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This volume, ‘The Chemistry of the Thiol Group’, is again organized and 
presented according to the general lines described in the ‘Preface to the 
series’ printed in the following pages. 

Since the last volume in the series ‘The Chemistry of the Functional 
Groups’ appeared, there has bcen one new development in this project : 
a volume is now in preparation which is planned to contain chapters on 
subjects which were not included in the previously published volumes either 
because promised manuscripts have riot been delivered or because they 
represent new developments in rapidly and significantly progressing fields 
dilring the last several years. The first such supplementary volume will 
include material on double-bonded groups (C=C, C=O, C=N). If this 
venture should prove successful, it is intended to publish further similar 
supplementary volumes. 

The original plan of the present volume also included the following 
chapters which did not inaterialize : ‘Free radical reactions involving tliiols’, 
‘Electrochemistry of the thiol group’, ‘Enethiols’ and ‘The thiol-disulphide 
interchange’. c 

Jerusalem, May 1974 SAUL PATAI 
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The Chemistry of Functionall Groups 
Preface to t h e  series 
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 Cliemistrly of the Erher Linkage 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. It is the purposc 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 molecule, 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 rule, be 
repeated in detail, unless it is necessary for the balanced treatment of the 
subject. Therefore each of‘ the authors is asked not 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 reosonnble coverage 
with inoderote overlap, with a minimum of cross-references between the 
chapters of each volume. I n  this manner, sufricient freedom is given to 
each author to produce readable quasi-monographic chapters. 
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X Prefkce 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 characterization 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 rcsoiiance, and mass spectra ; a 
chapter dealing with activating and directive 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 in  conjunction 
with other reagents. 

(e) Special topics which do not fit any of the above sections, such as 
photochemistry, radiation chemistry, biochemical formations and reac- 
tions. Depending on the nature of each functional group treated, these 
special topics may include short monographs on related functional groups 
on which no separate volume is planned (e.g. a chapter on ‘Thioketones’ 
is included in the volume The C/ienii.~try of the Carbony1 Groiq~, and a 
chapter on ‘Ketenes’ is includcd in the volume The Clienzistry 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. ‘Polyethers’ i n  Tlie C/ienii.rtry of the Ether Linknge, 
or ‘Tetraaminoethylenes’ in The C/ieiiiisrr.y of the Aiiiiiio Group. 

This plan entails that the breadth, depth and thought-provoking nature 
of each chapter will diffcr with the views and inclinations of the author 
and the presentation will necessarily be soniewhat uneven. Moreover, 
a serious problem is caused by authors who deliver their manuscript late 
or not a t  all. In order to ovcrcome this problem at lcast to sonic extent, 
i t  was decided to publish certain volumes in several parts, without giving 
consideration to the originally plnnncd logical order of the chapters. 
If  after the appearance of thc originally planned parts of a volume it is 
found that either owing to non-dclivery of chapters, or to new develop- 
nients i n  the subject, sufficient material has accumulated for publication 
of an additional part, this will be done ;IS soon ;is possible. 



Preface to the series xi 
‘The overall plan of the volumes in the series ‘The Chemistry of 

The Cheiiiistry of Alkeries (published iri tic’o uoluines) 
The Cheniistry of the Carboiiyl Groirp (published in two coluiiies) 
The Clietiiistry of the Ether Liriknge (Ixrblislied) 
Tlie Cheinistry of tlie Aiiiiiio Group (published) 
Tlie Chemistry of the Nitro a t i d  the Nitroso Group (published iii two parts) 
The Clieinistry of Cnrboxylic Acids ant1 Esters (published) 
The Clieniistry of tlie Carbon-Nitrogen Double Bond (publislierl) 
The Clieniistry of tlie C j m o  Group (published) 
TI1 e Cli ein is try of A ti1 ides (~iublish ell> 
Tile Cheiiiis f ry  of the Hytiroxyl Group (pirblished in t ~ r o  parts) 
The Clieniistry of the Azido Groicy (~iirblishecl) 
The Clienzistry of Acyl Halides (puhlishecl) 
The Chemistry of the Cnrbon-Halogeii B o d  (published iri t1r.o parts) 
The Clientistry of the Quiiioiioirl Coiiipoirrirls (published in two parts) 
The Chemistry of the Thiol Group (yichli.rhec1 in two parts) 
The Chetiiistry of tlie Cnrboii-Carbon Trilile Boiid 
Tlie Clieniistry of Aiizidiiies arid liiiickctes (in preparation) 
The Clieniistry of the Hj~dsazo, Azo arid Azoxy Groups (iii prepara!ioti) 
Tlie Cheinistry of the SO, -SO,, -SO,I-I arid -SO,H Groups 
Tlie Cliemisti-y of the Cyancites atid their Tliio-rlericatioes (in preparutioii) 
The Clieitiistsy of tlie -P03H2 and Related Groups 

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 
aniong these is Dr. Arnold Weissberger, whose reassurance and trust 
encouraged me to tackle this task, and who continues to help and advise 
me. The eficieiit and patient cooperation of several staff-members of the 
Publisher also rendered me invaluable aid (but unfortunately their code 
of ethics does riot allow me to thank them by name). Many of my friends 
and colleagues in Israel and overseas helped me i n  tlie solution of various 
iiiajor 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. 
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This volume, ‘The Chemistry of the Thiol Group’, is again organized and 
prescnted according to the general lines described in the ‘Preface to the 
series’ printed in the following pages. 

Since the last volume in the series ‘The Chemistry of the Functioiial 
Groups’ appeared, there has been one new development in this project: 
a volume is now in preparation which is planned to contain chapters on 
subjects which were not included in the previously published volumes either 
because promised manuscripts have not been delivered or because they 
represent new developments in rapidly and significantly progressing fields 
during the last several years. The first such supplementary volume will 
include material on double-bonded groups (C=C, C=O, C=N). If this 
venture should prove successful, it is intended to publish further similar 
supplementary volumes. 

The original plan of the present volume also included the following 
chapters which did not materialize : ‘Frce radical reactions involving thiols’, 
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The Chemistry of Functional Groups 
Preface to the series 

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 Chemistry of the Ether Lirilcnge 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. It 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 molecule, 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 rule, be 
repeated in detail, unlcss it is necessary for the balanced treatment of the 
subject. Therefore each of the authors is asked not 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 coitzplete coverage of the subject with no overlap 
between chapters, wlde at  the same time preserving the readability 
of the text. The Editor set hinisclf the goal of attaining rensonnble coverage 
with nioclertzte overlap, with a minimum of cross-references between the 
chapters of each volume. In this manner, sufficient freedom is given to 
each author to produce readable quasi-monographic chapters. 
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X Preface to the series 

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

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

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

(c) Chapters describing the characterization and characteristics of the 
functi&:zl groups, i.e. a chapter dealing with qualitative and quantitative 
methods of determination including chemical and physical methocis, 
ultraviolet, infrarcd, nuclear magnetic resonance, and mass spectra; a 
cliapter dealing with activating and directive effects exerted by the group 
and/or a chapter on the basicity, acidity or coniplcx-forming ability of the 
group (if applicable). 

(d) Chapters on the reactions, transformations and rearrangements 
which the functional group can undergo, either alone or in conjunction 
with other reagents. 

(e) Special topics which do not fit any of the above scctions, such as 
photochemistry, radiation chemistry, biochemical formations and reac- 
tions. Depending on tlie nature of each functional group treated, these 
special topics may include short monographs on related functional groups 
on which no separate volunie is planned (e.g. a chapter on ‘Thioketones’ 
is in“c1uded in the volume Tlie Cheniistt-y of tlic CmDnJijd Group, and a 
chapter on ‘Ketenes’ is included in the volunie The Clieniistry of Allcmes). 
In otlicr 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’ in The Clie~?iistty of the Ellter Li~iknge, 
or ‘Tetraaniinoetliylenes’ i n  The Cheniistt-y of the Afiliilo Group. 

This plan entails that tlie breadth, deptli and thought-provoking nature 
of each chapter will differ with tlie views and inclinations of the author 
arid the presentation will necessarily be somewhat uiievcn. Moreover, 
a serious problem is caused by authors wlio deliver their manuscript late 
or riot at all. In order to  overcome this problem at least to  some extent, 
it was decided to publisli certain volumes in sevcrnl parts, without giving 
consideration to the originally planned logical order of the chapters. 
I f  after the appearance of the originally planncd parts of a volume it is 
found that either owing to non-delivery of chapters, or to new develop- 
ments in the subject, sufficient material has accumulated for publication 
of an additional part, this will be done as soon as possible. 
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me. The efficient and patient cooperation of several staff-nienibcrs of the 
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2 I. G. Csizniadia 
1. PHYSICAL PRQPERTaES 

Physical properties may be divided into two broad classes: those that 
involve energy or more precisely energy differences, and those that represent 
molecular properties other than energy. Most of the physical and chemical 
measurements we shall discuss in this part are related to energy differences 
(cf. sections 1.B to 1.F). Other molecular properties such as quadrupole 
moment and diamagnetic susceptibility will not be discussed at length, 
but the theory of dipole moments will be presented in some detail since 
they have a direct bearing on the charge distribution within a molecule. 

The piirpose of this sectioii is t o  show that tliet*e is iio jiiiicfai?ietital 
difleretice betiveeii cot~respoiiifiiig oxygeii a i d  sirlpliirt. coi~ipouiid.~, such as 
alcoliols atid thiols. Sotile obscwerl L;ariution.s that appear to represent 
qualitatiue changes, iti reality otily rejlect R tliJiiretice in the tnagnittrrle of 
the experitticiitally obsci~ued pt*opcr.ties. 

A. Standard States and Relative Energies 

In order to discuss physical measurements that involve energy differences 
(i.e. a transition from one state t o  another) it may be appropriate to 
define commonly used energy units and reference states. The most 
commonly used energy units are shown in Table 1. It should be noted 

TABLE 1. Conversion table for the most frequently used energy units 

Hartrec eV cni-l kcal 
particle particle particle mole 

- 

Hartrce/particle 1 27.2 10 2 19,470 627.7 1 
eV/particle 3.6752 x 1 8,066.0 23.069 
cni-*/particle 4.5563 x 1 C-O 1 -2398 x lo-.' 1 0.00286 
kcal/mole 1.5931 x 4.3348 x lo-' 3.4964 x lo2 1 

that the Hartree unit is independent of fundamental constants such as 
11, 111 or e. 

Energy is always measured with respect to a statidai~l state established 
by convention. 

Historically the Tlierinorlyiiaiiiic Staiiilat~l State was  the first one to be 
established although today it is only used by thermodynamicists. In this 
convcntion the standard state of a substance is defined as the state as it 
occurs a t  25°C and 1 atmosphere pressure, and is arbitrarily set at  zero. 
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Molecular energies o r  heats of formation* are then expressed with 
reference to this standard state. The major disadvantage of this con- 
vention is that many substances are not gaseous diatomic molecules in 
their standard states and therefore the numerical results often cannot be 
directly related to simple concepts. Consider, for example, 

f Oz+Hz > H,O AHf = -57.11 kcal/mole (1 a) 

S,+H,  ---+ H,S AHf = -4.18 kcal/mole (1 b) 

The heats of formation' cannot be used as a direct measure of stability 
since AN,(H,S) is calculated relative to H, and S,. 

The 4Hf values derived in equations (la) and (Ib) imply that the two 
H-0 bonds in X,O are very much more stable than the bonds in 0, 
and H,, while two H-S bonds are only slightly more stable than the bonds 
i n  the starting materials, S, and H,. Thus in this convention the energy 
differences reveal that one bonding arrangement is more stable than the 
other but they cannot be related to bond strengths. It is obvious that one 
should know the bond strengths in the initial states in order to be able to 
interpret a heat of formation in these terms. Alternatively one may choose 
another standard state in which there is absolutely no bonding in the 
initial state. 

For this reason the Clieinical Standard State is more practical because 
the energy difference is expressed with respect to the separated atoms and 
therefore has immediate relevance to the concepts of chemical bonding. 

Consider again the formation of H,O and H,S but this time, the 
reactants are the separated atoms: 

2 H+O > H,O A €  = -216.96 kcal/mole ( 2 4  

2 H+S > H,S A €  = -172.1 kcal/mole (2b) 

These energy differences (which are the sum of the dissociation energies') 
immediately reveal that chemical bonding will stabilize H,O by about 
45 kcal/mole more than H,S. What can be said about the sum of two 
bonds can also be said about the individual bonds*: 

-101.3G 

2H+o 

- n i - i  > H+S kcYll/lllole 

- 1 1 5 4  

H-o+H liccrl/lnol; 

H-S+H 
-90.7 > 

linll/lllolu 

* Although molecular energies are calculated from A E  = A H - P A V ,  
the work term is usually small and for qualitative comparisons the approxi- 
mation A E z A H  is valid. 
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The limitations of these tliermochemical equations must be realized. 
They only state that when H,O or H,S is formed from the constituting 
atoms, then 216.96 or 172.1 kcal/mole is released respectively and, for 
example, these energy values should not be regarded as arising exclusively 
from the formation of two bonds. 

Even the assumption that only the valence electrons will undergo 
redistribution when the molecule is formed but the inner cores remain 
unchanged, involvcs a great deal of approximation. The relatively recent 
developments in photoelectron spectroscopy (ESCA) have convincingly 
shown that core electrons are bound t o  the nucleus to a diKerent degree 
depending on the chemical environment. For  this reason one should 
really include both the valence and core electrons in the calculations and 
choose a standard state where the electrons are not bound to the nuclei. 

The Quantimi Clietnical Standar.d State assumes the separated nuclei 
and electrons to be the energy zero and the energies are expressed in  terms 
of Hartree atomic units (or hartree in short). From its dehi t ion ,  the unit 
is related to  the ground state of the hydrogen atom in such a way that 

(4) 

The energetics associated with the formation of H,O and H,S with 

En = - 4 hartree. 

respect to the different standard states are illustrated in Figure 1. 
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The total molecular cncrgy calculated on the quantum chemic:d scale 
is the sum of the atomic energies, EnLomq, thc cncrgy of  atomization, 
Edissoc (i.e. the sum of dissociation energies) and the zero point vibrational 
(ZPV) energy, : 

‘t;otcll = ‘;itorns + Edissoc + ‘zI$\~ (5) 

The energy of an atom is the sum of all of its ionization potentials, S in 
the case of oxygen and 16 in the case of sulphur. (The energy of the 
hydrogen atom, equal to its single ionization potential, is the basic unit 
of energy 011 the atomic scale, as shown in equation 4.) The energy of 
atomization or  total dissociation energy is calculated by the individual 
dissociation energies as indicated by equations (3a) and (3b), or, in a 
general forni, 

The zero point vibration energy (Expv) is defined by the following 
equations : 

Ezrv (hartree) = 4.5563 x E,,,, (cm-l) (7b) 

The experiniental vibrational frequencies24 and dissociation energies 
reported for HO, H,O, HS and H,S are summarized in Table 2. The 
calculations of the total energies are shown i n  Table 3 and illustrated in 
Figure 2. 

TABLE 2 .  Fundamental vibrational frequcncies and dissociation encryies of 
thc hydrides of oxygen and sulphur 

Molecular 
species 

.~ .- 

HO 
N 2 0  
H S  
H,S 

Vibrational frequencies (c i~i--~)  Dissociation energies 
(kcal/niole) 

3735.2 - - 101.27 - 

- s1.43 - 
3657.1 1594.8 3755.8 117.97 101.27 
2702 
261 4.6 1 182.7 2627.5 75-21 81-43 

- 
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TABLE 3. Calculation of molecular total energies" (Ee) from experimental data 

Encrgy componcnts HO H2O HS H2S 

Atomic energy -75.6162 -76.1162 -399.6977 -400.1977 
Atomization energy -0.1623 -0.3492 -0.1297 - 0.2503 
Zero point vibrational - 0.0085 - 0.0205 - 0.0062 - 0.0146 

energy 

Total energy -75.7860 -76.4859 - 399.8336 -400.4626 

a In Hartree atomic units. 

I 
TOTAL ENEFiGY OF -76*1mt -7 

-76.200 
A 

W 
W 
[r 
l- 

I 
I I 

- 
v 

> 
(3 [r-76.40f H20 

W 
z 
W 

- -400.100 ; 
a W 

TOTAL2 EN+EEGY OF 

v 

-J 

FIGURE 2 .  Total energy levels of H + O ,  OH, H,O, S, SH and H,S on the 
quantum chemical scale. 

B .  Bond Energies and Molecular Vibrations 

In any calculation of molecular energy, it is necessary to consider the 
implication of changes in molecular geometry. Here too, atomic units 
prevail: the atomic unit of length is 1 bohr (Bohr a.u.) which is the radius 
of the Bohr orbit for the ground state hydrogen atom (1 bohr = 0.52917 A). 
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When quantum chemical calculations are carried out, the molecular 

geometry is specified by the x, y, z coordinates of the constituting atoms. 
Bond lengths and bond angles have to be converted therefore to Cartesian 
coordinates using standard trigonometric relationships. The two- 
dimensional examples of H,O and H,S are shown in Figure 3 while 
equilibrium bond lengths and bond angles are summarized in Table 4. 

c - -  
0.0 1.0 2.0 Bohr QU. 

- 

0.0 0.5 -1.0 I\ 

H- 
1.809 bohr--tf 

FIGURE 3. Bond lengths, bond angles and x, y, z coordinates of H 2 0  and H,S. 

TABLE 4. Selected bond Icnghs (re) and bond angles 
(q5,J of some simple compounds containing the 0-H 

and S--H functional groups 

Bond length or angle x = o  x = s  
X-H 0.9706 A 1.35 A 

HX-H 0.956 8, 1.328 A 
CH,X-H 0.956 8, 1-329 A 
13-X-H 105.2" 92.2" 
C-x--H 105.9" 100.3" 

When the energy (€) is computed as a function of molecular geometry 
a potential curve €(q), a potential surface E(q1,q2), or  a potential hyper- 
surface E(ql,q2,q3, ...) is obtained for one, two o r  more independent 
variables respectively. No experimental potential energy surface 
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€(I.,,, +,ls,) associated with the geometrical changes in H,S is available 
a t  this time. In such an  energy surface the two independent variables are 
bond-str*etch (rsII), involving the symmetrical stretch of both bonds, and 
bond-beid (c#I,~,,), imp!ying an opening (and closing) of the bond angle. 

A potential curve is simply a cross-section of a potential surface. 
Considering I4,O and H,S, the potential curves associatcd with the 
in-plane-inversion5 €(a) of each surface are shown in Figure 4. The two 

BOND ANGLE 

FIGURE 4. Inversion potential energy curves E(a) of H20 and H,S. 

cross-sections along the symmetric stretching mode E(r)  of H,O and H,S 
are analogous to those shown i n  Figure 5. 

The stretching potential can be fairly well representcd by the Morsc 
function : 

E(r) = Ec + D,{ 1 - exp [ - P(r  - I . , ) ] > ~  (8) 

where €, is total energy of the molecule at the equilibrium gcomctry 
(at the minimum of thc potcntinl curve), D, is the bond energy which is 
the sum of the dissociation energy (D,) and zcro point vibrational cncrgy 
€, I> \r : 

(9) 

and re is the equilibrium bond length. The parameter /3 is a composite 
constant as defined by equation (10): 

D, (kcal/mole) = Do (kcal/molc) +0.00256Ez,,,, (cm-I) 

p=J" 2 D,: 
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BOND LENGTH (BOHR,) 

The harmonic force constant k appearing in equation (10) is related to the 
vibrational frequency ( v )  and to the reduced mass (p): 

These quantities are summarized for HO and HS in Table 5 and were 
used for plotting the stretching potentials presented in Figure 5. Note 
that if the motions were really harmonic then the vibrational levels would 
be equispaced with a separation of AE = Izcw, (where w, is v in the 
previous notation) corresponding t o  the following term scheme, where v 
is the vibrational quantum number: 

(1 2) E,.iIl (Cl l l - ’ )  = fd,(r‘f i)-OJ,,.Y[,(l’-k ~ ) ‘ + O J , , ] ’ , ( u +  j)3...  
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TABLE 5.  Morse potential parameters for OH and SH radicals 

Parameter (unit) OH SH 

Ee (hartree) 
we (crn-I) 
we xe (cni-') 
Ez~.v (hartree) 
Do (kcal/niole) 
L), (kcal/rnole) 
p (Aston mass unit)" 
k (niillidyncs/A) 
f l  (bohr-I) 
I-, (bohr) 

- 75.7860 
3735.2 

82.8 

101.27 
106.6 1 

0.0085 

0.948 3 74 
7.791 
1.2138 
1.8342 

- 399.8336 
2702 

60 

8 1 -43 
85.32 

0-0062 

0.977325 
4.201 
0.9963 
2.55 1 

a The atomic weights as expressed in Aston mass units were taken from the 
C.R.C. Haridbook of Clieniistry orid Pliysics, 47th edition, pp. B6, B7 and B10. 
Published by the American Rubber Co., Cleveland, Ohio. 

where wcxC<wc and wc JJ~<O,. The introduction of correction terms for 
a n  harmonic motion alters the ZPV energy and the force constant value 
only slightly but has a substantial effect on higher vibrational levels. 

For  diatomic niolecules there is only one mode of vibrational motion, 
stretching (or contracting) of the bond. For  polyatornic molecules con- 
taining N atoms there are 3 N - 6  coordinates for vibrational modes, 
3 for translational and 3 for rotational modes. Vibrational modes for 
diatomic and triatomic molecules are illustrated in Figure 6. 

( a )  - w 
3 3 

stretching contracting 

91 92 33 
s t re tc hing bending stretching - 

symmetric anlisvmmet r ic  

FIGURE 6. Vibrational modes of diatomic (a) and triatomic (b) molecules. 

The situation is more complicated for CH,-OH and CH,-SH which 
have 

S are 

12 vibrational modes of motion. Out of the 12 vibrational modes, 
H 
\ 

symmetric with respect to the C--X (X = 0 o r  S) plane of 

H 
\ 
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the molecule and 4 arc antisymmetric with respect to that plane. The 4 
antisymmetric vibrational frequencies are usually close in value to 4 of 
the symmetric modes; in fact they may show u p  as degenerate vibrations*. 

For this reason a n  appropriate labelling is desirable. Frequencies 
associated with symmetric niodes are designated by an unprimed o r  
primed symbol ui or  vi and those corresponding to antisymmetric modes 
are symbolized by a double prime, v;. Sometimes vi and v; are so close 
that they cannot be resolved and therefore they appear as a doubly 
degenerate mode. This is the case for v; and vg of CH,OI-I and CH,SH, 
shown in Table 6. 

TABLE 6. Funclamental vibrational frequencies (cm-') of methanol and 
met 11 y I t h i ol 

No. X = O o r S  Frequency CH3-O-Ha C H 2 - S - - H b  

1 X-H 
2 C--H 
3 CH 
4 c-x 
'} 6 C-H 

V 1  3682 2869 
V? 2844 2607 
v3 1477 1335 

1034 704 

2977 3010 
7 CH3 I$ 1430 
8 CH3 vli 1455 
9 CH3 rocking v; I056 

10 CH3 rocking V? 1171 
1 1  XH bending v; 1340 
12 X H twist i n g v; 27OC 

Ez1.V (cm-I) = 2Cvi 10,856.5 
E z p ~  (hartree) = 45563 x EZW (cm-') 0.0489 

1475 
1430 
957 

1060 
803 
200 ( ? ) d  

9730.0 
0.0438 

a Taken from G .  H. Herzberg, Arlo[ecular Spectra arid Moleciclar Stricctrrre, 

Taken from G .  I-I. Herzberg, 1l4olecirlor Spectra arid Moleciilar Sfriictirre, 
Vol. 111, p. 630. 

This frequency is associated with thc -OH torsion. The barrier to this internal 
rotation is 1.07 kcal mole (cf. section l.F). 

No  frequency is available for this vibrational mode. The value quoted here is 
estimated from the barrier height of internal rotation (0.70 kcal/niole) which is 
smaller than that of methanol (cf. footnote c). 

VOl. 11, p. 335. 

* These vibrations would be perfectly degenerate if the  molecule had a 
linear geometry about X in CH3-X--H (i.e. angle CXH = 180"). 
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The frequencies given in  Table 6 allow the calculation of zero point 

vibration energies (Ezpv) which are also included in Table 6 .  With the 
aid of Ezpv the total molecular energy can be calculated provided the 
dissociation energies are known. For CH,-SH these are: 

CH, --> CH,+H O!$ = 113.04 (reference 4) 

CH, --* CH+H OF) = 97.58 (reference 4) 

CH ---> C+H Op) = 80.05 (reference 6) 

f l l l  
bonds 

i-1 
Edisaoc = C Dp) = 44539 kcal/mole 

= 0.7096 hartree I 
Thus the total energy for CH,SH may be calculated from equation (5).  
The energy value and  its components are listed in Table 7. The corre- 
sponding values for CH,-OH are also included for comparison. 

TABLE 7. The calculation of the experimental molecular total encrgy" 
values (EJ  for CH,OH and CHBSH 

Components CH,OH CH,SH 

Total atomic energy (Eatoeln) - 114.976 - 439.058 
Dissociation energy (Ediwoc) - 0.766 -0.710 
Zero-point vibration energy (Expv) - 0.049 - 0.044 

Experimental total energy (Ec)  - 115.791 - 439.8 12 
- -. . 

~~~ 

In Hartrcc atomic units. 

Having computed the total energy values (E,,), it may be appropriate 
to  compare the stretching potentials of C-S and S-H in methanethiol 
and  the corresponding C-0  and  0-H stretching potentials in methanol. 
In  order for this it is necessary to convert the Morse potential from the 
Quantum Chemical Standard State as defined by equation (8) t o  a 
modified chemical standard state where the infinitely separated radicals 
.CH,i- .SH o r  CH,S- -I- .H represent the energy zero (E,,.). The conversion 
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to this standard state can be achieved by subtracting the energy of the 
separated radicals (Ern) from both sides of equation (8) : 

A E =  E-E,  = € , - ~ ~ + D , ( I - e x p [ - B ( 1 . - i ' , ) ] > 2  (1 4) 

Since 

D, = Em-E, (1 5) 

and €, < E,, then 

A E =  -D,+D,{I -exp[-/3(r-1.J])~ (1 6) 

and there is no need to calculate the total energy values of the various 
radicals in order to evaluate every Em for the different dissociation 
reactions. The parameters necessary to plot the Morse potentials for the 
C - S ,  S-H, C-0 and 0-H bonds are summarized in Table 8 and 
the shapes of the potential curves are shown in Figure 7. 

BOND LENGTH (BOHR) 

v 
\0-H 

1 I I I I I I 
0 1.0 2.0 3.0 4.0 5.0 6.0 

BOND LENGTH (;\ 

I-ItiuItt: 7 .  Potential curves for CS.  S H ,  CO and  OH. 



TABLE 8. Morse potential parameters for two modes of motion in CH,OH and CH,SH 

CH,SH Parameter (unit) CH,OH 
w c-0 0-11 c-s S-H - 
P 

Ee (hartree) - 1 15.792 -439,812 i. 
Do (Kcal/niole) 89 100 76 90 
v (cm-') 1034 3682 704 2869 E 

c) 

3 

De (Kcal/mole) 89.0042 100.01 50 76.0029 90.0117 i' 

k (milIidyne/A) 0.1 5328 1.94360 0.071 60 1.1 8907 
B (A-1> 0.35212 1.18285 0.26043 0.97523 
re (A) 1.428 0.956 1.818 1.329 

p (Aston mass unit) 0,243025 0.244884 

DJ 
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C. Electronic Excitations 

15 

Visible and ultraviolet spectra are usually classified as electronic spectra 
because they involve transitions from one electronic state (normally the 
ground state) to another electronic state (usually a low-lying electronic 
excited state). These electronic states are characterized by a particular 
electronic configuration which in turn can be viewed as an occupancy 
scheme of molecular orbitals. Consequently the interpretation of electronic 
spectra is normally given in terms of molecular orbitals. 

The molecular orbitals (MO) obtained by self-consistent field (SCF) 
calculations are symmetry adapted ar?d are frequently referred to as 
canonical molecular orbitals (CMO). Ultraviolet excitation and molecular 
ionization phenomena are best explained in terms of CMO, hence the 
symmetry-adapted nature of these SCF orbitals is of some importance. 
The CMO representation of the valence electron shells of H,O and H,S 
is shown in Figure 8. 

I 

FIGURE S. Canonical niolecular orbitals of H,S or H,O. 

Inspection of Figure 8 shows that one lone pair (Ip,) and one bonding 
pair (bp,) are fully symmetric since these mathematical functions do not 
change sign either by rotation about the z axis or by reflection through the 
xz or y z  plane. These symmetric orbitals are labelled a,. On the other hand, 
there are two other orbitals which may be classified as antisymmetric 
and these will be labelled b. The second lone pair (Ip,) is antisymmetric 
and is labelled b,. The second bonding pair (bp,) is antisymmetric with 
respect to reflection through the xz plane or rotation about the z axis; 
this orbital is classified 6,. It might be added that in the familiar organic 
classification, orbitals a, and b, may be called a-orbitals while orbital bl 
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could be labelled as a T-MO. The co~nposition of CMO in ternis of the 
set of A 0  is clearly indicated for the 4 valence electron pairs (occupied 
MO) and far the 2 lowest-lying unoccupied (or virtual) M O  in Figure 9. 

P 

h 

i z  

FIGURE 9. Four highest occupied and two lowest unoccupied molecular 
orbitals i n  H,O and H,S. 

The energy values associated with these MO (orbital energies) are illustrated 
in a semi-quantitative fashion in Figure 10. The following explanatory 
comments might be useful: 

(i) The number (1,2,3, . . ., etc.) that precedes the symmetry classification 
(al, b,, b,) is the sequence number of the orbitals in that particular 
representation. The notation is analogous to la,2a, 3a ..., etc. and the 
orbital labelled with a smaller serial number has a lower (larger negative) 
orbital energy value: E( 1 q) < 42aJ -= 4 3 4 )  < . . .. 



0.8- 

0.6 

0.4 

FIGURE 10. Molecular orbital energies of H,O and H,S. 

2bl 3bz 
50, - 

- H2O H2S - 
- 3b1 90, - 

4b2 ;:; - - 

(ii) There are more electrons in H,S than in  H,O therefore the corre- 
sponding orbitals in the valence electron shell have different sequence 
numbers. The equivalence is noted below: 

HZO HZS 

2a1 4a1 

lb ,  . . . . . .  26, 

. . . . . .  

3a1 . . . . . .  5a1 

. . . . . .  l b ,  2bl 

4a, . . . . . .  6a, 
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(iii) The sulphur core is more extensive than tlie oxygen core. These 

atcmic orbitals of sulphur will become molecular orbitals as shown by the 
following equivalence : 

. . . . . .  I s  1 a, 

2 s  2a, 

2pz  . . . . . .  3a, 

2px 16, 

2py 1 b2 

. . . . . .  

. . . . . .  

. . . . . .  

An inspection of Figure 8 will reveal why the three 211 orbitals (i.c. 
p,, p z  and pu)  have different symmetry properties ( q , h ,  and b,). More 
important is the fact that these three molecular orbitals (3ci,, 16, and lb,) 
are not pure atomic orbitals (2p,, 211.~ and 2pU) because their energy 
values are different (cf. right-hand side of Figure 10) while the original 
2p atomic orbitals have the same energy value. This is further evidence 
that core electrons do change in the course of molecule formation. 
Consequently the assumption that they do not, and therefore they may 
be neglected, is only a zero-order approximation. 

(iv) Most important is the fact that the orbitals that describe the 
valence electrons in H,S are higher on the orbital energy scale than 
the corresponding orbitals for H,O (cf. equation 17). This means that the 
valence electrons of H,S are ‘looser’ and consequently more readily 
available than those of H,O. This is reflected in some physical properties 
such as basicity, nucleophilicity etc. and is the basis for the rationale of 
the U.V. spectra of the thiol group in comparison to the OH group. 

(v) Finally, these MO, presented in Figure 10, were obtained for the 
ground electronic configurations in which each of tlie lowest orbitals is 
occupied by a pair of electrons. These electronic configurations for H,O 
and H,S may bc written as  follows: 

H,O : (l~~)2~(2~,)2(~bz)2(3al)z(l b,I2 

H,S: (la,)z(2a,)2(3a,)2(lb,)?(lb,)z~(4a,)2(2bz)2(5a,)2(2b,)? 

+---at o rn i c c o r e - - - - +  i <-va I en ce e I ec t ro n s 

Electronic excitation involves the promotion of an electron from one 
of the highest-filled MO to the low-lying but otherwise empty MO. This is 
illustrated by the heavy arrow in  Figure 10 and corresponds to tile 
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following change in the electronic configuration : 

19 

A E  I rr,o I H20: ...(1b2)2(3a,)2(1b1)2 t ...( 1b2)2(3a1)*(1b,)'(4~,)' 
A 6 llI,S) H,S: ...(2b2)2(5a,)2(2b,)2 t ... (2b2)'(5a,)'(2fI,)'(6d,)' 

where AE is the corresponding excitation energy observed in the form of 
an absorption spectrum. The excitation energies ( A E )  for H,O and H,S 
are illustrated in Figure 11 and the actual of H,S and CH,SH 
are shown in Figure 12. 

I ~ , O O O -  

- 

80,000 - 
- 

I 

U 
E - 
v 

60,000- 
c1z 
w 
2 - 
w 

z 
0 40,000 - 
I- 
- 
a 
t - 
u 
X 
w 

20,000 - 

- 

1 

(: .. . . . . . . - 

(-1 t$=J2 (la, 1320, f? 3a,f l i  b,?(iSP (40, f?2 b 
0-  

(5aJ2(2 b,)2 

FIGURE 1 1 .  Ground and excited electron configurations in H,O and H,S. 

Although Figure 12 includes the absorption spectrum of CH,SH, a 
discussion of the excitation pattern of this compound will only be given 
in section 1II.B. It is clear however that substitution of sulphur for 
oxygen in RXI-I causes a larger shift towards low energy absorption than 
substitution of H by CH, is capable of causing. This is also illustrated 

2 
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80.000 70.000 €0,000 50,000 cm-1 

FIGURE 12. Absorption spectra of H2S and CH,SH. 

in Table 9. The spectral shift in ROH, when R = H is changed to 
R = CH,, has also been noticed9 before. 

Finally, it should be pointed out that the most favoured geometry for 
an excited state of  a molecule is usually different from that of its ground 
state. For diatomic molecules this generally implies an increase in the 

TABLE 9. First electronic excitation energies" of H 2 0 ,  HsS 
and CH:,SI-I 

Molecule Excitation energy ( A E )  Wavelength 

e V  cni-' (A) 
H-0-H 6.87 53,500 1860 
H-S-H 4.59 37,000 2700 

C H, - S - 13 4.46 36,000 2750 

' I  Values were taken from reference 4. 
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bond length. The changes of the bond length upon excitation for HO and 
HS are 0.97-t 1.01 8, and 1-35-> 1-44 A respectively. For more compli- 
cated molecules not only one but all bond lengths may change and bond 
angles are normally altered as well. For example, in some excited states of 
H,S, the bond angle is 180". The theoretical conformational analysis of 
the low-lying excited states of CH,SH will be discussed in section 1II.B. 

D. ionization Potentials and Electron Affinities 

The ionization potential (IP) is the energy absorbed when an electron 
is removed from a molecule (M) while the electron affinity (EA) is the 
energy released when an electron is captured by a molecule (M): 

EA is frequently specified as a positive number even though in the thermo- 
dynamic sense the energy released is always negative. In order to avoid 
confusion the thermodynamic convention will be used here, i.e. the energy 
difference is positive if consumed (endothermic process) and negative if 
liberated (exothermic process). 

It should be noted that the process of ionization will increase the 
positive charge by 1 and electron capture will decrease the positive 
charge by 1. Consequently EA of a species (M) is the negative, in the 
arithmetical sense, of the IP  of the corresponding species having a charge 
smaller by + 1 (i.e. M-). This is illustrated by the following equation and 
the corresponding set of equivalences: 

IF'- 113- IP I P +  

El - I?,\ ICA + I.:.\' 
... M2- M -  ' M - M+ - M*+ ... (22) 

I EA- = 

I EA = -1P- 

EA+ = -1P 

EA2+ :-IP+ I 
IP and EA values may be calculated from the heats of formation 

(AH!)  of the ions involved. These are listed in Table 10 for monatomic 
species such as oxygen and sulphur together with the relevant IP and EA 
values*0. It may be noted that the IP of the sulphur species are always 
lower than the corresponding IP of the oxygen species becaiise tlir ualmce 



TABLE 10. Heats of formation ( A H ! )  (I ionization potentials (IP) and electron affinities (EA) of oxygen and sulphur atoms 
as well as their ions 

Oxygen A H !  AAHp (kcal/rnole) Sulphur A H !  AAHF (kcal/mole) 

kcal/niole IP EA kcal/mole IP EA 
3 

9 0 8 +  47,210.0 - - 20,119.0 S8+ 20,507.0 - - 7,584.0 
0 7 +  27,09 I *O 20,119.0 - 17,0464 s7+ 12,923.0 7,584.0 -6,481.9 

0 5 '  6,860.9 3,184.1 - 2,626.1 S5+ 4,409.5 2,031.6 - 1,6724 5 
0 4  i 4,234.8 2,626.1 - 1,784.8 Sd+ 2,736.7 1,672.8 - 1,092.14 
0 3 +  2,450.0 1,784.8 - 1,266.91 S3f 1,644.56 1,092.14 -809.74 
0 2 +  1,183.09 1,266.91 - 8 10.535 s2.e 834.82 809.74 - 541,234 
O+ 372.555 810.535 -313.969 Sf 293.586 541.234 - 240.336 
0 58.586 3 13.969 - 33.386 S 53-25 
0- 25.2 33-386 - S- 5.70 47.55 - 

0 6  + 10,045.0 17,046.0 - 3,184.1 SO+ 6,44 1 * 1 6,481.9 -2,03106 2 

240.336 - 47.55 

Values were taken from reference 10. 
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electrons in sitlphur experieirce a smaller efective nuclear charge than the 
valerice electrons of oxygen. 

The heats of formation for species containin3 the OH o r  SH groups 
are given in Table 11 and the corresponding 1P and EA values are 
summarized in Table 12. A number of conclusions may be drawn from 

TABLE 11. Heats of formation" (AN)) of selected oxygen- 
and sulphur-containing neutral and charged spccies 

Charge 0 OH H-OH CH,-OH 

+ I  372-555b 31 3-35" 233.8 1' 203.38' 

- 1  25.2c - 32.gC - 77.86' ? 
0 5 8 * 5 M b  9.29 -57.10" - 48.08* 

Charge S SH H-SH CH,-SH 

+ I  293.5Mb 276" 235d 21 2-32' 
0 53.25b 34.4c - 4.8 1" - 5*46e 

- 1  5.70g - 25.580 ? ? 

a In kcal/mole. 
Refcrence 10. 
Reference 1 1 .  
Reference 12. 
Reference 13. 
Calculated from the IP and A H :  of the corresponding neutral molecule. The IP 

9 Calculated from the EA and AH) of thc corresponding neutral molecule. The 
value was taken from refcrencc I .  

EA value was taken from refcrencc 1 .  

TABLE 12. Ionization potentials (1P) 
and electron affinities (EA) of 
selected oxygen- and sulphur- 

containing species 

Species 1P EA 
_____-- 

kcal/mole __ ______- 
0 3 13.97 - 33.39 
OH 304.06 -42.19 

- 20.76 H 2 0  
CH,OH 25 1 4 6  ? 

290.9 1 

S 240.34 - 47.55 
SH 24 1.60 - 59.98 
H,S 239.81 ? 
CH,SH 217.78 ? 

The values wcrc calculated as difference in hcats of formation. The corresponding 
hcats of formation values are summarized in Table 1 1 .  
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these results. First of all the IP of oxygen compounds are larger than those 
of the corresponding sulphur compounds. This means that the valence 
electrons of sulphur are more readily available and thus, in a sense, the 
sulphur compounds are more basic. On the other hand, the EA values for 
oxygen compounds are considerably higher than those of the corre- 
sponding sulphur species, therefore in the case of negatively charged 
species the oxygen analogues are more basic. Another point of interest 
is that the values reported for the oxygen-containing compounds have a 
greater spread than those observed for the sulphur analogues. This 
implies that the substituent adjacent to the heteroatom creates a smaller 
perturbation on the electronic structure of the S atom than on that of the 
0 atom. These points are clearly illustrated in Figure 13. 

I 

n 

Hoe! 

. S@ 

-S HO. r? 

H20% 

-HSe 

- H S  H,O- 
H20- 

.CH,EH ! 1 -CH,S 

-I & -1ooL- --f 

FIGURE 13. Ionization Potentials (1P) and Electron Affinities (EA) of 0 and 
S containing species. (The JP and EA values are expressed as relative heats 

of formation : U H F ) .  

The ions gencrated by electron capture or ionization are separate 
entities and consequently may have different molecular geometries and 
spectroscopic constants with respect to the neutral species. These values 
are summarized in Table 13 for ions derived from HO and HS. The 
corresponding Morse potentials for thc six species involved are presented 
in Figure 14. 
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TABLE 13. Heats of formation" and spectroscopic constantsb of HO, HS and 
their ions 

HO- HO HO+ 

we (cm-l) 3735 -C 560 3735.21 2955 
we X ,  (cm-*) 74.7 82.8 I 74 
I'e (A) 0.9702 0.9706 1 *0289 
A H !  (kcal/niole) - 32.9 +_ 1.0 + 9.290 5 0.3 + 3 13.3 t 2-5 
Do (kcal/mole) 107.6 101.27 114.5 
Ee (hartree) - 75.8434 - 75.7860 - 75.2999 

HS- HS HS-' 

we (an-') (2702) 2702 (2130) 
- 60 we X ,  (cm-l) - 

I'e (A) (1.33) 1.3397 (1.4) 

Ee (hartree) - 399.9229 - 339.8336 - 399.4475 

4H; (Kcal/mole) - 25.58 + 34.4 * 4 + 276- 
Do (Kcal/niole) 87.67' 8 1 *43 64.6 

Taken from Table 1 1 .  

Estimated from the following cycle: D;js- = DAIS+ (EAiiS - EAS) = 5.53 + 
(2-60-2.33) = 3.80 eV + 87.67 kcnl/mole. 

* Taken from references 2, 3, 6 and 14. 

It is clear from this figure that, similarly to U.V. excitation, vertical and 
non-vertical transitions for both ionization and electron capture should 
be distinguished. Tlie vertical ionization potential (IP,,) is always higher 
than the adiabatic ionization potential (IPJ while a vertical electron 
capture involves a smaller electron aflinity than that of tlic adiabatic 
process. This is because the anion has a slightly shorter bond length than 
the neutral species while the bond length of the cation is considerably 
1 on ger. 

Tlie localization of the electron rcmoved by ionization or  gained by 
electron capture is frequently a matter of some controversy. I t  is quite 
reasonable to  assume that the incoming electron, i n  the course of electron 
capture, will occupy the lowest empty orbital available because such an 
orbital occupancy corresponds to the electronic ground state of the anion 
thus ensuring maximum energy release. On the otlicr hand, the ionization 
process is much more complicated. I t  is true that the loosest electron, 
occupying the highest energy MO, is the easiest to remove, but it is also 
true that when the ionization process involves very high energics then the 
more tightly bound electrons, corresponding t o  the lower energy MO, may 
be reniovcd to yield the corresponding molecule-ion. It should be noted, 
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FIGURE 14. Morse potcntials for OH, SH and their ions. 

however, that while thc former molecule-ion represcnts the electronic 
ground state, the latter corresponds to an  electronic excited state of the 
same molecule-ion. 

It should probably be emphasized that both the neutral parent molecule 
(e.g H,S) and the radical ion (c.g. H,S+) have their own excited state 
manifolds (cf. Figure 11  for H,S) but only the first excited states of H,S 
are shown in Figure 15. Electronic cxcitations, assaciated with transitions 
within either one of these manifolds, occur within the visible, U.V. o r  far 
U.V. range. On the other hand, the ionization energy begins somewhcre in 
the far U.V. domain and extends into the frequency range of X-radiation. 
This branch of spectroscopy (involving transitions to ionized states) is 
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2b2- ’ 
(Singlet State 

H2S H2S0 
(Doublet State 1 
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FIGURE 15. Molecular orbitals involved in electronic excitation and ionization 
processes in H,S. 

called photoelectron spectroscopy or ESCA (electron spectroscopy for 
chemical analysis). When X-rays are used, the innermost electrons (K or 
L shell) may be removed in the course of the ionization process. In 
general even these high enerzy ionization potentials vary with the chemical 
environment. 

To use H,S as an example, the two non-equivalent lone pairs corre- 
sponding to the CMO %,(wlone pair) 5rr1(a-lone pair) should be con- 
sidered as the two orbitals from which it is easiest to remove electrons. 
The principles discussed in the previous paragraph are illustrated 
schematically in  Figure 15. The actual energy levels involving these two 
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ionized states compared with the electronic excitation pattern of the 
neutral parent inolecule (H2S) are summarized in Figure 16. 

The spectra associated with the first two transitionsI5: ?B,+'A, and 
2A, +,Al are combined in Figure 17. The ionization energies16 associated 

l 5  t 
i - 

z - 10 

HZS@ - 

I 
Phot oion iza t ion 
Sod 12.780 eV 

I 

FIGURE 16. Ground and excited state energy levels involved in electronic 
excitation and ionization processes in H,S. 

with the first three states ("B,, and ?B,) of H,O, H,S and H2Se are 
summarized i n  Table 14. However the emission spectruin17 for H2Sf 
associated with the 'A, --'L 2Bl transition will not be discussed here at 
length. Its energetics are clcarly indicated however i n  Figure 16. 

The photoelectron spectrum of CH,SH has not been studied in as much 
detail as the ionization spectrum of 13,s. This is understandable because 
CH,SH is much more complicated than H,S. In the case of H,S, the 
first two ionizations (cf. Figures 15, 16 and 17) are associated with the 
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removal of an electron from one o r  the other of the non-equivalent lone 
pairs, and only the third ionization (removal of an electron from the 
6,-type MO) was related to the two SH bonds, according to Figure 9 and 

$ 0  2 4 6 8 10 rn 
I I 1 I I I 1 I I I 

eV eV 
9.0 9.5 10.0 10.5 11.0 12.5 13.0 135 14.0 14.5 

FIGURE 17. The ?B1 + 'Al and ?Al d- 'Al gliotoelectron band system of H2S 
using thc helium 584 A line. In the ?A, -> 'Al transition the second (i.e. 
bending) vibrational quantum numbers associated with the ionized upper 

state ("A,) are designated 04. 

Table 14. In  the case of CH,SH several bonding electrons fall in the low 
energy ionization potential rangela, as illustrated by Figure 18. 

TABLE 14. Adiabatic ionization energies" of H2X 
as measurcd from photoelectron spectra (X = 0, 

S or Se) 

'B1 +- 'Al 12.61 10.43 9.93 
2A1 4- 'A, 13.70 12-81 12-17 
'Bz + 'Al 17.22 14.79 13.61 

(' In eV. 
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Unfortunately the photoelectron spectrum of CH,SH in the high energy 
range is not available; its ionization potentiaP, associated with the 
sulphur 2p electron, is 162.7 eV. 

H,C - 2, 
H 

IPE)  
944eV 

, il%& 
15:leV 

8 10 12 14 16 

IONIZATION POTENTIALkV) 

FIGURE 18. The photoelectron spectra of CH,SH. 

E. Proton Afinities, Hydrogen Affinities and Hydride Afinities 

The most obvious species to include i n  a systematic study of molecular 
affinities are Hf, H and H-. Consequently the proton affinity (AR+), 
hydrogen affinity (AIi)  and hydride affinity (AII-) may be defined in the 
following way, where M may be any (charged or uncharged) species : 

These affinities may then be calculated from the corresponding heats of 
formation (AH!)  : 

AI.I+ = AH:(MH'.)-(L\H:(M)+AH:(H-!.)) 

A,, = AH:(MH)-(AH:(M)+AH:(H)) 1 (25) 

Al l -  = AHy(MH-)-{L\H:(M) = AH:(W)) 

The hcats of formation (AN:) of some sclected oxygen and sulphur 
compounds are summarized in Table 15. The corresponding proton, 
hydrogen and hydride affinities are listed in Table 16. 

I t  is significant that hardly any  A,, and A,- values are available. 
When a closed shell system such as RSH is combined with H or H-, 
difficulties arise with respect to the accommodation of the 3 or 4 non- 
bonding clectrons in the RSH, and RSH- systcms. The situation is 
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TABLE 15. Heats of formation (&lfO)a*b of selected oxygen- and sulphur- 
containing neutral and charged speciesc 

Species X: 0 +- 0 OH H-OH CH,-OH 
~ ~~ ~ ~~ 

X 372-555 58.586 9.29 - 57.10 - 48.08 
XH+ ? 3 1 3.35 233.8 1 144.1 142.16 
XH 3 13-35 9.29 -57.10 ? ? 
XH- 9.29 - 32.9 - 77.86 ? ? 

Species X: S+ S SH H-SH CHS-SH 

X 293-586 53.25 34.4 -4.81 - 5.46 
XH+ ? 276. 235- 182.43 170- 
XH 276- 34.4 - 4.8 1 ? ? 
XH- 34.4 - 25.58 ? ? ? 

a kcal/mole. 
Values were taken from rcferences 1, 10, 11, 12 and 13. 
AHP(H+) = 365.236; AHfo(H) = 51.631; AH,O(H-) = 34.2. 

TABLE 16. Proton affinities (AI I . ! ) ,  hydrogen afinities 
(An)  and hydride affinities ( A H - )  a of selected sulphur- 

and oxygen-containing compounds 

Species A H +  An A n -  

Of - - 110.8 - 329.1 
0 - 110.5 - 110.9 - 125.7 
OH - 140.7 - 118.0 - 121.4 
H,O - 1 64.0b 
CH,OH - 175.0 

- - 
- - 

Species AH i- AII An- 

S+ - - 69.2 - 293.4 
S - 142.5 - 70.5 - 113.0 
SH - 164.6 - 90.8 
H*S 
CH,SH - 189.8 

- 
- - - 178.0” 
- - 

(I In kcal/molc. 
Taken from reference 20. 
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somewhat simpler i n  the protonated species RSH; where only one lone 
pair is present. While the latter is pyramidal, the geometry of the former 
two species cannot be predicted from experimental or theoretical con- 
siderations. Intuitively, however, one may predict for RSH; a T-shaped 
arrangement associated with a 5-electron pair (trigonal bipyramid) 
situation as the most favoured geonietry. This is illustrated i n  Figure 19. 

FIGURE 19. Probable conformations of RSH;., RSH, and RSH2. 

It is even more difficult to be decisive about the neutral RSH, species. 
Since it may be generated by ionization of RSH; or by electron capture 
of RSHT, its geometry may resemble either one of the charged analogues. 

Since proton affinities are quite readily available in comparison to the 
hydrogen and hydride affinities, i t  may be appropriate to consider 
successive protonations, for example : 

The relevant data are summarized in Table 17. 

TAULE 17. Proton affinity valucsfl 
(kcal/mole) of sonic oxygen- and 

sulphur-containing species 

R = H  R = CH, 

R-O- - 390 - 384 
R-S-- - 340 ? 

ROtI - 1G4 - 175 
RSH - 178 - 190 

____-__- 

a Note  that the following range is generally applicable for- neutral molecules 
(M)  a n d  mononegative ion  (M-): 

- 100 kcal/mole < A11 4 (M)  < - 250 kcal/mole 
- 300 kcal/mole < A11 t.( M-)  < - 450 kcal/mole 

On inspection, the proton affinities observed for oxygen and sulphur 
conipounds (ROH and RSH) as well as those of their anions (RO- and 
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RS-) reveal a definite trend. This is particularly meaningful if it is realized 
that the proton affinity of a neutral compound (e.g. RSH) is a measure of 
its gas phase basicirjl while the negative of the proton affinity of the corre- 
sponding anion (RS-) is a measure of the gas phase acidity of the neutral 
molecule (RSH): 

RS-+H+ 
uns nhnse a c i d i t y  R S H  - 

- A ~ ~ l . ~ I < s - l  ’ 
RSH: ous uhase b a s i c i f u  H + + R S H  - 

i \ t { + ( l t S H ~  ’ 
The energetics of equation (27) are illustrated in Figure 20 for the cases 
of H,O and H,S. From Figure 20 and the data in Table 17 it must be 
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FIGURE 20. Rclationship between proton affinity, Ant., gas phase acidity and 
basicity for H,S and H,O. 
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concluded that RSI-I compounds are  more acidic and more basic in the 
gas phase than the corresponding oxygen analogues". 

It should be pointed ou t  that protonation almost always (even in the 
case of CH,) lowers the energy of the system, that is, the calculated 
proton affinity is negative. (Consequently dcprotonation always raises 
the energy level of the system.) For this reason one cannot correlate gas 
phase acidity (or basicity) with solution acidity (or basicity) because 
solvation may markedly alter the situation with respect to the gas phase. 
However, gas phase acidity and basicity measurements are suitable for 
correlation with molecular structure since solvation does not mask the 
energy change in the course of proton capture or ejection. 

It may be appropriate at this stage to relate proton afinity to  other 
parameters such as dissociation energy (Do) and ionization potential (IP). 
This can most conveniently be done in terms of thermocliemical cycles 
such as the following for RSH: 

R S t e - + H +  I<.\ I Itdl RS-+H+ <- 

RSH 

II' (I1)  T 
R&H 

The parameters involved in equation (28) for H,O and H,S are summarized 
in Table 18 and those of the corresponding Morse potentials associated 
with free radical and ionic dissociation 

are summarized in Table 19. The actual Morse potentials are shown in 
Figure 21. 

* I t  should be noted that here we are comparing two im~elnted protonation- 
deprotonation processes: 

rather than the traditionally considered wlnted acid-base processes: 

+I1 + 
RX- < --11+ RXH ~ > RXH:. 

L I T +  , - -  
RX- ~ RXH 

-11 7 

Consequently the above statement, concerning the relative gas-phase acidity 
and basicity of RSH compounds with respect to ROM, is not contradictory. 



1. General and theoretica1:aspects 
TABLE 18. Calculation of proton affinities 
(An+)  from dissociation energies (Do),  
ionization potentials (IP) and electron 

affinities (EA) for HO- and HS- 

x = o  x = s  

35 

Do (HX-H) 115.6 90.7 
IP (HI 313.9 3 13.9 
EA (HX) - 42.2 - 60.0 

A n  -1. (HX-) - 387.3 - 344.6 

TABLE 19. Morse potential parameters for the free radical and ionic 
dissociation of H2S 

Parameter (unit) HS-H -+ HS+ H HS-H --> HS-+H+ 

p (Aston unit)" 

we (cni-])* 
E x p ~  (hartree)c 
Ec (hartree) 
Do (kcal/mole) 
D ,  (kcal.'$nole)" 

i'e (A) 

B (A-lY 

0-49609 
1.328 

0.00599 
2627.5 

- 400.4626 
90.7 
90-7 1 

1.2663 

0.49609 
1-328 

0.00599 
2627.5 

- 400.4626 
344.6 
344.61 

0.6497 

" 1 / p  = (2/r??n) 4- ( 1  / ? f Z s ) .  

k = (27rw,)'p. 
E ~ p ~ ( c m - ' )  = 4w,(cm-'). 
D, (kcal/mole) = Do (kcal/mole) + 0 . 0 0 2 8 6 E ~ p ~  (cm-l). 
p = J(k/ZD,). 

Finally, the proton affinity can be compared with the hydride affinity in 
another context. In  protonation, the sulphur of the thiol group acts as a 
nucleophile (Lewis base) : 

while in the case of hydride attack, sulphur acts as an electrophile (Lewis 
acid) : 
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From the data presented in Table 16, one may conclude that A,-  is 
always negative. However, these data are limited to simple systems (e.g. 
S-k and S) of open electron shells. The thiol group, on the other hand, has a 
closed electron shell and therefore the approach of another closed electron 
shell (H-) could easily be repulsive, giving rise of a positive AII-  value. 
While the latter process (cf. equation 31) may be an important model in 

FIGURE 21 . Morse potentials for the  free radical and ionic dissociation of H,S. 

relation to nucleophilic substitution on divalent sulphur, it is quite 
probable that preferential attack by the nucleophile (base) will take place 
at  the relatively acidic proton of the thiol group of mercaptans: 

RaH?:H- RS- 4- H, (32) 

F. Stereochemistry 
The primary aim of stereochemistry is the description of the three- 

dimensional structure of molecules. Although the molecular structure is 
determined only when all bond lengths and angles (or the x ,y , z  co- 
ordinates of all the atoms) are specified, more than one conformation can 
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often be written. For example niethanethiol can exist i n  two fornis: 

H 

37 

Staggered (S) CH,SH Eclipsed (E) CH,SH 

Only the staggered arrarigcnlcnt is stable but i t  is possible to change this 
structure to the transient eclipsed structure by rotating the SI-I group about 
the C-S bond. This mode of motion is associated with the vibrational 
frequency I / :  given i n  Table 6. 

S E S 

Note that no bond length or bond angle has been forinally altered in going 
from one conformation to another; only the angle (0) of internal rotation 
(or C-S torsion or S H  twist) has been changed. 

There is another way to change to staggered (S) conformation to the 
eclipsed (E) one but this involvcs a change in the CSH bond angle (+). 
This mode of motion is associated with the vibrational frequency vi 
(cf. Table 6) and the S-+E conversion proceeds through a linear (L) 
transition state : 

S L E 

The energetics of these two niodes of motion, described by equations (34) 
and (35), may be characterized by two separate potential energy curves 
E( 6) and E(+) respectively, illustrated in Figure 22. The experimentally 
determined barrier heightz1 for the rotational potential E(8) is in the 
rangezz 1.06-1.46 kcal/inole and the currently accepted value is 
1-27 kcal/mole. The barrier for the in-plane inversion described by 
equation (35) has not been measured. The one used in Figure 22 
(32 kcal/mole) is that of CH,OH but the corresponding value for CH,SH 
is probably higher, as may be judged from the v;( values (cf. Table 6) sa 
well as the barriers shown for H,O and H?S in Figure 4. But even in this 
approximate presentation (Figure 22) it is easy to see that the barrier to 
rotation is more than an order of magnitude smaller than that to the 
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c-s ROTATIONAL ANGLE (8) 
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L 
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FIGURE 22. Potential energy curves for (a) C-S torsion and (b) C-S-H 
in-plane-inversion in CH,SH. 

in-plane inversion. The equilibrium hond angles (#,) about the sulphur 
and oxygen atoms for some simple representative compounds are 
summarized in Table 4. Since rotation about a single bond (such as 
C-S) and the in-plane inversion about an atom (such as S) are two 
independent variables, the simultaneous variation of 8 and + yields a 
potential surface E(O,+). The two cross-sections of that surface, E(8) 
and E(+), correspond to the two potential curves shown in Figure 22. 

For molecules larger than CH,-SH there are several barriers to rotation. 
In fact every single bond between two atoms which are connected in a 
non-linear fashion to  other atoms has a positive energy barrier to rotation. 
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Therefore, neither CH,-S- nor the linear (L) structure CH,-S-H has 
a barrier to rotation, while CH,-SH ( S  or E) has one, and 
CH,-CH,-SH, two barriers to rotation (a double rotor): 

If the two independent rotational modes of motion are labelled as 6$ 
and 82 then an  energy surface E(B,, B2) is generated, having cross-sections 
E(8,) and E(82) which will exhibit the characteristic barrier height. A 
segment of such a surface is illustrated schematically in Figure 23. When 
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FIGURE 23. Potential energy surface for two rotational modes in CH,CH,SH. 
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the two potential curves E(0,) and E(0,) meet at their maxima there is a 
maximum point on the surface and when they meet a t  their minima there 
is a minimum point on the surface. However, when the two potential 
curves meet in such a way that one is a t  its maximum while the other is a t  
its minimum, a saddle point occurs. If the two potential curves are 
identical there is only one kind of minimum, maximum and saddle point. 
However, if the two potential curves have different barrier heights as is 
the situation for the present double rotor, then there are two kinds of 
minima, two different maxima and four distinct saddle points. This 
situation is clearly indicated for CH,CH,SH in Figure 23. 

It is seen from structure (36) that methyl rotation (0,) will produce a 
three-fold barrier similarly to that shown in Figure 22a, but  that -SH 
rotation (0,) will necessarily yield a two-fold barrier. This represents a 
potential curve where E(0" -> 180") is the same as E(360" + 180"); or, 
more precisely, E(180- a) = E(180+cl). The combination of a two-fold 

36 0" 

240" 

I 120" 

FIGURE 24. Spatial arrangcinent of the six segments of the conformational 
energy surface of a double rotor. (The minimum is designated by a dot and 
the low minimum is specified by a circled dot. The singly shaded area indicates 
the low maxinium while the doubly shaded area shows the region of the 

high maxi in u ni  .) 

and a three-fold barrier implies a surface in which the segment shown i n  
Figure 23 is repeated six times. The spatial arrangement of the six 
segments of the full surface is illustrated in Figure 24. 

The experimentally measured barrier heiglits22 for some simple ROH 
and RSH compounds are summarized i n  Table 20. 
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TABLE 20. Experiniental barriersa to rotation for siniple 
ROH and RSH compounds 
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Species Rotational Barricr to rotation 

x = o  x = s  
angleb 

-_I___ 
__ 

CH,-XH 6 1 -07 1.27 

CH:, -CH 2XH 62 0.77 3.3 1 
C H 3CH 2-XH 4 0.8 1 -64 

~~~~~~~~~~~ 

'' Values were taken from reference 22 and are given in kcal/niole. 
Variable used in Figures 22-24. 

G. Dipole Moment 
Dipole moment is a quantity that measures charge separation and is 

defined as the mathematical produ-ct of the net charge (6) and the distance 
between the charges (6+ and 8-j ,  

6- 6+ 
s . . .. H 
<- r - > 

(37) 

Since r is a vectorial quantity, whose direction is established by convention, 
p will be a vector as well. In the definition of the clieniical dipole moIneiit, 
I' points from the positive charge to the negative charge and the dipole 
moment vector points in the same direction. In the pliysical dipole mo~nent 
tlic vector points in the opposite direction. 

physivnl 
rll1)ole 

Theoretical chemists use the physical convention and express the computed 
dipole moment in atomic units. The magnitude of 1 atomic unit of dipole 
moment is equivalent to unit charges (+ 1 and - 1) separated by 1 bohr: 

1 bohr 
-1 . i - 1  

0.52;17 A 

I p I = I 6 l x l r  [ = 1 x i  bohr 

= ( 4 . 8 0 ~  1 0- lo  esu) x (0.52917~ 1 O-" cm) 

= 2 . 5 4 ~  e s u .  cm 

= 2.54 Debye 
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Whenever a polyatomic molecule is considered, the dipole moment 

describes the separation between the positive and negative centroids of 
charge as illustrated in Figure 2%. Using ordinary plane trigonometry 

FIGURE 25. (a) Positive and negative centres of charge in H,S. (b) ,.esolution 
of thc overall dipole nionicnt into bond moments. 

one can resolve the overall dipole moment into bond moments as 
illustrated in Figure 25b. The computation of these bond moments from 
first principles will be discussed in section IV. 

The overall or molecular dipole moments of HOH, CH,OH, HSH and 
CH,SH are shown in Figure 26. Unfortunately only the absolute value 
(1.26 Debye) of the dipole moment of CH,SH is known23 and its direction 
is not known. Nevertheless, its direction is not expected to deviate a great 
deal from the bisector of the CSH angle. 

Two conclusions can be drawn from these dipole moment values. 
First, substitution of CH, for H hardly affects the dipole moment. 
Secondly, there appears to be no fundnmer,tal difference between H,O and 
N,S o r  CH,OH and CH,SH. 
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FIGURE 26. Dipolc moments or H,O, H,S, CH,OH and CH,SH. 

H. Concluding Remarks 

I n  the preceding sections i t  has been shown that the differences in the 
physical properties of corresponding liydroxyl and thiol compounds are 
surprisingly consistent. Thus the vibrational and electronic excitations, 
as well as the ionization potentials, are lower for sulphur compounds; 
SH-containing compounds arc more acidic and more basic in the gas 
phase than the corresponding oxygen analogues; the barriers to rotation 
about the C-S bond and the in-plane inversion aboilt the S atom arc 
higher i n  comparison to those of the corresponding oxygen compounds; 
on the other hand, thc dipole moment values indicate that the charge 
separation in  RSH compounds is smaller than that of ROH compounds. 

It is reasonable therefore to conclude that t l ierc~ is 110 fiui~lutnental 
di'ereticc bctweeti ~ilnlOg0it.Y oxygen atid .wlp/ i i~r  compoutid.Y, sucli as 
alcohols aiid tliiol.7. v s o ,  tlicn tlie obsctved djfeimces are only in niagtiitrrcle 
aiicl do not arise fiotn n qualitatiw chu~ige. 

The fact that divaleiit sulphur undergoes many reactions which are 
unknown for the oxygcn analogue is not inconsistent with this conclusion. 
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For  example, divalent sulphur may be converted to  a higher oxidation 
state and this is impossible for divalent oxygen: 

0 5, \o." 
/ \  O - / \  

At first sight, this appears to be a 'fundamental' diflerence. However, 
it is not unrcasonable to assume that this apparent discrepancy arises 

O\ O solely from thermodynamic causes, i.e. that the hypothetical 0'' 
/ \  

0, p moiety is relatively unstable with respect t o  the S' group and 

therefore cannot be synthesized o r  even detected as an intermediate 
species in some reactions. 

The notion of d orbital participation has frequently been involved in 
order t o  explain observed differences between oxygen and sulphur com- 
pounds. I t  will be shown (section 1I.F) that the mathematical importance 
of this, as  well as that of higher polarization functions, in the computation 
of molecular energies cannot be identified with some 'chemical importance'. 

/ \  

I I .  THEORY 
In this part some fundamental concepts of Quantum Chemistry will be 
reviewed (sections A m d  B) and the Hartree-Fock ( H F )  or non-empirical 
SCF-MO theory (section C )  discussed in detail. Special emphasis will be 
given to thc types and sizes of basis sets used in modern ab iriitiu conipu- 
tations. I t  will be shown in the subsequent section (D) how this theory 
may bc used to calculate physical properties, outlined in Part I ,  associated 
with the ground, ionized o r  excited states of thiols and rclatcd compounds. 
Localized molecular orbitals (LMO) and the matheinatical equivalence 
of LMO and CMO (canonical molecular orbitals) obtained from the 
SCF calculations in a complctely delocalized form will be prcscntcd in 
section E. 

Finally, the role of polarizing functions (e.g. 3d A 0  on sulphur) is 
discussed (section F). It will be shown that 11ie.w polarizing jiinctiorts 
( c i , f ,  g, . . .) I1al;c rnathet~aricnl sigi~$caricc becaiiJc t1w.v ai't ntcnibcr.s of u 
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complete set. However, idler? calculations are performed with and without 
d-orbitals through an arbitrary truncation one cannot attribute the rlifference 
observed betlveeri two inconiplete basis sets to the cliemical sigtiifjcance of 
d-orbitals. 

A. The Schrodinger Equation and the Variation Theorem 

Just as a chemical structure uniquely defines the chemical system i n  
question (c.g. CH,SH) for an experimentalist, so does the Hamiltonian 
operator for a theoretician. 

The total Hamiltonian operator (A)  includes the molecular geometries 
as well the energetic interactions of the particles (electrons and nuclei) 
that constitute the molecule. It can be partitioned into electronic (fie) 
and nuclear (fin) contributions which in turn consist of kinetic and 
potential energy terms: 

Since Molecular Quantum Mechanics is almost always used within the 
framework of the Born-Oppenheimer approximation, the nuclei are 
assumed to be fixed. However, if there is no nuclear motion the nuclear 
kinetic energy will be zero and the nuclear potential energy operator 
becomes a scalar quantity because all the internuclear distances ( R I J )  
are constant: 

I? ;;ot is a constant for one particular molecular geometry; Iiowevcr, 
a conformational change will yield another value for 

Z ,  and Z ,  are the atomic numbers for nuclei 1 and J.  Since the nuclear 
Hamiltonian (fin) is already defined to be a constant, as a consequence of 
the Born-Oppenheimer approximation, therefore our primary concern is 

€ 1 1  = /?I) = constant (44) 

the calcularion of the electronic energy (E")  because thc total cncrgy 
( E t )  of the system is given by the sun1 of the nuclear repulsion (El1) and 
the electron attraction (F'): 

(45) 

However, the calculation of the electronic energy ( E e )  is much more 
complicated than that of the nuclear rcpulsion energy ( E n )  specified by 
equations (43) and (44). To calculate the clectronic energy (P)  one needs 

E L  = €11 + 
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to  solve the Schrodinger equation characteristic of the chemical system 
(such as CH,SH) in question: 

f ic \yc  = E C ' p  (46) 

The electronic Schrodinger equation (equation 46) describes the 
distribution of all the electrons (26 in the case of CH,SH) i n  the field of 
all the nuclei (e.g. SIG-l-, CG+ and 4 H+) that constitute the chemical system. 
Consequently the Hamiltonian operator (Ac)  includes all electrons and 
their interactions with all the nuclei : 

(474 He = H" ,;in +HE,, 

In  equation (47b) the first term (C-;V;2) corresponds to the kinetic 
energy and the last two are the overall potential energy components. 
The first of these, ( ~ Z I / t - I J  is the nuclear-electron attraction and the 
last term, (C l/r,[,,), corresponds to the electron-electron repulsion. The 
combination of the first two terms into C/ i ,  is practical because this is 
frequently referred to as a one-electron opcrator yielding the so-called 
one-electron energy (El) and the last term (C g/,J is a two-electron 
operator associated with the two-electron energy (I?*). Consequently the 
electronic energy ( E C )  may be written as follows : 

(48) 

Since the nuclear repulsion term ( E x ) )  is associated with a 'no-electron 
operator' (equations 43 and 44) it  may be labelled by Eo. Correspondingly, 
the total energy of the system (equation 45) may be written as follows: 

EC = El + E2 

Since the electronic Hamiltonian H e  is a many-electron operator which 
describes the interactions of all the electrons, the same applies to the total 
electronic energy E C :  

) )  1-2c = 1?e(1,2, ... 

i EC = EP(1,2, ...) 

'Yc = 'P( 1,2, . . .) 
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The electronic wavefunction Ye, which is obtained as the solution of 
the Schrodinger equation, (46), is a many-electron wavefunction which 
depends on thc coordinates of all the electrons (1,2, ...) as explicitly 
stated in equation (50). 

Only the Hamiltonian, which uniquely defines the chemical system, is 
known in the Schrodinger equation which must be  solved for both the 
wavefunction ‘Ye and the corresponding energy E”. This is accomplished 
via the variational theorem which states that any arbitrary trial wave- 
function yields an arbitrary energy value which is higher than the true 
energy, i.e. is always an upper limit to the true energy. This implies that 
an improvement in the wavefunction will always lower the energy and 
as the trial wavefunction approaches the true wavefunction, the exact 
energy is approached : 

(51 1 

It is therefore possible to set up a variational procedure in which the 
wavefunction is systematically varied in such a way that the total energy 
is minimized. 

The actual calculation within the framework of the variatioiial tlieorenz 
is carried out on the integrated form of the Schrodinger equation: 

Ye I - y e  
T r b i t r i l r y  = u 

E;rbitrnry=E; - Ee 

(524 

This is simplified if the wavefunction is normalized so that the denominator 
of (52a) is unity: 

This minimization of E e  means the differentiation of both sides of 
equation (52) with respect t o  some internal variable in ‘Fg. This procedure, 
however, requires an explicit knowledge of the construction of function 
‘Y;. 

B. The Principles of Constructing Many-electron Wavefunctions 

Thc Schrodinger equation has, a t  least in principle, infinite solutions. 
The lowest of these corresponds to the electronic ground state while the 
rest represent the manifold of electronic excited states. For this reason a 
subscript u will be introduced to specify the electronic state in question 
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and the superscript e will be omitted since only the electronic energies and 
wavefunctions will be considered : 

A(1,2, ...) \r,(1,2, ...) = ~ , ( 1 , 2 ,  ...) TU(1,2, ...) (53) 

The most convenient way to construct Y’, is to write ‘Y, as a linear 
combination of electronic configurations 

y , ( i , 2 ,  ...I = ~ ~ , , q ( 1 , 2 ,  ...) (54) 

where one of the electronic configurations corresponds to the ground 
electronic configuration and all the others are excited electronic con- 
figurations. 

An abbreviated. notation for the ground electronic configurations of 
H 2 0  and H2S was given in equation (19) and the generation of the first 
excited configurations for H 2 0  and H,S was described in equation (20). 
These e!ectronic configurations were constructed from molecular orbitals 
and differ from each other by their occupancy. This is clearly illustrated 
for the first two configurations of H,S and H2Sf in Figure 15. When these 
electronic configurations are superimposed according to equation (54) 
for a given state u, there is a set of mixing coefficients uuv which is different 
from that of any other state. For example, consider the ground and first 
excited states: 

V 

0(1,2, ... ) = ao@o(l,2, ...)+ a,# ,(1,2, ...)+... ‘y  (55) 

T1( 1,2, . . .) = Ul0 m0( 1,2, . . .) + a,, a,( 1,2, . . .) + . . . (56) 

The leading coefficient for the ground state, (55) is a,, (all the others are 
much smaller) while the largest coefficient for the first excited state, (56) 
is all. The corresponding configurations 0, and (Dl are those illustrated 
in equations (19) and (20) respectively. This method of expansion is 
frequently referred to as Configuration Interaction (CI)*. 

This expansion of an unknown wavefunction such as ‘1” i n  terms of a 
set of known functions such as 0 is the most powerful method of con- 
structing wavefunctions because the coefficients of the linear combinations 
(auv) can be varied within the framework of the variation theorem. 
Furthermore, when the expansion is complete (i.e. the summation is over 
the infinite possible terms in equation 54), the solution ‘I”,, is the exact 
wavefunction which yields the exact energy E,,. 

* If the configurations are constructed from atomic orbitals (AO) rather 
than  molecular orbitals (MO) the expansion method is called the valence 
bond (VB) theory. 
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It would be tempting to  assume that when the summation in equation 

(54) involves infinite terms then the calculated energy, ( E J ,  will be 
numerically equal t o  the experimentally measured total energy as expressed 
with respect to the Quantum Chemical Standard State. The fact that it is 
not so is simply a consequence of the Hamiltonian operator which does 
not include relativistic effects. For this reason the solution of equation 
(54), using a complete (i.e. infinite term) CI wavefunction yields a limiting 
value of the calculated property. This limit is usually referred to as the 
Non-Relatioistic Litnit (NRL). The difference in energy between the 
experimental energy (E,,,,) and the energy computed at the non-relativistic 
limit (E,, , , , )  is called the relativistic correction (Epel): 

E c s p  = ENI~L+E~,I (57) 

The relativistic energy (Ere,) is zero for hydrogen and relatively small 
for the light elements: E,,,(C) = -0.0138 hartree and E,,,(O) = -0.0494 
hartree. However, its magnitude increases with the atomic number and 
for sulphur for example it is - 1.0530 hartree. 

More important than the actual magnitude of Erel is the fact that, to a 
high degree of approximation, the relativistic correction remains constant 
during a chemical reaction. Consequently, the molecular relativistic 
energy (E$f]) may be calculated simply as the sum of the atomic relativistic 
energies (E:,!;*ll(i)) : 

all 

For H,O, H,S, CH,OH and CH,SH the calculation is particularly simple 
because ErP1 of hydrogen is zero: 

Ef.r$’ = - 0.0494 
EHZS = - 1.0530 

= - 0.0494 hartree 
= - I .0530 hartree 

EF2/:so11 = - 0.0494 - 0.01 38 = - 0.0632 hnrtree 

EFz:13:TT = - 1.0530-0.0138 = - 1.0668 liartree 

rcl 

J 
, (59) 

Since most systems under investigation involve electronic ground state 
molecules, attention is naturally focused on the electronic ground state 
wavefunction : 

As shown in equation ( 5 3 ,  from this large (in theory infinite) number of 
electronic configuration functions (I),, there is one configuration (Do which 
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occurs with the heaviest weight and this is often used as a reasonably 
good approximation to 'Po: 

YO(l, 2,3, ...)=a),( 1,2,3, ...) (61 1 

If the expansion is thus truncated then the calculated properties will 
approach another limit which is normally referred to  as the Hmtree- 
Fock Limit (HFL). The energy value computed at  the Hartree-Fock 
limit (E11171,) is higher than that obtained for tlie non-relativistic limit 
(%I<L),* 

E m ,  < EIIPL (62) 

and the difference between these two quantities is called the correlation 
energy (ECJ which is attributed to electron-electron correlation : 

This means that a single configuration (Hartree-Fock) wavefunction 
for the ground state, @;Iv, recovers no correlation energy when the wave- 
function is used to calculate the total energy according to equation (52b): 

On the other hand, if the complete (i.e. infinite) C1 expansion of the 
ground state wavefunction ('Y'$"L) could be generated according to 
equation (54) then the energy at the NRL (EXILIA), which is the sum of 
E,,, and Ecclr, (63), could be calculated: 

Consequently a limited CI expansion yields an energy lower than ElI>-r, 
but not as low as EI;ltT,. Since CI expansions are still very much under 
investigation it would be unwise at this time to use this method to study 
chemical systems as large as CI3,SH. Consequently attention will be 
focused on tlie Hartrce-Fock limit. 

The correlation energy that separates EII,:r, from EXnlJ, (63), is 
associated with the electron pairing that exists i n  a chemical system. 
Consequently the magnitude of E,,, increases with the number of 
electron pairs involved. Since hydrogen has only a single electron its 
correlation energy is zero. The E,,,,, values for C and 0 atoms are - 0.158 1 
and -0.2575 hartree respectively, while Ec,, for sulphur is correspondingly 
greater (-0.6400). If one calculatcs EII according to equation (64) 

* In other words EKI~L is a larger ncgativc number than E ~ I , ; J . .  Since both 
of these numbers are negative we might say that I E S I ~ T ,  I > 1 EII,?L I .  
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then by combining equations (57) and (63) the total energy may be obtained 
as the sum of the three components: 

4 x 1 ,  = 4 1  1?L + Ee"r + Ercl (66) 

Values of Eesl, (in Hartrec atomic units) for H, C, 0 and S atoms are: 1 (67) 

It should be noted (cf. equation 5 and Table 10) that the sun1 of all the 
ionization potentials of an atom is also equal to the experimental energy: 

Ecsr, (H) = -0.5000 

EesD (C) = - 37.6886 - 0.1 58 I - 0.0 1 38 
EcsD (0) = -74.8093-0.2575-0.0494 
EcsB (S) = - 397-5047 - 0.6400- 1.0530 = - 399.1 977 

= -0.5000 

= - 37.8605 
= -75.1 162 

all  

When molecular relativistic energy was discussed, it was pointed out 
that its estimation is re!atively simple because it is the sum of atomic 
energies (cf. equation 58). Unfortunately the same is not true for the 
molecular correlation energy, 

because a molecule always contains more electron pairs than the corre- 
sponding atoms. (Note that the above inequality implies that the left- 
hand side: €;;;;] is a larger negative number than the right-hand side.) 

Consider the formation of H,S from S + 2  H. The electronic con- 
figurations of the sulphur and hydrogen atoms are: 

Sulphur 

Hydrogen (1 s)' 

(Is)? ( 2 ~ ) ~  (2~)~ (3s)' ( 3 ~ ) ~  
(70) 

According to Hund's rule, the electronic ground ( 3 ~ ) ~  configuration of 
sulphur implies that three electrons occupy the trio of 3p orbitals 
( 3 p 3  (3pJ (3p,)l and the fourth electron will pair up  with one of them, 
creating an electron pair and leaving two unpaired electrons. Similarly 
there are two odd electrons in the two hydrogen atoms before H,S is 
formed : 

H. 

H. 
-l- :$ - 

3 
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Thus when the molecule is formed two mw electron pairs are created, 
which are therefore responsible for the inequality (69). If an average value 
for the correlation energy correction (A€$!l[l) associated with each bond 
formed can be assigned, then the inequality (69) can be converted to an 
approximate equality (72) provided the number 01) of new electron pairs 
(i.e. new bonds) formed is known: 

u&l 
EZ;;;l = z E;.,),. Ato~n ( i )  +,? 4 E b O l l d  C(IP 

A€::;,?l = - 0.065 hartree 

E;!;? = -0.6400 - 2 x 0.065 = -0.770 hartree 

(72) 
i 

Substituting an average value for the bond correlation energy 

(73) 

into equation (72) for the case of H,S, 

(74) 

Now that the relativistic correction, (59), the correlation energy, (74), 
and the experimental total energy (cf. equation 5 and Table 3) are known, 
the HFL for H,S can be calculated: 

(75) 

E::tFL = -400*4626-(-0.770- 1.053) = -398.640 (76) 

The calculations of EITI?,, for HO, HS, H20 and H,S are summarized 
in Table 21 and the components of the total energies of CH,OH and 
CH,SH are given in Table 22. 

EHFL rnol - - Eino1- rsp (Em01 COP + ~ i n o l  rc.1 ) 

TABLE 21. Estimation of the Hartree-Fock limit for HO, H 2 0 ,  HS and H,S 

Coniponent HO M20 HS H2S 

Hartree-Fock energy (EIII~I,) - 75.414 - 76.039 - 398.076 - 398.640 
Correlation energy (E,,,)" - 0.323 - 0.38s - 0.705 - 0.770 
Relativistic energy (Ere)) - 0.949 - 0.049 - 1.053 - 1.053 

Experimental energy (Ecsr,)" - 75.786 - 76.486 - 399.834 - 400.463 

Taken from Table 3. 
Taken from Table 7. 

The wavefunction a>, specified in equation (61), which is capable of 
reproducing the HFL, should now be considered. This many-electron 
function is constructed from one-electron space functions (b, which are 
atomic orbitals (AO) in the case of an atom and molecular orbitals (MO) 
in the case of a molecule. Due to the fact t h a t  electrons are indistinguish- 
able, the proper form of (Do must be a determinant, as shown by Slater. 
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TABLE 22. The breakdown of the experiinental energy of 

CH,OH and CH,SH into theoretical components 

Component CH,OH CH,SH 

Hartree-Fock energy (El ,  I..,,) - 115-127 - 437.762 
Correlation energy (E,.,,r)c' - 0.602 - 0.984 
Relativistic energy (,&I) - 0'063 - 1.067 

Experimental energy (EeX,,)" - 115.791 - 439.81 3 

€;$ = 2 E~$L-0.186. The value of I I  AELz$ was cnlculatcd for CH,OH 

Takcn from Table 7. 
and also used for CH,SH. 

For a closed electronic shell of  2M electrons the total electronic wave- 
function can be written in the form referred to as :I Slater determinant: 

<I)"( 1 

X 

According to the Pauli exclusion principle there are two orbitals for 
every electron, one with a spin and one with /3 spin. It is customary to 
abbreviate th is  determinant by quoting only the diagonal elements: 

(I),)( 1 , 2, ...) 2 M )  

= Det]4,(I)a(1) (6,(2)/3(2) ... 4-,,(2/\4-- l)(t(2/M- 1 )  4A,,(2M)13(21L1) 
(78) 

The normalizing factor should formally be included in equation (78) 
but is not usually written explicitly. This may further be simplified by 
dropping the electron labels (1,2, ..., 2 M )  and the spin functions a and /3. 
Writing for the spatial orbital corresponding to N spin and for the 
same orbital corresponding to /3 spin, 

(I), = Det I 41 $1 ... &.ir 6.1, 1 (79) 

This expression can be further abbreviated by emphasizing the double 
occupancy of the orbitals in  such ;i way that is replaced by (+,,)? 

(I'o = (41>'(4J' . .. (+.\r-~)'(+-v~' (80) 
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This general expression is equivalent to the formal specification of the 
electronic configurations for H 2 0  and H2S given in equation (19). 

In the CI method the unknown many-electron wavefunction ‘I”, were 
obtained as linear combinations of known many-electron functions CD,, 
and the unknown one-electron functions $?,, or molecular orbitals (,VO), 
can be obtained by an analogous approach. These unknown delocalized 
MO ($,) are normally obtained as linear combinations (LC) of sets of 
known localized functions (qi). Historically, these known one-electron 
functions (yi) were atomic orbitals (A!.)), hence the abbreviation LCAO- 
MO has been coined: 

+ p  = C Cpi Ti (81 1 

A set of y is usually referred to as the basis set of the MO calculation 
and N (the total number of 7 used) is called the size of the basis set. 
However, these need not be genuine AO, in fact any arbitrary set of 
functions which satisfy certain mathematical requirements may be used. 
For this reason it is more appropriate to refer to a set of q basis functions 
rather than to atomic orbitals. Although nowadays MO are generated by 
linear combinations of some arbitrary sets of basis functions, the LCAO 
abbreviation remains for historical reasons. It can be shown that as N 
(i.e. the number of basis function: BF used) grows towards infinity the 
MO ($,,) obtained will become the so-called Hartree-Fuck Molecular 
Orbitals (HFMO) and properties c$culated with the aid of the ground 
configuration wavefunction (Do(l, 2,3, ..., 2 M )  which is constructed from 
these HFMO do indeed approach the Hartrce-Fock Limit. The procedure 
of finding the coefficients (CJ which transform a set of 77 to a set of 4 
is an iterative technique called the Self-Cunsistent Fidd (SCF) method 
which will be discussed in the next section. 

s 

i =1 

C. The Mon-empirical SCF-MO Theory (the Hartree-Fock problem) 

as follows: 

2M electron system has the form of a 2M x 2M determinant: 

The main conclusions of sections lZ.A and 1I.B may be summarized 

(i) The wavefunction which describes the electronic ground state of a 

X 
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(ii) The Hamiltonian for the 2M electron system may be written as 
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(iii) The energy, after substitution of (Do and H into equation (63b), is 

EC = <@,IAl@,) (82) 

Integrating out the spin variables, this energy expression becomes 
J 1 I  

Ec = 2 ~ < $ ~ , ( l ) l h l ~ l ) ( 1 ) >  
1) 

- <$I,( 1) $],(2) I812 I $q( 1) $,(2))1 (83) 

where the two-electron integrals (the last two terms in the above equation) 
are the Coulomb and exchange integrals. Note that in the Coulomb 
integrals, electron 1 is associated with orbital and electron 2 is 
associated with orbital 4,. This distinction between Coulomb and exchange 
terms becomes clearer in the electron density formalism where orbitals 
associated with electron 1 are collected in front of the operator 
those associated with particle 2 are written behind the operator: 

E C  = 2 5 < + p ( 1 )  1 hl1 +j>(l)> 
1, 

while 

x ;ir 
+ c [2{$J,( ) ' ) I $,(2) $q(2)) - { $ I > (  '1 +,( '1 I $p(2 )  $,(2))1 

l j  4 

(84) 
Note that in order to distinguish the electron density formalism (84) from 
the traditional notation (83) the brackets were changed from ( 1  I > to 
{ I 

Expression (84) can be conveniently presented in abbreviated form, 
and the electron-electron repulsion operator k,,,, was omitted. 

JI lir lir 
Ec = 2 C I$, + >3 )= ( 2 J g q  - K$J (85) 

where Jl,, and K,, symbolize the Coulomb and exchange integrals 
respectively. The superscript $ indicates that these matrix representatives 
are in the MO basis. 

At this stage, it should be pointed out that the diagonal elements of the 
Coulomb and exchange integrals are identical: 

J p j )  = KjJp (86) 

1) 21 (1 
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The J and K integrals are conveniently expressed as pseudo one-electron 
integrals by defining pseudo one-elcctron hermitian operators j p  and 
&,, such that 

J C q  = <$,,IJql+,,) = ( $ q I J l , l $ ; >  (87) 

q,[ = <+,, lJwlJ = ( + r i . l ~ , l l + f l )  (88) 

This is also applicable for Gllfl which is defined as 

The energy expression (85 )  may therefore be written as 

and the orthonormality condition for the MO basis is 

s,,c, = ( $ 1 ,  I $ q )  = s,,, (91 ) 

According to the Variation Theorem the energy may be optimized by 
variation of 

To obtain an analytical expression for SE, each Cbl)  is varied by an 
infinitesimal amount Srjll and subsequently this equation derived for 6E 
is set equal to zero. This procedure is applicable for S/,*; since S,, = 61,q, 
its derivative is automatically zero: 

I SE=O 

s s = o  
When the expression obtained for SE, from equation (go), and the 
expression obtained for SSj,'I, from equation (91) are appropriately 
combined, thc following relationship is obtained: 

(93) 

where is the orbital energy associated with the 17th MO. The operator 
h+x G ,  is frequently called the Fock operator, F, therefore the above 
equation may be simplified to the following form : 

(94) 

I + c G I  I4jJ = (41, I$j)) El, 
rl 

($11 I f I +/J = ( + p  I $11)  E j ,  

($1 ,  I F 141,) = E,, 

However, the MO are orthonomal I +,,) = I )  therefore 

(95) 

The expansion of $ in terms of the known set of A 0  (81) which inay be 
written in matrix notation as 

+=rlc (96) 
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+i = c tq t  (97) 

and 

is then substituted into equation (95) and the Hurtree-Fock matrix 
equation over the A 0  basis is obtained: 

Ct F’r C = Ct S’J CE (98) 
where 

and 
F?/ = h’/+2J’/-K’/ (99) 

(1 00) 

The molecular integrals quoted in equation (99) have the usual one- 
electron or  pseudo one-electron form : 

S:j = <Ti I71j) 

i l y j ( 1 )  = <Ti(l)lhlqj(l)) (1 01 ) 

where pIil is the k,fth element of the density matrix: 

Thus 

The solution of the Hartree-Fock equation, (98), for the coefficient 
matrix C and for the molecular orbital energy matrix E involves the 
following computational procedure. 

(i) Two matrices, the overlap matrix ( S )  and the Fock matrix (F) are 
required. The elements of the S matrix may be computed directly but the 
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elements of the F matrix, Fij ,  are assembled according to equation (105). 
I t  is clear however that Fij depend on the density matrix p which, in turn, 
is computed from the coefficient matrix C according to equation (104). 
Thus the final F matrix cannot be asscmbled until  the Hartree-Fock 
problem is solved: yet this cannot be solved until the F matrix is set up. 

(ii) This leads to  an iterative process where C is initially assumed and 
F is calculated in terms of this arbitrary C. When the approximate Fock 
matrix is assembled, the Hartree-Fock equation is solved, yielding a new 
coefficient matrix. This coefficient matrix can now be used to compute a 
new F matrix and the Hartree-Fock problem may be solved for the 
second time. 

This iterative process is called the Self-Cunsi.stcvit Field (SCF) method. 
In  the course of the SCF procedure the total energy (E')  is lowered in 
each iterative cycle and the convergence to any desired accuracy is 
measured by the difrerence between the energy values associated with 
two successive iterations (4EFL = €;L- l -Eyj ) .  The overa!l SCF process is 
illustrated in Figure 27. 

n : Number of I terat ion 

a 

Q, c 
P 
w 
-0 a3 
3 
Q 

0 

c 

E 
V 

w 
.. 
c 

FIGURE 27. Minimization of the total energy E by the SCF method of suca 
iterations. 

ive 

The most fundamental decision involved in these calculations is the 
choice of the types of basis functions 7. Two types of functions are widely 
used, depending on the size of the system. One is the exponential type 
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functions (ETF), frequently called Slater type orbitals (STO), the other is 
the Gaussian type functions (GTF) sometimes referred to  as Gaussian 
type orbitals (GTO). The most important difference between these two 
types of 7 is that in the former one the function decays exponentially to 
the first power of I’ while in the latter the decay takes place to  r3. 

ETF (STO) qE = N~r(n-1)e-5rS,,,,,(e,~) (1 07) 

GTF (GTO) rlC = N, r*(n-1)  e-cr2 q m ( 4  4) 
Figure 28 shows Is type examples for both of these. The three different 
s-GTF shown (heavy lines) have numerically different orbital exponents 

r (BOHR A.u.) 

FIGURE 28. Exponential type functions (ETF) and Gaussian type functions 
(GTF) for Is orbitals. 

( 5 ) .  On the whole, E T F  are more accurate and are widely used for small 
systems. Fo r  larger molecules, computational dificulties arise and GTF 
are more practical. 
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However, for complex systems such as H,S of CH,SH the size of the 
GTF basis set bccomes unmanageable since three times as many GTF 
than E T F  are necessary to approach the Hartree-Fock Limit (HFL), 
For this reason, these primitive GTF are contracted to approximate 
ETF and this coiitractecl A 0  basis sef,  which is very much reduced in 
size, is used for the SCF calculation. 

The traditional basis sets are the n7iiiimaI (or single zeta) basis and the 
doiible zeta basis. These are specified in the following way: 

A4iiiitnaI basis 

Double zeta basis 

(1 09) 1 H Is, I s ’  

C ,  N, 0, F 

Si, P, S, CI 

Is, Is’, 2s, 2s’, 21.1, 211‘ 

Is, Is’, 2s, 2s’, 2p, 2p’, 3s, 3sf, 3p, 3p1 

In the latter notation 211 and 3p  stand collectively for 2p,,2pU,2p, and 
3px, 3p,, 3pz. The term ‘double zcta’ originates from the fact that the 
primed and unprinied orbitals such as i s  Is‘  differ only in their orbital 
exponents 5 and 5’. 

When primitivc GTF are contracted they usually form either the 
minimal basis set or the double zeta basis set. I t  should be emphasized 
that a double zeta basis set is considercd mandatory in order t o  obtain 
significant results, and more extensive than double zeta basis sets are not 
uncommon. The SCF energy values of H,S computed with the aid of 
different basis sets are summarized in Table 23 and are compared to  the 
Hartree-Fock limit in Figure 29. Unfortunately no calculations beyond 
the non-empirical Hartrec-Fock framework have been reported in the 
literaturc. 

Finally, it niight bc appropriate to call attention to the relationship 
between the total energy value and molecular orbital energies. From 
equations (S5) mid (97), the total energy of the system may be written in 
the following simplificd form: 

.1 I .lf -11 



TABLE 23. SCF energy values of H,S computed from different basis sets - 
n Reference S-H (bohr) < HSH Basis" E(hartree) Code" o 
2 

Rauk ct of., Ccrii. J. CIrcm., 46, 1205 (1968) 2.5228 92.25" Ext. G T F  -381.03894 a E  
b v  

Hillier et NI., Clreni. Phys. Let/., 4, 163 (1969) 2.510 92.2" Ext. G T F  - 394.516 C P  

Schwartz, J .  Clicm. Pliys., 51. 182 ( 1  969) 2.523 92.25" Ext. GTF - 396.9005 d s  
e g  Moccia, J .  C h i n .  Phys., 37, 910 (1962) 2.509 89" One centre - 397.5888 

Moccia, J .  Chcrn. Phys., 40, 2186 (1964) 2.509 89" One centre - 397.5891 f ?  -. 
Boer et al., J. C1i.w. Plrys., 50, 989 (1969) 2.509 92.2" Min. ETF - 397.841 5 g g  

- 398.34005 h r s  

-- -- 
1 

3 
Hopkinson et nl., J .  Clienr. Pliys., 49, 3596 (1968) 2.523 92.5" Ext. G T F  - 38 1,0391 

cb 

Kari, to be published 2.4 95.84" Ext. GTF 
i). 

R 
For the definition of Extended GTF basis and One centre expansion see the original papers. 
See Figure 29. 

." 
0, 
m 

c 
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-381. 

-394.5 

W 
W 

1 - -398.0 
t. 
0 

w 
z 
W 

a 

400.0 

ATOMIC 
ENERGY 

HARTREE-FOCK LIMIT + 
CORRELATION 

ENERGY 

ZERO POINT 

E X  P E R I MENTAL E N E R G Y  

NON-RELATIVISTIC LIMIT 

RELATIVISTIC 
ENERGY 

I 

FIGURE 29. SCF energy values computed from GTO (a-d, h), one centre (e, f )  
and mininial STO (6 )  basis sets, and the Hartree-Fock limit for H,S. 

where the second term corresponds to the electron-electron repulsion. 
However, the introduction of the Fock operator (cf. equations 93-95) 
allows the substitution 

11 I 

rl 
F$], = I& + c qq (111) 

or its equivalent : 

Thus the total encrgy will assume thc following form: 
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However, equations (94) and (95) imply that 

63 

' J ,  = < + ) , l F l  + ] I >  = F i n  (113) 

because the MO are orthonormal. Therefore the final relationship between 
E" and E is the following: 

This equation clearly indicates that the total energy is riot sitnply twice the 
sun1 of the occupied orbital energies and a correction has to be introduced 
for the electron-electron repulsion C Gpq. 

D. Applications of the Nan-empirical SCF-MO Theory 

The theory outlined thus far applies to the ground electronic state. 
It would be appropriate at  this point t o  recapitulate the major concepts 
outlined above, and then describe how they may be applied to study 
ground state properties and to calculate excited state properties. 

The HF method and the various semi-empirical theories require the 
solution of a matrix equation which gives the coefficient matrix (C) 
needed to  construct the MO from the A 0  (cf. equations 81, 96 and 115): 

($1 $2 * .  .41,1: $M,.l * .  .4s) = (71 7 2  . . .77.Y) 

occupiccl hIO+!<-rirtual JIO 

J c,, c,, ... c,,, ... c,, 
c,, c,, ... c,,, 1 ... c,, 

The first M occupied molecular orbitals are then used t o  describe the 21M 
electrons in their ground electronic configuration, as illustrated in Figure 
10 for the case of H,O and H,S. These M occupied MO are used to  build 
a deterrninental many-electron wavefunction as specified by equation (77). 

Tile Growid State within the MO theory is represented by the ground 
electronic configuration a),,. The total molecular energy is the sum of 
nuclear repulsion (E") and elcctronic attraction (E; )  (equation 49, and 
the electronic energy in turn is coniputed from the molecular wave- 
function @,, (cf. 77 and the Hamiltonian operator 46): 

E ;  = <@,,I A I (Do> (52b) 
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In terms of matrix elements (over the MO basis) the total electronic 
energy may be written 

while the orbital energies have the following form: 
.I I 

(I 
' *' I ,  = I l l ,  + (25':' 1"l - K4 I," ) (116) 

The total energy Eh may be computed for a n y  desired geometry of the 
molecule. Consequeiitly when one internal coordinate (q), such as bond 
length or bond angle, is varied, onc obtains a potential curve: 

1;; = E()(c/) (1 17) 

When two internal coordinates (yl and qr) are varied siniultaneously the 
result is a potential energy surface 

E" == J%q,, qr)  (118) 

and in the case of more than two independent variables (q1,q2,q3, ...) a 
hypersurface is generated : 

(119) 

Equations (1 17)-( 119) are malogous to the potential functions discussed 
in section 1.B which were obtained by analysing experimental data, but 
the present expressions refer to the variation of the total energy obtained 
by MO calculations. 

These energy hypersurfaces ( I  19), surfaces ( I  IS) or curves ( 1  17) are 
suitable for studying molecul~tr conformations or stereochemical relation- 
ships. They are also the essential starting points for vibrational analysis 
which involves the calculalion of force constants ( 1  20) and interaction 
force constants (121) as second derivatives 

4) = &(% (I21 q:i, . . -) 

The calculation of relative stabilities (4E) always involves the calculation 
of two energy values associated with two situations A and B. For example, 
proton affinity ( A R + )  is the difference between the energy of the protonated 
and non-protonated species. 
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The ioitized state (a molecule-ion with loss of an electron from one of 

the ‘bonding orbitals’ (b) is a doublet state). The electronic configuration 
W b  is formed by suppressing one of the rows and one of the columns of 
the ground state determinant (77) and assuming that the remainder is 
unchanged. The energy of this doublet state may be computed from this 
wavefunction (a  ( 2 M -  1 )  x ( 2 M -  1) determinant) as given below: 

2E,> = <”),I a I W b )  

---- 
4) - F h  

The ionization energy, may therefore be written: 

= (”* - Eo) = - TIJ (1 23) 
This means that the ionization potential 24€1J associated wi th  the reinoval 
of an electron from orbital b is the negative of the orbital energy E ~ .  Since 
the orbital energy is, in general, a negative quantity, the ionization potential 
is a positive number. 

The above result (equation 123) is frequently referred to as Koop~nans’ 
Theorem. 

The excited states are approximated by excited configurations, within 
the framework of MO theory, just as the ground state is approximated by 
ground configurations. Therefore, the description of one of the electrons 
requires that an ‘antibonding’: (u)  or ‘virtual’ orbital be SUBSTITUTED 
into the determinental wavefunction to replace the ‘bonding’ (b) or 
‘occupied’ MO. Apart from this substitution (1)1,-,1, is analogous to (I)”. 

To calculate the excitation energy (AE) ,  the energies of the ground 
configuration (E,, = <(Do/ M 1 (I),))) and the excited configuration 
(E, = {@llHl@l)) must be computed. This illustrated by Figure 30. I t  

Electronic ‘ir ‘b+a 
Configuration t 

Exci ta t ion 

Ground 

E o =  <QoI^HI;Po> t 
Electronic $0 

EO 

FIGURE 30. The generation of an excited electronic configuration for a closed 
shell systetn of 2 M  electrons. 
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is necessary, however, to distinguish between singlet and tripiet con- 
figurations upon excitation from orbital b to orbital a as iliustrated in 
Figure 31. Because these wavefunctions have the same form, we may 

FIGURE 3 I .  Singlet and triplet excited configurations. 

E.  T h e  Concept of Localized Molecular Orbitals (LMO) 

The molecular orbitals which produce a Fock matrix in the canonical 
(diagonal) form are known as canonical molecular orbitals (CMO). 
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These CMO are delocalized over the whole molecule irrespectively 
whether they belong to the 0 or the 7-r representations and are symmetry 
adapted, i.e. they form the basis for the irreducible representation of the 
point group determined by the symmetry of the molecule (cf. Figures 9 
and 32). On the other hand, the otherwise equivalent localized molecular 
orbitals (LMO) are governed by the stereochemistry of molecular bonding 
(cf. Figure 32). 

I 
CMO 

I 
LMO 

I 
CMO 

I 
LMO 

FIGURE 32. Molecular orbital (a) and vector (b) representation of the two 
bonding and two  lone electron pairs of H,O or H,S and the relation between 
canonical molecular orbitals (CMO) and localized molecular orbitals (LMO). 

To illustrate, consider the valence electron shell of H,S or H,O: both 
contain 8 valence electrons, which form 4 electron pairs, i.e. 2 bonding 
pairs and 2 lone pairs. It is customary in cxperirnental chemistry to 
think in terms of LMO. In this representation the two bonding pairs 
correspond to  two equivalent bonds which coincide with the plane formed 
by the three atoms of H,O or HzS. On the other hand, the two lone pairs 
are envisaged as two equivalent non-bonded orbitals in a plane 
perpendicular to the plane formed by the three atoms in question. This 
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representation is illustrated in Figure 32a where the constituting atoms of 
the molecule are placed i n  the y-7 plane of a right-handed Cartesian 
coordinate system. 

I f  the molecular orbitals (both CMO and LMO) are symbolized by 
vectors, then a linear combination of the CMO will yield the LhlO and 
vice versa. Labelling the lone pairs by lp and the bonding pairs by bp, and 
specifying the LMO by a prime while the CMO are unprimed the following 
relationships may be written, 

and combined into one equation: 

bP; IP; b;) 

= (bP1 bP2 IPl IP2) (129) 
0 1/42 - 1/42 

0 l/J2 1/42 

1/J2 - l/J2 0 

I /$  0 

0 

0 

If no distinction is made between bp and /p,  and denoting CMO by $ 
and LMO by $, then the following transformation may be written: 

1 /J2  1/J2 0 

0 1/42 - I / J 2  

0 1/J2 1/J2 

($1 $2 $3 $4) = (41 $2 $3 4 4 )  

(1 30) 

Examining the transforming 4 x 4 matrix in equation (130) i t  can be 
concluded, in agreement with other CMO --> LMO transformations, that 
it is a unitary matrix (U), 

*=wJ (131) 

which has far-reaching consequences. Firstly, the inverse of a unitary 
matrix (U-l) is its adjoint Ut (the transpose for orbitals which are real, 
rather than complex functions) : 

U-l=  Ut (1 32) 
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This means that the U matrix may be used for the transformation in both 
directions (i.e. CMO-> LMO and LMO --z CMO): 

+ = qJU-l=  qJut (1 33) 

Secondly, a unitary transformation such as CMO+ LMO specified in 
equations (129)-( 131) does not change the orthonormality of the basis 
set. This is equivalent to rotation of the 1:-dimensional space, which may 
be defined by any basis. Thus the four-dimensional space, in the present 
case, can equally be defined by +1,+2,+3 and +4 or $1,$2,$3 and t,b4. This 
means that the LMO basis representation of the four-electron pair 
problem of H,S is equivalent t o  that of the CMO basis. 

Thirdly, it can be shown that whenever the many-electron wavefunction 
(Do( 1 , 2, . . .), which is normally constructed in terms of CMO, is changed 
i n  such a way that LMO: y5 can be written instead of CMO: + in the 
Slater determinant (77) then the new wavefunction generated, (I);( 1,2, . . .) 
is identical to the original function (Do( 1 , 2, . . .). This means that the total 
electronic energies E; computed from (52b) for (1)” and (1); are numerically 
identical. 

For a molecule that has less symmetry than H,S it is not possible to  
construct, by inspection, the U matrix which transforms CMO to LMO 
(131). Therefore it is usual to modify the LMO in  order to compute the U 
matrix for a general case. Since LMO, like chemical bonds, are separated 
from each other while all the C M O  are spread over the molecule (i.e. CMO 
are delocalized) i t  is clear that the most objective localization procedure 
that could be employed would involve the construction of orbitals which 
are ‘separated’ from each other as much ;is possible, without having to 
stipulate in advance the location of these orbitals in space. Such a 
localization would require only t h a t  the definition of ‘separation’ be 
decided upon ab initio. The Edmiston-Ruedenberg method of separating 
the orbitals involves maximization of the ‘total self-repulsion’, i.e. the 
diagonal elements of the electron-electron repulsion. 

The electron-electron repulsion term, i.e. the two-electron contribution 
(E2)  to  the total energy 

E‘. = E,, + El + E2 (49) 

results from the two-electron operator (a2 = 3 I.;?) of the total 
H a m  i 1 ton ian : 

A = lqo -k I l l  1- I& (134) 

Considering the case of closed electron shells only, 
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The diagonal elements of both the Coulotnb and exchange integrals can 
be combined since they are equal (cf. equation 86), while the off-diagonal 
elements remain separate: 

(g+1,) ( q f l , )  

It  is important t o  note that in equation (135) both terms are invariant 
under any unitary transformation of the M O  basis (i.e. their numerical 
values are identical for both delocalized and any localized MO). How- 
ever, in equation (136), ileither of the terms is invariant under a unitary 
transformation of the basis set. In fact, i t  is this characteristic property 
which has been used as the localization criterion in the method of 
Edmision and Ruedenberg. The object of this localization method is to  
maximize the ‘self-repulsion’, i.e. the first term on the right-hand side of 
the latter equation. This term is referred to as the localization sum: 

As the value of J, increases, the orbitals become more localized. The 
unitary matrix that maximizes the diagonal elements while simultaneously 
minimizing the off-diagonal elements of the K matrix may be obtained by 
a Jacobi type diagonalization : 

Kfr= UtK$U (1 38) 

This matrix U is to be used to transform the CMO to the LMO in a 
unitary (orthogonal) transformation : 

*=w  (1 31) 

Some results obtained for CH,SH and CH,OH will be presented in 
section IV. 

F. The Notion of d-orbital Participation 

In the terminology of quantum chemistry, ‘coiiipleteims’ nieaiis 
‘iifinite’. This was made clear in the theory of CI expansions (54), (55), 
(56) and the related concepts, where it was shown that the non-relativistic 
limit (NRL) can only be achieved when the Ct expansion includes an 
infinite number of excited configurations (I),( 1,2,3, .. .): 

A. 
‘PgT1I~( 1,2,3, . . .) = lim C a,,, (€),.(I, 3,3 ,  . . .) (1 39) 

The same is applicable to the expansion of MO in terms of AO. The 
molecular Hartree-Fock (HF) orbitals (4) can only be generated if  they 

M-,mc-.l 
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are expanded in terms of an infinite number of A 0  (7) (cf. equation 81): 

The discussion of basis set size implied that both the minimal basis (108) 
and double zeta basis (109) represent a severe truncation of the complete 
expansion (1 40). 

Since all the A 0  consist of both radial and angular parts (107) the 
infinite set should refer to all types of AO. In other words, an infinite s 
basis (i.e. Is, 2s, 3s, 4s, . . .) does not represent a complete basis. An infinite 
sp basis (i.e. Is, 2.1.,3s, 4s, ... ; 2p, 3p, 4p, ...) is better but still not complete. 
The complete A 0  basis should, in principle, include an infinite number of 
all angular types A 0  (i.e. s ,p ,d ,  f ,j:li,  ...). To state this slightly differently, 
all A 0  have matlieinatical intporimice became they are meinbers of the 
con~plcte basis set. 

To illustrate this point, consider the H- ionz4. Different expansions 
including more and more s-functions (orbitals) until no further improve- 
ment was observed (s-limit), or more and more p-functions (p-limit) and 
so on, revealed that a very large number of functions was required to  
compute wavefunction 'Yo(], 2) in the limiting sense. This is clearly 
illustrated in Figure 33. Inspection of Figure 33 reveals that there is a 
substantial lowering of the total energy on going from the s-limit to  the 
p-limit, and a considerably smaller (but still appreciable) decrease on 
going from thep-limit to the (/-limit; however, the effect virtually disappears 
when the g-limit is passed. This may be taken as the rizrmer.ical iiwasure of 
ilie inatlwinaiical imporiance of the so-called polari=ation jiiticrions, i.e. 
the p ,  cl,fand g orbitals for the case of hydrogen nucleus. However, it is 
traditionally unthinkable to associate chemical significance to these higher 
angular orbitals associated with the hydrogen nucleus. Nevertheless the 
chemical significance of 3cl-A0 (the role of &orbital participation in 
bonding) on sulphur is widely debated. 

It should be noted that, in connection with equations (139) and (140), 
the importance of polarization functions may be assessed from two 
dinerent approaches corresponding to two difyerent levels of sophistication. 
In one case, the magnitude of the coefficients of the polarization functions 
(such as 3 d A O  on S) in the expansion of the h! occupied M O  (cf. equation 
140) may be taken as the numerical measure of their mathematical 
importance. Only the first A// occupicd M O  (ix. 42, ..., ~ - I , $ J I )  need 
be considered because these are the ones used in the construction of the 
many-electron MO wavefunction (77), @"( I ,  2, ..., 2 M ) ,  as specified by 
equation (1 15). It should be emphasized that this wavefunction is still 
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above the HFL which can only be reached if the MO expansion (140) is 
complete (i.e. the summation is infinite, including s ,p ,  d,,S,g, .. . functions). 

At the next level of sophistication, when tlie HFL is transcended (but 
the NRL has not been reached), tlie magnitude of the expansion 
coefficients a,, of the various excited configurations, O.c(l, 2, ..., 2 M )  in 
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FIGURE 33. The dependence of the energy and the ionization potential on thc 
angular limit for the hydride ion. 

tlie C1 expansion (1 39) should be considered. These excited configurations 
contain some of the virtual orbitals (c$-,~+~, q51,f+2, ...) shown in equation 
(1 15). While this approach is relevant to the more sophisticated wave- 
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functions (cf. the case of H- in Figure 33) only the former approach can 
be investigated a t  this time, since no wavefunction that transcends the 
HFL has been computed for any RSH compounds, including H,S (cf. 
Figure 29). 

As an illustration consider the successive protonation of HS- and HO-: 

The total energy values for these six species were computed with an 
S, sp, spd and spdfbasis. The results are tabulated in Table 24 and 25 and 

TABLE 24. SCF total energies computed for HO-, HzO, 
H,Of, HS-, H,S and H,S+ with s, sp, spd and spcrf basis 

sets 

Species Basis'sb Total energy (hartree) 

x = o  x = s  
- - S 

S P  - 75.344942 - 398.0671 84 
SPd - 75.360793 - 398.085385 
S P 4  - 75.366723 - 398.092297 

HX- 

S - - 323.244244 
V - 75.99729 I - 398.624697 
sp cl - 76.026374 - 398.672209 
SPdf - 76.032596 - 398.67678 1 

I&>( 

~~~~~~~~~~~ 

S - 72.1 I2493 - 328.899043 
W - 76.288849 - 398.833932 
spd - 76'30465 1 - 398.927379 
spdf - 76.3 15642 - 398-93 1469 

H,X+ 

" The hydrogen atoms were represented by a Is 1s' basis which in turn was 

The s, sp, spdand spdfstand for the type of A 0  basis set used for :he heteroatom 
contracted from four primitive Is-GTF. 

(0 and S). For details see equation (143a) in the next section. 

plotted in Figure 34. The two sets of proton affinities are plotted in 
Figure 35 and clearly indicate how the mathematical importance of the 
higher angular polarization functions diminishes in the two systems. 
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TABLE 25. Proton afinity values for HO-, H20,  HS- and 
H2S calculated from the SCF total energies involving sp, spd 

and spdf basis sets 

Reaction Basis"Sb Proton affinity 
(kcal/mole) 

x = o  x=s 
SP - 409.49 - 349.96 

HX-+ Fi+ --f H2X SPd -417.79 - 368.36 
SPdf - 41 7.98 - 366.89 

SP - 183.01 - 131.34 
HZX + Hi- --> HSX+ SPd - 174.68 - 160.17 

SP(!f - 177.67 - 159.87 

The hydrogen atoms were represented by a Is 1s' basis which in turn was 

The sp,  spri and spdf stand for the type of A 0  basis set used for the heteroatom 
contracted from four primitive Is-GTF. 

(0 and S ) .  For details see equation (143a) in the next section. 

c 

z 
W 
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PROTON AFFINITY OF 1-120 

-76.5u 
-I 

I- 
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I- 

a 

PROTON AFFINITY OF 
.a, J. 1 H2S 

FIGURE 34. Total energies of HO-, H,O and H,O' as well as HS-, H,S and 
H,S+ computed with sp, spd and spdfbbasis sets. 
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I t  should be made clear, however, that these one-electron functions 

(orbitals) are mathematical objects and  while they may have mathematical 
importance one should not attribute chemical significance t o  these 
mathematical objects. 

HpS + Ho * H3S0 L 

2 sp s p d  spdf spdfg 

TYPE OF A 0  BASIS 

FIGURE 35. Effect of angular polarizing functions on computed A n +  values of 
HS-, H2S, OH- and H,O. 

111. CALCULATIONS OF 

The theoretical principles outlined in section I1 will now be applied to  the 
computation of physical properties such as optimum geometries, ionization 
potentials, etc. described in section I. The calculations are centred around 
three families of compounds containing the -SH group. The pre-thiol 
f~i~iilj) includes HS, H,S and H,S in their neutral and ionic forms. In the 
fliiol fainily only the first member, CH,SH, will be treated explicitly, and 

M 0 LEC U LAR WAVEFU N CTI 0 N S  AND E N  ERG I ES 
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compared with the corresponding oxygen analogue (CH,OH). I n  addition 
to geometry optimization, ionization potentials will be calculated from 
Koopmans' theorem, and electronic excitation patterns will be treated 
within the framework of the virtual orbital technique. Special structures 
involving the thiol group will be limited to  species which have either a 
carbonium ion centre or a carbanion centre adjacent to SH: 

Tlic oueraff p i p o s e  of section I l l  is to deiiioiistiute ilia: accxratc 
Hartree-Fock t j v e  niofeculai- calcufatioiis are tiow teclitiicafljj feasible. 
Tlir studj' of electron pairiiig aiid iriipairitig phenonietiu (dissociatioli, 
excitation) requires the generation of iiiofccufar war~efiuictions that tramceird 
the Harrsce-Fock liinit aiid these are cursen t f y  ioicler itivestigatioii; never- 
theless, Molecular. Qrrariirrtiz Clieiiiisfrj, is suficieni f y  adtjaiiced so as 10 be a 
practical research tool even for  systeiiis as farge as RSH.  

A. A Study on the Pre-thiol Family (NS, H,S, H3S) 

As shown in section 1I.C (cf. equations 108 and 109) the choice of the 
basis set is crucial to the results of the calculations: this was clearly shown 
for H,S i n  Table 23 and Figure 29. Consequently, me:iningful comparisons 
between different species can only be made from calculations using the 
same basis set. 

The calculations described here are unpublished results of R. E. Kari2'. 
This study covers the following sct of sulphur-containing specics: 

( 1 4 2 4  
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For comparison the corresponding hydrides of oxygen were treated in an 
;lnrtlogous manner: 

(14%) 

The compounds framed with the broken line represent those with closed 
electronic shells. The basis sets used are summarized below: 

> [4S, 2p, Id]  contracted BF 

H: (45, 1P) primitive GTF > [2S, 1P] contracted BF 

0: (lOS, 5P, Id) primitive GTF ~ 

S: (125, 9P, 2d) primitive GTF ___ > [65, 4P, 2d] contracted BF 

(143a) i 
For the species under investigation, this represents the following basis 

set sizes : 

0 :  (31 GTF) ___ > [I6 BF] 

HO: (38GTF) > [21 BF] 

H,O: (45 GTF) ___ > [26 BF] 

H,O: (52 GTF) ---+ [31 BF] 

S :  (51 GTF) ----+ [30 BF] 

HS: (58 GTF) > [35 BF] 

H,S: (65 GTF) > [40 BF] 

H,S: (72 GTF) > [45 BF] 

(143b) 

The potential surfaces € ( I - ,  4) generated by variation of the X-H bond 
length (I') and the H X H  bond angle (4) were calculated for H,O and H,S. 
The energy niinima (E,) associated with the equilibrium bond lengths 
(rJ and bond angles (6,) of the various species studied are summarized 
i n  Table 26 for sulphur and Table 27 for oxygen. 
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TABLE 26. Equilibrium bond lengths (re),  angles (q5e) and energies (Ee) of 
sulphur species 

~~ ~ 

Species Shape re (bohr) 4, (degree) Ee (hartree) 

- 397.13724 
- 397.48234 
- 397.48338 
- 397.1 53 19 

HS+ linear 2.553 - 
HS linear 2-51 6 - 
HS- linear 2.526 - 

- 397.72978 
- 398.07660 
- 398.091 62 

HzS+ bent 2.537 80-00 
H,S bent 2.507 79.36 
H,S- bent 2.8 124.39 

- 398.33991 
- 398.68932 
- 398'54725" 

~~~~~~~ 

H3S2+ pyramidal 2.61 6 1 16-37 - 398.2499 1 
H,S+ pyramidal 2.555 97-83 - 398.96247 
H3S pyramidal 2.8 120.00 - 399.08559" 
H3S- pyramidal 2.8 120.00 - 398.99616b 

This energy is to the lowest value computed to date. 
This energy corresponds to the minimum energy at a S-H bond length of 

2-8 bohr. The minimum interpolated energy is expected to decrease by approximately 
0.005 hart fee. 

TABLE 27. Equilibrium bond lengths (u,), angles (c#J~)  and energies (E,) of 
oxygen species 

Species Shape re (bohr) 4, (degree) Ee (hartree) 

- - 74.355627 
- - 74-793 186 

- - - 74.7487 16 
- 74.277585 

0+(?3) - - 

W3P) 
0-(") 
02-(1S) - - - 

- - 
- 

HO+ linear 1.9 
HO linear 1.8 
HO- linear 1-8 

~ ~ ~~~ 

- 74.98265 I 
- 75.399762 
- 75.366488 

- 
- 
- 

~ ~~~ 

H20+ bent 1.856 1 15.72 - 75.636920 
H2O bent 1 -793 1 10.87 - 76.038620 
HZO- bent 1,949 105.53 - 75.8341 69 

~~ 

H302+ planar 1.999 120.00 - 75.503960 
H 3 0 +  pyramidal 1.826 1 13.74 - 76.323726 
H 3 0  pyramidal 1.956 1 12.96 - 76.438 160 
H,O- planar > 2.2 120.00 - 76.288587" 

a Lowest energy computed to date. 
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These total energy values may be used to evaluate ionization potentials 
(IP) and electron affinities (EA) and the results are summarized in Table 28. 

TABLE 28. Calculated ionization potentials and electron 
affinities for some hydrides of oxygen and sulphur 

Species TP (kza:/mde) EA (kcal/mole) 

x = o  x = s  x = o  x = s  
- Xf - - 274.7 -216.6 

X 274.7 216.6 - 27.9 - 0.65 
X- 27.9 + 0.65 295.7 207.3 
X2- - 295.7 - 207.3 

HX+ - __ -261.8 +217*7 
HX 261.8 +217.7 20-9 - 9.4 
HX- - 20.9 + 9.4 

- - 

- - 

HtX' - - 252.2 -219.3 
H,X 252.2 2 19.3 128.3 89.3 
H2X- 128.3 - 89.3 - - 

H,X2+ - - -514.6 -447.3 
H3X' 5 14.6 447.3 -71.8 550.4 

71.8 + 77.3 >93.9 -571.6 H3X 
HBX- - 93.9 - 56.1 - - 

The relative energies are illustrated in Figure 36. Systematic errors are 
unavoidable since in most of the species studied, ionization and electron 
capture involve a difference in electron pairing. This is particularly true 
for the generation or destruction of closed electronic shell systems such 
as H,O and H,S: 

H,Sf (8; electron pairs) 

/ 
H ~ S -  (94 electron pairs) 

(144b) 
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FIGURE 36. Calculated ionization potentials and electron affinities of oxygen 
and sulphur species. 

In such cases a correction should be made for the change in correlation 
energy when a new electron pair is formed o r  an old pair is destroyed. 
Consequently better numerical accuracy may be anticipated when one 
goes beyond the Hartree-Fock method in the computation of molecular 
wave fu  nc t i on s . 

The correlation between experinient and theory is expected to be some- 
what better in the case of proton affinities since the total number of 
clectron pairs remains unchanged. However, the hydrogen affinity ( A I l )  
of the neutral species again involves a change in  electron pairing since i t  
is opposite, in the arithmetical sense, to the dissociation energy: 
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The numerical values computed for A l l + ,  A, ,  and A I 1 - ,  are summarized 
in Table 29 and some of these results a r e  illustrated in Figure 37. 

TABLE 29. Proton, hydrogen and hydride affinities" calculated for some 
oxygen and sulphur species 

Species A n  '' At1 AII-  - -  
x = o  x = s  x = o  x=s x = o  x = s  

._ _______ 
__ -81.2 -37.7 -401.0 - 335.3 Xf 

X -118.9 - 155.3 -68.4 -60.6 - 133.4 - 128.1 x- -408.7 - 372.4 -75.4 -44.0 - - 

HX+ - - -98.3 -70.6 - 408'4 - 347.9 
HX - 148.9 - 165.3 -S8.6 -72.2 - 18.3 -41.0 
HX- 

- 

---___. - -_ 

- 42 1.9 - 375.2 - 38.8 -26.4 - - 
- -____ - - 
H 2 X 1  84.9 56.5 - 118.7 -49.5 - 248.6 < - 2 13.7 

HZX- - 379.1 - 337.9 (27.1 -30.6 
H .X - 179.0 - 171.5 61.6 -40.4 < 97.5 t 6 1 . S  

- - 
~~~~~ ~ ~ 

In kcal/mole units. 
E ( H + )  = 0.000000 liartree. 
E ( H )  = -00.497639 liartree. 

rl E(H-) = -0.405271 liartree. 

B. A Study on Methanethiol (CH,SH) 

At the time of writing, Hartree-Fock type calculations have not been 
reported for CH,SH and the results presented here are from the 
computations of M.  H. Whangbo and B. Schlnge12ss. A double zeta quality 
basis set w a s  used, similar to that specified i n  equation (143) with the 
inclusion of a pair of d G T F  of difrerent exponents. This set amounted to 
101 primitive GTF contracted to  48 basis functions (BF). 

Partial molecular geometry optimization revealed tliat the optimum 
CSH angle is in the vicinity of 96-5" and the optimized C-S bond length, 
1.872 A is longer than the experimental value which is 1.818 A. The 
molecular geometry is shown in Figure 38. 

Calculations were performed for both the staggered and eclipsed 
conformations. The height of the barrier to rotation, 1-17 kcal/mole, 
calculated from the experimental C-S  bond length, was slightly higher 
that that obtained from the optiinized bond length, 0.97 kcal/mole. The 
results are summarized in Table 30 together with the corresponding 
energy values calculated for CH,OH from experimental geometry. 

The orbital energies associated with the eclipsed and staggered con- 
formations of CH:,OH and CH,SH are summarized in Table 31. Within 
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FIGURE 37. Calculated proton (Am+), hydrogen (AII) and hydride ( A I I - )  
affinities of oxygen and  sulphur species. 

TABLE 30. Computed total energies and rotational barriers of 
C H 3 0 H  and CH,SH 

Species E (hartree) Barrier 

Eclipsed Staggered ( k ca I / mo I e )  
~ 

CH,OH a - 115.00875 - 115.01 105 1.44 
CH3SH - 437.6891 9 - 437.69073 0.97 

a Experimental geometryc9. 
Partially optimized geometry2*. 
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FIGURE 38. Molecular geonictry of CH,SH. 

TABLE 31. Orbital energies hartree computed for the eclipscd and staggered 
conformations of CH,OH and CH,SH 

M O  CH,OH CH,SH 

0" 60" 0" 60" 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 

- 20.53 1783 
- 1 1 -280679 
- 1.353551 
- 0.936375 
- 0.67971 0 
- 0.623833 
-0.591505 
- 0.489680 
- 0.444756 ___.._................~. 

0.257629 
0.368244 
0.377213 
0.383792 

- 20.532533 
- 1 1 '280775 
- 1.353568 
- 0.936391 
- 0.678044 
- 0.625994 
- 0.591 341 
- 0.4586 19 
- 0.446377" 

0.266977 
0.368324 
0.377850 
0.3 80672 

- 9 I '96534 
- 11.266883 
- 8.9491 544 
- 6.6399092 
- 6.6384849 
- 6.6354987 
- 1 *0303 167 
- 0.8742703 1 
- 0.60598683 
- 0.58928040 
- 0.52748499 
-0'45293414 
- 0.35663566 

0,20405 157 
0.21 685684 
0.31 367763 
0.35502071 

- 91.965675 
- 11.267462 
- 8.949441 9 
- 6.6401 872 
- 6.6387849 
- 6.6357505 
- 1 '0304695 
- 0.87453325 
- 0.60453979 
- 058981474 
- 0.5292491 8 
- 0.45341 008 
- 0.35653279b ........................... 

0.2 1035037 
0.2 1873453 
0.32879325 
0.35012325 

I P  (Koopmans' theorem) = 0446 hartree = 12.14 eV = 280.0 kcal/mole. 
I P  (Koopnians' theorem) = 0.357 hartree = 9.71 eV = 224.1 kcaI/niole. 

4 
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the framework of Koopmans' thcoreni (123) the negative of these orbital 
energies can be taken as an estimate of molecular ionization potentials. 
The highest filled MO energies correspond therefore to the lowest 
ionization potentials and are calculated to be 280.0 Kcal/mole and 
224-1 kcdl/mole for CH,OH and CH,SH respectively. These represent 
upper limits to the true values (Table 12) but nevertheless the trend 

IP (CH,OH) >IP (CH,SH) (146) 
is observed in theory as well as experiment. 

Excitation energies were calculated within the framework of the virtual 
orbital technique (127) which also yields upper bound values. The results 
again follow the expected trend, i.e. the energy levels of CH,SH are 
predicted to be lower than those of CH,OH. This is clearly illustrated in 
Figure 39 which summarizes calculated singlet (Sl, S,) and triplet (TI, T,) 

L 1 

FIGURE 39. Singlet ( S )  and triplet (T) excitation and doublet (D'+) ionization 
energies for the staggered conformations of CH,OH and CH,SH. 
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excitation and doublet (D:) ionization energies for the staggered con- 
formations of CH,OH and CH,SH. 

Excited state conformations of CH,SH, illustrated in Figure 40, were 
derived from the excitation energies of both the staggered and eclipsed 
conformations which are summarized in Table 32. Figure 40 shows that 

1.04 kcal/mole 

- 4 37.35 

h 

W 
. *  
-6.11 

W 
[r 
I- 
% - 4 37.40 

ts' 

~ i" '\ 

.-. 
I' . 

d 

Excitation Excito tion Ionizotion 

-437.70 
0" 60" 120" 180' 240" 500" 360" 

ROTATION ABOUT THE C-S BOND 

FIGURE 40. Ground and excited state conformations of CH,SH. 

the rotational barrier heights in the low-lying excited states are very 
much higher than those in the ground state, although the magnitudes of 
these differences are probably overestimated by the calculations. 
Undoubtedly a C1 wavefunction that properly describes the unpaired 
electrons in the excited states would produce somewhat lower barrier 
heights. The most reasonable explanation for this phenomenon is that in 
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TABLE 32. Total energies and barriers to rotation computed for the ground 
(So), some low lying singlet (S,, Sd, triplet (TI, T,) and first ionized doublet 

(D:) states of CH3SH and CH,OH 

Species State Total energy (hartree) Barrier 

Eclipsed Staggered (Kcaljmole) 

D: - 437.33255 - 437.33420 1 *04 
S? - 437.39345 -437'38371 - 6.1 1 
T, - 437.4335 1 - 437.42048 -8.18 
s ,  - 437.4348 1 - 437.44803 8.30 
TI - 437.45747 - 437.46863 7.01 
so - 437.6891 9 - 437.69073 0.97 

CH,SH 

D ;- - 114.56395 - 114.56465 0.44 
s 2  - 1 14.55775 - 1 14.54705 - 6.72 
T, - 1 14.60475 - 114.59505 - 6.09 
S, - 114.62875 - 114.63205 2-07 
T, - 1 14.65075 - 1 14.65705 3.95 
S" - 1 15.00875 - 115.01 105 1 *44 

CH,OH 

the excited state, the promoted electron creates a partial bond that 
hinders rotation : 

H 

3-: 1 
H H  

\.1 ?&I- ,c - s: 
\ 
H 

This implies that in  the excited states the charge separation is opposite 
(or at least changes in the opposite sense) to that of the ground state. 
I t  is not surprising, therefore, that in sonic excited states the rtiolecule 
assumes a gcornetry dif l iwnt  ji*oi)i that of the gi*oinirl state. For example, 
the eclipsed configuration of CH,SH is adopted in the S, and T, states 
(cf. Figure 40). 

Similar observations were reported for the cases of CI-130H29 and 
FCH,0H3G and it seems thercfore that such a phenomenon is not restricted 
to tlie tliiol group. 

C. Special Structures involving the -SH Functional Group 

When a carbonium ion is generated adjacent to the -SH group, two 
alternative structures can arise via neighbouring group participation : a 
cyclic and linear cation. Although the phenomenon is applicable to both 
saturated and unsaturated systems only tlie latter, the vinyl cation problem, 
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is presented here. The  calculations3o were performed by V. Luccliini using 
a mixed basis set: minimal a t  C and H and double zeta a t  sulphur. 

The fundamental problem is the rclative stabili!ies of the cyclic structure 
and the linear cation. 

H 

There are four a priori possibilities: 
(a) only the cyclic ion is thcrmodyuamically stable, therefore there is 

only one minimum on the energy hypersurface; 
(b) only the linear ion is thermodynamically stable and the cyclic ion 

is a transient species only: this situation corresponds to an energy 
hypersurface with two equivalent minima associated with the two 
equivalent linear structures: 

H, + . - I -  ,H 

H S  ‘SH 
,C=C-H H-C=C (1 49) 

(c) both the linear and the cyclic structurcs arc thermodynamically 
stable but the vinyl cation is more stable than the tliiirenium ion. 
This represents a situation that corresponds to an energy surface 
having three minima: two cquivalcnt lower minima and a higher one. 

(d) the reverse of the previous situation, where the cyclic structure is 
more stable (lower minimum) than the linear structure (higher 
mini ma). 

These four cases (a-d) are illustrated in Figure 41 (p. 89). 
When the actual SCF computations are performed along the assumed 

reaction coordinate, the results rcveal that the cyclic structure is more 
stable than the linear one, case (d). The computed energy curve is shown 
in Figure 42. (Note that Figure 42 shows only the right-hand side of the 
qualitative curve, Figure 41d.) 
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While these results were computed for the P-thiovinyl cation, they 
nevertheless explain some stereochemical aspect of the solvolyses of 
certain unsaturated compounds and the addition of RSX to acetylenes : 

Another structure of special interest is one where the -SH group is 
adjacent to a carbanion centre. This corresponds to a tautomer of the 
thiolate ion just as the oxygen analogue is a tautonier of the corre- 
sponding alcoholate ion: 

'0 
,,C-OH 

H" I 
H 

Since these structures are isoelectronic and isoprotic with H,NOH and 
H,NSH the conformational eflects of the lone electron pairs are expected 
to be similar. Another point of interest is the effect of an adjacent SH or 
OH group on the gas phase acidity of the C-H bonci: 

(1 53) 
-0 H 

-A , ,  - (- : CH: - )  > H' -I- .,c-x, \ ,,c-x, 
H" I H H" I H 

H H 

Computations were carried out by L. M. Tel on CH30H31, CH3SH32 
and their corresponding anions, -:CH,-OH and -:CH,-SH. A double 
zeta quality basis set was used throughout the work but the geometry was 
not optimized; in fact, the bond angles about thc carbon atom in the 
carbanions were assumed to be tetrahedral. Consequently the calculations 
can only indicate trends and not actual values in thc energy differences. 
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I 

1 

I H 
REACTION COORDINATE 

FIGURE 41. Potential energy curves of C,H2SH+- assuming (a) only the cyclic 
structure is s!,b!e; (b) only the linear structure is stable; (c) the vinyl cation is 
more stable than the thiirenium ion: (d) the thiirenium ion is more stable 

than the vinyl cation. 

The numerical data are summarized in Table 33 and illustrated in Figure 
43. There are two stable structures in both carbanions corresponding to 
the Y and W arrangements" of the protons in -:CH,-OH the Y structure 
is more stable than the W structure while the situation is the opposite in 
the case of -:CH,-SH. This is clearly indicated in Figure 43. 

-Q * Y conforination : . w conformation: 
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-~ ~ 

FIGURE 42. SCF potcntial energy curve of C2H2SH+. 

0" 180" 360" 0' 180" 360" 

0" 180" 360" 0" 180" 360" 
INTERNAL ROTATION ANGLE 

FIGURE 43. Total cnergics of -:CH,SH, CH,SH, --:CH,OH and C H 3 0 H  as a 
function of angle of intcrnal rotation. 
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TABLE 33. Con formational energies of -:CH,OH, CH30H, -:CH,SH and 
CH3SH 

Rotational angle 

0" 60" 120" 180" 
Species 

-:CH,-OH - 114.30505 - 114.29316 - 114.28616 - 114.29469 
CH,OI-I - 115.00875 - 114.01 103 - - 

-:CH,-SH -437.01398 -437.00044 -437.00131 -437.01555 
CH3-SH - 437.68839 -437.69026 - - 

The corresponding gas phase acidities, also shown in Figure 43, are the 

] (154) 

Although these values indicate that the C-H bond next to  an SH group 
is more acidic than that adjacent to OH, the numerical proton affinity 
values may change somewhat when the geometries are optimized. 

At present, the gas phase acidity of the S-H bond in RS-14 has not 
been calculated, but i t  is expected to be more acidic than that of the 
C-H bond since the CH,-S- tautonier is anticipated t o  be more stable 
than -:CH,-SH, by analogy to the CH,-0- and -:CH,-OH 31. 

following : 
-AH'. (-: CH,-OH) = 0.70370 hartree = 441.7 kcaljmole 

-AH+ (-: CH,-SH) = 0.67284 hartree = 422.3 kcal/rnole 

IV. ANALYSIS O F  ELECTRON DISTRIBUTION 
In  this section the molecular wavefunctions will be analysed in order to 
obtain information about tlie electron distributions in CH,OH and CH,SH. 
The work was carried out by A. S. Denes and M. H. Whangbo using a 
double zeta quality basis set which did not include d A O  on sulphur. Any 
differences in the calculated properties of -OH and -SH are therefore 
not due to  d-orbital participation on sulphur. 

Population analyses and dipole moment values indicate that the charge 
separation in CH,SH is not as extensive as that in CH,OH. Furthermore, 
the valence electron shell sizes of the -OH and tlie -SH functional 
groups indicate that the magnitude of the electron density is more readily 
correlatable with physical properties than any other theoretical parameter: 
it is suggested, therefore, that this parameter is the major factor wliicli 
deterniities tire diJferet1cc.s iii physical propc.rties arid clieniical behavioirr o f  
alcohols a id  thiols. 
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A. Charge Distribution and Dipole Moment 

One way of expressing the scparatioii of net charges in a molecule is 
by performing a Mullikcn population analysis:33 011 the computed wave- 
function. This involvcs the following proccdure. Every M O  is doubly 
occupied and is built from atomic orbitals. A population matrix P is 
gcnerated by analysing how the two electrons associated with each MO are 
distributed among thc constituting atomic orbitals: 

P = 2ps (1 55) 

where S and p ;ire defined by equations (100) and (104) rcspcctively. The 
populations arc gcneratccl in tcrms of orthogonalized A 0  and the 
dimensions of thc P matrix ( N  x N )  are the same as those of the A 0  
basis ( N ) .  

The P niatrix gives ‘orbital by orbital’ populations whcre the off- 
diagonal elements arc frequently rcferrcd to as ‘ovcrlap populations’. The 
sumniation of those pij  elements associated with a given atom A (both 
A 0  i arid j are located on the sainc atom) reduces the ‘orbital by 
orbital’ population matrix P (cf. Figure 44) to a n  ‘atom by atom’ 

S I 
F ~ G U I I E  34. Orbital by orbital populiitiorl matrix I’ for CH,SH. 
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population matrix R (cf. Figure 45): 
93 

C 

S 

FIGURE 45. Atom by atom population matrix R for CM,SH. 

Note that R,, is the number of elcctrons shared by atom A and atoms B 
therefore the sum R,,+{ x ' R A I 3  gives the total number of electrons for 
atom A. The second term, 3 C' RAn is necessary because only half of the 
shared electrons belong to A. The net charge (Q,) associated with atom A 
is then given by 

where Z ,  is the nuclcar charge of atom A and the summation is over a l l  
the atoms labellcd B. 

The charges for CH,OH and CH,SH computed with the aid of double 
zeta quality basis sets are shown in Figure 46. The values for the -OH 
and -SH groups arc particularly significant since the 8- charge on 
heteroatoms may be viewed as a measure of base strength and/or nucleo- 
philicity while the 8' charge on H is associated with the acidic (electro- 
philic) character of the proton. 
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+ 0.232 
H 

/ \ f 

t f /  d\  
-0.322 C- 0'-0.741 

+ 0.202 / ' H +0.427 

p=2.33 Debye 

+0.279 

M\ 
0 

/ 

- 0.841 SLo.109 

y\ / + 0.270 & ,  0 

H +0.131 

p=2.27 Debye 
FIGURE 46. Net chargcs associalcd with tlic individual atoms in CH,OH and 

CH,SH. The 4 sign signifies two H atoms, one in front of and one behind 
the plane of the paper, and each of these two has the positive charge shown. 

Group charges between CH3- and -SH (or -OH) can be obtained 
by summing the partial charges associated with the atoms of a functional 
group. The values are shown below: 

+0*314 -0.314 

CH3-OH 
- 0.022 + 0.022 

CH,-SH 

These charge separations may be interpreted as a measure of the electronic 
effects exerted by the functional groups -OH and -SH. 
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Another measure of charge separation is the dipole moment. Its 

operator is I', which is also included in the classical definition (cf. equation 
40), and since it operates on all electronic coordinates, the electronic 
dipole moment (p,,) is computed as the expectation value of xc for the 
total electronic wavefunction: 

-t 

28I -+ 

i=l 
p e  = <(Do( 1,2, . . ., 2 M )  I 2 '.i I <Do( 1,2, . . . , 2 M ) )  (1 59) 

If the total wavefunction (D0(172, ..., 2 M )  is constructed in terms of 
localized molecular orbitals, z) (equation 144), 

then the summatioii includes all the 'bond moments' p:. The electronic 
component of the molecular dipole moment is the same if it is computed 
in terms of the CMO basis, +, 

j=1 

but the individual components over the LMO basis, pi (cf. equation 160), 
lend themselves to  an  easier visual interpretation. 

The net results obtained for CH,OH and CH,SH are shown in Figure 
46 and the components of this physical dipole (39) are summarized in 
Table 34. 

TABLE 34. Computed dipole moment values" of 
CH30H and CH,SH 

Dipole Eclipsed Staggered 
Component 

CH,OH C H 3 0 H  CH,SH 

pz (a.11.) 0.776 0.364 -0.515 

pz (a.u.1 - 0,554 - 0.559 - 0.73 1 
pU (a.u.) 0.000 0.63 1 0.000 

0.955 0.918 0.895 
2.43 2.33 2-27 

1 a.u. of dipole moment = 2.54 Debye. 
Values for eclipsed CH,SH have not been calculated. 
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B. Electron Density Contours 

I y3 I2 or, more precisely, as 4, $7: 
The electron density D,, associated with the p t h  MO is defined as 

D I , ( X ,  1’7  Z> = + p ( X ,  J’Y Z> $t(X7 Y 7  Z> (1 62) 

where y3t is the transpose of y3. The density may be calculated at any 
point ( x , ~ ’ ,  Z )  of the three-dimensional physical space in  terms of the A 0  
basis (77) and the MO coefficient matrix C: 

(1 63) 

where p” is the density matrix of thepth MO. When summed up over all 
occupie$ MO, it yields the total density matrix p specified by equation 
(104) : . 

ill 
pi j  = pyj (1 64) 

l J = 1  

Thus D,, may be written i n  the following abbre\4ated nolation: 

D,,(S,j’,Z) =fijy)(s,?’,z)~’’.1(s,?’,Z) 

Note that the factorf, is the integrated spin part of the orbital, which is 
2 if the orbital is doubly occupied, 1 if it is singly occupied and 0 if i t  is 
empty. The sum of the M doubly occupied MO densities is then 

The problem is simply to calculate the individual orbital electron 
density values D,, at every intersection of a given mesh around the 
molecule. In practice, 1600 points, that is, a 40 x 40 mesh, provide a fine 
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enough grid for a 10 x 10 bolir2 (nearly 5 x 5 A2) area. Special purpose 
programs may be used to interpolate electron densities so that the density 
contours may be recorded by a two-dimensional ( X ,  Y )  plotter connected 
to  the computerm. 

If the coefficient matrix C transforms the A 0  basis to the CMO basis 
then the densities of the CMO are generated. If the coefficient matrix 
however connects the A 0  to L M O  then the LMO densities are obtained. 

CMO densities associated with CH,SH are similar to those of CH30H35. 
The LMO densities for CH,OH and CH,SH are illustrated in Figures 47 
and 48 respectively. These density contours are analogous in many ways 
to the LMO plots obtained for FCH,0H36. 

FIGURE 47. Localized niolecular orbital density contours of CH,OH. The 
LMO of the lone pairs and bonding pairs are projected out for ease of 

prcsentation. 

C .  The Sizes and Shapes of Electron Pairs and Functional Groups 

An electron pair ‘a’ may be described by a localized molecular orbital 
t,bIi. The expectation values of the first ( r )  and the second ( re)  moment 
operators, in  terms of these LMO, may be used to define the centroids of 
charge and the sizes and shapes of the electron pairs re~pectively”~. 
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\ 
I Q / / , 

FIGURE 48. Localized molecular orbital density contours of CH,SH. The 
LMO of the lone pairs and bonding pairs are projectcd out for ease of 

presentation. 

The cerrtroid of charge, with respect to an arbitrary coordinate system, 
is given in terms of the components (xL,,ya,zJ of the first moment (I-)": 

(1 67) 1 X'L3 W" = <$a I x I $2 
YtL= (Y>o = <$a I Y I $a) 
=a= <+o = <$a I z I $a) 

where the subscript o indicates that the centroid of charge is expressed 
with respect to  the origin of the arbitrary coordinate system. The following 
geometrical relationship holds for the distance of the centroid of charge 
(R,) measured from the arbitrary origin: 



1. Gcncral and theoretical aspects 99 
The size of art electron pair. 'a' may then be defined as the expectation 

value of a spherical quadratic (second moment) operator ( ra) evaluated 
at  the centroid of charge (R,) defined by the coordinates xu, ya, 2,: 

<r.2>Iin = ((=c - X-;J2> + ((Y -Y:J2) + <(. - qJ2) 

= (9) - 2x;+x: + (Y2)" - 2y: -t y: + (9)" - 2_7: + z; ) 
or: 

( r . Z ) &  = ( X t ) "  + (Y"" + ( , :2)o - (Xt  +y: + z:) 

where ( I . ~ ) ~  is the second moment of a given LMO, $:,, with respect to 
the arbitrary origin: 

(1 71 1 
It is more practical, however, to collect the x, y and z components as 

shown below, in order to have an explicit expression for the components 
labelled ( x ~ ) ~ ? , ,  ( Y ' ) ~ ,  and (z2)17,: 

<Ia2>" = ($4, Ir.'I $a) 

(1 72) 1 (r2))?& = ( r 2 ) o  - R2, = ( r2 )" -  <r)g 

= {(x-')" - (1'):) + f<Y">,, - <Y>3 + { < z 2 ) o  - <.>:> 
= ( x 2 ) 1 2 , +  (J12)IT;n+ <z2>R,* 

The shape of an electroii pair 'a' may be identified with the three 
components of the size defined i n  equation (172),  and these are character- 
istic of an  ellipsoid38. However, the arbitrary coordinate system (x, y, z) 
may not be in alignment with major and two minor axes of the ellipsoid. 
Consequently it may be desirable to  rotate the arbitrary coordinate 
system t o  a new one ( x ' , y ' , z ' )  which is now parallel to the major and 
minor axes of the ellipsoid. In this new coordinate system the size may be 
written in terms of its new components, 

(1 73) 

which will uniquely define the shape of the electron pair but do not alter 
the numerical value of the size. 

Both the spherical average, (r.')itd, which is a measure of size, and its 
components ( , Y ' ~ ) ~ ( ~ ,  ( Y ' ~ ) ~ , ,  and ( ~ ' 2 ) ~ ~  which are related to the shape 

( r2h . ,  = (X'2)Ii,+ (Y'2)rr,+ (z'2)Ii, 
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(i.e. to  the length of the major and minor axes of the ellipsoid), are 
graphically illustrated together with the centroid of charge ( r ) , ,  in 
Figurc 49. 

‘t 

FIGURE 49. Spherical average, < I . ? > ~ ,  (a), and the ellipsoidal components, 
<s’2>ItD <y’2),t, and <z’?>II,, (b), of a n  electron pair, together with the centroid 

of charge, <I.),. 

The centroids of charge, shapes and sizes of localized electron pairs in 
the staggered conformations of CH,-OH and CH,-SH are summarized 
in Tablcs 35 and 36 respectively. These values reveal that the lone pairs, 
associated with basicity or nucleophilicity of the heteroatoms and the 
X-H bonding pairs which are associated with acidity or electrophilicity 
of CH,XH, are larger for the X = S case than X = 0. 

Since gas phase acidity and gas phase basicity are nieasured by  energy 
differences, this means therefore that energy and size are correlatable. 
A similar conclusion may be drawn when tlic sizes of a group of electron 
pairs in a functional group are compared (cf. Table 37), particularly the 
valence shell sizes of the -OH and -SH functional groups as illustrated 
in Figure 50 (p. 103). 

Since an experimental energy difference, AEesp, such as bond energy, 
excitation energy, ionization potential, electron and proton affinity, 
rotational barrier height etc. is related to the theoretical energy difference, 
AEL,leor, computed within the framework of quantum mechanics, and this 
in turn is a function of the electron density difference, Ap,  

(1 74) AEcsp z ‘%lcor = f ( A p )  



TABLE 35. Centroids of charge, shapes and sizes of localized electron pairs i n  CHnOH 
I 

0 Size" ~3 Shape (bohr2) 3 pair 
? 

<x> ( Y )  ( 2 )  (,.> (X'?) <Y'? (i") (I'y ", 

Electron Centroid (bohr) 
CD 

F, 

0 (core) - 0.000065 - 0'0001 12 - 1.349232 1 -349232 0.025296 0.024304 0.023250 0.269909 
C (core) -0~000001 0.000001 - 1.349333 1.349333 0442665 0.041 052 0.040646 0.352652 5 
co 0.024662 0.04271 6 0.296284 0.30059 1.296919 0,476314 0.473488 1.498906 
CHI 1.310329 0*006841 - 1.810463 2.234901 1.131661 0,685893 0.665469 1.575760 5 
CH?,, -0.649243 k 1*135211 - 1.810483 2.234924 1.121647 0.685902 0,665456 1.575754 6' 
OH 0.466559 0.808106 1.643307 1.889753 0.928661 0.463405 0.441244 1.353997 
1PL2 0.316992 t0.487092 1.513811 1.621517 0.725605 0,490822 0.455927 1.293195 ~1 

2 
x 
v, <?>$ is the spherical averagc in Bohr atomic units. 
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h, 

TABLE 36. Centroids of charge, shapes and sizes of localized electron pairs in CH,SH 

Electron Centroid (bohr) Shape (bolirz) Size" 
pair 

<x> <Y> <z> <,.> <.y> <r'2> ( 2 ' 9  < P > b  

S (Is core) 
C (1s core) 

S (L-shell) 

0.000255 
- 0.00003 1 

0.127096 
0.127228 

- 0.127594 
- 0.1 39106 
- 0.009336 

- 0.639478 
- 1.643 185 

0.33891 5 

1,264048 

0~000000 
0~000000 
0.1 84350 

- 0.1 84249 
- 0.000082 
- 0~000019 

o*oooooo 
o*oooooo 

& 1.101502 
0~000000 

k 0.879760 

3.537653 
0*000174 
3.533886 
3,533820 
3.71 9974 
3.354534 
1.763735 

- 0.435549 
- 0.484957 

3.728709 
3.834536 

3.537652 
0.0001 77 
3.540972 
3.540906 
3,721992 
3.34741 6 
1 e763759 
1.333756 
1,362872 
4,07471 7 
3.948734 

0.007405 
0.043559 
0.1 01 946 
0.101 942 
0.099694 
0.100877 
2.387784 
1,2005 17 
1.141592 
1.764071 
1 a430027 

0.007277 
0.041 894 
0.069227 
0,069235 
0.071 720 
0.07273 1 
0.870793 
0.691 568 
0,696491 
0.823971 
1 *075 8 8 8 

0.007 1 15 
0.041 723 
0.068304 
0.068306 
0,062 I49 
0.061 130 
0,865900 
0.686943 
0.686764 
0.823046 
1 a052900 

0.147640 cI 

0.35661 8 
0.489365 
0.489370 Q 
0.483283 5 
0.484497 
2.030881 $ 
1 a605934 
1.588976 
1.846912 
1.88648 1 

9 

(r2>' is the spherical average in Bohr atomic units. 
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TABLE 37. Group sizes in CH,OH and CH,SH 

103 

Group Coinpound <s'?> <y"> <f2> <p>i a 

bohr3 bohr 
- 

CH3- CH,OH 3.3950 2.0577 1.9664 2.7293 

CH3- CH,SH 3.4248 2.0595 2.0603 2.7522 
(valence shell) 

(valence shell) 

(valence shell) 

(valence shell) 

(LS-valence shells) 

a <F>* is the  spherical average. 

_. 

-OH CH30H 2.1 768 1 *4724 1.3677 2.2399 

-SH CH3SH 4.2901 3.2277 3.158714 3.2675 

-SH CH3SH 10.0103 7.5313 7.3703 4.991 2 

FIGURE 50. Valence shell sizes of the functional groups in CH3SH and CH,OH. 

(cf. equation 106 for E = E(p)), it is immediately apparent that the most 
fundamental correlation in theoretical chemistry involves AE and Ap. 
A critical review of the four methods of analysing the electron distribution 
shows that: 

(i) the Mulliken population analysis is too arbitrary, 
(ii) the dipole momcnt value is too compact, 

(iii) the electron density plots are too cumbersome to be of practical use. 



104 I .  G .  Csizniaciia 

It  can therefore be concluded that the ‘size’, i.e. <r3)R,,  of tlic elcctroit 
cloiid of a fiiiictioiial group sue-li as -011 or -SH is the riiost coiivertieiit 
repimeiitative of the cicvisity p that slioitlti be correlatcrl witli those physical 
p i’opert ics w 1i ich ii i oo lue ci I ergji o r en ergy d$erei I ces. 

V. CQNCLUDING REMARKS 

In this introductory chapter the general methods cmployed in thc 
computations of molecular wavefunctions and energies were outlined 
(section 11). Calculated energy differences (section 111) for somc 
representative -OH and -SH containing cornpounds were than 
compared with those physical properties which involve energy differences 
(section I). 

According to one of tlie postulates of quantum theory the theoretical 
energy difference, AELlleor, should approach, in the limiting sense, the 
experimental energy diffcrence when completeness is achieved in the 
computation : 

Thus any discrepancy observed between AE,l,cor and AEcs,, is due to a 
limited expansion (NGoo) of the state wavefunction (‘1’’) in terms of 
electronic configurations ((1)) as  indicated by equation ( I  39) or of the 
MO (4) i n  terms of A 0  (7) as specified by equation (140). 

Because only fairly limited cxpansions have been achieved in the case 
of RSH conipounds some numerical discrepancy can be expected i n  the 
results reviewed in this chapter. However, the degree of such discrepancy 
varies with the nature of the problem. In  some cases (e.g. conformational 
barrier heights or proton affinities) the correlation between and 
AEtllcor was encouragin_r, while in othcr cases (ionization potentials, 
hydrogen and electron affinities) the correlations were not very good. 

Basically there are two possible reasons for the discrepancies: one is 
associated with the variation in the correlation energy and the other one 
is related to thc numerical proximity of the SCF energy (EsCv) to the 
energy at tlie Hartree-Fock limit (EIIrI,). The former could be accounted 
for if an accurate expansion in the correlated wavefunction (i.e. N - t m  
in equation 139 could be achieved), this, however, has not even been 
attempted for thiols. The latter problem could be eliiiiinatcd with a 
complete expansion ( N + m  in equation 140) of tlie Hartree-Fock MO. 
Again, in the former case AEtl,rnr would be identified with 4Exm, (the 
energy diflcrence at the non-relativistic limit)  while i n  the latter case 
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could be equated with AEI1,, (the energy difference at the Hartree- 

Fock limit). In practice, through the SCF procedure, one obtains only 
near molecular Hartree-Fock wavefunctions and here we have to take 
AE,,, as the value for AEt,,po,.. This leads us to the following relation if 
we arc concerned with an ionization phenomenon. 

A&C*i3-~  AEII 171, < AEX,,, z AEcxl, (1.76) 

The singlc inequality is due to the fact that in an ionization process two 
elcctrons are unpaired thereforc the correlation energy of the radical ion 
(Mi-) is less by about 0-065 hartree (cf. equation 73) than the correlation 
energy of the parent niolccule (M). The double inequivalence in equation 
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-437.6907 -437.3342 
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FIGURE 51. A comparison of theoretical energy differences (AEsxI,, AEmr.,  
nEsr.1.) with  the experimental energy difference (AE,,,) associated with the 

ionization of CH,SH. 
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(176) is due to tlie fact that the same basis set applied in tlie SCF 
calculations will produce energy values that approximate the HFL of M 
and M-1- to different degrees of accuracy. Note that tlie single inequality in 
this relation (176) is associated with tlie first reason and the double 
inequality is related to the second reason of discrepancy presented at  the 
beginning of this paragraph. All those features are clearly illustrated in 
Figure 51 for tlie ionization process involving CH,SH. 

I n  contrast, the internal rotation in CH,SH does not involve any 
electron unpairing therefore tlie correlation between the experimental 

FIGURE 52. A comparison of theoretical energy differences ( ~ E s R L ,  AEnIJL, 
A E s c ~ )  with the experimental energy difference (A&,,) associated with the 

internal rotation of CH,SH. 
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(AEes,,) and theoretical (AE,,,) barrier heights is expected to be con- 
siderably better: 

AEscb-z AEIIFI, z 4Exn1, z AE,,, (1 77) 

as illustrated in Figure 52. More important than the actual numerical 
accuracy in reproducing .4EcxcSp by AEtlrcor is the fact that with present-day 
computer technology and programming capability an avenue has been 
opened to  calculate energy diferciices (AE,,,,,,) fioin fii*sz priiiciples. The 
improvement in numerical accuracy ensuring AE,,, z for almost 
all chemical processes is surely to  come with time. 

However, numerical reproduction of 4EcsP may not be the ultimate 
utility of quantum chemistry. In fact, the advancement of our fundamental 
understanding of a chemical problem is only partially tied to  energy. I t  is 
the electron density (p )  that defines the physical system and this is the 
quantity that determines everything else including the total energy: 

E = E(p) (178) 

Since we can calculate p more accurately that A E  some suitable analysis 
of p or A p  is highly desirable. It has been shown that the size of electron 
pairs: o r  the size of a set of electron pairs which constitute a 
functional group, such as  -OH or -SH, is related t o  p, yet it is a 
quantity that can easily be related to  chemical concepts. It is therefore 
hoped that this quantity: ( Y * ) ~ ~  will be successfully correlated with both 
the experimental and theoretical A E  values. 
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1. INTRODUCTION 

In  this section, an attenipt is made to bring together such information 
as has been obtained on structures containing the thiol group, in the 
crystal, in solution and in the gas phase. In many ways the information 
obtained from studies on these three states is complementary. X-ray 
diffraction results usually provide definite and fairly precise answers on 
geometrical properties as they pertain in the solid state. Details such as 
bond lengths, bond angles, torsion angles and hydrogen bonding participa- 
tion can usually be obtained from diffraction studies with a high degree 
of certainty. The method, however, suffers from the disadvantages that the 
molecules are in a high state of aggregation, are usually required by the 
nature of the crystal lattice to exist in a single conformation, and certain 

111 



112 lain C .  Paul 

intermolecular interactions that would be of less iniportance i n  the gas or 
i n  solution tend to be the major stabilizing influences. An  additional 
disadvantage of X-ray analysis lies in  its relative insensitivity to hydrogen 
atoms. This is clearly a major problem when dealing with a function such 
as the thiol group. When the hydrogen atom is bonded to a relatively 
‘heavy’ atom like sulphur, its location in X-ray structure analysis becomes 
even more difficult. This limitation can be overcome by neutron diffraction 
studies as the scattering power of a hydrogen atom toward neutrons is 
much greater, yet the facilities for such studies are still not widely avail- 
able, and the requirements in terms of crystal size, etc., are more stringent 
than is tlie case with X-ray diffraction. The lack of even a single neutron 
diffraction study on a compound containing a thiol group severely limits 
discussion of several topics in  this review. Nevertheless, despite these 
several drawbacks, tlie X-ray diffraction method remains the method of 
choice for establishing detailed structural information on complex and 
moderately complex molecules. 

Electron diffraction and microwave studies are able to provide highly 
accurate structural information on small molecules in  the gas phase. These 
methods can also provide detailed results for bond lengths, angles and 
molecular conformation. However, their applicability is quite limited as to 
molecular complexity, and difficulty can be encountered when numerous 
conformers coexist. 

Infrared spectroscopic and nuclear magnetic resonance investigations on 
solutions cannot yield detailed bond lengths and angles, but can often 
produce important information on conformations, and they are well 
suited to examining molecular interactions and dynamic effects that arc 
less susceptible to analysis by the diffraction techniques. 

I n  this review of the structural chemistry of the thiol group, examples will 
be given of results obtained by all of the above methods. A necessarily 
short survey cf the limited X-ray information on bond lengths, angles and 
conformations of molecules containing the thiol group wi l l  be followed by 
a somewhat critical description of certain structures that have been 
reported i n  the literature to contain thiol groups, but where considerable 
doubt can be raised on this point. That section then leads to a discussion 
of the relative occurrence of thiol : thione tautomers in the solid state. Next, 
there is a survey of the results obtained o n  simple thiols in the gas phase by 
electron diffraction and microwave methods and this is followed by :I 

brief description of some of the results obtained by spectroscopic and 
resonance techniques i n  solution. Finally, there is a discussion of the 
hydrogen-bonding properties of sulphur both as a donor S-H-B and :is 
an acceptor A- H -S. While therc is considerable evidence regarding 
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the ability of sulphur to act as an acceptor and a fair aniount of work has 
been done on its donor properties in solution, very little evidence has ever 
been gathered together on the hydrogen-bonding capabilities of the tliiol 
group in the solid state. 

II. MOLECULAR DIMENSIONS AND CONFORMATIONAL 

CRYSTALLOGRAPHIC STUDIES 
The literature relating to X-ray diffraction studies on molecules containing 
the thiol group is disappointingly, and rather surprisingly, meagre. Such 
work as does exist has becn niainly 011 L-cysteine (1) and derivatives. To 

llNFORMATlON OBTAINEQ FROM X-RAY 

add to our disappointment, a great deal OF this work has failed to reveal 
quite significant geometric details. X-ray analyses have been carried out on 
both the nionoclinicl and ortliorliombic forms2 of L-cysteine; structures 
have also been determined for L-cysteine hydrochloride nionohydrate3, 
the 1 : 1 complex of L-cystcine ethyl ester hydrochloride and urea4 and for 
the tripeptide, glutathione (2)5. The value of an early study on tlie 
dipeptide cysteylglyciiic (3) a s  the 2 : 1 sodiiim iodide coinplex'; suffers 

SH 
H ,SH / 

Nt-i, I I  I I C\H, I 
I ,c, ,CH, ,N, ,CO2H ,CH, /N, 

0 CH, H 

CH-CH2-CH2 N C CH2 H2N C CH2CO2H 
/ I I  I I  

C02H H I 0  0 

(2) (3) 

froni a severe lack of cxperiinental data and froni a low degree of refine- 
nien t . 

The lengths obtained for the C-S bond in the various X-ray diffraction 
studies are listed i n  Table 1. To sonic extent, tlie reliability of these 
analyses can be gauged froin the quoted R-factors. The R-factor, defined 
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TABLE 1. Molecular dimensions of the thiol group 

C-S S-H C-S-H Methodof Final Ref. 
(A) (A) (deg) data collection R-factor _ _  _____._I___I___ .____ -- - 

r-cysteine (1) 1.86 ( l ) $  
(monoclinic)” 1-77 (1) 

L-cysteine 1.811 (3) 
(orthorhombici” 

hydrochloride 
mon ohydra t e 

ester hydro- 
chloride : urea 
(1 : 1) 

glycine : NaV 
(2:  1) 

L-cys teine 1.801 (16) 

L-cysteine ethyl 1.772 (1 6) 

Glutathione (2) 1.78 (3) 
Cyst ey I- 1 *64 

X-ray diffraction results 
--c -c Photograp hicJ 

.-e -c Counter 
- - 

-c -c Pliotographic 

-c -C Counter 

-c - c  Photographic 
- c  -c Photographic 

0.127 1 

0.037 2 

0.121 3 

0.092 4 

0.2 1 5 
0.14 6 

Electron diffraction results 
Methanethiol (4)g 1.82 (1) - - 
Ethane-1,2- 1.819 (2) 1.40 (2) 90”30’(3”12’) 
dithiol (5)  

7 
8 

h.I i c r o ~ ~ v e  an alg si s 
Methanethiol‘ 1.81 9 (5) I .335 (1  0) 96’30’ (30’) 
Sum of covalenti 1.81 1.41 
radii 

9 
12 

0 There are two crystallographically independent molecules in the monoclinic form of 
L-cysteine. The  large discrepancy between the C-S lengths in the two molecules was attributed 
to the error that arises from neglect of proper treatment of anomalous dispersion in polar space 
groups; the space group was P2,. 

The figures in parentheses given here and elsewhcre in the rebiew refer to the estimated 
standard deviations from the results of the analysis. If there are no significant systematic errors 
in the analysis, then, as a rough guide, one can say that tlirre is one chance i n  a thousand that 
the value of the parameter given differs by as much as three times the estimated standard 
deviation from the true value of that parameter. 

The thiol hydrogen was not located. 
d Towards the end of the data collection, sonic effccts, attributed to oxidation of the sample, 

were noted. 
A n  abnormal value for the 03> component of the anisotropic temperature f x t o r  for sulphur 

was obtained. This anomaly may indicate disorder which may be responsible for the failure to 
locate the thiol hydrogen atom in an otherwise well-determined structure. 

f Only very limited intensity data were recorded. 
Only the C-S length was given in the tabulation in reference 7. No details of the analysis 

This result is in good agreement with several earlier 
The  values of the covalent radii were taken from reference 12. 

were provided. 
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as [F, , l , . . l - lF ,c ,~~. /  I / ]  x lF, , l , , l ,  is a measure of  the agreement between 
the observcd structure amplitudcs and those calculatcd on the basis of 
the rnodcl for the structure. With photographic data, R-factors less than 
0.1 3-0.14 indicate fairly well-refincd structures, while R-factors aboLtt 
0.20 imply either that the measured intensities arc quite inaccurate or 
that there is somcthing significantly wrong with the structural model, 
although not to the extent that the ovcrall molecular structure is 
incorrect. When the reflection data arc measurcc! by countcrs, iisually on 
an automatic difliactometer, X-factors below 0.05 can be obtained in 
careful work. Whilc there are ccrtainly more reliable indicators of tlie 
accuracy of the results obtained from an X-ray analysis than the R-factor 
(which has gained a certain notoriety in  this rcspect), it is still the most 
convcnicnt and a reasonably reliable indicator of the ovcrall quality of 
an analysis. I f  the results obtained froni tlie more rcliable X-ray analyses. 
i.c. thosc on thc orthorhombic form of 1.-cysteine', on thc hydrochloride 
salt of L-cysieine", and on thc I : 1 urca coniplcx", :ire compared with those 
obtained by clcctron and microwave methods"-", and with 
the sun1 of thc covalent radii for sulphur and carbon12, then there is 
general agrcement that the C(sp3)-S bond lcngtli is in tlie range 1.77- 
1.82 A. Thc agreement is cven more impressive, if  only the C-S length 
(1.81 1 (3) A) from the most accurate X-ray analysis, that on the ortho- 
rhoriibic form of L-cystcinc, is conipared with the result (1.819 ( 5 )  A) from 
the microwave data o b t a i x d  on mctlianethiol (4) and with that 
(1.819 (2) A) rcsulting from the clectron diffraciion study on ethanc-1,2- 
ditliiol (5). ':'lie :.cry poor agrcemc-nt between the C-S lengths in the 

,SM 
CH,-CH, CH,-SH HS, 

(4) ( 5) 

two molccules of L-cysteine in tlie monoclinic crystalline modification is 
possibly a result of a neglect of the dispersion cITects encountered in polar 
non-centi'osjrmiiict!'ic spacc groups, as \vas suggcstcd by the authors1. 
Howcvcr, therc wcrc somc other disturbing factors about this analysis, 
such as apparent oxidation of thc sample and the appcararice of somc large 
maxima and niininia on the final difference map. There are no reliable 
X-ray data on C(sps)-S(H) or C(aromatic)-S(H) lengtlis. 

The thiol hydrogen atom was not located i n  any of tlie crystal structure 
deterniinaiions listed in Table 1. This is particularly surprising i n  the casc 
of the orthorhotnbic form of I.-cystcine2 as all other hydrogen atoms were 

5 
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Monoclinic L- cysteine molecule 8 

(b) 

(C) 

Monodhic L - cysteine molecule A 

02 02 

Orthorhombic L- cysteine 
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C- cysteine HCI Hydrate 

L-cysteine ethyl ester hydrochloride : urea complex 

Gluta t hione 

FIGURE 1. Stereoscopic views projected along thc Cp-CCn bond for various 
niolecules containing the 7C-CCH2-SSH group. (a) Monoclinic form of 
L-cysteine (niolcculc B), (b) monoclinic form of L-cysteinc (molecule A), 
(c) orthorhonibic form of L-cysteine. (d) L-cysteine hydrochloride mono- 
hydrate, (e) L-cysteine ethyl ester hydrochloride : urea ( I  : 1 complex) and 
( f )  glutathionc. Thesc and subscquent stcreoscopic views can bcst be seen with 
the aid of a simple stereoscopic viewer. They can also be seen by holding a 
small piecc of cardboard nornial to the paper between the right- and left-hand 
views, thus cutting off the right view froni the left eye and vice versa. In the 
cases of the cysteinc compounds, the atoni numbering used in the original 
papers has been changed, where necessary, so that the Cp-C, bond is 

c,-c,. 

\ 
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readily found. This analysis is certainly of a level of accuracy that one 
wodd not expect any difficulty in locating a hydrogen atom. There were 
some anoInalies in  tlie form of the temperature factor for the sulphur 
atom that might be attributed to some minor positional disorder for that 
atom and it is possible that the hydrogen atom does not occupy a unique 
position in the unit cells. This possibility s h ~ ~ l d  be borne in mind when 
the hydrogen-bonding properties of the thiol group are discussed. Without 
information relating to the position of the thiol hydrogen atom, obviously 
nothing meaningful can be said about the S-H length, the C-S-H 
angle or the conformation found about the C-S bond from these X-ray 
analyses. A good quality neutron difli-action study on one or more of these 
structures would be particularly rewarding in providing information about 
the tliiol hydrogen atom. 

The conformations found about the C-C bond adjacent to the thiol 
group, however, do present some interesting results. Stereoscopic views 
of the projection down the C,-C, bond ( a  and p to the thiol group) for 
six of these molecules are shown in Figure 1. The exact values C(carboxy1)- 
-C-C-S and N(amino)-C-C-S torsion angles are listed in Table 2. 

TABLE 2. Torsion angles around the C-C bond adjacent to the thiol group 

L-cysteine (nionocli nic), 

L-cysteine (monoclinic), 

r-cystcine (orthorhombic) 
L-cysteinc HCI.H20 
L-cysteine ethyl ester 

Glutathione 
Cysteylglycine : NaI (2: 1) 

niolecule Bb 

molecule A 

HCl : urea (1 : 1) complex 

7[C(carboxyl)- 
-c-c-S]" 

68.8" 

- 50.5" 

- 5S.2" 
- 52.5" 
- 44.S" 

- 54.5" 
- 57.8" 

~[N(arnino)- 
-c-c-S] 

. . - - -. - . 

- 170.1" 

' 12.6" 

65-4" 
63.9" 
74-9" 

71.8" 
64.9" 

Ref. 

.- .- 

1 

1 

2 
3 
4 

5 
6 

' I  The torsion angle (A-B-C-D) is defined as positive if, when looking along the 
B-C bond, atom A has to bc rotated clockwise to cclipse a t o m  D. 
I, There are two crystallographically independent molecules in this structurc. 

Molccule A is thc  one with the  sulphur a t o m  labellcd S(1) in reference 1 ,  niolecule B 
is the o n e  with siilpliiir labelled S(1 1). 

The C-S bond takes up an orientation that is gnirche with respect to both 
the. C-"(amino) and C-C(carboxy1) bonds, when projected along the 
C-C bond in  the orthorhonibic form of L-cysteine, in tlie L-cysteine 
hydrochloride salt, in tlie urea complex of the ethyl ester hydrochloride, 
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in glutathione, in the cysteylglycine : NaI complex, and in one of the two 
crystallographically independent molecules in the monoclinic form of 
L-cysteine. In all these cases the N(amino)-C-C-S torsion angle is 
somewhat greater than the C(carboxy1)-C-C-S torsion angle. The 
single exception to the guuchc arrangement is found in the case of one of 
the molecules of the monoclinic form of L-cysteine. It has an arrangement 
with the C-NH; and C-S bonds in a nearly auti orientation. A possible 
explanation for this difference can be foutld in the crystal structure of the 
monoclinic form of L-cysteinel. As will be discussed later in this review, 
the molecule with the anti arrangement cannot be considered as a serious 
candidate for intermolecular S-H-. B hydrogen bonding, whereas there 
is reasonable evidence that all the other molecules listed in  Table 2 are so 
involved. However, the possibility for intramolecular hydrogen bonding 
does exist in the case of the molecule of L-cysteine (monoclinic) with the 
anfi arrangement. Intuitively, the an/i conformation around the C,-C, 
bond would have been thought to be more stable than a garrche arrange- 
ment, yet the evidence from crystallographic studies, at least on L-cysteine 
derivatives, does not support this view. 

111. A D I S C U S S I O N  OF S O M E  STRUCTURES T H A T  
H A V E  BEEN REPORTED TO CONTAIN T H E  

THIOL G R O U P  

The structure of 3-hydrazino-5-niercapto- I ,2,4-triazole (6) was studied 
several years ago by Senko and Ternplet~n’~. This molecule can be repre- 
sented by a tautomer with a thiol group (6a). Neutral forms with a thione 
group, such as 6b, and zwitterionic forins such as (ic would also be 

H 

H:N-NH-C /N\ Y-S- 
\\ I 
N-N, 

( C )  

H 
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possible. The X-ray analysis did not indicate the positions of the hydrogen 
atoms, so the assignment as to which tautomer exists in the crystal had to 
be made on the basis of the observed molecular dimensions and inter- 
molecular contacts. The molecular dimensions were not particularly 
helpful in  making such a decision as the C-S bond length of 1.74w is 
intermediate between the lengths expected for a C-S single and C-S 
double However, the intermoleciilar contact of 3.24 A between 
the terminal nitrogen of the hydrazino group and the sulphur atom was 
attributed by Scnko and Templeton'" to ionic rather than hydrogen 
bonding15. For this reason, they favoured a zwitterionic form (Gc) rather 
than either of the neutral forms as representing the state of the molecule 
in the crystal. In  a review of the hydrogen-bonding capabilities of sulphur, 
Srinivasan and Chacko"j described both 3-hydrazino-5-mcrcapto-1,2,4- 
triazolc and 2H-pyridaz-3-thione (7) as existing in zwitterionic tautonieric 
forms. However, there is little evidence from the X-ray study17 on 7 to 
indicate that it exists in  other than the neutral thione tautomeric form (7a). 

S -  s 

H H 

The molecule of 2,5-diami1io-4-iiiercaplo-6-~iictliylpyri1iiidine (8) was 
reported to exist in the crystal in the thiol form on the basis of an analysis 
of two projections, and co-ordinates were reported for the thiol hydrogen 
atom (although a two-fold disorder for the S-H group was invoked)I8. 

SH s 

As anisotropic thermal motion was not introduced into the model, some 
doubt as to the reliability or this location can reasonably be raised. 
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Inspection of the crystal structure (Figure 2) does not allow an  unequivocal 
assignment of hydrogen bonding to be made and indeed suggests a 
structure with relatively little hydrogen bonding. On the basis of the 

FIGURE 2. Stcreoscopic view of thc crystal structure of 2,5-diaiiiiiio-4-mercapto- 
6-methylpyrimidine (8). 

existing evidence, we feel that the case for a thiol group in this molecule 
remains to be established. Several structures involving the thione group 
(e.g. 8b) could be written for this molecule. 

The structure of thiourea nitrate (9) presents an interesting problem. 
The X-ray analysis performed by Feil and Loong19 seemed to provide 
conclusive evidence that sulphur rathcr than nitrogen was protonated and 
that the cationic species was 9a rather than 9b. A difference map 
calculated to locate the hydrogen atoms, and presented by these authorslg, 
had a large positive peak near the sulphur atom. However, the resulting 
S-H distance seems unacceptably short (0.96 A from the data collected 
with CuK, radiation or 0.79 8, from those with MoK,), when the values 
obtained from electron diffraction and microwave data are in the range 
1.3-1.4 A (Table 1). I n  addition, it was reported that the hydrogen atom 
attached to sulphur 'oscillated' during the rcfinernentl9. Furthermore, the 
C-S length of 1.735 (CL!K,) or 1.739 (4) A (MoK, radiation) is com- 
parable to those found in thiourea and related compoundsz0, and if 
representing a C=S-l-l bond, it certainly does not seem to have been 
much affected by protonatinn. The space group of the crystal is P2,/ni, 
\vliich requires all the atoms to lie on a mirror plane'!'. If, however, there 
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was some disorder among tlic hydrogen positions, two possible different 
interpretations of the anomalies could bc given. 

1. The additional hydrogen atom is indeed bonded to the sulphur atom, 
but it does not lic in the mirror plane, but is statistically disordered between 
sites that are a n  equal distance above and below the plane. It is unlikely, 
however, that the proton is involvcd in hydrogen bonding as the closest 
S - 0  contact between molecules lying on adjacent mirror planes is 
3-78 A and the C--S-.-O angle is only 68". Such an arrangement, however, 
would lead to a longer S-14 bond and might provide an explanation for 
the difficulties encoun tered with this atom during the refinement. 

2. A more radical rc-interpretation would have the extra proton attached 
to one of the nitrogen atoms as i n  9b, with the consequence that the peak 
near sulphur was a n  artifact (there is an cquivalently sized negative peak on 
the other side of the su1pliur)l9. Such an interpretation would require that 
onc of the peaks on the mirror plane i n  the difference map that has been 
considered to represent a single hydrogen atom did in fact represcnt the 
midpoint bctweeri two hydrogen atoms attached to the one nitrogen, one 
of the hydrogen atonis being above the plane, the other being below the 
plane (Figure 3). This possibility would lead to a hydrogen bonding 

FIGURE 3. Representation of strucliire cf -NH; group t!iat could lead to 
accumulation of electron dcnsity on mirror plane. 

arrangement between tlic N- H (thioiirca) group and the nitrate ion at the 
equivalent position ( I  -s, + J J ,  I -=). 11: such an arrangement, tlie 
shortest N - - O  distance is 3.37 A, but the N-.N(nitrate) distance is 
3-21 A ;  the C-N-e .0  and C-N-..N angles are 86" and 95". 

These two structures are only si!gge.ste'c/ as possible cxplanations of the 
results. I t  is, of coursc, quite possible thn i  the published structure is 
completely correct and that tlic thiol hydrogen has bccn placed artificially 
close to the sulphur atom. I n  this context, the striicture of urea nitrate 
cleariy has the oxj'gell atom protonated as demonstrated by both X-ray 
and neutron difTractioi1 nietliods3-1.0-2. Thc crystals of urea nitrate and 
thiourea nitrate however, are not, isostructural and oxygen is much iiiore 
clectroncgative t h a n  si~IpIiiir. 
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IV. RELATIVE OCCURRENCE OF THIOL : THIONE 
TAUTOMERS IN T H E  SOLID STATE 

When there is the possibility of tautomerism between the thiol and thione 
forms (10) and (ll), the thione form has been invariably found to be 
present in the solid state'O. Compounds exemplified by thiourea (12)*3, 
thiosemicarbazide (13)24, 2-mercaptobenzothiazole (14)?", and I-thio- 
carbamoylimidazolidine-2-thione (15)2G all exist in the crystal as the 
tautomers containing the [hione groups, as is clearly shown from X-ray 

123 

(1 3) (14) (15) 

studies*7. These conclusions have been reinforced by the precise location 
of the protons by clectron2s and neutronz9 diffraction studies on thiourea. 
A similar situation pertains among sulphur-containing nucleic acid bases. 
For example, 6-mercaptopurine monohydrate (16)30, 2-niercapto-6- 
mctliylpurine monohydrate (17)", thiocytosine (lS)s2, thioguanosine 
monohydrate (19)"J and dithiouracil (20)3* all exist in the thione 
tautomeric forms shown3j. In the case of 6-mercaptopurineY this has the 
interesting consequence that while this molecule might have been 
anticipated to be a possible substitute for adenine (21) in polymeric 
nuclcic acid structure, it is both an antagonist to nucleic acid synthesis and 
is an anti-tumour drug. It  is tempting to speculate that this property is 
due in part to the inability of the 6-substituent to act as a hydrogen- 
bonding donor. 

Most of the availablc evidence points to the predominance of the thione 
over the thiol forni also in the liquid state and in solution. For example, 
the 2-, 6- and 8-thiopurines have been shown to exist mainly as the thione 
tautomers (22-24) in neutral solution by ultraviolet3GG3s and 
spectroscopy; tautolners with different nitrogen atonis protonated would 
also be possible. The electronic absorption spectra of thiopurines have also 
been interpreted using Pariser-Parr-Poplc-type calculations and the 
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y 2  

H 

results of these calculations were in  agreement with the existence of 
thione tautomcrs". An infrared study on 2-(R-substituted)-isonicotinethio- 
aniides (25), wherc R = H, C,M,, C,H,CH,, nicotinethioamide (26) and 
6-(R-substitutcd)-2-picolinic acid thioamides (27) demonstrated that these 
compounds also existed as the thione form as shown, in both the liquid 
and solid states". Furthemiore, this finding is i n  agreement with the results 
of an X-ray study on isonicotinethioaniide (25, R = H) carried out by 
Colleter and Gadrct13. 
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However, in certain cases the presence of thiol tautoiiiers is observed. 

When the protons adjacent to the sulphur-bearing carbon atoms are quite 
labile, thiocnol forms are observed. 2-Picolyl isopropyl thioketone (28) 
and a-tliiobenzoylacetophenone (29) have been shown to exist as thioenol 
forms from the results of a p.ii1.r. study"'t. Various thiophenethiols, e.g. 
30, are stable with respect to the corresponding thionc form (31) both in 

(30) (31 1 

the liquid state and in cyclohexane solution using p.ni.r. spectra"". In this 
case the thione form would exhibit a loss of resonance energy in the 
heterocyclic ring. Later studies on thioplienethiols also confirined the 
presence of the thiol protondG. An infrared exa~nination"~ in the solid and 
liquid states combined with an n.ni.r. study of ten niercaptoaldiminc 
derivatives of thiophcne revealed that the tliione tautomer (32) was 
prcsent in the solid, predominated in  the liquid, but the amount of thiol 
tautomer (33) increased with increasing tempersture. Thus, while thione 
tautomers are usually found, thcrc are obviously some situations where 
the thiol form is preferred. 

CHNHR CH=NR 

V. ELECTRON DIFFRACTION A N D  MICROWAVE STUDIES 
ON MOLECULES CONTAINING T H E  THIOL GROUP 

Here the situation is somewhat bettcr tlian was the case with X-ray studies 
since there are scvcral structural studies on inoleculcs in the gas phase 
that contain thiol groups. Methanethiol (4) has becn studied extensively 
by microwave methods"-ll~.lH,J~ and there is also an early electron 
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diffraction study;. The most recent microwave data of Kojima9 gave a 
C-Slcngthof 1.819 (5)A,anS--Hlengthof 1.335 (10) KandaC-S-H 
angle of 96'30' (30') (Table I ) .  The vcflues for the C-S and S-H bonds 
are in  excellent agreement wi th  the sums of the accepted values for the 
covalent radiiI2; they are also in good agreement with those reported as a 
result of earlier microwave studiesl"*'l on methanethiol, with the electron 
diffraction value for the C-S bond length ( 1  *82 (1) A) determined by 
Schoniaker', and with the S-H length (1.32-1.34 A) found in hydrogen 
sulphide50. While the C-S-H bond angle is much less than that found 
i n  the analogous oxygen group (where it is approximately tetrahedral), 
it is significantly larger than the H-S-H angle (92-93") in hydrogen 
sulphide". A small angle (2"IO' t. 30') was found between the three-fold 
axis of symmetry of the methyl groiip and the direction of the C-S 
bond in 49.  

In addition to information on niolecular structure, the microwave work 
provided measures of dipole moments9~.1S,49 and the height of the barrier 
to internal rotation about the C-S bond9--",J9*51. The dipole noinent 
parallel to the molecular axis, shown in Figure 4, is 1.33(3) D 

p,,=1.33(3) D T 
pl= 0.73(3) D 1 ---> 

c\ 
ti//' '\H 

H 
FIGURE 4. The molecule of methanethiol (4) showing the  dipoic moments 
parallel and pcrpcndicular to the mclccular asis. There is an angle of 
2'10' (30') between the three-fold axis of the methyl group and the C-S bond. 

whereas that perpendicular to the molecular axis, is 0.73 (3) D. These 
values are in good agreement with assumed bond dipole inoinents of 
H+-S- 0.68 D, C+--S- 1 .OO D and H 1 -C- 0.40 D9. Estimates of the 
barrier to internal rotation range from a low of 0.70 to a high of 
1.46 kcal/mole, the lattcr being detcrmined from calorimetryi1. However, 
on the basis of thc most recent microwave study wliich tock into account 
excited torsional statcs as well as the ground state, a 1 :!lue of 1-27 (3) kcal/ 
mole was obtained!'. A careful study of the vibrational spectra of CH,SH 
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and CH3SD in the gaseous and solid states by May and Paces2 led to the 
assignment of bands in  CH,SH to thc S-H stretching frequency 
(2605 cm-I), the C-S-H bending frequency (802 cm-l) and the C-S 
stretch (710 c~i i -~) .  No absorption corresponding to rotation about the 
C-S bond could be observed. If  the torsion barrier (1.27 kcal/mole) 
found by Kojima9 is assumed, the frequency of this rotation should be 
200 cm-'. May and Pace"? also carried out a normal co-ordinate analysis 
following their assignments. Similar calculations have recently been made 
by Gebhardt". Both studies followed the molecular geometry deduced 
by Kojinia9. 

The role of the thiol group in  determining conformation i n  prop-2-ene-l- 
thiol (34) has been examined by microwave methods"'. Several conformcrs 

H, ,CH,SH C H 3 \  ,CH-SH 
H/c=c \  H C H 3  

(34) (35) 

are possible as a result of rotation about the C-C and C-S bonds 
(Figure 5). The dipole moment was measured a s  1.33 (3) D and it was 
possible to describe the structure i n  terms of standard bond lcngths and 
angles. The most stable conformer is shown i n  Figure 5. 11 has one of the 
methylene hydrogen atoms arranged tmis or mri  to the single hydrogen 

H 

\ 
C- C 

\ H / 
ti 

FIGURE 5. The niost stable conformer of prop-2-cnc-1 -tliiol (34). 

o n  the central carbon atom and the best value for the C=C-C-S 
torsion angle was found to be 12423" (Figure 6a), i.e. the thiol group is 
gaiiclie with respect to thc double bond. The thiol hydrogen atom is 
arranged such that the C-C-S-H torsion anglc is 50" (Figure 6b). I n  
contrast, 2-propanethiol (35) has been to exizi in two conformers 
about the C-S bond, one with the C-H and S-H bonds m7ri and the 
other with them gnuchc. 
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Ethane-] ,2-dithiol (5 )  has been examined both by electron diffraction8 
and by spectroscopic methodssti. The electron diffraction study yielded 
values of 1.819 (2) 8, for the C-S, and 1.40 (2) A for the S-H bonds, 
and a C-S-13 angle of 90.5 (3.2)" (Table I ) .  Whilc the angle is much 
smaller than that found in mcthanethiol, the high standard deviation for 

SH H 

FIGURE 6 .  (a) Projection along the =C-C(SH) bond in the molecule of 
prop-2-me-I-thiol (34), (b) projection along the C-S bond in 34. 

the value found for 5 does not imply that the difference must be significant. 
I n  this study, the S-H bond was ns.n//iiecl to be anti to the C-C bond, 
although this arrangement was not found in the case of prop-2-ene-1-thiol 
(34)51. Two conforniers due to rotation about the central C-C bond were 
detected in the gas phase by the electron diffraction method. In the gas 
phase, there was 62% of the m t i  form and 380/;: of the gauclre form of 
ethane- I ,2-dithiol (Figiircs 7a and b)"."'. The energy difference between 
these two conformers was estimated to be 0-8 kcal/rnole. 

H 

I 

SH SH 
onti gouche 

(a 1 (b) 
FIGURE 7. The nilti and gaiiclie confornicrs about tile C-C bond ii1 cthane-1,2- 

dithiol (5). 

A spectroscopic study of 5 in both gaseous and crystalline states by 
Hayashi and coworkerP provides sonie interesting information on 
conformational possibilities. Correspondcnce between inany of the spectral 
lines of 5 and those prcviously identifiedss for 1,2-dichloroethane allowed 
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many assignments to be made. In the gas phase, there is clear evidence for 
the existence of both atiti and gauche conformers while upon crystalliza- 
tion the lines corresponding to the gaiiche conformer disappear. The 
positions of the S-H stretching, C-S-H bending, and C-S stretching 
modes are in general agreement with those observed for methanethiol. 
While no band corresponding to rotation about the central C-C bond 
was observed, a weak absorption, active in the Raman at 255 an-*, was 
assigned to the C-S torsion in the deuterated molecule DSCH,CH,SD, 
in the liquid state. Since the spectra recorded in the crystal show a mutual 
exclusion rule between the infrared and Raman spectra, the conformer in 
the crystalline state was judged to have a centre of symmetry. There are, 
however, two possible conformers with this symmetry (Figures 8a and b). 

i-” Onli  i’ gouche H H  

\ 
C -  

anti C 
b H  C p 

‘H 
H 

unfi 

H-S 
/ H 

\ 
H 

S 

H-S 
P 
S-H 

( c )  

FIGURE 8. The rotational arrangcnients around the C-C and two C-S bonds 
in several conformations of cthanc-l,2-dithiol (5). 

One of these (Figure 8a) has an an/; arrangement about thc three bonds, 
S-C, C-C, C-S, while the other has a gairche arrangement about the 
two C-S bonds, but an anti arrangement around the central C-C bond. 
Likewise, an unequivocal assignment of the exact conformation of the 
species present in the gas phasc and which disappears upon crystallization 
was not possible on the basis of the observed spectra, although the 
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principal species (there may be more than one) did have a gauche arrange- 
ment about the central C-C bond. However, when a normal co-ordinate 
analysis was carried out assuming that the form persisting in the crystal 
had CZ1, symmetry (i.e. that shown in Figure Sa) and that the form in the 
gas phase which disappeared i n  the crystal had C, symmetry and was that 
shown in Figure 8c, the five constants for the various modes of vibration 
were consistent with results obtained in related structures. Thus, Hayashi 
and coworkerssG believed that the two forms mainly present in the gas 
phase are those shown i n  Figures 8a and c, and that the form in the crystal 
is that in Figure 8a. 

By measuring the relative intensities of the same vibrational modc in 
the two conformers (Figures 8a and c) at various temperatures, Hayashi 
and coworkerssG estimated the energy difference between them to be 
0.63 kcal/niole with the arifi being the more stable; this result is in fair 
agreement with the value of 0.8 kcal/mole obtained from the electron 
diffraction experimenvq. Hayashi and co-workers also estimated that the 
energy barriers to  rotation about the C-C and C-S bonds were 
4.8 kcal/mole arid 1-7 kcal/mole, respectively; this latter value is somewhat 
greater than the 'best' value found for the C-S bond in  niethanethioP. 
These authorssG carried out a normal co-ordinate analysis on the molecule 
of 5 and obtained good agrcement between observed and calculated 
frequencies. 

Hayashi and coworkers-j9 extended their studies on the spectra of 
molecules containing thiol groups to 2-chloi-o- and 2-bronioetlia1iethio1 
(36a and b). 

X-CH,-CH2--SH (36 a) X = CI 
(36 b) X = Br 

They had previously shown that in the crystal, ethane-l,2-dithiol exists 
i n  the single all atifi formsG, whereas 2-cliloroetlianol exists in a single 
form with a gauche arrangenicnt around the central C-C bond". This 
latter finding was attributed to an internal O-H -C1 hydrogen bond. 
However, in the sulphur analogue, the aiiti arrangement around the 
central C-C bond was shown as the only confornier in the crystalline 
state and was found to be the most stable conformer in the gaseous and 
liquid states. Several conformers about the C-S bond were indicatcd 
in the gas and liquids9. There was no evidence from this study for intra- 
molecular S-H-..  C1 hydrogen bonding analogous to that found i n  the 
oxygen compound. Mori and coworkersG1 studied rotational motion about 
the C-S bond in a number of alkanethiols and correlated this with 
iiitramolecular hydrogen bonding involving the thiol group. 
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Thioacetic acid (37) in the gas phase was tlie subject of an early electron 

diffraction study by GordyGg. He assumed that the S-H length was 
1.34 A, the S-C-0 angle was 125" and that the niolecule was planar 
apart from the hydrogen atonis of tlie methyl group. With these restrictions 

(37) 

placed on tlie geometry, he obtained values of 1.24 (4) A and 1-78 (2) 8, 
for the C=O and C - S  bonds, respectively. He attributed the shortening 
of tlie C-S bond length wrlien compared to tlie sum of the covalent radii 
to resonance effects involving the carbonyl group, which was somewhat 
lengthened. It was pointed out i n  the paper, however, that such resonance 
interaction was much less than in the case of esters or aniides"'. 

In summary, microwave spectroscopic and electron difrraction methods 
have provided more information on the geometry of the thiol group than 
has X-ray diffraction, particularly those aspects that involve knowlcdge 
of the location of the hydrogen atom. In favourable cases, infrared spectra 
can also be used to obtain qualitative information on subjects such as 
preferred rotational isomers, and also energy differences between different 
conformations. 

VI. MAGNET16 R E S O N A N C E  INVESTIGATIONS OF 
CO NFORMATIBN ON M O L E C U L E S  C O  NTAl NI NG 

THIOL G R O W F S  

While nuclear magnetic resonance studies will not yield precise information 
on bond lengths and angles, they can give very wluable data on niolecular 
conformation. Their value can, however, be dependent on some basic 
assignments of resonances to particuiar atoms and tlie results can in sonx 
instances be ambiguous. A few esaniples of the i:se of 1i.m.r in  determining 
molecular coilformation in  thiol-containing compounds will be described. 

An analysis of chemical shifts and spin-spin coupling constants for 
L-cysteine and sonic derivatives in various bonding situations was carried 
out by h4artin and Mathur';:%. I f  the assignmcnt of chemical shift to the 
two inethylene protons adjacent to thc thiol group was as made by Martin 
and Matliur, then the confcrmer with tlie thiol and carboxyl groups aiifi 
is favoured in solution (Figure 9a). I n  niore acidic solutions, where the 
carboxylate group is protonated, tlie miti conformation, and the two 
gairche conforinations sliown in Figures 9b and c are nearly equally 
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populated. It is somewhat surprising that these results are so different from 
the information obtained from X-ray studies on the crystal, where the 
gardie conforination shown i n  Figure 9c is most commonly found (see 
section TI of this review and Figure 1). If the initial assignment of cheniical 
shifts was revcrscd, then different populations of conformers would result 

SH H H 

NH3-AH 

H I H 
I 
1 

CO,' 

I 
I 

coz- c0,- 

FIGURE 9. Three rotational conforniers of L-cysteine considered by Martin 
and  Mathur". 

from this study. However, the same initial assignment also gave reasonable 
results in a more recent study of conformations in L-cystine and 
derivatives"$. 

In  contradiction to an earlier reportG5, Eliel and T h i P  showed that, on 
the basis of the p.1ii.r. chemical shifts, cyclohexanethiol exists in the 
conformation with thc thiol group equatorial (35). This determination was 
niade comparing the cheniical shifts i n  cyclohcxanethiol with those in 
cis- and traris-4-t-butylcyclohexanethiol. For (38), the equatorial conforma- 
tion is favoured over the axial one by 0-9 kcal/mole. 

H 

(39) 

The vicinal spin-spin 14-C-S--H interactions and the long range 
H-S-C(5)-C(6)-H interactions were studied in the 1,2,3,4-tetra- 
chloro-5-exo-thiobicyclo[2.2.1] heptane (39) moleculeG7. The results of this 
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examination indicated that the preferred orientation of the C(b)-C(5)- 
-S-H group was unti. A fairly comprehensive survey of S-H chemical 
shifts and H-S-C-H and H-S-C-C-€1 coupling constants for a 
number of aliphatic thiols was carried out recently by Marciacq- 
Rousselot". These data were related to hydrogen bonding potential and 
molecular conformation. 

VII. HYDROGEN-BONDING PROPERTIES O F  S U L P H U R  

The hydrogen-bonding properties of sulphur in solution were considered 
generally by Pinientel and McClellanti9, while Hamilton and IbersiO 
discussed some aspects of hydrogen bonding involving sulphur in the 
solid state. A useful and niore comprehensive review of the structural 
aspects of hydrogen bonding involving sulphur in the crystalline state was 
written by Srinivasan and Chacko"'. This latter article provides the 
dimensions obtained from X-ray data for all systems, studied up to 1965, 
where sulphur may be iniplicated as either ;L donor or acceptor in hydrogen 
bonding. 

The electronegativity value for sulphur on the Pauling scale is 2.5 
compared to those for oxygen and nitrogen of 3-5 and 3.0'l. Sulphur will 
thus be a less effective participant in hydrogen bonding than either an 
oxygen or a nitrogen atcm. The very much less polar nature of the S-H 
bond as compared to the 0 -H bond appears to render sulphur a weak 
hydrogen bonding donor, at least in the crystalline state. 

If  S-H.--B hydrogen bonding occurs i n  a c iys t~ l  at all, it clearly 
represents a relatively weak interaction, snd in no case is the evidence for 
its presence overwlielmingly conclusive. The structures of hydrogen 
sulphide'2 and trithiocarbonic acid (40)'3 m a y  contain S-H . - .S  hydrogen 

,s - t-I 
s-.c 

\ 
S-H 

(401 

bonds. After a critical exaniination of the crystallographic results for H,S, 
Hamilton and Ibersio concluded that there is S-H -S hydrogen botldillg 
in the tetragonal phase, stable below - 168°C. While hydrogen atoms were 
not located, the S.-S distance is 3.86 A, and the S . - . S - - S  angle is 75". 
There has been some doubt as to the appropriate values for the van der 
Waals radii of sulphur and hydrogen. The values given by Paulingi4 are 
1.8 5 and 1-20 A. Accumulated evidence from more recent studies1G*20*75 
suggests that a value of 1.75 A would be more appropriate for sulphur, 
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while, following a recent series of accurate neutron diffraction studies on 
amino acids, Hamilton7G has concluded that the van der Wads radius of 
hydrogen should be 1.0 A rather than 1.20 A. If  one assumes that the sum 
of the van der Waals radii of sulphur and hydrogen is 2-75 A and that the 
covalent S-H bond length is 1.35 A, then a minimum S-S contact of 
4.10 A might have been anticipated. Since the observed distance in H,S is 
0-24A less than this value, S-H-- -S  hydrogen bonding seems to be 
implicated. In addition Hamilton and Ibers70 made the point that the 
existence of several crystalline phases of H,S is also indicative of weak 
intermolecular interactions such as might be anticipated when S- H -.- S 
hydrogen bonding exists. In  the crystal of (40), S - - S  distances between 
3.5 and 3.7 A were found73. These distances were interpreted by the 
authors as S-H - S  hydrogen bonding. 

In the absence of cxact knowledge of hydrogen atom positions, the 
following criteria can bc adopted as necessary, although not sufficient 
conditions for hydrogen bonding. The S-H covalent bond is 1.35 A, and 
the van der Waals radius for hydrogen is 1.0 A 7G. Therefore the sulphur 
atom must lie within (2.35+r1,) A of the atom B that is the potential 
hydrogen-bonding acccptor, with '13 being the van der Waals radius for 
that atom. In addition the C-S--B angle should be 95" 2 (20-30"). These 
conditions can be appreciated from Figure 10. In addition, one would 

c 

B 2.35 r, S- 
FIGURE 10. Schematic drawing showing the criteria for hydrogcn bonding 

with the thiol group as donor. Atom B is the acceptor. 

expect the S-H bond to take up either an anti or gairche arrangement 
around the C-S bond with respect to the C-C bond (Figure 11).  Then 
the C-C-S---B projection angle should be approximately either & 60" 
or 180" (Figure 11)  rather than 0" or i- 120". If these criteria are adopted, 
then hydrogen bonding with sulphur as a donor cannot be rulcd out in the 
crystals of the two Forms of ia-cysteine*i2, L-cysteine Iiydrochloride mono- 
hydrate?, of the L-cysteine ethyl ester hydrochloride : urea ( I  : I )  complcx4, 
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or  of the tripeptide, glutatl~ione~. These structures will now be examined 
in more detail. 

A stereoscopic view of the crystal packing in L-cysteine hydrochloride 
monohydrate is shown in Figure 12. This view was drawn from the 
coordinates presented in reference 3. The hydrogen-bonding assignments 
involving the NHi-group, the water molecule and the carboxylic acid group, 
as detailed by Ramachandra Ayyai3, are indicated. None of the hydrogen 
atoms were located in this analysis, so the position of the thiol hydrogen 
atom is unknown. The shortest intermolecular distances involving sulphur 
are 3.50A t o  C1- and 3-43 A to  O(1) [ I  -x, - ~ ~ + J ~ , Q - Z ] ' ~ ;  the 

FIGURE 11. Schematic drawing of the projection down the C-S(H) bond 
showing the most probable orientations (B, B' and B") that could be adopted 

by the hydrogen-bonding acccptor. 

FIGURE 12. Stereoscopic view of the crystal structure of i--cystcine hydro- 
chloride monohydrate. This view w a s  drawn from the Coordinates prcscnted in 
reference 3. As in subsequent drawings the basic 'molcculc' (in this case thc 
two charged species and the watcr molecule) is shaded in black and the 
hydrogen bonding arrangements, including the more probable assignments 

involving the thiol group, arc shown by discontinuous lines. 
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corresponding C-S ..- C1- and C-S-.O(l) angles are 151" and 117", 
respectively. While both Ramachandra Ayya? and Srinivasan and 
ChackolG indicated that the S-Cl- contact could be considered as 
S--H--CI- hydrogen bonding, the C--S--Cl- angle seems to be in- 
appropriate for such an interaction. In fact, the S-H.-O interaction 
appears to merit more serious consideration as a hydrogen bond. Here 
the C-S-0 angle is much more favourable for hydrogen bonding and 
the hydrogen atom could occupy a position that could lead to an H - 0  
contact of about 2.1 A. However, the C-C-S-0 projection ar:gle is 
136", a value that suggests the thiol hydrogen would have almost to 
eclipse one of the methylcne hydrogen atoms; the C-C--S--CI- 
projection angle is -23". The atom 0 ( 1 )  in the inolecule a t  x, - 1 +y, z 
appears to be a less probable acceptor for an S - H - 0  hydrogen bond 
(Figure 13). 

I 
I 

3.66 I 
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FIGURE 13. Projection along the C(a) or C(3)-S bond in the structure of 
L-cysteine hydrochloride monohydrate. The various possible S B distances 
are shown in A. The S - B  contacts in this and similar subsequent drawings 
are proportional to the actual S - B  length rather than that projected onto a 
plane perpendicular to the C-S bond. Atom numbering is that used in the 

original paper. 

In Figure 14 is shown a stereoscopic view of the crystal structure of the 
1 : 1 complex between L-cysteine ethyl ester hydrochloride and urea. This 
picture was drawn from the coordinates presented in reference 4. No 
parameters for the hydrogen atoms were given in the original paper. 
However, Haas was able to assign hydrogen bonds involving the three 
hydrogen atoms of the -NH, group and the four amino hydrogen atoms 
of the urea molecule4. He did not make any assignments of hydrogen 

+ 
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bonding involving the thiol hydrogen atom, although he said the 'sulphur 
atom is coordinated by a nitrogen, carbon, and two oxygen atoms in 
addition to the chloride ion'. 

Sulphur has intermolecular contacts with several oxygen atoms and 
with a chloride anion ; the S ..- O(2) [ 1 - x, 2 +JJ, 2 - 23, S -.. O(2) [ 1 - x, 
R+y, 1-21 and S-0(3) [ I  - x , i  f y ,  1 -z] distances are 3.38, 3.68 and 
3-49 A, respectively, while the S--Cl- distance is 3.76 A. The C-S-B 

FIGURE 14. Stereoscopic view of the structure of the L-cysleine ethyl ester 
hydrochloride : urea complex. This picture was drawn from the coordinates 

presented in reference 4. 

angles for these four possibilities are 166", 74", 86" and 98". while the 
C-C-S --B projection angles are I69", - 174", 126" and - 47". On the 
basis of the C-S-B angles, the two most probable candidates for 
S-H*-B hydrogen bonding are O(3) [l -s, $ +J*, 1-21 and C1-. The 
projection angles (a less stringent requirement) would tend to support the 
S-H-C1- assignment. A view of the geometry and tlie C-S bond is 
shown in Figure 15. Neither the author", nor Srinivasan and ChackoIG, 
who also examined this structure for S-H -B hydrogen bonding, made 
any specific assigninents of hydrogen bonding involving tlie thiol group. 

A stereoscopic view of the crystal structure of the orthorhombic form 
of L-cysteine is shown in Figure 16. This view was drawn from coordinates 
generously provided us by Dr. I<. A. Kerr2. While the hydrogen atoms 
attached to  carbon and nitrogen were readily positioned in this well- 
refined structure (R = 0.037), the thiol hydrogen atom could not be 
locatcd and the thermal vibiations of the sulphur atom seemed quite 
large as judged from tlie temperature paramctcrs. These factors are 
suggestive of possible disorder i n  the region of the thiol group. The 
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closest contacts involving the sulphur are intramolecularly to H(6), 
attached to nitrogen, of 2.85 A, and to O(2) of 3-495 8, and inter- 
molecularly to O(2) at [ 1 ;-x, 2-y, -; +z] of 3.381 A. There is also a 
contact between sulphur and 0(1) at [ I  - x , ~ $ + y ,  $ - z ]  of 3.671 and 

C 
/ 

/ 
/ 

3.?6// 
/ 

/ 
/ 

I -  

/ 
/ 

/ 

O'C 3) 
[I-x, t + y ,  1-21 

\ 
\ 
\ 

\om 

FIGURE 15. Projection along the C(3)-S bond in the structure of the 1 : 1 
cysteine ethyl cstcr : urea complex. Atom nunibcring in this structure was 

changed to that used for other L-cystcine compounds in this review. 

betwccn sulphur and S at [$ - s, 2- JJ, - a + z] of 3.849 A. The C-S .-. 0(2 ) ,  
c-s.-0(2) [l i--x,2--j) ,  :+z] ,  C-S--O(l) [ I  -s, ;+y, i-z], and C- 
-S - - -  S [-A - x, 2 - J,, - + 21 angles are 70.5", 10 1 .O", 157.0" and 95.9". The 

[ I - s , ~ + j ~ , ~ - z ] a n d  C-C-S...S [4-s,2-yY --A+z] projcctionangles 
are 17.7", -47-6", 27-4" and 106.2". Some of these dimensions are shown 

c-c-S"'0(2), c-C-s*"0(2) [ I  -X,2-JS, i+Z], c-c-s."O(l) 

. :?;B 
a 

' id 
*.2 

I. 

I 

FIGURE 16. Stereoscopic view of thc structure of thc orthorhonibic form of 
L-cysteine. This picturc was drawn for the coordinates i n  referencc 2. I n  this 
orientation, not all of the hydrogcn bonding can bc shown, e .g .  the S-O(1) 

[ l  -x, f + y ,  a-Z] contact would bc towards the vicwcr. 



139 2. Structural chemistry of the thiol group 

in Figure 17. Froiii 
for S-H - -0 (2 )  [ l  
the author?. 

this  inforniation, a quite reasonable case can be made 
-s, 2-y, .i-+rJ hydrogen bonding as suggested by 

/ 
/ 

/ 

//3.381 
/ 

/ 

S$&- ',-. c (2 )  . -_  3.495 
\ -  . I 

I . 
I 3.67?-, -. 0 (2) 

I 

I I "O(I) 
I I 3.849 r l -x , t+y , t -z ]  

I 
I 

I s [ i -x,2-y,-a+z] 

FIGURE 17. Projection along the C(3)-S bond in the orthorhombic form of 
L-cysteine. 

As mentioned previously, there are two crystallographically independent 
molecules in the monoclinic form of J>-cysteine*. A stereoscopic view of 
the packing of molecules in the crystal is shown in Figure 18, which was 
drawn froin the coordinates presented in reference 1 .  Neither of the thiol 

F ~ G U R E  18. Stereoscopic view of thc structure of the monoclinic form of 
L-cystcine. This picture was drawn froin the coordinates presented in 
reference 1. The two crystallographicnlly independent iiiolecules are shaded, 
one being distinguished from the other byprinies. Onc of the possible hydrogen- 
bonding assignments involving the thiol group of the 'unprinled' molecule is 
not shown as i t  is aln1ost directly towards the viewer, i.e. the one to 

O(2) [s, 1 -I-)', z] .  
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hydrogen atoms was located in this analysis. No mention of hydrogen 
bonding was given in the original paper by Harding and Long'. There 
seems, however, to bc reasonable gcometric evidence that S (given as S( 1) 
in reference 1) is involved in a hydrogen bond to O(2) at [x, 1 +y,z ] .  The 
S - 0  distance of 3-48 A meets the criterion of distance, the C - S - 0  
angle is 96" and the C-C-S--O projection angle is -43". On the basis 
of distance and C-S--S angle, one would also have to give serious 
consideration to possible S- H - . -S  hydrogen bo~d ing  involving either S 
[--.v, - A + J ' ,  - z ]  or  S',S(I 1)  in  refcrence 1, at [ - I  +.I-, I +J',z]. The 
S - . S  and S-.S' distances are 3.68 and 3.95 A, respectively, and the 
C-S--S and C-S---S' angles are 106" and 97", respectively. However, the 
C-C-S - .S  and C-C-S..-S' projection angles arc less favourable, 
being 106" and - 135", respcctively. The projcction along the C(3)-S 
bond is shown i n  Figure 19. 

s' [-l+x,l+y,z] 
\ 

\ / 
/ '3.95 / 

\ 
/ 

\ //3.48 
\ / 
\ / 

; w L  c (2) 
I 

I 
I 

I 
13.68 

I 
I 

I 
I 

I s I I-., - i + Y ,  -21 

FIGURE 19. Projection along the C(3)-S  bond in the 'unprimed' niolecule in 
the n~onocliiiic form of L-cysteine. 

The evidence for intermolecular hydrogen bonding is much weaker i n  
the case of atom S'. The only intermolecular contact that could even be 
considered as a hydrogen bond is the S'-H--S [I fs, - 1 + y , z ]  intcr- 
action. The S'.-S distance is 3-95 A, tlic C(3')-S'-S angle is 133", and 
the C(2')-C(3')--S'...S projection angle is 99". Naturally such an 
assignment would rule out the S-H..-S' hydrogen bonding possibility 
discussed in the previous paragraph. However, there is the possibility of 
intramolecular Iiydrogcn bonding in this confornier. As described earlicr, 
this inolcciilc is unlike any other cysteinc derivative in that  the C-S bond 
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does not approximately bisect the projected N -C-C(carboxy1) angle 
(see Figure la). The intramolecular S'-0(2') distance is 3.44 A, the 
c-S--.O angle is 69" and the C(2')-C(3')-S'..-O(2') torsion angle is 
-26" (Figure 20). 

I 
I 
I 
I 
I 

I 
I 
I 
I 
I 
I 

13.95 

s [l+x,-I+Y, 21 

FIGUKE 20. Projection along the C(3')-S' bond in the 'primed' molecule in 
the monoclinic forin of L-cysteine. 

A stereoscopic view of the crystal structure of glutathione is shown in  
Figure 21, which was drawn by 11s from the coordinates presented in 
reference 5. There are two S-H.*-O hydrogen bonding possibilities. One 
is to O(5) [s,j*, 1 + i] with an S..-O distance of 3-57 A, a C-S-*O angle 
of S3", and ii C-C-S-0 projection angle of -74". Thc other is to 
O(6) [s, I + j l ,  1 + z ] ,  whcre there is an S - 0  distance of 3.53 A, the 
C-S--O angle is 92" and the C-C--S-.O projection angle is 99". Thcre 

c .  
.C 

FIGURE 21. Stereoscopic view of the structure of glutathione. This picture was 
drawn froin the coordinates prescnced in reference 5. Atom numbering here 

a n d  in Figure 22 is that from the original paper. 
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is virtually no structural basis for making a judgement between these two 
alternatives. Either would seem to lead to quite reasonable S--H--O 
hydrogen-bonding arrangements, although the projection angle in the 
case of O(6) [x ,  I +y, 1 + z ]  is somewhat unfavourable. The projection 
along the C(5)-S bond is shown i n  Figure 22. 

O(5)  [X,Y,~*Z] 
i 
I 
I 
I 

I 
I 3.57 

I 

/ 

3.90 _--- q--c (4) 
I 
I 
I 

I 3.53 

_/-- 

ol!!--- 
E - x , i - y , l i +  z] I 

I 

I 
I 

I 
'0 (6) [x, I + Y , I + z ]  

FIGURE 22. Projection a long  the C(5)-S bond in glutathione. 

A view of the packing in the structure of the 2 : 1 cysteylglycine : NaI 
complex is shown in Figure 23. This picture was drawn by us from the 
coordinates presented in reference 6. Again, there are several possible 
hydrogen bonding assignments. The most probable appears to involve 
S-H *-S hydrogen bonding. The S .-. S [ - x, 4 f y ,  -: - z ]  distance is 
3.62 A, well below the 4-10 A limit discussed earlier. The C-S . . -S  angle 

- .  - . .  b -  
. . .  , \  . . 

! .a 

FIGURE 23. Stereoscopic view of the structure of the L-cysteylglycine : NaI 
complex. This picture was drawn from the coordinates presented in reference 6.  
Atom numbering used here and in Figure 24 is that from the original paper. 
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is 73" and the C-C-S--S projection angle is - 174". This assignment 
,Vould lead to a series of S--H--S bonds along a column of molecules 
related by a screw axis. Another possibility would involve S-H-.I- 
hydrogen bonding. The S.-*I-  distance is 4.09 A and the C-S-I- 
angle is 100". The van der Waals radius of I and the ionic radius of I- 
are botli 2-1 S A, so S - * -  I- distances of less than 4.50 A would have to be 
considered as potential hydrogen bonding situations. The C-C-S-  I- 
projection angle is 83". The projection along the C(4)-S band is shown 
in Figure 24. 

''-0 (2) 

1 ,' ' [ I x , - t + y , - : + z  
/ 

/' 3.81 ' 3 62 

\ 4.09 

I 
I 

\ 
! 
I 

FIGURE 24. Projection along the C(4)-S bond in the 2 : 1 L-cystcylglycine : NaI 
complex. 

While the above evidence for S - H - - B  hydrogen bonding is not over- 
whelmingly conclusive, in total i t  is persuasive. While neutron diffraction 
studies on some of thesc compounds would probably provide conclusivc 
results, there are ccrtainly reasonable indications from the crystal structure 
work that S-H-13 hydrogen bonding docs occur in solids. In some of 
thc cases described, it appears that there is more than one possibility for 
hydrogen bonding. I n  such situations it is possible that there is disorder 
in the hydrogen position and two diflerent types of hydrogen bonds exist. 
It is of special interest that the most probable hydrogen bonding assign- 
ments in  the case of I>-cysteine (monoclinic), L-cystcine (orthorhombic), 
and i n  the urea complex all lead to C-C-S-B projection angles in the 
range - 26" to -47". 

Regardless of whether the thiol sulphur is a donor, there is a great 
deal of evidence that sulphur can act as the acceptor i n  hydrogen bonding 
in the solid stntc. Indeed, even i f  one accepts the more stringent require- 
ments for A-lI...S hydrogen bonding implicit in values of the van der 
Waals radii for slllphilr and hydrogen of 1.75 and 1.00 ~ 1 6 ~ 2 0 , i 5 p i 6 ,  

there is no doubt that this is a relatively important interaction iy the 
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crystals of iiiany compounds containing thione groups. This is dramatically 
demonstrated by surveys of the solid-state structures of sulphur-containing 
nucleic acid bases, nucleosides and nu~leot ides~~*~8.  Out of thirteen 
published crystal structures of thionucleic acid bases or thionucleosides, 
only two (those of 4-thiouridine hydrate7s and of the I-niethyl-4- 
tliiouracil : 9-methyladenine coniplexsO) did not exhibit A-H -S hydro- 
gen bonding3". A list of these interactions taken from reference 33 is shown 
in  Table 3. The A - - S  distances range from 3.133 (9) (A = oxygen) and 
3.274 (8) (A = nitrogen) to 3.551 (2) A (A = nitrogen); the H - S  distances 
range from 2.27 (9) to 2.78 (8) A ;  the A-H angles lie in  the range 
from 120" to 176". 

In the cases of thioguanine and guanim+, the replacement of the oxygen 
atom by a sulphur atom does not affect the general pattern of hydrogen 
bonding i n  the crystal, although where sulphur is involved the distances 
are necessarily longer and, presumably, the energy required to break the 
hydrogen bond is less. An earlier review by D o n o I i i ~ e ~ ~  is not restricted to 
nucleic acid components and surveys N-H S hydrogen bonding in 
crystals described up to and including 1968. There are many subsequent 
examples with X-H .-- S bonds, for example, thiosemicarbazide'4, 
2-mercaptobenzothiazole"", l-thiocarbamoyliniidazolidi1ie-2-thione~~ and 
4,4'-diliydroxytliiobenzoplienone monohydrates1. I t  is worthy of note, 
liowever, that there is no evidence from thc crystal structures of N,N'- 
diglycyl-r,-cystine dihydrates2, the hexagonal form of L-cystiiies3, 
Ia-cystine diliydroclilorideY4, or of L-cystine dihydrobroniide*-5 that the 
disulphide group in  L-cystine acts as a hydrogen-bonding acceptor. 

In solution, there is considerable evidence for participation of the thiol 
group i n  hydrogen bonding. Pinientel and McClellanG9 have sunmiarized 
evidence cited by earlier workers both in favour of and against S-H-.B 
hydrogen bonding i n  solution, and reached thc conclusion that the S-1-1 
group did show specific hydrogen bonding association towards strong 
bases but that thc relative weakness of the thiol group as a proton donor 
explained the absence of S-H - . .B  hydrogen bonding i n  some systems. 
More rccently, Marcus and Millers6 have cited a number of papers wherein 
evidence was produced that the thiol group could act as a hydrogcn 
bonding donor to oxygen, nitrogen, carbon and sulphur atoms, and 
possibly also t o  aroni:itic z-electrons. These authorsS" also studied the 
self-associatioii of' several thiols by n.1ii.r. tcchniq ties and concluded that 
hydrogcn bonding plays a11 important part in such processes. A sampling 
of more reccnt work on the hydrogen bonding properties of the thiol 
group i n  solution siiggests that in some systems there is S-H B 
bonding but also that it does not always occur. 
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TABLE 3. Hydrogen bond distances and angles involving sulphur acceptors in crystal 
structures of thiopurines and thiopyrimidines 

Compound 

__ - __ . - .- - 

6-Thioguanosinc" 
6-Thioguanine" 

2-Thiocytidine' 

2,4-Dithiouracil," 

2,4-Dithiouracil," 

6- Mercaptopu ri nec 
6-Mercaptopu ri ne 

atom S(2) 

atom S(4) 

ri boside' 

Distances (A) 
-___ 
Donor atom Donor-S H-S 

- - - - . - - - - - - - . - - -. . 

N(2) 3.274 (8) 2-39 (8) 
N(2) 3.327 (5) 2.46 (4) 
N(7) 3.303 (5) 2-27 (4) 
N(4) 3.467 (5) 2-75 (5) 
O(wnter) 3.267 (5) 2.74 (5) 
"1) 3.335 (6) 2.78 (S) 

Donor- H- sul phu r 
- angle (deg) 

. . _ _  
145 (5) 
171 (3) 
I57 (3) 
139 (4) 
120 (4) 
157 (5) 

N(3) 3.3 15 (6) 2.39 (8) 164 (5) 

O(water) 3.373 (2) 2-58 (2) 162(1) 
O(3') 3.1 33 (9) 2.27 (9) 142 (5) 

2-Mercapto-6-methyl- 

2-Thiocytosine," 

2-Thiocytosine," 

2,4-Dithiouridine,' 

2,4-Dithiouridi ac,' 

3 '-0-Acelyl-4- 

1 -B-Arabinofurnnosyl- 

purineu 

molecule A 

molecule B 

atom S(2) 

atom S(4) 

thiothymidincj 

4-thiouracilk 

3.26 (3) 

3.408 (2) 
3.551 (2) 

3.466 (2) 
3.2 1 8 (5) 

3.476 (5) 
3.330 (5) 
3-227 (6) 

3.31 1 (5) 
3.343 (5) 

3-37 (3) 

3.345 (2) 

2.44 (2) 
2.66 (2) 
2-41 (2) 
2.58 (2) 

2.41 (6 )  
2.3 (1) 

2.32 (7) 
2.45 (7) 

176(1) 
171 (1 )  
176(1) 
168 (1) 

i 58 (5) 
156 (7) 

173 (6) 
142 (6) 

Reference 33. 
C. E. Bugg and U. Thewalt, J .  A u w .  Clwtr. Sac.. 92, 7441 (1970). 
G. Hung-Yin Lin, M. Suntlaralin~nil~ and S. K. Arora, J .  AIIWI.. Cltcm. Soc.. 93, 1235 

(I97 1). 
' I  Referencc 34. 

Reference 30. 
E. Shefter, J .  Plicwm. Sci., 57, 1 I 5 7  (1968). 
Reference 31. 

'' Reference 32. 
' G. Hung-Yin Lin and M. Siindaralingam, Actcc Cr)*stcr/logr.., B27. 961 (1971). 

w. Saenger and D. Suck, Acta Ctystallogt-., B27, 2105 (1971). 
W. Saenger, J .  Anier. Cjiem. Soc., 94, 631 (1972). 

This table is taken from reference 33. Permission was kindly granted by the Editor of the  
Joirrtml of the Alriericnii Chetiiiciil Societ)'. 
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T h e  infrared spectra of a number of aliphatic carboxylic acids that 
also contain thiol groups were recorded and discussed by Saraswathi and  
S ~ u n d a r a r a j a n ~ ' .  They proposed that  association through S-H 0 
hydrogen bonding occurs in the solid, yet is broken in solution. A combined 
infrared, ultraviolet and  n.m.r. spectroscopic studyas of thiolbenzoic acid 
(41) in solution provided little evidence for hydrogen-bonded dinierization 
of  the type normally encountered in carboxylic acids. In a rather similar 
vein, n o  indications for  intramolecular hydrogen bonding were detected 
in several thiols which also contained potential acceptor groups, but they 
were considered to  be present in thiosalicyclic acid (42), even in acetonitrile 
solutionG1. Finally, a n  infrared study of  nine thiophenols showed 
convincing evidence for intermolecular hydrogen bonding involving the 
S-H group, while in some ortho-substituted derivatives intramolecular 
hydrogen bonding was implicated". 

H 
I 

H 
I 
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1. INTRODUCTION 

The thermochemistry of thiols is about a one-fourth part of the thermo- 
chemistry of sulphur compounds. Most of the data result from the work of 
three laboratories, namely, the Thermocheniical Laboratory at the 
University of Luiid, Sweden, tlic Bartlcsville Pctroleuni Research Center 
in the U.S. Department of thc Interior's Bureau of Mines, and the 
laboratory of Hcnry Mackle at the University of Belfast in Ireland. 

The best iiiethod of determining the heats of combustion of sulphur 
compounds other than free radicals is generally recognized to be the 
rotating-bomb calorimetcr niethodl,* that was developed in close to its 
present form in  the 1950s. Since 1950 the currently accepted values of thc 
enthalpies of formation of diatomic sulphur vapour? and of aqueous 
sulphuric acid'*.5 have been published. In addition, the last twenty years 
has seen a big improvcnient in the ease and accuracy of statistical mechan- 
ical calculation of entropies and heat capacities. Consequently, great 
care should be excrciscd whcn evaluating pre-1950 data. The recent activity 
in the sulphur thermocheinistry field is particularly timely in view of the 
concern over the possible contribution to air pollution by sulphur oxides 
from combustion sources. 

The thermochemical quantities under consideration are heat of formation 
A H : ,  entropy S o  and heat capacity Cy,. Although thc joule is now the 
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recommended unit of energy, English-speaking chemists and English 
language chemical journals still predominantly use the kilocalorie. The 
units used throughout this review will therefore be kcal/mole for AH?,  and 
cal/(niole-K) for S o  and Cy,. 

I I .  MEASURED DATA 
In spite of the rcccnt flurry of activity in thc field of tliiol tliert~ioclie~nistry, 
there still is little data compared with that availablc for hydrocarbons. 
Perhaps the only advantage of so little data is that it is compact enough to 
be presented in a single table i n  a review article of this size, see Tablc I .  
The arrangement of the table follows closely that used by Stull, Westrum 
and Sink@. All of the compounds listed contain at least one carbon atom. 
In selecting values I have leaned heavily on recent reviews of thermo- 
chemical data by Stull, Westrum and Sink@, Cox and Pilcher’, Domalski*, 
El-Sabban and Scott!” and an extensive new ( 1  972) experimental effort by 
Good’O. The values of A H :  quoted by El-Sabban and Scott9 differ froin 
those of most other authors by - 15.4 kcal/mole per S atom because of a 
difference in reference states of sulphur. Thermochemical values for free 
alkylthio radicals are included i n  Tablc 1 .  Free radicals are too reactive 
for rotating-bomb calorimctry. Kinetic methods for determining heats of 
formation of alkylthio radicals are discussed in section IV. 

In addition to the review monographs and the three main journals 
(Journal of Clientical Tlie~iiio~)~ttatiiic.~, Joiitnal of Clieniical Engineering 
Data and the new Joiunal of P1t):rical and Clieriricul Refereiice Data), a 
vitally important key to the current literature is the Biilletiii of T/ierino- 
dynantics aiid TI i~ . rn~ocl te i~~i .~ t~)~  published annual ly  by IUPAC. Most of 
the Bulletin’s content is also on tape for mechanized searching. The 
Substance-Property Index is a good place to start a search. For each 
compound, this index gives the type of chemical thermodynamic property 
measured and a reference to another part of the Bulletin. This Bulletin 
reference is either a literature reference i n  the Bibliography of Recent 
Papers section or an abstract of work in  progress at one of the 200 world- 
wide laboratories that contribute information to the Bulletin. The 
literature reference is usually both the original paper and a Chcwiical 
Abstracts reference. 

111. ESTIMATION BY G R O U P  ADDITIVITY 
Group Additivity is used to cstiniate tlieriiincIiemicaI data that arc lacking, 
to check measured data for consistency with thosc for cheniicnlly related 
compounds and to point out where furthcr cxperiments are needed. The 



TABLE 1. Thermocheniical data for thiols 

Reference For mu la Name State A H :  Reference SO Reference co, 
(kcal/niole) (cal/niole-K) (cal/rnole-K) 

_- - - .  

Methylthio radical 
Methanethiol 
Methanethiol 
Ethylthio radical 
Ethanethiol 
Ethanethiol 
I ,2-Ethanedithiol 
I ,ZEthanethiol 
11- Propyl t hio radical 
i-Propylthio radical 
I -Propanethi01 
1 -Propanethi01 
2-Propanethiol 
2-Propanethiol 
1,3-Propanedithiol 
1,3-Propanedithiol 
n-Butylthio radical 
s-Butylthio radical 
i-Butylthio radical 
r-Butylthio radical 
1-Butanethiol 
1 -Butanethiol 
2-Butanethiol 
2-Butanethiol 
2-Methyl-1 -propanethi01 
2-Methyl- 1 -propanethi01 

29 
- 1 1.09 
- 5.40 
25 

- 17.53 
- I 1 .oo 
- 12.83 
-2.16 
18 
17 

- 23.78 
- 16.14 
- 25.22 
- 18.14 
- 18.83 
- 6.95 
13 
12 
I I  
9 

- 29.70 
- 20.98 
-31.22 
- 23.09 
- 31.47 
- 23.17 

13 
6-5 
6 7  

13 
6-7 
697 
7,8 

7 
13 
13 

6-8 
6 7  
6 7  
6,7 
7 , s  

7 
13  
13 
13 
13 

6-8 
6 7  
6 7  
6 7  
6 7  
6 7  

57.6 

60.96 
67.2 
49-48 
70.77 

74.2 
57.96 
80.40 
55.82 
77.5 1 

77.2 
65.96 
89.68 
64.87 
87.65 
63-66 
86.73 

14 

6 9  
14 

6, I 1  
6 9  

14 
6 

6 9  
6 

6 9  

14 
6 
6 
6 

699 
6 

6 9  

9.9 

12.01 

25.16 
17.38 

15.2 

20.9 
34.55 
22.67 
37.65 
22.96 

26.8 
4 1.20 
28-24 
40.91 
28.56 
41.16 
28.34 

14 

699 
14 

6, 11 
679 

14 
6 

6 - 9  
6 

699 

14 
6 
6 
6 

699 
6 

6 9  



TABLE 1 (cont.) Y 

VI 
P 

Formula Name 

__ -. - - - -- - - 
2-Methyl-2-propanet hi 
2-Methyl-2-propanethiol 
1,4-Butaneditliiol 
1,4-Butancdithiol 
Cyclopentancthiol 
Cycl opcntaneth iol 
I-Pentancthiol 
I-Pcntancthiol 
2-Methyl-I-butanethiol 
2-klethyl-1 -butnncthiol 
2-Metliyl-2-butnnethiol 
2-Methyl-2-butancthiol 
3-Methyl-1 -butanethiol 
3-Methyl-1 -bu tancthiol 
3- M cthyl-2-bu tanctl: i 01 
3-Methyl-2-butanethiol 
2,2-Dimethyl-l -propanethiol 
2,2-Dinicthyl- I -propanethi01 
1 3 -  Pen t aned i t hi0 I 
1,5-Pentar,cdithiol 
Phenylthio radical 
Benzene t h i ol 
Bc n zene t h i ol 
Cyclohexancthiol 
Cyclohexanethiol 
1 -Hexanethiol 

Statc hHfO Reference SO 
(kcal/mole) (cal/mole-K) 

Reference CO, Reference 
(cal/t11ole-K) 

g 
I 

s 
I 
s 
1 
g 
I 
6 
1 
6 
e 
l 
g 
1 
6 
1 

- 33.54 
-26.12 
-25.12 
- 11.90 
-21.34 
- 1 1 4 3  
- 3540 
- 26.24 
- 36.53 
- 37.42 
- 38.84 
- 30.30 
- 36.52 
- 27.40 
- 37.57 
-28.91 
- 39.46 
- 30.76 
- 30.99 
- 16.82 

50 
15.32 
26.80 

- 33.55 
- 22.88 
- 41 *84 

10 
10 
10 
7 
7 

13 
6-8 
697 

10 
7, 10 

6-8 

58.90 
80.77 

61.39 
86.38 
74.18 
99.26 

92.47 

53.25 
80.52 
61.80 
87.19 
82.03 

6 41.84 6 
6 9  28.90 699 

6 39.48 6 
6 ,9  25.82 6 9  

6, I 1  48.1 2 6, 11 
6, 11 33.75 6 z 

34.29 679 F 

G 
0 
2 

P 
6, 9 

E 

6 41.36 6 
6 9  25.06 699 

12 46.04 12 
9 3 1.82 9 

11 55.14 11 



TABLE 1 (cont.) 

Formula Name State A H !  Reference SO Reference co, Reference 
(kcal/mole) (cal/Inole-K) (cal/rnole-K) 

l-Hexanethiol 
2,3-Diniethyl-2-butanethiol 
2,3-Din1ethyl-2-butanethiol 
2-Mcthyl-2-pen tanethiol 
2-Met hyl-2-pentanethiol 
Phenylrnethylthio radical 
a-Toluencthiol 
a-Toluenethiol 
a-Toluenethiol 
a-Toluenethiol 
1 -Heptancthiol 
I -Heptanethiol 
1 -Decanethiol 
1-Decanethiol 

6 
1 

- 30.89 
- 44.61 
- 35.22 
- 44.92 
- 35.37 

55 
10.57 
8.73 

22.9 
22.26 

- 47.82 
- 35.73 
- 66.07 
- 50.65 

6 7  108.52 6, 11 39.21 6 
10 
I0 
10 
10 W 

53.25 6 41.36 6 2  c 
3 
0 
0 
5 a 89.71 11 61.98 11 2 

1 13.08 :1 83.75 11 a 
145.82 6 6 1 *08 6 %  

1 17.76 6 ,  I 1  44.68 6 z  
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Group Additivity method is simplc, fast and accurate, and is quickly 
gaining wide acceptance as the best method for estimation of thermo- 
chemical data. 

Group Additivity postulates that chemical thermodynamic properties 
of molecules arc made u p  of contributions from the individual groups 
that coniprisc the molecule. Group Additivity is therefore an extension of 
the series atom additivity, bond additivity, ..., and tiirns out to be an 
cxcellcnt compromise betwecn simplicity and accuracy. For a detailed 
treatinent of the additivity principle as applied to thermochemistry, sec 
an early paper by Benson and and a more recent Clieniical Reviews 
article16. The latter contains all the group values that could be derived 
from gas-phase tliermochemical data for thiols up to 1969. The group 
values permit the estimation of A H :  to an accuracy of better than 
2 1 kcal/mole, S o  to an accuracy of &- 1 cal/mole-K), and Cy, to an  
accuracy of k 0.5 cal/(mole-K). 

As an example of the power of Group Additivity for heats of formation, 
let us consider the six thiols whose heats of formation have been measured 
since 1969, and therefore do not appear in the Chemical Rwiews paper". I n  
Table 2, the values for thc six thiols measured by Goodlo are compared 
with estimates calculated for the present work using Group Additivity. 

With only one exception, the fit between observed and estimated values, 
using no next-to-nearest neighbour interaction, is excellent. 

TABLE 2. Comparison of observed heats of formation (in 
kcal/rnole) with those calculated using Group Additivity 

Compound 

2- Methyl- 1 -but anethiol 
3-Methyl-I -butanethiol 
3-Methyl-2-butanethiol 
2,2-Diniet hyl- 1 -propanet hiol 
2,3-Diinethyl-2-butanethiol 
2-Methyl-2-pentancthiol 
a-Toluencthiol 

Obs. Est. Obs. - Est. 

- 27.42 - 27.24 
- 27.40 - 27.24 
- 28.9 I - 2936 
- 30.76 - 30.77 
- 35.22 - 36.55 
-35.37 -35.17 

22.6 21.9 

-0.18 
-0.16 

0.45 
0.0 I 
1.33 

- 0.20 
0.7 

The Benson and Buss paper'" contains bond contributions that permit 
estimation for thiols of A H :  to + 6  kcal/niole, So and C$ at 25°C to 
2 3 cal/(mole-K). The accuracy of bond additivity is, therefore, not as 

* There arc two misprints in the Clierizicrrl Rcoiews entry for 3-methyl-1 - 
butane-thiol. The estimatcd hcat of formation should be -28.04 and the A 
should be 4 0.63 kcal/niole. 
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good as that of Group Additivity, but i t  is often good enough for a first- 
order approximation. Even atom additivity can be used for S o  and CO, a t  
25°C and has about the sanic accuracy as bond additivity. The Benson and 
Buss paper has the atom contributions. 

The next step i n  developing Group Additivity is to extend it to the 
liquid phase. As yet there are no groups available for heats of formation 
of liquids. However, Group Additivity has been used'' for the cstiniation 
of the heat capacities of liquids at 25°C with an iniprovenicnt in  precision 
from about 2 4  to better than 1.5 cal/(niole-K). As an example, C:) 
(liquid for the n-alkancthiols are shown i n  Table 3 .  

TABLE 3. Comparison of observed a n d  estimated heat capacities of liquid 
n-a1 kanethiols 

Thioalkanc C ,  (liquid) C, (liquid) a C,, C ,  (liquid) 
observed cstimated by obs. - est. - c, (gas) 

Group 
Additivity 

Ethanethiol 28.2 27.1 1.1 10.8 
1 -Propanethi01 34.6 34.4 0.2 11.9 
1 -Butanethiol 41.2 41.6 - 0.4 12.9 
1 -Pentanethiol 48-1 48.5 - 0.7 14.4 
1 -Hexanethiol 55.1 56.1 - 1.0 15.9 
1 -Heptanethiol 62.0 63.3 - 1.3 17.3 
1 -Decanethiol 53.8 85.2 - 1.4 22.7 

If the required groups are not available, then Cy, of the liquid can be 
estimated to within a few cal/(mole-K), if the Cy) oi'the ideal gas is known, 
from AC; (liquid minus gas) = 12 cal/(niole-K). This rule breaks down 
for long straight chain molecules. The longer the chain, the worse the rule 
is obeyed, as is shown in Table 3.  

IV. KINETICS AND THERMOCHEMISTRY 

One of the main uses of thermochemistry, a well-developed science, is to 
help understand kinetics, which is still soinething of an art. The relation- 
ship between thermochemistry and kinetics has been treated in detail in a 
particularly useful monograph'* by Bcnson. Therefore, only the main 
aspects will be discussed here, followed by specific cases of importance in 
thiol chemistry. 

Most elementary chemical reactions obey the Arrhenius law over a 
limited temperature range, and so their ratc constants can be broken down 
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into pre-esponcntial Arrhenius A-factors (or entropies of activiation) and 
activation energies (or heats of activation). 

li = A exp (- E/RT) 

where k is the rate constant, A is the Arrhenius A-factor, E i s  the activation 
energy, R is the gas constant, T is absolute temperature, K is Boltzmann’s 
constant, h is Planck’s constant, AS”’:’ is the entropy of activation, and 
AHo+ is the heat of activation, and the subscript T is a temperature in the 
niiddle of the range. The entropy and heats changes at  T are related to 
those at 298 K (35OC) by 

where AC:i= is the standard state reaction heat capacity change. Although 
AC”+ is generally a function of temperature, for most purposes it may be 
taken as constant even over a wide temperature range. For example, 
Benson, Golden and Shawl9 have recently shown that for the reaction 
A + BC-t AB + C ,  where A, B and C are atoms, 4Cy,I- is 3 k 1 cal/(mole-K) 
from 200 to 4000 K. 

There is another useful rclalion between Arrhenius parameters and 
therniochcmistry. For example, in  the reaction 

CH,+RSH > CH,+RS (1 1 

it can be shown that the overall entropy change for the reaction AS! 
is related to the A-factor of the forward reaction A l  and the A-factor of the 
reverse reaction A-,, by exp (hSr /R)  = AJA-,. Similarly, the heat of 
reaction Alfy is related to the activation energy of the forward reaction 
El, and the activation energy of the back reaction E-, by A H :  = E,-E-,. 
Therefore, if the Arrhenius parameters of the forward reaction are known, 
the Arrhenius parameters for the back reaction can be calculated exactly 
from the known or estimated therniocliemical properties of the reactants 
and products with no assumption necessary for transition state properties. 

An important example of the interaction between thermochemistry and 
kinetics is the kinetic method for dctennining bond dissociation energies. 
This subject has been reviewed in detail by Kerr20. To take a specific case, 
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the bond dissociation energy of CH,S-H is the enthalpy, AH!,  of the 
reaction 

CH,SH ---+ CH,S+H (2) 

D(CH,S-H) = hi-/; = €,- E-2 = E2 -xi$!: the reasonade assumption that 
E-, is negligible. Thus the bond dissociation energy D(CH,S-H) can be 
obtained by nieasuring the activation energy for the reaction 
CI-1,SH + CH,S + H. I n  practice the pyrolysis of CH,SI-I does not occur 
by clean, unimolecular, S-H fission, so a n  alternative approach is used. 
The enthalpy of reaction AH!, is also given by 

AHg=AHf(CH,S)+hH,O(H)-AH:(CH:,SH) (3) 

Values for AH!(H) and AHP(CH,SH) are known independently, so the 
problem is to find AHi)(CH,S). Consider 

PhCHeSCH, ~ z CH,S+PhCH, (4) 

AH! = hH:(CH,S) + AHfO(PhCH,) - AN,O(PhCH,SCH,) = Ed. The PhCH,- 
-SCH, bond is the weakest bond in the molecule, so bond fission occurs 
priinarily by reaction (4). From EJ and known values of AHP(PhCHJ and 
AHF(PliCH,SCH,), MackW obtained A/-/:(CI-I,S) = 30.5 kcal/niole, close 
to the currently accepted of 29 kcaI/mole. Using this value of 
AH:(CH,S), the CH,S-1-I bond strength follows from known values of 
AlI,O(H) and 4Hj)(CH,SH). 

However, i t  turns out the mechanisms and kinetics of decomposition 
of sulphur compounds arc so complex that the kinetic method of 
determining bond strengths is less reliable than the electron impact 
r n e t h ~ d ' ~ ~ ~ ~ * " ' * .  Thus, instead of using kinetics as a basis for the thermo- 
cheniis:ry, the tliermocheniistry is used to help understand the kinetics. 
The agreement in  the preceding paragraph between the CH,S--H bond 
strength derived from the kinetic inetliod and that derived froni the 
electron impact method is due to compensating errors in E4 and 
AN:(PhCH,) in  the kinetic 

Sulphur-hydrogen bond strengths in thiols i n  Table 4 have been 
calculated from currently accepted heats of formation. The table shows that 
there is very little variation in the S--H bond strength in  the alkanethiols. 
In benzenethiol, the S-H strength is reduced by benzylic-type resonance 
of 12 kcal/mole. H,S is the zeroth member of the series, yet the bond 
strength is only slightly greater than for the other members. This is in 
marked contrast to the alcohols, where the 0-H bond strength in water 
is 15 kcal/mole stronger than in methanol (see Table 5). It is also interesting 

* See also the chapter on ninss spectra in this volume. 
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TABLE 4. Sulphur-hydrogen bond strengths in thiols, calculated from heats 

of formation. All units are kcal/mole. 

Alkanethiol AH;,,,(KSH) AHfO?S8(H) AH,tzg8(RS) D(RS-H) 
H2S - 4.8 52.1 34 91 
CH3SII - 5.5 52.1 29 87 
C2H,SH - 11.0 52.1 25 88 
CH,(CH,),SH - 16.2 52.1 18 86 
(CH,),CH S H - 18.2 52.1 17 87 
CHdCHd3kL -21.0 52.1 13 86 
(CH,CHZ)(CH,)CHSH -23.1 52-1 12 87 
(CH,),CIi CH2SIi - 23-2 52.1 1 1  86 
(CH,),SH - 26.2 52.1 9 87 
C6H5CH2SH 21.9 52. I 55 85 
Average alkylthio-hydrogen bond strength = 86.5 k 1.5 
CaH5SH 26.7 52.1 50 75 

Heats of formation of H ,  HS and H,S arc from BensonlR. All others a re  from Fine 
and Westniorc13. 

TAI~LE 5.  A comparison of bond 
strengths (in kcal/mole) i n  thiols, 

alcohols and :mines 

Bond broken Bond strength 
HS-H 91 
HO-H 119 
H,N-H 110 
AIkS-H 87 
AIkO-H 104 
AIkNH-H t 03 
I’hS-H 75 
PhO--M 85 
PhNH-H 86 
Alk-SH 69 
Alk-OH 91 
Alk-NH, 87 
Ph-SH S6 
I’h-OH I10 
Ph-NH, 104 

The tliiol data are from reference 13. Tlie hydroxyl data arc from references 22 
and 23. The amino data are from rcfercnces 23 and 24. 

to note from Table 5 that the S-H bond i n  thiols is considerably weaker 
than the 0--H bond in alcohols and the N-H bond in amines, and 
further that the C-S bond in thiols is much weaker than the C-0 bond 
in alcohols and the C-N bond in amines. The consequence is, of course, 
that thiols are niuch less thermally stable than alcohols and amines. 
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1. INTRODUCTION 

The most direct method for the formation of thiols would be the insertion 
of sulphur into a carbon-hydrogen bond. This has no general synthetic 
application and is restricted to little more than a few nitrogen heterocyclic 
thiol syntheses. 

In general, the preparations of alkanethiols can be considered separately 
from those of aromatic thiols. There are, in principle, methods available 
for both alkane and aromatic thiols, such as the reaction of organo- 
magnesium and organolithiuni compounds with controlled quantities 
of sulphur; 

t R-S-ni- t R-S-H Sn R-ni ~ 

rn=Li; MgX 

however, this particular procedure is seldom used for alkanethiols, except 
perhaps for tei.t-alka~ietliiols, which are difficult to prepare by other 
methods. 

A. Alkanethiols 
The most readily available starting materials for tlie preparation of alkyl 

derivatives are alkenes, alkyl halides and alcohols, the former two, in 
particular, are extensively used in thiol preparations although routes from 
tlie latter are also available. The simpler niethods of preparation are, in 
theory, additions to alkencs and substitution of alkyl halides and alcohols 
by hydrogen sulphide. These methods are often used since the starting 
materials are available and cheap but unfortunately in these reactions 
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monosulphides arc also significant products and their formation can be 
a decided disadvantage. To circumvent the formation of waste material 
from the hydrogen sulphide reactions, a number of less direct methods 
involving the use of other sulphur-containing compounds have been 

X 

R X  + '*'>-> R S H  __f R,S 
ROH -I- H,S 

devised. Such methods of preparation of thiols niust include hydrolysis, 
reduction or some bond cleavage of the intermediate. The disadvantage of 
the extra step must be weighed against the advantage of the cleaner and 
less wasteful reaction. 

Among the indirect methods are reactions of both alkenes and alkyl 
halides with thiolcarboxylic acids-normally thiolacetic acid 

+ R'COSH -> H++-SCOR' - H->~SH 

(a) (i) OH-; (ii) H,O+ 
or (b) [HI 

RX 4- R'COSH -> RSCOR' R S H  

and with thiols, RlSH, containing an  easily cleavable R'-S bond : 

+( + R'SH + H - ~ ~ s R '  --+ H - ~ - ~ . s H  

R X  + R'SH - > RSR' + RSH 

The stereospecificities of the thiolcarboxylic acid and thiol additions to 
alkenes are similar to that of the hydrogen sulphide additions (all being 
less stereospecific than that of hydrogen bromide) and so present no 
additional advantages or disadvantages on this account. The thiol- 
carboxylic acid additions, however, are less versatile than the hydrogen 
sulphide additions. From an alkene and hydrogen sulphide, either the 
Markownikoff product (via an ionic reaction) or the anti-Markownikoff 
product (via a free radical reaction), can be obtained i n  the presence of a 
suitable catalyst or agent, whereas the usual thiolcarboxylate would be the 
anti-Markownikoff adduct. 
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RCHCH, +---- H,S+RCH=CH, - RCH,CH,SH 

Markowni koff Anti-Markownikoff 

I 
SH 

adduct adduct  
0 
II 

R'COSH+RCH=CH, - RCH,CH,SCR' 

Among the other sulphur-containing compounds used with alkyl 
halides are thiourea, thiolsulphate ion, alkyl xanthate ion, trithiocarbonate 
ion, thiocyanate ion and less frequently phosphorothiolate ion and dialkyl 
dithiocarbamate ion (Table 1). The means of converting the intermediates 

TABLE 1 .  Methods of formation of thiols, RSH, from alkyl halides, RX 

No. Reagent 
I. 

Intermediate Conversion of 
intermediate 

into thiol 
1 Sulphydryl ion 
2 Thiolcarboxylic 0 (a) (i) OH- 

acid, R'COSH I I  (ii) H,O.'- 
R-S-C-R' (b) LiAIH4 

3 Thiol, R'SH R-S-R' (i) Na 
( i i )  H 3 0 +  

NII -HX 
// 

4 Thiourea, (NH,),CS 

5 Alkyl xanthate ion, 
S 
Ii 

R'-0-C-S- 
6 Thiosulphate ion, 

Po;- 
7 Trithiocarbonate ion 

cs;-(t cs, + S") 

8 Phosphorothiolate ion, 

9 Dialkyl dithiocarbamate 
PSOt- (4- PSCI, + 3 0 H - )  

ion, 

I I  
S 

RiN. C-S-(+- S,C + OH- 

10 Thiocyanate ion, NCS- 

R-S-C' (i)  Base 

iso-T h i u roni u m sal t 

\ (ii) H 3 0 +  

S (a) (i) OH- 
11 (ii) HsO+ 

NH, 

R-S-C-OR' (b) LiAlH, 
Xanthate 
R-S-SOZ- H30+ 
Bunt6 salt 

S (a) H,O+ 
II (b) LiAIH, 

R-S-C-S- 
R- S-PO;- H30+ 

S (i) OH- 
I 1  (ii) H,O-' 

+HNR,) R-S-C-NR, 

R-SCN [HI 
11 (i) Magnesium or lithium [R-ml H,O+ 

(ii) Sulphur R-S-m 
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from these reactions, into tliiols are indicated in the Table. These methods, 
coupled with that using organometallic compounds, provide a variety of 
routes for obtaining thiols from alkyl halides. 

From alcohols, useful, but less direct methods than reaction with 
hydrogen sulphide are reaction with phosphorous pentasulphide and the 
prior conversion of the alcohol to a sulphonate or a sulphate before 
reaction with hydrogen sulphide. 

5. Aromatic Thiols 
Conversion of haloaromatics, which have strong electron-withdrawing 

groups present, into thiols can be achieved by the same methods available 
to alkyl halides; examples of such methods are reactions, with hydrogen 
sulphide ion, thiosulphate ion and thiourea. Simple haloaromatics cannot 
be so converted to thiols. However, there are available two useful routes for 
these compounds ; that using organo-magnesium and -lithium compounds 
and that involving reaction with cuprous alkyl mercaptides and the 
subsequent cleavage of the so-formed alkyl aryl sulphidcs. 

'ArMgX' ArSMgX 

s. 
___f 'ArLi' 

f ArSNa Na/R,N 
ArSR 

There are other general routes to aromatic tluols involving the conver- 
sion of other functional groups and substituents in the aromatic nucleus. 

From primary aroniatic amiiies, several variations are possible, each 
involving the reaction of the correspondir~g diazonium salt with a sulphur 
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nucleophile. The oldest of these procedures is the xanthate reaction. 
This is still the most frequently used method, but all the others have 
considerable potential. The possibility of explosions with the xanthate 
variation and side reactions should turn more attention to the other 
methods. 

Aromatic hydroxyl groups are also readily converted to thiol groups by 
fairly recently developed methods. These incorporate the conversions 

S 0 
II II 

of -0-C- groupings into -S-C- groupings; for example 

S 0 
I I  I1 

ArOCNR2 ArSCNR, 

S 
I1 

CI-C-NR 

[- 
> ArSH t New m an -K wa r t 

S 0 
l l  

ArOCSAr 

ArOH 

A 
SCCI, 

Schonberg 

Of these two methods, that involving the Newman-Kwart rearrangement 
has had the most use and is now a well-established route to thiophenols 
from phenols. 

The usage of aromatic electrophilic substitutions by sulphur electrophiles 
provides another general type of method of formation of thiols (from 

ArSH 
/ (SCN) [HI 

A r H  ArSCN 7) OH- ( i i )  H,O+ ' 
\ 

aroniatic hydrocarbons with the overall replacement of hydrogen by the 
s u I ph y d r y 1 group) . The 1 i mi t a t i o ii s i n these met hods a re that aromatics 
with electron-withdrawing groups will not react and only certain isomers 
can be produced. The reactions of sulphur dichloride with phenols and 
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anilincs could also be included as other examples of electrophilic aromatic 
substitutions leading to thiol products. 

OH 

All these methods are discussed in the body of the chapter. Also 
included in this chapter is a section on the conversion of monosulphides 
and disu!phidcs to  thiols. 

Functional substituted thiols have been prepared by the methods 
already outlined in this Tntroduction and given appropriate space in the 
body of the chapter. Specifically, a number of p-amino-, P-alkoxy- and 
P-thioalkoxy-thiols have been obtained fro111 the cleavage of the appro- 
priate 3-membered ring by hydrogen sulphide. Furthermore the formation 
of gem-dithiols from aldehydes and ketones is given attention. 

Among the more recent reviews on thiol forniation are references 1, 
2a, 2b and 2c. 

I I .  FQRMATIQN F R O M  ALKENES 

A. Hydrogen Sulphide Additions 

This is in  principle the simplest process for preparing alkanethiols. 
However, the further reaction of the initially formed thiol with the alkene, 
giving sulphides, severely limits the utility of this method3, especially in 
those cases where the initially formed thiol is more reactive than H,S 
towards the alkene [use of a 2-5 : 1 hydrogen sulphide to cyclohexene niolc 
ratio at  150°C for 24 h led to cyclohexanethiol (2.5%) and dicyclohexyl 
sulphide (12%)]'1. 
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Usually the use of A high hydrogen sulphide : alkene mole ratio favours 
the formation of the thiolj. Thus, in the photoinitiated reaction of 
hydrogen sulphide with 1 -chlorocyclohexene with a reaction time of 
4 hours, 18.6 and 65.0% chlorocyclohexanethiol products were obtained 
from mole ratios of hydrogen sulphide to alkene of 1 : 1 and 18 : I 
respectively. 

Two isomeric thiols can in principle be formed from an unsyinnietric 
alkene, e.g. 

S H  

R C H = C H ,  + R C H C H ,  + R C H , C H , S H  
H.S I 

(1 1 (2) 

where 1 is termed the Markownikoff product and 2, the anti-Markownikoff 
adduct. Equilibrium mixtures of the two thiols from the reaction of 
propylene and hydrogen sulphide were obtained at 200-300°C in the 
preseiicc of a nickel catalyst6. At lower temperatures and generally when 

CH,CH=CH,+H,S ___ > CH,CHCH,+CH,CH,CH,SH 
I 
SH 

(23 parts) (1 part) 

non-equilibrium situations prevail, one or other of the two thiols can be 
obtained in the higher yield by a suitable choice of a catalyst. The produc- 
tion of the Markownikoff compound is catalyscd by a variety of materials, 
including metal sulpliides4~7 and oxidesg, acids9 and sulphu?-l. lo. Branched 

> RCHCH, 

SH 

u +  sn- RCH=CH, ____ > RCHCH,- + I catalyst 

chain alkenes rcact faster than straight chain and terminal alkencs in these 
ionic reactionP. 

The anti-Markownikoff adduct, 2, is formed in a free-radical 
reaction3:\*l2, catalysed by ultraviolet and other radiation and the usual 

H,S- HS' 

RCH=CH,+HS'- RCHCH,SH 

RCHCH,SH+ H,S > RCH,CH,SH+HS' 

radical initiators; ultraviolet light has provcd particularly ~ i s e f u l ~ ~ ) ~ ~ ~ .  
Tlicse reactions have been uscd for terminal, internal and cyclic alkenes. 
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In the oxygen-initiated addition of hydrogen sulphidc to alkyl vinyl 
ethers, the rate of reaction decreased as the branching in the alkyl group 
increased. Furthermore, as thc branching increased, so did the amount of 
the Markownikoff product, due to thc increasing easc of oxidation of the 
vinyl ethers to acidic materials (which then act as Markownikoff 

> ROCH,CH,SH (2) 
n -8 

c a t a l y ~ t s ) ~ ~ .  The ultraviolet light (A = 253-7 nm) initiated reaction of 
I-butenc with H2S ( I  : 2 mole ratio) at  0°C gave a mixture of n-butanethiol 
(85%) and di-ir-butyl disulphide ( 1  5%);  tlie authors mentioned that 80% 
of butene had reacted within n i i~ iu tes~~,  under much more milder conditions 
than are required for the ionic process leading to 2-mercaptobutane. 
Longer wavelength radiation can also be used in the presence of photo- 
sensitizers, such as acetone, lead tetra-acetate and nicicury compounds. 
y-Radiation has also bcen successfully used1”. Of all the chemical 
initiators, azonitriles are reported to be generally the most satisfactory1s. 
Other chemical initiators occasionally fail ; peroxides, for cxample, can 
oxidize H2S to sulphur and the ionic process would then be favoured12. 

The stereochemistry of the products from the photo-induced radical 
reaction of hydrogen sulphide with I-chlorocyclohexanejb has been 
investigated. The major thiol product was cis-chlorocyclohexanethiol 

ROCH=CH, 

wcl - !2p a; 

Q -y-> x&,-, CI 4- .c@ 

as-chlorocyclohexanethiol 

(85-90x); the rcmaining products being the trans isonicr and mixed 
sulphides. The additions of hydrogcn sulphide and thiols to 1- and 
2-cliloro-4-~-l>utylcyclohexenes in the prcsence of azobisisobutyronitrile 
have also been studied and thc product ratios for tlie hydrogen sulphide 
and some thiol (for comparison) additions arc given belowlG: 

SR 

CI H CI 

(3) (4 1 (5) 

H H 
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Yields at 5°C (4) (5) (6) (7) [H,S] : alkene 
R = H  78.9% 2.2% 8.9% 10.0% 12: 1 

Me 82% 5% 6% 7% 10: 1 
COMe 74.6% 5.7% 13.1 yo 6.5% 10: 1 

CI 

(8) SR SR 

(9) (1 0) 

H CI 

H H 
(11) (1 2) 

Yields (9) (1 0) (11) (1 2) 

R = H  71 *3% 1 .2y0 18.2% 9.3% a 1O:l 

C O M e  61.3% 4.5% 19.8% 14.8% b 1O:l 

a at -50°C b at +60"C 

Temperature and thiol concentration affected the product ratios, but 
trails diaxial anti-Markownikoff adducts always predominated in these 
reactions. The stereospecificities of the  hydrogen sulphide and thiol 
additions are less than that for hydrogen bromide in which only 2-ci.s- 
chloro-4-cis-t-butyl cyclohexyl bromide was obtained. This difference is 
accounted for in terms of a reversal of the thiyl-radical addition step, the 
extent of which depends among other factors on the relative stabilities of 
the thiyl (13) and the thiyl-cyclohexyi radicals (14 and 15) and the rate 
of chain transfer (Scheme 1) .  (Such a reversal step is not important for the 
H Br reaction.) Bridged radicals were thought not to be importantlG. 

Modifications in the reaction media can readily change the type of 
addition. T ~ U S  catalytic amounts of hydrogen chloride dissolvcd in  
dicxanc caused the formation from vinyl ethers and H,S of 16, while i n  
the absence of hydrogen chloride, the peroxide impurities in the sample of 
dioxane used were sufficient to direct the formation to 17 Ii. 

11 iosmc! 
i ROCH,CH,SH 

(1 7) 

Il('i 
ROCHCH, i dio\.Liie ROCH-CH, 

I 
SH 

(1 6 )  
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R S H  - R S '  

(13) 

61 
twist boat 

~ .--- 
t t i  c r 111 od y nam i c 

[I rod u c t 

(1 5) 

173 

trans diaxial 
RSH addition 

, a-SR a-CI 
P cis additioii 

~ C-SR a-CI 
tr,iris diequatorial 

\, e-SR e-CI 
cis addil ion 

SCHEME 1. Reaction of thiols with 2-cliloro-4-/-butyl~y~lohexene. 
n = oxiol; c = cqrtnforicti. 

Reactions of allylamine with hydrogen sulphide under various conditions 
have been studiedI8. The reactants when irradiated with ultraviolet 
radiation did not give thiol products. However, at  85-95°C in an autoclave 
in  the presence of azobisisobutyronitrile, a mixture of 1 -aniino-2- 
propanethiol (18) (4 parts) and 3-ainino-2-propanethiol (19) (1 part) was 

H,S+CH,=CHCli,NH, > CH,CHCH,NH,+HSCH,CH,CH~NH2 
I 
SH (1 9) 

(1 8) 

obtained. Amines are inhibitors of radical reactions and so tlie high yield 
of the Markownikoff adduct (18), under the radical conditions used, is 
understandable as is the lack of thiol products in  the photochemical 
reaction. Good yields of the anti-Markownikoff adduct, (19), arise when 
salts of allylamine and hydrogen sulphide are reacted under radical 
conditions, since the aniine salts are not inhibitors of radical reactions. 
The hydrogen chloride salt proved to be a better reagcnt than the acetic 
acid salt. Sulphides were also obtained in  these reactions. 

Alkenes, with clectron-withdrawing groups such as ~ a r b o n y l - ~ ~ ~ * ~ ~ " ,  
cyano-?l, 25 , and carboxyl-21,24 and ester-groi~ps'"~~", arc activatcd 
for nucleophilic attack by the thiolate anion and for such compounds, base 
catalysts are favoured. 
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TABLE 2. Base-catalysed additions of hydrogen sulphide to alkenes 

No. Alkene Thiol Catalyst Yield (%) Ref. 

1 Mesityl oxide 
2 Methyl isopropenyl 

ketone 

3 Crotonic acid 

4 Vinylacetic acid 
5 Nitroethylene 

6 1-Nitro-2-methyl- 
prop-1-ene 

SH 
I 

- 60 19a (H3C),CCHpCOCH3 
CH,COCH(CH,)CH,SH Et3N 70 19b 

SH 
I 

SH 
I 

CH3CHCH ,CO,H Et,NH 53 21 

CH,CHCH,CO,H Et2NH 38 21 
OzNCH2CH2SH - 16 23 

SH 
I 

(CHJ2CCH2N02 - 32 23 

Vinylacetic acid (20) and crotonic acid (21) both give /3-mercaptobutyric 
acid (22) on treatment with hydrogen sulphide in ethanol in the presence 
of diethylamine a t  70°C in a sealed vesselz1. Under these reaction con- 
ditions, 20 isomerizes to 21 before the reaction with hydrogen sulphide. 

CH,=CHCH,CO,H ___j CH,CH=CHCO,H 
(20) (21 1 

I1,8, I:t2sLl I 
CH,CHCH,CO,H 

I 
SH 

(22) 

Acrylonitrilc and crotononitrile on  similar treatment solely produced the 
sulpliides (23) and not the thiols. 

(23) 

a-Chloroniethyl acrylate (24 with Y = CO,Me), and hydrogen sulphide 
a t  - 78°C and in the presence of triniethylarnine gave a number of products, 
including P-mercaptomethyl propionate (25) in 15% yield”. The proposcd 
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mechanisni for the formation of 25 was by way of episulphide and alkene 
intermediates. or-Chloroacrylonitrile (24 with Y = CN), reacted similarly. 

P I  LI 
CI Mc,N: H,S I Mc,N CH,=C: -- F HSCH,-C-Y ~ 6 ; ’  
Y I 

H 

H2S 
-S Me.N 

CH,-CHY - ? C H , = C H Y  ---> H S C H , C H , Y  

‘S’ (25) 
For the very activated nitroalkenes, such as CH,=C(NO,)CH, and 

(CH,),C=CHNO,, the basicity of the solvent, ethanol, was sufficient to 
effect the addition of hydrogen ~ulphide?~. Much more sulphide products 
were obtained from primary alkenes than from branched alkenes. This was 

(3) 

rationalized by the primary thiols being more acidic than secondary or 
tertiary thiols, and creating less steric hindrance so that their reaction 
with alkenes are faster from both kinetic and steric factors. Methoxide 
ion and pyridine2G have also been successfully used as catalysts. 

Additions to acetylenes have also been carried out  under both photo- 
~ h e m i c a l ~ ~ ~ ~ ~  and X-ray initiation29. Thus at - 78°C using a mercury lamp, 
acetylene and methylacetylene gave respectively vinyl thiol and a single 
geometric isomer of 1 -propene-I-thiol, probably the trans compound27. 
Direct photolysis of acetylene a t  higher temperatures led to polymeric 

C H E C H  ____ F C H , = C H S H  

SH 

R ’ R 2 C = C R 3 N 0 2  - H’S > R ’ R 2 & C H R 3 N O 2  

112s 

LIZS > M e C H = C H S H  M e C E C H  ____ 

material, [CH,. CHSH],28. X-Ray radiationz9 at room temperature gave 
vinyl thiols, divinyl sulphides, vicinal dithiols and also polymeric 
material. 

B. Additions of Other Sdphur Acids 
Additions of other sulphur acids to alkenes are frequently used in 

thiol preparations; the required thiol being obtained from the inter- 
mediate compounds after hydrolysis or dealkylation. Although an  extra 

R ’ C H = C H R *  + R 3 S H  -- > R ‘ C H C H , R ~  - z R ’ C H C H ~ R ?  
I I 
S R3 SH (4) 

(26) 
R3 = alkyl, aralkyl or acyl 
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step is required compared to the direct hydrogen sulphide addition, there 
are advantages, one of which is that formation of waste sulphides [e.g. 
(R1CHCH,R2),S] is prevented. The choice of R3SH (equation 4) is governed 
by the ease of cleavage of the R3-S bond in the unsymmetric sulpliidc 
(26). Of particular utility is thiolacetic acid and its additions to alkenes 
are next discussed. 

1. Thiolacetic acid additions 

Table 3. Addition of thiolncetic acid to alkenes 

No. Alkene Product Yield (z)  Ref. 

1 4-Methyl-I-pcntciic 

2 Oct-I-cne 

3 Oct-2-enc 

4 Mesityl oxide 

5 Ally1 xct:\tc 

6 1 -Methylcyclohexenc 

7 4-0x0-2-pentenoic 
acid 

8 a- Broiiioacryl ic 
acid 

~ 

CH:, 
I 

CH,CHCH,CH,CH,SCOCH, 93.5 33 

wCRH,,SCOCH, 100 34 

100 34 i SCOCH,, 
I 

CH,CH(CH,)5CH3 
CH,,CH ,CH(CH,).,CH, 

I 
SCOCH,, 

SCOCH,, 
I 

(CH,),CCH,COCH, 

SC H .C H .C H ,CO,Et 
I 
COCH:, 

92 34 

100 34 

94 31 
,.--- SCOCH, 

2-Acetyl thio- 
levulinic acid 

Bl- 
I 

CH,CHCO,H 
I 
SCOCH, 

95 36 

92 37 
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0 
II 

Thiolacetic acid additions [R3 = CH3C, equation (4)] initially reported 
by H~lrnberg?~, are exothermic processes leading to the anti-Markownikoff 
adducts in good yields313“. Photolysis and the usual radical initiators are 
Frequently used. 

XCH-CH, ,- XCH,CH,SCOCH, -----?- XCH,CH,SH (5) 

Hydrolysis of the thiolesters is normally achieved by alcoholic alkali (see 
p. 206). Several /3-substitutcd thiols have been prepared by this method; 
the method is of particular importance for X = alkoxy and aryloxy3j, and 
for unsaturated acids and car bony1  compound^^^^ 3G-3S 7 e.g. 

CH,COCHCH,C02H 
I 
SH 

Reference 36 

However, for a /I-chloro-alkene, the product normally isolated after 
alkaline hydrolysis of the thiolacetate was a cyclic sulphide”40 arising 
from an internal nucleophilic substitution i n  the intermediate thiolate, e.g. 

CH, 
I OH 

CH, I 
CH,=CCH,CI -k Cti,COSt-i -L.> CH,COSCH,Cl-ICH,CI ---’ 

88% 

For a series of pentenoic acids, the order of reactivity38 towards thiolacetic 
acid was 

CH,CH,CH=CHCO,H < CH,CH=CHCH,CO,H c CH,-CHCH,CH,CO,H 
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From either cis- or trans-2-clilorobut-2-enes, the same mixture of 
erythro- (10%) and threo- (90%) 2-acetylmercapto-3-chlorobutanes was 
obtained'O; hydrolysis of the product mixture gave the episulphide. The 
same mixture of products from either reactant argues against bridged 
intermediates, such as 27 or 28, and in favour of open intermediates which 
have tinie to equilibrate before reaction. 

CH, 
I 
co 

I 
or 

Thioiacetic acid additions to cyclohexenes are less stereospecific than 
those of hydrogen bromideIG. A reversal step was clearly shown by the 
isomerization of cis- and trans-2-chlorobutenes by catalytic quantities of 
thiolacetic acid". In these reactions chlorobutyl thiolacetates must be 
formed reversibly, and eventually equilibrium concentrations of the two 
isomeric alkenes must be obtained. Othcr examples of the reduced stereo- 
specificity of thiolacetic acid additions are given in references 39 and 40; 
e.g. only 85% cis with 15% trans adducts were obtained from l-niethyl- 
cy~lohexene~~.  For a more detailed description of radical additions of 
thiolacetic acid to cyclohexenes, see reference 42. 

Additions of thiolacetic acid to alkenes with strongly electron- 
withdrawing groups are catalysed by baseg3, e.g. 

SCOCH, SH 
I I 

ArCH=CH NO,+ Et,N > ArCHCH,NO, ArCHCH,NO, 

+ CH,COSH 

2. Thiol additions 

A detailed discussion of thiol additions to alkenes is outside the 
scope of this chapter: for reviews on this, see references 3s  and 12. 
Dealkylation of sulphides to tliiols is considered elsewhere in this chapter 
(section XlI1). 
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111. FORMATION FROM ALCOHOLS 

A. Using Hydrogen Sulphide 
Direct reaction between hydrogen sulphide and alcohols normally 

requires the presence of a catalyst. Several processes involve basic 
catalysts, high temperatures and high pressurcs44-4G. With basic alumina 

> RSH+H,O ( * * i t a l > \ t  
ROH+H,S ___ 

as the support, basic promoters favour thiol formation and acidic 
promoters giv'e more  dialkyl sulphides"'. Kramer and Reid4* gave details 
of the preparation of tlie lower thiols up to iso-ariiyl thiol in 35-520/, yield 
from the passage of alcohol vapour and hydrogen sulphide over a heated 
thoria catalyst. Higher yields of thiols were obtained using a potassium 
t ungstatelalumi na catalyst sys teiiP. 

Triphenylmethanethiol has been obtained in 75% yield by passage of 
H,S through a solution of the alcohol in  acetic acid containing sulpliiiric 
acidj0 *:. Probably, trityl hydrogen sulphate was initially formed, which then 
reacted with H,S. Dialkyl sulphatcs and metal hydrogen sulphates have 
been known since 1834 to give thiols on rcaction with H,S 51. A facile 
laboratory preparation of ethanethiol from ethanol, sulphuric acid and 
H,S has been described by Reidp2. Generally the yields of tlie lower thiols 
produced by this method arc low--- 25%, but the ready availability of the 
starting materials still makes this an attractive nxthod. Sulphides and 
alkenes, ess\xially a t  high pH, arc also formed. 

Sulphonates, too, have been uscd as starting niateri:ds.73; c.g. octadecyl 
I.'-toluenesulplionate gave 76% thiol. 

B. Using Phosphorus Pentasulphide 
For alkanethiols, the formation from alcohols and phosphorus penta- 

sulphide has been patented"". C,-CIG alcohols can be converted to 
dialkyldithiophosphates, which on acid hydrolysis give the corresponding 
thiols. Yields greater than 70';/, can be obtained if the sulphidcs formed i n  
the reaction are dealkylated to givc thiols as well. 

In the nitrogen-heterocyclic field, hydrosyl groups (or the carbonyls i n  
the tautonieric aniide groups) are readily converted to thiol units by 
phosphorous pcntasulphide i n  the presence of pyridine. I:i such a way 
mercapto-imidazo-[4,5-d]-pyridazines56~~7, -pyriciincs"g, -purines59*60 aid 

-pyrimidinesG1 can be obtained. Thiation and ring closure of 5-xctamido- 
2,4-diamino-G-hydroxy-pyrimidincs also occur i n  a single step using P,S,. 

* A  better general method of preparation of Icrtiary thiols uscs [he reaction 
of HBr and thiourea on the alcohols5". 

7 
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SH 

I 

4,7-di hydroxyimidazo- 79 % 
[4,5-d]-pyridazine 
Reference 56 

3,5-diiod 0-2- p yri do n e 70% 
Reference 58 

H 

p y r l t l l n o  rbx!> C H -\ 

I-" 

377, 7 52% 

OH H CH, 
2-Amino-6- hydroxy- 
8-methylpurine 5-Acetamido-2,4- 
Reference 60 diarnino-6-hydroxy- 

OH s t-I 

pyrimidine 

OH SH 

4,5-dinniino-6- 
tiydroxy-2-plieiiyl- 
pyrimidine 
Reference 67 

IV. FORMATION FROM I-EALIUES AND HYDROGEN 
su LPe-I D D E  

A. Alkyl Halides 
Alkyl chlorides, bromides and iodides a l l  react readily with metal 

hydrogen sulphides, frcqucntly the sodiiim salt, i n  alcoliol solution to give 
~ l i i o l s ~ ~ .  Primary and secondary alkanethiols, for example, are prepared 
from the corrcsponding chlorides :~nd  NaHS, obtained by  the action of 
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hydrogcn sulpliidc cithcr on alcoholic potassium hydroxide or on sodium 
etlioxidc';3. For thiois up to C,, cthanol \\';is f'o~~ncl t o  be a good solvent, 
while for C,,-C,, compounds, ;I highcr boiling alcohol, such an n-butanol, 
was a preferable solvent"'. Thc higher mercaptans werc produccd in good 
yiclds froin alkyl iodides and NaHS i n  an autoclavcG5. 

The higher mercaptans, particularly, are readily converted to di- 
sulphides by air oxidation especially in alkaline media and care to avoid 
this must be takenG5. More significant general by-products are the dialkyl 
sulphides. The following equilibrium guarantecs some formation of the 
sulphides. The cquilibrium lies further to the right at higher temperature 

2NaHS G= Na,S+H,S 

and so lower temperatures are to be preferred for thiol formation. From 
some halides, e.g. a-bromokctones, sulphides are predominantly formedGG 
i n  reaction with the sulphydryl ion. Some difference between tlie use of 
sodium and potassiuni hydrogen sulpliide has been reported; e.g. hexyl 
bromide in aqueous ethylene glycol gave at  155"C, 48% thiol and 29"/, 
sulphide with NaHS and with the sanie concentration of KHS, 19% thiol 
and 62% sulpliide. The presence of H,S or H,SO, increased the yields of 
the thiol. In  anhydrous glycol, 90% of hexanethiol was formed using 
NaHSG7 and tlie halide. 

Another drawback in this procedure is the formation of alkenes G3,G8.  

A little cyclopentenc was obtained as well as the thiol from the reaction 
of cyclopentyl bromide with KHS, while from cyclohexyl bromide, the 
major product was cyclohexene6 8. 

Tertiary aliphatic thiols are generally more difficult to prepare by this 
route, due to the ease of formation of tlic alkene. Triplie~iylnictha~~etliiol 
has been obtained in 85% yield from the chloride and hydrogcn sulphide 
i n  tlie presence of activated aluminaG9. 

iu,w-Dithiols werc also obtained by this method from the dibroniides, 
Br(CH,),,Br 70. As well as thc dcsired products and the usual impurities, 
polynieric sulphides and cyclic sulphides-especi~illy for I I  = 4 and 5- 
wcrc also obtained. Such was tlie amount of the cyclic tctra- and pcnt:i- 
incthylcne sulphides, t l int  the dithiols are best prepared otherwise, namely 
iiicl tlic isothiuroniuni nicthod"', see section VI. Heating the dihalide and 
hydrogen sulphide i n  a closed vcsscl has also becn uscdil. 

An alternative approach is to treat thc alkyl bromide or iodide with 
disodiuin disulphide in liquid animonia to give the disulphide, which is 
cleaved by sodium. Thiols are obtained in good yields alier acidification, 
e.g. HSCH,CH,SH in  76:L overall yicld7'. 



182 J. L. Wardell 

B. Heterocyclic Halides 
Replacement of halogens in heterocyclic compounds by the sulphydryl 

group is also an easy reaction in several systems, e.g. pyridines73, 
imidaz0[4,5-d]pyridazines'~ and pyrido-[2,3-d]-pyrimidines7j. With chloro- 
pteridine however, use of sodium sulphide in aqueous ethanol was 
preferred to NaHS, since the latter gave an addition complex7G; a related 
complex was also obtained when thiourea was used. 

NH, 
2-mercapto-4-amino- 
p y ri do- [ 2,3- tl ] 
pyrimidine 

C. Aryl Halides 

Nucleophilic replacements of halogen only proceed favourably under 
mild conditions if strongly electron-withdrawing groups are present in 
the aromatic compound. Thus halogens in halonitroaromatics, particu- 
larly those which are ortho or para to the nitro groups can be replaced by a 

TABLE 4. Formation of thiols from reaction of aryl halides with metal sulphides 

No. Aryl halide Thiol product Method Yield (%) Reference 

1 0 A 60-65 78 
I 

SH 
I 

CI 

B 69 81 

68 83 
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TABLE 4 (cont.) 
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~ ~~ 

No. Aryl halide Thiol product Method Y i e l d  (%) Reference 
_ _ _ - ~  

S0,Me Q Br 

Br eBr 
CI cl*cl CI CI 

bC1 CI 

i‘l CI 

CO,H 

CO,H 

S0,Me 

D 27 80 QI SH 

HS @”” CO,H 

S H  

CI ”@” CI F 

CI 

SH 

90 87 

96 85 

SH 0 
CI 

-- - - . - -__ .. .- . .. . -. . . . 
A. (i) Na,S,; (ii) OH-; (iii) H,O-!-. 
B. (i) Na,S; (ii) HOAc. 
C. (i) Na,S2; (ii) Zn/HOAc. 
D. (i) Na,S,; (ii) glucosc/OH--; 

(iii) H,O+. 

. .  

I’ 0 85 

. - . -. . . . . .. . . .. .. - 
E. Cu, KSH. 
F. ( i )  NaSH, l iqu id  NH3; (ii) H30+.  

thiol unit. The direct route using sodium sulphide, followed by acid 
liydrolysis is possible7’, but substantial production of amino compounds 
limits the utility of this method for production of nitrothiophenols. Use 
of disodium disulpliidc in an alkaline medium appears to avoid the 
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NO,, SH 

p-dichlorobcnzene did not react, CVCI? i n  the prcscncc of cupric acetate. 
The presence of the ~iirtlinncsulpliona~c group allows the nucleopliilic 
replaceiiicn t of bro in idc by the sii 1 ph yd ry 1 group i 11 p-brom o phen y l me thy1 
sulphonate8(’. Both the halogens i n  ~,5-dibromoterephthalic acid wcrc 
rcplaced directly Ry thiol groupss7, in  tlie presence ol‘ copper. 

I n  the absence or eIectron-witlidla~ving groups, forcing conditions are 
rcqiiircd to bring about reaction. Thus treating chlorobenzene with an 
excess of’ dry sodium sulpliide in ;L polar organic solvcnt, such as l-methyl- 
2-pyrrolidone or diinethyl acetaniide at 300°C for some hours yields 
both thioplienol and diphenyl sulphidc. Variations of the mole ratios of 
the reagents affcct the product ratios, with approxiniately 50”/, of tlie 
thiophenol being the optimum yieldss. Another patent describes the 
production of thiophcnol from halobenzenes and hydrogen sulphide in 
the gas phase over a catalyst comprised of activated charcoal and a inetal 
wIphidcs9. 

V. USING PHOSPHQROTHIOLATE ION 

Treatiiien! of alkyl halides. X X ,  by trisodium (or trilithium) pliosplioro- 
thiolate and tlic acid hydrolysis oi’ the alkyl-S-phospliorotliiolatc is a mild 
method of replacing X by SM !lo. The alkali metal phosphorothiolates are 

PSCI, -!- 30H -__- 2. ps0:- 

H3P0, -i- HSCH,R 

best obtained by alhaliiie hydrolysis 01‘ thic~plinsphoryl chloride!lo*!’I. I n  
s iic h a wag, 3- b ro ni 0- 2-( h r o m oe t h y 1 )- p 1-0 pi o 11 i c aci d WLI s co n ver t ed a t  
rooin temperature to the dithiol in 50:< yicld: i.e. 

CO,H 
I 

HSCH, 7 -CH,StI  

I I  
I 
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TAULE 5. Production of alkyl thiols from halides via phosphorothiolate 
intermediates 

0 
I1  H,O’ 

I 
0- 

t RSH R X  4- PSoi- -- > R-S-P-O-- 

No. AIkyl halide 

1 (BrCH,),CHCO,H 

2 NH(CH,),NH(CH,),Br 

.... - 

I 

I 
NH(CH,),NH(CI-I,),Br 

I 
I 
NH(ZH,),NH, 

(CH,), 

3 NH(CH,),Br 

(CHZ), 

Thiol Yield (x) Refcrence 
-- - - ___  - ._ - - _ _  . . - - 

(H S C H 2)2C 14 CO, H 50 90 

NH(CH,),NH(CH,),SH 
I 

I 
N H(Cl-!,),NH(CH,),SH 

(CH,), 80 92 

NH(CH,),SH 
I 
I 
N H (CH 1-1 

(CHZ), 74 92 

Derivatives of 2-aniinoetlianetliiols have been successful!y prepared via 
the phosphorothiolate route”*”. 

VI. FORMATION VIA ISO-THIURONIUM SALTS: 
U S E  O F  THIOUREA 

A. S-Alkyl-iso-Thiuroniom Salts from Alkyl Halides 

This method, generally involving the reaction of a halide with thiourea 
to give an iso-thiuroniuni salt, and hydrolysis of the latter, is superior to 
that using hydrogen sulphide and alkyl bromides and iodides (but not 

however chlorides), since i t  is cxperiinentally simpler and no waste 
sulphides are formed. Mono- and di-thiols, from aliphatic as well as from 
aromatic halides, activated for nucleophilic attack, have been so prepared. 
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A variety of alkyl halides have been used as reagcnts, including halo- 
alkylcarboxylic acidsD5, tertiary alkyl halidesg6 and unsaturated halides". 

Older procedurcs9* used alkaline hydrolysis, followed by steam 
distillation or ether/benzene extraction to collect the thiol from thc 
reaction mixture. Details for such methods are given by Reid"'. More 
recent developments include the use of a high boiling solvent (e.g. tri- 
ethylene glycol) in which both to prepare the iso-thiuroniurn salt and to 
decompose it with a high boiling amine (e.g. tetraethylene pentaniine)". 
This modification gave good yields of alkanethiols (>68%) and a,w- 
dithiols (> 58%). except of ethane-I ,2-dithiol. The di-iso-thiuronium salt 
of the latter on treatment with an amine eliminated ethylcne sulphide which 
in turn reacted with thc aniine to give a substituted aminoethanethiol"". 

TABLE 6. Formation of thiols from halides r;io ;so-thiuroniuni salts 

-- N H . H X  

N H ,  
R X  + S C ( N H , ) ,  - > R-S-C: r RSH 

No. Halide Yield of Method of deconiposing Reference 
thiol (%) ;so-thiuroniuni salt 

__ 

1 C,H,Br 68 Tetraet h ylene pentanii ne 

2 n-C,H,Br 79 Tctraethylene pentaminc 

3 n-C.,H,Br 77 Tctraethylcne pcntaniine 

4 n-CsHl7Br 84 Tctraethylene pentarni ne 

5 Br(CH,),Br 80 Tetraethylene pentaniine 

6 Br(CH,).,Br 78 Tetraethylenc pentanline 

7 Br(CH2)3Br 58 Tetraethylene pentaniine 

8 Br(CH2),Br 0 Tet raet hylene pentanii ne 

9 Br(CH,),Br 60 KO H / H ,O/ A 
10 2-Bromostearic 67 OH-/EtOH/h 

11 PhCH,CI almost NaHC03/A 

12 p-BrCGH,CH2Br 97-100 D M SO/NaOH 

13 9-Fluorenyl 99 D M SO/ N a 0 H 

in ethylene glycol 

in ethylene glycol 

i n  ethylene glycol 

in ethylene glycol 

i n  ethylene glycol 

i n  ethylene glycol 

in ethylene glycol 

in ethylene glycol 

acid 

100 

(p-BrC,H,,CH,SI-l) 

bromide 

99 

99 

99 

99 

99 

99 

99 

99 

100 
95 

101 

102 

102 
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TABLE 6 (coui.) 

No. Halide Yield of Method of dccoinposing Rcfcreiice 
thiol(%) iso- t hi u ron i ti ni salt 

- - - . - - - - __ - 
H 

Cl 

CI 

103 

105 

1 Oil 

CH3 

CI 

90 OH-/H,O/h 107 

CH,PlI 

However, alkaline hydrolysis of the di-iso-thi tironiuni salt has been 
sLlccessfullOO. Thermal decomposition of the iso-thiuronium salt in the 
presence of the mild bicarbonate ion has been reportedLoL. 

4 CH,-- S -- C - 
RNH, CH,-X /NH2 

4- 2 s=c\ ---> 1 
NH2 

I 
CH,-X NH, 

CH,--S-C.< I 
r i t i2  x- 

CH,\ CH,SH 

CH, CH,NHR 
I / s  - > I  

The use of dimcthyl sulphoxidc (DMSO) as the solvent cn:tbled a 
'rhe single-step, high-yield pr-cpnrittion of ara lky l  tliiols t o  be 
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aralkyl halide and thiourea were stirred in DMSO at room temperature 
and on pouring into lox aqueous sodiiim hydroxide the thiolate was 
formed. This mild method is useful for hcnt-sensitivc compounds. 

An interesting preparation of 3-niercapto-2,2-diethylpropan-l-ol in- 
volved the ring opening of an oxetane ring by thiourea in  the presence of a 
strong acid""". Perchloric acid was thc favoured acid, since its anion 
is poorly nuclcopliilic. (Hydrochloric acid also produced soiiie 
HOCH,C( Et)2CH2CI.) 

yi 1: 
s :c 

C t 1,C H :! /f'\&l x - NH: ~ + 0 I -  14 x .. . A. c I- I J 1 12 

C H,3C I4 2'b CH,CH, 
3,3-diethyloxetane 

CHZCH, CH,CH, 
I NH-HX O H -  I 
I N H, I 

HOCH,C--CH,-S-C~ HOCH,C-CH,SH 

CH,CH, CH,CH, 

Extensive use has  been made of the i.so-thiuroniuni 
heterocyclic chemistry, e .g .  for prcparation of thiol 

method i n  N- 
deriyatives of 

puri  nes103-10(i , pyrimidines'0,' and azap~irines'~'. The reactive pyrrolcthiols 
havc also becn prepared riri thcir i.ru-tliiuroniitm salts'". 

6. S-Aryl-iso-ThiuPonium Salts 
I .  From aryl halides and diazonium salts 

The decomposition of aryl iso-thiuronium salts to thiols Iias been 
variously reported109-112. A number of useful routes to aryl iso-thiuroniuni 
salts are available; the simple preparation from thiophenols and cyanamide 
can, of coiirse, be neglected here. Nitro!ialobe~izenes~~*-~~~ react 
directly with thiourea or tetramethyltliio~irca. When no  electron-with- 
drawing groups arc present, such c i  direct method fails. However, 
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TAULE 7. Formation of aromatic thiols from aromatic amines 

uici reaction of aryldiazonium salts with thiourealog 

No. Amine Product Yield (%)“ 

1 aNHz CI 

2 

3 

CI 

NH, 

a:: 22 

SH 

SH 

SH 

8 
SH 

50 

22 

20 

Yidd based on the diazoniuni tetrafluoroborate. 

salts112 involved aryldiazoniuni tetrafluoroborates (these were chosen 
as a result of their stability and the heterolytic nature of their reactions) 
and thiourea in  an aqueous medium) while Kessler and coworkers113 
employed unspecified diazotiium salts and tetramethylthiourea in the 
presence of cupric chloride; in the absence of the catalyst, no iso- 
thiuronium compound was obtai~ied”~. 

For the preparation of thiol~~~~--l1-l ,  the S-aryl-iso-thiuronium salts need 
not be isolated but can be reacted iu sitzr with bicarbonate ion : acidification 



4. Preparation of thiols 191 

giving the thiols in yields ranging from 25 to  50%. The alternative decom- 
position of the iso-thiuronium salt by alkaline hydrolysis is inferior. The 
p-chloro group in a p-chlorobenzenediazonium salt is also reactive-due 
t o  the electron-withdrawing diazonium function-towards thiourea and 
so a p-di-iso-thiuronium compound can be obtained. Thus, benzene-1,4- 
ditliiol can be prepared from either p-phenylenediamine or p-chloroaniline, 
although the former gives the better yie1dlo9. 0- and ni-Chloro-groups on 
the other hand are unaKected*09 by thiourea. 

+ 
I 
N, BF4- 

SH =o ( i i )  H,O+ 

SH 

N H, N, BF, + 

2. From addition to quinones 
Two preparations of thiols from the reactions of thiourea with 1)- and 

o-benzoquinones have been reported116-'17. The o-benzoquinones were 
prepared it1 situ. 

& ( " J g S  > R&H (!;;HqHo, t &OH (7) 

i- 
R 

S-C=NH, SH 
I 81 -88% 
N HZ 

Reference 116. SO-SO% 

0 OH OH 

Reference 117. 
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VII. FORMATION VIA B U N T i  SALTS: 
U S  I N G  T H I QS U LP HATE 

A. From Halides 
Acid catalysed hydrolysis of S-nlkyl- and S-aryl-thiosulphates-BuIltC 

saltslls-is another particularly useful inethod of preparing thiols*1g~l”. 
0 
II  H,O + 

II 
0 

R X  4- S20:- ---+ R*S.S-0- t R S H  

The BuntC salts are conveniently obtained from halides-especially 
primary and secondary alkyl and aralkyl halides-in an aqueous or 
aqueous-organic mediiini; their liydrolyses are usually performed in sitic 

TABLE S. Formation of thiols from halides via Bunt6 salts 
> RSH H30 4- RX+S,O:- ---+ RSSO; 

No. Halide Thiol Yield (%) Refcrence 

1 n-C9HI9Br /r-C,H,!,SH 76.5 119 
2 Br(CH,),Er H S(C 1-12), SH 85 119 
3 PhCH,CH,Br I’hCH,CH,SH 85 I19 
4 PhCH=CHCH,Br PhCH=CHCH,SH 40 119 
5 O,NC,H,CH,CI 0,NCGl-I,,CH2SH ca. 80 120 

0-, tn- and p -  

6 Cl-(&SCH2CH,CI CI SCH,CH,Sl-I 76 I22 

122 

without prior isolation. Yields are gzncrally good, b u t  not however for 
I ,2-etl i~nedilhiol~~*, although /~-aryltliioctlianetliiols, ArSCt-I,CH,Sld, 
werc so preparcd in good yields”? froni the corresponding halides. 

A comparison of the ;so-thiuronium and BuntC salt methods of preparing 
s r-i 
I 

P-mercaptopropioiiaiiilide, PiiNI-ICOCHCH,, from the corresponding 
halide has been madelZ3; higher yields were obtained from the latter. 
Normally, sodium tliiosulphate is used due to its ready availability and 
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I o \v cos 1. Tha I1 o ti s t h i 0 s  11 1 ph at c has, 11 ow cvc r , been reco 111 mended"" 
especially as the thallotis halides formcd i n  thc rcaction arc insoluble so 
enabling the Bunt6 salts to bc casily collected, if required. 

Some rates offorniation and hydrolysis of BuntCsalts have been measured. 
I n  the bimoleciilar reaction with thiosulphate, the reactivity of alkyl 
bromides125 was i n  the order EtBr > ti-PrBr > iso-PrBr and that of benzyl 
chlorides. p-XC,H&H,CI i n  aqueous diglyme, in the order 
X = NO,> Cl>i-Pr> H12G,127; i.e. the more electron deficient the 
a-carbon the faster is the formatioil of the Bunt6 salt. Hydrolyses of 
Bunti salts are A-1 processcs12ss129: 

fast i- 

I 
H 

R-S-SO, + H'' R-S-SO, - > RSH + SO, 

Only slight differences12s in tlic rates of hydrolysis of simple S-alkyl-, 
S-aralkyl- and S-aryl-thiosulphates were found, c.g. Tor RSSO,, the 
relative rates for R = Et : PhCH, : Ph were 1 : 0.8 : 0.66. 

B. From Quinones and Related Compounds 

Reaction of p-benzoquinoncs with tliiosulphate led to 1,4-dihydroxy- 
phetiyl thiosulphates, which on reduction with zinc and hydrochloric acid 
gave the mercaptodihydroxybenzenesl"O. Other formations of aryl 

tliiosulpliates incliidc [lie irnclion 01' /i-phenylcncdi~tiiiiiie wi th  thio- 
siilphate ion i n  thc prcseiicc of chromatc or dicliroriiate':~'~ 1:v2; I ~ o I I o - ~ : ~ ~  

or di- and tetra-'"" stilxtiititd d c r ~ v ~ i ~ i v c s  ; I I C  ohlained depending OII the 
conditions wcd, e.g. : 

NH, 1 " 
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VIII. FORMATION VIA XANTHATES AND RELATED 
ESTERS 

A. Xanthates from Alkyl Halides and Aromatic Diazonium Salts 

Both alkane- and arcne-thiols are obtained from the corresponding 
xanthates. The routes to each type of xanthate are however quite different: 
illkyl xanthates are normally prepared from alkyl l ~ a l i d e s ~ ~ ~ - ~ ~ ~ ,  while 
aromatic derivatives are obtained from diazonium saIts13G,13711"~141, both 
routes involving an alkali metal alkylxanthate. Normally potassium 

TABLE 9. Production of thiols from halides oin xanthates 
0 0 

I1  I1 
RX+-S-C-OR' ------+ R-S-C-OR' ___f RSH 

No. Halide Thiol Ovcrall Agent to 
yield of decompose 
thiol(%) xanthate 

1 
2 
3 
4 
5 

G 

7 

8 

9 

10 

CH,CH,CH2Br 

CICHzCH,C1 
PhCIi2CI 
a-Bromovnleric 

acid 
PhCH2CH,C1 

0 
II 

0 
I 1  

CI 
I 

~Z-CI,HZ,CI 

PhCCH,Br 

PhCCH,Br 

PhCHC0,H 

CBH17 

CH,CH,CH,SH 

HSCHaCHPSH 
PhC H 2S H 
a-mcrcapto- 

PhCH2CH2SH 

I I - C ~ ? H ? ~ S H  

valeric acid 

OH 
I 

OH 
I 

s 13 
I 

PhC HCH .S Ii 

PhCHCH2SH 

Ph C H C H,O 1-1 

84" 
85" 
7511 
85" 
6Zc 

7 3 b  

64' 

87" 

70" 

H2NCH2CHz0H 
H2NCHPCH2NH2 
H2NCH2CH2NH2 
H2NCH2CH,NH2 
N H 3  

LiAlH., 

LiAIH.L 

LL411-14 

LiAIH., 

LiAlI-14 

a Yield based only on xantliatc. 
Xanthute was isolated and purified. 
Xanthnte was not isulatcd. 
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ethylxanthate is used but others have proved equally successful134. (The 
xanthates can be isolated but this is unnecessary.) The preparations of 

S S 
I I  I I  

> RSH (9) RX+EtOC-S-K+ -- RSCOEt ___ 

S 
II 

(1 0) 

some alkali nietal alkylxanthates, from alcohols and carbon disulphide i n  
the presence of hydroxide ion, have been p ~ b l i s h e d ' ~ ~ .  

ArNH, ___ > ArNiX- ---+ ArSCOEt - ArSH 

S 
I I  

ROH+OH-+CS, ----+ ROCS-+H,O 

A warning about explosions resulting from heating solutions of aryl 
diazonium salts and potassium ethylxanthate has been given. However, a 
small amount of nickel acts as a catalyst i n  the formation of the aryl 
xanthate and its addition circumvents heating the mixture and so makes 
the procedure safer138. 

The reaction between diazonium salts and alkylxanthates does not only 
lead to aryl alkylxanthates, but also to diaryl dithiocarbonates, 
(ArS),CO, and alkyl alkylxanthates. The diaryl dithiocarbonates can also 
be reduced to thiols by LiAlH, 142. 

Two general methods of production of thiols from xanthates are avail- 
able. These methods are (a) hydrolysis under basic conditions and (b) 
reduction, particularly using lithium aluminium hydride. For aromatic 
compounds, hydrolysis of the xanthates by sodium (or potassium) 
hydroxide is normally used, since most substituents are inactive to the 
hydroxide ion, under the conditions needed for h y d i ~ l y s e s ' ~ ~ , ~ ' " ~ ~  140* ''I1. i n  
this way, inany variously substituted thiophenols have been obtained. 

Aliphatic compounds are generally more susceptible to nucleophiles, 
so that milder conditions than refluxing with hydroxide ion are preferred 
for E_ydr~lysis~~~*'~ '* .  Aqueous ammonia has been successfully used and 
good yields of a-mercaptocarboxylic acids, and esters were obtained143* lJ4. 

Other nitrogen bases, including phenylhydra~ine~~~,  2-aniino-ethan01~~~ 
and ethylenedianiine14(;, have also been used. The latter is claimed to be a 
particularly effective and mild reagent requiring only short reaction times 
at low temperatures and at  the sanie time having the added advantage 
of dissolving xanthates, which are insoluble in  water. Yields of mono- and 
di-mercaptoalkanes are high (- 80% in  the hydrolysis step). 
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T A ~ L E  10. Formation of aromatic thiols froiii aromatic aniines via xanthatcs 
0 0 

Arl;,X- -S--c-OIL' li I I  
ArNH, ----+ ----+ ArSC-OR'---+ ArSH 

No. Aniline Thiol Yield Agent for 

xant hates 
(%) decomposing 

-____- ~ _. 

SH 
y 2  I 

1 O C H ,  0 C H 3  

2 

63-75 OH- 

89 

37 

86 

LiAlH, 

0 13- 

LiAlH, 

Ref. 

136 

147 

147 

147 

84 Li AIH., 147 

50 OH- 141 
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TABLE 10 ( C O I J ~ . )  

No. An i I i lie lhiol Yield Agent for Ref. 
(%) decoinposing 

xanthates 
- _ _  - _ - _  - _ .  _ _  . - -.- -.- - ---__ - 

CH=CH-CO,H 

&OH 

NH, -- \ ' I 

0 

30 

C H = CH CO,H 

OH- 229 

LiAIH, I34 

50 OH- 137 

SH 

Br 

5 5  OII- 137 

62 OH- 175 



198 J. L. Wardell 

Reduction of both alkyl- and aryl-xanthates by lithium aluminium 
hydride is particularly useful for compounds which are susceptible to an 
alkaline r n e d i ~ m ’ ~ * ~ ~ ’ .  As air oxidation of thiols occurs in alkaline media, 
the lithium aluminium hydride method is immediately attractive for very 
easily oxidized thiols. A further general advantage, to offset against the 
cost and extra care required for lithium aluminium hydride reactions, is 
that the work-up is fairly simple. A specific advantage was found for 
hindered thiols, which were produced in much greater yields via LiAlH, 
reduction than by  alkaline hydrolyses. Thus o-thiocresol was obtained 
from the ethyl xanthate in 89% yield by LiAIH, reduction and only in 
37 % yield by the hydroxide reaction14’. A similar result was obtained in 
the preparation of o-phenylthiophenol. Djerassi and c o ~ o r k e r s l ~ . ~  
further showed that a 64% yield of o-mercaptophenol was reproducibly 
obtained using Li AlH, ; from alkaline hydrolysis, variable yields of 30-700/, 
were previously reported148. 

The presence of other easily reduced groups could limit the use of 
Li AlH, rcductions although Djerassi and coworkers1= used this method 
to advantage to  prepare /3-mercapto-ethanols from a-haloketones and 
acids in two-step syntheses. 

S 0 s  OH 
I1 II LiAIH, I i_ II 0 

I I  
i RCCHSCOR” > RCHCHSH 

I I I  
R’ H R  

R C C H X  KS.C-OR” 

I 
R’ 

S 
.~ - II X 

I 
RCHCH,OH KS.C-OR LiAIH, 

> RCHCO, 

II 
0 

RCHC0,H 
I I 
S C O W  S H  

B. Trithiocarbonates S 
S S I I  
II I I  C Trithiocarbonatcs, RSCS-, RSCSR and  s’ \s 

W 
are hydrolysed to  thiols by acidslag and bases1‘~s~1”~151 (not as good) as 
well as being reduced by lithium aluminium hydride’”* 
The non-cyclic trithiocarbonates are prepared from alkyl halides and 
sodium tritliiocarbonate’,!’, 155*15G, which is obtainable froin sodium 
sulphide and carbon d i s~ lph ide*~~ .  

Martin and G r e ~ o l ~ ~  obtained particularly good yields of dithiols, such 
as 1,6butanedithiol and /3,/3-’dinicrcaptodiettiyl ethcr, but a niucli poorcr 



4. Preparation of thiols 199 

CS2 + Na2S “‘O > Na2CS3 

S 
I 1  P RCI + Na2CS, __f NaSCSR d RSH + CS, 

TABLE 1 1. Formation of thiols from halides via trithiocarbonates 
S 

f R S H  II H,O ’ R X  + ‘S-C-S’ ---+ RSC-S- 
II 
S 

No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

Halide 
- - - - - - .- - - __  - - - . . 

CH,CH,Br 
CH,(CH,),Br 
PhCH2CI 
Ph CH,CI 
CICH,CO,Na 
CICH2CH20H 
CICH,CH,CI 

CI(CH,),O(CH,),CI 
CI(CH,).iCI 

Thiol 
- - - - . - -- - .- - __ - - - - 
CH,CH,SH 
CH3(CH2)$H 
PhCH,SH a 
PhCH,SH 
HSCH,CO,T-I 
HSCH2CH,0H 
HSCH2CkI,SH 
H S( CH,), S H 
H S( CH 2)20( C H&S H 

Yield (x) Reference 

85 154 
79 154 
85 154 
25 149 
85 154 
84 154 
84 145 
GI 149 
77 149 

” Interniediate trithiocarbonate produced in MeOH. 
Intermediate trithiocarbonate produced in H,O. 

yield of toluene-a-thiol, in  their one-step synthesis from the appropriate 
halides. In all cases, hydrolysis of the trithiocarbonates was by acid. A 
Belgian Patent1*j4 reported, however, excellent yields of toluene-3-thiol and 
other simple and functionally substituted inono- and di-thiols from the 
acid-catalysed hydrolysis of trithiocarbonates. The better yield of toluene- 
rc-thiol is most likely due to the use of an aqueous methanol solvent: the 
organic content would dissolve the halide better and so a more rapid 
reaction u.ith the sodium tritliiocarbonate would ensue. Dimethyi 
sulplioxide has been used as solvent for the formation of alkane- and 
ni t  roarene-thiois15G. 

Preparations of cyclic trithiocarbonate include the treatment of 

Meso- and u,L-isomers of 2,3-butanedithiol (31, R = Me) and related 

epoxides151’. 153,157,158 and ep i s~~ lp~ l ides~”~~’ ’~  157.158 with alkyl xanthates. 
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compounds were conveniently obtained by this r o ~ t e ~ " # ~ ~ ~ .  Cis- and trans- 
stilbene oxides (29, R = Ph) are converted to the trans- and cis-trithio- 
carbo~ia tes '~~  (30, R = Ph ; 4,5-diphcnyl- 1,3-ditIiiolane-2-tliiones) respec- 
tively on reaction with potassium methylxanthate at room temperature i n  
yields of 67 and 18%. Reduction of. (30, R = Ph) by LiAlH, in tetra- 
hydrofiiran at reflux, followed by acidification, gave the D,L- and 
rncso-n,cu'-stilbcncditliiols in 40-500/, yields. 

S H  S H  II 
SJ'S H,I I / H  - , C - q R  

R 

(30) (31 1 
The advantage of the LiAlH, reductions of cyclic trithiocarbonatcs over 

other methods of preparing vicinal dithiols has been stressed153. Yields of 
ethane-l,2- (86%), propane-l,2- (7573 and cycloliexanc-rr.ans-1,2-thiols 
(90%,) fi om LiAlH, reductions of cyclic trithiocarbonates were vastly 
superior to those obtained from base hydrolyses151 of the same com- 
pounds. Iqbal and Owen'53 further pointed out that methods of preparing 
sccondary vicinal dithiols from dihalidcs, such as the sodiuni hydrogen 
sulphide and potassium tliiolacetcte procedures, gave high yields of 
alkencs and such methods must be considered inferior to the LiAIH, 
reduction of cyclic t rithi ocarbonates. 

Good use of this method of preparing dithiols has been made i n  the 
carbohydrate field153, e.g. 

,oy, 
epi s u I p h i d e (t h i i t o n e )  

/ 
MeCH HCO 

\ I \  
OCH CHMe 

'I7' MeCH HCO 
I /  ,oy, 

\ I \  

I /  
OCH CHMe J-f" \ 

S-CH, H-CO 

t-ISCH 
I 
I 

CH2SH 
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Not all epoxides, however, can be converted to the trithiocarbonates. 

Cyclopentene oxide, for example, unlike cyclopentene sulphide, did not 
give the trithiocarbonate on treatment with a xanthate but formed instead 
ri-mrs-2-niercaptocyclopentano11s3. Strain is the likely explanation of this 
behaviour. 

OH 

An interesting preparation of a cyclic trithiocarbonate-a dithiol-2- 
tllione-in the aromatic field 1x1s becn Diazotization of 
o-aminothiophenol in glacial acetic acid produced 1,2,3-benzothiadiazole 
(32), which on treatment with carbon disulphide under pressure gave 
1,3-benzoditliiol-2-thione (33). Thc lattcr, on base hydrolysis, gave, after 
acidification, bcnzene- 1 ,Zdithiol (34). 

C. Via Thermal Rearrangement of Thioncarbonates and 
Thioncarbamates and Related Reactions 

Both tliioncarbonates and tliioncarbamates, available from phenols, 
undergo thermal rearrangcment ; the thioncarbonates (35) to the thiol- 
carbonates (36)-the Schonberg rearrangement1G0-1G5-and O-aryldialkyl- 
thioncarbainates (37) to S-aryldialkylthiocarbamates (38)-the Newman- 
Kwart rcarrangcmentlG5-174. These rearrangements have been incorporated 
in thiophenol syntheses which provide the best general route from phenols 

0 

ArOH -1- A r S H  -t CO, 
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S 0 - 
1 1  ( I ) O H -  

ArSCNR, - ArSH (12) 
( I )  B a s e  II 3 

(11) H,O AroH AroCNRz Nevrman-Kwart  
r ea r r angemen t  (38) (37) II 

S 

to thiophenols. (Although reactions of phenols with hydrogen sulphide 
under forcing conditions17G and with phosphorous penta~ulphidel~~ do 
give some thiophenol, neither method can be considered as being a 
convenient or viable laboratory preparation.) 

TABLE 12. Formation of thiols from phenols by use of dialkylthiocarbaniyl 
chloride 

S S 0 

ArSH ArOH+R,NCCI ----+ ArOCNR, ___j ArSCNR, ti ,)  H30+, 
I I  I I  A '1 ( i )  OH- 

No. ArOH 

B u' 

1 6 
I 

OH 

2 a""' 
OH 

3 

CO,Et 

4. 
HO 

Thiol 

. .  .~ 

B u' 

8 SH 

aBu' SH 

CO,H 

HS OSH 

Yield Conditions for 
(%) formation of 

ArOC-NR2 
I I  
S 

...... ~ 

S 5 b  

65" 

92" 

8 9  

NaH/D.M.F. 

Pyridine/xylene 

NaH/D.M.F. 

- 

DABCO"/D.M.F. 87 

Ref. 

-~ 

167 

173 

167 

I 
CO,Et CO,H 
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TABLE 12 (cont.) 

No. ArOH Thiol Yield Conditions for Ref. 
PA) formation of 

ArOC-NR, 
I 1  
S 

52.5" OH-/T.H.F. 166 

83b NaH/D.M.F. 167 

81* NaH/D.M.F. 167 
HO 

70" NaH/D.M.F. 170 

a DABCO = 1,4-diazabicyclo[2,2,2]octane. 
'' Yield of hydrolysis step. Yield of rearrangement step -9S-l00%. 

Overall yield. 

Of these two processes, that involving the Newtnan-Kwart rearrangc- 
ment is the superior. Yields i n  each of three steps in the scheme are high; 
normally greater than 80%87J6G9 16'9 lie- 173. The preparation of diethyl 
thiocarbamyl chloride is described in Organic Syntliesisli8, as well as its 
reaction with 2-naphthol to yield O-2-naphthyl-diniethylthioncarbar17ate*66. 

The preparation of 2,5-din1ercaptoterephthaIic acid (39) has been 
achieved from thc corresponding dibromoterephthalic acids and dihydroxy 
esters87. The yield obtained from the phenol conversion, using the 
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C0,I-I C0,Ii S I! 670 H 

@ Br KHS/Cu>  9s@sH (!: ' y  
( 1 1 1 )  HO , H . 0 '  

B r  HO 
CO,H CO,H C02Et 

(39) 

Newman-Kwart rearrangement, was grcatcr than that from the halide, 
which involved nucleophilic substitution by SH-. 

S 0 
II I I  

Other related thermal rearrangements of - C - 0 -  to ---C--S--- 
groupings arc known, cquations ( I  3) and (14), but neither the xanthate 
nor the thioncarboxylate rearrangements have been utilized in  thiophenol 
synthesis. 

All four thermal rearrangements (equations 1 1-14) are uniniolecular 
processes involving nucleophilic attack by sulphur on the aromatic ring 

S 0 
II II 

(40) (41 1 
Xanthate rearrangement 
Reference 179; 180 

A rOCSR >--+ ArSCSR (13) 

(I) OH'. 
(11) H,O \ S 

I I  
CI-C*SR 
/ ArSH 

A r O H  

y R  S 0 

II A II 
A rOCR > ArSCR 

(42) (43) 
T 11 i o n ca rbox y lat e rear range nie t i  t 
Reference 181 

arid pass through a cyclic transition state: electron-withdrawing substitu- 
ents in the aromatic ring facilitate the r e a ~ t i o n ~ ~ ~ * ' ~ ~ .  The rates of the 
rearrangements of aryl N,N-dimethylthioncarbamates in diphenyl ether 

S 0 
I I  

> ArSCNMe ArOCNMe, ~ 

II A 
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solution correlate well with the u- values of tlie itie/n- and para- 
~ u b s t i t u e n t s ~ ~ ~ .  However in tlie absence of a solvent, the correlation was 
not so good'". Some steric acceIeratiotP* due to hindered rotation was 
noted for the rearrangements of ortho-substituted O-aryldialkylthion- 
carbamates. 

The first-order rate constants for the rearrangement of p-nitrophenyl- 
N,N-diniethylthioncarbamate (44), p-nitrophenyltliionbenzoate (45), O-p- 
nitrophenyl-S-phenyl dithioncarbonate (46) and p-niiroplienyl plienyl 

tliioiicarbonate (47) in diphenyl ether at  200.5"C were 1-21 x 
1.18 x lo"', 1.06 x s-l re~pectively~'~. This sequence 
is in accord with the inductive effects of the 01 substituents in the thio- 
carbonyl group. Unsymmetric diarylthioncarbonates, such as 47, 
rearrange to the diarylthiocarbonates, such as 48, in which the sulphur 
becomes bonded to the aryl ring containing groups with the greater 
electron-withdrawing ability. 

and 2 . 3 4 ~  

0-C-NMe, OCPh 0-C-SPh 
II I I  II  
S S S 

(44) (45) (46) 

By basic hydrolysis some disulphides can also be obtained from 
d i t l i i o c a ~ l ~ o ~ i ~ t e ~ ~ ~ ~ .  However, easy hydrogenation, for example, by zinc 
and acctic acid, sce 13. 231, docs not make this a serious handicnp. When 
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alkyl aryl tliiolcarbonates, ArSC(O)R, are hydrolysed, some alkyl aryl 
sulphides are obtained especially when higher temperatures are usedl83. 

Hydrolysis and other reactions of thiolesters (43) have been shown to 
give thiols under varying conditions. This is dealt with in the next section. 

D. Thiolesters : Formation and Conversion to Tbiols 

to thiols is a convenient method of preparing the latter. 
As briefly indicated in the previous section, the conversion of thiolesiers 

The thiolesters can be prepared in the following ways: 
(a) Thermal rearrangement of thioncarboxylates : 

S 0 

ROCR'-----t RSCR' 
II A II 

(b) Addition of thiolcarboxylic acids to alkenes. 

R' 0 

(c) Substitution of halide or sulphonate groups by thiolcarboxylate. 

0 
I1 

RX+R'COS- ___j RSCR' 

Methods (a) and (b) have been already mentioned (sections V1II.C and 
1I.B. 1 respectively). Method (c) is a straightforward nucleophilic 
substitution process. One strong recommendation for it is that no sulphide 
products183 can be formed. Dimethylformamide has been used as the 
solvent with success for such reactionsla5. Normally, the sodium salt of 
thiolacetic acid is used. 

Conversion of thiolesters to thiols can be achieved by (i) basic 
hydrolysis, by (ii) reduction with lithium aluminium hydride, and by 
(iii) ultraviolet radiation. The first two are much more important than the 
third method. The very convenient method, of refluxing the thiolester with 
aqueous alcoholic potassium (or sodium) hydroxide and subsequent 
acidification, is often used"? 33933*41. Much milder conditions havc been 

0 
I' ( 1 1  OH- 

RSCR' - RSH+R'CO,H 

used occasionally. Thus3G, the weak base, p-chloroaniline, was used for the 
hydrolysis of the ester (49). Reaction of 49 in aqueous sodi.?im hydroxide 
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TABLE 13. Hydrofyses of thiolcarboxylates to thiols 

0 
I1 

RSCR'-----+ RSH 

No. Thiolacetate Yield of 
thiol (x) 

_ _  - - _  . - - - - - . . . 

78 

ECH3 2 85 

3 CH, CH,CH, 90.5 
I I  

CH,CH-CHSCOCH:, 

4 2-(Acetylthio)- 
levulinic acid 

92 

5 HO,C(CH,),SCOCH, 83 

H3C\ ,CH3 
s3 66 CHZSCOCH, 

7 CH,(CH,),SCOPh 45 

CH, 
I 

41 8 CH,CHCH,SCOPh 

9 PhSCOPh 96 

1 1  Cholcstanyl thiobenzoate 65 

Hydrolysis Ref. 
conditions 

- - - - -. - -. - . - - - 

KOH/EtOH reilux 31 

KOH/EtOH reflux 31 

KOH/EtOH reflux 33 

36 

NnOH/H,O reflux 38 

KOH/HpO reflux 41 

LiAIH,/Et,O I89 

LiAIH,/Et,O 189 

Li A1 HJdioxane 189 

LiAIH,/dioxanc 189 

LiAIHJEt20 189 
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CI 

SH 
I 

(3 0 
II 

0 SCCH, y' 
II I NH, 

CH,CCH,CHCO,H CH,COCH,CHCO,H 

solution led to elimination of thiolacetic acid, resulting from the cleavage 
of tlie carbon-sulpliur bond due to activation by the acetyl group: 

0 
I I  

0 
II 

~ _ j  CH,CCH=CHCOY 
Y c?-c-CH3 
TH 

CH,CCH-CHCO, 
I 2  

-0 H 

Ainnionia has also been used for aliphatic thiolacetates i n  the liquid 
phaselEG; thiols and acetamide were produced. 

RSCOCH,S-NH, - RSH+CH,CONH, 

A route to thiols from alcohols incorporates the reaction of a sulplionate 
with thiolacetate, and the hydrolysis of the alkyl thiolacetate, so formed, 
with base. An inversion occurs in the reaction of the sulphonate with the 

ROH 
R0'0cH3 CH,COS-Na' 

D.M.F. ' II 
0 

RSH 

tliiolacetate. I t i  this way, tliiols in  the androstcine, pregnanc and cholestane 
series were prepared187* lE8. Reaction of tht: suiphonate wi th  thiourea was 
also used and this too led to inversion. 

Reduction by lithium aluminium hydride, gives particularly good yields 
of tliiols'E" from tlie thiolacetates. The reaction conditions are reported to 
be milder than those normally used for hydrolysis. Cholestanyl thio- 
benzoate aflorded 3-mercaptocholestane in  50% yield by hydrolysis 
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H C \C8H~,0  

KSCOCH,/DMF 
S0,CI In0 A h  

&Tl'o 
- 

HO ,., 
3-/3-hydroxy-5-1- 
androstan-17-one 

3-a-thiolacetate 
3-r~-thiol-5-.~-androstan- 
17-one 

with sodium ethoxide, while 65% yield was obtained with lithium 
aluminium hydride. 

Ultraviolet radiation of phenyl thiolacetate in benzene gave several 
products1", among these were the indicated thiophenols. The amount of 
thiophenol (50) increased as the reaction time increased. The initial 

SH 

&cH3 i- 6 + PllSCH, 

0 
I1 h I *  

PhSCCH, PliSH + 
1 7 % 1 9 "I, 

c=o 
I 

(50) 4 oi0 

(51 1 CH, + PhSSPh 
4 "I0 52 yo 

(52) 

reaction is the cleavage of the S-CO bond followed hy hydrogen nbstrac- 
tions and other processes. 

0 0 

PhSCCH, ----------> PhS.+-CCH, 
I 1  II 

The report of the photolysis of p-tolyl tiiiolxetate191 in cyclohexane 
solution, however, ineritioned no thiol product. 
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E. Dithiocarbamates : Formation and Hydrolysis1g? 

Alkyl and aralkyl chlorides and nitrochloroaroniatics react with sodium 

S S 
I 1  

3 R S H  ncetolle > RSCN(CH,), ___ 
I I  

RCI + NaSCN(CH,), 
(53) 

N,N-dimethyldithiocarbamate. The dithiocarbamate products are hydro- 
lysed by base to thiols in good yields. 

TABLE 14. Formntion ctf thiols from halides by use of 
N,N-Dimethyldithiocarbanlate ion'". 

S S 
- I I  II 

> R S H  RX+SCN(CH,), ___ RSCN(CH,), ___ 

(53) 

No. Halide Yield of Thiol Yield of 
in t ermcdi ate thiol based 
(53) ("A) on (53) ("/,I 

1 PhCH&l 82 PhCH2SH 86%" 
PhCH,SH 8 2 X b  

2 C l ~ C H . C I  82 

C I d C H 2 C I  94 88" 

4 PhCH2CH2Cl 92 PhCH,CH,SH 66" 

5 CH,(CH,),Br 86 C El3( C H &S H 61" 

6 CH,(CH,),,Br 75 CH,(CI-I,),,SH 65" 

C l G O ( C H 2 ) , B r  82 

a Decomposition of (53) catalyscd by OH-. 
Decomposition of (53) catalysed by NH,NH,. 
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The reagent, sodium N,N-dimethyldithiocarbaniate, is readily obtained 

from carbon disulphide, dimethylamine and sodium hydroxide. 

S 
I1 

CS,+ Na0H-t HN(CH,), _I_ > NaSCN(CH,), 

An advantage of this method is that the alkyl N,N-dimethylditliio- 
carbamates (53) are stable and easily purified : they are only hydrolysed in 
basic media. As well as hydroxide ion, hydrazine is effective, except for 
the p-nitrobenzyl and p-nitrophenyl compounds. Resincus niaterial was 
obtained from attempts either to hydrolyse or to hydrazinolyse them. 
Another limitation was experienced with P-phcnoxyethyl N,N-dimethyl- 
dithiocarbamate: phenols were obtained rather than the /3-plienoxyethyl 
thiols. 

H,NNH, I I  or OH- 
S 

ArOCH,CH,CI - > ArOCH,CH,-S-C-N(CH,), -A ArOH 

IX. S U L P H U R  INSERTION REACTIONS OF 
ORGANOMETALLIC COMPOUNDS 

Reactions of sulphur with organometallic compounds-particiilarly of the 
more electropositive elements-can lead to the metal salts of thi~ls'! '~~ Ig4. 

This method , part i c u I a rl y LI s i ng organ o m ag n es i i i  ni and organ 01 it h i ti ni 
compounds1R5-19B, has had considcrable use; especially for formation of 

R-m+S, > R-S-m- > RSH (1 5) 

aromatic thiols, since aliphatic thiols are more conveniently prepared by 
other ways. However, sonic tc./.t-alkanctliiols""" and cycloalkane- 
thiolszo2 have been successfully prepared this way, starting from the alkyl 
halide. (These thiols are not so easily produced by the inore regularly 
used a1 kanct hiol preparations.) 

Wruyts and C o ~ y n s ~ ~ ~  i n  1903 showed that sulphur rerxted 
vigorously with organomagncsium halidcs to give magnesium mercaptides 
(m = 'MgX' in equation ( 1  5) )  which on acid hydrolysis gave the thiols, 
disulpliides and sulpliides"'. Thc method was later developed by 
Tabourylg5 into a general one for the preparation of aromatic thiols. The 

*The structures of organalithiuni'O1 and organoniagnesiurn compounds205 
are much more complex than suggested by thc simple RLi and RMgX desig- 
nations. However, such simple formulae will be used for convcnience in this 
section without implying that these are in fact the compositions of the organo- 
metallic compounds. 
8 
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reactions sliould bc carried out under nitrogen and less than a stoicliio- 
metric amount of sulphur should be used. otherwise disulphides and 
monosulphides could be formed. The formation of p-fluorothiophenol 

RMgBr+’S 8 8- z RSMgBr 

2 RSMgBr+$S, ~ ? RSSR+S(MgBr), 

RSSR+RMgBr ---> RSMgBrfRSR 

from p-bromofluorobenzciie is a more recent exaniple of this 
Acid hydrolysis used to be the standard ii~cans of obtaining the free tliiol 
from its magnesium salt; a more recently developed method is reduction 
by lithium aluminium liydride206. ~I~-IEI’f-Biityltliioplienol was obtained in 
83% yield from I??-bronio-teI’/-butylbcnzene using LiAlM, reduction, any 
disulphide produced during the reaction would also be converted to the 
thiol by lithiitni aluminium liydride and so hclp to give a high yield. 

Reaction of organolithium compounds (ni = Li i n  equation (15)) with 
sulphur also leads to good yields of thiophenols; for thiophenol itself, see 
reference 197. Formation of organolithium compounds is possible from 
halides and also from compounds with acidic hydrogens, either by direct 
metalation or by transmetalation which do not proceed so 
readily with magnesium. TIILK, the organolitliium route is the more 
versatile one of the two. 2-Thiophenethiol has becn produced from both 

clirecl 
Illelcllillloll t R L i  <-- R H  + Li R X  + Li - 

R X  -1- BuLi R H  -t B u L i  
or or  

PhLi P h L i  

trans 111 et nla ti o n 

organ omagnesi 11 m The starting 
Inaterials for the organomagncsiuin routes were the bromide (overall 
crude yield 67x)los and the iodide (30% yield)‘0s but thiophcne itself 

and orga no I i t 11 i ti in coin po und s1 

X = Br 
X = I  
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T A ~ L E  15. Formation or thiols froiii organolithium and orgaiioniagnesium 
compounds with sulphur 

RX- R-m > R-S-m- R S H  SR t l t l  

No. RX Metal Reagent for 
used decomposi- 

tion of 
R-S-111 

- - - . - - _. . - - . ._ - - 

1 ButCl Mg H30'  

2 Ph,CBr Mg NH4CI 

3 PhBr M g  HnO' 

4 PhBr Li H:,O 

5 &  But  

G +  M g  H:,O+ 

M g  LiAIf-I, 

Br 

Thiol Yield Ref. 
(%I 

70-75 200 

70 201 

-30  195 

62 197 

PhSH 

PhSH 

& But 

83 206 

d 26 196 

SH 

Br SH 

50 197 

I 
NMe, NMe, 

a,A, 30 208 

67 198 

65-70 199 

Mg H,O' 

H,O 1' 
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was used in the lithium reaction199 (65-70% yield). The (3-hydrogens 
of thiophene are not sufficiently acidic to react directly and so the 
preparation of 3-thiophenethiol even through the organolithium route has 
to start from 3-halothiophenes. 3 - T h i o p h e n e t h i 0 l ~ ~ ~ ~ ~ ~ ~  has been foimed 
from 3-iodothiophene (via the organomagnesium reaction in a yield of 
21%) and from 3-bromothiophenc (via the organolithium route in a yield 
of 63%)200”. 

Comparisons of these organonietallic procedures with some other 
methods of preparing 2-thiophenethiol indicate the usefulness of the 
former210. The other methods shown in equations (16) and (17) are 
discussed in sections X and XIII. 

Zn/H,SO, 

Reference 198 Yield 50% 

SCI 

(i) OH-/MeOH 
+ QNo2 - LAs& _____, (ii) H,O-. 

NO2 

PJ 0 2  

Reference 210 

A modification of this reaction of organolithium compounds is that with 
thiiranes211. The lithium salt of a thiol and the alkene are formed in this 
reaction, in which the thiirane is merely being used as a controlled source 

R-Li + ZS 

of sulphur. Thus, 11-butyllithium and phenyllitliium with cyclohexene 
sulphide gave, after hydrolysis, n-butanethiol (63% yield) and thiophenol 
(60%), respectively. The yields of thiols depend also upon the nature of 
the thiirane: for example, propylene sulphide gave thiophenol in 81% 
yield, considerably greater than that from ethylene sulphide, 51%. The 
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corresponding reactions of the organomagnesium compounds did not 
proceed so well. Only a 5% yield of n-butanethiol and no thiophenol at 
all were isolated from the reactions using cyclohexene sulphide, although 
in each case the amount of cyclohexene collected was high. 

More electropositive elements than lithium and magnesium are not 
used, since their increased reactivity would make control of reactions 
difficult. The organoinetallic compounds of less electropositive elements 
require more vigorous conditions and the yields are normally low; for 
example, heating tetra-p-tolyltin with sulphur, ! : 3 mole ratio, at  170°C 
in a sealed tube for 10 11 gave only a 45% yield of di-p-tolyl-di~ulphide~~~. 

A thermal rearrangement in organosilicon and orgallogermanium 
compounds has been utilized in the formation of p-(trialkylsily1)- and 
p-(trialkylgermanyl)-thiophen~ls~~~~ 214. The reaction represents a n  overall 
conversion from p-bromothiophenol. 

M = Si and G e  

Another interesting reaction of trialkylsilyl sulphidcs furnishcs thiols. 
Thus, trimethylsilyl benzyl sulphide reacted with terr-butyllithiuni in  
tetrahydrofuran solution to give, after hydrolysis, > 79% a-(trimethylsily1)- 
benzy1thiol2l5. 

P h C H , S S i M e ,  4- Bu'Li 

P hC H S Li 
I 

S iMc ,  

H20 > P h C H S H  
I 

S i M e 3  
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X. F O R M A T I O N  AND R E D U C T I O N  O F  SULPHONYL 

C H L O R I D E S  AND R E L A T E D  COMPOUNDS 

Reduction of sulphonyl chlorides is an effective method of producing thiols, 
especially of aromatic thiols. The method is not very frequently used for 
aliphatic thiols, since the aliphatic sulphonyl halides are not readily 
prepared (however, see reference 21 6 ) .  On the other hand, many aromatic 
derivatives are easily obtained by the chlorosulphonation of aromatics2:~0. 

z ArSH ArH+HOSO,CI ----+ ArS0,CI ~ 

[ I l l  

This method of preparing aromatic thiols gcnerally does not suffer too 
much froin disadvantages, for example, of side reactions and cxplosions, 
which is a particular hazard with the xanthate reaction with diazoniuiii 
salts-although other reducible groups (c.g. nitro) may also be affcctcd in  
the reduction stage. However, diborane has been found to be il safe 
reductant to use with nitroarylchlorosulphonates. 

The alternative longer preparation 

ArH + H2S04 - PC’.lor > ArSO,C\ - > ArSH ArSO,OH pc,,  

is less frequently u ~ e d ~ ~ ’ ? - ~ ” ’ .  
Specifically, Marvel and coworkcrs”l have described the production 

of 4-mercapto-3,5-dimethylphenoxyacetic acid (54) froin 3,5-dimethyl- 
phenoxyacetic acid in a two-stage process i n  an overall yield of 60%. 

CH2C02H CH,CO,H CHICOPH 
I I I 

> 
Me hMe ,KJH Me-‘ +p,,c S0,CI y;; 

SH Me 
(54) 

Reduction of thc sulphonyl chloride intermediate \vas by anialgamated 
zinc and sulphiiric acid. The reversibility of  the sulphonation step in  acid 
media was clearly shown by some de-chlorosulphonatioii occurring during 
the reduction step with the formation of 3,5-diniethylphenoxyacetic acid221. 
The preparation and reduction of benzenesulphonyl chloride are described 
in Orgmiic Syiitlieses228a* I ) .  A single-step synthesis from aromatic com- 
pounds to thiols has been published : the aromatic coinpound and chloro- 
sulphonic acid were allowed to react to completion, and the mixturc was 
poured onto ice and sulpliuric acid, to which zinc \vas carcfully added. 
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TABLE 16. Formation of tliiols froni thc reduction or sulphonyl chlorides 

RSOZCI ~ > RSH 
~~~ 

No. RS0,Cl U S H  Yield (%) Conditions Ref. 

1 ~z-BuSO~CI rl-BuSI 1 45 LiAlH, 216 
. - . - - - - - . .. . . .  - - - . . . - ._ .. -_ 

S0,CI ’Q 
C H 3  

5 0 1-i A I H ., 216 
90 I,i Ai ti,, 227 6 89 

Li All-I, 228 
90 Rcd P/12/Ctl,C02H 234 

CH, 

CI 
I 

S0,CI 

?Me 

’0 
SO*CI 

217 
226 

91 licd P/I,/CH,CO,H 234 

63 Rcd I’/I,/CH,,CO,H 234 

SH 

~ s o z c ’  asti S!, Red I’/I,/CH,C02H 234 

SH 

23 1 85-90 Zn/H,O 

7 

8 c I o , s ~ o ~ s o , c I  

SII 
--- 



TABLE 17. Forma t ion  of thiols from a romat i c  hydrocarbons  riia aromat ic  
sulphonyl chlorides 

ArH - ArS0,CI ArSH 
(a1 

Thiol Overall Ref. 
yield ( x )  based 

No. Hydroca rbon  

2 apri 
3 a""' 
aArnyit 
aso2Me 

6 PliCH=CHCO,H 

S H  

7 6 
CHZCOZH 
I 
0 
I 

Me 

_- 

Conditions 
for stage (b) 

_ -  .- .- 

Zn/H,O + 

Zn/H,O+ 

Zn/H,O+ 

Zn/H,O 1. 

LiAlH, 

Sn"/H,O 

Zn/Hg H,O I 

. o n  hydrocarbon 
- --- ---- --- - - -  -- - - ---  

SH 

HS aprl 
H S  aBu' 
HS JCYAmy'' 

S H  
CH=CHCO,H Q SH 

S H  

Q s H 

CH,CO,H 
I 

Me 

Zn/Hg/H,O+ 

Me 
S H  

69 

60 

60 

32 

37 

63 

22 

60 

222 

224a 

224a 

224a 

225 

229 

23 1 

22 1 
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After a period of heating, the product was obtained by steam distilla- 
tiorP3. Froni zinc/sulphuric acid reduction of sulphonyl chlorides, several 
alkyl-224 and h a l o g e n o - t l i i o p h e ~ i o l s ~ ~ ~ ~ ~ ~ ~ ~ ~  were obtained. The former 
group were produced in overall yields of 22-60:<, based on the aromatic 
hydrocarbons. 

Some other reducing agents have been used, including lithium 
aluminium liydride216*21s* 225*227* 22q; tin(n) chloride and a ~ i d * * ~ ~ ~ ~ ~ ~ ~ 3 ~ ;  tin 
and acid219; phospliine and base232; diborane, produced ii: situ froin 
sodium borohydride and acid233; and red phosphorous with iodineZ3.l* 235. 

To obtain thiols from sulplionyl chlorides by lithium aluminium 
hydride reduction requires the use of an excess of the reducing agent, 
otherwise sulphinic acids and disulphides may be formed, the sequence 
of reduction of sulphonyl chlorides to thiols being 

RSO2CI ___ > RSO,H---- > RSOH- RSSR > RSH 

However, these compounds can be fiiriher reduced siinpiy on addition of 
more lithium aluminium hydride. Assuming that the stoichiomctry of the 
reduction is: 

2 RSO,CI+3 LiAIH, ---+ LiAICI,(SR),+6 H,+2 LiAIO, 

1120 I 
RSH 

then 23, 42 and 62% excesses of l i t l i iu i~ i  aluniinium hydride gave 71, 83 
and 89% p-thiocresol respectively from p-toluencsulphonyl 
Compounds, relatcd to sulphonyl chlorides, which can also give thiols on 
reduction with lithium aluminiuni liydride, are sulphonic anhylrides and 
sulphonamides2"1; the latter react very slowly, however, and cannot be 
considered as a serious source of thiols. Another good general system for 
such reductions is red phosphorous and acetic acid in  the presence of 
catalytic amounts of i o d i ~ i e * ~ ~ - * ~ ~ .  

Several of the other reductants have some particular aiid specific 
advantages. For example, diborane nil1 reduce chlorosulphonyl groups 
preferentially and so nitrobenzenesulphonyl chlorides can be converted 
to the corresponding nitrothiophenols by d i b o r a n ~ ~ ~ ~ .  Stannous chloride 
reduction229 of p-(chlorosulphony1)-cinnainic acid to p-mercaptocinilaniic 
acid gave 96% yield i n  contrast to zinc and acid reductions yielding only 
22-26"/, of the thiol. Reductions by phosphincs appear not to have much 
synthetic application for thiol formation. As well as thiols, disulphides 
and trithiophosphate esters are produced i n  Ficlds dependent on the 
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conditions232. The presence of a base-pyridine was used as the solvent- 
was nccessary. The best yields of thiols ivcre obtained when an iiiitial 
excess of pliosphine was present; phosphinc reduction of PhSO,CI, 

60 and 48% yields of the corresponding thiols reqxctivcly. When the 
phospliine was addcd in small portions gradtially, tlic major products 
were tlic appropriatc disulphides. The maxim t i m  yiclcls of trithiophosphate 
esters were obtained in  conditions interiiicdiate betwcen those reported 
above. 

/I-CH,,C,,H,SO,CI, /J-B~C,H,SO,CI a11d /~-NO,C,;IHs:SO~CI led to 68, 56, 

XI. T H E  FORMATION AND CONVERSION O F  
DISWLPHlDES TO T W 8 8 E S  

Conversion of disulpliidcs to thiols can be achicvcd readily by reduction 
and by other sulphur-sulphur bond clea1,age reactions. For a number of 
reasons, this is a very important conversion. Disulphides have becn 
prepared in  some cases i n  prefercncc to tlic direct formation of thiols; 
the latter are subscqitently prepared norinally by rcduction of the 
disulphides. A consideration in such indirect methods is that the dis- 
advantage of tlie cxtra step i n  the synthcsis must be ~ i iorc  than offset by  
the reaction being more readily controllcd, and producing greater yields 
tlian the direct route; for cxaiiiple, the rcnctioiis of alkyl l i a l i d ~ s ~ ~ ~ ~ ~ ~ ~ ~  and 
aryl halides2"* 230, act ivatcd for iiiiclcophilic subst i tittion by electron- 
withdrawing groups with disulphide ion Iin\,c been prcfcrred to reactions 
with the hydrogen sulphidc ion, since thcsc gave considerable amounts of 
waste sulphide products. Furtlicrmorc, rat licr t l i a n  reacting aryldiazoniuin 
compounds with alkyl xatitlintes with the potential risk of explosions 
several authors have described the use of disulpliidc and polysulpliide 
iOIis20G*"1)-~l~, i n  more reliable reactions: 

> ArSI-1 2 ArN: +S:; ___ :- N,/+ArS,,Ar ~ 

I111 

1 1 2 2  

Many proccdurcs for tl?iol formation, for cxamplc, the i.~otlii~troniuiii 
Iiietliod (section VI), require bnsc hydrolyscs of tlic intermediates undcr 
vigorous conditions. Undcr such basic conditions, many thiols are particu- 
larly vulnerable to oxidation ai?d considerable amounts cf disulphidc 
could be formed. 

Air-oxidation of tliiols on standing also Icads to the formation of 
disulphides""". In soiiie cases, the storage of disulphidcs is considered ~iincli 
wiser than storagc of the thiols. Conversion of disulphides to thiols can be 
m adc when eve T rcq I 1 i rcd . K h ii rascli a n d Par kc r') '-I li n \/c rcco m ni c iided t hc 
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use of uiisynimetric disulphides, formed almost quantitatively from 
a-mercaptosuccinic acid and the sulphenyl chloride derived from the 
particular thiol, RSH, as a useful method of storing very reactive thiols. 

RSCI+HSCHCO,H > RSSCHCO,H----+ R S H  
I I 
CH,CO,H CH,CO,H 

These unsymmetric disulphides are stable. The release of the desired thiol 
from the disulphide is readily obtained by some nucleophilic cieavagc 
reaction (e.g. by CN-; OH-; see end of this section). 

A considerable number of reagents and methods are available for 
reducing disulphides; these include lithium aluminiuni hydride227~245-247; 
sodium borohydridez48-z50; zinc and acid?51-25G, or alcoholzs7; tinzsl and 
other and acids; electrolytic r e d ~ c t i o n s ~ ~ ~ - ~ ~ ~ ;  hydrogen sulphide 
and its metal salts2ti2-26e; ultraviolet r a d i a t i o 1 i ~ ~ ~ ~ ~ ~ 8 ;  triorganophos- 
phine269-z75; glucose and bases0* 27G* 277* zn5; hypophosphorous acid- 
d i ~ e l e n i d e ~ ~ ~  ; sodium in a ~ n m o n i a ~ ~ ~  and other  solvent^^^^-^^^. The ionic 
cleavage of sulphur-sulphur bonds in disulphides occurs with nucleo- 

Lithium zluminium hydride reduces both diary1 and dialkyl disulphides 
readily i n  high yields to the thiols, after hydrolysis. Trisulphides are 
similarly reduced. Steric hindrance about the sulphur-sulphur bond can 
however restrict reduction*". 

Sodium borohydride was usedzJ8 to reduce both (+ )  and (+) lipoic 
acids (55) to (5) and (+) dihydrolipoic acids (56) i n  exccllent yields 

philes239,244,284-289. 

C02H C02H 
I I 

y 2 1 4  y 2 1 4  

CHSH 
NaBH / 

H J ,  I A H2C, 
CHFs  CH,SH 

( II 90%). 2-Mercaptoben~othiazole~~~~ was prepared in 96'x yield from the 
corresponding disulphide. Use of a Lcwis acid, such as AICI,, with sodium 
borohydride leads to quantitative conversions of aryl, aralkyl and alkyl 
disulphides to thi01s~~O. 

Several metal-proton donor-reducing systcins have been successfully 
used. This is a long-established procedure2"2 with the most frequently used 
combinations being tinz5' and zincz51-z53~z5G in the presence of an acid. 
Thc almost quantitative detcrniiiiation of disulphides by amalgamated 
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TABLE 18. Preparation of thiols by reduction of disulphides 

RSSR ?LHI 2 RSH 

No. Disulphide Thiol Yield (%) Ref. 

(a) LiAIH, redrtctiorw 
.- -- -- -- _ _  - 

. , , O S H  75 227 

227 

SH 

3 (n-BuS)? IZ-BUSH 96 

4 (PhS), PhSH 95 

5 (Buts)% ButSH 0 

OH OH 
I I 

I’hCCHCHCHzSH 92 6 (Ph2CHCHCHzS)a 

(b) NaBH4 reductions 

91 

9 ( ~ z - B u S ) ~  

10 (PhS)2 

1 1  (PhCH2S), 

t 2 - B ~  S H 

PhSH 

PhCH,SH 

99 

99 

99 

24 5 

245 

245 

247 

248 

249 

250 

250 

250 
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TABLE 18 (cont.) 

l 3  (@I 
14 (&'-I 
(d) Sodiurn sulphitle redirctioiz 

s- 

dH3 

tiSH 

45 (Zn/CH3C02H) 25 1 

90 (Zn/CH,CO,H) 256 

SH 

(e) Triorganophosphine rc&c tions 

17 (PhS)* PhSH 

262 

N 100 (PPh,/MeOH 269 
H,O/RT, 
15 min) 

N 100 (PPh,/MeOH 269 
H,O/RT, 

( C H 3 G S - )  2 C H 3 0 S H  15 min) 
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TABLE 18 (cotri.) 

Thiol Yield (%) Ref. No. Disulphide 
- -- __ - 

SH 

- 100 (PPhJMeOH 269 
H,O/RT, 
15 niin)  

- 100 (PPhJMeOH 269 
HZO/RT, 
15 min) 

NO2 
SH 

- I00 (PPh,/MeOH 269 
H,O/RT, 

SH 1 5 min) 

22 (PhCH2S), 

23 (BUS)? 

PhCH2SH 40 (PPhJMeOH 274 

95 (PPh,/MeOH 274 
H O/ 20 h / RT) 

H,O/reflux) 

BUSH 

24 (CH,CH,CH,S), CH3CH,CHZSI-I 

(f)  Glucose rehctions 

25 

S0,Me Q SH 

93 (PPhJMeOH 274 
H,Ojreflux 
6 h) 

H,O/RT/I h) 
98 (PBuJMeOH 273 

73 (PPh,/MeOH 274 
H20/reflux 
4 h) 

98 (PBu,/MeOH 273 
El .O/RT/ 1 11) 

40 80 
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TAoL.1: I8 (coil/ .)  

Ref. No. Disulphide Thiol Yicld (”/,> 

6 
SH 

aNO* SH 
.-- 

so 

376 

276 

277 

zinc/acid reduction to thiols has been described””’. Reduction ofdi(o-nitro- 
phenyl) disulphidc by zinc and acetic acic12”G is a n  ellicicn! way of producing 
o-aminotliioplieno1. For sorile difiir(‘ilry1 :ind dibenzyl disulphidcs, 
a I umi n i u in a m ;L 1 ga m was usedzSR. 

Cathodic reduction of cystiiic-””S-liydrochloridc to cys(eine-“”S-hydro- 
chloride has been acliiwcd2;’!’ in  3 vcry high yield. Electrolytic reduction 
was also iiscd for dithio-diglycollic acid (57)?”, m d  for diphenyl 
disu1phide“l. 

0 0 
I 1  I t  

(57) 

> HO,CCH,SH HOCCH,SSCH,COH ___ 

Among the disulphides successfiilly red iiced by sodium sulphide w a P  
di-[o-(2-1iydroxy1~aphthalene- 1 -azo)phenyl] disiilph ide (58). The yield of the 
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sodium salt of the thiol was 88%. Alcoholic potassium sulphide successfully 
reduced di-(4-methyl-3-bromoplienyl) disulphide to the corresponding 
thiol after hydrolysiszG5. Reduction of both the nitro and disulphide groups 

4h, Room Temp. 
(I) Na,S, H20 

( i i )  H,O 
8 

OH 

in di-(o-nitrophenyl) disulphide by an excess of ammonium hydrogen 
sulphide led, after acidification, to the formation of the hydrochloride 
of o-aminothiophenoP6. 

Ultraviolet irradiation of solutions of disiilphides in solvents able to act 
as proton donorszG7 does lead to the corresponding thiolszG7, 2G5* 291-20.1. 

In hydrogen-free solvents, such as carbon tetrachloride, or in weak 
hydrogen-donor solvents (c.g. toluene) diphenyl disulphide on irradiation 
also gave, in addition to thiophenol, the thiols (59) and polymeric thiol 
niaterialzG7. The reaction schcmc was envisaged to be: 

> 2 PIIS' PhSSPh - h I ,  

(59) S H  

PIIS' + PhS > PIiSH + PhS- 0 5 .  etc. 
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The niean equivalent weight of thiol produced was intermediate between 

the molecular weight of thiophenol and of the niercaptodiphenyl sulphides. 
The yield of thiol products increased with longer irradiation times, e,g. in 
toluene solution, 7, 13, 17 and 22% conversion into thiols was obtained 
with irradiation times of 18, -42, 66 and 90 hours at 25°C. Dimesityl di- 
sulphide on similar photolysis in the presence of 9, I O-dihydroanthra.cene 
was converted to Inesitylenethiol in 78% yield2"; anthracene was also 
formed. Di-isobutyl and di-r?-butyl disulphides were also rapidly photolysed 
to thiols in cumene and other solvents at 35°C using a low pressure 

+ 2Bu'S' h I .  Bu'SSBu' 

CH, 
/ 

\ 
Bu'S' + PhC-CH, ---+ Bu'SH -I- Pht(CH,), 

H 

H,C CH, 
I I  

I I  
H,C CH, 

2 PhC(CH,), - PhC-C-Ph 

PhC(CH,), + Bu'S' __f PhC(CH,), 
I 
SBu' 

mercury arc; e.g. i n  cumene2G8. The yields of im-butanethiol were in the 
region of 3 5 x .  Other solvents capable of acting as proton donors were 
also used; c.g. isopropyl ether (8% conversion) and tetralin (39% con- 
version). Other reports on the radical reactions of disulphides to thiols 
include that of di-i.w-amyl disulphide291 in refluxing tetralin and of 
diplienyl disulphide and di-(2-bcnzothiazyl) disulphide in the presence of 
tetralin, 9,l O-dihydroanthracene or plienylcyclohexene at 260°C 202. 

At these temperatures, some homolytic breakdown of the S-S bond 
occurs, at lower temperatures irradiation must be al>~lied~"9~~.'.  

The reduction of diary1 disulphides to thiols by triphenylphosphine in 
aqueous methanol in the presence of an acid is a rapid and quantitative 
rcaction at room temperatL1re2G9 and has even been recommended as an 
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analytical method for the determination of diary1 disulphides. The reaction 
is successful for a number of substituted diphenyl disulphides, including 
nitrophenyl compounds. In a n  anhydrous medium, diphenyl disulphide 
and related compounds were not reduced271* 272 by triphenylphosphine 
to thiols. Alkenyl disulphides reacted in the absence of solvent and water 
with triphenylphosphiiie in the dark at  80°C to give sulphides and tri- 
phenylphosphine sulphides2'j, whereas dibenzyl disulphide did not react 
under similar conditions. 

Similar reactions of these alkenyl disulphides occurred in solution275, 
both in the presence and absence of water. Simple dialkyl disulphides are 
only sluggishly reduced by triphenylphosphine even in the presence of 
water and for thcse compounds the use of the niore basic and nucleophilic 
tributylphosphine is reconiniended. Alniost quantitative yield of thiols are 
obtained within 60 min at rooin temperature using this pliospliine in 
aqueous methanol from dipropyl, dibutyl and dibenzyl d i s ~ l p h i d e s ~ ~ ~ .  

Glucose i n  the presence of a base is another useful reductant of 
sulphur-sulphur bonds without affecting nitro groupsa0, 27Gp 295. 

Although hypophosphorous acid is a useful reductant for diselenides, 
it is not effective towards disulphides unless catalytic quantities of 
diselenides are also present. Thus, cystine and hypophosphorous acid in 
the presence of bis-(2-N,N-dimethyla1ninoethyl)diselenide gave 97'%, 
c y s t e i n ~ ~ ~ ~ .  

The last-mentioned reduction is also ccnveniently obtained using sodium 
in liquid a~nnionia~~*.  Solvents other than ammonia have also been used for 
sodium reductions; ether"O and xylene2s1 being other frequently used 
solvents for thiol formation. Modifications of the basic process involved 
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the less reactive sodium amnlg;im2X:3 and the more rcaclive sodium- 
potassium alloy2e1. Both dialkyl and diary1 disulphides can be cleaved 
by sodiumseL. 

There are fairly recent reviews 011 the nucleophilic cleavage of aliphatic 
d i s ~ l p h i d e s ~ ~ ~ ~ ~ * ~ .  I n  the cleavage of unsyinnietric disulphides, RSSRl, it is 
the R unit with the more electron-withdrawing groups, which gives the 
thiolate ion initially2*e. Thus, the reaction is under tliermodynaniic control 
since the most stable RS- is formed. The reactions should in fact be 
considered as equilibria; the position of equilibrium for a particular 
reaction depends on the nucleophile and the disulphide. Also, further 

R S S R ' + N u -  7 R S  - + [ R' SN u] 

N U -  = EtS-, PhS-, C N - ,  OH-, SO:- but not I - ,  N; or SCIJ- 

reactions of these initially formed products are possible. The sequence of 
S-nucleophilicity was found to be 

E t S - >  PhS->CN->SO:->OH->N;>SCN->I- 

Clearly the sequcncc of nucleophilicity towards carbon and sulphur 
centres are different. From 2,4-dinitrophenyI ethyl disulphidc (60, R = Et) 
in 85% aqueous acetone at  25"C, the re;Lctions with O W ,  CN- and N, 
led to 85, 70 and 0% 2,4-dinitrobenzenetliiol respectively"*. The ease of 
cleavage of some disulphides by cyanide ion was in the sequence shown: 

(id, > > QN09 > Q = A r S S R  

SSR SSR SSR SSR 
(60) 

> ArS- -1- RSCN A r S S R  - CN - 

Thus, electron-withdrawing groups i n  the aroinatic molecules favour 
the cleavage reaction. The carboxylate group is also suficicntly elcctron 
withdrawing to enable cleavage of the S-S bond in 61 to occur by cyanide 
ion. 

(i) (CN-), 
(ii) H,O- 

a I : : 2 C 0 , R  SH 
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XII. T H E  FORMATION O F  THIOCYANATES AND 

THEIR CONVERSION TO THIOLS 
A. Formation of Thiocyanates 

The most convenient preparation of alkyl and aralkyl thiocyanates is 
from the nucleophilic substitution of the corresponding halides, sulphates 
or  sulphonates by thiocyanate ior1"~--""7. 299-302,318.319. The yields are usually 

RX+NCS- ----+ RSCN 

at  least 70X3O1. Some isothiocyanates can also be formed3"(), e.g. r-butyl 
chloride and thiocyanate ion at  room temperature gave a mixture of both 
t-butyl thiocyanate and r-butyl isothiocyanate316. Use of the reaction of 
sulphonates with thiocyanate ion was made in the preparation of cholesteryl 
thi~cyanate"~. Some sulphonate replacements by thiocyanate ion were 
observed to occur with inversion302. 

X, + NCS- XSCN I_, (SCN), 
X = Br or CI 

OH OH 

+ (SCN), - 
I 
SCN 

Aromatic hydrocarbons having strong electron-donating groups, such 
as the hydroxy- and amino groups, even in the presence of NO,, C1, Br, 
CO,Et, react with thiocyanogen or thiocyanogen halides to yield aryl 

The thiocyanogen (or thiocyanogen halide) is 

CI CI CI 

normally forrncd iii  sj tu from a nietal tliiocyanate and either bromine or 
chlorine. Low temperatures must be employed to avoid the formation of 
polymeric thiocyanogen material. Since these are electrophilic reactions, 
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only certain isomers are obtainable : tlie thiocyanate goes almost exclusively 
into the para position to amino or hydroxyl groups; if this position is 
blocked, then or~ho  substitution will arise. Yields are very good, e.g. 
aniline gives 97% p-tliiocyanatoaniline at 5°C in methanol29a. When 
thiocyanation occurs ortlzo to the amino group, the final product could be 
a n  aniinobenzothiazole298. 

In  tlie presence of a Lewis acid catalyst, e.g. AlCl,, even benzene can be 
t1iiocyanated3O9. For aromatic compounds, inore deactivated than benzene 
towards electrophilic substitution, direct reaction with thiocyanogen fails 
even in the presence of a Lewis acid catalyst. 

The Gatterrnan or Sandmeyer reactions of cuprous thiocyanates with 
diazotized amines are the more general routes to aryl t h i o c y a n a t e ~ ~ ’ ~ ~ ~ ~ ” ~ ~ ~ .  
Ferric thiocyanate can also be used. The limitation in this method is tlie 

number of primary aroniatic amines available. The halogen in 0- and 
p-halobenzenediazoniuin salts can also be replaced by t l i i o ~ y a n a t e ~ ~ ~ ~ ~ ~ ~ *  331. 

Thus diazotized 4-bromo- and 4-chloro-3-nitroanilinc on treatment with 
potassium and copper(1) thiocyanates gave nitro-p-ditliiocyanato- 
benzene as well as the 4-halogeno-3-nitrophcnyl thiocyanate. Obviously 
the strongly electron-withdrawing diazoniunl group enables nucleophilic 
substitution of the halide to occi113*~. 

X X SCN X 

H N O I t  QN0’ ____, CuI(SCN), KSCN QNo2 + eN0’ 
G- SCN SCN N HZ 

c a l  : 1 X = Br or CI 

The nitro group in the diazoniuin salts derived from 1-nitro-2-naphtliyl- 
amine and 2-nitro-l-naphtliylan1ine can also be replaced by thiocyanate 
in solutions containing HSCN 328. 
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B. Reduction of Thiocyanates to Thiols 
Reduction by lithium aluniiniu~n hydride in ether of such diverse 

compounds as cholcsteryl thiocyanate (63)”’. 287, p-tolyl thiocyanate 
(64)227, I-liydroxy-4-tliiocyanato-2,3,5,6-tetra1iiethylbenzene (65)303 and 
3-thiocyanatobenzothiazine (66)’IG proceed in good yield to the corre- 
sponding thiols. 

OH 

Me Me@;: 

SCN 

(65) 

The milder reducing agcnt, sodium borohydride, was used as the 
reductant for diethyl 1 -benzyl-2-tliiocyanatopyrrole-3,4-dicarboxylate (67) 
without affecting the ester groups300. 

CH,Ph 

Soditini i n  liquid ammonia was succcssfiilly used to reduce both alkyl 
and aryl t h iocya~ ia t e s~~~;  yields of greater than 70% were obtained for 
hydroxyaroniatic thiols. However, halogeno- and nitro-groups ale also 
affected by this system. Tn another patent, the alkaline hydrolysis of aryl 
thiocyanates was reported to give good yields of thiophenols. The alkaline 
hydrolysis of p-di-tliiocyrinatobenzenc led to benzene-l,4-ditIii01~~~. 
However, the action of alkali on aryl thiocyanates containing electron- 
witlidra\ving grotips, for exanij>le 68 and 69, led to the disulphide 
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instead300"* 310. Reduction of the thiocyanate can be otherwise achieved as 
indicated : 

Q:.l- - 
N 0, 

SH 

Other zinc and acid reductions have becn described313. 
Acid-catalysed hydrolysis was successful forp-ni trobenzyl t h i o c y a ~ i a t e ~ ~ ~ ;  

p-nitrobenzyl thiocarbamate was an intermediate in this reaction. 
The reduction of 5-thiocyaiiato-uridine to 5-niercapto-uridine was 

achieved using dithiothreitol and also by the sodium dithionite-mercapto- 
ethanol corn binat ion"'". 

0 T 5 s c N  0 T%." 
H O c d N  H O C e N  

OH OH OH OH 
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TABLE 19. Sonic reprcsentative examples of the formation of thiols by way 
of thiocyanates 

(a) From halides 
RX+NCS- -----+ RSCN - R S H  

Overall 
Reductant of yield of 

No. Keagent Thiol thiocyanate thiol Ref. 

1 Chloresteryl Chlorestcry I LiAIH., 71% 297 
chloride thiol 

-~ ~ 

(6)  From kydroccrrboris 

F ArSH ArH+(NCS), ___j ArSCN ~ 

Hydrocarbon 

OH 

?H. acH3 CH, 

6 

.- . 

Overall 
Reductant of yield of 

Thiol thiocyanate thiol Ref. 

OH 

S H  

WCH3 S H  CH3 

4‘ S H  

LiAlH4 38% 303 

LiAIH., 

Na/liqNH, 72% 307 

39% 303 

OH- 82% 306 

S H  
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TABLE 19 (conr.) 

( c )  From niiilines 
I I X O I ~  + (CllSCN)2 

ArNH, ,Is > ArN,X- > ArSCN- ArSH 

Overall 
Reductant of yield of 

Aniline Thiol thiocyanate thiol Ref. 
- - - ._ ._ - _  ..- - _ _  - -  - - _  - ._ _ - -  

Na,S/OH- 23-30% 309 

G GNH2 CO,H 

7 $C02H 6 C O . H  Zn/HCI 65% 310 

(i COZH S H  

NHZ SH 

XIII. DEALKYLATION O F  SULBHIDES: 

Cleavage of a carbon-sulphur bond in sulphides is an  important reaction. 
Much of this importance is linked with the use of protecting groups for 
thiols. As the tliiol grcuping is extremely susceptible to attack, it is pertinent 
to protect it before carrying out modifications elsewhere in  the molecule. 
Discussion of the various protecting groups available is given in Chapter 
14. The following section is mainly concerned with preparation of thiols 
via sulphide formation. 

Although formation of alkanethiols, RSH, from rcaction of hydrogen 
sulphide with alkyl halides and sulphonates (section IV) and with alkanes 
(scction 1I.A) is extensively used, there are some advantages i n  using thiols, 
R'SH, rather than hydrogen sulphide to give sulphidcs, RSRl, followed by 
dcalkylatiori to RSH. If  such an indirect route is taken then the ease of 
cleavage of the R1-S bond must be ii~uch greater than thc R-S bond. The 
longer methods have the particular advantage3"? 324 over the more direct 
1-1,s reactions in that no symmetric sulphide, RSR, can be formed; these 
symmetric sulphides being normally wasted. Particularly useful R1 groups 
are the simple alkyl groups and, in particular, the benzyl g r o ~ p ~ ' ~ * ~ ~ ~ ~ ~ ~ ~ .  
For instance, ~ , ~ - a - l i p o i c  acid was obtained from ethyl 6,s-dibromo- 
octanoate in an overall yield of 67% cia reaction with benzyl IllCrCaptan, 

CARBQ N-SULPH U R  BOND CLEAVAGE 
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followed by sodiuni in  liquid ammonia cleavage and in a yield of 36% uia 
the thiolacetate and its hydrolysis32d. 

PhCH,SH 
RBr > RSCH,PIi 

(I) Nn/hqtiid NH, 
RSH 

0 

I'licrc arc good rcvicws available on addition of thiols, R'SH, to 
;ilkcney3;!, 12 , for other information regarding the selectivity of such 
additions, sce reference 16: no dctails of such additions will be given here. 

Conversion of aryl bromides to thioplienols can be achieved""> 327 by 
treating a halide with a cuprous incrcaptide in boiling quinoline (200°C) 
for u p  to ten hours. The alkyl aryl sulphide formed can be cleaved to 

1 ( i )  Mclal/Aminc 
ArBr 1- (CiiSR), q ~ l i n o , i n c  ArSR ArSH 

( i i )  H , O  ' 

give the thiophenol i n  several mctal-aniine 020. The bcst 
niethods were using sodiuni i n  liquid ammonia and l i t h ium in methylamine; 
a less cffectivc system was sodium in pyridine. From the appropriate ethyl 
aryl sulphides, sodium in  ammonia cleavage gave between 70 and lOOo/;: 
of the mercaptobenzenes. 

Thc scope of the cuprous mercnptide reactions with organic halides i n  
boiling quinoline is wide: mono-, di- and tri-alkyltliiobenzenes; alkyl 
thiopyridines and thiophenes; simple dialkyl sulphides and alkenyl alkyl 
sulphides can all be prcpared from the corresponding halogen derivatives 
and converted to the thiols. Tctra-, penta- and hexa-bromobenzenes, 
however, gave tars. 

While cleavage of alkyl aryl sulpliidcs by nictal-amine systems always 
gave the aromatic thiol, no iiiatter what  the alkyl group w;1P9-331, cleavage 
of u~i~ymmctric aryl sulphidcs gavc in the majority of cases both thiols; e.g. 

71.1% 28.9% 



4. Preparation of thiols 23 7 
TABLE 20. Formation of thiols from nryl halides vin rcnction of cuprous alkyl 

A r B r d  ArSR +> ArSH 

sulphides327, 325 

('IISI' ( i l  Xa/R: V 

(111 II:,(l+ 

No. Aryl halide Sulphidc 
(Yicld) 

Thiol'' 
(Yicld) 

i3r 
I 

1 Q Br 

Br 

UI. 
I 

Br 
4 

Br 

SEt Q SEt 

(96%) 

4 (911%) SEt 

E1S 6, SEt 

(35%) 

SH 
I 

SH 

Q 

Yields based on sulphide (reduction by Xa in liquid Nkl:,). 
Reduction by N a  in pyridine. 

For unsymmetric dialkyl sulphidcs, the ease of carbon-sulphur bond 
cleavage by lithium i n  methylamine was330,331 found to bc 

ferf-alkyl> sec-alkyl> primary-alkyl 
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n-C,HgSC,Hg-t n-C,H,SH+t-C,HgSH 

97*5-100~0 0-2*5% 

sec-C,H,SC,H,-f - sec-C,H,SH+f-C,H,SH 

99.5% 0.5% 

n-C,H,SC,H,-sec _ _ ~ f  n-C,H,SH+sec-C,H,SH 

50% 50% 

n-CBH,,SC,H,-n n-C,H1,SH+n-C4H,SH 

70% 30% 

The products also formed along with the thiols are hydrocarbons. The 
treatment of dibenzyl sulphide with lithium-methylamine did not lead 
to any thiol but instead to toluene and lithium sulphide arising from the 
facile cleavage of benzyl-sulphur bonds330. 331: 

The mechanism of these reductions could involve both free radical (one- 
electron transfer) and carbanion (two-electron transfer) intermediates, 
each leading to different reaction rate sequences331. 

1 electron tran.fer 
RSR' > RS-+R'. 

[Rate: R' = But> Pri> Et> Me] 

2 electron transfer 

RSRl z> RS-+R'- 

[Rate: R' = Me> Pri> But] 

For other cleavages of sulphides, by sodiuni in ammonia see 
reference 332. 

Related reductants arc sodarnide in piperidinem3* 334 and calcium 
hexammine in etheS3j. Cleavage of diphenyl sulphide by sodamide in 
piperidine has been reported to give 91%333 and 540/,334 thiophenol in two 
studies. N-Phenylpiperidine was also obtained. From di-p-tolyl sulphide, 
p-toluenethiol (54%) and N-p-tolylpiperidine were obtained and thc 
cleavage mechanism was considered to be an aromatic S,2 process and 
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not one involving arynesa. If arynes were involved, not only N-p-tolyl- 
but also N-nz-tolyl-piperidine should be formed : 

Calcium hexammine, prepared from calcium and ammonia, dissolved in 
ether, also reacted with sulphides at 0°C to give, after hydrolysis, thiols and 
hydro~arbons~~ j ;  for example : 

( o t , H , S C H 2 ~  acH3 
a2 GOmin ~ acHZcH3 

SH 
96% 
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Etliylenic sulphides (e.g. 70) are also cleaved by metal-liquid ammonia 

systemPG. There is no concurrent reduction of the unsaturated bond nor 
loss of sulphur. 

I.i/NIT, EtCH=CHSEt 

(70) 

> Et CH = C H S Li + C,H, 

I n  the carbohydrate field, use has been made of the benzyl-sulphar 
bond cleavage‘ by metal-amine systems to provide a route from an 
unsaturated compound to a thioH3’. 

Use of metal-ammonia reducing combinations has been made in the 
synthesis of alkoxy- and thioalkoxy-thiols from thio-acetals and thio- 
k e t a l ~ ~ ~ ~ ~ .  

X = 0 AA~H~\ I/NHl 
JAlCl, 

R, 
R’ 
,C H S (C H2),0 H 

R’ 
x = o , s  
(71) n = 2 
(72) n = 3 

Metal-ammonia reductions of i ,3-0xathiolar1es (71, X = 0) and I ,3- 
oxathianes (72, X = 0) are good methods of preparing P-alkoxyethane 
and y-alkoxypropane thiols”**:339*312, wliereas lithiuin aluminium Iiydridc 
and aluminium chloride cleaves the carbon-oxygen bond i n  prefcrencc 
to the carbon-ssulphur bond. The met:il used can be any electropositive 
eleinent ; the sequence o f  increasing yield ol‘ prod tict I‘or various metals is 

Ca > Li =.Na > K 

I f  either R or R1 is n phenyl group, then alkylbenzcncs are produced 
instead of the thiol product, e.g. 2-phenyl-l,3-oxathiolanes (71, X = 0, 
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R1 = Ph) on treatment with i i i e t a l - a r n r n ~ n i a ~ ~ ~ ~ ~ ~ ! ~ ~ ~ ~ ~ ~ ~ .  This is due to 
initially formed alkoxythiol, 73, being easily cleaved by the rcductant. 

PhCH,R+HO(CH,),SH 
( i l  C'a-?;1<3 

~ i i )  II:,o+' 
PhCHOCH,CH,SH 

(73) 

I 
R 

TABLE 2 1.  Forniation of alkoxy- and thioalkoxy-thiols from Ca-amiiie 
reductions 

No. R 

. .. . .-. - . - .. - - .. - 

1 (CH,),CH 
2 PhCH2 
3 PIiCH, 
4 Ph(CH,), 
5 Ph 
6 -(CHA- 
7 -((CH?)S- 
8 (CH&CH 
9 -(CH2)5-- 

10 PhCHf 
11 (CH,),CH 
12 -(CH2)A-- 
13 --(CH2)5- 
14 (CH,,),CH 
I5 -(CHZ)S- 

X 

- . . - . . . . 

0 
0 
0 
0 
0 
0 
0 
S 
S 
S 
0 
0 
0 
S 
S 

it  Yield of 
thiol (%) 

- . . . - .- . __ . . 

2 7 
2 73 
2 SS 
2 47 
2 0 
2 25 
2 49 
2 s5 
2 85 
2 94 
3 66 
3 85 
3 70 
3 85 
3 54 

Reference 

- . . . . 

338,339 
338,339 
335,339 
338,339 
338,339 
338,339 
338,339 
338,340 
338,340 
340 
339 
339 
339 
340 
340 

In  general, oxathianes (72, X = 0) give more tliiol products than the 
corresponding oxathiolanes, (71, X = 0); also acctals are not cleaved in 
as high a yield as are the ketals. 

The stereoclietnistry of the metal-amine reaction has been thoroughly 
investigated using the pairs of isomeric thioketals dcrived from 4-/- 
butylcyclohexanone. The major products from each pair of isomers (74 or 
75) were the therinodynamically more stable equatorial isomers (78). This 
suggests that the rates of interconvcrsions of the dianions (or the radical 
anions)-76 and 77-are Faster than the rates of' protonation. The fact 
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that slightly more axial products, 79, are obtained from 75 indicates that 
some protonation occurred before complete equilibration. 

B u t m ~  (C HAS H 

\ O'(CHz)n 

(78) 
/I = 2; 89*6-98.1% 
n = 3; 84.4-W5~o 

But a s '  
/ 

S^(CHz)n 

B"' e 0 '  (75) 

J' 
0 (C H 2) "S H 

But & 
(79) 

n = 2; 1.9-10.4% 
n = 3; 0.5-15.6% 

The lower yields of thio prodiicts from acetals are due to loss of olefin 
from 71 : 

R\ /o\ 

(71 1 

H/C\S,(CH2)2 + CH,=CHZ + H2S + RCHO RCHZOH 

2,2-Dimethyl-tr.nl1.r-4,5-cyclohexano- 1,3-oxat hiolane gave the trans- 
thi01~.~1: 
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Other preparations of alkoxythiok, include reaction of alkoxyalkyl 
halides, RO(CH,),X, either with thiourea, followed by alkaline hydrolysis 
of the iso-thiuronium saltsa4 or with hydrogen sulphide ion3359a6: 

NH-HX  OH- 
RO(CH,),S-C< ( i i )  H,O + > RO(CH,),SH 

RO (CHz I n  X 

reaction of sulphonate esters with thiolacetic acid and subsequent alkaline 
hydrolysis317 : 

0 0 
II 
I I  

CH,COSH I1 
F RO(CH,),S*C-CH, RO(CH,),SH RO(CH,),,*O-S- R‘ 

0 

reaction of vinyl ethersqm with hydrogen sulphide: 

ROCH=CH,+H,S t ROCH,CH,SH 

and reaction of thiiranes with alcoholsq41”: 

CH,\ 

CH, 
I ,S ROH> ROCH,CH,SH 

Cleavage of I ,3-dithiolanes (71, X = S) and 1,3-dithianes (72, X = S) 
similarly gave excellent yields of ~-alkyltliioetliane- and y-alkylthio- 
propane-thiols3W 340-3.12 (SO) .  Yields are generally higher than for the 

R R’ C H S (C H,) ,,S I-I 

(80) 

corresponding alkoxy compounds. Over-reduction to the dithiol and 
hydrocarbon can occur with R or R* = Ph or R = R1 = H, but this can 
be controlled by use of a calculated quantity of the metal. 

2e R\- 
-> CH i--S(CH,),,S- 

R” 

9 
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s -- c H, 

S-CH2 

PiiCH,, 
> PhCH,CH, + CH,-CH, I -  SH I I  SH 

71 % 
H 4  

e.g. 

97 % 
Brown, Iqbal and Owen"? showed i n  their study that 2,2-dimethyl- 

trmu-4,5-cyclohexano- I ,3-dithiolan gave trans-2-iso-propyl thiocyclohex- 
anethiol : 

and that 2,2,4-triniethyl-1,3-dithiolan gave a mixture of thiols: 

SH 
c,H3 I 

C H3CH C H,S Pr 

+ 
H\C-cHz I \  

(i) Na/NH,, 
S,-,S ( i i )  t4,o + 

/"\ 
HJC CH, 

CH,CHCH,SH 
I 
SPr' 

An extension of this method for the preparation of alkylthioalkanethiols 
utilized the fact that hydrogens on a-carbons to sulphur atoms are acidic 
and reactive towards organolithium compounds; e.g. 

(81 1 

Reaction of the organolithium compound with an aldehyde or ketone 
will give (82). Calcium and ammonia reduction of (82) lcads to the substi- 
tuted y-alkylthionlkanetiiiols (83). Thus, I-(3-mercaptopropylthio)-2- 

OH 
R \  1 

R' 
,C--CH,S(CH,),SH 
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propanol was obtained in S3'%, by tlic following r o i ~ t c ' ~ ~ ~ .  
245 

CH,CHOHCH,SCH,CH,SH 

Other procedures for formation of 16- and y-alkylthioalkanethiols are 
available; these methods generally arc less convenient than the metal- 
amine reductions and include the addition of hydrogen sulphide to vinyl 

CH,=CHSR+H,S - HSCH,CH,SR 

s ~ l p l i i d e s ~ ~ ~ ,  the nucleophilic substitution of alkylthioalkyl 11al ides~~~ 

";;IS11 [RS(CH,),,OH] ___j RS(CH,),,CI :> RS(CH,),SH 

and the addition of thiols to t I i i i r a n e ~ ~ ~ ~ * ~ " " .  

R S H  + - > >,tsR 
S S H  

Another melhod of production of aromatic thiols using the internicdiacy 
of sulphides is that of Kharasch and SwidIeF.  This procedure involves 
the electrophilic substitution of an aromatic hydrocarbon by 2,4-dinitro- 
benzenesulphenyl chloride and the nucleophilic cleavagc of the sulphide 
so formed by niethanolic hydroxide; the sulphur bond to thc aryl ring with 
the niost electroti-withdrawing groups is the one cleaved. The yields of 

SCI S A r  OPAe 

thiophenols, p-XCGH4S1-I, were SO, SO, 79 and 76';; for X = H, Me, Br 
and C1 respectively. The method is limited to aromatic hydrocarbons 
activated for electroyhilic substitution. It was dcvcloped by Schuetz and 
Fredericks for thiophene- and thionaphtheIie-tliiols?"'; the weaker Lewis 
acid, stannic chloride, was uscd as catalyst rather than aluminium chloride 
or ferric chloride, both of which caused extensive tar formation. 
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XIV. THIOL FORMATION F R O M  T H E  RING OPENING 
O F  HETEROCYCLIC COMPOUNDS 

Ring opening of the three-membered heterocyclic compounds (84) by 
hydrogen sulphide gave @-substituted thiols. 

R1 R2 R' R2 
\ /  \ /  

C' 

C-SH 

C-YH 
& H S  I 

/ \  / \  
R3 R4 R3 R4 

Y = NR, 0, S 
(84) 

For ethyleneimine (84), Y = NH, R1 = K2 = R3 = R4 = H, reactions 
with hydrogen sulphide best occur at 0°C in dilute solutions to  give yields 
of - 85% of 13-aniinoetlianetliiols"jG. N-beiizoylaziridine (84, Y = NCOPh, 
R1 = R' = R3 = R4 = H), prepared from ethyleneimine at 0°C 357, reacts 
similarly. 

CH,, H S  CH,NHCOPh 
1 ,NH 1- PhCOCl 

CH2 CHZ CH,SH 
(?Hz>NCOPh 2 I 

N-Substituted 2-aniinoalkanethiols were prepared from 1 -substituted 

These compounds \yere produced from cthyleniinine and an alkyl 
aziridines and excess hydrogen sulphide in 

halide in the presence of potassium carbonate and ethanol. 

Another attractive route for functionally substituted /3-mercaptoethyl- 
amines involves the catalysed additions of ethyleneimine to alkenes and 
cleavage of the product by hydrogen s ~ l p l i i d e ~ ~ ~  at a low temperature. 

R R' 
I I H,S/EtOH R1 R, / 

[=NH + ,.c=c, --> EN-CH-CHX --4o"- HSCH~CH~NHCHRCHR~X 
H X 

R,R' = H, alkyl, aryl or halide 
X = CN, COCH,, COCH,CH,, CONH,, CONHR, CO,R 

The alkenes must haw electron-withdrawing groups. 
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TABLE 22. Formation of thiols from hydrogen sulphidc reactions of aziridines 

CHZ, 
I ,NR + H z S  - > RNHCHZCHZSH 

CHZ 

No. R Thiol produced Yield Ref. 
(%) 

1 H  
2 PhCO 

n 
U n 
C J  
n YHZCH3 
0 n 
0 

3 (CH,),CH(CH*), 

4 (CH.)SCH(CHZ), 

5 (CH ) CHCHCH, 

6 (CH ) CHO(CH& 

NH,CH,CH,SH 
PhCONHCH,CH,SH 

86 356 
55 357 

22 358 
n 
n 

n FCH3 

(CHz),CH(CH,),XNHCH,CHzSH 
U 

LJ 
11 358 (CHS)jCH(CHz),NHCHzCHzSH 

60 358 (qH2)5qHCHCHZNHCH,CH,SH 
W 
n 

(CHo);CiIO(CHa)5NHCH2CH,SH 51 358 iJ 

60 358 

CH, CH, CH3 CH3 

8 @ 0 (c H2 1.1 (@ 0 (C H2 1 N H C H2C H,S H 

cli, CH, 
0 CH, 0 CH, 
II I II I 

9 CH,OCCH,CH CH~OCCH,CJ-INHCHRCt-Io_SH 76 359 
0 0 
I1 II 

10 (CH,),CHCH,OCCHCH, (CH3),ClICH,0CCHCH,NHCH,CH2SH 71 359 
I I 

CH, CH3 
0 CH, 0 CH, 
I1 I I1 I 

1 1 (CHJzN(CH,),OCCHCI-I, (CH,),N(CH,),OCCHCH,NH(CI-I,),SH 54 359 
0 0 

+ I 1  II 
12 (~-~:,),NH(CHa),0CCHC1-I, (CH,),I;H(Cr-l,),OCCHCiI,NH(CH,),SH 60 359 

I I 
CH, CH3 
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In the reaction of hydrogen sulphide with the N-substituted aziridines, 
disulptiides and ~nonosulpliides nre also obtained. The latter are formed 
from reaction of the initially formed thiol with excess of ethyleniniine. 

CH,NHR LNR CNR + H,S - > I  > RNHCH2CH,SCH,CH,NHR 
CH,SH 

For epoxides, (84, Y = 0) cleavage by hydrogen sulphide in basic 
solution leads to the ~-1iydro~yalkanetIiiols~~~~~‘~~. From cyclopentene 
oxide, G474 traru-2-mercaptocycloperita1io1~~~ was obtaincd. Similarly3G1, 

SH 

cycloliexene oxide and potassium hydrogen sulphide reacted to give 
trans-2-mercaptocyclohexanol (44%) and the syinnictric monosulphide 

Ethylene oxidc aiso reacted with sodium hydrogen sulphide to give the 
thiol and the s u l p l ~ i d e ~ ~ ~ .  

Formation of tliiols from olefin sulphides (thiiranes) requires reaction 
with a proton donor, HX, and not exclusively hydrogen sulphide and so a 
range of ,8-substituted thiols are obtainable. Examples of such reactions 
(Table 23) include use of hydrogen s ~ l p h i d e ~ ~ ~ ,  hydrogen sulphide 
alkanethiol~~~!!’~ 35*,8G3 and base, acetic 3‘j4, amines354i33”5 and hydrogen 
chloride”* 3 G 3 . 3 G 6 9 3 G 7 .  Morc polymer formation occurs with these reactions 
a s  compared to the oxide reactions. 

Epoxides can be converted to the corresponding thiiranes by reaction 
with thiocyanate i o P 3  or t h i o ~ r e a ~ ~ ~ ~ 3 ~ ~  especially with acid catalysts. 
The thiourea reaction gives /3-hydroxy-iso-tliiuronium salts as inter- 
mediates. Alkaline hydrolysis of these intermediates can lead to either 
thiiranes or P-hydroxythiols : the product depends on the hydrolysis 
conditions3GS. 

From the appropriate isothiuronium salts, trans-2-hydroxycyclohexane- 
tliiol (71 %) and ~rans-2-hydrox~cyclopentanetliiol (67%) were obtained 
as indicated above. 

Cyclopentene sulphide cannot be readily obtained from the correspond- 
ing oxide ; however, a convenient synthesis of thiiranes, including cyclo- 
pentene sulphide, is available by basic hydrolysis of the products 
obtained from a 1 kc n es a11 d i od i ne t h i ocy a n a t e8@). 

(53%). 



4. Preparation of thiols 249 

TABLE 23. Fornmtion of thiols from ring opening of thiiranes 

No. Thiirane HA Thiol Over- Ref. 
all yield 

MCI 

H,S 

+ tr-BuZNH 

PhNH, 

CI(CH,),SH 

HS(CH,),SH 

Ph N H (CH 2)zS H 

93% 366 

49% 363 

75% 363 

70% 365 

52% 365 

77% 365 

20% 349 

65% 365 

27% 365 
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TABLE 23 (cotit.) 

NO. Thiirane HA Thiol Over- P 
all yield 

11 

12 

1 3  

14 

15 

0 s  HCI 

ELSH/KOH 

(i) KHS, ( i i )  H 3 0 +  

PhN EIC H, 

( i i )  NaiNH, 

pSH 
W S H  

aSH NCH3Ph 

CH20H 
I 

HSCH 

@o 
' I  0. 

CH, 
FkH, 

26% 

55% 

29% 

3 8% 

50% 
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PhC0,H 

6 hours 1 : 1 : 1 I 
+ 

,,NH, PhCO, 
CH,CHOHCHp-S-C, 

Na,CO, J (1 mole) 
CH3, 

63% 

CH,-CH-CH,SH 
I 

O H  

Nzighbouring group participation by the thiolate ion can help bring 
about the displacement of the /3-amino group in P-aminothiols to give 
thiiranes, which on fiirtlier reaction produce dithiols. 

S H  

Such thiiranes forined irz si fr i  can react further with hydrogen sulphide. 
Thus, 1 -amino-2-propanethiol and excess animoiiiuiii hydrogen sulphide 
at 90°C gave 1 ,?-propanedithiol in 58% yield; furthermore, N-propyl- 
aziridine and an excess of ammonium hydrogen sulphide in  an aqueous 
medium at 125°C produced the same dithiol in 42% yield3;(’. 

XV. TWIOLS FROM ALDEHYDES A N D  KETONES 
Catalytic reduction of aldehydes and ketones by hydrogen sulphide and 
hydrogen give thio1s”l. The catalysts are normally ~netallic sulphides, in  
particular cobalt and molybdenum polysulphides. Sulphur can be added 

li I 
0 S H  

R-C-R’+H,S+H, ___ > RCHR’ 
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initially in place of the hydrogen sulphide since it is readily converted to 
hydrogen sulphide in the presence of the catalyst. 

Reactions between hydrogen sulphide and aldehydes or ketones can 
lead, particularly in acid media, to a number of products, among which 
are enethiols (85), gem-hydroxythiols (86) and gem-dithiols (87). Trithianes 
(88) are, however, frequently ~ b t a i n e d ” ~ ~ ” ~ ~ .  

Unsaturated sulphides 

t 
S 
I 1  

~ R’C-CHR2R3 
I 

R’CH=CR2R3 
I 
SH 
enethiols 

(85) 

SH 
I 
I 
SH 

R1-C H* C H R2 R3 

gem-di t h iols 

(87) 

-H,O ” 

- H,S SH 
gem-hydroxythiols 

(86) 
1 

thiones 

(89) 

R1 
I 

-c-s- 

\ 

trithianes 

(58) 

bis-a-hydroxysulp hides 

The initially formed products, the gem-hydroxythiols (86), are not 
normally isolated. However, for chloral, polyfluoro-ketones and -aldehydes 
and other carbonyl compounds, able to form stable gan-diols, such 
hydroxy thiols are i ~ o l a t a b l e ~ ’ ~ ~ ~ ~ ~  ; e.g. CC1,CHO gave at room temperature 
and at atmospheric pressure with an excess of hydrogen sulphide, 22% 

CC1,CH 
/OH 

; similarly CF,CHO and CF,COCF, gave 57% CF3CH 
\OH \SH 
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OH 
I 
1 

and 84% CF::.,CCF3 rcspe~tively~'~. An cxcess of hydrogen sulphide 

SH 
should be used to prevent sulphide formation. 

SH 
H S  / 

\ 
OH 

CFSCHO 2 CF3-CH - 
A study of the acid-catalysed reactions of aralkyl ketones with hydrogen 

sulphide has been made. I n  the presence of hydrogen chloridc, 1,3-di-p- 
substituted-phenyl-2-propanones (90, X = H, OMe, CI, but not NO,) 
reacted with hydrogen sulphide in alcohol solution at 0-5°C to give the 

corresponding gc .~~i -d i t l i io l s~~"~~~.  37D. That this is not a general reaction is 
clearly indicated by 1 , 1,3-triplicnyl-2-propanone (91) giving 1 , 1,3-triphenyl- 
propene-2-thiol, while I-phenyl-2-propanone (92) produced the I ,3,5- 
trithiane, on similar treatment. The reaction of adamantanone (93) with 

0 
I1 

PhCH,CCH3 

(92) 

0 
I1 

PhCH,CCH3 

(92) 

hydrogen sulphide in the presefice of hydrogen chloride in ethanol 
solution at - 55OC, however, gave 2-ethoxy-2-adamantanethiol (94) 
rather than the hydroxy de r iva t i~e~~" ;  94 on heating is converted to 
adamantanethione (95). The latter is reduced by sodium borohydride to 
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2-adamantanethiol (96). Adamantanethione can be formed directly from 
93 by treatment with phosphorous pentasulphide. 

(93) 

-550 

(95) 
(94) 

Generally low temperature (- 55°C) reactions of hydrogen sulphide 
with simple aliphatic acyclic and alicyclic ketones produce gem- 
d i t h i ~ l s ~ ~ l .  For example, cyclohexanone and hydrogen sulphide in alcohol 
solution, saturated with hydrogen chloride, gave the gem-dithiol in 83% 
(97) via the intermediacy of the alkoxythiol. 

osH 83% SH H,S.ROH , 
OR HCI. -55' SH 

15 rnin 

ROH.H,S 
HCI, -55' ' 

45 niin 

(97) \ 

At a higher temperature, (e.g. 0°C) the trithiane (98) was obtained 
instead3s2. The enethiol has also becii reported to be obtained from the 
reaction of cyclohexanone with hydrogen s u l p h i d ~ ~ ~ ~ ;  howevrr, this work 
has been more recently criti~ized"~'. 

The change in the amounts of gem-dithiols (87) and thiones (89) from 
reactions of simple aliphatic ketones and hydrogen sulphide in alcoholic 
hydrochloric acid as a function of temperature has been studied3B4. The 
maximum yields of thc thione (607;) are found for reactions between - 80 
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and -40°C; as the temperature is increased beyond -4O"C, so yields of 
the thiones decrease. The maximum yields (60%) of the gern-dithiols are 
obtained between -25 and -20°C. 

Basic catalysts have also had extensive use335. Thus cyclohexanone 
or cyclopentanone reacted with hydrogen sulphide, in the presence of 
morpholine, at 0°C to give the 1 ,I-cycloalkanedithiols in yields greater 
than 7Oxsa5. However, the yield of 2,2-propanedithiol from acetone was 
considerably less (30%). The use of 12-butylaniine as a catalyst in these 
reactions has been in fact all amines appear capable of catalysing 
gem-dithiol formation3aG. The basic ketone, 1 -methyl-4-piperidone, reacts 
without the need of additional ainine catalysts3aa. 

lY3-Diketones have been shown to give P-carbonylenethiols (99) 
whereas 1,Zdiketones are reduced either to monoketones or to hydroxy- 
ketonessaG. 

RCOCH,COR 
H,S/anii n e  R 

RCOCH=C< 
SH 

In the absence of catalysts, heat and H,S under high pressure (35- 
8500 atm) are required to bring about gem-dithiol formation in generally 
low Both aldehydes and ketones react but the former is more 
reactive. 

Other methods of preparing ge/~-dithiols also begin with carbonyl 
compounds. Ketiniines and enamines have been prepared from the 
carbonyl compounds and subsequently reacted in  ether solution with 
hydrogen sulphide at a low temperature; acidification frees the gem- 
dithio13a7~390392. While ketiniines from aliphatic ketones as well as 
aliphatic aldimines do successfully give gem-dithiols, ketimines from 
alkyl aryl ketones and Schiff's bases of aromatic aldehydes do 

R, H,S R, ,SH c=o - ,,c=N-R~ - p, + R~NH, R, 
R" R R SH 

Reference 364 
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Use was made of dimetliylformaiiiide as solvent for reaction of 
morpholino derivatives of ketones with hydrogen ~uIpliide3~1 to give 
gem-dithiols; however, the use of the niixed dinietliylformamide/cther 
solvent systeni led to trithianes3". 

Tetrathianes have also been ~ s e d ~ ~ ~ ~ ~ ~ ~ .  These compounds, prepared 
from ketones, are cleaved by sodium in liquid a ~ n n i o n i a ~ ~ ~ .  Evaporation 
of the ammonia, followed by acidification of the dithiol salt, gave the 
ge1n-d ithi 01. I n  contrast , cleavage of the tetra t h iane by lit hi u m a1 u mi ni u ni 
hydride leads to a mono-thiol. 

XVI. FORMATION FROM CARBOXYLIC ACiD 
D E RIV AT1 V E S 

a. Acyl Halides. A conversion of acyl halides to t l ~ i o l s ~ ~ ~  involves the 
photolysis of acyl xanthates, formed from the acyl halides. The alkyl 
xanthates thus produced, are hydrolysed to thiols. 

S S 
II I1 

S 
II 

NnSC.OEI "" f RCO' i- 'SCOEt RCOCI y5 + RCOSCOEt - 

RCO' - f R' 1- CO 

S 
II 

R' + 'SCOEt --> RSCOEt - f RSH 
II 
S 

b. TJiioncids. Reductions of thioacids, RCOSH, by lithium aluminium 
hydride or sodium borohydridc/aluminium trichloride lead to mixtures 
of the alcohols and t h i o l ~ ~ " ~ ~ ~ ~ .  The sodium borohydride/aluniiniuni 
trichloride reductant system is the better of the two for tliiol formation. 

PhCOSH - PhCH,SH+PhCH,OH 

XVII. MISCELLANEOUS METHODS 

A. Reaction with Sulphur 
Several heterocyclic compounds react directly with sulphur. Purine 

(loo), for example, reacted with sulphur at 245°C to give 8-mercaptopurine 
in  75% yield39*. Amino- and niethyl-substitilted purines gave lower yields 
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of mercapto products. Similarly bcnziinidazole and sulphur gave an 
83% yield of 2-mcrcaptobenzimidazole. 

.. 
(1 00) 

Benzene also reacted with sulphur on strong heating but yields of thiol 
derivatives are too low to make the method a useful When bromc- 
benzene and sulphur are heated at 230-250°C for 2-3 li in a sealed tube, 
some diphenyl disulphide was obtained. Reduction by lithium aluminium 
hydride or  zinc and hydrochloric acid gave thiophenol (29% yield). 
Chlorobenzene reacted more slowly and gave only a little thiophenol 
(< 1%) and some chlorothiophenols as well; thus attack at a ring hydrogen 
as well as at the halogen occurred40". 

Some alkenes also react with sulphur on heating, especially i n  the 
presence of an activator, such as ammonia, in dimethylformamide401. 
Thus, norbornene gave bicyclo[2,2,l]hepta-exo-cis-2,3-dithiol (101). 

H 

8. Reaction with Sulphur Monochloride and Dichloride 

Aromatic conipounds, with strong electron-donating groups, react with 
sulphur mono- and di-chloride, i n  the presence of hydrogen sulphide to 
give disulphides. These can then be reduced to the thiophenol by the usual 
methods. Thus, in-cresol gave 3-metliyl-4-mercaptophenol i n  good 
yield4O2. In another report phenols, on reaction with sulphur monochloride 
in carbon tetrachloride or toluene, gave crude disulphides, which were 
hydrogenated over a niolybdenuni disulphide catalyst to give mercapto- 
phenols. The mercapto group generally is introduced at the para position 
to  the hydroxyl group. Thus, phenol and 2,6-xylenol gave thiohydro- 
quinone and 4-mercapto-2,6-xylenol i n  19 and 49% yields re~pectivel~''~. 

Reaction of aromatic amines with sulphur iiionochloride leads to 
thiazathiolium chlorides (102) which on alkaline hydrolysis produce 
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o-aminothiolates404. Ainines must have a free ortho position. If the para 
position is also free, then substitution by chlorine at this site can also occur; 
thus, aniline can give 2-amino-5-chlorobenzenethiol (103). Nitro- and 
carboxyl-groups in the para position to the aniine group can also be 
replaced by chlorine; however, bromo, methyl, methoxy and dimethyl- 
amino groups are not removed. 

aNH2 H,O'> aNH2 
CI' S- CI S H  
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1. INTRODUCTION 

As might be expected from the great reactivity of the thiol group and the 
wide distribution of thiols i n  natural materials, the literature dealing with 
the detection and determination of these compounds is extensive. 

Broadly, the methods of determining the -SH groups depend on one 
or more of the following fundamental processes, i.e. oxidation of -SH 
to disulphide, mercaptide formatio!i and alkylation. The amperometric 
and polarographic techniques depend in effect on mercaptide formation. 
Several colour reagents for -SH groups could be employed, the 
commonest being sodium nitroprusside. Other colorimetric procedures 
take advantage of the thiol-disulphide exchange reaction between aliphatic 
and aromatic thiols. 

In the present monograph no attempt is made to obtain a comprehensive 
coverage of all the methods. The main purpose of this chapter is to 
describe principles underlying the methods and to indicate which are 
likely to be suitable. 

The measurement of tliiol groups in substances of biological origin is of 
prime importance, since it has been shown that the presence of these 
substituents is often necessary for the retention of biological activity. 
The analytical determination of cysteinc (thiol group) and of cystine 
(disulphide group) in proteins is covcrcd by several comprehensive 
reviews with well-documented analytical sections*-15. The liuxature 
references which are discussed licre were chosen on the basis of application 
to problems which may be generally encountered i n  tliiol chemistry. 

The basic principles of thc spectroscopic charncterizatioii (u.v., i.r., 
n.m.r. ,  c.s.T.), of tlic --SH function are also includcd. 

11. DETECTION 
A. Qualitative Tests 

Several qualitative tests for thiols are available and the procedures are 
extensively reported in books dealing wi th  the identification of fiinctional 
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groups1-7. Detailed analytical procedures for specific -SH-containing 
substances are also reported3**. 

The commonest colour reagent for thiols is sodium nitroprusside 
Na,Fe(CN),NO 598*16-15. The solution of the -SH compound is adjusted 
to pH 9-1 1 with sodium carbonate or ammonia and a few drops of nitro- 
prusside (5% solution) are addcd. If -SH groups or other powerful 
reducing agents are present, a pink-violet colour appears. 

The exact composition of the colour complex is not known, but it is 
believed to involve a bond of the sulphur with the nitroso group of the 
nitroprusside. Alkyl sulphides also react with sodium nitroprusside, but 
the colour is more red than blue. Aryl sulphides do not give this test. 
Aromatic thiols will react with the reagent if ammonium hydroxide is 
substituted by sodium hydroxide" 16. 

Giutathione gives a red colour with sodium nitroprusside which can be 
used for quantitative cstimation19. 2-Thiouracil is determined by the 
green colour with a modified sodium nitroprusside-hydroxylamine 
reagent. The reaction is also given by several other derivatives of uraci120. 

Thiol compounds reduce a solution of phosphotungstic acid with 
the formation of a blue colour16921*22. The colour is stable for a t  least 
6 h. Inorganic sulphides slowly develop colour. Potassium or sodium 
cyanide inhibit colour development. 

The reaction between sodiuni azidc and iodine takes place very slowly 
with the formation of iodide ions, but it can be accelerated by the presence 
of trace amounts of organic sulphur compounds, cspecial!y thiols and 
disulphides. By addition of an -SH compound to a solution of sodium 
azide and iodine, evolution of nitrogen is observed as well as the 
decolorization of the iodine solutionlG. 

The methylcne blue reaction for hydrogen sulphide with dimethyl-/I- 
phenylenediamine hydrochloride is of broad general applicability to 
-SH compounds including cysteine, glutathione and thiocresol. The 
reagent is uscd i n  acid solution i n  the presence of ferric ammonium 
sulphate. The colour is permanent":'.'‘*. Cysteirie f o r m  a blue colour with 
p-aniinodinictliylaniline and gives a dark red-violet colour with dimethyl- 
p-p he n y le ned i am i ne h y d roch I or i d e i n aci d so 1 i i  t i on con t ai n i ng ferric i on s , 
With I ,2-naplitlioquino1ie-4-sulphonatc cysteinc gives a red colours5. 

The preparation of heavy nietal salts is important both for the detection 
and determination (see section 1V) of thiols. They react with lead or 
mercury salts of weak acids to form lead or mercury mercaptides (equation 
1). Lead acetate or mercury cyanide ;ire generally used for these t e ~ t s ~ - ~ .  

RSH+M+ RSM+H+ (1 1 
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Sodium plumbite first forms ycllow lead mercaptides, which are con- 
verted by sulpliiir to black lead sulphide and alkyl disulphides: 

Pb(OH),+2 RSH ____ > Pb(SR),+2 H,O (2) 

Pb(SR),+-S ----+ PbS+RSSR (3) 

A test based on the forniatioii of mercury Inercaptide according to 
equation (4) was described by Fcigl and coworkerszG. 

2 RS-+Hg(CN), ___ > H~(sR) ,+~  crd- (4) 

Cyanide is sensitively detected through the blueing of filter paper 
moistened with a solution of copper ethylacetoacetate in chloroform. 
The tcst for alkali-soluble -SI4 compounds is specific provided that 
halogen ions are absent. The limits of identification are of the order of 

Thiols may react with ciipric ions i n  various ways. Sometimes water- 
insoluble, mostly dark coloured, ciipric salts are produced. Another mode 
of reaction, which may Gccur in strong animoniacal solution, leads to the 
production of black copper sulphidc (e.g. cysteine). Along with this 
reaction, and sometimes predominating in the case of some thiol com- 
pounds, there is an initial redox reaction (equation 5).  Subsequently, 

2-5 p g .  

2 RS-4-2 CU'+ -> CU:++RSSR (5) 

the cuprous ions may react with the -SN compound (equation 6). The 
water-insoluble copper (I)  salts of thiol compounds are yellow, orange 

yellow or orange brown. The reaction takes place at room temperature 
with solid samples or with solulions in ammonia or alkali. 

B. Spot Tests on Chromatograms 

Few specific reagents are available for the detection of -SH-con- 
taining coinpounds on chromatograms. Sodium nitroprusside, platinic 
iodide", 2s , Fcigl's sodium azide-iodine 9 ' J p  30, or various 
q i ~ i n o n e s ~ ~  which are not specific for -SH groups have been used. 

A rapid and scnsitivc technique has been developed for the identification 
and diflerentiation of thiols, disulphides and tliioestcrs on thin-layer and 
paper chromatograms"". Thiols are detected as yellow spots after spraying 
chromatograms with an alcohol-buffer solution of the Ellnian reagent, 
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5,5’-dithiobis-(2-nitrobenzoic) acid (DTNB) (1) (see section V.A for a 
detailed discussion of the reaction between DTNB and thiols). 

Noz NO* 
(1 1 

Disulphides can be detected after reduction to thiols with sodiuni 
borohydride and application of the DTNB spray reagent. Thioesters are 
hydrolysed by alkali and the resulting thiols are treated with DTNB. 

A similar reagent, particularly suitable for paper and thin-layer 
chromatograms, 2,2’-dithiobis-(5-nitropyridine) (DTNP) (2)33 was de- 
veloped as a selective reagent for -SH groups (see also section V.B). 

OZN 0 N s- s -a N 

(2) 

A quick t.1.c. test for the detection of -SH groups in the presence of 
other type of sulphur functional groups was described by Brown and 
Edwards3“ 

Thiols show bleaching action on iodine used as the visualizing agent 
(equation 7). After exposure of the plates to iodine vapours, the thiols 

2 R S H t I ,  A RSSR+2 H + + 2  I- (7) 

appeared as white spots on a tan background. This qualitative test for 
the presence of -SH groups can be used as a quick test, even in the 
presence of disulphide and cnrboxyl groups. 

A visualizing reagent for -SH compounds in paper chromatography 
is a mixture of ceric amnioniiun nitrate and potassium permangar~ate~~. 
The chromatograni is dipped in a solution of ceric ammonium nitrate in 
0.5~ nitric acid. Thiols (cysteine, cysteamine, thioglycollic acid) give a 
white spot in a yellow background. 

C.  ldentification through Chemical Derivatives 
Several solid derivatives are used fur the identification of -SH com- 

pounds. Tables reporting the physical characteristics of such derivatives 
are availableiB5. 

10 
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2,4-Dinitrochlorobenzene reacts with sodium salts of alkanethiols and 
aromatic thiols with the formation of well crystallized sulphides (3) 36*37 

which can be further oxidized to the corresponding s u l p h ~ n e s ~ ~ ,  thus 
enabling a second series of derivatives to be obtained. PapeS9 and gasdo 
chromatography have been used for separation and identification of these 
derivatives. 

R S R  S R  
I I I 

&NO2 & co O z N , & C O O H  co & 
OZN NO2 0 0  

NO2 (4) (5) 0 
(3) (6) 

3,5-Dinitrothiobenzoates (4) are prepared from thiols and 3,5-dinitro- 
benzoyl chloride in a basic medium4l. Thiols also react with 3-nitro- 
phthalic anhydride giving 3-nitrophthalic thioesters (5)41. 

Solid thioether derivatives (6) may be prepared by reacting the -SH 
compound with sodium anthraquinone-a-sulph~nate~~. The thioether 
may be oxidized to the corresponding sulphone. 

The mercury derivatives have been also used for the characterization of 
thiols. The preparation of solid derivatives from thiols using phenyl- 
mercury acetate was used by Howard and BaldrP3 by concentrating 
extremely dilute solutions of -SH compounds and analysing them by 
thin-layer chromatography. 

111. OXIDIZING AGENTS 

For analytical piirposcs the assumption is made that the oxidation 
proceeds according to equation (8). One mole of RSH should therefore 
be equivalent to 1 mole of a one-electron oxidant or 4 mole of a two- 
electron oxidant. 

2 R S H  - R S S R + 2  H + + 2  e (8) 

Although the sensitivity of thcse methods is of a high order, especially 
the oxidation with ferricyanide, they lack specificity and the stoichioinetry 
of the oxidation is unreliable8. I n  fact, oxidation proceeds quite easily 
beyond the disulphide stage. The extent to which this occurs depends on 
the molecular environment of the -SH groups, as well as on the nature 
of the oxidizing agent used, the pH, the concentration of reactants, the 
presence of metal ions, etc. 
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A known amount of the oxidizing agent may be added to the solution 
of which the -SH content is to  be estimated and, after a suitable period 
of time, the amount of residual reagent is determined. If the oxidized and 
reduced forms of the reagent differ in colour, the reagent may be added 
as in  conventional titrations and  the end point estimated visually. 

A number of oxidizing agents have been used or proposed for estimation 
of -SH groups. Among these are iodine, ferricyanide, perbenzoic acid, 
hydrogen peroxide, potassium permanganate and nitrous acid8. 

F e r r i ~ y a n i d e ~ '  offers the particular advantage that it can be used for 
the estimation of as little as 10pmoles of -SH (formation of prussian 
blue). 

Sodium t e t r a th i~na te~~~ ' '~  is used for estimation of -SH groups, 
according to equation (9), the thiolsulphonate formed being titrated 
iodometrically. 

2 RSH+S,,O,I- ----+ RSSR+2 S,0:-+2 H +  (9) 

At pH 7 the reaction of o-iodosobenzoate ion (7) with -SI-I groups can 
be written as in cquation (10). The reaction does not appear to proceed 

coo- 
+ P R S H  -> & + RSSR + H,O (10) 

&O0- (7) 

beyond the disulphide stage5OS5l . The usual procedure is to add an excess 
of the reagent and to determine the residual amount iodoinetrically 
according to equations (1 1) and (12). I t  is essential that the excess of 

HOOCC,H,IO+21-+2 H+ A HOOCC,H,I+I,+H,O (11) 

I,+2 s,o:- > s,0',-+21- (1 2) 

reagent be kept as small as possible. Preliminary orienting tests may be 
made before the actual analysis is accomplished. 

Porphyrindin (8)s~5z-ss has been used in the estimation of -SH groups 
in various biological substances. 

CH, 
0 1  

C=N-N=C / I  \ 

H3C 
I 0  

H,C-C-N N-C-CH, 

\ 
N-C=NH 

I /  
HN=C-N 

H H 
(8) 
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The use of oxidizing agents for the determination of -SH groups in 

proteins is excluded since the nature of the oxidation products is uncertain, 
because the pairing of all -SH groups may not be sterically feasible in 
such large molecules with their limited conformational freedom8. 

IV. MERCAQTIDE FORMING AGENTS 

The reaction of thiols with heavy metals leads to the formation of 
mercaptide derivatives. The reagents which have been used most success- 
fully for the estimation of -Sl-I groups are those which form highly 
undissociated mercaptides, namely, silver salts, mercury salts and organic 
mercury derivatives of the type RHgX. 

Mercaptide formation could be reversed since the metal could be 
removed from an -SN group by using an excess of thiol. Reversible 
labelling of cysteine residues with heavy metals is extensively used in 
protein chemistry". 

The solubility of the mercaptides in  aqueous solution varies considerably. 
Silver derivatives usually are very insoluble, whereas those of mercury 
are often moderately soluble. The soluble ones are preferable from an 
analytical point of view, as crrors from co-precipitation are avoided. 

The most widely employed method for following these reactions 
analytically has been titration of the thiol with metal ions and the measure- 
ment of the excess by electronietric procedures. 

A. Electrometric Procedures 
Electroanalytical methods are well established in most branches of 

chemical research and have been used also in following the titration of 
-SH groups with mercury or silver ions to form undissociated 
mercaptides. 

The electronietric determination of heavy metal ions is based on the 
fact that they are relatively easily reduced at  a variety of electrodes. In 
amperometric titrations the voltage applied across the reference electrode 
and indicator electrode is constant, and the current increments are 
plotted against the volume of titrating reagent added. 

Under well-defined conditions only a small residual current flows 
through the cell until all the -SH groups are blocked. The end point of 
the titration is then marked by the appearance of the diffusion current 
due to excess titrating rcagent. 

A plot of current us the volume of added titrant gives two straight 
lines which intersect at the equivalence point (Figure 1). Near the 
equivalence point, equilibration is slow since both reactants are present 
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at  very low concentrations. A very sharp inflexion is obtained with 
simple substances but with more complicated molecules such as proteins 
the removal of heavy metal ions froni the solution is slower and the curve 
reaches linearity only gradiially towards the end of the titration. 

0.5 1.0 1.5 2.0 

0,001 M AgNO, (mll  

FIGURE 1. Example of an aniperonietric titration of 1.0 nil of lo-% glutathione 
with lO-”ha silver nitrate. (From R. and R. E. Bcnesch, ‘Determination of 
-SH groups in Proteins’, Merhods of Biochemicnl Arinlysis (Ed. D. Glick), 

10, Interscience, 1962.) 

Principles and practice of amperometric titrations can be found in 
standard There arc two types of electrodcs i n  common use, 
namely the rotatilig platinum electrode and the dropping mercury 
clectrode. 

Mercaptide forination may also bc followed by potentionietry. 
Potentionietric titratio@ is performed measuring the potential of a 
reversible electrode under equilibrium conditions. The potential is 
proportional to the logarithm of the concentration of the ion to which 
the electrode is reversible. Metal thiol clectrodes, consisting of a mercap- 
tide layer on the surface of the electrode, are employed, since they are 
reversible to thiol as well as to the inctal ion. 
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1. Rotating platinum electrode 
The indicator electrode is made from a short piece of platinum wire 

sealed into a piece of glass tubing which is filled with mercury. The 
electrode is rotated at speeds of about 800 r.p.ni. 

A general apparatus for amperometric titration is shown in Figure 2. 
The reference electrode could be prepared by mixing potassiuni iodide and 

Angelo Fontaiia and Claudio Toiiiolo 

FIGURE 2. Apparatus for aniyeronietric titration: A, rotating platirium 
electrode; B, agar-filled glass tube; C ,  electrolyte solution; D, glass tube; 
E, salt bridge; F, reference electrode; G, galvanometer. (From S .  Siggia, 

@iiniititciiim Orgnnic Analysis viir Fi'liircrioiinl Grorips, Wiley, 1949.) 

mercury iodide i n  potassium chloride solution. A layer of mercury serves 
as the electrode. 

The rotating platinuni electrode has a number of limitations. The 
surface of the elcctrode has a tendency to become poisoned by the sulphur 
compounds so that it becomes erratic or unresponsive, and must be there- 
fore carefully cleaned prior to each titration. Another disadvantage of 
this electrode is its low over-voltage for hydrogen discharge. Hydrogen 
evolution will occur at the electrode, so that the number of reducible 
compounds which can be used as titrants is limited. 
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2. Dropping mercury electrode 

The limitations and disadvantages of .the rotating platinum electrode 
are eliminated by using the dropping mercury electrode. This is simple to 
set up and operate, and one electrode will give several years of trouble- 
free service with little attention. Automatic recording polarographs are 
available commercially. 

The dropping mercury electrode combines the unique advantages of a 
continuously renewed electrodc surface of constant characteristics, but 
is about ten times less sensitive than the rotating platinum electrode. 

Attempts have been made to combine the high sensitivity of the rotating 
platinum electrode with the reliability of the dropping mercury electrode 
by using a rotating mercury poolG2. However, this is not simple to set up 
and maintain, and the advantagc of a freshly formed surface of the 
mercury drops is lost. Nevertheless, the electrode has been used success- 
fully for estimating thiol groups in simple thiols and in biological 
substances. 

B. Mercury Compounds 
Inorganic salts of mercury, HgX,, form highly undissociated mercap- 

tides. Since ambiguities can arise from thti stoichiometry of the reaction 
(see below), alkylmercury derivatives of type RHgX are also used. There 
are numerous mercury derivatives available of differing molecular size, 
reactivity, solubility and specificity. Examples are alkylmercury com- 
pounds such as methylmercury iodide, inercurated alkylamides or phenyl- 
mercury compounds such as p-chloro-mercuribenzoic acid (pCMB) (9)G3. 

(9) 

All operations involving the usc of metallic mercury, HgX, or RHgX, 
whether a t  the preparative or analytical level, should be carried out in a 
well-ventilated area, preferably under a fume hoociG'-G5. These precautions 
apply equally to work with all highly reactive -SH reagents particularly 
the volatile ones. All of these reagents are toxic on inhalation and have a 
vesicant action on the skin at high concentrations. None must be pipetted 
by mouth. 

1. Inorganic mercury compounds 
Mercury chloride shows a complex stoichiometry and reacts with 

simple thiols to give compounds of the type (RS),Hg, (RS),Hg, or (RS),Hg, 
depending upon the amount of excess mercury chloride presentGG. 
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In spite of this, conditions niay be chosen for the titration of simple 
thiols with a strict 1 : 2 stoichiometry, under which a sharp endpoint, 
corresponding to the formation of (RS),h'g may be observed anipero- 
~ne t r i ca l ly~ '~~~ .  The samc is not true for the -SH groups of proteins, 
which according to thc conditions used will produce niercaptides of the 
type RSHgX or (RS),Hg. The steric proximity of -SH groups in proteins 
is a critical factor in determining the stoichionietry of the reaction. 

2. Alkylmercury compounds 
In contrast to the situation that obtains with mercury chloride only 

one mole of -SH reacts with RHgX6"", giving to organic mcrcurials 
an outstanding advantage (equation 13): 

(1 3) R'SH+RHgX > R'SHgR+H++X- 

In using compounds of the type RHgX it is important to realize that if 
X is highly electronegative, e.g. fluoride, nitrate, sulphate or phosphate, 
the compounds behavc largely as the salts RHg+X- and are more soluble 
in water and ethanol than in non-polar solvents. If X is chloride, bromide, 
iodide, acetate, cyanide, thiocyanate or hydroxide, the compounds are 
mainly covalent, volatile in steam and soluble in ether and benzene12.1'*. 

Although methylmercury iodide reacts more rapidly in alkaline solution 
than a t  pH 7, reaction still occurs sufficiently rapidly in neutral and acid 
solutions. Being a covalent compound the reagent has a limited solubility 
in water. Alternatively the more water-soluble CH,HgCI or CH,HgNO, 
may be usedI4. Methylmercury nitrate, which is very soluble, is best 
prepared in solution from methylmercury iodide by double decomposition 
with silver nitrate72. 

The end point in the reaction between -SH groups and organic 
mercury compounds has in general been determincd by ainperometric 
methods. The disappearance of -SH groups following addition of a 
mercury derivative has been also detcrmined using nitroprusside 
indicators. Alternatively, the excess mercurial could be determined 
c~lorimetrically~~. The procedure consists of equilibrating the -SH 
sample with a solution of CH,Hsi dissolved in toluene and determining 
the excess left in the toluene layer by titrating with dithizone in the 
presence of amylamine and acetone. The very high solubility of CH,HgI 
in the organic layer is a great advantage since, by minimizing the con- 
centration of free reagent in the aqueous phase, it enhances the specificity 
of the method. 
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3. p-Chloromercuribenzoate (pCM B) 

Several organic mercurials undergo spectral changes on reaction with 
thiols. However, thus far, p C M B  G3,74 is the only niercuria! which gives 
rise to an  adequate increase in absorption in a useful spectral region as the 
result of mercaptide formation (Figure 3). 

f\lercoptide with cysteine 

p -  Mercuribenzoote 

I I 

10 230 250 270 290 
Wavelength (nrn) 

FIGURE 3. Absorbancy of p-chloroniercuribenzoate and its rnercaptidc with 
cysteine in  0 . 0 5 ~  phosphate, pH 7.0. (Reproduced by permission of the 
Anicrican Chemical Society from P. D. Boycr, J.  Anter.. Cliem. Soc., 76, 

433 1 ( 1  954).) 

pCMB exhibits an absorption maximum a t  233 n m  with a molar 
absorptivity of 1 . 6 9 ~  lo4. On formation of a mercaptide, the molar 
absorptivity increases to 2.2 x 10'. However, a much larger difference in 
absorbance is observed between pCMB and its mercaptide in the region 
from 250 to 255 nm, which directly reflects the amount of reagent reacted. 

The method of BoyerG3 is the only one which measures directly a 
property of the newly formed Hg-S bond, i.e. its U.V. absorption in the 
region of 250 nm. The technique used is to titrate the mercurial with the 
-SH compound until therc is no further change in the absorption. 
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Insicad of a single measurement with an excess of pCMB, the assay is 
therefore carried out in the form of a spectrophotometric titration. 

Initial studies8 with pCMB employed nitroprusside titration to detect 
the number of sulphydryl groups in proteins. Other methods73 have 
determined the excess mercurial remaining after reaction with the protein 
either colorimetrically or  amperometrically. 

The spectrophotoinetric method using pCMB introduced by Boyer is 
one of the most generally useful techniques for determining -SH groups. 
pCMB has been extensively used with great success as a quantitative 
reagent for measuring -SH groups in proteins. 

Problems concerning this analytical method should be mentioned. The 
extinction coefficient of the mercaptide formed could differ from protein 
to protein. Both components, reagent and protein, absorb strongly them- 
selves at 250 nm. The observed differences may be small and, hence, 
adequate corrections must be made but may prove difficult. 

C. Silver 
Silver ion has certain advantages for thiol analysis and a great deal of 

work has been done with The titrating metal ion is monovalent and 
can be standardized with a high degree of accuracy. I t  is easily reduced at 
a platinum or mercury electrode and is readily reversible at the silver 
electrode. 

The reaction of silver with thiols has been most frequently followed by 
amperometric titration at  the rotating platinum electrode. The procedure 
is sensitive (approximately 1 0 - 5 ~  -SH) and can be carried out in neutral 
aqueous solution. 

Unfortunately, the stoichiometry of the reaction (equation 14) cannot 
always be relied upon, since the mercaptide formed (RSAg) can complex 

RSH+Ag+ - RSAg+H+ (1 4) 

additional silver. This co-ordination by the silver mercaptide depends 
greatly on the nature of the R residue to which the -SH group is attached. 
If this occurs to any extent under the conditions used for the estimation 
of the -SH groups, a positive error would r e ~ u l t ~ ~ - ~ ~ .  

Substances which form stable complexes or insoluble salts with silver 
ions (e.g. cyanide, iodide, chloride, bromide and sulpliide) are also 
expected to interfere. Possible steric hindrance to the access of the Ag+ 
ion to the -SH groups should also be kept in mind. 

These difficulties can be minimized by varying the pH or by using 
complexing agents for the heavy metal. The silver ion is converted to an 
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electro-reducible complex, so that all the heavy metal reagent is present 
either in thc coniplex fcrm or as the mercaptide. 

Examples of this procedure are the use of ammonia, or tris-(hydroxy- 
nietliylaminomethane) buffer. Sluyterma~P has shown that the expected 
1 : 1 stoichiometry between Ag+ arid cysteine can be obtained using 
iniidazole buffers. 

Kolthoff and HarrisR' described the amperomctric titration of some 
aliphatic tluols with silver nitrate i n  95% ethanol with ammonia and 
ammonium nitrate using thc rotating platinum electrode. The silver ion 
was present as Ag(NH& and therefore chloridc ion did not interfere. 

The potential on the indicator clcctrode was adjusted so that it was 
sufficiently negative to reduce Ag(NH,)Z but not oxygen. 

I t  has been shownR5 that the addition of an excess of standard potassiuin 
p-chlorornercuribenzoate prior to the titration with silver nitrate effectively 
blocks the reaction with the Ag(NHs),$ ions. Such a procedure appears 
desirable as a test of the specificity of the titration when proteins, for 
example, are being analyscd. 

Recently, Gruen and H a r r a ~ ~ " ~ ~  used a specific-ion electrode8R189 
which is highly selective to Ag+ to observe the end point in the titration of 
thiols with Ag +. The potential a t  the Ag/S specific-ion electrode depends 
only on the equilibrium activity of free Agf (the only interfering species 
known is Hg2+), whereas the current at  the rotating platinum electrode 
depends on thc dynaiiiic reduction of any reducible species and may there- 
fore not be as selective as the specific ion electrodes. 

As Ag+ was addcd to the tliiol there was very little change in potential 
until the end point was almost reached (Figure 4). Beyond the end point, 
the potential rose rapidly due to the excess Ag+. The end point was taken 
as the intersection between the linear baseline and the curve of potential 
us excess Ag-'. The method was shown to be accurate (+2%) and 
found applicable also to the determination of -SH groups in proteins. 

D. Other Mercaptide Forming Agents 

Klotz and Carvergo titrated thiols with salyrganic acid (10) using 
piperidi ne-2-azo-p-dimct 21 ylan i l i  ne as indicator. Combination of excess 
salyrganic acid with the indicator gave an increase in absorption at  
550 nni. 

OCHPCOOH 

CON H -C H,- C H (OC H,) - C H,H g OH 

(1 0) 
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Phenylinercury hydroxide, o-hydroxymcrcuri benzoic acid and various 

A bifunctional mercury compound (11) was used in studies of human 
other niercury compounds have also been used”. 

plasma albumin92*93. 
0 

I I 
0 

(1f) 

HOHgCH,i-IC’ ‘CH, 

H,C, ,CHCH,HgOH 

Coloured niercurials (12-16) have been employed extensively in bio- 
chemical work”*”. 

Klotz and coworkers”* 97 have used a colourcd mercurial, 4-(p-dimethyl- 
aminobenzeneazo)phenylmercury acetate (12), which has an absorption 
peak at 458 nm. 

l-(4-Chloroniercuriphenylazo)-naphthol-2 (mcrcury orange) (16) has 
found an application as a histochemical reagent for its red staining and for 
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being very specific for -SH groups”. The reagent was applied in non- 
aqueous medium for the quantitative measurement of -SH groups, 
although the method is extremely time-consuming. 

a. 

HO N = N 0 Hg 0 A c 

/ 
SOBH 

(14) 
HgOAc 

(16) 

Mercury orange dissolved in a mixture of acetone and phosphate 
buffer reacts rapidly and specifically with -SH groups in proteins. The 
combined mercury orange is then eluted quickly in acidic acetone, which 
directly reflects the number of -SH groups. The procedure was applied 
for the measurement of -SH groups in both soluble and structural 
proteins. 

The coloured mercurinitrophenol 2-chloromercury-4- 
nitrophenol (17), 2-chloromercury-4,6-dinitrophcnol (18), 4-chloro- 
mercury-2-nitrophenol (19) and 2,6-dichloromercury-4-nitrophenol (20) 
have been used as chromophoric probes for thiol groups in proteins and 
other biologically interesting thiols. They bind specifically a t  the -SH 
groups, and the binding reaction induces p K  changes and spectral changes 
of the nitrophenol moiety at  certain pH values. The reagents allow 
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OH O!-! 

indication of the microenvironment at their site of reaction. GP the 
mercurinitrophenols, 18 gives the greatest spectral change at pH 3.3-6-5, 
and 17 at pH 6.5-9-0. The changes of molar extinction coeficients at 
410 nm are in the region of I04. 

The versatility of the mercuri~iitroplienoIs enables them to be used as 
'reporter groups' indicating perturbations in biological macromolecules, 
in the determination of their tertiary structure, and as reagents for kinetic 
studies on the reactivity of the -SH groups95*99. 

V. COLORIMETRIC PROCEDURES 

Most of the colorimetric procedures for the quantitative dctermination 
of -SH groups have been developed for the purpose of determining the 
cysteine content in proteins. The need for such colorimetric procedures has 
decreased with the advent of the various chromatographic methods for 
the separation of the constituent amino acids of hydrolysates. 

A. Ellman's Reagent 
The use of 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB) (21) fcr the 

estiniation of sulphydryl groups was introduced by Ellmanlol and the 
procedure is extensively used because of its case and accuracylo2. DTNB 
has a higher standard oxidation/reduction potential than aliphatic 
disulphides and will react with aliphatic thiols by an exchange reaction 
to form a mixed disulphide and one mole of 2-nitro-5-thiobenzoate (23) 
per niole of thiol group (equation 15). The mixed disulphide 22 could be 
in turn cleaved by the mercaptan according to equation (16). 

RSH+ ArSSAr i RSSArfArSH (1 5) 

RSSAr+RSH __.- RSSR+ArSH (1 6 )  

(21 1 (22) (23) 

(22) (23) 

No, 
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However, whether reactions (15) or  (15) and (16) occur, the same 
stoichiometry applies, namely, 1 mole of 2-nitro-5-thiobenzoate anion is 
formed per mole of -SI4 group. The anion 23 has an intense yellow colour 
with a molar absorptivity of 13,6OO~-l cm-l a t  412 nm. 

With DTNB, a solution of 0.01 pmole of sulphydryl per niillilitre gives 
an absorbance of 0.136 (I-cni light path) at  412nm. Simple thiols, e.g. 
cysteine, give complete colour development within 2 min. The colour is 
not stable but slowly fades due to autoxidation (Figure 5). This can be 
delayed by the inclusion of EDTA in the reaction medium1°3~"J4. 

1 1 I I 1 I I 
0 20 40 60 

FIGURE 5.  Time-dependent absorption of Ellman's reagent with glutathione 
(v-v), cysteine (0- O), and mercaptosuccinic acid (8- @). (Reproduced 
by permission of Springer Verlag, from H. Wenck, F. Schwabe, F. Schneider 

and L. FlohC, Z .  Aiinl. Cliern., 258, 267 (1972).) 

Minutes 

Ellman's reagent has gained popularity rapidly especially in  the field 
of protein chemistry. The reaction is specific for conipounds containing 
a sulphur atom capable of existing as an anion at pH 8 such as cysteine, 
dodecanethiol, dithiobiuret, sodium sulphite, sodium thiocyanate, sodium 
thiosulphate, thioacetamide, thiopental and thiourea103. 
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The colour obtained in the assay requires metal-free reagents. There- 
fore 1 0 - 4 ~  EDTA is generally included i n  the reagent solution104. In 
addition, in analysing the -SH content of proteins, the reaction is 
performed under denaturing conditions (urea, guanidinium hydrochloride) 
to expose buried -SH groups. 

DTNB has also been used for the assay of sulphite and sulphide and as 
a reagent for the detection of various thiols on paper or thin-layer 
chromatogra~ns~~. 

Bis-(p-nitropheny1)-disulphide has been used by Maierlo5 for the 
dcterrnination of thiols in foods, and the hydroxynaphthyl disulphide 
(24)10G,107 was used to bind a naphthyl residue to the -SH groups of 
proteins which was subsequently reacted with a diazotized aniine. 

B. Dithiodipyridine Derivatives 

It has been shown that 2,2'-dithiodipyridine (25) and 4,4'-dithio- 
dipyridine are excellent reagents for the determination of -SH groups, 
because of a shift in their absorption upon reaction with a thiol'Os 
(equation 17) : 

2 os + RSSR (17) 

H 

QS-SQ + 2RSH - 
(25) 

The pyridinethiol formed is virtually exclusively in the thiopyridone 
form (26) (2-thiopyridone has A,,,, 343 nin and E 7060 and 4-thiopyridone 
Amas 324 nni and E 19,800). This fact has the double advantage of causing 
a shift in the absorption and making the reaction essentially irreversible. 
These are useful alternatives to Ellman's reagent in thc presence of 
substances which absorb in the region near 400 nm (e.g. heme-containing 
proteins). The method permits determination of less than 1.5 pg  of -SH 
group with 2,2'-dithiopyridine and of less than 0.5 pg with 4,4'-dithio- 
pyridine. Pyrimidine and thiazole disulphides were also tested in their 
utility as -SH reagents*09. 

One compound, 2,2'-dithiobis-(5-nitrcpyridine) (2)33, when treated with 
a thiol exhibits a wavelength shift into the visible range, and is suitable for 
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the visual detection of small amounts of thiols. 'This property can be 
applied to paper chromatography, electrophoresis, thin-layer chromato- 
graphy and in general whenever visual detection of thiols is desired. 
Several -SH containing compounds were detected using 1-10 pg 
quantities. 

C. Sulphenyl Halides 

The reaction of sulplienyl halides with the -SH group of cysteine to 
form a mixed disulphide was usefully employed for titrating the cysteine 
residues in proteins*lO. The reaction of cysteine with p-nitrophenyl- 
sulphenyl chloride (pNPS-CI) (27) is shown i n  equation ( I  8). 

No, 
(27) 

Taking advantagc of the ready cleavage ia alkalinc solution of alkyl-aryl 
disulphides (28) with formation of a thiophenol (cf. reference 11 1 for a 
discussion on the mechanism of the reaction), a method was developed 
involving labelling of the -SH-containing protein with pNPS-Cl in 
aqueous acetic acid. The p-nitrothiophenol moiety, covalently bound to 
the protein by a disulphide linkage, is then released by exposing the sample 
of pNPS-protein to alkaline media (0.1 N NaON). The highly coloured 
chromophore ( E  13,600 at  412 nm) was shown to  be quantitatively 
released from the S-pNPS-derivatives (28) if deaerated solutions were 
employed. The method was tested with model compour?ds as well as with 
proteins112. 

D. Other Methods 

The nitroprusside test could be adapted for quantitative determination 
of thiolss. Thc method is not specific for -SH groups, and substances like 
acetone, acetoacetate and creatininc also give a positive reaction. To 
obviate interference by traces of heavy metals 1 diop of 0 . 1 ~  NaCN is 
added, so that the colour does not fade so rapidiy. 

The basis of Saville's method113>11'* is the ease of reaction of -SH 
groups at low pH with nitrous acid to give -S-nitroso derivatives (29) 
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(equation 19). 
Angelo Fontana and Claudio Toniolo 

R S H + H N O ,  ( R S N O ) + H , O  (1  9) 

(29) 

After removal of excess nitrous acid with ammonium sulphamate the 
S-nitroso derivative is catalytically decomposed by mercury ions to give 
nitrous acid again (equation 20). The amount of this acid liberated can be 

( R S N O ) + H , 0 + H g 2 +  R S H g + + H N O , + H +  (20) 

ascertained by adding sulphanilamide. This gives a diazo compound which, 
on coupling with N-1-naphthylethylenediamine yields an intensely 
coloured magenta dye with an absorption maximum near 550 nm, the 
absorption of which is linearly related to the original thiol concentration. 

The sensitivity (10-8~ thiol) and specificity of this method make it 
ideally suited for the measurement of the -SH content of living cells, 
tissues and biological fluids. 

Circular dichroisni measurements have been recently applied to the 
titration of -SH groups in peptide molecules*15. By reaction of 2-fluoro- 
3-nitropyridine (30) with L-cysteine-containing peptides at  pH 9, 
S-(3-nitro-2-pyridyl)-~-cysteine derivatives (31) are obtained (equation 2 I ) ,  
which exhibit a positive Cotton effect a t  365 nm. 

N,O2 

I 
CHZ I 

---+ -NHCHCO- + H F  

s* (21 1 

SH 
I 

C H 2  
I aNO* (31 ) 

-NHCHCO- -I- 

N F  

The reaction was performed by adding increasing amounts of 30 to the 
solution of the -SH compound, and measuring the intensity of the band 
at  365 nm. The procedure was successfiilly tested with cysteine derivatives 
and glutathione. 

Analogously, methyl isothiocyanate (32) was usedllG giving S-methyl- 
thiocarbamyl-L-cysteine derivatives (33) which show a positive Cotton 
effect at  320 nm (equation 22). 

SH S-CS-NHCH,  
I 

C H 2  
I 

I 
CH, (22) 

I 
-NHCHCO- -I- C H , N C S  __f -NHCHCO- 

(32) (33) 
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VI. ALKYLATING AGENTS 

There is a wide choice of alkylating rcagcnts for -SH groups which inay 
be divided into two classes; (i) those with an 'active' halogen aton1 whicli 
reacts with the elimination of a halogen acid and (ii) those with an 'active 
double bond with which thc reaction is an addition. I n  both cases, the 
rate of reaction falls off sharply below pH 6 suggesting that reaction is 
with RS- and not RSH. 

293 

A. Carboxymethylation 
A number of alkylating agetits have been used in studies of -SK- 

containing substances, e.g. iodoace:ate, iodoacetamide, iodoethanol, 
methyl iodide and other alkyl halides. 

Tfie most extensively studied and the most useful rcagents are iodo- 
acetamide and iodoacetic acid"'. In gcncral the amide is more reactive 
(equations 23 and 24): 

RSH+ICH,COOH ----+ RSCH,COOH+HI (23) 

RSH+ICH,CONH, ----+ RSCH,CONH,+HI (24) 

The reaction of thiols with halogen compounds is a bimolecular 
nucleophilic substitution reaction, in which the reagent is the highly 
reactive thiolate ion''*. 

The carboxymethylation technique is exicnsivcly used in protein 
chemistry. The protein reacts at pH 9 with a n  cxccss of iodoacetate in the 
presence of urea or guanidinium hydrochloridc. The progress of the 
reaction may be ascertained by qualitative tcsts with a nitroprusside 
reagent. After exhaustive dialysis thc carboxymethylated protein is 
hydrolysed in 6~ HCI and thc S-carboxymcthylcystcinc is assayed by 
ion-exchange chromatography on the an;ino acid a n a l y ~ e r ~ ~ ~ .  If iodo- 
acetainide is used, the S-carboxamido~netl~ylcysteine is converted by acid 
hydrolysis to the S-carboxymethyl derivative. 

In thc absence of prccautions to exclude oxygcn during acid hydrolysis, 
destruction of S-carboxymethylcystcine may amount to between 10% and 
50%. The deaeration stcp is therefore extrczncly important and the use 
of a water pump is inrldequate. Other steps may also introduce artificial 
peaks in the chromatograins and it is important to observe the recom- 
mended conditions in each detail. 

Alkylating agents react also with amino, imidazolc and even thioether 
groups of proteins under certain conditions. Many of the complications 
connected with the use of iodoacctic acid stcm from the relatively small 
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difference in reactivity between -SH groups and other nucleophilic 
sites. Nevertheless the method is completely satisfactory for -SH groups, 
since S-carboxyniethylcysteine is being assayed directly on the amino acid 
analyser. 

Alternatively, the direct titration of the halogen acid formed by the 
reaction allows the deterinination of the thiol content*20.121. This procedure 
is very sensitive, but is feasible only with simple thiols. 

The H+ ions liberated are measured at constant pH, the choice of this 
pH being crucial. The fact that the rate of the alkylation increases with 
increasing pH would make it dcsirable to choose a high pH. On the other 
hand, at pH values above S, alkylation of -NH, groups becomes signifi- 
cant. The lowest pH at which the reaction proceeds at  a reasonable rate 
should therefore be used, and this is general!y found to be between 7.0 
and 7.5. 

The carboxymcthylation reaction can be followed by oxidation of the 
liberated iodide with hydrogen peroxide and colorimetric estimation of 
the iodine formed1". 

Smythe123 allowed the reaction to proceed in a bicarbonate-CO, 
buffer system and followed the evolution of CO, niano~netrically. 

B. Addition to Double Bonds 

neutral pH, according to equation (25)".'-127. 
N-Ethylmaleimide (NEM) (34) reacts rapidly with simple thiols at  

(25) 
RSH + CH=CH R S- CH - Ctl, 

I l -  > I I 

I I 
Et Et 

(34) (35) 

oc,N/co oc,N/co 

NEM has received considerable attention because its absorption 
spectrum has a rnaxinium a t  300 niii which disappears when the reagent 
combines stoichioinetrically with a compound containing an -SH 
group, as shown in Figure 6 ,  allowing quantitative spcctrophotonietric 
determination. 

NEM is of low reactivity i n  acid solution and unstable in alkali, so 
reaction is carried out by adding the thiol compound at  pH 6-7. 

The determination should be repeated using various amounts of -SIi 
compound and allowing the reaction to proceed for various lengths of 
time. The reduction in optical density of the NEM is converted into a 
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reduction in concentration of the reagent by referring to the calibration 
curve. 

A 1 0 - 3 ~  solution of NEM has an optical density of Olily ca. 0.62 at  its 
wavelength maximum of 300-305 nm. Because of this and its liniited 

230 250 270 300 340 

Wavelength (nm) 

FIGURE 6. The absorption spectrum of N-ethylmaleirnide (1.5 x 1 0 - 3 ~ )  in 
phosphate buffcr (0-IM, pH 6.0) in the prescncc of increasing amounts of 
cysteine. (1) Without cysteine; (2) 0.15 x 1 0 - 3 ~  cysteine; (3) 0.75 x 1 0 - 3 ~  
cysteine; (4) 1.27 x 1 0 - 3 ~  cysteinc; (5 )  1.50 x 1 0 - 3 ~  cystcinc; (6) 1.50 x 1 0 - 3 ~  
cysteine alone. (Reproduced by permission of the Amcrican Chemical Society 

from E. Roberts and G. Rouser, A m / .  Clzenz., 30, 1291 (1958).) 

reactivity as an -SH reagent, high concentrations of thiol are required in 
the estimation and  the reaction must be carried out with an  excess of 
NEM and solutions should be incubatcd before the reaction is complete. 

The reaction of NEM with thiols is also useful for chromatographic 
determinations. The product gives an intense red colour in alkaline 
solutions128. 



296 

The method has been extensively used for the determination of cysteine 
in In this case, the prodfict (35) could be estimated either 
spectrophotometrically or, after acid hydrolysis in 6~ HCI, as S-succinyl- 
cysteine (36) by automatic amino acid analysis. 

Angelo Fontana and Claudio Toniolo 

H,N-CHCH,-S-CHCOOH 
I I 
COOH CH,COOH 

(36) 

Thc adduct of NEM with frec cysteine (37) undcrgoes a n  intra- 
molecular transamidation to 38 at p H  9 (equation 26)132. 

CH,-CO 
\ I NEt FH,-CONHEt 

The formation of a stable alkyl derivative that resists acid hydrolysis 
is an important feature of this reagent. 

Since proteins rcact more slowly with NEA4 than do simple thiols, a 
pretreatment of the protein sample with urea solution is suggested i n  
order to expose the lcss reactive SH groups. Moreover, NEM is of limited 
-SH specificity and under the conditions used will combine slowly with 
other functional groups. Its LISC is thereforc not to be recommended unless 
the more spccilic methods cannot bc used. 

Other substituted nialeiniidcs have proved useful, since they introduce a 
chromogenic substituent into biologically important substances, especially 
proteins. Such reagents allow niodification of reactive -SH groups in the 
protein and ready detection of the appropriate peptide after protcolytic 
degradation and separation13G. 13’. 

These include, N-(4-di1iictliylamino-3,5-dinitroplicnyl)nia~ei1iiide 
(39)133915* and N-(2,4-dinitrophenyl)malcimidc 

41  is not coloured but its derivatives with tetrazotizcd di-o-anisidine 
are, and give a scnsitivity 100 times greater than NEM itself. 42 (X = 0 
or S) is fluorescent and by reaction with -SH groups can introduce a 
fluorescent label into proteins. 
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Sevcral bifunctional maleimide derivatives (N,N'-(I,ZpI~enylene)- 
bislnaleimide (43)138, azophenyldimaleimide (44)139, N,N'-hexamethylene- 
bismaleimide (45)140, and bis(N-maleimidomethy1)ether (46)141-143 have 
been used as cross-linking reagents in protein chernistryla. 

6- 0 
4 - C H20C H2-$ 

0 0 

Acrylonitrile is another effective alkylating agent for th i01s l~~~ lrlG. 

The reaction is quantitative resulting in cyanoethyl derivatives (equation 
27). 

RSH+CH,=CHCN > RSCH,CH,CN (27) 

Alkylation of protein sulphydryl groups with acrylonitrile is extensively 
used i n  protcin chemistry for protcin modification studies as well as for 
analytical purposes. Upon acid hydrolysis, the S-cyanoethyl derivative of 
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cysteine is converted to the S-carboxyethy1 derivative 47 which is estimated 
by automatic amino acid analysis. 

HzNCHCH2-S-CH,CHzCOOH 
I 
COOH 

(47) 

However, the method has its limitztions since 47 is partially destroyed 
during acid hydrolysis of the proteins. On chromatograins of protein 
hydrolysates that contain a large amount of glutamic acid, 47 is not well 
resolved. 

A reagent was therefore sought that would modify protein sulphydryl 
groups to yield a derivative which would be stable to acid hydrolysis and 
which could elute a t  a convenient position on an amino acid analyser. 
2-Vinylpyridine meets all these requirements, and reacts specifically with 
thiol groups at  pH 7.5, cystcine being converted to S-/3-(2-pyridylethyl)- 
cysteine (PEC) (4S)l.". 

I 

NH2 
(48) 

In addition to ion exchange chro~iiatography*~*, U.V. spectroscopy could 
also be employcd for quantitative dcterminations. The PEC-residue has an 
absorption maximum at 263 iim with an extinction coeflicient of 5000. 
Unfortunately, the molar extinction of the cysteine derivative was found 
to be solvent dependent and varying with the composition and molecular 
size of the protein. 

2-Vinylquinoline with thiols produces a 2-quinolylethyl derivative which 
absorbs at 318 nni with a molar extinction of 10,000 in 0 . 1 ~  acetic acid. 
Since proteins do not usually absorb at  this wavelength, the reagent is 
useful for the deterniination of cysteine content in  intact proteins. Optimal 
conditions for the reaction require equimolar concentration of 2-vinyl- 
quinoline to the SH groups and 4 h reaction tirne1'l9. 

Ethacrgnic acid was also employed as an - S H  reazent in physiological 
studiesl"O. 151 

C! ,y 

CH,=C-CO I e O C H 2 C O O H  

CH,CH, 
Ethacrynic acid 
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Vll. RADlOCHEeJllCAL METHODS 

Various disadvantages of the traditional mcthods of thiol group alialysis 
are circumvcnted by the use of radiolabclfed reagents. Radiochemical 
mcthods cac  be readily automated by means of scintillation counting, so 
that largc numbers of samples can be estiniated rapidly and precisely. 
Sensitivity is often the most important fcature, especially in  biochemical 
work. 

The scnsitivity of radiochemical methods is theorctically li~nited only 
by the specific activity of the reagent used. Extremely low levels of -SH 
may be estimated, i.e. less than one millimicromole of SH. 

Mercaptide formation has been used in a direct labelling technique for 
cstiniation of tliiol groups in insoluble proteins, such as wool fibres, using 
either [203Hg]-phenylmercury acetate or [lJC]-niethyl~nercury iodide. 
Samples containing [?03Hg] have to be coinbusted before counting by 
liquid scintillation, whcreas they can be counted in the y-counter in the 
solid state152. Samples containing 14C were combusted to 'TO, and assayed 
by liquid scintillation counting. 

The excess radioactive reagent must be removed after reaction with the 
protein sample by dizlysis or precipitation of the protein. The method 
therefore is not suitable for simplc thiols. 

Radioactive mercurial compounds have a!so been used for the auto- 
radiographic detection of reactive protein thiol groups in haenioglobin 
chains1*j3. It was found that insulin and ribonuclease (which containcd 
disulpliide and no thiol groups) did not bind the mercury compound, 
whcrcas with other proteins there was a general correlation between the 
-SH content and the autoradiography dcnsity. 

Erwin and Pederson1s4 used a sensitive gel filtration method for the 
determination of protein thiol groups with carboxyl-labellcd [14C]-p- 
chloromercuribenzoic acid ([1JC]pCR4 B). Unreacted reagent was separated 
by gel filtration using a Sephadex G25 column. Thc lowest level of protein 
assayed appeared to be 30-40 pg i n  0.2 1171 of incubation niixturc. 

"C-Zodoacctic acid or *C-iodoacetamidc have bcen extensively used in 
protein c1ieniistl.y wor~I*~~,1*-)fi. Sjilce side rcactioiis with other amino acid 
side chains could occur (niethionine, lysine, histidinc aiid tyrosine) non- 
specifically bound radioactivity can easily amount to lo:<. 

Labelled N-ethylmaleimide ("C-NEM) (49) has also receivcd much 
zttention. The rcageiit is commercially available and uptake can 
readily be n1easured1j7-1G0. Addition of IJC-NEM to a thiol group (i.e. 
cysteine) results in the forination of labelled S-(ethy1succinimido)-cysteine 
(50) (equation 28). On acid hydrol>isis 50 is convertcd to S-succinYl- 
cysteilic and cthy]an1i11e, both of which can be determined quantitati\=ly 
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RSH + 11 /NEt __j I /  NEt (28) 
co\ 14 CH-co R S -'4 C H - 

\ 

14CH-C0 14CH,-C0 
(49) (50) 

by means of amino acid analysis. Since unreacted NEM liberates ethyl- 
arnine, care must be taken to remove all traces of excess reagent prior to 
hydrolysis. This allows a direct measure of the amount of cysteine i n  the 
protein that has reactcd with the reagent. 

The limitations of the use of NEM as a tliiol reagent for analytical 
purposes apply also in the case of 14C-NEM, so that the procedure will 
be more useful for scmi-quantitative than for precise analysis, and, in  
protein chemistry for locating SH sitcs in  pcptide fragments. 

By reaction of [3.jS]-tetraethylthiuram disulphide (TETD) (52) and 
protein thiol groiips stoichiometric amounts of the [3sS]-diethyldithio- 
carbaniate (53) ion arc produced, according to equation (29)lG1> lG2. 

35s 35s 
I I  II 11 II 

(51) (52) (53) 

RSH+ Et,N -C-3SS-35S-C-NEtz ---+ RS-35S-C-NEt,+ Et,N-C-3SS- (29) 

The dithiodicarbaniate ion (53) has to be separated and allowed to 
decompose at pH 4 to give C3jS,, which is trapped in alkaline piperidine 
and its radioactivity measured by liquid scintillation counting (equation 
30). 

35s 
I I  

(30) 
H -+ EtzN-C-35S- - Et,NH+C3'S2 

p H  1 

The method was applicable to 10 pg quantities of protein and its 

Alkanethiols rcact differcntly and give alkyl disulphidcs according to 
precision was comparable to that  of most existing methods. 

equation ( 3  1 ) .  
S S S 
II  II I I  

RSH+Et,N-C-S-S-C-NEt, ~ > RSSR+2 Et,N-C-SH (31) 

A radiochemical procedure is described by Fletcher and RobsonlCJ. 
If acid hydrolysis of a protein is carried out in  the prescncc of free ["S]- 
cystine, the cystine found in the hydrolysate and all of its decomposition 
products, including cysteinc, becomc uniformly labclled, i.e. thcy acquire 
the sainc specific activities by soine kind of interchange mechanism. 



5. Detection and determination of thiols 
VI I I .  MISCELLANEOUS 

301 

A. Total Sulphur 

Several methods for the determination of total sulphur in organic 
compounds are available1". Oxidation of sulphur to sulphate is 
accomplished by oxygen, peroxides, potassium chlorate or fuming nitric 
acid. The dctcrininatioii of sulphate can be performed by gravirnetric 
analysis or by titration with barium chloride using tetrahydroxyquinone 
or thorin as the indicators. Thc cxcess of barium chloride can be also 
determined by amperometric, conductonictric or complexomctric titration. 

Organic sulphur may be also reduced to sulphidc, the latter then being 
deternii lied by i odornetric t itratio nl". 

Earlier methods for sulphur analysis are now supcrseded by the oxygen- 
flask combustion mcthod of Schoniger16fi. The apparatus is extremely 
simple, consisting nicrcly of an Erlenmeyer flask with n platinum com- 
bustion basket attached to the stopper. 

8. Sulphides 
Quantitative analysis of sulphides can be carried out by oxidation to 

sulphoxide with bromine in aqueous solution (equation 32) IGi .  

R,S+Br,+H,O ___ > R,S0+2 HBr (32) 

Oxidation to the sulphoxide is rapid, whereas further oxidation to the 
sulphone is slow. Hence, i t  is possible to titrate directly with bromine. 
A standard acidified brornate-bromide solution can be used to form 
bromine irz sitir (equation 33). 

BrO;+5 Br-+6 H +  -- > 3 Br,+3 H,O (33) 

The end point in  the titration is detected by thc first lasting colour of the 
exccss free bromine. The end-point colour fades because of oxidation to 
sulphone, but so slowly that it can bc detected without dificulty. 

Aliphatic sulphides and iodine form a 1 : 1 complex which absorbs 
intensely in the ultraviolet1Gs. Since the absorptivity of diirerent com- 
pounds of the class varies somewhat the accuracy is lcss than 4%. 

On oxidation with potassium permanganate or hydrogen peroxide, 
sulphides yield the corresponding sulphones, some of which, especially 
aromatic ones, have properties suitable for identification. 

Another mcthod uses the reaction of sulpliides with alkyl halides, i.e. 
formation of sulphoniiim salts (equation 34)'G9. p-Bron1ophenncyl broiiiide 

R,S+R'X -----+ R,R'S+X- (34) 
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is employed as an alkylating agent. However, sulphides with branched 
chains eithci do not form p-bromophenacylsulphonium salts at all, or  do 
so only in low yields170. 

A suitable method for identification of sulphides consists in their 
conversion to sulphilimines (55) on reaction with the sodium salt of 
sulphonylchloramine (54)171. 

R,S + A rS0,N CI Na - R , S N S O ,  A r 4- N a C l  (35) 

Chloramine T is most convenient for identification purposes. The 
separation of p-nitrobenzenesulphonylsulphiliniines by means of paper 
chromatography has been descri bed171. 

C. Disulphides 

Disulphides are most conveniently estimated by conversion to thiols. 
Disulphide samples containing thiols can be determined by first 

analysing the unreduced sample for thiol and then reducing the disulphide 
and determining the total thiol content; the disulphide content is obtained 
by difference. 

The reaction between bromine and disulphidcs provides a method for 
the direct disulphide determination with accuracy and reproducibilitylG7. 
However, the method (equation 36) has the disadvantage of being affected 
by a large number of interfering compounds. 

RSSRf5 Br,+4 H,O - 2 RSO,Br+8 HBr (36) 

Mixtures of alkyl sulphides and disulphides can be determined by first 
obtaining the total of the two types by bromination and then determining 
the disulphide by reduction followed by determination of the thiol 
con tent. 

CIi,COOHg O q x c g  0 0 CC H, 
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Another direct assay for disulphide groups employs their quenching of 

the fluorescence of fluorosceiii mercury acetate (56)172. In alkaline solution, 
thiols quench to only 5% of the extent of disulphides and their contribution 
can easily be eliminated, e.g. by alkylation with iodoacetate. The method 
is very sensitive (IO-’M) and gives values for the disulphide content of 
some proteins which agree well with the known values. 

1. Cleavage of disulphides 
We will now consider the methods available for splitting disulphide 

bonds. 
a. Redrution. Disulphides can be easily reduced to the corresponding 

thiols, for example with zinc and sulphuric acid in acetic acid, or also with 
lithium aluminium hydride17”17‘j. Zinc dust and magnesium were used 
for reducing oxidized glutathione. Kolthoff and coworkers173 used both 
amalgamated zinc and diluted zinc amalgam for aliphatic disulphides. 
Sodium amalgam was used to reduce an acid solution of cystineI7‘j. 

Although it has been relatively little used, electrolytic reduction could 
also be successfully employed. Dohan and W ~ o d w a r d l ~ ~  described the 
reduction of oxidized glutathione in acid solution at a stirred mercury 
cathode. The voltage used was sufficient for hydrogen to be evolved. 

Sodium borohydridc has been also used successfully. The reduction is 
carried out i n  alkaline solution, an.J the excess borohydride is subsequently 
iemoved either by acidification or with acetone. This reduction was 
applied to proteins by Moore and coworkers17s and the -SH groups 
produced were converted to the S-carboxymethyl derivative by reaction 
with iodoacetate. In some cases peptide bonds were also reduced; this 
side reaction can be minimized if the reduction is carried out in the 
presence of ethylenediaminetetraacetic acid. 

The traditional method of reduction of protein disulphide groups is by 
treatment with high concentrations of thiols. Reagents that have been 
used are cysteine, reduced glutathione, ~-n~ercaptoe thanol~~” ,  @-mercapto- 
ethylanzine180 and thioglycollic acidlgL. 

The reaction may be represented by equation (37) from which i t  is 

R S S R + 2 , R ’ S H  7 2 R S H - t R ’ S S R ’  (37) 

obvious that i n  order to drive the reaction in the desired direction a 
considerable excess of thiol has to be addedls2. 

The reagent of choice for the reduction was /3-mercaptocthanol until 
~eccntly, wlicn dithiotllrcitol (DTT) (57)la331s4 became conlmercially 
available. The use of DTT as a reducing agent for disulplzides was first 
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described by Cleland, and the reagent bears his name (equations 38 and 
39). 

OHOH OHOH 
I I  I I  

RSSR+HSCH,CHCHCH,SH ____ t RSSCH,CHCHCH,SH+RSH (38) 

c 
H2C'-'S 

I I + RSH 
HO-HC, ,CH2 

(58) - 
CH 

(39) 

I 
OH 

(59) 

The overall reaction proceeds nearly to completion because the 
formation of a &membered ring (59) containing a disulphide bridge is 
energetically favoured over the mixed disulphide. 

The oxidation/reduction potential of DTT at pH 7 and 25°C is - 0.33 V 
compared to - 0.22 V for cysteine. These two values allow one to calculate 
an overall equilibrium constant of 10% for the rcduction of cystine by 
DTT. 

This reagent can be used at a much lower concentration than P-mercapto- 
ethanol by virtue of its lower oxidation/reduction potential and its 
resistance Lo air oxidation. An additional advantage of DTT is its relative 
lack of the characteristic unpleasant thiol odour. 

b. Sttlpltite twatnieiit. When disulphides are treated with alkali sulphite, 
thiols and sulphenylsulphites (Bunte salts) (60) are fornied (equation 40) : 

RSSR+SO:- > RSSO;+RS- (40) 

The reaction was extensively studied189-188 and found to be reversible, 
so that the concentration of sulphite must be kept high. The equilibrium 
constants for many simple disulphides have been dcterinined and found 
to be lower for those containing negatively charged groups than for 
neutral or positively charged molecules. 

By mild oxidation (oxygen, sodium tetrathionate, iodosobenzene) RS- 
is reconverted to RSSR so that the reaction with sulpliite progresses to the 
quantitative conversion to RSSO,. This may also be achieved by carrying 
out the sulphitolysis step in the presence of Cu2+ lxn-lm (equation 41). 

RSSR+2 Cu2++2 SO:- ----+ 2 RSSO;+2 Cu+ (41 1 

RSH+2 Cu2++SO:- f RSSO;+P Cu++H+ (42) 

(60) 

Any thiol prescnt will also be converted to S-sulplionate (equation 42). 
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Kolthoff and StrickP2 have made these reactions the basis of an 

analytical method for thiols and disulphides. Reduction of cystine 
residues of proteins with dithiothreitol followed by treatment with an 
excess of sodium tetrathioriate is the basis of the method of Inglis and 
Liulg3 for the determination of the half-cystine residues in proteins as 
S-s ul pli ocys tei ne. 

Cyanide will also react with disulphides in a similar way to sulphite 
(equation 43)l". 

(43) 
If the disulphides contain free aniino groups, as with cystine, cyclic 

RSSR+CN- ----+ RSCN+RS- 

arnidine derivatives (61) are f ~ r r n e d ' ~ ~ - ~ ~ ~ .  ""-i-JH2 
N-CH-COOH 

(61 1 
Tri-mbutylphosphine (Bu3P) is also a reductant for disulphide bonds 

RSSR+Bu,P+H,O ~ > 2 RSH+Bu,PO (44) 

Phosphorothionate (62) was used for the opening of disulphide bonds 
in proteins. The reaction is a nucleophilic heterolytic scission (equation 
45)coo'. 202. 

RSSR+SPO:- ----+ RSSPO:-+RS'- (45) 

c. Oxidation. Thiols and disulphides are oxidized to sulphonic acid 
derivatives by a variety of strong oxidizing agents, such as hydrogen 
peroxide and various peracids, particularly performic acidco3. 

The scission of disulphide bonds by oxidation with performic acid is a 
standard technique in protein clieinistryz@l, sincc its introduction by 
Sangerco5*"OC in researches with insulin. Cysteine and cystine residues are 
converted to cysteic acid, which, after acid hydrolysis of the protein sample, 
is determined by automatic amino acid analysis. 

The performic acid reagent is made by mixing 5 volumes of 30% 
hydrogen peroxide and 95 volumes of 99% formic acid. The titre of 
peracid reaches a niaximum after about 120 min arid decreases slowly 
thereafter. Only freshly prepared reagent should be used. 

Since the reaction is usually conducted with a 10-fold excess of reagent, 
removal of this excess from the protein must be accomplished under mild 
conditions. The most satisfactory approach is to reduce the excess reagent 
by ascorbic acid, sulphides or sodium sulphite. Alternatively, the reagent 
may be greatly diluted with water and the solution lyophilized*@'. 

(equation 44)198-200. 

(62) 
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Another possibility for the oxidative cleavage of disulphide bonds 

involves ozonization in 99% formic acidzo7. The yields of cysteic acid by 
this method using cystine as a model substance were as high as 98%. 
Photochemical oxidation2OS in the presence of cresol red or crystal violet 
as sensitizers proved also to be a useful technique for the quantitative 
conversion of cysteine to  cystcic acid. 

IX. SPECTROSCOPIC METHODS 
A. Ultraviolet Absorption 

The -SH chromophoric group in alkanethiols, characterized by the 
sulphur nonbonded electrons, has been extensively investigated both 
experimentally200”-221 (Table 1) and theoretically2og* “ O .  The U.V. spectra 

TABLE 1. Electronic spectra of some aliphatic thiols 
~ 

Compound Sol VCll t (mi) log E , , , , ~  Reference 

Hydrogen sulphide Vapour 

Sodium sulphide Water 
Methanethiol Vapo i i  r 

Ethanethiol Vapour 

n-Ilcxane 

Propane-2-tliiol 
B ii  t anc t h i ol 

Butane-2-t hi01 
2-Methylpropane-2- 

Cyclohc xanet hiol 
2,5-Hexancdi t hi01 
2-Mcrcap toethanol 
2-Mercaptopropan- 1-01 

thiol 

n-Heptane 
Ethanol 
Cyclohexane 
Cyclohcxane 
1~ NaOH 
Cyclohexznc 
V a po iir 

Cyclohexanc 
Ethanol 
pH 0.33 
Ethanol 

2-Mercaptopropionic Ethanol 

Cysteine pH 0.31 
acid 

Water 

NaOH 
Sa-Cholestane-3a-thiol Cyclohexanc 
Sor-Mercaptocliolestanc- Cyclohexanc 

3/3-yl acetate 

190-200 
190 
230 
204 

203 
225-235 

225-235 
225-230 

195 
225-230 
225-230 

240 

205 

227 
224 
19G 
230 
206 
235 
206 
190 
199 

235 
229 

225-235 

22 5-2 3 0 

3.3 
3.2 
3.7 
3.4 
2.3 
3.3 
2.3 
2.2 
3.1 
2.2 
2.2 
3.7 
2.1 
3.5 

2.1 
2 4  
3.4 
2.0 
2.7 
2.3 
2.8 
3.4 
not 

reported 
3.5 
2.1 
2.2 

290, 2 10 
21 1 
212 
209 

209 

212 
21 1,212 

213 
213 
214 
21 3 
209 

215 
21 7 
21s 
219 

219 

21s 
220 

22 1 
216 
216 
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of thiols exhibit an intense absorption band located near 200 nni 
accompanied by more complex absorption(s) of much lower intensity in 
the 220-240 nni region. 

Owing to position and/or oscillator strength of these bands, the u.v. 
absorption technique is not a method of choice for detection and deter- 
mination of saturated aliphatic thiols. Conversely, the U.V. spectra of 
aromatic thiols222-22s well characterize this class of compounds, since they 
present a clearly defined maximum at 235-240 nin and a relatively weak 
and broad absorption from 265 to 295 nm which shows fine structure 
(Table 2). The erect of alkyl substituents in thiophenol appears to  displace 

TAULE 2. Electronic spectra of sonic aromatic thiols 

Thiophenol Vapour 

ri-Hexane, 
cyclohexane, 
or 2,2,4- 
triniethyl- 
pentane 

11-Hexane 
i- Oc t a ne 

Et ha no1 
(3 -Met h y I )  t h i o p he no I Ethanol 
(3-Methy1)thiophenolate Ethanol 
(4-Methyl)thiophenol Cyclohexane 

Ethanol 
(4-Methy1)thiophenolatc Ethanol 
(4-t-Butyl)-thiophenol Ethanol 
(4-t-Butyl)-thiophenolate Ethanol 

270-285 not reported 
235 not reported 

270.0-285.8 not reported 
(10 bands) 

272,280,288 
235 

27&290 
235 
237 
239.5 
27 1 

280,256,295 
237 
270.2 
238.6 
270.2 

2.8,2,8,2.6 
3.9 

2.7-2.9 
4.0 
4.0 
3.8 
4.2 

4.0 
4.2 
4.0 
4.2 

2.7-2.9 

222 
222 
223 

224 
225 
226 
226 
227 
228 
228 
224 
228 
228 
225 
228 

the main absorption band to lower excitation energies228. In going from 
the thiols to the corresponding thiolates there is also a red-shift of the 
wavelength maximum accompanied by an increase i n  thc oscillator 
st rengt h228. 

The more intensc band a t  235-240nm is very probably a charge- 
transfer band S(3pn) -+ ring(n*), whereas the inflection band at 265- 
295 nm can be assigned wit11 little doubt as the benzene analogue lL,,+lA 

1 1  
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transition. There has been considerable discussion on the involvement of 
sulphur 3d orbitals in n-bonding to the ring224*220. The most recent 
~ t u d i e s ~ ~ 9 ~ ~ 0  seem to indicate that if there is any stabilization of the 
T orbitals by the use of sulphur 3d orbitals, it is very small and has little 
effect on orbital energies. The available data are consistent only with a 
perturbation of the benzene ring T orbitals uia S(3pn)-C(2p~) bonding. 

B. lnfrared Absorption 
1. S-H Stretching vibrations 

The location of the S--H stretching absorption band has been extensively 
investigated (Table 3). It occurs as a sharp, easily recognized although 
rather weak band in the range 2600-2550 cni-l. If allowance is made for 
these factors, the presence or absence of a band in this region can afford 
decisive evidencc for the occurrence of a thiol group. Alkanethiols absorb 
towards the top of this range, aromatic thiols in  thc middle, and thioacids 
at the bottom. 

BelP19232 was able to show that the bands near 2570 cin-' in thiophenol 
and in the 4-thiocresol were absent from the corresponding sulphides. 
This early assignment was fully supported by later workers. Ellis233 
found the first overtone in the 5000 cni-l region, Williams extended the 
series of thiols examined by Bell showing that all of them absorbed near 
2600 cm-l. Trotter and and S h e ~ p a r d " ~  have each studied 
several simple thiols and compared them with the corresponding sul- 
phides demonstrating in all cases the disappearance of the S-H 
absorption, which they assign as being in the range 2560-2590 cm-l. 

Hydrogen sulphide has its asymmetric SH mode at 2688 cm-l 237. 

This is a n  exceptional case, and organic thiols do not appear to  absorb at 
higher frequencies than 2600 cm-l. This has been confirmed by subsequent 
papers on this c o r r e l a t i ~ n ~ ~ ~ ~ ~ ~ ~ .  From earlier studies it would seem that 
only very weak h y d r o p i  bonds are formed in most thiols, although a few 
excepiionai instances of relatively strong bonds are known. 

Association of the SH link with the oxygen atoms of ethers, sulphones 
or carbonyl compounds does not result i n  frequency shifts of more than 
10-20 cm-l*'O. It is clear, both from the fact that some shifts occur and 
froni the intensity changes, that hydrogen bonds are but these 
are very weak so that thiolacetic acid does not diinerize in the liquid 
state2". Even with the ethyl ester of thiosalicylic acid, in which the -SH 
group is particularly well placed to form a strong intramolecular hydrogen 
bond, the frequency shift is only 23 cm-l, as compared with p - t h i o c h r e ~ o l ~ ~ ~ .  
Also there is in general little change in the frequency of -SH absorption 
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TAULE 3. S-H Stretching bands of sonic thiols 
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Coin pou nd 

Ethane t h i ol 

Propane-1 -thiol 

Propane-2-thiol 
Butane-I -tliiol 
2-Methylpropane-1 -thiol 
Butane-2-thiol 
2-Methylpropanc-2-thiol 

2-Methylbu tane-2-thiol 
Cyclohexanethiol 
(3-N,N-Diet hy1amino)propanc- I -thiol 
(3-N,N-Diphenylamino)propane-l-tIiiol 

Ethane-l,2-dithiol 
Propane-I, I-dithiol 
Propane-2,2-di thiol 
Pentane-3,3-dithiol 
Cyclohexane-1 , I  -di t h i d  
Thiophenol 

2-Chlorothiophenol 
2-Bromothiophenol 
3-Chlorothiophenol 

3-Bromothiophenol 
4-Chlorothiophenol 

4-Bromothiophenol 
4-Iodothiophenol 
2-Mercaptobenzoic acid 
Ethyl-2-mercap tobenzoatc 
4-Thiocresol 
Thiolacetic acid 
Dithioacetic acid 
Trithiocarbonic acid 

Dimethyldithiophosphoric acid 

'Diphenyldithiophosphinic acid 

vS-H (cm-l) State or Ref. 
solvent 

. - . - _ _  . _- - - 2580 
2587 

2582, 2577 
2573 
2575 
2565 
2564 

2576,2562 
2574 
2573 
2567 
2570 
2573 
2591 
257 1 
2584 
2584 
2577 
2350 

2522 N 25 13 
2522 N 2513 
2522 N 25 13 
2522 N 2513 

2585 
2574,2591 
2571, 2590 

2574 
2589 
2579 
2590 

2583, 2589 
259 1 
2591 

2569,2588 
2590 
2590 
2558 
2542 
2565 
2550 
248 1 
2400 

2550,2525 
2400 
2580 
2420 
2560 

g 
CCI, 
CCI, 
g 
6 
s 
1 
CCI, 
I 
6 
g 

.6 
bccl, 

1 
I 
COHO, 1 
CGHG 
1 
1 
S 
S 
S 
S 
CCI, 
CC1.I 
CCll 
COHO 
CCI., 
CCI,, 
CCI.1 
CCI, 
CCI., 
CCI., 
CCI., 
CCI, 
CCI, 
CCIA 
1 
CCI, 
1 
1 
I 
cs2 
1 
CCI, 

CHCI, 
S 

235 
252 
252 
235 
235 
253 
253 
252 
235 
235 
235 
235 
252 
254 
255 
244 
244 
244 
248 
256 
256 
256 
256 
239 
24 1 
249 
249 
257 
257 
257 
249 
25 7 
257 
249 
257 
257 
259 
239 
239 
242 
245 
250 
250 
246 
246 
247 
247 



310 Angelo Fontana and Claudio Toniolo 
on passing froiii the liquid state to dilute solutions, so that self-association 
is not important2J3sz224. 

In a few instances, howevcr, a reasonably strong hydrogen bond is 
formed. Thiophenol in pyridine shows its S H  band about 80 cm-l lower 
than and mixtures with dialkyl sulplioxides show an even greater 
shift (about 100 ~ m - 9 ~ ~ ~ .  The shifts fall steeply in pheiiyl alkyl (70 cm-l) 
and diary1 sulphoxides (48 cni-'), in what seem to be disproportionately 
large steps, in  relation to the small changes of polarity involved. The 
reason for these strong associations as compared with the weak effects 
with carbonyl, are not known. The increased polarity of the S=O bond 
would not seem suficicnt in  itself to explain this, as is emphasized by the 
fact that strong associations also occur with C=S and P=S links, which 
might bc expected to be less polar than the carbonyl group. In contrast to 
thiolacetic acid, dithioacetic acid23s is strongly associated and the S- H 
frequency falls by 80 cn1-l on passing from vapour to the liquid. With 
P=S links the association is even stronger and shifts of up to 180 cn-l  
are r e p o r t ~ d " ~ - ~ ~ ~ .  Sweency and reported that ethane- 1,2- 
dithiol absorbs at 2350 cn-l  in  the liquid state, but this appears to be 
wholly exceptional. 

These findings posed some interesting problems and more detailed 
studies of other examples of this effect, leading to better understanding of 
some of the basic factors which control hydrogen bond formation, have 
been carried out. 

David and hall an^"'^ showed that thiophenol exhibits a concentration- 
dependent shift in carbon tetrachloride suggesting intermolecular hydrogen 
bonding. In addition to an S H - - S  bonded structure the authors propose a 
dimeric SH - - - 7 ~  bonded complex. 

Intermolecular hydrogen bonding of the SH .-. S type was studied by 
dilution experiments on trithiocarbonic acid and its nionoalkyl esters2"". 
The S-H stretching frequency of the acid underwent a shift from 
2400 cni-l (bonded S-H) to 2550 and 2525 cni--' (two rotational isomers 
for the free S1-I). 

I n  the i.r. spectra of carbon tetrachloride solution of N-alkylated-P- 
aniino thiols the band due to the stretching vibrations of the thiol group 
is found at 3 5 5 - 1 5 7 5  cm-I i n  concentrated solutions (intcrmolecularly 
bonded S-14) and a t  2620 cm-* in dilute solutions (free S-H)25*. In 
solutions of the compounds examined aggregates associated through 
-SH -.. N bonds are formed which break down when the concentration 
of the amino thiol is reduced to 10-2--10-"hf. 

Finally, evidence for rotational isomerism in aliphatic tliiols has been 
suggested throi:gh the investigation of S- I-I stretching vibrations2*52. 
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2. Other vibrations 

The C-S stretching vibration of thiols appears i n  the i.r. as an absorp- 
tion in the range 760-580 c1n-l. The weakness of this band and its vari- 
ability in position render it of limited use in analytical work, especially 
since a number of skeletal vibrations occur in the same region. 
Identifications therefore have to be made with caution, and in fundamental 
studies have always been accompanied by Rarnan spectra in which the 
C-S stretching vibration appears as an  intense band. Analytical studies 
on this band arc therefore likely to be of value in a limited number of 
specialized cases. 

The initial study i n  the vapour state of a group of tliiols was made by 
Trotter and Tho i i ip so~ i~~~ ,  who noted that considcrablc shifts in the 
C-S frequency resulted from relatively sinall changes in structure. This 
work was later extended by Sheppard”6 who compared i.r. and Raman 
spectra of a wider range of thiols and other C-S containing compounds. 
He was able to observe a progressive lowering of the frequency in primary, 
secondary and tertiary tliols, and throughout the series thiols ->  
sulphides --> disulphides. 

This correlation has been furtlier confirmed by studies on individual 
thiols such as cysteine and glutathione’5a, dithioacetic acidZ4si, ethane-l,2- 
dithio1248 and 2-nicrcaptoethano12j“. 

C-S stretching, C-S-H and C-C-S bending and S-11 torsional 
modes have been discussed in se\m-al papers dealing with conformational 
analysis of t]1io]s?53-255j, 260-263 

C. Nuclear Magnetic Resonance 

Several examples of the n.ni.r. of thiolic protons are a v a i I a t d ~ ~ ( ~ ~ - ~ ~ ~ .  
Clianibcrlain gives the range 8.4-8.8 ppm for aliphatic thiols and the 
value 6.4 ppni for thiophenol“”’. I n  one of the earlier studies on the 
application of n.1n.r. to  hydrogen bonding iiivolving sulphur i t  was found 
that aliphatic and aromatic tliiols undergo dimerization i n  carbon tetra- 
chloride”””. Compared to the proton chemical shifts in associatcd alcohols, 
4.0 ppni upfield on dilution, thc dilution shifts in  mercaplans were small, 
0.3-0.4 ppm. 

Dilution shifts of tlic -SH proton niagt;ctic resonance have been used 
to obtain hydrogen bonding dinierization constants of several thiols2‘”G. 
1.r. and p.1n.r. techniques both have spccific advantagcs i n  particular 
hydrogen-bonding applications. For thiols, i.r. evidence may be uniquely 
useful in identifying monomeric, dimeric and higher polynieric structurcs, 
and it1 distinguishing between cyclic and open dinicrs. However, it is 
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dificult to obtain correct thiol K,,, from i.r. data. On the other hand, 
p.ii1.r. thiol data, while blind to structure and subject to medium effects, 
are particularly suitable for determining K,,,. 

A study was made of the downficld proton chemical shifts of the 
-SH group when hydrogen bonded to proton acceptor solvents2G7. The 
order of increasing complexation with several aliphatic thiols is : 

(CzHJ3N = (CzHAzO < (CzHJzS< (CHJZS = CZHSOH c 

< (CH,),CO = dioxanei  (CHJ,NCHO< (CH,),SO< [(CH,),N],PO 

The 6,,, were in the range 0-1.4 ppni. The p.ni.r. spcctra of methanethiol 
and ethanethiol were analysed on the basis of nuclear grouping A,B and 
A3B2C, r e s p e c t i ~ e l y ~ ~ ~ - ~ ~ ~ .  The spectra calculated agree well with those 
observed. 

From coupling-constant arguments the rotamer populations in cysteine 
and its methyl ester have been established throughout the entire pH 

A systematic study was conducted of the p.m.r. spectra of cysteine and 
g l ~ t a t h i o n e ~ ~ ~ .  The results indicate increased rigidity insofar as the 
rotation around the Ca-Cg bond of the cysteinyl residue of glutathione 
is concerned. 

The I3C n.m.r. spectra of glutathione and its oxidized form were 
measured by Jung and coworkers27J. The most important results of these 
iiieasurements are the large differences between the C, and C ,  shifts of 
cysteinyl and cystinyl residues in reduced and oxidized glutathione. The 
signal of C, next to sulphur is shifted by 13 ppni to lower field whereas the 
signal of C, is shifted by 3 ppm to higher field on transition from 
glutathione to its oxidized derivative. 

A method utilizing lDF n.m.r. as a tool for classifying thiols has been 
reported275. By the use of hexafluoroacetone (HFA) to introduce the 
probe group >C(CF,),, one obtains a 19F n.m.r. signal corresponding to 
six atoms of fluorine per active hydrogen group. This method is con- 
sequently vcry sensitive, requiring only small quantities of the compounds 
to be examined. Adducts from thiols give bands which are effectively 
singlets because coupling of the (CF,),C< group to protons is small. 
Table 4 shows that the A' values (upfield chemical shifts in ppm relative 
to HFA) for primary and secondary thiols fall in the same range and hence 
are not distinguished by this method. The shielding effect of substituents 
near the thiol group affects as much as does the degree of substitution on 
the carbon to which -SI-I is attached. Hence even though a primary- 
secondary distinction cannot be made on the basis of A' for an unknown 
compound, i t  is often possible to detect closely related thiols separately 

ran ge27 1-272. 
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TABLE 4. Chemical shifts relative to hexafluoro- 
acetone (HFA) for thiol adducts of HFA in 

ethyl acetate 

1. Primary thiols Ar (PPm) 
Ethanethiol 0.95 
Propane-1 -thiol 0.92 
Bu tane-1 -t hiol 0.93 
2-Methylpropane-1 -thiol 0.87 
2-Mercaptoethanol (SH) 1.18 
3-Mercaptopropanol (SH) 1.03 
Ethyl thioglycolate I -46 
Toluene-a-thiol 0.68 

2. Secondary thiols 
Propane-Ztliiol 1 .oo 
Butane-2-thiol 0.96 

2-Methylpropane-2-t hi01 1.51 

Thiophenol 0.04 

3. Tertiary thiols 

4. Aromatic thiols 
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in a mixture because of different shielding effects and resulting different 
A' values for each compound present. The A' value for the single tertiary 
thiol which was tested is significantly larger than those for ordinary 
primary and secondary thiols. An unusually low A' value is observed for 
thiophenol because of the downfield shift caused by the aromatic moiety. 

Until recently all 1i.m.r. studies of sulphur compounds were indirect, 
i.e. the n.m.r. spectra were of neighbouring nuclei (lH, 1°F, 13C, etc.). 
While 32S (natural abundance 99.24%) cannot be detected by n.1n.r. due 
to  its lack of nuclear spin, 33S (natural abundance 0.76%) does have a 
nuclear spin (I = 2.). Although its sensitivity is only 0.226% that of lH, 
good environment-sensitive 33S signals were reported for inorganic 
sulphur com;70unds~~~.  The extension of this approach to thiols appears 
to  be of interest. 

D. Electron Spin Resonance 

Free radicals produced by oxidation of thiols have long been considered 
of interest from the point of view of radiation damage and protection. 
Accordingly, a number of studies have been published discussing the 
nature of such sulphur r a d i ~ a l s ~ ~ ~ , " ' - ~ ~ ~ .  

Thiols form free radicals of great stability when irradiated with y- or 
x-rays or  U.V. light in the solid ~ t a t e ~ ' ~ - ~ " " .  The e.s.r. spectra reported were 
broad lines, and had been assigned to various radical species with high 
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electron density on sulphur. The model of Kurita and Gordy283, in  whicli 
the electron density is concentrated in a nonbonding 3p orbital of the 
sulphur atom, accounted for the basic features. 

Since the -SH group is a key functional group in a considerable 
number of biologically active polypeptides, the comparison of the 
behaviour of glutathione and free cystcine is of particular interest. In the 
case of x-ray irradiation of glutathione i n  the solid state the pattern at first 
resembles that of a mixture of the three amino acid components, cysteine, 
glutamic acid and glycine. However, unlike such a mixture, the spectrum 
due to glutathione alters with time until it closely resembles that of 
cysteine. These findings suggest that free radical centres are formed at 
each amino acid and then decay by migration to the -SH Tlie 
conclusion, which is supported by work with solid macromoleculesz6~~z~s, 
is that this group is a preferred free radical trap. 

In order to clarify whether the spectra obtained from the solid state 
reflect the nature of thiyl-free radicals i n  solution, several studies were 
undertaken273* 2sG, 2R8. T n  particular, as biological systems are usually in water 
at 37"C, it was felt that a systematic study of thiyl-free radicals in aqueous 
solution would give a better understanding of the significance of free 
radicals in biological processes273. In solution, although free radicals are 
not readily detected as they have only short half-lives, the e.s.r. spectra 
are similar to those obtained i n  the solid state. The important suggestion 
was niade that in solution it wil l  be possible to detect and identify the 
specific thiyl-free radical sites in proteins and their environment, whereas 
solid-state studies in general allow only gross identification of the presence 
or absence of sulphur-free radical sites. 

x. CONCLUSlON 
We have above discussed the analytical techniques available for the 
identification and detection of thiols, as well as their spectroscopic 
characterization. The large number of methods which have been 
published over the years is perhaps the best indication of the technical 
difficulties that have been encountered. No single method has emerged 
which is superior to all others. 

An instructive paper was recently published by Wenck and coworkers2". 
Tlie authcrs made a comparative study of the most usual physico-chemical 
methods for the quantitative determination of -SH groups using com- 
pounds of diff'ercnt structure. Amperometric titration with AgNO,, 
Ellman's and Boyer's (pCM B) niethods, as well as potentiometric measure- 
ments were compared with respect to their applicability, reliability and 
suscep t ibi lit y to i n t er ferences . 
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In Table 5 are reported the results of the analysis for the -SH content 
of a series of -SM-containing compounds using the four techniques 
mentioned above. Amperometric titration with AgNO, yields correct 

TABLE 5. Comparative analysis for SH content. The results are presented as 
percentage, calculated 011 the basis of weighed amount of material taken as 

IOOX (taken from Wenck and coworkers2H8) 

Compound Potentio- Ampero- Boyer Ellnian 
nietry nietry 

_ _ _ _ . _ _ ~  __-- 
Glutathione 
Mercaptosuccinic acid 
Cysteine- HCI 
Cystearnine. HCl 
Cysteinamide. HCl 
N- Acety lcysteine 
N-Acetylcysteinaniide 
Hornocysteine 
4-Mercaptomethylimidazolc~ HCI 
4-Mercaptoethyliniidazole. HCI 
1 -Methyl-5-(2'-Mercaptoethyl)- 

Cyclo-cysteinyl-glycinc 
N-Acctyl-cysteinyl-histidyl- 

N-Acetyl-cystcinyl-y-amino- 

imidazole- HCI 

aspartic acid 

butyryl-histidyl-y-amino- 
butyryl-aspartic acid 

2-Aminothiophenol - HCI 
2-Mercaptoimidazole 
1 -Methyl-2-nicrcapto-4(5)- 

irnidazolecarbonate methyl 
ester 

Ergot hi onei ne 
Glutathione + imidazole 

99.3 
99.3 
99.0 
92.4 
85.5 
95-5 
87.0 
97.0 
94.6 
99-2 

94.3 
97.0 

78.7 

88.7 
91.7 
97.2 

94.4 
101.0 

-0 

98.0 (1 00.0)" 
96.6 99.0 

139.0 101.0 
126.0 92-5 
117.0 85.6 
92.6 96.3 
92.6 90.0 

112.0 98.0 
145.0 96.0 
133.0 99.5 

129.0 91.0 
96.5 96.0 

97.0 78.5 

103.8 58.5 
100.0 88.0 
142.5 -h 

(1 00.0)" 
100.0 
99.0 
93.8 
83.5 
98-6 
92.4 

100.0 
94.8 

101.5 

93.3 
99.3 

75.3 

87.4 
96.0 

-c  

C - 
-c 

- h  

Taken as standard. 
Not determined. 
No quantitative reaction. 
Not possible to calculate. 
Not soluble. 

results only for certain types of compounds, since silver does not always 
combine in a 1 : 1 stoichiometry. Thiols which contain an  additional 
amino or  iniidazole group bind additional silver. The Ellman's and 
Boyer's reagents give reliable results, but both require calibration by a 
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substance of known -SH content. Potentiometric measurement with the 
Ag/AgI electrode is a very suitable method for  the determination of 
absolute -SH content, giving highly reproducible results for all the 
compounds tested. 
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1. INTRODUCTIQN 

The mass spectra of thiols have often been compared to  those of hydroxy 
compounds'. While there is much similarity, the differences are pro- 
nounced enough to warrant c? special interest in the thiols. Yet, the effort 
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which has gone into research i n  this area is limited. Particularly lacking 
are theoretical discussions of thiol mass spectra from the point of view of 
the Quasi Equilibrium Theory (QET)2, as well as experimental studies 
involving some of the more recently developed techniques, e.g. chemical 
ionization3. 

111. GENERAL CWARACTERlSTlCS OF THE MASS SPECTRA 
OF SH-COMPOUNDS 

A. Aliphatic Thiols 
The mass spectra of aliphatic thiols were obtained by Levy and StahP 

and correlations were found between the fragmentation pathways and the 
molecular structures. Haines and his c o ~ o r k c r s ~ - ~  have also published 
the spectra of a number of other compounds of this type. A general 
characteristic is a fairly high abundance of the molecular ion (Mf) and 
the occurrence of an M-k+2 peak (due to 34S) which allows easy identi- 
fication of the molecular formula. 

For the straight-chain primary thiols the molecular ion abundance lies 
between 4 and 100% of that of the base peak for carbon numbers up to 
C,, and the distinctive isotopic pattern of sulphur makes the presence of 
this element easily dete;table. On the other hand, the base peaks especially 
for the higher members of the series are rarely due to  the ions that contain 
sulphur but to the hydrocarbon fragments. 

mje  42 (73.5) 
X S  

-t 
CH,=SH 

a ,  mie 47 (100) -x 
-s-y -% M +, mje 76 (88.2) 

(C,H,)-+ (c, H 4~ HI'- 
mle 43 (80.3) ni/e 61 (13.9) 

FIGURE 1. Proposed primary fragmentation reactions for i i - C , H , S H  ; values 
in parentheses are intensities relative to base peak = 100. 

A major decoinposition path of the molecular ion is the a-cleavage 
(Figure 1 ,  ion a, ni / c .  47), although other carbon-carbon bond cleavages 
occur as well, leaving i n  each case a sulphur-containing ionized fragment. 
Unfortunately secondary and tertiary thiols also give a rearrangement ion 
at  iu/e 47 which may be as large as 50':,; of the base peak abundance. 
The peak at  in/c 61 is small in secondary and tertiary thiols, but the ion 
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formed by cleavage to lose the longest alkyl chain is large. The ratio ~f 
the intensities of the /n/e 47 and 61 peaks remains remarkably constant at  
a value of about 2 for all primary straight-chain thiols greater than C ,  and 
this fact can be used for identification of such compounds. 

Additional fragmentations involve H2S elimination and a split off of 
the SH group. The various fragmentation reactions are exemplified for 
the case of n-C,H,SH, in Figure 1. The loss of H,S results in the formation, 
in the case of priniary thiols, of the olefinic ions at m/e Mi-34. This 
reaction is similar to that of primary alcohols which decompose to give 
M+-H,O ions. In the straight-chain C ,  thiol the elimination of H2S 
produces the most abundant peak of thc spectrum, but the intensity falls 
to about 5'%, of the base peak in the case of the C,, thiol. The mass spectra 
of secondary thiols contain more abundant peaks due to thc loss of SH 
than of H,S, in contrast to the behaviour of most of the primary thiols4. 
This phenomenon may be partly due to thermal effectsR. 

t 
CH,=SH 

a, m,;e 47 (100) 

( H SC H >C t i  C H >C H S H ) + ' 

M'., m/e 122 (256) 

- H:S \ I 
( Cd H,S).' 

b, n?/e 88 (45.4) 

-C,H: J 
(C,H,S).'' (C,H,)+ 

c ,  m;e 60 (72.1) m;e 55 (56.9) 

FIGURE 2 .  Proposed fragmentation schemc for 1,4-butanedithiol. 

Deuterium-labelling experiinents8 have shown that contrary to the 
behaviour of alcohols, where the expulsion of H 2 0  takes place almost 
entirely z)ia a 1,4-elirnination, in the case of thiols 1,3-elimination of 
H,S is alniost as important as the 1,4-process. OtIicr deuteriun~-labelling 
experiments9 have shown that H atom eliminations from the methyl and 
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from the SH groups of CH,,SK take place at  a 2 : 1 ratio (compared to a 
6.7 : 1 ratio for the equivalent reactions in CH30H)  and from the CH, 
versus the SH groups in the case of CH3CH2SH, at  a ratio of 0.8 : 1. 

Dithiols behave in a manner similar to thiolslO, as shown for 1,6butane- 
dithiol in Figure 2. The expulsion of ethylene, following H,S elimination, 
is characteristic also of primary straight-chain monothiolsl(")~ 4. 

B. Cycloaliphatic Tbiols 
Some spectra of cycloalkyl thiols were published in the A.P.I. catalogue 

of Mass Spectral Data1*. These compounds yield a molecular ion of 
relatively great abundance as compared to those of Corresponding alcohols. 
Among the spectra cited", the smallest M+ peak is 26% of the base peak 
in the case of 1-mcthylcyclopentaiiethiol. The decomposition of this 
group of thiol compounds under electron bombardment is very similar 
to that of cycloalkyl alcohols, but the elimination of HS, H2S and H3S 
from the molecular ion proceeds more readily. The mcst abundant peak 
is due to the Mf-HS ion and its rclative intensity is increased from 51% 
in the case of cis-2-methylcyclohexanethiol to 100% in l-methyl-cyclo- 
pentanethiol. 

The rilaSS spectrometric behaviour of 17-oxoandrostane-3-thiol~~~ is 
similar to that of the corresponding 3-hydroxy-steroids. Their spectra 
reveal the abundant molecular ion and M+-HH,S peaks. There are no 
differences between mass spectra of 3a-SH and 3P-SH-steroid epimers of 
the androstane series1,. 

C. Aliphatic Thiols with Additional Functional Groups 
Mass spectra of thiols containing additional functional groups haw 

been reported. That of 2-mercaptoethanol (Figure 3) deserves special 
attention in consideration of the relative influence of each functional 
group on the fragmentation pathway13 (see section 111). The intensity of 
the m/e 47 peak (CH2=SH) is somewhat greater than that of the nz/e 31 
peak (CH,=OH), but that may be partly due to reaction (9) (Figure 3) 

+ 
i 

-1- -HSCH; -HOCH; (HOCH,CH,SH) * -- 
I 

> CH,==SH 
(6) (5) 

M ' , ~ T , C  78 (34.5) 
CH,=OH i- 

n?/e 31 (50.3) d ,  ni,e 47 (08.1) 

(C2H4S)4 . s  (cH,sH)+' 
c, m/e 60 (100.0) m,'e 48 (61.6) 

FIGURE 3. Proposed fragmentation schemc for 2-mercaptoethanol. 
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for which a 'metastable' ion has been observed13, Similar studies14, at  low 
ionizing energies, of bi-functional decanes, and in particular of 3-methoxy- 
8-mercaptodecaneY have shown that nearly all fragments could be deduced 
from molecular ion species, ionized at  one or the other functional group. 
Depending on the amount of the fragments produced by the ionization 
at  the functional group it was possible to rank various substituents, 
according to their increasing influence on the fragmentation, as followsl4 : 

COOH < C1 <Br < COOCH,<SI-I < CO < OCH,< I <  SCH,< 

NHCOOCH, < NH, < NMe, 

In the mercap t~es t e r s~~  of the general formula HSCH,COOR, one of 
the most intense peaks is (CH,=SH)+'(a) while in the secondary thiols, 
CH,CH(SH)COOR, this shifts to (CH,CH=SH)+' (d, m/e 61). In each 
case these ions are formed by the elimination of OR' followed by 
expulsion of CO. The McLafferty rearrangement produces an ion 
(HSCH,COOH)+' at nt/e 92, while an elaborate skeletal rearrangement 
leads to formation of RS+. The two proposed rearrangement mechanisms15 
are shown for HSCH,COOC,H, in Figure 4. The McLafferty rearrange- 

(HSC H,COOH)+ * 
ni/e 92 

M', m/e 134 

0 

H' 
m/e 134 

(C,H,SCH,COOH)+' 

--'CH,COOH 1 
(CJH7S)' 

mle 75 

FIGURE 4. Proposed rearrangement reactions in n-propyl a-mercaptoacetate 
(reference 15). 
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ment (Figure 4, reaction lo) is peculiar in a way, since in acetates a 
similar reaction leads to the charged olefin and to the expulsion of neutral 
acetic acid16. The SH group apparently helps to retain the charge on the 
carbonyl-containing moiety, in the case of mercaptoesters. 

D. Aromatic Thiols 

Mass spectra of thiophenol, alkyl-substituted thiophenols, thiophenols 
with other functional groups in the nucleus, and thionaphthols have been 
d~termined '~ .  Most of the major fragmentation reactions have been 
established by the metastable transitions. Those of thiophenol itself are 
shown in Figure 5.  Deuterium labelling has demonstrated that over 50% 
of the H' atoms are eliminated from the SH groupla. 

S 

C,H:- 

m/e 77 (14) 
m / e  109 (26) 

i - c s  

m/e 65 (13) % I-.. 
G H ,  S)+' 

m / e  84 (15) (C,H,)" 
mle 66 (25) 

FIGURE 5. Fragmentations of thiophenol. 

The spectra of thionaphthols and of aminothiophenols show a special 
feature, i.e. expulsion of a sulphur atom from the parent The 
driving force for this reaction is probably the formation of the stable 
naphthalene and aniline ions, respectively. 

In the thiocresols the base peak is due t o  SH' elimination, since the 
stable tropylium ion, C7Ht  (m/e 91) is formed, H atom elimination proceeds 
to a lesser extent, producing an SH-substituted tropylium ion, el7.  The 
tropylium ion is also a base peak in benzyl mercaptan, H atom elimination 
being absent however1s. 

In methoxythiophenols and aminothiophenols a C,H,S-'- ion appearsI7, 
for which the thiopyrylium cation structure, S, has been proposed. In 



33 1 6. The mass spectra of thiols 

e, m l e  123 
+ 

f ,  m i e  97 g, m/e 136 

methoxythioplienols this ion is formed by successive elimination of CH, 
and CO, while in the aminophenols it is formed by the successive 
elimination of H' and HCN. 

In thiosalicylic acid an 'ortho effect' is operating, and thc facile 
elimination of water proceeds leading to the ion g 17. 

E. Amino Acids and Peptides 

The mass spectrum of cysteine can be casily obtained after either 
esterification of the carboxyl or acylation of the amino group both 
causing increased volatility. The spectrum of the cysteine ethyl ester has 
been reported by Biemann and coworkerslD, and some of its fragmentation 
reactions are shown in Figure 6. The major decomposition pathways of the 

CH,SH 

HSCH,CH=NH, +--- (H,NCHCOOEt)" ---+ H,NCHCOOEt 
i i (15) \ (16) 

h ,  ni/e 76 (100) M ' , m / e  149 (0.5) m / e  102 (30) 

CH,=SH 

a, m,'e 47 (7) 

CH,=CNH, -"! Yn3 SC,H, 

ni:e 42 (14) n i !e  59 (25) 

FIGURE 6.  Some fragmentations of cysteine ethyl ester (reference 19). 

molecular ion, reactions (15) and (16), are characteristic also of other 
amino acid ethyl esters, and produce the 'amino fragment' It (rtlje 76) and 
the 'ester fragment' (m/e  102). The further elimination of H,S from It 
is characteristic of cysteine, as is the ion a. Similar observations have been 
nude in the case of thc mass spectra of N-acetyl cysteine and of cystcine 
itself 2n. 

The mass spectrum of cysteinc has also been studied using the field 
desorption nietIiod20;l. It was found that both molecular (M-i.) and 
protonated molecular ('quasimolecular') (M++ 1) ions are formed, the 
relativc intensity being 50 and 100% respectively. In addition, above the 3% 
limit, only one fragment peak is present in the spectrum: (Me++ 1)- COOH, 
which constitutes 15% of the base peak. 
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The mass spectra of esters of cystine-containing N-acyl peptides are 

actually those of the corresponding cysteine derivatives with unprotected 
SH groups. Under electron impact conditions, higher molecular weight 
compounds of this series do not form the molecular ion peak and very 
easily undergo S -S bond rupture accompanied by intramolecular 
transfer of a hydrogen21,22. 

The cysteine peptides thus formed decompose further, under mass 
spectrometric conditions, according to 'the amino acid type' of fragmen- 
tation22tL. This makes the determination of the amino acid sequence 
possible in cystine-containing peptides. 

The transformation to the dehydroalanine residue is characteristic of 
the cysteine residue itself, as well as of the S-protected cysteine, the process 
being confirmed by a 'metastable' transition (m*). 

m * 
Decyl-Cys-Gly-OMel+* ~ > Decyl-Ala-GlyOMe(+ H)1+* 

Unlike the S-protected cysteine, the cysteine residue with a free mercapto 
group is prone to eliminate the side chain, the reaction being accompanied 
by migration of hydrogen. These rearrangements result in the formation 
of ions with in/. 46-48 mass units less than the mass numbers of the 
respective amino acid and aldimine fragments: 

Therefore, the mass spectra of such peptides display a large number of 
additional peaks of wliich the most prominent are those due to the 
elimination of the entire side chain and to the transformation of cysteine 
(or cystine) to dehydroalanine residues. The general pattern of the mass 
spectrum becomes more complicated the larger the molecular weight of 
the peptide and, especially, the larger the number of its sulphur- 
containing amino acid residues. Moreover, the presence of cysteine (or 
cystine) residues greatly lowers the volatility of the compound leading to 
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considerable thermal destruction during the mass spectrometric deter- 
mination. Finally, the presence of the sulphur-containing amino acids 
frequently leads t o  the absence of a number of sequence information peaks, 
which complicates still more the interpretation of tlle mass spectrum, 
limiting the applicability of the method. 

Desulpliurization considerably simplifies the mass spectrometric 
determination of the amino acid sequence of the sulphur-containing 
peptides, and at the same time extends the limits of the methodz3. I t  was 
found that quite good results can be obtained if the desulphurization is 
carried out in dimethyl-formamide solution at 20°C for 2 days in the 
presence of a tenfold amount by weight of the catalyst. Under such 
conditions cysteine (or S-substituted cysteine) residues arc converted into 
alanine residue, while tryptophane, tyrosine, histidine, pyrimidylornithine 
and other amino acid residues are unaffected. It is convenient t o  use for 
desuiphurization the N-acyl-peptide esters as they are much less absorbed 
by the Raney nickel than the free peptides, and the treatment of the 
reaction mixture is reduced to only filtration and evaporation, the product 
being suitable for mass spectrometry without purification. If the peptide 
contains an alanine residue as well as cysteine (or cystine) the Ni/AI 
alloy should be leached i n  D,O so that the cysteine (cystir.:) residue is 
converted by the desulphurization process into deuterioalanine residue. 
It is also noteworthy that the temperature necessary to vaporize the 
desulphurized substance in the mass spectrometer is OF about 100°C below 
that required for the sulphur-containing peptide". 

F. Heterocyclic Thiols 

Some of the fragmentation reactions already discussed occur in many 
heterocyclic thiols. Thus in 6-mercaptopurine7 following the molecular 
ion peak, the next most intense peak is due to an SH elimination. This 
serves as proof that in the gas phase the molecule exists primarily as  the 
mercapto tautorner. rather than in the thioketo form24. In 2-tlienylthiol, 
the base peak is due to SH which leads to an ion a t  w/e 97, 
probably :f. The mass spectrum of 2-mercaptothiophenz5 differs slightly 
from that of thiophenol, tile niajor difference being intensive elimination 
of I-l + CS \vhich leads t o  an m/c  71 ion. The abundance of the latter is of 
about 90% of that of tlic molecular ion, which is, i n  turn, the base peak of 
the spectrum. Bcnzo~hiazole-2-thioI (Figure 7) ?G demonstrates the 
expulsion of a sulphur atom, previously encountered in thionaphthols, 
and of a CS group-characteristic nlso for tliiophenols. Jn addition, the 
climination of  CS, bccomcs possible and important. 
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In the mass spectrum of 3-mer~aptotetraliydropyran~~ the elimination 

of C-2 together with a S H  group accompanied by  ring contraction is the 
main feature. The molecular ion of 3-hydroxytetrahydropyran is de- 
composed in the same manner, but in the case of the 3-SH-analogue the 
peak due to  this rearrangement is the most intense one in the spectrum. 

m/e 91 (22.2) M' , m / e  167 (100.0) m/e 135 (18.5) 

m/e 123 (12.9) 

F ~ G U R E  7. Fragmentation of benzothiazole-2-tliiol. 

I 11. E N ERG ETlC CO N SI DE RAT1 0 N S 
A. Ionization Potentials : Charge Localization 

The ionization potentials of the lower aliphatic thiols, thiolacetic acid 
and thiophenol have been determined by the very accurate method of 
photoionizationZ8 and are given in Table 1. The photoionization efficiency 

TABLE 1. Ionization Potentials (I.P.) of some thiols 

Molecule I.P. (CV)  AHf (molecule ion) 
(kcal/mole) 

Methane t hi ol 9.440 f 0.005 
Ethanethiol 9.285 f 0.005 
n-Propanethiol 9.195 f 0.005 
ri-Butanet hiol 9.14 f 0.02 
Thiolacetic acid 10.00 50.02 
Thiophenol 8.33 50.01 

212 
203 
198 
192 

21 7 
__ 

curves of the aliphatic thiols rise sharply a t  threshold, indicating 
the coincidence of the vertical and adiabatic ionization potentials, i.e. the 
geometry of the ion in its eiec:ronic ground state is equal to  that of the 
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molecule. This Icd to the conclusion of Watnnabc and his coworkerS28, 
that the ionization involves the removal of one of the non-bonding electrons 
on the sulphur atom. The situation is quite different for aliphatic 
a]coIiol~"~ 29 where considerable vibrational structure has been observed 
in the ionization efficiency curves. This indicates extension of one or 
more of the bonds in the ion relative to the neutral molecule and shows that 
the elcctron removed has some bonding character. 

It would thus seem that charge localization3o which has been assumcd 
for as well as for thiolsl" by writing the ionization processes 
as : .. .+ 

R-0-H+e ---+ R-O-H+2e .. .. 
.+ 

R -3-H .. + e > R--S-H+2e .. (1 8 )  

is considerably more justified for thc thiols. This, in turn, is probably due 
to the fact that the ionization potential of the non-bonding electrons of 
sulphur is considerably lower than those of oxygcn, and thereforc also 
very much lower than the rest of the molecular electrons, 

That the first ionization Potential (I.P.) of CH,SH corresponds to 
ionization of a lone-pair electron has r e ~ e n t l y ~ ~ ' ~  been corroborated 
through the photoelectron spectrum of CH,SH. In contrast to  CH,SH 
and to a-toluenethiol (benzylmercaptan), photoelectron spectroscopy 
has ~ l i o w n ~ ~ ' ~  that the sulphur lone pair in thiophenol exhibits a con- 
siderable amount of T interaction with the benzene ring. The great 
advantage of photoelectron spectroscopy over photoionization and 
electron impact is the ease with which additional information concerning 
higher ionization potentials is obtained, i.e. those due t o  removal of 
more strongly bound electrons. I n  the case of CH,SH the higher I.P.'s 
have been assigned and  it has been shown32" that ionization occurs more 
readily from 0 orbitals situated mainly in the C-S bond than the S-H 
bond. 

The main features of the photoelectron spectra of aliphatic thiols appear 
also in the spectra of aliphatic alco1i01s32~), but shifted to higher photon 
energies. 

B. Appearance Potentials and Ionic Heats of Formation 
Appearance potentials of ions from several simple thiols have been 

determined by electron impact r n e t I i ~ d s ~ ~ - ~ ~ .  They are represented in 
Table 2. These appearance potentials can be employed to calculate heats 
of formation of the product ions, e.g. for CH,SH+ from C,H,SH: 

A.P.(CH,SH+)(.LI,,SII = AH* (CH,SH +)+AHi(CH,)-AHf(C,H,SH) (19) 



W 
W m TABLE 2. Appearance Potentials (A.P.) and heats of formation (AHf) for ions from thiols 

~ ~~ 

Ion Source A.P. (el') Neutral fragment (AHd product ion, Reference 
Kcai/niole 

CHSf 
[CH,S]'- a 
[CH,S]+- fl 
CD,S+ 

CH,SHf 

C,H:' 

CDZSH' 

CH2SH+ 

[ C2 H, S] '- a 
[C?D.iSH]+ a 
CH,CHSH-+ 
iz-C,H: 

CHSf 
CDSf 

C,H: 

t-c4H; 

c~c/o-C,H,D f 

C ~ C ~ O  - C4 H., S + 

c ~ c ~ o - C ,  H3DS.' 
CGH,S' 

CH,SH 
CH3SH 
CH,SH 
CD,SK 
CD,SH 
CIIisSH 
CzHjSH 
CrHjSH 
GzH,SH 

iso-C,H,Si-f 
CBDSSH 

t?-C3 H 7 SH 
t-C,H,SH 
CGHSSD 
C,H,SD 
C,H,SD 

C,H,SD 
C,H,SD 

CGHSSD 
CGHSSD 

15.8 k 0.5 
11.8f0.05 
1 1 *2 f 0.5 
1 1.76 5 0.1 
12.01 f 0.1 
11.41 CO.1 
1 1.3 k 0.05 
11.69 
11.5fO.05 
11.85 k 0.1 
10.74 k 0.1 
11.12 
9.96 

12.7 _C 0.2 
12.7 +_ 0.2 
11.9 f 0.2 
13.3 _C 0.2 
1 1 *8 k 0.2 
11.8 t 0.2 
12.2 k 0.2 

(H' + H, ?) 
H' 
H' 
H' 
D' 
CH j 
CH; 
SH' 
H' 
D' 
CH; 
SH' 
SH' 
c~c/o-CBH.ZD ? 
CYC~O-CSH:, ? 
cs 
SD' 
C,HD 
C2Hz 
D' 

226 

214 
219 
220 
219 

203 
210 
I97 

b 

b 

0 

2% 
286 

C 

C 

232 
232 
254 

33 
9 

33 3 

34 r! 

p: < 
P, 

34 
34 

9 3 

35 F; 
3 
I. 

P, 9 3  34 Q 
N 34 (D 

35 2 
35 5 
36 N 
36 e 

2 36 v) 

36 5 -. 
36 
36 
36 

a Exact structure of ion not specified. 
The appearance potential has been employed to calculatc the hcat of formation of the SH' radical. 
The calculated heat of formation of the ion has served to prove the identity of the products. 
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therefore : 

11.41 x23.063 kcal/mole = AHf(CH,SH +)+33.2 k~al/mole~~-(-10.95 kcal /rn~le)~~ 

AHf(CH,SH+) = 219 kcal/mole 

The heats of formation of some of these sulphur-containing ions may be 
determined independently, by measuring the ionization potentials of the 
respective free radicals. The ionization potentials of the SH’, CH,S’ and 
C,H,S’ free radicals have been deterrnir~ed,~. The heats of formation of 
CH,S+ and C,H,S+ thus obtained are in good agreement39 with those 
listed in Table 2. Additional thermochemical information has been 
obtained from appearance potentials of sulphur-containing ions from 
s u l p h i d e ~ ~ ~ * ~ ~ ~ ~ .  The ‘best’ ionic heats of formation are listed in the NBS 
tables39. 

The heats of formation of the parent thiol ions are, of course, obtained 
directly from the ionization potentials of the thiols and from knowledge 
of the heats of formation of the neutral molecules. The ones which are 
known39 are included in Table 1. The calculation is, e.g. for CH,SH+: 

AHf(CH,SH +) = AHf(CH,SH)+I.P.(CH,SH) 

= -5.34 kcal/mole3’+9.44 x 23.063 kcal/mole 

= 212.4 kcal/mole (20) 

C. Structures of Sulphur-containing Ions 

elementary formula: [CH,S]+, has the structure a, 
It has been assumed until now that the ion in/e = 47, having the 

+ 
CH,=SH CH,S+ 

a i 

while, in fact, it could have either one of the two structures a or i. 
Similarly, the ion in/e = 61 having the composition [C,H,S]+ may have 
five alternative structures :34$9 

[CH,CH=SH]+ [CH,CH,-SI+ [CH,S=CH,]+ 
i k I 

[CH,CH,SH]+ 

m 
S 
I H 

n 
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Deuterium-labelling experiments34*9 have indicated tlie initial formation 

of a, as well as i, from CH,SH, and the initial formation o f j ,  as well as lc, 
from CH,CH,SH. This does not mean that the ions, once formed, d o  not 
isomerize t o  a different structure; actually all ions of the same elementary 
composition may rearrange to give the same ('stable') structure. The  heats 
of formation of ions a and i are very similar (in fact equal within the error 
limits of the experiments), being 220 kcal/mole and 214 kcal/mole, 
respectively3' (Table 2). The same holds for the ions j and k,  which have 
heats of formation of 197 kcal/mole and 202 kcal/mole r e ~ p e c t i v e l y ~ ~  
(Tablc 2). The situation is quite different for the analogous oxygen- 
containing ions, where CH,=OH+ is much more stable than CH,-Of 
and [CH,CH=OH]+ is in turn more stable than [CH,CH,-O]+. 

The near equality of the heats of formation of isomeric sulphur- 
containing ions makes i t  uncertain that the ions do, in fact, have the 
structure predicted from the structure of the neutral m o l e c ~ l e ~ * ~ ~ .  O n  the 
other hand, identity of heats of formation does not prove that all ions have 
the same structure". 

Assuming that ions having different structures wil! react differently 
with the same neutral molecule, one can determine ion structures by the 
technique of Ion Cyclotron Resonance (i.c.r.), for example43. Alterna- 
tively, isomeric ions should react differently via unimolecular decom- 
positions. Thus, the oxygenated ions, analogous t o  j -  ti, have been 
differentiated by Shannon and McLaffertyJJ, through their 'pure meta- 
stable' spectra. 

Elucidation of the structures of sulphur-containing ions has t o  await 
the employment of either the i.c.r. or the metastable ion characterization 
technique. 

(I r 0, ni/e=84 P 

Derived ionic heats of formation have nevertheless been taken as proof 
for or against certain ionic structures. The ion C,H,S-'- from thiophenol, 
Figure 5, has a heat of formation3, (Table 2) equal to  that of the thiopliene 
molecule I t  has thus been assumed3G to have tlie cyclic structure, 0. 
The ion CH,S+' formed by C,H, elimination from C,H,SCH, has a derived 
heat of formation equal to that obtained by direct ionization of methyl 
mercaptan". On the other hand, the ion C,H,S+ formed by elimination of 
ethylene from ethylthiobenzene has a derived heat of formation45 which 
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is in excess of the one obtained by direct ionization of tliiophenol (Table 1) 
by about 30 kcal/mole. This has been taken as proof45 for the formation 
of a thioketonic structure, /I, from alkyltliiobenzenes. Alternatively, the 
excess energy may be considered to be an encrgy of reorganization within 
the ethylene molecule, the ion still having the thiophenol, C,H,SH, 
s t r u c t ~ r e ~ ~ .  It is interesting to speculate 011 the structures of some of the 
previously me::tioned ions. For example, ion b (Figure 2) might have the 
tetrahydrothiophene ion structure, q, in which case ion c (Figure 2) might 
be the ethylene sulphide ion, I-.  There is no thermochernical evidence to 
corroborate this assumption. 

.+ 

D. Bond Energies 
Ionic appearance potentials are very helpful for the determination of 

bond energies. For example, from the appearance potential of R+ in RX, 
and knowing the ionization potential of the radical R’, one obtains the 
R -X bond energy : 

D(R-X) = A.P.(R+)HX-I.P.(R*) (21 1 
Thus, for niethanethiol 

D(CH3S-H) = A.P.(CH,S+)(,n,s~-I.P.(CH,S’) (22) 

= 11.76~k0.1 eV-8.06f0.1 eV 

= 3.7&0.2 eV 

= 85.34~4.6 kcal/mole 

(from references 34, 38 and Table 1-neglecting deuterium isotope 
effects). On the other hand, the bond energy i n  the molecule-ion is 

D(R+-X) = A.P.(R+)~,x-I.P.(RX) (23) 

which gives for methanethiol”, D(CH,S+--H) = 51 kcal/mole. (These 
calculations assume that the products Rf and X’ are formed in their 
electronic and vibrational ground states, without translational energy.) 

The bond dissociation energy D(CH,-SH) has been determined in the 
following : 

The appearance potential of HS‘- from H,S, via: 

H,S+e ___j HS++H+2e  (24) 

is A.P.(HS-!-)Ir,s = 14.43 i- 0.1 eV. Therefore, 

A.P.(HS+) = AHH,(HS+)+AHH, ( H ) - l H l  (HyS) 

14.43 x 23.06 kcal/mole = AHl (HS +) +524 kcal/mole--(-4~82 kcal/mole) 

AHL(HS+) = 275.9 kcal/mole (25) 

12 
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The ionization potential of the SH' radical is I.P.(HS') = 10.50+0.I eV. 
Therefore, 

AHf(SH*) = AHf(SH +)-I.P.(SH') 

= 275.9 kcal/rnole-IO0.5x23~06 kcal/rnole 

= 33.7 kcal/rnole 
Finally, 

D(CH,-SH) = AHf(CH;) + AHf(SH*)-AH,(CH,SH) 

- - 32.5 + 33.7 -(-5.4) 

= 71.6 kcal/rnole (27) 

Another bond dissociation energy in the methanethiol molecule-ion, 
which has been calculated34 on the basis of equation (23), is 
D(HSCHg-H) = 57 kcal/mole. This has been noted to be higher than 
most D(XCHz-H) bond e n e r g i e ~ ~ ~ ? ~ ~ ,  where X = OH, NM,, C! or H. 
I t  would ~ e e r n ~ ~ . ~ "  that sulphur is less effective in resonance stabilizing 
the structure CH,=X+ than are oxygen or nitrogen, for example. 

E. Activation Energies and Fragmentation Pathways 

According to the QET2 the ions which comprise a mass spectrum are 
formed in a series of competitive and consecutive unimolecular reactions 
originating from the molecular ion. Consequent!y the abundance of any 
given fragment ion is determined by the relative rate of the reaction 
forming the ion and the rates of the reactions leading to further decom- 
position. These reaction rates depend, to a large extent, on the respective 
activation energies. To a first approximation, the activation energy is 
equal to the endothermicity of the reactione. (This is certainly true for 
simple bond cleavages; i n  rearrangement reactions with a higher energy 
transition state there will be an additional contribution from the 'back 
activation energy'). Thus while there are no quantitative discussions 
available concerning the fragmentations of thiols, qualitative comparisons 
with the QET are possible, on the basis of the above acquired thermo- 
chemical information. 

Harrison and coworkers13 have shown that for competing fragmentation 
reactions (26a) and (26b), the relative abundances of [R1]+ and [Re]+ are 

R ' R ~  --+ [ R ' R ~ J +  
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determined by the relative values of the ionization potentials of the corre- 
sponding radicals R1* and R". Since: 

€,(26a) = I.P.(R') + D (R' - RZ) -I.P.(R' R2) (27) 
€,(26b) = I. P.( R*) + D( R' - R2) -I.P.(R' R2) (28) 

the activation energies, E,, for the two competing reactions, differ only by 
the ionization potentials of the radicals. The ionization potentials of 
'CH,SH and 'CH,OH are almost equaP3, so that the relative intensities 
due to reactions ( 5 )  and (6 )  (Figure 3) in 2-mercaptoethanol are about 
equal, particularly at  low ionizing voltages, when reaction (9) is not 
contributing to the formation of a. 

Keyes and Harrisona have compared the energetics of ion formation 
and fragmentation in sulphur and oxygen compounds. In CH,SH+ and 
C,H,SH-+, the activation energies of S-H cleavage are only slightly lower 
than that for cleavage of an a: C-H bond. Thus the two fragmentations 
should be competitive according to the QET and indeed they are 
(section 1I.A and references 9 and 34). On the other hand, the activation 
energies of 0 -H  cleavage in CH,OH+ and C,H,OH+ are considerably 
higher than those for an a: cleavage. Since the rate of fragmentation 
strongly decreases with increasing activation energy, one would expect, 
according to the QET, only minor abundances of ions such as CH,O+ 
and C,H,O+, and this is in agreement with the observed spectraN. 

Thermochemically derived activation energies also explain the obser- 
vation that the parent ions of mercaptans are of greater abundance than 
the parent ions of the corresponding alcohols3i. Figure 8 shows the situation 
in terms of the QET. The molecular ions are formed under electron impact 

ALCOt IOL 

FIGURE 8. Hypothetical internal cnergy distributions (fraction of the parent- 
precursor ion with a particular internal energy content vs. cnergy) for an 

aliphatic alcohol and the analogo~~s thiol. 
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with a distribution of internal energies. P ( E )  gives, qualitatively, the 
fraction of molecule-ions formed with a certain internal energy E, as  a 
function of E. E = 0 corresponds to the adiabatic ionization potential of 
the molecule, where the molecule ion is formed i n  its ground vibrational 
state. Now, as long as the internal energy E is lower than the lowest 
activation energy of any of the fragmentation reactions, of the 
parent ion, the parent ion will not dissociate". The relative intensity of 
the parent ion i n  the mass spectrum is thus obtained by the ratio of the 
shaded area underneath the P(E)  curve to the total area. Assuming that 
the P(E)  curves for a certain thiol and tlie corresponding alcohol are 
rather similar*, a change in the relative abundance of the parent ions is 
affected, by a shift in the lowest activation energy for  fragmentation. 
For  tlie alcohols, CH,OH and C,H,OH, the lowest energy fragmentation 
is a cleavage, with an activation energy of 26 and  12 kcal/mole, 
r e ~ p e c t i v e l y ~ ~ .  For the thiols, CH,SH and C,H,SH, both a cleavage and 
cleavage of the bond to sulphur have approximately the same activation 
energy; however, this activation energy is i n  the range 45-57 kcal/molew, 
i.e. considerably higher than for the oxygen analogues. 

The above observations probably hold qualitx-5vely also for the higher 
homologues of the aliphatic thiols, although new fragnientations set in, 
in particular H,S elimination (Figure 1). 

The activation energies for reactions (l-4), in ti-propanethiol, may be 
calculated on the basis of available thcrmochemical information33*:39 
(Tables 1 and 2), 3s f o l l o ~ ~ s :  

€*,(I) = AH, (CHSS ' )  +AH, (C,H,)--lI-11(CJH7SH+) 

218 + 25 - 198 = 45 kcal/mole - - 

€,,(2) = AH1 (C,H,S')+AHl (CHJ -AH1 (C,H,SH +) 

2 210 + 33.2 - 198 2 45 kcal/molet 

€&,(3) = AH1 (C,H,+) +AH, (H2S) - - l ! i j  (CSHTSH +) 

229 - 4.9 - 198 = 26.1 kcal/mole - - 
&(4) = At41 (C,H,+) +AH, (HS) --.\Hi (C,H,SH +) 

209 + 34.1 - 198 = 45.1 kcal/mole (29) - - 

* These will probably bc compared evcntually i n  a more quantitative way, 
e.g. from energy deposition functions obtained from photoelectron spcctro- 
 copy*^. The available photoelcctron spectra32 for ethanol and ethanethiol 
indicate that the P ( E )  curvcs for thesc two molecules might indeed be very 
simi!ar. 

t The inequality sign is due to the uncertainty i n  the structure and heat of 
formation of [C,H,S] +. 
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The calculated value Ec,(4) may be chccked against tlic experinicntal 
value (Tables 1 and 2): 

&(4) = A.P.(C,Hf),, (',ri,pli-I.P.(n-C,~I:SH) = 

11.12 - 9.1 95 = 1.925 eV - - 

= 44.4 kca;/mole (30) 

All activation energics for t!ie primary reactions in ri-propanethiol are 
still fairly high, which cxplains the relatively high parent-ion intensity 
(Figure 1). Those for reactions ( I ) ,  (2) and (4) are comparable, which 
explains why the reactions are compatible. €,(3) ,  for the H2S elimination 
is considcrably lower than the rest. This is in keeping with the observation 
that H,S elimimtion is the major reaction for aliphatic thiols a t  low 
ionizing electron encrgiesl". The other reactions, which are simple bond 
ruptures, prevail in relative abundance at  high ionizing cnergies over the 
H,S elimination, which is a rearrangement reaction. This is expccted, on 
the basis of tlie QET4G,47. The rate constants for simple cleavagc reactions 
rise faster with internal energy, E of the prccursor ion, than do  rearrange- 
ment reactions. There is, thus a certain internal energy a t  which tlie 

FIGURE 9. Lower curves: rates of two hypothetical nniiiiolecular reactions as 
a function of internal energy of the precursor ions: A is a rearrangement, 
e.g.  rcaction (3) in  ri-C,H,SH, while B is a 5 ~ n d  cleavage, c.g. a n y  of the 
reactions ( I ) ,  (2) or (4) i n  n-C,H,SH: upper curve: internal energy distribution 
in the precursor ions, i.e. fraction of the precursor ions with a particular 
internal cnergy content vs. cnergy. Adapted from ref. 47;  the  ratio of the 
sliadcd area to the total area underneath the P(E) curve, gives the relative 

abundancc of the metastable ion, for rcaction A, in t h e  mass spcctrum. 
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curves for k ( E )  of two such reactions, e.g. (3) and (4), cross. Abundant 
metastable ions are expected only for the rearrangement reaction which 
possesses, on the one hand, the lowest activation energy, and for whicll, 
on the other hand, k ( E )  rises slowly with E. The low activation energy 
ensures that in the range of rate constants characteristic for metastable 
ion formation, i.c. 105-10G s-l, no competing fast reaction takes place 
in the ion-source. The slow rise of k ( E )  ensurcs that a large portion of the 
P(E)  curve is covered in the range of energies E, for which 105<6c(E)< 
106 s-1. This situation is exactly met by the H,S elimination (Figure 9) 
in aliphatic thiols4’ and a strong metastable is observed ([metastable]/ 
[daughter] = 0.760/, in 1-heptanetliiol). 

IV. NEGATIVE IONS; DISSOCIATIVE E L E C T R O N  C A P T U R E  

The sulphur atom, as well as the SH’ radical, possess high positive 
electron affinities of 2.077 eV 49 and 2.32 eV ‘lo, respectively. It is thus not 
surprising that dissociative electron capture processes, e.g. 

PROCESSES AND ENERGETIC CONSIDERATIONS 

AB+e > A-+B (31 1 

are observed for thiols, where the negtive charge resides 011 the sulphur- 
containing moiety. Dissociative electron capture processes are resonance 
processes, i.e. occur at discrete, well-defined energies or  groups of energies. 
Thus, in order to observe them, the electron energy has normally to be in 
the range 0-10 eV. Generally also, the resonance peak maxima of the 
various negative ions from a ccrtain molecule do not necessarily occur at  
the same energy and a certain negative ion may demonstrate several 
resonance peak maxima in its ionization efficiency curve. Such processes 
have been studied mass spectronictrically i n  methanethiol, thiophcnol, 
benzylmercaptan and allylmercaptan*50. Appearance potentials were 
determined for the various processes, and so have the energy positions and 
the relative intensities of the resonance maxima. 

In methanethiol, the ions CH:,S-, CH,S-, HS- and S- have been 
observeds0. The ion of highest abundance and lowest appearance potential 
is CH,S-, via the process: 

CH,SH+e r CH,S-+H,, A.P. = 0.33eV (32) 

Two maxima were observed in the ionization efficiency curve for CH,S- 
from CH,SH, both were ascribed to 

CH,SH+e -----+ CH,S-+H, A.P. = 0.58 eV (33) 
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The appearance potential of 0.58 eV, for the first resonance peak corre- 
sponds presumably to  the formation of the products without excess 
energy. This can serve to estimate the electron afiinity of the CH,S 
radical, E.A.(CH,S), as follows : 

A.P.(CH,S-) = D(CH,S-H)-E.A.(CH,S) (34) 

We have already obtained D(CH,S-H) = 85-3 kcal/mole = 3.7 eV 
(section IILD), therefore: 

0.58 = 3*7-EE.A.(CH,S) (35) 

E.A.(CH,S) = 3.1 eV 

This value, as has been noted50, seems rather high, in comparison with the 
electron affinities of the S and SH radicals, mentioned above. 

The ions observed in thiophenol are50: C,H5S-, SH- and S-. The 
ionization efficiency curve of C,H,S- is reproduced in Figure 10. 

FIGURE 10. Ionization efficiency curve for C,H,S- from thiophenol: ion 
current (I) vs. electron energy; three resonance capture maxima are observed, 
all due to: CBH,SH+ e -> C,H,S-+ H with varying amount of internal 

excitation of the products (adapted from ref. 50). 
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In benzyl mercaptan the proposed reactions areso 

C,H,CH,SH+e - C,H,CH,S-+H (36) 

(deuterium labelling has indicated that tlie H is lost from the SH group) - C,H,CHS-+H, - C,H,S-+CH, 

> C,H,S-+ ? 

> SH-+C,H,CH, 

t s - + ?  

C,H,CH,SH+e i ___ 

\ 
Similarly in allyl mercapta~P,  

l -  - 
CH,=CHCH,SH+e 

> 1 

> I -~ \ - - -  > 

CH,=CH -CH,S-+ H 

CH,=CH -CH - S - f H, 

CH,S - + C,H, 

CH,S-+C,H, 

SH - + CH,=CH -CH2 

S - +  ? (37) 

It thus seems tliat H, elimination, following electron capture, becomes 
possible for those molecules which have a -CH2- group a to  the SH. 
SH- formation is an abundant process in benzyl mercaptan and allyl 
mercaptan, where the radical formed is stabilized by resonance. In both 
of these molecules one also observes skeletal rearrangements (at low yield). 

V. ION-MOLECULE REACTIONS 

Reactions between ions P +- and molecules M, in  the gas phases1: 

P++M -----+ S++N (38) 

are of great interest. They have an important contribution to  the under- 
standing of basic chemical kinetics and chemical dynamics; their analytical 
applications are useful i n  molecular and ionic structure determinations 
through chemical ionization3 and i.c.r. work43. Moreover, they car, be 
said to open up  a wholc new ion-chemistry in the gas phase, devoid of 
interferences of solvents. 

Due to tlie high rate constants"' of those ion-molecule reactions which 
are exothcrmic, they take place within the ion-source of an ordinary mass 
spectronietcr, even at  fairly low pressures of - 10-zl nini Hg. In order to  
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observe large percentage conversions of primary ions Pf to secondary 
ions S+, and in particular, in order to observe consecutive reactions, a 
special high-pressure ion source has to be employed. 

A. Reactions of Positive Ions 

Reactions of positive ions were studied in CH,SH33f52 and CD,SH5, in 
the pressure range 10-3-10-1 mm Hg. 

One of the most common ion-molecuie reactions is proton transfer. 
Both the parent CH,SH+ ion (reaction 39) as well as the two forms 
CH,S+ and CH,=SH+ of the fragment CSH; were observedj2 to react 
rjiu proton transfer with CH,SH: 

CH3SH + +CH,SH ___ > CH,SH$+CSH, (39) 

CH,=SH++CH,SH (a) 

CH,S++CH,SH (b) 
f CH,SH:+CH,S 

Deuterium-labelling experiments have indicated", that in reaction (39) 
the mercaptyl hydrogen is transferred approximately 35 times more 
readily than the methyl hydrogen and that in reaction (40a) with CD,SH+ 
the mercaptyl hydrogen is exclusively transferred. This, in effect, constitutes 
proof for the formation of structure a, without subsequent isonierization or 
hydrogen scrambling. 

Under otherwise ordinary ion-source conditions, at elevated (20-40 p) 
pressure, the protonated niethanethiol ion, CH3SH;, constitutes about 
90% of the total ionizatioiPq5z. At still higher pressures, two additional 
major ions appear, namely: C,H,S'- and C,H,S'. The former is absent at 
low ionizing electron energies, where the parent CH,SH+ is the only 
primary ion presenP. It may be formed 

CH,S++CH,SH - C,H,S++H2S (41) 

While CH,SHZ is a inonosolvated proton, the ion C,H,Si- is essentially a 
disolvated proton (CH,SH),H-'-. It is formed ljin a consecutive reaction of 
CH,S H; s3 : 

CH,SH:+CH,SH - C,H,S$ (42) 

Most of the fragment ions of low abundance also react with mcthane- 
t h i 0 1 ~ ~  eventually to produce CH,SHi-. Some of them, e.g. HS+, CHS+, 
do so directly: 

HS++CH,SH ___ > CH,SH:'+S (43) 
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while others, e.g. S+, react first via charge-transfer-another very common 
form of ion-molecule reactions : 

S + + C H , S H  - -+ C H , S H + + S  (44) 

The product methanethiol ion, of the charge transfer step then reacts 
further (reaction 39) to produce the protonated methanethiol. 

The relative concentrations of some ions in CH,SH as a function of 
CH,SH pressure are reproduced in Figure 11 from reference 33. 
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FIGURE 11. Relative concentrations of some ions in CH,SH as a function of 
CH,SH pressure (adapted from ref. 33). 

5. Reaction Rate Constants 

Reaction rate constants for ion-molecule reactions are normally 
expressed in units of cc/molecule.sec (these are easily converted to units 
of litre/mole - sec by multiplication by Avogadro’s number and division 
by 1000). The reaction rate law for a typical ion-molecule reaction, e.g. 
(38) is 

‘4 = -I.rI,+,.[M] (45) d t  

where Ip+ is the current of the primary ions measured at  the ion collector 
(which is proportional to  the concentration of I” in the ion source), k 
is the bimolecular rate constant for the disappearance of the primary ions 
and [MI is the concentration of neutral molecules in the ion-source (which 
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is proportional to the pressure of the reactant gas). Equation (45) may be 
integrated as a pseudo-first-order reaction to give33 

In I ,  + = - k t [ M ]  +In Z:+ (46) 
Primary ions are formed at the electron beam and they react on their way 
out towards the exit slit of the ion-source. The time, r, spent in the reaction 
chamber is given by33 

where cf is the distance from the ionizing electron beam to the exit hole of 
the source, E the field strength within the source, and In and e the mass 
and charge, respectively, on the ion*. For a given ion and field strength, t 
is fixed. The rate constant, k,  can then be determined from the slope of a 
semi-logarithmic plot of the normalized primary ion intensities versus 
pressure (normalized intensities, i.e. Ip , . /x l  are employed to take into 
account possible variations in collection efficiency with pressure). 

Disappearance rate constants for CH,SH-’- and CSH: (reactions 39 
and 40) were thus obtaineds2 at  10 eV nominal electron energy and 3.4 eV 
ion exit energy (the energy acquired up to the exit slit of the ion source, 
due to the existing field, E ) :  k,, = 11.9 cc/molecule-sec and 
k,, = 104 +_ 0.3 x cc/molecule-sec. These high rate constants are 
typical of exothermic ion-molecule reactions, which have no potential 
energy barrier, and take place at every close collision of the reaction 
partners. They thus reflect the collision rate, which is high in  view of the 
strong, long-range, ion-induced dipole interaction5’* 53. 

C. Reactions of Negative Ions 
The following negative ion-molecule reactions”” were postulated to 

occur in CH,SM at 16 p pressure in the ion-source of a time-of-flight mass 

0.6 x 

spectrometer : 
S-+CH,SH - CH,S-+HS 

CH,S-+CH,SH ~ > HS-+CH,SCH, (49) 

S-+CH,SH ____ 7 HS-+CH,S (50) 

It  was difficult to establish the occurrence of these reactions with certainty, 
since the product ions are also formed by direct electron impact on CH,SH. 
On the other hand, the occurrence of 

CN-+CH,SH -----+ SCN-+CH, (51 1 

was establisheds4 in a mixture of CH,SH and CICN. 
* d = -;at2 where n is the acceleration; cE = inn. 
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These experiments suffer from the fact that they were carried out in a 

single ion-source. Much more information may be obtained, and the 
ambiguity concerning the identity of reactant and product ions may be 
removed, when n tandem inass spectrometer is employed", 55. It essentially 
consists of two inass spectrometers connected 'head to tail'. Reactant ions 
are mass and energy selected in the first-stage mass spectrometer and 
allowed to collide with neutral molecules in a collision chamber. The 
product ions of the ion-molecule reaction are then mass analysed in the 
second-stage mass spectrometer. The major advantage of a tandem 
instrument for the study of ion-molecule reactions is the capability for 
independent preparation of the ionic and neutral reactants. 

A tandem mass spectrometer has been utilized to study reactions of 
negative ions with tliiols, and the following reactions were reported56 

OH-+CH,SH ____ r CH,S-+H,O (52) 

NH;+CH,SH -- t CH,S-+NH, (53) 

OH-+CH,CH,SH --> CH,CH,S-+H,O (54) 

NH;+CH,CH,SH > CH,CH,S-+NH:, (55) 

An unsuccessful search was made for the following reactions: 
SH-+CH,OH -- > CH,O-+H,S (56) 

SH-+CH,CH,OH ___ > CH,CH,O-+H,S (57) 

SH-+CH,SH ---+ CH,S-+H,S (58) 

S H  - +CH,CH,SH > CH,CH,S-+H,S (59) 

D. Proton Asni t ies  : Gas Phase Basicities and Acidities 

Reactions (52-55) may be regarded as simple acid-base reactions in 
which the thiol is the acid or proton donor. The fact that reaction (52) is 
fast, in the direction shown, indicates that CH,SH is a stronger acid than 
H,O in the gas phase. The proton afinity of the negative ion R- is a 
quantitative measure of the intrinsic (i.e. devoid of the influence of a 
soivenr) acidity of the molecule R H  57. The proton affinity of R-, P.A.(R-), 
is defined as the negative heat of reaction (60): 

R-+H+ A RH 

p.A.(R-) = D(RH)+I.P.(H)-E.A.(R) 
Thus, 

The occurrence of reaction (53) indicates, in other words, that the proton 
affinity of OH- is greater than that of CH,S-. This is mostly due to the 
fact that the HO-Ff bond is considerably stronger than the CHt3S-H 
bond, i.e. D(I-10-H) > D(CH:,S-H). I t  may be partly due to the clectron 
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affinity of CH,S, E.A.(CH,S) being greater than that of the hydroxyl 
radical. 

Contrary to what is found in solution, the following acidity order has 
been established i n  the gas phase: C,H,OH > CH,OH > H,05'. Thus, for 

OH-+CH,OK CH,O-+H,O (62) 

the equilibrium lies to the right in the g s  phase and to the left i n  solution. 
This has recentlyss been verified by measuring the reaction rates, in a 
tandem mass spectrometer, in the forward, as well as the reverse directions. 
The fact that reactions (58) and (59) could not be observed in a tandem 
mass ~ p e c t r o m e t e r ~ ~  indicates the following gas phase acidity order: 
H,S > CH,SH, C,H,SH. This will still have to be verified, by showing 
that the reverse reactions of (58) and (59) are fast. 

Related to the problem of intrinsic acidity in  the gas phase is the 
problem of intrinsic basicity. This may be measured quantitatively by the 
proton affinity of the neutral molecule, M which is analogously defined to 
P.A.(R-) as the negative heat of reaction (63): 

M + H +  t M H +  (63) 

The original supposition was59 that if an ion-molecule reaction occurs in 
the mass spectrometer, it must bc crothcrniic. Thus, if 

M,H + +M, > M , H + + M ,  (64) 

then P.A.(M,) 2 P.A.(M,), or M, is a stronger base than M,. Recently,59 
other methods have been devised t o  determine relative and absolute 
proton a th i t ies  of neutral molecules. Thesegive P.A.(H,S) = 170 kcal/niole 
and P.A.(CH,SH) = 185 kcal/mole and yield the following order of gas 
phase basicity: CH:,NH,> NH,> CI-I,SH > CH,OH > H,S > H,O. 

VI. REFERENCES 
1. (a) H. Budzikiewicz, C .  Djerassi and D. H. Williams, The Mass Spectronwtry 

of Orgntiic Cotnpoicnd.~, Holdcn-Day, San Francisco, 1967, Chap. 7, pp. 
276-279; (b) J. H. Beynon, M m s  Spectrometry orid its Applications 10 

Orgariic Clicmis~ry, Elsevier, Amsterdam, 1960, p. 12; (c) K. Bieniann, 
Muss Spectroniefry, Orgatiic Clieniistry Applicatiotis, McCraw-Hill, New 
York, 1962, pp. 87-85, 100, 109, 141. 

2. H. M. Rosenstock, M. B. Wallenstein, A. L. Walirhaftig and H. Eyring, 
Proc. Not1 Acnrf. Sci., U.S. 38, 667 (1952); H.  M. Rosenstock and M. 
Krauss, in Mnss Spcctrotnetry of' Orgntiic Ions (Ed. F. W. McLafierty), 
Academic Press, New York, 1963, Chap, I ,  pp. 2-64. 

3. M. S .  B. Munson and F. H. Field, J ,  ,4tntr.. C'liciii. Soc., 88, 2621 (1966); 
F. H. Field, J. Atwr. Ckem. SOC., 92, 2672 (1970). 

4. E. J. Levy and W. A. Stahl, Atid. Clrem., 33, 707 (1961). 



352 Chava Lifshitz and Zeev V. Zaretskii 
5. W. E. Haines, R. V. Helm, C .  W. Bailey, J .  S .  Ball, J .  Pliys. Clzem., 58, 270 

6. W. E. Haines, R. V. Hclm, G. L. Cook and J. S. Ball, J .  Plgvs. Clzem., 60, 

7. J. C. Morris, W. J. Lanum, R. V. Helm, W. E. Haines, Ci. L. Cook and J. S. 

8. A. M. DutEeld, W. Carpenter and C .  Djerassi, Clieni. Comtn., 109 (1967). 
9. D. Amos, R. G. Gillis, J. L. Occolowitz and J. F. Pisani, Org. MassSpectrotn., 

2, 209 (1969). 
10. A. Cornu and R. Massot, Cotnpilntioti of A4n.w Spectral Data, Heydcn and 

Son, London, ( I  966). 
11. American Petroleum Institute, Research Project 44, Catalog of Mass 

Spectral Data, N N  944, 1385, 1386, 919, 1229, 1236, 1414, 1371, 1372. 
12. Z. V. Zaretskii and V. G. Zaikin, Zzu. Akad. A1mk SSSR, Ser. Kliitn., 1722 

(1969). 
13. A. G .  Harrison, C .  D. Finney and J. A. Sherk, Org. Moss SpccIroin., 5, 1313 

(1971). 
14. G .  Remberg, E. Remberg, M. Spiteller-Friedmann and G .  Spiteller, Org. 

Mass Spectrotn., 1, 87 (1968). 
15. F. Duus, P. Madsen, S . - 0 .  Lawesson, J. H. Bowic and R. G .  Cooks, Ark. 

Kemi, 28, 423 (1968). 
16. Refcrence l(a), p. 468. 
17. S . - 0 .  Lawesson, J. 0. Madscn, G .  Schroll, 3 .  H. Bowic and D. H. Williams, 

18. A. Tatematsu, S. Inoiie and T. Goto, Tetrahedron Letters, 4609 (1966). 
19. K. Bieinann, J. Seibl and F. Gapp, J.  Amer. C h m .  SOC., 83, 3795 (1961). 
20. K. Heyns and H.-F. Grutzmacher, Liebigs Anti. Chern., 667, 194 (1963). 
20a. H. Winkler and H. D. Beckey, Org. Mass Spcctrom., 6, 655 (1972). 
21. A. A. Kiryushkin, V. A. Gorlenko, Ts. E. Agadzhanyan, B. V. Rosinov, 

Yu. A. Ovchinnikov and M. M. Shemyakin, Esperienfia, 24, 883 (1968). 
22.  Yu. A. Ovchinnikov, A. A. Kiryushkin, V. A. Gorlenko, Ts. E. Agadzhanyan 

and B. V. Itosinov, Zliiwti. Ohslzcli. Khitn., 41, 385 (1971). 
2221. M. M. Shemyakin, Pirre Appl. Cliem., 17, 313 (1968). 
23. A. A. Kiryushkin, V. A. Gorlenko, B. V. Rosinov, Yu. A. Ovciiinnikov 

and M. M. Shemyakin, Experieii/ia, 25, 913 (1969). 
24. J. Heiss, K.-P. Zeller and W. Voelter, org .  lbf(JSS Syectrom., 3, 181 (1970). 
25. Reference 11, N 162. 
26. B. J. Millard and A. F. Temple, Org. Mass. Spectrom., 1, 285 (1968). 
27. H. Budzikiewicz and L. Grotjahn, Tetrahedron, 28, 1881 (1972). 
28. K. Watanabe, T. Nakayama and J. Mottl, J.  Qrtatit. Spectrosc. Rarliat. 

29. K. M. A. Refaey and W. A. Cliupka, J .  Cliem. Pliys. 48, 5205 (1968). 
30. Reference I(a), p. 9. 
3 1. Reference 1 (a) Chap. 2. 
32. (a) D. C. Frost, F. G. Herring, A. Katrib, C. A. McDowelI and R. A. N. 

McLean, J. Pliys. Clzcni., 76, 1030 (1972); (b) V. Fuchs and P. Kcbarlc, 
Iut. J.  firass Spectrom. Ion Pliys., 6, 279 (1971). 

33. W. E. W. Ruska and J .  L. Franklin, Itit. J .  Mass Spectrotn. Iorz Pliys., 3, 221 
(1 969). 

( 1 9 54). 

549 (1956). 

Ball, J .  Clictn. Etigiig Data, 5, 112 (1960). 

Actn Cliem. Scnnd., 20, 2325 (1966). 

Trnrisfer, 2, 369 (1962). 



6 .  The mass spectra of thiols 353 
34. B. G. Keyes and A. G. Harrison, J .  Amer. Clrem. SOC., 90, 5671 (1968). 
35. J. L. Franklin and H. E. Lumpkin, J .  Amer. CIzem. SOC., 74, 1023 (1952). 
36. D. G. Earnshaw, G. L. Cook and G. U. Dinneen, J.  Phys. Chem., 68, 296 

(1964). 
37. D. D. Wagman, W. H. Evans, V. B. Parker, I. Halow, S .  M. Bailey and 

R. H. Schumm, NBS Tech. Note 270-3, U.S. Government Printing Office, 
Washington, D.C., 1968. 

38. T. F. Palmer and F. P. Lossing, J .  Amer. Cliem. SOC., 84,4661 (1962). 
39. J. L. Franklin, J. G. Dillard, H. M. Rosenstock, J. T. Herron, K. Draxl and 

F. H. Field, Ionization Potentials, Appnrearatrce Potentials, and Heats of 
Formation of Gaseous Positive Iorrs, National Standard Reference Data 
Series, National Bureau of Standards 26, Government Printing Office, 
Washington. D.C., 1969). 

40. B. G .  Hobrock and R. W. Kiser, J .  Plrys. Cliem., 66, 1648 (1962). 
41. B. G. Hobrock and R. W. Kiser, J.  Plrys. Clrem., 67, 1283 (1963). 
42. B. G. Gowenlock, J. Kay and J. R. Majer, Trans. Fararlay Soc., 59, 2463 

(1 963). 
43. J. D. Baldeschwieler and S.  S.  Woodgate, Acc. Clrem. Res., 4 ,  114 (1971); 

G. Eadon, J. Dieknian and C. Djcrassi, J .  Atnrr. Clrem. SOC., 92, 6205 (1970). 
44. T. W. Shannon and F. W. McLafYerty, J .  Amrr. Clicm. Suc., 88, 5021 (1966). 
45. R. G .  Gillis, G. J .  Long, A. G .  Moritz and J. L. Occolowitz, Org. Mass 

46. F. W. McLafferty, T. Wachs, C .  Lifshitz, G. Innorta and P. Irving, J.  Amer. 

47. F. W. McLafferty and R. B. Fairwcather, J.  Amer. Clrern. Soc., 90, 5915 

48. W. C. Lineberger and B. W. Woouward, Plrys. Rev. Lett.,  25, 424 (1970). 
49. R. S. Berry, Clrem. Rev., 69, 533 (1969). 
50. K. Jager and A. Henglein, Z. fiir Natrirforsclr., 21a, 1251 (1966). 
51. J. 13. Futrell and T. 0. Ticrnan, Scietice, 162, 415 (1968). 
52. G. P. Nagy, J. C .  J. Thynne and A. G. Harrison, Cnn. J.  Clrem., 46, 3609 

53. G .  Gioumousis and D. P. Stcvenson, J .  Cheni. Plrys., 29, 294 (1958). 
54. A. di Domenico, D. K. Sen Sharnia, J. L. Franklin and J. G .  Dillard, J .  

CIrem. Pliys., 54, 4460 (1971). 
55. J .  H. Futrell and T. 0. Tiernan, Chap. 11, Vol. 2, ‘Tandem Mass Spectro- 

metric Studies of Ion-molecule Reactions’, in Ioti-tno/eciile Keactiutrs 
(Ed. J. L. Franklin), Plenum Press, New York, 1972, pp. 485-552. 

56. D. Vogt and H. Neuert, Z .  f i ir .  Plrysik, 199, 82 (1967). 
57. J. I. Brauman and L. K. Blair, J.  Amer. Client. Soc., 90, 6561 (1968). 
58. V. L. Talroze, Pure Appl. Clrem., 5 ,  455 (1962). 
59. M. A. Haney and J. L. Franklin, J.  Plrys. Clren~., 73, 4328 (1969). 

Spectrom., 1, 527 (1968). 

Clrem. SOC., 92, 6867 (1970). 

(1968). 

(1968). (Figures 2 and 3 should be interchanged.) 



CHAPTER 7 

C .  TONIOLO and A. FONTANA 
University. of Padova, Padova, Italy 

I. 
11. 

111. 

1 'J. 

V. 

VI. 

VII. 

VIII. 

INTRODUCTION . 
ULTRAVIOLET ABSORPTION OF TI-IIOLS AND THIOETI.IERS . 
O P T I C A L  DISSYMMETRY EFFECTS O F  MONOCHROhlOPHOlilC THIOLS 
A N D  O P E N - C H A I N  THIOETHERS . 
A. MONOCHROMOPHORIC THIOLS . 
B. MONOCHROMOPHORIC OPEN-CHAIN THIOETIIERS . 

MEMBERED RING THIOETHERS (EPISULPHIDES OR THIIRANES) . 
OPTICAL DISSYMMETRY EFFECTS OF MONOCHROMOPHORIC FIVE- 
MEMBERED RING THIOETIIERS (THIOLANES) AND SIX-MEMBERED RING 
THIOETHERS (THIANES) . 

O P l I C A L  DISSYMMETRY EFFECTS OF MONOCHROMOPHORIC THREE-  

O P T I C A L  DISSYMhfETRY EFFECTS OF FIVE-MEMBERED RING DITHIO- 
ETHERS: 1,3-DITHIOLANES 
OPTICAL DISSYMMETRY EFFECTS OF THIOLS A N D  OPEN-CHAIN THIO- 
ETHERS CONTAINING SOME ADDITIONAL CHROMOPHORES 
A. THIOLS . 
B. OPEN-CHAIN THIOETHERS . 
REFERENCES . 

. 

355 
356 

357 
357 
3 60 

362 

364 

366 

368 
368 
372 
377 

1. INTRODUCTION 

The purpose of this chapter is to provide informations on the optical 
dissymetry effects1 of compounds containing the thiol group. A brief 
comparison with a!cohols is reported. Systems such as open-chain and 
cyclic thiocthers are also discussed ; however, for review articles dealing 
with optical rotatory properties of chromophoric derivatives" of thiols 
tlic reader is referred to references 3 and 4. Metal complexes will not be 
considercd. 
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The advantages of circular dichroism (c.d.) over optical rotatory 

dispersion (0.r.d.) are well known511, so that emphasis has been put 
mainly on c.d. studies. The nomenclature is that in common use'. 

I I .  ULTRAVIOLET ABSORPTION OF T H I O L S  AND 
T H I OET pi ERS 

Divalent sulphur is generally thought to participate in bonding via two 
(T bonds involving mainly two of the three 3p orbitals on the sulphur atom 
leaving the 3s orbital and the remaining 3p orbital to accommodate the 
four nonbonding electrons. The 3s nonbonding pair is much more tightly 
held by the sulphur atom than the 3p nonbonding pair. The replacement 
of hydrogen atoms in H,S by electron-donating (alkyl) groups leads to a 
destabilization of these electron pa i rP .  

The ultraviolet vapour spectrum of dimethyl sulpliide13* l4 shows two 
main absorption bands in the region from 200 to 230 nm : a structured band 
around 220 nm, and a relatively structureless band at about 200 nm. 
These two bands have oscillator strengths of about 0.01 6 and 0-06, 
respectively. 

Thompson and coworkers13 have examined the vibrational structure of 
the 220 nm band and have assigned the frequencies to progressions and 
combinations of the symmetrical C-S-C stretch and the parallel methyl 
rock. This is consistent with an electric dipole allowed transition. On going 
from vapour to the 220 nm band loses its structure and is blue 
shifted, so that it appears as a shoulder undcr the 200 nm absorption. 
There is a further blue shifting with increasing solvent polarity. In 
addition, the solution spectrum reveals a very weak transition on the long 
wavelength edge of the absorption with an F,,,,, of about 20. Apparently 
because of its very low intensity this band is masked in  the vapour spectrum 
by the  nearby much stronger 220 nm system. 

In cyclic sulphides, the lowest energy transition undergoes a red shift 
as the C-S-C angle decreases on going from larger to smaller rings, and 
appears at about 265 nm in three-membered ringsl.*-lG. 

The spectruni of hydrogen s ~ l p h i d c ' ~  shows a band at 200 nm of 
approximately the same intensity as that in  dimethyl sulphide. Cuniper 
and coworkers1' observed a band with roughly the same wavelength and 
intensity when the carbons bonded to sulphur were replaced by silicon 
and germanium, for example in (Me,Si),S. The relative insensitivity of the 
position and intensity of this band to the nature of the atoms bonded to 
sulphur suggests an atomic-like transition. 
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In SUmniary, the following low energy transitions havc been observed 

in the X-S-Y system: a very weak band a t  about 240 nm, and two 
moderately strong bands a t  about 220 and 200 nm (another transition is 
known to exist a t  about 195 nni). In the course of what follows, according 
to Rosenfield and h/loscowitzls, we shall suggest thc following assignments: 
(a) thc very weak band at  240 nni is associated with a n  electric dipole 
forbidden, magnetic dipole allowed b,+ b: transition. This assignment 
is substantiated by its marked enhancement in intensity in the case of 
thiols and unsymmetrical alkyl sulphides. Moreover, it is strongly 
analogous t o  the n + n *  transition in carbonyl; (b) the band at  220 nm is 
associated with an electric dipole allcwed b, -+ a: transition; (c) the band 
a t  200 nm is related to an atomic-like b,->3d transition. The orbital b, 
is a nonbonding 3p orbital on the sulphur atom, bz and a: are orbitals 
antinodal in the plane of the C-S-C chromophore and antibonding 
betwcen the sulphur and carbon atoms, and 3d represents a linear 
combination of sulphur 3d atomic orbitals. These assignments are based 
on symmetry argunients and considerations of the intensity of absorption 
and circular dichroism. It  should be noted that the assignments proposed 
by Rosenfield and Moscowitzls are in disagreement with previous ones13-16, 
which were based only 311 absorption data. Rosenfield and Moscowitz 
found that these previous assignments were less consonant wi;h the 
optical activity data than their own. Thi: emphasizes that 0.r.d. and c.d. 
results can be useful for assigning electronic transitions. 

111. OPTICAL DISSYMMETRY EFFECTS O F  MOMO- 
C H R O M O P H O R I C  THIOLS AND OPEN-CHAIN THIO- 

ETHERS 

A. Monochromophoric Thiols 

Optically active monochrornophoric thiols (i.e. optically active corn- 
pounds which contain only single C-C and C-H bonds in addition to 
the C-S-H group) have bccn poorly studied by 0.r.d. and c.d. (Table 1). 

TABLE I .  Circular dichroism of nionoclromophoric thiols 

Coiilpound Solvent A,,,,, (nm> Ref. 

(1) Sa-Choiestane-3cr-thiol Cyclohexane 235 -0.1 1 19 
(2)  Scu-Cholestane-3~-thiol Cyclohexane N o  maximum 19 
(3) (ZS)-2-Butanethiol n-Heptane 233 +0.102 20 
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The chirospeciroscopic properties of the cholestane-thiols 1 and 2 have 

been reported in a c.d. study of a range of I ,3-dithiolane~'~. The a-derivative 
(1) exhibits a positive Cotton effect at 235 nm in the region of its longest- 
wavelength absorption (229 nm, E = 138). Not surprisingly, the almost 
symmetrical P-derivative (2) showed no detectable c.d. 

(1) 3n-SH 
(2) 3$-SH 

In an investigation on the relationship between optical rotatory power 
and optical purity of aliphatic compounds of the general formula 
C,HgCH(CH,)-X (X = -SH, -SC,H,) Salvadori and colleagues2o 
reported the c.d. of (2S)-2-butanethiol (3), showing that the ultraviolet 
absorption band at the longest wavelength and corresponding to the 
shoulder in the 225-230 nm region is optically active. The Cotton efrects 
associated with the 235 nni transition for 3 arid its S-ethyl derivative (24) 
have opposite signs, despite the agreement found ir, the sign of rotation at  
559 nm. 

Finally, an 0.r.d. study on a dithiol, namely (2S, 5S)-2,5-hexaneditliiol, 
revealed a peak at  243 n m  in i-octane and at 238 nm in  ethanol?'. It 
should be noted that the sign of rotation of this dithiol correlates with 
that found for (2S)-2-butanethiol (3). No 0.r.d.-c.d. measurements of 
monochromophoric thiols are known below 230 nni. 

In contrast to thiols, the c.d. of saturated chiral alcohols have been 
examined rather Compounds containing hydroxy groups 
as the only substituent on a saturated hydrocarbon skeleton show no  
absorption maximum above 200 nm, and consequently aliphatic alcohols 
have been used extensively as solvents for the study of 0.r.d. and c.d. 
In addition, i t  has been possible to disregard the presence of hydroxy 
substituents in  work with compounds containing other chrornop'- llores, 
except for particular cases where there is interaction between ii hydroxy 
group and a neighbouring chromophol-e. Saturated alcohols present a 
low intensity absorption niaximuin at 180-190 1 1 m ~ ~ - ~ ~ ,  which has been 
associated with thc promotion of a nonbonding electron to  an anti- 
bonding (TI group orbital, namely a 2p,,,-> u;~ (in fact, the antibonding 
U* level is composcd largely of a p-orbital i n  these compounds, so that the 
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n-zo" transition has the character of a forbidden ps,y->pz atomic 
transition). This situation presents siinilarities to that of thiols ; however, 
a net difference exists in that i n  the case of alcohols it is not possible to 
invoke the participation of d electrons. 

TABLE 2. Circular dichroism of some nionochromophoric alcohols 
in Ii-hexanP 

Compound 

(4) 19-Nor-Sa-cholestan-1~-ol 
( 5 )  1 9-Nor-5a-cholestan-2~~-ol 
(6)  Sa-Cholestan-2/3-ol 
(7) 5a-Cholestan-3a-01 and four 

re In t ed con1 p ou n d s 
(8) Sa-Cholcstan-3/3-ol and four 

related compounds 
(9) 5a-Cholcstan-4a-oI 

(10) Sa-Cholcstan-6%-01 

(12) ~-Honio-S~-androstan-l 1 a-ol 
(13) ~ - H o n i o - ~ ~ - a n d r o s t a i ~ - ~  1/3-01 
(14) 5a-Androstan-lI/3-ol 
(15) 5a-Androstan-l7~-01 
(16) 5/3-Cholan-12a-ol 
(17) 5a-Pregnan-20a-01 
(18) 5a-Prcgnan-2O~-ol 

(19) 5a-17~H-Pregnan-20/3-ol 
(20) exo-(1 S, 3s)-Hydroxybornane 
(21) exo-( 1 R, 2R)-Hydroxybornanc 
(22) ( 1  S, 3s)-Hydroxypinanc 
(23) (1 R, 2R)-Hydroxypinanc 

(1 1) ~ - ~ ~ o n i o - 5 a - ~ 1 i d r o s t a n - 6 a - o ~  

189 
190 
198 

187-1 88 

187-1 89 

191 
196 
193 
I93 
191 
188 
191 
203 
193 
203 
193 
188 
187 
189 
187 
188 

- 0.25 
-0.51 
+ 0 6 1  
-0.12 

to -0.75 
- 0.23 

to -0.56 
- 0.38 
+ 0.51 + 0.38 
- 1-35 + 2.86 
+ 3.29 
-2.12 
+ 0.89 + 0.26 
+ 0.79 
- 1.22 
-4.19 
- 2.32 + 2.5 1 
+ 0.84 
- 1.92 

Table 2 illustrates tlie existence of well-defined Cotton effects for 
saturated alcohols in the region of the 11 + D* transition of their C-0--H 
group. The c.d. curves for the steroidal saturated hydrocarbons andro- 
stanes and cholestanes show the beginning of a Cotton effect below 190 nm 
but tlierc is no maxitnum above 185 iim, and the maxima recorded in Table 2 
must therefore be due to the hydroxy group. For many of the compounds 
listed in Table 2 Kirk and colleagues22 have been able to predict the 
preferred conformation of the hydrosy group (assuming staggering about 
the C - 0  bond, with 0 - H  occupying the least hindered position), 
and then to consider the relationship between the molecular geometry 
and thc sign of the observed Cotton effect. Clearly, hydroxy Cotton effects 
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can no longer be ignored i n  c.d. studies of other chromopliorcs which 
absorb below 200 nm. 

A c.d. study of tlie self-association of (-)menthol and (-)borne01 in 
heptane has been also reported23. The c.d. spectra near 200 nm consist of 
two bands of opposite sign. 

Vacuum-ultraviolet c.d. curves have been recorded for unsubstituted 
monosaccharidesz4. 

In summary, it is evident that the investigation of the thiol chromophore 
by optical dissymmetry effects has much farther to go before a fund of 
information approaching that available on the hydroxy chromophore is 
attained. The very fact, however, that the thiol system is somewhat more 
complex than hydroxy and, in particular, has d electrons involved in its 
transitions, makes this a potential source of new information and a 
promising area for further investigation. 

Finally, no data concerning optical dissymmetry effects of -SeH- and 
-TeH-containing compounds have yet been published. 

B. Monochromophoric Open-chain Thioethers 
In 1968 Salvadori gave a fundamental contribution to the clarification 

of the problem of tlie optically active absorption bands in open-chain 
sulphideszG. Dialkyl sulphides 24, 27 and 28 have been shown to exhibit 
four optically active transitions in the region from 190 to 250 nni  (Table 3). 
C.d. studies at low temperature and in the vapour phase clearly dcmon- 
strated that :.he best way to interpret tlie c.d. band at tlie longest wave- 
length for the aliphatic sulphides is to adniit that an optically active 
transition is also present in the range 235-255 nm. The effect of a neigh- 
bouring asymmetric centre has been studied in  these conforrmtionally 
mobile systems. In general the intensity of the c.d. bands decreases with 
increasing distance between the sulphur atom and tlie asymmetric carbon 
atom; the corresponding electronic transitions are influenced in  different 
ways by the asymmetric field variations connected with the structure of tlie 
compounds. The shift towards the visible observed in c.d. bands at 
227-230 and 236-246 nm upon lowering the temperature shows that the 
hydrocarbon solvents cannot be considered ‘inert solvents’ with respect 
to  the sulpliide chromophore. 

(24) / I  = 0;  X = Et ;  Y = Et 

(25) n = 0; X = Pr; Y = Et 
CH, 

I (26) n = 1; X = Et; Y = Me 
X-CH-(CH,) ,,-SY 

(27) n = 1; X = Et; Y = Et 

(28) n = 2 ;  X = Et;  Y = Et 
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TABLE 3. Circular dichroism data for monochromophoric open-chain 

thioethers 
Compound Solvent A,,, (nm) A h l x  Ref. 

butane n-Heptane 236 - 0.26 26 

S-Ethyl-(2R)-2-mercapto- n-Hexane 237 - 0.23 27 

Methanol 234 - 0.24 27 

(25) S-Ethyl-(2R)-2-mercapto- n-Hexane 233 - 0.25 27 

Methanol 23 1 - 0.28 27 
(26) S-Methyl-(2S)-2-methyl- ti-Heptane 242 not reported 28 

(27) S-Ethyl-(2S)-2-1ncthyl- ti-Heptane 246 - 0.02 26 

(24) S-Ethyl-(2S)-2-merca~to- ti-Heptane 237 -0.276 20, 28 

21 3 - 2.25 

butane 21 1 - 1.60 

209 - 1-10 

pentanc 213 - 1.59 

1 -nicrcaptobutane 

1 -1nercaptobutane 229 + 0.09 
206-2 10 - 0.90 

20 i - 1.16 
(28) S-Ethyl-(3S)-3-mcthyl- n-Hcptane 25 1 - 0.005 26 

I -mercaptopentane 230 + 0.09 
206-2 10 - 0.50" 

20 1 - 0.74 
~~~ 

" Shoulder. 

The c.d. properties of some open-chain thioethers have been also 
reported by Scopes and  coworkers2' (Table 3). The position and intensity 
of the Cotton effects exhibited by 24 are in agreement with those described 
by Salvadori20~2G*28 for the same compound. However, the signs have 
been reported to  be opposite for the same enantiomer. This discrepancy 
could be due to  the fact that Scopes and coworkers have obtained their 
c.d. spectra from optically impure samples of not unequivocal absolute 
configuration2'. 

By complexing the sulphides 24 and 26 with Lewis acids the longest- 
wavelength Cotton effect completely disappears in the region above 
235 nmZ8. These findings alorig with the solvent effects reported in Table 
3 confirm that the transition responsible of the longest-wavelength c.d. 
band involves the promotion of a nonbonding electron on the sulphur 
atoms. 

CH, 
I 

(29) fS-CH-CH,), 

CH, 
I 

(30) Et - S - C H - CHZ-S - Et 
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0.r.d. studies have often been useful for clarifying polymer con- 

formations in solution. The 0.r.d. curves of (-)poly(propylene-sulphide) 
(29) were anomalous in shape, having solvent-dependent troughs a t  
275-290 nni 29. The optically active model compound (-)I  ,2-di(ethylthio)- 
propane (30) also shows anomalous rotatory dispersions and tlie patterns 
of the curves resemble those of the polymer. Accordingly, tlie Cotton 
effect of the latter must be attributed to the nature of the individual 
monomeric unit and not to the formation of any rigid helical conformation. 

IV. O P T I C A L  DISSYMMETRY EFFECTS OF 

T H I O E T H E R S  (EQISULPHIDES O R  T H I I R A N E S )  

The chirospectroscopic properties of monochromophoric episulphides 
have been studied rather e x t e n ~ i v e l y ~ ~ - ~ ~ ,  in view of the tlieoretical interest 
and potential stereochemical application of such information, particularly 
in the steroid field. In Table 4 arc collected some relevant c.d. data of 
cholestane (31-33) and lanostane (34, 35) episulphides. The long wave- 
length Cotton effect is located in the 265 nm region, being associated with 
the very weak lower energy transition of the three-membered ring thio- 
ethersl*-lG. Of particular interest is the observation that while the U.V. 
extinction coeficients of the two epimeric episulphides 31 and 32 are very 
similar3", their rotational strengths cxprcssed in c.d. molar ellipticity differ 
by a factor of six, the more powcrful 2~~~3cu-epirner (31) being characterized 
by a negative Cotton effcct in contrast to the positive one of the 2/3,3/3- 
epimer (32)30,31. This pair represents an illustration where the small 
differences in electric dipole arc not sufficient to have an important effect 
upon the extinction of the U.V. absorption maximum, but are reflected 
in the rotational strength because of the substantial magnetic dipole. 

In sevcral instances, either thc sign or  the rotational strength or both 
parameters have been utilized for purposes of diffcrentiating between the 
position and/or configuration of the episulphide function in steroidal and 
triterpene molecules. At this point, i t  is rclevant to  note that the isolated 
episulphide group, like the isolated carbonyl group, rcpresents a type of 
chromophore that has been classified as 'inhcrcntly symmetric'. Hencc, 
whatever thc nature of the relevant orbitals, their symmctry propertics 
must reflect thc inherent symmetry properties (e.g. reflection planes) of 
the isolatcci episulphidc. The observed Cotton effects arise because of the 
dissynimctric molecular environment provided for the episulphide group 
by the rest of the steroid. This environmcnl is dctermincd to a large extent 

P 4 0 N O C H R O M O P H O R I C  THREE-MEMBERED RING 
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by thc position and orientation of the episulphide group in the steroid. 
Hence, the configuration of a n  incompletely characterized episulphide of a 
5a-steroid, in which there is no substitution in the immediate vicinity of 

TABLE 4. Circular dichroism of monochroniophoric thrce-membered cyclic 
thioethers (episulphides or thiiranes) 

Coinpound Solvent haX ( I l J l l )  hl,l,,x Reference 

(31) Sol-Cholestan-2ciu,3a- i-octane 265 - 1.16 30 
episulphide Cyclohexane 268 - 1.16 31 

(32) Sa-Cholestan-2/3,3,8- i-octane 264 -t-0.18 30 
episulphide Cyclohexane 264 +0.21 31 

(33) Sa-ChoIestan-3a,4u- Dioxane 267 - 1 '40 30 
episulphide 

episulphide 

c pisulphide 

- -. 

(34) Lanostan-Za,3a- Cy cl o hex a n c 267 - 1.98 31 

(35) Lancstnn-2/3,3j3- Cyclohexane 265 + 0.58 31 

s:::Q} 

i34) 

H 

(35) 

the episulphide group, can possibly be determined by comparison of its 
0.r.d. or c.d. curve with those reported in the literature"-". 

A sector rule lias been devised for the episulphide chromophore to 
account for the chirospectroscopic properties of steroidal e p i ~ u l p h i d e s ~ ~ ~ ~ ~  
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(Figure 1). Unfortunately, the exact nature of the transition involved is 
not definitely established, and, as a result, the rule does not rest on a 
firm theorcGca1 foundation. Rather, it rests on the assumption that the 
transition a t  265 nm is n->a*, in which case the accessible sulphur 
d orbitals are not taken into account16. Nonetheless, the rule does appear to 

I 
I 

FIGURE 1. The episulphide sector rule. 

enjoy a measure of success and should be examined more closely in systems 
other than steroidalM. 

Finally, a second optically active transition, whose solvent-dependent 
location falls in thc 210-225 nm region32, has been reported for steroidal 
episulphidcs. 

V. O P T I C A L  DISSYMMETRY EFFECTS O F  
P I O N O C H R Q M O P H O R I C  FIVE-MEMBERED R I N G  

T H I O E T H E R S  (THIOLANES) AND SIX-MEMBERED 
R I N G  THI IOETHERS (THIANES) 

The relatively rigid optically active thiolanes (8R, 9R)-t/*ans-2-thia- 
Iiydrindan (36) and A-nor-2-tliiacholestane (37) with known and opposite 
absolute configuration at the ring juncture have been synthesized and their 
optical rotatory properties investigatedlq? 35 (Table 5 ) .  Apparently, they 
seem to exhibit fewer optically active transitions than acyclic sulphides 
do2G. I n  fact, 36 and 37 share two optically active transitions at 244 and 
202 n m ;  in addition, compound 36 has an optically active transition 
centred at about 217 nm. The usefulness of the sulphide chromophore for 
stereochemical correlations has been confirmed following thc observation 



7. Optical rotatory dispersion and circular dichroism 3 65 
tliat the sign of the 244 nrn band reflects the chirality of the neighbouring 
ccn t res. 

Whether the c.d. behaviour of cyclic sulphides can be expressed in 
terms of some spatial sign-determining rule analogous to the octant rule 

TABLE 5.  Experimental rotational strengths" 
( R )  of monochromophoric thiolanes and 

thianes15 
~ ~~~~~ 

Compound Lax (nm) Rm:n 

36 244 - 4.0 
_ _ _ _ _ _ _ ~  

217 + 4.0 

37 244 + 4.0 
202 + 4.0 

202 - 4.0 

38 233 - 0.7 
21 5 - 2.4 
202 + 1.9 

39 235 f 1.8 
216 + 1.3 
200 - 1.4 

0 In units of IO-"' cgs. 

CIHl7 

for the lowest-lying singlet transition in saturated ketones36, and the 
quadrant rule for the lowest singlet in arnidcs3', awaits additional data on 
conformatienally restricted and rigid systems. Following this line of 
approach, Roseiifield and Moscowitzls have carried out a theoretical and 
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experimental investigation on thiolanes 36 and 37, and on two six- 
membered ring sulphides (thianes), namely 1,8,8-trimethyl-3-thiabicyclo- 
[3,3, I]-octane (38) and 3-thia-5-a-cholestane (39); in this study possible 
assignments for tlie three lowest-lying singlets in dialkyl sulphides have 
been proposed. 

VI. OPTlCAL DISSYMMETRY EFFECTS O F  FIVE- 
MEMBERED RING DITHIQEPHERS: I,3-DITHIOLAN€S 

The U.V. spectra of 1,3-dithiolanes exhibit a weak band at about 245 nm, 
corresponding to the n -> u : ~  transitions of the sulphur a t ~ r n s ' ~ * ~ ~ * ~ ! ' .  
I ts  optical activity is now demonstrated, as shown in tlie examples collected 
in Table 6. In  the c.d. spectra two oppositely signed absorptions are 
generally seen, one between 260 and 280 nm, and the other, which is 
always more intense, between 235 and 250 nm 1 9 p 3 0 .  

To understand the spectra, the shape x d  symmetry of the dithiolane 
chromophore have been discussed19: (a) 1i.m.r. investigations of oxygen 
analogues of dithiolanes show that the ring undergoes pseudorotation 

-3 

TABLE 6. Circular dichroisni of fivc-membered sing dithioethers: 1,3-dithio- 
lanes 

Compound Solvent A,,,,, (nm) A E , , , ~ ~  Reference 

(40) 5a-Cholestan-I-one- 

(41) 5a-Cholestan-Zone- 

(42) 5a-Cholestan-3-one- 

ethylene-dithioketal 

ethylene-dithioketal 

ethylene-dithioketal 

(43) Sa-C h olest a n-6-0 ne- 
ethylene-dithiokctal 

(44) SIX-Andsostan-3-one- 
ethylene-dithioketal 

(45) Sa-Androstan- 16-one- 
ethylene-dithiokctal 

(46) 2,2-Ethylene- 
dithiocaniphane 

(47) I,l-Ethylene-dithio-3- 
met hyl-cyclopentane 

(48) 1,1 -Ethylenc-dithio-3- 
methyl-cyclohexane 

Dioxane 

Dioxane 

Dioxane 

Cyclohexa ne 

Cyclohcxane 

Diosane 

Diosane 

Cyclohexane 

Cyclohexane 

Cyclohcxmc 

245 

263 
240 
26 I 
239 
262 
242 
28 1 
243 
262.5 
235 
276 
248 
24 S 

274 
248-250 
264-265 
239-240 

+ 3.60 

+ 0.94 
- 6.06 
+ 0.25 

+ 0.05 

+ 0.03 
- 3.69 
i 0.08 
-0 .15  
+0.11 
- 4.09 
+ 4.75 

-0.12 
+ 1.24 
+ 0.08 
- 0.6: 

- 0.66 

- 0.25 

39 

39 

39 

19 

19 

39 

39 

19 

19 

19 
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d? U 

(43) 
(44) 

@:I 
H 

(45) 

between the envelope and the two enantiomeric half-chair conformations, 
but no preference for the envelope form could be detectedg0. Therefore, 
although a ‘time-average conformation’ of a molecule exhibiting pseudo- 
rotation is not necessarily the same as the ‘average conformation’, the 
1,3-dioxolane ring (and, by extension, the 1,3-dithiolane ring) appears to 
be planar and will possess C,, symmetry if R1 = RZ in  49 (it would possess 

R’, ..R2 
C* 

\ I  
HPC-CH, 

(49) 
X = X ’ = O  
X = X ’ = S  

x’ ‘x’ 
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this symmetry also if it existed as the half-chair form, but not if it were in 
the envelope form); (b) however, it must be recalled that the spiro- 
dithiolanes are flexible compounds, which may undergo facile con- 
formational twisting with accompanying reversing chirality, and any 
twist will give them an intrinsical optical activity; (c) in 1,3-dithiolanes, 
owing to the diffuse nature of the nonbonding 3p orbitals of sulphur there 
might be a net overlap of these orbitals, leading to several possible 
traiisitions19; the fact that only one absorption is seen in the U.V. spectra 
of 1,3-dithiolanes suggests that the degeneracy of the system is not 
seriously removed and that there must be only limited mixing between the 
electrons of the two sulphur atoms. On the other hand, the fact that 1,3- 
dithiolanes absorb at  15 nm longer wavelength than acyclic mercaptals 
has been attributed to increased overlap between sulphur orbitals4; and 
(d) a thorough analysis is further complicated by the undoubted importance 
of orbitals of sulphur other than 3p orbitals13. 

Notwithstanding these difficulties, Cookson and colleagues'!' have 
discussed the c.d. curves of 1 ,'J-dithiolanes in terms of a simplified orbital 
diagram. Application of this approach to  a number of 1,3-dithiolanes, 
with the interatomic distances and angles measured from Dreiding models, 
gave a fairly good qualitative interpretation of the c.d. spectra. 

VII. OPTICAL QISSYMMETRY EFFECTS O F  THIOLS 
AND OPEN-CHAIN THIOETHERS CONTAINING S O M E  

AQDITIONAL CHROMOPWORES 
A. Thiols 

A study of (2R)-2-mercaptopropionic acid (51) and related compounds, 
in which sulphur and carboxy chromophores are prcsent i n  the s:inie 
molecule, has been reported by Scopes and coworkers2'. The p:irent 
a-mercapto-cnrboxylic acid 51 shows two clear Cotton eirects a t  238- 
240 nm (positive) and 198 nm (negative) and one pronounccd shoulder 
a t  220 nm (Table 7). This may be compared with related (2R)-2-nicrcapto- 
propan-1-01 (50) which has a very small negative c.d. band a t  235 nni 

COOH 
H-C-SH 

C H 3  

(51 1 

(226 nin in hcxane) rind a positive c.d. band at 1 %  nni2'. The Cotton 
effect a t  235-240 and 198 nm for the acid (51) and the alcohol (50) 
correspond to the absorption bands observed for these compounds in 



TABLE 7. Circular dichroisni of thiols containing additional chroniophores 

Reference Compound i Solvcnt &ll,y (nm) AEmnx 
. .  -- I --_ 

(SO) (2R)-2-Mercaptopropan-l-ol n-Hexane 226 -0.13 27 

Methanol 257 + 0,004 27 
196 + 1.50 

5 
235 
198 + 1.08 

(51) (2R)-2-Mercaptopropionic acid n-Hcxane 240 +2*10 27 0 
P, 220 + I .48 sh 

198 - 2.26 FI? 

I? 
?2 

19 Y 

G 

45 5 (S)-Cysteine hydrochloride Watcr 262 - 0.0007 48 a + 2.27 9. 
2 
5 

245 +0-403 sh s 
207 + 3.27 a 

5' 
T 234 - 0.338 

206 + 2.1 47 

- 0,023 

-. 
0 

1 M c t ha n ol 23 8 + 1.66 27 
220 +0*91 sh 
198 - 1 *90 

(52) 5cu-Mcrcaptocholestan-3~-vl acetate Cyclohexane 236-240 - 0.23 
(53) (S)-Cysteine pH I (HCI) 208 + 1-78 42 a 

0 
1 

pH 7 (phosphate buffer) 203 + 2-34 42 
pH 13 (NaOH) 214 + 3.74 42 

PI 1 ca. 6 (water) 200 3- 1.54 
5. pHca.  1 (HCI) 214 4.1.22 45 
e, 

201 
@ I N  NaOH 277 - 0'0025 48 

(54) N-Acetyl-(S)-cysteine pH 1 (HCI) 263 -1- 0.0 1 14 48 
0 

3 
L. 
v1 

4 pH 13 (NaOH) 238 - 1 *44 4s  
(55) N-Acctyl-(S)-cysteine rncthylaniide pH 0.1 (HCI) - 268 - 1-0.025 43 

(56) Reduced glutathione Water 222 - 1.10 9,44 
- 208 - -2.3" 

cn 48 \c 
pH 7.5 (phosphate buffer) 215 - I *so 

Refers to A t  at lowest wavclength reached: not a maximum. 
sh = shoulder. 
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ethanol, which show a maximum a t  206 nm and inflections at  235 and 
230 nm resp~ctively~'. Although the two compounds (50) and (51) have the 
same configuration with respect to  suiphur at  the single asymmetric 
centre, the corresponding maxima at about 200 nm are of opposite sign. 
Comparison of the spectra shows that the effect of the sulphur chromophore 

(52) 

is dominant and the carboxy Cotton effect appears only as a shoulder at 
220 nm in the c.d. curve of cornpound 51. Thus, for compounds of the 
same absolute configuration with respect to sulphur the effect of replacing 
a primary alcohol group (compound 50) by a carboxy group (compound 
51) is to invert the sign of the main c.d. Cotton effects, which are due to 
the sulphur chromophore and which have the dominant effect over the 
carboxy group. 

In the case of c.d. spectra of cysteine (53) and its derivatives (54-56) 
(Figures 2 and 3, and Table 7), which are /3-mercapto carboxy derivatives 
and have the -SH moiety separated from the asymmetric centre by one 

X 

FIGURE 2. The c.d. spectrum of (S)-cysteine hydrochloride in water. 
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metliylene group, the effect of the sulphur chromophore is much less 

The spectra are basically siniilar to those observed for 
amino acids carrying an aliphatic side-chain42*43*45*4G and appear to be 
dominated by the n + n *  transition of the CO-X (X = -OH, -NH- 

2 . 4 7 -  

w a 

-o?L14- 

190 210 230 2’ 

------l 

A 
3 270 290 310 

Wavelength, nm 

FIGURE 3. The c.d. spectruni of N-acetyl-(S)-cysteine at pH 1 .  

chromophores. In particular, the effect of replacing the -COOH group 
(54) for the -CONH- group (55 and 56) on the sign of the main c.d. 
band is noteworthy. The red shift of the wavelength maximum for the 
higher energy c.d. band in going from neutral to acid and alkaline pH, 
characteristic of aliphatic amino  acid^‘^^.^^, is shown also by cysteine 
(Table 7). 

COY 
XHN-c-H 

(53) X = H; Y = OH 
(54) X = CH,CO--; Y = OH 
(55) X = CH3CO--; Y = NHCH, 
(56) X = NHZ-CH-COOH; Y = NHCH,COOH 

I &H,SH 
(fH2)3 

co- 

The chiral-optical properties of steroidal thiols containing additional 
chrornophores, such as -COOR, C=O and C=C (52 and 57), have also 
been inve~t igated~~,~’ .  The results obtained4’ make it possible to conclude 
that sulphur-containing substituents, found in the or-position to the 

13 
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20-C=0 group in  compounds of the pregnane series (57), in harmony 
with the octant rule36, niake a strong negative contribution to the c.d. 
intensity. 

To our knowledge, n o  additional studies on -SH-containing com- 

pounds, in particular on C,H,fC),,SH ( 1 1  = 0, I ,  . . ., etc.), have yet appeared 

in the literature. 

I 

I 

5. Open-chain Thioethers 

The four S-alkylated derivatives of (S)-cysteine (59-62) have very 
similar c.d. properties"; (Table 8 and Figure 4). In aqueous solution two 
positive Cotton effects occur with maxima at 220 and 200 nm, respectively. 
In acid solution the two positive maxima occur again with a red shift of 
the 200 nni band. Howevcr, the relative magnitudes are changed; whereas in 
water the A& value for the 200 nm band is about twice that for the 220 nm 
band, the reverse is true in acid. These bands have been ascribed to a 
transition of the sulphur atom, dissynirnetrically perturbed by the centre 

(58) n = 2; X = Me 
(59) n = 1; X = M e  
(60) n = 1;  X = Pr 
(61) n = 1 ;  X = CH,CH,COOH 
(62) n = 1; X = CHCH,COOH 

COOH 

H,N-C-H 

(C H2) ,,--SX 
I 

at C-2 (220 nm), and to the carboxyl n-tn''' transition (200 nm)4-5. I n  
(S)-methionine (58) the sulphur atom is separated from the asymmetric 
centre by one more methylene group than in 59, and i t  is significant that 
the large 220 nni maximum is not observed, but a positive maximum at 
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TABLE 8. Circular dichroism data for some open-chain thioethers containing additional 

chromophores 

373 

~ ~~~ 

Compound Solvent" 
~~~ ~ 

A,,,,, (mi) A&,,,:,, Keference 

(58) ( S ) -  Me t hi on i ne 

(59) S-Methyl-(S)-cysteine 

(60) S-Propyl-(S)-cysteinc 

(61) S-Carboxyethyl-(S)- 
cysteine 

(62) S-/%Carboxyisopropyl- 
(S)-cysteine 

(63) (S)-Djenkolic acid 

(64) N-Acetyl-(S)-djenkolic 
acid 

mercapto-propionic 
acid 

(65) S-Methyl-(2R)-2- 

pH cn. 6 
pH cn. 1 
pH 13 
PH 7 

pH 1 
pH 7.5 

PH 1 

pH ca. G 

pH ca. 1 

pH 13 

pH 7.5 

PH 1 

pH ca. 6 

p H  GI.  1 

pH cii. 6 

pHca.  1 

pH ca. 6 

pH ca. I 

pH ca. 6 
pH ca. 1 
pH ca. 6 
pH ca. 1 
Methanol 

198 
205 
212 
228 
200 
195 
208 
227 
199 
249 
206.5 
22 I 
200 
223 
207 
272 
222 
210 
26 1 
222 
20 1 
258 
223 
206 
220 
200 
223 
202 
220 
I98 
222 
202 
220 
199 
220 
207 
200 
217 
20 5 
208 
27 I 
240 
224 

+ 1.78 
+ 1.74 
+ 0.8 I 
- 0.07 
+ 1.52 
+ 1-36 
+ 1.53 
- 0'066 
+ 1.85 
- 0.00 I 
+ I .54 
+ I .07 
+ 2.60 
+ 1.60 
+0.83 sh 

+ 1.25 
+ 1-68'' 

+ 1.23 
+ 2.66 

+ 2.05 
+ 1.02 sh 
+ 0.84 
+ ? - I 1  
+ 1.48 
+ 0.56 
+ 0.93 
+ 2.34 
+ 1.59 
+0.47 sh 
-t 1.25 
-1-2.18 
+ 2.00 
+ 0.69 sh 
+ 7.68 
+ 3.39 
+ 5.62 
+ 3.14 
- 0.01 
+ 0.87 
+ 0.80 

- 0.005 

- 0.01 5 

-0.013 

45 
45 
42 
42 

42 
48 

45 

45 

45 

48 

48 

48 

45 

45 

45 

45 

45 

45 

45 
45 
45 
45 
27 
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TABLE 8 (cont.) 
~ 

Compound Solventa Ann, (nm) AEnlaz Referen# 

(66) S-Methyl-(2R)-2- 
mercapto-propionic 
acid methyl ester 

(67) S-Methyl-(2R)-2- 
mercapto propan-1-01 

(68) (R)-Methylthiosuccinic 

(69) (R) Ethylthiosuccinic 

(70) (R)-Propylthiosuccinic 

(71) (R)-Isopropylthiosuccinic 

(72) (R)-n-Butylthiosuccinic 

(73) (R)-n-Pentylthiosuccinic 

(74) 5a-Methylthiocholestan- 

(75) Sa-Methylthiocholestan- 

acid 

acid 

acid 

acid 

acid 

acid 

3p-01 

3p-yl acetate 

n-Hexane 

Met hanol/NaOH 

Methanol 

n-Hexane 

Methanol 

n-Hexane 

Not indicated 

Not indicated 

Not indicated 

Not indicated 

Not indicated 

Not indicated 

Cyclohexane 

Cyclohexane 

203 
268 
240 
22 1 
208 
197 
244 
22 1 
212 
27 1 
240 
22 1 
200 
269 
24 1 
229 
203 
255 
23 1 
208 
243 
222 
208 
235 

237-243 

244 

243-245 

239-243 

237 

238 

239-242 

- 0.73 
-0.15 + 0.67 + 0.93 + 0-56 
- 0.62 
+ 0-34 + 0.42 
- 1 *28b 
- 0.02 
+ 1-18 + 1-12 
- 1-06 
- 0.04 
+ 1-83 
+ 1.48 sh 
- 1.42 
+ 0.006 
-0.11 
+ 0.37 
+ 0.009 

+ 0.35 
+ 1.998 

- 0.26 

+ 1-62 

+ 1.773 

+ 0.92 

+ 1.732 

+ 1.685 

- 1.10 

- 0.22 

27 

27 

27 

27 

27 

27 

50 

50 

50 

50 

50 

50 

19 

19 

~~ 

a p H  values were obtained thus: 
p H  1 and ca. 1 
p H  ca. 6 water 
p H  7 and 7.5 
pH 13 NaOH 

HC1 

phosphate buIfer 

Refers to AE at lowest wavelength reached: not a maximum. 
sh = shoulder. 



7. Optical rotatory dispersion and circular dichrois:n 375 
about 200 nm, which confirms the (S)-configuration a t  C-2 for the four 
substituted c y s t e i n e ~ ~ ~ * ~ 5 2 ~ ~  (Figure 4). 

Compounds 63 and 64, containing the -S-CH2-S- grouping, both 
gave positive Cotton effects at  wavelengths similar to those for an alkyl- 
substituted cysteine45. The ellipticity values measured for 63 and 64 in 
water (Table S), however, are of the order of magnitude usually associated 
with an inherently dissymmetric chromophore. This evidence implies that 
the system -S-CH2-S- is itself chiral, independently of any 
dissymmetric substitution. 

P 

Q 

I I I I 
190  210 230 250 270 290 310 

Wavelength, nrn 

FIGURE 4. The c.d. spectra of (S)-methionine (A) and S-methyl-(S)-cysteine 
(B) in 0 . 2 ~  phosphate buffer, pH 7.5. 

S-Methyl-(2R)-2-mercaptopropionic acid (65) and its methyl ester (66) 
present very similar c.d. curves27 (Table S), which in contrast are remarkably 
different from that of the corresponding primary alcohol (67). As for the 
thiols (50) and (51), these results show a reversal in the sign of the major 
c.d. maxima accompanying the change from -CH,OH to -COOH 
group. The data of Scopes and colleagues27 on the longest wavelength 
c.d. band of 51 and 65 parallel the observation of Craig and Pcreira on 
a-amino acids and a-hydroxy-acid~~~, suggesting that coupling occurs 
between the carbonyl group in the carboxy chromophore and one of the 
nonbondirlg orbitals of the heteroatom attached to the asymmetric centre, 
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This coupling will only take place for a conformation in which the alkoxy- 
oxygen is close to  the heteroatom. In addition, for the acid 65 and ester 
66 there is a very large increase in ellipticity for all the c.d. bands investi- 
gated as the temperature is lowered to - 180°C“. This finding is consistent 
with the great flexibility 

COOH 

RHN-C-H 

CH, I 
S 
I 
CH, 
I 

S 
I 

CHZ 

H -C- N H, 

c00.r 
(63) R = H 
(64) R = CH3CO- 

of these acyclic molecules. 

COOR 

H-C-SCH, 

CH, 

(65) R = H 
(66) R = CH, 

CH,OH 
H-C-SCH, 

C H, 

(67)’ 

(68) X = Me 
COOH (69) X = Et 

(70) X = Pr 

(73) X = n-Pe 

H-C-SX (71) X = i-Pr 
CH,COOH (72) X = n-Bu 

SCH, 

Lastly, the alkylthiosuccinic acids 68-73 and the alkylthiocholestanes 
74 and 75 all exhibit a Cotton erect at 235-245 nm associated with a 
transition within the sulphur c h r o m ~ p l i o r e ~ ~ ~ ~ ~ .  

Several poly-a-amino acids containing a sulphur atom in their side- 
chain have been investigated by 0.r.d. and ~ . d . ~ l - ~ j .  However, the analysis 
has not advanced sufficiently as yet to merit a detailed discussion. 

Note ~rklcd ill proof: Since the coniplction of this article, several papers discussing 
the 11.v.. o.r.d., and c.d. spectra of alcohols5R, t I i i o l ~ 5 ~ - ~ ” ,  and thioethers60-G8 have 
appeared in the  litcratiirc. 
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1. HYDROGEN BONDING 

A. Introduction 
A considerable proportion of the chemical literature continues to be 

concerned with studies of hydrogen bonding. Pimentel and McClellan 
following their standard work1 in 1960 have reviewed the more recent 
literature2, and a general review3 stressing the theoretical aspects has 
appeared. Nevertheless hydrogen bonding involving thiols has received 
rather little attention due no doubt to the comparative weakness of the 

379 

The Chemistry of the Thiol Group 
Edited by Saul Patai 

Copyright 0 1974, by John Wiley & Sons Ltd. All Rights Reserved. 



380 M. I<. Crampton 
interaction. Indeed until about 1960 there was doubt as to the existence of 
hydrogen bonding in thiols. Thus physical measurements such as 
cryoscopy" failed to detect their self-association and the boiling points, 
considerably lower than those of the corresponding alcohols, indicated 
less association than their oxygen analogues. Howwer the modern use of 
spectroscopic techniques, mainly infrared and n.m.r., has shown the 
presence, albeit weak, of hydrogen bonding involving the SH group. In 
the former technique the formation of an H-bond S-H.. .B is in general 
accompanied by a decrease in the frequency of the SH stretching mode, 
and an increase in  the bandwidth of this mode and an increase in its 
integrated intensity. In general, distinct bands are observed due to 
molecules in distinct environments as in monomer, dimer or polymer, so 
that the presence of such species can be determined i n  favourable cases. 
In p.m.r. spectroscopy hydrogen bonding involves a shift of the thiol 
proton resonance to lower field and the time-scale of the experiment is 
such that a single thiol band is obscrvcd whose position is a weighted 
average for the various hydrogen-bondcd species present. From measure- 
ments of thc variation of chemical shift with concentration equilibrium 
constants may be calculated. The two techniques are comp!ementary and 
useful information has been obtaincd from each. 

B. Self-association 

1. Hydrogen sulpkide 
The. boiling point of hydrogen sulphidc" at - 60°C is very much lower 

thaii that of water and indicates the considcrably weaker intermolecular 
forces in liquid hydrogen sulphidc t h a n  i n  waterti. Nevertheless the p.m.r. 
shift of liquid hydrogcn sulphide is 1-5 p.p.ni. downfield from the position 
in the gas phase7 showing the presence of association. I n  solid hydrogen 
sulphide evidcnce for wcak S-1-I S hydrogcn bonding comes froni the 
crystallographic studies of Hai-ada and K i t a m i ~ r a ~ .  There are scveral 
solid phases, a fact i n  itself suggestive of specific molcculnr interactions!'. 
I n  thc tetragonal phase stable bdow - I6S"C the S . - S  distance is 3.86 P\ 
\vhich is shortcr by 0.5 A than that expcctcd from van dcr Waal's distances,' 
and the S-S-S angle is 75". This suggests9 tha t  the hydrogen sulphide 
niolccule, with a bond angle of 92" in the isolated state is oriented so as 
to form two slightly bent hydrogen bonds to other sulphur atoms. 

Infrared spcctra of hydrogen sulphide in solid nitrogen matrices at 
20 K have been rccorded'O and froin an  analysis of the SH stretching region 
assignments of bands to nioiionicr, dimer and polymer species were made. 
Bands at  2632.6 cm-* (vJ and 2619.5 cm-l (vl) whose intensities increased 



8. Acidity and hydrogen-bonding 381 
with increasing dilution of hydrogen sulphide in the matrix were attributed 
to  monomer. The spectrum of the dimer indicates an open structure with 
a single hydrogen bond (1). Bands at  2631.1 and 2617.8 cm-I are associated 
primarily with the proton acceptor molecule with bands at  2625.3 and 

2580.3 cm-l associated with the proton donor. The relative frequency 
shift on  dinicr formation was compared with that for matrix isolated 
water molecules with the result 

(4v/v),,?,/(111~/v),,s,,---0.5 

suggesting that in  the nitrogcn matrix the hydrogen sulphide hydrogen 
bond is approximately half as strong as the water hydrogen bond. The 
infrared spectra of hydrogen sulphide in carbon monoxide, argon and 
krypton matrices'I similarly indicate the formation of an open-chain 
dimer. I n  the argon matrix absorptions due to higher multimers are 
generally broad and overlapping so that specific assignments are difficult 
although bands attributable to a trimeric species were found. 

Infrared spectroscopy also provides evidence for the self-association of 
hydrogen sulphide in the gas phase at high prcssure12. The results indicateI3 
the formation of a dimer with an energy of about 1.7 kcal/mole. 

A recent theoretical examination'" of hydrogen bonding in hydrogen 
sulphide concludes that the CNDO method in its present form is not 
adequate to describe the prnpertics of weak hydrogen bonds such as 
See- H-S. The predicted bond lengths are much too short while the bond 
energies are one or two orders of magnitude too high. Ab iiiirio calculations 
give more acceptable results and indicate, in  agreement wit11 experimental 
evidence, that the linear form of the dinier (1) should be more stable than 
a bifurcated structure (2) or cyclic structure (3). The bond energy in the 
linear structure is predicted t o  be 0.7 kcal/mole. An earlier calculation15 
of the bond energy i n  the H,S dimer, using the method of PopleIG, gave a 
bond strength of 1.8 Kcal/mole. 
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2. Aliphatic thiols and thiophenols 
At one time self-association of aliphatic or  aromatic thiols was thought 

to be unlikely. Thus molecular weights determined by the freezing-point 
method4 showed no  evidence of polymerization. Also calorimetric 
measurements indicated no heat of mixing when thiols were diluted with 
benzene1' and dipole moment measurements18 did not reveal any tendency 
to association. In addition early workers using the infrared method, 
limited by experimental insdequacies, were unable to  detect any con- 
centration effects on dilution of thiols with inert solvents and hence 
considered hydrogen bonding They were, however, able to 
detect the association of thiols with suitable oxygen- or nitrogen-containing 
solvents. 

More recently infrared spectroscopy has provided definite evidence of 
self-association in thiols. Sevcral groups of workers have found shifts of 
about 20 cm-l in the SH stretching frequency as the concentration of 
thiol is varied. I n  the case of aliphatic thiols Bulanin and coworkersz2 
found three factors indicative of hydrogen bonding. Thus as the con- 
centration of tliiol in carbon tetrachloride is increased the absorption 
frequency shifts from 2584 to 2564 cni-l, the bandwidth increases from 
25 to 58 cm-' and the integrated absorption intensity increases by a factor 
of eight. The band a t  higher frequency was attributed to monomeric 
thiol molecules and that a t  lower frequency to associated species, the 
linear dimer (4) being thought most probable. Spurr and Byersz3 measured 

integrated intensities for the SH absorption of several thiols in carbon 
tetrachloride solutions. In accord with Bulanin's results they found that 
the band is formed of two components a t  about 2580 and 2560cm-l 
(see Figure 1). The variation of intensity with concentration could be 
accounted for on the basis of a monomer-dimer equilibriuni and for all 
compounds studied the integrated absorption coeflicient of the dimer was 
an order of magnitude greater than that of the monomer. Spurr and Byers 
assumed that both thiol groups in  the dimer were hydrogen bonded, 
requiring a cyclic structure, and calculated equilibrium constants for the 
association process (Table 1 ,  p. 385). 

It is of interest that recently infrared spectra have been reportedz4 for 
methanethiol and ethanethicl suspended in argon matrices at 20 K.  In the 
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SH stretching region bands were identified due to thiols in the form of 
monomers (2600 cm-I), linear dimers (2575 cm-l) and cyclic tetramers 
(2551 cm-I). The latter form (5) was found to be particularly stable for 

2500 2600 2 700 

Wave numbers (err-') 
FIGURE 1 .  Infrared spectra of t-butanethiol in carbon tetrachloride: 
a, 0.125M; b, 3.08M; c, 6.99M; d, 9.20M, pure thiol. The bands at 2580 and 
2560 cm-’ were attributed to nionomer and dimer respectively: The shoulder 
at 2620 cm-l is thought to be unconnected with SH absorption. Reproduced 
by permission from R. A. Spurr and F. H.  Byers, J.  Phys. Cltenz., 62,425 (1958). 

ethanethiol. In addition, the formation of dimers and more highly 
associated species from several aliphatic thiols has been confirmed 
re~ent ly l ’~  by low temperature measurements. 

R . .  
I 
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The effects of association in thiophenols were first noted by Josien and 
her coworkers25. In dilute solution in carbon tetrachloride the mmomeric 
SH frequency is at 2591 cni-'. As the concentration of thioplienol is 
increased a shoulder, attributed to dimer, is found at 2577 cni-l while in 
the  pure liquid a band at 2569 c n - l  is attributed to polymer. Evidence for 
association was also found in the case of mono-halogenated tliioplienols2G. 
Similarly David and Hallam27 have given convincing demonstrations of 
the self-association of thiophenol and seven of its derivatives. They 
considered that the structure of the associate is most IikEy to be (4) 
although they raised the possibility that in thiophenols bonding may occur 
to the 7r-electrons of the benzene ring (6). Thus i n  dilute solutions of thio- 
phenol in benzene where S-H --*rr interactions will occur the SI-1 frequency 
is at 2574 cm-', similar to the position for self-associated thiophenol. 
Recent evidence suggests that both S-H- .S  and S--I-I.-rr bonds are 
presen t175. 

P.m.r. spectroscopy has also been used to demonstrate the self- 
association of thiols. Hydrogen-bond formation results in  deshielding of 
the hydrogen atom involvcd i n  the association giving rise to  a shift to 
lower field2*. F o r s h - ~ ~ ~  found that on dilution of ethanethiol with carbon 

. tetrachloride a small upfield shift of 0.38 p.p.m. was obtained corre- 
sponding to cleavage of hydrogen bonds. The linear dependence of the 
shift on mole fraction of thiol, ssII, was taken"O to indicate a nionomer- 
dimer equilibrium and from the slope an estimate for the dimerization 
constant Kn was obtained. 

The treatment is unsatisfactory i n  that although the mononicr shift a,, 
is determinable the value of S,, the shift of the dimer, is not known. 
Linear dilution shifts were also reported31 for mpropanethiol, benzylthiol 
and thiophenol in carbon tetrachloride. 

Similarly hydrogen bonds are broken on transfer of thiol from the 
liquid to the vapour phase. with a series of aliphatic 
thiols showed that the shifts to high field accompanying the phase change 
were similar to those obtained on dilution of the liquid thiols with inert 
solvents (Table 1). The magnitude of the change, AS, decreases with 
iiicreasing chain length and with increasing chain branching which was 
interpreted as showing the greater hydrogen-boi,ding ability of the lower 
thiols. In addition, heating the iiquid thiols was to give small 
shifts to high field of the thiol proton resonance indicative of hydrogen- 
bond breakage. The slopes AS/AT, i n  Hz/degree, wcre 0.16, 0-1 I ,  0.10, 
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0.09 and 0.07 respcctivcly for methane-, cthrine-, n-propane-, i-propane- 
and I-butane-thiols and this was taken to be the order of decreasing 
hydrogen-bonding in the thiols. 

The most comprehcnsive p.rt1.r. study is that of Marcus and Mi l l eF  
who carried out a mathematical analysis of the dilution curves of seven 
tltiols in incrt solvents. They found, using Saunders and Hyne's approach,"; 
that a monomer-dimcr model gavc bcst fit with the expcrimcntal results 
and their treatmcnt yielded self-consistent values for the dinierization 
constant and dimer shift a] , .  I n  the case of thiophenol anomalies wcre 
observed due to thc ring-current c l k t  of the aromatic molecules. Thus as 
the conccntration of thiophcnol is increased the deshiclding eKect of 
hydrogen-bond forniation is i n  part countcractcd by the shiclding ring- 
current effect of the aroinatic rings so that ;i reduced dilution shift w;!s 
obtaincd. This effect was ovcrcomc by the use of clilorobenzene ;IS 

diluent so that the ring-current cn'ect rcmained constant throughout. 
An alternative approach"' when using carbon tctrachloride as  diluent for 
thioplicnols is to mcasurc the thiol proton shift relative to that of thc 
aromatic protons. 

In  Table 1 the association constants for dimcr formation obtained by 
the n.m.r. method are compared with those obtained from infrared 

TABLE 1. N.m.r. association shifts and calculated dimcrization constants 
( K I , )  for thiols 

Thiol A 6  (vnpoul-)" 1 8  (CCI,)" K1)(n.ni.r.)rsf Kl,(infr:md)d 
(13. 13. I l l  .) ( p. p. I l l .  ( I  / I l l  0 lc ) (Ijmole) 

.. - . .. . _ _  . .. 

.. . - Met ha nc t h i ol 0.49 0.40 
Ethancthiol 0.37 0.38 0.0056 0.02 1 
n-Propanethiol 0.28 0.26 0.01 10 0.053 
i-Propanethiol 0.26 0.22 0.01 26 0.018 
mButanethiol 0.23 0.01 32 0.016 
t-Bu tanet h i 01 0.24 0.19 0.0067 0.01 6 
Cyclo hexyl t hi 01 0.22 0.0093 
Thiophenol 0.19'. 0.01 10 0.01 9 

~ ~~ ~ ~~ ~ ~ 

This is the expcrimentally inc:isiircd difr'crencc in c1icmic:il shifts betwccn purc 

This is the expcriinentally mcastired dilrcrence in clicmicnl shift bet\\ecn pure 

Reference 35. 
Rcfcrence 23. 
Thc solvent is chlorobenzene. 
Recent calciilations"3 givc valucs which increase from 0.04 I/molc for mcthanc- 

thiol to 0.1 I/molc for 1-butanctliiol. The cntlialpy of dimer formation for niethanc- 
thiol is rcportcd as I .Y5 kcaI/molc. 

liquid and vapour, reference 32. 

liquid and dilute solution (rcfercnces 32,  35). 
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intensity measurcments. The n.1n.r. measurements do  not depend on 
assuniptions about the form of the dimer, e.g. linear or cyclic, but neither 
do they give information about its structure. The infrared data were 
calculated assuming a cyclic structure although on balance the evidence 
favours a linear structure. It is probably fair to say that these association 
constants should be regarded as giving the order of magnitude of the 
association rather than precise values. Somewhat anomalously the n.m.r. 
results for the aliphatic thiols indicate increasing association constants 
with increasing chain length whereas the association shifts, As,  decrease 
with increasing chain length. However, as Marcus and Miller have noted35, 
it docs not necessarily follow that these quantities should be directly 
related. 

The self-association of thiols is then considerably weaker than the 
corresponding self-association of alcohols and phenols"> 39. The evidence 
suggests that the thiols are present in dilute solutions mainly as the 
monomers while in more concentrated solutions dimers, probably linear, 
are formed. In the pure liquids or solids polymeric forms may exist. 

3. Other compounds 
There is evidenceg0 in the case of some aliphatic aminothiols for inter- 

molecular association which breaks down only on dilution to about 
mole/l. in carbon tetrachloride. The associated infrared shift of the 

SH band is 60 crn-l. In this case it is almost certain that association occurs 
via S-H -.N bonding. The self-association of thioamides, shown by 
cryoscopic measurements, has been attributed41 to hydrogen bonding 
involving nitrogen and sulphur although the possibility remains that here 
N-H-N bonds alone are in~olved'~. 

The self-association of aliphatic a- and P-mercaptoketones which is 
indicated by cryoscopic and infrared studies42 almost certainly involves 
S-H-O=C interaction. Band shifts, AvsII, of about 20 cm-l are 
observed and intensity measurements similar to those of Spurr and 
Byersz3 give association constants of ca. 0.1 l/mole. A cyclic structure (7) 
seems likely. 

Me 
\ 
C-CH,-S 

\ d/ H 

H 0 
\ 4 
S -C H,-C 

\ 
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Thiobenzoic acid exists largely in the thiol form (8) rather than the 

thione form (9). A by spectroscopic and cryoscopic techniques 
shows that the tendency to associate is considerably reduced relative to 

benzoic acid. Nevertheless, infrared spectra of both 
thioacetic acids in carbon tetrachloride solution uresent 

thiobenzoic and 
definite evidence 

for dimerization". Bands at  1710 and 1690 cm-I were attributed to 
carbonyl groups in the monomeric acid and dimcr respectively. The 
latter band diminished on dilution and was absent in solution less con- 
centrated than 1.4 mole/l. In the vslI region thioacetic acid shows a broad 
absorption at 2560 cm-I attributed to dimer which diminishes in intensity 
on dilution and a band at 2585 cm-I due to monomer. The most recent 
evidence176 indicates formation of both open and cyclic dimers. A recent 
studP5 of self-association of thiobenzoic acid by the n.ni.r. method 
indicates dimer formation. A surprisingly high enthalpy change of 
6.5 kcal/mole is reported. The effects of substituents in the benzene ring 
on the dimerization constant and enthalpy change have also been 
reported". A linear relationship with Hainmett o values was found. 

The infrared spectrum of liquid dithioacetic acid shows a band, vsII, at 
2481 cm-I which is at considerably lower frequency than is found in the 
gas phase (2557 cm-l) and indicates association". Similarly4s~49 the 
spectra of trithiocarbonic acid, H,CS,, and related acids show large shifts 
in going from the pure liquid (vsII, 2400 cm-l) to dilute solution in 
carbon disulphide ( v S I I ,  2525, 2550 cm-I). 

An infrared study50 of two phosphinodithioic acids, Et,PSSH and 
Ph,PSSH, indicates very strong association in the liquid state or in 
solution in carbon tetrachloride where a broad band is observed at 
2420 cm-l. In dilute solution the sharp monomer band is at 2560 cm-l. 
The stronz association in this case restilts from hydrogen bonding of the 
sulphydryl hydrogen with the polar P=S group. Similar strong association 
is f ~ u n d ~ ' , ~ ~  in dialkyldithiophosphoric acids, (RO),PSSH, where dilution 
shifts of 140 cm-I are again observed. 

C. Thiois as Hydrogen-bonding Acids 
Early evidence for the association of thiols with hydrogen-bond 

acceptors came from calorimetric meas~rements~~.  More recently the 
infrared hydrogen bond shifts, 4vsI.{, have been measured for several 
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tliiols in a variety of solvents (Table 2). The Badger-Bauer r e l a t i o n s l ~ i p ~ ~ * ~ ~  
suggests that the relative frequency shift ( A v / v )  on complex formation 
should give a measure of the strength of  the hydrogen bond formed; 

TABLE 2 .  Infrared frequency shifts hvs1.1 (cni-') for thiols with various hydrogcn 
bond acceptors'' 

Acceptor 

Carbon disulphide 
tr-Butyl bromide 
Ethyl iodide 
Benzene 
Mesi tylcne 
Acctonitrilc 
Acetone 
Dioxan 
Di-n-butyl ether 
Diethyl ether 
Diphenyl sulphoxide 
Ethyl phenyl sulphoxide 
giethyl sulphoxide 
Pyridine 
Triethylaniine 

Th i o p hc n ol " 1-1 yd ro ge nr 
s u I p h i de 

____ - -. 
14, 15 10 

15 
24 

14, 16, 17 12 
27 20 

20, 25 I I  
29, 32 25 
48, 51 37 

53 45 
48, 54 42 

48 
70 
97 

128 115 

5 

S 
12 13 
20 16 

18 

601 
123 

Shifts are incasurcd relative to dilute solutions of the tliiol in carbon tetrachloride. 
Reference 25, 19, 55, 56, 57. 
Referencc 5 s .  
Refercncc 55. 
Reference 22. 

f This value is for t~-butancthiol (reference 19). 

and  in the case of hydroxyl groups plots of AV/V versus - 4 H ,  the enthalpy 
change of association, a r e  frequently linear?". Recent evidence2 suggests 
that  although the frequency shift can be used to estimate hydrogen-bond 
energies exact corrclations involving different acid-base types a re  not 
always possible. The  results in Table 2 indicate that for thiols thc hydrogcn- 
bond acceptors fall into a similar order  to that found with other hydrogen- 
bond donors'. Thus the largest shifts, and thus probably strongest bonds, 
a re  formed with pyridine:* and sulphoxides while the interaction with 
aromatics and alkyl halides is weak. Comparison of  the tliiols shows that 

* Note added in proof: A detailed infrared study"' of thc association o f  
thiols with pyridine and triethylamine confirms that the major interaction 
involves S - H -  N bond formation. 
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in a giveti solvent a larger shift is obtained for thiophenol than for the 
less acidic aliphatic thiols and this may indicate sonle correlation between 
hydrogen bond strength and thiol acidity. For substituted thiophenols 
David and HallamjG have shown that a correlation exists between the 
solvent shift Avsrr and the pK,, value of the thiol measurement in methanol; 
tlie more acidic tlie thiophenol the larger the solvent shift. 

N.ii1.r. spectroscopy has also been used to study the interactions of 
thiols with proton acceptors. The magnitude of the shift to low field of 
the thiol proton resonance produced 011 solution in basic solvents has 
been taken as a measure of the strength of the hydrogen bonds fornied"'. 
The largest shifts occurred in solutions of hexamethylphosphoraniide 
and the following solvent order was found : liexamethylpliosphoramide > 
dimethyl sulplioxide > dimethyl formaniide > dioxan, acetone > ethanol, 
dimethyl sulphide > diethyl sulphide > diethyl ether, triethylamine. How- 
ever, as Marcus and Miller", have pointed out the solvent shift is a 
coniplex quantity affected by at least fivc factors. For example, although 
hydrogen bonding generally results in proton desliielding giving a down- 
field shift, association with the n-electrons of benzene or end on with the 
nitrogen of acetonitrile will result in proton shielding and a shift to high 
field. They were, however, able to derive for weakly associated systems an 
expression relating the observed shift to the association constant 
indicatinz that under some circumstances tlie solvent shift may reflect the 
electron donating power of the solvent. Measurements with thiophenol 
and n-butanethiol i n  eighteen solvents ranging from acetone to aromatics 
indicated that the clieiiiical shifts (in Hz, measured from tetrametliylsilane) 
at infinite dilution are related by 

G(thiopheno1) = 2.0 S(u-butanethiol) - 5s-5  
This then together with other evidence" suggests that stronger hydrogen 
bonds are formed by the more acidic thiophenol than by aliphatic thiols. 

One of the few investigations of thiol hydrogen bonding in which 
tliermodynanlic parameters were determined involves the association of 
thiophenol with hydrogen-bond acceptors in carbon tetrachloride 
solution". I n  dilute solutions the cquilibriun1 m a y  be representcd silnply 

l i  as 
S - H + B  S-H-.. B 

I t  may be shown that when the base concentration, C,>, is in excess of 
that of tlic tiiiol the relative tIiioI shift, 6,),,<- ~ , l , , ~ l l , l , l l c ~ ~  is related to the 
equilibrium constant by 

1 1 1  =--+, 1 
~,,,,. - ~lll,llll)llll.l. K.AC1, 
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Here A is the chemical shift difference between complexed and monomeric 
thiol (not determinable experimentally, since at no stage is all the thiol 
complexed). Plots of l/aObs- 8monomcr versus l/C, yield straight lines 
from whose slope value of A and K may be obtained. Plots at  different 
temperatures obtained with dimethylformamide as hydrogen bond acceptor 
are shown in Figure 2. From the variation of K with temperature the 

I 1 I t 

1 2 3 4 

1 /c, 
FIGURE 2. Variation of SH n.1n.r. shift of thiophenol, sobs- 8rno,,omer (Hz), 
with dimethylforrnamide concentration, CI~,  in carbon tetrachloride solutions 
at  various temperatures. See text for discussion. Reproduced by permission 
from R. Mathur, E. D. Becker, R. B. Bradley and N. C. Li, J. Pliys. Cliem., 

67, 2190 (1963). 

enthalpy of hydrogen-bond formation may be found. The results obtained 
with a series of bases are collected in Table 3. 

The major limitation in the accuracy of these results arises from the 
small value of the intercept from which A is determined. There must be 
considerable error associated with the value of this quantity and hence 
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with the values of Kobtained. The values of A H  should, however, be more 
accurate since a change in the intercept would not appreciably affect the 
determination of AH. These results show that for these relatively strongly 
associated systems little correlation exists between association constant, 
K, and hydrogen bond shifts, A. In fact there appears to  be an  inverse 

TABLE 3. Data for hydrogen bonding of !hiophcnol with vari6us acceptors 

Reference Hydrogen acceptor A K (26°C) - A H  
(p.p.m.) (I/mole) (kcal/rnole) 

Pyridine 1-1 0.22 2.4 61 
N-Methylpyrazole I -5 0.14 2.1 61 
Tri butylphosphate 1.8 0.43 2.0 61 
Dirnethylforrnamide 2.2 0.24 1.8 61 

0.039 0.5 61 Benzene - 2.5" 
N-Methylacetarnide 2-2 0.14 0.9 62 
Acetone 0.85 0.266 3.2 63 

a The shift is to  high field due to the ring current effect in benzene. 

Recent results33 give values of I< = 0.34 I/mole, A H  = - 1.58 kcal/niolc for the 
association of niethanethiol with hexamethylphosphoramide. Recent data17R obt:!incd 
by the n.m.r. method give values of A N =  - I kcal/mole, A S -  - S cal/deg. mole, 
for association of a series of aliphatic thiols with a variety of hydrogen-bond acceptors 
in carbon tetrachloride. 

At 38°C. 

correlation between the enthalpy of association and A ;  thus the larger is 
the hydrogen bond shift the smaller is the heat evolved on association. 
However, it must be remembered that the values of A quoted are subject 
to considerable error. In a recent studyG" of hydrogen bonding of substituted 
thiophenols with acetone in carbon tetrachloride Russian workers have 
attempted to  overcome this difrculty by measuring A directly. Their 
values for 8,,,onoI,,,~r measured in dilute solution in carbon tetrachloride 
are no doubt accurate; however, the values for 8co,,,p,cs obtained in 
acetone-carbon tetrachloride mixturcs are unsatisfactory since the 
association constants are such that a t  n o  stage will complete conversion 
of thiol to hydrogen-bonded complex bc achieved. At present it is unclear 
whether there exists a general correlation of wide applicability between 
the hydrogen bond shift, A, cither in tcrms of association constant K or  
enthalpy change A H .  

Evidence for the association (10) of several substituted thiophenols 
with the !hione sulphur in ethylene trithiocarbcanate is found6? from 
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visible spectroscopy. Equilibrium constants of the order of 0.7 l/molc are 
reported. 

Tetra-alkyl ammonium hydrosulphides, R,NSH, have been prepared 
and are found to co-ordinate hydrogen sulphide at low temperaturesGsp66. 
The hydrogen bonded complexes so produced, H,S.HS-, are found to 

H,C-S 
SA I \ I /c=s / 

H H2C - S 
(10) 

contain strong bonds with energies estimated variously i n  the range of 
5 to 14 Kcal/mole. CalculationsG7 using ab iuitio LCAO MO SCF 
techniques indicate that such a complex should indeed possess a very 
strong hydrogen bond. The most stable form is calculated to be a 
symmetric linear structure best represented as (HS- H ... SH)- with a 
shortened S-S distance of 3-48 A. 

It is of interest to compare the relative hydrogen-bonding abilities of 
the thiol and hydroxyl groups"!'. The evidence suggests, despite the 
greater Bronsted acidities of thiols, that with a given base stronger 
hydrogen bonds are formed by alco!iols and phenols than by the corre- 
sponding thiols. Thus to compare thiophenol and phenolG*; enthalpies of 
association are considerably larger for thc oxygen compound (with 
pyridine - 4 H  = 9.5 Kcal/mole for phenol and 2.4 Kcal/mole for thio- 
phenol), and infrared frequency shifts, Av/v ,  are also considerably larger 
(again with pyridine, AV/V = 0.15 for phenol and 0.05 for thiophenol). 

D. Intramolecular Hydrogen Bonding 

Intermolecular and intramolecular hydrogen bonding are best 
distinguished spectroscopically from their concentration dependencies. 
Intermolecular association dccreascs with increasing dilution while intra- 
molecular association is larsely indcpendcnt of concentration. A general 
rzview of intramolecular hydrogcn bonding has been given"!'. 

S A H  

(11) (1 2) 

Ortho-substituted thiophenols will exist i n  a mixture of cis (1 1) and 
tram (12) forms. In the absence of intramolecular association the tra17s 
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form would be expected, for steric reasons, to be favoured. However, if 
intranio1ecu:ar hydrogen bonding occurs the cis isomer will have increased 
stability. Evidence for the intramolecular association of a number of 
ortho-substituted thiophenols comes from infrared spectroscopy. Thiosali- 
cylic acid and its esters would appear to offer particularly good 
opportunities for such association57 and examination of the vsI,  region 
indicates two bands both of which are at lower frequency than that 
expected (ca. 2585 cm-l) for an unassociated thiol group. These bands 
which are at 2523 and 2556 cm-1 in the spectrum of the ethyl ester have 
been attributed'" respectively to association with the carbonyl (13) or 

(1 3) (14) 

ethoxy (14) oxygen atoms. Exaniination of the carbonyl bands provides 
additional evidence for such associates and indicates that some intra- 
molecular association persists even in the fairly basic solvent acetonitrile. 
The ether (15) shows in  dilute solutions i n  carbon tetrachloride an intense 
band at 2560 cm-l indicative of intramolecular association'". 

(15) 

In the case of 2-1iyd1-oxythiophenol therc is evidence" in inert solvents 
for a series of interactions involving intramolecular association of the thiol 
proton with oxygcn (16) or hydroxyl proton with sulphur (17) as well as 
intermolecular association. 

H 

(1 6) 
J'S H-2547 
1.0 ti-3606 
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Similarly in the case of 2-aminothiophen01~~* 71 72* there is the possibility 

of intramolecular S H - - N  or N H - S  bonding. The free uSH band is at 
2559 cm-l while that due to  intramolecularly hydrogen-bonded thiol is 
a t  2548 cm-’. Examination of the amino frequencies indicates7z that one 
N H  always remains hydrogen bonded to sulphur so that a conformation 
with two internal hydrogen bonds seems possible. 

Early studies indicated that 2-halogenothiophenoIs, in contrast t o  
2-halogenophenols, exist mainly in the unassociated tram formz6. In  
addition 179 of the intraniolecular association of 2-nitrothiophenol 
by dipole moments and spectroscopy indicated considerably weaker 
hydrogen bonding than in the corresponding phenol. The infrared 
spectrum in carbon tetrachloride is reported73 as showing two bands at 
2555 and 2596 cm-’ attributed respectively to hydrogen bonded and free 
thiol groups. Solutions in acetone show a band at 2569cm-l due to 

infrared, n.m.r. and dipole moment measurements of thiophenols con- 
taining 2-halogen, 2-methoxy or 2-nitro substituents concludes that these 
compounds are present largely in the hydrogen-bonded cis form. The 
infrared results indicate that for these substituents intramolecular hydrogen 
bonding causes a large increase in intensity of the usII absorption but 
little change in absorption frequency. Intramolecular association can also 
be discerned from the p.m.r. spectrum Gf these compounds in dilute 
solution in carbon tetrachloride. Such association causes a displacement 
to  low field of the chemical shift of the SH protons. 

There is chromatographic and spectroscopic evidenceiG for a weak 
intramolecular hydrogen bond in anthraquinone-I-thiol (18). Infrared 
spectra of 6-niethoxy-8-mercaptoquinoline (19) show a concentration 
independent band at  25 15 cm-l indicating intramolecular a~sociation’~. 
The SH - - -N  bond enthalpies in a series of substituted 8-mercaptoquinolines 
are 

association with the solvent. However, a recent i n ~ e s t i g a t i o n ’ ~ . ~ ~  b Y 

to  be in the range 2.4-3.1 kcal/mole. 

\ :  
S-H 

(1 8) (1 9) 

There have been rclatively few reports of intramolecular hydrogen 
bonding in aliphatic thiols. The proximity of an oxygen atom might be 
expected to promote such association but an infrared investigation of 
2- and 3-etlioxyl~lkyltl~iols, ethyl thioglycollate (CH,SHCO,Et) and other 
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esters found that little auto-association occurredi0. However, some years 
ago Reyes and Silversteini9 showed that ethyl thiobenzoylacetate exists 
largely in the intramolecularly hydrogen bonded enethiol form (20), 

p h - C =C H 

(20) 

whose infrared spectrum shows a broad moderately strong thiol band at  
241 5 cm-l. More recently many thiocarbonyl compounds have been 
found to  contain a proportion of the enethiol form in tautonieric equilib- 
rium with thioketones0. For example /3-thioketoesterss1 and P-thioketo- 
t h i o l e ~ t e r s ~ ' . ~ ~  can exist in three forms; the thioketo form (21) the hydrogen 
bonded cis-enethiol (22) and the tram-enethiol (23). The latter form is 

R, ,ce? ,SR' c c  
I I1 
R O  

(23) 

usually present only in very small concentration while the proportions 
of (21) and (22) depend on the solvent, more polar solvents giving a 
greater proportion of the tliioketo tautomer. In the hydrogen bonded 
structure (22) the infrared absorption of the thiol group is a t  ca. 2420 cm-l 
while the n.m.r. absorption is a t  low field (8-7.3 p.p.m.). N.ni.r. and 
infrared studiesRO of a-tliioacyl-lactones and a-thioacylthiol-lactones show 
that the aliphatic compounds, for example (24), exist as equilibrium 

SH Me 

trans (24) cis 

mixtures of cis- and mms-enctliiol forms while the thioaroyl-lactones, 
for example (25), are present exclusively a s  intramolecularly bonded cis- 
enetliiols 
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Spectroscopic studies of mercaptoacetaniides84 indicate the presence of 

intramolecular association. The infrared spectra susgest structure (26) 
when nitrogen is primary o r  secondary and (27) for tertiary substituted 
nitrogen. 

II. T H E  ACIDITY OF THIOLS 

A. Introduction 

In this section the acidities of aliphatic and aromatic thiols are con- 
sidered. Most mcasuremcnts relatc to water o r  other hydroxylic solvents 
at  25°C. Regrettably few determinations of enthalpies and entropies of 
ionization have been reported. 

A recent general reviews5 considered the effects of polar substitucnts on 
the ionization of acids. Internal effects intrinsic to the molecules concerned 
are distinguished from environmental effects resulting from interactions 
with the solvent. Hepler's with phenols indicates that for aqueous 
solutions near room temperature the change i n  Gibbs Free Energy of 
ionization (and hence the charge i n  pK) on substitution results lar_gely 
from internal enthalpy effects. Changes in solute-solvent interactions are 
less important because the associated environnientril enthalpy and entropy 
changes almost, or  exactly, cancel. Changcs i n  pK<, may then, in the 
absence of steric emects, be cxpccted largely to reflect changes in polar 
effects of substituent groups. Changes in solutc-solvcnt intcractions arc 
detected by changes in entropies of ionimtion. 

B. Aliphatic Thiols 

The acid dissociation constants in v;ntcr' of I numbcr of aliphatic thiols 
have bcen determined. The most frequently used methods have been 
p o tc n t i o me t r ic t i t rat i o n a n d spec t 1-0 photo ni t t r y"" The 1 at t e r in c t h o d 
takes advantage of the moderately strong ultraviolet absorption (A,,,;,\. at 
cii. 240 nm)  of the thiola[e anioiisSi which enable their concentration to be 
determined. In  general, the agreement between the values obtained by 
different groups of workers is not particularly good. This may i n  some 
cascs be due to the unjustiiicd neglect of activity cocficients which will 
result in  rather large cffects when dianions are formed as, for example, 
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with thioglycollic acid (SHCH,COOH) and thiolactic acid (SHCH,CH,- 
COOH). The values collected in Table 4 are thought to be close to the 
thermodynamic values for t 11 e d i ssoci ;I t i o n constants. So me measurements 
relating to alcohol-water solvcnt have also been reported88*8g. 

The results in Table 4 show that the presence of electron-withdrawing 
groups tends to increase the acidity of thiols and a correlation with Taft's 
inductive o*, has been reported for a number of substituted 
methanethiols, RCH,SH. The equation ( 1 )  is applicableq1Tg2 when u* 

(1) 

relntcs to the substituent RCH,, or (2) when o* relatesg3 to the substituent 

(2) 

PK;, = 10.22 - 3.50d 

pK,, = 10.54 - 1 ' 4 7 ~ "  

R. The thiols are more acidic tlian the corresponding alcohols by between 
5 and 6 pK units. Howcver, the value of 1-47 for p* the reaction constant 
is similar to that, 1.42, for the ionization of alcohols. I t  has been notedg1 
that thiophenol (pK,, = 6.5) and hydrogen sulphide are more acidic than 
is predicted from the inductive parameters. For the former compound this 
increased acidity is no doubt due to a resonance efTect in which the 
negative charge on sulplicr in the thioplienoxide ion is delocalized into 
the aromatic ring. The resulting enhancement in acidity was estimated as 
1 *6 pK units which is considerably smaller than the corresponding enhance- 
inelit for phenol. The greater than predicted acidity of hydrogen sulphide 
was attributed to a stcric efrcct on solvation, the SH-  ion being surrounded 
by a nearly symmetrical solvation shell which is diminished in  the presence 
of an alkyl group. 

The results in Table 4 show that the acidity of alkyl thiols decreases with 
increasing chain Icngt!i and chain branching. This might be taken to 
indicate the intrinsic electron-releasing ability of alkyl groups. However, 
it should be noted that in t!ie case of alcohols, nicasurements in  the gas 

give an acidity order t-butanol> ethanol > methanol which is the 
reverse of that found in water. Thus in the gas phase alkyl groups can 
stabilize alkoxide ions. Hence the acidity order found in solution may not 
rcpresent the intrinsic acidities of the molecules. The reversal of the acidity 
order found in solution may result from steric inhibition to solvation of 
the larger anions. 

The 11.m.r. shifts of the S H  groups of several aliphatic thiols at infinite 
dilution in carbon tetrachloride solution have been measured109. The 
shifts are affectcd by a number of factors including clectronegativity, 
a n  i so t ropy, o riel1 t u  t i  on and the n u m ber of a-ca r boil -cit r bon bonds. 
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TABLE 4. Acid dissociation constants for some thiolsa in water at 25°C 

Thiol PK, Reference 

CH3SH 
C,H,SH 
n- C3 H, S H 
i-CBHTSH 
JZ-C~HQSH 
t-C,H,SH 

HOCH,CH,SH 
f-C,H, 1 SH 

C,H,OCH,CH,SH 
HOCH,C(CH,),SH 
HOCH,CH(OH)CH,SH 
HOCH,CH,CH(OH)CH,SH 
HSCH2CH2SH 

HOCH?CH(SH)CHzSH 

CsH5CH2SH 
CH,=CHCH,SH 
CH,COCH,SH 
(2-pyridyl)CH2SH 
CH3CONHCH,CH2SH 
-O,CCH,SH 

C,H,OCOCH,SH 
CH,OCOCH,SH 
-0,CCH2CH2SH 

-O,CCH,CH(SH)CO, 
C2HBOCOCH2CH2SH 

-03SCH2CH2SH 
-0,SCH,CH(SH)CH2SH 

10.3 
10.5, 10.6, 10.61 

10-65 
10.86 
10.65 

11.05, 11.05, 11.2 
11.2, 11.35 

9.43, 9.44, 9.6, 9.7 
9-38 
9.85 
9.46 

9.5, 9.65 
9.05 

1 0.56' 
8.62 

1037' 
9.43 

10.0 
7.9 
8.8 
9-92 

10.53, 10.55, 10.68 
10.1 5c, 1 0.22c 

7.93 
7.7 

10-2, 10.4, 10.5, 10.8 
9.5 

11.14 
10.45" 
9.5 
8.93 

12.3' 

92 
94, 91, 95 

96 
95 
96 

92, 96, 95 
96, 92 

91, 97, 94, 95 
91 
92 
97 

91, 98 
97 
97 
97 
97 
91 
91 
91 
92 
95 

99, 100,95 
101,102 

91 
94 

94, 103, 104, 95 
92 

105 
105 
94 

105 
106 

a For additional data including values in alcohol-water mixtiircs, see reference 107. 
* Second dissociation constant. 

In 0.1 mole/l potassium chloride. 

However, in gencral, electron-wit!ldrawing groups which tend to increase 
the acidity of the thiols give rise t o  a shift to low field. A correlation 
involving cr* was found. 

C. Hydrogen Sulphide 
The acidity of hydrogen sulphide itself has been the subject of numerous 

investigations. The value of pK, = 7.02 for the first dissociation seems 
well establis1ieds6,1l0. A value of pK,,,, = 15 for the second dissociation 
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constant in water of 25°C has long standinglll. However, more recent 
work1I2 indicates greater acidity for the HS- ion with values of ca. 14. 
Thus Widmer and Schwarzenbach113 obtained a value of 14-15 in 1 mole/l 
potassium chloride from galvanic cell measurements, and Ellis and 
Goldinglln a value of 14.0 corrected to zero ionic strength from spectro- 
photometric measurements. In the latter case the decrease in  absorption 
at 230 nm as the base concentration was increased in the range 0-1 mole/l 
was attributed to the progressive conversion of HS- to  S2- ions. However, 
the most recent spectrophotometric measurements by Giggenbach114 
indicate that in alkaline solutions from which oxygen has been excluded 
no decrease in HS- absorption occurs up to 5 mole/l aqueous base and 
that half conversion to  the S2- ion (with an absorption maximum at 
250 nni) is achieved only in 15 mole/l base. In conjunction with previously 
reported values for the H- acidity function a value of ca. 17.1 was derived 
for PK, ,~ .  It was suggested114 that the previously observed decrease in 
absorption in less basic media resulted from loss of HS- by oxidation 
rather than S2- formation. 

The properties of liquid hydrogen sulphide as a non-aqueous solvent 
have been reviewed5. The autoprotolysis constant has the value 
25 x at - 78°C. 

D. Aminothiols 
Simple aminothiols such as 2-aniinoethanethiol are protonated on 

nitrogen in acidic solution. The acidity of the thiol group in the cation is 
considerably greater than that of the ammonium group so formed so that 
a range of p H  exists where the substrate is present mainly in zwitterionic 
form (-SCH,CH,NH;). In more basic solutions ionization of the 
ammonium group occurs. Some data relating to aqueous solutions are in 
Table 5 ;  in addition some measurements have been reported for a 
methanol-water solventllj. The presence of the positive charge on nitrogen 
in solutions of 2-aminoethanethiol makes the acidity of the thiol group 
considerably greater than in, for example, ethanethiol. The results 
indicate that in compounds where the sulphur and nitrogen atoms are 
separated by two carbon atoms little variation in pK,, value is observed 
with the thiol group at a primary, secondary or tertiary carbon atoni116. 

In some aminothiols the acidities of the SH and NH; groups are not 
well separated, In these cases potentiometric titration will give only a 
macroscopic dissociation constant. Benesch and Bene~chl '~  have shown 
that by using the ultraviolet absorption of the thiolate ions it is possible to 
measure the relative acidities of the thiol and ammonium groups and 
hence obtain specific ionization constants. Raman spectroscopy1l8 and 
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TABLE 5. Acid dissociation constants of some arniiiothiols in water at 25°C 

Parent 
~~ 

Reference 

H SCH,CH,N H i  

HSCH( Me)CH,NH:' 
HSCH(Et)CH,NH$ 
PhCH,CH(SH)CH,NH; 
(Me),C(SH)CH,NH: 
HSCH,CH(Me)NH: 
HSCH,CH(CO;)NH: 
H SCH ,CH (C0,)N H , 
HSCH,CH(CO,)NMe: 
HSCH,CH(CO,Et)NH;; 
H SCH ,CH( C0,Et)N H 
HSCH2CH(CONHCH,CO;)NH:' 
HSCH,CH(CONHCH,CO;)NH, 
(Me),CH(SH)CH(CO,)N H: 

(Me),CH(SH)CH(CO,)NH, 
(penicillaniine) 

8.35, 8.23, 
8-19 
8.10 
8.19 
8.00 
8.07 
8.14 
5-54 

10.2 I 
8.65 
7-45 
9.09 
7.87 
9.4s 
8.17 

10.33 

10.75" 

10-12" 
10.9 I "  
1 1 -04" 
10.77'' 
10.81" 
8.86 
- 
- 
6.77 

7.14 

8.61 

- 

- 

117, 95, 
1 I6 
116 
116 
116 
I16 
116 

117, 120 
120 
126 
117 
117 
117 
117 
127 

127 

' I  This is the valuc for the second ionization of the parent. 

calorimetric datallg have also been used for this purpose. These methods 
have been put to good use in studies of the ionizations of cysteine11i.120.1", 
a molecule of biological irnportancc. The overall ionizrition process is 
represented by the scheme: 

-SCH,CH(CO;)NH: 
h v 

H sc H J H(C 0;) N H: "SCH,CH(CO;)NH, 

a 

H S C H 2C H(C 0 ) N H :, 
C 

The presence of the a-carboxyl group i n  cysteiiie results in  ;in incrcase, 
relative to 2-aminoetlianethiol, in the acid strength of the ammonium 
group, presumably because the inductive eKect of the carbonyl group 
outweighs the clectrostatic effect of the negative chargc. Thus the acidity 
of the thiol group (pK, = 8.54) is only slightly greater than that of the 
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ammonium group (pK2 = 8.86). In  more basic media the dianion is 
formed with pK, = 10.53 and pK, = 10.21. Modification of the carboxyl 
group of cysteine, as in the ethyl cstcr o r  the glycine peptide, results in a 
general increase in the acidity of the molecule (see Table 5). In  these 
compounds where the negative charge is removed from the vicinity of 
the ammonium group, the acidity of the latter group is greater than that 
of the thiol group. The dissociation of a number of aminotliiols including 
cysteine has been cxamincd recently by I3C 1i.m.r. spectroscopy and the 
results discussed in terms of the pH dependence of c h r g e  distribution 
within these 

It has been shown recently1g3 by use of relaxation techniques that for 
cysteine and related compounds anions b and c are rapidly inter- 
converted by an intramolecular proton transfer process (relaxation time 
2.8 x 10-" s). For the systems studied the intramolecular proton exchange 
is faster by two or  three orders of magnitude than the protolysis reactions. 

It has been noted12.1,125 that the acidity of thiol groupings is sensitive to  
local structure both by way of inductive e!Tects and also through medium 
effects. Hence in proteins where the S H  group may be in the proximity of 
acidic or  basic amino-acid side chains considerable variations in acidity 
may be found. 

E.  Thio Acids and Dithio Acids 

The chemistry of thio acids (RCOSH) and dithio acids (RCS,H) has 
been In the case of the thio acids i t  appears that although 
there is a tautonicric equilibrium the tliiol form predominates markedly 
over the thione form. 

The acidities of several compounds have been measured (see Table 6). 
As expected the acidities of the thio acids are greater than those of the 
corresponding carboxylic acids. However, the difference in acidities is 
only ca. 1.5 pK units, which is much smaller than the difference in the 
acidities of thiols and alcohols. This small dilrerence probably results 
largely from the smaller resonance stabilization of the RCOS- anion 
compared wi th  that of IiCO;. Tlie ditllio acids are morc acidic than the 
corresponding thio acids. Ethyl xanthic acid (EtOCS,H) which is useful 
preparatively h a s  becn the subject of several investigations'"-'"". The 
free acid is unstable and extrapolation of measurements to zero time is 
neccssary for the determination of the dissociation constant (pK,, = 1-55). 

Tlie acidities of several hydroxy-substituted dithiobenzoic acids have 
been n ~ e a s u r e d ~ ~ ~ - ' ~ ( ; .  The acid strengthening effcct of an hydroxy 
substituent oriho to the acid group may indicate internal hydrogen bonding 
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TABLE 6. Acid dissociation constants of thio acids and dithio acids in water 

at 25°C 

Acid PK, Reference 

MeCOSH 
n-PrCOSH 
PhCOSH 
HSOC-COSH 
-SOC.COSH 
MeCS,H 
EtOCS,H 
H,NCS,H" 
EtSCS,H 
HSCS2H 
PhCS,H 
4-HOC,H,CS,H 
2-HOC,H,CS, H 

2,3,4-(OH),C,H?CSzH 
2,4-(OH),C,H,CS,H 

3.33, 3.33, 3.41, 3.62 
3.75 
2.48 
0.9 1 
2.7 1 
2-55 

1-51, 1-52, 1.55, 1.62 
2-95 
1.55 
2.7 
1 -92 
2-58 
1-55 
1.91 
1 -72 

138, 139, 92, 95 
140 
138 
141 
141 
129 

130, 131, 129, 132 
142 
129 
I43 
133 
133 
134 
133 
133 

a For some data on N-substituted dithiocarbamic acids see reference 144. 

in the anion, (2Q an effect which is important in the oxygen analogue, 
salicylic acid. 

The acidities of thio acids and dithio acids have been compared in 
aromatic solvents by measurement of the extent of proton transfer to the 
indicator crystal violet13'. In this relatively non-polar solvent ion-pairs 
are formed. 

F. Thiophenols 

The acidity of thiophenol in water (pK, = 6.50)92 is considerably 
greater than that of phenol (pK, = 9099)3~ although the difference in 
acidities is less than that between aliphatic thiols and alcohols. The 
greater resonance interaction of oxygen with the aromatic ring compared 
with sulphur probably accounts for the smaller difference. Surprisingly 
few pK, values have been obtained for substituted thiophenols in water. 
This probably results from their low solubilities; however, the spectro- 
photometric method which requires very small concentrations should 
prove applicable. Values for the following substituents are reported as : 
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2-co,, pK,, = 8.8895, 8.6145 8.414G, 8.2107.117. , 3-C0,, 6025"~; 4-C0,, 
5.80 ", 5-90 ; 2-Me, 6.64 107; 3-Me, 6-55 107 ; 4-Me, 6-52 107 ; 4-C], 5.9 107 ; 
4-SO;, 5.7 4-N0,, 4-5149 and for C,F5SH, 2.68 ld9. It should, however, 
be noted that in some cases measurements were made in solutions of fairly 
high ionic strength so that the values so obtained may differ soniewhat 
from the thermodynamic ones." 

Considerably more data are available in mixed ethanol-water solvent 
systems where dissociation constants have been determined by 
Schwarzenbach and using a hydrogen electrode. 
 other^'^*-^^' have measured apparent acidity constants by determining 
with a pH meter the acidities of partially neutralized solutions of the 
substituted thiophenols. Data are collected in Table 7. In addition some 
data are available in methano11j5 or methanol-water mixtures". For those 
substituents where resonance interaction or steric effects are not important 
a good correlation with Hammett 0 constants is obtained. Values for the 
reaction constant p have been c a i c ~ l a t e d ~ ~ ~  as 3.02 in 95'x ethanol at 
21"C, 2.62 in 48% ethanol at 25°C and 2-42 in 49% ethanol at 21°C. 
Chuchani and Frolilich154 have calculated a value of 1-81 in 20% ethanol; 
however, recalculation using the methods of van Bekkum and coworkers1j6 
gives a value of 2.0.* It seems likely that the reaction constant in water will 
have a valuc close to  2.0 similar to that (2.23) governing the ionization of 
phenols157. For those substituents such as NO,, SO,Me, COMe which are 
capable of electroii-withdrawing resonance interaction enhanced 0 values 
are req~ired '~" 153. This acid-strengthening effect no doubt results from the 
greater stabilization of the thiophenoxide anions (29) than the parent 
thiophenols. The stabilization of the anions from this source is, however, 
smaller than that observed in the case of phenols'j". Thus oso2 = 1 .OO for 
4-nitrothiophenol and 1-24 for 4-nitrophenol. 

S- S 

(29) 

The possibility of octet expansion of sulphur through electron-pair 
acceptor conjugation has been considered, e.g. 30. This effect would be 
acid-weakening due to the greater stabilization of the parent thiophenol 
than the thiophenoxide ion. Bordwell and Boutanljs found that the para 
resonance effects of some substituted thiophenols, and phenols (where 

* Data for a number of substituted thiophenols in water have recently 
become available, and give a p value of 1.8. [P. De Maria, A. Fini and F. M. 
Hall, J.  C k m .  Soc., Perkiris 11 1969 ( I  973)]. 

14 
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TABLE 7. Acidities of thiophenols in ethanol-water mixtures at  20°C 
~~ ~~ 

Su bstituen t 20-80 V/V 49-51 vlv 93-5 v/v 
EtOH-M .On E t 0 Ii -13 ?Ob El OH- H .O' 

2-c0, 
2-N Me,, 
4-NHC 
4-N R.1 e2 
3-CO; 
4-COg 

4-OH 
2-C02Me 

2-Me 
4-OMe 
4-Me 
3-Me 
3-N Me2 
3-NH2 
H 
2-NHMe 
3-OMe 
2-NH2 
4-F 
4-CI 
4-Br 
3-CO,Me 

3-COMe 
3-Br 

4-1 

3-CI 
3-1 
4-C02Me 
4-COMe 
2-NOZ 
3-NO2 
3-S02Me 
4-S02Me 

4-NMei 
4-NO2 

10.69 
10.18 
7.47 
7.4 1 8.37" 

8.07 
7.85 
8.46 
8-33 

7.06 
7.08 
6.99 
6.99 
6.95 
6.8 1 
6.77 
6.60 
6.54 

6.1 1 
6.07 

8-08 
8.07, 8.03' 
7.99, 7.96' 

7.94" 

7.78, 7.76' 

5-34 

7.06 
7.00, 6.99e 

6-98 
6.99 
6.93 
6.77" 
6.85 
6.85 
6-17 
5.93 
5.99 
5-90' 
5.88" 
5.57e 

4.99, 5.11" 
5.60, 5-68' 

13.4 

1 0.45g 

10.25 
10.1 
10.0 
10.02 

9.76, 9.7 I g  

9.66, 9.60g 
9.56 

9.875' 

9.32, 9.285' 

9.18, 9.149 
9-02!' 
8.889 
8-45 
8.37 
8.40 
8.32 

8-35, 8.27" 
8.22, 8.20g 
8.15, 8.099 

8.08 
7-50 

7.28, 7.47O 
7.46 

6.42 
6-35 

a Reference 154. 
b* Reference 150, 15 1.  

Reference 158. 
Reference 152. 

f Reference 159. 
9 Referencc 153. 
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resonance of this type is not likely), were similar. They thus concluded 
that resonance interaction as in 30 must be negligible. However, a 
contradictory reportIG0 indicates a noticeable effect with NMe, and OMe 
substituents. The most recent evidence’s4 shows that the effects of such 
resonance are small and not definitely proven.* 

(30) 

Recent measurements16o show that bulky substituents in the 2-position 
of thiophenols lead to decreases in acidity due to steric effects. As in the 
case of phenols39 the major effect is thought to be steric inhibition of 
solvation of the thiolate anions. 

An unexpected solvent effect is found in the ionization of carboxyl- 
substituted thiophenols. In water the ionization of the thiol group is 
facilitated by in- or p-COT substitution. However, in ethanol-water 
mixtures this substituent is acid weakening. This change probably arises 
from the better solvation of the COT group by water than by the alcoholic 
solvents (cf. reference 85). The very weak acidity of the thiol group in 
thiosalicylic acid may indicate stabilization by intramolecular hydrogen 
bonding, 31, an effect which is apparent with salicyclic acid:39. Similarly 
the reportedly weakly acidic nature of 2-methoxycarbonyl thiophenol may 
result from intramolecular association as in 13 (R = Me). 

(31 1 
The acidities of substituted thiophenols have also been investigated 

spectroscopically by use of infrared or n.1n.r. methods. Thus the chemical 
shifts of the thiol resonances of eleven substituted thiophenols in dilute 
solution in carbon tetrachloride correlate well with Hammett o values*Og. 
The shifts, measured in Hz downfield from TMS are given by 

An enhanced value of u is required for the 4-nitro substituent. The 
* 1.r. intensities indicate d-orbital electron acceptance when divalent sulphur 

is opposed by donor substituents. [N. C .  Cutress, T. Grindley, A. R. Katritzky 
and R. D. Topsom, J .  Cfient. SOC., Perkins 11, 263, (1974)I. 

= - 17.00 - 194.4 
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correlation of infrared frequencies vsII of substituted thiophenols with (T 

values is less certainlG*. Miller and Krishnamurthy'G2 found little correlation 
between these quantities. However, their data were drawn from two 
sources and the concentrations of thiols may have been too high so that 
hydrogen-bonded species were present. In contrast David and Hallam56 
found a reasonable correlation between frequency vslI and acid dissociation 
constant (pK,,) measured in methanol. However, they suggest that the 
best measure of proton donating power of an acid is the relative solvent 
shift Av/v. Their method involves measuring the frequency vsII of a 
substituted thiophenol in a series of solvents ranging from carbon tetra- 
chloride to di-n-butylether and plotting the quantities Av/v  so obtained 
against the corresponding shifts for a reference acid in  the same solvents. 
The slopes, S, so obtained give a measure of the relative acidities of the 
substitutcd thiophenols and correlate well with independently measured 
pK,, values. 

G. Heteroaromatic Thiols 

The study of mercaptopyridines is complicated by the presence of 
tautomeric equilibria. The ultraviolet spectra show clearly that in aqueous 
solution forms with the mobile hydrogen atom on nitrogen are favoured 
over those with hydrogen on ~ u l p l i u r ~ ~ ~ ~ ~ ~ ~ .  Thus the spectra of mercaptc- 
pyridines closely resemble those of their N-mcthyl derivatives and are 
quite different from those of the S-methyl derivatives. For 2- or4-mercapto- 
pyridines (32) the tautomer with hydrogen on nitrogen can exist as a 
resonance hybrid with zwitterionic (33) or  thioamide (34) forms and is 

SH S- S 

favoured by a factor of ca. loa. For 3-mercaptopyridine where the thio- 
amide form is not present the ratio of tautomers is reduced from lo4 to 
150. Measurement of the acidities of these compounds thus yields values 
characteristic of proton loss from nitrogen rather than proton loss from 
sulphur. 

A similar situation holds for mercaptoquinolines and mercapto- 
isoquinolines where again tautonicrs with hydrogen on nitrogen are 
favoured16,i. The macroscopic acidity constants of a series of substituted 
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8-mercaptoquinolines have been measured and interpreted according to  
the following schenie'": 

I f  the reasonable is made that the value of K ,  is equal to 
that for protonation of S-methyl-8-mercaptoquinoline then the five 
individual equilibrium constants can be found. The values are reported as 
pK, = 2.07, p K , ,  = 3-50, pK, = 684, pKI, = 8.27 and KT = 27. The 
effects of ring substituents on these values have been discussed'Gj,l",lGq. 

N. Deuterium Isotope Effects 

Isotope effects on the ionization of the thiol groups of a series of 
compounds ranging in acidity from pentnfluorothiopheiiol to thioglycollate 
ion have been measured'". The ratios of the dissociation constants, 
KI120/KU20, are in the range 2-0-2.5. The isotope effects are considerably 
smaller than thosc for the ionization of oxygen or nitrogen acids where 
K,,20/KD,, = 2-5-4.5. The relatively small magnitude of the isotope 
effect foithiols results from the low stretching and bending frequencies of 
the S-H bond and may provide a method of distinguishing thiols from 
oxygen or nitrogen acids. There is a small increase in the magnitude of the 
isotope effect with decreasing thiol acidity : 

ApK,, = 0.26 + 0.0 1 2pKi, 

where pK,, is the value in water and ApK, is the iricreasc on going to 
deuterium oxide. This iricrease and the magnitude of the diKerence in the 
isotope effects of RSH and ROH provide evidence that isotope effects on 
the interaction of RS- and RO- with the solvent contribute to the 
observed effects. 

1. Thermodynamics of Ionization 
Relatively few enthalpies and entropies of ionization of thiols have been 

determined. The only systetnatic study appears to bc that of Irving, 
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Nelander and Wad~o! '~  who measured ionization enthalpies calori- 
metrically. Data are collected in Table 8. The ionization enthalpies for 
the thiols studied are close to 6 kcal/mole except for thioacetic acid whcre 
the value is much smaller and close to that for carboxylic acids. There is 

TABLE 8. Thermodynamic data for ionization of thiols in water at 25°C 

Thiol AGO AH" - AS0 Ref. 
(Kcal/mole) (Kcal/mole) (cal/dcg . mole) 

EtSH 
i- 1% S 1-1 
r-BuSi-I 

H 0 C 1-1 ,C t i  .S H 

AcN HCH,CH2SH 

(CO;)CH,S tI 

(CO,)CI-I,CH,SH 

.I- N 1-4 C H ?. C H S H 

HSCH,CH(CO;)NH: 
I.ISCH,CH(CO;)N t 1 2  
CH3COSH 
2-CO,C,H,ISI-I 

144s 
14.82 
15.3 I 

14.2 

11-7 
14.1 
4.94 

12.12 

6.42 
5.38 
5.30 
6.2 1 
6.49 
6-26 
6.5 
6-28 
6.9 
7.4 
6.1 
7.3 
7.43 
6.08 
7.5 
6 4  
0.56 
5.72 

27 
31.7 
33.5 
23.7 
22.5 
24.4 

27.8 
24.6 
23 
29.2 
23 
12.7 
17.6 
14 
25 
14-7 
21-5 

95 
95 
95 
95 
94 
95 

169 
95 

117 
94 
95 
94 
95 
94 

120 
120 
95 
95 

little correlation between the pK,, values for the thiols and AHo values. 
However, a linear rclationship was foundg5 between pK, (or AGO) and 
ASo : 

ASo = - 5.92 pK,,+ 34.1 

The entropies of ionization will be affected by solute-solvent interactions. 
The stronger the solvent orientation at the anion the more negative the 
entropy change. Comparison of etlianethiol with 2-aminoethanethiol 
shows a much less negative value for the latter compound in which 
ionization gives a zwitterion. The entropies of ionization become more 
negative along the series EtSH, i-PrSh, t-BUSH a fact which has been 
attributedg5 tc; increasing solvent orientation in the disordered region 
outside the inner hydration shell of the acid anions. 
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So far in this chapter the acidities of thiols have been considered with 
acid dissociation constants referring to the ionization of thiols to give a 
proton and thiolate ion. The reverse reaction, as shown below, cffectively 
measures the affinity of a base for protons in the traditional Bronsted 
sense (proton basicity). 

RS-+H+ RSH (KJ-' 

It is, however, possible to compare the thermodynamic afiinities of bases 
for other atoms and measure, for example, carbon basicities. These 
measurements are of interest both intrinsically and also because of their 
relevancc to the kinetic reactivitics (nucleophilicities) of the bases. It is 
well known that in nucleophilic substitution reactions sulphur bases are 
considerably more reactive relative to oxygen bases than would be 
expected from their Bronsted 171. 

The carbon basicities of several sulphur bases have been compared by 
measuring172 the equilibrium constants for o-complex formation with 
activated aromatic compounds such as Iy3,5-trinitrobenzene: 

NO, NO, 

RS- + "aH :--\ '.o:L2 ..- ( K )  
0 2  N NO2 O,N 

H H 
(35) 

The equilibrium coilstants, K ,  give a measure of the thermodynamic 
affinities of the sulphur bases for an aromatic carbon atom. In Table 9 

TABLE 9. Comparison of proton and carbon basicities 
of sulphur and oxygen bases"' 

log K (a-complex formation) pKa  

MeO- 1.15 15.5 
PhO- < -2.7 10.0 
EtS- 3.54 10.6 
PhS- 0.29 6.5 

the equilibrium constants measured in methanol for oxygen and sulphur 
bases are coinpared with the pK,, values measured in water. The results 
show that the carbon basicities decrease in the order EtS-> MeO-> 
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PIIS-> PhO- while the proton basicities are in the order MeO-> EtS-> 
PhO-> PIIS-. The carbon basicities of methoxide and thiophenoxide ions 
are similar althougli the proton basicity of the oxygen base is about 
9 log uliits larger. In terms of the thcory of soft and hard acids and bases 
these results can be understood as the greater affinity of the soft polarizable 
sulphur bases for the soft carbon atom and the hard oxygen bases for the 
hard proton. 

Comparison of the relative afinities of thioethoxide ions for carbon or  
hydrogen can also be made froin measurements with 2,4,6-trinitroaniline172. 
The tliioethoxide ion gives, almost exclusively, the adduct 36 resulting 
from covalent addition at a ring carbon atom. In contrast oxygen bases 
give a mixture of 37, the anion formed by proton loss, and 38, the 
o-co inplex. 

02N<./<=... 4H /,NO, 32N$J;2 0 2 y J o z  /H 

.-. OR H’ ..._I. I-!,’ ... SEt 

NO2 NO? NO2 
(36) (37) (38) 

In a comparison of the carbon basicities of the hydroxide ion and 
thiophenoxide ion Bunnett, Hauser and Nahabedian173 found that OH- 
was bound about lo3 times more tightly than PhS- to the 9-position of 
10-methyl-9-phenylacridinium ion. 

Substituent cffccts on the carbon basicities of thiophenoxide ions have 
been using the reaction with 1,3,5-trinitrobenzene. The general 
behaviour pattern is similar t o  that for t h e  effects of substituents on 
proton basicities. The Hammett p values for the reactions in a solvent of 
95/5 (v/v) ethanol water were found to  be -3.33 (carbon basicities) and 
- 3.02 (proton basicities). 
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1. INTRODUCTION AND GENERAL FEATURES 
In  this chapter we will discuss the electronic and proximity effects of the 
thiol group. This will be considered as a substituent in a molecule which 
reacts or is perturbed at a site other than the substituent itself. Therefore, 
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little attention will be paid to phenomena and reactions in which the thiol 
function is the primary centre of modification. 

The proximity effects being discussed include those deriving from 
intramolecular participation of the thiol function in the reaction as well 
as those related t o  conformational equilibria involving thiol-substituted 
molecules. 

The available literature is mainly concerned with the reactivity of the 
thiol function, whereas studies on its electronic properties, particularly 
from a quantitative point of view, are rather scarce; this is mainly due to 
the practical impossibility of avoiding strong involvement of the thiol 
group itself with the usual inorganic and organic reactants. In these 
cases it is difficult and therefore questionable to distinguish between the 
effects on reaction path and rate imparted by the thiol group itself and 
those due to its permanent or temporary modifications. 

It has long since been recognized’s2 that divalent sulphur groupings, 
such as thiol, owing to t h e  unshared electrons on the sulphur atom are 
able to enter into conjugative interactions with electron-deficient sites 
o r  with electron-withdrawing unsaturated residues. 

This resonance effect of the bivalent sulphur function, which involves 
contributions from a 2p-3p .rr-bond between carbon and sulphur, is 
smaller in magnitude than that of the oxygen analogues, since the latter 
requires contribution from a 2p-2p n-bond between oxygen and carbon. 
Furthermore, since the thiol group is polar and acidic, it can display 
inductive effects either as a thiol function or as a thiolatc ion. 

Besides the effects which can be attributed to the electronegativity and 
polarizability of the sulphur atom, a further one has been considered. 
This effect is possible, since the sulphur atom, as a second row element, 
may participate i n  resonance through structures having ten electrons : 
this is usually referred to as ‘valence shell ~ x p a n s i o n ’ ~ .  

This hypothesis has been invoked to explain the anomalous behaviour 
of bivalent sulphur compared t o  oxygen, and especially the fact that 
hydrogen atoms in a-position to bivalent sulphur are much more acidic 
than in the corresponding oxygen derivatives2*J. Actually the greater 
acidity has been explained through the capability of sulphur, which has 
unoccupied 3dorbitals, of expanding its valence shell through electron- 
pair acceptor type conjugation. I n  this way the higher stability of 
cu-mercaptocarbanioiis may be explained as shown below: 

- .. .. 
R-2-C- 

I 
/ ..- 

R- ?=C, 

The introduction of this theory allowed many typical reactions and 
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properties of thiols to  be interpreted assuming valence shell expansion 
without paying enough attention to altcrnative explanations. However, 
recent theoretical work5 did cast serious doabt on this interpretation 
which had already been criticized on the ground of the energy values 
involved0. '. 

Wolfe and colleagues5 studied by means of non-empirical molecular 
orbital calculations the carbanion of methane-thiol (1) and computed a 
three-dimensional energy surface for rotation about the C-S bond and 
inversion of the HCH angle. 

H 
:CH,-SH 

(1 1 H 

(2) 

The energy minimum is reached with the conformation (2) which 
maximizes gauche interactions between adjacent electron pairs without 
requiring significant contributions from tlie cl-orbitals of sulphur. These 
conclusions are certainly quite reliable, since they have been obtained by 
means of a complete ab initio treatment. 

I I .  POLAR EFFECTS 

Various theories and parameters involving the elcctronegativity of atoms 
and groups are currently employed in organic chemistry to explain 
molecular properties. However, conformational e k c t s  have also to be 
introduced in order to predict correctly reaction pathways which could 
not be explained on the basis of electronic properties alone. In  fact small 
variations of molecular geometry imparted by the environment or by 
substituents may strongly affect molecular properties8 (see section V.D). 
Even though completely satisfactory theories about thc dependence of 
chemical properties on electronic distribution and structural requirements 
have not yet been obtained, leading ideas: on this subject are a t  present 
being developed. 

The thiol group attracts electrons from adjacent centres owing to its 
inductive effect (-1); on the other hand, the  lone-pair electrons on tlie 
sulphur a tom may interact with systems containing 7-r bonds through the 
classical delocalizing models. Here no distinction will be made between 
permanent effects of polarization and temporary ones due to  polarizability, 
although the latter is rather important for sulphur-containing groups". 
Neither will ;I distinction be made between electrostatic interactions 
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operating through chemical bonds and interactions acting through space 
or through the solvent, which are often referred to as field effects. 

In  the followiiig discussion which is concerned with polar effects of the 
thiol group the usual symbols already employed in this series of mono- 
graphs will be used (cf., for instance, the chapters by Chuchani'o, and by 
Happer and Vaughanl'). 

A. Inductive and Related Effects in Saturated Systems 
A possible method for providing an order of magnitude for the electron 

attractive effect of the thiol group is the comparison of the dipole moments 
in a homogeneous series of compounds (Table 1). 

TABLE 1. Dipole niomcnts of some 
represent at ive compounds 

~ ~~ 

Compound p x i O I s  Reference 

CH3F 1-81 12, 13 
CH,CI 1.86 12, 13 
CH,OH 1.65 12, 13 
CH,NH, 1.25 12, 13 
CH3SH 1.2 9 

From the values of Table 1 the following sequence of inductive effects 
(-I) can be drawn : 

F, CI> OH> NH,, SH 

This relationship is not completely supported by the relative strength 
of the saturated acids substituted by the above reported groups, even 
when it is considered that the K:, value of glycine is affected by the electro- 
static interaction between the cnrboxyl group and the basic amine 
nitrogenla (Table 2). 

TABLE 2. Ka values of substituted acetic acids 

Acid KZx Reference 

H,N-CHZCOOH 4.42.1 0-3 15 
F-CHZCOOH 2.18.10-3 15 
CI-CH,COOH 1.51.10-3 15 
HS-CH,COOH 2.1.10-4 16 
HO-CH2COOH 1 -45 .lo-4 15 
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P.m.r. spectroscopy provided an alternative method for the evaluation 

of inductive cffects. An electronegativity scale for substituent groups in 
ethyl derivatives (Table 3) has been deduced with this technique by 
Dailey and Shoolery17 according to equation (1): 

electronegativity = 0.02315(ACH3-AcH2)+ 1.71 (1  1 

The electronegativity values found for the OH, SH, NH, and COOH 
groups arc satisfactorily r e l a t ~ d ~ ~  to the couplings between ring protons 
in monosubstituted benzenes. 

TAIU 3. Relative clcctroncgativity of sonic sitbstituent groups17 

Group Elcctronegativi ty Group Electronegativity 

-SH 2-45 
-CN 2.52 
- COOI-1 2.57 
-co- 2.6 I 
- S -  2.64 
-1 2.68 

~~ 

- CsHS 2.70 
-Br 2-94 
-NH2 2.99 
-a 3.19 
-OM 3.5 1 
-F 3.93 

The reliability of these values of the electronegativity of polyatomic 
goups  has been subsequently questioned'!', mainly because of the lack 
of a quantitative relationship with the u8 values. However, the interaction 
between the molecular residue and the SH group docs not have a simple 
character. An attempt to evaluate the whole effect induced by substituents 
on  the sulphydryl proton resonance shifi has been made by Marcus and 
Millerzo for a large series of thiols. These authors discussed the p.m.r. 
spectra as a function of the effect of substituents 011  chemical shifts and 
spin-spin coupliny constants. Owing to the complexity of the factors 
contributing to the proton magnetic shielding i n  aliphatic compounds, 
the correlation of vSII with u* was unsatisfxtory. Ncvcrtheless equation 
(2) gave a reasonable correlation even though its validity is restricted to  
a1 i p h a  t i c t h i ol s . 

(2) 

Although the proton-proton couplillg constants have been shown in 
some cases to be dependent on the electronegativity of substituents, in 
the case of aliphatic thiols theJvalucs do not show2o any regular substituent 
effects. 

vSI1 = - 47.20'" - 73.0 
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I t  should be noted that deshielding of the S-methyl protons can be 

related2I to  the number and magnitude of electronegative atoms bonded 
t o  sulphur (Table 4). 

TABLE 4. Proton magnetic 
resonance chemical shifts 
(6 units) of’ representative 

sulphurated compoundsa 

Co m pounds -SCH, 

CH,SH 1 -95 
CH3SCH3 2.0 
CH3S--SCH3 2.30 
CH,SCH, 2.43 

II 
0 

II 
0 

/I 
0 
0 
I1 

I I  

CH3SOCH3 2.46 

CH,SCI 3.22b 

CI-I,SCH, 2.84 

0 
0 
II 

CH,SNH, 
II 
0 
0 
II 

CH,SCI 
II 
0 

2.92 

3.52 

Taken from reference 21. 
1, Reference 22. 

The following trend for CH,-deshielding can be observed: 

thiol sulp hide < sulp hoxide < sulp hinate< su Ip hone < sulp honamide 

< sulphinyl halide< sulphonyl halide 
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Other relationships relative to inductive effects on sulphur atom and 

R groups in thiols and related compounds of the type R(S),,H have been 
found23. 

The effect of the substituent group upon the chemical properties of the 
SH function in thiols has been also investigated, through a correlation24 
between the acid dissociation constants of several thiols and Taft's 
inductive parameters (equation 3), where K is the ionization constant, 

O* is Taft's inductive paranietcr and cy is the logarithm of the ionization 
constant predicted for methyl mercaptan. This linear relationship 
(p* = 3.402; a = - 10.168 inolesl-*) holds for a scries of aliphatic thiols, 
but fails for hydrogen sulphide, probably because of a differential steric 
effect on solvation, and for thiophenol most likely because of resonance 
interactions stabilizing the thiophenolate ion. 

It has to be considered that the inutual interaction between the SH 
group and hydrocarbon chain in aliphatic thiols has a not negligible 
conformational componcnta. This should not be neglected when the 
effects of the SH group on various molecules are investigated. In fact 
Krueger, Jail and WieserZ5 in an i.r. study on a series of alcohols were 
able to  rationalize the relationship between "(on) and v(a-c;Il) by assuming 
thc participation of an oxygen lone pair to a orbital on the adjacent 
carbon. Such an interaction enhanccs the stability of a definite conformer 
(see section V.D.) as it has been also observed for aliphatic amines. The 
authors also found analogous behaviour, even though to a lesser extent, 
for the corresponding aliphatic thiols. The degree of delocalization of 
lone pairs has the trendz5 N > 0 > S. This sequence is also followed in the 
participation of lone pairs in conjugative interactions in aromatic systems. 

Finally, Taft and coworkers studied the effects of many substituents on 
fluorine 11.m.r. intramolecular shieldings2G and found the following order 
of inductive charge withdrawal: 

0- < H, N(CH,),< SCH,< SH< OCH,< OH< Br< F 

B. Effects in Aromatic 2nd Unsaturated Systems (Resonance Erects) 

As the divalent sulphur in the SH (or SR) group possesses lone-pair 
electrons, it may interact with an unsaturated system by overlapping of 
the lone-pair electrons with the p-orbital of the adjacent unsaturated 
carbon. This is the usual conjugative or + R resonance effect attributed to 
the divalent sulphur atom. 
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Much experimental evidence and some quantitative measurenients 

indicate the conjugative ability of the thiol group. The conjugative powcr 
of SH is smaller1 than that of OH and NIi, groups. 

GordyZ7, in an electron diffraction invcstigation of thioacetic acid 
(CH,COSH), found a negligible amount (only about 6%) of double bond 
in the C-S linkage, this being indicative of a very small resonance effect 
between C-S and C=O bonds; this fact is even more noteworthy if 
compared with the large resonance effect observed when the sulphur atom 
is substituted by the more electronegative oxygen and nitrogen i n  esters 
and amides. The efTect of the thiol group an a-valucs for electron attracting 
substituents like p-CH,SO, and p-NO, in benzene derivatives is indicative 
of a certain amount of resonance interaction as i n  3. 

X = CH,SO,, NO2 
(3) 

The acid-strengthening resonance effect in thiophenols (3) is absent i n  
benzoic acids substituted by CH,SO, and NO, groups. Furthermore, the 
progressively larger U-values for p-CH,SO, and p-NO,  as determined from 
the dissociation constants of benzoic acids, benzenethiols, phenols and 
anilinium ions (Table 5) reflect the difference in  the resonance interaction 

TABLE 5. U-values for p-CH,S02 and p-N02  groups obtained 
from acidity constants. The values 0.73- and 0.78 represent 

the  limits of a1 whercas 1.13 and 1.27 arc those of u+- 

Acid a-val lies Reference 
~ 

p-CHSSO, p-NO, 
~ ~ ~ 

X-Cr,H.ICOOH 0.72 G.7S 28, 29 
X-CoH4SH 0.82 1 .OO" 28, 2s 
X - CCH ,OH 0.98 1.22 28, 1 + 
X-CeHdNH3 1.13 1.37 25, 29 

a This figure compares well with that found in the oxidation of sulphides:l". 

between the p-CH,SO, and p N 0 ,  groups in the dissociated and un- 
dissociated forms of the various acidic systems1? 2s. The data again show 
that the trend of the + R effect is N > 0 > S. 

L u r n b r o s 0 ~ ~ ~ 3 ~  has calculated the mesomeric moinent p,, of bcnzencthiol 
(0.44 D) and thioanisole (0.44 D) and found substantially smaller values 



9. Directing and activating effects 425 
than for phenol (0.6 D) and anisole (0.8 D). This indicates that sulphur in 
this valence situation conjugates to a lesser extent than oxygen with the 
aromatic ring. On the basis of these observations, which are also 
supportcd by indepcndcnt findings, the following trend for the resonance 
effect has been put forward33: 

O > S > S e  

Dipole moments”” of substituted benzenethiols and tliioanisoles, 
studied as interaction moments between the substituent groups, were 
found to be sntisfrtctorily accouiited for by the normal resonance structures 
4 having a positively charged sulphui-. Acccrdingly structures with ten 
electrons on sulphur atom (5 )  did not have to be invoked. 

(5) (4) x = NO,, . . . 
Y =.  N(CH,),, . . . 

Further experimental cvidc;ice on thc conjug,atiw power of the thiol 
group has been found by Marcus and Millerzo by means of p.rn.r. spectra 
in  a series of benzenethiols. The resonance of the SE-I proton suffers a11 
abiiormal deshielding which cannot be explained in terms of inductive 
effects, nor considering tlie effect of t!ie neighbouring hydrocarbon chain. 
This deshielding may result from direct conjugation of the SH grouping 
with the aromatic system, which induccs a partial positive charge on the 
sulphur atom. The results with ortlro-, meta- and para-substituted bcnzene- 
thiols wcre therefore rationalized by these authors as due to a balance of 
electron-withdrawing inductive and electron-releasing conjugative effects 
of the SH group. 

A c o r n p a r i s o ~ i ~ ~ ~ ~ ~ ~ ~ ~ ~  37 between the acidity of aroniatic and aliphatic 
thiols and that of the corresponding phenols and alcohols can also give 
an approximate indication about the +R effects showing again that the 
conjugative ability of tlie thiol group is smaller than that of the hydroxyl. 
Since the C=S double bond is formed to  a lesser extent than the C=O 
double bond in thiophenol and phenol respectively, the resonance effect 
makes the hydroxyl much more acidic than the thiol group; therefore the 
difference in acidity between SH and 01-1 shaiply decreases in the aromatic 
compnrcd to the aliphatic derivatives (Table 6). 

I n  1950 Robertson and Matsed, in discussing the ultraviolet spectra Of 
phcnol, aniline and thiophenol, noted that the position of thiophenol 
relative to phenol and aniline was anomalous. Among the suggestions 
lnade to explain this behaviour, participation of sulphur 3dorbitals in 



42 G G .  Maccagnani and G .  Mazzanti 
TABLE 6. pK's of SH and OH derivatives 

Conipounds pK,. Temperature, Solvent Method Ref. 
"C 

C,H,OH - 16 2s H 2 0  extrap. 38 
C, M ,S H 10.50 20 H,O titrimet. 39 

10.88 25 H,O gas solubility 24 
10.61 25 H,O spcctrophot. 40 

CGHSOH 9.99 25 H,O titriniet. 41 

6-52 25 H,O spcctrophot. 24 
CGH,SH-- 7-7s 20 H,O ti trimet. 39 

the rcsonance with the benzene ring was put forward. In this case a structure 
like (6) with a decet of electrons around sulphur should contribute to the 
rcsonance. 

Othcr anomalous trends of the activating power of sulphurated groups 
in electrophilic aromatic substitutions had been already observed by 
W heland and Pauling@. 

The different behaviouF of benzyl phenyl ether and benzyl phenyl 
sulphide towards aluminium bromide, as well as other differences in 
rcactions between oxygcn and sulphur derivatives (cspecially electro- 
philic aromatic substitutions), were explained in terms of sulphur valence 
shell expansion. 

After this kind of conjugative pathway had been proposed, many 
papers appearcd either supporting or contradicting the suggestion. The 
amount of such a coiijugativc effect - R  of bivalent sulphur has been 
thought".' small or cven negligible in the case of ionization of thio- 
substituted phenols and benzoic acids; thc conclusion has been reached 
that only strongly elcctron-releasing groups such as carbanions may evoke 
a recogniz:ible electron-pair acceptor-type conjugation in divalent sulphur 
groups. 

However, this conclusion was later questioned by Beishline". He 
objected that cven though the observed effect might be rather small, the 
(p - d), conjugation could still be considerable in extent, since the observed 
effect might be the result of the two opposite mcchanisms +R(p-p), 
and - R(p -d), as shown in structures (7) and (8). 
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The 3cl expansion has been assumed also to explain the behaviour of 

aminobenzenetliiols in tritylationgG (see further). Nevertheless, a re- 
investigation4' of the efkcts imparted on the acidity of thiophenols and 
phenols by various substituents did not provide conclusive evidence on 
the valence shell expansion for tlie sulphur atom in this particular case. 

X = OCH,, N(CH,), 

The trend which has been found for !lie CD stretcIiing2j in  iso-propyl 
derivatives (9-11) can be understood on the basis of the inductive cffects 

(CH,)zCDNH, (C HJZC D 0 H (C HJ,C DS H 

(9) (10) (11) 

for tlie aniine and thc alcohol but not for the thiol. The relatively high 
qCI,) value of thiol has been tentativcly explained as due to 3d-electron 
acceptor properties of sulphur if (12) is assumed to be the most probable 
con for mat i o n . 

? 

I n  order to rationalize the rcsults of an i.r. investigation on orrho- 
aminobenzenethiols, Kruegx4s advanced the liypothcsis of the existence, 
besides tlie planar conformations, of another one with out-of-plane thiol 
group bcing stabilized by 3dconjugation of sulphur. 

The participation of the sulpliide function in both electron-releasing 
and electron-attracting corijugation in  the ground state has also been 
postulatcd"9 i n  order to explain the properties of photocxcitcd states of 
a ro mat ic su 1 p 11 u r compounds . 

Goodman and TaftjO, i n  a serics of substituent interference expcrimellts 
explained tlie decreased intensity of tlic 'L,, +-IA transition in going from 
thiophenol to p-methylthiophenoi in terms of a strong interaction between 
the 7i orbitals of thc benzene ring and sulphur 3d orbitals. HoMlcver, a 
rcinvestigationS1 of the spectra indicated that there was a slight increase 
of intensity from the thiophcnol to ~~-Inetli~ltliiophenol, this being 
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indicative of a little involvement of the sulphur 3d orbitals and of a 
perturbation of the benzene ring T orbitals via S(3p~)-C(2px) bonding. 
Recent photoelectron spcctraS2 also supported this conclusion. 

C. Hyperconjugation 

A new type of hyperconjugation involving N H  and OH bonds as 
electron donors has been presenteds3. This is theoretically possible also 
for SH bonds but an attempted application of the hyperconjugation theory 
to the sulphur series failed5'* to  explain the results (see further) obtained 
for protodesilylation of substitutcd thioanisols and thiophenols. 

By comparing the photoelectron spectra of ally1 mercaptan (13) and 
propene (14) which exist only i n  the gauche form shown below, Schiifer 
and S c h ~ c i g ~ ~ >  56 could demonstrate that the hypcrconjugativc ability of 
the C-S bond of thiols (and sulphides) is nearly equal to that of the 
C-H bond. The conclusion was reached that the resulting interaction 
with T systems does not play any special role i n  contrast to what was 
found for C-Si hypercoiijugation. 

(13) X = SH 
(14) X .= H 

111. CORRELATION B E T W E E N  S T R U C T U R E  AND 
REACTIVITY 

In this section attempts will be made to outline the linear free energy 
relationships existing for thiol-substituted molecules. The few sigma 
values deduced for the thiol group often show rather large differences. 
However, it has to be kept in mind how dificult it is to obtain quantitative 
information in reactions where the extremely reactive SH function is 
involved, as already outlincd in the Introduction. I n  Table 7 sigma values 
are reported for SH and SCH,, groups. The symbols to which reference is 
made in this section are those used by We!ls5'. 

A. The Hamrnett Substituent Constants 

Rates and equilibria for hundreds of reactions have been correlated 
through Hanimett's pu treatment, but this could not be applied for SH 
substitucnts. Table 7 sho\~l that only one (T value has been suggested for 
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TABLE 7. Some representative constants for SH and SCH, substituents 

429 

Group Aliphatic Aromatic N.m.r. 
01 0 1  u1 dl 4 (r (T '- 

-_--- 
0.18" nl-SH 0.25" 0.25" 0.30" 

0.26' 
p-Sli 0.1 5" - 0.365d - 0.15" 

- 0.17' 
rtr-SCH, o.i4/ 0- 158" 0. I9h 0.2 1 71 0*14h 0.13' 

0.10' 0-09 I' 

0.16' 
0.19' 
0.15' 
0.144"' 

- 0.173' 

a Reference 58; a reference 29; reference 59; d reference 54; reference 60; 
refcrcnce 1 ; 0 reference 26b; reference 36a; reference 57; refcrcncc 16; ' I L  reference 

61; " reference 62; " reference 63. 

wSH and p - S H ,  this being a consequencc of the difficulty of carrying out 
clean reactions on thiol derivatives. These values were actually calculated 
from the ionization constants in aqueous ethanol of thiol-substituted 
benzoic acids. 

As can be seen from the data reported belowG4, according to the 
Haminett relationship the thiol group is more electron-attracting than the 
hydroxyl and amino groups. 

N H 2  OH (OCHd SCH, S H  

0 p(1rCI - 0.66 - 0.37 ( - 0.268) 0.00 0.15 
0 IlletU -0-16 0.121 (0.115) 0.15 0.25 

- ___ ____.______- ~ ~ - -  --___ 

B. Eiectrophilic Sobstituent Constants 
The only available value in the literature about the effect of the thiol 

group on the rate constant for ;in clectrcjphilic aromatic substitution is 
that reported by Bailey and Taylor"* which refers to protodesilylation. 
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In  this case, owing to the electronic requirement in the transition state, 
the p-SH group displays an electron-releasing effect; the same behaviour, 
t o  even a larger extent, is also shownGo by the p-SCH, group in a similar 
reaction. 

The difference of activating power in electrophilic aromatic substitutions 
between the thiol substitueiit and other representative groups is supported 
by the following sequence of a:nra values: 

NH,(-I*3)>OH (-0*92)>SCH,(-0*60)>SH (-0*37)> F(-O*O7) 

This trend is in agreement with the relative conjugative abilities (+ R) 
of these groups with aromatic systems. 

Although not strictly pertinent, it should be noted here that the highest 
substituent sensitivity observed for a chemical process is that found by 
Taft, Martin and LampeG5 for the reaction 

CHJ W + e -  ___ t ZH,X (g)+2 e-+H 

In this case the substituent X is directly attached to the cation which 
makes the electron demand. Some of the results obtained are shown in 
Table 8. The substituent effect of X was given as stabilization energy 

TABLE 8. Relative stabilization energics for monosubstituted 
methyl cations CH,X 

f 

- ~- ~~~~ ~~ ~ 

X S.E.,  kcal/molc x S . E . , kca 1 /mole 

k1 0.0 
F 26 
CI 32 
B r 51 
1 53 

O H  60 
SH 64 
OCH,, 69 
SCHS 74 
N 1-1 95 

+ 
(S.E.) relative to the methyl cation CH:, takcn as zero. I t  should be noted 
that no ordinary substituent constant is able to correlate all tlic results 
except r ~ +  for certain substituents (NH,, F). 

TaftG5 explained the larger S.E. for SCH,3 relative to OCH:, and for SH 
relative to OH as resulting from the ability of the sulphur atom in 
answering to this extremely demanding situation in which the R cffect 
involves 'only one predominant interaction mechanism', namely the 
~ ( p - p )  interaction, while in the other cases (i.e. benzene derivatives 
including also u reactivities) this situation does not in general prevail. 
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C.  Other  Sobstituent Constants 

Substituents interact with the benzene ring by both inductive and 
resonance mechanisms and the mutual interaction is clearly a function of 
both structure and substituent. Nevertheless Taft59$GGsG7 found i t  
convenient to divide the total efl-ect of a substituent into inductive and 
resonance contributions : 

0 = a1+0,(. 

The source for the substituent constants u1 is the following relationship: 

oI(X) = O.~~U*(XCH,) 
where ux: constants are derived from thc hydrolysis of substituted acetic 
acid esters. 

In Table 7 are collected a few values of u1 obtained from aliphatic and 
aromatic derivatives as well as those obtained from nuclear magnetic 
resonance shielding parameters. The latter should provide a good method 
for investigating substituent effects as the measurement depends on a 
transition that does not affect the chemical character of the substrate. 

No  00 valueG2, which as a rule differs only slightly from u,,,~~,~, has been 
derived for the thiol group. 

The resonance contribution of the thiol group to the  reactivity a ~ ~ ‘ J , G 8  

in the aromatic series differs only slightly from the Hnmmett u,,(,~(( value. 

IV. ELECTROPHILIC AROMATIC SUBSTlTUTlON 
REACTIONS 

A. General Considerations 
Several attempts have been made to carry out electrophilic substitution 

reactions on thiophenol and aryl thiols. Most of these reactions yielded 
transformation products of the SH group itself which seems to be in many 
cases more sensitive than the aromatic ring towards electrophilic re‘ d g ents. 

There is little quantitative information concerning the reactivity and 
mechanism of sulphur-containing substituted benzenes in electrophilic 
aromatic substitutions. Thiophenols, unlike phenols, have been found to 
undergo ordinary electrophilic substitution only in exceptional cases. As 
a general rule electrophilic reagents attack the sulphur atom and ring 
substitution is only rarely observed. 

Attempts to nitrate or to brominate thiophenols give as a first step the 
disUlphideG”-’l which may then undergo some nuclear substitution. 
Similarly, while broniination with N-bromosuccinimide of phenols and 
aromatic aniines takes place in the ring, the same reaction with aromatic 
thiols leads to disulphidesi2. Other evidence for the low nuclear reactivity 
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of benzenethiols are the coupling of diazoniuni compounds with thio- 
phenols to form diazo sulphides ArS-N=N-Ar 73-i5 instead of 
mercaptoazobenzenes and the condensation of thiophenols with tertiary 
alcohols, in the presence of acid, to yield s ~ l p I i i d e s ~ ~ * ~ ~  instead of nuclear 
alkylation products. For this reason a number of methods have been 
developed to protect the thiol group in the course of the electrophilic 
substitution and to regenerate it again in the final product. 

A rather general method for the preparation of electrophilically 
substituted thiophenols was developed by Herz and Ta~-bell'~. They 
snowed that the readily formed addition product (15) of a thiophenol and 
3-nitrobenzalacetophenone can be acetylated, brominated and nitrated 
and that the substituted addition products (16) may be nearly quantitatively 
converted into the corresponding substituted thiophenol (17). This work 
provided the first general method for preparing a variety of substituted 
benzenethiols from benzenethiol precursors. 

(1 5 )  
S H  

E - COCH,, Br, NO, 

Other protective groups for elcctrophilic reactions in the benzenethiol 
series are the c a r b o ~ y m e t h y l ~ ~ ~ ~ ~ ,  acetonyl, and cyanomethyl" groups, 
but these methods are less effective than that of Herz and Tarbell's. 

B. Protodesilylation 
The most studied electrophilic aromatic substitution reaction of 

benzenethiols is protodesilylation, that is the acid-catalysed solvolytic 
cleavage of the aryl-silicon bond in aromatic compounds of the type 
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ArSiR,. Many experimentsg2 indicate that protodesilylation is an electro- 
philic substitution in which a solvated proton is the a t t a ~ k i n g f j ~ , ~ ~  species. 

Most of the features of this substitution are consistent with the classical 
aromatic S,2 mechanism proceeding through a (J complex. 

Protodesilylation of arylthiols has been investigated by Bailey and 

The reactivity at the ortho and para positions of the sulphur-substituted 
Taylor" and the results are shown in Table 9. 

organometallic compounds follows the order: SMe =- SH > SPIi. 

TABLE 9. Partial rate factors and log fo : log f, values for protodetri- 
metliylsilylationJ4 (methanol-aq. perchloric acid, 50°C) 

Partial rate Partial rate 
factors log 1;) log f, factors log LJ : log f, 

OPh 

OH 

10,700 

?Me 0335 

0.48 

0.885 

0-8 1 5 

?PI1 

10.7 

SH 

11.3 

SMe 

&4 0.1 9 

0.1 I 

0.58 

0.70 

1270 65.2 
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The data for protodesilylation fit very well the Yukawa-Tsuno 

equation with p = 5.0 and i '=  0*785. Use of this equation predicts 
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o & ~  = -0.365. 

C. ReactiGn with Carbon Electrophiles 

benzenethiols concerns the direct alkylation of thiophenols. 
Since 1960 the major interest in the field of electrophilic substitution of 

I. Friedel-Crafts alkylation 
In the case of aromatic thiols the most usually encountered alkylating 

agents are alkenes, alcohols, mercaptans and sulphides. Lewis acid 
catalysts used are AlCI,, AlBr,, AIL3, ZrCI,, TiCI,, BF,. Also mixtures of 
Lewis and Bronsted-Lowry acids have been used : BF,-H,O-HF, 

These reactions are the most complex among the usually occurring 
electrophilic aromatic substitutions. One factor leading to complexity is 
the number of intermediates which may be formed among the different 
reactants. In addition it should be noted that many alkylations may be 
only apparently direct since the initial formation of complexes of the 
various benzenethiols with alkylating catalysts has been postulated. 
Formation of these labile complexes evidently modifies the electronic 
character of the thiol (decreasing its nucleophilicity) and this might be an 
explanation of the lower susceptibility of the sulphur atom to be attacked 
by the electrophilic reagents in  alkylations. 

An important feature of the alkylation of tliiophenols is that reagents 
and catalysts may be chosen so as to favour either ortho- orpara-products: 

(i) Roron fluoride does not form stable complexes with aromatic 
thiols8'j, and AICI,, A1Brt3, AII,, ZrCI, and arc all soluble in 
the thiophenoIY7. 

(ii) Direct t-butylation of thiophenol based on boron trifluoride 
catalysed reaction with isobutylenesG occurs exclusively in the p a w  
position. No o-r-butyl tliioplienol can bc detected. The same results 
can bc obtained with o-tliiocresol and 2,6-dimethylthiophenol. 
Thioplienols substitutcd i n  the para position do not yield ring- 
substituted products. 

BFS-HSPO,. 

( i i i )  Often S-alkylation is competitive with ring alkylation. 
(iv) Alkylation with propylene- or butene-BF, produces low yields of 

isopropyl or scc-butyl thiophenol and the substitution appears to 
be entirely o r t / ~ 0 3 ~ ~ 8 8 Y ~ S D .  Other Lewis acid catalysts give essentially 
ortho substitution with propylene, cyclopropane, 1-butene, 2-butene, 
1-pentene and cthylenea7. 
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(v) Alkylation with jsobutylcne -BF,-H3P04 converts thiophenol 

mainly into 4-tert-butylthiopl~enol with some ortiio derivative”. 
(vi) Dihydroxyfluoroboric acid as a catalyst directs the substituent 

both to the ortho and para positions87. 
Other alkylating procedures were described”? 9? but the properties of the 

resulting alkyl derivatives not given. Thiophenols with a tertiary alcohol 
or mercaptan in the presence of AICl, give p-rert-alkyl substituted thio- 
phenolsg3. 

2. Tritylation 
The triphenylmethyl cation has been shown to attack prcdominantly at 

the para position of anilines and phenols94* 95. Ortho- and nieta-amino- 
phenols give the C-tritylated derivatives with the trityl group in the para 
position with rcspect to the amino group“G. Tritylation of aromatic thiols 
gives trityl aryl sulphides and not nuclear substitution  product^^^*^^". 
Tritylation of each aminobenzenethiol isomer yie1dP7 only the corre- 
sponding trityl sulphide and no ring-substituted products. 

The preference of the trityl cation (or an ion pair formed from triphenyl- 
methanol) in attacking the sulphur atom has been takeng7 as an evidence 
of the expansion of the valence shell of sulphur. Re-examinatioii46 of the 
problem by means of Huckel MO calculation gave a series of reactivity 
indices which correctly predicted the point of attack by the triphenyl- 
methyl carboniuni ion in aminophenols but not in arninobenzeriethiols. 
The latter rcaction, which is an electrophilic attack of an alkyl ion on the 
electron-rich sulphur atom, was still through valence shell 
expansion of sulphur and the following mechanism was proposed4G. 

- 
r -co  rn plex charge-transfer complex 

Ph,C-S - H SCPh,  
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3. Acylation 

No examples are known of direct nuclear acylation of arylthiols; 
attemptsqs to acetylate benzenethiol gave only the phenylthioacetatc. This 
was tentatively explainedg8 in terms of the following mechanism : 

G .  Maccngnani and G. Mazzanti 

+ SH 

Alternatively the intervention of a co-ordination complex (18) between 
the catalyst and the oxygen of the acyl group was postulated". 

R R 

s - & - 0 L i l  c I J  k '  ~=C-OAICI ,  I -t- 

(1 8) 

The partial positive charge on sulphur would in this case prevent 
nuclear acy lation. 

Only if a strong activating group such as, e.g. methoxy, is present in  the 
arylthiol (19), can nuclear acetylation be observedg9 (20). In this case, 
however, the electrophilic substitution is clearly dominated by the 
methoxy group. 

sH SCOCH, 

CH,O CH,O J@OCH3 
(1 9) (20) 

An attempted Fries reaction100 with thiolesters was unsuccessful. 
Ring acylation of tliiols was successfully achieved only as described in 

section 1V.A. 

4. Reaction with carbon tetrachloride 
While in the presence of chloroform and alkali phenol undergoes the 

Reitner-Tiemann reaction, benzenethiol gives, i n  the same conditions, 
phenyl orthothioformate, HC(SPh), lol. 

When heated with carbon tetrachloride and alkali, benzenethiol gives'02 
a poor yield of thiosalicylic acid together with a large quantity of its 
disulphide; no para-isomers were detected but a detailed study of the 
reaction is still lacking. 
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V. PROXIMITY EFFECTS 
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A. Neighbouring Group Participation by the Thiol Group in Nucleophilic 

It is well known that groups not directly bonded to thc reaction centre 
may strongly affect the rate and the stereochemical course of aliphatic 
nucleophilic substitutions, particularly if they possess u n s h e d  electrons. 
This plienomeiion was named ‘neighbouring group effect’ by Winstein103, 
who laterlo.* proposcd the term ‘anchimerism’ and called reactions which 
are accelcrated by  neighbouring group participation ‘anchimerically 
assisted’. 

The kinetic result of this assistance in nucleophilic substitutions is that 
substituents on p, y or 8-carbon slow down the rate much less than 
expected on the basis of their - I  effect or, alternatively, accelerate the 
rcaction more than expected on the basis of their + I  effect. 

Typically, P-chloroethyl ethyl sulphide (21) CICH,CH,SCH,CH,, is 
hydrolysed, in aqueous dioxane, 10,000 times more rapidly105 than the 
corresponding ether CICH,CH20CH,CH,. This rate difference is far too 
large to  be attributed to modifications in electronic or steric effects. The 
proposed mechanism for this solvolysis of sulphides10s-108 is an internal 
bimolecular displacement of chlorine by the polarizable sulphur atom (but 
not by oxygen in the corresponding ethers) to give an intermediate 
thiiranium ion (22)lo9; this species may either revert to the reactant by 
attack of the chloride ion or react with water to give the hydroxysulphide 

Substitutions 

(23). 
+ 

CH, + el S CH,-CI d /s\, ..n f-* 
Et CH, 

/“\ / 
Et CH, 

Et -S-CH2-CH2-OH 
(23) 

The relative neighbouring group effect of various p-substituents follows 
the order1I0: 

O - >  SH, SR> NR,> I> B r i  OR 

It must bc noted that, with the exception of 0-, all these substitucnts 
have a -1 effect. 
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From the stereochemical point of view, neighbouring group participation 

in nucleophilic substitution results in a prevailing retention of con- 
figuration. 

Finally, neighbouring group participation may lead to molecular 
rearrangement when the neighbouring group remains bonded to the 
reaction centre while breaking away from the atom to which it was 
originally attached'll. 

In contrast to the sulphide group, only few quantitative data are known 
on anchimeric assistance of thiol groups in nucleophilic substitutions. A 
classical example of this effect is given by the reaction of p-amino thiols 
(24) with bisulphide ions or thiolates to give dithiols or  mercaptothioethers 
(25) l18. 

- C H - C H -  HS- (RS-)  - C H - C H -  
I I  ____f I I  

S H  NH, S H  S H ( S R )  
(24) (25) 

Convincing evidence indicates the intermediacy of an episulphide 
derived from a nucleophilic intramolecular displacement of ammonia by 
the negative sulphur atom of (26). 

(26) 

distillation of simple @-amino thiols (equation 4). 
Transient formation of episulphides was also o b s ~ r v c d ~ ~ ~  during the 

H S C H , C H ( S H ) C H , O H  
(27) 1 HCI ~ l H s c H . c ~ ~ H ~ ]  __j C I -  

H S C H , C H ( O H ) C H , S H  

(29) 
(28) 

H S C H , C H ( S H ) C H , C I  or H S C H , C H C I C H , S H  - H,C-CHCH,SH 
\ /  

(30) (31 1 S 
132) 

Treatment of 2,3-dimercaptopropllrlol (27) or 1,3-diinercaptopropa11- 
2-01 (28) with hydrochloric acid followed by addition of sodium hydrogen 
carbonate gives114 the episulphide (32), probably through the intermediacy 
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of a cyclic sulphonium ion (29) and subsequent attack of chloride ion to  
give the mercaptopropyl chlorides (30) or (31). 

RzNCH2CHZSH RZNH + CHZ-CH, (4  1 
\ /  

S 

Another example of neighbouring group participation by the thiol 
group, also involving a molecular rearrangement, is given*15 in the 
reaction scheme shown below. 

aq. HCI 
MeCH(SH)CH,OH ___ MeCH-CH, + CI- -- f MeCHCICH,SH 

\ +/ 

I 
H 

(34) 

(33) S (35) 

A rearrangement is also observed114 in thc reaction of 1,4-dimercapto- 
butan-2-01 (36) with hydrochloric acid; in this c a e  the final product is the 
3-mercaptothiolane (38). 

The existence of a cyclic sulphonium ion produced in  nucleophilic 
substitution reactions involving hydroxyl or halogen substituents i n  the 
/3-position with respect to a thiol or sulphide group had been postulated116 
since 1946, in order to explain the formation of the same 2-chloro-,I- 
propyl ethyl sulphide (42) either from ethyl 2-hydroxyisopropyl sulphide 
(39) or from ethyl 2-liydroxy-n-propyl sulphide (40) when these are 
allowed to react with hydrochloric acid or thionyl chloride. 

CH3 
I 

C,H, SCCH,OH 
I 
H 

CI 
CHCH, I 

f CZHSSCH2CHCHj 
(39) OH ’,. C Z H a  (41 CH, I (42) 

I 
C,H,SCH, CHCH, 

(40) 
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Evidence for such a mechanism was also found1'' in the case of 
6-hydroxysulphides with the final formation of a five-membered ring. 

A similar cyclic sulphonium ion was also postulated*1g to explain thc 
fcatures of solvolytic rcactions of P-chlorocthyl sulphide. 

The results of a stcreochemical investigation"!' also support neighbouring 
group participation of sulphidc or thiol groups i n  nuclcophilic substitution 
reactions. 

G. Maccagnani and G .  Mazzanti 

S H  
I 

CH,CH-$HCH, NaHS 
H,C H 

H W C H ,  7 1 
OH 

[ 1- 58.58' 13: 1- 16.00 ' 

CH,;H-CHCH: 
\+/ 

S 
I 

H 

H CH, 

0 H 3 C V H  

S H  

CI 

[,\]*b5 - 18.34' 

The final cpisulphide, although optically impure, displays a large 
negative rotation. Since three inversions occur a t  C, and one at  C,  (centres 
of inversion are identified by a n  asterisk), it can be concluded that the 
whole process results in a net configuration inversion at both carbon atoms 
of the starting epoxidc. 

It  is worth mentioning that F-halogenothiols are fairly unstable and arc 
the starting materials for a general synthetic for the preparation 
of episulphides based upon the intramolecular substitution of the halogcn 
atom by the thiol group. 

The solvolysis of the 2-clilorocyclohexanethiols in aqueous dioxane has 
becn investigated in detail'". Rates of solvolysis of both cis- and fruans- 
isomers suggest differcnt kinds of neighbouring group participation. The 
beliaviour of the cis- (43) and of the tmu-isomer (44) has been explained 
as resulting from €3-participation (equation 5 )  i n  the first case, and as a 
consequence of SH-participation (equation 6 )  in the second. In the case of 
the cis-isomer, the kinetically mcasurcd product was the final ketone and 



9. Directing and activating effects 44 1 

not the intermediate thione which is assumed to be rapidly hydrolysed in  
aqueous dioxane. Conversely the trmzs-isomer, supposed to react i n  the 
diaxial conformation, is solvolysed into the episulphide which is 
sufficiently stable to  be kinetically detected. 

.. 
(43) 

-1 SH 

noted that the cis-isomer (43) reacts less rapidly than It should bc 
cis-2-chlorocyclohexanol, thus suggesting that the driving force for 
H-participation is smaller; on the contrary the tr.nr.rs-isomer (44) reacts, 
as expected, much more rapidly than trans-2-chlorocycloliexanol 
indicating that SH participation is more effective than OH participation. 

The solvolysis of the chlorocyclopentanethiol(45) was also investigated121 
and SH-participation detected. 

C' a'"' S H  

(45) 

This represents an unusual case i n  which the solvolysis of a tertiary 
chloroderivative does not proceed through a S,l mechanism. 

The neighbouring group effect of the thiol group is enhanced when a 
uicitzal dithiol system is adjacent to the reaction centre. In  fact the 
cyclization of 2,3-dimercaptopropyl acetate (46b) is much easier122 than 
that of 2-niercaptoethyl acetate (46a). 

O A c  
I 

X-CH-CH, - f X-CH-CH, 
\ /  

S I 
S H  

a , X =  H 
b, X :: CH,SH 

a, >( _;: H 
b, X = CH,SH 
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A possible explanation of the neighbouring group assistance brought 

about by a viciiinl dithiol system has been given by Owen123 and is based 
on the assumption that the thiol group at C ,  of (46b) interacts with the 
carbonyl carbon to form either a chelate or a true addition compound 
(48). The C,-S- bond (in the shown equatorial conformation) would 
then be co-planar with the bond system C,-(2,-0 as well as truns 
with respect to thc C-0 bond, a favourable situation for displacement. 

OH 
(48) 

The peculiar reactivity of a ziciiial dithiol group is also evident in the 
acyl derivatives of 3,4-dimercaptobutanol (49) which cyclize to give 
3-mercaptothiophan (SO) while neither 3- nor 4-mercaptobutyl- 
acetate undergoes any cyclization. 

Y H , S H  S H  

(50) I 
CH,OAc 

(49) 

A molecular rearrangement, not easily detectable, occurs in the 
acylation reaction of 3-mercaptopropylensulphide (51). 

H,C-CH -CH,SH (a) CH,COCI H,C - CHCH,SCOCH, 
\ /  

(b) NaHCO, S 
\ /  

S 
(51 1 (52) 

It has been demonstrated*?", by isolating the intermediate 2-chloro-3- 
inercaptoacetylpropanethiol, that the final S-acyl derivative is obtained 
through the preliminary attack of acetyl chloride upon the thiirane ring 
followed by internal nucleophilic substitution of the halogen by the thiol 
group. 

H,C - CHCH,SH CH COCl CH,CHCICH,SH Na'lCO, z 
\ /  2 1  

SCOCH, S 

CH,CH - CH, 
\ /  I s  

I 

SCOCH, 
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Intramolecular nucleophilic substitutions also occur in 3-mercapto- 

substituted halogen derivatives (53) leading to the formation of thietane 
(54) 128. 

HQ 
HSCH,CH (OH)CH,CI 

(53) 
(54) 

While the intramolecular sulphur + oxygen migration of an acyl group 
is quite usua1123~1244, less well-known is the oxygen+ sulphur migration of 
an alkyl grouplZ6 which has been observed during the thermal reaction of 
methyl 2-mercaptobenzoate (55) with primary aliphatic amines. 

This rearrangement has been explained through an intramolecular 
S,i type mechanism in which the migration of the methyl group involves 
a six-membered transition state (56) 

(55) 

Another example of interaction between a thiol and a carboxyl group 
has been in compound (57). 

CzH 502c1cN C2H502CICN > 

s-s 
S SH 

I 
CH,COOH 0 

(57) (58) 

Ethyl 4-oxo-173-dithiolan-2-ylidenecyanoacetate (58) is soluble in 
alkali and i t  could be shown that this is not due to cnolization but to ring- 
opening so that the conclusion has been reached that the cyclization is an 
easy reversible proccss. 

B. Other Proximity Eflects 
While thiols with no hydrogen atoms on the P-carbon give by thermal 

decomposition the carbon radical, ethanethiol and ethylene-thiol 
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decompose according to a molecular mechanism for which the assistance 
of the thiol group in eliniinating the hydrogen atom on the /?-carbon was 
proposed138. 

While n7- and p-nitrophenylmethanethiols do not appreciably react i n  
hot alkaline solutions, o-nitrophenylmethanethiol (59) reacts vigorously 
with strong aqueous alkali giving thioanthranil (61). The same cyclic 
product is obtained by alkaline hydrolysis of a-(o-nitrobenzy1thio)acetic 
acid (60) 129. In marked contrast, o-nitrobenzyl alcohol reacts very slowly13o. 

The cyclization of o-(N-acyl-N-methylamino) benzcnethiols (62) into 
2,3-benzothiazoliu1i1 ions (63) has been quantitatively studied*31 and the 

following cyclization pathways have been put forward. 

CH 

CH 
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C.  Acid-Base Equilibria 

The bcst known example of the proximity efl'ect of a thiol group 
involving an acid-base reaction can be found within the mcrcaptobenzoic 
acid series where the ortlm-isomer shows a liigher acidity compared with 
that of the iiieta and para analogues3G. 

o-mercaptobenzoic acid pK,, : 5-02 (ethanol 48*9%, 20°C) 
in-mercaptobenzoic acid pK,: 5.42 (ethanol 48-9%, 20°C) 
p-mercaplobenzoic acid pK, : 5.56 (ethanol 48.9%, 20°C) 

Irving, Nelander and WadsO4O have systematically studied the thernio- 
dynamics of the ionization for a nuniber of tliiols i n  aqueous solutions. 
They found that the thiol group in o-niercaptobcnzoic acid has a low 
-ASi  value which has bcen tentatively explained by the formation of an 
intramolecular hydrogen bond in the monoanion (64). This stabilization 

0 
I1 aC';- 
S' 

(64) 

of the monoanion can explain the higher acidity of the o-niercaptobenzoic 
acid. On the other hand, the corresponding free carboxylic acid is not 
hydrogen-bonded8 between the S-atom and the carboxyl group. An 
analogous explanation has been suggested also for the corresponding 
plienols'l. 132. 

D. Effects of the Thiol Group on Conformational Equilibria 
Simple monosubstituted cyclohexanes, and also a number of poly- 

substituted ones, may exist in two conf~rmationsl"~, namely the axial (65) 
and the equatorial (66). If the rate of interconversion is fast compared 
with the ratc of reaction, the reactivity of molecules of this kind clearly 
depends upon the reactivity of both conformers, as exemplified in scheme 
(7). 

X 

v I J 
Products Products 
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Elie1134 derived a relationship (8) which shows that the specific reaction 

rate for a substituted cyclohexane depends on the equilibrium constant 
K and on the specific rate at which the individual conformers react. 

(8) 

Another equivalent relationship was derived earlier by W i n ~ t e i n l ~ ~  for 
the same reacting system. 

From equation (8) and the known rate constants i t  was possible to  
calculate the e1;ergy differences between equatorial and axial su9stituents. 
In Table 10 are collected some energy differences obtained by this and other 
methods. 

JC = (kK K+ k,y)/(K+ 1) 

TABLE 10. Free-energy differences between equatorial 
and axial substituents in  monosubstituted cyclo- 

hexanes 

Group X -AGO, kcal/mole Reference 

OH 
OCH3 
OC2HJ 
F 
c1 
I3r 
I 
SH 
SCBH:, 
SAlk 
SCH, 
S- 
CH3 

0-3-1.0 
0.6-0.7 
0’9-1.0 

0.2 
0.3-0’5 
0.2-0.9 
0-3-0.4 
0.6-0.9 

0.8 

0.7 
1 -3 

0.4-0.7 

1.5-2.0 

Referencc 133; refcrencc 136. 

From the data of Tablc 10 it clearly results that the thiol group favours 
the equatorial conformation in cyclohexanethiol although a 
reported the axial conformer t o  be niore stable by 0.4 kcal mole-l. 

The effect imported by the thiol group on conformational equilibria in 
open-chain alkanethiols has been also investigated by means of i.r. 
spect roscopyq. 

The i.r. spectral data of some alkanethiols in cal-bon tetrachloride are 
collected in Table 11.  

Shapes and frequencies of the bands are dependent on the nature of the 
alkyl group bonded to sulphur; the dependence is not attributablc to any 
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molecular association, since thiols are monomeric at the concentrations 
used, the presence of rotational isomers around the C-S bond was 
invoked8, by analogy with the corresponding a l k a n ~ l s ~ ~ ~ .  

TABLE 1 1 .  1.r. spectral data8 of some 
alkanethiols in CCI, 

Compound WI, cm-' & 

CH,SH 2556 - 
C,H,SH 2578 2.2 
)z- C4 M, S H 2578 2.2 

I-CdHgSH 2572 2.1 

i- C, H , S H 2577 3.0 
S - C ~ H ~ S H  2577 2.7 

The possible staggered conformations which can explain the variation 
of frequency are shown below. 

X = hydrogen or carbon 

The cxistence of such an isomerism was demonstrated by Krueger, Jan 
and WieserZ5. 

In Table 12 the i.r. spectral data for some primary, secondary and 
tertiary thiols and alcohols are summarized. These data are related to  the 
possible conformcrs classified on the basis of the fi~at7.7 lone-pair/ci-CH 
bond interactions. The  assumption was made that two such interactions 
raisc v(SH) o r  J(OH) about twice as much as does a single interaction25. 

As an example the spectral data for 2-propanethiol-2-d, are indicative 
of the following conforrnational equilibrium 

D 

ii,C CH, H,C D 
H H 

The conclusion has been reached that  conformer 67 dominates in 
dilute CCl, solution as well as in the pure liquid and gas phase. On the 
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TABLE 12. Conformations and corresponding v(SH) and v(0H) values in 
alkane-thiols and -01s (X = S, 0)'5 

~ __ 

Number of interactions (lone-pair/a-CH) 

Two One None 
Corn pou nd 

CH,XM 

RCH,XH 

R,CHXH 

CH,SH 
C,E-I,SH 

i-C,H,SE 
n-CdH9SI-I 

S - C ~ H ~ S  H 
t-C.iH 9SH 
t-C,H 11 S H 
CN,OH 
C,H,OH 
i-C,H7 OH 
t-C,,H,OH 

H 

H 

H 

H 
H 

R H 

H R 
H H 

R 

H 

Frequencies (crn-I) 
2587 
2582 sh 2577 
2582 sh 2577 

2576 2562 sh 
2578 2567 sh 

2573 
2572 

3643.8 
3637.3 3627 

3627.1 3617 
361 6.9 

sh = shoulder. 
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other hand the concentration of the more acidic form (68), with the 
possibility of a favourable lone pair/o*CD orbital interaction, which 
introduces some C=S double-bond character, is increased in dimethyl- 
sulphoxide solution. 

The effect of the SH group in favouring definite conformers is also 
evident in o-aminothiophenols48,139-141. 

By means of the microwave spectra of normal (69) and deuterated (70) 
allylmercaptan it has been demonstrated14z that this thiol molecule exists 

CH,=CHCH,SH C H , = C H C H , S D  

(69) (70) 

only in the gairche form (71) with the thiol hydrogen relatively close to the 
n- electrons of the double bond. 

HS 

It should be remembered that ally1 fluoridelLi3 and allyl cyanide'** may 
exist both in the cis as well as in the gauche conformations, while for allyl 
alcohol145, allyl chloride, bromide and iodide'4G the most stable con- 
formation is the gauche. While the stability of the gauche form for the 
thiol (and the alcohol) can be to a n  electrostatic attraction 
between the TT electrons and the acidic proton, in the other cases the higher 
stability of the gauche vs. the cis conformer has been attributed*47 to the 
size of the substituent on the methylene carbon. 
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1. INTRODUCTION 

Investigations of the photochemical decomposition of thiols date back to  
1938 and the work of Thompson and coworkers'V2. The mechanism 
tentatively proposed at  that time for the photolysis of niethanethiol 
consisted of the following three steps: 

CH,SH+hv- CH,S+A (1 1 

A+CH,SH ____ CH,S+H, (2) 

2 CH,< - CH,SSCH, (3) 

Although a great deal of work has been done since that time, and our 
understanding of the photochemistry of this class of compounds increased 
significantly, the simple sequence of reactions ( l ) ,  (2) and ( 3 )  remains an 
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456 A. I<. Knight 

adequate description of the main mode of photochemical dcconiposition 
of this and other thiols-1. 

During the last few years the photochemistry of thiols has been in- 
vestigated from several points of view-as a source of hydrogen atoms in 
the gas phase and in solution, as a source of thiyl, RS, radicals, and as a 
substrate whose photodecomposition can conveniently be examined 
from a theoretical point of view in the near ultraviolet region of the 
spectrum. 

The absorption spectrum of ethnnethiol in  Iieptane solution is shown i n  
Figure 1.  Thc absorption characteristics of this compntrnd are typical of 
the lower molecular weight thiols, wi th  a weak band, E = lo?, around 
2300-2400 A, and a second, appreciably stronger absorption, P % 2 x IVY 
with a maximum around 2000 A. Apart from a slight shift i n  the absorp- 
tion maxima, the wavelength dependence of the absorption coefficient is 
essentially the same in the gas phase. 

The ultraviolet absorption of simple alkanethiols has been interpreted 
by Clarke and Simpson3 who have characterized both transitions in the 
near U.V. as non-Rydberg. The longer wavelength band is ascribed to the 
transition of a non-bonding sulphur atom to an antibonding molecular 
orbital, while an electron transition from a bonding C-S orbital to an 
antibonding N-S orbital is suggested as the origin of the shorter wave- 
length absorption. Most of the general investigations of thiol photo- 
chemistry have involved primarily photolysis in the lower energy band. 
However, it is apparent from the spectrum that if an unfiltered light source 
is used at ;\>2000 A, excitation to both states may be occurring. One 
recent study to be discussed below (cf. section 1I.B) indeed has indicated 
that there are likely significant differences in the detailed photochemistry 
of thiols in the two bands. 

Thermochemical characteristics of thiols are also an important factor 
influencing mechanistic interpretations of their photochemistry. The C-S 
bond is the weakest linkage in the molecule, for example, 

D(CH,-SH) = 73 kcal/mole 
while the S-H bond is 88 2 5 kcal/mole in the lower niolecular weight 
alkanetf~iols~. Despite this energy difTerence the main mode of decomposi- 
tion in the photochemical system is S-H cleavage. The lability of the 

t The photochemistry of H2S is not discussed in this Chapter. Although 
many of its characteristics are similar to those of thiols, in many respects it is 
more appropriately treated as a sulphidc. A concise summary with references 
to thc important reactions in thc photodccomposition of FI,S is contained in a 
recent report on the flash pliotolysis of H 2 S  by I<. S .  Langford and G .  A. 
Oldershaw, J .  Client. Soc. F t ~ n d t i ) ~  Trtrns., 68, I550 (1  972). 
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sulphydryl hydrogen, compared to carbon-hydrogen bonds in the thiol 
molecule and other species which might be added to the system, e.g. 
olefins, makes it the virtually exclusive site of abstractive attack in the 
tliiol molecule. When other species that might be susceptible to  radical 
attack are also present, the lability of the S-H bonds renders it vulnerable 
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FIGURE 1. Ultraviolet absorption spectrum of ethanethiol in hcptane solution. 
Reproduced by permission from D M S  U V Aflcrs c?f 0i;yuti ic Cotnpoutrdy, 

Vol. I\', Verlag Chemie, Weinheim; Butterworths, London (1967). 

in that case as well. This high rcactivity is reflected in appreciably lower 
activation energies for H-atom removal from thiols as compared to other 
hydrogen donors. Finally, the low S-H bond energy gives rise to appreci- 
able amounts of excess cnersy in thc primary photochcnlical process 
leading to the formation of I-l-:!toms with cxcess energy. 
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11. GAS PHASE PHOTODECOMPOSITION OF THlOLS 

A. Photolysis of Methanethiol 

The first quantitative study of the photochemical decomposition of 
alkanethiols in the vapour phase was an investigation of the CH,SH 
system carried out by Inaba and Darwent5. In that study an unfiltered 
mercury arc was employed so that the photolysing wavelengths covered 
the 2000-2600 A range, although the incident radiation was concentrated 
in :he region near 2537 A. When the decomposition was restricted to less 
than 0.3%, H, and CH, were the only noncondensable gases observed. 
No attempt was made to analyse for other reaction products. 

I t  was suggested that CH, results from secondary reactions and that 
hydrogen production is via reaction (1) as the primary process, followed 
by abstraction in reaction (2). Experiments with CH,SD produced entirely 
D, and no H, or  HD, eliminating possible involvement of the methyl 
hydrogens in either the primary process o r  the subsequent abstraction 
reaction. When ethylene is added t o  the system H-atoms can be scavenged 
by the process 

k+C,H, z C2H5 (4) 

and by kinetic analysis of the observed rates of hydrogen formation in 
the presence and absence of the olefin, a rate constant ratio, k,/k,, of 1.7 
was obtained at room temperature. An activation energy of 4.6 kcal/mole 
for reaction (2) was obtained from temperature studies. 

More recently Steer and KnightG studied the photolysis of CH,SH 
vapour at 2537 A at  pressures from 5 to 800 Torr and investigated in detail 
the effects of temperature and a number of addends. 

A unique aspect of that work was the confirmation of the presence 
of thiyl radicals in the system through the observation of methyl thio- 
nitrite, CH,SNO, as a product when the photolysis was conducted in the 
presence of nitric oxide. The thionitrite is formed via reaction (5) ,  

CH,S+NO ___ 5 CH,SNO (5) 

but is a relatively unstable compound. I f  the pressure of nitric oxidc 
exceeds 20 Torr, a chain rcaction giving nitrogen appears to become 
important and evidently coriiinues for some time after the termination of 
the pliotocheniically induccd decomposition. Thus it is dimcult to  utilize 
CH,SNO yields to measure quantitatively mcthylthiyl radical production. 
However, observation of significant amounts of this product is strong 
evidence for reaction ( I )  as the primary process in this system. 

Since the higher molccular weight thionitrites are considerably inore 
stable than CH,SNO, the technique of photolysing other thiols in the 
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presence of NO may be a valuable tool in determining thiyl radical yields. 
It is an area that could profitably be investigated. 

In  the photolysis of pure CH:,SH, Steer and Knight found CH,SSCH,, 
H,S and CH, as products and determined their yields under a variety of 
experimental conditions. Figure 2 shows the rate of formation of these 

Methane (Hydrogen Sulphide) 
@-8)-o- Q 0 @ 

I I I I I I , I 

0 200 400 6 00 800 
Methanethiol Pressure, torr 

FIGURE 2. Rate of formation of CH,SSCH,, H, and CH4 as a function of 
niethanethiol pressure in the photolysis of CH,SH at 2537 8, and 25°C. The 
yields of H2S are the sanx within experimental error as those of methane. 
Reproduced by permission from K. P. Steer and A. R. Knight, J .  Pl~ys. C/IC/77 . ,  

72, 2145 (1968). 

products as a function of metlianethiol pressure. The sharp increase in 
yields over the low pressure range is readily ascribed to increasing light 
absorption by the thiol. Under the conditions of these experiments the 
absorption should be complete at pressures less than ca. 75 Torr. The 
increase in rates beyond this pressure constitutes an important character- 
istic of thiol photolyses that has not been definitively resolved to date. To 
demonstrate that the observed increase i n  the rates of 13, and CH4 
formation is not associated wi th  absorption effects, quantum yields (0) 
were measured as a function of pressure and the data obtained are shown 
in Figure 3. Thus although the value of 4)(H,) at zero pressure is unity, the 
value evidently increases with pressure. Furthermore, the yield of ClJ, 
[and of H,S whose yields are not shown in the figure] does not extrapolate 
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to zero. The latter obscrvation would tend to indicate an additional 
primary process, 

is occurring, followed by hydrogen atom abstraction by CH, and SH 
radicals. However, the fact. that the quanti.iin yield of H,+CH, is greater 

C H , S H + ~ ~  ---+ ~H,+SH (6)  

0 4 -  

0.2 
Methane 

0- 0 - u  ----o 

I , 1 I I I t 1 I 

than unity, even at P = 0, suggests that additional sources of one or both 
of these products are important. 

These authors suggested that process (1)  is the sole significant primary 
step and that CH,, and H,S are formed through the following sequence in 
which indicates an  excited species: 

2 CH,S 7 CH,SSCHP (7) 

CH,SSCH:+CH,SH ___ z CH,SSCH,+~H,+H~ (84 

CH,SSCH:+CH,SH ___ f CH,SSCH,+CH,SH:% (8b) 

CH,SSCHz + M > CH,SSCH,+M* 

CH,+CH,SH > CH,+CH,S 
HS + CH,S H z H,S+CH,S 

CH,SH'g+ M > CH,SH+M 
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When CF, was added to the system as a thermalizing addend, it was found 
that H, yields were unaltered, while those of CH, were significantly reduced 
as predicted by this mechanism. 

An alternative explanation of the observations made in that study may 
be considered if the quantum yields determined by Steer and Knight are 
larger than the true values. Both primary processes, (1) and (6),  could be 
occurring, the latter through an excited state of sufficient longevity to  be 
susccptiblc to collisional deactivation. Such a sequence would explain all 
observations, apart from the quantum yields. There is ample evidence 
from other thiyl radical systems that reaction (7) is important, but whether 
a process such as reaction (Sa) innkes ;i significant contribution is open to 
question, particularly in  view of i i~orc recent w o r k  on the cthanethiol 
system to be discussed below. 

The major features of the dependence o f  product yields on pressure 
of added ethylene in this systeni are readily explained. As shown in 
Figure 4 the hydrogen yield decreases through scavenging of H-atoms by 
the olefin in reaction (4). Methyl ethyl sulpliide formation and the 
continued formation of ethyl disulphide are explainable o n  the basis of 
reactions ( l ) ,  (2) and (4) and the sequence: 

~,H,+CH,SH --- c,H,+cH,S (1 3) 

(1 4) 
C'lT,SfI C,H,+xC,H, -- z higher alkanes+CH,s 

z CH,SSCH, (1 5) 
31 

2 CH,S zX-I'< CH,SSCH: ___ 

CH,S+C,H, y---' CH,S~,H, (1 6) 

(1 7) CH,S~,H,+CH,SH ___ > CH,S+CH,SC,H, 

A kinetic treatment of the mechanism yields the following expression for 
the quantum yield of methyl ethyl sulpliide formation. 

where l;, is the absorbed intensity. This predicts, as observed (Figurc 4), 
that the rate and quantum yield of formation of the sulphide are linearly 
dependent on olefin pressure. A similar analysis of the hydrogen yields 
indicates that there is a simple competition for H-atoms between reactions 
(2) and (4) and the rate constant ratio can be evaluated from the data as 
k,/k, = 2-3210.1 1 compared to the value of 1.7 obtained by Inaba and 
Darwent5. 
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Graham and coworkers have iitilized the photolysis of methanethiol to 
determine a number of absolute values for the rate constants for the 
addition of CH,S radicals to olefins. In a study' of the photolysis of 

a 'I- 7 

0 

/ 
: - @ / -  a Methyl Disulphide 

--Q 0 

-0 
Methane 

0 100 200 300 40( 
El hylene Pressure, torr 

FIGURE 4. Rates of formation of CH3SC2H,, CI-I,SSCH,, Ha and CH, as a 
function of pressure of added C,H, in the photolysis of 25 Torr of CH3SH at 
2537A and 25°C. Reproduced by permission from R. P. Steer a n d  A. R. 

Knight, J .  Plrys. Cheni., 72, 2145 (1968). 

CH,SH with cis- and trans-butene-2, they demonstrated that the isomeriza- 
tion of the olefin, which arises because of the rever-sibility of the addition 
process, reaction ( I  6) ,  occurs at a much faster rate than does the addition 
sequence producing the sulphide product. Additional investigations*. of 
the addition reaction have provided data which permit the calculation of 
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values for k,, with several olefins. The kinetic treatment is based on a 
mechanism comprised essentially of reactions (1) through (4) and (16) 
and (17). The computation requires a value for the rate constant for 
reaction (3), tliiyl radical recombination. Using the rotating sector 
intermittent illumination technique a value of k, = 2-5 x lo9 litre/mole sec 
was found. The calculated rate constant values, in litre/mole sec, for 
reaction (16) are as follows: 7.9 x 10.' for acetylene, 4-8 x lo" for ethylene 
and 1.6 x 10'" for butene-2. In the kinetic analysis of their results these 
authors also took into account the fact that an appreciable fraction of the 
incident radiation is absorbed and therefore the primary rate of radical 
production is not uniform throughout the reaction vessel. 

Yamashita and Lossing'O studied the Hg(3P,)-photosensitized de- 
composition of CH,SH at low pressures of the thiol in a fast flow system, 
using 8 Torr helium as carrier, coupled to a mass spectrometer. The yields 
of the main products obtained, in moles formed per CH,SH decomposed, 
were as follows: CEI,SSCH, [O-1311, CI+,SCH3 [0.138], H,S [0.385], 
C,H, [0.175], CH, [0.066] and H, [0.136j. The product CH,SSH was also 
detected but could not be determined quantitatively. The inordinately 
large hydrogen sulphide yield was thought to bc due to secondary reactions 
within the mass spectrometer and is not of photochemical origin. Making 
use of a technique developed for this type of reaction system it was possible 
to establish the nature of the primary radicals. Added Hg(CD,)2 was 
decomposed simultaneously in the flow system and provided a clean source 
of CD, radicals. Under these conditions formation of CH,SCD3 and 
CD,SH could be observed, arising via the processes 

CD,+CH,S - CD,SCH, (1 9a) 

On the basis of the relative yields of the two deuteriated products, these 
authors suggested that reaction (6), involving C-S bond cleavage, 
accounts for about 10% of the primary decomposition i n  the sensitized 
decomposition, which inust originate with a triplet state of the thiol. 

Further evidence of a duality of primary processes in the methanethiol 
system, although at higher energy wavelengths, has been obtained recently 
by Callear and Dicksonll who examined the flash photolysis of CH,SH 
at 1950A and observed absorption spectra due to all three possible 
primary radicals, CH,$ kH3 and i H .  They established that these species 
did not arise from secondary processes and determined that the ratio of 
C-S to S-H bond cleavage at 1950 8, is 1 : 1.7. 



464 A. R. Knight 

B. Photolysis of Ethanethiol 

Two recent investigations of the gas phase photodecomposition of 
C,H,SH by White and coworkers12 and by Steer and I<nigI~t*~ are in 
essential agreement on the principal features of the reaction, with the 
exception of the exact value for the quantum yield of hydrogen formation. 

The observed products for this system are H,, C2H4, C2H,, H2S and 
C2H5SSC2H5. The general charr.cteristics of the reaction can be explained 
on the basis of a mechanism entirely analogous to that proposed for 
methanethiol. The key elenient of uncertainty is the origin of d2H5 and 
h-l radicals in  the system. 

Steer and Knight used acetone as an actinometer at  2537 8, and reported 
@(Ha = 0.97 rf: 0.3 independent of thiol or addend pressure. They therefore 
suggested that ethyl and SH radicals arise from the disulphide sensitized 
decomposition of the thiol: 

(20) 2 C,H,S ~ > C,H,SSC,H: 

C,H,SSC,H$+C,H,SH ___ ~,H,+SH+C,H,SSC,H, (21 1 

The reduction in the yields of products coming from dzH, and BH 
radicals, that is observed when the pressure in inert addends is increased, 
is explainable on the basis of C,H,SSC,HZ niolecules being collisionally 
deactivated. 

White and coworlters, on the other hand, made use of both I-IBr and 
HI actinometry at 2537 A and found G)(H,) = 0.82 i: 0-02, indcpcndent of 
C2H5SH pressure. They therefore proposed that the primary deconiposition 
may proceed by two routcs, 

C,H,SH+I,~.- - . ~ , H ; + S H  (22) 

C,H,SIi+hI.- - - - %. C,H,+H,S (23) 

in addition t o  the predoniinant primary step, 
. .  

CZH,SH+h~* - -> C,H,S+H* (24) 

The subsequent reactio!is of tlic primary product radic:ils were proposed 
as f 0 l l O ~ V S  : 

++c 2 5  H SH - - .  - .- c,H,S+H, 
C~+C,H,SH -- - - ->  c,H,~+H, 

C,H$+C,H,SH c,H,+c?H,< 
&H,+C,H,SH - c,H,+c,H,~ 
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SH+C,H,SH ---.------, H,s+c,H,S (29) 

C,HsS+CZH,S ------> C,H,SSC,H, (30) 

I++-C,H,SH ------3 &I,+H,s (31 1 

(32) 

H*+M ----> H+M (33) 

(34) 

C,H:+ C,H,SH -----? c,H,+ c,H,+ SH 

C,H:+ M -__-- > ~,H,+M 

This mechanism ascribes the pressure dependence of C,Hc, C,H, and H,S 
to the participation of hot hydrogen atoms and hot ethyl radicals. These 
species, which attain energy i n  the primary process because of the 
difference between the excitation energy of absorption and the lower 
bond energy in the molecule, will be increasingly thermalized in the 
presence of inert addends at concentration [MI, or by increasing pressure 
of the thiol itself. Thus the steady state treatment of the reaction sequence 
yields, for exaniple, the following expression for <I,(C,H,) : 

and the predicted decline in ethane yields with pressure has been observed 
in both investigations. White and coworkers also photolysed C,H,SSC,Fi, 
(known to give excited disulphide in the presence of C,H,SH 
at wavelengths where only the disulphide absorbs and found no products 
arising from C2H, or SH radicals, tlrus providing additional evidence 
against a process such as reaction (21). 

Because of the more detailed determinations of quantum yields by 
White and coworkers, their values must be considered to be more reliable 
than those reported by Steer and Knight. Consequently, the meclianisin 
given above, which is otherwise consistent with all of the other data from 
both studies, is, on the basis of the available data, Ihe more plausible one. 

The investigation of White and coworkers“ also included a study of the 
photolysis :it 2140 A. The results indicate that at this shorter wavelength 
reactions (22) and (23) account for ;I larger proportion, CCI.  20%, of the 
primary decomposition, :I characteristic of the reaction reflected principally 
in a reduced hydrogen quantum yield of 0.75. Thus although the elTect is 
not particularly pronounced, i t  appears that the absorption band centred 
at 2000 A may be due to the transitior? leading to C-S bond cleavage. 
This suggestion is consistent wi th  these :iiithors’ results and those obtained 
in the flash photolysis study”. 
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C. Energy Partitioning in the Primary Process-Production of 
Translationally Excited Hydrogen Atoms 

Two reports that appeared i n  1967 aroused considerable interest in the 
question of thc energetics of the primary photochemical decomposition of 
thiols in the gas phase. Gann and Dubrin15 studied the flash photolysis 
of H,S at 2138 A in the presence of C4D1, and interpreted the formation 
of H D  as resulting from the preferential attack by translationally excited, 
‘hot’, hydrogen atoms on the deuteriated addend, since thermalized 
H-atoms would be expected to be scavenged here by the H,S. In another 
study, KuntzIG examined the reactions of hydrogen atoms from the 
photolysis of H,S, CH,SH and C,H,SH with ethylene and observed a 
surprising pressure dependence of the rate coilstants normally evaluated in  
that kind of system. Although not all of the data could be explained in 
that way, some of the results strongly indicated the presence of hot 
hydrogen atoms. 

Since that time White and coworkers have used effectively the method of 
Gann and Dubrin, replacing C4D,, by D, as the energy-sensitive detector, 
to establish not only the participation of hot hydrogen atoms, but also the 
partitioning of the energy a t  various wavelengths between RS and H 
fragments. Experimentally the rates of H, and HD formation are measured 
as a function of [RSH]/[D,] in the presence and absence of thermalizing 
addends. The results can be interpreted kinetically on the basis of the 
following mechanism, for the methanethiol photoly~is*~. 

CH,SH +h I !  ___ z CH,S+G* 

H*+CH,SH ___ > H,+cH,S (37) 

(36) 

A*+D,----+ H D + ~  (38) 

A*+CH,SH A+CH,SH (39) 

G*+D,---+ G+D, (40) 

G*+M > G + M  (33) 

G+CH,SH ---+ H,+cH,S (2) 

~+CH,SH ---+ HD+CH,S (41 1 
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The expression for 2[H2]/[HD] product ratios obtained from the steady- 
state treatment of the mechanism is 

which predicts that 2[H2]/[D2] should be a linear function of the ratio of 
thiol to deuterium concentrations. This linear dependence was i n  fact 
observed in this and all other thiol systems studied. In the absence of 
thermalizing gas, [MI = 0, the intercept yields k40/k3s, while in the presence 
of M at a constant [M]/[D,] ratio the intercept is 

k4"/k38 + (k33/k38) [MI/[D,I. 
As a general criterion in systems of this kind, the observation of ;I 

non-zero intercept in the plot of the left-hand side of equation (43) as a 
function of thiol : deuterium concentrations indicates the participation 
of hot hydrogen atoms. Furthermore, comparison of k3./k3s ratios gives 
an indication of the relative efficiencies of various thermalizing addends. 

Using this technique, for example, White and StrumI8 showed that in 
the photolysis of CH3SH at 2537 A, k4o/k3, = 5.3 & 0.47 while at 2288 A 
the rate constant ratio is 1-96&0.12 indicating that H-atoms produced at 
the shorter wavelength have appreciably more energy. 

If the variation in 2[H2]/[HD] with reactant ratio [CH,SH]/[D,] is 
compared with that produced by photolysing HBr or HI in the presence 
of D, under the same conditions, the partitioning of the excess energy in 
the primary process between the thiyl radical and hydrogen atom can be 
evaluated. The observed variation in 2[H,]/[HD] in the case of the HBr 
or HI experiments serves as a calibration point since the initial transla- 
tional energy, E,,, of the H-atoms formed in those systems can be computed 
unambiguously. 

In terms of the kinetic treatment of the mechanism listed above, if 
k4,/k,, is represented as I, (the intercept of the 2[Hz]/[HD] us. [HX]/[DzI 
plots, where X = RS, Br or I) then the quantity (Io+ 1)-l which is equal 
to [HD]/([H,]+ [HD]) represents the fraction of H-atoms that react 
while still translationally excited, in the limiting case of pure D,. Thus a 
plot of (Io+ 1)- l  for the case of HBr (or HI) us. Eo serves as a calibration 
curve from which the value of En for H-atoms produced by RSH species 
can be computed when the value of (I0+l)-l for that system has been 
determined. Furthermore, Exlli,x, the maximum energy which the H-atoms 
can receive from the primary process involving thiols can be calculated 
through equation (44), 

(44) E;,,,, = ( ~ , ~ S / ~ r i S I I )  (hv - Ems-11)) 
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where M,ts and Afl tsI l  are the molecular inasses of the thiyl radical and 
thiol respectively, and EI, is the S-H bond strength in the thiol, and 
thence (E,;,,,, - E,,) gives the residual energy in the thiyl radical. 

The technique may be illustrated by reference to Figures 5 and 6 which 
give the plot corresponding to equation (43) for the photolysis of 

0 0.4 0.8 1.2 
C$$SH /D2 

FIGURE 5. The variation of 2[H,]/[IiD] as a function of the ethancthiol : 
deuterium concentration ratio in thc photolysis of C3H5SH-D2 mixtures at  
2537 8, and 2288 A. Reproduced by permission of the J ~ ~ i r t i ~ l  of Clremicnl 
Physics and the authors from J. M. White, R. L. Johnson and D. Bacon, 

J. Clieni. Pliys., 52, 521 2 (1  970). 

cthancthiol-deuterium mixtures'" and a plot of (l(,+ I)-" for the photolysis 
of HBr i n  the prescnce of D,IA. The valucs of (I ,+ l)-l in Figure 6 
indicated for h = 2288 A and h = 2537 A were computed from the 
observed intercepts i n  the 2[H2]/[HD] plots in Figure 5, and show that the 
value of E,, for the hydrogcn atoms from the C,H,SK photolysis is 1.0 eV 
a t  2537 A and 1.35 eV a t  228s A. The corresponding El;,,;,, values, calcu- 
lated from equation (44), are 1-03 eV (2537 A) and 1-57 eV (2288 A). Thus 
the energy partitioning ratio R ,  = E(fC3)/E(l(FI) may be determined for this 
system as 0.03 at 2537 A and 0.15 at 2288 A. There is no doubt that the 
majority of the carry-over energy from the primary process in these 
systems resides i n  the translationally excited hydrogen atoms formed 
thcrcin. The energy partitioning ratios calculated from the data of White 
and co\vo rkers' for In e t h ;i ne t h i ol a 11 d e t ha nc t 11 i 01 a re sum tna r i zed i n 
Table 1 .  
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FIGURE 6 .  Dependence of the function (Io+ l)-I (see test) on the initial 
translational energy, E,, of H - a t o m  as determined in the photolysis of 
HBr-D, mixtures. The graph also indicates the ( I ,  + l)-l values measured in 
the photolysis of ethanethiol at  2537 A and 2268 A and the corresponding 
values of E,. Kepioduced by permission of the Jouixnl of Chemicnl Physics 
and the authors from J. M. White, R.  L. Johnson and D. Bacon, J.  Clieni. 

Phys., 52, 521 2 (1 970). 

TABLE 1. Wavelength dependence of the energy partitioning ratio 
121.: in the photolysis of thiols 

Tliiol 

CH,SH 
C H $3 I-I 
CH,SH 
CM,SH 

C2 H $3 H 

- 

c, 13 js n 
c2 13 5s l i  
C,H,SI-l 

253 7 
22SY 
2135 
1 s49 

2537 
2285 
21 38 
I849 

RI,: = L(RS)/E"(H) 

0.1s 
0.25 
0.39 
1.51 

0.03 
0.15 
0.30 
1.60 

~ 

Re fe rc n cc 

20 
20 
20 
20 

19 
19 
21 
21 
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The data in Table 1 indicate that the energy partitioning ratio is much 

the same for both thiols, and that the excitation energy of the thiyl radical 
is becoming more important as the wavelength of the photolysing light is 
decreased. These trends are consistent with the known similarity of the 
absorption spectra of CH,SH and C,H,SH and the suggestion outlined 
earlier that a second excited state becomes progressively more important 
at  shorter wavelengths. 

The possible implications of the formation of translationally excited 
hydrogen atoms in thiol photolyses with respect to the use of such systems 
to study the addition of H-atoms to olefins have been investigated by 
Steer and Knight22. In that context the reactions to be considered in the 
general case of RSH+C,H, mixtures are: 

RSH+hY ___ > RS+h (454 

RSH +h Y > R$+A* (45b) 

A+RSH - HJ-RS (46) 

A*+RSH --+ H,+RS (47) 

h+C,H, ----+ d,H, (4) 

~ ,H,+RSH --+ c,H,+R~ (49) 

i i*+M- G+M (33) 

G*+C,H, ____ t kzH5 (48) 

In the absence of deactivating addend, the kinetic treatment of the above 
sequence yields, from a measurement of the yield of H, as a function of 
olefin pressure, the rate constant ratio k47/k4S. Values of 2-32 k 0.1 1 for 
the CH,SH-C2H, system6 and 2-00 & 0.05 for the C,H,SH system22 were 
found. Prior to the appreciation of the role of hot hydrogen atoms, these 
ratios were interpreted, however, as those for thermalized H-atoms, i.e. 
k,,/k,. Steer and Knight examined the photolysis of 25 Torr of ethylene 
and of either methanethiol or ethanethiol as a function of added CO, 
pressure up to 1400 Torr. The observed decreases in hydrogen production 
resulting from thermalization of H*-atoms in reaction 33 are shown in 
Figure 7. If the same kinetic analysis is carried out using the high pressure 
results, under which conditions presumably only thermalized H-atoms are 
involved in the addition and abstraction processes, the rate constant 
ratios found are k4Jk4 = 1.15 kO.10 (methanethiol) and 1.05 k 0.05 
(ethanethiol). A series of comparable experiments at 2288 8, showed that 
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this technique is incapable of detecting the differences in energy of 
H-atoms formed at  various wavelengths that were detected and measured 
by White and co-workers. 
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F t G U R s  7. Rate of formation of H, as a function of added C 0 2  in the photolysis 
of mixtures of 25 Torr C,H4 and 25 Torr of CH,SH, @, or 25 Torr C2H,SH, 
0. Reproduced by permission of the  National Research Council of Canada 

from the Canadian Jorrrnal of Cliemistty, 46, 2878 (1 968). 

l i l .  C Q N D E N S E D  P H A S E  P H Q T O L Y S E S  

Thiols have been photodeconiposed both as pure liquids and in solution 
i n  investigations primarily designed to study the reactions of the hydrogen 
atoms and thiyl radicals formed. In condensed phase it has generally been 
assumed that the only significant primary process is S-H bond cleavage. 
A recen! study of the photolysis of neat liquid ethanethiol indicates that 
to be the case23. 

The accumulated evidence on the chemical and kinetic behaviour of 
thiol photolysis indicates that subsequent reactions of the two primary 
fragments are essentially independent. In pure thiols, H-atoms react 



472 A. R.  Knight 

exclusively in process (2) to  form H, and an additional Ri species, If a 
hydrogen donor, Q H ,  is added, H-atom abstraction from that species wili 
coinpete with reaction (2), abstraction from RSM. The hydrogen atoms 
that so react will already have been thermalized in the liquid and further- 
more, possible complicating reactions involving RS or  Q radicals either do 
not appear to be significant or  can be taken into account in a simple way 
in the kinetic analysis. Thiyl radicals will react with themselves, tlie 
combination process (3), o r  with the addend. Thcir reaction with the parent 
tliiol lias no net effect and RS radicals are not involved in subsequent 
reactions with hydrogen atoms. 

In general, however, it has been only i n  recent years, since tlic overall 
characteristics of tliiol pliotolyses have been established that these systems 
have been utilized as a method for tlie controlled production of hydrogen 
atoms and thiyl radicals. 

A. Photolysis of Liquid Mercaptans 

Since the pioneering work of the investigation of the 
photolysis of pure liquid niercaptans has received very little attention. 
Recently Carlson and Knight23 studied the photolysis of pure liquid 
C,H,SH at  2537 A. Hydrogen and ethyl disulphide were the only products 
detected. The rates of formation of both products were tlie same within 
experimental error and linearly dependent on exposure time. Using the 
photolysis of methyl disulphide-ethyl disulphide mixtures as ii secondary 
actinometer to determine the absorbed intensity in the systein24, the 
quantum yield values of <J)(H,) = (I)(C,H,SSC,H,) = 0.25 were deterniincd. 
On the basis of the observed simplicity of the products, tlie decomposition 
can adequately be explained on the basis of tlie simple reaction sequence: 

C,H,SH+h I *  > C,H,S+fi (50) 

A+C,H,SH -+ H,+c,H,S (26) 

2 C,H,S -------------> C,H,SSC,H, (51) 

Thc equivalence of hydrogen ar?d disulphide yields also rulcs out tlic 
possibility of tliiyl radical disproportionation via 

2 C,H,S ___ > C,H,S+C,H,SH (52) 

as a possible complicating factor \\:hen tlic tliiol photolysis is exploited ;is 
;in FJ-atom or  tliiyl radicnl source. 
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B. Thiols 2s H-ztorn Sources in Solution 

There is a great deal Of interest in the reactions of 11ydrogen atoms both 
theoretically because of the fundamental importance of the H + H, reaction 
in  absolute rate t1ieory25~zG and because of the identification of tlze 
significant role of H-atoms, resulting from irradiation of aqueous solutions, 
in processes in radiation bi0logy~77.28. 

Pryor and coworkers have recently examined the photolysis of thiols in 
solution from this point of view and have developed two methods whereby 
rate constants for reactions of the general type 

k + Q H  -'& H , + G  (53) 
can be evaluated. I n  whut will be referred to Ilere as Method 129.30s31 a 
thiol, t r i t ium labelled at tracer levels in the sulphydryl position, RSHl', 
is photolysed in  the presence of QH, an organic molecule with one or 
more abstractable hydrogen atoms, at various [RSH]/[QI-I] ratios. In the 
usual procedure the thiol : hydrogen donor ratio is varied over a tenfold 
range and the activity of the thiol and of the hydrogen donor with tritium 
incorporated, QH", is measured. The results are interpreted on the basis 
of the following reaction sequence for the case of n-propanethiol as RSH: 

P r S H T + h  ------f P r S f H  (54) 
. .  

6 + P r S H  ___ > H , + P r g  (55) 

H + P r S H  - -- > H,+C,H,~SH 

A + Q H  ---+ I+,+($ (57) 

C , H , k S H + P r S H  --> P r S H + P r $  (59) 

(56) 

A+QH - (HQH) o r  (HQHIT (58) 

C , H , t S H + P r S H T  -> P r T S H + P r $  (60) 

P r S H S - 6  > P r S + Q H  (61 1 

P~SHT+($ -+ PA+QHT (62) 

TIlc atoms produced in the primary process are predominantly H-atOms 21s 

sI1o\\(n since the tritium is at tracer levels only. HQH and HQH' are ally 
addition product conlplex whicli the hydrogen donor InaY form Will1 
11ydrogeII or \\,it]) tritium atoms. Pr'rSH represents the thiol wit11 tritiuln 
incorporated into tile side chain. The rate constants for reactioll 60 2111d 62 
are written, respectively, as k,,  f ~ t o r s  arc the 
kinetic isotope effects 011 the two reactions-abstraction of lritiunl 1's 

hydrogen. 

and k,, 161,   here the 



474 

expression : 
The kinetic analysis of 

(t> [PrSHlo/[QHlo - - 
A Q I ~ I ~ ~ S H  

A. R. Knight 

the mechanism gives the following rate 

in which t is the photolysis time in sec, AQII and A$,,, are the molar 
specific activities of the QH'r produced in the experiment and the initial 
thiol respectively. A plot of the left-hand side of equation (63) US 
[PrSH]o/[QH], gives a straight line with slope inversely proportional to 
k,, &,-the product of the rate constant for H-atom attack on QH and the 
kinetic isotope factor in reactions (61) and (62). A further refinement which 
takes into account possible variations in absorbed light intensity from 
experiment to experiment involves measurement of the molar specific 
activity of the side-chain-labelled thiol, PrTSH. By comparison of the 
results of the analysis using equation (63) and an analogous expression 
involving APPTSII, values of k57(rel) IG1, compared to k,, ZS9 can be obtained. 
The method has the disadvantage that it can be applied only to QH species 
for which the Q-H bond energy is appreciably stronger than the S-H 
bond in thiols. If such is not the case then abstraction from QH by species 
other than H-atoms may occur and lead to deceptively large yields of 
tritiated QH. 

Method 11 developed by Pryor and c o ~ o r k e r s ~ ~ ~ ~ ~ ~ ~ ~  makes use of a 
somewhat simpler system. A deuteriated thiol, usually t-BuSD, is photo- 
lysed in the presence of the hydrogen donor QH and the amounts of H D  
and D, produced are measured mass spectrometrically. 

At small percent conversions the only reactions, in addition to the 
primary dissociation i n k  aikylthiyl i-ddicals and H-atoms, that must 
bc considered are 

I~+RSD ___ D,+R.~ (64) 

where kfSD is the radical produced when a hydrogen atom is abstracted 
from the alkyl group in the thiol. For purposes of comparison of hydrogerz- 
atom reactions, k,, is expressed as k,, I where I is the isotope effect on 
reactions (57) and (66), hydrogen and deuterium abstracting from QH. 
The kinetic treatment thus gives 

Plots of [HD]/[D,] as a function of [QH]/[RSD] were found to be linear 
and thus values of kBi I/kG.* could be obtained. 
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In both methods the variation in the isotope effect with QH will evidently 

influence the relative rates of attack computed from these data. For 
k, /k ,  its values are close to unity33. For the tritiated systems, Pryor and 
K n e i ~ p ~ ~  have measured the effect for a variety of QH species and utilized 
these values to  compute a series of kLI(rel) values correct for the isotope 
effects. A few representative values are listed in Table 2, along with relative 

TABLE 2. Relative rate constants for the attack of H-atoms on 
hydrogen donors 

Hydrogen ku(rela t ive) 
donor 

Method 1" Method 11" Radiolysis'' 

Hexane 1 1 1 
Nonane 1.4 2.2 1.7 
2,3-dimethylbutane 2.1 2.2 3.1 
Tetrahydro furan 9-1 8.2 7.7 

a See text, data of Pryor and coworkers. 
Data from radiolysis of aqueous solutions, ref. 33. 

rate constants obtained in studies of the radiolysis of aqueous solutions. 
The data in Table 2 are representative of the kind of agreement between 
the thiol photolysis method and the radiolysis data in the casc of all 
substrates except the alcohols. The origin of the large differences in the 
data for ROH species (for example, 1.9 us 13 for k,, for i-propanol) have 
not yet been explained. 

The methods of Pryor and coworkers thus provide an additional useful 
technique for the determination of values of the rate constants of these 
reactions of considerable practical importance. It is instructive to note that 
their utility originates with the relative simplicity of the thiol photolysis in 
the condensed phase and the appreciable lability of the sulphydryl 
11 yd rogen. 

C. Jhiols as Jhiyl Radical Sotirces in Solution 

Tliiols have been widely investigated as a source of thiyl radicals for the 
chain process in which RS species are added to unsaturated hydrocarbons. 
The systems studied have been primarily thermal reactions, frequently 
catalysed by peroxides. These results have been summarized else- 
w l 1 e r e ~ ~ ~ 3 ~ -  3 i .  Photochemical initiation of the chain process has been 
examined less ~ i d e l y ~ ~ 9 ~ ~ .  
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Recently Carlson and Knight photolysed ethanethiol-methyl disulphide 
mixtures and studied the chain exchange reaction between thiyl radicals 
and the disulphideZ3. Thiyl radicals produced by the thiol photoiysis 
attack the disulphide to form a new disulphide and eventually convert the 
methyl disulphide, present initially at  about 10% concentrations, to 
CH,SH. 

The conversion involves the following steps : 

C,H,SH+hv -- C,H,$+A (50) 

CH,SSCH,+~V _ _ _ -  + 2CH$ (68) 

C,H,~+CH,SSCH, ---> C,H,SSCH,+CH,~ (69) 

C,H,S+C,H,SSCH, ---------+ C,H,SSC,H,+CH,~ (70) 

CH,S+C,H,SH + CH,SH+C,H,~ (71 1 
Reactions (69) and (70) arc the chain propagating steps i n  the sequence, 
with the CH,s radicals produced therein giving rise to  the final ‘product’, 
CH,SH. The participation of the chain reaction is indicated by the value 
of @(CH,SH) = 151 in the initial stages of the reaction. As the reaction 
period increases, the yield of C2H5SSCH, passes through a maximum and 
there is a concomitant increase in (I)(C,H,SSC,H,). The chain exchange 
process has been investigated in  detail in disulphide mixturcs previouslyz4. 

D. Other Condensed Phase Studies 
Caspari and G r a n ~ o w ~ ~  studied the flash photolysis of 2-mercapto- 

ethanol, benzenethiol and cysteine hydrochloride in aqucous solution. The 
transient spectra observed, with A,,,, = 420 nm were identical to those 
found in  the pulse radiolysis of these substrates and were identified as 
arising frori the R!%R radical anion. For 2-mercaptoethanol and cystcine 
hydrochloride the predominant species in solution at the pH values involved 
is the RS- anion. The primary photochenlical process was suggested to 
be the production of thiyl radicals via electron detachment from that 
species as 

RS - +h I ,  ___ > R<+e- (72) 

For benzenethiol the niolecular form of the thiol is also important and 
there the primary process is 

RSH+hv------, R S + G  ( 4 5 4  

The observed transient arises from the attack of the thiyl radicals so 
formed on the RS- anion. The concentrations are controlled via the 
cqu il i br i u m .- 

R S S R  ‘--T R S + R S -  ---’ I products (73) 
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Since the transient spectra fade via first-order kinetics, the equilibrium 
must be predominantly in favour of the left-hand side of process (73). 

A number of investigations of the photolysis of thiols in the solid state 
have produced ultraviolet and e.p.r. spectral evidence for tlie formatiou 
of thiyl radicals. R o s e n ~ r e n ~ l  photolysed etlianethiol, 2-propanethiol and 
1 -butanethiol in  an isopentane-3-methylpentane matrix a t  77 K and 
observed a n  ultraviolet absorption band centred around 4000 A. The 
absorption was ascribcd to the tliiyl radical formed in the primary process. 
The ii?itially foi-nied hydrogen atoms diffuse away from the parent thiol, 
Icnving the t h i y l  radical trapped in the matrix. The RS absorption spectruni 
disappears on \wrniing to room temperature and subsequent chemical 
analysis showed thc presence of significant amounts of disulphide. 

Volman and  coworker^"^ examined the e.p.r. spectra obtained from 
ultraviolet exposure of a series of samples of thiols and other S-containing 
substrates at  77 K, including methanethiol and CH:,SD and their aqueous 
solutions. The  resonances obtained were attributed to  the t h y 1  radica! 
produced in the primary process at 2537 A. 

Skelton and  Adam43 carried out a similar e.p.r. study but in addition 
compared the bchaviour of the same thiols under y-irradiation. Thiyl 
radical e.p.r. spcctra were observed only in the photolysed samples. 
Wand4 photolysed tripheiiylmethanetliiol in benzene solution at  77 K and 
found two e.p.r. spectra, onc ascribed to the Ph,CS radical suggested 
to be tlie main primary fragment, and thc other assigned to the 
Pli,e,jHGCSH radical produced via H-atom abstraction from tlie substrate. 

Very little attention has been paid to unsaturated thiols, most of which 
Lire rclatively unstable. A recent report45 indicates that one such thiol, 
y,y‘-dimethylallylthiol (1) is sufficiently stable to be investigated. Irradia- 
tion of 1 in /I-hexane solution under N, gives quantitative conversion of 
1 to 3 via 

‘ J  
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AS the irradiation time is increased the proportion of 2 in the products 
decreases so that at 97% conversion, 2 is reduced to trace proportions and 
3c and 3t comprise 20 and 75% respectively of the analysable products. 
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1. INTRODUCTION 

High energy radiation interacts with matter causing ionization and 
excitation, followed by ion-molecule reactions, charge neutralization and 
dissociation of molecules giving rise to the formation of free radicals. 
Thus the radiation chemistry of thiols is essentially free radical chemistry, 
with the thiyl radical, RS', as the most important intermediate species. 
The thiols which have been most studied are for two main reasons those of 
biological interest. Firstly tlie -SH group is very reactive towards free 
radicals and consequently molecules containing thiol groups play a 
dominant role in  radiation-biological processes. Secondly, i t  was found 
in the 1940's that sonic aniinothiols when added to in 7;im systems gave 
considerable protection against the harmful effects of ionizing radiation. 
As thiols occur in nature, mainly as aminoacid residues of peptide- 
containing molecules, cysteine, NII$H(CO;)CH,SH, has been the thiol 
most closely studied. Cysteaniine (2-mercaptoethylaniine) was early on 
found to be  highly protective and has also been studied extensively. 
Studies of the basic radiation chemistry of these and related thiols, in 
aqueous solutions, alone, or in  mixtures with model compounds of 
biological importance have been most informative, and the gap between 
radiation chemistry and radiation biology has closed considerably in the 
last five years. Much current work is now centred on large biologically 
activc molecules. 

As the radiolysis of a thiol frequently produces tlie corresponding 
disulphide as the major product, and as both thiol and disulphide groups 
are present together in biological systems, some discussion on thc radiation 
chemistry of the disulphide group is an essential part of this chapter. 

Radiation chemistry yields are usually expressed as G-values, the 
number of molecules (or radicals) formed (or destroyed) per 100eV of 
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energy absorbed by the system. The equation 

G(-RSH) = 2 G(RSSR)+G(H,S) 

implies that disulphide and H2S are the only sulphur-containing products 
formed in a particular experimental study, 

I I .  AQUEOUS SOLWTIQNS OF THlOkS-OXYGEN-FREE 

A. Radiolysis of Aqueous Solutions 
The absorption of high energy radiation by water results in  the formation 

of radical and molecular products’, and for fast electrons or y-radiation 
may be represented by reaction (1) where thc stoichiornetry is expressed 
in G-values2. The exact mechanism of the formation of these products is 

G-11~0 ---+ GI14 H&+ e,;,+GIIH + GOUOH +GI12H2+GlI?O?H202 
or 

4.2 H,O ---t 2.7 H&+2.7 e,,+0.6 H+2.7 OH40.45 H2+0.7 H,O, (1 1 

still a matter of research and discussion, but it is clear that a t  about 
100 ns after the absorption of the high energy particle the above products 
have formed and difTused away sufficiently from the particle track to 
react with solutes in low conccntration (< 10-3~1) with effectively homo- 
geneous kinetics. The fraction of the incident energy absorbed by the 
solute is negligibly small for dilute solutions. The situation is therefore 
different from that found in photochemistry where all the photon energy 
is absorbed by direct solute-photon interaction. As its concentration is 
increased above about 1 0 - 3 ~  a reactive solute may progressively interfere 
with spur reactions, reacting with the primary radical products or their 
precursors during the stage of ‘spur diffusion kinetics’, and thus alter the 
radical and molecular yields. 

In dilute solutions of a thiol, RSH, it should be possiblc to explain the 
radiation chemistry in  terms of the reactions of KSH with OH, e,, and H 
at  low conversions, but as the radiation products accumulate, competition 
between these and RSH for the radicals will occur, leading to secondary 
products. Thus ‘initial yields’ of products are normally measured experi- 
mentally in mechanistic investigations. When a second solute is also 
present, e.g. 02, competition for the primary products will occur, and the 
intermediates formed from RSH may also react with this added solute. 
The pH of the solution is also important because H& may compete with 
RSH for e,, and in addition the actual form, and hence the reactivity, of 
the thiol may change with pH in  a manner depending on its acid 
dissociation constants. 
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B. Reactions of Thiols with Primary Radicals 
1. Hydroxyl radical 

The hydroxyl radical reacts rapidly with thiols, product analysis 
indicating the thiyl radical to be the main product as in reaction (2). This 

RSH+OH P RS'+H,O (2) 

is supported by the work of Armstrong and Huniphries3, who gcnerated 
OIt radicals froni Ti3+-H,0, solutions and reacted them with thiols in a 
flow system. The e.s.r. spectrum corresponded to that of a thiyl radical. 
Rate constants for various thiols are listed in Table 1. Jayson, Stirling and 

TABLE 1. Rate corrstanis for the reaction of OH with RSH" 

Thiol pH Methodb 10-o k,  I mol-1 s-' Reference 

Cyst eani i ne 
Cystearnine 
Cystearnine 
Cysteine 
Mercaptoethanol 
Mercaptoethanol 
Mcrcap t oet hanol 
Mercaptoethanol 
Mercap toet hanol 
Methyl mercaptan 
Methyl inercaptan 
t-Butyl mercaptan 
Glutat hione 
Homocystcine 

1.4 
6.5 
9 
6.5 
7 

1 1  
6.5 
6.5 
6.5 
7 

1 1  
7 
6.5 
7 

CNS- 
CNS- 
CNS- 
CNS- 
CNS- 
CNS- 
CNS- 
Fe(CN): - 
PhN02 
CNS- 
CNS- 
CNS- 
CNS- 
I'NDAd 

15 
13 
13 
13 
25 

6.2 
17 
6-1 
5 

31 
9.4 

17 
12 
1.7 

4 
4. 
4 
5 
G 
6 
7 
7 
7 
G 
6 
6 
5 
8 

(I Normalized to rate constants given in reference 9. 
* Pulse radiolysis except for homocystcine. 

Using / < O ~ . , . ~ h ~ O 2  = 4.7 x loo 1 mol-' s-l. 
p-Nitrosodiniettiylaniline-steady-state radiolysis. 

Swallow obtained a higher figure for mercaptoethanol with thiocyanate 
ion as competition scavenger than with ferrocyanide ion o r  nitrobenzcne7, 
and other figures in the table using CNS- could also possibly be too high. 
At pH 9 or 11 the thiols listed would be mainly in their thiolate ion form. 
In  the case of mercaptoethanol and methyl mercaptan at pH 11 new 
transients seen by pulse radiolysis, and not observed at lower pH, were 
tentatively attributed to radicals obtained by hydrogen atom abstraction 
froni the a-carbon atom with respect to  sulphur6. Recent e.s.r.-radiolysis 
studies also give evidence for some H-abstraction from carbon in 
mcrcaptocarboxylic acids'O. 



1 1 .  The radiation chemistry of thiols 
2. Aquated electron 
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The aquated electron reacts rapidly with thiols in near-neutral solutions 
to give H,S and the parent hydrocarbon as the major detectable products, 
according to reactions (3) and (4). Values of G(H,S) and G(RH) of 

R S H + e L q - - - - +  R'+HS-  (3) 

R'+ R S H  __j RH + RS' (4) 

between 2.5 and 3.0 have been reported for cysteine11.12.13, cystcaniine14, 
methyl rner~aptanl~,  and honiocysteineS for thiol concentrations in the 
range 10-3-5x 10%h1. Lower values of 2-3 have been reported for 
glutathione ( 10-2M)1G,  and 4-aminobutane-1 -thiol ( 10-3~1)17, while very 
much lower values of 1.4 and 1.7 for 1 0 - 2 ~ ~  and 1 0 - 1 ~ ~  mercaptoethanol7 
have been found. The authors in  the latter case suggest that nearly half 
the e,, are reacting by reaction (5): 

II+ 
e , + H O C H , C H , S H  - HOCH,CH,S'+H, (5) 

but the reason for this difference is not understood. 
Reported rate constants for the reaction of e,t,l with thiols are listed in  

Table 2. In pulse radiolysis studies the rate of disappearance of e;, is 
measured directly, whereas in product-yield-scavenger studies, the 
RSH-e, addiict could in principle transfer the electron to a scavenger, 
or not yield H,S quantitatively, thus leading to  low values. The figures for 
cysteine at  low and high pH call for comment. Trumbore and coworkers 
suggest that the fully protonated form of cysteine, carrying an overall 
positive charge, reacts faster than does the zwitter-ion fornP, while the 
100-fold decrease at pH 11.6 found by Braarns2O would bc due to the 
cysteine being present as the thiolate ion, RS-. It was found in a much 
earlier study2' that G(H,S) drops as the pH is increased abovc 8, and tlie 
thiolate ion is probably unreactive towards e&. 

3. Hydrogen atom 
In acidic solutions aquated electrons with protons yield hydrogcn atoms 

by reaction (6), and these, together with those formed directly 
( G ,  = 0 6 ) ,  niay react with tlie thiol. Armstrong and coworkers have 

e;,+H&- H (6) 

shown that lowering pH increases G(H,) and decreases G(H,S)I5, but even 
under conditions where all e,ls are scavenged by H& some 14,s is still 
produced. Thus it appears that H niay react by reaction (7) or reaction 



TABLE 2. Rate constants for the reaction of eFq with RSH 

Thiol PH [RSH], M Measured 
quantity 

Technique“ lo-” k ,  1 mol-I s-l Reference 

Cysteine 
Cys teinc 
Cys tei ne 
Cysteine 
Cysteine 
Cysteinc 
Cysteine 
Cysteine 
Cysteine 
Cysteaniine 
G lu ta thione 
Penicillaniine 
1Mercaptoethanol 
Mercaptoethanol 
Methyl mcrcaptan 
Methyl mercaptan 
1-Butyl mercaptan 
Homocysteine 
4-Aniinobutane-1 -thiol 

0.7-0.8 
7 
7 
0.5, 1 
5-6 
5-6 
7 
6.3 

11.6 
6.9 
8.25 
6.5 
5.7-9 

10 
7 
0.7-8 
7 
7 
7 

10-3 

- 
1 0 -3- 1 0 -1 

10-2 
10-2 

3 x 10-3  
- 
- 
- 
- 
- 

- 
5 x 10-2 

3 x 
c 

10-3 

W+l 
“OF1 
[ace t o n el 
[RSHI 
“ G I  
[acetone] 
[Ozl 
p.r. 
p.r. 
per. 
p.r. 
px. 
p.r. 
p.r. 
p.r. 
tH+1 
p.r. 
to21 
[Ozl 

11 
4.4 
5 *4 

30 
11 
I 1  
4 
8.7 
0.075 

3.2 
5.1 

20 

12 
10 
7.5 

18 
3 
4.3 
4 

15 
12 
12 
18 
11 
I 1  
19 
20 M 

2o P 
20 x 
20 9 
20 
7 
6 
6 

15 
6 
8 

17 

u 

’3 
0 

a p.r. stands for pulse radiolysis. In the other cases the competitive electron scavenging technique was used, the compound whose 
conccntration was varied being indicated. 
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(8) with  the R' abstracting H from a second thiol molecule, reaction (4). 

H+RSH - H,+RS' (7) 

H+RSH - H,S+R' (8) 

Trumbore has pointed out*8 that reactions (9) and (10) provide a possible 
alternative route for the formation of H2S. No evidence that clearly 
separates the possibilities has been reported. 

H+RSH - HS'+RH (9) 

HS'+RSH _I_ > H,S+RS' (1 0) 

The rate constant ratio k,/k, (or k,/k,) has been determined from 
G(H,) and/or G(H,S) measurements. The following figures have been 
obtaincd at room temperature: cysteine, 3.5 22 and 3.7 23; cysteaniine, 
2.714; mercaptoethanol, - 5, .  By bubbling H atoms formed by an electric 
discharge into a solution of cysteine Navon and Stein obtained a value of 
about 5"". 

C. Mechanism 

The products of the rndiolysis of a thiol in the absence of O2 are the 
disulphide, H, and H,S. The generally accepted mechanism established 
for cysteine by Arnistrong*13 15,22 and by Trumbore12p1s is: 

eiTq+H$, - H (6 )  

e,,+RSH ___ > R'+HS- (3) 

H+RSH - RS'+H, (7) 

H+RSH R'+H,S (8) 

OH+RSH ----+ RS'+H,O (2) 

R'+RSH - RHfRS' (4) 

RS'+RS' - RSSR (11) 

The cvidence for this mechanism comes from the effect of pH on 
G(-RSH), G(H,S) and G(H,), the cquality of G(H,S) and G(RH) at  all 
pH, the sulphur mass-balance G( - RSH) = 2G(RSSR) + G(H,S), and 
reasonable agreement of G( - RSH) with the values calculated on the 
above mcchanisms in the extreme where all e,lcl react with RSH according 
to reaction (3). At any p1-I the relationship 

G(-RsH):= Go,,+G,:l,-+Gn+G(H,S) 
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holds if tlie inechanism is correct, and from simple competition kinetics, 

At low pH we therefore have 

G(-RSH) = Gon+(G,,,- +Gn) 1 +L ( k,+k,) 
and in neutral solution 

The rate constant ratio kJk, reported in the previous section was obtained 
by assuming thc above mechanism. Taking the figure of 3.5 for this ratio 
for cysteine, and the radical yields given in reaction (I) ,  G ( -  RSH) = 6-7 
in acidic and 8.8 in  neutral solution respectively. 

In all thiols studied, G( - RSH) figures decrease with decreasing thiol 
concentrations, the dccrease being greater than may be expected from rate 
constant data. The same general mechanism appears to apply to the thiols 
cysteamine14, glutatliionelG, homocystcines and 4-aminobutane-l-thiol17, 
although the valucs of G( - RSH) were a little low for complete scavenging 
in some cases. 

As mentioned in section II.B.2 mercaptoethanol behaves differently in 
that only about half the aquated electrons give rise to H,S7. Bronsted 
acids can react with eiq and convert them to H, but the pK, of the thiol 
group in mercaptoethanol is not lower than for other thiols, and tlie 
explanation must lie elsewhere. 

A further reaction which should be considered when deducing mechanism 
from product yields is that of H,O, with thiols (12): 

2 RSH+H,O, - RSSR+2 H,O (1 2) 

This reaction is slow i n  acidic solution, and G(H,O,) = Grr202 is found. 
However, in neutral and alkaline solution the rate can be appreciable and 
the reaction must bc allowed forll. It has becn shown that the reaction 
involves a nucleophilic attack of the thiolate ion on hydrogen peroxide, 
the rate being found proportional to [RS-] in studies on cystearnine" and 
cysteineZ5 in which pH was varied. 

D. Transients 
1. Pulse radiolysis studies 

Pulse radiolysis studies have shown the presence of a transient species 
when thiols are irradiated at a pH where some ionization of the thiol 
group has occurred. These species have an absorption band from 
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approximately 350 to 500 nm with a maximum a t  400-450 nm and an 
extinction coeficient of the order of lo4 1 mol-l cm-1. 

The first detailed study was on cysteamine by Adams and coworkers4, 
who showed that the transient was not RS' as they had first suspected but 
RSSR formed by reaction of the thiyl radical with the thiolate ion in an 
equilibrium reaction (1  3). Evidence for this came from studying both 

RSSRS- - RSSR (13) 

cystaniine and cysteamine solutions. In pure solutions of the disulphide 
the rate of formation of the transient matched the rate of decay of the 
aquated electron, and the addition of nitrous oxide drastically reduced the 
amount formed. N,O scavenges eZq to produce OH radicals, reaction (14). 

(1 4) e,,+N,O - OH+N, 
The decay of absorption was always exponential, suggesting electron 
attachment to the disulphide followed by dissociation, reactions (1 5)  and 
(- 13). In cysteamine solution N,O increased the amount of transient 

11+ 

q q + R S S R  -----+ R S S R  (1 5) 
- 

R S S R  ___ > R S ' + R S -  (-13) 

formed immediately after the pulse, showing O H  radicals to be the 
precursor in this case. The rate of growth of transient wiis slower than the 
rate of reaction of thiol with OH radicals (as measured by CNS- com- 
petition scavenging) but increased with thiol concentration. The maximum 
absorbance obtained after the electron pulse increased with increasing 
thiol Concentration and pH, i.e. with increasing RS- concentration, 
iniplying thc cquilibrium ( 1  3). This was confirmed by thc decay kinetics, 
which werc second-order and much slower than thc first-order decay (- 13). 
The second-order rate constant decreased with increasing thiol con- 
centration and pH, implying that the rate of disappearancc was controlled 
by dimerization of free thiyl radicals (reaction 1 I ) :  

RS '+RS'  ~ > R S S R  (11) 

Similar results have been found for cysteinco*5*06, mercapto~thnriol~~~,  
v;l rious a 1 k y 1 mcrcapta nsG, H,S ?', and pen ici 1 111 ine". 

Further study of the second-order decay of RSSR as a function of pH 
and thiol concentration showed that reaction (16) w a s  also important", 
and this was confirmed during further work on cysteine". 

RS-+RSSR Y Products (1 6) 
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The products are presumably RSSR and RS-. Rate constants reported for 
reactions (1 1) and (16) are >, lo9 1 mol-l s-l. 

The equilibrium constants for reaction (13) have been determined from 
either the rate constants of the forward and back reactions or  from 
dependence of maximum absorbance after the pulse upon concentration 
and pH, and are shown in Table 3 together with reported extinction 
coefficients and absorption maximum for RSSR. 

Weaker absorptions at  shorter wavelengths have been reported and 
assigned to  the thiyl radical for penicillamine28 at p H  5 (A,,, = 330 nm, 
E = 1.2 x lo3 1 mol-lcn1-l) and for mer~aptoe thanol~  at  pH 6 (A,,,, = 
360 nni, E = 1-3 x lo2 lniol-lcm-l), and tentatively to  the radicals 
HOCH,eHS- and 'CH,S- for mercaptoethanol and methyl mercaptanG 
respectively at pH 12 (A,,,,, = 300 nm). 

2. E.s.r. studies 
Transient intermcdiates i n  radiolysis can also be detected by e.s.r., and 

this technique has been developed by Fessenden and his  coworker^^^. 
A radical must build up to some minimum concentration to be detected, 
and must not have too great a linewidth. 

The radical formed by dissociative electron capture, postulated from 
stable product analysis, has been detected directly for the mercapto- 
iicetate ionlo. A spectrum consisting of a 21.2-G triplet with g = 2.0032 
has been attributed to the radical 'CH,CO; at  p H  12.4 and 8.6 and shown 
to have e ,  as a precursor because N,O prevented its fwmation. Increasing 
-SCH,CO, conccntration decreased the signal, this being taken as 
evidence for rcaction (4). Tlic OH radical was shown to abstract hydrogen 
from carbon as well as sulphur since the tnercaptoacetate ion at  pH 12.4 
gave a 1 3 - 4 4  doublet with g = 2.0086, attributed to SdHCO,. This 
could not be detected at pH 8-6, and it was thought the doubly-charged 
anion lowered the recombination rate sufficiently for its concentration to 
build up to detectable amounts. The radicals -SeHCH,CO; and 
-SCH,e(N H,)COO- were detected in alkaline solutions of 3-mercapto- 
propionate and cysteine respectively, abstraction from the /3-carbon atom 
with respect to sulphur in  the latter case being attributed to the extra 
stability of a tertiary radical. 

N o  thiyl radicals were detected in these studies, possibly because such 
radicals could react with thiolate anions, reaction (13), and that the 
G-factor of RSsR might cause such line broadening to make it un- 
detectable. 
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E. Derivatives of Thiols 

1. Disulphides 
The OH radical reacts rapidly with disulphides, rate constants greater 

than lo9 1 mol-’s-l being reported for cysthe33 and ~ y s t a m i n e ~ ~ .  There is 
little direct evidence for the immediate products, the reaction being written 
as (17) by Purdie for cystine and penicillamine d i s ~ l p h i d e ~ ~ * ~ ~ ,  and as (18) 

R S S R f O H  - RSOH+RS’ (1 7) 

(1 8 )  
+ 

RSSRfOH ___+ RSSR+OH- 

by Jayson and Owen and coworkers for zystamine37*%, with the cation 
undergoing bond cleavage in subsequent reactions. The formation of an 
adduct RSk(0H)R with a significant lifetime has also been propose@’. 
Purdie has shown that tlie OH radical also leads to the formation of 
t r i s~ lph ides” ,~~  and has postulated a second set of products from O H  
attack, reaction (19). The sulphenic acid, from reaction (17), can react 

RSSR+OH - RSSOH+R’ (1 9) 

with RSH produced from e,, reaction (20), or disproportionate, reaction 
(21), while the trisulphide is also a product of radiation-produced thiol, 
reaction (22) 36. 

RSOH+RSH ----+ RSSR+H,O (20) 

RSOH+RSOH A RSH+RSO,H (21) 

RSSOH+RSH ----+ RSSSR+H,O (22) 

I t  has been shown that the presence of chloride ion (hydrochloride salts 
of aminothiols are often used) in acidic solution decreases S-S cleavage 
and increases ammonia yields with cystine40. (Ammonia is a major 
product of both eyq and OH attack on amino acids and peptides not 
having thiol or  disulphide groups4‘.) 

The aquated electron reacts rapidly with disulphides, rate constants of 
1.3 x IO‘O, 2 x 1O1O, 9 x lo9 and 6.4 x 109 lmol-ls-l for cystine, cystamine, 
homocystine and glutathione disulphide, respectively, at  pH 6-7 being 
reported20. As discussed in section II.D.l tlie adduct RSSR is first formed, 
and in the absence of other solutes breaks down io RS’ and RS-. 

H atoms have been reported to react with cystine with a rate constant 
of 5 x lo9 1 mol-’ s-l and to produce cysteine24, reaction (23). A transient 

RSSRfH - RSH+RS’ (23) 
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intermediate, believed to be RSGHR, has been reported by Simic and 
Hoffmann3’ on pulse radiolysis of glutathione disulphide at pH 1 with 
A,,,, of 330 nm and extinction coefficient of 600 1moI-lcm-l. The same 
transient was seen at  pH 3.7 where eLq would react directly with the 
disulphide, and thus it was postulated that H atom addition, and 
protonation of the electron adduct gave the same product31 *. 

RSSR+H ---+ R S ~ H R  (24) 

RSSR+H+ ---+ R S ~ H R  (25) 

Product yields in oxygen-free solutions of disulphidcs are low because 
of concurrent oxidation and reduction. RSOH (or RS+) and RSH 
effectively give back the starting material, reactions (17), (15) and (20). 

2. Large molecules of biological interest 
In the previous sections reactions associated with the thiol or disulphide 

groups themselves have been mainly discussed, although some of the 
molecules mentioned do have other functional groups which show 
varying degrees of reactivity towards the primary radiolysis products of 
water. However, product analysis shows that in these cases reactions a t  
other sites in the molecule are at the most only minor, the high reactivity 
of the -SH and -S-S- groups being the dominating factor. 

Recently work has been done on enzymes which contain both thiol 
and/or disulphide gr0ups4~, including l y ~ o z y m e ~ ~ w ~ ~ ,  t r y p ~ i n ~ ~  and papain46. 
In each case pulse radiolysis shows an absorption at 400-430 nni associated 
with RSSR, and shown to have e, as precursor. Sixty per cent of eFq are 
estimated to  react with the cystine residue in t r y p ~ i n ~ ~  and perhaps only 
25% in the case of papain46 where 20% of the adducts decayed with a 
half-life of about 30 ps, the remainder having a lifetime lorger than 0.05 s 
showing it to  be very stable. It was noted that there are three disulphide 
bridges in papain, and it is possible that electron transfer from one of 
these to other groups could occur in  a time too short to allow detection. 

OH attack is shown to occur mainly not at free thiol groups, but a t  
tyrosine residues for papain4G and tryptophan residues for l y s ~ z y m c ~ ~  and 

* Shafferman has since shown that this assigiimcnt of the transient to 
RSSHR is incorrect, and that the species secn was thc thiyl radical of gluta- 
thione, RS’ loo. For glutathione disulphide he measured kl , ,  k,, and k25 as 
2.7 x lo9, 1 - 1  x 1 O 1 O  and 2.6 x 1 O 1 O  I mo1-I s-I respectively. Further work by 
Hoffman and Hayon is in agrcemcnt with Shafferman’s conclusionslo5 and 
thcse authors also give A,,, and extinction coefficients for other thiyl radicals 
together with more extensive figures for k, ,  including thcir pH dependence. 
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t r y p ~ i n ~ ~ ,  and that loss of enzyme acitivity may be associated with this for 
lysozyme, although this loss of activity has recently also been attributed to 
polymerization through intermolecular -S-S- bond formation47. 

A comparison of pulse radiolysis transient yields and final values of 
G( - tryptophan) and G(RSH) for trypsin shows that a reconstitution or 
back reaction occurs, as final yields are Oxygen prevented this back 
reaction. Recent work on ribonuclease shows the same general features as 
the enzymes mentioned abovelo7. 

3. Thiolactone 
Homocysteine lactonizes readily in acidic solutions, and a study of the 

aqueous radiation chemistry of this thiolactone was undertaken to see how 
bonding of the sulphur to a carbonyl carbon modifies its reactivity to the 
aquated electron48. (The normal H atom abstraction from sulphur by 
OH cannot occur.) The dissociative electron capture reaction which gives 
H,S in  the case of free thiols can be formulated: 

Resonance stabilization of the thiocarboxylate group might have been 
expected to favour this reaction. The aquated electron reacted fast with 
the thiolactone, k = 3.6 x 10'O 1 mol-* s-l, but it was found that reductive 
deamination occurred, this being the typical reaction for amino acid 
derivatives". 4,4'-Dithiodibutyric acid was found to be a product, and the 
following steps involving ring opening were postulated : 

+ /CHZ, 
HJN-CH CH, + eJq NH, + O=C=CH-CH,-CH,-S' (27) 

'C-S' // 

0 

The OH radical leads to oxidative deamination and ketoacid formatior1 
in a manner similar to that for amino acids41. This shows that H atom 
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abstraction occurs from the tertiary carbon atom, rather than from that 
(Y to sulphur, as found in e.s.r. studies with cysteine'O. 

F. Reactions with Secondary Radiation-produced Radicals 
Many organic radicals will abstract hydrogen from the thiyl group, 

reaction (4) being one example. Where the organic radical has been 
produced by H atom abstraction by OH or H, this hydrogen transfer 
from thiol restores the molecule to its original form, and effectively 
protects it from radiolysis damage. This topic is dealt with more fully in 
section VI on radiation protection. 

Inorganic radicals, formed from the reaction between anions aiid OH 
can also oxidize thiols to free thiyl radicals. The species (CNS);, Br,, Cl; 
and I; (formed by radiolysis of N,O-saturated solutions of CNS-, Br-, C1-, 
I-) are ieduced by cysteine with rate constants of 0-5-8-5 x los 1 mol-l s-l, 
and the rate constants for (CNS,), Br; and 1, increase by approximately 
a factor of 10 when the thiol is converted to thc thiolate anion". (CI, 
exists only in acidic solution.) COT is also reduced rapidly by the thiolate 
anion of cy~teine,~. 

Whereas thiols may be oxidizcd, disulphides may be reduced by electron 
transfer from radicals. Willson has shown by pulse radiolysisjO that the 

electron adduct of the lipoate anion [S-SCH,CH,CH(CH,),CO;] is 
formed in the reaction of lipoate with (CH,),kOH, CH,eHOH, COT and 
the electron-thymine adduct with rate constants of I-B x los 1 mol-1 s-l. 

I i 
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where two different alkyl groups are pre~ent~l .3~ .  
Thiyl radicals themselves react with disulphides leading to new products 

RS*+RSSR'- RSSR+R'S' (32) 

111. AQUEOUS SOLUTIONS O F  THIOLS-CONTAINING 
OXYGEN 

A. Products and Yields 
Cysteine has been the most extensively studied tliiol in oxygenated 

aqueous solutions. Althcugh reported yields vary from group to group 
the following general features have been found : 

1 .  Oxygen lowers G(H,) and G(H,S) and increases G(H202) with 
respect to oxygen-free yields. 

2. At low doses, and provided [RSH] 2 - 1 0 - 3 ~  the disulphide cystine 
is still the only major sulphur-containing product, but large doses do 
result in higher oxidation products being formed. 

3. Increasing cysteine concentration increases yields, this effect being 
greater when the free base is used instead of the hydrochloride (Table 4 
shows figures from different research groups) and at pHG5, there is an 
approximately equimolar increase in hydrogen peroxide and disulphide. 
Oxygen concentration has little effect on the yields. 

TABLE 4. Variation in C(-RSH) or 2G(RSSR) with [RSH] for oxygenated 
cysteine solutions 

[RSH], M 2G(RSSR) C( - RSH) 

lo-" 
3 x lo-.' 
5~ 1 0 - 5  

10-3 
3 x 10-3 
10 -2  
0, 
PH 
Rcference 

5.5 5.6 
10 9.5 7.6 7.6 7 13 

5 15 
15 15 8.2 7 9 20 20 14 

18 1s 9.2 10 1 1  36 24 
24 

air" air air air air 1 atmb 1 atin 1 atni air 
1 3 0-1 1-35 4 3-4 7 7 7 

23 52 53 25 54 25 19 25 53 

Note:  Dose rate 0.8-1.4 x 10l8 e V  I-' s-l. 
Equilibrated with air at 1 atm. 
Equilibrated with oxygen at 1 atm. 

4. As the pH is raised above 5 a marked increase in G( - RSH) and 
G(RSSR) occurs, but G(H,O,) does not increase until the pH is greater 
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than 7, and then the value of G(H,02) is less than that of G(RSSR)2j, 
Figure 1 illustrates this. 

0 2 4 6 8 

DH 
FIGURE 1. C(Products) as a function of pH for M cysteine saturated with 

oxygerP. 
0 = G(-RSH) = G(RSSR) A = G(HzO2) 

Mercaptoethanol has been studied' in the pH range 0-5-8, and oxygen 
increases both G(RSSR) and G(h',02), while increasing the thiol con- 
centration from 1 0 - 2 ~ ~  to 1 0 - l ~  causes a major increase as shown in 
Table 5. 

TABLE 5. Product yields from aerated aqueous mercaptoethanol 
solutiona 

W H I ,  M PH Aeration G(H,O,) G(RSSR) 

1 0 - 2  3.1 None 0.56 3.45 
10-2 3.1 Air 6.5 6.5 
lo-' 3.3 None 0.45 4.4 
lo-' 3.0 Air 36.1 36.1 

Note: Dose rate 7.8 x 10l6 eV 1-1 s-l. 
a Taken from Table 1 ,  reference 7. 
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CysteamineI4 was found to differ from the above two thiols in that 

little disulphide and hydrogen peroxide were formed at  low pH, whereas 
at higher pH the yields were at least qualitatively similar to those of 
cysteine. Figure 2 illustrates these points. Presumably products with 
sulphur in a higher oxidation state than in cystamine are formed in 
acidic solution. 

30 

20 

In 
V 3 
'0 

a 

e 

2 

v3 
d 

10 

d 
PH 

FIGURE 2. G(Products) as a function of pH for aerated M cystearnine". 
0 = G(- RSH) 0 = G(RSSR) A = G(H202) 

Very high yields of disulphide from some n-alkyl mercaptides with 
G(RSSR) up to 650 have been reported55. Quantitative product yields are 
however dificult to obtain at pH > 8 because of autoxidation, and because 
the thermal reaction between hydrogen peroxide and thiol proceeds at an 
appreciable rate. 

Disulphides have been studied in the presence of oxygen by 
Purd ie"~~~ '  39151,6G and Owen and coworkers37* 53. Sulphonic acids 
become a major product, Owen consistently reporting higher yields than 
Purdie, who finds significant amounts of sulphinic acids are still farmed. 
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B. E r e c t  of Oxygen on Radical Reactions 

1. Competition for primary radicals 
Oxygen does not react with OH except a t  high pH59 where the latter 

exists as 0-. As thiols are readily autoxidized in alkaline solution no 
detailed studies of oxygenated solutions at high p H  have been reported. 
However, oxygen rcacts rapidly with both H and eZq to  give HOO' and 
0; with rate constants Ic,, and k ,  of 2 x 1O1O and 1.88 x 1Olo 1 mol-ls-l 
respectivelys9, and would be expected to  lower G(H,) and G(H,S) with 

H+O,- HOO' (33) 

e.yq+O,- 0; (34) 

respect to oxygen-free solutions. This has generally been found. 
Al-Thannon found for example that air lowered G(H,) from 3.10 to 
0.65 in lO-"hf cysteine solution and from 3.4 to 3.06 for IO-,M ~ys te ine?~,  
competition being less effective at the higher thiol concentration as 
expected. Competition between 0, and RSK for eCq. has been used by the 
Auckland group~~17.19 to determine k, for various thiols at pH 7 (Table 2). 
Neglecting H,S from reaction (8) and by plotting I/G(H,S) against 
P,I/[RSH I, 

or 

k ,  can be found. This technique of determining rate constant ratios by 
competitive scavenging is common in radiation chemistry. 

It has been found for mercaptoethnnol that oxygen lowers G(H,S) much 
more than would be expected from the known values of k, for this thiol 
determined by measuring the rate of disappearance of eyq by pulse- 
radiolysis and k34, and it has been suggested that the electron adduct of 
the thiol might be sufficiently long-lived to transfer partially the electron 
to oxygen before dissociating, rcactions (35) and (36) 7. Barton considered 

e;q+HOCH,CH,SH ___ > HOCH,CH,SH- (35) 

HOCH,CH,SH- + 0, > HOCH,CH,SH+O; (36) 

that the reason Winchester's figure for k, for cysteine*9 was only about 
half that measured directly by pulse radiolysis20 might be due to  similar 
reactions, but  by re-analysing Winchester's results where both [RSH] and 

18 
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[O,] were varied, he showed this not to  be the case25. Again it appears as 
though the reaction between eLq and mercaptoethanol is somewhat 
anomalous. 

2. Reaction of HOO' with RSH 
The liydroperoxy radical has a pK.,  of 4-88 and thus it exists as HOO' 

in acidic solutions and as its conjugate base, O;, in neutral and alkaline 
solution60. By studying the formate ion-oxygen-cysteine system as a 
function of pH Barton has found that HOO' does not react with cysteine, 
but that 0; does25*3n. In the absence of thiol, reactions (37), (38) and (39) 
i n  addition to (33 )  or (34) occur, giving a yield of hydrogen peroxide, 

OH+HCOOH (HCOO-) - H,O+'COOH (CO;) (37) 

'COOH (C0;)+02 > CG,+HOO' (0;) (38) 

2 HOO' (0;) ----> H,O,+O, (39) 

G(H,O,) = GIIdO1+ A(GoI1 + Gv,,,l- + Gi,) = 3.7. If  the peroxy radical 
abstracts H from the thiol, the yield of H,O, should increase as 
each OH, e;,l or H now gives rise to one molecule of H,O, 

tJ,OO'+RSH ---- H,O,+RS' (40) 

(41 1 

and C(H,O,) = GI120d+ Gall f GL..,9- + G,, = 6.7. In solutions where 
[HCOOH]$ [cysteine], Barton found G(H,O,) = 3.7 and G( - RSH) = 0 
in acidic solution, these increasing to 6.2 and 5.8 respectively as the pH is 
raised to 5.1. Froni this work he estimated k,, as 1.8 x 10*lmol-ls-l 
within a factor of five. Using the same method cysteaniine was also 
found19 to be unreactive towards HOO'. 

The reason for the enhanced reactivity of 0, probably lies in the free 
energy of protonation of the peroxide anion (pK,, of H,O, = 11.8). On 
bond strength figures, reaction (40) would be nearly tliernioneutralG*,G,. 

I I  
O;+RSH ~ > H20,+RS' 

3. Reaction of RSSR with oxygen 

The transient RSSR has been found to react with oxygen in pulse 
radiolysis studies of cystine30 and 1ipoatesn with rate constants of 
4.3 x 10' and 9 x loq 1 niol-l ss1 respectively. Oxygen enhanced the rate of 
first-order decay, the increase in rate being proportional to  oxygen 
concentration. The reaction is thought to involve electron transfer from 
disulphide to oxygen, reaction (42). 

RSSR+O, ---+ RSSR+O; (42) 
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4. Reaction of thiyl radicals with oxygen 
It has been assumed that oxygen reacts with the thiyl radical according 

to reaction (43) when possible mechanisms for thiol radiolysis in the 

RS'+O, ___j RSOO' (43) 

presence of oxygen have been p ~ s t u l a t e d ~ ~ * ~ * * ~ ~ ,  but direct evidence for 
this reaction lias only been found recently and is limited. Purdie found 
oxygen inhibited reaction (32) and concluded that oxygen reacts with the 
thiyl When neutral and slightly alkaline solutions of cysteine 
saturated with N,O were irradiated it was found that oxygen markedly 
decreased the amount of RSSR formed immediately after the pulse as 
well as greatly increasing its rate of decay by reaction (42). This decrease 
was considered to be caused by competition between RS- and 0, for the 
thiyl radicals, reactions (13) and (43), and assuming such competition, and 
plotting A~,ay/Al , l i , s  against [O,]/[RS-1, a value of k,, = 8 x lo!' lmol-ls-l 
was found, A!llt,x and A being the maximum absorbnnces after the 
pulse in the absence and presence of oxygen re~pcctively~~. 

Swallow and coworkers found a weak absorption with h,lli,S at 560 nm 
when mercaptoethanol was irradiated i n  acidic oxygen-saturated solutions7. 
From the variation in the amount formed o n  changing mercaptoetlianol 
concentration and pH it was concluded that the transient was 
HOCH,CH,SOO' and that it had an extinction coefficient of 
180 f. 35 1 mol-lcm-l. A weak transient, A,,, at 530 nm, was also detected 
by Packer on irradiating acidic cysieine solutions in the presciicc of 
oxygen, the amount formed increasing slightly with cysteine concentration 
and more definitely with oxygen concentration. The decay kinetics were 
complex, but decays were rapid with half-lives of a few microseconds 
decreasing a s  the pulse lcngth (i.e. dose) incrcascd, suggesting radical- 
radical reactionsc4. The  data were not inconsistent with the trnnsient 
being NH; CH(CO;)CH,SOO'. 

5. Reaction of alkyl radicals with oxygen 
Dissociative electron capture by thiol leads to an alkyl radical, reaction 

(3). Oxygen, by competing for eyq lowers the yield of alkyl radicals, and 
as it adds to them rapidly, reaction (44), should further lower the yield of 

R+O,- ROO' (44) 

alkane by preventiag H atom transfer from an unreacted thiol molecule, 
reaction (4). N o  data that show the fate of such alkylperoxy radicals have 
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been reported. If they abstract H from the thiol group an alkyl hydro- 
peroxide would form, but none has been identified, and anyway may be 
reduced in the presence of thiol. Serine, the expected reduction product 
from cysteine, is formed in low yield". 

C. Mechanisms 

1. Cysteine 

For cysteine there appear to be t..ree regions of F involving distinctly 
different mechanistic features25, namely 0-5, 5-7 and > 7. 

The pH region 0-5 has been studied by several research groups. 
Recently Barton25 has collected all the available data and carried out 
calculations on the 'extra' product yields due to oxygen. From the known 
rate constants for reactions (2), (3), (ti), (7), (33) and (34) he calculated the 
initial values of C(RS'), G(HO0') and G(0;). Considering the equilibrium 
between HOO' and OF, and assuming that reactions (39) and (41) but not 
(40) occurred, and that each RS' radical gave rise to half a molecule of 
cystine, RSSR, he determined G( - RSH), G(RSSR) and G(H202) arising 
from these reactions. There is a small possible error as the fate of R' in the 
presence of oxygen is not known. Subtracting these values from the 
experimental yields, he obtained the 'extra' product yields which he 
labelled G(-RSH),, G(RSSR), and G(H202), as the results seemed best 
explained by a short chain-type mechanism. The essential facts to emerge 
were that G(RSSR),-G(H,O,), for all sets of data; that G(RSSR), was 
proportional to (dose-rate)+ from the results of Al-Thann~n,~;  and that 
these 'extra' yields increased slowly with increasing cysteine concentration. 
He postulated the following scheme: 

RS'+O, J RSOO' (43) 

RSOO'+RSH > RSOOH+RS' (45) 

as the propagating steps, and 

RS'+RS'  > R S S R  (11) 

RS'+RSOO' > RSSR+O, (46) 

R S  0 G'+ R S  0 0' > R S S R + 2 0 2  (47) 

as possible termination steps. Reaction (45) must be relatively slow as the 
'chain' yields are very smallG3, and in  view of the fact that reaction (40) 
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does not occur2*5.30 this seems reasonable. Reactions (48), or  (49) and (20), 
account for the equality of G(RSSR), and G(H,Oz),. Owen and Brown 

RSOOH+RSH - RSSR+H,O, (48) 

RSOOH+H,O - RSOH+H,O, 

RSOH+RSH ___ > RSSR+H,O 

found a slow post-irradiation increase in cystinc at pH-4.5 and suggest 
that reaction (48) was slows2, but Barton was unable to reproduce their 
resultsz5. 

The relatively low 'chain' yields imply that oxygen which reacts fast 
with the thiyl radical does not get reduced, and reaction (47) is proposed 
to account for this. As it result of his disulphide studies P ~ r d i e ~ ~  has 
suggested that RSOO' radicals react together according to reaction (50), the 

RSOO'+ RSOO' ___ > RSO,SR+O, (50) 

product being a dioxide, not a peroxide. Assuming the dioxide would be 
reduced to disulphide by thiol, reaction (50) would lead to a considerable 
increase in G(RSSR) without a corresponding increase in G(H,O,), 
contrary to what is observed. The possibility of reaction (43) being 
reversible and giving rise to an equilibrium between RS' and RSOO' 
comes from the observation that the niaximuin absorbance at 530 nm 
following a pulse of electrons in acidified cysteine solution increased with 
increasing oxygen concentration at concentrations where reaction (43) 
would be complete were it a fast irreversible reactionG4. The decay, 
assuming the transient to be RSOO', was too fast for it to occur by 
reactions (11) and (-43) alone. Purdie"' has measured G(cystine) in 
oxygcnated solutions of the mixed disulphide of cysteine and cystcamine 
as a function of this disulphide concentration. Oxygen and thc disulphide 
compete for cysteinyl radicals from reaction (17), cystine arising from the 
latter reaction (32). He proposes reaction (46) to account for the fact that 
G(cystinc) has a value of 1.5 when extrapolated to zero mixed disulphide 
concentration, implying that reaction (43) does not go to completion. 

The mechanism requires the 'chain' yield to be proportional to cysteine 
concentration, but the dependence is much less than first-order. A first- 
order decay of RSOO' in competition with reactions (45) and (47) would 
account for this, but a possible reaction is difficult to visualize, and it is 
concluded that the mechanism is not yet fully understood. A reaction such 
as (51) is also possible in acidic solution. 

RSOO'+HOO' ___ z RSOOH+O, (51 1 
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In the pH region 5-7 G(KSSR), increases with pH while G(H,O,),, 
remains almost constant. The increase i n  G(RSSR), has tentativelyos been 
attributed to reaction (52) being much faster than (45), and the divergencc 

(52) 

of G(RSSR), and G(H,Q,),. to the fact that  the intermediate sulphenyl 
hydroperoxide is reduced to water by cysteine as 1115 p H  increases, 
reactions (53) and (20). 

I! i 
RSOO'-ERS- RSOOH+RS' 

RSOOH+RSH ___ > 2 RSOH (53) 

A different chain I-caction at pH > 7, involving RSSR and producing 
equimolar amounts of cystine and H,O, was postulated by Packer and 
Winche~ter'~, and direct cvidence for reactions (42) and (41) was sub- 
sequeiltly found3". Barton suggests that the two compcting chain reactions, 

R S ' + R S -  ____ t RSSR (13) 

RSSR+O, z R S S R S - 0 ;  (42) 

z H,O,+RS' (41 1 

(13), (42), (41) and (43), (52) with (53) and (20) best explain the experi- 
mental yields in this higher pH region. 

I 1  r 
O;+RSH 

2. Other thiols 
As mentioned in section I lI .A, niercaptoctlianol and cystearnine are the 

only other thiols t h a t  have been studied in any detail. As Table 5 shows, 
increasing niercaptoetlianol concentration in acidic solution substatitially 
increases G(RSSR) and G(H,O,), and a mechanism similar to that proposed 
above for cpsteine lias been postulated-. 

As no detailed product analysis has been done no mechanism for the 
radiolysis of cystearnine in strongly acidic solution can be postulated. 
However, it is of interest to note that both aiid Purdic5' obtain 
higher yields of taurine (NH$CH,CH,SO,H) from oxygenated cystamine 
radiolysis than they do thc corresponding sulphonic acid from other 
disulpliide solutions. Tossibly N H,'CH,CH,SOO' is readily oxidized by 
HOO' or H,O, at  low pH. Sinis * I  Iias calculated 'chain' or 'extra' yields 
over the pH range in a similar manner to Barton, and finds that 
G(RSSR1,-G(1-J,O,),. a t  pH of about 4, with both increasing as the p H  
is further increascd, G(RSSR),. rising faster than G( H202) , , .  Thus at higher 
pH the mechanisms for  cyste:li11ine and cysteine would uppear to he 
essentially the same. 
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3. Disulphides 
Owen considers sulphonic acids arc forincd by reactions (1  8), (54) and 

( 5 9 ,  his values of G(RS0,H) being close to Gall. His values of G(H,O,) 
are consistcnt with reactions (42) and (39) bcing important%. In his 

R S S R + O H  > R S + S R + O H -  (1 8 )  

R S S R S O ,  - ----> [RSSR'O,]'  RSO:+RS' (54) 

RSO:+OH- --__ > R S 0 , H  (55) 

earlier papers:'" Purdie considcl-ed thc sulphonic acid to come froni 
reaction (56),  but after further works1 has suggestcd that i t  may be formed 

R S O H + O ;  ----+* RSO;+H (56) 

by reaction (57). Both authors also consider a number of other reactions 
to explain the various products and yields. 

+ 

R S O ; + R S O H  ---+ R S O , H + R S '  (57) 

4. Conclusions 
It is clear from the above discussion that more work is needed before a 

definitive understanding of the rcactions involved in the radiolysis of 
oxygenated solutions of thiols and disulphides is achieved. The variations 
in yields with experimental conditions, the distinctly different yields froni 
different thiols or disulpliides under similar conditions, and the analytical 
problems i i i  deterniining yields of sulphur conipounds in various oxidation 
states makes this a complcx and difficult field to work in. 

IV. THIOLS IN T H E  LIQUID STATE 

Only two studies of thiols irradiated in the pure liquid state have been 
reported. I t  was of interest to compare ethaiiethiolG5 with ctlianol where 
the main products, in addition to H,, are ethylene glycol and acetaldehyde, 
which come partly from CH,eHOK as precursortiG. In ethanol the 
cc-C-H bond is weaker than the O--H b m d ,  whereas in the thiol the 
relative strengths are reversed. G(H,) was 7.1, greater than for ethanol 
(possibly because of the lower ionization cnergy of etlianethiol), and of 
the main products C,H,S--SC,H, contributed go%, and C,H,SC,H,, 
15%. No butane-2,3-ditliiol or thioacetaldchyde were found"". No mention 
was made of H,S, a product that niight bc expected in vicw of the sulphide 
yield. 
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For thioplieno167 G values found were: H,, 4.2; PhS-SPh, 4.6; 
C,H,, 1.4; H,S, 0.44; PhSPh, 0.049. Hentz considered that reaction (58),  
involving the parent positive ion and equivalent to that occurring in 
liquids exhibiting hydrogen-bonding, would be unimportant, and thought 
reactions (59) and (60) unlikely on thermodynamic grounds although 
electron capture to give PhSN- as an intermediate could well occur. 

Ph ;H++PhSH ___?z P h S + P h S ' H ,  (58) 

P h S H + e -  z P h ' + S H -  

P h S H f c -  - P h S - + H  

As dissociation of the lowest triplct excited state was not possible, lie 
concluded that breakdown occurred froni the lowest excited singlet state 
following charge neutration of the parent ion, with S-H cleavage and to 
a lesser extent Ph-S cleavagc the only important processes. (Johnsentis 
also considered the equivalent of reaction (58) to be less important with 
ethanethiol, and that the difference from ethanol may well be attributed 
to the much weaker hydroZen bonding as well as to the relative bond 
strengths mentioned above.) I n  benzene-tliiopheno1 mixtures, energy 
transfer from bcnzene to thioplienol was shown to occur, leading to 
products similar to those froni pure thioplienol. By using deuterated 
benzene it  was shown that very few H atoms arose from benzene radiolysis. 
Prior to this work i t  was not entirely clear whether the very low values of 
G(H,) found i n  aromatic systems iniplicd a low yield of H a t o m  or were 
due to the fact that they add to the aromatic ring. Thiophenol was the 
first aromatic compound studied which gave an appreciable yield of H,, 
and this work clearly show the dominating role that the -SH group 
exerts when i t  is present in  ;I niolccule, H-abstraction from sulphur 
prevcnting the usual ring addition illniost cntircly. 

V. THIOLS IN T H E  SOLID STATE 

A. Pure Compounds 

1. Product analysis 
Most solid state studics havc involved only e,s.r. measurements of the 

radicals produced on irradiation. Howcver, Garrison and coworkers68 
have irradiated dry degassed cysteinc at room temperature, dissolved the 
irradiated solid i n  water and analysed the products, finding thc following 
yields: G(H,) = 3.1 ; G(H,S) = 1-5; G(NH,) = 1.8; G(cystine) = 5.0; 
G(NH,-free compounds) = 1.0; G(total carbonyl compounds) 60.1. In 
aqueous solution the -SH group appcars to be the locus of all significant 
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reactions as the predominant reactions for amino acid derivatives", 
reductive and oxidative deamination (the latter leading to carbonyl 
compounds), are negligible. It was of interest to see if this was the case in 
the solid state also. As the results show oxidative deamination was absent, 
but reductive deamination competes with loss of HS-. The following 
steps were postulated : 

RSH --+ RS'+H + +e (61 1 

RSH ---> RS'+H (62) 

reaction (61) involving proton transfer from the radical ion to a neigh- 
bowing group, and (62) dissociation of an excited molecule, followed by 

> H,+RS' H'+RSH- 1- 
I------ H,S+NH:CH(~H,)CO; 

8- NH,+'CH(CH,SH)CO; 

e - + RSH-'---+ H,+ NH,CH(CH,S*)CO; 

I H,S+NH,CH(~H,)CO; 

RSH+~H(CH,SH)CO; ---+ RS-+CH,(CH,SH)CO; (67) 

RSH + NH,CH(~H,)CO; ~ + RS'+NH,CH(CH,)CO; (68) 

It was suggested that dimel-ization of thiyl radicals to give disulphide 
occurred mainly on dissolution of the irradiated solid. In the case of 
cystearnine hydrochloride, whcre there is no carbonyl group to trap the 
electron prior to deaniination, it was found that G(NH:,) <0.1. In spite of 
this G(H,S) was only 1.2, lower than for cysteine, but the value of G(H,) 
of 5.1 was much higher. This is the same situation as was found for 
mercaptoethanol' but not for cystearnine i tselP in aqueous solution. 

2. E.s.r. studies 
Several e.s.r. studies have been made on single crystals of cysteine 

hydrochloride monohydrate. On irradiation with 1-5 MeV electrons at 
77 K A k a s a k P  observed an isotropic doublet as the main radical species 
with a high anisotropic but axial symmetric g factor, and attributed this to 
the *SCH,CH(COOH)NH~-Cl- radical, as found by Kurita :ind Gordy 
for cystineiO. Remarkable broadening was obscrved on warming and at 
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225 K tlic spectrurn had almost disappeared, although this was not due  
to radical decay as the spectrum reappeared on coolingG9. Wheaton and 
Omerod" used Goco y-irradiation a t  77 K and then warmed o r  illuminated 
tlieir crystal with U . V .  light. They observed six radicals, four of which were 
RS'. Their initial spectrum was a triplet, which Akasaka did not see, 
probably because his elcctron beam warmed the crystals above 77 K. 
Coriforinational clianges on warming lead to interaction between spin o n  
the sulphur atom and neighbouring -SH groups to give large anisotropies 
in the spcctroscopic splitting factor g .  Warming also gave higher radical 
concentrations suggcsting to them tha t  the original damage was not  
paramagnetic. Further warming beyond 200 K caused nearly complcte 
disappearance of radicals suggesting that the thiyl radicals in  fact dimerized 
in the solid statc. 

Recent work by Budzinski and Box'2 has shown that 77 K is not a 
sufficiently low temperature to stabilize the priniary radicals iriitially 
formed and have found evidence for electron capture by the carboxyl 
group, providing direct evidence for Garrison's mechanismGq. They were 
able to  get better defined spectra with penicillaminc hydrochloride than 
with cystcinc, and rcportcd dctailed work on this compound. At 4 I< they 
observed three radical species, two due to oxidation which they assigned 
to a chlorine atom and to .SC(CH,),Cr-I(NH,+CI-)COOH and one due to  
reduction, HSC(CHs),CH(N H.$Y)e(OH)O- formed by electron capture. 
On  warming to  200 K,  hole transfer from the chlorinc citom occurred t o  
give a difTerent thiyl radical, and the initial tliiyl radical underwent a 
change i n  conformation to give the same radical. The electron adduct 
also underwent a conformational change and then on further warming 
deamination occurred to give the radical HSC(CH,)$HCOOH. O n  
further warming to 275 K this radical abstracted hydrogen from sulphur 
to give another thiyl radical, and those already formed underwent a 
further conforniational change, so t h a t  at room temperature thiyl radicals 
were the only type present. Presumably dissociative electron capture by 
the -SfH group would give ii radical which would also abstract H from 
thiol, so although this radical was not observed, this work was not in 
disagreement with Garrison's mcclinnisni. Box also had a higher yield of 
radicals from oxidation than from reduction, supporting Garrison's 
dissociation reaction, as H atoms would abstract hydrogen from the thiyl 
group. The anisotropy of the thiyl radical was again observed. In agree- 
ment with the previous work, the finnl thiyl species observed at  ambient 
temperature has undergone bending of the cilrboii-carboii bond N to the 
sulphur atom. 
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have studied the radical recombination 

i n  irradiated polycrystolline cystcine MCI nionohydrate at  tempetaturcs 
340-390 K .  Above 333 K a sccond phnsc, glassy in iiaturc, was found to 
form and it \vas presumed that this was caused by free water niolecules 
around lattice impcrfcctions because irradiated samples had a greater 
percentage of this new phase. This phase which was absent in anhydrous 
samples would contain no radicals, and  the obserxd decay was of radicals 
i n  the crystallinc phase. The decay exhibited second-order kinetics over 
4-5 half-lives and an activation energy of 50 kJ mol-' ( I  2 kcal niol-l). 
They concluded that lhe decay mechanism involvcd dimerization of thiyl 
radicals atid that H atom transfer betwcen the thiol group and thiyl 
radicals could occiir above 378 K.  The half-life at  375 K w a s  approxi- 
mately 200 niin, and these results would seem to tlmw doubt on Omerod's 
observationi1 that radicals decayed a t  200 K.  

Clear ethanethiol g l a s ~ e s ~ ' ' ~ ~ ~  have been irradiated at 77 K. A deep 
orange colour formed, and a n  absorption maximum at 430 nni was 
observed. Bleachins with visible light caused tlie colour to fadc to clear 
yellow, with at 405 nm. E.s.r. measurenients before bleaching 
showed two species, one attributed to C,H;S' and the other to an ionic 
radical. I t  was the  latter that disappeared on bleaching and tlic peak a t  
405 nni was attributed to  C,H,S'. Initial yieldsi5 were given as 
G(C,H,S') = 0.5 and G(ion) = 2.9. 

A series of alkyl ~ n e r c a p t a n s ~ ~ - ~ ~  have been irradiated a t  77 K. The 
tliiyl radical, RS', is the predominant species for molecules with three or  
less carbon atonis, but tlie relative concentration of alkyl radicals increases 
with tlie size of the alkyl group. 

Disulphides have also been studied. The final stable radical from a 
single crystal of L-cystine hydrochloride is an RS' radicali0, but irradiation 
as 4 K gives RSSR and RSSR, the foriiicr having an optical absorption 
maximum at 550 nni and the latter a t  420 nm in. Some RS' is also produced 
a t  4 K. Both RSSR and RSSR are present in the dark a t  77 K, but light 
causes all of RSSR and about half RSSR to decay without a concurrent 
increase in  RS' radicalssn. In tlie dark RSSR disappears in about 30 min 
a t  125 K but RSsR is stable a t  this temperature. 

In studies of peptides and proteins containing sulpliydryl and disulpliide 
groups irradiation at 77 K leads to non-S radicals, but on warming 
migration of spins to sulphur occurs and the stable radicals a t  higher 
temperature are thiyl  radical^^^^^^. Other forms of cnergy transfcr must 
also O C C L I ~  ;is tlie concentration of thiyl radicals eventually formed is 
higher than tlie total radical concentration at 77 I<.  

Ramsbottom, Pintar and 
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f 
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B. Frozen Solutions and Glasses 

The radicals formed on irradiating frozen aqueous solutions of 
cysteamine at  77 K and their beliaviour on annealing have bcen studied by 
e.s.r.83~84 Solutions of pH lcss than 2 before freezing formed thiyl radicals 
on annealing to 178 K, but these thiyl radicals could not be detected when 
the pH of the initial solutions was greater than 3. At higher pH increases 
in radical yield and in radical stability to annealing occur and these 
increases follow the ionization curve of the -SH group. The radicals 
here were tcntatively attributed to RSSR. 

The absorption spectra of species formed on y-irradiation of niethyl- 
tetrahydrofuran and hydrocarbon glasses containing thiols and di- 
sulpliidess5 at  77 K show that RSSR radicals arc formed by electron 
capture and that RS' radicals are formed on warming by H atom 
abstraction by solvent radicals. The elcctron scavenger CCI, inhibited 
formation of the former but not the latter. In contrast Skeltori and AdamsG 
were unable to detect tliiyl radicals when simple mercaptans i n  glassy 
3-methylpentane were y-irradiated, although thiyl radicals were formcd 
and were stable a t  room temperature when the sanic glasses were 
pliotolysed. 

VI. RADIATION PROTECTION BY THIOLS 

A. Mechanisms 

The phcnomenon of chemical protection of mammals against the 
harmful effects of ionizing radiation was discovered in 1949, and amino- 
thiols or compounds that could give rise to free thiol groups wcre found 
to be the most activc. Much work on synthesizing and testing new 
compounds of this class has bcen undertaken. The phenomenon of 
protection has becn thc subject of a books7. Whcrzas most compounds 
containing thiol or disulphide groups act a s  protccting agents i n  laboratory 
studies, only some of them are efrectivc in the body, problems of solubility, 
transport, toxicity and other factors outside the province of physical 
chemistry being involved. 01ily simple chcmical thcories and work related 
to them are discussed herc. 

That the mechanism of protectiqn is partly chemical (i.e. involving 
fast free radical reactions) rather than biochemical (i.e. involving slow 
reactions of protccting agents with the biologically important molecules 
prior to or aftcr irradiation ;is suggested, for example, i n  the mixed 
disulphidc tlicoryss,s9) has bcen sho\vn by mixing cysteine with bacteria!'O 
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or 1ysozymP in a rapid flow system. Protection was found with a pre- 
irradiation mixing time as short as 4 nis but no protection was found if 
mixing occurred 5 ms after irradiation. 

There are two simplc mechanisms for this chemical protection, 
‘competition scavenging’ and ‘repair’. In both of these the thiol is thought 
to prevent or reduce damage caused by attack of free radical precursors 
on the biological solute, the so-called ‘indirect action’. As cells are 60-800/, 
water there is little doubt that these precursors are ON, 13, or e,, and the 
number of them reacting with the biological substrate is reduced by 
competitive scavenging of the thiol, yielding thiyl radicals. These are 
relatively unreactive towards the biological molecules and consequently 
damage is reduced. Where the primary radicals do react directly with the 
substrate a free radical formed by H atom abstraction is a likely product 
and further reactions of this may lead to permanent biological damage. 
In the repair mechanism the thiol is thought to transfer ;I hydrogen atom 
from sulphur to the radical, restoring the biological molecule to its 
original form and replacing it by the innocuous thiyl radical. 

The repair mechanism can also operatc wliere a radical has been formed 
by H atom loss after a direct ionization of a biological molecule, and 
energy transfer, especially to a disulphide group, is also a possibility. 

Evidence for these mechanisms has come from radiolysis experiments, 
including e.s.r. measurements on model systems. 

5. Solution Studies 

Adams and coworkers have made quantitative measurements on both 
possible mechanisms, using monomers92 and polymers2g as model sub- 
strates and cysteaniine as the protectine; agent. On pulsc irradiating 
mixtures of alcohols and cysteaniine they found RSSR to be formed in 
two reactions, one of these being complete 3 ps  after the pulse with the 
other slower reaction occurring during the next 10-100 ps. Increasing 
the alcohol concentration at fixed cysteaniine concentration decreased the 
amount of RSsR formed 3 ps after the pulse, showing normal competitive 
kinetic behaviour, reactions (2) and for methanol (69), but the total 

OH+RSH ___> H,O+RS’ (2) 

OH+CH,OH > H,O+’CH,OH (69) 

amount finally formed remained the same. The rate of formation of 
RSSR in the slower reaction was independent of alcohol concentration 
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but was proportional to cysteaminc concciitration, suggesting the repair 
reaction (70) was being observed. (Recent work on the y-radiolysis of 

‘CH,OH+RSH --> CH,OH+RS’ (70) 

isopropanol in D,Q substantiates this since it was found that additicn of 
thiol induces deutcration of t!ie nlcohol and lowers the yield of acetonc!13.) 
Analysis of the oxilloglaiiis of growth of RSSR yielded ‘repair’ 
rate constants for a series of’ alcohols, the values ranging from 
1.8 x lo7 1 mol-1s-l for 1-butanol to 42 x 10’ 1 mol-ls-l for isopropanol”. 
Using polyethylene oiide (PEO) polymers of varying inolecular weights, 
the same two kinetic p:ith\vnys of RSSK formation were again observed, 
and repair rate constants of  5-10 x 10“ 1 mol-‘s -l wcrc found. With high 
molecular weight PEO reactions of PEO radicals with RS’ and RSsR 
were also detected. pH studies 011 both monomer and polymcr systems 
showed the thiolate anion barely repaired the radicals, if a t  a I P .  

The repair meshinism does not appe:ir to function where attack occurs 
on pyrimidine bases. Here primary radicals add to the 5:6 double bond 
and hydrogen transfer to the intermediate radical would complete t i n  

addition across this bond. This rcnction has been shown to occur between 
cysteine and the protonated elcctron-adduct of cytosine”’, and i n  this 
case cysteine increases G(- cytosine) by blocking the reconstitution 
reaction which occurs between OH-adduct and electron-adduct. Adamso? 
found the rate constants for reaction between cysteaniiiie and the 
OH-adducts of ally1 alcohol, thymidine and uracil to be less than 
lo7 1 mol-l s-l, his findings being confirmed very recently in  a pulse 
radiolysis study using e.s.r. to detect transient intermediates”. Both 
cysteaminc and cysteine were used and the corresponding rate constants 
for uracil and thymine being shown to be lcss t h a n  loti 1 niol-I s--l. For 
these compounds all protection was due to thiol scavenging of OM. This 
technique gave figures comparable to Adam’s for repair of alcohol 
radicals”’, and also showed the repair mechanism functioned for dihydro- 
thymine. 

There is evideixe that radicals other t h a n  primary ones can add to 
pyrimidine bases and hence daniage DNA function, and i t  has been shown 
that thiols can prevent this by repairing the intermediate radicals prior to 
their attack on the base”. The repair mechanism has also been shown to 
operate in e.s.r.-flow studies of biochemical molecules where OH radicals 
are generated ~hemica l ly~~ .  

Studies of protection of two enzymes, lysozynie*’ and papain”, have 
been made in aqueous solution’, and i n  addition to sc:ivci?ging protection, 

- 
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a reaction between cysteine and the OH-adduct of lysozylne has been 
observedt4. A slow post-irradiation repair reaction was found for 
papain", probably involving cysteine as a reducing agent. 

In some systems it is found that the presence of oxygen lowers the 
protection given by added tliioP, an explanation being that oxygen reacts 
with the substrate radical in an irrepairable step in conipetiticn with the 
hydrogen transfer reaction with thiol. Pulse radiolysis studies with 
cysteamine were not inconsistent with t1iiP.  

C. Solid State Studies 
E.s.r. studies in the solid state also &ive considerable evidence for the 

repair mechanism of tliiols. Mention of migration of spins to sulphur in 
proteins arid from solvent to thiol in glasses has been made in section V. 
In a simple model system a single crystal of 2-aminobutyric acid HCI 
containing 2% of cysteine HCI was irradiated. The main radical detected 
at 220°K was CH,CH,~I-ICOOH, but on warming to  room temperature 
the free thiyl radical appeared, implying transfer of H from the thio1Io0. 
Work prior to 1965 has been reviewedlo' and many systems involving 
mixtures of thiols and model compounds or biological material in the 
dry or glassy state have been studied since and have provided clear 
examples of the repair mechanism. However the factors controlling 
transfer of spin to the added thiols are complex, as recent work by Milvy 
has ~ I i o w n ~ o ~ ~ ~ n ~ .  

VII. ADDITION OF THIOLS TO OLEFIMS 

Radiolysis of mixtures of thiols and olefins in the absence of oxygen 
leads to anti-Markovnikov addition across the double bond in a long 
chain reaction involving free radicals. The propng:ition steps for a terminal 
olefin are: 

RS*+R'CH=CH, ---> R ' ~ H - C H , S R  (71 1 
R S H + R ' C H = C H , S R  ----> R'CH,-CH,SR+RS' (72) 

This reaction is not specific to rndiolysis, and the initiating free radicals 
may also be generated thermally or photochemically. The general field of 
free radical addition of thiols to unsaturated compounds has recently 
been reviewedlo'. 

Thiols may be formed by radiolysis of H,S with olefins, the mechanism 
being similar to that above, but as the tliiol formed undergoes loss of 
hydrogen by radical abstraction more readily than H,S, a mixture of thiol 
and sulphides is likely to be formed. 
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1. INTRODUCTION 

The use of thiols in  the synthesis of bivalcnt organosulphur conipounds is 
well kno?ilnl. Thiols can be converted to sulphides, disulphides, sulphoniurn 
salts, sulpliosides, sulphoncs, sulphonic acids, thioacetals and thioacids; 
tlicse transformations being effccted generally by nucleophilic displncc- 
iiient, addition, oxidation or condensation reactions involving the sulphur 
function. T n  the above cases a thiol is used i n  the preparation of a new 
compound containing sulphur and this is often tlic main purpose for 
effecting the reaction. In this chaptcr we have chosen not to cover per se 
these typcs of reactions; ccrtain of these reactions are covcrcd in various 
detail in other chapters i n  this volume. Wc have chosen instead to treat 
reactions i n  which a thiol is an important and necessary reagent, bcing 
incorporatcd into the iiiolccule to promote thc desired transformation, 
following \vliich tlic sulphur function is rcinoved to yield the final rcaction 
product. The thiol, therefore, functions in ;in accessory role i n  thc synthetic 
transformation. An csaniple is thc conversion of a carbonyl group to 21 
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methylene group by Raney nickel desulphurization of an intermediate 
thioacetal: the thioacetal being prepared by reaction c f  a thiol with the 
ketone or aldehyde. 

Examples of a thiol functioning in a synthetic transformation involving 
only one step are minimal. Most cases covered i n  this chapter require 
more than one step with several steps being involved in the conversion of 
the reactant, cia reaction with a thiol, into the final product. This 
necessitates that the thiol be transformed into a bivalent organosulpl1Llr 
dcrivativc, i.c. a sulpliide, thioacetal or  a higlicr oxidized sulphur functiol1 
such ;is a sulphone or  sulphonium salt, followed by subsequent conversion 
to final product. Thus, many or tlie re:ictions covered could be considered 
as examples of tlie synthetic use of sulphides, sulphones, etc., equally as 
well as synthetic uses of thiols". The general criteria used in selection of 
reactions for the chapter have been: ( 3 )  a thiol has  been or readily could 
be used i n  preparation of the intermediate organosulphur derivative, 
(b) the purpose of the transforniation is not tile preparation of an organa- 
sulphur derivative, thus (c) the sulphur function is normally and con- 
veniently removed to give the final product. 

The following reactions have been excluded as being beyond tlie scope 
of this chapter: tlie variety of synthetically useful reactions of dimet11yl 
sulphoxidc (DMSO) and dimethyl sulphide, which include reactions 
i nvo 1 v i n g d i m sy 1 a ri i o 11, oxidation react ions i n  v 01 vi ng D M S 0, methyl en e 
transfer reactions of corresponding sulphonium methylides, and reaction 
of stabilized sulphonium ylids normally prepared from dimethyl ~ulpliide3. 

11. DITH I OACETALS 

The formation of a dithioacetal as an intermediate in organic synthesis is 
not new to most chcmists. However, in  recent ycars tlxre has been a 
continuing improvement in the methods of preparation as well as the 
subsequent reactions. The early use of the dithioacetal group as a means 
to reduce carbony1 functions with Raney nickel has been expanded to 
extensive use as a protecting group, mctliylenc blocking group and as an 
intermediate in the preparation of complex hydrocarbons, olefins, 
aldehydes and ketones. 

A. Carbonyl Protection 

The protecting ability of dithioacetals has become well established4. 
These groups are stable towards both mild acid and mild base and show 
reasonable stiibility towwds such varied rengents as  lithium aluminium 
liydride, chromium trioxide and Grignard reagents5. However, the method 
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has rarely been utilized because of the difficulty in regenerating the 
carbonyl. Recent developments in this area should change the situation 
and give dithioacetals a prominent place in synthetic organic chemistry. 

I. Preparation 
Early workers reacted the ketone with an excess of the thiol in the 

presence of an acid catalyst such as zinc chlorideG, hydrogen 
or p-toluenesulphonic acid9 to prepare dithioacetals. The results were 
erratic and the yields often disappointing. The use of boron trifluoride 
etherate has led to consistently better results8*l0. This method is 
particularly effective when the thiol is used for the solvent of the ketone 
as the boron trifluoride etherate is added. Ethanedithiol and propanedithiol 
are usually the thiols of choice forming Iy3-dithiolanes and lY3-dithianes 
respectively. For example, the Iy3-dithiolane of cliolestane-3-one (equation 
1) can bc prepared in high yield by this methodlo. Occasionally the choice 

of solvcnt is very important and it has been noted that a more acidic 
medium such as acetic acid may be useful in accelerating product formation 
and reducing side rcactions'l. A newer method involving the use of alkyl 
orthothioborates gives nearly quantitative yields of the dithioacetals of 
simple aldehydes and ketones (equation 3) under neutral conditions12. 
The orththioborates are easily prepared from sulphurated sodium boro- 
hydride (equation 2) but the use of dithiols would seem to be excluded. 

NaBH2S3 i E t S H  __f ( E t S ) , B  4- H, + ( E t S ) 2 +  NaS,H (2) 

In  the formation of 1,3-ditliiolanes of di- and tricarbonyl compounds, 
there is considerable selectivity. Normally one does obtain a mixture of 
the monodithiolane contaminated by varying amounts of the bisdithiolane 
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but separation is generally not difficult. Apparently the formation of two 
isomeric and hard-to-separate monothiolanes is seldom a problem. 
Chole~tane-3~6-dione with excess ethaneditliiol gives a high yield of the 
bis-l,3-dithiolane (equation 4) in just 5 minl0. Restricting the quantity of 
thiol and extending the reaction time led to a mixture containing a reason- 
able yield of the cholestane-3,6-dione-3-( I ,3-ditliiolane) (equation 5 )  lo. 

C&17 Excess 

'J--SH:BF, 

5 min. 

Where th 

94% 

28% U 

30% 

naturc of the carbonyls of a dicarbonyl compou d differ 
greatly, one isomer of the monodithiolane may become the only product. 
In the conversion of 4-androstcne-3,l 1,17-trione to 4-androstene-3,lI ,17- 
trione-3-( 1,3-dithioIane) no bis- or trisdithiolane was observed (equation 
6)9. The condensation of an equimolar amount of 1 ,Zethanedithiol with 

an a-keto aldehyde such as pyruvaldehyde leads to the formation of 
1 ,3-dithiolane-2-carboxaldeliydes13 with little or none of the isomeric 
1,3-ditliioIan-2-y1 ketones being observed (equation 7). 
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I 1  
H S M S H  s. ,s 

0 
I1 c t 1,CC HO --+ CH,CCHO ( 7 )  

Although the formation of dithioacetals generally is a simple reaction, 
side reactions become prevalent when a reasonable leaving group is in the 
a-position to the carbonyl or to a conjugated double bond. In the reaction 
of 2-bromo-2-plienylacetophenone with ethanedithiol, 2,3-diphenyI-5,6- 
dihydro- I ,4-dithiin (equation 8) was obtained14J1'". Similarly, the dihydro- 
dithiin (1) was obtaincd from 6-P-acetoxy-4-cholesten-3-one (equation 9)3. 
Additional examples exist for the formation of dihydro-l,4-dithiins via 
I~alides'~, epoxides'' and cven amidesls. 

@ l l '  >s@17 

t i S W S H  
(9) 

0 

(1 1 
L s  OAc 

Under slightly different conditions, using 1,3-propanedithiol, acyloins 
and acyloin acetates lead to the formation of 1,3-dithianes where hydrogen 
has replaced the hydroxyl or  acetoxyl group19. Hydrolysis to the ketone 
provides a method of converting acyloins to ketones and desulphurization 
allows conversion of acyloins to hydrocarbons (equation 10). Reduction 
of 1, I-dimethyl-5-hydroxysila-4-cycloheptanone gave 1, I-dimethylsila-4- 
cycloheptanone by this method (equation 1 A similar reaction is 
believed to be involved in the action of u-proline reductase". 
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> 
Me - (-s Si Me -Si aH '1 

/ 

(11) 

Me Me 

Numerous othcr cxamplcs of dithioacctal formation, including selective 
fornia t i oils, 110 vc bee ti well documented"* 02-2.1, bu t  tlie above suggest the 
scope. 

2. Removal 
Early workers relied completely on the use of heavy metal salts i n  the 

hydrolysis of dithioacetals. The initial use of mercuric chloride with 
cadmium carbonate i n  IiydroxyJic In was modified and generally 
improved by the substitution of nicrcuric oxide for tlie cadmium 
carbonate'",". Howcver, i n  sonic cases the results of this method of 
hydrolysis have been disappointing. This is especially true in the recovery 
of aldehydes and steroidal ketones from their ditliioacetals. RecentIy, 
nuinerous new methods of hydrolysis have emerged significantly changing 
the stature of dithioacetals as blocking groups. 

The use of mercaric oxide and boron trifluoride etherate in aqueous 
tetrahydrofuran gave good yields of even those such as 2 
where mercuric chloride only destroyed tlie starting material. This method 
has also proved useful i n  carbohydrate c ! i e m i ~ t r y ~ ~ * ~ ~ ~ ~ ~ ' .  

OAc OAc 

80% 

I 

(2) 

f (EtO),CHCHCH,CHO 
I /'T, __ HgO/BF, 

(EtO),CHCHCH, CH 

Oxidation of 1.3-dithiolancs with inonoperphthalic acid3' o r  hydrogen 
gives ethylenedisulphones in high yields. These compounds are  

stable i n  acid, but are easily decomposed with base in tlie presence of  
oxygen to give the original carbonyl group. Thus,  1 7,B-hydroxy-5a- 
androstati-3-one-3-( I ,3-ditliiolane) acetate was converted to the di- 
sulphone, which in tlic presence of sodium ethoxide and oxygen gave the 
original ketone (equation 12)32. Besides tlie fact that this method is effective 
i n  the steroid series, there are the advantages of bcing able to  hydrolyse 
acid-sensitive compounds or work in acid media without fear of 
decomposing tlic blocking group. 

The usc of a mild oxidizing agcnt such ;IS I -chlorobcnzotriazole33 wit11 
1,3-dilhiol:incs and 1,3-dithiancs leads to the formation of disulphoxides. 
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HO,CC,H,CO,H 

90% 

NaOEtI0, 
57% 

(1 2) 

The disulphoxides generally are not isolated but are decomposed with 
sodium hydroxide to  the ketone35. The reaction works well in the steroids, 
with 17j3-acetoxytestosterone (3) easily being regenerated from its dithio- 
acetal (equation 13). 

?Ac 

f S  @- 
n = 2 o r 3  

. ‘‘w 

CI 
I 

NaOH + 

Oxidative hydrolysis of 1,3-dithianes using N-halosuccinimides has 
been extensively i~ivest igated~~.  The yiclds were consistently high when 
using N-bromosuccinimide (NBS), usually in acetonitrile. Unlike earlier 
methods 2-acyl-l,3-dithianes were efficiently hydrolysed to  I ,2-dicarbonyl 
compounds. For  example, 1-phcnyl- 1,2-propanedione was prepared in 
quantitative yield from the 2-benzoyl-2-mcthyl-1,3-dithiane (equation 14). 
Silver salts often aid the reaction, but it has been noted3 that NBS in the 
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presence of silver ion reacts with double bonds. However, N-chloro- 
succininiide (NCS) even with silver nitrate is compatible with double 
bonds and still gives comparable yields. 

A few other methods for hydrolysis of 1,3-dithianes have recently been 
discovered but have not been thoroughly investigated. Use of sodium 
N-chloro-p-toluenesulphonamide (chloramine-T) leads to the corre- 
sponding ketones in consistently high yields3’. The procedure requires 
only short reaction times in aqueous alcohol and should prove to be a 
very powerful method. 

Alkylation of 1,3-dithiolanes with two equivalents of triethyloxonium 
tetrafluoroborate leads to bissulphonium salts. Treatment with 10% 
sodiuni hydroxide gives excellent yields of the corresponding ketone<*. 
If only one equivalent of the oxonium salt is used, the resulting mono- 
sulphonium salt gives the ketone in high yield if a mild oxidizing agent 
such as copper sulphate or hydrogen peroxide is present. Equations (15) 
and (16) demonstrate the effectiveness of this method in the recovery of 
tram- 1-decalone. 

n 

Et ,O BF, & 2 equiv. > 

H 

> 
1 equiv. 

n 

n 

10% NaOH 

95% 

89% 

The sulphonium salt also seems to be involved in a procedurc using 
methyl iodide in aqueous alcohoPg. Mild conditions and high yields are 
typical. That the reaction is quite selective is apparent from the hydrolysis 
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of the 1,3-dithiolane of 9-fluoro-1 lp, 16q 17,21 -tetraIiydroxypre,nn-4-ene- 
3,20-dione-16,17-acetonide (4) in high yield (equation 17). 

CS ’ 
L S  (4) 

Some further representative examples of the hydrolysis of dithioacetals 
are given in Table 1. 

TABLE 1 .  Hydrolysis of dithioacetals to carbonyl compounds 

Dithioacetal of Reagent Yield, Reference 

Cholestan-3-one Chloranii ne-T 
I -Chlorobenzotriazole 
Monoperphthalic acid 
(1)  Et,O-’-BF;; (2) NaOH 
Chloramine-T 
(1)  Et,O+BF;; (2) CuSO, 
HgO -BF, 

Cycl o hexa n one 

Fluorenone Chloraniine-T 
PhCH=CHCHO HgO-BFS 

0 

75 
50 
52 
81 
95 
81 
25 
86 
S6 

HgCL, aq. acetone-benzene SZ 
I I  

Ph,SiCCH, 

CH, 0 
I I I  IigC12, HgO, aq. MeOli 70 C H 3C HZC H C H p  C P h 

NCS, AgNO, + 04 

0 
I1 

PIICH2CC02Et NBS, acetone 7s 

37 
35 
32 
38 
37 
38 
28 
37 
28 

40 

4 1 

36 

29, 30 

36 
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6. Carbonyl Reduction 
529 

Since the Raney nickel desulphurization of dithioacetals to the corre- 
sponding methylene was first observed by W ~ l f r o r n ~ ~ ,  the reaction has 
become one of the most reliable and mild ways of reducing the carbonyl 
group. Outstanding reviews can be found concerning the application of 
nickel desulphurizations to all types of orgnnosulphur c o ~ n p o u n d s ~ ~ ~  23 as 
well as a detailed discussion of the mechani~ni"~.  However, a brief mention 
of the scope of the reaction as well as some of the more recent modi- 
fications seems in order. 

1. Reduction to saturated hydrocarbons 
Typically desulphurization reactions are carried out with a large excess 

of Raney nickel. The reaction is not truly catalytic in nature since the 
hydrogen used to replace the sulphur usually conies from hydrogen 
retained by the metal during its preparation. In addition the nickel is 
consumed by the combination with the sulphur t o  form nickel sulphide. 
In practice a minimum ratio of 2.6 : 1 for nickel atoms to sulphur atoms 
is n e ~ e s s a r y ~ ~ .  

The Raney nickel catalyst is prepared through the action of aqueous 
alkali on a nickel-aluminium alloy. The conditions employed allow the 
preparation of the catalyst with a specific activity. Furthermore, the 
catalyst may be deactivated by refluxing with hydrogen acceptors, by 
degassing or by ageing. Fo r  details the reader is referred to the reviews 
mentioned above. 

Although desulphurizations are very successful on most dithioacetals, 
a few have been somewhat unsatisfactory. Compounds 545, 6 G  and 7G are 
typical of the high yields which often accompany desulphurizations. On 
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the other hand, rr-heptanal diethylthioacetal gave only 40% yield of 
h e ~ t a n e ~ ~  and compound 8 gave only 33% of desulphurized product23. 
Other functional groups generally do not affect the results. Desoxytetra- 
hydrohelenaline (9) gave the desired product q~an t i t a t ive ly~~  and isatin 
I ,3-dithiolane (10) gave oxindol without complication23. 

(1 0)  

A recent modification in the use of Raney nickel may greatly enhance 
its utility. Industrial use of the standard procedure has been limitcd by the 
necessity to use such large quantities of the very expensive Raney nickel. 
It now appears that the use of the nickel-aluminium alloy itself in formic 
acid leads to very efficient desulphurizations with Ni/S ratios of only 0.2 44. 

High proportions of the aluminium seem to give the best results, apparently 
because of the ability of the aluminium to regenerate the active nickel 
catalyst. Similar results were obtained using nickel or cobalt salts in the 
presence of auxiliary metals such as aluminium or iron. 

The use of deuterium oxide and sodium deuterium oxide in the 
preparation of Raney nickel leads to the formation of deutero Raney 
nickel suitable for replacing dithioacetals with deuterium"? 47. The method 
suffers from some scrambling of the isotope often leading to products of 
low isotopic purity. Deuteration of (25R)-5a-spirostan-I 2-one (11) by this 
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method led to an isotopic mixture consisting of 40/, do, 44% d,, 49X d, and 
3% d, products''8. At times fairly pure products are obtained, such as the 
preparation of 12,l 2-d2-pregnane (12) with 76% d,". 

2. Reduction to olefins 
The formation of an olefin during desulphurization was first noted when 

1,3,3-tribenzylthiocliolestane gave a mixture of cholest-1-ene and 
cholest-2-ene (equation 18) with Raney nickel deactivated by boiling in 
acetone50. Similar conditions gave predominantly olefin with the 
1,3-dithiolane from 1 4P-hj.7~'-antl~raergostatriene-1 5-One (equation 19)51. 

n 
" (18) 

More extcnsive i i i v e ~ t i g a t i o n s ~ ~ ~ ~ ~  have led to the use of W-2 Raney 
nickel in refluxing acetone to obtain olefins in 55-75% yields based on 
starting ketone. Even the synthesis of dienes from a,@msaturated ketones 
was successful52. Using this method 5cr-cyano-l7,3-hydroxyestran-3-one 
was converted to the corresponding olefin (equation 20)j3. Surprisingly, 
the 5P-cyano isomer gave low yields in the first step and no olefin in the 
second step. Both the cis- and trarrs-isomers in the 2-keto-10-cyano series 
have been converted to ole fin^^.^^. Other examples of this reaction include 
the conversion of dihydrogedunin (13) to the olefinsG and the partial 
formation of olefin from 17-norphyllocladan- 16-one (14) 57. Groups in 
the a-position to the ketone may be lost during the reaction as seen by the 
formation of 5~x-cholest-2-ene as the sole product from 2a-chloro-5a- 
cholestan-3-one jQ. 

19 
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OH 

The mechanism of this reaction seeins to  involve formation of a 
diradicaj intermediate which, if the concentration of hydrogen radicals is 
low, gives the thioenol etheF?. Further desulphurization gives the olefin 
(equation 21). If the alkyl radical is responsible for the C(2) hydrogen 

.CH,CH,S CH,CH,S 

abstraction, it would seem necessary that it remain near the reaction site 
so that homolysis takes place before addition of hydrogen from the 
catalyst. Analogy with studies of the mechanism of desulphurization in 
monoth i~ace ta l s~~ and thiazolidinesGo suggests that the abstraction may 
very well come from an external radical. 

C. Methylene Blocking Group 
In the presence of ethyl formate and sodium methoxide, the most 

reactive methylene group of a ketone is converted to its liydroxymethylene 
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derivativeG1. Further reaction with the ditosylate of propane-1 ,3-dithiolG2 
leads to the formation of the I 73-ditliianeG3 (equation 22). Thus the active 
position of the ketone is effectively blocked with a group easily removed 
by Raney nickel. 

(22) 

I .  Al kylations 
The presence of the dithioacetal does reduce the reactivity of the 

ketone toward alkylations a t  its other availablc positionsG47 but nevertlie- 
less the sequence has been effectively utilized. This is clearly demonstrated 
by the formation of 4,4-dimethylcholestenone by this procedure (equation 
23)". Other examples of the successful use of this method include the 

preparation of 4cu79a-dimethyl-5ci-nndrostan-3-one (15) O5 and 4a-methyl- 
B-nor-Sa-cliolestan-3-one (16) Go. 
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2. Decarbonylations 
The formation of I ,3-dithianes from hydroxymetliylene compounds, 

which are enol tautcmers of P-keto aldehydes, has been shown to be useful 
in itself. When followed by desulphurization the net reaction is the decar- 
bonylation to  the ketone. This has been used to advantage in the formation 
of the methyl ketone (17)G' in equation (24). Similarly the methyl ketone 
(18) was formed from its hydroxymethylene d e r i ~ a t i v e ~ ~ .  

Richard K .  Olsen and Janies 0. Currie, Jr. 

0 0 

CCH==CHOH 

&:cH3 (24) - -> 

R' 
R? 

(17) R' = OAC, R? = H 
(18) R' 7 CO,Me, R2 = Me 

R' 

3. Formation of dicarbonyl compounds 
The treatment of the intermediate 1 ,3-dithianeY either before or after 

alkylation with reagents such as mercuric chloride-cadmium carbonate 
(see section II.A.2) gives hydrolysis to  the carbonyl. Thus trans-fukinone 
(19) was converted to (+)-hydroxyeremophilone (20) (equation 25)G9. In  
cis-fukinone, the 1,3-dithiane could not be formed from the I-hydroxy- 
methylene fukinone, presumably for steric reasons. 

(25) &a n 
__j 

(20) 

4. Ketone transposition 

Modification of the above sequence to include reduction of the original 
ketone before hydrclysis is the basis for a new method of ketone trans- 
position:". For example, the keto Iy3-dithiane (21) was prepared in the 
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usual manner followed by reduction of the carbonyl with lithium 
aluminium hydride to the alcohol (22). Conversion to the acetate and 
hydrolysis of the dithiane with mercuric chloride led to the keto acetate 
(23). Reduction with calcium in ammonia resulted in the formation of the 
new methyl decalone (24) in 58% overall yield (equation 26). The same 

sequence was used to convert decalone (25) into the isomeric decalone 
(26) in 46% overall yield (equation 27). These conversions have been 
shown to take F!ace with complete stereochemical integrity. Alternative 
methods of removing the carbonyl from the keto 1,3-dithiane so far have 
not been satisfactory. 

5. Selective carbon-carbon bond cleavage 
Keto 1,3-dithianes are susceptible to nucleophilic attack at  the carbonyl 

with subsequent cleavage occurring preferentially between the carbonyl 
and the dithiane functions'1. In the one instance reported, the kcto 
dithiane (27) was cleaved with sodium niethoxide in dimethyl sulphoxide 
to acid (28). The explanation as to why the acid is formed instead of the 
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methyl estcr is not apparent. The reaction conditions are mild and do not 
seem to put serious limitations on the nature of the rest of the molecule. 
Most importantly, after cleavage, the 1,3-dithiane grouping is suitable for 
many conversions such as reduction, alkylation, acylation or hydrolysis. 

D. Synthetic Applications of ZLithicr- I ,3-dithianes 

Corey and Seebach have r ep~r t ed ’~  the use of 2-lithio-lY3-dithianes as 
useful reagents i n  organic synthesis. The method involves the use of 
1,3-propanedithiol, v:hich is caused to  react with an aldehyde to  yield the 
Iy3-dithiane (equation 29). Lithiation of the dithiane, normally with 
n-butyllithiuni in tetrahydrofuran at lowered temperatures, gives the 
2-litliio-1,3-dithiane (equation 30). The R group can be alkyl, aryl or 
hydrogen. 

2-Lithio-1,3-dithiaiics have been showni3 to undergo reaction with a 
variety of electrophiles, E, to give substituted dithianes (equation 3 1). 
Removal of the dithioketal function generates the newly synthesized 
carbonyl compound (equation 32) having the group E substituted for the 
aldehydic hydrogen of the original aldehyde. The dithioketal is most 
often hydrolysed using the mercuric chloride : mercuric oxide methodz6 
or by oxidative hydrolysis with N-halo~uccinimides~~. It  is possible also 
to remove the dithioacetul function by dcsulphurization (Raney Ni) to 
yield the corresponding niethylcnc derivative (equation 33). For a general 
trcatmcnt of rcmovnl of the ditiiioacetal function, SCC section ll .A.2. 
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2-Lithio- lY3-dithiane reagents are in effect masked nucleophilic acylating 

agents and can be considered equivalent to the presently unknown 

acyllithium reagent (29). Thus, by use of a thiol, the carbonyl carbon of an 
aldehyde can be transformed from an electrophilic site to the nucleophilic 
centre in the lithiated dithiane derivative (30). The ability of sulphur to 

stabilize carbanions cy. to the sulphur atom is significant in  the readily 
accomplished lithiation of I73-dithianes. The preparation and reactions of 
2-lithio-l,3-dithianes have been reviewedi3. 

The following is a general outline of the various types of reactions that 
these reagents are known to undergo, including a comprehensive treatment 
of reactions reported since the review article by Seebachi3. 

1. Reaction with alkyl halides 
2-Lithio-lY3-dithianes undergo alkylation at the 2-position upon 

reaction with alkyl halides. This reaction appears to be S,2 in nature as 
it is applicable to primary and secondary alkyl haIidesiz7 occurs most 
readily with alkyl iodidesi3, and with optically active secondary halides 
gives inverted  product^'^. I t  has been ~ h o w n ~ ~ . ’ ~  that reaction with 
optically active alkyl halides provides a useful route for the preparation of 
optically active aldehydes or ketoncs (equations 35 and 36). 

Cycloalkylation has bccn efTected by reaction with m,w-dihnloalkanes to 
give, upon hydrolysis, cyclic (equation 37). Likewise, the 
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dithiane derivatives of a,F-unsaturated aldehydes undergo hydro- 
chlorination followed by cycloalkylation to yield substituted cyclo- 
propanes (equation 38)76c. Cyclic 1,3-diones are available72 by the 

0 
I I  

CH,CR 
I I - Me-C-H (36) 

I 
Et 

I 
Et 

CH,Z I 411 
Me-C--H + Me-C-H 

I 
Et 

alkylation of the bis-dithiane 31 (equation 39). It  also has been observed 
that the use of a,w-dibromoalkanes in cycloalkylation reactions is 
complicated by  formation of sulphonium salts (equation 40), a reaction 
not observed with use of a-chloro-w-iodo or  a,w-dichloroalkanes. 
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Corey and coworkersiG“, in a synthesis of prostaglandins, prepared 
diene 34 by alkylatioii of the lithiodithiane 32 with 2-bromomethyl-l,3- 
butadiene (equation 41). A synthesis of jasmone (35), in an  overall 
yield. Qf SO%, has been reported by Ellison and W o e s s n ~ r ’ ~ ~  in which the 
Sisdithianylethane 33 was sequentially alkylated, followed by hydrolysis 
and cyclization (equation 42). A similar route for preparation of 4-hydroxy- 
2-cyclopenten-1 -ones has been reported”. This method appears to 
provide a general route to 1,4-diketones via 1,3-dithianes. 

(32) (34) 

n I- 

f - S  

The synthesis of the monoterpene components 40 of the sex attractant 
of the bark beetle has been a c ~ o m p l i s h e d ~ ~  as outlined in equation (43). 
The alkylation of the dithiane 37 was a key step in the synthesis since 
efforts to prepare 40 by addition of the magnesium or lithium derivatives 
of the bromoalkene 36 to the appropriate aldehyde failed. 

Hylton and B~ekelheide’~ prepared the cyclophanedione 43 by 
alkylation of the bisdithiane 41 followed by hydrolysis. An improved 
procedure for the preparation of 41 has been reported8”. 
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(37) 
R = -CH,CH(CH,), 

-CH=C(CH,), 
or 

CaCO,, 0 
HgC" 0 

(39) 

(43) 

2. Reaction with aryl halides 
Treatment of 2-litIiio-2-phenyl-l,3-dithiane with 2-broniopyridine gave 

the substituted pyridine 44 in 50% yielda1. However, reaction with 
2,4-dinitrobromobenzene gave none of the substitution product, but 
rather compound 45 resulting from oxidative dinierization of the dithiane 
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moietyq1. Such oxidative dimerizations (see section II.D.7) of 2-lithio-l,3- 
dithianes are known and have been r~por t ed '~  to occur with nitro 
compounds. 

3. Reaction with epoxides 
Epoxides effect alkylation of 2-litlii0-l,3-dithianes~~~~~ (equation 47); 

opening of the epoxide ring occurs in the fashion typical of reactions with 
nucleophiles. The reported yields are in the range of 70-95% and appear 
to be free of side reactions common with other organonietallic reagents's. 

Recently, Jones and G r a y ~ l i a n ~ " ~ ~  have reported the reaction of 
lithiodithianc derivatives with steroidal epoxides to effect preparation of 
modified steroids. Treatment of 2a,3a-oxiranyl-5a-cholcstane (46) with 
2-lithio-l,3-dithiane, followed by desulphurization, yielded the 2P-nicthyl- 
3a-cholestanol 47 (equation 48). Conversely, reaction with the epimeric 
epoxide 48 furnished 3a-1netliyl-5a-cholestan-2,8-ol (49) (equation 49)Sz. 

(46) (47) 

The spiroepoxide 50, prepared from 5a-cholestan-3-one, was cleanly 
converted to the 3/3-ethyl derivative 51 ; the 3cu-ethyl derivative 53 was 
obtained i n  an amlogous manner from the epiiiieric spirocpoxide 52 83 

(equation 5 1). Similar results were obtainedq4 when this method was applied 
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0'"' &% - H O  &% H 
(50) 

H 
(501 (51 1 

to the epimeric spiroepoxide 54. This method appears to be the most 
suitable synthetic route to these modified steroids. However, attempts to 
utilize the lithium derivative of 2-hydroxymethyl-l,3-dithiane (55), or the 
corresponding tetrahydropyran derivative, to prepare corticoid steroids 
were unfruitfula4. 

(541 

sxs 
H CH,OH 
(55) 

The preparation of some y-fluoro-P-hydroxyketones (5s) by reaction 
of epifluorohydrin with the lithio derivative 57 has been reportedq5. The 
dithioacetals prepared from dithiol 56 are reported to be crystalline, 
odourless compoundsE0, therefore some advantage may be purported for 
their use. 

( 1 )  ?+F 

M e y ' J H  SH (1)  (2) RCHO BuLi --f M e x s F : i  (2) HgCI: f 
Me Me S HgO 

(56) (57) 
(53) 

0 CH 
II I 

R CCH,CHCH,F 

(58) 
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A synthesis28 of a,p-unsaturated aldehydes has been effected by 
reaction of 2-lithio-lY3-dithiane with epoxides (equation 54). It was found 
that treatment of the dithianyl alcohol 59 with mercuric oxide-boron 
trifluoride caused dehydration and hydrolysis t o  give the a,p-unsaturated 
aldehyde 60 in good yield. Standard methods for removal of the thio- 
acetal function were not successful in these cases. 

4. Reaction with aldehydes and ketones 
2-Lithio-l,3-dithianes add to the carbonyl group of aldehydes and 

ketones to provide mercaptal derivatives of a-hydroxy aldehydes or 
ketones72 (equation 55). The yields are normally quite high. Reaction with 
a,p-unsaturated ketones has been observed72* *’ to give only lY2-addition ; 
however, Seebach and Lietz have reported8* 1,4-addition to occur in 
reactions with a,P-unsaturated nitro derivatives (equation 56). In the case 

OH 

Ar 

where R’ = H, the addition product obtained from reaction with a ketone 
can be converted by dehydration to a ketene thioacetal (equation 57). 

Ketene thioacetals also are readily available89,90 by a Wittig-type 
reaction of 2-lithio-2-trimethylsi1yl-l73-dithiane (61) with aldehydes or 
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ketones. The dithiane 61 is prep:ired40*91 by reaction of 2-lithio-ly3- 
dithiane with trimethylclilorosila?ne followed by lithiation (see section 
lI.D.6). A method employing thc phosphite ylid 62 to prepare kctene 
thioacetals by reaction with aldehydes, but not ketones, has been reportedg3 
(equation 59). 

Kctene thioacetals should prove to be useful synthetic intermediates. 
Hydrolysis92 of ketciie thioacetals yields carboxylic acids (63), while 
protonation-hydride transfer using trifluoroacetic acid-triethylsilane, as 
reported by Carey and Neergaard”, provides the thioacetal (64) of the 
homologous aldehyde (65). 

---+ R,C=O c s ) = C < R  Hg’+ R,CHCO,H 

S (63) 

Alkyllithium reagents are knownn4 to add to ketene thioacetals to give 
2-lithio-173-dithianes 66 in which R’ has become attached to the ethylidene 
carbon. Both 64 and 66 are capable of undergoing further reactions 
available to 2-lithio-1,3-dithianes. Therefore, it should be possible in 
priiiciple to convert an aldehyde, RCHO, to any of the following 
via the corresponding ketene dithioacetal: RCH,CO,H, RCH,CHO, 
RR‘CHCHO, RR’CHCOR”, and RR’R”CC0R“‘. 
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Imines, being nitrogen analogues of carbonyl compounds, are reported72 
to undergo addition with 2-lithio-1,3-dithianes to yield amines (equation 
61). 

5. Reaction with acylating agents 

Acylation of 2-1ithio-l73-dithiane derivatives occurs in satisfactory 
yields only when a dilute solution of the dithiane derivative is added at 
-78°C to a solution containing a 20-100-fold excess of the acylating 
age1it~~1'~ (equation 62). The above conditions are nccessnry to circumvent 
reaction of a molecule of the reactive lithiodithiane with a molecule of 
previously formed 2-acyldithiane. This method offers, by subsequent 
removal of the dithioketal function, a route for the preparation of 
1,2-dicarbonyl compounds. 

Acylating agents that have been employedi2 are carbon dioxide, alkyl 
chloroformates, alkyl formates, acid chlorides, esters, benzonitrile and 
dimethylformamide; the expected acylation products from reaction with 
the above reagents were formed i n  each case. However, the N,N-dimethyl- 
amide derivatives of higher carboxylic acids did not yield acylated product 
as i n  the case of dimethylf~rmaniide'~. When R = H (equation 63), it was 
necessary to employ two cquivalcnts of the lithiodithiane due to product 
enolate formation. 

In the total synthesis of illudin M, Matsumoto and coworkersg5 
prepared the cyclopentenone 70 by reaction of 2-lithio-l,3-dithiane with 
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the ester 67 to give 68. Reduction, acetylation and removal of the dithio- 
acetal function gave 69, apparently formed by an intramolecular trans- 
ke taliza t ion react ion. 

6. Silylation and related reactions 
2-Lithio-l,3-dithianes react with trialkyl- and triaryl-chlorosilanes to  

give the 2-silylated derivatives (equation 65). This method was used in the 
preparation10*91 of the previously unknown or-siblketones 71. Germanyl- 
ation and stannylation also can be accomplished with the corresponding 
triolkylhalo derivatives40. 

0 
I1 (65) 

(75 1 
cSxR s Li + RiSiCI s SiRj R- C -S iRj  

7. Oxidative dimerization 
Treatment of 2-litliio-l,3-dithianes with iodine, cupric salts, 1,2-di- 

brornoethane, or nitro compounds efTects oxidative dimeri~at ion '~ to  
give the dimer 72 plus a small amount of the 2-methylene derivative 73. 

8. Reactions using 1,3,5-trithianes 
1,3,5-?-rithianes (74) undergo l i t h i a t i ~ n ~ ~ ~ ' ~  with a n  equivalent of 

n-butyllithium to yield thc 2-lithio derivatives, which substances undergo 
the usual reactions (equation 67) as with 2-lithio-l,3-dithianes. Since 
additional active hydrogens are present in Iy3,5-trithianes, dimethylation 
has been observed in some cases73. 
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R R 

> s  

R 

Fs R x - -  (67) )--s Li 
> s  

R R R 
(75) (76) (74) R = H or alkyl 

An alternate route not involving 2-lithio-l,3,5-trithianes for the 
preparation of 2-substituted-l,3,5-trithianes recently has been rcportedgG. 
This method involves reaction of an aldeliydc 77 with the ditliiol 78 to 
yield the 2-substituted tritliiane 79. 

RCHO + S(CH,SH), a SrS)--R (58) 
H '  

(77) (78) L S  
(79) 

9. Miscellaneous applications 
A convenient preparation of 1-deuterioaldeliydcs (81) cia 2-lithio- 1,3- 

dithianes has been reported by Seebach and coworkers27 (equation 69). 
This method appears t o  be superior to previously reported methods for the 
preparation of 1-deuterioaldehydes. 

0 
4 cI$, D'o> csxD Ph-C \ (69) 
D s Ptl 

(81 1 (80) 

Treatment of 2-lithio-Iy3-dithiane derivatives with inethyl disulphide 
yields the orthothioforniate 83, which upon hydrolysis in alcoholic 
solvents furnishes an esters7. This method may provide a useful route for 
the conversion of sensitive aldehydes to esters and carboxylic acids. 

0 
II 

t RCOR' 

(84) 
R'OH,H,O s Li s SMe 

111. MO NOTHI OACETALS 

The use of monothioacetals in organic synthesis has not been nearly so 
extensive as the use of dithioacetals. Generally prepared as 1,3-oxathiolanes 
and 1 ,3-oxathianesY the group is resistant toward dilute base and lithium 
aluminium hydridelJ. Regeneration of the carbonyl is easily accomplished. 
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A. Preparation 
Condensation of 2-niercaptoetlianol or 3-mercaptopropanol with 

ketones is usually achieved with the aid of an acid catalyst. Hydrogen 
chloride has been uscd9* but more common agents are boron trifluoridc"', 
freshly fused zinc chlorideq9 or p-toluenesulphonic acidloo. An exchange 
method between 2,2-dimethyl-l,3-oxathiolaiie or  2,2-dimethyl-1,3- 
oxathiane and a non-volatile ketone leads to formation of the new mono- 
thioacetal and acetoneloo. The equilibrium is displaced by continuous 
distillation of the acetone formed (equation 71). With saturated ketones, 
mostly steroids, the yields of the above methods are comparable and are 
usually in the 60-90% range. With a,p-unsaturated ketones, the yields 
were significantly lowerloo. 

Richard K. Olscn and James 0. Currie, Jr. 

0 
0 n II I 1  n _-__ : S, ,O + CH,CCH, (71) 

C RCR f S,c,O <-- 

/ \  R' 'I? 
CH, CH, 

Unlike the case of 1,3-dithiolane formation, 1,3-oxathiolanes from 
a,B-unsaturatcd ketoncs show a shift of the double bond. It has been 
proposedlOO that intermediate 85 may undergo nuclcophilic attack by 
the hydroxyl leading to unrearranged product 88. Alternatively, 
dehydration would give the conjugated diene S6, to which the hydroxyl 
could add giving the rearranged product 87. Obvicusly, with ethanedithiol 
nucleophilic attack of the sulphur must predominate, while with the less 
nucleophilic hydroxyl, prior dehydration occurs. This is i n  agreement with 
the fact that with ethancdiol thc resulting ketal shows a shifted double 
bond. 

0 
I 

The reduced reactivity of a,p-unsaturated ketones towards 3-mercapto- 
ethanol allows preferential formation of the hcmithioacetal of an un- 
conjugated carbonyl present in the molecule. One example of this Senera1 
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pl~cno~nenon is given below in  which 4-androstene-3,17-dione was 
converted to the 17-(I ,3-oxathiolane) with zinc chloride catalysis”. With 
p-toluenesulplionic acid catalysis, the 3,17-bis( 1,3-0xathiolane) could be 
formed in low yield. 

B. Removal 

Unlike 1,3-dithiolanes, treatmcnt of 1,3-oxathiol:ines with Raney 
nickel gives regeneration of the carbonyl group”!’. Thus, protection of a 
carbonyl by condensation with 2-~nercaptoethanol allows regeneration in 
high yields under neutral conditions. Surprisingly, in the usual alcohol or 
acetone solvent, the ketonic oxygen is not from the oxathiolane. 
Apparently, association of the sulphur with the electron-deficient metal 
(equation 72) causes activation of the ring followed by attack of a 
hydroxide, either from the media or combined with the metal, to give the 
hemiketal 89. Normal work-up cleaves the hemiketal which, with further 
desulphurization, leads to formation of the ketone and the alcohol 
9059*101. Solvents such as benzene may also be used and under the right 
conditions lead to high yields of tlie ketone*01. In nonpolar solvents, 

ionic intermediates are presumably not involved and the diradical (91) is 
the accepted intermediates9> l01. The dcsulphurization of 1,3-oxathianes 
behaves similarly with the ketone bein2 the major productlol. Additional 
information may be found in the previously mentioned  review^')^*^^*^^. 
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The hydrolysis of 1,3-oxathiolanes with acid108-’03 or mercuric ionlol 
also provides a suitable procedure for regenerating the ketone. The 
mechanism involved appears similar to that with Raney nickel, but with a 
proton or mercuric ion taking the place of the nickel. 

The most recent method of removal of the 1,3-oxathiolane group is by 
the use of N-cliloro-p-toluenesulphonainide(cl~lora~nine-T)10~ in water, 
methanol or ethanol (equation 73). Again basically the same mechanism 
appears involved with prior Rasociation of the sulphur to form an unstable 
sulphiliniine. The reaction times are short (2 min), conditions 2re mild and 
yields are high (85-100%). 

Richard I(. Olsen and James 0. Currie, Jr. 

0 
> II P-M?C,H.SO,NCINa i l  s ,  9 

CH3CCHZC02Et C H ,CCH ,CO,Et C H ,CC H &O PE t 

96% 
(73) 

IV. YHIAZOLIDINES 

Just as 2-mercaptocthanol will condense with ketones to  produce 
1,3-oxathiolanes, so will 2-mercaptoethylamine react to  produce 
thiazolidinesGO. Usually p-toluenesulpl~onic acid is used as a catalyst in 
benzene with yields being quite good, 94% in the case of cyclohexanone 
(equation 74). The uses of the thiazolidines have not been throughly 

investigated, but it appears that they offer no advantages over previously 
mentioned protecting groups. Although Raney nickel desulphurization 
gives unsatisfactory yields of the starting ketone, lithium i n  ethylamine 
ofl’ers promise in the preparation of aniines. 3/3-Ethylamino-5cu-cholestane 
wits prepared in 57% yieldGo when desulphurized i n  this manner (equation 
75). 
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More thoroughly investigated has been the desulphurization of 

N-acetylated thiazolidincs t o  form acetylated cnamines. Thus 31-day-old 
Raney nickel in benzene gives a 90% yield of 3-(N-ethylacetamido)-5a- 
cholest-2-ene (equation 76) from the corresponding N-acetylthiazo- 
lidine The conditions for this reaction are rather sensitive to solvent 

s n d  catalyst age. The unsaturated amide is the favoured product in 
benzene with aged catalyst, bu t  witli fresh catalyst the major product in 
acetone is t h e  ketone and in ethanol the saturated amide. The mechanism 
of desulphurization is believed6o to be similar t o  the first step in the 
formation of olefins from 1,3-dithiolanes (see section 11.B.2). 

V. VHlOENOL ETHERS 
A. Carbonyl Protecting Group 

It has been noted (see section 1II.A) that protecting reagents such as 
2-mercaptoethanol react preferentially with the saturated carbonyl when 
it is in  the presence of an a,/3-unsatura1ed carbonyl. Thioenol ethers are 
equally useful because they are formed almost exclusively from a,P- 
unsaturated carbonyls (equation 77). 

Normally the reaction of thiols with carbonyls, saturated or unsaturated, 
leads to the formation of dithioacetals when acid catalysts such as zinc 
chloride or p-toluene-sulphonic acid arc present (see section 1I.A. 1). 
Occasionally, under special reaction conditions thioenol ethers have been 
fornied using these same catalysts")" lei, but  ncver in the prescnce of acid- 
sensitive substituents. Pyridine hydrochloride as the catalyst has been 
successfully used to give excellent yields of the thioenol ethers of A4-3- 
ketostcroids even in the presence of sensitive Thus, desoxy- 
corticosterone acetate (92) was convcrted to its 3-benzyltliioenol ether 
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(93) in 60% yield (equation 75). The selectivity of the reaction using these 
conditions is very high. Unlike the case with zinc chloride, progesterone 
(94) with pyridine hydrochloride and benzyl mercaptaii gives no observable 
reaction at  C(,,, with the only product being progesterone 3-benzyl 
thioenol ether (95) lo8. 

(92) R = 
(94) R -- 

COCH,OAc 
COCH, 

(93) R = COCH,OAc 
(95) R = COCH, 

Otlier condensing agents which have proved useful under certain 
conditions are boron triEluoride8, formic acid with p-toluenesulphonic 
acids and hydrochloric acid in acetic acids*107. One uiiusual example of a 
thioenol ether formed from a saturated ketone has been reported using 
hydrogen chloride as the catalyst1o9. In this case, coinpound 96 was 
converted to either its benzylthioenol ether 97 or its ethylthioenol ether 
98 (equation 79). Benzyl mercaptan normally seems to be the reagent of 
choice in most conversions because of its easily crystallizcd products. 

OMe OM e 

(97) R = PhCH2- 
(98) R = Et 

The thioenol ethers are stablc towards base* and lithium aluminium 
hydride*0G~108, but are rcconvcrted to the parent compound on dilute 
acid hydrolysis. Raney nickel desulpliurization can be used to form the 
dienelO*. Hydrogen peroxide oxidation will convert the acid-labile tliioenol 
ether to an acid-stable sulphoxidoenol etlie18*10s. Thc sulplioxidoenol 
ether may be desulphurized with Rancy nickel to the diene, or with 
lithium aluminium liydride reconverted to the tliioenol ether for hydrolysis 
to the cu,P-unsaturated ketone1ns. Thcsc reactions are depicted i n  
equation (80). 
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PhCH,S 
I I  
0 

B. Methylene Blocking Group 
In the continuing search for tlie ideal methylene blocking group, 

considerable effort has been expendcd in looking at  derivativcs of hydroxy- 
methylenes. These are readily preparcd from a ketone, ethylformate and 
sodium met hoxideG1. 

Ireland and MarshallG4 found that alkanethiols form very versatile 
dcrivatives with hydroxymethylencs. The reaction with a thiol, accom- 
panied by a p-toluensulphonic acid catalysed water separation, leads to 
formation of the corresponding thiocnol ether (equation 81). If acid- 
labile substituents are present, a procedure involving displacement from 
an intermediate tosylate (99) by tlie thiol is used. Although other thiols 

Pyr, TsCl 
Y 

0 
CHOTs 03 
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have been used, 17-butanethiol appears to be the most convenient in this 
reaction. The yields of the thioenol ethers from hydroxymethylenes are 
generally greater than 80% using the acid catalysed method and only 
slightly lower with the basic pyridine procedure. 

Alkylations of the protected ketones are very facile. The thioenol ether 
generally need only be left in contact with the base a few minutes before 
addition of the alkyl halide. Such short contact with the base allows easy 
isolation of the alkylated, blocked ketones64. Thus, 2-n-butylthiomethylene- 
1 -decalone (100) was converted to 9-methyl-2-butylthiomethylene-1- 
decalone (101) in 85% yield. This procedure was used in the difficult 
dimethylation of 103 to givc the lactone 104. 

-0 0 

(83) 

Although the n-butylthioinethglene group is subject to acid hydrolysis, 
basic conditions for hydrolysis have been developed6,% and these seem to 
be preferred in actual practice. A typical procedure uses a mixture of a 
25% aqueous potassium hydroxide solution with ethylene glycol heated at 
reflux. In  this manner thioenol ether 101 was converted to 9-methyl-I- 
decalone (102) in 78% yielda (equation 83). The rare use of acid hydrolysis 
is exemplifled by the use of concentrated hydrochloric acid to hydrolyse 
the blocked lactone (104) to 105 (equation 83)"O. Additional examples of 
conversions using a thioenol ether intermediate are shown in Table 2.  

C. Monomethylation via Reduction 
Just as the blocking of active sites to permit alkylations on less reactive 

sites has been a recurring problem, so has the problem of preventing 
polyalkylntions on reactive sites. The use of the alkylthiomethylene group 
ofrers a convenient intermediate from which mononiethylated products 
are prepared by desulphurization with Raney nickel. In this way, 2,3,5,5- 
tetranietliglcyclolicxnnone was prepared119 in 58% overall yield from 
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3,3,5-trimethylcyclohexanone (equation 84). The same procedure was 
used120 in the conversion of 7-oxobicyclo[3.2. Iloctane to the 6-methyl 
derivative (equation 85). Similarly, IO-carbethoxy-2,7,7-trimethyl-cis- 

TABLE 2. Alkylation of ketones using thioenol clhcrs as a inethylene blocking group 

Reactant Product Overall Reference 
yield, "/, 

.. H 
c0,ti 

MePh - 

Me Me 
0 

C0,H 

MePti- 
Me 

Me 0 

73 111 

60 112 

62 113 

82 I14 

31 115 
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TABLE 2 (conr.) 

React ant Product Overall Reference 
yield % 

62 116 

117 

decal-1-one (equation 86) was prepared in 73% overall yield using this 
methodlZ1. In those cases where partial reduction of the carbonyl 
accompanies desulphurization, the crude mixture is oxidized before 
pu ri fica t ion119. 
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The methylation of a very active but substituted position is easily 

avoided by the alkylthiomethylene approach. A high yield of 6-phenyl-2- 
methylcyclohexanone was obtained from 6-phenylcyclohexanone (equation 
87)64,122. 

(87) 

Of course, the use of the alkylthiomethylene group first for blocking 
and later as a route to monomethylation further expands its utility. Thus, 
compound 103 was methylated and desulphurized to give the trimethyl 
derivative 106 l lO .  

0 0 

H'" Me. 

0 0 0 

D. Gerninal Alkylation 
In attempting alkylations leading to highly substituted ketones, careful 

choice of methods is required to avoid difficulties. Selective geminal 
alkylations can be achieved by blocking all other available sites, but this 
is not always possible as with a,a,a'-trisubstituted acetones. An interesting 
new method has evolved incorporating the lithium-ammonia reduction 
of iz-butylthioniethylene derivatives of ketones to their methyl-substituted 
enolate anions with subsequent a l k y l a t i ~ n l ~ ~ .  This reduction-alkylation 
leads to the introduction of one methyl group and a second variable 
geminal substituent at any  position which will condense with ethyl 
formate (equation 88). Reaction times as brief as 30 s plus the use of water 

o ~ c H s B u  __+ Li-NH, LiO HcH3 RX O G C H ,  
2H,O 

as :i proton donor Ininimizc any over-nlkylation. Table 3 lists some typical 
conversions using this procedure. 
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TABLE 3. Geminal alkylation of ketones via thioenol ether derivatives 

Ketone derivative Product Yield from Reference 
ti-butylt hio- 
meth ylene 

derivative, % 

0 
CHSBu 0 

,CHSBu 6- 

OYHSBu 
dHSBL' CH, 

123 

c H, 

0 

56 123 

40 123 
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E. Symmetrical a-Branched Alkylation 
559 

Thc reaction of dialkylcopper lithium reagents with n,P-unsaturated 
ketones leads to selective conjugate addition12'. It has been observed that 
it-butylthioniethylene derivatives undergo a double conjugate addition, 
with loss of the alkylthio group, upon reaction with dimethylcopper 
lithium. Thus, dimethylcopper lithium reacts with 2-ii-butylthiomethylene- 
cycloliexanone to give almost quantitatively 2-isopropylcyclohexanone 
(equation 89)*23. This reaction should prove useful for the preparation of 
ketones having a symmetrically branched alkyl stbstituent in the 
a-position. 

F. a, P-Unsaturated Aldehydes 

Ketones with blocking groups of the isopropoxymethylene type are 
readily converted to a,fl-unsaturated aldehydes by reduction followed by 
acid-catalysed rearr~iigennentI2~, '~~. However, the use of this blocking 
group has the drawback of being moisture-sensitive and of having a 
deactivating effect on the other a-position. Fortunately, the n-butylthio- 
inethylene grouping does not suffer from these dFawbacks and is still 
readily converted to the a$-unsaturated aldehydeG4> 12'. Thus 2-11-butyl- 
thiomethylene-6,6-dimethylcycloliexanone (107) is reduced with lithium 
aluminium hydride and the resulting alcohol hydrolysed in acid to the 
a,P-unsaturated aldehyde l lO1".  The alcoliol 111 typically makes up 

0 OAIH, 

LIAIH, 

(107) (108) X X = = OBU SBLI \\'\\. 
(110) 

(109) X -- OBu-i 

OH 
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TABLE 4. Preparation of a,p-unsaturated aldehydes by LiAIH., reduction of 
a-n-butylthioinethylenc ketone derivatives 

Ketone derivative Product 
~~ 

Yield from Reference 
n-butylithio- 

methylene, % 

c?YCHSBu 

BuSCH 

( W H O  63 

d;' 
OH C 

C H,C H =CH, 'C H C H =C H 

hHSBU @'"" 

SI 

38 

52 

127 

131, 132 

133 

130 

134 

135 
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about 57< of the product. A comparison of the ~~-butyltliiomethylenes with 
butoxy- and isobutoxyniethylenes (10s and 109) shows119*"2n that the 
latter two are significantly more pronc to 1,4-addition leading to alcohols 
such as 111. The use of lithiurn aluminium Iiydride instead of the originally 
suggested sodium b o r o l ~ y d r i d e ~ ~ ~  also seems to minimize the 1 ,4-addition1". 
Table 4 provides some further examples of this reaction. 

VI. SULPHUR E X T R U S I O N  REACTIONS 

Reactions in which a sulphur atom that bridges or interconnects two 
carbon groups is extruded with formation of a carbon-carbon bond 
between the two carbon groups is termed a sulphur extrusion rcaction 
(equation 90). These types of reactions have proven to be of synthetic 
utility and are treated in this section. 

R-S-R- R-R + S (90) 

Thiols can serve as reagents in the extrusion reaction by being converted 
to a sulphide or a corresponding higher oxidized derivative upon which 
the extrusion process is effected. While for many of the cases covered in 
this section the organosulphur compound used in the extrusion reaction 
was not prepared directly from a thiol, the potential exists for thiols to be 
utilized in these types of rcactions. 

A. Stevens Rearrangement of Sulphonium Salts 
The Stevens rearrangement of a sulphonium salt13G involves treatment 

of the salt with base and leads to migration of a group from sulphur to an 
adjacent carbon atom (equation 91). Analogous Stevens rearrangement 
of ainmonium and the related Wittig r en r rangcn~en t~~~  of ethers 
are well known. 

R-S-CHR'  (9'1 1 R--S-CH,R' ___ hasc  

I I 
R R 

-L 

The sulphonium salts used in the Stevens rearrangement need not be 
prepared initially from a thiol; however, this is feasible and is often the 
case. This method, therefore, allows the conversion of a thiol 
to a sulphonium salt, followed by rearrangement with concomitant 
carbon-carbon bond formation. Removal of the sulphur moiety 
following rearrangement permits, in cuect, a thiol to function in a reaction 
that leads to bond formation between two R groups that originally were 
attached to sulphur (equation 92). 



563 Richard K. Olsen and James 0. Currie, Jr. 

The Stevens rearrangenicnl of sulphonium salts is known to proceed 
through the intermediacy of the corresponding sulphonium ylid1=. There 
appears to be two distinct mechanistic pathways, depending upon the 
structurc of the ylid, leading to rearranged product. Rearrarigcment of  

+ 
R S H  + R - S - R '  - > R - - $ - R '  - i 

M e  

R-S--Me - f R-R'  
I 

R '  

ally1 sulphoniuni salts'"9 (112), proceeding via the ylid 113, has been 
shown140 to  occur by a [2,3] sigmatropic reaction (equation 93); a minor 
amount of product also arises by what is equivalent to a [1,2] shift'". 
Thcsc rearrangements are examples of what appear to be a general class 
of clectrocyclic reactions of sulphonium ylids''ll. 

A second type of rearrangement involves ylids derived from non-ally1 
sulphonium salts. Baldwin and coworkers142 have rcported that rearrange- 
ment of the sulphonium ylid 115 in toluene at  reflux teinperaturcs occurs 
by a radical pair mechanism (equation 94), in which the benzyl group 
migrates with predoniinant retention of configuration to  yield 116. 

Thompson and StevensIg3, in their first paper on the rearrangement of 
sulphonium salts, reported obtaining thc sulphide 116 upon treatment of 
117 with sodium methoxide. However, more recent work has ~ l i o w n * ~ * ~ ~ 4 ~  
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the product to be enol ether 118, apparently formed by an electrocyclic 
reaction (equation 95) as described above for allyl sulphonium salts. 
I t  appears that if reaction conditions permit o r  favour the [2,3] sigma- 
tropic pathway, this is the favoured course of the reaction. 

1. Rearrangement of allyl sulphonium salts 
Several workers139 independently reported application of allyl 

sulphonium salts in the Stevens rearrangement. Bates and Feld139a were 
able to show that even though the ylid 120 was formed at a faster rate than 
ylid 121 ( k ,  > k2), the formation of product 122 from 121 was also fast 

h i /  \ fiS- 
(119) 

(1 20) (1 21 1 

(k ,>k , ) .  While most of the rearrangements occur in good yield, the 
reaction of CH2=CH--CH2Si(Ph)2 gave a multicomponent product 
mixture139c. The acetylenic bond 145 also undergoes reaction leading to  
allenes as products (equation 97), however, HC=C-CH,-SMe2 leads 
to  the  formation of a polymer1451'. 

4- 

The Stevens rearrangement has been applied most elegantly in the 
synthesis of squalene (129) 146 and other isoprenoid s u b ~ t a n c e s l ~ ~ * ~ ~ ' .  
Farnesyl chloride (123) was converted t o  an unstable disulphide 126 via 

2 0  
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hydrolysis of the thiouronium salt 124 and oxidation of the resulting thiol 
125. The disulphide 126 was t r a n s f ~ r m e d l ~ ~  by treatment with triphenyl- 
phosphine to farnesyl nerolidyl sulphide 127. Conversion of sulphide 127 
to the sulphonium salt with trimethyloxonium tetrafluoroborate was 
unsuccessful ; however, treatment with generated benzyne effected 
arylation and rearrangement to give 12-phenylthiosqualene (128). 
Reductive removal of the phenylthiol group with lithium in liquid 
ammonia furnished squalene (129)14G. The synthesis of squalene via 

R =  (981 

R‘ 

(128) R ’ = S P h  
(129) R’ = H 

rearrangement of sulphonium salts was described139* 14’ as a possible model 
for biosynthesis of isoprenoid natural products. Recent has 
established that this is not the biogenetic pathway leading to squalene. 

Reaction150 of allyl sulphides with diazomethane furnishes products 
resulting from rearrangement of the presumed intermediate ylid along 
with some olefin insertion product (equation 99). Similar products are 
obtained from reaction of allyl sulphides with d i ch l~ roca rbene~~~ .  

2. Rearrangement of non-ally1 sulphonium salts 
Boekelheide and coworkers152 have found the Stevens rearrangement 

with subsequent elimination of the sulphur moiety a general method for 
the synthesis of cyclophanedienes or the corresponding tautomeric 
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dihydropyrenes. Thus, reaction of nz-xylylene diniercaptan with p-xylylene 
dibromide gave the dithiacyclophane 130 in 30% yield. Methylation, 
followed by treatment of the sulphonium salt with sodium hydride, 
yielded an isomeric mixture of the Stevens rearrangement product 131. 
Methylation of 131 and subsequent E, elimination of the sulphonium 
salt furnished in good yield [2.2]metaparacyclophane-l,9-diene (132) 152c 

(equation 100). Compounds prepared by this method are listed in Table 5. 
The Stevens rearrangement-elimination sequence is the current method 
of choice for the preparation of these strained cyclic molecules. 

SH SH - 
-t 

SMe - 

MeS 

(1) (MeO),'CHBF,- 

(2) NaH, DMSO 
> 

' I 1  m I I  (2) n-BuLi 

TABLE 5.  Compounds prepared by Boekelheide and coworkers using the 
Stevens rearrangement-elimination sequence152 

R = H  
R = Me 

R -= Me 
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Trost and coworkers153 have investigated the reaction of thietanonium 

salts (equation 101) with n-butyllithium to give cyclopropanes. The yields 
of cyclopropanes are only about 25%, ; however, high stereoselectivity was 
observed in the reactions. These desulphurization reactions, however, are 
not proposed1j3 to proceed by a Stevens rearrangement. 

Me I S: 
T' Mc A M e  + Me A! I ,'Me 

~ ~ ~ ~ R '  n-BuLi 

H Me 

R = Me, R' = H 10% 90% 
R = H, R' =: Me 87% 13% 

B. Extrusion of Sulphur Dioxide 
1. Pyrolysis of sulphones 

Sulphones are known'% to undergo loss of sulphur dioxide upon 
thermolysis with formation of a new carbon-carbon bond between the 
atoms originally attached to sulphur (equation 102). 

R-SO,-R' > R-R+SO, (1 02) 

Cava and coworkers1"5 employed this method in the synthesis of benzo- 
and naphthocyclobutenes (equation 103). When the sulphone 133 was 
pyrolysed, the dimer 135 of acepleiadene 134 was formed156. ' i n e  spiro- 
benzocyclobutene 137 was prepared in low yield by pyrolysis of the 
disulphone 136 Is'. 

n 
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Extrusion of sulphur dioxide, therefore, appears to be a useful method 

for the formation of C-C bonds, bond formation often occurring intra- 
molecularly to yield ring compounds. Cava also observed that extrusion 
of sulphur dioxide could be effected pliotolytically158. 

Vogtle has used a similar approach involving ditliiacyclophane 138 
intermediates for the preparation of a series of c y c l ~ p h a n e s ~ ~ ~ .  Extrusion 
of sulphur was effected by thermolysis of the corresponding sulphones 
139 (equation 106); however, the yields in this step were generally low. 
Cyclophanes prepared by this method are listed in Tablc 6. 

Upon pyrolysis of sulphone 141, a mixture of bicyclic compound 142 
and cyclooctenc 143 was obtainedlG1. 

(143) 10% 
(142) 45% (141) 

Pyrolysis of the quinoxaline 144 lead to the formation of mixtures in 
which 145 and 146 were thc major products. None of the dcsired product, 
diphenylcyclobuta[b]-quinor.aline, was observed1G9. 

Ph 
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TABLE 6. Cyclophane derivatives prepared by sulphone thermolysi~150~ 160 

X Y  

H H  
H F  
F F  
H CI 

- -  

X = H o r F  

The conversion of the sulphone 147, upon treatment with ethyl 
magnesium bromide, to 1,2-diphenylcyclobutene (148) in moderate yield 
has been reportedlG3. Reactions of other sulphones gave mixtures of 
olefinslM. 

2. Ramberg-Backlund reaction 
Extrusion of sulphur dioxide occurs when an a-halosulphone possessing 

an a' hydrogen is treated with base; the resulting product is an olefin 
(equation 1 lo). This reaction, known as the Raniberg-Biicklund reaction, 
effects joining by an olefinic bond of the two groups initially attached to 
the sulphone function. The mechanism of the reaction has been discussed 
in recent reviews16j. 
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9, \ 
R,CH-SO,-CR, - R , C - j y R ,  

I 
CI 

3 0 ,  \ 
R2C=CR2 + SO, +---- R2C- CR, 

Homologization of an olcfin has becn accomplished1GG by a sequence 
(equation 11 1) involving radical addition of hydrogen sulphide, chloro- 
methylation of the resulting thiol, oxidation to the sulphone and 
application of the Ramberg-Backlund reaction. Use of other aldehydes 
in place of formaldehyde in the chloromethylation step led to lower yields 
of olefinlGGb. 

I%>% ( ' 1 3 ~ 0  R,C=CH, ],,, ' R,CHCH,SH fICl ' R,CHCH,SCH,CI ~ > 

R,CHCH,SO,CH,CI -----+ R,CHCH=CH,+SO, (111) 

The fact that exchange of the a'-hydrogen occurs at  a faster rate than 
elimination of the a-chloro group allows the synthesis of deuterated 
olefins when the reaction is carried out in D,O (equation 1 12)16Gb. 

I 
CI 

(132) 
XUOV 

R,CSO,CH,R R,CSO,CD,R R,C=CDR 
I 
CI 

The Ramberg-Backlund reaction has p r o v e ~ i ~ ? ~ ~ ~  to be the method of 
choice for the preparation of A*~5-bicyclo[3.3.0]octene (150). The or-chloro 
sulphones 151 and 152 failed to give, however, the desired bicyclic olefins. 

Paquette and coworkers1G7 have synthesized some unsaturated 
propellanes by use of the Ramberg-BZckluad reaction. Thus, treatment of 
the or-chloro sulphone 153 with potassium t-butoxide in THF led to 
the formation of [4.4.2]propella-3,8,ll-triene (154). Propellanes prepared 
by this method are listed in Table 7. 

c I 

(153) 
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TABLE 7. Propellanes prepared by the Ramberg-Backlund reaction167 

m 
An usual course of the reaction has been observed168 in which a-chloro 

sulphones 155 and 158 yielded the cyclooctatriene-bridged sulphones 156 
and 159. Photolysis of 156 and 159 led to formation of the corresponding 
cyclooctatetraenes 157 and 160. This rearrangement is to 
proceed by a bishomoconjugative 1,8 displacement (161) of the chloro 
group to give the dicyclopropylsulphone 162, followed by a [02, + 02, + ~ 2 , ]  
electrocyclic process to yield the cyclooctatriene 163 (equation 1 17). 

CI 
/ 

(155) n = 0,2,3 

CI - a - (116) 
- ‘ /  

(158) (1 59) (1 60) 

(1 62) (1 63) 
(161) 

Attempts to prepare bis-cyclopropylidene (166) by treatment of the 
sulphonc 164 with  potassium r-butoxide in THF did not cause 
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elimination of sulphur dioxide, but rather E, elimination of chloride 
followed by conjugate addition of alcohol to the unsaturated sulphone to 
give 165l". This result is probably due to the unreactive nature of cyclo- 
propyl halides towards displacement; the requisite carbanion was 
apparently formed at  the a' carbon as evidenced by formation of 167 
upon hydrogen-deuterium exchange. 

f -BuO 

[ ) r S O 2 4  - p-so2< - b S O Z 4  
(1 65) 

CI 

(118) 

C. Miscellaneous Extrusion Reactions 

Barton and coworkers*70 have developed novel twofold extrusion 
processes for the synthesis of hindered olefins. For example, when the 
oxathiolan-5-one 170, prepared from thiobenzilic acid (168) and ketone 
169, was treated with tris-(diet1iylaniino)phosphine an 80% yield of the 
hindered olefin 171 was ~btained"~". This method, however, only appears 
to be applicable if a phenyl group is present to facilitate loss of carbon 
dioxide. 

(1 71 1 

A second exampleliO" of a twofold extrusion reaction is the formation 
of bis-cyclohexylidene (173) upon treatment of tlie azosulphide 672 with 
triphenylphosphine. The azosulphide 172 was prepared by rcaction of 
cyclohexanone with hydrogen sulpliide and hydrnzine followed by 
oxidation wi th  lead tctraacetate. This method has been for 
tlie syr.thesis of bis-cyclobutylidene (equation I2 I ) .  
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The extrusion of the sulphoxide function has been observed”2 upon 
treatment of benzylic sulphoxides with phenyllithium ; however, isomeric 

product mixtures of olefins are normally obtained (equation 122). 
Episulphides are reportcd to be intermediates in the reaction. 

0 
I 

PhCH,-S-CH,Ph ------+ PhCH=CHPh frans :c is  (6 : 1) (122) 

Eschenmoser and coworkers have developed an elegant sulphur 
extrusion reaction in conjunction with the synthesis of vitamin B,,173. 
While the enamide sulphide employed in tlie reaction is obtaincd from a 
thioamide, mention is made liere as this method proved to  be most 
valuable in the vitamin B,, synthesis. A general scheme for the sulphur 
extrusion reaction is shown below (equation 123). 

R 

VII. MISCELLANEOUS SYNTHETIC USES O F  THIOLS 

A. Methylation of a, P-Unsaturated Ketones 

Methylation of a,P-unsaturated ketones under normal conditions 
usually leads to a mixture of as many as four products, the monomethyl, 
dimethyl, trimethyl and tetramethyl derivatives (the latter two being 
~,~-unsaturated)li .‘ , l i~.  A metliod which minimizes this problem and leads 
to  generally high yields of ~-metliyl-a,~-unsaturated ketones has been 
deve1opeP. The unsaturated ketone is condensed with formaldehyde and 
p-toluenethiol in the presence of triethylamine to give tlie a-p-toluenethio- 
methyl-cu,jg-unsaturated ketone. Desulphurization with dcactivated Raney 
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nickel gives the desired monomethyl product. A simple exaniple of the use 
of this method is the conversion of 4,4-dimethyl-2-cyclohexenone to 
2,4,4-triinettiyl-2-~yclohexenone~~~ in 60% overall yield (equation 124). 
Compounds 174 and 175 arc two of the numerous successful examples of 
products from this reaction in the steroid field175. 

6. Blocking of Conjugated a-Methylene Groups in Esters 

During a recent study of vernolepin (176), selective hydrogenation of 
the vinyl group was desired177. It was found that if the vernolepin was 
stirred with I-propanethiol in pH 9.2 buffer the bis-I-propanethiol 
adduct (177) was obtained. After hydrogenation, the protecting group 
could be removed by rnethylation to the sulphonium salt followed by 
hydrolysis (equation 125). That the a-methylene groups need not be in a 
lactone ring was demonstrated"* by the zinc-copper couple reduction of 
elephantopin via the bis-1-propanethiol adduct t o  deoxyelephantopin 
(equation 126). Although the  overall yield was only 50/,, this conversion 
could not be effected without saturating the ccnjugated methylene of the 
lactone unless this site was blocked. 

.4 6 

PrSH H J P d  
__3 

0 CH,SPr 

0 0 
(176) (177) 
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M el -> 
0 CH,SPr 

Me 
I 

0 CH,SPr 
+ I- - 

PrSCH, 
I 
Me 

q& 
0 

0 

-> 9% CH,SPr CH,SPr 

0 

C. Cleavage of Sterically Hindered Methyl Esters 
It was shown in a mechanistic study by Vaughan and Baunianli9 that 

sodium rz-propyl mercaptide in dimethylformamide would cleave esters 
by an S,2 process. However, the modification of the conditions to use 
lithium it-propyl mcrcaptide in hexamethylphosphoramide has greatly 
enhanced the effectiveness of the reactionlsO. The reaction is usually run 
by  dissolving the ester in a mercaptide reagent of known concentration 
prepared by the action of lithium hydride on 1-propanetliiol (equation 127). 
The hindered esters which have been investigated (with the yields of the 
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0 0 
11 

(1 27) 
I 1  LiSC,H, 

RCOCH3 HMp RCOH + CH3SC3H, 

acid, shown in parentheses) include methyl mesitoate (178), methyl tri- 
isopropyl acetate (179), methyl 0-methylpodocarpate (180) and methyl 
3p-acetoxy-5-androstene- 17/3-carboxylate (181). 

C0,Me 

(i-Pr),CCO,Me 

Me@Me Me (179) (99%) 

(178) (100%) 

?Me $O,Me 

D. Cleavage of Aryl Methyl Ethers 

When acid-sensitive groups are present on an  ether which is to be 
cleaved, nucleophilic reagents offer the alternative to the usual strong acid 
cleavage. The discoverylE1 that ethyl mercaptide ion in hot dimethyl- 
formamide effects a rapid cleavage of aryl ethers provides a nucleophilic 
method of great promise (equation 128). The substituents on the aromatic 
ring include 3-methyl-2-r-butyl-, 4-bromo-3-methyl- lE1 and those of 
compound 180180. In all the cases studied the yields were nearly quantitative. 

+ EtSMe (1 28) EiS-/DMF 

E .  Dehalogenations 

It has been noted that halogen compounds (usually bromides or iodides) 
are reduced by chromous ion in the presence of a hydrogen donorlE2. 
Although numerous donors have been tried, thiols seem superior to ali 
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others. This reaction probably involves a radical mechanism similar to that 
shown in equation (129). Thus compounds 183'82 ar.d 184lS3" were 

\ C r ' ?  R S H  -C-X -> - C .  - -C-H + R S -  
R S S R  (129) / / / 

delialogenated with chromous acetate in the presence of any of the simple 
thiols in yields exceeding S O X .  

0 

- 

(1 84) (1 83) 

An e~aniple'~~L' of the use of a thiol to effect hydrogenolysis is shown by 
removal of the chloro groups in the chlorosulphone 185 by nucleophilic 
displacement with methyl mercaptide to give 186, followed by Raney 
nickel desulphurization. Attempts to remove the chloro groups by use of 
other reducing agents failed. 

F. Use of aSulpheny1 Carbanions 

The generation of a carbanion cy to sulphur is a known process and has 
been of synthetic use. Some recent work of current interest is reported 
herein. 

Treatment of the allyl benzyl sulphide 188, as reported by Rauten- 
straucli1s4, with n-butyllithium effects a [2,3] sigmatropic rearrangement to 
give good yield of thiol 189. Addition of methyl iodide to  the reaction 
mixture furnishes the sulphide 190. The synthesis of isoprenoids related to 
squalene has been accomplished using this method; however, a mixture 
( z  2 : 3) of geometrical isomers was obtained showing the non-stereo- 
specificity of this procedurelq4 (equation 132). This rearrangement is 
related to the [2,3] sigmatropic rearrangement of allyl sulphonium salts 
(section VI.A.l), and of allyl ethers. 
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P I7 - PI,& 

(1 88) (189) R = H 
(190) R = Me 

577 

(131) 

Alkylation of carbanions derived from ally1 thioethers has been used 
by Biellmann and Ducep'85 as an excellent method for the synthesis of 
squalene (193). Farnesyl phenyl sulphide (191), upon treatment with 
rz-butyllithiuni in THF followed by alkylation with fariiesyl bromide, 
gave 12-phenylthiosqualene (192) in 52% yield. Treatment of 192 with 
lithium in ethylamine gave squalene (193) in 70% yield (equation 133j. 
It has been shown that no isomerization of the double bond adjacent to  
the carbanion occurs during the reaction; however, substitution of an 
alkyl group a t  the allylic carbon renders this method inoperative*ss. 
Application of this method in the synthesis of pentacyclic triterpenoids 
has been reported18G. 

(192) R = PhS 
(193) R = H 
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Corey and coworkers**7 have reported the use of I ,3-bis(methyl- 

thio)allyllithium (194) as a useful reagent for introduction of a 
-CH=CH-CHO unit into a molecule. The lithium reagent 194 was 
prepared from methanethiol as shown in equation (134). Alkylation of 
194 with an alkyl halide or epoxide, followed by hydrolysis employing 
Hg(I1) salts, yields an P-alkyl-a,/?-unsaturated aldehyde 195. The use of 
1941 in the synthesis of prostaglandin F, has been reportedlas. 

Me S- Na+ + OH 
---+ M e S A S M e  ---+ 

R 

G. Synthesis of trans-Fused Bicyclic Ring Systems 
Stork and StotterlR9 have reported the use of a thiol derivative in a 

stereospecific synthesis of rrms-fused bicyclic ring compounds. The 
dihydrothiophene 198 was prepared in three steps from methyl P-mercapto- 
propionate (196) and dimethyl maleate (197). Diels-Alder addition of 
198 to  butadiene yielded 199, which gave the diacid 201 upon Raney 
nickel desulphurization and hydrolysis. Cyclization of the diestcr 200 
would give a trotis-fused hydrindane 202. 

A 

%, 

202c9 (135) 

CHCO, Me 

CHC0,Me 
(1 97) 

HSCHzCH,CO2Me + I1 
(1 96) 

C0,Me 

k O Z R  
(200) R = Me 
(201) R = H 

d H 
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H. Synthesis Using Methyl  Methylthiomethyl Sulphoxide 

A synthesis of aldehydes employing methyl methylthiomethyl sulphoxide 
(203) has been reportedI9O. The sulphoxide 203 was prepared191 by reaction 
of methanethiol with formaldehyde to give formaldehyde mercaptal, 
followed by oxidation with one equivalent of hydrogen peroxide in acetic 
acid (equation 136). Treatment of 203 with sodium hydride in  tetra- 
hydrofuran generated the corresponding carbanion, which upon alkylation 
with an alkyl halide yielded the substituted sulphoxide 204. Hydrolysis of 
204 occurred under mild acidic conditions to give aldehyde 205 and 
dimethyl disulphide (equation 137). This method has proven useful for 
the synthesis of labile aldehydes1q0. 

0 
H O  ,r 

CH,SCH,SCH, 4 CH,SCH,SCH, 
AcOH 

(203) 

(137) 
(1) NaH H+ 

I 
(203) R 

(204) 

> MeSCHSOMe ___f RCHO 
(205) 

MeSCH,SOMe 

Methyl methylthiomethyl sulphoxide also undergoes condensation with 
aromatic aldehydePo to give I-methylsulphinyl-1 -methylthio-2-aryl- 
ethylenes (206). Hydrolysis of 206 provides a useful route for the 
preparation of phenylacetic acid derivatives (207). 

1. Olefin Synthesis 
A synthesis of olefins has been effected192 by the reaction scheme out- 

lined below (equation 139). Reactions of the lithium derivative 208 with 
R 

CH,=CR2 
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a carbonyl compound leads to the alcohol 209, which upon sequential 
treatment with methyllitliium and o-phenylene phosphorochloridite 
yielded olefin in yields of 70-90%. A similar olefin synthesis using 
sulphoxides in place of sulphides has been reportedlg3. 

J. Preparation of a-Hydroxythiolesters 
The conversion of a-ketohemimercaptals to a-hydroxythiolesters 

(equation 140) is mentioned as an alternate route for the preparation of 
a-hydroxycarboxylic acids1”. This rearrangement, which in effect 
exchanges a hydroxyl and carbonyl group, requires catalysis by a metal 
ion and a base and proceeds in high yield. 

OH 0 
I I1 

o OH 
I1 I MQ’+ 

RC-C-SR’ ____j R-C-C-SR’ 
NaOAc or R,N I 

D M F, 2 5  H 
I 
H 

o OH OH Q 
I1 I MQ’+ I I1 

RC-C-SR’ ____j R-C-C-SR’ 
NaOAc or R,N I 

D M F, 2 5  H 
I 
H 

K. Methylation 
In the Woodward-Eschenmoser synthesis of vitamin BIZ, methylation 

of the corrin ring was carried out using chloromethyl phenyl sulphide 

(1) PhCH,OCH,CL 
LiCI.MeCN 

/ 

(2) PhSH,O“ 
(3) Zn/Hg/AcOH 

70,Me C0,Me 
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followed by reduction with Raney nickel’”. Likewise, methylation at the 
5 and 15 positions of the important. intermediate 210 was effected by 
treatment with benzyl chloroniethyl ether, thiophenol and zinc amalgam 
to give 211 lSG. 

L.  Photocyclization of Dithioacetals 
Barton and coworkers197 have reported photocyclization of the dithio- 

acetal212 to give the tetracycle 213 in good yield. The reaction is applicable 
also with the nionothioacetal and the ethylene acetal. 

M. Resolution of Ketones 

Corey and coworkers26 have used an optically active dithiol as a reagent 
for the resolution of ketones. For example, in  the total synthesis*9s of 
longifolene (216), the ketone 214 was converted into a diasteromeric 
mixture by reaction with L( +)-2,3-butanedithiol. Following resolution, 
the desired isomer 215 was subsequently converted to (+)-longifolene 
(216). 

Me 
1 
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1. INTRODUCTION* 

The stench of a rotten egg or the smell of smouldering hair should bc 
enough to  convince anyone that reduced sulphur is prevalent in biological 
materials. Essentially all of the divalent sulphur in living systems can be 
considered as a n  organic thiol or a derivative thereof. A wide spectrum of 
biological phenomena is believed to  be somehow dependent on thiols and 
thiol derivatives. In fact the functional group concept, as it has been 
developed in biochemistry, has been largely concerned with thiols. No 
other chemical entity has been subjected to more expcrimental scrutiny 
or generated more mechanistic speculation by the biochemist. 

Two factors probably account for this great fascination with thiol 
function. The first is the relative ease with which the reactions of this 
group can occur at  moderate temperature and neutral pH.  Other bio- 
logically available functionalities are not nearly so reactive under 
physiological conditions. The thiol is therefore usually a prime candidate 
for the functional centre of almost any biological molccule. The second 
factor is the ease and specificity with which the thiol can be modified. 
Certainly more specific reagents are avai!?ble for siilphydryl groups and 

* The following abbreviations arc employed in this chapter: ACP, acyl 
carrier protein; ADP, adenosine diphosphate; AMP, adenosine mono- 
phosphate; APS, adenosinc phosphosulphatc; ATP, adenosine triphosphate; 
CoA or CoASH, cocnzyme A; FAD, flavin adcninc dinucleotidc: FADH,,  
reduced flavin adenine dinucleotide; FH ,, tetrahydrofolic acid : FMN, fla\ in  
mononuclco t ide : G D P, g ua nosi ne dip hos p h a  t e ; G S H , gl 11 tat h ione ; G SSG . 
disulphide of glutathionc; GTP, Clianosinc triphosphatc: HiPl P, high potential 
iron protein; ITP, inosinc triphosphatc; in-RNA, messenger ribonucleic acid; 
NAD-, n ico tinamide adenine dinucleo t ide ; NA D H, rcduced nico t inam ide 
adenine diniicleotidc; N A D P '  , nicotinamide adenine dinucleotide phosphate; 
NADI'I-I, rcduccd nicotinaniide dinucleotide phosphate; NHI, nonhaem iron: 
PAP, phosphoadenosine phosphate: PAPS, pliophoadcnosine phospho- 
su 1 p ha Ic ; S A M , S-adcn osy I met h i  on i tic ; TPP, t h a  m i ne py ro p hos phn t c : 
t-RNA, transfer ribonuclcic acid. 
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since thiol roles are more frequently tested for, they are more frequently 
found. In the majority of cases the nature of the thiol involvenient has 
remained largely undefined although postulates are more than ample. 
There are now enough well-characterized examples of specific thiol 
participation in  catalytic, structural and protective roles to establish i t  as 
one of the most important functional groups in biochemistry. 

Two facets of thiol group biocheniistry will be considered in this 
chapter. The first concern is the metabolic transformations of the sulpliur 
whereas the second aspect is the functional roles in which thiols or thiol 
derivatives participate. Fortunately there is a high degree of specialization 
among thiol biochemicals and each function can pretty well be equated 
with a particular class of thiol or thiol derivative. Thus the organization 
of the material has taken the forni of a taxonomic listing of biologically 
important thiols. Jt begins with the small and relatively simple thiol amino 
acids, progresses through peptide and nucleotide cofactors, protein- 
bound prosthetic groups and finishes with complex thiol proteins. 

Within this framework the biochemical formation, reaction and 
significance of thiols, dithiols, disulphides, persulphides, thioesters, 
thioethers, sulphonium ions and metallothiol complexes are discussed. 
Energy trapping, electron transport, acgl and alkyl group transfer, 
structural stabilization and detoxification are among the functional areas 
in  which the thiol group is indispensable. 

11. T H I O L  METABOLISM 

A. Reduction of Sulphate to  Divalent Sulphur1.2.3 

Most sulphur entcring the biosphere is in  the form of inorganic sulphate. 
In order to forni organic thiol conlpoiinds, the sulphate must be reduced 
to sulphide. Sulphate reduction is carried out by plants and a variety of 
microorganisms. Animals are not capable of reductive sulphate assimilation 
and are therefore dependent on dietary sources for reduced sulphur. Two 
fornis of biological sulphate reduction are commonly differentiated. The 
assimilatory type of sequence operates on a relatively small scale and 
supplies an organism’s need for sulphur amino acids. It is the type of 
system found i n  the majority of sulphate reducing organisms. The 
dissimilatory pathway is found in a sinall nuinber of microorganisnis which 
link the reduction of sulphate to the oxidation of organic metabolites 
for energy production. Actually the reaction pathways for sulphur are 
quite similar in both the assimilatory and dissimilatory organisms with 
the differences residing primarily in the mechanisms utilized for supplying 
the reducing equivalents. 
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1. Sulphate reduction to sulphite 

In both assimilatory and dissimilatory sequences sulphate is first reduced 
to sulphite or some enzyme-bound equivalent. The pathways for this 
apparently simple two-electron reduction are actually quite complex and 
differ somewhat between assimilatory and dissimilatory organisms. 
Sulphate first reacts with adenosine triphosphate (ATP), pyrophosphate 
is eliminated, and a mixed organophosphate-sulphate anhydride, 
adenosine phosphosulphate (APS), is formed. A rapid hydrolysis of 
pyrophosphate serves to drive the reaction, but the process is still not 
thermodynamically favourable and APS does not accumulate significantly. 
APS is directly reduced in dissimilatory organisms with the production 
of adenosine monophosphate (AMP), and sulphite. In the assimilatory 
pathway APS reacts with an additional ATP to produce phosphoadenosine 
phosphosulphate (PAPS); phosphate being added to the 3' hydroxyl 
group of the ribose. Only through this coupling to the expenditure of a 
third 'high energy phosphate bond' * does the sulphate activation system 
become thermodynamically favourable. PAPS is then reduced, generating 
sulphite and releasing phosphoadenosine phosphate (PAP). The assimi- 
latory and dissimilatory modes of sulphate reduction are summarized 
below with the biological energy consequences expressed as consumption 

Sclphate r e d u c t i o n  

d iss imi la tory  assimilnto ry 

AMP + 2 HJP04  
-2 (- P) 

AT?  ATP 2 AT 

HNIt' 

I 
+ 

'P 

' ADP 
-3 (- 

* The phosphate anhydride bonds of ATP are the energy quanta of bio- 
chemical systems, their highly exergonic free energy of hydrolysis being 
coupled to endergonic processes. They are commonly referred to as 'high 
energy phosphate bonds', a terminology used to imply a high transfer potential 
and not a high bond energy in the usual cheniical sense. The number of high 
energy phosphate bonds expended in a biosynthetic sequence is a tm.xisiire of 
the energetic cost of that process to the cell. 
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of high energy phosphate bonds, these being symbolized in the scheme 
below as (-P). While it is not obvious why these differing modes for 
sulphate reduction are employed by assimilatory and dissimilatory organ- 
isms the advantage of a less 'expensive' pathway for those bacteria which 
utilize sulphate reduction for ATP prodaction can be appreciated. 

The system supplying electrons for the reduction of sulphate to sulphite 
is most clearly worked out in the case of the assimilatory pathway. The 
ultimate electron donor is reduced nicotinamide adenine dinucleotide 
phosphate (NADPH), but three separate protein factors are involved. 
One of these is a heat-stable protein factor of about 10,000 molecular 
weight, represented in the scheme below as 0. The active centre of this 
factor is a disulphide which is reduced by NADPH through the action of 
one of the heat-labile enzyme fractions. The resulting dithiol form of the 
heat-stable factor then serves as reductant for PAPS. This is catalysed by 
a second enzyme, the true PAPS reductase. 

S 11 I p t i  ate red \ I  c t ase pat hw a y 

NADP' + / A + ( $ H A  PAPS 
disu lphide  SH P A P S  
reductase reductase 

This is an example of a class of biological reductions mediated through 
low molecular weight protein dithiol-disulphide cofactors, the thio- 
redoxins, to be discussed in a subsequent section. It has also been suggested 
that the dithiol might act as a carrier for a bound form of sulphite and that 
free sulphite is not actually involved in the overall reduction sequenceq. 

In dissimilatory organisms the APS reductase system is less well defined. 
In Desrilpliovibrio electron flow from hydrogen appears to proceed through 
a ferredoxin (or flavodoxin) and cytochronie-ccj electron transport 
sequence, somehow coupled to ATP synthesis5. 

2. Sulphite reduction to sulphide 
The six-electron reduction of sulphite to sulphide occurs as a single 

reaction with no evidence for a n y  intermediate stages. A single enzyme 
or multienzyme aggregate appears to be responsible for this reaction. 
Although its exact nature may vary somewhat from species to species it 
is a complex enzyme containing a number of electron transport cofactors. 
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The yeast sulphite reductase contains flavin adenine dinucleotide (FAD), 
flavin inononucleotide (FMN), nonhaem iron (NHI) and possibly haem 
iron6. All of these carriers presumably participate in the passage of 
electrons from NADPH to sulphite. Tn dissiniilatory organisms the 
electron-transporting system involves ferredoxin and cytochrome c3, but 
a concerted six-electron reduction of sulphite to sulphide also occurs. 
Just how one- and two-electron transport carriers can provide for a six- 
electron reduction without any intermediate reduction states is unclear. 
This problem is not unique to sulphur reduction as a similar six-electron 
step occurs in the reduction of nitrite to ammonia. 

S LI I p hi te red uctase pathways 

3 NADPH + 3H- 

assimilatory 

3 NADP-  

H,SO,(or Enz.H,SO,) H--f. FAD, N H I .  etc. H,S 

3 H,O 

Ferredoxin, 
cylochrome c,. 

elc. 
3 H, 

d i ssi in i I atory 

Thiosulphate can also serve as a sulphide source, but it does not seem 
to play a critical role in the sulphur metabolism of most organisms. The 
two sulphurs are not equivalent and the reaction sequence is best viewed 
as an initial two-electron reduction to sulphide and sulphite with the 
sulphite then proceeding to sulphide through the sulphite reduction 
systems. 

Thiosu I 1, hate red ti ctio 11 

B. Metabolism of Cysteine and Other Thiols 

1. Sulphide assimilation1.2 
Sulphidc entry into organic linkage is through a reaction with serinc to 

form cysteine, the central compound of intermediary thiol metabolism. 
There has bcen some controversy over just how the sulphide sulphur is 
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condensed with serine. I t  presently appears that two different enzyme 
sequences are possible and both may operate in some organisms. 

These are contrasted in the scheme below. 

S ul p h i d e fi xa t i o 11 pat t i  ways 

scrinc sulphydrase 
H 

L HCNH, 
CH,OH / 
I 

HCNH, I C02H 
CO,H 

serine 

I 

cysteine 

seriiic 

sulphydrase 
CO A- S - C C H, > HCNH, 

I CH,COZH 
CO,H 

0-acetyl 
CoASH se ri ne 

With the direct H,S-H,O interchange enzyme, serinc sulphydrase, the 
reaction is completely revcrsible. Pyridoxal phosphate participates as an 
essential cofactor which suggests a mechanism involving a pyridoxamine- 
Schiff base intermediate. By stabilizing an  elcctrophilic centre at  the side 
chain carbon a nucleophilic substitution could be facilitated. 

Serine sulphydfase intermediate 

: B-Enzyme 

s 1- 

uc- H H’o 

H( 
I I  

HC 

The reversibility of this reaction would allow this enzyme to participate 
i n  either sulphuration or desulphuration of cysteine and its real role 
in uiuo remains somewhat doubtful. 

The other system for sulphide assimilation involves a coupled hydrolysis 
of acetyl coenzyme A. This enzynle system can only operate in the 
direction of cysteine synthesis and would ensure the effective trapping of 

21 
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most available sulphide for this purpose. The acetylation of the serine 
hydroxyl also provides an effective leaving group so that one might 
envisage an  enzyme-mediated direct ~i~icleophilic displacement mechanism. 
Pyridoxal cofactors are not thought to participate in the 0-acetyl serine 
sulpliydrase reaction, although this remains an unsettled question. The 
enzynics of the 0-acetyl serine pathway are responsive to the metabolic 
needs of the cell being repressed by cystcine in Erclicricltia coli. There is a 
biochemical gcncralization that critical biosynthetic pathways such as this 
are norinally coupled to high energy bond expenditure which guarantees 
effective utilization of niitricnts. Such considerations make it likely that 
this is the normal biosynthetic route. Similar system have not been found 
i n  all organisms capable of sulphide incorporation howcvcr, so an 
important role of the direct sulphide-hydroxyl exchange system i n  cysteine 
synthesis cannot be excluded. Therc is evidence for a siniilar system i n  
chick embryo involving a serine phosphate rather than the acetate7. 

Cysteine formation through the addition of thiosulphate to seriiie or 
0-acetyl serine may play a role i n  the sulphur metabolism of some 
organisms. The reactions involved are similar in form to those described 
above, with S-sulphocysteine serving an intermediary role. Since thio- 
sulphate is not generally considered to be on the main line of inorganic 
sulphur metabolism this probably represents an adaptation to certain 
special environments. 

Cyst ii i iic for  mnt io t i  I ro m t Ii ios ti I p Iin tc 

CH,OH CH;-S--SO,H c t.12 s I 1 
I 

I 1 
CO,H 

--> HC--Nti, + H,SO,I 
I 

I 
CO,H CO,H 

serit ie 5-su I phocystei tie cyst e i i i  e 

HCNH, + H,S,O, ----% I HANH, 

2. Cysteine oxidation’-? 
The balance of the ‘sulpliur cycle’ requires that reduced SL1lph\ir 

derivatives eventually be reoxidized to sulphate. A number of photo- 
synthetic and chemosyntheti2 organisnis have the ability to utilize reduced 
sulphur, particularly H,S, as critical electron donors for ATP production, 
but these pathways are not of cnougli general importance to considcr here. 
Pathways are known for the production of sulphide from cystcine, and it 
is also clear that the oxidation of sulphide can occur in aniiiials with 
pi oduction of sulphate and thiosulphate. What is not certain is to just 
what extent specific enzyme reactions are involved. The nonenzyinatic 
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oxidation OF sulphite is promotcd by a variety of normal cellular con- 
stituents, but it is felt that direct sulphide oxidation is of little consequence 
for animals. Sulphide is an  exceedingly toxic material, precluding its 
normal accumulation in significant amounts and the principal ‘detoxi- 
fication’ route seems to be fixation into organic thiol compounds rather 
than oxidation. 

All organic thiols and thiol derivatives are quite susceptible to aerobic 
oxidation yielding a variety of oxy-derivatives. Actually the biological 
significance of most of these sulplioxide derivatives is unknown. In 
certain instances, there are mechanisms to rcduce sulphoxides back to 
divalent sulphur compounds. P-Lipoic acid, an active factor in bioassays, 
proved to be a sulphoxide derivative of this disulphide cofactor which was 
generated during purification*. Its biological activity implies that it can be 
reduced to the normal form of the cofactor. A niethionine sulphoxide 
reductase system from yeast has been studied extensively and found to 
resemble the PAPS reductase and ribonucleotide reductase systems in that 
electron transport was mediated by a heat-stable protein disulphide 
factor9. Thus, there does seem to be some ability to salvage partially 
oxidized thiol derivatives, but it is uncertain how widespread this capacity 
might be. 

The only thiol oxidation reaction to oxy-derivatives of general bio- 
chemical significance is that of cysteine to alanine 3-sulphinic acid 
(cysteinc sulphinic acid)**lO. This is thought to be the initial reaction in the 

Cyst ci n e oxi d asc r enc t i o 11 

C t-I,SOsH 
I 

Z HCNH, 
I 0,. Fe” 

I I 
CO,H CO,H 

01 ani n e 3-sulph i nic 
acid 

N A D( f’)H, 

HCNH, 

cysteine 

main pathway for the utilization of cysteine sulphur for sulphate pro- 
duction. Relatively little is known about thc details of this oxidation 
process. Some form of reduced nicotinainide coenzyme, ferrous iron, and 
possibly other cofactors are required by a n  enzyme from the soluble 
fraction of rat liver. There is little inforination on mechanistic details or 
possible intermediate states. Cysteine sulphinic acid is further converted 
to what has been presumed to be P-sulphinyl pyruvic acid and ultimately 
to inorganic sulphite. This is then oxidized to sulphate. Cysteic acid and 
taurine may also arise from cysteine sulphinic acid. 
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There is also a mitochondria1 system for cysteine oxidation to sulphate 

in which there are no known intermediates. It has been suggested that this 
system is important in cysteine metabolisms and the production of sulphate 
from sulp11ur amino acids. A sulphite oxidasc deficiency has been reported 
in the hunian*l. Since virtually no sulphate ions occurred in the urine, this 
would imply an obligatory role for this enzyme in the cysteine to  sulphate 
conversion, and cast doubt on the role of the nlitochondrial system. 
However, the sulphite oxidase is also a mitochondria1 enzyme and might 
function in both pathways. A possible defect in cysteine oxidation has also 
been considered in another genetic disease, cystinosis. The cysteine to 
sulphate oxidation has, however, been shown to be normal in the liver of 
such patients*2. Greater understanding of these processes should be forth- 
coming in conjunction with such studies on  human genetic disease. The 
possible routes for the enzymatic oxidation of cysteine sulphur to  oxy-acid 
derivatives are summarized below. 

CH,SO,H CO,H 
I 

CH,NH, alani tie 3-sit I p hi t i  i c  +, 
acid 

hypo t a ti r i ne 

Possible cysteine oxidation palhways 
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3. Cysteine desulphurationl. ' 0  

Desulphuration (desulphydration) of cysteine may play a role in thiol 
catabolism, but there is considerable confusion concerning the existence 
of a distinct cysteine dcsulphydrase. 

Cyst ei 11 e des u I p I1 y d rase react i o n 

CH, CH,SH 

HCNH, I -;'[!$,] C=O I + NH, 
I I 
C0,H C0,H - 

cysteine pyruvic acid 

There is no doubt that such a reaction, catalysed by a pyridoxal 
phosphate-dependent enzyme, can occur i n  biological systems. It is quite 
possible, however, that this only represents a side reaction of other 
enzymes. Cystathionzse, for cxample, will act on cystine with the 
elimination of a cysteine persulphide and pyruvate. The persulphide then 
reacts with cysteine to eliminate sulphide and regenerate cystine. The 
complete cycle would constitute a cystcine desulphydrase activity. 

Cyst ei 11 e d es 11 I 11 h y d rase act i vi t y via cyst at I1 i o 11 ase an  c! cyst i n e 

CH,--S-S-CH, 
I I 

HC-NH, H C N H ,  
I 

cyst i 11 e 0 2 ~  ]cyst at Ii i o 11 as e H2sv 
C - 0  + NH, 
I 

CO,H 

CH,-S-SH 

I 
HCNH, 

HCNH, 
I CO,H 

CO2H 

CH,SH I Al 

cyst ei l ie pers 111 pliidc 

Cystathionase also has a low level of direct cysteine desulphydrase 
activity. Tryptophanase and tryptophan synthetase are other enzymes 
capable of carrying out the cysteine desulphydrase reaction. Such con- 
siderations have cast doubt on this biological significance of this reaction, 
although strong arguments have been presented for a true cysteine 
desulphydrase i n  Snltiiotrella'R. 
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Another route for the removal of the thiol group from cysteine is 
through the intermediate forniation of thiol pyruvic acid, which is the 
a-keto acid derived from cysteine by transamination : 

Cysteine trarisainiriase reaction 

I cysteine CO,H I t l i iol  pyruvic C o Z H  
acid 

a-keloglularic glutamic acid 
acid 

The product can be acted on by a n  enzynie which transfers sulphur to a 
variety of acceptors in uirro to generate thiosulphate (and thiosulphonates), 
thiocyanate and organic persulphidesl.’O* 14. A direct desulphuration to 
sulphide docs not appear to occur but a further reaction of persulphide 
with dithiol carriers would provide this product. The generation of 
elemental sulphur can also occur under certain circumstances. The thiol 
pyruvate sulphurtransferase is though to act through an enzyme persulphide 

React i o 11 s of t h i o 1 p y r u va t e s 11 I p h u rt ra n sf e ra s e 

CH,SH 
I 

I 
COZH 

pyruvic acid 
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intermediate and will be considered further i n  a subsequent section. Thiol 
pyruvate can also be reduced to thiol lactate and decarboxylated to 
~nercaptocthanol. 

4. Cysteine-cystine interconversion12 
While it is doubtfd if cystinc, the disulphide of cysteinc, has any 

critical biological role as such, it is a n  ubiquitous constituent of aerobic 
systems resulting from the facile oxidation of cysteine. It also can arise 
from the digestion of protein disulphides. Cystine is relatively insoluble 
and if allowed to build up tcnds to form crystalline precipitates within 
the cell. There is normally little of the disulphide in  cells, while in  the blood 
the oxidized form dominates. One method for the reduction of cystine to 
cysteine is cia a nicotinamide cocnzymc-linked dehydrogenase. Glutathione 

also has a critical role in cystinc reduction. While this reduction occurs 
readily without eiizynics, i f  is stimulatcd by the enzyme cystine-glutathione 
transhydrogenasc. 

2 GSH+cysi ine -- > G S S G + 2  cysteinc 

This latter system appcars to be the onc dominant i n  cystine rcduction by 
mammalian cells. 

Two human genetic diseases arc known which involve this disulphide 
amino acid. In  one, cystinuria"', there is a transport dcfect in the intestine 
and kidney. This results in  abnoimnlly high levels of cystinc in the urine 
and can result in  the precipitation of cystine crystals and kidncy stone 
formation. In cystinosis12, cystinc crystals form ivithin cells and eventually 
cause severe kidney damzgc. The natare of the primary biochemical lesion 
is unknown; all known cystine rcduction systems of thc cell appcar to be 
normal. 

5. Transsulphuration via cystathior: inel. 2 ,  l8 

Cysteinc also donatcs its sulphur to form Iloinocystcine and eventually 
thc second critical sulphur amino acid, methionine. Methionine is the 
S-methyl cthcr of homocystcine. a cysteinc annlogue with one additional 
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carbon in the chain. Transsulphuration from cysteine occurs in bacteria, 
piants, yeast and fungi, but not in animals. The latter rely on dietary 
sources of niethionine. It is actually the honiocysteine portion which is 
required but this docs not normally occur in significant quantities. 

The carbon skeleton of honiocysteine is derived from the corresponding 
hydroxy amino acid, liomoserine. The hydroxyl of homoserinc is acylated 
with either a succinyl (bacteria) or acetyl (yeast, fungi, plants) group 
derived from the corresponding coenzyme A derivative. The 0-acyl 
substituent is then displaced by the thiol group of cysteine producing a 
iiiixed thioether, cystathionine. This in turn undergoes a pyridoxal 
phosphate dependent p-elimination to honiocysteine, pyruvate and 

Homocysteine Biosynthesis 

0 
It 

CHZ-O-C-CH3 
I 

CoASH 
CH3C0,H 0 

II 
C H & S C o A 

0-acetyl 
ho m oseri n e 

CH,OH CH,-S-CH, 
I 

CH, I 
I 

COzH 

CH,SH I I 

HCNH, I I 
I CH, HCNH, 

I HCNH, CO,H HCNHZ 
I 
c0,:i 

cystathionine 

II 

CH,COzH 

CH,CO,H 

homoserine 

0 
II 

CH,-CSCoA 
I 
CH, 
I 
CO,H CoASH 

CO,H 

CH3 
I c=o 
I 

CO,H 
pyruvic acid -+ NH3 

CH,SH 
I 

CH, I 
HCNH, 

I 
CO,H 

homocysteine 

0-succinyl 
homoserine 

ammonia. Homocysteine is then mcthylated to methionine by pathways 
to be discussed later. Cystathionine is generally only a trace metabolite, 
but occurs i n  reasonably high concentrations (25-50 mg/lOO gni) in 
brain*’. A dircct formation of homocysteine from homoserine (or 0-acyl 
homoserine) and hydrogen sulphide has also been observed in extracts of 
some organisms. Whether this is only a side reaction of the cystathionine 
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synthesis system or is a pliysiologically important route for assimilation 
of sulphide is uncertain. 

In animals homocysteine arises from methionine through its role as a 
methyl donor, as will be discussed in a subsequent section. It may either be 
reutilized for methionine production or degraded. In animal tissues the 
degradative pathway plays a major role in sulphur nutrition'*. M U C ~  of 
the cysteine sulphur, and through it sulphate, can be derived from dietary 
methionine. The transsulphuration from homocysteine to produce 
cysteine is very much like that i n  the other direction. It also involves 
cystathionine but is not a reversal of the synthetic pathway. Quite different 
reactions are involved. Honiocysteine reacts with serine to produce the 

Homocysteine catabolism 

CH,SH 
I 

CH, I 

I 
HCNH, 

CO,H CO,H 
homocysteine CH,-s-cHz I I a-ketobutyric acid 

CH, HCNH, 9 
I NH, 

SH, 

I 

+--+ HiNH,  CO,H 
CH,OH I 
I CO,H I 

HC-NH, HCNH, cystathionine I 
CO,H CO,H 

serine cysteine 

thioether intermediate. Unlike the route from cysteine and homoserine, 
no 0-acylation step has been implicated. Instead, the homocysteine- 
serine-condensing enzyme probably requires pyridoxal phosphate as a 
coenzyme, although this is not unequivocally established. 

Cystathionine cleavage in the mammalian transsulphuration system 
produces cysteine, a-ketobutyrate and ammonia by what is bclievcd to be 
a pyridoxal-catalysed y-elimination reaction. Again this reaction is quite 
similar to the cystathionine cleavage by the other pathway; only the 
direction of cleavage is different. Actually the bacterial cystatliionase is 
capable of cleaving thc thioether in either direction, although that 
producing hoinocysteine is dominant. This iniplies that even the enzyme- 
bound intermediates are similar and the binding specificity of the particular 
enzyme site is crucial i n  ensuring the proper reaction. 

Particular interest in this pathway arises from the findings of human 
genetic diseases associated with each step'!'. Lack of the first enzyme, 
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cystatliionine synthase, results in Iioniocystinuria~~. This is one of the most 
coninion genetic disordcrs of amino acid nietabolism and is excecdcd in 
frequency only by phcnylketonuria. In  this disease, homocystcine cannot 
be metabolized and its disulphide, honiocystinc, builds up and is excreted. 
The disorder is often associated with severe symptoms including mental 
rctardation. Actually two distinct autosonial reccssivc forms of honio- 
cystinuria can be diffcrentiatcd: onc type is susceptible to treatment with 
vitamin B,; (pyridoxine). Since pyridoxinc is the precursor of pyridoxal 
phosphate, such therapeutic rcsults strongly support a critical role for this 
cocnzynie in the cystathionine synthase. It also implies that, in at least 
so me ho niocy s t i nu r ics, the bi oche i i i  i ca I d e fec t i s i n coc 11 zy me formation 
or binding. I n  the vitamin 13,-unrcsponsivc paticnts the mutation must 
affect sonic other aspect of the enzyme. Actually only a small proportion 
of the daily inethionine intake by homocystinuria patients can be accounted 
for by the excrctcd homocysteine and the study of this disease niay grcatly 
enhance oiir knowledge of thiol metabolism. For example, it appears that 
honiocystinurics can make cystathionine to sonic extent from cysteine 
and homoserine, a reaction gencrally bclicved impossible i n  animals. 

Cystathioninuria, a deficiency of cystathiorme, is a much rarer and less 
clearly defined disordcr”. Whilc the disease has frequently been associated 
with mental retardation, this niay only reflcct the type of individual with 
which testing most frcqiiently occurs. Patients with normal mcntal function 
arc also known. Nonetheless, thc high lcvcls of cystathioninc in brain m d  
thc mental defects associated with its faulty metabolism, have led to 
speculation that this thioethcr has some special role in nervous function. 
In tissues from at least one pnticnt, there was cvidcncc that the defect was 
i h  pyridoxal phosphate binding by cystathionase and that normal 
enzyme activity could bc achieved at abnoimally high levcls of coenzyme. 
This is often quoted as the classical cxample of n binding or ‘K,,,’ mutant, 
but not all paticnts with the disorcicr give the: swie effect. 

These reactions which lead to homocystcine forniatioi: in some 
crcatiires and its utilization in  othcrs are iindoubtcdly I-eprcsentativc of a 
general t h i o I gro i i  p trans fc r niecha n i sin. 1-Ji c initial condc lisa t i on of the 
donor thiol, most commonly cysteine, with soiiic suitably rcactitc receptor 
generates a thioether. TJic difTerenccs i n  the rcquireincut for 0-acylation 
when starting from serinc and homoscrine may reflect two completely 
different mechanisms for this tliiol substitution reaction. I n  the case of 
serine, the renioval of the hydroxyl as hydroxic!e and the stabilization of 
a n  electrophilic centre on thc sidc-chain cnrbon can bc achicvcd through 
the pyridoxal phosphate-amino acid addiict. A similar example is in the 
carbon-carbon condensation betwecn scrine s:ld imidazole in tryptophan 
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synthesis. When honioserine is the receptor a diffcrcnt activation system 
appears to be necessary. While pyridoxal coenzymes can facilitate 
y e  I i mi nation of hydroxide from the honiosa-inc structure, s t abil izat ion 
of a n  clectrophilic centre at the appropriate position cannot occur. By 
first acylating the hydroxyl of homoserine a suitable leaving group for an 
enzyme-facilitatcd nucleophilic displacement reaction is creatcd. The two 
possible mechanisms for formation of a tliiocther intcrmediate for trans- 
sulphuration are shown below. The thioether then breaks down by the 

Possible niec h an i s n i s  for t h i oetl? er formation 
H 

I 
I--% P H0,C-C-CH,-OH 

H +  H 

I I 

7 - F S - - R  I 
HOZC-C =C H, H 0,C - C - C Id2- S R 

N N 
II ___f II > I I  (1 1 
N 

HC HC HC 

N 

T 
H 

I 
H02C- C - C H,O H 

I 
N H 2  

Y 

H 

I 
HO*CC-CH,- S -R 

cj 
II 

R’-CH,OH - ‘r R’--c;H,o-c-cH, - R’-CH,-S-R (2) 

e I i ni i na t ion of a t 11 i olate to co m plc te t he t ranss 11 I p h i  rat ion sequence . 
Typically this would be a P-elinnination fro111 the cysteine structure 
potentiated by a pyridoxal phosphate stabilized intermediate as depicted 
below. 

It also appears that thiol pyruvate can serve as sulphur donor for some 
biological transsulpliiirations. The thiol iiiicleotides which occur in  small 
quantities i n  certain nucleic acids appear to derive their sulphur, at least 
in part, from thiol pyruvate rather than directly froin cysteine”. While 
these reactions have not been extensively studied as yet, ATP is reqiiircd 
possibly to  activatc a group for intermediate thioetlier formation. 
Pyruvate elimination could then procced through an cnolate or an inter- 
mediate ciizy me- bound Sch i ff base. 
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A diverse variety of divalent sulphur compounds is found throughout 
nature. These are often found in sinall quantities or in restricted species 
and little is known about their metabolism. It is generally presumed that 
they all ultimately derive their sulphur from cysteine. Thus more examples 
of transsulphuration reactions will be described, and it is likely that 

n 

P-Eli mi nat io n f roni a cys teine t I1 ioe t her 

CH,=C-CO,H 
I 
N 
I I  i HC -.. I 

RSH 

.C -CO,H 
I I  
NH 

I 
'.' 

C-C02H 
II 
0 

NH3 

niechanisms involving mixed thioether intermediates will frequently be 
implicated. Another gcneral route for transsulphuration may be through 
enzyme-bound persulphides. The existence of such intermediates in the 
rhodanese and thiol pyruvate sulphur transferase reactions seems 
reasonably established, although there are no examp!es of their being 
involved in the formation of organic thiols. 

6. Thiol formation by cysteine incorporation 
Thiol groups enter some biologically important thiol compounds by 

the direct incorporation of cysteine itself. Most frequently this involves 
peptide bond formation. The incorporation of cysteine into proteins does 
not diirer from any other amino acid involving activation as an amino 
acid adenylate, transfer to a specific transfer ribonucleic acid (t-RNA), 
and assembly by ribosornal enzymes as coded by messenger ribonucleic 
acid (m-RNA). It should be pointed out that cystine, the 'two-headed' 
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disulphide amino acid, is not directly incorporated, but arises in proteins 
by oxidation of two cysteine residues after assembly of the chain. The 
formation of glutathione and pantetheine also involves peptide bond 
formation to cysteine, but the mechanism of formation is quite different 
from the nucleic acid-coded protein synthesis. These pathways will be 
included in the discussions of the thiol coenzymes. 

An example in which a portion of the cysteine carbon chain is 
incorporated directly is one of the proposed routes for biotin synthesis 
by microorganisms". An acyl coenzyme A derivative of pirnelic acid 
condenses with cysteine, eliminating CO,. Reaction with carbaniyl 
phosphate leads to the formation of an ureido ring system. The thiol then 
forms a cyclic thiocther by addition to a double bond resulting from 
dehydration. 

Cyst ei 11 e i 11 co r po r at ;o n i 11 to I> i otl11 
b 

0 
H,N-C-OP0,H2 I I  0 !j 

NH, 

I 

car bani y l H N / ~  \ 

HC-C=O 
CH,SH NH? 0 phosphate I I I / /  

KCNH, HC-C 
I \  

cysteine L? AH SH 

CO,H I CH, CH,-(CH,),CO2H CH2-(CH,),C02H 

@ /  II 
COAS-C 

I 
CH,(CH,),CO,H 

pi 111 el y I -S Co A 

0 
II 

HC-C-OH 
I I 

HzC 
I 

SH 

C H, (C Hz ),C02H 

HC-C 
I II 

I 
SH 

H,C CH(CH,),CO,H 

Cysteine is the pivotal compound i n  thiol metabolism. Sulphate and 
other oxidized fornis of sulphur are reduced to the levcl of sulphide, which 
enters organic linkage as cysteine. There is no other direct sulpliuration 
pathway of a n y  significance. All biological thiols and subsequently 
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derivatives such as disulphides, thiocsters, thioethers and sulphonium 
salts derive sulphur through cysteiiie. This is accomplished either by 
transsulpharation or by incorporation of  the cystcine structure directly. 
The sulphiir metabolism i n  organisms capable or siilphate fixation and 
thcse requiring prefo:med sulphur amino acids is summarized below. 

Outline of su!phur metabolism 

sulphate fixing 
o ry  an is  ni s 

Or g ani  s ni s req u i r i  t i  g 
divalon t sulphur 

s tilplia te sulpha!e 

/' 
sulphate esters +- PAPS 

.L su lp i i i  te 

organic 

cysteine 

met hioni n e 

-/' 
L' 

n! e t li i .3 i i  i ii c 

i l l .  BIOL861CA2. THiOLS AND T H E I R  FUNCTIQN 
A. Glutathione- 0'1 "4,  - 2s 

While cysteine is the ccntral coinpoiitid of organic thiol mctabolism, 
a tripcptide derivative, glutathionc, is probably the most iibiqaitous single 
thiol compound. h4wh fiiscinatiag kiochei11icnl history surrounds this 
molecule and it has served 2 s  tlic subjcct of two piiblished volunies23~2"". 
Stili, rcmarkably littlc is rcally kncwn coticct~tiit~g its biological importancz. 

s I i  
I 

CO,H 0 CHZ 0 
I II I // 

H,N. C H . C H,* C H,. C . N H . C H C * N H . C H2* C 0 2 H  

G I u ta t h i o :i c (2- g I ti t a m y  I cyst ei 11 y l  q I y ci 11 e) 

Since gliitathione OCCLII'S throughout the biological world, it is felt that 
it must satisfy Sollie critical ccllular need. Thc most likely general function 
is niaiii tai ti i ng a rcd uccd cel I ulnr c nviron men t. G 1 l i t  at11 i one c:m also serve 



13. Biochemistry of the thiol group 609 
a variety of additional roles. This peptide functions as cofactor for certain 
enzymcs and it may scrvc as a yglutamyl dcnor in  the synthesis of other 
y-gIutai11yl derivatives. Glutathione is involvcd in the detoxification of 
certain organic toxins by some species. There have also been suggestions of 
special roles for glutathione or its derivativcs in brain function and in cell 
division. 

I. Biosynthesis and degradation?’* 28 

Glutathione is assembled from glutarnic acid, cysteine and glycinc i n  a 
protein-directed synthcsis. Gliitaniic acid reacts with cysteine in the 
presence of ATl’ to yield ADP, inorganic phosphate and y-glutamyl 
cystcinc. In a second stcp the y-glutamyl cysteine is condensed with 
glycinc to give Slutathione. A considcrable atnoittit of glutathione synthesis 

B i o s y n 1 I1 es i s of g I u t at 11 ion e 
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occurs i n  sonie cells. Liver may contain 10 mM glirtathione which turns 
over every 2 to 10 11. Such high rates of synthesis and breakdown only add 
to the mystery of glutathione’s importance. 

A human disease associated with inipaired glutathione synthesis has 
becn reported27. Red blood cells from this patient lacked the second 
enzynie of the synthetic scqucnce, but the activities of enzymes involved 
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i n  glutathione utilization were all normal. Red blood cell glutathione was 
only reduced to 10-20% of normal. This implies either that the enzyme 
defect is tissue specific and other tissues can supply some glutathione to 
the red cell or that the cell produces a less stable enzyme which had become 
inactivated by the time of analysis. Aside from their intrinsic medical 
interest, such natural mutants can be expected to provide considerable 
information about the biochemistry of glutathione. For example, this 
person was reasonably normal with problcnis only appearing under stress. 
This is surprising if the defect was really general and the roles of 
glutathione are as critical as suggested. On the other hand, an increased 
sensitivity of this individual’s red cells to oxidative stress favours an anti- 
oxidant role for glutathione. 

One special enzyme, that cleaving the y-glutamyl bond, is involved in 
glutathione degradation. This enzyme, usually referred t c  as glutathionase, 
also has y-glutainyl transpeptidase activity under certain assay conditions. 

Act ion of ylutathionase 

H,O /--> glutamic acid 

> cysteinyl glycine 
/- \ 

7 - g  I u t a iii y lc y s tei n y lg I y c i tie 

amine or \--i 7-glutaniyl peptide 
amino ac id 

It is unclear if the transpeptidation activity represents a way for glutathione 
to serve as a synthetic y-glutamyl donor or is simply an insignificant 
transferase activity typical of iiiany hydrolases. This enzyme probably 
also participates i n  mcrcapturic acid formation”, and this can be viewed 
as a variation of the direct hydrolysis reaction in which a substituted 
glutathione is substrate. 

2. Maintenance of t h e  reduced cell24 

Glutathione can be oxidized to its disulphide by oxygen, oxidized 
electron transport carriers, free radicals and a variety of disulphides. 
While most of these reactions are facilitated by enzymes, they also can 
occur spontaneously. It must be assunied that the ease of nonenzyniatic 
oxidation is an important attribute i n  the protection of other cellular 
constituents. The idea that glutathione serves to keep thiols in a reduced 
state is a direct extension of its usefulness in maintaining extracted 
enzyme systems in a functional form. The nonenzy matic disulphide inter- 
change reaction of glutathione is facile and a number of enzymatic 
activities proinoting such reactions have also been described. 
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Disulphide interchange reaction of glutathione (GSH) 

2 GSH+RSSR GSSGf2 RSH 

61 1 

Glutathione reductase is a n  ubiquitous enzyme to be discussed 
mechanistically in the section on dithiol enzymes. Through its action, 
metabolic reducing power generated as reduced pyridine nucleotides can 
be coupled to the maintenance of the reduced environment. 

Glutathione reductase reaction 

GSSG+NADPH+H+ 2 GSH+NADP+ 

Crucial thiols such as cysteine and coenzyme A and the numerous 
cellular enzymes requiring thiol groups far proper function are kept 
reduced by the high glutathione levels within cells. Oxidized glutathione 
in turn is reduced by glutathione reductase and NADPH-generating 
systems. 

Glutathione-mediated disulphide reductions whether enzyme mediated 
or spontaneous probably proceed through an intermediate mixed 
disulphide via a thiolate displacement mechanism. 

D i s u 1 phi d e i n te rc t i  a n g e mechanism 

Ht 

9 
H' 

Relatively high glutathione concentration would be required to ensure 
complete reduction. Some glutathione bound as a mixed disulphide is 
found in cellular proteins as would be expccted from this scheme, but it 
is uncertain if this actually existed within the cell or was produced on 
extraction. 

A few systems are known in which glutathione serves as a reductant for 
molecules other than disulphidesiO* 24. Probably the most critical of these 
in animals is the glutathione peroxidase of the red cell. Along with 
catylase this enzyme is responsible for destroying peroxides and thereby 
preventing lipid peroxidation and haemoglobin inactivation. The 

Glutathione peroxidase reaction 

2 GSH+H,O, r GSSG+2H20 

-SR 
+ 
G-S 

\ 
S-G 
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functional importance of this reaction can be dcduced from the efl-ccts 
of genetic disorders such as crythrocytc glucose-6-phosphate dchydrogenase 
deficiencj. Wherc there is a lack of NADPH production the inability to 
maintain glutathione in the reduced form results i n  decreased red cell 
stability and haeniolytic anaemias". 

Related to this is the action of glutathionc as a frce radical scavenger in  
protection against radiation daniagc2si. Thiols readily react with free 
radicals producing thiol radicals which eventually combine to disiilphides. 
It is felt that the case of this reaction and the ready availability of 
glutathione minimizes damagc to critical biological structures by the free 

Glutathione reaction with free radicals 

GSH+HO' - GS'+H,O 

2 GS' > GSSG 

radicals produced by ionizing radiation. Sonic consider one important 
mechanism ofcellular ageing to be a s1owaccLi:iiiil~tioii ofradiation-induccd 
damage. Glutathione might therefore be considered also to have an anti- 
ageing role. 

3. Other electron transport rolesz4, 25 

Plants have an enzyme systein linking the oxidation of glutathionc to 
the reduction of dehydroascorbic acid. A similar cnzyme may occur i n  
animal tissucs, altliougli i n  this cxse ii facile non-enzyniatic reaction could 
possibly account for the observed activity. l'hc plant enzyme providcs 
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pathway whereby oxidized ascorbate can bc reduced thereby enhaiicing its 
potential as an antioxidant. The fu l l  appreciation of the biological signifi- 
cance of this reaction suffers from the almost complctc igIloia!lce of the 
role of ascorbic acid. Coupled with a NADPH-linked glutathione 
reductase, the NADP reduction activity of the pentose shunt enzymcs, and 
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dehydroascorbic acid oxidasc, a complete respiratory chain for the 

oxidation of glucose is possible. Its actual operation if it occurs at  all 
appears restricted to the earliest phascs of plant development. 

G I u ta! h i o n e-a s co r b i c ac id  rcs p i ra t o ry chain 

( p h o s p l 1 a : c ) Y  s u g a r  NADPC x GSH x s c o r b i c  dehydro acid x Hzo 

sugarac id I/ JNADPH GSSG 4 ascorbic acid ( p I1 0s p h a te) 10, 

Glutathione is also the reductant for an organo-nitrate ester-reducing 
enzyme froill liver. This so-called nitroglycerin reductase reacts with 
glycerol, erythritol or nianiiitol nitrates to yield free alcoholic hydroxyls 
and nitrite ions. The normal physiological substrate for this system is 
unclear. While its study has provided interesting enzymology it has not 
yielded any insight into the biological significance of glutathione. 

4. Use as an enzyme cofactor 
The best established functional role for glutathione is as a cofactor in 

certain e:izymatic processcs. The most extensively studied example is thc 
glyoxylase systemg4* 30. This catalyses an internal oxidation-reduction, or 
dismutation, of certain n-keto aldehydes to a-hydroxy acids. 

Glyoxylase reactioii 
0 

The idea that this system played a crucial role in carbohydrate 
mctabolisin forms an important, but now largely forgotten, aspect of the 
history of biochemistry". Thc discovery of the importance of glutathione 
i n  the glyoxylnse reaction was, i n  fact, the critical finding which has 
relegated this reaction to its prcsent metabolic obscurity. In muscle 
preparations the glyoxylase system was found to be inoperative without 
addcd glutathione. However, glycolytic activity continued precluding any 
direct role for glyoxylase i n  this important metabolic process. While the 
bulk of intcrixcdiary metabolism has been traced out in the intervening 
fcwty ycars, glyoxylase function reiliains undefined. At present it is assigned 
a detoxification role i n  protecting against a-keto aldehydes, although 
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Szent-Gyorgyi has proposed that the glyoxylase system may  be iliiportant 
in the control of cell division". 

The glyoxylase reaction is proiiioted by two enzymes found in almost 
all living creatures. The first protein catalyses the condensation of the 
a-keto aldehydc with glutathionc followed by an internal disproportiona- 
tioii producing a thioester of an a-hydroxy acid. A second enzyme cleaves 
the thioester regenerating glutathione. 

Glyoxylase system 

0 0  0 OH 
I1 It glyoxylase I II I 

GSH + CH,-C-CH :- GS-C-CH-CH, 

0 OH 0 OH 
II I glyoxylase 11 I1 I 

GS-C-CH-CH, GSH -I- HOC-CH,-CH3 

The present conception of the glyoxylase I mechanism involves a non- 
enzymatic condensation of the thiol of glutathione with the a-keto 
aldehyde to produce a thiohemiacetal. The enzyme then promotes an 
intramolecular hydride migration generating an a-hydroxy acid-thioester. 
The original aldehydic hydrogen is retained in the final product. It has 
been compared to the Cannizzaro and benzilic acid rearrangements of 
organic chemistry. 

Glyoxylase I mechanism 

CH3 
I 

CH, 
I 

CH3 
I 

C=O GSH c=o enzyme *HCOH 
> I  

C-SG 
- 1  I 

H II 
0 

CH3 I c=o 

I 
H* a-ketoaldehyde thiohemiacetal 

H O C r S G  H O L O H Y  H 2 0  C=O Hr 

hydrated thioester 
n- ke t oal de h y de 

The second enzyme of the glyoxylase system, the thioesterase, is 
specific for thioesters of glutathione and its analogues. Tliioester hydrolysis 
and transacylation will be discussed in subsequent scctions. 

At one time glutathione was also thought to constitute part of the 
active centre of glyceraldehyde 3-phosphate dehydrogenase:%* with similar 
thiohemiacetal and thioester intermediates. While the analogous involve- 
nient of a n  enzyme thiol in the enzyinc reaction has been well established, 
an analysis of the amino acid sequence at the active site of the cnzyine has 
shown that glutathione is not a part of the Glutathione does 
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appear to have a valid role in a similar reaction, that of formaldehyde 
dehydrogenasc24. 

Formaldehyde dehydrogenase reaction 

H,C=O+NAD++H,O HCO,H+NADH+H+ 

formaldehyde formic acid 

Glutathione also acts as coenzyme for a coinpletely different type of 
reaction, the isonierization of inaleylacetoacetate to funiarylacetoacetate25. 

Maleylacetoacetate isomerase reaction 

H H H  
H\ ,CO*H C 

II I I I 

I I  II I I I 
- HO2C, /C\ &\ &\ C/ C C CO,H 

/c, ,CH2\ ,CH,\ 
H C  C CO,H 

0 0 H OH OH 
4-maleylacetoacetic acid 4-funiarylacetoacetic acid 

The reaction is thought to proceed through a reversible addition of the 
thiol to the double bond. Glutathione can catalyse the isomerization of 
this and other a-P-unsaturated acids even in the absence of enzyme. A 
glutathione addition product can be isolated with such substrates but does 
not appear to be a true intermediate in the enzymatic process, as it is not 
acted on by the enzyme. An enzyme-bound adduct is thus implicated. 

5. PI e r ca p t u r i c ac i d fo r m at  i on an d d e t ox i f icat i on * " 9 2s 

Glutathione is involved in the conjugation of certain toxic hydro- 
carbons by the liver. These are eventually escreted as inercaptiiric acids, 
S-substituted N-acetyl-cysteines. Such compounds have been isolated from 
the urine of many animals including man. 

Benzene, halobenzenes, naphthalenes and a variety of other aromatic or 
unsaturated hydrocarbons are conjugated by reaction with glutathione. 
Many of  these compounds readily react with thiols noncnzyniatically, and 
their rapid sequestration would be critical in  protecting the fiinctional 
thiols or the cell. A group of enzymes concentrated in the liver and kidneys, 
the glutathione-S transferases, catnlyse the condensation with glutathione. 
Cysteine or other biological thiols do not serve as acceptors. After 
forniation of the hydrocarbon adduct the glutathione peptide bonds are 
hydrolysed and the cysteine residue is N-acetylated before excretion. In 
many cases the product actually excreted is a so-called preiiiercapturic 
acid which contains a hydrosyl adjacent to the thioether substituent. 
Water is eliminated during isolation to produce the niercapturic acid. The 
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frequent occurrence of an a-hydroxy substituent suggests that the hydro- 
carbon has undergone epoxidation of a double bond prior to reaction with 
glutathione. The condensation reaction would then involve an attack on 
the epoxide ring by a thiolate. Direct addition of the thiol to a double bond 
or  even halogen displacement may also occur in  certain cases giving rise 
to metabolic products without a-hydroxy substituents. 

Formation of niercapturic acids 

hydrocarbon RCH,CH,X -----+ RCH-CH,  - i R C H - C H ,  
rn o d i fi cat i o 11 

conjugation glutathione T G S H  -/"' 
RCH,C H,-S G RFHCH,-SG 

peptide 
hydrolysis 

acetylati on 

glutarnic 
acid 

S-alkyl cysteinyl glycine 
I 

glycine .I- 
S-alkyl cysteine 

acetyl CoA 

excretion L A 
product R-CH,CH,S(N-acety1)cysteine RCHCH,S(N-acety1)cysteine 

I OH 
I 

premercapturic acid 
1 

.1 RCH,CH,S(N-acety1)cysteine 

isolated 
co ni po u n d s 

RCH=CH-S(N-acety1)cysteine 
rn e rca p t 11 r i  c acids 

In  humans mercapturic acid formation appears lcss significant than 
detoxification pathways involving glucuronide or sulphatc ester formation, 
but is of considerable importance in  other species. Halobenzenes which 
can cause liver damage lead to mercapturic acid formation in  the rat, 
while non-toxic conipounds such as 11-dibromobenzene d o  not. Such facts 
strongly support the idea that this pathway has a detoxification role. 
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Mercaptiiric acid production seems to have first call on the sulphur amino 
acid rcscrves and serious deficiency states can bc induccd in rats by 
liepatotoxic hydrocarbons. Diets high in  cysteine and methionine will 
protect against the liver damage. Some mcrcapturic acid production may 
also result froni reaction of protein thiol groups with the hydrocarbons, 
hydrolysis of the protein to the S-substituted cysteine and its N-acylation. 
However, the vast majority is formed via the glutathione adducts if the 
hydrocarbon dose is not so great as to deplete the glutathione reserves of 
the liver. 

Tlic intcrniediate production of aralkyl sulphate esters or thioacyl 
dcrivativcs prior to conjugation with glutathione seem likely for certain 
types of compounds since enzymes of the following types have been 
characterized”-‘. 33.  

Glutathione conjugation via thioesters and sulphates 

0 0 
II It R-CH=CH--C-S-A 4- GSH --‘ * R-CH-CHz-C-SA 

I 
SG 

Mercapturic acid formation has  bccn shown to occur i n  a variety of 
mammals, birds, reptiles, arnp1iibia:is and fish. Insects also form 
glutathionc coiijugntes but d o  not N-acylate thc eventual S-substitutcd 
cysteine dcrivativcs to any great extcnt. I t  is also possible that the 
S-carbosyalkylcysteines of plants have a similar genesis. Mercapturic 
acid formation is certainly one of the best studied and docurnentcd 
protective functions for glutathione. 

Thus, i n  spit:: of many years of investigation and spcculation, no 
univcrsal functional role lias been cstablishcd Tor glutathione which would 
cxplain its broiid distribution and high concc1:tration i n  biological 
systems. The most satisfyin,o coiicept is that thc glutathione system 
establishes the rediiced state of the czll. at least in SO far as prcvcnting the 
oxidation of cellular tliiols. In fact tlic thiol protcctive effect is multi- 
faceted. Glutathione prcfcrcntially rcacts with agents of all types which 
otherwise would inactivate thiol nietabolites, coenzymes and proteins. 
I f  inappropriate dis~lpliidc formation should occur, activity can be 
rcs t orcd b y  the dis LI 1 plii dc i 11 te rchange . Whet her such n ge :i e ral protective 
action IS thc iiriivcrsal gltitathionc role has bccn difficult to prove, and the 
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concept has been gently derided by labelling it the euphoristic theory of 
glutathione action (see reference 24). 

While the overriding function of glutathione may be protective, a 
number of more specific roles have evolved. It serves as a coenzyme for 
certain enzymatic processes, and it may moderate critical rearrangements 
of ccllular architecture. If  for no other reason glutathione could be 
regarded as the most important cellular thiol on a purely quantitative 
basis, and it is likely that it has functions of correspondingly critical 
significance. 

6. Methionine and S-Adenosyl Iv8ethionine30v 37 

The biological importance of the second thiol amino acid, homo- 
cysteine, is as the thioether and sulphonium ion derivatives. The free thiol 
occurs only as a mctabolic intermediate. Methionine, the methyl thio- 
ether, is one of the twenty amino acids utilized for protein synthesis. Our 
concepts of the special significance of methionine in protein structure and 
function arc only beginning to be developed, and will not be considered 
here. N-Formyl mcthionine also has the distinctive role of being a chain 
initiator in protein synthesis". The most extensively studied form of this 
thiol is S-adcnosyl niethionine or SAM, the sulphonium ion cofactor. This 
is the principal niethylating reagent of biological systems and other alkyl 
transfers from the sulphonium ion are also known. 

1. Methylation of homocysteine 
Methylation of honiocysteine to nicthionine can be accomplished by 

one of several sequences. A major route is from a N5-methyl-tetrahydrofolic 
acid (CH,-FH,) derivative. In some organisms a coenzyme derivative 
of vitaniin BIZ is also required, where it functions in its reduced form 
(Blzr in the following scheme) as an intermediate methyl carrier: 

Methylation of hornocysteine by folic acid derivatives 

CH3-FH4 FH4 
CH,SH \ -2 CHz-S-CH3 
I I 

I CH, 
I 

A CHZ 

&O,H \ 7 = 7 /  C02H 1 
HCNH, HCNH, 

homo cy st ei n e c ti3- 6, , rnethionine 

+---+B'zr CHJ-FH4 
FH4 
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Animals also derive methyl groups from dietary choline, which can 

partial 1 y ~ L I  bs t i t ii te for the niet h i on i ne n i i  t ri t i onal requirement. An 
oxidation product of choline, betaine, is the actual methyl donor to 
homocysteine. This probably represents a salvage pathway for methyl 
groups in  the catabolism of choline, but it can be of considcrable 
importance if the capacity for c k  nouo methyl synthesis is limited. 

Choline as  a methyl group source 

(CH,),NCH,CH,OH -+ + (CH,),NCH,CO,H (CH,),NCH,CO,H 
-I- I 

dimethylglyeine 

hetaine \A 
ch o I i ne 

h o nioc y s tei ne niet h i on i n e 

2. S-Adenosyl methionine and transmethylation 

with the release of both an  orthophosphate and pyrophosphate residue. 
Methionine reacts with ATP to producc S-adcnosyl methionine (SAM) 

B i o s y n t h e s i s  of S -ad e n o s y 1 ni et h i o n i n e 

OH OH 
ad en 0s in e tr ip hos  ph  a t e 

c H2 
I 

CHZ 
I 

HCNHz 
I 

CO,H 
met I1 io nine 

S-adenosyl methionine 

+ H3P04 + H4Pp0, 

This sulphoniuin compound, oftcn referred to as ‘active methyl’, serves 
as a methyl donor for biological synthesis. Thc list of compounds which 
derive methyl groups by transmethylation from SAM is extensive and 
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includes many types. Oxygen, nitrogen, sulpliur and carbon atoms can 
act as acceptor. A few representative reactions arc indicated below. 

Typical methylation reactions 

HN NH, 
vc/ 

guanidino acetic 
acid 

c r'eat i rte 

-OH 
catechol 

OCH, S-adenosyl 

OH 

~m~~ -t SAM - ;- R-Q( + Iioniocysteine 

0- met h y lcat ec h 01 

CH, 
I s 

CH, 
I -1- SAM ----+- 

CH, 
I 

HCNH, 
I 

CO,H 

H,C CH, 

I 
';I- 

CH2 
I 

CH, 
I 

HCNH, 
I 
CO,H 

S -a d e n c s y I 
1- 11 o 171 o c p s  tci n e 

ni  e!h i on i nc S-iIl e t h y l 111 et  li i o ni n e 

0 0 

.- P 0 , - r i 110 sc  - P 0 ..-.,- -.PO,- IIl;os~- PO,--- 
uracil of t-RNA tliyi1i:i:s of t-5'l.JA 

The S-adenosyl homocystrit;c produccd in the tmiisiiiethj'lntion 
reactions is geiiernlly cleaved to adenosine and homocysteinc. Thc latter 
can be degraded a5 previously discussed or be remethylated to mcthioninc 
and eventiially regenerate S-adciiosyl mctnio!iinc. Thiis the operation of 
a methionine cycle provides n route whereby one-carbon i1ietnboIitcs 
reduced through the tctrahydrofolic acid sequelice provide methyl gro:ips 
for bios y n t he t i c pat hw ag s . Ce r t ai n other su I ph on i u ni c o 111 po 11 nd s s 11 ch as 
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S-nicthyl niethionine and dimethyl P-propiothetin are apparently 
capable of serving as rncthylating agents in s ane  organisms but do not 
havc the general biological significance of S-adenosyl niethionine. 

T ra 11 s m e t h j .  I a t i o ii c y c I e 

C, reduction 
ot methyl salvage 

I1 o niocy s tei n e 
methionine 

met h y I derivatives 

3. Other sulphonium ion  alkylat ions 
Mctliyl transfer is not the only kind of alkylation that can be effected 

by the sulphoniuni ccntre. The best studied example is the synthesis of 
the polyaniines sperniine and sperniidine, important counter ions for 
nucleic acids. S-Adcnosyl niethionine undergoes a decarboxylation of the 
homocysteine side chain producing a thiopropyl amine derivative. The 
propyl amine residue then is transferred, first to one and then to the other 
amino group of putrescine yicldirig in turn spcrmine and spermidine". 

S-Adcnosyl niethionine provides a n  interesting example of how thiol 
derivatives can promote what are normally considered to be difficult 
organic reactions. Few alkylating reagents employed by the chemist are 
conipati ble with the conditions of biochemical system. Sulphoniuni ions 
can however be readily fornicd under biological conditions and are 
sufliciently stable i n  an aqiisous environmcnt to have their reaction 
controiled by enzyme specificity. The wide biological distribution of 
S-adc ti 0s y I me t h ion i ne-niedia ted t ran smc t h y lat i on at tcs ts to the fact that 
alkylation through sulphoniuni ion intermediates is among the most 
ancient biological group transfer reactions. 

The clieiiiical rationalization for the alkyl-transferring capacity of the 
siilphonium (and ctlier 'onium') compounds is that the positively chargcd 
sulphur induces a partial positive charge on the imniediatcly ad-jacent 
carbon atom. Such a positive carbon centre then becomes susceptible to 
nucleophilic attack. The tliioether serves as an excellent leaving group 
particularly i f  a relatively nonpolar reactive centre is envisaged. Reactions 
involving S-adenosyl methionine as a nicthyl donor at  neutral pH, gencrally 



622 Arvan L. Fluharty 



13. Biochemistry of the thiol group 623 
have favourable free energies of - 7 (or more) kilocalories per mole. Thus, 
the intermediary role of SAM in biological transniethylations and 
occasionally i n  other transal kylation reactions reflects both thermodynamic 
and mechanistic attributes of sulplionium ions. Sulphonium ion reactions 
in turn constitute one of the fundamental functional roles of a thiol in 
b i ol ogical SySte 111 S .  

C. Pantetheine Cofactors 

The most clearly defined functional role of cellular thiols is that of 
coenzyme A and related cofactors'~".'~'..'~. Coenzyme A was first recognized 
as a carricr for activated acyl groups. The general sequence for acylation 
i n  biological systems is acyl activation to a thioester followed by acyl 
transfer to form amides, esters and acid anhydrides. In addition the thio- 
ester linkage enhances the carbonyl nature of the carboxylate group 
leading to a variety of reactions within the acyl carbon chain. Recently it 
has been recognized that the phosphopantetheine portion of the co- 
enzyme A nioleciile also occiirs in proteins, where it serves a similar role. 
A great deal of mechanistic information has been accumulated on enzyine 
reactions mediated by the thioesters of coenzyme A and related 
striictiires-'3. This is one of the areas in  which the physical organic chemists' 
approach to biocheinistry has proved most fruitful. 

1. Biosynthesis of coenzyme 
Coenzyme A is a complex organic molecule with a nucleotide portion 

of adenine, ribose and phosplioryl groups linked through a pyrophosphoryl 
bridge to an unusual pzptide, pantetheine. This structure has a branched- 
chain dihydroxy acid, pantoic acid, linked to p-alanine which in turn is 
bonded to thioethylamine. In spite of the complexity of the coenzyme A 

Coenzyme  A 

0 II 0 \ I  O H  CH, I 0 0  (fi 
\ pantoic  CH, I ac id  : 8 8  D H-S-CH~CH,NHCCH~CH~NHCCH-C-CH,-OPOPOPO-CH~ N 

0 OH 

0 
H 

pan to then ic  acid HOP0 

L 

4-phosphopan te the ine  3' 3'-d i p h o s p h o ad  en 0s in e 
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molecule our understanding of its function relates only to the fact that it is 
a thiol. The remainder of the molecule is presently relegated to imparting 
water solubility to acyl derivatives and providing highly specific structures 
for enzyme binding. In fact its catalytic function in several enzyme 
systems can be met by various simple N-acyl cysteaniine models, although 
enzyme afinity is considerably lowered. While viewing coenzyme A simply 
as a thiol is generally recognized as being a gross oversimplification, 
evidence of any functional significance for other structiiral elements is 
sparse. 

In microorganisms the pantoic acid carbon chain is derived from 
valine and ‘active formaldehyde’ and the /3-alanine from aspartic acid. 
Higher organisms are unable to synthesize the pantothenic acia portion 
of the molecule and it is a required vitamin. Pantothenic acid is first 
phospliorylated to 4-phosphopantothenic acid and then condensed with 
cysteine to produce 4’-phosphopantothenyl cysteine. The cysteine residue 
then undergoes decarboxylation to 4’-phosphopantetheine. An adenylate 
is transferred from ATP to gzncrate dephospho coenzyme A and a final 
phosphorylation of the 3’-hydroxyl of ribose provides the biologically 
active molecule. A slightly different sequence was thought to operate at  
one time, and still may be possible in some organisms. It differs only in 
that condensation with cysteine and the decarboxylation precedes the 
phosphorylation of the pantothenic acid hydroxyl group. 

Biosynthesis of coenzyme A 

4’ - p 11 0s p 11 G 11 an tot h en i c aci d - 4‘-phosphopantothenylcysteine 

A y  

pant o t h e n ic acid 4’-p hosphopan tet hcine 
* -  

A 
pi( n t o t h e 11 y I c y s t e i n e - - - - -4 - - - - t pan t c t h ei n e - 

coenzyme A i dephosphocoenzyme A < + AT? 

HP*O, 

Coenzyme A can readily be oxidized to an inactive disulphide in  air and 
mixed disulpliides with other thiols such as cysteine and glutathione are 
also readily formed. In fact any reagent used to probe for enzyme thiols 
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will also react with coenzyme A making studies of protein thiols much 
more difficult in coenzyme A-requiring systems. 

2. Formation of coenzyme A thioesters,*O. 
In  its biological function the sulphydryl gro:ip of coenzyme A is coil- 

verted to a thioester. The acid is almost always a carboxylic acid although 
there have been some indications that coenzyme A thiophosphate esters 
might play a role in certain reactions. Thioesters have a sufiicicntly large 
negative free encrgy of hytirolysis to place them among the so-called ‘high 
energy’ conipounds of biocliemicai energetics. Thcir synthesis must be 
driven by exergonic metabolic processes. Actaally coenzyme A thio- 
esters participate in  thc metabolic encrgy exchange system serving as an 
internicdiate repository Tor the biocheniical cncrgy quanta represented by 
the squiggle (-) bond. TJiiocsters are formed by nucleosidc triphosphate- 
dependent reactions, by oxidative proccsscs or by thiolytic cleavage of 
P-keto thioestcrs. ‘l‘he cocnzyme A derivative can donate the acyl to 
am i n 0, t h i o I,  hydro x y 1 and car ban ion centres in e ne rgct i cal I y fav oil rabl e 
reactions. It can also drive the formation of pyrophosphate linkages of 
nucleoside triphosphates. Coupled with this high reactive potential of the 
thioester is an amazing kinetic stability. Spontaneoi~s dccomposition 
mechanisms are not available in an aqucous environment a t  iieiitral pH 
and physiological temperatures. Such a situation is biochemically ideal, 
a high reactivity which can be coniplctely controlled by enzymatic 
catalysis. 

l’he direct route of acyl coenzyme A synthesis from a free carboxylic 
acid is catalysed by a group of nucleoside tripliospliatc-reqiiiring enzymes, 
collectively known as thiokinases. The general nicchanisni, as exemplified 
for acetate activation by acetyl thiokinase, proceeds as follows. The 
carboxylic acid is first activated by acetyl adenylate formation with the 
displacement of pyrophosphate from AX” While the initial reaction is 
fully reversible, siibscqtient action of pyrophosphatasc drives the reaction 

ace t y1 ad e 17 y I at E 
0 / 

I I  
CH,C-SCoA + AMP 

2 H,PO, 

CoASH 
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process. The thiol of coenzyme A then displaces adenylic acid in a second 
step to produce the acetyl thioester. 

Acyl adenylate intermediates seem the general rule for acyl activation, 
but alternate mechanisms are known. An example is the succinyl thio- 
kinase reaction"'. The mammalian enzyme system utilizes guanosine 
triphosphate (GTP:) or inosine triphosphate (ITP), although similar 
ATP-requiring enzymes are known from plants and bacteria. In addition 
to the coenzyme A derivative, a nucleoside disphosphate and inorganic 
phosphate are produced. 

Succinyl thiokinase reaction 

0 
I1 

CO,H C-SCOA 
I I 

CH, + COASH + GTP CH, -1- GDP + H,PO, 
I I 

CH, I CH2 
I 
CO,H CO,H 

The products suggest activation as a phosphoryl rather than as a 
nucleotidyl derivative. Both succinyl phosphate and thiophosphoryl 
coenzyme A have been suggested as intermediates. However, neither is 
included, a t  least as a freely dissociable intermediate, in current formu- 
lations of this reaction. An enzyme-bound phosphoryl histidine inter- 
mediate is thought to be involved, as is sonic sort of activated enzyme-CoA 
complex. Many aspects of the eiizyme ~iiechanisni are still i n  doubt, but 
the sequence below is consistent with most available data. 

Pro 11 o s e d s u c c i n y I t h i o k i  n a s c m ec h a n ism 
succinic acid 

succinyi CoA + E n z  
G D P  

This mode of thioester forniation is not as energetically favourable as 
that involving pyrophosphate release and its eventual cleavage. This 
probably reflects different biological roles for the two types of thiokinases. 
Succinyl thiokinase and probably other nucleoside diphosphate-inorgatii~ 
phosphate type enzyines normally operate in the other direction, with 
thi onc y 1 coenzyme A d ri vi ng the synthesis of n ucleoside t r i phos pha t e . 
One type of enzyme system produces coenzyme A thioesters efficiently at 
the expense of nucleoside triphosphate, while the other helps to couple 
metabolic processes to the synthesis of high energy phosphates. 
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Another way to generate particular acyl coenzyme A derivatives is at 
the expense of others. The succinyl-acetoacetyl coenzyme A transferase 
reaction is a n  important example. 

Acyl interchange reaction 

succinyl-S-CoA+acetoacetic acid - succinic acid+acetoacetyl-S-CoA 

An intermediate enzyme-coenzyme A complex '/I wliich the cncrgy of the 
thioester bond is preserved has been demonstrated. Here the coenzyme A 
tliioester is involved in a transfer reaction quite dinerent from its usual 
acyl donor role. Functionally this enzyme allows nietabolically gcnerated 
coenzyme A derivatives to be utilized directly for carboxylic acid 
activation, without intermediary forniation of nucleoside triphosphates. 

A metabolically important route for the generation of acyl coenzyme A 
derivatives is through the oxidation of a-keto acids. The a-keto acid 
dehydrogenase complexes, of which pyruvate dehydrogenase complex is 
typical, are large multienzyme aggregates. They carry out a complex 
reaction scquence to be discussed in  section 1II.D on lipoic acid. The over- 
all reaction given below is an oxidative decarboxylation coupled to 
t hi o es t e r fo r m a t i on . 

Pyruvate decarboxylase-dehydrogenase reaction 

CO,H 0 
I I 1  
C=O + NAD+ + COASH - C-SCOA 4- NADH + CO, + H+ 
I I 

CH, CH, 
pyruvic acid acetyl CoA 

The final process for coenzyme A thioester synthesis is by the thiolytic 
cleavage of /3-keto acyi coenzynie A derivatives. The thiolase reaction is 
the principal metabolic process for degrading the hydrocarbon chain of 
fatty acids. 

F-ketofatty acyl CoA thiolase reaction 

> 0 
I 1  

H-S-COA R- C - SCOA cr 

3. Reactions of coenzyme A thioesters42r.'3 
Examples of acylation by acyl coenzyme A derivatives are numerous". 

The quantitatively most important example is the transfer of fatty acyl 
22 
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residues from coenzyme A in the synthesis of glycerides. In this case the 
acyl acceptors are the Iiydroxyl groups of glycerol derivatives and the 
products are oxygen esters. ACY] coenzyme A hydrolases can also be 

HJOH 
I 

HCOH 
I 

HzCOP03Hp 7' 
n-glycerol 0 
phosphate I I  

2 RCSCoA 

Pathways for glycerol lipid synthesis 
0 

0 
I Ii II 

HC-OCR - /-- RCSCoE '1 

H2C I : :  - 0- C R 

I-I,COH 
diglyceride 

0 
It 

r R!-o:z O 

H3PO4 

0 
It 

7 1  RC-OCH, 
I 

I 
HC-0-CR 

RC-OCH, 0 
I I1 

HC-OCR 

tr ig lyer ide 

4 H2COPOSH 
phosphatidic 

zcitl 

p h 0 s p 11 0- I i p i d s 

looked upon as acyl 0-transferases of a special type with water acting as 
acceptor. 

A c y I -co e n z y in e A t i  y d ro I as e reaction 

Transfer from an acyl coenzyme A derivative to a nitrogen nucleophile 
is also quite conimoii. Typical is the N-acetylation of the amino sugars 
such as glucosamine. The coiivcrsion of palmityl coenzyme A to palmit- 

GI it c o s a n i  i i i  e Ace t y I a t i o n 
CH20H 

0 

1- CH,C-SCoA Ii - 0; -!- CoASH 
HO HO 

NH2 HNCCH, 
N-acctyl glucosamine 

OH 
glucosamine 

aldehyde by reduced pyridine nucleotide can be considcred, at least 
formally, as an acyl transfer reaction. Here the acyl acceptor can be 
envisaged as a hydride ion derived from NADIH. 

Reactions where phosphate, thiol and even cyanide accept the sub- 
stituent from acyl coenzymc A derivatives lime been described in biological 
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Acyl coenzyn-,e A reductase reaction 

0 0 
I1  I! CH,(CH,),,C-SCoA 4- N A D H  -+ H.  

palmityl CoA 
CH,(CH,),,CH + NAD'  + CoASH 
pal i i i  i t a I d o h y d e 

systems. Carbon is also an important acyl acceptor, generally reacting as a 
resonance-stabilized carbanion. Examples are the Claisen type ester 
condensation reactions to be discussed i n  section 1II.E. 1 .  

The increased acyl transfer potential of thioestcrs as compared to 
corresponding oxygen esters is explained as being due to less double bond 
character in the bridging bond. The unpaired sulphur electrons do not 
have as high a tendency towards double bond formation as those of 
oxygen, and less electron delocalization or resonance stabilization of the 
bonding systeni is possible. This results in a longer and more easily 
displaced linkage. The lack of resonance with thc ester sulphur also results 
in an cnhanccd electrophilic character of the carboiiyl carbon. Thus, 
attack by nucleophiles at this position is facilitated. 

The general mechanism for acyl transfer reactions from thioesters is 
envisaged as a nucleophilic attack at the positively polarized carbonyl 
carbon, accompanied by or followed by thiol elimination. 

Gensral transacylation niecliatiisni f rom acyl coenzyme A 

.,H--A , : .A  HA 
- 

0' okl-. 0 
t! I c 7  H II 

RC-C-SCoA RC-C-8 + HSCoA R-C-C-SCOA A 
H 11 
H A  t i  I 'i H 

B-H 
BH -1- 

I t  is supposed that the enzyme participates by providing general acid 
and general base groups which facilitate the attack of the entering nucleo- 
phile, thc departure of the thiolate and the polarization of the carbonyl. 
An intermediate acylated enzyme niay occur i n  sonic reactions but this 
can siniply be envisioncd as a case where binding centre, catalytic groups 
and the initial attacking n~icleophilc arc all provided by the enzyme. 

Coenzymc A thioesters can also promote nucleophilic attack at  thc 
P-carbon in a,P-cnoyl derivativcs. I n  these cases an electi-ophilic centre is 
stabilized at the P-carbon by resonance with the cnrbonyl system. This 
could be particularly favoured by hydrogen bonding or protonation of the 
carboiiyl oxygen by an enzyme. An exaniplc is the enoyl cociizynic A 
hydratase reaction of fatty acid degradation. 
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p-substitution in n,P-enoyl coenzyme A thioesters 

R- 

0- 0- 
H H I  H H I  

R-C -C=C-SCoA - > R-C-C=C-SCoA 
0 

+--OH H 

SCoA 

I 
0 

0 
I 
H 

a-Activation is the other crucial aspect of thioester and acyl coenzyme 
A biochemistry. The formation of the thioestcr considerably increases the 
ketone-like character of the carbonyl group of the carboxylic acid. In 
addition to increasing the electrophilic behaviour of the carbonyl carbon, 
it enhances the acidity of the hydrogens at the a-position. This is normal!y 
attributed to the possi bi I i ty for resonance stabi 1 ization involving the 
enolate anion. 

Enolate stabilization in coenzyme A thioesters 
0 H(+) 0 @-I 

H I 1  H I  
R-C-C-SCoA f--, R-C=C-SCoA 

H 11 
H (--I  

R - C - C-SCOA 

Enolate ion formation allows coenzynie A-bound acyl groups to serve 
as nucleophiles and to react at  electrophilic centres. This permits thio- 
esters to participate in the formation or degradation of carbon-carbon 
linkages by mechanisms analogoils to the aldol condensation or more 
specifically the Claisen type ester condensation. There are few available 
mechanisms for carbon-carbon bond formation or cleavage which can 
be employed undcr biological reaction conditions, and pathways which 
depend on coenzyme A thioesters for this purpose are widespread. 

The classic example is the reaction by which acetate carbon enters the 
tricarboxylic acid cycle, the citrate synthase reaction. Extensive mechanistic 
studics have established the involvement of the enolate of the acetyl 
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thioester in the enzyme reaction42. Exchange of the acetate hydrogens of 
acetyl coenzyme A with deuterium or tritiiini in the solvent is catalysed by 
the enzymc under conditions in which the condensation cannot occur. 

Citrate synthase reaction 

CO,H 
I 0 H2O c=o I1 
I f CH,C-SCoA HO-C-CO,H + CoASH 

CH2 
I 

CO,H citric acid 

CHSCOPH 
I 
I 

CH,CO,H 

oxalcacetic acid 

Initially this was not observed, exchange only being measurablc when 
oxaloacetate was also present. This absence of exchange is now believed 
to result from a need to have oxaloacetate bound to the enzyme before the 
proper catalytic configuration can be achieved. This function can be served 
by certain other dicarboxylic acids which are not capable of undergoing 
the condensation reaction and the exchange activity has been demonstrated. 
A coenzyme A-facilitated enolization mechanism seems firmly established. 

An example i n  which reactivity of both the attacking nucleophile and 
the electrophilic acceptor is dependent on the special character of acyl 
thioesters is i n  the condensation of two acetyl coenzyme A units to form 
acetoacetyl coenzyme A. This is the reverse of the thiolase reaction 

Condensation of two acetyl coenzyme A units 

0 
I1 

H3C-C -SCoA 

H,C-C-SCoA 0 
II 

‘ P  

II  ‘7 0 Of-) 

H +  

----+ H,C-C-SCoA 

H,C-C-SCoA 
‘-i 

CH,- C -SCoA 

0 
II 

H2C-C- SCOA 
I 

H3C - C (-1 
I 1  + SCoA 

Hf-( 
HSCoA 

L 
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discussed previously. The actual mechanism of this reaction may involve 
an initial transfer of one acetyl grouping to an enzyine thiol prior to 
condensation, but the gencral reaction schenie is unchanged as thioacyl 
activation would still be involved. 

a-caibon activation is also involved in the biotin-mediated carboxy- 
lation of acetyl coenzyme A to inalonyl coenzyme A, a critical and 
distinctive step in  Fatty acid biosyntliesis16. Carbon dioxide is initially 
attached to a ureido carbon of biotin and then transferred to the methyl 
carbon of acctyl coenzyme A. A concerted nicchanism for this transfer 
has been suggested rather than a pre-equilibrium enolization of the acctyl 
coenzynie A on the basis of the stereochemistry of the condensationL*?. 
The proposed reaction sequence is an example of how concerted sub- 
stitution on the a-carbon of thioesters could be facilitated. 

Mechanism of acetyl coenzynie A carboxylation 

The thiocster promotes the acidity of the a-hydrogciis favouring 
hydrogen-bonded interaction wit11 the ureido oxygen. I n  this case the 
promoting base and the clectrophilic centre being attacked are part of the 
same structure, permitting a coilcertcd clectronic rearrangement without 
the iicccssity of an actiral er'iolatc ion. Since siniilnr advantageous arrange- 
ments of reacting m c i  catalytic fiiiictions arc possible on enzymes, it is 
conceivable that othcr examples may also circumvent the pre-equilibrium 
ellolate forimtion which woiild be predicted from analogy to sol iition 
chemistry. This docs !jot alter the concept that thiocstcrs facilitate such 
reactions by cii1i:tnci:ig the acidity of &-hydrogens. 

A convcnient way to summarize the reactions or coe!izyme A thioesters 
is by reviewing thc p-oxidation pathway for fatty acids". Fatty acid 
activation occtirs by acylation o f  thc  coenzyme A thiol by way of an acyl 
adenylate. T!iis is thci; dehydi-ogcnatcc! t;, mi cxi,P-enoyl acyl cocnzyiiic A 
derivative by a flavin-depcndcnt dchydrogciiase. The ability of the adjacent 
carbonyl to pro\:ide resonance stabilization of the product appears to be 
ail importa::t aspcct of this reaction. Such flavin-dependent deliydro- 
gcnations occur i n  othcr reaction scqtIcl?ces, blit only whcre carbonyl 
rcsoiiance stabilization is possible. Watcr adds to the m,p-enoyl thioester 
to gcncratc a /3-1iydro:iy f a t ty  acid dcrivativc, a reaction facilitated by 
p-carboniiini ioi? stnbilizatinii i:i c~ioyl thiocstcrs. The ,B-hydroxyl is next 
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reduced to a P-keto group. Such nicotinamide coenzyme-linked reductions 
to alcohols arc comnioii and no special advantage can be ascribed to the 
thiocstcr. Thiolytic cleavage of the /3-keto thioester releases acctyl 
coenzyme A and leaves a fatty acid dcrivativc two carbons shorter than the 
original. The dcsat uration, hydration, dehydrogenation, thiolation sequence 
is repeated to reduce the chain by twc carbons at  a time with almost every 
step dependent on the unique propertics of coenzyme A thioesters. 

Fatty acid oxidation spiral 

0 
I I  

0 

- - - - - -- ._ ,.$ FADHp 

R-CH,CH,COH f CQASH 

J. I I  
R - C H ~ C  H,- C -SCoA 

0 II 0 II 
R-C-SCOA.-+. 

RCH=CH -C-SCoA ) H,O 2 C H,CS CoA 

CoASH 

0 
II 

R-C-CH,-C-SCoA k : :  II 
0 

NADH + H '  
RC HCH,C-SCoA 

NADi I 
0 
H 

4. Phosphopantetheine proteins 
Protcin-bound phosphopantethcinc has been found i n  rcccilt years to 

be involved in acyl binding and reaction i n  much the sanie manner as 
coenzynic A 47. A 77 amino acid protein was isolated from E. coli which 
acted as a11 acyl carrier in fatty acid syiithesis. This protein completely 
lackcd cystcinc Gr other thiol amino acid, yet fiinctioned by binding 
various acyl intermediates as thioesters. The reactive centre was phospho- 
pantctheine linkcd to the protein through a phosphodiester bridge to 
scrim. Similar acyl carrier proteins, or ACP:;, have ncw been isolated from 
n variety of organisms and extensively characterized. An active ACP 
prcteiii chain has even been prepared synthetically. ACP per se has been 

Pho3phopantetheine )inkage in E. coli acyl carrier protein 

0 

0 
I 

0 P 0 - pan te t he i ne- S H 

-I e u -g I y -a1 a- as p - s e r - I e u -3 s 11 - t t i  r- Val- --,,- 
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difficult to demonstrate in higher organisms in which the intermediates of 
fatty acid synthesis are bound to high molecular weight complexes. I t  is 
reasonably certain that protein-bound phosphopantetheine is involved 
however, and an analogous protein cofactor is believed to be present in a 
tightly bound forni. Phosphopantetheinc prosthetic groups are now also 
known to function in other pathways. 

Coenzyme A is the precursor of the enzyme-bound phosphopantetheine. 
The prosthetic group is added to the prosthetic group free protein 
(apo-ACP), by a phosphoryl transfer reaction cmploying coenzyme A as 
donor, yielding the functional complcx protein, €1010-APC: 

Attachment of 4-phosphopantetheine to protein 

a p 0- A C P +coenzyme A - h o lo- A C P + 3',5'-ad en o s i n e dip h o s p h ate 

The phosphopantetheine prosthetic group of ACP, fatty acid synthetase 
complexes, and presumably other enzyme systems, turn over rapidly, 
possibly as part of a cellular control mechanism. A specific phospho- 
diesterase cleaves holo-ACP to 4'-phosphopantethejne and the apoprotein : 

Removal of 4-phosphopantetheine from protein 

holo-ACP > 4-phosphopantetheine+apo-ACP 1 r 2 0  

The role of phosphopantetheine linked to protein is analogous to that 
i n  coenzyme A. Mechanistically fatty acid synthesis is pretty much a 
rcversal of the /I-oxidation pathway discussed earlier. There are however 
a few minor and one major differcnces. ACP rather than coenzynic A 
derivatives participate in synthesis and a nicotinaniide coenzyme rather 
than a flavin cofactor is involved in double bond reduction. The major 
difference is that in the chain-elongating thiocster condensation reaction 
the attacking nucleophilic carbon derives from a malonyl rather than a n  
acetyl thioester. As indicated previously, malonyl coenzyme A is produced 
from acetyl coenzyme A by a biotin- and ATP-dependent CO, fixation 
reaction. Both acctyl and malonyl groupings are transacylatcd to ACP for 
fatty acid synthesis. Enzyme thiols, i n  addition to those of the phospho- 
pantetheine prosthetic group, are also implicated in the process. In the 
yeast system, at Icast, a thioacyl linkage to a cysteiiiyl residue participates 
at one stage. 

A turn of a generalized fatty acid synthesis spiral is presented below 
where the intermediate carriers are rcpresented as ACP units tightly 
bound to a niultienzyme complex, @ . 

Specific details vary somewhat from species to species, but this schenic 
illustrates a typical phospliopantctlicinc protein involvement. 
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Generalized fatty acid synthesis spiral 

0 0 
I 1  I 1  

CH3C-SCoA CH3C-SACP-1 

635 

0 y 
- -L 
I 

, __-- - -_  I I  ,,-- 
RCHZC-SACP-1 &’ 

0 
II 

HOZCCHZC-SACP-Z 

CO, .;/ 
HSACP-1 

0 0  
11 I 1  

RCH,CCH,C-SACP-2 

0 
RCH,CH,CH,C-S I1 --ACP-I 

0 

H S A C P-2 

1 

0 
0 

H S A C P-2 @ 

1 
HSACP-1 

0 
II 

RCH,CtI,CH,CS-ACP- 2 

Acetyl coenzyme A transfcrs its substitlient to ACP-I of the synthetasc 
complex where it serves as the start of the growing chain. A subsequent 
acetyl coenzyme A unit is carboxylatcd to nialonyl coenzyme A and 
transferred to ACP-2. The acetyl (or higher homologue) segment then 
reacts with the malonyl methylene carbon accompanied by the release of 
CO, and freeing the thiol of ACP-I. The /3-keto derivative of ACP-2 is 
then reduced to the /3-hydroxy, dehydrated to the cu,p-enoyl and reduced 
to the saturated fatty acid derivative. The acyl group is next transferred to 
ACP-I. With the entry of a new nialonyl unit on ACP-2 the scquence 
repeats and the chain is built up two carbon units at a time. N o  inter- 
mediates are released from the coniplex unt i l  the long-chain fatty acid is 
completed. The fatty acyl linkage is then transferred from ACP-I to 
coenzyme A for use in the synthesis of complex lipids. A direct utilization 
of the ACP thioester for acylation of lipids probably occurs in some 
systems. 

The point of note is the special role of the nialonyl thiocster in the chain 
elongation process. The presence of the additional carboxylate group 
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adjacent to the inethylene carbon increases the stabilization of a carbanion 
a t  this position. This fiirther facilitates proton dissociation and attack at 
the carbonyl of the other ACP-bound thioestcr. The concerted loss of C o ,  
renders the rcactioii essentially irreversible and provides a thcrniodyna~nic 
situation favourable for chain elongation. 

Multienzynie complexes responsibfe for the assembly of the cyclic 
polypeptide antibiotics, graniicidin and tyrocidirie, also contain protein- 
bound phosphopantetheinc. This prcsumably participntes in  the enzyme- 
directed pcptide bond assembly as an amino acyl carrier. Citrate lyase 
catalyses the cleavage of citratc to oxaloacetate and acetate without the 
involvement of coenzyme A. This has poscd somewhat of a dilemma 
since tliiocster activation is considered nicchanistically important in the 
oxaloacetate-acetate condensation S C ~ L ~ ~ I I C C  and presumably should also 
be necessary for decondensation. Recent evidence implies that the enzyme 
contains a pliospliopantetheiiic unit which is acctylated in  the active 

The reaction is envisaged as an acyl exchange with citrate, 
releasing acetate and generating a citryl thioenzyme. This thcn undergoes 
a thioestcr-promoted dccondcnsation relcasing oxaloacetate and re- 
generating the S-acetyl enzyme. 

Proposed citrate lyase mechanism 
0 

I I  

CH2CO2H 
I 

I-IOCC0,H 
I 

CH,OI-I 
citric acid 

citryl enzyme  
0 

acetyl enzyme 

CH,COzH 
oxaloacetic acid 

TINS the biological importance of the pliospliop3titetlieiiie group as a 
catalytic centre is widespread. Numerous cxamples of the role of coenzyine 
A are known and the list of pliospliopantctheitie enzyme centres is 
growing. The principal reactive element is the thiol, although other 
attributes of the unique pcptide will undoiibtedly prove important. Thc 
thiol serves as the site of thioester formation and its particular chemical 
attributes facilitate acyl transfer, carbon chain modification and con- 
densation reactions. The plios~hopantetlicinc thiol rcpresents the most 
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cxtensively investigated exaniple of this functional group i n  biocheinical 
processes. 

D. Lipoic Acid”. 19 

Lipoic acid is a five-membered cyclic disulphide ring with a fivc-carbon 
carboxylic acid chain. When reduced it provides 3 constrained dithiol 
centre. This disulphide-dithiol cofactor is covalently bound to one of the 
enzyines i n  a multienzynie complex which catalyscs oxidative decarboxy- 
lation of a-kcto acids. In the coLlrse o f  the rcaction three foriiis of thc 
prosthetic group participatc; the cyclic disulpliide, the dithiol niid a thio- 
ester of the dithiol form. 

Forms of lipoic acid i n  a-keto acid decarboxylase-dehydrogenase 
0 
II 

SH SH SH S-C-R s-s 

-co2t-i -C02~ -C02H 
lipoic acid dihyclrolipoic acid 6-S-zcyl dihydrolipoic acid 

The reactions of the a-keto acid decarboxylasc system occur in  a highly 
organizcd complcs of enzymes which utilizes a number of cofxtors in 
addition to lipoic acidjO. It  has bcen proposed that a long flexible arm 
resulting from the amide linkage of the lipoyl carboxylatc to an c-amino 
group of a protein lysiiie permits thc disulphide-ditliiol centrc to scviiig 
from one active site to another within thc confines of the complex. The 
lipoic acid ccntre thcreforc may servc a physical transport role within its 
special envircnnient, in addition to its chcniical participation i n  the 
reaction sequence. I n  thc initial reaction of the 0-keto acid s),stem a 
thiamine pyropliosphate-nietliat~d decarboxylation rcsiilts in a thianiinc- 
aldehyde adduct. This is oxidized by the lipoic acid disulphidc and 
the rcsulting acyl transferred from thiamine to the thiol a t  carbon-6 of the 
dihydrolipoyl residue. A second enzyme of the coniples then transfers the 
thioacyl froni the dithiol to coenzyme A. This system thus provides OR:: of 
the major routes for acyl coenzyme A production from sugar and amino 
acid nictabo!ites. At the reactive centre of the third cnzynic of’the coniplcx 
the lipoyl disulphidc is rcgenzratcd by oxidation of the dithiol by a nicotina- 
liiide coenzyme. The dihydrolipoyl deliydrogenase is 811 L I I I U S L I ~ ~  flavo- 
protein which will bc discused subsequcl;tly as an cvample of a dithiol- 
disulphide electron transfer protein. 

Lipoic acid links two of the major biochemical rolcs of thiol groups, 
beilig both involvcd i n  clcctron transfer and the gcncration of high 
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Action of lipoic acid in pyruvatc decarboxylase ccmplex 

0 
II 

c 0 2  H 0,C- CCH, 
R / 

TPP-CCH, TPP decarboxylase 
,4 

energy thioester bonds. By positioning the two thiol groups in a close 
relationship specific oxidation is facilitated. The presence of strain in the 
five-membered dithiolane ring system also may be an important aspect of 
lipoic acid biochemistry, but its functional significance has remained moot. 

There are relatively large amounts  of lipoic acid and dihydrolipoyl 
dehydrogenase in photosynthetic tissues. Their presence still lacks a 
satisfactory explanation i n  t z r n s  of a particular functional role. Proposals 
implicating thc lipoate dithiolane ring system in primary cnergy trapping 
or in the transfer and utilization of clilol-ophyll-trapped energy has not 
gained any real acceptance51. 

Photosynthetic carbon dioxide fixation into n-kcto acids has recently 
been found to be the ilia-jor pathway i n  some organisms. The process 
appears to be essentially a reversal of the mitochondria1 oxidative 
decarboxylation process””. The photorcduction is mediated through a 
ferredoxin system similar to  the photosynthctic nicotii1amide coenzyme 
reductase. The involvement of lipoic acid has not yet been shown, but it 
would bc expected and could provide the long-soiiglit role of lipoate in 
photosy ntliesis. 
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The really unique reaction of the lipoate centre in a-keto acid metabolism 

is the oxidative thioester formation from a thiamine-coordinated 'active 
aldehyde'. Thiol transacetylase and dithiol-disulphide oxidation reduction 
roles are well-known attributes of other biological thiols. Unfortunately 
mechanistic studies on this reductive acylation of a cyclic disulphide have 
so far received little attention. Proposals that a lipoic acid-thiamine 
pyrophosphate compound was the functional entity in cu-keto acid 
oxidation have been completely abandoned, but data supporting this 
concept remain unexplained. Investigations in this area might have some 
relevance for the reductive acylation process. 

Enzynie systems have been found for the formation and hydrolysis of 
the lipoyl amide linkage a t  appropriate lysine e-amino groups of 
enzymes". The lipoic acid is activated by ATP to form a lipoyl adenylate, 
possibly as a n  enzyme-bound form, which then transfers the lipoyl group 
to the protein amino group. 

Attachment and release of enzyme-bound lipoic acid 

lipoic acid+ATP - lipoyl-AMP+H,P,O, 

H 
lipoyl-AMP+H,N-protein ___ lipoyl-N-protein+AMP 

I f 3 0  
H 

lipoyl-N-protein lipoic acid+H,N-protein 

The specific cofactor attachment and removal system could reflect an 
effective enzyme control mechanism. At present there is no evidence that 
such a control is manifest within cells, and these reactions must be viewed 
as synthetic and degradative processes. 

It should be noted that most enzyme studics concerning this disulphide- 
dithiol coenzyme have actually been carried out with either free lipoic 
acid or lipoamide and not a protein-bound cofactor. While this has been 
a pragmatic necessity, certain reserve should be maintained i n  extrapolating 
from such studies to the protein-bound prosthetic group. 

The only established lipoic acid function is that in the a-keto acid 
decarboxylase-dehydrogenase coniplexes, although several examples of 
this type of enzyme with varying substrate specificities are known. Other 
examples of lipoic acid enzynies have been sought, but other dithiol- 
disulphide enzymes have been shown to be free of lipoic acid residues. 
Sulphoxide derivatives of lipoic acid are easily isolated, and their possible 
biological function has also been suggested. However, presently accepted 
dogma dismisses the more oxidized forms of lipoic acid as artifacts of air 
oxidation during isolation. 
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E. Thiol Proteins53-60 

A large number of functional proteins are known in which substitution 
of some or all of the thiols of cystcine residues interferes with activity. 
Most frequently this is only a reflection of a requirement for the thiol in 
maintaining a proper configuration or subunit interaction. In sonic cases 
a thiot group is believcd to cxist in or near the active site and possibly 
play a role in substrate or cofactor binding. In a few enzymes the cysteine 
thiol is known to play a critical role i n  the catalytic process. In all of these 
cases enzyme activity or other biological function can be influenced by 
reaction of the protein with thiol-specific reagents. The diverse spectrum 
of clietnicals used to probe for thiol function in biological reaction systcms 
will not be discussed here, nor will the limits of their supposed specificity. 
Other sources should be consulted for information on these fascinating 
but overly extensive topics"7-"". I t  is probably important to point out, 
however, that a variety of types of chcmicals are commonly employed 
i ncl ud i ng met a1 ions, organo nie tall ics, a1 k ylat i ng agents, and dis ti1 phide 
oxidants. Sometimes quite different results are achieved with different 
agents. Furthermore, tlieir specificity for thiol functions is not complete. 
Thus evidcnce for thiol groups based on thiol-specific reagents must 
always be viewed with caution. Onl!~ in those cases where there is strong 
collaborating evidence can indications for thiol function be considered 
secure. 

Those proteins for which the thiol has 110 known specific ftinctioii arc 
not rcally of interest for thc prcscnt discussion since no particular aspcct 
of thiol chemistry can be related to tlie biological activity. Most of' the 
emphasis will be reserved for thoscs cases where the thiol groiip 
participation i n  the reaction is clearly established. Examples where thiol 
involvement is merely postdated will be mentioned only if they represent 
particularly interesting possibilitics of thiol fbnction. 

1. Thiocster enzyme intermediates 
Glyceraldchydc phosphate dehydrogcnasc probably holds thc distinction 

of being the classic thiol cnzymc in the minds of most bioclic~nists~~"~'". 
The thiol is bclicved to bc involvcd in the initial attachiiicnt of tho 
:ildehydc substratc as ;L tliiolie~iiiricctal. The enzymc-bound thiohemi~cetal 
is then oxidizcd by N A D  a gcnerating an enzynrc-boiii!d thioestcr. I n  more 
sopliisticatcd proposals for this niechaiiisni the nicotinainidc cofactor 
interzcts with the active centre tliiol as a charge transfer type of complex. 
This facilitates tlie reaction of the thiol with the carbonyl of the substrate. 
Thc thiol addition and the elccti-on transfer to nicotinamide occur 
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siniultancously so that the thiohcmiacetal actiially docs not build up as 
true stcady state iuternicdiatc. 

The thiocster of phosphoglyccric acid is gencratcd as an enzyme-bound 
reaction intermediate. It posscsses a highly negative free energy of 
hydrolysis and is capable of driving ATP synthesis. The frecly reversible 
interaction of a thiol with an aldehyde carbonyl followed by oxidation 
of the thiohemiacetal has provided the cell with a niechanisni for trapping 
part of the energy released in thc conversion of an aldehyde to an acid. 
The enzymebound thiocster undergoes phospliorolysis in the normal 
course of events, freeing the enzyme thiol and producing I ,3-diphospho- 
glyceric acid. This enzynie system is fiilly reversible and the thioestcr 
iiitcrmediate can bc gencrated from the acyl phosphate. 

Glyceraldehydc phosphate de1iydroge:iase react ion 

HO-C-S ... “*5 
I 

HCOH 
I 

H,COPO,H, 
I ,S’ \ 

H2COPOjHZ H 1 

\NADH 
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I 

I-ICOH 
I 

H,COPO,H, , 
g I y c e  ral d e h y d e- 

3-phosp h a  te 

+ 
0 
II 
C-OP03H2 
I 

HCOH 
I 

H,COPO,H, 

1,3- d i p Ii 0s p Ii og I y cer I c 
acid 

Trcatnient of the enzymc with acyl phosphate i n  the complete absence 
of reduced cofactor has allowed the thiol enzyme derivative to be prepared 
and separatcd from its rcaction mixture. This in turn has perniitted 
considerable charactcrization of the cnzgnic thiol. No special cofactor is 
involved. The thiol of a cysteine residue from the main peptide chain of 
the enzyme provides the reactive centre”. This cnzyme demonstrates that 
thc acyl transfer rolc of thiocsters in biological systems is not restricted to 
phosphopantethcinc and dihydrolipoate derivatives. The reactions of the 
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enzynie thioester are analogous with the transacylations to phosphate and 
hydride ion described previously (section I II.C.3). Acyl transferase 
reactions to hydroxylamine, arsenate, methylmercaptan and even a 
nitrogen within the enzyme itself can be demonstrated with acylated 
glyceraldehyde phosphate dehydrogenase. These reactions probably have 
no  biological significance but have proven useful in substantiating and 
characterizing the thioester intermediate. 

The thiol enzyme for which the most detailed mechanistic formulations 
have been proposed is papainG2SG3. In this enzyme a cysteine thiol group 
appears to functicn in the same nianner as the serine hydroxyl of other 
proteases and esterases. In the hydrolysis of proteins by this plant protease 
there is an intermediate formation of an acyl thiol, which is subsequently 
cleaved by water. 

M ec I1 a n is m of pa pa i 11 p rote01 Y Si S 

R-C-NH-R' 
I1 
0 

I 
0 

(--) 

II 
0 

H,N-R' 

p N H  - -1 \ S-H NJ"" 

R-C-OH R-C-OH 
'S H "yJ 

I I  
R-C OH I I1 

I1 0 0 
0 ( - )  

Iinidazole from an enzyme histidine and possibly an enzyme 
carboxylate group are thought to participate in the reaction. X-ray 
crystal analysis of the proteintiJ has established that a cysteine at position 
25 and a histidine at  position 159 are so positioned that they can participate 
in  a hydrogen-bonded reactive centre. An aspartic acid at  position 158 is 
also close enough to influence the rsaction. The papain-active-centre thiol 
shows exceedingly rapid rates of reaction with certain thiol reagents. This 
suggests an enhanced nucleophilic character due to interaction with the 
iniidazole and possibly other functional groupings in the reactive centre. 
The participation of a cysteine thiol in papain and other plant proteases 
must be considered unusual from the standpoint of thiol chemistry. Acyl 
transfer from aniide nitrogen to sulphur is not considered thernio- 
dynamically reasonable, except under unusual circumstances. In this 
regard it is interesting to note that the active-ccntre serine hydroxyl of the 
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bacterial protease, subtilisin, can be chemically converted to  a thiol and 
still retain certain enzymatic activities";. This stresses the critical 
importance of the proper juxtaposition of appropriate reactive groupings 
as opposed to the precise chemical attributes of a n y  single functional 
group in enzymatic catalysis. 

An intermediate formation of a thioester, facilitated by adjacent acid 
and base groups, has also been proposed as a general mechanism for 
glutaniine-mediated amination reactionsGG. The apparent function of 
glutamine in such reactions is to provide a source of unhydrated ammonia 
a t  the reactive centre. This is accomplished by hydrolysis of the aniide with 
the following type of mechanism being suggested : 

Proposed reactions for ammonia generation f rom glutamine 

L_, to acceators "m .. .. B 

H O  
I1 

Thus thioacyl cysteines appear to participate i n  the catalytic function of 
diverse types of enzymes, even when the conservation of a high energy 
bond is not the prime consideration. 

2. Persulphide enzyme  intermediate^'.^^ 
Rhodanese provides an example of a thiol enzyme of a somewhat 

dilrerent type. This enzyme, which is widely distributed throughout 
nature, catalyses the formation of thiocyanate from thiosulphate and 
cyanide. This reaction probably does not represent the true biological 

Rhodanese reaction 

HSSO,H+'-)CN - (-)SCN+H,SO, 

action of the enzyme, although it could provide a system for the 
detoxification of cyanide. The reaction is more likely only a convcnient 
means for the in uitro assay of some uncharacterized sulphur-transferring 
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system. The proposed mechanism involves an initial transfer of sulphur 
from the donor to a n  enzynie thiol group producing an enzyme per- 
sulphide. The persulphide sulphur is then displaced by the acceptor- 
regenerating enzyme thiol. 

Persulphide enzyme mechanism for rhodanese 

Enz-SH Enz-S’-l Enz-S-S-’ Is P-- .” 

Some doubt that enzyme persulphide per se exists in the enzyme 
intermediate has been indicated, but a t  least a n  enzyme-stabilized 
equivalent of persulphide seems generally accepted. A release of the 
intermediate persulphide sulphur from the enzyine can be erected by 
heat or trichloroacetic acid treatment. 

The enzynie transferring sulphur from 3-niercapto pyruvate appears t o  
have a similar mechanism, involving a persulphide-like enzymatic inter- 
mediate. The possible role of this enzyme in transsulphLtratiori from 
cysteine has been discussed earlier. 

Thiol pyruvate transsulphurase reaction 
CH,SH c H3 
I 

C = O  + Enz-SH 
I 

CO,H 

Enz-S-S-H 4- acceptor --. Enz-SH -!- acceptor-SH 

I 
C = O  + Enz-S-S.f-I 
I 

CO,H 

In the prcsence of disulpliide-reducing agents there is a production of 
sulphide froni pcrsulphide cnzyme intcrmcdiates. Dihydrolipoate (or inore 
likely a protein-bound form) may bc a natnral acceptor substrate for such 
enzymes. Only one optical isomer reacted in the rliodanese system, 
suggesting the presence of a specific binding site. It was presumed that one 
of the dihydrolipoyl thiols acted as the sulphur acceptor with a subsequent 
release of sulphide through displacement by the adjacent thiol. Thcrefore 
t hcse enzymes may nor nial I y f u  iict i on in reductive desul ph LI ra t  i o n . 
Alternatively, transsillphuratioI1 by way of the enzyme pcrsulphide inny be 
thc important biologic;.l process. I t  has bcen proposed that rhodancse, 
and by inferelice other enzyme pcrsulphide transfcrases, may be the 
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Po s si ?I I I 13 ers u 111 h i d e  niecl ia t e d  d e s  ~1 I p h y d rat i on ni ec Iian i s m  

SH SSH 

645 

irninediatc donor of‘ the ‘labilc sulphidc’ for the biosynthesis of nonhaem 
iron proteins such as ferredoxinG5. 

Evidence for the prcsence of a persulphide group in the active form of 
xanthine oxidase has recently been prcsented, and a direct catalytic role 
for thc group is proposcd”). Thus protein pcrsulphides niay play a 
significant functional group role i n  thcir own right. 

Proposed role of persulphide in xanthine oxidase 

3. Thiol-binding centres 
Another way tliiols can participate in enzymne reactions is by binding 

substrates or coenzymes at the active site. A clear differentiation between 
involvement i n  catalytic and binding functions is seldom possible, but a 
binding role is presumed whcn protection of the critical thiol is afforded 
by the prescnce of substrate and no specific catalytic role is suspectcd. 
There are only a few proven examples of thiol substrate binding other than 
those already discussed in which a precisc catalytic role is also proposed. 
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The clearest examples of thiol-binding centres are those in which the 
linkage is covalent. Attachment of the haem group to the cytochrome c 
protein occurs through two cysteine thiol residues5%. The sulphydryls add 
across the double bond of two vinylic side chains of the iron tetrapyrrole, 
providing thioether bridges between the protein and the prosthetic group. 

Haeni linkage to human cytochroine c 

.- lys-cys-ser-glu-cys-his JV. 

S 
I I 

\ / 
S 

CH, CH, CH, CH, 
I I 
CH, CH, 

I I 
CO,H CO,H 

The binding of a flavin prosthetic group to hepatic monamine oxidase 
has recently been reported to involve a thioliO. FAD is linked as a thio- 
ether formed between a cysteine and a methyl substituent on the dimethyl 
isoalloxazine. While binding is generally conceived to be a reversible 
process and these cases must be viewed as an extreme, they do provide 
clear examples of the general concept. 

Flavi n t j i  ndi ng to nio na 111 ine Oxidase 

5 
NH 
I ri bitol-AMP 

c=o 
2 

0 

A frequently postulated binding role for thiols is in the attachment of 
metals to metalloproteins". The involvement of thiol ligands will infuence 
the strength and specificity of metal-complexing centres and in this way 
could afTect the structure and function of proteins in rather specific ways. 
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Polythiol metal-binding sites will be discussed in section 111.F.4, but 
single thiols acting in coiijunction with oxygen and nitrogen ligallds are 
also quite important. 

Loss of titratable thiol in  the presence of zinc and the magnitudes of the 
stability constants for a series of enzyme-metal complexes has implicated 
a n i trogen-su I ph u r nietal- bi nd i ng centre i n  bovi nc carboxy pe ptidase. 
However, no cysteine side chains were faund within the zinc coordination 
sphere on X-ray crystallographic analysis, casting considerable doubt 011 

tlicse conclusions72. A thiol has aiso becn iniplicatcd i n  metal binding by 
liunian carbonic anhydrase, but the complete lack of cysteine i n  the 
bovine cnzyme makes this contention somewhat uncertain since zinc 
binding by both enzymes is very siniilar. Metallothiol centres may them- 
selves act as binding sites. A metal ion bridge is thought to be involved i n  
nicotinamide coenzyme binding by alcohol deliydrogenase and there is 
evidence that the protcin centre includes a thiol. 

Most claims for thiol participation in bindi:ig arc bascd on protection of 
sulphydryl groups by the presence of the ligaiid or on lack of binding if 
tjiiol groups have been blocked. Unfortunately, it has Ixcanie increasingly 
obvious that such evidence docs not necessarily mean that the thiol is 
directly involved or even that it is near the binding site. Attachmcnt of 
substrate can simply mask an otherwise uninvolved thiol, or can induce a 
coiiforniational shift which alters thiol reactivity. Conversely, the integrity 
of distant thiol groups may be necessary for the propcr binding con- 
figuration of thc protein. Their dcrivatization could produce structural 
rearraiigcments which would eliminate binding and activity in distant 
parts of thc molecule. In fact, certain enzyme activities can be enhanccd by 
thiol substitution, implying that tlic thiol effect must be taking place away 
froln the active centre. Early studies showed that substitution of sulpliydryl 
groups on liaenioglobin altered thc nature of the oxygen binding and 
cliniinated haem-Ilaem interactiong'. This would aow be ex~lained as 
bcing due to alterations i n  subunit intcraction since it is known that thiols 
are not i n  or near tlie oxygen-binding sitcY3. 

4. Thiols 2nd disulphides in protein structures1 
The most coninion thiol role is participation in tlic ovcrall structural 

integrity of proteins. Except for the special case of the disulphide linkage 
this can be viewed as a rather nonspecific and passive function. This is 
not to imply that i n  any  given circumstance that another aniino acid side 
chain might serve as effectively as cysteinc or methionine, but rather to 
point out that these aniino acids are no more critical in  their place than 
are a n y  other in  theirs. From an csperimental standpoint there is one 
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special significance of the sulphydryl group in protein structure. It is the 
ease and specificity with which it can be modified. The list ofenzynies which 
have their activity influenced by thiol-specific reagents far exceeds thc 
number for which a defined role in  binding or catalysis can be established. 
In most of these cases it must be concluded that the thiol reagent sensitivity 
represents the loss of some critical structural feature upon thiol modi- 
ficat i o 11. 

I t  is also not surprising that quite contradictory effects can sonietimcs 
be achieved with various tliiol reagents since thcse introduce differciit 
bulk, ionic charge or hydrogen-binding capabilities at the sitc of sub- 
stitution. 

While offering little infoniiation on the active structure of protcins, 
modification of these 'striictiiral' sulphydryl residues has becn helpful to 
the biochemist in many instances'". As examples one can cite the increasing 
iillCCeSS of thiol reagents in dissociating subunit enzymcs arid rcleasing 
tightly bound cofactors without dcstroying covalent linkages. Whcn the 
thiol blocking agent can subsequently be removed, as is the case with 
organic incrcurials, the reassembly of fiinctioning units can sometimes be 
achieved. 

I t  is as the disulphide that the structiiral importance of the thiol i n  
proteins can best be appreciated'". Covalent disulphidc bonds provide 
bridges that are much stronger than the hydrophobic and hydrogen- 
bonded interactions believcd respoiisiblc for initial protein folding. Thc 
real uniqueness of the thiol-disulphide structural system lies i n  the casc 
with which it iiiay be formed, broken down and reformed under reasonablc 
biological conditions. The principal method for the making aid brcaking 
of protein disulphides is by disulphide interchange. This process, as 
mediated by glutathione, can be coupled to celliilar redox systems by a 
specific reduced nicotinamide coenzyme-disulphidc rcdi:ctasc. Thus, 
protein disulphide structure can be fornicd, be rearranged and broken up 
by systems involving low molecular weight thiol-disulphide couplcs. 

Howevcr, a major disulphide contribution to structiircs within the cell 
is made unlikely by the observation that disulphidc bonds arc relati\,cly 
rare in interccllular proteins. In fact wc have rrlrcady discirsscd thc possiblc 
role of glutathione in niaintaining protein thiols i n  the reduced statc. I t  is 
really with proteins that operate outside the cell that one finds the great 
importance of disulphidc-stabilized structures. OIX can reasonably 
rationalize this fact in two ways. Since the protein must operate without 
the protective environment of the cell, random disulphide formation would 
evcntually occur. By initially fising most thiols a s  disulphidcs in  an acti:c 
configuration the chances for deletcrious random disulphide fornirrtioii 
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would be reduced. Another view would contend that extracellular proteins 
must survive and function in a much more variable and hostile cnvirollnlellt 
that1 C C l l l l h r  cnzynics. They therefore require greater rigidity and all 

ability to function cveli i f  partially damaged. ’These attributes are afforded 
by disulphide cross !inking. Both explanations probably have some truth 
with the inevitability of disulphidc forniation and the increase in structural 
stability once formcd contributing to tlie importance of this system. Sillce 
ninny of thc most abundant and best studied proteins are extracellular 
many examples are known i n  which functional structure is dependcllt on 
d is 11 I ph ide bridges. 0 t i  1 y a few examples il I us trati ng certain generalizations 
will be discussed. 

I t  is iniportant to rcmcmbcr that the position of disulphide bonds 
cannot be directly specified by the genetic code and disulphide formation 
must occur subsequcnt to the assembly of the peptide chain. There is now 
strong evidence for the idea that tlie initial three-dimensional folding of a 
protein is totally 2 consequencc of t!ie primary amino acid sequence. Tlie 
sainc is true for the association of subunits into functional complexes. It is 
only after weak interactions have brought about a highly favoured con- 
figuration that the disulphide formation occurs to ‘lock in’ the protein 
structure. Disiilphide cross linking does not create form, but only fixes 
what was initially dictated by the linear peptide sequence and weak 
bonding forces. 

Tlie exnct nature of the oxidant for the normal biogenesis of disulphides 
is 11 ti cc r t ai I 1. Lo lev nio lec it 1 a r \vc igh t protein d i s u 1 phi de-d i t 11 i ol electron 
transport cnrriers are implicated. Thc cytological localization of the process 
is niore certain. A membrane-bound microsomal enzyme which catalyses 
a protein disulphidc ii?tercliange is probably responsible for assembly of 
disiilpliide-stabilized structures. This activity is most prevalent in those 
cells which are producing and excreting disulphide-stabilized proteins. 
The cnzynic occupies a position on the niicrosomal membranes at  or near 
the site for ribosome binding. I t  is therefore directly available to act on the 
1:ewly asseniblcd peptide chains. Assay of this enzynie depends on its 
ability to reform the active, disulphidc-stabilized, structure of ribonuclease 
from a randomly cross-linked mnte;irrl. Of tlie 105 possible disulphide 
combinations, only one is proper and active. Actually this one ‘correct’ 
structure can reform in reasonably higli yield if oxidation conditions arc 
properly controlled. The microsonial disulphide interchange enzyme 
facilit:ws the prccess by promoting rearrangement of inappropriate 
disulphide patterns. The intcrchange capacity of the system is important 
because it allows the ne\vIy formed protein to achieve its best and 
prcsiimably proper folding pattern even if  Some PreliiatLlre oxidation 
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might occur. It also seems reasonable to assume for the present that this 
same enzyme is responsible for the initial oxidation of the thiols on the 
newly synthesized protein. Since this probably involves a n  intramolecular 
disulphide exchange with a disulphide-dithiol redox carrier no new 
catalytic capacity need be involved. The exclusive association of this 
disulphide interchange activity with rough endoplasmic reticulum is 
consistent with the idea that disulphide proteins only occur extra- 
cellularly. These are the cellular structures believed responsible for 
assembly and vacuolization of excretory proteins. 

It is also possible that disulphide bond forniation and rearrangement 
occurs after excretion of the protein from its cell of synthesis in some 
cases. This would best account for assembly of very large sulphur-rich 
aggregatcs such as hair. Exact cross linking fidelity is probably not SO 

critical i n  these cascs and complete assembly of such large cross-linked 
meshworks within a cell is clearly impossible. 

The most dramatic examples of the importance of disulphides for 
biological function are found among enzymes which are initially produced 
as inactive precursor proteins. Chain folding and disulphide bonding 
patterns reflect the primary peptide structure of this inactive zymogen 
molecule. Activation usually involves the cleavage of peptide bonds and 
sizeable peptide segments may be removedi6. The protein arrangement is 
no longer one that would form spontaneously. The maintenance of the 
active structurc is complctcly dependent on the disulphide linkages. 

Cliyniotrypsinogen, as synthesized by the pancreatic cells, is a single 
polypeptide chain which can maintain its native configuration if the 
disulphide links are reduced. Activation, by a series of peptide bond 
cleavagcs, cventually results i n  three separate polypeptide segments held 
together by disulphides, as indicated diagrammatically below. Destruction 

C hynio t rypsi ti ogen activation 

c h y  m o t r y  psi t i  o g en 
A-c h y m o t ry p s i n 

of the disulphide links now results in  separation of subunits. Reassembly 
cannot occur and activity is completely and irreversibly lost. 
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An example involving another familiar protein is the biosynthesis of 

insulin". This hormone is assembled as a continuous chain of 73 amino 
acids. Subsequent to  folding and the establishment cf disulphide bonds, 
a 22-amino-acid segment is removed from the centre of the protein. This 
provides the two-standard, disulphide cross-linked structure of the active 
molecule. Thus one gencral function which can clearly bc assigned to 
disulphides is the maintenance of appropriate structure after secondary 
protcin modifications have occurred. 

A closely related role for disulpliide bridging is in 'freezing' subunit 
arrangenients"'. The four peptide chains of tile typical antibody molecule 
arc held together in proper position by disulphide bonds. A vast variety of 
individual antibodies can coexist in the blood without a n y  mixing of sub- 
units. I f  the disiilphide bonds holding the chains together are reduced, the 
proper type of subunit interaction can be maintained under certain 
experimental conditions. However an interchange of subunits can now 
occur. The presence of the disulphide bridges in the native structure 
cnsiires that subunits forming the two identical and highly specific binding 
sites will remain together in  the general circulation. While such subunit 
assemblies must be formed by spontaneous and reversible interactions at 
their point of synthesis, they can be prevet?tcd from undergoing subseq~ient 
rearrange men t by d i s u I phi de bonding. 

Large disulphidc-linked aggregates are found in hair and rc!ated animal 
keratins'*.'!'. In  fact the cardinal characteristic of \vooI, nails, Iioriis, 
feathers, etc. is their high siilphur content. The basic keratin system is 
believed by niost to be composed of two protein subtypes. Onc type forms 
filamentous fibrils which are wound arrays of protein strands. Differing 
arrangements of fibres and patterns of protein folding distinguish the a- 
and /3-keratins. Fibril proteins are rather low in cysteinc content and 
hydrogen bonding and hydrophobic interactions ilnpart their strong 
fibre-forming tendencies. The keratin fibres are embedded in a protein 
matrix having no recognizable order. The matrix proteins are extremely 
rich in cysteine and also eixiched i n  serine, threonine and proline. Thc 
Iiigh sulphur proteins arc extensively crosslinked to each other, and to the 
s u I ph 11 r-po or fibrous con st i t ~ i e  nt s through d is LL I ph i d c bonds. The s u 1 ph 11 r- 
rich fracticn probably docs not reprcseiit a single protcit.1 but rather a 
mixtlire of related proteins. Thc nature of this mixture and the amounts of 
the individual constitileiits vary with the type of structure formed (hair, 
feather, horn, etc.) and to sonic extent with the diet of the ar,irnal. Newly 
synthesized hair proteins are actiially soluble, but by 4 to 6 hours they 
can 110 longer be extracted into water and by IS to 20 hours 111uc11 of the 
i11aterial canllot eycn be solubilized by tirea. This s1~SVsts that assen1blY 
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of tlie crosslinked disulphide meshwork occurs long after the initial 
peptide assembly is completed. The high sulphur proteins have been 
extremely hard to study because of the dificulty i n  dissolving theni without 
in odi fy i ng b rzc k bone s t r it c t u res . The bi oc he m is t r y o f t h is complex s y s tcm 
is only beginning to be unravelled, principally by chemists interested i n  
modification of the basic structures fcr textile or cosmetic application. 
However, there is little doubt lliat disulphidc boiids constitute the 
principal structural feature of hair and otlicr keratin asscmblics. 

Another area i n  which a critic21 fiti:ctional role for protein disulphides 
has bcen suggestcd is in tlie action of the polypeptide hormonese0. A small 
cyclic disulphide loop is a common feature i n  many of these molecules. 
This has drawn attention as a possible site for hormone binding to the 
target cell. The greatest aniount of evidence supporting this idea concerns 
the action of antidiuretic hormone or vasopressin. The hormone is bound 
in  the kidney by a thiol-cleavable bond, and no such intcraction occurs 
with other tissues. Thiol reagents prevent binding, and reduction of the 
hormone's disulphide causes inactivation. Diuretic efTects can be achieved 
by a wide variety of compounds which share an ability to react with thiols. 
The idea of a disulphide loop being a site for attachment to a target thiol 
by disulphide interchange is attractille and may prove to be a generally 
significant disulphide function. 

Almost all proteins contain some cysteine, but i n  only a minority of these 
can the thiol group be assigned a definite role. Nonetheless the list of thiol 
functions in proteins is long and clearly exemplifies the iniportance of this 
group in biological systems. 

F. Dithiol and Polythiol Proteinsq? 

A special typc of thiol fitnctioijal group can be achieved by constraining 
more than one thiol group into a poljthiol centre. An example has already 
been considered, lipoic acid, where the presence of two thiols on tlie same 
carbon chain facilities a dithiol-disulphide redos system. A similar 
functional centre can be created by the close positioning of two cysteine 
thiols through appropriate secondary and tertiary folding of it polypeptide 
chain. Inhibition by arscnite or by cadmium has bcen considcrcd to be 
indicative of a dithiol invo!vement in  enzyme action. Unf~rtunatcly, a 
lack of knowledge about the precise cheinical specificity of tlicsc dithiol 
reagents has left most suggestions of an enzyme dithiol in doubt. Several 
examples have now been supported by direct thiol assay or active site 
isolation, strengthening the dithiol enzyme concept. Recent studies 011 

dithiol criteria should increase confidcncc in specific reagents when used 
appropriately":', but also cmphasizc the deficiencies i n  the \\'ay suc11 
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criteria liavc often been applied. The division between mono- and dithiol 
functions is quite arbitrary. However, it does emphasize that something 
morc tiian just a summation of two independent groups is achieved by 
making it possible for them to act in concert. 

1. Thioredoxinsn,' 
A dithiol protein, thiorcdoxin, functions in  thc transport of electrons 

from reduced n ico t i na mid e adenine di 11 ucleo t i de phosphate (N ADPH) to 
ribonucicotidcs in the biosynthesis of 2'-deoxyribonucleotides. A thio- 
redoxin type carrier is involved in both vitamin B,, dependent and 
independent type systems. Thioredoxin is frequently described as a poly- 
peptidc cofactor rathcr than a n  enzyme because its activity is not destroyed 

Nucleoside diphosphate reduction systeni 

N A D P  A 
t l i ioredoxin 
rediicinsc 

1 

i ore do x i  n/ /"\, 
'S H 

n u c leos idc 
dip h 0 s  12 tiat e 

red uctase 

OH 
2'deoxyribonucleoside 

dip hos phate 

I I  
OH OH 

ri bonucleoside 
d I pl i  o s ph  at e 

by hcating, arid the niolccular weight is relatively low (approximately 
12,000). '4s sucli it is only one cxamplc of 2 class of small proteins carrying 
rcactivc ccntres which havc bccn recognized i n  recent years. 

Thioredoxin from E. coli contains only two cysteinc rcsidues which are 
linked as c? disulphide i n  thc oxidizcd form of the molecule. These residues 
arc separated by two intervening amino acids, glycine and proline, 
providing a small polypeptide as the functional centre of the molecule. 
When two thioredosins from yeast and the one froin E. coli were compared, 
the ainino acid sequences were identical in the immediate vicirlity of the 
disulphidc- dithiol centre, and quite siniilar for a considerable distance 
bcyonci. 
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Sequencies of thioredoxin active centres 

E. coli 0 Trp-Ala-Glu-Trp-Cys-Gly-Pro-Cys-Lys-Met 
I I 

S S 

I I 
S S 

I I 
S S 

Yeast I - Trp-Ala-Thr-Trp-Cys-Gly-Pro-Cys-Lys - 
Yeast I1 0 Phe-Ala-Tlir-Trp-Cys-Gly-Pro-Cys-Lys-Met - 

The thioredoxins appear to have a highly specific relationship with the 
enzyme carrying out their reduction. Yeast thioredoxin for example is not 
reduced by the thioredoxin reductasc from E. coli. In  contrast reduced 
thioredoxins may donate electrons to a variety of acceptors. Reduced 
thioredoxin is a good general disulphide reductant. In combination with 
its reductase a disulphide reductase system is formed which is capable of 
reducing lipoic acid, oxidized glutathione and other siinilar structures. 
In these cases the thioredoxin-disulphide redox system docs not appear 
t o  require additional enzymatic components. 

Reducing eqiiivalcnts from a given thioredosin can bc donated to  a 
variety of reductasc enzymes. They are not specific for the nuclcotide 
reductase or for enzymes from the same organism. Reduced yeast thio- 
redoxin will serve as reductant for lnethionine sulphoxide reductasc, 
sulphate reductase and the E. coli iiucleoside diphosphate rcductase. Heat- 
stable protein cofactors are known to  be involved i n  each of these 
systems. 

The sulphate reductase factor which has already been mentioned was 
the first of these polypeptide dithiol-disulphide cofactors to be rccognizcd3. 
I n  this case the reduction of PAPS to PAP and sulphite was shown possible 
with a dithiol reductant such as dihydrolipoate or wi th  NADPH and two 
protein components. One of the protein factors was not inactivated by 
heating. Incubation of the two protein fractions with NADPH generated 

El ect ro n transport s y s t e ni  f o r s 11 I 11 hate red u c ti o ii 

N A D P H  

enzyme 

N A D P .  

heat stable -S  ;, lipoate 

Ilea t s:a ble - S H 
factor\ 

SH 

en z 1’ n i  e PAP + H,SO, 

PAPS 
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approximately two nioles of thiol associated with the heat-stable compo- 
nent. The heat-labile rcductase enzyme could not of i tsclf reduce lipoamidc 
or other disulphides. 

There is a growing literature on similar electron transport systems and 
it seeins likely that such small protein disulphide-dithiol factors will be 
found to have a general biological role. It seems reasonable to refer to all 
cofactors of this type as thioredoxins, emphasizing that this is a class of 
con1pourid~ of siniilar but not identical structures which can show a high 
degree of specificity for a given organism or reaction. 

2. Dithiol-flavin enzymeP 
Disulphide-dithiol redox centres are also found in a nunibcr of high 

molecular weight electron-transporting enzymes. Most extensively studied 
of these are the group of flavoproteins which carry electrons between 
disulphidc cofactors and nicotinamide nucleotides. These include lipoyl 
dehydrogenase, glutathione reductase and the thioredoxin reductases. 
These enzymes arc unique in utilizing a conibined flavin-disulphide centre 
for the oxidation of reduced nicotinaniide coenzyme. Each reactive enzyme 
centre is composed of a disulphide formed from two cysteine sulphydryls 
and a tightly bound flavin adenine dinucleotide (FAD). Upon reduction 
by reduced nicotinamide cofactor the two-electron equivalents are shared 
between the dithiol and the flavin prosthetic groups. A fully reduced four- 
electron enzyme containing a dithiol and FADH, docs not occur during 
the normal catalytic cycle. The reduced enzynie site is envisaged as some 
sort of mixed free radical with one electron on sulphur and the other in 
the flavin system. This is not a conventional flavin semi-quinone and the 
possibility of a charge transfer complex between the active elements of the 
redox centre has been proposed. Complete electron transfer to the dithiol 
centre and reduction of the disulphide substrate through a disulphide 
interchange sequence completes the catalytic cycle. 

These dithiol-flavoproteins transport electrons over a redox potential 
range considerably more reducing than is associated with free flavin and 
most othcr types of flavin enzymes. By acting in conjunction with the 
protein dithiol centre, flavin is transformed into a much more powerful 
reducing agent. 

The sequences of the dithiol active centres of two enzymes of this type 
from E. coli have recently been reported8i.sS. The lipoyl dehydrogenase 
dithiol peptide has four amino acids intervening between the two cysteines 
and is rich in hydrophobic amino acids. This has been taken as a reflection 
of a highly hydrophobic pocket a t  the catalytic centre, as had been 
implicated by model substrate studies. The thioredoxin reductase dithiol 
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Lipoyl dehydrogenase reaction 
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d i t Ii iol in hi bi to rs 
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centre has only two residues between the cysteines. The ditliiol peptide of 
thioredoxin itself is the same size as that of its reductase but the sequences 
are quite distinct. 

Amino acid s eq  LI e n ces of d i t 11 i o I-d i s u I p t i  i de ce n t res 

Lipoyl dehydrogenase JIP Val-cys-leu-asn-Val-gly-cys-il u-pro-ser 

Thioredoxin rcductase 0 ala-cys-ala-thr-cys-asp-gly-phe - I I 
S S 

1 I 
S S 

Amino acid sequences of the known dithiol-disulphide redox centres 
provide little hope that any specific peptide structure will be found 
associated with this particular activity. Even the size of the disulphide 
ring systems vary, so one must conclude that it is the overall folding of 
the protein which is responsible for the correct juxtaposition of the 
functional elements. 

3. Other dithiol enzymesR2 
The presence of dithiol centres at the active sites of SI variety of additional 

enzynies has been proposed on the basis of inhibition studies. For esaniplc, 
the investigations on aldehyde dehydrogenasc represent one of the earliest 
uses of arsenite as a dithiol diagnostic reagent. The overall data strongly 
support the presence of a polythiol site as a general feature of aldehyde 
oxidases, but its functional role has not bcen established. Because of the 
ease of thioacetal formation a dithiol would make a chemically attractive 
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aldehydc binding sitc. The failure to  find lipoic acid as a part of these 
enzymes makes it likely that tlie dithiol centre arises from the juxta- 
position of cysteine thiol residues. 

The light-emitting Iuciferase system from fireflies has been extensively 
studied and there is strong support for a functional dithiolE9. The extensive 
thiol involvement in fatty acid biosynthesis has already been indicated, 
and some enzynic components have characteristics expccted of dithiol 
centres. There are many additional systems where there is some evidence 
for dithiol involvement, but proof for a clear functional role of a dithiol 
is lacking. 

4. Polythiol metal-binding centres"0 
A polythiol centre can serve as a highly specific metal ion binding site. 

For cxample, polythiol ligands have comc to be thought of as relatively 
selective for cadmium. Actually a number of important metal ions including 
mercury, zinc, lead, copper and iron bind quite well at such centres". 
The order of relative binding afinities for polythiol chelates is different 
froin those involving nitrogen or oxygen ligands. Cadnium, mercury and 
to a lesser degree zinc form the niost avid complexes. 

The polythiol metal complexes can provide functional centres with 
unique properties, a n  example being the nonhaem iron proteins to  be 
discussed in the ncxt section. They also are capable of serving rather 
distinctive structural roles, since the binding of metals can influence the 
overall configuration of the protein. Studics on cadmium and zinc binding 
to thiol-substituted dextran polymers showed that these metals can 
actually organize polythiol-binding centres and might appreciably change 
thc folding of a polypeptide c1iain9'). 

Metals with a high affinity for multithiol coordination tlius could serve 
to generate and stabilize particular protein conformations. Several 
examples of structurally important metal-polythiol interaction havc 
recently appeared. E. coli nspartate transcarbaniylase, the subject of 
extensive investigations concerncd with mechanisms for enzyme control, 
has been shown to contain zinc. Zinc binding appears to occiir at a dithiol 
centre. The metal is required to maintain the regulatory subunit in a 
configuration suitable for Ginding to the catalytic subunit!'". Histidine 
ammonia-lyase is dependent on cadmiiini when enzyme disulphides have 
been reduced, and this has been shown to be due to the formation of a 
nietallo-dithiol complcs9:3. The reactive thiols appear to be contributed by  
separate subunits and tlie complex formation establishes an appropriate 
interaction of the individual components. In the oxidized enzyme, these 
thiols arc linked as a disitlphidc and this form of metal ion activation is 
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not required. In bovine supcroxide dismutase the proper conformation for 
the binding of an active site coppcr ion is maintained by a distinct zinc- 
binding centre”. Two sulphydryl groups pcr zinc are uncovered on 
removal of’ this nictal implicating a dithiol-binding site. Metal bindir.g at 
specific dithiol or  polytliiol sites could constitute a general incchanism for 
stabilizing protein conformation or facilitating interaction between 
SLI bu ni ts. 

A cadmiuin-rich protein, met:illotliionein, has been isolated from 
kidney and other tissues!”. I t  is a small protein of about 7000 inolccular 
weight and is exceedingly rich in thiol groups. One out  of every four to  
five amino acids is cysteine, and thrcc thiols are involved i n  cach cadniiuni- 
binding sitc. Thc biological importance of metallothionein is unknown. The 
simplest role envisaged is scavenging toxic metal ions which might other- 
wise interfere with c r i t ica I en zy ni a t i c processes . Met a I loth i onei n from 
kidneys of patients treated with mercurial diuretics contained increased 
amounts of mercury which could rcflcct a toxic ion sequestering action of 
the protein. Another intcrprctation might be tha t  metallothionein is an 
undegradablc and unexcrctablc end product. I t  might have been derived 
from a thiol-rich centre of a protein(s) which had becn inactivated by 
cadmium. The isolated material would rnercly be the accumulating debris 
of toxic insult. A somewhat intermediate viewpoint would ascribe a 
normal t r x c  metal-binding role to metallothionein. A similar constituent 
has been isolated from liver :ind contains primarily zinc and coppcr. If the 
protein’s normal function was thc storage or  mobilization of these two 
critical trace metals, cadmium would interfere because of its avid binding. 
This would eventually lead to inactive cadmiuni- (or mercury-) saturated 
forms such as thosc isolated from thc kidney. Whatever its role, metallo- 
thioncin is an excellent cxamplc of polythiols serving a s  sclective nietal- 
binding sites. 

5. Iron-sulphur redox proteins95,9G 
One rapidly advancing area of thiol biochemistry involves a group of 

iron-sulphur redos proteins, niosi commonly referred to as thc nonhaem 
iron proteins. This designation dcrives from the fact that more iron was 
present i n  electron transport complexes than could be accounted for by 
thc haeni content. In the invcstigation of bactcrial nitrogcii fixation a low 
nio Icc 11 I ar weight i ro n co 11 t a i n i n g pro t e i n was is o 1 at ed wh ich fit nc t i oned 
as  an clectron transport carrier. This was nanied ferredoxin. An unusual 
chnractcristic was that when tlic protein was treated \ b i t l i  acid to release 
iron, hydrogen sulphide \\.as also produced. A component of thc photo- 
synthetic nicotinaniidc coenzyme rcductase systcni was reco_pnizcd as 
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having similar properties and has conic to be referred to as plant ferredoxin. 
Adrenodoxin, putidarcdoxin, rubredoxin and high potential iron-protein 
are additional nonhaem iron electron transport proteins of a similar 
character. A variety of high molecular weight electron transporting 
enzymes also have been found to have nonhaem iron centres. A triad of 
characteristics has come to be associated: (1)  a tightly bound iron, not 
accountable for as haem iron; (2) an unusual e.p.r. signal in the vicinity 
of G = I .96, not characteristic of typical iron chelates; and (3) the release 
of iron on acidification accompanied by the unmasking of protein thiol 
groups and the generation of hydrogen sulphide. While cach of these 
characteristics is not always demonstrable, they have served to delineate 
a heretofore unrecognized redox centre of wide distribution. 

An intense effort by physicists, physical chemists, biochemists, inorganic 
chemists and X-ray crystallographers has now defined the coninion 
attribute of the nonhaem iron proteins. 1: is an iron centre tetrahedrally 
coordinated by four sulphur ligands. A niiniber of variations within this 
theme are rccognized. The simplest case is found to be rubredoxin from 
Ciustr.idirrrii pa~teiwiarizci~z, a 6000 molecular weight protein whose exact 
electron t ra iisport function is unknown. 

A single iron atom is bound by four cysteine sulphurs with no acid 
labile sulphur being involved. A detailed crystallographic analysis of this 
rnolecule has been carried out, the general features of which are indicated 
~ C I O W ?  

I ron  binding site of rubredoxin 

23 
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The peptide chain can be roughly described as a bent hairpin. The iron- 

binding centre consists of two small dithiol peptide segments. These 
dithiol centres are quite distant i n  the linear peptide sequence occurring 
in the end halves of thc two legs of the hairpin. The peptide folding trans- 
forms these into a compact tetrathiol iron-binding centre. While this 
simplified description does great injustice to the details of the X-ray 
structure analysis, it serves to illustrate the critical features of the metal- 
binding ccntre. It also draws attention to a possiblc relationship of the 
iron-sulphur proteins to thc disulphide-dithiol redox carriers considered 
previously. 

The more typical iron-sulphur centre contains two iron atoms, two 
sulphides and four cysteine sulphurs". It is believed that each iron is 
surrounded by four sulphur ligands i n  an approximate tetrahedral array. 
Every iron is coordinated by two sulphurs from cysteine and two from 
sulphide, with each of the sulphides binding both irons. The general 
structure of the two-iron redox centre is depicted below. 

Proposed structure of a two-iron centre 

Another arrangement for a n  iron-s~~lphur redox centre is found in 
HiPIP (high potential iron-protein) from C/zroniatirmz and the bacterial 
ferredoxins"~ loo. These structures have been elegantly established by 
X-ray crystallography. The redox centre contains four iron atoms, four 
sulphide sulphurs and four cysteine sulphurs from the protein. Each iron 
is again surrounded by four sulphiir ligands in an approximate tetrahedral 
arrangement, but each sulphide sulphur now interacts with three irons. 
The irons are bonded to three sulphidcs and one cysteinc sulphur. The 
iron-sulphur array is roughly cubical with the corners being either a 
sulphide sulpliiir or an iron linked to the protein shell. 

Bacterial fcrrcdoxin actually contains eight irons and eight labile 
sulphides, but these arc arranged as two distinct four-iron clusters. 

Iron-sulphur proteins participate as one electron carriers, even those 
with reactive sites containing four irons. Each centre rather than each 
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iron must be counted as an electron transport unit. Only the bacterial 
ferredoxin acts as a two-electron acceptor and even in this case it is really 
two Fe,& one-electron centres acting independently. 

Arrangement of the Fe,S, nonhaem iron centre 

Iron-sulphur prosthetic groups of a similar nature are also iniplicated 
in more complex higher niolecular weight electron-transferring enzymcs. 
Examples such as xanthine oxidase have been extensively examined and 
the type of iron-sulphur centre seems analogous to those in the lower 
molecular weight cofactors. For the present at  least the nonhaem iron 
centres of coniplex electron transport chains can also be envisaged as 
enzynie polythiol sites gcnerated by the juxtaposition of two protein 
dithiol sequences. Coordiiiated within this tetrathiol cavity is an iron- 
sulphide core. 

What is it about divalent sulphur which results in  such unique and 
biologically useful complzxes of iron? The special feature of these 
prosthetic groups is that the iron is held in what approximates a tetrahedral 
complex, while all common iron complexes with oxygen and nitrogen 
ligands are octahedral. Tetrahedral iron-oxygen complexes arc known, 
but only as high riiolecular weight networks where there seems to be a 
requirement for a condensed packing. One critical difference in the sulphur 
ligand could simply be effective size. Since the outer orbitals of sulphur 
are occupied it might be dificult to pack six ligands around an iron. The 
less crowded tctrahedral arrangenient would therefore be favoured. The 
capacity of sulphur for expansion of the valence shell also might be 
considered of importance for moving electrons into and out of the 
complex and for delocalizing electrons i n  the reduced complex. The 
intense research activity currently focused on tliesc iron-sulphur proteins 
ensures that our understanding of this aspect of thiol biochemistry will 
irnprovc rapidly. 

The variety of oxidation-reduction carriers having a dithiol centre as a 
part of their structure suggests a possible evolutionary relationship. 
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1)itJliol-disiilpIiide rcdox roles i n  primitive systcriis would have favoured 
the development of dicysteinyl peptides, restraining two thiols i n  close 
proximity. Thioredoxin type molecules would have evolved from these 
sniall prototype dithiol peptidcs. Similar centres would also have developed 
as parts of morc complex enzymes. The binding of a flavin coenzyme near 
a ditliiol centre could eventually have produced the combined disulphide- 
flavoprotein centre with its special redox properties. 

The propcnsity for dithiols to bind metals would have led to a further 
evolution of function. Metal-protein bridging niay have preceded 
disulphidcs as a mcthod of holding proteins in effcctive organization 
particularly before the oxidizing environment developed. Iron-sulphur 
complexes had redox potentials difrerent from other iron carricrs and the 
dithiol. They eventually developed into the powerful reducing system of 
the ferredoxins by combining two dithiol ligands around one iron. Siinplz 
iron sulphide aggregates were also incorporated giving rise to the two 
iron-two sulphidc and four iron-four sulphide variants. As more iron- 
sulphur atoms condensed into a single site, the redox possibilities increased 
and the iron-sulphur centre bccarnc involved i n  the variety of different 
redox roles seen today. 

Cytochronie C might also have arisen from a dithiol redox protein as the 
haem-binding ccntre is nothing more than a dithiol peptide. While such 
speculations on the evolution of bioniolecules are only inental ganics, 
they point out how the v!ithiol can be modified to carry out a variety of 
related fii iic t ions. 

IV. CONCLWSlON 

Thc thiol and its siniple dcrivatives represent an exceedingly important 
and vcrsatile functional ccntre in biological niolecules. A number of basic 
metabolic processcs are dcpendent on the particular chemical character- 
istics of thiol derivatives. It is dificult to  imagine how metabolism might 
have cvolvcd without the rich supply of thiols which probably were 
available i n  the ‘primordial soup’. Actually thiols or their derivativcs 
participate in so many biological reactions that one is aniazcd to find they 
have no indispensable role in  the central dogma of molecular biology. 
Self-replication, transcription and translation rely only pcrifcrally on 
thiols. It is i n  the rea lm of catalysis and structure, thc domains of the 
enzymologist and protein physical chemist, that the thiol is of central 
importance. 

Thiols have been of foremost importance in the development of the 
functional group conccpt in biochemistry. Because of its case of 
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manipulation thc thiol, particularly that of glutathionc, has fascinatcd the 
biochemist. All manlier of roles have bccn suggested but most of these 
have not becn proven, and many arc totally forgotten. Still the chcmical 
approach to biochemistry and the attempt to explain how biological 
reactions occur i n  terms of model organic systems had much of its initial 
success in explaining thiol-mcdiatcd reactions. The sulphur of the thio- 
cstcr provides activation for acyl transfer, and an interniediatc in aniide 
and cstcr hydrolysis. It facilitates a-hydrogen dissociation and provides a 
nicchanism for carbon-carbon condensation and chain modifications. 
Reduction of carboxylic acids is preccded by thiocster formation. Energy 
released by oxidative metabolism is trapped as a thioestcr, a form siiitablc 
for driving thc synthesis of ATP. 

The disulphidc and certain thiol--metal ion dcrivatives scrvc as carriers 
of electrons and function in biological redox reactions of diverse types. 
Thiols and their mctal derivativcs provide strong binding centres for 
substrates and cofactors. They oftcn hclp maintain proper protein con- 
figurations and subunit interactions. Thc disulphides of estracellular 
proteins are of profound structural importance. They make relatively 
permanent the arrangements of pcpt idc chai ns i 11 it i all y est abl islicd by 
weaker bonding forces. Often they bcconic totally responsible for holding 
the active structure together, particularly wherc covalent modification 
of the protein chain is involved in activation. Aninial keratins are 
particularly rich in sdphur,  deriving their incrtncss from extensivc 
disulphide cross linking. 

Thc sulphoniuin ion serves as an alkylating reagent. Thc bulk of 
biological mctliylations proceed throiigli S-adenoF:yl mcthionine. Per- 
sulphides, thiophosphales, thiocyanates and thiosulphonate dcrivatives 
have been postulated to have significant functional rolcs. The plant 
kingdom in particular is full  of strange thiols and thiol derivatives which 
impart characteristic tastes and smells. Their functions are unknown, but 
could range from insect attractant to water rcpellent. Vitamins such as 
thiamine and biotin have heterocyclic sulphur which can bc viewed a s  
tliiol dcrivatives. Even the simplest thiol of all, sulphide, finds a critical 
biochemical involvement in  the iron-sulphur electron transport centres. 

Thiols provide the living systems w i t h  a l ink  to their genesis i n  a reducing 
en\+-onment. Glutathione helps maintain thc ccllular interior i n  a statc 
in \vhich enzyme activities evolved in the absence of oxygen can still 
ftinction. Protection from all sorts of injurious agcnts, detoxification and 
anti-radiation rolcs can be added to complete tlic listing of thiol functions 
in biological systems. The intense fascination of the biochemist with the 
tliiol functional group can certainly be apprcciated. 



664 Arvan L. Fluharty 

REFERENCES” 
1.  A. R. Roy and P. A. Trudinger, Tlic Bioulicrnistry o/ Ir!orgntiic Compo[rtl& 

3. p .  A. Trudinger in Achnrices irl Microbial PI?y.sio/ogy, VOl. 3 (Ed. A. H. Rose 

3. R. s. Bandurski in P h t  Biochemistry ( E d .  J .  Bonner and J .  E. Varncr), 

4. K. Torii and R. S. Bandurski, Biocliin7. Biopliys. Acta, 136, 286 (1967). 
5. E. C .  Hatchikian, J. LeGall, M. Briischi and M. Dubourdieu, Biochin~. 

6. A. Yoshiinoto and R. Sato, Biochitn. Biophys. Acro, 153, 576 (1968). 
7. A. Sentcnac, F. Chapcvillc and P. Fromageot, Biochitti. Bi0pliy.s. Acm, 67, 

8. L. J. Recd in The EtIi}’t?iC’.S, 2nd ed., Vol. 3 (Ed. P. D. Boycr, 13. Lardy and 

9. S. Black, E. M. Hark,  €3. Hudon and L. Wartofsky, J.  Biol. Cliem., 235, 

10. E. Kun in hfetnbo/ic Potlirvnys, 3rd ed., Vol. 3 (Ed. D. M. Grcenberg), 

11. S .  H. Mudd,  F. Irreverre and L. Laster, Scicticc, 156, 1599 (1967). 
12. J. A. Schneider and J.  E. Secgmiller in T/ie Metabolic Bnsis of Inlreritecl 

Disease, 3rd ed. (Ed. J.  B. Stanbury, J. B. Wyngaardcn and D. S. Fredrick- 
son), McGraw-Hill, New York, 1972, pp. 1581-1064. 

13. N. M .  Kredich, B. S. Keenan and L. J. Footc, J. Bid. Ckcnl., 247, 7157 
(1 972). 

14. H. Vachek and J. L. Wood, Biochim. Biophys, Actcr, 258, 133 (1972). 
15. S. 0. Thicr and S. Scgal in The Metnbolic Bosis qfltiheritcd Disease, 3rd.  ed. 

(Ed. .I. R. Stanbury, J. B. Wyngaarden and S .  D. Fredrickson), McGraw- 
Hill, New York, 1972, pp. 1504-1519. 

of Sitlplirtr, Cambridge University Press, London, 1970. 

and J .  F. Wilkinson), Academic Prcss, New York, 1969, pp. 1 1  1-158. 

Academic Prcss, New York, 1965, pp. 467-489. 

Biopliys. Acta, 258, 701 (1  972). 

672 ( 1  963). 

K.  Myrback), Academic Prcss, Ncw York, 1960, pp. 195-223. 

2910 (1960). 

Academic Press, New York, 1969, pp. 375-401. 

16. J. 1:. Thompson, Atrri. Rcu. Plant Physiol., 18, 59 (1967). 

* The aim of this chapter is to present a general coverage of the biochemistry of 
thiols rather than a review of recent advances. As such this is a departure from the 
usual coverage of material in this volume. The biochcniical literature encompassed 
by this subject is imnicnse, and niany escellcnt reviews, nionographs and symposia 
have been devoted to certain aspects of the topic. IF possible refcrencing has been 
restricted to these secondary sources, since it was presumed that an interested reader 
would prefer to see thesc before proceeding to original material. It has of course 
been necessary to cite .?Is0 priniary literature when no suitablc secondary source 
could be found. The articlc citcd, however, is usually one of the most rccent in that  
area and not necessarily thc most pertinent to the subject being discussed. No attempt 
was madc to include a coniprchensivc coverage of cvcn the recent literature, but often 
typical papers have been cited in ordcr to providc a reasonable point of entry to the 
literature of rapidly espanding areas. This heavy reliance on secondary sources and 
the desire to present the material in as generalized a form as possible have done great 
injustice to original data and to its original interpretations in many cases. It is also 
realized that  many esccllcnt papcrs and ideas liavc been ignored or complcteh: 
missed. While this is regrettable. the scope of the subject probably makes i t  inevitable, 
and only ;1 simple apology can bc ofl’ercd. 



13. Biochcmistry of ihc thiol gioup 665 
17. G. W. Frimpter in The Metrrholic Basis of Itiheritcd Disease, 3rd ed. (Ed. 

J. €3. Stanbury, J. B. Wyngaardcn and D. S. Fredrickson), McGraw-Hill 
New York, 1972, pp. 413-425. 

18. J. D. Finkelstein in Syniposiiini: Siilfrir itr Niitrifiori (Ed. 0. 1-1. Muth and 
J. E. Oldfield), The Avi Publishing Co., Westport, Connecticut, 1970, 

19. S. H. Mudd in Syniposiiriii: Siil/rir. iii NrttiYtioti (Ed. 0. H. Muth 
pp. 46-60. 

and J .  E. Oldfield), The Avi Publishing Co., Westport, Conn., 1970, pp. 
222-243. 

20. T. Gerritsen and H. A. Waisnian in Tlie Metabolic Basis of Idierited Disease, 
3rd ed. (Ed. J. B. Stanbury, J. R. Wyngaardcn and D. S. Frcdrickson), 
McGraw-Hill, Ncw York, 1972, pp. 404412. 

21. T. W. Wong, S. B. Wciss, G .  L. Eliceiri and J. Bryant, Biochemistry, 11, 
2376 (1970). 

22. D. B. McCormick and L. D. Wright in Coinprchensiuc Biochemistry, Vol. 21 
(Ed. M. Florkin and E. H. Stotz), Elscvier Publishing Co., Amsterdam, 

23. S. Colowick, A. Lazarow, E. Racker, D. R.  Schwarz, E. Stadtman and 
H. Waelsch, Eds., Glirtathioiie, Academic Press, New York, 1954. 

24. W. E. Knox in The Etirzymes, 2nd ed., Vol. 2 (Ed. P. D. Boycr, H. Lardy 
and K. Myrbiick), Academic Press, New York, 1960, pp. 253-294. 

25. E. M. Crook, Ed., Gliitnthiotie (Biochemical Society Symposium 17), 
Cambridge University Prcss, Cambridge, 1959. 

26. A. Meister, Biochemistry of ihe Amitio Acids, 2nd ed., Vol. I ,  Academic 
Press, New York, 1965, pp. 452-454. 

27. D. N. Mohler, P. W. Majerus, V. Minnich, C. E. Hess and M. D. Garrick, 
New Big.  J .  Med., 283, 1253 (1970). 

28. J. L. Wood in Metabolic Cottjligatioti atid Mctnbolic Hydrolysis, Vol. 2 
(Ed. W. H.  Fishman), Academic Prcss, New York, 1970, pp. 261-299. 

29. E. Beutler in The Metabolic Basis uj’Itilieriied Disease, 3rd cd. (Ed. J. B. 
Stanbury, J. B. Wyngaarden and D. S. Fredcrickson), McGraw-Hill, 
New York, 1972, pp. 1358-1388. 

30. D. L. Vander Jagt, L. B. Hnn and C. H. Leliman, Bicclienzistry, 11, 3735 
(1 972). 

31. A. Szent-Gyorgyi, Science, 161, 988 (1968). 
32. I. Krimsky and E. Racker, J .  Biol. Chon., 198, 721 (1952). 
33. A. H. Gold and M. L. Segal, Biochemistry, 3, 778 (1964). 
34. T. W. Spcir and E. A. Barnsley, Bioclzeni. J . ,  125, 267 (1971). 
35. €3. Gillham, Biochenr. J . ,  121, 667 (1971). 
36. S .  H. Mudd and G .  L. Cantoni i n  Cotnprelicnsicc Biochemistry, Vol. 15 

(Ed. M. Florkin and E. 1-1. Stotz), Elscvier Publishing Co., Amsterdam, 

37. S. K. Shapiro and F. Schlcnk, Eds., Tt~ritisnietliylatioti and Metltiotiitic 

38. J .  Lucas-Lenard and F. Lipmann, Aiin Rev. Biochmi., 40, 409 (1971). 
39. P. Hannonen, A. Raina and J. Jannc, Biochini. Biopliys. Acta, 273, 84 

(1 972). 
40. L. Jaenicke and F. Lynen in Tiw Dizyme.~ ,  2nd cd.. Vol. 3 (Ed. P. D. Boyer, 

H. Lardy and K. Myrhiick), Academic Press, New York, 1960, pp. 3-103. 

1971, pp. 81-1 10. 

1964, pp. 1-47. 

Biosynthesis, University of Chicago Press, Chicago, 1965. 



666 Arvan L. Fluharty 

41. P. Goldman and P. R. Vagelos in  Cnitiprchoaicc Bioclicniisfry, Vol. 15 
(Ed. M.  Florkin and E. H .  Stotz), Elsevier Publishing Co., Amsterdam, 

42. F. Lyiien in Clici,iicnl Rcnctii:ity aiid Biologicnl Role of Fiinctioacrl Grorrpps 
iir f%Zj’I?iC.Y (Ed. R. hl. S. Smcllie), Acadcmic Press, New York, 1970, pp. 
1-19. 

43. T. C. Bruice and S. Benkovic, Biooigmiic Mcclicinisiiis, Vol. I ,  W. A. 
Beiijamin, Inc., Ncw York, 1966, pp. 259-297. 

43. G. M. Brown in Cortipiv1iensic.e Bioch~t?ii.slr~~, Vol. 21 (Ed. M. Florkin and 
E. H. Stotz), Elscvicr Publishing Co., Amsterdam, 1971, pp. 73-80. 

45. J. M. Lowcnstein in  Mciabolic P(ithwny.s, 3rd cd. Vol. 1, (Ed. D. M. 
Greenberg), Acadcmic Prcss, New York, 1967, pp. 146-270. 

46. S. J. Wakil and E. M. Bar-ncs in Cor?ii)r.clrL.iaii:e Bioclwtnistrj~, Vol. 18 
(Ed. M .  Florkin and E. H .  Stotz), Elsevier Publishing Co., Amstcrdani, 

1964, pp. 7 1-92. 

1971, PI>. 57-104. 
47. D. J .  Prescott and P. R .  Vagelos, A h .  Oizyiiiol., 34, 269 (1973). 
48. P. A. Srcre, B. Biittgcr and G. C. Brooks, PI-oc. h‘nt. Acntl. Sci. USA,  69, 

1201 (1972). 
49. L. J. Recd i n  Coit~pl-elioi.sii:e Biocliemistty, 1’01. 14 (Ed. M. Florkin and 

E. H. Stotz), Elsevicr Publishing Co., Anistcrdam, 1966, pp. 99-126. 
50. L. J. Rced and D. J. Cox in The E~izyi t i~s ,  3rd ed., Vol. 1 (Ed. P. D. Boyer), 

Academic Press, New York, 1970, pp. 2 13-240. 
51. A. F. Wangcr and K.  Folkers, Vitniuiiis a d  Coctizyt~ics, Wiley, New York, 

1964, pp. 259-262. 
53. H. B. Buctianan in The E~iquic.s. 3rd cd., Vol. 6 (Ed. P. D. Boyer), Academic 

Press, New York, 1972, pp. 193-216. 
53. E. S. G .  Barron, A h .  Dizymol., 11,  201 (1951). 
54. R. Bcncsch, R. E. Bencsch, P. D. Boycr, I. M. Klotz, W. R. Middlcbrook, 

A. G. Szcnt-Gyorgyi, and D. R.  Schwarz, Eds., Strllirr ill Protcitrs, Acadcmic 
Press, New York, 1959. 

55. I<. Cecil and J. I<. McPhce, A h .  iti Protciii Clieiti., 14, 255 (1959). 
56. R. Cecil in Tlie Profcv’iis, 2nd ed., Vol. 1 (Ed. H. Ncurath), Acadcmic Prcss, 

New York, 1963, pp. 379-476. 
57. H. Gutfreund and C. H .  M ~ M L I I X ~ Y  i n  Clicwicnl Rencticitj- mid Binlogicnl 

X o k  of Fiitictiotml Groiips i ~ i  E//i~’i?it~.S (Ed. R. M. S. Smellie), Academic 
Press, Nc\v Yolk, 1970, pp. 39-47. 

58. J .  L. Webb, Eiizjwie nrrd Mctnbolic Itiliil)itor.s, Vols. 2 and 3, Academic 
Press, New York, 1966. 

59. A. N. Glazer, ,41111. Rci-. Biocliem., 39, 101 (1970). 
60. P. D. Boycr i n  The Eii i j~ i? i~>.~ ,  2nd ed., Vol. 1 (Ed. P. D. Boyer, 14. Lardy 

and K .  MyrbHck), Academic Prcss, New York, 1959, pp. 51 1-588. 
61. S. F. Vclick and C. Furfinc in T/w Etizjvnrs, 2nd ed., Vol. 7 (Ed. P. D. Boyer, 

H. Lardy and K. Myrbsck), Academic Prcss, New York, 1963, pp. 
943-273. 

62. K. Wallenfels and B. Eiselc in Chrmicnl Recictiuity cit id Biologicnl Role of 
Ffiriictioiitil Gl~)up.s  it1 Etizytms (Ed. R. M. S. Smellic), Academic Prcss, 
Ncw York, 1970, pp. 21-35. 

63. A. N. Glnzcr and E. L. Smith i n  7’lrc Eitijwit~s, 3rd cd., Vol. 3 (Ed. P. D. 
Boyer), Acadcmic Prcss, New York, 1971, pp. 501-546. 



13. Biochemistry of the thiol group 667 
64. J. Drcnth, J. N. Jansonius, R. Kockoek and B. G .  Wolthers in The Etizyrnes, 

3rd ed., Vol. 3 (Ed. P. D. Boycr), Academic Prcss, New York, 1971, pp. 

65. F. S. Markland and E. L. Smith in The EJ~ZJJIIICS, 3rd ed., Vol. 3 (Ed. 

66. A. Lcvitzki and D. E. Koshland, Biochmristry, 10, 3365 (1971). 
67. J .  Wcstley and D. Meyse, J .  Biol., Chein., 246, 1468 (1971). 
68. A. Finazzi A g o ,  C. Cannella, M .  T. Graziani and D. Cavallini, FEBS 

Letters, 16, 172 (1971). 
69. D. Edmondson, V. Ivlassey, G. Palmer, L. M. Beacham and G. B. Elion, 

J .  Biol. Cliern., 247, 1597 (1972). 
70. W. H. Walker, E. B. Kearney, R. L. Scng and T. P. Singer, Eiir.. J .  Biochcnt., 

24, 328 ( 1  97 1). 
71. B. L. Vallee and J. 1:. Colcman i n  C(~i,ip,cherr.,irc BiocIier?iistry, Vol. I2 

(Ed. M.  Florkin and E. H .  Stotz), Elsevier Publishing Co., Amsterdani, 

72. D. Eiscnberg i n  The E/rzyrties, 3rd ed., Vol. 1 (Ed. P. D. Boyer), Academic 

73. E. Antonini and M .  Brunori, Anti. Ray. Biochern., 39, 977 ( I  970). 
74. 1. M. Klotz, N. R. Langermari and D. W. Darnall, A m .  Rei:. Biocliem., 39, 

75. C. B. Anfinsen, Bioclicrn. J., 128, 737 (1972). 
76. A. R. Williamson in Essnys iri Biocliemistry, Vol. 5 (Ed. P. N. Canipbcll 

and G. D. Greville), Academic Press, New York, 1969, pp. 139-175. 
77. P. T. Grant and T. L. Coombs in Esstiy.s iri Biochcmistily, Voi. 6 (Ed. 

P. N. Canipbcll and F. Dickcns), Academic Press, Ncw York. 1970, pp. 
69-92. 

78. A. G. Lyne and B. F. Short, Eds., Biology of SAiii nrid Hair Groivth, 
Elsevier Publishing Co., New York, 1965. 

79. W. G. Crewthcr, Ed., Syniposirrm or1 Fibrow Protciris, Plcnum Press, Ncw 
York, 1968. 

80. 0. K. Bchrens and E. L. Grinnan, .41iii. RCC. Biochern., 38, 83 (1969). 
81. J .  P. Vincent and M. Lazdunski, Riochernistry, 11, 2967 (1972). 
82. B. P. Caber and A. L. Fluharty, Q i i w f .  Rep. Sri/Jh Cfiern., 3, 318 (1968). 
83. B. P. Gabcr and A. L. Fluharty, Bioirrorgnriic Climi., 2, 135 (1972). 
84. P. G. PorquC, A. Baldcstcn and P. Reichard, J .  Riol. Cliei~i.,  245, 2363 

( 1  970). 
85. D. E. Hall, A. Baldestcn and P. Rcichard, E w .  J .  Biochern., 23, 328 (1971). 
86. A. 14. Neinis and L. Helleman, Arrii. Rev. Biocliem., 39, 867 (1970). 
87. B. D. Burleigli and C. H. Williams, J .  Biol. Chm?., 247, 2077 (1972). 
88. S. Ronchi and C. H. Williams, J .  B id .  CIiwn., 247, 2083 (1972). 
89. R. Lee and W. D. McElroy, Biochnnisrr-y, 8, 130 (1969). 
90. B. P. Gabcr and A. L. Fluharty, Bioiriorgnnic Cliem., 1,  65 (1971). 
91. B. L. Vallee and D. D. Ulmer, Anii. RCP. Biocher?i., 41, 91 (1972). 
91. M. E. Nclbach, V. P. Pigiet, J. C. Gcrhart and H. K. Schachmann, Bio- 

chcniistry, 11, 3 15 ( 1  972). 
93. C .  B. Klce, J .  Rid. Chcni., 247, 1398 ( 1  972). 
94. G. liotillo, L. Calabrese, F. Bossa, D. Ban'a, A. Finzazi Agr6 and B. 

Mondovi, Bioc/ie~nistr.~~, 11, 21 82 ( I  972). 

485-499. 

P. D. Boyer), Academic Press, New York, 1971, pp. 561-608. 

1964, pp. 165-235. 

Press, New York, 1970, pp. 1-89. 

25 (1970). 



668 Arvan L. Fluharty 

Antioch Press, Yellow Springs, Ohio, 1965. 
95. A. San Pietro, Ed., Non-heme I t ~ i  Proteitis: Role iti Energy Conversion, 

96. R. Malkin and J. C. Rabinowitz, Ann. Rev. Biochetn., 36, 113 (1967). 
97. K. D. Watenpaugh, L. C. Sieker, J. R. Herriott and L. H. Jensen, Cold 

98. W. R. Dunham, G .  Palmer, R. H. Sands and A. J. Bearden, Biochini. 

99. C.  W. Carter, S .  T. Freer, N. H. Xuong, R. A. Alden and J. Kraut, Cold 

Spring Harbor Symp. Qriant. Biol., 36, 359 (1971). 

Biopfiys. Acta, 253, 373 (1971). 

Spring Harbor Symp. Qriant. Biol., 36, 381 (1971). 
100. k. C.  Sicker, E. Adman and L. H. Jensen, Nature, 235, 40 (1972). 

Since completion of this chapter, two volumes on Thiol biochemistry have 
been published (References 101 and 102). 

101. P. C. Jocelyn, Bioclieniistry of tlie SN Group, Academic Press, New York, 
1972. 

102. M. Friedman, Cfretnistry atid Biocfietnistry of the Siilpliydryl Groiip in 
Anrirro Acids, Peptides arid Proteitis, Pergamon Press, Oxford, 1973. 



CHAPTER 14 

rstection of t e thiol group 

Y. WOLMAN 
Depasiinent of Orgaiiic Cli~iiiisirj~, The Hebrciv Unir:ersify of 
Jeriisalei?7, Jeriisalcm, Israel 

I. INTRODUCTION . 
11. DISULPHIDES AS A PROTECTING GROUP . 

111. THIOETHERS . 
A. Benzyl Derivativcs . 
B. Diphenyl~nethyl Derivatives . 
C .  Triphenylmethyl Derivatives . 
D. Picolyl Derivatives . 
E. Acetamidomethyl Derivativcs . 
F. /3,/3,/3-Trifluoro-a-acylaminoethyl Derivatives . 
G .  /3,/3-Diethoxycarbonyletliyl Derivatives 

A. Acetyl and Benzoyl Derivatives . 
B. Benzyloxycarbonyl Derivativcs . 
C .  Urethane Derivativcs 

A. Tetrahydropyranyl Derivativcs . 
B. Benzylthiomethyl and Phenylthiomcthyl Derivatives 
C .  Isobutyloxyniethyl Derivatives . 

A. Thiazolidine Derivatives . 

IV. THIOEsTms . 

V. SEMITHIOACETALS . 

VI. HETEROCYCLIC RINGS . 
VII. ACKNOWLEDGEMENTS . 

VIII. REFERENCES . 

. 669 

. 670 

. 671 

. 671 

. 672 

. 673 

. 674 

. 675 

. 676 

. 677 

. 677 

. 677 

. 678 

. 678 

. 680 

. 6SO 

. 681 

. 681 

. 682 

. 682 

. 682 

. 682 

I. INTRODUCTION 

The thiol group readily undergoes a variety of chemical reactions (e.g. 
oxidation, alkylation, acylation), so there is a need to protect it while 
other sites in the molecule are undergoing chemical changes. This can be 
done by converting the thiol group to a derivative which is stable under 
the reaction conditiolls to be employed, and from which the thiol group 
can be regenerated without affecting the rest of thc molecule. 
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The great interest in thiol-protcctil1g groups is due mainly to the 

significant development in  the chemical synthesis of peptides, polypeptides 
and proteins. I t  is important to note that only one kind of a protecting 
group is needed to protect thc various cystcine thiols during a protein 
syntlicsis. This results from the spontaneous refolding of proteins which 
takes place upon reoxidation of their sulphydryl groups produced by 
rcduction of the protein with niercaptoethanol. This phenomenon was 
observed first with ribonuclease where the reoxidized molecule retained 
its full  biological activity] and extended to a large number of proteins (e.g. 
i ns u 1 i n, I y s ozy ni e). 

We shall try in this chapter to concentrate on the processes involved i n  
the formation and deblocking of various types of protecting groups. 

I I .  DISULPHIDES AS A PROTECTING GROUP 

Disulphides are much less prone to participate in organic reactions (e.g. 
oxidation, alkylation, acylation) then the corresponding free tliioP, and 
as such could serve as a protection for the thiol group. Furthermore, in 
some cases the removal of some protecting groups results in the forniation 
of the disulphide first (e.g. sections 111. B,C; V. A,C) which, later on, is 
reduced to the free thiol. 

Disulphides are obtained by oxidation of the corresponding thiols, by a 
variety of reagents, e.g. oxygen, hydrogen peroxide, iodine, bromine, 
hypohalites, fcrric chloride, nitrous oxide, sulphonyl chloride3, diethyl 
azocarboxylate (1) 4, N-broniosucciiiimidc", tctranitromethane", pcroxy- 

Et00C-N=N-COOEt 

(1 1 

acetyl nitratc'. The free thiols are obtained from the disulphides by 
rcduction, which again may be carried out by a large variety of reagents, 
e.g. tin and acid, sodium i n  xylene, ether or liquid ammonia, lithium 
aluminitmi hydride, sodium borohydride, sodium dithionate and various 
organic thiols8. The most widely used thiols arc thioglycolic acid and 
niercaptoethanol. Of special interest among the tliiols used is dithio- 
erythritol (2)!', which is a powerful reducing agent and reduces disulphides 
in  nitich lower concentration than other mercaptans (c.g. mercaptocthanol) 
presumably due to the foiniatioii of a stable six-member ring containing a 
disulphide bond. DisulFhides could also be reduced to free thiols by nicans 
of electrolytic reductions as well as by water soluble phosphines (c.g. 
trihydroxymethylpliosphinc, tricarboxyiiietliylpliosphine) which were 
recently used for disulphidc cleavage in  proteins"'. 
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R-S-S-R HSCH,-CHOH-CHOH-CH,SH -> RSH + 
(2) 

R-S -S-CH2-CHOH-CHOH-CH,SH 

A much more detailed discussion of the reduction of disulphides to 
niercaptans is given in Chapter 4 011 the preparation of thiols. 

111. T H I O E T H E R S  

Simple saturated aliphatic thioethers arc generally not easily cleaved to 
yield the free th io l~ '~ .  However, there arc some exceptions in which the 
alkyl radical of an  alkyl-phenyl-thioether is cleaved by means of sodium 
in liquid ammonia, lithium in diniethylamine1?- or lithium in  mono- 
niethyla~iiine'~ to give the corresponding thiophenols. (See Chapter 4.) 

2,4-Dinitrophenyl-thioethers are cleavcd under very mild conditions 
('thiolysis' of the thioether), with niercaptoethanol a t  pH 8 14. These 
derivativcs are obtained by reacting tlie thiol with 2,4-dinitrofluorobenzene 
in presence of base. 

N02QF+ HSR + N02QSR + HF (2) 

NO* NO2 

N 0 , e S R  + CH,OHCH,SH- Y R S H  + CH,OHCH,S 

\ NO, N 0, 

A. Benzyi Derivatives 

The best known, and most widely used sulphydryl protecting group is 
the benzyl group. Benzylation takes place by reacting benzyl chloridc i n  
the presence of base with tlie thiol i n  aqueous or non-aqueous media 
(reaction 4; R = Ii)15916. The reaction could take placc also with the sodium 
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mercaptide using liquid ammonia as solventI7. The protecting group is 
removed by reductive cleavage with sodium in liquid am1iionial~~~8~19. 
In cases in which the benzyl thioether is insoluble in liquid ammonia, 
reductive cleavage can be achieved by using sodium in boiling butan0120 
or sodium in boiling ethanolz1. I t  is of importance to note that sometimes 
desulph~~rizntion occurs during the cleavage with sodium in liquid 
ani mon i a2?. 

Due to the large lowcring of the Pd or Pt catalyst eficiency caused by 
the sulphur which is present i n  a thicjether form, the reductive cleavage of 
the benzyl group from the thioether cannot be achieved by catalytic 
hydrogenation. It has been shown that sufficient catalyst efficiency is 
retained for the reductivc cleavage of the p-nitrobenzyl group, presumably 
due to the labilization of the CH,-S bond by the strong inductive effect 
of the nitro group. Thep-nitrobenzyl protecting group, which is introduced 
by reacting p-nitrobenzyl chloride with the thiol (reaction 4; R = NO,), 
is removed by hydrogenation under atmospheric pressure, using 10% Pd 
on charcoal as a catalyst23. It has been shown that this reaction is not a 
general one and it does not take an unequivocal course since e.g. 
S-p-nitrobenzyl-cysteine gives S-p-aminobenzyl-cysteine and similarly 
benzyloxycarbonyl-S-p-nitrobenzyl-cystein~~l~lycine gives benzyloxy- 
carbonyl-S-p-aminoben~yl-cysteinylglycine~~. Recently it has been shown 
that the p-aininobenzyl group could be cleaved from the thioether by 
using loo/, HgSO, solution in 5'%, E-I,SO, (Hopkin's reagent)'". Thus the 
p-nitrobenzyl group could be removed in a two-step reaction involving 
first reduction to the corresponding p-aminobenzyl derivative and then 
removal of the p-aminobenzyl group by acidic HgSO, solution. 

Whilc the benzyl protecting group is stable towards acidic cleavage under 
normal conditions, introduction of a methoxy group a t  the p position will 
increase its tendency t c  acidic cleavage. Thus the p-methoxybenzyl group 
which is introduced in thc usual nianner (reaction 4; R = OCHJz6 is 
rcnicved by nieans of tri tl iioroacctic acid"; or anhydrous hydrogen 
fluoride2'. 

B. Diphenyfmethyl Derivatives 

Reaction of thiols with diphenylniethgl chloride gives the diphenyl- 
methyl (or benzhydryl) thiocthers28. I t  has been shown that the thioether 
could be obtained in high yield by reacting the thiol with diphenylmethanol 
in the presence of BF,, etherat@. The diphenylnicthyl protecting group is 
removed either by trifluoroscetic acid or via reductive cleavage using 
sodium in liquid The diphenylmethyl thioether could also be 
cleaved by thiocyanogen using trifluoroacetic acid-acetic acid as a 
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solvent". One pathway for this reaction may be cia formation of a 
sulphonium salt intermediate (3) which can eject a stabilized carbonium 
ion and sulphenglthiocyanate, the latter reacting further with another 
molecule of thioether or with free thiol to yield the disulphide (reaction 5) .  
The formation of free thiols from sulphenylthiocyanates directly or via the 
disulphide is discussed in Chapter 4. An alternative possibility is that the 
protecting group is split in the acidic solvent and the free thiol thus formed 
reacts with thiocyanogen to give sulphenylthiocyanate (reaction 6).  

(3) R - S - S C N  

,C6Hs CF,COOH/CH,COOH R S H  (CNS), R - S - S C N  (6) 
1 : l  R-S-CH,  

C6HS 

Another protecting group which could be included in this class is a 
thioether obtained by reacting the thiol with m-nitrobenzalacetophenone - 
in the presence of piperidine (reaction 7); the protecting group is removed 

( O ) - - C O C H = C H G  -1- (o>,, - piperidine 

by treatment with basic lead acetate3I. This group is used to protect the 
sulphydryl moiety of thiophenol and substituted thiophenols during 
electrophilic substitution reactions on the benzene rings31. 

C. Triphenylmethyl Derivatives 

The triphenylmethyl (trityl) derivatives are obtained by reacting the 
appropriate thiol with triphenylmethyl chloride2*~ 32,33, or with triphenyl 
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methanol and BF,, cthcrate"!'. Similarly to the diphcnylmethyl thioether, 
the triphenylnietliyl thiocther is cleaved by sodium in liquid aninionia to 
give the free thio13', however, contrary to the diphenylmcthyl thioether, 
the triphenylmethyl group could also be cleaved from the thioether by 
heavy nietal ions. Moreover, trityl thioethers are more susceptible to acid 
hydrolysis as well as to thiocyanogen oxidation than the corresponding 
diphenylniethyl derivatives. 

Although the removal of the triphenylmethyl group by trifluoroacetic 
acidz8 and hydrogen chloride in chloroform3:, is reported, there are cases 
in which acidic cleavage (e.g. by means of trifluoroacetic acid, hydrogen 
bromide in glacial acetic acid, p-toluene sulphonic acid) indeed rcmovcd 
the protecting group but the product obtained did not possess any free 
sulphydryl group"5*". It seenis that the best acidic reagent to use is hydro- 
chloric acid in  aqueous acetic acid"". The heavy nietal ions used for the 
removal of the triphenylniethyl group from the thioether are Ag+ and 
Hg2-!-. Initially, methanolic silver nitrate solution in the prescnce of 
pyridine was uscd". Later it has been shown that there are cases in which 
bctter cleavage yields are obtained by using mercuric acetate35*36, in  other 
cases silver nitrate gives the best rcsultP and in some cases both reagents 
give about the same yield+. I t  seenis that the cleavage yield depends up011 
the whole molecule i n  question, and the nietal of choice could be found 
only experimentally. The triphenylmethyl moiety is removed from the 
thioether very easily by oxidation with thiocyanogen in the presence of 
sodium acctate. The sLilphenyltliiocyanatc which is obtained reacts with 
free thiol or with another molecule of the thiocther to form unsymmetrical 
or symmetrical disulphides which can be reduced later to the free thioP. 
The renioval of the triphei?ylniethyl group by the thiocyanogen is so easy 
that it can even be rcniovcd i n  the presence of a diphcnylmrthyl thioether, 
without any cleavagc of the latter 

D. Picolyl Derivatives 

Contrary to catalytic hydrogenation which usi!ally fails In the presence 
of thiols or thioethers, electrolytic reduction at  a mercury cathode takes 
place without difficulty". Among the thioethers which could be clcavcd by 
electrolytic reduction are the 4-picolyl thioethers. These derivatives are 
obtained by reacting the free thiol with freshly distilled 4-picolyl chloride 
in the presence of base. The thioether is conipletcly stable towards acidic 
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cleavage, and no cleavage could be dctcctcd artcr its storage for 7 days i n  
trifluoroacetic acid or i n  hydrogen bromide in acetic acid. The protecting 
group could be removed by clectrolytic reduction at a mercury cathode in 
0 . 5 ~  sulphuric acid solution"". 

This protecting group was recently itsed i n  the synthesis of i--cystinyl- 
bis-glycine"'. 

E. Acetamidomethyl Derivatives 

The acetamidomethyl thioether is obtained by reacting a IO'X excess of 
acetamidornethanol (4) with thc thiol at pH 0.5. Thc protecting group is 
very stable in the pH range of 0-1 3 as well as towards concentrated strong 

acids (e.g. triflitoroacetic acid, hydrogen bromide in glacial acetic acid, 
anhydroits hydrofluoric acid). It is renioved from the thioether by using 
two equivalents of mercuric ions at  pl-I 4'Iz. 

In the case of cysteine (5)  the product obtained is contaminatcd by 
cystine and also by thiazolidine carboxylic acid (obtained by reaction of 
cysteine and formaldehyde, the latter arising froin hydrolytic deconipo- 
sition of acetaniidomethanol, see section Vl) .  However, the product could 
easily be purified by using ion exchange ~oluii ins~'~.  On the othcr hand, 
anhydrous conditions should avoid thc decornposi tion of thc ncctamido- 
methanol and indeed a reaction using hydrogen fluoride ;is a solvent 
results in quantitative yield of the pure productx3. 

An elegant method for the cleavage of the protecting group has been 
discusscd recently4G, I t  is based on the observation that sulphenyl halides 
are reacting with unsyrnme trical t hioethcrs giving distil phides ntnong 
other products, depending upon the structure of the thioethers. Rcnction 
of 2-~iitrophenylsulphenyl chloride (NPSCI) with acetamidomethyl 
cysteine residue would form a thiosulphonium ion (6) ivhich decomposed 
to the mixed disulphide derivative (7) and to (8). The thiol function is then 
regenerated from the disulphide derivative by the usual reduction 
procedure (see section 11). 

The reaction of sulphenyl halides with thioethers seems to bc a general 
procedure for the cleavage of a thiol protecting group, provided that a 
stable cation co i t  Id be ejected from the thios 111 phoni 11 ni  i o t i  inter mcd iatc. 
Thus the thioether linkages between the hacni group and the cysteiiie 
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CH2SCH2NHCOCH3 
I 

-NHCHCO- 
NPSCI - I 

+S-CH2NHCOCH3 
CI- I 

(6) 
(1 0) 

CI - [ CH,NH COCH31+ 

CH2SH (8) 
s - s - C6H4 NO2 reduclion I 

CH2 
I - 0 N H C H C O -  + HSC,H,NO, 

OHN~HCO- 

(7) 

residue in horse heart cytochrome C was rapidly and quantitatively 
cleaved by 2-nitrophenylsulphenyl chloride4'. The cleavage is successfully 
effected due to the easy formation of the carbonium ion (9), stabilized by 
the conjugated porphyrin system. This haem cleavage procedure is a very 
useful alternative to the available methods48. 

+ 
H,C-CH 0 N H C H C O m  I 

F. p, p, P-Trifluoro-u-acylaminoethyl Derivatives 

Only one work has been reported using this protecting group4$). The 
thioether is obtained by an exchange reaction of the thiol with /3,/3,/3- 
trifluorocthyl-a-ethmesulphonyl-a-N-acylamine (10). In the case of 
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R = C,H,CH,O, the protecting group is reinoved by hydrogen bromide 
in acetic acid followed by adjusting the pH to 9-10. While some protected 

,S-C,H,NO, ,SOzC,Hs + - S-C,H,NO, ---+ CFSCH, 
(1 2) CF,CH, 

NHCOR NHCOR 
(7 0) 

cysteine derivatives were preparedd9, the removal of the protecting group 
from those derivatives is not reported. Sotnc more work should be carried 
ou t  on this protecting group before i t  gains any use. 

G. p, P-Diethoxycarbonylethyl Derivatives 

Another protecting group which has not yet gained a wide use is the 
&p-diethylcarbonylethyl group. The thioether (1 1) is obtained by the 
addition of the thiol to dicthyl iuethylenemalonate (12). The protecting 

COOC,H, ,COOC,E~ 
RSH + H2C=C' - RSCH,CH, (1 3) 

\C 0 0 C2 H, COOC,H, 
(1 2) (11) 

group is stable towards acidic reagents (e.g trifluoroacetic acid, hydrogen 
bromide in acetic acid) but is cleaved by 1~ KOH solution uia 13-elimina- 
tion50. This protecting group was used to protect the thiol group of 
cysteine during the synthesis of glutathionej'. 

IV. TWIQESTERS 
A. Acetyl and Benzoyl Derivatives 

The acetyl and benzoyl derivatives are obtained by the reaction of the 
corresponding acyl chloride with the thiol". These thioesters are in effect 
'active esters' pronc to attack by nucleophiles in general and very susceptible 
to dilute base. The protecting groups are removed completely by very 
dilute alkali within 20 min, but with dilute animoriia solution only 50% 
cleavage occurs during the same time. The hydrolytic cleavage is 
accompanied by a /5'-elimination as a side-reaction, especially in cystcine 
derivatives (reaction 14). This side-reaction can be avoided in low 

CH, + RSH (1 4) 

J..NHCCOJ.. 
II 

0 N H C H C O -  
I OH- 

CH, - 
I 
SR 

R = CH,CO, C,H,CO 
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niolecular weight peptides when the protecting group is removed by 
niethanolysis with sodium niethoxide in methanoP2. Since the extent of 
p-elimination is related to the polarity of the solvent used, it has been 
shown that in the case of large peptides which are soluble only in highly 
polar solvents p-elimination occiirs during methanolysis 

The acetyl and benzoyl thioesters are stable towards aqueous acids as 
well as towards trifluoroacetic acid. While the benzoyl group is stable 
towards 2 N  hydrochloric acid in glacial acetic acid, the acetyl group is 
cleaved under those conditions52. 

6. Benzyloxycarbonyl Derivatives 

These derivatives are obtained by reacting benzyloxycarbonyl chloride 
with a thioP. Contrary to the N-benzyloxycarbonyl derivatives they are 
stable towards hydrogen bromide i n  acetic acid5Y,55 but they are cleaved 
by phosphonium iodide in acetic acid5-' or by boiling trifluoroacetic 
acid"*. The protecting group is removed by methanolysis and 
amnionolysis, but those cleavage reactions proceed much slower than in 
the case of the corrcsponding acyl derivatives. The protecting group is 
removed very easily by ammonolysis using concentrated aqueous 
ammonia so lu t ioP  as well as by methanolysis using fivefold excess of 
sodium niethoxide. 

C. Urethane Derivatives 

The best known protecting group of this class is the ethylcarbanioyl 
which is obtained by the reaction of ethyl isocyanate with the thidiG. 
The protecting group is stable i n  acidic and neutral solutions but is 

C,H,NCO+HSR - C,H,NCOSR 
H 

cleaved easily in basic solution (e.g. aqueous and anhydrous aniinonia 
solution, dilute sodium hydroxide solution, dilute sodium niethoxide 
solution i n  niethanol)"'. No /kliniination could be detected when ethyl- 
carbamoyl cysteine derivatives were treated with I N  sodium hydroxide 
solution to yield the unprotected cysteine derivatives"'. This is contrary 
to the behaviour of the corresponding benzoyl and acetyl derivatives where 
considerable @elimination is observed. It has been shown recently that 
the ethylcarbamoyl moiety is removed by treatment with hcavy nietal ions 

An interesting protecting group of this class is the P-(N-acyl-N- 
metliylaininoet1iyl)carbaiii~yl group. The isocyanate (13), which reacts 

(Hg?-i-, Ag-k) ~58. 
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with the niercaptan to give the thiourethane, is obtained Gin the following 
route””. 

1 h ( (  ) I  1 I 1tT CH,=CHCN+CH,NH, 

> CH,NCH,CH,NCO CH,NCH,CH,COOH CH,NCH,CH,CON, ~ 

> CH,NHCH,CH,CN ?> CH,NHCH,CH,COOH -----+ 
a 

R R R 
(13) (1 6) 

R = C,H,CH,OCO, 

R = (CH,),COCO, 

Y = CI. 

Y = N,. 

Reaction of 13 with cysteine will give /3-(N-acyl-N-niet!iylaminoethyl) 
carbanioyl cysteine (14). The acyl group, which is a urethane-type 

CH,NCH,CH,NCO + ‘NH,CHCOO- ’ NH,CI-ICOO- 
I 

I 
SCONCH,CH,NCH, 

H R 

> CH, (17) 
R I 

CH?. 
I 
SH 

(1 4) 

protecting group of the /3-aniino group, is removed by the usual 
to give the ammonium salt (15). Upon neutralization of the salt there is 
an intcnnolecular niicleophilic attack of the @-amino group on the 
carbonyl group, followed by cleavage and formation of the free mcrcaptan 

m N H C H C O 0  
I 
I 

CH, I 
S 
I 

-NHCHCO- 
I 
CH, 
I 
S 

m N H y H C 0  - 
CHZ I 
S 

- NHCHCO0 
I 
CH2 
I 
SH 

C 

I I 
H,C-CH, 

(1 6) 

HN’ ‘N-CH, 
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and 1 -methyl-2-imidazolidonc (16). This protecting group was recently 
used to protect the tho1 group of cysteine during the synthesis of 
oxytocine59. 

V. SEMITHIQACETALS 

A. Tetrahydropyranyl Derivatives 

The tetrahydropyranyl derivatives are prepared by reacting the free 
thiol with 2,3-dihydropyrane in the presence of acid as a catalyst61*62. 
A disadvantage in using this protecting group is the introduction of a 
new asymmetric centre (:2) to the molecule. The protecting group is 
removed by hydrolysis with vcry dilute acid", by the action of aqueous 

silver nitrate solutionG3, or by reaction with iodineM. In the latter case thc 
disulphide (which could be reduced to the free thiol) is obtained, e.g. 
benzyl tetrahydropyranyl sulphide reacts with iodine to give dibenzyl 
disulphide. A similar cleavage is observed by the action of thiocyanogen: 

1, 
S -CH2C6H5 - C6H5CHz-S- S-CH,C,H, (20) 

benzyl tetrahydropyranyl sulphide reacts with thiocyanogen in the 
presence of ZnCI, and mercaptosuccinic acid to form the disulphide (17) 
The cleavage of this sulphide by electropliiles is presumably due to the 

+ (CNS),+ HS-CHCOOH s -cH,C6H5 I > 
0 CHzCOOH 

C6H5CH2-S-S-CHCOOH 
I 

CHJOOH 

(1 7) 

fact that the intermediate sulphonium salt (18) can eject a stabilized 
carboniuni ion (see sections III.B, M E )  and the sulphenyl thiocyanate 
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reacts further with thiols or certain sulphides to produce unsymiiietrical 
or symnietrical disulphides. 

R-S-S-CN 
RSSCN + R'SH + R-S-S-R' + HSCN 

B. Benzylthiomethyl and Phenylthiornethyl Derivatives 

These derivatives were obtained by the reaction of various thiols with 
benzylthioniethyl chloride in methanolc5. I t  was found that products 
obtained by this route are dificult to purify and the method of choice now 

C,H,CH,SCH,CI+HSR ___j C,H,CH,SCH,SR (23) 

is reduction of a symmetrical disulphide by means of sodium in liquid 
ammonia, followcd by addition of the freshly distilled benzylthiomethyl 
chloride". The protecting group is stable in acidic media (e.g. hydrogen 
bromide in acetic acid) but is removcd by mercuric acetate solution in 
80% formic acid". The usefulness of this group as a t!aiol protecting group 
was demonstrated in the synthesis of glutathionec7. 

The phenylthiomcthyl (C,H,SCH,-) protccting group is obtained and 
removed in an  identical way to that of the benzylthiornethyl groupGG. 

C. Isobutyloxymethyl Derivatives 

Isobutyloxyniethyl derivatives are obtained by rcaction of isobutyl- 
oxymethyl chloride with thio1P. These are more sensitive to acid than the 
corresponding benzylthioniethyl derivatives. The isobutyloxymethyl 

(CH J ,C H C H ,O C H,CI + H S R ~ > (CH,),CHCH,OCH,SR (24) 

group is cleaved by hydrogen bromide in acetic acidGc, BF, etheratc or 
trifluoroacetic acidfi8, but it is stable towards 2~ hydrochloric acid in  50% 
acetic acidGG or 1 2 ~  hydrochloric acid in acetonec8. The isobutyloxymethyl 
sulpliide is decomposed to some extent by 2~ sodiuiii hydroxide", but it 
is stable towards hydrazine hydrate in boiling ethanolG8. 

The protecting group can be cleaved by thiocyanogen similarly to 
the triphcnylmethyl, diphenylniethyl and tctrahydropyranyl groupsG8. 
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The reactivity of the isobutyloxyniethyl group towards thiocyanogen lies 
bztwecn that of the triphenylmethyl and the diphenylmethyl group. The 
diKercnce in reactivity is not suficient to allow the selective oxidative 
cleavage of the triphenylmetliyl group in the presence of the isobutyl- 
oxynicthyl moiety, o r  the cleavage of the isobutyloxymethyl group in 
the prcsence of the diplienylinethyl moietyG8. 

VI. H E T E R O C Y C L I C  WINGS 

A. Thiazolidine Derivatives 

Cysteinc and cysteine derivatives (like other P-aminothiols) react with 
aldehydes and kctoiics to forni thiazolidine dcrivatives"". 

The best known derivatives of this class are thiazolidinecarboxylic 
acid (19, R = R1 = 1-1) (or thioproline) and 2,2-dimethylthiazolidine- 
carboxylic acid (19, R = R1 = CH,) which are formed by the reaction of 

Hz7-CHCooH (25) 
H2C - C H C C O H  R 

1 1  + )c=o - I 
H S  N H ,  R'  S,_,NH 

4\ 
R R'  

(1 9) 

cysteine with formaldehyde or acetone respectivelyG"-". The protecting 
group can be removed by mild acid hydrolysis6"-". In the case of 
thiazolidinecarboxylic acid, oxidation with iodine yields the disulpliide 
which can be casily reduced to the free mercaptan69. The  protecting group 
can bc removed froin 2,2-dimethylthiazolidinecarboxylic acid by aqueous 
mercuric chloride solutioni0*". 
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1. INTRODUCTION 

This chapter deals with rearrangement reactions which involve thiols 
either as stzrting niaterials or as products. However, because of the high 
reactivity of thiols in  both niickophilic and free radical reactions, they are 
actually involved i n  inany cases as transient species only. Such cases, i n  
which the intermediacy cf thiols is evident or highly probable, are also 
included here. 

0 n I y few rear range nic n t s  i n vo 1 v i ng t h i o Is, part icn lar 1 y those w 11 ic h are 
of synthetic importaiice or are related to biochemical processes, have been 
thoroughly investigated. I t  wis not the aim of’this chapter to unearth and 
list a l l  the rearrangcmciits which have been reported in the literature, but 
rather to group and describe, \vith illustrative examples, the most important 
types. 

II. G R O U P  MIGRATIONS FROM AND ONTO THIQLS 
A. AIkyl Migrations 

1. Sulphur to carbon 

Migrations of al kyl groups from oxygen to negatively charged carbon 
(Wittig rearrangement) are well kiiownl. The analogous rearrangement 
of sulphides, which would lead to isomeric thiols, has not yet been observed. 
A Wittig-like mechanism was however used to explain the formation of 
stilbene from dibenzyl sulphidc and strong base, assuming the inter- 
mediacy of the thiol ( I )  which eliminates sulphidc ion?. 

> C6H,CH-CHCGH, 1- S z -  base r- 
- H ’  

C gH ,C H - C H 2 C 6 H -- f CGH,CH-CHC,H, - 
CA- I 

S -  

(1 1 

Trialkylsilyl groups, 011 the othcr liand, migratc very readily iindcr 
Wit ti g conditions . Ben zy 1 t 11 i o t r i me thy 1 s i 1 a n  c (2) o 11 treat me n t wit 11 
te rt- bu t y I I it h i 11 m is rapidly conve r tcd to (1- t r i iiie t 11) I d  y 1 to 1 lie lie- A- t hi o I 
(3) i n  almost quantitative yield. 



15. Rearrangements involving thiols 6S7 
The reverse rearrangenwt ( h - 2 )  O C C L I ~ S  on heating 3 at 190°C under the 

influence of radical catalysis. A similar rearrangement, which involves 

radical induccd niigr:ition of trialkylsilyl groups from silicon to sulphur 
(4--+5) was also rcportcd'. 

Migration of trialkylsilyl and germanyl groups from sulphur to aromatic 
carbon was also observed:. Lithiation of 4-bromo-S-trimethylsilyl- 
benzenethiol (6) yields the lithium salt of 4-trimctliylsilyIbenze1ietl~iol (7). 
The iliechanism has not been investigated and it has not been cstablislied 
whether an intra- or inteniiolecular process is involvcd. 

2. Sulphur to oxygen 
Oxygen--nlkyl bonds are easily cleaved by thiol saltsG. An intra- 

niolccular reaction of this type would result i n  migration of an alkyl 
group from oxygen to sulphur. Indeed, treatment of methyl 2-nIercapto- 
benzoate (8) wit11 alkali gives 73x of 2-methylthiobenzoic acid (9) '. 

With benzyiamine, 8 yields the benzylarnide of 9, probably through 
dehydration of the bciizylamine salt. 
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0 
II 

ACOOCH, A -coo- 

B. Aryl Migrations (the Smiles Rearrangement) 
The Smiles rearrangement is defined as an aromatic nucleophilic 

displacement in which the nucleophile and the leaving group are joined, 
usually by being ortlzo-substituents on an aromatic ring. The result is a 
migration of an aryl group from one heteroatoni to another. The thiol 
group can be involved in the Sniiles rearrangement either as the nucleo- 
phile (equation 1) or as the displaced group (equation 2). 

A recent reviews describes i n  detail the mechanistic and synthetic 
aspects of the reaction and also presents a tabular survey of all Sniiles 
rearrangements which appeared in the literature. 

Because of the high nucleophility of the thiol group and its anion, it is 
to be expected that reactions of the type shown in  equation (1) would be 
of a wide scope, However, only a small number of examples were reported, 
mostly by Sniiles9, and all involve the conversion of mercaptodiaryl 
ethers to liydroxydiaryl sulphides. I n  this manner 2-hydroxy- 1 ’-mercapto- 
I ,2’-dinaphthyl ether (10) yielded 2,2’-dihydroxy-1 , 1 ’-dinaphthyl ether (11). 

Reactions of the type shown in equation (2)  have attracted much more 
attention, as they present the easiest and the most direct synthetic route 
to the medically important phenothiazineslO. Almost all the rearrange- 
ments reported in the literature are of 2-acylaniino-2’-nitrodiphcnyl 
sulphides which yield phenothiazines on treatment with base. A typical 
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onell is that of the sulphide (12). Its rearrangement led initially to the 
thiol salt (13) and subsequently the thiol group displaced the nitro group 
to give 14. The acyl group is usually hydrolysed under the reaction 
conditions and the phenothiazine (15) was obtained in one step. Isolation 
of the intermediate N-arylphenothiazines was reported in several cases10"3. 

I 
COCH, 

(14) 

Although the phenothiazines could have been formed by a direct displace- 
ment of the nitro group by the amide, the positions of the substituents in 
the products establish the mechanism shown and the intermediacy of 
thiols. 

A closely related reaction is the rearrangement of N-alkylamino- 
diary1 sulphides, which yield N-alkylphenothiazines on heating in boiling 
quinoline or anilineI4. Compound 17 was thus obtained from 16 (57% 
yield). 

Contrary to previous reports it was recently foundJ5 that 2-amino-2'- 
nitrodiphenyl sulphide (Is) also rearranged on heating at 190°C alone or in 
diniethylacetamide to give the phenothiazine 19. The dibenzothiophen 
20 was also formed as a by-product. 

The rearrangement of pyridyl sulphides is particularly interesting, as it 
was found to occur also under acidic conditions*G. 3-Amino-3'-1iitro-2,2'- 
dipyridyl sulphide (21) gives 2-niercapto-3'-nitro-3,2'-dipyridylamine (22) 
in nearly quantitative yield on short treatment with hydrochloric acid. 
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The catalytic cKect of the acid can be explained by protonation or 
either pyridine ring. Protonation of ring B (23) makes i t  niorc susceptible 
to nucleophilic attacks, while protonation or ring A (24) stabilizes the 
leaving group. 
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The thermal rearrangenient of dipyridyl sulphides proceeds much easier 
than that of diphenyl sulphides and is highly solvent-dependent: it is 
rapid in boiling ethanol, slower in  water and does not occur at  all in 
benzene or diniethylsulphoxide16. It was also obscrved that 2-acylamino- 
pyridyl sulphides 
derivatives. These 
equation 3. 

rearrange faster than the corresponding 2-amino 
facts suggest solvent participation such as shown in 

H+ + CH,COOC,H, 

The photochemical Smiles rcarrangement was also reported recently. 
An example involving a thiol is the conversion of 25 to 26 on irradiation 
in ethanol]'. 

Migrations of 2,4-dinitrophenyl groups from aliphatic thiols are also 
known. Migration to nitrogen occurs1s in the cystcine derivative 27 a t  
pH 7, and migration to oxygen in compound 28 on treatinent with b a d 9 .  

24 

CH2-CH-COOH CH2-CH-COOH 
I I I I  

SH NH 6" ~ @NO2 

NO2 NO:! 

(27) 
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C. Acyl Migrations 
1. Sulphur t o  Oxygen 

Acetyl transfer from thiol to Iiydroxyl groups occurs readily, under 
basic conditions, in the series RCOS(CH,),,OH when n is 2 or 3, but not 
when 11 is 4. S-Acetylniercaptoetlianol (29) thus yields thiiran (32) as a 
result of acetate ion elimination from the rearranged product 32'O.". 

S-Acetyl-3-mercaptopropanol (33) yields, under the same conditions, 
3-mcrcaptopropyl acetate (35) which is stable and isolatable. 

CH2, 
CGH, CH, CH,CH,CH, 

- 1  t i  I 
S 0 

I \  
HO CH, 

(34) 

I 
SH OCOCH, 

CH2CH,CHz 
I I 

CH,COS OH 
'C' (35) (33) 

The iniportance of tlic distance between the thiol and the hydroxy 
groups implicates intermediate ring formations (30 and 34) during the 
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migrations. I t  can be expected that a five-membered ring intermediate 
would provide the optimum ring size for the transfer, and indeed compound 
29 rearranges 30 tinies faster than 3323. 

A kinetic study of the rearrangenient of 33 to 35 showed that the 
equilibrium constant is 56 (at 39”C, 0.3 ionic strength), corresponding to a 
difference of free energy of 2500 kcal/rnole bctwcen esters and thiol 
esters“”. 

A similar rearrangement which involves migration of the thionoalkoxy 
group is assumed to occur during the rcactioii of xanthatc salts with 
epoxides, which leads to trithiocarbonates2-5. The proposed niechanism2t;~27 
is presented in equation (4). 

S 

__f 

I1 
S-COCH, 

.. ,c=s 
Lc 

Evidence for the mechanism is provided by the fact that cyclopentene 
oxide (36) does not react28, as its rearrangenlent would require the 
existence of the intermediate 37 which possesses two  truns-fused five- 
membered rings. The thiiran 38, however, reacts smoothly and gives 39. 
This striking difference in behaviour can probably be attributed mainly 
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to the much greater nucleophilicity of the thiol anion, but ring closure 
may also be facilitated by an enhanced ease of deformation of bond angles 
when oxygen is replaced by sulphur. 

2. Sulphur to Nitrogen 
The migration of an acyl group from a thiol to an amino group is 

analogous to the migration to hydroxyl described above, and proceeds 
through the corresponding cyclic intermediates. S-Acetyl-2-aminoethane- 
thiol (40) rearranges in this manner very readily to 2-acetamidoethanethiol 
(42) t:iu the thiazolidine 41 and S-acetyl-3-arninopropanethiol (43) 
rearranges to 3-acctamidopropanethiol (45) via 44 *!’. 

These rearrangements take place even i n  acidic media and, as expected, 
the rearrangement of 40 proceeds much faster than that of 43 (at pH 5, 
rate ratio 1 : 100). The rearrangenient of S-acetyl-4-aniinobutanethiol 
(46) to 47, which would require a seven-membered ring intermediate, 
occurs at  a measurable rate only a t  pH > 8  and is much slower. On 
increasing the distance between the thiol and the amino group, no 
rearrangement was observed and treatment of 48 or 49 with base results 
only i n  hydrolysis of the acetyl group 

CH,COS(C H,),NH, +- > HS(CH,),NHCOCH, 

(46) (47) 

C H, C 0 S (C H2)G N H , CH,COS(CH,), ,N H, 

(48) (49) 
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A kinetic study on the reaction 40 -+ 41 --i 42R4*3r, confirmed the inter- 
mediacy of 41. All the reaction steps were assumed to bc equilibria, and 
equilibrium constants and rate constants were determincd. Of particular 
interest is the pH effect. The migration rate exhibits an inverse dependence 
on hydrogcn ion conccntration at  low p1-I (2.5-3), a plateau region 
(pH 3-4.5) which is ascribed to general base catalysis by H,O and tlicn 
gctieral base catalysis by OH- at higher pH (> 5)". A detailed mechanism 
which accounts for all the data and includes protonation equilibria was 
proposcd23. 

S-Benzoyl-2-am i tioc t hanc t h i ol and its N-al k y I derivatives (50) real-;'a ti ge 
i i i i  mediately on 1 i be rat i on from the hydro b ro niidc salt s3". H owever. 
bcsides the expected 2-benzamidocthanethiols (51) small amounts of 
N , S-d i be t i  zo y I -7-:~n1 i n oc t h anc t h i o I s (52) we re also obtai lied, which 
indicates that the intramolecular acyl migrations Mere followed by trans- 
thiolesterifications"' from the starting materials 50 to the rcarrmgcd 
products 51. The traiisesterifications must be accompanied by elimination 
of 2-aminoetlianethiols (53) and although attempts to isolate 53a and 
53b from the rcactions of 5Qa and 50b failed, 50c afforded all three 
products 

C,H,COSCH,CH,NHR -- HSCH,CH,NR+C,H,COSCH,CH,NR 
I I 

(50) COC,H, COC,H, 

(51 ) (52) 

a, R = H  +HSCH,CH,NHR 

b, R = e thyl  (53) 

C ,  R = cyclohexyl 

Applications by thc rcarrangcment to pcptides were studied by 
Wiclaiid'!',"'.:':'. Migrations of a-aminoacyl groups arc very rapid and thc 
:-earrangcment of S-glycglcystai~liric 54 to thc N-glycyl derivative (55) was 
complete at pH 5.2 in  2 niiii. LJnder basic conditions a-aniinoacyl groups 
migrate from sulphur even to amides, to give diacylimines. These undergo 
a very facile hydrolysis and lose one acyl group (56--57), or if possible 
rcarrange further cia N -:- N acql migrations to give tripeptides. 5-Valyl- 
N-glycylcystaminc (58) for examplc yielded a mixture which contained 
N-glycylcystamine (59), N-valylglycglcystcinlinc (60) and N-glycylvalyl- 
cystamine (61). 
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n 
HS N-Gly 

H 
(55) 

n 
G l y - S  NH, 

(54) 

rearrangement 

n -c CH,CCO- 
HS N-Val 

n n 
Val-S NCOCH, - H S  N-COCH, - 

H I H 
Va I (57) (56) 

n ll ,Val hydrolysis n 
> H S  N-Gly 

H Va1-S N-Gly H S  N, 
H G’Y 

D. Migrations of Nitrogen-containing Species 
1. Cyano group migrations 

Onc of the most important syntheses of thiiranP is the direct con- 
version of oxirans to thiirans with thiocyanate salts”. The mechanism 
p r o p o ~ e d ~ ~ * ~ ~  is opening of the oxirane (62) to hydroxy thiocyanate (63), 
rearrangement to mercapto cyannte (65) through the cyclic intermediate 
64 and finally elimination of cyanate ion to give the thiiraii 66. 
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This mechanism was substantiated by isolation of the p-nitrobenzoyl 

derivative of the cyclic intermediate 64, and by the observation that 
inversion occurred at  each asymmetric carbonJ0, as the mechanism 
demands that the rcsultant thiiran possess a configuration opposite to 
that of the starting oxirane. 

Cyclopentane oxidc does not react under customary reaction conditions 
because of the considerable strain required to form a cyclic intermediate 
analogous to 64. However, on employing harsher conditions 20% of the 
corresponding thiiran could be obtained"'. 

A modification of the above reaction, which proceeds via the sanie 
intermediate, is the reaction of thiocyanate salts with ethylene carbonates 
(67) 43. 

Propylene carbonates (68) react as well to givc t l i i e t a n ~ ~ ~ ,  thus the 
rearrangement can proceed also cia the six-membered ring intermediate 69. 

2. Amidino group migrations 

oxirans to thiirans by reaction with thiourea44 (equation 5). 
This rearrangement is assumed to occur during the conversion of 

The P-hydroxyisothiouronium salt 70 can be isolated in the presence of 
and react further on addition of base. The importance of the 

cyclic intermediate 71 is evident from the failure of cyclopentene oxide 
to react. 
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I n  a similar manner thc ainidino group migrates“’ iiom S to N. 
S-(2-A in i noet hy l)iso t Iiiouroni u in salts (72) rearrange, at neutral pH, to 
2-niercaptoethylguanidine (74). Both starting materials and products arc 
in  this case isolatable as hydrobromide salts. The reaction was s I ~ o \ v n ~ ~  to 
involve the cyclic internicdiatc 73. 

C H2- C H CH,-CH, 
i -  > I  I ------+ I I 

St-l ,N 
C 

NHZ 

C H,- C H 2 
I 

s, ,NH 
C 

H,N NH H,N NH, HN NH, 
/ \  4 /  

s\c 
/ \  

S-(3-aminopropyl)isothiouroniun1 salts rearrange in the same manner 
to (3-mercaptopropy1)guanidines through a six-membered cyclic inter- 
nicdiate4(j. 

111. REARRANGEMENTS O F  T H E  0-THIOACYL SYSTEM TO 
T H E  S-ACYL SYSTEM 

A. Rearrangements which Proceed through a Four-mem5ered Cyclic 

Thc first reported rcarrangemcnt of this type was the thermal isonicri- 
zation of diaryltliioncarboiiates (75) to diaryltliiolcarbonates (77) 48, ‘I!’. 

An examination of a largc scrics of compounds”” showed that when R 
and R’ are electron-withdrawing substituents, rate accelcrations are 
experienced, and in ~iiisynimetrically substituted thioncarbonates the 
rcarrangenicnt occiirs primarily in  the direction of the ring bearing the 
more electron-witlidrawiii~ substitucnts. The reaction thus originates from 
the niicleophilic character of the sulphur. A kinetic sttidy”* showed that 

Transition State 
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S 

270-300; eoAC<’a __f 50-70% 

R R R’ 
(75) 

(77) 

the reaction is first order and all these data indicate that the rearrangement 
consists of an aromatic nucleophilic displacement in which the ring 
migrates from 0 to S via a four-membered cyclic transition state (76). 
Since this mechanism requires no solvntion, the reaction could be carried 
out also in the gas phrrse (440°C, short periods) and yields were improvedi2. 
The reaction can serve as an efficient preparation method for aromatic 
thiols by hydrolysis of the products 77. 

h’,N-Dialkylthioncarbarnates (78) rearrange similarily to thiol- 
carbamates (79). This isonierization is faster and proceeds at lower 
temperatures and in higher yields (usLTally above 9G733924 .  

(78) (79) 

The four-membered cyclic mechanism is supported by substituent effects 
and kinetic r e ~ u l t s ~ ~ , ~ ~ .  N o  crossover products were found on heating a 
mixture of tw:, thioncarbarnates. 

Steric ratc enhancement due to hindered rotation was found to be 
present in  ortho-substituted compounds i n  this series*5G. The relatively 
low temperature required results from increascd nucleophilicity of the 
sulphur, since the polarization is assisted by thc dialkylamino group, 
towards the zwitterionic form 80. 

(80) 

A stronger electron-donating inductive effect of R should promote the 
nucleophilic character of the sulphur further, and indeed the rearrange- 
ment rate was found to increase in the orderjj: 

R = i-C,Hg> n-C,H,> C,H,> CH, 
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The reaction was utilized for the synthesis of aromatic thiols53 and 
sulphonic acids”’ by hydrolysis or oxidation of the rearranged products. 

The heating of xanthates usually results in P-elimination and formation 
of olefins (Chugaev reaction”). However, when there is no ,%hydrogen a t  
the alcohol moiety, rearrangement takes place. A kinetic study of the 
influence of substituents on the reaction rate of a series of diaryl xanthates 
to diaryl dithiocarbonates (81 +82) again indicates a four-membered 
cyclic transition state?. A similar transition state is indicated, by the same 

kind of evidence, for the rearrangement of aryl thiobenzoates (83) to aryl 
tliiolbeiizoates (81) 60. 

S 0 

C 6 H 5 - ! ! - 0 0  R C 6 H 5 - ( ! - S a  R 

The rearrangement of alkyl thiobenzoates had also been reported in 
certain casesG1. An application of this reaction is the thermal conversion 
of thionesters of glycerol to esters of thioglycerol (85+86) 62. 

B. Rearrangements which Proceed through Dissociation and Return 

0-Alkyl thionesters rearrange easily to thiolesters when the alkyl group 
can form relatively stable carbonium ions. Benzhydryl thioncarbonate 
(87) yields 88 on heating in ethanolti3 and the suggested mechanism is a 
dissociation to a ion pair, the return of which occurs uiu the sulphur 
because of the greater nucleophility of the sulphur compared to the 
oxygen. 
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0 
I I  

A study of the rearrangement of the optically active exo-norbornyl 
thiobenzoate 89 to 90 showed that the rate of raceniization was equal to 
the rate of the disappearance of 89. This indicates that no return via the 
oxygen occurs64. 

The dissociation, and hence the rearrangement, may be caused by 
neighbouring group participation in  the formation of the cation. An 
example is the rearrangement of the thionester 91 
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C. Rearrangement of Allyl Thionesters 

accompanying an ally1 shift, on heating to 100°C. 
Allyl thionbenzoates (92) rcarrange"" to allyl thiolbenzoates (93 ,  

R', /CH, / R2 

H/F 

R'\ /CH\ / R2 

o\ / 

'\H + H/C' F\H 
S 

0, C 2 C 
I I 

(92) (93) 

This isomcrization is very little influenced by the medium and occtirs 
only ca. ten tinies faster i n  acetic acid than i n  cyclohexanc. This low 
sensitivity to the ionizing powcr of the solvent indicates that ally1 
thioiiestcrs rearrange by a mcchanisni which involws very little change i n  
charge separation betwecn the ground state and the transition state. Thus 
a cyclic concerted nizchanism is niorc probable than dissociation to ion 
pairs. This coiiclusion was confirmed by deuterium isctopc efixt  measure- 
nien ts"'. 

Allyl tliioiicarbamntes"~ and allyl santhatcs";' ako rearrangc easily in 
the same manner. 

C6H5 C6H5 

IV. T H E  THIO-CLAIISEN REARRANGEMENT 

A. The Rearrangement of Allyl Aryl Sulphides 

Thc thio-Claisen rearrangement is a [3,3]sigmatropic process, which 
consists of synchronous cleavagc of a carbon -sulphur bond and forination 
of a new carbon-carbon bond (equation 6). 

The thiols forincd usually do not survivc under the rcaction conditions 
and cyclizc to five- and sis-nienibcrcd rings. I-leating G f  ally1 phenyl 
sulphidc (94) i n  high boiling aniiiies';!'.iO or carbosylic acids" yields 
3-mcthyl-~,3-diIiydrobcnzotliioph~1ie (95) and thiachroman (96). Thc two 
products are not interconvertible under these conditions. 
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Although a different reaction pathway, which involves the thiiran 97 
as intermediate, has been proposedi2vi3, the intermediacy of 2-allyl- 
benzenethiol(98) and therefore the correctness of the concerted mechanism 
has been rigorously established. In the presence of methyl iodide the 
methylthio derivative 99 was isolated7". Furthermore. compound 98 was 
synthesized indepe~idently'~ and was shown to undergo a facile cyclization 
to give both 95 and 96. When cyclized under the rearrangement conditions, 
the proportions of thc products from 98 were identical with those obtained 
directly from 94 74. 

(97) (98) (99) 

Definitive evidence for the sole intermediacy of 2-allylarenethiols was 
obtained from work on the rearrangements of ally1 quinolyl s~ lp l i i des~~- - '~ .  
For example, 3-niethallylquinoly1 sulphide (loo), which rearranges in 
dimethylaniline to 101 and 102, gave i n  butyric anhydride quantitative 
yield of the butyryl derivative (103) of the Claisen product 104. Compounds 
100 and 104 yielded 101 and 102 in the same proportions when lieated 
tinder identical conditions. 

.!, 
SCOCsH7 A 

(1 01 1 (1 02) 

Similar results were observed in the thiophene seriesi8. I n  the rearrange- 
ment of ally1 3-thienyl sulphide (105) to 107 and 108, the intermediate 
2-allylthiol 106 has been isolated for the first time directly from the 
reaction mixture. 
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The five-membered ring products result from the normal (Markownikoff) 
internal addition of the thiol group to the double bond, whereas the six- 
membered ring products result from abnormal (anti-Markownikoff) 
addition, which is characteristic of a free radical process. The formation 
of both heterocycles thus indicates competitive thermally induced 
hctcrolytic and homolytic fissions of the thiol S-H bond (equation 7). 
The cyclization mechanisms were by a detailed examination of 
the thermal behaviour of 104. Product 102 was formed almost exclusively 

A 

chain reaction 
>4 
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under free radical initiation. The intervention of free radical intermediates 
was also evident from e.s.r. monitoring of the reaction. 

Cyclization does not occur when the thione initially formed in the 
rearrangement cannot tautomerize to the corresponding enethiol. The 
indolenine 109 for example rearranges to 110 which shows no tendency 
to cyclizesO. 

When the two ortho-positions are blocked, no para-Claisen products 
are observed. Heating of ally1 2,6-dimethylphenyl sulphide (111) yields 
a cleavage product 112 and four cyclic materials (113-116) which probabiy 
result from orrho-rearrangement followed by 1,3- and 1,4-methyl 
migrationssl. 

C H 3  

! 
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6. The Rearrangement of P rop-2-ynyl Aryl Sulphides 

This reaction also yields both five and six-membered cyclic products, 
but has been shown to consist of two parallel processes82. Prop-2-ynyl 
phenyl sulphide (117) on heating initially isomerizes to phenyl allenyl 
sulphide (118) and both 117 and 118 undergo the thio-Claisen rearrange- 
ment to the allenic (119) and acetylenic (120) thiols respectively. Subsequent 
cyclization yields the final products, 2H-thiachrornene (121) and 2-methyl- 
benzothiophene (122). as> -> E C 4 C H 2  / - a Ill 

CH (119) (1 21 1 (117) 

CHZ 
(1 181 

The rearrangement of prop-2-ynyl-3-thienyl sulphide (123) proceeds in 
the same manner to give 124 and 12583. 

CH (124) (1 25) 
(123) 

V. INTERNAL ADDITIONS, ELIMINATIQNS AND 
RING-CHAIN TAUTOMERISMS 

A. Intramolecular Additions to Double Bonds 
The cyclization of orf~?a-alfylbenzenethiols has already been discussed 

in connection with the thio-Claisen rearrangement. It has been shown that 
ionic and free radical proccsses operate simultaneously to give five- and 
six-membered heterocycles respectively79. Similar dual pathways were 
observed in the cyclization of 5-mercapto-I -pentem (126) which gave both 
127 and 12S8". 

O C H :  (s) HS(CH,),CH=CH, 
(1 26) 

(127) (128) 
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Free radical cyclization (Bz,O, catalysis) of a series of simple mercapto- 

olefins gave the following product ratios*j. 

H S  "SH >HS CH, aHS 
a:b 1:99 24:76 45:55 

85:15 

Different results were observed in nitrogen-containing chains. Ultra- 
violet irradiation of N-allyl-2-aniinoethanethiols (129) gave mainly 
thiazolidines (130) when R was H and hexahydrothimines (131) when R 
was methyl. These results can be rationalized by assuming an initial double- 
bond migration towards the nitrogen86. 

(1 29) ( !30)  (131) 

Reaction routes which include internal additions of thiols have been 
proposed for several rearrangement reactions. Addition of vinyllithium 
to thiophthalide (132) yielded, after acidification, 4,5,6,7-tetrahydro-2H- 
benzo[c]thiepin-5-one (135). The probable course is ring opening of the 
adduct 133 to the thiol 134 which cyclizes by conjugate addition to give 
135. The thiolactone 136 yielded 138 i n  an analogous nlanner z.iu the thiol 
137 

CH, = CHLi Q3 ____3 

(132) 
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Another example is the photolysis of mercaptoles. Compound 139 

yielded the rearranged product 140 (cis-tram mixture, ratio 8 : I ) .  Its 
formation is best explained by a homolytic scission of the C-S bond, 
followed by hydrogen atom transfer and addition of the tliiol to the 
double bonda8. 

5. Intramolecular Additions to Triple Bonds 
Cyclization of a series of acetylenic thiols under various conditions 

gave the following resultsa9 (Table 1, in ”/,). 
Although the polymerization was extensive in most cases, the analysis 

of the cyclic products clearly shows that in terminal acetylenes nucleophilic 
reaction leads mainly to exo-methylene-heterocycles, while free radical 
cyclization leads to unsaturated rings. 

The cyclization of ortho-prop-2-ynylbenzenethiol has already been 
discussed in  connection with the thio-Claisen rearrangements2. 

C. Cyclization and Ring-chain Tautomerism of Cyanothiols 
Cyanothiols cyclize irreversibly in cases in which the product exists 

predominately in its enaniino form. o-Mercaptobenzyicyanide (141) thus 
cyclized to 142 which tautomerized to 143 and was shown to exist only in  
a cyclic form”. 

Compound 144, on the other hand, cyclized to 145 in which the methyl 
substituents at position 3 preclude tautomerism to an enamine, and 
indeed its exists in the cyclic form only in neutral or acidic media. How- 
ever, in basic solution it reacts as the open chain form 144, and can be 
S-alkylated or osidizrd to the corresponding disulphide”. 
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The same ring-chain tautomerism is exhibited by the pair 146 % 147. 
The cyclic form 147 exists as the imino tautomer, as aromatic stability 
would be disrupted by the o-quinoidal structural requirement of the 
enamino tautomer 148"". 

In corresponding six-membered systems it was shown that 151b and 
151c are the predominant forms, as a result of conjugation with the 
substituent X, and therefore they do not show tautomerism with the open 
forms 149. It was speculated by the authorsy3 that if X would be a hydrogen, 
the cyclic form might exist as 150a, and would be in tautomerism with 
149a. However, this could not be demonstrated, due to the failure to 
synthesize 149a or 150a. 

(149) a, x = H 
b, x = COOC2H, 
c ,  x = CN 

D. Ring-chain Tautomerism of Mercaptoaldehydes and Mercaptoketones 
The order of stability of the cyclic form of hernitlzioacetals relative to 

the open chain form is parallel to that observed for hydroxyaldehydes94. 
2-Hydroxytetrahydrothiophe1i (152a) and 2-hydroxyhexaliydrothiopyran 
(152b) (prepared from the corresponding acetates) were shown, by spectral 
evidence, to exist in their cyclic forms both in the neat state and i n  their 
solutions i n  organic solvents. In  aqueous solutions, however, they are 



15. Rearrangements involving thiols 71 1 
converted into the tautoineric mercaptoaldehydes 153a and 153b and can 
be titrated as thiols with aqueous iodine. The seven-membered ring 152c, 
on the other hand, exists as such only in the solid state, but shows spectral 
properties ascribable to the open form 153c in chlorofornl solution, 
indicating that tautornerisin occurs in this case very readily". 

c . n = 2  

Similar results were obtaincd with niercaptoketones. The thiol 154 
was prepared froin open-chain precursors and cyclized spontaneously 
with loss of water to 156. The possible intermediate 155 could not be 
isolated". 

The unsubstituted mcrcaptoketones 157a and 157b were never isolatcd 
and isolation attempts led to the unsaturated heterocycles 159a and P59b, 
probably cia thc hemithioacetals 158a and 158b"9". 

I n t e r nal t hi o 1-ca r bo n y 1 i n t erac t i o 11s wcrc extensive 1 y i nvcs t i ga ted i 11 the 
field of thiosugars, and were applied to the syntheses of the thiofuranosegR, 
and thiopyranose!'9,1100 and thioseptanose1l0lI1"~ systems. 

Ring opening and closure involving mercaptoketoncs were assumed to 
occur during the unexpected formation of 4-acetyl-2,3-dihgdro-2-hydroxy- 
2-phenyl-4H- I ,4-thiazine (161), on treating 2-methyl-3-phenacyltl1iazolin 
bromide (160) with baseIo3. 
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CH,COAr CH,COAr kH,COAr 
(1 60) 

I 
kOCH, COCH, 

(1 61 1 
Another interesting example exists in the photochemical rearrangement 

of or-(o-hydroxybenzy1idene)-y-butyrothiolactone (162) to 3-(2-mercapto- 
ethyl) coumarin (164). The rearranged product 163 is stabilized by ring 
opening, as the carbonyl group formed becomes a part of the coumarin 
sys tem1@l. 

OH 

E. Ring Openings of Cyclic Sulpbides to Unsaturated Tbiois 
I. P-Eliminations 

This reaction has been observed mainly in nitrogen-containing systems. 
The proton elimination can occur either from a /I-nitrogen atom or from a 
B-carbon. 2-Arylthiazolidines (165) are thus opened to the iminothiols 
1661°5 and the tetrahydro-1,4-thiazepine 167 is opened to the enethiol 
168 which is unstable, but could be trapped. The corresponding 

n 
S N=CHR ___, base n 

____+ 

n 
(1 66) 

&p VNH R R 
(1 65) 

C6HSCHZCONH , 
NaOH 

o r 2  COOCHJ - COOCH, 
(1 67) (1 68) 
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perhydrothiazepine is opened by base a t  a much slower rate, and the 
resulting thiol is isolatablelo6. Rearrangements of this type are most common 
in penicillin chemistry. An example is the rearrangement of penicillins 
with an activated carboxyl group 169 to anhydropenicillins (171), in which 
the first step is /I-elimination to the thiol (170) lo'. 

& N*-COX 
0 

The intermediate 170 could, in certain cases, be trapped as its acyl 
derivativeIo8. In another instance the carboxyl group reacted with the 
lactam ring leading to  the oxazole 172Io9. 

R J _ 5 H  

0 % 
(172) 

Another type of penicillin rearrangement is that which starts with 
proton elimination from C-6. Such mechanism explains the epinierization 
at  C-6 on treating phthaloylpenicillin methyl ester (173) with sodium 
hydridello. The first step is the opening of the thiazole ring to the thiol salt 
174 which recyclizes to 173 wi ti1 epimerization. Support for this mechanism 
was provided by the isolation of the thiazepine 175 as a by-productl'l. 

B:\ 
b - - *I$! c 0 OC H j 

P ht jy 
COOCH, 

0 0 H 
(173) (1 74) 

Pht = Phthalimido 
P h t f s k i O O C  H 

0 
(175) 
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Another interesting penicillin rearrangement which involves 

/l-eIiniination and a thiol intermediate is that of methyl Gor-chloropenicillate 
(176) to the 1,4-thiazine 177, through the pathway shown112. Ring opening 

NaOCk!; 1 ;  7 pT - 
COOCH, CH300C HN COOCH, 

t i  H 

by p-elimination occurs also in  the fully aromatic isothiazole system. 
During the lithiation of 4-nietliylisothiazole (178), which occurred mainly 
at position 5 ,  the nitrile 180 was also formed as a by-product. The 
mechanistic pathway is probably lithiation at  position 3, ring opening to 
the thiol salt 179 and alkylation by butyl bromide present in the reaction 
ni i x t 

Similar openings were observed on treating condensed isothiazoles 
(18 1) \v i th 
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2. Homolytic fissions foliowed by hydrogen transfer 
Thc results of several photolysis reactions of sulphur-containing rings 

can be rationalized by postulating this process. One example is the 
photolysis of lipoic acid (182)115 which yiclded 185 (in water) or 186 
(in methanol). The proposed mcchanisni is a Iioniolytic scission of thc 
S-S bond to thc diradical 183 and niigration of the tertiary hydrogen 
atom a s  a radical, to form the thionthiol 184 which reacts with the solvent. 
A siniilar mechanism which invo!vcs a primary honiolytic cleavagc of a 
C-S bond was assumed to occur in  the photolysis of ~ncrcaptols~~. 

Vl. P4 DSCE LbA N E 0 CP S REARRANGE PI E N T S  

A. Migration of a Phiol Ester Group 
The only cast. in which this type of inigration occurs is thc acidolytic 

ring openins of epoxides1J‘‘. Phenyl ~-methyl-ti.~~ns-~-pheny(thiolglycid~~tc 
(18’7) gave. upon treatment with boron trifluoridc etherate, 45% yield of 
the en o 1 tau to me r of plie n y 1 ~-p l i e  n y 1 acc to t 11 i olace ta te (I 88). 

The tendency of the tliiol ester group to migrate i n  this particular case 
is not surprisinz, since the unusual migration of the carbethoxy group i n  
the corresponding glgcidic cstcr was obscrvcd previously’l’. 
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B. Dissociation and Return of the Hydrosulphide Ion 

A rearrangement which proceeds through this mechanism was observed 
during the preparation of N-@-hydroxyethy1)-N-ethyl-thioformamide 
(189). An isomer, N-@-mercaptoethy1)-N-ethylformamide (191), was 
obtained as a side product and it was shown118 that 191 was formed from 
189. The probable course is a cyclizatioii of 189 to 1 -ethyloxazolidine-2-thiol 
(190) and attack of the hydrosulphide ion at  C-4. This rnechanisin is 

CH2-CH2 CH2-CH2 CH2-CHz 
I 'OH- I I I I 

CZH5-N, > C2H,-N\ ,O - C2H5-N<:?->O + SH- 
C-H C C 

/ \  H 
HS H II 

S 

supported by a previous report on the rins opening of oxazolidines by 
thiols (192 -> 193) lln. 
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I. INTRODUCTION 

The thiols act as nucleophiles in two basic types of reaction, involving 
either substitution or addition to a multiple bond such as C=C 

RSHfAB > RSA+HB (1 1 
or 

RS-+AB > RSA+B- 

RSH+>C=C< > RSC-CH 

I n  reactions of the type 1 the H B  generated may fracture the S-A bond 
formed; for example the silicon-sulphur bond i n  H,SiSCF, is susceptible 
to fracture by HI. 

H,SiSCF,+ H I  ~ > H,SiI+CF,SH 

The substitution reactions discussed in this review will bc restricted 
primarily to the thiolate anion, RS- acting as a nucleophile. This may bc 
present initially when a metal thiolate, such as silver(1) or lead(li), is 
employed, or niay bc generated in solution i n  the presence of a base such as 
sodium hydroxidc or trimcthylaniine. The acidity of thc thiol is important 
if the RS- anion acts as a nucleophilc in  a neutral thiol solution. Thiolnte 
nucleophiles can be obtained in non-aqueous solution by treatment of 
thiol esters, such as CH,COSR, with strong non-nucleophilic bases', or 
by hydrolysis of thiourea derivatives". 

The substitution type reaction is not restricted to substitution at a carbon 
atom, eithcr aliphatic or aromatic, but includes the main group and 
transition elcnients. Several examples will be given of the varieties of the 
use of thiolates as nucleophiles, and although most of these reactions are 
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general, some of the illustrative examples will be drawn from tlie chemistry 
of halogenated thiols, in  which tlie author is particularly interested. The 
re\, iew will generally be restricted to monofunctional thiols, and usually 
excludes dithiols, tliio acids, etc. 

Various reviews have been written on parts of this topic and these will 
be referred to at appropriate places in the text. The alkoxide nucleophiles 
have been investigated considerably niore than the thiolate nucleophiles, 
and conversely sclenolates significantly less than thiolates. I n  general the 
order of nucleophilic strength increases in  the series alcohols, thiols and 
selenols, although sulphur-containing nucleophiles are generally less basic 
than their oxygen analogues. 

The nucleophilic reactivities towards cations of several ~iuclcophiles 
has been reviewed?. A parameter N, which is characteristic of tlie nucleo- 
phile system and independent of thc cation has been defined a s  

where K,, is the rate constant for reaction of a cation with a specific 
nucleophilic system (i.e. a given nucleophile in a given solvent), KIIz0 is the 
rate constant for reaction of the same cation with water i n  water. This 
generalization can successfiilly be applied to the reactions of various 
nucteophilcs with various cations. It has been suggested that the N+ values 
are related to tlie solvation energies of the nucleophiles’. In all the 
rcactions studied, valucs of N+ are highest for the benzenethiolate anion. 
Comparable values for the reactions of nucleophiles with p-nitro- 
(Malachite Green) are, solvent i n  brackets, MeOH (MeOH), 0 - 5 ;  MeO- 
(MeOH), 7.5; N, (MeOIi), 8.5; CN- (DMSO), 8 4 ;  PhS- (MeOH), 10.7; 
PhS- (DMSO), 13.1. Unfortunately data are not currently available to 
correlate anaiogous oxygen, sulphur and seleniuni nucleopliiles by this 
method. 

A considerable range and variety of thiols have been employed as 
nucleophiles. Some tliiols are unstable in basic solution, but can be 
employed as their thiolate salts. Exainplcs of this type of thiol include 
t r i fl u or onie t ha nc t h i 01 and pent a fl uo ro benzene t li i ol . The t r i f lu  o roni e t hane- 
thiolate anion readily loses fluoride in solution i n  an irrcversible reaction”, 
but the mercury derivative, Hg(SCF,),, effectively acts as a source of 

(SCF,)- ___ > CSF,+F- 

nucleophilic tri~uoronietlianelhiolatc ions. The penta~uorobcnzenetliiolate 
anion decomposes in  basic solution in air. The reaction probably proceeds 
initially with the oxidation of the thiolate to the disulpliide, which is then 

25 
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attacked nucleophilically by the thiolate. 

2 C,F,S- C,F,SSC,F,+2 e 

2 C,F,S--l-C6F,ssc6F, ~ ~ ~ , ~ ~ , ~ , s s C , F , S c , F , + 2  F- 

The product, termed perfluoropoly(pheny1ene sulphide)6, has been 
characterized by chemical analysis and molecular weight'. 

Some thiolates, such as pentachlorobenzenethiolate, show no nucleo- 
philic reactivitys. 

Other interesting thiols that have been studied include the silylalkane- 
thiols, such as (EtO),SiCH,CH,CH,SH ', and (Me,SiO),MeSi(CHa3SH 10. 

A series of syntheses based on the alkynethiolates has been reported". In 
some reactions the C s C  bond is retained, but in others it reacts, e.g. 

,SLi 
RCECSLi -t- HNEt, __f RCH=C, 

NEt, 

,SEt 
RCH=C, 

NEt, 

The stereochemistry of the thiol is important. Steric effects have been 
used to explain the differ&:-;es in rates of reactivity of RC,H,SH (R = H, 
2 - t - B ~ ~  4-t-Bu) in addition reactions with N-ethyl maleimide or displace- 
ment of 2,4-(0,N),CGH3S- from 2,4-(O,N),C,H,SSEt 12. 

In some circumstances the electrophiles studied are susceptible to the 
thiolate anion causing both substitution or addition. An example is 
H C F C C M ~ H ~ ~ C O ~ E ~ ~ ~ .  I n  this casc the thiolate can also act as a reducing 
agent. The reducing properties of the thiols will only be commented 011 

when it is incidental to substitution or addition. The reducing power of 
thiolates, however, means that the electrophiles employed generally do 
not contain a group that is readily reduced, such as the nitro group. 
When simultaneous substitution and addition occur, the reaction will be 
discussed in the substitution section, particularly in compounds containing 
CE C bonds. 

This revicw is divided into two main sections; substitution reactions and 
addition reactions. Sometimes the classification of a particular reaction is 
somewhat arbitrary. Dealkylation rcactions, some of which can superficially 
appear to be neither substitution nor addition reactions, are basically 
substitution reactions and a section is devoted to these reactions, including 
both aliphatic and aromatic examples. 
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A. Aliphatic Substitution 
1. Introduction 

by the equation 
Simple thiolate substitution of an aliphatic compound can be represented 

RX+R'S- > RSR:+X- 

where the group X may be a halogen, inethoxy (discussed mainly under 
dealkylation), methanesulphonate, tosyl, etc. 

Examples of the reactions of alkyl and acyl halides are'": 

CH,CI,+Pb(SC,F,), ----+ CH,(SC,F,),+PbCI, 

CICH,CH,CI+Pb(sc,F,), -----+ (CH,SC,F,),+PbCI, 

2 PhCOCI+Pb(SC,F,), ___ > 2 PhCOSC,F,+PbCI, 

An inert solvent is usually used but liquid ammonia has been used in the 
reaction of alkyl chlorides with sodium hydrogen ~ u l p l i i d e ~ ~ ~  lG. The 
compound (PhS),CH was formed in the reaction of the benzenethiolate 
anion and dibromocarbene, prepared from PhHgCBr, in benzene at 80°C. 
The postulated initial step was the addition of the electrophile Br,C: to 
the sulphur nucleophile, forming an anion intermediate which picked up 
a proton yielding PhSCHBr,. Subsequent nucleophilic replacement of 
bromine by the thiolate gave the product17, (PhS),CH. 

Polymers are formed when dithiols react with dihajoalkanes. Condensa- 
tion of p-HSCH,CGH,CH,CH(Me)CGH4CH,SH-p with dihaloalkanes gives 
polymers** such as H(SCH2C6H,CH,CH(Me)CGH4CH2S(CH2),,)),, Hal. 
Two different monofunctional high molecular weight chlorides (R'Cl and 
R'Cl) react with the difunctional thiol, (CH,SH),, i n  the presence of 
trietliylamine to give primarily the symmetrical bisulphides, (RlSCH,), 
and (R2SCH,),, and only very small yields of the unsymmetrical bisulpliide 
R1SCH,CH2S R2 19. 

Recently copper(1) salts including thiolates have been studied as nucleo- 
philes. Copper(~)butanethiolate and copper(1)cyanide in DMF did not 
react with r-butyl chloride or benzyl chloride, but haiogenoarornatic 
compounds react under similar conditions. When the reactions were 
repeated in the presence of thiourea or quinoline, the expectcd products, 
di-t-butyl sulphide, valeronitrile and phenylacetonitrile, were obtained. 
The thiourea or quinoline probably act as ligands and bind strongly to the 
copper, forming the ion (CUL,) +, leaving the counterion (e.g. Bus-  from 
CuSBu) available for normal nucleophilic attack"-. 
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2. Reactions with electrophiles of the type RM(CH,),X and 
R M C H X ,  

a. DispIacei?ient of kalogc~.  Alkylthio-substituted acetic acids can be 
obtained from monochloracetic acid and a thio12', 

A r 0 C H,S H + C I C H ,C 0,H -> A r 0 C H ,S C H,C 0,H 

Derivatives of 1,1 , I-trifluoroacetone may be prepared 

z CF,COCH,SR (H = Et, Bu, Ph) T<t .%S 
CF,COCH,CI+RSH 

Organotin derivatives containing the RSCH,Sn(rv) group can readily be 
obtained in the reactions of RSNa and BrCH,Snc or RSCH,Li and CISnC, 

the former method being preferred. Compounds containing both Sn-S 
and Sn-C bonds can be prepared23, 

RSNa+(BrCH,),SnBr, - (RSCH,),Sn(SR), 

A similar reaction involves replacement of the CI in RR'NP(O)(CH,CI), 
and (CICH,),P(O)OPh or tosyl i n  4-MeC,,M ,SO,CH,P(O)Ph, with 
(SR2)-,244.25. Substituted trialkylphosphine oxides or sulphides, 
(RSCH,CH,),PX (X = 0, S) can be prepared analogously2G~2i, from a 
t hiolate an ion and (CIC H,C H .&PX. 

b. Displaceiiieiit of sirlphoi~yl groiips. Ready replacement of the methane- 
sulphonatc group by the benzenethiolatc group from bismcthane- 
sulplionates of 3-arylthiopropane-l,2-diols, 2-arylthiopropane-l,3-diols 
and 1 -argltliiopropane-2-ols has been reported", 29. 

p- M e SC,H IS CH ,C H (0 S 0,M e)C H, (0 S 0,M e) + P h S - - 
p-MeSC,H,SCH,CH(SP h)CH,(SP h) 

The reaction proceeded via a direct S,2 substitution except when re- 
arrangement occurred, which was only partially observed in the reaction 

p-MeOC,H,SCH,CH(Me)OSO,Me+PhS- ___ > p-MeOC,H,SCH,CH(Me)SPh 

+p-MeOC,H,SCHMeCH,(SPh) 

f 
The cyclic intermediate &H(Me)SAr&H,X- is postulated. It  is inipossible 
to detect whether rearrangement or direct substitution occurred in the 
reaction 

PhSCH,CH(OSO,Me)Me+SPh - > P hSCH(Me) CH,SPh+ MeSO; 

The nitro groups were reduced in derivatives of 2,4-dinitrobenzene. 
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The trifluoroiiiethanesulphonyl group is displaced in p-tolylsulphonyl- 

~iiethyltrifluoromethanesulphonate in the S,2 reaction with nucleophilcs, 
such as benzenethiolate”, 

P- Me C 6 H4S 0,C H, 0,s C F, + P h S - > p-MeC,H,SO,CH,SPh + CF,SO; 

In the reaction of 2,2-dialkyl-3-(tosyloxy)propionaIdehydes with 
benzene- or methane-thioiates the tosyl group is displaced and it is 
postulated that the attack originates at the carbon atom of the carbonyl 
group“. 

Me,C(CHO)CH,OTs+RS- -----+ Me,C(CHO)CH,SR 

The carbon-sulphur bond is fractured i n  the reaction of p-toluene- 
sulphonyl cyanide with sodium ethanethiolate in ethanol. Other thiols, 
not thiolates, can also fracture the carbon-sulphur bond”. 

p-TolSO,CN+EtS- ___f EtSCN 

3. Reactions of electrophiles of the type Ar(CH,),X 

The chlorine kinetic isotope effect i n  nucleophilic disp!acemcnt at 
saturated carbon in para-substituted benzyl chlorides, with thiolate and 
analogous oxygen nucleophiles, has been exaniined”. The reactions proceed 
via a concerted transition state. 

R’S-+RCI ___?I [R’S- R - CI] A RSR’+CI- 

As tlie para-substituent changes from more electron donating to more 
electron withdrawing, the relative importance of bond breaking and bond 
making in the transition state alters. With niethoxide and benzenetliiolate 
nucleophiles the chlorine isotope effect (K&&) increases i:i the order 
p - N O ,  < H <p-MeO, indicating greater bond breaking as the para- 
substituent becomes inore electron withdrawing. For both oxygen and 
sulphur nucleophiles the isotope effect decreases with increase in basicity, 
PhO- us MeO-, and PhS- r s  ti-BuS--, indicating less bond cleavage at the 
transition state with the stronzcr nucleophile. In coniparison between 
oxygen and sulphur the reaction is slower with the oxygen nucleophiles 
(presumably owing to solvation) and the isotope effect is smaller, 
suggesting not only that the bond breaking is less, but also that the 
oxygen is a stronger nucleopliile. 

I n  a I-lammett equation study of tlie reactions of I ,l-diaryl-2,2,2- 
trichloro- and I ,  1 -diaryl-2,2-dichloro-ethane with benzenethiolate, two 
types of reactions were observed. For one type, the p-value for the 
benzenethiolate-promoted dehydroclilorination of (p-XC,M,),CHCCI, in 
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ethanol at 65°C was 2.1 I ,  while for the SN2 substitution of benzenethiolate 
for chlorine in (p-XC,H,),CHCHCI, forming (p-XC6HJ2C=CHSPh as 
the sole organic producP, the p-value was 0.41 : 

(p-XC6H,),CHCHC1,+2 PhS- - (p-XC,H4),C=CHSPh+2 CI-+PhSH 

The potential insecticide rii-RSCH,C,H,O,CNHMe (P- = Me, Et, i-Pr) 
can be prepared from methyl isocyanate and nz-RSCH,C,H,OH, which 
in turn is obtained from r~i-ClCHzC6H,,0H35, 

MeCN 
m-CICH,C,H,OH+EtSH m-EtSCH,C6H40H 

Heterocyclic derivatives can be used as electrophiles. The hydrochloride 
of 3-chioromethylpyridazine reacted with sodium benzcnethiolate in 
toluene, replacing the C1 by SPh3,. 

4. Reactions with cyclic compounds 

Replacements of substituents by a thiolate group 0ccui.s in several cyclic 
compounds. Several products are found in the reaction of 2-phenylcyclo- 
hexyl-p-toluenesulphonate (1) with the dipotassiuni salt of mercaptoacetic 
acid in  methanol, corresponding to simple replacement, neighbouring 

(‘1 cis and trans 

SCH,CO,H b + 

group replacement forming a furan derivative, elimination forming an 
olefin and solvolysis. The actual products depend on the reactant ratio, 
anion : tosylate; the furan is formed when the ratio is 2 : 1 ,  but a t  50 : 1 
simple displacenient occurs. The tosyl group is more readily replaced than 
the aromatic methoxy37. 

111 the nitrogen heterocyclic systems, 1 -t-butyl-3-chloroazetide (2) and 
1 -r-butyI-2-chloromethylarizidine (3) react with thiolate anions giving 
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simple replacement of the chlorine, although other nucleophiles give 

t-BUN '_1 t - B u NL C H2CI 
(2) (3) 

partial hydrolysis and cyanide converts (3)+ (2) (as its cyanide)38. The 
ethanethiolate anion and various other nucleophiles have been used for 
ring opening of N-cyanoaziridine in steroids, such as 2/3,3P-(cyanoimino)- 
cholestane3 : 

H 

Displacement of the 2-clilorinc of 2,3,3-trichloro-l-acetylpiperidine (4) 
occurs with various nucleophiles, including alkoxides and thiolates40, 

(4) 
R = Me, Et, i-Pr, Bu, sec-6u, Ph 

Cleavage of the C-N bond occurs when 1-[/3-(phei;ylsulphonyl) ethyl]- 
piperidine hydrochloride or methiodide is treated with aromatic thiols in 
aqueous dioxane and sulphonyl sulphides are formed. An elimination- 
addition mechanism is proposed". 

Treatment of methyl 3,4,6-tri-0-acetyl-2-bromo-2-deoxy-~-~-gluco- 
pyranoside with ethanethiol/sodiiim methoxide and methanol gives 100% 
yield of methyl 3-S-ethyl-3-thio-/3-11-altropyranoside (5). The S-benzyl 

CH,OH .. 

H O  

SEt 

(5) 

analogue is prepared sirnila1-1~~~. I n  the reactions of chlorohydrin 
derivatives (6) with thiolates the chlorine is also replaced by thiolate giving, 
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for instance, traru-3-hydroxy-2-ethylthio-tetrahydropyran (7). When 
R = H, the product is 45% diaxial and 55% dicquatorial". 

OH 
(7) 

The ring is partially fractured in the treatment of 3-chlorothietane (8) 
with the benzenethiolate anion. A mixture containing 30:< of phenyl-3- 
thietanyl sulphide (9) and PhS,CH,CH =CH, was obtained. The latter 

vc' + PhS- __j TsPh '+ PhS,CH,CH=CH, 
S S 

was also prepared froin PhSCl and HSCH,CH=CH,. The reaction 
probably proceeds44 via the formation of the cations H,C=CHCH,S+ 

and ST+. The C-S bond is fractured in '>-dialkylarnino-l,3-dithioliu1n 
percl,lorate (10) when trcated with the ethane-thiolate anion in DMF. 
Quite different products are found with the ethoxide ion as a nucleophile, 
involving attack on the 2-carbon atom as opposed to attack on the 
4-carbon atom with the ethanethiolate aniond5. 

[]FNR&lo; + EtS- - EtSCH,CH,SC(S)NR, 

(10) R = Me, Et 

OEt- ! 

EtOC(S)NR, + ES 
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5. Reactions with RC=CX, R1R2C=CR3X and R1R2C= NX 

The reactions described in this section will be concerned primarily with 
the replacement of a group X with a group RS, and not addition reactions. 

a. AIkyi7e derioatices. Three different routes are proposed for the 
rcaction of acetylenes with nucleophile~~", 

,Hal 
(Ar)C=C, (4) 

N u c l  

(Alk, Ar)C=CHal + N u c l -  - / t (A r ,  A l k ) C r C -  (5) 

\ 
(6 )  

\ 
(Alk)C=CHal 

I 
N u c l  

The intermediates react further to give (Alk,Ar)C=CNuCI. With thiolate 
nucleophiles (EtS- and PhS-), Hal = C1, Br, 1, the mechanism is 
restricted to attack on tlie halogen (5), but attack on the carbon is also 
observed in the reaction of EtS- and ArCrCCI .  The second-order rate 
constants i n  methanol-water mixtures for mela- and para-substituted 
1-bronio-2-phenylacetylenes correlate well with I-lanimett o constants; 
p = 1-15. A linear correlation was also observed between log& and pK, 
of the corresponding ~hiols. 

The rate constants for tlie reaction ofp-ZC,H,C~CHal  (Z = Me, H, Cl; 
Hal = C1, Rr) with p-MeC,H,S-Na i- in D M  F, forming p-ZC,H,C=- 
CSC,H,SMe-p have been measured. Attempts to trap tlie ion 
p-ZC,H,,CzC- were unsuccessful. These results have, however, been 
interpreted differently from those presented in tlie previous paragraph, 
and an addition-elimination mechanism is favoured, involving the 
formation of p-ZC,H,,C=CHal(SC,H,Me-p) and fast eliniination of 
Hal- to give the prodi~ct'~. 

Various products were obtained from the reaction of sodium thiolate 
with the acetylene derivative HC=CCMeHalCO,Et (Hal = CI,Br), where 
the thiolate replaced the halogen, acted as a reducing agent or added 
across an acetylenic or ethylcnic bond'". 

[ HC=CMe(SR)CO,Et 

H,C=C=CMeCO,Et 

Ii,C =C(S R) C H M eC0,Et I RSNa+HC=CCMeHalCO,Et - 
[ MeC(SR)=CMeCO,Et 

R = Et, f-Bu, Ph;  Hal = CI, Br 
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The proportion of the reduction products, especially when Hal = Br, 
increased with the basicity of the nucleophile and its concentration. 

The reactions of 1,3-dihalopropynes (11) with nucleophiles, amines and 
thiols have been studied48. Heterocyclic thiols are used as potassium salts 
in aqueous methanol. 

Hal'C=CHCH,Ha12+RS- - Hal'C=CCH,SR 

(11) 

(Hal' = CI, Halz = I(a); Hal' = Hal' = I(b) or Br) 

The reactions of l l a  or l l b  with other tliiols RSH (R =ethyl, i-butyl, 
phenyl, or benzyl), i n  the presence of potassium hydroxide, however, 
gave deiodination and the corresponding dialkyl, diphenyl or dibenzyl 
disulphide, which could in most cases be isolated quantitatively, 

IC =CCH,I+ P h CH ,S - + P h C H,S H > HC=CCH,I+(PhCH,S),+I- 

The only thiols forming iodoacetylenic sulphides were heterocyclic thiols 
having a tautomeric thiolactani structure. 

6. AIkene derivatives. Substitution reactions of nucleophiles with 
ethylenic substrates have been recently reviewed, and the similarity with 
aromatic nucleophilic substitution emphasized. The possible mechanisms 
of these reactions have been d i s c u s ~ e d ~ ~ * ~ ~ .  

A simple example of substitution in a vinyl halide is the preparation of 
thiol derivatives of 1-cyclohexene from the thiol and sodamide in T H F  
with chloro-l-cyclohexene (12)"'. 

Vinyl bromides react with copper(1) thiolates, both aliphatic and 
aromatic, to give vinyl sulphides. Vinyl bromides studied include /3- 
bromostyrene and 1 -bromo-2-methyl-l -propene. This method of synthesis 
of thioethers is claimed to be superior to that using sodium thiolates and 
most other reported methods". 172-Dibromoethylene gives a mixture of 
cis (18%) and trans (42%) ly2-dipheny1thioethylene with copper(1) benzene- 
thiolate, but with copper(1) ethanethiolate ethylthioacetylene is formed 
with the elimination of hydrogen bromides2, 

BrHC=CHBr+CuSEt ___j HC=CSEt+HBr+CuBr 



16. Thiols as nucleophiles 733 

When substitution occurs i n  an ethylene derivative, i t  is of interest to 
observe whether the original configuration is retained. Several reactions 
of ethylene compounds where configuration is retained have been examined. 
Some are shown below. 

HalCH=CHCO,Et+EtS- EtSCH=CHCO,Et 53 (Hal = CI, Br, I) 
R'(R2S)C=CR'(OS0,R3) + R4SH ~ z R'(RZS)C =CR'(SR') + R3S0,H 54 

I n  the former rcaction, mixtures of isomers are fornicd when the cthoxidc 
ion is used as a nucleophile. I n  the latter reaction, when a thiolate instead 
of a thiol is used as the nucleophile, the electropositive carbon of thc 
trinitrobcnzene residue is attacked forming a sulpliide and kctone". 

P h (p- CI C GHdS) C =C (P h) OSOzR +p-CI C,H,S - ___j P h (p-C I C, H, S )  CH CO P h 

+p-CIC,H,SR 
(R = 2,4,6-(NOz),C,Hz) 

In some reactions such as 

(P h S 0,) H C =C FH + P h S - ___ z (P hS 0 J H C = C (S P 11) H + F - 
the trans reactant gives the trans product, but the cis reactant gives cis and 
tram products in a 3 : 1 ratio"j. 

When several halides are present, as in  trifluorochloroethylene, replace- 
ment of a fluorine with a thiolate occurs: 

C F, =C FC I f PI1 S Na > (PhS)CF=CFCI+NaF 

Butanethiol reacts similarly with CF,=CFHal (Hal = C1, Br), and 
CF,=CCI, forming BuSCF=CFHal and BuSCF=CCI, respectiveIyjG. In 
the compound AcNHCH=CCI, the butanethiolate ion can replace one 
of the chlorine a t o m  or add across the double bond, forming 
AcNHCH =CCl(SBu) and AcNHCH(SBu)CHCI, rc~pectiveiy~~. 

Other interesting examples of this type of reaction include that of 
hexachlorofulvene (13) with p-MeC,H,lS- i n  the prcsence of triethyl- 
aniine". 

(1 3) 

Various acrylonitrilc derivatives have been examined. The configuration 
is retained in the reaction of 3-halomet hacrylonitriles with sodium 
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ethanethiolates, and an addition-cliniination mechanism is proposed". 
3,3-Di(t hiopheny1)acrylonitri les can be prepared in the reaction 

CI,C=CR(CN)+2 PhS-  - (PhS),C=CR(CN) (R = H, M e ,  CN, Ph) 

When R = CI, the product is mainly (PhS),C=C(CI)CN, together with 
trace amounts of (PhS),C=C(SPh)CN. Displacement of the a-C1 is 
unusual. This has been attributed to the high nucleophilic character of the 
anion, increased positive charge on the a-carbon atom (14) and stabiliza- 
tion of the intermediate (15) by the benzenethiol groupG0. Reactions of 

other acrylic acid derivatives with thiolates can give nucleophilic replace- 
ment, or the thiol can be oxidized to the disulpliideG1. 

M e  C ( R) = C B r C 0, E t + P I1 S N a > MeC(R)=C(SPh)CO,Et 

MeC(SEt)=CBrCO,Et+EtS-/EtSH - MeC(SEt)=CHCO,Et+EtSSEt+Br- 

The rate constants for the addition of butancthiol to ethyl acrylatc have 
been measured by iodomctry over a wide pH range. Below pH 4 it is 
assumed that the reaction is initiated by the neutral molecule, but at 
pH > 7 the anion BUS- started the reactionG2. 

Cyclization occurs when dichloro- and dibromo-nialeic acids react with 
thiols in the presence of triethylamine forming 2-halo-3-~nercaptomale- 
aldehydic (16) derivativesG3, e.g. 

EtS 

CICCOZH 
-4- EtS- 

HO 
II 

CICC0,H 

c.  I/nine deriuatices. Displacetnents in  compounds having C=N bonds 
have been observed. One of the siniplcst types of reaction is that of 
ClCH,CNO, which can be converted into o-(thiocyanomethy1thio)- 
benzamide, an antibacterial, by refluxing with the sodium salt of 
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o-mercapto-benzamideG4. Iminoboranes react with thiols forming a1 kylthio 
iminoboranesG3, 

C I,C( B r) C =N B Me Br + RS H -- > CI,CC(SR)=NH.BMeBr, 

+ 
CI,CCSR+Br,(lJle)B. NEt, 

I1 
NH 

The bromine on the boron may react further 

CI,CC(SPh)=NH.BMeBr,+PhSH ------+ CI,CC(SPh)=N(H). BMeBr(SPh) 

Distilkitioii, -1IIlr 1 
C I,C C (S P h) = N - B (M e )  S P h 

Similar reactions are observed with 1 , I  -dibromo-b(p-nitropheny1)- and 
-(p-chlorophenyl)-2,3-diazabuta-2,3-dienes and aliphatic or aromatic 
thiols, resulting from the thiolysis of one or two bromine atonisG6, 

p-0,N C,H,C H =N - N =C B r2 
x Et:, 

+p-C IC6H4SH c , G ~ , G  > p-O,NC,H,CH =N-N=CBr(SC,H,CI-p) 

B. Aromatic Substitution 

i. Introduction 

represented as 
Aromatic nucleophilic substitution with a thiolate anion can be 

ArX+RS- - ArSR+X- 

where X- is usually a stable ion, such as a halide. When more groups or 
atoms that niay be replaced are present initially multiple substitution can 
occur. Nucleophilic aromatic substitution is usually discussed in the 
annual volumes of Orgatiic Reaction Mecltanistm. Reviews of aroniatic 
nucleophilic substitution usually mention ii!fei’ aliu the thiolate as a 
nucleophile. One review has been devoted to the behaviour of sulphur 
reagents in nucleophilic aromatic substitutionG7, and also discusses 
substitution in benzenethiazoles. A book has also been published on 
n ucleo ph i 1 i c subs t i t u t i o nGy. 

While the reactions of the corresponding oxygen-containing nucleophiles 
have been studied in considerable detail, there is a relative paucity of data 
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on the thiolates as tiucleophiles in  aromatic substitution. Few kinetic data 
are available. Any data show that the RS- is a better nucleophile than its 
oxygen analogues, although this has been questionedG7. 

The reactions of various halonitrobenzenes with thiolates have been 
studied in more detail. A comprehensive review of the activating effects 
of the nitro group in aromatic s ~ b s t i t u t i o n ~ ~  covers the literature up to the 
middle of 1967. This review discusses primarily the displacement of 
halogen, although displacement of other groups such as hydrogen, nitro, 
alkoxy, aryloxy, and sulphonate are also considered. The relative rates of 
the reaction of 1 -X-2,4-dinitrobenzenes with piperidine in MeOH at 0°C 
decreases in the series F+ NO,> OS02C6H4CH3-p> SOC,H, N Br N C1> - 
SO,C,H, N OC,H,NO,-p > J. A similar sort of series can be expected 
when the thiolate anion is used as a nucleophile. The reaction of nitro 
compounds with nucleophiles occurs primarily via an addition- 
elimination mechanism, involving a Meisenheimer complex. 

RS F 

RS- + 6.0. I / 7 .% @"~ . ,  . .  ___, +NO2 \ + F- 
NO, NO, NO2 

Obvious variables in such a reaction are the stereochemistry of the entering 
group, the stability of the intermediate Meisenheimer complex, and the 
effect of the leaving group. A therniochemical approach concluded that 
the decomposition of tlic Meisenheimer complex was rate determining7", 
however, this is not in  accord with the leaving group lability7I. As cleavage 
of the carbon-fluorine bond is acid catalysed, it has been concluded that 
the rate-detcnnining step is the formation of the Mcisenheinier coniplex 
rather than its deco~nposit ion~~. Substitution of 2,4-dinitrochlorobenzene 
with 2,3,5,6-tetrafluorobenzene thiolate gives replacelllent of the 
~hlorine'~.  A detailed discussion of the thermodynamics of the reaction 
of MeS- and PhS- with I-X-2,4-dinitrobenzene has been reportedGsSio. 

The nucleophilic activity is PhS->MeS- for the reaction with 
1 -iodo-2,4-dinitrobenzeneY but MeS- > PhS- for p-fluoronitr~benzene~~~. 
Data on the reaction of substituted halogenobenzothiazoles show that 
there are appreciable steric effects in the cases of 01 branching (methyl> 
ethyl > i-propyl> t-butyl), whereas p and w branching do not cause any 
steric efl'ect and influence the reaction rates only slightly because of their 
typical electronic effects"'. The mobility of the leaving halogen, derived 
from kinetic data with various lialogenonitrobenzenes, is F > C1> Br > I"'. 

The intermediate Meisenhei mer complexes have been rcviewed7j. 7G, and 
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the work of Crampton is important in this area77*75*79. Further reference 
should be made to the chapter in this book by M. R. Crampton. 

When substitution occurs in polyhalogenated aromatic compounds, 
such as the pentafluorobenzene derivatives, C,F,X, the extent of the 
replacement of F or X by the nucleophile and the product orientation 
must be determined. 

A detailed study of the orientation and reactivity in the nucleophilic 
replacement reactions of aromatic polyhalo-compounds has been 
publisheds0. This involves study of the stability of the Wheland type 
intermediates (17, 18) where NU is a nucleophile. The formation of mefa 

products with a nucleophile may be rationalized by the scheme involving a 
carbene intermediates1, 

Me 
I 

Most activating groups cause primarily para substitution but some ortho 
substitution niay occur. Deactivating groups, such as NH,, 0-, or S -  will 
cause Ineta substitutionGs. The solvent plays an important role in deter- 
mining the relative amounts of ortlzo and para substitution. Solvents with 
dielectric constant lower than about 30 cause some ortho substitution, 
whereas solvents of dielectric constant greatcr than 30 cause almost 
exclusive para substitution. This has been attributed to increasing ionic 
dissociation of the nucleophile in the higher dielectric constant solventss2. =. 
Presumably the formation of iiteta substitution products in solvents of 
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low dielectric constant does not involve the formation of the thiolate 
anion as an active entity. 

Thiolates can also cause dehalogcnatioii of various halogen compounds, 
such as 2-bromo-3-nitro-thiophencR' and 2- and 4-halo-l-naphthols8~. 

2. Substitution in hexahalobenzenes 

Pentafluoro- and pentachloro-benzcnethiols can readily be prepared by 
the reaction of a hydrogen sulphide anion, SH-, with hexafluoro- and 
hcxachiorobenzene respe~tively~*~(;. No dithiols can be produced in this 
reaction. Due to the basic inediuni employed the thiol formed will be 
present as its thiolate anion, which is not readily attacked further 
nucleophilically. Using hexafluorobenzene and excess hydrogen sulphide 
perfluoropoly(phet1ylene sulphide) may be isolatedG. When the hydrogen 
sulphide anion is replaced by a thiolate as a iiucleophile, multiple replace- 
ment of fluorine or chlorine can occur. The products of these reactions 
can be suiiiinarizcd : 

C,Hal,+SR- ~ > C,Hal,SR (19) 

C,Hal,(SR), (20) 

C,Hal,(SR), (21) 

C,Hal,(SR), (22) 

C,Hal(SR), (23) 

c,(sR), (24) 

The rcaction of hexafluorobenzene with various nuclcophiles (R = Mes7, 
EtSi, Ph S7*73, p-HC,F,73, ~ P N H ~ C ~ F ~ ' ~ )  in ethylene glycol and/or pyridine 
as a solvent has been studied. The products obtained arc 19, 20 and 22. 
The compounds 21, 23 and 24 have not been isolated, but 21 must be 
present as intermediate in the conversion of 20 to 22. The orientation ofthe 
products has been deduced from lH and I9F n.1ii.r. spectrasi, or chemical 
oxidation and Raney nickel degradations'". The compound 20 has the two 
RS groups para, whereas the compounds CGF,(SMe),I, C,F,(SEt),, 
C,F,(SMe),(SPh),, and C,F,(SPh), have thc two fluorines para6* i3.  

When 2-niercaptoethanol was used as a nucleophile, the sulphur atom 
rather than the oxygen acted as  the nucleophile rind 1,2,4,5-tetrafluoro- 
3,5-bis-2-hydroxyethylthiobcnzene was isolatedE8. 

This work has also been extended to decafluorobiphcnyl where each ring 
is substituted once or three times: 
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The predominant product is 25 when R = Et or Ph, but when R = Me, the 
mono- and tri-substituted products are formed. The orientation of 25 is 
p-(RS)c,F,c,F,(sR)-~87 and that of 26 is probablys7 

Substitution of hexachlorobenzeiic with various nuclcophilcs has also 
been studied 87*s9. N o  monosubstituted products were isolatcd. 

C,CI,+SR- p-(RS),C,CI,+p-CI,C,(SR), 

The orientation of the disubstituted product has been deduced by alternate 
synthcsis, whereas that of p-CI,C,(SR)., has only been derived intuitivelys9. 
Attempts to use the C,CI,S- anion as a nucleophile to form the sulphide 
(C,CI,),S have faileds. 

The obvious extension of this work to hexabroniobenzcne has been 
investigated, where it is found that the SMe- anion will not reacts. Study of 
the reactions of other nucleophiles with hexabroniobenzene leads to 
photodebromination and some nucleophilic substitution”. Pentabromo- 
benzenethiol has recently been prepared from the pentabromophenyl 
Grignard reagent and sulphur91. 

A somewhat analogous system is pentafluoropyridine whcrc substitution 
with hydrogen sulphide anion, or benzcnethiolate, occurs para to the 
nitrogen. The thiol formed reacts with pentafluoropyridinc to give thc 
corresponding sulpliides3~ D p .  2,3,5,6-Tctrachloropyridinc thiol is prcpared 
similarly from pentachloropyridinc and the hydrogen sulphide anion in 
ethylene glycolg3. 

3. Substitution in mixed hexahalobenzenes 
For the series of monosubstituted halopentafluorobenzcnes such as 

C,F,Hal, it is of interest to observe which halogen is replaccd initially. 
Bis(pentafluorophenyl)sulphide, (C,F,),S, may be prcpared from 

broniopentafluorobenzene and copper(1) pentafluorobenzencthiolnte i n  
DMF9*. The use of the copper salt eliminates the nccd to generate thc 
pcntafluorobenzenethiolate mion, C,F,S-, i n  basic solulion. The copper- 
assisted ilucleophilic displacement reactions of lialopcntafluorobenzenes 
have been studied”. The reaction of CUSBLI with C,FjBr gavc two 
products 

C, F,Br + C u s  Bu r C,F,SBu+BuSC,F,H 

(27) (28) 
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The ratio of the products depended on the solvent employed. In DMF 
product 27 was formed exclusively, whereas product 28 involving halogen 
reduction was formed in various solvents in  the presence of thiourea, 
although thiourea alone does not react with bromopentafluorobenzene. In 
similar experiments using chloropentafluorobenne no reaction occurred in 
the absence of thiourea, but when it was added exclusive fluorine replace- 
ment occurred without chlorine reduction. With iodopentafluorobenzene 
and copper(1) benzenethiolatc and urea, rapid reduction of the iodine 
occurred together with multiple fluorine replacement resulting in the 
formation of 2,4-difluoro-1,3,5-tris(phenylthio)benzene; pentafluoro- 
benzene gave essentially the same products under the same conditions. 
The formation of product 27 without further substitution suggests that 
species such as C,F,(Br)(SBu) may be ligated to the copper. A reaction 
scheme has been postulated involving the participation of the solvent, and 
the thiolate anion acting as a reducing agent, 

CuSR+nL 

A = 1-3 

F displacement  ----+ RSC,F,H+[CuLe]+F- 
reduction of Hal 

1 t CGF€.&I> [c u LB] + s R - 

B=1-4 

Nucleophilic substitution of tetrafluorophthalonitrile (29) with the 
benzenethiolate anion gives replacement of two or four fluorine atoms, but 
not the nitrile groups. 

F F SPh F&z: SPh-, ’”’&:: + 

F P 11s CN 
I F F SPh 

(29) 

In  solvent water the tetrasubstituted product is formed, but in methanol 
the ratio of disubstituted to tetrasubstituted is about 8 : 1 9G. The formation 
of 4- and 5-disubstitution product rather than the anticipated 3- and 6- is 
siniilar to that observed in analogous reactions, and may be due to  the 
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forination of a more stable paru than orflzo intermediate (30). The 
orientation of tlic product has been deduccd from its I9F i1.nl.r. spectrum. 

4. Substitution in halobenzenes 
The reactions of various fluorobenzenes with thiolate anions have been 

investigated in ethylene glycol/pyridine mixtures. The results are shown 
below using the methanethiolate anion as a nucleophile8. 

F SMe 

F B H  - > M e S G H  -t M e S O H  

F F  F F  MeS F 

M e S a H  

F F  

+ M e s G H  

MeS F 

H F  H F  H F  

F O H  --+ M e S a H  + M e S a H  

F F  F F  F SMe 

Product orientations have been deduced from IH and 19F n.m.r. No 
reaction occurred with any difluorobenzene or fluorobenzene. Under 
these conditions the maximum substitution observed requires there to be 
two fluorine atoms still in the nucleus. Changing the solvents it is possible 
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to replace the fluorine in fluorobenzene or bromine in broniobenzene by a 
thiolate group, for example in HMPA/THF solvent mixtures using 
EtSNa, BuSNa or PhSNa in the presence of NaNH,, the sulpliides 
C,H,SR are An ideal solvent was found to be HMPA-THF 
in the ratio 1 : 5”. Similar reactions involving replacement of one or two 
aromatic halogens with potassium benzenethiolate or potassium thio- 
resorcinolate have been observed in pyrrolidine as solventlo’. 

Reaction of pentafluorobenzene with copper(1) benzenethiolate gives 
2,4-difluoro-1,3,5-tris(phenylthio)benzene. This orientation is not in- 
consistent with the 19F n.m.r.95. The fluorine para to the hydrogen in 
pentafluorobenzene has been replaced by a variety of nucleophiles, such 
as p-HC,F,S- forming p-I-lC,F,SC,F,H-p 73. 

No thiolate substitution of p-dichlorobenzene, 1,2,4,5-tetrachloro- 
benzene, or pentachlorophenylanisole i n  alcohol was abserved89 
Substitution of 2,3,4- and 2,4,5-trichlorobenzonitrile, 2,3-, 2,5- and 3-4- 
dichlorobenzonitrile and 0- and y-chlorobenzonitriles with sodium 
hydrogen sulphide in liquid ammonia afforded the cyanothiophenols. 
Preferential replaccment of the p-C1 was observed. Meta-chlorobenzo- 
nitrile did not undergo nucleophilic substitution under these conditions, 
but was rather hydrolysed by the water present in the NaSH Io2. 

In the naphthalene derivatives 1 -fluoro- and 1-bronio-naphthalenes and 
2-fluoro- and 2-bromo-naphthalenes reacted with ii-butanethiolate in 
DMSO to give good yields of ii-butyl 1-naphthyl sulphide and n-butyl 
2-naphthyl sulphide respectively. t-Butanethiolate reacted similarly*o3. 

5. Substitution in miscellaneous polyhalogenated aromatics 
The reaction of nitro and amino fluorobrornobenzenes of the type 

o-XC,F,Br and p-XC,F,Br where X = NO, or  NH2 with the pentafluoro 
benzenethiolate anion, in its coppcr(1) salt, resulted in the replacement of 
the bromines2. The pentafluorobenzenethiolate anion or the anion of 
2,3,5,6-tctr~fluoro-4-mercaptopyridine, replaced the fluorine ortho or 
para to the nitro group in nitropentafluorobenzene. Para substitution only 
occurred in solvents of high dielectric constant, such as DMF and 
acetonitrile, whereas in solvents of low dielectric constant, such as ether, 
mixed replacement of or~ho-  and para-fluorine was observeds2* s3. Increasing 
ionization of the thiol is postulated to cause predominantly purrr 
subs t i t ii t ion. 

6. Substitution in rnonohalogenated benzene derivatives 
This section includes compounds such as I-fluoro-2-nitrobenzenc, where 

the fluorine atom is activated by the nitro group. The reactions of halo- 
nitrobenzenes with thiolate nucleophiles have been reviewed””. The 
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fluorine atom may easily be replaced i n  1-fluoro-?-nitrobenzene by 
2,3,5,6-tetrafluorobenzcnethiolate forming o-nitrophenyl-2,3,5,6-tetra- 
fluorophenyl sulphide, but polymerization of the pentafluorobenzene- 
thiolate anion occurred when it was employed as the Iiucleophileln*. 
Replacement of halogen in the cyclic derivatives such as 1- and -2-fluoro- 
and -chloro-anthraquinones'0", and various halo-l,2,3-ben~othiazoles~~~, 
is also observed. 

Considerable use has been made of the copper(]) benzenethiolatc and 
butanethiolate in the preparation of thioethers. A .k rge  series of coni- 
pounds of genera! formula (RS),,X, n > 1,  R = Ph or Buy and X is an 
aryl group, have been prepared from the copper(1) thiolates and aryl 
halides (aryl bromides only rcactcd with the butatietliiolate):'2~1n7. 

7. Substitution in heterocyclic compounds 

This type of reaction is cssentially similar to that of replacement of an 
aromatic halogen by a thiolate group. Halogen compounds studied include 
3,4-dimcthyl-5-bromo-2(N,N-dimetliylaniino1net~iylene)-~H-pyrrole~~~ and 
chlorofur0-[2,3-d]pyridazines~~~. Copper(]) alkylthiolates have been used 
to form thioethers with 2-broniothiopheneY 2-bromopyridine and 2- 
bromofuroic acid, the latter with concomitant decarboxylation52. 

The rate and activation parameters have becn determined for the reaction 
of potassium methanethiolate with various 2-fluoro- and bronio-pyridines. 
Although an ortho-methyl group did not acti1;ate the 2- position in 
2-bromo- or 2-fluoro-pyridine towards attack by the methanethiolate 
ion, deactivation of the ortho rathcr than the para position was observed. 
At 110°C for the bromo-compounds &-Me : K,,-Me = 3.9, while 
&-Br : K!,-Br = 2.2. The results have been compared with those obtained 
using methoxide and benzenethiolate anions in methanol. The relative 
rates observcd in H M P A  are the same as those i n  methanolllO. Thio- 
phenol reacts faster than its anion wi th  a bromopyridine, in methanol, 
due to a rapid acid-base prc-equilibrium in which the pyridine is 
protonated. An o-McO substituent accelerates the replacement of Br, 
and a small increase is also noted on going from MeOH to DMSO as 
s o I ve n t 

In 2,3-dibrom0-5-nitrotIiiopIieiies (31) the 2-bromo group is replaced by 
the benzenethiolate anion 
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Thc mela methyl group increases the reactivity towards nucleophiles of the 
2-bromine by increasing the Reinheimer and Bunnett effect of the 3- 
bromine on thc activated 2-brominc112. 

Nucleophilic substitution of 2-chlor0-4,6-bis(isopropylamino)-S-triazine 
with sodium niethanethiolate in methanol gave prometryne (32) in 90% 
yield. The reaction is second order and the activation energies were 20.26 
and 27.24 kcal/mole in i-propanol and methanol respectively113*11*. 

SMe 

N A N  

Me,H C H N ANANHCMe, 
(32) 

8. Substitution of groups other than halogen 

XC,H,SO,CF, by NaSPli in methanol dccreased in the order 
X = S02CH, > NO2 > F > Cl l15. 

The element effect of atoms or groups increased with increasing activation 
and polarizability of the aromatic system. 

Nitro groups in heterocyclic compounds can be replaced by thiolate 
groups. 5-Phenylmercapto-Zfuraldehyde is obtained from 5-nitro-2- 
furaldehyde and benzenethiolatc. Thiolatcs will not, however, react with 
halogenofurfuralllG. One nitro group i n  3,4-dinitrothiopliene may be 
replaced by a benzene1 hiolate group, but rearrangement occurs and 
phenyl-2-(4-nitrothienyl) sulphide is Sodium benzenethiolate 
or benzeneselenate gives replaccinent of either one but not both of the 
iiitro groups i n  2,3-dinitrothiopli~ne~~~. 

Displacement of a tliiolatc group occurs in  2-niethylthio- and 2-ethylthio- 
4[1(3)H] pyrimidines at the 2 position i n  greater than 70% yield, using a 
thiol in basic solution. A 5-halo and 6-amino substituent hindered the 
reaction but a l-methyl o r  6-hpdroxy group facilitated it by influencing 
the tautonierisni119. 

The rate constants for the rcplacemcnt of various groups X i n  y -  

C .  Deaikylation Reactions 
A dealkylation rcaction can be defined as thc removal of an alkyl group, 

and its subsequent replacement by hydrogen, or the removal of an alkyl 
group from an ammonium salt with the formation of an amine, e.g. 

+ 
R,NMe,CI-3- PhS-  Na+ ~ z R , N M e  (reference 120) 

p-CH,C,H,OCH,NMe,I-+HSR ____ z p-CH,C,H,OCH,SR (reference 121) 

(reference 121) 

+ 
4- + 

Et,MeN(CH,),NMeEt,2 I -+PhSH ----+ PhSMe 
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The method can bc used preparatively. Other examples include the 
selective demethylation of triethylmethylammonium chloride with sodium 
benzenethiolate122. A somewhat analogous reaction is observed in the 
reaction of alkoxytri(dimethy1amine)phosphonium chloride (33) with 
thiolates forming a phosphinc oxide and sulphidez3. 

60'C PhCH,OP+(NMe,),CI- -l-PhSH(Et,N) __j OP(NMe,),+PhCH,SPh 

(33) +Et,NH + CI- 

The method is not restricted to group V derivatives and can easily be 
applied to oxygen esters and ethers. The use of various nucleophiles in 
this type of reaction has becn discussed1z4. The main advantage of this 
technique for the demethylation of ethers with ethanethiolate in a solvent 
such as D M F  is that a relatively !ow temperature is required and the 
group R may be acid sensitiveyL4-126. 

The thiolate is generated in sifrr from sodium hydride and the 
corresponding thiol'"'. Aryl methyl ethcrs with strong electron-withdraw- 
ing substituents (G) require milder conditions for cleaving the ether linkage, 
but these compounds are also likely to suffer substitution of the aromatic 
carbon with strong carbon n ~ c l e o p h i l e s ~ ~ ~ .  

G 

Y- 4- - @,Me 4 '6 + MeO- 
OMe Y 

Using methyl ethers of di- and tri-hydric phenols, selectivc niono- 
demethylation occurs, e.g. resorcinol monomethyl ether is obtained from 
resorcinol dimcthyl ether and sodium ethanethiolate in DMF. An exception 
is pyrogallol trirncthyl ether which afforded pyrogallol 1 -monomethyl 
ether in high yield12". Methylene ethers, such as niethylenedioxybenzene, 
can be quantitatively converted to catechol, via the intermediate formation 
or" ethyl o-hydroxyphenoxymethyl sulphide'". 

This method, using ethanethiolate, has been extended to esters12G. The 
cleavage of incthyl esters by lithium propanethiolate in HMPA, an Sx2 
reaction, has been reported. The li thiunl salt reacts vcry much faster than 
the sodium salt'". The bcnzenethiolate and propancthiolate anions have 
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also been used i n  the conversion of esters to the corresponding acid or its 
sodium salt*29~130. Examples include the conversion of p-anisate in to  
p-hydroxybenzoic acid and methyl p-chlorophenoxyacetate to p-chloro- 

The latter is an example of the cleavage of an aryloxyacetate. 
However hydrolysis of 11-nitrophenylacetate with both simple and 
polyfunctional tliiols proceeds at a rate dependent upon the thiolate ion 
concentration. The initial products are p-nitrophenol and the tliiol ester. 
Thermodynamic paramctcrs E:,, AH",  AF* and AS:K have been found to 
be 8.0, 7.4, 16.7 kcal/mole and - 30.7 e.u. respectively for the reaction 
of cysteine with p-nitrophenylacetate (296°C) l 3 I .  

The two methoxy groups in aniide acetals can be replaced by a dithiol 
forming 1,3-dithiolanes (34), 

RC(OMe),NMe, + HSCH,CH,SH __f [ I>:Mez 
(34) 

Replacement of only one methoxy group is found in the reaction of 
DMF-dimethyl sulphate mixture (presumably forming HC(OMe),NMe,) 
with sodium ethanethiolate, 

HC(OMe),NMe,+EiS- > Me,NCH(OMe)SEt+OMe- 

but thiols theniselvcs displace both methoxy groups*32. Other formaniide 
niercaptals have also been used to form amide mercaptals, where 
R,N = piperidinc and R1 = Me, CGHI3, C7H15 and PhCH213:3. 

R,N C H (0 Me), + R' S H - R,N CH (S R' ), 

An interesting extension of this type of reaction is the transalkylation 
reaction between 2-alkoxy- 1 -niethylbcnziniidazole (35) and benzenetliiol. 
The kinetics of this reaction indicate a rapid acid-base equilibrium, 
followed by an S,2 attack at the ether saturated carbon by the PhS- 
ion134 

A somcwhat analogous rcaction is observed in the reaction of the mixed 
anhydride, acetic formic anhydride, with thiophenol in pyridine, where 
93% of the thioforinate, HCOSPh, and 7% of the thioacetate, MeCOSPh, 
are fornied'35. 
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Me Me 
I I 

N 
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The thiolate anion acts both as a dealkylating agent and a reducing 
agent with p-CH,=CHOC,H,NO,. The yields of the various products 
are shown. 

50% BU SC,H,N (0) =N C6H3SBu - p  

25% p-CH,=CHOC,H,N(O)=NC,H,OCH=CH,-p 

XiSBu p-CH,=CHOC,H,NO, - 3% BuSC,H,N=NC6H4SBu-p 

When this reaction was studied under electrophilic conditions with the 
thiol in Et,O/SO, or in a sealed tiibe with a free radical initiator, different 
reactions ensued, including addition across the C=C bond13G. 

D. Reactions with Main Group Elements 
I. Introduction 

Thiols and thio-/3-diketonc dcrivatives of the elements have been 
reviewed, and compared with the a lk~x ides '~~ .  The alkali and alkaline 
earth metal salts of the tliiols arc probably ionic and can be prepared in 
numerous ways. In the aqueous phase, tlic excess water is removed by 
azeotropic distillation with t o l u e 1 i e * 3 ~ ~ ~ ~ ~ .  Alternatively using other 
solvents, salts or solvated salts can be i ~ o l a t e d ~ * ~ ~ ~ ~ l " ~ .  The crystal 
structures of thc alkali metal thiolates, MSMe (M = Li, Na, K), have been 
reported and are of the same type as the corresponding alkoxidesl". 

Thc thiol derivatives of the other main groups elements are often 
prepared from their halides using the thiol in  the presence of a hydrogen 
halide acccptor or by using a metal thiolate, such as lead, where R is a 
main group element. 

RHal+R'SH+Et3N > RSR1+Et,NH +Hal- 

2 RHal+Pb(SR'),------t 2 RSR'+PbHal, 
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2. Group II 

Few thiolate derivatives of beryllium are known, Di(r-buty1thio)tri- 
beryllium tetra-t-butoxide, (t-BuS),Be,(OBu-t),, has been obtained from 
dichlorotriberyllium tetra-t-butoxide, CI,Be,(OBu-t),, and lithium butane- 
thi~latel ,~.  Other beryllium thiolates are prepared by reaction of a thiol 
with dialkylberyllium or dial kyneberyllium and do not involve a thiolate 
anion as an in te rn~edia te '~~*l~~.  Various other compounds such as thio- 
niagnesiuni a l k y l ~ l ~ ~  and diniethyl(methylthio)alurnin~rn~~~ are obtained 
analogously. 

3. Boron 
Reviews have been published about the problems and results of boron- 

sulphur chenlistryl45, and organic boron-sulphur compounds149. The 
trialkylthio- or arylthiobordnes can readily be prepared from boron 
trihalide and a metal thiolate: 

3 Pb(SC,F,),+2 BCI, ----+ 2 B(SC,F,),+3 PbCI, (reference 14) 

3 Hg(SCF,),+2 BBr, > 2 B(SCF,),+3 HgBr, (reference 150) 

I n  the latter reaction the mixed products Hal,B(SCF3),-, (x = 1 , 2; 
Hal = C1, Br) can also be isolated. Mixed arylakylthioboranes siicli as 
bis(ethylt1iio)phenylborane may be prepared analogously from dichloro- 
plienylborane and lead ethanethiolate15', or using the thiol in the presence 
of triet hyla m i iic152 : 

+ 
BrBMe, + H S P h + N Et, ___ > P h S B  Me, f Et, N H B r - (reference 152) 

Interesting new compounds of the type M[RS(BH,),] have recently been 
reported to be formed in  the reaction of a metal thiolate with diborane in 
THF. The compound K[EtS(BH,),] has been isolated and some of its 
reactions studied'"". 

KSEt+B,H, ---+ K[EtS(BH,),] 

4. Group IV 
The reactions of thiolates with various carbon compounds are discussed 

elsewhere in this chapter. 
Thiol derivatives of silicon, germanium, tin and lead can readily be 

prepared from a halide, usually chloride, and a thiol i n  the presence of a 
hydrogen halide acceptor or a metal thiolate. Various illustrative examples 
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are shown below: 
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H,SiBr+NaSMe - MeSSiH,+H,Si+solids 

(reference 154) 

(references 155, 156) 

(reference 157) 

(reference 158) 

GeC1,+4 RSH+4 NH, -----+ Ge(SR),+4 NH,CIJ (reference 159) 

(A rO),,Si CI, + Ar' SH + Et3N z (ArO),,Si(SAr'),-,, (reference 160) 

H,MI+NaSPh ----+ H,MSPh+NaI (M = Si, Ge) 

P b(p-SC, FdC 6FdS-p) + Ph,M C I z P-Ph,MSC,F,C,F,SMPh,-p (M = Sn, Pb) 

P h,M H d +  C,F,SH + Py Ph,MSC,F,+PyH + CI- 

Thiols can displace aniinoriia from silizanes'. 

(Me,Si),NH+2 C,F,SH ----+ 2 Me,SiSC,F,+NH, 

The silicon analogue of the methanethiolate and methaneselenate 
anions, H,SiS- and H,SiSe-, are formed in the reaction of trisilylamine 
and hydrogen sulphide or selenide, 

(SiH,),N+H,Y - (H,Si),Y+NH:(YSiH,)- (Y = S,Se) 

The trimetliylanimonium salt can also be formed. 

4 Me,NH(HS)+3 SiH,Br ----+ 3 Me,NHBr+(SiH,),S+2 H,S+Me,NH(SSiH,) 

The salts of the anion H,SiS- are stable at room temperaturel'jl. Similar 
anions Ph,MS- (M = Ge, Sn, Pb), presumably present in the lithium 
derivatives Ph,MSLi, are well characterized and have been used in the 
synthesis of unsymmetrical su1phiddGz. 

Ph,MSLi+Ph,M'CI -----+ Ph,MSM'Ph, (M and M' = Ge, Sn, Pb) 

The derivatives such as Et,Sn(SNa), can be prepared from Et,SnCl, and 
Na,S, and react with chloro compounds to give the corresponding 
organo t i n t hiol deriva tivelG3, 

Et,Sn(SNa),+P BzCl - Et,Sn(SBz),+2 NaCl 

The compound (RSCH,),Sn(SR), can be obtained by replacement of 
bromine bonded to carbon and tin in (BrCH,),SnBr, by its reaction with 
the sodium thiolate RSNa 23. 
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5. Group V 

The thiol-substituted amines such as sulphenamides and tris- 
(alkancsulphenyl) aniines arc often prepared from sulphenyl chlorides and 
ammonialGJ~ lfi5, and nevcr from nitrogen trichloride and a thiolate anion 
or a thiol. Chloramines rcact with thiols to produce sytnnietrical di- 
sulphidcsl". 

Me,NC1+2 PhSH -4 PhSSPh+Me,NH;?=l 

However methyl-N-chlorobenzi~nidate (36) and benzenethiol form 
N-bcnzoylbcnzencsulphenaniide (37). The reaction may proceed through 
the formation of the unknown PhCON =SHPh as a n  inter~ncdiatel~'. 

PhC(0Me) =NCI + PhSH ~ > PhCONH(SPh)$-MeCI 

(36) (37) 

The kinctics of the reaction of diazonium ions XC,H,N$ with benzene- 
thiolate anions show that initially the sjn-diazo thioether is formed rapidly, 
which is followed by the slower .s~*n-artti isomerism. Only in the cases of 
/>-nitro- and p-cyano-bcnzenediazoniuni ions is i t  possible to distinguish 
between tlic first and second reactions. Using bcnzencdiazoniuni ion and 
the p-Me- and p-OCH,-substituted ions with benzenethiolate, first-order 
kinetics were observcd over the entire range of the reaction. It is postulated 
that there the rate-dcterniining step is formation of the .s~'it-diazothioctlier, 
fc!lowed by its rapid isomcrization to the ai~/i-diazotliioetherltis. 

The simple alkyl and aryl-thio phosphorus derivatives, (RS),,P, (RS),PO 
and (RS),PS, can rcadily be prepared from phosphorus lrichloride (or 
phosphorus pent ach lo ride), phos pho ry 1 chloride or t h i o p hos pho ry 1 
chloride, and the corrcsponding lead thiolatc"~ IGB. Partially substituted 
compounds, such as CI,:P(SCF,),-,, arc sometimes formcdliO. Substituted 
derivatives R,P(SR') and RP(SR'), caii be prepared from tlic correspond- 
ing halide and lead !hiolate14~1 Various mixed fluorophosphoranes, 
such as MePFJSEt),, can be prepared from MePF,, and ethanethiol or 
its sodium saItli2. 

11-Nitrophenyl methylphosplioiiic acid (38) reacts with thiolatc nuclco- 
philes Icading to the formation of thiophosphonic esters (39), although tlic 

1'11 - 1 1  MeP(O)(OC,H,NO,-p)O -+RS- ___j MeP(O)(SR)O-+p-O,NC,H,O- 

(38) (39) 

for ma t ion of so mc d isul ph idc corn pl ica t es the rcac t i on173. Th io p h osph i t es 
are also formed in  the reaction of sodium thiolntes or tliiol/trietliylaniine 
with acetyl pIiosphitel7'. 
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Reactions involvii?g fracture of P-0 or P-N bonds and displace- 
ment of EtO and EtzN groups in various 1,3,2-oxaazaphospholanes (40) 
(R = EtO, Et,N) with thiols in the presence of triethylamine have been 
e~aminedl '~.  Aliphatic thiolates used their sulphur in reaction with 40 
to form 50-600/, oxaazaphospholane 2-sulphidc (4P), whcreas benzene 
thiol formed 78% 2-phcnylthio-N-phenyl- 1,3,2-orraazapliospholane (42) 
(R1 = Ph; Rz = H). Similar derivatives (40; R = R3S) are readily 
prepared from 40 when R = C1, on treatment with a thiol i n  the presence 
of tricthylan~ine'~". 

R' R' 
N R = NEt,, EtO 

PR + R3SH(Et3N) __ \p&' R' = Me, Ph 
R Z C o /  'R R2 = H, Me 

R3 = alkyl 
(41 1 

The tliiolate group may bc added to Phosphorus acting as a ligand, for 
example in the preparation of (~tl~~ldimetliyltliiopliosphinite)penta- 
carbonyl molybde~iur i i~~~,  

I1eS;llle (CI R,P) Mo(CO),+ EtSH (EtSMe,P)(CO),Mo + Et,N H C I 

The thiol derivatives of arscnic can be prepared by similar mcthods to 
those uscd for phosphoruslJ*l.'l. Various mixed derivatives such as 
BuPhAsSPr can be prepared from BuPhAsI and PrSNa i n  absolute 
ethanol"'. Displacement of an OEt group may occur in PhAsCl(OEt), but 
this reaction may involve rcarrangement of an unstable intermediate 
P ~ A ~ ( O E ~ ) S B U ~ ' ~ .  

2 PhAsCI(OEt)+2 BUSH+:! Et,N - P~AS(SBU) ,+P~AS(OE~) ,+~  Et,hHCI- 

Derivatives of hcterocyclic arsenic compounds can be prepared, c.g. 

i 
x s  

'As' 
I 
R 
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when X = 0 and R = C1, the reaction with PhSNa gave R = SPh, but 
when X = S the reaction with PliSNa in benzene gave As(SPh),, along 
with ethylene a r ~ e n i t e l ~ ~ .  

Derivatives of antimony(rrr), Sb(SR),, can be prepared analogouslyl4~ 141, 
or from antimony trichloride and thiols in the presence of ammonia179. 
Antimony(v) derivatives have been preparedlS0, e.g. 

Me,SbCl,+2 MeSH+2 Et,N -'O0 > Me,Sb(SMe),+P Et$HCI- 

These conipounds are thermally unstable, decomposing to Me,Sb and 
MeSSMe. The unstable Me,SbSR analogues can be prepared from 
pentaniet hylantiniony and a t hiol at low temperaturels1. 

Bismuth thiolates can be prepared in  reactions similar to those used to 
prepare metal thiolates7. 

6. GroupVI 
Attempts to prepare compounds of tlie type RSOSR containing a 

single-bonded system RS-0-SR failed, and possible rearrangement of 
this as an unstabie intermediate occurred18'. 

4 CF,SC1+2 Ag,O - CF,SSCF,+CF,SO,SCF,+4 AgCl 

The reactions of chlorine monoxide with thiols or thiolates have not been 
investigated. 

The thiolate anion can play a very important role in tlie thiol- 
disulphide interchange. 

Various derivatives of sulphur may be prepared by the reaction of 
sulphur monochloride, sulphur dichloride or sulphenyl halides with 
thiolates; the products depend on the reactant stoichiometry. 

(C,F,S),Pb+SCI, - C,F,SSSC,F,+PbCI, (reference 183) 

> Ph,CSSCI+HCI (reference 184) 

(C,F,S),Pb+S,CI, ---. C,F,SSSSC,F,+PbCI, (reference 183) 

(reference 185) 

RSH+CICOSCI - RSSCOCI+HCI (reference 186) 

Syiiiinetrical disulphides are formed i n  the reaction of a thiol with an azide 
in tlie presence of coppcr(1). The reaction probably proceeds through tlie 
formation of a sulphenamide which is decomposed by the thi01'~'. 

--iS'C' 
Ph,CSH+SCI, ~ 

(EtS),Pb+2 C,F,SBr ~ t 2 C,F,SSEt+PbBr, 

2R'SH +RN, > RNHSR'+N, 

11'Sli 

RN H,+ R'SSR' 
1 
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Unsymmetrical disulphides can be forined by the decomposition of a 
sulphenamide with a thio11ss-190. 

RSNEt,+PhSH ____ > RSSPh+Et,NH (R = Me, Ph) (reference 188) 

The cleavage of the N-S bond in N(thiosuIpheny1)phthalimide with 
thiols yields an unsymmetrical t r i s ~ l p h i d e ' ~ ~ ~ ~ ~ ~ .  Unsymmetrical disul- 
plzides are also formed in the thiolate anion fracture of the C-S bond in 
ethyl thiocyanate in DMF; small amounts, less than lo%, of the 
symmetrical disulphides are formed1=. 

EtSCN+RS- - EtSSR+CN- (R = n-C,H,,, PhCH,, Ph) 

Attempts to prepare derivatives of sulphur(1v) or sulphur(v1) by the 
reaction of thionyl or sulphonyl chloride with lead thiolate failed, as the 
sulphur(i1) derivative and sulphur dioxide were formedl4*lS2, 

2 (C6F5S),Pb+2 SOCI, ___ > 2 [CGF5S*S0.SCGF,]+2 PbCI, 

(C F,S),H g + S 0,C I, ----+ [ C F,S * S 0, * S C F,] + H g C I, I 
CF,SSCF,+SO, 

Other reactions of thiolate anions with sulphur(iv) and sulphur(v1) 
include the reaction with arylsulplionylsiilpliones 

n-Bus-+ArS(O)S(O),Ar ----+ n-BuSS(O)Ar+ArSO; (reference 193) 

and the reaction with the trithionatc ion, 

S,Oi- + PhSSPh so:- Kd > PhSSO, + S205- 

The rate-determining step is K,, and added formaldehyde eliminates the 
K,, and A',, paths, leaving PhSSPh'"". 
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Very few thiolate derivatives of selenium, and virtually none of tellurium, 
are known. Attempts to prepare R,Se(SC,F,), or Me,Te(SC,F,), from 
the dialkyl (or aryl) seleniuni dichloride, dimethyltellurium dichloride and 
lead pentafluorobenzenethiolate resulted in the formation of the 
disulphide, CGFSSSCGF,, and the dialkyl (or aryl) selenium, R,Se, or 
Me,Te. The chlorides Se,CI, and TeCl, yielded only the disulphide and 
selenium or tellurium'". Tellurium-sulphur and -selenium bonds have 
been formed in the reaction of organotellurium bromides with benzenethiol 
or ben~eneselenol'~~, 

o-HCOC,H,TeBr+PhMH ~ > o-HCOC,H,TeMPh (M = S, Se) 

7. Group VII  
Attempts to prepare siinplc sulphenyl fluorides from thiolates and 

fluorine have not bcen reported, but are unlikely to be successful due to 
the oxidizing powers of fluorinel"; or chlorine n ~ o n o f l u o r i d e ~ ~ ~  causing 
oxidation of the sulphur(i1) 

-78'C 
(cF.l)2s+F2 ___ > (CF,),SF, (reference 196) 

Attempts to prepare trifluoromethanesulphenylnuoridc resultcd in the 
formation of trifluoroinethylsulphur trifluoride and bis(trifluoroniet1iyl)- 
disulphide'". 

Conversely sulphenyl chlorides can readily be prepared by the action of 
chlorine on a metal thiolate. 

(C,F5S),Pb+2 CI, ~ > 2 C,F,SCI+PbCI, (reference 185) 

Sulphenyl bromide can be obtained analogously in  solution, but removal 
of the solvent caused deconiposition18", 

C,F,SSC,F, C, F,SSEt 

The thiolate anion is quantitatively oxidized by iodine to the disulphidelss, 
and this inethod, involving the formation of an unstablc sulphenyl iodide, 
is the basis of the iodometric detcrmination of mercapto groups in  a 
number of 
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(C6F,S),Pb+2 Iz ---+ 2 [C,FsSI]+Pb12 

I 
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c 6 Fsss c 6 Fs + 1 2  

The thiolate anion is a n  intermediate in  the oxidation of a thiol by 
iodine200. 

E.  Reactions w i t h  Transition Metal Derivatives 
1. Simple transition metal derivatives 

This section will be primarily restricted to the derivatives and reactions 
of monofunctional thiols. The dithiol derivatives of the transition metals 
are a rapidly expanding area of research and have been reviewed several 
times recently201-2"'. Other polyfunctional thiols, such as monothio- 
glycol, (with Ag(r) 203 and In(l1r) ?OG), a-mercaptopropionic acid'07,20s and 
tliioethanolamine209~21~, have been extensively studied and will not be 
discussed further. It is however noteworthy that intercsting complexes of 
the type Ag,SR+, AgSR and Ag(SR);20", Tr~(SR),,(~-ll)r (n = 1,3 ,3 ,4;  
R = HOCH,CH,)20G, and (Cd[NiL,],}2'- and {Ag[NiL,],]+ (L = H,NCH,- 
CH,SH) 20!' are formed. 

Simple transition metal niercaptides, such as Ni(SR), or Hg(SR),, are 
usually prepared by reactions not involving the thiolate anion as a nucleo- 
philei*141*211. Occasional use is made of thiolates, for instance in the 
preparation of chromium(w) methanethiolate, where sodium methane- 
thiolate was reacted with chromium chloride in excess of dimethyl 
disulphide under dry nitrogen and irradiated to yield the desired product, 
which can also be prepared by other photochemical methods"'". Cobalt 
thiolates, [Co(SR),],, may be prepared from cobalt acetate in methanol 
with a basic solution of the t h i ~ l " ~ .  Some biochemical applications of 
thiolate anions are important. The binding of thiols to Co(rr) corrins has 
been studied by e.s.r. where it has been shown that the thiols, thiolates 
and sulphides bind to the cobalt. The binding of Co(r1) B,, complexes to 
thiols and sulphides will necessitate a re-examination of the mcthyl- 
transferring enzymes in which thiols are known to be important"'. 

The continuous oxidation of thiols involved in the sweetening of light 
naphtha, with air to the disulphides using cobalt phthalocyanine coniplexes 
as catalysts, involves the formation of a stable complcx between the 
thiolate ions and the metallocyanine cata1yst"'j. 

The kinetics of various reactions involving thiolates and platinum 
complexes have been studied. The rate of reaction of trans-[Pt(py),Cl,] 

26 
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with nucleophiles Y is given by the equation 

rate = K,[com plex] + K,[co rnplexICY1 

A reactivity sequence PhS-3 MeO-> N; etc. was deduced*16. The kinetic 
behaviour of traiis-[Pt(PEt,),RCl] (R = Ph, o-Tol) with different entering 
groups, including PIiS-, has been examined. The rate was found to be 
independent of the reagent concentration in solvents (solv) such as 
methanol or DMSO?". 

slow 
+solv 4-T 

trans-[Pt(PEt,),(o-Tol)CI] ~ intermediate 

frans-[Pt(PEt,),(o-Tol)Y] + CI - 
2. Complex ions 

Various complex ions of the type [M(SR),]- and [M(SR>,],- have been 
reported. These complexes can be formed readily when R = PhZ1*, 
CGF5218-2*0, C&15*40*221 and the nictal M may be CO(II), Pd(n), Pt(ir), 
Zn(Ii), Cd(ri), Hg(ri), Cu(i), Ag(1) or Au(I). The complex ions are usually 
prepared by the reaction of an alkali metal thiolate with an appropriate 
metal salt. The anions may be isolated as their salts with potassium, 
tetramethyl- or tetrabutyl-ammonium, or tetraphenyl-arsonium cations. 
The electronic spectra of these systems have been analysed218* 22* and the 
nature of the bonding disc~ssed'?~. The SC,F, ligand is intermediate 
between NCO- and NCS- in the spectrochemical series, about the same 
as I- in the nephelauxetic (cloud expanding) series (reflecting the 
decreasing covalency of the ligands), and the. optical electronegativity 
xoDt(SCGF5) is 2-5-26 ??'. However other data have been interpreted to  
give slightly different spectrochemical and nephelauxetic seriese18. The 
data for several ligands havo been discussed and various deductions made. 
High ligand electro-negatives, xL, are associated with high coordination 
numbers and high complex symmetries, whereas ligands with lower values 
of xr, promote lower coordination numbers and distorted symmetries. This 
has been rationalized in terms of the charge balance requirements of the 
metal ion and the covalence of the metal ligand bond223. 

Similar complex ions, stabilized as the tetraalkyl ammonium salts, have 
been prepared from tetrafluorobenzene-l,2-dithiol (H,tfdt). The complex 
ions formed were [MtfdtJ- (M = Fe(m), CO(III), Ni(m)), and [Mtfdt3]*- 
(M = MO(IV) and Pt(iv))22*. 

3. Organometallic compounds 

complexes. 
This section is concerned primarily with organonietallic transition metal 
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Cyclopentadienyltitanium thiolates have been prepared in benzene 
solution from the corresponding chloride and several thiols in the presence 
of triethylamine in good yields22,. 

(x-C,H,),TiCI2+2 RSH+2 Et,N ___j (n-C5H,),Ti(SR),+2 Et,NH+ CI- 

The compound (rr-C,H,),Ti(SR), (R = Me, Ph) has also been prepared 
from (r-C,HS),TiCI, and NaSR 20,G. Attempts to prepare (rr-CSH,),Ti- 
(SCF,), from (rr-C,H,),TiCl, and AgSCF, resulted in the formation of 
(rr-C,H,),TiF, 227, and several unsuccessful atteinpts have been made to 
prepare (rr-C,H,),Ti(SC,F,), 228. 

The extremely unstable mono-rr-cyclopentadienyltitanium tri(benzene- 
thiolate) has also been reported222”, 

x-C,HSTiCI,+3 HSPh+3 NEt, - sr-C,H5Ti(SPh),+3 Et,NH+CI- 

If a 1 : 1 reactant stoichiometrp is used, the stable compound 
r-C,H,TiCI,(SPh) is readily isolated and can be purified by vacuum 
sublimation. The derivatives of zirconium, (n-C,H,),Zr(SPh), and 
(rr-C,H,),Zr(SePh),, have been prepared analogously from rr-C,H,ZrCl, 
and the thiol or  selenol in the presence of triethylamine230. 

Various other analogous compounds, such as (rr-C,H,),Nb(SR), 
(R = Me, PI1 23*) and (T-C,H,),M(SR)~ (M = Mo, W 232) can be obtained 
from the corresponding chloride and sodiuni thiolate. 

The compounds of the type (n-C,H,),M(SR), (M = Ti, Mo, W, Nb) 
have been found to have extremely interesting proper tie^?^'. 2331230.  They 
can act as bidentate ligands forming complexes, some of which may 
contain metal-metal bonds, e.g. 

R 
S 
/ \  

7;- C, H,T i-M o (C O), 
\ /  
S 
R 

Bu 
S 
/ \  

\ /  
S 
Bu 

(T-C,H,),Mo-FeCI, 

Various other organonietallic thiolate complexes may be formed by 
using thiolates. 

[ (n- C,H,) N i (n- B u, P),] * C I - + N a + S R - + [ ( x-  C,H ,) N i (n- B u, P) S R] + N a C I + n - B u, P 



758 Michael E. Peach 
where the thiolate anion can be derived froin aliphatic or aromatic 
thiols240* 241. Dithiol derivatives can also be obtained242. 

2[(n-C,H5)Ni(n-Bu,P),1 + CI-+NaS(CH,),SNa ----+ 
(~-C,H,)(n-Bu,P)NiS(CH,),SNi(n-Bu,P)(n-C~H5) (n = 2,4,  6) 

Other reactions involving thiols, such as the reaction 

(7-C,H,),Ni + HSR ___t (d2,HJNiSR + C,H, 

which has been studied kinetically, do not involve the thiolate anion, but 
rather the thiol itself, the sulphur of which bonds initially to  the 

Various CF:,S derivatives have been prepared using silver trifluoro- 
methanethiolate, and its reactions with certain norbornadiene and 
tetraphenylcyclobutadieneinetal cornplexes studied"*.*. The reaction of 
the norbornadienc derivative C,H,PtCI,, with AgSCF, in dichloromethane 
solution rcsulted in the replacement of both chlorine atoms with CF,S 
groups to give the white crystalline C,H,Pt(SCF,),. However, i n  the 
analogous rcaction of C,H,PdCI, with CF,SAg, addition of CF,S groups 
to the norbornadiene ligand occurred to give two yellow crystalline 
products, [(C,H,SCF,)Pd],Cl, and [(CiH8SCF3)Pd],(CI)(SCF,), which are 
novel nortricyclic derivatives. Reaction of the tetraphenylcyclobutadiene 
complex [Ph,C,PdBr2], with AgSCF, gave the golden-red Ph,C,Pd(SCF,), 
formulated as a monomeric 16-electron tetraphenylcyclobutadiene 
coniplcx, but the reaction of Ph,C,Co(CO),Cl with AgSCF, gave the 
binuclear coniplcx [Ph,C,Co(CO)SCF,],. 

The molybdenum complexes [T-C~M,MO(NO)X],, [r-C5H,Mo(NO)X,], 
and [T-C,H,MO(NO)(I)(SCH,P~)],, X = I, SCH,Ph, or SPh, have been 
obtained from the iodide [T-C,H,MO(NO)I,], by reaction with the 
appropriatc thiolate anions under differing conditions2". The structures 
of the analogous chromium compounds [7;-C,H,Cr(NO)SPh], show that 
the SPh groups act as bridges between the two chromium 

Scveral molybdenum derivatives can be prepared using a thiolate. A 
stable monomeric .ii-ally1 molybdenum derivative has been obtained by 
the metathesis?." : 

n-C,H,Mbipy(CO),CI+TISC,F, ----+ ~-C,H,Mbipy(CO),SC,F, (M = Mo, w) 
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A dinuclear .ir-allylmolybdenuni complex has been obtained by treatment 
of its trichloroanalogue with sodium t h i ~ l a t e ~ . ' ~ .  

EtdN'' 

Various other mixed cyclopentadienyl carbonyl complexes can be 
prepared using a thiolatc : 

n-C,H,W(CO),Cl+ NaSR- I-----+ ;7-C,H5W(CO),SR (R = Me, Ph) 
I;-C,H,W(CO),CI+ RSH+ Et,N- 

(reference 249) 

n-C,H,Fe(CO),Br+ NaSEt ---+ 7-C,H,Fe(CO),SEt 2 5 0  

(reference 250) 

4. Carbonyl compounds 
Sulphur-containing mctal carbonyls have been reviewed, arid there is a 

section concerning mercapto c o n i p o ~ n d s ~ " ~ .  While several niercapto 
carbonyl complexes are known which can be prepared from the thiol itself 
or the disulphide some preparations involve the use of the thiolate anion. 
The complex ions [M(CO),SC,F,]- (M = Cry Mo, W) can readily be 
prepared from the pentacarbonyl and sodium pentafluorobenzene- 
t h i ola t e231. Tlie sq u a re p la ria r con1 plexes, fr'ans- [ M (SC, F3)( CO)( PPh,),] 
are obtained from thallium(i) pentafluorobenzenethiolate and the 
complexes [MCI(CO)(PPh,),] (M = Ir, Rh)252. Tlie complex [Ir(SC,F,)- 
(CO)(PPh,),] will add another mole of pentafluorobenzcnethiol in benzene 
to form [IrH(SC,F,),(CO)(PPh,),1, and also readily adds oxygen, forming 
[I r( SC,F,)( O,)( CO)( PPh,),] 

The yellow diamagnetic anions [Cr,(CO),,SR]- (R = H, Me, Et, Ph) are 
formed on oxidation of aqueous Na,[Cr,(CO),,] by RSH, accompanied 
by the evolution of hydrogen, but  when RSI-I is thio-p-cresol the niono- 
nuclear anion [Cr(CO)3SR]- (R = C,H,,Me) is i s 0 1 a t c d ~ ~ ~ .  The monomeric 
carbonyl derivatives M(CO),SR- can bc prepared by using the nicrcury 
thiolates; only a small amount of the dimeric specics is obtained ?j4. The 

M,(CO):;+Hg(SR), 2 M(CO),SR-+Hg 

ions [M,(CO),,SR]- (M = Cry Mo, W), stabilized as their bis(tripheny1- 
phosp1iine)iminium derivatives, are obtained in reactions of the type 

.:Cr,(CO),,SMe-+CO 2iCr(CO),+SMe- ___ 
11 v. 

TIIF 
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but this reaction does not give as good yields as thc reaction of M(CO),Cl- 
with organo ti n t hi 01a te s~~~ .  

Various carbonyl derivatives containing the SCF, group can be obtained 
using silver trifluoroinethanethiolates. Some reactions are summarized 
below2,’ : 

M n (CO),Br + Ag SC F, - [C F,SM n(CO),lz 

Re(CO),Br+ AgSCF, - ‘;CF,SRe(CO),],+CF,SRe(CO), 

n-C,H,Fe(CO),I+AgSCF, -d CF,SFe(CO),(x-C,H,) 

C,H,Fe(CO),I+ AgSCF, ___ > CF,SFe(CO),C,H, 

n-C,H,Cr(NO),CI+AgSCF, ----+ CF,SCr(NO),(a-C,H,) 

C,F,Fe(CO),I+AgSCF, - [C,F,Fe(CO),SCF,], (reference 256) 

Other complexes can be obtained using mercury(i1) trifluoromethane- 
t h i ~ l a t e ~ ~ ’ .  

Mn,(CO),P(CF,),I+Hg(SCF,), - Mn,(CO),P(CF,),SCF, 

The compounds [T-C,H,MO(NO)H~~SR], (Hal = Br, I), [z-C,H,Mo(NO)- 
(SR)], and [~T-C,H,MO(NO)(SR),], containing bridging sulphur ligands 
can readily be prepared from [71--C,H,Mo(NO)Hal,] (Hal = Br, I) and the 
thiol or its sodium salt by replacing one and two halogens respectivelyz5*. 
Other dimeric compounds with bridging thiolate groups, such as 
[ Rh(CO),(SPh)],, are readily obtained from benzenethiol and [Rh(CO),- 
C1,]- in ethanol. However, analogous compounds such as [Rh(CO)(SR),- 
Hal] (Hal = Cl, R = Et,Pr; Hal = Br, R = Et) may be polymeric259”. 
Bridging thiolates are also present in the iron compounds, (CO),Fe(SEt),- 
Fe(CO), obtained from Fe,(CO),(COPh), and EtSH in hexane2,0. 

Carbene coniplexes (CO),CrC(SR)R1 (R = Me, Et, Ph; R1 = Me, Ph) 
and (CO),WC(SMe)Me are readily obtained by nucleophilic displacement 
of OMe from (CO),MC(OMe)R1 (M = Cr, W) with a thiol2,I. 

i l l .  ADDITION REACTIONS 
A. lntroduction 

can be represented as 
The addition of a thiol or a thiolate to an unsaturated compound A=B 

A=B+RSH RSA-BH or HA-BSR 

Two products are possible, depending on whether the RS group adds to 
A or B. This will obviously be affected by the nature of atoms forniing thc 
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multiple bond and, possibly, by the other groups present in A and B. 
Addition reactions can occur in cyclic systems, such as epoxides or 
thioepoxides, involving fracture of the ring 

.. 
A 

\ /  

/ \  
>c’-‘c< + RSH - HXC-CSR 

It is, among other things, of interest to ascertain the nature of the addition 
product. 

Most of the addition reactions observed occur by a radical mechanism. 
This type of reaction has been reviewedzG3, and two chapters in this book 
are concerned with radical reactions of thiols. This discussion will exclude 
all reactions that occur via the formation of radicals. Considerably less 
study has been made of ionic additions of thiolates to  unsaturated 
systems than that of radical additions. 

6. Reactions with Olefins 
Sulphides are formed when a thiol adds onto an  oIefinic bond. Most 

of the reactions reported correspond to anti-Markownikoff addition, but 
this is probably a free radical niechanisni, which also occurs in the 
presence of minute traces of peroxides. With carefully purified reagents in 
the presence of acid, Markownikoff addition occurs263iL 

M e,C =C H M e + RS H -----+ M e,C (S R) CH,M e 

The kinetics of the addition of benzenethiol and substituted benzenethiols 
to derivatives of phenylvinylsulphone have becn studiedzM,*”. In 50% 
aqueous ethanol at 25°C the reaction was second order, first order in the 
sulphone and in the thiolate anion. 

XC,H,SH XC,H,S-+H+ 

XC,H,S-+YC,H,S0,CH=CH2 a YC,H,SO,C-HCH,SC,H,X 

11’- m t  I 
YC,H,SO,CH,CH,SC,H,X 

Hanimett treatment showed that substitution in the phenyl ring of the 
sulphone influenced the reaction more than substitution in the thiol, in- 
dicating that the transition state resembles a carbanion interrnediate?G,*. The 
second-order rate constant for the nucleophilic addition of p-MeC,H,S- 
to phenyl vinyl sulphone has been dctected a t  0-45”C, the energy, free 
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energy of activation and entropy being 16.0 kcal/mole, 16.6 kcal/mole 
and - 4  e.u. respectively?". 

Ally1 alcohol and n-BUSH give I?-BuSCHM~CI-I,OH in the presence 
of 5% elementary sulphur as a catalyst and an initial pressure of 
hydrogen of about 30 atmospheres, but ally1 alcohol and I-BUSH form 
I-BuS(CH,),OH under free-radical conditionszG6. The compound 
McS(CH2),SMe has been prepared from ally1 chloride, first by McS' 
addition and then MeS- substitution26G. 

Activatcd thiols will add to p-isopropenylphenol in chloroform solution 
in the presence of p-toluencsulphonic acid giving a Markownikoff 
addition product, 

p-HOC,H,CMe=CH,+RSH > p-H 0 C,H,CMe,( S R) 

(R = C H, C 0, R' , ( R ' O), PS , C H,C 0 N H C H ,) 

Tliioacetic acid gave an anti-Markownikoff addition product. Simple 
thiols did not react even in the prcsence of catalysts, except under pressure 
and irradiation. With benzenethiol and p-chlorobenzencthiol the unusual 
addition of the pmrr-hydrogen occurred2G7. 

p-HOC,H,CMe=CH,+C,H,SH > p-HOC,H,CMe,C,H,SH-p 

A few other examples of this type of addition, in the presence of a catalyst, 
are found i n  the patent literaturegG7. 

Simple Markownikoff addition of thiol to thc C=C bond occurs in  
some carbohydrate derivativeszGg, and to dimetliyl maleate2". 

C. Reactions with Acetylenes 

occurs a t  high teniperatures i n  the presence of a 
Thiols do not add less readily to acetylenes than to olcfns. The addition 

HC=CH+R'SH ___ > CH,=CH(SR) 

A second iiiolecule of thiol inay be taken up 

RSCH=CH,+RSH ___ > RSCH,CH,SR 

If addition occurs across an acctylcnic bond, there is the possibility of 
forniation of cis and trans isomers. Phenyl acetylene reacts with cthanethiol 
in the presence of an alkali catalyst at  100-225°C. Progressively larger 
amounts of the trans isomer were formed as the temperature increased, 
reaching a maximum of 7 1 ~ r n m  at 200°C. A rapid cis-tram isomerism 
accompanies the vinylation reaction"O. 

EtSH+Ph=CH -- : (EtS)CH=CHPh 
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The degree of tram stereoselectivity for nucleophilic additions of p-  
toluenethiol derivatives to negatively substituted acetylenic compounds 
(Y=CN;  SO,C,H,Mc-p, C,H,NO,-p, CO,Me, CONH,, COMe) in 
methanol is dependent on the nature of the activating group Y, and 

MeOH ArS, ,Y ArS, 

H H 
HC=CY -I- ArS- > ,c=c, + 

decreases where Y is capable of delocalizing the adjacent incipient ncga- 
tive chargegi1. In the tertiary amine-catalysed addition of thiols to ethyl 
propiolate, i t  has been shown that the amount of tram addition product in 
the reaction mixture increased as the acidity of the thiol. Similar additions 
to hexafluoro-2-butync and trifluoronicthylacetylene showed that with 
both trifluoronietliyl-activated acetylenes trans addition was predominant. 
However only 5% tr017s was obtained i n  the reaction of cyclohexanethiol 
and trifluoromethyl acetylene2i2. 

Addition reactions have been studied with various substituted acetylenes 
such as the Markownikoff additions 

XI1 s 11,r PhOCECH+EtSH -> 52.3% H,C=C(OPh)SEt 

and anti-Markownikoff additions of thiols to phenoxyacetylene, depcnd- 
ing on the. solvent 

Xt?O PhOCHECH+RSH --> PhOCH=CHSR (R = Et, Bu) 

Addition to trifluoroniethylacctylenes has been studied with thiols in the 
presence of sodium cthoxide or triethylamine'i'*: 

RSH+XC=CCF, ------+ (RS)XC=CHCF, (R = Et, HOCzH,, Bu, Ph; 

X = CI, Br, Et, CF,, H, Et,N) 

Addition can also occur in systems containing ethylcnic and acetylenic 
bonds, and iiucleophilic addition occurs primarily across the acetylenic 
bond: 

RSH+F3CC~CCHRCR'=CR2R3 ___ z F,C C H = C (S R) C H RC R' = C Rz R3 

The latter compound isonierizes to F3CCH,C(SR)=CRCR1=CR2R3. I n  
the free radical addition conlpounds such as F,CC=C(CH,),SMe were 
isolated275. 

Thiols containing a n  acetylenic bond inay cyclize. The lietcrocyclization 
of acetylenic thiols, RCSC(CH,),~SH, has bcen studicd under nucleophilic 
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and free radical conditions forming products (43), (44) and (45). 
Compound 44 is the main product of the nucleophilic attack when R = H, 
and mixtures of all three are formed under free radical conditions27G. 

The addition of thiols to acetylenic bonds i n  compounds with a formal 
negative or positive charge has been examined. Aromatic thiols react with 
H02CC=CCOzK giving (phcny1thio)fumaric acids, which were cyclized 
in the presence of sulphuric acid to thiachromonecarboxylic a ~ i d s ~ ~ 6 a .  

Two products are formed when the benzenethiolate anion reacts with 
dimethylprop-2-ynylsulphonium bromide, Me,SCH2C=CH Br-. The re- 
action is postulated to proceed through the formation of an allenic system 
SC=C=C. The initial product, not isolated, isomerizes, and may 
subsequently be dealkylated with excess thiolate : 

+ 

i 

+ 4- 
Me,SCH,C=CH+PhS- - [Me,SCH,C(SPh)=CH,] 

ison1cri;ratior. 

denlk,-lntiou 

1 
I Me,&H=C(SPh)Me 

MeSCH =C(SPh) Me 

The methanethiolate anion also adds to the ethylenic bond of the 
dealkylated product and some trisulphide is formed : 

+ 
M e,S C H, C = C H + M eS - ----+ M eS C H,( M e S )  C =C H, + M eS C H,C M e(S Me), 

A similar reaction is observed with the benzenethiolate anion and 
l-(prop-2-ynyl)tetrahydrothiopheniuni bromide276b. 

SCH,CrCH + P h S  ---+ (PhS)HC=CH(SPh) c+ 
63. Reactions with Nitrile Groups and Azomethine Bonds 

forming ini inothioe~ters~~3~~ 
In acidic solution nitriles undergo a n  addition reaction with thiols 

> R(R'S)C=NH*HCI 1 1 C ' I  RC=N+R'SH ___ 
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The examples of this type of reaction in the recent literature are some- 
what limited. The simplest is the formation of cyanoformimidic acid (46) 
by reaction of cyanogen with a thiol in  a n  inert solvent in the presence of 
amines or metal hydro~ides"~, 

RSH+(CN), - HN=C(CN)SR 

(46) 

2,4,5-Trisubstituted iinidizoles (47) can be obtaiiicd from thiols and 
N-( I-cyanoalky1)alkylidenimine-N-oxides (48). This reaction involves a 
cyclization reaction, proceeding through the initial addition of the thiol 
to the C=N bondc7*. 

R S R 2  

M 
3 RCH(CN)N(O)=CHR' + R'SH - ---+ N N H  

Addition of thiols across an azomethine bond occurs resulting in the 
formation of a carbon-sulphur bond, an example is the formation of 
N-benzylidene-o-ni troaniline (49)277", 

o-O,NC,H,N=CHPh+p-MeC,H,SH - o-O,NC,H,NHCH(Ph)SC,H,Me-p 

(49) 

Thiophenol reacts with diphenyl-ketenc-(p-bromopheny1)imine (SO) 
causing reduction of the aromatic bromine and fracture of the C=N 
bondeYo, 

1f39-c Ph,C=C=NC,H,Br-p+PhSH - Ph,C=C(SPh),+PhNH,.HBr 

(50) 

E .  Reactions with Carbonyl and Thiocarbonyl Groups 
Thiols can react with ketones to give a heinithioacetal: 

R'R2CO+RSH 7 R'R2C(OH)SR 

Further reaction readily gives the thioacetal, although a catalyst is 
sometiines required263c: 

R' RZC( 0 H)S R 3- R S H  R' R2C( S R), 3- H,O 
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Thioacetals niay be thermally decomposed to the corresponding thione : 

R'R2C(SR), ~ f R'RzCS+R,S 

The hemithioacetal can also be reduced by excess thiol to the sulphide*0"1: 

2 R'SH+RCH(OH)SR' - RCH,SR'+RiS,+H,O 

The equilibria between propanethiol and simple carbonyl compounds have 
been studied in CH,CI,: the resulting a-hydroxysulphides may be con- 
verted into the thioacetals where the equilibrium constants are less than  
lo2, by addition of an acid catalyst (BF, or HCI). Examples of aldehydes 
and ketones whose values of K are less than 10, are MeCHO, 1Me2CO; 
those having K values greater than 10, are CCI,CHO, (CF3),C02s1. 

The kinetics of the formation of the hemithioacetal in 50% ethanol- 
water have shown that the reaction is acid catalysed and does not involve 
a thiolate anion, probably proceeding via the formation of the protonated 
ketone2", 

Other studies of rate and equilibrium constants of the formation and 
breakdown of Iieniithioacetals (MeCHO + PhSH, or AcSH, or p-N02C,- 
H,SH) reveal a diffusion-controlled rate-determining step, with proton 
transfer in sonic sense concerted with cleavage and formation of the C-S 
bond2s3. A general base-catalysed mechanism involves attack of the RS- 
anion on the carbonyl group2sg". 

The addition rezction can be utilized synthetically, as is illustrated in 
the examples where further reaction with aniines occurs. 

+ R ~ C H O  - 
CH,N H,R' X- 

(reference 285) 

The phosphorus containing ketone PhC(O)P(O)(OMe), does not react 
with sodium thiolate, but will react with the thiol i n  the presence of 
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niagnesiuni bromide forming the thioester, upon fractiire of the carbon-- 
phosphorus bond2R7. 

1- HCHO + HNR, __f 

Me 

Me 

P h C (0) P (0) (0 M el2 + R S H ---+ P h C (0 H) (S P h) P( 0) (0 Me), 

NRONC I 
phC(0)SPh-tHP(O)(OMe)2 

Analogous reactions occur with thiones, as illustrated by the 
example2sg : 

A H  PhZCS + o-HSC,H,COCI - __f 

+ Ph,CHCI 

F. Reactions Involving Conjugated Systems 
With a conjugated system similar to the type C=C-C=X, where X 

can be C,N,O, it is of interest to observe where addition of a thiol occurs. 
The majority of reactions involve addition across the C=C bond, but 
exceptions are found. 

Several products are obtained from the reaction of thiols with thiamine 
anhydride (50a). A conjugated system is postulated as an intermediate 
with initial 1,2 addition-. The reaction products depend subtly on the 
pH 289. 
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Reactions of the conjugated aldehydes, crotonaldehyde and 4-hydroxy- 

2-pentenal, with a C=C-C=O bond system, in aqueous solution with 
thioglycollic acid, either as its sodium salt or ethyl ester, give addition 
across the C=C bond. The 4-hydroxy-2-pentenal adduct cyclizes to the 
hemiacetal, 

MeCH = CHCHO 4- RSH c_- MeCH(SR)CH,CHO 
MeCH(0 H) CH = CHCHO + RSH -- MeCH (OH) CH(SR) C H2CH0 

RS 

The kinetics have been studied and show that with thioglycollic acid 
derivatives between pH 1.5 and 2.5 the RS- ion and RSH react, but at 
pH > 2.5 the RS- anion is the reactive entity. A reaction mechanism has 
been derived2w. 

1,4-Addition of thiols in basic solution to the C=C-C=O bond 
system in a$ unsaturated ketones, such as 4-benzylidene-1 -butyl- 
pyrrolidine-2,3-dioneY has been observed, forming with benzenethiol in 
piperidine, l-butyl-3-hydroxy-4(~-phenylthiobenzyl)-3-pyrro~in-2-0ne~~~. 
Addition of thiols primarily to the C=C bond in C=C-C=O systems 
in quinones and lactones has been o b ~ e r v e d ~ ~ ~ n  293. The reactions were 
studied in neutral or alkaline solution and probably involve attack by the 
thiolate anion. In compounds containing both carbonyl or carboxyl 
groups and acetylenic triple bonds, addition occurs primarily across the 
acetylene bond. Cyclization of the initial product so formed is also 
o b s e r ~ e d ~ ~ ~ .  

o-H,NC,H,SH + MeO,CC=CCO,Me ---+ -t MeOH 
CHC0,Me 

The addition of thiols to N-ethylmalehide within the pH range 5-7 in 
95% ethanol has been studied’”. The reaction proceeds via the mechanism 

ArSH+OH- c ArS-+HOH 
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0 H O  

rate -UEt 
ArS-  

ArS- + QEt determining ’ 
0 H O  

Attack by the neutral thiol could not be detected. The rate of attack of 
ol.rlto-alkyl-substituted benzenethiolate anions upon the olefinic bond is 
sensitive to the bulk of the alkyl group. Two effects can be distinguished: 
(1) inihibition of solvation of the thiolate anion, which increases its 
nucleophilicity (rate accelerating), and 
(2) steric interference between the thiolate nucleophile and the olefin in 
the transition state (rate retarding). Net steric acceleration is observed in 
the nucleophilic addition to an activated double bond of o-t-butyl- 
benzenethiolate which is an order of magnitude more reactive than the 
other alkylbenzeiiethiols studied. The implications of these results as 
regards hydrophobic bulk effects in enzymatic reactions involving 
mercaptide functions have been discussed295. 

The addition of the benzenethiolate anion to 4-t-butyl-I-cyanocyclo- 
hexene, containing formally a -C=C-C=N bond system, occurs across 
the C=C bond. In ethanol two products are obtained both containing axial 
phenylthio groups, but in THF some equatorial SPh is also formed29ti, 

PhS- EtOH > HH SPh + p-$N SPh 

H H 

Addition reactions occur in  C=C-C=N conjugated systems. Various 
products are forincd in the reaction of thiols, in thc presence of tri- 
ethylamine, with N-[ 1,1,1,3,3,3-hexafluoroisopropylidene]-2,2-dialkylvinyl- 
amine (51)?”. 1,4-Addition, forming products of orientation (52), occurs 
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with t-butanethiol and benzenethiol: 

77 1 

/c, CF, CF, 
R’ R’ R3 
Me Me Ph 
i-Pr H Ph 

The reaction of benzenethiol with 51 when R1 = Ph and R2 = H gives an 
enamine 53; a differently orientated 1,4-addition product 54 is obtained 
with ethanethiol. 

(51 1 

i -Pr H f-Bu 

Ph, ,SPh 

I 1  
Ph, ,SPh C ‘ C  Ph, ,H I I  or 

\I + PhSH - C /c\ C 

H’ ‘NHCH(CF,)~ (CF,),CHNH H WN (53) 

CF3 /c. CF3 I1 

+ EtSH __f PhCH2, , H 
C 

II 

(51 1 ..c (SEt )(C F312 
(54) 

Addition across a conjugated C=N-C=O system is the mechanism 
postulated for the reaction of the 2,2-dichlorovinylaniine derivatives of 
RCONHCH=CCI, with BUSH in the presence of a small amount of 
alkaline, although the reaction appears superficially to be addition across 
a C=C bond: 

MeCONHCH =CCI,+BuSH -----+ MeCONHCH(SBu)CHCI, 

Initially a conjugated C=N-C=O system is formed and the thiol gives 
1,4-additi0n~~*: 

IhSLf/l<OlT 
CI,C=CHNHCOMe ----+ [CHCI,CH=N-C(Me)=O] - 

C H C I,C H (S 6 u) N = C( M e) 0 H -----+ C H C I,C H (S B u ) N H C 0 Me 

G. Reactions with Alkylene Oxides and Sulphides 

of substances : 
Alkylene oxides undergo ring-opening reactions with a wide variety 

RCH-CH2 -t HA - + RCHOHCH,A or  RCH(A)CH,OH 
\ /  
0 
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Under basic or neutral conditions when R is an electron-donating group, 
the main product is that formed by attack at  the least substituted carbon 
atom, namely RCHOHCH,A. The A- ion probably attacks before the 
C-0 bond is completely broken. Thiols react to form hydroxythioethers. 

RCH-CHp + R'SH - RCH(OH)CH,SR' 
\ /  
0 

The alkylene oxides are thermally unstable and form the isomeric aldehydes 
or ketones : 

R,C-CRp - > RCOCR, 
/ /  
0 

The products of the reactions of thiols or thiolate ions with alkylene 
oxides may correspond to addition across the C - 0  bond, or reactions of 
the isomeric aldehyde or  ketone if the temperature is sufficiently high. 
Simple addition is observed in reactions such as 

(Me,SiO),MeSi(CH,),SCH~CH,OH (reference (10) 

/"\ 
p -MeOC6H,0CHzCH-CHz 

\:H ( ~ a  o H 

p-MeOC,H,OCH,CH(OH)CH,SR 
(reference (299) 

A S R  
p-MeOC,H,OCH,CH(OH)CH~Cl 

In other reactions both the C-0 and C-C ring bonds are cleaved, and 
the intermediate product corresponding to addition across the C-0 bond 
can be isolated : 

> PhCOCH-CHC6HdX-P + PhSH/Et,N -- P h CO CH (S P h) C H (0 H) C,H,X-p 
/"\ 

PhSH(E1,N) i 
PhCOCHZSPh + p-XC,H,CHO 

(reference 300) 
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The C-0 ring is opened by thiolates, in preference to addition to the 

carbon-carbon double bond in the butylene derivative3OL. 

Large epoxide rings may also be opened by hydrogen s ~ l p h i d e ~ ~ ? * ~ ~ ~ .  The 
C-0 bond is broken when dehydroisopatuline (55) reacts with thio- 
lates301, forming hydroxy-3-(tr.ans-3-n~e~captoacryloyl)but-2-en-4-olides 
(56). 

CH=CH(SR) 

&O -I- RS- -> O k o  f 

0 
HYl 

0 

(55) (56) 

In compounds containing both an epoxide ring and a n  aliphatic 
chloride, such as epichlorohydrin, the thiolate reacts preferentially with 
the aliphatic chlorine305 

/O\ 
M e,Si C H;C H,C H, S H ( KOH ) + C I C H2C H -C H, 

0 
/ \  

H2C -CHCH,SC H,CH ,CH,SiMe3 

Various examples are known where an alkylene sulphide ring systeni is 
fractured by a thiol or thiolate, the reactions are essentially similar to 
those of the oxygen analogues. The thiol generated i n  the initial reaction 
may react further with the remaining cyclic sulphide"G. 

CH,-CH, + RSH - t 

5 0 - 7 0 o/o R S C H ,C H S H a n d  20 - 30 o/o R SC H ,C H ,S C H 2C H *S H 

Thiols can react with alkylene sulphides to foriii two products2G3d, 

S 
/ \  

Me,C-CH, i- RSH - Me,C(SR)CH,SH or Me,C(SH)CH,SR 
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While thioepichlorhydrin reacts with potassium butanethiolate without 
ring fracture to form butylthioglycidyl sulphide, the products of the 
reaction with thioepibromohydrin include butylthioglycidyl sulphide and 
some of the disulphide, CH,=CHCH,SSBu, formed by fracture of the 
alkylene sulphide ring and subsequent dehydrobroni inat i~n~~~.  

S 
/ \  

S 
/ \  

BrCH,CHCH, + BuSK ---+ BuSCH,CHCH, + CH,=CHCH,SSBu 

H. Reactions with Cyclic Compounds 

3-benzyl-2-phenylthiazolinuni bromide (57)3087 : 
Thiols will add across the C=N bond in cyclic systems, such as 

Br- qH,Ph 

(57) 

Similar addition occurs in the bicyclic compound (58) : 

((C H d , 3  
Br- f? i NaSPh/EtOH Acid 

CYZF'h S 

(58) 

The benzcnethiolate anion acts primarily as a reducing agent with 
2-alkylisothiazolium salts (59); simple aliphatic thiols did not react309. 

'Me 
(59) 

However, with 5-phenyl-l,2-ditliiolium cation (60), unlike the isothiazoliuni 
cations, simple 5-adducts (61) wcre formed with a range of sulphur 
nucleophiles : 

RSNa Phfi+ T. '0:' R = Et, COPh, COMe s-5- H X  s-s CH,CO,H 
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A similar 3-adduct was formed by only the cthanethiolate ion with 

3,5-diphenyl-l ,Zdithiolium salts. Other thiols, except ethanethiol, which 
did not react, convert to 3-alkylthio-5-phenyl-1 ,Zdithioliu~n cations (62) 
into 1,2-dithiole-3-thione (63). 

(62) (63) 

This is probably not a simple demcthylation as no S-mcthylated nucleophiles 
were detected. The thione is also produced in the reaction of benzene- 
thiolate anion with the I ,Zdithiolium cation with no S-alkyl substituent 
i n  the 3-posi t i0n~~~.  

Two products, a disubstituted quinone or hydroquinone, are formed 
exclusively in the reaction of thiols with 4,7-benzimidazoledio1ie (64) in 
methanol. The quinone is formed exclusively by aliphatic thiols and the 
hydroquinonc when R=Ph,p-Tol, or HOCH,CH, 310. 

HCI R S  
OH 
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1. INTRODUCTION 

Aliphatic and aromatic thiols are oxidized by a variety of reagents to 
disulphides and to  higher oxidation products depending on the specific 
reaction conditions (Scheme 1). 

The two oxidation chains are not as separate as indicated in the scheme 
since a number of interconversions are possible. They may be thought 
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to occur cia the hydrolytic products which are shown on the right side of 
the Scheme. The sulphenic acid has been reported in brackets since its 
very high reactivity does not permit isolation except in very special cases 
(see section II1.B). 

Most of the reactions indicated in the scheme are reversible eventually 
through appropriate derivatives; however, true equilibria among pairs of 
the above-mentioned products are quite rare. 

In this chapter we shall mainly deal with the oxidation of thiols to 
disulphides (equation I ) .  

2RSH '"I z RSSR+H,O (1 1 

The subsequent stages of oxidation will be dealt with only in limited and 
specific cases. Attention has  been mainly focused on the most commonly 
used chemical oxidizing agents. 

Electrocheniical and photochemical oxidations are also briefly discussed 
but for more comprehensive reviews on these subjects see the relevant 
chapters in this volume. 

The literature, which is not comprehensively reviewed, has been covered 
up to the middle of 1972. References to some later published papers have 
Seen also made. 

II. ELECTROCHEMICAL OXIDATION 
Studies on the formally simple equilibrium (2) meet severe diriculties. 

2 RSH ~ RSSRS-2 Hf+2 e -  

Polarographic studies (dropping mercury electrode, D.M.E.) have been 
limited by the chemical intervention of the mercury' whereas more recent 
work with noble metals electrodes has been hampered by absorption and/ 
or passivation phenomena2. 

Much attention has been devoted to systems of biological interest and 
electrochemical methods for quantitative analysis of thiol and disulphide 
groups in simple organic compounds as well as i n  proteins have been 
reported3~". 

The polaroyraphy of thiols is characterized by an anodic wave which 
often is well although, as for instance in the case of cysteinc, 
the shape of the polarograin depends strongly on pH and Kolthoff 
and Barnum12 showed that the anodic wave of cysteine is due to the 
formation of mercurous mercaptide (HgSR), i.e. to the oxidation of the 
electrode and not of the thiol. Complications niay arise when the reaction 
product is insoluble in the medium and covers the electrode12. 

27 
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Thiols are also oxidized at a platinum electrode but at  more positive 
potentials (see below). 

The oxidation of the mercury electrode, the anodic potential of which is 
decreased by salt formation, appears to  be quite general'. 9. 

The values of E& do not change very much with the nature of the thiol 
at pH values high-enough to ensure that all the thiols are in the anionic 
f o r d  as shown in Table 1 .  

G .  Capozzi and G .  Modcna 

TABLE 1. Half-wave potential" and pK,, of mercaptans at 
pH 11.5'  

~~ 

2-Mercaptoetiiylguanidine - 0.508 8.8 

2-Mercaptoethylaminc - 0.560 10.75 
2-Mercaptoethanol - 0.537 9.6 
Thioglycollic acid - 0.580 10.68 
Cystei ne - 0.580 10.28 
GI 11 tat hi one - 0.480 9.12 

2-Mercaptopropylguanidine - 0.534 9.4 

~ ~~ 

At the dropping mercury elcctrode (D.M.E.). 
* Referred to standard calomel electrode (S.C.E.). 

The reduction of disulphides on D.M.E., the reverse of equation (2), 
appears to be a simpler reaction and in some cases a single cathodic wave 
was observed which behaves as required by a reversible 
however, in many other cases evidence for irreversible processes was 
found1J9*I0. Moreover, in some conditions cystine1*l3 as well as other 
disulp1iidesl4 present a pre-wave. 

Whereas the wave at higher potential appears to be due to a diflusion- 
controlled process, the pre-wave, as also shown by oscillographic 
polarography studies13* 14, depends on the absorption and reaction of the 
disulphide at  the electrode. 

The following equations were proposed to explain the process : 

RSSR+Hg ---& RSSR.Hg (ads.) (3) 

RSSR-Hg A (RS),H 9 (4) 

(5) 

(6) 

On platinum or gold electrodes, aqueous solutions of disulphides are not 
reduced and only the oxidation of thiols could be studied. 

(RS),Hg+2 e-+2 H + ___ 1 2 R S H e H g  

2 RSH-Hg ---A 2 RSH+Hg (desorb.) 



17. Oxidation of thiols 789 
I t  was observed that cysteine as well as other tliiols2* *?. lS*lB is oxidized, 

by a one-electron process, to cystine and the latter is further oxidized, 
probably, to cysteic acid. Strong absorption phenomena were observed. 

In DMF solutions the redox reaction benzenethiol-diplieiiyl disulphide 
(equation 2, R = Ph) could be studied by cyclic voltammetry on an inert 
electrode from both directions. The results obtained indicate that the 
reactions are 'irreversible' and that the acid hydrogen of benzenethiol is 
converted to molecular hydrogen. 

The authorsI6 proposed that the following reactions occur at an inert 
electrode in solvents like DMF: 

2 RSH-2 e -  ___ f RSSR+2H+ (2) 

2 RS--2 e -  > RSSR (7) 

RSSR+2 e -  > 2RS- (8) 

2 RSH+2 e -  > 2RS-+H, (9) 

It is noteworthy that diphenyl disulphide in  the stated conditionsIG is 
not further oxidized, contrary to what is observed with cystine2*12f15 in 
aqueous solutions. 

However, a t  higher potentials the disulphide can be oxidized: in 
acetonitrile with sodium perchlorate as supporting electrolyte, diphenyl 
disulphide is oxidized to benzenesulphonic acid1'. Possibly, in this case the 
perchlorate ion does intervene in a chemical reaction subsequent to the 
anodic process. 

All schemes proposed for the oxidation of thiols to disulphides in 
a more or less explicit way imply the formation of thy1 radicals as 
intermediates. 

The absence of any reaction of these radicals with the solvent suggests 
that the dimerization occurs at  the electrode surface in a very fast process. 

111. CHEMICAL OXIDATION 

A. Oxidation by Peroxidic Compounds 
The oxidation of thiols by hydrogen peroxide, alkyl hydroperoxides as 

well as peroxyacids is a well-known reaction in its qualitative aspects, 
b u t  very little mechanistic study has been carried out1**19. 

The initially formed product is in most cases the corresponding 
disulphide, which can be easily oxidized further by excess oxidant. 

A particular example of overoxidation is the oxidative desulphurization 
of heteroaromatic thiols by hydrogen peroxide which may lead to the 
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formation of the corresponding hydrocarbon'"*?-* or hydroxy 23 

depending upon the reaction conditions. 
Because of the easy overoxidation, these reactions are scarcely used for 

preparative purposes. However, the oxidation of thiols to  disulphides by 
peroxides attracted some interest in the patent literature connected with 
the general problem of hydrocarbon sweetening. More recently interest 
was revived by the suggested use of hydrogen peroxide as a selective 
oxidant and control of sulphide odours in sewage treatments and similar 

Aliphatic and aromatic thiols are easily oxidized to  disulphides in 
aqueous or alcoholic solutions under both acid and alkaline conditions25* 2c. 
Higher molecular weight thiols are better oxidized as copper s a l t ~ ~ ~ ? ~ ~ .  
Particularly in the presence of aliphatic amines the oxidation is easily 
carried out also in hydrocarbon solvents". 

I n  hydrocarbons, and more generally in aprotic solvents, lower niolecular 
weight aliphatic peracids are quite effective in oxidizing thiols to 
disulphides. 

A mechanistic study*8.30 of the oxidation of o-mercapto-phenylacetic 
acid in water i n  the pH range 24-1-17 by hydrogen peroxide showed that 
the rate of reaction ( I - )  was independent of the thiol concentration, first 
order in H,O, and inversely proportional to the square root of hydrogen 
ion concentration (equation lo). 
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r = k[H,O,]/[H+]f 

The suggestion that the reaction was catalysed by traces of heavy metal 
ions was advanced on the basis of the acceleration observed on addition 
of ferrous ions and the depression of rates when EDTA in  excess was 
added. In  this case the kinetic expression also changed becoming first 
order in thiol concentration (equation 11). 

r = k[H,O,] [RSH]/[H+l: 

Further thorough studies would be necessary to define in detail the 
mechanism of these reactions. The limited evidence available is, however, 
consistent with the reasonable assumption that the reaction proceeds by a 
radical chain mechanisni31, probably initiated by heavy metal ions and 
involving thiyl radicals following a scheme similar to that proposed for 
the oxidation of mercaptans by molecular oxygen (see section IV). 

The quite abundant literature on the oxidation of thiol groups in 
compounds of biological interest l ike glutathione, cysteine, etc., which 
has been recently reviewed32, is also in line with the above conclusions. 
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B. Oxidation by Halogens 

halogen and with the reaction medium. 

sulphonyl halides or sulphonic 

The products of the oxidation of thiols by halogens vary with the 

In aqueous solvents chlorine and bromine react with thiols to give 

RSH+3 X,+2 H,O z RSO,X+5HX (1 2) 

RSH+3 X,+3 H,O > RSO,H+6HX (1 3) 

The same compounds are obtained starting with disulphides and there 
is evidence that at  least in some conditions the latter are intermediates in 
the reaction (see below). 

Under anhydrous conditions the following reactions have been 
observed3’ (equation 14-17): 

(equations 12 and 13). 

RSH+X, z RSX+HX (1 4) 

RSX+X, ’ RSX, (1 5) 

RSX+RSH ___j RSSRSHX (1 6) 

RSSR+X, 2 RSX (17) 

Excess c?f halogen forms sulphur trihalides (equation 15). In the case of 
arylsulphur trichlorides the equilibrium is shifted to the left by  increasing 
the temperature; with aliphatic derivatives containing a niethylene group 
linked to sulphur the decomposition of the trichloride may lead to the 
formation of a-chlorinated sulphenyl ch1orideP (equation 18). 

RCH,-SCI, ___f RCH-SCI+HCI (1 8) 
I 
CI 

Careful hydrolysis of alkyl or aryl sulphur trihalides, in particular 
trichlorides, yields either sulphinic acid or sulphinyi 39. The 
latter is obtained in good yields by reacting the trihalide with the stoichio- 
metric amount of acetic acid40 (equation 19). 

RSX, + CH,COOH > RSOX+CH,COX+HX (1 9) 

The reaction of thiols with halogens in aprotic not nucleophilic solvents 
can be, possibly, represented as in equation (20). 

R-SH+X, 7% [R-S-H+X-] - RSX+HX (20) 
I 
X 
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Although there are no mechanistic studies in this area, schemes 
equivalent to equation (20) have been proposed for the halogenolysis 
of sulphides and other bivalent sulphur corn pound^^^-^^. The reaction 
goes to completion to the right with chlorine and bromine, but takes a 
more complex course with iodine. With fluorine the reaction yields 
higher oxidation products with extensive fluorination at the hydrocarbon 
nioie t y“. 

Sulphenyl halides are vcry prone to nucleophilic a t t a ~ k ” * ~ ~ , ‘ ~  (equation 
21) and in particular excess mercaptan reacts with them to give the 
corresponding disulphide (equation 16). 

NuH = R,NH, CiSCN, ROH, RSH, etc. 

The hydrolysis of sulphenyl halides is believed to form sulphenic acids 
(equation 22). These compounds, however, have never been isolated in 
this reaction ; rather thiolsulphinate esters are formed by fast reaction of 
sulphenic acids with sulphenyl l i a l i d e ~ ” ~ - ~ ~  (equation 23). 

Disproportionation of sulphenic acids has also been suggested as a 
possible route for the formatior, of these compounds49 (equation 24). The 
hydrolysis of sulphenyl halides under not carefully controlled conditions 
and particularly in concentrated solutions lead to disulpliides and 
t1iiolsulplionates”~-549 because of the easy disproportionation of thiol- 
sulphinates (equation 25). 

RSX+H,O ___ 1 [RSOH]+HX (22) 

[RSOH]+RSX - RS-S-R+HX (23) 
I I  
0 

(24) 2 [RSOH] R-s-s-Rs-H,~ 
I I  
0 

2 RS-S-R __il R-S-S-R+RS-SO,-R (25) 
I I  
0 

Some anthraquinone-sulphenic and -disulphenic acids and I-methyl- 
uracil-6sulphenic acid have been prepared by different routes60*. In 
these compounds intranioleculnr hydrogen-bonded and tautomeric 
structures are suggested to stabilize the sulphenic d e r i v a t i ~ e s ~ ~ ~ ~ ~ .  Chemi cal 
and ii.1n.r. evidence for the existence of an aliphatic sulphenic acid in the 
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tlierinal decomposition of di-t-butyl sulphoxide has been reported67 
(equation 26). 

0 
II 

(CHJ,C--S-C(CH,), - (CH,),CSOH+(CH,),=CH, (26) 

Sulphenyl halides have been considered for a long time as a source of 
sulphenyl cations49 (equation 27). However, unambiguous evidence on 
free sulphenyl cations is scarce and somewhat contradictory. 

RSX, RS++X- (27) 

The substitutions at sulphenyl sulphur so far studied in detail occur ciu 
bimolecular meclianisin53 except, possibly, the very special case of 2,4,6- 
trimeihoxybenzcnethiol arylsulphonate which was reported to undergo 
unimolecular ~o l~o lys i s~8 .  

On the other hand, evidence on the formation of a cationic species, 
thought to  be tlie sulphcnyl cation, by dissolving 2,4dinitrobenzene 
sulphenyl chloride i n  concentrated sulphuric acid has been obtainedGg-'O. 
However, the nature of the cation is not certain71. Moreover, the substrate 
chosen is, perhaps, not quite typical. Strong interaction betwecn the 
o-nitro group and tlie sulphenyl sulphur are in fact shown by X-ray 
analysis of methyl o-nitrobenzenesulphenate ester7? and also by the 
oxygen transfer from nitrogen to sulphur observed in the alkaline 
rearrangement of 2-niirobenzenesulphenyl a n i l i d e ~ ~ ~  (equation 28). 

ArNH-S 

IaOH- __j &N=N-Ar + H2180 (28) 

This suggests that in  the special case of o-nitrobenzene derivatives and 
similar species the cation formed might have the cyclic structure (1). 

Finally, i t  has been reported that sulphur dichloride and trichloro- 
methanesulphenyl chloride give 1 : 1 and 2 : 1 complexes with Lewis 
acids (SbCI,, AlC13, FcCI,,) with a salt-like beIiaviour"'> 75 . The instability 
of the coinplexes made a full chnracterization unfeasible. 
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Relevant to this point is the recent finding7G*77 that methane and ethane 

sulphcnyl chloride form by addition of either BF, or SbF, in liquid SO, a 
dinieric cationic species (2) described as follows (equation 29): 

+ 
(29) ZRSCI + BF, - R-S-S-R -t BF3CI- 

I 
CI 

(2) 

The same species seems to  be formed in fluorosulphonic acid and lOOoi;: 
sulphuric acid as well77. Preliminary results also indicate that reaction 29 
occurs with aromatic sulphenyl chlorides. The tendency of sulphur 
compounds to give species like (2) seems quite general: for example, 
disulphide and sulphenyl chloride in FSO,H or lOO'x  H,SO, and in SO, 
with BF, or SbF, give a species analogous to  (2);' (equation 30). 

-I- 
R-S-S-R + BF,CI- (30) 

+ BF, R-S-S-R + R S C l  ___ 
I 

S R  
(3) 

Furthermore, ions similar to (3) are postulated as interniediates in the 
interchange reaction of disulphides and sulphenyl chloridesi8179, and 
intermediates like (2) should be involved in the reaction of disulphide with 
halogens (equation 17) which has to be considered an equilibrium reaction. 

RSSR+X, 2 RSX (1 7) 

Equilibrium (17) is completely shifted t o  the right for X = C1 and 
largely to the left with X = I .  The case of bromine is, as usually, inter- 
mediate. As a matter of fact very few sulphenyl iodides are knownA0>*l. 
Apparently only sterically hindered derivatives arc able to exist and also 
their stability, which may be reasonably great in dilute solution, is very 
low in concentrated solution o r  as pure material. 

Since equilibrium ( 1  7) is shifted almost completely to the left in the case 
of X = 1 whereas reaction (14) goes to  completion even with iodine, a 
method to titrate thiols based on the reaction in equation (31) has been 

2 RSH+I, > RSSR+2HI (31 1 

widely used. Howcvcr, care has to be taken to use the appropriate con- 
ditions of pH and dilution to avoid overoxidation of the disulphide which 
may be a quite serious cause of error". Thiols containing a P-carboxyl 
group are particularly susceptible to consume more than the iodine 
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required by equation (31). It was suggested that the carboxyl group 
intramolecularly attacks the initially formed sulphenyl iodide to  form a 
sulphcnic anhydride which may undergo further oxidation a t  sulphur 
(Scheme 2)82,8:3. This mechanism seems likely also in vicw of the recent 

I I -c-c- 
I 

I I  

I I  s, /c\ H-S COOH I - S  ZOOH 0 ‘ 0  

I I 
I 1 w- -C-C- -t 4 H I  -C-C- + 2 H I  

-c-c- 21, I 1  I t  
I I  I I  

HO,S COOH HOjS COOH 
s ,  /c, 

0 0  

SCHEME 2 

evidence of trapping o-sulphcnobcnzoic acid anhydride by reaction of 
o-mercaptobenzoic acid with chlorine in the presence of triethyl aminea4 
(equation 32). 

s-0 

C .  Oxidation by Dimethyl Sulphoxide and Other Sulphoxides 
The oxidizing power of dimethyl sulphoxide (DMSO) as well as of 

other sulphoxides is well known and has been recently revieweda5. 
Yiannios and Karab inoP  reportcd that thiols were selectively oxidized 

by DMSO to the corresponding disiilphides in high yield with the con- 
comitant reduction of DMSO to dimethyl sulphide (equation 33). Further 

2 RSH+(CH,),SO - RSSR+(CH,),S+H,O (33) 

studies, mainly by Wallace and c o ~ o r k e r s ~ ~ - ~ ~  confirmed these early 
results. They studied the reaction of several thiols with DMSO and TMSO 
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(tetramethylene sulphoxide) in large excess and in the absence of solvent. 
In the stated conditions second-order kineticss9 and strong catalysis by 
added ainines (Table 2) were observed90. 

TABLE 2. Effect of aniines on the oxidation rate of 1-dodecanethiol 
by TMSO at 100°C no 

Amine PK:, Ic, s-1 Rel. rate 

7.5s x 104 1 - - 
N,N-I3imetliylaniline 5.1 1.15 x 10-5 1-5 
2,6-Dimethylpyridiie 6.6 1-64 x 2.2 
1 -12-Dodecylamine 10.6 6.42 x 84.4 
Tri-n-bu tylarnine 11.4 2.04 x 1 0 - 3  269 

a Reference 92. 

These authors showeds9 that the rate of oxidation depends on the acidity 
of thiol and a correlation between the estimated p K ,  of them and the 
energy of activation was suggested (Table 3) .  

The oxidation rates depend also 011 the structure of s u l p l i ~ x i d e ~ ~  
(Table 4). As shown in Figure 1, a lincar correlation of logk,,, with the 
recently evaluated pK, in  water of s u l p h ~ x i d e s ~ ~ *  O3 does hold. 

TABLE 3. Effect of thiol acidity on the oxidation with TMSO at 100"Cs9 

Thiol PK, k,  s-* Rcl. rate E,,, kcal/mole 

I -Dodecanethiol 13.5 7.8 x 10-6 1 19.4 
a-Toluenct hiol 10.5 1.9 x lo-,' 25 13.7 
o-Toluenet hiol 8 6.6 x 1 0 - 3  850 6.2 
Benzenethiol 7 4.0 x lo-? 5186 4.9 

TABLE 4. Effect of sulphoxide basicity in the oxidation of a-toluenethiol 
at 100°C 

Sulphoxide PKL log k ' I  Re]. rate 

Diphcnyl sulphoxide - 2-54'' -5.91 I 
I'henyl methyl sulphoxide - 2.27b -5.11 6.22 
DIMSO - 1 .80" - 4.40 33.3 
TMSO - 1.31" - 3-71 159 

" k ,  scc-1. 
'' Rcferencc 93. 

Kcferencc 91. 
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lg k + 6  

FIGURE 1. Correlation between the  oxidation rates a t  100°C of or-tcluenethiol 
and the pK, of the sulphoxides. pK, values taken from the litcrature: diphenyl 
sulphoxide (DPSO), phenyl methyl sulphoxide (PMSO) and dimethyl 
sulphoxide (DMSO), reference 93;  tetramethylene sulphoxide (TMSO), 

reference 94. 

The a u t l i o r ~ ~ ~ - ~ ~  proposed that the slow step of the reaction is the 
formation of the adduct (4) (equation 34) followed by a fast reaction with 
a second molecule of thiol (equation 35). Similar mechanisms have been 

HO SR 
slow .c ;*. / 

RSH -I- R'SR' .- S 
I1 / \  
0 R' R2 

(34) 

fast 
( 4 ) f R S H  ' R'SR2+RSSR+H,0  (35) 

proposed for other sulphoxide-promoted and the recent 
isolation of stable tetracoordinate sulphur compounds100-103 makes this 
hypothesis quite likely. 
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However, tlie detailed mechanism could be more complicated as it is, 
in part, suggested by the phenomena of base and acid catalysis observed". 

It may wcll be, as suggested", that four-centre (5) and five-centre (6) 
transition states are involved for the uncatalysed and amine-catalysed 

reactions, respectively. Altcrnativcly an acid-base interaction of the 
reagents (equation 36) to give an ion pair, followed by collapse of 
the latter to tlie adduct (4) (equation 37) could be postulated. This 

RSH t R,SO RS-  t- R,SOH (36) 
. i .  

R 
I 

I 
R 

(4) 

RS- +- R,S&H RS-S-OH (37) 

resembles the mechanisms proposed for some nucleophilic substitutions 
by thiols of 2-clil0robenziniidazole~~)~~ and cliloroquiiiolines105. 

The reaction of (4) with the thiol to give the products (equation 35) 
may also be more complicated than depictedlo6. However, any hypothesis 
would be highly speculative in tlie absence of more detailed kinetic studies. 

The oxidation of thiols with sulphoxides presents several attractive 
features like the simplicity of tlie reaction, the high yield and the 
selectivity of disulphide formation. It has to be noticed, however, that 
tertiary thiols do not react with sulphoxides or they give very little 
disulphide even in the presence of amine catalysts. Reaction temperatures 
higher than 100°C give rise to extensive decomposition". 

An interesting synthetic application of this reaction is the recovery of 
optically active sulphoxides from racemates when an optically active thiol 
is oxidized with more than the stoichiometric am0ur.t of the su lp l i~xide '~~ .  

D. Oxidation by Other Organic Chemicals 
Several organic compounds may oxidize thiols to disulphides or to 

products of further oxidation in a variety of experimental conditions. 
We shall briefly deal in this section with some of the more characteristic 
cases. 
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1. Diethyl azodicarboxylate 

Diethyl azodicarboxylate oxidizes thiols to disulphides, in the dark 
a t  room temperature, with concomitant formation of diethyl hydrazo- 
dicarboxylate108* (equation 38). 

r ; l Y  
EtOC-N”N-COEt -4- PRSH -+ RS-SR i- EtOC-N-N-COEt I I  (38) 

II 
0 

II II II 
0 0 0 

The reaction may also be carried out in refluxing anhydrous solvents. 
In Table 5 the results obtained for the oxidation of several thiols are 

TABLE 5. Oxidation of thiols to disrilphidcs with diethyl azodicarboxylate loD 

Thiol Solvent Temperaturea Time, h Yield, 

Ethanethiol None R 48 90 
2-l’ropanethiol None R 75 70 
2-Propene-1 -thiol None R 0.5 90 
1 -n-Dodecancthiol Benzene B 5 95 
t-Dodecanethiol Benzene B 10 70 
Benzenethiol None R 24 90 
4-Nitrobcnzenethiol Ethanol B 8 
2-Aniinobenzenethiol Benzene B 4 67 
2-Napht halenet hi01 Chloroform B 5 87 
2-Mercaptobenzothiazole Benzene B 0.5 95 

__-______ __- _____-- 

- 

R = room temperature; B = refluxing solvent. 

reported. It was reportedl’O that triphenylphosphine catalyses the reaction. 
Formation of a charge transfer complex (7) with the azo derivative as 
formulated below (equation 39) was suggested. It seems likely that 
radicals or radical ions intervene in the reaction. 

3. RSH 
EtOC-N=N-COEt + Ph,P [EtOC-N=N-COEt] --f [?I ___f 

II II f ; 
0 0 

II 
0 

/ p, 
PI1 I Ph 

Ph 

(7) (39) 

H H  
I I  

It II 
0 0 

RSSR 3- PhjP 4- EtOC-N=N-COEt 
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2. Nitroso and nitro-compounds 
In basic medium tliiols are oxidized to disulphides by nitrobenzene o r  

ni trosobenzene111-112 which are reduced mainly to  azoxy and azobenzene. 
E.s.r. experiments indicate the presence of stable radical anions derived 

by electron transfer from the thiol anion to  the nitro or nitroso group 
(equation 40). 
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Other species may oxidize thiols to  disulphides followiiig a similar 
route. Among them azodicarbonamidelll, maleic anhydridelll and 4-nitro- 
pyridine N-oxide112 seem to be the most reactive ones. 

3. lodosobenzene 
In refluxing dioxane, iodosobenzene and benzenethiol give rise to  the 

forinatioii of diphenyl disulphide in fairly good yield (76%)ll3 (equation 
41). 

C,H,I0+2 PhSH ------+ C,H,I+PhSSPh+H,O (41 1 

Although extensive studies have not been made on this reaction, it may 
represent a general and convenient method for thiol oxidation. 

4. Trimethylsulphoxonium iodide 
When benenethiol reacts with trirnethylsulphoxonium iodide in 

dimethylformamide a t  100°C, phenyl niethyl sulphide, diphenyl disulphide 
and dimcthyl sulphide are formed114. 

The reaction seems to be quite complex. Formation of a labile adduct 
between the oxonium salt and the thiol is suggested (equation 42). 

0 0 
I I  II 

(CH,),S+I-+PhSH ---+ [(CH,),S+PhS-]+HI (42) 

Decomposition of this intermediate would lead to dimethyl sulphoxide 
and phenyl methyl sulphide (equation 43). Diphenyl disulphide should 

0 0 
I1 I1 

[(CH,),S+PhS-] - CH,SCH,+PhSCH, (43) 

arise either from the reaction of the thiol with dimethyl sulphoxide (see 
section 1II.C) or from oxidation by iodine (see section 1II.B) generated in 
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the reduction of dirnethyl sulphoxide by hydrogen iodideg3 (equations 44 
and 45). 

(CHJ,SO+2 H I  ___ > (CH,)zS+HzO+Iz (44) 

2 PhSH+I, -- z PhSSPh+2 H I  (45) 

5. Halogen transfer agents 
Several ‘positive halogen’ compounds, ZHal, l ike N-halo-succinimide 

N-chlorobenzotriazole, dichloroiodobcnzene, etc., react with thiols to 
give sulphenyl halides or disulpliides depending on the relative ratios of 
the reagents37 (equations 46 and 47). 

ZHal+RSH ____ > ZH+RSHal (46) 

ZHal+2 RSH -----+ ZH+HHal+RSSR (47) 

Among these compounds, 2,4,4,6-tetrabromo-cyclohexa-2,5-dienone 
has been reported to be pnrticularly selective115. 

E. Oxidation by Metal Ions and Oxides 
Ions and oxides of transition metals which may exist in different valence 

states have been shown to oxidize thiols. Most of the studies so far 
available on this topic deal with the oxidation by ferric ions; careful 
investigations with many other metals have been carried out as well. 
The catalytic effect of these metal ions on the auto-oxidation of 
thiols has been pointed out (see section IV). The intervention of metals 
in a number of redox enzymes in which the metal is bound to a tliiol group 
a t  the active site of the enzyme has been also suggested. 

1. Ferric ion 
Complexes of Fe3+ as Fe(CN)z- and ferric octanoate, [Fe(Oct),] 

quantitatively oxidize thiols to disulphides in the absence of oxygen 
(equation 45). This reaction has been largely employed in the synthesis of 
synthetic rubber1IG. 

(48) 

Oxidation of thiols by Fe(Oct), has been carried out in acetone and 
xylene117. Kinetic studies indicate that the reaction follows a second-order 
rate law. It is suggested that disulphide arises from dimerization of thiyl 
radicals which are fornied in the rate-determining reaction of thiol with 
Fe(Oct), (equations 49, 50). 

2 RSH+2 Fe(Oct), ___ > 2 RS.+2 Fe(Oct),+2 OctH (49) 

(50) 

2 RSH+2 Fe3+ - RSSR+2 Fe2++2 H+ 

2 RS. ___ > RSSR 
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The intermediacy of such radicals is exeniplified by the reaction in the 

presence of alkcnes. In this case formation of sulphide, probably arising 
froni a chain reaction, is observed (equations 49, 51, 52). At constant 

(49) RSH+Fe(Oct), ---+- RS.+Fe(Oct),+OctH 

(51 ) 

RSCH,-GHR'+RSH ____ > RSCH,CH,R'+RS- (52) 

RS.+R'CH=CH, _I_ > RSCH,-$HR' 

alkene and inercaptari concentrations the ratio of disulphide to sulphide 
formation decreases with decreasing metal ion concentration (Table 6 ) .  

TABLE 6. Effect of ferric octoanate concentration on the ratio 
disulphidc : sulphide i i i  the oxidation of 1-n-dodecanethiol" in  the 

prescnce of 1 -ti-dodecene1l7 

1 -n-Dodecenc I -ti-Dodccanethiol Dodecyl disulphide 
I -n-Dodecanethiol Fe(Oct), Dodecyl sulphide 

-- ___--- ______ 
10 1 21 
10 4 5.4 
10 10 1.4 
10 20 0.07 

I-t~-Dodecanethiol 0.2 M in xylene at 35°C. 

I t  is suggested that this is related to the increased rate of formation and 
consequently thc greatcr stcady concentration of thiyl radicals at higher 
metal concentration which niakes the dimerization reaction faster than 
the sequence of reactions leading to the sulphide. 

Oxidation of tliiols by Fc(CN):- in alkaline and acid medium has  been 
I n  both cases disulphide is the oxidation product; however, 

the reaction mechanism markedly differs. 11.1 the pH range 7-10-8 the 
rate of oxidation of /z-octanethiol is pH dependent and exhibits a first- 
order dependence on Fe(CN),R-, thiol  and OH--''*. 

Cyanide ion depresses the rate but at higher cyanide concentration the 
rate of oxidation is practically independcnt from i t .  

Owing to the observed order in OH- and since the rate increases with 
the pH, thiol anion is believed to bc the reactive species. 

Different mechanisms are proposed for this reaction depending upon 
the presence of added cyanide. A mechanism similar to that outlined i n  
equations (49) and (50) is suggested for the oxidation in the presence of 
added cyanide, i,e. slow formation of thiyl radicals and fast formation of 
disulphide ria dimerization of the radicals or  further oxidation of them to 
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a cationic species (equation 53) which is neutralizcd by thiolate anion 
(equation 54). 

RS * + Fe(C N): - t RS++Fe(CN):- (53) 

RS++RS- ___j RSSR (54) 

In the absence of added cyanide ion, a reversible substitution of a 
CN- by an  RS- residue in the ferric complex has been postulated to be 
rate determining (equation 55). 

Rapid decomposition of the sulphur-containing complex generates 
thiyl radical and pentacoordinate Fe2+ complex which reacts with the 
CN- to give the ferrocyanide complex (equations 56 and 57). 

Disulphide is then formed according to equation (50) or (53) and (54). 
Kinetic of acid oxidation of thiols by fcrricyanide, suggest 

S l O W  

Fe(CN):- +RS- 7 [Fe(CN),RSI3-+CN- (55) 

t Fe(CN):-+RS. (56) 

Fe(CN):-+CN - f Fe(CN)4,- (57) 

that the reaction mechanism is quite complex. The rate law shows a second- 
order dependence on the Fe(CN)z- concentration and first on that of the 
thio1119-121'. Inhibition by  small amounts and catalysis by higher con- 
centration of Fe(CN)i- is observed; the rate of oxidation is also dependent 
on the initial ferricyanide concentration and on the pH. 

Several r n e c h a n i s m ~ ~ ~ ~ - 1 ~ ~  have been proposed for the acid oxidation of 
thiols by ferricyanide ions but since they are not fully established, we will 
not report them in detail. 

2. Other metal ions 
Like ferric ions, other heavy metal ions in their higher oxidation states 

react with thiols to give the corresponding disulphidcs. Quite frequently 
complexation of thiols with the metal occurs followed by a one-electron 
transfer t o  give thiyl radicals which dimerize to disulphide. This is the 
case, for example, with Ce", C O ~ +  and V5+ ions i n  acid solulion12~12s. 

The homolitic nature of such reactions was confirmed by an e.s.r. 
study of the Ce" oxidation of several thiols mhich showed the presence of 
thiyl radicals among other radical species. Thus primary thiols give a 
1 : 2 : 1 triplet signal, secondary ;i 1 : 1 doublet and tertiary a single 
absorption line'". 

The nature and the stability of the complex formed depends upon the 
meta]123-12.i . In the V"!- oxidation for instance, kinetic evidence and 

fast [Fe(CN),RS]'- 



SO4 G. Capozzi and G. Modena 
formation of more than one mole of base suggest the intervention of two 
different complexes both leading to the disulphide but following separate 

(Scheme 3). 

VO2++ RSH < ’ [VO,tS-R] ’  - > V O Z t  1- RS. + OH-‘ 
I 
H 

2 R S .  --+ R S S R  

[R-S+V02<-S-R]+ - V 3 ”  1- R S S R  4- 2 OH- 
I 
H 

I 
H 

v3+ + vo,+ - > 2 vo2+ 

SCHEME 3 

The importance of the nature and stability of the complexes between 
metal ions and thiols is clearly indicated in the case of thz oxidation with 
Mo5+ and MoG+ of thioglycollic acid, cysteine and g l ~ t a t h i o n e ‘ ~ ’ ~ ~ ~ ~ .  

A detailed study shows that the kinetic equation may change with pH 
and with metal concentration as well as with the particular thiol. Indeed 
the mechanism of the reaction is not unique although some of the 
dif‘erences of the reaction features could be explained on the basis of 
different stability and nature of the complexes formed in the early stages 
of the reaction. 

Other reaction paths are available at  least in some special cases. For 
instance in the oxidation with manganic acetylacetomte129, disulphide is 
believed to arise from reaction of a sulphenium ion with the thiol 
(equation 58) which implies that further oxidation of thiyl radicals to 

RSH+RS+ ___f R S S R + H +  (58) 

sulphenium ion is faster than dimerization. The intervention of thiyl 
radicals has been ruled out by the absence of addition products when the 
reaction is carried out in the presence of alkenes. 

The difference in mechanism between the Fe3+ and the Mn3+ oxidation 
of thiols is probably due to the powerful ability of the latter in oxidizing 
the radical first formed130. 
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Oxidation by cupric complexes in lion-polar media is a more complex 

reaction, as shown by the formation of sulphide together with 
di~ulphidel~'. The former may arise from cupric thiolate (equation 59) 
or via desulphurization of the disulphide by copper ions. 

Cu(SR), ___j CuS+RSR (59) 

Lead tetraacetate is also able to oxidize thiols at low temperature to 

High yield of disulphide is obtained when one mole of lead tetra- 
d i~ulphides~~~-1~*.  

acetate is allowed to react with two moles of t h i o P  (equation 60). 

2 RSH+Pb(OAc), - RSSR+Pb(OAc),+2 AcOH (60) 

When the lead salt-thiol ratio is 0.25, lead mercaptide is formed together 
with disulphide and acetic acid134 (equation 61). 

4 RSH+Pb(OAc), - RSSR+Pb(SR),+4 AcOH (61 1 

Higher temperature and tlie presence of alcohols would cause further 
oxidation of the disulphide and fcrmation of sulphinic esters133. 

3. Metal oxides 
A large variety of metal oxides like MnO,, PbO,, CrO,, Fe203, Co203,  

CuO oxidize thiols to  disulphides at low temperature in chloroform 
or xylene solution. 

In the oxidation by lead dioxide, formation of an intermediate by 
addition of two molecules of thiol to tlie metal oxide has been suggested'%l. 
It may give the disulphide by decomposition (equation 62), or generate 
an intermediate lead tetramercaptide which decomposes giving disulphide 
(equations 63 and 64). 

[Pb(SR),] -& RSSR + Pb(SR), (64) 

Manganese dioxide is the most effective oxidizing agent among the 
above-mentioned oxides. 

The nature of such reactions has been checked for MnO,, Fe,O,, 
Co203,  by carrying out the oxidation in the presence of an alkene. 
Formation of large amounts of tliiol addition products to the double bond 
suggests intermediacy of thiyl radicals. 
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It was also observed that the rate of stirring affects the rate of the 

oxidation which suggests that the reaction is a diffusion-controlled process. 
Under these circumstances the greater ability of MnO, in oxidizing thiols 
is probably due to surface effccts and more favourable absorption of 
t h i 01s'~~. 

IV. OXIDATION BY MOLECULAR OXYGEN 

The easy oxidation of thiols o n  exposure to air is well known as is the 
sensitivity of this reaction to  catalyst^'^' like metal ions, U.V. light and other 
initiators of radical reactions. It is also known that autooxidation of thiols 
is accelerated by bases. 

The interest in this reaction from the industrial (sweetening of crude 
petroleum) and biological points of view notwithstanding, the mechanism 
of the autooxidation of thiols is not as yet satisfactorily understood. 

We shall attempt i n  this section to review critically the more significant 
contributions, with the interpretations of the phenomena as offered by the 
authors. 

A. Catalysis by Strong Bases 

Cullis and coworkers*38 studied the oxidation of ethanethiol in aqueous 
alkaline solution under constant pressure of oxygen. They observed low 
reproducibility of the oxygen uptake rates even when careful precautions 
were taken to avoid the presence of adventitious impurities. Under their 
conditions (EtSH 0.3-0.5 M ;  NaOH 0.5-2 M ;  the base always in excess) 
the stoichionietry of the reaction was found, in agreement with other 
a ~ t h o r s * ~ ~ ~  1309140, to be: 

4 RSH+O, 2 RSSR+2 H,O (65) 

Dependence on thc first power of both the oxygen pressure and the base 
concentration was also observed. The order in thiol was found to be about 
one at the beginning, decreasing to zero as the reaction progressed. The 
oxygen uptake rates were faster a t  the beginning and reached a stationary 
valuc after 20-30% reaction. Apparently the change in order with respect 
to thiol as well as the change in rate depends on the disulphide formed. 
Indeed, disulphide added at zero time suppresses the typical features of 
the initial reaction (Table 7). It is not clear which is the efTect of disulphide. 
It is insoluble in water and hence a two-phase system results as soon as 
minor amounts of this product is formed. Partition of thiol between the 
two phases may be important and, possibly, be involved in the observed 
order in the base. With the minimum of base added, however, the thiol 
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should be already fully in the anionic form and hence an excess of base 
should not affect the rates. 

The authors13A emphasize the point that they cannot exclude even in 
their conditions that trace metal catalysis may still be active. Indeed the 
addition of sequestering agents like EDTA (ethylenediamine tetra-acetic 

T A B L E  7. Erect of diethyl disulphide and metal ion sequestering agents on 
the oxidation of ethanethiol" 138 

M Initial rate, Final steady rate, 
mole 1-l s-l mole 1-' s-' 

[EtSH], M 

0.5 
0.5 
0.5 
0.5 
0.0 
0.5 

0.0 

0.5 

- 
EDTA" 
ENc 
EtSSEt 
EtSSEt 
EtSSEt 

{ Ei%t 
KCN 

1.7 x - 
0.1 3-3 x 10-6 
0.1 U ndetect a ble 
0.5 - 
0.5 
0.5 - 

- 

{ ::g5 - 
0.25 1.2x 1 0 - 6  

].Ox 1 0 - 6  
2.0 x 
1.1 x 10-G 
2.0 x 1 0 - 6  

1 - 1  x 1 0 - 6  
-d 

-d 

2.3 x 1 0 - 7  c 

~ ~~ 

Oxygcn pressure 700 mm Hg; temperature, 30°C. 
EDTA, cthylcncdiaminctetra-acetic acid. 
EN, ethylencdianiine. 
Oxygcn uptake cn. 0. 
Oxygen uptake after 10 days co. 303%. 

acid) and EN (ethylenediamine) causes contradictory results. Further- 
more, added cyanide ion gives slower rates of oxygen uptake, and the 
reaction no  longer yields disulphide but products of more profound 
oxidation (Table 7). 

The  same a u t 1 ~ 0 r s ~ ~ ~  studied, in the same conditions, the oxidation of a 
number of thiols and found the following sequence of reactivity: 

n-HexSH > i -BuSH >n-BUSH > E t S H  > PhCH,SH > s - B u S H  > PhSH >[-BUSH 

The sequence does not appear simple. Sieric effects could, perhaps, be 
responsible for the low reactivity of r-BUSH and electronic effects for that 
of benzenethiol. However, the authors' suspicions that the sequence could 
be partially determined by differcnt amounts of adventitious catalytic 
impurities deserves careful attention. 

The first-order dependence of the initial rate on tho1 concentration as 
well as the base catalysis would indicate that thiolate ions plily a particular 
role in the reaction. 
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Wallace and c o ~ o r k e r s * ~ ~ ~ ~ ~  had reached similar conclusions by 

studying the oxidation rates of several thiols. They also observed that the 
solvent has a quite large cffect, which, in  a general way, may be explained 
on the same basis. As shown in Table 8, the rate increases quite steadily 
on passing from alcoholic to non-protic and to  dipolar aprotic solvents. 

TAULE 8. Solvent cffect on the oxidation rate of 
?i-butanethioll,'o 

Solvent k ,  s-' a Rcl. rate 

Methanol 5.4 x 10-5 1 
Tctrahydrofuran 193 x lo-" 36 
Dioxane 482 x 10-5 89 
Diglyinc 53s x 10-5 100 
Diinethylacctaniide I 560 x 10-5 289 
Diniethylforniamide 1795 x 332 

a 23-5"C, constant oxygen pressure 1 atm. 

From data o n  relative rates of oxidation in methanol, ethanol and 
t-butanol in the presence of the corresponding alkoxides (Table 9) a 
correlation of the rate of oxidation with the pK, of the alcohol was 
inferredl4o. However, on changing the cation, large variations in rates 
were observed (Table 9), strongly suggesting that ion-pairing phenomena 
are involved. 

TABLE 9. Oxidation of n-butanethiol in alcoholic 
solvents at 23.5"C by molecular oxygen (1 atin) 

Alcohol Base" PK, k, s-' 

Mct h a n o 1 NaOMc I 5 - 5 b  5.4 x lo-" 
Met ha n ol KOMc - 52-2 x lo-" 
Ethanol NaOEt 15.9'' 9.6 x 
t-Butanol NaOBu-t 19.2" 35.0 x lo-" 

57.8 x lo-" t-Butanol KOBu-r - 
r-Butanol R bO B U- t 321.7 x lo-' 
t-Bti tanol CsOBu-r 798-3 x 

Two-fold excess in respect to n-butanethiol. 
Reference 144. 
Reference 145. 

All these facts ;ire interconnccted in the sense that both the size of thc 
cation and thc cation-solvating power of dipolar aprotic solvents have the 
cfrect of disrupting ion p i r s  and hence rcndcring the thiolate ion more 
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basic. The protic solvents, on the other hand, by hydrogen-bonding 
thiolate ions behave in the opposite way. 

This latter point is i l l u ~ t r a t e d l ~ ~  by the effect of added methanol on the 
oxidation rates of n-butancthiol in dimethylformamide (DMF) and 
di-(2-methoxyethyl)etlier (diglyme) (Table 10). 

TABLE 10. Effect of added methanol on the oxidation of tz-butanethiol in 
D M F  and diglyme at 23-5"C by molecular oxygen (1 atm) 142 

~ ~ ~~ 

Methanol, % DMF,  % Diglynie, % k ,  s-* a Rel. rate 
- 
25 
50 
75 
90 

25 
50 
65 

100 

- 

I00 
75 
50 
25 
10 
- 

- .- 
I00 
75 
50 
35 

1-8 x 
6.1 x 10-3 
1-1 x 10-3 
1-5 x 1 0 - 4  

5.4 x 10-3 
2.3 x 10-3 

6.5 x 

6.1 x lo-' 
1-0 x 10-4 
5.4 x 10-5 

334 
114 
21.3 

2.8 
1.2 

100 
43 
11 

1.9 
1 

a Sodium methoxide as basc. 

The above results lead the  author^^^@^''^ to propose the following scheme 
(Scheme 4) for the overall reaction: 

RSH+B- RS-+BH (66) 

RS-4-0, -- z RS.+OT 

2 0:-+2 BH -3 0,+2 B - + 2  OH- 
SCHEME 4 

This scheme gives rise to some doubts which will be discussed further 
below. However, we wish to point out that reaction (70) is not essential 
in its present form since the protonation of 0;- would give H,O,. It, in 
turn, will be quickly destroyed by excess of mercaptan. 

Large excess of baseI4G and/or prolonged reaction times causes oxidation 
beyond the disulphide level in aqueous solutions. This phenomenon is 
more pronounced in dipolar aprotic s o l v e ~ i t s ~ ' ~ ' ~ ~ ~ ~  where sulplionic acids 
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are produced togcther with minor amounts of disulphides (Table 1 i ) .  
However, disulphides are again the dominant product when a protic 
solvent is added (Table 12). No  kinetic measurements were made for this 

Tnom 1 1 .  Effect of solvent, base and temperature on the oxidation of 
n-butanethio1141 

Solvent Basen Temperature, Conversion of Sulphonic Disulphide, 

(time, h) mole %, in prcduct 
in product 

OC thiol, niole %, acid, molc %, 

HMPAb 
HMPA 
H M PA 
HMPA 
HMPA 
HMPA 
D M P  
D M F  
Tetra- 

methyi- 
urea 

Pyridine 

I<OH 
KOI-1 
KOH 
KOH 
NaOH 
NaOH 
KOH 
NaOH 
KOH 

KOH 

23.5 
23.5 
80 
80 
23.5 
80 
23.5 
23.5 
23.5 

80 

97 (24.5) 
95 (21.5) 

100 (23) 
99 (6) 
97 (24) 
90 (1 8.5) 
98 (1 7-54 
94 ( 1  8.5) 
93 (23) 

83 (18) 

95 
95 

100 
96 
90 
92 
88 
67 
64 

20 

3 
1 

1 
8 
1 
9 

24 
28 

- 

64 

a Ratio base/thiol = 4. 
HMPA = hexamcthylphosphoraniidc, D M  F = dimethylformamidc. 

TABLE 12. Effect of added water on the product distribution in the oxidation 
of n-butanethiol in HMPA" at 23.5"C 

H20, vol. Thiol conversion, "/o Sulphonic acid, Disulp hide, 
niole "/o mole % 

in product in product 

10 
20 

96 
99 

54 41 
48 52 

a I-IMPA = hexainethylphosphoramidc; constant oxygen pressure 1 atm.; ratio 
KOH/thiol = 4; reaction time = 5 11. 

reaction sincc thc systems were always heterogeneous, but based on the 
ratc of osygeii uptakc for several mercaptans (Figure 2), the order of 
reactivity seems to be ri-butyl> phenyl> 2,2-di-n-pentyl-l-hexyl. This 
parallels the order of reactivity found for the oxidation in hydroxylic 
solvents138* *J2. * I 6 .  It \$'as suggested""."' that sulphonic acids derive from 
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60.0 1 I 

I /  N 
0, 
X I /  

I 1  1 1  1 1 1  I 
u I 2 3 4 5 6 7 8 9 10 

Time, min 

FIGURE 2. Effects of temperature and thiol structure on the oxygen uptake in 
H MPA (hexamethylpho~phoramide)~~~~.  0 1 -C,H,SH in KOH/HMPA (23.5"); 
A C,H,SH in KOH/HMPA (23.5"); 0 l-C,,H,,SH in KOH/HMPA (23.5'); 
0 I-C,,H,,SH in KOH/HMPA (SO'). Reproduced by permission of the 

ailthor and editor from Tctrnlredrorz, 21, 2271 ( I  965). 

disproportionation of sulphenate ions fornied by nucleophilic displace- 
ment at the s-S bond of the disulphidel'ls (Scheme 5).  This mechanism is 

3 RSO-  - RS0;+2 RS-  ( 7 3  

SCHEME 5 

supported by the fact that disulphide may undcrgo base-catalyscd 
oxidation in the Same solvent system (Table 13) and that increasing 
amounts of water added to  the aprotic solvent markedly favour the 
formation of disulphide (Table 12 and Figure 3). The protic component 
of the solvent, decreasing the activity of the bas.*:, would inhibit the 
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TABLE 13. Base-catalyscd oxidation of disulphides in I-IMPA" Ia1 

Disulphide Tciiiperaturc, 
"C 

Di-n-butyl disdphide 23.5 
Di-n- but y 1 di su I p ti i de 

Di-o-tolyl disulphide 80 

SO 
DiphenyI disulphide 23-5 
Diphcnyl disulphide 80 

Disulphide Timc, Sulphonic Thiol, 
conversion, 11 acid, mole mole % 

% % 
98 41 92 3 
96 45 97 
98 22 88 
98 22.5 99 
98 23 98 

- 
- 
- 
- 

a HMPA = hexamethylpliosplioraniide, ratio KOH/disulphide = 8. 

' 40- 
Q) 

10095 92 88 84 80 75 72 60 64 60 
Volume "10 HMPA in HMPA - H,O L mixture 

FIGURE 3.  EKects of added water on thiol conversion and molar product 
distribution in thc oxidation of iz-butanethiol in HMPA at 80°C Ratio 
I<OH/RSH = 4, reaction time 5 h. Reproduced by pcrniissioI1 of the author 

and editor from Tct/n/;erlr-on, 21, 2271 (1965). 

nucleophilic displacement at the disulphide linkage which is responsible 
for the further oxidation to su!phonic acid. 

Thcre is not, howcvcr, gcncral agreement with this explanation. Indeed, 
direct oxidation of mercapiidc ion to sulphonic acid ~ 3 s  proposcd by  
B e r e ~ r ~ ~ ! '  u who considers the forniation of disulphide as  a side reaction. 
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Most of the work dealt with the oxidation of iz-oclanethiol but a few 

other thiols were briefly studied. The reactions were carried out in  
t-butanol with potassium t-butoxide as base under the assumption that 
in this solvent trace metal contaminations are less likely. 

The oxidation under 1 atm pressure of oxygen gave sulphinic and 
sulphonic acids together with variable amounts of disulphide depending 
on the concentration of the base (Figure 4). Increasing amounts of base 

100 

90 

80 
70 

60 

50 

40 

30 

10 
0 

v 
0 

0 

x 

0 1 2 3 4 5 1c 
POTASSIUM-?’-BUTOXIDE ,mmole  

FIGURE 4. Oxidation of n-octanethiol in I-butanol at 25°C. Dependence of 
product distribution at complete conversion on potassium r-butoxide 
concentration14n. n-Octanethiol 0.25 M (3 mmoles in 12 nil of t-BuOH); 
the products formed and oxygen uptake are referred to the mercaptan as 
(mmoles product/mmoles RSH) x 100; ‘acids’ refcr to the sum of RSO, and 

RSO,. Reproduced by permission from Rec. Truv. Chiin., 82, 773 (1963). 

decrease the pcrcentage of disulphide in the final products, thus suggesting 
a dependence of the distribution of products upon the extent of ionized 
nlercaptan. Formation of disulphide and higher oxidation products are 
indeed processes which progress at different rates. Oxidation of n-octane- 
thiol in the presence of insufficient base shows that in the earlier reaction 
stages formation of disulphide occurs almost quantitatively. This is even 
more evident for the oxidation of benzenethiol in which diphenyl- 
disulphide is tl?c only oxidation product up  to 20-35x of rcaclion 
(Figure 5). 
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5 0  - 

40 - 

0 1 2 3 4 
T ime,min 

::: 
5 0  - 

40 - 

20 

10 

F~GKJRE 5. Oxidation of benzenethiol in t-butanol at 50°C. Distribution of 
products as a function of time. Benzcnethiol 0.17 M ;  potassium t-butoxide 
0.1 1 M ; oxygen pressure 1 atm. Reproduced by permission from Rcc. Trao. 

Chiin., 82, 773 (1  963). 

Catalytic eKects on the oxidation of benzenethiol by anthraquinone-l- 
sulphenic acid, t-butyl hydroperoxide and plienyl benzenethiolsulphinate 
have been observed. It was taken as evidence that sulphenate ion is a key 
intermediate in the reaction chain leading to the oxidized products. 
Indeed the above reagents may give rise to  the sulphenate ion by ionization 
or by oxidation (equation 74) or by nucleophilic displacement"? 
(equation 75). 

RS-+R'OOH ----+ RSO-+R'OH (74) 

R S S R + R S -  > RSO-+RSSR (75) 
I 
0 

The overall reaction was ratioiialized149 on the basis of Scheme 6. 
The results reportcd above and other observatiolls including an aiialysis 
of the reaction kinetics lead the to  suggest that the first step is 
the Formation of a peroxysulphenate ion in the triplet state (equation 76) 
which may react with undissociated thiol, when present, to give, ultimately, 
disulphide (equation 77). 

RS-+OZ F--' rRSOO-'] (76) 

[ R S 0 0 - + ] + 4  R S H  RS-+2 H,O-t2 R S S R  (77) 

(8) 
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Alternatively, by an intersystem crossing, 8 gives rise to a peroxy- 

sulplienate ion (9) which then initiates a chain reaction, probably a short 
chain, as reported in  Scheme 6. 

Initiation 

RS-+O, ?-> (8) -----+ RSOO- 

(9) 
RSOO-+RS- -- i 2 RSO- 

Propagation 

RSO-+O, -- > RS-OO- 
II 
0 

RS--OO-+RS- -~ > RSO-+RSO; 
II 
0 

Termination 
R S - 0 0 - S R S O -  -- t 2RSO; 

II 

(78) 

(79) 

0 

RS-OO-+RSO; - --+ RSO;+RSOi- (83) 
I 1  

RSOO - + RSO; > RSO-+RSO; (84) 

0 

SCHEME 6 

The above outlined scheme leads to the conclusion that coinpletely 
ionized thiols would give exclusively sulphinic and sulphonic acids; 
nevertheless, the experimental results indicate formation of cn. 5% of 
disulphide in the oxidation of potassium bcnzenethiolate even wit11 base 
i n  large excess. Since formation of disulphide would require the presence 
of undissociated thiol, other mechanisms must be operative. Again it is 
possible that the intervention of tracc metal catalysis in the oxidation 
reaction has to be taken into account. Cullis, Hopton and Trimrnl3* 
reported that copper ions in concentrations as low as lO-’M are still 
active as catalysts and indeed it is very hard to detect metal ions at  such 
low concentrations and to  exclude adventitious impurities of this order of 
magnitude. 

Another puzzling point of the mechanisms proposed to explain the 
autooxidation of thiols in basic solutions (in particular see Scheme 4) is 
the a ss u ni p t i on that me rca p t o radicals di me ri ze a 1 most qua n t i tat ivel y 
without interacting with the solvelits in which the reaction was studied. 
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Although the diinerization of thiyl radicals has been found to be vcry fast 
(109-1010 M-l sec-l)150 the very low concentration of such species could 
still make the scarcli for an alternative path to disulphide formation 
rewarding. It may be worth mentioning that Caspari and Granzow’jl 
observed that mercapto radicals generated by flash photolysis in aqueous 
solutions give rise to a radical ion, possibly by interaction with an ionized 
thiol molecule (equation 85). 

- 
RS*+RS- ’ RS-S-R 

Similar radical anions have been observedljO as transient species in the 
reaction of various disulphides with hydrated electrons (equation 86) 
which eventually decay to give thiyl radicals and mercaptide ions (equation 
85 froin right to left). 

- 
RSSR+e- ___ > R S - S - R  (86) 

A related observation was reported by Zweig and Hoffmann15? who 
observed a one-electron reduction of naphthalene 1,8-disulphide, contrary 
to the more usual two-electron reduction of disulphides (see Section 11) 
and also that the radical anion generated from this disulphide with 
sodium in 1 ,2-diniethoxyethane has an ESR spectrum characterized by a 
single line with 1-04 gauss separation from peak to peak, g = 2.01 10. The 
electrochemical generation of the same radical partially resolves the line 
into an overlapped 1 : 2 : 1 triplet, aLI = 0-4 gauss. The lack of coupling 
of the unpaired electron with the aromatic 7i system indicates that tlie 
electron is localized on sulphur. This, in turn, suggests that disulphide 
radical ions may be a relatively long-living species and hence reaction 
intermediates. Indced, under special experimental conditions*51 or with 
spccial geometrical constrictions‘j” they live long enough to be physically 
detected. 

6. Catalysis by Aliphatic Amines 

Thiols and in particular aromatic tliiols are acids strong enough to be 
partially transformed into their conjugate base by amines. It follows that 
the oxidation of thiols by molecular oxygen, which is much faster on tlie 
anion than on the undissociated thiol (see section IILA), may be catalysed 
by aliphatic amines acting simply as base (see, however, section I11.D). 

These catalysts have been usedz9 in the oxidation of thiols in hydro- 
carbon solvents in which amines, but not the more basic alkali hydroxides, 
are soluble. 
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The hypothesis that the amine-catalyscd oxidation of thiols is a particular 

case of the more gcneral reaction of oxidation by molecular oxygen of 
thiolate ions is confirmed by the finding that arenc-thiols, which are more 
acidic and licnce more dissociated, are oxidized faster than arylalkane- 
and alkane-thiols in  the presence of a ~ n i n e s ~ ~ : ~ .  

A special case of combination of amine catalysis and solvent effect is 
given'53 by the easy oxidation of aliphatic and aromatic thiols in tetra- 
methylguanidine which acts both as base and as a dipolar aprotic solvent 
(see Table 14). 

TARLE 14. Oxidation of thiols to disulphides in tctramethyl- 
guanidine at 23.5"C a 

Thiol Disulphide yield, % Reaction time, h 

ti-Propanethid 
i-Propanct hiol 
wPentanethio1 
Cyclohexancthiol 
a-Toluenethiol 
Benzenetliiol 

82 
82 
82 
12 
12 
80 

19 
19 
19 
IG 
43 
19 

Constant oxygen pressure I atm. 

C. Catalysis by Metal Ions 

The addition of heavy metal salts to the basic aqueous solution of thiols 
increases the rate of oxygen uptake154*155 as shown in Tablc 15. It may be 
easily rcalized that the catalytic activity varies with the metal ion. The 
oxidation gives, except for very special cases (sec below), only disulphide 
without any contamination by products of further oxidation (Table 16). 
The stoichiometric relation of one mole of oxygen for four moles of thiol 
has  always been observed (equation 65). 

The results reported in Table 15 have to be considered to be only 
qualitative; indeed many of the metal ions listed give in the reaction 
medium slightly soluble oxides and hence formatioll of precipitates is 
observed. The addition of thiols to these non-homo~eneous solutions 
causes changes in the amount, colour and possibly nature of the insoluble 
material. In some cases the nature of the precipitate formed was investi- 
gated ; in particular Co(SC,H,),, Pd(SC,H,),, TISC,H,, Ni(SC,H,), a d  
(C2H5S),Ni(0H) were identified in the oxidation of C,H,SH catalysed by 
CO*-~,  I'd2-.'-, TI+ and Ni2-+ respectively. 
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TABLE 15. Effect of metal ions on the oxidation of ethanethiol" 15a 

Metal ion Salt Thiol conversion, - d[O,]/dt x, after 1.5 h mole 1-1 s--1 I, 

_ _  

(NHI)2Ce(N03)o 
U0,(N0,),-6H20 
voso4 + aq * 
Cr2(S04)s. K,SO,,. 24 H,O 
(N H . , ) G  M0702.l.4 HZO 
Na2W0.,-2 H 2 0  
M nSO,. 4 H 2 0  
FeS04. 7 H20 
Haemin (Fe = 1.5 x 
CoSO,. 7 H,O 
NiSO., 
I'dCI, 
PtCl., 
CuS04.5 H,O 
AgN03  
ZnSO.,-7 H,O 
3 CdSOJ. 8 H 2 0  
HgC1, 
AI2(SO,&-K2SO.,.24 H,O 

SnCI,.2 II,O 

M )  

TI2S04 

- 
12-8 
11.8 
11.5 
6.4 

13.9 
14-3 
11.4 
11.4 
90.0 
35.7 
45.7 

4.8 
12.2 
96-7 

5.7 
17.5 
13.9 
6.1 

11.8 
10.3 
15.4 

1 . 7 ~  
3.1 x 1 0 - 6  
2-9 x 10-6 
2.6 x 1 0 - 6  
2.1 x 1 0 - 6  
3.2 x 
3 * 4 x  10-6  
4.6 x 
3 . 6 ~  

26.8 x 1 0 - 6  
12.8 x lo.-" 
1 1 . 9 ~  1 0 . - 6  

1.5 x 
2.6 x IO . -g  

26.8 x 10--6 
1.7 x lO- -G 
3.9 x 10--6 
3.2 x 10--6 
2.0 x 1 0 - 6  
3.0 x 
2.4 x 1 0 - - 6  
2.2 x 10-6 

~ 

Metal ion = I x M unless otherwise stated; ethanethiol = 0.5 M ;  

Rate of oxygen uptake. 
NaOH = 2 M ;  constant oxygen prcssure, 700 mm Hg at 30'C. 

T,WLE 16. 0xid:ition of thiols catalyzed by copper, cobalt and nickel sulphate" 155 

Thiol Copperb Cobalt Nickcl 
__ - -- - -_______- 

90% of Disulphide 90% of Disulphide 90% of Disulphide 
reaction, h yield, 72 reaction, h yield, %Ic reaction, h yield, "/,c 

~- - - ~ -___ _ _  
EtSH 1 100 4.5 101 4 96 
t1-BuSI-I 1.5 101 > 10 15 102 
i-BuSH 1.5 102 6 100 12 99 
S-BUSH - 7 100 8 9s > 10 - 

_ _  > 10 -. - > 10 - f-BUSH > 10 
u-HexSH 1.5 I01 5 101 4.5 101 

> 10 - > 10 -_ PhSH > 10 
98 > 1 0  - > 10 - PhCH,SkL 3 

- 

- 

~ ~- 

Reaction conditions as in Table 15.  
1 x M .  
Referrcd to thiol. 
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It was suggested*5c,1s7 that a contribution to the catalysis could be given 

by undissolved metal complexes. However, a careful study on the effect 
of these insoluble materials in the case of copper, cobalt and nickel salts 
did not confirm this hypothesis'55* 155. 

In  Table 17 the rates of oxygen uptake of solutions containing the 
precipitates are reported together with those obtained from solutions 
filtered before and after addition of the tliiol. 

TABLE 17. Effect of actual dissolved metal on the oxidation of ethane- 
thjolfI 155, 158 

Metal ion Initial rate of Conditionsb Mctal concentration 
oxygen uptake, in solution, M 

mole I-ls-' 

cu 13.2 x 10-G 
1 3 . 2 ~  
13.2 x 

c o  10.3 x 
7.6 x 1 O - G  
9.9 x 1 0 - 6  

10.2 x 1 0 - 6  

3.4 x 10-0 
Ni 15.2 x 

14.6 x 
14.8 x 

A 
B 
C 
A 
B 
C 
D 
A 
B 
C 
D 

1 0 - 5  c 

10-5 
10-5 

].Ox 1 0 - 3 r  
8.9 x 
6.4 x 1 0 - 4  

] .Ox 1 0 - 5 "  

1.3 x 10-5 
5.3 x 10-4 
1-ox 

] . O X  10-3 

Reaction conditions as in Table 15. 
A: n o  filtration; B: fillration bcforc addition of ethanethiol; C: filtration afler 

Concentration of nictal ion added. 
addition of thiol; D: metal added  as thiol complex. 

It is quire clear that precipitates, in this system, d o  not play any role. 
The oxygen uptake rates of solutions not filtered (A) and those of solutions 
filtered bcfore (B) o r  after addition of the tliiol (C) are almost the same 
within experimental errors. The lower rates observed when tlie filtration 
is carried out before addition of thiol (B) could be due to a lower solubility 
of hydroxides in respect t o  that of metal mercaptides. This is further 
confirmed by the fact that addition of metals as tliiol complexes gives 
again the same rate of oxidation (D). 

An evaluation of the relative efficiency of the metals listed in Table 15 
as catalysts is hindercd by several factors. First of all the concentration of 
tlie metal ions in solution is not known, except in  a few cascs (sce Table 17); 
for example, the different rates observed with FeSO, and haemin complex 

28 
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(Table 15) could in part be due to different solubility and hence con- 
centration of the two catalysts. A second point is that the highest rates of 
oxygen uptake reported (2.7 x are near the diffusion-controlled rates. 

In fact with copper salts, rates independent from stirring are obtained 
only at much lower concentration than those of other metal ions (Table 18). 
On the same line are the results reported in Table 19 which show that 

TABLE 18. Dependence on shake rate of the oxidation of 
ethanethiol" catalysed by copper ionslG5 

[Cu'+], M Shake rate, Rate  of oxygen 
cycles per niinute uptakeb 

10-3 

lo-.' 
1 0 - 3  

1 0 - 5  

3 60 
3 80 
310 
3 60 
400 
310 
400 

0.80 
1 -23 
0.74 
0.84 
1.57 
0.60 
0.60 

Reaction conditions as in Table 15. 
Initial rates, expressed as percentage of final uptake/niin. 

TABLE 19. Effect of nietal concentration on the oxidation of ethanethiol" x4 
~ 

Metal ion Salt Concentration of - dL0,l 
metal added, M d t  

mole 1 s-l 

Fe? : FeSO,.7 13,o 0 2.2x 1 0 - 6  
10-6 2.2x 1 0 - 6  
1 o-G 3.0 x 
10-4 3.5 x 10-6 
10-3 5.8 x 10-6 I 

3.5 x 10-6 F 
10-2 1 1 . 5 ~  10-61 

3.7 x F 

-- 

Fe3 + Haeniin 1.5 x 1 0 - 3  26.8 x 
0.6 x 10-3 11.6 x 

Mn' + M n S 0 4 - 4  H,O 10-5 3.2 x 
1 0 - 4  3-0 x 
1 0 - 3  3-2 x I 

Cr3+ Chrome alum 10-5 4.2 x I t 6  I 
4.8 x 10F F 

2.3 x 10-a F 
I 0-3 2.0 x 10-6 

~- 

Reaction conditions as in Table 15. 
Rate of oxygen uptake. I = initial rate; F = final steady rate. 
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increasing concentrations of the nietals do not increase in the expected 
way the rates of oxygen uptake; possibly because of saturation effects. 

A typical feature often observed is that initial rates differ, and are 
frequently higher than final steady rates'" (Figure 6, Table 19). 

80 

60 

c 
L a  

0)  

3 
E, 
,o 40 
Q) -i 

a. 
3 

c 
Q) 
(r 

2 
0 

20 

EtSH 

0 100 200 

FIGURE 6. Oxidation of thiols catalysed by cobalt sulphate'"'. Reaction 
conditions as in Table 15. Reproduced by perniission of the author and the 

Society of Chemical Industry from J .  Appl .  Chem., 18, 335 (1968). 

Time,min 

The authors suggested that this change in rate is linked to the formation 
of disulphide which could compete with the thiol in coordination to  the 
metal. Indeed the addition of disulphide a t  the beginning of the reaction 
depresses the initial rates but docs not affect the final steady rate. Since the 
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disulphide is very little soluble in  the reaction medium, its concentration 
in soIution is expected to reach saturation quickly. Other effects due to the 
formation of a two-phase system could not be ruled out. 

Among the most actively studied metals are copper, cobalt and 
nicke11Mpl55 and we shall devote to them a more detailed analysis. The 
rate of oxidation is zero order in thiol concentration for cobalt (see Figure 
6) and for copper ions whereas in the case of nickel, first order in thiol 
was observed. 

However, the rate of oxygen uptake docs depend on the thiol: the 
relative rates vary with different metals but benzenethiol and t-butanethiol 
are always among the least reactive compounds. Probably this is related 
for benzenethiol to its greater acidity (i.c. its higher oxidation potential) 
and for r-butanethiol to steric hindrance to coordination on the metal. 

A detailed analysis of the structural effect of thiols on their rate of 
oxidation is probably unrewarding because of several uncertainties like 
partition coefficients of the thiols and metal complexes between the 
aqueous and disulphide phases and, perhaps more important, the degree 
of contamination of the solutions by other heavy metals due to the well- 
known ability of metal mercaptides to distil together with thiols'". It has 
to be noticed that the nominal uncatalysed rate is not as small as could be 
expected in respect to the catalysed rates and that concentration of copper 
ions of the order of 1 x M is more effective than that of other metals 
at the 'nominal' concentration of 1 x 

Pertinent to this point is the study of the efTect of typical ligands on the 
rate of oxidation*5s* 160. The results wi th  cthylenediaminetetra-acetic acid 
(EDTA), ethylenedianiine (EN) and CN- arc reported in Table 20. 

The complexing agents always reduces the rate of oxygen uptake and 
the efkct of C N -  is particularly large. This latter ion has also the effect 
of changing the course of the reaction since no disulphide, or at least 
only traces of it, is formed and more than the stoichiometric amount of 
oxygen is consumed. 

Tests were made to ensure that the increase of oxygen consumption is 
not due to further oxidation of disulphides which appear to be stable in 
the reaction conditions even in the presence of CN-. 

The effect of complex ligands like porphirine, phthalocyanine, etc. has 
been studied by numerous authors particularly on biological sy~tems~'*'' '~. 

Some data on studies with these ligands and simple alkane-thiols'G1 are 
reported i n  Table 21. 

It  is interesting to  observe that also in these cases, cyanide ion depresses 
the oxidation rates and that the rates of oxygen uptake with these metal 
complexes exceed in several cases the limiting rate of oxygen diffusion. 

M. 



TABLE 20. Effect on the oxidation rates of ethanethiol of several figandso lSA 

[RSSR] [CN-] [EDTA] [EN] Metal ion" -d[0,1 Final O2 Notes 
M M M M dt uptake, % of 

mole I--'s-' theoretical 

0 
0.3 
0 
0.5 
0.5 
0 
0 
0 
0 
0 

0.5 

0 
0 
0 

0 
0 
0 
0 

0 
0 
0.25 
0.25 
0.25 
0 
0.25 
0 
0 
0 

0 

0.25 
0 
0 

0 
0.25 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0.1 
0 
0 

0 

0 
0.1 
0 

0 
0 
0. I 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0.1 
0 

0 

0 
0 
0.1 

0 
0 
0 
0.1 

2*0x 10-6 
2.3 x 
0.2 x 10-6 
1.OX 10-6 

zero 
18.3 x 
0.3 x lo-' 

11.8 x 10-6 
13.5 x 
17.7 x I 
4.3 x 10.4 F 
8.8 x I 
4.4 x F 
0.6 x 10-0 
7.5 x 10-6 
0.4 x 

15.3 x lo-' 
1.3 x 10-6 
3.0 x 
2.4 x 

101 

302 (at 200 11) 
- .- 
-- 
102 

101 

99 

_- 

_- 

-- 

_- 
103 
-- 

101 
_- 
- 
99 

No disulphide formed 

No thiol present 

No disulphide formed 

No disulphide formed 

Small amounts of 
disulphide formed 

No disulphide formed 
No disulphide formed 
No disulphide formed 

Reaction conditions as in Table 15. 
Added as sulphate: 1 x 
Rate of oxygen uptake. I = initial rate, F = final steady rate. 

M CoSO, and NiSO,,, 1 x M CuSO.,. 
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TABLE 21. Oxidation of cthanethiol" catalyscd by metal con1pIexes1G1 

Metal 

-. -. 

co 

Ni 
c 11 
Fc 

-- 

Metal complcx Co ncc ii t rat i o n, 
M 

__ . . -. - . - . 
coso., * 7 I-I2O 
PIit lialocyan inc 
Vitamin B,? 
NiSO, 1- aq. 
CuSO,. 5 H,O 
1% thalocya ni nc 
FcSO,. 7 H 2 0  
Phthalocyanine 
Haem i n 

- 

- - - -. -_ 

I 0 - 3  

1 0 - 3  

3.5 x 10-3 

10-3 

10-5 

3.5 x lo-:$ 
1 0 - 3  

3.5 x 10-3 
10-3 
- 

.- 

Rate of oxygen uptake, 
k (mole 1-'s-') x lo6 

NO KCN 0.25 M KCN 

1.1 10.3 
47.6 

0.7 80.4 
15.1 1.0 

1 -2 13.2 
5.4 - 
4.0 1.1 

14.7 
17-1 14.7 
1.0 0.2 

_- 

- 

a Reaction conditions a s  in  Tab!e 15. 

This could be due to the ability of these complexes to co-ordinate inolecular 
oxygen. 

The suggestion was advanced t1ic.t the metal-catalysed oxidation of 
thiols in alkaline media is based on an electron transfer from the metal 
in its higher oxidation state to thc thiol via an inner-sphere process 
whenever the thiol may co-ordinate to the metal. Outer-sphere processes 
are suggested when strong complexing agents prevent the entering of thiol 
into the co-ordination sphere of the metal"'. 

It may be worthwhilc to notice that disulphide is formed in quantitative 
yields when no strong ligands are present otherwise products of further 
oxidation are obtained. 

This puts some doubt on the hypothesis that disulphide formation 
stems from dimerization of free thiol radicals as indicated in the simplified 
mechanism (Scheme 7) reported below. 

2 Mn++O, > 2 M'nr')+O:- 

2 RS-1-2 M("+') > 2 R S . + 2  Mn+ 

2 R S .  > R S S R  

022-4-2 H20 -___ > H2O,+2OH- 

SCHEME 7 

It could be suggested t h a t  disulphide is formed within the co-ordination 
sphere of the metal or in ;1 step concerted with the release of thiyl radicals. 
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Indeed when, as in the case of cyanide complexes, it is assumed that the 
oxidation of thiols occurs by an outer-sphere process and hence thiyl 
radicals are formed as free particles in the solution, disulphide is at  the 
niost a minor reaction product and the thiols are oxidized to sulpliinic 
or sulphonic acids. 

Mosl proposed schemes assume that hydrogen peroxide is a by product 
and that it is consumed i n  a subsequent probably metal-catalysed fast 
reaction. Although this cannot be ruled out, i t  could also be that when the 
oxygen enters into the co-ordination sphere of the metal it is reduced in 
successive steps to water rather than released at an intermediate stage of 
reduction. 

D. Catalysis by Organic Redox Systems 

Hydroquinone ( Q K )  and p-phenylenediamine derivatives in  basic 
medium as well as other easily oxidizable species like the reduced forms of 
several dyes may act as catalysts in  the autooxidation of thiols to disulphides. 

The rate of oxygen uptake for the oxidation of n-hexanethiol in the 
presence of hydroquinone is characterized by an initial slow rate which 
increases up to a maximum and then decreases at longer reaction time@. 
The maximum rate at constant oxygen pressure is dependent upon the 
first power of base and of catalyst concentration (equation 87) 

The first step of the reaction is assumed to be the oxidation of the 
hydroquinone anion (QH-) by the oxygen to generate the semiquinone 
(QH) (equations 58 and 89). 

QH,+OH- <----L QH-+H,O (88) 

QH-+o,- 0~1-0' (89) 

The semiquinone then reacts with the thiol to give the corresponding 
thiyl radical (equation 90) which yields disulphide by dimerization. 

QH+RS- ___ > QH-+RS* (90) 

The oxidation rates depend on the hgdroquinone used as catalyst, but 
the catalytic power is not directly related to the oxidation rate of the 

However, the two sets of data are obtained in diRerent 
conditions and i n  particular at largely different pH, and this could justify 
the discrepancies observed. Alternatively it is possible that the quinone is 
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first transformed into its mercapto derivative (equation 91) and that the 
substituted quinone is the true oxidizing species'". 

Studies of the oxidation of thiols with tetrasubstituted quinones not 
susceptible to further addition would shed light on this problem. 
Unfortunately data of this kind are not available in the literature. 

An identical mechanism has been proposed for the oxidation of thiols 
catalysed by phenylenediamine d e r i v a t i v e ~ ~ ~ ~ - ~ ' j ~ .  

Flavine derivatives oxidize thiols to disulphides i n  the absence of 
oxygen with formation of dihydroflavi~ies~~' (equation 92). 

The reduced form of this dye may be reoxidized by molecular oxygen 
with regeneration of the oxidant and formation of hydrogen peroxide 
which is itself an oxidizing asent toward nicrcaptans (see section 1iI.A) 
(equation 93). 

R2 H R2 

Other organic redox systems are good catalysts for the oxidation of 
thiols by 111oleculnr oxygen and probably act by similar mechanisms3'. 
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E. Co-oxidation 

827 

The autooxidation of thiols in tlie presence of alkenes takes a quite 
different ~ o u r s e ~ . l ~ ~ ~ ~ * .  They are in fact oxidized by oxygen to give, possibly 
by a chain reaction, P-thiohydroperoxides which eventually rearrange to 
,f3-sulpliinyl alcohols (equation 94). Acetylene derivatives give under tlie 

1 1  
I 1  

(94) 
\ / RSH + ,C=C, -!- 0, + RS-C-C-OOH __f 

I 1  
I 1  I I 
0 

R-S-C-C-OH 

same conditions 
equation (95). 

a similar reaction which may be represented by 

R S H  4- R'-C'-C-H + 0, -+ [?I -- + RS-CH-C-R' (95) 
I I1 
OH 0 

These reactions are usually called co-oxidation of thiols since a n  
alkene (or a n  acetylene) is oxidized together with a thiol molecule. I t  has 
been reported that the rate of co-oxidation depends on t h e  alkene and on 
the thiol, with aromatic derivatives reacting faster than the aliphatic ones. 
Catalysis by typical radical initiators has also been observed'33. 

Kliarasli and coworkersIGs first proposed a hydroperoxysulphide inter- 
mediate in the formation of @-sulphinyl alcohols in the co-oxidation of 
thiols w h  olefins. This was later confirmed by detection of peroxy 
compounds*69 in the reaction mixture. Further studies led to the isolation 
of several liydroperoxysulpliides when aromatic thiols were oxidized at 
low l i l .  

An example of this class of compounds is the 2-(2-naplithylmcrcapto)- 1- 
indanyl hydroperoxide (10) obtaincdliO as a solid, melting a t  70°C by 
co-oxidation of 2-i~aphthalenetliiol and indene (equation 96). 
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When the hydroperoxide intermediate formed in the co-oxidation of 
2-naphthalenethiol and indene is allowed to  decompose in tlie presence 
of 2-(4-chlorophenylmercapto)-l-indanol, none of the latter was oxidized. 
This would suggest an intramolecular transfer of the peroxidic oxygen at 
the sulpliide sulphur. 

Further evidence on the intramolecular character of the oxygen transfer 
as well as on the stereochemistry of the co-oxidation process stems 
from a careful investigation by Szmant and R i g a ~ ~ ~ ~ v ~ ~ ~  on the reaction 
of benzencthiol with indene. 

They isolated from the reaction and fully characterized three of the 
four possible diastereoisomeric 2-plienylsulpliinyl-I-indanols and prepared 
the missing isomer by oxidation of cis-Zphenylmercapto indanol with 
hydrogen peroxide or with nz-chloroperoxybenzoic acid. 

The four stereoisomers (only one enantiomer is reported) are listed 
below with tlic relative yields obtained in the co-oxidation in benzene 
solution. 

(11) n1.p. 101' (60.3%) (12) n1.p. 158' (24.2%) 

(13) m.p. 158" (15.6%) (14) m.p. 146' (O-Oyo) 
These results indicate that a 5.4 : 1 trans/cis mixture of hydroperoxides 

is formed and hence that in this system the co-oxidation is stereoselective 
rather than stereospecific as it was earlier suggested143. lGg* I7l. 

The formation of only three of the four possible sulphinyl isomers and 
the ratio in which they are formed appears to be clear evidence of the 
intramolecular cliaractcr of the oxidation step. 

In fact the molecular models of the cis and tram phcnylmercapto indene 
hydroperoxides, precursors of compounds 11-14, show that the truiw 
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isomer may suffer intramolecular attack a t  sulphur from both sides through 
conformations of siniilar estimated energy and hence compounds 11 and 
12 are formed in similar amounts. On the contrary in the case of cis 
hydroperoxide the conformation which would lead t o  compound 14 by 
direct oxygen transfer is not accessible requiring that the phenyl be above 
the indane ring. This may explain why only the cis isomer (13) is formed. 

For the formation o f  the intermediate hydroperoxide the following 
mechanism based on a radical chain reaction may be formulated 
(equations 97-100)lG8. 

o., U.V. Ilght. ClC. 
RSH R S -  (97) 

(98) 

RS-C-C- + 0, __f RS-C-C-OO* (99) 

\ /  I I  
1 1  

I I  I I  
1 1  I I  

I I  I I  
I I  I 1  

R S -  f ,CzC, --+ RS-C-C- 

RS-C-C-O-O;+ RSH - RS-C-C-OOH 4- RS. (100) 

When tliiols and olefins are co-oxidized in the presence of an aliphatic 
amine, the end-products are 2-mercaptoethanols, disulphides and 
water1i4, 1 i5  (equation 101). 

RS-SR +H,O 

This reaction may be explained in terms of an  aminc catalysed oxidation 
of the thio129 by the 2-mercaptoethylhydroperoxy intermediate. 

This was confirmed by the observatiodi4 that the complex of 10 with 
triethylenediamine oxidizes quantitatively benzenethiol to  disulphide. 

Olefins containing isolated double bonds with different reactivity 
towards thiyl radicals are selectively co-oxidized a t  the more reactive 
unsaturation centreIiG. This is the case of co-oxidation of e i i h  and eso 
dicyclopentadienes with 4-clilorobenzenethiol (equations 102, 103). 
(The bracket indicates that  the stereochemistry is unknown.) 

Co-oxidation of thiols with 1 ,3-butadiene7 the simplest conjugated 
diolefin, has been studied in the presence of r-butylamine*i5. Products 
derived from 1,2- and 1,4-addition were observed i n  the reaction with 
methane- and ethane-thiols, predominant I ,2-co-oxidation products were 
formed when benzene or p-toluenethiol were used (equation 104). 
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0, 
,-,.,, RSH + CH,=CH-CH=CH, h RS-CH,-CH-CH=CH, + 

I 
HO 

R S-C H ,- C H' C H-C H 2-0 H 

The 1,2- versus the 1,4-addition to conjugated diolefins also depends on  
the structure of the diene17" l i 7 9  178. 2,5-Dimethyl-2,4-hexadiene gives only 
I ,4-co-oxidation products17j (equation 105) whereas 2,3-dimetliyl-1,3- 
butadiene affords 1,2-oxidation products1i7 (equation 106). 

R:N 
3RSH + (CH3),C=CH-CH=C(CH3), + 0, - h 

CH3 I CH3 I 
I I 

CH3 CH, 

RS-C-CH=CH-C--OH + RSSR + H,O 

R:N 
3RSH + CH,=C-C=CH, + 0, 

I 1  
H3C CH, 

CH3 I 
I I  

H-0 CH, 

RS-CHZ-C-C'CH, + RSSR 4- HZO 

The scheme suggested for these reactions is similar t o  that proposed for 
the co-oxidation of simple alkenes. The thiyl radical attacks one of the 
terminal carbons to give an ally1 radical followed by attack of oxygen at  
the 2 or 4 carbon depending on the relative stability of the two formal 
radicals (Scheme 8). 
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R S .  + RiC=C-C=CR: 
I I  

R2 R2  

R '  R2 R2 R'  R' R2 
I l l  I l l  

R S - C - C - C = C R ~  c-f RS-C-C=C-CR; 
I 
R' 

83 1 

0 .  -> 

R' R2 R2 R' R2 R2 R'  

R S  -C-C-C=CRi or/and RS-C-C =C-C -0,- 
I l l  I I I I  

I 1  I I 
R' 0 2 .  R' R'  

SCHEME 8 

Co-oxidation of thiols and phenylacetylene with oxygen produces 
phenylglyoxal Iiemithi~acetals'~~ (equation 107). 

(1 07) R S H  + P h - C r C H  + O2 + Ph-C-CH-SR 
I1 I 
0 OH 

The reaction occurs more easily than the co-oxidation with olefins. 
Benzenethiol and phenylacetylene react at  reasonable rates even at 
temperatures below - 70°C under U.V. irradiation. At this temperature a 
peroxidic compound which decomposes above - 10°C to give the hemi- 
thioacetal is formed. 

The products of co-oxidation of thiols and phenylacetylene are unstable 
and decompose to phenylglyoxal and thiol when vacuum distilled 
(equation 108). 

(108) R--S-CH-C-PPh - PhC-CHO + R S H  
I I1 I1 
O H  0 0 

The mechanism of the co-oxidation of acetylenes and thiols is not 
defined; however, a reaction sequence similar to that proposed for the 
co-oxidation with olefins has been suggested179. 

As reported above, the autooxidation is a quite general and important 
reaction. Beside the co-oxidation with olefins, which may be an undesired 
side reaction, oxidation of thiols by molecular oxygen represents a simple 
method of transforming these unstable compounds characterized by a 



532 G .  Capozzi and G .  Modem 

quite unpleasant smell into odourless and relatively stable compounds. 
It may also be a cheap method of synthesis of disulphides although care 
should be taken to avoid overoxidztion. Furthermore, some thiols and their 
corresponding products of oxidation undergo easy base-promoted 
a-elimination leading to desulphurized compounds*80-*82. 

V. PHOTO-OXIDAT10 N 

Thiols undergo an easy photolytic reaction (see chapter 10 on photo- 
chemistry) which is in fact an oxidation of mercaptans to disulphides 
(equation 109). 

t RSSR+H, (1 09) 

The instability of thiols to light has been known for a long timela3 
and there is a lively interest in the photolytic and radiolytic reactions with 
high. energy radiations of thiols and sulphur compounds in general also 
because of the problem of biological effects of  radiation^^"^^^^^^^. 

Recent detailed work in the gas phase by Steer and Knight18G*187, 
largely confirming earlier  result^^^^^*^^ 185.18s, showed that the primary 
pliotolytic process by irradiation at ca. 2500 A for methane- and ethane- 
thiols is the homolysis of the S-H bond (equation 110) to give thiyl 
radicals and hydrogen atom. The principal pioducts of the reaction are 
molecular hydrogen and disulphides. The simple Scheme 9 was proposed 
for this reaction. 

t RS*+H- (1 10) 

RSH+H* t RS.+H, (111) 

2 RS.- RSSR (1 12) 

kv 2 RSH ___ 

h 1' RSH ___ 

SCHEME 9 

Minor amounts of methane and hydrogen sulphide in the tnetlianethiol 
reaction and of ethane, ethylene and hydrogen sulphide in the ethanetliiol 
reaction were also formed. The  author^**^^*^^ propose that these products 
are not formed in a primary process, but they derive from reaction of the 
thiol with a disulphide molecule which has not yet transferred the excess 
of energy which it contains at  the act of formation (Scheme 10). 

2 CH,S* - CH,SSCH: (1 13) 

CH,SSCH:+CH,SH ~ t CH,SSCH,+ CH,*+ HS- (114) 

CH,.+CH,SH t CH,+CH,S* (1 15) 

HS-+ CH,SH t H,S+CH,S* (116) 

SCHEME 10 
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In the case of ethanethiol in addition to the processes corresponding to 

reactions (1 14)-(116), equation (1 17) was proposed to explain the 
formation of ethylene. Reaction (1 17), because of the larger rearrange- 
ment involved, should be slower than the equivalent of reaction ( I  14), 

C,H,SSC,HP+C,H,SH ----+ C,H,SSC,H,+C,H,+H,S (1 17) 

as is in fact observed. Among the evidence presented by the autllors18G.1fi7 
in favour of the mechanism of formation of hydrogen sulphide and 
hydrocarbons the decrease of the yields of these products with the pressure 
of added inert gas is especially convincing. 

As far as the primary process (Scheme 9) is concerned the supporting 
evidence is overwhelming: addition of ethylene, for instance, decreases 
the yields of hydrogen and disulphide with concomitant formation of 
ethyl sulphide via addition of the thiyl radical to ethylene. 

Flash photolysis studies151 allowed the direct detection of thiyl radicals; 
these species were also detected by U.V. and e.s.r. when the photolysis was 
carried out in solid 

Quite similar processes occur also in aqueous solutions, as well as in 
other s ~ l v e n t s l ~ ~ ~  183,184, sometimes complicated, however, by interaction 
of the radicai initially formed (equation 110) with other species present. 
Indeed the photolysis of thiols has been used as a source of hydrogen 
atoms to study their reactions with several compounds193. 

Higher molecular weight tliiols, particularly secondary and tertiary 
alkanethiols, may undergo other primary photolytic processes, in 
particular breaking of the carbon-sulphur bond18'1,*85. In the majority of 
cases, however, the main path seem to be the sulphur-hydrogen bond 
breaking leading to the formation of thiyl radicals which may undergo in 
appropriate experimental conditions several reactions besides dimerization 
to disulphide (section IV). Carbon-sulphur bond fission may also occur 
when shorter wavelength light is used. Under these conditions more 
complex phenomena due to the production of particles wi th  excess energy 
content have also been 
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1. INTRODUCTION 

Isotopic labelling of thiols has been used in research disciplines ranging 
from atomic physics to  forestry in the study of practically every atomic, 
niolecular and biological process that thiols arc known to undergo. I n  this 
review we will consider the changes that substitution of deuterium for the 
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hydrogen of the thiol group introduces into the translational, rotational 
and vibrational processes of thiols both in the ground and transition 
states. These perturbations have hclped to elucidate some of the niost 
fundamental structural and chemical properties of thiols. The low energy 
j3-rays emitted by the thiol group when it is substituted with tritiuni or 
sulphur-35 allow the thiol group and its constituent atoms to be located 
i n  eoniples reaction mixtures. In this review we will consider the tracer 
applications of radio-isotope labelling in mechanistic studies of thiol 
reactions. However, wc will also consider the use of tritiated and 
sulphur-35 labe!led thiols in the optimization of industrial processes, as 
well as to trace the path that thiols follow i n  the body. We extend this 
review into thcse two areas of research which are usually considered to be 
beyond the research interests of the organic chemists for two reasons. 
First, thc physiochemical phenomena which underlie these processes are 
the same as those encountered in the reaction vessel by the organic chemist. 
The sanie radical transfer reactions of thiols take place in the plioto- 
chemical reaction vcssel, synthetic rubber polyincrization chambers, and 
withii: the body of an animal exposed to ionizing radiation. The relative 
lipid- as compared to water-solubility of a thiol determines not only the 
b a t  procedure for its extraction from a reaction mixture but also whether 
the thiol will penetrate the lipoidal blood-brain barrier. Second, we have 
included these industrial and biological studies for the sake of the chemist 
who may want to extend his research on thiols to more industrially or 
biological significant problems. I n  total, we will cover processes as 
delicate as the pass3-g o f a  thiol over a transition state or as intractile as 
the wearing down of stcel. We will trace the flow of a thiol down the 
axon of a neuron and throvgh the ecosystem of a forest. 

!I. MOTIONAL PROCESSES 

The most fu ti da nie t i  t a1 chemi cal q Lies t i ons concerning the niolecu lar 
weight, atomic co-ordinates ai:d bond strengths of thiols have been 
answered in the most precise way by careful physical nieasurements of 
the translational, rotational and vibratio,nal motions of thiols. Since in 
any o m  measurement the number of physical variables usually exceeds 
the observable parameters, meaningful physical parameters could not have 
been obtained if mcasurenients had not been made on a series of iso- 
topically substituted nioleculcs. I t  is now coninion practice in  molecular 
spectrometry to site a motional process from several isotopically labelled 
positions in a molcculc. I n  the following sections, we will briefly describe 
the physical origin of the isotope effect in mass spectrometry, microwave 
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and infrared spectroscopy arid review how it has been used to answer 
fiin d ii nit: 11 t a1 che mica I q Lies t i on s co iice rn i 11 g tll i 01 s. 

A. Translation 
Mass SPectronletrY is a relatively accurate and convenient Inethod for 

the determination of the niolecular weight of a molecule. Moreover, in  
the course of' the measurement, the niolecule often fragnlents to smaller 
IllO~eClI~ar ions, Whose ItlOleCuhr weights are also measured. Later the 
pattern of molccular fragments can be pieced together in a way that will 
reveal the structure of the thiol. However, very often fragllients originating 
from different parts of a niolecule will have the Same 111ass arid will not be 
distinguishable from each other. As we will see, isotopic hbclling rezdily 
ovcrconics this probleni and precisely traces the origin of 111olcc~1le ion 
fragments. 

When thiols enter the mass spectronieter, they are first ionized and 
partially broken into fragments. Both the molecular parent ion and tlie 
fragment ion carry a charge, c,  by virtue of which they can be accelerated 
through a potential, V. When thc ions emerge from the accelerating 
chamber they all possess the sanie kinetic energy, 1ZIc2, and potential 
energy, cV (where M is the niitss and V the velocity of the ion). When this 
process is applied to a mixture of normal and heavier isotopically labelled 
thiols, both the light and heavy ions will emerge with the energy, but 
the light molecules will be travelling faster than tlie heavy molecules. The 
accelerated ions next enter the magnetic sector of the spectrometer, where 
thc magnctic field, M, exerts a centripetal force, N e Y ,  on the iGns which is 
exactly balanced by a centrifugal force, Mu2/,., i.e. H e V =  Ilfc2/lr- (where I' 
is the radius of the ions trajectory through the magnetic field). The lighter, 
normal ions travel with a greater velocity u and expericnce a greater 
centripetal foi-cc, and an even greater centrifugal force, than the heavier 
isotopically labelled thicls. Accordingly, the path of the lighter ions will 
have a smaller radius. The diffcrencc i n  paths of thc light and lleavy ions 
facilitates their separation and analysis*. 

The two most labile bonds in a thiol, K-C1H2-SH, are the S-H and 
C--H bonds. However, removal of a hydrogcn from the CH, or the SH 
group yields fragments with the same mass. Amos and coworkers? have 
used isotopic labelling to show that CD,SH fragments to [CD,=SH] '. 
and [CD,S]+ i n  the ratio 2 : I ,  while the ratio i n  CH,CD,SH is approxi- 
mately unity. Upon ionizatioil, bcnzenethiol-S-d, has been shown by 
L:lwcssoll, Madsen and Schrol13 to lose eqLla1 amounts of n1ercaPto- 
deuteri~l11i and ring hydrogen. In a later Section, we will show how 
separatioii of ion fragnients using isotope labelling has nlade Possible a 
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nunibcr of mass spectrometric studies of the bond energies of thiols and 
the theriiiodynaniics of their bond cleavages. 

B. Rotation 
Microwave spcctroscopy lias proved to be a powerful tecliniqiie, 

providing data on the structurc and bonding of gaseous molecules. The 
interaction of the dipole iiiomcnt of the nioleculc with ii microwave field 
induces transitions between the rotational energy levcls of the gaseous 
molecule. The niicrowave frequencies, at which the transitions occur, 
depend entirely ~ f i  the nioments of inerlia of the niolccule about its 
principal rotational axes. The monicnt of inertia is dcterniincd by the 
atomic niasses and bond lengths and angles of the molecule. Usually the 
determination of one set of riioiiients of inertia is not sufficient to give a 
unique set of moleciilar pnranicters. 'To obtain such a irniquc set of 
niolcculnr parameters, nieasurements must be made on a series of 
nioleculus, in which isotopic substitution has been used to create a series 
of changes i n  atoniic inass along the rnolecule. As nlicrowave nie a s ure- 
inents are quite sensitive, thiols containing 13C, 33S and 34S at natural 
abundance can be observed and used to provide a series of naturally 
occurring isotopically siibstituted molecules4. 

In the first application of microwave spcctroscopy to a thiol, Solinieiie 
and Daileyj mcasured the O,,-I,, transition i n  severai isotopically 
subs t i t 11 ted me thane thiols, including 12CH,32SH, 13CH,32SSH, I2C DS3%H, 
12CH,33SI-I, I T 1  I,%H and l2CCH,3"SD. From these data they derived the 
moments of inertia and corresponding structural parameters of methane- 
thiol. Kadzar, Abbason and InizncvG determined the structure of ethanc- 
thiol using CH,CH,32SH and CH,CH234SI-I. A more comprehensive set of 
molecular paramcters for cthanethiol lias been obtained by Hayaishi and 
coworl<ers7 froin the spectra of the trmw and g02tChe isomers of 
CK,CI-I,SI-I, CH,DCH,SH (syn and anti), CH3CD,SH, CH3CH,3'SH 
and CH,CH,SD. 

In addition to rotating with the molecule as a whole, the methyl group 
of methane tliiol can rotate against the thiol group along the C-S bond. 
The resulting inodcs of hindered rotation (i.e. torsional vibration) create 
an additional series of spectral lines. Solimene and Daileys7 by nieasuring 
the intensity of the lower-lying excited torsional states rclative to the 
ground state in  CH:,SH and CD,SH, determined that the potential 
barrier for hindered rotatioil is sinusoidal with a height of 1.06 kcal/niole. 
Later Kojinias, measuring the A J =  5- 1, A K  = T I lines in the ground 
state and the AJ = 0 lines in the first excited state of CH,SH and CH,"S!-l 
determincd the potential barrier of methaiiethiol to be 444 2 10 cni-1. 
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I n  similar measurements of CH,DSH and CHD,SH, Knopp, Daniel and 
Quade9 showed that the staggered conformation for the methyl and thiol 
group corresponds to a threefold minima in the potential energy function 
for hindered rotation. Reddingtonlo has found that the hcight of the 
potential barrier of CF,SH and CF,SD is quite close to that of CH,SH. 
The fact that substitution of CF, for CH, has little effect on the height of 
the barrier rules out repulsion betwecn non-bonded atoms as the source of 
the potential barrier. Measurements like these can bc expected to continue 
to provide insight into the nature of the interaction between two internally 
rotating groups. 

It is intercsting to note that one of the first nicasurenients of the electric 
nuclear quadrapole nionient of 33S was made by Bird and Townesll who 
on closc examination of Solinicne and Dailey's microwave spectrum of 
n1ethancthiol noticed a group of three very weak doublets. They ascribed 
the doublets to the interaction of the electric quadrupoie moment of 
natural abundance 33S with the electric field of the molccule 3 s  ;I whole. 

C. Vibration 
Infrared spectroscopy can be used not only in a qualitative way to 

identify functional groups in a molecule, but also to provide precisc data 
on the bond strengths. Before such calculations can be made, however, 
every observed spcctral band must be assigned to one of the vibrational 
modes of the molecule. Such assignments can often bc ambiguous. 
Replacing an atom i n  a molecule with one of its isotopcs does not, to a 
high order of approximation, change the electronic structure of the 
molecule, and therefore does not alter the potential functions governing 
the vibrations of the atoms. However, the frequency of the vibration will 
be affected and will reveal itself in a shift of the vibrational band. The shift 
will be small, when the isotopically substituted atoms nioves very little in 
a particular vibrational mode; but when the atom has a largc amplitude of 
vibration i n  a mode, the shift will bc largc12. Plant, Tarbell and Whiteman13 
reported the first isotope shift observed in the vibrational spectrum of a 
thiol. They found that in benzcnethiol and iz-hexanethiol deuteration of 
the thiol groups shifted the bands at  2600 cni-l to 1539 and 1570 cm-*, 
respectively. Since then isotope shifts have helped elucidate thc infrared 
spectra of several thiols. For example, CF,SH displays a band at 906 cm-l, 
\v]iich shifts to 699 cm-1 in CF,SD. This large spectral shift has allowed 
the band to be assigned to the CSH bending mode; whereas a series of 
bands near 500 cm-* shift very little upon isotopic substitution, verifying 
their assignment to the CF, deformation 
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Takeoka"' has used the isotope shifts observed i n  the infrared spectrum 

of cyclohexanethiol-S-d, to  assign the observed bands to the proper 
vibrational mods .  In addition, bands belonging to the axial and equatorial 
conformations of cyclohexancthiol could be distinguished. Furthermore, 
the clianzes in tlie relative concentration of the two conforniers on going 
from the liquid to the plastic to the hard crystalline phases could bc 
followed. 

Once the vibrational bands of a molecule havc been assigned to their 
proper n:;-des, calculations can be madc of the interatomic forces that 
bind atonis together to form a molecule. The strength of these interatomic 
forces is Iiieasurcd in ternis of a forcc constant for a particular vibrational 
modc. Wlicn the atomic co-ordinates and masses of a molecule are known, 
a complete sct of force constants can be used i n  a normal co-ordinate 
analysis using the Wilson FG matrix method'j, to obtain a set of calculated 
vibrational bands. The set of force constarits is then adjusted so as to  
obtain tlie best lit between observed and calculated frequencies. As 
occurs in  othcr spectroscopic measurements, the number of force constants 
often exceeds tlie number of observed frequencies in any one spectrum. 
Since the forcc field is independent of isotopic substitutions, the spectra of 
isotopically substituted molecules can be used to provide additional 
frequencies. A particularly good check of a force field is its ability to 
predict the spectra of isotopically substituted molecules. May and 
Pace*217 have obtained a force field for methancthiol based on the 
frequencies of CH,SH and CH,SD and niicrowave structural parameters. 
Their force field accurately predicts all the observed freqiicncies of the 
normal and isotopically labelled molccules. Hayaishi and coworkersls 
have obtained a reliable set of force constants for etlianedithiol from the 
frequencies of HSCH,CH,SH and DSCH,CH,SD. Furthermore, they 
have shown that when trans, trans, traits and trans, trans, gauclre con- 
formations are xsiiiiied, the force field satisfactorily predicts the observed 
frequencies of /I-propanethiol, ~-thiaiiietliyletliaiie thiol, /?-halogenoethane 
thiol and 1,2-ditliiametliyl ethane. 

111. CLEAVAGE O F  T H E  S--# BOND 

A. The Primary Hydrogen Isotope Effect and the Mature of the 
Transition State 

In the previous section we saw how isotope labelling lias played an 
indispensable role i n  the elucidation of the motional processes and 
striictirre determinations of thiols. In this section we turn to the dynamics 
of the rupture of the S-H bond. The chemical phenomenon of the 
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S- l i  bond cleavage is indeed only another niotional process, in which the 
thiol hydrogen nioves independently of the rest of the thiol molecule i n  a 
sort of extended S-H stretching mode. As we have seen, substitution of 
deuterium for the thiol hydrogen has a pronounced effect on the motion 
of a thiol, particularly the S-H bond stretching vibration. We ]night 
expect that deuterium substitution will greatly affect the dynamics of the 
S-H bond clcavage. In this section, aftcr having reviewed the theoretical 
basis for prim:n-y hydrogen isotope effects*!'? 20, we will construct several 
transition state models for S-H bond cleavage20, predict the isotope 
effect for each model: and compare these to the measured values. Finally, 
we will turn to the use of isotopic labelling to trace the fate of the tIiioI 
hydrogen after it has been abstracted from a thiol. 

For the purpose of theoretical discussion, we consider that the thiol 
lies on a surface of potential energy, whose co-ordinates are the bond 
lengths and angles of the thiol molecule in the horizontal direction and 
potential energy in the vertical direction. The exact topography of the 
surface is determined by the electronic structure of the molecule. During 
the processes of S-I-[ bond cleavage, the thiol can be thought of as 
travelling across the surface along a pathway of lowest energy, which will 
correspond to the S-H stretching mode. The highest point along this 
pathway of lowest energy is called the transition state. The rate at  which 
S-H bond cleavage will occur depends priniarily on the probability of a 
thiol reaclling the transition statc,+R-SI-I f. If we consider that ground state 
and transition state ~nolecules are in equilibrium, then the process can be 
characterized by an cquilibrium constant K +  (eqns. 1 and 2). 

RSH < RSHi- (1 1 

Equilibrium constants can be expressed in terms of the motional 
processes of a molecule, i.e. in  terms of the partition function of the 
reactant and the product, which in this case is the transition state, as seen 
in equation (2). The partition function, Q or Qo (for unit volunie of an 
ordinary molecule), dcnotes the probability of a molecule existing i n  any 
one particular motional state, summed over all the possible translational, 
rotational and vibrational states available to the niolecule. The energies 
of the motional states arc calculated taking the lowest classical state, as 
having zero energy. The exponential term in equation (2) corrects for the 
difference in energy between the reactant and transition states. 

Having written K +  i n  terms of motional states of the nIoIccuIc, we are 
now prepared to ask how substitution of deuterium for the thiol hydrogel1 
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will affect the probability of thc tliiol reaching the transition state RSH+. 
Experimentally the question is posed in the ratio of the rate of thc S-H 
bond cleavage over rate of S-D cleavage. These rates are largely 
dcterniined by the equilibria in equations (3) and (4). As seen in equation 
(5) the hydrogen isotope effect can be written in terms of the partition 
functions for the light and heavy thiols. 

A major advance in the theory of primary hydrogen isotope effects 
canic when the approximation was made that substitution of deuterium 
for hydrogen does not greatly affect the classical properties of the molecule, 
such as the mass or moments of inertia and consequently neither the 
translational nor rotational partition functions?l. This left only the 
quantum mechanical vibrational partition function as a source of 
the isotope effect. Writing the deuterium isotope effect in terms of the 
complete vibrational partition function, equation (6) is obtained, where 
ui = /zv,/kT, v, is the frequency of the ith vibrational mode and N is the 
nuniber of atoms i n  the niolecule. The products and sunmations are 

taken over the 3N-6  vibrational modes of the ground state and over 
3N+- 7 vibrational modes of the transition state, in which the vibrational 
mode corresponding to the reaction pathway (in our case the S-H 
stretch) is omitted. As seen in equation (6), an isotope effect will occur 
only when the deuterium participates in a vibrational mode, whose 
frequency changcs on going from the ground to the transition state. 
We arc now rcady to characterize various transition states precisely in 
terms of what vibrational modes have changed, which is another way of 
locating the transition state on the potential surface. 
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The siniplest niodel that can be chosen for the transition state is one 

in which the only vibrational mode that has changed is the S-€-I 
stretching mode. Since this vibrational mode is the reaction co-ordinate 
itself, it does not contribute to the isotope effect in the transition state. 
Molecular vibrations involving hydrogen generally have vibrational 
bands above 700 cni-l, for which exp (- u)  is 0.03 at 300 K and products 
involving this term wil l  be close to unity. Equation (6) thercfore redilces 
siniply to 

where i; is the wave number of the thiol stretching mode i n  the ground 
state. Using the literature valuelG for the thiol stretching niode of methane- 
thiol, 2605 cm-l and 1893 cm-1 for CH,SH and CH,SD respectively, a 
value of 5.5 is obtained for k,/k,,. Using equation (8), this corrcsponds to 
a value of 

1C.r - 
kl I 
- _  

or 11-29 for kI,/k,, the primary 
Weakening the S--N bond 

tritium isotope effect. 
i n  the transition state must certainly 

reduce the frequency of the C-S-H bending mode. If  we consider the 
extreme case in which the frequency has gone to zero, the product term 
[ 1 - exp (- ~ 5 ~ ) ) ] / [  1 - exp (- z&)] of equation (6)  approaches z@$, 
which can be approximated by ( u I ~ / ~ I ~ ) ~ ,  where i n  refers to mass. Equation 
(6) now reduces to 

Using values of 802 an-l  and 623 cni-l for the betidiiig modes of CH,SH 
and CH,SD,IG kII/kD increases to a value of 5.9 and l cr I /k ,  to 11.42. We 
may then expect that weakening the C-S-H bending mode will tend 
to increase slightly the isotope effect. 

In addition to unimolecular dissociation of the S-H bond, thiol bonds 
are often ruptured when an acceptor molecule (usually a free radical) 
abstracts hydrogen from the thiol. In this case, the transition state will 
contain the three-centre linezr system S-H-A, where A is the acceptor 
atom. The stretching and bending modes of the C-S-H group of the 
ground-state thiol will make the same contributioli to the isotope efTect 
as they did in the unimolecular dissociation, and the S-H stretch will 
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remain the reaction co-ordinate. However, in the transition state a new 
linear stretching mode associated with the S-H-A system will have to 
be introduced. If S-H-A is asymmetric, i.e. A does not resemble 
sulphur, then the stretching mode shown in Figure (la) will tend to 
weaken the isotope effect for either of two reasons: (1) for large u and 
E I & ~ ~ ~  > ugDAl, the transition state vibration will detract from the contri- 
bution made by  the ground state molecules or (2) for small z(, 
[ I  -exp (ugr,,)]/[ 1 -exp ( L I ~ ~ ~ ~ ) ]  will introduce the term i77D/n211. On the 
other hand, when S-H-A is symmetric, the linear vibration introduced, 
Figure (Ib), i!: v;!?ich H does not move, will not contribute to the isotope 
efiect. 

S H  A S  H A +.-. . -  >i- a . - . < - .  

a b 

FIGURE I .  Stretching modes of the S-XI-A system. 

We might conceive of a reaction in which S--H bond cleavage occurs 
long before the thiol reaches the transition state, such as i n  the base- 
catalysed addition of RSH to an olefin, equations (10) and (1 1). 

RSH+B i> [RS- H B + l  (1 0) 

H 
I I  

I I  
[ R S -  HB+]+'C=C/------+ RS-C-C-+B (11) 

/ \ 

Here isotope substitution exerts its effect on  the rate of the reaction, cia 
the pre-reaction equilibrium, eqiiation (1 0). Rather than calculating the 
kinetic isotope effect for the reaction, we will want to obtain an expression 
for the ratio of the equilibrium reactions. 

The ratio of equilibrium constants, KII /KD,  for equations (12) and (13) 
is equivalent to the equilibrium constant KIi,D for the isotope exchange 
equilibrium. 

(1 4) 
1iiI;ll 

RSH+[RS--DBJ RSD + [ RS a * *  HBI 
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Expressing KIT,,, i n  ternis of the vibrational partition functions we 
obtain 

Equation (1 5 )  is siiiiply the individual partition function ratio of 
isotopic substituted RSH Qltsll/Qr~sn, divided by Q l i s I I ~ 3 / Q , t ~ ~ ~ ~ ,  

(1 7) 

Just as in the case of thc kinetic isotope efrect, deutcrium substitution is 
felt only i n  those vibrational modes that change 011 going from reactants 
to products. 

The rate at which a particular reaction takes place is only partially 
accoiinted for by K + .  The rzite of passage of a thiol over the potential 
barrier a t  the transition state is given by vE[RSH], in which v;’ is thc 
frequency of the vibration that carries the thiol over the potential barrier 
and tears the S-H bond apart. Thc magnitude of v;; is dctermined by the 
curvature of thc potential surface near the transition state and since 
the curvature is concave downwards the frequency is imaginary, but has the 
same absolate value as i f  the surface werc concavc upwards, with a real 
vibrational frequency. The rate is influenced by two other parameters, 
which intimately dcpend on the topography of the potcntial surfacc. These 
are the transmission coefficient, i.e. the fraction of molecules passing over 
the barrier in  the forward direction, and the percenlage of tunnelling of the 
niolecules under the potential bsrricr. These parmicters arc generally 
ignored or considcred to introduce no isotope efl‘ect; however, in cases 
where large deviations from the predicted isotopc cfTects are found. they 
have to be considcred. The way in which these piienon~ena arc aflected 
by isotope s i~bst i t~t ion is an active field of thcorctical study. 

The observation of a largc kinetic isotope effect indicates that iso- 
topically substituted thiol hydrogcn participates directly in a vibrational 
mode, whose frequency changes on Soing to the tunsition state, i.c. that 
S-H bond cleavage is an integral part of the transition state. The fact 
that ;I value for k I l / k I ~  of 2.80 was obtained for the addition of benzene- 
thiol-S-d, to nickelocene, led Eilgen and Gregoryz2 to propose the 
mechanism below for the reaction. Although the authors did not coninicnt 

29 
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on the rather low value of k,/k,, it would seen1 to indicate that the zero 
point energy lost on cleavage of the S--H bond is partially oKset by the 
forniation of the cyclopentadienyl hydrogen bond. Thc abstraction of 

+RSH . 
-RSH 

9 I Q I 

N i  
I 
SR 

thiol hydrogen by ihc triphenylmethyl radical proceeds with an anomalous 
large value for k I I / k ,  of 14.9, which was attributed by Lewis and Butler2s 
to tunnelling through the potential barrier, which occurs when a barrier 
is symmetrical. 

Dmuchovsky, Vineyard and Zienty'" observed a quite unusual inverse 
isotope effect for k,,/kn of 0-65 for the base catalysed addition of tz-butane- 
thiol-S-d, to maleic anhydride. While inconsistent with any model of a 
transition state involving S-H bond cleavage, the inverse isotope effect 
could be accounted for by postulating a pre-reaction equilibrium between 
butanethiol and triethylaminc, much like the one in equations (10) 
and (1 1). In fact, substitution into equations (16) and (17) of 2566 and 
1850 cm-l for the S-H and S-D stretching frequency, respcctively, and 
3253 and 2380 cm-l for the N-1-I and N-D stretches of the aniine-thiol 
complex, yields an equilibrium isotope cffcct of 0.68 23. 

Isotope equilibrium exchange constants for a nunibcr of thiol-water 
systems have been measured and the value KII,n is usually referred to as 
the equilibrium isotope separation factor, a. Haul and Blenneman25 have 
measured a for HSCH,CH,SD as a function of temperature and obtained 
In CY = 262/T-  0.1 162, which corresponds to a A H  of - 520 cal/mole. 
Sakodynskii, Babkov and Zhavoronkov2G found that changing the 
structure and composition of a thiol had very little effect on a, which 
indicates that, during hydrogen exchange with water, changcs i n  vibrational 
frcquencies are restricted to the C-S-H bonds. 

The nieasureineiit of kinetic isotope effects have provided insight into 
cconoinically important industrial processes. Early in the course of the 
synthetic rubber programme it was found that the molecular weight of a 
polymer such as G R-S, could be quantitatively regulated by the addition 
of thiols to the polynierization system. Normally the polymerization occurs 
as in  equation ( 1  8); however, a growing polymer can abstract a hydrogen 
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atom from thiol, thereby transferring the radical to the thiol and 
inactivating the polymer chain, equation (19). 

(1 8) 
1;z M;+M ~ > M i + ,  

M A + R S H  ]:J> M , H + R S '  (1 9) 

The chain length of the polymer formed is proportional to the transfer 
constant k,/k,, which is the ratio of the specific rate of radical transfer to 
the s$ccific rate of chain propagation2'. Wall and Brown2* mcasured the 
isotope effect k,o,,/kt,o, of the chain transfer step in the butanethiol-S-d, 
mediated polymerization of styrene. A value of 4, somewhat less than the 
predicted value of about 6, was obtained. The low kinetic isotope effect 
indicated that either the loss of zero point energy of the S--H bond had 
been compensated by the formation of unusually strong bonds or that the 
reaction was complicated by thc abstraction of butyl hydrogens as well as 
thiol hydrogen. Data such as thesc can often aid in  the scarch for more 
efficient transfer agents. 

5. Tracers of Atoms and Free Radicals during S-H Bond Cleavage 

In addition to its use i n  probing the nature of transition states, labelling 
with heavy hydrogen is an indispensable aid in following the fate of thiol 
hydrogen in  the reaction mixture. It distinguishes thiol hydrogen not only 
from the hydibugens of the reaction mixture as a whole, but also from other 
hydrogen atoms of the thiol, which may have been dissociated under the 
reaction conditions that led lo the dissociation of the S-H bond. 

Greig and ThynneZ9 have nieasured the relative rates at  which methyl 
radicals abstract hydrogen and dcuterium from CD,SH. The hydrogen of 
the SH bond was abstracted 120 times faster than tlie methyl deuterium. 
Riesz and have measured tlie relative amounts of D, and I-ID 
produced by the reaction of deuteriiirn atoms with cysteine-S-d, and 
n-butanethiol-S-d,. The yields of D, were 80 and 83%, respectively, 
indicating that atom abstraction occurred primarily froni the -SD group. 
Volman, Wolstenholnic and Hadley3' irradiated CH,SD at 77 K with 
2537 A light and detected e.s.r. signals originating froni D- but not from 
H. This indicated, that if *CH,SD radicals were observed in  the irradiated 
saniple, they could only have been formed by a secolidaiy radical 
abstraction reaction. Keyes and HarrisorP wcre able to study the two 
lnajor pathways of thiols that occur in the ion chamber of the inass 
spectronieter. Unlabelled CH,SH yields fragments which cannot be 
separated, but CD,SH, equations (20) and (21), yields [CD,Sf] and 
[CD2=SH+] ions, whose heat of formation were found to be 214 and 
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219 kca!/mole, rcspcctively. The difference i n  the heats of forination 
indicate the relative ease with which hydrogen can be abstracted from ;i 
niercapto group as opposed to a methyl group. Deuterium labelling has 
revealed that the fragmentation of benzenethiol is considerably more 

[CD,=SH.'.] + D 2 . 4 7 k . L  

complex than that of metkancthio!. Earnshaw, Cook and Dinneen= 
found that the fragment ions produced from benzenethiol-S-d, could be 
rationalized only by assuming that the parent ion C,H,DS+ exists in two 
isomeric forms, an ionized benzenethiol (Figure 2a) and a cyclic seven- 
nienibcred ion, in  which the deuterium atom cannot be associatcd wi th  
any particular carbon atom (Figurc 2b). 

a b 
FIGURE 2. Isomeric forms of the CcHsDS+ ion. 

Labelling of the thiol group with heavy hydrogen can provide 
information concerning the nature of the hydrogen abstractor as well. 
The phenylethyl radical can exist as two isomers which can be inter- 
converted by a 1,2 hydrogen migration (equation 23). SlaughNa by 

PhCH,kH, - PhkHCH, 

P hC H ,C H2T 

J. 

PhCHTCH, 

allowing the radical to abstract hydrogen from benzenethiol-S-t, was able 
to mark the site of the radical with tritium. Methanethiol-S-d, adds 
across the double bonds of cis- and trans-Zbuteiie to form identical 
mixtures of erythro- and threo-3-deuterio-2-(methylthio)butane. Skell and 
Allen34b found that the radical reaction takes place in two steps, the 
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addition of a methyltliio radical to butene followed by the abstraction of 
deuterium from a molecule of CH,SD by the 3-methylthio-2-butyl radical 
(equation 23). The fact that with deuterium labelling a mixture of threo 

and erythro niethylthiobutanes is obtained indicatcs that abstraction of 
thiol hydrogen is slower than the rate of rotation about the 2,3 
carbon-carbon bond of the radical. 

There are many exchange reactions that can be detected only with the 
use of isotopic labelling. One such reaction is hydrogen exchange between 
a thiol and a protic solvent. For example, Denisov, Kazakova and 
Ryl'tsev3s5 studied mixtures of MeSH (or iso-BUSH) : MeOD and 
iso-BuSD : HOAc (or MeOH) to determine the relationship between the 
rate of hydrogen exchange and proton donor and acceptor properties. 
Sulphur-35 labelling was used by Dixon, Kornberg and Lurid"; i n  a study 
of the enzyme, malate synthetase, to deterniine whether the enzyme had a 
catalytic effect on exchange betwcen coenzyme A-% and acctyl 
coenzyme A (equation 24) 

COA-~'SH +acetyl-S-Co a~etyl-~ 'S-CoA+ Co A--S -H (24) 

In the photolysis of the S-H bond it is possible to introduce into the 
thiol more than enough energy for the cleavage of the S-H bond. The very 
subtle question of whether upon bond cleavage this excess energy is 
channelled into the vibrational modes of the radical or into the translational 
energy of the dissociated hydrogen atom has been answered by White and 

38 by a clever use of isotope labelling. Translationally excited 
hydrogen atoms displace deuterium from D, to forin H D  (equation 25) 
to an extent that is proportional to the energy of the hydrogen atom. 
By photolysing CH,SH in the presence of D, and measuring the amount 
of HD produced, they found that the excess energy resided chiefly in  the 
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translational mode of the hydrogen atom. Furthermore, hydrogen atonis 
formed a t  2282 A appeared to have on thc average significantly more 
encrgy than those produced at  2537 A. 

R S H L  RS+H* 

H*+D, > HD+D'  

IV. TRACING 35S-LABELLED TWIOLS 
IN BIOLOGICAL SYSTEMS 

In the previous section we have seen how isotopic labelling has been uscd 
to trace the fate of thiol sulphur and hydrogen atoms i n  the course of 
chemical reactions. I-Iowever, by far the greatest application of isotGpic 
labelling in tracer studies of thiols has been in biochemical, biological and 
clinical studies which have sought to map out the path followed by 
various thiols in  the body from the time of their administration to their 
cxcrction. While many of these studies have been performed by scientists 
other than chemists, the phenomena they probe are essentially physio- 
chemical i n  nature. For this reason we have taken the liberty to extend 
the scope of this review to the biological applications of isotopic labelling 
of thiols. We have done this in the hope that it will familiarize the chemist 
working in a!i interdisciplinary group with the nature of a biological 
system from the poifit of view of tracer studies, for which he may be 
asked to design a chemical probe. 

A. Macromolecu!ar Systems 

Before turning to body tracer studies, wc might consider the application 
of 35S-tracing to a few isolated biochemical systems. The only place 
thiopurincs and thiopyrimidines occur in nature are in  the tRNA's 
(transfer ribon ticleic acid). The question that was immediately posed after 
their discovery was whether whole thiopurines and thiopyrimides are 
incorporated in tRNA at the tinie of chain assembly or whether at some 
later time sulphur is exchanged for oxygen at particular sites in assembled 
tRNA chains that are deficient in sulphur. Sulphur-35 labelling has played 
an indispensable role i n  the discovery of the cysteine tRNA sulphur- 
transferasc enzymes, that were found to substitute the sulphur-35 of 
labelled cysteine for the oxygen i n  the 4-position of u r i d i ~ i e ~ ~ ,  in tRNA 
chains deficient in thiol sulphur. Sulphur-35 labclling also revealed that 
i n  some cases p-mercaptopyruvate could also serve as a donor of sulphur20. 

Siilphur-35 labelling of thc cysteine residues in a protein has often been 
used as a convenient way of tagging a particular protcin in the study of a 
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macromolecular phcnonlenon. For example, the rnacroniolecular 
nlachiIiery used i n  the bacterial cell for the synthesis of proteins initially 
consists of (1) a chain of mRNA (messenger ribonucleic acid), (2) around 
which is clamped a 30s and a 50s ribosomc particle, which together form 
an active 70s ribosome complex, (3) to which is bound a f-Met-tRNA,, 
(N-formyl-L-methionyl transfer ribonucleic acid) molecule, that will 
supply the first amino acid to be incorporated. It was believed that upon 
completion of the synthesis of the polypeptide chain, the 70s ribosome 
is released in a form that cannot !x iinnicdiately re-used and that it must 
first be dissociated back into 30s and 50s subunits. A protein kiicwn as 
initiation factor F, was later found to be essential for the formation of 
the initiation conip!cx, and lately its function has been revealed in a 
study that has employed 35S-labelled F3''I. 35S-F:, was shown to bind 
readily to 30s particles, but to ncithcr 50s particlcs nor the 70s complex. 
When the 35S-F, charged 30s subunit is induced to a 50s subunit by 
increasing the MgZr concentration of the media, 35S-F3 is released. This 
suggested that when an initiation complex is formed from 50s and F,-30s 
subunits, F, is released and is free to dissociate other used inactive 70s 
complexes into subunits that can subsequently reform active 70s complexes. 

35S-Labelling has also been used in 2. quantitative fashion to obtain data 
on the number of binding sites available to a labelled molecule in  a 
particular macromolccuIar complex. For example, the 30s particle was 
found to have one site available for a5S-F,41. Arabinosyl-6-mercapto 
purine-:% (ara-MP-35S), a non-toxic suppressor of tlic homograft 
response, was found to bind the surface red blood cells with a minimum 
of 6 . 7 ~  lo5 sites on B red blood cells and 1 . 2 ~  10" sites on tanned sheep 
blood cells". 

Turning to a very simple biological system, 35S-labelling has proved to 
be quite efficient in visualizing the behaviour of viruses. Virus particles 
usually consist of a strand of niicleic acid contained in  n sheath of coat 
protein. Upcn infection of a cell at 37"C, the nucleic acid enters the cell 
leaving its coat protein bound to the cell surfzce, whereas at 4°C the 
nucleic acid prefers to remain 011 the cell surface with its coat on. This 
phenomenon has been visualizcd wi th  Sendai virus, whosc coat proteins 
have been labzllcd with cystei~ic-~"S 'IR. Tzn minutes after infection of 
I~uman amnion cell cultwe, faint unifori1ily distributcd grains appear in  
the autoradiographs of the infected cell, rcaching a maximum after 
63 nlin. The uniform distribution of grains suggested that the labelled 
viral component was absorbed onto, but had not penetrated into, the 
cell. This was supportcd by the fact that identical grain counts were 
obtained at  37°C and 4°C. Mccliznical sliearing is often si:Ecient to 
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knock coat proteins off the cell surFacc. This technique together with 
3~~S-labelling can be used to distinguish bctween viral components injected 
into and absorbed onto MS-2 R N A  colipliages contain two species 
of proteins, a coat protein and a maturation protein. The latter is required 
for both phage absorption to the F-pili of thc host Eschcrichia coli cell 
and for the rcconstitution of thc infectious phage. "S-labellcd MS-2 
phage was used to determine whether the maturation protein enters the 
cell together with RNA. After infection at 37°C and shearing, 300 epni/lOQ 
cells remained associated with thc cell, wliercas at 4°C only 20 cpm/lOg 
cells were obtained. This iniplicd that durins infection the maturation 
protein had penetrated beyond the F-pili of thc E. coli cell. 

6. Whole Body Systems 
In the remaining part of this section, we will considcr the fascinating 

use of 33S-labelling to follow the path taken by various thiols i n  an 
organism. After ingestion or intravenous or intraperitoneal injection, thiols 
rapidly cross the  gastro-intestinal barrier and enter the vascular system 
of the organism, where they arc swept by the blood flow past the 
membranes, lipoidal structures that insulate the orgails and cells from 
tlie blood stream. At this point the thiol is evenly distributed i n  the 
vascular systeni of all the orgnns of the aninial and its fate from here on 
will be determined largely by its physiochcniical propertics. 

I f  the thiol is relatively soluble i n  lipids, it wil l  be able to pziietrate tlie 
lipoidal menibranes, and will freely pass in  and out of cellular structures. 
For example, thiopental, a rapidly acting anaesthetic, has a high solubility 
in lipids; and this allows it readily to penetrate the lipid membranes of the 
brain. A combination of 3"S-labelling and autoradiography has shown that 
the distribution of t h i ~ p e n t a I - ~ ~ S  in the brain itself is not uniform4". 
Once inside the brain the distribution of the thiol depends not so much on 
its lipid solubility, but on the pattern of blood flow i n  the cortex, 
geniculatcs, colliculi and white niatter of the cat brain. In fact, thiopental- 
35S autoradiography has been used as a means of studying the physio- 
logical territory of si:pply of cerebral blood ~ ~ s s e l s ~ ~ .  While thiopental is 
freely passing in and out of tlie brain, its ccncentration in other organs is 
rapidly equilibrating i n  accord with the lipid solubility of the thiol. 
Ocular tissiies, like the blood-brain barrier, behave as a lipid membrane 
and 3"S-tiiiopental, wi th  its high lipid solubility, expericnces no  delay in 
pcnetrc?tirig the uveal tissiieli. This is in  contrast t o  more ionizablc drugs, 
like phenobnrbitone, which slowly penetrate the uveal tissue, but once 
inside bind to pignicnted molecules. Thiopei~tal-~"S forms no such 
complexes and is rapidly swept out of the tissue by the blood flow. In 
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vital organs, such as the brain, lung and liver, 35S-activity reaches its 
maximum level within 15 s after iiijection and decreases to a plateau by 
2 min. The liver then commences thiopental uptake again, obtaining a 
peak after 5 min, while depot fat takes up thiol at a constant rate. By the 
time the animal awakes, most of the thiol is concentrated in the liver 
and depot fat. It is interesting to observe that the lipid solubility of 
thiopcntal that allowed it to  penetrate the brain so rapidly has led to  the 
tcrniination of its anaesthetic action". With time thiopental will gradually 
acc~iinulate in the kidneys and will be excreted49. 

A rough idea of the path that a thiol follows in the body can be obtaincd 
by measuring its rate of its excretion via urine, faeces and respiratory 
air. "S-Labelling has allowed the following kind of data to be obtained: 
70% of gI~itatliione-~~S subcutaneously iiijccted in  a mouse is excreted i n  
the urine within I8 h"O: the radioactivity of 35S-thiobarbiturates are 
excreted 70-90% in the faeces and up to 1% by respiration"'; S K F  525-A 
(2-diethylaniinoetliy12,2-diphenylvalerate) prolongs the tliiopcntal induced 
sleeping time in mice by delaying the urinary excretion of injected %- 
labelled thiopenta15?. 

Often i n  the course of a thiol's travels through the body, it will encountcr 
a compound with which it will form a complex. In contrast to thiopental, 
peni~ilIamine-~~S rapidly enters the plasma after oral administration where 
it is bound to the serum albumin53. In this bound state, penicillaniine is 
no longer able to pass through the semi-permeable membrane of the 
kidneys, which retards its excretion in  the urine. Penicillamine-3~"S 
subsequently becomes evenly distributed in  the body fluids, affording the 
drug an opportunity to scavenge copper efficiently from the body fluids. 
The resulting widespread and long-lasting action of the thiol niakes it the 
drug of choice in the trcatnicnt of Wilson's Disease. 

Inside a cell, a thiol night  form a stablc complex with a particular 
cellular constituent. Cysta~iiine-~*jS does not seem to forni any particularly 
niarked coniplcxes with the cell nuclei, mitochondria and niicrosomcs of 
liver and spleen5*, while cy~teani ine-~~S forms a very tight complex with 
the dinucleoprotein, which cannot be disrupted by repeated water shock 
and extraction". 

111 addition to  forming a complex with a particular cellular substance, 
the thio] 1i1ay encounter an enzyme that will alter its chemical com- 
position. A change in  the structure of the tliiol can profoundly alter its 
distributioii \ijthin the body. One of the most striking examples of this 
phenoIiieno1i is the acc~~mulation of 6-nietliq.l-tliiopurinc ri boriuclcotide-"ES 
(6-bIMPR) by erythrocytes. The ratio of radioactivity in the erythrocyte 
as compared to p]asnia is 40 : 1, whereas in the case of 6-mcrcapto- 
purine-"s the ratio is 1 : 100, representing 34000-fold dilfcrence between 
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the two compounds. The selective accumulation of 6-MMPR-35S in 
erythrocytes has been attributed to its intracellular phosphorylation to the 
more ionizable and hence less diffusible ribonucleotide5G. The fact that 
the behaviour of a thiol within an organism is largely determined by 
physical properties such as lipid as opposed to water solubility suggestcd 
that more eflicieiit drugs might be designed on the basis of their solubility 
properties. An interesting experiment along this line was the conversion of 
the water-soluble, carcinostatic drug 9-~-u-xylofuranosy1)-9H-purine 
6-thiol (xyl-G-MP) to its triacctyl derivative (xyl-6-MP-TAC). I t  was 
hoped that the derivative, which is relatively insoluble in water, would be 
retained in the body longer than xyl-6-MP. Surprisingly, xyl-6- 
MP-TAC-3sS was excreted i n  the form of ~yl-6-MP-~jS and ~ulphate-~jS 
cvcn more rapidly than ~yl-6-MP-~.jS itself". 

If the thiol does not bind tightly to a cellular constituent or encounter 
an enzyme into whose binding site it can fit, it will eventually be excreted 
in an unaltered form. In one of the earliest applications of 35S-Iabelling 
of thiols in  a biological tracer experiment, n~ercaptohistidine-~~S was 
administered to rats and boars to test whether a metabolic pathway exists 
for the conversion of niercaptohistidine to its betaine derivative, the 
naturally occurring ergothioneine. Ergothioneine did not take up radio- 
activity and 90% of the administered 2-niercaptohistidi~ie-~~~ was excreted 
in the urine by the twenty-first day59,5D. 

Tracer studies such as those just described have found a particularly 
important application in the design of drugs that retard the growth of 
turnours and increase the survival times of amicted animals, including 
man. One of the basic strategies that underlie the search for effective 
carcinostatic drugs is the design of a drug that has a high toxicity for 
tumour cells, while relatively non-toxic for the host animal. The fast 
turnover rate of tumour cells, and the demands that this places on the 
synthesis of purines and pyrimidines and thcir incorporation into DNA 
have proved to be the Achilles heel of the tumour cell. 

One group of compounds that have proved to be particularly effective 
i n  interfering with DNA synthesis of tuniour cells are the mercapto- 
purines and pyriniidincs and thcir alkyl derivativcs: 6-niercaptopurine 
(6-MP) blocks the dc iiot'o synthesis of purines60; 9-(F-rxirabinofuranosyl)- 
-9H-purine-6-thiol (ara-6-MP) inhibits the incorporation of 
L-aspartic acid and orotic acid into DNA cystosine","; 9-(p-D-xylo- 
furanosyl)-9H-purine-6-thiol (xyl-6-MP) inhibits the utilization 
of exogenously administered g m n i n P  ; the periodic acid oxidation product 
of 9-(~-u-ribosyl)-6-niethyl-thio purine (MMPR-OP) blocks the 
incorporation of thyniidine into DNA". Thc effcctive clinical use of thiols 
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such as these depends on two phenomena : whether tlie thiol will selectively 
accumulate in tuniour cells, while the remainder of tlic drug is rapidly 
flushed out of thc body and whether the thiol is selectively nietabolized 
by the tumour cell to a more toxic substance. 

The correlation of therapeutic action with the distribution of a drug 
had already been found i n  one of the earliest tracer studies of a labelled 
thiol. The powerful antithyroid drug, 4-methyl-2-thiouracil-""S, was 
distributed more or less evenly in the different organs of the cockerel, 
with only the thyroid gland, the pituitary gland and thc fast-growing base 
of thc featliershafts showing distinctly above normal concentrationsG4. 
35S-Labelling has continued io be an indispensable tool i n  studying both 
of thesc phenomena during the testing of thiol drugs. 

Both 6-111ercaptopurine and buthiopririne (S-(purinyl-6)mercapto- 
valeric acid) are carcinostatic drugs. However, buthiopurine is 8 tiiiies less 
active, but 30 times less toxic on chronic adniinistration than 6-mercapto- 
purinc. The origin of this effect was thought to lie in the relative tissue 
distributions of the drugs, which were studied using 35S-labellingG5. 
M~rcaptopur ine-~~S passed rapidly through the gastro-intestinal barrier 
and flooded many tissues, especially the liver, lungs, spleen and heart, as 
compared to the more gradual accuniulation of buthiopurine in these 
organs. This was thought to account for the higher toxicity of 6-mercapto- 
purine. In the tiiniour itself, 6-mercaptopurine achieved a high level of 
accumulation, whicli then fell off as a function of time; whereas, buthio- 
purine persisted at a lower level for a longer time. The lower level of 
buthiopurine in the tumour as compared to that of mcrcaptopurine is 
in correlation with the effectiveness of the two drugs. 

The oxidation of the ribosyl moiety of MMPR to MMPR-OP 
conipletely changes the mode of action of the drug as well as its stability. 
MMPR-OP-"S is no longer selcctivcly concentrated i n  tissues, but is 
rapidly excreted in the urine, most of it unchanged. The rapid passage of 
the drug through thc body spares thc hGst animal. However, a small 
portion of the d r ~ g  is bound to the ascite tumour nicmbrane and is 
responsible for tlie drug's therapeutic effect. Although thc drug is cleaved 
in part to iiiethyltliiopurine, intact MMPR-OP was assllri1ed to be the 
acti\re agenP,  Ara-6-MP-% rapidly appears in the blood, after intra- 
peritoneal injection, where it is e\'enly distributed between plasina and red 
blood cclls. At 3 min, the tumour cells already contained the largest 
percentage of the drug. By 30 min thc drug is found in  all tissues, except 
those beyond the blood-brain barrier. The concentration of the drug in  
the kidneys steadily increascs with time, as the drug is clcared from the 
blood. Tlic rapid clcarancc of the drug froni the vital organs is thought 
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to account for its low toxicity. After 6 h 76% of the iiijected dose had been 
excreted, of whicli 87% could be accounted for as unchanged drug. The 
tumour cells themselves did not cleave ara-6-M P-YS to 6-MP-35S, nor 
appreciably converted it to the nucleotide, nor incorporated it into nucleic 

6-Mercaptopurine-"S is converted in the tuniour cell to G-methyl- 
thiopurine ribonucleotide. The ribonucleotide was shown to be much 
more efficient than the nucleotide of the parent compound, 6-MP, in 
inhibiting the enzyme, phosphoribosyl pyrophosphate amidotransferase, 
and subsequently bringing to a halt de 7iOL'O purine synthesis in the tumour 
cell. The conversion of 6-MP follows the pathway (,-MI?-> MP nucleotide --> 

6-Me-MP nucleotide. Tumour cells lacking the enzyme Iiypoxanthine 
phosphoribosyl transferase, which is necdcd for the conversion to 
nucleotide. are spared the action of 6-MP. Compounds that would be 
active against 6-MP-resistant tuniours have becn activcly sought, and those 
found include: 6-MeMP, MMPR- OP, ara-6-MP, 9-Me-6-MP arid 
9-Et-6-MP. "S-Labelling studies showed that these thiols are rapidly 
excreted unaltercdGOrF1, G3,G6. 

Till now we liavc consideled the behaviour of thiols that are essentially 
foreign to  the metabolism of the animal. However, perhaps the most 
sophisticated tracer techniques yet applied to the study of labelled thiols 
have been devclopcd in the course of investigations of the utilization of a 
pulse-labelled cysteinc i n  the on-going process of the synthesis of body 
proteins. After administration, 35S-cysteine quickly enters the various 
amino acid pools of the body and is incorporated along with naturally 
occurring cysteine into thc polypcptides synthesized in various tissues. 

When amino acid sequencing techniques were first applied to proteins, 
thc sequcnce Cys-Glp-Gly was found to occur with greater than chance 
frequency. This suggestcd that perhaps this sequence originated from 
glutathione, rather than from free amino acids. To check this, oviduct 
mince was incubated with glutathione labclled with 3.iS i n  the cysteine 
residue and 14C in the carbosyl group of the glycyl residue. The ovalbumin 
produccd was hydrolysed and the specific activity of cysteic acid and 
glycine originating from the sequence Cys-Gly was compared to  the 
activity of those amino acids froni other positions in the polypeptide chain. 
The results indicatcd that glutathione plnycd no specific rolc i n  the 
biosynthesis of the Cys-Gly seqiienceG7. 

The rate of uptake of labclled cysteine into protcins has becn cxtensively 
used as an indicator of thc metabolic activity of tissues. 35S-~-cysteine 
administered to niicc was found to  be prcfcrentially incorporated into 
growing hair follicles and claws. I n  other forms of epithclia the rate of 

acids", 62. 
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iucorporation was found to  be related to the cell turnover rate end and i n  
glandular cells to the rate of protein synthesis". Bleeding caused an 
arrest or delay in the incorporation of cy,teine-s5S into organ proteins, 
followed by a period of enhanced incorporation". Zinc deficiency it; rats 
impairs the incorporation of ~-cystine-~jS i n  skin protein while enhancing 
the rate of incorporation of ~-cystine-~jS into pancreas protein. This 
suggested that zinc is essential to the synthesis of skin keratin and 

Many hormones arc rich i n  cysteine and the tissues in which they 
accumulate can be easily recognized by a marked uptake of "S-L-cysteine. 
For instance, mature virgin mice, mature mice of both sexes and castrated 
males display a :'"S-labelled j uxtaniedullary X-zone in the brein, whereas 
norniai adult iiiale mice do not7I. The neurosecretory system of the earth- 
worn1 markedly accumulates cystcine-% i2. The neurosecretory cells of 
rapidly developing female locusts and females in the second gonotropic 
cycle take up cysteinc-"S at a greater rate than either newly emerged or 
slowly devcloping femalesi3. 

The neurosccretory system that has been studied in greatest detail is 
the brain's hypothalanio-hypophysial tract, that is concerned with the 
synthesis of the octapeptidc hormones, oxytocin and vassopressin, and 
their secretion into the blood stream. B a r g n ~ a n n ~ ~  and Schrarrer'j have 
proposed that the neurophysial octapeptides are synthesized i n  the 
perikaryon of specialized nerve cells. They are subsequently bound to 
carrier proteins, the neurophysins, which are then organized into granules. 
These granules of neurosecretory niaterial are then transported down the 
axon of the neuron and stored i n  the terniinals of the iicrve fibres. The 
release of the hormones into the blood vessels is accompanied by the 
dissociation of the hormone from the carrier protein. Morpho- 
logically7*~ the system consists of two paired nuclei, the supraoptic 
and the paraventricular nuclei, which lie in the hypothalamus of the 
brain. The axons that cctcnd from these parikaryons run through the 
hypothalamo-hypopliysial tract and reach thc neurohypophysis, where 
they terminate next to the basenient membranc of the blood capillaries. 

The neurosecretory material is rich in cysteine and can be spotted with 
histochenlical reagents specific for S-H and S-S bonds. Mistocheniical 
staining has located neurosecretory material in the Golgi bodies of the 
parikaryon and stored in vesicles i n  the nerve terminalsi'. However, such 
staining techniques cannot detect the flow of hormones through the 
neurosecretory system, whiie the use of single pulses of 35S-cysteine offers 
the possibility of observing thc fascinating process of the flow of neuro- 
secretory material through the cells of the secretory system. 

co Ilagen'0. 
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In 1959 Sloper" first performed the now much repeated cxperi~iic~it of 
adininistering 39S-labclled cystcine and methionine to rats and observing 
the appearance of radioactivity in various parts of the neurosecretory 
system. Labelled cysteinc and methionine rapidly appeared in the supra- 
optic nuclei, and only later labelled cysteine, but not methione, appeared 
in the infundibular process of the neurophysis. This suggested that the 
supraoptic nuclei were actively engaged in protein synthesis, and one of 
thcsc polypeptides, particularly rich in cystcine, had migrated to the 
neurophysis. Ficq and Fla~nent-Durand'~ similarly observed that 
cystine-"S appeared i n  the supraoptic and paravcntricular nuclei within 
5 min after administration of labelled cystinc, and only 10 h later did 
labelled material appear in  the neurohypophysis. Talanti and co- 
workersi9SSo have monitored ;is function of time elapscd after the ad- 
ministration of labelled cysteine the radioactivity that appears in the 
supraoptic and paraventricular nuclei, as well as  in three sites along the 
Iiypothalamo-hypopli~sinl tract and in the neurohypophysis. When one 
lias such a set of data, stating as a function of time the amount of label 
present in an anatomical structure, a kinetic model of tlie system can be 
set up that consists of a nuniber of discrete pools of compounds whose 
flow from compartmcnt to compartment obeys simple mathematics. 
When Talanti and coworkersi!'.so analysed their data in terms of such a 
kinetic model, they could detect a coniponent that first appeared in the 
supraoptic and paraventricular nuclei and slowly flowed through the 
hypotlialaiiio-Iiypophysial tract to the ncurohypophysis. Superimposed on 
the slow component was a rapidly abating pulse of radioactivity that 
moved through the hypothalatilo-hypophysial tract a t  a constant specd of 
0.6 mm/h without experiencing ally delays. The fast component was 
thought to represent neurosecretory material, while the slow component 
represents structural proteins. 

The identity of the labelled material that was seen to flow through 
the neurosecretory systenz was established only when the systeni was 
taken apart chemically. Sac1is81, by directly infusing highly labelled 
cysteine-"S into the third ventricle of tlie brain of a dog, succeeded in 
isolating minute quantities of vasopressin-3jS. Vasopressin-Y3 associated 
with the neurosecretory particle always had the lowest specific activity, 
whercas vasopr~ssin-~jS found in  the cell nuclei and in large granules 
had the highest specific activity. Norstroin and SjostrandS2 later showed 
in a very elegant experiment that following the iiijection of cysteine-"S 
in the area of the supraoptic nuclei, radioactivity appeared in a group of 
proteins that migrated through the hypotlialanio-neurohypophysial tract, 
at a speed cjf 2-3 mni/li. Approximately 90% of the radioactivity of thcse 
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soluble proteins was rccoiwcd in a single protein component. Norstrom, 
Hanssori and Sjostrand63 later showed that when the inicrotubuli of the 
axons are depolynmized with colchinine, the amount of labelled material 
that reaches the liypothalamo-neurohypophysial tract and the neuro- 
hypophysis is considerably reduced. 

Quite early in the course of these tracer studies it was noted that marked 
changes in the uptake of cystcine-:% occur following periods of water 
deprivation. WellsR4 found that in rats thirst causes a marked increase in 
the uptake of radioactivity in the supraoptic nucleus and to a lesser extent 
in the paraventricular nucleus. Talaritis5 later observed that thirst 
accelerates the rate of disappearance of radioactivity from the supraoptic 
and paraventricular nuclei, as well as  the disappearance of radioactivity 
from the netirohypophysls. These rcsults indicated that thirst activates 
both the synthesis and release of neurosecretory hormones that regulate 
the function of the kidneys. 

V. APPLICATION OF 35S-TRACEW S T U D I E S  
TO AGRICULTURAL SCIENCE AND INDUSTRY 

Perhaps the largest system in which 35S-labelling has been used to follow 
the distribution of a thiol was a 20 acre forested area that was aerially 
sprayed with Malathion-"S during a study of the ecological transport of 
the insecticidesG. Samples were takcn in a number of ingenious ways. Air 
samples were taken on frosted glass discs suspended from Iieliuin balloons 
to measure the above canopy drift of the insecticide off the area. Samples 
of bark were taken to measure the settling out of the insecticide at different 
layers within the canopy. Soil samples wcre measured to  determine the 
subsurface distribution. Samples collected on spotting enamel paper 
placed throughout the forest monitored the horimntd distribution of the 
insecticide. Samples from streams, insects, mammals, reptiles and birds 
indicated the initial and subsequcnt transport c f  the insecticide and its 
metabolities in the ecosystem. 

The cream of cows which have consunied the weed. landcress, becomes 
tainted upon heat treatment with a-toluenethiol. In order to determine the 
efficiency of steam distillation for the removal of the taint, :35S-labelled 
a-toluenethiol was added to cream. The measurement of radioactivity 
prcved to be a coiiveiiieni analytical method to determine the amount of 
thiol that remained in the 

The SH : S S  ratio in gluten has been conveniently lncasurcd by assaying 
the relative 35S-activity of N EMI-cystcine and cystine in gluten prepared 
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froni dough that had been made from the flour of wheat that was grown 
on soil suppleinented with sulphate-""S 88. 

The friction produced by a chrome-steel balkbearing nioving against 
discs and steel and brass creates a layer of FeS on the disc when it is 
lubricated with a mixture of cetane- and dodecane-thiol. The rate of 
formation of FeS and its subsequent wear were quantitatively measured 
by taking autoradiographs of the tracks of Fe3% left by the ball-bearing 
on the steel discs when dodecane thioI-% was added to the lubricantE9. 

VI. ISOTOPE LABELLING AND COUNTING IN PRACTICE 

Having reviewed the phenomena that can be probed with isotopically 
labelled thiols, we now turn to the technical problenis associated with the 
execution of an experiment using isotope labelling. While many of thc 
isotopically labelled thiols discussed i n  this review are now commercially 
available, we will review the synthctic procedures that have been used in 
the past to incorporate deuterium, tritium and sulphiir-35 into thcse thiols, 
in the hope that it will allow the researcher with a less comnion thiol to 
choose the best synthetic route to its preparation. Having prepared a 
35S&helled thiol, various methods are available for the assay of its 
sulphur-35 activity. The method, best suited to a particular study, will 
depend on the accuracy desired, the level of sulphur-35 activity in the 
sample, and the nature of the medium in which the 35S-labe,Ved tliiol is 
dispersed. These and the various auxiliary techniques used to  prepare the 
sample for counting will be discussed. Finally, we will turn to various 
methodological and phenomenological considerations which have 
rendered past 3"S-labelling studies, especially in endocrinology, subject to 
cTiticism. 

A. Synthetic Methods 

Perhaps the simplest and most elegant method of labelling a thiol with 
33S would be to add a neutron to the nucleus of. natural zbundance :"S 
by the nuclear reaction 34S(n,y)3%. To date, this method has not been used, 
probably because there is no effective way to prevent the hcat generated 
by the nuclear reaction froni decomposing the molecule. 

If the sulphur in a thiol cannot be rendered radioactive itself, it might 
be exchanged for thermally activated radioactive 33S atonis. For instance, 
the sulphur atoms of mercaptobenzothiazole exchange with 35S recoil 
atoms gencrated i)z situ by the nuclear reactions, C l ( n , ~ ) ~ ? 3  (where 
C,H,C13 is used as the C1 source) or 34S(n,~)3~5S where eleniental sulphur 
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is the soiirce of natural abundance 34S I)". The yield of 35S--labelled niercapto- 
benzothiazole is -2-5% for 35S geiieratcd froni "Cl and -30% for 3.5S 
from 31S. It is not necessary to use 35S recoil atonis to accon~plish the 
exchange. It has long been known that during the hcating of a solution of 
2-mercaptobenzothiazole with sulpIi~r-~"S, the sulphur of the mcrcapto 
group is exchanged for radio-sulphur91. Since the thiol group of mercapto- 
benzothiazole is in tautorneric equilibrium with the thion form, exchange 
is thought to occur by the addition of elemental sulphur to the C=S bond 
of the thio tautomer (equation 26). Morivek and Kopecky$'2,93 have 

H 

found the exchange to be generally syntlietically useful for the labelling of 
thiols that can exist in a tautonieric form. Table 1 lists the thiols that have 
been labelled in this way. 

The exchange of labelled sulphur can be promoted by enzyme catalysts, 
instead of heating. Bird egg yolkg1 and the cysteine desiilphydrase95j. 9Glg7 

that it contains catalyse the exchange of sulphur-35 from Nag3% to 
L-cysteine, L-cystine and L-cysteic acid. In a typical experiment, 150 nil 
of a buffer solution containing 2 niillimoles of cysteine-I-ICl, 2 niillinioles 
of Na,35S and 500 mg of cysteine desulphydrase preparation is incubated 
a t  38°C for 15 h. A nuxture of 74.4% cys t i~ ie -~~S and 25.3% c y ~ t e i n e - ~ ~ s  
is obtained. ~ - C y s t i n e - ~ ~ S  is subsequently reduced electrolytically to 
cy~teine-~jS. The total yield of ~-cysteine-~% obtained by isotope exchange 
is 70%. 

Although isotope exchange by virtue of its sinlplicity and ability to 
form compounds of high specific activity is the method of choice for the 
labelling of tautomeric thiols, a synthetic method is often better suited to 
other thiols. For example, heating a-toluencthiol with s u l p h i ~ r - ~ ~ S  in 
benzene at  135-140°C for 6-12 11, yields cu-t~luenetliiol-~~S with a specific 
activity of only 2-9"/,. However, the synthesis of the compound from 
benzyl-magnesium chloride and s i i l p h ~ r - ~ ~ S  yields cu-toluenethiol-3"S 



TABLE 1. Isotopically labelled thiols 

Compound Source of the isotope Method of synthesis Rcfercnce 

Methanethiol-S-d, 
Methanethiol-C-d, 
MethanethioPS 

Ethanethiol-C,-d, 
Ethanet hioI-% 
Et hanedi t hiol-S-d, 
2-Mercaptoethanol 
/I-Mercaptoacetic acid 

(thioglycollic acid) 

@-Diniet hylaniinoet hane- t hioIW 
@-Diethylamin~ethanethiol-~~S 
rz-Butanethiol-S-d, 
n-B~tanethiol-~~S 

iso-Bi~tanethiol-~~S 
2,3-Dimercaptosiiccinic acidJ5S 
n-Hexanethiol-S-d, 
Cyclohexanethiol-S-d, 
Benzenethiol-S-d, 
Bcnzenethiol-S-t, 
p-Halogen-benzene thiol-S-d, 
Ben~enethiol-~jS 
a-Toluenethiol-S-t, 

D,O 
CDJ 
Thioi~rea-~~S 

LiAID4 
Hydrogen-~ulphide-~~S 

Hydrogen ~ulphide-~~S 
Hydrogen siiIphide-Y3 

DZO 

TI~iourea-~~S 
Dithioglycollic a~id-%~ 
Tltio~rea-~~S 
Thi~urea-~~S 
DCI, D,O 
Thiourea-Y3 
Sodium hydrogen sulphideJ5S 
SuIph~r-~~S 
(35SCH2COOH)z 
DZO 
D2O 
DZO 
HTO 
Met hanol-O-d, 
Sulphi~r-~~S 
HTO 

Isotope exchange 
+ SC(NM2)Z 
+ (crj3)2so.L 

+ c,T-I, 

+ CH,I 
+ CH,C=S-OEt 

Isotope exchange 
+ CICH,CH,OH 
f CH2CHzO 

+ CICH,COOH 
Hz reduction 

(CH,CH,),NCH,CH,CI 
Isotope exchangc 
+ CH,CHzCHzCHzBr 
+ CH3CHZCH3CH2Br 
+ (CH,),CHCH,MgBr 
H, reduction 
+ CH,(CH2),CH2SNa 
Isotope exchange 
+ C,H,SNa 
Isotope exchange 
+ XCGH,S-Si(CHJ3 
+ C,H,MgBr 
Isotope exchange 

+ (CHJ,NCHzCH2CI 

16 
5 

110, 115 
111 > 

2 s. 

18 F 112 TI. 
112 0" 

100 

* 
F, 

117 2 
124 c, 
118 7 
119 % 

28, 24 
108 
116 1" 
104 2' 127 OP 
13 
14 
13 
23 

134 
105 
34 



TABLE I (cont.) 

Com p o u nd Source of the isotope Method of synthesis Reference 

p-Toluenet hiol-””S 
2-Phe11ylethanethiol-~”S 
p-Met hoxyben~enethioI-~~S 
p-Phenyl benzenethi~I-~~S 
~-Naphtlialenetliiol-””S 
2-Mercaptobcnzot hiaz~le-~~S~,, 
2-Mercaptobenzot hiaz~le-~~S 

L-Cysteine 

a-Amino-F-niercaptobutyric acid 

Thiopental-Y3 
(5-E t hyI-5(- I -methyl bu ty1)- 
2-thiobarbituric acid) 

Thiopyrimidines 
2,4-Dithiouracil 
4-Thiouracil 
6-Methyl-2-thiouracil 

S~lphur-~~S 

Sodium hydrogen s~Iphide-~~S 

SuIphurJsS 
Carbon disulpIiide-”jS 
Carbon di~ulphide-~jS 

Sulphi~r-~jS 
Sodium hydrogen sulpI~ide-~~S 

Sulph~r-~’S 

Sulj~h~r-~~S 

Sulphur-~”S 

Sulphur-% 
CGH,CGSCH,CH- 

(NHCOCoHs)CO~CH,-3”S 
Siilphur-35S or 
Sodium ~ulphide-~~S 

4-Carboxy-5-nie thyl-2- 
phcnyl t hiozoli nd5S 

Sulph 11r-~jS 

so: --Yj 

t CG HSCH2 MgCl 
Isotope exchange 

+ CH3CoH,,SMgBr 
+ CGHjCH,CH,MgBr 

+ CpHSCHzBr 

~JJ-CH~OC~H~N~CI 
t p-CsHsCoH4NzCI 

+ CGHSNCS 
4 a-C,,,H,MgBr 

2-Chloroniercapto- 
benzothiazole 

Isotope exchange 
Hydrolysis 

Enzymatic isotope exchange 

Biosynthesis 
Acid hydrolysis 

Isotope exchange 

Isotope cxchange 
Isotope exchange 
Isotope exchange 
Isotope exchange 

106 
98 

108 
108 
109 
108 
108 
110 
I62 
122 

91 

94, 95 
96, 97 

127 
126 

163, 164 
165 

166 
93 
93 

167, IGS, 93 
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TABLE 1 (cmt.) 0 

Compound Source of the isotope Method of synthesis Reference 

2-Thiouracil 

4-Aniino-2- t hiouracil 
6-Phenyl-2-t hiouracil 
2-Thio-6-azouracil 
6-Aniino-2-thiouracil 
2-Thiobarbituric acid 
6-Mcrcaptopurine 

2- Methyl-6-mercaptopurine 
6-Thioguanine 
6-Thioguanosine 
6-Mercaptopurine riboside 
2-Hydroxyl-6-nicrcaptopurine 
6-Hydroxy-2-mercaptopurine 
8-Mercaptoguanosine 
2-Thioxant hine 
Coenzyine- 
Glutat Iiior~e-~~S 
y-Gl~bulin-~~S 
Insi~lin-~jS 
Dysentery ba~teria-~~s 

Si~lphur-~~S 
S~lphur-~~S 
SuIpli~r-~~S 
Sulph tir-Y3 
S ti I p h u r-Y3 
Sulph t~r-~"S 
Barium ~uIpliate-~~S 
SuIph~r-~~S 
S~iIphur-~~S 
Sul phur-~~S 
Sul pli~r-~"S 
Sulp bur-% 
Sulplii~r-~~S 
S~lphur-~~S 
S~lphur-~~S 
s"o:- 
35so:- 
Cystei ~C-~~S 
Cy~teiiie-~"S 
Cysteine-Y3 

Isotope exchange 

Isotope exchange 
Isotope exchange 
Isotope exchange 
Isotope exchange 
Isotope exchange 
Isotope exchange 
6-Chloropurine 
Isotope exchange 
Isotope exchange 
Isotope exchange 
Isotope exchange 
Isotope exchange 
Isotope exchange 
Isotope exchange 
Isotope exchange 
Biosynt hesis 
Biosynt hesis 
Biosyntliesis 
Biosynthesis 
Biosynthesis 

166, 168, 
93 
93 
93 > 93 5. 
93 
93 

123 
168, 93 z. 

93 2 
93 2 

168 g, 
93 

93 
93 
93 

I68 2' 
131 $* 
130 O0 

132 
129 
133 
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with a specific acti\lity of 27% '*. There are a number of syntlietic routes 
available for the synthesis of labelled thiols, ranging in specificity from 
high temperature and hot atom reactions to the biosynthesis of complex 
thiols, such as coenzyme A. 

Thermolysis and recoil atom reactions yield quite complex mixtures of 
thiols. For example, when an equiniolar mixture of C,H,-N,-H,%S 
was passed through an  empty quartz tube C,H,, 0-00001%; C4H,,, 
0.00 1 %; cyclobutane, 0.001%; ethanethiol, 0.1 %; butanethiol, 0.2%; 
isobutanethiol, 0.2:/,; and many other unidentified products was obtained". 
When a 1 : 1.3 mixture of lJC,H, and H Z 3 3  was heated for 10 h a t  310°C 
a t  20 atmospheres, 1JCH,'"CH,3"SH and (1TH314CH2)235S were obtained 
in mole fractions of 3.3 x and 3-9 x respectively100. 3"-Recoil 
atoms produced in a mixture of methane-HC1 by the atomic reaction 
35Cl(n,p)35S, yield a mixture containing Hi% and CH,"SH as the major 
constituents'Ol. The relative amounts of the products can be controlled 
by adjusting the concci?tration of Ar and NO, which serve as moderator 
and radical scavenger. Hot 3.sS atoms formed by the neutron bombardment 
of CCI, react with a cyclopentane : cyclohexane mixture to give a mixture 
of 3*5S-labelled thiophene, tetrahydrothiopyran, cyclopentanethiol, cyclo- 
hexanethiol, ethanethiol, proparethiol, butanethiol, dicyclopentyl sulphide 
and polymeric niercaptans and sulphides102. Neutron bombardment of a 
I : 1 mixture of CCI, and cyclohexane yields a reaction containing 
C,HllSH and C,Hl,S at levels of 3.5 and 8y4 of the total radioactivity, 
respectively; however, the majority of the activity is found in  non-volatile 

In practice, the more conventional synthetic methods used 
for the preparation of thiols in gcneral arc bcttcr suited to  the preparation 
of labelled tliiol, especially when the 3"S-labelled precursor is commercially 
available. 

Thioma~;ncsium halides fornied by tlic reaction of sulphur with a 
Grignard reagent can be decomposed to the corresponding thiols 
(equation 27). While the reaction has not becn extensivcly used for the 
prcparatiori of non-labellcd arenethiols, it is particularly well suited to the 

11 s > RJ5SH+MgX, (27) 

synthesis of 3jS-labelled tliiols. since the 3"S-labclled reactant, S : i l p h ~ r - ~ ~ S ,  
is readily available. Aniong the 3?S-labelled thiols that h a w  been prepared 
by this n-ptliod are iso-butancthiol'O', beii.zenethio1105, a-tOlUCIle- 
th i 01 ~ 3 ~ 1 ~  107, p-to 1 ue neth io IlOS, 2-p he :I y Ic t ha net h i o 1'O' and CL- n a ph t halcne- 
tliiolllo. Yields vary from 44 to 90%. 

111 recent years the metllod of choice for the preparation of thiols in the 
laboratory has bocOl11e t11p addition of an alkyl-halide to thiourea to form 

355 
RX+Mg - RMgX A RJSSMgY, ___ 
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an S-alkylisothiouronil~~li halide which is subsequently decomposed with 
alkali to the alkanethiol (equation 28). The reaction is easy to control and 

(28) RI+SC(NH,),--- > RSC(:NH)NH,HI ___j R S H + H , N C N  

the isothiouronium salts are stable and can be stored. The deconiposition 
of S-methylisothiouronium sulphate, prepared from thiourea and dimethyl- 
sulphate, has been used as a convenient source of methaneth i~ l -~~S in the 
course of a 1:uniber of syntheses. The quaternization of thiourea with 
niethyl iodidclll has been reported to give higher yields than with 
dimethyl-sulphate. The 3*5S-labelled precursor, is prepared 
from HZS by reaction with H,O, NH,CN, NH.,0H112 or from Ba3% by 
treatment with H,O, NH,HCO, and a trace of powdered s i ~ l p h u r ~ ~ ~ * ~ ~ ~ .  
A number of 35S-labelled thiols have been prepared in this way, including 
methane t I i i ~ l - ~ ~ S  1113114,115, n-butanet!iiol-% l I G ,  p-niercaptoacetic acid- 
35s 117, dirnethylarnin~ethanethiol-~~S II8, diethylamin~ethanethiol-~~S 119 

and 2-thiouracil-""S lea. Yields up to 90.5'x have been reported. 
In 1840 Regnault passed ethyl chloride into potassium hydrogen 

sulphide in a retort and obtained ethanethiol*2L (equation 29). This 
classical synthetic method has been used to preparc labelled thiols from 
Na%H and orpjanic halides. Thc thiols prepared by this method include 

R C I + N a S H  > R S H + N a C I  (29) 

rt-bi~tane-thiol-~"S~~~, c ~ - t o l u e n c t h i o l - ~ ~ S ~ ~ ~  and 2-mercaptobcnzothiazole- 
36S In variations on the method, 2-mercaptoethanoI-""S has been 
prepared from H,3jS and 2-chlor0ethanol~~~ and 6-mercaptopurine was 
obtained by heating 6-chloropurine with Ba3sS04123. 

A standard method for making aromatic thiols froni relatively unreactive 
aromatic halides is to convcrt them to the aromatic diazoniuni salt, 

(30) I R N , C I + K S C S O E t  ___ > R S C S O E t + N , + K C I  

R S C S O E t +  H,O > R S H + C O S + E t O H  

which readily rcacts with a xanthate, such as EtOCS,K (eqiiation 30). 
3sS-Labclled EtOCS,K has been prepared by treating Na,S and ~ u l p h u r - ~ ~ S  
with CS, to form uniformly labelled NaCS,, which is then decomposcd with 
HC1 and the resulting CS,-35S passed through a EtOH/EtOK solution. 
Both 3sS-labcllcd p-niethoxy- and p-phenyl-benzenethiol have been 
prepared from EtOCS,K-35S and the corresponding diazoniiim chloride10s. 



18. Synthesis and uses of isotopically labelled thiols 573 
When 35S-labelled disulphides are available, the corresponding 35S-thiol 

can be readily prepared by electrolytic or H, reduction (equation 31). 
,B-Mercaptoacetic acid1'" and cysteine have been obtained in this way'". 

(31 1 RSSR+H, -- 2 RSH 

Although the addition of H,S to unsaturated bonds proce& in 
quantitative yields, e.g. the addition of hydrogen sulphide to ethylene 
gives ethyl rnercaptan with no by-products, the reaction has been used only 
once to prepare ethanethiol-Y3 from H,S-35S and ethylene (equation 
32)loo. The addition of H,S-35S across strained heteroatomic bonds in 

/x\ 
H,S+ CH,CH, ------+ HSCH,CH,XH 

small ring compounds has been used to prepare 2-mercaptoetl~anol~~~ 
from ethylene oxide and 2-mercaptoethylamine from cthyleneiminell2. 

In addition to these standard methods, a number of specialized 
reactions of limited scope have been used to prcparc some biologically 
important 35S-labclled thiols. For instance, 2-tliio~iracil-~~S has been 
prepared by the condensation of t l~ iourea-~~S with NaOCH=CHCO,Et 120. 

a-Aniino-/fI-mercaptobutyric acid-% was prepared by the acid hydrolysis 
of 4-carboxy-5-methyl-2-phenylthiazoline-3~~S12G. 2,3-Diinercaptosuccinic 
a ~ i d - ~ ~ S ,  was obtained by the hydrolysis of 2,3-bis(acetylthio)succinic 

I!-?'. D,L-Cysteine-% was obtained by the acid hydrolysis of 
PhCOS -CH,CH( HNCOC,H,)CO,Me lz8. 

However, as the biologically interesting thiols become more complex, 
biosynthetic routes would appear to be the method of choice for their 
synthesis, in spite of the inherent loss of 35S isotope i n  the biological 
systeni and need for chromatographic separation of the isotopically 
labelled molecule from a complex biological mixture. L-Cysteine-"jS lZD, 

gl~tathione-~"S and c~enzyme-A-~"S 131 have been obtained from 
labelled sulphate by bicsynthetic routes, while comples polypeptides, 
such as yglobulin132 and insulin129 have been obtained from organisms 
grown on cy~teine-~"S. Even highly labelled whole organisms such as 
dyscn tery bact~ria13~ have been grown on cy~teine-~'S. 

Deuterium and tritium labelling of the SH group can be carried out 
most convcniently by isotope exchange with D,O or T,O by sinlply 
dissolving the thiol in the labelled solvent, followed by evaporation. The 
thiols labelled by isotope exchange are, CH,SD *5,1G, DSCH,CH,SD 
CH,(CH,),SD 2 . ~ 2 8 ,  C,H,,SD 14, C,H,ST 23, C6H5CH,ST3'1. Thiols have 
also been deuteratcd by the D,O solvolysis of Na nmcilptides, such as 
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CH,(CH,),SNaI3 and C,II,SNa13 and by the reaction of MeOD with 
XC,H,S-SiMe, (X = halide)13”. 

As i n  any synthesis employing radioisotopes, special care must be 
taken not to contaminate the laboratory. Special glassware which mininiize 
the escape of the isotope are iisually designed to meet the needs of a 
specific synthetic route. The preparation of thiols from radioactive 
su!phur and a Grignard reagent is a good illustrative example of the 
design of such vesscls for an organic reaction and the subsequent extraction 
of the labelled compound with organic 

An apparatus for the reaction of 35S with a Giignard reagent is shown in  
Figure 3. The Grignard reagent is pipetted in tube A, ether is added and 

F r G u R E  3. Reaction vessel used for Grignard reaction. 

the apparatus is flushed with nitrogen. Sulphur-35 dissolved in xylene is 
added to the mixture from B and the reaction mixture is stirred under 
nitrogen at 0°C. The liquid air trap C protects the mixture from moisture, 
while tube D acts as a liquid trap in a case of a pressure backflow due to a 
pressure build-up in a series of aqueous sodium hydroxide traps connected 
at E. Upon conlpletion of reaction the Grignard reagent is decomposed by 
addition of HCI. 
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The labelled tliiol is cxtracted from the reaction mixture by rapidly 
trnnsfcrring the reaction flask A to the apparatus shown in Figure 4. 
?'he extraction is carried out under a nitrogen atmosphere. By properly 
adjusting the traps, the reaction mixture is transferred from A to the 
separatory funnel G, to which cthcr is added through I-]. The two phases 
are agitated by the inagnetic stirrer I, and the aqueous layer is returned 
to A and the ether layer to F. The aqueous layer is extractcd with more 

F 

1 

Nitrogen 

FIGURE 4. Vessel for the extraction of 35S-labclled thiols. 
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portions of etlicr added through H.  The thiol can be precipitated from the 
ether layer as the Na salt by simply extracting tlie aqueous layer with the 
10% aqueous sodium hydroxide. 

B. counting Methods 

The low energy P-rays emitted by 35S can be counted i n  a nuniber of 
difi-ercnt ws,ys, including gas flow counting, liquid scintillation counting 
and autoradiography on r;liotograpliic eniulsions. The particular method 
chosen depends on the nnturc of the sample. 

Perhaps the simplest counting procedure is to place tlie samc on a 
plmchet and assay its radioactivity undcr either a windowless gas flow 
counter or a mica elid wifidow counter. This method of counting has 
most often applied to BaS0,-35S 59iG4 or benzidinc si~lphate-~jS Gj, 

which is layered on the planchct. In  addition, films of TCA 
precipitated proteins, whole bloodI2, and red blood cell labelled 
with 33S have been counted i i l  this way. Oftcn the counting of a layer of 
material is coniplicated by the self-absorption of the radiation from the 
bottom of the sample. The self-absorption of radiation is generally 
standardized by preparing layers that are 'infinitely thick', e.g. 15-16 nig 
sulphate per cni2. This ensures that radiation from the bottom of the 
sample is completely adsorbed. When 35S to be counted is in the gas 
phase, as i n  SO, or H,S, i t  can be introduced together with methane 
directly into a Geiger-Miillcr tube and counted a t  eficiencies of 95- 
960/;',13.?. Sulphur d i~s ide -~"S  can be introduced up to 7.5 torr, whereas 
hydrogen sulphidc-""S can be counted at  much higher partial pressures. 
A novel application of this type of counting was thc measurement of 
@-activity of alkancthiols, ;is they emerge from a gas-liquid chromatograph, 
in which methane was used as tlie carrier gas'3G. 

A convenient and fast method of locating 3sS-labclled spots on thin- 
layer plates or on paper chromatograms is to pass tlie chromatogram undcr 
a windowless gas flow counter39- '32. Radiochronlatograln scanners of this 
type are commercially available and their design have been dcscribcd':".'36. 
However, for nccarate determillation of radioactivity the spot inust be 
countcd in a liquid scintillation counter. 

Liquid scintillation counting has been used to assay thc radioactivity 
o f  nunierous ""S-labelled compounds aftcr they have been separated on 
TLC plates. However, tlie 35S-l:ibt.lled compound must first be located 
by radiochroniatogram scanning, scraped off the plate and eluted ofT thc 
absorbcnt into the counting solution. Alternatively, the absorbent 
together with the :3"S-labcllcd compound can bc suspended i n  thc coiinting 
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solution by Cab-0-Sil. Papcr chromatograins, on the othcr hand, arc 
usually cut into I cm strips which arc eluted and cotlnted in a toluene 
scintillator. Polyacrylaniidc gcls have been cmbedded i n  2% agar gcl, 
mounted on a rubber plate and cut into 1 nini thick slices in a mechanical 
choPPCr. The strips are then placed in a liquid scintillator phial, extracted 
in I nil of toluene and subscquently countedE2. Alternatively, gels wcre 
thickcned with 10% glycerol and sliccd in n dry-ice acetone-hexane 
bath'". The radioactivity of "S-labclled conipounds, emerging froni a 
liquid chromatograph, has bcen niessurcd as they flow through a plastic 
scintillator spiral1'". A nuniber of liquid scintillator fluors particularly 
suitcd for the low energy /%rays of 3% have bee11 devcloped1"1>141". 143. 

Autoradiography has been cstensivcly used to locate radioactive areas 
011 chroniatogranis. Usually thc chromatograni is pressed against a 
no-scrccn X-ray film and allowcd to d c ~ e l o p ' ~ ~ .  The devclopnient time 
can extend over a pcriod of wecks or months, which allows radioactive 
arcas of very low activity to be dctectedIG. 

Autoradiography is particultiily well suited for dcterniining the 
distribution of radioactivity in tissue. I n  principle, the distribution of 
radioactivity i n  a tissue could be assesscd by gas flow counting, if the 
tissue was disscctcd, its parts wcighed and uniformly spread as a dry film 
on a dcgasscd planchct. Howcver, very often it is diflisult to identify 
cxactly the part of thc tissue that has been dissected. Furtliermorc, the 
fluids which stirrotind thc tissue in the body niay often bc vcry highly 
labelled and will contaminate the dissected specimcn. The use of auto- 
radiography readily overconics these difi~ulties'~. 

The methods of prcparing the autoradiographs niost commonly used 
in 35S tracer studies are those of Doliiach and P ~ I c ~ ~ *  and Ullbergl'". The 
choice of exposure time and counting methods has been discussed by 
Pelcl'*G. Thc activity recorded on  the photographic film can be deterniincd 
eithcr by directly counting silver grainsi3 or by niounting thc ~ U O -  

radiograph on a IiiicroscoPe slide and measuring the rclativc amount of 
light traiisniitted using a photocell at the ocular of n microscopes". The 
former is more accurate and the data arc obtained in a form that can be 
treated by statistical niethods, i.e. silvcr granules/p2 (k S.E.M.). The 
absolute sensitivity of electron niicroscope autoradiography, i.e. ratio of 
developcd grains to radioactive decays i n  the specimen, were determined 
for 35S with Ilford L4 and Kodak NTE emulsions and found to be 1/21 for 
35s in a n1ononiolect1lar Iayer1"7. The resolution that call bc obtained 
depends 011 the pl1otograpliic emulsion. The obscrvcd radioactivity 
depends on several physical factors. including the thickness of thc sample, 
the nature of !issue, tlic exposure timc a11d the 111odalities of the 
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developing  procedure^'^. Autoradiography has been used to follow 
the whole body distribution of 35S in plants and as wcll as the 
niovenient of ar,S down the axon of a nerve 

C. Sample Preparation 
1. Wet ashing 

The wet ashing technique was originally designed to convert sulphur 
contained in organic material into a form, such as BaSO,, which could be 
layered on a planchet for gas flow counting. This was achieved by 
decomposing ihc sample with a mixture of HNO, and MCIO, ].I8, or a 
mixture of HCI and HNO, together with a copper salt c a t a I y ~ t ~ * * ~ ~ * ~ ~ ,  
followed by the precipitation of SO:- by barium. The method also lends 
itself to liquid scintillation counting when the BaSO, is suspended in a 
liquid scintillator solution that has been gelled by Cab-O-Si11"8. 
Alternatively, the sample can be reduced to H,S, which is subscqucntly 
absorbed in a solution of NaOH, and assayed i n  a liquid scintillation 
co 11 nter149. 

2. Oxygen flask combustion 
The oxygen flask method converts organic sulphiir to a forni suitable 

for liquid scintillation counting. In principle, the sample is conibusted i n  
an oxygen atmosphere. Sulphur is convcrted to SO,, which is trapped i n  a 
liquid scintillator solution. In practice, a good deal of development has 
gone into increasing the speed, eficicncy and safety of the technique. The 
sample can be hcld i n  a number of ways, such as in a Pt basket1"0~1*51 or a 
paper cup hcld by a Pt-lr wire*-52, or impregnated on a cotton pellet, 
placed in a paper cup that is held in a glass ring or watch-glass-type 
combustion piatforni1*j3. The reaction vessel, which can be either a 2 1 
glass (accommodating 20-200 mg of matter), a liquid scintillation 
phial (holding 10-15 ~ i i g ) ~ ~ ~ ,  or a plastic bag1j3, is flushed with oxygen. 
The sample is ignited most often by focusing a light bemi on a dark spot 
which has been made oil the paper samp!e holder or by heating 
electrically the Pt sample holder. The sample is conibustcd and SO, is 
collected in a trapping agent such as p!iznyletIiylaiiii~ie~~~~, l s i *  or ethanol- 
aniine153, 136 i n  nine parts of methanol. The trapping solution is sub- 
sequently niixed with the liquid scintillator and counted. Usually the 
trapping agent, which is a tlammablc organic mixture, is added to 
the reaction vcsscl prior to ignition, and therefore poses a hazard when the 
saniple is ignited. To avoid explosions, the reaction vessel is either cooled 
in dry-ice acetone to  lower the volatility of the trapping solution or 
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:tlternativcly the vesscl is fitted wi th  a balloon attached to thc sidc-arll11jl. 
A non-flaniniablc trappit::. solution consisting of a 1 : 1 : 2 lilixturc of 
toluene, triton X- 100 and watcr has also been usedIAL. The efficiency of 
counting which takes into account the recovery of radioactivity and the 
qtlcnching of the scintillant by the trapping agent is usually 90-950/;',. 
111 human sniiiplcs, i n  which a large amount of material with a very loiv 
activity is conibustcd, a compromise must bc struck between the counting 
rate and the quenching level. The large anioitnts of trapping agent that 
are requircd, quench the couiititig mixture, while dilution of the trapping 
ag?--nt reduces the counting rate to thc background level of the counterlGO. 

3. Specialized techniques 
In addition to tlic wet ashing and oxygcn flask methods, n nuniber of 

rathcr specialized techniques have been used to convcrt a sample to a 
forin which can be siificicntly counted. Metliauetliiol-:l~S has been added 
to Hg(CN), and precipitated as (MeS),Hg and counted under a gas flow 

"S-Labelled scintillation coimting was carricd out by ail 
in-phial degradation by 1icatil:g i n  a xylcnc solution co!itaining f-butyl 
hydrogcn peroxide and OsO, Labelled M,S reicased into the 
atmospherc by iiiicro-organisins has been trapped on paper strips 
impregnated with basic lead acetate, which are subscquei?tly trcated with 
glyosal, EI,PO, and zinc powder and counted in  a T'racerlab counter'"!'. 

B. Mcthodologiczl Considerations 
A number of important methodologicl-?l considerations cnter into the 

design of body tracer studies. The number of labellcd thiol nioieculcs that 
will be incorporated into a particular niacromolccule or tissue depends 
on (1) the dilution of the isotope in  the added niolecitle, (2) the pre-cxisting 
concentration of the compound in diflercnt organs and cells, (3) the 
presence of diirerent precilrsors of the conipound, (4) the turnover rate 
of the compound and its precursors, and finally (5 )  the rate of synthesis of 
the complex polypeptide into which it will be incorporated. Furthermore, 
i n  endocrine rescarch, polypeptide hormones may be quickly metabolized 
and lead to an unspecified labelling sometimes difiicult to detect. Horniones 
are usually physiologically active at very low concentrations, which 
requires that thcy be very highly labelled if t.hey are to be obscrved at 
all7'. As tlic inetabolic pathways of cells are often ramified, i n  addition to 
the hormone, labelled sulphur may also be incorporated into structural 
proteins, lipid sulphatides, sulphonatcd mucopolysaccharides and water- 
soluble substances, such as cystine, methionine, glutathione, tz!!rine and 
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inorganic sulphatcs. Labelled niethionine can be uscd to detcrmine the 
rate of' nccuniulation of labellcd sulphur in structural proteins, and 
labelled siilphatc can be uscd to check the localization of sulphur in other 
compounds". If the specific activity of the labellcd plypeptide is to be 
determined then a technique such as autoradiography must be used in  
con j unction wit 11 q u an t i tat i ve cy t ochemi cal met hods . 

The interpretation of autoradiographs can be ambiguous, especially 
if the anatomy of the tissue furnishes few points of re'i'ercnce and the 2.rea 
to be counted is far from the cell nucleus. Often the shape of the cell iizay 
impede the exact detern~ination of its centres0. 

Kinetic measuremcnts of the rate of transport of a labelled compound 
in a tissue depend on the specification of the time and the site of entry 
of the labelled compound into the system. Ideally, one would like to 
inject the labelled compound directly into the system under study. How- 
ever, the local application of the labelled substances introduces a serious 
risk of disturbing both the timing of precursor adsorption into the system 
and the rate of incorporation. Tlierc may be no way of knowing whether 
the true physiological circumstances are prescrvcd. Furthermore, the 
local application of the labelled compound does not enhance the specificity 
of its incorporation i n  thc polypeptide, as opposed to other uptake 
mechanismsig. Since the mcasurenient of isotope accumulation requires 
that the animn! be sacrificcd, it is not possible to take consecutive samples 
from the same animal as a function of time. The kinetic ~neasurements 
must therefore represent a picture of the mean bchmiour of the isotope 
in a population of 

VII. REFERENCES 

1. K. Biemann, Mnss  Specli'onietry, McGraw-Hill, New York, 1962. 
2. D. Amos, R.  G. Gillis, J. L. Occolowitzand J. F. Pisani, 01-g. Mass., 2, 209 

3. S . - 0 .  Lawcsson, J. a. Madsen and G. Schroll, Acln Clicwi., Scatid., 20, 

4. G .  Herzberg, A4olecrilrrr Spccrrn arid &folcctrlar Stvrrcturc, Vol. I ,  Van 

5. N. Solimenc and R. P. Dailey, J .  Clicni. Pliys., 23, 124 (1955). 
6. Ch. 0. Kadzar, A. A. Abbasov and L. M. Imnnev, Opt.  S j I C k t r O S l i . ,  24, 

7. M. Hayaishi, H. Imaishi, K. Ohno and 14. Murata, Blrll. C/tettz. SOC. Jopati, 

8. T. Kojima, J.  Pli-vs. Soc. Jtipati, 15, 1284 (1960). 
9. J. V. Knopp, D. D. Daniel and C .  R. Quade, J.  Cl~ctz?. P/iys., 53, 4352 

(1  969). 

2325 (1966). 

Nostrand, New York, 1950. 

629 (1968). 

43, 872 (1971). 

(1 970). 



18. Synthesis and uses of isotopically labelled thiols 88 1 
10. I<. L. Reddington, J .  Mol. Spccrsoscopy, 9, 469 (1962). 
1 I .  G. I<. Bird and C. 13. Towncs, Pliys. RcL‘., 94, 1203 (1954). 
12. G.  Herzbcrg, ~\.rlolecirlar Spcctsn and hlolecrrlas Siritcruse, Vol. 11, Van 

13. D. Plant, D. S. Tarbell and C .  Whiteman, J .  Anict-. Clicni. Soc., 77, 1572 

14. Y .  Takeoka, J. Mol. Spec., 15, 29 (1965). 
15. E. B. Wilson, J. C .  Dccius and P. Cross, hfolmrlnr Vi~sa~ioiis,  McGrnw- 

16. I. W. May and E. L. Pace, Spectr*ocIiimirr Acra, 24A, 1605 (1968). 
17. I. W. May and E. L. Pace, Speclsocliimia Acra, 25-4, 1903 (1969). 
18. M. Hayaishi, Y .  Shiro, T. Oshima mid 13. Murata, Bull. CIICIX. SOC. Jupoii, 

19. A. A. Frost and R. G. Pearson, Kiti~tics utid M~~cl iut i is~~i ,  Wilzy, London, 

20. L. Melandcr, Isotopc ,5fficts oil Rcurtioii Rcilc~s, Ronald Press, Ncw York, 

21. J. Rigeleisen and M. G. Mayer, J.  Clirm. Plys., IS, 261 (1917). 
22. P. C. Ellgen and C .  D. Gregory, Iiiorg. Clic~tri., 10, 980 (1971). 
23. E. S. Lcwis and M. M. Butler, J.  Org. Clzmi., 36, 2582 (1971). 
24. B. Dmuchovsky, B. Vincyard and F. Zienty, J .  Anici.. Clierii. Soc., 86, 2874 

25.  R. A. W. Haul and D. Blennemann, Z .  physik. C/ieiii., 23, 300 (1960). 
26. K .  I .  Sakodynskii, S. I. Babkov and hT. M. Zhavoronkov, D O ~ / L V / J ~  Akod. 

27. CV. V. Smith, J .  Attier. Clietii. Soc., 68, 10; 2059 (1936). 
28. L. A. Wall and D. W. Brown, J .  Polynier Sci., 14, 5 i  3 ( I  954). 
29. G. Grcig and J. C .  J. Thyme, Trans. Faixrlciy SOC., 62, 379 (1966). 
30. P. Ricsz and B. E. Burr, Rod. Rcs., 16, 661 (1962). 
31. D. H. Volman, J. Wolstcnholrne and S. G. Iiadlcy, J .  Phys. Clieni., 71, 1798 

32. B. G. Keges arid A. G .  Harrison, J .  Aniw. Climi. Soc., 90, 5671 (1968). 
33. D. G. Earnshaw, G. L. Cook and G. N. Dinnecn, J. Pliys. Cliem., 296 

34, a. L. H. Slaugh, J .  Allies. Clietiz. SOC., 81, 2262 (1959). b. P. S. Skell and 

35. G. S. Dcnisov, E. Kazakova and E. V. Ryl’tsev, Zh. Prikl. Sprktl.oslc.. 8, 

36. G. H. Dixon. EI. L. Kornberg and P. Lund, Biocliir~. Biophys. Acta, 41, 

Nostrand, New York, 1950. 

( I  955). 

Hill, New York, 1955. 

38, 1734 (1965). 

1953, Chap. 5. 

1960, Chap. 2. 

(1 964). 

Nuirk S.S.S.R., 121, 681 (1958). 

(1 967). 

(1964). 

R. G .  Allen, J. Anier. Clieni. Soc., 82, I51 1 (1960). 

690 (1968). 
- 

217 (1960). 
37. J. M. White and G. P. Sturni. Jr., Cuncc/iutr J. Clietn., 47, 357 (1969). 
38. J .  M. White, R. L. Johnson, Jr. and D. Bacon, J .  Clwm. Pliys., 52, 5212 

39. J. W. Abrell, E. E. Kaufnian and M. N. Lipsett, J.  Biol. Clietii., 246, 294 

40. M. N. Lipsett, J. S. Norton and A. Peterkofsky, Bioclrcnrisrl.y, 6, S55 (1967). 
41. S .  Sabol and S. Ochoa, Nutiire Ncn; Biol., 234, 233 (1971). 
42. A. P. Kimball, S. J. Herriot and G. A. LePagc, PIUC. SOC. Exp, Biol. hlod., 

( I  970). 

(1971). 

121, 931 (1965). 



882 Aviva Lapidot and Charlcs S. Irving 
43. V. kl. Zhdanov, A. G .  Buksinskaya and G. P. Ronienskaya, Actn pirot., 7, 

44. M. Kozak and D. Nathans, Nntui.c9 New Biol., 234, 209 (1971). 
45. L. J .  Roth and C .  F. Barlow in Isotopcs iti Exjicriliicntal Pliaimncology (Ed. 

46. M. D. Joy, J.  Pliysiof. (Loticloti), 215, 49 (1971). 
47. G .  B. Cassano, S. E. Sjostrand, G. F. Placidi and E. Hansson, Evp. Eye RPS. 

48. N. Ebata, Sapporo Mcrl. J., 29, 23 (1966). 
49. J. D. Taylor, R. K. Richards and D. L. Takern, CiriwJif RcsenrclrcJs 

50. W. H. Chapman and J. W. Duckworth, Glirinthiotie, Proc. Symp., 

51. B. Block and 1. Ebigt, Arztieitiiiftel-Fors~li., 7, 572 (1957). 
52. L. B. Achor and E. JM. K. Ceiling, Proc. SOC. Exp. Bid.  Mcd.,  87, 261, 

53. K. Gibbs and J. M. Walshe, Qunrt. J .  Mecl., 40, 276 (1971). 
54. V. G. Vladiniirov, Rnriiohiologiya, 8,  258 (1968). 
55. I. D. Vinogrodova, Z. N. Fakeva and Ya. L. Shekhtman, Rndiobiologiyn, 8,  

56. T. L. Loo, D. H.  W. Ho, D. R. Blossom, B. J .  Shcpard, and E. Frci, Bio- 

57. K. Sato, G. A. LePagc and A. P. Kimball, Caticer Rcs., 26, Part 1,  741 

58. H. Heath, C. Riniington, T. Glovcr, T. Mann and E. Leone, Biochmi. J., 54, 

59. H. Heath, Biocliet?i. J. ,  54, 689 (1953). 
60. L. L. Bennett and P. W. Allan, Crriicer Rcs., 31, 152 (1971). 
61. A. P. Kiniball, G. A. LePage and B. Bowman, Cm. J.  Bioclreni., 42, 1753 

62. G. A. LcPage, J. P. Bell, and hl. J. Wilson, Proc. SOC. Exp. Biol. Merl., 131, 

63. J. P. Bell and R. H. Cisler, Bioclreni. Plmrttincol., 18, 2103 (1969). 
64. J. J. Bczeni, F. Bruniiekrecft, M. J. E. Ernsting, J. Lcvcrand W. Th. Nauta, 

65. V. Francova, Z. Franc and J. Jclinek, Neoplna~/cr, 10, 193 (1963). 
66. H. J. Hansen, W. G .  Gilcs and S. B. Nadler, Cnricei. Res., 22, 761 (1962). 
67. M. Flavin and C. B. Anfinsen, J .  Bid .  Clieni., 211, 375 (1954). 
68. B. Forslind, Acta Dcrni. Vctiei.ol., 51, 1 (1971). 
69. N. R. Oster, Sbornik N a i d i .  Truriov Tushkeiit M e d .  Illst., NO. 12, 345 

70. J. M. HSLI and W. L. Anthony, J.  Nirtritioli, 101, 445 (1971). 
71. G .  Garweg, I. Kinsky and H. Brinkniann, Z .  Annf.  ~iituliclii-G~.sc/i., 134, 

72. I .  Tork, 13. Aros, J. Kiss and B. Vigh, Acta Biol. Acnrl. Sci. fflrtignry, 17, 

73. K. C. Higham and A. J. Mordue (Luntz), Gcti. slid Conip. hcfocritiology, 15, 

74. W. Bargman, Irito.lintl. Reu. Cytol., 19, 183, (1967). 

I (1963). 

L. J. Roth), University of Chicago Press, Chicago, 1965, pp. 49-62. 

7, 196, (1968). 

Aiiestlresin arid Aiiclgcsia, 29, 101 (1950). 

Ridgcfield, Conn., 1953, p. 292. 

(1 954). 

34 (1968). 

clrciiiiccrl Plroriiiacol., 18, 1 7 1 1 (1 969). 

(1966). 

606 (1 953). 

(1964). 

1038 (1969). 

Actn Eiiclocriiiol., 3, 1 5 1 (1  949). 

(1958). 

lS6  (1971). 

185 (1966). 

31 (1970). 



18. Synthesis and uses of isotopically labelled tliiols 883 
75. E. Scharrer and B. Scharrcr-, hlcrrroctidocritio~o~j~, Columbia Univcrsity 

76. J .  C. Sloper, British Medical Brill., 22, 209, (1966). 
77. J. C. Sloper, D. J. Arnott and B. C. King, J. Eticloci+i., 20, 9 (1960). 
78. A. Ficq and J. Flanicnt-Durand, Autoradiography, in  Tcdrtriqrtes ;ti fii(/o- 

critic Rescntdi, Acadeniic Press, London-New York, 1963, p. 73. 
79. S. Talanti, U.  Attila and M. Kekki, Progr. Braiti Rcs., 34, I15 (1971). 
80. S. Talanti, U. Attila and M. Kekki, 2. Zellforscli., 124, 342 (1972). 
81. H. Sachs, J .  Nerworliem., 10, 299 (1353). 
82. A. Norstrijm and J .  Sjostrand, J .  Neicroclietii., 18, 29 (1971). 
83. A. Norstroni, I-1.-A. Hansson and J .  Sjostrand, Z. Zellforsclr., 113, 271 

84. J .  Wells, Expcv-ittwtitd Nerrrobiology, 8, 470 (1 963). 
85. S. Talanti, Z .  Zdljbrscli., 115, 110 (1971). 
86. T. J. Peterle, Pesticides it1 tlie Etivirotitnetit ntrd Tlieir Effects 011 ~iIdI$e,  

Proceedings of an Advanced Study Institute (Ed., N. W. Moore) Blackwell, 
London, i 965, p. 181. 

87. N. J. Walker, J .  Dairy Res., 32, 229 (1965). 
88. C. C. Lee and E. R. Saniucls, Cmwl Clietti., 39, 482 (1962). 
89. S. Tochio, S. lkeda and t l .  Okabe, Atiier. Soc. Lribricatioti Etigtx., Trails., 5,  

90. K. Taki, Birll. C/iet?i. SOC. Jcrpati, 43, 2626 (1970). 
91. G. A. Blokh, F. A. Golubkova and G .  P. Miklwkin, Doltlntly Akad. Nnuk 

92. J. Moravck and Z .  Nejcdly, Cliem. Itihstry, 42, 1788 ( I  967). 
93. J .  MorAvek and J .  J. Kopecky, Coll. Czecli. Clietti. Cottitmiti., 34, 4013 

94. F. Chapeville, H. Maier-Huser and P. Fromageot, Rnrlioisotopcs Plijjs. Sci. 

95. H. Teodoru, Rum. Pat.  51,247; Clicni. Ahstr., 71, 9746w, (1969). 
96. E. Teodoru, Fr. Put. 1,566,692; Clietn. .4bstr., 73, 35,760 g, (1970). 
97. F. Chapeville and 1'. Fronxigeot, Fr.  Pot. 1,244,192; C/ietii. Abstr., 55, 

98. G .  A. Anorova and V. P. Shishkov, h4etotly Polticltctiiyn Rnrliotiktivti. 

99. K. Samochocka and M. Taube, Nrtkleotiika, 13, 313 (1968). 

Prcss, New York (19633. 

(1  971). 

67 (1962). 

S.S.S.R., 90, 201 (1953). 

( 1  969). 

It id . ,  Proc. Cot$ Copctilicigeti, 1960, p. 139. 

18,865 gh, (1961). 

Prepparatoo, Sb. Stntei, 5 ,  1962; Clietn. Abstr., 59, 1749a (1963). 

100. R. Kanski, M. Borkowski and H. Pluciennik, Nitkieotiiku, 16, 37 (1971). 
101. K. Panek and K. Mudra, Clietii. Effects Nircl. Tratisfort~rcrtors, Proc. Symp., 

Vienna, 1964, 1, 195. 
102. B. G. Dzantiev and I. M. Barkalov, Rntlioisotopcs. P/ijis. Sci. It id",  Proc. 

Conf. Use, Copenhagen, 1960, p. 27. 
103. B. G. Dzantiev and A. P. Shvcdchikov, Rur/iokliit)iiya, 9, 276 ( I  967). 
104. G.  Ayrey, J .  Lnbelled Cotnpd., 2, 51 (1966). 
105. M. Fischer, G. Reinhard and H. Schmidt, Isotopmprnxis 7, 30 (1971). 
106. R. C .  Thomas and L. J.  Reed, J.  h i e / * .  Cliciii. Soc., 77, 5446 (1955). 
107. P. T. Adams, J. Atmi.. Clieni. Soc., 77, 5357 (1955). 
108. V. N, Vasil'eva and E. N. Gur'yanova, Zliw. Obschci Wiini., 26, 677 (1956); 

109. R. Wolff, Conimrrii. Etiergie Atomiqrre. (France), Rappt. No. 605 (1 957). 
Clietti. Abstr., 50, 14,615~. 

30 



884 Aviva Lapidot aiid Charles S. lrving 

110. G .  Ayrey, C. G. Moore and W. F. Watson, J .  Pofyriwr Sci., 19, 1 (1956). 
11 1. 0. Oitik aiid J. Zikniund, Coll. Czech. Cliem. Conu~irrns., 24, 4053 (1959). 
112. H. Sinion and G. Apcl, Z. Natrrrforscli., 116, 693 (1956). 
113. Yu. V. Markova, A. M. Pozharskaya, V. I. Maimind, T. E. Zliukova, N. A. 

Kosoloapova and M. N. Schukina, Doklody A k d  hrmk S.S.S.R., 91, 
1129 (1953). 

114. K. Mcise and E. Mittag, Keriietiergie, 8, 181 (1965). 
115. V. 1. Maimind, M. N. Schukina and T. E. Zhukova, Zlrirr. Obsclici Kliini., 

22, 1234 (1952). 
116. G .  N. Vinogradov, M. M. Kusakov, P. 1. Sanin, Yu. S. Zaslavskii, E. A. 

Razumovskaya, A. V. Ul‘yanova and D. V. Ryabocn. Khim. i Tckhnol. 
Topliua, 1956, No. 6, 14; Clrcin. Abstr., 50, 16,089~ (1956). 

117. I. Kh. Fel’dman and A. A. Abrcmzon, Meclieiiye Biol. Akrivn. Vcshclrestun, 
Sb. Statci, 1962, 4 8 ;  Cheni. Abstr., 59, 6247c (1963). 

118. I. Kh. Fel’dman, N. N. Bel’tsova and V. K. Grishkova, hfechenye Biol. 
Aktiuii. Su. Statei, 1962, 90; Clieni. Abstr., 59, 7369h (1963). 

119. S. G. Kuznetsov, 2.1. Bobysheraand E. M. Balonova, Zliirr. Obshcliei; Khim 
28, 635 (1958). 

120. J. B. Ziegler, A. C. Shabica and M. Sonenbcrg, J. Oig. Clicm., 23, 1546 
(1958). 

121. V. Regnault, Ann. 34, 24 (1840). 
122. M. Bcntov, Conii~irtii. Eiiergie atoniiqire (France), Rappt. No. 831 (1958). 
123. G. B. Elron and G. H.  Hitchings, J .  Anier. Clieiii. Soc., 76, 4027 (1954). 
124. C. Michou-Saucet and J. C .  Merlin, Bdl .  SOC. Cliini. Fraricc, 1962, 1184. 
125. R. Emiliozzi, L. Pichat and M. Herbert, Bull. SOC. Cliiiii. France, 1959,1544. 
126. H. R. V. Amstein, Biochcm. J . ,  68, 333 (1958). 
127. H. Chang and C.-H. Yang, Hun Hsrreh Hsrteh Pao, 28, 263 (1962); Clicin. 

128. H. Emiliozzi, Coniinrrii. Eiiergie atoniiqrre (France), Rappt., No. 128,617 

129. I. Voelker, E. Schuemann and C .  V. Holt, Biochem. Z.,  335, 382 (1962). 
130. L. Lauferand S. Gutcho, U.S. Pot., 2,711,989; Cliem. Abstr., 49, 15,183f. 
131. S. P. Sen and S. C. Leopold, Bioclicni. ct Biophys. Acla 18, 320 (1955). 
132. E. Jcrmoljcv, J. Pozdcna and J. Baker, B i d .  Plaiif., 12, 382 (1970). 
133. T. S. Sedova and V. V. Grechko, Zlirrr. Mikrohiol., Ej>irleiiiiol. i hnlrriio- 

134. A. R. Bassindalc, C .  Eaborn and D. R. M. Walton, J. Cliciir. SOC., C 

135. S. Mlinko, 1. Gbcs, and T. Szarvas, Iiiterii. J .  Appl. Rod. Isotopes, 18, 457 

136. K. Panck and K. Murda, RndiokliiniijJa, 7 ,  246 (1965). 
137. P. E. Schulze and M. Wenzcl, Arigew. Clici?i., 74, 777 (1962). 
138. G. Boucke, Atoniprnxis, 11, 263 (1965). 
139. G. L. Eliceiri, Biochiin. Biophys. Acta, 209, 387 (1970). 
140. I. H. W. Scharpenseel and K. H. Menke, Z. aria/. Clienr., 180, 81 (1961). 
141. J. M. Sadler, J. R. Bethany and J. W. €3. Stewart, Can. J .  Soil. Sci., 51, 308 

142. E. Kragelund and M. Dyrbye, Smiirl. J. Cliii. Lnb. Iiruest., 19, 129 (1967). 
143. E. Varrone and S. N. Albert, J .  Nircl. Mcd., 10, 263 (1969). 

Abstr., 59, 12,634e (1963). 

(1959). 

bioi., 31, 31 (1960); CIieiii. Abstr., 55, 23,666 g (1961). 

(London), 1577 ( 1  970). 

(1967). 

(1971). 



18. Synthesis and iiscs of isotopically labelled thiols 855 

144. J. Doniach and S. R. Pelc, Brit. J .  Rndiol., 23, 184 (1950). 
145. s. Ullberg, Acta Racliol. Srippl., 118 (1954). 
146. s. R. Pelc, Itif. J. Appl. Radiat. J S O I O ~ . ,  1, 172 (1956). 
147. L. Bachrnann, M. M. Salpeter and F. McHenry, J. Cell Biol., 33, 299 

148. C .  P. Willis, D. G .  Olson and C. W. Clande, Atral. Chetn., 42, 124 (1970). 
149. G .  J. Blair and F. C. Crofts, Soil Sci., 107, 277 (1969). 
150. K. R. Millar and T. F. Ailsop, N.Z. J.  Sci., 13, 149 (1970). 
151. N. G. Grundon and C .  G. Asher, J. Agr. Food Clreni., 20, 794 (1972). 
152. G. N. Gupta, Proc. Il7t. Corlf. Methods Prep. Stor. Lnbel Cotr~poutrds, 2nd 

153. G. N. Gupta, Microcliem. J., 13, 4 (1968). 
154. H .  E. Dobbs, Anal. Cl ie t~~. ,  35, 783 (1963). 
155. M. Takarnatsu, Radioisotopes, 19, 286 (1970). 
156. E. N. Chirkova, Vop. Med. Kliitn., 14,98 (1968); Cltctii. Abstr., 68, 84,905~ 

157. R. H .  Rolfe, Anal Clietn., 34, 340 (1962). 
158. D. A. Chapman and C. R. Parks, Anal. Clreni., 43, 1242 (1971). 
159. J. Morre and L. Richou, Brill. Acad. Vet. France, 37, 85 (1964). 
160. R. R. Roncucci, G .  Lambelin, M. J. Simon and W. Soudyn, Anal. Biochem., 

162. E. N. Gur’yanova and M. Ya. Kaplunov, Doklndy Aknd. Narrk S.S.S. R., 

163. G. A. Anorova and V. P. Shiskov, U.S.S.R. Par., 118,557; Clreni. Abstr., 

164. J. Kalina, Radioclreni. Corlf., Abstr. Pap., Bratislauo, 1966, 58. 
165. G. A. Anorova, Melody. Polnchet~iyn i Izmereti. Rarlioktiun. Prepat-arou., 

166. J. Kolina, J. Fcjtek and F. Horak, Radioisotopy, 10, 825 (1969). 
167. I. Zarnfir and C. N. Turcanu, Rev. Roirtn. Chini., 14, 339 (1969). 
168. C. Chiotan, I. Zarnfir, M. Szabo and C .  N. Turcanu, Nov. h.IL.tocly. Polircli. 

Rarlioaktiu. Prep., Sb. Doklncly Simp., 1969, 386; CIwtr. A ~ s I Y . ,  74, 356 
(1971). 

(1967). 

ed., 1966, p. 1165. 

(1 968). 

26, 118 (1968). 

94, 53 (1954). 

46, 22,026~ (1 952). 

Sb. Statei, 1960, 177; Cliem. Abstr., 57, 8572 (1962). 



This author index is designed to enable the reader to locate an author's name and \vork 
with the aid of the reference numbers appearing in the text. The page numbers arc 
printed in normal type in ascending numerical order, followed by the reference numbers 
in parentheses. The numbers in itu1ic.r refer to the pages on which the references are 
actually listed. 

Abbasov, A. A. 844 (6), 8so Ahnicd, S. 201 (171), 263 
Abdel-Wahab, M. F. 431 (72), 451 Aimar, N.  764 (276), 783 
Abdullaev, G. K. 726 (21), 776 Akabori, S. 672 (26), 683 
Abe, K. 130 (60), 148 Akasaka, K. 507, 508 (69), 509 (76, go), 
Abcl, E. W. 755 (211), 758, 759 (247), 516 

Abelcs, R. H. 524 (21), 582 Akerfeldt, S. 185 (91), 261 
Aberry, W. 233 (314), 267 Akhreni, A. A. 371 (47), 376 (58, 5 9 ,  

Abraham, R. J. 312 (268), 323 Albert, A. 182 (76), 188, 189 (107), 
Abraniovitch, R. A. 743 ( I l l ) ,  770 260, ,-5l, 396, 398 (56), 406 (164), 

Abrell, J. W. 856, 876 (39). 881 Albert, S. N. 877 (143), 884 
Abreinzon, A. A. 868, 872 ( I  17), S84 Albcrts, G. S. 39s (IOI), 413 
Achor, L. B. 859 (52), SS2 Albitskaya, V. M. 773 (301), 784 
Adam, 1). J .  71 I (103), 719 Alcalay, W. 193 ( 1  30), 262 
Adam, F. C. 477 (43), 479, 510 (86), 516 Alden, R. A. 660 (99), 668 
Adams, E. P. 442, 443 (125), 453 Aldcrweireldt, F. 367 (40), 378 
Adams, G .  E. 484 (4, 9), 459 (4, 26, 29), 

491 (4, 29). 493 (42, 43), 495 (49), 
510 (90), 51 I ,  512 (29, 92), 513 (92), 
514-516 Alfonso, A. 534 (67, 68), 584 

6S3 Alicino, J. F. 301 (164), 320 

7s1, 782 Akazornc, G. 170 (90), 259 

Abraham, A. 431 (69), 451 3 7s 

(296), 779, 784 413, 415 

Aldrich, J. E. 
Alexander, N.  M. 
Alexander, P. 473 (?.7), 478 

493 (43), 495 (49), 515 
294 (126), 319 

Adanis, Jr., J .  B. 672 (29), 674 (29, 37), Alford, D. 387 (51), 412 

Adanis, K. 743 (107), 779 Alicv, Z .  E. 772 (299), 784 
Adams, P. T. 871 (107), SS3 AI-Kazimi, H. R. 201, 204 (163), 263 
Adams. R. 216, 218 (222a), 236 (326- 698 (501, 718 

328), 237 (327, 328), 264, 267, 671 
(12), 683, 732, 743 ( 5 2 ) ,  777 

Allan, P. W. 
Allen, C. F. H. 

860, 862 (60), 882 
220 (240), 265 

Adley, T. J. 711 (99), 719 Allen, G. 309, 310 (247), 323, 387 (50), 
Adman, E. 660 (IOO),  668 412 
Agadzhanyan, Ts. E. 332 (21, 22), Allen, Jr., H. C. 12B (50), 148 

352 Allen, L. C. 379 (3), 410 
Agaeva, S. M. 772 (299), 784 Allen, P. 230 (318), 267 
Agarnalieva, E. A. 726 (21), 776 Allen, R. G. 854, 868, 873 (34b), 881 
Ager, E. 739 (93), 778 Allinger, N. L. 446 (136), 453 
Ahlquist, D. 124 (421, 148 Allison, A. C. 286 (91), 318 
Ahmad, M. 759 (250), 783 Allsop, T. F. 878 (150), 885 
Ahmad, S. 793 (741, 835 A h ,  R. M. 221, 222 (243, 265 
Ahmad, Jr., S. 793 Alniasi, L. 219 (223), 264 

887 

The Chemistry of the Thiol Group 
Edited by Saul Patai 

Copyright 0 1974, by John Wiley & Sons Ltd. All Rights Reserved. 



588 Author Index 

Al-Thannon, A. 485, 486 (18), 487 

Anibrosino, C. 787 (6), 834 
Amiard, G. 
Amos, D. 

Aniosova, S. V. 
Anand, N. 
Anastasi, A. 281 (62), 31s 
Andcrsen, H. M .  183-185 (SO), 214 

(211), 218, 219 (225), 221, 225, 228 
(SO), 245 (36S), 261, 264, 265, 403, 
404 (152), 414, 324, 425 (28), 450, 
697 (44), 718 

(IS. 23), 499. 502 (23), 514 

673, 674 (33), 683 
327, 336, 341 (9), 352, 843, 

868 (2), SS0 
762 (270), 783 

201, 203 (170), 263 

Andersen, K. K. 
Andersen, R. A. 
Anderson J. M. 
Anderson, N. 13. 
Anderson, P. H. 
Anderson, R.  F. 
Ando, W. 171 (14), 259 
Andreetti, G.  D. 
Andriksone, D. 
Andrisano, R .  729 (41), 777 
Andrussov, K .  420 (15), 450 
Anfinsen, C. B. 

Angeloni, A. 729 (41), 777 
Angus, H. F. 74s (161), 780 
Angyal, S. J. 446 (136). 453 
Anorova, G. A. 869 (98, 163, 165), 871 

Anson, M. L. 277 (44, 52) ,  317 
Anteunis, hl. 367 (40), 375 
Anthony, W. L. 863 (70), SS2 
Antikainen, P. J. 398 (97, 106), 413 
Antonini, E. 647 (73), 667 
Apel, G. 
Arabori, H. 804 (129), S37 
Arai, 13. 175 (26), 259 
Araki, Y. 201, 204, 205 (174), 263, 700 

(59, 60), 718 
Arbuzov, B. 730 (43), 774 (307), 777, 

784 
Arends, B. 306 (212), 3-32 
Arends, M. 485, 486 ( I  I ) ,  487 (11, 72), 

488 ( l l ) ,  514 
Arens, J. F. 724 (1 l ) ,  776 
Arkhangel’skaya, 0. I .  
Arrnitage, D. A. 
Armstrong, D. A. 

423, 429 (26), 450 
745 (143), 730 
193 (128), 262 
539 (76a), 554 
564, 565 ( 1  52c), 556 
494 (48), 515 

123, 144 (24), I47 
401, 402 (1 33), 414 

278 (56), 317, 648 (75), 
667, 670 ( I ) ,  682, 562 (67), 882 

(!IS), 553, 855 

568, 872, 873 ( I  12), SS4 

722 (2), 775 

485 ( I  1, 15, 16), 486 
(11, 15), 487 (11, 15, 22), 488 (11, 
16), 493 (46), 502 (53), 512, 513 (98), 
514, 515, 517 

753 (188), 751 

Armstrong, M .  D. 
Armstrong, R .  C. 

(29), 514 
Armstrong, W. A. 
Arndt, D. J. 
Arnold, H. 230 (319), -767 
Arnold, R. C. 
Arnott, D. J. 

883 
Arnstein, H. R .  V. 
Arora, S. K .  I45 
Aros, B. 863 (72), 882 
Asaks, J.  407 (168), 415 
Ash, D. K.  
Ashby, E. C. 
Asher, C .  G. 
Ashrnore, J .  P. I49 
Ashworth, 1:. 475 (38), 479 
Asinger, F. 
Atavin, A. S. 

Atkinson, J. R. 220 (241), 265 
Attila, U. 864, 878, 880 (79, SO), 583 
Audrieth, L. F. 221, 228 (279), 266 
Avery, E. C. 512 (99 ,  516 
Axelrod, A. E. 672 (21), 683 
Ayad, K. N. 442, 443 (125), 453 
Ayers, J .  284 (79 ,  286 (97), 318, 319 
Ayrey, G.  868 (104, 110), 869 (IlO), 

871 (104, 110), 874, 876 (IIO),  SS3 

Baarschers, W. H. 540, 541 @ I ) ,  584 
Babcock, G. S .  216, 218 (222b), 264 
Babkov, S. I. 
Bacchetti, T. 711 (97), 719 
Bachi, M .  D. 

683 
Bachman, G.  B. 
Bachmann, L. 877 (147), 885 
Bachmann, W. E. 
Back, T. G .  
Backer, H. J. 

671 (15), 683 
489, 491, 511, 512 

484 (3), 514 
297 (141), 320 

221, 222 (245), 265 
564, 877, 878, 880 (77), 

563, 573 (126), 8S4 

752 (184), 753 (189), 781 
211 (205), 264 
878, 879 (151), 885 

173, 174 (19a, b), 259 
733 (57), 762 (270), 771 

(298), 777, 783, 784 

852 (26), 581 

576 (183a), 587, 672 (25),  

436 (9S), 452 

211, 213 (201), -764 
753 (189), 781 

187 (96, 97), 217 (227), 
221, (227, 246), 232 (227), -361, 264, 
265, 792 ( 5 9 ,  835 

Bacon, D. 468, 469 (19), 478, 855 (38), 
88 I 

Bacon, R.  G. R. 230 (300), 266 
Bacq, Z .  M. 
Baddiley, J. 
Bader, R .  F. W. 
Badger, R. M. 
Bailey, C .  W. 
Bailey, F. P. 

473 (27), 475, 510 (87), 516 
235 (323), 267,672 (19), 683 

97 (39 ,  I09 
388 (53, 54), 412 

326 (3, 352 
215 (214), -364, 428, 429, 

433 (54), 451 



A u t h o r  Index 889 

Bailey, R. 
Bailey, S. M. 337 (z?), 353 
Rakcr, B. P. 248 (360), 268 
Baker, D. I<. 305 (197), 321 
Baker, H. R. 215 (212), -764 
Raker, J .  870, 873 (132), 854 
Baker, M. W. 556 ( I ~ I ) ,  585 
Baker, R. B. 697 (41), 71s 
Baldeschwielcr, J. D. 
Raldcsten, A. 667 
Baidry, J .  276 (43), 317 
Baldwin, J. E. 562 (13917, 140-142). 563 

(139b, 145a, 147b), 564 (139b, 147b), 
5S6 

Balcnovic, K. 798 (l07), 836 
Balfe, M. P. 
Baliah, V. 394 (179), 415 
Ball, J. S. 

Ballard, S. A. 
Ballinger, P. 426 (38), 450, 808 (144), 

537 
Balonova, E. M. 868, 872 ( l l9) ,  884 
Ban, Y .  
Bandurski, K. S. 591 (3), 593 (4), 653 

(31, 664 
Bankovskis, J. 394 (77), 407 ( I  67, 16S), 

412,415 
Bankovskis, T. 391 (78), 413 
Banks, R. E. 
Banzargashieva, S. D 
Barakat, M. 2. 
Barakat, 2. M. 
Barclay, R. K. 
Bargnian, W. 863 (741, 882 
Barkalov, I .  M. 
Barkalov, U. S. 
Barker, M. W. 
Barlin, G .  B. 

415 
Barlow, C .  F. 
Barnard, D. 
Barnes, A. J.  
Barnes, E. M. 
Barnctt, R. E. 
Barsxtt, R. J .  
Barnsley, E. A. 
Barnuni, C .  787, 789 (12), S34 
Barr, F. T. 170 (6), 258 
Barra, D. 658 (94), 667 
Barrers, H. 255 (388), 269 
Barrerii, R. 276 (40), 317 
Barrett, G. C. 
Barringcr, C .  M. 

277 ( 5 3 ,  296 (1301, 317, 319 

338, 346 (43), 353 

179 (50), 260 

306 (21 3), 305 (7_38), 322, 326 
(5-7), 35-7, 832, 833 (183), S3Y 

202 (176), -363 

527, 528 (38), 583 

739 (92), 776' 
722 (2), 775 

221, 228 (271), 266 
431 (72). 451 
289, 290 (104), 319 

871 (102), S83 
402 (144), 414 

765 (280), 7S4 
397 (93), 406 (164), 4J3, 

858 (43 ,  882 
792 (56, 571, S35 

632 (461, 666 
766 (283), 784 
290 (107), 319 
617 (34), 665 

381 ( I  I ) ,  382 (24), 411 

401 (1251, 414 
806 (1391, 837 

Barron, E. S. G. 

Barscgov, R. G. 
Ihrthos, E. 766 (285) ,  7S4 
Rnriish, C .  M. 
I!nrthiis, E. A. 
Bnrtle, K. D. 
Rartlett, 1'. A. 

277 (45), 317,640 (59 ,  

509 (77, 78), 516 
666 

751 (176), 781 
434 (86), 452 

312 (272), 323 
574, 575 (180), 587, 745 

(12S), 779 
Bartok, W. 808-810 (142), S37 
Cartoli, G .  735, 736 (67), 777 
Barton, D. 13. R. 256 (395), 269, 533 

(63), 571 (170a, b), 575, 576 (182), 
58 1 ( 1  97), 5S3, 587, 588 

4S4-4S6 (8), 488 (8, 2 3 ,  
489 (25, 30), 491 (30), 497 (25), 4.39 
(S), 500 (25, 30), 501 (30), 502 (23 ,  
503, 504 (25, 30), 514 

Barton, J. P., 

Barton, L. S. 
Bassindale, A. R. 21 5 (21 3), 264,687 (3, 

Basson, R. A. 
Basu, N. K. 
13atcnian, L. 711 (96), 719 
Bates, R. B. 
Batty, J. W. 
Batyka, E. 239 (317), 267 
Bauer, L. 695 (32), 717 
Baucr, S. 14. 388 (53), 412 
Bliucrlein, E. 230, 232, 234 (303), 266 
Bauniann, J. 13. 574 (1791, 587, 746 

(130), 779 
I h s ,  P. C. 
Ihyley, C. W. 
Rays, D. E. 
Beacham, J. 678 (58) ,  6614 
Bcacham, L. M. 
Rcale, D. 299 (156), 320 
Reaman. A. G. 
Bcanblossorn, J. E. 
Beardcn, A. J .  
Bcaucliainp, J .  L. 
Becher, I-I. J. 

393 (57), 4J2 
Beck, B. R. 
Bcck, W. 

783 
Becker, E. I). 

391 (61), 411, 412 
Beckcy, H. D. 331 (20a), 352 
Beckmann, E. 0. 
Behar, D. 500 (60), 515 
Behrens, H. 759 (253), 7S3 
Belircns, 0. K. 

221, 222 (248), 2G5 

717, 868, 874 (1 34), 884 
505 (661, 516 

575, 576 (IS?), 587 

562-564 (139a), 556 
764 (276b), 753 

46 (135), 779 
308 (23S), 312 

362, 363 (31), 377 

645 (69), 667 

179, 180 (60), -760 
181 (64), 260 

660 (98), 668 
31 (20), I08 

308-310 (239), 322, 388, 

209 (190). -763 
756 (219, 222), 759 (251), 782, 

3S4 (30), 389 (61), 390, 

202 (177), 263 

652 (SO), 667 



890 Author Index 

Bchtman, E. J. 
Beincrt, 14. 277 (54), 317 
Beishlinc, R. R. 405 (160), 415, 426 

(43 ,  451 
Bckkum, H. van 
Belf, L. J .  
Bell, F. K. 
Bcll, J. P. 

Bcll, N. A. 
Bcll, R .  T. 
Bellas, T. E. 
Bellavita, V. 
Bclostotskaya, I .  S. 
Bcl'skii, V. E. 
Bcltranie, P. L. 
Bcl'tsova, N. N. 
Benassi, C. A. 

322 
Bendazzoli, G. L. 
Bcndcr, M. L. 
Rendich, A. 

Bcncdict, R. C. 
Bcncsch, R. 

750 (173), 7SO 

403 (156), 415 
739 (94), 778 
308 (231, 232), 322 

860 (62,63), 861 (63), 862 (62, 
63), 882 

748 (143), 780 
170 (9b, 1 I ) ,  2-59 

531 (581, 583 
432, 435 (76), 451 

751 (175), 781 
178 (43), 260 

731 (47), 777 
868, 872 ( 1  181, 884 

201 ( I  12), 306 (207), 319, 

419 (7), 449 
403 (146), 414 

ISS, 189 (106), 256 (398), 
261, 269 

289 (l03), 319 
272 (9, 12), 282 (12), 284 

(78, S I ) ,  294 (121), 295 (128), 316, 
315, 319, 399, 400, 408 (117), 414 

Bencsch, R. E. 272 (9, 12), 279, 282 
(12), 384 (78, 81), 294 (121), 295 
(12S), 316, 3IS, 319, 399, 400, 405 
(1 17), 414 

Henitcz, A. 248 (360), 268 
Henjamin, G .  S .  
Benkcscr, R. .$. 

582 
Renkovic, S .  
Bennett, G .  M. 233 (314), 267, 337 

Bennett, H. S. 
Bennctt, L. L. 
Benson, S. W. 

303 (181), 321 
433 (84), 452, 534 (20) 

623, 627 (431, 666 

(IOG), 440 ( I  17), 452, 453 
287 (BS), 319 
860, 862 (60), 8S2 
23,31 (13). IOS, 153 (14), 

156 (15, 16), 157 (IS), 150 (22), 160 

86'9, 872 ( I ? ? ) ,  SS4 
(18, 22-.24), 161 

Bcnlov, M. 
Berchtold, G. A. 253 (378), 268, 708, 

Bergcr, A. 678 (54), 654 
Bergcr, 1-1. 512-814 (l40), 837 
Rerginann, E. D. 
Bergniann, 1:. 123 (3Y), 148, 180 (GI), 

Bergson, G. 123 (37), 14s 
Bernstcin, 14. J .  

715 (88), 719 

542 (85, 86), 5S4 

260 

3 12 (26S), 323, 3SO (7). 
384 (X), 41 1 

13crnthsen, A. 193 (132), 262 
Berry, R .  S. 
Rcrse, C. 672 (23), 683 
Bcrtin, D. M. 
Rcssicre-ChrCticn, 1'. 560 (133, 585 
Bcthany, J. R. 
Bctrarne, P. 731 (47), 777 
Beutler, E. 612 (29), 665 
Bcvenne, A. 274 (29), 317 
Beverly, G .  M .  678 (53), 6S4 
Beynon, J. H. 
Bcyschlag, H. 221 (263), 265 
Bczem, J .  J.  
Rhandari, C. S. 396 @4), 413 
Bhattacharya, S. K. 
Bhaumik, A. 127, 128 (54), 148, 449 

( I  42), 453 
Bhavsar, M. D. 797 (96), S36 
Biallas, M. J .  750 (173), 780 
Bianco, E. 789 (15), 834 
B~CCLI dc Alencastro, R. 

Bichiashvili, A. D. 
Bickel, A. F. 
Bicllmann, J. F. 
Biclski, D. 13. J. 
Biemann, K. 325, 325 (Ic), 331 (19), 

340 (Ic), 351, 352, 843 (I ) ,  880 
Bigcleisen, J. 848 (21), SSI 
Biggs, A. I. 403 (157), 415 
Biilman, E. 195 (144), 262 
Rilalov, S. U .  
Bilctch, H. 
Binns, S. 533 (65), 584 
Biondi, L. 292 (115), 319 
Riougne, J .  733 (53), 777 
13irchal1, J .  M. 
Bird, G. I<. 126 (50), 14S, 845 ( i l ) ,  

88 I 
Rirkle, S. 759 (253), 7SS 
Risby, R. 1-1. 
Biscarin, P. 376 (62), 378 
Black, S. 597 (0), 664 
BlacLhurn, G. M. 

Rlaha, K.  376 ( 5 5 ,  65), 375' 
Blair, G .  J. 878 (149), 88.5 
Blair, L. K. 350, 351 (57), 353, 397 

Blazcjak, M. 73s (S6), 778 
Blcisch, S. 254 (3841, 269 
Blcnneniann, D. 852 (2% 881 
131icltenstafi, R. T. 
Block, 13. 

344 (40), 353 

449 (140), 453 

877 (141), 884 

325 (Ib), 351 

861, 876 (64), 882 

285 ( 8 5 ) ,  318 

353, 385 (175), 
3S7 (1 76), 358 (177), 415 

509 (77, 78), 516 
221, 226, 227 (267), 265 

577 (185), 587 
499 (59), 515 

772 (299), 784 
197, 218, 219 (229), 265 

740 (96), 778 

495 (40), 515 

562 (139d), 563, 564 
( I  304  146, 147a), 586 

(108), 413 

522, 552 (S), 562 
757 (229), 78-1, 859 (51), S82 



Author Index 891 
Block, E. 

nlok, J .  512 (96), 516 
Blokh, G.  A. 867, 869 (9i), 593 
Bloo111, S. M. 
Blossom, D. R. 860 (56), 882 
BIoiit, E. R. 306 (218), 32-7, 369, 371 

Bobbio, F. 0. 256 (394). 269 
Bobbio, 1’. A. 207, 298 (189), 256 (394), 

263, 269 
Boccb, E. 291 012), 319 

Bockans, P. 
Bodanszky, M. 672 (24). 6S3 
Bodea, C. 230 (305), 266 
Bochme, H. 729 (40), 776 
Bockelhcide, V. 539 (759, 564, 565 

( 1  52a-h), 584, 586 
Bocr, 1-1. 61, 238, 239 (339 ,  267 
Bogdanov. V.  S. 
Bogcrt, M. T. 182 (83), 184 (79, 83), 

220 (238), 221, 223 (251, 256),  225 
(256), 246,147 (356), -761, 265, 269 

127 ( 5 9 ,  148 
313 (?SO), 323 

356, 357, 362 ( 1 5 ) ,  377, 521 
(21, 567, 569 (161), 582, 587 

376 (54), 378 

(431, 376 (51, 54), 378 

BOCCU, F. 676 (47), 684 
401 (135, 136), 414 

125 (471, 148 

Boggs, J. E. 
Boglc, G .  S. 
Bohme, 1-1. 

452 
Bohning, J. J. 
Bokclnian, E. 695 (32), 717 
Bolard, J. 
Bolman, P. S. H. 
Bolt, C. C. 
Bolton, P. D. 
Bolyshcra, Z .  I .  
Boniford, R. R. 
Bonhommc, M. 743 (lOS)), 779 
Bonner, W. A. 
Bonnctt, R. 
Bonoli, L. 702 (70), 718 
Bonora, G. M.  
Bontcmpclli, C. 789 (17), 8-14 
Uontcrnpelli, G. 789 ( I G ) ,  834 
Soord, C. E. 
Bor, G .  755 (213), 782 
Bordwcll, F. G .  

307 (227), 322, 437 (105), 

802, 803 (120), 837 

358, 360 (23), 377 
833 (192). 539 

336, 405 (85) .  413 
868, 872 ( I  I!)), 884 
281 (64), 318 

522 ( I  I ) ,  582 

529, 549 (43), 593 
355, 356 ( I ) ,  377 

376 (67, 6 9 ,  376’ 

243 (343, -767 

176 (33). 177 (33, 39, 
40), 178 (39-42), 183-185 (SO),  206, 
207 (33,41), 214 (21 l) ,  218,219 (22% 

X i ,  264, 265, 403 (152, 158). 404 
(152, 159), 414, 415, 418 ( I ) ,  424 ( 1 ,  
28), 425 (28), 426 (44), 429 (l) ,  
449-451, 568 (165), 587, 697 (44), 
718 

221, 225, 228 (50).  248 (36S), 259, 

Horisova, A. I .  763 (273), 783 
Borkowski, M. 868, 871, 873 (IOO), 883 
J3orovas, D. 674 (38), 683 
Bos, H. J .  T. 731 (46), 777 
Bosco, M. 738 ( 8 5 ) ,  778 
Dossa, F. 658 (94), 667 
Bost, R. W. 215 (212), 264,276 (36, 38), 

317 
Bothner-By, A. A. 449 (147), 453 
Bott, K. W. 433 (82), 452 
Rottger, R. 636 (48), 666 
Boucher, R. 672 (23), 683 
Boucke, G. 876 ( 1  38). H84 
Boiidjoiik, I>. 215 (215), 264 
Boudjouk, P. 717 
Hoiireois, J .  hJ. 
Bourgeois, E. 431 (69), 451 
Bourne, E. J. 
Boustnny, K. S. 753 (190, 19l), 767 

Boutan, P. J. 403 ( I S ) ,  404 (159), 415, 

Bowden, K. 307 (225),  322 
Bowie, J .  J-1. 
Rowman, 13. 
Box, H. C .  

Boyd, D. B. 376 (64). 375 
Boyer, P. D. 272 (9, 1 I ) ,  281, 283 (63), 

293 (1 18), 316, 318, 319, 640 (GO), 
666 

Rraams, R. 485, 486, 492, 499 (20), 514 
Bradley, R. 13. 389 (GI ) ,  390, 391 (GI ) ,  

412 
Bradshaw, J. S. 209 (190), 263, 742 

(l03), 778 
Brady, T. E. 
13rand, W. W. 
Brande, A. E. 
13randrup, G .  
I3randsrna, 1,. 

Branton, 1’. D. 
Brasington, R. D. 726, 749 (23), 776 
Brass, 14. J.  
Bratcrman, P. S. 
Braiicr, D. J. 
Erauman, J .  I .  
Urauman, J .  J. 
Bregant, N. 798 (l07), 836 
Hrehm, W. J. 418 (4), 449 
Brqitcr, J .  J. 
ErCitmaier, E. 312 (274), 323,401 (122), 

414 

762 (268), 783 

SO5 (131), 837 

(266),  781, 783 

426 (44), 451 

329 ( I  5), 330, 33 I ( 1  7), 352 
560, 862 (61), 852 

313 (2SI), 3-74, 508 (73 ,  509 
(79), 5 1 3 ( I  00), 516,517 

567 (162), 587 
688 (8), 71 7 
307 (225) ,  322 
246, 247 (359), 265 
181 ( 7 9 ,  240 (336), 260, 

267, 706 (83), 718, 724 ( l l ) ,  776 
212-214 (?Of!), 264 

750 (173). 780 
757 (239). 782 

350, 351 (57), -353 
397 ( log) ,  413 

748 (147), 780 

236-238 (331), 267 



892 Author Index 

Bresson, C. R. 
268, 438 ( I  12). 452 

Bridges, L. 
4 7s  

Bridgwatcr, A. 672 (21), 683 
Briggs, L. H. 
Brinkniann, H. 863 (71), 882 
Britton, R. W. 
Brodskaya, E. 1. 
Brooks, A. G. 
Brooks, G. C. 
Brooks, W. V. F. 127, 128 (54), 148, 

Brotherton, T. K. 
Brown, C .  793 (73), 835 
Brown, 1). A. 
Brown, 13. J. 
Brown, D. W. 
Brown, E. D. 
Brown, F. 13. 
Brown, G. M. 
Brown, H. C .  

63), 451 
Brown, J. R. 
Brown, M. T. 
Brown, P. R. 

719 
Brown, R. 
Brown, T. L. 
Brownell, R. M .  
Brownlee, 1’. J. E. 
Brownlee, R. G .  
Bruce, R. 759 (250), 783 
Bruice, T. C .  623, 627 (43), 666, 792 

(61), 835 
Bruk, Yu, A. 
Brunet, J. J. 732 (51), 777 
Brunnekrecft, F. 
Brunner, E. 743 (lOS), 779 
Brunori, M. 647 (73), 667 
Brusclii, M. 593 ( 5 ) ,  664 
Brusilovskii,, P. I. 

412, 415 
Brustad, T. 511 (91), 516 
Bryant, J. 605 (21), 665 
Bucerius, W. 
Ruchanan, B. B. 
Buchholz, B. 179 (46), 260 
Buckler, S. A. 
Budesinsky, B. W. 
Budzikiewicz, 1-1. 325, 378 ( l a ) ,  330 

( l a ,  16), 334 (27), 335 ( la ,  30, 31), 
343 (la),  351,352, 530(47), 531 (49), 
583 

173 (IS), 251 (370), 259, 

376 (57), 378, 464, 465 (12), 

531 (57), 583 

555 (112, 113), 585 
747 (136), 779 

52S, 544, 546 (40), 583 
636 (48), 666 

449 (142), 453 
238 (333), 267 

755 (213, 782 
123 (40), 148 
853, 868, 873 (28), 881 
240, 243, 244 (342), 267 

623 (44), 666 
219 (233), 265, 429 (58, 

8 (9, 108 

305 (201), 321 
501, 503 (52) ,  515 
275 (34), 317, 715 (115), 

176, 177 (34), 259 
211 (204), 264 

426 (41), 450 

539 (78), 584 
681 (66 ) ,  684 

399, 400 (116), 413 

861, 876 (64), 882 

394 (77), 407 (167), 

401, 402 (129), 41.1 
638 (52), 666 

219, 220 (232), 265 
403 (147), 414 

Budrinski, E. E. 313 (281), 324, 508 

Rucss, C .  M. 
h g g ,  C. E. 123 (33, 3 3 ,  144, 145 (33), 

147 
Bukriiiskaya, A. G. 
Bulanin, M .  0. 
Bulavin, L. G. 
Bulmcr, G .  
Bunnett, J .  F. 235 (333), 267,409 (170), 

410 (173), 41-7, 736 (71, 72), 777 
Bunnenburg, E. 
Bunt&, 1-1. 192 (118), 262 
Bunton, C. A. 
Burawoy, A. 

I3urcIifield, Fl. P. 
Burdgc, D. N. 
Burdon, J. 

Burger, K. 770 (297), 784 
Burgess, V. R. 
Burkhardt, G .  N. 
Burleigh, B. D. 
Burness, D. M. 
Eurnctt, W. T. 
Burr,  B. E. 
Burrus, Jr., C .  A. 
Burt, M. E. 
Burton, H. 
Burzina, J. S. 
Busch, M. 
Busctti, V. 
Busing, W. R. 
Buss, J. 13. 
Butler, M. M .  
Buttrill, S. E. 
Buxton, G. V. 
Buxton, M. W. 
Bycroft, B. MI. 
Byers, F. I-I. 

(23), 411 
Bycrs, H. F. 
Eystrov, V. F. 

Cade, P. E. 
Cady, G. 13. 
Caesar, P. D. 

(72), 513 (loo), 516, 517 
793 (69), 835 

857 (43), 882 
382, 388 (23 ,  411 

178 (43), 260 
194, 195 (133), 262, 263 

362, 363 (30), 377 

437 ( I  lo), 452 
221, 223, 225 (262), 231 

(322), 265, 267 
691 (18), 717 

236-238 (330), 267 
725 QO), 737 (SO), 738 (88), 

739, 742 (95), 776, 778 

313 (280), 324 

655 (S7), 667 
439 (1 16), 453 
698 (46), 7100 

475 (38), 479 

853 (30), 881 
126 (50), 148 

286 (94), 31s 
191 (117), 262, 284 (82), 318 

755 (21Oj, 781 
190 (1 15), 261 
123, 144 (26), 147 

156 (IS), 161 
122 (22), 147 

852, 868, 873 (23), 881 

483 (2), 514 
739 (94), 778 

705 (80), 718 

31 (20), 108 

382 (23), 383, 385, 386 

310 (243), 323 
132 (67), I49 

5, 25 (2,  3), 10s 
792 (48), 835 
212-214 (208), 216 (216), 

217 (216, 231), 218 (231), 219 (216, 
23 I) ,  264, 265 

Cairns, T. L. 255 (389), 269, 309 (256), 
323 

Calabrese, L. 658 (94), 667 
Callaghnn, A. 756 (224), 782 



Author Index 893 

Callcar, A. I3. 463, 465 ( I I ) ,  478, 833 
(133), 539 

Calo, V. 738 (851, 778, 801 ( 1  15), 836 
Calvert, J. C. 832, 833 (184), 838 
Cambie, R. C. 
Camble, K. 681 (67), 684 
Camera, E. 303 (182), 321 
Cameron, T. S. 782 
Campaigne, E. 

531 (57). 583 

196, 198 (l47), 252 (372, 
373, 379, 253 (373, 378, 379), 262, 
,768 

Campbell, C. S .  
Campbell, C .  W. 
Campbell, J .  D. 
Cannella, C. 645 (68), 667 
Cantcrino, P. J. 
Cantoni, G. L. 
Capozzi, G .  733 (54), 777, 792 (42), 

Carbon, J .  A. 
Carey, F. A. 
Carlisle, C. 13. 
Carlson, C. L. 
Carlson, D. D. 
Carlson, R. M .  
Carmack, M. 253 (378), 268 
Carpenter, W. 327 (S), 352 
Carpio, H. 572 (174), 587 
Carrioulo, J. 693 (24), 717 
Carroll, D. G .  

322, 674 (33, 683 
Carter, C. W. 
Carter, J. R. 
Carver, B. R. 
Casarett, A. P. 
Casey, J. P. 132 (64), I48 
Caspari, G. 476 (40), 479, 816, 833 

(151), 837 
Cassano, G .  B. 
Castinel, C. 309 (257), 3-73, 334, 394 

(26), 41 I 
Castle, R. N. 179 (56,  57), 180 (56), 260 
Castro, B. 745 (1231, 779 
Caton, M. P. L. 
Caubkre, P. 

775 
Caudet, A. 773 (3041, 784 
Cava, M. P. 

586 
Cavallini, D. 645 (6S), 667 
Cavins. J. F. 

71 I (102), 719 

753 (l93), 781 

170 (IOb), 259 

296 (136), 320 

618 (36), 665 

794 (76, 77), 835 
182 (74), 260 

120 (17), 147 
436 (98), 452 
471, 472, 476 (23), 478 
539 (76a), 544 (94), 584 

543 (90), 544 (93), 583 

19 (8), 108, 306 (210), 

660 (99, 668 
304 (188), 321 
285 (90), 318 
473 (28), 478 

858 (47), 882 

714 (114), 719 
732 (51), 742 (97-loo), 777, 

566 (155-157), 567 (I%), 

298 (147, 1481, 3-70 

Cederholm, B. J. 20 (9) ,  108 
Ccrnosek, S. I;. 678 ( S S ) ,  684 
Chacko, K. K. 120, 133, 136, 137, 143 

(IG), 147 
Chadaeva, N. A. 751, 752 (178), 781 
Chadalra, N. A. 
Chakraborty, P. K. 256 (397), 269 
Challenger, F. 221, 228 (272), 231, 232 

Chamberlain, N. F. 
Chamier, C .  V. 
Chandra, D. 184 (83), 261 
Chandrasekharan, R. 
Chang, H. 
Chang, H. W. 
Chapeville, F. 596 (7), 664, 867, 869 

(94, 97), 883 
Chapman, D. A. 
Chapman, J .  H. 
Chapman, W. H. 
Charavarti, S. R. 
Charlesby, A. 

514 
Charton, M .  
Chatterjee, S. 752 (179), 7SI 
Chawla, H. P. S. 
Chen, F. 566 (153), 586 
Cheney, G. E. 
Cherkasov, K. A. 
Cheronis, N. D. 

751 (177), 781 

(312), 266, 267, 520 (Ic), 582 
311 (264), 323 

189, 190 (113), 261 

123, 145 (31), 147 
868, 869, 873 (127), 884 

527 (39), 583 

S79 (158), 885 
243 (337), 265 

859 (50), 882 
282 (70), 318 

489, 491, 511, 512 (29), 

420, 429 (IG), 450 

201, 203 (170), 263 

398 (103). 413 
387 (52), 412 

273 (1, 5,6), 275 (1, 5) ,  
316 

Chesick, J. P. 
Chinard, F. P. 272, 273, 276 (8), 277 

(8, 50, 53) ,  27S, 282, 281, 291 (S), 
316, 317 

Chiotan, C. 
Chirakadze, G. G. 
Chirkova, E. N. 
Chiurdoglu, G .  

453 
Chohan, R. K. 
Choi, Q. W. 
Choron, L. 435 (93, 452 
Christensen, B. E. 
Christensen, H. N. 
Christenscn, J. J .  

Chuchani, G. 

123, 144 (25), I47 

S69, 870 (16S), 885 
498 ( 5 9 ,  515 

S78 (1561, 865 
132 (65),149,446 ( I  37), 

802, 803 (122), 837 
802 ( 1  18), S37 

123 (39), 148 
273 (20), 316 

400 (119), 414 
ChLt, C.-C. 173 (ZO), 259 

403-405 (154), 414, 420 
(10, 14), 427 (46,47), 435 (46,94-97), 
450-352 

Chupka, W. A. 
Church, R. F. 
Cirninale, F. 735 (85) ,  778, 801 ( I  15), 

335 (29), 352 
559 (125), 585 Cecil, R. 272 (10,13), 284 (SO), 286 (91), 

304 (186), 314,31S, 321, 640 (55 ,  56), 
666, 670 (2), 68-7 836 



894 Author Index 

Cinquini, M. 437 (IOS), 452 
Cirule, J .  394 (78), 413 
Cirule, M. 394 (78), 413 
CiuKarin, E. 794 (SO), 836 
Claasz, M.  
Clande, C. W. 
Clark, A. D. 
Clnrl;, J. 182 (76), 260 
Clark, L. B. 

Clark, M. J .  
Clark, R. L. 
Clarke, 1-1. T. 

Clarke, L. n. 
Clark-Lewis, J.  W. 
Clark-Walker, G. D. 
Clayton, J .  P. 
Clcland, W. W. 

683 
Clenicnt, G. E. 
Clement, J.  R. 

Cleveland. F. F. 
Cleveland, J. P. 
Clews, C. J .  B. 
CliKord, A. M. 
Clifford, D. B. 
Clinton, R. 0. 
Clive, D. L. J. 

75 I 
Coates, E. 
Coates, G. E. 
Coates, H. 179 (55), 260 
Coates, R. M. 

Cobb, R. L. 173 (IS), 259 
Cobble, J. N. 
Cocker, W. 556 ( I  17), 585 
Cockcrill, R. F. 211, 213 (201), 264 
Cocklc, S. 755 (214), 782 
Coe, P. L. 725 (20), 739, 742 (93, 776, 

778 
Coffcy, D. S. 
Cohcn, L. A. 531 (SI), 583, 680 (63), 

684 
Cohcn, M. 1-1. 702 (71), 703 (73), 705 

(81), 718 
Cohen, S. G. 512 (93), 516 
Cohn, W. G .  792 (63), 835 
Cojazzi, G. 123, 144 (26), 147 
Colclough, R. 0. 
Colcough, R. 0. 
Cole, A. R. H. 

22 1 ,  225, 228 (276), 266 
875 (148), 585 

774 (308), 784 

306 (209), 322, 356, 357, 

753 (188), 781 
525, 528 (32), 582 

362 (14), 377 

216, 218 (222b), 264, 304 

456 (3), 478 
(187), 321, 682 (69), 654 

682 (70), 684 
296 (133, 320 

713 (IOS), 719 
303 (183), 321, 670 (9), 

400 (121), 414 
485, 486, 488 (17), 493 

(46), 499 (17), 514, 515 
382 (21). 411 

792 (53, 59), 835 
120 (IS), 147 
790 (25), 834 

734 (60), 777 
243 (344), 267 

58 1 (1 97), 58S, 752 (1 86), 

400, 408 (120), 414 
748 (143-146), 780 

557 (123), 558 (123, I B ) ,  
559 (123), 585 

399 (112). 413 

300 (161, 162), 320 

387 (SO), 412 
309, 310 (247) 323 

388 (55), 412 

Cole, F. E. 113, 114, 118, 135, 141 (S), 
146, 149 

Cole, R. D. 303 (178). 321 
Colebrook, L. D. 31 1 (265), 323, 384 

Coleman, D. L. 306 (218), 322,369,371 

Colcman, J .  E. 646 (71), 667 
Colletcr, J.-C. 124 (43), 148 
Collicr, R. E. 689, 691 (16), 717 
Collin, G. 181 (69,  260 
Collin, J .  E. 
Collirrs, C. J. 792 ( 4 9 ,  S35 
Collins, I. 739 (go), 778 
Colonna, S. 437 (IOS), 452 
Comar, W. P. 398 (loo), 413 
Conn, M .  W. 276 (38), 317 
Connor, R. 187 (98), 261 
Conquclct, J. 773 (304), 784 
Considine, W. J. 
Consiglio, G. 361 (28), 377, 744 (1 12), 

779 
Cook, G. L. 306 (213), 322, 326 (6, 7), 

335, 336, 338 (36), 352, 353, 832, 
833 (183), 838, 854 (33), 881 

Cooke, S. R. I3. 401, 402 (132), 414 
Cooks, R. G. 329 (IS), 352 
Cookson, R. C. 306 (215, 216), 322, 

357,358 (19), 362,363 (31), 366,368, 
369, 371, 373, 376 (19), 377 

(31), 411 

(43), 378 

28 (16), I08 

749 (163), 780 

Cooky, R. A. 
Coornbs, T. L. 651 (77), 667 
Cooper, G. D. 418, 424, 429 ( I ) ,  449 
Cooper, G. H. 306 (216), 322, 357, 358, 

366, 368, 369, 371, 374, 376 (19), 377 
Coopcr, J. E. 700 (57), 7/23 
Cooper, R. D. G. 
Copcck, J. A. 455 (14), 478 
Copeland, E. S. 
Coplcy, M. J. 382, 387, 389 (17), 411 
Corbett, W. M .  
Cordes, S. 693 (24), 717 
Cordon, M .  
Core, S. K.  
Corcy, E. J .  

246,347 (358) ,  -368 

713 ( I O N ,  719 

510 (83, 84), 516 

805 (131), 837 

524, 525 ( 19), 582 
728 (37), 776 
268,356,357,362 (IS), 377, 

525 (26), 526, 528 (36), 536 (26, 72), 
537 (72, 7 3 ,  539 (76a), 541 (72, 75), 
543 (72, 87), 544 (91, 9 3 ,  545 (721, 
546 (91), 567, 569 (161), 578 (187, 
188), 581 (26, l98), 581, 583, 584, 
587,588 

Corio, P. L. 312 (269), 323 
Cornu, A. 
Coroway, W. T. 277 (SI), 317 

328, 333 (10). 352 



Author Index 895 

Corrao, C. A. 744 (1 12), 779 Culvenor, C. C. J. 198-200 (151), 245 
Cosmatos, A. 674 (38), 683 (354), 248 (354, 361), 250 (354), 262 
Cossar, B. C. 187 (99), 261 268, 691 (19), 693 (25), 717 
Cosyns, G .  211 (203), 264 Cuniper, C. W. N. 356 (17), 377 
Cotten, E. W. 432 (79,  451 Cundall, R. B. 493 (42, 43), 495 (49), 

Cotton, J. D. 392 (66), 412 Cunico, R. F. 524 (20), 582 
Coucouvnnis, D. 755 (202), 781 Cunneen, J .  I. 176, 177, 206, 207 (31), 

Cox, D. J. 637 (501, 666 Cunningham, L. W. 794 (Sl), 836 
Cox, J. D. 152-155 (7), 161 Curl, R. F. 449 (145), 453 
Cox, J. M. 711 (95, IOl), 719 Cutress, N. L. 405 
Cox, J. R. 195 (142), 262 Cyniennan, J. 31 I (258), 323 
Cox, J. S. G .  533 (65) ,  584 Czaja, R. F. 171,172,178,236 (16), 259 
Cox, M. E. 681 (GG), 684 Czapski, G. 500 (60), 515 
Crabbe, P. 356 (6, 10, l l ) ,  377, 572 

Cradock, S. 29 (18), 108, 749 (161), Daignault, R. A. 240, 241, 243 (338), 

Crag& R.  H. 37 (21), 108, 114, 115, 125, 
Craig, J .  C .  126 (lo), 147,421 (17), 450, 844, 868, 
Cram, D. J. 873 (3, 880 

Crampton, M. R. 194, 195 (139), 262, D’Amico, J. J .  221, 222 (249), 265 

Cotterill, W. D. 220 (241), 365 515 

Court, A. S. 543 (go), 584 259 

(174), 557 Dahlbom, R. 173, 174 (21), 259 

780 267 
748 (149, l51), 780 

524, 525 (19), 561 (137), 

Dailey, B. P. 
375 (49 ,  378 

582, 586 Dale, W. M. 485 (21), 514 

403, 404 (153), 409 (172), 410 (153, 736 (88), 778 
172), 414, 415, 736 (73,  737 (77-79), 191 (116), 221, 229 (285), 
7 78 232 (116), 262, 266, 398 (94, 107), 

Creighton, A. M. 199, 200 (157), 263, 403 (107), 408 (94), 413, 426 (39), 
693 (26), 717 450, 755 (200), 781, 794 (82), 795 

Crini, F. F. (82, 83), 81 1 (148), 836, 837 
Crofts, F. C. 878 (149), 885 Danglo, J .  R. 308 (237), 322 
Cronin, J. 735 (66), 777 Daniel, D. D. 845 (9), 880 
Cross, 1’. 846 (15), 881 Danieli, R. 437 (l07), 452 
Crosse, l3. C. 755 (21 I ) ,  758, 759 (247), D a m ,  0. 197 (175), 263 

Crossley, N. S .  532, 550, 551, (GO) 583 458,461 (5), 478, 832 
Crouch, W. W. 790 (27, 28), 834 ( I  88), 839 
Crouse, D. 543 (87), 584 Dass, S. C. 127, 128 (54), 148,449 (142, 
Crouzet, 1’. 248, 250 (367), 268, 440, 144), 453 

Crowder, G .  A. 309 (255), 31 I (255, Daves, G .  D. 687 (G), 717 

Crowell, T. I. I93 ( I  2 9 ,  262 David, J. G .  146 (89), 149, 384(27), 388, 
Crozet, M. P. 389 (56), 393, 394 (27), 403,406 (56) ,  

411, 412, 449 (139), 453 
Cruickshank, F. R. 23, 31 (13), 108, David, S. B. 191 (117), 362 

Csizniadia, I .  G .  81 (28), 82 (28, 29), 86 Davies, D. G. 789 (IS), 834 

Daniodaran, V. A. 
Danehy, J. P. 

734 (60), 777 

781, 782 Darnall, D. W. 645 (74, 667 
Darwent, B. de  B. 

441 (121), 453 Dauni, S. J .  525, 528 (32), 582 

260, 263), 323 David, J. E. 309, 310 (249), 3-33 

707 (65, 86), 708 (89),  
719, 764 (276), 783 

156 (16), 161 Davidson, W. E. 749 ( I  58), 783 

(29, 97), 87 (30), 88 (31, 32), 91 (31), Davies, G. D. 

Davies, G. R. 782 

Davies, J. V. 

179, 180 (60), 260, 746 
97 (34, 36, 37), 99 (38), 108, 109,419 
(3, 449 

(129), 779 

Cullis, C. F. 806, 807, 810, 815 (138), Davies, J. M. 743 (106), 779 
817, 818, 820, 821 (154), 822 (154, 
161), 824 (1611,837,838 

485 (21), 493, 512, 513 
(44), 514, 515 



896 Author 

Davies, W. 198-200 (151), 245 (354), 
248 (354, 361), 250 (354), 262, 268, 
439 (115), 453, 691 (19), 693 (251, 
717 

Davis, F. A. 
Davis, G .  T. 
Davis, K. E. 
Davis, K. H. 
Davis, N. 1’. 
Day, A. R. 
De, N. C. 
De, S. K. 
Deana, A. A. 
DeBoer, A. 171, 172, 178,236 (16), 259 
DeBoer, T. J. 
Decius, J. C. 123 (39), 148, 846 (IS), 881 
Deger, T. E. 179 (46), 260 
Dehmel, H. 729 (40), 776 
Deitz, V. R. 277 (53), 317 
deJongh, H. P. 
Dell’Erba, C. 

778, 779 
Dclviche, J. 28 (16), I08 
DeMaria, P. 403, 729 (41), 761 (264, 

265), 762 (265),  777, 783 
Dcnibech, 1’. 746 (134), 779 
Deniuth. F. 537 (74). 554 

689 (15), 717 
423, 429 (26), 450 
793 (67), 835 
246, 247 (359), 268 
528, 544, 546 (40), 583 

216, 219 (220), 264 
550 (102), 585 
391 (64), 412 

566 (155), 586 

736, 742 (69), 777 

522 (1  I), 582 
738 (84), 744 ( I  17, 1 IS), 

Denuiynck, M. 254‘(381), 255 (392), 
268. 269 

Denisov; G. S. 
(35): 881 

Denkewaltcr, R. G. 
684 

Denyer, C. V. 
Derne, A. 
Derzhavets, A. A. 
Descotes, G. 730 (43), 777 
De Vijlder, M. 
Devlin, J. P. 311 (261), 323 
deWaal, W. 555 (112), 585 
Dewar, M. J. S. 
Dharmatti, S. S. 
Dhingra, M. M. 
Dias, A. R. 
Dickson, D. R. 

Dickson, H. M. 
Dicknian, J. 
Di Furia, F. 
Dillard, J. G .  

Dille, K. L. 
Di Lonardo, G. 307,308 (234), 322,427 

382, 388 (22), 411, 855 

675 (43, 4 3 ,  683, 

752 (186), 781 
407 (1 68), 415 

399, 400 ( I  16), 413 

274 (28), 317 

804 (130), 837 
385 (37), 411 
385 (37), 411 

757 (233), 782 
463, 465 (1 l ) ,  478, 833 

674 (33 ,  683 
(194), 839 

338, 346 (43), 353 
796, 797 (94), 836 
23, 31 ( I  2), 108, 337 338, 

342 (39), 349 (54), 353 
123 (39 ,  I48 

( 5  I ) ,  451 

Index 

Dinncen, G .  N. 
Dinncen, G .  U. 
Di Nunno, L. 

Dirkx, I. P. 
Ditsch, L. T. 397, 398 (91), 413, 423, 

Diiinker, Ph. M. 238, 239 (339, 267 
Dix, J. S. 251 (370), 268, 438 ( I  12), 452 
Dixon, G .  14. 304 (190, 191), 321, 855 

(36), SSI 
Dixon. R. N. 28 (15). 108 

335, 336, 338 (36), 353, 
854 (33), 881 

735, 736 (67), 777, 792 
(51, 52), 835 

736, 742 (69), 777 

426 (24), 450 

Dizab;, P. 308, 309 (241), 322, 384,388 
(25). 411 

Djcrassi,. C. 194, 195, 197, 198 (134), 
221, 222 (247), 255, 256 (391), 262, 
265, 26Y, 325 (la), 327 (8), 328 (la), 
330 ( la ,  16), 335 (la,  30, 31), 338 

(2), 362, 363 (30), 365 (36), 366 (39), 
372 (36), 377, 378, 525 (24), 530 
(46,47), 531 (46,48,49), 532 (46,60), 
548 (99, IOO), 549 (99, IOI), 550 (60, 
I O I ) ,  551 (60, IOS), 552 (IOS), 582- 
585, 693 (27), 71 7 

852, 868,873 (24), 881 

(43), 343 (la), 346 (43), 351-353,355 

Dmuchovsky, B. 
Dobbs, H. E. 
Dobeneck, H. von 
Dodson, R. M. 

Doerken, A. 728 ( 3 3 ,  776 
Doerr, I. L. 179 (59) ,  260 
Dohan, J. S. 303 (177), 321 
Doherty, B. T. 
Doherty, D. G. 

Doll, L. 
Donialski, E. S. 
Donienico, A. di 
Doniiano, 1’. 
Doniach, J. 877 (144), 884 
Donk, L. 731 (46), 777 
Donohue, J .  

145 (31), 147, I49 
Donovan, J .  

777 
Doornbos, D. A. 
Dorfnian, L. M. 

Doughty, G. 403 (148), 414 
Douglas, W. E. 
Douglass, I. B. 

Iloumani, T. F. 

878 (154), 885 
743 (IOS), 779 

306 (217), 322,358 (21), 
377, 522 (7), 568 (163, 164), 582, 587 

795 (83), 836 
698 (46, 47), 718, 792 

(63), 835 
219, 220 (232), 265 

152-154 (8), I61 
349 (54), 353 

123, 144 (24). 147 

123 (25, 31), 144 (25, 78), 

306 (221), 322, 735 (66), 

400 (127), 414 
484 (9), 500 (60), 514, 

515 

757 (231), 782 
422 (21, 22), 450, 791 

179 (-29, 260 
(33, 34, 38-40), 792 (331, 834, 835 



Author Index 897 
Douslin, D. R. 
Doylc, F. P. 438, 439 (114), 442, 433 

(12% 453 
Doylc, T. W. 240, 241 (338, 339), 243 

(338), 267 
Draganic, I. G. 
Draganic, Z .  D. 
Drager, M. 
Drago, R. S. 392 (68), 412 
Draxl, K. 23, 31 (12), 108,337, 338, 342 

Drefahl, Ci.  551 (105), 585 
Drenth, J. 642 (64), 667 
Drenth, W. 731 (46), 777 
Dronov, V. I. 
Drozd, G. I. 750 (173-), 780 
Drucker, A. 198-200 (152), 262 
Dubinskaya, E. I. 
Dublon, E. 401, 402 (130), 414 
Dubourdieu, M. 593 (9, 664 
Dubrin, J. 466 (15), 478 
Dubs, P. 572 (173), 587 
Ducay, E. D. 
Ducep, J. B. 
Duckworth, J. W. 
Duff, J. M. 
Duffield, A. M. 
Dulova, V. I. 
Dumas, G. 424 (32), 450 
Dunai, B. A. 
Duncan, W. G. 
Dunham, W. R. 
DUPLIY, C .  

Durta, G.  A. 
Duus, F. 

413 
Duvall, R. E. 

426 (24), 450 
D u  Vigneaud, V. 

672 (17, 18, 20), 683 
Duxbury, G. 
Dvoryankin, V. F. 
Dyer, H. B. 
Dykc, C.  H. van 
Dyrbye, M. 877 (142), 884 
Dzantiev, B. G. 
Dziewonska, M. 790 (20), 834 

Eaborn, C .  

Eadon, G .  
Eakin, M. A. 
Earl, W. L. 

153-155 (1 I ) ,  161 

483 ( l ) ,  514 
483 ( I ) ,  514 

387, 401 (459, 412 

(39), 353 

753 (192), 781 

747 (136), 779 

294 (120), 319 
577 (185), 587 

859 (50), 882 
528, 544, 546 (40), 583 

327 (S),  352 
402 (140), 414 

398 (loo), 413 
539 (78), 584 
660 (98), 668 

707 (85),  708 (89), 719, 764 
(276), 783 

707 (87), 719 
329 (15), 352, 395 (80, SI,  83), 

397, 398 (91), 413, 423, 

221, 228 (279), 266, 

28 (15, 17), 108 
123 (28), I47 

113, 114, 118, 143(6), 147 
749 (156), 780 

871 (102, 103), 883 

429, 430 (60), 433 (82, 83), 

338, 346 (43), 353 
434 (85),  451,452,568,874 (1 34), 884 

769 (293), 76'4 
510 (84), 516 

Eornshaw, D. G. 

Easy, C. W. 274 (28), 317 
Eaton, J. L. 170 (9a), 258 
Ebata, N. 859 (48), 882 
Eberhardt, M. L. 
Ebert, E. 407 (166), 415 
Ebert, M. 492 (33), 493, 512, 513 (44), 

Ebigt, I. 859 (51), 882 
Ebsworth, E. A. V. 
Eck, D. L. 710 (93), 719 
Econoiny, J. 216, 218 (221), 264 
Edniondson, D. 645 (69), 667 
Edmunds, I. G. 144 (81), 149 
Edsall, J .  T. 399 (118), 414, 695 (34), 

717 
Edsberg, R. L. 
Edwards, B. E. 252 (373), 253 (373, 

378, 379), 268 
Edwards, J. D. 201 (172), 263, 699 (54), 

718 
Edwards, J. 0. 275 (34), 317, 715 (115), 

719, 750 (173), 76'0 
Efisio, N. 738 (85) ,  778 
Efraty, A. 758 (244), 782 
Egan, C. P. 795 (53), 836 
Eggers, D. F. 
Egli, 13. 

450 
Eiben, K. 490 (32), 514 
Eichinger, B. E. 
Eisele, B. 642 (62), 666 
Eisenberg, D. 647 (72), 667 
Eisenberg, R. 755 (203), 781 
Eisensthdter, J. 282 (67), 318 
Eiter, K. 744 (116), 779 
Elcombe, M. M. 
Eldjarn, L. 510 (88, 89), 516 
El Ghariani, M. 
El-Hewehi, Z. 192 ( 1  19), 262 
Elicciri, G. L. 605 (21), 665, 877 (139), 

884 
Eliel, E. L. 132 (66), 149, 240,241 (338- 

340), 243 (33S, 340), 245 (340), 267, 
445 (133), 446 (133, 134, 136), 453, 
532, 549 (59), 583 

Elion, G .  B. 645 (69 ,  667 
Elkan, Th. 193 (132), 262 
Ellgen, P. C .  

881 
Elliot, R. D. 
Ellis, A. J. 
Ellis, D. R .  

335, 336, 338 (36), 
353, 854 (33), 881 

427, 435 (46), 451 

514,515 

749 (161), 780 

301, 302 (167), 320 

381 (12), 411 
403, 404 (150), 414, 425 (33,  

397, 398, 402 (92), 413 

123 (29 ,  147 

737 (79), 778 

758 (243), 782, 851 (22), 

186 (93), 261 
398, 399 (1 lo), 413 
492, 498, 504, 505 (38), 515 



598 Author Index 

Ellis J. W. 
Ellis, L. M. 
Ellison, R. A. 

584 
Ellman, G. L. 
Elron, G. 13. 
Els, H. 531 (SO), 583 
El-Sabban, M. Z. 

(262), 323 
Elson, E. L. 

717 
EiiielC~is, H. J. 750 (170), 780 
Emerson, D. W. 527, 528 (37), 550 

Emerson M. T. 
Eniiliozzi, H. 873 (128), 854 
Emiliorzi, R. 221, 225 (259), -765, 873 

Endo, T. 725 (19). 776, 805 (134), 837 
Engberts, J. B. F. N. 
Engelhardt, P. R. 183, 185, 202, 203 

(87), 2Gl 
Entrikin, J .  B. 273 ( I ,  5 ,  6), 275 ( I ,  S ) ,  

316 
Enyo, H. 
Epstein, J.  W. 
Epstein, M. 
Epstein, W. W. 564 (149), SS6, 795 

(89, 836 
Erickson, R. W. 525 (27), 526, 528 (36), 

536, 547 (27), 566 (155), 578 (187), 
582, 583, SS6, 58s 

30s (233, 322 
181 (63), 260 

539 (76b, 77), 547 (95), 

288 ( I O I ) ,  319 
870, 872 (123), SS4 

152, 154 (9), 161, 31 I 

399 ( I  IS), 414, 695 (34), 

(1 03), 583,585 
381 (12), 411 

(125), ss4 

727 (30), 776 

SO0 ( I  13), S36 
576 ( I  83a), 557 

219, 220 (232), 265 

Erickson, W. F. 
Erkstrani, B. 
Erliy, D. 298 ( ] S O ) ,  3-70 
Ernest, I.  529 (45), S S 3  
Ernsting, M.  J. E. 
Erwin, V. G. 
Eschenmoser, A. 572 (173), 581 (195, 

Estcrbauer, H. 769 (290), 7S4 
Ettlinger, M. G. 696 (38), 717 
Eiigster, C. H. 552 (109), 585 
Evans, E. R. 201 (165), 263, 699 (52), 

703 (72), 718 
Evans, G. L. 255 (38‘4, 269, 309 (256), 

323 
Evans, H. R. 411 (IS), 450 
Evans, W. G. 392 (05), 412 
Evans, W. 13. 21-23, 31 (lo), 108, 151 

Everett, J.  W. 
Eynian, D. P. 
Eyring, H. 

562 (142), 586 
713 ( I  1 I ) ,  719 

861, 876 (64), SS2 
299 ( 1  54), 320 

196), SS7, 585 

(3 ) ,  161, 337 (37), 353 
57 1 ( 1  71), 557 
391 (by), 412 

326, 340 (2), 351 

Fabian, J .  252, 254 (374), 255 (389, 

Failli, A. 531 (48), 583 
Fairweather, R. B. 
Fakcva, Z. N. 
Falzone, M .  
Farah, B. S. 
Faraone, G .  
Farlow, M. W. 
Farrington, K. J .  
Fasinan, G .  D. 
Fasold, H. 297 (139), 320 
F ~ L I I ,  W. 1-1. 531 (48), 583 
Fava, A. 303 (IS?), 321 
Feathcr, M. S. 
Fcdor, L. R. 
Fedorov, B. P. 
Feller, F. 3S0, 399 ( S ) ,  410 
Fehlhaniiiier, W. P. 
Fehr, J. 770 (297), 784 
Feigl, F. 
Feil, D. 
Feinstein, A. 299 (156), 320 
Feitsnia, M. T. 400 (127), 414 
Fejtek, J .  869, 570 (I66), 885 
Fcld, D. 563-564 ( I  39a), 586 
Fel’dnian, I .  Kh. 868, 872 (117, I l S ) ,  

584 
Fcnn, J .  LI. 170 (9a). 258 
Fcrnando, J. 305 (194), 321 
Fcrnando, Q. 398 (103), 413 
Fcrrctti. A. 236 (327--329), 237 (327, 

3%), 267, 671 (12), 693, 732, 743 
(52) ,  777 

Fessenden, R. W. 484 (lo), 490 (10, 
32), 495 (101, 514 

Fessler, D. C. 
Feutrill, G. I .  

Ficq, A. 
Ficcchi, A. 711 (97), 719 
Field, F. 14. 326 (3), 337, 338, 342 (39), 

346 (3), 35I, 353 
Field, L. 183, 185 (87), 195 (142), 202, 

203 (87), 217, 219 (228), -761, -762, 
265, 766 (281), 754, 794 (811, 795 
(84), 805 (132, 133), 836, 837 

265, 269 

343, 344 (47), 353 
859 (55) ,  882 

761, 762 (265), 783 
791 (39, 40), 835 
756 (2 17), 782 

251 (371), 268 
689 ( I I ) ,  717 

376 (53, 54), 378 

71 I (IOO), 719 

746 (133), 779 
550 (102), 585 

756 (222), 782 

273 (IG), 274 (16, 26), 316, 317 
121 (19), 122 (19, 21), 147 

769 (293), 754 
575 (181), 587, 745 (124- 

126), 746 (126), 779 
864, 878, 879 (79 ,  883 

Fields, D. L. 187 ( 9 9 ,  -761 
Fields, T. C. 257 (401), 269 
Fieser, L. F. 521 (3, 4). 522, 523 (lo), 

524 ( 3 ) ,  525 (4), 526 (3), 548 (lo), 

Fieser, M.  521 (3, 4), 514 ( 3 ) ,  525 (4), 
582. 744 ( 1  20), 779 

526 (3), 582, 744 (120), 779 



Author Index 899 

Fife, T. 1-1. 
Filippova, A. Kh. 
Filippova, A. K. L. 
Finazzi Agro, A. 
Fine, D. H .  
Fini, A. 

783 
Finke, 14. 

783 
Finkelstein, J .  D. 
Finn, F. M. 
Finney, C. D. 

352 
Finzazi Agro, A. 
Finzi, C. 
Fischer, E. -0 .  
Fischer, M. 
Fishman, J. 531 (52-55), 583 
Fisk, G .  829 (174), 838 
Fiswick, A. H. 
Flanient-Durand, J. 

Flavin, M. 862 (67), 882 
Fleckenstein, E. 
Fleming, R. 273 (19), 316 
Fletcher, J. C .  
Fletcher, T. L. 

Fletcher, W. H. 
FlohC, L. 

Fluharty, A.  L. 

FBldi, Z. 173 (24), 259 
Folkard, A. R. 
Folkcrs, K. 638 (51), 666 
Folkins, H. 0. 
Folting, K. 
Foltz, E. L. 
Fontana, A. 272 ( 1 9 ,  201 (110-112), 

316,319, 369, 373, 375 (48), 378,675 
(46), 676 (47), 684 

550 (103), 585 
747 ( 1  36), 779 

763 (273), 783 
645 (68), 667 

153-155, 159. i60 (13), 161 
403, 729 (41), 761 (264), 777, 

153-155 ( I l ) ,  161, 762 (267), 

603 (IS), 665 
678 ( 5 8 ) ,  684 

328, 329, 340, 341 (13), 

658 (94), 667 

760 (260, 261), 783 
432, 435 (76), 451 

868, 871 (105), 883 

748 (144), 780 
864, 878, 879 (78), 

883 

199, 201 (159). 263 

300 (163), 320 
187, 188 (102), 195, 197 

(140), 261, 262 
397 (88), 413 

289, 314, 315 (288), 324, 401 

652 (82,  83), 656 (82), 
(123, 414 

657 (90), 667 

276 (39), 317 

179 (47, 49), 260 
133, 143 (79,  149 
298 (151), 320 

Foote, L. J.  
Forbes, W. F. 

516 
Ford, J. F. 
Forlani, L. 

Fornasari, E. 788 (13), 8-34 
Forrester, A. R. 
Forsen, S. 384 (29), 411 
Forslind, B. 
Foss, 0. 221 (284), 266 
Foster, E. L. 

599 (13), 664 
313 (280), 3-74, 509 (73), 

827, 828 ( 1  69), 838 
735, 736 (67), 738 (85), 777, 

778 

I69 (2c), 258 

863, 878 (68), 882 

522, 552 (8), 582 

Fothergill, J.  E. 
Fournier, J.  0. 
Fournier, L. 766 (282), 784 
Fowden, L. 

Fowler, hi. 5. 687 (4), 717 
Fowler, R. G. 308 (237), 322 
Fox, I. I<. 423, 429 (26), 450 
Fox, 3.  J .  179 (59), 188, 189 (106), 260, 

Fraenkel-Conrat, H. 294 (120), 319 
Franc, Z .  861, 876, 878 (65), 882 
France, C. J. 220 (241), 265 
Francis, B. K. 748 (145), 780 
Francova, V. 861, 876, 378 (65),  882 
Frank, J. K. 120 (15), 147 
Frank, R. L. 170 (lob), 259 
Frankel, M. 671 (IG), 683 
Frankevich, Ye. L. 3, 23, 31 ( I ) ,  108, 

500, 501 (62), 515 
Franklin, J.  L. 23, 31 (I?),  108, 335, 

336 (33, 35), 337, 338, 342 (39), 347 
348 (331, 349 (33, 54), 351 (59),  352, 
353 

Franzen, V. 399 (1 15), 413 
Frassetti, P. 198 (150), 262 
Fraumberger, F. 
Fredericks, W. L. 
Fredga, A. 
Freedberg, W. B. 
Freedman, R. 
Freer, S. T. 
Freese, H. 432 (73), 451 
Frei, E. 860 (56), 882 
Freidlina, R. Kh. 189, 190 (109, 110, 

Freiser: H. 39s (103), 407 (165), 413, 

Freisheim, J .  14. 
Frcund, H. G. 

Frey, M. 
Frcy, T. G. 
Fridinger, T. L. 523 ( 1  3), 582 
Frieden, E. 
Friedman, B. S. 177 (32), 259 
Friedman, M. 
Friedmann, E. 294 (124), 319 
Fries, K .  

835 
Frinipter, G .  W. 602, 604 (17), 665 
Frischniann, J. K. 787, 788 (9), 834 
Frohlich, A. 

286 (93), 318 
187 (99, 261 

306 (220), 322, 369, 371- 
373, 375 ( 4 3 ,  378 

261 

676, 677 (49), 684 
214, 245 (210), 264 

297 (143), 320 
544, 546 (91), 584 

374, 376 (50), 378 

660 (99), 665' 

112), 191 (109), 2'61 

415 
670 (9, 682 

313 (281), 324, 509 (79), 
513 (IOO), 516, 517 

134, 143 (76), 149 
763 (279, 763 

299 (1 53), 320 

29s (147-149), 320, 668 

221, 225 (277), 266, 792 (601, 

403-405 (154), 414, 427 
(47), 451 



900 Author Index 

Frohnebcrg, W. 221,226 (265), 265 
Frornageot, I>. 596 (7), 664, 867, 869 

(94, 97), 883 
Fronim, E. 220 (236), 254 (382), 265, 

269 
Frost, A. A. 847 (19), 881 
Frost, D. C. 308 (230), 322, 335, 342 

(32a), 352, 356 (12), 377, 428 (52), 
451 

Fruton, J. S. 296 (1 32), 320 
Fry, E. G. 
Fuchs, G. 
Fuchs, 1’. L. 
Fuchs, R. 
Fuchs, V. 
Fueki, K. 509 (75), 516 
Fueno, T. 362 (29), 377 
Fujii, K. 689 (14), 717 
Fujino, Y.  744 (121), 779 
Fujita, T. 555 (120), 585 
Fukui, K. 181 (67), 260 
Fukushima, D. K. 
Fullcr, G. 739 (94), 778 
Fullhart, L. 211-213 (197), 264 
Furaeva, I. V. 
Furbcrg, S. 
Furfinc, C. 640 (61), 666 
Furin, G. G. 

Furman, N. H. 
Fursenko, 1. V. 
Furst, A. 531 (50), 553 
Furukawa, J. 362 (29), 377 
Furukawa, M. 744 (121), 779 
Furukawa, N. 238, 239 (334), 267 
Furuta, T. 524 (17), 582 
Furuya, Y .  394 (74), 412 
Fuson, N. 308 (237), 322 
Fuson, R. C. 439 (1 16), 453 
Fusop, R. C. 273 (2), 316 
Futrell, J. H. 346, 349 (51), 350, 351 

Fyfe, W. S. 381 ( 1 3 ,  411 

Caber, €3. P. 

Gabriel, S. 444 (1 30), 453 
Gac, N. A. 160 (24), I61 
Gacs, 1. 876 (135), 884 
Gadrct, M. 124 (43), 148 
Gaertner, V. R. 
Gainer, G. C. 
Galiazzo, G. 306 (208), 322 
Cambarova, S. A. 

303 (174), 321 
176, 177, 206, 207 (36), 259 

525, 528, 543 (28), 582 
193 (126, 127), 262 
335, 342 (32b), 352 

194-196 (136), 262 

773 (306), 754 
123, 145 (32), I47 

737 (82, 83), 739 (83), 742 
(82, 83), 743 (104), 778 

279 (61), 317 
750 (174), 780 

( 5 9 ,  353 

652 (82, 83), 656 (82), 657 
(go), 667 

729 (38), 77G 
182, 184 (Sl), 261 

725 (18), 776 

Ganguly, A. N. 556 (116), 585 
Gann, R. G. 466 (15), 478 
Ganter, C. 206 (185), 263 
Gapp, F. 331 (19), 352 
Gardner, D. V. 734 (5!?), 777 
Garmaise, D. L. 702 (68), 718 
Garratt, P. 3. 571 (171), 587 
Garrick, M. D. 609 (27), 665 
Garrison, W. M. 492,494 (41). 506 (68), 

507 (41), 508 (68), 512 (94), 515, 516 
Garweg, G. 863 (71), 882 
Garwood, D. C. 724 (12), 776 
Garwood, D. S.  724 (12), 776 
Gasco, L. 276 (40), 317 
GaspariE, J. 301 (169), 320 
Gasparri, G. F. 123, 144 (24), 147 
Gates, J. W. 187 (98), 261 
Gattow, G. 133, 134 (73), 149, 387, 401 

(49), 402 (142, 143), 412, 414 
Gaucher, G. M. 512, 513 (98), 517 
Gavrilova, L. A. 744 (1 19), 779 
Gawron, 0. 221, 229 (286), 266, 305 

(194), 321 
Gazieva, N. I. 
Gebauer-Fuelnegg, E. 238 (332), 267, 

Gebhardt, 0. 127 (53), I48 
Gebicki, J. M. 
Geiger, R. 
Ceiling, E. M. K. 
Gcnusov, M. L. 310 (251), 323, 386 

(40), 412 
George, G. 770 (297), 784 
George, M. V. 
George, T. J. 
Gerasimcnko, Yu. E. 
Gerhart, J. C. 
Gero, S. D. 
Gerritsen, T. 604 (20), 665 
Gcrtncr, D. 671 (16), 683 
Gestbloni, B. 125 (46), I48 
Ghclis, N. 
Ghosh, A. C.  
Giacobbe, T. J. 573 (177), 587, 769 

Gibbs, D. E. 
Gibbs, K. 859 (53), 882 
Gibian, M. J .  
Gibson, D. T. 
Giddings, S. A. 757 (226), 782 
Gicscler, G. 386 (42), 412 
Giggcnbach, W. 399 (114), 413 
Giles, D. 492 (40), 515 
Giles, Jr., P. M. 

763 (274), 783 

432 (74), 451 

499 (59), 515 
679, 680 (59), 684 

859 (52), 882 

256 (393, 269 
706, 708 (82), 718 

220 (242), 265 
657 (92), 667 

525, 528 (29, 30), 582 

677, 678 (52), 654 
554, 557 (IlO), 585 

(293), 784 
298 (149), 320 

826 (167), 838 
192 (121), 262 

795 (84), 836 



Author Index 90 1 

Giles, W. G. 862 (66), 883 
Gilham, 13. 617 (35), 665 
Gillis, H. A. 489-491 (28), 493 (46),514, 

515 
Gillis, R. G. 327, 336 (9), 335, 339 

(4% 341 (9), 35-7, 353, 843, 868 (2), 
880 

Gilman, H. 182, IS4 @ I ) ,  211 (l97), 
212 (197, 207), 213 (197), 261, 264 

Giner-Sorolla, A. 256 (398), 269 
Ginsberg, F. 382, 387, 389 (17), 411 
Ginsburg, V. A. 763 (274), 783 
Ginzburg, I. M. 387 (44), 412 
Gioumousis, G. 349 (53), 353 
Gislcr, R. H. 860-862 (63). 882 
Givens, E. N. 792 (49,835 
Gladshtein, B. M. 

(40j, 412 
Gladys, C.  L. 
Glaser, C .  B. 
Glaser, M. B. 
Glass, H. B. 
Glass, W. K. 
Glazebrook, R. W. 
Glazer, A. N. 

642 (63), 666 
Glcason, J.  G. 
Glidewell, C .  
Glovcr, T. 
Godfrey, J .  C .  
Godfrey, J. J. 
Goering, H. L. 
Golberger, R. F. 
Gold, A. H. 
Goldberg, A. A. 
Goldberg, E. 391 (178), 415 
Goldberg, M. W. 
Goldberg, P. 833 (190), 839 
Golden, D. M. 23, 31 (13), 108, 156 

(16), 160 (24), 161 
Gol'dfarb, Ya. L. 
Golding, B. 572 (173), 587 
Golding, R. M. 
Goldman, P. 
Goldstein, D. 274 (2'3, 317 
Goldstein, J. H. 
Goldsworthy, L. 3. 
Goldwhite, H. 169 (2bL 258 
Goliasch, K. 257 (402), 269 
GoliE, L. 134, 143 (76), 149 
Golloch, A. 
Golubkova, F. A. 
Good, W. D. 

(lo), 161 

310 (251), 323, 386 

195 (142), 262 
274,200 (32), 317 

819 (156), 538 
257 (399), 269 
755 (213, 782 

711 (96), 719 
296 (137), 320, 640 (59), 

753 (189), 781 
749 (154, 155), 780 

860, 876, 878 ( 5 8 ) ,  882 
713 (107), 719 

208 (1 86), 263 
170, 171 (5b), 258 

305 (201), 321 
614, 641 (33), 665 

246, 247 (357), 268 

194, 195 (143), 262 

125 (47), 148 

395, 399 (110), 413 
623, 625, 627 (41), 666 

421 (lS), 450 
243 (346), 268 

750 (164, 16% 780 
867, 869 (91), 883 

151 (2, 4), 152, 154-156 

Goodnian, L. 248 (360), 268, 305 (197), 
30s (229), 321, 322, 427 (50), 451, 
697 (41), 718 

Goodman, M. 356 (7), 377 
Gordon, 3. J. 220 (237), 265, 277 (48), 

317 
Gordy, W. 126 (50), 131 (62), 148, 308, 

310 (240), 313, 314 (283), 322, 324, 
382, 388 (19), 411, 424 (27), 450, 507 
(70), 509 (70, SI),  516 

Gorhani, M .  J .  826 (166), 835 
Gorin, G. 403 (148), 414 
Gorlenko, V. A. 

352 
Gornian, M. 

262, 548 (loo), 5S4 
Corni, G. 296 (120), 319 
Gornowicz, G. A. 
Gosden, A. 675 (42), 683 
Coshorn, R. 1-1. 

Goto, T. 330 (IS), 352 
Gotschi, E. 572 (173), 587 
Gottarelli, G. 
Govil, G. 
Gowenlock, B. G. 
Graboycs, H. 216, 219 (220), 264 
Grachev, S A. 755 (209, 210), 782 
Gracia, A. .i. 790 (26), 834 
Grafius, M. A. 
Grafje, H. 221 (2S7), 266 
Gragerov, J. P. 
Graham, D. M. 462 (7-9), 478, 833 

(197), 839 
Grant, D. W. 
Grant, P. T. 
Granzow, A. 

Granzow, G. 
Grassetti, D. R. 275 (33), 290 (33, 108, 

Graysham, R. 541 (82-84), 542 (84), 

Graziani, h4. T. 
Grechko, V. V. 
Greco, C .  C .  
Green, A. G. 
Green, M. L. t i .  
Greenstock, G. L. 
Greenwood, D. 198 (!48), 221, 228 

Gregory, C. D. 758 (243), 782,851 (22), 

Gregory, J.  D. 294 (125), 319 

332 (21, 22), 333 (23j, 

194, 195, 197, 198 (134), 

724 (9), 776 

179 (46), 203 (178), 2G0, 
263 

364 (34), 376 (63,  378 

337, 339 (43, 353 
385 (37j, 41 I 

400 (126), 414 

391 (63), 412 

492 (40), 515 

476 (40), 479, 484, 456, 

816, 833 (151), 837 

651 (77). 667 

489-491 (6 ) ,  510 (85), 514, 516 

log), 317, 319 

584 
645 (68), 667 
870, 873 (133), 854 

198, 199 (149), -762 
193 (131), 262 

757 (231-233), 78-3 
484 (9), 514 

(272), 263, 266 

881 



902 Author Index 

Greidanus, J. W. 
Greig, G. 853 (29), 881 
Griesbauni, K. 513(104),517,761 (262), 

Griffith, M.G.  473(29,31),474(29),478 
Griffiths, J. 127 ( 5 3 ,  I48  
Grim, R. A. 
Grinisrud, E. P. 
Grindley, T. 405 
Grinnan, E. L. 
Grishkova, V. K. 
Grivas, J. C.  
Grobe, J. 760 (257), 783 
Groen, S. 13. 564 (151), 586 
Gronow, M. 291 (114), 319 
Gronowitz, S. 125 (45, 46), 149, 214 

Groschel-Stewart, U. 297 (139), 320 
Grosjean, M. 356 (3, 377 
Gross, Y. 303 (181), 321 
Grossman, J. 
Grossweiner, L. I. 
Grotjahn, L. 334 (27), 352 
Grover, P. K. 
Gruber, R. J.  
Gruber, W. 221, 222 (248), 265, 765 

Gruen, L. C.  265 (86, 87), 286, 318, 787 

Grundon, N. G. 878, 879 (151), 885 
Grunert, R. R. 273 (18), 316 
Grunwald, E. 437 (103), 452 
Grunwald, F. A. 
Grunwell, J .  R. 

(88), 719 
Grutzmacher, H.-F. 331 (20), 352 
Gschwend, H. W. 539 (SO), 584 
Guanti, G. 738 (84), 744 (118), 778, 779 
Guaraldi, G. 794 (SO), 836 
Guenzler, W. A. 
Gundlach, H. G. 
Gunning, H. E. 

Gunsalus, I. C.  
Gunther, H. 449 (147), 453 
Giinther, W. H. W. 
Gupta, G. N. 
Gupta, V. D. 

Curd, F. R. N. 
Gureeva, L. I. 
Gwst ,  J. E. 
Gurvich, L. V. 

253 (380), 268 

783, 829, 830 (175), 831 (179), 838 

529,549 (43), 583 
727 (33), 776 

652 (SO), 667 
868, 872 (118), 884 

443 (126), 453,687 (71, 717 

(209), 264 

221, 222 (247), 265 
493, 494 (49, 515 

201, 203 (170), 263 
576 (163b), 587 

(277), 783 

(81,834 

217, 219 (228), 265 
209 (191), 263, 708, 715 

401 (123), 414 
303 (178), 321 

175 (27), 259,444 ( 1  28), 

221, 222 (248), 265 
453 

221, 225 (276), 266 
878 (152, 153), 885 
747 (1 37), 749 ( 1  59), 752 

(179), 780, 781 
293 (1 17), 319 

402 (140), 414 
364 (35), 378 

3, 23, 31 (I) ,  108, 500, 

Gur'yanova, E. N. 

Gusarova, N. K. 762 (270), 783 
Guseinov, K. Z .  767 (286), 784 
Gutcho, M. 295 (128), 319 
Gutcho, S. 870, 873 (130), 884 
Gutfreund, H. 286, 268 (95), 318, 640 

Guthrie, G .  B. 153 (l l) ,  154 (11, 12), 

Guthrie, R. W. 556 (118), 585 
Guttniann, St. 678 (57), 654 
Guzik, H. 531 (52), 583 

Haas, A. 
Haas,I). J .  

Habceb, A. F. S. A. 
Haber, E. 278 (56), 317 
Hachey, J. M. 
Hackett, C .  M. 
Hackler, R. E. 562 (139b, 140-142), 

563 (139b, 145a, 147b), 564 (139b, 
147b), 586 

Haddad, Y .  M. Y. 
Haddock, E. 743 (106), 779 
Hadley, S. G. 

868 (108), 869 (108, 
1621, 871 (108), 883, 885 

(57), 666 

155 (1 l), I61 

752, 753 (182), 7SZ 
113-115, 118, 133, 136, 137 

(4), 146 
288 (102), 319 

559, 561 (129), 585 
702 (69), 718 

533 (66), 594 

313, 314 (287), 324, 477 
(42), 479, 833 (191), 839, 853 (31), 
88 I 

Madzi, D. 406 (161), 415 
Haeberlein, 748 (l50), 780 
Hahn, J.  H.  313 (277), 323 
Hahn, W. 257 (402), 269 
Hahnkanim, V. 402 (142), 414 
Haines, W. E. 308 (238), 32-3, 326 (5-7), 

352, 832, 533 (183), 838 
Haines, W. J. 86 (36), 97 (36, 37), 

I09 
Hakansson, R. 214 (209), 264 
Halban, H. von 
Hales, R. H. 
Hall, D. E. 667 
Hall, F. M. 403 
Hall, S. S. 560 (194), 588 
Hall, W. P. 181 (70), 260 
Hallani, H. E. 

401, 402 (131), 414 
742 (103), 778 

146 (89), 149, 309, 310 
(249), 3-33, 382 (24), 384 (27), 388, 
389 (56), 393, 394 (27), 403,406 (56): 
411, 412, 449 (139), 453 

Halow, I. 337 (37), 353 
Hambly, A. N. 
Hamilton, W. C. 

394 (71), 412 
133 (70), 134 (70, 76), 

143 (76), 149, 380 (9), 411, 793 (72), 
501 (62), 515 835 



Author Index 903 
Hamm, R. 
Haniniann, 1.  728 (39 ,  776 
Hanmctt, L. P. 

Hampton, A. 179 (59), 260 
I-Ian, L. B. 
Handford, B. 0. 
Hancy, M.  A. 
Hangen, G. R. 
Hangwitz, R.  D. 
Honnonen, P. 621 (39), 665 
Hansch, C .  432 (77), 451 
Hansen, 13. J. 862 (66), 58-1 
Hansson, E. 858 (47), 882 
I-lansson, H.-A. 865 (83), 883 
Hantz, A. 219 (223), 264 
Hantzsch, A. 231 (321), 267, 401, 402 

I-lapper, D. A. R. 420, 445 (I l), 450 
Harada, J. 
Harani, M. 28 (17), 109 
Harding, G. F. 
Harding, J. S .  442, 443 (124), 453, 692 

Harding, M. M.  113, 114, 115, 118, 

Hardman, J. K. 

305 (195), 321, 787 (4), 833 

193 (125), 262,424,429 
(29a, b), 450 

613 (30), 665 
681 (66), 684 

23, 31 (13), I08 
351 (59), 353 

198, 109 ( I % ) ,  263 

( 1  29), 414, 432 (73), 451 

133 (73 ,  149, 380 (8),  411 

243 (346), 268 

(21), 717 

119, 134, 139, 140 ( l ) ,  146 
297 (143), 3-10 . .  

Hardy, E. M. 
835 

193 (124), 26-7, 792 ( 6 3 ,  

Harcll, D. 670 (6), 652 
Hargittai, I .  

130 (S), 147, 148 
Harkenia, S .  122 (21), 147 
Harnisli, D. P. 

683 
Marono, K. 
Harper, E. T. 

Harpold, M. A. 
Harpp, D. N. 674 (39), 683, 752 (184), 

753 (189), 781 
Eiarrap, B. S .  285 (86, 87), ,786, 318, 

787 (S), 834 
Harris, J. F. 170, 171 ( 1  2), 175 (29), 178, 

236 (12), 252 (376, 377), 253 (377), 
259, 268 

Harris, R. L. N. 
Harris, W. E. 
Harrison, A. G .  

114, 115 (S), 128 (8, 57), 

201 (162), 263, 671 ( l l ) ,  

701, 702 (65), 718 
397, 398 (91), 413, 423, 

426 (24), 450 
673 (30), 683 

189 (108), 261 
285 (84)? 318 

328, 329 ( I  3), 335-339 
(34), 340, 341 (1 3, 341, 342 (341, 347, 
349 (52), 352, 353, 853 (32), 881 

20 (9), 108 Harrison, A. J. 
Harrison, M. C .  
Harrison, P. M .  

97 (34), I09 
144 (83), 149 

Harris ,  M. G .  
Harte, E. M. 597 (9), 664 
I-Iartung, W. 14. 235 (329, 267 
Hartz, T. 1’. 400 (121), 414 
I-iass, A. 748 (150), 780 
I-lastings, S .  H. 301 (168), 320 
Haszeldinc, R .  N. 

77s 
Hatano, H. 509 (76, SO), 516 
Hatchikian, E. C .  
Hnttori, T. 772 (300), 784 
Haugcn, G. R. 156 ( I G ) ,  161 
I-ln~~l,  R. A. W. 852 (25), 881 
Hauptnian, 14. 522 (61, 525 (23), 529 

(6, 23), 530, 549 (23, 582 
I4auser, C .  F. 410 (173). 415 
H~LISCI-,  H. 364 (33 ,  378 
Havlin, R. 759 (249), 783 
Havranek, M. 376 (551, 378 
Hawkins, J. M. 221,223,224,227(269), 

266 
Hayaishi, M.  844 (7), 846, 868, 873 (IS), 

sso, 881 
Hayashi, M. 128 (56) ,  130 (56, 59), 148, 

309, 3 11 (253), 323 
Hayashi, S .  744 (121), 779 
Haydn, J. 738 (SG), 778 
Haynes, W. E. 306 (2131,322 
Hayon, E. 491,493 (105),517, 816(150) 

837 
Hays, H. R. 
Hazard, R. 764 (276n), 783 
Heacock, R. A. 
Heasley, G .  E. 
Heasley, L. 792 (58 ) ,  835 
Heath, H. 
Heath, N. S .  

Heath, R. L. 
Hcaton, P. R. 
Hecht, W. 
l-leckmann, K. S. 
Hedcgaard, B. 703 (78), 718 
Hedgley, E. J. 700 (63,  715 
Hcgarty, A. F. 735 (66), 777 
Heiney, R. E. 254 (751, 318 
Heise, K. 
I-leiss, J. 333 (24), 352 
Heller, S. R. 
Hellerman, L. 

757 (232), 782 

739 (92), 740 (96), 

593 (5 ) ,  664 

697 (42, 43), 718 

769 (292), 784 
256 (396), 269 

860, 876, 878 (58, 59), 882 
245 (354), 248 (354, 361), 

173-175 (23), 259 
250 (354), 268 

526, 528 (351, 5S3 
401, 402 (131), 414 

435 (97), 452 

872 (1 14), 8S4 

313 (2761, 323 
272, 273, 276 (S), 277 (8, 

50, 51, 53), 278, 282, 284, 291 (8), 
300 (161, 162), 316, 317, 320, 655 
( S G ) ,  667 

Hclm, D. van dcr 133, 143 (75), I49 



904 Author Index 

Helm, R. V. 

Helmer, F. 743 ( l l l ) ,  779 
Helnikanip, G .  K. 
Helquist, P. M. 
Heniphill, G .  L. 

(12), 478 
Henderson, R. \V. 
Wendrick, R. I. 
Henery-Logan, I<. It. 
Henglein, A. 344-346 (50), 353, 484, 

486 (6), 489 (6, 27), 490 ( G ) ,  491 (6, 
27), 510 (83, 514, 516 

Hennig, H. 179 (43 ,  260 
Henriksen, L. 
Henriksen, T. 

Henry, M. C.  
Henry, W. A. 
l-lentz, R. R. 
Henzi, R. 759 (248), 783 
Hepler, L. G.  396 (85, 174), 405 (85), 

Herbert, M .  221, 225 (259), 265, 873 

I-lermankova, V. 376 ( 6 5 ) ,  37s 
Hcrniann, P. 376 (53 ,  378, 675 (44), 

653 
Hernians, J. 
Herring, F. G. 

306 (213), 308 (238), 322, 
326 (5-7), 352 

797 (IOO), 836 
544 (94), 584 
376 (57), 378, 464,465 

475 (33), 478 
693, 695 (23), 717 

523 (13), 582 

443 (1 27), 453 
31 3, 3 I4 (278, 284), 323, 

749 (1 5 S ) ,  7SO 
556 (118), 585 

506 (67), 516 

324, 509 (82), 516 

413, 415 

(125), 884 

445 ( I  32), 453 
308 (230), 3 2 ,  335, 342 

(32a), 352, 356 (12), 377, 428 (52), 
451 

Herriot, S. J .  857, 876 (42), 881 
I-lerriott, J. R. 
Herron, J. T. 33, 31 (12), IOS, 337, 338, 

Herz, A. 13. 432 (78), 436 (loo), 451, 
452, 673 (31), 663 

Herzberg, G .  5 (4), I I ,  12 (4,6), 20 (4), 25 
(6) ,  IUR, 844 (4), 845 (12), 880, 881 

Herzberg-Minzly, Y .  Y .  576 (183a), 587 
I-Jeslop, J. A. 748 (146), 750 
Hess, C. E. 
l-lesse, R.  H .  575, 576 (182), 5S7 
I-Jetzel, 1:. W. 201, 203 (166), 263 
Hc\vett, W. A. 176 (33), 177 (33, 391, 

178 (39, 41), 206, 207 (33, 41), 259 
Heymes, R.  673, 674 (33), 683 
Heyndrickx, A. 281 (66), 31H 
Heyns, K. 331 (20), 352 
I-leysc, D. 643 (67). 667 
Higham, K. C .  
Hirlhsniith. R .  H. 

659 (97), 668 

342 (39), 353 

609 (27), 665 

863, 877 (73), 883 
750 (166). 7SO 

Hilditch, T. P. 181 (65), 260 
Hill, D. L. 409 (171), 415, 736 (70), 777 
Hill, 13. A. 0. 755 (214), 782 
Hill. J. 803 (123, 124), 837 
Hill, R. A. 422 (21), 450 
Hill, R. R. 362, 363 (31), 377 
Hiller, G .  255 (386), 269 
Hills, K. 749 (158), 780 
Hine, J .  429 (64), 436 (101), 451, 452 
Hinshaw, J. C .  248 (369), 268 
Hinton, J .  312 (271), 323 
Hipkin, J. 402 (138), 414 
Hippchen, H. 230 (319), 267 
Hirai, I(. 767 (289), 784 
Hirai, S. 
Hirose, K. 772 (300), 784 
Hirota, E, 449 (143), 453 
Hirota, M. 
Hirs, C .  H. W. 305 (204), 321 
Hirsch, B. 231 (321), 267 
Hirschniann, R. 675 (49,  684 
tlirshrnann, R. 675 (43), 683 
Hiskey, R. G .  

529, 530 (44), 583 

394 (74, 75), 412 

672 (29), 673 (30), 674 
(29, 36, 37, 39,40), 678 (53), 680 (62, 
64), 681 , 682 (68), 683, 684 

182 (73,  260, 870, 872 Hitchings, G .  H. 

Hitzler, F. 230 (316), 267 
Ho, D. H. W. 
130, J .  1'. C .  
Ho, K. C .  
Hobrock, 23. G. 

Hock, A. L. 
Hodgins, D. S. 
Hodgins, T. 733 (58) ,  777 
Hodgkins, J .  E. 
Hodgson,H. H. 183 (77),216,219(219), 

Hodnett, E. M. 
Hoelzel, C .  B. 
Hoffman, A. K. 
Hoffman, J. M. 
Hoffman, M. Z. 

Hoffniann, 1-1. 728 (35), 776 
Hoffniann, R. A. W. 
Hofmann, J. E. 

182), 538 
Hofniann, K. 

Hogan, J .  E. 
Hogeveen, FJ. 437 (107), 452 

(123), 884 

860 (56), 882 
284 ( 7 3 ,  318 

409 (171), 415, 736 (70), 777 
337 (40, 41), 353 

Hochu, M.-F. 742 (99), 778 
437 (106), 452 

524 (21), 582 

524 (18), 582 

260, 264 
273 ( 6 ) ,  316 

805 (133), 837 
816 (152), 838 
572 (172), 587 
491,493 (31, 105), 514, 

517, 8i6 (150), 837 

125 (46), 146 
686 (2), 717, 832 (180, 

274 (31), 317, 672 (21), 
678 ( 5 S ) ,  683, 684, 787 (4), 833 

769 (291). 784 
., 

I-Iikida, T.' 175 (27), 259 Hogs, D. R. 216 (230), 265 



Author 

Holdrese, C. T. 713 (107), 719 
Holian, J. 506, 508 (68), 512 (94), 516 
Holland, D. 0. 438, 439 (1 14), 442, 443 

(125), 453 
Holland, G .  F. 680 (63), 684 
Hollebone, B. R. 756 (218, 223), 782 
Hollis, R. A. 564, 565 (152e), 586 
Holmberg, D. 177 (30), 259 
Holmes, J .  L. 246, 247 (358), 268 
Holness, N. J.  446 (135), 453 
Holt, C. V. 870, 573 (129), 884 
Holton, R. A. 577 (186), 587 
Holubek, J. 525 (33), 583 
Honiiller, R. P. 305 (203), 331 
Honinies, F. A. 284 (76), 315 
Hong, J. S. 246, 247 (358). 268 
Hopkins, G. 386 (41), 412 
Hopla, R. E. 577 (186), 587 
Hopton, J. D. 806, 807, 810, 815 (138). 

817, 818 (154, 155), 819 (155), 820 
(1 54, 1 5 9 ,  821 (1 54), 822 (1  54, 155). 
837, 838 

869, 870 (166), 885 
187, 188 (lo]),  261 

Horak, F. 
Horak, V. 
Horani, M. 28 (IS), I08 
Horie, R. 394 (74), 412 
Horii, T. 423 (23), 450 
Horingklee, W. 
Horn, W. F. van 
Hornfeldt, A. B. 
Hornig, H. 
Horowitz, M. G. 
I-Iorton, N. H. 
Hoshi, R. 394 ( 7 3 ,  412 
Hossain, M. B. 
Hotelling, E. D. 

173, 174 (19a), 259 
753 (189), 781 
125 (45), f48 

694, 695 (29), 717 
284 (73,  286 (96), 318 

809, 810 (146), 637 

120 (17), 147 
257 (403), 269,434 (86, 

88), 452 
Houff, W. M. 211-214 (198), 264 
House, H. 0. 
Houscr, R. W. 

Iiovius, K. 727 (30), 776 
Howard, G. H. 
Howard-Flanders, 1'. 
Howells, J. D. R. 
Howes, P. D. 
Hoye, P. A. T. 
Hoycr, H. 394 (76), 412 
i-iseu, T. M. 
Hsu, J.  M. 863 (70), 882 
Hu, S. J. 391 (178), 415 
Huang, M. G .  
Hubbard, W. N. 
Hubcr, K. 

559 (124), 565 
521 (3, 569 ( 5 ,  167), 570 

(167), 571 (169), 582, 557 

276 (33), 317 
5 13 (99), 51 7 

381 (1 l),  382 (24), 411 
764 (276b), 783 

179 ( 5 9 ,  260 

285 (89), 318 

792 (44), 835 
151 (lj,  I61 

555 (1 1 I) ,  585 

Index 905 

Huber, W. 243 (344), 267 
Hudec, J. 

Hudon, B. 597 (9), 664 
Hudson, Jr., 13. E. 

177, 178), 831 (179), 538 
Hudson, R. F. 403 (155), 414 
Huebner, M. 551 (105), 555 
Hucnnekens, F. M. 
Hughes, E. W. 144 (82), I49 
Hughes, Jr., W. L. 282 (69, 73), 284 

(73), 318 
kluisman, T. H .  J.  284 (76), 318 
Humphrey, R. E. 221 (269, 273, 274), 

223 (269), 224 (269, 273, 274), 227 
(269), 228 (273), 266, 787 (9, 833 

Huniphries, W. G. 484 (3), 514 
Hung-Yin Lin, G. 145 
Hiinig, S. 201 (159), 263 
Hunter, D. 281 (6+), 318 
Hunter, E. C .  E. 419, 420 (9), 450 
Hunter, L. 386 (41), 4f2 
Hunter, W. E. 811 (148), 837 
Hunter, W. H. 442, 443 (125), 453 
Huo, W. M. 5 ,  25 (2, 3), I08 
).turd, C. D. 710 (94), 719 
Hurnaus, R. 733 (SSj, 777 
Hurwitz, H. 819 (156), 838 
I-Iutlunen, E. 398 (99), 413 
Huurdeman, W. F. J .  
Hylton, T. 539 (79), 583 
Hyne, J. B. 385 (36), 411 

Ibcrs, J. A. 133, 134 (70), I39 
Ibers, J. H. 380 (9), 411 
Ichihara, A. 545 (93, 584 
Iddon, B. 739 (93), 778 
Igeta, H. 674 (36), 683 
Ihn, W. 729 (39), 776 
lida, K. 758 (241), 782 
ikcda, S. 

883 
Iliceto, A. 303 (182), 321 
Illuminati, G .  798 (105), 836 
Ilvonen, A. 398 (105), 413 
Imaishi, H. 844 (7), 880 
Imanev, L. M. 844 (6). 880 
Irnnier, H. 
Inioto, E. 
lrnoto, M. 804 (129), 837 
Inaba, T. 

839 
Inanioto, N. 767 (288), 784 
Ingles, D. Li- 711 (1001, 719 

306 (216), 322, 357, 358, 368, 

529 (175), 830 (175, 

369, 371, 374, 376 (19), 377 

670 ( S ) ,  682 

527,528 (37), 583 

376 (52, 53, 66), 378, 866 (89), 

555 (1 1 I), 556 (1 181, 585 
800 (1 131, 836 

458, 461 (51, 478, 832 (1881, 



906 Author Index 

Inglis, A. S. 
Ingold, C. K. 
Ingrahani, L. L. 
Ingrani, V. M. 
Innorta, G .  
Inouc, S. 339 (18), 352 
Inuzuka, M. 524 (17), 5S2 
loffe, S. T. 211 (194), 264, 402 (137), 

IpatiefT, V. N. 

305 (193), 321 
428 (53), 451 
437 (104), 452 

284 (77), 318 
342, 343 (46), 353 

414 
177 (32), 259 

244 (342), 26-3, 267, 693 (28), 717 
Ireland, R .  E. 533, 553, 554 (64), 557 

(64, 122), 559 (64, 125, 127), 560,561 
(1 27), 583, 585 

I rk ,  H. 555 (120), 585 
I rk ,  T. 555 (1 1 3 ,  3-85 
Irreverre, F. 598 (1 I),  664 
Irvine, J. L. 792 (46), 835 
Irving, P. 342, 343 (46), 353 
Irving, R. J. 398, 400, 402, 403, 408 

Isaeva, L. S. 
Isaks, M. 750 (173), 780 
Ishiba, T. 767 (289), 754 
lshii, N. 744 (121), 779 
Ishizaki, M .  524 (17), 582 
Iskander, Y .  444 (129), 453 
Issidorides, C. El. 
Istoniina, Z. I. 
Ito, Y .  752 (IS7), 7SI 
Ivanov, M. V. 762 (270), 753 
Ivanova, 1. A. 746 (133), 779 
Ives, D. A. J. 533 (63), 583 
Ivin, S. 2. 
Iwamiira, H. 447 (138), 453 
Iwasaki, I. 
Izatt, R. M. 400 ( 1  l9), 414 

Jackman, M. 343 (344), 267 
Jackman, W. 1:. 1-1. 
Jackson, P. M .  
Jacobscn, E. 398 (lo?), 4 / 3  
Jacobson, 1-1. 671 (16), 653 
Jacobson, N. 817 (153), 835 
Jacot-Guillarniod, A. 762 (266), 783 
Jaenicke. L. 
Jam&, H. H. 
Jafl'c, I. 21-23, 31 ( IO) ,  IOS 
Jager, G .  679, 6SO (59), 684 
Jiiger, K. 344-346 (50), 353 
Jagt, J. C. 727 (33, 776 
Jahnkc, U. 191, 232 (116), 262 
Jain, S .  K. 184 (82), 261 

Iqbal, S. M .  198--201 (153), 240, 243, 

(99 ,  413, 426, 445 (40), 450 
797 (98), 826 

805 ( 1  33, 837 
371 (47), 376 (59), 378 

750 (172), 780 

401, 402 (132), 414 

230 (302), 266 
429, 430 (GO), 451 

623, 625 (40), 665 
366 (38), 375, 429 (61), 451 

Jakobsen, P. 395 (83), 413 
James, T. A. 758 (245), 782 
James, -1. H. 825 (163), 838 
Jan, J. 309, 310 (252), 323, 406 (161), 

415, 423, 427, 447, 448 (25),  450 
Jiinne, J. 621 (39), 665 
Jansens, E. 401, 402 (133, 134), 414 
Jansoniiis, J. N. 642 (64), 667 
Janssen, M .  J. 401 (128), 414 
Jao, L. K. 550 (103), 585 
Jarrar, A. 805 (133, 837 
Jary, J.  376 (65), 378 
Jaiil, E. 203 (178), 263 
Jayson, G. G .  484-490 (7), 492 (34, 37), 

497 (7), 498 (37), 499, 501, 504, 507 
(7), 514, 515 

Jeanloz, R.  W. 
Jclinck, J. 
Jellinek, F. 723 (3, 775 
Jeminet, G. 307 (222), 322 
Jencks, J. P. 693 (24), 717 
Jencks, W. P. 

(283, 2S4), 784 
Jennings, J. P. 
Jenny, W. 792 (62) 835 
Jensen, K. A. 443 (127), 453, 822 (159), 

838 
Jensen, L. H. 123 (30, 32), 144 (84, 85), 

145 (30, 32), 147, 149, 659 (97), 660 
(loo), 668 

255 (385, 386), 269 

551, 552 (107), 585 
861, 876, 878 (65), 852 

403, 407 (149), 414, 766 

374, 376 (50), 375 

Jentzsch, J. 
Jermoljev, E. 
Jo, S. Y .  
Jocelyn, P. C. 

Joergcns, U. 747 (142), 780 
Johnsen, R. H. 

(65), 509 (74), 516 
Johnson, A. W. 
Johnson, B. G. 
Johnson, B. H. 
Johnson, C. R. 

Johnson, P. C. 
Johnson, P. L. 

Johnson, 1'. Y .  
Johnson, Jr., K. L. 

Johnson, Jr., W. C. 

Johnson, W. S. 

Johnston, J. A. 

870, 873 (132), 884 
744 (113, 114), 779 

273 (7), 316, (101), 668, 
790, 822, 826, 832 (32), 834 

313 (279), 324, 505, 506 

561 (136), 585 
498, 503 (57), 515 
301 (168), 320 
525 (34), 583, 795 (85), 

560 (131, 132), 585 
121 (ZO), 123, (20, 27), 

547 (96), 5SI 

797 (IOl), 836 

133, 143 (20), I47 

468, 469 (19, 21), 

358, 360 (24), 376 

533, 553 (61), 574, 575 

734 (60), 777 

478, 855 (38), 881 

(56), 377, 375 

( 1  80), 553, 587, 745 (1 28), 779 



Author Index 907 
Johnston, T. 1’. 

93), 261 
Jonassen, 14. B. 
Jones, D. W. 

Jones, E. R. f -1 .  
554 

Jones, H. E. 747 ( I  38, 139). 780 
Jones, J. B. 541 (S2-84), 542 (84), 584 
Jones, N. R. (351), 268, 537, 541 (75), 

5s4 
Jones, P. F. 528 (30), 543 (83). 514, 546 

(401, 583, 584 
Jones, I<. A. 406 (163), 415 
Jones, S. 0. 170 ( IOa), 259 
Jones, W. I3. G. 
Jones, Jr., W. C. 
Jones, W. E. 
JBnsson, P.-G. 
Jorg, H. 220 (236), 265 
Jori, G. 
Josephson, A. S. 
Joshi, K. K. (236-238), 752 
Josien, M .  L. 

185 (90), 186 (90, 92, 

819 (157), 535 
3 I2 (272), 323 

JoIies, E. 21 1-214 (l99), 264 
307 (225) ,  322, 533 (65) ,  

511 (91), 516 
678 (53), 684 

134, 143 (76), I49 

292 (116), 306 (208), 319, 3-72 
670 (lo), 683 

176, 177 (34), 259 

308 (241), 309 (241,257), 
322, 323, 384 (25, 26), 388 (25, S S ) ,  
394 (26) ,  41 I, 41-7 

Joullie, M. M. 
Joy, M. D. 
Joyce, A. E. 
Jukes, D. E. 
Jung, G .  

401 (122), 414 
Jirrcfek, M.  

321 

775 (310), 754 
858,  877 (46), 882 
276 (39), 3 f 7  
I20 (18), 147 

312 (274), 323, 376 ( G I ) ,  378, 

301 (169), 302 (1711, 3-70, 

Kabachnik, h4. 1. 
Kachhwaha, 0. P. 
Kadzar, Ch. 0. 
Kagan, J. 715 (! 17). 719 
Kagawa, S .  545 (95), 584 
Kai, F. 732 (48), 777 
Kaide, S. 
Knido, S. 

Kaji, A. 
(60), 715 

Kaji, K. 179 (57), 260 
Kzkiuchi, E!. 
Kalabin, G. A. 
Kalik, M. A. 
Kalina, J. 869 (164), SS5 
Kalinina, E. 1. 
Kalinowski, H.-O. 
Kalnian, A. 797 (102), 836 

402 (l37), 414 
802, 803 (121), 837 

844 (61, 880 

393, 395 (70), 412 
130, 146 (61), 148, 419, 433, 

201, 204, 205 (174), -763, 700 
445--447 (8), 450 

802, W 3  (119), 837 
762 (270), 783 

125 (47), 148 

790 (31), 834 
189, 190 ( I  13), 261 

Kniiiiiis, A. 180 (GI), 260 
Kamai, G. 751 (177, 178), 752 (178), 

781 
Kamboj, V. P. 201, 203 (170), 263 
Kamemoto, K .  527, 525 (38), 583 
Kamijo, Y .  744 ( ] ? I ) ,  779 
Kan, T. Y .  549, 550 ( I O I ) ,  585 
Kanoyania, H .  701, 702 (65), 71s 
Kanotonio, S. 524 (17), 552 
Kanski, R. 86S, S71, 873 (100). 883 
Kaplunov, M. Ya. 869 (162), SSS 
Kapoor, R. C. 802, 803 (I  2 I ,  122), 8.57 
Kapovits, I .  797 (lo?), 836 
Kapps, M. 562-564 (139e), 5S6 
Kar, A. B. 
Karabinos, J. V. 

(86), 836 
Kari, R. E. 
Karjala, S. A. 
Karlan, S. 
Karniann, W. 

490 (G), 491 (6, 27), 514 
Karmas, G. 524 (IG), 552 
Karnes, H. A. 

Karo, W. 
Karsa, D. R. 
Karush, F. 
Kasiiniov, T. M .  
Kas’yanoka, E. F. 
Katagiri, T. 477 (4.9, 479 
Katchalski, E. 

Kato, K. 
Katrib, A. 308 (2301, 322, 335, 342 

(32a), 352, 356 (I?),  377, 428 (52), 
45 I 

Kntritzky, A. R. 405, 406 (1631, 415 
Katsoyannis, 1’. G. 
Katz, C .  151 ( I ) ,  I h l  
Knti ,  E. A. 
Kaiifman, E. E. 
Katifinann, H. P. 

Kaufmann, St. 
Kawamura, S. 423 ( Z ) ,  450 
Kawase, A. 407 (165), 415 
Ka\vashinia, T. 767 (2S8), 784 
Kawazoc, Y .  
Kawohl, M. 305 (19G), 321 
Kay, J. 
Kayano, M. 772 W O ) ,  784 
Kazakova. E. 855 (35). 881 
Kazuhiko, 494 (47), 515 

201, 203 (170), 263 
529, 530 (42), 5S3, 795 

76 (27), I03 
700 (61), 718 

194, 195 ( I  43), 262 
484, 486 (G), 489 (6, 27), 

201-203 (167), 263, 699, 
700 (53), 715 

791, 801 (37), 834 
739 (W),  778 

303 (172, 180), 321 
192 (122), 263 

728 (36), 776 

303 (181), 321, 678 (54), 
684 

799 ( I  lo), 836 

672 (22), 683 

397, 398, 402 (92>, 41.3 
856, 876 (39), 881 

231, 233, 235 (310), 
266 

551, 552 (lO6), 585 

701, 702 (65).  71“3 

337, 339 (421, 353 



908 Author Index 

Kearncy, E. B. 
Kebarle, P. 
Keenan, R. S. 
Kcese, R. 
Kekki, M. 
Keller, P. C .  
Keller, T. 312 (274), 323 
Kelley, I<. B. 
Kelly, D. 1’. 

Kelly, W. 
Kennedy, L. A. 
Kenyon, J.  

266 
Kergomard, A. 307 (223, 322 
Kcrr, J. A. 158, 159 (20), 161 
Kcrr, K . A .  113-115, 118, 134, 137, 138 

(2), 146, 149 
Kcrtcsz, J. C .  312-314 (273), 323, SO3 

(126), 837 
Kessler, 14. 
Ketchani, K. 697 (43 ,  718 
Ketcheson, B. G.  
Keyes, 13. G. 335-342 (34), 353, 853 

(32), S S I  
Keyes, D. B. 
Keziere, R. J. 
Khairutdinova, F. K. 
Khaleque, M. A. 793 (75), 835 
Khan, M.  S .  .726 (28, 29), 776 

646 (70), 667 
335, 342 (32b), 35-7 

599 (13), 664 
572 ( 1  73), 5S7 
864, 875, 880 (79, SO),  883 

748 (153), 780 

533 (63), 583 
562 (139b, 141), 563 (139b, 

145a, 147b), 564 (139b, 147b), 556 
246, ?i7 (357), 268 

381 (13), 411 
179 (50, 53), 230 (307), 260, 

189, 190 ( 1  13), 261 

533 (65), 584 

170 ( G ) ,  258 
555 (1 13). 585 

387 (52), 412 

Khaiasch, M. S. 211 (193), 263, 827, 
829 (1 68), 838 

181 (69), 220 (244), 221 
(244, 287, 288), 229 (288), 245 (359, 
260, ,765, 266, 265, 792 (41, 49, 64), 
793 (49, 69), S35 

189, 190 (109, 11 1, 
112), 191 (109), -361 

Kharasch, N. 

Khasanova, M. N.  

Kheifcts, G .  M. 
Khetrapal, C .  K. 
Khromov-Borisov, N. V. 
Khyni, J. X. 
Kibbcl, Jr., W. H.  
Kicc, J. L. 193 (128, 129), 26-3, 566 

(154), 586, 753 (193), 781, 792 (53, 
54, 58, 59), 793, 814 (54), 83.5 

277 (47), 317 

744 (1 19), 779 
385 (37), 411 

744 (1 19), 779 
698 (47), 718 

790 (24), 834 

Kidby, D. K. 
Kielczewski, M. A. 

583 
Kiener, V. 760 (26O), 783 
Kicrstcad, R. C .  
Kilb,R.W. 
Kilbourn. B. 1’. 
Kiliniov, A. P. 

532, 550, 55!  (60), 

557 (123 ,  585 

(235,  236), 7S2 
114, 115, 125, 126(11), 147 

310 ( X I ) ,  323 

Killiniov, A. P. 386 (40), 412 
Kilpatrick, D. J. 
Kim, T.-R. 734 (62), 777 
Kiniball, A. P. 857 (42), 860 (57, 61), 

Kiniball, R. H. 181 (64), 260 
King, 13. C. 864, 877, 878, 880 (77), 883 
King, C. 216, 218 (221), 263 
King, C. V. 401, 402 (130), 414 
King, F. E. 682 (70), 684 
King, J. 764 (276a), 783 
King, R. 13. 

King, W. 793 (69), 835 
Kingsbury, W. D. 
Kingston, J. V. 
Kinsky, I. 863 (71), 882 
Kipnis, F. 

Kirby, P. 743 (106), 779 
Kirk, D. N. 

Kirk, P. F. 
Kirkpatrick, A. 305 (200), 321 
Kirrnse, W. 

150), 566 
Kirschenbaum, D. M. 
Kiryushkin, A. A. 
Kiser, R. W. 
Kishida, Y .  563 (145b), 586 
Kiss, J. 863 (72), SS2 
Kitaniura, N. 133 (73 ,  149, 380 (S), 

411 
Kitamura, X. 
Kitano, H .  181 (671, 260 
Kiyoshirna, Y .  

262 
Klassen, N. V. 

514, 515 
Klee, C .  B. 657 (93), 667 
Klein, M. P. 30 (19), 108 
Kleiner, M. 123 (38), 148 
Klingsberg, E. 
Klinman, N. R. 
KlivCnyi, F. 792 (50), 835 
Kloosterziel, H. 
Klopmnn, G .  403 ( 1 5 3 ,  414 
Klose, G. 125 (44), I48 
Klotz, 1. M .  272 (9), 284 (75), 285 (90), 

256 (96, 97), 316, 318, 319, 648 (74), 
667 

365, 372 (36), 374, 376 (50), 
378, 533 (66), 584 

305 (200), 3-71 

862 ( G I ) ,  876 (42), 881, 882 

757 (227), 758 (244), 760 
(227, 255, 256), 782, 783 

525 (34), 5613 
760 (259), 783 

221, 223, 225 (258), 265, 548 
(98), 56’4, 680 (61), 684 

358, 359 (22), 377, 572, 573 

440 (1 19), 453, 697 (401, 717 

562, 563 (139e), 564 (139e, 

( I  7 9 ,  587 

670 (lo), 683 
332 (21-23), 352 

337 (40, 41), 353 

790 (22, 23), 834 

194, 195, 198, 199 (145), 

489-491 (28), 493 (46), 

179, 180 ( 5 8 ) ,  260 
303 (172), 3-71 

792 ( 5 5 ) ,  793 (68), 835 

Klyne, W. 

Kneipp, K. G. 475 (34), 478 



Author Index 909 
Knigllt, .A. R. 458 (6), 459, 460, 462, 

'$64 (131, 465 (141, 470 (6, 22), 471 
(231, 472 (33, 24). 476 (23, 24), 478, 
832, 833 (1 86, 187), 839 

K n o w ,  3. V. 845 (9), 880 
Knotncrus, J.  238, 230 (335), -167 
Knos, G. R. 216, 217 (217), 264, 759 

Knos, J .  
Knox, W. E. 608413, 615, 618 (241, 

665 
Kobayashi, H .  524 (17), 582 
Kobnyashi, 7'. 394 (73), 411 
Kobrina, L. S. 

Koekoek, R. 612 (64), 667 
Koenig, N. H. 
Koepfli, J.  B. 
Koctrlc, T. I<. 

Kogan, G. A. 
Kojinia, 1'. 114, 115 (9), 125, 126 (9, 

49), 127, 130 (9), 147, 148, 844 (8), 
8S0 

(249, 250), 783 
399 ( 1  I l ) ,  413 

737 (83, 83), 730 (83), 
742 (82, 83), 743 (l04), 778 

187 (95), 261 
217, 219 (226), 264 

134, 143 (76), I49 

371 (47), 376 (59), 378 
~ o g n ,  'r. 534 (171, ss-7 

Kojiriia, Y. 725 (19), 776 
Kokorudz, M. 197 (175), 263 
Kolb, J.  J. 274 (27), 317 
Kolinn, J .  869, 870 (166), S85 
Kollnian, P. A. 379 (3), 410 
Kollonitsch, J .  173 (34), 2-59 
Kolthoff, I. M. 221,222, 225 (254), 265, 

279 (58, 61), 281 (62, 66) ,  282 (67, 
68), 254 (79), 285 (84), 303 (173, 
176), 304 (185), 305 (192), 317, 318, 
321, 787 (1, 10-12), 788 ( I ,  lo), 759 
(12), 803 ( I  18, 1 l9), 803 ( 1  19). S33, 
834, 837 

362, 363 (30, 3 3 ,  364 (32), 
366 (39), 377, 378 

Komeno, T. 

Kominanii, S. 509 (80), 516 
Koniori, 0. 194, 195, 198, 199 (145), 

262 
Konigsberg, W. H.  297 (141, 142), 303 

(184), 320, 3-71 
Kono, N .  185 ( S g ) ,  261 
Konotopov, V. A. 
Kontiiik, L. 7'. 

Kontratyev, V. N. 
Kontrat'yev, Y .  N. 
Konz, W. E. 
Kooynian, E. C. 

763 (279 ,  783 
356, 357, 362, 364 ( I ( , ) ,  

3, 23, 31 (I) ,  108 
377 

500, 501 (63 ,  515 

221, 226, 227 (26% 
577 (186), 5S7 

265. 500 (6 1 ). SI5 
Kopeck;,, J .  J. 867, S69, S70 (93), SS3 . 

Kopf, H. 
Koppel, 14. C. 
Kopylova, n. V. 

191 (109), 262 
Kornber, 14. L. 
Korshunov, M. A. 
Kortuni, G. 420 (15), 450 
Koryta, J.  
Koshlnntl, I;. E. 

66 7 
Kosolonpova, N. A. 
Kotia, N. K. 
Kottcnhahn, K. G .  

388, 393 (57), 412 
Koutek, B. 745 (127), 779 
Kovacs, 0. K. J. 
Kovnatskayn, I.  S. 

757 (225, 229, 230), 7S2 
170, 180 (GO), 260 

555 (36), 851 

189, 190 (109-112), 

773 (306), 7S4 

787, 789 (2), 833 
286 (94), 318, 643 (66), 

872 (113), 884 
750 (166), 780 

308-310 (2354, 312, 

713 (111), 719 
371 (47), 376 (59), 

3 78 
Kozak, M. S58 (44), 852 
Kragelund, E. 877 (142), 884 
Kraihanzcl, C. S. 
Kratncr, J .  187 (97), 261 
Kramer, L. N. 30 (19), 10s 
Kramer, R. L. 179 (4S), 260 
Kratrss, M .  326, 340 (2), 3Sl  
Kraut, J .  660 (99), 668 
Krebs, B. 

Yrcdich, N. hl.  
Arecvoy, M. M. 

Kreider, E. M. 
Krciter, C. G. 
Kreshkov, A. P. 
Krcuz, K. L. 435 (93), 452 
Krimsky, I. 614 (32), 665 
Krishna, S. 436 (102), 452 
Krishnamurthy, G .  S. 

406 (163), 415 
Krishnamurthy, S. 
Krocnig, W. 435 (91), 452 
Krucger, J.  1-1. 
Krticger, 1'. J. 

751 (176), 781 

133, 134 (73), 149, 402 (143). 

397, 398 (91, 9 3 ,  402 

414 
599 (13), 664 

(E), 413, 423, 426 (24), 450 
688 ( S ) ,  717 

760 ( X I ) ,  783 
787 (7), 834 

307 (228), 32-1, 

532, 549 (59),  5S3 

753 (194), 781 
309, 310 (252), 323, 394 

(721,412,423 (2% 427 (25, 4% 447, 
448 (25), 449 (48), 450, 451 

K ~ ~ i l l ,  I. S. 
784 

Krull, L. 14. 
Krysiak, H. I<. 
Ktibersky, 13. P. 
Kubota, T. 555 (120), 585 
Kuby, A. 306 (214), 322 
Kuby, S. A. 396 (87)- 413 
Kuczkowslci. J .  A. 

573 (177), 587, 769 (293), 

29s (147, 149), 320 
433 (84), 452 

124 (421, 148 

566 (157), 536 



910 Author Index 

Kudo, S. 
Kiihlc, E. 792 (43), S35 
Kuhn. M. 
Kuhn, R. 277 (54), 317 
Kukolja, S. 713 (log), 719 
Kukushkin, Yu. N. 722 (2), 775 
Kulchitskaya, A. K. 
Kuliev, A. B. 192 (122), 118,219 (224a), 

262, 264 
Kuliev. A. M. 192 (122), 218,?19(224a), 

262, 264, 749 (160). 767 (286). 772 

579, 530 (44), 583 

309, 31 1 (259), 323 

3C4 (73), 412 

. . .  
(294), 780, 784 

Kulicv, Sh. S. 762 (269), 753 
Kulka, M. 210 (192), 263, 

(89), 778 
Kuniar, B. 755 (2 I ? ) ,  782 
Kuniar, V. 449 (141), 453 
Kiln, E. 597, 599, 600, 61 1, 

664 
Kung, 1.1. P. 552 (log), 585 
Kunihiro, H. 185 (S9), 261 
Kuntz, R. R. 466 (IG), 478 
Kupchan, S. M. 573 (177), 

Kurata, 1'. 579 (192), 588 
Kuratani, K. 130 (60), 148 
Kuri, Z. 509 (79 ,  3-16 

(293), 76'4. 

Lai, T.-S. 
Laidlcr, K. J. 
Laitincn, H. A. 221, 222, 225 (254), 265, 

Lal, M.  485(11, 16),486(11),487(ll ,  

Lalancettc, J .  M. 

Lani, 13. 695 ( 3 3 ,  717 
Lamarrc, C. 
Laniaty, G .  766 (282), 784 
Lainbclin, G. 879 (160), 885 
Lambert. A. 173-175 (23). 259 

299 (157, I%),  320 
473 (26), 478 

303 (173), 321 

22), 488 (1 I ,  16), 514 
522 (I?), 582 

LaI11, F.-L. 512 (93), 516 

560, 561 (130), 5S5 

. ,. ~ 

739, 742 L'Amic, 'R. 312 (272), 333 
Lampe, F. W. 
Landa, S. 170 (7), 255 
Landgraf, W. C. 

(93), 836 

430 (65), 451 

803 (126), 837 
615 (lo), Landini, D. 796 (93), 797 (93, 9 9 ,  801 

Landis, P. 178 (42), 259 
Landon, W. 705 (SO), 718 
Lang, H .  U. 

Langford, K. B. 
Langillc, K. R. 

Lanuin, W. J. 

695 (32, 33), 717 
587, 769 Langernian, N. R. 648 (74), 667 

456, 792 (41), 835 
184 (SG) ,  261, 738, 739 

(87), 749 (157), 778, 780 
326 (7), 352 

Kurita, Y .  
(70), 516 

Kuriyania, K. 
(32), 366 (39), 377, 378 

Kurokawa, T. 573 (178), 587 
Kurosawa, E. 
Kurtz, A. N. 
Kusakov, M.  M. 
Kuwajinia, I. 
Kurnctsov, S. G .  
Kuzovlcva, R. G. 
Kvick, A. 
Kwart, H. 201 (165, 173), 202, 203 

(173), 263,699 (52), 701 (69,71), 703 

313, 314 (283), 324, 507, 509 

362, 363 (30, 32, 33), 364 

555 ( I  15), 585 
257 (401), 269 

868, 872 ( I  16), 584 
579 (192), 580 (l93), 58s 

868, 872 (l l9),  884 
773 (306), 784 

134, 143 (76), 149 

(72-74), 705 (Sl ) ,  706, 708 (82), 71S, 
792 (45-47), 835 

Kwiatkowski, J. S. 
Kwictny-Govrin, H. 180 (61), 260 
Kwon, D.-S. 734 (62) ,  777 
Kyaziniov, N. S. 
Kyazim-Zade, A. K. 
Kyuma, T. 170 (Sc), 259 

124 (31), 148 

749 (160), 750 
767 (286), 784 

Lachance, A. 522 (12), 5S2 
Lacina, J. L. 
Lack, I<. 531 (58) ,  583 

151 (4), 161 

La I'laca, S. J. 
Lappcrt, M. F. 
Laramy, R. E. 
Larchar, A. W. 255 (389), 269, 309 

(256), 323 
Lardicci, L. 357, 355 (20), 361 (20, 28), 

377 
Lardy, H. A. 254 (78), 306 (214), 318, 

322, 396 (S7), 413 
Largc, G .  l3. 
LaRochellc, R. 562-564 (139c), 586 
Larscn, D. W. 
Larsson, E. 221, 225 (260), 265, 398 

(104), 413 
Laskowski, S. C. 
Lasscttre, E. N. 
Laster, L. 
Lztif, K. A. 
Lauderdale, S. C. 
Lalifer, L. 295 (128), 319, 870, 873 

(1 30), 8S4 
Laufcr, R. J. 230 (306, 307), 232 (307), 

234 (306, 307), 266, 434, 435 (87), 
452 

793 (72), 835 
748 (149), 780 

398 (101), 413 

792 (58), 835 

170, 171 (5b), 258 

243 (344), 267 
350, 382 (4), 410 

598 (1 I ) ,  664 
256 (397), 269 

765 (?go), 784 

Laur, P. 361 (35), 378 
Laurent-Dicuzcidc, E. 248, 350 (367), 

26S, 440, 441 (121), 453 



Author Indcx 91 1 

Lawesson, S. -0. 329 ( I  5), 330,33 I (17), 
352, 395 (80, 81, 83), 413, 703 (78), 
718, 543 (3), 880 

Lawless, E. W. 754 (196), 781 
Lawson, J .  A. 564, 565 (152g), 586 
Lawson, J. E. 805 (132), 837 
Layton, A. J. 756 (224), 782 
Lazdunski, M. (81), 667 
Lazier, W. A. 251 (371), 266 
Leach, S. J. 272 (14), 281 (65), 282 (14, 

71), 299 (152), 316, 318, 320, 445 
(132), 453 

Leader, G. R. 
Leandri, G. 744 (117), 779 
Lebe1,N.A. 171,172,178,236(16),259 
Leblanc, G. 298 (150), 320 
Lecher, l-I. Z. 193 (124), 221 (282, 295), 

Lec, C. C. 299 (157-159), 320, 866 (88), 

Lee, D. F. 179 (54), 260 
Lee, H .  S. 216, 219 (?IS), -364 
Lee, R. 657 (89), 667 
Lee, W. S. 713 ( I I O ) ,  719 
Leenhard, G.  E. 
Le Fevrc, R. J. W. 
Le Gall, J. 
Legrand, M. 

Lehnian, C. H. 
Lehniann, M .  
Lehr, H. 
Lcib, J. 
Leigh, E. 
Leitz, H. F. 
Lemke, K. 376 ( 5 3 ,  37s 
Lengyel, I. 
Lennartz, T. 233 (313), 267 
Lcon, N. H. 
Leonard, N. J. 
Leone, E. 
Leonova, A. I. 
Leopold, S. C .  
Le Pagc, G. A. 

Leslie, J. 296 (129), 319 
Lessor, Jr., A. E. 
Leuckart, R. 

262,265 
Lcupold, M. 760 (261), 783 
Leusen, A. M. van 
Leussing, D. L. 

Levenson, T. 418 (4), 449 

312 (275), 323 

228 (295), 262, 266, 792 (65), 835 

883 

766 (284), 784 
43-0 (12), 450 

356 (3, 369, 371, 373, 375 
593 (3, 664 

(42), 377, 378 
613 (30), 665 

134, 143 (76), 149 
194, 195 (143), 262 

216, 219 (219), 264 
543 (88), 584 

432 (79, 80), 451 

676, 677 (49), 6S4 

700 (62), 713 
713 (106), 719 

21 1 (203,  264 
870, 873, 877 (1311, 884 
857 (42),860(57,61,67), 

860, 876, 878 (58) ,  SS2 

862 (61, 62), 876 (421, 881, 882 

133, 143 (751, 149 
194-196 (141), 221 (253), 

727 (321, 776 
398 (IOI) ,  413,787 (11), 

834 

Levcr, J. 861, 876 (64), 886 
Levi, A. 706, 797 (94), 836 
Levina, S. Y .  21 1 (202), 264 
Levinc, L. 524 (1 5 ) ,  582 
Levinc, S. 21-23, 31 (lo), 108 
Levison, M. E. 
Levitzki, A. 643 (66) ,  667 

Lcvy, I .  221, 223, 225 (258), 265 
Lewis, E. S. 231 (320), 267, 852, 868, 

Lewis, 1. C. 423 (26), 429 (26, 59), 431 

Lewis, J. D. 671 (15). 683 
Lewis, W. W. 
Ley, H. 306 (212), 322 
Li, N. C .  389 (GI ) ,  390, 391 (61, 6 3 ,  

Libcrgott, E. K.  
Lichtin, N. N. 
Liddel, U. 384 (30), 411 
Licb, F. 
Liebsch, D. 695 (33), 717 
Lien, A. P. 221, 222 (245), -165 
Lifshitz, C. 342, 343 (46), 353 
Light, T. S. 285 (88), 318 
Lightner, D. A. 

Liittke, W. 
Lind, F. K. 
Linda, P. 798 (105), 836 
Lindegren, C. R. 
Lindner, E. 759 (2531, 783 
Lindsell, W. E. 
Lincberger, W. C. 
Ling, D. 
Lingane, J. J. 

Lipatova, 1. P. 
Lipmann, F. 615 (38), 665 
Lipsett, M. N. 

SSI 
Lisowki, J. 376 (63), 378 
Little, L. H .  388 (55) ,  412 
Liu, T.-Y. 305 (193), 3-11 
Liveris, M. 743 (1 1 I ) ,  779 
Livingstone, R. 220 (241), 26.5 
Livingstone, S. E. 
Locke, J. M. 
Loevenich. J. 181 (681, -360 
Loginova, L. A.  
Loh, T. I-. 
Loliger, P. 572 (173, 587 
Loman, H. 512 (961, 516 

670 (lo), 6S3 

Levy, E. J. 326-325 (4), 3.51 

a73 (231, 881 

(59, 68), 450, 451 

203 (178), 263 

412 
274 (26), 317 

493 (107), 517 

744 ( I  16), 779 

362, 363 (30), 366 (39), 
377, 378, 693 (27), 717 

309, 31 1 (2591, 323 
219, 220 (232), 265 

437 (104), 452 

757 (232), 76'2 
344 (48), 3.53 

215 (219, 264, (3), 717 
273 (57, 58) ,  317, 787, 

357 ( 5 3 ,  412 

856 (39, 40), 876 (3% 

788 (I) ,  833 

245 (353), 26s 
YO5 (133), 837 

387 (441, 412 
540, 541 (811, 584 



912 Author Index 

Long, F. A. 
837 

Long, G. J. 
Long, H. A. 113-115, 118, 119, 134, 

Longroy, A. 559 (126), 565 
Loo, T. L. 
Lopez, G. 
Lopez, L. 738 (85) ,  775 
Lorant, I. S. 
Loring, 13. S .  

(17), 683 
Lossing, F. P. 

(lo), 478 
Lotspcich, F. J .  728 (37), 776 
Loubinoux, B. 742 (loo), 778 
Louthan, R. P. 173 (18). 259 
Louw, R. 579 (191), 568 
Loven, J. M. 

265, 266 
Loveridge, E. L. 
Lowder, J. E. 
Lowe, J .  P. 
Lowenstein, J. M. 
Lowenthal, li. J. E. 
Lowey, S. 695 (34), 717 
Lown, J. W. 453 (128), 453 
Lozd, C .  de 
Lu, M. C.  248, 249 (366), 268 
Lucas, C.  R. 747 (140, 141), 750 (140), 

751, 752, 755 (141), 756 (140, 221), 
780, 752 

426 (38), 450, 808 (144), 

33S, 339 (4.9, 353 

139, 140 (I), 146 

860 (56), S82 
801 ( 1  IS), 836 

273 (24), 316 
221, 225 (279), 266, 672 

337, 339 (38), 353, 463 

221 (255, 283), 229 (283), 

209 (190), 263 

37, 40, 41 (22), 108 
626 (45). 666 

3S1 (13), 411 

576 (l83a),  587 

376 (54), 376 

Lucas, K. 727 (31), 776 
Lucas-Lenard, J. 618 (38), 665 
Lucchini, V. 

796, 797 (94), 835, 536 
Ludwig, E. 273 (21), 316 
Lug:, W. van der 23 1,233,235 (309), 266 
Lukacs, G. 
Litkina, E. M. 
Lukkari, S. 398 (W), 413 
Lumbroso, EI. 

87 (30), 109, 794 (76, 77), 

525, 528 (29, 30). 5 8  
790 (31), 534 

382 (18), 411, 424 (31, 
32), 425 (34, 37), 449 (140), 450, 
453 

Lumnia, W. C .  
Lumpkin, H. E. 
Lund, P. 855 (36), 881 
Lund, W. 398 (102), 413 
Lunde, G. 506 (67), 516 
Lunycr, L. 297 (140), 320 
Luppert, M. F. 
Lutskii, A. E. 
Lutz, E. F. 
Lyle, R. E. 

707 (87), 719 
335, 336 (39 ,  353 

543 (S9), 554 

697 (42, 43), 715 
255 (388), 269 

394 (73), 412 

Lynen, F. 273 (17), 316, 623 (40, 42), 
625 (40), 627, 631, 632 (42), 665, 
666 

Lyons, W. E. 
Lysy, R. 754 (195), 781 

226, 227 (294), 266 

Maass, G. 401 (123), 414 
Maccagnani, G. 437 (107), 452 
MacDougall, W. A. 554,556,561 ( 1  19), 

Mackall, G .  M. 
Mackay, D. D. 
MacKenzie, C. A. 435 ( 9 9 ,  452 
Mackle, H. 159 (21), 161, 456 (4), 47s 
Maclaren, J. A. 305 (198-200), 321 
Macleod, J. 277 (49), 317 
Madsen, J. 330, 331 (17), 352, 843 (3), 

so0 
Madsen, P. 329 (l5), 352 
Macda, H. 

3 78 
Maeno, N. 691 (17), 717 
Maerten, G .  
Magce, 1'. S. 
Magno, F. 
Magnus, P. D. 
Magnusson, B. 255 (387, 390), 256 

(393), 269 
Mahon, J. J.  795-797 (89, 90), 798 (90), 

800 ( 1  14), 836 
Maier, H. G. 290 (105), 319 
Maier, L. 
Maier-Huser, H. 
Mailkc, A. 179 (44), 260 
Mainiind,V.l. 568(115),872(113, 115). 

Mainman, U. L. 
Mnioli, L. 424 (30), 450 
Majer, J. R. 

353 
Majeriis, P. W. 
Makashev, Yu, A. 
Makeshev, Yu. A. 
Maki, Y .  769 (294), 784 
Makisuini, Y. 703 (75-77), 704, 706 

Makitie, 0. 398 (105), 413 
Malkin, R.  658 (96), 66s 
Malotra, K. C .  
Mamakov. K. A. 
Mammi, M. 
Mangini, A, 

585 
276 (42), 317 
220 (240), 265 

274, 290 (32), 317, 376 (52), 

716 (1 18), 719 
791, 792 (33, 834 

789 (16, 17), 834 
581 (197), 586 

726 (26, 27), 776 
867, 869 (94), 883 

SY4 
512, 513 (98), 517 

175 (25), 259,337,339 (42), 

609 (27), 665 
755 (209), 751 
755 (210), 781 

(79), 718 

793 (70), 835 

123, 144 (26), I47 
307 (226), 3 2 , 4 1 9  (7), 425 

751, 752 (178), 7SI 

(33), 449, 450 



Author Index 913 

Mann, F. G .  194, 195 (133), 262, (I~O), 

Mann, T. 860, 876, 878 (58), 882 
Manojlovic, L. M. 144 (81), 149 
Mansford, K. R. L. 438,439 (1 14), 453 
Mnnsson, M. 151 ( 5 ) ,  161 
Mantell, G. J.  827, 829 ( 1  68), 838 
Mantz, I .  B. 566 (153), 586 
March, J .  428 (53 ) ,  457 
March, L. C .  
Marchese, G .  733 (55 ) ,  777 
Marciacq-Rousselot, M.-M. 133 (68), 

149 
Marcus, S. H. 144 (86), 149, 311 (266), 

3-13, 385, 386 (33, 389 (60), 397,405 

263 

775 (310), 784 

(109), 411-413, 421, 425 (lo), 450 
Margolias, E. 676 (48), 684 
Maringgele, W. 735 (65 ) ,  777 
Marino, G .  798 (105), 836 
Markiw, R. T. 
Markl, G. 544 (92), 584 
Markland, F. S. 
Markley, F. X. 

Mark6, L. 755 (213). 7SZ 
Markova, Yu, V. 
Marks, R. 303 (172), 321 
Markus, G .  303 (ISO), 321 
Marrian, D. H. 
Marschalk, C .  
Marschall, H. 727 (31), 776 
Marsden, C.  G. 
Marsden, 3 .  C .  
Marsh, C .  R. 725 (20), 739, 742 (95), 

Marsh, P. 181 ( 6 3 ,  260 
Marshall, H. 437 (104), 452 
Marshall, J .  A. 

792 (61), 835 

643 (G5), 667 
194, 195, 197, 198 (134), 

262 

572 (113), 884 

294 (124), 319 
424 (31), 425 (37), 450 

400, 408 (120), 414 
681 (66),  684 

776, 778 

533 (64), 534 (70), 535 
(71), 553, 554, 557 (64), 559 (64, 125, 
127), 560 (127, 131, 132), 561 (127), 
583-585 

Marshall, R. 765 (279), 783 
Martel, H. J.  J. 13. 
Martin, D. J.  
Martin, J. C .  
Martin, J. F. 
Martin. M. 311, 312 (267), 323, 389 

(59), 412 
klnr:;n, R. R.  131 (63) ,  132 (63, 64). 

id,?. 693 (23), 695 (23, 34, 351, 
71 7 

Martin, R. H. 430 (65), 451 
Marubayashi, A. 

568 (160), 587 
198, 199 (149), 262 
797 (103), 836 
SO4 (127, 128), 837 

703 (75, 77), 701, 706 
(79), 71s 

Marvel, C. S .  216 (216, 221, 222a), 217 
(216, 231), 218 (221, 222a, 231), 219 
(216, 231), 264, 265, 382, 3S7, 389 
(17), 411 

Masamunc, T. 555 (115), 585 
Maslei, W. N. 402 (141), 414 
M a s h ,  E. N. 120 (IS), 147 
Mnsleunikov, V. 1’. 
Mason, H .  L. 277 (46). 317 
Mason, S. F. 

377 
Mnsscy, V. 645 (69), 667 
Massingill, Jr., J .  L. 
Mnssot, R. 
Masuda, T. 
Masui, M .  765 (278), 783 
Mathiasson, B. 125 (46), 148 
Mathur, R. 131, 132 (63). 148, 389 (61), 

390, 391 (61, 62), 412 
Matscn, F. A. 307 (223), 322, 419, 425 

(61, 449 
Matsui, K. 691 (17), 717 
Matsui, M. 
Matsuniota, T. 545 (99, 584 
Matsuura, T. 555 (120), 585 
Matiila, G. M. 787 (9, 833 
Maurin, J. 397 (89), 413 
Maiitner, H. G. 

147, 14s 
May, D. R. 

303 (173), 321 
May, I .  W. 

849, 868, 873 (16), 881 
Maybury, R. 13. 
Mayer, M. G.  
Mayer, R. 219 (235), 252 (374), 254 

790 (31), 831 

123 (36,40), 148, 35s (25 ) ,  

524 (IS),  582 
328, 333 (lo), 35-3 
493, 494 (43, 515 

555 ( 1  14), 560 ( 1  33). 585 

123 (34, 37), 145 (34), 

221, 222, 225 (254), 265, 

127 (52),  148, 846 (16, 17), 

304 (I90), 321 
848 (21), 881 

(373, 3S4), 255 (385,  3S6), 265, 26S, 
269 

Maynard, J. L. 
Mnyo, E. C. 
Mazzocchin, G .  A. 

252 (72), 318 
426 (4 I ), 450 

789 (17), 834 
MCAUICY, A. 

837 
McBec, E. T. 
McClellan, A. L. 133, 144 (6% 149, 

McClcverty, J.  A. 755 (201, 204), 758 

McCormick, D. B. 607 (23), 665 
McCrary, A. L. 221, 224 (274), 266 
McCullough, J. P. 151 (4), 153-155(11), 

McDanicl, D. H. 392 (651, 41-1, 429 

803 (123-125), 804 (125), 

733 (58), 777 

379, 388 ( I ,  2), 410 

(245), 760 (258), 781-783 

161, 309, 31 I (254), 3-13 

(58), 451 



914 Author Index 

McDowell, C. A. 308 (230), 322, 335, 
342 (32a), 352, 356 (12), 377, 428 
(52), 451 

McElroy, W. D. 
McElvain, S. M. 
McGhie, J.  F. 
McGlynn, S. P. 

McGreer, D. E. 
McHenry, F. 877 (147), 885 
McKay, A. F. 702 (68), 715 
McKusick, B. C. 255 (389), 269, 309 

(256), 323 
McLachlan, R. D. 
McLafferty, F. W. 

McLean, R. A. N. 

657 (89), 667 
700 (61). 718 

362, 363 (31), 377 
19 (8), 108, 306 (210), 

322,356,357,368 ( 1  3), 377 
734 (59), 777 

449 (146), 453 
338 (44), 342 (46), 

343 (46, 47), 344 (47), 353 
308 (230), 322, 335, 

342 (32a), 352, 356 (12), 377, 428 
(52), 451, 750 (171), 780 

McLennan, D. J. 
McLeod, A. F. 
McManus, T. T. 
McMichacl, K. D. 
McMillan, 1. 714 (112), 719 
McMurray, C .  H. 286 (93,  287 (99). 

288 (95, 99). 318, 319, 640 (57), 666 
McMurray, T. R. H. 
McNaiighton, G. S. 484 (4, S ) ,  489,491 

McPhail, A. T. 
McPhee, J.  R. 

728 (34), 776 
181 (65), 260 

670 (7), 683 
702 (67), 718 

5 5 6  ( 1  l7), 585 

(4), 51 1-51 3 (92), 514, 516 
758 (246), 782 
272 (lo), 284 (SO), 304 

(186), 316, 318, 321, 640 (53,  666, 
670 (2), 652 

McSwceney, G .  P. 199 ( I S ) ,  263 
Mcade, E. M. 248, 249 (363), 268 
Mccham, D. K. 294 (120), 319 
Mecke, I<. 309 (245,259), 310 (245), 3 11 

(245,259), 323, 387 (47), 412 
Medvedev, V. A. 3,23,31 ( I ) ,  IOS, 500, 

501 (62). 515 
Mcehan, E. J. 802 ( I  18, 119), 803 (1 19), 

837 
Megiierian, G. t i .  
Melirotra, R. C .  

Mcienhofer, J. 
Meijer, J. 240 (336), -767 
Meisiriger, R. 1-1. 
ivkissncr, G .  484, 486 (6), 489 (6, 77), 

490 (6), 491 ( 6 ,  27), 514 
Mcissncr, M .  455, 472 ( I ) ,  475 
Meister, A. 609 (26), 665 
Meites, L. 279 (59), 317 
Meklati, M. B. 

825, 826 ( I  62), 838 
747 (137), 749 (lS9), 

752 (179), 750, 781 
274, 290 (32), 317 

570 ( 1  68), 587 

560 (135), 585 

Melander, L. 847 (20), 881 
Meller, A. 735 (65), 777 
Melloni, G. 
Melnikofr, A. 356 (17), 377 
Meneefe, A. 
Menefee, A. 387 (51), 412 
Menke, K .  H .  
Merlin, J. C. 
Merritt. Jr., L. L. 133, 143 (79 ,  149 
Merritt, W. D. 736 (71), 777 
Meschers, A. 299 (152), 3-30 
Messerly, J.  F. 153 ( I I ) ,  154 (11, 12), 

Messerschmitt, T. 743 (108), 779 
Metzger, H. 299 (155), 320 
Metzger, J. D. 
Meyers, C. Y .  
Michael, D. B. 

Michelin Laiisarot, P. 
Michcll, A. J. 
Michou-Saucet, C .  
Middlebrook, W. R. 
Midgley, J. M. 
Mielcarek, J.  J. 
Mietich, R. G. 
Mieville, R. L. 
Mihnot, U. S. 
Mikhailov, Z. I. 
Miklwkin, G. P. 
Miles, L. W. C.  240, 242, 243 (341), 

267, 442, 443 (123), 453, 692 (20), 
717 

Miljkovic, D. 572 ( I  73), 587 
Milkowski, R. D. 675 (43, 45), 683, 

684 
Millar, K. R. 
Millard, B. J. 
Miller, E. L. 
Miller, F. 
Miller, G .  E. 
Miller, J. 

Miller, J .  M. 
Millcr, S. I. 

733 (54), 777, 792 (42), 835 

309, 310 (246), 323 

877 (140), 854 
868, 873 (124), 884 

155 ( l l ) ,  161 

556 (121), 555 
702 (70), 718 
484 (4), 489, 491 (4, 29), 

511, 512 (29, 92), 513 (92), 514, 516 

388 ( 5 9 ,  412 
787 (6), 834 

868, 873 (124), 884 
272 (9), 316 

526, 528 (35), 583 
748 (153), 780 
714 (113), 719 
462 (7, 8 ) ,  478 
396 (84), 413 

773 (305), 784 
867, 864, (91), 883 

878 (ISO),  5’55 
333 (26). 352 

179 (47, 49), 260 

276 (43 ,  317 
299 ( 1  55) ,  320 

409 (171), 415, 735 (68), 736 
(68, 70, 74), 737 (68), 777, 778 

800 ( I  12), 836 
144 (SG), 149, 307 (228), 31 1 

(266), 322, 323, 385, 386 (35), 3S9 
(60), 391 (178), 397, 405 (l09), 406 
(162), 411-413, 415, 421, 425 (20), 
450 

Milliken, S. B. 
516 

Mills, E. J .  
Milvy, 1’. 
Mincmoto, Y .  185 (W), 261 

3 I3  (279), 324, 509 (74), 

246, 247 (356), 26s 
513 (102, 103), 517 



Author Index 915 

Minnich, V. GO9 (27), 60’5 
Mirrington, R. N. 575 (181), 587, 745 

Mirskova, A. N. 733 (57), 771 (298), 

Misner, R. E. 567 (162), 587 
Mital, R. L. 184 (82), 261 
Mitchell, R. H. 564, 565 (152a, d, f, I]), 

586 
Mitra, R. B. 525, 536 (26), 581 (26, 

198), 582, 588 
Mitschke, H. K. 752 (181), 781 
Mitschke, K. H. 752 (180), 781 
Mitsunobu, 0. 799 ( I l O ) ,  836 
Mittag, E. 872 (114), 884 
Miyanaki, K. 201 (169, 174), 204 (174), 

Miyazawa, T. 130 (60), 148 
Mizoguchi, T. 
Mizushima, S. 

309, 3!0 (248), 323 
Mlinko, S. 876 (1 3 3 ,  864 
Mockell, H. 510 (85) ,  516 
Modena, G .  87 (30), 109, 406 (161), 

415,424 (30), 450,732 (49), 733 (54), 
777, 792 (42, 52), 794 (76, 77), 796 
(93), 797 (93,99), 798 (106), 801 (93), 
835, 836 

365, 372 (36), 375 

(124-126), 746 (126), 779 

777, 784 
Mislow, K. 364 (35), 378 

c- 

205 (169, 174), 263, 699 ( 5 3 ,  718 

674 (36, 40), 683 
128 (58) ,  130 (GO), 148, 

Moflitt, W. 
Mohammad, A. 294 (120), 319 
Moliler, D. N. 609 (27), 665 
Moldrickx, P. 181 (G8), 260 
Mondovi, B. 658 (94), 667 
Mondt, J. L. 
Montanari, F. 

(99), 836 
Moodie, I .  M. 
Moore, C. G .  

564, 565 (152b), 586 
437 (107, 108), 452, 797 

211-214 (199), 264 
27-1, 228 (275), 266, 564 

(148), 586, 794 (78), 835, 868, 869, 
871, 874, 876 ( I  lo), 8S3 

739 (91), 778 
297 (138), 320 

293 (1 19), 303 (178), 319,321 
867 (92, 93), 869, 870 (93), 

Moore, G .  J. 
Moore, J. E. 
Moore, S. 
Moravek, J. 

Morawiec, J .  376 (63), 378 
Mordue, A. J. 
Morehouse, F. S. 
Moretti, I. 364 (34), 378 
Morgan, K. 

516 
Morgan, P. 

303 (1 73), 32 I 

876 (92), 883 

863, 877 (73), 882 
575, 576 (182), 587 

313 (2791, 324, 509 (741, 

221, 222, 225 (2.541, 265, 

3’ 

Morgenstcrn, J. 219 (235), 252, 254 
(374), 265, 268 

Mori, K. 185 (89), 194, 195 (146), 261, 
262, 554 (110), 555 (114), 557 (IlO), 
560 (133), 58.5 

Mori, M .  194, 195, 198, 199 (I&), 262, 
701, 702 (65), 718, 745 (122), 779 

Mori, N. 130, 146 (GI) ,  148, 393, 395 
(70), 412, 419, 423, 445-447 (8), 
450 

Moriconi, E. J. 
Morin, R. B. 
Moritz, A. G .  
Morley, J. 0. 
Morre, J. 879 (159), 585 
Morris, J. C. 
Morris, R. J. 
Morrison, G .  A. 
Mortensen, J. 2. 
Morton, J.  175 (28), 259 
Moscowitz, A. 

Mose, W. P. 
Moses, C.  G .  
Moses, P. 125 (45), 148 
Mosettig, E. 531 (51), 583 
Moskowitz, J. W. 
Mostecky, J. 170 (7), 258 
Mott, F. 
Mottl, J .  
Motzkus, E. 
Mouk, M. L. 
Mountain, I. M. 
Mowry, D. T. 
Mudd, J. B. 
Mudd, S. H. 

Mudra, K. 871 ( I O I ) ,  853 
Mueller, H. 125 (44), 148 
Mueller, R. G. 
Muclfcr, W. I f .  

567 (162), 587 
713 (109), 719 
338, 339 ( 4 3 ,  353 

740 (96), 778 

326 (7), 352 
556 (121), 585 

446 (136), 45.3 
703 (78), 71bc. 

357, 364 (18), 365 (18, 
36), 372 (36), 376 (GO), 377,378 

358, 359 (22), 377 
221, 228 (280), 266 

97 (34), 109 

211, 213 (200), 264 
334, 335 (28), 352 

21 I ,  213 (200), 264 
246, 247 (358), -768 

230 (301), 266 
289, 290 (104), 319 

670 (7), 683 
598 (1 l ) ,  603 (19),618 (3G), 

664, 665 

787, 788 (9), 534 
173, 174 (25), 259, 437 

(l09), 452 

537 
Mukaiyama, T. 

Mukharji, P. C .  
Mukherjee, S. 391 (64), 412 
Miiller, A. 230 (317), 267, 513 ( 

517 
Miiller, H. 0. 
Miillcr, J. 763 (261), 783 
Muller, K. 572 (173), 587 
Mulliken, R. S. 92 (33), 109 
Munson, M. S. B. 
Murakami, M. 130 (59), 148 

725 (19), 776, SO5 ( 

556 ( I  IG), 555 

279 (60), 317 

326, 346 (3), 351 

341, 



916 Author Index 

Murata, H. 128 (56), 130 (56,  59), 148, 
309, 31 1 (253), 323, 844 (7), 846, 868, 
873 (18), 850, 851 

Murata, N. 175 (26), 259 
Murayania, T. 735 (64), 777 
Murda, K. 876 (136), 884 
Murdoch, H. D. 
Murray, Jr., J .  F. 

Murray, M. J .  
Murray, T. F. 
Murthy, A. S. N. 146 (58), 149, 386 

Murto, J.  805 (145), 837 
Murty, A. N. 
Mutsch, E. L. 
Myron, J. J.  J. 

759 (248), 753 
275 (33), 290(33, 108, 

log), 317, 319 
382 (21), 411 
216, 218 (222b), 264 

(38), 387 (43), 411, 412 

449 (145), 453 
568 (164), 587 
505, 506 (65), 516 

Naar-Colin, C. 449 (147), 453 
Nabi, S. N. 
Nace, M. R. 230, 232, 234 (297), 266, 

Nadler, S. B. 
Naganiachi, T. 233 (315), 267 
Nagamatsu, A. 296 (132), 320 
Nagy, G .  P. 347, 349 (52), 353 
Nahabedian, K. V. 410 (173), 415 
Nair, M. D. 236 (326), -367, 743 (107), 

779 
Nakagawa, I. 128 (58), 148 
Nakai, T. 730 (45), 777 
Nakamizo, N. 
Nakaniura, M. 

793 (74, 7 9 ,  835 

700 (58), 718 
862 (66) ,  852 

529, 530 (44), 583 
130, 146 (61), 148, 289, 

290 (101), 319, 393, 395 (70), 412, 
419, 423, 445-447 (8), 450 

Nakamura, Y. 
Nakanishi, K. 573 (178), 587 
Nakasaki, M. 
Nakaya, T. 
Nakayania, T. 
Naniedov, F. N. 
Nanikung, M. J.  
Nanobashvili, E. M. 

78), 515, 516 
Napier, R. P. 
Narasimhan, P. T. 
Nardelli, M. 
Naso, F. 733 (55 ) .  777 
Natalis, P. 28 (16), I08 
Natat, A. 766 (282), 784 
Nathans, D. 858 (44), 882 
Nauta, W. Th. 

861, 876 (64), 882 

194, 195 (146), 262 

226, 227 (292, 293), 266 

334, 335 (2S), 352 
804 (129, 130), 837 

218, 219 (224a), 264 
195, 197 (140), 262 

498 (55), 509 (77, 

173 (20) ,  259 
312 (270), 323 

123, 144 (24), 147 

231, 233, 235 (309), 266, 

Navnda, K. C .  
717 

443 (126), 453, 687 (7), 

Navon. G .  487. 492 (24'1. 514 
Nayak,' U. G .  
Nayler, J. H.  C. 

(125). 453 

248, 250,'255<364), 268 
438,439 (1 14), 442,443 

Naylbr, R. F. 
Neckers, D. C .  
Neergaard, J.  R. 
Neil, R. J. 
Neilands, J .  B. 
Neinian, Z. 123 (38), 148 
Neims, A. H. 
Nejedly, 2. 
Nelander, L. 398, 400, 402, 403, 408 

Nelbach, M. E. 
Nelson, D. C .  
Nelson, R. G. 
Nelson, V. C .  

377 
Nerdel, F. 727 (31), 77G 
Nesrneyanov, A. N. 

Neta, P. 
Neiibeck, C. E. 
Neuert, H. 
Neunian, H. 
Neumann, Jr . ,  A. J.  743 ( 1  lo), 779 
Neurath, H. 304 (190), 321 
Neureiter, N. P. 177, 178 (40), 259, 569 

( I  66b), 587 
Neuworth, M. B. 257 (403), 269, 434 

(86, 88, 89), 435 (90), 4-52 
Newman, B. C .  240,241,243 (338,340), 

245 (340), 267 
Newman. M. S. 201 (166. 167). 202 

169, 170 (4), 258 

544 (93), 584 
752, 754 (l85), 7SZ 

400 (126), 414 

832, 833 (185), 838 

655 (86), 667 
867, 876 (92), 883 

(95), 413, 426, 445 (40), 450 
657 (92), 667 

797 (95), 836 
358, 360 (24), 377 
306 (217), 322, 358 (21), 

21 1 (i94), 264, 797 
(98), 836 

484, 490, 495 (lo), 514 
273 (25), 317 

350, 351 (56), 353 
305 (201, 202), 321 

( I  67j, 203 ( 1  66, 167j, 263, 699, 700 
(53). 718 

Nicolau',' C .  5 I2 (97). 516 
Nicolet, B. H. 173 (22), 259 
Nielsen, B. J. 302 (170), 320 
Nienis, A. H. 300 (161, 162), 320 
Nieuwenhuyse, H. 579 (191), 588 
Nifat'ev, E. E. 
Nigam, H. L. 
Nignian, H. L. 
Nikiforov, G .  A. 
Ning, I<. Y .  
Nisato, D. 292 (115), 319 
Nisbet, A. 193 (127), 262 
Nishikawa, T. 
Nitta, Y. 

750 (174), 780 

755 (208), 781 
755 (207), 781 

178 (43), 260 
713 (106), 719 

125, 126 (49), 148 
670 (4), 682, 799 (108, log), 

836 



Author Index 917 

Nitzschke, M .  255 (386), -369 

Nivellini, G. D. 376 (62), 378 
Nixon, E. R. 380 (lo), 411 
Nobuhara, Y .  672 (26), 683 
Noda, L. 306 (214), 322, 396 (87), 413 
Noel, C .  J. 398, 408 (94), 413, 426 (391, 

Noel, F. 790, 816 (29), 829 (29, 174, 

Niu, c . - I ,  235, 236 (324), 267 

450 

1761, 830 (177), 834, 838 

(1041, 260, 261 
Noell, C .  W. 179, 180 (60), 388, 189 

Noguclii, J. 678 (54), 684 
Noller, C .  R. 220 (237), 265 
Norman, R. 0. C .  
Normant, J. F. 733 (56), 777 
Norris, W. L. 243 (346), 268 
Norstroni, A. 864 (82), 865 (83), 877 

(82), 883 
Norton, J. S. 856 (40), 881 
Norton, R. D. 276 (36), 317 
Noskov, V. G .  726 (22), 776 
Novitskii, K. Yu, 728 (36), 776 
Noyori, R. 578 (1 87, i 88), 588 
Nuclifora, G. 512 ( 9 9 ,  516 
Nudelman, N. S. 736 (72), 777 
Nudenberg, W. 
Nuniata, A. 555 (120), 585 
Nuretidinova, 0. N. 730 (44), 774 (307), 

Nyholm, R. S .  756 (218, 220, 224), 782 
Nyquist, A. 449 (146), 453 

Oae, S. 171 (14), 238, 239 (334), 257 
(400), 259, 267, -769, (41), 378, 418 

221, 222, 225 (254), 265, 

538 (76c), 584 

433 (82), 452 

827, 829 (168), 538 

777, 784 

(21, 449 
O’Brien, A. S. 

O’Brien, J. P. 
Obukhova, E. M. 
Occolowitz, J. L. 

303 (1 73), 321 

394 (73), 412 
327, 336 (9), 338, 339 

(49 ,  341 (9), 352, 353, 843, 868 (2), 
880 

Ochoa, S. 857 (41), 881 
O’Connor, G .  L. 

O’DonnelI, I. J .  
O’Donnell, M. 

Oester, M. Y. 
Oganesyan, L. B. 
Ogdan, J. 494 (107), 517 
Ogiso, A. 560 (1341, 585 
O’Grady, B. V. 

230, 232, 234 (297), 
266 

303 (179), 321 
19 (8), 108, 306 (210), 

322, 356, 357, 368 (13), 377 
794, 795 (821, 836 

787 (71, 834 

394 (711, 412 

Ogura, K .  579 (190, 191), 588 
Ohnishi, S. 509 (76), 516 
Ohno, A. (41), 378 
Ohno, K. 844 (7), 880 
Ohno, M. 581 (198), 558 
Ohno, T. 287 (IOO), 319 
Ohochuku, N. S. 
Oishi, T. 
Oitak, 0. 
Okabc, B. 866 (89), 883 
Okafor, C .  0. 688 (lo), 71 7 
Okanioto, Y .  429 (63), 4S1 
Okawara, M .  730 (45), 777 
Oki, M. 447 (138), 453 
Okscngendler, G. M. 
Oldenberg, E. l3. 194, 195, 197, 198 

Oldershaw, G. A. 456 
Oleson, C .  L. 
Ollis, W. D. 

Olschwang, D. 746 (132), 779 
Olsen, R. K. 
Olson, D. G. 
Orncrod, M. G. 
Oniura, H. 

835 
Ondctti, M. A. 
O’Neal, H. E. 

156 (16), 160 (23), 161 
Orchin, M. 366 (38), 378 
Ormerod, M. G.  
Ornfelt, J .  

Orttung, F. W. 
Orupe, A. 
Orwig, B. A. 
Osborn, S. W. 
Osborne, D. W. 
Oshinia, T. 

Osipova, M. P. 
Oster, N. R. 
Ostwald, W. 402 (139), 414 
Oswald, A. A. 

531 (56), 583 
527, 528 (38), 583 
868, 872 (1 1 I ) ,  883 

220 (242), 265 

(134), -362 

787 ( S ) ,  833 
562 (1 39d), 563, 564 (1 39d, 

146, 147a), 586 

230, 232 (304), 266 
878 (148), 885 

508, 509 (71), 516 
201-203 ( I  73), 263, 792 (47), 

672 (24), 683 
23, 31 (13), IOS, 153 (14), 

313, 314 (285), 324 
221, 223, 225 (258),  265, 545 

197, 218, 219 (229), 265 
(98), 584, 680 (61), 684 

401 (135, 136), 414 
753 (1 89), 781 

196, 198 (147), -762 

128, 130 (56), 145, 846,868, 
126 (51), 148 

873 (IS), 881 
751 (177), 781 

863 (69), 882 

790 ( 2 9 ,  808 (143), 816 
(29), 817, 822 (143), 827 (143, 170, 

176), 830 (175, 177, 178), 831 (179). 
834, 837, 838 

206 (183), 221 (252), 263, 265 
144 (83), 149 

171), 828 (143, 171), 829 (29, 174- 

Otto, R. 
Oughton, B. M. 
Ovadia, J. 
Ovchinnikov, Yu. A. 

493, 494 (45), 515 
332 (21, 22), 333 

(23), 35-7 



918 Author Index 

Ovcrbcrger, C .  G. 

Owcn, L. N. 

197 (229), 198-200 
(152), 218, 219 (229), 26.2, 265 

176, 177 (37), 198 (153), 
199, 200 (153, 157), 201 (l53), 240 
(341, 342), 242 (341), 243 (341, 342, 
347), 244 (342), 259, 363, 263, 267, 

(123, 124), 453, 692 (20, 21), 693 
(26, 28), 711 (95, 98, 99, l O l ) ,  717, 
719, 726 (28, 29), 776 

Owcn, T. C .  492 (37, 38), 498 (37, 38, 
57, 58) ,  501 (52), 503 (52, 57), 504, 
505 (38), 515 

268, 441 (122), 442 (122-124), 443 

Owslcy, D. C .  797 (IOO),  836 

Paakkonen, K .  398 (99), 413 
Pace, E. L. 

Pachter, I. J. 
Packer, J. E. 

127 (52), 148, 846 (16, 17), 
849, 868, 873 (16), S81 

533 (62), 5S3 
485 ( 1  3), 489,491 (30), 494 

(48), 500 (30), 501 (13, 30, 64), 502 
(63), 503 (30, 64), 504 (13, 30), 514, 
515 

Pajetta, P. 306 (207), 322 
Pal, B. C .  
Palit, S. R.  391 (64), 412 
Pallen, R.  13. 
Palmer, G .  645 (69), 660 (98), 667, 668 
Palmer, T. F. 
Pan, H.-L. 187, 188 (102), 195, 197 

Panek, K .  871 ( I O I ) ,  876 (136), 853, SS4 
Pankow, 73. 
Papa, A. J. 710 (92), 719,750 (167), 780 
Papa, D. 
Papa, G. 787 (6), 834 
Papadopulos, E. 1'. 
Paquctte, L. A. 521 (9, 569 (5, 166a, 

167), 570 (167, 168), 571 (169), 582, 
58 7 

Parameswaran, K. N. 398, 403 (107), 
413 

Parcell, A. 695 (33 ,  717 
Parham, W. E. 

836 
Paris, R. A. 
Parker, A. J .  

Parkcr, V. B. 
Parks, C .  R. 
Parrish, Jr., J .  R. 
Parthasarathy, IZ. 149 
Partington, J. R. 

792 (63), 835 

462 (8), 478 

337, 339 (38), 353 

(140), 261, 262 

191, 232 (116), 262 

179, 180 (58), 260 

805 (1 35), 837 

564 ( 1  5l ) ,  5S6, 797 (9.9, 

397 (89), 413 
220 (244), 221 (244, 287, 

288), 229 (288), -365, 266 
337 (37), 353 

879 (1 58). 885 
376 (51), 378 

419 (9), 420 (9, 13), 
450 

Parupc, A. 407 ( 1  67), 415 
Pascal, I. 790 (30), 834 
Paskucz, L. 219 (223), 264 
Passerini, R. C .  

411, 42s (34), 450 
Pastare, S. 401, 402 (133, 134), 414 
Pntchctt, A. A. 533 (63), 553 
Patchornik, A. 678 ( 5 5 ) ,  684 
Patten, F. 509 @ I ) ,  516 
Pattcrson, W. I. 672 (20), 683 
Paul, I. C .  

Paul, J .  M. 
Paul, W. 
Pauling, L. 

Paulsen, H. 525 (31), 582 
Pausackcr, K. 693 (25) ,  717 
Pauson, P. L. 
Paust, J .  539 (76a), 584 
Pavlova, L. V. 
Pawlowski, N.  E. 
Peach, M. E. 

306 (21 I ) ,  322,382 (IS), 

120 (15), 121 (20),  123 (20, 
27), 133, I43 (20),  147,797 (1 03), 836 

700 (57), 718 

114, 115, 120, 126 (12), 133 
201 ( I G I ) ,  263, 698 (49), 718 

(71, 74), 147, 149, 426 (42), 450 

216, 217 (217), 264 

399, 400 (1  IG), 413 
193 (128), 262 

184 (86), 261, 724 (7, 8), 
725 (14), 738,739 (8,87), 741 (8), 747 
(7, 140, 141), 718 (14), 749 (7, 157), 
750 (14, 140), 751 (14, 141), 752 (7, 
14, 141, 182, 183, 185),753(14, 182), 
754 (14, 185, 199), 755 (7, 141), 756 
(140, 221), 757 (228), 775, 776, 778, 
76'0 -782 

Pcarson, D. E. 
Pcarson, M. S. 
Pcarson, R. G. 

S S I  
Pcchkrc. J.-F. 
Pcchet, M. M. 
Pcdcrsen, E. B. 
Pedcrson, 1'. L. 
Pclc, S .  R. 
Pclleleticr, S. W. 
Penner, S. S. 
Percy, E. J. 
Pereira, W. E. 
Pcrclninn, D. 
Pcretz, J .  767 (287), 75'4 
Perez, M. 276 (37), 317 
Pcrkin, A. G. 193 (131), 262 
Perozzi, E. F. 797 (103), 836 
Perrin, D. D. 397 (93), 413, 796 (921, 

836 
Perron, Y .  G. 713 (107), 719 
Perry, S. V. 
Pctcrkofsky, A. 856 (40), S81 
Pcterle, T. J .  

195 (142), 262 
706 (84), 719 
756 (216), 782, 847 (19), 

304 ( 1  90); 321 

395 (SO),  413 
299 (154), 320 

877 (144, 146), 884, SS5 

575, 576 (182), 587 

560 (134), 555 
381 (13), 4 / f  

792 (57), 835 
375 (49), 378 

573 (1 76), 5S7 

277 (55), 317 

865 (86), 853 



Author  Index 919 

Peters, A. T. 231, 232 (312), 267 
Peters, F. 401 (123), 414 
Pcterson, D. B. 506, 508 (68), 516 
Peterson, J.  
Pcterson, R. M .  485-487 (18). 514 
Petickhova, N. 1’. 177 ( 3 9 ,  259 
Petrsnek, J .  302 (171), 321 
Petropoulos, 1. C .  426 (43), 451 
Pctrov, A. A. 763 (275), 753 
Petrovich, J.  P. 701 (64), 718 
Petrow, V. 572, 573 (175), 587 
Pettit, G .  R. 422 (21), 450,525,529, 549 

Phillips, H. 179 (53), 260 
Phillips, J. C .  
Phillips, P. H. 
Photaki, I. 

Pianka, M. 
Pichart, L. 
Pichat, L. S73 (I25), 884 
Pichc, L. 672 (23), 683 
Pickering, W. F. 
Pickett, F. E. 
Piers, E. 
Pietra, F. 794 (79), 836 
Piette, J. L. 
Pigiet, V. P. 
Pihl, A. 
Pike, W. T. 
Pilcher, G .  
Pilipenko, A. J. 
Pilloni, G .  789 (16), 834 
Pimentel, G. C .  

Pinilott, P. J. E. 
Finder, A. R. 

Pinkney, P. S .  
Pino, P. 361 (28). 377 
Pinsky, A. 275 (39 ,  317 
Pintar, M. M. 
Piper, J. R. 

26 I 
Pisani, J. F. 

144 (84, 85) ,  149 

(22), 582 

569, 570 ( 1  67), 587 
273 (IS), 316 

672, 673 (28), 674 (28, ?8), 

201 (172), 263, 699 (54), 715 
221, 225 (259), 265 

677, 678 (52), 683, 684 

803, 804 (125), 837 
739 (92), 778 

555 (1 12, I l3), 585 

754 (1 9 9 ,  78 I 
657 (92), 667 

510 (88, 89), 516 
533 (66), 584 

152- 155 (7), 161 
402 (141), 414 

133, 144 (69), 149, 379, 

681 ( 6 9 ,  684 
388 (1, 2), 410 

176, 177 (34): 241 (343), 

171 (15b), 259 
259, 267, 534 (659, 584 

509 (73), 516 
185 (go), 186 (90. 92, 93), 

327, 336, 341 (9), 3.52, 843, 
868 (2), 880 

Pitkethly, R. C .  827,828 (169), 838 
Pitt, B. M .  
Pitt, C. G. 
Pittman, V. P. 
Pitts, Jr., J. N. 
Pizzolato, G .  

214 (21 l), 264 
687 (4), 717 

179 (53), 260 
832, 833 (I%) ,  835 

201, 205 (168), 263, 699 
(56), 718 

Placidi, G. F. 858 (47), 882 

Plackctt, J .  D. 562-563 (139d), 556 
Plant, D. 201, 204 (163), 253, 309, 310 

(244), 323, 382 (20), 411, 698 (50),  
719, 845, 868,  874 (13), SSI  

Plant, S. G .  1’. 243 (346), 265 
Plattner, 1’. A. 531 (50), 583 
Pluciennik, l-1. 868, 871, 873 (loo), 883 
I’lyler, E. K.  
Pobincr, H. 577 (1 72), 587,686 (2), 717, 

Poet, A. 580 (l94), 588 
Pogorelyi, V. K.  

Pogosyan, A. N. 403 (149,414 
Poirier, 1’. 376 (37), 317 
Pokaneshchikova, N. V. 
Polnnska, M. 790 (20), 534 
Pollak, J.  432 ;74), 451 
Poller, R. C. 
Ponsold, K. 729 (39), 776 
Ponticello, G. S .  
l’onticcllo, I .  S .  
Poole, D. R. 
Pople, J .  A. 

Porfir’eva, Yu. 1. 
PorquC, P. G .  (54), 667 
Porter, M. 794 (78), 835 
Posvic, I-i. 
Poternpa. S. J .  
Potter, J .  L. 
Powell, D. B. 

(48), 412 
Powell, W. S. 
Powers, D. 13. 

718 
Pozdena, J. 870, 873 (132), 884 
Pozharskaya, A. JM. 872 (113), 884 
Pradac, S. 
l’rasad, R. N. 
Prescott, D. J. 633 (47). 666 
Previc, E. P. 257 (403), 269 
Prcviero, A. 306 (207), 322 
Price, C. A. 296 (136), 320 
Price, C. C. 182,184 (78),220,22 1 (239) 

261. 265,418 (2), 439 ( I  16), 440 (1 18, 
119), 449, 453, 697 (40), 717 

Price, E. 423,429 (26), 450 
Price, T. S .  192 (1 20), 262 
Pri:ezhaeva, E. N. 

126 (50) ,  148 

832 (181, 182), 838 

387 (45, 46), 391 (63), 
412 

753 (192), 751 

726, 749 (23), 776 

572 (172), 587 
572 (172), 587 

422 (22), 450,791 (38), 834 
312 (268), 323, 380 (7), 381 

763 (275), 783 
(16), 384 (28), 411 

533, 553 (61), 3-53 
792 (64), 835 

309, 310 (250), 323, 387 

769 (292). 754 
201 (164), 263, 698 (511, 

221, 224, 228 (273), 266 

757, 789 (2!. 833 
188, 189 (104), 261 

169 (3a), 170(3a, 5a), 
171 (5a, 15a), 172 (17), 177 (33 ,  178, 
236 (3a), 243 (348), 258,259,268 

Pritzkow, W. 737 (Sl),  778 
Probner, H. 800 (1 12), 836 



920 Author Index 

Prokof’ev, E. P. 
Prophet, H. 23, 31 ( I  l ) ,  I08 
l’rotiva, M. 219 (224b), 264 
Prout, C .  K .  (236), 7S2 
Pryor, W. A. 

376 ( 5 8 ) ,  378 

473 (29-31), 474 (29, 30, 
32), 475 (33-35, 37), 478, 479, 833 
( I  93), 839 

Pudovik, A. N. 
Pudovik, M. A. 

J’ullman, I .  513 (lo?), 517 
Puranik, P. G .  
Purdie, J.  W. 

751 (175), 781 
751 (175), 781 

Pugh, H. 750 (170), 780 

449 (141), 453 
489-491 (28), 492 (35, 36, 

39), 496 (39, 51), 498 (35, 36, 39, 51, 
56),  501 (39, 51), 503 (39), 504 (51), 
505 (35, 51), 514, 515 

Puri, J.  K. 793 (70), 835 
Purkayastha, R. 681 (67), 684 
Pushkina, R. A. 
Pushnina, P. N. 

412 
Pyler, R. E. 

Quade, C. R. 
Quagliano, J .  V. 
Quastel, J. 14. 
Queen, A. 

Quis, P. 765 (277), 753 

Rabani, J. 500 (60), 515 
Rabinowitz, H. N. 
Rabinowitz, J. C .  
Rabinowitz, R. 
Rachinskii, F. Yu. 
Rachlin, A. I. 
Racker, E. 614 (32), 665 
Ragg, P. L. 71 I (98), 719 
Raggi, M. A. 
Rahnian, M. B. 306 (219), 322, 361, 

Raina, A. 621 (39), 665 
Rajsncr, M. 219 (224b), 264 
Raleigh, C. W. 790 (24), 534 
Ralls, J .  W. 
Ramachandra, R. 113-115, 118, 134- 

136 (3), 146 
Ramaswarny, K. K. 
Ranipino, L. M .  
Ramsbottom, J. V. 
Ramsdell, P. A. 
Randall, H. M. 
Rankin, D. W. I-I. 
Ranky, W. 0. 797 (99 ,836  

382, 388 (22). 411 
3 10 (251), 323,386 (40), 

240 (337), 267 

845 (9), 880 

277 (48), 317 
309, 310 (24S), 3-73 

438,439 (1 14), 442,443 (1 25)  
453 

120 (15), I47 
658 (96), 668 

221, 226, 227 (268), 265 
399, 400 (116), 413 

538 (76s), 551 

7S8 (14), 834 

368-370, 373-376 (27), 377 

522 (7, 9), 523 (9), 582 

756 (221), 782 

509 (73), 516 
826 (166), 828 

277 (50), 317 
308 (237), 322 
749 (159, 780 

Rao, B. D. N. 

Rao, C. N. R. 

Rao, P. M .  
Rao, S. N. 149 
Kao, V. M. 
Rappoport, 2, 732 (50) ,  777 
Rapport, M.  M. 
Rasrnussen, M .  568 (IGO), 587 
Ratcliffe, C .  T. 754 (198), 7SI 
Ratner, S. 682 (69), 684 
Ratts, K. W. 562 (135), 586 
Rauk, A. 419 (3, 449 
Rautcnstrauch, V. 
Ray, S. C. 
Razumovskaya, E. A. 568, 872 (116), 

Rechnitz, G .  A. 
Reddington, R. L. 
Redpath, J .  L. 
Rced, L. J .  

146 (SS), 149, 386 (38), 

146 (88), 149, 386 (38), 
387 (43), 411, 412 

387 (43), 411, 412 
465 (14), 478 

449 (144), 453 

217, 219 (226), 264 

576 ( I  84), 587 
710 (92), 719 

884 
285 (89), 318 
845 (lo), 881 

495 (49), 515 
235, 236 (324), 267, 597 (8), 

637 (8, 49, 50) ,  639 (49), 664, 666, 
869, 871 (IOG), 883 

Rces, G .  V. (236), 782 
Rcese, C .  A. 
Refaey, K. M. A. 
Regnault, V. 872 (121), $54 
Rcichnrd, P. (54, 5 9 ,  667 
Rcichcneder, F. 734 (63), 777 
Reid, E. E. 

539 (78), 581 
335 (29), 352 

169 ( I ) ,  170 (IOa), 179 (48, 
52), 180 (62) ,  181 (63, 70), 187 (94), 
198 (1 5.9,  206 (I 84), 220 (243), 221, 

265, 266,269,276 (42), 317, 520 ( I  a), 

783, 806 ( 1  37), 837 

228 (280), 257 (399), 258-261, 263, 

582, 761, 762, 764-766, 773 (263), 

Reifenberg, G. H .  
Reifschneider, W. 

(107), 779 
Reike, A. C. 
Reinccke, M. G. 
Reinhard, G. 
Reinn?uth, 0. 211 (193), 263 
Reissc, J. 
Relles, H. M.  

(56) ,  718 
Relyea, D. I .  
Rcmberg, E. 329 (14), 352 
Reinberg, G. 329 (14), 35-7 
Reniko, R. 512 (93, 516 
Renson, M. 754 (195), 751 
Respess, W. L. 
Rcttig, M .  F. 

749 (163), 780 
236 (326), 267, 743 

554, 557 (1 lo), 585 
524 (IS), 58-3 

568, 871 (105), 553 

132 (65 ) ,  149, 446 ( 1  37), 453 
201, 205 (168), 263, 699 

170, 171 (5b), 258 

559 (1 24), 585 
797 (IOO), 836 



Author Index 92 1 
Rexroad, H. N. 
Keyes, 2. 395 (79), 413 
Reynolds, D. D. 

3 13 (277), 323 

187 (99). -761 
Reynolds, W. B. 

(75). 451 
170 (lbb), 259, 432 

Rheinboldt, H. 
Riad, Y .  444 (129), 453 
Ribi, M .  552 (I09), 565 
Ricci, A. 746 (134), 779, 798 (104), 

Ricevuto, V. 756 (217), 7S2 
Richards, R. K. 
Richer, J.  C. 

21 1, 213 (200), 264 

836 

859 (49), 8SZ 
554, 556 (1 19), 559 (129), 

560 (130), 561 (119, 129, 130), 573 
(176), 585, 587 

Richou, L. 879 (159), 855 
Ridsdnle, S. 755 (214), 782 
Riegel, B. 522 (7, 9), 582 
Riesz, P. 853 (30), 881 
Rigaii, J. J. 797 (IOl), 828 (172, 173), 

Rigg, H. 400, 408 (120), 414 
Riggs, A. 299 (160), 320 
Riley, J .  G. 722 ( I ) ,  775 
Rilling, H .  C .  
Rimington, C. 860, 876, 878 (58) ,  882 
Rinaldi, C .  702 (70), 718 
Riordan, J. F. 283 (74), 318, 670 (6), 

Ritchie, C. D. 429, 431 (62), 451, 723 

Ritter, E. J.  
Ritter, J.  J. 
Ritter, R. D. 
Roach, J. A. G .  

Robb, J .  C .  175 (B) ,  -359 
Robb, M. A. 
Robba, M. 743 (109), 779 
Roberts, E. 
Roberts, L. D. 
Robertson, D. N. 
Robertson, W. W. 

Robins, R. K. 

Robinson, E. A. 
Robinson, H. C. 
Robinson, R. A. 
Robson, A. 300 (1631, 320 
Robson, P. 

7 3 ,  742 (73), 775, 778 
Rochester, C. H. 

(39), 411 

836, S3S 

564 (149), 586 

682 

(3, 4), 750 (1651, 775, 7SO 
203 (178), 263 
226, 227 (291), -766 

753 (194), 7SI 
492 (38), 498 (35,  57), 

503 (57), 504, 505 (38), 515 

86 (36), 97 (36, 37), 109 

294 ( I  27), 295, 319 
809, S10 (146), 837 

432 (77), 451 
307 (223), 32-7, 419, 

179, 180 (60), 182 (79 ,  
425 (6), 449 

188, 189 (103, 104), 260, 261 
793 (71), 8.15 
296 (135), 320 
403 (157), 415 

724 (6), 736 (731, 738 (6, 

386, 388, 392,402,405 

Rodgers,A.S. 23, 31 (13), 108, 156(16), 
161 

Rodgers, G.  830 (177), 838 
Rodig, 0. R. 689, 691 (16), 717 
Rodin, J.  0. 539 (78), 584 
Rodnian, S. 125 (46), 14s 
Rodriguez, M .  498, 503 (57), 515 
Roebke, H. 534 (70), 535 (71), 584 
Roffia, S. 788 (14), 834 
Rogers, M. T. 
Rogers, S. J. 401 (124). 414 
RogiC, M. M. 
Rogicr, M. Vandcr Stichelen 

149 
Rolfe, R. H. 879 (157), 885 
Romenskaya, G. P. 
Romeo, R. 756 (217), 752 
Roniero, M. 
Konio, J. 

Konchi, S. 655 (58). 667 
Roncucci, R. R. 
Rondcstvedt, C. S. 
Rooks, W. H. 
Roothaan, C. C .  J. 
Roque, J.  P. 
Roqiies, B. 743 (l09), 779 
Rosenficld, J. S. 

Rosengl.cn, K. 

Rosenkranz, G. 

Rosenstock, H.  M. 

312 (270), 323 

770 (296), 784 
132 (65), 

857 (43), 882 

551, 552 (log),  585 
548, 549 (99), 551, 552 (106, 

IOS), 564 585 

879 ( I  60), 885 
I89 (290), 266 

71 (231, 108 
572 (174), 587 

766 (282), 784 

357, 364, 365 (IS), 376 

477 (41), 479, 833 (189), 

545, 549 (99), 551, 552 

23,31 (12). 108, 326 

(60), 377, 378 

839 

(106, lOS), 584, 585 

(2), 337, 338 (39), 340 (2), 342 (39), 
351,353 

Roscnthal, D. 
Rosenwald, R. H. 
Rosinov, B. V. 

352 
Rosner, L. 294 (122), 319 
Ross, D. L. 678 (56 ) ,  684 
Ross, L. 0. 305 (197), 321 
Rossbach, E. 
Kossi, V. M. K. 
Rossing, A. 206 (183), 263 
Rossini, F. D. 
Ross-Petersen, K. J. 
Rostas, J. 28 (15, 17), I08 
Roth, L. J. 858 (49, 582 
Roth, M. 572 (173), 587 
Rotherain, M. (54), 515 
Rotillo, G. 658 (94), 667 
Rouser, G .  294 (127), 295, 319 

246, 247 W9) ,  268 
826 (164, 165), 838 

332 (21, 22), 333 (23), 

231, 233, 2?5 (310), 266 
398 (106), 413 

21-23, 31 (lo), 108 
672 (25) ,  683 



922 Author Index 

Roussclot, M. M. 31 I ,  312 (267), 323, 
384 (32-34), 385 (32, 33), 389 (59), 
391 (33), 411, 4J2 

Rowe, J. J .  M .  
Rowe, K. L. 
Rowenw:ild, R. H .  

312 (271). 323 
3 12 (27 I) ,  323 

221 (257), 265 
ROY, A. B. 591, 593, 596, 597, 599-601, 

643 (I), 664 
Roy, S. K. 
Rozen, S. 542 (85) ,  554 
Rubinstein, H. 524, 547 (14), 552 
Rudin, E. 403, 404 (151), 414, 425, 445 

Rudnev, Y. P. 310 (251), 323, 386 (40), 

Rudzitis, G. 401, 402 (133, 134), 414 
Ruff, J.  K. 759 (254), 760 ( 2 5 9 ,  783 
Ruiz, E. B. 562 (144), 586 
Rundel, W. 212, 213, 220 (206), -364, 

Ruska, W. E. W. 335, 336, 347-349 

Russ, C .  R. 791 (34), 834 
Russel, W. F. 
Russell, D. S. 
Russell, Jr., H. 
Russell, P. J. 
Rust, F. F. 

479 
Rustamov, F. A. 
Rutledge, 1’. S. 
Ryabova, D. V. 
Rylandcr, P. N. 
Ryl’tsev, E. V. 

Sabatier, P. 179 (44), 260 
Sabin, J .  R. 
Sabol, S. 857 (41), SSI  
Sachs, 14. 861 @ I ) ,  883 
Sadler, J. M. 
Sadovaya, N. K .  
Sadylihov, Z .  A. 
Saegiisa, T. 
Saenger, W. 
Safarik, I. 833 (192), 839 
Sager, W. F. 
Sakakibara, S. 
Sakodynskii, K.  1 .  
Salmond, W. G .  
Salpetcr, M. M. 
Salvadori, G. 729 (41), 777 
Salvadori, P. 357, 358 (lo), 360 (26), 361 

Salvesen, K. 403, 407 (140), 414 

554, 557 (1 lo), 585 

(36), 450 

412 

313, 314 (286), 3-34 

(33), 352 

790 (21), 834 
231 (64), 318 

188, 189 (106), 261 
126 (51), 148 

170, 171 (13), 259, 475 (39), 

726 (21), 776 
531 (57), 583 
865, 872 (1 I6), 894 
797 (66), 83.5 

855 ( 3 9 ,  8S1 

381 (14), 392 (67), 411, 412 

S77 (141), 883 
728 (N!, 776 
725 (IS),  776 

144 (79, 80), 145, 149 

429, 431 (62), 451 
672 (26, 27), 683 

852 (26), S81 
418 (3), 449 
877 (147), 885 

752 ( I  S7), 781 

(20, 26, 28), 364 (26), 377 

Saniaky, A. El. 485-487 (12), 514 
Saniochocka, K .  871 (99), 883 
Saniori, B. 376 (62), 378 
Saniuels, E. R. 299 (159), 320, 866 (a), 

ss3 
Sander, M. 440 (120), 453 
Sandlcr, S. R. 791, 801 (37), 834 
Sandorfy, C .  

Sands, R. 1-1. 
Sanger, F. 305 (205,206), 321 
Sanin, P. I.  
Sanner, T. 313, 314 (284), 324 
Santenia-Drinkwaard, J.  284 (76), 318 
Saraf, S .  D. 725 (17), 776 
Saraswathi, N. 146 (87), 149 
Sartori, P. 
Sasin, G .  S. 
Sasin, R. 695 (31), 717 
Sastry, K. V. L. N. 

Satchell, D. P. N. 
Sato, F. 758 (241, 242), 782 
Sato, K. 860 (57), 882 
Sato, M. 758 (240-242), 782 
Sato, R. 594 (6), 664 
Sato, S .  579 (192), 585 
Sato, T. 725 (19), 776 
Satterwhitc, 1-1. G. 
Sailer, D. T. 
Snumagne, P. 

383, 385 (175), 387 (176), 

660 (98), 668 
388 (177), 415 

868, 872 (116), 884 

750 (164, 165), 780 
187 (%), 261, 695 (31), 717 

127, 128 (54), 148, 
449 (142, 144), 453 

402 (138), 414 

289, 290 (104), 319 
754 (1 97), 781 
308 (241), 309 (341,257), 

322, 323, 384 (25, 26), 388 (25, 58) ,  
304 (26), 411, 412 

Saundcrs, K. H. 
Saunders, M. 385 (36), 411 
Saiindcrs, I<. H. 
Saundcrs, W. H. 
Sauvetre, R. 733 (56), 777 
Savige, W .  E. 

453, 691 (19), 717 
Saville, B. 
Sawada, S. 509 (75), 516 
Saynmol, K. 472, 476 (24). 478 
Schaafsma, Y .  
Schachmann, H. K. 
Schaefl‘cr, H. J. 
SchYfer, W. 428 (55,  56), 451 
Scharpensccl, I. H. W. 
Scharrer, B. 863 (73 ,  883 
Scharrer, E. 863 (75), 883 
Schemer, K. 313, 314 (286), 324 
Scheinbauni, M. L. 
Scheit, K. H. 
Schejter, A. 676 (48), 684 

231 ( j l l ) ,  267 

382 (21), 41 1 
710 (94), 719 

31 3 (280), 324, 439 ( I  1 9 ,  

179 (54), 260, 201 ( I  13), 319 

221, 226, 227 (267), 265 
657 (92), 667 

188, 189 (105), 261 

577 (I40), 884 

533 (62), 583 
144 (79), 149 



Author Index 923 
Schelling, V. 303 (175), 321 
Schellnian, J. A. 
Scheraga, H. A. 
Schinski, W. L. 
Schjanberg, E. 
Schlagel, B. 8 1, 82 (28), 109 
Schlangen, P. P. 
Schlatzer, R. K. 
Schlesinger, A. H. 
Schlessinger, R. H. 

Schlessinger, R. J. 
Schlientz, W. J. 
Schmidbaur, H .  
Schmidt, E. 230 (316), 267 
Schmidt, H. 868, 871 (105), 883 
Schmidt, M .  748 (148), 757 (229, 780, 

782 
Schneider, F. 289, 314, 315 (2SS), 324 
Schneider, J. A. 
Schneider, W. G. 380 (7), 354 (28), 

41 1 
Schoberl, A. 169 (2a), 27-1 (289), ,758, 

266, 273 (211, 305 (195, 196), 316, 
321, 670 (3, 8), 682, 683 

365 (37), 378 
445 (133, 453 
566 (153), 586 
177, 206, 207 (38), 259 

568 (164), 587 
689, 691 (16), 717 
230 (3011, 266 
566(156), 567 (158), 

572 ( 1  72), 587 
759 (254), 783 
752 (180, 181), 781 

586 

598, 601 (12), 6G4 

Scholes, G.  492 (33), 514 
Schollkopf, U. 686 ( I ) ,  717 
Scholz, P. 726 (24, 23, 776 
Schoniaker, V. 
Schonbaum, G .  R. 
Schonberg, A. 

114, 115, 126 (3, I47 
403 (146), 414 

201 (160, 161), 221 (270, 
271), 228 (271), 263, 266, 698 (48, 
49, 71s 

Schoniger, W. 301 (166), 320 
Schooten, J. van 
Schotte, L. 151 (66), 260 
Schrauzer, G. N. 
Schreier, E. 675 (44), 6S3 
Schrieshcim, A. 

238, 239 (339, ,767 

120 (IS), 147 

572 ( I  72), 587, 686 (2), 
717, 800 (112), 806 (140), 808 (140- 
142), SO9 (140-142, 147), 810 (141, 
142, 147), 812 (141), 817 (153), 819 

330, 331 (17), 352, 843 (3), 

870, 873 (129), 884 

214, 245 (?lo), 264 

(156, 157), S32 (ISO-182). 836-838 
Schroll, G. 

880 
Schuemann, E. 

Schuetz, R. D. 
Schuijl, P. J .  W. 

(1 I), 776 
Schuijl-Laros, D. 706 (83), 718 
Schukina, M. N. 

11 S ) ,  884 
Schultz, A. G .  

Schuetz. C.  D. 211-214 (19S), 264 

240 (336), ,767, 724 

868 (1151, 872 (113, 

572 (173-), 587 

Schultz, G. 114, i15, 128, 130 (s), 147, 
Schulz, K.  190 (1 IS), 262 
Schulze, P. E. 
Schulze, W. A. 

28), 834 
Schuniann, H. 749 (162), 780 
Scliuiiiann-RLiidisch, I. 749 (162), 780 
Schumin, R. $1. 337 (37), 353 
Schurmann, G .  221, 225 (277), 266 
Schwabe, F. 289, 314, 315 (288). 324 
Schwalbe, G. 221 (264), 265 
Schwalm, W. J. 253 (380), 265 
Schwartz, D. R. 272 (9), 316 
Schwartz, J .  L. 703 (74), 718 
Schwarz, H. A. 500 (60), 515 
Schwarzenbach, G .  

221 (263), 265 

576 ( 1  37), S S l  
170 (S), 258, 790 (27, 

399 ( 1  13), 403, 404 
(150, 151), 413,414,425 (35, 361, 445 
(36), 450, 755 (205, 206), 7S1 

Schwarzhans, K. E. 
Schweig, A. 428 (55, 56), 451 
Schwerdtel, W. 435 (91), 452 
Scoli'one, E.  272 ( 1  5), 201 ( I  10,ll I ) ,  306 

Scollary, G .  R. 
Scopcs, P. M. 

756 (219), 782 

(207, 208), 316, 319, 322 
760 (259), 783 
306 (219, 220), 322, 358, 

359 (22), 361, 368 (27), 369 (27, 4 9 ,  
370 (7-7), 371, 372 (43, 373 (27, 4 9 ,  
374 (37, SO),  375 (27), 376 (27, 50), 
377, 378, 674 (41), 683 

Scorrano, G. 792 (51, 52), 796 (93, 94), 
797 (93, 94, 99), 801 (93), 835, 836 

Scott, C. B. 309, 310 (246), 323, 387 
(51), 412 

Scott, D. W. 151 (2), 152, 154 (9), 16/, 

Scott, F. L. 
Scott, R. M. 
Searle, C .  E. 
Searles, S. 
Sebrell, L. B. 
Seconi, G .  746 (134), 779 
Seddon, D. 760 (258), 783 
Sedova, T. S. 
Seebach, D. 

309 (255),  311 (255, 260-263), 323 
735 (66), 777 
562 (142), 586 
179 (SO),  260 

697 (42, 43), 718 
221, 226 (266), 265 

870, 873 (133), 884 
(350, 351), 268, 525 (27), 

73,541 (72,73,75), 543 (72,88), 544 
(91), 545 (72, 73), 546 (41, 73, 911, 

528 (41), 536(27,72,73), 537 (41,72- 

547 (27), 582-584 
Seefelder, M .  230 (316), 267 
Seegniillcr, J. E. 
Seese, W. S. 
Scgal, H. L. 
Segal, S .  601 (IS), 664 

598, 601 (12), 664 
179, 180 (561, 260 
614, 641 (33), 665 



924 Author Index 

Seibl, J. 331 (19), 352 
Seibles, Th. S. 
Seidlova, V.  219 (224b), 264 
Scilcr, M. P. 577 ( I  86), 587 
Seki, S. 732 (48), 777 
Scla, M. 305 (201), 321 
Selignian, A. M. 
Sell, K. 437 (105), 452 
Sellstedt, J.  H .  
Selton, B. 243 (346), 268 
Selve, C .  745 (123), 779 
Scinenow-Garwood, D. 405 ( ] S O ) ,  415, 

Sernina, L. K. 
Sen, D. C .  
Sen, S. P. 
Smear,  A. E. 
Seng, K. L. 
Senko, M. E. 
Sen Sharma, D. K .  
Scntcnac, A. 596 (7), 6G4 
Sepirlcrc, A. M. 
Serjcnnt, E. D. 
Setinek, K. 745 (127), 779 
Scttcpani, J .  A. 
Scyhan, M. 211-213 (196), 264 
Sgarabotto, P. 
Shabica, A. C .  
Shaefer, E. 181 (6S), 260 
Shacffer, P. R .  
ShafTerman, A. 493 (106), 517 
Shagidullin, R. R. 387 (52 ) ,  412 
Shah, V. P. 
Shahak, I .  542 (85, 86), 584, 767 (287). 

Shalck, R. J. 493, 512, 513 (44), 515 
Shaltiel, S. 671 (14), 653 
Shamma, M. 
Shannon, T. W. 
Shapira, R. 698 (46, 47), 718 
Shapiro, E. S .  170 (5a), 171 (5a, 15a), 

172 (17), 243 (348), 258, ,759, 268 
Sharma, B. D. 1 19, 120 ( 1  3), 147 
Sharp, J. C .  
Sharpe, E. D. 226, 227 (291), 266 
Shaw, P. 492 (33), 514 
Shaw, R. 23, 3 1 ( 1  3), IOS, 156 ( I  6), I57 

Shaw, R. A. 750 (169), 780 
Shaw, T. M. 42 (23), 108, 125, 126 (481, 

148 
Shchekotikhirn, A. I .  
Shchelkunova, L. I. 755 (209, 210), 

297 (145, 146), 320 

290 (107), 319 

397, 398, 402 (92), 413 

769, 770 (299, 784 
728 (36), 776 

254 (383), 269 
870, 873, 877 (131), 884 

217, 219 (226), -764 

119, 120 (13), 147 
646 (70), 667 

349 (54), 353 

525, 528 (29, 30), 582 
306, 398 (86), 413 

531 (54), 583 

123, 144 (24), 147 
872, 873 (120), 884 

695 (31), 717 

697 (45), 715 

784 

549, 550 (101), 585 
338 (44), 353 

795 (85) ,  836 

(17), 158 (19), 159, i 60  (22), 161 

763 (274), 783 

781 

Shechan, J. C. 682 (71), 684, 687 (6), 
717. 746 ( 1  29). 779 

Shcfter, 'E. 
Shein, S. M. 743 (105), 744 ( 1  15), 778, 

779 
Sheinker, Yu. N. 
Sheinoff, J. R. 
Shekhtmm, Ya. L. 
Sliclton, J. R. 
Shemyakin, M. M. 

(23), 352 
Shepard, 13. J. 
Shepherd, J. A. 
Shepherd, T. H. 
Sheppard, N. 

31 1 (236), 322 
Shcrenieteva, G .  J. 
Shcrk, J. A. 
Shimanouchi, T. 130 (60), 148 
Shiniizu, T. 
Shimonishi, Y .  
Shin, H. 545 ( 9 3 ,  584 
Shinohara, K. 273 (22), 316 
Shirley, D. A. 179 (53), 260 
Shirley, R .  L. 566 (155), 586 
Shirnahania, H .  545 (95), 584 
Shiro, Y. 

123, 1 4 5  (34), 147 

402 (137), 414 
286 (93), 31s 

793 (67), 835 
859 ( 5 9 ,  882 

332 (21, 22a), 333 

860 (56), 882 
790 (24), 834 
216, 218 (221), 264 

308 (236, 242), 309 (242), 

394 (73), 412 
328, 329, 340, 341 (13), 352 

752 ( I  87), 781 
672 (26, 27), 683 

128 (56), 130 (56, 59), 148, 300 
311 (253), 323, 846, 868, 873 (18), 
88 I 

Shishkhov, V. P. 
Shiskov, V. P. 
Shive, W. 67s (56), 684 
Shizoaki, K. 
Shoolery, J .  M. 
Shoolery, J. N. 
Shoppee, C. W. 
Shostakovskii, M. F. 

869, 871 (98), 583 
869 (163), 885 

529, 530 (44), 583 
384 (30), 411 
421 (17), 450 
531 (581, 583 

169 (3a), 170 (3a, 
5a), 171 (5a, 15a), 172 (17), 177 (33 ,  
178, 236 (3a), 243 (34S), 258, 259, 
268, 747 (136), 763 (273), 779, 783 

754 (197, I % ) ,  781 
221, 228> 229 (3_81), 230 

Shrceve, J. M. 
Shriner, R. L. 

Shternshis, M .  V. 
Shvedchikov, A. P. 
Shyukyurov, N. Sh. 
Sibirskaya, V. V. 
Sic, B. K.  T. 
Siebcr, A. 
Siebert, W. 748 (148), 780 
Siegmann, C. M. 
Sieker, L. C. 
Siemion, I. Z. 
Siffcrd, R. H. 

(299), 266, 273 (2), 316 
743 (105), 778 

871 (103), 883 
192 (122), 262 

722 (2) ,  775 
833 (197), 839 

677 (50, 51), 684 

522 (1 l ) ,  582 
659 (97), 660 (IOO), 668 

376 (63), 378 
672 (18), 683 



Author Index 925 

Siggia, S. 22.1, 222 (250), 265, 273 (4), 

Signaigo, F. K. 
Signor, A. 292 ( I  1 3 ,  319, 355 (3), 377 
Silverstein, R. M. 395 (79 ,  413, 539 

(78), 584 
Silvey, G. A. 
Sini, D. H. 744 (1 13, 114). 779 
Sim, G. A. 758 (246), 782 
Simic, M. 491, 493 (31), 514 
Sinion, H. 868, 872, 873 ( I  12), 884 
Simon, K.  221, 228 ( 2 9 9 ,  -766 
Simon, M. J .  879 (160), 885 
Sinion, S. R. 297 (142), 320 
Sinionoff, R. 235 (325), 267 
Simon-Rucss, I. 294 (l24), 319 
Sinipson, W. T. 306 (209), 322, 356, 

357, 362 (14), 377, 456 (3), 478 
Sims, R. J. 485, 487, 488, 498, 504, 507 

( I  4), 514 
Singer, S. J. 
Singer, S. S. 
Singer, T. P. 
Singh, B. B. 313, 314 (285), 324, 512 

Singli, G. 
Singh, S. 436 (iOZ), 452 
Singh, S. P. 
Sinha, B. P. 
Sinkc, G. C .  
Sinnwell, V. 525 (31), 582 
Sinou, D. 730 (43), 777 
Sin-Ren, A. C .  
Sisler, H. H. 
Sivertz, C. 
Sjoberg, B. 

413,713(111), 719 
Sjoberg, S. 
Sjoqilist, J. 274 (30). 317 
Sjostrand, J. 864 (82), 865 (83), 877 

SjBstrand, S. E. 
Skell, P. S. 
Skelton, J. 
Skcrrett, N .  P. 
Skinner, C. G .  
Skinner, J. F. 
Slack R. 714 ( 1  14), 719 
Slaiigh, L. H. 554, 868, 873 (34a), 

280, 301, 302 (167), 316, 320 
251 (371), 268 

792 (48), 835 

286 (93), 318 
770 (296), 784 
646 (70), 667 

(97), 516 
525, 536, 547 (27), 582 

715 (1 171, 719 
802, 803 (121, 122), 837 
157--155 (6), I61 

552 (109), 555 

462. (7, 8), 475 (36), 478 
374. 376 (50 ) ,  378, 398 (%), 

374, 376 (50) ,  378 

750 (166). 780 

( 8 3 ,  883 
858 (47), 882 

854, 868, 873 (34b), 881 
477 (43). 479, 510 (86), 516 

455, 472 (2). 478 
678 (56), 684 

756 (220), 782 

88 I 

Sloper, J. C .  
(77), 883 

Sluyternian, L. A. 
Snialler, B. 512 (99, 516 
Smentowski, F. J. 
Smidth, L. 
Smiles, S. 

(12), 717 
Sniillie, R. D. 
Smith, A. M. 
Smith, C. 

Smith, C .  F. 739 (91), 778 
Smith, D. 
Smith, D. M. 765 (279), 753 
Smith, E. H. 571 (170b), 587 
Smith, E. L. 642 (63), 643 (65), 666,667 
Smith, G. 581 (197), 588 
Smith, H. 241 (343), -367 
Smith, H. A. 
Smith, K. J. 
Smith, P. V. 
Smith, R .  A. 
Smith, S. G. 

Smith, T. A. 
Smith, W. V. 
Smithwick, Jr., E. L. 
Sniythe, C. V. 

319 
Smythe, D. G. 
Sncll, C .  T. 
Snell, F. D. 

Snell, F. E. 
Snell, J .  M. 
Sneyder, J. P. 
Snyder, H. R. 

863 (76), 864, 877,878, 880 

285 (83), 318 

800 ( 1  1 I ) ,  836 
221, 223 (251), 265 

205 (182), 263, 688 (9), 689 

555 ( I  13), 585 
724, 738, 739, 741 (8), 776 

562 (139d), 563, 564 (13?d, 

31 I (261), 3 3  

146), 586 

403 (148), 414 
576 (183b), 587 
170 (lob), 259 
305 (203 ,  321 

700 (63), 701 (64), 702 (66), 

736, 738, 742 (73), 778 
853 (27), 881 

718, 797 (97), 836 

674 (40), 653 
273 (25), 294 (123), 317, 

296 (132), 320 
273 (3), 316 
182, 184 (83), 221, 223, 225 

273 (3), 316 
825 (163), 838 

(256), 261, -365 

753 (189), 781 
230, 232 (304), 243, 245 

(349), 248, 249 (349, 36% 250 (3491, 
-766, 268, 438 (1 13), 453, 696 (37), 
717 

Snyder, P. A. 376 (56L 378 
Sobel, H. 756 (216), 78-7 
Soborovskii, L. Z .  
Soderback, E. 231 (305). -366 
Sogani, N. C.  
Sohuijl-Laros, D. 240 (3361, 267 
Sokal'skii, M. A. 750 (1721, 780 
Sokol, S. 192 (123), 262 
Sokolovsky, M. 

726 (22), 776 

396 (84), 413 

670 (6), 678 (551, 682, 
Slavachevskaya, W. M. 399, 400 ( I  16), 684 

Sletten, E. 
Sletten, J .  123, 145 (30), 147 Solly, R. K. 160 (24), 161 

4 I 3  Soliniene, N. 37 (311, 108, 114, 115, 125, 
126 (lo), 147, 844, 868, 873 (51, 880 123, 145 (30), 147 



926 Author Index 

Solncy, E. M. 
Solodova, K .  V. 
Soltys, J. F. 462 (9), 478 
Somade, H. M .  H. 
Sonder, M. 696 (36), 717 
Soncnbcrg, M. 
Song Loong, W. 
Songstad, J. 756 (216), 782 
Soudyn, W. 879 (1 60), 885 
Soulcn, R. L. 734 (60), 777 
Soundararqjan, S. 146 (87), I49 
South,  J. A. 742 (103), 778 
Sowerby, R. L. 557 (123), 558 (123, 

128), 559 (1 23). 585 
Sowinski, F. 689 (13), 717 
Spacknian, D. I-[. 
Spainhour, J. D. 
Sparrow, J. 1'. 
Speicr, J. L. 
Speir, T. W. 
Spencc, J. T. 
Spezialc, A. J. 
Spiesecke, H. 

(47). 412 

289, 290 (104), 319 
744 ( I  1 3 ,  779 

176, 177 (37), 25Y 

872, 873 (120), 884 
131, 122. (19), I47 

293 (1 19), 319 
185 (88), ,761 

68 1, 682 (6S), 6S4 
724 (9), 776 
617 (34), 665 
804 (127, 128), 837 

187, 188 (loo), 261 
309-311 (245), 323, 387 

Spinellii'D. 738 (84), 744 (112, 117), 
778. 779 

Spinney, H. G .  725, 748, 750, 751 (14), 
752 (14, 185), 753, 7-54 (14), 757 
(228), 776, 781, 78-3 

Spiteller, G. 329 (14), 352 
Spitcller-Fricdinann, M. 329 (14), 352 
Sprccher, M. 275 (35), 317 
Springell, P. H .  
Spurr, R. A. 

Srerc, P. A. 
Srinivasan, R. 

Srivastava, P. C .  
Srivastava, S. K. 
Stacey, F. W. 

259 
Stacey, M. 

837 
Stacke, F. 3S6 (42), 412 
Stacy, G. W. 182, 184 (78), 220, 231 

(239), 26/ ,  -765, 708 (90, 91), 710 (92, 
93), 7 I2 ( I  05), 719 

299 (152), 320 
310 (243), 32.3, 382 (23), 

383, 385, 386 (23), 411 
636 (4S), 666 

136, 137, 143 (16), 145 (31), I47 
755 (208), 7SI 
755 (207, 208), 781 

170, 171, 178, 236 (12), 

724, 73s (6), 775, SO5 (131), 

120 ( I @ ,  123 (31), 133, 

Stadler, P. 525 (31), 582 
Stagi, M. 
Stahl, C. R. 
Stahl, W. A. 
Stanford, S. C.  

357, 358, 361 (20), 377 
221, 222 (250), 265 
326-328 (4), 351 

305,310 (240), 322, 382, 
388 (19), 411 

Stanley, J. P. 473 (29, 30), 474 (29, 30, 

Stanton, D. W. 531 (57), 583 
Stary, F. E. 397, 398, 402 (92), 413 
Stcdman. R. L. 289 (l03), 319 
Steelc, J. A. 531 (51), 583 
Steer, R. P. 458 (6), 459, 460, 462, 464 

(131, 470 (6, 22), 478, 832, 833 (186, 
187), 839 

676, 677 (49). 684 

32),  475 (33), 478, 833 (193), 639 

Sleglich, W. 
Stein, G. 487, 492 (241, 494 (107), 514, 

517 
Stein, W. 773 (303), 784 
Stein, W. H. 293 (119), 303 (178), 3I9, 

32 I 
Steinberg, J. Z. 305 (201), 321 
Steinmuller, D. 528 (41), 537 (41, 74), 

Steinrauf, L. K. 144 (84, 85),  I49 
Stclt, C. van der 231, 233, 235 (309), 

Stelzner, R.  444 (130), 453 
Stephens, 13. P. 
Stephcns, R. 724 (6), 736 (73), 738 (6, 

73), 742 (73), 775, 778, 805 (131), 
837 

Stephenson, A. J. 790, 816, 829 (29), 
834 

Stetter, K. H. 756 (219, 222), 782 
Stevens, T. S. 562 (143), 586 
Stevens, W. 746 (1351, 779 
Stevenson, D. 675 (42), 683 
Stevenson, D. P. 349 (53), 353 
Stevenson, If. A. 198 (145), 205 (I%?), 

262, 263 
Stewart, J .  M. 243, 245 (349), 248, 249 

(349, 365), 250 (349), -765, 438 (1 13), 
453, 696 (37), 717 

546 (41), 583, 584 

266 

399 (1  I?), 413 

Stewart, J .  W. R. 
Stiddard, M .  H. B. 

782, 783 
Stiles, D. A. 
Stiles, M. S59 (126), 585 
Stirling, C. J .  M. 695 (30), 717, 764 

(276b), 753 
Stirling, D. A. 484-490, 497, 499, 501, 

504, 507 (7), 514 
Stocken, L. A. 181 (71), 260 
Stokrova, I. 376 (55), 378 
Stoltcn, 14. J. 273 (4), 3 l G  
Stoodlcy, R. J. 
Storey, 13. T. 678 ( 5 8 ) ,  684 
Stork, G. 578 (IS$), 588 
Stottcr, P. L. 578 (189), 588 

877 (141), 884 
756 (220), 759 (252), 

833 (192), 839 

714 ( I  IZ), 7i9 



Author Index 927 

Stoughton, R. N. 380 (6), 410 
Stoyanovich, F. M. 746 (133), 779 
Straessle, R. 282 (69), 286 (92), 318 
Strating, J. 217 (227), 221 (227, 246), 

Stratton, I,. 1'. 299 (153), 3-70 
Strauss, M. J. 736 (76), 778 
Strausz, 0. P. 175 (27), 259, 444 (128), 

Streitwieser, A. 
Stricks, W. 281 (66), 282 (68, 70), 284 

(79). 303 (176), 304 (185), 305 (192), 
318, 321, 787, 738 (9, lo), 834 

222, 232 (227). 264, 265 

453, 833 (192), 839 
435 (I 1 I ) ,  452 

Striewsky, W. 230 (316), 267 
Stringfellow, C. R. 
Strong, P. L. 712 (IOS), 719 
Strum, Jr., G .  P. 466 (17). 467 (IS), 

Stucky, G.  D. 
Stull ,  A. 

186 (93), 261 

468 (18, 20), 469 (20), 478 
748 (147), 780 

184 (79), 220 (238), 261, 265 
S t ~ l l ,  D. R. 23, 31 ( I ] ) ,  IUS, 152-155 

(61, 161 
Sturis, A. 394 (78). 413 
Sturm, Jr., G. P. 833 (195, 196), 839, 

Stutz, R. E. 
Subba Rao, B. C .  
Suck, D. 
Suda, K. 765 (278), 783 
Sugden, J. K. 
Suginioto, K. 171 (14), 259 
Suhr,  H. 231 (320), 267 
Sukhani, D. 
Sullivan, A. B. 
Sultanov, Y u .  M. 
Sultanova, D. 726 (21), 776 
Sulzmann, K. G .  1'. 
Summers, G .  1-1. R. 
Sundaralingani, M. I45 
Sunner, S.  151 ( 5 ) ,  I61 
Surzur, J .  M. 707 (85, 86), 708 (89), 

719, 764 (276), 783 
Susatani, T. 703 (76), 718 
Suschitzky, H. 
Sutcliffe, 13. T. 
Suter, C. M. 
Suthcrland, 1. 0. 

Suzuki, K. 

855 (37), 881 
221, 228, 229 (281), 266 

219 (233), 265 
145 (SO), 145, I49 

769 (291), 784 

747 ( I  37). 749 ( I  59), 780 
753 (190, 191), 7SI 

192 (122), 262 

381 (13), 411 
533 (66), 584 

739 (90, 93), 778 
97 (34), 109 

243 (344), 267 
562 (139d), 563, 564 

(1  39d, 146), 586 
130, 146 (61), 148, 393, 395 

(70), 412, 419, 423, 445-447 (81, 
450, 670 (4), 6S2, 799 (105, log), 826 

Suzuki, M. 769 (394), 784 
Suzuki, S. 691 (17), 717 
Suzuki. T. 555 (115, 120), 585 

Svec, J. 403 (147), 414 
Svechnikova, M. A. 310 (251), 323, 

Swallen, L. C.  
386 (40), 412 

243 (343, 267 
Swallow, A. J. 484-490, 497, 499, 501, 

501, 507 (7), 514 
817, 818 (154, 155), 819 

(155, 15S), 820 (154, 155), 821 (154), 
822 (154, 155, 158, 16G), 823 (I%), 
838 

S\van, J. M. 
Swann, D. A. 
Swartz, H.  M. 
Swartz, J .  L. 
Sweat, F. W. 
Swecney, D. M .  
Sweetman, R. J. 

Swern, D. 187 (99, 261 
Swidler, R. 245 (355) ,  268 
Sykes, P. 774 (308, 3091, 775 (309), 

Szabo, J. 766 (285), 784 
Szabo, M. 869, 870 (168), 885 
Szarvas, T. 876 (1 35), 884 
Szent-Gyorgyi, A. 272 (9), 316, 614 

Szmant, H. H. 

Swan, C. J. 

304 (159), 321 
205 (187, 158), 263 
510 (83), 516 

285 (SS), 318 
795 (85), 836 

309, 310 (248), 323 
305 (198, 199), 321,766 

(281), 784 

7s4 

(31), 665 
828 (172, 173), 835 

Tabata, K. 701, 702 (65), 718 
Taboury, F. 211, 213 (I%), 221, 225 

Taddci, F. 
Tadros, S. 756 (219, 222), 759 ( X I ) ,  

752, 783 
Taeger, E. 192 (I 19), -362 
Taft, R. W. 308 (229), 322, 397 (90), 

413, 421 (19), 423 (26), 427 (50), 429 

450, 451 

(261), 264, 265 
796, 797, 801 (93), 836 

(26, 59), 430 (65), 431 (59, 66-68), 

Tagaki, W. (41), 378 
Taguchi, T. 194, 195, 198, 199 (149, 

262, 701, 702 (65), 718 
Takabc, K. 477 (43 ,  479 
I'akaniatsu, M. 878 (155), 885 
Takamizawa, A. 767 (289), 784 
Takaya, T. 800 (13), 836 
Takeda, I<. 

366 (39), 377, 378 
Takeniota, N. 758 (241), 762 
Tnkeoko, Y .  
Takern, D. L. 
Taki, K. 

362, 363 (30, 32), 364 (32), 

846, 868, 873 (14), 881 
859 (40), 882 

735 (64), 777, 867 (90), 883 



928 Author Index 

Takikawa, Y. 183 (85), 184 (84, 85), 
261,725 (15, 16), 738 (86), 742 (lG2), 
776, 778 

Takizawa, S .  184 (84), 261,725 (15, 16), 
742 (102), 776, 778 

Talanti, S .  864 (79, SO), 856 (85), 878, 
880 (79, 80), 883 

Talroze, V. L. 351 (58), 353 
Tamborski, C. 739 (91), 778 
Tan, B. H. 281 (63, 318 
Tanaka, 13. 238, 239 (334), 267, 395 

Tanaka, J. 477 (45), 479 
Tanaka, N. 282 (68), 318 
Tanzcr, C. 312 (274), 323 
Tappel, A. L. 
Tarayan, V. M. 
Tarbell, D. S. 

(82), 413 

313 (282), 324 

194 (136, 137), 195, 196 

(1 63), 262, 263, 309, 310 (244), 31 1 
(265), 323, 382 (20), 384 (31), 411, 
426 (43), 432 (78), 436 (IOO), 451,451, 
671 (ll), 673 (31), 683, 698 (50, 51), 
718, 789 (1 8), 790 (18, 30), 834, 845, 
866, 874 ( 1  3), 881 

Tarikai, A. 509 (73, 516 
Tarnowiski, G. S .  
Tarplcy, A. R. 
Tashpulatov, Y .  
Tate, D. P. 
Tateniatsu, A. 330 (18), 352 
Tatlow, J .  C .  

403 (145), 414 

(136), 197 (137), 201 (162-164), 204 

289, 290 (104), 319 
421 (18), 450 

236-238 (330), 267 
123, 144 (25), 147 

724 (6), 725 (20), 736 (73), 
738 (6, 73, 88), 739 (95), 742 (73, 95), 
775, 776, 778 

Taube, M. 871 (99), 883 
Tausant, H. 221 (289), 266 
Taylor, D. A. H. 
Taylor, J. C .  123 (29), I47 
Taylor, J. D. 859 (49), 882 
Taylor, J .  W. 727 (33), 776 
Taylor, R. 

Teitcl, S .  538 (76c), 554 
Tel, L. M. 

531 (56), 583 

215 (214), 264,428,429 (54), 
433 (54, 83, 451, 452 

82 (29), 86 (29, 36), SS (31, 
32), 91 (31), 97 (36), 109, 419 (3, 
449 

Temple, A. F. 
Tenipleton, D. H. 
Teodoru, E. 
Teodoru, H. 
Teppema, J. 
Tcrada, A. 563 (145b), 586 
Tcrdic, M .  230 (305), 266 

333 (26), 352 

867, 869 (96), 883 
867, 869 (95), 883 
221, 226 (266), 265 

119, 120 (13), 147 

Terwillinger, M. A. 
Tevanen, K. 398 (97). 413 
Thacker, C.  M. 
Thain, E. M. 235 (323), 267, 672 (19), 

683 
Thaler, W. A. 830 (178), 838 
Thcodoropoulos, D. M. 673 (32), 674 

(34), 683 
Theron, F. 733 (53), 777 
Thewalt, U, 123 (33, 35), 144, 145,.$33), 

147 
Thicl, M. 
Thier, S. 0. 601 (15), 664 
Thill, B. P. 132 (66), I49 
Thirtiz, J.  R. 
Thorn, E. 256 (398), 269 
Thomas, A. M. 
Thomas, R. C .  
Thomas, R. N. 

20 (9), 108 

170 (9b, 1 I), 259 

173, 174 (19a, b), 259 

182 (73), 260 

769 (293), 784 
869, 871 (106), 883 
306 (219,220), 322, 361, 

368 (27), 369 (27, 49, 370 (27), 371, 
372 (49, 373 (27, 49, 374 (27), 375 
(27, 43, 376 (27), 377, 378 

Thompson, E. 0. P. 
Thompson, G. P. 
Thompson, H. W. 

Thompson, J.  F. 
Thompson, N. W. 
Thompson, S. D. 19 (7, 8), 108, 306 

(21@), 322, 356, 357, 368 (i3), 377 
Thompson, T 562 (143), 586 
Thrush, 13. A. 473 (25), 478 
Thyagarajan, B. S .  
Thynne, J.  C .  J. 347, 349 (52), 353, 853 

(29), 881 
Tice, P. A. 309, 310 (250), 323, 387 

(48), 412 
Tichenor, G .  J.  W. 
Tichy, M. 392 (69), 412 
Tiernan, T. 0. 

Tierney, J .  W. 179 (49,260 
Titsskvortsova, I .  N. 
Tobler, E. 773 (302), 784 
Tochio, S .  866 (89), 883 
Todd, N. (54), 515 
Todd, P. 291 (114), 319 
Todd, S .  S .  
Todesco, P. 

778, 801 (1 15), 836 
Toennies, G. 

7, I 

303 (179), 321 
512, 513 (98), 517 
308, 309, 311 (235), 

322, 455, 472 ( I ) ,  478 
601 (16), 664 
455, 472 (2), 478 

801 (1 16), 837 

763 (271), 783 

346, 349 (51), 350, 351 
( 5 3 ,  353 

211 (202), 264 

154 (12), I61 
735,735 (67), 738 (85), 777, 

274 (27), 305 (203), 317. 
_ - _  

Tokunaga, H. 767 (288), 784 
Terent’eva, S. A. 751 (175), 781 Tolstaia, T. P. 797 (98), 836 



Author Index 929 

Tonioeda, M. 256 (399, 269, 524 (17), 
582 

Toniolo, C. 292 (1 15, 1 16), 319, 355 (3, 
41, 356 (7-91, 368 (4), 369 (9, 44, 48). 
371 (9, 44, 46), 373, 375 (48), 376 
(67, 68), 377, 378 

Topsorn, R. D. 405 
Torigoe, M. 531 (52-55), 583 
Torii, K. 593 (4), 664 
Tork, I. 863 (72), 882 
Torre, G. 364 (34), 378 
Torrence, A. K. 
Torrence, P. F. 
Townes, C .  H. 

Townsend, R. E. 
Toyoda, H. 273 (23), 316 
Trego, B. R. 

Trentham, D. R. 
Trinini, D. L. 

534 (69), 584 
233 (315), 267 
126 (50), 148, 845 ( l l ) ,  

881 
759 (252), 783 

179 (54), 221, 228 (275), 

287, 288 (99), 319 
806, 807, 810, 815 (138), 

817, 818 (154, I%), 819 (155, 158), 
820 (154, 155), 821 (154), 822 (154, 
155, 158, 160, 161), 823 (158), 824 
(161), 837, 838 

260, 266, 564 (148), 586 

Trinajstit, N. 120 (14), 147 
Trofirnov, B. A. 
Trojanek, J. 525 (33), 583 
Tronchet, J .  M. J. 
Trop, M. 275 (39 ,  317 , 
Trost, B. M. 

586 
Trotter, 1. F. 
Trozzi, M. 756 (217), 782 
Truce, W. 671 (13), 683 
Truce, W. E. 

Truce, W. M. 
Trudinger, P. A. 

762 (270), 783 

762 (268), 783 

562-564 (139c), 566 (153), 

308, 309, 3 11 (235), 322 

236-238 (330, 331), 267, 

688 (8), 717 
591, 594, 596 (1, 2), 

597, 599, 600 (l), 601 ( I ,  2), 643 (l), 
664 

Trurnbore, C. N. 485-487 (12, 18), 514 
Triinipler, G. 
Truter, M. R. 
Tsao, M. S .  
Tsao, T. C .  
Tso, C .  C. 
Tsuchida, Y. 257 (400), 269 
Tsuchihashi, G. 
Tsunetsugu, T. 362 (291, 377 
Tsurugi, J. 423 (23), 450 
Tsutsui, T. 555 (120), 585 
Tsuzuki, Y. 

763 (271), 783 

173, 174 (19b), 259 
123 (23), 147 

802 (1 18), 837 
296 (130), 319 

753 (188), 781 

579 (190, 191), 588 

130, 146 (61),148, 393, 395 
(70), 412, 419, 493, 445447 (8), 450 

Tucker, W. P. 680 (62, 64), 684 
Tulcen, D. L. 795 (84), 836 
Tulyupa, F. M. 402 (144), 414 
Tunaboylu, K. 755 (205, 206), 781 
Tuppy, H. 296 (133), 320 
Turba, F. 207 (139). 320 
Turcanu, C .  N: 869 (167, 168), 870 

(168). 685 
Turk; S. D. 173 ( 1  8), 259 
Turnbull, J. H. 
Turner, C. 221, 223, 225 (262), 231 

Turner, J. 0. 276 (36, 38), 317 
Tursch, B. 255, 256 (391), 269 
Tursi, A. J. 
Turuta, A. M. 

3 78 
Twiss, D. F. 
Tyerrnan, W. J. R. 
Tyran, B. 376 (63), 378 

Uchida, M. 580 (193), 588 
Uchiyarna, A. 702 (68), 718 
Uhlernann, E. 125 (44), 148 
Ukai, S. 772 (300), 784 
Ullah, H. 
Ullberg, S. 877 (145), 884 
Ulrner, D. D. 
Ul’yanova, A. V. 
Urna, M. 394 (l79), 415 
Urnbach, W. 773 (303), 784 
Ungar-Waron, H. 180 (61), 260 
Upharn, R. A. 678 (53), 684 
Urqiihart, G. G. 
Usatenko, Yu. I. 
Usher, G. E. 
Utsch, H. 181 (68), 260 
Uvarova, N. I. (352), 268 
Uyeo, S. 555 (120), 585 
Uziel, M. 792 (63), 535 

Vachek, H. 600 (14), 661 
Vachugova, L. I. 
Vagelos, P. R. 

(47), 666 
Vahrenkamp, H. 748 (152), 780 
Vainshtein, B. K. 123 (28), 147 
Vnlenta, Z. 
Valle, G .  
Vallee, B. L. 

Van Abbe, N. J. 
Vancheri, L. 787 (6), 834 
Vander Jagt, D. L. 

208 ( 1  87, 1 SS), 263 

(322), 265, 267 

380 (lo), 411 
371 (47), 376 (58, 59), 

833 (192), 839 
192 (120), 262 

774, 775 (309), 784 

657, 658 (91), 667 
868, 872 (116), 884 

187 (98), 261 
402 (144), 414 

362, 363 (31), 377 

387 (52), 412 
623, 625, 627 (41), 633 

556 (1 18), 585 
123, 144 (26), 147 

283 (74), 318,646 (71), 657, 
658 (91), 667 

769 (291), 784 

613 (30), 665 



930 Author Index 

Vander Stichelen Rogier, M .  

Van Es, T. 
Vanhorne, J. L. 794 (81), 836 
Van Hove, T. 431 (70, 71), 451 
Van Meter, J .  P. 567 (158), 5S6 
Van Tanielcn, E. E. 

Van Vliet, N. P. 
Varga, 1. 766 (285), 784 
Varga, S. L. 
Vargha, L. 

49), 718 
Varrone, E. 877 (143), 884 
Vasil’cva, V. N. 
Vass, G .  525, 528 (29, 30), 582 
Vatakencherry, P. A. 
Vaughan, J. 420, 445 (1 I), 450 
Vaughan, W. E. 

Vaughan, W. R. 746 (130), 779 
Vaughn, W. R. 
Vaught, A. C. 
Veber, D. F. 
Veferrl, M. 302 (171), 321 
Vedejs, E. 

Vedeneyev, V. 1.  

Veibel, S .  302 (170), 320 
Vclick, S .  F. 
Vclluz, L. 

683 
Venier, C. G. 
Venkateswaran, N. 770 (299, 784 
Venkateswarlu, P. 146 (SS), 149, 3SG 

Verbist, J. J. 
Verkade, 1’. E. 
Verny, M. 724, 731 (13), 734 (61), 776, 

Veronese, F. M. 291 (112). 319, 676 

Verploegh, M. C. 731 (46), 777 
Vcsely, Z. 525 (33), 583 
Vessel, E. D. 216, 218 (221), 264 
Vcssikre, R. 773 (304), 784 
Vialle, J .  
Vianello, E. 788 (13), 834 
Vidali, D. 794 (79), 836 
Viennct, R. 
Vigh, €3. 863 (72), 88-7 
Villaescusa, 1:. W. 

446 (137), 
453 

729 (42), 777 

525, 529, 549 (22), 
577 (186), 582, 587, 696 (39), 717 

522 (1 l), 582 

675 (49, 684 
201 (160, 161), 263, 698 (48, 

868, 869, 871 (1 08) 883 

581 (198), 585 

170, 171 (13), 259,475 
(39), 479 

574 (179), 587 
787 (3, 833 
675 (43, 45), 683, 684 

525, 528 (28), 539 (76a), 543 

3, 23, 31 ( I ) ,  108, 5 0 0 ,  
(28), 582, 584 

501 (62), 515 

640 (Gl), 666 
356 (5 ) ,  377, 673, 674 (33), 

792 (58) ,  835 

(38), 387 (43), 411,412 
134, 143 (76), 149 
403 (156), 415 

777 

(47), 684 

254 (38I), 255 (393, 268, -769 

369, 371, 373, 375 (42), 375’ 

708 (90), 710 (92), 
719 

Vincent, J .  P. (Sl), 667 
Vineyard, B. 
Vinkler, E. 
Vinogradov, G. Id. 
Vinogrodova, I. D. 
Virtanen, P. 0. I .  

775, 780 
Vivarelli, P. 

836 
Vladimirov, V. G. 
Vlatlas, I. 539 (76a), 584 
Vofcr l ,  M. 301 (169), 3-70 
Vocker, C. A. 707 (87), 719 
Voelker, 1. 870, 873 (129), 884 
Voelter, W. 312 (274). 323, 333 (24), 

Vogel, A. I. 194 (135), 26-7, 356 (17), 377 
Vogel, W. 420 (15), 450 
Vogt, D. 
Viigtlc, F. 567, 568 (159a-c), 587 
Volcherok, S. A. 
Volman, D. H. 

Voogd, S. 512 (96), 516 
Voronkov, M. G. 
Voronov, V. K. 747 (136), 763 (273), 

779, 783 
VoroLhtsov, N. N. 737, 742 (82), 778 
Vorsangcr, H. 

Wachs, T. 
Waddington, G. 
Waddington, T. C .  
Wade, R .  682 (70), 614 
Wadso, 1. 

Wagenian, R. 484 (9), 514 
Waggcner, W. C. 
Wagman, D. D. 21-23, 31 (lo), 108,151 

(3), 161, 337 (37), 353 
Wagner, A. 169 (24, 258, 308-310 

(239), 322, 388, 393 (57), 412, 670 
(3, S), 682, 683 

852, 868, 873 (24), 8SI 
766 (285), 784, 792 (50),  835 

868, 872 (116), 884 
859 (53, 882 
723 (4), 750 (168), 

746 (134), 779, 798 (104), 

859 (54), 882 

352, 401 (122), 414 

350, 3 5 1  (56), 353 

394 (73), 412 
477 (42), 479, 833 (191), 

839, 853 (31), 881 

773 (305), 784 

444 (1 31), 453 

342, 343 (46), 353 
151 ( I ,  2), I61 
392 (66), 412 

395, 400, 402, 403 (99, 405 
(95, 169), 413,415,426,445 (40), 450 

380 (G), 410 

Wagner, A. W. 
Wagner, J. 307 (227), 322 
Wagner-Jnurcgg, T. 
Wahrliaftig, A. L. 
Waisman, H.  A. 
Wakefield, L. B. 
Wakil, S. J .  632 (46), 666 
Walden, P. 230 (296), 266 
Walker, D. 432 (79-81), 451 
Walker, L. A. 
Walker, N. J .  

217, 219 (234), 265 

230 (3 I ’I), 267 
326, 340 (2), 351 

604 (20), 665 
440 ( 1  18), 453 

133, 143 (75), I49 
865 (87), 853 



Author Index 93 1 

Walker, W. H. 646 (70), 667 
Wall, L. A. 853, 868, 873 (28), 881 
Wall, M. E. 246, 247 (359), 268, 674 

(35), 683 
Wallace, J. G. 789 (19), 834 
Wallace, T. J. 572 (172), 587, 686 (2), 

801, 802 (117), 805 (117, 136), 806 

142, 147), 810 (141, 142, 147), 812 
(141), 817 (143, 153), 819 (156, 157), 

717, 795 (87-91), 796 (89, 90), 797 
(87-91), 793 (90, 91), 800 (1 12, 114), 

(136, 140), SO8 (140-143), 809 (140- 

822, 827, 828 (143), 832 (180-182), 
536-538 

Wallenfels, K. 642 (62), 666 
Wallenstein, M. B. 
Walling, C. 221, 226, 227 (268), 265, 

Walsh, R. 23,31 (13), 108, 156 (IG),  161 
Walshaw, K. B. 
Walshe, J. M. 859 (53), 882 
Walter, W. 124 (42), 148, 716 (1 18), 719 
Walter, W. F. 525, 529, 530, 549 (23), 

Walton, D. R. M. 215 (213), 264, 687 

Wan, J.  K. S. 
Wang, J. T. 
Wang, S. M. 
Wanger, A. F. 
Wanzlick, H.-W. 
Warburton, W. K. 

( l l ) ,  717 
Ward, W. H. 
Wardell, J. L. 

263 
Wardlaw, A. C.  
Warren, L. A. 688 (9), 717 
Wartofsky, L. 597 (9), 664 
Watanabe, K. 334, 335 (28), 352 
Watanabe, M. 735 (64), 777 
Watenpaugh, K. D. 
Waters, J. A. 

452 
Watson, F. 

356, 357, 368 (13), 377 
Watson, W. F. 

(1 lo), 883 
Wawzonek, S. 787 (3, 833 
Webb, J. L. 
Webb, R. M. 
Webb, S. B. 
Wegencr, W. 
Wehrli, P. 572 (173), 587 

326, 340 (2), 351 

706 (84), 719 

674 (41), 683 

582 

(9, 717, 868, 874 (134), 884 
477 (44), 479 

749 (156), 780 
391 (62), 412 

638 (51), 666 
191, 232 (116). 262 

258 (404), 269, 689 

297 (138), 320 
169 (2c), 201 (171), 258, 

304 (191), 321 

659 (97), 668 
233 (315), 267, 434 (85), 

19 (8), 108, 306 (210), 322, 

868, 869, 571, 874, 876 

296 (131),320,640 (581,666 

743 (1061, 779 
221, 224 (274), 266 

726 (24, 2 9 ,  776 

32 

Wchrmeister, H. L. 
(64), 835 

Wehry, E. L. 427 (49), 451 
Weil, E. 576 (183b), 587 
Wed, L. 
Wciniar, R. D. 
Weinbergcr, A. J. 
Wciss, E. 747 (142), 780 
Weiss, H. A. 
Weiss, K. 
Weiss, S. B. 
Weiss, U. 192 (123), 262 
Weissberger, A. 825 (163), 838 
Weisser, 0. 170 (7), 258 
Welcnian, N. 
Wells, J. 865, 877 (84), 883 
Wells, P. R. 
Wenipen, I. 179 (59), 260 
Wemple, J. 715 (116), 719 
Wcnck, I-I. 
Wendel, S. R. 
Wendenburg, J .  510 (85), 516 
Wenzel, M. 876 (137), 884 
Wepster, E. M. 403 ( I % ) ,  415 
Werthcim, E. 276 (41), 317 
Wessclcr, E. P. 733 (58), 777 
West, J. R. 
West, R. 
Westland, R. D. 
Westlcy, J. 643 (67), 667 
Westmore, J. B. 

IGl 
Wcstrum, E. F. 
Wetzel, R. B. 
Wevcrs, J. H. 
Weycrstahl, P. 727 (31), 776 
Weygand, F. 
Whalley, W. B. 526, 528 (39,  583 
Whangbo, M. I-I. 51, 82(28),99(38), 109 
Wharmby, M. 711 (103), 719 
Wheaton, R. F. 508, 509 (71), 516 
Wheeler, D. M. S. 
Whcland, G. W. 426 (41, 42), 450 
Whistler, R. L. 

Whitakcr, J.  R. 
White, H. L. 
White, J. M. 

716 (1 19), 719, 792 

297 (145, 146), 320 
188, 189 (105), 261 

380 (G), 410 

795, 797, 798 (91), 836 
802, 803 (120), 837 

605 (21), 665 

757, 760 (227), 782 

428, 429 (57), 451 

289, 314, 315 (288), 324 
724, 772 ( 1  0), 776 

765 (280), 754 
215 (215), 264, (3), 717 

246, 247 (358), 268 

153-155, 159, 160 (13), 

152-155 (6), 161 
689 (15), 717 
793 (68), 835 

676, 677 (49), 684 

554, 557 (110), 585 

240 (337), 248, 250, 255 
(364), 267, 268, 711 (100, 102), 719 

746 (131), 779 
485-487 (12), 514 
376(57), 378,464,465 (12), 

466 (17), 467 (18), 468 (l8-21), 469 
(19-21), 478,833 (195, 19G), 839,855 
(37, 38), 881 

Whiteford, R. A. 
Whiteman, C .  

29 (18), 108 
309, 310 (244), 323, 382 

(20), 411, 845, 868, 874 (13), 881 



932 Author Index 

Whitesides, G .  M. 
Whitney, G .  S. 
Widmer, M. 
Wieland, T. 

559 (124), 585 
178 (42), 259 

399 (1 13), 413 
230, 232, 234 (303), 266, 

677 (50, 51), 684, 694 (291, 695 (29, 
32, 33), 717 

Wierenga, W. 577 (186), 587 
Wierserna, A. K. 
Wiesen, H. 
Wiescr, H. 
Wieser, M .  
Wiesner, K. 
Wigger, N. 
Wiggins, L. F. 
Wight, C. F. 
Wijers, H. E. 

Wilbrahani, A. C.  

Wilchek, M. 678 ( 5 9 ,  G84 
Wilgus, 13. S. 397, 398 (91), 413, 423, 

426 (24), 450 
Wilkening, V. G .  485, 486 (11, 1 3 ,  

487 (11, 15, 22), 488 (11). 514 
Wilkinson, P. G .  
Willett, J. D. 
Willgerodt, C .  
Willhardt, I.  376 ( 5 9 ,  378 
Williams, C.  C. 
Williams, C .  H. 
Williams, D. (234), 322 
Williams, D. H. 

313 (282), 324 
309, 310 (252), 323 
423, 427, 447, 448 (25), 450 
485, 488 (16), 514 

256 ( I  8 5 ) ,  163 

689 (12), 7J7 

556 ( I  181, 585 

199 ( I%) ,  ,763 

181 (72), 240 (336), 260, 

492 (34, 37, 38), 498 
267, 724 (1 I ) ,  776 

(37, 38, 58),  504, 505 (38), 515 

25 (14), 108 
708, 715 (88), 719 

189 ( I  14), 26i 

547 (97), 584 
655 (87, 88), 667 

325, 328 (la), 330 ( la ,  
16,17), 331 (17), 335 (la, 30,31), 343 
(la), 351, 352, 530 (46, 47), 531 (46, 
49), 532 (46), 553 

Williams, D. L. 
Williams, D. R. 

Williams, F. E. 
Williams, H. R. 
Williams, K. T. 
Williams, R. J. P. 
Williamson, A. R. 
Willis, B. J. 571 (170a, b), 587 
Willis, C.  P. 878 (148), 885 
Willis, J. B. 31 1 (258), 323 
Willits, C. H. 123 (39), 148 
Willson, R. L. 484 (c)), 489, 491 (29), 

492 (33), 493 (42, 43), 495 (49, 50), 
500 (50), 511, 512 (29), 514, 515 

809, 810 (146), 837 
846 (15), 881 
722 (I), 775,792 (44), 835 
194, 197 (137), 262 

206 (129), 319 
356, 357, 362, 364 (lG), 

238 (332), 267 
181 (69), 260 
274 (19), 317 

377 

755 (214), 782 
650, 651 (76), 667 

Wilson, E. A. 
Wilson, E. R. 
Wilson, G. E. 
Wiison, H. F. 

Wilson, J .  14. 
Wilson, J. M. 
Wilson, M. J. 
Wilson, V.  A. 
Winchester, R. V. 485 (13), 486, 499, 

Windgassen, R. J. 257 (403), 269 
Windle, J. J.  42 (23), 108, 125, 126 (48), 

183 (77), 260 
530 (47), 583 
860, 862 (62), 882 
757 (239), 782 

500 (19), 501, 504 (13), 514 

148. 313 (282). 324 
Wingard, Jr., R. i.’ 569 (167), 570 (167, 

168). 587 
Winkelman, D. V. 
Winkler, D. E. 
Winkler, H. 331 (20a), 352 
Winstein, S. 

Winter, N. W. (25), 108 
Winter, R. E. K. 539 (76a), 584 
Wintersberger, E. 296 (134), 320 
Witcher, S. L. (54), 515 
Witiak, D. T. 
Witkop, B. 233 (315), 267 
Witter, A. 296 (133), 320 
Woessner, W. D. 539 (76b, 77), 547 

Wold, F. 297 (144), 320 
Wolf, F. 762 (267\, 783 
Wolf, H. 

837 
Wolfe, S. 81 (28), 82 (2S,29), 86 (29,36), 

88 (31, 32), 91 (31), 97 (36), 109, 419 
(5 ) ,  449, 713 (107, 110), 719 

826 (167), 838 
202 (176), 263 

437 (103, 104), 438 (1 1 l), 
446 (135), 452, 453, 797 (97), 836 

248, 249 (366), 268 

(97), 584 

362, 363 (30), 377 
Wolf, W. 312-314 (273), 323, 803 (126). 

WolfT, R. 
Wolfrom, M. L. 525 (25), 529,530 (42), 

Wollner, T. E. 708 (90,91), 710 (93), 719 
Wolnian, D. H. 313, 314 (287), 324 
Wolman, Y .  673 (60), 684 
Wolstenholme, J. 313, 314 (287), 324, 

477 (42), 479, 833 (191), 839, 853 
(31), 881 

Wolthers, H. G .  
Wong, C.  M. 
Wong, R. J. 
Wong, T. W. 
Wood, J. L. 

Woodgate, S. S. 
Woods, M. 750 (169), 780 
Woodward, B. W. 
Woodward, F. E. 
Woodward, F. N. 

(363), 268 

869, 871 (109), 883 

582, 583 

642 (64), 667 
556 (118), 585 

728 (34), 776 
605 (21), 665 
230, 231 (298), 266, 600 

338, 346 (43), 353 

344 (48), 353 
170 (lob), 259 
248 (362, 363), 249 

(14), 610, 615 (28), 664, 665 



Author Index 933 
Woodward, G. E. 303 (174, 177), 321 
Woodward, R. B. 365, 372 (36), 378, 

Worsham, Jr., J. E. 
Wrathall, D. P. 400 (1 19), 414 
Wright, A. 215 (215), 264, (3), 717 
Wright, L. D. 
Wright, W. 13. 

Wruyts, H. 211 (203), 264 
Wu, W. 573 (178), 587 
Wuerthcle, M. 524, 547 (14), 582 
Wunderer, U. 743 (105), 779 
Wylde, J. 248, 250 (367), 268, 440, 441 

(121), 453 
Wynberg, H. 527, 528 (37), 550 (104), 

583, 585 

Xan, J. 
Xuong, N. H. 

Yablonskii, 0. P. 
Yabroff, D. L. 
Yakcl, Jr., H. L. 
Yakobson, G.  G. 

Yakovlcv, I. P. 
Yale, I-I. L. 
Yaniada, Y. 572 (173), 587 
Yaniamotot, C. 

Yamashita, A. 394 (74), 412 
Yaniashita, S. 463 (lo), 478 
Yamauchi, M. 765 (278), 783 
Yanaihara, C. 678 (58), 684 
Yang, C.-H. 868,869,873 (127), 884 
Yang, D. H. 682 (71), 684 
Yang, D. T. C .  
Yao, A. N. 562 (138), 586 
Yasunii, M. 130 (60), 148 
Yasumari, Y. 
Yeung, H. W. 
Yiannios, C .  N. 
Yijima, C. 765 (278), 783 
Yokoyama, A. 395 (82), 413 
Yoneda, F. 

836 
Yoshida, T. 
Yoshihira, K. 
Yoshimoto, A. 594 (61, 664 
Yoshimura, Y. 181 (671, -760 
Yost, D. M. 
Young, G .  T. 

533 (62, 63), 583 
122 (22), 147 

607 (22), 665 
113, 114, 118, 135, 141 

(51, 146 

809, 810 (146), 837 
660 (99), 668 

132 (67), 149 

144 (82), 149 
737 (82,83), 739 (83), 

742 (82, 83), 743 (104), 775' 

398 (96), 413 

125 (47), 148 

494 (47), 515,772 (300), 

689 (13), 717 

784 

560 (134), 585 

555 (1 15), 565 
736 (74), 778 

795 (86), 836 

670 (4), 682,799 (108, 109), 

758 (240, 242), 782 
701, 702 (651, 718 

126 (511, 148 
674 (411, 675 (42), 681 

(65-67), 683, 684 

Young, H. A. 791 (36), 834 
Young, I. M. 739 (92), 77s 
Young, V. 0. 827, 828 (169), 838 
Yphantis, P. A. 

Zabicky, J. 435 (96), 452 
Zahn, 1-1. 297 (140), 320 
Zaidi, S. A. A. 
Zaikin, V. G .  
Zaitscva, G. 1. 
Zakhorov, B. L. 310 (251), 323, 386 

Zaluski, M. C .  
Zanifir, I. 869 (1 67, 168), 870 (1 65), 885 
Zanker, F. 734 (63), 777 
Zarctskii, Z. V. 
Zaruma, D. 394 (78), 413 
Zaslavskii, Yu. S. 
Zauli, C .  

Zcelcn, F. J. 
Zegcrs, B. J .  M. 
Zciglcr, J.  B. 

Zeinalov, G. A. 
Zeise, W. C. 179 (51), 260 
Zellcr, K.-P. 333 (24), 352 
Zervas, L. 

Zhavoronkov, N. M. 
Zhdanov, G .  S. 
Zhdanov, V. M. 
Zhukovo, T. E. 868 (115), 872 (113, 

Zicglcr, J. B. 43s (113), 453, 696 (37), 

Zielske, A, G. 568 (163), 587 
Zicnty, E. 852, 865, 873 (24), 881 
Zietz, J. R. 
Zikmund, J. 868, 872 (1 1 l ) ,  883 
Zilkha, A. 671 (16), 683 
Zimmcr, H. 712 (104), 719 
Zinimcr, K. G. 
Zinimerman, H. E. 
Zimmcrman, W. 301 (165), 320 
Zinckc, T. 
Zobakova, A. 376 (65), 378 
Zorina, E. F. 733 (57), 771 (298), 777,784 
Zuika, I. 394 (77, 75), 401, 402 (134), 

Zundcl, C.  L. 
Zvonkova, Z. V. 
Zwaan, J. 290 (106), 319 
Zweig, A. 816 (152), 835' 

287 (98), 31Y 

793 (71), 835 

773 (301), 784 
328 (12), 352 

(40), 412 
743 (109), 779 

328 (12), 352 

868, 872 (116), 884 
307, 308 (224), 322, 419 (7), 

427 (51), 449, 451 
522 (1 I), 582 

274 (28), 317 
243, 245 (349), 248, 249 

(349, 365), 250 (349), 268 
749 (160), 780 

672 (28), 673 (28, 32), 674 
(28, 38), 677, 675 (52), 683, 684 

852 (26), 881 
123, 144 (25), I47 
857 (43), S82 

1 IS), ,384 

717, 872, 873 (1201, 884 

179 (53), 260 

513 (101), 517 
561 ( I  37), 586 

221, 226 (265). 265 

412-414 
435 (92), 452 

123, 144 (25), 147 



Absorption spcctra, of ethanethiol Alcohols, acidity 425, 426 
456, 457 centroids of charge 101 

of H,S and CH,SH 20 circular dichroisni 359 
Acid-base equilibria, proximity effect conversion to thiols 179 

Acid dissociation constants, for dipole moment 43, 91, 95, 420 
of a thiol group 445 correlation energy 53 

amino t hiols 400 elcctroii affinity 24 
for thio and dithio acids 402 excitation energy 84 
for thiols 398, 426 fundamental vibration frequencies 1 1  
for thiophenols 403, 404, 426 Hartree-Fock encrgy 53 

Acidity, deuterium isotopc effect on heat of formation 23, 31 

of aliphatic thiols 396-398, 425, M O  density contours 97 

of aniinothiols 399-401 molecular total energy 12 
of heteroaromatic thiols 406, 407 Morse potential parametcrs 13, 14 
of hydrogen sulphide 398, 399 0-H bond strength 160 
of substituted acetic acids 420 proton afinity 31, 32 
of thio acids and dithio acids 401, relativistic energy 53 

402 rotational barriers 41, 82, 86 
of thiophenols 402406, 425, 426 Aldehydes-see also Carbonyl group 

condensation with methyl methyl- 
340-344 thiomcthyl sulphoxides 579 

conjugatcd, reaction with thioglycollic 
627-629 acid 769 

conversion to thiols by reduction 

thiols 407 ionization potential 23, 24, 84 

426, 722 MO energy 83 

Activation energies, for thiol reactions 

Acylation, by coenzyme A thiocsters 

of 2-lithio-1,3-dithiane derivativcs 

of thiols 436 reaction with 2-lithio-I ,3-dithianes 
545, 546 251-256 

Acyl group migration, froin sulphur to 543 
nitrogen 694, 695 synthesis, using methyl rncthylthio- 

from sulphur to oxygen 692-694 methyl sulphoxide 579 
Acyl halides, conversion to thiols 256 a,P-unsaturated, synthesis of 543, 

Addition reactions of thiols 760-775 Alkali metal salts, of thiols 747 
with acetylenes 762-764 Alkaline earth metal salts, of thiols 

Acyloins, reactions with dithiols 524 559-561 

with alkylene oxides and sulphides 747 
77 1-774 A I kaned i t h ids-see rrlso gern-D i t h iols 

groups 765-767 electron diffraction study 115, 128, 
with carbonyl and thiocarbonyl conformation of 128-130 

with conjugated systems 767-771 130 
with cyclic compounds 774, 775 fragment at io n sc henie 3 27 
with nitriles and azomcthines 764, 765 infrared spcctra 129, 846 
with olefins 761, 762 normal coordinate analysis 130 

S-Adenosyl methionine, formation of polymer formation 725 
619 Raman spectra 129 

transmethylation by 61 9-621 spectroscopic study 128 
Agricultural science, application of thermochemical data 153-155 

35S tracer studies 865 used for resolution of ketones 581 
935 

The Chemistry of the Thiol Group 
Edited by Saul Patai 

Copyright 0 1974, by John Wiley & Sons Ltd. All Rights Reserved. 



936 Subject Index 

Alkanesulphonate group, replacement 
by benzenethiolate group 726 

Alkanethiolate anion, dealkylation by 
744-747 

for cleavage of aryl ethers 
halogen displaccnient by 726, 736 
reaction with alkenes 733 
reaction with alkynes 732 
reaction with cyclic compounds 

reaction with ethyl acrylate 734 
reaction with heterocyclic compounds 

743, 744 
reaction with hexahalobenzencs 

738-740 
reaction with main group elements 

747-755 
reaction with transition metal 

derivatives 755-760 
tosyl group displacement by 727 

Alkanethiols-see also Alkanethiolate 

absorption spectra 20, 456, 457 
acid dissociation constants 398, 

addition to acetylenes 762, 763 
addition to C=N-C=O systeni 

centroids of charge 102 
circular dicnroisni 357-360 
conforniation of 127, 446 
copper salt-see Copper(1) alkylthio- 

correlation energy 53 
C-S bond length 115 
deuterated 127 

dipole moment 43, 91, 95, 420 
electron affinity 24 
electronic excitation energy 20, 84 
electron spin resonancc study 509 
fundaniental vibration frequencies 

Hartree-Fock energy 53 
heat of formation 
hydrogen bonding in 382-385 
infrared spectra 846 
ionization potential 
isotopically labelled 843 

synthesis of 868, 871-873 
mass spectra 326-328 
niicrowave spectra 11 5, 125 
MO density contours 98 
MO enerfy 83 

575 

728-730 

anion 

426 

771 

lates 

addition to nialeic anhydride 852 

11 

23, 31, 153-155 

23, 24, 84, 334 

Alkanethiols (cont.) 
molecular total energy 12 
molecular wavefunction calculations 

Morse potential parameters 13, 14 
oxidation-see Oxidation, of thiols 
photoelectron spectrum 28, 30 
photolysis of, condensed phay:.;. 471- 

81-86 

476 
gas phase 455, 458-465 
solid state 477 

population matrix 92, 93 
potential energy curves for rotation 

preparation of, from acyl halides 
38, 39 

256 
from alcohols 179 
from aldehydes and ketones 251- 

from alkenes 165, 169-178 
from alkyl halides 165, 166, 180, 

from disulphides 22Ck229 
from organonietallic compounds 

from thioacids 256 
from thiocyanates 232-235 
from thiolcsters 206-209 
using phosphorothiolatc ion 166, 

via an iso-thiouroniiini salt 186- 

vin RuntC salts 192, 193 
virz dithiocarbamates 210, 21 1 
vin trithiocarbonates 198-201 
vig xanthates 194, 195, 198 

proton affinity 31, 32 
radiolysis, in liquid state 505 
reaction with aquated electron 486 
reaction with hydroxyl radicals 484 
relativistic energy 53 
rotation about C-S bond 130 
rotational barriers 41, 82, 86 
S-H bond strength 160 
stereochemistry of 37 
structural parameters 844 
@-substituted, from thiirancs 249- 

thermochemical data 153-155, 157 
vibrational spectra 126, 127 

256 

181, 185-189, 192, 193 

21 1-21 5 

185, 186 

189 

25 1 

Alkenes, addition of CH,S radicals 
462, 475, 476 

thiocyanate salts 697 
carbonates of, re2:cticn with 



Subject 
Alkenes (corif.) 

conversion to  alkancthiols 165, 

by addition of thiolacetic acid 
169-1 78 

175-178 
by hydrogen sulphide additions 

169-1 75 
deuterated, synthesis of 569 
formation during desulphurization 

hindered, synthesis of 571 
honiologization 569 
reaction with thiols 

synthesis of 579, 580 

cyclization 706, 707 
dipole moment 127 

53 1 

294-298, 5 13, 
732-734, 761, 762 

Alkenethiols, conformation of 137, 128 

Alkoxythiols, formation by nietal- 
aniine reduction 240, 241 

formation from alkoxyalkyl halides 
243 

rearrangement of 689 

539 

N-Alkylaminodiaryl sulphides, 

Alkylating agents, alkyl halides as 537- 

cpoxides as 541-543 
for quantitative determination of Ski 

groups 293-298 
Alkylation, geniinal 557, 558 

of carbanions from ally1 thioethcrs 

of homocystcine 618, 619 
of ketones 533, 554-556 
of 2-lithio-1,3-dithianes 537-539, 

of a,P-unsaturated ketones 572, 573 
use of alkylthionicthylenc group in 

Alkylene oxides, reaction with thiols 

Alkylene sulphides, reaction with thiols 

Alkyl group migration, from sulphur 

687, 688 

577 

541-543 

554-557 

771-773 

773, 774 

to  carbon 686, 687 

Alkyl halides, conversion to thiols 
from sulphur to oxygen 

165, 
180, 181 

by reaction with thiourea 166, 

via Bunt6 salts 192, 193 
ria xanthatcs 194, 195, 19s 

186-189 

react ion with 2-1 i I hio- 1,3-di t hianes 
537-539 

Index 937 

Alkyl halides (cotit.) 

n-Alkyllithium, reaction with thict- 
anoniiim salts 566 

Alkyl mercaptide ion--see Alkanethio- 
late anion 

Alkyltliiomcrcaptans, formation of 245 
Alkylthionicthylene group, conversion 

to cu./hnsaturated aldehyde 

reaction with thiols 293 

559-561 
hydrolysis of 554 
interniediatc leading to niononiethy- 

reaction with dialkylcopper lithium 

reduction with I i t h i u ni-a m monia 

lated products 554-557 

rcagcnt 559 

557 
Alkyl thionitrite, by photolysis of 

CI-I:,SH in presence of N O  
458 

Alkylthio radical-see Thiyl radical 
S-Alkyl thiosulphates, conversion to 

Alkyl xanthate ion, rcacllon with alkyl 

Alkynes, addition of RSX 88 

thiols 192, 193 

halides 166 

reaction with thiolatc niiclcophiles 

reaction with thiols 762-764, 769 
AI kynethiols, cyclization 708, 709 
Ally1 thioetlier, carbanions, alkylation 

Aluniinium, thiol derivatives 748 
Arnidino group migration 697, 698 
Aniines, catalysts for oxidation of 

731, 732 

of 557 

thiols 816, 817 
dipole moment 420 
N-H bond strengths 160 

a-Aniinoacyl group migration 695 
Aininocarboxylic acids, acidity 420 
Arninopolyhalobenzenes, reaction with 

copper([) thiolate 742 
Aminothiols 246, 247 

acidity of 399-401 
N-allyl, ultraviolet irradiation 707 
anchimeric assistance of thiol group 

in reaction with bisulphidc ions 
438 

868, 873 

246, 247 

isotopically labelled, synthesis of 

preparation, from ethyleneiniines 

reaction with aquated electron 486 
self-association 386 



938 Subject Index 

Aniinothiophenols, hydrogen bonding 
in 394 

infrared investigation 427 
Amperometric titration, for study of 

mcrcaptide formation 280, 
314, 315 

Analysis of thiols, qualitative 272-276 

by alkylaiing agents 293-298 
by colorimetric procedures 

by niercaptide forming agents 

by osidizing agents 276-278 
by radiochemical methods 299, 

by spectroscopic methods 306- 

anti-Markownikov product 165, 170 

quantitative 276-3 16 

288-292 

278-288 

300 

316 

of addition to acetylenes 763 
of addition to olefins 761, 762 

Antimony, thiol derivatives 752 
Apparatus, for reaction of 35S with a 

Appearance potentials, for calculation 
Grignard reagent 874-876 

of bond energy 339 
for ions from siniplc thiols 

344 
Aquated electron, reaction with 

disulphides 492 
reaction with enzymes 493 
reaction with thiols 485, 486 

Arizidines, reaction with thiolatc 
anions 728 

Aromatic halides, conversion to aro- 
matic thiols 182-185 

335-337, 

by reaction with thiourea 189-191 
Aromatic thiols-see also Thiophenols 

mass spectra 330 
preparation of 167-169 

from aldehydes and ketones 251- 

from aromatic halides 182-185, 

from disulphides 220-229 
from organometallic compounds 

from sulphonyl chlorides 216-220 
from thioacids 256 
from thiocyanates 232-235 
from thiolesters 209 
via an iso-thiouronium salt 189- 

via dithiocarbaniates 210, 21 1 

256 

189-191, 237 

21 1-21 5 

191 

Aromatic thiols, preparation of 
( C O l l t . )  

cia thermal rearrangement of 
thioncarbonates and thiocarba- 
niates 201-206 

cia trithiocarbonatcs 198-201 
via xanthates 194, 196-198 

Arsenic, thiol derivatives 751, 752 
Aryl group migration 689-691 
Aryl halides, reaction with 2-lithio- 

1,3-dithianes 540, 541 
S-Aryl thiosulphates, conversion to 

thiols 192, 193 
Atomization, energy of 5 
Aizetides, reaction with thiolate anions 

Azides, reaction with thiols 752 
Azodicarboxylic acid, diethyl ester, 

Azomethinc bond, addition of thiols 

728 

oxidation of thiols by 799 

765 

Base peak 326, 328 
Bases, as catalysts for oxidation of 

Benzcncthiolate anion, dealkylation by 

halogen displacement by 726, 736 
niethanc sulphonate group dis- 

placenient by 726, 736 
reaction with alkynes 731, 764 
reaction with 3-chlorothietanc 730 
reaction with 1,l -diarylchloro-et hane 

reaction with dibromocarbene 725 
reaction with halopyridines 743 
reaction with heterocyclic compounds 

743, 744 
reaction with hexahalobenzcnes 

738-740 
reaction with main group elements 

747-755 
reaction with transition metal 

derivatives 755-760 
tosyl group displacement by 727 

Benzenet h iols-see Thio p henol s 
Benzocycloalkene, synthesis of 566 
Benzothiazoles, halogeno-substituted, 

reactions of 736 
Beryllium salts, of thiols 748 
Bicyclic ring compounds, synthesis of 

Bidentate ligands 757 

thiois 806-816 

744-747 

727 

57s 



Subject Index 939 
Biosynthesis, for labclling of thiols 

869, 870, 873 
Of coenzyme A 623-625 
Of glutathione 609, 610 

Bismuth, thiol derivatives 752 
Bond angles, of oxygen and sulphur 

Of oxygen and sulphur species 78 
Bond energies 6-14 

of osygen and sulphur species 7s 
of thiols 339, 340 

Bond lengths, of osygen and sulphur 

78 

hydrides 7 

hydrides 7 
of osygen and sulphur species 

Bond strengths, in alcohols 160 
in aniines 160 
in thiols 160 

Born-Oppenheinier approximation 45 
Boron, thiol derivatives 748 
Bunt6 salts, interniediates in formation 

of thiols 192, 193 

Canonical molecular orbitals, of H,S or  
H,O 15, 16 

orbitals 67 

lation of 577 

reaction with localized molecular 

Carbanion, of nllyl thiocthers, alky- 

of niethanethiol 419 
Carbon basicities, of sulphur bases 

Carbon-carbon bond, selective cleavage 

Carbon-sulphur bond, cleavage 

409,4 10 

535, 536 

235-245 
length of, by X-ray diffraction 

114 
Carbon tetrachloride, reaction with 

thiophenol 436 
Carbonyl group, protection of, with 

dithioacctals 521-528 

113, 

with thioenol ethers 551, 552 
reaction with thiols 765, 766 
reduction 529-532 

Carboxylic acids, P-su bst it  uted, relative 

a,fl-unsaturated, isomcrization 61 5 

Carboxylic esters, aryl methyl, cleavage 

blocking of conjugated a-niethylene 

sterically hindered methyl, cleavage 

strength 420 

reaction with thiolates 734 

of 575 

group in 573 

of 574 

Carboxylic esters (conr.) 
unsaturated, addition of butanethiol 

Carboxymethylation, of thiols 293, 294 
Centroids of charge 97, 98, 100 

in methanethiol 102 
in nicthanol 101 

734 

Chain reaction, of thiyl radicals and 
disulphides 475, 476 

Charge localization, for thiols 335 
Chemical ionization 326 
Cheinical oxidation of thiols, by 

diethyl azodicarbosylate 799 
by halogens 791-795 
by halogen transfer agents 801 
by iodosobenzene 800 
by metal ions 801-SO5 
by metal oxides 805, 806 
by nitroso and nitro conipounds 
by peroxidic compounds 789, 790 
by sulphoxides 795-798 
by triniethylsulphoxoniuni iodide 

SO0 

800, 801 

of r-cysteine 131 

niodified 12 

Chemical shifts, of aliphatic thiols 

Chemical standard state 3 

Chloramine-T, for hydrolysis of 
1,3-dithianes 527 

550 

133 

for hydrolysis of 1,3-osathiolanes 

Chlorine kinetic isotope effect 727 
Chromatography, for detection of 

Clinical use, of thiols 861-863 
Coenzyme A, biosynthesis of 623-625 

precursor of enzyme-bound 
phosphopantctheine 634 

35S-labelled, synthesis of 870, 873 
thioester formation 625-617 

Coenzyme A thioesters, a-activation, 
leading to C-C bond formation 
and cleavage 63C632 

tliiols 274, 275 

acylation by 627-629 
formation 625-627 

Colorimetry, for quantitative dcter- 
mination of SH groups 288- 
292 

Colour reagents, for thiols 272-274 
Complex ions, sulphur containing 

Configuration interaction 48 
Con for mat ion--see Molecular 

756 

conformation 



940 Subjcct Index 

Conformational equilibria, effect of 
thiol group 445-449 

Co-oxidation, of thiols 827-832 
stercoselectivity in 828 

Copper(1) alkylthiolates, as niicleophiles 

reaction with vinyl bromides 732 
use in preparation of thioethers 

Coppcr(1) bcnzenethiolates, reaction 
with mixed hexahalobcnzenes 
739, 740 

fluorobroinobcnzenes 742 

742 

725 

743 

reaction with nitro and amino 

reaction with pcntahalobenzencs 

reaction with vinyl bromides 732 
use in preparation of thioethcrs 

for CH,OH and CH,SH 53 
for HO, H,O, HS and H2S 

743 
Correlation energy 50-52 

52 
Counting nietnods 876-878 
Cyanogen, reaction with thiols 765 
Cyano group migration 696, 697 
Cyanothiols, cyclization and tautonicrisni 

Cyclization, of acetylenic thiols 708, 
708, 710 

709 
of o-(N-acyl-N-methylamino) 

benzenethiols 444 
of cyanothiols 708, 710 
of ethylenic thiols 707 

Cycloalkanethiols, addition to 
acetylenes 763 

conformation of 132, 446 
infrared spectra 846 
isotopically labelled, synthesis of 

868, 871 
mass spectra 328 
thermochemical data 154 

Cycloal kyla tion 537 
Cyclophanediencs, synthesis from 

sulphoniuni salts 564, 565 
Cyclophanes, preparation of 567, 568 
Cystarnine, reaction with aquatcd 

electron 492 

Cystathione, intermediate in 
reaction with hydroxyl radical 492 

transsulphuration by cysteine 

Cystearnine, as radiation protecting 
601-606 

agent -511 
data on RSSR 491 
hydrochloride, e.s.r. study 507, 508 

radiolysis in solid state 507 

Cystearnine (corrt.) 
-radiolysis, 'in oxygenated solutions 

498. 504 
of frozen aqueoils solution 510 

reaction with hydrated electron 485, 

reaction with hydroxyl radical 484 
3sS-Iabclled 859 

circular dichroism 369, 370 
crystal structure 135, 138-141 
-cystine inte_rconvcrsion 601 
data on  RSSR 491 
desulphuration 599-601 
determination in proteins 296 
ethyl ester hydrochloride, complex 

with urea 136-138, 143 
flash photolysis of hydrochloride 

476 
formation through sulphide 

assimilation 594-596 
hydrochloride nionohydrate, e.s.r. 

study 507, 508 
hydrogen bonding, of monoclinic 

forni 140, 141, 143 

incorporation leading to thiol 
formation 606-608 

mass spectrum 331, 332 
metabolism 594-608 
methyl ester, data on RSSR 
n.1n.r. study of' conformation 131, 

oxidation of 596-598 
radiolysis, in oxygenated solution 

in the solid state 506, 507 

486 

Cystcine, acidity of 400, 401 

of orthorhonibic form, 139 143 

491 

132 

496,497, 502-504 

reaction with aquated electron 485, 

reaction with hydroxyl radical 484 
35S-labelled, synthesis of 867, 869, 

486 

873 
uptake into hornioncs 863 
uptake into proteins 862 

stereoscopic view along Cs-Ca 

t ran ss u I p h 11 rat ion rio cyst at h i o n i nc 

X-ray analysis 

bond 116 

601-606 
1 13 -1 I5 

Cystine, -cysteine interconversion 

hydrochloride, e.s.r. study 509 
reaction with aquated electron 492 
reaction with hydroxyl radical 492 

60 1 



Subject Index 94 1 

Dealkylation 744-747 Diniercaptoalkanol, convcrsion to 
by benzenethiolate 745 episulphidc 438, 439 
by ethanethiolate 745 Dinicrization, oxidative, of 2-lithio- 
of sulphides 235-245 1,3-dithiancs 546 

738,739 Dinitrotliiobenzoatcs, formation for 

compounds 534 Dipolc moments 41-43 

575, 576 425 

Decahalobipllcnyl, reaction with SR- 2,4-Dinitrophenyl group niigration 691 

Decarbonylation of hydroxyniethylcne identification of thiols 276 

Degradation, of glutathionc 609, 610 from microwave study 126, 127 
Dehalogcnation, in presence of thiols of benzencthiols and tliioanisoles 

Deshiclding, of S-mcthyl protons 422 of fluoro- and chloroniethane and 
Desulphurization, of cysteine 599-601 methylamine 420 

Detoxification, rolc of glutathionc 95,420 
613, 615-618 of prop-2-cne-1 -tliiol 127 

Deuteration, upon desulphurization 531 Dissociation energy 3 
I-Dcuterioaldeliydes, preparation of of methanol and niethanethiol 12 

547 of oxygen and sulpliiir hydridcs 5 
Deuterium, as encrgy scnsitivc Dissociative electron capture 344-346 

detector 466 Disulphides, as protccting group for 
Deuterium isotopc effect, on thc thiols 670 

ionization of thiol groups 407 clcavage, by oxidation 305, 306 
Deuterium labelling, in elcctron capturc by reduction 303, 303 

reaction 346 by sulphite treatment 304, 305 

327 complexes 759 

of dithioacetals 529-532 of niethanol and mcthancthiol 91, 

in fragmentation of aliphatic thiols 

in fragmentation of thinphenols 330 conversion to thiols 220-129, 670 
in ion-molecule reactions 347 e.s.r. study 509 
in photolysis of thiols 458, 474 

conversion to mercapto carbonyl 

formation of, by oxidation of thiols 
in study of ion formation from 670, 785-833 

CI-13SH 338 from thiols and azidcs 752 
of SH group 873 from thiols and chloraniines 750 

Dialkylcopper lithium, reaction with 
a,fl-unsaturated ketoncs 559 461, 462 

Dialkyl dithiocarbamate ion, reaction in protein structure 647-652 
with alkyl halides 166 overoxidation 794 

Diazoniethane, reaction with ally1 oxidation of, base-catalyscd 8 12 
sulphides 564 photolysis of niisturcs 472 

Diazoniiiiii compounds, conversion to quantitative dctcrniination 302-306 
aromatic thiols 194-198 rndiolysis in oxygenatcd solution 

in photolysis of methanethiol 

coupling with thiophenols 432, 750 505 
Dicarbonyl compounds, formation reaction with aquatcd electron 492 

from 1,3-dithiancs 534, 539 reaction with hydrogen atoms 492, 

134 reaction with hydroxyl radical 492, 

sulphides 564 reduction of 670, 785 

Dicarboxylic acids, reaction with thiols 

Dilialocarbenc, reaction with ally1 493 

493 

reaction with benzcncthiolate 725 Dithianes, convcrsion to thiols 243 
Dihydro-l,4-dithiins, formation of 524 hydrolysis with chloraniine-T 527 
Dihydropyrenes, synthesis from lithiation of 536 

sulphoniuni salts 564, 565 oxidation with N-halosuccininiides 
1,4-Diketones, formation via 1,3- 526 

dithianes 539 preparation of 522, 524, 533 



942 Subject Index 

Dithioacetals, conversion to thione 
766 

desulphurization 529-532 
photocyclization 581 
preparation of 522 

from monothioacetals and thiols 

side reactions in 524 
765 

protecting group for carbonyl 521- 

removal of group 525-528 
Dithiocarbamates, formation and 

hydrolysis to thiols 
Dithiocarbonates, formation from 

xanthates 700 
Dithiocarboxylic acids, acidity of 401, 

402 

525 

210, 21 1 

self-association 387 
Dithiodipyridine derivatives, for deter- 

mination of SH groups 290, 
29 1 

Dithioketal, removal of 536 
Dithiolanes, alkylation of 527 

conversion to thiols 243 
optical dissymmetry effects 366-368 
oxidation, with 1 -chlorobenzot riazole 

with monoperphthalic acid 525 
525 

preparation of 522 
Dithiol enzymes 656, 657 
Dithiol-flavin enzymes 655, 656 
Dithiol proteins 652-657 
gem-Dithiols 252 
Dysentery bactcria, "3-labelled 870, 

873 

Elcctric nuclear quadrupole moment, of 

Electron affinities 21-30 
33S 845 

of the methyl mercaptidc radical 
345, 351 

of oxygen and sulphur containing 
species 22-24, 79, 80 

ground and excited in H 2 0  and 

Elcctron density contours 96, 97 
Electron density difference 100 
Electron diffraction, for structural 

information 112 
of ethane-1,2-dithiol 115, 128, 130 
of thioacetic acid 131 
of thiourca 123 

Electron configurations 65 

H2S 19 

Electron distribution, in methanol and 

Electronegativity, of sulphur 133 
niethanethiol 91 -I 04 

value for OH, SH, NH,  and COOH 
42 1 

Electronic energy 45, 64 
Electronic spectra 15-21 

of aliphatic thiols 306 
of aromatic thiols 307 

Electronic wavefunction 47 
construction of 48-54 

Electron impact method, for detcrmina- 
tion of appearance potentials 
335 

Electron pairs 97-104 
Electron paramagnetic resonance 

spectra, evidence for thiyl radical 
formation 477 

disulphides 492 
Electrons, aquated, reaction with 

reaction with enzymes 493 
reaction with thiols 485, 486 

core 4 
valence 4 

Electron spin resonancc spectra, for 
detection of intermediates in 
radiolysis 400 

of thiols 3 13, 3 14 
Electrophilic aromatic substitution 

43 1-436 
protection of thiol  group in 432 

Electrophilic su bstit uen t constants 
429, 430 

Ellman's rcagent, for deterniination of 
S H  groups 258-290 

Energy sensitive detector, deuterium as 
466 

Energy units 2 
Enethiols, forniation 252 

tautonierism with thioketone 395 
Entropy 151 
Enzymatic isotope exchange, for label- 

Enzyme cofactor, glutathione as 613- 

Enzyme intermediates, persulphide 

ling of tliiols 869 

61 5 

643-645 
thioester 640-643 

Enzymes, dithicil 656, 657 
dithiol-flavin 655, 656 
radiation protection of 512, 513 
reaction with aquated electron 493 
reaction with hydroxyl radical 

493,494 
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Episulphides-see Thiiranes 
Epoxides, convcrsion to thiols 248 

reaction with 2-lithio-l,3-dithianes 

reaction with xanthate salts 693 
Evolution, of polythiol function 661, 

Excitation encrgy 65 
for methanethiol 20, 84 
for methanol 84 
for water and hydrogen sulphide 

of sulphur 561-566 
of sulphur dioxide 566-571 
twofold 571 

541-543 

662 

20 
Extrusion, of sulphoxide function 572 

Fast flow system, for study of methane- 

Flash photolysis, of benzenethiol 476 
thiol photolysis 463 

of cysteine hydrochloride 476 
of 2-mcrcaptoethanol 476 
of methanethiol 463 

for ethanedithiol 846 
Force constants 64 

Force field, for methanethiol 846 
Fragment at ion pathways 340-344 

for aliphatic thiols 326, 327 
for cysteine ethyl ester 331 
for heterocyclic thiols 333 
for 2-mcrcaptoethanol 328 
for thiophenols 330 

scavenger for 612 
Free radicals, of thiols 313 

Friedel-Crafts alkylation, of aromatic 

Fries reaction, unsuccessful with 
thiols 434, 435 

thiolesters 436 

Gaussian type functions 59 
Gcrmaniuni, thiol derivatives 748, 

Glasses, radiolysis of 510 
y-Globulin, 35S-labellcd 870, 873 
Glutathione, as free radical scavenger 

749 

612 

609, 610 
biosynthesis and degradation 

circular dichroism 369 
13C n.m.r. spectra 312 
crystal structure 141 
data on RSSR 491 
detoxification role 615-618 

Glutathione (cont.) 
disulphide, reaction with aquated 

hydrogen bonding in 135, 141 
maintenance of reduced cell by 

reaction with hydrated electron 486 
reaction with hydroxyl radical 484 
role in cystine reduction 601 
35S-labelled 859, 870, 873 
stereoscopic view along Cb-C- bond 

117 
synthesis 681 
use as an enzyme cofactor 613-615 
X-ray analysis of 113, 114 

Glutathione reductasc 61 1, 612 
Glyoxylase system 613 
Group additivity, for estimation of 

Group migrations, acyl 692-695 

electron 492 

610-612 

thermochemical data 152-157 

alkyl 686-688 
amidino 697, 698 
a-aminoacyl 695 
aryl 688-691 
cyano 696, 697 
2,4-dinitrophenyl 691 
thiol ester 715 
thionoalkoxj. 693 
trialkylsilyl 687 

Haloalcohol, reaction with thiols 293 
Haloalkanes, dipole moment 420 

Haloalkanethiols, conformation 130 

Haloalkylamide, reaction with thiols 
293 

Halobenzenes-see also Hexahaloben- 
zenes and Pentahalobenzencs 

reaction with thiolate anions 741, 
742 

1-Halobenzotriazole, for oxidation of 
1,3-dithiolanes 525 

Halocarboxylic acids, acidity 420 
Halocarboxylic ester, reaction with thiols 

Halocycloalkanethiols, solvolysis 440, 

Halogenation, of thiophenols 431 
Halogen displacement 736 
Halogens, for oxidation of thiols 

spectral lines 128 

spectra of 130 

293 

441 

791-795 
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Halogen transfer agents, for oxidation 

Halophosphoranes, preparation from 

Halopyridines, reaction with thiolate 

N-Halosuccinimidcs, for oxidation of 

Halothiophenols, hydrogen bonding in 

Hamiltonian operator 45 
Hammctt equation 727 
Harnmet t su bsti tuen t constan ts 

Harmonic force constant 9 
Hartree-Fock limit 50 

of thiols 801 

MePF, and ethanethiol 750 

ions 743 

1,3-dithianes 526 

394 

428, 
429 

for HO, H20, HS and H,S 
for methanol and mcthanethiol 53 

Hartree-Fock molecular orbitals 54 
Hartree unit 2 
Heat capacity 151 
Heat of formation 3, 151 

affinities 30 

groups 23 

52 

for calculation of H+, I1 and H- 

for compounds with OH or SH 

for ions from thiols 335-338 
for OH, SH and their ions 
for oxygen and sulphur atoms and 

25 

ions 22 

thiols 182 

333,334 

halides 182 

213 
Hexahalobenzenes, mixed, reaction 

with CuSR 739, 740 

Heterocyclic halides, conversion to 

Heterocyclic thiols, mass spectra 

preparation, from heterocyclic 

from organometallic compounds 

reaction with SH- and SR- 738, 739 
Honiocysteine, conversion to niethionine 

618, 619 
formation, from cysteine 601 

reaction with aquated clectron 486 
reaction with hydroxyl radical 484 
thiolactone 494 

from mcthionine 603 

Homocystine, reaction with aquated 

Honiologization, of an olefin 569 
‘Hot’ alkyl radicals 465 
‘Hot’ hydrogen atonis 465 

electron 492 

translationally excited 466-47 1 

Hydride affinities 30-36 
for some oxygen and sulphur species 

81, 82 
Hydrogen aflinities 30-36 

for some oxygen and sulphur species 
81, 82 

Hydrogcnation, selective, of vinyl 
groups 573 

Hydrogen atom, reaction with di- 
sulphides 492, 493 

reaction with thiols 486, 487 
thiols as source of, in solution 

473-475 

Self-association 
Hydrogen bonding 379-396-see also 

in L-cystcine 139-141, 143 
in L-cystcine ethyl ester hydro- 

chloride : urea complex 137, 
143 

in L-cysteine hydrochloride niono- 
hydrate i35, 136 

in cystcylglycine : Nal  complex 
142, 143 

in glutathione 141 
intermolecular 392-396 
in thiopurines and  thiopyrimidines 

intramolecular, in L-cysteinc 119 
intramolecular O-H.-CI 130 
N-H..*S 144 
of sulphur 120, 133-146 
of thiol group, in solution 
X-H..-S 144 

144, 145 

144 

Hydrogen exchange, between thiol 
and protic solvent 855 

Hydrogen reduction, for labelling of 
thiols 868, 873 

Hydrogen sulphide, acidity of 397- 
399 

addition to alkenes 169-175 

data on RSSR 491 
hydrogen bonding in 133, 380, 381 
radical reaction with I-chlorocyclo- 

hexanc 171 
reaction with alcohols 179 
reaction with alkyl halides 
reaction with ethylcneimincs 

S-H bond length 126 

thiols 869, 873 
of 11-butylthiomethylene group 554 
of sulphenyl halides 792 

stereospecificity 165 

180, 181 

246, 247 

Hydrolysis, for synthesis of labelled 
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Hydroperoxy radical, reaction with 

Hydrosulphide ion, dissociation and 

Hydroxycarboxylic acids, acidity 420 
Hydroxydiaryl sulphides, froni 

Hydroxyl ions, bond angle 78 

thiols 500 

return 716 

mercaptodiaryl ethers GSS 

bond length 78 
electron affinity 79, 80 
energy 78 
heat of formation 25, 31 
hydride affinity 81, 82 
hydrogen afinity 81, 82 
ionization potential 79, 80 
Morse potentials 26 
proton afiinity 
SCF total energy value 73 
spectroscopic constants 25 

Hydrosyl radical, bond angle 78 
bond length 78 
correlation energy 52 
electron afinity 79, 80 
energy 58 
Hartree-Fock limit 52 
heat of formation 31 
hydride affinity 31, 81, 82 
hydrogen affinity 31, 81, 82 
ionization potential 79, 80 
Morse potential parameters 10, 

proton afinity 31, 81, 82 
reaction with disulphides 492 
reaction with enzymes 493, 494 
reaction with thiols 484 
relativistic energy 52 
stretching potential curve 9 

32, 35, 74, 75, 81 

24-26 

a-Hydroxythiolesters, preparation of 

Hydroxythiols-see Mercaptoalkanols 
Hypcrconjugation, of thiols 428 

580 

Iniidizoles, froni thiol addition to 

Iniines, reaction with 2-Iithio-1,3- 
C=N bond 765 

dithianes 545 
reaction with thiols 734, 735, 770, 

774, 775 

735 

420-423 

Irninoboranes, reaction with thiols 

Inductive effect, in saturated thiols 

Infrared spectra, for determination of 
conformations 112 

isotope elkct 843, 845, 846 
of o-aniinobcnzenethiols 427 
of ethane 1,2,-dithiol 129 
of thiocarboxylic acids 146 
of thiols 308-31 1 

of thiophcnols 146 
with hydrogen bond acceptors 388 

Insulin, 35SS-labelled 870, 873 
lodosobenzene, for oxidation of thiols 

Ion fragments, separation by isotopic 

Ionic radius, of I- 143 
Ionization, thermodynamics of 407, 

Ionization efficiency curves 335, 344 
of C6H,S- 345 

Ionization energy 65 
of H,O, H,S and H,Se 

Ionization potentials 21-30, 65 
of lower aliphatic thiols, thiolacctic 

acid and thiophenol 334 
of niethanol and methanethiol 84 
of oxygen and sulphur containing 

800 

labelling 843 

408 

27-29 

spccies 22-24, 79, 80 
Ion-molecule reactions 346-35 1 

rate constants for 348, 349 
Iron-sulphur rcdox proteins 658-GG2 
Isomerization, of a,p-unsaturated acids 

Isoprenoids, synthesis of 
Isotope effcct-see also Deuterium 

61 5 
563, 576, 577 

isotope effect and Primary 
hydrogen isotope elfect 

in infrared spectroscopy 843, 845, 
846 

in mass spectrometry 542-844 
in microwave spectroscopy 842, 

844, 845 
Isotope exchange, for labelling of thiols 

Isotope cxchangc equilibrium 850 
constants for thiol-water systems 

852 
Isotope shift, in vibrational spectrum 

of cyclohexanethiol-S-d, 846 
in vibrational spectrum of ;I thiol 

845 
Isotopic labelling by synthetic methods 

866-87G-see also 35S-labelled 
thiols, synthesis of 

counting rncthods 876-878 

867-870 
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Ketene thioacetak, preparation cf 
543 

reactions of 544 
Keto dithiancs, cleavage of 535, 536 
Ketones-see olso Carbonyl group 

afkylation 533, 554-556 

conversion to thiols by reduction 

formation from hydroxyniethylenc 

nionomcthylation 554-557 
reaction with 2-lithio-l,3-dithianes 

resolution, using optically active 

cr,@iinsaturated, addition of thiols 

geminal 557, 558 

251-256 

derivatives 534 

543, 544 

dithiol 581 

769 
methylation 572, 573 

Ketone transposition 534, 535 
Kinetics, rclationship with thermo- 

chemistry 157-160 
Koopnians’ theorem 65 

Lactoncs, addition of thiols 769 
Lead, thiol derivatives 748, 749 
Lipoic acid 637-639 
Lithiation, of 1,3-dithiane 536 

of 1,3,5-trithiane 546, 547 
2-Lithio-I ,3-dithianes, for preparation 

of I-deuterioaldchydcs 547 
for preparation of orthothioformate 

547 
oxidative dirnerization 546 
reaction with acylating agents 

reaction with aldehydes and ketones 

reaction with alkyl halides 537-539 
reaction with aryl halides 
reaction with cpoxides 541-543 
reaction with imines 545 
reaction with trialkyl- and triaryl- 

545, 546 

543-545 

540, 541 

chlorosilanes 546 
Lithiuni n-alkyl niercaptide, for 

cleavage of methyl esters 574 
Localization sun1 70 
Localized n~olecular orbitals 66-70 

Magnesium, thiol derivatives 748 
Markownikov product 165, 170 

of addition to acetylenes 763 
of addition to olefins 761, 762 

Mass spectra, in photolysis stLldics 
463 

isotope effect 842-544 
of aliphatic thiols 326-328 
of amino acids and peptides 

of aromatic thiols 330 
of cycloaliphalic tliiols 328 
of hctcrocyclic thiols 333, 334 
of niercaptoalkmol 328 
of niercaptoesters 329 

Mcisenhein~er complex 736 
Mercaptide ion, bond angle 78 

331- 
333 

bond lcngth 78 
electron affinity 79, 80 
encrgy 78 
heat of formation 25, 31 
hydride affinity 81, 82 
hydrogen affinity 81, 82 
ionization potential 79, 80 
Morse potentials 26 
proton afinity 
SCF total energy valuc 73 
spectroscopic constants 25 

bond length 78 
correlation energy 52 
electron affinity 79, 80 
energy 78 
Hartree-Fock l imi t  52 
heat of formation 31 
hydride affinity 31, 81, 82 
hydrogen affinity 31, 81, 82 
ionization potential 79, 80 
Morse potential parameters 10, 

proton affinity 31, 81, 82 
relativislic cncrgy 52 
stretching potential curve 9 

Mcrcaptidcs, formation of 278-288 
by elcctrorneric procediires 

by reaction with mercury 
coinpounds 28 1-284 

by reaction with silver ion 

33, 35, 74, 75, 81, 82 

Mercaptidc radical, bond angle 78 

24-26 

278-281 

284-286 
Mcrcaptoaldehydes, tautonicrism 

Mercaptoalkanols, acid dissociation 
710-712 

constant 398 
circular dichroism 369 
data on RSSR 491 
flash photolysis 476 
fragmentation scheme 328 
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Mercaptoalkanols (COM.)  

gem-, formation 252 
isotopically labclled, synthesis of 

868, 872, 873 
radiolysis in oxygenated solution 

497, 504 
reaction with aquated electron 486 
reaction with hydroxyl radical 484 
/%substituted, from cpoxides 248 

Mercaptoamines-see Aminothiols 
Mercaptobenzothiazole, isotopically 

labelled, synthesis of 866, 867, 
872 

Mercaptocarboxylic acids, acidity 420 
circular dichroism 369 
data on RSSR 491 
dianion formation 397 
isotopically labelled, synthesis of 

Mercaptocarboxylic esters, addition to 
868, 873 

olefns 762 
fragmentation 329 

Mercaptodiaryl ethers, conversion to 
hydroxydiaryl sulphides 688 

Mercaptokctones, self-association 386 

Mercaptolcs, rearrangement of 708 
Mercaptopurines, isotopically labelled, 

Mercaptopyridines, acidity of 406, 

Mercapturic acid, formation in mammals 

Mercury electrode 281 
Mesonicric moment, of benzenethiol 

Metabolism, of thiols 591-608 
Metal carbonyls, mercapto 759, 760 
Metal ions, catalysts for oxidation of 

oxidation of thiols by 861-805 
Metal oxides, for oxidation of thiols 

Metal sulphides, reaction with aroniatic 

tautomerisni 710-712 

synthesis 870, 872 

407 

61 5-61 8 

424 

thiols 817-825 

805, 806 

halides 182-1 85 

182 

methioninc 619 

reaction with heterocyclic halides 

Methionine, conversion to S-adenosyl 

formation from cysteine 601, 602 
formation from homocysteine 618, 

619 

stabilization energy for 430 
Methyl cations, monosubstituted, 

Methylcne blocking group 532-536, 

Microwave spectra, for structural 
information 112 

isotope effect 842, 844, 845 
of niethanethiol 115, 125 
of molecules containing thiol group 

of prop-2-enc-I-thiol 127 
Molecular conformation 112 

determination by infrared spectro- 

determination by microwave 
methods 127, 449 

determination by n.m.r. methods 

erect of thiol group on 445-449 
of cyclohexancthiol 132, 446 
of L-cysteine 132 
of ethanc-l,2-dithiol 128-130 
of 2-haloethancthiol 130 
of 2-propancthiol 127 
of prop-2-cne-1-thiol 127 

total 6 

553-556 

125-1 3 1 

SCOPY 112, 446-448 

112, 131-133 

PvIolecular energy 3, 5 

calculation for methanol and 
niethanethiol 12 

Molecular interactions 112 
Molecular ion, for aliphatic thiols 

for cycloaliphatic thiols 328 
for cystcine ethyl ester 331 
for 3-hydroxytetraliydropyran 334 
for 2-mercaptoethanol 329 

Molecular orbital energies 64 
of methanol and nicthanethiol 83 
of water and hydrogen sulphide 

326 

17, 18 
Molecular vibrations 6-14 
Molecular wavefmctions, calculation, 

for niethanethiol 81-86 
for pre-thiol faniily 76-51 

Monoclinic form, of L-cysteinc 113, 

crystal structure 119, 139 
hydrogen bonding in 119, 140, 

141, 143 
Monoperphthalic acid, for oxidation of 

1,3-dithiolanes 525 
Monothioacetals, conversion to 

dithioacetals 765 
conversion to sulphide 766 
conversion to thione 766 
preparation 548, 549, 765 
removal 549, 550 

1 I5 
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Morse potential parameters, for CS, 
SH, CO and OH 13, 14 

for dissociation of hydrogen 
for OH and SH ions 25, 26 
for OH and SH radicals 

35, 36 

10, 24-26 

Naphthocycloalkene, synthesis of 566 
Negative ions, of thiols 344-346 

reaction with molecules 349, 350 
Neighbouring group effect 86 

of thiol group in nucleophilic 

of u i c i r d  dithiol system 
substitutions 437-443 

441, 442 
Neutron diKraction, for structural 

information 112 

Newmann-Kwart rearrangement 

Nickelocene, addition of benzcnethiol- 

Nitration, of thiophenols 431 
Nitrilcs, addition of thiols 

770 
Nitro compounds, for oxidation of 

thiols 800 
Nitro group, displacenient by thiolate 

group 744 
Nitrophthalic thioesters, formation for 

identification of thiols 276 
Nitropolylialobenzenes, reaction with 

copper(1) thiolates 742 
Nitroso compounds, for oxidation of 

thiols 800 
Normal coordinate analysis, on 

ethane-1,2-dithiol 130 
Nuclear niagnetic resonance, I3C of 

glutathione 312 

of thiourea 123 

168,201, 204 

S-dl 851, 852 

764, 765, 

for determination of conforinations 

of thiolic protons 311, 312 
Nuclear repulsion energy 45 
Nucleic acid bascs, sulphur-containing, 

112, 131-133 

crystal structure 144 
tautomcrisni of 123 

Nucleopliilic reactivity 723, 724 
Nucleophilic strength 723 
Nucleophilic substitutions, by thiols 

neighbouring group effect of thiol 
722-775 

group 437-443 

crystal structure 144 

crystal structure 144 

Nucleosides, sulphur-containing, 

Nucleotides, sulphur-containing, 

0 - a l k y l  bond, clcavage of 687 
d-Orbital participation 7&75 
Organometallic compounds, conversion 

to thiols 211-215 
Organometallic transition metal 

coinplexes 756-759 
Orthorhombic form, of L-cysteine 113, 

115 
crystal structure 137, 138 
hydrogen bonding in 139, 143 

Orthothioformate, preparation of 

Oxaazaphospholanes, reaction with 

Oxathianes, conversion to thiols 240, 

547 

thiols 751 

24 1 
preparation of 547 

240, 241 

550 

Oxathiolanes, conversion to thiols 

hydrolysis with acid o r  mercuric ion 

preparation of 547 
reaction with chloraniine-T 550 
treatment with Raney nickel 549 

of thiols 670, 785-833 
Oxidation, of cysteine 596-598 

by oxygcn-see Oxidation by 
niolecular oxygen of thiols 

chemical-see Chemical oxidation 
of thiols 

electrochemical 787-789 
photo- -see Photolysis 

Oxidation by molecular oxygen of 
thiols 806-832 

817 
catalysed by aliphatic amines 816, 

catalysed by metal ions 817-825 
catalysed by organic redox systems 

catalysed by strong bases 806- 

co-oxidation 827-832 
stereoselectivity 828 

thiols 276-278 

825, 826 

816 

Oxidizing agents, for deterniination of 

Oxygcn atoms, electron affinity 
22-24, 79, 80 

energies 78 
heat of formation 
hydride affinity 31, 81 
hydrogen affinity 31, 81 
ionization potential 22-24, 79, 80 
proton affinity 31, 81 

22, 23, 31 

Oxygen flask combustion 878, 879 



Oxygen hydrides, bond lengths and  
angles 7, 78 

canonical niolccular orbitals 15, 16 
correlation energy 52 
dipole moment 43 
dissociation energy 5 
electron affinity 23, 24, 79, 80 
electron configuration 19 
electronic escitation energy 20 
energy 78 
Hartree-Fock limit 52 
heat of formation 23, 31 
hydride affinity 81, 82 
hydrogen affinity 81, 82 
ionization energy 29 
ionization potential 
molecular orbital energies 17, 18 
O-H bond strengths 160 
potential surface 77 
proton affinity 31, 32, 74, 75, 81, 82 
relativistic energy 52 
SCF total energy value 73 
vibrational frequencies 5 

23, 24, 79, 80 

Oxygen ions, electron affinity, 22, 
24, 79, 80 

heat of formation 22, 23, 31 
hydride affinity 31, 81, 82 
hydrogen affinity 31, 81, 82 
ionization potential 
proton affinity 31, 81, 82 

22, 24, 79, 80 

Pantetheine cofactors 622-637 
Penicillaminc, data on RSSR 491 

disulphide, reaction with hydroxyl 

hydrochloride, c.s.r. study 508 
reaction with aquatcd electron 486 
35S-labelled 859 

radical 492 

Pentahalobenzenes, reaction with 
copper([) thiolates 742 

substitution of 737, 740 
Peptides, mass spectra 332, 333 
Pcrosidic conipounds, for oxidation 

of thiols 789, 790 
Phenols, acidity 425, 426 

conversion to thiophenols 168, 202 
Phenothiazines, synthesis of 688, 689 
Phenylthio radical, thermochcmical 

Phosphinodithioic acids, self-association 

I’hosphonic acid derivatives, reaction 

data 154 

387 

Phosphopantctlieine proteins 633-637 
Phosphorothiolate ion, reaction with 

alkyl halides 166, 185, 186 
Phosphorus, thiol derivatives 750, 

75 1 
Phosphorus halides, conversion to thio 

phosphorus derivatives 750 
Phosphorus pentasulphide, reaction with 

alkencs 179 
Photocyclization, of dithioacetals 581 
Photoelectron spectroscopy 27, 335 

for study of core electrons 4 
spectrum of CH3SH 28, 30 

Photoionization, for determination of 
ionization potentials 334 

Photolysis, condensed phase 471-477 
of t-BuSD 474 
of methyl disulphide-cthyl 

of neat liquid etlianethiol 471, 

producing H-atoms, 473-475 
producing thiyl radicals 475, 476 

energy partitioning in primary 

of deutcrated methancthiol 458 
of ethanethiol 
of methanethiol 455, 458-463, 

disulphidc mixtures 472 

472 

gas phase -458-471, 832, 833 

process 466- 471 

464, 465, 832, 833 

832 
of lipoic acid 715 
of mcrcaptoles 708 
solid state 477 

Piperdine, reaction with thiolates 729 
Platinum complexes, of .-iorbornadiene 

of tetraplienylcyclobutadiene 758 
reaction with thiolates 755, 756 

758 

Platinum electrode 280 
Polar elfect, of thiols 419-425 

aromatic and unsaturated 423- 

saturated 420-423 
428 

Polarization functions 71 
Polarography, of thiols 757, 78s 
Polythiol ligands, nietal-binding 

Polythiol proteins 657, 658 
Population analysis, of methanethiol 

and methanol 91, 92 
Potcntial curve 7, 8 

657, 658 

for C,H,SH t. 89, 90 
for CS. SH. CO. OH 13 

Subject Index 949 

with thiolaie nucleophiles 750 for motion i n  methanethiol 36 
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Potential hypersurface 7, 64 
Potential surface 7 

for two rotational modes inethanethiol 

for water and hydrogen sulpliide 
39 

77 

mercaptidc formation 279, 314, 
315 

Potentionietric titration, for study of 

Pre-thiol family 76-81 
Primary hydrogen isotope effect, on 

cleavage of S-H bond 846- 
853 

Primary tritium isotope effect 849 
Propellanes, synthesis of 569, 570 
Protecting groups for thiols 432 

acetamidomethyl 675, 676 
acetyl and benzoyl 677, 678 
benzyl 671, 672 
benzyloxycarbonyl 678 
benzylthiomethyl and phenylthio- 

~,p-diethoxycarbonylethyl 677 
diphenylmethyl 672, 673 
disulphide 670 
isobutyloxyniethyl 68 I ,  682 
picolyl 674, 675 
tetrahydropyranyl 680, 681 
thiazolidine 682 

methyl 681 

B,p,B-trifluoro-n-acylaminoethyl 
676. 677 

triphenylnicthyl 673, 674 
urethane 678-680 

iron-sulphur redox 658-662 
phosphopantetheine 633-637 
polythiol 657, 658 
thiol 640-652 
uptake of 35S-labelled cysteine 

Proteins, dithiol 652-657 

862 
Protodesilylation, effect of thiol group 

Proton affinities 30-36 
429,430,432-434 

for some oxygen and sulpliur 

relation with gas phase acidity and 

values for HO-, H,O, HS-, H2S 

Proton magnetic resonance, chemical 

species 8 I ,  82 

basicity 33, 350, 351 

74, 75, 351 

shifts of sulphurated compounds 
422 

42 1 
for evaluation of inductive effects 

Proximity effects of thiol group 

on acid-base equilibria 445 
on conforniational equilibria 445- 

on nucleophilic substitution 437-443 

437-449 

449 

Pulse radiolysis, for study of irradiated 

Pyridyl sulphides, rearrangement of 

Pyrolysis, of sulphones 566-568 

thiols 488-491 

689-691 

Quantum chemical standard state 4 
Quasi Equilibrium Theory 326, 340 
Quinones, addition of thiols 769 

from thiols and 4,7-benzimidazole- 

reaction with thiosulphate 193 
reaction with thiourea 191 

dione 775 

Radiation biology 473 
Radiation protection, by thiols 

Radical-ion, for cystcine 490 
for niercaptoacctate 490 
for mercaptopropionate 490 

510-513 

Radiochemical methods, for determina- 
tion of thiols 299, 300 

Radiolysis of thiols, in oxygen- 
containing solutions 496-505 

mechanisms 502-505 
products and yields 496-498 

in oxygen-free solutions 483496 
mechanism 487,488 

in the liquid state 
in the solid state 506-510 

505, 506 

Raman spectra, of ethane-1,2-dithiol 

Raniberg-Backlund reaction 568-571 
leading to propellanes 569, 570 

Raney nickel, for reduction of dithio- 

129 

acetals 529-532 

549 
Rate constants, for ion-molecule 

reactions 348, 349 
Rearrangement-.see also Cyclization 

and Group migrations 
of N-alkylaminodiaryl sulphidcs 

689 
of ally1 aryl sulphides 702-705 
of S-benzoyl-2-aminoethanethiol 695 

for reduction of nionothioacetals 
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Rearrangement (cont.) 
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