferring mixings is shown in Figure 12. Despite this complexity, it is 

so 

N m l  
states 

Maprlly Contomlmnts 
siaies < 

FIGURE 12. The process by which spin-orbit coupling confers intensity on a spin 
forbidden transition 'Z+ ++ X ' X +  of a linear NCO- or NCS- anion. 

possible to draw a few strai_ehtforward conclusions without doing any 
computations whatsoever. These are: 

(i) The coefficients of the contaminants which are admixed into the 
nominal states will be small. Hence. we may neglect the 'X- w 3 X -  z- 
polarized part since it is of 2nd order in these coefficients. Thus, the So f--) T, 
event will be (s, y) polarized. 
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( i i )  The (s, y)-polarized components are stolen from allowed transitions 
which are o f o  --t 7-t nature(i.e.. I in an MO excitation sense). All such events 
are usually of fairly low intensity. Hence. since that which may be'stolen' is 
small. the 'stealing' cannot ever confer a massive 'allowedness' on the 
T, ++So event. I n  other words. theT, --+ So event (i.e., phosphorescence) will 
have a rather long lifetin~e'~. 'tP z I sec. 

( i i i )  We now note the one-electron nature of the individual components, 
. d i Y i . z i .  of the spin-orbit operator and the extra restrictions which this 
imposes on the contaminant states of Figure 12. Specifically, any nominal 
triplet state which mixes with the X ' E +  state must be of the representation 
species listed i n  Figure 12 and, additionally, may differ from the 
configurations intrinsic to the nominal X'E+ state by no more than a single 
electron excitation or de-excitation. These considerations induce consider- 
able simplification into the process of spin-orbital coupling computations. 

B. Computational 

1. Acions 

The results of a CNDO/s-CI comp~ta t ion '~  for NCO- are shown in 
Figure 13. Unfortunately. the CNDO approxiniation is rather drastic and, 
in the case of a very symmetric molecule such as NCO-. it  can lead to 
results which are not only wrong numerically but even wrong physically. 
For example, CNDO/s-CI intensities for the allowed In t X'E+ tran- 
sitionb are all arbitrarily set equal to zero because the transition in  question 
is out-of-plane [i.e.. 1 - (s, y)] and transition moments of the type (pl 7 [q), 
where (p. q)  = (s. j'. z ) ,  are taken to be zero unless p = q. Hence. the 
n +- X'X+ intensities of Figure 13 were computed by methods outlined in 

McGlynn and coworkers66. The CN DO approximation also neglects 
exchange integrals of type (:qlqz). q f :; consequently, all In states are 
computed to be degenerate with their configurationally related 3n states. 

However, it is in .the lower energy excited states that the CNDO 
approximations can lead to drastic discrepancies. The net effect of the 
approxiniation is to set the integrals C and D of equation (14) either to zero 
or very close to zero. As a result, the states '1- and 'A are found to be more 
or less degenerate. Indeed. unless one pays close attention to the forms of 
the properly symmetry-adapted functions of Table 8a, one could even 
choose the wrong components for the 'A  state. Furthermore, the same 
dilemma also occurs for the 3E - and 'A states and must be sorted out using 
the results of Table 8a. 
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FIGURE 13. Energy levels and transition moments for the NCO- anion. Energies 
were obtained from a CNDO/s-CI computation but were modified to take some 
account of electron repulsion integrals which are neglected in the CNDO approxi- 
mation. Transition moments for the 'n - X ' X +  and 'X+ - X'Z' transitions were 

evaluated as described in the text. 
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Inspection of the symmetry-adapted functions of Table 8a (in a 
{ P . ~ ,  p,.. p , }  basis) yields some interesting conclusions. The 'I+, 3C+, and 
one component ofeach of the(spatial1y) doubly degenerate 'A and 'A states 
are composed of parallel excitations (that is, excitations between two 
component MO's which are mutually parallel, 27c, -+ 3n, or 2n, -+ 3 7 ~ ~ ) .  It is 
for this reason that the C N D O  approximation provides a proper rendering 
ofthe large 'C+ - 3C+ splitting and a partial, but incomplete, rendering of 
the 'A - 3A splitting. 

T h e C N D O  approximation sets many integrals to zero simply because 
they are small. As discussed, this can lead to serious error. On the other 
hand, i t  can also be turned t o  advantage. For example, based on the concept 
of parallel and perpendicular M O  transition types discussed above and on 
the C N D O  approximation, we can conclude that the pattern of intensities 
outlined in Table 9 will hold in any point group in which the given 
transitions are symmetry allowed. Thus, in the C, point group, where 
transitions to the 'A '  and 'A" components of the p;\,rent ' A  state are both 
allowed, the 'A '  e X'A' transition will be the more intense. In fact this 
transition should be considerably more intense than transitions to either of 
the 'A'  or 'A"  components of the 'Il state (to which transitions were 
allowed in CmJ 

TABLE 9. Transition intensities expected between states of C ,  parentage in any 
molecular point group in which the transition in question becomes allowed 

Transit ion M O  excitation type Intensity 

1z- c x ' z +  ' 
' A ( ~ A ' )  t x l x +  
'A('A") + x'c+ 
11+ +X'1+ 
3x+ + x l x +  
'n + x'z+ 

I/ 
I 

Weak 
Strong 
Weak 
Strong 

Very weak" 
Weak 

'Slpce this transition is // it may only obtain first-order intensity by 'stealing' from those 
So --t Si and T ,  + Ti transitions which are of I type. Since these types of transition are 
always weak, it follows that So + Tj transitions of// type will always be considerably weaker 
( x  or so) than So + Tj transitions of I type6'. 

The oscillator StrengthIofthe 3C+ 4 X'C+ transition was computed by 
methods outlined by Vanquickenborne and c o ~ o r k e r s ' ~ .  This value off 
corresponds to a phosphorescence lifetime of -0.1 sec. 



44 

2. Molecules 

Klaus Wittel, James L. Meeks and Sean P. McGlynn 

The molecules of interest belong to one of the C2v or C ,  point groups. 
Pertinent examples are phenyl isocyanate (probably CZv), isocyanic acid 
(C,) and methyl isocyanate (nearly Cs). The manner in which the electronic 
states of these compounds correlate with each other and with those of 
NCO- is shown in Figure 14. 

c2 V c, 

A 
A2 A' 

61 62 PI ,A'  
A A  a', A" 
.I' 6 . .  

I :  . .  . .  . .  . .  
Phenyl Isocyanic 

anion isocyanate acid 

FIGURE 14. Correlation of representations between the point groups C , , .  Czv and 
c,. 

a. Zsocymic acid, H NCO. The spectroscopic effects of adding a proton to 
NCO- to form HNCO are numerous. They will be best appreciated by 
referring to the energy level diagram of Figure 15. The results contained in 
this Figure were obtained by CNDO/s-CI, spin-orbit coupling and tran- 
sition dipole length computations. 

(i) Degeneracies n, A, a, etc. will split. The ' A  state, for example, is 
computed to exhibit a split of - 1 eV in HNCO. 

(ii) The 4 0  bonding M O  becomes more bonding and, consequently, the 
components of the ' n  state move to considerably higher energy (i.e., by 
-2eV). It is now predicted to lie above the 'Z+( 'A ' )  state whereas in 
NCO- the 'll state lies below the ' C +  excited state. 
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FIGURE 15. Energy &els and transition moments for the HNCO molecule. Energies ,, 
were obtained from a CNDO/s-CI computation but were modified to take some 
account of electron repulsion integrals which are neglected in the C N D O  approxi- 
mation. Transition moments for the 'FI - X'Z+ and 'Z' - X'Z+ transitions were 

evaluated as described in the text. 

( i i i )  The lower energy excited states shift to higher energy presumably 
because of the electron acceptor properties of the attached proton. The 
higher energy Z-( A') state moves to  lower energy because of the increased 
CI in the lower-symmetry point group. 
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(iv) All transitions of So -+ Si type are now allowed. The intensity 
characteristics outlined in Table 9 apply generally. The intensity of the So 
+ TI transition is, as expected, essentially unaltered. 

(v) The question of bending of the N C O  group in the excited states of 
HNCO has been investigated. The conclusions obtained are essentially 
identical to those of Figure 1 for NCS- and Rabalais and for 
the isoelectronic C 0 2  molecule. 

b. Methyl isocjwCite, C H 3 N C 0 .  The computed energy level diagram of 
C H 3 N C 0  is shown in Figure 16. The methyl group is a better electron 
donor than hydrogen and the energies of the lower excited states are all less 
than those of HNCO. The intensity of the ' Z +  + X ' X +  transition of 
NCO- is predicted to decrease in the order C H 3 N C 0  < HNCO -= 
NCO-.  This decrease is largely due to CI mixings in the point groups of 
lower symmetry. 

Apart from these few differences, the energy level scheme is basically the 
same as that for HNCO. 

c. Pheiijd isocjwiziite, C 6 H 5 N C 0 .  Computations on phenyl isocyanate 
indicate that the excited states of this inolecule behave more like a 
substituted benzene than an xylated isocganate (cf. Figure 5).  

The lowest-energy singlet s t a k  is best classified as rtm. (i.e.. n + n*). This 
S, state is predicted to occur a i  3-95 eV and to be charge transfer in nature. 
The So --* S,  transition is associated with a transfer of -0.6 electron charge 
density of p,, type from the NCO group to a n M O  of the phenyl group. 

The S2 and S3 states are best identified as Lb and L, states, respectively. 
As such, the transitions to them. not surprisingly. are predicted to be weak 
and strong, respectively7'. 

The lowest triplet state is predicted to be largely benzenoid and to be of 
3L, type76. 

C. Experimental 

1. @qinglet-triplet absorption and emission 

All theoretical approaches indicate the presence of two low-energy triplet 
states, '1' and 'A (or a component of the latter), in all cyanates and 
thiocyanates, the phenyl derivative excepted. Of these, the transition to the 
3Z+ state, 'X+ c X I X + ,  is predicted, by all computational avenues, to be of 
lower epergy. A precis of the expected oscillator strengths and emission 
lifetimes for the two radiative processes, 'X+ - X I Z +  and 'A H X'X+, is 
given i n  Table 10. The conclusions which follow from this Table are quite 
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FIGURE 16. Energy levels and transition moments for the CH,NeO molecule. 
Energies were obtained from a CN DO/s-CI computation but were modified to take 
some account of electron repulsion integrals which are neglected in the CNDO 
approximation. Transition moments for the ' n  ++ X ' Z +  and 'E+ H X ' E +  tran- 

sitions w e 6  evaluated as described in the text. 

straightforward: Oscillator strengths will lie in the range 1 x lop8-$ x 
lo-' and will be approximately 30-times more intense for the 3A ++ X'X+ 
process than for the 'Z+ ++ X'C+ process. 
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TABLE 10. Calculated emissive lifetimes and oscillator strengths for two low- 
energy triplet - singlet transitions in cyanates and thiocyanates" 

~~ ~ 

Geometry 
Anion State ( 4  NCA) J (  x 10') s,(sec) Polarization 

NCO- 3z + 180" 1.5 1.3 x lo- '  I I 

A'( A) 129" 1.8 1.1 x 10-1 - 
3A"(3A) 129" . 48 4.4 x 10-3 1' 

NCS- 3z + 180" 18 1-1 x - 

- 

These computational results are taken from References 77 and 78. The corn- 
putations in the 2nd and 3rd rows refer to bent NCO- .  The  computations of the 1st row 
for N C O -  ( 180") are unaffected by bending for 180" 5 4 N C O  2 129". 

The lowest energy T1 ++ So event in phenyl derivatives is best described as 
a process characteristic of the phenyl group with but little amplitude 
(-250/;,) on the N C O  or NCS attachments. In the Platt notation, this 
transition is designated 3L, ++ ' A  and is computed7' to have an emissive 
lifetime T~ 2: 5 sec (J = 0.04 x lo-')). It is doubtful that a state ofsuch low 
oscillator strength would be detectable in'absorption studies. 

The long wavelength absorption spectra of some cyanates are shown in 
Figure 17. Many of these exhibit a low intensity absorption band in' the 
300 nm region. The oscillator strengths of this weak absorption region are 
collected in Table 11  whence, by comparison with Table 10, i t  is clear that 
the intensities fall squarely in the range predicted for 'A t X'Z' and 
3Cf +-X'X' transitions. It is also obvious that the agreement with the 
predictions is almost exact for a 'A(','') assignment. 

The 300nm absorption region is assuredly of Ti e S o  nature. This 
conclusion follows for three reasons: 

( i )  In systems as complex as those,of Figure 17, all Sj t So processes, 
regardless of how forbidden they might be in the isolated C,L,. NCO- ion, 
can readily obtain intensity by vibronic means. In other words, deviations 
from Born-Oppenheimer conditions can readily induce absorption in- 
tensities of the order of E = 100 and will not usually allow E to be less than 
unity for any S j  t S o  transition, regardless of how forbidden it might be. 
Thus, the extinction coefficients found in the 300 nm region are concluded 
to be too small for identification as an S j  + So transition, forbidden or 
otherwise. 

(ii) The intensities of the 300 nni transition exhibit a 'heavy atom' effect. 
Lead, for example, is a system in which spin-orbital coupling effects are 
extremely large. Consequently, when the lead cation associates with NCO- 
and the electrons disperse over the whole of the Pb(NC0)2 complex, the 
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TABLE 1 1 .  Experimental data for lowest energy absorption and emission processes, 
'X+ ++ X L X + ,  in ~ y a n a t e s ~ ~ . "  and thiocyanates7' 

Absorption Phosphorescence 
System imax(nin) j .  x 107 rdsec) LaX(nm) rp(sec) 

NaOCN 
KOCN 
Cd(NCO)? 

Pb(NCO), 

H N C O  

H g( N C O)? 

CH3NCO 
C6HSNCO 

KSCN 
Zn(NCS)2 

AgNCS 
Pb( NCS)2 

Cd(NCS)2 

300 
300 
295 
285 
300 

- 
- 
- 

> 300 
350 
320 
- 
- 

1.0 x 10-2 
1.1 x 10-2 
1.4 x 10-3 
1.4 x lo-; 
1.4 x 10- 

- 
- 
- 

<3 x 10-1 
2.5 x 
3 x 1 0 - 2  
- 
- 

406 2.1 x lo- '  
425 3.7 x lo-'  
425 lo- '  - lo-'  
460 3 x lo-' 
490 7 1 0 - 3  

430 - 

418 2.05 
387 3.15 

440 3.1 x lo - '  
460 4.4 x 10-I 
450 3.9 x lo- '  

400,550 6 x - 450 5 x 1 0 - 3  

I I I I I I 

50 42 34 26 - Energy (kK) 
- r ~ G U R E  17. Low-energy electronic absorption spectra of some cyanates. This figure 
is adapted from Figure 1 of Rabalais, McDonald, and M ~ G l y n n ~ ~ .  One kiloKayser, 

1 kK, equals IOOOcm-'. 
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large spin orbital coupling on the Pb centre will relax the forbiddenness of 
all T i  - So processes and increase their absorption probabilities. Effects of 
this sort are very well-known and are used as diagnostics of spin in- 
tercombination events65 and, even in analytical chemistry, as a means of 
enhancing the sensitivity of phosphorimetric techniquess0.81. Such effects 
are particularly evident not only in cyanates but also in thiocyanates and 
have been developed into a viable theory of colour in all post-transition 
metal saltss2. 

(iii) Most of these compounds exhibit a TI  -, So phosphorescence. Data 
on this phosphorescence are also collected in Table 11. The observed 
lifetimes, while generally longer than those coniputed from the absorption 
data are i n  excellent agreement with the spin-orbit coupling computations 
for the 'X+ -+ X I X +  transition. 

Phosphorescence and phosphorescence excitation spectra for a variety of 
cyanates are shown in Figures 18 and 19. Since the phosphorimetric 
technique is beset with difficulties attributable to the presence of impurities, 
i t  is well to emphasize that the observed phosphorescences are intrinsic to  
the NCO moiety. The evidence for the intrinsic nature derives from the 
commonality of the luminescence (i.e.. it is found in all salts as well as in 
HNCO and alkyl isocyanates) and from the vibrational progression in the 
symmetrical NCO- stretching mode which is ~ b s e r v e d ' ~  in the lumines- 
cence of NaOCN. 

The qhosphorescence spectra of Figures 18 and 19 and the Tj t So 
absorption regions of Figure 17 exhibit Stokes shifts which, in some 
instances, are of the order of 1.2 eV. This is a rather large Stokes shift for two 
events presumed to be related as TI  + So and TI  t So, respectively. The 
situation can be salvaged by assuming that the T1('Zf) state is bent 
whereas the So(X'X+)  state is linear, and that emission and absorption 
processes initiate in states of different geometry. Unfortunately, were this 
so. the phosphorescence event in NaOCN would be expected to be very 
much broader than it actually is, and to exhibit a long progression in the 
vibrational bending mode, which it does not. In view of these discrepancies, 
it seems better to assume that the 'A('A") + X&jT+ a b y p t i o n  event (i.e., 
the T2 +So event) is responsible for the 300 nm absorption band of Figure 
17. Certainly, this identification yields better accord between experimental 
and'calculated absorption intensities than does the '1" +- X'Z' assign- 
ment. It also rationalizes the diffuse nature of the 300 nm absorption band: 
The 'A state should split into two components by bending and one of these, 
the 3A" state, should carry much of the intensity resident in,!he T, t So 
transit ion. 

The 'Z+ state must now be located somewhere in the 300-400nm region. 
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The  weak intensity of the 3C+ + XIZ+ transition ( 30 times less than that 
of the 3A +--X'E+) &ill make it difficult t o  observe. This assignment 
rationalizes the large Stokes shift : T h e  1.2 eV shift corresponds to an  energy 
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FIGURE 18. Phosphorescence (P), TI --* So, and phosphorescence excitation spectra 
(E) for a variety of ionic and covalent cyanate salts. This figure is adapted from 

Figures 1 and 2 of Rabalais, McDonald, and M~Glynn '~ .  
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280 300 320 360 400 440 480 

Wavelength (nm) 

FIGUKE 19. Phosphorescence (PI, TI  + So. phosphorescence excitation (E), and 
fluorescence (F), S I  -+ S o .  spectra for C H , N C O  and C 6 H , N C 0 .  This figure is 

adapted from Figures 3 and 4 of Rabalais, McDonald and M ~ G l y n n ~ ~ .  

difference between 'A and 'Z+ states and, hence, is of no concern. It also 
rationalizes the discrepancy between lifetimes measured by phosphorimet- 
ric techniques and those estimated from the absorphon data (Table 11). 

Phenyl isocyanate (Figure 19) emits both fluorescence and phosphores- 
cence. The emission spectra typify those of a substituted benzenic entity. 
The fluorescence is a standard benzenic IL, --f ' A  process and the phos- 
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phorescence is a standard 3L, -+ ' A  process. The lifetime of the phosphores- 
cence, 3-15 sec, is typical for 3L, -+ ' A  processes and much of the observed 
vibrational activity occurs in modes internal to the phenyl moiety. 
However, some vibrational activity in modes internal to the NCO attach- 
ment is also observed, indicating a mixing of excited states of the two 
moieties, phenyl and NCO. Nevertheless, the 3L, attribution remains the 
best assignment. 

No discussion of the parent 'Z- state of any cyanate or thiocyanate has 
been given. The 3C- state is degenerate with the ' Z -  state in C,, and it is 
not expected that 3C- +- X ' X +  processes will be observable: They cannot 
compete with the more probable '1- c X ' Z +  absorption processes which 
will occur in the same, or closely similar. energy region. 

A synopsis of triplet state assignments is given in Figure 20, where also 
are shown the absorption/emission events upon which these assignments 
are based. A considerable body of data concerning thiocyanates is avail- 
able'* and has been used to construct the rightmost level scheme of Figure 
20. 
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s z 
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I 
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V z 

'A' L, 
3 

FIGURE 20. Triplet state assignments in cyanates and thiocyanates. 
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The 280-220 nm'dbsorption region has been investigated by Dixon and 
Kirbya3 in H N C O  and DNCO, and by Woo and Liua4 in alkyl isocyanates. 
Dixon and Kirby observed long series of weak vibrational members in 
the NCO bending mode initiating in origins at 2813 and 2624A, re- 
spectively. They concluded that the excited state was planar but severely 
bent, 119" I i$ NCO I 129". with a double minimum, one in the rrms and 
one in the cis configuration. The transition was assigned as ' A "  + X ' A '  on 
the basis of the out-of-plane polarization of the transition moment. 
However, in view of the low extinction coefficient. 2 E 2 lop3,  
Rabalais and  coworker^'^ prefer a 3A'  + X ' A '  assignment. I t  is difficult to 
say which one of these two assignments is correct. 

2. Singlet excited states 

The U.V. absorption spectra of some cyanates are given in Figure 17. The 
V.U.V. absorption spectra of N C O -  aad C 2 H 5 N C 0  are shown in Figure 21 ; 
that of H N C O  is given in Figure 22. These spectra constitute almost all the 
data available for the S j  c So transitions of cyanates. This scarcity of 

8 

Energy (kK) 

FIGURE 21. Absoi-ption spectra ofa thin film of NaOCN and ofgaseous C2H5NC0.  
These spectra are adapted from Figures 2 and  3 of Rabalais. McDonald and 

McGIynn'". One kiloKayser. 1 k K .  equals I O O O c m - ' .  
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spectra would be tolerable if  each spectrum was of high quality. Unfor- 
tunately, this is not the case. These spectra, for reasons we will now discuss, 
are all inadequate i n  one way or  another. 

supposition that one may treat the NCO- ion as being in  a C,-, 
environment is certainly wrong. The correct pdint group is determined by 
the symmetry of the site at which the anion is located in the thin film, and 
this is not known. In addition. since this is ii solid state spectrum, i t  may 
exhibit optical transitions which cannot occur in the gas phase (i.e.. exciton 
and defect spectra) and it may not exhibit certain optical transitions which 
do  occur in the gas phase (i.e., Rydberg transitions). Hence. the sgecification 
of a C,, symmetry for NCO- and the blithe statement that this spectrum 
refers to an isolated N C O -  entity are assumptions. 

Thegas phase spectrum o f C 3 H 5 N C 0  (Figure 21) probably refers to a C1 
and not a C, species. I n  addition. the quality of this spectrum is poor. The 
rising background absorption. as shown by the dashed line. is a sure 
indicator of poor spectrometric photon throughput and. hence. poor 
reso 1 11 t i  o n. Fi n a I I y. t h ?a bsen ce of absorption bands which might . with 
some assurance. be assigned as Rydberg transitions is disturbing. This 
spectrum requires remensurement and it  should be supplemented. at least. 
by those of CH,NCO and SiH3NC0.  Hence. the specification of C, 
symmetry for the gaseous molecule and the assertion that the spectrum of 
Figure 2 I represents a 'real' spectrum of C,HsNCO are assumptions. 

The spectrum of H N C O  (Figure 22). though apparently of good quality 
for i 5 160 nm. is unsatisfactory for 170 5 i < 200 nni. The low-intensity 
transitions which should lie at i > 17onm. the '1- + X ' E +  and 
' A  t X ' X +  analogues in the C, point group. have not been observed. This 
spectrum was not nieasured a t  adequately high H N C O  pressures and the 
i > 170 nin region has not been scanned at appropriate optical density. 
This spectrum should also be re-measured. 

The niolecular point groups of these iiiolecules are C, ,(NCO-),  
C,( HNCO)  and 'primitive' C,(C,H,NCO). The correlation ta'ble between 
states or C,,, and C, species is givep in Figure 11. The electric dipole 
allowedness and forbiddenness properties of the various S, t So transition 
are catalogued in  Table 12. 

a. I ~ ~ t r t r ~ x r l e ~ c e  ( o r  V e N )  tr'crnsirioris. With the above reservations i n  
mind, we now proceed t o  interpret the spectra. The arguments follow those 
of Rabalais and  coworker^'^, and this source should be gnsul ted for 
details. 

O n e  mag now use Table 12 i n  order to make distinction between the 
various transition ty2es. The process is straightforward. 

The spectrum of the NCO-  ion is that of a thin film of NaOCN. 

3 
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FIGURE 22. Absorption spectrum (top) of gaseous H N C O  and excitation spectrum 
(bottom) of the A 2 X  fluorescence of the NCO radical. Apart from intensity 
variations. both spectra are identicai. The absorption coetlicient. k .  is defined as 
k = ( I /pl)  log where p is pressure in aim. This figure is adapted from Figures 1 

and 4 of Okabe". 

TABLE 12. Allowedness ( ( 1 )  or forbiddenness (J') of S j - S o  
transitions in C ,,, and C, point groups and  the manner in which 

they correlate 
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For exatnplc. of the two allowed S, t So transitions in the C,, point 
group, the 'E+  +- X'Z'  transition, being of//  MO excitation type, should 
be more intense than the ' n  t X ' Z +  transition, which is of I MO 
excitation type. Furthermore. the former transition should not split 
whereas the latter should split into twd non-degenerate components in C,. 
Distinction between the two forbidden 'E-  + X ' Z +  and 'A +- X ' X +  
transitions of the linear molecule can be predicated upon observing the 
splitting of the latter by reducing the symmetry. 

The assignments of Figure 21 were made using arguments such as the 
above. These assignments, and the data used in making them, are given in 
Table 13. It is clear that the assignments of Figure 2 I and Table I3 are based 
on a large number of questionable inferences. Some of these are: 

( i )  I t  was assumed that the spectra of Figure 21 were totally of 
intravalence(V +- N )  nature. While this is probably true for the th in  film, it 
may be wishful tliinking to suppose that i t  is also true for the gaseous 
sample. 

( i i )  The transition which is identified as 'E -  t X'Cf  has t' z 650 in  
NCO-  ande 'v 60litremol- 'cni- '  inC,H5NC0.  Whilethelattervalueof 
E is in line for a forbidden S, +- So event. the former does seem to be a bit 
large. Thus, the assertions that both transitions are related. and that both 
are electric dipole forbidden. have little basis in fact. 

(i i i)  The 8.43 e V  absorption band of NaOCN is assigned as ' n  +- X ' I ' .  
The evidence for this assignment consists of the apparent allowedness of the 
8.43eV band(c = 5310) and the supposition that i t  splits into two h ; inJ s  in 
C 2 H 5 N C 0 .  7.80eV ( I :  = 2200) and 743eV ( e  = 48001itremo1 ' ( x - ' ) .  
The only type of transition which can exhibit such behaviuLii k a 
' n t X'X+ transition--hence. the assignment. The defects in this assign- 
ment are two-fold: Firstly. the I l l  + X ' X +  transition is 1. i n  the MO 
promotion sense which was used to construct Table 9. and the observed 
intensities appear somewhat large for such an assignment; and, secondly, 
the t X'X+ transition is predicted (see Figures 15 and 16) to lie at 
higher energies than the 'E' +- X ' Z +  transition. 

(iv) Objections similar to those of items ( i i )  and ( i i i )  may be raised w ~ t h  
respect to all assignments of Figure 2 1 .  

The data base for the thiocyanates is virtually non-existent. I t  consists of 
a number of solution spectra which have been reported by McDonald and 
c ~ l l a b o r a t o r s ~ ~  and the gas phase spectrum of HNCS (Figure 23) which is 
taken from the same source. Assignments are cited in Figure 23 for the two 
bands of HNCS. These assignments are based on arguments given by 
McDonald and They are unconvincing. 

e. 
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HNCS ( g )  

200 240 
X (nm) . 

FIGURE 23. The gas phase ab.prption spectrum of HNCS. Excited state assignments 
(Cy-v representations) are given. This spectrum is adapted from Figure 2 of 

M c b n a l d .  Scherr and McGly~in '~.  

The intravalence assignnients for all spectra are collected in Figure 24. 
These assignments are i n  general agreement wi th  the computational results 
collected in Figures 13, 15 and 16. 

b. Esrraixilnice (RjdDerg  or R t N )  trcinsitions. Rydberg transitions are 
of valence .+ extravalence excitation nature. In NCO-, for example, t$..e 
lowest-energy Rydberg excitation, in an M O  sense. would be designated 
2n --+ 3s. whereas in NCS- it would be designated 3rr --* 4s. The Rydberg 
spectroscopy of polyatoinic molecules has been reviewed by Robins6 who 
has induced considerable order in an area which previously, for the chemist 
anyway, had been a teri*n iiicognita. As a result of Robin's syrg$y?sis, we now 

,,have available a large number of simple empirical rules which enable us. 
given the set of molecular ionization potentials, to predict the energy of the 
various Rydberg absorption bands. 

The first of these rules relates to an occurrence criterion for Rydbergs. 
For example, if the PES band for the X'Z* --t 'n ionization event of 
NCO- is sharp (i.e., not diffuse), then the X'C' + 3s, X'C' -+ 3p. 
X ' P L  ---* 4s, etc. transitions should be expected to  be sharp also. Sharpness 
implies a concentration of oscillator strength in  a small wavelength intervd 
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I 

---__- 

'A" a 

FIG u R E  74. Ex pel-i mcn t al en cl-gy I cvcl d i agl-a i i i  s. wit l i  t en t a t iv c assign men t s. for 
NCO-. CZHSNCO. H N C S  iind C~,H~NCO. 

and. hence, the ability of otherwise moderately intense transitions to in- 
sinuate their peaks above the background of intravalence absorptivity. The 
rationale for this inference, very simply put. is that the ? n l  2.312 state of 
N C O -  is the terminal excitation event in  the progressive set of excitations 
2x + 3s, 2x --f 4s, 2x --f 5s,. . . . Since an electron is removed from a 271. M O  
in all cases and inserted either into the continuum (i.e.. the ionization event) 
or  into an 11s non-banding orbital (i.e.. the Rydberg event). the band shapes 
should be similar for both the Rydbel-3 and the ionization processes. 

The second rule is also an occiirrence criterion. I t  states that Rydberg 
orbitals. being large and difl'usc. tire csceedingly sensitive to environment. 
Thus, a sharp Rydberg transition of gaseous NCO - bcconies rnpidl? 
diffu9:d and submerges into background when NCO- is inserted into a 
solution, solid or liquid. In doing so. the Rydbcrg transition may be said to 
'disappear'. I n  the same vein. we may view the attnchea alkyl group of 
C 2 H , N C 0  as a solvent in which the N C O  group is embedded. Hence. when 
the alkyl group gets larage enough i t  tiiay diminish the chanccs of observing 
Rydberg transitions. * 

The third rule relates to the energy of the R t N event. I t  is assumed that 
the Rydberg equation holds and that the energy of the R t N transition is 
given by 

(1 8) 

P 

I I Y  = I P  - R / ( I I  + Ci)? 
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where I P  is the ionization energy of the ionic state in which the Rydberg 
series terminates (at I I  = x); 1 1  is the principal quantum number of the 
Rydberg orbital: R is the Rydberg constant; and (5 is the quantum defect 
which describes the extent to which the system of interest departs from 
hydrogen-like behaviour. The term value of the Rydberg transition is 
defined as 

Thegist oftlie Robin synthesiss6 is that he has been able, on the basis o fa  
large amount of correlative work, to formulate simple rules for the term 
vzlue, T. Unfortunately. these rules are of little help in the present instance 
and we must have recourse to equations ( 1  8) and (19). 

Based on the criteria of the three preceding paragraphs, one expects that 
HNCO and CH,NCO will exhibit Rydbeig spectra. All one need do  is refer 
to the photoelectron spectra of these molecules given in Figure 6. I t  is 
apparent that the lowest-energy ionization event, I P 1 .  is fairly sharp and 
intense in both spectra. Unfortunately, the photoelectron spectrum of 
C 2 H 5 N C 0  is not uvailable. However. if  we assume that the effect of adding 
another methyl group to C H 3 N C 0  is to reduce both I P I  and I P 2  of 
C H 3 N C 0  by -0.3 eV, we can use equation (18) to predict the approximate 
energies of the various R + N transitions of C 2 H 5 N C 0 .  These predictions 
for I-INCO. C H 3 N C 0  and C , H 5 N C 0  are given in Table 14. 

Inspection of Figure 22 indicates the presence of a number of transitions 
which might be of Rydberg nature. These are tabulated i n  Table 15 where 
they are also identified with respect to the I I I  indices. A similar comparison 
for C 2 H 5 N C 0  is also given i n  Table 15. I t  is apparent that the R t N 
assignments provide a facile interpretation of much of the HNCO and 
C 2 H 5 N C 0  spectra. This set of Rydberg assignments for C 2 H 5 N C 0  
suggests that many of the intravalence assignments of Figure 21 ought to be 
considered further. 

In sum, if the assignments of Table 15 are correct, the need to desigw:e 
the 7-13 eV band of C 2 H , N C 0  as 'A' ( 'A)  +- X ' A ' ( ' X + )  disappears. The 
'A'('n) +- X'A'('X+) and 'A"( 'h) t X ' A ' ( ' X + )  assignments for the 7.80 
and 7.93 eV bands. respectively, also become superfluous. This latter 
superfluity eliminates an obvious discrepancy between experiment and 
calculation: Calculations for C H 3 N C 0 .  as previously noted, d o  not predict 
any 'll state to be subjacent to the 'I+ excited state. Finally, the 
'A'('X+) +- X'.A' assignment a t  8-77eV is no longer unique since the 
4S(fp1) t N assignment is equally _good. 
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TABLE 15. A comparison of predicted R 6 N transition energies with absorption 
band energies 

HNCO (Figure 22) CzHsNCO (Figure 21) 

R - N  R t N  
Energy ( k K Y  Energy (k  K)" 

__ ______. 

Calc. Calc. 
Exptl. (equation 18) rrl(ifj) Exptl. (equation 18) 

} 73.9 3pUPI)  
72.7 
73.2 
74.7 I 
77.0 79.0 3d(IP 1 )  

80.6 80.8 4S(IPl) 70.6 71.7 

73.0 73.4 

" 1 k K  = 1 kiloKayser = 1OOOcin-' 

This speculative Rydberg analysis demands a re-evaluation of the 
intravalence assignments of the previous Section. I t  also demands an 
experimental re-evaluation of the valence and/or Rydberg character of each 
absorption event prior to any attempt at assigning it. 

D. Charge Transfer to Solvent (CTTS) Transitions 
3 

Treinin and c o ~ o r k e r s ~ ~ . * ~  have reported electronic absorption bands of 
thiocyanate, selenocyanate, and tellurocyanate ions in various solvents: 
these absorption bands exhibit molar extinction coefficients E - 3 x lo3. I t  
was concluded that these transitions, wanich occur in,the range 220-240 nm 
in NCS- solutions, correspond to a 'charge transfer to solvent' electronic 
transition. In  view of the observation of a similar but very much less intense 
absorption band in the gas-phase spectrum of HNCS, the 220-240 nm 
absorption band may well be assigned as a 'C- +- X ' X +  transition of the 
linear NCS- ion. Since the 'I+ ground state and the '1' excited state of 
NCS- are both polar states, i t  follows that the correspcnding transition 
energies and intensities shculd exhibit considerable solvation effects. 
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According to EH M O  calculatioi~s. the charge densities appropriate to 
the NCS- ground s t g e  are S :  -0.31: C :  -0.22: and N:  -0.47. Those 

the . . . (2n)'(3n)' configuration are S :  - 0.05; C;  - 0.61 ; and 
ie linear NCS- ion. Thus the 2n -+ 3n excitation possesses 

considerable charge-transfer character. Furthermore. the excited state 
shows more asymmetry ofcharge than does the ground state. In view ofthis, 
one expects the lowest-energy S ,  t So transition to decrease in energy in 
polar solvents. This attitude explains some, but not all, of the observations 
upon which the CTTS postulate is based. 

i?. Summary of Excited State Considerations 

I t  seems obvious tha t  our knowledge of excited states of cyanates and 
thiocyanates is in an exceedingly poor state of repair. In order to be more 
specific. we enumerate: 

( i )  The intravalence (N -, V) assignments for the cyanates overlap to a 
considerable degree with the extravalence ( N  -+ R )  assignments (Section 
IV.C.2.a and b). Both sets of assignments cannot be simultaneously correct. 
The determination of the proper assignments demands the redetermination 
of vacuum ultraviolet (v.u.v.) spectra of HNCO, C 2 H , N C 0  and NaOCN; 
the determination 0fv.u.v. spectra ofCH,NCO and SiH'NCO: and the use 
of independent assignment criteria such as are provided by Stark effect 
studies and magnetic circular dichroism measurements. 

(i i)  N o  V.U.V. spectra of any thiocyanates appear to be available. These. of 
course, should be mdksured. 

(ii i)  The tellurocyanates and selenocyanates. if their spectra were avail- 
able. could settle the guestion s f  N -+ R or N -+ V assignments in the 

( iv)  The behaviour of the energy levels ".3T+, ( ' . 3 ' X -  a nd 'l.''A must 
be studied as a function of the parameters A .  B. C. D. tIlp and'<,,,+ , l p  (see 

'Figures 8 and 9). Such studies would lead to predictions" about the 
spectra of cyanates. thiocyanates. tellurocyanates and selenocyanates 
which might help i n  making definitive assignments for all of them. 

(v) The luminescence studies are qualitative and require reinvestigation 
in order to establish the intrinsic nature of the luminescence, its polariza- 
tion, and its dependence on matrix. 

(5 )  The study of solvent effects on transition energies, intensities and 
polarizations must be extended in order to  confirm or negate the CTTS 
concept . 

cyana t es". SP 
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Despite the deficiencies implied in  items ( i l  d v i L  a number of definitive 
statements can be made. These are: 

(vii) Cyanates and thiocyanates emit phosphorescence of T, -+ So 
nature. This phosphorescence is assigned a s  '1 -+ X'E+ .  The 3E+ state 
may be characterized by a bent NCO or NCS group. 

(viii) Non-aryl cyanates and thiocyaiiates do  not emit fluorescence of 
S ,  -+ So nature. I t  is probable that the density of states at the S ,  level is so 
high that S ,  -+ So einission cannot compete with the energy degradative 
events S ,  CCT So or  S ,  r~ T I .  

( ix)  The lower-energy Sj c So absorption region is dominated by the 
'A  +--X'E+ and ' E -  + X'E+  transitions (or their analogues in  point 
groups of lower symmetry]. Many. if not all. of these lower energy S j  states 
are characterized by a bent NCO or  NCS grouping. The resulting spectra. 
as expected, are diffuse. 

(x)  The liighei--energy S j  t So absorption region is dominated by 
'X7 +--X'E+ (or its analogue in point groups of lower symmetry) and 
R + N transitions. The possible occurrence of ' n  t X ' E +  transitions (or 
analogues) in this region is debatable. 

(xi) Theory and computation are in much better repair than is experi- 
ment. I t  is in  the realm of experiment t h a t  the greatest amount of work is 
required. 

V. CONCLUSJON 

The results of this work are summarized in Sections ll.C. and 1V.E. and 
will not be elaborated further. I t  is \\forth noting. however, that our 
knowledge of the ground state far surpasscs that for a n y  excited state. This. 
of coiirsc. is ;I general state of affairs. thc reasons for \vhich are given in 
Section I l l .  a 

The discussions of this work have much broader implications than inere 
reference to cyanates and thiocynnates. The discussions bear on the 
spectroscopy of all linear molecules which contain I6 valence electrons. In  
other words. the assignments of excited states and the characteristic 
properties ofthese and the ground state for cyanates and thiocynnates must 
fit smoothly within the context of all linear functionals. molecules. and ions 
with 16 valence electrons. A n  attempt at such :i fitting is nvailable". 

The authors are indebted to ;i nun7ber of persons. David Dougherty 
(LSU)  performed the majority of the computations which arc reported. and 
Anne Wahlborg deserves credit for inducing order i n  a manuscript i n  
which. in  i t ia I I y. there \va s no ne. 

* 



66 Klaus Wittel, James L. Meeks and Sean P. McGlynn 

VI. REFERENCES 

1. A. D. McLean and M. Yoshimine. I E i M  J .  Res. D e d o p . ,  12, 206 (1968). and  

2. A. D. Walsh, J .  C h i .  Soc.. 2266 (1953). 
3. The  actual calculation is an  iterative Mulliken-Wolfsberg-Helmholz scheme, 

described in Reference 4. rcN = 1.59A. 
4. J. W. Rabalais, J. R. McDonald, V. Scherr, and  S. P. McGlynn, C h i .  Reu.. 71, 

73 (1971). 
5. V. E. Zavodnik, Z. V. Zvonkova, and G. S. Zhdanov. Kr is t t r l /ogrc r~~~a,  17, 107 

6. V. Shettino and I. C. Hisatsune, J .  Clrerit. Plij*s.. 52. 9 (1970); J. C. Decius, J. L. 
Jacobson, W. F. Sherman, and G. R. Wil kinson. J .  C h i t .  Phj.s.. 43,2 I80 ( 1  965). 

7. S. D. Peyerinihof and R. J. Buenker, J .  C h i .  Phys., 47, 1953 (1967). 
8. B. M. Rode. W. Kosmus, and E. Nachbaur. Client. Pltj.s. Letters. 17, 180 (1972). 
9. V. B. Zabrodin. A. A. Bagatur’yants. and S. Entelis. Zh. Fis .  Khirit., 42, 2324 

10. D. A. Bochvar. A. A. Bagatur’yants. and V. B. Zabrodin. T e o r .  E k s p .  Khirii. ,  5, 

11 .  V. B. Zabrodin, Zh. Fis. Khii i i . .  45. 682 (1971). 
12. T. Yonezawa, M. Kato, and H. Konishi, Biill. C / t o r ~ .  Soc. .lap.. 40, 107 (1967). 
13. B. M. Rode, W. Kosmus. and E. Nachbaur. Z.  Ntriiwfor-sclt.. A29. 650 (1974). 
14. R. Polak and P. Rosmus, Theor. Chilli. Ac‘ttr. 24. 107 (1972). 
15. L. DiSipio, L. Oleari. and G. D. Michaelis. Coord. Clieru. Re(:.. 1. 7 (1966). 
16. K. F. Purcell. .I. Ariter. Cherit. Sac.. 89. 61 39 ( 1  967). 
17. E. L. Wagner. J .  Clier~.  Ph?,.. 43. 2728 (1963). 
18. R. Bonacorsi. C. Petrongolo. E. Scrocco. and J. Tomasi. J .  Cherii. f l i p . ,  48, 1500 

19. P. Politzer and P. H. Reggio. J .  Aiticr.. Climii. Soc.. 94, 8308 ( I  972). 
20. M. Yoshimine and A. D. McLean. I r i t .  J .  Q i i t i i i t i i r i i  Clierii.. 15. 3 I3 (1967). 
21. T. Koopmans. Phj~sico. I ,  104 (1934). 
22. K. Siegbahn. C. Nordling. A. Fahlman. R .  Nordberg. K. Hamrin. J. Hedman. G. 

Johansson. T.‘ Bergmark. S.-E. Karlsson. I. Lindgren. and B. Lindberg. 
‘ESCA-Atomic. Molecular and Solid State Studies by Means of Electron 
Spectroscopy‘. Norti Acttr Rcgitre Soc. Sci. Up.str/ic~ri.sis. Ser. LV. Vol. 20. 

23. K. Siegbahn. C. Nordling. G. Johansson. J. Hedinan. P. F. Heden. K. Hamrin. 
U. Gielius. T. Bergmark. L. 0. Werme. R. Manne. and Y. Bear, ESCA Applied 
to F r w  Molecirles. North Holland. Amsterdam. 1969. 

24. D. W. Turner. A. D. Baker. and C. R. Brundle. ~ d o / e c ~ r i a r  Pl~otoelectror~ Spectro- 
scopj’. Wiley-Interscience. London, 1970. 

25. J. H. D. Eland, Pliotoelccrrm Spcctroscopj~. Ari llltrotliccrioil to Ultrcwiolet 
flioroelecrrorr Speciro.scopjq i r t  tlie Grrs Phtr.sr. Halsted Press. New York. 1974: 
Butterworths, London, 1974. 

Supplement ‘Tables of Wavefunctions for Linear Molecules’. 

( 1972). 

( 1968). 

753 (1969). 

( 1968). 

26. G. Karlsson and R. Manne. PIi!..s. S ( ~ i p t t r .  4. 119 (1971). 
27. R. Manne. J .  Clierii. Plr!s.. 52.5733 ( I  970): J .  Pll!sir/ire. 32. C4-15 1 (1971): Cherii. 

PI1j.s. Letters. 5. 125 ( 1  970); M. Klasson and R. Manne. in Elrcrrort Specrr-oscopy 
(Ed. D. A. Shirley). North Holland. Amsterdam, 1972. p. 471. 

28. R. N. Dixon and D. A. Ramsay. Crrrr. J .  P l l j x .  46. 261 3 (1968). 
29. R. N. Dixon. Phil. Trtrris. Rex. Soc.. Loridon. A252. I65 (1960). 



Electronic structure of the cyanato and thiocyanato groups 67 

30. P. Baybutt, W. N. E. Meredith, M. F. Guest, V. R. Saunders, I .  H. Hillier, J. A. 

31. J. M. Hollander, D. N. Hendrickson. and W. L. Jolly, J .  Cherri. Phys., 49. 3315 

32. D. N. Hendrickson. J. M. Hollander. arid W. L. Jolly, Iriorg. Cherii.. 8.2642 (1969). 
33. A. H. Norbury, M. Thompson. and J. Songstad. Iii0r.g.  Nircl. Chcwi. Letters, 9, 

34. W. E. Swartz. Jr.. J. K. Ruff. and D. M. Hercules, J .  Airier. Clicwi. Soc., 94, 5227 

35. D. C. Frost, A. Ishitani. and C. A. McDowell. Mol. Phj~s.. 24. 861 (1972). 
36. H. Basch, Clieiii. Phj*s. Lerters. 5, 337 (1970). 
37. G. E. Maciel and D. A. Beatty, J .  Phys. C/iem., 69, 3920 (1965). 
38. W. E. Swartz and D. M. Hercules. A r i d .  Chcwr., 43. 1066 (1971). 
39. J. E. Kent and E. L. Wagner. J .  Cheiii. Phjx. 44.3530 ( 1  966) and references given 

therein. 
40. J. H. Jones, J. N. Shoolerey, R.  G .  Shulman. and D. M. Yost. J .  Cherri. PIiys.. 18. 

990 ( I  950). 
41. R. Kewley. K. V. L. Sastry. and  M. Winnewisser. J .  M o l .  Specrrosc.. 10. 418 

( 1963). e 
42. D. W. W. Anderson. D. W. H. Rankin. and A. Robertson. J .  Mnl. Srrucriire, 14. 

385 (1972). 
43. H. Dreizler. H. D. Rudolph. and H .  Schleser. Z .  Natirr:for.wh. A25, 1643 (1970). 
44a. K. Antos. A. Miirtvon. and P. Kristicen. Coll. Czech. C/iwi .  Coniniim.. 31. 3737 

44b. D. Martin and W. M. Brause. C h e r ~ .  Ber.. 102. 2508 (1969). 
45. M. C. Gerry. J. C. Thompson. and T. M. Sudgen, Ntrtirre, 211, 846 (1966). 
46. D. R. Jenkins. R. Kewley. and  T. M. Sudgen. Troris. Frrrd t r ! ,  Soc.. 58, 1284 

47. C. Glidewell. A. G. Robiette. and G.  M. Sheldrick, Cherii. P1i.r.s. Lrrters. 16. 526 

48. H. Oberhammer. 2. Ntrrirr:/or.sc/i.. A26. 280 (1971). 
49. See Reference 8: B. M. Rode. W. Kosmus. and E. Nachbaur. IMoritrrslieffc 

50. J. A. Pople and D. L. Beveridge, Approsirurrrc Molecirlar Orb i rd  Throrj., 

5 1. SrrirctirrcJ Collcwiori. B. Starck. Ed.. University of Ulm. Ulm. Germany. 
52. L. Vilkov and S. H. Bauer. Fortschr-irte Cherri. Forsrh.. 53. 25 (1975). 
53. J. Del Bene and H. H, Jaffe. J .  Chcrri. Phj*s.. 44. 3530 ( 1966) and references given 

54. J. H. D. Eland,' Phil. Trtrris. R o ~ ~ r l  Soc. Loiirlori. A268, 87 ( I  970). 
55. S. Cradock. E. A. V. Ebsworth, and J. D. Murdoch. J.C.S. Ftrrrrtla!. 11. 68. 86 

56. W. Kosmus. B. M. Rode. and  E. Nachbaur. J .  Elec*rrori Specfro.sc~., 1. 408 
(1972/1973): there seems to be a mistake in their figure 1, co!icerning the 8a' trh 

Connor. and M. Barber, Mol. Phj-s.. 25. 1011 (1973). 

( 1968). 

347 (1973). 

( 1972). 

( 1966). 

( 1962). 

( 1972). 

CIIerIIiE. 105, 19 I ( 1 974). 

McGraw-Hill. New York. 1970. 

therein. 

( 1972). 

iriitio energy. 
57. K .  Wittel, H. Bock. A. Hass. and  K. [H. Ptlegler. J .  Electrori Spc)cfr.os c.. 7 ,  365 

(1975). 
58. H. Stafast. H. Bock. and  P. Rosmus. Cherii. PIixs. Letters, in press. 

' 

59. H. Stafast. Thesis. University of Frankfurt. Frankfurt. Germany. 1974. 



68 Klaus Wittel. James L. Meeks and Sein P. McGlynn 

60. Y.  Toknh:ishi and K. Yabc. Hirll. Clwrii. SO(.. J ~ i p i r i .  42. 3061 (1969). 
61. P.-0. Lowdin, J .  Chrrii. P/ij.s.. 18. 365 ( 1950). 
62. R. S. Mulliken. J .  Chew. P/r!..s.. 23. IS33 ( I  955). 
63. W. G. Richards, J. ;\ It is.s Spcrrorir.  Iori Plijx. 2. 419 (1969). 
64. W. Kutzelnigg. Aiigcw. Clic~rriic. 85. 5 5  I (1973): I i i r c r r i r r r .  Etlir.. 12, 546 (1973). 
65. S. P. McGlynn. T. Azumi. and M. Kinoshita. !\3o/ccirltri. S/'cc.tro.sc.~,/'j' otf' rlw 

Triplvr Srare. Prentice-Hall. New York .  1969. 
66. S. P. McGlynn, L. Ci. Vanquickenbornc. D. G. Carroll. and M. Kinoshita. 

Iiirrodiicrioii io Applied Qirtrurwi C/wr,risrr.j.. Holt. Rinehart and Winston. New 
York. 1972. 

67. M. Hamermesh. Group Tlicorj., Addison-Wesley Publishing Co.. Reading 
(Mass.). 1962. 

68. G. W. King. Spccriwscopj' t r r i d  : \ ~ l o l ~ ~ t ~ i r l r r r  S r r w w c .  %olt. Rinehart and  
Winston. New York. 1964. p. 412. 

60. H: C. Longuet-Higgins. ;!tl~:rriicc~.s iri Spcc.rr.o.sc,o/'~, .  2. 429 ( I96 1 ). 
70. K. Dressier and D. A. Ranisey. Phil. Trrrris. Ro?.. Soc . .  Lorirloi:. 251A. 553 (199) .  
7 I .  M. K:Ls~:I, Disc~rr.ssioii.s F'trr.trt/rrj. Soc.. 9. I4 ( 1950). 
72. E. Gusarsky and A. Treinin. J .  Plr!..s. C/im.. 69. 31 76 ( 1  965). 
73. M. B. Robin and  N. A. Kuebler. J. :\.id. Spc~c~rrosc.. 33. 247 (1970). 
74. D. G. Carroll, L. G. ~ ~ n q u i c k e n b o r n c .  and S. P. McGlynn. J .  Cliewi. Phjx. 15. 

75. J .  W. Rabalais. J. R. McDonald. V. Scherr. and S. P. McGlynn. Clioii. R c ~ s . ,  71. 

76. J. R .  Platt e f  d.. F r w  Elecrrm Tlicwrj. of'Cor!jirgtrrc.c/ Molc~cwlcs. 1. Wilcy S: Sons. 

77. J. W. Rabalais. J. R. McDonald. and  S. P. McGlynn. J .  Clrcwi. P/i!.s.. 51. 5095 

78. J. R. McDonald. V. M. Scherr. and S. P. McGlynn. J .  Clicw. P/ij..s.. 51. 1723 

79. J .  W. Rabalais. J. R. McDonald. and  S. P. McGlynn. J .  Chew. P/ij..s.. 51. 5103 

SO. S. P. McGlynn. B. T. Neelg. and  C. Neely. A i i d .  Cliirii. .4crtr. 28. 471 (1963). 
8 1. M. Zander. P/ io~~ , ' io r i r i i e r r~ .  Academic Press. New York. 1968. 
82. S. P. McGlynn, i n  Liriuirirscewcc~ 4' Crjxrtils. ,Llolecwle.s rrritl Solirfioris (Ed. F. E. 

Williams), Plenum Publishing Corp., New York. 1973. p. 399. 
S3. R. N. Dixon and G. H. Kirby. Ti.rrris. F t r r w / t r j .  Sw.. 64. 3002 (196s). 
84. S. Woo and T. Liu. J .  C h i .  Phj.s.. 3. 514 11935). 
85. H. Okabe, J .  Chon. Ph  
86. M. &Robin, Higher E 

Academic Press. New York. 1974. 
87. D. Shapira and A. Treinin. .1. P l i j x  Cli~wi.. 70. 305 ( 1966). 
88. P. Hochniann. P. Ternplet, H.-t. Wang. and S. P. McGlynn. .I. C h i .  Phj.s.. 62. 

89. F. R. Greening. C l r n ~ .  Phjx Lrrrcxs. 34, 5 s  I (1975). 

2777 ( 1  066). 

73 (1971). 

Inc.. New York. 1964. 

( 1969). 

( 1969). 

( 1969). 

.rrror?lic :\lo/cc~lr/c.s. Vols. I and I I. 

2588 ( I  975). 



CHAPTER 2 

Structural chemistry of the 
cyanates and their t h o  
derivatives 

ISTVAN HARGITTAI 
Ccw w e d  Resm r ch 11 i s  I it LI ie cf Chen i isr ry of the Hirtigciriun A ccidei?iy 
of Sciences, H-1088 Biidupest, Pirskiii irtcci 11-13, Hungary 

and 

IAIN c. P A U L  
Depmttnent of Clicwiistiy, School qf Chemical Sciemes. Utiioersity 
of’/Ilinois. Urbaria, 1llinoi.s. 61801. U.S.A.’ 

I .  
11. 

111. 

IV. 

V. 
v1. 

VII .  
VIII .  

1x. 

X. 

XI. 

XII .  
X I I .  
XIV. 
__ 

INTKODUCTION . 

GAS PHASE . 
STRUCTURAL VARIATIONS I N  THE ISOCYANATE AND ISOTHIOCYANATE 
GROUPS I N  THE GAS PHASE. . 

CYANATE (OR ISOTHIOCYANATE) GROUP. 
CONFORMATIONS OF MOLECULES I N  THE GAS PHASE 
GEOMETRICAL VARIATIONS I N  THE REST OF THE MOLECULE AS OBSERVED 

Two THIOCYANATES IS THE GAS PHASE 
CRYSTAL STRUCTURE DATA ON COVALENT CYANATES AND ISOCYAKATES 
CRYSTAL STRUCTURE DATA ON COVALENT THIOCYANATES AND Iso- 

EXPERIMENTAL INFORhlATlON O N  T H E  GEOMETKY OF MOLECULES IN THE 

S T R U C T U K A L  VARIATIONS I N V O L V l h G  THE ATOM ADJACENT TO THE ]SO- 

. 

IN T H E  G A S  PHASE . 
. 

THIOCYANATES . 
C K Y S T A L  S T R U C T U R E  DATA ON SELEXOCYt KATE5 A N D  RELATED C O h l -  

P O U N D S  . . 
CRYSTAL STRUCTURE DATA ON METAL COMPLEXES CONTAINING 
CYANATE, THIOCYANATES A N D  RELATED LIGANDS 
CONCLUSIONS . 

REFERENCES . 
A C K N O W L E D G M E N T S  . . 

69 

74 

78 

S l  
86 

94 
96 
98 

101 

113 

119 
124 
124 
I24 

~~ 

1. INTRODUCTION 

In  this chapter, an attempt will be made to survey the geometrical and 
conformational information that  is available on the cyanate (la) and 
isocyanate (1 b) groups and on the thiocyanate (2a) and isothiocyanate 
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(2b) groups. Some data will also be presented on selenium analogues. T h e  
group NCE ( E  = 0, or S) is called cyanate (thiocyanate) or isocyanate 
(isothiocyanate) depending on whether it is bonded to the remainder of 
the molecule through E or through N. Information obtained by studies 
on the gas phase and on the crystalline phase will be presented on mole- 
cules containing these groups. Unfortunately very few molecules containing 
these groups have been studied both in the gas phase and in  the crystal, so a 
detailed comparison of dimensions obtained on the same molecule in the 
two phases is not possible. The preponderance of niicrowave and electron 

R- OCN 

(1 a)  

R-SCN 

R-NCO 

(1 b) 

R-NCS 

diffraction studies are on small molecules where the cyanate or thio- 
cyanate group is a major portion of the structure, whereas the X-ray 
studies that have been reported are largely concerned with thiocyanates 
and often with molecules that contain more than one sulphur or selenium 
atom. A great many metal complexes of the pseudohalide cyanate (iso- 
cyanate) or thiocyanate (isothiocyanate) group have been studied by 
X-ray diffraction. No  attempt will be made to give a comprehensive 
coverage of the metal complexes as there are a number of recent reviews 
and the subject is inappropriate for detailed coverage in a book basically 
designed for a readership drawn from organic chemists. 

More members of the isocyanate and isothiocyanate classes of cqni- 
pound have been studied in the vapour phase for the purposes ofstructural 
elucidation than of any other class. Those members of the isocyanate 
and isothiocyanate classes whose molecular structures have been deter- 
mined by either electron diffraction or microwave spectroscopy are 
listed in Table 1 where the experimental technique used is also indicated. 

With modern experimental techniques and large computers, it is now 
possible to achieve L’ncertainties in the parameters determined that are 
smaller than the differences between the values for the same parameters 
that are determined by different physical techniques. These latter dif- 
ferences arise due to the different physical meaning attached to what is 
actually measured. 

The present discussion starts with a very brief survey of the types of 
molecular geometrical inf9rmation that chn be obtained by electron 
diffraction and microwave spectroscopy and of the types of internuclear 
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TABLE 1. lsocyanates and isothiocyanates for which vapour-phase molecular 
geometries have been elucidated 

t 

Isocyanates Isothiocyanates 

Tech- 
Compound nique" Reference 

Tech- 
Compound nique" 

~~ 

Reference 

HNCO MW 1 
CH3NC0 MW 4 

ED 5 
NCNCO MW 6 
C,H,NCO MW 7 
SiH,NCO MW 8 

ED 9 
(CHI),SiNCO ED 1 1  
Si(NkO), ED 
CISi(NCO), ED 
CI,Si(NC0)2 ED 
CI,SiNCO ED 

GeH,NCO ED 
F,PNCO ED 

F,SiNCO ED 

HNCS MW 
CH,NCS MW 

ED 

SiH,NCS MW 
ED 

(CH,),SiNCS ED 
2 
3 
3 
3 
4 
5 
6 FzPNCS 

Ci2(0)PNC0 ED 17 
ClNCO MW 18, 19 

ED 20 

2, 3 
4 
5 

10 
9 

1 1  

ED 16 

" Techniques: M W-microwave spectroscopy. 
ED-electron diffraction. 

distance parameters that appear most often in the original papers and in 
some of our Tables. Then the structural results on isocyanates and 
isothiocynnates will be reviewed and, in conclusion, structural data on 
two thiocyanates will be mentioned. 

Completeness has not really been attempted, but rather we wanted to 
provide a general picture of the state of vapour-phase molecular structure 
determinations i?~ these classes of compounds. Nevertheless, since vapour 
phase studies are a quite well-defined, although not very wide, area and 
also because of the importance of these very simple molecules, we at- 
tempted a nearly complete coverage. It may also be noted that most of 
the references are of quite recent origin, providing witness to a renewed 
and intensive interest towards the structural-and, accordingly, bonding-- 
properties of simple isocyanates and isothiocyanates. 

I t  is anticipated that experimental studies in this area will be continued 
and that more and more experimental data will contribute to an extension 
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of our knowledge about chemical bonding in isocyanates and related 
compounds. We have not attempted to draw too far-reaching conclusions 
from the available data at this time but rather we have tried to systematize 
them and in so doing we hope to have facilitated further development in 
this area. As an aid to systematization, we have also included information 
concerning the types of representation of the geometrical parameters from 
the original papers. Such information is becoming increasingly important. 

Some comment should also be made concerning the uncertainties 
reported for the structural parameters. In all cases the values from the 
original papers are given although their meaning may vary considerably. 
Accordingly, if further use of the structural, parameters is intended. 
particularly if effects whose magnitude is comparable with the experi- 
mental error are to be examined. i t  will be necessary to consult the or’igina! 
papers for more detailed information. 

In the section on X-ray diffraction studies, most of the analyses on 
cyanates, isocyanates, thiocyanates, isothiocyanates. and selenium ana- 
logues that are covalently bonded to non-metals will be examined. I n  
many of these cases, the X-ray diffraction studies were carried out 15-25 
years ago: they were based o-’ntensity data measured on film, and 
sometimes intensitiesA-om only one or two reciprocal lattice zones were 
used in the refinemegt. Accordingly. while the gross structiiral details are 
usually correct. no definite evidence for molecular dimensions can be 
drawn. An attempt will be made to provide a reasonably critical discus- 
sion of the analyses that are available. 

The crystallographic R-factor, which is defined as I/Fob,l - IFct,,cIi/ 
IF,,J, has been traditionally used as indicator of the agreement between 

the observed and calculated structure factors and. somewhat indirectly, as 
a measure of the quality of the analysis. While there are other mpsures  
of the quality of the analysis or refinement. e.g. the size of the estimated 
standard deviations for the structural parameters. the value for the stan- 
dard deviation of an observation of unit weight. or the ‘goodness of fit‘”, 
and the internal consistency of bond lengths that should be chemically 
equivalent, some of which are definitely superior to R-factor. the R- 
factor remains a widely-quoted and fairly useful measure of the level of 
reliability of the analysis. With photographic data. R-factors less than 
0.1 3-1.14 indicate fairly well-refined structures, while R-factors of d ‘ b out 
0.20 imply either that the measured intensities are quite inaccurate or that 
there is something significantly wrong with the structural model. although 
probably not to the extent that the overall molecul:ir structure is incorrect. 
When the reflection data are measured by counters, usually on an auto- 
matic diffractometer. R-factors below 0.05 can be obtained in Bareful 

’2s 
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work. However. some of the crystal structures to be described in the 
following section are based on intensity data collected from only one or 
two zero-level nets of the reciprocal lattice. Data from such a net can give 
information on only two of the fractional atomic coordinates. I n  such 
cases. a low R-factor c i ~ l  be quite misleading. I t  can iniply a good level 
of refinement, yet as  only two coordinatcs for the atomic positions can be 
obtained froiii such a pro-jection. great uncertainties remain as to the three- 
dimensional strucf*.ire. Serious obscurities in the ntoIiiic resolution can 
also arise due to ‘overlap’ of atoms along the direction of pmjection. 

The estimated standard deviations that are quoted in an X-ray dif- 
fraction paper usually are obtained from the elements of the inverse matrix 
of the normal equations relating the atomic parameters in  the least squares 
procedures. For a discussion of these procedures. see Reference 21. 
However. such estimated standard deviations are based on an assumption 
tha t  the errors in the data follow a normal distribution. i.e., that they 
are random errors. Unfortunately. there are several sources of systematic 
error in X-ray intensity measurements. some of \vhich can be quite 
difficulr to correct exactly. In the case of data collected by fil in,  errors 
often arise due to variations in  the response of the X-ray film, the difficulty 
of measuring integrated intensities particularly when the intensity of the 
retlection was distributed i n  direrent shapes at diff’erent parts of the film. 
and because of the problems of scaling the films of diFferent nets together. 
While the advent of automatic difti-uctorneters employing counters has 
removed many of thcse probleins. errors can also arise due to the difficulty 
of treating such corrections that arise from absorption or extinction of 
the scattered X-ray beams. Many of the effects of thesc types of errors 
would nor be reflected in the value of the R-factor or in the esiimated 
standard deviations tha t  wGuld be obtained from the least-squares 
ref; ne men t . 

Another type of complication that can arise, particularly when dealing 
with ;i small linear or near-linear group such a s  isothiocyanate, concerns, 
an qtificial shortening of the bond length that is measured i n  the diffraction 
esperiment due  to the type of thermal vibration that the group undergoes 
in the crystal. The electron density at a particular point & l i t  is measured 
i n  the diffraction esperiment will be a time average of the density at that 
point in a l l  the unit cells. If the group is vibrating in a direction perpen- 
dicular to its extended length. and pivoting or ’riding’ on the inner atom. 
then the electroi++density will appear smeared out as shown in Figure I .  
However. when the density is averaeed along the axis of the linear group, 
the innsimum will appear closer to the pivot point than the actual atomic 
position. 1f the group ‘rides’ precisely on an inner atom, and if the thermal 
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I I 
I 
I 
I 

I 
I 
I 
I 

( b )  
i 

FIGURE 1 .  Diagram showing the effect of ‘riding’ motion on a linear group, (a) no 
thermal vibration, (b) thermal vibration normal to the length of the group, showing 

that the mean electron density is displaced toward the pivot point. 

parameters are well defined, a fairly good correction can be made”. 
However. such motion is often coupled with some other type of vibrational 
motion and it is difficult to carry ou t  an accurate correction. One should 
therefore be aware of the probability that ‘uncorrected’ measurements 
of bond lengths in linear groups such as cyanate or thiocyanate may well 
be artificially short i n  a n  X-ray diffraction esperiment. 

Finally, while the molecular dimensions obtained in an X-ray dif- 
fraction experiment conducted under optimum conditions (good crystals, 
good data collection facilities. and adequate computing facilities) should 
be quite accurate, e.g. - 0.005 A for a C-C (or C-N) bond, it should be 
kept in mind that the molecules in the crystal are in a high state of aggrega- 
tion. are almost always required by the nature of crystals and their 
symmetry to adopt a uniforq conformation, and that intermolecular 
interactions can play a more important role in determining the molecular 
conformation than they would in the gas phase or in solution. 

I I .  EXPERIMENTAL INFORMATION ON THE GEOMETRY 
OF MOLECULES IN THE GAS PHASE 

Of thc various aspects of molecular structure. those dealing with the 
georrierrj. of molecules will be stressed in the following discussion. The 
geometry of molecules can be dealt with on two levels. One level is a 
qualitative characterization of the atom connectivity and the overall 
shape and symmetry of the molecule. The other level is more quantitative 
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and involves the determination of the precise relative spatial positions 
of the atoms in a molecule. These results are often described in terms of 
the bond lengths, bond angles, and the angles of internal rotation in 
the molecule. The variations of such geometrical parameters, especially 
when considered in series of related compounds, may reveal important 
information concerning chemical bonding. However, in gas-phase studies, 
the quantitative determination of molecular parameters cannot be 
carried ou t  without a knowledge of the first level, as will be demonstrated 
by the studies to be discussed in this chapter. 

The experimental data obtained in the vapour phase are particularly 
important because only here can a molecule really be considered to be 
unperturbed by the presence of others and so the structure found in the 
vapour phase should be determined exclusively by intramolecular forces. 
There are cases where substantial differences have been recorded between 
the structures determined in the crystal by X-ray diffraction and in the 
vapour phase by electron .diffraction or microwave spectroscopy”. 

An unambiguous description of the molecular geometry would be that 
of the equilibrium geometry, which would represent the geometry of a 
hypothetically motionless structure corresponding to the minimum of the 
potential energy function. Molecules, however, are not rigid bodies and 
the distances between constituent atoms are considerably influenced by 
molecular vibrations and rotations. The influence of the intramolecular 
motion appears in different ways depending on the exact nature of the 
physical techniques used to determine the geometrical parameters. Such 
effects are particularly important for molecules that undergo large 
amplitude motion. 

The two principal techniques for determining the molecular geometry 
in the vapour phase are electron diffraction and rotational spectroscopy 
[(for further reading and references see, for e~ample,’~-’~)] .  The inter- 
nuclear distances obtained directly fr0.m a least-squares analysis of the 
electron diffraction intensities are the so-called i’, effective parameters. 
The i’, distance is rigorously equal to the rg( l )  distance that corresponds 
to the position of the centre of gravity of the P(i’)/i’ distribution f u n c t h  
where P i j ( r )  dr  expresses the prhbability that an rij distance is between 
i’ and i’ + dr. The i d g  [or often r,(O)] distance corresponds to the position 
of the centre of gravity of the P(r)  function, or, in other words, rg is the 
average value of the internuclear distance. To a good approximation 

r’, = i’, + / ” I - , .  

In the above expression, I’ is the mean square amplitude of vibration also 
obtainable from the  electron diflraction experimental data. I t  should be 
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noted that the electron diffraction intensities are obtained as averages 
from the molecules distributed among the vibrational states. 

The average internuclear distance (I’J can be expressed in terms of the 
equilibrium internuclear distance (r,) in the following way: 

( A s 2 )  + (A!.’) 
= I., + (5). + (Az) + + . . .  

? I . ,  

This relationship refers to a Cartesian coordinate system whose z-axis 
coincides with the equilibrium internuclcar axis and whose origin is at 
the equilibrium position of one of the two atoms. The term 61’ is the 
centrifugal stretching and A.Y. A)., and AZ are the differences of the dis- 
placements of the atoms in the directions of the three Cartesian axes. 
The quantity (A:) vanishes in case of harmonic vibrations. while the 
mean square perpendicular amplitudes are finite even if there are only 
11 a r mo n ic vibrations. 

Furthermore, the average internuclear distance ( r g )  is not the same 
as the distances (rZ and I’:) between the average positions of the atomic 
nuclei. When there is thermal equilibrium at a given temperature T. the 
distance between the average positions of the atomic nuclei (I’J is related 
to the equilibrium internuclear distance ( I ’ , )  by 

I’, = I’, + (A:). 

In the ground vibrational state, the distance between the average positions 
of the atomic nuclei (1’2) is related to I’, by 

The distances and 1.2 differ from I’, only on account of anharmonicity. 
The rz and 1’2 distances can be obtained from the rg distance by applying 
harmonic corrections. 

In summary, as regards electron diffraction stfdies. care has to be taken 
to distinguish among the following types of distaiices: 

r,-the effective distance 
r-the average value of the inter&*clear d i s t a y e  
,.,-the equilibrium internuclear distance 
r.,-the distance between the average positions of the nuclei 

Microwave spectroscopy (producing pure rotational spectra) is the 
other principal technique for the determination of molecular geometry 
in the vapour phase. U p  to three rotational constants can be obtained 
from the rotational spectrum of a given isotopic species yielding three 
independent pieces of data. However, the geometry of other than the 
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very simplest molecules is determined by a larger number of independent 
parameters. In such cases, additional data from the rotational spectra of 
isotopically-subslxted species can be utilized. Such a procedure is 

cause the equilibrium internuclear distances are unchanged by 
substitution, while there is usually an appreciable change in 

the atomic masses, leading to differences in the moments of inertia. The 
method, however. is complicated by the fact that the ground state structure 
is somewhat different from the equilibrium structure because of the zero- 
point vibrations. Since the molecular vibrations are also dependent on 
mass. the influence of the zero-point vibrations will be somewhat different 
for various isotopically substituted species. 

The internuclear distancc which is obtained from the rotational spec- 
trum, or rather from the effective rotational constants as isotopic sub- 
stitution is utilized. is an effective parameter and is called ro  ( i t  usually 
corresponds to the ground vibrational state). This effective ro parameter 
will be somewhat dependent o'n the particular choice of isotopic substitu- 
tions performed. Such difficulties are clearly brought out in those cases 
where it is possible to investigate more than the minimum number of 
isotopically-substituted species (cf.. for example. the studies on CH,SCN 
as compared by Dreizler and coworkers'6). 

I f  the isotopic substitution is performed consistently in turn for each 
atom i n  the molecule. and the so-called substitution coordinates for 
each atom are obtained. it is postible to calculate the 1 3 ,  substitution 
structure. This structure approximates well the equilibrium structure 
although it has no well-defined physical meaning. 

As neither the effective ( ro)  nor the substitution (r , )  structures have 
well-defined phvsical meanings. they cannot be used to make rigoroils 
and precise coniparisons with results obtained by other techniques, 
particularly when subtle effects are sought. Fortunately, it is possible to 
obtain the parargkters corresposding to the distances between average 
nuclear positions from the rotational specg.roscopic data as well as from 
electron diffraction data. However, the complicated correction procedures 
cannot be applied directly to the internuclear distance parameters (the 
end-product of the investigation) but only to the rotational constants 
(which are obtained a t  an intermediate staze). The average structures. with 
well-defined physical meaning. can be obtained from the average rota- 
tional constants which are obtained by applying harmonic corrections 
to the effective rotationaI constants. The I - ,  internuclear distances derived 

c:n this way fro111 the microwave spectroscopic data are essentially identical 
to the r," internuclear distances obtainable from the electron diffraction 
a n a 1 y s i s. 

b 
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Several kinds of internuclear distance parameters have already been 
listed and many more can be found in the literature. The question then 
arises: What is the best representation of the molecular geometry? The 
best and tlie most unambiguous representation would be the equilibrium 
geometry. However, with one or two exceptions, it is not attainable. 
Among the other representations, the structures characterized by the 
average nuclear positions are most useful. The great merits of such 
structures are their definite physical significance and their experimental 
attainability. 

The average value of the internuclear distance, r C ,  is the most convenient 
way to characterize the average length of a chemical bond. This parameter 
has no clear meaning, 'however, in the case of distances between non-  
bonded atoms because of tlie eflects of the perpendicular vibration of 
the atoms. Thus. e g ,  in a linear symmetric triatomic molecule the rg 
distance between the two non-bonded atoms may be smaller than the 
sum of the bond distances. This etl'ect is called shrinli~ige and was first 
observed by Bastiansen and coworkers (see details in Cyvin"). The 
shrinkage effect may conceal important features of the molecular 
geometry of cyanates, isocyanates and related substances if there are 
considerable perpendicular vibrations in the three-membered chain 
N=C=E (E  = 0 or S) or in the four-membered chain X-N=C=E. 
where X is the atom adjacent to the isocginate group. Because of 
shrinkage erects, lower symmetries m a y  be observed in the molecular 
configurations obtained from electron diffraction data than would have 
been expected for the equilibrium structure. 

N!. STRUCTURAL VARIATIONS IN THE ISOCYANATE 
AND ISOTHIOCYANATE GROUPS IN  THE 

GAS PHASE 

The bond distances i.(N=C) and r(C=O) determined in the gas phase 
in isocyanates as well as r(N=C) and r*(C=S) in isothiocyanates are 
compiled in Tables 2 and 3. respectively. 

I t  is seen that with the exception of the electron difl'raction data on tlie 
two methyl compounds', the lenghs of the N=C bonds in isocyanates 
are larger than, or are equal to. within the stated uncertainties, those in 
isothiocyanates. The earlier microwave spectroscopic investigation' on 
CH,NCO and CH,NCS assumed values for -!hese bond distances. 
Unfortunately, since the lengths of the N=C and C=O bonds are almost 
equal. particularly strong correlations appear in the electron diflraction 
analysis between these distances and also between these distances and the 
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TABLE 3. The distances for the N=C and C=S bonds as determined in the gas phase 
for molecules containing the isothiocyanate group 

Refe- 
Compound r(N=C) (A) r(C=S) (A) Comment rence 

HNCS 1.216 k 0,002 1.561 0.002 I'. (C=S). 
r,,(N=CI 2 

CH,NCS 1.192 t- 0.006 1.597 k 0.005 I', parameters 5 

1-21 1 k 0.010 1-560 (assumed) I', (N=C) 10 
(CH ,),SiNCS 1.18 5 0.01 1.56 k 0.01 r g  parameters I I  

SiH,NCS 1.197 k 0.007 1.563 f 0.006 I', parameters 

F, PNCS 1.221 k 0.006 1.553 I', parameters 16 

associated mean amplitudes of vibration. Thus, for example, the para- 
meters I(N=C) and I(C=O) had to be fixed in the least-squares refinement 
of the molecular parameters in methyl isocyanate5.i- A closer look at the 
correlation matrip for the parameters of CH,NCO reveals that the stron- 
gest correlation (IpI = 0.864) appears between r-(N=C) and r-(C=O). 
Because of the inherent uncertainties in these data, any discussion, based 
on these results, of the bond distalice variations in terms of the bonding 
properties may be somewhat suspect. 

Another kind ofstructural variation that would be of interest to examine 
is the effect on the lengths of the N=C bonds as various substituents are 
attached to the isocyanate or isothiocyanate group. Unfortunately. 
however, no pattern of correlation can readily be noted on the basis of the 
available data (see Tables 2 and 3). 

A comparison of the lengths of the N=C and C=O bonds in isocyanates 
shows that, in most cases r(N=C) appears to be larger than r-(C=O). Of 
the two exceptions, uiz.. CH,NCO and Cl2(0)PNCO. the case of methyl 
isocyanate has been discussed above in some detail. 

The question of linearity or non-linearity of the N=C=O and 
N=C=S chains is of considerable interest. In the great majority of the 
studies it  was stated explicitly that linearity of the N=C=O chain was 
assumed, while in20ther cases it is only implied but was nevertheless used. 
Only in very few cases was the N-C-0 or N-C-S angle deter- 
mined or even examined in detail. Of these, two examples will now be 
discussed. Thus, for the molecule SiH,NCS, the linearity of the whole 

i The assumed values were very reasonable. ( I t  is unfortunate that due to a probable 
misprint they appear 10-times larger in Table 2 of Reference 5 than they should be. 
This error adds somewhat to the slight confusion encountered in reading this paper5 
due to the reporting of the distance and amplitude parameters in pm units.) 
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Si-N=C=S chain was established from the accurate symmetric top 
behaviour deduced from the microwave spectra". In the case of CINCO, 
non-linearity of N-C-0 was determined both from the elec 
fraction'" and microwave spectroscopic'" data (see Figure 2). It 
that the possibility of non-linearity should always be considered in the 
experimental determinations of the geometry of the N=C=O o r  
N=C=S groups. Several electron diffraction studies indicated some 
slight (usually within 0.01 A) shrinkage effects for the N . . . E distances 
in the N=C=E chains (E = 0 or S). It may not be possible, however, 
to distinguish between linear and nearly-linear structures on the basis 
of the electron diffraction data alone. 

N 

FIGURE 2. The molecule of CINCO showing the non-linearity of the NCO group. 

Throughout the literature dealing with the structural properties of 
isocyanates and isothiocyanates resonance structures are often presented 
for the NCE (E = 0 or S) groups to account for linearity. On the other 
hand, Rode and associates have recently applied semiempirical moleculab 
orbital and ab iriirio calculations3' and found the 
N=C=O gros,x to be non-linear i n  a series of simple isocyanate 
derivatives. 

IV.  STRUCTURAL- VARIATIONS INVOLVING THE 
ATOM ADJACENT TO THE ISOCYANATE 

(OR IS0T;HIWYANATE) GROUP 

One of the most interesting geometrical parameters relating to the 
isocyanates and isothiocyanates is the X-N=C bond angle when X is 
the atom attached to the nitrogen of the isocyanate or isothiocyanate. 
The experimentally determined values are compiled in Table - 4. I t  is seen 
that these bond angles range from linear or near-linear to 130'. 

There is also a striking and apparently significant difference between 
the bond angles,;n S i H 3 N C 0  and SiH,NCS as determined by microwave 
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TABLE 4. Bond angles LX-N=C and X-N bond distances in 
isocyanates and isothiocyanates (vapour-phase data) 

(deg)" 
Compound LX-N=C r(X-N) (A)'' Reference 

- 

HNCO 
HNCS 
C H N C O  

CH,NCS 

NCNCO 
C,H,NCO 
SiH,NCO 

SiH,NCS 

(CH ,),SiNCO 
(CH ,),SiNCS 
Si( NCO), 
CISi(NCO), 
CI,Si( NCO), 
C1,SiNCO 
F,SiNCO 
GeH,NCO 
F z P N C O  
Fz PNCS 
CI,(O)PNCO 
ClNCO 

128.1 f 0.5 
135.0 f 0.2 
140.0 
140.3 f 0.3 
147.5 
141.6 f 0.4 
140.0 
140.6 
linear 
152.2 f 1.2 
1 i nea r 
63.8 _+ 2-6 
50 5 3 
54 f 2 
46.4 
45 1 2 
36- t  1 

138.0 f 0.4 
160.7 f 1.2 
141.3 f 0.3 
130.6 f 0.8 
140.5 f 0.7 
120 * 1.5 
118.8 _+ 0.5 

0.987 f 0.01 
0.989 & 0.003 

1.450 f 0.004 

1.479 & 0008 
1.253 
1.370 
I .699 
1.703 f 0.004 
1.714 f 0.010 
1.704 f 0.006 
1.76 f 04&?. 
1.78 t_ 0.02 
1.688 & 0.003 
1.684 f 0.003 
1.687 & 0.004 
1.646 & 0.008 
1.648 f 0.010 
1.831 f 0004 
1.683 1 0.006 
1.686 * 0.007 
I .684 1 0-01 0 
1.705 & 0005 

1 
3 

5 
4 
5 
6 
7 
8 
9 
8 
9 

1 1  
1 1  
12 
13 
13 
13 
14 
15 
16 
16 
17 
19 

The electron diffraction bond angles usually correspond to the I', 

Usually the same parameter types as those in Tables 2 or 3. 
or i., internuclear distances. 

spectroscopy and by electron diffraction. Because of these differences or 
apparent differen2es and also because of the importance of the influence 
of intramolecular motion on the geometrical parameters determined by 
spectroscopic and diffraction techniques, the physical significance of the 
pwameters will be discussed briefly before considering the data from a 
more chemical or structural viewpoint. 

The interpretations of the vibrational spectra for C1,SiNCO and 
CI,SiNCS33, and for Si(NCO)434 and Si(NCS),35.36 were based on 
molecular models possessing C,, and & symmetry, respectively. Such 
models imply linear Si-N=C=E skeletons. Such a geometry differs 
substantially from that given by the available electron diffraction results. 
as detailed in Table 4. 
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The microwave spectroscopic results establishing a linear Si-N= 
C=O(S) skeleton in SiH3NCO(S)B.'0 can be considered unambiguous 
since they were derived from rotational spectra characteristic of symmetric 
top molecules. On  the other hand, the low-frequency. large-amplitude 
bending motion of these molecules may produce large enough shrinkage 
effects that could account for the apparent non-linear Si-N=C angles 
found by electron diffraction, as was pointed out by Glidewell and col- 
l a b o r a t o r ~ ~ .  Earlier, Cyvin and coworkers37 had examined in detail the 
interdependence of the lowest bending frequency and the quantities 
measured in an electron diffraction experiment, notably the shrinkage 
effect (h) .  These authors compared the observed and calculated shrinkages 
h(Si. .  . C) and cS(Si. . .  0, S). Their results are illustrated in Table 5 ,  
which is reproduced from their paper. It  should be noted that these 
calculations of shrinkage were carried o u t  using the harmonic approxima- 
tionZ7 which breaks down if  the vibrations are appreciably anharmonic. 
Nevertheless. such calculations may provide useful, even though very 
tentative. information regarding the interpretation of the apparent 
parameters for LX-N=C obtained by electron diffraction and they 
will also be valuable for further spectroscopic studies in the low frequency 
region. The plots of h(Si . . . C) and h(Si  . . . S) vs. \llo are shown in Figure 3 
in crder to illustrate how steeply the sensitivity of the shrinkage increases 

TABLE 5. Observed and calculated shrinkages. SiH,NCO(S) after 
Cyvin and coworkers'7 

Experimental 0.084 0.004 0.1 2 1 & 0,005 
Calculated 0.403 0.574 30 

0. I03 0.1 49 60 
0.059 0.086 80 

~ ~ ~~~ ~ ~ ~~~~ ~ 

Experimental 0.028 & 0.004 0.042 0-007 
Calculated 0. I02 0.161 54 

0.033 0052 100 
0-017 0.027 150 

' A t  0°C 
I, At 25°C 
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6(C . Si) 

50 100 

FIGURE 3. A plot of iXC.. . Si) and 6(S. .  . Si) against the bending frequency. 

with lower values of the v l 0  bending frequency. Thus, for lowest bending 
frequencies below 100 cni- I ,  the effect becomes extremely large. 

By analogy with carbon suboxide for which similar analyses have been 
reported38, Glidewell and coworkersg evaluated the probability P(a)  da 
that the molecule is bent at nitrogen by an angle 

LX = TC - LSi-N=C 

(in radians). They used the following classical expression : 

P ( x )  = N sin a exp -- [ 3 7  

where A' is a normalizing factor and V ( x )  is the bending potential function. 
Various V ( a )  bending potential functions have been tested by examination 
of the radial distribution in the region that is assigned to the Si . . . O(S) 
distance, and with the assumption that the Si . . . N and N . . . O(S) distances 
remain unchanged during the bending motion. 

The anharmonic functions tested for SiH,NCS did not yield a better 



2. Structural chemistry of the cyanates and their thio derivative5 85 

agreement than the harmonic potential. O n  the other hand, in the case of 
SiH,NCO a mixed harmonic-quartic function that had a minimum at 
LSi-N-C = 159" (cf. the experimental values in Table 4) and a barrier 
of 2Ocm-' at LSi-N-C = 180" provided a much better fit than the 
harmonic potentials tested. After performing this analysis, Glidewell and 
coworkers' concluded: '. . . we consider that the Si-N=C=E group in 
most of the substituted silicon pseudohalides studied by electron dif- 
fraction is in fact linear in the equilibrium configuration or has at most a 
very small barrier to linearity.' Unfortunately. i t  still does not seem to be 
possible on the basis of available experimental data either to confirm 
or to discard the above statement. 

In the cases of F,PNCO and FIPNCS the bond angles obtained 
directly from the electron diffraction (rJ distances did not correspond to 
bond angles with well-defined physical meaning. In these examples, the 
bending vibrations had an effect similar to that described for SiH,NCO(S), 
but of lesser magnitude. T o  correct the electron diffraction results, Rankin 
and CyvinI6 postulated the values of 105 c m - '  and 81 c m - '  for the b e n k  
ing modes in F,PNCO and F2PNCS. respectively. on the basis of tce 
vibrational spectroscopic data. T1k appropriateness of these values was 
indicated by the apparent good agreement between the experimental and 
calculated shrinkage effects. Using the perpendicular amplitude correc- 
tion terms, an approximate structure was obtained and the rz inter- 
nuclear distances gave rise to the following P-N=C bond angles: 

F2PNCO Lap-N-C = 134.8" 

F,PNCS Lap-N-C = 144.0". 

i.e. the effect of the bending vibration lowered the apparent bond ang&s at 
nitrogen (see Table 4) only by about 4". 

Evidence from both s p e c t r o s ~ o p i c ~ ~  and electron diflraction I '  studies 
indicates a non-linear Ge-N=C=O skeleton in GeH,NCO similar to 
that encountered in the phosphorus derivatives discussed above. 

It is difficult to notice any systematic trends anion& the X-N=C 
bond angles. The linearity of the Si-N=C=E skeletons, or at least the 
very large Si- N=C bond angles, are usually associated with the pr-d, 
character of the bonding involving the available 3d orbitals of silicon (see. 
e.g., References 9. 10, 16 and 40). 

Similar bonding properties could be expected for the phosphorus and 
germanium derivatives, where, however, considerably bent structures 
have been determined unambiguously. The particularly small X- N=C 
angles in CI,(O)PNCO and ClNCO (see Table 4) are also surpri3hg. 
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Even the C-N=C angles in CH,NCO and CH,NCS are definitely larger. 
A somewhat more definite correlation emerges between the variations 

of the LX-N=C and r(X-N) parameters. As the values of !he 
X-N=C bond angles decrease, the double bond character of the X-N 
bonds also seems to decrease. This loss of double bond character is 
demonstrated by the relative lengthening of these bonds compared to 
what would be expected from the Schomaker-Stevenson equation41, cf. 
Table 6.  I t  would be interesting to compare the lengths of the X-N bonds 

TABLE 6. Comparison of observed and calculated" X-N bond 
distances 

. 

i.( X - N) (A) 
x obs. calc. (GI Ic.-obs.) 

Si 1.65-1.71'' I .82 0.17-0.1 I 
P 1.685 1.76 0.07 
C1 1.69- 1.70 1.69 0.0 

" Using the ScIioinaLer-Stevensoil equation" 

r(X-N) = rg + 1's - ('lzs - zsJ. 
\\it11 c = 0.04'' and the values of covalent radii rg  and rN and electro- 
negatives zx  and zr taken from Pauling'". 

The values of r(Si-N) in (CH,),SiNCO (or S) were not considered 
in these comparisons. 

for a given X atom with changing ligand electronegativities. Unfortunately, 
no characteristic pattern emerges. although some variations for the silicon 
derivatives indicate a shortening with increasing ligand electronegativity 
in agreemen? with what would be expected. The Si-N %onds in the 
trimethylsilyl derivatives seem to be particularly long. However. they 
could not be determined very accurately because of large correlations with 
the parameters for the Si-C bonds, which would occupy similar positions 
in the radial distributions. Kimura and coworkers also have zrawn 
attention to the great variability of the Si-N bond distances in isocyanates 
and isothiocyanates' 

v. CONFORMATIONS OF MOLECULES IN THE 
GAS PHASE 

The X-N-:'=O(S) molecuLes or skeletons have been shown to be 
planar, for example Figure 4. I n  many of these molecules, coplanarity is 
an automatic consequence of linear N C O  and NCS groups. The benzene 

s 
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H 
\ 

0 N-C- '- 
FIGURE 4. Coplanar arrangements for isothiocyanates and isocyanates. 

ring and the N=C=O chain were described as coplanar in phenyl 
isocyanate on the basis of a microwave analysis (Figure 5). In methyl 
derivatives some observations (cite1 in Reference 38 of Reference 16) 

H 

I 
n 

FIGURE 5. Coplanar arrangement for p!ienyl isocyanate. 

have indicated a tendency for the pseudohalide group lo eclipse one of 
the hydrogen atoms. This was thought to be the result of repulsion from 
the lone pair of electrons on nitrogen. In fact the angle of rotation could 
not be definitely determined from the electron diffraction data but an 
eclipsed conformation was preferred5 (Fizure 6). In the work cited' the 

FIGURE 6. Eclipsed form of methyl isocyanate looking along N-C(CH,) axis. 
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zero twist angle was defined for the form in which one hydrogen atom 
eclipses the N=C=E group, and therefore is completely staggered with 
respect to the nitrogen lone pair. In our  description the rela6;ve orienta- 
tion of the C-H bonds and the N=C=E chain is considered. According 
to the microwave spectroscopic data. the barrier to internal rotation in 
methyl isocyanate is 83 15 cal/nio14. On the  other hand, an almost- 
staggered conformation with a twist angle of 54 & 6" was found for 
methyl i s~ th iocyanate~  (Figure 7) with a 304 k 50cal/mol barrier to 

S 

C 
II 

FIGURE 7. Staggered form for methyl isothiocyanate. 

internal rotation". There was also an attempt to refine the angle of 
tilt between the threefold symmetry axis of the methyl group and the 
carbon-nitrogen bond in the plane of the CNCE skeleton. However, the 
threefold axes and the C-N bonds were found to coincide within experi- 
mental uncertainties for both CH,NCO and CH,NCS5. 

With linear Si -N=C=E chains, i.e., C3v symmetry, all conformations 
are equivalent by symmetry for the molecules, SiH,NCO or SiH,NCS 
(Figure 8). 

The far-infrared spectroscopic studies on t-butyl isocyanate a n b  iso- 
thiocyanate, (CH,),CNCE(E-'= 0, S) by Durig and coworkers44 re- 
vealed that both molecules exhibit C, symnietry with barriers to  rotation 
around the C-N bond of 0.3 and 1.3 kcal/mol, respectively. Similar 
structures were determined from the electron diffraction data on (CH,),- 
SiNCE (E = 0, S)' (Figure 9). 

The electron diffraction data for trifluorosilyl isocyanate, F,SiNCO, 
were consistent with a model in which the following two assumptions were 
made : that the threefold symmetry axis of the trifluorosilyl group 
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FIGURE 8. The molecule of SiH,NCE (E = 0 or S )  showing the C,, molecular 
symmetry. 

CH3 

 FIGURE^. C ,  symmetry conformation for trimethylsilyl isocyanate and isothiocyanate. 

FIGURE 10. Conformation of F,SiNCO viewed along the N-Si bond. 
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coincided with the Si-N bond and that the conformation is staggered with 
one fluorine atom in the plane of the Si-N=C=O chain14 (Figure 10). 
For the analo&us chlorine derivative, C13SiNC0, however, neither the 

d nor the eclipsed conformation (Figure 11) (both with C, sym- 

0 

C 
I1 

C l  

FIGURE 11. Staggered (a) and eclipsed (b) conformations for CI,SiNCO. 

metry) gave satisfactory agreement with the experimental data”. Ac- 
cordingly, Hilderbrandt and Bauer’ eventually introduced two further 
parameters in a n  attempt to reach a better agreement. One such para- 
meter was the angle of rotation (4 )  of the NCO group relative to  the 

b, 

FIGURE 12. Views of the molecule of CI,SiNCO showing the angle oftilt between the 
Si-N bond and the C3 symmetry axis of the SiCI, group and the torsion angle 
between the NCO group and one of the C1 atoms when viewed along the N-Si bond. 

This figure was modelled after one presented by Hilderbrandt and Bauer’,. 
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CI,Si group around the silicon-nitrogen bond (with 4 = 0" for the eclipsed 
form) and the other parameter was the tilt between the threefold sym- 
metry axis of the trichlorosilyl group and the Si-N bond. The best agree- 
ment was obtained for a model in which 4 = 24 & 4" and the tilt angle 
was 5 rfi 1" as illustrated by Figure 12. 

Similarly, the experimental electron diffraction data for CI,Si(NCO), 
could be better approximated with a C ,  symmetry model than with a 
C,, symmetry model. Both of these possible models are shown in Figure 13 
with side views and projections along the twofold axesI3. 

CI 

o c = c = + e o  Si CI N C O  

Side view Projection along the twofold axis 

c2v 

( a )  

Side view Projection along the twofold axis 

62 @ 

( b  1 

FIGURE 13. Two possible models for the CI,Si(NCO), molecule: (a) a C,, model 
seen from two orientations; (b) a C, model seen from two orientations. This figure 

was modelled after one presented by Hilderbrandt and BauerL3. 

A study on CISi(NCO), was carried out  simultaneously and resulted 
in a C, conformation as shown by its trojection along the threefold 
symmetry axis in Figure 14 rather than the C,,. model to which it is 
related by rotations of 85.5" around the Si-N bonds',. 

The vibrational spectra of C1,SiNCO as well as C1,SiNCS were inter- 
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preted in terms of a C,, model33. For CISi(NCO), the difficulty of dis- 
tinguishing between Ca3, and c,, models was stressed. 

The vibrational spectra of Si(NCO), and Si(NCS), were interpreted in 
terms of Td symmetry,' - 3 h .  Assuming a tetrahedral arwngement of the 
nitrogen atoms in the electron diffraction study of Hjortaas' 2 ,  the best 
agreement was produced with models in which the NCO groups were 
freely rotating around the Si-N bonds. 

Various disagreements between the spectroscopic and electron dif- 
fraction results for silyl isocyanates clearly demonstrate the difficulties of 
interpreting and reco n ci I i n  g data from d i ffer en t physical tech n i q u es, and 
the great importance of molecular motion in discussing molecular 
geometry . 

There are very few data on the conformation of germyl isocyanate. The 
vibrational spectra were assigned 011 the basis of a pseudo symmetric top 
model wi th  C,, N C ,  and the electron difractioii structural 
analysis appears to have been performed with the assumption of a 
staggered conformation' '. 

For difluorophosphino isocyanate and isothiocyanate. F,PNCO and 
F2PNCS, the electron diffraction structural analyses have been performed 

z 
FIGURE 14. Two possible conformations for the molecule of CISi(NCO),: one has 
C,, symmetry while the other has C ,  symmetry. This figure was modelled after one 

presented by Hilderbrandt and Bauer',. 

by Rankin and Cyvin" constraining the NCE group to the nuti position 
with respect to the bisector of the F-P-F angle (C, symmetry) and later 
allowing rotation around the phosphorus-nitrogen bond. Various 
models have been tested some with fixed dihedral angles and others with 
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free or slightly restricted rotation. The molecular model is shown in 
Figure 15. The best agreement with experimental data was obtained with 
a dihedral angle of 14" for both compounds. Refinement schemes were also 

FIGURE 15. A view of the molecular model for F2PNCE (E  = 0 or S) one looking 
n&mal to the plane of the PNCE group and the other looking along the N-P bond. 

constructed in which the internuclear distances that are different in the 
C, symmetry model were treated as independent parameters. Such an 
approach may prove to be very useful in a case where the molecule under- 
goes large amplitude motion. Such motion will result in considerable 
shrinkage effects and therefore even the bond distances may be strongly 
influenced if geometrical constraints are applied. In the absence of reliable 
spectroscopic data for the torsional frequencies, i t  may not be possible 
to distinguish between a model with C, symmetry with the N=C=E 
groups in niiti positions to the PF2 bisectors but with large amplitude 
torsional motion around the P-N bond, and a model in which there is 
some deviation from this symmetry and a somewhat smaller amplitude of 
torsional motion. 

The determination of the molecular conformation of C1JO)PNCO 
was particularly difficult because of very strong correlation between the 
dihedral angle (4) and the bond angle P-N=C". The most probable 
structure, turned out to be the one in which the P=O bond is in an nnti  
position with respect to the N=C=O chain (4 = 0"). However, as the 
method of gradient was applied for the radial distributions, two other 
minima were obtained. The corresponding dihedral angles and bond 
angles are listed below: 

4 = 0" and LP-N=C = 120" 

4 = 90" and LP-N=C = 126" 

d, = 160" and LP-N=C = 125" 



94 Istvan Hargittai and lain C. Paul 

The molecular conformations are illustrated by the projections along the 
P-N bond (Figure 16). Because it  gave the best agreement with expyi- 
mental data, the conformation with 4 = 0" is considered 
least in the vapour phase, although i t  is not possible to 
presence of other  conformer^^^. 

\ 

0 

II 
0 

I I 

4.0" cp = 90" #I = 160" 

FIGURE 16. Some possible conformations for the CI2(0)PNCO molecule looking 
along the N-P bond with different torsion angles. 

i 

VI. GEOMETRICAL VARIATIONS IN THE REST OF THE 
MOLECULE AS OBSERVED IN THE GAS PHASE 

The structural variations in the rest of the molecule may reveal the 
influence of a functional group such as isocyanate or isothiocyanate. 
While variations in chemical behaviour can be most directly correlated 
with change in electronic structure, it is possible that some conclusions 
might also be drawn on the basis of geometrical changes. I n  the following 
discussion we have restricted ourselves to a comparison of selec?ed 
features in some related molecules. 

While it would be of interest to compare the lengths of the cyani@; 
bonds in the molecules of N=C-N=O and N=C-N=C=O, the 
length determined for the former molecule ( 1 . 1  70 was assumed in 
the study of the latter". This bond distance is sorpewhat larger than those 
$?ermined in cyanogen azide ( 1 - 1  55 _+ 0.002 A) and azodicarbonitrile 
(1.151 _+ 0.001 A) both by ele%ron d i f f r a ~ t i o n ~ ~ .  However, it should be 
noted that in the two latter compounds, Almenningen and collaborators 
have observed non-linear N=C-N and N=N=N chains in terms of r, 
average st r ~ c t u r e s ~ ~ .  

N o  discussion of the benzene ring structure in C,Y,NCO is relevant 
since values for the dimensions were assumed and were utilized for this 
part of the molecule in the microwave spectroscopic investigation of the 
struct we7.  

f 
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The electron diffraction study of trimetliylazidosilaiie, (CH,),SiN,, 
by Dakkouri and Oberhammer"' revealed only C, symmetry. These 
authors found a value of 1.854 0.003A for r, (Si-C) as compared to a 
value for r,(Si-C) of 1.89 k 0.01 A in (CH3),SiNC01 Because of the low 
symmetry, all the bond angles around the silicon atom in (CH,),SiN, 
were found to be different. However, the values for these bond angles are 
not relevant for our present discussion since the bond angles at silicon 
were not reported in the determination of (CH,),SiNCO. The molecular 

bconformation of (CH,),SiNCO is such that there is a rotation of 36.2 +_ 
4.9" from the form with the N-C and Si-C bonds eclipsed"'. 

There are considerable geometric data for molecules with silicon- 
chlorine bond(s). Some of the Si-CI bond lengths and C1-Si-CI bond 
angles are compiled in Table 7. The most noteworthy feature of these 

TABLE 7. The lengths of the Si-CI bonds and the values of the CI-Si-CI 
bond angles in a series of molecules 

r (Si-43)  (A) LCI-Si-CI Reference 

SiCI, 2.019 k 0.003 Tetrahedral 49 

H,SiCI 2.0479 k 0.0007 - 
[(CH,)3"CI 2.082 f 0.006 - 
CI,SiNCO 2.015 & 0,005 109.5"" 13 
CI,Si( NCO), 2.024 f 0.005 107.7 0.6" 13 
CIS( NC0)3 2.020 f 0.009 - 

HSiCI, 2.021 * 0.002 50 
(CH J 2  NSiCI, 2.023 0.005 107.6 f 0.4' 51 

52 
53 

13 

"The  angle Z-Si-Cl is given as 109.5 0.2" in Reference 13. where Z 
csrresponds to the threefold axis of the SiCI, group. 

dimensions is the constancy of the Si-CI bond distances in the isocyanate 
derivatives and their close siinilarity to those in tetrachlorosilane. For 
some other substituents larger deviations are seen and these deviations 
seem to be sensitive to the number of substituents considered. 

A remarkable lack of variation can be observed in the structures of the 
fluorophosphine derivatives, data for which are compiled in Table 8. 
Even those changes in the phosphorus bond angles that can be noted 
may not be significant because of the very strong correlation between the 
LF-P-F and LF-P-N angles in the electron diffraction analysis". 

For the dichlorophosphinyl compounds (see in Table 9) again some 
substantial differences may be concealed by the relatively large experi- 
mental errors and i n  any case no detailed discussion seenis to be justified. 

All in all the lack of large structural changes that can be correlated with 
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TABLE 8. Geometrical parameters of some fluorophosphine derivatives 
~~ 

I.( P-F) (A) LF- P- F L F- P-N Reference 

54 
55 F,PCN 1.568 & 0.003 97.9 * 03' 

F,PNCO 1.565 k 0,003 97.9 f 0.8' 99.5 k 0.7' 16 
F,PNCS 1.567 f 0,003 99.4 * 09' 97.7 & 0.8' 16 

- 1570 * 0.001 97.8 k 0.2' 
- 

PF, 

the presence of the isocyanate, or for that matter of the isothiocyanate, 
group suggest that no strong influences are exercised by these groups on 
the rest of the molecule. 

VII. TWO THIOCYANATES IN THE GAS PHASE 

The bond lengths and bond angles characterizing the geometry of the 
CSCN skeleton in the two thiocyanates, CH,SCN and CH,CH,SCN, 
as determined by microwave spectroscopy are presented in Table 10. 
For methyl thiocyanate a complete I * ,  structure was determined while 
only r0 values were given for the ethyl derivative since only one isotopic 
species was investigated for this compound. The geometrical parameters 
are seen to be very similar for the two compounds. 

TABLE 10. Bond lengths and bond angles in two tliio- 
cyanate molecules 

~ ~~ 

C H SC N '" C H C H SCN '' ' 
r.(C-S) (A) 1.824 * 0.002 1.820 
r.(S=C) (A) 1.684 -t 0.003 1.690 
r.(C=N) (A) I .170 k 0.002 1.160 
LC-s-c 99"2' k 5' lol.oo 

Only the conformation that has the CH, and C-N groups in a gnitclze 
orientation about the C-S bond was identified from the microwave 
spectrum" of ethyl thiocyanate. Because of a strong correlation between 
the C-S-C bond angle and the dihedral angle shown in Figure 17, the 
values determined for these parameters have large uncertainties. Since no 
lines originating from the ni t t i  conformer were assigned, Bprseth and 
Marstokk61 concluded that the gnirche form should be at least 0.8 kcal 
mol-'  more stable than the aiiti form. A recent extensive vibrational 
spectroscopic study@ showed that only the gciuche form was present in 
the solid, liquid and vapour phases, a result that was at variance with 
earlier observations6:. The determination of the force field of ethyl 
thiocyanate based on the gnirche form was recently c ~ m r n u n i c a t e d ~ ~ .  
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FIGURE 

VI 

17. Torsion angle between the CH, and CN group in ethyl thiocyanate 
viewed along the S-C bond. 

1. CRYSTAL STRUCTURE DATA ON COVALENT 
CYANATES AND ISOCYANATES 

The only single crystal X-ray structure analysis on a cyanate or iso- 
cyanate group covalently bound to an ’organic’ moiety seems to bc%at 
on the parent isocy;brlic acid, itaelf, HNCOh5.  Even in this instance, the 
use of the term ‘orga,nic’ is rather arbitrary. 

On the basis of powder photographs, von Dohlen and Carpenter65 
concluded that the& were two crystalline modifications of isocyanic acid. 
The transition temperature between the two forms was not determined 
exactly but was believed to be in the neighbourhood of -100°C. The 
structure of the low temperature form was not determined; the high 
temperature form is orthorhombic and the space group is either Piiriin 

or Pii2,u. The X-ray analysis was carried ou t  assuming the former possi- 
bility, which. as there are four molecules in the unit cell. requires the 
molecule to have C, crystallographic symmetry if the structure is ordered. 
The results of the analysis showed that the positions of the carbon, 
nitrogen, and oxygen atoms lay on or very close to the plane J; = 1/4 
and therefore conformed to the symmetry requirements for the space 
group Pizriin; however, the hydrogen atom could $$ be located. As the 
intensity data were collected by photographic methods, the failure to 
locate the hydrogen atom is not terribly surprising. 

The bond lengths and angles found in the study are listed in Table 11, 
together with the dimensions found in the gas phase by microwave spec- 
troscopy’ and by electron diffraction66. The errors quoted in the X-ray 
study were estimated both from the least squares results and from Fourier 
results”. Within the limits of error quoted from the X-ray study, the 
N-C and C-0 bond lengths are in good agreement. Von D o u s n  and 

Ib 
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TABLE 1 I .  Dimensions found in isocyanic acid 

H-N-C N-C-0  
H-N(A) N-C(A) C-O(A) (deg) (deg) 

X-ray study" \, -h 1.183(20) 1.18420) - t? 1 79( 1 ) 

study" ! 1.01f 1.19(3) 1.19(3) -. Y - It  

Microwave study' 0$87(10) 1.207(10) 1.171(10) - J 

Electron diffraction 

Reference 65. 

Reference 1. 
T h e  N-C-0 angle was assumed to be linear. 

" Reference 66. 
Estimated distance. 
T h e  hydrogen atom was not located. . 
The  intensities were consistent with a linear N-C-0 group. 

h T h e  hydrogen aton1 was not dcicrmiiicd i n  thc X-ray study. 

C a r ~ e n t e r ' ~  also concluded that the deviation of the N-C-0 angle 
from linearity was not significant. 

Three possible models were considered in the analysis: (a) that the 
space group is Piiriia and the molecules are ordered in the crystal: (b) that 
the space group is P n m ~  but the hydrogen atoms are disordered above 
and below the mirror plane, and (c) that the true space group is Pn2,tr  
and the heavy atoms conform fairly closely to the P I J I ~ J O  space group 
symmetry. The ordered arrangement in Pitnici was apparently rejected 
on the basis of an unfavourable hydrogen bonding arrangement. If the 
hydrogen atom lay within the plane y = 1/4, there would be an N-H--0 
hydrogen bond with an N - - - 0  distance of 3-19A and C - N - - - 0  and 
N - -  -0-C angles of 157.3" and 162.9". This arrangement was considered 
unlikely because the C-N-- -0  angle would imply a near-linear C-N-H 
angle. which would not be in agreement with the value found in the 
microwave study'. Attempts to construct models in the P 1 ~ 3 ~ f f  space 
group did not give an improved fit to the observed data. The assumption 
of the space group Pnnicr, but with the inclusion of the hydrogen atom in a 
disordered arrangement above and below the mirtor plane, gave a some- 
what better fit to the observed data. Such an arrangement would imply 
an N-H---N hydrogen bond with an N---N distance of 3.07A and a 
C-N---N aggle of 102-6", which would correspond to a C-N-H 
valency angle close to that found in the vapour phase'. The crys'tal would 
then consist of a series of zig-zag chains of HNCO molecules. held to- 
gether with N-H ---N hydrogen bonds, running along the b-crystal- 
lographic axis (Figure 18). 
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FIGURE 18. The crystal structure of the high-temperature form of HNCO viewed 
down the h-axis. Atoms are d r a w n  y i t h  van tlcr Waals radii. The heavy-outlined 
molecules lie at j' = 1/4. the lightly-outlined molecules at j- = - I 4. [After von 

Dohlen and Carpenter. Arro C:.j.sru//ogr.. 8. 646 (19551.1 

Herzberg and Reid" noted a large shift in the N-H stretching fre- 
quency upon going from the vapour (353  1 c n -  I )  to the crystal (3 133 cm- ' 
at - 196 "C) and interpreted the change as being due to a strong hydrogen 
bond in the solid. However. von Dohlen and Carpenter" recognized that 
the data of Herzberg and Reid referred to the low temperature form. Von 
Dohlen and Carpenter studied the N-H stretching frequency in the higher 
temperature solid and found that the frequency was not shifted so much 
(3400 cni- at - 89 C). and interpreted the results as indicating a weaker 
hydrogen bond in the higher temperature form than in the low tenipera- 
ture form. They indicated that these spectroscopic results are consistent 
with an N-H---N hydrogen bond in the high temperature form and an 
N - H - - 0  hydrogen bond in the low temperature form. 

Two crystal structures that are sornewliat related to the structures of 
cyanates and isocyanates are those of the phenyl isocyanate dinier (3)h8 
and of 4-methoxy-2.6-dimethylbenzonitrile-N-oxide (4)(''J. 

When phenyl isocyanate is treated \vith pyridine and the product 
crystallized from benzene. crystals of a dimeric species are obtained that 
have been shown by X-ray analysishN to correspond to the centrosym- 
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metric dimer (3) formed by ring formation between tlie C-N multiple 
bonds. In tlie crystal. the dimer lias a central four-membered ring with 
non-equivalent C-N bonds of 1.43 1 4) and 1.49( 1 4) A and an exocyclic 
C-0 bond of 1.1 5( 1 4) A. 

A preliminary report on the study of the nitrile N-oxide, containing 
the group C-N -0, 4-1nethoxy-2,6-dimethylbenzonitrile-N-oxide (J), 
lias been published'". This group is very nearly linear, but has the sequence 
of the carbon and nitrogen atoms interchanged from that found in iso- 
cyanates. The C-N and N-0  bond leiigths in the C-N-0 group are 
1.147(8) and 1.249(8)A, and the C(ring)-C-N and C-N-0 angles are 
173.8(6) and 178-3(6)". The C-N-0 group lies effectively in the plane 
of the phenyl ring. The structure of the parent acid, fulniinic acid (HCNO), 
has been shown to be linear on the basis of a microwave study in the gas 
phase7'. The H-N. N-C, and C-0 bond lengths in this latter study were 

e 

1.027( l ) ,  1.16 1 ( 1  5) ,  and 1207(15) A. 

IX. CRYSTAL STRUCTURE DATA ON COVALENT 
THIOCYANATES AND ISOTHIOCYANATES 

The crystal structures of several molecules that contain the thiocyanate 
c group in a covalently bonded form have been solved. Some of the structures 
that have been determined more reliably are listed in Table 12. In addition 
the structure of p-tliiocyanatoaniline has been determined on the basis 
of projection data, although no very reliable bond length or angle data 
can be taken from tlie ( N o t e  Arltlcrl in ProoJ': A new report on this 
structure based o n  a complete reinvestigarion has just appeared [I. V. 
Isakov. E. E. Rider. and Z. V. Zvonkova, C r j ~ .  S I ~ .  C O ~ ~ I K , ~ ,  95 (1976)l. 
In this report, the S-C and C-N distances were 1.704(4) and 1.132(5)A. 
respectively. while tlie S-C-N and C(ring) -S-C angles were 178.4(3) 
and 99.9(2):, respectively. In contrast to the statements in the earlier 
report7G, tlie thiocyanate group lies significantly from the plane of the 
phenyl rins with S, C. and N lying -0.051. 1.550, and 2.6lOA, respectively, 
from that plane. There do not appear to be any hydrogen bonds in%lving 
the amino group in the struct;ire. The packing of tlie molecules is shown in 
Figure 19.) 

Values for the C-S bond lengths in the covalently-bonded thiocyanates 
listed in Table 12 range from 1.63(1) to 1.736(15)A; the most reliable 
determination is probably that of 1.677(9) A for the length in methylene 
dithiocyanate (CH2(SCN)2)7 '. There are insufficient data and evidence 
to reach any judgment as to whether the C-S length varies with the nature 
of tlie atom attached to sulphur. However, the longer C-S bonds that are 
found in the structure of sulphur d i ~ y a n i d e ' ~  may arise fiom tlie rather 
smaller valency angle at sulphur in this compound. The C-N bond 
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FIGURE 19. Stereoscopic view of the packing of p-thiocyanatoaniline in the crystal. 
This figure was drawn from the very recently published results (see note added in 
proof 011 p. 101) and ditfers considerably from that based on the results given earlier 
in Reference 76. The reference molecule is shaded. The shortest non-hydrogen inter- 
molecular contact is 3.253 A between N(amino) and N(thiocyanat0) in the molecule 
at s, 2f - y, 1/2 + I. but the corresponding H---N(thiocyanat0) distance is 2.49A. 

lengths vary from 1.118(21) to 1.194(12)A. One might anticipate that some 
of the variety in C-N bond lengths in thiocyanates may result from 
artifacts due to the type of thermal motion encountered in the crystal, as 
was discussed in Section I. While the relatively low accuracy of many of 
the crystal structure determinations must be recognized, there is no 
evidence that there are significant differences between the bond lengths 
for the thiocyanate group as determined in the crystal by X-ray structure 
analysis and in the gas phase by microwave spectroscopy. The molecule of 
sulphur dicyanide is one of the few molecules discussed in this chapter that 
has been studied in both the gas phase (by rnicrowaire spectra77 and by 
electron d i f f r a ~ t i o n ~ ~ )  and in the crystal (by X-ray diffraction"). A 
comparison of the geometric data is shown in Table 13. The most detailed 

TABLE 13. Comparison of geometrical parameters for the molecule of sulphur 
dicyanide, S(CN), 

dp e 

B 

C-S-C N-C-S 
Method C-S(A) C-N(A) (deg) (deg) Reference 

~ 

X-ray diffraction 1.73(2) 1.12(2) 95.6(8) 177( 1) 75 
Microwave 

Electron diffraction 1.65(1) 1.19(1) lOl(1) - 78 
spectroscopy 1.701(2) 1-157(2) 98.37(17) -" 77 

b 

' In  the text of Reference 77, it is stated that the N-C-S angle deviates from linearity 

* No information on the linearity of the N-C--S group was given. 
by 5". 
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studies are those using microwave spectroscopy and X-ray diffraction 
and they reveal no significant differences in the dimensions. 

There are also no clear cut answers to the question as to whether the 
thiocyanate group is strictly linear or not. In ethylene dithiocyanate, the 
S-C-N angle was found to  be 172.3(1-3"), yet Bringeland and Foss 
concluded that 'the deviation from linearity of the thiocyanate group is 
probably not ~ i g n i f i c a n t ' ~ ~ .  In describing their analysis of methylene 
dithiocyanate, Konnert and Britton71 concluded that their value for the 
S-C-N angle of 176.4(1.0)" was possibly real. They pointed out that the 
deviations from linearity of the S-C-N groups were away from the 
methylene carbon atoms. In the structure of sulphur dithiocyanate, the 
S-C-N angle was 180"; however, no standard deviations were given in 
the paper. 

The C-S-X angles, where X is the atom covalently bonded to sulphur, 
lie in a fairly narrow range, particularly if the value of 104" found in the 
structure of selenium dithiocyanate is given low weight in the comparisons; 
the other values lie in the range 956(8) to 99.4(7)". The torsion angles made 
by the thiocyanate group around the S-X bond with an X-Y bond 
(Figure 20) will be described under each structure. 

FIGURE 20. Torsion angle made by the thiocyanate group with the X-Y bond when 
viewed along the S-X bond. Atom X is the atom covalently bonded to sulphur, while 

atom Y is covalently bonded to atom X. 

A stereoscopic view of the molecule of CH,(SCN), is shown in Figure 21. 
The molecule has CZ molecular symmetry with the SC" groups taking u p  
a t l m s  arrangement. The (NC)S-C(S) torsion angle is 71". A view of the 
molecular packing is shown in Figure 22. Konnert and Britton71 have 
pointed out that there are similarities in the crystalline environment 
around sulphur and selenium in several of the thiocyanate and seleno- 
cyanate structures. They have pointed out that in S(SCN)273 about the two 
crystallographically-independent sulphur atoms, in Se(SCN)Z7" about 
both selenium and sulphur, in Se(SeCN)27Y about the two crystallogra- 
phically-independent selenium atoms, about the one crystallographically- 
distinct sulphur in (CH2SCN),7', and about the one sulphur in S(CN)275, 
there is a tendency for two nitrogen atoms from other thiocyanate or 
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FIGURE 21. Stereoscopic view of a single molecule of methylene dithiocyanate. 
Drawn by us from the coordinates from Reference 71. 

FIGURE 22. Stereoscopic view of the molecular packing in the crystal for methylene 
dithiocyanate. Drawn by us from the coordinates presented in Reference 71. The 
intermolecular interaction between sulphur and the nitrogen of a thiocyanate group 

is shown by a discontinuous line. 

selenocyanate groups to approach an approximate square planar ar- 
rangement (Figure 23). The non-bonded S-- -N distances range from 2.95 
to 3.39 A (sum of the van der Waals radii is 3.35 A. if one takes the value of 
1.85 A given by PaulingEO: see however, Reference S l ) ,  while the Se---N 
distances lie between 2.98 and 3.25A (sum of van der Waals radii is 
3.5 A80) .  Not only is the square arrangement ofsubstituents quite conimon, 
but the nitrogen atoms tend to lie close to the plane defined by the sulphur 
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FIGURE 23. Approximately square-planar arrangement shown around the central 
sulphur or selenium atom with two covalently-bound carbon atoms and two 

approaching non-bonded nitrogen atoms. 

(or selenium) atom and its two covalently-bonded neighbours. A diagram- 
matic representation of many of these arrangements is shown in Figure 24. 
In methylene dithiocyanate, however, only one such interaction was 
present with an S---N distance of 3.17A. Many of the analogous com- 
pounds, such as Se(SCN)?, S(SCN), , and Se(SeCN), adopt C, symmetry 
in the crystal, possibly on account of the tendency to form two of these 
intermolecular interactions. I t  was suggested by Konnert and Britton' 
that, in CH,(SCN),, the stability gained by a second intermolecular 
S---N interaction was insufficient to pull the molecule into the presumed 
less stable (for a n  isolated molecule) C, conformation. However, in the 
crystal of CHJSCN), , the one nitrogen atom that interacts with sulphur 
does so from one of the positions expected for a square-planar type of 
arrangement. 

A stereoscopic view of the molecule of Se(SCN)27" is shown in Figure 25. 
The molecule has C, symmetry in the crystal. The (NC)S-Se(S) torsion 
angle is 79". A stereoscopic view of the packing is shown in Figure 26. 
Both the selenium and sulphur atoms in this molecule participate in 
Se---N and S - - -N  intermolecular interactions with square-planar types 
of arrangement. The crystal of S(SCN)2 is isostructural with that of 
Se(SCN), . The (NC)S-S(S) torsion angle is 87". 

A stereoscopic view of ethylene dithiocyanate (CH,SCN),'? is shown 
in Fisure 27. The molecule has Ci symmetry in the crystal with the thio- 
cyanate groups pointing in a direction normal to the plane of the four 
central atoms. The (NC)S-C(C) torsion angle is 78". A view of the packing 
is shown in Figure 28. There are S---N intermolecular interactions. 

There has been considerable confusion regarding the crystallography 
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0 0 0  
Se S C N 

FIGURE 25. Stereoscopic view of a single mol&ule of Se(SCN), . Drawn by us from 
the coordinates presented in Reference 74. 

FIGURE 2 6  Stereoscopic view of the packing in the crystal of Se(SCN), . Drawn by 
us from the coordinates presented in Reference 74. The approximately square planar 
arrangements of intermolecular interactions with nitrogen atoms around both 

nitrogen atoms around the sulphur atom is shown by discontinuous lines. 

of S(CN),. First, Feher, Hirschfeld, and Linke” reported that the crystals 
were orthorhombic, ( I  = 10.80, b = 12-70, and c = 5.310& that the space 
group was P 2 , 2 , 3 ,  and that there were four molecules in the unit cell. 
Then Hazel]”, in studying the structure of Se(CN),, observed that 
S(CN), was isomorphous with Se(CN)2. He reported cell data of N = 8.60, 
b = 6-85, and c = 12430a and that the space group was Cma.  E r n e r ~ o n ’ ~  
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o o e  
S C N  

FIGURE 27. Stereoscopic view of a single molecule of ethylene dithiocyanate. Drawn 
by us from the coordinates in Reference 72. 

I--- 

- 
/ 

FIGURE 28. Stereoscopic view of the molecular packing in the crystal of ethylene 
dithiocyanate. Drawn by us from the coordinates presented in Reference 72. The 
approximately square-planar arrangement of intermolecular interactions with 

nitrogen atoms around the sulphur atom is shown by discontinuous lines.. 
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found effectively the same cell dimensions for S(CN), as had Hazell. but 
he concluded that the space group was Pbccr. He also showed that the 
results obtained by Feher and coworkers could arise if the crystal was 
rotating about the [Ol I] direction and an incomplete examination of the 
diffraction spectra had been undertaken. Emerson carried out a structure 
analysis on S(CN), and refined the model to an R-factor of 0.106. In 
attempting to reconcile the differences between Hazell's results and his 
own, Emerson eibserved that the sulphur atom positions in S(CN), 
(i.e., excluding the rest of the structure) approximate C m a  symmetry 
and such an effect would be enhanced in the isomorphous selenium 
compound. Hazells4 now indicates that the two compounds are probably 
isomorphous and that the space group he reported for Se(CN), and in 
which he refined the structure, is probably incorrect. Hence, the true space 
group for both compounds is probably Phccr. 

Recently, we have been made aware (through correspondence with 
Dr A. C. Hazell) of some additional X-ray structure1 work on the mole- 
cules of S(CN), and Se(CN), . Linke and Lemmers5-87 have reported 
analyses for S(CN), and Se(CN), based on projection data. They assigned 
the space group Pbcn for both compounds. In the case of S(CN),, their 
results appear less reasonable than those of Emerson75: for example, 
Linke and Lemmer report S-C lengths of 1.87 and 2.07& whereas 
Emerson found 1-736 and 1.718 A. 

The thiocyanate ion has been studied in the crystal structures of KSCNS8 
and NH,SCN89, although the latter analysis suffered from a lack of data 
and a relatively low level of refinement. In the 'KSCN complex. the 
structure is clearly ionic with the shortest K +  ---S and K +  ---N distances 
being 3-27 and 2.97 A, respectively. The thiocyanate ion is essentially 
linear with the N-C-S angle being 178.3(1.2)"; the S-C and C-N 
bond lengths are 1.69( 1 )  and 1.1 5( 1 )  A, respectively. These dimensions do 
not differ significantly from those collected in Table 12 for molecules 
containing covalent isocyanate groups. 

Finally. dimensions have been obtained by X-ray methods on cova- 
lently hour% isothiocyanate groups in a trimeric phosphonitrilic., iso- 
cyanate (5)90,  on tetra-B-isothiocyanatotetra-N-t-butylborazocine (6)91. 
and on two isothiocyanate derivatives of boron hydrides, 6-isothio- 
cyanatodecaborane (7)', and ammonia-isothiocyanatoborane (8)'13. The 
geometric dimensions of the isothiocyanate group in these molecules are 
given in Table 14. 

A stereoscopic view of the trimeric phosphonitrilic isothiocyanate is 
shown in Figure 29. This molecule does show considerable variation in 
the P-N-C angle. with values ranging from 135(2) to 165(2)". In the 
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TABLE 14. Bond lengths and angles in some covalently-bound isothiocyanate groups. 

C-S(A) N-C(A) (deg) (deg) Reference 
N-C-S X-N-C 

[NP(NCS)2]3" 
Ligand 1 1.51(2) 1.19(3) 178(2) 156(1) 90 

2 1.60(3) 1.1 1(3) 173(3) 152(2) 90 
3 1.61(3) 1.09(4) 172(2) 149(2) 90 
4 1.60(3) 1.08(3) 17q2) 156(2) 90 
5 1.61(3) 1.13(3) 176(1) 13512) 90 
6 1.58(2) 1.12(3) 176(1) 165(2) 90 

[(CH,),C. NB. NCSJah 1.560(8) 1.172(10) 177.3(7) 1764(8) 91 
6-B, OH, 3IVCS' I .58 I(4) 1.149(5) 1 78.1(6) 1 7 I .0(6) 92 

N H 3 .  BH2.  NCS 1.627(6) 1 .  I 37(8) 179.2(5) 17736) '93 
1.534(11) 1-170(13) 179.8(1.0) 173.2(1.0) 92 

" There was no crystallographic symmetry in this molecule. 
There was crystallographic 4 symmetry in this molecule and thus only one independent 

NCS group. 
In the case of 6-isotliiocyanatodecaborane. there were two c r y s t a l l o g r a p h i ~ r m s ;  the 

low temperature form is given first, then the room temperature form. In  the case of the room 
temperature form, the dimensions for the isothiocyanate groups were calculated by us from 
the coordinates presented in Reference 92. 

case of the otker molecules listed in Table 14, the B-N-C angles all 
lie in the range 171-178". However, great variability in X-N-C angle 
is also a feature of many of the simple isocyanates and isothiocyanates 
studied in the vapour phase (Table 4). 

i Y 

@ O z e  
P S C N  

FIGURE 29. A stereoscopic view of a single molecule of the trimeric phosphonitrilic 
isothiocyanate. Drawn by us from the coordinates presented in Ra'xence 90. 
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In the borazocine derivative (6)9”and 6-isothiocyanatodecaborane (7)92. 

B-N(CS) lengths of 1.431(11) and 1.435(6)A were found and attributed to 
multiple bonding between the isothiocyanate group and the borazocine 
or boron hydride framework. In the case of 6, such bondivg was cited as 
a reason for the near linear B-N-C angle”. In the ammonia-iso- 
tliiocyanatoborane (8), the B-N distance was 1.534(8) A and no significant 
multiple bonding (other than hyperconjugation) could be invoked. It 
was pointed out by Kendall and L i p ~ c o m b ~ ~  that in 8, the C-S bggd was 
somewhat longer and the N-C bond somewhat shorter than in the other 
molecules. Such features would be consistent with a contribution from a 
structure such as 9 for the ammonia-isothiocyanata5orane. The crystal of8 

H~N-BH~-&-c-s -  

(9) 

contains weak N-H - - -S (isothiocyanate) hydrogen bonds, a feature that 
would tend to stabilize a partially dipolar structure such as 9. The H-- -S  
distance involved in the hydrogen bond is 2.62 A : there may also be some 
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additional weaker N-H---S hydrogen bonds with H---S lengths of 
2.59 A. 

Inspection of Table 14 does show same variations in N-C and C-S 
lengths which may be attributed to varying extents of bonding with the 
remainder of the molecule. I t  also suggests that, in  general, the C-S bond 
lengths in isothiocyanates (151-1-63 A) are shorter than those typically 
found ( -  1-68 A) in the thiocyanate group (Table 12). However, it is possible 
that i n  some cases the terminal C-S bonds in the isothiocyanates are 
shortened artificially due to thermal motion. Comparison with the vapour 
phase data (Table 3) suggests pretty good agreement for the C-S bonds, 
although many of the N-C bonds appear shorter in the X-ray studies. 

X. CRYSTAL STRUCTURE DATA O N  SELENOCYANATES 
AND RELATED COMPOUNDS 

The crystal structures of several compounds containing the SeCN 
L group have been studied. The geometric dimensions for most of the 
compounds are listed in Table IS. Several of the compounds 
contain the triselenocyanate anion (SeCN), (10). There is also one example 
of the single selenocyanate anion9'. 

3 

There is general agreement that the Se-C bond length lies in the range 
1.77-1-86& with most vqlues being in the 1-81-1.838, range. These values 
are in quite good agreement with the central C-Se bond length 
[1.802( 1 l )A] found in the molecule of 1I99-and the terminal C-Se bonds 
1.81(3) and 1.86(3) A, found in 6a-selenaselenophthene (12)loo, all of 
which can be considered to have a large amount of double bond character. 
There is a somewhat greater range in the C-N bond lengths, although the 
value of 1.05 A for Se(SeCN), must be considered unreliable; otherwise 
the range is from 1.1 1 to 1.22 A. The Se-C-N group approaches linearity 
in most of these molecules, with the exception of the Se(SeCN), molecule 
where a value of 164" was quoted. However, this analysis was based on 
prqjection data only and must therefore be considered of low reliability. 
The authors state that 'the deviation from linearity.. . may, partly at ' 

least, be due to experimental  error^'^". The C-Se-X angle lies in the 
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range 87.8 to 96-3". The external C-Se-Se angles (94-96") in the tri- 
selenocyanate anion seem to be consistently larger than the internal 
C-Se-Se angles (88-89"). The former values seem to be in better agree- 
ment with those found in the Se(SeCN)2 molecule". 

0-Se-0 
Se- Se- - -Se  

H ++ H 
H H  

(11) ( 1 2 )  

A stereoscopic view of the molecule of Se(SeCN),'" is shown in Figure 
30. This structure was determined on the basis of three projections of 
two-dimensional data and thus cannot be considered to be highly accurate 
by present-day standards, although the main features are undoubtedly 
clearly demonstrated. The molecule has C, symmetry in the crystal and 
adopts a cis arrangement about the central selenium atom. As mentioned 
previously, the reported non-linearity, 164". of the Se-C-N @ o u p  
must be treated with caution. The crystals of S(SCN),73, S ~ ( S C P J : ) , ~ ~  
and Se(SeCN),'" appear to be isostructural. The cell dimensions rewrted 
for the three crystals are listed in Table 16 and the structures obtained 
appear quite similar. All the selenium atoms in the molecule of Se(SeCN), 
participate in intermolecular Se---N interactions as described in the 

TABLE 16. Cell data reported for S(SCN)2. Se(SCN), and Se(SeCN)," 

44 W\) c[,\) Reference 

S(SCN)? 10.14 I &52 4.35 73 
Se(SCN), 9.87 13.03 3.44 74 
Se(SeCN), 10.07 13.35 4.48 94 

a The space group is Pnuio. 

a 
previous section. These are indicated by dashed lines in Figure 31, which 
is a stereoscopic view of the molecular packing. The C-Se-Se-Se 
torsion angle is 56". 

The p o t a s s i u ~ n ~ ~ ,  rubidium", and caesiuniY7 salts of the triseleno- 
cyanate anion (10) have all been the subject of an X-ray analysis. While 
all three studies were based on photographic8 data, the work has been 
carefully carried o u t  and the structures fully refined. 

In the potassium salt. no crystallographic symmetry was imposed 
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FIGURE 30. A stereoscopic view of a single molecule of Se(SeCN), . This Picture was 
drawn by us from the coordinates presented in Reference 94.' 

\ 
F 

b * .  
FIGUKE 31. Pditcreoscoplc view of the packing in the crystal of Se(SeCN)?. The 
picture was drawn by us from the coordinates presented in Reference 94. The approxi- 
mately square --planar arrangement of Se - - - N intermolecular interactions is 

shown by a discontinuous line. 

w 

on the anion. although i t  approaches C ,  symmetry (Figure 32). The 
C-Se-Se-C torsion angles in the two 'halves' of the molecule are 58" 
and 60'. A stereoscopic view of the molecular packing is shown in Fizure 33. 
This shows that lhere are short Se---Se contacts between the effectively 
linear groups of Se-Se-Se atoms, reminiscent of the types often found 
in the tiiiathiophtliene structures'". Some of these contacts are as much 
as 0.5A less than twice the van der Waals radius for seleniums0. A short 
Se---Se conlact of 3.467 A that involves two of the central selenium atoms 
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FIGURE 32. Stereoscopic view of the triselenocyanate anion in the structure of 
K(SeCN),.1/2H20. The picture was drawn by us from the coordinates presented 

in Reference 95. 

FIGURE 33. Stereoscopic view of the packing in the crystal of K(SeCN),.1/2H20. 
This picture was drawn by us from the coordinates presented in Reference 95. The 

non-standard F2 setting used in Reference 95 was retained for this drawing. 

lies close to the plane of the three covalently-bynded atoms (Se, Se. and C) 
and may represent a significant interaction with square-planar geo- 
1net1-y'~; see also the previous section. The two terminal selenium atoms 
are also involved in short Se---Se contacts. The nitrogen atoms. along with 
the water molecule, are involved in the coordination sphere of the K +  
ion. 

The conformation of the triselenocyanate anion i n  the rubidium salt"' 
is similar to that found in the potassium salt. although in this case the 
C, symmetry is imposed by the crystyit. The C-Se-Se-C torsion angle 
is 67". A view of the crystal packing is shown in Figure 34. Despite the 
difference in the space groups and imposed symmetry, there are quite 
close similarities in the crystal packing and interactions. There are also 
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b 

FIGURE 34. Stereoscopic view of the packing in the crystal of Rb(SeCN),.1/2H20. 
The picture was drawn by us from the coordinates presented in Reference 96. 

close Se---Se intermolecular contacts in the rubidium salt. the shortest 
being 3.5 16 A. 

The dimensions of the triselenocyanate anion in the caesium saltg7 
are similar to those in  the potassiuin and rubidium salts. but in the Cs' 
salt. the anion has C,-crystalloglaphic symmetry. The coordinates were 
not published in Reference 97, so we cannot include a stereoscopic view. 
However, the C-Se-Se-C torsion angle is close to 43.9" and the anion 
must be more extended than in the other two salts. 

There have been two X-ray structure studies on selenium dicyanides3* 
84.85.87.  However. both were based on two-dimensional X-ray data and 
it is not clear how reliable the results are. Hazells3 reported that selenium 
dicyanide and sulphur dicyanide were isomorphous and had the space 
group Ciiiuf. However, Emerson" and Linke and Lernmer"js6 showed 
that S(CN), belonged to the space group Phcri and Hazel18" now believes 
that the space group for both compounds is Phca. Thus his refinement 
imposed certain inappropriate symmetry constraints and some of the 
results were chemically unreasonable (e.g.. 1.42( 15) ii for a C-N bond and 
119(6)' for the C-Se-C angle). Linke and Lemmer85.87 refined the 
structure of Se(CN), in Pbcrr and found it to be isostructural with S(CN),. 
While the general features of the structure are probably correct, the fact 
that only projection data were used makes the details of bond lengths 
and angles somewhat unreliable. The values given for the two Se-C bonds 
were 2.01 and 2.08 Ii, for the two C-N bonds 1.27 and 1.07 ,-i, for the two 
Se-C-N angles 155" and 168' and for the C-Se-C angle 99". 
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XI. CRYSTAL STRUCTURE DATA ON METAL 
COMPLEXES CONTAINING CYANATES, 

THIOCYANATES AND RELATED 
LlGAN DS 

As stated in the introduction, no comprehensive discussion of the 
geometry of metal complexes containing cyanates. thiocyanates, or 
selenocyanates will be attempted. Rather we will focus on a few features 
of the geometry of the ligands themselves and point out the existence of 
recent review articles on these fairly large areas. Some aspects of the 
chemistry and bonding properties of the pseudohalide ligands OCN- ,  
SCN-, and SeCN- have been r e v i e ~ e d ' ~ ' . ' ~ ~  

In general, evidence supports that most organometallic complexes have 
the isocyanate structure (i.e. coordination through nitrogen) l b  rather 
than the cyanate structure (with coordination through oxygen) la. A 
recent example. studied by Duggan and Hendrickson'O4. illustrates that 
the cyanate ligand can coordinate both through nitrogen N I I ~  through 
oxygen. These authors studied the crystal structure of di-p-cyanato-bis 
(~,2',2"-triaminotrietliylamine) dinickel(1r) tetraphenylborate (13) and 

I19 

CH2 
\ 

(B(C6H5)4)2 

CH2 

\ 

CH2- CHz 
(1 3) 

found a centrosymmetric structure with N i - - - 0  and Ni---N distances of 
2.336(5) and 2-108(7)A. A view of the structure of the cation is shown in 
Figure 35. The molecular dimensions found in several metal complexes 
containing the cyanate group are given in Table 17. Two other examples, 
two forms of a thallium complex, have recently been shown by Britton 
and coworkers'0" to complex through both N and 0. Most of the metal 
complexes that coordinate only through nitrogen do  so in an almost 
linear fashion. I n  these determinations, [he C-0 bond (1 .1  78-1.238 A) 
is slightly longer than the N-C bond (1 .1  18-1.146 A). Comparison with 
some of the simpler cyanates studied in the gas phase which had M-N-C 
angles much less than 180" (for esample. HNCO'  and H,GeNC015), 
lead Duggan and Hendrickson'"4 to propose a correlation between the 
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FIGURE 35. ORTEP plotting of [Ni,(tren),(OCN),]’+ sliowing some important 
geometrical parameters characterizing the di-p-cyanate bridge and the nickel 
coordination environment. Hydrogen atoms are not shown. [After Duggan and 

Hendrickson. Iiiorg. Chern.. 13. 2056 ( 1974).] 

M-N-C angle and the N-C bond length. When the M-N-C angle 
gets smaller, the N-C length appears to get longer implying double bond 
rat,her than triple bond character. I t  is certainly apparent that the N-C 
bond lengths in these complexes, which mainly have M -N-C angles 
close to linearity, are considerably shorter than those in the simpler 
molecules whose lengths are given in Table 2 and which have M-N-C 
angles deviating greatly from linearity (Table 4). The values reported by 
Chow and BrittonLo9 for the two forms of (CH,)2-TINC0 would lend 
some support to the ideas put forward by Duggan and Hendrickson. 

The thiocyanate (SCN) and isothiocyanate (NCS) ligands are much 
more conimon than the corresponding cyanate ligands and a great many 
crystal structures containing these ligands have been determined. In a 
study on isothiocyanatothiocyanato-( 1-diphenylphosphino-3-dimethyl- 
aminopropane)Pd(ri), Clark and Palenik l o  surveyed some molecular 
dimensions on thiocyanate groups and concluded that while there were 
some individual anomalies (which may result from errors or artifacts in 
particular studies), no significant trends in bond lengths in the N-C-S 
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group could be discerned. The data included in their survey are given in 
Table 18 along with a few representative recent data. Apart from the clear 
difference between the metal (M)-S-C (80-1 10") and M-N-C angles 
( 1  55-178"), there do not appear to be significant differcnces in dimensions 
between the case when the NCS group is coordinated through nitrogen 
and when it is coordinated through sulphur. 

XII. CONCLUSIONS 

I n  this chapter \ve have tried to survey the information available on 
the structure of cyanates. isocyanates. thiocyanates, and isotliiocyanates 
obtained both in the gas  and crystalline phases. While there has Lee.: 
considerable recent interest in gas phase studies on some simple deriva- 
tives. there is a dearth of reliable data on organic cyanates and tliiocyanattx 
in the crystalline state. I t  is surprising that with the widespread use of X-ray 
crystallography that is now taking place. structural data are lacking on 
such simple organic groups. There is certainly a need for precise studies 
on this group in the crystal so that the structural results could be compzgpl 
with those being made by the microwave and electron diffraction methods. 

xi I I. AC KN o w LE DG M E NTS 

We wish to thank f i r s  Patti Eckert and Miss Mary Kay Greensley for 
their assistance i n  preparing this chapter. We also acknowledge many 
useful references from Dr Barbara Starck and helpful correspondence wi th  
Professor Doyle Britton and Dr Alan Hazel1 relating to their work in 
this 

I .  

2. 

3. 

4. 
5 .  

6. 
7. 
8. 
9. 

field. 

XIV.  REFERENCES 

L. H. Jones. J. N. Shoolery. R. G. Sliulman. and D. M. Yost. J .  Clim. P/i.r.r., 
18.990 ( 1950). 
G. C. Dousmanis. T. M.  Sanders. Jr.. C. H .  Townes, and H. J .  Zeiger. J .  Clrcrii. 
Pliix.. 21. 1416 (1953). 
R.-Kewley, K.  V. L. N. Sastry. kind M.  Winnewisser. 
( 1  963). 

Mol. Spcwr.. 10. 418 

R.  G.' Lett and W. H. Flygnre, J .  Clwii. Phjx.. 47. 4730 ( 1967). 
D. W. W. Anderson. D. W. H. Rankin.  and A. Robertson. J .  Mol .  Stri imire,  
14. 385 (1972). 
W. H. Hocking :ind M .  C. L. Gerry. J .  Mol.  S/wc/i... 5Y. 3-38 (1976). 
A. Bouchy and G. Roussy. C.R. A i u d  Sci. Pr1ri.s. 277. 143 (1973). 
M. C. L. Gerry. J .  C. Thompson. and  T. M. Sugden. Nutiiro. 21 1. 846 (1966). 
C. Glidewell. A. G. Robiette, and G. M.  Sheldrick. C ' l i w i .  P/ij..s. Lcit.. 16, 526 
( 1972). 



2. Structural chemistry of the cyanates and their thio derivatives I25 

10. D. R. Jenkins, R. Kewley, and T. M .  Sugden. Trutis. F h m l q  So c. .  58. 1284 

1 1 .  K. Kimura, K. Katada. and S. H. Bauer, J .  Atiicr.. Clier?i. Soc., 88, 416 (1966). 
12. K. E. Hjortaas, Actu Clii~rii. Scoritl.. 21. 1381 (1967). 
13. R. L. Hilderbrandt and S. H .  Bauer, J .  Mot. S ~ r i i c t u r ~ ,  3. 325 (1969). 
14. W. Airey, C. Glidewell, A. G. Robiette, and G. M. Sheldrick. J .  Mol. Striictiire, 

8, 435 (1971). 
15. J. D. Murdoch, D. W. H. Rankin, and B. Beagley. J .  Mol.  Stri~ct i~rc.  31. 291 

( 1  976). 
16. D. W. H. Rankin and S. J. Cyvin, J .  Clierii. Soc. Ddrori, 1277 (1972). 
17. V. A. Naumov, V. N. Semashko, and L. F. Shatrukov, Dokl. Aknrl. N m k  

IS. W. H. Hocking and M .  C .  L. Gerry. J .  Mot. Spccr r.. .  42. 547 (1972). 
19. W. H. Hocking and M. C. L. Gerry. J .  Mol. Spcc~r . .  58. 250 (1975). 
20. H. Oberhammer, Z. Nurirrforscli., 26a, 280 ( 1  97 I ). 
21. For a straight-forward discu3sion of the refinement procedures (and also 

most of the other procedures) in an X-ray study, see G. H. Stout and L. H. 
Jensen, X - r q i  Striic1iir.e Deterr?iirintioii: A Prucricd Giiitli>, Macmillan. New 
York, 1968. pp. 369-429. For a useful discussion of the procedures in least 
squares refinement. particularly as they affect the accuracy of the analyses, 
see D. P. Shoemaker in Criticul Euilirutiori of Clietiiicol urd PIi)-.si~~uI Striicnrrcrl 
Ir!formatiori. ed. by D. R. Lide. Jr. and M .  A. Paul. National Academy of 
Sciences, Washington, 1974, pp. 157-198. 

22. Some examples of cases where different structures have been obtained in the 
gas phase and the crystal include: 
(a) There are instances where more mtational forms appear in the vapours 
than in the condensed phases. Thus aiiti and guirclie conformers of ethane-l.2- 
dithiol were found in the vapour phase [M. Hayashi. Y .  Shiro. T. Oshima, 
and H. Murata, Bull. Clierii. Soc. Jupirri, 38. 1734 (1965): I .  Hargittai and 
Gy. Schultz, J.C.S. Clierii. Conirmiri.. 323 (1972)] and only the uriti form in 
the crystal [M. Hayashi et d.. Birll. Clicni. SOC. Jupari, 38. 1734 (1965)]. 
(b) Biphenyl has been shown to have a planar structure in the crystal [J. 
Trotter, Actu Crystnllogr., 14, 1135 (1961): A. Hargreaves and S. H. Rizvi, 
Acts Cr.~~stullogr.. 15. 365 (1967): G. B. Robertson. Nufirre. 191. 593 (1961)l. 
while the two phenyl rings are rotated bysbout 45" in the vapour [O. Bastiansen, 
Actu Clietu. Sctrntl., 3, 408 ( 1  949): 4, 926 ( 1950) : 6. 205 ( 195211. 
(c) In the vapour phase bis(cyclopentadienyl)berylliuni, (C,H,),Be*telectron 
diffraction) has two parallel, staggered C,H, rings 3.373 & 0.0lOA apart, 
with the Be atom on the common fivefold axis of the two rings. The Be atom 
may occupy two alternative positions at  1.472 fa3.006 A from one ring and 
1.903 f 0.008A from the other, [A. Almenningen, 0. Bastiansen, and A. 
Haaland, J .  Clierii. Pli),s., 40. 3434 (1964); A. Haaland, Acto Clicrn. Scuricl.. 
22, 3030 (1968)l. In thecrystal,[C.-H. Wong, T.-Y. Lce. K.-J. Chao,nnd S. Lee, 
Actu Crjstullogr., B28, 1662 (197211 the distance between the two parallel 
rings is 3.33 A. One of the rings, however, is slipped away from the symmetry 
axis on which the Be atom is located. The distance of the Be atom from one 
of the rings, under which' it lies. is 1.53 0.03 a and the distance between 
the Be atom and the plane of the other ring is 1.81 A. 

( 1962). 

S.S.S.R.. 209, I I8 (1973). 



126 Istvan Hargittai and Iain C. Paul 

23. On various types of internuclear distances and their physical significance: 
K. Kuchitsu and S. J. Cyvin, Representation and Esperinierital Determiria- 
tiori of the Geoiiietry of Free Molecules. Molecular Structures and Vibrations 
(Ed. S. J.  Cyvin), Elsevier, Amsterdam, 1972. 

24. On electron diffraction by gases: S. H. Bauer, Drjkactiori of Electrons by 
Gases. P/iJUiCti/ Chemistry, Vol. 4 (Ed. D. Henderson), Academic Press, New 
York, 1970. 
L. S .  Bartell, Electrori Diffructioti by Gases. Physical Methods in Organic 
Clletnistry (Ed. A. Weissberger and B. W. Rossiter), Interscience, New York, 
1972. 
J.  Karle, Electroii Diffraction. Deterlnitiution of Organic Structures by Physical 
Metliods, Vol. 5 ,  Academic Press, New York, 1973. 
H. M. Seip, Electron Diffraction: Tlieory; Accuracy. Molecular Structure by 
Diffraction Methods (senior reporters: G. A. Sim and L. E. Sutton). Specialist 
Periodical Reports, The Chem'ical Society, London, 1973. 

25. On microwave spectroscopy: E. B. Wilson and D. R. Lide, Microwaue 
Spectroscopy. Determination of Organic Structures bv Physical Methods (Ed. 
E. A. Braude and F. C. Nachod), Academic Press, New York, 1955. 
T. M. Sugden and C. N. Kenney, Microwilce Spcctroscopj~ by Gases, Van 
Nostrand. London, 1965. 
J.  E. Wollrab, Rotarional Spectru arid Molecular Structure. Academic Press, 
New York, 1967. 
D. R. Lide, Clicriiical hjormatioti ./;.om Micro~*uce Spectroscopj.. Suruey of 
Progress in Clietiiistrj-, 5.  Academic Press, New York, 1969. 
W. Gordy and R. L. Cook, Microwacr Molecwlar Spectra, Interscience, 
New York. 1970. 

26. H. Dreizler. H. D. Rudolph. and H. Schleser. Z .  Natur/br.~ch., 25a, 1643 
( 1970). 

27. S. J. Cyvin, Molecular Vibrations arid Meari Sqirure Ar)iplitudes. Universitets- 
forlaget. Oslo and Elsevier. Amsterdam. 1968. 

28. B. M. Rode. W. Kosmus. and E. Nnchbaur. Clierii. P/ij.s. Lett.,  17, 186 (1972). 
29. W. Kosinus, B. M. Rode. and E. Nnchbaur. J .  Electrori Spectrosc., 1. 408 

30. B. M. Rode. W. Kosmus, and E. Nachbaur, Motiatsh. Clieiiiie, 105, 191 (1974). 
31. B. M. Rode, W. Kosnnus, and E. Nachbaur, Z. Naturforscli., 29a, 650 (1974). 
32. P. Botschwina, B. M. Rode, VJ. Kosmus, and E. Nachbaur, to be published. 

33. D. F. Koster, Spccrrocliitn. Actu, 24A, 395 (1968). 
34. F. A. Miller and G. L. Carlson. Spectrocliinr. Acta. 17, 977 (1961). 
35. J .  Goubeau, E. Heubach. D. Pnulin. and I .  Wedmaier. 2. ariorg. allgett7. 

36. G. L. Carlson. Spectrocliir?i. Acra. 18. 1529 (1963). 
37. S. J .  Cyvin. J .  Brunvoll. and A. G. Robiette. Chern. P l y s .  Lett.,  11,263 (1971). 
38. A. H. Clark and H. M. Seip. Clicrii. PIiys. Lett., 6.  452 (1970). 
39. J .  E. Griffiths. J .  Cheri?. Phj. .~. ,  48. 278 (1968). 
40. Yu. Egorov, G. I .  Derkach. A. A. Kisilenko, and A. S .  Tarasevich, Teor. 

41. V. Schomaker and D. P. Stevenson. J .  Arner. Clietn. Soc.. 63, 37 (1941). 

( 1972/73). 

Private communication from Dr B. M.  Rode, 1974. 

C/ierii., 300, 194 ( 1959). 

Ekspcr. Khini.. 5 ,  607 (1969). 



2. Structural chemistry of the cyanates and their thio derivatives 127 

42. K. Kuchitsu, Gas Electron Diffraction. M T P  biternrrtionnl Review of Science, 
Pliysical Clletiiistry Series One, Vol. 2, Molecirlnr Structure mid Properties 
(Ed. G. Allen), Medical and Technical Publ. Co., Oxford, 1972. 

43. L. Pauling, The Nariire of’ Chet~iical B o d ,  3rd ed.. Cornell University Press. 
Ithaca, New York, 1960. 

44. J .  R. Durig, S. M. Craven, J. H. Mulligan, C. W. Hawley, and J. Bragin, 
J .  Choii. Phys., 58, 1281 (1973). 

45. Private communication from Dr V. A. Naumov. 1974. 
46. R. Dickinson, G. W. Kirby, J .  G. Sweeny, and J. K. Tyler. J.C.S. Cheni. 

Cotiitiiiii7., 241 ( 1  973). 
47. A. Almenningen, B. Bak, P. Jansen, and T. G. Strand. Acta Clierii. Scntitl., 

27. 1531 (1973). 
48. M. Dakkouri and H. Oberhanimer, Z .  Narutjor~cli., 27a, 1331 (1972). 
49. Y. Morino and Y. Murata, Bull. Clieiil. Soc. Jopati, 38, 104 (1965). 
50. R. C. Mockler, J.  H. Bailey. and W. Gordy, J .  C/ieti~. P/iys., 21, 1710 (1953). 
51. W. Airey, C. Glidewell, A. G. Robiette, G. M. Sheldrick, and J.  M. Freeman, 

52. B. Bak, J. Bruhn. and J.  Rastrup-Andersen, Actn C/i~tt i .  Scanrl., 8. 367 (1954). 
53. L. V. Vilkov and N. A. Tarasenko. C h i ? .  Cotiitiii~17.. 1176 (1969); L. V. Vilkov, 

54. Y .  Morino, K. Kuchitsu, and T. Moritani. Itiorg. C/ietii., 8, 867 (1969). 
55. G. C. Holywell and D. W. H. Rankin, J .  Mol. Structure, 9, 1 1  (1971). 
56. T. Moritani, K .  Kuchitsu, and Y. Morino, Inorg. Chetii., 10. 344 (1971). 
57. Y. S. Li, M. M. Chen. and J. R. Durig. J .  Mol. Strrictirre. 14. 261 (1972). 
58. L. V. Vilkov and L. S .  Khaikin, Dokl. Ah-ud. Nuirk S.S.S.R., 168. 810 (1966). 
59. V. A. Naumov and V. N. Semashko, Zli. Strukt. Kliini., 12, 317 (1971). 
60. L. V. Vilkov, N. I .  Sadova. and I .  Yu. Zilberg, Zh. Strukt. Khitii., 8. 528 (1967). 
61. A. Bjorseth and K. M. Marstokk, J .  Mol. Structirre, 1 1 ,  15 (1972). 
62. 0. H. Ellestad and T. Torgrinisen, J .  Mol. Strirctiire, 12. 79 (1972). 
63. R. P. Hirschniann, R. N. Kniseley. and V. A. Fassel. Spectrochini. Acto. 20, 

809 (1964). 
64. A. Bjnrseth, Actn Cliem. Scond. A.  28. 1 13 ( 1  974). 
65. W. C. von Dohlen and G. B Carpenter, Acta Crystcillogr., 8. 646 (1955). 
66. E. H. Eyster. R. H. Gillette, and L. 0. Brockway, J .  Atiier. C/iati. Soc., 62 

67. G. Herzberg and C .  Reid, Discuss. Furudcij, Soc., 9, 92 (1950). 
68. C. J .  Brown, J .  C/ierii. Soc.. 293 1 (1955). 
69. M. Shiro, M. Yamakawa, T. Kubota, and H. Koyama, C/iem. Cotiitiiirti., 

70. M. Winnewisser and M. K. Bodenseh, Z. Nututjbrsch., 22a. 1724 (1967). 
71. J. H.  Konnert and D. Britton. Acta Crjatallogr., B27, 781 (1971). 
72. R. Bringeland and 0. Foss, Acra Chem. Scutid., 12. 79 (1958). 
73. F. Feher and K.-H. Linke, Z .  ariorg. dlget?i. C/ietti.. 327, 151 (1964). 
74. S. M. Ohlberg and P. A. Vaughan. J. Atiier. C/ictii. Soc., 76, 2649 (1954). 
75. K. Emerson, Acra Crystallogr.. 21, 970 (1966). 
76. I. V. lsakov and Z. V. Zvonkova, Kristallografip, 10, 194 (1965); Soriel 

77. L. Pierce. R. Nelson, and C .  Thomas, J .  Clietii. P l i j ~ . .  43, 3423 (1965). 

J.  Mol. Structure, 8. 423 (1971). 

Kbriiini Kozlernbriyek, 35, 375 (197 I ) .  

3236 (1940). 

ag 1409 (1968). 

P / ~ ~ ~ s ~ c s - C ~ ~ ~ S ~ C ~ I I O ~ I . U ~ / ~ ~ ~ ,  10, 144 ( 1965). 



128 Istvan Hargittai and lain C. Paul 

78. W. Arnold and F. Rogowski, Z. Nutui;forsc/i.. 20b. 806 (1965). 
79. 0. Aksnes and 0. Foss, Acto Chein. Scuiid.. 8, 1787 (1954). 
80. L. Pauling. The Nature of' t / i c  C'lieniical Bond, 3rd ed., Cornell University 

Press. Ithaca, New York, 1960. p. 260. 
81. There is accumulated evidence that the van der Waals radius for sulphur 

should be closer to 1.75 A than the value of 1.85 A, given by Pauling. See, 
for example, P. L. Johnson and 1. C .  Paul, J .  C/iem. Soc., Sect. B. 1296 (1970); 
D. van der Helm. A. E. Lessor. Jr.. and L. L. Merritt. Jr.. Actu CrJsfollogr., 
15, 1227 (1962); L. A. Walker. K .  Folting, and L. L. Merritt, Jr., Acia 
Crjlstallogr., B25, 88 (1969). 

82. F. Feher, D. Hirschfeld, and K.-H. Lii!ike. Acto Crystollogr.., 16. 154 (1963). 
83. A. C. Hazell, Acta Crystallogr., 16. 843 (1963). 
84. A. C. Hazell, private communication (1965) to K. Emerson, reported in 

Reference 75. and also more recently to I .  C. Paul (1975). 
85. K.-H. Linke and F. Lemrner. Z. Nutiri:/orsch., 21b, 192 (1966). 
86. K.-H. Linke and F. Lemnier. Z. uiiarg. al/gci)i. C/ic~ii.. 345. 203 (1966). 
87. K.-H. Linke and F. Lemmer, Z. ariorg. ullgcwi. Clieiri., 345, 21 1 (1966). 
88. C. Akers. S. W. Peterson, and R. D. Willett. Acin Cr;vstallogr., B24: 1125 

89. 2. V. Zvonkova and G. S. Zhdanov. Z/i..fi:. Khii~i . .  23. 1495 (1949). 
90. J .  B. Faught. T. Moeller. and I .  C .  Paul. Itiarg. C/iei)i., 9. 1656 (1970). 
91. P. T. Clarke and H. M. Powell. J .  C/icvii. Soc., Sect. B, 1 I72 ( 1966). 
92. D. S. Kendall and W. N. Lipscomb. 1iioi.g. C/ic/ii.. 12. 2915 (1973). 
93. D. S. Kendall and W. N. Lipscomb. liiorg. C/iei)i.. 12. 2920 (1973). 
94. 0. Aksnes and 0. Foss, Acto C/im. Scriid.. 8,  1787 ( 1954). 
95. S. Hauge and J. Sletten. Acia C'/icni. Scuiid.. 25. 3094 (1971). 
96. S. Hauge, Actu C/wii.  Scarid.. 25, 3103 (1971). 
97. S. Hauge, Acio Clieiii. S c a d . .  25, 1134 (1971). 
98. D. D. Swank and R. D. Willett. Iiiorg. C/iei)i., 4. 499 (1965). 
99. E. C. Llaguno and I .  C .  Paul, J .  C/iein. Soc.. Perkin Troiis. / I .  2001 (1972). 

100. A. Hordvik and K. Julshamn, Acio C/iei)i. Scniid.. 25. 2507 (1971). 
101. See, for example, P. L. Johnson. E. C. Llaguno. and I .  C. Paul. J .  C/icw. Soc.. 

102. J .  L. Burmeister, Coorrl. C/icwi. Rci... 3. 225 (1968). 
103. A. H. Norbury and A. I .  P. Sinha. Qucjrr. Rrr . .  C/ieni. So(.., 24, 69 (1970). 
104. D. M. Duggan and D. N. Hendrickson, liiorg. C/iei)i.. 13, 2056 (1974). 
105. A. A. Kossiakoff, R. H. Wood, and J. L. Burrneister, personal conirnunica- 

tion to D. N. Hendrickson (1974). 
106. M. A. Bush and G. A. Sirn, J .  C/ieiir. Soc.. Sect. A ,  605 (1970). 
107. A. T. McPhail. G. R. Knox. C. G. RobertFp, and G .  A. Sim. J .  C/icm. Soc., 

Scci. A,  205 (1971). 
108. J. B. Hall and D. Britton. A m  Cr~~siullogi.. ,  B28. 2133 (1972). 
109. Y. M. Chow and D. Britton. Acrcc Cr~..srullog r . .  B31. 1977 (1975). 
110. G. R. Clark and G. J.  Palenik. Iiwwg.  C/ici~i..  9. 3754 (1970). 
1 1 1 .  I .  Lindquist and B. Strandberg, Acra Crj~stullogr., 10. 173 (1957). 
112. A. Hordvik and H .  M .  K j ~ g e .  Actci Clieiii. Sccirid., 23, 1367 (1969). 
1 13. B. Metz, D. Moras, and R. Weiss. Acln Ci;iwri//fiy.. B29. I388 ( 1973). 
1 14. I .  Lindquist, Actci Cr:i*stullogr.. 10, 29 (1957). 
115. J .  R. Knox and K. Eriks, Iriorg. Chern.. 7. 84 (1968). 

( 1  968). 

Parkiii I I .  234 (1976). 



2. Structural chemistry of the cyanates and their thio derivatives 129 

116. A. Ferrari, A. Braibanti, G. Bigliardi, and A. M. Landfredi, Actcr Crystdlogr., 

117. L. h& Anizel, S. Baggio, and L. N. Becka, J .  C/iem. SOL. A ,  2066 (1969). 
1 18. M. Nardelli, G. F. Gasparri, A. Musatti, and A. Manfredotti. Acrn Crysrallogr., 

119. M. Nardelli, G .  F. Gasparri, G. G .  Battistini, and P. Domiano, Acfn 

120. R. A. Forder and G. M .  Sheldrick, C/iem. Co~i~ti~iui., 1 125 (1969). 
121. D. VBNaik and W. R. Scheidt. h70rg. C/ieui., 12, 272 (1973). 
122. F. Bigoli, A. Braibanti, M. A. Pellinghelli, and A. Tiripicchio. Actn Cr~Wallogr., 

123. Y. M. Chow, Itiorg. C/ieni.. 9, 794 ( 1  970). 
124. Y. M. Chow, Inorg. C/iem.. 10. 673 (1971). 
125. B. W. Brown and E. C. Lingafelter, Acta Ctystollogr'., 17, 254 (1964). 
126. M. R. Snow and R. F. Boomsma, Acrci Ci.j*srn/logr.. B28, 1908 (1972). 
127. H. D. Flack and E. Parthe. Acra Cvysrol/ogr., B29. 1099 (1973). 

18, 367 (1965). 

21, 910 (1966). 

Crys/nl/ogr.. 20. 349 (1966). 

B29,2344 (1973). 



CHAPTER 3 

Stereochemical and 
co n f o r m a t  i o n a I aspects 
of cyanates and 
related groups 

GEORGE C. CORFIELD 
Sl iqf ie l l  City Polytechiiic, Ei ig lmd  

I .  INTRODUCTION . . 131 
11. CONFORMATIONAL A N D  CONFIGURATIONAL. ANALYSIS . . . 135 

A. Acyclic Molecules . . 135 
B. Cyclohexane Derivatives . . . 141 

2. Di- and trisubstituted cyclohexanes . . 147 
1. Monosubstituted cyclohexanes . . 141 

I I I .  REFERENCES . . 150 

I .  INTROPUCTION 
Cyanates and related groups are necessarily end groups, attached by a 
single bond to the rest of the molecule in which they are found. These 
groups are essentially linear in geometry and when attached to a carbon 
atom in a molecule, the angle between that atom and the group is between 
90" and 180" (1-4). 

/N=C=S 
-. 

C /N=C=o C 

(3) (4) 

C C/S-c=N 

(1 1 (2) 

Clearly, these groups do  not introduce into molecules the possibility of 
different stereochemical configurations of a single structure, such as the 
geometrical isomers found in the alkenes or in the presence of the carbon- 
nitrogen double bond. However, since rotation about single bonds is, in 
most instances, not free. certain confornptions of these groups with respect 
to the rest of the molecule will be more stable than others, and hence, 
different stereoisomers can be recognized, detected even, but not isolated. 
This chapter will discuss the conformational and configurational analysis 
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of molecules containing cyanates and related groups and emphasize the 
re1 at i o n s h i p between conform at i o n a 1 eq ii i 1 i br ia, co 11 fiz 11 rii t ion and the 
physical and chemical properties of molecules. 

Although different configurations of a single structure do not result 
from the presence of cyanates and related groups, there are many ex- 
amples where geometrical or optical isoniers have been isolated for 
molecules containing these groups. I n  most cases. knowled_re of the 
precise configuration of the molecule was important to an understanding 
of the chemistry of the functional group. The following examples will 
i I  1 us t ra t e this point. 

Isothiazole (7) can be prepared by the reaction of 3-tliiocyanopropenal 
with liquid ammonia. but success is dependent upon use of the cis isomer 
(6)'-3. Only a tar results from use of the t r m s  isomer (8). 3-Thiocyano- 
propenal is prepared by addition of thiocyanic acid to propynal (5).  A n  
optimum yield of the cis isomer was obtained when an aqueous solution 
of tliiocyanic acid was slowly added to a solution of propynal in acetone at. 2 

- 10 to - 15°C. At higher temperatures the !rt t~zs  isomer was favoured. I t  
appears that the addition of thiocyanic acid to propynal occurs in ii t rms 
manner to yield the cis isomcr which in the presence of thiocyanic acid 
isomerizes to the trtrizs isomer. The isomers were identified by their 
nuclear magnetic resonance spectra. The coupling constant for the 
olefinic protons, J 2 . 3  = 9 Hz for the cis isomer and 15 Hz for the r r m s  
i ~ o m e r ~ . ~ .  

H\ ,,S-C=N 
/c=c 

o=c \H 
'H 

(8) 

c.i.s-.3-Tliiocynno~icr\ilamides ( 10) were obtained. siniilarly. by the 
addition of thiocyanic acid to thc propiolamides (9). and conversion to 
thc coi-respondin_g substitiired 3-isothiazolones ( 1  I )  was en'ected readily. 
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Evidence was provided for equilibria between 3-isothiazolones ( + HCN) 
and ci.s-3-thiocyanoacrylamides5. 

0 
II 

(9) 

HCECCNH R 

H ‘c=c /H 

H/N\R 

/ \  
NCS F = O  

m 
S C=O+ HCN 

‘N’ 
I 

R 

During a study of the mechanism of the cyclopolymerization reaction, 
cis- and rrcrris-1.3-diisocyaiiat ocyclohexane were synthesized6.’. The poly- 
merization of the trtrris isomer was attempted, using sodium cyanide in 
D M F  as initiator, bu t  no polymerization occurred. Under similar condi- 
tions the cis isomer produced soluble linear cyclopolymers. cis-1.3- 
Diisocyanatocyclohexane (12); because of the diaxial conformation which 
the molecule can assume (12b), is functionally and configurationally 
capable of polymerizing by the cyclopolymerization mechanism to give 
linear polymers containing bicyclic units (13). The trans isomer, if poly- 
merization occurred, might be expected to yield cross-linked polymers 
eventually because the isocyanato groups would be too far apart, in 
equatorial and axial positions respectively, for the intramolecular step to 
occur (14). Since it has been found that monoisocyanates in which the 

N=C=O -=& N=C=O 

It 
R 

0- 
m 

A 
\c 

(14.b) \o 
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functional group is attached to a secondary carbon atom are not poly- 
merized under these conditions*-' ', and the axial-equatorial arrangement 
of the isocyanato groups in the trciizs isomer will not allow the formation 
of a cyclopolymer, there are steric reasons for the inability 
to polymerize. 

Considerable effort has been dsvoted to the elucidation of the me- 
chanisms of thermally induced thiocyanate-isothiocyanate isomoeriza- 

1.12 . Most allylic thiocyanates rearrange via a six-membered cyclic 
transition state involving little or no charge separationI3.l4. The overall 
nature of non-allylic isomerizations is o fa  kinetically preferred thiocyanate 
having a relatively weak carbon-sulphur bond reacting by bimolecular 
dispkcement or unimolecular dissociation-recombination to the thermo- 
dynamically preferred isothiocyanate' 5 .16 .  In the study of systems in which . 

N C S  46 
NCS + A 

I 
SCN 

/ 
4 NCS 4 endo 

t.'.... NCS A ..-.-.____.. % 

4Ncs exo exo 

endo 
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participation by ii remote double bond provides a driving force for 
ionization, most authors use a non-classical intermediate to explain the 
formation of rearranged products’ ’. Thiocyanate isomerizations where 
ionization occurs involve intimate ion pairs which means that this system 
provides conditions in which intermediates are captured very rapidly and 
the nature of the carbonium ions can be investigated”. An example is the 
isomerization of 2-(d3-cyclohexenyl)ethyl thiocyanate (15) which has 
been investigated and a comprehensive interpretation of the results has 
been proposed involving localized and delocalized ions”. 

(R)-?-Butyl thiocyanate ([or];’ = - 60) isomerized to racemic 2-butyl 
isothiocyanate in DMF at 145 “C, indicating a completely non-stereo- 
specific reaction. This, and other results, are explained by involving, again, 
a n  ion pair intermediate”. 

However, the emphasis of this chapter will be placed upon the elucida- 
tion of tlie three-dimensional structure of molecules containing cyanates 
and related groups, and not upon the stc.,reochemistry of the reactions of 
these groups. 

I I .  CONFORMATIONAL AND CONFIGURATIONAL 
ANALYSIS 

Most of the discussion which follows will be concerned with isocyanates, 
thiocyanates and isothiocyanates. Because preparative routes to organic 
cyanates have not been established for too and because alkyl 
cyaiiates readily rearrange to i s ~ c y a n a t e s ’ ~ . ’ ~ . ’ ~ . ~  very little work related 
to their stereochemistry has been reported. 

A. Acyclic Molecules 

Electron diffraction3’ photographs of gaseous methyl isocyanate have 
been repoged and i ~ i t e r p r e t e d ~ ~ ,  with the assumption of a tetrahedral 
methyl group (C’-H = 1.09 A). the C’-N bond length as 1.47 A, and a 
linear isocyanate group, to give the following structural parameters for 
the molecule: N-C = 1.19 & 0.03A, C-0 = 1.18 0.03& and the 
angle between tlie linear isocyanate group and the C‘-N bond = 
135 5”. 

Barriers to internal rotation of methyl groups have been measured in 
a number of molecules by analysis of characteristic internal rotation 
splittings found in  their microwave spectra”. The JO -+ 1 and J I  -+ 2 
a-type transitions i n  the microwave spectrum of methyl isocyanate have 
been studied3’. A computer program was written to calculate the energy 
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levels and transition frequencies for any value of the barrier for a molecule 
containing a methyl group and a plane of symmetry. The model assumed 
was a rigid methyl group attached to a rigid frame, and the basis chosen 
was that appropriate for free internal rotation. The spectrum of methyl 
isocyanate was predicted for a range of values of the barrier from 0 to 
1.5 kcal/mol (6.3 kJ mol- ) and for a range of values of the L C ' N C  from 
130" to 140". Apart from the bond angle, the structure assumed for methyl 
isocyanate was that determined by electron d i f f r a ~ t i o n ~ ~ .  Using a bond 
angle smaller than 130" gave results which were not consistent with the 
microwave spectrum. In spite of the variation of the spectrum which 
could be obtained by varying the barrier, the spectrum could not be fit by 
the model of a rigid methyl group attached to a rigid frame. However, for a 
barrier less than 0.15 kcal/mol (0.63 kJ mol- ' )  and a bond angle of 140°, 
the calculated spectrum is in fair qualitative agreement with the observed 
spectrum. From the splitting of the 53 -, 4, K = f 1 , 1 1 1  = rt_ 3 transition, 
the barrier to internal rotation of the methyl group was found to be 
0.049 & 0-003 kcal/mol (0.203 & 0.13 kJ mol-I). This value is mentioned 
in a recent review36 but  i t  is misquoted (as 4.9 f 3 kcal/mol) and the 
literature reference is not given. 

Two extreme conformations are possible for the methyl isocyanate 
molecule. The isocyanate group may be staggered or eclipsed with respect 
to the methyl group (16a e 1 6 b ) .  In the above work". no indication is 
given of the preferred conformation. In a ~ e t a l d e h y d e ~ ~  and p r ~ p e n e ~ ~ ?  the 
preferred conformer is that with the double bond eclipsed with a hydrogen 
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atom. I t  is suggested39 that this is reasonable if the double bond is con- 
sidered to be of the 'banana-type'. The banana-type double bond would 
be staggered rather than eclipsed with respect to the carbon-hydrogen 
bond on the adjacent atom. Since it has been claimed that the volume 
requirement of a lone pair on a nitrogen atom exceeds that of a covalently 
bonded hydrogen atom'", 16a (17) could be more populated than 16b. 
The Inicro\va\;e spectrum of methyl thiocyanate has been investigated i n  
the frequency range of 8-34 GHz'". The rotational constants determined 
from the spectrum are A = 15,796.2, B = 4155.4 and C = 3354.2 MHz. 
With only three rotational constants. it was not possible to make a com- 
plete structural determination. However, assuming C'-H = 1.093 A. 
LHC'H = 109 ZS'.C'-S = 1.820A;ind C-N = 1.156A.theothertwo 
parameters \\'ere determined a s  LC'SC = 99'52' and S-C = 1.684A. 
Splittings due to internal rotation were observed for rotational transitions 
in the ground and in the first excited torsional states. Analysis of these 
splittings gave an internul bawier of 556 cm- I .  i.e. 1.59 kcal/niol (6.65 kJ 
mol-I). Approximate values of 0.28 t- 0.15 kcal/mol"' (1.18 & 0.63 kJ 
mol-I) and 0.91 k ~ a l / n i o l ' ~  (3.82 kJ mol-I) have been reported for the 
rotational barrier about the C-N bond of methyl isothiocyanate. 

Later. the microwave spectra of methyl thiocyanate. methyl isocyanate 
and methyl isothiocyanate were re-examined under high resolutionAA. 
The barriers to internal rotation of the methyl group were found to be: 

CH,SCN, 1.60 k 0.08 kcal/mol (6.72 & 0.34 kJ mol-I):  
CH,NCO. 0,083 & 0.01 5 kcal/mol (0.35 & 0.06 kJ mol-'1 
CH,NCS. 0.304 t- 0.05 kcaI/mol (1.28 0.21 kJ mol-I). 

The data were consistent with bond angles of99.6" ( L C ' S C ) ,  140" ( L C ' N C  
in CH,NCO) and 147-148" ( L C ' N C  in CH,NCS). 

FOLU conformations of ethyl thiocyanate can be recopized if rotation 
about the C,-S bond is considered (18-21). 

ant i -  periplanar anti-clinal syn-clinal syn - pe ri pl anal 

(1 8 )  (7 9) (20) (21) 

From an infrared spectroscopic study of ethyl thiocyanate, thc enthalpy 
differencc between the sjwclinal (gtrirdic~) and ciriti-p,eriplanar ( o i i r i )  
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conformations was estimated to be 0.49 kcal/mol (2.06 kJ mol- I), with 
the t r i i f i  being the more stableA5. However, a microwave investigation46 
showed that the molecule exists mainly in the gnirche form in the gas 
phase and that this conformer is at least 0.8 kcal/mol (3-4 kJ mol- I )  more 
stable than the c r n f i  form. This result was supported by an infrared and 
Raman reinvestigation in vapour, liquid, amorphous and crystalline 
states47. The spectra revealed only the gnirche conformation. I t  is of 
interest that the gnirche form (torsion angle = 58") predominates. Steric 
interactions, as in the gnirclie form of butane, would suggest the opposite 
was true. Comparison can be made with derivatives of propane, e.g. 1- 
cyanopropane4*, where gnirche forms are also more stable than anti forms. 
It would seem that steric repulsion in ethyl thiocyanate between CH, and 
CN is not severe at all since calculations"6 based upon van der y a a l s  
interactions indicate that the gaitclie form is slightly inore stable. Calcula- 
tions involving dipole-dipole interactions also favour the goirche form. 

Two staggered conformations are possible for 2-propyl thiocyanate 
(22 and 23). Infrared s t ~ d i e s ~ ~ ~ ' ~  are used to suggest that the gairche-anti 
form (22) predominates. 

CH3 
' I  

The enthalpy difference between the two forms is ~ a l c u l a t e d ~ ~ p s  1.36 kcal/ 
mol (5-7 kJ mol-I). O n  the basis of the preceding discussion of ethyl 
thiocyanate. the gtrirclie-gciirclie conformer (23) might have been expected 
to predominate. 

2-Butyl derivatives exist in enantiomeric configurations. The correlation 
between isothiocyanate and amine is known50-52 &4 and 25). Correlation 
between thiocyanate (26) and amine has been achieved" using 
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steps 27-29. The first step was assumed to occur with net inversion 

N; LiAlH,, 
RSCN ___* RN3 - RNH;! 

(27) (28)  (29) 

and the second with net retention of configuration. Thus 2-butyl thio- 
cyanate and 2-butyl isothiocyanate of the same configuration have the 
same sign of rotation. Confirmation of the configuraGona1 assignment for 
(-)-(R)-2-butyl thiocyanate was obtained by its conversion to a thiol of 
opposite configuration to the known ( + )-(S)-2-butanethiols3. 

The crystal and molecular structure of dithiocyanatomethane, 
CH,(SCN),, has been determined54. The molecule in the crystal has 
symmetry 2. The bond distances are: S-CH,, 1.808 a; S-CN, 1.677 A: 
C-N, 1.194A; and bond angles are: C'-S-C, 98.2"; S-C-N, 176.4"; 
S-C'-S, 1 15.0". An intermolecular distance of 3.1 7 A  between nitrogen 
and sulphur atoms on adjacent molecules suggests a weak intermolecular 
interaction. It is interesting that the molecule adopts a configuration in the 
crystal in which each thiocyanate group is syn-clinal (gauche) to the other 
CH,-S bond (30). 

NC 

's 

(30) 

The structure of 1,2-dithiocyanatoethane has also been determined 
from single-crystal X-ray data55. The mo,lecules have a centrosymmetric 
r i m s  form, with the cyanide groups rotated out of the S-C'-C'-Szlane. 
This means that the CH,-S bonds are unti-periplanar (31) to each other but 
that, again, the thiocyanate group is syn-clinal(32) to the CH,-CH, bond. 

/"" 
S 

I 
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In both CH,(SCN), and NCSCH,CH,SCN there is a deviation of the 
S-C-N angle from linearity. Further, the results found for the S-C and 
C-N bond lengths can be interpreted in terms of a significant contribution 
from 34 to the structure of the thiocyanate group. - &=N- 

/ 
C /S-c=N C’ 

(33) (34) 

Infrared and Rainan spectral data also suggest the anri-periplanar form 
for I,?-dithiocyanatoethane in the solid state, but the syii-clinal form is 
observed in chloroform solution56. 

The difference between calculatdd and experimental dipole moments of 
a series of aliphatic ditliiocyanates suggests the occurrence of a partial 
hindrance to free rotation at the bonds between the thiocyanate groups 
and the carbon atoms of the aliphatic chain5’. Electrostatic interactions 
and steric effects influence the degree of free rotation. The first effect is 
evident from the significant increase in  the dipole moment on lengthening 
the aliphatic chain: 1,2-dithiocyanatoethane (3.03 D); 1,3-dithiocyanato- 
propane (3-90 D); 1,4-dithiocyanatobutane (4.06 D); 1,5-dithiocyanato- 
pentane (4.46 D). The effect of substituting a methyl group for a hydrogen 
atom in 1,2-dithiocyanatoethane, i.e. to give 1,2-dithiocyanatopropane, is 
to increase the dipole moment by more than 1 D (to 4.07 D). It is sugges- 
ted that in benzene solution this molecule exists in conformations 35 and 
36 with 36 predominating because of the steric repulsion between the 
methyl and thiocyanate groups in 35. There is some evidence to indicate 
that the steric effect of the methyl group hinders rotation around the 
neighbouring HC-S bond. 

SCN CH3 

(3 5 )  A 

NCS 
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B. C yclohexane Derivatives 

1. Monosubstituted cyclohexanes 

Monosubstituted cyclohexanes (38j can exist in two chair conforma- 
tions, one with the substituent axial (38a), the other with the substituent 
equatorial (38b). The two conformations are readily interconvertible and at 
room temperature monosubstituted cyclohexanes rapidly pass from one 
qhair form into the other. The equatorial conformation is expected to be 
the more stable because the non-bonded interactions are larger for an 
axial substituent than for an equatorial one. 

x 
, (38a) 

The free energy difference, AGT, between the two conformations is 

- A G T  is the ‘conformational free energy‘ of the axial form, i.e. the 
conformational free energy is the free energy of a conformation above that 
of the conformation of minimum energy. 

The equilibrium constant K = s / ( l  - s), where s is the mole fraction 
of the equatorial conformer in the equilibrium mixture. 

In order to calculate K. and hence -AG,S the equation: 

- given by A G T  = - R T  In K.  

has been derived” where P, and P, are the magnitudes of a property of a 
molecule with an axial and an equatorial substituent respectively. and P 
is the measured value of this property in the mixture. This equation was 
originally used to calculate K from reaction rates but is also used for 
n.m.r. parameters of isocyanates. 

N.m.r. spectroscopy has been established as one of the most accurate 
and simple methods of determining the free energy difference between the 
axial and equatorial conformations in cyclohexane d ~ r i v a t i v e s ’ ~ . ~ ~ .  
Consider the n.m.r. spectra of 4-t-butylcyclohexanes, biased cyclohexane 
derivatives. When the substituent is an electronegative atom or group 
the spectrum shows two main regions ofabsorption: a larger signal at high 
field and a smaller signal at low field. For example, the spectra of cis- and 
r~t~~s-4-~-butyl-l-isocyanatocyclohexane~ I ,  (a) and (b) respectively in 

s 
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Figure 1, showed two regions of absorption of relative areas 18:l. The 
signal at low field is due to the tertiary proton bonded to the same carbon 
atom as the isocyanate group (3-proton) which has a lower diamagnetic 
shielding than the other protons. It has been found that axial and equa- 
torial protons generally differ in chemical shift if the chemical environment 
is otherwise the same6?. The signal of axial protons usually appears at 
higher field and is broader than that due to equatorial  proton^^'-^^. Thus 

71 
I 

8 r  
1 

NCO 

H 

FIGURE 1. N.m.r. spectra recorded at 100 M H z  in CDCI, at 32°C: (a) cis-4-r-butyl-l- 
isocyanatocycloliexane: (b) rrm.s-4-r-bu tyl- 1 -isocyanatocyclohexane: (c) isocyanato- 

cyclohesane. 
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from the relative chemical shifts and band widths of cc-protons it is 
possible to determine the configuration of cyclohexane derivatives. 

The spectIQim of isocyanatocyclohexane, (c) in Figure 1, might be expec- 
> show two signals for t h e  cr-proton; a narrow signal at low field 

due to the equatorial a-proton and a broader signal at higher field due to 
the axial x-proton, the ratio of these two signals being a direct measure of 
the relative abundance of the two conformers in the equilibrium. The 
spectrum acfually obtained, however, shows only one signal for the a- 
proton. The transition of an excited nuclear spin from the parallel to the 
anti-parallel state, and back again, by which the n.m.r. signal is produced, 
is relatively slow compared with the rate of inversion of a cyclohexane 
ring at room temperature. Thus during one spin transition of the x-proton, 
the molecule to which it is attached interconverts very often, and the 
r-proton itself is many times axial and many times equatorial. Thus the 
magnetic environment of the ?-proton during its transition is an average 
value of the environments of an axial and an equatorial proton and all 
properties of the measured signal are average values. If the equilibrium 
constant for isocyanatocyclohexane is to be calculated then the magnitudes 
of the properties of the individual conformers must be known. 

If a mobile system, such as isocyanatocyclohexane, is cooled the rate of 
interconversion of the conformers is reduced while the transition time of 
a nuclear spin remains unaltered. On cooling, a distinct broadening of 
the %-proton signal is observed followed by separation into two bands 
(Figure 2). This separation is clear evidence that the rate of chair-chair 
interconversion has been slowed sufficiently at low temperature so that 
the mean lifetime in any conformation is larger than the transition time of 
a nuclear sp'.n. The broader peak at low field is assigned to the equatorial 
proton and the peak at high field to the axial proton. Measurements of the 
populations of the eqijzmrinl and axial rx-protons in equilibrium by this 
met hod have given - AG&@s: 0 .  

0-60 kcal/mol (2-52 kJ mol- ' )  at - 75 " C in CDCI3"' : 
0.506 kcal/mol (2.125 kJ mol- ' )  at -80°C in CSf": 
0.52 kcal/mol (2.18 kJ mol- ' )  at -70°C in CDC1366: 
0.43 kcal/mol (1-81 kJ mol- ') at - 60 "C and 0.44 kcal/mol (1.85 kJ 

mol- ' )  at -70°C (solvent not ~pecified)~'. 
One of the first* methods used to determine the configuration of biased 

cyclohexane derivatives was measurement of the width of the r-prrrton 
signal. The band width is equal to the sum of the coupling cwstants 
involved. The signal of the a-proton is the X part of an A,B2X system6" 
since the axial and equatorial protons adjacent to the r-proton are not 
identical. Long range coupling can be ignored. The coupling constant 
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FIGURE 2. 7.-Proton signal of isocyanatocyclohexane at 60 MHz. 

between neighbouring axial protons, J;,,, is generally two to three times 
as large as the coupling constant between an axial and a neighbouring 
equatorial proton. Jaeh2. The coupling constant between two neighbouring 
equatorial protons. Jet. is even lower"3: however, the difference between 
Jzlc and J,, is small. The difference in coupling constants results in the 
signal due to the axial 2-proton being broader than that due to the 



3. Stereochemical and conformational aspects of cyanates 1 45 

equatorial a-proton. In mobile cyclohexane systems (39) the coupling 
constants are average values, and hence: 

band width H, (39) = 2[s(J,, + Jac) + ( 1  - s ) ( J , ,  + J J ]  

I t  is assumed that a 4-r-butyl substituent has a negligible effect on the 
coupling constants to the a-proton and therefore that cis- and trcri~s-4-t- 
butyl- 1-isocyanatocyclohexane (40 and 41) approximate to the two chair 
conformations i n  isocyanatocyclohexane. Thus: 

band width H ,  (40) = 2J,,, + ZJ,,, and 
band width H ,  (41) = 2J;,, + 2J,, 

The equilibrium constant may then be expressed as: 

where \I* is the band width of the c/.-proton signal in  isocyanatocyclohesane 
and and \r,ru,ls the band widths in the 4-r-butyl derivatives. 

I - x  

(394 

X 

(39W 

The signal of the rrcrris-isomer shows a fine structure in agreement wi th  
expectations". The signal is a triplet. separations J,,. each component 
itself a triplet, separations Jae .  In  the cis isomer the 2-proton signal is 
largely unresolved and the outermost lines were estimated from inflections 
in the curve. The outermost peaks in the a-proton signal of isocyanato- 
cyclohexane can be reasonably estimated. The value of - A G c 0  obtained 
is 0.48 kcal/mol (2.02 kJ mol- 1)h1.67. 



I46 George C. Corfield 

Accurate chemical shift measurements were made6'."' and K deter- 

T - '5c1, K=-- 
~ r r r m  - -r 

mined using: 

where T is the chemical shift of the =-proton in isocyanatocyclohexane and 
T , ~ ,  and trrolls the chemical shift in  the 4-t-butyl derivatives. The results 
obtained show that the conformer with an equatorial isocyanate group is 
favoured by 0.39 kcal/mol (1.64 kJ mol- ' )6 '  and 0.37 kcal/mol(1.55 kJ 

From the range of values obtained for -AG&-,,  there appear to be 
large uncertainties in the methods. However. - AG;;,, values obtained 
from the chemical shift and band widths of the a-protons in the 4-r-butyl 
substituted systems are in good agreement, considering the assumptions 
made. with the value obtained by the low-temperature method. Doubts 
about the validity of the assumptions made when using 4-t-butyl deriva- 
tives have been expressed on various  occasion^^^.^^. Thus it would 
appear that the only theoretically unobjectionable approach is to slow the 
interconversion of the conformational isomers of the mobile system itself 
at low temperature and to measure the population of the individual con- 
formers. 

The conformational preferences of thiocyanate and isothiocyanate 
c groups in monosubstituted cyclohexanes have been determined by 
low temperature n.m.r. spectroscopy". Values obtained were - AG& = 
1.23 kcal/mol (5.17 kJ mol- ' )  and -AG& = 0.384 kcal/mol (1.19 kJ 
mol-'). 

I t  is apparent lhat the atom next to the cyclohexane ring determines to 
a large degree the conformational free energy6'.''. Thus OH and O M e  
have similar conformational free energies, as do SH. SMe and SCN with 
the sulphur containing groups of greater magnitude. Although the con- 
formational preference of the cyanate group has yet to be determined, I 
would predict a value -AG& of 0.5-0.6 kcal/mol (210-2.52 kJ mol-I). 

The low experimental value for the conformational free energy of the 
isocyanate kroup indicates that it is of relatively small steric size with 
respect to the cyclohexane ring. Although i t  might be expected, on the 
basis of van der Waals radii. that isothiocyanate would have a larger 
conformational free energy. the value is lower. It is s i ~ g g e s t e d ~ ~  that the 
contribution of 42 to the structure of the isothiocyanate group is more 
important than that from the analogous form in the isocyanate group. 
The larger value for is not unexpected when coTpared with 
other sulphur containing groups. 

mol- ly". 
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-N=C-S 

(42 1 

2. Di- and trisubstituted cyclohexanes 

The only studies reported are koncerned with isocyanates. During a 
study of the mechanism of the cyclopolymerization reaction, the confiarma- 
tional equilibria in cis- and ti-oris-1.3-diisocyanatocyclohexane were 
determined from n.m.r. studies”. As expected, the trccils isomer exists as 
equal amounts of equatorial-axial isocyanato and axial-equatorial 
isocyanato forms in rapid equilibrium. It was shown that the only de- 
tectable conformer of the cis isomer is that in which the isocyanato groups 
are in equatorial positions. This was taken as evidence that a ground-state 
interaction between isocyanato groups in this monomer. which readily 
cyclopolymerizes. is not a significant factor in the cyclopolymerization 
mechanism. An interspacial electronic interaction in the ground state of 
c i .s- l .3-di isoc~~ atocyclohexane would be expected to decrease the 
energy of the dla <ial conformation of the molecule, thus increasing the 
proportion of this conformer in the equilibrium mixture. 

The cis- and tr.riii.s-isomers of 1,3.5-triisocyanatocyclohexane, because 
of the cis-triaxial and rI.L/rIs-diaxial-eqiiatorial conformations which can 
be achieved, also yield linear polymers by the cyclopolymerization 
mechanism7’. Attempts to form 1,3,9-triazatetracyclo[4,4.0, I 3 . 9 . 1  4.8] 
dodecan-2,lO.I 1 -trione (43) by intramolecular trimerization of the iso- 
cyanato groups of the cis isomer were unsuccessful. 

P 4. 

In the course of configurational and conformational investigations on 
substituted cyclohexanes, 220 MHz n.1n.r. spectra of di- and trisubstituted 
derivatives, having one or two isocyanate groups, were obtained73. In 
many cases detailed assignments of all ring protons \ 

The conformational free energies of a wide variety of groups on cyclo- 
hexane rings are now well k ~ i o w n ~ ~ . ~ ’ .  A question which has been con- 
sidered on numerous occasions concerns the degree to which additivity 

.w,jble. 
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of conformational free energies can be assumed such that the conforma- 
tional equilibrium in cycloliexane derivatives with more than one substi- 
tuent can be predicted. If two substituents have a 1.1-relationship a 
quantitative lack of additivity has been ~bserved'".~'.  The steric effect 
of adjacent groups in 1.2-disubstituted cyclohexanes is sizeable7'. A 
1.3-arrangement of substituents has been found to yield a small but 
definite lack of a d d i t i ~ i t y ~ ~ . ~ ~ .  I n  the 1.4 series additivity has generally 
been assumed and appears to be valid when one or both substituents are 
alk yl groups7""h . For example, tr.trr~.s-!-isocyanato-4-nietliylcyclohexane 
has been investigated"". 'rhe signal due to tlie r-protons was observed as a 
fairly well defined nonet. On cooling the solution down to -90°C no 
measurable effect wiis observed. Thus. this compound exists exclusively 
in  one conformation (cc). Assuming additivity of conformational free 
energies in this case and using - A C l , . >  = 1.7 kcal/niol (7.10 kJ mol-'). 
tlie calculated valuel - A C  = 2.2 I kcal/mol (9.28 kJ niol- I ) ,  predicts 
99",, diequatorial conformer at - 80 "C. A similar result \+as obtained for 
cis- I - i soc y a n ;I t 0-4- met 11 y 1 c y cl o he x ii ne " " . r lie Y- pro t o 11 sigiia 1 did not 
change on cooling from room temperature down to -90°C. Here calcu- 
lation predicts 96",,', diequatorial conformer. from - AG+ = 1.17 kcal/niol 
(4.92 k J  mol- '). assuming additivity holds. We would not expect to be 
able to detect the smaller signal in  this case. A comparison of calculated 
and deter ni i ned - A G" v a 1 ues for 1 - isoc y a na t o-4,4-d i me t h y 1 c y cl o hex a tie. 
where two peaks should be detected at low temperature, would test 
\vliether additivity can be assumed in I .3-derivatives having isocyanate 
and methyl groups. 

A number of investigations have sho\vn that if  two polar groups are 
frms to each other in 1.4-disubstituted cyclohexanes. marked deviations 
fi-onl additivity of confornintional free energies are The 
co n fo I- m a t i o n a 1 eq LI i 1 i b r i u ni in f i w i  I S -  1.4-d i i so cy a t i  ;I t o c y cl o 11 ex a ne has 
been studied by low teniperature n.ii1.r. spectroscopy and similar results 
obtained"". The wproton signal behaved as expected on cooling the 
solution. A"gradua1 broadening and separation of the signal into two 
distinct peaks \\'as observed. Peak areas were measured by integration 
and planinietry, and - AG"( - 65 "C in CDCI,) was found to be 0.38 kcal/ 
mol (1.58 kJ mol- '1. I f  conformational free energies are additive in this 
system we would espect - A C  = I .04 kcaI/mol (4.36 kJ niol-  I )  which is 
approsiniately three times thc value obtained esperinientally. The 
magnitude of this deviation can be appreciated if i t  is realized that the 
predicted value corresponds to a 94:6 ratio of conformers ( in  favour of 
diequatorial) \vhereas the actual ratio C C : L I O  = 7 1 : 29. This would seem 
to suggest t h a t  witli one isocyanuto group present in  a cyclohexane ring 

B 
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the conformational preference is decided mainly by the steric size of the 
group, but with two isocyanato groups tr'irns-1.4 to each other steric size 
is not so important, and for some other reason the conformational equilib- 
rium is disturbed to increase the proportion of the conformer with the two 
groups axial. To account for this phenomenon an explanation involving 
electrostatic interactions across the ring has been postulated''. In the 
diisocyanate, electronic attraction between C, and 4-NCO and between 
C(4) and 1-NCO could offset any steric repulsive forces and result in a 
larger proportion of the diaxial conformer than might otherwise be 
expected (44a e J 4 b ) .  In the diaxial conformer the distance between the 
centres is shorter than in the diequatorial conformer. 

(44a1 

More recently it has been shown that electrostatic interactions do not 
explain the observed data and an alternative explanation has been put 
forward". In the diaxial conformer the axial 2-hydrogen atom. in a 
planar r i m i s  arrangement with the axial polar group, becomes more 
positive than usual. This hydrogen atom is in  close proximity to the axial 
4-polar group, resulting in an attractive interaction. There are four such 
interactions in the diaxial conformer. I n  the diequatorial conformer, 
although the axial 2-hydrogen atom is also positively charged it is now 
much further away from the 4-polar group and therefore does not con- 
tribute any extra stabilization. The interaction of this hydrogen and the 
I-polar group is included in the conformational free energy of the group. 
The axial isocyanate group would be expected to prefer an orientation 
such that the plane of the group is perpendicular to the plane of the 
3,5-sj:n-axial carbon-hydrogen bonds, with the carbonyl group directed 
away from this plane. In this conformation, attractive I .3-interactions 
between the nitrogen lone pair electrons and the positive hydrogen 
atoms could be responsible for the extra stability of the 1.4-diarial 
conformer (45). 8 
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I .  INTRODUCTION 

In the last 15 years.. optical rotatory dispersion (0.r.d.) and circular 
dichroism (c.d.) have found a secure place among the relatively few physical 
methods which organic and biological chemists employ i n  the solution of 
their research problems. 

The present review article, which aims to illustrate the chirospectros- 
copic' properties of cyanates, isocyanates, thiocyanates, and 
isothiocyanates, surveys the literature to May 1976, The related compounds 
cyanamides and azides are also briefly discussed. Finally. the chiro- 
spectroscopic properties of the chromophoric derivatives' of amines, 
alcohols, and thioalcohols (thiols), obtained by reaction with cyanates and 
related compounds, are also examined. The 0.r.d. and c.d. nomenclature is 
that in common use'. 
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I I .  CHIROSPECTROSCOPIC PROPERTIES OF 
CYANATES AND ISOCYANATES 

Optically active isocyanates were first prepared in 1904 by Neville and 
Pickard4. In subsequent years such compounds were extensively used for 
the synthesis of optically active urethanes and ureines, in particular for the 
resolution of racemic alcohols and amines into their optical antipodes5. 

The chirospectroscopic properties of an optically active isocyanate were 
first described by Terent'ev and colleagues in 19675. The Russian workers 
reported the 0.r.d. curves in the 600-300 nm region of (-)-a-phenylethyl 
isocyanate (1) without a solvent and at different concentrations in absolute 
benzene. They were able to  show that not only the magnitude of the optical 
rotation, but the sign of the 0.r.d. curves changed with a change in 
concentration of the benzene solutions of the isocyanate. On the basis of 
this experiment they could demonstrate that the previous stereochemical 
designation6 was incorrect. 

In  order to  examirie the reason for the concentration effect in benzene, the 
spectropolarimetric behaviour of (-)-x-phenylethyl isocyanate ( I )  was 
examined in solvents of different polarity and at different  temperature^'.^. 
The 0.r.d. spectra were obtained in benzene, o-xylene, CC14, absolute i- 
octane, i-octane containing water, and dimethylformamide at 2&50 "C. In 
the aromatic solvents the sign of the 0.r.d. pattern is dependent on 
concentration and temperature. while this dependence is not observed in 
other solvents. This inversion of the 0.r.d. curve in benzene solutions was 
explained by assuming the formation of donor-acceptor complexes 
between the arylalkyl isocyanate and aromatic solvent molecules. Such 
complex formation changes the composition of the preferred conformers of 
the isocyanate molecules, involving rotation about the N-C+ bond, and 
consequently i t  changes the stereochemical environment of the asymmetric 
carbon atom, which in turn leads to a variation in the course of the 0.r.d. 
curves. 

Q 
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' In absolute i-octane the 0.r.d. curve was reported to 220 nm. It shows a 
positive Cotton effect near 265nm, which exhibits fine structure and is 
associated with the longest-wavelength absorption band ('Lb) of the 
monosubstituted benzene c h r o m ~ p h o r e ~ . ~ - ' ~ .  This Cotton effect is super- 
imposed on a negative background curve. 

The interest in spectropolarimetric analysis of optically active iso- 
cyanates was extended to ( +)-a-benzylethyl isocyanate (2)7. In the region 
down to 270nm, 2 gives positive rotatory dispersion curves, the pattern of 
which depends neither on the nature of solvent nor on the temperature. In 
addition, this arylalkyl isocyanate also exhibits a weak, structured and 
positive band in the 270-250 nm region. Thus, the aromatic chromophore, 
either directly bonded to the asymmetric centre, as in 1, or separated from it 
by a methylene group as in 2, determines the course of the 0.r.d. curve in the 
region of the first absorption band. 

However, an important difference stands out clearly in the chirospectros- 
copic properties of the two isocyanates 1 and 2. For (+)-a-benzylethyl 
isocyanate (2) is the 265nm positiur Cotton effect superimposed on a 
posiriue background curve; for ( - )-a-phenylethyl isocyanate (1) the 
265 nrn posiriue Cotton effect is superimposed on a mguriue backgiound 
curve. The sign of the background curve is determined by contributidns of 
short-wavelength bands to  rotation. Since it was proposed9-' k for a 
number of compounds containing, inter trlitr, a benzene ring, that optical 
activity below 240 nm is predominantly due to a second absorption band of 
the aromatic chromophore, Terent'ev and coworkers7 suggested that the 
source df the Cotton effect observed for ( +)-a-benzylethyl isocyanate (2) in 
the neighbourhood of 210nm (peak at 219nm in i-octane) is the 'La 
absorption band of the monoalkylated benzene chromophore at 208 nm. 
However, the effect of the -NCO group, the second chromophore present 
in the molecule, on the rotatory dispersion of the two arylalkyl isocyanates 
was probably not sufficiently considered. Actually in 1965 Turner and 
Warner reported that ethyl isocyanate has an ultraviolet (u.v.) absorption 
maximum at 207nm in an unspecified solvent"; more recently i t  was 
shown that above 200 nm methyl isocyanate has only a shoulder at 225 nm 
in cy~lohexane '~.  Also, the reason why t'8e 210 nm band, in contrast to the 
265 nm band, changes its sign from 1 to 2, was not discussed by the Russian 
group. Finally, it should be noted that the sign of rotation of the two 
isocyanates in the visible (i.e., at 589 nm) is determined by the more intense 
short-wavelength Cotton effect near 210 nm. 

The difference mentioned above in the specQ-opolarimetric behaviour of 
isocyanates 1 and 2 in aromatic solvents was tentatively rationalized by 
Terent'ev and coworkers'. 
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The possible eH'ect of aromatic solvents on rhe conformational pre- 
ferences of ( - )-~-phenylethyl isocyanate (1) was previously discussed. In 
contrast, three conformations are possible for ( + )-cx-benzylethyl isocyanate 

2a, 2b. and 2c. ofwhich 2c is clearly not a favoured conformation 
owing to the two skew interactions. The stability of conformations 2a and 

H H 

2b depends on the magnitude of the skew interactions of the benzene ring 
with the methyl group (in conformer 2a) or isocyanate group (in conformer 
2b). The two conformers are approxiinately equal with respect to steric 
factors. Conformation 2b could be energetically more favoured because of 
interactions of the 7c electrons of the benzene ring and the isocyanate group, 
i.e. because of formation of an intramolecular donor-acceptor complex. 
This interaction possibly gives conformation 2b suficient stability so that it 
is not changed by solvent and temperature effects. Such changes cannot be 
expected for conforination 2a either. The benzene ring and isocyanate 
group are removed from each other i n  this conformation, so that formation 
of complexes with an aromatic solvent should not change the conformation 
of the molecules. and thereby afTect the pattern of the 0.r.d. curves. Thus, 
although i t  was impossible to arrive a t  a definite conclusion regarding the 
preferred conformation of (-b)-r-benzylethyl isocyanate (2) on the basis of 
the available expd ;mental data, &is evident that a change in conformation 
associated with the formation of an intermolecular solvent-solute complex 
would not be expected. 4 

Finally. Terent'ev and colleagues investigated the 0.r.d. properties of( +)- 
cr,P-diphenylethyl isocyanate (3)". Both groups, phenyl and benzyl, char- 
acteristic of the isocyanates 1 and 2 previously studied. are present in this 
compound at the asynimetriccarbon atom. As in the case of ( l ) ,  in aroinatic 
solvents there is a significant dependence of the 0.r.d. patterns of (3) OR 

concentration and temperature. In relatively more dilute solutions ( < 12%) 
isocyanate 3 gives negative curves. and with a n  increase in concentration 
the 0.r.d. curves become positive. Also. an increase in temperature of the 
dilute solutions leads to ;i positive shift of the 0.r.d. curves. Furthermore, the 
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two isocyanates I and 3 present analogous chiroptical properties as far as 
the relative signs of ' L ,  and 'La Cotton efTects are concerned. In fact, in 
both cases the Cotton effect centred near 265 nm has the opposite sign to 
the 210nm one. 

O n  the basis of general conformational considerations, Terent'ev and 
coworkersL6 assumed that 3b is the more preferred conformer, since in 
gauche conformation 3a, the two bulky phenyl groups interfere with each 
other. In order to check this assumption, they calculated the confor- 
mational composition by Brewster's method". In i-octane 59% of( +)-a$- 
diphenylethyl isocyanate is conformer 3b, 41% conformer 3a and 0% 
conformer 3c. 

The formation of a solvent-solute&-omplex in benzene solution was also 
suggested for isocyanate 3. An increase in the bulk of the -NCO group due 
to complex formation could lead to a preference for conformer 3a, which 
makes a negative contribution to rotation, and leads consequently to a 
change i n  the sign of rotation of 3, as observed esperinientally. An  increase 
in temperature should result in the destruction of such complexes. An 
increase in the concentration of the isocyanate should lead to a decrease 
of the complexed isocyanate/free isocyanate ratio. I n  both cases, rotation 
should approach that ofthe isocyanate in the absence ofa solvent. Actually, 
the 0.r.d. spectra of (+  )-ru.,P-diphenylethyl isbcyanate (3) in  aromatic 
solvents undergo a positive shift wi th  an increase i n  temperature and 
concentration. 

The first c.d. spectrum of an optically active isocyanate" is reported in 
Figure 1. ( - )-3-Phenylethyl isocyanate (1) in cyclohexane exhibits a 
structured positive Cotton effect near 260 nm (positive maxima at  267 nm, 
261 nm, 255 nm and 249 nm) corresponding essentially to the electric-dipole 
allowed GO subsystem"-' 3.  The pro&-ession has 930cm- I spacing. The 
intensity of the c.d. band indicates that the aromatic chromophore is 
directly linked to the asyniinetric carbon atom. A stronger negative Cotton 
effect was also observed at 217nm. Below 230nni the U.V. absorption 
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FIGURE 1. Ultraviolet absorption and circular dichroism spectra of ( -)-cc-phenyl- 
ethyl isocyanate (1) in  cyclohexane. 
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spectrum of 1 shows an inflection at about 210 nm. It should be noted that 
we purchased the (-)-a-phenylethyl isocyanate from Fluka as (+)-a- 
phenylethyl isocyanate. Probably the optical rotation at 589 nm of the 
commercial product wa+ measured under anomalous conditions, i.e. in 
diluted solutions of an  aromatic solvent. 

Unfortunately the chirospectroscopic properties of monochromophoric 
isocyanates are still totally unknown in spite of the fact that a number of 
optically active alkyl isocyanates was synthesized. 

Early in 1959 Shashoua” showed that monoisocyanates can be poly- 
merized to linear, high-molecular-weight polymers by an anionic mech- 
anism at low temperatures. Poly-isocyanates (l-nylon polymers) (4) are 

(4) 

a :  R = CH3-CH-CH2- 

b:  R = CH3-CH-CHz- 
I 
CH2-CH3 

interesting molecules in many respects. Not only are they rigid although 
lacking any notable specific interactions, but also they are polar while being 
soluble in solvents of low polarity. These unique properties have been 
responsible for their being subjected to an unprecedented range of different 
experimental techniques2’. 

Goodman and Chen synthesized two optically active polyisocyanates, 
poly-[( + )-0-phenylpropyl isocyanate] (4a)” and poly-[( + )-P-methylbutyl 
isocyanate] (4b)” containing asymmetric carbon atoms in their side- 
chains. These polymers consist whol!y of a ureide-like backbone and, 
among the common organic solvents, are soluble solely in chloroform. 

The aromatic 
polymer (4a) in chloroform shows a broad positive dichroism band in the 
275-290 rim region. Below 275 nm, it produces a strong negative c.d. with a 
maximum at  252 nm, probably associated with the 11 -+ x* transition of the 
ureide-like chromophore; finally, a region of positive dichroism emerges 
below 235 nm. In chloroform the dipole-dipole interactions between the 
polymer and the weakly acidic solvent may be responsible for the solvation 
of the ureide-like main chain. The c.d. spectrum of the aliphatic polymer 
(4b) in chloroform exhibits a band which is strongly positive and is centred 
at 253 nm with a cross-over at 235 nm. The beginning of a region of negative 

C.d. studies of these polymers were carried 
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dicfroism below 235 nm was also observed. To compare with the chirospec- 
troscopic properties of the polymers in solution, optically active low- 
molecular-weight model compounds (5a and 5b) were also prepared. The 
two polymers show substantially enhanced rotatory prop 
with their respective model compounds. 

R = CH3-CH-CH2- 
I 
CH2-CH3 

I n  the aliphatic polymer (4b) the main chain has inherently symmetric 
chromophores which acquire optical activity from dissymmetric per- 
turbations of their environment byihe side chain. In the aromatic polymer. 
in addition to dissymmetric perturbation of inherently symmetric chrom- 
ophores, the chromophoric effect can also be derived from the interactions 
between the aromatic side chains. These interactions are probably re- 
sponsible for the larger magnitudes of the side-chain Cotton effects for the 
aromatic polymer when compared with the aliphatic polymer. 

The comparative study of the two polymers (4a and 4b) and their model 
compounds (5a and 5b) indicated that dissymmetry in the polymer 
backbone and the aromatic side chains (obviously. the latter effect is B-esent 
only in polymer 4a) contribute to the c.d. spectra of the optically active 
polymem The n.m.r. spectra of polymers 4a and 4b confirmed that they 
assume a preferred conformation i n  chloroform solution”--23. Id this 
context i t  should be noted that recent conformational energy calculations2’ 
suggest that poly(ri-alky1 isocyanates) exist as helical structures both in 
solution and in the solid state, with occasiona! helix reversals occurring in 

-solution to produce a decre:se in the rigidity of the higher-molecular-weight 
chains. The helix form proposed by Troxell and Scheraga14 appears to be 
consistent with most of the experimental data. 0 

The c.d. spectra of polymers 4a and 4b in the protonating solvent 
sulphuric acid were also reported by Goodman and Chet~”-’~.  In these 
experimental conditions the polymers are e x t e n d s  as a polyelectrolyte. 

N o  data concerning chirospectroscopic properties of cyanates are 
a v a i 1 a b le . 
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111. CHIROSPECTROSCOPIC PROPERTIES 
OF THIOCYANATES 

As for isocyanates. the optical activity associated with the inherently 
symmetric thiocyanate chromophore follows as a consequence of its being 
located in a dissymlnetric molecular environment, and the sign and 
magnitude of the optical activity is determined by the nature and location of 
the atoms in the extrachromophoric environment. The thiocyanate tran- 
sition near 245 nm (I: z 100)’”.”6 may be attributed to the promotion of an 
electron from a non-bonding 3p, orbital situated mainly on sulphur to an  
antibonding n.: orbital determined largely by the carbon and nitrogen 2p, 
atomic orbitals. The schematic representation of the pertinent orbitals is 
shown in Figure 2. 

161 
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FIGURE 2. Orbitals involved in thc 245 n m  transition of thc thiocyanate clironio- 
pliore. 

The considerations whicli led to an octant rule for the isoelectronic azide 
chromophore” (see Section V )  apply also to thiocyanates insofar iis the 
basic symmetry in the nature of the electronic transitions holds for these 
two chroinophores. I t  should be noted that. although the chromophores 
have been called isoelectronic. the sulphur atom contributes bonding and 
nonbonding electrons from a higher energy level ( 1 1  = 3 )  in thiocyanates 
than the corresponding nitrogen atom ( 1 1  = 2) in azides. This distinction 
inay lead to certain quantitative difrerences: however. i t  is unlikely to lead 
to qiiali t a t ive dih-etices. 

On this gasis Djerassi and colleagues’” assumed that thiocyanates 
should follow the azide octant rule”. The tliiocyanate octant rule is 
illustrated in  Figure 3 .  A consideration of the two possible orientations (a 
and b in Figure 3) gives rise to the same result. Looking alon_g the axis from 
nitrogen through carbon to sulphur, the sytninetry planes are: ( 1 )  the sz -  
plane containing the S. C. and N atoms and the carbon of R attached to 
sulphur: (2) the !+I-plane. ortho_eonal to the .\-:-plane. and containing the S. 
C. and N atoms: and ( 3 )  11 so-far poorly defined surface approximated by ii 
third plane (.YJ.). orthogonal to the other planes and passilig through the 
carbon atom of the --S-C-N group. 
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s\ octants I octants octants loctants R 

4 - - - N -  C- ’ 

Front octants Rear octants Front octants Rear octants 
( a )  ( b >  

FIGURE 3. The octant rule for the thiocyanate chrornophore. 

The stereochemical factors which need to be taken into consideration in a 
thiocyanate octant rule are complicated since the chromophore is subject to 
rotation about the C,,,-S bond. Consequently, besides o.r.d., the technique 
of variable-temperature c.d. was employed to study conformational 
equilibria, including free rotation of various steroidal thiocyanates. 

Since, in general, the rotational strength ofthe -S-C-N chromophore 
is rather weak, the Cotton effect in the 250nm region is discernible only 
with difficulty by 0.r.d. measurements because of the relatively strong 
background rotation upon which it is superimposed. This represents one of 
the cases where the superiority of c.d. over 0.r.d. is particular!y evident. The 
relevant c.d. data of the monochromophoric steroidal thiocyanates (614)  
are summarized in Table 1. The potential utility of the octant rule was tested 
by analysing the rotameric contributions of the various monochrom- 
ophoric thiocyanates and those containing additional chromophores. such 
as the -OH, -OCOCH3 and C=C groups. I t  was concluded that the 
interpretations from an octant rule analysis of the c.d. behaviour of 
thiocyanato steroids are not completely conclusive because of the com- 
plications introduced by the very many accessible rotameric conformations 
and asymmetric solvation effects. But when the chromophore has an 
obviously preferred orientation. there is generally good coincidence 
between observed and predicted Cotton-effect signs. Moreover, the thio- 
cyanate group, a long-neglected chromophore, offers a further interesting 
example of an application of the octant rule to a non-carbonyl-type 
ch rom o p ho re. 
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Ncsryp N::@7 R’ 

(6) ( 7 )  R =  R ’ = H  
( 8 )  
(9) 

(10) 

R = P-CH3-i R ’ =  H 
R = z-CH3; R’= H 
R = H; R’= q-CH3- 

(11) R = R ’ =  H 
(12) 
(13) 
(14) 

R = P-CH3-; R ’=  H 
R = 2-CH3-i R ’ =  H 
R = H; R ’ =  z-CH3- 

The chirospectroscopic properties of I 7-cw-thiocyanato-A5-pregnenes 
containing the dominant 20-carbonyl chromophore (15-16) were also 
i n ~ e s t i g a t e d ~ * - ~ l .  The c.d. curve of thiocyanohydrin (15) and its diacetate 
(16), taken in rz-hexane, when compared with the c.d. curves of these same 
compounds in more polar solvents, are characterized by a sharp decrease in 
the amplitude of the Cotton effect in the region of the rz  -+ n* transition of 
the carbonyl chromophore (near 300 nm)for 15, and a substantially smaller 
change in amplitude of the c.d. band for diacetate 16. A change in the 
intensity of the Cotton effect, observed when the character of the solvent is 
changed, testifies to the conformational .mobility of the 17-acetyl group, 
which can bt%ue either to the steric or the polar effect of the vicinal grqups 
that are found in the cis configuration with respect to  it. According to 
Akhrem and  coworker^^^-^' the sharp decrease in the intensity of the c.d. 
band, clear down to a change in the sign, that is observed for thiocyanohyd- 
rin (15) when going from polar solvents to ri-hexane, can be explained only 
by the formation of an intramolecular hydrogen bond in 15 in the case of 
solution in n-hexane with involvement of the cis-arranged acetyl and 
hydroxy groups, which facilitates a reorientation of the acetyl group to the 
preferential conformation with the carbonyl group directed towards CI6 
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TABLE 1.  Circular dichroism data for some monochromophoric steroidal thio- 
cyana tes 

(6)  2~-Thiocyanato-5a-cholestane 

(7) 3u-Thiocyanato-5a-cholestane 

(8) 2P-Methyl-3c~-thiocyanato-5a- 
cholestane 

(9) ~ - M e t h y l - 3 ~ - t h i n c y ~ i n n l o - 5 1 -  

(10) 3a-Thiocyanato-4n-inethyI-5cx- 
cholestane 

cholestane 

(1 1) 3~-Thiocyanato-5cr-cholestane 

(12) 2P-Methyl-3P-thiocyanato-5r- 
cholestane 

(13) 2a-Methyl-3P-thiocyanato-5r- 
cholestane 

(14) 3~-Thiocyanato-4c~-methyl-5a- 
cholestane 

Decalin 
Decalin 
;-Octane 
Methanol 
Decal i n 
Decal i n 

EPA 8 

Methanol 
i-Octane 
EPA 
EPA 
E PA 
EPA 
EPA 

E P A ~  

E PA 

i- Oc t ane 
Methanol 
E PA 
E PA 
;-Octane 
Methanol 
EPA 
E PA 
;-Octane 
Methanol 
€PA 
EPA 
;-Octane 
Methanol 
EPA 
E PA 

R.T." 

R.T. 
R.T. 
R.T. 

+ I30 
R.T. 

R.T. 
R.T. 
R.T. 

R.T. 

R .T. 

+ I66 

- 192 

- 192 

- 192 

- 192 

u.-r. 
R.T. 
R.T. 

- 192 
R.T. 
R.T. 
R.T. 

R.T. 
R.T. 
R.T. 

- 192 
2.T. 
R.T. 

- 191 

272 
273 
255 
255 
255 
255 
255 
252 
253 
253 
252 
253 
253 
255 
278 
250 
280 
250 
250 
250 
260 
242 
248 
248 
247 
247 
250 
248 
749 
245 
253 
250 
2 50 
248 

+ 0.8 1 
+ 0.32 
+0.13 
+0.17 
+0.13 
+0.11 
+0.14 
+ 0.14 
+ 0.42 
+&36 
+ 0.33 
+ 0.34 
+ 0.09 
- 0.02 
- 0.03 
+0.16 
- 0.03 
+ 0.53 
+ 0.02 
- 0.02 
+0.01 
-0.13 
t 0 . 1 2  
+0-11 
+0.14 
+0.16 
- 0.36 
- 0.43 
- 0.43 
- 0.9 1 
+ 0.42 
+ 0.4 1 
+0.41 
+ 0.59 

Room temperature. 
E P A :  ethyl ether-i-pentane-ethanol. 5 : 5 : 2  ( b y  volume). 

(conformation A of Figure 4). In a polar solvent, due to some failure of 
intramolecular hydrogen bonding formation, the conformational equilib- 
rium mixture is shifted towards conformations B and C .  

The 16 P-acetoxy derivative (16) shows an increase in the intenTity of the 
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COCH3 

R'O CH3COO 

RQ 

(18) R = H 

(19) R = CH3CO- 

I 
I SCN SC N SCN 

\ 

R R R 

R = - O H  (1 5 )  

R =  -0COCHS (16) 
*. 

FIGURE 4. Possible conformations around the C I  ,-Czo%ond in 17-a-thiocyanato- 
As-pregnenes 15 and 16. 

Cotton effect oompared with the corresponding 16P-hydroxy compound 
(15). The int?oduction of a cis-acetoxy function (16P-acetoxy group) into 
the vicinity of the 17P-acetyl group may be assumed to give rise to strong 
steric and polar interaction; (which are definitely stronger than those in 
16P-hydroxy compounds). Therefore, the conformation equilibrium of the 
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16P-acetoxy pregnene can be expected to  shift mainly away from confor- 
mation A ;  in addition, the above explanation is also in accord with the 
relatively small solvent effect observed in the c.d. spectra of 16. 

In the course of this study Akhrem and  coworker^^^-^' were also able to 
show that: 

functional substituents in position 17 with a covalent bond longer than 
1.76 A (the C,,,-S interatomic distance of thiocyanates is about 1.82A) 
give a negative coEtribution according to the carbonyl octant rule in 
the positive Cotton effect of pregnenes in the preferred conformation 
A; 
in the conformation B (Figure 4) most of the steroid skeleton lies near 
to or in one of the planes pf the carbonyl group, and therefore has 2 
small effect on the c.d.; the main contribution to :he optical rotation is 
made by the 17a-SCN group, situated close to the plane of the 
carbonyl group, but in a positive octant, overcoming the negative one 
experienced by the methyl group in position 18 and the c16 methylene 
(and the substituent at C16);  
for the 16p acetoxy steroid (16), evidently, a partial reorientation ofthe 
17P-acetyl group to the energetically less profitable C conformation 
(Figure 4) is possible, and the octant diagram shows that the steroid 
skeleton and the 17a--S-CGN group are in a positive octant in this 
conformation; possibly, the partial contribution of this conformer also 
explains the rather large amplitudes of the Cotton effect for compound 
16. 

The above discussion pertains to a steroid molecule on the assumption 
that the D ring is in the half-chair Conformation. Since the factors 
influencing the conformation of the D ring were almost unknown, Akhrem 
and  coworker^^^-" could not qrai7riraric;el~~ estimate the influence of the 
17a--S-CrN substii*Jent. 

In an extension of their investigations on the modification of-steroids the 
Russian workers studied the stereochemistry of the addition reaction of 
HSCN to the 3P-acetate of A5.' 6-dehydropregnen-3P-ol-20-one (17)32. In 
particular, the c.d. spectra of the 16-thiocyanato derivatives (18 and 19) gave 
information on their configurations. In both cases a strong positive Cotton 
effect, associated with the IZ .+ 7r* transition of the carbonyl chromophore, 
was observed near 295 nm. A positive Cotton effect is connected with the 
20-carbonyl chromophore of a 1.7-acetyl side chain in configuration P. The 
establishment of the a-configuration of the thiocyanato group at C16 in the 
17p pregnene series also presented no great difficulty. In fact, a significant 
decrease in the intensity of the c.d. curve is observed in the case of 16p, 17P 
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substitution, while a 16% substituent shows an influence on the Cotton effect 
to a significantly lesser extent. This in turn possibly depends on the fact that, 
as discussed above, 16p, 17p-cis substitution induces some reorientation of 
the acetyl side chain. 

CHz-SH CH2-SCN 

-NH-CH-CO- -NH-CH-CO- 
I I 

(20)  (27) 

Cysteine residues (20) were modified in peptide and protein chemistry to 
the derivatives 21 33 .  However, the 0.r.d.-c.d. spectra of these optically active 
thiocyanates are not available. 

IV. CHIROSPECTROSCOPIC PROPERTIES 
OF ISOTHIOCYANATES 

Only a few examplesof the isolation, preparation, characterization and use 
of optically active isothiocyanates are known, chiefly as a result of needing 
to obtain physiologically active materials34. Interestingly, the optical 
activity of the naturally occurring isothiocyanates (22 and 23) is associated 
with the presence of an asymmetric sulphur atom in the sulphoxide 
moiety35. The 0.r.d. properties of these sulphoxide mustard oils were 
i n ~ e s t i g a t e d ~ ~ ;  however, the discussion was essentially centred on the 
contribution of the sulphoxide chromophore to the optical rotatory 
properties. This approach is well justified since in compounds 22 and 23 the 
isothiocyanato group is separated from the source of the optical activity by 
three or  more carbon atoms and hence i t  is not expected to contribute 
significantly to the optical rotation. 

The chirospectroscopic properties of ( + )-r-phenylethyl isothiocyanate 

0 

CH3-S-CHzCH- (CHz)2--N=C=S 
1 

(22) 0 

C H3-S - (C H z ) ~ -  N =C =S 

n = 3-5; 8-1 0 1' 
(23) 

0 

(24) were reported without a solvent and in a number of solvents of different 
polarity34. All 0.r.d. curves, taken between 650 nm and 300 nm, were plain 
and positive. The molar rotation values were greatly dependent on solvent 
polarity, but this effect was not regular. This very limited chiroptical 
analysis was not further extended. 
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I 
CH3 

(24) 

The o.r.d.-c.d. properties of some isothiocyanates derived from amino 
acids and amino alcohols (25-34) were described by CrabbC and col- 
l e a g u e ~ ~ ~ .  Table 2 gives the U.V. and c.d. data for isothiocyanates which were 
derived from the amino groups of some amino alcohol alkyl carbonates. 

Above 220 nm only one U.V. transition was detected at 256-259 nm. 
Corresponding U.V. absorption bands for the isothiocyanates derived from 
amino acid esters and for alkyl isothiocyanates were found at 
240-260 nm34*38-40 . The delocalized n-system and the role of sulphur d 
orbitals in the electronic structure of molecules containing the -NCS 
group have been recently discussed4'. 

Three Cotton effects of increasing intensity were detected between 
350 nm and 200 nm. From longer wavelengths, a first rather weak Cotttm 

TABLE 2. Ultraviolet absorption and circular dichroisrn data for isothiocyarates 
derived from some amino alcohol alkyl carbonates in ethanol 

U It c aviolet Circular dichroism 
- 

Compound j .max(nm)  Emax Anax(nm) &ax 

~-2-Aminopropanol derivative (29) 259 16,940 347 
255 
200 

D-2-Aminobutanol derivative (30) 259 15,900 338 
260 
203 

276 
D- Phenylalanilol derivative (31) 259 9 16,050 340 

260 
205 

250 
214 

248 
215 

D-Phenylglycinol derivative (34) 259 17,200 341 

D-Serine derivative (32) 256 16.280 345 

D-Threonine derivative (33) 256 22,850 344 

+ 0.73 
- 2.60 
- 9.45 
+0.52 
- 1.85 
- 5.55 
+ 0.42 
- 0.63 
+ 0.7 1 
- 4.33 
- 9.00 
- 0.84 
- 2.27 
+ 5.88 
- 0.43 
- 1.26 
+ 3.33 
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COOR" 

SCN-C-H 

CHRR, 

I69 

(25) R = R ' =  H: R"= CH3- 
(26) R = R'  = CH3- ; R" = CH3CH2- 

(27)  R = H; R'  = CH3-CH-; R"  = CH 3CH2- 
I 
CH, 

(28) R = H; R ' =  CH3CHzOCOCH2-; R " =  CH3CH2- 

CH20COOCH3 COOR" 

H-C-NCS H-C-NCS 

(29) R = H (32) R = H; R'  = CH30C00-;  R"= CH3CHzCH2- 
(30) R = CH3- (33) R = CH3-; R' = CH3CH20C00-; R"= CH3- 
(31) R = CfjH5- 

CHzOCOOCH3 

H-C-NCS 

effect appears around 340 nm. Apparently, this c.d. band does not have any 
counterpart in the U.V. absorption spectrum. This emphasized that the c.d. 
technique is a valuable tool in the detection of hidden absorption bands. A 
second, more-intense, Cotton effect of opposite sign is situated at about 
255 nm. The mc,.t intense Cotton effect. of the same sign, is observed in the 
200-210 nm region, where the -NCS chromophore exhibits a further U.V. 

From this study i t  was confirsed iiitei' d i ( i  that the c.d. spectra give a 
better quantitative evaluation of the Cotton effects exhibited by corn- 
pounds presenting several optically active transitions. Abiar as the signs of 
the c.d. bands are concerned. those of serine (32) and threonine (33) 
derivatives at 340 nm and 205 nm are opposite to the ones exhibited by the 
other amino alcohols listed in Table 2. This was attributed to the second 
carboxyl group whic.. is present in compound 32 and to a second , 
asymmetric centre which is part of the threonine molecule 33. Alsc? 
noteworthy is the enhanced intensity of the 260nm Cotton effect in the 
phenylalaninol derivative (31). 

Besides the 16-thiocyanato derivatives (18 and 19) the addition reaction 
of HSCN to the 3p-acetate of A5~'h-dehydropregnen-3~-ol-20-one (17) 

absorption ba nd4'. . *  
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yields the four optically active steroidal isothiocyanates 35-3832. It is worth 
noting that the addition products which are obtained in high yield, i.e. 
isothiocyanates (35,37 and 38), are formed contrary to expectation instead 
of the addition products of thiocyanic acid. The direct isothiocyanation of 
steroids under the conditions studied seemed unlikely since such reactions 
usually require drastic conditions. Nevertheless, the formation of 
isothiocyanates together with only an insignificant amount of the thio- 
cyanates (18 and 19) under relatively mild conditions was strictly proven. 
Applying the empirical c.d. correlations discussed above for the steroidal 
t h i ~ c y a n a t e s ~ ~ ,  Akhrem and coworkers were also able to determine the 
configurations of the 17-side chain and the -NCS group at CI6 of the four 
isothiocyanates (35-38). N.m.r. spectra were consistent with the 
configurations assigned using c.d. 

gH;cs H o f l H ; c s  

CH3COO 

(35) (36) 

& cs c H 3 c o o ~ N c s  C O W 3  

CH3COO 

(3 7 )  (38) 

V. CHIROSPECTROSCOPIC PROPERTIES 
OF CYANAMIDES AND AZIDES 

The cyanamide chromophore was investigated using c.d. by Kostyanovsky 
and coworkers4'. The c.d. spectra of ( + )- l-cyano-2-methylazetidine 
(39) and ( - )- 1 -cyano-2-methylpyrrolidine (40) revealed a complex 
pattern which consists of two superimpased dichroic absorption bands 
of the same sign near 210-220 nm and below 200 nm, respectively, but 
in ( + )-1 -cyano-cc-pipecoline (41) and ( + )-1 -cyanocamphidine (42) only 
one c.d. band is observed below 200 nm. The long-wavelength Cotton effect 
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is related to the U.V. shoulder in the 205 nm region42, whereas the short- 
wavelength Cotton effect depends upon an absorption band below 190 nm. 

The shift of the U.V. absorption band as a function of the solvent used4, 
and extended Huckel-type molecular orbital calculations of dimethylcyan- 
amide (43)43 indicate that the absorption bands can be assigned to 
transitions of electrons of an amino nitrogen lone pair occupying the three- 
centre non-bonding orbitals xT to the antibonding II? and II:* orbitals. 

The Cotton effect sign may be unambiguously correlated with the 
absolute configuration of the asymmetric carbon atom. The quadrant 
rule44 must be the common regional rule which is controlled by the 
symmetry properties of the -NCN chromophore under the assumption of 
its planarity. From the microwave data i t  is known that the out of plane 
angle in dimethylcyanamide (43) is near 40°4’. With such geometry of the 
chromophore, the equatorial group in 41 is arranged near the nodal surface. 
Presumably, because of this the long-wavelength Cotton effect is absent in 
this compound. By analogy with thiocyanate (-NCS) and azide (-N3) 
chromophores, it is believed that the cyanamide (-NCN) chromophore 
should also follow the octant rule. The c.d. spectra of 39 and 40 indicate that 
the -NCN chromophore is governed by the same sign rule as the 
thiocyanate’6 and a ~ i d e ~ ~  chromophores. For compound 40, for example, 
the projection along the NCN axis and the corresponding quadrant signs 
are illustrated in Figure 5. 

In the U.V. absorption spectra of alkyl azides, two transitions of low 
intensity are found around 215 nm and 287 nm46-49 which have been 
recently assigned to the s-p, 4 II; and xp + x,* transitions, r e ~ p e c t i v e l y ~ ~ .  
The non-bonding II,, orbital is mainly localized as the 2p, orbital of N,  ; the 
antibonding n: orbital is associated principally with 2p, atomic orbitals 
from the ftinaining two nitrogen atoms (N, and N,) (Figure 6) .  The 287 nm 
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+ I -  
FIGURE S. Projection along the N C N  axis and the corresponding quadrant signs of 

(-)-l-cyano-2-methyl pyrrolidine (40). 

(44) (45) 

band is often considered to be a typical IZ -, n* transition, similar to those of 
carbonyl compounds such as ketones and aldehydes, but this band does not 
show the characteristic solvent blue-shift of this t r a n ~ i t i o n ~ ~ .  Also, the 
215 nm band seems to be nearly insensitive to solvent polarity47. 

7r x” 
& 

FIGURE 6. Orbitals involved in the 285 nm transition of azides. 

The long-wavelength U.V. absorption band of monochromophoric alkyl 
azides (44) was feported to be optically inactive by Levene and Rothen4’. 
However, in the case of cx-azidopropionic acid and its derivatives (45) an 
anomalous dispersion was o b ~ e r v e d ~ ’ . ~ ~ .  

Cotton effects corresponding to this transition were first investigated in 
detail by Djerassi and his c o l l e a g ~ e s ~ ~ .  These workers suggested that the 
sign of the azide Cotton effect should be related to the geometry of the 
chromophore’s environment by an octant rule analogous to that for 
ketones; in fact, if a compound was viewed along the line of the azide 
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C8H17 

(46) = 2%. N3 
(47) = 2P. N3 
(48) = 32, N3 
(49) = 2n. CH3; 33. N3 
(50)  = 32, N3; 42. CH3 & 4 h 6  9 

(51) = 3P. N3 
(52 )  = 6P. N3 

2 

3 

( 4 = a  
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chromophore, with the lone pair of electrons of N,  upward and in the 
vertical plane, then the region around the chrornophore could be divided 
into octants analogous to those for ketones (Figure 7). 

The 0.r.d. and c.d. properties above 230nm of a number of steroidal 
azides were measur_erl and analysis of some of the data in terms of the octant 

I 
I 
I 
I 

e 

/ O  +- N3-P- N1 

Front ' Rear \ R  
octants I octants 

,tl 
Front octants Rear octants 

FIGURE 7. The octant rule for the azide chrornophore. 

qile was attempted*'. The rotational strength ofthe azide chromophore is 
considerably weaker than th& of the carbonyl group and, in a number of 
instances, the Cotton effect in the 280nm region is discernible only with 
difficulty by 0.r.d. means because of the relatively strong background 
rotation upon which it  is superimposed. The amount of definitive stereo- 
chemical information that could be obtained was severely limited 
because of the very many accessible rotameric confor%iations. The c.d. data 
of some monochroinophoric azidocholestanes (46-52) in dioxane solution 
are reported in  Table 3. 

V #  

, 
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Other applications of the octant rule for the azide chromophore in 
steroids have been reported by Kischa and Zbira15 for the allylic azides (53 
and 54). 

TABLE 3. Circular dichroism data for some monochromophoric steroidal azides in 
dioxane 

Position Other Tempegature 
Compound of azide substituents (“C) Anax(nm) AEmax 

- 2a 25 
25 - 

(46) 
(47)” 2P 

25 (48)” 

(49) 3ci 2a-Met hyl 25 
3% 4cr- Met h y 1 25 

25 
(50) 

25 
(51) 3P 
(52) 6P 

- 192 
- 192 

- 3ci 
- 192 

- 
- 

270 
284 
310 
245 
290 
292 
290 
284 
282 
305 

- 0.07 
+ 0.06 
- 0.03 
+ 0.04 
+ 0.06 
+0.11 
-0.16 
+0.15 
- 0.07 
- 0.03 

“In EPAmiolvent mixture. 

Subsequently this octant rule was tested for an impressive array of 
carbohydrate g i d e s  by various In spite of the large number 
of possible conformations agreement between the octant rule prediction 
and the observed sign of the Cotton effect was found in the majority of cases. 

s P a u l ~ e n ~ ~  emphasized that for each configuration of the azide group, there 
are several possible conformations around the C-N3 bond to be con- 
sidered. He suggested that the conformation determining the sign of the 
Cotton effect is that in which the linear azide group is coplanar with the 
adjacent C-H bond, and pointing away from the pyranose ring [(A) and (B) 
for axial and equatorial azides, respectively] (Figure 8). 

Finally, Akhrem’s group discussed the chirospectroscopic properties of 
the 1 7cr-azido-A5-pregnene-20-ones in terms of the effect of the length of the 
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C-N, bond on the sign of the Cotton effect of the carbonyl chromophore 
.)I 4 n* t r a n ~ i t i o n ‘ ~ , ~ ~ . ~ ‘ .  

( A )  (B> 
FIGURE 8. Application of the azide octant rule to carbohydrate derivatives. 

VI. CHIROSPECTROSCOPIC PROPERTIES OF THE 
REACTION PRODUCTS OF CYANATES AND RELATED 

GROUPS 

Cyanates, thiocyanates, isocyanates and  isothiocyanates are capable of 
reaction with amino, hydroxyl, thiol and other nucleophilic groups. 
Comparing the reaction rates of cyanates and related groups with com- 
pounds containing the above mentioned nucleophiles at pH 2: 8-9 one 
obtains the following sequence of nucleophilicity5h -59: 

-SH >>‘\N-H > ArOH -NH2 >> ROH 
/ 

Detailed kinetic studies were carried out on the reaction of 
isothiocyanates with primary a n ~ i n e s ~ ~ . ’ ~ - ~ ~  , phenols” and thioal- 
~ o h o l s ~ ~ . ~ ~ .  The results obtained demonstrated that the reaction is first 
order with respect to the -XH component; in addition, the unprotonated 
form of the amine and the phenolate and  thiolate anions are the reactive 
species. Also, isocyanates are much more reactive than their sulphur 
analogues. 

Over the last 10 years the 0.r.d.-c.d. properties of the reaction products of 
cyanates and related groups with primary and secondary amines, alcohols 
and thioalcohols (thiolsy have been extensively investigated. In this section a 
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summary of these studies is reported. The main emphasis is placed on those 
chromophores which have demonstrated their usefulness as chromophoric 

derivatives' of compounds containing -NH2, NH, -OH and -SH 

functional groups. This is an area where Djerassi's approach' has found 
immediate and widespread acceptance because of the urgent need for new 
and rapid methods for the determination of absolute configuration and 
conformational preferences, particularly in the field of natural products. 
Metal complexes will not be discussed. 

\ 
/ 

A. With Primary and Secondary Amines 

The reaction between isothiocyanates and cr-NH2 groups of amino acid 
residues in a weakly alkaline medium gives N"-alkyl (aryl) thiocarbamoyl 
derivatives (55). Methyl isothiocyanate has to be preferred over aryl 
isothiocyanate? in chiroptical analysis since it has a somewhat higher 
reactivity towards amino groups, the time required for the reaction to be 
completed therefore being shortened : it is considerably more soluble in 
water, which makes it possible to conduct the reaction in aqueous solution 
without resorting to the addition of organic solvents; and, finally, it  does 
not contain a chromophore which could interfere in the c.d. deter- 
m i n a t i o n ~ ~ ~ .  

The -NH-C(=S)-NH- chromophore was examined in detail by 
U.V. absorption spectroscopy and was shown to present a low intensity band 
at 28CL290nm and a much stronger band at 240-250nm, which are 
associated to I I  + n* and n 4 n* transitions within the thiocarbonyl group, 
respectively6'. The c.d. data of Na-methylthiocarbamoyl(MTC)-a-amino 
acids (55: R = CH,) at weakly alkaline pH63 are reported in Table 4. The 
results obtained can be summarized as follows: 

MTC-amino acids of L-configuration have a positive Cotton effect 
and, consequently, those of the D-SerieS a negative one: this obser- 
vation was tested on all the protein amino acids and was demonstrated 
to hold w i t k u t  exception : 

). 

the dichroic bands are centred at 262-263 nm. with the exception of 
MTC-L-serine which sbows a broad band at 265-270 nni : 
the reported A,-& values do not have absolute significance, since 
MTC-amino acids were not isolated but measured directly in the 
reaction mixtures: 
the E-amino side-chain group of lysine residues reacts with methyl 
isothiocyanate (as demonstrated with N-r-carbobenzoxy-L-lysine by 
t h i n  layer chromatography), but the N'-MTC derivatives do not 
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complicate the stereochemical correlations, since it  does not exhibit a 
dichroic band in the region of absorption of thioureines, the asyni- 
metric carbon atom being too far removed from the inherently 
symmetric chromophore; 

(e) a second a-carbon atom of oppositeconfiguration is not able to alter 
the sign of the band : 

( f )  i n  the presence of other groups absorbing in this spectral region the 
Cotton effect associated with the thioureine chromophore can not be 
assigned unequivocally. 

The rates of reaction of methyl isothiocyanate and amino acid residues 
were also measured and found to bdependent  on the degree ofsubstitution 
of the amino moiety, being rapid for the secondary amino group of proline 
and considerably slower for the primary amino groups of the various ammo 

The drawback of the superposition of bands related to chromophores 
absorbing in the 250-300nm region shown by the MTC derivatives can 
easily be removed i f  the reaction mixtures, after about 90 minutes at slightly 
alkaline pH, are kept at acidic pH for a few hours. The resulting 
methylthiohydantofns (MTP$"i6; R = CH3) show a Cotton effect at 
300-315 nm (Table 4) which is positive for the L-series and negative for the 
~ - s e r i e s ~ ~ . ~ ' . ~ ~ .  Tl% location of the dichroic band in correspondence t o  a 
low-intensity U.V. band67 and its red-shift on going from more-polar to  less- 
polar solvents suggests that i t  is associated with an 11 -+ x* transition within 
the chromophore. The position and the dichroic intensities of these Cotton 
effects are merely indicative, since completion of the reactions and extent of 
racemization were not assessed. The Cotton effect of MTH above 300nm 
does not exhibit inversion of sign on going from aqueous to &rganic 
solutions, as has been reported for other -NH -C(=S)--containing 
compounds6'. Hence, the use of the sign of the 305nm Cotton effect of 
MTH was proposed as a simple and rapid method for determining the 
absolute configurations of sequences of cx-amino acids in natural occurring 
peptide c o m p o ~ n d s ~ ~ . ~ ' . ~ ~ .  

More recently, the U.V. and c.d. properties of 19 Wi 'H derived from a- 
amino acids were independently investigated by Suzuki and T ~ z i m u r a ~ ~ .  
The racemization mechanism was also discussed. 

A large number of 3-phenyl-2-thiohydantoins (PTH) (56;  R = C6Hs), 
obtained by reacting phenyl isothiocyanate with the (r-NH2 group of a- 
amino acids, were also examined by c . ~ . ' O - ~ ~ .  These derivatives suffer the 
disadvantage of racemizing more easily than MTH. The sign of the 
320-330 nm dichroic band of all PTH of the same configuration is &he same 

acids63. P 

0 
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TABLE 4. Circular dichroism of amino acid and peptide derivatives with methyl 
isot hiocyanate 

Amino acid1 Methylthioureine (55)b Methylthiohydantoin (56)' 
peptide A A ~  x 103 Xmax AAJ 103 'brnnx 

L- Alanine 
D-Ahnine 
r- Vali ne 
L-Leucine 
D-Leucine 
L-Isoleucine 
L-Serine 
L-Threonine 
L-Aspartic acid 
L- Asparagine 
r-Glutamic acid 
L-Glutamine 
L-Methionine 
L-Lysine 
L-A rgin i ne 
L-Proline 
L- H ist idine 
L- Phenylalanine 
L-Tyrosine 
L-Tryptophan 
Z-L-Lysine" 
L-Alanyl-D-Alanine 

1.1 
- 1.1 

1 .o 
3 .O 

- 3.0 
1.3 
0.15 
0.8 
I a6 
1 .o 
1.5 
0.9 
3.0 
1-6 
0.8 
5.7 
- 
- 
- 
- 
- 
1.7 

262 
262 
263 
262 
262 
262 

265-270' 
263 
263 
263 
263 
263 
262 
262 
262 
262 
- 
- 
- 
- 
- 

267 

3.85 
- 3.85 

3.9 
0.42 

- 0.42 
0.23 
2.25 
1.1 
2.4 
2.5 
2.8 
8.45 
3 .O 
4.45 
5.2 

44-2 
2.05 
0.38 

11.0 
12.6 
- 

3.75 

306 
306 
303 
30gg 
305g 
308g 
30jh 
305" 
309 
304 
306 
302 
303 
305 
307 
308 
315 
3090 
30jh 
302 

303 
- 

' N-r-Carbobenzoxy-L-lysine. 

isot hiocyanate. 
Approximately 90min at slightly alkaline pH: temperature 23 

Amino acid or pepiide concentrations. lo - '  hi; I-inm cell. 
Wavelength maximum not clear. 

1 "C;  excess of methyl 

' Several hours at acidic pH. 
1 1-cm cell. 

The isolated compound has been measured in methan% solution; A8 values. 
Shoulder. 

in all solvents tested. As in  the case of MTH, positive and-negative Cotton 
etrects correspond to L- and D-configurations. respectively. The behaviour 
of 2-methyl-a-amino ,acids was also investigated, but the authors con- 
cluded that the corffguration of these compounds is not determinable 
by the c.d. spectra of their PTH derivatives". 

Three insulin derivatives contairing from one to three groups of the 
symmetric dye fluorescein isothiocyanate, bound at the amino functions, 
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R’ 

I79 

.. 
I R’-CH-NH 

R-NH-C-NH-CH-COO- I I 
I1 c c  

(55) I 
// \N/ kS 0 

S 

,NH-C-NH- 
I 1  
S 

R 
I 

-CH-CO - 

were examined by absorption and c.d. spectroscopy above 400 nm73. The 
results were interpreted according to Moffitt’s exciton theory74. This 
approach was confirmed by the examination of model compounds. 

Three samples of fluoresceinthiocarbamoyl-lysozyme were prepared 
and the average amount of covalently bound dye was 4.2,2.0 and 1.5 moli 
mol of protein, respectively7 ’. The c.d. spectra were examined only below 
300 nm. No measurable changes occur in the peptide absorption region 
upon introduction of the dye, whereas in the 250-300nm region the 
spectra change considerably with the degree of labelling. It was suggested 
that at a high degree of labelling there might be some interaction between 
the fluoresceinthiocarbamoyl group (57) and aromatic amino acid residues, 
probably tryptophyl residues, of the lysozyme molecule. 

These studies demonstrate that fluorescein isothiocyanate can be con- 
sidered as a useful chiroptical probe for the investigation of the topography 
of naturally-occurring peptide molecules. Finally, an 0.r.d. study of 16 
fluoresceinthiohydantoins from cr-amino acids was published by Kawauchi 
and T u z i ~ i i u r a ~ ~ .  

In addition to  isothiocyanates, K C N O  has also been proposed as a 
suitable reagent for determining -NH2 terminal amino and for 
modifying the E - N H ~  group of lysine residues in proteins59 and in peptide 
h~rrnones’~ .  Gravenmade and colleagues reported the c.d. of Na- 
carbamoyl-3-amino acids (58a)79.80. 
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R-CH-NH R' 
I 

R-NH-C-NH-CH-COOH 
I I  
0 

(5 8) 

a : R = H  
b: R = CH3 

I I 
c c  

H 
// \N/ \o 0 

(59) 

A positive Cotton effect near 230 nm, assigned to the ureido chromo- 
phore, is apparent for the D-amino acid derivatives at pH <9. At pH >9 no 
dichroic bands are evident above 220 nm. Recent results obtained& our 
laboratory" on the chirospectroscopic properties of methyl isocyanate 
aliphatic amino acid adducts (58b) revealed the presence of a Cotton effect 
in the22W225 nm region at pH S.S.which is negative for the L-seriesfFigure 
9). Thus. the location of the dichroic band of the NH-C(=O)-NH- 
group below 250 nm and its rather low intensity d o  not seem particularly 
promising for an extension of this method to proteins. The chiroptical 
properties of carbamoylpepsinogena' and carbamoyl Bence-Jones 
protein8' were studied and found to be siniilar to those of the underivatized 
proteins. 

0.r.d.-c.d. analysis of hydantoins (59). obtained by cyclization of the N"- 
carbamoyl-cx-amino acids (%a), showed a Cotton effect at  238-245 nm 
which is negative for L-enantionierss3. Hydaiitoins from aromatic amino 
acids and proline eshibited different spectra. According to the octant rule 

the negative Cotton effects were assigned to the C, C=O chromophore. 

11.1 order to assign the absolute configuration of ( -)-allantoin (60) ?%e 
c.d. ofthe hydantoin derived from aspartic acid was examined as a function 
of pH". A hypsochromic shift was observed on changing the pH from 
alkaline to acid values. 

Attention was paid also to thioureines derived from naturally occurring 
mustard oils (61). the 0.r.d. properties of which were examined by Klyne and 
col leagues '. This s t ud y s u  bs t a n t i a t ed t he s t ereocheni ica 1 assign men t s 
based on the 0.r.d. curves of the isothiocyanates. 

A number of important studies \\ere published on the chirospectroscopic 

\ 

/ 
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F~GURE 9. C.d. spectra of the reaction product of methyl isocyanate with L-valine at 
pH 8 . 5 ;  I-crn cell; sensitivity 0.2; amino acid concentration 1.16mg/ml. 
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C H,- S - ( c H 2 )  ”-- N H - c - N H - R 
1 II 
0 S 

I I 
HC-CH 

I I 

II 
S 

(62) 

HN \C/N--R 

properties of u r e i ~ e s ’ . ~ ~ . ~ ’  and t h i o ~ r e i n e s ~ ~ - ~ ~  derived from optically 
active isocyanates and isothiocyanates, respectively. The most interesting 
conclusion concerns the possibility of determining the composition of 
mixtures of ethanol with water and methanolg2. 

Recently Scott investigated in detail the reaction of 2-amino sugars with 
isothiocyanatesg3. Among the various products thioureines and 
imidazolidine-2-thiones (62) were identified. Unfortunately, the 0.rd-c.d. 
properties of these compounds were not examined. 

6. With Alcohols 

The literature relatigg to 0.r.d.-c.d. studies on molecules obtained by 
reacting cyagates and related groups with alcohols is disappointingly 
meagre. 

The 1-substituted oligoethyleneurethanes (63) from dimer to heptamer 
were synthesized step-by-step using the optically active cr-hydroxymethyl- 
y-methylbutyl isocyanate (64) as the starting material and their 0.r.d. 
properties investigated in the 30Cb600 nm regiong4.”. It was found that the 
0.r.d. patterns are dependent upon the number of repeating units, nature of 
solvent and teqperature. All oligomers showed simple dispersion in 
solvents such as alcohols, dioxane and chloroform. On the other hand, the 
hexamer and heptamer shoged anonialous dispersion in aromatic solvents 
such as benzene and toluene, whihlower homologues up to the pentamer 
showed simple dispersion in these solvents. The anomalous dispersions of 
oligourethanes, which could be destroyed by increasing Csmperature, were 
interpreted as a helix formation due to the intramolecular hydrogen 
bonding, the strength of which is notably weaker compared with that in 
amide linkages of polypeptides. A detailed c.d. study of these oligo- 
urethanes in the regioi2 of absorption of the carbaniate chromophore (i.e., 
below 250 nni) would be of particular interest. 

Other works worthy of mention in this area are those of Terent’ev’ and 
P ~ t a p o v ~ ~ .  The 0.r.d. curves were obtained of the optically active urethanes 
(65 and 66) containing aromatic chromophores. ( - )-a-Phenylethyl iso- 
cyanate (1) and (+)-r-benzylethyl isocyanate (2) were employed in these 
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I 

CH2 CH2 
I 

HO-CH2-CH-NCO 
I 

CH3-120 O-CH2-CH-NH-CO f 
(63) n = 2-7 

studies. Above 250 nni a weak and structured Cotton effect was observed 
for compound 66 associated with the long-wavelength absorption band of 
the substituted benzene chromophore. The sign of this effect is not 
dependent on the solvent polarity. Near 210 nm a second Cotton effect was 
observed which has a positive sign i n  polar solvents, but a negative sign in i- 
octane, benzene or CCI,. The conformations of 66 which cause the above 
0.r.d. changes were discussed. 

C G H ~ - $ H  -NH-CO-OCH3 CsHs-CH2- FH-NH-COOR 
I 

CH3 
I 
CH3 

(65) (66) 

An impressive array of carbamoyl polysaccharides (see for example the 
maltose derivative 67) were studied in recent years by 0.r.d. and 
The reaction of the polysaccharides and t5e optically inactive phenyl 
isocyanate was found to be simple and fully substituted products were 
easily obtained. In addition, in special cases it was possible to substitute 
selectively the -OH groups. For the P-glycans a small negative c.d. in the 
region of 238-240nm was found; in  the case of u-glycosides a strong 
negative c.d. with a maximum at 34&242 nin and a strong positive c.d. with 
a maximum at 223-225 nm were observed. I t  was showng7 that the striking 
difference of the chirospectroscopic properties between the 3- and the p- 
glycans is not related to the contributions of single independent chromo- 
phores influenced by their individual difl'erent steric arrangements and 
their spatial relation to the glycosidic bond. The exciton theory of M ~ f f i t t ~ ~ ,  
which is suitable for explaining the 0.r.d. and c.d. spectra of helical 
polymers, was applied to carbamoyl a- and P-glycans. This method allowed 

s 
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Bittiger and Keilich” to propose a structure with helical parts for the a- 
glycans while a nearly planar arrangement was suggested for the P-glycans. 

Some interesting studies in this field, which in  our opinion should be 
carried ou t  in the near future, include the investigation of the chirospectros- 
copic properties of the reaction products of cyanates and isocyanates with 
side-chain-OH groups of amino acid residues. I n  this context it should be 
mentioned that isocyanates were used to protect the phenolic side chain of 
tyrosyl residues9’. C ~ a n a t e ~ ~  and isocyanatesloO were also employed to 
modify the hydroxyl group of the reactive serine residucs of various 
proteases. 

R’O-C --NHR 
II 
S 

(68)  

The absence of reports dealing with the 0.r.d. and c.d. of thionocar- 
bamates (68) obtained by reacting isothiocyanates with alcohols is pro- 
bably related to the very low rate of this reaction, as mentioned above. 

C. With Thioalcohols (Thiols) 

The dithiocarbamate (dithiourethane) chromophore present in com- 
pounds 69, which are obtained by reacting the -SH groups of cysteinyl 
derivatives with isothiocyanates, was investigated by U.V. absorption and 
c.d. . I n water a weak band at about 325nm is 
apparent, along with bands of greater complexity near 270 nm and 
250 nm66,101 . Wh en the group is in a dissymmetric environment these 
transitions have optical a ~ t i v i t y ~ ~ . ~ ~ . ’ ~ ~ - ~ ~ ~  . Since the long-wavelength 
absorption, which probably involves promotion of a non-bonding electron 

of the sulphur atom within the C=S group to the antibonding orbital n* 

exhibits low extinction. being-associated with an electrically-forbidden 
transition, and since it occurs in a spectral range which is transparent in a 
variety of natural compounds, the c.d. curves of S-methylthiocarbamoyl- 
cysteinyl derivatives (69: R = methyl) were examined in detail only above 
300nm. The sign of the 320nm band is strictly solvent dependent, as is 
shown in other thiocarbonyl compounds68; therefore it is not automati- 
cally transferable from water to organic or aqueous-organic solutions. 
Since this Cotton effect presents a high dissymmetry factor (A&/&), its sign in 

\ 

/ 
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water can be used to determine the optical configuration of the a-carbon 
atom of cysteine in peptides, being positive for L-cysteinyl derivatives and 
negative for D-derivatives. In addition, under the experimental conditions 

employed, no S -+ N shift of the S=C-NH-CH3 group was observed. 
Arylalkyl isothiocyanates were also used in these investigations, but no 

definite advantages over methyl isothiocyanate were observed’05. 
A fascinating aspect of stereospecificity-bioluminescence relationships 

illustrates the major role of cysteine configuration in the field of natural 
 product^'^^.^^^. In this and similar senses. D-cysteine may be present in 
other natural compounds and involved in special roles’08-’ ’ ’ . Cysteines 
have frequently been isolated from various sources, but the reports seldom 
specify their optical configurations. The above described method can 
rapidly supply this information. Moreover, the extension of the study of the 
chirospectroscopic properties of the dithiocarbamate chroinophore to the 
determination of the configuration of optically active mercaptans and 
-SH acids appears to be particularly attractive63.’ ’ 

The analytical application of this method in the quantitative estimation 
of free thiol groups of cysteine derivatives and in the determination of the 
number of cysteine units in proteins was also reported’”. Since the 
reaction between the -SH group and methyl isothiocyanate at slightly 
acidic pH, at room temperature and for a few hours is quantitative, 
stoichiometric and selective, evaluations of the extent ofchemical and enan- 
tiomeric purities in the synthesis of cysteine-containing peptides by means 
of the S-methylthiocarbanioyl derivative appears lo be easily feasible. 

Recently cyanate and alkyl isocyanates have beenemployed to protect 
cysteine sulphur in peptide synthesis’ ’4-’ l 6  and to react with the free -SH 
group of cysteine residues of sulphydryl hormones and e n z y ~ n e s ~ ~ . ’  17.’ ”. 
However, the -S-C(=O)-NH- chroinophore (70) exhibits the longest 
wavelength dichroic band at 255-260 n m ’  0 2 ,  e.g. in a region of the spectrum 
where aromatic and disulphide side chains of amino acid residues also show 
dichroic absorption’ ’. On the contrary, the S-alkylthiocarbamoyl chrom- 
ophore (69) does not present this drawback. Its stability to acid6’ and the 
mild conditions fbr introduction and removal’ O’ suggest its application as 
a protective and analytical tool in peptide chemistry. Support for these 

’’. 

S-C-NH-R S-C-NH-FZ SH 
I It I II 
CH2 S CH2 0 
I I 

I 
CH2 
I 

CH3-CO-N H-CH-COOH -NH-CH-CO- -NH-CH-CO- 

(69) (70) (71) 
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conclusions also came from the observation that the concentrations used 
for the c.d. determinations safely allow one to assume the identity of 
enantiorneric and optical purities. 

The chiroptical properties of the reaction products of th 
compound N-acetyl-L-cysteine (71) with methyl isothiocyanate and 
methyl isocyanate, respectively, at pH 5 araillustrated in Figure 10. 

To our knowledge, the chirospectroscopic properties of the dithiocar- 
bamates (69) and thiocarbainates (70) obtained by reacting thiols with 

I 
1 

0 300 320 340 230 250 270 
A(nm) 

05 

0.4 

FIGURE 10. C.d. spectra of the reaction products of N-astyl-L-cysteine (71) 
(0.96 mg/ml) with methyl isothiocyanate(A) at pH 5 (I-cm cell; sensitivity 0.02), and 
with methyl isocyanate(B and C) at pH 5 ( B  = 0.05-cm cell, sensitivity 0.02; C = 1- 

cm cell, sensitivity 0.05). 
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optical!,! crctive isorhiocyrr1crtc.s crrirl isocjwrtates, respectively, have not yet 
appeared in the literature. 
Nore crtk1c.d ii i  proof: Since the completion of this article, three papers 
discussing the 0.r.d.-c.d. properties of steroidal thiocyanates’ ’ 9, and of 
carbamoyl derivatives of poly-L-lysine’ ’O and alkaline peptidase’ have 
appeared i n  the literature. 
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Tlie four fiinctioniil groups will be treated scparatcly. but an efTo1-t will 
be made to stress both the similarities and diflerenccs i n  their detection 
and determination. as well iis the methods of their analysis in the presence 
of each other. 

1. CYANATES 

A. Introduction and Chemical Methods 
a *  

Tlie organic cyanates have become available in  the last decade' '. 
Alkyl cyanales are less stablc than ary l  cyanates and are rapid11 iso- 
merized to isocyanntes. To date no chemical nicthods of analysis have 
been repnrtcd for the cyanates. They undergo readily a niLiltitude of 
reactions. especially nucleophilic additions'.' and i t  seems rensonable to 
assume tha t  sonic of tliese latter reactions may be developcd in the futiire 
into clierniciil methods of analysis and cli~tracteriz~i~ion. Hence. their 
react ion wit ti wa t er in ;i Ik ;i I i ne sol 11 t io n .,. or LV i I 11 11 yd rogen SLI I ph i de .". i.4. 

to give high yields of cryst :I 1 I i nc 11 ret ha ncs or t 11 ioiiret ha ties respectively. 
could be utilized i n  their cliar~tcterizution. At  present. howc\~er. spectro- 
scopic methods are the main tools in their analysis. 

R O C E N  + H 2 0  - H 2 N C 0 2 R  

R O C E N  + H 2 S  __* H 2 N C S O R  

> 

B. Gas Chromatography 

Primary alkyl cyanates (alkyl: C,-C,) liavc been separated by gas 
chromatography from t h ci 1- is0 meric i socya i i  ;it es. 11 si ng n no n - pol a r  
Perkin-Elmer '0-column'. operating between 42.5 " C  and SO "C. dcpend- 
ing upon the molcculnr weight of the cynnatcs".x. The isomeric isocyanates. 
trimerixation products. and other non-\~olatilc products do not appear 
in these chromatograms. Since isopropyl and s-butyl cyanates dccomposc 
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on heating, they could not be analysed by gas chromatography7. The 
cyanates show considerably longer retention times than the isomeric 
isocyanates: at 60 "C on a 2-m '0-column' and at a flow rate of 120 ml/min 
the retention time of ethyl isocyanate is 2.8 min and that of ethyl cyanate 
is 6.8 niin'. 

C. Physical Methods 

1. infrared and Raman spectroscopy 

Alkyl cyanates"" show a characteristic medium to strong band in the 
2280-2240 cni-' region, which is either split into a doublet or is slightly 
asymmetric i n  appearance. I t  has been assigned to the C-N stretching 
vibrxtion and the splitting is due to Fernii resonai;ce between the C-N 
vibration and the first overtone of the C-0-C asymmetric stretching 
vibration. This band occurs in the same region as the N=C=O band in 
isocyanates. Although it is strong, i t  is much less intense than the cor- 
responding band in isocyanates. The other absorption characteristic of 
alkyl cyanates'.'' (and of course missing in isocyanates) occurs in t h e  
1 1  80-1080 cm- '  region and has been assigned to the C-0-C asym- 
metric stretching vibration. This absorption is generally split and very 
strong. I n  the far infrared') the alkyl cyanates show a band of medium 
intensity close to 51 5 cn-I .  and another weak band around 600 cm-' .  

Aryl cyanates" also show the C-N stretchinp vibration in the 228& 
2240cm-I region. This strong band is doubly or triply split, but the 
splitting is not due to Fernii resonance. In  the Raman spectrum it  occurs 
at the same frequencies as in the infrared. being likewise doubly or triply 
split, but of medium intensity. The C-0-C stretching vibration is 
strong and occurs in the 1235-1 160 cni- '  region. ,, 

The cyanates and isocyanates are most easily distinguished in the 
infrared by the presence in the former and absence in the latter of the 
C-0-C vibration in the 1200-1 100 cm- '  region.', 

2. Electronic spectroscopy 

Only the electronic spectra of aryl cyanates have been reported. 
M art i n 3 .  observed t hat sii bs t i t ii  t ed ph en y 1 cyan at es (sii bst i t lien t s : p -  M e. 
p-CI. p-MeO. o-MeO. p-NO,, p-OCN) exhibited the two typical bands 
of benzene derivatives : a fine-structured benzenoid band getween 256 
and 290 nni  and an intense K-band around 214-224 nm. For comparison 
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he presented the absorption curves and ta’lsulated ,the absorption maxima 
of phenyl cyanate and isocyanate in cyclohexane (Table 1). 

The K-band of thersubstituted plienyl cyanates is hypsochromically 
shifted, and k z f  smaller width at half height, and of lower intensity as 

TABLE 1. Ultraviolet absorption maxima of phenyl cyanare and phenyl isocyanate 
in cyclohexane3 

K-Band Benzenoid band 
Corn pou nd 

i. (nm) log 1: i (mi) log c 

PIiOCN 216 3.2 1 256. 262, 268 2.58, 2.75. 2.67 
PhNCO 227 4.02 264.27 I ,  278 2.69. 2.75. 2.68 

compared with the K-band of substituted phenyl isocyanates. The 
benzenoid band is also hypsochromically shifted. In the series H < CH, .c 
CI < o - M e 0  c p-Me0 the vibrational fine structure of the benzenoid 
band gradually disappears and the band is bathoch-omically shifted by 
27 nm. while that of the K-band is shifted by I0 nni. 4-Biphenylyl cyanate 
has. in chloroform, a maximum at 251 nm (c 19.200). while the maximum 
of the corresponding isocyanate is at 263 nni (c 22.500)’ ’ . I 3 .  

3. Nuclear magnetic resonance spectroscopy 

Groving and Holm; determined the proton chemical shifts of several 
alkyl cyanates as pure liquids. Their results can be suminarized as follows: 
r-methylene protons resonate arqupd 4.38-4.54 p.p.in. whereas r-niethine 
protons resonate arou&” 4.67-4.88 p . p s . ;  the P-methyl protons of ethyl 
cyanate have their chemical shift at 1.45 p.p.m.. while f3-methylene protons 
of ri-propyl and n-butyl cyanate resnnate around 1.80 p.p.m. The chemical 
shifts of the r-protons of the cyanates were distinctly different from those 
of the isocyanates, the former resonating 1-1 7 p.p.m. downfield from the 
latter. The f3-protons of the cyanates similarly resonate 0.25 p.p.m. to 
lower field from the corresponding isocyanates. Martin’ tabulated the 
chemical shifts of the aromatic protons as well as those of the aliphatic 
protons of the substituents of aryl cyanates. The chemical shifts of the 
aron9, tic ring protons appear in the 7.00-7.50 p.p.m. region. In  phenyl 
cyanate the multiplet of the aromatic protons is centred at 7-48 p.p.m.. 
while p-phenylene dicyanate has its singlet at 7.3 1 p.p.m. 
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I n  '-'N 11.11i.r. spectroscopy' 3.14 ethyl and phenyl cyanate exhibit 
"N resonarices at 322 p.p.m. and 208 p.p.m. upfield from the nitrate ion. 
respcctively. whereas the cori-espondiiis isocyanates resonate at 31.7 p.p.in. 
ii 11 d 3 30 p. p. in. Co nseq 11 en t l y ' 'N n . i n .  r. spectroscopy a I I ows a d is t i i i  ct i o n 
to be made between cyanates and isocyunates. and probably also bctivceii 
alkyl and aryl cyanates. 

4. Mass spectrometry 

Jensen and coworkers" examined the mass spectra of alkyl  cyanates 
and isocyaiiates and recorded their results in tabular form ~ i n d  as plotted 
spectra. They found that the mass spectra of alkyl cyanntes were very 
siinilar to those of the isolneric isocyanates. differences occurring mainly 
in the relative abundance of certain fragments. The nlkyl  cyanates show 
a molecular peak which is less abundant t h a n  the one in the corresponding 
isocyanates. In  both groups the molecular- peak beconies less abtindant 
with rise in molecular weight. As a general rule. fragments containing the 
functional group (such as M. M-I .  M-alkyl) arc morc abundant in the 
spectra of alkyl isocyanates. whereas pure Iiydrcmi-bon fragments are 
more abundant in the spectra of cynnates, i.e. thc elimination of the 
functional group occurs to ;I larger extent i n  the alkyl cyanates. Alkene 
eliiiiinations and formation o f  cyclic structures ilrc dominant fcat~~res  i n  

the mass spectra of alkyl cyanates and isocyanates containing long chains. 
I n  phenyl c g a ~ i a t e ' ~  the most abundant fragment is C,H: (ni/c 77). 

which is inissing in the spectrum of phenyl isocyanatc. Both compounds 
show strong molecular peaks as well as peaks due to the elimination of 
co (IJl/P 9 1 ). 

II. ISOCYANATES 

A. Introduction 

The organic isocyanittes are nii~ch inorc stablc t h a n  the organic cyanatrs. 
D i- and pol y isoc y an a t es a re i m por t a 11 t start i ng monomers i 11 t lie man ti -  

facture of Iiigli-pei-formance polymers. such as polyurethanes. l t  is there- 
fore essential to determine the purity of the comiiexcially available iso- 
cyanate monomers and to estimate both the amount of rnoiion~cr iso- 
cyanatc still present in the polymers formed. as  well a s  the number of 
free polymeric NCO groups'".''. 
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6. Chemical Methods 
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1. Introduction 

The carbon atom of the isocyanate _group is highly electrophilic and 
readily undergoes a variety of nucleophilic addition reactions. Therefore 
the two major reactions on which its chemical analysis is based are 
addition of primary or secondary amines to yield substituted ureas. and 
in the case of aromatic isocyanates, acid hydrolysis to anline; (via the 
addition of the elements of water) and subsequent analysis of the latter. 

RN=C=O + R ’ R ~ N H  - R N H C O N R ’ R ~  

ArN=C=O + H z 0  - ArNHC02H - ArNHZ+ COz 

Addition of alcohols yields urethanes, but as alcohols are less reactive 
than amines towards the isocyanates, they are also less popular in the 
quantitative determination of the isocyanates. 

RN=C=O + R’OH - RNHCO~R’  

2. Qualitative analysis 

a. Sirnplc. tests. One qualitative test is based on treatment of an acetic 
acid solution of the isocyanate with a drop of 20‘,’,,, sulphuric acid and 
observation of the escaping carbon dioxide18. In  a second test, a urethane 
is prepared by dipsolving the sample in excess methanol, whereby the 
urethane usually crystallizes after a short time”. 

b. Hjdrorariiic lrcid test. This test is based on the following reactions: 

RN=C=O + NHzOH RNHCONHOH 

3 RNHCONHOH + FeC13 - (RNHCONH0)3Fe + 3 HCI 

The sample is treated with hydroxylamine hydrochloride in 95 ”(, ethanol. 
heating to boiling, and after cooling it is acidified with M liydrochloric 
acid. Addition of a lo”,  ferric chloride solution yields a deep magenta 
colour. The test is positive for aryl isocyanates but negative for aryl 
isothiocyanates. Carboxylic’ acids, acid chlorides and acid anhydrides 
may also give positive tests”. 

c. Mnlnchite g,.een-n-hirr~,lo,iij/?e retigent. This colourless reagent, 
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obtained from malachite green and 11-butylaniine, reacts within 20-30 sec 
with the isocyanate group to develop a green colour. I t  has been used in 
the detection of unreacted monomer isocyanates i n  urethane-based 
polymers and it  is claimed to detect less than 0.005 mniol isocyanate per 
g of sample”. 

d. Retrcriori wirh perorj- compminds. When aryl mono- and diiso- 
cyanates and isothiocyanates are treated in diniethylformamide with 
hydroperoxides, such as cumene or r-butyl hydroperoxide. or with 
peracetic acid, they develop characteristic colours. On making the 
so 1 u t ion basic with tetra b u t y 1 ammo n i uni hydroxide, more intense but 
distinct characteristic colours are obtained, which are specific for each 
isocyanate. The qualitative method therefore provides a tool for the 
identification of specific aromatic isocyanates. The method is also 
applicable quantitatively as discussed in Section II.B.5”. 

3. Determination by amine addition to  isocyanate 

This is the most widely used method of determination and it is based 
on the addition of ainine to the isocyanate group to give a substituted 
urea (Section 1I.B. I ) .  Aliphatic primary and secondary amines add readily 
and quantitatively to the isocyanate to give ii urea which is soluble in 
the reaction solvelit. Excess of a standard ainine solution is added to a 
weighed amount of isocyanate. The reaction is exothermic and complete 
within a few minutes or up to I h. The solution can be titrated with an 
aqueous acid if methanol is added. The excess amine is then back-titrated 
with standard acid, using an indicator. 

A variety of aniines, solvents, reaction conditions, and modes of deter- 
mination of excess aniine have been used. The most popular amiiies are 
n-butylamine and dimethylamine. Most frequently used solvents include 
dioxane and chlorobenzene. I t  should also be pointed o u t  that this 
i n  e t h od is eq u a I I y a p p I i ca b le to is o t h i  ocpa n a t es. Severa 1 represent at i ve 
pr oced ii r es are su in rn? r i zed in the fol 1 o \v i ng . 

The method of Siggia and Hmna2’  requires the addition of 20 nil of a 
12.5 y” solution of /i-butylamine in diosane to 2 niequiv of isocyanate 
(or isothiocyanate). I n  the case of alkyl isocyanates and isothiocyanates 
the mixture is allowed to stand for 45 min at room temperature for coin- 
plete reaction. With aromatic isocyanates reaction is complete almost at 
once and back-titration can be carried out as soon as the amine is added. 
After addition of water the solution is back-titrated with 0.1 N-sulphuric 
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acid, using methyl red as an indicator. Sien<enz3 determilied a large number 
of aliphatic and aromatic isocyanates in similar fashion using di-ri- 
butylamine in chlorobenzene, then adding methanol and back-tit 
with hydrochloric acid, with bromophenol blue as indicator. The m 
of Siefken was adapted by R ~ t h ' ~  to tlie micro-scale, using 5-10mg 
samples when reaction time was reduced to 5.min. The precision of the 
method is & 0.5 I:(,. 

Karten and Maz5 modified the method of Siggia and Hanna to the 
semimicro ( I  mequiv) and micro scale (0.1 mequiv). They used 11-butyl- 
amine in dioxane as reagent. Reaction time was 15 min for aromatic 
isocyaiiates and 45 min for aliphatic isocyanates. The mixture was back- 
titrated with hydrochloric acid to the methyl red end-point. 

Other aniines used include piperidine".", aniline'". diisobutyl- 
am i 7 8 . 2  9.3 0 . dietliylam&e3 1.32,  and d i~yclohexylamine~~.  Other solvents 
used include t e t r a & y d r o f ~ r a n " - ~ ~  and di~nethylformamide~~.~~.~~.~'. 
In two cases the back-titration was done porer~tionzrtr.ic.t~//~~".~'. 

Down to c. I pmol residual isocyanate group per g sample of soluble 
polyurethanes could be detected r.cct/iochcriiic.tr/I~.. After dissolution of tlie 
sample in dimethylformamide in the presence of a solution of [I-"C]- 
butylamine in chlorobenzene, the labelled urea was precipitated by 
adding water. filtered off, washed and dried and dissolved in a suitable 
solvent for scint i I  Iat ion coun t i t ~ g ~ ~ .  

In one case the isocyanate was determined gl.c.r~.inierl.ictr//?.. Aniline was 
added to the isocyanate and after heating 30 min on a water bath, the 
excess aniline was steam-distilled and the urea residue dried and weighed". 

Kubitz" determined traces of isocyanate groups in urethane-based 
polymers by treating tjie polymer with excess ri-butylamine in tetrahydro- 
furan solution. and then determined the excess aniine by adding to i t  i~ 
malachite green so~ution and measuring by absorption spectroscopy the 
decrease in absorbance of the latter (Section 1I.B.Z.c). 

The above variations of the method were applied not only to alkyl and 
aryl isocyanates (and isothiocyanates) as such. but as plready indicated 
in severadinstances above, also to the determination of isocyanate groups 
in rubbFbonding  agents", to unre8cted NCO groups in polyurethane 
resins and coatings3 ', and to polymeric isocyanate in the presence of 
reactive halides33. 

Alkyl and aryl isocyanates were also determined by using excess benz- 
hydrazide (instead of an amine): 

* .  

RN=C=O + PhCONHNH2 RNHCONHNHCOPh 
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The excess unreacted benzhydrazide w a s  back-titrated with a sodium 
nitrate so 111 t i  o n '. 

4. Determination via the derived amine 

I n  this method the isocyanate is first hydrolysed in acid solution to tlie 
amine and the latter is then determined. Two methods have been used 
in t h is d eterni in at i on. 

a. Eil/:o/i:ofio/i m d  coup/ i~ig.  The amine is diazotized and then coupled 
with aromatic amines or with phenols to yield azo dyes. The dyes are 
determined either colorinietrically or photometrically. 

Marcali3' modified this principle to the micro-determination of 
toluene diisocyanates in the air. Air was drawn at a specific rate through 
a bubbler containing acid. The generated aniine was then diazotized and 
coupled with N- I -naplitliyletliylenediaii~ine to give a reddish-blue colour 
which was measured at 550 nni. As little as 0 .0b .p .m.  of toluene-2.4- 
diisocyanate can be detected by this method in air samples. 

The above principle with minor modifications was used i n  tlie deter- 
m in  at i on of a ro mat ic d i isoc ya n a t es in the at in 0s phere after a p pl ica t ion 
of paints containing them". I t  was applied in similar fashion in the 
determination of aromatic isocyanates in  the air in the absence4' and in 
the presence4? of primary aromatic amines. A chronological list of 
additionai determinations by the same method is given in Reference 43. 

b. Rc~nctior7 with 2,4-di,?irr.qpiroroberl3elle. Amines react with 2.4- 
dinitrofluorobenzene to yield Ar-alkylamino-2.4-dinitrobenzenes. the 
absorbance of which is measured. 

RNHz 

N 0 2  No2 
rn 

The method has  been applied to the determination of isocyanates in 
the 24:. Thus. air containing hexamethylene diisocyanate is passed through 
a k n own qua n t i t y of con cen t rated h y d r och 1 or ic ac i d-d i m e t h y 1 s u 1 ph o x i de 

( I  :9). water is then added, followed by addition of a known quantity of 
1-~uo1-o-2.4-di1iit1-obenzene and a molar NaHCO, solution. The solution 
is heated. sodium hydroxide is added and the mixture is heated again. 
cooled and extracted with chloroforni. The amine is determined by 
measuring the extinction of the filtered extract at 350 nm. The method 
is applicable to 1-1000 pg of the above diis~cyanate~' .  The method has 
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been modilicd i n  order to be able to determine air samples containing 
lo-' p.p.iii. or less liesamethylene diisocyanate4'. I t  has also been used 
i 11 t he d e t e i'ni i n ii t io 11 o f met h y I i socy a n a t e' 6 .  

5 .  Determination by reaction w i t h  peroxy compounds 

This method has alrcady been described in Section 1I.B.2.d as a tool 
in the q i i  a 1 it at i ve an a I ys i s of aromatic is o cy ;I 11 ;I t es a nd i so t h i o cy a nates. 
In rlie qiiantitativc dcterminntion. a molar excess of perosy compound is 
added to :i diosane solution of a weighed sample of isocyanate. Tetra- 
butglniiimoiiium hydroxide is added dropwise unt i l  no further colour 
change occ11rs. Thc absorbancc of the solution is measured eithcr in the 
visible region. or wi th  an additional 100-fold dilution at i,,,,, in the 
11 1 t 1-11 v i o let reg io 11. ;i nd co ni pa red w i t h t he k n own m o 1 a r ;i bso r p t i v i t i es 
of tlie compounds in question2'. 

6. Derivatives 

As ind ica red. isoc y a na t es react with am in cs to give N N - d  isu bs t i t u t ed 
iircas as crystalline derivatives which may be utilized in tlie cliaracteriza- 
tion of both isocyiiiates and arnines. The isocyanate mid the aniine are 
heated in 95 ' I , ,  etliniiol and the product is generally recrystallized from tlie 
same solvent. 

Tlie reaction betwen an isocyanate mid ;in alcohol or phenol yields 
urethanes ;IS crystalline derivatives. whicli niuy also be utilized in tlie 
cl~nracterization of both isocyanates and alcohols and phenols. Tlie 
mixture of isocyanate and alcohol or phenol is heated on a water bath at, 
60-70 "C  for 10-1 5 min. The crude urethane solidifies and is extracted 
\\it11 petroleum ether from which it is also recrystallized. 

Siefken'3 lists the melting points of a very large number of substituted 
u reas ( ma i n 1 y p hen y 1 u rea s) a nd ti re t 11 an es ( in a i n l y met h y 1 ca r bani at es). 
Additional urethane derivatives of I -  and 2-naphthol and several N -  
a 1 k y I - Ar ' - ph en y I u r eas a n d N -a r y I - N ' - p h en y 111 reus a re a 1 so 1 is t ed i 11 t lie 
I i  terii t lire". 

C. Polarography 

The polarographic reduction of phenyl isocyanate48. r.o-diisocyan- 
atcs'". and aromatic diisocynnatessO has been reported. but only in one 
publication has its analytical application been dcscribed. 

Pola rogra pli ic red uct ion \vas ,? p pl ied to the dcterniinn t ion of phen yl 
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isocyanate, tolylene diisocyanate, and hexamethylene diisocyanate. The 
polarographic waves were recorded in 0.2 M-tetrabutylammonium iodide 
and 0.1 M-tetraethylammonium iodide in dioxane-diniethylformamide 
(3: I), in dimethylformamide, or in acetone, from - 1.OV to -2.2V. 
The isocyanates were determined from standard curves with an error of 
less than 1-2 ;?.;>’’. 

0. Gas Chromatography 

Ruth” has separated aliphatic and aromatic isocyanates and diiso- 
cyanates in the presence of reactive organic halides on a column of 10:; 
polyphenyl ether on 4&60 mesh Chromosorb-T at 200 “C, using thermal 
conductivity detection. Methyl isocyanate and carbon tetrachloride were 
determined on a stainless steel column packed with 15;” polyoxy ethylene 
- glycol 4000 on INZ-600 diatomite at 50°C and detected by thermal 
cmductivity. For mixtures containing -25 of methyl isocyanate, the 
absolute error was 21 1 7; for each c ~ m p o n e n t ~ ~ .  Traces of 2,4-diisocyanato- 
toluene in polluted air were determined on a column of 15yc’, Apiezon L 
and 1 ”;, Epikote, using electron capture detections4. Optimum conditions 
have been established for the determination of mixtures of 2,4- and 2,6- 
diisocyanatotoluenes on a column of dinonyl phthalate on Celite 545 
at 110°C. Equations are also given for determining the area ratio of two 
component peaks when the peaks overlap and the detector response is 
non-rectilinear5 ’. Mono- and polychlorophenyl isocyanates were also 
separated by gas ~ h r o m a t o g r a p h y ~ ~ .  

E. Physical Methods 

1. infrared and Raman spectroscopy 

The isocyanate group is characterized in the infrared by a very strong 
asymmetric stretchin2 vibration in the 2290-2240 cm- region (e - 1300- 
2000)5‘, which can easily be differentiated from that of the N=C=S, 
S C E N ,  N=N=N. and N=C=N groups”. Bellamy has tabulated this 
band for numerous alkyl and aryl isocyanates. as well as the corresponding 
band in the other aforementioned groups”. The band is usually a singlet 
but occasionally shows signs of broadening, apparently as a result nf a 
Fernii resonance effect5’. 

The above band occurs very closely to the nitrile stretching vibration. 
but its intensity is about a hundred times greater. The band is insensitive 
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to the nature of the substituent it  carries sillce both alkyl and aryl iso- 
cyanates display the band in the same region". In  the Ramzin spectrum 
the band is relatively 

The symmetric stretching vibration occurs in the 145C-1420 cm-' 
region, being very weak i n  the infrared and strong in the Ranian spec- 

Perfluoroalkyl isocyanates show the asymmetric stretching frequency 
around 2295 cm-I and the symmetric frequency around 1465 cm- ' (I4. 
The infrared and Raman spectra of rraris-vinylene diisocyanate have 
also been discussed". The characteristic band near 2250 cm- I has been 
used by several workers in the quantitative determination of NCO groups 
in polyurethanes"'. Forathe determination of the isomeric ratio in a 
mixture of 2.4- and 2.6-diisocyanatotoluenes the bands at 12.35 pm and 
12.8 pni have been usedh6. Grasselli's atlas67 lists with references, major 
infrared bands for ten alkyl and aryl isocyanates. Yukawzi6' lists the,' 
asymmetric stretching vibration of 32 isocyanates. 

The near-infrared spectra of 33 aliphatic and aromatic isocyanates have 
been recorded6'. The NCO group has the characteristic first overtone of 
its stretching vibration near 2.64 p i  (molar absorptivity - 1-2). The 
band sometimes occurs as a doublet. &i?ddition, the aromatic isocyanates 
show a characteristic band in the 1.65- 1.6s pm region (first overtone of 
aromatic methine). and a%other one, mGstly as a doublet, near 2-14 pm 
(aromatic combination band). The NCQ band at 2.64 itm can be used to 
obtain quantitative data from mixtures containing isocyanates. 

I n  the far infrared and in the Raman spectrum the isocyanates have two 
medium-to-weak bands near 595 cni - and 61 5 cm - (our-of-plane 
skeletal bending 

trum60.6 1.62 .63  

Q 

2. Electronic spec troscopy  and f luorescence  

The absorption spectrum of ethyl isocyanate in the gaseous state has 
been recorded: it possesses a broad transition at -210 nm (c - 60) and 
end absorption: no fine structure is exhibited by this band. &ethyl iso- 
c y p a t e  has a more or less similar spectrum70. I t  has also been reported 
that the NCO group does not absorb in the ultraviolet even if attached 
to a vinyl g r o ~ i p ~ ' .  However, the ultraviolet spectrum of trcrris-vinylene 
diisocyanate in isooctane solution shows a maximum at 225 nm ( E  19.770)61. 

A detailed comparison between the electronic spectra of aroinatic 
isocyanates and cyanates has already been made in Section I.C.2. The 
ultraviClet spectra of several aryl isocyanates are collected i n  Table 267. 
All these compounds show an intense K-band around 230 nm ( I ;  lO.OO&, 
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TABLE 2. Ultraviolet spectra of aryl isocyanates. ArNCO" 

Ar Solvent GI,, (nn4 E 

PI1 Hexane 226, 263.277 10,965, 457, 468. 
2-C1C6H, Met ha n ol 235. 268,276, 284 12,200, 672, 715, 554 
~ - C \ C B H ,  M e t ha no1 238, 278,286 16,200, 1060, 846 
(l-CIC,-jH, Hexane 235,273,287 16,596. 661, 437 
2-NO,C,-jH, Hexane 222,259, 3 16 16,982.4366, 229 1 
3-NOzC6H, Hexane 222.253,300. 335 23,442,6918. .479, 166 
4-N02CGH, Hexane 215,276.324 10,233, 13,804, 550 
2-MeC6H, Hexane 228,273.280 10,233, 631, 562 
3-MeC6H, Hexane 229,273,281 9550, 550. 490 
4-MeC6H, Hexane 230.274,283 13,153. 776. 759 
I-Nnphthyl Cyclohesane 3 18. 290, 226 

20,000), and a fine-structured benzenoid band with two or three peaks in 
the 270-300 nm region ( I :  500-1000). The ultraviolet band of p-chloro- 
phenyl isocyanate at i,,,;,, 234 nni ( E  16.300) has been utilized in the deter- 
mination of the disappearance of tlie compound during its reaction with 
met han 01 in  di-hep t an e ' . 

The emission spectrum of ethyl isocyanate, which is due to NCO free 
radicals has been recorded73. 

3. Nuclear magnetic resonance spectroscopy 

It has been indicated in Section I.C.3 that z- and P-protons of alkyl 
isocyanates resonate 1.1 7 p.p.m. and 0.25 p.p.m., respectively. upfigld 
from the corresponding protons in alkyl cyanates. This places the chemical 
shifts of a-methylene protons of alkyl isocyanates around 3.2 p.p.m., and 
those of c+methine protons around 3.6 p.p.m.: the P-methyl protons and 
the P-methylene protons will then resonate around 1.20 p.p.m. and 
1.55 p.p.ry., respectively'. 

The 2-protons in cyclohesyl isocj anate and i n  cis- and tr.trn.s-(4-r- 
butyl)cyclohexyl isocyanates resonate around 3 4  p.p.111.~~. InB. series of 
~-alkosyethyl  isocyanates tlie r-methine and 0-methyl protons have been 
found to resonate in the 4.6-5.0 p.p.m. region and 1.2-1.45 p.p.m. region. 
r e s p e c t i ~ e l j ~ ~ ~ .  The methyl proton resonance in a series of r.3-dimethyl- 
benzyl isocyanates occurs in the 1.5-1.7 p.p.ni. region76. Grasselli's 
atlas" records the proton cheniical shifts of several aryl isocyanates. 
Hence. phenyl isocyanate has its proton chemical shift centred at 7.1 p.p.ni. 

The c.ni.r. chemical shifts (in CDCI,) of the NCO group occur in methyl. 

rz 
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ethyl, and cyclohexyl isocyanates at 121.4, 122.5, and 123.6 p.p.m. down- 
field from tetramethylsilane, respectively, whilst that of phenyl isocyanate 
appears at 125.2 ~ . p . m . ~ ~ .  The c.ni.r. chemical shift of NCO in trichloro- 
acetyl isocyanate occurs at 1303 ~ . p . m . ~ ~ .  The proton noise-decoupled 
c.1n.r. spectrum of phenyl isocyanate has been recorded (see however 
Reference 77)79. The chemical shift of the methyl carbon in methyl iso- 
cyanate resonates 99.2 p.p.m. upfield from benzene (as neat liquid)". 

The I4N chenlical shifts of methyl, ethyl, ri-propyl, and p!ienyl iso- 
cyanates (as neat liquids) occur at 361, 343, 346, and 330 p.p.m-upfield 
from the nitrate ion' 3.14. The 14N chemical shifts of several trialkylsilyl 
and trialkylgermyl isocyanates have also been t a b ~ l a t e d ' ~ .  I t  has already 
been indicated in Section I.C.3 that this method can distinguish between 
isocyanates and cyanates. 

4. Mass spectrometry 

In Section I.C.4 a detailed comparison between the mass spectra of 
alkyl and aryl cyanates and isocyanates has been made. and many features 
of the mass spectral behaviour of the latter are described there. In addi- 
tion", it  has been shown that in the mass spectra of 11-alkyl isocyanates 
the intensity of the molecular ion attains a minimum when the alkyl 
chain-length is most favourable for the formation of the rearrangement 
ion C,H,NOf.  Another important ion in these spectra is CH,NCO+. 
Finally. it  can be said that the mass spectra of straight-chain isocyanates 
and cyanates become more and more alike with increasing chain-length. 

I n  aryl isocyanates the M, M-28, and M-55 peaks are strong. Other 
strong peaks in these mass spectra depend more on  the structures of 
individual compounds' 5 . 8  '. The most abundant peaks of 2-chlorophenyl 
isocyanate are at m / e  155 (relative intensity 33). 153 (100). 125 (411, 90 (34), 
63 (35) ,  61- (19), 38 (19), 37 (1-0)67. 

111. ISOTHIOCYANATES 

A. Introduction 

Isothiocyanates occur in higher plants in free form or as thioglycosides 
froin which they are set free by enzymic hydrolysis or by chemical con- 
version82. The low-boiling isothiocyanates are isolated by steam- 
distillation as essential oils. They are also referred to a s  mustard oils, 
since many occur in mustard plants. Ally1 isotliiocyanate is the principal 
constituent ( ( 8 .  94",,) of the volatile oil obtained from black mustard seeds. 
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The mustard oils are widely used in flavouring of all kinds of food 
products and as active ingredients in mustard plasters and other medicinal 
preparations. Therefore their identification and determination in combined 
form and as free esters in plant seeds and in the above-mentioned products 
is indispensable. 

B. Chemical Methods 

1 .  Introduction 

Although the isothiocyanates are, in general, considerably less reactive 
than the corresponding isocyanates, with whom they are isoelectronic, 
their methods of analysis are, in the main, also based on nucleophilic 
addition reactions. I n  the case of the isothiocyanates, however, ammonia 
addition plays a more prominent role than amine addition. Addition of 
ammonia yields a monosubstituted thiourea. Fission of the isothiocyanate 
group is also used as an analytical tool but to a lesser extent. 

RN=C=S + NH3 - RNHCSNH;! 

The literature abounds with references on the analysis of isothiocyanates. 
The majority of these discusses the detection and determination of iso- 
thiocyanates in plant seeds and in mustard oils extracted from them, 
and most of them deal with-ally1 isothiocyanate. 

2. Qualitative analysis 

The isothiocyanates or mustard oils can be detected by colour reactions 
and identified i n  the form of their derivatives. 

a. Reacfiori w i t h  sotlii/rn nzide. O n  adding dimethylformaniide to a 
mixture of an isothiocyanate and sodium azide, an instantaneous evolution 
of nitrogen takes place and the solution turns blue or green. Thiocyanates 
and isocyaixites give negative testss3. 

b. Rcwc'iiori wirh z i r ~  uc'etotc. This is a very sensitive test which can 
detect 0.1 to 0.5 nig mustard oil. A mixture of less than 1 mg sample, 
4 ml 0.033 wsecondary sodium phosphate, and 0.4 ml saturated zinc 
acetate solution is heated in a sealed tube on a water bath for 1 h. After 
cooling. 2 ml of a solution of 6.5 mg N.N-dimethyl-p-phenylenediatnine 
sulphate in 100 ml 4 N-sulphuric acid is added. followed by 0-4 ml of a 
10 :< solution of ferric ammonium sulphate in N-sulpliuric acid: the 
mixture turns blues4. 
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c. Rcoctio/i wirh p r o s y  conipo~rnds. This test. which has been described 
in Section II.B.2.d is also applicable to isothiocyanates. 

d. Test .for* isothiocj~tiiitites arid t / i i o c ~ ~ ~ ~ ~ i t i t c s  irl presence of each orher. 
This test is common to both aliphatic and aromatic isotliiocyanates and 
thiocyanates and is based on the following reactions: 

RNCS + 3 KOH - RNH2 + KSH + K2CO3 

2 RSCN + 2 KOH - KOCN + KCN + H20 + RSSR 

A mixture of the sample and hr-potassium hydroxide in ethanol is 
heated and then centrifuged. To the lower ethanolic layer a sodium 
hydroxide solution of picric acid is added. A blood-red colour which 
becomes deep yellow or orange on heating indicates the presence of a 
primary amine which originates from an isothiocyanate. If a deep red 
colour is observed only after heating, this indicates the presence of hydro- 
cyanic acid which originates from a thiocyanate. If both esters are present 
in the sample, R blood-red colour is obtained at once. and it becomes 
darker on heating. If no colour is produced, the sample does not contain 
any isothiocyanates or thiocyanatess5. 

e. Tc>st for aI/j*l isotliiocj~ciritrtc~. An et1ianolic:solution of the sample is 
treated with phloroglucinol and concentrated hydrochloric acid: a pale 
red coloration is obtained which intensifies on  heatings6. 

f, Spor tesr .for p/ien!./ isorliioc~~ti~ititc. To detect less than 50 pg plienyl 
isotliiocyanate the sample is heated with a 2",, lead nitrate solution and 
concentrated aqueous ammonia on a water bath for 1 to 3 min: black lead 
sulphide is formed. To detect less than 0.5 pg of the above compound, it 
is heated with a sodium hydroxide solution in glycerol at lSO"C, and its 
vapour is exposed to a filter paper impregnated with a aqueous 
solution of sodium 1,2-naphthoquinone-4-sulphona~~: a red-violet colour 
is produced in 1 to 2 n1ins7. 
c e. Retictioil \rir/i t i i i i i i ~ o i i i c i .  Reaction of an isothiocyanate with strong 

aqueous ammonia in ethanol yields crystalline tliic*Areas which can be 
purified and then identified by melting point. Allylthioyrea from ally1 
isotliiocyanate gives rlionibic prisms, melting point 74°C. The thioureas 
obtained can also be separated and identified by paper chromatographys8. 

3. Determination by ammonia addition to  isothiocyanate 

Addition of alcoholic ammonium hydroxide to isothiocykates to 
yield monosubstituted u r e a  is a reaction wliich goes to completion. 
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For this reason, and since thioureas have served most effectively in the 
purification and identification of mustard oils, the determination of iso- 
thiocyanates via their@'diiourea derivatives has practical advantages. 

rmed in solution can be analysed by numerous methods 
as described below. Because of the very large number of references in the 
literature, only a minor but representative fraction of the references can 
be cited here. 

Conversion to tlie thiourea occurs generally by heating the mustard 
oil in ethanolic or  aqueous ammonia for several minutes or by letting the 
mixture stand at room temperature for c. 24 h. 

a. Specrr.ophoto~tzer,.ic ~ ~ e t e / . / ~ ~ i / 7 ~ ~ f i o r 7 .  Thioureas absorb in the 230- 
260 nm region of tlie ultraviolet. In this method of determination thio- 
glucosides in plant seeds are enzymically hydrolysed and the generated 
mustard oils are extracted with an organic solvent. They are converted 
by aqueous or ethanolic ammonia to thioureas, which are dissolved in 
organic solvents and determined spectropliotonietricallya9. 

b. Re~c t ion  with .si/m* ioris. This popular method of determination is 
based on the reaction of thioureas with silver ions to precipitate silver 
su I ph ide : 

R N H C S N H z  + 2 A g N 0 3  + 2 N H 3  - R N H C N  + Ag2S + 2 N H 4 N 0 3  

Determination is accomplished either gravimetrically. by weighing the 
filtered and dried silver sulphide, or argentimetrically, i.e. by adding a 
known excess of a silver nitrate solution. filtering off the precipitated 
silver sulphide, and bacb-titrating the excess silver ions in the filtrate with 
thiocyanate ions, using ferric ions as indicator (Volhard method). In the 
majority of cases reported in the,li&e!-a&ure the volumetric method has  
been the method of c1icfl-e. 

Fiirst and Poetlike" determined allyl isothiocyanate by heating a 
mixture of 5 nil of a I",, solution of the isothiocyanate, 5 ml 25" , ,  aqueous 
ammonia, and 5 nil etlianol for 10 min. then more strongly for another 
10 min. Ten millilitres of a lo",, ammonium nitrate solution was added. 
the mixture was cooled. and 50 nil of a 0.1 N-silver nitrate solution were 
added and the mixture was diluted to 1OOml with water, and filtered. 
To a 50 nil aliquot of the filtrate ?CJ nii 25",, nitric acid were added. and 
the mixture was titrated w i t h  0.1 hi-animonium thiocyanate. usins ferric 
amnmniuni sulphate as indicator. To determine the allyl isothiocyanate 
in mustard seed. a 5-g sample of seeds was macerated with 100 nil water 
for 2 h. 50 nil ethanol was added, tlie mixture was distilled. and 50 ml of 

\* 
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distillate was collected. The distillate was heated with 10 nil 2 5 %  
aqueous ammonia, 10 ml lo";, ammonium nitrate solution and 20 ml 
0.1 wsilver nitrate solution were added, and the determination was 
completed as described above. 

Furst" has improved the above method by applying electroanalytical 
detection. He used it  to determine allyl isothiocyanate in mustard seed, 
and in this case it was not necessary to isolate the isothiocyanate by distil- 
lation. The isothiocyanate was converted to allylthiourea in the usual 
manner. and 2 to 10mg quantities of the latter were determined by 
titration in aqueous ammonia-ammonium nitrate buffer solution with 
0.01 N-silver nitrate with amperometric detection of the end-point. using 
a dropping-mercury electrode at - 0.6 V versus the NCE. 

Additional examples are listed in  Reference 92. 
c. Osirlatiori. Various oxidizing agents were used in this method. 

Bohnie93 oxidized the thiouren with hydrogen peroxide and excess 
standard alkali. and after 2 h at room temperature added excess hydro- 
chI0,ric acid and back-titrated with potassium hydroxide to methyl 
orange. The method is based on the following reaction: 

R N H C S N H 2  + 2 H O - +  4 H202 - R N H C O N H 2  + 5 H 2 0  + SO: 

Oxidation of allylthiourea (from allyl isothiocyanate) by iodine and 
back-titration with thiosulphate ions is the standard method used by the 
Swiss'4 and German95 pharmacopoeia. The method is apparently based 
on the following reaction96 : 

Fiirst9' determined 0.2 to 2 mg quantities of allylthiourea (frorti allyl 
isothiocyanate) polarographically by anodic oxidation. measuring at 
-0.38 V versus the NCE in 0.1 ?.*J-sodium hydroxide. 

d. Recrcriori wirh o-li~.rlr.os!.rricr.c.l,r.ihe,l-oic. rrcitl. Recently W r o n ~ k i ~ ~  
determined thioureas originating from isothiocyanates which contain 
labile sulphur, by heating them with excess of alkaline o-hydroxyniercuri- 
benzoic acid. Excess reagent was removed by adding a dithiofluorescein 
solution in excess. and determining the excess of the I a t t a  spectrophoto- 
metrically at 578 nm. The absolute relative error and the limit of deter- 
mination are r 0.001 5 and 2r 0.002 microequivalents of sulphur. respec- 
tively. 
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e. The iodine-ode reaction. Exceedingly small quantities of sulphur 
compounds induce this reaction: 

The reaction is faster with thioureas than with isothiocyanates. Kurzawa 
and Krzymien9* obtained best results by adding 10 ml of 0.02 M-iodine to 
a solution containing 2 to 30pg of thiourea and sufficient sodium azide 
to give a concentration of 2% in the final solution, which was adjssted to 
pH 6 with 0.1 M-hydrochloric acid. After 30sec the unconsumed iodine 
was titrated with 0.02 N-sodium arsenite. Under the above conditions 
the induction coefficient, i.e. mole ratio of consumed iodine to thiourea, 
was ‘v 80, and from this value the amount of thiourea could be determined. 
The method was utilized in the determination of isothiocyanates (via 
their thiourea derivatives) in plant seeds99. It was also adapted to the 
microdetermination of 3-butenyl isothiocyanate in rape seed loo,  by its 
conversion with methylamine to N-methyl-N’-(3-butenyl)thiourea, which 
is fourteen-times more effective than the isothiocyanate, as the inducer 
of the iodine-azide reaction. The concentration range for the deteimina- 
tion in the last example was 0.2 to 1.0 pg of isothiocyanate per ml of test 
solution, and the error was less than +5:‘6. 

4. Determination by amine addition to  isothiocyanate 

This method which is based on the addition of excess primary or secon- 
dary amine to an isothiocyanate to yield a di- or trisubstituted thiourea 
and back-titration of excess added amine, proceeds in the same manner as 
with isocyanates. It Ras been described in detail in Section II.B.3. Thus. 
Siggia and Hanna” used 11-butylamine in dioxane in the determination 
of methyl and ethyl isothiocyanates, and back-titrated the excess aniine 
with aqueous sulphuric acid, using methyl red as indicator. R ~ t l i ~ ~  used 
di-it-butylamine in chlorobenzene and back-titrated with hydrochloric 
acid. using bromophenol blue as indicator. Karten and Ma2’ applied the 
method on a micro and semimicro scare, using n-butylaniine. and letting 
the reaction proceed for 15 min in the case of aromatic isothiocyanates 
and 45 min in the case of aliphatic isothiocyanates. Venkataraghavan 
and Rae?' used piperidine in dioxane. V i ~ i s o n ~ ~  used n-butylamine in 
dimethylformamide in the determination of aromatic and aliphatic 
isothiocyanates. 

Wronski O 1  described procedures for the determination isothiocyanates 
under special circumstances. In one of these procedures 005-05 mmol of 
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a sample is dissolved in 10 ml ethanol, 1 ml 40% dimethylamine is added, 
and in the case of aromatic and ally1 isothiocyanates, the mixture is 
allowed to stand I min, whereas in the case of aliphatic isothiocyanates, 
it is heated on a steam bath for 1 min. The mixture is cooled and 20ml 
ethanol, 2 ml 60”/,  perchloric acid and 0.5 ml of a saturated solution of 
p-dimethylaminobenzylidenerhodanine solution in 95 7; ethanol are 
added. The mixture is then titrated with 0.05 N-o-hydroxymercuribenzoate 
until the colour changes from yellow to red. This procedure can also be 
used to determine aromatic isothiocyanates in the presence of thiocyanates. 

In the case of a mixture of aliphatic and aromatic isothiocyanates, 
the sum of both isothiocyanates is determined according to the above 
procedure. A second sample is then dissolved in 10ml ethanol, 1 ml 
dimethylamine is added, and the mixture is heated for 1 min on a steam 
bath. After cooling, 20 ml ethanol and 5 ml M-NaOH are added and the 
solution is titrated with 0.05 N-o-hydroxyniercuribenzoate. using dithio- 
fluorescein as indicator, until the blue colour disappears: this yields the 
content of aromatic isothiocyanates. 

5. Determination by release of thiocyanate ion 

This method is based on the release of thiocyanate ion by alkali. 
p-Hydroxybenzyl isothiocyanate, obtained by enzymic hydrolysis of 
thioglucosides of plant seeds, is treated with M-sodium hydroxide. Tri- 
chloroacetic acid is added to the solution of the released thiocyanate ions 
and the precipitate formed is filtered. Ferric nitrate is added to the 
filtrate and the red colour which develops is estimated spectrophoto- 
metrically versus a control at 460 nmlo2. 

6. Derivatives 

The principal method of characterization of isot hiocyanates consists 
in their conversion to substituted thioureas by reaction with ammonia 
or amines. The isorhiocyanate and the aniine are mixed in ethanol and 
the mixture is refluxed. The, derivative usually separates as an oil which 
solidifies when carefully rubbed. It is  dried rapidly between filter papers 
and extracted with a minimum volume of petroleum ether. It is generally 
recrystallized from ethanol-ether. Melting points of derivatives with 
aniline and benzylamine have been recorded’ 03’, The thioureas can also 
be identified by paper chromatography88. 

Another method of derivatizing isothiocyanates is the reaction with 
phenylhydrazine or p-carboxyplienglhydrazine to yield substituted aryl- 
thiosemicarbazides103b: 
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RN=C=S + ArNHNH2 - RNHCSNHNHAr 

C. Electroanalytical Methods 

Tur'yan " devised an electroanalytical nlethod for the determination 
of organic compounds. The method is based on the reduction of the 
niolecule at a mercury cathode. with a simultaneo%s setting free of iodine 
on a platinum anode. and the volumetric determination of the iodine by 
thiosulphate titration at the end of the electrolysis, the end-point being 
indicated by the fall in current. The method is applicable when the cathode 
reaction takes place with 100 "/I yield. Among compounds investigated 
was  3.4-din itroisotliiocyanatobenzenzene. 

Bipotentiometric titration was successfully applied to the osidatiori of 
various non-aromatic sulr&ur compoiinds: including isothiocyanates. 
In this method various types of compound can be identified because 
different compounds @,re different types of titration curves. The oxidants 
used were lead(rv) acetate and cobalt(r1i) acetate. and the potential was 
measured against the volume of oxidant solution added. The method was 
not ii p pl ica ble to no n-a rom a t ic t h i oc ya n a t es O '. 

The polarographic reduction of isothiocyanates was investigated by 
several workers. and in a few cases the results seem suitable for use in the 
quantitative determination. The polarographic reduction of phenyl 
isothiocyanate at a dropping mercury cathode was investigated106. 
Half-wave potentials of the polarograpliic reduction of 45 aroniatic 
isothiocyanates were reported and were found to be little dependent on 
the structures of the substitiients on the aromatic ring. but the wave 
heights were proportional to the concentrations in the range between 
6.6 x lo-' and 4.10 x hi. and in the range of pH 3.2-8.1 '07. In the 
case of 1 - and ? -na&,+hy l  isothiocyanates, well-developed polarographic 
waves were observed which were suitable for analytical purposesIo8. 
p-Substituted isothiocyanates were determined by polarographic reduc- 
tion. using suitable supporting electrolytes and s01vents'"~. The half- 
wave potentials of the polarographic reduction of eighteen HI-substituted 
phenyl isok,Pu,:ocyanates were measured' l o .  

D. Separation Methods 

1. Isolation 

Isothiocyanates or mustard oils are natural products whi&i occur in  
plant seeds in the free form or a s  thioglucosides. Generally the isothio- 
cyanates are set free bv enzymic hydrolysis and steam-distilled. I f  they are 
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labile or non-volatile they are isolated by extraction with or2i 0 inic solvents. 
For direct identification they may be directly converted with ammonia 
into thiourea derivatives which can be purified by recrystallization and 
chromatographic separation' ' 

2. Distillation, distribution, and crystallization 

The mustard oils isolated from plant material are mixtures containing 
isothiocyanates. Several methods are available for their separation into 
individual constituents. Mustard oils were separated by fractional distil- 
lation' ". partition chromatography between partially niiscible solvents' ' ?  
as well as by distribution, followed by column chromatography on 
alumina' ' I .  

The mustard oil hydrolysate can also be directly converted on reaction 
with ammonia to thioureas which can be separated and purified either 
by fractional crystallization' ". or by distribution befween partially 
miscible solvents' 1 6 .  

3. Gas chromatography 

Gas chromatography has been applied \ ery extensively in the analysis 
of isothiocyanates, therefore only a few examples from the literature can 
be cited here. 

A very detailed investigation of tlie gas-cliroinatograpliic behaviour of 
32 saturated and unsaturated. branched and unbranched aliphatic iso- 
thiocyanates, aroniat& isothiocyanates, to-nietliyltliio-substitLtted com- 
pounds of tlie type MeS(CH,),,NCS. and isothiocyanates containing 
ester or sulphone groupings. has been conducted. using various stationary 
phases. The results were presented mainly as retention time-reciprocal 
temperature diagrams. The& indicate that gas chroniatograpliy is an 
efficient method for the separation and identification of isothio- 
cyanates' ' '. Several authors have analysed, by gas chromatography. the 
isothiocyanag- constituents of mustard oils' 

Recently, 20 alkyl and aryl isothiocyanates and I7 3-substituted 
rhodamines obtained from them were investigated gas-chromatographic- 
ally. on a column packed with Diatoport (SO-I00 mesh) and coated with 
lo",, silicon gum UCW 98 I t  was found that the retention times of the 
3-substituted rhodamines were higher than those of the corresponding 
precursor isothiocyanates. and that therefore not only miltures 01' tso- 
tliiocyanates could easily be separated from each other, but that the 

19.' 'O. 
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corresponding compounds of tlie two groups could be separated from 
each other as well'". 

Straight-line relationships between log R ,  and the number of carbon 
atoms were obtained by gas-liquid chromatography of 20 synthetic 
isothiocyanates on 10% SE-30 and 2.5 % DEGS columns. thus  affording a 
method for identification ' ". 

4. Paper chromatography 

Direct analysis of allyl and aryl isothiocyanates was done on Whatman 
paper No. 4 with 2";, acetic acid in carbon tetrachloride as mobile phase, 
and 30";, acetic acid as stationary phase. Detection was accomplished 
with 0-5 y;, silver nitrate-ammonia ( 1  : 1) '  Is. Similarly, aryl isothiocyanates 
in the presence of their methyl thiocarbonates were chromatographed on 
paper impregnated with dimethylformamide-methanol ( I  : 3), nonane 
being used as mobile phase, and detection was accomplished with an 
iodine-sodium azide reagent 2 3 .  

Isothiocyanates were also chromatographed as thiourea derivatives. 
Kjaer and Rubinstein" described a successful separation on Whatman 
paper No. 1 using chloroforn~ saturated wi th  water as the mobile phase, 
and detection either by tlie Groth reagent (sodium nitroprusside treated 
with hydroxylaniine hydrochloride and sodium carbonate, then with 
bromine), or by an iodine-azide-starch reagent. Instead of applying the 
thioureas to the paper, they can be prepared directly on the paper by 
applying the isothiocyanates to the paper, and exposing the paper to 
gaseous ammonia. Thus allyl and aryl isothiocyanates were converted on 
Whatman paper No. 1 in the presence of ammonia to the thioureas. The 
paper was then treated with bismuth nitrate to give yellow complexes 
which were separated by developing with water saturated with butanol 
or with 40",, aqueous ethanol' 

Instead of thioureas, tliiosemicarbazides (from isothiocyanates and 
2,4-dinitrophenylliydrazine) were also analysed by paper chromato- 
graphy, using ethanol-pyridine-water (40: 5 :  55) as the mobile phase' 25. 

5 .  Thin-layer chromatography 

Alkyl and aryl isothiocyanates in mustard oils were satisfactorily 
separated as thiourea derivatives on activated silica gel with ethyl acetate- 
chloroform-water ( 3  : 3 : 4). and detected by spraying with 1 potassium 
ferricyanide solution-5 ",, ferric chloride solution ( !  : ] ) I z 6 .  

Several compounds based on A'.A'-dim'etI~ylaniline and substituted in 
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the 4-position with a phenylazo moiety and containing an isothiocyanate 
group were separated on silica gel by development with hexane-benzene 
(1 :  

E. Physical Methods 

1. Infrared and Rarnan spectroscopy 

Bellamy128 has tabulated the N=C=S asymmetric stretching mode 
of various alkyl and aryl isothiocyanates. In alkyl isothio~yanates"~ 
this broad and intense absorption occurs in the region of 2140-2080 cm- '. 
The absorption of the aryl isothiocyanates1'9 is also broad but it is more 
intense and occurs between 2100 and 2040 cm- I .  It has been shown that 
alkyl and aryl isothiocyanates and thiocyanates can be distinguished by 
their characteristic vibration frequencies between 2105-2060 cm - I  and 
around 2140 cm- ', respectively; in the latter this band is sharp and of 
medium intensity, whereas in the former it is broad and strong13'. In 
addition, this band in isothiocyanates is sensitive to solvents, whereas the 
corresponding one in thiocyanates is not; hence an additional means of 
differentiation between the two groups is available' 19. 

When the infrared spectra of alkyl and aryl isothiocyanates are recorded 
at the higher resolving power of 2 lithium fluoride prism (instead of using a 
sodium chloride prism) it is found that the above band actually consists 
of a moderately intense band at 2221-2170 cm-I (30-40",, absorption). 
accompanied by a group of two to three strong bands at 2 150-2050 cm - ' 
(50-80:';) absorption). as well as a very weak band in the 2000cm-' 
region (20-40",, absorption)I3l. The position and intensity of these bands 
depend on the polarity of the solvents employed. 

Alkyl isothiocyanates exhibit a second, very strong, characteristic band 
at 1348-1 3 IS cm- '  which has been tentatively assigned to the bending 

vibration of the CH a t o p  of the -CH2N=C=S or CHN=C=S 

groupings. I t  is evidently missing in the spectra of methyl, t-butyl, phenyl, 
and 3-naphthyl isothiocyanates' 31. 

Ham and Willis132 11 ave summarized their extensive i n ~ e s t i g a t i o n ~ ~  
of the infrared and Raman spectra of isothiocyanates as follows: (i) aliphatic 
and aromatic isothiocyanates have a broad and strong infrared band 
around 2100 cm-I with an integrated intensity of about 15 x 10" I/mol 
cm and half-width of about 100 cm- ', and a moderately strong and broad 
Raman band which is split into a doublet: ( i i )  the symmetric stretching 

\ 

/ - 
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vibration of aliphatic isothiocyanates is strong in both the Raman and 
infrared spectra and occurs around 1090 c n -  ' : ( i i i )  aromatic isothio- 
cyanates have a very strong Raman band, and a very weak infrared band 
around 1250cm-', and another band. strong in the infrared and moder- 
ately weak in the Raman spectrum around 930 cm- '. 

The far infrared spectra of 22 saturated aliphatic isothiocyanates have 
been recorded' 33a.  Eighteen of these compounds exhibit characteristic 
frequencies at 641-599 cm- ' (medium-strong), 562-510 cm- ' (strong), 
and 470-439 cm- '  (strong)' 33b. Modes of vibration have been tentatively 
assigned to these absorptions'33C. Far  infrared and Raman spectra of 
several isothiocyanates have also been recorded by other 

The band around 2160cm-' has been used in the determination of 
methyl isothiocyanate occurring as a degradation product in soil. Methyl 
isotliiocyanate was estimated by comparison with the infrared band of 
standard samples' 34. 

Grasselli's atlas' 35 lists the major infrared bands of eight isothiocyanates 
and the references whence they have been obtained. Yukawa6' lists the 
asymmetric stretching frequencies of 13 isothiocyanates and their 
references. 

2. Electronic spectroscopy and fluorescence 

Alkyl isothiocyanates invariably display a maximum of moderate 
intensity ( E  - lo3) in tlie 244-245 nm region, as is evidenced by the 
tabulated spectra of 21 alkyl and aralkyl i s o t h i ~ c y a n a t e s ' ~  '. Thus ethyl 
isothiocyanate has its maximum in dioxane at 245 nm (log& 2.86) and 
ally1 isothiocyanate at 246 nm r log^ 2.94). 

Aryl isothiocyanates exhibit more complex spectra. with strong absorp- 
!ion bands in the 270-350nni region (log>: - 4). These bands often 
disday fine structure. The spectra of 45 aryl isothiocyanates have been 
tabulated, and the absorption curves of some of them have been pre- 
~ e n t e d ' ~ ~ .  Also tlie spectra of a series of 4-substituted derivatives of 
4'-isothiocyanatoazobenzenes have been tabulated' 37. 

The ultraviolet spectra of several alkyl and aryl isothiocyanates &e 
collected i% Table 3'35. 

The emission spectrum of methyl isothiocyanate. which is due to NCS 
free radicals, has been recorded". 

3. Nuclear magnetic resonance spectroscopy 

of alkyl isothiocyanates in carbon tetrachloride as follows (in p.p.m.): 
M a t I i i a ~ ' ~ ~  has reported on the p.1n.r. chemical shifts of the x-protons 
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Me 3.37 MeCH23.64 Me2CH 3.95 

The chemical shifts of the 3-protons of allylic isothiocyanates occur at a 
somewhat lower field (in p.p.m.): 

MeCH=CHCH24-04 CH2=CHCH24.18 CHz=CHCMeH 4.35 

The same author found that a distinction can easily be made betyeen 
isothiocyanates and thiocyanates since the latter resonate more than 
0.5 p.p.m. to higher field. 

TABLE 3. Ultraviolet spectra of isothiocyanates. RNCSI3' 

R 

Et 
il-Bu 

Cyclohexyl 
MeCO 
PhCHz 
P I1 
4-CIChHA 

Solvent 

Me t hano I 
Cyclohexane 
C ycl oh ex it n r  
E t ha no 1 
Ethanol 
C yclohesane 
Cycloliexane 

_- 
t:  

244 
248. 270 
249.275 
333 
248 
268.279 
228. 276.288. 304 

1738. 126 
1202. 45 
54 

1318 

30.199. 15.136. 14.791. 1778 

The p.m.r. chemical shift of the methyl group in ethyl isothiocyanate 
appears at 1.40 p.p.m.'3'; that of the phenyl in phenyl isothiocyanat6 at 
7.2 ~ . p . m . ' ~ ~ .  The chemical shifts and coupling constants of several ali- 
phatic isothiocyanates and sulphur-containing isothiocyanates have been 
tabulated'"'. . 

The c.m.r. chemical shift of the NCS group in isotliiocyanates occurs 
at about 10 p.p.m. downfield from the corresponding one in isocyanates 
( p. p .m. down fi e Id from tetra m e t h y 1 s i I an e) ' 7 .  ' ' : 

M?e 128.6 Et  130-7 Cyclohexyl 132.3 Ph 135.7 

It appears however. about 20 p.p.ni. upfield from the corresponding 
chemical shift in thiocyanates'"'. 

The '"N resonances of the Qq5 group in isothiocyanates occur at the 
following chemical shifts. upfie* from the nitrate ion ( i n  p.p.ni.): 

H 26514'. Me291'43, 28514* Et273'"". 271'44. Ph26514' 

Therefore the isothiocyanates can be easily distinguished from the cyanales 
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(EtOCN 222 p.p.m.)' '.14, isocyanates (MeNCO 363 P . P . ~ . ) ' " ~ ,  and 
thiocyanates (EtSCN 103 ~ . p . n i . ) ' ~ ~ .  The 14N chemical shifts of silyl and 
germyl isothiocyanates and their trialkyl and triphenyl derivatives are 
also 260 to 280 p.p.m. upfield from the nitrate ion'42. 

The 15N chemical shift of methyl isothiocyanate occurs 93 p.p.m. down- 
field from a m r n ~ n i a " ~ .  In this compound the coupling constant JlsN-13Me 
was found to be 13,4 H z ' ~ ~ .  

4. Mass spectrometry 

The existence of the 4.2',',', 34S isotope may assist in the recognition of 
sulphur-containing ions. 

Kjaer and c o ~ o r k e r s ' " ~  have examined 40 diversely-substituted iso- 
thiocyanates. They found that the molecular ion of straight-chain alkyl 
isothiocyanates is of appreciable intensity up to n-pentyl isothiocyanate, 
and then it becomes quite weak. The molecular peak is also intense in the 
lower branched and unsaturated alkyl isothiocyanates. All the straight- 
chain alkyl isothiocyanates exhibit an important peak at m / e  72, cor- 
responding to the CH2NCS+ ion, which is due to r-cleavage. Lower 
alkyl isothiocyanates exhibit an m/e 59 ion (NCSH+). while higher ones, 
containing at least five carbon atoms in a contiguous chain, show one 
peak at M-33 (loss of SH), and another one at m/e  115. which is due to 
ring-closure: 

H 

Branching i n  the 3- or P-positions in the alkyl portion of isothiocyanates 
still leads to the fragmentation pattern described above. In the mass 
spectra of unsaturated isothiocyanates allylic fission dominates. Where 
the allylic bond is 3 to the nitrogen atom. the most abundant ion will be 
the ally1 ion: but when the allylic bond is p to the nitrogen atom, as in 

3-butenyl isothiocyanate. the predominant ionized fragment is CH2=NCS 
at i n &  72. The above results have been reviewed'". 

The mass spectra of several alkyl isothiocyanates and thiocyanates 
were compared 15.  The differences between them are discussed in Section 
IV.E.4. 

+ 
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Aryl and benzyl isothiocyanates exhibit a molecular peak. Phenyl 
isothiocyanate also loses the NCS group to give the Phf (r)i/e 77) ion, 
which eliminates acetylene to give another ion, m/e 51. Benzyl isothio- 
cyanate also expels the NCS group to yield the tropylium ion (rule 

The eight most abundant peaks and relative intensities of several iso- 
9 1)’ 477148.  

thiocyanates are collected in Table 4j3’. 

TABLE 4. The most abundant ions and relative intensities in  the mass, spectra of 
isothiocyanates. RNCSI3’ 

R 

Me 

Et 

ii-Pr 

WBU 

d1-s-B~ 

d-s-Bu 

I -S-  B LI 

PI1 

4-CIC6H4 

m/r  73 
Rel. int. 100 

I I I / C  87 
Rel. int. 100 

IlI/C 101 
Rel. int. 100 

I I I / P  I15 
Rel. int. 91 

in/e 1 I5 
Rel. int. 0 

I l l j c ,  115 
Rel. int. 0 

m/e 115 
Re]. int. 0 

m / e  136 
Rel. int. 9 

rille 171 
Rel. int. 37 

72 
49 

72 
33 

72 
51 

72 
57 

56 
54 

86 
54 

86 
54 

135 
too 
169 
100 

70 
9 

60 
14 

45 
1 1  

57 
50 

57 
51 

57 
51 

57 
51 

77 
76 

134 
13 

45 44 32 28 
26 : 15 1 1  8 

59 29 38 27 
74 38 16 48 

43 42 41 39 
56 24 46 14 

56 41 39 29 
32 100 30 99 

56 41 29 28 
49 100 82 74 

56 41 29 28 
49 100 82 74 

56 41 29 28 
49 100 82 74 

67.5 51 50 39 
9 34 16 8 

108 82 69 63 
26 14 33 16 

15 
14 

26 
12 

27 
34 

27 
67 

27 
54 

27 
54 

27 
54 

38 
6 

39 
1 1  

5 .  Cotton effects 

The ii-x* transition of optically active amino acids appears at very 
short wavelengths in the ultraviolet, and therefore it is sometimes advan- 
tageous to obtain optical rotatory dispersion and circular dichroism data 
by means of a chromophoric derivative. 

The isothiocyanato derivatives of amino acids, RCH(NCS)C02R’, and 
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those of amino alcohol carbonate esters. RCH(NCS)CH20C0,R1. have 
their maxima i n  the ultraviolet around 350 iini ( c  - 700-2000). and 
260 nni (1:  - 15.000--22.000). respectivelyI4'. Both types of derivative 
show multiple Cotton effects. The latter derivatives. in particular, exhibit 
three Cotton effects of different intensity around 340. 260, and 205 nm. 
which can be used in stereochemical nssignmerits. Thus. the 2-isothio- 
cyaiiato derivative of i~-2-aniinobutanoI methyl carbonate (;.,llzl, 259 nm, 
c 15,900) exhibits the following circular dicliroism data: [U],,8 + 1700: 
[0]260 - 6100; [U],,3 + 18,320. Optical rotatory dispersion and circular 
dichroisni data and curves of several of these derivatives are also given 149. 

IV. THIOCYANATES 

A. Introduction 

Thiocyanates are isomers of the isothiocyanates and are isoelectronic 
with the cyanates. They are. however. more stable than the latter. On 
heating a 1 k yl and a 11 y I t h i ocy an a t es they is o ni e r ize to is o t h i ocya n a t es. 
Several organic thiocyanates have been used as insecticides and fungi- 
cides. whereas others serve as solvents and stabilizers. and in these fields 
their detection and determination is of significance. On the whole, how- 
ever. their use has not been widespread l". 

B. Chemical Methods 

1. Introduction 

I n  contrast to the chemical analysis of isocyanates and isothiocyanates. 
which to a large extent is based on nucleophilic addition reactions, that 
of thiocyanates is predominantly based on fission reactions+ The thio- 
cyanates are first converted by chemical methods of reduction, oxidation, 
or cleavage to anionic species such as cyanide, thiocyanate, mercaptide 
or sulphide, which are subsequently detected and determined. Many of 
the analytical methods used in the detection and determination of all 
kinds of sulpliiir-containing compounds, are also applicable to tnio- 
cyanates, but are not specific to them. Only representative and more 
recent references will be cited. 

2. Qualitative analysis 

Briickner and tested several methods of identification on 
22 organic thiocyanates. In one method they reduced the thiocyanate 
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with sodium amalgam in refluxing ethanol to cyanide ions. These were 
detected by adding a pic@ acid-sodium carbonate solution and sub- 
sequent boiling to yield a red to red-brown colour. Reduction on boiling 
with an aqueous dtior of sodium sulphite also gave cyanide ions which 
were detected by adding ferric chloride to give a blue colour. The cyanide 
ions can also be detected by the benzidine-cupric acetate reaction. In  
another qualitative test theesuthors converted the organic thiocyanate to 
thiocyanate anions by reaction with sodium sulphide and detection with 
ferric chloride, which gives a red colour. Two other methods which are 
less sensitive have been used by these authors and are based on the oxida- 
tion of the thiocyanate to the mercaptide. In these two methods the 
thiocyanate is treated either with lead tartrate or with sodium plumbite 
to give lead mercaptide which separates as a yellow precipitate. One of 
the methods described above, which was based on the reduction of the 
thiocyanate with sodium sulphite to the cyanide, and detection of the 
latter by addition of ferric chloride to give Prussian blue, was modified 
to the spot-test scale15'. 

Organic thiocyanates and disulphides were also detected by reduction 
with zinc powder and hydrochloric acid to the corresponding thiols. 
The thiols were then treated with pyridine. sodium nitroprusside, and 
zinc chloride to give a pink colour, which could be detected at a saniple 
concentration of 10 to 25 pg in 2 ml'53. 

A qualitative test for the detection of thiocyanates and isothiocyanates 
in the presence of each other has been described in Section III.B.2.d85. 

w 
3. Quantitative analysis 

a. Redirctioii \\,irk Rciiie!; nickel. TI+is*maiiod is applicable to many 
sulphur-containing compoGnds, includ*ing thBcyanates. It is based on the 
desulphurization of the sulphur-containing compound with Raney nickel 
and the determination of the evolved hydrogen sulphide with o-hy'droxy- 
mercuribenzoic acid. A sample of 3-1 5 mg is heated with Raney nickel in 
water or ethanol and the evolved gases are absorbed in a 0-25 M-sodium 
hydroxide solution. The sodium sulphide formed is then titrated with 
o-hydroxyniercuribenzoic acid. using dithiofluorescein as indicator. The 
method was tested on p-thiocyanatoaniline and p-thiocyanatodimethyl- 
aniline' 54. 

b. Cle%age wirh sodiirm plirmbire ',solirrion. $his method which has 
already been mentioned in Section IV.B.2 is based on the following 
react ion : 
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2 RSCN + NanPb(OH)4 - (RS)zPb + 2 NaOCN + 2 H20 

The analysis is carried out by treating an alcoholic solution of the sample 
with an excess of a standard sodium plumbite solution. The precipitated 
lead mercaptide is filtered off and the excess lead in the filtrate is precipitated 
as sulphate, which is collected, redissolved in ammonium acetate and the 
lead titrated with a standard ammonium molybdate solution, using 
tannin as indicator. The method has a precision of +O.S";. It is also 
applicable to other sulphur-containing compounds, such as thioureas, 
thiocarbonates, thiols, and disulpIiidesl5'. 

c. Cleriiwge witli nn~/~~oriicicnl silorr nirrrite sohrrion. Cleavage of thio- 
cyanates with an arnmoniacal silver nitrate solution also leads to mer- 
captide ions. In one example, benzyl thiocyanate was determined by 
adding a standard silver nitrate solution to an ammoniacal solution of 
the sample. The precipitated silver mercaptide was filtered off and the 
excess of silver ions in the filtrate was determined argentimetrically by the 
V&iard method. The method is applicable also to other sulphur-contain- 
ing compounds' j6. 2,4-Dinitrophenyl thiocyanate in a fungicide was 
similarly treated with ammoniacal silver nitrate solution but in this case 
the precipitated silver mercaptide was determined _gravimetrically's7. 

d. CIerruci3e with sotiiirrir hj*tir.o.de i17 c1qircoir.s ethnriol. This method 
has been described in Section III.B.2.d as a qualitative test for the detection 
of thiocyanates and isotliiocyanates in the presence of each other. In its 
quantitative version it has been applied to the determination of aliphatic 
and aromatic thiocyanates. As shown in Section III.B.Z.d, hydrolysis with 
alkali i n  aqueous solution yields among other products cyanide ions. 
Hydrolysis is effected by treatment with sodium hydroxide in alcohol-water 
at about 40 "C. The cyanide in the hydrolysed solution is then determined 
by the picric acid reaction using a Duboscq c ~ l o r i m e t e r ~ ~ .  It has been 
suggested that more accurate results could be obtained by using a photo- 
eiectric colorimeter or spectrophotometer' 5 8 .  The method yields results 
that are accurate and precise to about rfI 1 'lo relative. when applied to 
insecticide preparations containing small amounts (0.1-0-3 "J of alkyl or 
a ralk yl t h ioc ya na tes. 

Wronski"' has described methods for the determination of thio- 
cyanates which are also based on cleavage with alkali i n  aqueous ethanol. 
In his methods, however, hydrolysis yields thiols by the following reaction: 

;a 
RSCN + 2 OH- - RS- + CNO- + H 2 0  

In the case of easily hydrolysable thiocyanates, the formed thiols are 
titrated directly with an alkaline solution of o-hydroxyniercuribenzoate, 
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using dithiofluorescein as indicator. Thiocyanates which are more 
resistant to decomposition are determined by heating with excess o- 
hydroxymercuribenzoate in alkaline solution, adding a known excess 
amount of cysteine, and back-titrating the latter with o-hydroxymercuri- 
benzoate as above. The same author has described in his paper also the 
determination of thiocyanates in the presence of aliphatic isothiocyanates, 
and the determination of thiocyanates and aromatic isothiocyanates in 
the presence of each other. 

e. Clenunge with s o d i m  efhoside. This method is also based on the 
basic hydrolysis of thiocyanates to cyanides (Section III.B.2.d). It was 
applied in the microdetermination of l-butoxy-2-(2-thiocyanatoethoxy)- 
ethane (Lethane 384) in milk and animal tissue. Samples are extracted with 
hexane and then treated with sodium ethoxide in dimethylformamide. 
Aqueous sodium hydroxide is added and the aqueous layer acidified and 
the liberated hydrocyanic acid absorbed in a sodium hydroxide solution. 
Addition of bromine yields cyanogen bromide. which after removal of 
excess bromine with sodium arsenite, is treated with a pyridine-benzidine 
reagent, the extinction read at 352 nm and compared with a calibration 
curve' 5 9 .  

f. Cletrotiga rvitli . sdphi& ioris. This cleavage which yields thiocyanate 
ions is based on the following reaction: 

2 RSCN + Na2S - R2S + 2 NaSCN 

Panchenkov and Smirnov'60 were the first to utilize this principle. They 
determined the liberated' tliiocyanate ions by adding a known excess of 
silver nitrate and filteririg off the silver thiocyanate. The excess silver ions 
were determined by the Volhard method. 

The principle was adapted to the micro- and macroscale analysis. 
In the macroscale method 100 to 200 mg samples are heated with sodium 
polysulphide to liberate the thiocyanate ions, which are determined by 
titration with a 0.1 ti silver nitrate solution, 'and ferric ions as indicator. 
On the microscale 10 to 60pg samples are heated with sodium poly- 
sulphide and the liberated thiocyanate ions are treated with bromine i n  
a potassium bromide solution to convert them to thiocyanogen bromide. 
The latter reacts wi th  a benzidine-pyridine reagent to form a polymethine 
dye. The extinction of the dye is measured at 520 nm and compared with 
a calibration curve16'. 

The same principle has also been used to estimate benzyl thiocyanate 
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in plant seeds. The liberated thiocyanate ions were determined colori- 
metrically from the colour conferred by ferric ions' 6 2 .  

4. Derivatives 

Thio acids, such as thioacetic acid o r  thiobenzoic acid add quite readily 
to tliiocyanates, in organic solvents, without a catalyst, to give crystalline 
N-acyldit hiocarbaniates: 

RSCEN + R'COSH - RSCSNHCOR' 

This reaction is useful for distinguishing thiocyanates from isothio- 
cyanates. which under the same conditions yield N-acylamines and carbon 
disulpliide' 6 3 .  

C. Polarograph y 

The polarographic reduction of aromatic thiocyanates w a s  investigated 
by several authors but was not specifically utilized in analytical determina- 
tions. 

The half-wave potentials of p-thiocyanatoaniline and p-thiocyanato- 
N,N-dimethylaniline at a dropping mercury electrode were shown to be 
independent of pH, but dependent upon solvent and concentration. The 
reduction involves the following reaction"": 

ArSCN + 2e- + 2 H20 - ArSH + HCN + 2 0 H -  

In 0-, m-, and p-nitrophenyl thiocyanates the SCN group is reduced in 
the region - I to - 2 V versus SCE, and the reduction potential is apparent- 
ly unaffected by the presence of the nitro substituent16'. In the case of the 
three isomeric thiocyanatoacetophenones, it has been observed that in 
the orrho compound the SCN grCiip is not reduced, i n  the metN compound 
it is very slightly reduced. but in the p m r  compound i t  is readily reduced. 
By contrast. the CO group is reduced in all three isomers. showing two 
red u c t ion waves ' "'. 

The half-wave potentials observed on polarographic reduction of the 
three isomeric di t 11 iocyanobenzenes. the three isomeric t hiocyanat o- 
acetophenones. and of 3.4- and 2.5-ditliiocyanatoacetoplieno1ies weie 
reported. I t  was found that  the half-wavc potentials of the SCN group 
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were independent of pH. whereas those of the carboiiyl group were 
dependent on i t  lo' .  Similar pH depeiidence was observed with isomeric 
a m in  o t h iocyana t oacet o pheno nes " R .  

D. Separation Methods 

1. Gas chromatography 

Methyl thiocyanate and methyl isothiocyiinate were separated on a 
Perkin-Elmer K-column at I32 "C. the isothiocyannte being eluted first 
after 2 niin. and tlie tliibcyanate after 3 niin l h ' ) .  

Benzyl cyanide. benzyl isothiocyanate. and  benzyl thiocyanate. ex- 
tracted from plant seeds. wera separated on a stainless steel column 
( 1 4  in. l.S mni) of 8 7; butanediol succinate polyester on silanized chronio- 

5 sorb W (mcsli 80-100) at 190°C. The cyanidc wis eluted first. tlic iso- 
t liiocyana tc second. ii nd the t hiocya na te last. For q iian t i t i i  t i ve detcrni ina- 
tion anethole was added as an internal standard. The relative sensitivity 
in the q u a n  t i t ii t ive detei-niina t ion W;IS also invest iga tcd. Elution ternpera- 
tures of the three corrcsponding allyl compounds are also given"". 

2. Paper chromatography 

Of the numerous articles reporting the paper-cliroinatogr~ipliic sepura- 
tion of thiocyanates. only a few are cited Iiere. Thiocyanato fatty acids'" 
(occasion a 1 1 y from t 11 i oc !a n ogen add i t ion to 11 ns;i t u ra  t ed acids ' ) were 
;i n a I y sed on pa per i in p repn a t ed w i t h 11 n d eca n e. d eve 1 oped w i t  1.1 LL ndeca ne- 
acetic acid"'. or with various concentrations of aqueous acetic acid"'. 
and detected by esposuze to ammonia vapour and spraying with ferric 
ions' I .  or by conversion to cupric salts mid spraying with potassium 
ferrocyanide' '?. 

The paper-clirom~itofrapliic separation and R, values of several 
aromatic thiocyrinates \!\'ere Paper impregnated .with 50",, 
met h ano 1 ic d in-dXiy 1 forma m ide ~ v a s  useQ t he ch roiii :it ogra nis were 
developed with sylenc or cycloliesanc-benze1i.e ( 3 :  1). and detccted with 
a mercuric acetate-fliioi-cscein rengcnt. or with a sodium sulphide-ferric 
chloride reagent' 7 3 .  The R ,  values of :i very large series of phenols. phenol 
e t hers. a nd phen o 1 k e t o nes. a nci t he i r correspond in p t h i o c y a n n t o d er i va- 
tives were measured on paper impregnated with 25 " ( ,  methnnolic di&tIiyl- 
for ni am id e. and developed w i t  l i  d iff er en t solvent m i x t u res. V a r i o us 
spray reagents were used for detection' ". 
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E. Physical Methods 

1. Infrared and Raman spectroscopy 

Bellamy' 28 has tabulated the asymmetric stretching vibration of ali- 
phatic and aromatic thiocyanates. In alkyl thiocyanates' 30 this vibration 
occurs in the 2160-2130 cm- '  region. whereas in aryl th io~yanates ' '~  it 
appears around 21 70 cni- '. This band is sharp and of medium intensity. 
It can be differenpkited from tlie corresponding band in isothiocyanates 
by the characteristics described in detail in Section III.E.1. In addition, a 
band occurring in the region of 722-683 cm-'  has been assigned to a 
C-S vibration of t l i iocya~ia tes '~~ .  

The vibrational frequencies of methyl thiocyanate in the infrared59 
and in the Raman s p e ~ t r u m " ~ ' ~ ~  h ave been recorded, as well as those of 
ethyl, n-propyl, isopropyl. 17-butyl, and s-butyl thiocyanates' 76.  The 
infrared and Ranian spectra of methyl thiocyanate and ,Tethyl-d,- 
thiocyanate have also been compared ' 7 7 .  

The far infrared ~ p e c t r a " ~ "  of 16 alkyl thiocyanates have been discussed, 
assigned and The primary thiocyanates exhibit three 
characteristic peaks at 405-403 cm- ' (strong), 649-641 cni- ' (weak- 
medium), and 621-617 cm- ' (medium-strong). The secondary thio- 
cyanates show characteristic bands at 658-657 cm- ' (weak), 641-633 cm- ' 
(weak), 609-602 cm- ' (strong), 578-575 cm- '  (medium), and 405- 
403 cin- ' (strong). 

Grasselli's atlasI7' lists the major bands of seven thiocyanates and the 
references from where they have been obtained. Yukawa' 8o lists the 
asymmetric vibration of nine thiocyanates and their references. 

2. Eltktronic spectroscopy and fluorescence 

The spectra of ethyl and butyl thiocyanates have been recorded. They 
absorb around 250 nm (log c - 1.6-1.7) and show hypsochromic shifts 
in polar solvents.Chey absorb at essentially tlie same wavelength as alkyl 
isothiocyanates, but the intensity of their absorption is much lower than 
that of the isotliiocyanates'8'. It has been reported that n-butyl thio- 
cyanate has its maximum at 244 nm in cyclohexane'79. 

Ultraviolet spectra of a series of aryl tliiocyanates have been mea- 
sured'". and some data are given in Table 517'. 

The emission spectrum of methyl thiocyanate which is due to NCS 
free radicals, has been recorded73. 

L 
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TABLE 5. Ultraviolet spectra of thiocyanates, ArSCN "' 
Ar Solvent ;-,,, (nm) E 

P I1 Cyclohexane 226, 270 9333. 1349 

____ 

363.280 15.849.5623 

225. 280. 56,334, 6761. 
287, 315 8511, 955 

4-N HICeH4 Ethanol 
4-CIC,H4 Ethanol 2 38 12,303 
1 -N a ph thy 1 Ethanol 

PhCH2 M ethanol 253,259 
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3. Nuclear magnetic resonance spectroscopy 

The proton chemical shifts of some alkyl thiocyanates are given in 
Table 6 1 3 8 * 1 7 9  . As indicated in Section III.E.3, the a-protons of alkyl 
thiocyanates resonate about 0.5-0.7 p.p.m. upfield from those in the cor- 
responding isothiocyanates. The chemical shifts and coupling constants 
of thiocyanates containing the following groups have been tabulated 
Me, Et, 5-(2-methylthio-2-methoxycarbonyl)ethyl, l-methyl-2-(methyl- 
thio)ethyl, 1 ,1  -dimethyl-2-(methylthio)ethyl, 2-methyl-2-(methylthio)pro- 
pyl, 2-thienyl, and 3-thienyl. 

The c.m.r. chemical shifts of the SCN group in alkyl thiocyanates have 
been recorded for those with the following alkyl groups (in p.p.m. down- 
field from tetramethylsilane)'" : 

Me 11 3.5 Et 11 2.1 Bu 11 2.1 

TABLE 6. P.m.r. chemical shifts ofalkyl thiocyanates. RSCN' ''. 
measured in carbon tetrachloride, except where indicated 

otherwise 

6 (p.p.rn.) 
_____- - R 

Y- Pro t 011s Other protons 
- _- 

Me 3.6 I 
Et 2.98 Me 1.5 (CDCI,) 
i-Pr 3.48 
11-BL1 3.0 1 p and Y CHZ 1.2-2.1 

Me 1.0 
MeCH=CHCH, 3.55 
PhCH2 4 2 'Ph 7.4 (CDCI,] 
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As has been indicated in Section III.E.3. these chemical shifts are about 
20 p.p.m. upfield from those in the corresponding isothiocyanates. 

The proton noise-decoupled c.ii1.r. spectrum of ethyl thiocyanate has 
been recorded (in p.p.ni. downfield from tetramethylsilane)’ 8 4 :  

Me 15.4 CH228.6 SCN 11 1.9 

I n  this decoupled spectrum the Me and CH, singlets have enhanced 
intensity, as compared with the SCN singlet. because of a nuclear Over- 
hauser effect. 

The 14N chemical shift of ethyl thiocyanate occurs 103 p.p.m. upfield 
from the nitrate Therefore. as indicated in Section 111.E.3, 

N t1.m.r. can serve to distinguish thiocyanates froin isothiocyanates, 
as well as from cyanates and isocyanates. 

14 

4. M a s s  spectrometry 

Alkyl thiocynnates and isothiocyanates” display similar differences 
in their mass spectra to those found for alkyl cyanates and isocyanates. 
These d i ffere!i ces, ho\vever, i1 re m uch more pro n o 11 nced in the s u  1 ph 11 r- 
containing compounds. A I k yl fragments. formed by 9-cleavage pre- 
dominate in the spectra of the lower straight-chain thiocyanates. Thus 
ethyl. n-propyl. and wbutyl thiocyanates exhibit peaks of high relative 
intensity due to Et’. /i-Pi-+. and u - B d  ions. n-Propyl and ri-butyl thio- 
cyanates show also ;I peak at wie 41 which may be due to the ally1 ion. 
On the other hand. NCS-containing fragments. especially CH,NCS’ 
(m/e  73) predominate in the alkyl isothiocyanates and are practically 
absent in  the spectra of alkyl thiocyanates. HSCN’ and HNCS+ ( r i i / c ~  59) 
occur approxitilately to the same extent in  alkgl thiocyanates and isothio- 
cyanates. /I-Butyl and /i-hesyl thiocyanates show peaks of low intensity 
due to the elimination of HCN. As indicated in Section 111.E.4. apart from 
ring-closure reactions and the occurrencc of the ion CH2NCS+ (riiie 72) 
in greater abundance in the spectra of isothiocyanates. the spectra of 
straight -ch ii i t i  t h i oc y a n ii t es ;I nd is o t I> i oc y a t i  a t es become m ore and ni o re 
alike with increasing clinin-length. as was the case for cyanates and iso- 
cyanates. Finally i t  should be pointed out t h a t  while thc molecular ions 
are the base peaks in the lower isothiocqanates, the most abundant peaks 
in the lower thiocyanntes arc the propyl and ally1 ions. Table 7 shows the 
eight most abundant peaks of sevcral lower straight-chain tliiocyanates”’. 

The molecular ions are the base peaks of plienyl and 3-indolyl thio- 
cyanates. The plicnyl thioc\anate also displays strong peaks originating 

s 
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from elimination of CN, HCN, CS, and SCN, while the indolyl thiocyanate 
shows peaks originating from the elimination of CN and S ' 8 5 .  

TABLE 7. The most abundant ions and relative intensities in the Inass spectra of alkyl 
thiocyanates, RSCN ' 75 ,  

R = Me R = Et R = n-Pr 
Rel. int l l ? / P  Rel. int. l?l/f2 Rel. int. l l ? / C  

73 6 87 59 101 55 
72 I00 58 10 45 I I  
71 67 57 31 43 100 
46 . 20 45 8 42 14 
45 45 32 8 41 82 
43 63 29 100 39 -- 
31 19 28 30 28 I 1  
15 53 27 48 27 56 

77 
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We must strive for the best solution possible not the best possible 
solution--Amri. 

1. INTRODUCTION 

This chapter is concerned with the tliermochemistry of the cyanates, 
isocyanates, tliiocyanates. and isotliiocyanates. A search of literature 
has revealed very little in the way of experimental data. so the emphasis 
will be on estimation. Tlie literature searched included Chemical Ab.wtrcts, 
IU PAC's Btilleriri of Ther.nioc~/ier~iisrr.~. arid T/ier.r,iot/~.r?trriiics, and the two 
classic monographs' .?, Stull. Westrum, and Sinke's The Clier~ictcI Thernio- 
dyrinmics 01' Ol*gtrriic Coiti]?o~int/s, anaYox  and Pilcher's Ther.j~ioc/ieriiisr/.!. 
qf O i * ~ p i i c  t ir id  Or~trnomerc~llic Cs~npo~cnris. 

Tlie methods of estimation will be based on additivity techniques 
developed by Benson and his  coworker^^-^. I t  would not be appropriate 
to give a detailed discussion of additivity principles here because they 
have been adequately covered previously, in earlier volumes in this 
series6.'. Nor  would it be appropriate in a review article of this size to 
estimate the thermodynamic properties of all possible compounds of 
interest. The H-. methyl-, ethyl-. vinyl-. phenyl-, derivatives of tlie cyanates. 
isocyanates. thiocyanates. and isothiocyanates have been discussed in  
the hope that they will form a basis for further work. A few other com- 
pounds have been included. 

The thermodynamic properties of interest here are the heat of formation. 
the entropy, and the heat ca acity. The ideal gas state was chosen because 
more numbers are availah1 P :iian for the liquid or solid state. and equili- 
brium constants in  tlie gas and condensed phases are often very similar. 
All of tlie values discussed here will be for a temperature of 298.15 K 
(25°C). For the sake of brevity. the ternis molar, gas, and 298.15 K will 
be omitted from the tliermocliemical symbols. Otherwise, the nonien- 
clature will be that reco mended by IUPAC8''.8h. For ex I ample, the sgmbol 
for tlie heat of formation of methyl isocyanate 31 tlie ideal gas state at 
298.15 K is denoted here by Afl f"  (CH,NCO). Tlie unit of energy recom- 
mended by IUPAC is tlie joule. so all heats of formation will be in uni ts  
of kJ/mol, followed by ii value in the previously accepted unit, kcal/mol. 
The conversion factor is cal = 4.15 J. The symbol for the standard molar 
entropy is S" (chemical compound) and that for the standard molar lieat 
capacity is c: (chemical compound). The units for all entropies and heat 
capacities will be J/(mol K).  As with tlie heats of formation. tlie value of 

.% 

s 

b 
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the entropy and heat capacity in the previously accepted unit cal/(inoI K) 
will also be given. 

10 
kJ/mol, 2 kcal/mol for the heat of formation and _+5 J/(mol K), 1 cal/ 
(mol K )  for the entropy and heat capacity. Most of the estimates are good 
to *20 kJ/niol, 5 kcaI/niol for the heat of formation and 5 10 J/(mol K), 
3 cal/(mol K)  for the entropy and heat capacity. 

Most of the measurements reported in this review are good to 

II. CYANATES 

A. Hydrogen Cyanate or Cyanic Acid 

N o  experiments have been reported on the thermochemical properties 
of hydroZen cyanate. but several methods of estimation are available. 
The estimated results are summarized in Table 1. 

I f  i t  is assumed that the diflereiice in the properties of the 0-g bond 
in hydrogen cyanate and cyanogen chloride is the same as the difference 
in the properties of the 0-C bond in acetic acid and acetyl chloride. 
equation ( I )  

HO(CN) - Cl(CN) = HO(COCH3) - CI(COCH3) (1 1 

then the thermochemical properties of hydrogen cyanate can be estimated 
from equation (2) and the known' therniochemical properties of cyano_gen 
chloride. acetic acid. and acctyl chloride 

HO(CN) = CI(CN) + HO(COCH3) - CI(COCH3) ( 2 )  

Another way to estimate the entropy and heat capacity of hydro_gen 
cyanate is to assume that there is no entropy or heat capacity change 
between hydrogen cyanate HOCN and hydrogen isocyanate HNCO, for 
\vhich thc. thermochemical properties are known9. This is a reasonable 
assumption for enlropies and heat capxities, to which a major contribu- 
tion is from the mass of the molecule. This is the basis for atom additivity3. 
(see latcr). However. i t  is ii poor assumption for heats of formation. 
because they depend s&.iuch on the bonding between N. C, and 0 atoms. 
The bonding is very difl'erent in  H O C N  and HNCO. 

As mentioned above, entropies and heat capacities can be estimated to 
within about 15 J/(mol K) .  4 cal/(mol K )  using atom additivity3. The 
Litomic contributions' are ;is follows in units of J/(mol KJ [cal/(mol K)]. 
For C::: H 3.55 (0.85).  C 15.68 (3.75). N 14.21 (3.40). and 0 14.21 (3.40): 
for So:  H S7.78 (21.0). C (ligancy 2) 22.15 (5.3). N (ligancy 1195.72 (22.9), and 
0 (ligincy 2) 36.78 (8.8). The heat capacity and entropy of HGCN are 
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obtained by adding the values for the four atoms, and the results are in 
Table 1 .  

A quick and simple estimate of entropy and heat capacity to within 
about 20 J/(mol K), 5 cal/(mol K) can be made by comparing molecules 
that have approximately the same shape and niass. In  the case of HOCN, 
a molecule that has approximately the same shape and mass is CH3CN. 
The values from the literature’ for CH3CN are in Table 1.  The methyl 
group in CH,CN has a symmetry of 3. So, the ‘intrinsic’ entropy of 
CH,CN is obtained by adding the symmetry correction of R In 3 to the 
entropy of CH,CN. 

Of the four methods for estimating the entropy and heat capacity of 
hydrogen cyanate, the cyanogen chloride/acetic acid/acetyl chloride 
method and the analogy with hydrogen isocyanate method are probably 
the best. Therefore. the recommended value in Table 1 is the average of 
these two methods. The other methods are included for completeness. 

6. Methyl Cyanate 

No experiments have been reported on the thermochemical properties 
of methyl cyanate, but several methods of estimation are available. The 
estiniated results are summarized in Table 2. 

The first two methods are related. In the one, the direrence between 
methyl cyanate and cyanic acid is taken to be the same as the difference 
between methyl acetate and acetic acid, equation ( 3 )  

CHx(0CN) - H(0CN) = CH3(0COCH3) - H(OCOCH3) (3) 

In the other, the difference between methyl cyanate and cyanic acid is 
taken to be the same as the difference between methyl forniate and formic 
acid, equation (4) 

CH,(OCN) - H(0CN) = CH3(0COH) - H(OC0H) (4) 

Returning to the first method. f i m  equation (3 )  

CH3(0CN) = H(0CN) + CH3(0COCH3)-H(OCOCH3) (5) 

Unfortunately, StiiIJ, Westrum, and Sinke’ do not list the thermo- 
chemical properties of methyl acetate. However, I>ethyl acetate and acetic 
acid can be broken down into groups, equations (6) and (7) 

CH,(OCOCH3) = [C-H3.0] + [O-C,CO] + [CO-C.07 + [C-CO.H3) (6) 

( 7 )  H(OCOCH,) = [O-CO.H] -I- [CO-C.O] + [C-CO.H3I 
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Substituting equations (6) and (7) in equation (5).  we obtain equation (8) 

CH,(OCN) = H(0CN) + [C-H3.O] + [O-C.CO] - [O-CO.H] (8) 

Values for the heat of formation” and entropy‘ of these groups are 
available. and for the heat capacity of all the groups except the [0-C, COT 
L group. However, a value of 15.9 J/(niol K), and 3.8 cal/(mol K) for the 
[0-C, CO] group is obtained from the listed’ heat capacity of ethyl 
acetate and the other known“ groups for ethyl acetate. Substitution of 
the group values and the values for cyanic acid from Table 1 into equation 
(8) gives the thermochemical properties of methyl cyanate in Table 2. 

’ 

Returning to the second method, from equation (4), 

CH3(0CN) = H(0CN) + CH3(0COH) - H(OC0H) (9) 

Values for the thermochemical pioperties of cyanic acid,were taken from 
Table 1 and for methyl forniate and formic acid from Stull, Westrum, and 
Sinke’. The results are in Table 2. 

The entropy and heat capacity of methyl cyanate can be estimated by 
atom additivity3. The atomic contributions3 used for cyanic acid were 
also used for methyl cyanate with the additional atomic contribution of 
- 136.3 J/(mol K). - 32.6 cal/(mol K) for carbon (ligancy 4) for the 
entropy. The results are in Table 2. 

Finally. the entropy and heat capacity of methyl cyanate may be 
estimated froni those for propionitrile. which has a similar mass and 
shape. A symnietry correction of R In 3 is added to the entropy of pro- 
pionitrile. to give its ‘intrinsic’ entropy. The results are in Table 2. 

The first two methods of estimatin_g the thermochemical properties of 
methyl cyanate are probably significaztly more accurate than the last 
two methods. The recommended values in Table 2 are. therefore, the 
%\rerage of the first two methods. The last two methods are given for 
cpnparison. 

C. Ethyl  C yanatef 

No measured thermochemical properties of ethyl cyanate have been 
reported. However. the heat of formation, entropy. and heat capacity 
can be easily and accurately estimated from those for methyl cyanate, 
with the addition of the group values for&*-C. 0. H2]. which takes care 
of the extra niethylene group. The g o u p  values are‘ for heat of formation 
- 3 5 3  kJ/mol. - 8.5 kcal/mol. for entropy 43.1 J/(mol K), 10.3 caI/(mol K), 
and for heat capacity 20.9 J/(mol K). 5.0 cal/(mol K). The thermochemical 
properties of ethyl cyanate are summarized in Table 2. 
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D. Vinyl Cyanate 

N o  experiments have bcen reported on the tlierinochemical properties 
of vinyl cyanate. mid there are few methods of estitnation. The heat of 
formation. entropy. and heat capncity of vinyl cyanate can be estimated 
by assuming tha t  the difl'erence between vinyl cyanate and cyanic acid is 
the same as the ditrerence between vitiyl acetate and acetic acid, equations 
(10) and ( I  1). 

CH?CH(OCN)- H(0CN) = CH,CH(OCOCH3) - H(OCOCH3) (10) 

then 

CH,CH(OCN) = H(0CN) + CH,CH(OCOCH,) - H(OCOCH,] (11) 

Unfortuiiately. Stull. Westrit1i1. and Sinke' do  not list the theriiiocliemi- 
cal properties of vinyl acetate. Ho\ve\;er. vinyl acetate atid acetic acid can 
be broken do\vti into groups. eqlIations ( 1  2) and ( I  3) 

CH,CH(OCOCH,) = [C, -H,I + [Cd-H,O] + [O-C,. COI -t [CO-C,O] [C-CO.H3] 

(12) 
where C, is it vinyl carbon atom and 

H(OCOCH3) = [O-CO,H] + [CO-C.01 + fC-CO.H31 (13) 

Substituting equations (13) and (13) it1 equation ( 1  1 ) .  we obtain equation 
(14) 

CH2CH(OCN) = H(0CN) +[Cd-H,] + (C,-H,O] + [O-C,,CO] - [O-CO,H] (14) 

For the heat of formation. all thc vnllles for thc riglit hand side ofequation 
(14) are availableJ.'". Ho\ve\,er. for the entropy. there arc no values in 
the literature for thc groups [C,,-H. 01 and [O-C,. CO]. A vnlue of 
33.4 J,'(mol K). 8.0 cnll(tiiol K )  has been detet-mined for the [C,-H. 01 
group. using ii previous assuiiiption thn t  the [C,- H, 01 group can be 
assigned to the equivalent to a [C,-H. C] group. I n  order to obtain values 
for the entropy and heat capacity of tlie [O-C,,. CO] group, it is necessary 
to estimate the entropy and lieat c;1pacily of vinyl acetate. If it is assumed 
t h a t  the ditl'erence betwecn vinyl acetate and ethyl acetate is the saiiie as 
the dilrerence betiveen acrylic and propionic acid. equalion (15) 

CH2CH(OCOCH%' - CH3CH,(OCOCH3) = CH,CH(COOH) - CH3CHz(COOH) (15) 

From equation ( 1  5) .  i t  fol1on.s th:it 

CHL,CH(OCOCH~) CH,CH,!(OCOCH,) + CH,CH(COOH) - CH3CH,(COOH) (16) 
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Equation (16) and values fr'oni Stull. Westrum. and Sinke' for ethyl 
acetate and acrylic acid. and the values calculated from group additivity"." 
for propionic acid were used to estimate the entropy of vinyl acetate to 
be 354.9 J/(mol K) 84.9 cal/(mol K). and the heat capacity of vinyl acetate 
was estimated to be 99.1 J/(mol K). 23.7 cal/(niol K). From these values 
for vinyl acetate. the intrinsic entropy of the [O-C,, CO] group was 
found to be 26.3 J/(niol K). 6.3 cal/(mol K )  and the heat capacity of the 
[O-Cd, CO] group was found to be 9.2 J/(mol K), 2.2 cal/(mol K). 

Substitution of group values into equation (14) then gave the thermo- 
chemical properties of vinyl cyanate that are recommended in Table 3.  
Values estimated by atom additivity are included for comparison. 

E. Phen y l  C yanate 

No experiments have been reported on the thermochemical properties 
of phenyl cyanate. The heat of formatiEii. entropy. and heat capacity of 
phenyl cyanate can be estimated by assunling that the difference between 
phenyl cyanate and c y n i c  acid is the same as the difference between 
phenyl acetate and acetic acid, equation ( I  7) 

Ph(0CN) - H(0CN) = Ph(OCOCH3) - H(OCOCH3) (17) 

Then 

Ph(0CN) = H(0CN) + Ph(OCOCH3) - H(OCOCH3) (1 8) 

Unfortunately. Stull, Westrum. and Sinke' do not list the thernio- 
clieniical properties of phenyl acetate. However. the thermocheniical 
properties of phenyl acetate can be estimated by assuming that the 
difference between phenyl acetate and ethyl acetate is the same as the 
diKerence between benzoic acid and propionic acid. equation (19). 

Ph(OCOCH3) - CH,CH,(OCOCH3) = Ph(CO0H) - CH~CH~ICOOH) (19) 

From equation ( 1  9), i t  follows that 

Ph(OCOCH3) = CH3CH,(OCOCH3) + Ph(CO0H) - CH3CH2(COOH) (20) 

By using equation (19) and values from Stull. Westrum, and Sinke' for 
ethyl acetate, benzoic acid. and the values calculated from group addi- 
tivity".", for propionic acid. the heat of formation of phenyl benzoate 
w a s  found to be - 277.6 kJ,'niol. - 66.4 kcal/mol. the entropy of phenyl 
benzoate was found to be 408-8 J/(mol K). 97.8 cal/(moI K), and the 
heat capacity of phenyl benzoate was found to be 124.6 J/(mol K), 29.8 
cal/(mol K). 
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6. Thermochemistry of cyanates, isocyanates, and their thio derivatives 247 

Substituting these values for the thermocheinical properties of phenyl 
benzoate into equation (18) together with Stull, Westnw. and Sinke's' 
values for acetic acid, and the values for cyanic acid estini . . d in this work, 
the heat of formation o Iienyl cyanate was found to be 98.2 kJ/mol, 
23-5 kcal/niol, the entropy of phenyl benzoate was found to be 357 
J/(mol K),  85.4 cal/(mol K),  and the heat capacity of phenyl benzoate 
was found to be 102.4 J/(mol K), 3 . 5  cal,l(mol K) .  The results are sum- 
marized in Table 3. 

111. ISOCYANATES 

A. Hydrogen Isocyanate or lsocyanic Acid 

JANAF9 reports experimentally obtained values for the heat of forma- 
tion of hydrogen isocyanate. The results by several different methods are 
in good agreement, and the value JANAF has adopted is in Table 4. 
JANAF also reports statistical mechanical calculations of the entropy and 
heat capacity that are in Table 4. Values for the entropy and heat capacity 
of hydrogen isocyanate can be obtained by atom additivity. The results 
are necessarily identical to those obtained earlier (see Table 1) for hydrogen 
cyanate. The results of the atom additivity estimates are included in Table 4 
for completeness. 

B. Methyl lsoc yanate 

Stull, Westrum, and Siiike' list a value of -89.9 kJ/mol, -21.5 kcal/mol 
for the heat of formation of liquid me%@,; isocyanate. What is needed is 
the b a t  of vaporization at 298-15 K (25 "C) of methyl isocyanate, to 
convert the heat of formation in the liquid phase t s d i e i n  the gas phase. 

# One method of estimating the heat of vaporization iF [o assume that 
the heat of vaporization of methyl isocyanate is the same as the heat of 
vaporization of methyl isocyanide' (32.6 kJ/mol, 7.8 kcal/mol). 

Another nletliod of estimating the heat of vaporization of methyl 
isocyanate is based" on its boiling point of 332.6 K (59.6"C). The method 
is empirical, but sufficiently accurate for the present purposes. The 
equation is 

x ( t , / T )  + 0.2531 (21) AH,,,/(kJ mol) = [S,/(J/mol K)] [1-76 x 

where AH,,, is theheat of vaporization 
S,  is Trouton's constant taken to be 92 J/(mol K), 22 cal/(mol K) 
t B  is the boiling point in 'C. 
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6. Thermochemistry of cyanates. isocyanates. and their t h o  derivatives 249 

In the case of methyl isocyanate. the heat of vaporization from equation 
(2 I )  is 32.9 kJ/mol, 7.9 kcal/niol in excellent agreement with the previous 
estimate. Taking an avera9e \/slue of 32.S kJjmol. 7.8 kcaliinol gives a 
value of -57.1 kJ/mol, - 13.7 kcal,/inol for the heat of formation of 
niethyl isocyanate in the ideal gas state at 295.15 K (25OC). 

Methyl isocyanate is therefore 23.2 kJ/mol. 5.6 kcal,’mol inore stable 
than methyl cyanate (Table 2). and hydrogen isocyanate is 42.2 kJ/niol. 
10.3 kcal/mol more stable than  hydrogen cyanate. Thcse heats of isomeri- 
zation are significantly greater than in the hydrocarbon analogues I .  For 
example, 1,2-butadiene is only 2.9 kJ/mol. 0.7 kcalimol more stable than  
ethyl acetylene, and allene is 6.7 kJ/mol. 1.6 kcaliniol less stable than 
methyl acetylene. 

No values of the entropy or he:it capacity of methyl isocyanate have 
been reported. Perhaps the best method of estimation is to assume that 
the entropy and heat capacity of methyl isocyanate arc the same as those 
lor methyl cyanate (see Table I ) .  An alternative method is to use atom 
additivity to estimate the difl‘erence between hydrogen isocyanatc and 
methyl isocyanate. From the atomic contributions-‘ listed earlier for 
carbon and hydrogen atoms. the CH, increment is 39.3 J(niol K). 9.4 
cal/(mol K )  for entropy and 22.8 .l/(niol K). 5.4 cal!(mol K) for heat 
capacity. The use of the values for- hydrogen isocFanate in Table 4 with 
the foregoing CH2 increment gives 277.1 J/(niol K). 66.3 cal/(inol K )  
for the entropy and 67.7 J/(niol K), 16.2 cal/(mol K )  for the heat capacity. 

The therinocheniical properties of methyl isocyanate are summarized 
in Table 5. 

C. Eth y/ k o c  yanate 

Stull, Westrum, and Sinke’ list a value of - I 17.9 kJ/mol. - 28.2 
kcal/mol for the heat of formation of ethyl isocyanate in the liquid state. 
The boiling point” of ethyl isocyanate is 333.2 K (60°C). so from equation 
(21) the heat of vaporization is 32.9 kJ/mol. 7.9 kcal/mol. The heat of 
formation of ethyl isocyanate in the ideal gas state at 298.15 K (25OC) is 
therefore - S5.0 kJ/mol. - 20.3 kcal/niol. 

No experimental values have been reported for the entropy and heat 
capacity of ethyl isocyanate. Perhaps the simplest way to estimate the 
entropy and heat capacity of ethyl isocyanate is to add ;I CH, increment 
based on atom additi\.ity to methyl isocyanate. Thc results are in Table 6. 
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252 Robert Shaw 

D. Vinyl lsoc yanate 

No experiments have been reported on the tliermochemical properties 
of vinyl isocyanate. The thermochemical properties of vinyl isocyanate 
may be estimated from thosc of vinyl cyanate by assuming that the 
difference between vinyl isocyanate and vinyl cyanate is the same as the 
difference between methyl cyanate and methyl isocyanate. equations (22) 
and ( 2 3 )  

CH2CH(NCO) - CHZCH(0CN) = CH3(NCO) - CH3(0CN)  (22) 

therefore. 

CH,CH(NCO) CH,CH(OCN) + CH,(NCO) - C H 3 ( 0 C N )  ( 2 3 )  

As discussed earlier. methyl isocyanate is 23.2 kJ/mol. 5.6 kcal/mol more 
stable than methyl cyanate. From the heat of formation of vinyl cyanate 
in Table 3. the heat of formation of vinyl isocyanate is 80.9 kJ/mol, 19.4 
kca I/m ol. 

Because the entropy and heat capacity of methyl isocyanate were 
assumed to be equal to those of methyl cyanate, i t  follows from equations 
(22) and (13 )  that the entropy and heat capacity of vinyl isocyanate are 
assumed to be equal to those of vinyl cyanate. 

m -  

The tlierniocheruical properties of vinyl isocyanate are in Table 7. 

E. Phen y l  Isocyanate 

No experiments have been reported on the therniocliemical proper- 
ties of phenyl isocyanate. The thermochemical properties of phenyl 
isocyanate have been estimated 31 the same way as was done above for 
vinyl isocyanate. namely from equations (34) and (25). 

P h ( N C 0 ) -  P h ( 0 C N )  CH,(NCO) - C H 3 ( 0 C N )  (24) 

therefore. 

P h ( N C 0 )  P h ( 0 C N )  + CH,(NCO) - C H 3 ( 0 C N )  ( 2 5 )  

The results are in Table 

IV. THIOCYANATES 

Barroeta” has  recently reviewed the thermodynamics of organic 
tliiocyanates. MLICII of the work discussed here will be based on this 
review. The standard state of sulphur has been taken as the solid. 



T
M

L
I:

 7.
 E

~1
ir

na
tio

n o
r t

he
 s

ta
nd

ar
d 

m
ol

ar
 h

ea
t 

of
 f

or
m

al
io

n,
 c

nt
ro

py
, a

nd
 h

ea
t 

ca
pa

ci
iy

 o
f 

vi
ny

l 
is
oc
ya
na
te
 [C

I-
I,C

H
(N

C
O

)]
 a

nd
 

ph
en

yl
 is

oc
ya

na
te

 [P
h(

N
C

O
j]

 in
 ti

ic
 id

ea
l g

as
 s

ta
te

 a
t 

29
8.

15
 K

 (
25
°C
) 
I
 

-
-
 

A,
H

O
 

So
 

('1
1 P 

N
 

v
l 

w
 



254 Robert Shaw 

A. Hydrogen Thioc yanate or Thioc yanic Acid 

No experimental results have been reported for the thermochemical 
properties of thiocyanic acid. If it is assumed that the difference in the 
thermochemical properties of thiocyanic acid and isothiocyanic acid is 
the same as the difference in the thermochemical properties of cyanic and 
isocyanic acids, equation (26) 

H(SCN)-  H(NCS)= H ( 0 C N ) - H ( N C 0 )  (26) 

then the thermochemical properties of thiocyanic acid can be estimated 
from the known thermochemical properties of isothiocyanic acid (Table 
12), cyanic acid (Table I). isocyanic acid (Table 4) and equation (27) 

(27) H(SCN) = H(NCS) + H(0CN) - H(NC0) 

The results are in Table 8. 
Values for the entropy and heat capacity of thiocyanic acid estimated 

by group additivity3 are included in Table 8 for completeness. 

6. Methyl Thioc yanate 

Measured values have been reported' 2- '6  for the thermochemical 
properties of methyl thiocyanate. The measured values are in Table 9 
along with estimates based on atom additivity and (hydrogen thiocyanate 
+ C H 2  increment) for the entropy and heat capacity. The method of 
estimating is that used earlier for methyl isocyanate. 

C. Ethyl Thioc yanate 

The heat of formation of liquid ethyl thiocyanate has been mea- 
to be 71.1 kJ/mol, 17.0 kcal/mol. Using an estimated heat of 

vaporization of 32.6 kJ/mol. 7.5 kcal/mo& Barroeta" has recommended 
107.5 kJ/mol, 25.8 kcaljinol for the heat of formation of ethyl thiocyanate 
in the ideal gas state. This value is in excellent agreement with 109.5 
kJ/mol, 26.2 kcal/mol calculated from the heat of formation of methyl 
thiocyanate (Table 9) plus the value" for the [C-C, H 2 ,  S ]  group, which 
allows for the additional methylene group. 

No experimental values have been reported for the entropy or heat 
capacity of ethyl thiocyanate. but they can be estimated easily from the 
values for methyl thiocyanate (Table 9) and for the [C-C. H 2 ,  S] group4. 
The results are in Table 10. along with estimates based on atom additivity. 

sured 12 .13  
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The t li er 111 ocli ein ical properties of e t h yl t 11 i ocya i i  a te a re su in ma r ized 
i n  Table 10. 

0. Vinyl Thioc yanate 

There are no measured vaiues for the tliermocliemical properties of 
vinyl thiocyanate. Perhaps tlie most accurate way to estimate the thermo- 
chemical propcrties of vinyl thiocyanate is to assunk that the difference 
between vinyl thiocyanate and vinyl cyaiiate is the sanie as the difference 
bet ween nie t 11 yl t ti i oc y a n a te ii nd met ti y I cpa n a t e. e q II a t i on (27) 

therefore. 

CHZCH(SCN) CHZCH(0CN) + CH3(SCN) - CH,(OCN) (28) 

The tliermocliemical properties of vinyl cyanate (Table 3). methyl iso- 
cyanate (Table 5) ,  and methyl cyanate (Table 2) and equation (28) were 
used to calculate the heat of formation. entropy. and heat capacity of 
vinyl thiocyanate i n  Table 1 I .  Estimates of the entropy and heat capacity 
of vinyl thiocyanate were also made using atom additivity and are in- 
cluded in  Table 1 1 .  

E. Phen y l  Thioc yanate 

There are no measured values for tlie tliermocliemical properties of 
phenyl thiocyanate. The estimated values in Table I 1  were obtained by 
assuming that the difrerence between phenyl thiocyanate and phenyl 
cyanate is tlie same as the difference between methyl thiocyanate and 
methyl cyanate, equation (29) 

Ph(SCN)-  P h ( 0 C N )  = CH,(SCN) - C H 3 ( 0 C N )  (29) 

therefore 

The tliermochemical $roperties of plienyl isocyanate were calculated from 
eq 11 a t  ion ( 30) and the k n own t he r ni  o cli em ica 1 p 1.0 pert i es of pli en y 1 
cyanate (Table 3), methyl isocyanate (Table 5).  and methyl cyanate 
(Table 2). 
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260 Robert Shaw 

V. ISOTHIOCYANATES 

A. Hydrogen fsothiocyanate or lsothioc yanic Acid 

The t herniochcmical pro .ies of hydrogen isothiocyanatc or iso- 
thiocyanic acid lia\Ie been measured '-I9 and reviewed'.". They arc 
reproduced i n  Table 12 w i t h  estimates of the entropy and heat capacity of 
h y d r o_ge t i  i sot h i oc y an a t e, using atom add it i v i t y . 

B. Meth yf lsothioc yanate 

Barrocta" has reviewed the cxperirnental measurcments on the heat 
of forniation70-23 and the statistical niechanical calculations of the 
entropy and heat c a p i ~ c i t y ~ ~ . ' ~  of methyl isothiocyanate. The results are 
in Table 13 with two estimates of the entropy and heat capacity based on 
a tom ii d d it  i vi t y . 

C. Ethyl lsothiocyanate 

The heat of formation of ethyl isothiocyanatc W;IS measured by 
Bertliolet ' 2 . 3 h  in  1901. Bcrtliolet's lieat of combustion of methyl iso- 
cyanate'2.26 differed by 42.6 kJ/niol, 10.2 kcal/niol from Sunner's more 
recent measurement ". using the rotating bomb caloritqeter. Although 
the absolute \ialue of Uertholet's heat of formation of ethyl isotliiocynnate 
may therefore also be in error by about 40 kJ;mol. 10 kcal/niol. the 
relative values inay be much closer. Thus, Bertholct "."' fo 11 n d that 
methyl isotliiocynnate was 2S.5 kJjniol.  6.9 kcal,'niol more stable than 
methyl thiocyanate. \vIiereas the ninre rece- rork (Tables 9 and 13) 
shows that methyl isocyanate is 20.1 kJ/mol, 1.8 kcal!niol more stable 
t ha t i  met h y l t h iocya tiii t c. S peci fical I y. Bert hole t 2 . 1 6  f c x i x l  yt h a t e t h y 1 
isothiocyanatc was  35.5 kJ:mol. 9.2 k@aljniol more stable t&,n ethyl 
thiocyanate. With the value for ethyl thiocyanate (Table 10) of 107.5 
kJ;mnl. 25s kcal,/mol. the hcat of formalion of ethyl isothiocyonate is 
theti 69.3 k.l,'1iiol.' 16.6 kcd/niol. 

Another tiiethod of calculating the theriiiocheniical properties of ethyl 
isothiocyanate is to assume that  the difference between ethyl isotliio- 
cyanate and ethyl thiocyanate is the same iis the difference between 
nie t hq'l is0 t h ioc y ii n ii t e ii nd methyl t h i ocy a na t e. eq u ii t ion (3 1 ) 

C H 3 C H ? ( N C q - - - -  CH,CH2(SCN) = CH,(NCS) -CH,(SCN) (31) 

Therefore. 
CH3CH,(NCS) CH3CH,(SCN) + CH,(NCS) - CH3(SCN) (32) 
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6. Therrnochemistry of cyanates, isocyanates. and their thio derivatives 263 

The thermochemical properties of ethyl isothiocyanate calculated from 
equation (33,  and from the thermochemical properties of ethyl thiocyanate 
(Table 1 O), methyl isothiocyanate (Table 13), and methyl thiocyanate 
(Table 9) are summarized in Table 14. 

D. Vinyl lsothioc yanate 

No experiments have been reported on the thermochemical properties 
of vinyl thiocyanate. An estimate of the thermochemical properties of 
vinyl thiocyanate has been made, assuming that the difference between 
vinyl isothiocyanate and vinyl thiocyanate is the same as the difference 
between methyl isothiocyanate and methyl thiocyanate, equation (33) 

CH,CH(NCS) - CH,CH(SCN) = CH,(NCS) - CH,(SCN) (33) 

Therefore, 

CHzCH(NCS) = CH2CH(SCN) + CH3(NCS) - CH,(SCN) (34) 

The thermochemical propertics of vinyl isothiocyanate calculated 
from equation (34) and from the thermochemical properties of vinyl 
thiocyanate (Table 1 1). methyl isothiocyanate (Table 13), and methyl 
thiocyanate (Table 9) are summarized in Table 15. 

E. Phen yl  lsothioc yanate 

Bertholet has measured the heat of combustion of phenyl isothio- 
cyanatel.12.-?6 . Stull, Westrum, and Sinke' have listed the heat offormation 
of liquid phenyl isothiocyanate to be 214.4 kJ/mol, 51.3 kcal/mol. The 
boiling point" is 494 K, 221 "C. From equation (21). AN,,, = 59.9 
kJ/mol, 14.1 kcal/mol. The heat of formation of phenyl isothiocyanate in 
the ideal gas state is then 273.4 kJ/mol, 65-4 kcal/mol. 

The thermochemical properties of phenyl isothiocyanate can also be 
estimated by assuming that the difference between phenyl isothiocyanate 
and phenyl thiocyanate is the same as the difference between methyl 
isothiocyanate and methyl thiocyanate equations (35) and (36) 

Ph(NCS) - Ph(SCN) = CH3(NCS) - CH3(SCN) (35) 

Therefore. 

Ph(NCS) = Ph(SCN) + CH3(NCS - CH3(SCN) (36) 

The thermochemical properties of phenyl isothiocyanate calciilated 
from equation (36) and from the thermochemical properties of phenyl 
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thiocyanate (Table 1 l), methyl isothiocyanate (Table 13), and methyl 
thiocyanate (Table 9) are summarized in Table 15. 

VI. S U M M A R Y  OF THERMOCHEMICAL PROPERTIES 
OF CYANATES, ISOCYANATES, AND THEIR 

THIO DERIVATIVES 

For convenience, the measured and estimated heats of formation, entro- 
pies, and heat capacities discussed in the previous sections have been 
collected in Table 16. 

VII. GROUP VALUES FOR ESTIMATING THE 
THERMOCHEMICAL PROPERTIES OF CYANATES, 

ISOCYANATES, AND THEIR THIO DERIVATIVES BY 
GROUP ADDITIVITY 

The principles and use of group additivity have been described i n  con- 
siderable detail e l ~ e w h e r e ~ - ' ~ ' ~  . A s' imple exam@< will bew-;ven here. 
Suppose it is necessary to calculate the heat of hrmation of n-propyl 
cyanate. rt-Propyl cyanate is made up of the folloKing groups: 

The values for the [C-C, H3], [C-Ca. HJ, and [C-C. H 2 ,  01 groups 
are already available".'0, so it  is necessary to obtain a value for the 
[0-C. CN] group. This group occurs in methyl cyanalz: 

CH3OCN = IC-H3,0] + [O-C,CN] (38) 

The heats of for$ation of CH,OCN (Table 16) and the [C-HH,,O] 
group" are known. so the value of the [0-C. CN] group is found from 
equation (39) 

[O-C,CN] = CH3OCN - [C-CH3.0] (39) 

to be 8.36 kJ/mol, 2 kcal/niol. Substitution of this group value and the 
other known group values in equation (37) gives the heat of formation of 
ii-propyl cyanate to be - 88.6 kJ/mol. - 31.2 k c a l h o l .  

Values of the thermochemical properties of the [0-C. CN] groups 
were calculated from methyl cyanate and other groups as indicated in 
Table 17. 
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I. GENERAL COMMENTS 

This chapter discusses the mass spectra of cyanates. isocyanates. thio- 
cyanates. isothiocyanates, s,elenocyanates and isoselenocyanates. The 
systematic investigations of the mass spectra of these six classes of com- 
pound were carried ou t  by four different groups of chemists in the period 
from 1963 to 1975 as can be seen from Table I .  
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TABLE 1. Main investigations on the mass spectra of cyanates, 
isocyanates and related compounds 

Investig+ ; Year Reference . .  Group 

-N=C=S Kjxr, Djerassi et ti/. 

-N=C=S Kjrer. Djerassi et (11. 
-0-CGN) 

-N=C=O Ruth and Philippe 
-Se-CrN Agenas et 01. 
-S-CEN Agenas 
-Se-C=N Agenas > -  Jensen rt al. -Se-C-N 
-N=C=Se 

1963 I 
1965 2 

1966 3 

1966 4 
1968 5, 6 
1969 7 
1969 8, 9 

1975 10 

The results of the earlier investigations'-" are reported in most text- 
books on mass spectrometry. one of which presents a detailed discussion 
of the mass spectra of isocyanates and isothiocyanates' 

The aim of this review is partly to describe the electron impact induced 
decompositions of the six types of compound, and partly to compare the 
inass spectral behaviour of the six different Functional groups. The latter 
purpose has determined the way in which the mass spectra are presented 
in the figures. 

Use of the term a-clenciigs is in this review restricted to cx~f issioi~s with 
charge retention on the functional group containing fragment. Thus. the 
process : 

is accordins to this definition an X-cImi: ( i~e ,  whereas the complementary 
a~/i.s.siorl : 

is not. 
Finally, it should be noted that the mass spectra of the selenium com- 

pounds are reduced corre?ponding to a IOO~!?; content of the "Se isotope. 
This makes the mass spectra more clear and facilitates the comparisons 
with the spectra of the 0x0-  and thio-analogues. 
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I I .  CYANATES 

A. Alkyl Cyanate9 
The facile isomerization of alkyl cyanates to isocyanates requires the 

utmost care when recording the mass spectrum of an alkyl cyanate. I f  
the mass spectrum obtained differs from that of the corresponding 
isocyanate, significant isomerization during the introduction of the sample 
can be excluded. But if the two mass spectra are almost identical, the 
possibility of isomerization has to be taken into consideration. The two 
extremes are shown in Figures I and 2. The mass spectra (Figure 1) of 
ethyl cyanate ( la )  and ethyl isocyanate (1  b) display well-defined dif- 
ferences, whereas the mass spectra (Figure 2) of hexyl cyanate (2a) and 
hexyl isocyanate (2b) are hardly discernible. 

The mass spectra of 10 alkyl cyanates and those of the corresponding 
10 alkyl isocyanates have been examined by Jensen and coworkers3. 
From the reported spectra it can be seen that i t  is not possible to dis- 
tinguish between butyl. pmtyl .  hexyl and heptyl cyanates and isocyanates 
by mass spectrometry. The mass spectra of ethyl. propyl. isopropyl. 
s-butyl. isobutyl and neopentyl cyanates and isocyanates are sufficiently 
different for a distinction between the two classes of compound by mass 
spectrometry to be possible. Finally. since the alkyl cyanates investigated 
(with the exception of hexyl and heptyl cyanates) can be purified by gas 
chromatography without isomerization3, the combined g.1.c.-m.s. analysis 
is probably the best method for detection and identification of the lower 
alkyl cyanates. 

The mass spectrum (Figure I )  of ethyl cyanate ( l a )  displays peaks 
corresponding to the fragmentation scheme: 

C2H5+ 

m/e29 (100%) 

c2 H 3' m/e 71 (38%) mle 56 (65%) 

CZ H4]+' 

( la )  \ m/e 27 (61 %) 

I m/e 28 (39%) 
H 0 C N1+' 

mle 43 (1 3%) 
SCHEME 1. 
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CHSCH20CN 

l a  

50 100 

135iM' 
CH3CH2SeCN I 

I i  -$,, 
1 

120 

50 too 50 100 

FIGURE I .  Mass spectra of alkyl cyanates and isocyanates. 
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Propyl cyanate behaves similarly but the spectrum displays in addition 
peaks corresponding to the decomposition of the propyl cation. 2- 
Branched alkyl cyanates (isopropyl and s-butyl cyanate) display highly 

abundant a-cleavage ions (CH,CH=b-C=N, rille 70),  whereas 0- 
branching (isobutyl and neopentyl cyanates) apparently impedes the a- 
cleavage (cf. Section 1II.A). 

The striking resemblance between the mass spectra (Figure 2) of 
hexyl cyanate (2a) and hexyl isocyanate (2b) can be due either to an 
isomerization of hexyl cyanate to hexyl isocyanate or to a fragmentation 
triggered entirely by the alkyl groups and not by the functional group. 
The latter possibility is supported by the fact that about 8 5 %  of the 
total ion current is in both cases due to ions containing only hydrogen 
and carbon atoms. However, the remaining 15:< of the total ion current 
is in both cases mainly due to two types of ions, M - C2H, (m/e 99, c. 
10% c2,) and the 2-cleavage products (rii/e 56, c. 4:,; c2,). This similarity 
in the abundance of the functional group containing ions indicates that 
hexyl cyanate isomerizes to hexyl isocyanate. Comparison with the mass 
spectra (Figure 2) of hexyl thiocyanate (2c) and of hexyl isothiocyanate 
(2d) leads to the same conclusion. No appreciable isomerization of 2c 
to 2d takes place, since the mass spectra of 2c and 2d are very different. 
Further, whereas 2d forms abundant ions corresponding to M - C2H, 
(rii/e 1 15, 13.8 14 zl5) and to the a-cleavage product (ni /e  72, 5.8 o/, czs), 
2c does not. 

It would appear reasonable to conclude from this evidence that hexyl 
cyanate isomerizes to hexyl isocyanate in the inlet system, were it not for 
the fact that the thermal stabilities of the alkyl cyanates increase with the 
chain length. That is to say, since the rather unstable ethyl cyanate can 
be introduced into the mass spectrometer without isomerization, the more 
stable hexyl cyanate should not isomerize either under the same conditions. 

It seems at the present stage that we cannot give a satisfactory explana- 
tion of the observation that the mass spectra of the higher alkyl cyanates 

?, and isocyanates are practically identical. 

5. Pheny/ Cyanate3 

The mass spectrum (Figure 3 )  of phenyl cyanate (3a) is rather simple. 
The base peak (m/e77)  is due to the phenyl cation formed by expulsion 
of a OCN radical from the molecular ion. The ril/c.77 peak is as usual 
accompanied by an intense peak at nil(. 51 (C,Hi). I n  competition with 
the loss of 'OCN the molecular ion eliminates carbon monoxide leading 
to an ion of mass 91. This cation radical undergoes further degradation 

1 

b 
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100 5i 0 

IC,Hl. 62% I 
lCHIOCN: 30%1 

- 
50 100 150 200 

.p 

50 100 150 200 

L3 100 
CHaICH21,SCN 

2c 

116 

101 

50 100 150 200 

FIGURE 2. Mass spectra of alkyl cyanates and isocyanates. 
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3a 
-0CN .--__ 
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FIGURE 3. Mass spectra of phenyl cyanates and isocyanates. 
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by loss of HCN. This two step process ( M + '  + 91+' + 64+')-being of 
minor importance in the case of 3a-constitutes the main decomposition 
path of phenyl isocyanate (3b). The initial loss of CO from 3a requires a 
skeletal rearrangement of the molecular ion. 

I I I. IS 0 CYAN AT ES 

The inass spectra of various alkyl and aryl isocyanates have been recorded 
on a conventional mass spectrometer3 (Atlas CH4) and on a time-of-flight 
instrument4 (Bendix Model 14-101). The spectra obtained on the two 
instrurrents are i n  fair agreement, showing the same decomposition 
pattern' of the isocyanates, even though the relative peak intensities vary. 
Generally, in the time-of-flight mass spectra of the isocyanates the lighter 
ions are more abundant, in contrast to what is normally observed12. 

The mass spectra given in Figures 1-3 were recorded on conventional 
instruments. 

A. Alkyl lsoc yanates3.4 

cyanates are shown in Scheme 2. 
The electron impact induced decompositions of t h g  lower alkyl iso- 

R' + C H2 N CO1+ R+ + 'C H2 N CO 

\ m/e 56 

HNC0- t  [RCH]'. 

/ 

d 
mle 43 

SCHEME 2 .  
0 

Rupture of the R-CH, bond in 4 witH charge retention on CH,NCO 
(a-cleavage) is the most important process for R = CH, and C,H,, 
whereas the complementary reaction-formation of R +  and 'CH2NCO- 
is the more important for R = ri-C,H, and i-C3H,, as seen from Table 2. 

the positive charge will remain on 
the fragment of lower ionization potential. From the data reported in 
Table 2 the IP of 'CH,NCO can be estimated to be in the range of 8-1 to 
8.4eV. This is supported by the low voltage mass spectra of butyl iso- 

According to Stevenson's 
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cyanate which show that the [CH,NCO+]/[C,H:] ratio decreases 
from 0.23 at 20 eV to 0.03 at 10 eV (unpublished results from the authors' 
laboratory). 

283 

TABLE 2. Competitive formation of CH2NCO+ and R +  from 
R-CH,-N=C=O 

R [CH,NCO+]" w+l" IP(R')b 

CH3 36.7 - 9% eV 
C,H, 32.2 10.0 8.4 eV 

11-C3H7 6.7 16.2 8.1 eV 
i-C3H, 5.9 33.7 7.5 eV 

"/, xz5 (Reference 3) 
'Ionization potentials of the alkyl radicals l 3  

The remaining two decomposition modes of the lower alkyl isocyanates 
are also complementary. Cleavage of the bond between the alkyl and the 
functional group with concomitant transfer of a hydrogen atom leads to 
HNCO and a C,H,,, molecule, either of which may retain the charge. 
The IP of HNCO is unknown, but it is probably high. (The IP of HNCS 
has been determined16 to be 10.6 eV). The abundance of the HNCO and 
C,,H,, ions from various alkyl isocyanates are listed in Table 3 together 
with the IP of the alkenes which may be formed. The 'Stevenson's rule 
correlation' is less unambiguous than in the case of the a-fission. This can 
be due to the mechanism of the process. If the C,H,, fragments are 
not alkenes the basis of the comparison between abundance and ioniza- 
tion -:ntial disappears. 

TABL?~ 3. Competitive formation of HNCO+' and C,H:,' from 
CnH2"+ -N=C=O 

7 IP 
Alkyl [HNCO+']" [C,Hl,,']" Alkene (Alkene)b 

CZH, 4.7 9.4 CH =CH 1 0 5  eV 
11-C3H7 0.1 8- 1 CH,=CHCH, 9.7 eV 

t1-C4H9 1.1 8.4 CH2=CHCH2CH3 9-CWi 
i-CdH9 - 3.8 CH, =C(CH,), 9.2 eV 
S- C4H 9 - 6.1 CH ,CH=CHCH, 9.1 eV 

K 3 H 7  5.8 I43 CH,=CHCH, 9.7 +'! 

" %  zz5 (Reference 3) 
bIonization potentials from Reference 13. 
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u-Branching in the alkyl group favours -J.-cleavage. Thus 46.1 7; of 
the total ion current from isopropyl isocyanate is due to the M - CH, 
ions (rille 70, CH,CHNCO+). .I-Butyl isocyanate can undergo 3-cleavage 
by loss of 'CH, (rnle84, CH,CHzCHNCO+. 3.9":,c2,) as well as by 
loss of 'CH,CH, (rii!e 70, 40.7':;, cz5). 

P-Branching in the alkyl group impedes the z-cleavage. I n  the case of 
isobutyl isocyanate this is due to the competition from the isopropyl 
cation formation as stressed above. Not surprisinzly neopentyl isokyanate 
displays only a small 9.-cleavage peak (l-3",;,X2,), but the peak corres- 
ponding to the 1-butyl ion formed in competition with the u-cleavage is 
also small (rule 57, 4.6 7') c,,). The mass spectrum of neopentyl iso- 
cyanate displays inore peculiarities. About 15 :/: of the total ion current I 
is due to M - C 2 H 5 .  This process necessitates a skeletal rearrangement. 

The mass spectrum (Figure 2) of hexyl isocyanate (2b) displays an 
intense peak at m/e99 (10 .7 " /0~2 j )  corresponding to M = 28. The mass 
spectrum of heptyl isocyanate displays a peak at ni/e 99 of similar inten- 
sity; also the time-of-flight mass spectra4 of octyl isocyanate and octadecyl 
isocyanate display intense ni/e 99 peaks. The elemental composition of 
the nl/e99 ion fcrmed from octyl isocyanate has been found to be 
C,H,NO by high resolution mass measurements". Assuming the elimina- 
tion of ethene from hexyl isocyanate, the formation of the CSH,NO ions 
can be formulated as the rearrangement: 

OH 
I 

6. Phen y l  lsoc yanate3.0 

The mass spectrum (Figure 3 )  of phenyl isocyanate (3b) is dominated by 
three peaks: inle 119 (M, 40.1",, xz5), 91 (M-CO, 16.9",, cz5) and 
64 (M-CO-HCN, 10.1 "'< I?,). Thk'time-of-flight mass spectra of 
0-, i w ,  and p-tolyl isocyanate display peaks corresponding to M, M-H, 
M-CO, M-H-CO, M-CO-HCN and M-H-CO-HCN4. The 
M-H ions are probably isocyanatotropylium ions' I .  
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IV. THIOCYANATES 
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A. Alkyl Thioc yanates3 

The mass spectra of the lower straight-chain alkyl thiocyanates (ethyl, 
propyl, and butyl) are dominated by peaks corresponding to the alkyl 
cations and their daughter ions. The molecular ion peaks are of decreasing 
intensity, being totally absent in the case of hexyl thiocyanate (2c). 

The mass spectrum (Figure 1) of ethyl thiocyanate (lc) displays a 
minor peak at m/e 72 (CH,SCN+) a n b a  larger at m/e 59 (M-C,H,). 
The former corresponds to the product of the a-cleavage. Two mecha- 
nisms (Scheme 3) can be proposed for the ethene elimination from lc, 
involving hydrogen rearrangement to nitrogen and sulphur, respectively. 

C H ~  -HI+* 
I / /  - H S C N I + * + C ~ H ~  

CH2-SCN 
(7) 

SCHEME 3. 

It is often possible to determine the structure of ions formed by frag- 
mentations and rearrangements by comparing the AHc for a given ion 
with the appearance potential. But, since the ions 6 and 7 have the same 
heat of formation, it is not possible from the appearance potential alone 
to determine \vhich process is the most likely. The same ambiguity makes 
it impossible to decide from this evidence whether HNCS" or HSCN+' 
is formed by the ethene elimination from ethyl isothiocyanate (Figure 1, 

a-Cleavage and HSCNf' formation are unimportant for the higher 
alkyl thiocyanates. The mass spectrum (Figure 2) of hexyl thiocyanate 
(2c) displays peaks at nt/e 116 (M-HCN) and at in/e 87. A 'metastable 
peak' indicates the transition 11 6 +  -+ 87'. Since the elimination of HCN 
from the molecular ion is of no importancc in the fragmentation of the 
lower homologues, the mechanism illustrated on the next page (Scheme 4) 
appears likely. 

1 4 1 7 .  

B. Phen y l  Thioc yanate' 

The mass spectrum (Figure 3) of phenyl thiocyanate (3c) resembles that 
of phenyl cyanate (3a). Both compounds eliminate the functional group 
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(9) mle 87 
SCHEME 4. 

followed by loss of C2H,.  The elimination of CS from 3c corresponds to 
the loss of C O  from 3a. Additionally, phenyl thiocyanate undergoes loss 
of 'CN aiid elimination of HCN to produce the ions of mass 109 and 108. 

V. ISOTPIOCYANATES 

A. A fkyf fsothioc yanates' -' 
The mass spectra of alkyl isothiocyanates display intense molecular 

ion peaks for the lower homologues (CH,NCS to C 5 H  NCS) and even 
hexadecyl isothiocyanate gives rise to a I :d molecular ion peak'. Hydro- 
carbon fragments are responsible for peaks between i u /e27  and 43 in 
most spectra, the intensities of which increase when the temperature of 
the inlet system is raised3. 

The mass spectrum (Figure 1) of ethyl isothiocyanate (Id) displays 
intense peaks at ni/e 87 (M, 29.00/0 x,5) ,  72 (CH,NCS+. 7.5% c2,). 59 
(HNCS+'  or HSCN", 18.3% cZs), 29 (C2H:) and 27 ( C 2 H l ) .  

The formation of CH2NCS+ (a-cleavage) is an important process for 
all straight chain alkyl isothiocyanates, whereas alkene elimination (to 
give nz/e 59) is only important in the case of id .  

The mass spectrum (Figure 2) of hexyl isothiocyanate (2d) contains 
two peaks (rn/e 115, M, -CzH4,  13.8 !x El,, and m/e 110, M - SH, 
4.6 yL c2,) which are characteristikfm- the higher straight chain alkyl 
isothiocyanates. Loss of 'SH from the molecular ion requires that the 
alkyl chain is to be at least five carbon atoms long, whereas the formation 
of 115+ requires a six-carbon chain and first takes place with hexyl iso- 
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thiocyanate. Deuterium-labelling experiments' indicate that the 1 I5+ 
ion contains the NCS group, the four next m e t h y l e w ~ r o u p s  and a hydro- 
gen atom from the sixth methylene group. In accordance with this, the 
following mechanism appears likely : 

SH 

B. Aromatic lsothioc yanates' 

Phenyl isothiocyanate (3d) undergoes a simple electron impact induced 
decomposition, the major peaks ( F i p r e  3) corresponding to M, M-NCS 
and M-NCS-C2H, ions. Benzyl isothiocyanate fragments in  a similar 
way, forming a very abundant C7H7+ ion ( m / e  91). 

VI. SELENOCYANATES 

The mass spectra of aromatic and heteroaroniatic selenocyanates have 
been subject to detailed investigations by Agenii~' .~. ' .~,  but no d 
of the mass spectrometry of alkyl selenocyanates has previo 
pub 1 is hed. 

Selenium has six stable natural isotopes: 7"Se (0.p yo), 76Se (9.02 %), 
77Se (7-58p0), 78Se (2352",), "Se (49-82OJ and bLSe (9-19',',,)''. The 
natural abundance of the 74Se isotope is so low that it is unimportant for 
the appearance of the mass spectrum. The presence of five relatively 
abundant selenium isotopes makes it easy to recognize a selenium con- 
taining ion d i d  to determine the number of selenium atoms incorporated. 
Knowing that a given ion contains a selenium atom the information 
contained in the isotope cluster is no longer necessary, and we have there- 
fore reduced the mass spectra of the selenocyanates and isoselenocya- 
nates corresponding to a 100% content of the "Se isotope. As selenium 
contains no isotopes of mass 79 an361 this reduction can be made simply 
by  increasing the intensity of the "Se peaks by a factor of 2. and removing 
the peaks corresponding to ions with other Se isotopes. 

(0 
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A. Alk y l  Selenoc yanates' 

The mass spectrum (Figure 1) of ethyl selenocyanate (le) is typical for 
the lower alkyl selenocyanates. Due to the high mass number of selenium 
these spectra are divided into two parts, the light-ion half displaying 
peaks corresponding to the very abundant hydrocarbon ions, and the 
heavy-ion half due to less abundant selenium containing ions. 

The abundances of the molecular ions of the lower alkyl selenocyanates 
are high, whereas the or-cleavage ions (m/e I20 from le) are unimportant. 
Loss of H C N  from the molecular ion was observed in the mass spectrum 
of 2c, but  not in the spectra of the lower thiocyanates. All alkyl seleno- 
cyanates undergo this reaction, but probably following different mecha- 
nisms. Thus,  hexyl selenocyanate (2e) consecutively eliminates HCN and 
'C2H, as does the thiocyanate (2c). These processes may be interpreted 
by a mechanism similar to that suggested for the sulphur compounds 
(Scheme 4). The loss of HCN from ethyl selenocyanate (le) must. however, 
take place by a different mechanism. The M -  HCN ion from l e  may 
be assigned the structure 1 1 .  

K. A. Jensen and Gustav Schroll 

f. 

Se 
/ \  

CH2-CH2 

(1 1) 

All alkyl selenocyanates form fairly abundant ions of mass 107 and 
106 corresponding to HSeCN" (or HNCSe") and SeCN+, respec- 
tively; in addition CHSe+ and Se" ions are usually formed in moderate 
abundance. 

B Aromatic S e l e n ~ c y a n a t e s ~ . ~ . ~ - '  O 

Phenyl selenocyanate (3e) fragments primarily by successive losses of 
SeCN' and C,H, in analogy to the decompositions of 3a, 3c and 3d. 
M - 'CN and M - HCN peaks are observed in the mass spectra of 
phenyl selenocyanate and of phenyl thiocyanate. Compounds 3a and 
3b eliminate CO and 3c eliminates CS to give C,H,N+' (m/e  91), whereas 
phenyl selenocyanate forms C,H,N+' (n?/e 103) by loss of Se. The m/e 103 
peak in the mass spectrum of 3e has been assigned the structure of ionized 
benzo~iitrile~. I f  this is correct, C,H,CN+- is formed with a minimum of 
excess energy, since the elimination of HCN from 103'' (leading to 76+') 
which is characteristic for the decomposition of benzonitrile'' (and of 
phenyl isocyanide2'.") is not observed. Introduction of a methyl group 

9 
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in  the p-position' does not lead to drastic chan,aes of the decomposition 
pa t t er n. 

4-Aniinophenyl selenocyanate splits off HSe' upon electron impact, 
whereas 2- and 3-methyl-4-arninophenyl selenocyanate have M - Se 
as the base peak'. This is in striking contrast to what could have been 
expected. A strong M - HSe' peak in the mass spectra of 3- and 3- 
in e t 11 y 1-44 in i n o ph en y 1 se I e 11 o cya n a t e co u I d be ex p 1 ii in  ed a s  t r o p y I i u ni 
ion form at  i o n . 

N . N -  Dia I k y l-4-am i n o ph en y 1 selen ocyann t cs fragment to a large extent 
by reactions i n  vo I vi n,a the d ia I k y la in i no gro u p '. 

VII. ISOSELENOCYANATES 

A. Alkyl lsoselenocyanates' 

The inass spectra (Figure 1 )  of ethyl selenocyanate ( l e )  and ethyl 
isoselenocyanate ( I f )  are qualitatively similar, but the differences are 
characteristic of the inass spectra of alkyl selenocyanates and isosele- 
nocyanates. One significant difference is that the alkyl selenocyanates 
display M-HCN peaks in their mass spectra (m/e  108 from le). whereas 
the corresponding isoselenocyanates display M-Se peaks (m/e 55 from 
If). The mass spectrum (Figure 2) of hesyl isoselenocyanate (2f) resembles 
the mass spectra of the corresponding isocyanate (2b) and isothio- 
cyanate (2d) more than that of hexyl selenocyanate (2e). Compound 2f 
eliminates C2H, as do 2b and 2d, forming an ion which can be assigned a 
structure similar to 5 and 10. I n  analogy to the loss of 'SH from 2d. hexyl 
isoselenocyanate undergoes loss of 'SeH. Assuming that two hydrogens 
are transferred during the reaction leading to the M - 'SH ion from 2d. 
this ion has been assigned the structure 12'. Loss of HCN fro111 12 then 
explains the intense peak at t ~ i / e  S3 in the mass spectrum of 2f. Loss of 
'H from 13 is supported by a 'metastable peak'. 

C H ~ C H = C H C H ~ C H ~ C H ~ - ~ = C H  - C~H,:+ - C ~ H , ~ + *  

(12) mle 110 (1 3) mle 82 

B. ?hen y l  fsoselenoc yanate' 

The differences in the mass spectra (Figure 3) of phenyl selenocyanate 
(3e) and of phenyl isoselenocyanate (30 reflect the differences in the 
structures of the t\vo functional groups. 3f undergoes loss of Se followed 
by elimination of kCN. The latter process was not observed from 3e. 
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M - H C N  is only of minor importance in the case of 3f and M - CN is 
not observed. 

VIII. COMPARISONS 

I t  is a well established practice within organic mass spectrometry to 
make comparisons. The mass spectra of homologues are recorded and 
compared, and from the similarities (and differences) conclusions are 
made concerning the mass spectral behaviour of the said class of com- 
pound. Much of the argumentation in the preceding paragraphs is actually 
based upon comparisons. However, when making comparisons it is 
important to know what is being compared. 

TABLE 4. Selected peaks from the mass spectra of butyl isocyanate recorded on various 
instrumentsu 

Bendix AEI Finnigan 
I l l / P  Atlas CH4' 14-101' MS902' 1019 

99 (Mt) 
98 
71 
70 
56 
43 
41 
30 
29 
28 
27 

3 (3) 
20 (18) 
9 (9) 

17 (17) 
87 ( 8 5 )  

100 (94) 
100 (100) 
27 (25) 
19 (24) 
34 (34) 
49 (46) 

5 
10 
8 
8 

63 
82 
82 
25 
28 
70 

100 

6 
27 

8 
16 
97 

I00 
88 
31 
15 
32 
45 

1 
5 

I 1  
21 

I00 
13 
78 
21 
21 
45 
65 

"Intensity relative to that of the  base pcak. 
hFigures given in parenthesis are [he intensities of the corresponding peaks in the mass 
spectrum o f  butyl cyanate. Data  from Reference 3. 

'Reference 4. 
dunpublished spectra from the authors' 1;iboratory. 

As mentioned previously and as can be seen from Table 4, the mass 
spectra of the six classes of compound under discussion are very depen- 
dent on the instrument. The four mass spectra of butyl isocyanate differ 
more than the two Atlas CH4 spectra of butyl cyanate and isocyanate. 
The differences between the four isocyanate spectra are entirely due to 
differences in instrumentation and in the conditions of recording. If the 
mass spectra of two isomers recorded on different instruments or under 
different conditions are different, i t  is difficult to ascertain which deviations 
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are due to structure and which to instrumentation. If the mass spectra 
are very similar, it becomes impossible to distinguish between structural 
and instrumental effects. 

In addition to the comparisons between the mass spectra of the six 
classes of compound made above, the following can be said. 

The ethyl derivatives display prominent alkyl peaks (m/e 29) in the 
mass spectra (Figure 1) of la ,  Ic and le, increasing in the order -OCN, 
-SCN, -SeCN. a-Cleavage decreases in importance, whereas C, H, 
elimination increases in the same order. 

The mass spectra of Ib, Id and If display minor alkyl peaks, increasing 
in importance in the order -NCO, -NCS, -NCSe. The cr-cleavage 
becomes less important in the same order, whereas loss of ethene is most 
prominent from the isoselenocyanate. 

In general the iso-compounds (Ib, Id and If) display the highest M, 
M - CH, (cr-cleavage) and M - C,H, peaks, andg'ie smallest alkyl ion 
peaks. The mass spectra of the six hexyl derivatives display abundant 
hydrocarbon ion peaks, n7/e 43 (C,H;) being the base peak in all spectra. 
The molecular ion peak is absent in the spectra of 2a, 2b and 2c, small 
in the spectra of 2d and 2e, and abundant only in the case of 2f. 

Th? eliminaT&:;i of C,H, from C6H,  ,NCX is most important for 
X = b, whereas the consecutive losses of HCN and 'C2H, from 
C61-+,XCN (X = S and Se) are most important for X = Se. 

The fragmentation sequence: C,H,Y+' -+ C6Hf + C,Hl is impor- 
tant for all six phenyl analogues with the exception of 3b (Y = -NCO). 
which instead undergoes the decomposition: C6H5NCXf '  -+ C6H5N+'+ 
C,H4+'. Loss of CX is also observed from 3a and 3c, requiring in both cases 
a skeletal rearrangement. It is quite unexpected that C,H,SCN eliminates 
CS whereas C6H,NCS does not. Loss of CSe has not been observed from 
3e or 3f. 

Whereas the mass spectra of the alkyl compounds ( l a 4  and 2a-f) 
revealed various general trends (e.g., a-cleavage is more important for 
the lower alkyl compounds, gains importance when going from R-XCN 
to R-NCX, and, decreases in the order: X = 0, S, Se), the aromatic 
compounds (3a-f) as a group behave less systematically upon e l e h o n  
impact, although each single spectrum is quite simple. 

e 

IX. CONCLUSIONS 

The mass spectra of cyanates. isocyanates and related compounds can 
be of interest as a means of identifying these six classes, but they can also 
be studied in order to interpret the very processes &?king place in the ion 
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source of the mass spectrometer when these types of compound are intro- 
duced. 

With regard to  the first purpose it can be stated that the mass spectra of 
alkyl thiocyanates, isothiocyanates, selenocyanates and isoselenocyanates 
can be used as quite dependable fingerprints for the purpose of identifica- 
tion. The mass spectra of the higher alkyl cyanates and isocyanates are too 
similar to allow a distinction between the two groups, whereas inference 
about the structure of the alkyl can be made. 

The mass spectra of the aromatic compounds are useful for the purpose 
of identification. The molecular ion peak is important in all spectra. 

Regarding the second purpose, our present knowledge of the ion 
chemistry involved is rather limited. Important information can be 
obtained in future studies involving high-resolution mass measurements, 
isotopic labelling, metastable defocusing and low voltage mass spectro- 
metry. Thus we can only encourage reinvestigations in this field of organic 
mass spectrometry. 
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I. INTRODUCTION 

The availability of data on any kind of conipleses of organic cyanates and 
related compounds strongly contrasts the amount of data on the chemical 
behaviour of these compounds. Also, the literature on metallic coordina- 
tion compounds of the cyanate and, particularly, thiocyanate ions is 
incomparably richer than on their organic counterparts. Moreover, the 
available data were published in widely sgattered sources and truly 
physical facts leading to unequivocal interpretation of the structure of 
complexes are very scant. For example, we could not find any reference 
to the structure, established by diffraction methods, of a complex with any 
organic cyanate or related group as ligand. Hence the writing of any sort 
of review of complexes of organic cyanates and related compounds is 
unrewardins and it is not surprising that no such review seems to have 
been writteri up to now. The reason for this is probably not the lack of any 
connection between the complex formation and the chemical reactions of 
cyanate and related groups. For example, the formation of urethanes from 

295 

The Chemistry of Cyanates and Their Thio Derivatives 
Edited by Saul Patai 

Copyright 0 1977, by John Wiley & Sons, Ltd. All rights reserved 



296 DuSan Hadii and Svetozar Milicev 

isocyanates and liydroxylic compounds has great significance for the 
production of polyurethanes, but nevertheless only very few hard facts 
wcre published about the intermediate complexing with the catalyst and 
only one datum is available about the hydrogen bonding between an 
isocyanate and a hydroxylic component. Besides the reaction, mechanistic 
interest in complexes of cyanate and related groups, these complexes offer 
a number of problems of bonding which originate in the electronic 
structure of these groups. The atoms in the -N-C-X and -X-C-N 
(X = O.S,Se) groups are bonded by what may be approximately described 
as a system of cumulated 7c orbitals in two orthogonal planes with the (T 

orbitals in  the intersection of the two 7c planes. In addition, the lone pairs 
on the nitrogen and the X atoms may interact with 7c orbitals ofappropriate 
symmetry. The excess electronic charge on the N and X atoms and, in 
particular. the electrons in lone-pair orbitals with rather low ionization 
potentials confer on these groups electron donating properties. Since in 
all of them there are two negatively charged, lone-pair-bearing atoms the 
problem arises which of them will enter complex bonding. Some results 
of M O  are available in the literature and they may serve 
as an  orientation as to which atom may be expected to en:*: the corr?&x 
bonding. Reliable, lib iriitio calculations on the HNCO mdecule show'.2 
that in HNCO the negatively charged nitrogen atom h a g a  larger gross 
population than oxygen, carbon being positively charged. The nitrogen 
lone-pair orbital is also the highest one so that this is likely to be the best 
site both for electrostatic and charge-transfer donation. The corresponding 
calculation4 on HNCS shows again the largest negative charge to be on 
nitrogen but the highest energy comes with the sulphur nY lone pair. I t  is 
rather unlikely that substitution of alkyl or aryl radicals for hydrogen 
would reverse the charge distribution although HMO calculations' show 
a larger electronic charge on sulphur in aromatic isothiocyanates. For 
cyanates only H M O  calcufations are available6 which show a larger 
negative n-electron charge on the oxygen. This atom is very likely also to 
have the largest ovcrall negative charge, but the difference between N and 
0 may not be large. Thus the prediction of the bonding site from calcu- 
lated charges is rather uncertain and it would be quite interesting to have 
experimental evidence as to which atom in cyanate and related groups is 
act u a 1 1 y LI n d ergo i ng co m pl ex bo n d i ng . 

In  this ckapter we are treating the cyanates along with other related 
c groups mainly because in this way it is possible to compare better their 
complexing properties. The present division of the subject matter has 
been adopted mainly for practical reasons, the scarcity of data preventing 
a more rigorous sii bdivision. 
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II. HYDROGEN BONDING 

@Jnlike the cyanides' the organic cyanates and related compounds have 110 

major significance ;is solvents. hence the study of their behaviour as proton 
acceptors in  hydrogen bonding is motivated mainly by the probleni of 
their electronic structure and reactivity. This also includes the question of 
which atom is actually involved in the hydrogen bond. 

Quantities which are most often used to express the hydrogen bonding 
propensity of a proton acceptor are the difference. A\*. between the stretch- 
ing frequency, Y ~ - ~ ~ ,  of a proton-donating compound in the gas phase o r  
in an inert solvent arid its frequency with the acceptor added, the equil- 
ibrium constant of the hydrogen bond formation, K,,,. and the enthalpy 
of formation. AH'. The latter quantities may be determined by various 
methodss. The niost commonly used method is infrared spectroscopy and 
the iiiost often used reference donors arc methanol and phenol. By far 
the easiest obtainable characteristic of hydrogen bonding is the frequency 
shift. AvOl,. and this lins been also iiiostly used to characterize the hydrogen 
bonding propensity of the cyanate and related groups. 

Thermodynamic quantities of hydrogen bonding have also been deter- 
mined from infrared data. The niost extensive collection of data is given 
by Martin and coworkers'. They have studied the hydrogen bonding of a 
large number of cyanates of the type ArXCN and RXCN (X = N.O.S.Se) 
\vitli methanol. phenol. and p-chlorophenol in CCI, and have included for 
comparison also the data on the corresponding cyanides and some 
a I k y 1 t 11 i oc ya na t es o b t a i n ed by Iga rash i a lid cow or k ers I '. K ova E and 
coworkers have investigated' the bonding of some alkyl isothiocyanates 
with phenol i@&-C14. Apart from this only a few scattered references to 
cyanates and thiocyaiiates are found in the literature".l4. I n  general. there 
is quite good agreement bctween the data given by various authors. The 
,i?~,~~~ values for phenol depend i n  the series RXCN both on R and X. 
Perhaps the best way of comparing the difference impaired by the atom X 
are the relative proton accepting propefisities ( R A P )  as defined by Martin 
and coworkers" for R = phenyl. 

Ai~o l l  (PIiXCN . . . HOPh) 
A\iol, (PhCN . . . HOPh) 

RAP = pp____-__ 

When this is extended to the RNCX compounds (Table I )  the resulting 
R A P v a 1 u es sh ow t l i  at t li e cy a n b  e, i h i o cya n a t e and i so t h i ocy a n a t e 
groups are weaker bases than the nitrile, but that  isocyanate is the 
strongest proton accepting group. 
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TABLE !. Relative proton accepting propensities 
(RAP) ot phenyl pseudohalides and the phenol O H  

stretching frequency shifts 

Proton acceptor RAP 

PhCN 1 
PhOCN 0.928 
PhSCN 0.902 
PhSeCN 0.941 
PhNCO 1.18 
PhNCS 056 

a Data from Reference 9. 
* Data from Reference 13. 

153" 
143" 
138" 
145" 
1 80h 
85h 

The order of propensities as shown by the frequency shifts is also reflected 
in the thermodynamic quantities. The data for the thermodynamic 
quantities are not available for the whole series of PhXCN and PhNCX 
compounds anci hence Table 2 contains only two benzene derivatives and 
two methyl derivatives compared to the cyanides. Combining these data 
with the fact that there exists an at least roughly linear relationship between 
the frequency shifts. the association constant K,,,. and also the AHo 
values the following sequence of decreasing propensity for hydrogen 
bondingis obtained: -NCO > -CN > -SeCN > - 0 C N  =- -SCN > 
-NCS. I n  connection with an extended investigation of the infrared 

TABLE 2. Frequency shifts and thermodynamic quantities of association between 
phenol and some organic pseudohalides 

Proton 
acceptor 

A \'OH L s  GO H O  S O  

(cm- ') (I/rnol) (kcal/mol) (kcal/mol) (cal/mol deg) 

C,H,CN" 
C,H, OCN" 
C,H ,SCN" 

MeCNh 
MeSCN' 
MeSCN" 
MeNCS' 
MeNCS' 

153 4.70 
143 457 
138 3.87 

159 
146 -- 3.1 1 
168 
107 0.723 
117 

- 

- 

- 

- 0.92 
- 0.90 
- 0-79 

- 4.62 
-4.1 
- 3.59 

- 4.70 
- 3.79 
- 3.3 

1.70 
- 2.5 

- 12.4 
- 10.7 
- 9.4 

- 10.50 
- 

- 

6.35 

a Data from Reference 9. 
Data from Reference 17. 
Data from Reference 12. 
Data from Reference 22. 
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spectra and hydrogen bond i ng characteristics of i so t 11 i o cya n i c ;i ci d.' ivh i ch 
itself is a rather weak proton acceptor, but a strong donol-. Pullin and 
 coworker^'^ have also determined the vNt, shifts of this acid when 
bonded to ethyl t h o  and isotliiocyanate, and the corresponding tliermo- 
dynamic quantities. The values obtained show again that the tliiocyanate 
is a slronger proton acceptor than is isothiocyanate. Given the sequence 
of the hydrogen bond accepting propensities of the groups, the question 
01 which atom is actually the proton accepting one follows immediately. 
The only direct answer would be given by a molecular structure deter- 
mination of crystalline adducts. Since this has not been done, only cir- 
cumstantial evidence can be used. Thus Martin and Brause16 offer 811 

acceptable argument in favour of the terminal nitrogen atom in cyanates 
being the proton acceptor. The argument is based on the fact that 
2.6-di-r-butylphenyl cyanate produces a larger shift of the phenol I~~~~ band 
(A\# = 157 cni- ')  than the unsubstituted phenyl cyanate. I f  oxygen were 
the acceptor the bulky or.rho-sd.xtituents would prevent the approach of 
the acid. This conclusion apparently contradicts that which might have 
been made by considering the TC electron charges as obtained from simple 
H M O  calculations" which indicate more charge on oxyger.. However. 
only sood all-electron calculations of the energy differences between free 
molecules and variously-bonded complexes would have some predictive 
value. 

A different approach to the question of which is the acceptor atom in 
alkyl isothiocyanates is followed by KovaE and coworkers' I .  These 
authors believe that the nitrogen atom is the actual acceptor because 
sulphur would produce larger phenol frequency shifts and also the 
enthalpies of association would be l a r p - .  The argument is based upon a 
comparison with data on shifts and enthalpies of hydrogen bonding with 
acceptor groups having definite accepting sites which were collected by 
Wayland and Drago". In particular, thioanisole was used for comparison. 
Apart from the fact that sulphur is not equally bonded in both cases. the 
reasoning is dubious. for if sulphur in the -NCS group had the same 
hydrogen bonding propensity as in, say, dimethylthioace1amide' '. there 
is 110 reason why the weaker hydrogen bond would be formed with 
nitrogen as acceptor if the stronger acceptor atom sulphur was available. 
However, the weakness of the argument does not mean that the conclusion 
is incorrect. In fact, the results of the (rb iriitio calculations on isothio- 
cyanic acid mentioned in Section I show the nitrogen atom to be more 
Iiegati\!e]y charged and its lone-pair orbital to be hi& in energy. The 
corresponding differences between nitrogen and oxy_gen atoms in i S 0 -  

cy;1n;1tes are smaller and. iacking any experimental evidence. the Problen1 
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of the accepting site in this group remains unsolved. No attempt seems to 
have been made to use the heavy-atom vibrational shifts as indicators of 
the site of bonding. 

The influence of the radicals on the hydrogen bonding propensity has 
been studied in the cyanate series by Igarashi and coworkers" and by 
Martin and coworkersg. The first group of authors have determined the 
frequency shifts and the equilibriuni constants i n  the range 20-50°C Tor 
the bonding of phenol in CCI, to methyl, ethyl. wpropyl. isopropyl, 
n-buty17 and s-butyl thiocyanates. The increases from 146 cm-'  to 
158 cm - linearly with the inductive effect of the alkyl radicals as reflected 
by Taft's CT constants thus showing the inductive effect of the substituents 
on hydrogen bonding. These authors also obtained a h e a r  relationship 
between log k:,,, and A\-oli and noted an almost constant value of the 
ASo/AHo ratio. This has been found also by Joesten and Drago" for a 
number of N-containing bases and is considered to be evidence for the 
RSCN . . . O H  bonding. The AHo values vary between - 2-85 and 
-4-1 4 kcal/mol. 

Martin and coworkers have collected the Alto" values for several proton 
donors bonded to 85 nitriles, cyanamides. cyanates, thiocyanates, seleno- 
cyanates and Iialogen cyanides as well as some thermodynamic quantities 
for substituted phenyl cyanates and phenyl thiocyanates. The Avoli. A H o  
and ASo values for phenol bonding are linearly related to Jaffe's GO 

constants. The data allowed a quantitative estimate of a relative trans- 
mission factor for substituent effects of the atom X in the RXCN systems. 
The transmission factor becomes smaller with increasing size of the atom 
X. From the known pK, values of selected proton donors covering a range 
of 9 pK, units, and their \ q O t ,  shifts on association with phenyl cyanate. 
phenyl thiocyanate. and phenyl selenocyanate combined with the linear 
relationship between the Avo,, and the substituent constants GO the pK,, 
values for the whole series of substituted analogues were derived. Since 
these p K ,  values are based on the proton-accepting propensity in hydrogen 
bonding. their reliability is limited by the well-known general problem of 
the connection between the basicity in hydrogen bonding and in full 
protonation, respectively. There are. however. no independently deter- 
mined protonation constants available for organic cygnates and related 
compounds. 

The interaction of isocyanates with hydroxyl groups on n silica surface 
has attracted some attention bccaiise of thgr eventual reaction w i t h  
polyurethanes. The latter are in use as coatings for solid siliceous surfaces. 
Kulik and coworkers" have investigated the infrared spectra of the system 
aerosil-adsorbed butyl isocyanate and have concluded from the partial 
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reversibility of the disappearance of part of the free O H  groups, that in  the 
first s t q e  the isocyanate is adsorbed on the silica bv hydrogen bond 
formation of the type -44 

O=C=N--R 
! I  
O H  
I 
Si 

/I\ 
.. -0 

However. Rochester and coworkers” have shown that the reversible 
reduction of the O H  absorption is in fact due to the formation ofa  surface 
urethane which is stable to evacuation at 373 K but is desorbed at 453 K. 

111.  CHARGE-TRANSFER COMPLEXES 

Althoi@ the broad notion of charge-transfer (CT) complexes includes 
also the complexes treated in the previous, as well as in some of the follow- 
ing, paragraphs we shall treat here only the CT complexes in the more 
restricted sense”, i.e. in which the (iso)thiocyanate atts as a mixed I I  and 
hx, donor to the srs acceptor and the charge-transfer band is observed. 

Quantitative data exist’”-’4 only for complexes between iodine and 
MeSCN, MeNCS, EtNCS and ally1 isothiocyanate. Although charge- 
transfer bands of considerable strength were observed in the ultraviolet 
with the last two they were not suitable for the determination ofequilibrium 
constants. However. this was possible from the blue-shifted internal 
iodine band. In heptane solution the absorption curves passed through an- 
kosbestic point by varying the thiocyanate concentration. Thus formation 
constants of 1-00 mol- for EtNCS and 0.94 mol-’ for ally1 kothiocyanate 
were obtained14 at 20°C. From the temperature depeiidence of the 
formation constants AHo of 3.9 Ifr 0.8 and 3.6 + 0.8 kcal/inol, respectively, 
resulted. For MeSCN the data were unreliab1el4 becaus’e the formation 
constant was too low. However, Wiyland and GoldZ2 give for this complex 
K = 0.17 f 0.B mol-’ (25”C, CCI,) and AH’ = 2.2 kcal/mol. Their 
values for MeNCS even in a different solvent, are in good agreement with 
those of the former authors. Thus, it is clear that the isothiocyanates a r -  
better donors towards iodine than the thiocyanates but weaker than the 
si~lpliides’~. Wayland and Gold” hate also observed the phenolic OH 
shift on bonding to MeSCN and M e w s  and the latter turned out to be 
smaller. This result is used in connection with the theories of ‘soft’ and 
‘hard’ acids and bases as evidence for the site of bonding: the ‘hard’ acid 
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phenol bonds to the 'hard base' nitrogen, whereas the 'soft acid iodine 
bonds prefcrentially to the 'soft base' sulphur. 

IV. COMPLEXES WITH LEWIS ACIDS 

The catalytic role of metal salts with Lewis acid character (CdCI,, ZnCI,) 
has long been known to exist in the isomerization of alkyl thiocyanates to 
isothiocyanates, alkyl cyanates to isocyanates, and in the trimerization of 
aryl isocyanates to cyanuric acid esters. The formation of complexes 
appeared likely from the solubility of such salts in the cyanates and thio- 
cyanates and was confirmed by i.r. spectroscopic data. Thus Martin and 
Weise'6 observed the formation of oily adducts of phenyl, substituted 
phenyl. and alkyl cyanates with AICI, and SnCl,. The antisymmetric 
stretching was shifted by 70-80 cm- '  to higher frequencies in the AICI, 
complexes whereas the shift with SnCI, was only 18 cm-'. The shifts are 
similar in magnitude to those obtained with the corresponding cyanides. 
Because of the appearance of several new bands in the lower frequency 
regions of the infrared spectra these authors suggest that besides the 
possible 0-, N- and aryl-coordinated 1 : 1 Lewis acid complexes (la-c) 1 : 2 
complexes and dimers of the structure 2 and 3 are also formed: 

6 -  - '5 - 
Ar-0-C-N- - - AICI, 

(5 - 
AICI, 
I 

Ar 0 

This would explain also the aromatic proton-n.ni.r. shifts. The dimer type 
ofstructure would be even more pronounced in the SnCI, complexes which 
actually have the ArOCN - 4 SnCI, stoichiometry (4). 
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ArO, ,C4H9 

C=N 

\\ /' 

c-CI 
/ 

(4) 

'\ 

SnCI4 N 

ArO 
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Formation of a CH3SCN * AICI, complex occursz6" when the gaseous 
thiocyanate is adsorbed on  solid AICI,. The complex is characterized by a 
high frequency shift of the CN stretching band from 2168cm-' to 
2214 cm- '  and the displacements as well as intensity changes of the CS 
bands near 700 cni-'. The electron donation is attributed to the nitrogen 
atom. 

Phenyl isocyanate and methyl isocyanate also form oily complexes 
with AIBr, as indicated by the high frequency shifts of the antisynimetric 
N C O  stretching for about I55 cm-  I .  These complexes are obtained by the 
addition of PhNCO and MeNCO, respectively, to a hexane solution of 
AI2Br,, but the  complex PhNCO * AIBr, reacts within 3 hours at 20°C 
to yield a solid compound for which the structure 5 has been suggested2'. 

This is based on the fact that the strong 2400cm" band is replaced by 
C=O and C=N bands near 1640 and 1570 cm - ', respectively. MeNCO - 
AIBr, remains liquid and the infrared spectrum indicates the presence of 
both the coordination complex and the insertion compound. Phenyl 
isothiocyanate first yields also an oily product with A12Br6, but  this turns 
almost instantly to a solid which is likely to be the sulphur analogue of the 
above mentioned insertion compound". I n  view of these results the earlier 
interpretation of Pestemer and Laurer" of the infrared spectra of adducts 
of phenyl isocyanate and of alkyl and phenyl isothiocyanates with 
AI(OC,H,), in terms of coordination compounds have to be revised. The 
spectra do not show the typical bands near 2300 cm- '  of the -NCX groups 
but only bands that indicate double-bonded nitrogen and oxygen. 
similarly as in the previous case. Thus obviously the reaction leading to 
insertion compounds took place. 
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Quite stable complexes are formed” between thiocyanates (methyl, 
chloromethyl, isopropyl, phenyl) and trichloroborane. They are solids 
with melting points around 100 “C. Their infrared bands between 2230 
and 2250 cm-’  are indicative of the persistence of the (essentially) 
R-S-CEN bonding and the high frequency shift relative to the free 
molecules of the order of 150 cm-’  is quite comparable with shifts 
observed in the isocyanate-aluminium bromide complexes. The H,CSCN. 
BCI, complex can be recrystallized from CCI, whereas the others re- 
arrange to bis(amino)borane derivatives or tris(isot1iiocyanate) borane”. 

A weak complex of phenyl isocyanate with BF, is mentioned by Lappert 
and Prokai3’. Such complexes are believed to be the first step i n  the 
diamidoborane formation from aryl isocyanates and boranes, possibly 
also in the analogous reaction of isothiocyanates to dithioamidoboranes. 
At any rate the isocyanate-borane coinplexes appear to be much less 
stable than those of thiocyanates and no characteristics could be obtained. 
The reaction of phenyl isothiocyanate with diborane in  inert solvents 
yields3’ a solid product in which PhNCS - RH, has been identified by 
mass spectrometry as one component, but no details of the structure were 
obtained wirh other methods. 

V. COMPLEXES OF ISOCYANATES WITH CATALYSTS 

The reaction of hydroxyl compounds with isocyanates leading to urethanes 
is catalysed by organometallic compounds as well as by metal carboxylates 
and amines. I t  has been s ~ p g e s t e d ~ ’ . ~ ~  that this catalysis involves ternary 
complexes. Frisch and coworkers3’ have endeavoured to detect complex 
formation in mixtures of phenyl isocyanate and the catalysts stannous 
octoate and lead naplithenate using nuclear magnetic resonance. infrared 
and ultraviolet spectroscopy. Hoivever. they observed no significant 
shifts although such shifts appeared with the catalyst dissolved in methoxy- 
propanol which was used as the hydroxylic component in the reaction 
kading to urethane. Later on, Reegen and F r i ~ c h ~ ~  used the cryoscopic 
method with benzene to show the complex formation between dibutyltin 
dilaurate and triethylamine. respectively, and phenyl isocyanate. They 
found a rather high degree of association, i.e. of the order of 50”,, com- 
plexed catalyst. I t  is surprising that this did not show up in the spectra 
even if considering the fact that the catalyst ratio was lower i n  the previous 
experiments. Abbate and U l r i ~ h ~ ~  have concluded from kinetic measure- 
ments using orgaiiometallic derivatives of lead. tin and mercury in the 
reaction of ri-butyl alcohol that the ternary complex is unfavourable 
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and that i t  appears only in  low concentration. They postulated the 
fo 1 I o\i'ing s t r iict u re (6) : 

Lipatovn and  Nize1*ski3' considercd in n series of papg-5 the possible 
coinplex formation between isocyi\nates and 0-diketone chelates of 
transition metals. particularly copper acetylacetonnt~~ethyl acetoacetate 
and 3-ethyl acetylacetonate. Both the binary complexes of the metal 
chelates with isocyanates and wi th  alcohols. respectively, and ternary 
complexes of those three components were investigated by means of 
electroi$ spectra q id .  in the last3" paper. also by electron paramagnetic 
resonanye spectraiBlue shifts and intensity changes of the (1-rl transitions 
of copper in presence of isocyanate were observed and opposite shifts for 
the n-%* transitions of the ligand caused by. for example. methanol. 
Phenyl isocyanate caused distinct changes in the factors and constants 
of the hyperfine structure of the copper quartet. chelated by 3-ethylacetyl- 
acetonate with further changes occurring on addition of methanol. Corre- 
sponding changes occurred also with phenyl isothiocyanate. The authors 
interpreted these results in terms of binding of the isocyanate and isothio- 
cyanate ;IS f i f th  ligand to copper and of the alcoho1g.r the osygen of the 
ncetylacetonate ;is in the following scheme (7): 

The kinetic analysis4" of the urethane formation confirmed the role of the 
t e 1-11 ;I r y co m p 1 e s . 
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VI. SALTS A N D  ADDITION COMPOUNDS 

There is actually no satisfactory delimitation between salts, adducts, 
addition compounds and reaction intermediates for organic cyanates and 
related groups. Neither does the existing structural basis warrant system- 
ization and therefore we have to content ourselves with a rough grouping 
of the compounds described in the literature. 

By analogy with the addition compounds of nitriles with two molecules 
of hydrosen halides, isocyanates, thiocyanates, and isothiocyanates also 
yield addition compounds in either 1 : 2  or 1 : I ratios with HCI and HBr. 
They were prepared by  Allenstein and Quis4' and the structures proposed 
on the basis of characteristic infrared bands similarly to the nitrilium 
salts studied previously by the same authors. Solid methyl thiocyanate 
adducts with two molecules of either HCl or HBr are obtained by satur- 
ating the ether solution of the thiocyanate with hydrohalide gas whereas 
phenyl thiocyanate yields under these conditions an adduct with HBr 
only. The spectra show a strong and broad band centred near 2740 cm- ' 
and another strong, complex one with the main peak near 1580cn- ' .  
These bands are attributed to the stretching and bending modes of the 
hydrogen bonded NH, group, the latter being coupled with the C=N 
stretching. Hence the structure 9 

yNH2 
RS-C 

+ 
Hal- 

appears the most likely one. 
Methyl isothiocyanate forms 1 : 1 adducts with HCI and HBr. The latter 

adduct appears in two isomeric forms, depending on the conditions of 
preparation which differ in some details of the infrared spectra4'. Charac- 
teristic are the strong bands near 2800 and 1640cm-' which are assigned 
to the NH and C=N stretchings. Structure 10 

is therefore acceptable. Plienyl isothiocyanate yields at low temperature 
an adduct with HBr but this is very unstable. 
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Methyl and phenyl isocyanate yield with HCI and HBr in CH,CI, 
crystalline adducts in I : 1 ratio which have been known4, to exist for a long 
time, but their structure has been elucidated by i.r. spectroscopy only"'. 

Several alkyl and aryl diisocyanate-HCI adducts were prepared by 
Roginskaya and c o ~ o r k e r s " ~  and their i.r. spectra recorded. For example' 
hexamethylene diisocyanate forms with HCI one product which is 
soluble in the diisocyanate and one which is an insoluble solid. A complete 
separation of both was not possible. However, in the former product the 
dominant infrared feature is a strong band near 1757 cm- '  indicating the 
bis-carbaminoyl chloride structure whereas in the latter a weak band near 
2060cm-' persists besides a strong and broad band near 3000cm-'. 
The authors interptet this in terms of the structure of the solid such as 
[R-NH=C=O]+kl-. I t  is rather surprising that the band near 
2060 cm- ' in this and in the spectrum of the analogous nz-phenylene 
diisocyanate is so weak. 

Finally, some addition products of isothiocyanates with tertiary 
phosphines should be mentioned because they are formulated as inner 
salts. Thus N-isothiocyanato diisopropylamine treated with trimethyl 
2.nd trietliyl pliosphine in dry ether yield rather stable adducts of structure 
11. 

- 
(i- Pr)* N - N-C= S 

\ 

The structure is deduced from infrared and nuclear magnetic resonance 
da t a44. 

The corresponding formulation for isothiocyanate-trialkyl phosphine 
adducts has.$een proposed earlierA5. These adducts appear in the form 
of yellow solids, but no proofs of the structure were given. 

The electrophilic character of the carbon atom in cyanates and, par- 
ticularly, in tris(difluoramino)met hyl isocyanate is manifested in the 
adductA6 formation of this isocyanate w i t h  pyridine (12): 

In contrast with aliphatic nitriles. aliphatic thiocyanates are not reduced 
in the Stephen reaction. Instead. white crystalline molecular complexes 
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of butyl and amyl thiocyanates were obtained47 (SnCI,( BiiSCN)2 - 5HC1 
and SnCI, (AmSCN), - 5HCl). The compounds are unstable in air at room 
temperature and on treatment with ice-water the initial reactants are 
obtained. The analogous compound with propyl thiocyanate was so 
unstable that the composition could not be determined. The formation of 
an adduct with dimethyl sulphoxide has been postulated4’ on the basis 
of the specific solvent effect of dimethyl sulphoxide in the tritylation of 
aryl isocyanates. Similarly, the activating role of triethylamine in the 
addition of alcohols to cyanates is explained by the formation of a 
cyanate-amine complex by Martin4‘ and analogously isocyanate-amine 
complexes has been advanced by Pestemer and Laurer”. Adduct forma- 
tion in this sense has also been postulated by Mukaiyama and coworkers49 
between phenyl isocyanate and phenyl isothiocyanate, respectively, and 
tetramethylsulphurane diamide. The evidence is based on the disappear- 
ance of the characteristic isocyanate band when the components are mixed 
in a non-polar solvent. Several more addition compounds have been 
proposed to appear in the course of various reactions” but since no 
evidence of their structure is given we shall not treat them here. 

VII. TRANSITION METAL COMPLEXES 

Although the investigations of metal complexes of cyanates and related 
groups seem to have been conducted for specialized reasons. such as 
trying to get some insight into the bonding of coordinated pseudohalide 
ions or searching for optical isomerism of bidentate thiocyanato ligands, 
rather than in order to acquire data systematically, the examples described 
in the literature cover roughly all classes of transition metals. However, 
the structures of these complexes are deduced only from spectroscopic 
data. Although not as reliable as X-ray structure determinations, they 
give at least some indication as to which is the actual coordination site 
amongst the potential 11 and n: donors in cyanate and related groups. More 
subtle problems such as the influence of the difTerence between the energies 
of the 11,  and lone pair orbitals of sulphur on the geometry of the com- 
plexes remain, of course, to be answered in the future. There is little possi- 
bility of comparing the (iso)cyanate and (iso)thiocyanate groups between 
them because nearly all of the examples of metal complexes are from the 
thio groups. From the few data on (iso)cyanates it appears that they are 
rather difficult to prepare. hence these groups may be considered as less 
stable than the (iso)thiocyanates. In the following we shall try to treat 
first general relations and this will be followed by an account of the existing 
evidence. 
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TABLE 3. Spectroscopic parameters of nitrogen co- 
ordinated species in carbon tetrachloride solutions5 
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10 Dq” Ph 
_____ 

[Cr(AllylNCS),]Cl, 18.18 kK 0.5 
[Cr(NCS),]’- 17.80 k K 0.6 
[Co(AllylNCS),]CI, 5.1 kK 0.65-067 
[Co(NCS),]’ - 4.55 k K  0.69 

Crystal field splitting. 
Ratio of Rncah’s B values for the cornplexed and free 
ion (nephelauxetic ratio). 

One of the interesting questions from the point of view of coordination 
chemistry is how the change from the free ions to the organic derivatives 
influences the ligand properties. Lacking directly determined thermo- 
dynamic quantities, the spectrochemical and nephelauxetic parameters 
should be the most relevant to this question. Only data on Cr3+ and Co2+ 
complexes obtained by Ahmed’ ’ are available and they are reproduced in 
Table 3. From infrared data and, in fact, in agreement with the nitrogen 
position in both series N-coordination is present in all thestQcomplex& 
The difference between the ionic and covalently bonded isdhiocyanate 
is surprisingly small. The 10 Dq and /3 values d a c e  both sowwhere  near 
the middle of the nephelauxetic and spectrochemical series and may be 
taken as indicative of significant n propensity. 

TABLE 4. Shifts in uranyl asymmetric stretching vibration 
in the spectra of complexes R,N[U02CI,L] ( \ s 3  = 943 cm- ’ )  
and R,N ’ [UO,Br,L] ( \ i 3  = 944cm-I) (R,N+ = tetra- 

decylamrnonium ion)” in benzene solvent 

[UO,CI, L] - [ U O  Br, L] - 
Ligand L. * Av3 A 1‘3 

MeCN - 12 - 10 
MeSCN B -13 - 10 
(C,H9)20 - 14 - 10 
MeNCS - 15 
(C.tH90 13 PO - 16 - 14 
cloy - 17 - 15 
(C,H9)3PO -21 - IS 
NO; - 25 - 23 

- 

I -  - 26’ - 24 
S C N -  - 36 - 25 
Br- - 29 - 26 
CI - -31 - 26 
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The effect of the ligands on the asymmetric stretching vibration \ t 3  of 
the uranyl group in equatorially bonded complexes as observed by 
Vdov&ko and coworkers5’ can be interpreted according to Dyatkina 
and Mikhaylo~’~ ,  and to McGlynn and Smith54, in terms of stronger 
donating ability of the SNC- ion, but the perturbation of the U-0 bonds 
might be also connected with the overall charge as obvious from the data 
in Table 4. The higher formation enthalpy of the thiocyanate ion in charge 
transfer complexes with iodine (Table 5 )  may reasonably be attributed to  
the lower ionization potential of 71 electrons in the ion. The difference in 
this sense appears at least in the M O  calculation4 on the HNCO-NCO- 
pair and may be expected also for the corresponding sulphur pair. 

TABLE 5. Formation enthalpies of charge 
transfer complexes with iodine 

AH (kcal/mol) 

SCN- + 1,” - 8.1 
MeSCN + I,’’ - 3.3 

MeNCS + Izh - 3.3 
EtNCS + I?‘ - 3.9 

AllylNCS‘ - 3.6 

“ From Reference 55. 
” From Reference 22. 

From Reference 24. 

In the above mentioned investigation and also in connection with the 
charge-transfer ninplexes studied by Wayland and Gold” the concept 

site of coniplexing. In the charge-transfer complexes with iodine, sulphur 
as the ‘?oft’ base was supposed to be the donor atom towards iodine”. 
Again, MeNCS turns out to yield a larger enthalpy of interaction with the 
softer palladium whereas the harder base MeSCN has a higher enthalpy 
on intera&lng with the harder nickel’” (Tabll6).  

of ‘hard’ and ‘so F t’ bases&%. Jolved which brings us to the problem of the 

TABLE 6. Estimated enthalpies. in kcal/mol. 
of interactions in methyl isothiocyanate and 
methyl thgcyanate with bis(methy1-w-octyl 

gIyoxime)metaI(ii)s6 

MeNCS 0 1.03 0.36 
MeSCN 0.79 f 0.21 0.71 k 0.35 
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The gas-chromatographic technique was used in the determinations 
of enthalpies with metal glyoximates as stationary phase. However, . 

absolute enthalpy values of the axial coordination were not determined 
because of the lack of data on the strength of the metal-metal bonds (of 
the order of 1 kcal/mol) which are replaced by the ligand bonds. Unfortun- 
ately, the known enthalpy (2-2 kcal/mol) of formation of the corresponding 
monothiocyanate nickel(lr) complex in solution5' cannot be used for 
comparison because it includes the solvation effects. 

Coordination through sulphur of EtNCS to the aluminium ion was 
assumed by Haraguchi and F ~ j i w a r a ~ ~ .  These authors have measured 
the chemical shifts and line width in the magnetic resonance of the 27Al 
nucleus of aluminium halides in  a series of organic solvents. In particular, 
the existence of the complex of [Al(EtNCSl3+ was noted in the solution 
of AH, in EtNCS. From these results a sequence of the strength of inter- 
action could be established as follows: H,O > C,H,OH, C,H,OH>> 
C1-, Br-, I -  2 C,H,NCS > C6H5CN > CH2=CHCN > MeCN. This 
sequence corresponds to the UO, stretching shifts as shown in Table 4. 

Most of the evidence for the structure of complexes of the organic 
(is0)thiocyanates and hence of the site of bonding originates from infrared 
spectroscopy. This is most often used in connection with synthetic work. 
The high frequency shift of the 21OOcni-' band is usually taken as a 
criterion for N-coordination in thiocyanate. The S-coordination leaves 
this band with little change. In the isothiocyanates, the S-coordination is 
assumed to cause a high frequency shift whereas N-coordination causes a 
low frequency shift because of a reduced N-C and C-S vibrational inter- 
action. n coordination to the C-S bond seems to reduce the former anti- 
symmetric frequency to as little as 1600 cm-' .  However, the implications 
of the actually observed frequencies regarding the electronic changes on 
complexing and hence to the site of coordination should be taken with% 
some caution in view of the mass and steric effects which are very lucidly 
exposed by Bellamy5'. Some of the conclusions based on infrared fre- 
quencies are fortunately also corroborated by steric considerations. For 
instance, in the case of chelating dithiocyanates, sulphur coordination6' 
is only possible on steric grounds. The frequency of the CN band is in 

From the existing data it may be concluded that the soft, 'b class' 
transition elements prefer bonding to sulphur, selenium, or the n-electron 
system whereas elements of the border region prefer bonding to nitrogen. 
However, no conclusion about the steric influence of the position of the 
ligating atom in organic cyanates and thiocyanates can be drawn. 

1,2-Dithiocyanatoethane and 1,2-diselenocyanatoethane form the most 

* 

agreement with this. aP 



312 DuSan Hadii and Sveiozar MiliCev 

numerous group of complexes with a surprising versatility of bonding 
modes. Bridging structures with ligating nitrogen atoms were proposed 
for a yellow, moisture sensitive complex with the 'class a' metal 
titaniuin(rv) (TiClJ' * NCSCH2CH2SCN)61 and for a temperature un- 
stable complex of the 'class b' metal silver(I)h'. White crystals of AgClO, 
NCSCH,CH2SCN detonate on heating to 165 "C. The crystal is presum- 
ably made up of polymeric Ag * NCSCH 2CH ,SCN- units held together 
by perchlorate ions (13). Attempts to prepare complexes with methyl, 
ally1 or cinnamyl thiocyanates were unsuccesshl"'. 

I 

N N 
I 
C 

I 
C 
I I 

Comparing 1.2-dithiocyanatoethane with 1,2-diselenocyanatoethane as 
ligands. Goodall emphasized the similarity of behaviour towards cobalt(ir), 
rhodiuni(I1r) and i r id ium[~~~) '~ .~ ' .  Cobalt(i1) halides form complexes of 
the type [Cox2 * L],, (with L = NCSCH2CH2SCN, X is C1, Br, I and with 
L = NCSeCH,CH2SeCN. X is C1) which are stable in dry air. Solid 
reflectance spectroscopy in the visible, infrared spectroscopy and magnetic 
*measurements suggest octahedrally coordinated high-spin polymeric 
complexes with a non-clielating ligand in the t r m s  form bonded through 
nitrogen and sulphur (selenium) and with each pseudohalide group 
acting as a bridge between two cobalt atoms. Rhodium(rI1) and iridium(I1r) 
form stable dimeric diamagnetic complexes MX, * L (M = Rh, Ir: with 
L = NCSCH,CH,SCN, X is C1. Br. I and with L = NCSeCH2CH2SeCN, 
X is Cl). The chelating ligand should be in the griirche form, coordinated 

CI CI CI 
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through sulphur or sclenium, respectively. By splitting the chlorine bridges 
in 14 through unidentate ligands. monomeric complexes result (MCI, * 

L - X, M = Rh,  Ir: wi th  L = NCSCH,CH,SCN. X is p-tolui?ine or 
pyridine and wi th  L = NCSeCH,CH,SeCN, X is p-toluidine). 

1.2-Dithiocyanatoetli;i1ie shows no tendency to form complexes with 
nickel(1r). but wi th  palladium(rr) products of indefinite composition were 
obtainedh3. However, a complex wi th  platinum(rr) chloride( PtCl, * L) has 
been A special type of optical isoiiierism in  complex 
compounds is produced by the chelaring lignnd i n  the gmrclie form. 
coordinated through sulphur atoms. While the possible configurations 
were thoroughly discussed using infrared sDectra. no experimental 
information on the coniplcx proper was presented. On the other hand. 
1,2-diselenocyanatoethane yields complexes with both palladium(i1) and 
platinum(1r) (MCI, - Lf". The complexes are insoluble in all common 
solvents and thus thc molecular wight  w;is not drtcrmined. These 
complexes are diarnngnetic. On  the basis of infrared spcctra they were 
forindated as monomeric and square planar. The lignnd is coordinated 
through selenium atoms in the gtrirclw configuration which is necessary 
for chelation. However. the appearance of ;i broad band at about 3300 
cm - suggests that some bonding m a s  be taking place through the 
nitrogen atom alsoh".''. Obviously. more work is needed in order com- 
pletely to elucidate the structure of these complexes. 

Methyl and phenyl isothiocyanate yield crystalline air stable complexes 
wi th  platinuni(ri)6' (Pt - L .(Ph,P),: L = MeNCS. PhNCS). Infrared 
evidence supports the assumption t h a t  the ligands are coordinated 
throuFh the C.-S bond (structure IS) by analogy with the structure of 
the planar CS, No evidence w a s  found for the existence of the 
possible cis-t~-rrris isomerism about the C = N  bond. N o  equivalent 
products with phenyl isocyanate were isolated. This was  directly attributed 
to the low affinity of the metal for oxygen. But. very interesting complexes 
of Pt02(Ph,P)? - ZPhNCO and PtO,(Ph,P,) - PhNCS were obtaine8 its 
intermediate products in the synthesis'df nitrene complexes69. Infrared 
spectra suggest cyclic structures with the participation of the peroxo 
group similar to the structures of adducts of PtO,( Ph,P), with aldehydes 
and ketones". Crystnl structure determinations are mentioned as being 

e 
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in progress. There are both 71 bonded and 0 bonded ligands in the proposed 
structure (16) of the stable complexes of RhCl(L)2(PPh3)2 (I&= PhNCS67, 
PhNC06’ ). 

/Ph 
N 

C 

S 

II 
II 

A series of iridium(1) complexes and a rhodium(1) complex with acyl 
isocyanates was obtained in the course of investigating complexes which 
fix molecular nitrogen. n bonding of the isocyanate group to the central 
metal atom (17) was p r ~ p o s e d ~ l . ~ ~ .  

0 

O n  the other hand, metallocyclic structures composed of M-O-C- 
N-C or M-S-C-N-C skeletons (18) were suggested for a number of 
related complexes of benzoyl and thiobenzoyl isocyanaies and some 
organometallic compounds of rhodium(1) and p a l l a d i ~ m ( 0 ) ~ ~  

(18) A 

An unusual structure (i.r. and n.m.r. evidence) with bridging isocyanate 
‘9 was assumed for the complex (19) of (C,H,),Fe,(CO),CH2NC07~. The 
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structure was supported by the analogy with the carbon-carbon triple 
bond in acetylenes acting as a similar bridging group in (RCrCR)Co,-  

and in (RCrCR)(NiC,H5)276.  

oc-k-co 
I 

HCH 
I 
Nf  

Both platinum and palladium form stable complexes with allyl iso- 
thiocyanate (Pt(C, H, NCS)(PPh 3)267 and Pd(C,H ,NCS),CI’ ’). A criti- 
cal discussion of the platinum complex (20) indicates a 7r-bonded allyl 
group and a sulphur-bonded thiocyanate ion, dissociating in polar solvents 
(21). It is implied that similar bonding conditions are possible in the 
palladium complex also. Further study is promised in this paper5 ’. 

N 
C 

Three iron complexes of butyl and phenyl isocyanates were claimed77. 
The c r p t l  structure determination of one of them, [Fe(CO), * P h N C 0 I 2 ,  
revealed that it is actually an adduct of diphenylurea7*, and one may 
conclude, by analogy, that the other two cognate complexes are likewise 
urea adducts. The only reported stable phenyl isocyanate adduct of the 
border region transition elements seems to be the complex of Ni- 
(PhNCO)z(PPh3)279. It was isolated as an intermediate in nickel-catalysed 
trimerization reaction of phenyl isocyanate. The structure determination 
is in progress. Nitrogen bonding was postulated, as a result of the thermal 
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decomposition studies, in the unstable hygroscopic adduct of VOCI, * 

2PhNCO*".* I .  Some unstable phenyl isocyanate and isothiocyanate 
coiiiplexes were proved to exist i n  solutions. Indications for nitrogen 
coordination were found i n  cliromiuni(Irr) and cobalt(l1) complexes with 
phenyl isothiocyanate, studied by spectroscopy in the visible region. 
Cr/PhNCS and Co/PhNCS ratios were determined to be 1/6 and 1/4 re- 
spectively5 '. A 3 :  1 complex of phenyl isocyanate with cobalt(i1) naphthe- 
nate and a 2: 1 complex with manganese(i1) naphthenate were postulated 
from electron spectra". TaCI, - PhNCS is stable under an inert atmos- 
phere in hesane or heptane solutions under mild conditions". 

The complexes with alkyl esters are more stable. Thus the isomerization 
equilibria of the crystalline niobium(v) and tantalum(v) complexes i n  
melt were studied : 

175 'C 
TaC1;MeNCS &===== TaC1;MeSCN 

l G 5 - C  
NbCI;MeNCS NbC1;MeSCN 

These are tlie only reported isomerization equilibria between the sulphur 
and nitrogen coordinated species that we are aware of. There are 
well-defined 1 : 1 solid complexes of methyl thiocyanate with MeMCI, 
and Me2MCl, (M = Nb, Ta)85. Indications for a mixture of sulphur and 
nitrogen bonded isomers were presented. The complexes, with tlie 
exception of Me,NbCI, - MeSCN. slowly disproportimate in organic 
solvents. In contrast. methyl isothiocyanate yields a series of insertion 
reaction products. The complexes of ethyl tliiocyanate with titaniuni(1v) 
and tin(nr) halides are remarkably stablea6. I t  is possible to purify them 
by sublimation. Coordination through sulphur is suggested. A great 
difference in colour. melting point and infrared spectra between TiCI, - 
EtSCN and TiCI, - EtNCS is stressed. The second one has a spectrum 
very different from that of the pure ligand. I t  was concluded that this 
indicates a great change in the electron distribution of the ligand in the 
complex. The same is true of the TiC1, ~ E I N C O ~ ~ .  However, this complex 
exhibits. in CH2CI, solutions. both the original peaks and the new peaks 
indicating considerable dissociation. This was taken as evidence that the 
molecular changes occurring in the ligand on bonding are reversible if 
the ligand is liberated. An oily, unstable product of the composition of 
TiCI, * ZAIIyISCN was isolated6'. A very unstable. air-sensitive r-butyl 
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isocyanate complex with nickel of the formula Ni(r-BuNCO)(t-BuNC), - 

was isolated at low temperature (-40°C) from a reaction mixture 
involving Ni(t-BuNC)2 and t-BuNCOa7. Its instability prevented charac- 
terization. Coordination was proved by the shifted infrared bands due to 
the isocyanate group and by the reaction of the complex with excess 
t-BuNC in toluene at room temperature, giving Ni( r-BuNC), and 98 "#', 
of coordinated [-BUNCO. Last to be mentioned are actually the first 
reported-in 1934 and 1939-complexes with these ligands. These are 
Co(SCN),(MeSCN)288 and CO(SCN),(E~SCN),'~ which were obtained 
during solubility studies of metal salts in MeSCN and EtSCN. The 
coniplexes lose coordinated esters when exposed to air. 
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I .  INTRODUCTION 

I n  spite of the importance of cyanalcs and their thio derivatives in organic 
cli e ni is t r y. e 1 ec t 1-0 c he t i 1  i cal s t ud i es de ii 1 i ng w i t h  these c o m po 11 n d s are 
very limited in niimber. For esnniple. only one paper. which appeared in 
I9 12. \vas fo~ind on the elect I-ochemical oxidation of thcse compounds. 
The bulk of the \\:ark reporled has in\alvcd polnrographic sttidies and 
on13 a few have bcen supported b! preparative work. Obviously. this is 
a neglected ;ires which could conceivably produce intct-estiiig and worth- 
w h i 1 e cli e in is t 'y . 

Since practically all the \vork in this area has i n \ m l \ d  p'olnrographic 
studies. hnl  f-wave pot en t ials for t lic di flct-c ti t classes of coin poi1 nds are 
tabulated in Tables I. 11. atid I l l .  
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TABLE 1. Half-wave potentials of isocyanates 

Substrate - E'f,, Solvents etc. Reference 

0 C N - (C Hz),, - N C 0 
I1 = 4 
I 1  = 5 
t1 = 6 
n = 7  
t1 = 8 
n = 9  
I1 = 10 

Ci 

C I G N C O  

C I P N C O  

Ci 

O C N G N C O  

7 
NCO 

1.93 
2.12 
2.18 
2.23 
2.235 
2-24 
2-25 

1.55 

2.06 

2.08 

1.93 

1.62 

1.74 

2.00 

2.25 

2.10 
1.83 

0.2 M-Bu,N~ in D M F  
0.2 M-Bu,NI in D M F  
0.2 M-Bu,NI in D M F  
0.2 M-Bu,NI in D M F  
0.2 M-Bu,NI in D M F  
0.2 M-Bu,NI in D M F  
0.2 M-Bu,NI in D M F  

0.2 M-Bu,NI + 0.02 M-Et,NI 
in dioxane/DMF = 3/1 

0.05 M-Bu,NI in D M F  

0.05 M-Bu,NI in D M F  

0.05 M-Bu,NI in D M F  

0.05 hi-Bu,NI in D M F  

0.05 M-Bu,NI in D M F  

0.05 M-Bu,NI in D M F  

Bu,NI in D M F  

Bu,NI in D M F  
0.05 M-Bu,NI in D M F  

13 
13 
13 
13 
13 
13 
13 

11 

15 
28 

15 

15 

15 
28 

15 
28 

28 

14 

14 
15 
28 
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~~ 

Subs Irate - EY,z Solvents etc. Reference 

OCN+CO 

i c o  

rjco 

Nco 

CI 

/ 
NCO 

CI 

@NCO 

NCO CI 

1.98 

2.15 
2.13 

2.15 

2.22 
2.22 

2 1 7  
1.87 

2.05 
2.09 

2.07 
2.07 

1.97 
1.99 

0.05 M-Bu,NI in DMF 15 
28 

Bu,NI in DPAF 14 
0.08 M-Et,NI in 29 

0.05 M-Bu,NI in DMF 15 
dioxane/DMF = 3/1 

0.05 M-Bu,NI in DMF 15 
Bu,NI in DMF 14 

Bu,NI in DMF a I4 
0.05 M-Bu,NI in  DMF 115 

005 M-Bu,NI in DMF 
Bu,NI in DMF 

Bu,NI in DMF 
- 0.05 h+Bu,NI in DMF 

15 
14 

14 
28 

0.05 M-Bu,NI in DMF 28 
Bu,NI in DMF 14 

" All potentials are in V vs Hg-pool. 
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TABLE 2. Half-wave potentials of thiocyanates 

S u b s t s  te -El ,?  Solvents etc. Reference 

( O ) - C H 2 S C N  

( O t C O C H 2 S C N  

CH3 
O C O - 7 - S C N  I 

CH3 

O COCHSCN 

6 

I .52 

1.22 
0.67 
1.59 

0.38 

0.20 

0.44 

I .59 

0.75 
0.75 

q. .6  
1.18 

0.18 
0.35 

0.88 
1.35 

0.22 
3.64 
1-17 
1.69 

1.51 

40':,; EtOH, LiCl 

pH = 3.5 

pH = 9.7 

pH = 3.5 

pH = 3.5 

pH = 3.5 

pH = 9.7 

pH = 2.4 
pH = 8.9 

pH = 2.4 
pH = 8.9 

pH = 2.9 

pH = 8.9 

40",, EtOH. LiCl 

30 

7 

7 

7 

7 

7 

7 

6 
6 

6 
6 

6 

6 

30 
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TABLE 2.  (( '011 filllied) 

Solvents etc. Reference Substrate -El,? 

'COCH~ 

/ 
COCH3 

\ 
COCH3 

H3COC, 

H z N e S C N  

dOCH3 

'N 0 2  

1.83" 

I .89" 

1.42 

1.29 
1.53 

1 -22 

1.26 

1.15 

1.07 

1.26 

80':,, EtOH 

80";, EtOH 

pH = 5 

pH = 5 

pH = 5 

pH = 5 

pH = 5 

pH = 3.10 

pH = S.70 

5 

5 

5 

5 
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TABLE 2. (contiiiued) 

Substrate -El ,*  Solvents etc. Reference 

t 

P S C N  !la%} pH = 3.10 

N Oz :::;} pH = 8.70 
1.39 

O 2 N a S C N  

\ 
NO2 

O S C N  

C H3 ArJ S C N 

:::;} pH = 3.10 
1.29 

::::} pH = 8.70 
1.39 

0'26Dj 0.1 N-HOAc/NaOAc 
067b in 507" acetone 

0.43b} 0.1 N-AmCI/AmOH 
0.83b in SOY.;; acetone 

1.26' 60"; EtOH, 0.05 N - E ~ ~ N I  

1.20' 60:" EtOH, 0.05 N-Et,NI 

1.17' 60",, EtOH, 0.05 N-Et,NI 

1.02' 60",; EtOH, 0.05 N-E~,NI 

1.07' 60'1,, EtOH, 0.05 B-EtaNI 

0.83'] 60",; EtOH, 0.05 wEt,NI 
2.24' 

3 

3 

3 

3 

31 

31 

32 

32 

32 

32 

32 

32 
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TABLE 2. ( c o n h u e d )  

327 

Solvents etc. Reference Substrate - Eli2 

NCS ALJSLr$SCN S 0.7''] 0.9 5' 60":, EtOH, 0.05 wEt4Nl 32 

N CS QSCN 

CH3SO 'zd\sjL S C N 

CH3S02 N c s ~ ' $ S C N  

Br JLCN 

B)--j---iBr SCN 

, /SCN 

0.75'} 60",,  EtOM, 0.05 N-Et,NI 
1.31' 

0.74c] 60",, EtOH, 0.05 N-Et,NI 
1.56' 

1.24' 60'1: EtOH, 0.05 N-Et,NI 
070'  

2.19' 

0.69' 

2.35' 

i 
60°,, EIOH, 0.05 N-Et,NI 

60",, EtOH,0.05 ?+Et,NI 
1.79' (0 

"Ow} 60", ,  EtOH, 0.05 N-Et,NI 2.3 1' 

60",, EtOH, 0.05 N-EtaNI 
0.73' 

2.1 2' 

60",, EtOH. 0.05 N-EtaNI 
0.86' 

2.1 I' 

09'} 60",, EtOH. 0.05 N-Et,NI 
2.15' 

32 

32 

32 

32 

32 

32 

32 

32 

32 

60",, EtOH, 0.05 N-EtaNI 32 
2.1 7') 

Potentials arc in V vs. SCE escept ' V vs. 0.1 x-calomel. 
' V vs. Ag/AgCl/sat. KCI. and ' V vs. Hg-pool. When pH values ;ire given. water was the 

solvent. 
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TABLE 3. Half-wave potentials of isothiocyanates 

Substrate - E l , ?  Solvents etc. Reference 
___ 

R = H  
3-CH3 
3-c1 
4-CI 

3-Br 
4-Br 

2-CI. 4-CI 
3-CN 
3-NCS 
3-OH 
3-OCH3 
3-N(CH 312 
4-N(CH3)? 

3-COOH 
4-COOH 
3-COOCH3 
3-COOClHS 
4-COOCzHs 

3-COOC5H I 1  

3-COOCbH 1 3  

3-COOCSH I - ,  

3-OCOCbH 5 

3-OCO 

3-COCH3 
3-COCb H 5 

3-NHCOCH 3 

3-c (, El 5 

3-C,H, 
7-C H = C H - C (, H 
3-C H=CH -C,H 

1.18 
1.13, 
1.03 
1.09 
I .06 
1.07 
1 . 1  I 
1.06 
1 .oo 
1.05 
I .02 
1.09 
0.99 
0.93 
1.12 
1.06 
1.13 
1 . 1  5 
1.15 
1.22 
1.22 
0.99 
1.02 
1.06 
1.04 
1.01 
0.98 
1 .oo 
1.01 

pH = 9.1 
pH = 9.1 
pH = 9.1 
pH = 9.1 
MeOH/H,O 
pH = 9.1 
pH = 9.1 
MeOH/H,O 
pH = 9.1 
pH = 9.1 
MeOH/H20  
pH = 9.1 
pH = 9.1 
pH = 9.1 
pH = 9.1 
pH = 9.1 
pH = 9.1 
pH = 9.1 
MeOH/H 2O 
pH = 9.1 
p1-l = 9.1 
pH = 9.1 
pH = 9.1 
pH = 9.1 
M e O H / H 2 0  
pH = 9.1 
pH = 9.1 
pH = 9.1 
pH = 9.1 

1.00 pH = 9.1 

1.02 pH = 9.1 
1-00 pH = 9.1 

1.04 pH = 9.1 
1.1 I pH = 9.1 
1.10 pH = 9.1 
1.09 pH = 9.1 

1.05 pH = 9.1 

19 
21 
21 
19 
20 
19 
19 
20 
21 
19 
20 
19 
21 
21 
21 
21 
19 
19 
20 
19 
19 
21 
21 
19 
30 
21 
21 
21 
31 

21 

21 
21 
21 
21 
19 
19 
19 
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TAIH.I: 3 .  ( c o I j / h l ( d )  

Substrate - E, , ,  Solvents etc. Reference 

1-Naplitliyl isotliiocyanate 
2-N aphtliyl isothiocyanatc 
4-B romo- 1 -na ph thy1 isot h iocyanate 
1 -BI-oiiio-2-naphtliyl isotliiocyanate 
2-Acridinyl isothiocyanate 
3-Acridinyl isothiocyanate 
4-A cr id i n y 1 i so t 11 iocya nil t e 
5-A cri d i n y I is0 t h iocy a na t c 

Y = O  R = H  

Y = S  

4-NHOH 
4-CH3 
4-C1 
4-Br 
4-NCS 

R = H  
4-N(CH 3): 

4-CH 3 

4-CI 
4- Br 
4-NCS 

Y = CH, R = H  
4-N(CH 3)2 

4-NHOH 
4-C H 3 

4-NHCOCH 
4-NCS 

Y = so, K = H  
4-N( CH 3)2  

4-NHOH 
4-CH3 
4 x 1  
4-Br 
4-NCS 

Y = C H = C H  K = H  

1.12 
I .07 
I .05 
I .04 
1.14 
1.15 
1.15 
1.07 

1.13 
1.1s 
1.19 
I .20 
1.17 
1.18 
1.17 
1 .oo 
I .03 
1.01 
0.00 
0.98 
0.98 
I .02 
I .03 
1.02 
1 Q3 
1-01 
0.99 
0.95 
0.95 
0 9 4  
0.95 
0.94 
0.94 
0.94 
1.12 
1.07 
1.16 
1.14 
1.14 
1.13 

pH = 9.1 
pH = 9.1 
pH = 9.1 
pH = 9.1 
pH = 9.1 

;; 1 ;:; 
pH = 9.1 

pH = 9.1 
pH = 9.15 
pH = 9.15 
pH = 9.15 

pH = 9.15 
p H  = 9.15 
pH = 9.15 
p H  = 9.t5 
pH = 9.15 
pH = 9.15 
pH = 9.15 
pH = 9-15 
pH = 9.15 
pH = 9.15 
pH = 9.15 
pH = 9-15 
p H  = 9.15 
pH = 9.15 
pH = 9.15 
pH = 9.15 
pH = 9.15 
pH = 9.15 
pH = 9.15 
pH = 9.15 
pH = 9.15 
pH = 9.15 
pH = 9.1 

pH = 9.15 
pH = 9.15 
pH = 9.15 

pH = 9-15 

pH = 9.15 

i9 
19 
19 
19 
19 
19 
19 
19 

19 
24 
24 
24 
24 
24 
24 
24 
24 
34 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
19 
24 
24 
24 
24 
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Substrate Solvents etc. Reference 

4-CI 
4-Br 
4-NCS 

Y = co R = 4-OCH3 
4-CH 3 

H 
4-Br 
4-NCS 
4-NHOH 

Y = coo R = 4-OCH3 
4-CH 3 

4-CH(CH,)z 
3-CH3 
H 
4-c1 
4-Br 
4-1 
4-NCS 

Y = oco R = 4-OCH3 
4-C(CH3)3 
4-CH3 
3-CH3 
H 
4-c1 
4-Br 
3-CI 
4-COCH j 

1.11 pH = 9.15 
1 . 1 1  pH = 9.15 
1.09 pH = 9.15 
1.01 pH = 9.2 
1.00 pH = 9.2 
0.99 pH = 9.2 
098  pH = 9.2 
0.97 pH = 9.2 
1.01 pH = 9.2 
1.02 pH = 9.2 
1.01 pH = 9.2 
1.01 pH = 9.2 
1.01 pH = 9.2 
1.01 pH = 9.2 
1.00 pH = 9.2 
1.00 pH = 9.2 
0.99 pH = 9.2 
1.04 pH = 9.2 
1.08 pH = 9.2 
1.08 pH = 9.2 
1.08 pH = 9.2 
1.08 pH = 9.2 
1.07 pH = 9.2 
1.07 pH = 9.2 
1.07 pH = 9.2 
1.07 pH = 9.2 
1.06 pH = 9.2 

"'Q-. = .aNcS 
R 

N C S = 4  R ' = H  R = H 1.12 pH = 9.1 
1.15 pH = 9.2 

4 $-OCH3 H 1.16 pH = 9.2 
4 4'-CH 3 H 1.16 pH = 9.2 
4 3'-CH3 H 1.16 pH = 9-2 
4 4'-CI H 1.15 pH = 9.2 
4 4'-Br H 1.15 pH = 9.2 
4 3'-C1 H 1.15 pH = 9.2 
4 4'-NCS H 1.14 pH = 9.2 
4 3'-Br H 1.14 pH = 9.2 

1.16 pH = 9.1 
3 4-N(CH3)2 H 1.15 pH = 9.1 

4 4'-N(CH3), H 1.17 pH = 9.2 

24 
24 
24 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 

19 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
19 
19 
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T~13l-E 3. (confiriued) 

Substrate - E, , ,  Solvents etc. Reference 

33 1 

2 4'-N(CH,)z 3-CH3 1.16 pH = 9.1 19 
3 4'-N(CH,)z 4-CH3 1.13 p;FI = 9.1 19 
4 4'-N(CH,), 2-CH.3 1.13 pH = 9.1 19 

5 4'-N(CH3), 2-CH3 1.15 pH = 9.1 19 
4 2'-CH3 3-CH3 1.15 pH = '3.1 19 

4 4'-N(CH3)2 3-CH3 1.14 pH = 9.1 19 

Potentials are in V vs SCE. When pH values are given. water was the solvent. 

II. THIOCYANATES 

A polarographic study of the reduction of 1 and 2 at the D M E  in aqueous 
solution led to the proposal that the reaction involves the uptake of 6 e  

RSCN + 6 e  + 6 H20 ___* RSH + CH3NH2 -t 6OH- (1 ) 

generating the corresponding thiophenol and methyl amine' according 
to equation (1). The polarographic reduction potential was found to be 
pH independent but dependent upon substrate concentration. The 
reaction was later reinvestigated using preparative electrolysis with 
product identification'. Both the thiophenol and cyanide ion were estab- 
lished as the products and coulometry showed that a 2 e reduction had 
occurred according to (3) .  

'RSCN + 2 e  + H20 - RSH + CN- + OH- (2) 

The reduction of the three isomers of nitroplienyl thiocyanate revealed 
that the nitro p o u p  could selectively be reduced in  the presence of thio- 
cyanate groups3. In acidic solution the orrho substituted compound, 3, 
gave a single 6 e wave while the mer(i and p t i ~  substituted compounds 
were reduced in two steps involving four and two electrons. respectively. 
The reactions were rationalized according 10 equations (3) and (4). At 
higher pH (8.7) an additional 3 e wave \ u s  observed which was attributed 
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a N o 2 + B e + 6 H +  SCN - =ANH2 + 2H20 (3) 

(3) (4) 

Q +? Q ;;+ ’ Q + H 2 0  

SCN SCN SCN 

(4) 

to reductive cleavage of the thiocyanato group of the ortho and ~ N I Y I  

isomers. 
Similar results were reported for the reduction of thiocyanato sub- 

stituted ace top hen one^^.^ where the reduction of -SCN to -SH and 
\ \ 

C=O to CHOH was postulated. 
/ / 

While all of t i e  aromatic thiocyanates studied were found to undergo 
reductive cleat’lage of the cyanide ion, cleavage of both cyanide and 
thiocyanate ions have been observed in aliphatic systems. I t  was found 
that the 5-substituted furfuryl thiocyanates. 8 and 9. gave reversible 2 e 

0 

.t. 

0 

0 (9) 

(8) 

O2N J L L S C N  

(1 0 )  

polarographic waves which were nearly independent of both pH and 
concentration6. Microcoulometry also indicated that the reductions 
involve the transfer of 2 e. The pH independence of E l i ,  was taken as 
evidence that the primary step does not involve protons and the mechanisni 
in equations (5)-(7) w a ~  suggested. 
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Very complicated results were obtained for the polarograpliic reduction 
of 10. Five reduction waves were observed, some of which must involve 
reduction of the nitro group. 

Both polarography and controlled potential electrolysis were used to 
establish the reduction pathway of phenacyl thiocyanates'. The reaction 
was found to involve the uptake of two electrons accompanied by the 
cleavage of the thiocyanato group according to equation (8). The same 
overall reaction was observed for several substituted phenacyl thio- 
cynna t es. 

A reaction which indirectly invplves the . thiocyanate group was 
observed when two thiocyanato substituted steroids were reduced electro- 
chemically*. The reactions apparently involve,reduction of the 
r,P-unsaturated keto group to an enolate anion which attacks the 
thiocyanate group (9). 
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A 

A recent electroanalytical study of the decomposition pathways of 
electrolytically generated anion radicals of both aromatic and benzyl 
thiocyanates further illustrates the different reaction pathways’. Cyclic 
voltammetry and chronoamperometry were used to show that p-nitro- 
phenyl thiocyanate is reduced in two successive, one-electron steps 
( -  1.02 and - 1-12 V vs. SCE) to an unstable dianion (equation 10). 
The dianion was found to decompose rapidly generating thiophenolate 
and cyanide ions (equation 11).  
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The intermediatg anion radical (20) was found to decompose as well in a 
first order reaction with a rate constant of 0.23 sec-' in acetonitrile at 
22-5 "C. Two reduction peaks were observed during cyclic voltammetric 
experiments on 1)-nitrobenzyl thiocyanate in acetonitrile. The first 
process involves the reduction of the substrate to the corresponding anion 
radical. The anion radical was found to decompose rapidly giving rise 
to an electroactive species which was reduced at the second reduction 
peak. Exhaustive electrolysis of p-nitrobenzyl thiocyanate in aceto- 
,litrile resulted in the formation of both 4,4'-dinitrobibenzyl and p- 
nitrotoluene. Coulometric 17 values were found to be independent of the 
presence of added proton donors which was taken as evidence that the 
formation of p-nitrotoluene occurs by a hydrogen atom abstraction 
reaction rather than by further reduction of the intermediate p-nitro- 
benzyl radical. Hence, the results could be explained by the following 
equations. The rate constant for decomposition of 24 was estimated from 
cyclic voltammetry to be equal to about 2 x lo4 sec- '. 

C6FN 

N 0 2  

(23) 

Q 9 4 3  

+ S' 
NO2 

(25)  
(SH =Solvent) 
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111.  ISOCYANATES 

The widespread use of aliphatic and aromatic isocyanates and diiso- 
cyanates for the preparation of plastic foams (i.e. polyurethane foam) 
has effectively stimulated research on the physical and chemical properties 
of these compounds. Despite this electrochemical studies are scarce. 

Polyurethane formation involves the reaction with ii divalent alcohol. 
e.g.. ethylene glycol. producing a linear polymer. which can be further 
polymerized by addition of watcr. 

(30) H2° b Polymer (1 5) 

However, isocyanates are also capable of undergoing polymerization by 
themselves under formation of ‘polyisocyanates’. This type of reaction is 
initiated by anionic catalysts”. but Shapoval and coworkers” have 
shown that a good yield of a crystalline stereoregular polyphenyliso- 
cyanate could be obtained by cathodic reduction of phenylisocyanate in 
dimethylforniamide. The reaction wa? conducted in a divided cell? at 
nickel grid electrodes at controlled,current (0.01 mA/cm’) and tetra- 
butylammonium iodide as supporting electrolyte. The isolated yield was 
up to 75 I%,. Similar results were obtained with diisocyanatotoluene 
(a mixture of 65”/,  of the 2.4 isomer and 35”,, of the 2,6 isomer) and 
1,6-diisocyanatoliesane. The stereoregularity of the polymer formed was 
explained by an effect similar to that of an ordinary stereospecific catalyst. 

The po ss i b i 1 it y of in i t ia t i ng p o 1 y ni e r i za t ion elect roc h em ica 1 I y has 

* 

. 
“In absence or a diaphragm no polymer was lorlned indicdtins that the reaction in Pact is 
electrochemical generation of an anionic polymerization catalyst. When an undivided cell 
is used. the catalyst is trapped by protons generated at the anode. 



9. The electrochemistry of cyanates and related compounds 337 

demonstrated the need for knowledge of the electrochemical (polaro- 
graphic) behaviour of the isocyanates. Unfortunately no detailed product 
study has been reported, although a number of interesting proposals 
ha been mentioned in another paper by the Russian workers”. It seems 
likely, however, that under protic conditions an isocyanate, 31, is reduced 
in a two-electron process to the corresponding N-formyl amine. 32, 
analogous to the reduction of isothiocyanates [see next section] (equation 
16). 

RNCO + 2 e  + H20 - RNHCHO + 2 0 H -  (16) 

(31) (32) 

In aprotic solvents the reaction appears to be somewhat more complicated, 
both the limiting current and the polarographic x-value being dependent 
on the substrate concentration. In addition to the polymerization reaction 
already mentioned also the forination of dimers and triiners of the type 
33 has been discussed 1 2 .  

0 

(33) 

The assumption that the polnrographic half-wave potential could 
serve its a pzrameter reflecting the reactivity of an aliphatic diisocyanate 
towards the formation of polyurethanes was the basis for the study of a 
series of compound:m with the general formula 06ZN-(CH2),,-NCO’ ’. 
A key step in urethane formation is the nucleophilic attack on the iso- 
cyanate group by a hydrosyl group. a process which was compared to 
the nucleophilic combination of an isocyanate with :in electron. The 
hulf-wave potential was denionstrstcd to be stronsly dependent on the 
number of niethylene groups. I J ,  inserted between the two isocyanate 
groups as illustrated in Figure 1 .  

An attenuation factor of the value 0.4 could be obtained from a plot of 
log E ,  ? ( 1 7  + 1 )  versus log E l  2 ( 1 ~ ) .  This is a rather high val~ie demonstrating 
a strong effect of 1 7  on for small 1 7  values and a mild effect for high 
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2.3 I 

L I  I 

4 6 8 10 
Number of methylene groups, n 

FIGURE 1. 

JI  values, which is also supported by the Figure. The polarographic 
a-value was for all the compounds under investigation found to be close 
to 0-07 indicating a highly irreversible electrochemical reduction. 

Also the aromatic isocyanates and diisocyanates are irreversibly 
reduced at the dropping mercury electrode'".'', but the reported U-values 
are higher. A typical found value is 0.1215. 

I t  is of interest to note that, similar to the aliphatic diisocyanates, 
aromatic compounds substituted by two isocyanate groups give rise to 
only a single polarogrnpliic wave. The observed limiting currents are 
twice those of the corresponding monosubstituted compounds indicating 
simultaneous reduction of the two isocyanate groups by a four-electron 
process".". Eleciron-donating substituents, methyl and metlioxy. were 
found to shift the El ,?  values toward more negative values, while the 
electron-withdra\~fiii~ chlorine had the opposite effect. An  analogous 
effect was observed o n  the rate of formation of polyurethanes. Electron- 
donating substituents lower the rate of polyurethane formation. while 
electron-withdrawing substitiients increase the rate when introduced 
into a diisocyanate molecule. 

Further elaboration on this subject showed that a linear relationship 
exists between the half-wave potentials of isocyanates and the value of 
the substitution constant. ~ 7 ' ~ .  Such relationships have been reported in 
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numerous casesi6, and it was possible to obtain values of the substituent 
constants for -NCO ”. The slopes, p, were identical for a series of mono- 
and diisocyanates, and it was concluded that the susceptibility to the 
influence of substitileiits for the two groups of compounds is the same. 
Furthermore the positive sign of the slope (the value is not given) indicates 
the electrochemical step in the reduction process to be rate determining. 

IV. ISOTH 10 CYAN ATES 

The isothiocyanates have been by far the most extensively studied class of 
compounds in this context. 

Zahradnik” appears to have reported the first polarographic study of 
an isothiocyanate. Phenyl isothiocyanate was found to be reducible at 
the dropping mercury electrode in alkaline aqueous solution at - 1.04 V 
vs NCE indwendent of pH. Lund reported a combined polarographic 
and preparative study of the same compound”. In acidic solutions, two 
two-electron waves were observed. while in alkaline solution only one 
two-electron wave was observed. A preparative experiment under alkaline 
conditions resulted in the isolation of thioformanilide (35) according to 
the reaction scheme in equation (17). 

CI~HS-N=C=S + 2 e  4- 2H20 ___* C6H5-NH-CHS + 2 0 H -  (17) 

(34) (35) 

Thioformanilide was also suggested to be the product under acidic 
conditions, but the rapid hydrolysis of thioformanilide under these 
circum<tances precluded a verification. Lund explained the appearance 
of a second polarographic wave in acidic solution by the further reduction 
of thioformanilide to N-mercaptomethylaniline, 36. the fate of which 
was not reported. 

CsH5NHCHS + 2 e  + 2 H20 - C ~ H ~ N H C H Z S H  + 2 OH- (18) 

(3 5 )  (36) 

However, in another preparative study by Zahradnik and coworkersL9 
exhaustive electrolysis led to aniline, formaldehyde and hydrogen sulphide 
supporting the reaction scheme suggested by Lund. In the same paper” 
half-wave potentials for not less than 38 isothiocyanates were given. 

Several polarographic studies have been reported where El ,2  is car- 
related with the Hammett substituent c ~ n s t a n t ‘ ” - ” ~  . Linear plots were 
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generally obtained and have been discussed in terms of electron-with- 
drawing and -donating effects of the various substituents. Extensive 
measurements were made on compounds of the general structure 372625. 

(37) 

X=CH=CH, S, 0, CO, CH2, COO, NH-NH. OCO, SO2 

Y = non-electroactive substituent 

c 
From the effect of Y on the half-wave potential for reduction of the NCS 
group, the ability of X to transfer electron-withdrawing or -donating 
effects could be studied. The results were in agreement with those obtained 
from i.r.-spectroscopic measurements and the coefficient of the electron 
transfer effects, d,'' was calculated. The hindering effect was found to 
increase in the order given bg\ow compound 37. 

I n  all product studies reported, the products identified were always the 
corresponding thioformamides. An ECE mechanism (electron transfer 
followed by a chemical step and further electron transfer) has been 
proposed for the electrochemical reduction of isothiocyanates in general" 
(equations 19-22). 

H e  
(20) Ar-N-t=S + H' Ar-N-C=S 

(39, (4 0)  

H .  H -  
Ar-N-C=S + e A Ar-N-C=S (21) 

(40) (41 ) 

(22) 
H -  C H 

(41) (4 2) 

Ar-N-C=S + H- ___* Ar-N-CHS 
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1. INTRODUCTION 

Compared with thermal reactions of cyanates and related groups the 
photochemical reactions applied to this field of chemistry have been 
greatly neglected. This treatise deals with scientific findings of interest to 
the organic chemist, and with some physicochemical aspects which result 
from the irradiation of isocyanic acid vapour, methyl thiocyanate and 
methyl isothiocyanate. The photochemistry of SCN- in aqueous solution 
has been omitted. 

Photochemical conversions of the considered class of compounds can 
be reduced essentially to three mechanisms, all of which consist primarily 
of a homolytic scission of the molecule: 

(a) The whole functional group dissociates as a radical from the frag- 
ment R :  
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RXCY + hv - R e +  'XCY 

XCY'+'R - RYCX 

On recombination often the more stable isomers are produced (e.g., 
isocyanates from cyanates, isothiocyanates from thiocyanates). 

(b) In the case of cyanates, isocyanates and thiocyanates additional 
formation of a diatomic molecule occurs: 

ROCN + h i -  - RO'+%N 

RSCN + hi? - RS'+ '(3N (2) 

RNCO +hi? - RN + CO 

The production of reactive alkoxy radicals, thiyl radicals and 
nitrenes leads to complex reaction mixtures. 
Finally it was found that on irradiation isothiocyanates have a 
tendency to form atomic sulphur and isonitriles: 

(c) 

RNCS + h r  - RNC + S (3) 

Aside from these major fragmentations a large number of side reactions, 
depending on temperature, concentration and nature of solvent, occur; 
these are discussed in the respective chapters. Moreover, as is character- 
istic for photochemical reactions, they are accompanied by the formation 
of polymers. 

I I .  SPECTRA 

In accordance with the little work that has been done on cyanates and 
related compounds .. only a small number of U.V. absorption spectra are 
available. , 

Alkyl cyanates show an absorption maximum at 260nm ( E  = 13), the 
exact position being solvent dependent; moreover, strong absorption 
occurs under 220 nm'. However, the cyanates were far less investigated 
than the isocyanates. Isocyanic acid vapour, photolysed at 200 mm 
pressure in order to suppress polymerization, absorbs continuously 
under 224 nm and shows diffuse bands between 257 and 225 nm'. The 
long-wave limit of the absorption continuum for alkyl isocyanates occurs 
at approximately 230 nm. Acetyl isocyanate shows an additional band 
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with a minor extinction at 248 nm, which may be ascribed to the acetyl 
carbonyl chromophore3. 

More U.V. spectra are available for i s o t h i ~ c y a n a t e s ~ - ~ .  Independent of 
the structure, absorption is observed a t  244-249 nm (see Table 1). 

TABLE 1. Position and intensity of U.V. absorption maxima of 
alkyl isothiocyanates6 

Alkyl group Wave length (nm) Extinction (log 8 )  

Methyl 
Ethyl 
Isopropyl 

Isobu tyl 

ti-Amy1 
ii-Hexyl 
tl-Octyl 
Cyclo hexyl 
Ally1 
~~-c?-Me%allyl 
P-MethaEyl 
trails-Crot yl 

“i, 3-Butenyl 
4- Pent en yl 
Benzyl 
m-r-Phenetyl 
3-Methylthiopropyl 
4-M e t h y I t h io bu t y I 
5-Methylthiopentyl 
Phenyl 

1-Bu tyl 

tl-Butyl 

244 
245 
246 
248 
245 
245 
245 
245 
245 
246.5 
246 
24s 
247 
246.5 
246 
245 
248 
247.5 
2455 
245 
245 
270 

2.8 
2.9 
2.90 
3.05 
2.86 
2.85 
2.83 
2.78 
2.94 
2.94 
2.94 
2.98 
2;9 7 
3.04 
2.94 
2.5 5 
3.08 
3.19 
3.0 1 
2.95 
2 9 1  
3.98 

The order of magnitude of the molar extinction amounts to lo3, and 
the absorption is assigned to an allowed n -+ n* transition. This should 
lead from the dipolar structure of the isothiocyanate. which can be 
attributed from i.r. and Raman spectra analysis, to the cumulated arrange- 
ment of the double bonds6. 

(4) R-N-c-? + h19 L R-N=C=S 

On the other hand the isomeric alkyl thiocyanates absorb much less 
( E  = 30) in the 240 nm region5 and the maximum apparently results froin 
a forbidden transition. In fact, in the case of thiocyanates the 7c --+ n* transi- 
tion is accompanied by, a charge distribution and leads to a dipolar 
structure containing trivalent sulphur6. 

+ 
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Methyl thiocyanate as well as methyl isothiocyanate absorb continuously 
in the vacuum u.v., where the isothiocyanate shows an extensive maximum 
from 165 to 185nm’. 

111. ISOCYANATES 

A. Photochemical Synthesis of lsoc yanates 

An intramolecular hydrogen transfer caused by a CO group (as observed 
with numerous photochemical reactions) leads on irradiation of N -  
substituted P-0x0-amides to the scission of the molecule. The isocyanate 
and the enol form of the ketone are produced by way of a six-membered 
cyclic transition state whose conformation is facilitated by hydrogen 
bonding’. 

R’ \,/OH 

The yields achieved correspond approximately to normal preparative 
methods, if R4 = phenyl, p-tolyl, benzyl, or-naphthyl or cyclohexyl. 
Pyridine-2-isocyanate has been prepared for the first time according to 
this reaction and was isolated as 2-pyridyl urea due to the presence of 
NH, during irradiation. 

Furthermore, isocyanates appear as the‘ products of the light-induced 
decomposition of acyl azides’, 1,3-di-t-butyl-1,3-diazetidinedione (1) 

$,‘equation 7)” and of the five-membered heterocycles 2 and 3 (equations 
8 and 9)”. 
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+ h i v  2RNCO 
' 0 -  c 1 

+hv 2RNCO 

N O  R = A r y l  

R-C .r-p 
'0--s 

347 

(9) 

A complete agreement could not be achieved on the question of whether 
the formation of the isocyanate from the dioxazolone 2 and from the 
dioxathiazole 3 proceeds over a discrete acyl nitrene intermediate, or 
whether-as was proved in the case of the photolysis of pivaloyl azide"-- 
a photo-Curtius rearrangement takes place' '. 

B. Nifrenes from lsoc yanates 

Like organic azides, isocyanates on irradiation represent a potential 
source of nitrenes. However, not only the desired dissociation of the 
RN-CO bond occurs, but also the scission of the R-NCO bond, contrary 
to azides which dissociate much more cleanly at the RN-NN bond. 
The photochemical synthesis of nitrenes from isocyanates proceeds in a 
far le3s specific manner than their preparation from azides and has there- 
fore found no interest in laboratory praxis. 

+. 

1. Photolysis of isocyanic acid vapour 

From the possible isomers with the formula CHNO only isocyanic acid, 
H-N=C=O, is stable in the vapour phase. The vapour of isocyanic 
acid absorbs continuously at wave lengths below 224 nm (see Section 11) 
so that in irradiation experiments mainly unfiltered medium-pressure 
mercury lamps were used. 

Because of the structural similarity with ketene, isocyanic acid shows 
similar photolytic behaviour and produces primarily the NH radical14* ' 
and carbon monoxide. Besides the N-C bond also the H-N bond is 
split producing the NCO radical16.' '. 
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Both primary processes proceed with a quantum yield higher than 0.5; 
as end-products N 2 ,  H, and CO can be identified”. The production of 
H2 does not occur when the irradiation of isocyanic acid takes place in 
the presence of ethylene, O2 or NO”. Although the formation of tlie 
,Simplest nitrene, NH, according to this photolysis has no preparative 
significance, the strong emission bands from NCO and NH allow the 
determination of bond energies and heat of formation of the isocyanic 
acidz0. 

If the photolysis of HNCO is not carried out in the gas phase but in a 
matrix (Ar, Ne, N, or CO) at a few degrees Kelvin, then isomerization to 
cyanic acid (equation I 1  and 12) accompanies the formation of NCO 
(equation 13 and 14)”. 

HNCO + hr - N H  + CO 

N H  + CO- HOCN 

HOCN + h r  ___* NCO*+ ‘H 

HNCO + hr ___* NCO’+*H 

2. Alkyl and acyl isocyanates 

Analogous to isocyanic acid, two reaction mechanisms operate when 
methyl isocyanate is irradiated in the vapour phase between 240 and 
210 nm”. 

If the decomposition is Hgsensibilized. reaction of two NCO radicals 
yields N, and CO. In direct photolysis, on the other hand, the NCO 
radical seems to abstract hydrogen and isocyanic acid is formed. In both 
cases the methyl nitrene polymerizes due to its reaction with CH,NCO 
or further nitrene molecules. 

With the next higher honiologue. ethyl isocyanate, an additional third 
primary process can be observed3. 
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C2H5NCO + hv - C2H4 + HNCO (1 6) 

Ethylene is formed besides C2H,N and the NCO radical-probably as 
the product of a Norrish Type I1 process, which proceeds over a six- 
membered cyclic transition state (equation 17). 

The photolysis of acetyl isocyanate, CH,CONCO, seems to occur 
through a similar cyclic transition state which yields ketene as the main 
product ’. 

U p p  irradiation of chloro isocyanate with a high-pressure mercury lamp, 
the formation of COC12, CO and N, can be observed; when using a 
Pyrex glass filter chlorocarbonyl isocyanate, ClCONCO, appeared as* 
an additional p r ~ d u c t ’ ~ .  

3. Aryl and styryl isocyanates 

Photodecomposition of phenyl isocyanate, o-tolyl isocyanate and 
naphthyl-I -isocyanate yields aryl nitrenes. On U.V. irradiation in a hydro- 
carbon matrix at 70 K triplet signals were measured which were identical 
with those obtained from photolysed p%enyl a ~ i d e ’ ~ .  The reaction 
products from the photolysis of styryl isocyana:e and biphenyl isocyanate 
proved to be very similar to those which were observed at their preparation 
from nitrene precursors (e.g., azide + hv, nitro compounds + phos- 
phines)”.”. 

8 

CH=CHNCO + hi* - 0- 
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\ 
NCO 

N-C 
H I I  

In addition phenantridone (4) is formed when the phenyl group reacts 
with the excited isocyanate. 

C. Photoassisted Addition of Alcohols 

The well known ionic reaction between alcohols and isocyanates, 
yielding urethanes, often proceeds very slowly (and gives a large amount 
of elimination product) when sterically hindered alcohols are used. The 
rate of this addition reaction may be enhanced by using a tungsten lamp, 
chlorinated solvents and various catalysts2'. 

A 92 "A yield of r-butyl cyclohexylcarbamate is thus obtained by exposing 
a CCI, solution of the respective alcohol and isocyanate to light for 
12 hours. 

IV. PHOTOLYSIS OF CYANATES 

Cyanates, ROCN, have a similar structure to the organic nitrites and 
hypohalogenites, whose photochemistry'has been intensively investigated. 
However the photolysis of the cyanates has found little attention. Hara 
and coworkers irradiated (gaseous) n-butyl cyanate, which has an absorp- 
tion maximum at 260nm and a strong absorption band belbw 220nm, 
with a high-pressure mercury lamp and obtained mainly iz-butyl isocyanate 
and n-butyl isocyanurate (the cyclic trirner of n-butyl isocyanate)'. 
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n-CaHgOCN + h~ - n-C4HgNCO - ( o - C ~ H ~ N C O ) ~  622) 

Since this is the only conversion on irradiation with light of 250 nm and 
the only reaction that occurs even when sensibilized with Hg or benzene, 
it is assumed that it proceeds via a triplet state without really producing 
radicals. The formation of by-products (HCN, ii-C,H90H, ii-C,H,CHO 
etc.), however, appears to be the result of fragmentations, which assume 
a high energy singlet state as the excited intermediate. These radical 
reactions are not suppressed on addition of 0, as is the case with the 
isomerization. 

Likewise on irradiating aryl cyanates in cyclohexane solution a radical 
scission takes place28. 

ArOCN + hv __* ArO' + .CN (23) 

Aryloxy radicals are sufficiently stabilized to undergo not only dehydro- 
genation reactions with the solvent but also rearrangements (e.g., o-tosyl 
cyanate forms various phenols2*; equation 24), whereas alkoxy radicals 
are too unstable and immediately abstract hydrogen from the solvent. 

- 

CH3 

0 + 
OCN C N  

However, if the cyanate group is in a well-shielded position (e.g., as in 
the cyanate 5 )  the isomerization becomes dominant again'8. 

q O C N  + hi' q N C 0  phenols and (25) 

(5) 
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Contrary to the photolysis of nitrites and hypohalogenites in which the 
RO-NO and RO-X bond is split, under the same conditions cyanates 
are frequently isomerized to isocyanates. This corresponds to higher 
bond energies in the cyanate group and to its greater stability in the 
excited state. 

V. THIOCYANATES A N D  ISOTHIOCYANATES- 
PH OTOl SO M ER IZATIO N . 

On irradiation in vacuum ultraviolet methyl thiocyanate as well as 
methyl isothiocyanate produce a fluorescence spectrum, which proves 
the generation of excited SCN radicals’. For the cleavage of the CH,-NCS 
bond and the CH,-SCN bond, 3-37eV ( 2  188 +_ 1 nm) and 3.04eV 
( 2  197 +_ 1 nm), respectively, are required. Methyl thiocyanate, moreover, 
undergoes a scission of the CH,S-CN bond with the formation of an 
excited C N  radical. 

CH3’+SCN , 

CH3S’+ ‘CN 
(26) CH3SCN + hi’ 

CH3NCS +/I,*- CH3- + ‘NCS 

Irradiation of benzyl thiocyanate or benzyl isothiocyanate in cyclo- 
hexane leads to a photoequilibrium position of isothiocyanate: thio- 
cyanate = 24: 1 zL).30. 

Moreover on longer exposure to irradiation dehydrogenation of the 
solvent by benzyl radicals and thiocyano radicals becomes noticeable. 
In fact the‘ formation of toluene, cyclohexyl thiocyanate and of their 
secondary reaction products dicyclohexyl sulphide and dicyclohexyl 
disulphide was observed 

CH2SCN + hv ___* ( 0 ) - C H 3  + (SCN 

SCN + hi. 0 
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Cyclohexyl thiocyanate does not isomerize to isothiocyanate on irradia- 
tion, so that this photoisomerization cannot be regarded as a general 
reaction of alkyl thiocyanates and alkyl isothiocyanates. 

VI. THIOCYANATION 

On photolysis thiocyanogen decomposes into two thiocyano radicals, 
which can substitute hydrogen in the benzylic p ~ s i t i o n ~ ' . ~ ~ .  Further- 
more photochemical addition reactions of thiocyanogen to olefin double 
bonds are known33. 

An interesting combhition of an electrochemical and a photochemical 
process represents the thioc!Gnate addition to styrene34. A solution of 
KSCN in methanol is irradiated during the electrolysis, resulting in a 
liomolytic scission of the electrochemically produced (SCN)2, followed 

by radical addition to the styrene in high yields. 
The irradiation of an aqueous solution of KSCN _gains preparative 

importance if it is carried out in the presence of the easily obtainable 
a r y 1- t h a 1 I i u m b i s t r i fl u o r oa ce t a t es 5 .  

TI(OCOCF& + h ~ .  KSCN/H2O QSCN (30) 
R R 

In this way thiocyanates are obtained in moderate yields from activated 
as well as non-activated aromatic compounds. whereby the thiocyanate 
group enters the aromatic ring at the position to which t h  a 1 1 '  ium was 
originally attached. 

Aromatic thiocyanates are obtained in small quantities if, instead of 
the thallium compounds, the corresponding halobenzenes are used'6. 

VII. ELIMINATION OF ATOMIC SULPHUR FROM 
ISOTHIOCYANATES 

\ For ,C=S compounds, whose 71 --f n* transition occurs at approximate- 

ly 250 nm, the low-pressure mercury lamp (almost pure emission at 
253.7 nm) represents an excellent irradiation source. 
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Mustard oils, whose absorption maxima lie in this region, decompose 
to  isonitriles and s u l p h ~ r ~ ~ * ~ ' .  

RNCS RNC+S(3P) (31 1 

As the formed isonitrile adds the sulphur (reproducing mustard oil), 
the isonitrile (by Passerini reaction37) or the sulphur (by addition to 
cyclohexene) has to be removed from the equilibrium mixture in order to 
obtain a high conversion. Aside from the formation of cyclohexene epi- 
sulphide, the sulphur undergoes no C-H insertion reaction and exists 
apparently in the triplet state. 

+ hv - R N C +  (32) 

In this way, after c. 30 hours of photolysis, cyclohexene episulphide is 
produced in about 40% yield from ethyl mustard oil with a tenfold excess 
of cyclohexene3'. This value represents a maximum and decreases on 
continued irradiation, since episulphides also absorb the applied light to 
a slight extent and decompose4'. 

The decomposition to isonitrile and atomic sulphur appears to be a 
general reaction of alkyl isothiocyanates and is dependent on the group 
R only insofar as it shifts the absorption maximum of the irradiated 
compound relative to the narrow emission region of the low-pressure 
mercury lamp. 

Under very similar conditions biphenyl-1-isothiocyanate undergoes 
photodecomposition yielding the corresponding isonitrile and sulphur3'. 

a 

By an intramolecular ring expansion reaction the aromatic isonitrile 
forms the corglensed heterocyclic compound, 6, in moderate yields. 
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1. INTRODUCTION 

Radiation chemistry is closely related to photochemistry. It can be con- 
sidered as an extension of photochemistry to the region where the photon 
energies exceed the ionization potentials of the irradiated cotnpounds. 
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Fundamental aspects of radiation chemistry have already been reviewed 
in this series'.' and the reader is referred to them, as well as to some 
excellent books and  review^^-^. The following brief outline is intended to 
provide the reader with the necessary minimum background information. 

Radioactive sources of CY-, p- and y-rays are employed in radiation 
chemistry, as are different types of accelerators which can generate X-rays, 
electrons and positive ions. The spectrum of photon (X- and y-rays) and 
particle (a, 0, electrons, protons and neutrons) energies available from the 
various sources of high-energy radiation ranges from hundreds of electron 
volts (eV) to millions of electron volts (MeV). Sources such as linear 
electron accelerators can be operated in a pulsed mode while others, 
such as 6oCo gamma cells, supply a continuous beam of radiation. 

According to the classification originally suggested by Platzman"' 
the first stage of radiolysis involves the absorption of energy, its degiada- 
tion to the atomic level and the formation of a great number of diversely 
activated molecules that are non-uniformly distributed in the irradiated 
medium. This stage is defined as the physical stnge. In the physicochemiccil 
stage which follows, the unstable primary products formed in the first 
stage undergo seJondary reactions which may occur either spontaneously 
or in collision. This stage is%llowed by the cheriiicnl srcige in which thermal 
equilibrium is attained and the radicals present in the system re 
each other and k i th  the medium. The absorption of ionizing rad 
not selective, and every component of a system absorbs energy in pro- 
portion to its electron density and concentration. The yield of products 
and intermediate molecules per 100 eV of absorbed energy, known as the 
G value, indicates the efficiency of radiolysis. The ionization potentials 
of most compounds are in the vicinity of 10 eV. However, in gases and in 
the condensed phase only three to four ion pairs are formed,per 100 eV 
of absorbed energy. Also, G (radicals) does not exceed 10 while the bond 
dissociation energies of most of the organic compounds range between 3 
to 4eV. Thus it appears that the absorbed energy in a radiolysed system 
is not utilized efficiently. 

In many cases the energy initially absorbed by the whole system is 
transferred to a specific component that is present in a low concentration. 
Consequently the chemical change that such a component undergoes 
occurs at the expense of the bulk of the system. An interaction of this type 
is often referred to as 'radiation protection'. In systems in which redistribu- 
tion of energy takes place, the apparent efficiency with which the absorbed 
enerzy is utilized increases. This is also the effect in the case of radiation- 
induced chain reactions. 
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Radiation chemistry may be subdivided, into two areas: the study of 
the overall chemical change induced by ionizing radiation, and the study 
of intermediates and their reactions. In spite of the extremely high energies 
of the particles and photons absorbed by a radiolysed system and in 
spite of the large number of states that are initially formed the final 
products of radiolysis are quite simple. These products are formed either 
by free radical or ionic reactions, and many of the chemical changes 
induced by decomposition of free radical initiators, photolysis, ionic 
catalysis and other conventional methods, also can be brought about by 
ionizing radiation. LJnfortunately. the potential applications of radiation 
chemistry are reflected more in the patent literature than in production 
lines. 

In the study of the fundamental aspects of radiation chemistry it is 
necessary to detect and identify transient species such as electrons, 
positive ions, excited molecules and radicals, and to establish the kinetics 
of the reactions in which these intermediates participate. Pulse radiolysis 
is the most widely used technique in these types of studies. A short and 
intense pulse of ionizing radiation produces transient species in concentra- 
tions that are sufficiently high to be detected by various means that include 
absorption and emission spectra, electron spin resonance spectra, elec- 
trical conductivity, etc. Nanosecond and even shorter pulses can presently 
be generated, thus making possible the study of the reactions of very short- 
lived intermediates. 

An alternative (matrix isolation) technique used in the study of inter- 
mediates and their reactions is based on the fact that the lifetime of various 
transient species considerably increases in rigid matrices. Particularly 
suited for the trapping of intermediates are glasses and solids at very low 
temperatures. 

Kinetic studies are complicated by the fact that homogeneous kinetics 
can be appiied only in the gas phase where the reactive intermediates are 
not confined in the particle tracks and the effects of linear energy transfer 
( L K )  are drastically reduced. Since liquid-phase radiolytic reactions 
strongly depend on the polarity of the medium, specific non-homogeneous 
kinetic models were developed for these ~ y s t e r n s ~ ' - ~ ~ .  In solids the 
possibility of long range interactions (energy and charge transfer) further 
co m p 1 i ca t es the sit u a t i o n . 

Until now, systematic studies of the radiation: chemistry of orsanic 
cyanates, isocyanates, thiocyanates and isothiocyanates have not been 
carried out. However, in the work that has been done, many of thm-bove 
discussed aspects of radiation chemistry are touched upon. 
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II. SCHEMATIC OUTLINE OF THE RADIATION 
CHEMISTRY OF ORGANIC COMPOUNDS 

CONTAINING OCN, N C a ,  SCN AND 
NCS GROUPS 

The radiation chemistry of organic cyanates has not yet been studied. 
Investigations of organic isocyanates, thiocyanates and isothiocyanates 
have been limited to the condensed phase. The radiation chemistry of this 
class of compounds is expeci-ed to follow the schematic outline given 
below. This outline applies only to condensed phase reactions; ion- 
molecule and unimolecular decomposition reactions that might occur 
in gases are not considered. 

A. Pure Compounds 

The primary processes in the radiolysis of organic OCN, NCO, SCN 
and NCS compounds (RX, where X refers to the above functional groups) 
are excitation and ionization which are represented as: 

The electron and the parent positive ion formed in close proximity may 
either recombine, forming an excited molecule, or diffuse apart; 

[RX++e]  - RX' (3) 

[RX++e]  - R X + + e  (4) 

Electrons that succeed in escaping from the parent positive ion can attach 
theniselves to other RX molecdes. By analogy with halogen compounds 
and nitriles, both dissociative and non-dissociative electron capture is 
possible : 

RX + e - R X -  non-dissociative capture ( 5 )  

RX + e - R + X -  dissociative capture (6) 

The electron capture is followed by neutralization reactions (7) and (8): 

R X - +  RX+ ___* 2RX ( 7 )  

(8) X - +  RX+ - X +  RX 
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It is generally believed that although RX molecules formed in these 
neutralization reactions are excited, the excess energy is not sufficient to 
cause significant decomposition. If the molecular cation, RX', and the 
molecular anion, RX-, are sufficiently long-lived they might initiate 
ionic polymerization reactions of the following type: 

RX+ + n R X  - (RX);,, cationic polymerization (9) 

RX-  + n R X  - (RX),,, anionic polymerization (1 0) 

The-reactive site in these polymerization reactions might be X or a 
suitable reactive functional group present in the RX molecule. 

The excited molecules formed in reactions (1)  and ( 3 )  that are not 
collision deactivated will decompose forming stable molecules and free 
radicals : 

.a 

RX' ___* Products (mainly HZ + M X  where R = hydrocarbon radical) (11) 

RX' - R + X  (1 2) 

RX' - H +.R'X (1 3) 

Radicals formed by reactions (6), (8): (12) and (13) can react between 
themselves and with the RX molecules. These reactions result in the 
formation of all the other products of radiolysis. Telomers and polymers 
might be among these products and again, as in the case of ionic polymer- 
ization, X is not necessarily the active site of polymerization. 

It should be noted that some of the products of the radical reactions 
might be identical with those formed in the unimolecular decomposition 
of the excited species RX". Thus hydrogen may be formed either by 
reaction ( I  1) or (14): 

H + RX H2 + 'R'X (1  4) 

In  this case. addition of an appropriate scavenger might help to distinguish 
between the two routes of product formation. However, the use of scav- 
engers does not allow the distinction between products that are formed by 
reactions of radicals that d o  not diffuse apart as a result of spare and cage 
effects, and these formed by unimolecular reactions. i f  these products 
are identical. 

8. Mixtures 

Many  of the reactions that take place in the pure compounds can also 
occur in systems in  which a small amount of R X  is added to anorher 
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compound. Obviously, the initially-formed reactive species, i.e. excited 
molecules, molecular cations, electrons and radicals, will be those 
formed from the medium compound. However, various energy transfer 
reactions may result in the preferential decomposition of the added RX. 
Additional reactions characteristic of the medium compound to which 
RX has been added are also possible. Thus in aqueous systems, RX may 
be aitacked not only by hydrogen atoms but also by the aquated electron 
eaq and the H O  and HO, radicals16. In alcohols, reactions with solvated 
electrons, hydrogen atoms and alkoxy radicals are expected" while in 
alkanes", hydrogen atoms, electrons and alkyl radicals are expected to 
react with RX. 

111. THE RADIATION CHEMISTRY OF THIOCYANATES 

A. Aliphatic Thioc yanates 

The gamma radiolysis of aliphatic thiocyanates, RSCN, was investi- 
gated at 77 K mainly by electron spin resonance spectroscopy'9-". The 
following thiocyanates were studied: R = ethyl, propyl, isoamyl, hexyl 
and n 0 n y 1 ' ' ~ ~ ~  and R = butyl, octyl, decyl and undecy120*2'. Alkyl 
radicals are formed i n  all the thiocyanates by dissociative electron capture: 

RSCN - (RSCN)+ + e (1 5) 

(1 6) RSCN + e -% + SCN - 

The formation of the molecular cations (RSCN)+ was observed in all 
thiocyanates both by e.s.r. spectra and optical gbsorption. For example, 
in the case of hexyl thiocyanate an absorption band with a maximum at 
5 I0 nm was observed and attributed to (n-C,H, ,SCNj+. Upon addition 
of diphwvl amine (DPA) this band is wiped ouband another band with 
illlax, at 700 nm appears. This new band is characteristic of DPA' thus 
indicating that the following positive charge transfer reaction takes place: 

Radicals formed as result of hydrogen abstraction from the thiocyanates 
(C2H2,,+ ,SCN) were observed for the higher homologues for which 17 > 4. 
I t  is suggested that these radicals originate from' the initially formed 
excited thiocyanate molecules via the reaction sequence: 
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RSCN - (RSCN)’  (1 8 )  

(1 9) 

(20) 

(RSCN)’  - R ’ S C N  + H Q 

H + R S C N  - R ’ S C N + H z  

The structure of the R’5CN radicals has not been determined. It is 
conceivable, however, that the reactive hydrogen atoms located at the 
position a to the substituent will most likely be removed. This type of 
preferential hydrogen-atom removal has been observed in the case of 
other alkane substituents such as chlorine”, h y d r ~ x y l ’ ~  and ethoxyZ4. 

The initial total radical yields are the same in all the aliphatic thio- 
cyanates and equal to 4.0 2 0.8 while the yield of R’sSCN radicals varies 
with the number of carbon atoms in R. G(R*SCN) determined for the 
various groups are”: ethyl 0.65 t 0.13, ti-propyl 0-62 f 0.12, n-butyl 
0.63 & 0.1 2, isoamyl 0.70 f 0.14, il-hexyl 0.80 +_ 0-16, ii-octylO.90 0.18, 
17-nonyl 0.97 0.19, 11-decyl 1.02 &- 0.30 and n-undecyl 1.05 0.21. A 
linear dependence between these yields and the electron fraction of thr. 
alkyl part of the molecule, equal to (811 + I)/(8n + 30) was shown to 
exist for I I  > 4. 

The hydrogen yields from the various aliphatic thiocyanates were 
determined by mass spectrometry. Except for the first three thiocyanates, 
where the hydrogen yield is very close to zero, the G(H,) values are half 
of the above radical yields. In order to account for these observations the 
authors suggest that in the case of ethyl, propyl and butyl thiocyanates, 
reactions (19) and (20) do not occur. I t  is suggested that in these thio- 
cyanates R’-SCN radicals are formed as follows: 

R + RSCN - R ’ S C N  + R H  (21 ) 

analogous with similar reactions that were observed in radiolytic studies 
of h n l o a l k a n e ~ ’ ~ ~ ’ ~ .  The yields of alkanes formed in those reactions were 
not determined. 

The linear dependence of G(H2)  on the electron fraction of the hydro- 
carbon chain in aliphatic thiocyanates was used to estimate the hydrogen 
yield in alkanes, the precursors of which are electronically excited mole- 
cules. By extrapolating G(HJ in thiocyanate to 11 1; 2,  a value of 0.8 was 
obtained. This is in reasonable agreement with other estimates of this 
hydrogen yield in  alkane^'^-'^. However the validity of the underlying 
ashGptions in the derivation of the above hydrogen yield from t l x  
yield in aliphatic thiocyanates can be questioned. 

The gamma radiolysis of frozen 11-heptane solutions of the thiocyanates 
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C,,Hz,,+ ,SCN, with i i  = I to 11, was studied by Nanobashvili and co- 
w o r k e r ~ ~ ~  at 77 K. E.s.r. studies indicate that addition of all these thio- 
cyanates to it-heptane considerably lowers the radical yield as compared 
to the radical yield in the pure solvent. However the radical yields are 
still higher than those in the pure thiocyanates. It is suggested that this 
indicates that aliphatic thiocyanates are able to protect alkanes against 
irradiation. The radiation protection of the alkanes is the result of some 
type of energy transfer reaction between the dissolved thiocyanate and 
the primary species formed mainly from the alkane medium. Electron 
capture by the thiocyanates appears to be the triost likely mode of energy 
transfer although transfer of excitation energy from the initially formed 
electronically excited n-heptane molecules (reaction 22) is also possible. 

B. Aromatic Thioc yanates 

Relatively high doses of up to 3 x 10' rad ( 1  rad = G x 1OI3 eV/g) 
were used by Sugii, Kitahara and Nagai3' in their study of the 6oCo 
gamma radiolysis of benzyl thiocyanate. Benzene, toluene, benzyl mer- 
captan, benzyl cyanide, dibenzyl sulphide and a trimer were found among 
the products of radiolysis. Probably, phenyl, benzyl, benzyl-mercapto, 
benzyl-cyano, cyano and thiocyanate radicals participate in the reactions 
that lead to the formation of these products. However, some of the pro- 
ducts could also be formed in secondary reactions. Radiation-induced 
isomerization of benzyl thiocyanate to benzyl, isothiocyanate was also 
otgerved by these authors. At  a dose of 3.1 x 10' rad, 8.3 ',, of the benzyl 
thiocyanate is converted into benzyl isothiocyanate. Furthermore, the 
radiolysis of benzyl isothiocyanate at the same dose results in a 1.7", 
isomerization into the corresponding thiocyanate and in the formation 
of products similar to those observed in  the radiolysis of benzyl thio- 
cyanate. These results indicate that if dissociation and recombination 
are the two steps of the isomerization. then charge rearrangement in the 
thiocyanate anion or  radical is possible. 

The reaction between the aquated electron ahd benzyl thiozyanate: 

was studied by Christensen, Sehested and Hart3' by pulse radiolysis. 
The formation of the benzyl radical was detected. The rate constant k13  
ofthe dissociative electron capture was found to be 2.0 x lo9 mol- sec- '. 
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IV. THE RADIATION CHEMISTRY OF 
ISOTHIOCYANATES 

A. Aliphatic lsothioc y m a t e s  

Trofimov and Chkheidze3, analysed the e.s.r. spectrum of gamma 
irradiated methyl isothiocyanate at 77 K and identified the two radicals, 
-CH,NCS and CH3NH-&S. The spectrum indicates that, upon 
gamma irradiation, ions carrying negative or positive charge' are also 
formed and stabilized at low temperature. It is suggested that the two 
radicals are formed by reactions of hydrogen atoms: CH,NCS by 
abstraction (24) and CH,NH-&=S by addition (25).  

H + CH3NCS - H2 + T H 2 N C S  (24) 

H + CHjNCS ___* CH3NH--C=S (25) 

Analysis of the e m .  spectrum also shows that in the latter case the hydro- 
gen atom attaches itself to the nitrogen atom in NCS. It should be noted 
that reaction (24) cannot be the only source of .CH,NCS radicals as 
suggested. The very fact that hydrogen atoms are formed is indicated by 
their capture and the formation of CH,NH-e=S radicals. This shows 
that some or even all the *CH,NCS radicals can be formed from an 
electronically-excited methyl isothiocyanate molecule created either 
directly upon irradiation (26) or as result of recombination between the 
initially formed anion-radical and electron (27). 

P 

CH3NCS - (CH3NCS)' - Hhot + .CHzNCS (26) 

CH3NCS JVWA ' [CH3NCS+ + e ]  - (CH3NCS)' - Hhor 

I t  is conceivable that at least some of the hydrogen atoms thus formed are 
'hot', i.e. electronically and translationally excited, and therefore very 
reactive chemically. Evidence for the occurrence of hot-atom and hot- 
radical reactions in solids and glasses was found in other systems irradiated 
at 77 K35-3h.  I t  appears that electron capture by methyl isothiocyanate 
is non-dissociative since methyl radicals were not detected. 

Chung and Williams3' carried out e.s.r. studies of gamma-irradiated 
crystalline r-butyl isothiocyanate in the dark at- 77 K. Both the radical 
anion (CH,),CNCS-- and the radical anion pair (CH,),C---NCS-- 
are formed as result of electron capture by r-butyl isothiocyanate. The 
radical anion can be photobleached irreversibly 

+.CH2NCS (27) 
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(CH3)CNCS + e - (CH3)CNCS; (28)  

(CH3)3CNCS + e - (CH3)3C---NCS; (29) 

forming the radical anion pair. The two transient species can therefore 
be considered as intermediates in the dissociative electron capture by 
t-butyl isothiocyanate. E.s.r. studies of the radicals formed from aliphatic 
isothiocyanates in adamantane (1) matrix, upon room temperature X-ray 

irradiation, were carried out by Wood, Lloyd and L e t h a x ~ ~ ~ . ~ ’ .  The use of 
adamantane offers several advantages over the widely used low tempera- 
ture matrix isolation technique. It does not require the complex instru- 
mentation necessary in the low temperature method and the results are not 
in the form of powder spectra, which can be rather difficult to interpret. 
Adamantane can be considered as a hydrocarbon matrix in which 2- 
adamantanyl radicals are formed upon irradiation. Analysis of the e.s.r. 
spectra indicates that introduction of ethyl, n-propyl, isopropyl and n-butyl 
isothiocyanates results in the disappearance of the 2-adamantyl radicals 
and concurrent formation of the radicals derived from the isothiocyanates. 
For all the above mentioned isothiocyanate compounds, exclusive 
formation of the radicals resultant from a-hydrogen removal was observed. 

B. Aromatic lsothioc yanates 

In gamma-irradiated phenyl i s ~ t h i o c y a n a t e ~ ~  at 77 K the formation of 
two radicals is deduced from the analysis of the e.s.r. spectrk As in the 
case of methyl isothiocyanate one of the radicals, 2, is fohned as a result 
of the removal of a hydrogen atom from the molecule while the other, 3, 
is Firmed by hydrogen attachment to the isothiocyanate group. The 
structure of the latter radical indicates that, because a phenyl group is 
substituted for the methyl group in CH3CNS, the addition of the hydrogen 
atom takes place at a different site. In phenyl isothiocyanate resonance 
stabilization of the radical with the odd electron located on the nitrogen 
atom, can be conceived as the reason why the hydrogen atom is attached 
to the carbon rather than the nitrogen atom in the CNS group. 
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O - - N = c = s  
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(31) 

Products formed in the radiolysis of phenyl isothiocyanate at room 
temperature are identical with those obtained from phenyl thiocyanate 
(see Section 1II.B) because of the radiation-induced isomerization between 
these two compounds. 

The radiation stability of solid 4-bromo-4'-isothiocyanatodiphenyl, 4, 
was investigated by U h a  and c o w ~ r k g s ~ ~  using the radiorelease method. 

This method was used because it was assumed that radioactive krypton 
("Kr) incorporated in the solid carrier, 4, would be rapidly released as a 
result of chemical decomposition caused by gamma irradiation. Since no 
enhanced release of Kr was observed during 175 hours of irradiation 
at a dose rate of 0.45 Mrad/h, the authors concluded that chemical 
decomposition of the carrier did not occur. While the radiorelease tech- 
nique is interesting it is doubtful whether the assumptions inherent in 
its use were justified. in this particular case. 

V. THE RADIATION CHEMISTRY OF ISOCYANATES 

A. Aliphatic lsoc yanates 

E.s.r. studies of gamma irradiBed crystalline methyl isocyanate at 
77 K were carried out by several  investigator^^^.'^.^^. The formation of the 
C H 2 N C 0  radical was observed in all these studies. However, Trofimov 
and Chkheidze33 also detected the formation of another radical upon 
addition of hydrogen atom to the isocyanate group. In the ,latter case three 

CH36lCH=O CH3NHC=O CH~N=C-OH 

(B (6) (7 1 

2 

V 
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structures, 5 6  and 7, of the resulting radical are possible. Analysis of the 
e.s.r. spectra indicates that only radicals having structure 6 are formed. 
Fujiwara and  collaborator^^^ also observed the radical - C H 2 N C 0  at 
77 K and a similar radical derived from the deuterated methyl isocyanate 
CD,NCO. Rather interesting behaviour of these radicals was observed 
upon exposure to visible light and subsequent heating. When irradiated 
for 90 minutes with visible light, the -CH,NCO radical completely 
disappeared and the e.s.r. spectrum assigned to the methylene imino 
radical9 appeared. Heating the system to 150 K resulted in the complete 
restoration of the resonance pattern of the - C H 2 N C 0  radical. This 
unusual behaviour can be summarized as follows: 

visible light 

heat H2C=N* + CO (33) =CH2NCO ;c 

The C H , N C O  radicals were also observed in X-ray irradiated CH,NCO 
in adamantane matrix at room t e m p e r a t ~ r e ~ ’ . ~ ~ .  Also observed in this 
matrix at room temperature was the formation of isocyanato radicals 
from ethyl. propyl, isopropyl and cyclopentyl isocyanates. Ethyl isocyanato 
radicals are also formed in gamma-irradiated ethyl isocyanate at 77 K”. 
In hexamethylene d i i ~ o c y a n a t e ~ ~ ,  the e.s.r. spectrum assigned to the 
hydrogen atom adduct radical, 10, was detected, in addition to the iso- 
cyanato radical. 11. 

B. Aromatic lsocyanates 

In all the gamma irradiated aromatic isocyanates studied by the e.s.r. 
method at 77 K,  radicals formed by hydrogen atom addition were 
observed”. Thus the corresponding ‘hydrogen deficient’ radicals, even 
if not detected. must also be formed from these compounds. 

The site at which the hydrogen atom attaches itself is determined by 
the type of aromatic group in the molecule. In  phenyl isocyanate the 
hydrogen atom att*icks the phenyl ring while the hydrogen is bound to 
the NCO moiety in 4.4’-diisocyanatodiphenylmethane (12)? ill-tolyl 

isocyanate (13) and p-tolyl isocyanate (14). 

68. 
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The presence of an additional reactive functional group on the phenyl 
ring also determines the site of hydrogen atom addition. In m-nitrophenyl 
isocyanate, the H atom is added only to the nitro group while in 0- 
nitrophenyl isocyanate both the isocyanate group and the nitro group 
are attacked by the hydrogen atom, resulting in the formation of the 
corresponding radicals 15 and 16. Of these two radicals the one in which 
the hydrogen atom is attached to the NOz group appears to be more 
stable. 

-. 

(15) (16) 

4 

The radical resulting from removal of a hydrogen from the phenyl rjng 
of o-nitrophenyl isocyanate was also observed. 

VI. CHAIN REACTIONS AND RADIATION-INDUCED 
SYNTHESIS 

A. General Aspects 

The Dow radiochemical synthesis of ethyl bromide from ethylene and 
HBr is the on ly  large scale industrial pfocess in which ionizing radiation 
is used"3. However. the potential applications of ionizing radiation to the 
synthesis of various conipounds are widely 
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The class of compounds discussed in this review is apparently par- 
ticularly suitable for synthesis by means of ionizing radiation. As an 
example, consider the recently reviewed case of the production of iso- 
cyanate~~’ .  Isocyanates are important in the production of urethane 
polymers, substituted ureas and carbamates and are used as crop protec- 
tion agents and herbicides. It is difficult to meet the increasing demand 
for these compounds because complex plants are required to deal with 
the hazards involved in the use and handling of the raw materials and 
products. Production is, therefore, limited to  large companies. 

The conventional methods of initiating free-radical reactions include 
photosensit$zation, the use of initiators and thermal decomposition. 
Ionizing radiation offers several advantages over these methods: (i) The 
high penetrating power of gamma radiation permits the use of opaque 
and heavy walled pressure cylinders which cannot be used in the photo- 
sensitized reactions; (i i)  the radiolytic products are free of the remnants 
of initiators and their products; ( i i i )  the rate of radical formation is almost 
independent of phase and temperature thus allowing great flexibility in 
reaction conditions; (iv) the controls of ionizing radiation sources allow, 
if necessary, an almost instantaneous cut-off of the initiation process. 

The following types of free-radical chain reactions can be envisaged as 
OCN and NCO compounds: condensation, substitution by addition- 
elimination and substitution by radical transfer. The general kinetic 
features of these chain reactions will be illustrated for the condensation 
between an  aliphatic compound carrying one of the above-mentioned 
functional groups, denoted as X, and a terminal olefin. The various steps 
in this condensation reaction can be summarized schematically by the 
fo I1 ow i n g : 

I I I it i CI t io I ?  

2RCHzX - 2RCHX + H2 (34) 

Proprrgtrrior~ 

\ I I  

/ \  I I  
RCHX+ c=c/ - RCHX-C-C- (35) 

I I  I I  

I I  I I  
(3 6) RCHX-C-C= + R C H ~ X  - RCHX-C-CH + RCHX 

(1 7 )  
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Applying the steady state treatment to this reaction sequence. it can be 
shown that the rate of formation of product 17. R ,  in this system is given 
by expression (A). In this expression I denotes the rate at which the radia- 
tion energy is absorbed, [O] is tlie olefin concentration and the rate 
constants of all the termination reactions. k , .  are assumed to be equal. 

I t2 

R ,  = (y)  1 ~ ~ ~ [ 0 ]  

I t  may be immediately concluded from this equation that, in order to 
obtain long chains and produhs free f r 6  the compounds formed in the 
termination reactions. i t  is nedessary to use sources with a  relative!^ low 
energy output. Thus, gamn- radiation sources are more suitable for 
radiation induced synthesis than electron accelerators. Also. RCH, can 
be replaced by other _groups. such as SCN in dirhodan. C1, etc. The reaction 
mechanism can easily be changed to apply to these cases. 

A modification of the gamma-radiation-induced free-radical chain 
reaction between alkyl radicals and cliloroolefns (such as I ,?-dichloro- 
ethylene, trichloroetliylene, tetracliloroethylene4B~A~ and fluorotrichloro- 
ethylene'0) could possibly be employed to synthesize OCN-. NCO-. 

,WN- and NCS-substituted unsaturated compounds. The propagation 
step in this case ivould be expected to consist of the following reactions: 

(40) 
7' (? 

R ~ H X  + \c=c/ - 8 RCHX-C-C- 

\ /cl 
/c=c\ 

CI CI 

/ \  I I  

RCHX 

+ CI (41) 

CI CI 
I 1  

RCHX-C-C* 
I I  

CI + R C H ~ X  ---+ R ~ H X  + HCI (42) 

G v'alues as high as lo4 were observed for the analogous reactions of 
cyclohesyl radicals with the chlor?hlefins at 210 .CAB. This reaction 
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represents the addition-eliniination type of chain reaction. The hydrogen 
in arylalkyl hydrocarbons can be substituted by the thiocyanate group 
by the photochemical and peroxide-induced reaction between arylalkyl 
hydrocarbons and thiocyanogen chloride5' and t l i i~cyanogen '~.  These 
chain reactions can also probably be initiated by ionizing radiation. The 
propagation step here represents the transfer type, free-radical substitution 
in eclian ism. 

ArCHR + XSCN - ArCH(SCN)R + X (43) 

X + ArCHZR - ArCHR + HX (44) 

B. Formation of Aliphatic Thioc yanates in Ethanol and 
Acetone . 

The formation of alipliatic thiocyanates was observed in gamma and 
X-ray irradiated acetone and ethanol solutions of ammonium and 
potassium thiocyanates to which olefins were A detailed study 
of this reaction w a s  carried out by Cliirakliadze and coworkers" to 
establish the optimum conditions for the radiation induced synthesis of 
aliphatic thiocyanates. I n  that study the reactions between 1-hexene. 
1-heptene and 3-heptene and potassium and ammonium tliiocyanates 
were initiated by gamma radiation at a dose rate of 10l6 eV!ml sec and 
X-ray irradiations at dose rates of 0.9-15 x 10" eV!ml sec. Acetone and 
ethanol were used as solvents. 

The following typical results of that work are worth a detailed descrip- 
t i p  In a solution of 0.334 M-KSCN ilnd 3.3 wl-heptene in ethanol, a 
maximum yield of ri-heptyl thiocyanate corresponding to a G value of 91 
was observed a t  a total dose of 6 x 10'" eV/niI. Further increase of the 
irradiation dose lowered tlie ri-lieptyl thiocyanate yield indicating that 
i t  read i 1 y d eco m poses u n d e r i r rad i ;i t i o n. I n air- s a  t u r a t ed so 1 u t i o n s 
G(II-C~H.;~SCN) increased to I62 when tlie initial concentrations of the 
reactants were equal. Addition of water (0.22 M) further increased this 
yield to 436. I n  the NH,SCN--I -1ieptene-ethanol system, a maximum 
yield of ri-lieptyl thiocyanate of 3200 was observed. Finally. the hi_gliest 
thiocyanate yield of 18.000 was observed when a solution of KSCN and 
I -1iexene in ethanol \vas irradiated in im inert gas (xenon) atmosphere. 

The results of this work are of significant qualitative importance since 
the high values of prodact formation point to a long chain reaction that 
could be utilized for syntheses. The effect of each parameter. however. 
was not clearly established mainly because. instead of isolating the effects 
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of i n d i vi d u a 1 pa rani e t e rs. se Vera 1 para in e t ers (dose, composition and 
a t m 0s p here) were changed s im u I t aneo us1 y . 

I t  would be instructive to try to envisage the mechanism of this interest- 
ing chain reaction, a s  i t  is not given in the original work. Evidently, the 
reaction proceeds by ii free-radical mechanism since the highest yield was 
observed in  an oxygen-free atmosphere. I n  general terms. therefore. the 
mechanism has to include a species capable of oxidizing the tliiocyanate 
anion to the thlocyanate radical. Also. the formation of the aliphatic 
thiocyanatc h a s  to be accompanied by the regeneration of the oxidizing 
species. I t  has been shown that the M e 0  radical formed in the radiolysis 
of methanol can oxidize the SCN- anion to the SCN r a d i ~ a l ~ ~ . ~ " .  Also. 
in irradiated acetone the molecular caticy (CH,)2CO' and the acetone 
triplet can oxidize SCN-57. However. the regeneration of these species. 
a s  required by the chain mechanislii. secms very unlikely. I t  appears tha t  
in  ethanolic solutions the oxidizing species could be the CH,CHOH 
radical. This suggestion is based on the findings of Sherman \vho has 
shown that N,O and alkyl halides can be oxidized in 2-propanol. This 
reaction which proceeds by a chain mechanism that can be initiated by 
free rad i cii I s prod i i  ced p h o t odic i n  ica I1 4 ' or by gamma irradiation '. 
involves the (CH,),CHOH radical as the chain carrying oxidizing inter- 
mediate. If. indeed. the CH,CHOH radical is the osidizing species i n  
ethanol solutions of olefins. then the propagation step of the chain forma- 
tion of aliphatic thiocyanates should be given by the folloiving reaction 
scheme : 

CH3CHOH + NCS- __* CH3CHz0-+ NCS (45) 

Presumably. the hydrogen atom migration in the first of these reactions 
could occiir i n  iiii initially fornied (CH,CH-CNS)- adduct similar to 
t h a t  formed between CNS- and the O H  radical"". 

In aceton: solutions an analogous reaction sequence could be con- 
cei ved : 
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C. Miscellaneous Reactions 

The gamma-radiation-induced isomerization of aminoniuni thio- 
cyanate to thiourea6’ was studied over a wide temperature range. At room 
temperature the reaction is very slow and a high dose of 5 x 10”eV/g 

(51 1 
t 

NH4CNS _c_* (NHz)zC=S 

is needed before any thiourea can be detected. As the temperature is 
increased G(thiourea) grows rapidly to 3650 at 120°C and 21,000 at 
140°C. Further increase of temperature results in the pyrolytic decompo- 
sition of thiourea and an apparent decrease i n  the rate of its formation. 

The formation of telomers containing the isocyanate group, by means 
of high energy radiation, has been reported6’. The starting materials in 
this reaction are olefins and organic mono and polyisocyanates. The 
reaction probably proceeds by a free-radical mechanism since i t  can also 
be initiated by the decomposition of diazo compounds and peroxides. 

Synthesis of 35S-labelled methyl isocyanate was reported by Dzanitiev 
and coworkers63. Irradiation of methyl isocyanate solution in CCI, by a 
1 to 3 x 10” neutro;i/cm’sec flux at 50 “C results in the following 
reactions: 

Cl(n. p) - 3 5 ~  (52) 35 

35S + CH3NCS - CH3NC35S + S (53) 

VII. RADIATION- IN DU CED POLY M ER IZATlO N 

A. lsocyanic Polymers 

I t  is well known that various organic isocyanates polymerize in the 
presence of anionic catalysts such as lithium and sodium alkyl coin- 
pounds. forming high molecular weight linear polymersh4~”. It  is thus 
conceivable that ionizing radiation could replace these catalysts in 
initiating anionic polymerization of organic isocyanates. 
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Tabnta and colleagues"" have studied the gamma radiation induced 
polymerization of solid and liquid methyl. ri-butyl and phenyl isocyanates 
at temperatures froni - 196-20°C. I n  the case of MeNCO and PhNCO 
the rate of polynierization was almost unall'ected by the change of tem- 
perature from 20 10 -78 "C. The polymerization of rz-butyl isocyanate 
was studied a t  three temperatures. 20°C (liquid). -78 "C (liquid) and 
- 196°C (crystalline solid). The rate of polymerization was found to be 
considerably faster in the solid state than in the liquid state. 

Recently Tabata and c o ~ o r k e r s ~ ~ . ( ' ~  reinvest igated the radiation 
induced polymerization of ri-butyl isocyanate. They found that althou_gh 
the conclusion reached in the original work6' as to the anionic character 
of the polymerization was  correct. other aspects of the polymerization 
reaction were niisinterprefid. In the more recent work"' the polymeriza- 
tion was studied in various states (crystalline, glassy, supercooled and 
liquid) at temperatures between - 196 and -78°C. It  was found that 
11-butyl isocyanate is polymerized in the supercooled state. Irradiation of 
the glassy monomer also resulted in polymer formation. but only when 
the pre-irradiated monomer was warmed. i.e. a post-irradiation polymer- 
ization reaction took place. 

The anionic character of the polymerization reaction was revealed by 
the effect of various additives on the rate of polymerization. Radical 
scavengers DPPH and oxygen do  not decrease the rate of polymer 
formation while water. triethylamine and CCl, inhibit the polymerization. 
Irradiation of ethyl and propyl isocyanates in the glassy state results in 
polymer formation. Rapid polymerization in ;I very narrow temperature 
range. beloiv the melting point. was observed in ethyl isocyanate. 

I t  is suggested that the factors that eflect the polymerization are the 
lifetime of the nnionic species and the mobility of the monomer. I n  the 
liquid phase the lifetime of the anionic species is tw short while in the 
glassy and crystalline states the monomer is not mobile enough. Therefore, 
polymerization takes place only in the supercooled liquid. 

Reactions (5% to (57) represent the mechanism ofrA.he polymerization 
as suggesteg by the authorsG7 with a minor correction. In the original 
wo;k the polymer appeared to have 17 X units for each Y unit. a situation 

I i i i r i c r t i o r i  
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Propclgcltioll 

X 

0 

(57) 

0 

that is obviously impossible. Therefore we suggest that the structure is 
that given in reactions (56) and (57). 

The formation of linear polymers of isocyanic acid with a high degree 
of polymerization has been reported69. The polymerization in this case 
occurs in the temperature range of -200 to 50°C in the liquid and solid 
states in solvents. It  appears that the polyisocyanic polymer obtained from 
isocyanic acid is formed by an anionic mechanism as in the case of the 
organic monomers. 

B. Copolymers 

The radiation-induced copolymerization of ketene and isocyanic 
acid" and the copolymerization of cyclic oligoniers of formaldehyde 
and organic isocyanates7 are described in the patent literature. 
Details of the polymerization mechanisnsmd copolymer comeosition 
arc? not given there. Copolymerization between isocyanic acid and ketene 
can be carried out in the temperature range of -200 to 0°C in the liquid 
and solid states. Dilution of the reactants in an appropriate inert solvent 
is necessary. 

Oxymethylene thermostable polymers were obtained in the one-stage 
polymerization of cyclic oligomers of formaldehyde such as trioxane and 
tetraox9.e in the presence of carboxylic anhydrides and orzanic thio- 
cyan ate^^'-'^. Methyl, ethyl and phenyl thiocyanates, added in con- 
centrations of 0.1 to lo",, by weight, were probably incorporated in the 
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polymer.Tiie polymerization can be initiated by 2, p. y a i d  X-rays as well 
as neu:ron and electron beams7'. The irradiation can be carried out prior 
to or  after the addition of the organic thiocyanate and the polymerization 
takes place in solids and liquids at temperatures froin 60 to 140°C. 

Polymerization of cyclic compounds such as epoxides is usually assumed 
to proceed by ionic n i e c h a ~ i i s m ~ ~ .  However. the fact that the formation 
of the osymethylene polymers in the presence of organic thiocyanates 
can also be initiated by U.V. radiation" and peroxides" seeins to indicate 
that the polymerization induced by ionizing radiation proceeds by a 
free-r a d i ca 1 ni ecli an is ni . 
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I .  INTRODUCTION 

A. General 

Diverse reactions of cyanates and related compounds have been 
studied in varying detail and at varying stages in the development of 
current understanding of organic reaction mechanisms. This review does 
not attempt to treat all, or even most. of the ground covercd, nor does the 
author presume to select material on any basis of importance. Instead. 
reactions have been chosen to provide a selection of studies in several 
major categories-isomerizations, nucleophilic reactions leading to bond 
fission. and nucleophilic reactions leading to addition. Reactions of thio- 
cyanatcs and isothiocyanntes have been described first and in greater detail 
than those of their oxygen analogues because their lower reactivity has 
enabled their reactions within the chosen categories to be studied more 
systematically and extensively, with the possible exception that the 
i n  d u s t r i a I I y- i ni port ant add it  i o n react io 11s of i so c y a n a t es have at tract ed 
special attention. 

6. Basicity and Nucleophilicit y 

Since the terms basicity and nucleophilicity. as used in this chapter. 
are not universally accepted'. some clarification is necessary. 

In 1953 Swain and Scott' recommended that the term 'basicity' be 
used for equilibrium properties of a base. and 'nucleophilicity' for its 
kinetic prcipert ics. 

Parker3. dra\ving atter&m to differences in  rclntive basicity towards 
hydrogen and towards carbon. has suggested more specific ternis such as 
'carbon-basicity' and 'hydrogen-nucleopliilicit~.. 
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Basicity and nucleophilicity towards carbon may be illustrated with 
reference to the following biniolecular reactions: 

The relative basicities of X -  and Y -  towards carbon (specifically, 
towards the reacting carbon atom in the chosen system R) are given by 
kRy / RX. The relative nucleophilicities towards the carbon atom are 
given by kE,,Jk\d,. 

Since relative nucleophilicities measure reaction rates towards the one 
substrate, and relative basicities reflect reaction rates towards different 
substrates. it is not surprising that  they are often got of the same value for 
the one pair of bases X-  and Y - .  

x - ,kY - 

II. THE G R O U P S  -SCN AND -NCS 

A. Thermal and Thioc yanate Ion-catal ysed Thioc yanate- 
lsothioc yanate lsomerizatiorz 

The nitrogen ittoni of the SCN group is more basic towards carbon t h a n  
is the sulphur atom'. but in niost reactions the sulphur atom is more 
carbon nucleophilic. This enables alkyl. aryl and aryl-alkyl thiocyanates 
to be prepared by reaction of an appropriately active halide or a dinzoniunr 
salt with thiocyanate ion in a suitable solvent. provided the product can 
be isolated before substantial isomerization takes place. Acyl thiocyanates 
usually isomerize too fast for their preparation' though some acyl 
I h i  oc y a n at es of un  usual s t a b i 1 i t  y ha ve bee t i  p re pa red, 

Mechanisms of the isomerization include ionization followed by return 
to a carbonium ion. ionimtion followed by addition to a free carbonium 
ion. intramolecular group transfer. direct S S 2  displacement. and addition- 
elimination involving carbonyl or aryl carbon. These will be discussed. 

1 .  Saturated and benzylic thiocyanates 

Of these compounds. those which isonierize rapidly enough in the 
absence of energizing irradiation to outstrip competing reactions are 
considered to react by ion im t ion-recoin bi na t ion. ion im t i o ti fol lowed by 
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reaction with thiocyanate ions in solution, or nucleophilic displacement 
by the nitrogen end of the thiocyanate ion. 

Studies of the isonierization of saturated open-chain aliphatic thio- 
cyan ate^^.^ indicate that these compounds can isomerize only under the 
influence of Lewis acid catalysts, with reactivity in the order tertiary 
(room t e m p e r a t ~ r e ) ~  > secondary (boilin& > primary (no reaction)6. 

Arylmethyl and diarylmethyl thiocyanates lend themselves better to 
investigation than the alkyl compounds, because the aryl group accelerates 
the reaction and the structure precludes one troublesome side reaction- 
elimination '. 

a. loni:[r?iq;? .follo\wrl bj. thiocj:cri?crte iori r r r r c d i .  Lewis acid catalysis 
and the reactivity order of tliiocyanates when the structure is varied both 
fit a carboniuin ion mechanism. After the simultaneous proposal of 
such a mechanism by three groups of workers in 19605."", a detailed 
examination of the course of the reaction was carried o u t  by one of these 
groups-Iliceto, Fava and coworkers-during the next several years. 

As a prelude to a study of the detailed timing of the reaction, Iliceto, 
Fava and collaborators first established firmly an ionization path for 
isomerization of diarylniethyl thiocyanates". They found the following 
additional evidence for this: 

( i )  The kinetics are first order in organic thiocyanate. 
( i i )  Salt effects are positive, with the rate varying linearly with salt 

concentration: the magnitude of the effect of sodium thiocyanate 
and perchlorate in methyl ethyl ketone and acetonitrile fits the general 
pattern of normal salt effect for ionization reactions". 

( i i i )  Solvent effects on rate are typical in magnitude (220-fold increase on 
changing from benzene to dimetliylformamide at 90 " C )  and direction 
(faster as polarity increases) for ionization-go\,erried reactions. 

( i v)  E 1 ec t r o n -d o n a t i ng gr o u ps a cce 1 era t e, and e 1 ec t r o n - w i t h d raw i ng 
groups retard the reaction, giving a good f i t  to a Hammett plot using 
Brawn's (T' constants" for 4-CH3, 4-C1 and 4 - N 0 2  and the 4.4'- 
disubstituted compounds, with a slope corresponding to that observed 
in the solvolysis of d;arylmethyl chlorides in ethanol'"'4. 

With a n  ionic mechanism established. a further question is whether the 
reaction proceeds by internal return (equation 4) or by nucleophilic attack 
on a dissociated carbonium ion by thiocyanate ion (equation 51. The 
answer to this question gives us an idea of the extent to which the ions 
generated thermally are dissociated. The first clue came from isotopic 
exchange esperiments I '. 
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RSCN - R+SCN- - RNCS 

385 

(4) 

RNCS I 

These experiments established that if the isonierization of 0.1 XI- 

diphenylniethyl tliiocyanate takes place in acetonitrile at 70 "C i n  the 
presence of 0.01 M - N ~ ~ ' S C N  and 0.09 hi-NaCIO,. the first-order rate 
constant for total exchange is only 3 1 ",: that for isomerization. Also, if 
the reaction is interrupted after about 25 7; isonierization and 10";; total 
exchange, there is more labelled organic isothiocyanate present than 
labelled organic thiocyanate. 

The significance of these results can be seen by comparing two notional 
mechanisms for isomerization and. exchangrw one only involving reaction 
via complete dissociation (Schemu I )  and the other involving isomerization 
by collapse of an ion pair (Sche3ie 2). 

In Scheme 1 we have exchange and isomerization taking place b) the 
one mechanism. wi th  additional exchange occurring through attack on 
the carboniuni ion by the sulphur end of the thiocyanate ion. The specific 
rate for total exchange would have to be equal to or greater than the 
isomerization rate. Since this is not so. at least some isonierization takes 
place wittiout the involvement of free ttiiocyanate ions. that is, neither 
through Scheme 1 nor through a direct-displacement (S,2) mechanism 
for isonierization. 

I his directs attention to Schcme 2. involving isomerization through 
return of thiocyanate ion in a n  ion pair (which may or may not be solvenr 
sepgr-ated). Opportunity for isotopic exchange occurs either through 
dissociation and reconibination of RSCN (I<:. k'.. / \kj  or through dis- 
sociation and reassociatioi%d- the ion pair (/c'~. X . ' " ) .  

The rcsult that  organic isothiocyanatc builds up more rapidly than 
orzanic thiocyanate in  the early part of the isomerization and exchange 
reaction is consistent w i t h  a rapid revcrsiblc formation of dissociated 
ions followed by irreversible reaction to give isothiocyanate (Scheme 2). 
or with attack by free thiocyanate ion on the carboiiium-tliioc\~anate 
ion pair. 

Although it  seemed clear a t  that stage that no inore t h a n  31 "(, of ionic 

8 .  
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R3%CN 

kds kh 
RSCN = R + + S C N -  - RNCS 

kk 

%CN- I k& 

RNC3% 

SCHEME I .  

k i  k& 

kg 
RSCN 2- R+SCN- - RNCS 

Rf + SCN- 

k' k h  
R3%CN RC35SCN- L__* RNC3% 

k: 

SCHEME 2. 

intermediates dissociate further, information was lacking on how much 
of the radioadvi ty  enters by a non-ionic path (Scheme 3) .  and on what 
fraction of ion pairs gives isothiocyanate rather than returning to thio- 
cyanate. Substantial non-ionic exchange and a high proportion of ion 
pairs giving thiocyanate would both suggest that 31 'I , , ,  is too low a figure 
for further dissociation. So far an upper limit had been placed on dissocia- 
tion, and substantial S,2 isomerization had been excluded by kinetic 
order and salt. solvent and structural effects (i.e.. it could be stated that 
k i  in Scheme 3 is insignificam?). The next step was to study the isotopic 
exchange reaction under conditions in which isomerization is relatively 
insignificant . 
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NC35S- + -C-SCN 
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h - kg [NC35S**.C...SCN]- \ /  k: -C-S5SCN I + -SCN 

I I 

\ /  
[35SCN*. C-. .SCN]- 

I 

I 

I 
-C-NCSS +<-SCN 

( k i  is usually negligible. See text.)  

SCHEME 3. 

I n  a study of the isotopic exchange reactions of substituted diphenyl- 
methyl tliiocyanates ' ' . I 6  under conditions in which isomerization is 
negligible for a substantial part of the reaction. i t  was found that exchange 
proceeds according to a mixed rate law (equation 6). 

Rate = k ~ [  R S C N] + k2[RS C N] [S C N-1 (6) 

In acetonitrile, the order ranges from first ( k ,  >> I;,) for thiocyanates 
with electron-releasing substituents to second (kz >> l; ,) for tliiocyanates 

TABLE I .  First and second-order rate constants for isotopic exchange 
between substituted diphenylmethyl thiocyanates and NaSCN in 
acetonitrile and acetone at constant electrolyte concentration 

([NaSCN] + [NaCIO,] =, 0.1 XI) at 70°C" 

Acetonitrile Acetone 
Substituents 10: Ii , log k ,  log k ,  

4-NO:. 4 ' -N01 _. - 3. j3 -3.1 I 
4 - N 0 2  - 3.61 -3.51 
3 C 1  1 - 6.49 - 3.73 - 3.80 
4-c1 - 5.33 - 3.34 - 3.3s 
None - 5.1 5 - 3.07 - 3.44 
4-CH3 - 3.39 . -- h 

4-CH,. 4-CH, -3.14 h 

From Reference 16. 
The kinetics were found to be cornples and data are omitted. 
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with electron-withdrawing substituents (Table 1). In  acetone the reactions 
are pure second order. 

The first-order rate constants in acetonitrile at 70'C were found to 
fit a Hammert plot (using (if values'3) with a reaction coefficient 11 = 
-4.5, coinpafed with - 3.4'OUfor the isomerization of the diphenyl- 
methyl substrates. Fava and coworkers16 attributed the high negative 
value of p to a considerably more polar transition state than the intimate 
ion pair involved in isomerization. This transition state, they concluded, 
is likely to b e a  dissociated carbonium ion. 

The second-order rate constants do not correlate well with the Hamniett 
equation. Arguments favouring a direct S,2 displacement niechanisr:: over 
attack on an ion pair by thiocyanate ion (the S,2Cf are16: 
the nature of the substituent effects, evidence that the ionization rate 
constant/exchange rate constant ratio is too low to agree with second- 
order kinetics for an S , X +  mechanism; evidence" from experiments 
w i t h 4-ch 1 or od i p 11 en y 1 m e t h y I t h i ocy a na t e t hat second -0 rd er ex c h a nge 
involves net inversion of configuration and also that raceniizat ion through 
exchange occurs at a rate greater than that of ionization. 

Since 4,4'-diniethyldiphenylmethyl thiocyanate exchanges in acetoni- 
trile without a significant second-order contribution (Table 2): it was 
considered l 9  to be a suitable system for a closer study of the isomerization 
reaction. This study" supported earlier i ~ i d i c n t i o n s " ~ ' ~ ~ ' ~  that the 
isomerization reaction occurs via an intimate ion pair and that  the 
exchange reaction occurs via a dissociated carbonium ion. However. some 
formation of labelled isothiocyanate was noted. and interpreted as show- 
ing that a fraction of the total isomeriz8tion proceeds by way of the 
intermediate (free carbonium ion) involved in exchange. This fraction was 
estimated to be about 0.05. The figure of 0.05 was ohtained by first noting 
that the partitioning of 35S between organic thiocyanate and isothio- 
cyanate gave 5.0 _+ 0.2 ;is the relative reactivity of S to N of the thiocyanate 
ion towards the carbonium ion involved in exchange. and applying this to 
the ratio of the rate constant for exchange. /cCx to that for isomerization, 
1ii,on, : 

1 
x ~- - 

1 1.16 x 
- 0.05 k, 

~. x = 
lci-uni I + SIN ratio 3.70 x lo-"  I + 5.0 

Since the ion pair is ;i pkecursor of the dissociated intermediate ini.olved 
in eschnnge. the authors stated that the S/N reactivity ratio in  internal 
return was also 5.0. (That is. k;:/i; = /i;;/c; = 5.0.) 

The authors summed lip their results thus: 'Of 100 intimate ion pairs. 

. .  
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about 5 undergo further ionization and 95 return to covalent state. Of the 
latter, about 79 return to thiocyanate and 16 to isothiocyannte.’ 

Ex per i me n t s with opt ica 1 1 y -ac t i ve 4-ch 1 o ro d i p h en y I met h y 1 t h i  ocy a - 
nate” have shown that racemization occurs at a rate similar to that of 
isomerization. and much faster than unimolecular exchang. The maxi- 
mum amount of racemization occurring by way of a free carbonium ion 
was calculated as about 4”, ,  and the niasiinum amount of isomerizatioii 
by the same path was calculated as about 2”;; .  This was shown to be 
consistent with the stereospecificity of the isomerization reaction (52 ‘!J. 

b. Direct bin~olecirltrr. displwer)irrit el’ tliiocjwiitrte. Phenylmet ti yl (benzyl) 
tliiocyanate. on heating with relatively concentrated sodium thiocyanate. 
isoiiierizes at a rate which is first-order each in organic substrate and in 
sodium thiocyanate2 I .  Fava and coworkers measured rate constants for 
two simultaneous second-order processes-isonierization and isotopic 
excliange-in two solvents over a range of temperatures and sodium 
thiocyanate concentrations. I n  both acetonitrile and methyl ethyl ketone. 
isotopic exchange occurs much more rapidly than isomerizrition. allowing 
S/N reactivity ratios towards phenylmetliyl thiocyanate to be measured 
directly as the ratio of exchange to isomerization rates. The ratio. a t  the 
temperatures employed (50-100°C) varies from about 10’ to lo3. I t  is 
larger at lower temperatures than at higher temperatiires and slightly 
larger in methyl ethyl ketone than in acetonitrile. 

The slight suppression of the S/N nucleophilicity ratio by the more 
polar solvent, acetonitrile, is largely accoi;nted for by a negative entropy 
of activation whose magnitude is 13 J mol-’ K - ‘  greater i n  methyl ethyl 
ketone than in acetonitrile. The solvent effect &-I S/N nucleophilicity 
ratios towards saturated carbon is in contrast to the solvent effect on 
S/N carbon-basicity ratios in which more polar solvents favour the more 
polar thiocyanate relative to the isothiocyanate”. but any examination 
of solvent effects on the thiocyanate ion-catalysed isomerization reaction 
is limited by the fact that thiocyanate salts are insoluble in n o n - p o k  
solvents and that protic,solvents react with organic thioc,vanates and 
isothiocyanates. 

9. 

2. Cycloalkyl thiocyanates 

a. Bridged compoirds. The ionization mechanism for structurally- 
assisted isomerizatim:cof thiocyanates has enabled the study of skeletal 
rearrangements of bridged bi- and tricyclic cations to be refined and 
extendedz3-”, This work is related more to carbonium ion ch5mistry than 
to thiocyanate chemistry as such, but some examples will indicate the 
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usefulness of the isomerization reaction in studying these rearringements. 
During solvolytic or dewina t ion  reactions of eso-2-bicyclo[2.2.1]- 

heptyl compoun keletal rearrangements occur involving 1,2-carbon 
shifts accom pan i 6,2-(and 6,1-) hydride shifts and, in solvents of low 
basicity, 3,2-hydride shiftsz8. N.m.r. studieszg and tracer analysis30 have 
shown that the 3,2-hydride shift is slow compared with the 6,2-hydride 
and 1,2-carbon shifts, and solvolysis of eso-2-norbornyl-2-d-p-trifluoro- 
methylthiobenzoate gives, probably through internal return, an ester in 
which deuterium has equilibrated only between the 1 and 2 positions- 
establishing the 1,2-carbon shift as faster than the 6.2-hydride shift.3' 

Spurlock and Parks24 found that when eso-2-norbornyl-2-tl-thio- 
cyanate (1, Scheme 4) is allowed to isomerize at elevated temperatures in 
sulpholane, deuterium again rearranges only between C(,) and C(z).  The 
route for this rearrangement (a 1,2-carbon shift) is illustrated in Scheme 4. 

7 3 

D (3) 
(3) (original 

numbering) 
% 

or 

7 

(corrected 
nu m ber i ng) 

SCHEME 4. 
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In the rearranged compound 3 deuterium has moved to C(l)  and the 
configuration about the asymmetric C(2) has been reversed. Hence, 
unless SCN- returns only to the carbon atom it left, racemization and 
deuterium scrambling between C(l) and C,,, will take place, at identical 
rates, during the return process. If the thiocyanate-isothiocyanate iso- 
merization occurs via an ion-pair. with no 'memory' involved in re- 
combination with a carbonium ion fully symmetrical relative to the 
thiocyanate ion, we expect that all isothiocyanate formed will be racemic 
and will have deuterium equally distributed between C, 1 )  and C,,, (dis- 
counting kinetic isotope effects, found to be smaller than experimental 
error). We also expect that the thiocyanate will approach a similar 
equilibrated condition, with deuterium scrambling and racemization 
occurring so that 

Racemization rate 
Isomerization rate 

2 S/N ratio in SCN- combination with cations 

(i.e., scrambling to occur no less rapidly than ionization.) 
This was shown to be soz4. indicating very rapid rearrangement of the 

cation into a state fully symmetrical with respect to the anion. 
A n  estimate of the degree of dissociation of the ion pairs was made 

using 3sSCN- in the equilibrating system and measuring the rate of 
incorporation of 35S. I t  is only through dissociation past the intimate 
ion-pair stage that "S can be incorporated, and it  was found that isotopic 
exchange occurs more slowly than isomerization. From equation (7), 
Spurlock and Parks" calculated that a maximum of ]?of ,  of ion-pairs 
d i ss oci a t e f u  r t 11 e r . 

(7) 

( k c ,  is S-3sS isotopic exchange rate constant. ki , , ,  is RSCN-RNCS 
isonierization rate constant. and k, and k ,  are rate constants for S- and 
N-attack on thr; carbonium ion.) 

Knowledge of the k , / k ,  ratio also allowed estimation from equation 
(8)'" of the ionization rate constant. ki 

(8) 

I t  MXS found that. within experimental error. k i  = k ,  = kyx  ( k ,  = 

racemization rate constant. ky,  = deuterii~m exchange rate constant). 
suggesting tlip, ion-pair formution is the I-ate-deternlirlinS step i n  the 
1 .?-carbon shift leading to deuterium scrambling and racemization. 

Other bridged carbonium ions studied by Spurlock's group using the 
thiocyanate isomerization include n and a-route bicyclo[2.2.2]octyl and 

k, ,k , /ki ,om(k,  + kN) = Fraction of dissociated ions 

k i  = k,.,,(kS + k , ) / k ,  
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bicycl0[3,2,l)octyl’~, n-route norbornyl”, and norbornenyl and nortri- 
~yc ly1”~~’  cations. In the latter work it was shown that, in contrast to 
solvolysis reactions, the distribution of skeletally rearranged products is 
strongly influenced by the polarity of the medium. In solvolyses, nortri- 
cyciyl products are strongly f a ~ o u r e d ~ ~ - ~ ~  whether the starting material is 
norbornenyl (4) or nortricyclyl (5)-this is seen as a homoallyllic interac- 
tion involving the ions 6 and 7 

In the t h i o c ya n ate i some r i za ti o n reaction, 5 - e s o  -n o r b o r n e n y 1 t h i o c y a n a t e 
u gives up to 50 ”,’ 5-rso-norbornenyl isothiocyanate. w i t h  a greater pro- 
portion of tricyclyl product when salts or Lewis acid catalysts are intro- 
duced than in their absence. By contrast. nortricyclyl thiocyanate gives 
more than  g o ” , ,  nortricyclyl isothiocyanate. These results are attributable 
to a strong influence of thiocyanate ion in the ion pairs, and to a preference 
for a return to the ion 6 before it can rearrange to the ion 7. High polarity 
or Lewis acid catalysis Favours separation of the ion pairs. lengthening 
their average lifetime and permitting a greater amount of conversion of 
ion 6 into ion 7. 

A similar rapid return giving retained structure in contrast to solvolysis 
was observed for ?-(cyclopent-3-enyl)ethyl thiocyanate (via a n-route 
norbornyl catio~i)’~.  

b. A 4 0 ~ ~ 0 c ~ ~ ~ ~ l i c  w m p m m / . s .  As in the bi- and tricyclic series, relative 
isomerization rates for cyclopropylcarbinyl, cyclobutyl, cyclopentyl and 
cyclooctyl thiocyanates parallel the solvolysis rates of the corresponding 
4- t 01 11 en es 11 1 phonates ’, again i nd i ca t i ng the intermediacy of carbon i u m 
ions. Cyclopentyl and cyclooctyl thiocyanate isoinerizations occur without 
skeletal rearrangements. and at rates in keeping with the driving force of 
torsional I-strain in formation of carbonium ions39. Cyclohexyl thiocya- 
nate does not isomerize iinder the reaction conditions of the other isomeri- 
zations (dipolar aprotic solvents, 130-1 50 “C).  This is consistent with lack 
of strain in  the six-membered ring. 

Cycloprop!/lcarbiriyl thiocyanate and cyclobutyl thiocyanate give 
products with rearranged skeletons analogous to those found in carbonium 
ion reactions of qclppropylcarbinyl halides, sulphonate esters and 
a in i H n w e i ~ r .  relative prod iict ratios in t h iocya nate isomeriza- 
tion5 \\*ere round to be different from those found in  other cnrbonium ion 
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reactions, and sensitive to the reaction conditions. Spurlock and co- 
workers have accounted for their observations in terms of Scheme 5. in 
which the proximity of the anion governs the partition of the intermediate 
ions39. 

3 M S C N  2 

, / C S C N  
2 

4 
111 - SCN 

L 

A N C S  
2 

s74 \\ 
Ill 

&NCS 

(Original numbering retained throughout) 
SCHEME 5. 

3. Acyl thiocyanates 

Most acyl thiocyanates have proved to be unobtainable. presumably 
because of very rapid isonierization to the isothiocyanate. Acyl chlorides 
almost invariably give only acyl isothiocyanates on reaction with tkio- 
cyanate ion4'-"'. I t  has been observed, however, that ethoxycarbonyl 
thiocyanate, but not ethylthiocarbonyl thiocyanate, can in fact be iso- 
lated. though excess thiocyanate ion isomerizes ethoxycarbonyl thio- 
cyanate to the isotliiocyanate48. (This seems at odds with Pearson's 
Hard and Soft Acids and Bases p r i n ~ i p l e ~ ~ - ~ ~ .  from which one would 
expect the soft thioethyl sulphur atom to lessen the hardness of the 
carbonyl carbon and the instability of its bond with thiocyanate suIph\Lir. 
However, see below.) Spurlock and N e w a l l i ~ ~ ~  have explained the 
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stability of ethoxycarbonyl thiocyanate as due to overlap of the ether 
oxygen with the adjacent carbonyl rr-system, delocalizing the electron 
deticiency of the carbonyl carbon atom and rendering it less susceptible 
to nucleophilic attack by thiocyanate nitrogen. The thioethyl sulphur 
of the thio analogue compound is less capable of a positive mesomeric 
effect than ~ x y g e n ~ ” ’ ~ .  (Thus the apparent stability of the ethoxy com- 
pound relative to the ethylthio compound is probably due to kinetic factors 
and not necessarily a true thermodynamic stability difference-the 
Hard and Soft Acids and Bases principle is not necessarily violated.) 

Spurlock and Newallis investigated the preparation and isomerization 
of carbgmoyl thiocynnates ( in  which nitrogen-carbonyl rr-overlap is 
expected to be even better than in ethoxycarbonyl thio~yanate)~’.  An 
addition--elimination path was Tost probable for the thiocyanate-ion- 
catalysed isomerization of ethoxycarbonyl thiocyanate, and on that 
basis i t  seemed that isoi%a-ization rates would be in the order 
C,H,OCOSCN > (C6H5),NCOSCN > (CH,)2NCOSCN. Surprisingly, 
the isomerization rates were found to be in the order (CH,),NCOSCN > 
C,H,OCOSCN > (C6H5),NCOSCN. Thiocyanate ion was found to 
catalyse only the ethoxycarbonyl thiocyanate isomerization. This supports 
an addition-elimination mechanism for the ethoxy compound (equation 9) 
and a dissociation-recombination (carbonium) course for the carbamoyl 
compounds because of retardation of nucleophilic attack by n-overlap 
between nitrogen and the carbonyl carbon. 

0 0- 0 

I I 
N cs N CS 

I1 S C N -  I I 1  
C2H50-C-SCN ___* C2H5O-C-SCN C2H50-C + -SCN (9) 

In  a recent development.Sulphonyl rhiocyanates. RS0,SCN have been 
prepared by thiocyanation of sodium sulphinates. RSO, Na+ by thio- 
cyanogen at a benzene-water interface”. Some of these isomerize to 
isothiocyanates. and the isonierizations are being studied5‘. 

4. Aryl thiocyanates 

Isomerization of aryl thiocyanates is complicated by the ease of break- 
ing the S-CN bond, and has been studied in detail only in the case of 
aryl substrates activated by strong electron ~ i t h d r a w a l ~ ’ . ~ ~ .  Th+i&- 
merization reaction can be followed in dipolar aprotic solvents for long 
enough 10 determine the kinetics when the substrate is 2,4-dinitrophenyl 
or  ’.4,6- t r i n i t  r o ph en y I ( pi cr $,) t 11 i oc y a n a t e. 
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In those cases the isomerization reaction follows second-order kinetics 
--first-order in aryl thiocyanate and in ionic thiocyanate. The well- 
established SNAr model for nucleophilic displacements at activated aryl 
carbon I .57--6 I (Scheme 6) is. on the evidence available5h, fully adequate 
for the reaction. 

Bond-forming - transition .= 
state 

N 0 2  

N C x S N 0 2  Bond-  breaking .- transition - 
state 

N 0 2  

Intermediate 
complex 

@NO2 + SCN- 

NO2 
SCHEME 6. 

No evidence has been found for the reverse reaction in dimethylforma- 
mide or acetone. Competing reactions-especially nucleophilic reaction 
at the cyanide carbon atom-make it impracticable to run the isomeriza- 
t ion to eq u il i b r i u In. 

Compzrison of the reaction with the much faster, se~ond-order.’~S 
isotopic exchange reaction shows a S/’N reactivity ratio towards 2,4- 
dinitrophenyl thiocyanate of 1 x lo3 (dimethylformamide. 101.4”C) to 
1.8 x 10” (dimethylformamide. 75.2‘ C )  and towards 2.4.6-trinitrophtPily1 
thiocyanate of 1.2 x lo2 (acetone, 0°C). This is similar to the values, and 
the influence of temperature, found by Fava’s group for the SN3 exchange 
and isomer i za t i on about p h en y 1 m e t h yl t h i o cy a n a t ez ’ . H ow ever, other 
features of the aromatic reaction make SN3 mechanism unsatisfactory. 
I n  the references cited 1 . s 7 - h 2  a considerable body of evidence, mainly 
related to 1eaving.group mobilities and relative nucleophilicities of bases. 
has been marshalled in support of the  S,Ar mechanism Reactions 
involving the thiocyanate groia;: and especially S/N reactivity ratios 
(Table 2), give further support to a mechanism other than direct displace- 
ment or ionization. 
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TABLE 2." SulpIiur/nitrogeti nucleophilicity ratios towards aryl carbon 
in the reaction of thiocyanate ion with I-substituted mononitro-. dinitro- 
and trinitrobenzenes. ArX. Abbreviations: D = dimetlivlforiiiainide. A = 

acetone. Ts = 4-toluenesulphonyl. Py " = pyridinium 

Ar 

S/N 

X temperat Lire ratio 
Solvent and nucleophilicity 

2-Nitrophenyl 
4-Nitroplienyl 
2.4-D in i trophen y l 
2.4-Dinitrophen yl 
2,J-Din i t ro phen y l 
2.4-Dinitroplienyl 
2,4-Dinitrophenyl 
3.4-Dinitroplicnyl 
2.4-Dini t ro phcn y l 
2,4-Dinitroplienyl 
2.4- Din i t ro phen y l 
2.4.6-Trinit rophenyl 
2.4.6-Trinitroplienyl 
2.4.6-Trini trophen yl 
2.4.6-Trinitroplienyl 

NO, D. I00"C 
NO, D. I00"C 
NO, D. 0 4 ° C  
OTs D. 752°C 
I D. 75.2"C 
SCN D. 101.4"C 

CI D, 752°C 
F" D. 752°C 

Py D. 752°C 
I A. 0°C 
SCN A, 0°C 
CI A. 0°C 
F A. 0°C 

SCN D. 752°C 

OC,H3(NO,),-3-.4 D. 7f.2"C 

> 1000 
> 1000 
> 1000 
> 1000 

2000 
I000 
1 so0 
450 

7.7 - -  
2.3 

<0.1 
> 100 

I20 

< 0.00 I 
3 7  -- 

"Thc product of S attuck 011 this substrate is not the thiocyanato compound 
but the thiophenoside ion L3- (N02)zC,H,S-  and the rcsulting diary1 sulphide and 
d i s ~ l p h i d e ' ~ .  Since the precursor for the transition state lor this reaction 
involves bonding to thiocyanate via its sulphur ;itoni55. the products in this and 
other reactions have been included ;IS products of S attack56. Where this is the 
incin S attack reaction ;IS in the case of 1 -fluoro-M-dinitrobenzene. however, 
the rate-determining transition state is very different from the I-X-7,4-dinitro-l- 
t h iocyana roc~c lo l i e~~ i~ ien ide  ion. 

S,/N reactivity ratios for thiocyannte attack on alkyl carbon range from 
about 2 to more than  1000. Ratios in the range of 2-9 are typical of 
reactions with a positively charged centre, such as a c a r b o n i ~ m ' " . ' ~ . ~ ~ . ~ ~  
or diazonium6s ion. When the transition state includes a partial bond to 
the leaving group. as in S,2 reactions or those with a degree of S,2 
character, S/N reactivity ratios are typically at least 50 and often more 
t h n n  1ooo2 

I t  is immediately apparent from Table 2 that with aryl carbon there is a 
clear division between compounds !awards which thiocyanate ion has a 
sulphur/nitrogen nucleophilicity ratio of 10' to more than  lo3, and those 
for which the ratio is very milch lower. 

Kornblum's genernlizatio~i~' that carbonium character in the transition 
state favours the more electronegative attacking atom (in this case 
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nitrogen) is consistent with the lower S/N ratios in 2.4,6-trinitroplienyl 
conipounds than in corresponding 2,4-dinitrophenyl and 4-nitrophenyl 
compounds. It is also qualitatively consistent with the fact that the ratios 
are smaller for electron-withdrawing leaving groups. However, it does not 
accounHor some S/N ratios being as low as, or even lower than for aralkyl 
carbon i uni reactions. 

In  the compounds studied by Fava's group, tlie formation of the new 
compound is in one step, either from a carbonium i o 1 1 ~ * ' ~  or from an 
aralkyl thiocyanate". The S / N  reactivity ratio reflects, for an S,2 reaction, 
the free energies of two transition states which can differ in the degree of 
'tightness' (distgnce along the reaction coordinate". 7 3 ) ,  in  the form of 
attachment of the tliiocyanate ion, and in the degree of solvation resulti,lg 
froin these two factors. 

Sulphur/nitrogen reactivity ratios of 2 to 3, far too low for SX2-type 
r e a c t i ~ n s l ~ . ~ ~ ,  and more especially the extremely low ratios for I-fluoro- 
2.4,6-trinitrobenzene and 2.1-dinitrophenylpyridinium ion. could be 
rationalized on the other hand as reflecting a difference in free energy 
between a bond-breaking transition state (Scheme 6) for S-attack and a 
bond-forming transition state for N-attack. 

Halogen mobility ratios for S and N attack by thiocyanate ion on I -  
halogeno-2,4-diiiitrobenzenes provide support for this view. At 75.2 "C in 
dimetliylforniamide. the mobility ratios are for S-attack F:C1: I = 0.25: 
1 :29,  and for N-attack F:CI:I = 39: 1 :0.556. 

The mobility ratio in the S-attack reaction suggests kinetic dependence 
on bond breaking. in which tlie strength of the carbon-halogen bond is 
i ni port ant ' 7.7 '.' . In the case of N-attack. bond formation with its depen- 
dence on the electronegativity of the leaving group76 s e e m  to be rate 
determining at least for the fluoro compound. 

The low S/N reactivity ratios for displacement of F. OC6H3(NO2),-2.4 
and the pyridinium ion provide examples of the usefulness of tlie addition- 
el i mi na t ion model for a ro ma tic n ucleo p h i I ic su bs t i t  u t ion react ions. as 
compared with a one-s t ep7 iiieclia nisni. 

do not depend on whether thz  transition state is of bond-forming or bond- 
breaking type (except insofar as loss of ionic charge reduces tlie polariza- 
bility of the nucleopliile), but rather on the distance between the groups 
iind on their polarizability. These interactions would assist i n  the high S," 
I-atios for polarizable leaving groups -NO,. -1. -SCN and (to a lesser 
e\tent) -CI. by stabilizing the relevant transition states. Siniilarlg. Such 
inter;\ctions would be of less assistance to the less polarizable leaving 
groups. especi;llly -F and -pyridinium. (Mutual polarizability interactions 

London-force interactions between entering and leaving 
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are more important for S,Ar transition states, with entering and leaving 
groups arranged almost tetrahedrally about carbon79. than in S,2 transi- 
tion states in  which the separation is greater.) The S/N reactivity ratios are 
nearly all consistent with the principle of Hard and Soft Acids and Bases49 
if one considers the leaving group as having ii symbiotic effect in the 
t ra ns i t ion state O. 

5.  4-Toluenesulphonate as a leaving group 

The one major exception to the above generalization is the 4-toluene- 
sulphonate group. This group is classed by Pearson as hard". and is 
strongly electron withdrawing. The high S/N reactivity ratio for 2.4- 
dinitrophenyl 4-toluenesulphonate, and the high yield of thiocyanato 
compound reported for the reaction of 2.4-dinitrophenyl benzenesul- 
phonate and potassium thiocyanate in ethanolM'. require special con- 
sideration. 

Molecular models based on a C-S-C bond of about 120"83 to 
140" '' on a cyclohexadienide anion indicate that the sulphonyl oxygen 
atom can readily approach to within bonding distance of the thiocyanate 
carbon atom. This allows a cyclic transition-state species as illustrated: 

N CsHuCH3 N* C6HuCH3 
I I  111 I c o-s-0 - c-o-k+-o - etc. 

I I 
S 0 

I I 

?s 

\C'- C(1) of substrate 
L\ 

s\ P 
2\ 

Models based on an isothiocyanatocyclohexadienide anion do not 
give the sulphonyl oxygen such ready access tQ the isothiocyanate carbon 
atom, whether the C-N-C bond angle is near to 140°84 or 180"85.86. 
Furthermore, it is B;ficult to see how the isothiocyanate carbon atom could 
accept electrons as readily as the thiocyanate carbon atom. 

One cannot exclude London interaction between the cyanide group 
and the toluenesulplionate benzene ring in the tr'dnsition state for S-attack. 
However, in contrast to the cases discussed by R ~ n n e t t ~ ~ ,  these centres 
can move apart by bond rotation. Hence each must compete with the 
solvent for access to the other. Partial bond formation involves forces of a 
different order from London-type forces and dipole-dipole interactions 
encountered in so 1 vat i on. 

Inforipation on the mechanism of any reaction in which thiocyanate 
displaces group X to forin an o r p n i c  thiocynnate or isothiocyanate gives 

4 

* 
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inforination in turn (through the principle of microscopic reversibilitys7" 
on the mechanism of reactions of the organic thiocyanate or isothiocyanate 
with X to displace thiocyanate ion. This is of particular value when 
competing reactions or the equilibrium position preclude direct study of 
the displacement of thiocyanate ion. 

6. Ally1 thiocyanates 

was by BilleterS8, who proposed a cyclic intermediate: 
The first discussion of the meclianism of isonierization of thiocyanates 

S-C-N S-C=N S - - - C = N .  

CH2-CH:C H2 CH2-CH-CH2 C H2=CH-CH2 
I - I  I I -  I 

Billeter suggested that the position isomerization be verified by isomerizing 
but-2-enyl (crotyl) thiocyanate. but i t  was 15 years later. in 1940. that 
Mumm and Richter" reported that this indeed gave I-methylallyl 
isothiocyanate. and they proposed a similar intermediate: 

Billeter did attempt to verify his mechanism by heating 3-phenylallyl 
(cinnamyl) thiocyanate. but no isothiocyannte formed. This he attributed 
to stgric hindrance. and i n  1935 Bergmann"" found that slow isomeriza- 
tion occurred on refluxing pure 3-phenylallyl thiocyanate. to give 3- 
phenylallyl isothiocyanate. i.e. no allylic shift. 

I n  the late Fifties the investigation was extended by Smith and Emerson' 
and by Iliceto. Fava and cowoi-kri.rs'.'."'. 

The slow isomerization of 3-phenylallyl thiocyanate'" WBS studied 
more closely. ande.-ound to be apparently first order. and highly sensitive 
to sol\,cnt changes and zinc chloride catalysis5. An ionization mechanism 
was proposed. 

A 11 y 1 ' . ?-met h y la 11 y 1'. 3- met h y 1 b i i  t -?-en y l ( 3.3-d i in et h y la I Ij4' I ;i nd 
b 11 t -?-en y 1 ( 3- met 11 y I ;I 1 I )" I t 11 i ocya na te isomer ize at rii t es re la t i vel y 
independent of salt concentration. solvent polarity and electronic erects.' 
Where product structure indicates \vhether a 1.3 shift accompanies 
isomerization. no trace was found d any products of isonierization about 
the carbon atom originally bonded to the thiocyanato group')'. Both 
groups of workers proposed a non-ionic cyclic mechanism. I t  was noted5 
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that the entropy of activation (c.  - 3 8  J K - '  niol-I) is similar to activa- 
tion entropies of other rearrangements thought to proceed via a six- 
membered cyclic transition states7b. Fava"." has  discussed t h ~  reaction 
in coinparison with the highly solvent and structure-sensitive rearrange- 
ments of ally1 chlorides"-"3 and allylic carboxylic esters"' and the insensi- 
tive rearrangements of allylic ~ iz ides"~  and selen~cyanates~. which (unlike 
the chlorides) rearrange at similar rates to the thiocyanate rearrangement. 
The transition state is described a s  involving n resonance hybrid7."" 

This description allows for ii spectrum of transition states for allylic 
rearrangements i n  which ionic structures contribute most to the chloride 
transition state and non-ionic structures contribute most to the thio- 
cy a n a t e. ;i zi de 11 n d sel e n o c y a n a t e t ran s i t ion s t ii t es. 

B. Photo-induced Thioc yanatdsothioc yanate 
lsornerization 

Parks it nd Spur I ock " have i n ves t iga t ed tlie is0 mer iza t i on of benzy 1 
t 11 i ocya na t es. R C ,  H 4C H SCN. to give t he is0 t h i ocynna t es ~i nder the 
influence of light. For tlie parent compound ( R  = H). tlie equilibrium 
mix t u re contains ni n i n 1y is0 t h ioc y a n a t e. with a bo ~i t 4 '.!.;; t h i ocya na te in 
the non-polar solvent liesaiie and only 1 ' I o  thiocyanate in acetonitril:. 
Substituent eFfects ( R  = CH,. OCH,. C1. CF,) on the isomerization 
rates are slight. I rrad ia t i on of benzyl t h iocyana t e or is0 t h iocy ana t e i n  
c y clo lies ii ne gives. in add i t ion to t he 1 i n  k age is p i  er, d icy clo hex y 1 sii 1 ph ide 
and d is i i  I ph ide. and to 1 iiene. Ea 1-1 ie r. M azziica t o and cow or kers')' 
showed by fluorescence emission measurements at 77 K {hat the benzyl 
radical is produced in the irriidiation of benzyl thiocyanate or isothio- 
cyanate in  an inert solvent. Those authors suggested a rndical-chain 
mech a n isni \v i t h benz y l and reso n;in ce-s t a bi 1 ized NCS rad ica Is as i n t er- 
mediales-----encl~ able to react with the initial thio- or isothiocyanate 
leading to isoniei-ization. Parks and Spurlock. ho\ve\w. obtained relative 
reaction rates after allowing for side-products unobserved by MazzLiciito's 
grnu p. and concluded r ha t a rad ical-clia in reacdon was unlikely because 
isomerizat ion ratcs decmised with increasing concentration. They 
proposed ;i homol~t ic  cleavage of the C-S or C-N bond followed by 
recoin bi n;it ion of rad ica Is. 
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Cyclohexyl thiocyanate. on irradiation with light, gives only the 
sulphide and disulphide. with no discernible isomerization. Reaction of 
NCS and benzyl radicals with the solvent cyclohexanc thus accounts for 
the toluene and the sulphide and disulphidc. No cyclohexyl thiocyanate 
was detected. 

Partial isomerization of benzyl t1iiocyin:ite occurs on */-irradiation, 
with production of side-products expected from C,H,CH, and 
C,H,CH2S rndicals"'. Low-temperature radiolgsis of CH,(CH,),,SCN 
leads to primary a i d  secondary alkyl radicals for I I  > -398. 

9 

C. Organic Thiocyanates as Trifunctional Electrophiles 

1 .  Interpretation of product analyses 

On the molecule RSCN there are at least three sites for nucleopliilic 
displaceiiients-the carbon atom on the group R bonded to thiocyanare. 
the sul ph 11 r'I9- ' ' . and the cyanide carbon4. Although detailed mechanistic 
studies of these reactions. with the esception of displacement of thiocya- 
nate. have not yet been made there is some information available on the 
corn petit ion bet ween the three sites in  aromatic t 11 iocya nates'". Scheme 7 
sets out the initial products of the reactions of nucleophiles with activated 
aromatic thiocyanates and Scheme 8 shows some of the further reactions 
available. These reactions. nnd otlicrs such ;is solvolysis, certain reactions 
of isothiocyanates. and the Von Richter reaction'" limit the conclusions 
that can be drawn from experiments on these systems. A further problem 
is tha t  product analysis alone will not distinguish between attack at 
cyanide c a1 -boil (s/;s"r'c"') and :stack at sulphur ( x/ic"'sl) in ArSCN 
(Scheme 7). However. 'some useful information has been obtnined by 
prod uct a nu I y ses in ex per i men t s designed to mi n i m ize decay of prod 11 ct s. 
and by making use of known relative sulphiir basicities and relative rates 
of s 11 bs t i t 11 t ion ;it ca r bon ;i nd sii I p li iir to d ist i ng u isli bet ween react ions at 
cya n ide carbon and at d i valen t sii 1 ph ~i 

A distinction between reaction at aryl curbon on the one hand and at 
either. cyanide carbon or siilphiir on the other Iimd can be made by 
aiialysing for thiocyanate ion (attack at aryl carbon) and for niercaptide 
ion. ArS-  (attack at cyanide carbon or ;it sulpliiir). AIlonmce has to be 
made for thiocyanate ion formcd by attack :it siilpliiir or cyanide carbon 
followed by reaction of the resulling mercapt ide \\:ith substrate (Ars/<s. 

Sc[ieIiie 8) or \\;it11 a product (e.g.. :'rS/;S followed by "/is). This cnn be done 
iI.1 so111e c;~ses by appropriate mat hema t ical t rea t men t of ii nal yt ical 

'. 
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ArX + SCN- 

ArSCN + X- ArS- + XCN (reaction a t  cyanide ca rbon)  

(reaction at aryl carbon)  

Nckx's'fast & ArSX + CN- (reaction a t  sulphur) 

ArS- + X-X ArS- + XCN 

Ar is any nitroaryl group. *knee' is a rate constant for. and label for. displacement of B by A 
at site C. N. S refer to thiocyanate N or thiocyanate S. (C)  omitted if reaction is at  aryl carbon. 

ArS- may also react further. as in Scheme 8. I f  A r  is 4-nitrophenyl and X is SPh. then the 
reaction rCkSA""' proceeds as shown. Reaction xkSA"X' is likely in the presence of excess X - .  
e.g. if X-  is SEt - .  

SCHEME 7. Reactions resulting from nucleophilic reactions with trifunctional aryl 
thiocyanates. 

ArX 

k X  

S k X C N  

SCN-  - A r S - +  XCN 

ArSCN + X- 

ArNCS + X- 

pork up 

Ar N H2 

c 
Further reactions of ArS-: 

4fskx 

4VSkS 

ArS-+ArX . j c k S ~ '  ArSAr + X- 

ArS-  + ArSCN ArSAr + SCN- 

LO1 
2 ArS- - ArSSAr 

in work-up 

Attack by S--Possible products are ArSCN. ArSAr. ArS-. ArSSAr. 9 

Attack by N-Products are  ArNCS. and ArNH,  which is formed in the work-up. 

SCHEME 8. Reactions resulting frsm aromatic nucleophilic substitution by ambident 
thiocyanate ion. 

results. but the efTecr of reactions ArSkS and ArSkX can usually be minimized 
by using it large excess-of the attacking nucleophile". Table 3 shows the 
products of a series of reactions of bases with aromatic thiocyanate. 

Consideration of availr,bie information on basicities and nucleophilici- 
ties of bases towards divalent sulpliur enables us to distinguish further 
between attack :itssulphur and attack at cyanide carbon. 

Basicities towards divalent sulphur decrease in the order: thioalkosides 

8 
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> C N -  2 PhS- > O H - .  nitrotliioplienoxides > N;, halides. plien- 
oxides, and alkoxideslO'. The pac t ion  of 2.4-dinitrophenyl thiocyanate 
(ArSCN) with PhS- gives quantitative yields of thiocyanate ion, and 
no ArS-, in  both m .no1 and dimethylformamide. If there were any 
attack by PhS- at thiocyanate sulphur, ArS- would be produced (Scheme 
8). Displacements at divalent sulphur are very much faster than displace- 
ments at aryl carbon'01.'05- hence tlie failure to produce ArS- from 
ArSCN must be because PhS- is much less basic towards the sulphur 
atom in ArSCN than is cyanide ion. In  cases where ArS- is formed in  
reactions of 2,4-dinitrophenyl tliiocyanate with bases which are less 
sulphur-basic than PhS- and thus less sulphur-basic than CN-,  it is 
unlikely to be by displacement of C N -  from sulphur by those bases. 
Accordingly, the production of ArS- from 2,4-dini'trophenyl thiocyanate 
by bases which are weaker than cyanide towards sulphur can be ascribed 
to reaction at cyanide carbon (xlis"''c"' i n  Scheme 7). Similar considera- 
tions apply in reactions of 2.4.6-trinitrophenyl thiocyanate to give ArS-. 
I n  the case of 4-nitrophenyl thiocyanate, PhS- gives a quantitative yield 
of ArS- (Table 3). and this cannot as yet be assigned definitely to reaction 
at aryl carbon or to reaction at sulphur. 

2. Mechanism of reaction at cyanide carbon atom 

Some of the rate constants in Table 3 and tlie product proportions in 
Table 3 indicate the relative reactivity towards aryl carbon and cyanide 
carbon in ArSCN. The ratio of aryl to cyanide attack increases dramatically 
on changing from reaction of 4-nitrophenyl thiocyanate 9.0 reactiqn of 
2,4-dinitrophenyl thiocyanate, with all bases studied. I t  seems that an 
extra activating nitro substituent enhances tlie S,Ar reactivity of aryl 
carbon in the L I S L ~ : ~ ~  way' (i.e.. 10"-108 increase i n  rate). but as shown in 
Table 4 for reaction with metlioxide. the leaving group tendency of 
ArS- from ArSCN is much lcss susceptible [i.e.. lo~("coks"r""') increase; 
from + 1.14 to + 1.791 to ;I change from 4-nitroa$l to 2,4-dinitroaryl. 
This is exfiected if the displacement at cyanide carbon is a two-step process. 
&. 
via an intermediate such as ArS-C(0Me) = N -  4.106 and if bond 
formation is r:i t e deter m i n i ng . 

Also consistent with a transition state wi th  highly localized charge is the 
solvent effect on the degree of preference of azide ion for cyanide carbon 
versus aryl carbon. When dinietliylformaniide is replaced by methanol as 
so 1 vent in t he "rzac t ion of a zi de i on w i t h 3.4-d in i t r o p h en y 1 t h i o c ya n a t e. 
there is a marked swing towards attack at the cyanide carbon rather than 
aryl carbon (Table 3) as would be expected because of hydrogen bonding 
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TABLE 4. Rate constants ( I  mol- s- ' ) for attack by bases on aromatic 
thiocyanato compounds (ArSCN) at cyanide carbon (xks"r'c"') and at aryl 
cnrbon ('k') i n  dimethylformamide (DMF)  at 7 5 2 ° C  and in methanol at 

3 0 ~ 5 6  

2.4-Dinitroplienyl thiocyanate 
MeO-  MeOH + 1.79 
Piper idine MeOH - 1.04 
N, MeOH 2 -2.7 
N .; " DM F 2 - 2.1 " 

2.4-\NO,),C,H -4 - D M F  2 -5.4 
SCN - I' D M F  2 - 5.75' 

c1- D M F  2 -3.1 
Br- D M F  < --6.7 
-SCN" D M F  < - 5 . 7  
NOE '' DM F < -2' 
1- D M F  < -7.6 

- 1.16 

- 3.2 
+ 0.57" 
- 5.26" 
- 4.4 
- 1.12 
- 3.70 
- 1.99 

0.0" 
- 4.62 

< -3  

4- Nitro plien y l t h iocynn a te 
MeO- McOH + 1.14 < - 1  
Pi peridine MeOH - 1.51 < - 4  

" A t  -16.0"C. 

' Mode of reaction at cyanide carbon u n k n o w n  but assumed to be through N. 

" A t  0.4"C. 

Reaction at aryl carbon by N. 

Reaction at nryl carbon by S aiiack. 

to stabilize a transition-state leading to an intermediate anion similar 
to ArS-C(0Me) = N- .  However. an alternative explanation for the 
solvent effect is a four-centre solute-solvent coiiiplex between the cyano 
croup and dimetliylformaniide (Figure 1)  similar to that proposed by 
Ritchie and his c o ~ o r k e r s ~ ~ ) ' ~ ~ " ~  for benzonitrile. Dipole moment 
s t i~dies ' "~  showing that the cyano group substii1itially retains its polarity 
when it forms part o f  a thiocyanato group support this. Reactions at 
cyanide carbon. but not at aryl carbon. would require disruption in the 
t ra 11s it ion state of t lie s 11 bs t rii t e-d i nie t h y l fo rma i n  ide co i i i  plex. 

FIGURE I .  Possible complex between an organic thiocyanate and dimethylformamide. 
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3. Competition between aryl carbon and cyanide carbon 

In the reaction between a base X- and 2,4-dinitroplienyl thiocyanate, 
the degree of preference for cyanide carbon over aryl carbon can be 
expressed as the ratio XkS”r(CN’/XkS. Values of this ratio are shown in 
Table 5. 

A generalization that can be made from Table 5 is that the selectivity of 
nucleophiles for aryl or cyanide follows the principle of Hard and Soft 
Acids and Bases4’, with the softer nucleophiles preferring the softer 
electrophilic centre, aryl carbon. It can also be seen, from Table 3, that 
activation by a single p-nitro group leaves aryl carbon less electrophilic 
than cyanide carbon, that addition of an o-nitro group shifts the site of 
attack towards the ring, and the addgion of a second o-nitro group seems 
partly to reverse this shift, especially in the case when azide is the nucleo- 
phile. 

The azide ion is an exception in the trend towards preference for cyanide 
carbon by hard bases. Pearson” classes azide ion as hard, yet in dimethyl- 
forniamide it  reacts almost exclusively at aryl carbon and even in methanol 
its behaviour is intermediate. This could be due to a relative advantage 

407 

TABLE 5. Reactivity ratios for reaction of 2.4- 
dinitrophenyl thiocyanate with nucleophiless6. 
Solvent: dimethylformaniide at 752°C unless 

otherwise stated 

I .SAr(CNl) x s Nucleophile log( I, f k )  
__________ _____- 

MeO- ’ 3.0 
Piperidine“ > 2  
2.4-(N02)?CGk$JO- < 2  
F- > 1.7 
SCN-. N-attack > -0.5 
N;“ > -0.5 
c1- 2 - 2  
NO;‘ < -2  
N, * 2 - 3 7  
Br- < -3  
I -  < - 3  
PhS - < - 3  
2.4-(NOZ)lC,H,S- < - 3  
SCN-, S-attack < - 3.7 

“ MeOH, 30°C. 
60°C. 
‘ 0.4 C. 
- 16°C. 
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over other hard bases such as methoxide, 2,4-dinitrophenoxide and 
piperidine for reaction at the sterically-hindered aryl carbon atom6'. 
Alternatively, the positively charged' l o . '  ' central atom of the forming 
azido group may interact strongly with the oxygen atom of the nearby 
nitro group in the transition state. An interaction of this type is believed to 
be very strong in compounds such as I-azido-2-nitrobenzene' ". 

a. S~tbstitirerir clflecr.7. The shift from cyanide carbon attack to ring 
attack when an o-nitro grpup is present in addition to a p-nitro group is 
to be expected in view of the sensitivity of S,Ar reactions in conjugative 
electron withdrawal '. Hiskey and Harpplo3 have shown that stai&&.A- 
tion of leaving mercaptide ions is not necessarily a dominant kinetic 
factor-thus we can expect the influence of an o-nitro group in accelerat- 
ing attack on aryl carbon to outweigh by far any effect in accelerating 
reaction at cyanide carbon and release of mercaptide. 

A second o-nitro group appears, 
mercaptide ion, at least when azide is 

however, to favour formation of 
the attacking species. Cahn' l 2  has 

I 

N 0 2  NOz 

. ,  

No2 

ozNoNo2 + SCN- 

NO2 

SCHEME 9 
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made similar observations in the reactions of 2,4-dinitro- and 2,4,6- 
trinitroanisoles with piperidine: displacement of methoxide ion from 2,4- 
dinitroanisole but reaction at the methyl carbon of 2,4,6-trinitroanisole. 
The observed effect of the second o-nitro group on product distribution 
need not signify a kinetic effect in favour of cyanide carbon (or of methyl 
carbon in Cahn's case). Meisenheimer complexes' l 3  can become the 
major species present during reactions involving picryl compounds' 14, 
and further attack on these could give rise to the observed products 
(Scheme 9). 

4. Reaction a t  thiocyanate sulphur 

Thioethoxide is considerably more basic toward divalent sulphur than 
is cyanide'OO-'O' . and hence the mercaptide produced by its reaction with 
2.4-dinitrophenyl thiocyanate can be attributed to reaction E'SkCN(SI 
(Scheme 7). Addition of a third nitro groupeeems to lessen the influence 
of attack at sulphur by thioethoxide-that is, the basicity of cyanide has 
moved closer to that of thioethoxide. It is already known that when there 
are no nitro groups, as in phenyl thiocyanate, even the thiophenoxide ion 
is more basic towards sulphur than is cyanideg9.' ' I .  

These observations fit  into a picture of iricreasirig sulplttrr hrsicirj. of 
cj~inide relntice to  rnei-cnptide.s ns elecrroj~ rlerisirj. i s  ~ir l ic l rc i i \w j7oni the 
electrophilic .sirlpliitr. (itorii. 

It is tempting to speculate on the reactions of thiophenoxide and thio- 
ethoxide with 4-nitrophenyl thiocyanate-if the reaction here is at sulphur 
and not at cyanide carbon then t l r se  results (Table 3) fit neatly into the 
same picture. These reactions merit closer investigation. as a distinction 
between the two sites of attack may be possible by employing an excess of 
nucleophile and analysing for disulphides from reaction 'kSAr('I in 
Scheme 7. 

One' extremely sulphur-nucleophilic and basic class of nucleophiles is 
the carbanion. Products of reactions of acetylide' '. trichloroniethyl, 
alkyl and aryl carbanions' l 4  with alkyl thiocyanates indicate direct 
displacement of cyanide ion from sulphur as in equation 10. 

RS-CN + R'- RS-R' + CN- (10) 

In studying the carbanion reaction, Makosza and Fedorynski' l 4  used a 
two-phase system-aqueous and organic-so that the base u d d  to generate 
the carbanion, and the displaced cyanide ion, remained outside the 
organic phase and could not react further with the organic thiocyanate or  
sulphide. 



410 Dion E. Giles 

Attack by Grigiiard reagents or alkyl lithium at low temperatures seems 
to be at sulphur, especially for alkyl thiocyanates, but at cyanide carbon 
at higher temperatures' Is, reflecting a low activation energy for attack 
at sulphur. 

5.  Reactions of organic thiocyanates with trialkyl 
phosphites 

Alkyl and aryl thiocyanates react with trialkyl phosphites to give a 
thiophosphate and nitrile as in equation ( I  1) 116.1 1 7  . Aryl thiocyanates, 
but  not alkyl thiocyanateg. also give an alkyl aryl sulphide (equation ( 1  2)), 
a reaction favoured by electron-withdra\~ing substituents in tlR 
ring' 18.' 19*  

0 
t 

(RO)3P + R'SCN - R'SP(OR)2 + RCN (1 1) 

(1 2) 

0 
t 

(RO)3P + ArSCN - ArSR + [(R0)2PCN] 

(The dialkyl cyanophosphate of equation I2 reacts further with dialkyl 

Mechanisms postulated for reactions ( I  1)116.117 and (12)"' are 
phosphite.) 

summarized in Scheme 10, due to PjIgram and Phillips"'. 

ArSCN + (RO),P 

+ + 
Ar S- P(OR)& N- fir S-( R O)$' - C N 

kow 
0 0 
t t 

ArS-P(OR)2 + RCN ArSR -t [(R0)2P-CNl 

SCHEME 10. 
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The proposed scheme is supported by studies of reactions of sulphenyl 
halides and dialkyl disulphides with trialkyl pliosphites'OO, by the 
absence of photocatalysis or inhibition by radical scavengers' ', and by 
the effect of electron-withdrawing substituents in the aryl group in 
accelerating both reactions and favouring displacement of mercaptide 
relative to displacement of cyanide' I y .  

0. Addition Reactions of Thioc yanates and 
Isothiocyanates 

1 .  Thiocyanates 

Addition reactions of thiocyanates occur in a direction governed by 

the polarity of the -SCN group: -S--CGN.' Acid-catalysed hydration 
or addition of alcohol, by analogy with nitriles, has been said4 to begin 
with protonation, followed by addition, to give an iniinothiocarbonate 
which rearranges to give a thiocarbamate. 

6 +  6 -  

2. lsot h i ocya nates  

Addition to isothiocyanates has received considerably less detailed 
attention than addition to isocyanates. Isothiocyanates undergo a wide 
variety of addition reactions, and representative types will be considered 
here to illustrate general mechanistic features. 

Acids add to isothiocyanates (and isocyanates) according to the general 
equation ( I  3): 

H X  
I 1  

R N C S + H X  R-N-C=S 

Strong and moderately strong acids react in acidic splution, but the 
very weak acid, hydrogen cyanide, requires base catalysis' ''.' '' , suggest- 
ing that the anion may be involved in the initial attack. 

Addition of alcohols to isothiocyanates was investigated by Rao and 
V e n k a t a r a g h a ~ a n ' ~ ~ . ' ' ~  who found the reaction to be first order in 
alcohol and in isothiocyanate. but too slow in most instances for con- 
venient direct study. Reactions catalysed by triethylamine (equation 14) 
and pseudo-first-oder reactions with the alcohol ahsolvent were utilized 
to gain kinetic information. 
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7 PR 
Ar-N-C=S + NEt3 (14) 

Varying the substituent in the addition of ethanol to 4-substituted 
phenyl isothiocyanates showed good correlation with Hammett CT 

constants, and much poorer correlation with Brown's CT+ constants". 
Electron-withdrawing substituents were found to accelerate addition. 

Although equation (14) shows addition across the C=N bond, tauto- 
merism between the predominant thioamide form shown and the aryli- 

) makes the direction of minothiocarbonate form (Ar-N=C 

OR 
/ 

\ 
SH 

initial addition undeterminable from consideration of products. 
The reactivity of alcohols toward 4-bromophenyl isothiocyanate with 

the alcohol as solvent in each case decreases in the order CH,OH > 
C,H,OH > u-C,H,OH > i-C,H70H > t-C,H,OH 23.  Correlation of 
rate data with Taft CT* constants'24 is poor. Ultraviolet absorption of 4- 
bromophenyl isothiocyanate in cyclohexnne was found to depend on 
the concentration of added propan-2-01, suggestins complex formation. 
Rao interpreted this as a steric effect which outweighs the polar effect, 
increasing the basicity of the alkoxide ion with increasing substitution- 
something which had already been noticed in some alcohol additions to 
isocyanates' 2 5 .  The reactivity order could, however, be rationalized on 
the basis of ease of cleaving the 0--H bond-autoprotolysis constants 
decrease in the order of decreasing reaUivity towards addition t& 4- 
bromophenyl isothiocyanate' 26. 

In tIk addition reacti&.;i of substituted anilines with phenyl isothio- 
cyanate, rates have been found to vary'23 with hydrogen basicity of the 
amines in much the same way as in nucleophilic substitution reac- 

Acyl isothiocyanate-amine addition reactions were found by 
Brzozowski'2g to be catalysed by tertiary amines. Initial formation of' a 
nitrogen-carbon bond involving the tertiary amine, followed by dis- 
placement by the primary or secondary areine in a manner analogous 
to that of equation (14), was proposed following similar proposals for 
isocyanates by Baker and Gaunt '  2 5 .  

t ions 1 2 7 . 1 2 8  
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34 and N e i d l e i r ~ ' ~ ~  have in- 
vestigated the I,'>-cycloaddition of carbodiiniides (RN=C=NR') to 
isothiocyanates and isocyanates ( ( I . [ ! . ) .  Initial problems of identifying 
products were overcome by fragmentation of products derived from 
met h yl-t -bu t y lca rbod ii  m ide and is0 t h i ocya n a t es (and isoc yana t es, 4.u.)  ' 34, 

and it  was shown that addition occurs across the C=S bond as in equation 

Ulrich, Sayigh and their 

(1 5). 
+ 

MeN=C=NBu-t MeiV-C=NBu-t - L 
7 I - + PhS02N=C=S PhSO N-C-S 

6- 6- 

MeN-C=NBu-t 
I 1  (1 5) 

PhS02N=C--9 

An alternative fate of the intermediate shown in equation ( I  5) is rotation 
leading to the formation of a I ,3-diazetidine structure as in equation (16). 
However, in the case of 

+ 
t-BuN=C-NMe t-BuN=C-NMe 

I 1  (1 6) 

toluenesulphonyl isothiocyanate this does not take place. 1,3-Diazetidine 
formation does occur with isocyanates and is discussed in the relevant 
section. Ulrich states that the initial reaction is not necessarily donation 
of electrons by the carbodiimide, as donation of electrons to the carbodi- 
imide by isothiocyanate sulphur would also give the observed product; 
however, in the absence of evidence to the contrary it seems reasonable to 
assume. with Ulrich, that the less electron-rich isothiocyanate group will 
provide the receptor site. 

Carbothianlide anions formed from 3-lithiated isocyanides and organic 
isothiocyanates (Scheme 11) show a similar prtference for bonding to 
sulphur to form thiazoles and corresponding carboxamide anions give 
iniidazoles by C-N bond formation'36. 

1,3-Dipolar cycloadditions, also, occur across either of the isothio- 
cyanate double bonds depending on the 1,3-dipole under considera- 

The rpaction type can be illustrated by the cycloaddition of 
nitrones (R . N O  : C H  R') to isothiocyanates. N-Methyl-C-phenylnitrone 
and the cyclic nitrone 5.5-dimethyl-1-pyrroline 1-oxide (8a, equation 18) 
add across the C=N bond of phenyl isothiocyar2,te' 38.1 3y but 3,333- 
tetramethyl-1-pyrroline 1-oxide (Sb, equation 18) adds across the C=S 
bond'"'. Both cyclic nitrones give thiolactams with substituted phenyl 
isothiocyanates (i.e., addition across C=S) whether the substituents are 

I - 
P h S 02N--C - S P hSOZN-C=S 

6- 6- 
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x = s  x = o  
R = H  R = H  

R'= Ph R' = Ph 

5- (N-Phenylarnino)-l,3-thiazole 3-Phenyl-l.3-irnidazoIin-4-one 

SCHEME 1 I 

electron donating or electron withdrawing (Scheme 12). Thiolactam 
formation is accompanied by elimination of aryl isocyanate, and product 
analysis indicates that nitrones add exclusively across the C=N bond of 
the isocyanate group. 

Ph 
I 

'N=LH + N - M e  C H  

I I  0-c 

M e  Ph Ph 
I 

I I1 \N/ \,/Ph 
0 C \ /  

S XS 

Ph 
I 

C 
I I  

___, 

I 

\S 
0 S 
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- 
N 

M e  N 

I I 

0 Ar 
'Ar 

I R  

Compound 
analogous 

to 9 

equation (18) 

+ 

- R  
C 

\S 

0-analogue 
of 9. equation (18) 

Thiolactam 

SCHEME 12. 

Black and Watson'4o have attributed C=S addition with substituted 
phenyl isothiocyanates to a reduction of the C=N bond order relative to 
the C=S bond order by mesomeric electron dona'tion as in 4-etlioxyphenyl 
isothiocyanate or withdrawal as in  4-nitrophenyl isothiocyanate. The 
preference of the more hindered tetramethyl cyclic nitrone for C=S 
addition suggests sensitivity to steric factors. 

rhioc.~*crritrr~~ ion. Niicleopliilic substitution is relatively easy in acyl iso- 
thiocyanates, and Elmore and Ogle have published some data on the 
competition between this reaction and addition"'-''3 . AIcoIiols and 
tliiols react exclusively or almost exclusively by addition. and aniinebgive 
mixed products depending on conditions. Substitution is favoured when 
the solvent is highly polar and the aniine is strongly basic. A carbovylate 
ion close to the amino group also increases the proportion of substitu?ion. 
Add it ion is fa vo LI red by st er ic ti i iaj rance to s i i  bs t i t u t ion. i .e. sii bs t it u t ion 
is apparently more sterically demanding than is addition. 

a. colllperirio~~ I W ~ W C I I  t r ( / t / i t i ~ ~  10 i .~o t /~ ioc . ! . r~~l r r r t . s  t ~ ~ l t i  c i i ~ ~ l i ~ ~ r i o ~ ~  of 

111. THE GROUPS -0CN AND -NCO 

A. Thermal C yanate-Isoc yanate lsomerization 

Cyanates are considera\jly more dificult to study than thiocyanates. 
because of the ease with which they isonierize or trimerize. The first 
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organic cyanate was not prepared until 19601"4. Since then many classes of 
cyanates have been prepared, and t h g r  chemistry has been studied 
extensively 45. 

Alkyl cyanates readily isomETze to form alkyl i s o ~ y a n a t e s ' ~ ~ - ~ ~ ~  , but 
aryl cyanates are stable to heat when pure and rapidly trimerize to give 
triaryl cyanurates in the presence of nucleophilic or  electrophilic cata- 
l y s t ~ ~ ~  Martin has attributed the thermal stability of aryl cyanates to 
resonance' '. 

Isomerization of alkyl cyanates is promoted by elevated temperatures, 
high concentration (especially in polar solvents), Lewis-acid catalysis 
and the absence of bulky alkyl groups on the %-carbon 
154-156 . Martin and coworkers have investigated cyanate isomerization 
in some detail using ethyl cyanate as an example150. Despite further 
reactions (especially trimerization) of the product ethyl isocyanate they 
were able to show: 

(i)  The reaction is faster in polar than in non-polar solvents. 
( i i )  Addition of lithium perchlorate increases the rate in acetonitrile. 

( i i i )  In solvents of low ionizing power the reaction is catalysed by the 
product, but when ionizing power (in particular, cation-solvating 
ability) is increased by solvent change or, in acetonitrile, by the 
addition of lithium perchlorate, the reaction is first order. 

(iv) The isomerization is extremely rapid in dimethyl sulphoxide. 
(v )  Isomerization of ethyl cyanate-I'N and n-butyl cyanate together in 

nitrobenzene leads to an isocyanate mixture in which the nitrogen-1 5 
is almost equally shared (with slightly more in the ethyl isocyanate- 
but further reactions of the products preclude complete equilibration). 

Martin rationalized these results on the basis of Scheme 13 for the first 
order reaction and Scheme 14 for the autocatalysed reaction. 

The solvent-separated ion pair of Scheme 13 was put forward to 
account for the i3otopic exchange in nitrobenzene, the first-oraer kinetics, 
and the b+pJ.;likelihood of a solvent such as nitrobenzene supporting free 
ions as in a classical S,1 reaction. The suggested autocatalytic mechanism 
(Scheme 14) is a special case of Lewis-acid catalysis in  an S,1 reaction. 

However, the single exchange study in nitrobenzene needs to be sup- 
plemented before Scheme 13 can be well established, since the reaction in 
nitrobenzene is not @-st order and arguments relevant to that reaction 
cannot necessarily be applied to the first-order, uncatalysed reaction in 
the more-ionizing solvents (especially as one of the arguments was that 
the solvent nitrobenzene would not allow free ions). 

9 
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Solv.. . .ROC N 

slow [R+OCN-ISo~V - RNCO 

fast [R+IIOCN-] Exchange 

.( 

RNCO - Further reactions 

SCHEME 13. 

417 

0 

.c\ Further reactions 
I js-  

I . 6 - N '  ?N-R / 
I I  

I1 (R+)SOIV c 

b 2 RNCO 
0 1 

SCHEME 14. 

B. Photo-induced C yanate-lsoc yanate lsomerization 

Irradiation of butyl cyanate vapour with the light from a high-pressure 
mercury arc lamp has b&n found by Hara, Odaira and T s u t ~ u m i ' ~ '  to 
give butyl isocyanate and its trimer, tributyl isocyanurate, as the main 
products. Other products, and the effects of added gases, are summarized 
in Table 6. 
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Three reaction paths could account for the products, one starting with 
reaction (191, one with reaction (20) and one with reaction (31). 

ht 

hi 

hi 

BUOCN ___* BuO. + .CN (19) 

(20) 

(21) 

Some of the products could be formed by any of the paths. but formation 
of hydrogen cyanide and butan-1-01 is typical of the products following 
from reaction ( I  9). butane and but- 1 -ene follow from reaction (lo), and 
butyl isocyanate and its trimer are the main products of reaction (21). 
Butyl cyanat: has an absorption maximum around 260 nm, depending 
on the solvent, and a strong absorption band below 220 nm. Filtering out 
the light above 250 nm was found to suppress the products attributed to 
reactions (19) and (20). From this, and the evident insensitivity of reactions 
(19) and (20) to oxygen, the authors deduced that Bu-OCN and BuO-CN 
dissociation proceeds through a high energy singlet state. and that the 
isomerization reaction, which is sensitized by benzene and mercury and 
suppressed by oxygen. may involve a triplet state without the intervention 
of radicals. 

Similarly butyl and ethyl cyanates give mainly the isocyanate and 
isocyanurate on irradiation in the liquid state, but phenyl. '-methyl- 
phenyl and 2,6-di-r-butylpIienyl cyanates give mainly the products 
espected from reaction (20)"*, as would be predicted on the basis of the 
greater stability of phenoxy radicals than of alkoxy radicals. 

BuOCN ___* Bu- + - 0 C N  

BuOCN - BUNCO 

C. Organic C yanates as Trifunctional Electrophiles 

Cyanates are less susceptible to nucleophilic attack at oxygen than are 
thiocyanates to similar reactions at sulphur. This is because oxygen has a 
higher electronegativity than sulphur and is unable to form intermediates 
by expansion of its valence shell. However, Pilgram and Korte1j9, and 
Martin and Weise'60 obtaked products from the reaction of trialkyl 
phosphites with aryl cyanates which indicated participation of a reaction 
mechanism i n  which initial attack i h a t  oxygen. as in step PkCN'S' of 
Scheme 10. When dialkyl phosphites are the reagents, the reaction occurs 
exclusively at oxygen as in equation (22)160. 

R'O R'O, 7' 

R'O / R'O/ \OAr 
\p'O + ArO-CN ___* P + CN- (2 2) 
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There has been no mechanistic investigation of nucleophilic replace- 
ment of cyanate ion in the aryl cyanates, a reaction which would un- 
doubtedly require activation by very powerful electron withdrawal 
from the benzene ring. The usual site for nucleophilic attack is the cyanide 
carbon atom, with displacement of phenoxide, as shown in equation (23), 
or with addition across the C=N bond (Section 1II.D). This topic has 
been r e ~ i e w e d ' ~ ~ . ~ ~ ~ .  

Y- -4- ArO-CN - ArO- + Y-CN (2 3) 

(Y- is, e.g., RO-. RS-) 

With alkyl cyanates, however, competition for the nucleophile arises 
between the alkyl carbon atom and the cyanide carbon atom. Martin's 
group has made a wide-ranging study 4 this competitive reaction162. 
The primary products of reactions at the alkyl carbon atom are shown in 
equation (24), and those of reaction a? the acyl carbon atom are shown in 
equations 123) (replacing Ar with R) and (25). 

R-OCN + Y- or HY or (YYProtic solvent) - 
RY + OCN- or HOCN (24) 

R O - C r N  + HY or (Y-/Protic solvent) 

Y Y 
I I 

RO-C=NH or RO-C=N-(,,,,) (25) 

Cyanic acid immediately reacts further to give such products as cyame- 
lide, cyanuric acid, (in the presence of alcohols) allophanic acid esters or 
(in the presence of amines) substituted ureas. 

The product of equation (25) can rissociate to reform the alkyl cyanate 
(reverse of equation 25) or to give YCN as in equation (26). Alternatively 

Y 
I 

RO-C=NH ROH+YCN 

OCOR' OCOR' 
I I 

I 
OCOR' 

RO-C=NH + R'COOH RO-C-NH;! ___* 

0 
I 1  

(27) % RO-C-NHz + R'COOCOR' 
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R'N H R'N 
I I 1  RO-CN RO-C=NH RO-C-NHz - 

R'N 

32 1 

II 
RO-C-NH and tautorners (28) 

it can react with further reagent as in equations (27) and (28) and in 
Scheme 15. 

I 
RO-C=NH 

SR' 
I 

s 

___L ROYsoivl + R'-S-CN RO-c=N-(soIv. R"0H) 

9 

R'S- + ROCN 
Further 
reactions ROR+OCN- R'SSR' 4- @-+ 

and also 

(RO)zC=NH 

SCHEME 15. 

I 
R'SR + OCN- 

Fortunately the reverse reaction of equation (25) and further reactions 
of products shown in equations (23), (26), (27) and (28) and Scheme 15 
are slow enough at the temperatures of Martin's study (mostly in the 
range 0 to 20°C) to allow a product analysis to give some information on 
relative rates of nucleophilic reactions at the alkyl and cyanide carbon 
atoms. This information, for a selection of nucleophiles, is summarized in 
Table 7. (It is of interest that Scheme 15 also accounts for the formation of 

The role of dipolar aprotic solvents in determining the product distribu- 
tion can be rationalized in terms of their strong solvation of SN2-type 
transition states, in which charge is well distributed, relative to transition 
states such as RO-C(Y)=N-, which are more suited to systems in 
which protonation or hydrogen-bonding solvation is possible. 

The product distribution in the other solvent classes is, however, diffi- 
cult to explain. Martin has pfoposed that the stronger nucleophiles react 
more readily at the more electrophilic cyanide carbon atom and the less 
reactive nucleophiles prefer the less electro(uhi1ic alkyl carbon atom'62. 
It is not clear why this should be so, and in any event there are some 
notable exceptions such as phenol in ether or the highly nucleophilic 

dialkyl sulphidg in the reaction of alkyl thiocyanate with a l ~ o h o l ~ ~ ~ * ' ~ ~  .) 
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TARLE 7. Reactions of nucleophiles with alkyl cyanates" 

Nucleophiles reacting 
Nucleophiles reacting mainly or  appreciably 

Solvent type mainly at  alkyl C at cyanide C 

Protich I - .  O C N - .  SCN-. NO;. CN-, N;. RO-. RS- 

Non-polar aprotic' PhNH,. ROH, RCOOH. PhOH, RSH. PhCOSH. 

ROH 

HCL. R.?N R2NH. carbanion-active 

I - .  OCN. SCN- .  NO;. 
NO;(Ag+). C N - .  N;. 
RO-. PhO- .  RS-. 
PhCOSH. RNH,. R,NH. 
carbanion-active 
systems 

systemsd 

D i polar a pro t ic" 

@ 

Data from References 154, 162, I64 and 165. 
' Water. alcohol or water-saturated ether. 
' Ether. hydrocarbons. 

'' Dirnethylforrnarnide. dirnethylsulphoxide. 
E.g. NCCHNaCOOEt,  NCCHNaCN.  CH,COCHNaCOCH,.  Grignard reagents. 

anion-dipolar aprotic solvent systems. Neither can the data for protic 
and non-polar solvents be readily explained in terms of polarizability, 
hardness and softness, or even by the availability of protons to reduce the 
high charge density on the nitrogen atom in the transition state for 
reaction at cyanide carbon (for example. alcohols, carboxylic acids and 
hydrogen chloride react at alkyl carbon). 

Some kinetic evidence has recently been obtained suggesting that the 
gcond-order reaction between alkyl or aryl cyanates and alkyl or aryl 
Grignard reagents may be by way of a four-centre transition state in which 
the magnesium bonds to oxygen synchronously with nitrile formation. 
thus by-passing any iniido-ester type  intermediate'""-'"^ (equation 29). 
I t  is not clainied'6h-'68. however, that the evidence is yet strong enough 
for definite esclusion of an imido ester. 

(X=halogen alkyl  or aryl) 
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Much detailed investigation remains to be done before the product 
distributions in the reactions of nucleophiles with alkyl cyanates can be 
adequately accounted for. 

D. Addition Reactions of C yanates and Isoc yanates 

1. Cyanates 

Addition to cyanates can follow nucleophilic attack at the cyanide 
carbon atom as discussed in Section 1II.C. A detailed examination of some 
addition reactions of aryl ct'anates has recently been made by Martin's 

The reaction of aryl cyanates with alcohols is slow in the absence of 
acid or base catalysis, and leads first to alkyl aryl imidocarbonate and then 
to dialkyl imidocarbonate, followed by further reactions leading to 
triazines (Scheme 16)170. The formation of triazines in the reaction of 

g r o u p l  t1')-17 I t 

RO RO 
I & RO-C=NH + ArOH 

I 
A r O - C Z N  'OH b ArO-C=NH 

Further reactions 
giving triazines 

SCHEME 16. 

methanol with aryl cyanates could be suppressed by the use of a large 
excess of methanol. and the formation of each imidocarbonate diester 
and phenol was followed spectrophotometrically and matched to a 
computer model based on equations (30) and (31)160. 

k 
ArOCN + MeOH (excess) + Autocatalyst * 

ArOC(0Me):NH + Autocatalyst (30) 

ArOC(0Me):NH + MeOH (excess) k' b 

(Me0)zC:NH + ArOH (31) 

The autocatalyst was taken to be the methyl aryl imidocarbonate, since 
the dimethyl imidocarbonate concentration was negligible during the 



424 Dion E. Giles 

part of the reaction course studied. The strongly negative activation 
entropy ( -  162 J K -  mol- ’) and low activation energy (30.5 k3 mol- ’) 
for the reaction ofmethanol with phenyl cyanate in methanol (equation 30), 
and the negative Hammett p v a l ~ e ’ ~ ~ . ’ ~ ~  , support Martin’s assignment 
of a trimolecular transition state (I) for the reaction. (Since the p value 
for other addition reactions is positive, the overall negative p value 
was taken to signify a strongly negative value for the autocatalysis, i.e. 
electron-withdrawal decreases the ability of the catalyst to contribute to 
structure I.) 

Before the concentration of imidocarbonate becomes significant, the 
alcohol itself can contribute (less effectively) to a similar cyclic transition 
state (11)-in keeping with the observation that the addition of methanol 
to methylphenylketene is second order in methanol’73. 

N, 4 “H 
ArO-C 

I 

&N \- 

ArO-C ‘H 
! I 

Since structure I involves an N-H group and an 0-H group, it is 
predictable that hydroxylic compounds would catalyse the addition of an 
amine to a cyanate, and the amine would catalyse the addition of a 
hydroxylic compound. Martin found this to be the case: N-methylaniline 
and phenols separately add oiily very slowly to aryl cyanates, but together 
they both react rapidly, forming an isourea from amine addition and an 
imidocarbonate from phenol addition. The kinetics follow the integrated 
form of equatigns (32) and (33 )  well, the presence of substituents in either 
the phenol or ihe cyanate influence both addition reactions in the one 
direction (acceleration by electron-withdrawing groups), and in all cases 
studied by M-tin the ratio k’/k (equations 32 and 33) was found to be 
close to a constant value of 2. Hence it was proposed that ope-third of the 
aryl cyanate reacts through transition state 111 and two-thirds react 
through transition state IV. 

ds/dt = k ( ~  - s - j*)(b - s)(c - j.) (32) 

(33) 

(s = [isourea], j’ = [imidocarbonate], CI = [ArOCN],, b = [amine],, 
1 < 

c = [phenol],) 

dJ)/dt = k’(cl - s - j l ) (b  - S)(C - j*) 
< 
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2. lsocyanates 

Isocyanates are more reactive to addition than cyanates, thiocyanates 
or isothiocyanates. Their addition reactions have been extensively 
reviewed over the years"'.' 73-181 , and in this chapter we shall direct our 
attention to the addition reactions which have been most exhaustively 
studied (especially addition of alcohols and amines to alkyl and acyl 
isocyanates and the dimerization and trimerization of isocyanates), and 
to some studies whose interest lies in their relationship to isothiocyanate 
reactions or in their importance in typifying major trends in current or  
recent research. 

a. Additiori of nlcohols, niiiiizes, water aiid pheiiols. For a number of 
years, thinking on the mechanism of the addition of alcohols to iso- 
cyanates (equation 34) was dominated by the pioneering work of Baker 
and Gaunt 125.1 82-1 8 5 

OR' 

R-N=C=O + R'OH - R-NH-C=O (34) 

Baker and Gaunt measured the kinetics of the reaction, with and without 
the assistance of tertiary amine-.catalysts, between a range of aryl iso- 
cyanates and a range of alcohols.aln the absence of tertiary amine catalysis, 
the addition reaction appeared to be second-order, but the second-order 
rate constant was found to increase with increasinii(nitia1 [ROH]/[RNCO] 
ratios. This was ascribed to the stepwise mechanism shown in equation (35).  
Assumption of 6 steady state intthe concentration of the intermediate 
complex leads to equation (36), and this equation and the mechanistic 
scheme leading to it were supported by the linearity of plots of [ROH]/k,,, 
against [ROH], for several alcohols with phenyl isocyanate in dibutyl 
ether ' 5 .  

R ~ H  
k i  I k2 , 

Ar-N=C=O + R O H  k - i  Ar-N=C-o- ROH a 

Ar-N-C=O + ROH (35) 
I I  
H OR 
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[ROHl/kobs = k-Jkik2 + [ROHI/kl 
(kobs is the observed second-order rate constant) 

I 

N R3 
ki I k2 

k -  1 ROH 
ArN=C=O + NR3 d Ar-N=C-O- 

Ar-N-C=O i- NR3 
I I  
H OR 

The N-arylurethane formed by addition of an alcohol to an aryl iso- 
cyanate is itself a catalyst, though a weak one. The kinetics would be 
complicated if :he catalytic action of the product were strong?, or its 
concentration relative to the alcohol grew high. In the addition of amines 
to isocyanates, the substituted urea formed is a strong catalyst’86, and 
Scheme 17, due in part to Arnold, Nelson and verb an^'^^, summarizes 
the application of Baker and Gaunt’s mechanism to the addition of 
alcohols, water187 and amines to aryl isocyanates. 

BH H B  
k - i  I k I 1  

Ar-N=C=O + :BH Ar-N=C-O- Ar-N-C=O -t :BH 
ki  

:BH = ROH. H20. R2NH 

ArNHCOB 

Ar-N=C-O- + :BH 
I 

2 ArNHCOB 

SCHEME 17. 

However, it later became apparent that the kinetics and mechanism of 
the addition reactions might not always be as Baker and Gaunt described. 
Large negative entropies of activation and low activation ’energies in 
the non-catalytic reactions of isocyanates with alcohols188*’ 89 support 
the possibility of a four-centre transition state as in equation (39)’”. and 
large positive values of p in the Hammett equation, observed for reactions 
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of isothiocyanates as well as isocyanates, could be accounted for if the 
intermediate adduct of equation (35) were to undergo prototropic re- 
arrangement as in equation (40)' 'O. 

R-N=C=O R-N-C=O R-N-C=O 

+ H-0-R' H ...O- R' H 0-R' 
___, I I  (39) . .  . .  . .  . .  ___, 

H OR' 
H f R  ) -, I I  (40) 

H& - .  1 '  R -N=C-O- R-N-C=O R-N-C=O 

These mechanisms are not separable on kinetic grounds and may 
provide energetically-comparable alternative paths depending on con- 
ditions. Both imply second-order kinetics (first order each in alcohol 
and in isocyanate) and neither in itself accounts for base catalysis or the 
increase in second-order rate constant with increasing alcohol concentra- 
tion. However, Robertson and Stutchbury found' that the linear change 
of [ROH]/k,,, with [ROH], noted by Baker and Gaunt, depended on 
the reaction conditions and the nature of the a l c ~ h o l ' ~ ' .  In a number of 
instances they found that this ratio .falls with increasing alcohol concen- 
tration I ' '. 

Entelis and Nesterov have suggested that the variation in rate constant 
as alcohol Concentration is changed is due to the change in the properties 
of the rnediu~n'~' .  Kinetic e ~ p e r i m e n t s ' ' ' - ' ~ ~  support the conclusion' 7 7  

that the addition reaction is retarded by solvation of the reactants by 
polar components in the medium. 

More recently, Lammiman and Satchell' 9 5  have made a thorough 
investigation of suggestions' 96,'97 that alcohol polymers are the reactive 
species in the addition of alcohols to isocyanates. It had been shown that 
polymers are likely to be significant in other reactions of alcohols in sol- 
vents of low p ~ l a r i t y ' ~ ~ - ' ~ ~ ,  and Satchell combined a spectrophotometric 
study of the self-association of alcohols in diethyl ether with measurements 
on the kinetics of their addition reactions with 4-chlorophenyl isocyanate 
in  the same solvent. He found that the reaction~follows rate equation (41 ), 
in which [MI is the alcohol monomer concentration rather than stoichio- 
metric alcohol concentration, and I I  has the value 3 for secondary alcohols 
and 2 for primary alcohols. 

d [productlldr = (k2[MI2 + k,,[M]") [RNCO] 

The significance of the terms in [MI', [MI3 and [MI' is that i t  is readily 
shown from equilibrium considerations that they would be generated by 
dimer, trimer and tetramer contributions to the observed rate constant. 
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The contribution of a term for the monomer itself was found to be neglig- 
ible. 

Analogous to the alcohol dimer is the notion of an amine-alcohol 
complex (rather than an.amine isocyanate complex) in the amine catalysis 
of the alcohol a d d i t i o r ~ ~ ” - ~ ’ ~  , though this is not kinetically distinguish- 
able from the Baker and Gaunt mechanism of equation (37). The linearity 
of plots based on equation (38) has been taken to support the amine- 
isocyanate complex , but the slope is not 
independent of the nature of the alcohol. The amine-alcohol complex 
mechanism depends on the ability of amines to polarize the alcohol by 
formation of hydrogen bonds to the -OH group. Attempts to correlate 
the catalytic strength of amines with their hydrogen basicity have been 
only partly successful, because hydrogen basicities in water are greatly 
different from those in the solvents used, and catalytic activity is more 
subject to steric hindrance than is hydrogen ba~ici ty’~’ .  

McFarland and coworkers have measured the kinetics of the reactions 
of arylsulphonyl isocyanates with t r i a r y l m e t h a n o l ~ ~ ’ ~ - ~ ~ ~  , and with 
phenols209, in toluene. In the case of triarylmethanols, the reaction was 
found to be second order-first order in alcohol and first order in iso- 
cyanate-and strongly catalysed by pyridine. Electron-withdrawing 
substituents in the triarylmethanol retard the reaction (Hammett p con- 
stant c. -0.65). The products were N-alkylsulphonamides and CO, in all 
instances studied except one-tri(4-nitropheny1)methanol with 4-methyl- 
phenyl isocyanate. The authors suggested a mechanism involving a four- 
centre adduct as in Scheme 18, leading to  a urethane in the case of tri(4- 
nitropheny1)methanol or to sulphonamide and COz in the inslances in 
which there is less electron withdrawal and a more stable carbonium ion. 
The catalytic effect of pyridine was attributed to addition of the amine 
followed by displacement as in equation (37). The authors could not 
establish whether urethane was an intermediate in all cases-attempts to 
detect it failed, yet the p value was thought to be too small for a carbonium 
reaction2”. Addition of the alcohol to the cyahide carbon atom as in 
equation (40), in place of the four-cer9:re transition state shown in Scheme 
18, cannot be excluded. 

The reaction with phenols’09 is also second order, and the probable 
mechanism is similar to that of the triarylmethanol reaction except that 
carbonium ions are not available. The product is a urethane. 

In the addition of amines to isocyanates, the kinetics are complicated by 
strong product catalysis, but some kinetic-studies which have been made 
have not been inconsistent with Scheme 17’29~210.211.  Briody and 
Narinesingh” ’ found that much of the kinetic complexity was avoided by 
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ArS02N=C=O + ROH ___* 

ArS02N=C=O - 
. .  . .  . .  
H R 

Alternative 

path I 
ArS02N-C=O 

I I  

ArS02N-C=O 
I 1  
H 0- + R+ 

429 

ArS02N- -t R+ + C02 
I 
H 

ArS02NHR (+ C02) 

SCHEME 18. 

use of the polar solvent acetonitrile. Their mechanism for the addition of 
aniline to phenyl isocyanate (equation 42) is similar to Scheme 17. 

ki 

k - i  
Ph-N=C=O + PhNH2 

+*; PhNHCONHPh (42) 
Ph-N=C-O- 

I 
PhYHZ k3 

This reaction scheme was consistent with the observed kinetics provided 
k2 2 k,, and k ,  and k - ,  >> k, or k,. In solvents other than acetonitrile: 
they argued, k2  and k, are very dissimilar, leading to complex kinetics. 
Using deuterated amines, they found a primary isotope effect (kH/kD) of 
1.3-2.0, consistent with proton transfer as the rate-determining step. 
Since the product urea is a much weaker base and is more hindered t h n  
the amine, its cataivsis m k t  operate in a different manner for its effective- 
ness t& be compa%ble ( k 2  = k,). Briody and Narinesingh attributed the 
effect to bi-functional catalysis: 

Ph 
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Carboxylic acids were found to be highly effective catalysts in the same 
systems, and little sensitive to polar substituents. 

Recently Higuchi, Takeshita and Senju investigated the competing 
reactions of an isocyanate group with amine and with hydroxide ions in 
water by carrying out a Hofmann degradation of N-carbamoylethyl 
starch in the presence of both bases and analysing for the products 
(Scheme 19)"'. Preliminary experiments established that the rate of 

Base B 
ROCH2CH2CONHCI - ROCH~CHICONCI + BH' 

ROCH2CH2N=C=O + CI- 
I 

H20toH-I.. I R'NH2 k N  

NHR' 
I 

ROCH2CH2NHC=O ROCH2CH2NH2 + COG- 

SCHEME 19. 

formation of isocyanate is almost independent of the nature and con- 
centration of the base used in the decomposition of the N-chloroamide 
c group when the pH is over 11, and that in the absence of added hydroxide 
ion, water does not compete appreciably with amines for reaction with the 
isocyanate group. When the concentrations of amine and hydroxide were 
neither too low nor too high, the authors observed a linear relationship 
between the ratio of product formation rates and the ratio of base con- 
centrations, consistent with simple second-order kinetics with no catalytic 
effects (equations 43-45). 

d[urea derivative]/dt gk,[isocyanate] [amine] (43) 

d[aminoethyl group]/dt = k,[isocyanate] [OH-] (44) 
a 

I;, [aniine] 
k [OH-]  

d [urea derivative] - - 
d [am i n oet h y l gro LI p] (45) 

Reactivities ofa  series of amines indicated that the presence of branching 
on the carbon atom bonded to the amino group retards the amine addi- 
tion. Arrhenius activation parameters were determined by plotting 
log(k,/k,) against 1/7: and in all those cases studied, both (AH:  - A H f )  
and (AS: - A S f )  were negative. pointing to an important role for 
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hydration, especially the high degree of hydration of the hydroxide ion. 
In another recent study' ' 3, McManus and coworkers discovered that 

the addition of alcohols to isocyanates can be photocatalysed in carbon 
tetrachloride solvent but not in benzene or heptane-suggesting an iso- 
cyanate-carbon tetrachloride complex. One effect of light is to accelerate 
the addition of f-butyl alcohol to  i$ocyanates enough to avoid the exten- 
sive eliniination which occurs in the thermal addition. 

b. A4 etallic ccitol!.sis iri cirlditiorl retictiom of'isocyciircltes. Organometallic 
catalysts have been found to be up to lo4 times as effective as amines in 
pronioting addition reactions of isocyanates. The subject has been well 

. Although there is a wide variety of catalyst types, 
tin(rv) compounds have attracted the most interest. 

Entelis' group has made a detailed kinetic study of the addition of 
methanol to 4-clilorophenyl isocyanate in heptane in the presence of 
tin(rv) c a t a I y s t ~ ' ~ ' - ~ ' ~  . A methanol-catalyst complex was determined 
spectrophotometrically, and the rate of catalytic action was found to be 
proportional to the concentration of the complex. The scheme outlined 
in equation (46) leads to equation (47), in which the quantities in square 
brackets are stoichiometric concentrations. The equilibrium constant for 
complex formation. k , / k -  I (equation (47), 

reviewed 1-77,? 14.2 1 s  

(46) 
k i  k 

Catalyst  + ROH Cata lys t -ROH R'NHCOOR 
k- I R'NCO 

d [ p 1'0 d i i  c t] ( k k I ,ik - I ) [ R 0 HI [ R ' N CO] [cat a 1 y s t ] 
(47) 

was measured separately by spectrophotomytry. The reaction was found to 
follow the kinetics of equation (47) to wi,thin the experimental accuracy. 
A further clue to the mechanism is obtainable from the activation para- 
meters: E ,  = 34 kJ mol- ' for the uncatalysed reaction and 26 kJ mol- ' 
for the catalysed reaction. giving 21 c. 10-fold rate increase,and ASf changes 
in the presence of catalyst from - 156 J K -  inol- to -99 J K -  ' mol- ', 
giving a 1 Os-fold rate increase. Two possibilities suggested by Entelis 
and Nesterov to account for the effect of tin(1v) catalysts on the entropy of 
the reaction were (i) that the catalyst-methanol complex has a lengthened 
0 - H  bond, brin_eing it close to the len_gth of the N=C bond in the iso- 
cyanate and facilitating a four-centre reaction as in equation (39), and (ii) 
that the addition takes place by way of a linear adduct. I f  the reaction 
follows either of these paths we can expect that the influence of catalyst- 
methanol complex stability on reaction rate will refect two conflicting 
factors: increasing stability will mean increasing reactivity of the alcoholic 

- - 
dl  1 + (k,/k-, )[ROH] 
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hydrogen atom but diminishing nucleophilicity of the alcoholic oxygen 
atom. In fact, Entelis and Nesterov found, on changing the catalyst, that 
positive catalysis occurs only when the complex stability constant lies 
between about 4 and 150, with the greatest activity in catalysts such as 
diethyltin dichloride, dibutyltin diacetate and dibutyltin dilaurate, whose 
complex stability constants in heptane are between 10 and 20. 

As the proposed reaction mechanism implies a change from a nucleo- 
philic addition of alcohol without a catalyst towards one in the presence of 
tin(rv) catalysts involving increased electrophilic character in the catalyst- 
alcohol complex, Entelis' group measured Hammett p constants for the 
reaction of methanol with substituted phenyl isocyanates in heptane, with 
and without &e presence of dibutyltin dilaurate221. The value of p (at 
25°C) was found to decrease from 3.3 to 0.9 under the influence of the 
catalyst, reflecting the decreased importance of assistance to nucleophilic 
addition by electron withdrawal in the isocyanate. 

c. Cycloudditioiz to isocymures. Where comparisons have been made, 
1,2-cycloadditions to isocyanates appear to favour the C=N bond more 
than in similar additions to isothiocyanates. For example, methyl-r- 
butylcarbodiimide and aryl and arenesulphonyl isocyanates give a 1,3- . 
diazetidine as in equation (48) rather than the 1,3-oxazetidine which would 
follow addition across the CEO b ~ n d l ~ l - ' ~ '  (cf. equations 15 and 16, 
Section II.D.2). 

t-BuN=C=NMe t-BuN=C-NMe 
+ 

___, I ___, 
R-N=C=O R-N-C-0 

t-BuN=C-NMe 
I I  (4 8) 

R-N-C=O 

(R =aryl, alkyl or arylsulphonyl) 

Electron withdrawal in R favours addition across the C=O bond13". 
A similar situation arises in the 1,2-ad$ition ofa-lithiated i ~ o c y a n i d e s ' ~ ~  

(Scheme 11, Section II.D.2) and the l,?-dipolar addition of n i t r ~ n e s ' ~ ~ .  
157-139 (equations 17 and 18, Section II.D.2)-addition across the C=N 
bond is favoured more in the case of isocyanaks than in the case of 
isothiocyanates. Black and Watson have related the direction of addition 
to C=N bond order (with bond order close to 2 favouring C=N addition) 
and to steric factors'"'. It must be remembered, however, that if the 
initial bond formation is by nucleophilic reaction at the isocyanate carbon 
atom (equations 15, 16 and 48) the factors deciding the direction of further 
reaction will be related to the intermediate, not to the ground-state 
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iso(thio)cyanate (equations 49, 49a). Sulphur is more polarizable than 
oxygen, more capable of rnesorneric electron withdrawal, and more 
nucleophilic’. 

(z Y 

Intermediate 

A A 
Z Y  Y Z  

I I  I I  
(49a) Intermediate - R-N-C=X or R,Y=C-X 

When R is aryl or acyl, it can assist in the Jabilization of the negative 
charge on the nitrogen atom. It is interesting that a change from aryl 
to alkyl isocyanate can change the mode of cycloaddition from C=N to c=o2 2 2 .  

An imF+rtant class of cycloadditions to isocyanates consists of self- 
addition to give dimers and trimers. These reactions have been known 

, since before the turn of the century’ 7 4 9 2 2 3 - 2 2 5 .  Dimer formation is 
brought about by a variety of catalysts, and is reversible; formation of 
trimer, on the other hand, is i r re~ers ib le”~ .  Catalysts for these reactions 
are nucleophiles and include trialkylphosphines, aryldialkylphosphines, 
pyridine and methylpyridines, and trialkylamines. Certain anionic 
initiators, such as sodium cyanide in dimethylformamide, can lead to 
dimers, trimers or linear polymers. Shashoua, Sweeny and Tietz226 
proposed a mechanism which can be descritmi by equations (50) to (52a) 
( : Y  neutral or anionic), but presented no kinetic evidence beyond the 
observation that linear polymerization rather than cyclization is favoured 
by low temperatures, high monomer concentrations and low catalyst 
concentrations. 
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R 
I o=c’ N ‘c=o 

R-R-C=O 
R-N=C=O k 3 k‘ I I 4 Y: (52) 

N O=C-fi-R O=C-N-R 3 R/N\C/ \A 

II 
I 0 
Y+ 

I k - 3  I 
R-N-C=O R-N-C=O 

I 
Y+ 

Linear polymers 
k4 etc 

s 

More recently Argabright and coworkers”’. in seeking to optimize 
conditions for synthesis of disubstituted isocyanuric acids from organic 
isocyanates and isocyanate salts, obtained some semiquantitative data 
which gives some support to the mechanism of Shashoua and coworkers. 
Argabright reported that the reaction gives a single side-product, the cyclic 
trimer of the isocyanate (equation 53, not balanced). 

The side reaction was attributed to catalysis of the trinierization by the 
disubstituted isocyanurate salt. since separate experiments established 
its effectiveness. Argabright showed .that equations (50) - (52)  ( :Y =- NCO). 
together with either it one- or two-step rate-con troll in^ path from 
RN-CONCO to the isocyanurate salt. can lead to equation (54) for the 
selectivity to isocyanurate salt rather than trimer. 

Fraction of RNCO 
converted into 
isocyanurate salt 

(54) -___ .- 
k,[NCO - 3  

k,[NCO] + k,[isocyanurate salt][RNCO] 
__ - - 

(k, = overall rate constant for salt ,forniation. and k, = overall rate 
constant for t r i mer form at ion ) 

I t  was found that selectivity to isocyanurate salt is ark;nverse function of e 
initial orsanic isocyanate concentration and increases with increasing 
concentration of inorganic isocyanate, consistent with equation (54). 
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Selectivity to the isocyanurate salt was also found to increase with de- 
creasing ionic strength and with electron-withdrawing groups in ROCN, 
indicating that charge dispersal changes more in the generation of the 
rate-determining transition state for salt formation than for trirner 
for mat ion. 

Cycloadditions to the reactive isocyanate group of acyl isocyanates 
have recently been reviewed by Arbuzov and Zobova’* ’. 

Use of isocyanates in the formation of polyurethanes. polytliiolcar- 
bamates, polyureas and related high polymers has been studied in great 
detail and forins a large subject in its own right”8. 

IV. POLAR SUBSTITUENT EFFECTS OF - 0 C N  AND 
RELATED GROUPS 

A. -0CN and -SCN 

In the group -XCN, factors favoJring electron withdrawal include the 
electronegativity of X, the ability of X to transinit the electron-withdrawing 
effect of tlie CN group, the ability of X to expand its octet to accommodate 
conjugative electron-withdrawal as in structure 10, and the ability of X 
to lose electrons conjugatively to nitrogen as in  structure 11. 

If R is aryl. and especially if -XCN is orrho or p a r a  to a group capable of 
conjugative electron withdrawal. the ability of X to lose electrons can 
contribute to electron rloncifion (structure 12). 

P 0 L C - N  

(12) 

Sulphur is more polarizable and less electronegative than oxygen. It is 
less able than oxygen to form a double bond to carbon. because of the 
difficulty of 2p-3d overlap relative to 3p-2p overlap. Thus the donor 
strength of sulphur towards aromatic carbon has been reported to be 
only abo~R one-fifth that of oxygen ( G ~  for -SH is -0.10 and oR for -OH 
is -0.49)229. The poor overlap between sulphur and carbon is also 
reflected in tlie calculated 71 bond orders for the cyanate and thiocganate 
ions230. 
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s-------c---‘--- ________ c - -- -- - - N -- -N 
07964 1 8 2 4 3  12629  1 5503 

In a study based on dipole moment measurements, LCAO-MO cal- 
culations, “F magnetic resonance and infrared absorptions, Martin 
and Braiise’31 have shown evidence that the oxygen of cyanates, but not 
the sulphur of thiocganates or the selenium of selenocyanates, is capable of 
mesonieric donation into an aromatic nucleus (structare 12). Their 
measurements indicated that all three atoms can donate electrons to the 
cyano group (structure 1 I ) ,  and that in the case of cyanates the donation 
of electrons from osygen to the ring is slightly greater than to the cyano 
group. 3 

Coiijugative withdrawal of electrons (structure 10) is Bossible for 
sulphur but not for osygen. because of the available 3d orbitals in  sulphur. 
Dipole moment measurements indicate, for example. that there is some 
wit hdra wa 1 by the t 11 iocy a na t o group in N , N  -d i me t h yl-4- t h i ocyana to- 
aniline’31 (structure 10. Y = N(CH,),). 

The tliiocyanato group has a Hammett u,, value of +0.52’”, most of 
which is due to inductive electron . The pattern of 
inductive and conjugative effects in the cyanato g o u p  is quite dif- 
ferent’”, its would be espected from the above considerations. The 
contributions of inductive (uI) and resonance ( G ~ )  efl’ects to ul, are ( in  
carbon tetrachl~i-ide)’~ ’ : 

-SCN:G, = +0.43, uR = +0.10. nl, = +0.53 
= - 0.3 1. G,, = + 0.48 - 0 C N :  (TI = + 0.79. 

B. -NCO and -NCS 

There seeins to be very little conjugative intcraction between the p-oiip 
-NCO and other _groups formally capable of coiijugation. Thus the 
conjugation energy of plienyl isocyanate is close to zero’ 77, and spectro- 
scopic data indicate no conjugation between isocyanato groups and 
adjacent acyl or sulphonyl groups’ ”. Molar refraction studies suggest 
some conjugative release from isocyanato groups L? ring systems with 
elect ron-w i t lid raw i ng su bs t i t  lien t s ’ ’. I sot h i ocy an a t es a re apparent 1 y 
more polarizable than cyanates, and there is evidence for a slight con- 
j iiga t ive don at ion in the case of acyl is0 t h iocyana t es (con t ri bu t in; 
strl,ctllre 13)48. 1 7 0 . 1 7 8 . 2 3 4  

0- 
I +  

R-C=N=C=S 

(1 3) 
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Internal conjugation within the -NCX groups leads to charge separation 
between the nitrogen, carbon and chalcogen atoms, and the nature of this 
separation is different in isocyanates and isothiocyanates. Dipole moment 
studies'3s, m i ~ r o w a v e ~ ~ ~ . ~ ~ ~  and electron d i f f r a ~ t i o n ' ~ ~  determinations 
of dimensions, molecular orbital theory'39. and chemical properties' 7 7  

lead to conclusions 74 .177 .240  which can be summarized in structures 
14-17, with structure 17 contributing little if anything, and structure 14 
contributing more than structure 16. 

+ 
f?+N-C=O - R+N=C=O - R t N = E - O -  4----3 

(14) (1 5)  (1 6) 

R- & E C  -0- 

(17) 

In  the case of isothiocyanates, however, dipole moments and Raman 
spectraa5, and bond lengths and angles83.8"'"1 , indicate that structure 
17a is a significant contributor to the electron distribution"'. A slight 
contribution has also been indicated for structure 18'J0. With its greater 
electronegativity, th t  oxygen atom in the correspondbz cyanat P dnes not 
appear to lose any control of its lone pair. i 

R t  & EC- S -  R - R - C E h  

5 

(17a) (18) 

We would expect the chemical outcome of the above considerations to 
be that the polar effects of both the -NCO and the -NCS groups will be 
due mainly to inductive withdrawal by the electronegative nitrogen atom. 
We would also expect that the effects of sulphur having a lower electro- 
negativity than oxygen will act in  the opposite direction to the effects of 
its greater polarizabikty, leading to very little difference in the polar 
substituent effects of the two groups. Thus the measured Hamniett op 
values for -NCO (e.g., 0.24'4'-0.3S'"3) and for -NCS (e.g., 0.32-0.48244) 
differ little. s 

Also consistent with a primarily inductive effect, the om value 4e.g.) 
0.302"' -0.43'"3 for -NCO) is slightly greater than the up value. 
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I. INTRODUCTION a 

Although no studies on acyl and thioacyl cyanategseem to have been 
reported up to date, a great deal of interesting information on acyl and 
thioacyl derivatives of isocyanates, which are one of the most reactive 
systems among analogous compounds, have been obtained and con- 
venieg methods for the preparation of these have been reported. The 
chemi3tr-y of acy?--' and thioacyl isocyanates3 has been partially reviewed. 
Some acyl and thioacyl thiocyanates have been prepared in recent years, 
but little attention has been paid to their chemistry. O n  the other hand, 
acyl and thioacyl isothiocyanates, especially acyl derivatives, are familiar 
compounds and a great number of studies have been reported. This 
review covers the contributions to the chemistry of the title compounds 
which have been reported in recent years. 

a 

8 

II. METHODS OF PREPARATION 

A. Acyl lsocyanates 

Acyl cyanates, RCO-OCN, are possibly formed when acyl hagdes 
react with metallic cT'nates, but the product which can be isolated is 
the acyl isocyanate. 

Acyl isocyanates, RCONCO (R = Me. Ph), were first obtained by 
reaction of the corresponding acyl chlorides wth silver cyanate'.'. This 
reaction was used later by severai workersGp9 to prepare acyl isocyanates. 
More recently, it has been leported that reactions of isocyanic acid with 
acyl chlorides in the presence of pyridine".' ' and with perfluorinated 
carboxylic anhydrides'' afford acyl isocyanates regectively (equation 1). 4 
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* RCONCO 
Pyrtdine 

RC,OCl + HNCO 

[F3C(CF2),C0]20 + HNCO - F3C(CFz),CONCO (1 ) 

Although i t  is well known that alkyl or aryl isocyanates are obtained 
by reaction of aniines with phosgene. this method is not applicable to the 
preparation of acyl isocyanates since phosgenation of primary amides 
leads to the formation of nitriles or complex  mixture^'^. However, the 
phosgenation in the presence of lime gives acyl i socyanate~ '~ .  The above 
methods suffer the disadvantages of either low yields or complex pro- 
cedures. 

In 1962, a facile method for the preparation of acyl isocyanates was 
found by Speziale and his  coworker^'^-'^. It consists of the reaction of 
primary amides with oxalyl chloride and many aliphatic and aromatic 
acyl isocyanates cifn be prepared. Aromatic amides give excellent results 
regardless of substitution but yields with aliphatic amides are not very 
satisfactory unless an electron-withdrawing group is present on the a- 
carbon atom or there are no r-hydrogen atoms. Carbamates undergo the 
reaction quite readily to give isocyanato formates. The reaction of cyclo- 
propaiiecarboxamide with osalyl chloride does not give the expected 
isocyanate 1. but rather ;.-chlorobutyroyl isocyaniite (2)". 

[)-CONH2 + (COC1)2 F C O N C O  A CI(CH2)3CONCO 

(1 1 (2) 

The formation of acyl isocyanates from amides and oxalyl chloride is 
envisafed as illustrated in equation ( ? ) I  ' . I ( ' .  0-Acylation of the ainide 
with oxalyl chloride followed by rearrangement yields a cyclic intermediate 
3. With a-phenyl- and cr,=r-diphenylacetamides. the r-hydrogen atom is 
agidic enough to be lost as hydrogen chloride yielding benzylideneoxa- 
zokdinediones (4). which o n  pyrolysis give the isocyanates 7. In the case 
of derivatives other than the a-phenylacetamides, (a) the hydrogen atom ' 
attached to nitrogen may be lost directly giving 7 by way of the oxazoline 
5 or, alternatively. (b) attack of chloride ion could open the ring giving 
the acyloxamic acid chloride (6 )  which can decompose to yield 7. 

This method can be also used to prepare dioyl diisocyanates. Reactions 
of sebacamide". phthalamide". isophthalamide", and terephthal- 
amidel8.l9 with oxalyl chloride proceed smoothly. forming the corres- 
ponding dioyl diisocyanates 8. With succinamide or adipamide. however. 
the a e i d e  requires an excess of the chloride. and bis(oswo1idinedione)- 
ethanediylidene (9) or adipoyliinidaznlinetl-ior7e (10) is fornied in  addition 
to the expected isocyanate respecti\eIy". 
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0-c=o 
I I 

- c%/c =O 
H 

(3) 

,CONH2 ,CONCO 
(COC1)2 

R \  
L 

R\  
'CONH2 'CONCO 

(8) 

(9) 

Recently, several preparative methods have been developed. For in- 
stance, 2-chloroethoxycarbonyl isocyanate (1 1) is prepared from 2- 
chloroimino- 1.3-dioxolane and oxalyl chloride". The reaction of N -  
chlorocarbonylimidoyl chloride".'2 with methanesulphonic acid gives 
the corresponding &yl isocyanates in good yields. The reaction path is 
illustrated in equation (3)'3. Triethylstannyl isocyanate reacts with acetyl 
bromide to give a 58 2, yield of acetyl isocyanate (equation 4)'". Thermo- 
lysis of trihaloisocyanuric acids gives carbonyl diisocyanate ( 12)'s.26. 
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' 0  

cl-N=( 7 - 'coc')2 1 CICO-N <I)] CI(CH2)20CONCO 
' 0 )  I 

R=CI v 
R> N C 0 CI 

CI 

-MeS02CI 
[ClCO-N=C f? CI 

11 1 _____* CICONCO 
L O'S02Me ] 

(3) 

Et3SnNC0 + MeCOBr ____* MeCONCO + Et3SnBr 

X 
,NCO 

'NCO 

(1 2 )  

o y y  :\ , o=c 

XNYNX 
0 

x = CI. I 

(4) 

B. Thioac y l  lsoc yanates 

I n  1963". aromatic thioacyl isocyanates (13. R = Ar) have been first 
prepared by therinolysis of' the corresponding thiazolinediones'8 which 
are obtained from thioamides and oxalyl chloride. Similarly. alkyl- and 
aryl-mercaptothiocarbonyl i socyanate~" .~~ t hiocarbamoyl isocyanates3', 
and ox y t h ioca rbo n y 1 isoc y a nates 'O a re pre pa red from the t l i  iazol i ne- 
d i o n es. H owe ve r. t h i oa ce t a ni i de and p h e n y 1 t h i oace t a i n  id e react wit h 
oxalyl chloride to form 

N-C=O 
II I 

RCSNH2 + (COC1)2 ___* R-C< ,C=O - RCSNCO 
\ /  

S . (13) 

HN-C=O 
I 

RCH2CSNH2 + ( c o c i ) 2  - RcH$ c=o ---7fL* 
S /  

RCH2CSNCO (5) 

2-alkylidenethiazolidinediones which on heating do not yield tliioacyl iso- 
cyanates (equation 51~'. 
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Thioacyl isocyanates are liable to thermally change to other com- 
pounds. The optimum conditions to obtain thioacyl isocyanate from the 
thiazolinedione depend upon the properties of the dione as well as of the 
isocyanate. The optimum conditions for 2-arylthiazolinediones are given 
in Table 13'. I 

TABLE 1. Optimum conditions for thermal decomposition of 2-arylthiazoline-4,5- 
diones to thioacyl isocyanates 

Decomposition Optimum 
beginning deco mposit ion 

temperature temperature 
Aryl Solvent ('C) ("C) 

C6H5 Methylcyclohexane 65-70 91-93 
r -C  ,OH, Decalin 93 109 
p-MeOC6 H, Methylcyclohexane 7&75 94-96 
p-CIC6Ha Methylcyclohexane 63-65 85-89 
P-O Z N C 6  Met hylcyclohexane 6&65 85-90 
p-Mez NC6H, Deca I i n 97 145 

C. Ac y l  and Thioac y l  Derivatives of Thioc yanates: and 
fsothioc yanates 

The reaction of an acyl chloride with thiocyanate ion produces, with a 
few exceptions, exclusively the acyl isothiocyanate. Aliphatic and aro- 
matic acyl isothiocyanates are easily accessible by reactions of acyl 
halides with lead thiocyanate3', potassium t h i ~ c y a n a t e ~ ~ . ~ ' ,  and ammo- 
nium t h i ~ c y a n a t e ~ ' . ~ ~ .  The solvents used in the reactions are generally 
benzene, toluene, acetone, and acetonitrile. Dimethylformamide is a 
good solvent for nietallic tli?ocyanales. but i t  cannot be used for the 
preparation of acyl isothiocyanates. For instance, benzoyl chloride 
reacts with lead thiocyanate in dimethylformamide to give N,N-dimethyl- 

8 N'ibenzoylformamidQe obtained from the reaction of benzoyl isothio- 
cyanate with the solvent, in addition to other products". Perfluorinated 
acyl chlorides such as trinuoroacetyl chloride are reported to react with 
silver thiocyanate without solvent' to afford thiocyanates. However, 
evidence is not given to distinguish between the thiocyanate and iso- 
thiocyanate3'. 

In 1963, acyl derivatives of thiocyanates were first obtained by Takami- 
zawa and his coworkers39. When potassium thiocyanate is allowed to 
react with excess of ethyl or butyl chloroformate, the thiocyanate f!! and 



13. Acyl and thioacyl derivatives 45 I 

the isothiocyanate 16 are obtained. Under similar conditions. however. 
thioethosycarbonyl, benzoyl, and acetyl chlorides afford isothiocyanates 
% respectively. The addition-elimination mechanism has been proposed 
for the reaction (equation 6).  In an acetone solution the thiocyanate ion 
takes the form of an ion pair 14, and the S site or N site of this ion attacks 
the carbonyl carbon atom to give 15 or 16 as the respective products. 
Since aliphatic and aromatic acyl. and alkylthiocarbonyl thiocyanates 
(15) are powerful ucylating agents. they react with thiocyanate ion 

KSCN K+//SCN-(K'//S-C_N - S=C=N) 

0 
II(S-C-N 

R-C RCOSCN 4- RCONCS 

(15) (1 6) 

to yield stable isothiocyanates 16. As alkoxycarbonyl thiocyanate (15, 
R = alkoxy) is a rather weak acylation agent. the excess of alkyl chloro- 
formate consumes \he thiocyanate ion and the thiocyanate 15 is not able 
to participate in the reaction with the thiocyanate ion. 

Surprisingly, ethoxycarbonyl thiocyanate is thermally stable and does 
not change upon being boiled in ethanol in the presence of acetic acid. 
When small amounts of potassium thiocyanate or  &cttarL are added, 
however, the thiocyanate is readily converted into the i ~ o t h i S t y a n a t e ~ ~ .  

Diphenylcarbanioyl chloride reacts with potassium thiocyanate in 
acetonitrile lo afford a cai bamogl thi&qanate 17 which o n  heating at 
140 "C changes to the isothiocyanate 18"'. Although ethyl dimethyl- 
carbamoyl hydrothiocyanate (19) is formed from the reaction of dimethyl- 
carbamoyl chloride with potassium thiocyanate in ethanol"."', lead 
dimethylthiocarbamate reacts with cyanogen bromide to give a mixture of 
the corresponding thiocyanate 20 and isothiocyanate 21. Thiocyanate 20 
easily isomerizes to 21". 

Similarly, thiocarbamoyl isothiocyanates (22) are prepared bf'reaction 
between thiocarbamoyl chlorides with sodium4' or potassium thio- 
cyana t eJ3. 
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Ph2NCOCI + KSCN In Ph2NCOSCN ___* Ph2NCONCS 

(17) (18) 

in EtOH 
Me2NCOCl+ KSCN * Me2NCOEt 

I 1  
6 - 0  H k C S  

(19) 

[Me2NCOS]2Pb + BrCN - Me2NCOSCN + Me2NCONCS 

(20) (21) 

R2NCSCI + M S C N  A R2NCSNCS 

M = Na, K (22) R = Me, E t .  PhCH2. -(CH2)5- 

An elegant method for the preparation of acyl isothiocyanates by 
reaction of silyl isothiocyanates with acid chlorides is reported4‘. Alkyl- 
and arylsilyl isothiocyanutcs may be used. especially trialkylsilyl iso- 
thiocyanates with C,-C, alkyls. For instance. trimethylsilyl isothio- 
cyanate reacts with benzoyl chloride and phosgene to give benzoyl 
isothiocyanatc iir1d carbonyl diisotliiocyan~ite respectively. Thc sole by- 
product is a chlorosilane. which may be treated with a n  alkal i  thiocyanate 
to give silyl isothiocyanate for re-use (equation 7). 

P’’CoC’ PhCONCS + Me3SiCI 

CO(NCS)z + Me3SiCl 
(7) Me3SiNCS 

0 

+A- N] +=? R-X-CONCSa (8) 

S X = S, R2N 
‘C’ 

I 1  
S 

I f  the thioacyl isocyanntn group is attached to sulphur’9 or nitrogen”. 
rapid rearrangement to the corresnonding isothiocyanate occurs. Thus 
t he me rca p t o t h i ocii r bo n y I and ca r b a ni o y I i socg a na t es r ea r r ;i n ge q u a n t i - 
tatively to the isothiocyanates. The reaction proceeds by an intramolecular 
i .3-reaI-rangetnent. as evidenced by carbon tracer studies (equation 3;29. 

Recently. i t  has been reported that elimination of sulphur from 5-amino- 
I .3 . I -d i t 11 i it 7.0 Ic- 3-  t 11 io tic?. wit 11 t lx ;1 id 01’ 1 r i plic 11 y 1 ph osph i I IC‘ i t  !Yard 5 t 11 I 1) - 

c;t r ha ni oyI i 50 t h i ocjra tia t c4 ( 22 1‘ ’ . 
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RR'Nr-s ___* Ph3P RRN-CSNCS 

\ r  

R = R' = Et: R = Et. R' = Ph 
R = R' = Ph 

111. REACTIONS WITH ACTIVE HYDROGEN 
COMPOUNDS 

A. General 

Electron-withdrawing acyl and thioacyl groups may enhance the 
reactivities of the isocyanato and isothiocyanato groups. 

Nucleophilic additions to acyl and thioacyl isocyanates iire popular 
and widely used reactions. For  instance. benzoyl isocyanate reacts with 
ammonia, aniline, benzamide, and benzenesulphonamide to yield the 
corresponding ureas', and with benzyl, isopropyl, and t-butyl alcohols to 
give the respective carbamatesA6. Similarly. thiobenzoyl isocyanate gives 
the ureas by interaction with primary and secondary amines". 

Reactions of acyl isothiocyanates with nucleophilic reagents are 
complex, since addition to the isothiocyanato system and nucleophilic 
substitution at the carbonyl carbon atom may compete with one another. 
The rates of these reactions depend on factors such as basic strength of 
nucleophile, solvent polarity, nature of isothiocyanate, and temperature. 
Acyl isothiocyanates react additively with compounds such as alcohols4* 
and niel-captans'". to give N-acylthio- and N-acyldithiocaibamates. 
often in excellent yields. A competing reaction with stronger nucleophiles 
such as aikylamines, is that of direct nucleophilic substitution leading to 
the formation of N-alkylamides in addition to N-acylthioureas (equation 
9). This tendency to substitution occurs more readily k. highly polar 
solvents5 O. 

RCO N H C SX R' x = o .  s 

RCONHR' -k RCONHCSNHR' 
(9) RCONCS 

New and selected reports will be mentioned in this section. 
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B. Reactions with Amines, Alcohols, and Related 
Compounds 

Benzoyl isocyanates react with o-aminophenol to give the corresponding 
urea 23, while a mixture of 23, urethane(24) and I : 2 adduct(25) is obtained 
from the reaction in the presence of triethylamine5 '. 

ArCONCO + aNH2 
OH 

NEt 
N H CO N HCOAr 

OCONHCOAr 
23 + aNHz 

OCONHCOAr 

(24) (25)  

Trichloroacetyl isocyanate (TAI) reacts quickly and quantitatively with 
primary, secondary, and tertiary alcohols. A quantitative analysis (TAI- 
method) is based on following the reaction by n.m.r. spectroscopy5 '. 
The TAI method can be applied to the classification of steroid  alcohol^^^^ 
but the isocyanate reacts with not only the hydroxyl group but also the 
9-hydrogen of the furan ring in sesquiterpenic alcohols of furoeremo- 
philane type5'. 

In the reaction with thiamine sodium salt, alkoxycarbonyl thiocyanate 
and acyl isothiocyanates act as acylating agents. giving 0.S-diacyl- 
thiamines (26)39. Guanosines (2'7) are obtained by reaction of 5-amino-4- 
imidazolecarboxamides with benzoyl isot hiocya nate, followed by met hyla- 
tion and ring closure55. 

3-Aminopyrazole adds ethoxycarbonyl or benzoyl isocyanate and 
isothiocyanate at the cyclic or exocyclic nitrogen to give adducts 28 

RCOSCN or 

RCONCS 
____, Mer&NH2 CH2NwSNa ,CHO 0 

\ Me' CHzCH20H 
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0 
CONH2 

&- <1tXNH2 <;x:;;H2 PhCoNCS , <y 
a 'N H CSN H co P,, 

I I I 
R R R 

(27)  

or 29, which on heating with pyridine or  triethylamine are converted into 
pyrazolotriazines 30 and 31. The reaction of ethoxycarbonyl or benzoyl 
isothiocyanate with aminoazoles such as 3-amino-1,2,4-triazole, 5- 
aniinotetrazole and 2-aminobenzimidazole results in the elimination of 
HSCN and formation of the corresponding acylamino derivatives 3256. 
The reaction proceeds by an  intramolecular N-N transacylation, as 
evidcnced by usin.g 5N-isothiocyanates". 

The reaction of ethoxycarbonyl isothiocyanate with 2-amino-5- 
phenyl-1,3,4-oxadiazole in ethyl acetate yields thiourea derivative 33, 
whereas the 

CONHCOR 
I 

\ .  C5H5N 
___* 

RCONCO 

NHCONHCOR 

1 
QH -1 -1. CbH5N 

NHCONHCOR 0 

.\.C,H,N or NEt, / (30) X = O  

(31) X = S  QH - 
NHCSNHCOR 

(2 9) 
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N-N 

same reaction in o-dichlorobenzene gives triazolylurethane 345 *. Tri- 
chloroacetgl isocyanate adds to 2-bromoniethylacrylainide to afford a 
urea, which on treatment with a n  alkaline catalyst undergoes ring closure 
to 5-met hylenehexahydroprim id inedione' '. 

C. Reactions with H ydrazines and Related Compounds 

The reactions of acyl and thioacyl isocyanates and isothiocyanates with 
hydrazine derivatives provide useful methods for the preparation of 
triazole derivatives. 

1. With hydrazines 

Benzoyl isocyanate reacts with hydrazine to yield 1,2-bisbenzoyl- 
carbamojrlhydrazine (35)", while thiobenzoyl isocyanate gives the 
triazolone compound 37, which jias arisen from 4-thiobenzoylsemicar- 
bazide (36) by the evolution of hydrogen sulphideGO. Even when 2 moles of 
the isocyanate are used, no 1 : 2 adduct is formed except 37. The reaction 
of benzoyl isothiocyanate with a n  excess of hydrazine gives a mixture of the 
triazolinetliione (38) and b e n z o y l h y d r a z i i i ~ ~ ~ ) .  With equiniolar quantities 
of reactants. dibenzoyltliiosemicnrbazide (40) is formed". 

Acyl isocyanates easily add to aryll1ydrazines to give the corresponding 

PhCONCO + N2H4 (PhCONHCONH)2 

(35) 
N-NH 

P h 4 N & 0  
PhCSNCO + N2H4 [PhCSNHCONHNH2] - 

H (3 6) 

(37) 
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excess N2H, HN-NH 
+ PhCONHNHz 

PhCO N CS (39) 

PhCONHNHCSNHCOPh 

se mica r ba zi d es 4 I q u ant it  at i ve 1 y ' 6.  ' '. S i ni i In r I y. d i o y 1 d i i soc y a n ii t es s u ch 
as isophthaloyl and terephthaloyl diisocyanates afford the semicarbazides 
42". On treatment with aqueous hydrochloric acid or potassium hydro- 
xide, semicarbazides 41 and 42 are converted to the 3-hydroxytriazoles 43 
and 44, whereas thermal ring closure produces the A3- 1.2,4-triazolin-5- 
ones 45 and 46 respectively6'. 

RCONCO + ArNHNHz 

RCON 

H,O' or Ar-N-N 

/y' R-L+~)LoH 
(43) 

HN-N-Ar 

CO IHNHAr 

(41) 

H,O- 0 1  Ph-N-N 

c 6 H 4 - ( 4  N JOH) 2 

(44)  C6H4(CONHCONHNH Ph), 

The reaction of thiobenzoyl isocyanate with an arylhydrazine at low 
temperature yields an unstable thiobenzoylsemicarbazide 47. which is 
easily converted to triazole 43. However. the isocyanate reacts wi th  a 
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slight excess of arylhydrazirie at room temperature to give directly triazo- 
linone 45 by the evolution of hydrogen sulphide. The reaction can be 
understood in terms of the further reaction of the hydrazine with the 
thiobenzoyl carbon of 47 to form an intermediate 48, followed by the 
elimination of hydrogen sulphide to 

PhCSNCO + ArNHNH2 PhCSNHCONHNHAr 43 

(47)  

47 + A r N H N H z  - 
SH 0 

-ArNHNH 
4 5  

] -HIS ] 
I 

ArNHNHCONH-C-Ph A 

ArNHNH I "NHN x Ph 

( 4 8 )  Ar 

( 4 9 )  

yield 49. The loss of the hydrazine gives the triazolinone 4563. 
Although benzoyl isothiocyanate Peacts with phenylhydrazine to afford 

4-benzoyl-1 -phenylthiosemicarbazide as a main product6'. the reaction 
with alkylhydrazines is complex. The isothiocyanate reacts with phen- 
ethylhydrazine to give the corresponding A3- 1.2.4-triazoline-5-thione (51) 
which is obtained from the tliioseniicarbazide 50. while methyl- and 
benzylhydrazines form additional products as the result of a competing 
benzoylation reaction". For instance, methylhydrazine gives l-benzoyl-2- 
methylthiosemicarbazide (52) and 1,4-dibenzoyl-l-methylthiosemicar- 
bazide (53), along with a 20% yield of the triazolinethione 51. The forma- 
tion of 52 probably occurs via initial benzoylation 

R\  HN-NR 

R = Ph(CHz)z,e Me, PhCH2 

PhCONHNHR + HNCS A PhCONHN(R)CSNH2 

R = M e .  PhCH2 (52) 

PhCON(Me)NH2 PhCON(Me)NHCSNHCOPh 
R = M e  

(53)  

PhCONCS + RNHNH2 
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at the primary amino function, followed by reaction with the thiocyanic 
acid liberated in the process. The formation of 53 indicates partial benzoy- 
lation of methylhydrazine at the secondary nitrogen atom, followed by 
further reaction with the isothiocyanate. 

Addition of aroyl isothiocyanates to ethoxycarbonylhydrazine yields 
4-aroyl-1-ethoxycarbonyl-3-thiosemicarbazides (54), which are ring- 
closed in alkaline media, with loss of carbon dioxide and ethanol, to 
triazoles 56 via triazolinethiones 5566. 

NH,NHCOOEt 
ArCONCS ArCONHCSNHNHCOOEt - 

(55) (56) 

Acyl isothiocyanates react with semicarba~ide~’  and thiosemicarba- 
zide68 &o yield t e corresponding l-acyl-4-(thio)carbamoylthiosemi- 
carbazid,es (57). Treatment of S7 with aqueous sodium hydroxide affords 
1,2,4-triazoles 58, while 1,3,4-thiadiazole derivatives 5 9 4 2  are formed in 
acids (e8uation 10). 

s 

RCONCS + HzNNHCXNH2 - 
aq. NaOH 

RCONHCSNHNHCXNH2 - 
(57) 

.. 
H 

(58) 

57 

N-N 

RCONH-(S)-NHCOMe 

N-N 

M e A S > N H C O R  

(6 1 
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2. Wi th  hydrazobenzenes 

Benzoyl isocyanate reacts exclusively with the more basic nitrogen atom 
of hydruzobenzenes to give 1.2-dinryl-4-benzoyIsemic~11-bazides (63). which 
on treatment with hydrochloric acid undergo ring closure to the triazo- 
linones 64 by loss of water. Although thiobenzoyl isocyanate reacts 
preferentially with the more basic nitrogen atom in hydrazobenzenes. it 
attacks both nitrogen atoms to afford a mixture of semicarbazides 65 
and 66, which on heating are easily converted to two isomeric triazolinones 
64 and 67 with the elimination of hydrogen sulphide”. 

Ar- N-N HAr’ Ar-N - N- Ar’ 
A 

I 0ANA PhCONCO + ArNHNHAr’ 
CONHCOPh 

(6 3) Ar = Ar‘= Ph 
Ar = Ph. Ar’= P - C I C ~ H ~  
Ar = p-MeCsH4, Ar’= Ph 
Ar = p-MeOC6H4, Ar‘= Ph 

(64) 

Ar - N -N H Ar’ 
I - 64 
CON H CSPh 

(6 5) 

Ar N H -N- Ar’ Ar-N -N-Ar’ 

CON I HCSPh Ph-kN/J=O 

(66) (67) 

4 Ph\ /Ph 
,NHPh 

‘CSN H C O P ~  HzNSC ‘COPh 

€ PhCSNCO + ArNHNHAr’ 

PhCONCS + PhNHNHPh - Ph-N - /N-N 

(68)  (6 9) 

, Ph-N-N-Ph I:;: 
S.IN&Ph 

(70) 

Benzoyl isothiocyanate easily reacts with hydrazobenzene at room 
temperature to yield 1,2-diphenyl-4-benzoylthiosemicarbazide (68), which 
on warming in ethanol or benzene is transforw’l into 1,2-diphenyl-l- 
benzoylthiosemicarbazide (69). On heating or treatment with hydro- 
chloric acid,& is converted to A3-1,2,4-triazolinethione 70, whi& is also 
obtained from 69 by heating or action with aqueous sodium hydroxide 
solution”. 
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3. With hydrazones 

36 1 

Hydrnzones. R'R'C=NNH2 ( R '  = H. Me: R' = Me. Ar). react with 
an equivalent of acyl isocyanates. RCONCO. to give R'R'C= 
NNHCONHCOR. and with 2 moles of the isocyanatc to produce 
R '  R'C=NN(CON HCOR)2"y. 

Benzoyl and thiobenzoyl isocynnates react with benzaldeliyde ar-yl- 
hydrazones and niethylhydrazone to give the corresponding semicar- 
bazones 71 as isolated products respectively. I n  the reactions with acetone 
a r y 1 11 y d ra zo n es ii n d met h y I h y d ra zo n e. however. t he s - t r iazo 1 id i nones 73 
whose structures correspond to the ring tautomers of semicarbazones 72. 
are isolated as sole products from the reaction of benzoyl isocyanate. In 
some cases the isomerizgtion of 72 into ring tautomer 73 is observed by 
n.ni.r. spectroscopy. On the other hand. thiobenzoyl isocyanate nR'ords 
.s-triazolidinones 74 and or 1.4-cycloadducts 75 (see Section V.C.3)'". 

PhCXNCO + PhCH=NNHR 3 - F  PhCHZN-NR 
I 
CONHCXPh 

(71 1 

X = 0. S; R = Aryl, M e  

Me2C =N- NR R-N-NH 
I 
CONHCOPh O=(,k;: 

PhCONCO + Me2C=NNHR A 

I 

(73) 

M e  b l e  

(72) COPh 

R-N-NH R N H - N X S  

0ANkl," AN& PhCSNCO + Me2C=NNHR - 
I 
CSPh (75) 

(74) 

The reaction of benzoyl isothiocyanate with alkyl hydrazones such as 
acetone methyl-. phenethyl-. arid 2.6-xylyloxyethylhydrazones leads to 
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the formatian of oxatriazepinethione derivatives 76. However, benzalde- 
hyde methylhydrazone gives an open-chain thio~emicarbazone~ ’. 

D. Amidines and Related Compounds 

The reactions of acyl and thioacyl derivatives of isocyanates and iso- 
thiocyanates with amidino compounds provide useful methods for the 
preparation of s-triazine derivatives. For instance, isocyanates and iso- 
thiocyanates of these classes react with :V-unsubstituted aniidiiio 
compounds, giving the corresponding s-triazinones and - t h i o n e ~ 7 7 ~ ~ . ~ ” ’ ~  
However, the reaction of acyl isothiocyanate~ is accompanied by acyla- 
tion leading to the formation of N-acylamines (78). Qmbinat ion of weakly 
basic amidino compounds with weakly electrophilic isothiocyanates is 
favourable to the formation of triazinethiones 77 (Y = S)73. 

Y 

RCXNCY + Z< 
(77)  

X, Y = 0 and/or S I z:+ RCONJ Z Z = Aryl, alkyl, RO, 

RS or R2N INH~ + HSCN 

(78) 

The reactions of aroyl and ethoxycarbonyl isothiocyanates with N -  
phenylamidino compounds in many cases afford mixtures of triazine- 
thiones, 79 and 81, and imidoylthioureas, 80 and 8274. The triazines 79 

S 

N-Ar‘ 
N AN-Ar’ + A r C O N H C S N H X  

N-Ar‘ 

Z 
A 

A r T N & Z  Z 
ArCONCS + HzN< 

Z = Aryl. alkyeRO or RS 
(80) (79) 

s 
N-Ph HNAN-f‘h N- Ph 

Z 
__3 + E~OCONHCSNH< 0ANA Z 

EtOCONCS + H2N< 

(82) 
(81) Z = Alkyl. R S  
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and 81 originate by reaction of the substituted nitrogen atom of amidines, 
and the thioureas 80 and 82 by addition to the NH, group of the bases. 
The latter reaction is the more general one. However, the reaction of S- 
alkyl-N-phenylisothioureas is an  exception in that it results in preferential 
formation of the l r i a ~ i n e ~ ~ ~ ~ ~ .  Similarly, aroyl isocyanates and iso- 
thiocyanates react with 2-amino-5.6-dihydro-4H-1,3-thiazine to afford 
the corresponding s-triazinones and s-triazinethiones r e s p e ~ t i v e l y ~ ~ .  

The base-catalgsed reaction of 2-gunnidinobenzimidazole with acyl 
isothiocyanates leads via the formation of unstable intermediates 83 and 
84 by the elimination of thiocyanic acid from the side chain, to benzimi- 
dazotriazine compounds 85 and 86. The compound 86 is also formed by 

R = P h ,  X = S  
r (11) 

R = O E t , X = S ; R = P h ,  O E t , X = O  

v 

A .  C5H5N 

3r 

aNyHNHz RCONCO 

P h  

(85) 
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reaction with benzoyl or ethoxycarbonyl isocyanate via the adducts 83 
with the formal elimination of benzamide or ethyl carbamate respectively. 
Urker similar conditions, acyl isocyanates react with 2-aminobenzimi- 
dazole to give benzimidazotriazine compounds 87 and $8 (equations 
11 and 12)". 

The reaction of benzoyl and ethoxycarbonyl isothiocyanates with aryl- 
biguanides leads to the formation of s-triazines 89 and 90 respectively8'. 
On the other hand, equimolar quantities of aroyl isothiocyanates and 
aminoguanidine react additively to afford excellent yields of amidino- 
thioseniicarbazides (91): the addition occurs at the more reactive hydra- 
zino group. The adducts 91 are cyclizable to s-triazoles 92 in alkaline, and 
to 1,3,4-thiadiazoles 93 in acidic media". 

PhCONCS A A 
or phANJ 7" phxNl NHCNHAr l'IH 

NHCNHAr * 
(89) NH NH 

I I  II 
Ar N H-C-N H-C-N H2 

HN AN NH 
A 

HN NH NH or  

ANANH$NHAr O & J L H g N H A r  H 
EcOCONCS 

0 

(90) 

NH 
I I  

I?' = H or Ph 

RCONCS + H2NNHCNHR' ___* 

N-N 

H S A  JR 

e, 
.# a 

RCON HCSN HN HCN HR' 

(91) f ;  

(92) 

N-N 

R C O N H < S ~ N H R r  

(93) 

E. CH-Acidic Compounds 

Addition of acyl isothiocyanates to CH-acidic compounds such c s  0- 
i mi nok c t o nes. 13- i m i 11 on i t  r i les a nd benzog lacet a i n  id i ne. leads to t he fo I' ma - 
tion of the corresponding 1 : 1 adducts82.83. For instance. the reaction with 
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0-iminoketones affords 3.-acyl-0-iminothiocrotonoylamides (94), which 
on dehydrogenation are cyclized to the isothiazoles 95. Upon an intra- 
niolecular dehydration the adducts 94 (R = Ph) are transformed into the 
pyrimidines 96. 

N H  
I 1  

RCONCS + MeCCH2COR' ___* 

R = Ph. PhO: R' = Me, Ph 

t" ,,CSNHCOR 
MeCCH, 

IV. DI- A N D  TRIMERIZATION REACTIONS 

I t  is well kno\vn t l i a t  aryl isocyanates form dimers (uretidiones) and 
trimers (isocyniiui-ates) when treated with appropriate catalysts. whereas 
aliphatic isocyanates do not dimerize, although triniers have been 

The conversion of aryl isocyanates to carbodiimides through 
the use of phospholene oxide catalysts has been also reportedx6. 

Pwa-substituted benzoyl isocyanates give dimers, trimers and/or 
related compounds. depending on the nature of catalysts and substituents 
as well as on the reaction ~ o n d i t i o n s ~ ~ . ' ~ .  With triethylamine as the" 
catalyst, benzoyl isocyanate affords mainly the dinier, oxadiazinedione 
97, at 50 'C. and the 1.3,5-osadiazin-6-one 98 at 80 'C. From p-cliloro- 
and p-nitrobenzoyl isocyanates, the corresponding oxadiazinones 98 are 
formed in good ).ields. Won*ever. I'-iiietliosybenzo)II isocyanate gives the 
trimer. isocyanurate 99. at 50 or 80 C. 

In the presence of benzylpyridinium chloride. isocyanates give the 
corresponding 1.3.5-osadiazin-4-ones (100) which are isomers of 98. I t  
has been reported that the reaction of benzoyl isocyanate with benzoyl 
chloride. pyridine and water affords the compound 100 (Ar = 

The trinier 99 (Ar = Ph) and dimer 97 ( A r  = p-MeOC6H,) are obtained 
from benzoyl and p-niethoxybenzoyl isocyanates in the presence of 
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(97) (98) 

il, 
PhCO-NyN-COPh 

ArCO-N 1 
Ar 

0 & K O A r  I 0 
COAr 

(99) 

pyridine 1-oxide, whereas p-chlorobenzoyl and p-nitrobenzoyl isocya- 
nates give the corresponding tribenzamides as main products, accom- 
panied by small amounts of 100. When treated with stannic chloride, 
benzoyl and p-methoxybenzoyl isocyanates afford the trimers 99, although 
p-chlorobenzoyl and p-nitrobenzoyl isocyanates do not react in this way. 
The 1,3-uretidione structure 101 assigned to the dimer by Neidlein*’, is 
in error. 

Thiobenzoyl isocyanate dimerizes readily without a catalyst to form the 
1,3,5-thiadiazinedione 102 by a 1,4-cycloaddition sequence in which the 
isocyanate reacts both as the diene and the d i e n ~ p h i l e ” . ~ ~ .  On further 
heating, dimer 102 is converted to the l93,5-thiadiazin-4-one 104 (Ar = Ph) 
via a zwitterion intermediate 103 with the elimination of carbonyl sul- 
phide31. The reaction of thiobenzoyl isocyanates with triethylamine at 
room temperature atfords 10.1 directly in  good yields”. 

Benzoyl’! and trichloroacetyl isocyanates” react with a phospholene 
oxide catalyst to give the corresponding 4-acylimino-l,3.5-oxadiazines 
105. whose structures correspond to the compound derived from trimer 
with the elimination of two molecules of carbon dioxide. Triacetyl 
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isocyanurate is obtained when acetyl isocyanate is treated with tributyl- 
phosphine, while benzoyl isocyanate gives 100 (Ar = Ph)93. Trichloro- 
acetyl isocyanate reacts with quinoline to yield a 1,3,5-oxadiazinoquino- 
line derivative 107. It is supposed that quinoline causes a dimerization of 

N-COR 

CC13CONCO + A 

the isocyanate, followed by the elimination of carbon dioxide to produce 
the carbodiimide 106, which adds to the C=N bond of quinolineg2. This 
result is somewhat surprising since benzoyl isocyanate reacts with 
quinoline to afford the dimer 97. 

Acetyl isocyanate reacts with methyl isocyanate to yield a mixed dimer 
108 quantitativelyg4. When carbamoyl isothiocyanates are allowed to 
stand in an ampoule, dimers 109 are formed. The dimer 109 corresponds 
to the 1,4-cycloadduct of the isomeric thiocarbamoyl isocyanate (see 
Section II.C, equation 8) to the isothiocyanato group of carbamoyl 
isothiocyanateg5. 

ii 
MeCONCO + MeNCO - k0AiMe 

M e  

(108) 

9 
R2NCONCS ___L R2NCSNCO A r T & d O N R z  

R = Me, Et R2N a, 
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V. CYCLOADDITIONS AND RELATED REACTIONS 

- A. Addition to  C=C Bonds 

b 

1. Addition to  olefins 

Acyl isocyanates react with some alkyl- and aryl-substituted olefins by 
a 1,2-cycloaddition process. giving the corresponding azetidinones 

RCONCO+ R'#R3 
R2 R4 

' 

R1 I R3 = H, R2R4 = -(CH 214- 
R1 = Ph, R2 = R3 = R4 = H 

1 1096-98. When trichloroacetyl isocyanate reacls with norborneneg6 
or 4-vinylpyridineg9, however, the corresponding [4 + 21 cycloadducts 
are formed. 

The reaction of thiobenzoyl isocyanate with norbornene proceeds by a 
1,4-cycloaddition to give an exo-1 : 1 adduct 11 1. Similarly. with norborna- 
diene, a mixture of exo-1 : I adduct 112 and two isomeric 1 : 2 cycloadducts 
113 and 114 are formed'00. 
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Benzoyl isocyanate adds to p-benzoquinone and r-naphthoquinone by 
a 1.2-cycloaddiiion process to give 1 : 1 adducts of azetidinone type, while 
the reaction of trichloroacetyl isocyanate with p-benzoquinone affords a 
[4 + 21 cycloadduct l o  I .  When benzoyl and trichloroacetyl isocyanates 
react with acyclic and cyclic 1,3-dienes, the corresponding 1 : 1 adducts 
115 and 116 of azetidinone type are obtained in moderate yieldsg8~10z~103. 

R’ 

Y = CH2. R’= H, CI 

Y = CO. R’ = Ph 

2. Addition to enamines 

Acyl and thioacyl derivatives of isocyanates and isothiocyanates react 
readily with enamines in several manners. The reaction of benzoyl 
isocyanate with some cyclic enamines under mild conditions gives the 

, [4 + 21 cycloadducts 117 in rather good yi&Is’O4. Interactions between 
benzoyl isocyanate and niorpholi~ioisobuteneg”, and between tri- 
chloroacetyl isocyanate and morpholinocyclopentene proceed ana- 
logously. Thiobenzoyl isocyanate adds to morpholinocyclohexene with 
the formation of the [4 + 21 cycloadduct 1 17105.d!~wever, trichloro- 
acetyl isocyanate affords generally [2 + 21 cycloadducts with cyclic 
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enamines'04. The reaction of p-chlorobenzoyl isocyanate with morpho- 
linocyclohexene similarly yields the [2 + 21 cycloadductg6. On the other 
hand, piperidinoisobutene reacts with 2 moles of benzoyl isocyanate to 
afford a hexahydropyrimidine derivative 1 18'06.'07 

N-CH=CMe2 Q c N  - CO P h 

! o  
c PhCONCO + 

The introduction of an electron-withdrawing substituent to the p- 
carbon atom of enaniine decreases the nucleophilicity of the C=C bond, 
and makes its hydrogen atom more labile. Therefore conjugated addition 
takes place in reactions of benzoyl isocyanate with l-dimethylamino-2- 
nitroethylenelos and of ethosycarbonyl isocyanate with enamino- 
ketones'" and 6-aminouracils' l o .  In the reaction of ethoxycarbonyl iso- 
cyanate with ethyl 3-aminocrotonate, however, the product of reaction at 
the enamine nitrogen is also obtained"". Upon treating with aniines or 
heating, the conjugated adducts afford pyrimidine derivatives. For 
instance. treatment of the adducts I19 with aqueous trimethylamine gives 
5-acetyl- or 5-ethosycarbonyl-6-niethyluracils (120) in yields of 62-99 " ; , ' O 9 .  

M e  

RN H 

R = H, Me, Ph 

R' = M e .  OEt 

\C=CHCOR# ---+ 
/ 

EtOCONCO + 

1 J  

In general, acpl isothiocyanates react with enamines to yield acyclic 
1 : 1 adducts. For instance. acyl isothiocyanates add to enaminoketones or 
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enaniinoesters, giving conjugated adducts 121 ’ I ‘ - I  l 7  , which afford thio- 
pyrimidine compounds 122 and 123 by dehydration’ ‘‘-I l 7  , or isothiazole 
compounds 123 and 125 by oxidation”’-”‘ (equation 13). 

R’ 
@\ 

,COR~ 

R ~ N  H’ R ~ N  H ‘C s N H co R 

RCONCS + \C=CHCOR3 - ,c= c 

R = Alkyl, aryl, alkoxy; R’, R 2  = H, Me, Ph 

R3=Me, OEt 

On treatment with primary ainines or ammonia. adducts 126 undergo 
apparent amine exchange and cyclization to 4-thiouracil derivatives 
127’ l a .  However. the reaction of benzoyl isothiocyanate with ethyl 
p -d i me t h y I a mi n oc ro t o n a t e y iel ds t he 6-1 h io xo n ico t in ate de r i vat ive 1 29. 
The reaction pathway proceeds most likely through the addition of 
2 moles of the isothiocyanate to the z-carbon atom of the crotonate with 
subsequent internal benzoyl displacement with loss of isothiocyanate 
(path a) or by the addition of 1 mole of the isotI?ocyanate to the r-carbon 
atom with direct nucleophilic addition of benzoyl to the carbon atom at 
4-position (path b). Cyclization with loss of hydrogen sul61iide gives 128 
which adds thiocyanate with ring opening and then enaniine undergoes 
ring closure to give 129’19 (equation 14). 

The reaction of benzoyl isot hiocyanate with morpholinocyclopentene 
affords an acyclic 1 : 1 adduct I ”. while direct ring closure to benzoxazine- 
thione derivative 130 is observed in the reaction with morpholinocyclo- 
hexenel’ I .  Upon reacting anilinocyclohexene with benzoyl isothiocyanate 
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R’ \ P2 ___* R’ \ /R2 
R3NHz , R 2 t J o  

/c=c‘CSN H CO 0 E t R’ 
R2N 

/c=c\H 
EtOCONCS + 

R2N 
I 

R f H  A3 

(1 2 7 )  

___, 
,,COOEt 

Parh a c=c ___, \ 
Me2N 

PhCONCS + 
M e  ’ ‘H 

Ph 

+ 

COOEt 
COOES 

____* (14) CSNHCOPh -H2S 

Ph NHCOPh 

N CS- 
(128) 

P hC 0 5  C 00 E t - 
Ph NHCOPh 

S=C=N 

in diethyl ether an adduct 131 is obtained. which cyclized in refluxing 
tetrahydrofuran to form 132. I f  the reaction is conducted in tetrahydro- 
furan. 132 is directly formed’l?. 

9 

Addition to  enol ethers and their related compounds 

Although the reactivity of benzoyl isocyanate toward enol ethers is 
weak 1 7 3 . 1 2 5  . trichloroacetyl isocyanate reacts readily with enol ethers to 
give 3-alkoxy-N-(trichloroacetyl)acrylamides 135 and 136, by way of 
the four- and six-membered Syclic intermediates 133 and 13412’. The 
cyclic intermediates appear to be formed stereospecifically. At the first 
stage of the rtaction both 133 and 134 are formed. but later 134 becomes 
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d J P h  

00 
(1 3 0 )  
3 

PhCONCS loNHph ~ O C S N H C O P h  NHPh 

d I P h  i 

(132) 

(131) Ph 

the main product in the mixture. In the cases where R' or R' = H the 
cyclic isomers undergo conversion into linear products 135 and 136. 
The addition rate enhancement with increasing solvent polarity suggests 
a zpitterion 137 for the formation of both cyclic intermediates and linear 

0 ~3 

only i f  R' or R2 = H CCI3CONHCO-&OR3 + CCI3i)ONHCO-+b4 

cc 
I 

(137) (1 37a) a (137b) 

products. The i n i t i a l  ratio of 133 to 1-34 is probably determined largely 
by the initial conformation of the zwitterion, with orientation 137a 
leading to 133 and 137b to 134. 
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On the other hand, p-chlorothiobenzoyl isocyanate adds to dihy- 
dropyrane with the formation of a [4 + 21 cycloadduct 1381°5. 

Trichloroacetyl' 2 5  and benzoyl isocyanates' 26  react quite easily with 
ketene diethylacetal to give linear 1 : 1 adducts. However, if hydrogen atoms 
at the P-carbon atom ofche ketene acetal are replaced by alkyl groups, 
1,4-cycloaddition occurs (equation 15)12'. The latter predominates or 
occurs exclusively in reactions of acyl isocyanates with 1,2-dialkyl-l- 
alkenes (equation 16)96. 

0 

0 

RCONCO + R'OCHzCHOR' 

R = Ph, CCI,. CF3 R 

Benzoyl isocyanate does not react with alkenyl sulphides. However, 
trichloroacetyl isocyanate reacts with the sulphides to afford [4 + 21 
cycloadducts or lihear 1 : 1 adducts, depending on the nature of the sul- 
phides. For instance, the reactidn with vinyl sulphides gives [4 + 21 
cycloadducts 139' 24.1  27 , b ut linear adducts 140 are obtained from the Rscycc'3 N 

ASCH=CH: 

0 

(1 3 9) 
R S C H=C ti R' 

CC13CON HCOC=CHSR 
I r R' (140) 

CC13CONCO 
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reaction with 2-substituted alkenyl sulphides’ 24. 2-Vinylthioethyl acetate 
reacts with the isocyanate to afford a linear 1 : 1 adduct 

B. Addition to CrC Sonds 

The reaction of benzoyl isocyanate with acetylenes such as phenyl- 
acetyleneg7, tolane”, propargyl acetateg7. and ethyl propiolate’ 2 8  gives 
the corresponding [2 + 21 cycloadducts (141) in rather low yields. In the 
reaction with ynamino-ketones and -esters, however, benzoyl and ethoxy- 
carbonyl isocyanates afford the [4 + 21 cycloadducts (142) in good 
yields’ ”. Similarly. benzoyl isocyanate adds to ethyl ethynyl ether with 
the formation of a [4 + 21 cycloadduct12’. 1 - 

PhCONCO + R’-C-C-R2 A co R :m ;2 

R1 = Ph, R2 = H 
R1 = R 2  = Ph 
R’ = C H ~ O A C ,  R2 = H 
R’ = COOEt. R2 = H 

(141) 

RCONCO + Me2N-CZC-COR’ ___* Rnco$JR 
R = Ph. OEt R’ = H. Me, O M e  M e2N 

(142) 

15 CH=CHOMe 

CCI3CONCO + HCGC-CH=CHOMe - 
cc13 

(1 43) 

The reaction of trichloroacetyl isocyanate with acetylenic compounds 
results usually in the formation of [4 + 21 cycloadducts”.12s.130 . I n the 
reaction with 1-butene-3-ynyl methyl ether, a cycloaddition involving 
only the acetylenic bond takes place and a [4 + 21 cycloadduct 143 is 
obtained a’ 5 .  

C. Addition to C=N or C-N Bonds 

1. Reaction with Schiff bases 

The reactions of acyl isocyanates with benzylidenealkylamines’”. 
131-’  33  and of thioacyl isocyanates with benzylidenealkyl- and aryl- 
anljnes90. 105.13 I. I34 under mild conditions result in the formation of 
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[4 + 21 cycloadducts 144. Furthermore, benzoyl and thiobenzopl iso- 
cyanates add to dianils such as dibenzylidenethylenediamine and hydro- 
benzamide, giving bis[4 + 21 cycloadducts" I .  Thiobenzoyl isocyanate 
does not add to the C=C bond of cinnamylideneanilines, but it reacts with 
the C=N bond by a 1,4-cycloaddition process to give adducts 14513'. 

RCXNCO + R1R2C=NR3 

R = CCln, aryl: X = 0 R - .  
R = aryl. X = S 

0 

At':= C H ph 

PhCSNCO -I- ArN=CHCH=CHPh - 
P h  

(145) 

In the reaction of benzoyl and trichloroacetyl isocyanates with benzyli- 
deneanilines. diazetidinones 146, oxadiazinones 147 and 2: 1 adducts 
148 are f ~ r r n e d ' ~ ~ . ' ~ ~ .  Electron-donating groups in the para position of 
the bases increase the overall rate of reaction and shift the product composi- 
tion toward the formation of 146, but electron-withdrawing groups favour 
the formation of 147. 

The reaction of chlorocarbonyl isocyanate with Schiff bases affords 
uracil compounds 149, useful as plant protecting agents or their inter- 
mediates. with the elimination of hydrogen chloride' 37. 

3 

Q 

RCONCO + ArCH=N-Ar' - 
b 

R=Ph,  CCI3 

0 0 

AN - Ar' R CO - N"N - CO R 

0 aNAAr 
RCO-N ArTl-oA" $. R LoAAr 
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As the result of interaction of benzoyl isocyanate with bis-cyclohexyl- 
ethylenediimine at room temperature, a 2: 1 adduct 150 is formed through 
a 1,4-cycloaddition to the C=N bonds of diimine, whereas a criss-cross 
adduct 151 (R = H) is obtained in boiling xylene. Similarly, the isocyanate 
reacts with the butylenediimine in boilins xylene to give a criss-cross 
adduct 151 (R  = Me)'38. 

rooiii temp 

u = n  

R R  
(150) in boiling PhCONCO + 0- N=C-C-N ' ' .a 

xylene 

In bobling rylenr. 
R-H. M u  

(151) 

Benzoyl isothiocyanate adds to benzylidenemethylamine to form a 
[4 + 21 cycloadduct 39. When aliphatic carbamoyl isothiocyanates are 
allowed to react with Schiff bases, 1,3,5-thiadiazinones (152) whose 
structures correspond to the 1,Ccycloadducts of thiocarbamoyl iso- 
cyanates to the bases, are obtained. However, diphenylcarbamoyl, 
ethoxycarbonyl, and methylmercaptocarbonyl isothiocyanates re&t 
with benzylidenemethylamine to give 1 :2 adducts, triazinethiones 15395. 
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0 

R2NCONCS + PhCH=NR' N A N + #  I1 I 

(152) 

M e  

XCONCS + 2 PhCH=NMe - sYkYph 
X = Ph2N. EtO, MeS 

XCo-NYN-Me 
Ph 

(153) 

2. Reaction with azines 

Benzoyl and thiobenzoyl isocyanates react with aldazines. While 
benzoyl isocyanates do not react with benzaldazines at room tempera- 
ture, criss-cross adducts 154 are formed if the reaction is conducted in 
xylene under reflux. On the other hand, thiobenzoyl isocyanate reacts 
easily with azines at room temperature to afford mono[4 + 21 155 or 
bis[4 + 23 cycioadducts 156 depending on the nature of the substituent 
of the azine14'. . 

ArCONCO ArCONyAqNCOAr A N 4  

Ar' 0 

Ar'CH=N-N=CHAr' (1 54) 
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3. Reaction with C=N bonds of hydrazones 

479 

As described in Section III.C.3, benzoyl isocyanate reacts with acetone 
arylhydrazones to form the corresponding Eemicarbazones and their 
ring tautomers, s-triazolidinones and/or j4 + 21 cycloadducts to the 
C=N bond of the hydrazone. Thiobenzoyl isocyanate reacts with p-tosyl- 
and benzoyl-hydrazones to give exclusively [4 + 21 cycloadducts 157 
and 158, although benzoyl isocyanate does not react with the hydra- 
zones7 ’. 

PhCSNCO - 

PhCONHN# 

* PhCONH-N 

Fi = M e  
RR = -(CH2)5- 

Aroyl is0 t hiocyana tes react with some N.N-disu bs t i t u t ed hydrazones. 
especially of cyclanones, by a 1,4-~ycloaddition to yield unstable 1,3,5- 
oxadiazines 159. The corresponding cycloalkanoneimines, however. 
afford vinylogous thioureas 160’”. 
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4. Reaction wi th  cyclic C=N bonds 

Thioacyl isocyanates add easily to a cyclic C=N bond. When thio- 
benzoyl isocyanate is treated with 2,3-diphenyl-l-azirine at room tempera- 
ture, the [4 + 21 cycloadduct 161, which at higher temperature is trans- 
formed into thiadiazepinone compound 162, is obtained in an 85% 
yield'42*143. Similarly, thiobenzoyl isocyanate adds to  2-thiazoline and 
its 2-methyl derivative at low temperature, affording [4 + 21 cyclo- 
adducts 163'44. 

Ph A P h  

PhCSNCO 

H 

Ph 

However, reactions of 2-methyl-2-thiazoline with benzoyl isocyanate at 
room temperature and with thiobenzoyl isocyanate at 90 "C afford 
thiazolo[3,2-c]pyrimidin-7-ones 166 (X = 0, S;  Y = S) respectively. 
TEwbenzoyl isocyanate reacts with 2-methyl-2-oxazoJine to. form 
directly the oxazolo[3,2-c]pyrimidin-7-one 166 (X = S, Y = 0), while 
benzoyl isocyanate affords a 2:l adduct 165 (X = Y = 0), which with 
acetic acid gives 166 (X = Y = 0). On the other hand, benzoyl isocyanate 
reacts with 2-ethyl-2-thiazoline to afford 8-methylthiazolo[3,2-c]pyri- 
midin-7-one (167) and thiazolo[3,2-c]pyrimidine-5,7-dione (168). These 
reactions can be understood by initial attack of the isocyanate on the 
p-carbon atom of the tautomeric enaniine 164b of 2-alkyl-2 thia(oxa)- 
zoline 161a, as illustrated opposite'44. 

I 



when R = M e  

PI] CON CO Y = S  

t 

N-CONHCOPh 

LA CON HCqP h 
M e  * + 

Thioacyl iso(thi0)cyanate.s react with the C=N bond of imidazoline- 
4S-dione to form the [4 + 21 cycloadducts 169l". However, the reaction 
of bvzoyl  isothiocyanate with 3.4-dihydroisoquinoline forms N-benzoyl- 
3,4-dihydroisoquinoliniutn thiocyanate (170) and 2-(2-benzamidoethyl)- 
benzaldehyde (171)' 39. 

L A C O N H C X P h  
CONHCXPh 

(165) 
-H,O 

- H,X 

(1 7) 

RCSNCX + 
R = E12N. X = 0 
R =; PhZN, X = 0 
R = PhO. X = 0 
R = P h ,  X = 0 
R = ( C - C ~ H I ~ ) ~ N .  X S 

X 

R' 
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, CH2CH2N HCOPh 

CHO 

5. Addition to C=N bonds 

Trichioroacetyl isocyanate reacts with trichloroacetonitrile to afford 
a [2  + 21 cycloadduct 172 in a 35% yield'46. On the other hand, thio- 
benzoyl isocyanate adds to aryl cyanates and disubstituted cyanamides by 
a 1,6cycloaddition to give 1,3,5-thiadiazin-4-ones 173' 34. 

- l = O  
CC13CO - N 

CC13CONCO + CC13CEN A 

72) 

A 
X,XR PhCSNCO + R - C S N  A 

R = OAr, R'2N P h  

(173) 

0. Addition to C=O Bonds 

A 2 1  and thioacyl isocyanates are capable of addition to carbonyl com- 
pounds. Trichloroacetyl isocyanate reacts easily w*. diphenylcyclo- 
propenone'" and tropone'" to give irninoc3clopropenone 174 and 
troponimine 175 wi(h the evolution of carbon dioxide. On treatment with 
dimethylformamide in the presence of lithium chloride as a catalyst, 
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N - COCCI3 

(174) 
CC13CONCO 

483 

benzoyl and trichloroacetyl isocyanates give the corresponding dimethyl- 
for ma mi dine^'"^. These reactions proceed via a 1,2-cycloaddition process. 
On  the other hand, ethoxythiocarbonyl and thiobenzoyl isocyanates 
react with aliphatic and aromatic aldehydes and acetone tc form the 
corresponding [4 + 21 cycloadducts 176"'. 

RCSNCO + R' NaO 

R" 

R" = H (aldehydes): (176) 
R' = CC13, Et ,  Ph, 

p-MeOCcHq. p-02NC~Hq.  
u-fury1 

R' = R" = M e  

E. Reaction with Cumulated Compounds 

Trichloroacet yl isocyanate reacts with tetramethylallene to give a 
[4 + 21 cycloadduct 177, which rearranges to the acyclic product 17815'. 
Acyl isocyanates and dimethylketene undergo a 1,4-cycloaddition across 
the C=C bond to give oxazinediones 179. Benzoyl isocyanate reacts with 
ketene to afford an adduct 180. presumably formed via a 1,4-cycloaddition 
followed by enolization. In cold diethyl ether, 180 is formed in a 62"'; 
yield, but in benzene at 30-40 "C the acetylated product 181 is ~bta ined '~ ' .  
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Me2 

CC13CONC0 + Me2C=C=CMe2 CC13--(2CMe2 ___* 

0 

(177) 

CCI3CONHCO Me2c~::, 

On the contrary, thiobenzoyl isocyanate adds to the C=O bond of 
aromatic ketenes and to the C=N bond of aromatic keteneimines, 
giving oxathiazinones 182 and thiadiazinonss 183 r e ~ p e c t i v e l y ' ~ ~ .  

Since diazo compounds such as diazoalkanes and diazoketones may 
be justified as cumulated compounds by regarding the contribution 
structure RR'C=N+=N-, the reactions with diazo compounds are 
discussed in this section. 

A N-R' 

Ar 

N'O Ar' 

\. ,c=c=o 

>CR2 p h A s k f ; :  PhCSNCo 
? , s  

Unlike the formation of the p-lactam in the case of phenyl i ~ o c y a n a t e ' ~ ~ ,  
benzoyl isocyanate reacts readily with diazomethane to form oxazolone 
184 in 68-70?; yields1". Similarly. the reaction of terephthaloyl diisocya- 
nate with diazomethane leads to the formation of oxazolone 185". 
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C O N C O  

When ethyl diazoacetate and diazoacetophenone are allowed to react 
with benzoyl isocyanates, the corresponding benzoylcarbamoyldiazo 
compounds 186, which are thermally decomposed to oxazoles 187, gre 
obtained' 5 6 .  The product from benzoyl isocyanate and ethyl diazcticetate 
is not the 1.2.3-triazolone 188 as reported by Neidlein'". but is 186 
(Ar = Ph, R = OEt). Thiobenzoyl isocyanate reacts with diazoalkanes 
such as phenyl-, met hylphenyl-, diphenyldiazomethane and diazofluorene 
to give directly the corresponding thiazolones 189'". 

,ArCONCO + RCOCH=N2 - 

PhCSNCO + RR'C=N2 P h k x '  s R' 

In the reaction of diazo compounds with isothiocyanates, thiadiazole 
derivatives are formed, apparently by a 1,3-cycloaddition across the C=S 
bond. Acyl isothiocyanates react with d7azo compounds more easily 
than alkyl and aryl isotB1:cyanates. Benzoyl and ethoxycarlqnyl iso- 
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thiocyanates react with diazomethane to give the corresponding 5-amino- 
1,2,3-thiadiazoles 1901 ”. The adduct 191 obtained from phenoxycarbonyl 
isothiocyanate and ethyl diazoacetate reacts with amines to afford the 
urea 192 which is readily cyclized to 1,2,3-thiadiazolo[5,4-d]pyriniidines 
193 ’. 

RCONCS+H2C=N2 - !> 
N, NHCOR R = Ph, OEt 

(196) 

PhOCONCS + EtOCOCHzN2 ___* “,li COOEt RNH? 

N\ NHCOOPh 

0 

A 
COOEt 

NHCONHR 

Although a cyclic diazoketone, 2-diazoacenaphthenone, does not 
react with phenyl isocyanate or isothiocyanate on prolonged reflux in 
toluene, the diazoketone reacts with benzoyl and thiobenzoyl isocyanates 
to give the corresponding spiro[acenaphthenone-2,5’-oxa(or thia)zolin-4’- 
ones] 194 in good yields. The reaction of benzoyl isothiocyanate gives 
acenaphtho[l,2-d]isoxazolinethione derivative 195’ 6 0 .  

&: ArCXNCO PhCONCS & 0 NCOPh 

0 x=o, s 0 -00- 

Reactivities ofdiazo compounds toward benzoyl isothiocpnate decrease 
as follows l .  G’ . . C H 2 N 2 .  C,H,N, > PhCHN, > H2NCOCHN, > 
EtOCOCNH, > PhCOCHN,.  

Benzoyl isocyanates add to dicyclohexylcarbodiimide, giving the cor- 
responding [4 + 21 cycloadducts (196)Io3. and not the [2 + 21 cycloadducts 
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proposed by Neidlein". The reaction of benzoyl isocyanates with di- 
phenylcarbodiimide at 0 "C affords [2 + 21 cycloadducts (197), which are 
thermally isomerized into the [4 + 2]cycloadducts (198). The isocyanates 
add across the cyclohexyl-N=C bond of N-cyclohexyl-N'-phenyl- 
carbodiimide to form [4 + 21 cycloadducts (199) which on treatment with 
neutral alumina are easily isomerized into 1,3,5-triazines (200). Similarly, 
the isocyanates react with N-phenyl-N'-o-tolylcarbodiimide to yield the 
corresponding [4 + 23 cycloadducts 201 to the o-tolyl-N=C bond 
and/or the isomeric 1,3,5-oxadiazin-6-ones 202, depending on the nature 
of the substituent in the i ~ o c y a n a t e ' ~ ~ .  

0 

ArCONCO 

- -To  -LL+ ArCO-N 

P h N L  N- Ph 

(1 97 1 

0 

(199) 

+ 
N 1 N-Ar' 

Ar l o A N - P h  

(201) 

Ar AoAo 
(202) 

As a result of the reaction of thiobenzoyl isocyanate with carbodiimides, 
1,3,5-thiadiazin-4-ones are formec? apparently by a 1,4-cycloaddition 
across the N=C bond in the ~ a r b o d i i m i d e " ~ . ' ~ ~ .  For instance, the iso- 
cyanate reacts with both the N=C bonds of N-cyclohexyl-N'-phenyl- 
carbodiimide to afford two isomeric [4 + 21 cycloadducts 203 and 204'63. 
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In the reactions of benzoyl isocyanate and of ethoxycarbonyl isot hio- 
cyanate with methyl-t-butylcarbodiimide, the cycloaddition of the 
sterically unhindered N=C bond of carbodiimide to the-.C=O bond of 
the isocyanate and C=S bond of the isothiocyanate takes place and the 
oxa- or thiazetidine compound 205 is formed'64. 

-0- PhCSNCO + Ph-N=C=N 

N-Bu-t 
Me-N--f 

RCONCX + Me-N=C=N-Bu-t - 
X=O; R=Ph PhCON 

X =  S; R -  EtO 
(205) 

Although efforts to obtain cycloadducts from the reaction of acyl iso- 
cyanates with aryl azides are unsuccessful, the reaction of the isocyanates 
with alkyl azides provides a convenient method for the preparation of 
A2-tetrazolin-5-ones 206l 6 5 .  

N=N 
RCONCO+R"3  - 1 I 

N-COR 
R 1 Ar, CCI,, alkoxy R' = n-Bu, i-Pr, cyclopentyl R"y 

0 

I 206) 

f .  Reaction with lsonitri/es 
W 

'i' 

In  the reactions with isonitriles, acyl and thioacyl isocyanates act as 
1,4-dipoles. while isonitriles act as 1,1 -dipoles. Additions to isonitriles 
occur quite readily. and 5-iminooxa- or thiazolinone compounds 207 
are formed l o 5 . 1  5 7 . 1 6 6 .  Both functional groups of p-phenylene- and 1,4- 
cyclohesylene-diisonitrile take part in the reaction with benzoyl and 
thiobenzoyl isocyanates. bis-5-imino- or thiazolinone derivatives (208) 
being formed. r e spec t i~e ly '~~ .  The reaction of benzoyl isocyanate with 
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isonitriles in the presence of benzoic acid gives mixed amides (209) which 
are rather difficult to obtain by other routes'". 

RCXNCO + R'N=C: - 
x = o , s  

(207) 

PhCONCO + RNC + PhCOOH ___* RNHCOCON(COPh)2 

(209) 

As described earlier (Section V.C. l), carbamoyl isothiocyanates react 
as themselves and sometimes as thiocarbamoyl isocyanates. Dimethyl- 
and diethylcarbarnoyl isothiocyanates react with isonitriles to give 
iminoxazolinethiones (210), while dicylohexylcarbamoyl isothiocyanate 
behaves as the thiocarbamoyl isocyanate and gives iminothiazolinones 
(21 q 9 5 .  

S 

NR' 
R=Me.  E l  

(210) 
R,NCONCS + R'NC 

G. Reaction with Oxygen-, Sulphur-, or Nitrogen- 
containing Three-membered Heterocycles 

Alkyl and aryl isocyanates react with oxiranes in the presence of lithium 
chloride'69 or tetraethylammonium iodide170 to afford 3-substituted 
osazolidin-2-ones (213) rhrough the initial 2-imino-l,3-dioxolanes 2I2l7l .  
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0 
RNCO + R'- ___* 

Otohiko Tsuge 

Benzoyl and p-chlorobenzoyl isocyanates react with styrene oxide in 
the presence of tetraethylammonium iodide to afford two isomeric 
oxazolidinones, 214 and 215, in almost equal yields, while the 4-phenyl- 
oxazolidinones (215) can be only isolated from reactions with p-methoxy- 
benzoyl and p-nitrobenzoyl isocyanates. Similarly, reactions with 
epichlorohydrin and with ethylene carbonate give the corresponding 
oxazolidinones 216 and 217' 72. Considering these results, it is somewhat 
surprising that benzoyl isocyanate reacts with epichlorohydrin to give an 
open-chain product 218, and oxiranes derived from ethylene, propylene 
and cyclohexene can only induce dimerization of the isocyanate' 73. 

0 
ArCONCO + P h A  - 

ArCO-N 

ArCO-N 

Ph and/or Ph JJ" To 
(214) (215) 

ArCO-N 

NCHZ 
CHzCI .. P h C 0 N H C 0 0 C\ 

While the reaction of phenyl isothiocyanate with oxiranes in the presence 
of lithium chloride is accompanied by exchange of sulphur by oxygen and 
results in the formation of oxazolidinones 213 acyl isothiocyanates 
react with oxiranes to give 2-acylimino-1,3-oxathiolanes 219 via addition 
across the C=S bond'74. Even on being heated, 1,3-oxathiolanes 219 
do not isomerize to oxazolidinethiones, and their stability is attributed 
to the contribution of their mesomeric structures (equation 17). 
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R = Ph. P-02NCsH4. Me,  EtO 'O*R' 

(219) R'= Me, PhOCH, H2C=CHCH20CH2 

49 I 

R-L=N+), 0- (17) 

R' 

In the reaction of acyl isocyanates with thiiranes, a mixture of linear 
and/or cyclic products is obtained, with the former being usually pre- 
dominant (equation 18)'73,'75. 

PhCO-N /" S 
PhCONCO + Me- - PhCONHCOSCH2CH=CH2 + 

Me 

A 
0 + (18) 

S RCONHCOS 

S 

0 RCONCO + 

PhCONCO + CIH2CA PhCONHCOSCH=CHCH2CI 
0 

Benzoyl isocyanate reacts with aziridine at low temperature in diethyl- 
ether to give 1-benzoylimidazolin-2-one (220), and the same reaction in 
carbon tetrachloride affords the urea 221 ' 7 5 .  On dissolution in acetonitrile 
or deuteriochloroform, urea 221 rearranges rapidly into 220. The back 
transformation of 220 into 221 can be brought about in carbon tetra- 
chloridGqr even in the solid state but proceeds more slowly. The reaction 
of N-substituted aziridines with benzoyl isocyanate occurs at high 
temperature in the presence of lithium bromide as a catalyst and gives 
imidazolinones 2221i6. 
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PhCONHCO-N 

(221) (220) 

PhCO-N 

PhCONCO 

(222) w PhCO-N 
PhCONCO + t-Bu-N-N-Bu-t 

N 
I 

t -Bu  

(22 3) 

Recently, it has been reported that benzoyl isocyanate reacts with 
di-t-butyldiaziridinone to afford 1,2-di-r-butyl-4-benzoyl-l,2,4-triazoli- 
dine-3,5-dione (223)'". 

H. Reaction with Nitrones and Nitrosobenzenes 

B e n z ~ y l ~ ~ . ~ ~  and thiobenzoyl isocyanates' 5 8  react with nitrones via a 
1,3-cycloaddition, giving 1,2,4-0xadiazolines 224 respectively. However, 
the oxadiazolines 224(X = S) are labile and easily change into the amidines 
225 with fhe  elimination of carbon dioxide15'. 

0 
ArCX-N 

x -  s 
oi,?J-p; - i 

ArCXNCO + PhCH=N-R ----+ 

x = o . s  R-Ph. Me. PhCH2 
(2241 0 

NNR 
PhCSNHC 

'Ph 
(225) 

Thiobenzoyl isocyanate affords thiadiazole derivatives 227 by reaction 
with nitrosobenzenes. probably via the initial 1.4-cycloadduct 226. 
followed by the exclusion of oxygen atom 'j8. 
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VI. MISCELLANEOUS REACTIONS 

A. Chtorination 

The chlorination of acyl and thioacyl derivatives of isocyanates and 
isothiocyanates affords dichlorides which are useful precursors for the 
synthesis of heterocyclic compounds. Benzoyl isocyanate is treated with 
phosphorus(v) chloride in refluxing chlorobenzene to give !V-(~-chloro- 
benzy1idene)carbamoyl chloride (228, R = Ph), while a mixture of N-(r.- 
chloroalky1idene)carbamoyl chloride (228, R = alkyl) and r..r.-dichloro 
alkyl isocyanate (229) is obtained from the same reaction of aliphatic acyl 
isocyanate"*. The chlorination of thiobenzoyl isocyanate with chlorine 
L gas at room temperature gives dichloride 228 ( R  = Ph) in good yield'79. 
This reaction proceeds via an initial formation of N-(r.-chlorosulphinyl- 
benzy1idene)carbamoyl chloride (230), followed by further chlorination 
with the concurrent elimination of sulphinyl chloride. 

CI 
I 

/ I 

R 
b \C=N-COCI R--C-NCO PCI, 

RCONCO 

R = Ph. CH2CI. CHC12. CC13 CI CI 

(228) (229) 

Cl?. -SCI7 * (228. R = Ph) I PhCSNCO c I? \C=N-COCI 

On the other hand. acyl isothiocyanates yield the corresponding acyl 
isocyanide dichlorides. For instance, chlorination of acyl isothiocyana!e 
with chlorine gas at 0-50 -C affords the corresponding acyl isocyanide 
dichloride 232 in good yield'7H.'80.181. Aluminium chloride or titanium 
tetrachloride can be used as a catalyst in the chlorination'". The reaction 
pathway for the formation of dichloride 232 can be viewed as proceeding 
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MeCOCl + [CINCS] 
c12 

MeCONCS 
I C13SCN (19) 

CI 2 

via an initial formation of N-(chloro-chlorosulphinylmethy1ene)carbona- 
mide (231), followed by further chlorination with the elimination of sul- 
phinyl chloride. In the case of acetyl isothiocyanate, acetyl chloride and 
trichlorothiocyanate are obtained as main products, together with a 
poor yield of dichioride 232 (R = Me) (equation 19). 

6. Reaction with Organometallic Compounds 

Benzoyl isocyanate reacts with Grignard reagents to give many kinds 
of products (equation 20), and the amount of each product depeads on 
the type of Grignard reagent used, the sequence of reagent addition, and 
the ratio of isocyanate to Grignard reagentlE3. The reaction of benzoyl 
isothiocyanate with Grignard reagents affords N-benzoylthioamide 
(equation ->1)'E4. 

PhCONCO + RMgX - 
PhCONHCOR + PhCOR + PhCONHCONHCOPh 

i + PhCONHCONHZ + PhCONH2 + PhCONHCOPh (20) 
4 

H -  
PhCONCS + RMgX % Ph-C-N-C-R ___+ PhCONHCSR (21) 

8 ; 
Mg2+ Br- 

Benzoyl isocyanate can be inserted into the metal-nitrogen bond of 
N-trimethylmetal(~~~)dialkylamines~~~.~~~. Thus the reaction of the iso- 
cyan ate with eq u i in ola r am o u n t s of N - t r i met h y 1 met a 1 ( I v )d ia I k y la m i nes 
affords the insertion products 233. I t  has been e s b l i s h e d  by n.m.r. 
spectroscopy that the equilibrium between N-silylateg 233 (M = Si) and 
O-silylated structures 234 ( M  = Si) exists in the adducts. 

When the isocyanate is treated with N-trirnethylsilyldialkylamines in a 
6! 

4 
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PhCONCO + Me3M-NR'R2 - 
M = S i ,  G e ,  Sn 

//" CONR' ~2 
A - Ph-C 

No 
PhCO 

>N-C 

0-M-Me, 
M e 3 M  'NRW \ 

(233) (234) 

2: 1 molar ratio, trimethylsilyl benzoate is eliminated and 2-dialkylamino- 
6-phenyl- 1,3,5-oxadiazin-4-one (236) and/or 2,4-diphenyl- 1,3,5-oxadiazin- 
6-one (98) are formed. The relative yields of 236 and 98 are greatly affected 
by the nature of t h t  alkyl substituents on the nitrogen atom. I@all cases 
when 98 is isolated. the corresponding NJ"dialkylcarbamoy1 isocyanates 
are identified in yields which correspond to those of 98. The reaction 
pathway is illustrated in equation (22). The first step of the reaction is the 
addition of 234 to benzoyl isocyanate acting as a 1,4-dipole, giving the 
unstable intermediate 235. A direct elimination of trimethylsilyl benzoate 
from 235 gives 236. Further incorporation of the isocyanate, subsequent 
elimination of trimethylsilyl benzoate, and further liberation of N . N -  
dialkylcarbamoyl isocyanate from 237 results in the formation of 98. 

PhCONCO + (234. M = S i )  -.----+ 
...- 

+ PhCONCO 

PhCOOSiMe? 
+ 
0 

NAN 
I ( (  I + R ~ R ~ N C O N C O  
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0 

H ow ever, N - t r i met 11 y I s t a n n y I d i met h y I a in i ne reii c t s with an excess of 
the isocyanate to give 2,6-diphenyl-1,3,5-oxadiazin-4-one (190)' ". 

C. Reaction with Ylides 

The reaction of benzoyl isocyanate with phosphonium ylides gives 
products of different types. whose structures depend on the nature of the 
ylides used'". For instance, benzoyl isocyanate reacts with ethoxy- 
carbonylinethylenephosphorane to give the stable benzoylcarbamoyl 
phosphonium ylide 238. whereas the betaine 239 is formed by reaction 
with phenacylide. In the reaction with methylenephosphorane, however, 
2 moles of the isocyanate react with the ylide to afford the cyclic ylide 240, 
whose structure corresponds to that of the compound derived from bis- 
benzoylcarbamoyl ylide by the elimination of benzene (equation 23). 

Benzoyl isocyanates react with ethyl (dimethylsulphurani1idene)acetate 
and dimethylsulphonium phenacylide to give the corresponding stable 

\ Ph .;-CHCOPh 

[Ph36-CHCONHCOFh] - 

COOEt 
+ -/ 

Ph3P-C 

\CO N H CO P h 

(238) 

Ph36-CHCOPh 

0 AN 
-i, 
0' Ph 

(239) 

H 

+ 
i'l' 

CO- N - CO P h, 
Ph3P-C -/ ';C 0 - P h 

'CO-NH 

(2 3) 

0 
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benzoylcarbamoylsulphonium ylides 241 which on pyrolysis, are con- 
verted into oxazoles 187 and/or 242 or 243. Similarly, the reaction of the 
isocyanate with dimethyloxosulphonium methylide affords 1 : 1 adduct 
244 and 2:l adduct 245. Pyrolysis of both the adducts 244 and 245 gives 
oxazolone 184’56. However, with dimethylsulphonium phenacylide. 
thiobenzoyl isocyanate affords the thiazole compound 246156. 

COR 

R ZrJ A, 
4rCONCO + Me&-CHCOR ----+ Me2S-C + -/ ___* A 

\ 

(241) (1 87) 

0 CONHCOAr 

Ar COO PhCOCH2CO 4 LAr ( i f  R = Ph): 
P h CO C I A  I 

and/or (if R = OEt): 
EtOCO o/ 

(242) (243) 

PhCONCO + Me25-CH2 M e & - - C H C O N H C O P h  + Me26-C(CONHCOPh) 

1 
0 

1 
0 

1 
0 

(244) (245) 

PhCSNCO + Me2&-Ch-1C09!? 

‘OPh ] A P h l T z : P h  
[ Me2g-C/ 

‘C 0 N H CSP h 

I 

D. Reaction with Pyrrole 

The reactions of pyrrole with trichloroacetyl isocyanate’ 8 8 .  ethoxy- 
carbonyl isocyanateI8’, and isothiocyanate’OO are known to yield the 
corresponding derivatives of pyrrole-?-carbox- and -11iiocarbosamides 
247. N-Ethor;ycarbonyIpyrrole-2-carbos- and -thiocarbosumides 217 
(R = OEt) are converted to the pyrrole-1J-dicarboxinlides 248 by 
treatment with hot quinoline’80~”0. 
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R=OE¶ RCONCX + 0 CXNHCOR + 

x=o, s N 
H H 

(247) 

x = s  
EtOCONCX + 0-0 Quinoline 
x = o . s  N N 

K I 
CXN H CO 0 E t  

(249) 

Qy &NH 

0 

a 
Pyrrolylpotassium reacts with ethoxycarbonyl isocyanate in tetra- 

hydro furan to form, after acidification, N-et hoxycarbonylpy;@ole-I- 
carboxamide (249)’ 89. Similarly, ethoxycarbonyl isothiocyanate affords 
the I-thiocarboxamide 249 which on treatment with quinoline is converted 
to 1 -thiopyrrole-l,2-dicarboximide (250)”’. 

E. Reaction of Ac y l  koc yanates with 2.2.2- Trimethox y- 
4,5-dimeth yI&P-dih ydro- 7,3,2-dioxaphosphoIene 91 

&-- 0 E 

Acyl isocyanates react with the dioxaphospholene to give the 2-oxazolin- 
4-ones 252. The reaction proceeds probably via the addition of the dioxa- 
phospholene to the isocyanate to form a dipolar adduct 251, which under- 
goes an intramolecular displacement of trimethylphosphate by the acyl 
oxygen to yield 252 (equation 24). 
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F. Reaction with Nitrosonium Salts '' 
499 

Acyl isocyanates and isothiocyanates react with nitrosonium salts to 
give oxocarbonium ions. For instance. the reaction of benzoyl isocyanate 
with NO+SbF,-  in the presence of benzene in nitrobenzene affords 
benzophenone. Similarly. the benzoylation of toluene with benzoyl 
isocyanate and NO+SbF,-  gives a 32% yield with an isomer distribution 
of 10.5 "/, 0-, 0.7 111-, and 88.8 "/, p-methylbenzophenone, a typical 
electrophilic isomer distribution. When the reaction of,the isocyanate is 
carried out with N O + B F 4 -  at room temperature 

PhCONCO + NO+SbF,- ___* PhCOCSbF6- + N2 + CO2 

(2 5) 

PhCOPh MeC6HaCOPh 

PhCONCO + NOCBFT A PhCO'BFi + N2 + CO2 

L PhCOF + BF3 

RCONCS + NO+SbFg A RCO+SbF< + N2 + COS 

in the absence of aromatics. benzoyl fluoride is obtained through the 
decomposition of the relatively unstable oxocarbonium tetrafluoro- 
borate. Acyl isothiocyanates react similarly to the isocyanates in the 
react ion wit I i  nit rosoni urn sa 1 t s (eq i i i i  t i on 35 ). 

.- 
G. C yclization of Ac y l  lsothioc yanates with Aluminium 

Chloride' 
6 .  @ 

Under Friedel-Crafta conditions, benzayl isothiocyanates undergo 
cyclization to inonothiophthali~~~ides. and phenylacetyl isothiocyanates 
Give monothiohomophthalimides. The thioimides may be converted to 
their oxygen analogues. reduced to isoquinoline derivatives. or hydrolysed 
to the dicarboxylic acids. 

The cyclization shows great selectivity when two different ortho 
positions are open for ring closure. For instance, rwtoluyl isothiocyanate 
gives exclusively the in o n o t h i o ph t ha I i mid e 253 res 11 I t  i ng f ro m c ~ 5 0  n y la - 
tion in the position orllio to the methyl y-oup. thus providing n facile 
route to 3-meth~lphthalic %?id and its derivative (equation 26). rn-Tolyl- 
acetyl isothiocyanate. on the other hand. cyclizes to the opposite side. 
~ N ~ C I  to the methyl group, to give the monothiohomophthalimide 254, 

0 
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Me 

(254) 

(27) ---+ 

0 

which gives 4-methylphthalic acid by ring contraction (equation 27). The 
reaction provides a general route to aromatic or~ho dicarboxylic acids 
hitherto available only with difficulty or not at all. 

H. Reaction with Sulphur 

The reaction of aroyl isocyanate or isothiocyanate with sulphur 
provides a route to 5-aryl-3H- 1,2,4-dithiazol-3-one or -3-thione. When 

1 

NrX += ArCONCS 
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2-phenylthiazoline-4.5-dione which is a precursor of thiobenzoyl iso- 
cyanate (Section ILB), is heated with excess of sulphur at 120 "C, 5- 
phenyl-3H-1,2,4-dithiazol-3-one (255, Ar = Ph, X = 0) is obtained in a 
72% yield'34. The reaction of aroyl isothiocyanates with P4Sl0 in boiling 
xylene affords the 3-thione analogues 255 (X = S )  in good yields'94. 
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I. INTRODUCTION 

Cyanates. thiocyanates and their is0 isomers can be labelled on the func- 
tional group as well as elsewhere in the molecule. Although some examples 
of isotopic labelling on the chain will be given. this chapter presents a 
review of the methods by which labelling on the functional group with 
isotopic C, N. 0 or S, most frequently ‘‘C and 35S, is achieved. In most 
instances the compounds are prepared as intermediates for further syn- 
thetic purposes and therefore the clear-cut distinction between syntheses 
and uses in treating the matter, rather than being real. is justified by its 
convenience. For the same reason, the synthetic subjects have been 
classified according to the nature of the final step in which the functional 
group is formed. We must point out,  however, that the synthesis of the 
labelled precursors, although reported only in some cases, is as important 
as the final step because the recovery of the radioactive material depends 
on the overall process in which it is involved. The steps of the sequence are 
often classical synthetic organic reactions. They are modified and re- 
peatedly checkedior the best experimental conditions in order to x/ork on a 
millimolar scale and to avoid contamination. 

Cyanates and related groups and the compounds synthesized from them 
find, in most cases. practical use as tracers. The uses include applications in 
widely different fields ranging from biological and physiological to more 
technological research. 

11.  LABELLED INORGANIC IONS 

The methods of obtGining labelled O C N -  and SCN- ions are reported 
here since very open the two ions. particularly SCN-. are important 
intermediates in the syntheses of products which can also b e  prepared 
starting from organic labelled isocyanates. thio- and isothiocyanates. 
The general procedures have been established by several workers in the 
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early Fifties, but many are now commercially available at high specific 
activity. 

A. Alkali Cyanates: l4C. 13C, ’ ”N  or l a O  

Oxidation of cyanide can, in principle, afford any labelled cyanate ion. 
The availability of differently labelled cyanide ions allows the cor- 
responding cyanates to be obtained using a semimicro procedure which 
gives almost quantitative ccnversion. Oxidation by potassium perman- 
ganate in alkaline 
xide (equation 1). 

solution is carried out in the presence of cupric hydro- 

OCN- 
KMnOJ 

CN- OH-, C U ( O H ) ~  ’ 

According to the method chosen, K014CN 1 * 2 . 3 ,  K 0 ’ 4 C 1 5 N 4  and 
KO1 3CN were obtained with only slight modifications of the procedure. 

Molecular oxygen can also be used to carry out the oxidation. KI3CN 
and KCI’N have been oxidized by heating the cyanide in air or in an 
enclosed system under reduced oxygen pressure (100-200 tor$. Under 
the last conditions the preparation of K 1  8 0 C N  was performed using 
oxygen with enrichment in the l80 isotope in the 5 ” ;  to lo:!; range5. 

Labelled cyanate has been prepared from labelled urea by melting with 
potassium carbonate (equation 2). The cyanate resulting 

from this reaction possesses the entire radioactivity of the starting u.rea6. 
The procedure has been adopted with good yields by various a ~ t h o r s ~ . ~ . ~  
for the preparation of potassium [‘4C]cyanate, of silver [ ‘‘Clcyanate 
(74%) and of [15N]ammonium [‘“C]cyanate6. More recently a similar 
method starting from barium [ “C]cyanamide has been described. 
According to this, barium cyanamide was heated at 700 “C with K,CO, 
and S O 2  to give 64% yield of K014CN9. The synthesis appears to be 
convenient since barium carbonate, the mual source of carbon isotopes, 
can be directly converted into barium cyanamide in an ammonia atmo- 
sphere with very good yield (96 %). 

The laborious procedures which are usually required to isolate the 
product are avoided in the method devised by Ratusky and Tykva”, in 
which the exchange reaction is carried out in a sealed ampoule 5etween 
molten potassium cyanate and “COZ. The exchange occurs without the 
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incursion of side reactions giving rise to  random distribution of 14C- 

radioactivity between cyanate and C 0 2  molecules. On the other hand, 
in aqueous solution exchange does not occur between cyanate ion and 
sodium ['"Clcarbonate, whereas it takes place between ["Clurea and 
cyanate ion at 80 O C '  '. 

6. Alkali Thiocyanates: 14C or 

Though commercially available at present, labelled inorganic thio- 
cyanates are still often synthesized starting with less expensive or more 
highly active radiochemical sources. The reaction between alkali cyanide 
and ele?nental sulphur has been favoured by most workers (equation 3). 

K C N  + S ___* KSCN (3) 

Heating of potassium cyanide and sulphur in acetone under reflux 
appears to be the most favourable operative condition since the hetero- 
geneous reaction takes place very rapidly12. By this method KS'"CN l 3  

and K35SCN ''.I5 were prepared. The last was also obtained in 85% 
yield running the reaction in boiling water16, while the 14C compound 
was recovered almost quantitatively when the reaction was carried out 
in ethanol '. Finally, the preparation of K"SCN was achieved by 
heatinZ'* or melting together the reactants". Beside the possibility of 
obtaining K35SCN by digesting a mixture of K235S, KCN and Szo, the 
method of labelling the thiocyanate ion by synthesis does not seem to 
offer efficient alternatives since generally the exchange reaction between 
SCN- and radiochemical sources such as '"CN- 2 ' . 2 2 ,  35S2- 20*22, 

and 35S,23 fails to occur. 
As far as the sources of radioactivity are concerned, the methods of 

obtaining alkali cyanides labelled with "C or 13C and 15N have been 
reviewed by Pichat". Elemental 35S is easily available commercially or 
from the oxidation (with acid iodine solutions) of barium sulphide which 
is prepared by reduction of barium sulphate with hydrogen at 900 'C15. 

111. SYNTHESES OF LABELLED ORGANIC CYANATES, 
ISOCYANATES, THIOCYANATES AND 

ISOTHIOCYANATES 

Introduction of labelled OCN and SCN groups into an organic moiety 
is accomplished both by exchange and by classical methods of organic 
synthesis. There isl however, a clear prevalence in labelling of the cyanate 
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function through synthesis while exchange is widely used for the thio- 
cyanate group. 

A. Cyanates 

The preparation of aryl and of alkyl cyanates dates back not more than 
10 years. Reich and Martin25 reported the synthesis of the 4-t0lyl['~N]- 
compound through equation (4) 

M e a o H  + Cl2CS - M e e O - C S - C I  1 5 ~  - b 

M e e O C ' 5 N  + N 2  + S (4) 

,;- 

B. %oc yanates 

14-Carbon isotopic substitution on the functional group is by far the 
predominant one in the labelling of isocyanates(see Table 1). Most workers 
adapt the Curtius rearrangement starting from a labelled carboxylic acid. 
Less frequently the reaction between amiiies and phosgene has been used. 

1. Curtius rearrangement of acyl azides 

The Curtius rearrangement of acyl azides appears to be the most 
popular way of obtaining labelled isocyanates. It is eficient, simple to 
carry out and can easily be adapted to lagel the isocyanate group on 
C, N or 0 starting from easily available radiochemical sources. In most 
cases the reaction involves the preliminary formation of the acyl chloride, 
its conversion by reaction with azide ion to an acyl azide and finally 
thermal rearrangement of the latter to isocyanate (equation 5) 

R-CO-CI + N 3  ___* R-CO-N, A '  R-NCO + N2 (5) 
L 

f3-+ ci- 
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The known labelled isocyanates are usually "C-tagged on the carbonyl 
carbon. The synthesis inrs!ves the conversion of 14C02 to the acyl chlor- 
ide via Grignard carbonation (equation 6 ) .  

Obviously the same procedure allows the labelling of isocyanate at 
oxygen and nitrogen if G'800, or ["Nlazide ion respectively is used. 

The method was used by Keglevic and LeonhardZ6 to tonvert 
1-naphthoic[ 14C]acid into 1-naphthyl['"C]isocyanate in 80-85 yield 
(based on 1-naphthoic acid) and by Logan and Odel" to obtain 
4-chlorophenyl[ ''C]isocyanate in anhydrous toluene by successive steps 
carried out without isolation of the intermediates. 

In most cases isocyanates are not isolated bur are used without purifica- 
tion for further syntheses. For example methyl [ ''C]isocyanate was 
prepared from [14C]acetyl chloride in benzene at 140°C and then con- 
verted to N-methylcarbamates on a 0.5 mmol scale in overall yields of 
40-70 X L 8 .  

Yields of higher than 80% have been reported for the preparation of 
[14C]carbonyl-labelled phenyl isocyanate starting from ['4C]benzoic 
acidz9 or [' 3C]benzoic acid3'. Besides slight differences in obtaining the 
azide intermediate, the Curtius rearrangement was again carried out by 
heating in benzene under anhydrous conditions. 

Substituted ureas labelled in different positions have been prepared from 
3,4-dichlorophenyl and 4-chlorophenyl isocyanates '"C-labelled in both 
ring and carbonyl group3 '. The complete radiochemical syntheses of 
the four isocyanates have been developed. Starting from the corresponding ' 
['4C]carbonyl acids, the 3,4-dichloro and the 4-chloro compounds were 
obtained by the usual three&?p procedure (equation 5) in at least 78 
and 80 ',',, yields respectively. The rims-labelled compounds were similarly 
synthesized from the corresponding acids which. in turn, were obtained 
from the raqg-labelled aniline hydrochloride in accordance with equa- 
tion (7). 

The eight- and nine-step processes to get the two isocyanates gave yields 
of 53 and 22%, respectively. The entire synthesis is carefully described 
and the individual reactions may be useful in the synthesis of other radio- 
chemical compounds. 

Besides chlorides, other acid derivatives can be used for the radio- 
chemical synthesis of acyl a i d e  intemediate. Thus the synthesis via 
a i d e  of phenyl ['4C]isocyanate was accomplished starting from methyl 
[ ' " C l b e n ~ o a t e ~ ~  (equation 8). 
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PhNH2. HCI 
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CICHz-COCI 
AIC13 

NaoH Ac20 * Ph-NH-Ac 

8 '  
C 0-C H 2C I 

C U C I ~  HNO2 I 
6 

CO-CH2CI 

HCI KOCl i 
CI 

Q COOH 

NH-AC 

CO-CH2CI 

NH-AC 30 HCI 

COOH 

AcOH SO?CI2 I 
@ COOH 

n' H ~ O  (7) 

ect COOH 

CuCI2 HNO, I 
6-.; COOH 
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HNO 
Ph-14CONH-NH2 2 Ph--“%COOMe NH2-NH2, 

(8) 
A 

Ph-14CO-N3 Ph-N14C0 

and that of methyl [ ‘4C]i~~cyanate  starting from [l,l-’4C]acetic an- 
hydride. In the last case, the radioactive recovery was 35 %33 (equation 9). 

Me-- ’4CO~O-- ’4CO-Me + NaN3 - 
Me-NI4CO + N2 + Me14COONa (9) 

r 
e. 

2. From amines by reaction with phosgene or related 
reagents 

The general method for preparation of isocyanates from amines and 
phosgene can be modified to meet the special requirements in synthesizing 
specific labelled compounds. The commercial availability of [‘“CI- 
phosgene allows use to be made of this one-step synthesis (equation 10). 

According to equation (lo), 2-tolyl and 4-tolyl isocyanates were prepared 
from the corresponding toluidine hydrochloride in benzene. The reaction 
was conducted by heating in a closed system at moderate pressure obtain- 
ing the two compounds in 62 and 74% radioactive yield, re~pec t ive ly~~.  
No mention of the yield and experimental conditions, however, was 
given for the preparation of 3,4-dichlorophenyl [ ‘ ‘C] i~~~yanate  from the 
3,4-dichloroanilinium salt35. 

Two different procedures have been reported in detail for the prepara- 
tion of 2,4-tolylene [ ‘‘C]diisocyanate (TDI). By using 2,4-tolylene 
diamine dihydrochloride in t r y  toluene, 41 % radioactive yield was 
reached but with a different radioactivity distribution in the two iso- 
cyanate groups34. It was suggested that this phenomenon arises from the 
different basicity of the two amino groups combined with the different 
timing in the addition of unlabelled and labelled phosgene. On the other 
hand, [‘“CITDI labelled at only one of the isocyanate groups was ob- 
tained in 57% yield (44% radiochemical) by Wilkniss and L e ~ i n e ~ ~  who 
applied a two-step procedure (equation 1 1 )  starting from free diamine. 
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Nle M e  Me 

i""Q 0°C. l"coc,2 CH2C12 b @NH2-HCl + ON"'" coc12 130 'C 

I 
N H2 N14co NH2-HCI 

@N14c0 + @""" (11) 

Nco N14co 

Besides phosgene the direct carbonylation of amines can be satis- 
factorily achieved with other reagents. Thus methyl ["C]isocyanate was 
prepared by pyrolysis of a mixture of [I4C]methylamine hydrochloride 
and N,N'-~arbonyldiimidazole~~.~~ with about 75 % yield (equation 12). 

A different sequence for the synthesis of the same isocyanate has been 
reported with an overall yield of 84 % starting from ['4C]methylamine 
hydrochloride3' (equation 13). 

NaOH 
''CH3&H3Ci + Ph2N-CO-CI 

3. By exchahge with phenyl [' "C] isocyanate 

The known tendency of isocyanates to dimerix in the presence of a 
suitable catalyst and the thermal dissociation of the formed dimer allows 
the "C scrambling between different isocyanates (equation 14). Otvos 
and coworkers3' found that labelled phenyl isocyanate equilibrates with 
inactive alkyl isocyanates both in the presence and in the absence of di- 
methyl phenyl phosphine as catalyst. suggesting for the intermediate 
dimer the %tructure 1,3-diaryl-l,3-diazacyclobutane-2,4-dione. 
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R-NCO + Ph-N14C0 - R-N'4C0 + Ph-NCO (14) 

Thermal reaction at 140 "C without solvent afforded the labelling of 
methyl, ethyl and isopropyl isocyanates in over 80% yield while milder 
conditions (room temperature, solvent anisole) were required when the 
reaction was run in presence of the catalyst, giving an almost quantitative 
recovery of alkyl isocyanates. 

4. By isomerization of nitrile oxides 

The thermal rearrangement of nitrile oxides to isocyanates (equation 15) 

(15) 
A R-CNO R-NCO 

is a process which, in principle, could be applied to the synthesis of labelled 
isocyanates. However, the longer procedure while startins from the same 
reagents (labelled acids), seldom has high yield of the rearrangement and is 
scarcely competitive. Recently, phenyl [' 3C]isocyanate and 4-deutero- 
phenyl isocyanate have been formed via this method"'. 

C. Thioc yanates 

There are few papers in the literature devoted to the preparation of 
labelled thiocyanates. Some of them mention the substitution of a halide 
or ester group by thiocyanate ion as a method which appears to be the 
most useful route for thiocyanates but not for isothiocyanates. The general 
features of the reaction are well known since much work has been devoted 
to this subject. In this section the peculiar aspects concerning the pos- 
sibility of a successful' labelling of thiocyanates and isothiocyanates are 
discussed. 

1. By replacement reaction with labelled thiocyanate ion 

a. Sdxtirurion rcactioii. The nucleophilic reaction of alkali thiocyanates 
with halides or similar substrates is a widely used method for synthesizing 
labelled organic thiocyanates. However. the bidentate character of this 
ion may also give rise to the formation of the isomeric isothiocyanate as a 
consequence of the attack by the nitrogen end of the SCN- ion (equation 
16). 

+ x- (1 6) R-X + SCN- / R-sCN 

R-NCS 
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The main feature of this phenomenon is the increase in the isothiocyanate 
yield as the carboniuin ion character of the electrophilic centre increases, 
The matter has been reviewed by Fava4'. The displacement at saturated 
primary and secondary halides in dipolar protic and aprotic solvents 
gives the corresponding thiocyanates in very good yield. This appears 
from the results obtained in experiments carried out both with labelled 
and unla belled" ionic thiocyanate. Thus from the corresponding bro- 
mides. 7-methyl ally1[35S]t hiocyanate in d i m e t h y l f ~ r m a m i d e ~ ~ ,  1 -benzoyl- 
arnin0-2-[~~S]thiocyanoethane in ethanol (90:,, yield)'", and 2-[35S]- 
thiocyano-3-bromopropylamine hydrobromide in water (77 %)I6 were 
obtained by reaction with K35SCN. On changing the organic moiety, in 
going from primary to secondary and tertiary alkyl to aryl alkyl substrates, 
the relative amount of isothiocyanate progressively increases since the 
structural effect increases both the rate of substitution by the nitrogen end 
of the ion and the rate of isomerization of the initially-obtained thio- 
cyanate (equation 17). 

R-SCN A R-NCS (17) 

Table 2 reports the relative nucleophilicities of the N and S ends obtained 
for the reaction between K35SCN and benzyl and isopropyl halides45 
in acetonitrile at 50 'C. 

Less satisfactory yields of thiocyanate are obtained in the reaction of 
diphenylmethylsG~s' and ally1 substratesA6, as shown in Tables 3 and 4 
which report the yield of isothiocyanate in the two classes of compounds. 

The formation of the isomeric product becomes predominant or 
exclusive in the case of tertiary substrates. Thus the reaction of t-butyl 
chloride with alkali thiocyanate gives a yield of 22 :< isothiocyanateJ8 
whereas with triphenylmethyl halides the yield of trityl isothiocyanate 
depends upon the nature of substituents in the ring; for example, with 
tris-y-nitrophenylmethyl bromide, isothiocyanate is Iormed in 33 
yield'" while the corresponding isomer is the only product in the reaction 
of trityl chloride50. Thus, the displacement reaction on tri tyl  halides by 
SCN- is a good method for obtaining the tri tyl  isothiocyanate instead of. 
the corresponding isomer. 

b. Erclttrilge r-elrctiort. Tb: isotopic exchange between ionic labelled 
thiocyanate and organic thiocyanates has been found to be generally 
useful for the labelling of thio- and isothiocyanates. since the exchange is 
a particular case of a substitution reaction where the leaving-group, SCN, 
behaves very like a halide ion. Therefore the ratio of thio-isothio isomers 
in the -product' mixture depends on the same factors which govern the '. 
displacement react ion of halides. 
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The isotopic exchange has been shown to be an important tool for 
investigating the mechanism of the isomerization and ionization of 
organic thiocyanates, and therefore the kinetic data available allow 
estimation of the yields of radioactivity intake in comparison with other 
processes which may occur simultaneously (isomerization, SoIvoIysis, 
etc.1. Thus methyl, ethyl, isopropyl, n-butyl, benzyl and ally1 thiocyanates 
exchange with potassium [35S]thiocyanate in cyclohexanone at moderate 
rates at 100-130 ‘CL9. n-Butyl thiocyanate has been studied also in D M F  
at 145 ’C and gave exchange with some solvolysis and isornerizati~n~’.  
Under the &me conditions“’ phenyl thiocyanate does not exchange 
appreciably. while the more activated 2,4-dinitrophenyl thiocyanate is 
labelled at the carbon atom by the exchange reaction with SI4CN- in 
dimethylforniamide at room temperature5’. 

Benzyl [3sS]thiocyanate can be prepared by exchange with 35SCN- 
in niethyl ethyl ketone and acetonitrile between 50 and 70 ‘C, with almost 
exclusive formation of the thio isomer which is kinetically favoured by a 
factor of 102-103 5 3 .  Exchange reactions of benzhydryl thiocyanate have 
been extensively studied and in this case the thiocyanate is clearly the 
less favoured isomer. Thus the 4,4‘-dimethyl compound shows at 0 ’C 
kS;kN ratios of 5 and 4.2-7.8 in acetonitrile’4.-” and acetone”. re- 
spectively. values which are close to that (3.8) of a carbonium ion reaction 
such as the deamination of 4-chlorobenzhydryl amine in presence of 
35SCN- 5(’ .  In the triphenylmethyl series a ratio of 9 has been found 
for the exchange of tris-p-nitrophenyl methyl thiocyanate with 35SCN- 
in acetone5 ’. 

In those cases where the labelled thiocyanate is formed together with 
some isothiocyanate, a careful choice among the usual separation methods 
must be made in o r d i i t o  minimize isomerization. In a few cases a chemical 
method of separation suitable for micro or semimicro synthesis has been 
devised in order to get isomer-free thiocyanate; isothiocyanate is con- 
ve:ted into the corresponding thiourea by reaction with a difunctional 
amine (3-dimethy lamino- 1 -propylaniine). the perchlorate of which is 
separated by filtration and/or aqueous extraction. 4,4-Dimethylbenz- 
hydryl. 4chlorobenzhydry1, benzhydryl and tris-p-nitrcpihenylmethyl 
compounds have been obtained by this procedures8. 

2. By repiacernentkeaction with labelled cyanide ion 

Substitution reaction at the sulphur atom by cyanide ion can be used 
to prepare thiocyanates labelled on carbon and nitrogen. The labelling 
of methyl. ethyl. isopropyl. r-butyl. benzyl and phenyl [“C]thiocyanates 
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TABLE 4. Yields of isothiocyanate from substituted ally1 halides and alkali thio- 
cyanates in acetone at room temperature 

Substituent None u-Me y-Me y-Me y-Me a,u-diMe 
Halide Br Br Br Br CI C1 
"/, is0 5 2  5 2  5 4a.b 67b 65 + 18' 

a In acetonitrile at 0 "C. 
* S,i product. 

has been accomplished by the exchange reaction with 14CN- (K and Hg) 
in methanol at 25 OC21 (equation 18) 

R-S-CN + 14CN- R-S'4CN + CN- (18) 

The displacement of the sulphite ion from organic thiosulphates (Bunte 
salts) has been used to obtain 2-aminoethyl [1SW]thiocyanate59 (equation 
19). 

R-S-SO; + C15N- A R-SC15N f SO;- (1 9) 

D. lsotbioc yanates 

1. By exchange on isothiocyanates 

The stability of isothiocyanates under rather drastic thermal conditions 
allows the exchange to be carried out with several labelled reagents. This 
reaction is of general use in labelling with 35S since it offers a synthetic 
route for preparing compounds of widely different structure. 

a. Excharige with elemental 35-sulpkur. The exchange with 35S8 has 
been used successfully to prepare labelled isothiocyanates of aryl, aryl- 
alkyl and alkyl structure (equation 20) 

R-NCS + 35S ___* R-NC35S + S (20)  

Phenyl and ethyl isothiocyanates have been labelled by this procedure 
using decalin as solvent6'. Under the same conditions (180-190°C) or  
in the absence of solvent, Augustin and Drobnica'8*61 were able to obtain 
phenyl, 4-bromophenyl, benzyl, 4-bromobenzyl, 4-diphenyl, 1 - and 2- 
naphthyl isothiocyanates. Moreover, the same authors carried out some 
kinetic experiments in order to  determine the optimal conditions under 
which exchange occurs at sufficient rate with negligible decomposition. 
They claim that the great advantage of this method is that it is possible 
to prepare compounds having high specific activity directly. The same 
procedure allowed Moye62 to  obtain 11-dodecyl isothiocyanate in the 
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absence of solvent at - 165 "C. After the exchange had been completed, 
the reaction mixture was passed through a copper column in order to 
remove elemental sulphur. Although the column chromatography purifi- 
cation of thiocyanates must be used with care because they can in some 
cases undergo isomerization, the separation of isothiocyanates from 
reagents and eventual decomposition products can be satisfactorily carried 
out by this method. Distillation, too, can be confidently used to obtain 
pure products. 

A particular case of exchange reaction with radioactive elemental 
sulphur is the formation of labelled methyl [35S]isothiocyanate by direct 
irradiation of solutions of unlabelled compound in carbon tetrachloride 
in a nuclear ri.actorh3. This is probably the result of the hot reaction of 
replacement of a sulphur atom in the CH,-NCS molecule by 35S recoil 
atom generated in situ by the nuclear reaction "Cl(n, P ) ~ ~ S ,  the chlorine 
source being carbon tetrachloride used as solvent. 

b. Reactiori with H 3 5 S -  and HZ3'S .  Methods have been proposed to 
prepare [35S]isothiocyanates through their reaction with labelled HS- 
to form dithiocarbamate intermediates (equation 21). 

R-NCS + H3'S- A R-NH-CS-35S- (21) 

From this intermediate two different procedures have been devised to 
obtain labelled isothiocyanates: the first entails equilibration of this 
intermediate with another isothiocyanate (equation 22). 

0 33* 
R-N:C=S + R- 

0-33* 0 33 * 
NH-CS-S- 

R = Me, Et .  i -P r ,  P h C H j  

a reaction which has been found to, occur very rapidly64; the second, 
which makes use of ammonium instead of sodium hydrosulphide, is 
based upon the decomposition of the dithiocarbamate intermediate with 
Pb'+ to recover i s~ th iocyanate"~  (equation 23). 

0 5" 

0 5* 0 5' S 

\ 0 5 *  
R = Ph s- 
R-NH-C ' P b t b  PbS + R-NCS -t- H+ 
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From (22) and (23) it appears that the last method offers a better isotopic 
yield unless a very large excess of isothiocyanate is used. 

An alternative way of synthesizing phenyl isothiocyanate by reaction 
with H235S  was also accomplished6'. Through rhe dithiocarbamic acid 
and diphenyl thiourea, phenyl isothiocyanate containing one-eighth of 
the original activity was obtained (equation 24). 

2 Ph-NCS + H2S* 

0125* 
____* CS2 + (PhNH)2C=S 

HC' Ph-NCS 

025* 0.25* 

CS2 05* + (PhNH)ZC=S 

c. Exchange with [35S]rhiocyanate ion. Owing to the relatively high 
stability of the C-N bond, the importance of this method of labelling 
(equation 25) is almost negligible with respect to that concerning thio- 
cyanate substrates. 

R-NCS + 35SChs- - RNC35S + SCN- (25) 

The data of radioactivity intzke reported by Fava and I l i c e t ~ ' ~ ~ ~ ~ * ~ "  are 
instructive. The half-life times of exchange of primary as well as tertiary 
isothiocyanates are very long in acetone, whereas in cyclohexanone they 
show appreciable exchange only at temperatures at which considerable 
decomposition takes place. Table 5 reports the approximate half-life 

TABLE 5. Isotopic exchange between alkyl isothiocyanates 
and K35SCN in cyclohexanone" 

R T (  ' C )  r0.=,(min) 

Me 170 
Et 180 

120 
i-Pr 180 
Il-Bu 170 
I-BU 170 

120 
PhCH2-- 170 
Ally1 110 

Y 300 
u 1300 
>3.7 x 10'" 
80W 

2 700 
2 130 
> 3.7 x 1 0 J h  

49 
32 

"[R-NCS] = [K3'SCN] = 0.23 M (Reference 66). 
'Acetone. [RNCS] = [K3 'SCN+~.1  M (Reference 19) 
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times for such reactions. It appears that intake of radioactivity occurs at 
convenient rates only for benzyl and ally1 compounds. 

d. Exchaiige with plteiiyl [ 1 4 C ] i ~ ~ ~ ~ ) ~ i i 7 ~ ~ t e .  A successful attempt to 
prepare phenyl ['"C]isothiocyanate by reaction of inactive compound 
with phenyl [ '4C]i~~cyanate, ,was reported by Otvos and coworkers3' 
(equation 26). 

(26) 

By heating at 180 "C for several hours, equilibration of radioactivity was 
achieved and ['4C]isothiocyanate could be isolated. A mechanism has 
been postulated involving the intervention of the dimer of structure: 

R'-N14C0 + R-NCS R'-NCO + R-N14CS 

?fter equilibration 
I 

R-N=C-S 
before equilibration --- --_- ~ - - -  _ _ _ _ _ _ _ _ _ _ _ _  I 1 ,J 

0-C=N-R' 
I 

If this mechanism is correct, the method should be applicable also for 
the sulphur and carbon labelling of isothiocyanates. 

2. From amines 

Both alkyl and aryl amines react with carbon disulphide or thiophos- 
gene to give isothiocyanates. This general method of synthesis has been 
used to prepare alkyl and aryl isothiocyanates labelled at the thiocyanate 
group with 14-carbon, 15-nitrogen and 35-sulphur. 

a. By reacrion with carbon disulpltide. Reaction of primary amines with 
CS,  in the presence of bases produces dithiocarbamate salts (equation 27). 

RNH;! + CS2 Base*+: R-'dH-CS-S- + H+ (27) 
c 

Two different pathways have been proposed for the decomposition of this 
interpediate to give isothiocyanate: 

B 

( i )  Reaction with chlorocarbonate (equation 28): 

s 0 

RNH-CS-S- + EtO-CO-CI - + CI- 

R-NCS + COS + EtOH 
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n-Butyl ["N]isothiocyanate has been prepared in 95% yield by this 
method starting from n-butyl[ 5N]amine prepared by Gabriel reaction 
between n-butyl bromide and potassium [' 5N]phthalimide67. By a similar 
procedure [' 3C]methyl [' 5N]isothiocyanate68 and phenyl [35S]iso- 
thiocyana t e62 have been obtained. 

(ii)  Reaction with heavy metal salts (equation 23): Preparation of 
n-butyl [35S]isothiocyanate by this snowed that it is less con- 
venient than that using carbonate. 5-Fluorescein [' 4C]isothiocyanate was 
similarly obtained starting from 5-aminofluorescein, l4CSZ and iron 
t r i ~ h l o r i d e ~ ~ .  

b. By reactioii with thiophosgene. [35S]Thiophosgene was used for 
preparing p-iodo phenyl [35S]isothiocyanate, in high yield (95 "/)" 
(equation 29). 

1 3 1 1 0 N H 2  + CI-C35S-CI Acetone 

0 

1 3 1 ~ 0 ~ C 3 5 S  + 2 HCI (29) 

The required iodination of aniline using Na13'I as the source of iodine 
occurs with favourable yield (56 %) and both the reactions carried out in 
solution are described as easily accomplished. 

c. By reaction with otmoiiiiim thiocpanate. The method was used for 
the preparation of 2-naphthyl [35S]i~~thiocyanate'8.71. By heating of 
2-naphthylamine with ammonium [35S]thiocyanate 2-naphthylthiourea 
is formed, which is then decomposed by heating in chlorobenzene to 
2-naphthyl isothiocyanate and ammonia (equation 30). 

1 

+ NH435SCN A 

NH-C35S-NH2 + NHpCl rn 
W N H -  C"5S-N HZ 

___* wNc35s + NH3 (30) 
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The same compound was obtained by the same authors by isotopic 
exchange with elemental sulphur. Their experience in the preparation of 
[35S]isothiocyanates suggests that use could be made of the last method, 
at least for the preparation of 35S-labelled compounds. 

d. By i-errctioii with berizoyl isotkiocyanate. The synthesis of 2,6-dichloro- 
and 2,6-dimethylphenyl [lSC]isothiocyanates starting from K14CN has 
been recently reportedI3 to occur with an overall yield of 75 % calculated 
on KI4CN. The reaction is based on the thermal decomposition of the 
corresponding thioureas, a process which occurs with yields exceeding 
95 ;d (equation 3 1 ). 

180 C 
(31) 

The thioureas were prepared in 81 % yield through the following 

ArNH--’4CSNH2 Ar-N14CS + N H 3  
b 

multistep reaction without isolating the intermediates (equation 32). 

s + K S ~ ~ C N  PhCO-N14CS ArNH2 K14CN 

+ ArNH-14CSNH2 (32) OH’ 
ArNH--”CS-NHCOPh 

3. By isomerization of thiocyanates 

The isomerization of thiocyanates to the thermodynamically more 
stable isothiocyanates (equation 17) is a useful reaction for obtaining the 
labelled isothiocyanates. However, the process in the majority of cases 
requires rather drastic conditions, and a variety of side-reactions may take 
place siniultaneously. Therefore, the synthetic use is restricted to those 
substrates which undergo isomerization in mild conditions. At the 
present time different mechanisms have been recognized as being re- 
sponsible for the isomerization, the most important of which involves 
ionization pathways. When these are favoured by the structure or other 
factors (solvent. salt or Lewis acids) the thermal reaction represents a 
clean route for the rearrangement. On the other hand, a non-ionic cyclic 
mechanism is implicated in the isomerization of allylic substrates, an 
equilibrium reaction which invol?es the simultaneous rearrangement of 
the allylic moiety“ (equation 33).  

R 
I 

I 
R 

R 
‘ ~ = C H - ~ H ~ - S C N  a SCN-C-CH=CH~ (33) 
/ 

R 

According to this behaviour. a-methylallyl [“C]isothiocyanate has been 
-htained from y-niethylallyl thiocyanate which was formed. ill sirir. by 



TABLE 6. Labelled isothiocyanates 
vl 
1.J 
03 

- 
Alkyl or Procedure Position of 

of labelling labelling Reference aryl group Source of isotope 

33, 

ASSN 

N H,~%CN 

35S8 

3%” 

N HA3’S - 
HZ3’S 
C3%, 
[ “C] PhN H 
PhNI‘CO 

35S8 

C35S CI 2 

KI‘CN 

Exchange --NC3’S 

Exchange -NC3’S 

Decomposition of -NC”S 
thiourea 

Exchange -NCSSS 

-N C.‘ S Exchange 

Exchange -NC”S 
Exchange -NC3’S 

Reaction with CS, ringl*C 
Exchange -N“CS 

Reaction with amiiie - NC3’S 

Exchange -NC3’S 

Reaction with amine -NC3’S 

Decomposition of thiourea -N“CS 

18,61 

18,61 

71 

18.61 

18, 60, 61 

65 
65 
62 
14 
32 

18,6 I 

70 

13 



w 

($ Mc 
Me 

Et 

(1 i-Pr 

/~-Bu 

’*. .. 8 

II-DCI~CCY~ 

PhCH2- 

Ally1 

r-Methyl ally1 

5-Fluorescenyl 

PhCO- 

EtO-CO- 

K’TN 

1435s- . 

3sS recoil 

35s* 

H3’S- 
H3sS - 

3ss 
n 

35s 
n 

f-135s- 
K3’SCN 

K35SCN 

KSI‘CN 

Decomposition of thiourea 

Exchange 

Reaction between amine 
and CS, 

Exchange 

Exchange 
Exchange 

Exchange 

Reaction bet ween ii 111 i 11 e 
and CS, 

Exchange 

Exchange 
Exchange 
Exchange 

Exchange 

Exchange and isorneriza- 
[ion 

Reaction with amine 

Reaction with halide 
Reaction with halide 

Reaction with halide 
Reaction with halide 

-NITS 

-NC35S 

13Me--’5NCS 

-NC3% 

-NC3’S 
-NP5S 

-NC3’S 

-ls”CS 

-NC3’S 

-NC35S 
-NC3’S 
-NC”S 

-NP5S 

- N“CS 

-N“CS 

-NI4CS 
-NP5S 

-NC3’S 
-N14CS 

13 

64 

68 

63 

60 
64 

64 

67 

62 

18.61 
64 
66 

66 

43 

69 

73, 13 
13 

12 
72 
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reaction between the corresponding chloride and KS'"CN i n  DMF43. 
The procedure of preparing in sitir thiocyanates from labelled SCN- 

offers the advantage of the specific catalytic effect of this ion when used in 
excess on the isomerization reaction, beside that of using an  easy and 
general source of radioactivity without isolating the intermediates. This 
arises from a direct nucleophilic displacement carried out by the N-end 
of SCN- (equation 34). 

/ 

\ 
SCN-C- + SCN- (34) 

As a consequence, this route can be successfully applied for those sub- 
strates which undergo easy nucleophilic S,3 attack, i.e. primary and 
secondary alkyl thiocyanates, which would require drastic conditions for 
thermal isomerization. In any case, the method of starting from the 
halides or esters and labelled SCN works for all substrates which undergo 
S, substitution. In fact. in the presence of excess SCN-, whenever ioniza- 
tion or direct substitution is involved, both halide substitution and iso- 
merization of the intermediate thiocyanate can occur efficiently. According 
to this method some 35S-labelled benzyl and benzydryl isothiocyanates 
have been obtaineds8. 

4. From halides by displacement with SCN - 

The reaction between an alkyl halide and labelled SCN- produces a 
mixture of thio- and isothiocyanate the composition of which depends 
mainly on the structure of the organic moiety. The subject has already 
been treated in Section C.1. The mixture, as pointed out in the last section, 
can be converted in most cases to isot hiocyanate. 

It is known that the reactior, between acyl halides and thiocyanate ion 
gives sclusively the isothio isomer. The reaction carried out in acetone 
has been used to prepare some acyl isothiocyanates which, however. 
were not isolated but converted to other compounds. Thus, ethyl chloro- 
carbonate was converted into carboxyethyl ['"C] and [35S]isothio- 
cyanates (yield 40 "($,'' and benzoyl chloride into benzoyl ["C]-isothio- 
c y a ~ i a t e ' ~ . ' ~  (yield > SO:',;,) and [35S]isothiocyanate73. In Table 6 some 
isothiocyanates of different structure together with procedures and 
position of Inbelling are reported. 
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IV. USES OF LABELLED ISOCYANATES, 
ISOTHIOCYANATES AND THIOCYANATES 

Organic isocyanates and isothiocyanates are rather reactive compounds. 
Therefore, when labelled, they find use as intermediates in the syntheses 
of labelled derivatives and as a tool to introduce a tag into a molecule, 
the fate of which is required to be followed. 

This concerns a large number of products of great technical, bio- 
chemical or biological interest. Labelling is useful to follow the chemical 
and biochemical transformations of molecules and their metabolites, 
including their translocations in plants, animals and soil. 

A. Conversion of lsoc yanates into Carbamates and Ureas 

Most of the synt&etic workin the field of labelled isocyanates has been 
carried out in relation to their conversion into labelled carbamates or 
urea derivatives. Many studies in this area concern commercial or 
experimental chemicals which are used in agriculture as herbicides or 
insecticides. The tracer technique is an analytical tool often applied to 
these compounds to study their mechanism of action and their metabolism. 
For the purpose of evaluating the potential hazard in the use of radioactive 
tracers on a variety of agricultural crops, including food crops, it is neces- 
sary to know their fate in soil, in plants and in the animal body. In par- 
ticular, the research has been directed mainly towards the resistance to 
leaching, to the persistence in soil and on plants and to the fate of meta- 
bolites and degradation products in plants and animals. 

This kind of intereat prompted Skraba and Young" to provide a 
convenient synthesis of .the insecticide 'Sevin' labelled with radioactive 
carbon. They started from commercial 1-[ I-''C]naphthol which reacted 
with methyl isocyanate to give almost quantitatively [ I-"C]naphthyl-N- 
[ ''C]methylcarbamate (equation 35). 

The same compound was prepared and extensively studied by other 
 author^'^-^^. Labelling of 'Sevin' with "C at two further different sites 

Tertiary amine 

C 
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of the molecule. i.e. at carbonyl and at N-methyl carbon, has been ac- 
complished”8“.81 making use of the appropriate methyl isocyanate 
synthesized for this purpose. 

The la belling in difl’eren t posit ions allows the kite of ditl’eren t fragments 
to be followed. Together with its rate of excretion via urine, faeces and 
expiration this gives a rough idea of the path of a fragment through the 
animal body. Table 7 reports some N-methyl carbamates obtained from 
methyl isocyanate, [ “Clmethyl or  [ 14C]carbonyl and phenols of dif- 
ferent structure, the yields ranging between 40 ”/; and 90 %. Besides the 
carbonyl and methyl positions. N-methyl carbamates have frequently 
been labelled in other sites. cf. the above-mentioned l-[l-”C]naphthyl 
compound. For this purpose the availability of the appropriately labelled 
phenols (or alcohols) was required. They were in some cases obtained 
through a complete radiochemical synthesis. For example. 3,4-dichloro- 
benzyl-N-methyl carbainate was obtained labelled at the methyl position 
by reaction of methyl[lJC]isocyanate with 3,4-dichlorobenzyl alcohol, 
and the [“C]benzyl label was achieved via a four-step synthesis starting 
with 3.4-d i c h 1 o r o p h e n y 1 mag n e s i u m b r o m i de and [ C] ca r b o n dioxide ’. 
4-Diniet hylamino-3,5-xylyl methyl carbaniate was also labelled in the 
1-position of the ring by using the 4-dirnethylaniin0-3S-[l-~“C]xylenol 
prepared by a four-step synthesis starting from 13C0233.  The same 
carbamate labelled both at the 3-position in the ring and the 3-methyl 
group is reported to be synthesized by a ten-step procedure in 10% 
yield33. [“CIMethyl isocyanate was used to obtain (78x yield) 2- 
methyl-2-(methylthio)propionaldehyde 0-([ I ‘Clmet hyl carbamoyl) oxime 
(Temik) (equation 36), 

14CH3-NC0 + CH3S-C(Me)2-CH=NOH 
CH3S-C( Me)2-CH=N-O-CO-N H14CH3 (36) 

a Rroduct which has been also prepared with the label at the 2- and 
methylthio carbon atoms3’. The ’-carbon labelled oxime required a 
six-step synthesis from ‘ T O 2 .  

Amines react with isocyanates to form substituted ureas. The reaction 
is widely used to obtain labelled ureas, a large number ofwhicl$i; reported 
in the literature. Phenyl [ctrrhorijd- I ‘C]isocyanate was reacted with 
2-methyl cyclohexylainine to yield 1 -( 2-met hylcyclohexyl)-3-phenyl-[2- 
“‘C]urea” (equation 37). 

.i 

Ph-N14C0 + - Ph-N H-14CO-N H 6 (37) 
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The reaction which w a s  run in  boiling benzene gave an overall yield of 
80 2 based on [ctr,.Bo.\-!.I-'-'C]benzoic acid from which the phenyl iso- 
cyanate was synthesized. 

Among the ureas a great deal of interest has been devoted to 'Monouron' 
and 'Diuron'. the 3-(4-chlorophenyl)- and 3-(3.4-dichlorophenyl)-I . l -  
dimethyl ureas, respectively. As shown in Table S, these compounds have 
been labelled at carbonyl, methyl and ring by reaction of aryl isocyanates 
and dimethylamine with the label in the appropriate position. 

Isocyanates have been also reacted with the amino group of amino 
acids. Keglevic and Leonard prepared ethyl p-{3-( l'-naphthyl)-[2-14C]- 
ureido) butyrate from 1-naphthyl[ "C]isocyanate and ethyl p-amino- 
butyrate (62 " / , ) 2 6 .  An example of a cyclic urea, 1-(5-nitro-2-thiazolyl)-2- 
[4-'"C]imidazolidone is also reported. The 2-imidazolidone ring labelled 
in the 4-position is obtained from the bifunctional reagent 2-chloro- 
l-[l-"C]isocyanatoethane and 2-arnin0-5-nitrothiazole~~. To this pur- 
pose the interesting synthesis ofthea-labelled isocyanate was accomplished 
by the following reaction sequence (equation 38).  

(1) HCHO (1) LiAlHa 
Ph-CO-O-CH2'4CN (2) H20, HCI * K'4CN (2) PhCOCl 

so2c12 
H 0 - C H 2 -14C H 2 - N H2 H C I 

CI-CH2--'4CH2 -NH2--HCI coc12 + CI-CH2-'4CH2-NC0 (38) 

T h e  problem of the different intake of radioactivity in the synthesis of 
2.4-tolylene ["C]diisocyanate ([ 14C]TDI) from 2,4-tolylene diamine and 
['4C]phosgene34 has been solved by using the reaction with the sterically- 
hindered 2,6-dimethylaniliiie, the first step of a sequence of reactions in 
which the carbon atom of one of the isocyanate groups is removed 
exclusively to form compound 1 (equation 39). The '-'C distribution 
was established by comparison of specific radioactivity of compound 1 
with respect to compound 2 or  3. 

[14C]TDI has been used by [he siime authors to prepare TDI-poly- 
oxypropylenglycol copolymer in order to follow t h e  fate of labelled 
isocyanate in the thermal degradation process of the polymer". 

The isotopic labelling of isocyanates sometimes plays an indispensable 
role in the field of reaction mechanisms. An example is the isomerization 
sf nitrile oxides to isocyanates previously mentioned as a synthetic 
method". The question arises as to whether or not the reaction is intra- 
molecular. Labelling of molecules allows the performance of crossover 
experiments which gave a clear-cut response. Phenyl nitrile oxides, 4-'H 



536 

x 
I 

I 

I 
2 

z 
0 
0 

I z 

b[ I V 

T 
\ I  / 

2 
I 

I 

I 
z 
0 
0 

U 

-1 
I 
z 

I 

x 
z 
I 
0 
0 

I 

I 
2 

e 
F 

I 
z 

I p/ 



14. Syntheses and uses of isotopically labelled cyanates and related groups 537 

TABLE 8. I,l-Dimethyl-3-arylureas from aryl isocyanates and dimethylamine 
-_ 

Percentage yield (Reference) 
Position of labelling 

Compound Carbonyl N-Methyl Ring 

CIQNH-CO-NMe, 

(Monouron) 

Cl 

(Diuron) 

78(3 1) 94(31) 53(31) 

(27) 92(82) 

80(31) 92(31) 22( 3 1 ) 
(35) (35) (35) 

85(82) 

- 98(82) 

(Fenuron) 

CI 0 0 0- NH-CO-NMe, - 72(82) - 

(Chloroxuron) 

and 0r-l3C, respectively, were isomerized to isocyanates, which were 
isolated as ureas by reaction with o-toluidine. No cross-product cor- 
responding to the [4-'H,a-' 'C] phenyl isocyanate was formed. showing 
that the intramolecularity of aryl migration exceeds 97 'I.,. 

The intermediacy of isocyanates is implicated in some decomposition 
reactions of organic substances. The labelling of the reactants and the 
formation of labelled isocyanates or their derivatives allows distinction 
to be made between different reaction pathsg5.". 

B. Conversion of lsothioc yanates into 7hio~rea~nerivatives 

In the reaction with amines, isothiocyanates introduce a thiocarbamoyl 
function in the molecule giving rise to thiourea derivatives. 

Table 9 reports a number of differently-labelled thiourea obtained 
from the reaction of ['"CI- or [35S]isothiocyanate with amines. Some of 
them have been synthesized in order to determine their movgments in 
plants6', others in order to determine t metabolism in plants and 
 animal^^'.^^. T o  this end autoradiogra (a technique used also in 



TABLE 9. Labelled thioureas and related coinp unds from isothiocyanates 
8 

Gornpound Radioactivity source Reference 

1 -Phenyl-3-( 2-hydroxyet hyl)[ ”S]thiourea 
1 -Phenyl-3- di-(2-Sydrosyet hyl)[”S]th‘ iourea 
l-Phenyl-3-(2’-ethylhe~yl)[~’S]thiourea 
l-Phenyl-3-~yclohexy1[~~S] thiourea 
1,3-Diphenyl[ 35S]thiourea 
N-(N’-Phenyl)[35S]thiocarbarnoylrnorpholine 
11- Dodecyl[ S] t hiourea 
1 -Ben~oyl-3-pheny1-2-[2-~~C]thiourea 
Phenyl[2- 4C]thioyea 
Phenyl[35S]thiourea 
[I 4C] Phenylt hiourea 
1 a-Methylallyl [ “C]t hiocarbamoyl- 

2-methylthiocarbamoyI hydrazine 

Ph-NC”S 
Ph-NC3’S 
Ph-NC35S 
Ph-NC3’S 
Ph-NC3’S 
Ph-NC3’S 
n-D~decyl-NC~~S 
PhCON “CS 
PhCON I ‘CS 
PhCONC3’S 
[I4C]Aniline 

?-Methyl allyl-N’“CS 

62 
62 
‘6 2 
62 
62 
62 
62 
73 
13 
13 
73 

43 



1 -Ben~oyl-3-(2,6-dichlorophenyl)-[2-'~C]- 

1 -Ben~oyl-3-(2,6-dimethyIphenyl)-[2-'~C]- 

2,6-Dichlorophenyl [2-I4C]thiourea 
2,6-Dimethylphenyl [2-'4C]thiourea 
1-(2,6-Dichlorophenyl)-3-methyl [2-' 'C]- 

2-Met hylimino-3-(2,6-dichlorophenyl)-4- 

2-(2,6-Dimet hylphenyl)-imino-3-methyl- 

Dimethyl or diethyl 4,4'-o-phenylenbis 

thiourea 

thiourea 

thiourea 

methyl-[2-'4C]thiazolidine 

[2- "C]t hiazolidine 

(3-thioallophanate) ["C]thiocdrbonyl 
[ S] t h ioca r bo n y I 
["Clmethyl 

> [U-'JC]phcnyf 

PhCON I 4CS 

PhCON 4CS 
PhCON I4CS 
PhCON I4CS 

PhCON '"CS 

2.6-CIl C,H -N 'YS 1 

Z,B-Me,C, HA - N "CS 

Me0CON"CS 
MeOCONC35S 
[' 'C]M cOC0 NCS 
[ Li- "ClitniIii1e 

13 

13 
13 
13 

13 

13 

13 

72 
72 
12 
72 
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penetration studies of 4-chlorophenyl [3'S]isothiocyanate87) and/or 
paper chromatography are largely utilized. 

Physiological studies prompted the preparation of labelled [2-"C]- 
t h i a ~ o l i d i n e s ' ~  and of I-~-methylallyl[1SC]thiocarbamoyl-2-methylthio- 
carbamoyl hydrazine (MATCH '"C), a compound which inhibits the 
pituitary gonadotropic function43. The conversion to thioureas of amino 
groups by 14C ring-labelled Ph-NCS allowed evaluation to be made of 
the difference in protonation at pH 8 among the different amino groups 
of insulin". 

A specific case of thiocarbamoylation on the amino group of peptides 
or proteins is that carried out by phenyl isothiocyanate, the well known+ 
Edman degradatioQ8*. By this procedure the phenylthiocarbamoyl 
peptide is obtained a't pH 8-10 and in subsequent acid conditions it splits 
into a substituted phenyl thiohydantoin and a polypeptidic fragment 
(equation 40) 

R 
I pH 8-10 

R' 
I 

-!CO-CH-NH-fCO-CH-NH2 + Ph-NCS 

R 
I HCI 

R' 
I 

-CO-CH-NH-CO-CH-NH-CS-NHPh ___* 

S 

The shorter peptide is then degraded step by step through successive 
reactions on the N-terminal amino acid. Paper chromatography of the 
thiohydantoins containing the N-terminal amino acid allows the sequence 
of amino acids in the peptide to be determined. 

The use of phenyl [35S]isothiocyanate for the determination of the 
sequence of amino acids in a di- or tripeptide was suggested by Rabino- 
witz89-9 1 . A 10- to 20-fold increase in 3ensitivity of the method was 
achieved. The Edman degradation with phenyl ["T]isothiocyanate as 
tracer has been applied also to the resin-bound peptide in order to control 
the best conditions for the solid phase peptide synthesis. namely the 
condensation and the amino group deprotection steps". 

In antibody studies, Iluorescein isothiocyanate (FITC) is a commonly 
used fluorochrome as it can supply the linkage between the protein and the 
fluorescent moiety through the reaction of the isothiocyanate group with 
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the amino groups. The amount of lluorochrome present in a protein 
molecule is determined by spectrophotometry. Since the absorption of 
FITC changes on bonding with protein, [14C]FITC can be used to couple 
the absorption with radiochemical analysis in order to allow a more 
accurate measurement of Huorescein-protein ratios6'. In view of obtaining 
a model compound of the peptide bond to study the structure of proteins 
by infrared analysis, n-butyl ['5N]isothiocyanate was used to prepare 
N-b~tyl[ '~N]acetamide~'  by reaction with acetic acid. 

Organic thiocyanates, too, find some uses as intermediates in the 
syntheses of labelled compounds. Thus besides isothiocyanates as re- 
ported in Table 9, the thiazole skeleton can also be formed starting from 
thiocyanates. The synthesis of 2-amino-[' 5N]-A2-thiazoline has been 
carried out from 2-aminoethane 1-thiosulphate and KC"N through the 
intermediate 2-amino-l-thio~yanatoethane~~ (equation 41). 

H2N-CH2-CH2-S-SOj + C15N- 

H2N-CH2-CH2-SC15N + S O f -  

The labelling allowed evidence to be presented in favour of one of the 
two possible structures which may be written depending on the site of 
attack in the reaction of thiazoline with cyanate ion (equation 42) 

Raney nickel desulphurization led to the formation of urea which was 
found by mass spectrometry to contain the 15N label. It was concluded that 
structure 6 was untenable, showing that the addition of cyanate to 4 does 
not follow the general pattern observed when the amino groups are 
involved. 
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1% Cyclization of 1 -bromo-2-[3sS]thiocyano-3-propylamine hydrobromide 
also occurs to form 2-amino-5-bro~omethylthiazoline (equation 43) 

Br-CH2-CH-CH2NH2- Hb@@ K%CN , L 

I 
Br 

Br-CH2-CH-CH2NH2*HBr - 
I 
SCN 

The course of the reaction was monitored by radiochromatography16. 
In order to investigate the metabolism of taurine, the synthesis of the 

35S-labelled compound has been accomplished through a reaction 
sequence which involves a [35S]thiocyanate as intermediate" (equation 
44). 

KO H NC35S-CH2 -CH2-N HBz 

HCI 
(-35 S- C Hz-C H2-N H-Bz);! 

oxidation (-35S-CH2-CH2-NH2 *HC1)2 

Cis t a in i ne 

H 0335 S - C H 2 - C H 2 - N H 2 (44) 

Taurine 

The overall yield of taurine is approximately 50% based on the sulphur 
of thiocyanate. 

C. Some Uses of Labelled Inorganic Cyanates and 
Thioc yanates 

Although not strictly within the scope of this chapter, we mention here 

Cyanates reactV,ith compounds containing amino groups according to 
some uses of labelled inorganic cyanates and thiocyanates. 

the well known Wohler reaction to form urea derivatives (equation 45). 

R-NH2 + CNO- 4 H+ R-NH-CO-NH2 (45) 
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This reaction is closely related to the use of organic labelled isocyanates 
which form the same class of compounds (Section 1V.A). Table 10 sum- 
marizes some examples and reports the further synthetic use of the urea 
derivatives. 

Thiocyanate ion undergoes the same reaction to give thiourea deriva- 
tives. An example is the reaction with hydrazine to give [2-14C]thio- 
semicarbazide which is an intermediate in the synthesis of 6-[2-'4C]- 
a z a ~ r a c i l ' ~  (equation 46). 

NH2-NH2 + H2 N- N H-14CS-N H2 Me1 

KOH 

KS14CN 

CI3C-CH(OH)* 
H2N- N H-14C=NH =HI 

I 
SMe 

0 

The use of NH,35SCN has been also suggested instead of the unlabelled 
compound to improve the Schlanck-Kumpf method for determining the 
C-terminal groups in proteins". As known the method consists in the 
condensation of the C-terminal residues with ammonium thiocyanate. 
The 2-thiohydantoin formed from the intermediate isocyano derivative of 
the C-terminal amino acid is detached by alkaline or acid cleavage, 
identified and determined. 

Wide use of inorg&nic labelled thiocyanates has been made in mechan- 
istic studies of reactions involving oreanic thiocyanates. The 2.4-dinitro- 
~ h e n y l - ~ ~ S  derivative was prepared as having the scope to investigate the 
mobility of the SCN group in nucleophilic aromatic ~ u b s t i t u t i o n ~ ~ .  The 
exchange reaction starting from alkaline-[35S]thiocyanate and organic 
thiocyanate has been largely applied in the study of nucleophilic sub- 
stitution atasaturated carbon. The main topics concern the ionization- 
dissociation process of benzhydryl t h i ~ c y a n a t e s ~ ~ . ~ ~ ,  the borderline 
behaviour of the ~ a r n e ' ~ - ' ~ ~  as well as of triphenylmethyl substrates in 
dipolar aprotic solvents, and, finally, the mechanism of isomerization to 
i ~ o t h i o c y a n a t e s ~ ~ ~ " ~ .  T h e  synthetic aspects of this subject have beer? 
reported in the p r w k u s  sections of this chapter. The mechanistic aspects. 
on the other hand, have been previously reviewed"' and they are included 
in another chapter of this Volume. 



TABLE 10. Labelled urea derivatives from inorganic labelled cyanates 

Coiiipound Y icld ( :<) Product of further reaction Reference 
~ -l--_l__l -_-____ ___ _I___I_ 

_--_.__-~--_____--_.-.I_- -----.----- -I---_ 

[' 'C]U rca - [2-14C]Barbituric acid '2 

['T] Urea 80 D-[2-14C]RiboRavi~~ 3 
[?-"C]Methylurea 95-98 [2-'4C]Barbituric acid derivatives 93 
Curbanioyl-['SC]-aspartic acid -_ 442- 'C]Carboxyurdcil 8 

[2-"C]uracil 0 4 

[2-'4C]uracil 94 

[2- I 4C]carboxamide 96 

4 - [' "C,' 'N] Urea 42 

s-[2- ' *C] Bii tylurea 75 5-Brorno-3-s-butyl-6-met liyl 

t-[2- ' *C]Butylurea - 5-Rromo-3-r-butyl-6-met hyl 

Carbamoyl[ 'JC]aiiiinocyatioacc~~~~iiidc 69 4-Amin0-2(3H)-oxo-5-imidazolc 

S-Carbam~yl['~C]ornithine 60 

a-Amino y-carbamoyl["C]butyric acid 26 

7 
7 
7 

95 

I 

- ~-Carbamoyl['~C]lysine 60 

Carbamoyl[iJC]valine of haemoglobin -_ - 
- 
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Finally, we mention some spectroscopic studies involving isotopic 
substitution in cyanate and related groups. The interest of the investigators 
has been dedicated more to the linear ions X - Y - Z  and to the corres- 
ponding acids than to the organic derivatives. The isotopic substitution 
of the N C O  group is currently used to obtain the molecular parameters 
from microwave spectra, e.g. silyl isocyanates"' and isocyanic acid"'. 
The rotational constants of five isotopic species of the methyl thiocyanate 
molecule allowed a coniplete rs-structure of the molecule to be deter- 
mined ' 0 3 .  

In infrared spectroscopy the anharmonicitg constants. the harmonic 
frequencies and the force constants obtained from the study of the isotopic 
species of the cyanate ion have given an exceptionally solid basis to 
interpret the vibrational behaviour of the O C N -  species as a free ion 
or as contained in a solid host matrix104. The mean square amplitudes of 
vibration were evaluated for SCN-['3C] and [3'S] from the vibrational 
frequencies'05. Moreover 15N isotope substitution in OCN group has 
been considered in the i.r. and Raman studies of a series of alkyl and aryl 
cyanates". 
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I. INTRODUCTION AND SCOPE 

In this chapter- we deal mainly with the gas phase pyrolytic reactions of 
esters derived from the tautomeric forins ofcyanic and thiocyanic acids. We 
cannot fail, however, to mention the work of Ravinovitch and col- 
laborators'.' and Casanova and collaborators3 on the isonitrile-nitrile 
isomerization, and that of Fava and collaborators".s on the isomerization 
of thiocyanates in solutions, since these investigations greatly motivated 
our own work in this field. Moreover, Section 1V discusses a variety of 
reactions which, while not being truly gas phase pyrolyses. appear to be 
relevant to the main subject here. 

Linear triatoinic pseudohalides. including fulminic acid derivatives and 
selenium compounds. have been known for a long time. Nevertheless. their 
gas phase chemistry has only been subject to research very recently and 
consequently the number of references found in the literature is relatively 
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550 Nestor Barroela 

small. The case is extreme with the cyanates, ROCN, which were prepared 
for the first time just over 10 years ago6. Because of their great instability in 
the pure state they are difficult subjects for kinetic studies in the gas phase 
and have withstood all our attempts to get meaningful results. The thermal 
stability of the other compounds in the group decreases in the order 
RNCO > RNCS > RSCN; the relative rates of decomposition being 
1 :2900:5900 respectively for the isopropyl derivatives at 440.8 "C.  The 
siniilarity of these compounds to the organic halides in many of their 
reactions in solution is again verified by gas phase pyrolysis, where in all 
circumstances the functional group - X Y Z  maintains its unity. The most 
obvious differences are in the polarity of the transition states and the 
tendency to  enter into free radical chain reactions. In those cases in which 
detailed kinetic studies have been carried out, the mechanism of the olefin- 
forming reaction has been found to fit in nicely with the general pattern of 
pyrolytic eliminations recently reviewed by M a c c ~ l l ~ ~ ~ .  

I t  is of special interest to note that i f  one accepts the idea of a spectrum of 
polarities for the transition states of these reactions, then the relative 
positions of the compounds within the scope of our  interest are as follows: 

butanes where the reaction of alkyl halides has been termed quasi- 
heterolytic'. The relative reactivities which ha#e given rise to the sequence 
above are shown in Table 1. 

RX(X)=  CI. BI-. I)>>> ROCOCH3 > RNCS -eYNCO > &SCN > C Y C ~ O -  

I I .  CYANIC A N D  THIOCYANIC ACIDS 

Although in principle the title compounds can exist in two tautomeric 
isomers according to the equation 

H-N=C=X -' H-X-CZN (X = S, 0) (1 1 

the fact is that only the so-called %o' form. that is. the one with the 
cumulative double bonds, has been detected in the gas phase. This is so 
irrespective of the mode of preparation which can either be by pyrolysis of 
isocyanates. thio- or isothiocyanates or by displacement from metallic salts 
with strong mineral acids'' '. This is in sharp contrast w i t h  the sulpl%r- 
containing paren! compound. thiocyanogen. which has been proved13 to 
have the structure NZC-S-S-CEN. On the other hand. there is 
d e fi I 1 i te spec t ro sco 13 i c I it n d c h e ni i c;i I c \/ i d e ti ce '- ' that the equ i 1 i bri u ni 
( 1  )is indeed established in solution. While both acids ;ire extremely unstable 
in the pure liquid statc. their- \'apour is stable at the teniperaturcs at which 
the pyrolysis of the coi-responding esters occtirs. Ba nd Cliilds'9 found 
that isocyanic acid deconiposcs into COz. CO. N 2 .  N and H 2  between 

K I  

9 
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550 and 700 “C through a complex and partially heterogeneous reaction. 
On the other hand, cyanic acid is formed in good yield in the pyrolysis of 
cyanuric acid” above 400°C, under a stream of nitrogen. 

The molecular structure2 1,22  dipole m ~ m e n t s ~ ~ * ~ ~ ,  ionization con- 
~ t a n t ~ ~ ,  electron impact phenomena26 and atomic charge distributionz7 of 
the acids, all of which are useful when discussing the nature of the transition 
state of the pyrolytic eliminations undergone by their esters, are well 
known. If not written in italics, the nam’es ‘cyanic’ and*.‘thiocyanic’ acid are 
used here to imply the actually occurring equilibrium mixture, whatever 
the value of K ,  may be for each set of conditions, while names in italics 
signify the single form, as named. 

111. KINETICS AND MECHANISM OF 
HIGH TEMPERATURE PYROLYSIS 

A. General Stoichiometry of Pyrolysis 

Contrary to what has been found in solution, and in the gaseous phase for 
the related isonitriles3, cyanate? and the sulphur analogues4 do not 
undergo group isomerization by direct migration of the hydrocarbon 
moiety when their vapours are subject to elevated temperatures, but instead 
they eliminate acid to form olefins according to the general Scheme 1 below 

SCHEME I .  

where X = 0,s. This scheme implies that when an isomer is pyrolysed, 
finite amounts of the other isomers are formed, although i t  has been 
demonstrated in the case of thiocyanates that these come from the back 
addition of thiocyanic acid to the corresponding A typical 
near-equilibrium distribution of products is shown in Table 2 for the i- 
propyl isothiocyanate d e ~ o m p o ’ s i t i o n ~ ~ ~ ~ ~ .  From these data. two important 
facts emerge: in the first place the positional distribution of products is that 
of the Markownikoff mode ofaddition and secondly, although not detected 
by normal i.r. techniques, the nitrile tautomer of thiocyanic aci8 must be 
present. as small amounts of thiocyanates are produced. 

In Scheme 1 both equilibria are endothermic by about 16 to 20 kcal/mol, 
the t l i e rmodyna~nics~’ .~~ being such that a value near to 4 kcal/mol is 

45 
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obtained for the enthalpy change of the thiocyanate-isothiocyanate iso- 
merization. Whenever the possibility exists of several olefins being pro- 
duced, as is the case of the 2-butyl derivatives, their proportions change 
with time as shown in Figure 1. Nevertheless, extrapolation to zero time 
allows the real distribution to be found. These are given in Table 3 along 
with those obtained from other classes of substances for comparison. 
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FiCui<E 1 .  Relative percentage of rr-butenes. 

Although care has not always been taken to account for the time 
dependent isoinerization of the initially formed butenes. these results are 
interesting in that they reveal a trend toward higher trvuis/c.is ratios as the 
concerted nature of the transition state increasps. Thus the thiocyanate 
reaction shows the highest value and at  the same time appears to be the least 
polar of thein all (ride i)!\ili). This may be understood by referring to Figure 
2 where i t  can be seen that the more concerted the reaction is (or. in other 
words. the higher the double bond character of the transition state), the 
smaller- is the mean amplitude of the out-of-plane vibration as measured by 
thc angle (J and the smaller the space to accommodate the methyl groups in 
the configuration leading to the cis olefin. 
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FIGURE 2. Configuration leading to the c i s  olefins in s-butyl compounds. 

An important feature of the pyrolysis of thio; and isothiocyanates is that 
the kinetics are not affected by the nature or  area of the internal surfaces of 
the reactor and hence these reactions can be safely regarded as hom- 
ogeneous gas phase decompositions. The pyrolyses of isopropyl and t-butyl 
isocyanates, on the other hand, are affected by Pyrex glass surfaces so that 
the reactor has to be previously ‘conditioned’ in order to  eliminate 
heterogeneous processes3“. The fact that the equilibrium represented in 
Scheme 1 is displaced in the direction of the elimination has allowed the 
determination of the rate constants k ,  and k ,  without disturbances arising 
from the reverse reaction, in some instances up to  conversions as high as 
75%. These results are summarized in the Arrhenius form in Table 4. 

6. Thioc yanates 

The first detailed mechanistic study in this series, that of s-butyl 
thiocyanate”, was reported by us in 1971 in an attempt to correlate the so- 
called quasiheterolytic mechanism of gas-phase pyrolysis with El and SN1 
reactions in polar solvents. The reaction exhibits all the characteristics of a 
unimolecular deconecsition and yields 2-butenes (see Table 3) with a high 
tr.ms/cis ratio, suggestive of a concerted cis elimination. Later experiments 
with ethyl-I, l - r 1 2  thiocyanate and ethyl-rl, thiocyanate3’ (Table 5 )  
confirmed the 1.2 nature ofthe elimination and furthermore, that the degree 
of P-hydrogen bond breaking in tle transition state is appreciable. Equally 
important for the discussion of the reaction mechanism was the finding in 
the former case that optically active ( - )-s-butyl thiocyanate does not 
racemize when sub.ject to pyrolytic conditions. 



T
A

II
L

E
 

4.
 

A
rr

hc
ni

us
 p

i\r
iil

1l
ct

er
s 

fo
r t

he
 o

le
fi

n-
fo

rm
in

g 
el

im
in

nt
io

ns
 i

n 
cy

an
at

e-
ty

pe
 e

st
er

s 
c
 

T
em

pc
ra

tu
re

 r
an

ge
 

C
oi

n p
ou

 nd
 

lo
g 

n 
E( 

kc
al

/m
ol

) 
("
C)
 

R c
fe

er
en

cc
 

_
I

_
c

~
 

E
th

yl
 t

hi
oc

ya
na

\r
 

1 I
 .7

7 
40

.5
 1 

27
6-

34
3 

30
 

i- 
Pr

op
yl

 t
hi

oc
ya

n:
ite

 
s-

B
ut

yl
 r

hi
oc

ya
na

te
 

r-
B

ut
yl

 t
hi

oc
ya

na
te

 
B

ut
-3

-e
ny

l 
th

io
cy

at
ia

tc
 

E
th

yl
 i

so
th

io
cy

an
at

e 
i- 

Pr
op

yl
 i

so
th

io
cy

;\
ni

\k
 

2.
21

 
39

.3
3 

26
0-

32
0 

36
 

2.
30

 
38

.8
2 

24
5-

30
5 

29
 

2.
28

 
37

.3
7 

23
5-

28
5 

36
 

2.
34

 
4 

I.8
8 

27
0-

33
0 

36
 

2.
40

 
45

.3
5 

38
0-

39
4 

31
 

2.
99

 
42

.8
7 

27
6-

32
9 

31
 

.
-
 

s-
 B

ut
 yl

 i
so

t h
io

cy
an

at
e 

12
.4

6 
41

.3
3 

27
3-

32
5 

37
 

r-
B

ut
yl

 i
so

tk
io

cy
nn

at
e 

13
.0

0 
39

.4
6 

22
5-

28
9 

31
 

B
ui

-3
-e

ny
l 

is
ot

hi
oc

ya
na

te
 

12
.4

0 
45

.0
4 

3 2
0-

3 
86

 
35

 
l-

M
et

hy
lp

ro
p-

2-
en

yl
 i

so
th

io
cy

an
at

e 
1 1

.8
4 

3 7
-5

5 
24

5-
30

0 
35

 
i-

Pr
op

yl
 i

so
cy

an
at

e 
12

.7
1 

53
-2

9 
47

5-
49

8 
34

 
r-

R
ut

yl
 i

so
cy

an
at

e 
13

.5
9 

52
.3

8 
38

0-
44

0 
34

 
_
_
I
-
 



558 Nesior Barroeta 

One of the most useful criteria to decide on the incursion of radical chain 
mechanisms has been the addition of olefinic inhibitors, such as cyclo- 
hexene and propylene, to the reaction mixture and, to a lesser extent, 
radical promoters like oxygen and bromine. None of these substances 
changes in any way the pyrolysis of thiocyanates, so that one is forced to 
conclude that these reactions are truly molecular decompositions. On  the 
basis of all this evidence, a cyclic six-centred transition state, formally 
similar to that for the isomerization of allylic thiocyanates, has been 
proposed” (Figure 3). 

V 

FIGURE 3. The transition states for elimination and isomerization. 

A final point which has to  be discussed is that of the electronic 
requirements of such a trarsition state. and this is suitably done by 
observing the effects of properly-chosen structural changes on reactivity. 
Data relevant to this matter are presented in Table i above. 

Maccoll has proposed3’ that one extreme. that of maximum polarity i n  
the transition state for gas phase olefin-forming eliminations, corresponds 
to the alkyl halides, whi!e the other extreme, that of the homolytic type 
reactions, could be represented by the pyrolysis of cyclobutanes. For the 
latter reaction the effect of methylation on rate is minimum but the effect of 

TABLE 5. Relative rates Tor isotopic substitution 

k ,  for C2HsSCN 

k ,  for C2H3D,SCN 
-~ T(K)  

k ,  for C,H,SCN 

k ,  for C2D,SCN 
Ti?< ) 

557.3 

575.8 
590.7 

566.7 

602.9 
630-8 

575.5 
594.9 
605.5 
615.1 
629.9 
643.7 

3.36 
3.10 
3.97 
2.56 
2.70 
2.58 
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double bonds in positions where resonance is possible with a developing 
unsaturation, this being either a formal n-bond o r  an unpaired electron, 
results in a large decrease in the activation energy3'. Now, the magnitude of 
the rate increments brought about by methyl substitution in the thio- 
cyanate series, and the small but significant effect of the vinyl and phenyl 
groups indicates a very low degree of polarity for this reaction. Interestingly 
enough, this tendency to valence reorganization against charge separation, 
is maintained even in D M F  solution where i t  has been shown that free ions 
are not important in solvolysis5. 

Alkyl cyanates have not yet been studied in the gas phase. 

C. Isothioc yanates and Isoc yanates 

As was the case with thiocyanates. when vapours of the title compounds 
are heated at temperatures above 300°C. tk& pressure increases smoothly, 
following a first-order kinetic law. to a final value very nearly twice the 
initial pressure of the reactant. The general features of the reaction are as 
explained in Section 1II.A. and the criteria used when discussing the 
mechanism of thiocyanate pyrolysis are applied here to show that these 
reactions are also homogeneous and inolecular gas-phase eliminations. 

Here again we shall use the effect caused by the substitution of the cx 
hydrogens in the ethyl compound by methyl radicals as a measure of the 
polarization of the carbon-leaving group bond in the transition state. In this 
context the pyrolysis of isothiocyanates exhibits a polarity comparable to 
that of the acetates (Table 1) .  In fact. the activation energies of these 
decompositions are correlated with the heterolytic bond dissociation 
energies DR.x- by the equation E,,  = 26.6 + 0.095 D R - X -  ( k~a l /mol )~ ' .  
The slope of this line is about one third of $at found for the alkyl halides38 
but in our case. there is also an independent term which accounts for 
approximately 65"../, of the activation energy. All this seems to indicate that 
the degree of charge separation in the series is roughly one third of that i n  
the latter class of compounds. The effect caused by the introduction of 
double bonds near the reaction centre is illustrated by the elrolysis of 1-  
methylprop-2-enyl. * out-3-enyl and but-2-eny13s isothiocyanates. I t  is 
observed that vinyl substitution not only lowers the activation energy but 
also the preesponential factor by 5.3(kcal;'mol) and 1.2units of log A )  
respectively. These values are approsimately double those for the organic 
chlorides. 

A comparison of the re;ictivities of these unsaturated molecules indicates 
tha&the main mechanism by which the double bond interacts ?,it11 the 
reaction centre is the allylic weakening oI%;le C-N bond. 

I n  regard to the structure of the transition state. a four-centred model 

3 

5 

3 
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(Figure 4a) was initially proposed, but later this view was modified in favour 
of the six-centred ring (Figure 4b). This would imply the initial production 
of thiocj~n7ic m i d  which up to now has escaped detection, followed by a 
rapid isomerization to isotkiocjwriic m i d .  Although a unimolecular path for 
this reaction is difficult t o  envisage, a head-@tail bimolecular exchange of 
hydrogens could account for the non-observance of the former. A way to 
verify this could be mixed pyrolysis of CD3CH2NCS and CH3CHzN'"CS. 
In the meanwhile the large difference in reactivity between isothiocyanates 
and isocyanates (Table l),  Which closely parallels that found between 
xanthates and carboxylic and carbonate esters4' (where doubly bonded 
oxygen and sulphur atoms abstract a p hydrogen in a six centre transition 
state), is in favour among other  consideration^^^ of this last type of 
structure. Recent calculations4' of log A for these reactions, using the 
methods of Benson and coworkers42 also support this proposition. 

I 
............... 

I -c c- 

................. 
I I -c c- 

(b) 
FIGURE 4. Transition state models. 

IV. T H E R M A L  SYNTHESIS A N D  OTHER REACTIONS 

Under this heading we discuss a rather heterogeneous group of reactions 
induced by heat. some of them at low temperatures. in which cyanates and 
related compounds are formed or react further to give other products. The 
majority of these reactions are not gas-phs2 pyrolyses; many are carried 
out in some solvent or else the pure liquid is heated. Unfortunately most of 
these Ltudies are concerned with syntheses rather than with mechanisms, 
and often reaction conditions are poorly defined. A substantial proportion 
of these results refers to isocyanates due to their industrial importance and 
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consequently, are covered by patents. Since the solution chemistry of these 
classes of substances is dealt with in other chapters of this book only those 
reactions which appear more closely related to, or which suggest areas of 
research in, the gaseous phase will be considered here. 

A. lsoc yanates and isothioc yanates 

One of the first reactions in this category was the preparation of phenyl 
isocyanate by thermal decomposition of symmetrical diphenyloxamide by 
H ~ f r n a n n ~ ~ ,  as early as 1850. Later, the well known phosgenation processes 
were employed which in certain cases are performed in the gas phase at 
temperatures ranging from 150 to 400 0C44.45. Other preparative methods 
included the thermolysis of carbamates and u r e a ~ ~ ~ .  The first of these, 
which leads to isocyanates whenever there is an unsubstituted hydrogen on 
the nitrogen, has been subject to some attention in the last two decades. 
Thus, M e t a ~ e r ~ ~  reports that the substituted carbamates of more than nine 
carbon atoms decompose on distillation to give an alcohol and an 
isocyanate whereas the unsubstituted ones yield alcohol and an alloph- 
anate. The last compound undoubtedly originates from the secondary 
reaction of isocyaizic acid and the unreacted carbamate. Similarly McKay 
and V a v a ~ o u r ~ ~  found that N-benzyl cholesteryl carbamate decomposes at 
290 "C, presumably in the fused state. into carbon dioxide, cholesterol, 
cholest-3,Sdiene and sym-dibenzyl urea. These authors assume a 
carboxylic-ester type transition state for the elimination of benzylcarbamic 
acid which rapidly breaks down into benzyl amine and carbon dioxide. 
However, they postulated the formation of cholesterol and urea through a 
single reaction between the carbamate and the arnine. while we now know 
that benzyl isocyanate must have been an intermediate according to  the 

d 

general scheme (Scheme 2) 

1 
r 

4 

5 

RNHC,!&3H - 
RNCO + RNH2 

I I  
RNH-C-CH + C02 

I I  

I I  

I \  
RNCO + HO-C-CH 

\ /  
/ \  

RNH-COOH -t C=C 

RNH2 + C02 

RNHCONHR 
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where the relative importance ofeach process depends upon the structure of 
the radicals attached to the nitrogen and oxygen atoms in the original 
carbamate. This has been clearly shown by Dyer and Wright4* who found, 
for example, that while ethyl N-phenyl carbamate equilibrates with phenyl 
isocyanate and ethyl alcohol at 230-260 "C, 1-methylbenzyl N- 
phenylcarbamate reacts mainly through path 3 in Scheme 2. In the case of 
ethyl N-carbazolyl carbamate, which apparently reacts only through path 
3. they were able to determine an energy of activation of 32 kcal/mol and an 
entropy of activation of - 16e.u. at  271 "C for the evolution of carbon 
dioxide, 

(2) C6H5NHCOOC2H5 7- CsHsNCO + C2H50H 

C6H5NHCOOCH(CH3)C6H5 ___* C6H5NH2 -t c02 -t C H ~ = C H C G H ~  (3) 

which followed first-order kinetics. Similar findings are reported by Thorne 
and c o l l a b ~ r a t o r s " ~ ~ ~ ~  for the thermal decomposition of a series of N -  
arylcarbamates of tertiary alcohols in solution. 

8--/8 A a-a + co2 + C2H4 (4) 

N N 
i H 

COOC2H5 

The only detailed study of an isocyanate-forming reaction in the gas phase 
up to now, is that of methyl N-methylcarbamate reported by Daly and 
Z i o l k o w ~ k y ~ ' .  The compound was pyrolysed between 370 and 422°C in a 
static system. using a reactor with a surface-to-volume ratio of 0.8 cm- '. 
Under these conditions. the reaction is a clean decomposition into methyl 
isocyanate and methanol. I t  was also demonstrated that neither the reverse 
reaction nor transesterification with methyl amines took place. The effect of 
temperature on rate is given by the equation. 

k = 10"'39expl-48060/RTI (s- ' )  ( 5 )  

I t  is interesting to see that this activation energy is at least about 
3.5 kcaljinol higher than that of the competing olefin formation whose rate 
is strongly dependent on the structure of the :lcohol from which the 
carbainate is derived. while substitution on the nitrogen is of much smaller 
importance in infjuencing the rate of isocyanate This 
explains why in those cases where olefin formation is possible. isocyanates 
are prodwed in very low yields. The unsubstituted ethyl carbamate5' 
decomposes in carbon coated vessels at 300-400 "C into isocyinic w i d .  
carbon dioxide. ethylene and ainmonia. The proportion of isocjmic w i d  
relative to the total reaction goes from 90" i  at 300°C to only 320< at 
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390°C. In clean Pyrex glass vessels, small amounts of ethyl amine are also 
produced. 

Following the original work of Kaluza” on the preparation of 
isothiocyanates from amines, extensive use has been made with the purpose 
of spontaneous or base-catalysed decomposition of compounds 
RNHC(S)X in solution, where X = SC02R56.57, SN(Et)258.59 and 

More recently Ottenbrite6’ reported the preparation of a series of 
aromatic isothiocyanates from amines via thermal decomposition of the 
methyl dithiocarbamate. This author suggests al!ernative mechanisms in 

which the structures RNH=C(S-)SCH3 and R-N=C(SH)SCH3 are 
intermediates. We feel that in absence of detailed information about this 
reaction, a four-centred, concerted transition state is a more realistic 
possibility : 

SPOC1,6? 

+ 

S 
I I  

This is formally analogous to that proposed by Dary and colleagues for the 
methyl N-methylcarbamate discussed previously and could conceivably 
apply to the  thermal decomposition of compounds RNHC(S)X. On the 
other hand the formation of isocyanates from pseudoureas reported by 
Robinson62 which occurs at 250-300 “C according to the equation 

is not easily envisaged as a single step reaction and might be preceded by 
isomerization to the corresponding urea. As it was shown (in Section 1II.A) 
above, the thermal stability of cyanates and related compounds in the gas 
phase depends upon the availability of p hydrogens as the formation o? 
olefins appears to bF the decomposition mode with the lowest activation 
energy although the inherent stability of the groups -NCX(X=O, S) is 
high as exemplified by isocyanic acid and phenyl isocyanate63 which only 
decompose appreciably above 550°C. This is i n  sharp contrast with the 
situation in dimethylsulphoxide solvent where several aromatic isocyanates 
are reported to decomphse into a mixture ofamine and symmetrical urea64 
at 80°C. In this case. however. a specific interaction with tne solvent seems 

c s 3  
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tokge responsible for the enhanced reactivity as the same reactions do not 
take place in a hydrocarbon medium. 

An interesting reaction which so far has not been fully investigated is the 
equilibration of isocyanates and i s o t h i ~ c y a n a t e s ~ ~ . ~ ~ .  The reaction 
occurred when, for example. pure naphthyl iiocyanate and phenyl 
isothiocyanate were heated together at 220 "C and is believed to proceed 
through the cyclic intermediate 

S 

B. C yanates and Thioc yanates 

The high reactivity of these compounds, which is extreme in the aliphatic 
series and leads to elimination and isomerization to the corresponding 'iso' 
form, is responsible to a large extent (especially in the case of the cyanates) 
for their relatively smaller importance as useful intermediates and for the 
small number of studies carried ou t  in the gas phase. As pointed out above, 
the acids themselves only exist in significant concentrations in the 'iso' form, 
although aryl cyanates trap irreversibly rhiotyanic trcitl in the form of 
aryloxydimercarpo-S-t r i a z i n e ~ ~ ~ . ~ ' .  

One of the first successful methods for the preparation of cyanates 
included thermolysis of aryl- and alkyloxy 1,2.3,4-thiatriazole~~~.~~ pro- 
bably through the electronic rearrangement indicated below (equation 7). 

A RO-C-S 
II-/ I J  ___* ROCN + N, +r3 
N . p N  

By this method aromatic and ali hatic cyanates can be prepared in good 
yield, but while the former are stable, the latter isomerize to isocyanates 
e x ~ t h e r m a l l y ~ ~ ~ ~ ~ .  In addition, secondary cyanates eliminate HNCO to 
form olefins even below boiling point7'. Thiocyanates, on the other hand, 
are much more stable to heat and in any case decompose into olefin and 
acid before any isomerization can take place in the gas phase (see Section 
1II.B). Exceptions to this are the allylic thiocyanates which d o  isomerize 
readily when heated in the liquid state". This fact rendered unsuccessful our 
attempts to study the gaseous isomerization of ally1 thiocyanate itself '. 
Spurlock and Newallis'2 have reported the thermal isomerization of 

P 
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cyclopropylcarbinyl thiocyanate in acetonitrile at 155 "C. Along with the 
direct isomerization to cyclopropylcarbinyl isothiocyanate which accounts 
for 75% of the total reaction, cyclobutyl and but-3-enyl thio- and 
thiocyanates are also formed in significant amounts. 

V. THERMODYNAMICS OF THE ELIMINATION 

For a generalized stoichiometry of the type A -, B + C, the equilibrium 
constant is related to the measurable quantities Pf and P o ,  the final and 
initial pressure of the system respectively, by the expression 

(Pf - Pol2 
2Po - Pf 

K ,  = 

In turn, for Scheme 1 it can be shown that the following relations hold in the 
case of ethyl derivatives: 

Now it has been observed that starting from either end of Scheme 1, the 
equilibrium constant or, alternatively. the ratio Pf/Po increases with 
temperature, suggesting a positive enthalpy for these reactions. In fact the 
value obtained for ethyl thiocyanate3' from a plot of log K ,  vs. T -  * is 16 
2 kcal/mol which refers to the elimination from isothiocyanate because 

according to  equation (10) K ,  = K z  i f  K l  >> K z ,  as is the case. 
The only exact experimental heats of formation in these series 

of compounds are A H ;  HNCS(g) = 30.0 0.8 kyd/rn01'~ and 
AH; CH,NC&!g) = 27-10 kcal/mo17". Based on these values and known 
estimation Zethods' the enthalpy of the elimination reactions for the 
simply alkyl thiocyanates has been e ~ t i r n a t e d ~ ' . ~ ~  as 16 _+ 2 kcal/mol and 
that for isothiocyanates as 20 k 2 kcal/mol. This last value agrees reason- 
ably well with that  found experimentally for ethyl isothiocyanate (see 
above). These figures imply an enthalpy of approximately 4 kcal/mol for the 
thiocyanate-isothiocyanate isomerization:-. 

Other quantities that are important when discussing the mechanism of 
these reactions are the bond energies and the heat of formation o f t h e  
thiocyanate radical, which have been estimated3' as AH: SCN(g) = 75 

5 kcal/mol. With this last' value and literature values of the heat of 
formation of alkyl radicals". lower limits of 73 and 69 kcal/mol for the 
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bond dissociation energies in isothiocyanates and thiocyanates respectively 
are set with the help of known n i e t h o d ~ ’ ~  for the estimation of heats of 
formation. Similar types of estimates cannot be made for the oxygen 
analogues as thermodynamic information is even more scarce in this case. 
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I. INTRODUCTION 

The first attempts to prepare alkyl cyanates date as far back as 1857 
when Cloez' thought that he had obtained these compodnds by reacting 
sodium alkoxides with cyanogen chloride. However. subsequent investi- 
gations'-'' made i t  cl&: that the products obtained by Cloez had been 
mixtures containing mainly trialkyl cyanurates and dialkyl imidocar- 
bonates. The reactions of phenolates with cyanogen halides gave similar 
results3."'. Neither could cyanates be isolated from the reaction of 
alkali cyanides with alkyl hypochloriS?s-.' or by elimination of hydrogen 
sulphide from 0-alkyl nionothiocarbonates6.' '. Alkyl formohydroxi- 
mates could not be dehydrated to cyanic esters (or their polymers) but 
instead eliminate the corresponding alcohol' I .  

4 
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Because of these negative results, esters of cyanic acid were for many 
years considered to be ‘non-existent compounds’. In 1960, however, 
Stroh and Gerber14 succeeded in preparing cyanates of some sterically- 
hindered phenols, and similar cyanatcs were described in 1963 by Hedaya- 
tullah and D e n i ~ e l l e ’ ~ - ’ ~ .  In 1964 Kauer and Henderson” showed that 
it was also possible to prepare cyanates of sterically-hindered alcohols. 
When the latter paper was published steric hindrance had, however, 
already been shown not to be a necessary requirement since, with due 
precautions, cyanates could be prepared from normal alcohols and 
phenols as well. In three papers, submitted for publication almost 
simultaneously. Jensen and Holm” announced the isolation of ethyl 
cyanate, whereas MartinL9 and Grigat and Putter” described* the pre- 
paration of phenyl cyanate by two different methods. 

In the following years both alkyl and aryl cyanates were studied 
extensively so that the chemistry of the cyanato group, -OCN, is now 
as well known as that of most other functional groups. 

Previous reviews dealing with organic cyanates have been written by 
GrigatiL.‘2, Hedayatullah”, Martin”, and Prejzner”. The reviews by 
Grigat contain numerous references to German patents; these have not 
been included in the present review. 

I I .  SYNTHESES OF CYANATES 

Cyanates were first prepared from thiatriazoles (Section 1I.A) or cyanogen 
halides (Section I1.B) and these methods are still the most important 
although other modes of formation of cyanates (Section 1I.C-F) wen= 
discovered when their chemical properties had become known. 

For comparison Table 1 contains yields of the known alkyl and cyclo- 
alkyl cyanates obtained by these methods. For the properties of the 
numerous aryl cyanates we refer to Tables 1 and 3 in the review by 
Grigat2’ from 1967. Since then only a few more special cyanates have 
been described (steroid cyanates”, azo compounds”, antliracene 
derivatives”, thiophene derivatives”, and various substituted phenyl 
cyan ate^^'-^^ ). 

A. Thermol ysis of Thiatriazoles 

5-Alkoxy- and 5-aryloxy-1,2,3,4-thiatriazoles, I ,  are unstable and may 
decompose rather violently at room temperature. Ip ethereal solution at 
20 ”C a smooth decomposition with the elimination of sulphur and 
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TABLE 1. Yields ( % )  of alkyl and cycloalkyl cyanates by methods A-E 

A B  C D E References 

Methyl cyanate 
Ethyl cyanate 
Propyl cyanate 
Isopropyl cyanate 
Butyl cyanate 
Isobutyl cyanate 
s-Butyl cyanate 
t-Butyl cyanate 
Pentyl cyanate 
Isopentyl cyanate 
Neopentyl cyanate 
4-Pentenyl cyanate 
Hexyl cyanate 
Cyclohexyl cyanate 
Nonyl cyanate 
Undecyl cyanate 
2,2,2,-Trifluoroethyl cyanate 
2,2,2-Trichloroethyl cyanate 
2,2,2-Tribromoethyl cyanate 
2,2- Dichloroethyl cyanate 
2-Methyl-2-hexafluoropropyl 

cyanate 
1,4-Dicyanatobicyclo[2.2.2] 

octane 
1 -Cyanat 0-3-ethoxy-2,2~4.4- 

tetrainethylcyclobutane 
Ethyl 3-cyanato-2-butenoate 

77 
78 
73 
77 
48 
26 

68 4.4 
4l 
50 

80 
93 
85 
55 
80 

41 

30 

73 

34,39 
34, 38, 39, 50 

34,39 
34 

40-5 7 

72 76 34,39,51, 52 
75 34,51 

34 
36 

84 35,52 
84 52 

35,17 
37 

79 35,51 
57 36 

67 51 
30 51 

20 
20 
20 
20 
48 

17 

17 

20 

nitrogen leads to alkyl cyaiiates'8.34-3' and aryl c y a r i a t e ~ ~ " ~ ~ ~ - ~ ~  (2) in 
high yields. 

The t h ia t riazo les a re prepared from a 1 k 0s yt hiocn rbo r i  yl h yd razines44 
(3) arid nitrous acid".' 8.34- 37 or from 0-alkyl  or 0 -a ry l  chlorothio- 
formates 4 and sodium azideL".3x-4-'. 
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NaN3 
RO-CS-CI A 1 

(4) 

(3) 

Purification of the alkyl cyaiiates can be accomplished by distillation 
under reduced pressure. Due to the facile isomerization of alkyl cyanates 
to isocyanates the temperature must be kept at 20-40'C durins their 
preparation. Methyl cyanate is extremely labile and special care has to be 
taken to avoid isomerizatioii. The higher nthmal cyanates (from C,) 
are more stable and may be distilled ab.40 C without isomerization, 
but secondary alkyl cyanates undergo facile elimination of cyanic acid 
with tlie formation of alkenes. Tertiary cyanates with a neighbouring 
hydrogen atom are even less stable. r-Butyl cyanate could be prepared 
from the thiatriazole only i n  petroleum ether: in ethereal solution quan- 
titativa formation of cyanic acid and isobutene takes place". Several 
5-(2-alkenyloxy)-l,2.3.4-tliiatriazoles have been prepared and their de- 
composition (according 1.0 equation ( 1 )) investigated". However. allylic 
cyaiiates are evidently extremely unstable and only isocyanates rearranged 
in tlie carbon skeleton were obtained. The formation of benzyl cyanate. 
plienethyl cyanate. and tetrametliylene dicyanate from the corresponding 
thiatriazoles in solution has been demonstrated by infrared spectroscopy. 
However, they proved too unstable to be isolated. being transformed 
into isocyanates and isocyanurates even a[ room temperature, in the 
latter case with the formation of an insoPbunIe high polymer3". 

Since it is usually more convenient to prepare aryl cyanates by method 
B, relatively few aryl cyanutes have been prepared froin aryloxytliia- 
triazoles. These include nitro-. metlioxy. and halogen-substitilted plienyl 
cyanates'".''. I .4-dicyanatobe1izei~e~~. and 4-biplienylyl c y a ~ i a t e ~ ' . ~ ~ .  

B. Reaction of Phenols or Alcohols with Cyanogen Halides 

Addition of cyanogen chloride or bromide to iiii alkali metal phenolale 
usually results in the formation of an imidocarbonate or ;I cyanurate. 
Only when both ortlio positions of the phenol carry b u l k y  substituents 
(such as r - l w t y l .  equation 4) can aryl cyanates be prepared in this man- 

L- 16.46 
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Cyanates 5, 6,7 derived from sterically hindered alcohols can likewise 
be prepared from the lithium or sodium salts of the alcohols and cyanogen 
chloride’ ’. 

?CN OCN 

In  the absence of sterically hindering groups the cyanate will react with 
excess phenolate to form an imidocarbonate. The discovery by Grigat 
and Putter” that this reaction can be prevented by avoiding having the 
phenolate present in excess has made aryl cyanates generally accessible. 
The preferred method is to add, gradually, triethylamine to a solution of 
the phenol and cyanogen chloride or bromide in acetone (equation 5). 
Only phenols substituted with two or more electron attracting groups 
(nitro. halogen) yield exclusively or predominantly imidocarbonates also 
under these c o ~ i d i t i o n s ~ ~ .  

ArOH + ClCN + Et3N - ArOCN + Et3NHCI (5) 

* It is also possible to prepare aryl cyanates by addition of a phenolate 
 it!^ excess cyanosen 

Th&e methods can be employed to prepare cyanates derived from 
aliphatic polyhaloalcohols or enols”~4s (cf. Table 1 )  but are not generally 
applicable to the preparation of alkyl cyanates. 

The triethylaniine method can in most cases be used as well to prepare 
cyanates derived from sterically hindered phenols. However, no reaction 
occurred with 3,3’.5,5’-tetra-r-biityl-4,4‘-biphenyldiol but the dicyanate 
could be prepared from the lithium salt of thisqhenolJ9. 

C. From 0-Alkyl Thiocarbamates 

Alkyl cyanates are obtained by treatment of 0-alkyl thiocarbamates 
(8) with heavy metal oxides (HgO, Ag,O, etc.) in ethereal solution at 

e 
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0 “C. The water formed by the reaction was removed by means of mag- 
nesium sulphate50. 

RO-CS-NHz + HgO - ROCN + HgS + H20 (6) 

(8) 
R = alkyl 

@Ethyl selenocarbamate reacted very fast with HgO but the yield of 
ethyl cyanate was only  5 % S O .  

0-Aryl thiocarbamates are reported not to react with HgO at room 
temperature but with Ag,O the formation of the cyanate was shown by 
infrared s p e c t r o s ~ o p y ~ ’ ~ ~ ~ .  

D. From 0-A/ky/ N - Hydroxythiocarbamat es 
a 

0-Alkyl N-hydroxythiocarbamates (10) are readily prepared from 
[(alkoxythiocarbonyl)thio]acetic acids (9) and hydroxylamine’ I .  

RO-CS-SCH2C02H + NH20H - RO-CS-NHOH + HSCH2C02H (7) 

(9) (10) 

When treated with an acylating agent such as acetyl chloride or ethyl 
chloroformate, a rapid Lossen degradalion takes place at room tempera- 
ture with the formation of an alkyl cyanate (equation 8). 

RO-CS-NHOH + CIC02Et c__* (RO-CS-NHOC02Et) ___* 

(7 0) 
ROCN + S + COZ + EtOH (8) 

The yields are good and the preparativli of alkyl cyanates by this 
method is considerably faster than from 5-alkoxy-1.2.3.4-thiatriazoles. 
However, it can be used only to prepare butyl cyanate and its higher 
homologues. In the latter case it appears preferential to the thiatriazole 
met hod. 

E. From Thioc yanates 

By a procedure similar to that of method C, alkyl cyanates can be 
obtained from imidothiocarbonates, 12 (prepared from thiocyanates 11) 
by treatment with HgO and MgSO, in ether at 0 ‘C5?.  

NH 

(9) 
+ROH I I  

R‘SCN R’S-C-OR -b ROCN 
-R’SH 

(11) (1 2) 
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The method is reported to be useful for the preparation of alkyl, cyclo- 
alkyl, aralkyl, and aryl cyanates but very few details were given in the 
pu blicat ion5 '. 

F. From Cyanic Acid or Inorganic Cyanates 

Although cyanic acid according to spectroscopic evidence (cf. Reference 
53) consists exclusively of molecules with the structure HNCO, its 
reaction with d i a z o i ~ o b u t a n e ~ ~  indicates that H N C O  exists in tautomeric 
equilibrium with HOCN. The reaction afforded a mixture of 14components 
among which 4:4 butyl cyanate and r3 "/, butyl isocyanate were identified 
by means of gas chromatography, infrared and mass spectrometry. 

Similarly a mixture of cyanates and isocyanates may be formed by 
alkylation of the ambident cyanate ion under S,1 conditions. The pro- 
ducts of the reaction between silver cyanate and various alkyl halides 
have been investigated by gas chromatography". Propyl and s-butyl 
iodide gave a mixture of cyanates and isocyanates; in all other cases only 
isocyanates or  alkenes were obtained. Hence the reaction has no practical 
use for the preparation of alkyl cyanates. 

111. PHYSICAL PROPERTIES" 

A. General Properties and Atomic Distances 

Alkyl cyanates of low molecular weight are mobile, colourless, lachry- 
matory liquids. Higher alkyl cyanates and aryl cyanates are liquids or 
low-melting solids. They may be purified by distillation but in the case of 
alkyl cyanates only at reduced pressure to avoid the facile isomerization 
into isocyanates. The purity may be verified by gas chromatography' 8.34 

or infrared s p e c t r o ~ c o p y ~ ~ . " ' .  
An X-ray structural analysis has been carried out  on 4-chloro-3,5- 

dimethylplienyl cyanate". The mean bond lengths in the cyanate group 
are 6 - N  = 1.14A and C-0 = 1.27A. The short C-0 b o d  is a con- 
sequence of the sp-hybridization of the carbon atom. 

Measurement of the electric dipole moments of substituted aryl 
cyanates (C,H,OCN, 3.93 D) shows that the O C N  group is the negative 
end of the dipole Ph-OCN. The resulting moment of 1,4-dicyanato- 
benzene (2.73 D) indicates that the vector of the O C N  group is i10t co- 
planar with the benzene rings6. 

* The mass spectra of cyanates have been discussed in a separate chapter of this volume. 
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n-Huckel M O  calculations have been carried out for phenyl cyanate 
and some substituted phenyl cyanates. Several reactivity indices have 
been correlated with esperinient 5".24. 

Hammett a-values for the cyanate group have been calculated, by use 
of 9F nuclear magnetic resonance and infrared measurements, to 
GI = +0.75 rt_ 0.04 and a," = -0.27 

Refraction indices of alkyl cyanates3' and of phenyl cyanate" have 
been measured. 

0.07 (ao = a1 + 

B. Infrared and Raman Spectra 

Infrared spectra of organic cyanates are characterized by strong bands 
around 2200-2300 cm- '  (vCEN) and 1160-1235 ciii-' (IC-O-C)~'. 

. The effect of substituents in aromatic cyanates on the CN frequency 
is small. That the absorptions in aliphatic cyanates occur at lower fre- 
quencies than in aromatic cyanates is ascribed to a greater contribution 

of the limiting structure R-O=C=N in the former". A more detailed 
discussion of the Raman and infrared spectra has beebqiven by M,irtin2s.4'. 

Infrared spectra of the complexes between cyanptes and AICI, and 
SnCI, have been reported". 

57.58 

+ - 

* 

C. Nuclear Magnetic Resonance Spectra 

The ' H  nuclear magnetic resonance spectra of alkyl cyanatesS7 and 
aryl cyan ate^^^ exhibit the expected chemical shifts and integrated 
intensities. Thus comparing ethyl cyanate with ethyl isocyanate, the 
chemical shift of the a-protons (T = 5.46, quartet) is quite different from 
that of the a-protons of the isocyanate which appear at 1 . t  7 p.p.m. higher 
field. The P-protons (20 = 8-55, triplet) of ethyl cyanati are similarly found 
at 0.25 p.p.m. lower field than the P-protons of ethyl isocyanates7. 

14N, I3C, and for Y = F, 19F chemical shifts of substituted aryl cyanates 
4-Y -C,H,-OCN h2ve been measured6'. The 14N and '9F chemical 
shifts and the corresponding I3C shift incremmts have been found to 
correlate with the appropriate substituent constants a:, CJ,, and cI as well 
as with n-electron densit'ies6'. 

0. Ultraviolet Spectra 

The ultraviolet spectra Above 200 nm of aryl cyanates arwharacterized 
by the two bands typical of substituted benzenes: an intense band around 
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214-(lr34nm and a sharply structured absorption between 256 and 
290 nm24.40*43. On substitution both bands are shifted towards red. The 
fine structure of the low energy band disappears gradually with an in- 
creasing number of substituents and structure is absent in the spectrum 
of 2,4,6-tribromophenyl cyanate. The bands of aryl cyanates appear at 
lower wavelength than those of the corresponding i ~ o c y a n a t e s ~ ~ . ~ '  
which indicates a lower resonance effect of the - 0 C N  group. 

E. Salts, Complexes and Associates 

Aryl cyanates do not form nitrilium salts with alkyl halides, alkyl 
sulphonates or dialkyl sulphates' 1.60. On treatment with triethyloxoniuin 
tetrafluoroborate aryloxy nitrilium tetratluoroborates could not be 
isolated6'. Other alkylation reactions leading to alkylated urethanes 
have been investigated, but they probably do not involve a nitrilium ion 
(see Section V.G). 

Proton acids catalyse the trimerization of aryl cyanates, but salts of 
cyanates have not been obtained. This is in accordance with the low 
basicity of the cyanate group which is of the same order of magnitude as 
that of the nitrile In inert solvents aryloxycarbonimidoyl halides 
may be formed (see Section V.G). 

Metal halide Lewis acids in the solid state or in concentrated solutions 
catalyse the trimerization of aryl cyanates and the isomerization of alkyl 
~ y a n a t e s " ~ ~ ~ ~ " ' .  However, in dilute niethylene chloride solutions com- 
plexes with AlCI, and SnCl, are stable for a longer period of time6'. 
The SbCI, adduct is stable only below - 20 ' C. Infrared measurements 
indicate complex formation with the cyanate N atom, but complexes 
formed by coordination to the oxygen atom and the aryl group as well 
as higher molecular complexes with imidoyl chloride character appear 

Aryl cyanates form 1 : 1 associates with hydroxylic proton d o ~ i o r s ~ ~ . ~ ~ .  
The H atom coordinates with the lone pair- of the nitrogen atom to form 
complexes of the structure YC,H,OCN . . . HOR. Free energy relation- 
ships for the associates have been obtained". 

Corpplex formation between cyanates and dimethyl sulphoxide plays 
a particular role in chemical reactions where the latter is used as solvent 
(see Section V.E.c). 

0 

e *  
to be present in the solution". B m 

Q 

F. Photochemistry 

Irradiation of hutyl cyanate (20 mmHg) through quartz (high pressure 
Hg lamp) for 1211 a 25 "C yields a number of products among which 
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butyl isocyanate and butyl isocyanurate were isolated in 38 and 39 :;! 
yield, respectively. When irradiating with light of wavelength above 
250 nm only the latter two compounds are reported as being formed6'. 

IV. CHEMICAL PROPERTIES: REACTION MECHANISMS 

A. Introduction 

The cyanates may be regarded as nitriles in which the electron densities 
on both the carbon and nitrogen atoms have been diminished by the 
electron-attracting RO group. Consequently. we should expect that the 
cyanates are more reactive towards nucleophilic addition reactions than 
ordinary nitriles and that the reactivity will increase with the introduction 
of electron attracting substituents. 

The nucleophilic addition reactions are catalysed by bases. It has been 
suggested that an activated complex is formed between cyanate and 
tertiary aminesG5.". In the absence of other reaction partners. trimeriza- 
tion (aryl cyanates) or isomerization (alkyl cyanates) take place. Addition 
of weak nucleophiles is also catalysed by acidsG7. With hetero nucleo- 
philes the corresponding addition products (acylation products) can 
generally be isolated. With carbon nucleophiles these addition compounds 
often split into R O H  and XCN. In some cases the nitrile transfer may be 
a one-step process, not involving intermediates, with attack on either 
oxygen or In these cases the cyanates may be regarded as 
cyanogen phenolates or alkoxides, analogous to cyanogen halides. 

The cyanates can, however, also be looked upon as pseudohalides. 
One type of reaction to be expected from alkyl cyanates is therefore 
dissociation into carbonium ions, R', and cyanate ions, NCO-,  which 
may lead to nucleop#@g substitution reactions or to elimination reactions. 
Whether an alkyl cyanate will react as an alkoxynitrile or an alkyl pseudo- 
halide depends upon the reagent and the s ~ l v e n t ~ ~ . ~ '  used and in some 
cases both reactions will occur simultaneously. Thus it is generally ob- 
served that the strongly nucleophilic carbanions, thiols. alcoholates and 
alkyl phosphates are acylated. Amino functional compounds are both 
alkylated and acylated and weak nucleophiles like aryl amines, alcohols 
and carboxylic acids are predominantly alkylatedG7.7'. 

In  agreement with the pronounced nucleophilicity cyanates show low 
activity towards electrophilic addition. 

Finally 1,3-dipolar cycloadditions constitute a.reaction type expected 
of electron-deficient triple bonds. Ordinary nitriles are generally less 

* .  
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reactive than alkynes, but due to the electron attracting RO group cyanates 
undergo facile cycloaddition reactions. 

The general picture of the reactions of cyanates conforms well with the 
expected properties and in the literature 'reaction mechanisms' have 
frequently been proposed on this basis. However, only in a few cases have 
serious attempts been made to substantiate the proposed mechanism. 
The following discussion will deal with these cases only. 

, 

B. lsomerization 

Alkyl cyanates but not aryl cyanates isomerize to the corresponding 
isocyanates. A detailed kinetic and mechanistic investigation of the iso- 
merization of ethyl cyanate has been ~ n d e r t a k e n ' ~ .  With nitrobenzene 
as solvent an isotope exchange reaction was found to occur between butyl 
cyanate and "N-labelled ethyl cyanate with the result that almost 
equimolecular amounts of the "N-labelled isocyanates Bu"NC0 and 
Et "NCO were formed. The nearly complete equilibration and solvent 
and salt effects suggest that the,  isomerization takes place exclusively 
via solvent-separated ion pairs. Free ions are not considered to be 
important in the weakly cation- and anion- solvating medium. In the 
case of solvents with very low polarity (toluene) and solvents which weakly 
solvate cations (nitrobenzene, acetonitrile) the isomerization is auto- 
catalysed by the already formed isocyanate assumed to act as shown in 
equation (10). 

2 RNCO By-products 

The reaction may proceed further, as i t  does in toluene, with formation of 
t r i e t 11 y 1 is oc y a nu  ra t e. 

In nitrobenzene and acetonitrile the rate is approximately 20-times 
faster than in toluene and isocyanurate is not formed. Addition of LiClO, 
to the ethyl cyanate-acetonitrile solution causes a rate increase (positive 
salt effect) and the isomerization changes from an autocatalytic to an 
S,1 reaction. In the cation-solvating solvent DMF, first-order kinetics 
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are likewise observed and the rate is 6 x lo3 times faster than in nitro- 
benzene or acetonitrile. The isomerization in DMSO is exothermic and 
too fast to be followed by the technique employed. A complex mixture 
of products is obtained in this case which has been rationalized in terms 
of intervention of ethoxydimethylsulphonium cyanate as the primary 
product from ethyl cyanate and DMSO. 

C. Nucleophilic Substitution Reactions 

The reaction between alkyl cyanates and hydrogen chloride has been 
investigated in Reaction of propyl, s-butyl and isobutyl cyanate 
with HCI leads to propyl, s-butyl and isobutyl chloride. The isomeric 
chlorides are not formed. The reaction between optically active s-butyl 
cyanate and HCI in benzene and CC1, has been followed polarimetrically. 
A first-order reaction in cyanate was observed up to 80% conversion of 
the starting material. Inversion of configuration was found. This has 
been interpreted as a reaction in which the rate-determining step is 
C-OCN bond breaking with formation of an ion pair. In the media 
employed, free ions or solvent-stabilized ions are not importan? and only 
little racemization takes place. The ion pair is attacked from the rear by 
HCI resulting in a stereospecific product formation. 

D. Nucleophilic Additions to the Triple Bond 

Among nucleophilic additions (Section V.E) to the triple bond some 
of the more general reactions have been examined. 

1. Addition of methanol 

The uncatalysed reaction of aryl cyanates with methanol takes place 
slowly and yields a complex mixture of Kinetic investigations 
by means of u.v. spectroscopy on the initial step, uiz. addition of methanol 
to the aryl cyanate with the formation of an irqido estep (equation 11). 
show that this step is autocatalysed by the already-formed imido ester 
(pseado second order)75. 

The low activation energy and high negative activation entropy 

(11) 

XC6H40 
\ 

XCsH40CN + C H 3 0 H  /C=NH 
C H j O  

are i n  accordance with a six-centre transition state involving cyanate. 



582 K. A. Jensen and Arne Holm 

imido ester and methanol (Figure 1). Addition of methanol icdhe beginning 
of the reaction is probably initiated catalytically& a second molecule of 
methanol (Figure 1). 

AH ' = 7.3 kcal rnol - ' 
AS ' = - 38.7 cal K-' mol-' 

(for X = H)  

FIGURE I 

The Hammett p-value for the autocatalytic process is -0.44 and shows 
that electron-donating substituents increase the reaction rat&. Both the 
cyanate and the imido ester contain the same substituent and the measured 
reaction constant is therefore equal to p ,  + pz for the aryl cyanate and 
for the catalyst, respectively. The p I  value is a measure of the substituent 
effect on the iiucleophilic addition to the cyanate group and is expected 
to have a positive sign as in the phenol- and N-methylaniline-addition 
to aryl cyan ate^^^.^^. This means that pz has a larger negative value than 
p and the catalyst thus has the predominant influence on the reaction rate. 

The complexity of the reaction mixture obtained is caused by further 
reactions of the iinido ester with methanol. The reaction time of the 
initial addition of methanol to the cyanate may be reduced considerably 
by addition of strong bases but the further transformation of the imidoester 
into side products is also catalysed by base. However, if only weakly basic 
nucleophiles, such as alkali metal halides, pyridine, etc., are used as 
catalysts, only the rate of the first step is effectively enhanced and un- 
symmetrical imido esters may be isolated in high yields78. 

2. Addition of phenols  and N-methylanil ines  

The co?hbined action of phenols and N-methylanilines on aryl cyanates 
has been investigated in 

Infrared measurements have shown that a 1 : l  complex is formed 
between phenols and aryl cyanates in which the proton is associated 
with the lone-pair of the nitrogQ atom". This reaction is accompanied 
by a shift in the difference between the free and bound OH frequencies 
(A\#). With substituted phenols and phenyl cyanate it has been shown 
that the stability of the complex can be correlated with Av. 
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The formation of an imido ester from this complex (equation 12) takes 
place slowly but is accelerated by proton- or base-catalysis. 

NH 
I I  

(1 2) 

N-Methylaniline does not react with an  aryl cyanate in absolute acetone 
at room temperature or in DMF even at 110 "C. In the presence of proton 
donors such as water, alcohols or phenols the corresponding isoureas 
are formed (equation 13). 

ArOCN'+ HOAr' ArO*?-OAr' 

N H  M e  
/Me I I  / 

ArOCN + HN;. - ArO-C-N, 

Ar' 'Ar' 

For the combined action of equimolar amounts of phenol and N -  
inethylaniline on phenyl cyanate it has been found that 1/3 of the cyanate 
gives the isourea and 2/3 adds phenoko form the imido ester. The activa- 
tion parameters for both reactions have been calculated from kinetic 
measurements. The low activation energies and high negative activation 
entropies are in agreement with highly ordered transition states (Figure 2). 

I 

A H f  = 9.6 kcal mol-' AH = 8-8 kcal mol-' 

AS* = -42 .5ca1 K - '  mol- '  AS' = -43.6cal K- 'mo l - '  

(for Y = Y' = Y"  = H) 

FIGURE 2 

The influence of substituents on the individual reactants has been 
evaluated and leads to a complete mechanistic p i c t ~ r e ~ ~ . ' ~ :  

The formation of the isourea (1)k ' the result of an attack of N-methyl- 
aniline on the complex between phenol and the aryl cyanate. It  is found 
that a linear correlation exists between the rate constant of attack and 

Substituents in the cyanate effect the stability of the associate and 
;he electrophilicity of the cyanate group, the IattR being more important. 
The overall rate is largely influenced by the nucleophilicity of the aniline. 

The formation of the imido ester (11) is the result of an attack of the 
cyanate on a phenol-amine associate. Substitution within the phenol 

D 



584 K .  A. Jensen and Arne Holm 

effects both the stability of the associate and the nucleophilicity of the 
complex. The nucleophilicity of the amine determines the stability of the 
associate and thus the reaction rate. 

I n  both cases the rate is increased when Y and Y’ are electron attracting 
and Y” is electron donating. In the transition state I cationic character of 
the ainine N atom, and in I1 ionic character of the phenol is expected. 

3. Grignard reactions 

The nucleophilic attack of Grignard reagents or dibutylmagnesium on 
alkyl and aryl cyanates has been shown to involve I mole of each reactant 
and to result in the formation of a complex of magnesium alcoholate or 
phenolate, nitrile and diethyl etherGa (equation 14). 

RCN, ROMgX, i(C2Hs)zO (1 4) 

Kinetic measurements on the reaction of aryl cyanates by means of a 
thermographic niethod (recording temperature increase in the reaction 
mixture using a flow technique) show that the reaction is best described 
by a four-centre mechanism in the rate determining step69. For 111- 

substituted aryl cyanates kobs values are linearly dependent on the initial 
concentration of the reagent in excess (pseudo first-order reaction). 
signifying absence of complex formation prior to the rate-determining 
step. In the rate-determining step two alternative pathways have been 
considered (Figure 3): ( i )  altachment of magnesium directly to the oxygen 

€ 1 2 0  
ROCN + RMgX 

R’OCN + RMgX R‘OCN + RMgX 

I ‘  

FIGURE 3 
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atom synchronously with nitrile formation; ( i i )  attachment of magnesiurn 
to nitrogen followed by a further reaction leading to the products observed. 

For in-substituted aryl cyanates a p-value of +0.97 has been determined 
and for substitution within the aromatic Grignard reagents a p-value of 
-0.80 has been found. Since development of a negative charge is expected 

if phenolate is formed (via transition state T I )  the polarity of the transition 
state is rather low ( p  = +0.97). However, concurrently with breaking of 
the oxygen-carbon bond, a bond is formed to magnesium and this has 
some covalent character (27 y;,) which may rationalize the findings. The 
second pathway (via transition state T,) implies formation of an iniido 
ester salt, but all attempts to obtain evidence for this intermedio te have 
been unsuccessful. This does not rule out the presence of such an inter- 
mediate, since the data may be inierpreted as meaning that the rate 
constant for the formation of the final products is much larger than tlie 
rate constant for the formation of the imido ester salt. Further support 
for T2 is obtained from the fact that in the reaction between iniido esters 
and Grignard reagents, which similarly leads to alcoholates and nitriles. 
tlie imido ester cannot he regenerated after mixing of the reactants even 
when using flow technique. On  the other hand, i t  may well be that proton 
abstraction from the imido ester by the Grignard reagent proceeds by a 
cyclic, concerted reaction not leading to salt formation. Tli~is no con- 
clusive evidence has been obtained for either of the two alternatives. 

Quite similar considerations apply to the reactions between alkyl 
cyanates and Grignard reagents or dibutylmagnesiuni'". On the basis of 
kinetic data and the p-value for substituted phenylmagnesium bromides 
(c. - 1.5) the reactions are best described a s  involving a concerted four- 
centre mechanism in the rate-determining step but again distinction 
between T ,  and T2 cannot be made. In  contrast to aryl cyanates the 
kinetic order in cyanate. with excess organomagnesiun.1ini reagent (pseudo 
first-order reaction). is less than one and decreases at high concentrations. 
In the presence of excess cyanate similar kinetics are observed. the order 
i n  organomagnesiuin reagent being less than one and decreasing ;it high 
concent rations. This corresponds to a mechanism involviuz coinplex 
form at i oi 1 bet ween t he react ants prior to t lie r ti t e- det er m i n i ng step. 

-4 

V, CHEMICAL PROPERTIES: REACTIONS OF CYANATES 

A. Is om eriza tion 

I n  contrast to aryl cyanates. which cannot be isomerized to isocynnates. 
most alkyl cyanates easily form isocyanates which in t u rn  may trimerize 
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to isocyanurates'8,34.38-39 . Cyanates of 0-halogen substituted alcohols 
resemble the aryl cyanates in that they do not isornerize2O. Cyanates of 
sterically-hindered alcohols have unusual thermal stability but may be 
isomerized by means of boron trifluoride". 

The extent of isomerization may be followed by gas chromatography' 
and infrared s p e c t r o s ~ o p y ~ ~ . ~ " .  The rate of the isomerization increases 
with the t e m p e r a t ~ r e ' ~ . ~ ~ ,  the concentration of the cyanate and the 
polarity of the solvent5", and is catalysed by proton acids and Lewis 
acids' 7*72 as well as by bases I '. 

The decomposition of 5-alkoxythiatriazoles to alkyl cyanates some- 
times takes an explosive course. The violent reaction is probably caused 
by the subsequent isomerization of alkyl cyanates and trimerization, the 
latter reaction being strongly exothermic". 

The stability of primary alkyl cyanates increases wi?h the chain length34. 
For this reason isobutyl cyanate, rather than mRhyl or ethyl cyanate, has 
often been used in investigations of the chemical properties of alkyl 
cyanates. 

Although the formation of benzyl and phenethyl cyanate could be 
proved by igfrared spectroscopy, they are so unstable that only the 
ipcyanates could be isolated3'. Allylic cyanates isomerize to isocyanates 
concurrent with rearrangement in the carbon skeleton37. For cyanates 
8f secondary alcohols the elimination reaction (cf. Section V.D) is more 
rapid than the isomerization so that alkenes are formed3". 

6. Trimerization 

Aryl cyanates trimerize by heating, forming triaryl cyanurates (2,4,6- 
triaryloxy-1,3,5-triazines, 13) in almost quagitative yield".27.40 . The 
reaction is catalysed by proton acids and Lewis acids as well as by bases. 

OAr 

(1 3) 

By copolymerization with cyanic or thiocyanic acid aryloxydihydroxy- 
triazines and aryloxydimercaptotriazines are formed in good yields". 

In contrast to the aryl cyanates. the alkyl cyanates first isomerize to 
isocyanates and then trimerize to trialkyl isocyanurates (1.3,5-trialkyl- 
2.4,6- t r%x o hex a h y d r o - 1,3,5 - t ria z i nes '. '. &?'4). 
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R 
o=c’ N ‘c=o 

I (1 6) 3RO-CN - 3RN=C=O _I_, 1 
RN, ,NR 

C 
I1 
0 

(14) 

The formation of trialkyl cyanurates in the early attempts to prepare 
alkyl cyanates gave rise to the opinioan that these were unstable because 
they easily trimerized to cyanurates. When monomeric alkyl cyanates had 
been prepared it was, however, realized that they do not directly polymer- 
ize but first isomerize and then form isocyanurates. The formation of 
cyanurates (13) during attempts to prepare cyanates is explained by a 
condensation process of dialkyl imidocarbonates. 

OR 

(13) 

In a few cases, however, isocyanurates had been isolated from imido-- 
carbonates. Houben and Schmidt l o  found that pure diethyl imidocar- 
bonate on standing for several months at room temperature formed 
triethyl isocyanurate. The explanation of this observation is probably 
that the iinidocarbonate exists in equilibrium with the cyanate (equation 
18). 

NH 
I1 

Et0-C-OEt ___L EtO-CN + E t O H  

T h i s h a y  immerize to the isocyanate which then trimerizes to the iso- 
cyanurate. Both processes are catalysed by the imidoester. 

At higher teniperatures or in the presence of a condensing agent” the 
condensation reaction predominates and the cyanurate is formed. 

Hedayatullah has recently found that the reaction between phenols 
and aryl cyanates to form diary1 imidocarbonates is in fact reversible82. 

C. Nucleop hilic Sub s t  it ut io n React ions 

Since the alky’ cyanates are pseudohalides they may react in a similar 
manner as alkyl halides and undergo substitution and elimination reac- 
tions. 
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Nucleophilic ~ u b s t i t u t i o n ~ ~ . ~ ~  (alkylation) occurs with weakly basic 

R-OCN + I -  - RI + OCN- (1 9) 

With aqueous sodium nitrite a mixture of the corresponding alkyl 
nitrite and nitroalkane is formed. In the case of ambident anions the most 
nucleophilic site is the least electronegative atom, so that cyanate ions 
riansform an alkyl cyanate into an isocyanate whereas thiocyanate ions 
transform it into an alkyl thiocyanate. 

Strongly basic anions, such as hydroxide ions and sulphide ions, add 
to the triple bond. 

Weakly basic, neutrjl nucleophiles are alkylated: ethanol is trans- 
formed into diethyl ether by ethyl cyanate and aniline forms N-ethyl- and 
N,N-diethylaniline. The stronger basic aliphatic amines are generally 
added to the triple bond. 

With hydrogen chloride in inert solvents, alkyl cyanates form the 
corresponding alkyl chlorides and (polymeric) cyanic acid. 

anions, e.g. : 

D. Elimination Reactions 

Unlike the primary alkyl cyanates, secondary and tertiary alkyl 
cyanates are not, or only to a slight extent, isomerized to isocyanates. 
Instead they eliminate cyanic acid (isolated as cyanuric acid) and form 
alkenes. Propene constitutes 7&93 % of the volatile products formed 
from isopropyl cyanate on heating and oniy a small amount of isopropyl 
isocyanate was present. s-Butyl cyanate forms three or four hydrocarbons 
which, presumably, m e  1-butene, 2-butene (cis and/or rraris) and iso- 
b ~ t e n e ~ ~ .  t-Butyl cyanate is a very unstable compound which decom- 
poses even at room temperature with the formation of isobutene and 
cyanic acid. Cycfohexyl cyanate forms cyclohexene on attempted distilla- 
tion at atmospheric pressure36. 

In attempts to prepare 2-methyl-2-hexafluoropropyl isocyanate by 
isomerization of the corresponding cyanate, hexafluoroisobutene was 
obtained instead"'. 

E. Nucleophilic Additions to  the Triple Bond 

1. Addition of 0-, S- and Se-nucleophiles 

add water with the formation of carbamic esters (15). 

qs 

a. Water. In an acid-catalysed reaction both alkyl and aryl cyanates 
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ROCN + H20 - RO-CO-NH2 (20) 

fl5) 

Aryl cyanates give an almost quantitative yield of aryl carba- 
but the acid-catalysed reaction of alkyl cyanates 

with water is complicated by their tendency to react as pseudo halide^^^. 
Thus propyl cyanate and hydrochloric acid give propyl chloride and 
cyamelide in addition to propyl carbamate. 

The addition of water to alkyl cyanates is also catalysed by bases. 
From the reaction of ethyl cyanate with aqueous sodium hydroxide a 
96% yield of ethyl carbamate was Alkyl cyanates differ in this 
respect from aryl cyanates which generally are hydrolysed to the cor- 

Tetra-t-butyl-4,4'-dicyanatobiphenyl yielded a carbamate with alcoholic 

Many different compounds are transformed into their anhydrides by 
means of cyanates and the elimination of water can, at least formally, be 
cossidered as a reaction of the cyanate with water. Thus carboxylic 
aCidsz7.67,85-87 , sulphonic a ~ i d s ~ ~ . ~ ~ - ~ ~  , and monoalkyl  phosphate^^^.^^ 
are transformed into their anhydrides. In the presence of alcohols car- 
boxylic acids form  ester^'^'^^. 

Aldoximes add aryl cyanates with the formation of 0-(aryloxycarbon- 
imidoy1)aldoximes (16) which by heating form the corresponding nitrile 
(or isocyanide) and a  arba am ate^^,^^.^^. 

N H  
I 1  

(1 6 )  

mates 1 4.1 9.2 7.40.42.8 3.84 

responding phenols by aqueous alkali metal  hydroxide^'^,'^*^^ . 3,3', 5 3 ' -  

~ 0 ~ 8 4 .  

ArOCN + HON=CHR ___* ArO-C-ON=CHR - 
ArOCONH2 + RCN (21) 

Also carboxyamides can be transformed into nitriles by means of 
cyanates but the reaction occurs at higher temperaturess6. N-Nitroso-N- 
phenylglycine reacts with a cyanate to form N-phenylsydnone86. 

b. Alce'lols aid phenols. Phenols react with aryl cyanates with the 
formation of imidocarbonates 17. 

N H  
I1 

(17) 

ArOCN + Ar'OH - ArO-C-OAr' (22) 

The reaction is catalysed by bases (HO-, RO- ,  triethylamine, etc.). 
Usually the unsymmetric reaction products are unstable and eliminate 
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the most acidic phenol on heating to give a cyanate which then trimerizes 
to a cyanura t e l  5.27.76.77.83.84 

NH 
I 1  

(when ArOH is the (23) ArO-C-OAr’ - ArOH + Ar‘OCN 
stronger acid) 

Polyphenols react with aryl cyanates to form poly(imido~arbonates)~~. 
The addition of alcohols to aryl cyanates is catalysed both by acids and 

bases65,83.85. In the base-catalysed reaction unsymmetric alkyl aryl 
imidocarbonates are formed. However, these are difficult to isolatee3 
because the base also catalyses a further reaction with excess alcohol, 
resulting in the formation of the phenol and a symmetric dialkyl imido- 
carbonate which in part is transformed into a trialkyl cyanurate. In 
absence of a base the reaction is much slower and the dialkyl imidocar- 
bonate is in part transformed into other products (tetraalkyl ortho- 
carbonate, ammonia, 2-aniino-4,6-dialkoxy-1,3,5-triazine and 2-amino- 
4,6-diarylo~y-l,3,5-triazine)~~.~~. When, however, a very weak nucleo- 
phile (e.g., KI or LiBr) is used as the catalyst the unsymmetric alkyl aryl 
imidocarbonates can be isolated in excellent yields78. 

When the reaction between an aryl cyanate and an alcohol is catalysed 
by hydrochloric acid, the hydrochloride of the imidocarbanate decom- 
poses spontaneously into the corresponding aryl carbamate and an alkyl 
chloride (equation 24)83. 

ip 

9. 

ArOCN + ROH + HCI - (ArO)(RO)C=NH2CI - 
ArO-CO-NH2 i- RCI (24) 

When the alcohol is present in excess the hydrochloride may alternatively 
react further with the alcohsl to form an orthocarbonate (equation 
25)7 a 8  5. 

(ArO)(RO)C=NH2CI + 3 ROH ___* (RO)4C + ArOH + NH4CI (25) 

Alkyl cyanates react with alcohols in a base-catalysed reaction with the 
formation of dialkyl imido~arbonates~  ’, e.g. 

EtOCN + EtOH ‘Io- (Et0)2C=NH (26) 

Unsynimetric dialkyl imidocarbonates disproportionate in a similar 
manner to alkyl aryl imidocarbongtes’ ’. 

Phenol and ethyl cyanate react without a catalyst to give ethyl &.my1 
i m i d ~ c a r b o n a t e ~ ~ .  Ethyl cyanate also reacts with ethanol without a 
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catalyst but in this case the cyanate reacts as an alkylating agent, trans- 
forging ethanol into diethyl ether, while the cyanic acid formed reacts 
with ethanol to form ethyl carbamate and ethyl allophanate (equation 
28)67.72. 

EtOCN + EtOH - E t 2 0  + HNCO 

4 
HNCO HNCO + EtOH ___* EtO-CO-NHz 

EtO-CO-NH-CO-NH2 (28) 

In the proton-catalysed reaction between alkyl cyanates and alcohols 
the alkylation and addition reactions probably compete. It has been 
found72 that when the reaction is carried out at room temperature the 
carbamate formed corresponds to the alcohol and not to the alkyl cyanate: 
thus ethyl cyanate and propyl alcohol form propyl carbamate. This 
indicates that the cyanate alkylates the acid (HCl) with the formation of 
cyanic acid which then reacts with the alcohol. At low temperature the 
addition reaction predominates and an  imidoester salt is formed3'. 

c. Diniethyl sulphoside. According to Martin90*90" aryl cyanates add 
dimethyl sulphoxide (DMSO) with the formation of a complex 18. 

(29) 
H+ JNH 

ArO-CGN i- Me2SO - ArO-C 
\ +  

(1 8 )  

0-SMe2 

This complex is very reactive and reacts with nucleophiles with the 
formation of 0-aryl carbamates. This reaction can be visualized e?s the 
transfFr of a methylenesulphonium ion to the nucleophile: 8 

+ - A r O - C e - N H z  + (H2C=S-CH3) (30) 
NNH 

ArO-C 
\ +  

0-SMe2 

With N-nucleophiles or non-aromatic C-nucleophiles sulphuranylidene 
derivatives are formed, e.g. : 

+ 
(NC)2CH2 + H2C=S--CH3 ___* (NC)2C=SMe2 + H+ 

+ 
ArS02NH2 + HzC=S--CH3 - ArS02N=SMe2 + H+ (32) 

With 0-nucleophiles and aromatic C-nucleophiles the predominant 
reaction is the formation of (methy1thio)methyl derivatives, e.g.: 
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RCH20H + H ~ C Z S - C H ~  - RCH2-O-CH2-SCH3 + H+ (33) 

d. Hydrogen sulphide and selenide. The addition of hydrogen sul- 
phide'8.27*28.30*3'*34.39.43,91.94 and hydrogen ~ e l e n i d e ~ ~  to alkyl or aryl 
cyanates takes place in a smooth reaction and usually with excellent 
yields of thio- or seleno-carbamates, 19. 

ROCN + H2Y - RO-CY-NH2 (35) 
- 

(1 9) 

(Y  = SSe) 

The reaction is strongly catalysed by bases (triethylamine, pyridine). 
For the preparation of thiocarbamates it may be convenient to use a 
thiosulphate instead of hydrogen sulphide". 

The reaction of hydrogen selenide with alkyl cyanates also gives rise to 
unstable compounds which seem to be bis(alkoxycarbonimidoy1) sel- 
e n i d e ~ ~ ~ ,  20. 

NH NH 
II II 

2 ROCN + H2Se - RO-C-Se-C-OR 

(20) 

Because of their ability to react with hydrogen sulphide cyanates may 
induce reactions in which hydrogen sulphide is eliminated, Thio- 
carboxylic acids form diacyl sulphides (21) or, in the presence of an alcohol 
or an amine, form esters or a m i d e ~ ~ ~ - ' ~  (equation 38): 

2 RCOSH + R'OCN - (RC0)2S + R'O-CS-NH2 (37) 

(21 1 

RCOSH + R'NH2 + R'OCN RCONHR' + R'O-CS-NH2 (38) 

Analogously dithiocarbamates may form thioureas. However, a trialkyl- 
ammonium salt of an N-monoalkyldithiocarbamate forms an isothio- 
cyanateS5 (equation 39): 

RNHCS?*R36H + R'OCN - RNCS + R3N + R'O-CS-NH2 (39) 
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Thioamides and aryl cyanates give nitriles in almost quantitative yields, 
and thioureas may form either cyanamides or carbodiimidesg3. With 
xanthates the corresponding thioanh ydrides are formed * '. 

o-Cyanatobenzoates react at low temperature with thiocarboxylic 
acids to form thiocarbamates whereas the reaction with H2S or thioureas 
is accompanied by ring-closureS7 (equation 40): 

593 

e. Thiols. Both alkyl and aryl cyanates add thiols without a catalyst 
to form i m i d o t h i o ~ a r b o n a t e s ~ ~ * ~ ~ . " ~  (22) 

NH 
II 

(22) 

ROCN + R'SH - RO-C-SR' (41 ) 

However, the aryl derivatives decompose at room temperature into a 
phenol and a thiocyanate (equation 42) and often the intermediate imido- 
thiocarbamate could not be isolateds3. 

NH 
II 

ArO-C-SR ArOH + RSCN (42) 

The aliphatic imidothiocarbonates seem to be somewhat more stable72. 
By means of a thiol scavenger they may eliminate the thiol and !orm a 
cyanate. This reaction has been used to prepare alkyl cyanates, the imido- 
thiocarbonates being prepared from a thiocyanate and an alcoholS2 
(cf. Section 1I.E). 

When the sodium salt of a thiol is applied, the reaction with alkyl 
cyanates takes a different course, depending upon the solvent. In DMSO 
an S-alkylation is the predominant reaction. In ethanol solution alkylation 
only occurs to a minor extent, but the imidothiocarbonate is split into an 
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alcohol and a thiocyanate which reacts with thiolate ion to form a di- 
sulphide and cyanide67 (equation 43). 

N- 
It 

ROCN + R'S- - (RO-C-SR') - 
RO- + R'SCN R'S-SR' + CN- (43) 

f. Carboxylic acids. Addition of a carboxylic acid to the triple bond 
of a cyanate has been observed in one case. Ethyl cyanate reacted with 
benzoic acid to fdvm N-benzoyl 0-ethyl  arba am ate^^, 23. 

EtOCPJ + PhC02H - Et0-CO-NHCOPh (44) 

(23) 

However, generally alkyl cyanates either alkylate free carboxylic acids 
to esters (particularly in DMSO or DMF) or form acid  anhydride^^^.^^. 
The latter reaction seems to be general for aryl cyan ate^^^-'^. Alkali 
salts of carboxylic acids are exclusively alkylated by alkyl cyan ate^^^. 

Thiocarboxylic acids form diacyl sulphides both with alkyl and aryl 
cyan ate^'^.^^.^^ (equatio%37) but their salts are S-alkylated by alkyl 
cyan ate^^^. 

2. Addition of N-Nucleophiles 

a. Ai~~inoitici aiid primary miiiies. In ethereal solution ammonia reacts 
with cyanates to form esters of imidobis(carbonimidic) (or iminobis- 
(formimidic)) acids (isobiurets, 24) even when ammonia is present in large 
excess7 '.' 5 .  

NH NH 
II II 

(24) 

2 ROCN + NH3 RO-C-NH-C-OR (45) 

3 
In alcohol or water this ester reacts with a third molecule of the cyanate 
and forms -;I. 2-amino-4,6-diaryloxy(dialkyloxy)-l ,3,5-triazineg5, 25. 

RoYN+fNH2 (46) 

NH NH 
I1 II 

RO-C-NH-C-OR + ROCN ___* 

NYN 
OR 

(25) 
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Primary amines react in an analogous way’ 8 , 2 7 , 3 0 . 3 8 . 6 7 . 7 2 . 8 5 ~ 8 6 . 9 5 . 9 6 ,  

but it is now possible to isolate the initial product of the acaCllilion reaction, 
a n  isourea (26): 

N R’ NHR’ 
II I 

(26) 

ROCN+R“H;! - RO-C-NH2 RO-C=NH (47) 

Equivalent amounts of an alkyl cyanate and an aliphatic primary 
amine usually give an isourea in almost quantitative yield”. Only in the 
case of t-butylamine did the reaction not stop at the isourea. In a side 
reaction this amine was also a l k ~ l a t e d ~ ~ ,  like primary aromatic amines 
which are alkylated by alkyl cyanates (Section V.C). 

Ara;! cyanates form isoureas both with aliphatic and aromatic primary 
amines. However, the reaction only stops at the isourea stage when the 
%action is carried out with a salt of the amine. 

The reaction of an isourea with a second molecule of the cyanate 
might in principle give either a symmetric (27) or an unsymmetric (28) 
isobiuret. 

NR’ NH2 
I1 II I I  I 
NH NH 

I 
R’ (and possible tautomers) 

RO-C-N-C-OR or RO-C-N=C-OR 

(27) (28)  

Grigatg5 assumed that these compounds corresponded to the symmetric 
formula 27. Infrared e ~ i d e n c e ~ ~ . ~ ’  however, indicates that the unsym- 
metric compounds are formed. Further, the predominant tautomer seems 
to be that with an NH, group 28. In the casC of isobiurets, 28 has been 

4uggested as being stabilized by the presence of conjugated double bonds. 
The reaction between cyanates and m-aminocarboxylic acids normally 

stops at the isourea stage” (equation 48). 

N H 
II 

ROCN + ~ ~ N - C H ~ C O P H  - RO-C-NH-CH2C02H (48) 

However, esters of amino acids react as primary amines adding 2 moles 

b. Secoiidnry amines. Aryl cyanates react with secondary amines to 
of the cyanate”. 

for in N, N-d is u bs t i t u t ed is0 u rea s * 
* ,29. 

%d NH 
I 1  

(29) 

ArOCN + RR’NH - ArO-C-NRR‘ (49) 



596 K. A. Jensen and Arne Holm 

These isoureas are stable as salts but are cleaved by strong bases into 
phenols and cyanamides (equation 50). 

NH 
II 

ArO-C-NRR' - ArOH + RR'N-CN 

The NH group of the isoureas reacts with isocyanates and can be 
alkylated or acylated. With excess aryl cyanate the isoureas may form 
triazinesg5 (equation 51). 

NH 
I1 

ArO-C-NRR' + 2 ArOCN - 
Heteroaroniatic compounds with an NH group, e.g. diazoles and 

triazoles, react in the same way as secondary amines with aryl cyanatesg5. 
c. Tertiary nmiries. Cyanates do not usually react with tertiary amines 

which mainly catalyse their trimerization to c y a n u r a t e ~ ~ ~ .  The following 
special types of tertiary amines do, however, react with aryl cyanates in 
rather complicated reactions. The primary reaction may be visualized 
as an attack of the nucleophilic amine nitrogen on the nitrile group, 
resulting in a scission of the amine. 

Martin and Weise66 have carried out  an extensive investigation of the 
reactions of aryl cyanates with Mannich bases, tetraalkylmethylene- 
diamines and dialkylaminoformaldehyde acetals and compared it with 
the von Braun reaction with cyanogen bromide. Mannich bases give a 
vinyl ketone and an isourea (equation 52) f h i c h  reacts further with the 
aryl cyanate to give a triazine, as mentioned above. 

ArOCN + R2N-CH2CH2-80R0 

NH 
II 

ArO-C-NR2 + H2C=CH--COR' (52) 

Tetraalkylmethylenediamines r e a c h  give dialkylcyanamides (equation 
53). 

OCN + R2NCH2NR2 

The dialkylaminomethylphenol may react further both with 
and with the methylenediamine. 

R2NCN (53) 

the cyanate 
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d. Slylamines. The reaction of aryl cyanates with trimethyl~ilylamines~~ 
occurs primarily as an addition of the nucleophilic nitrogen atom of the 
silylamine to the carbon atom of the nitrile group and of the silyl group 
to the nitrogen atom, i.e. with the formation of N-silylated isoureas 30, 
31, 32, or isobiurets 33. The primary products are desilylated by further 
reactions with the aryl cyanate with the formation of aryl trimethylsilyl 
ethers together with triazines or N-cyanoisoureas (sometimes followed 
by polymerization). 

ArOCN + Me3Si-NRz - ArO-C=N-SiMes (54) I 
NR2 

(30) 

Compound 30 may react further with the aryl cyanate to form a 
2-dialkylamino-4,6-diaryloxy-l,3,5-triazine. 

ArOCN + Me3Si-NHR 

Ar 0 C= N- Si Me3 AroCN ArOC=N-CN + ArOSiMe3 
I I 
NHR NHR 

(31) 

ArOCN + (Me3Si)zNH - 
ArOC=N-SiMes 

HN-SiMe3 

AroCN ArOC=N-CN + ArOSiMe3 
I 
H N-Si Me3 

i 

(32) 

2 ArOCN + (Me3Si)zNR - 3 

ArOC=N-Si Me3 ArOC=N-CN 
I 

I I 
+ 2 ArOSiMe3 I 2 A r O C N  RN 

RN 

ArOC=N -SiMea 

(33) 

ArOC=C-CN 

e. Hydrazirres. Hydrazine reacts with aryl cyanates27*30*46*67.98 or 
alkyl cyan ate^^^ to give a diacylhydrazine, 34, 

NH N H  
ii I 1  

2 ROCN + H2N-NH2 - RO-C-NH-NH-C-OR (5 8)  

(34) 

or the tautomeric azine, 35. 
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N H2 
I N H2 

I 
RO-C=N-N=C-OR 

(3 5 )  

Infrared spectroscopic evidence indicates that the products in fact have 
the latter structure67. 

Monosubstituted or 1,l-disubstituted hydrazines and hydrazones 
react with only 1 mole of an aryl cyanate with the formation of isosemi- 
carbazides (equation 59) or i s o s e m i c a r b a z ~ n e s ~ ~ .  

NH 
I1 

ArOCN + H2N-NHR - ArO-C-NH-NHR (59) 

Phenylhydrazine is ethylated by ethyl cyanate and the cyanic acid 
generated reacts with excess phenylhydrazine t o  form 1 -phenylsemi- 
carbazide67. 

Similarly 1,2-disubstituted hydrazines react with only 1 mole of phenyl, 
trichloroethyl, or trifluoroethyl cyanate (the less reactive 1,2-diisopropyl- 
and 1-isopropyl-2-phenylhydrazine reacted only with the trihaloethyl 
cyan ate^)^'. The isosemicarbazides formed were able to undergo a sub- 
sequent reaction with phenyl isocyanate, in agreement with the general 
experience that cyanates are less reactive than isocyanates towards 
nucleophilic reagents. 

As would be expected arylene dicyanates react with hydrazine to form 
chain polymers23. 

f. Hjdroxy  lnmiiies. H yd rox ylam monium chloride and ary 1 cyana t es 
react to give hydrochlorides of O - a r y l - N - h y d r o ~ y i s o u r e a s ~ ~ ~ ~ ~ * ~ ~ ~ ~  O0 36. 

ArOCN + HONH3CI - ArO-C-NHOH (60) 
I I  
NH~CI -  

(36) 

The free bases separate on addition of sodium carbonate but are 
unstable and decompose with elimination of the phenol. N-Arylhydroxyl- 
amines give more stable products when their aryl group is substituted 
with electron-donating groups, e.g.: 

ArOCN + p-MeOCsH4NHOH ___* ArOCN(OH)C&l40Me-p (61) 
I I  
NH 

The hydroxyl group of 0-aryl-A'-hydroxyisoureas may be acylated or 
sulphonylated loo.  Isocyanates also add but probably react with the 
NH-group (equation 62). 
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,NHOH fNoH 

h 'NH CON HR 
ArOC + RNCO - ArOC' (62) 

Isothiocyanates react with elimination of the phenol and the formation 
of 1,2,4-thiadiazoles (37)"'. 

,NHOH 
ArOC + RNCS - RNH-('N + ArOH (6 3) 
hi "AOH 

(37) 

The 0-aryl-A'-hydroxyisoureas may react with a second molecule of 
the aryl cyanate. Grigat" has assigned a symmetric formula 37 to the 
products formed but, as in the case of the products of the reaction with 
primary amines, they probably correspond to the asymrhr ic  formula 38. 

ArO-C-N-!-OAr or ArO-C-N=C-OAr 

NOH NH2 
I I  I 

NH NH 
II 

I 
OH 

(37) 
-9 

The asyl derivatives obtained by acylation with alkyl chloroformates 
or S-alkyl chlorothioformates undergo base-catalysed ring-closure to 
1,2,4-oxadiazo1in-5-ones1", 39. 

Aryl cyanates with a -CO,Et group in the ortho position react with 
hydroxylamine to give 2-hydroxylamino-4H-1,3-benzoxazin-4-ones, 40. 

P 

+HONH,CI - 
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The reactions of aryl cyanates with hydroxylamine has chiefly been 
studied by Grigat and Putter' O0. Hedayatullah and C O W O ~ ~ ~ ~ S ~ ~ ~ ~ ~ ~ ~ ~ . ~ ~  

have prepared hydroxylamine derivatives of aryl cyanates of special 
types. Martin and coworkers67 have prepared O-ethyl-N-hydroxyiso- 
ureas from ethyl cyanate and hydroxylamine or N-4-tolylhydroxylamine. 
In contrast to th.eir aromatic analogues the derivatives of alkyl cyanates 
are stable as the free bases. 

g. OxiTes. Ketoximes, including nitrosophenols ( = quinone mon- 
oximes), react with aryl cyanates to form aryloxycarbonimidoyl ket- 
oximes88, 41. 

NH 
I1 

ArOCN + HON=CRR' - ArO-C-0-N=CRR' (66, 

(41) 

On addition of hydrochloric acid these products undergo a Beckmann 
rearrangement and hydrolysis (equation 67). 

NH 

ArOCONH2 + RCONHR (67) 
II HCI+HzO , 

Ar OC-0-N=C R2 

Aldoximes also give aryloxycarbimidoyl derivatives on the reaction 
with aryl cyanates, but they are unstable and decompose at room tempera- 
ture or on heating into nitrilesE8. 

In the reaction of aryl cyanates with hydroxamic acids the intermediate 
aryloxycarbimidoyl derivative is cleaved into an aryl carbamate and an 
isocyanate (Lossen rearrangement) which reacts with additional hydrox- 
amic acid so that the resulting product is an 0-carbamoylhydroxamic 
acid87. 

h. A n d e s  andwcwas. Carboxamides react with cyana tes only at higher 
temperatures and then fbrm nitrilesE6. Ureas do not react with cyanatesz2. 

However, cyanatnides react with aryl cyanates to form N-cyanoiso- 
ureas ' ', 42. 

NH 
II 

(6 8) ArOCN + RNH-CN - ArO-C-NR-CN 

rSa= 
(42) sxm 

The reaction product ofc unsubstituted cyanamide (R = H) reacts in 
alkaline solution with a second molecule of the cyanate to form a 2- 
amino-4,6-diaryloxy-1,3,5-triazine 43. 
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NH 
I I  

ArO-C-NH-CN + ArOCN ___* 

ArO-C /WCN ArO-C/N%-NH2 
II ___, II I (69) 
N, C /,NH kC& 

I I 
OAr OAr 

(43) 

Gua idineg3, and amidines in general22, reac- with aryl cyanates to 
form triazines, 44. 

(44) 

Imidoesters also form triazines22 but incorporate 2 moles of the aryl 
cyanate and eliminate the alkoxy group (equation 71). 

A 

Sulphonamides react with aryl cyanates in a base-catalysed reaction 
to form N-sulphonylisoureas*', 45. 

NH 
II 

(45) 

ArOCN + H2NS02R - ArO-C-NHS02R (72) 

These products react with amines or hydrazines with the elimination of 

NH 

the aryloxy group (equation 73). 

I1 
R'N H -C -N H SO2 R 

NH 
I1 

ArO- C-N HS02 R 
N H  
I1 

NH 
I I  

e- 
@ R'NH-NH-C-NHS02R (R' = Aryl) 

or H2N-NR'-C-NHS02R (R' = Alkyl) 

(73) 
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Thioamidesoirnd thioureas react with cyanates with elimination of 
hydrogen sulphide and the formation of nitriles, cyanamides or  carbodi- 
imidesg3. However, addition of an S-alkylisothiourea occurs in a similar 
way to  the addition of isoureas (28) except that the primary reaction pro- 
duct cannot be isolated. It reacts immediately with a second molecule of 
the cyanate and forms a 2-amino-4-alkylthio-6-a~yloxy-1,3,5-triazineg3, 
46. 

ArOCN , I 
ArO-C-N=C-NHz i ArOCN + HN=C 

\ 
N H2 

SR 

(46) 

i. Hydrnzides. Aryl cyanates react at room temperature with hydrazides 
of carboxylic acids with elimination of the phenol and formation of a 
2-amino- 1,3,4-oxadiazoleg8, 47. 

ArOCN + H2NNH-CO-R ___* 

NH [ ArO-k-NH-NH-CO-R) -ArOH- R( "kNH2 (75) 

N-N 

(4 7 )  

In an analogous reaction thiohydrazides form 2-amino-1,3,4-thia- 
diazoles8'. 

An arylene dicyanate and a dihydrazide form a compound with two 
aminooxadiazole groups rather than a polymer23. 

In the reaction between cyanates and semicarbazides (hydrazides with 
R = NH, or NHR') the ring closure may be effected by means of the 
NH, (or NHR') group so that a triazolinone (48) is formed'0'. 

ArOCN + H2N-NH-CO-NHR' 
ab 

H 
NH 
I1 

ArO-C-NH-NH-CO-NHR' 0gN\ (76) 
N q N  

/ NH2 R' 

(48) 
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However, ring closure only takes place on heating and the open-chain 
monosubstituted, as well as a 1,l-disubstituted, semicarbazide can usually 
be i s ~ l a t e d * ~ ~ ' ~ ' .  

Unsubstituted semicarbazide does not give a triazolinone but in the 
presence of water the 1-(aryloxycarbonimidoy1)semicarbazide (49) gives 
hydrazine-1,2-dicarboxamide1 O ' ,  50. 

NH 
11 HzO , ArO-C-NH-NH-CO-NH2 

(49) 
H2N-CO-NH-NH-CO-NH2 + ArOH (77) 

(50)  

1-Acylthiosemicarbazides eliminate hydrogen sulphide under the 
influence of aryl cyanates and form 2-amin0-1,3,4-oxadiazoles~~ (51) and 
the corresponding aryl thiocarbamates. 

RCO-NH-NH-CS-NHR' + ArOCN ___* 

R<o>NHR' + ArO-CS-NH2 (78) r 
N-N 

(51) 

Esters of hydrazinecarboxylic acid (carbazates) form 3-(aryloxy- 
carbonimidoy1)carbazates and only in one case has spontaneous ring- 
closure to a triazolinone been observed'02 (equation 79). 

PhOCN + H2N-NH-CO2Et - 
H 

NH 
I 1  

(79) P hO - C - N H - N H - a32 Et -P).IOH. Et 0 4"' 
H 

NH 
I 1  

(79) P hO - C - N H - N H - a32 Et -P).IOH. Et 0 4"' 

A dithiocarbazate on the other hand was found to react in a different 
mann'2rg' (equation 80) but this may be because it was a 3-phenyl deriva- 
tive (apparently no dithiocarbazate with a free NH, group has been 
investigated). 

Ph 
I 
N 

(80) 
\ 

2 ArOCN + PhNH-NH-CS2Me ArO<4N-CS2Me 

N i l  
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Sulphonohydrazides react differently in neutral (equation 8 1) and basic 
(equation 82) s o l ~ t i o n ~ ~ * ~ ~ :  in basic solution it is the more acidic NH 
g r o u p .  hich reacts with the cyanate. 

NH 
II 

ArOCN + H2N-NH-SO2R ArO-C-NH-NH-SO2R (81) 

y ,S02R 

(82) 8 base 
ArOCN + H2N-NH-SO2R - ArO-C-N 

\ 
N H2 

Both these substituted hydrazides may, however, add a second molecule 
of the cyanate to  give the same disubstituted product which may cyclize 
to a mixture of two isomeric 172,4-triazoles (equation 83). 

S02R S 0 2 R  
NH I I II 

ArO-C-NH 

ArO-C-N-sO2R 
II 
N H  

- (83) 

OAr 

I 

NH2 

3. Addition of C-Nucleophiles 

with the formation of nitriles67-70~92"03 (equation 84). 
a. Organometallic coinpounds. Grignard reagents react with cyanates 

ROCN+R'MgX - ROMgX+R'CN ROH+R'CN (84) 

The reaction proceeds well with both alkyl and aryl cyanates68. Con- 
trary to the statement of Martin and Rackow'03 it is not necessary to 
use excess Grignard reagent to bring the reaction to completion68. With 
excess Grignard reagent the nitriles react to form ketones (the,?iiter- 
mediate' imine was isolated from the reaction of phenylmagnesium * 
bromide with isobutyl cyanate68). 

The magnesium salt of an  imidoester'haseeen postulated as an inter- 
mediate in reaction (84)92.'03. However, no evidence for this has been 
found despite careful s c r ~ t i n y ~ ' - ~ ~ .  

The reaction of l-chloro-l-lithio-2,2-diphenylethylene with 1-naphthyl 
cyanate similarly results in the replacement of the metal atom t y  the 
nitrile grouplo4 (equation 85). 

(85)  
/Li /CN 

\CI \CI 

PhZC=C + CloH70CN - Ph2C=C + CloH70Li 
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b. Active rnetkylene compounds. Reactions of aryl cyanates with 
sodium or magnesium salts of active methylene compounds, such as 
diethyl malonate, ethyl cyanoacetate, malononitrile, ethyl acetoacetate 
or acetylacetone, also result in the transfer of a cyano group from the 
cyanate with the formation of diethyl cyanom&qate, ethyl dicyano- 
acetate, tricyanomethane, e t ~ . ~ ~ * ~ ~ . ~ ~ ~  (equation 86). 

An imidoester was not observed when the metal salts were used as 
starting The carbon acids themselves could, however, be 
induced to react when triethylamine was used as a cata1ysP and under 
these conditions the intermediate could be isolated, e.g. 

NC Et3N NC \ N H  II NC\ /NHz 

OAr 

‘CH2 + ArOCN CH-C-OAr 4- 
/ 

NC 
(87) /c=c\ / 

NC NC 

(52) 

The reaction goes most easily when the methylene compound contains 
a cyano group6’ but this is not a necessary c ~ n d i t i o n ’ ~ ’ .  According to 
infrared and n.m.r. spectroscopic evidence these compounds have the 
enamine structure65 (52). They are quite stable but eliminate the OAr 
group on hydrolysis, aminolysis or hydrazinolysis. In the latter reaction 
a pyrazole is formed65 (equation 88). 

H 
NC /NH2 

NC /’ \OAr 

+HzN-NHz ___* H Z N O  (88)  

If the enamines contain a cyano group they may react with a second 

b ‘c=c 

NC NH2 

molecule of the cyanate to form pyrimidineslo6 (equation 89). 

+ EtOH (89) 
EtOzC, ,N Hz 

+ArOCN 

NC /c = C\OAr NC 
OH 

t 
The derivatives of ketocarboxylates also form pyrimidines but with 

elimination of water instead of alcohol and only with certain aryl cyanates 
(4-02NC6H40CN)’05. 
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Aryl cyanates can also be used to introduce a cyano group into t h e  
methylene group of certain phosphonic esters, (R0)20P-CH, - 
COPh'07. 

c. Encimiries. Aryl cyanates react with enamines with the formation of 
c y a n o e n a m i n e ~ ~ ~ ~ ~ ~ * ' ~ ~  which can be hydrolysed to c y a n o k e t ~ n e s ' ~ ~  
(equation 90). 

H20 
ArOCN + H 2 N D ~ 2 ) n  - -ArOH H 2 N D H 2 ) n  .i- 

H NC 

d. Pyrroles. Pyrroles unsubstituted in the 2- or 5-position react with 
aryl cyanates in the presence of hydrogen chloride to form hydrochlorides 
of 2-(aryloxycarbonimidoyl)pyrroles which can be transformed into 
2 - c y a n o p y r r o l e ~ ' ~ ~  (equation 91). 

e. Aroniatic conzpo~rntls. The nitrile group can be introduced into aro- 
matic compounds by means of aryl cyanates with AICl, + HCI as 
catalyst1O3, e g :  

R = CH3, CH3O 

f. Ylids. Unsubstituted or  monosubstituted methylenephosphoranes 
react readily with aryl cyanates in DMSO or THF to form cyanomethyl- 
enepho~phoranes"~  (equation 93). 
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+ 
(93) 

Ph3P=CHR + ArOCN (Ph3P-CHRCNArO-) Ph3P=C P 
\CN 

With the unsubstituted methylenephosphorane (R = H) the dicyano- 
methylenephosphorane is obtained. This reaction is, however, rather 
complex and methyldiphenylphosphine oxide, diphenyl carbonate and 
triphenylphenoxyphosphonium phenolate were obtained as by-pro- 
d u c t ~ ' ~ ' .  

When R = C02Me or C0,Et  the phosphoranes react with 2 moles of 
the cyanate to give pyrimidine derivatives (equation 94). 

PhjP=C /'OZEt + 2 ArOCN - P h 3 P t y O A r  + EtOH (94) 

'H -N 
OAr 

O n  hydrolysis of this compound barbituric acid is formed. 

cyanogen9 2. I0 3.10 8 (equation 95). 
g. Cpinirle i o i i .  Ionic cyanides react with aryl cyanates to form di- 

ArOCN + CN- - ArO- + (CN)2 (95) 

An intermediate was not observed in this reaction. When using ethyl 
cyanate and hydrogen cyanide, Wentrup'08 was able to isolate ethyl 
cyanoformimidate. This compound decomposes at room temperature 
into ethanol and dicyanogen (equation 96). 

t 

C-CN - EtOH + (CN)2 (96) 
\ 

EtO 

E t O C N + H C N  - 
/ 

HN 

h. AIlerieteti.aniiiies. Phenyl cyanate reacts in perchloric acid in an 
exothermic reaction with allenetetrakis(dimethylarnine)'09. The resulting 
salt (53) is formed by transfer of a cyano group; an intermediate was not 
observed. 

(MeN2)2C=C=C(NMe2)2 + PhOCN + HC104 

C N  

(53) 
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F- Nucleophilic Addition to the Oxygen Atom 

K. A. Jensen and Arne Holm 

Only a few examples are known where nucleophilic addition apw;ently 
occurs to the oxygen atom of the - 0 C N  group. So 
dialkylphosphonoates (dialkyl phosphites) react with 
aromatic cyanates with the formation of esters of phosphoric acid7' 
(equation 98). 

(R0)zPO- + ROCN - (R0)3PO + CN- (98) 

The reaction of cyanates with trialkyl phosphites is more complex and 
indicates that the phosphorus atom can be added as a nucleophile either 
to  the oxygen atom or the carbon atom of the -0CN group with the 
formation of intermediate phosphonium compounds (54 and 55)7 '*' lo. 

(R0)3P  + A r W N  [(R0)3(ArO)P+CN-] or [(RO)3(CN)P+ArO-] (99) 
(54) (55) i3 

The first complex (54) decomposes with the formation of a phosphate, 
(RO),(ArO)PO, together with a nitrile, RCN, and an isocyanide, RNC. 
The simultaneous formation of the latter two compounds indicates that 
they are formed by alkylation of the ambident cyanide ion. 

The second complex (55)  decomposes with the formation of a dialkyl 
cyanophosphate, (RO),(CN)PO, and an ether, ROAr. 

G. Electrophilic Additions 

1. Addition of proton acids and Lewis acids 

The first attempts to induce cyanates to undergo electrophilic additions 
at the,-OCN group suggested that they would be rather inactive in such 
reactions. They form unstable complexes with Lewis acids6'.' ' '  such as 
SbCl, and SnCl,, but unlike the analogous complexes with nitriles these 
cannot be alkylated to N-alkylnitrilium salts. The formation of phenetol 
from triethyloxonium tetrafluoroborate and phenyl cyanate indicates 
that if alkylation takes lace it occurs at the oxygen atom. N-Alkylation 
occurs in DMSO but only after an initial attack on the carbon atom 
(see Section V.G.4). 

However, hydrogen halides are added without difficulty with the 
formation of aryloxycarbonimidoyl halides which may be isolated as 
hexachloroantimonates' ' ' (equation 100). 

ArOCN + 2 HCI + SbC15 ___* ArO-C=NH2+SbCls- (1 061 

8 

ae 

I 
CI 
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It  has also been found that phosphorus pentachloride, in addition to 
catalysing trimerization of aryl cyanates to cyanurates, forms hexa- 
chlorophosphates of ions derived by addition of PCl; to the nitrile 
group' 1 2 * 1  l 3  (equation 101). 

ArOCN ArOCN + 2 PC15 - +[Pcl6]- - 
ArOCN [ (ArOCCI=N)2 Pc1z]+[pc16] - - [(AroCCt=N)3PCl]+[PCi6]- (101) 

2, Addition of acyl halides 

Aryl cyanates react with acyl chlorides in the presence of SbCl, or 
SnCl,, but these reactions occur much less readily than the analogous 
reactions with nitriles. Martin and coworkers"' succeeded in obtaining 
a diazapyrylium salt, 56, from phenyl cyanate and benzoyl chloride. 

r 

OAr 

Further, the same authors found that aryl cyanates reacted with N- 
phenylbenzimidoyl chloride and SnCl, with the formation of 2-phenyl-4- 
aryloxyquir.azolines (57). 

OAr 

(57) 

fs  
Against the background of these results the recent discovery by 

GrigatS7.' l 4  that aryl cyanates may react with acyl halides under mild 
conditioxs was rather surprising. The resulting compounds are very 
reactiv&nd can enter into numerous reactians leadin5 to new com- 
pounds. Grigat" has recently given an extensive revie'vj of this new 
development of cyanate chemistry which has hitherto only been published 
in the patent literature. In the following only the main features of these 
reactions will be discussed. 
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Aryl cyanates and carboxylic acid chlorides react with the formation 
of the hitherto unknown N-acyl chloroimidocarbonates, 58, 

0 CI 
I I  I 

ArOCN + CI-C-R,- ArO-C=N- CO-R (1 04) 

(58) 
and analogously with chloroformates: 

0 CI 
I I  I 

ArOCN + CI-C-OR ___* Ar0-C=N-COOR (1 05) 

Surprisingly these compounds are so stable that they can be distilled 

The reaction with carbonyl chloride takes place even at 0 "C (equation 

r 
in a vacuum. . 
106). 

0 CI 
II 

(106) ArOCN + CI-C-CI ArO-k=N-COCI 

On further reaction with the aryl cyanate, (ArOCCl=N),CO may be 
formed. 

Oxalyl chloride reacts analogously with either 1 or 2 moles of ArOCN. 
Sulphenyl chlorides may similarly be added to aryl cyanates: 

CI 
I 

ArOCN + CI-S-CCI3 ArO-C=N-S-CC13 (1 07) 

The halogen atoms of these products have been substituted with 
numerous nucleophiles to give compounds that still contain the ArO- 
group. This may, however, be replaced in subsequent reactlions with 
nucleophiles. Because of the presence of various reactive groups in these 
compounds they may undergo cyclization reactions of many kinds. 
Since these reactions do not strictly belong to the chemistry of the 
cyanate group, only a few examples will be mentioned: 

CI 0 
I II HzN-NHz 

ArO-C=N-CO-R Hzo + ArO-C-NH-CO-R - 
0 
II 

H2N-NH-C-NH-CO-R (108) 

-A- CI 

ArO-k=N-CO--R + H2N-NH2 - ArO / R (109) 

H /N-N 



61 1 16. Syntheses and preparative applications of cyanates 

CI 
ArO-C=N-CO-OR I + H2N-NH2 - Ar0fN>O (110) 

H/N-N\H 

CI 
I 

ArO-C=N-COCI + H2N-CS-NR2 - 

CI 
I 

ArO-C=N-CO-OR + H2N-NHCOPh - 
N-N 

CI NR2 
I I 

ArO-C=N-S-CC13 + R2NH --A ArO-C=N-S-CC13 (113) 

3. Addition of acid anhydrides 

Only some special types of acid anhydrides react with cyan ate^^^.^'. 
Anhydrides of very strong carboxylic acids (trichloroacetic acid, etc.) 
react in principle as acid halides. Cyclic anhydrides form derivatives of 
cyclic imides (59) probably with a seven-membered ring intermediate’ 
(equation 114). 

0 

a:>N-! - -OAr I 1  (114) 
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4. N-Alkylation 

Martin and Weise116 have found that trityl perchlorate in dimethyl 
sulphoxide (DMSO) transforms aryl cyanates into N-tritylated 0-aryl 
carbamates (60) and has shown that this process proceeds via a complex 
between the cyanate and DMSO (cf. Section V.E.1.c). 

ArO-CEN 

K. A. Jensen and Arne Holm 

+ Ph3C+ - ArO-CO-NH-CPh3 + (CH3-;=CH2) 

! ,CH3 

'CH3 

o=s 

The methylenesulphonium ion reacts further with DMSO in a complex 
reaction and the nature of the reaction products (dimethyl sulphide etc.) 
provides evidence that the oxygen atom of the carbamate originates in2 

CPh,. 
have shown that tertiary alcohols, 

alkenes and aldehydes react similarly with aryl cyanates in concentrated 
sulphuric acid to give N-alkylatedw-aryl carbamates (equations 116-1 19). 

ArOCN + $le3COH H2S04 b ArO-CO-NH-CMe3 (116) 

DMSO and not from hydrolysis of a primary product ArO-C=d- + @  

Grochowski and Tomasik' 17-' 

8 

ArOCN + H3C-CH=C(CH3)2 + ArO-CO-NH-C(CH3)2C2H5 (117) 

ArOCN + CC13CH0 H2S04 ArO-CO-NH-CHOHCC13 ArOCN, HzS04 

(ArO-CO-NH)2CHCC13 4 (118) 

In contrast to their lower reactivity towards electrophilic addition the 
aryl cyanates compete favourably with nitriles%r these alkylating agents. 
However, mechanistic details of the reaction are unknown and the 
reactions may be initiated not by electrophilic alkyiation but by acid- 
catalysed nucleophilic attack of sulphuric acid on the carbon atom of the 
-0CN group followed by alkylation: 

ArO-CENH + HSOT - ArO-C=NH - ArO-C=NR 
I I 
0-S03H 0433 O3 H 

e9 
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The formation of the urethane formally requires one molecule of water. 
It is unknown whether this is provided by subsequent hydrolysis or 
whether the urethane is formed already in the reaction mixture: 

ArO-C=NR + HSos ___* ArO-CO-NHR + H S 2 0 7  
I 

O-SO3H 

H. C ycloa‘dditions 

Cyanates are more reactive than most nitriles in additions to 1,3- 
dipolar compounds. 

With sodium azide, aryl cyanates react smoothly to form the sodium 
salts of ~-aryIoxytetrazoIesss~92.”2’ . Alkyl cyanates also act as 
alkylating agents on sodium azide and form alkyl a ~ i d e s ~ ’ . ~ ~ .  However, 
in ethereal solution hydrogen azide adds to alkyl cyanates to give 5- 
a lko~y te t r azo le s~’*~~  61 (equation 120). 

Aryl cyanates also react with diazo compounds’ 20.1 ”, n i t r o n e ~ ~ ~ . ’ ~  ’, 
and nitrile oxidess5.’ 2o to give the expected :,3-dipolar cycloaddition 
products. 

The mesoionic oxazolone (62) reacts with 2,6-dimethylphenyl cyanate 
with the formation of an imidazole122 (63). 

m e  
fi d 

Me M e  

The reaction of aryl cyanates with sulphur trioxide can be regarded as 
a 1,2- followed by a 1,4-dipolar cycloaddition reaction. The cyanate 
first reacts with one molecule of SO, to form a 1,4-dipolar molecule 
which reacts with a second molecule of the cyanate as the dipolarophile 
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to form a 1,4,3,5-oxathiadiazine-4,4-dioxide, 64. Martin and Weise' ' ' 
assigned an unsymmetrical structure to the reaction products but Grigat22 
has shown that only the isomers with the symmetrical structure are 
formed. For reactions of 64 see the review by Grigat22. 

0 

ArO-C-0 

I1 I - ArOCN + SO3 - 
~ N-SOz 

VI. CONCLUSION 

Most papers on the chemistry of cyanic esters have been published by 
the groups who discovered these compounds and thus it seems that the 
synthetic potentialities of cyanates have not been generally appreciated. 

In  organic synthesis cyanates may be employed to eliminate water or 
hydrogen sulphide (cf. Sections V.E.1.a and V.E.1.d). Probably cyanates 
would often compare favourably with other reagents used for this purpose 
(carbodiimides, etc.). Further, their ability to function as nitrile-trans- 
ferring agents (cf. Section V.3) has wide applicability. Probably the reaction 
with an aryl cyanate would in certain cases turn o u t  to be the most con- 
venient method to transform an aromatic compound into a nitrile. 

Carbamates, thiocarbamates, and selenocarbamates may be prepared 
in excellent yields from cyanates. Certain types of compound, such as 
isobiurets (Section V.2.a), unsymmetric imidoesters (Sections IV.D.l and 
V.E.l.b), and N-hydroxyisoureas (Section V.2.f), have first been made 
accessible through the reactions of cyanates. 

The formation of triazines and several other heterocyclic compounds 
have been mentioned in Section V. A very general reaction is the formation 
of b e n z o x a ~ i n o n e s ~ ~ ~ ~ ' . ~ ' ~  and other orrho-fused 1 ,3-oxazin-4-ones2 829 
from derivatives of aromatic and heteroaromatic carboxylic acids sub- 
stituted with the cyanato group in the or.6ho position. Another general 
type of reaction is the formation of various bz rocyc l i c  compounds by 
reaction of aryl cyanates with ortho-substituted aromatic compounds, 
such as esters and amides of salicyclic and anthranilic  acid^'^.'^^, o- 
aminopheno12', o-phenylenediamine", catechol' 25 ,  etc., or u-substituted 
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derivatives of phenylacetic acid, such as mandelamide, mandelonitrile, 
and oc-hydroximinophenylacetonitrile22. 

By and large the cyanates exhibit a remarkable versatility in their 
reactions and it seems that these compounds might be utilized to a greater 
extent than hitherto for synthetic purposes. 
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