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Foreword 

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 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=0, 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: ‘Free radical reactions involving thiols’, 

‘Electrochemistry of the thiol group’, ‘Enethiols’ and ‘The thiol-disulphide 

interchange’. 

Jerusalem, May 1974 SAUL PATAI 
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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 Linkage deals with 
reactions in which the C—O—C group is involved, as well as with the 
effects of the C O—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—O—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 no overlap 
between chapters, while at the same time preserving the readability 
of the text. The Editor set himself the goal of attaining reasonable coverage 
with moderate 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. 

IX 



X Preface to the series 

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

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

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

(c) Chapters describing the 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 resonance, 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 Chemistry of the Carbonyl Group, and a 
chapter on Ketenes is included in the volume The Chemistry of Alkenes). 

In 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’ in The Chemistry of the Ether Linkage, 
or ‘Tetraaminoethylenes’ in The Chemistry of the Amino Group. 

This plan entails that the breadth, depth and thought-provoking nature 
of each chapter will differ with the views and inclinations of the author 
and the presentation will necessarily be somewhat uneven. Moreover, 
a serious problem is caused by authors who deliver their manuscript late 
or not at all. In order to overcome this problem at least to some extent, 
it was decided to publish certain volumes in several parts, without giving 
consideration to the originally planned logical order of the chapters. 
If after the appearance of the originally planned 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. 



Preface to the series XI 

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

The Chemistry of Alkenes {published in two volumes) 

The Chemistry of the Carbonyl Group (published in two volumes) 
The Chemistry of the Ether Linkage (published) 

The Chemistry of the Amino Group (published) 

The Chemistry of the Nitro and the Nitroso Group (published in two parts) 

The Chemistry of Carboxylic Acids and Esters (published) 

The Chemistry of the Carbon-Nitrogen Double Bond (published) 

The Chemistry of the Cyano Group (published) 

The Chemistry of Amides (published) 

The Chemistry of the Hydroxyl Group (published in two parts) 

The Chemistry of the Azido Group (published) 

The Chemistry of Acyl Halides (published) 

The Chemistry of the Carbon-Halogen Bond (published in two parts) 

The Chemistry of the Quinonoid Compounds (published in two parts) 

The Chemistry of the Thiol Group (published in two parts) 

The Chemistry of the Carbon-Carbon Triple Bond 

The Chemistry of Amidines and Imidates (in preparation) 

The Chemistry of the Hydrazo, Azo and Azoxy Groups (in preparation) 

The Chemistry of the SO, —SO^, —SO^H and —SO^H Groups 

The Chemistry of the Cyanates and their Thio-derivatives (in preparation) 

The Chemistry of the —PO^H^ 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 
among these is Dr. Arnold Weissberger, whose reassurance and trust 
encouraged me to tackle this task, and who continues to help and advise 
me. The efficient and patient cooperation of several staff-members of the 
Publisher also rendered me invaluable aid (but unfortunately their code 
of ethics does not allow me to thank them by name). Many of my friends 
and colleagues in Israel and overseas helped me in the solution of various 
major and minor matters, and my thanks are due to all of them, especially 
to Professor Z. Rappoport. Carrying out such a long-range project would 
be quite impossible without the non-professional but none the less essential 
participation and partnership of my wife. 

The Hebrew University, 
Jerusalem, Israel 

Saul Patai 
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2 I. G. Csizmadia 

t. PHYSICAL PROPERTIES 

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 I.B to I.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 purpose of this section is to show that there is no fundamental 

difference between corresponding oxygen and sulphur compounds, such as 

alcohols and thiols. Some observed variations that appear to represent 

qualitative changes, in reality only reflect a difference in the magnitude of 
the experimentally observed properties. 

A. Standard States and Relative Energies 

In order to discuss physical measurements that involve energy differences 

(i.e. a transition from one state to 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 

Hartree eV cm-^ kcal 
particle particle particle mole 

Hartree/particle 
eV/particIe 
cm“^/particle 
kcal/mole 

1 
3- 6752 X 10-2 
4- 5563 X 10-« 
1-5931X10-2 

27-210 
1 

1-2398 X 10-^ 
4-3348 X 10-2 

219,470 
8,066-0 

1 
3-4964X102 

627-71 
23-069 

0-00286 
1 

that the Hartree unit is independent of fundamental constants such as 
h, m or e. 

Energy is always measured with respect to a standard state established 
by convention. 

Historically the Thermodynamic Standard State was the first one to be 

established although today it is only used by thermodynamicists. In this 

convention the standard state of a substance is defined as the state as it 

occurs at 25°C and 1 atmosphere pressure, and is arbitrarily set at zero. 
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Molecular energies or 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, 

5 02 + H2 - -> H,0 AHf = -57-11 kcal/mole (1a) 

iSe-l-H, — -> H,S AHf = -4-18 kcal/mole (1b) 

The heats of formation^ cannot be used as a direct measure of stability 

since A//f(H2S) is calculated relative to Hg and Sg. 

The Ai/f values derived in equations (la) and (lb) imply that the two 

H—O bonds in HgO are very much more stable than the bonds in O2 

and H2, while two H—S bonds are only slightly more stable than the bonds 

in the starting materials, Sg and H2. 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 Chemical 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 H2O and H2S but this time, the 

reactants are the separated atoms: 

2H + 0 -^ HjO A£=-216-96 kcal/mole (2a) 

2H-t-S -> HjS A£ =-172-1 kcal/mole (2b) 

These energy differences (which are the sum of the dissociation energies^) 

immediately reveal that chemical bonding will stabilize HgO by about 

45 kcal/mole more than H2S. What can be said about the sum of two 

bonds can also be said about the individual bonds^: 

2 H + 0 
—101-36 

H-O+H 
—116-6 

H^O (3a) 
kcal/mole kcal/mole' 

2 H-l-S 
—81*4 

H-S+H 
—90-7 

H^S (3b) 
kcal/mole kcal/mole 

* Although molecular energies are calculated from SE=S.H-PS.V, 
the work term is usually small and for qualitative comparisons the approxi¬ 
mation AExSH is valid. 
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The limitations of these thermochemical equations must be realized. 

They only state that when HgO or HgS 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, involves a great deal of approximation. The relatively recent 

developments in photoelectron spectroscopy (ESCA) have convincingly 

shown that core electrons are bound to the nucleus to a different 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 Quantum Chemical Standard 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 definition, the unit 
is related to the ground state of the hydrogen atom in such a way that 

-Eh = — i hartree. (4) 

The energetics associated with the formation of HgO and HgS with 
respect to the different standard states are illustrated in Figure 1. 
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The total molecular energy calculated on the quantum chemical scale 
is the sum of the atomic energies, £'atoms> energy of atomization, 
-^dissoo 0-®- th® sum of dissociation energies) and the zero point vibrational 
(ZPV) energy, ^zpy: 

-^total -^atoms -^dissoc -^ZPV 

The energy of an atom is the sum of all of its ionization potentials, 8 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 on 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 form, 

all 
bonds 

^dissoc= S (6) 

The zero point vibration energy (^’zpv) is defined by the following 
equations: 

all 
1 modes 

£zpv(cm“^) = o 2 i^t(cm-i) (7a) 
^ i=i 

^zpv (hartree) = 4-5563 x 10“® £’zpv (cm“^) (7b) 

The experimental vibrational frequencies^-^ and dissociation energies 
reported for HO, HgO, HS and HgS are summarized in Table 2. The 
calculations of the total energies are shown in Table 3 and illustrated in 

Figure 2, 

• ! 

Table 2. Fundamental vibrational frequencies and dissociation energies of 
the hydrides of oxygen and sulphur 

Molecular 
species 

Vibrational frequencies (cm ^) Dissociation energies 
(kcal/mole) 

V2 V3 
D'U 

HO 3735-2 _ — 101-27 — 

H2O 3657-1 1594-8 3755-8 117-97 101-27 
HS 2702 —• — 81-43 — 
H^S 2614-6 1182-7 2627-5 75-21 81-43 
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Table 3. Calculation of molecular total energies'* (£'e) from experimental data 

Energy components HO H^O HS HaS 

Atomic energy 
Atomization energy 
Zero point vibrational 

energy 

-75-6162 
-0-1613 
-0-0085 

-76-1162 
-0-3492 
- 00205 

-399-6977 
-0-1297 
-0-0062 

-400-1977 
-0-2503 
-0-0146 

Total energy -75-7860 -76-4859 -399-8336 -400-4626 

** In Hartree atomic units. 
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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 HgO and HgS are shown in Figure 3 while 
equilibrium bond lengths and bond angles are summarized in Table 4. 

0.0 1.0 2.0 Bohr a.u. 

Figure 3. Bond lengths, bond angles and x,y,z coordinates of H2O and HgS. 

Table 4. Selected bond lengths (re) and bond angles 
(^e) of some simple compounds containing the O—H 

and S—H functional groups 

Bond length or angle X = 0 X = S 

1 r X—H 0-9706 A 1-35 A 
HX-H 0-956 A 1-328 A 

1 LcHgX—H 0-956 A 1-329 A 

fH-X-H 105-2° 92-2° 
L C-X-H 105-9° 100-3° 

When the energy (E) is computed as a function of molecular geometry 
a potential curve E(q), a potential surface E{q^,q^, or a potential hyper¬ 
surface E(qi,q2,q3,..-) is obtained for one, two or more independent 
variables respectively. No experimental potential energy surface 
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^(^shj ^hsh) associated with the geometrical changes in HgS is available 
at this time. In such an energy surface the two independent variables are 

bond-stretch (rgn), involving the symmetrical stretch of both bonds, and 

bond-bend (<;6hsh)> implying an opening (and closing) of the bond angle. 

A potential curve is simply a cross-section of a potential surface. 

Considering HgO and H2S, the potential curves associated with the 

in-plane-inversion® E{(x) of each surface are shown in Figure 4. The two 

Figure 4. Inversion potential energy curves E{oc) of H2O and 

>- 
o q: 
lij 
2 
iij 

ijj 
> 

LU 
q: 

H2S. 

cross-sections along the symmetric stretching mode E{r) of HgO and HgS 
are analogous to those shown in Figure 5. 

The stretching potential can be fairly well represented by the Morse 
function: 

Eir) = exp [ - j8(r - re)]}^ (8) 

where E^ is total energy of the molecule at the equilibrium geometry 

(at the minimum of the potential curve), is the bond energy which is 

the sum of the dissociation energy (Dp) and zero point vibrational energy 
■^ZPV- 

Dq (kcal/mole) = Dq (kcal/mole)-|-0-00286£'2pv (cm~^) (9) 

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

(10) 
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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 (/x): 

V 
J_ 
2tt 

(11) 

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 AF' = hcoi^ (where Wg is v in the 

previous notation) corresponding to the following term scheme, where v 

is the vibrational quantum number: 

(cm-1) = + i)-cugxlv + + if... (12) 
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Table 5. Morse potential parameters for OH and SH radicals 

Parameter (unit) OH SH 

Ee (hartree) -75-7860 -399-8336 
We (cm-^) 3735-2 2702 
We XTe (cm“l) 82-8 60 
•Fzpv (hartree) 0-0085 0-0062 
Do (kcal/mole) 101-27 81-43 
De (kcal/mole) 106-61 85-32 
fj- (Aston mass unit)" 0-948374 0-977325 
k (millidynes/A) 7-791 4-201 
/S (bohr~^) 1-2138 0-9963 
A-e (bohr) 1-8342 2-551 

“ The atomic weights as expressed in Aston mass units were taken from the 
C.R.C. Handbook of Chemistry and Physics, 47th edition, pp. B6, B7 and BIO 
Published by the American Rubber Co., Cleveland, Ohio. 

where and The introduction of correction terms for 
an harmonic motion alters the ZPV energy and the force constant value 
only slightly but has a substantial effect on higher vibrational levels. 

For diatomic molecules there is only one mode of vibrational motion, 

stretching (or contracting) of the bond. For polyatomic molecules con¬ 

taining N atoms there are 3N—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) -•__» >> >■ 
<9 0 

stretching contracting 

O3 

Stretching bending stretching 

symmetric ontisvmmetric 

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

The situation is more complicated for CHg—OH and CHg—SH which 

have 12 vibrational modes of motion. Out of the 12 vibrational modes 

H 

8 are symmetric with respect to the C—X (X = O or S) plane of 

H 
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the molecule and 4 are 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 up as degenerate vibrations*. 

For this reason an appropriate labelling is desirable. Frequencies 

associated with symmetric modes are designated by an unprimed or 

primed symbol v^ or v'. and those corresponding to antisymmetric modes 

are symbolized by a double prime, vj. Sometimes v'. and v" are so close 

that they cannot be resolved and therefore they appear as a doubly 

degenerate mode. This is the case for Vg and v"^ of CHgOH and CHgSH, 

shown in Table 6. 

Table 6. Fundamental vibrational frequencies (cm^^) of methanol and 
methylthiol 

No. X = 0 or S Frequency CH3—0— CHa-S-H" 

1 X-H 3682 2869 
2 C—H V2 2844 2607 
3 CH3 V3 1477 1335 
4 c-x J^4 1034 704 
5\ vn 2977 \ 3010\ 
6/ 

C—H 
v'U 2911 j 3010 J 

7 CH3 1430 1475 
8 CH3 K 1455 1430 

9 CH3 rocking 1056 957 

10 CH3 rocking ^7 1171 1060 

11 XH bending Vs 1340 803 

12 XH twisting 270^ 200(?)‘* 

(cm" 10,856-5 9730-0 

Ezpv (hartree) = 4-5563 x 10 Ezv\ (cm-i) 0-0489 0-0438 

® Taken from G. H. Herzberg, Molecular Spectra and Molecular Structure, 

Vol. II, p. 335. 
Taken from G. H. Herzberg, Molecular Spectra and Molecular Structure, 

Vol. Ill, p. 630. 
<= This frequency is associated with the —OH torsion. The barrier to this internal 

rotation is T07 kcal mole (cf. section I.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/mole) which is 
smaller than that of methanol (cf. footnote c). 

* 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 (£’zpv) which are also included in Table 6. With the 

aid of £'zpv the total molecular energy can be calculated provided the 
dissociation energies are known. For CHg—SH these are; 

CH3-SH -> CH3-i-SH D<')= 73'29 (reference 4) 

CH3 -> CHj-t-H D<"> = 113'04 (reference 4) 

CHj -> CH + H D<’)= 97-58 (reference 4) 

CH -> C+H D'‘'>= 80-05 (reference 6) 

SH -> S+H D<=>= 81-43 (reference 6) 

bonds 

^dissoo = S = 445-39 kcal/mole 
i—1 

— 0-7096 hartree ^ 

Thus the total energy for CHgSH may be calculated from equation (5), 

The energy value and its components are listed in Table 7. The corre¬ 
sponding values for CHg—OH are also included for comparison. 

Table 7. The calculation of the experimental molecular total energy® 
values (£e) for CH3OH and CH3SH 

Components CH3OH CH3SH 

Total atomic energy (£^toras) -114-976 -439-058 
Dissociation energy (E'dissoc) -0-766 -0-710 
Zero-point vibration energy {Ezvv) -0-049 - 0-044 

Experimental total energy (Ee) -115-791 -439-812 

“ In Hartree atomic units. 

Having computed the total energy values (FJ, it may be appropriate 

to compare the stretching potentials of C-S and S-H in methanethiol 

and the corresponding C—O and O—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) to a 

modified chemical standard state where the infinitely separated radicals 

•CHg+ -SH or CHgS- + -H represent the energy zero (FJ. The conversion 
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to this standard state can be achieved by subtracting the energy of the 

separated radicals {E^) from both sides of equation (8): 

AE = E-E^ = E^-E^ + DJI - exp [ - ^(r - re)]}^ 

Since 

and Eq < E^, then 

= E^-Ee 

(14) 

(15) 

A£ = - De + DJI -exp [-^(r-r,W (16) 

and there is no need to calculate the total energy values of the various 

radicals in order to evaluate every E^ for the different dissociation 

reactions. The parameters necessary to plot the Morse potentials for the 

C—S, S—H, C—O and O—H bonds are summarized in Table 8 and 

the shapes of the potential curves are shown in Figure 7. 

BOND LENGTH (BOHR) 

0 5.0 lO.O 

Figure 7. Potential curves for CS, SH, CO and OH. 
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C. Electronic Excitations 

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 and 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 HgO and HgS 

is shown in Figure 8. 

Figure 8. Canonical molecular orbitals of HaS or HaO. 

Inspection of Figure 8 shows that one lone pair (Ip^) and one bonding 

pair (bpi) 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 yz plane. These symmetric orbitals are labelled 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 (Ipg) is antisymmetric 

and is labelled The second bonding pair (bpg) is antisymmetric with 

respect to reflection through the xz plane or rotation about the z axis; 

this orbital is classified b^. It might be added that in the familiar organic 

classification, orbitals and b^ may be called a-orbitals while orbital b^ 
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could be labelled as a tt-MO. The composition of CMO in terms of the 

set of AO is clearly indicated for the 4 valence electron pairs (occupied 

MO) and for the 2 lowest-lying unoccupied (or virtual) MO in Figure 9. 

Figure 9. Four highest occupied and two lowest unoccupied molecular 
orbitals in HgO and HaS. 

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 

(ui,6i,Z?2) is the sequence number of the orbitals in that particular 

representation. The notation is analogous to lor,2CT,3o-..., etc. and the 

orbital labelled with a smaller serial number has a lower (larger negative) 
orbital energy value: £(lai) < e(2ai) < < • • •• 
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(ii) There are more electrons in HgS than in HgO therefore the corre¬ 

sponding orbitals in the valence electron shell have different sequence 

numbers. The equivalence is noted below: 

H^O H2S 

2a, ... ... 4a, 

1 ^2 ... . . . 2i?2 

3a, ... 

1b, .. . ... 2b, 

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

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

1s .la, ' 

2s .2a, 

2pz.3a, (18) 

2px.It), 

2py.1t)2 ^ 

An inspection of Figure 8 will reveal why the three 2p orbitals (i.e. 

Pz, Px and py) have dilferent symmetry properties {a-^, and b^. More 

important is the fact that these three molecular orbitals \b^ and \b^ 

are not pure atomic orbitals {2p^, 2p^ and '2p^ because their energy 

values are dilferent (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 HgS are higher on the orbital energy scale than 

the corresponding orbitals for H2O (cf. equation 17). This means that the 

valence electrons of HgS are ‘looser’ and consequently more readily 

available than those of HgO. 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 the lowest orbitals is 

occupied by a pair of electrons. These electronic configurations for HoO 
and HgS may be written as follows: 

H,0: 

HjS: (1a,)^(2a,)»(3a,)^(1t),)^(1t),)^ (4a,)'(2t),)^(5a,)^(26,)^ 

•<-atomic core -valence electrons 

(19) 

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 the 
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following change in the electronic configuration: 

H^O: ...0b,n3a,y0b,r —...(1M^(3a,r(1t),)’(4a,)' ■] 

H,S: ...(2b,Y(5a,r{2b,r — -' ...{2b,n5a,y(2b,y(ba,y } 

where AE is the corresponding excitation energy observed in the form of 

an absorption spectrum. The excitation energies (A£') for HgO and HgS 

are illustrated in Figure 11 and the actual spectra'^-® of HgS and CHgSH 

are shown in Figure 12, 

Figure 11. Ground and excited electron configurations in H2O and HgS, 

Although Figure 12 includes the absorption spectrum of CHgSH, a 

discussion of the excitation pattern of this compound will only be given 

in section III.B. It is clear however that substitution of sulphur for 

oxygen in RXH causes a larger shift towards low energy absorption than 

substitution of H by CHg is capable of causing. This is also illustrated 

2 
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Figure 12. Absorption spectra of H2S and CH3SH. 

in Table 9. The spectral shift in ROH, when R = H is changed to 
R = CH3, has also been noticed^ 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,0 H S 
and CH3SH “ ’ 

Molecule Excitation energy (Af) Wavelength 

_eV cm-i A (A) 

6-87 53,800 i860 
H S—H 4-59 37,000 2700 

CH3 S H 4-46 36,000 2780 

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-»T01 A and T35->T44 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 

HgS, the bond angle is 180°. The theoretical conformational analysis of 

the low-lying excited states of CHgSH will be discussed in section III.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): 

M" — M —^ M+ (21) 

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: 

ipi- 

EA- 
M- 

IP- 

M 
IP IP+ 

EA EA + EA» + 
±. M“ + ... (22) 

EA- = -IP=- 

EA = -IP- 

EA+ = -IP 
(23) 

EA‘'+ = -IP + 

: 

IP and EA values may be calculated from the heats of formation 

(A//5) 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^. It may be noted that the IP of the sulphur species are always 

lower than the corresponding IP of the oxygen species because the valence 
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electrons in sulphur experience a smaller effective nuclear charge than the 
valence electrons of oxygen. 

The heats of formation for species containing the OH or SH groups 

are given in Table 11 and the corresponding IP and EA values are 

summarized in Table 12. A number of conclusions may be drawn from 

Table 11. Heats of formation® (A/f®) of selected oxygen- 
and sulphur-containing neutral and charged species 

Charge o OH H-OH CHs—OH 

+ 1 372-555*- 313-35® 233-8F 203-38^ 
0 SS-SSb® 9-29 -57-10® -48-08® 

-1 25-2® -32-9® -77-86*' 7 

Charge S SH H-SH CH3-SH 

293-586'' 276" 235" 212-32^ 
0 53-25® 34-4® -4-81® -5-46® 

-1 5-70*' -25-58*' 7 7 

“ In kcal/mole. 
^ Reference 10. * 
® Reference 11. j ■ -.i; 

Reference 12. j 
® Reference 13. . ; 
^ Calculated from the IP and A//p of the corresponding neutral molecule. The IP 

value was taken from reference 1. ? 
® Calculated from the EA and of the corresponding neutral molecule. The 

EA value was taken from reference 1. ^ 
. ' t 

1 ' 

Table 12. Ionization potentials (IP) 
and electron affinities (EA) “of - . 
selected oxygen- and sulphur- 

containing species . 

Species IP EA 

kcal/mole 

0 313-97 -33-39 
OH 304-06 -42-19 
H2O 290-91 -20-76 
CH3OH 251-46 7 

S 240-34 -47-55 
SH 241-60 -59-98 
H3S 239-81 7 

CHgSH 217-78 7 

® The values were calculated as difference in heats of formation. The corresponding 
heats of formation values are summarized in Table 11. 
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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 

peater 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 
O atom. These points are clearly illustrated in Figure 13. 

The ions generated 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 the six species involved are presented 
in Figure 14. ^ « 
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Table 13. Heats of formation® and spectroscopic constants'" of HO, HS and 
their ions 

HO- HO HO+ 

We (cm-1) 3735 ± 560 3735-21 2955 
We Xe (cm-i) 74-7 82-81 74 
re (A) 0-9702 0-9706 1-0289 
A//? (kcal/mole) - 32-9 ± 1-0 9-290 ±0-3 + 313-3 + 2-5 
Do (kcal/mole) 107-6 101-27 114-5 
Eo (hartree) -75-8434 -75-7860 -75-2999 

HS- HS + 

We (cm-^) (2702) 2702 (2130) 
We Xe (cm-^) — 60 — 

re (A) (1-33) 1-3397 (1-4) 
A//f° (Kcal/mole) -25-58 + 34-4 ±4 + 276- 
Do (Kcal/mole) 87-6T 81-43 64-6 
Ee (hartree) -399-9229 -339-8336 -399-4475 

“ Taken from Table 11. 
Taken from references 2, 3, 6 and 14. 

* Estimated from the following cycle: + (EA^® — EA®) = 5-53 + 
(2-60-2-33) = 3-80 eV87-67 kcal/mole. 

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. The vertical ionization potential is always higher 

than the adiabatic ionization potential (IPJ while a vertical electron 

capture involves a smaller electron affinity than that of the 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 

longer. 

The localization of the electron removed by ionization or gained by 

electron capture is frequently a matter of some controversy. It is quite 

reasonable to assume that the incoming electron, in 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 other hand, the ionization 

process is much more complicated. It 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 energies then the 

more tightly bound electrons, corresponding to the lower energy MO, may 

be removed to yield the corresponding molecule-ion. It should be noted, 
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BOND LENGTH (BOHR) 

Figure 14. Morse potentials for OH, SH and their ions. 

however, that while the former molecule-ion represents 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. HgS) and the radical ion (e.g. H2S+) have their own excited state 

manifolds (cf. Figure 11 for H2S) but only the first excited states of H2S 

are shown m Figure 15. Electronic excitations, associated with transitions 

within either one of these manifolds, occur within the visible, u.v. or far 

u.v. range. On the other hand, the ionization energy begins somewhere 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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Figure 15. Molecular orbitals involved in electronic excitation and ionization 
processes in H2S. 

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 energy ionization potentials vary with the chemical 

environment. 
To use HgS as an example, the two non-equivalent lone pairs corre¬ 

sponding to the CMO 26i(77-lone pair) S^iCa-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 molecule (HgS) are summarized in Figure 16. 

The spectra associated with the first two transitions^®: and 

are combined in Figure 17. The ionization energies^® associated 

Figure 16. Ground and excited state energy levels involved in electronic 
excitation and ionization processes in HgS. 

with the first three states and of H^O, H^S and H^Se are 

summarized in Table 14. However the emission spectrum^’ for HoS^ 

associated with the transition will not be discussed here at 
length. Its energetics are clearly indicated however in Figure 16. 

The photoelectron spectrum of CHgSH has not been studied in as much 

detail as the ionization spectrum of H^S. This is understandable because 

CHgSH is much more complicated than HgS. In the case of HoS the 

first two ionizations (cf. Figures 15, 16 and 17) are associated with the 
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removal of an electron from one or the other of the non-equivalent lone 

pairs, and only the third ionization (removal of an electron from the 

62-type MO) was related to the two SH bonds, according to Figure 9 and 

Figure 17. The and photoelectron band system of HaS 
using the helium 584 A line. In the ^Ai ^ ^Ai transition the second (i.e. 
bending) vibrational quantum numbers associated with the ionized upper 

state (^Ai) are designated 

Table 14. In the case of CHgSH several bonding electrons fall in the low 

energy ionization potential range^®, as illustrated by Figure 18. 

Table 14. Adiabatic ionization energies® of HaX 
as measured from photoelectron spectra (X = 0, 

S or Se) 

HaX+^-HaX HaO HaS HaSe 

2Bi ^ lAi 12-61 10-43 9-93 
2Ai ^ ^Ai 13-70 12-81 12-17 
^Ba^^Ai 17-22 14-79 13-61 

In eV. 
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Unfortunately the photoelectron spectrum of CHgSH in the high energy 

range is not available; its ionization potential®, associated with the 
sulphur 2p electron, is 162-7 eV. 

IONIZATION POTENTIAL(eV) 

Figure 18. The photoelectron spectra of CH3SH. 

£. Proton Affinities, Hydrogen Affinities and Hydride Affinities 

The most obvious species to include in a systematic study of molecular 

affinities are H+, H and H~, Consequently the proton affinity (/4h+)» 
hydrogen affinity (Tg) and hydride affinity (zljj-) may be defined in the 

following way, where M may be any (charged or uncharged) species: 

M+H+ - » MH+ ) 

M + H -> MH I (24) 

M + H- —mH- J 
These affinities may then be calculated from the corresponding heats of 
formation (AHj): 

Th+ = A//o(MH+)-{A770(M) + A//o(H+)} 

= Ai70(MH)-{A//o(M) + A//o(H)} 

= A//o(MH-)-{A//o(M) = A7yo(H-)} 

The heats of formation (A/f?) of some selected oxygen and sulphur 

compounds are summarized in Table 15. The corresponding proton, 
hydrogen and hydride affinities are listed in Table 16. 

It is significant that hardly any and 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 electrons in the RSH^ and RSH- systems. The situation is 
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Table 15. Heats of formation (AH®)®-'’ of selected oxygen- and sulphur- 
containing neutral and charged species' 

Species X; 0+ O OH H—OH CHs—OH 

X 372-555 58-586 9-29 -57-10 -48-08 
XH+ ? 313-35 233-81 144-1 142-16 
XH 313-35 9-29 -57-10 7 7 

XH- 9-29 -32-9 -77-86 7 7 

Species X; S+ S SH H—SH CH3-SH 

X 293-586 53-25 34-4 -4-81 -5-46 
XH+ 7 276- 235- 182-43 170- 
XH 276- 34-4 -4-81 7 7 

XH- 34-4 -25-58 7 7 7 

a 

& 

c 

kcal/mole. 
Values were taken from references 1, 10, 11, 12 and 13. 
A^?(H+) = 365-236; = 51-631; = 34-2. 

Table 16. Proton affinities (Ab.+), hydrogen affinities 
(Au) and hydride affinities (^h-) “ of selected sulphur- 

and oxygen-containing compounds 

Species Ah+ An An- 

0+ — -110-8 -329-1 
0 -110-5 -110-9 -125-7 
OH -140-7 -118-0 -121-4 
H3O -164-0*’ — — 
CH3OH -175-0 — — 

Species ^H+ An An- 

S+ _ -69-2 -293-4 
s -142-5 -70-5 -113-0 
SH -164-6 -90-8 — 

H3S -178 0'’ — — 

CH3SH -189-8 — — 

“ In kcal/mole. 
^ Taken from reference 20. 
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somewhat simpler in 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 geometry. This is illustrated in Figure 19. 

9 9 

R- H 

V - 
or R-S'"--’ 

H H 

Figure 19. Probable conformations of RSHJ, RSHg and RSHr. 

It is even more difficult to be decisive about the neutral RSHg species. 

Since it may be generated by ionization of RSH^ or by electron capture 
of RSH+, 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, it may be appropriate to consider 
successive protonations, for example: 

RS- 
H + 

Ah+(RS~) 
RSH 

H+ 
AH+(ESm 

The relevant data are summarized in Table 17. 

RSHj (26a) 

Table 17. Proton affinity values® 
(kcal/mole) of some oxygen- and 

sulphur-containing species 

R = H R = CH3 

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

ROH -164 -175 
RSH -178 -190 

the following range is generally applicable for neutral molecules 
(M) and mononegative ion (M“); 

-100 kcal/mole < z(h+(M) < - 250 kcal/mole 

- 300 kcal/mole < ^h+(M-) < - 450 kcal/mole 

On inspection, the proton affinities observed for oxygen and sulphur 
compounds (ROH and RSH) as well as those of their anions (RQ- 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 basicity 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): 

RSH 

H + + RSH 

gas phase acidity 

—Ag-|-(RS ) 

gas phase basicity 

Ah+(ESH) ^ 

^ RS- + H- 

rsh: 

(27) 

The energetics of equation (27) are illustrated in Figure 20 for the cases 

of HgO and HgS. From Figure 20 and the data in Table 17 it must be 
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Gas Phase 
Acidity 
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- HgS-l-H®- 

Gas Phase 
Basicity 

A^^(H2S) 

Figure 20. Relationship between proton affinity, Ab.+, gas phase acidity and 
basicity for HgS and H2O. 
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concluded that RSH compounds are more acidic and more basic in the 
gas phase than the corresponding oxygen analogues*. 

It should be pointed out that protonation almost always (even in the 
case of CH4) lowers the energy of the system, that is, the calculated 
proton affinity is negative. (Consequently deprotonation 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 
^Ivation 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 affinity to other 
parameters such as dissociation energy (D^) and ionization potential (IP). 
Ihis can most conveniently be done in terms of thermochemical cycles 
such as the following for RSH: 

RS-+H+ ^ 
EA(RS) 

_(4H+fES“) 

RSH 
i>o(ESH) 

RS+e- + H + 

IP(H) 

RS+H 

(28) 

™ (28) for H,0 and H,S are summarized 
in Table 18 and those of the corresponding Morse potentials associated 
with tree radical and ionic dissociation 

RS-^H RS + H 

11 Ajj-f(RS ) j 
RS-H -^ RS~ + H"'' 

(29) 

FilurelT^^'* potentials are shown in 

deprot“n’’proc2se“‘“ ™ Pto'onation- 
+H + RX- ^ 

-H + 
RXH RXH+ 

rather than the traditionally considered related acid-base processes: 
+H + 

RX- — 
-H + 

RXH 

baS'^of statement, concerning the relative gas-phase acidity 
and basicity of RSH compounds with respect to ROH, is not contradictory^ 
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Table 18. Calculation of proton affinities 
(^H+) from dissociation energies (Do), 

ionization potentials (IP) and electron 
affinities (EA) for HO~ and HS“ 

35 

X = 0 X = S 

Do (HX-H) 115-6 90-7 

IP (H) 313-9 313-9 

EA (HX) -42-2 -60-0 

An+ (HX-) -387-3 -344-6 

Table 19. Morse potential parameters for the free radical and ionic 
dissociation of HgS 

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

jx (Aston unit)® 0-49609 0-49609 

re (A) 1-328 1-328 

oje (cm-^)'’ 2627-5 2627-5 

E7.PV (hartree)® 0-00599 0-00599 

Eo (hartree) -400-4626 -400-4626 

Do (kcal/mole) 90-7 344-6 

De (kcal/mole)"^ 90-71 344-61 

iS(A-^)® 1-2663 0-6497 

“ l/jL6 = (2//77h) + (1/Ws)- 
^ k = (iTTOJe)^ jU,. 
® Ezpv (cm“^) = i<^e (cm ^). 

Z)e (kcal/mole) = Z)q (kcal/mole) + 0 00286£'zpv (cm~^). 

« ^ = V(^/2^e). 

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): 

r-sC~T^h'^ > RSH2+ (30) 
H 

while in the case of hydride attack, sulphur acts as an electrophile (Lewis 

acid); 

H 
> RSHJ (31) 
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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+ 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 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 nttdeophilic substitution on divalent sulphur, it is quite 

atte rilt (ba^) take Xce at the relatively acidic proton of the thiol group of mercaptans : 

RS—H^:H' RS“ + 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 a: y z co¬ 
ordinates of all the atoms) are specified, more than one conformation can 
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often be written. For example methanethiol can exist in two forms: 

H 

H' 
t.C—S H..C-S 

H 

H 

Staggered (S) CH3SH Eclipsed (E) CH3SH 

(33) 

Only the staggered arrangement is stable but it is possible to change this 
structure to the transient eclipsed structure by rotating the SH group about 
the C—S bond. This mode of motion is associated with the vibrational 
frequency Vg given in Table 6. 

H 
\ e 

H 

S 
\ 

H 

Va 
H H 
\ / 

H" 
,.C-S 

1 
H 

> 
H 
\ 
,vC-S 

H" I ' 
H 

\ 
H 

S E S 

(34) 

Note that no bond length or bond angle has been formally altered in going 
from one conformation to another; only the angle {6) of internal rotation 
(or C—S torsion or SH twist) has been changed. 

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

H 

H 

\ 
vC-ttS 

1 V-x 
H H 

H 
\ 

H" 1 V 
H 9 

L 

H <f> 

E 

(35) 

The energetics of these two modes of motion, described by equations (34) 
and (35), may be characterized by two separate potential energy curves 
E(6) and £'(</>) respectively, illustrated in Figure 22. The experimentally 
determined barrier height^i for the rotational potential E(9) is in the 
range22 1-06-1-46 kcal/mole 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 CH3OH but the corresponding value for CH3SH 

is probably higher, as may be judged from the Vg values (cf. Table 6) sa 
well as the barriers shown for HgO and HgS 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 (0) 

Figure 22. Potential energy curves for (a) C—S torsion and (b) C—S H 
in-plane-inversion in CH3SH. 

m-plane inversion. The equilibrium bond angles about the sulphur 
and oxygen atoms for some simple representative compounds are 
summarized m 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 6 and ^ yields a 
potential surface E{d,<j)). The two cross-sections of that surface E(d) 

and E{<j,), correspond to the two potential curves shown in Figure 22 
For molecules larger than CH3-SH there are several barriers to rotation. 

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

H 

S 
\ 

H 

(36) 

If the two independent rotational modes of motion are labelled as 
and ^2 then an energy surface E{9i^, d^) is generated, having cross-sections 
E(d-^) and £(^2) which will exhibit the characteristic barrier height. A 
segment of such a surface is illustrated schematically in Figure 23. When 

Figure 23, Potential energy surface for two rotational modes in CH3CH2SH. 
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the two potential curves £{6-,) and £{6^) meet'at their maxima there is a 
maximum point on the surface and when they meet at their minima there 
is a minimum point on the surface. However, when the two potential 
curves meet in such a way that one is at its maximum while the other is at 
its rninimum, 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 CH3CH2SH in Figure 23. 

It is seen from structure (36) that methyl rotation {9^) will produce a 
three-fold barrier similarly to that shown in Figure 22a, but that —SH 
rotation (0j) will necessarily yield a two-fold barrier. This represents a 
potential curve where £'(0°-»180°) is the same as F(360°-> 180°); or 
more precisely, F(180-a) = £'(180 + a). The combination of a two-fold 
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Figure 24. Spatial arrangement of the six segments of the confnrm«fmn^i 

energy surface of a double rotor. (The minimum is L^na ed b^a dot and 
he low minimum is specified by a circled dot. The singly shaded area iTdlZs 

the low maximum while the doubly shaded area shows the region of the 
high maximum.) 

and a threc^ld barriar implies a surface in which the segment shown in 
Figure 23 .s repeated six times. The spatial arrangement of the six 
segments of the full surface is illustrated in Figure 24. 

measured barrier heights^^ for some simple ROH 
and KbH compounds are summarized in Table 20. 
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Table 20. Experimental barriers® to rotation for simple 
ROH and RSH compounds 

Species Rotational 
angle** 

Barrier to rotation 

0
 II 

X
 X = s 

CH3—XH e 1-07 1-27 
CH3CH2—XH 01 0-8 1-64 

CH3—CHaXH 0. 0-77 3-31 

“ Values were taken from reference 22 and are given in kcal/mole. 
* Variable used in Figures 22-24. 

G. Dipole Moment 

Dipole moment is a quantity that measures charge separation and is 
defined as the mathematical product of the net charge (S) and the distance 
between the charges (§4- and S —): 

8- 8 + 

S-H (37) 

- r -^ 

■;I=18|7 (38) 

Since r is a vectorial quantity, whose direction is established by convention, 
fi will be a vector as well. In the definition of the chemical dipole moment, 

r points from the positive charge to the negative charge and the dipole 
moment vector points in the same direction. In the physical dipole moment 

the vector points in the opposite direction. 

chemical 
^ dipole 

(8-)S - H(8+) (39) 
-•> 

physical 
dipole 

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: 

0 
1 bohr 

0-52917 A 0 
/x| = |8|x|r| = 1x1 bohr 

= (4-80x10-"’esu)x(0-52917X10cm) 

= 2-54X10”'' esu.cm 

= 2-54 Debye 

(40) 
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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 25a. Using ordinary plane trigonometry 

(b) 

S^s=2t^s’C0s(V2) 

Figure 25. (a) Positive and negative centres of charge in HgS. (b) Resolution 
of the overall dipole moment 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, CH3OH, HSH and 

CHgSH are shown in Figure 26. Unfortunately only the absolute value 

(1-26 Debye) of the dipole moment of CHgSH is known^^ 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 CHg for H hardly affects the dipole moment.’ 

Secondly, there appears to be no fundamental difference between H,0 and 
HgS or CHgOH and CHgSH. ^ 
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/ H8+ 

I pi = 1.26 Debye 

Figure 26. Dipole moments of HaO, HaS, CH3OH and CH3SH. 

H. Concluding Remarks 

In the preceding sections it has been shown that the differences in the 

physical properties of corresponding hydroxyl 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 are 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 about the S atom are 

higher in comparison to those of the corresponding oxygen compounds; 

on the other hand, the 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 there is no fundamental 

difference between analogous oxygen and sulphur compounds, such as 

alcohols and thiols. If so, then the observed differences are only in magnitude 

and do not arise from a qualitative change. 
The fact that divalent sulphur undergoes many reactions which are 

unknown for the oxygen 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; 

/ \ A (41a) 

Os o'O 
(41b) 

At first sight, this appears to be a ‘fundamental’ difference. However, 

it is not unreasonable to assume that this apparent discrepancy arises 

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

moiety is relatively unstable with respect to the group and 

therefore cannot be synthesized or even detected as an intermediate 
species m some reactions. 

The notion of d orbital participation has frequently been involved in 

order to explain observed differences between oxygen and sulphur com¬ 

pounds. It wi 1 be shown (section II.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’. 

II. I MtOKY 

In this part some fundamental concepts of Quantum Chemistry will be 

Hartree-Fock (HF) or non-empirical 

Pivfn discussed in detail. Special emphasis will be 
g n to the types and sizes of basis sets used in modern ab initio compu¬ 

tations. It will be shown in the subsequent section (D) how this theory 

S to calculate physical properties, outlined in Part I, associated 
with he ground, ionized or excited states of thiols and related compounds 

of LMO rtrtn mathematical equivalence 
of LMO and CMO (canonical molecular orbitals) obtained from the 

s^ectoE'' ^ completely delocalized form will be presented in 

Finally, the role of polarizing functions (e.g. 3d AO on sulphur) is 

chscussed (section F). It will be shown that these polari.in, functions 

{d,fg,...) have mathematical significance because they are members of a 
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complete set. However, when calculations are performed with and without 

d-orbitals through an arbitrary truncation one cannot attribute the difference 

observed between two incomplete basis sets to the chemical significance of 

d-orbitals. 

A. The Schrodinger Equation and the Variation Theorem 

Just as a chemical structure uniquely defines the chemical system in 

question (e.g. CH3SH) for an experimentalist, so does the Hamiltonian 

operator for a theoretician. 

The total Hamiltonian operator (H) 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 (H^) 

and nuclear (H^) contributions which in turn consist of kinetic and 

potential energy terms: 

H=H^ + H^ = Hlin + Hlot + Hlin + Hlot (42) 

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 {Ru) 

are constant: 
all 

nuclear 
pairs ZjZr 

■^Dot = S == constant (43) 
i,J Rij 

H^^^ is a constant for one particular molecular geometry; however, 

a conformational change will yield another value for ^p^f 

Zj and Zj are the atomic numbers for nuclei / and J. Since the nuclear 

Hamiltonian (H^) is already defined to be a constant, as a consequence of 

the Born-Oppenheimer approximation, therefore our primary concern is 

£n _ ffn = constant (44) 

the calculation of the electronic energy (E^) because the total energy 

(E^) of the system is given by the sum of the nuclear repulsion (E^) and 

the electron attraction (E^): 

E^ = E^-{-E^ (45) 

However, the calculation of the electronic energy (E^) is much more 

complicated than that of the nuclear repulsion energy (£“) specified by 

equations (43) and (44). To calculate the electronic energy (£■«) one needs 
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to solve the Schrodinger equation characteristic of the chemical system 
(such as CH3SH) in question: 

The electronic Schrodinger equation (equation 46) describes the 

distribution of all the electrons (26 in the case of CH3SH) in the field of 

all the nuclei (e.g. and 4 !!■*■) that constitute the chemical system. 

Consequently the Hamiltonian operator {H^) includes all electrons and 
their interactions with all the nuclei: 

11 
, , all electron 

^ eleotoons/ ^^^^nu^ei^X^ 

\ ^ 7=1 TjJ ^ - li,v JiV 

(47a) 

(47b) 

all 
electrons 

= 2 + 
(1=1 

all 
electron 

pairs 

(iv 
/i,v 

(47c) 

In equation (47b) the first term (S-^Vp corresponds to the kinetic 

energy and the last two are the overall potential energy components. 

The first of these, is the nuclear-electron attraction and the 

last term, (2 1/r^J, corresponds to the electron-electron repulsion. The 

combination of the first two terms into 2 is practical because this is 

frequently referred to as a one-electron operator yielding the so-called 

one-electron energy (^) and the last term (2g^^) is a two-electron 

operator associated with the two-electron energy (£"2). Consequently the 
electronic energy (£e) ^ay be written as follows: 

— -£1 + ^2 (48) 

Since the nuclear repulsion term (£^) is associated with a ‘no-electron 

operator’ (equations 43 and 44) it may be labelled by E^. Correspondingly, 

the total energy of the system (equation 45) may be written as follows: 

E^ = E,+E^^E^ I 

= £0+^1 “++^2 1 
Since the electronic Hamiltonian is a many-electron operator which 

describes the interactions of all the electrons, the same applies to the total 
electronic energy £®: 

E- = E\\,2,...) 

^^ = ^6(1,2,...) 

(50) 
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The electronic wavefunction T"®, which is obtained as the solution of 

the Schrodinger equation, (46), is a many-electron wavefunction which 

depends on the 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 T*® 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: 

xpe =^e 
arbitrary ^ a > T® 

C'e — Fe 
arbitrary a > £® 

(51) 

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 variational theorem 

is carried out on the integrated form of the Schrodinger equation: 

fF|(l,2,...)^®(l,2,...)T|(l,2,...)dridT2..._<T||J^®iT|> 

J-T®(l,2,...)T*|(l,2,...)dr,dT2... - Ci'my 
(52a) 

This is simplified if the wavefunction is normalized so that the denominator 

of (52a) is unity: 

= (52b) 

This minimization of means the difierentiation of both sides of 

equation (52) with respect to some internal variable in T*!. This procedure, 

however, requires an explicit knowledge of the construction of function 
Xfe 
^ a* 

B. The Principles of Constructing Many-electron Wavefunctions 

The Schrodinger equation has, at 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: 

^(1,2,...)'F.(1,2,...)=.£„(1,2,...)>F„(I,2,...) (53) 

The most convenient way to construct T„ is to write as a linear 
combination of electronic configurations 

(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 
HgO and HgS was given in equation (19) and the generation of the first 
excited configurations for H^O and H^S was described in equation (20). 
These electronic 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 H2S+ 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 which is different 
from that of any other state. For example, consider the ground and first 
excited states: 

...) — aQo0„(l,2, •••) + ^oi^i(l>2,...) + ... 

'f*i(l»2,...) = aiod>o(l>2, •••)+^u^i(l,2,...) + ... 

(55) 

(56) 

The leading coefficient for the ground state, (55) is (all the others are 
much smaller) while the largest coefficient for the first excited state, (56) 
IS flu. The comspondmg configurations 4)„ and are those illustrated 
m equahons (19) and (20) respectively. This method of expansion is 
frequently referred to as Configuration Interaction (Cl)*. 

This expansion of an unknown wavefunction such as T in terms of a 
set of known functions such as O is the most powerful method of con¬ 
structing wavefunctions because the coefficients of the linear combinations 
( ) can be varied within the framework of the variation theorem 

the infi complete (i.e. the summation is over 
the infinite possible terms m equation 54), the solution T is the exact 
wavefunction which yields the exact energy 
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It would be tempting to assume that when the summation in equation 
(54) involves infinite terms then the calculated energy, (EJ, will be 
numerically equal to 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) Cl wavefunction yields a limiting 
value of the calculated property. This limit is usually referred to as the 
Non-Relativistic Limit (NRL). The difference in energy between the 
experimental energy (Fgxp) the energy computed at the non-relativistic 
limit (Fj^rl) is called the relativistic correction (j^rei): 

■^exp -^NRL T -^rel 

The relativistic energy (F'rei) is zero for hydrogen and relatively small 
for the light elements: Fjei(C) = -0-0138 hartree and F’pei(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 ■^rel is the fact that, to a 
high degree of approximation, the relativistic correction remains constant 
during a chemical reaction. Consequently, the molecular relativistic 
energy (F^“f') may be calculated simply as the sum of the atomic relativistic 
energies 

all 
atoms 
S (58) 
i 

For H2O, HgS, CH3OH and CHgSH the calculation is particularly simple 
because -^rel of hydrogen is zero: 

£■1120 — —0-0494 = —0-0494 hartree \ 

£H2S = — 1 -0530 = — 1 -0530 hartree 
) (59) 

£CH30h = —0-0494—0-0138 = —0-0632 hartree j 

£CH3SH = -1.0530 - 0-0138 = -1 -0668 hartree j 

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

To(1,2,3,...) = S«ov<I>v0.2,3,...) (60) 
V 

As shown in equation (55), from this large (in theory infinite) number of 
electronic configuration functions <E>^, there is one configuration Og which 
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occurs with the heaviest weight and this is often used as a reasonably 
good approximation to Y,,: 

%(l,2,3,...)~a>o(l,2,3,...) (61) 

If the expansion is thus truncated then the calculated properties will 
approach another limit which is normally referred to as the Hartree- 

Fock Limit (HFL). The energy value computed at the Hartree-Fock 
limit (Fjjfl) is higher than that obtained for the non-relativistic limit 

■^NRL<^HFL (62) 

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

-^NRL = -^HFL+^cor (63) 

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

■^HFL = ^ I 

On the other hand, if the complete (i.e. infinite) Cl expansion of the 
ground state wavefunction (Tnrl) could be generated according to 
equation (54) then the energy at the NRL which is the sum of 

^cor> (63), could be calculated: 

i'NRL = 11'!'?“> (65) 

Consequently a limited Cl expansion yields an energy lower than 
but not as low as £'nrl- Since Cl expansions are still very much under 
mvesfigation it would be unwise at this time to use this method to study 
c emical systems as large as CHgSH. Consequently attention will be 
focused on the Hartree-Fock limit. 

The correlation energy that separates E^^^ from E^^^, (63), is 
associated with the elecffon pairing that exists in 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 values for C and O atoms are -0-1581 
and -0-2575 hartree respectively, while E,,, for sulphur is correspondingly 
greater (-0-6400). If one calculates E^^^ according to equation (64) 

* In other words Fnel is a larger negative number than .Erfl. Since both 
of these numbers are negative we might say that | 1 > | Frfl |. 
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then by combining equations (57) and (63) the total energy may be obtained 
as the sum of the three components: 

^exp — -^HFL + -^cor + -^rel (66) 

Values of (in Hartree atomic units) for H, C, O and S atoms are: 

^exp (H) 

■^exp (Q 
^exp (O) 

^exp (S) 

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

all 
electrons 

^txp“ = S IP (0 (68) 
i 

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

all 
atoms 

S (69) 
i 

■0-5000 =-0-5000 

-37-6886-0-1581-0-0138 =-37-8605 

•74-8093-0-2575-0-0494 =-75-1162 

■397-5047-0-6400-1-0530 = -399-1977 

(67) 

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 HgS from S + 2 H. The electronic con¬ 
figurations of the sulphur and hydrogen atoms are: 

Sulphur (ls)2 (2s)2 (2p)6 (3s)2 (3p)^ ) 
(70) 

Hydrogen (Is)^ ) 

According to Hund’s rule, the electronic ground configuration of 
sulphur implies that three electrons occupy the trio of 3p orbitals 

{^PyY 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 HgS is 

formed: 

H. 
+ :s: 

H. 

(71) 

3 
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Thus when the molecule is formed two new electron pairs are created, 
which are therefore responsible for the inequality (69). If an average value 
for the correlation energy correction (A^bo^d) associated with each bond 
formed can be assigned, then the inequality (69) can be converted to an 
approximate equality (72) provided the number {n) of new electron pairs 
(i.e. new bonds) formed is known; 

au 

(72) 

(73) 

(74) 

Substituting an average value for the bond correlation energy 

A£bond ^ _ 0.065 hartree 

into equation (72) for the case of HgS, 

Efoi = -0-6400-2 X 0-065 = -0-770 hartree 

Now that the relativistic correction, (59), the correlation energy, (74) 

energy (cf. equation 5 and Table 3) are known’ 
the HFL for HgS can be calculated: 

- (^cTr' + E^^) (75) 

-^HFL = -400-4626-(-0-770-1-053) = -398-640 (76) 

•Die calculations of for HO, HS, H,0 and H,S are summarized 

ru cu components of the total energies of CH.OH and 
CH3SH are given in Table 22. 

Table 21. Estimation of the Hartree-Fock limit for HO, H^O, HS and H^S 

Component HO H2O HS H2S 

Hartree-Fock energy (Fhpl) 
Correlation energy (Fcor)" 
Relativistic energy (F'rei) 

-75-414 
-0-323 
-0-049 

- 76-049 
-0-388 
-0-049 

-398-076 
-0-705 
-1-053 

-398-640 
-0-770 
-1-053 

Experimental energy (Eexp)" -75-786 -76-486 -399-834 -400-463 
“ Taken from Table 3. -- 
'' Taken from Table 7. 

The wavefunction 0^ specified in equation (61), which is capable of 
reproducing the HFL, should now be considered This many-dec^^^^^^^ 
unction IS constructed from one-electron space functions dhich are 

atomic orbitals (AO) m the case of an atom and molecular orbitals (MO) 
m the case of a molecule. Due to the fact that electrons are indistinguish¬ 
able, the proper form of 0, must be a determinant, as shown by Skater 
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Table 22. The breakdown of the experimental energy of 
CH3OH and CHgSH into theoretical components 

Component CH3OH CH3SH 

Hartree-Fock energy (Fhfl) -115-127 -437-762 
Correlation energy (EcoiY -0-602 -0-984 
Relativistic energy (Frei) -0-063 -1-067 

Experimental energy (EexpY -115-791 -439-813 

“ The value of « was calculated for CH3OH 
and also used for CH3SH. 

** Taken from Table 7. 

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

a)o(l,2,3,...,2M) = l/V(2M)! 

U^) oc(2) U2) i3(2) ... <^m(2) «(2) ^m(2) ^(2) 
X 

<f>^{2M)a{2M) </.i(2M)/S(2M) ... <^^^(2M)a(2M) .^^(2M)^(2M) 

(77) 

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

(I)o(l,2,...,2M) 

-Det|<^i(l)o(l) - 4>Mi^M-\)a{2M-\) cf>j^{2M)Pi2M) 

(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, ...,2M) and the spin functions a and 
Writing for the spatial orbital corresponding to a spin and 0^,, for the 

same orbital corresponding to ^ spin, 

^0 — Det 101 1 

This expression can be further abbreviated by emphasizing the double 
occupancy of the orbitals in such a way that 0^ 0^ is replaced by i<f>p)^ 

(80) 
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This general expression is equivalent to the formal specification of the 
electronic configurations for HgO and HgS given in equation (19). 

In the Cl method the unknown many-electron wavefunction were 
obtained as linear combinations of known many-electron functions 
and the unknown one-electron functions or molecular orbitals (MO), 
can be obtained by an analogous approach. These unknown delocalized 
MO {^p) are normally obtained as linear combinations (LC) of sets of 
known localized functions Historically, these known one-electron 
functions were atomic orbitals (AO), hence the abbreviation LCAO- 
MO has been coined: 

N 

~ S Cpj^ (81) 
i=l 

A set of 7] is usually referred to as the basis set of the MO calculation 
and N (the total number of r) used) is called the size of the basis set. 
However, these -q 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 yj 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 {(f>p) obtained will become the so-called Hartree-Fock Molecular 

Orbitals (HFMO) and properties calculated with the aid of the ground 
configuration wavefunction which is constructed from 
these HFMO do indeed approach the Hartree-Fock Limit. The procedure 
of finding the coefficients (C^^) which transform a set of to a set of (f> 

IS an iterative technique called the Self-Consistent Field (SCF) method 
which will be discussed in the next section. 

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

The main conclusions of sections II.A and II.B may be summarized 
as follows: 

(i) The wavefunction which describes the electronic ground state of a 
2M electron system has the form of a 2Mx 2M determinant: 

^^i(l)«(l) «^i(l)^(l) ... Ml)«(l) Ml)i8(l) 
<^i(2) a(2) cl>f2) ^(2) ... a{2) <j>j^{2) ^(2) 

<^i(2M)a(2M) (^i(2M)^(2M) ... <^^(2M)a(2M) <^j,^(2Af)j8(2M) 

(77) 

X 
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(ii) The Hamiltonian for the 2M electron system may be written as 

//^i/(l,2,...,2M)- S g,, (47) 
H=1 ii=v 

(iii) The energy, after substitution of Og and H into equation (63b), is 

£« = <<Dol^|(Do> (82) 

Integrating out the spin variables, this energy expression becomes 

V 

M M 

V a 

-<^p(l).^p(2)|fe|,^,(l).^,(2)>] (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 <j)q. 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 while 
those associated with particle 2 are written behind the operator: 

M 

£' = 22<'#p(l)l*.l«l)> 
V 

M M 

+ 2 5: [2{^^(i) <^^(1)1 W) W)) - <^«(i) I <^p(2) <^,(2)}] 
p a 

(84) 

Note that in order to distinguish the electron density formalism (84) from 
the traditional notation (83) the brackets were changed from < 11 > to 
{I } and the electron-electron repulsion operator was omitted. 

Expression (84) can be conveniently presented in abbreviated form, 

M MM 
£= = 2s*Jp+S2(2/{,-A:y (85) 

p P Q 

where and K^q 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: 

"^pp ~ ^pp 
(86) 
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The J and K integrals are conveniently expressed as pseudo one-electron 
integrals by defining pseudo one-electron hermitian operators and 
Kp such that 

= <'^p I -41 141 (8’) 
<4l'f»l4> = <4l^jl4> (88) 

This is also applicable for which is defined as 

^pq = l^q-^ql^p} = <.^p\Gg\(f>py (89) 

The energy expression (85) may therefore be written as 

M ^ in 
E^ = i:<h\2h+^Gg\<i>py (90) 

P q 

and the orthonormality condition for the MO basis is 

Epq ~ ^4*p\4’(^ ~ ^pq (91) 

According to the Variation Theorem the energy may be optimized by 
variation of <f)p. 

To obtain an analytical expression for 8E, each is varied by an 
infinitesimal amount and subsequently this equation derived for 8E 

is set equal to zero. This procedure is applicable for since S^g = 8^^, 
its derivative is automatically zero: 

8E = 0 ] 

(92) 
S5 = 0 J 

When the expression obtained for 8E, from equation (90) and the 
expression obtained for 88^^, from equation (91) are appropriately 
combined, the following relationship is obtained: 

<(f>p\h+T,Gg\4>p} = (cf>pI(f> ys (93) 
q 

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

<^4>p\F\ <f>p') = (<f>p I (^p> Ep (94) 

However, the MO are orthonomal = 1) therefore 

^^plElff^p} = Ep (95) 

The expansion of 0 in terms of the known set of AO (81) which may be 
written in matrix notation as 

<|> = >)C (%) 
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and 

<j>+ = Cly)i (97) 

is then substituted into equation (95) and the Hartree-Fock matrix 
equation over the AO basis is obtained: 

a¥vC = OS’^Ce (98) 

where 

¥v = h'/ + 2J’?-K’/ (99) 

and 

Fij == iVilV}} (100) 

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

k=l 1=1 

Kl{l)= S hvii^)Vk(^)W)vmPki 
k=l 1=1 

where p^-i is the k, Ith element of the density matrix: 

Thus 

- NN 

Fij = 1 ^ I Ij) + 2 S [2{^i Vj \ Vk Vi) - iVi Vk I Vj Vi}] pki 
k 1 

(103) 

(104) 

(105) 

In terms of the AO £'® can be written as 

N N N N N N 

i=lj=l i=lj=l i=lj=l 

(106) 

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, F^j, are assembled aecording to equation (105). 

It is clear however that 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 assembled 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-Consistent 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 difference between the energy values associated with 
two successive iterations (AF® = jhe overall SCF process is 
illustrated in Figure 27. 

n- Number of Iteration 

Figure 27. Minimization of the total energy E by the SCF method of successive 
iterations. 

The most fundamental decision involved in these calculations is the 
choice of the types of basis functions 77. 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 r while in the latter the decay takes place to r^. 

ETF (STO) tje = (107) 

GTF (GTO) 7)6 = <i>) 

Figure 28 shows Is type examples for both of these. The three different 

s-GTF shown (heavy lines) have numerically different orbital exponents 

Pigure 28. Pxponential type functions (ETF) and Gaussian type functions 
(GTF) for \s orbitals. 

(0- On the whole, ETF are more accurate and are widely used for small 

systems. For larger molecules, computational difficulties arise and GTF 

are more practical. 
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However, for complex systems such as HgS of CHgSH the size of the 

GTF basis set becomes unmanageable since three times as many GTF 

than ETF are necessary to approach the Hartree-Fock Limit (HFL). 

For this reason, these primitive GTF are contracted to approximate 

ETF and this contracted AO basis set, which is very much reduced in 
size, is used for the SCF calculation. 

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

Minimal basis 

(108) 

Double zeta basis 

H I.?, 

C, N, O, F H, H', 2s, 2s', 2p, 2p' 

Si, P, S, Cl Is, Is', 2s, 2s', 2p, 2p', 3s, 3s', 3p, 3p' 

(109) 

In the latter notation 2p and 3p stand collectively for 2p^,2py,2p^ and 

^Px’^Pyy^Pz- The term ‘double zeta’ originates from the fact that the 
primed and unprimed orbitals such as H differ only in their orbital 
exponents I and 

When primitive GTF are contracted they usually form either the 

minimal basis set or the double zeta basis set. It should be emphasized 

that a double zeta basis set is considered mandatory in order to obtain 

significant results, and more extensive than double zeta basis sets are not 

uncommon. The SCF energy values of HgS 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 Hartree-Fock framework have been reported in the 
literature. 

Finally, it might be appropriate to call attention to the relationship 

between the total energy value and molecular orbital energies. From 

equations (85) and (97), the total energy of the system may be written in 
the following simplified form: 

M M M 

(110) 
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Figure 29. SCF energy values computed from GTO (a-d, h), one centre (e, f) 
and minimal STO (g) basis sets, and the Hartree-Fock limit for HjS. ' 

where the second term corresponds to the electron-electron repulsion. 

However, the introduction of the Fock operator (cf. equations 93-95) 
allows the substitution 

M 
F'l’ = h’l‘ +y VV pp ' ^ ^r) PQ. (111) 

or its equivalent: 

M 

VV VP ^ pq 

Thus the total energy will assume the following form: 

M MM 

£»+2sn„-S2GS PP 
P p q 

pq (112) 



/ 

1. General and theoretical aspects 63 

However, equations (94) and (95) imply that 

Cr = <<l>p\F\4‘p> = n^ <"3) 

because the MO are orthonormal. Therefore the final relationship between 

and e is the following: 

all all 
occupied occupied 

MO MO pairs 

£e = 2 S S Gl,^ (114) 
P P,Q 

This equation clearly indicates that the total energy is not simply twice the 

sum of the occupied orbital energies and a correction has to be introduced 

for the electron-electron repulsion S G^^^. 

D. Applications of the Non-empiricai SCF-MO Theory 

The theory outlined thus far applies to the ground electronic state. 

It would be appropriate at this point to 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 AO (cf. equations 81, 96 and 115): 

(*^1 02 • • • 0M i 0M+1 • • • ^n) — (ViV2--- Vn) 
occupied MO-^l^virtual MO 

The first M occupied molecular orbitals are then used to describe the 2M 

electrons in their ground electronic configuration, as illustrated in Figure 

10 for the case of HgO and HgS. These M occupied MO are used to build 
a determinental many-electron wavefunction as specified by equation (77). 

The Ground State within the MO theory is represented by the ground 

electronic configuration Oq- The total molecular energy is the sum of 
nuclear repulsion {E^) and electronic attraction {Eq) (equation 45), and 

the electronic energy in turn is computed from the molecular wave- 

function <Do (cf. 77 and the Hamiltonian operator 46): 

(52b) 
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In terms of matrix elements (over the MO basis) the total electronic 
energy may be written 

£§ = <■!>„ I I «>„> = S + S (27- K*,) (85) 
P \ Q ) 

while the orbital energies have the following form: 

M 

S = + S {2Jlq - (116) 
Q 

The total energy E\ may be computed for any desired geometry of the 

molecule. Consequently when one internal coordinate {q), such as bond 
length or bond angle, is varied, one obtains a potential curve: 

El = El{q) (117) 

When two internal coordinates {q^ and q^ are varied simultaneously the 
result is a potential energy surface 

E^{q-^,q^) (118) 

and in the case of more than two independent variables (^i, ^3, • • •) a 
hypersurface is generated: 

^0 ~ •••) (119) 

Equations (117)-(119) are analogous to the potential functions discussed 

in section I.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 (119), surfaces (118) or curves (117) are 

suitable for studying molecular conformations or stereochemical relation¬ 

ships. They are also the essential starting points for vibrational analysis 

which involves the calculation of force constants (120) and interaction 
force constants (121) as second derivatives 

(120) 

(121) 

The calculation of relative stabilities (A£') always involves the calculation 

of two energy values associated with two situations A and B. For example, 

proton affinity (74^+) is the difference between the energy of the protonated 
and non-protonated species. 
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The ionized state (a molecule-ion with loss of an electron from one of 

the ‘bonding orbitals’ (6) is a doublet state). The electronic configuration 

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 (IM— 1)x (2M— 1) determinant} as given below: 

M M M j. 

= 2Z,hi + Z,Z,(2J*,-K*,)-lii--E,(2Ji,-Kl) = E„-e, (122) 
P Q Q 

The ionization energy, may therefore be written : 

^AE, = eE,-£,)=:-a, (123) 

This means that the ionization potential ^AE^, associated with the removal 

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 Koopmans' 

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’: (a) or ‘virtual’ orbital be substituted 

into the determinental wavefunction to replace the ‘bonding’ {b) or 

‘occupied’ MO. Apart from this substitution is analogous to <I>o- 

To calculate the excitation energy (A^), the energies of the ground 

configuration (A) = <^o II ^o» the excited configuration 
I//1O^)) must be computed. This illustrated by Figure 30. It 

^1= I 
a -F- 

First 
Exciteid § ~ 
Electronic 1 
Configuration 

AE 

Eo=<^oIh1§o> 

ji 

Excitation 

a — I Ground 
b 4^ ) Electronic fo 

-4j- Configuration 

Figure 30. The generation of an excited electronic configuration for a closed 
shell system of 2M electrons. 
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is necessary, however, to distinguish between singlet and triplet con¬ 

figurations upon excitation from orbital b to orbital a as illustrated in 

Figure 31. Because these wavefunctions have the same form, we may 

b-^ 

Figure 31. Singlet and triplet excited configurations. 

denote them as^’® : 

all b all b 
but not a but not a 

Eo —Ef, 

M 

+ hi + ^ (2/^ - Kt^) - (Jl - Kl) ± Kl 
a 

where the + signs represent the singlet and triplet states respectively. 
Thus 

= ^0 + -(Jba- ^6a) ± d 25) 

or, in detail, 

Eb-^a ~ E(j-\- (£„ — £5) — I 

^Eh^a — Eq + (£„ — £j,) — j 

The excitation energy values may be written as 

~ ^0) ~ i^a ~^b)~'^ba'^ ) 

/ (127) 

£. The 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 o or the tt 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). 

CMO LMO 

Figure 32. Molecular orbital (a) and vector (b) representation of the two 
bonding and two lone electron pairs of HgO or HaS and the relation between 
canonical molecular orbitals (CMO) and localized molecular orbitals (LMO). 

To illustrate, consider the valence electron shell of HgS or H2O; both 

contain 8 valence electrons, which form 4 electron pairs, i.e. 2 bonding 

pairs and 2 lone pairs. It is customary in experimental 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 HgO or H2S. 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 in the yz plane of a right-handed Cartesian 
coordinate system. 

If the molecular orbitals (both CMO and LMO) are symbolized by 

vectors, then a linear combination of the CMO will yield the LMO and 

vice versa. Labelling the lone pairs by Ip and the bonding pairs by bp, and 

specifying the LMO by a prime while the CMO are unprimed the following 
relationships may be written, 

M = (l/V2)(%+p6i) 

¥i = (M4^){lP2 + lPi) 

lp'^ = {\l^2){lp^-lp^) 

and combined into one equation: 

(bp'i hp'^ Ip'i ¥2) 

= (bp^ bp^ Ipi 

(128) 

(129) 

If no distinction is made between bp and Ip, and denoting CMO by <j) 

and LMO by then the following transformation may be written: 

(*Al '/'3 04) = (01 02 03 04) 

1/V2 -1/V2 0 0 \ 

1/V2 1/V2 0 0 \ 

0 0 1/V2 -1/V2 I 
0 0 \/p 1/72 / 

(130) 

Examining the transforming 4x4 matrix in equation (130) it can be 

concluded, in agreement with other CMO-> LMO transformations, that 
it is a unitary matrix (U), 

ij/ = 4>U (131) 

which has far-reaching consequences. Firstly, the inverse of a unitary 

matrix (U-i) is its adjoint Ut (the transpose for orbitals which are real, 
rather than complex functions): 

U-i = Ut (132) 
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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 -> CMO): 

<{> = (133) 

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 u-dimensional space, which may 

be defined by any basis. Thus the four-dimensional space, in the present 

case, can equally be defined by cf>2,, </>3 and ^4 or ^4, ifj^, ifj^ and This 

means that the LMO basis representation of the four-electron pair 

problem of HgS is equivalent to that of the CMO basis. 

Thirdly, it can be shown that whenever the many-electron wavefunction 

<l>o(l,2,...), which is normally constructed in terms of CMO, is changed 

in such a way that LMO; i/f can be written instead of CMO: (/> in the 

Slater determinant (77) then the new wavefunction generated, <I>o(l,2,...) 

is identical to the original function <I)q(1,2, ...). This means that the total 

electronic energies computed from (52b) for d),, and d>o are numerically 

identical. 

For a molecule that has less symmetry than HgS 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 CMO are spread over the molecule (i.e. CMO 

are delocalized) it 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 as possible, without having to 

stipulate in advance the location of these orbitals in space. Such a 

localization would require only that 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^ + E^ + E^ (49) 

results from the two-electron operator = S of the total 

Hamiltonian: 
H= + + (134) 

Considering the case of closed electron shells only, 

MM MM 

P q V q 

(135) 
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The diagonal elements of both the Coulomb and exchange integrals can 

be combined since they are equal (cf. equation 86), while the olf-diagonal 
elements remain separate: 

^2 = S +2 S S - S S (136) 
P P q p q 

(q¥-p) (q^p) 

It is important to note that in equation (135) both terms are invariant 

under any unitary transformation of the MO basis (i.e. their numerical 

values are identical for both delocalized and any localized MO). How¬ 

ever, in equation (136), neither of the terms is invariant under a unitary 

transformation of the basis set. In fact, it is this characteristic property 

which has been used as the localization criterion in the method of 

Edmiston 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: 

Jo = I<Jt>p = 'ZKf^p (137) 
p p 

As the value of increases, the orbitals become more locahzed. 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: 

K^ = UtK?^U (138) 

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

(131) 

Some results obtained for CHgSH and CH3OH will be presented in 
section IV. 

F. The Notion of d-orbital Participation 

In the terminology of quantum chemistry, ^completeness^ means 

infinite . This was made clear in the theory of Cl expansions (54), (55), 

(56) and the related concepts, where it was shown that the non-relativistic 

limit (NRL) can only be achieved when the Cl expansion includes an 
infinite number of excited configurations ^>j,(l,2,3,...): 

N 

’rNEi-(l,2.3,...)= lim 2<i„,4',(l,2,3,...) 
N-^aov=l 

(139) 

The same is applicable to the expansion of MO in terms of AO. The 

molecular Hartree-Fock (HF) orbitals (^) can only be generated if they 
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are expanded in terms of an infinite number of AO (tj) (cf. equation 81): 

<^H>i-(l)= lim SCpi>)i(l) (140) 
JV-^oo i=l 

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 (140). 

Since all the AO consist of both radial and angular parts (107) the 

infinite set should refer to all types of AO. In other words, an infinite 5' 

basis (i.e. 1^', 2.y, 35,4j',...) does not represent a complete basis. An infinite 

sp basis (i.e. li', 2s, 2>s, 45,...; 2p, 3p, 4p,...) is better but still not complete. 

The complete AO basis should, in principle, include an infinite number of 

all angular types AO (i.e. s,p,d,f,j,h,...). To state this slightly differently, 

all AO have mathematical importance because they are members of the 
complete basis set. 

To illustrate this point, consider the H~ ion^^. Different expansions 

including more and more 5-functions (orbitals) until no further improve¬ 

ment was observed (5-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 To(l,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 5-limit to the 

p-limit, and a considerably smaller (but still appreciable) decrease on 

going from the p-limit to the «4?-limit; however, the effect virtually disappears 

when the g-limit is passed. This may be taken as the numerical measure of 

the mathematical importance of the so-called polarization functions, i.e. 

the p, d, f and 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 3d-AO (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 

different approaches corresponding to two different levels of sophistication. 

In one case, the magnitude of the coefficients of the polarization functions 

(such as 3d-AO on S) in the expansion of the M occupied MO (cf. equation 

140) may be taken as the numerical measure of their mathematical 

importance. Only the first M occupied MO (i.e. ^i, ^2> 
be considered because these are the ones used in the construction of the 

many-electron MO wavefunction (77), <I>o(l,2, ...,2M), as specified by 

equation (115). 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,f,g,... functions). 

At the next level of sophistication, when the HFL is transcended (but 

the NRL has not been reached), the magnitude of the expansion 

coefficients ao^ of the various excited configurations, <1>^(1,2, ...,2M) in 

ANGULAR LIMIT 

Figure 33. The dependence of the energy and the ionization potential on the 
angular limit for the hydride ion. 

the Cl expansion (139) should be considered. These excited configurations 

contain some of the virtual orbitals {4>m+iAm+2, •■■) shown in equation 
(115). 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 at this time, since no wavefunction that transcends the 
HFL has been computed for any RSH compounds, including HgS (cf. 
Figure 29). 

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

HS- >* HjS H3S+ 

AH+(HOy Ah4(H20^) + 
(26b) 

The total energy values for these six species were computed with an 
5, sp, spd and 5/)r//'basis. The results are tabulated in Table 24 and 25 and 

Table 24. SCF total energies computed for HO“, H2O, 
H3O+, HS“, H2S and H3S+ with s, sp, spd and s/?# basis 

sets 

Species Basis®'*’ Total energy (hartree) 

X = 0 X = S 

s 
sp _ 75-344942 -398-067184 

HX- spd -75-360793 -398-085385 
spdf -75-366723 -398-092297 

s — -323-244244 
sp -75-997291 -398-624697 
spd -76-026374 - 398-672209 
spdf -76-032596 -398-676781 

s -72-112493 -328-899043 
sp -76-288849 -398-833932 
spd -76-304651 -398-927379 
spdf -76-315642 -398-931469 

“ The hydrogen atoms were represented by a 1^' basis which in turn was 
contracted from four primitive l^-GTF. 

" The 5, sp, spd and spdf stand for the type of AO basis set used for the heteroatom 
(O 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 affinity values for HO'“, HjO, HS“ and 
H2S calculated from the SCF total energies involving sp, spd 

and 5/7^/'basis sets 

Reaction Basis'”’*’ Proton affinity 
(kcal/mole) 

X = 0 X = S 

sp -409-49 - 349-96 
HX- + H+-^H2X spd -417-79 -368-36 

spdf -417-98 -366-89 

sp -183-01 -131-34 
H2X + H+^H3X+ spd -174-68 -160-17 

spdf -177-67 -159-87 

“ The hydrogen atoms were represented by a Is 1/ basis which in turn was 
contracted from four primitive Ij-GTF. 

The sp, spd and spdf stand for the type of AO basis set used for the heteroatom 
(O and S). For details see equation (143a) in the next section. 

-75.0 

-75.5 

-76.0 

-76.5 

sp spd spdf spdfg 

-<>---o-E(H0®) 

,e PROTON AFFINITY OF HO* 

Y y 
■o-- EtH^O) 

PROTON AFFINITY OF HjO 

0*) 

J_I I 
sp spd spdf spdfg 

sp spd spdf spdfg 

Figure 34. Total energies of HO", HgO and H3O+ as well as HS-, H2S and 
H3S+ computed with sp, spd and ipcff basis sets. 
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It 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 to these 

mathematical objects. 

sp spd spdf spdfg 

Figure 35. Effect of angular polarizing functions on computed Aji+ values of 
HS-, HaS, OH- and H^O. 

ill. CALCULATIONS OF 
MOLECULAR WAVEFUNCTIONS AND ENERGIES 

The theoretical principles outlined in section II 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 

family includes HS, HgS and HgS in their neutral and ionic forms. In the 

thiol family only the first member, CHgSH, will be treated explicitly, and 
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compared with the corresponding oxygen analogue (CH3OH). In 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: 

+ Q 
H-C-=CC ,vC-SH (141) 

SH H" I 
H 

The overall purpose of section HI is to demonstrate that accurate 

Hartree-Fock type molecular calculations are now technically feasible. 

The study of electron pairing and unpairing phenomena (dissociation, 

excitation) requires the generation of molecular wavefunctions that transcend 

the Hartree-Fock limit and these are currently under investigation; never¬ 

theless, Molecular Quantum Chemistry is sufficiently advanced so as to be a 
practical research tool even for systems as large as RSH. 

A. A Study on the Pre-thiol Family (HS, H^S, H^S) 

As shown in section II.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 HgS in Table 23 and Figure 29. Consequently, meaningful 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. Kari^^, 
This study covers the following set of sulphur-containing species: 

S+ HS+ H2St'''H3St'' 
* t* * t » / * t 

S HS ,.''H2S..''H3S 

* r 

S“/HSVH2S~ H3S~ 

(142a) 
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For comparison the corresponding hydrides of oxygen were treated in an 
analogous manner: 

0+ 

O 

0“ 

H0+ HjOl.-'HsOt' 

HO /H2O/H3O 

H0^'''H20 H3O 

(142b) 

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

H: (4s, IP) primitive GIF->[2®, IP] contracted BF \ 
0: (10s, 5p, Id) primitive GIF-> [4®, 2P, 1^] contracted BF | (143a) 

S: (12S, 9P, 2d) primitive GIF-[6s, 4P, 2d] contracted BF j 

For the species under investigation, this represents the following basis 

set sizes: 

0: (31 GIF) -> [16 BF] 

HO: (38 GIF)- -> [21 BF] 

H2O: (45GTF)- -> [26 BF] 

H3O: (52 GIF)- -> [31 BF] 

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

HS: (58 GTF)- -> [35 BF] 

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

H3S: (72 GTF)- -> [45 BF] 

The potential surfaces E(y, </>) generated by variation of the X—H bond 
length (p) and the FIXH bond angle (<f)) were calculated for HgO and HaS. 
The energy minima associated with the equilibrium bond lengths 
(pg) and bond angles (^g) of the various species studied are summarized 
in Table 26 for sulphur and Table 27 for oxygen. 
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Table 26. Equilibrium bond lengths (re), angles (<^e) and energies of 
sulphur species 

Species Shape re (bohr) ^e(degree) (hartree) 

S+f-'S) -- — — -m-miA 
S(3P) — — ■— -397-48234 
s-(2p) — — — -397-48338 
S2-(iS) — ■—■ — -397-15319 

HS+ linear 2-553 — - 397-72978 
HS linear 2-516 ■ - -398-07660 
HS- linear 2-526 — -398-09162 

H2S+ bent 2-537 80-00 -398-33991 
H^S bent 2-507 79-36 -398-68932 
H2S- bent 2-8 124-39 -398-54725“ 

H3S2+ pyramidal 2-616 116-37 -398-24991 
H3S+ pyramidal 2-555 97-83 -398-96247 
H3S pyramidal 2-8 120-00 -399-08559“ 
H3S- pyramidal 2-8 120-00 -398-99616*’ 

“ 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 hartree. 

Table 27. Equilibrium bond lengths (re), angles (^e) and energies (Ee) of 
oxygen species 

Species Shape re (bohr) <f)e (degree) Ee (hartree) 

0+(«S) — — — -74-355627 
0(®P) — — — -74-793186 
o-(2p) — — — -74-748716 
0>*-(iS) — —- — -74-277585 

HO+ linear 1-9 _ -74-982651 
HO linear 1-8 — -75-399762 
HO- linear 1-8 — -75-366488 

H2O+ bent 1-856 115-72 -75-636920 
H2O bent 1-793 110-87 -76-038620 
H2O- bent 1-949 105-53 -75-834169 

H3O2+ planar 1-999 120-00 -75-503960 
H3O+ pyramidal 1-826 113-74 -76-323726 
H3O pyramidal 1-956 112-96 -76-438160 
H3O- planar >2-2 120-00 -76-288587“ 

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 IP (kcal/mole) EA (kcal/mole) 

X
 

II 0
 

X = S X = 0 X = S 

X+ — — -274-7 -216-6 
X 274-7 216-6 -27-9 -0-65 
X- 27-9 + 0-65 295-7 207-3 
x^- -295-7 -207-3 — — 

HX+ — — -261-8 + 217-7 

HX 261-8 + 217-7 20-9 -9-4 

HX- -20-9 + 9-4 — ■- 

H2X+ — — 252-2 -219-3 

H^X 252-2 219-3 128-3 89-3 

H^X- 128-3 -89-3 — — 

H3X2+ — — -514-6 -447-3 

H3X+ 514-6 447-3 -71-8 550-4 

H3X 71-8 + 77-3 >93-9 -571-6 

H3X- -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 HgO and H2S: 

H2O''' (45 electron pairs) 

H2O 

^ HgO" (Sj electron pairs) 

H2S^ (85 electron pairs) 

H2S 

^ HjS" electron pairs) 

(144a) 

(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 or 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 
wavefunctions. 

The correlation between experiment and theory is expected to be some¬ 

what better in the case of proton affinities since the total number of 

electron pairs remains unchanged. However, the hydrogen affinity (/Iji) 

of the neutral species again involves a change in electron pairing since it 

is opposite, in the arithmetical sense, to the dissociation energy: 

Ah(HS)^ .. Ah(H,S). 
HS- + 2H -> HjS + -H < > HoS- (145) 

Do(H,S) •• Do(H3S) 
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The numerical values computed for Tjj+, Tg and A^-, are summarized 

in Table 29 and some of these results are illustrated in Figure 37. 

Table 29. Proton, hydrogen and hydride affinities® 
oxygen and sulphur species 

calculated for some 

Species Ae Ah 
C 

Ah 

X
 

II 0
 

1 

X
 

11 

1 

X
 

II 0
 

X = s X
 

II 0
 

X = S 

X+ -- — -81-2 -37-7 -401-0 -335-3 
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 -88-6 -72-2 -18-3 -41-0 
HX- -421-9 -375-2 -18-8 -26-4 — ■— 

H2X+ 84-9 56-5 -118-7 -49-8 -248-6 < -213-7 
HgX -179-0 -171-5 61-6 -40-4 <97-5 <61-8 
HaX- -379-1 -337-9 <27-1 -30-6 — — 

“ In kcal/mole units. 
£(H+) = 0 000000 hartree. 

' ^(H) = -0-497639 hartree. 
** £(H“) = —0-405271 hartree 

B. A Study on Methanethiol (CH^SH) 

At the time of writing, Hartree-Fock type calculations have not been 

reported for CFlgSH and the results presented here are from the 

computations of M. H. Whangbo and B. SchlageP. A double zeta quality 

basis set was used, similar to that specified in equation (143) with the 

inclusion of a pair of r/-GTF of different exponents. This set amounted to 

101 primitive GTF contracted to 48 basis functions (BF). 

Partial molecular geometry optimization revealed that the optimum 

CSH angle is in the vicinity of 96-5° and the optimized C—S bond length, 

T872 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, M7 kcal/mole, 

calculated from the experimental C—S bond length, was slightly higher 

that that obtained from the optimized bond length, 0-97 kcal/mole. The 

results are summarized in Table 30 together with the corresponding 

energy values calculated for CHgOH from experimental geometry. 

The orbital energies associated with the eclipsed and staggered con¬ 

formations of CHgOH and CHgSH are summarized in Table 31. Within 
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Figure 37. Calculated proton (4^+), hydrogen (An) and hydride (^h-) 
affinities of oxygen and sulphur species. 

Table 30. Computed total energies and rotational barriers of 
CH3OH and CH3SH 

Species E (hartree) Barrier 

Eclipsed Staggered (kcal/mole) 

CH3OH “ -115 00875 -115-01105 1-44 
CH3SH -437-68919 -437-69073 0-97 

“ Experimental geometry^®. 
Partially optimized geometry®®. 
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A 
X 

(1.94380, 0.0,-0.68724) 

4(1) 

\ ^ (0.0,0.0,3.53745) 

(0.0,0.0,0.0) C — S - 

^(2,3) \ 
(-0.97190,11.68338,0.68724) H (4) 

(-2.50847,0.0, 3.82325) 

Figure 38. Molecular geometry of CH3SH. 

Table 31. Orbital energies hartree computed for the eclipsed and staggered 
conformations of CH3OH and CH3SH 

MO CH3OH CH3SH 

0° 

0
 

0
 0° 60° 

1 -20-531783 -20-532533 -91-96534 -91-965675 

2 -11-280679 -11-280775 -11-266883 -11-267462 

3 -1-353551 -1-353568 -8-9491544 -8-9494419 

4 -0-936375 -0-936391 -6-6399092 -6-6401872 

5 -0-679710 -0-678044 -6-6384849 -6-6387849 

6 -0-623833 -0-625994 -6-6354987 -6-6357505 

7 -0-591505 -0-591341 -1-0303167 -1-0304695 

8 -0-489680 -0-488619 -0-87427031 -0-87453325 

9 -0-444756 -0-446377“ -0-60598683 -0-60453979 

10 0-257629 0-266977 -0-58928040 -0-58981474 

11 0-368244 0-368324 -0-52748499 -0-52924918 

12 0-377213 0-377850 -0-45293414 -0-45341008 

13 0-383792 0-380672 -0-35663566 -0-35653279'’ 

14 0-20405157 0-21035037 

15 0-21685684 0-21873453 

16 0-31367763 0-32879325 

17 0-35502071 0-35012325 

« IP (Koopmans’ theorem) = 0446 hartree = 12-14 eV = 280-0 kcal/mole. 
IP (Koopmans’ theorem) = 0-357 hartree = 9-71 eV = 224-1 kcal/mole. 

4 
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the framework of Koopmans’ theorem (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 kcal/mole for CH3OH and CH3SH respectively. These represent 
upper limits to the true values (Table 12) but nevertheless the trend 

IP(CH30H)>IP(CH3SH) (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 CH3SH are 
predicted to be lower than those of CH3OH. This is clearly illustrated in 
Figure 39 which summarizes calculated singlet (S^, Sg) and triplet (T^, Tg) 

Figure 39. Singlet (S) and triplet (T) excitation and doublet (D+) ionization 
energies for the staggered conformations of CH3OH and CH3SH. 
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excitation and doublet (D|) ionization energies for the staggered con¬ 

formations of CH3OH and CHgSH. 
Excited state conformations of CHgSH, 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 

Figure 40. Ground and excited state conformations of CH3SH. 

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 Cl 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 (Si, Sa), triplet (Tj, Ta) and first ionized doublet 

(D]^) states of CH3SH and CH3OH 

Species State Total energy (hartree) Barrier 

Eclipsed Staggered (Kcal/mole) 

Di+ -437-33255 -437-33420 1-04 
S2 -437-39345 -437-38371 -6-11 

CH3SH T2 -437-43351 -437-42048 -8-18 
s^ -437-43481 -437-44803 8-30 
Ti -437-45747 -437-46863 7-01 
So -437-68919 -437-69073 0-97 

Dr -114-56395 -114-56465 0-44 
S3 -114-55775 -114-54705 -6-72 

CH3OH T3 -114-60475 -114-59505 -6-09 
Si -114-62875 -114-63205 2-07 
Ti -114-65075 -114-65705 3-95 
So -115-00875 -115-01105 1-44 

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

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. 
It is not surprising, therefore, that in some excited states the molecule 

assumes a geometry different from that of the ground state. For example, 
the eclipsed configuration of CH3SH is adopted in the So and T, states 
(cf. Figure 40). 

Similar observations were reported for the cases of CHgOH^s and 
FCHgOH^® and it seems therefore that such a phenomenon is not restricted 
to the thiol group. 

C. Special Structures involving the —SH Functional Croup 

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 the latter, the vinyl cation problem. 
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is presented here. The calculations®® were performed by V. Lucchini using 

a mixed basis set: minimal at C and H and double zeta at sulphur. 

The fundamental problem is the relative stabilities of the cyclic structure 

and the linear cation. 

C=C^ 
W 

H 

H-c=c: 
SH 

(148) 

There are four a priori possibilities: 
(a) only the cyclic ion is thermodynamically 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... + + 
/C=C-H < l.± H-C^C^ (149) 

HS^ SH 

(c) both the linear and the cyclic structures are thermodynamically 

stable but the vinyl cation is more stable than the thiirenium ion. 

This represents a situation that corresponds to an energy surface 

having three minima: two equivalent lower minima and a higher one. 

H. 

HS 
:c=c-H > 

H, 
C=C 

H 

H-C=C: 
H 

SH 
(150) 

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

minima). 
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 reveal 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 41 d.) 
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While these results were computed for the ^-thiovinyl cation, they 

nevertheless explain some stereochemical aspect of the solvolyses of 

certain unsaturated compounds and the addition of RSX to acetylenes: 

RSX + -C=C- 

RS' 
C==C— 

'C=C' 

Y 

RS' 
X^c: (151) 

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 tautomer of the corre¬ 
sponding alcoholate ion; 

H 

Q 
„„C-OH 

H 

(152) 

Since these structures are isoelectronic and isoprotic with HgNOH and 

HgNSH the conformational effects 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 bond: 

H 

H 
C-X. 

I 
H 

H 
H+ + 

H" 1 
H 

(153) 

Computations were carried out by L. M. Tel on CHgOH^i, CHgSH^a 

and their corresponding anions, -tCHg—OH and -iCHg—SH. A double 

zeta quality basis set was used throughout the work but the geometry was 

not optimized; in fact, the bond angles about the carbon atom in the 

carbanions were assumed to be tetrahedral. Consequently the calculations 

can only indicate trends and not actual values in the energy differences. 
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Figure 41. Potential energy curves of C2H2SH+ assuming (a) only the cyclic 
structure is stable; (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 “:CH2 OH the Y structure 

is more stable than the W structure while the situation is the opposite in 

the case of -rCHg—SH. This is clearly indicated in Figure 43. 

* Y conformation: W conformation 
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INTERNAL ROTATION ANGLE 

Figure 43. Total energies of -tCH^SH, CH3SH, -rCH^OH and CH3OH as a 
function of angle of internal rotation. 
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Table 33. Conformational energies of tCHaOH, CH3OH, tCHaSH and 
CH3SH 

Species 
Rotational angle 

0° 60° 120° 180° 

-:CH2—OH 
CH3OH 

-114-30505 
-115-00875 

-114-29316 
-114-01105 

-114-28616 -114-29469 

-rCHa—SH 
CH3-SH 

-437-01398 
-437-68839 

-437-00044 
-437-69026 

-437-00131 -437-01555 

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

following: 

-Au+ CHa-OH) = 0-70370 hartree = 441-7 kcal/mole \ 
" 1 (154) 

-Ah+ (-: CHa-SH) = 0-67284 hartree = 422-3 kcal/mole j 

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 H has not 

been calculated, but it is expected to be more acidic than that of the 

C—H bond since the CH3—8“ tautomer is anticipated to be more stable 

than -:CH2—SH, by analogy to the CH3—Q- and -rCHg—OH^i. 

IV. ANALYSIS OF ELECTRON DISTRIBUTION 

In this section the molecular wavefunctions will be analysed in order to 

obtain information about the electron distributions in CH3OH and CHgSH. 
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-AO on sulphur. Any 

differences in the calculated properties of —OH and — SH are therefore 

not due to r/-orbital participation on sulphur. 
Population analyses and dipole moment values indicate that the charge 

separation in CH3SH is not as extensive as that in CH3OH. Furthermore, 

the valence electron shell sizes of the OH and the 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 which 

determines the differences in physical properties and chemical behaviour of 

alcohols and thiols. 
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A. Charge Distribution and Dipole Moment 

One way of expressing the separation of net charges in a molecule is 

by performing a Mulliken population analysis®® on the computed wave- 

function. This involves the following procedure. Every MO is doubly 

occupied and is built from atomic orbitals. A population matrix P is 

generated by analysing how the two electrons associated with each MO are 

distributed among the constituting atomic orbitals: 

P = 2pS (155) 

where S and p are defined by equations (100) and (104) respectively. The 

populations are generated in terms of orthogonalized AO and the 

dimensions of the P matrix (NxN) are the same as those of the AO 
basis (TV). 

The P matrix gives ‘orbital by orbital’ populations where the off- 

diagonal elements are frequently referred to as ‘overlap populations’. The 

summation of those P^j elements associated with a given atom A (both 

AO i and j are located on the same atom) reduces the ‘orbital by 

orbital’ population matrix P (cf. Figure 44) to an ‘atom by atom’ 
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Figure 44. Orbital by orbital population matrix P for CHgSH. 
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population matrix R (cf. Figure 45); 

AO on AO on 
atom A atom B 

•^AB ~ S Pij 
i j 

(156) 

H, Ha H3 C S H4 

Rh, find /■ ^ 
^HS Rhh 

Rhh 
^ z 

R ^ ^HS ^HH 

R ^ 
'// 

Rc 

"777777/ 

R ^ 
& 

^CH 

Rs 

777777 

H, 

Ha 

H3 

C 

S 

H4 

Figure 45. Atom by atom population matrix R for CH3SH. 

Note that is the number of electrons shared by atom A and atoms B 

therefore the sum i?AA + iS'^AB gives the total number of electrons for 

atom A. The second term, 4 S' ^ab is necessary because only half of the 

shared electrons belong to A. The net charge (Qa) associated with atom A 

is then given by 
® all (atoms \ 

JJiA+i S' Rab) 

where Z» is the nuclear charge of atom A and the summation is over all 
A 

the atoms labelled B. 
The charges for CH3OFI and CH3SH computed with the aid of double 

zeta quality basis sets are shown in Figure 46. The values for the —OH 
—SH groups are particularly significant since the S- charge on 

heteroatoms may be viewed as a measure of base strength and/or nucleo- 

philicity while the charge on H is associated with the acidic (electro¬ 

philic) character of the proton. 
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I? 
+ 0.270 
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H+0.131 
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Figure 46. Net charges associated with the individual atoms in CH3OH and 

CH3SH. The 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 CHg— 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 ^ 

CHg—OH 

-0-022 +0-022 

CHg-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 r, which is also included in the classical definition (cf. equation 

40), and since it operates on all electronic coordinates, the electronic 

dipole moment (jUg) is computed as the expectation value of S for the 

total electronic wavefunction: 

2M-> 

fM, = <(Do(l, 2,..., 2M) 1 S r, 1 <Do(l, 2,..., 2M)> (159) 

If the total wavefunction d>o(l,2, ...,2M) is constructed in terms of 

localized molecular orbitals, ifj (equation 144), 

M M 

/xe=s2W)|rii^,(i)> = 2:^^; (160) 
i=l i—1 

then the summation includes all the ‘bond moments’ The electronic 

component of the molecular dipole moment is the same if it is computed 

in terms of the CMO basis, (f), 

M 

/Xe-S2<<^/l)lri|.^,(l)> (161) 
3=1 

but the individual components over the LMO basis, ju,^ (cf. equation 160), 

lend themselves to an easier visual interpretation. 
The net results obtained for CH3OH and CHgSH 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 
CH3OH and CH3SH" 

Dipole 
component 

Eclipsed Staggered 

CH3OH CH3OH CH3SH 

/i* (a.u.) 
fly (a.u.) 
fi, (a.u.) 

0-776 
0-000 

-0-554 

0-364 
0-631 

-0-559 

-0-515 
0-000 

-0-731 

'^'{Debye 

0-955 
2-43 

0-918 
2-33 

0-895 
2-27 

“ 1 a.u. of dipole moment = 2-54 Debye. 
Values for eclipsed CH3SH have not been calculated. 
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B. Electron Density Contours 

The electron density associated with the pih. MO is defined as 
I <f> p or, more precisely, as (f>, (f>^: 

Dp{x, y, z) = (f>p(x, y, z) y, z) (162) 

where is the transpose of <f). The density may be calculated at any 

point ix,y,z) of the three-dimensional physical space in terms of the AO 
basis {rj} and the MO coefficient matrix C: 

'ip 

^p = 4>p(f>p= fpivi Vi--- vn) 
c 2p 

(Cip Cgp ... C^p) 

c Np 

pfl P12 - •• Pin 

P21 P22 -■ PiN 

Pni Pn2 • •• Pnn 

= fp(VlV2---VN) 

(163) 

where is the density matrix of the pth MO. When summed up over all 

occupied MO, it yields the total density matrix p specified by equation 
(104): 

M 

Pii= Spfj (164) 
25=1 

Thus Dp may be written in the following abbreviated notation: 

Dp{x, y, z) = fp y)(x, y, z) p^ y)(x, y, z) 

N N 

=fp'Z TAViix,y,z)f>p^iqj{x,y,z) (165) 
t=l2=l 

Note that the factor/j, 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 it is 

empty. The sum of the M doubly occupied MO densities is then 

M N N 

D{x,y,z)= S ^p(x,y,z) = 2^ 2 Vi(x,y,z)• rjj(x,y,z) (i66) 
25=1 i=ij=i 

The problem is simply to calculate the individual orbital electron 

density values Dp 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 lOxlObohr^ (nearly 5 x 5 A^) 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 computer^^. 

If the coefficient matrix C transforms the AO basis to the CMO basis 

then the densities of the CMO are generated. If the coefficient matrix 

however connects the AO to LMO then the LMO densities are obtained. 

CMO densities associated with CHgSH are similar to those of CHgOH 
The LMO densities for CHgOH and CHgSH are illustrated in Figures 47 
and 48 respectively. These density contours are analogous in many ways 

to the LMO plots obtained for FCHgOH®®. 

/ 
/ 

Figure 47. Localized molecular orbital density contours of CH3OH. The 
LMO of the lone pairs and bonding pairs are projected out for ease of 

presentation. 

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

An electron pair ‘a’ may be described by a localized molecular orbital 

The expectation values of the first (r) and the second (r^) 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 respectively^^ 
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Figure 48. Localized molecular orbital density contours of CH3SH. The 
LMO of the lone pairs and bonding pairs are projected out for ease of 

presentation. 

The centroid of charge, with respect to an arbitrary coordinate system, 

is given in terms of the components of the first moment 

<</'a|^|<Aa> 

Ta=<T>o == <'Aab|'/'a> | (167) 

^a=<2>o= <'Aakl'Aa> i 
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 
(i? J measured from the arbitrary origin: 

■R.=I <''>oi=^<^yi+<yyi+<^>i=^xi+yi+zi (168) 
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The size of an electron pair ‘a’ may then be defined as the expectation 

value of a spherical quadratic (second moment) operator (r^) evaluated 

at the centroid of charge (/?J defined by the coordinates 

= ax-x^fy + <,(y-y^f> + <(z-7j‘y 

-2z,<z>+zJ 

- (x^y-2xl+xl+ify„-2yl+yl+<z‘y„-2zl+zl ^ 

or: 

<'•">7?. = <^">0 + </>o + <^">0 - i^l + yl + 4) 
= <x^>o+<y^yo+<^^>o-Rl 

= <r^>o-K 

= <''^>0-<''>0 

where is the second moment of a given LMO, respect to 

the arbitrary origin: 

</•'>, = <^.kz|^,> (171) 

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 and 

<r^yR^ = <r^>o-K=<>'^>o-<Ol 

= {<^">0 - <^>o} + {</>o - <>^>o} + {<^'>0 - <^yi) 
= <x^yR^+<.y^yR^+^^^yRe.- 

The shape of an electron pair ‘a’ may be identified with the three 

components of the size defined in equation (172), and these are character¬ 

istic of an ellipsoid^®. However, the arbitrary coordinate system (x, _v, 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 to 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, 

which will uniquely define the shape of the electron pair but do not alter 

the numerical value of the size. 
Both the spherical average, which is a measure of size, and its 

components {y'^yn^ and <z'2>^^ which are related to the shape 
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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>o, in 
Figure 49. 

The centroids of charge, shapes and sizes of localized electron pairs in 

the staggered conformations of CHg—OH and CHg—SH are summarized 

in Tables 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 CHgXH, are larger for the X = S case than X = O. 

Since gas phase acidity and gas phase basicity are measured by energy 

differences, this means therefore that energy and size are correlatable. 

A similar conclusion may be drawn when the 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, such as bond energy, 

excitation energy, ionization potential, electron and proton affinity^ 

rotational barrier height etc. is related to the theoretical energy difference 

^-^theor> computed within the framework of quantum mechanics, and this 
in turn is a function of the electron density difference, Ap, 

^^exp ~ ^^theor (174) 
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Table 37. Group sizes in CH3OH and CH3SH 

Group Compound <z'^> 

bohr^ bohr 

CH3- 
(valence shell) 

CH3OH 3-3950 2-0577 1-9664 2-7293 

CH3- 
(valence shell) 

CH3SH 3-4248 2-0895 2-0603 2-7522 

—OH 
(valence shell) 

CH3OH 2-1768 1-4724 1-3677 2-2399 

—SH 
(valence shell) 

CH3SH 4-2901 3-2277 3-158714 3-2675 

—SH 
(L + valence shells) 

CH3SH 10-0103 7-5313 7-3703 4-9912 

® is the spherical average. 

Figure 50. Valence shell sizes of the functional groups in CH3SH and CH3OH. 

(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 moment value is too compact, 
(iii) the electron density plots are too cumbersome to be of practical use. 
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It can therefore be concluded that the "size’', i.e. of the electron 

cloud of a functional group such as —OH or —SH is the most convenient 

representative of the density p that should be correlated with those physical 
properties which involve energy or energy differences. 

V. CONCLUDING REMARKS 

In this introductory chapter the general methods employed in the 

computations of molecular wavefunctions and energies were outlined 

(section II). Calculated energy differences (section III) for some 

representative OH and —SH containing compounds were than 

compared with those physical properties which involve energy differences 
(section I). 

According to one of the postulates of quantum theory the theoretical 

energy difference, should approach, in the limiting sense, the 

experimental energy difference when completeness is achieved in the 
computation: 

^^exp ~ (175) 
N-^oo 

Thus any discrepancy observed between and A£'g^p is due to a 

limited expansion (N<^cc) of the state wavefunction (T) in terms of 

electronic configurations (O) as indicated by equation (139) or of the 
MO ((!>) in terms of AO (rj) as specified by equation (140). 

Because only fairly limited expansions have been achieved in the case 

of RSH compounds some numerical discrepancy can be expected in 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 

'^^tiieor was encouraging, while in other 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 the numerical proximity of the SCF energy to the 

energy at the Hartree-Fock limit (Fhfl)- The former could be accounted 

for if an accurate expansion in the correlated wavefunction (i.e. N->oo 

in equation 139 could be achieved), this, however, has not even been 

attempted for thiols. The latter problem could be eliminated with a 

complete expansion (N^co in equation 140) of the Hartree-Fock MO. 

Again, in the former case AF^jjggj would be identified with (the 

energy difference at the non-relativistic limit) while in the latter case 
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^^theor could be equated with (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 

AFgQp as the value for This leads us to the following relation if 

we are concerned with an ionization phenomenon. 

^^scF^AFjjpL<A£'j^j^LSi AFg^p (176) 

The single inequality is due to the fact that in an ionization process two 

electrons are unpaired therefore the correlation energy of the radical ion 

(M+) is less by about 0-065 hartree (cf. equation 73) than the correlation 

energy of the parent molecule (M). The double inequivalence in equation 

Figure 51. A comparison of theoretical energy differences (A^nrl. A£'hfl. 
AFscf) with the experimental energy difference (A^exp) associated with the 

ionization of CH3SH. 
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(176) is due to the fact that the same basis' set applied in the SCF 

calculations will produce energy values that approximate the HFL of M 

and M+ to different degrees of accuracy. Note that the single inequality in 

this relation (176) is associated with the 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 the ionization process involving CH3SH. 
In contrast, the internal rotation in CH3SH does not involve any 

electron unpairing therefore the correlation between the experimental 
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(^^exp) theoretical (A^'g^p) barrier heights is expected to be con¬ 
siderably better: 

^^SCF ~ ~ ^^NRL ~ ‘^^exp (177) 

as illustrated in Figure 52. More important than the actual numerical 

accuracy in reproducing AFg^^p by AF^heor is the fact that with present-day 

computer technology and programming capability an avenue has been 

opened to calculate energy dijferences (AF^^jjggj.) from first principles. The 

improvement in numerical accuracy ensuring AFg^p sj AFti^gg^ for almost 
all chemical processes is surely to come with time. 

However, numerical reproduction of AFg^p 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. It 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 AE some suitable analysis 

of p or Ap is highly desirable. It has been shown that the size of electron 

pairs: or the size of a set of electron pairs which constitute a 

functional group, such as —OH or —SH, is related to p, yet it is a 

quantity that can easily be related to chemical concepts. It is therefore 

hoped that this quantity will be successfully correlated with both 

the experimental and theoretical AE values. 
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I. INTRODUCTION 

In this section, an attempt 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 
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intermolecular interactions that would be of less importance in the gas or 

in 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 the 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, the 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 are 
less susceptible to analysis by the diffraction techniques. 

In 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 of the limited X-ray information on bond lengths, angles and 

conformations of molecules containing the thiol group will be followed by 

a somewhat critical description of certain structures that have been 

reported in 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 on simple thiols in the gas phase by 

electron diffraction and microwave methods and this is followed by a 

brief description of some of the results obtained by spectroscopic and 

resonance techniques in solution. Finally, there is a discussion of the 

hydrogen-bonding properties of sulphur both as a donor S—H-B and as 

an acceptor A—H —S. While there is considerable evidence regarding 
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the ability of sulphur to act as an acceptor and a fair amount 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 thiol 
group in the solid state. 

II. MOLECULAR DIMENSIONS AND CONFORMATIONAL 
INFORMATION OBTAINED FROM X-RAY 

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 been mainly on L-cysteine (1) and derivatives. To 

SH 
/ 

CH, 
I 

(1) 

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 monoclinic’^ and orthorhombic forms^ of L-cysteine; structures 
have also been determined for L-cysteine hydrochloride monohydrate^, 
the 1 : 1 complex of L-cysteine ethyl ester hydrochloride and urea^ and for 
the tripeptide, glutathione (2)®. The value of an early study on the 
dipeptide cysteylglycine (3) as the 2 : 1 sodium iodide complex® suffers 

NH, 
I 

^CH-CH2-CH2 

C02H 

o 
II 

CH2 H 
I I 

I II 
H O 

(2) 

'CH, 
,CO,H 

HpN' 

SH 
/ 

CH2 
\ 
XH 

H 

II 
O 

(3) 

'CH2CO2H 

from a severe lack of experimental data and from a low degree of refine¬ 
ment. 

The lengths obtained for the C—S bond in the various X-ray diffraction 

studies are listed in Table 1. To some extent, the reliability of these 

analyses can be gauged from the quoted i?-factors. The jR-factor, defined 
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Table 1. Molecular dimensions of the thiol group 

C-S S-H C-S-H Method of Final Ref. 
(A) (A) (deg) data collection i?-factor 

X-ray diffraction results 
L-cysteine (1) 1-86 (1)* _C _c Photographic'* 0-127 1 
(monoclinic)“ 1-77(1) — —• 

L-cysteine 1-811 (3) _c _c Counter 0-037 2 
(orthorhombic)® 

L-cysteine 
hydrochloride 
monohydrate 

1-801 (16) _C _jC Photographic 0-121 3 

L-cysteine ethyl 1-772 (16) _c _c Counter 0-092 4 
ester hydro¬ 
chloride : urea 

(1 : 1) 
Glutathione (2) 1-78 (3) _c _c Photographic 0-21 5 
Cysteyl- 1-64 _c _c Photographic 0-14 6 
glycine : NaF 

(2:1) 

Electron diffraction results 
Methanethiol (4)® 1-82 (1) - - 7 
Ethane-1,2- 1-819(2) 1-40(2) 90°30'(3°12') 8 
dithiol (5) 

Microwave analysis 
Methanethiol* 1-819(5) 1-335 (10) 96°30'(30') 9 
Sum of covalent* 1-81 1-41 12 
radii 

“There are two crystallographically independent molecules in the monoclinic form of 
L-cysteme. 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 P2i. 

* The figures in parentheses given here and elsewhere in the review refer to the estimated 
standard deviations from the results of the analysis. If there are no significant systematic errors 
m the analysis, then, as a rough guide, one can say that there is one chance in 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. 
Towards the end of the data collection, some effects, attributed to oxidation of the samnle 

were noted. ^ ’ 

An abnormal value for the component of the anisotropic temperature factor 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. 

^ Only very limited intensity data were recorded. 
® Only the C—S length was given in the tabulation in reference 7. No details of the analvsis 

were provided. ^ 
* This result is in good agreement with several earlier studies^®- ii. 
* The values of the covalent radii were taken from reference 12. * 
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as 2] |-f’obsI~|'^caicl |/| Sl'f’obsl’ a measure of the agreement between 
the observed structure amplitudes and those calculated on the basis of 

the model for the structure. With photographic data, i?-factors less than 

0-13-0-14 indicate fairly well-refined structures, while i?-factors about 

0-20 imply either that the measured intensities are quite inaccurate or 

that there is something significantly wrong with the structural model, 

although not to the extent that the overall molecular structure is 

incorrect. When the reflection data are measured by counters, usually on 

an automatic diffractometer, i?-factors below 0-05 can be obtained in 

careful work. While there are certainly more reliable indicators of the 

accuracy of the results obtained from an X-ray analysis than the i?-factor 

(which has gained a certain notoriety in this respect), it is still the most 

convenient and a reasonably reliable indicator of the overall quality of 

an analysis. If the results obtained from the more reliable X-ray analyses, 

i.e. those on the orthorhombic form of L-cysteine^, on the hydrochloride 

salt of L-cysteine^, and on the 1 : 1 urea complex^ are compared with those 

obtained by electron diffraction’^’® and microwave methodsand with 

the sum of the covalent radii for sulphur and carbon^^, then there is 

general agreement that the C(sp®)—S bond length is in the range 1-77- 

1-82 A. The agreement is even more impressive, if only the C—S length 

(1-811 (3) A) from the most accurate X-ray analysis, that on the ortho¬ 

rhombic form of L-cysteine, is compared with the result (1-819 (5) A) from 

the microwave data obtained on methanethiol (4) and with that 

(1-819 (2) A) resulting from the electron diffraction study on ethane-1,2- 

dithiol (5). The very poor agreement between the C—S lengths in the 

CH3-SH 
HS. 

"CH,-CH, 
SH 

(4) (5) 

two molecules of L-cysteine in the monoclinic crystalline modification is 

possibly a result of a neglect of the dispersion effects encountered in polar 

non-centrosymmetric space groups, as was suggested by the authors^. 

However, there were some other disturbing factors about this analysis, 

such as apparent oxidation of the sample and the appearance of some large 

maxima and minima on the final difference map. There are no reliable 

X-ray data on C(sp2)—S(H) or C(aromatic)—S(H) lengths. 

The thiol hydrogen atom was not located in any of the crystal structure 

determinations listed in Table 1. This is particularly surprising in the case 

of the orthorhombic form of L-cysteine^ as all other hydrogen atoms were 

5 
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Monodinic L - cysteine molecule A 

(c) 

02 02 

Orthorhombic L- cysteine 



1 

L-cysteine HCI Hydrate 

(e) 

L-cysteine ethyl ester hydrochloride = ureo complex 

(f) 

Glutathione 

Figure 1. Stereoscopic views projected along the bond for various 

molecules containing the —CH2—SH group, (a) Monoclinic form of 

L-cysteine (molecule B), (b) monoclinic form of L-cysteine (molecule A), 
(c) orthorhombic form of L-cysteine, (d) L-cysteine hydrochloride mono¬ 
hydrate, (e) L-cysteine ethyl ester hydrochloride : urea (1:1 complex) and 
(f) glutathione. These and subsequent stereoscopic views can best be seen with 
the aid of a simple stereoscopic viewer. They can also be seen by holding a 
small piece of cardboard normal to the paper between the right- and left-hand 
views, thus cutting off the right view from the left eye and vice versa. In the 
cases of the cysteine compounds, the atom numbering used in the original 
papers has been changed, where necessary, so that the Cjg—Co, bond is 

C2-C3. 
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readily found. This analysis is certainly of a level of accuracy that one 

would not expect any difficulty in locating a hydrogen atom. There were 

some anomalies in the 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 celP. This possibility should 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 diffraction study on one or more of these 

structures would be particularly rewarding in providing information about 
the thiol 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^—bond (a and to the thiol group) for 

SIX of these molecules are shown in Figure 1. The exact values C(carboxyl)- 

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 

T[C(carboxyl)- 
-C-C-S]“ 

T[N(amino)- 
— C—C—S] 

Ref. 

L-cysteine (monoclinic). 68-8° -1701° 1 
molecule B" 

L-cysteine (monoclinic). -50-5° 72-6° 1 
molecule A 

L-cysteine (orthorhombic) -58-2° 65-4° 2 
L-cysteine HCl.HgO -52-5° 64-9° 3 
L-cysteine ethyl ester -44-8° 74-9° 4 

HCl ; urea (1 ; 1) complex 
Glutathione -54-5° 71 -8° C 
Cysteylglycine : Nal (2:1) -57-8° 64-9° 6 

“The torsion angle (A-B-C-D) is defined as positive if, when looking along the 
B C bond, atom A has to be rotated clockwise to eclipse atom D. 

K/f crystallographically independent molecules in this structure 
Molecule A is the one with the sulphur atom labelled S(l) in reference 1 molecule B 
IS the one with sulphur labelled 8(11). ’ 

The C—S bond takes up an orientation that is gauche with respect to both 

the C—N(amino) and C—C(carboxyl) bonds, when projected along the 

C—C bond in the orthorhombic form of L-cysteine, in the L-cysteine 
hydrochloride salt, in the urea complex of the ethyl ester hydrochloride. 
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in glutathione, in the cysteylglycine : Nal 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(carboxyl)—C—C—S torsion angle. The 

single exception to the gauche 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—NHJ and C—S bonds in a nearly anti orientation. A possible 

explanation for this difference can be found in the crystal structure of the 

monoclinic form of L-cysteine^. 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 

anti arrangement. Intuitively, the anti conformation around the 

bond would have been thought to be more stable than a gauche arrange¬ 

ment, yet the evidence from crystallographic studies, at least on L-cysteine 

derivatives, does not support this view. 

III. A DISCUSSION OF SOME STRUCTURES THAT 

HAVE BEEN REPORTED TO CONTAIN THE 

THIOL GROUP 

The structure of 3-hydrazino-5-mercapto-1,2,4-triazole (6) was studied 

several years ago by Senko and Templeton^®. 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 forms such as 6c would also be 

H 

HgN-NH-C 

H 

(b) 

H3N-NH-C 
+ 

H 
(c) 

(6) 
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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 1-74 A is 

intermediate between the lengths expected for a C—S single and C—S 

double bond^^’^^. However, the intermolecular contact of 3-24 A between 

the terminal nitrogen of the hydrazino group and the sulphur atom was 

attributed by Senko and Templeton^^ to ionic rather than hydrogen 

bondingis. For this reason, they favoured a zwitterionic form (6c) 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^® described both 3-hydrazino-5-mercapto-1,2,4- 

triazole and 2H-pyridaz-3-thione (7) as existing in zwitterionic tautomeric 

forms. However, there is little evidence from the X-ray study^^ on 7 to 

indicate that it exists in other than the neutral thione tautomeric form (7a). 

II 1 - 

S“ 

1 
H 

(a) 

(7) 

— II 1 

1 
H 

(b) 

The molecule of 2,5-diamino-4-mercapto-6-methylpyrimidine (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)^®. 

H2N \ /N. THo 

1 II - 

1 ' 
SH 

(a) 

(8) 

— i II 
.C. 

^NH2 
II 
s 

(b) 

As anisotropic thermal motion was not introduced into the model, some 

doubt as to the reliability of 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. Stereoscopic view of the crystal structure of 2,5-diamino-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. 

H 
'S=C' 

NHg 

NHs 

NO- 

(a) 

(9) 

s=c: 
,NH2 

'NH, 

NO3 

(b) 

The structure of thiourea nitrate (9) presents an interesting problem. 

The X-ray analysis performed by Feil and Loong^® seemed to provide 

conclusive evidence that sulphur rather 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 authors^^, 

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 A from those with MoKJ, when the values 

obtained from electron diffraction and microwave data are in the range 

1-3-14 A (Table 1). In addition, it was reported that the hydrogen atom 

attached to sulphur ‘oscillated’ during the refinemenF^ Furthermore, the 

C—S length of 1-735 (CuKJ or 1-739 (4) A (MoK^ radiation) is com¬ 

parable to those found in thiourea and related compounds^'’, and if 

representing a C=S—H bond, it certainly does not seem to have been 

much affected by protonation. The space group of the crystal is P2i/m, 

which requires all the atoms to lie on a mirror plane^**. If, however, there 
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was some disorder among the hydrogen positions, two possible different 
interpretations of the anomalies could be given. 

1. The additional hydrogen atom is indeed bonded to the sulphur atom, 

but it does not lie in the mirror plane, but is statistically disordered between 

sites that are an equal distance above and below the plane. It is unlikely, 

however, that the proton is involved 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—H bond and might provide an explanation for 

the difficulties encountered with this atom during the refinement. 

2. A more radical re-interpretation would have the extra proton attached 

to one of the nitrogen atoms as in 9b, with the consequence that the peak 

near sulphur was an artifact (there is an equivalently sized negative peak on 

the other side of the sulphur)^®. Such an interpretation would require that 

one of the peaks on the mirror plane in the difference map that has been 

considered to represent a single hydrogen atom did in fact represent the 

midpoint between two hydrogen atoms attached to the one nitrogen, one 

of the hydrogen atoms being above the plane, the other being below the 

plane (Figure 3). This possibility would lead to a hydrogen bonding 

Figure 3. Representation of structure of -NH+ group that could lead to 
accumulation of electron density on mirror plane. 

arrangement between the N—H (thiourea) group and the nitrate ion at the 

equivalent position In such an arrangement, the 

shortest N-O distance is 3-37 A, but the N-N(nitrate) distance is 
3-21 A; the C N*”0 and C—N*”N angles are 86° and 95°. 

These two structures are only suggested as possible explanations of the 

results. It is, of course, quite possible that the published structure is 

completely correct and that the thiol hydrogen has been placed artificially 

close to the sulphur atom. In this context, the structure of urea nitrate 

clearly has the oxygen atom protonated as demonstrated by both X-ray 

and neutron diffraction methods^^* 2^. The crystals of urea nitrate and 

thiourea nitrate however, are not, isostructural and oxygen is much more 
electronegative than sulphur. 
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IV. RELATIVE OCCURRENCE OF THIOL rTHIONE 
TAUTOMERS IN THE SOLID STATE 

When there is the possibility of tautomerism between the thiol and thione 

forms (10) and (11), the thione form has been invariably found to be 

present in the solid state^®. Compounds exemplified by thiourea (12)^®, 

thiosemicarbazide (13)^^, 2-mercaptobenzothiazole and 1-thio- 

carbamoylimidazolidine-2-thione (15)^® all exist in the crystal as the 

tautomers containing the thione groups, as is clearly shown from X-ray 

(10) 
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N 

(11) 

S 

HgN 

II 

NH 
I 

NH2 

(13) (14) 

S 
II 

HjN NH2 

(12) 

S NH, 

HN"^ N S 

H' 
H H 

4 
(15) 

studies^’. These conclusions have been reinforced by the precise location 

of the protons by electron^* and neutron^® diffraction studies on thiourea. 

A similar situation pertains among sulphur-containing nucleic acid bases. 

For example, 6-mercaptopurine monohydrate (16)®®, 2-mercapto-6- 

methylpurine monohydrate (17)®^, thiocytosine (18)®®, thioguanosine 

monohydrate (19)®® and dithiouracil (20)®^ all exist in the thione 

tautomeric forms shown®®. In the case of 6-mercaptopurine, this has the 

interesting consequence that while this molecule might have been 

anticipated to be a possible substitute for adenine (21) in polymeric 

nucleic 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 available evidence points to the predominance of the thione 

over the thiol form 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 ultraviolet®®-®® and infrared®®- 

spectroscopy; tautomers with different nitrogen atoms protonated would 

also be possible. The electronic absorption spectra of thiopurines have also 

been interpreted using Pariser-Parr-Pople-type calculations and the 
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H 

(24) 

results of these calculations were in agreement with the existence of 

thione tautomers^^. An infrared study on 2-(R-substituted)-isonicotinethio- 

amides (25), where R = H, CgHg, CgHgCHg, nicotinethioamide (26) and 

6-(R-substituted)-2-picolinic acid thioamides (27) demonstrated that these 

compounds also existed as the thione form as shown, in both the liquid 

and solid states^^. Furthermore, this finding is in agreement with the results 

of an X-ray study on isonicotinethioamide (25, R = H) carried out by 
Colleter and Gadret^^. 

(25) (26) 
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However, in certain cases the presence of thiol tautomers is observed. 

When the protons adjacent to the sulphur-bearing carbon atoms are quite 

labile, thioenol forms are observed. 2-Picolyl isopropyl thioketone (28) 

and a-thiobenzoylacetophenone (29) have been shown to exist as thioenol 

forms from the results of a p.m.r. study^^. Various thiophenethiols, e.g. 

30, are stable with respect to the corresponding thione form (31) both in 

(30) (31) 

the liquid state and in cyclohexane solution using p.m.r. spectra^®. In this 

case the thione form would exhibit a loss of resonance energy in the 

heterocyclic ring. Later studies on thiophenethiols also confirmed the 

presence of the thiol proton^®. An infrared examination^'^ in the solid and 

liquid states combined with an n.m.r. study of ten mercaptoaldimine 

derivatives of thiophene revealed that the thione tautomer (32) was 

present in the solid, predominated in the liquid, but the amount of thiol 

tautomer (33) increased with increasing temperature. Thus, while thione 

tautomers are usually found, there are obviously some situations where 

the thiol form is preferred. 

CHNHR 

(32) 

CH=NR 

(33) 

V. ELECTRON DIFFRACTION AND MICROWAVE STUDIES 
ON MOLECULES CONTAINING THE THIOL GROUP 

Here the situation is somewhat better than was the case with X-ray studies 

since there are several structural studies on molecules in the gas phase 

that contain thiol groups. Methanethiol (4) has been studied extensively 

by microwave methods®"^^’^®’^® and there is also an early electron 
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diffraction study’^. The most recent microwave data of Kojima® gave a 

C—S length of 1-819 (5) A, an S—H length of 1-335 (10) A and a C—S—H 

angle of 96°30' (30') (Table 1). The values for the C—S and S—H bonds 

are in excellent agreement with the sums of the accepted values for the 

covalent radii^^. agreement with those reported as a 

result of earlier microwave studiesi**-on methanethiol, with the electron 

diffraction value for the C S bond length (1-82 (1) A) determined by 

Schomaker^ and with the S—H length (1-32-1-34 A) found in hydrogen 

sulphide®”. While the C—S—H bond angle is much less than that found 

in 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°10' + 30') was found between the three-fold 

axis of symmetry of the methyl group and the direction of the C—S 
bond in 4 ”. 

In addition to information on molecular structure, the microwave work 

provided measures of dipole moments”-and the height of the barrier 
to internal rotation about the C—S bond”-ii> ^9, si -p^e dipole moment 

parallel to the molecular axis, shown in Figure 4, is 1-33(3) D 

A 

M,r 1.33(3)0 

S 

0.73(3) 0 

-> 

H"" I ""H 
H 

Figure 4. The molecule of methanethiol (4) showing the dipole moments 
parallel and perpendicular to the molecular axis. 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 moments of 

S 0-68 D, C+ S FOOD and H+ C~ 0-40 D”. Estimates of the 
barrier to internal rotation range from a low of 0-70 to a high of 

1-46 kcal/mole, the latter being determined from calorimetry®^. However, 

on the basis of the most recent microwave study which took into account 

excited torsional states as well as the ground state, a value of 1 -27 (3) kcal/ 

mole was obtained”. A careful study of the vibrational spectra of CHgSH 
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and CHgSD in the gaseous and solid states by May and Pace^^ led to the 

assignment of bands in CHgSH to the S—H stretching frequency 

(2605 cm“^), the C—S—H bending frequency (802 cra“^) and the C—S 

stretch (710 cm“^). No absorption corresponding to rotation about the 

C—S bond could be observed. If the torsion barrier (1-27 kcal/mole) 

found by Kojima® 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 Kojima^. 
The role of the thiol group in determining conformation in prop-2-ene-l- 

thiol (34) has been examined by microwave methods^. Several conformers 

XHcSH 

'H 

(34) 

CH3. 
/CH-SH 

CH,'^ 

(35) 

are possible as a result of rotation about the C—C and C S bonds 

(Figure 5). The dipole moment was measured as T33 (3) D and it was 

possible to describe the structure in terms of standard bond lengths and 

angles. The most stable conformer is shown in Figure 5. It has one of the 

methylene hydrogen atoms arranged trans or anti to the single hydrogen 

Figure 5. The most stable conformer of prop-2-ene-l-thiol (34). 

on the central carbon atom and the best value for the C=C C S 

torsion angle was found to be 124 ±3° (Figure 6a), i.e. the thiol group is 

gauche with respect to the double bond. The thiol hydrogen atom is 

arranged such that the C—C—S—H torsion angle is 50° (Figure 6b). In 

contrast, 2-propanethiol (35) has been shown®^ to exist in two conformers 

about the C—S bond, one with the C—H and S—H bonds anti and the 

other with them gauche. 
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Ethane-1,2-dithiol (5) has been examined both by electron diffraction® 

and by spectroscopic methods^®. The electron diffraction study yielded 

values of 1-819 (2) A for the C—S, and 1-40 (2) A for the S—H bonds, 

and a C S H angle of 90-5 (3-2)° (Table 1). While the angle is much 

smaller than that found in methanethiol, the high standard deviation for 

hi 
/ 

124“ \ 

SH 

(a) (b) 

Figure 6. (a) Projection along the =C—C(SH) bond in the molecule of 
prop-2-ene-l-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. 

In this study, the S—H bond was assumed to be anti to the C—C bond, 

although this arrangement was not found in the case of prop-2-ene-l-thiol 

(34)54. conformers 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 anti form and 38% of the gauche form of 

ethane-1,2-dithiol (Figures 7a and b)®’®^. The energy difference between 
these two conformers was estimated to be 0-8 kcal/mole. 

anti gauche 

(a) (b) 

Figure 7. The anti and gauche conformers about the C—C bond in ethane-1 2- 

dithiol (5). 

A spectroscopic study of 5 in both gaseous and crystalline states by 

Hayashi and coworkers®® provides some interesting information on 

conformational possibilities. Correspondence between many of the spectral 

lines of 5 and those previously identified®® for 1,2-dichloroethane allowed 



2. Structural chemistry of the thiol group 129 

many assignments to be made. In the gas phase, there is clear evidence for 

the existence of both anti and gauche conformers while upon crystalliza¬ 

tion the lines corresponding to the gauche 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 cm~^, was 

assigned to the C—S torsion in the deuterated molecule DSCHgCIigSD, 

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). 

H—S S—H 

(c) 

Figure 8. The rotational arrangements around the C—C and two C—S bonds 
in several conformations of ethane-1,2-dithiol (5). 

One of these (Figure 8a) has an anti arrangement about the three bonds, 

S—C, C—C, C—S, while the other has a gauche 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 phase 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 Cgjj symmetry (i.e. that shown in Figure 8a) and that the form in the 

gas phase which disappeared in the crystal had C2 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 coworkers®® believed that the two forms mainly present in the gas 

phase are those shown in 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 mode in 

the two conformers (Figures 8a and c) at various temperatures, Hayashi 

and coworkers®® estimated the energy difference between them to be 

0-63 kcal/mole with the anti being the more stable; this result is in fair 

agreement with the value of 0-8 kcal/mole obtained from the electron 

diffraction experiment®. 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 and 1-7 kcal/mole, respectively; this latter value is somewhat 

greater than the best’ value found for the C—S bond in methanethioP. 

These authors®® carried out a normal co-ordinate analysis on the molecule 

of 5 and obtained good agreement between observed and calculated 
frequencies. 

Hayashi and coworkers®® extended their studies on the spectra of 

molecules containing thiol groups to 2-chloro- and 2-bromoethanethiol 
(36a and b). 

X-CH2-CH2-SH (36 a) X = CI 

(36 b) X = Br 

They had previously shown that in the crystal, ethane-1,2-dithiol exists 

in the single all anti form®®, whereas 2-chloroethanol exists in a single 

form with a gauche arrangement around the central C—C bond®®. This 

latter finding was attributed to an internal O—H-Cl hydrogen bond. 

However, in the sulphur analogue, the anti arrangement around the 

central C C bond was shown as the only conformer 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 indicated 

in the gas and liquid®®. There was no evidence from this study for intra¬ 

molecular S—H-Cl hydrogen bonding analogous to that found in the 

oxygen compound. Mori and coworkers®^ studied rotational motion about 

the C—S bond in a number of alkanethiols and correlated this with 
intramolecular hydrogen bonding involving the thiol group. 
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Thioacetic acid (37) in the gas phase was the subject of an early electron 

diffraction study by Gordy®^. He assumed that the S—H length was 

1’34A, the S—C—O angle was 125° and that the molecule was planar 

apart from the hydrogen atoms of the methyl group. With these restrictions 

\ 
S-H 

(37) 

placed on the geometry, he obtained values of 1-24 (4) A and 1-78 (2) A 

for the C=0 and C—S bonds, respectively. He attributed the shortening 

of the C—S bond length when compared to the sum of the covalent radii 

to resonance effects involving the carbonyl group, which was somewhat 

lengthened. It was pointed out in the paper, however, that such resonance 

interaction was much less than in the case of esters or amides®^. 

In summary, microwave spectroscopic and electron diffraction methods 

have provided more inform.ation on the geometry of the thiol group than 

has X-ray diffraction, particularly those aspects that involve knowledge 

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. MAGNETIC RESONANCE INVESTIGATIONS OF 
CONFORMATION ON MOLECULES CONTAINING 

THIOL GROUPS 

While nuclear magnetic resonance studies will not yield precise information 

on bond lengths and angles, they can give very valuable data on molecular 

conformation. Their value can, however, be dependent on some basic 

assignments of resonances to particular atoms and the results can in some 

instances be ambiguous. A few examples of the use of n.m.r in determining 

molecular conformation in thiol-containing compounds will be described. 

An analysis of chemical shifts and spin-spin coupling constants for 

L-cysteine and some derivatives in various bonding situations was carried 

out by Martin and Mathur®^. If the assignment of chemical shift to the 

two methylene protons adjacent to the thiol group was as made by Martin 

and Mathur, then the conformer with the thiol and carboxyl groups anti 

is favoured in solution (Figure 9a). In more acidic solutions, where the 

carboxylate group is protonated, the anti conformation, and the two 

gauche conformations shown 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 
gauche conformation shown in Figure 9c is most commonly found (see 
section II of this review and Figure 1). If the initial assignment of chemical 
shifts was reversed, then different populations of conformers would result 

C02" C02" COg" 

(a) (b) (c) 

Figure 9. Three rotational conformers 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 report®®, Ehel and Thill®® showed that, on 
the basis of the p.m.r. chemical shifts, cyclohexanethiol exists in the 
conformation with the thiol group equatorial (38). This determination was 
made comparing the chemical shifts in cyclohexanethiol with those in 
cis- and tm«.s-4-Fbutylcyclohexanethiol. For (38), the equatorial conforma¬ 
tion is favoured over the axial one by 0-9 kcal/mole. 

The vicinal spin-spin H C S—H interactions and the long range 
C(5)—C(6)—H interactions were studied in the 1,2,3,4-tetra- 

chloro-5-cxo-thiobicyclo[2.2.1] heptane (39) molecule®^. The results of this 
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examination indicated that the preferred orientation of the C(6)—C(5)- 

—S—H group was anti. A fairly comprehensive survey of S—H chemical 

shifts and H—S—C—H and H—S—C—C—H 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 OF SULPHUR 

The hydrogen-bonding properties of sulphur in solution were considered 

generally by Pimentel and McClellan®®, while Hamilton and Ibers’® 

discussed some aspects of hydrogen bonding involving sulphur in the 

solid state. A useful and more 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 implicated as either a 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^^. Sulphur will 

thus be a less effective participant in hydrogen bonding than either an 

oxygen or a nitrogen atom. The very much less polar nature of the S—H 

bond as compared to the O—H bond appears to render sulphur a weak 

hydrogen bonding donor, at least in the crystalline state. 

If S—H —B hydrogen bonding occurs in a crystal at all, it clearly 

represents a relatively weak interaction, and in no case is the evidence for 

its presence overwhelmingly conclusive. The structures of hydrogen 

sulphide’2 and trithiocarbonic acid (40)’® may contain S—H — S hydrogen 

s=c 
\ 
S-H 

(40) 

bonds. After a critical examination of the crystallographic results for HgS, 

Hamilton and Ibers’® concluded that there is S—H — S hydrogen bonding 

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 Pauling’^ are 

1-85 and 1-20 A. Accumulated evidence from more recent studies^®-®®’’® 

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, Hamilton'^® has concluded that the van der Waals 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 HgS is 

0-24 A less than this value, S—H”'S hydrogen bonding seems to be 

implicated. In addition Hamilton and Ibers’® made the point that the 

existence of several crystalline phases of HgS 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 found^®. These distances were interpreted by the 
authors as S—H — S hydrogen bonding. 

In the absence of exact knowledge of hydrogen atom positions, the 

following criteria can be 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 TO A^®. Therefore the sulphur 

atom must lie within (2-35 + /'g)A of the atom B that is the potential 

hydrogen-bonding acceptor, with being the van der Waals radius for 

that atom. In addition the C—S-B angle should be 95°± (20-30°). These 

conditions can be appreciated from Figure 10. In addition, one would 

Figure 10. Schematic drawing showing the criteria for hydrogen bonding 
with the thiol group as donor. Atom B is the acceptor. 

expect the S H bond to take up either an anti or gauche 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 ± 120°. If these criteria are adopted, 

then hydrogen bonding with sulphur as a donor cannot be ruled out in the 

crystals of the two forms of L-cysteine^’ L-cysteine hydrochloride mono¬ 

hydrate®, of the L-cysteine ethyl ester hydrochloride: urea (1:1) complex^. 
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or of the tripeptide, glutathione®. 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 NH^ group, the water molecule and the carboxylic acid group, 

as detailed by Ramachandra Ayyar®, 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 3-50 A to Cl~ and 343 A to 0(1) [1 —x, — —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 acceptor. 

Figure 12. Stereoscopic view of the crystal structure of L-cysteine hydro¬ 
chloride monohydrate. This view was drawn from the coordinates presented in 
reference 3. As in subsequent drawings the basic ‘molecule’ (in this case the 
two charged species and the water molecule) is shaded in black and the 
hydrogen bonding arrangements, including the more probable assignments 

involving the thiol group, are shown by discontinuous lines. 
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corresponding C—S — C1~ and C—S —0(1) angles are 151° and 117°, 

respectively. While both Ramachandra Ayyar® and Srinivasan and 

Chacko^® indicated that the S”-C1“ contact could be considered as 

S—H —Cl~ hydrogen bonding, the C—S —Cl“ angle seems to be in¬ 

appropriate for such an interaction. In fact, the S—H***0 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 angle is 

136°, a value that suggests the thiol hydrogen would have almost to 

eclipse one of the methylene hydrogen atoms; the C—C—S*”C1~ 

projection angle is —23°. The atom 0(1) in the molecule at x, — 1 +y, z 
appears to be a less probable acceptor for an S—H*"0 hydrogen bond 
(Figure 13). 

OO) [x,-l+y,z] 

3.66 

1 ^cr 
, 3.50^-" 

-C(2) 
✓ 

//3.43 
/ 

/ 

0(1) [j-x,-2+y, 5-zJ 

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 —NHg group and the four amino hydrogen atoms 

of the urea molecule^. 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 —0(2) [l-xA+y,2-z], S-0(2)[1-X, 

i+y,l—z] and S'-0(3) [1—x,|+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-cysteine 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 169°, —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 0(3) [1 — x, |+y, 1 — z] and Cl“. The 

projection angles (a less stringent requirement) would tend to support the 

S—H — C1“ assignment. A view of the geometry and the C—S bond is 

shown in Figure 15. Neither the author^, nor Srinivasan and Chacko^®, 

who also examined this structure for S—H — B hydrogen bonding, made 

any specific assignments of hydrogen bonding involving the 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. K. A. Kerr^. 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 

located and the thermal vibrations of the sulphur atom seemed quite 

large as judged from the temperature parameters. These factors are 

suggestive of possible disorder in 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 0(2) of 3-495 A and inter- 

molecularly to 0(2) at [1|- —x,2—y, J+z] of 3-381 A. There is also a 

contact between sulphur and 0(1) at [1 —x,J —z] of 3-671 and 

cr 
/ 

3.76^/ 

/ 
/ 

/ 

0(2)---_3_68 3 

D-x,5^y.i-z] -C(2) 

0(2)'- 3.38 / 

[l-X,2*y, 2-z] /''3.49 ''^3.45 

0(3) 

[l-x,^^y, l-z] 

0(1) 

Figure 15. Projection along the C(3)—S bond in the structure of the 1 : 1 
cysteine ethyl ester : urea complex. Atom numbering in this structure was 

changed to that used for other u-cysteine compounds in this review. 

between sulphur and Sat -i + z] of 3-849 A. TheC—S-0(2), 

C—S‘-0(2)m-x,2-y,^ + z], C—S-O(l) [1-x,|+j;,i-z], and C- 
—S — S [l-x,2-y, - |+z] angles are 70-5°, 101-0°, 157-0° and 95-9°. The 

C-C-S-0(2), C-C-S-0(2)[11-x,2-7,i + z], C-C-S-O(I) 
[1 —x,^+y,^ — z] and C C S — S [-^~x,2—y, — | + z] projection angles 

are 17-7°, —47-6°, 27-4° and 106-2°. Some of these dimensions are shown 

Figure 16. Stereoscopic view of the structure of the orthorhombic form of 
L-cysteine. This picture was drawn for the coordinates in reference 2. In this 
orientation, not all of the hydrogen bonding can be shown, e.g. the S —0(1) 

X, 2^ + y, ^ z] contact would be towards the viewer. 
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in Figure 17. From this information, a quite reasonable case can be made 

for S—H — 0(2) [IJ —X, 2—y, J + z] hydrogen bonding as suggested by 

the author^. 

,0 (2) [li-x,2-y,5*z] 
/ 

/ 
/ 

/^3.381 
/ 

/ 
/ 

/ 
/ 

/ 
/ 

/ 3.849 

-C(2) 
3.495 

3.671^^ "0(2) 

'"0(1) 
[l-x,5ty,4-z] 

/ 
/ 

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 L-cysteine^. A stereoscopic view of 

the packing of molecules in the crystal is shown in Figure 18, which was 

drawn from the coordinates presented in reference 1. Neither of the thiol 

Figure 18. Stereoscopic view of the structure of the monoclinic form of 
L-cysteine. This picture was drawn from the coordinates presented in 
reference 1. The two crystallographically independent molecules are shaded, 
one being distinguished from the other by primes. One of the possible hydrogen¬ 
bonding assignments involving the thiol group of the unprimed molecule is 
not shown as it is almost directly towards the viewer, i.e. the one to 

0(2) [x, 1 +y, 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 be reasonable geometric evidence that S (given as S(l) 

in reference 1) is involved in a hydrogen bond to 0(2) at [;c, 1 +y,z]. The 

S — 0 distance of 3-48 A meets the criterion of distance, the C—S — O 

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 bonding involving either S 

[-X,-|+y,-z] or S',S(11) in reference 1, at [-l+x,l+y,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 

^ ^ S*”S and C C S”‘S' projection angles are less favourable, 
being 106° and -135°, respectively. The projection along the C(3)—S 
bond is shown in Figure 19. 

[x.i-y.z] 

^0(2) 
y 

y 
y 

,^3.48 
y 

\ y 

s¥--C(2) 
/ 

/ 
/ 

/ 

/3.68 
/ 

/ 
/ 

/ 
/ 

S [-x.-Hy.-z] 

Figure 19. Projection along the C(3)-S bond in the ‘unprimed’ molecule in 
the monoclinic form of u-cysteine. 

S' [-bx,Uy,z] 
\ 
\ 
\ 

'"^^3.95 
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The evidence for intermolecular hydrogen bonding is much weaker in 

the case of atom S'. The only intermolecular contact that could even be 

considered as a hydrogen bond is the S'—H-S [I yx, - I-{-y,z] inter¬ 

action. The S'”-S distance is 3-95 A, the 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 hydrogen bonding in this conformer. As described earlier, 

this molecule is unlike any other cysteine derivative in that the C—S bond 
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does not approximately bisect the projected N—C—C(carboxyl) angle 

(see Figure la). The intramolecular S' —0(2') distance is 344 A, the 

C—S-O angle is 69° and the C(2')-C(3')—S'-0(2') torsion angle is 

-26° (Figure 20). 

0(2') 

3.44.-'''' 

3.95 

s [ux,-i*y.z] 
Figure 20. Projection along the C(3')—S' bond in the ‘primed’ molecule in 

the monoclinic form of L-cysteine. 

A stereoscopic view of the crystal structure of glutathione is shown in 

Figure 21, which was drawn by us from the coordinates presented in 

reference 5. There are two S—Ft-”0 hydrogen bonding possibilities. One 

is to 0(5) [x,y, 1 +z] with an S —O distance of 3-57 A, a C—S —O angle 

of 83°, and a C—C—S —O projection angle of —74°. The other is to 

0(6) [x, 1+F, 1+z], where there is an S —O distance of 3-53 A, the 

C—S —O angle is 92° and the C-'-C—S —O projection angle is 99°. There 

Figure 21. Stereoscopic view of the structure of glutathione. This picture was 
drawn from the coordinates presented in reference 5. Atom numbering here 

and 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'”0 

hydrogen-bonding arrangements, although the projection angle in the 

case of 0(6) [x, 1-+-y, 1 4-z] is somewhat unfavourable. The projection 
along the C(5)—S bond is shown in Figure 22. 

3.90 

oTb)" 

Figure 22. Projection along the C(5)—S bond in glutathione. 

A view of the packing in the structure of the 2 : 1 cysteylglycine : Nal 

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,^+y,i-z] distance is 

3-62 A, well below the 4-10 A limit discussed earlier. The C—S —S angle 

,0(5) [x.y,l*z] 
/ 
/ 

/ 
/ 
/ 
/ 3.57 

I 
I 
/ 

C(4) 
/ 

/ 

; 3.53 
; 
/ 
/ 

I 
I 
; 
0(6) [x,l*y,l*z] 

Figure 23 Stereoscopic view of the structure of the L-cysteylglycine : Nal 
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! 



143 2. Structural chemistry of the thiol group » 

is 73° and the C—C—S”'S projection angle is —174°. This assignment 

would 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 both 2T5 A, so S —1“ 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 bond is shown 

in Figure 24. 

[x,-l+y,T*z] 
3.81 

2_ 3,62 

[-xT*yT-z] *^(3) 

1 
1 
\ 
> 

1 4.09 
\. 
I 
1 
\ 

I 
I 

I 
Figure 24. Projection along the C(4)—S bond in the 2 : 1 L-cysteylglycine : Nal 

complex. 

While the above evidence for S—H”'B hydrogen bonding is not over¬ 

whelmingly conclusive, in total it is persuasive. While neutron diffraction 

studies on some of these compounds would probably provide conclusive 

results, there are certainly reasonable indications from the crystal structure 

work that S—H--B hydrogen bonding does occur in solids. In some of 

the cases described, it appears that there is more than one possibility for 

hydrogen bonding. In such situations it is possible that there is disorder 

in the hydrogen position and two different types of hydrogen bonds exist. 

It is of special interest that the most probable hydrogen bonding assign¬ 
ments in the case of L-cysteine (monoclinic), L-cysteine (orthorhombic), 

and in 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 in hydrogen bonding 

in the solid state. Indeed, even if one accepts the more stringent require¬ 

ments for A—H — S hydrogen bonding implicit in values of the van der 

Waals radii for sulphur and hydrogen of 1-75 and i-oo 
there is no doubt that this is a relatively important interaction in the 
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crystals of many compounds containing thione groups. This is dramatically 

demonstrated by surveys of the solid-state structures of sulphur-containing 

nucleic acid bases, nucleosides and nucleotides^^’Out of thirteen 

published crystal structures of thionucleic acid bases or thionucleosides, 

only two (those of 4-thiouridine hydrate'^^ and of the l-methyl-4- 

thiouracil: 9-methyladenine complex®”) did not exhibit A—H —S hydro¬ 

gen bonding®®. A list of these interactions taken from reference 33 is shown 

in Table 3. The A-'S distances range from 3T33 (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""S angles lie in the range 
from 120° to 176°. 

In the cases of thioguanine and guanine®®, the replacement of the oxygen 
atom by a sulphur atom does not affect the general pattern of hydrogen 
bonding in 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 Donohue'^® 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®^, 
2-mercaptobenzothiazole®®, 1 -thiocarbamoylimidazolidine-2-thione®® and 
4,4'-dihydroxythiobenzophenone monohydrate®k It is worthy of note, 
however, that there is no evidence from the crystal structures of N,N'- 

diglycyl-L-cystine dihydrate®®, the hexagonal form of L-cystine®®, 
L-cystine dihydrochloride®^, or of L-cystine dihydrobromide®® 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 in hydrogen bonding. Pimentel and McClellan®” have summarized 

evidence cited by earlier workers both in favour of and against S—H —B 

hydrogen bonding in solution, and reached the conclusion that the S—H 

group did show specific hydrogen bonding association towards strong 

bases but that the relative weakness of the thiol group as a proton donor 

explained the absence of S—H‘-*B hydrogen bonding in some systems. 

More recently, Marcus and Miller®® have cited a number of papers wherein 

evidence was produced that the thiol group could act as a hydrogen 

bonding donor to oxygen, nitrogen, carbon and sulphur atoms, and 

possibly also to aromatic 7r-electrons. These authors®® also studied the 

self-association of several thiols by n.m.r. techniques and concluded that 

hydrogen bonding plays an important part in such processes. A sampling 

of more recent work on the hydrogen bonding properties of the thiol 

group in solution suggests 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 Distances (A) Donor—H—sulphur 

Donor atom Donor—S H-S 
angle vueg; 

6-Thioguanosine“ N(2) 3-274 (8) 2-39(8) 145 (5) 
6-Thioguanine*’ N(2) 3-327 (5) 2-46 (4) 171 (3) 

N(7) 3-303 (5) 2-27 (4) 157(3) 
2-Thiocytidine' N(4) 3-467 (5) 2-75 (5) 139(4) 

O(water) 3-267 (5) 2-74 (5) 120(4) 
2,4-Dithiouracil,‘* N(l) 3-335(6) 2-78 (8) 157(5) 
atom S(2) 

2,4-Dithiouracil,‘* N(3) 3-315(6) 2-39(8) 164 (5) 
atom S(4) 

6- Mercaptopurine® O(water) 3-373 (2) 2-58 (2) 162(1) 
6- Mercaptopurine 0(3') 3-133 (9) 2-27 (9) 142(5) 
riboside^ 

2-Mercapto-6-methyl- 
purine*' 

2-Thiocytosine,'* 

O(water) 
N(l) 
N(4) 

3-26 (3) 
3-37(3) 
3-408 (2) 2-44 (2) 176(1) 

molecule A N(4) 3-551 (2) 2-66 (2) 171 (1) 
2-Thiocytosine,'‘ N(4) 3-345 (2) 2-41 (2) 176(1) 
molecule B N(4) 3-466 (2) 2-58 (2) 168 (1) 

2,4-Dithiouridine,' 0(5') 3-218(5) 
atom S(2) 

2,4-Dithiouridine, * 
atom S(4) 

0(5') 
N(3) 

3-476 (5) 
3-330 (5) 2-41 (6) 158(5) 

3'-0-Acetyl-4- 0(5') 3-227 (6) 2-3(1) 156 (7) 
thiothymidine’ 

1 -jS-Arabinofuranosyl- ■ 0(2') 3-311 (5) 2-32 (7) 173(6) 
4-thiouraciP 0(3') 3-343 (5) 2-45 (7) 142 (6) 

“ Reference 33. 
C. E. Bugg and U. Thewalt, J. Artier. Chem. Soc., 92, 7441 (1970). 

* G. Hung-Yin Lin, M. Sundaralingam and S. K. Arora, J. Amer. Chem. Soc., 93, 1235 
(1971). 

Reference 34. 
^ Rpfprpnpp "^0 

/ E. Shefter, J.'pharm. Sci., 57, 1157 (1968). 
Reference 31. 

* Reference 32. 
* G. Hung-Yin Lin and M. Sundaralingam, Acta Crystallogr., B27, 961 (1971). 
’ W. Saenger and D. Suck, Acta Crystallogr., B 27, 2105 (1971). 
^ W. Saenger, J. Amer. Chem. Soc., 94, 621 (1972). 

This table is taken from reference 33. Permission was kindly granted by the Editor of the 
Journal of the American Chemical Society. 
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The infrared spectra of a number of aliphatic carboxylic acids that 

also contain thiol groups were recorded and discussed by Saraswathi and 

Soundararajan®’^. 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 study®® of thiolbenzoic acid 

(41) in solution provided little evidence for hydrogen-bonded dimerization 

of the type normally encountered in carboxylic acids. In a rather similar 

vein, no 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 

solution®^ Finally, an infrared study of nine thiophenols showed 

convincing evidence for intermolecular hydrogen bonding involving the 

S—H group, while in some or//zo-substituted derivatives intramolecular 
hydrogen bonding was implicated®®. 

(41) (42) 
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I. 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 Thermochemical Laboratory at the 

University of Lund, Sweden, the Bartlesville Petroleum Research Center 

in the U.S. Department of the Interior’s Bureau of Mines, and the 

laboratory of Henry Mackle at the University of Belfast in Ireland. 

The best method of determining the heats of combustion of sulphur 

compounds other than free radicals is generally recognized to be the 

rotating-bomb calorimeter method^’^ that was developed in close to its 

present form in the 1950s. Since 1950 the currently accepted values of the 

enthalpies of formation of diatomic sulphur vapour^ and of aqueous 

sulphuric acid^>® have been published. In addition, the last twenty years 

has seen a big improvement in the ease and accuracy of statistical mechan¬ 

ical calculation of entropies and heat capacities. Consequently, great 

care should be exercised when evaluating pre-1950 data. The recent activity 

in the sulphur thermochemistry 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 

MI\, entropy 5® and heat capacity C^. Although the joule is now the 

151 
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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 A//^, and 
cal/(mole-K) for A® and C“. 

II. MEASURED DATA 

In spite of the recent flurry of activity in the field of thiol thermochemistry, 

there still is little data compared with that available for hydrocarbons. 

Perhaps the only advantage of so little data is that it is compact enough to 

be presented in a single table in a review article of this size, see Table 1. 

The arrangement of the table follows closely that used by Stull, Westrum 

and Sinke®. 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 Sinke®, Cox and Pilcher^ Domalski®, 

El-Sabban and Scott® and an extensive new (1972) experimental effort by 

Goodi®. The values of A//® quoted by El-Sabban and Scott® differ from 

those of most other authors by -154 kcal/mole per S atom because of a 

difference in reference states of sulphur. Thermochemical values for free 

alkylthio radicals are included in Table 1. Free radicals are too reactive 

for rotating-bomb calorimetry. 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 

(Joufucil of ChcTnicQ-l Thcvtnodyncimics, Jouvnol of Chcmicol Enginooring 

Data and the new Journal of Physical and Chemical Reference Data), a 

vitally important key to the current literature is the Bulletin of Thermo¬ 

dynamics and Thermochemistry published annually by lUPAC. 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 in 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 Chemical 
Abstracts reference. 

III. ESTIMATION BY GROUP ADDITIVITY 

Group Additivity is used to estimate thermochemical data that are lacking, 

to check measured data for consistency with those for chemically related 

compounds and to point out where further experiments are needed. The 
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Group Additivity method is simple, 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 are made up of contributions from the individual groups 

that comprise the molecule. Group Additivity is therefore an extension of 

the series atom additivity, bond additivity, ..., and turns out to be an 

excellent compromise between simplicity and accuracy. For a detailed 

treatment of the additivity principle as applied to thermochemistry, see 

an early paper by Benson and Buss^®, and a more recent Chemical Reviews 

article^®. The latter contains all the group values that could be derived 

from gas-phase thermochemical data for thiols up to 1969. The group 

values permit the estimation of A/f® to an accuracy of better than 

± 1 kcal/mole, to an accuracy of ± 1 cal/mole-K), and C® to an 
accuracy of + 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 Reviews paper*. In 

Table 2, the values for the six thiols measured by Good^® 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/mole) with those calculated using Group Additivity 

Compound Obs. Est. Obs. — Est. 

2- Methyl-1 -butanethiol -27-42 -27-24 -0-18 
3- Methyl-1 -butanethi ol -27-40 -27-24 -0-16 
3-Methyl-2-butanethiol -28-91 -29-36 0-45 
2,2-Dimethyl-l-propanethiol -30-76 -30-77 0-01 
2,3-Dimethyl-2-butanethiol -35-22 -36-55 1-33 
2- Methyl-2-pentanethi ol -35-37 -35-17 -0-20 
a-Toluenethiol 22-6 21-9 0-7 

The Benson and Buss paper^® contains bond contributions that permit 
estimation for thiols of A//® to ± 6 kcal/mole, 5® and C® at 25°C to 

± 3 cal/(mole-K). The accuracy of bond additivity is, therefore, not as 

* There are two misprints in the Chemical Reviews entry for 3-methyl-l- 
butane-thiol. The estimated heat of formation should be -28-04 and the A 
should be -f 0-63 kcal/mole. 
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good as that of Group Additivity, but it is often good enough for a first- 
order approximation. Even atom additivity can be used for 5'” and C® at 
25°C and has about the same accuracy as bond additivity. The Benson and 
Buss paper has the atom contributions. 

The next step in 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 estimation 
of the heat capacities of liquids at 25°C with an improvement in precision 
from about ±4 to better than T5 cal/(mole-K). As an example, 
(liquid for the n-alkanethiols are shown in Table 3. 

Table 3. Comparison of observed and estimated heat capacities of liquid 
n-alkanethiols 

Thioalkane Cp (liquid) 
observed 

Cj, (liquid) 
estimated by 

Group 
Additivity 

AC„ 
obs. — est. 

C„ (liquid) 
- Cj, (gas) 

Ethanethiol 28-2 27-1 M 10-8 
1-Propanethiol 34-6 34-4 0-2 11-9 
1-Butanethiol 41-2 41-6 -0-4 12-9 
1-Pentanethiol 48-1 48-8 -0-7 14-4 
1-Hexanethiol 55-1 56-1 -10 15-9 
1-Heptanethiol 620 63-3 -1-3 17-3 

1-Decanethiol 83-8 85-2 -1-4 22-7 

If the required groups are not available, then C” of the liquid can be 
estimated to within a few cal/(mole-K), if the C® of the ideal gas is known, 
from ACl (liquid minus gas) = 12 cal/(mole-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 something of an art. The relation¬ 
ship between thermochemistry and kinetics has been treated in detail in a 
particularly useful monograph^® by Benson. 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 rate constants can be broken down 
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into pre-exponential Arrhenius y4-factors (or entropies of activiation) and 
activation energies (or heats of activation). 

k = AQxp{-EIRT) 

eYJT 
= — exp (AS^*/R) exp {AHJ^jRT) 

where k is the rate constant, A is the Arrhenius ^-factor, £■ is the activation 

energy, R is the gas constant, T is absolute temperature, K is Boltzmann’s 

constant, h is Planck’s constant, is the entropy of activation, and 

is the heat of activation, and the subscript Tis a temperature in the 

middle of the range. The entropy and heats changes at T are related to 
those at 298 K (25°C) by 

A//o+ = A7/o^3+ r ACl^dT 
J298 

r T Aro+ 
AA0?= = AAor3+ _^dr 

J298 1 

where AC^ 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 Shaw^® have recently shown that for the reaction 

A-l-BC^ AB + C, where A, B and C are atoms, AC®+ is 3 ± 1 cal/(mole-K) 
from 200 to 4000 K. 

There is another useful relation between Arrhenius parameters and 
thermochemistry. For example, in the reaction 

CH.+ RSH— > CHi-^RS (1) 

it can be shown that the overall entropy change for the reaction AS^ 
is related to the ^-factor of the forward reaction A^ and the .T-factor of the 

reverse reaction by exp (AsyR) = AyA_^. Similarly, the heat of 

reaction AH^ is related to the activation energy of the forward reaction 

Fj, and the activation energy of the back reaction E_^ by AHl = Ej^-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 thermochemical 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 determining bond dissociation energies. 

This subject has been reviewed in detail by Kerr^o. To take a specific case^ 
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the bond dissociation energy of CHgS—H is the enthalpy, Ai/®, of the 

reaction 
CH3SH-> CH3S+H (2) 

D(CH3S—H) = Ai/® s; E2 — E_2 = E2 with the reasonable assumption that 

E__2 is negligible. Thus the bond dissociation energy D(CH3S—H) can be 

obtained by measuring the activation energy for the reaction 

CHgSH^CHgS + H. In practice the pyrolysis of CHgSH does not occur 

by clean, unimolecular, S—H fission, so an alternative approach is used. 

The enthalpy of reaction A//^, is also given by 

AH“=AH|(CH3S) + AHf“(H)-AHf“(CH3SH) (3) 

Values for A//fO(H) and A//j®(CH3SH) are known independently, so the 

problem is to find A/fj®(CH3S). Consider 

PhCHaSCHg-^ CH3S+PhCH2 (4) 

AHl = A//o(CH3S) + A//o(PhCH2) - AZ/oCPhCHaSCHg) = E^. The PhCHg- 
—SCHg bond is the weakest bond in the molecule, so bond fission occurs 

primarily by reaction (4). From E^ and known values of A77f®(PhCH2) and 

A//«(PhCH2SCH3), Mackle^i obtained Ai/oCCHgS) = 30-5 kcal/mole, close 

to the currently accepted value^® of 29 kcal/mole. Using this value of 

A/ZjPCCHgS), the CHgS—H bond strength follows from known values of 

A//o(H) and A/foCCHgSH). 
However, it turns out the mechanisms and kinetics of decomposition 

of sulphur compounds are so complex that the kinetic method of 

determining bond strengths is less reliable than the electron impact 

method^®'Thus, instead of using kinetics as a basis for the thermo¬ 

chemistry, the thermochemistry is used to help understand the kinetics. 

The agreement in the preceding paragraph between the CHgS—H bond 

strength derived from the kinetic method and that derived from the 

electron impact method is due to compensating errors in E^ and 

A//f®(PhCH2) in the kinetic method.^^* 
Sulphur—hydrogen bond strengths in thiols in 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. HgS 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 O—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 mass 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 A/ff«333(RSH) AHAURS) D(RS-H) 

HaS -4-8 52-1 34 91 
CH3SH -5-5 52-1 29 87 
C2H5SH -no 52-1 25 88 

CH3(CH2)2SH -16-2 52-1 18 86 

(CH3)2CHSH -18-2 52-1 17 87 
CH3(CH3)3SH -210 52-1 13 86 

(CH3CH2)(CH3)CHSH -23 1 52-1 12 87 
(CH3)2CHCH,SH -23-2 521 11 86 

(CH3)3SH -26-2 52-1 9 87 
QHsCHaSH 21-9 52-1 55 85 
Average alkylthio— •hydrogen bond strength = 86-5 ± T5 
CeHsSH 26-7 52-1 50 75 

Heats of formation of H, HS and H2S are from Benson^®. All others are from Fine 
and Westmore^®. 

Table 5. A comparison of bond 
strengths (in kcal/mole) in thiols, 

alcohols and amines 

Bond broken Bond strength 

HS—H 91 
HO-H 119 
HaN-H 110 
AlkS-H 87 
AlkO-H 104 
AlkNH-H 103 
PhS-H 75 
PhO—H 85 
PhNH-H 86 

Alk-SH 69 
Aik-OH 91 
Alk-NHa 87 
Ph-SH 86 

Ph-OH no 
Ph-NHa 104 

The thiol data are from reference 13. The hydroxyl data are from references 22 
and 23. The amino data are from references 23 and 24. 

to note from Table 5 that the S—H bond in thiols is considerably weaker 

than the O—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—O bond 

in alcohols and the C—N bond in amines. The consequence is, of course, 

that thiols are much less thermally stable than alcohols and amines. 
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I. 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 organolithium compounds with controlled quantities 
of sulphur; 

R—m-^ R—S—m-> R-S-H 

m=Li; MgX 

however, this particular procedure is seldom used for alkanethiols, except 

perhaps for tert-alkanethiols, which are difficult to prepare by other 
methods. 

A. Alkanethiols 

The most readily available starting materials for the preparation of alkyl 

derivatives are alkenes, alkyl halides and alcohols, the former two, in 

particular, are extensively used in thiol preparations although routes from 

the latter are also available. The simpler methods of preparation are, in 

theory, additions to alkenes 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 are 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 

)==( + HgS -> HS-^—® 

RX + H2S 
-> RSH -> RgS 

ROH + 

devised. Such methods of preparation of thiols must 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^ -> f SH 

(a) (i) OH": (ii) H3O+ 
or(b) [H] 

RX + R’COSH-^ RSCOR’ -> RSH 

and with thiols, R^SH, containing an easily cleavable R^—S bond: 

y=( + R’SH -^ H-)—^SR’ -> H-)—f SH 

RX + 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 in the presence of a 

suitable catalyst or agent, whereas the usual thiolcarboxylate would be the 

anti-Markownikoff adduct. 
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RCHCH3 ^-H2S+RCH=CHj-> RCHjCHaSH 
I 
SH 

Markownikoff Anti-Markownikoff 
adduct adduct 

O 
II 

R’C0SH + RCH=CH3-> RCHjCHjSCR' 

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 Intermediate Conversion of 
intermediate 

into thiol 

1 Sulphydryl ion 

2 Thiolcarboxylic 0 (a) (i) OH- 
acid, R^COSH II (ii) H3O+ 

R-S-C-Ri (b) LiAlH4 

3 Thiol, RiSH R-S-Ri (i) Na 
(ii) H3O+ 

NH-HX 

4 Thiourea, (NH2)2CS R-S-C (i) Base 

NH2 

wo-Thiuronium salt 

(ii) H3O+ 

5 Alkyl xanthate ion. S (a) (i)OH- 
S 
II- - 

II (ii) H3O+ 
R—S-C-ORi (b) LiAlH4 

Ri-O-C—S- Xanthate 
6 Thiosulphate ion. R—S-SO|- H3O+ 

s^of- Bunte salt 
7 Trithiocarbonate ion S (a) H3O+ 

csi-(^cs2+s^-) II 
R-S-C-S- 

(b) LiAlH4 

8 Phosphorothiolate ion. R-S-PO?- H,0+ 
PS0i-(^PSCl3 + 30H-) 

9 Dialkyl dithiocarbamate S (i) OH- 
ion, 

RiN-C—S—S2C-I-OH- + HNR2) 
II (ii) H3O+ 

R-S-C—NR2 

S 

10 Thiocyanate ion, NCS- R-SCN [H] 
11 (i) Magnesium or lithium [R-m] H3O+ 

(ii) Sulphur R-S-m 
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from these reactions, into thiols 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. 

B. 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 sulphides. 

-> ArSMgX 

ArSLi -^^^_ArSH 

Na/RjN 
> ArSNa 

There are other general routes to aromatic thiols involving the conver¬ 

sion of other functional groups and substituents in the aromatic nucleus. 

ArNHz 

From primary aromatic amines, several variations are possible, each 

involving the reaction of the corresponding 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 reaetions 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 O 

II _ II 
of —O—C— groupings into —S—C— groupings; for example: 

CI-C-NR, 

ArOH 

SCCL 

^ ArOCNRa - 

Newman-Kwart 

S 
II 

ArOCOAr 

Schonberg 

> ArSH 

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 

SCI 

aromatic hydrocarbons with the overall replacement of hydrogen by the 

sulphydryl group). The limitations in these methods are 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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anilines 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 disulphides to thiols. 
Functional substituted thiols have been prepared by the methods 

already outlined in this Introduction and given appropriate space in the 

body of the chapter. Specifically, a number of j8-amino-, ^-alkoxy- and 

jS-thioalkoxy-thiols have been obtained from 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 formation are references 1, 

2a, 2b and 2c. 

II. FORMATION FROM 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 method®, especially in 

those cases where the initially formed thiol is more reactive than HgS 

towards the alkene [use of a 2-5 : 1 hydrogen sulphide to cyclohexene mole 

ratio at 150°C for 24 h led to cyclohexanethiol (2-5%) and dicyclohexyl 

sulphide (12%)]^. 

:c=c: + HjS 
\ / 

H-S-C-C-H 
/ \ 

^ H-C-C-S-C-C-H (1) 
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Usually the use of a high hydrogen sulphide : alkene mole ratio favours 

the formation of the thiol®. 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 18:1 
respectively. 

Two isomeric thiols can in principle be formed from an unsymmetric 
alkene, e.g. 

SH 

RCH = CH2 > RCHCH3 + RCH2CH2SH 

(1) (2) 

where 1 is termed the Markownikoff product and 2, the anti-Markownikotf 

adduct. Equilibrium mixtures of the two thiols from the reaction of 

propylene and hydrogen sulphide were obtained at 200-300°C in the 

presence of a nickel catalyst®. At lower temperatures and generally when 

CH3CH=CH2+HjS-> CHjCHCHj+CHjCHjCH^SH 
I 
SH 

(2-3 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 catalysed by a variety of materials, 

including metal sulphides^’’ and oxides®, acids® and sulphur^>i®. Branched 

RCHCH3-^5^ RCHCH3 

SH 

chain alkenes react faster than straight chain and terminal alkenes in these 
ionic reactions^^. 

The anti-Markownikoff adduct, 2, is formed in a free-radical 
reaction®a.i2^ catalysed by ultraviolet and other radiation and the usual 

H3S-> HS* 

RCH=CH3-}-HS’-> RCHCHjSH 

RCHCHjSH-f H3S-> RCH^CH^SH-I-HS* 

radical initiators; ultraviolet light has proved particularly useful®'*^* 

These reactions have been used for terminal, internal and cyclic alkenes. 
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In the oxygen-initiated addition of hydrogen sulphide to alkyl vinyl 

ethers, the rate of reaction decreased as the branching in the alkyl group 

increased. Furthermore, as the branching increased, so did the amount of 

the Markownikolf product, due to the increasing ease of oxidation of the 

vinyl ethers to acidic materials (which then act as Markownikolf 

R0CH=CH2—5?^ ROCH2CH2SH (2) 

catalysts)®*>^. The ultraviolet light (A = 253-7 nm) initiated reaction of 

1-butene with HgS (1 : 2 mole ratio) at 0°C gave a mixture of «-butanethiol 

(85%) and di-n-butyl disulphide (15%); the authors mentioned that 80% 

of butene had reacted within minutes^®, 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 mercury compounds. 

y-Radiation has also been successfully used^^. Of all the chemical 

initiators, azonitriles are reported to be generally the most satisfactory^^. 

Other chemical initiators occasionally fail; peroxides, for example, can 
oxidize HgS to sulphur and the ionic process would then be favoured^^ 

The stereochemistry of the products from the photo-induced radical 

reaction of hydrogen sulphide with l-chlorocyclohexane^'^ has been 

investigated. The major thiol product was cw-chlorocyclohexanethiol 

c/s-chlorocyclohexanethiol 

(85-90%); the remaining products being the trans isomer and mixed 

sulphides. The additions of hydrogen sulphide and thiols to 1- and 
2-chloro-4-t-butylcyclohexenes in the presence of azobiswobutyronitrile 

have also been studied and the product ratios for the hydrogen sulphide 

and some thiol (for comparison) additions are given below^®: 
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Yields at 5°C (4) (5) (6) (7) [HjS]: 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% 6-5% 10:1 

H Cl 

'"'O’ z:: 
(8) SR SR 

(9) (10) 

H 
_J 

Cl 
_1 

H H 

(11) (12) 

Yields (9) (10) (11) (12) 

R = H 71-3% 1-2% 18-2% 9-3% a 10:1 

COMe 61-3% 4-5% 19-8% 14-8% b 10:1 

a at -50° C b at +60° C 

Temperature and thiol concentration affected the product ratios, but 

trans 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 1-cis- 

chloro-4-cw-/-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-cyclohexyl radicals (14 and 15) and the rate 

of chain transfer (Scheme 1). (Such a reversal step is not important for the 

HBr reaction.) Bridged radicals were thought not to be important^®. 

Modifications in the reaction media can readily change the type of 

addition. Thus catalytic amounts of hydrogen chloride dissolved in 

dioxane caused the formation from vinyl ethers and HgS of 16, while in 

the absence of hydrogen chloride, the peroxide impurities in the sample of 
dioxane used were sufficient to direct the formation to 17 

ROCHCH3 
HCl 

dioxaue 
R0CH=CH2 

dioxane 
ROCHjCHjSH 

(17) SH 

(16) 
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RSH -^ RS* 

(13) 
a-SR e-CI 
trans diaxial 
addition 

a-SR a-CI 
cis addition 

RSH 

e-SR a-Cl 
trans diequatorial 

addition 

e-SR e-CI 
cis addition 

twist boat thermodynamic 
product 

(15) 

Scheme 1. Reaction of thiols with 2-chloro-4-r-butylcyclohexene. 
a = axial; e = equatorial. 

Reactions of allylamine with hydrogen sulphide under various conditions 

have been studied^®. The reactants when irradiated with ultraviolet 

radiation did not give thiol products. However, at 85-95°C in an autoclave 

in the presence of azobiswobutyronitrile, a mixture of l-amino-2- 

propanethiol (18) (4 parts) and 3-amino-2-propanethiol (19) (1 part) was 

H,S-1-CH2=CHCH2NH2-^ CH3CHCH3NH2-HHSCH,CH,CH,NH2 

SH (19) 

(18) 

obtained. Amines are inhibitors of radical reactions and so the high yield 

of the Markownikolf 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 amine salts are not inhibitors of radical reactions. 

The hydrogen chloride salt proved to be a better reagent than the acetic 

acid salt. Sulphides were also obtained in these reactions. 
Alkenes, with electron-withdrawing groups such as carbonyl-^®-22, 

cyano-21’25^ nitro-®®, and carboxyl-^i'24 and ester-groups®^’are activated 

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 

SH 
1 

(H3C)2CCH3C0CH3 60 19a 

2 Methyl isopropenyl CH3C0CH(CH3)CH3SH Et3N 70 19b 
ketone 

3 Crotonic acid 

SH 
1 

CH3CHCH2C02H EtaNH 53 21 

4 Vinylacetic acid 

SH 
1 

CH3CHCH2COaH EtaNH 38 21 

5 Nitroethylene O2NCH2CH2SH — 16 23 

6 l-Nitro-2-methyl- 

SH 
1 

(CH3)2CCH2N02 32 23 
prop-l-ene 

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 at 70°C in a sealed vessePi. Under these reaction con¬ 

ditions, 20 isomerizes to 21 before the reaction with hydrogen sulphide. 

CHj=CHCH2C02l-l --> CH3CH=CHC02H 

(20) (21) 

HaSIEtaNH 

V 

CH3CHCH3CO2H 
I 
SH 

(22) 

Acrylonitrile and crotononitrile on similar treatment solely produced the 
sulphides (23) and not the thiols. 

yHgN C-CHg—CH-y^S R = CH3 and H 

(23) 

a-CWoromethyl acrylate (24 with Y = COaMe), and hydrogen sulphide 

at - 78°C and in the presence of trimethylamine gave a number of products, 

including ^-mercaptomethyl propionate (25) in 15% yield^^. The proposed 
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mechanism for the formation of 25 was by way of episulphide and alkene 

intermediates. a-Chloroacrylonitrile (24 with Y = CN), reacted similarly. 

/Cl 
ch2=cC 

Y 

(24) 

Me.N; H,S 
-> HSCH, 

Cl 
I 

-C- 
I 

H 

MejN 
-hcT 

H,S 
-S MejN 

CHa-CHY -> CH2=CHY -> HSCH2CH2Y 

S (25) 

For the very activated nitroalkenes, such as CH2=C(N02)CH3 and 

(CH3)2C=CHN02, the basicity of the solvent, ethanol, was suflBcient to 

effect the addition of hydrogen sulphide^^. Much more sulphide products 

were obtained from primary alkenes than from branched alkenes. This was 

SH 

R’R^C=CR^N02 > R^R^CCHR^N02 

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 pyridine^® have also been successfully used as catalysts. 

Additions to acetylenes have also been carried out under both photo- 

chemicaP'^*^® and X-ray initiation^®. Thus at -78°C using a mercury lamp, 

acetylene and methylacetylene gave respectively vinyl thiol and a single 

geometric isomer of 1-propene-l-thiol, probably the trans compound^’. 

Direct photolysis of acetylene at higher temperatures led to polymeric 

CH=CH—CH2=CHSH 

MeC^CH-l\/leCH=CHSH 

material, [CH2-CHSH]^®®. X-Ray radiation®® at room temperature gave 

vinyl thiols, divinyl sulphides, vicinal dithiols and also polymeric 

material. 

B. Additions of Other Sulphur 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'CH=CHR® + R^SH -> R^CHCH2R® -^ R'CHCH2R^ 

SR^ SH 

(26) 

R3 = alkyl, aralkyl or acyl 

(4) 
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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. 

(R^CHCH2R^)2S] is prevented. The choice of R^SH (equation 4) is governed 

by the ease of cleavage of the R®—S bond in the unsymmetric sulphide 

(26). Of particular utility is thiolacetic acid and its additions to alkenes 
are next discussed. 

I. Thiolacetic acid additions 

Table 3. Addition of thiolacetic acid to alkenes 

No. Alkene Product Yield (%) Ref. 

1 4-Methyl-1-pentene CH3CHCH2CH2CH2SCOCH3 93-5 33 

2 Oct-l-ene «-C8Hi7SCOCH3 100 34 

3 Oct-2-ene 

4 Mesityl oxide 

5 Allyl acetate 

SCOCH3 \ 
j 

CH3CH(CH2)5CH3 

CH3CH2CH(CH2)4CH3 
j 

> 100 

SCOCH3 J 
SCOCH3 

1 

(CH3)2CCH2C0CH3 92 

SCHaCHaCHaCO^Et 100 
I 
COCH3 

34 

34 

34 

6 1-Methylcyclohexene 

7 4-Oxo-2-pentenoic 
acid 

2-Acetylthio- 
levulinic acid 

94 31 

95 36 

Br 

8 a-Bromoacrylic CHgCHCOaH 
acid I 

SCOCH3 

92 37 
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O 

II 
Thiolacetic acid additions [R^ = CHgC, equation (4)] initially reported 

by Holmberg^®, are exothermic processes leading to the anti-Markownikoff 

adducts in good yields®^"^^. Photolysis and the usual radical initiators are 
frequently used. 

XCH=CH2-^ XCH2CH2SCOCH3-^ XCH3CH2SH (5) 

Hydrolysis of the thiolesters is normally achieved by alcoholic alkali (see 

p. 206). Several j8-substituted thiols have been prepared by this method; 

the method is of particular importance for X = alkoxy and aryloxy^^, and 

for unsaturated acids and carbonyl compounds®^’e.g. 

SCOCH3 
CH.COSH I 

CH3C0CH=CHC02H -■> CH3COCHCH2CO2H -> 

957o 

CH3COCHCH2C02H 

SH 
Reference 36 

However, for a j8-chloro-alkene, the product normally isolated after 

alkaline hydrolysis of the thiolacetate was a cycUc sulphide®®^ arising 

from an internal nucleophilic substitution in the intermediate thiolate, e.g. 

CH3 CH3 
I hr I OH- 

CHj^CCHgCI + CH3COSH -> CH3COSCH2CHCH2CI -> 

88% 

CH3 
I 

CH 
/ \ 

HjC CH2 
\ / 
S 

80% 

For a series of pentenoic acids, the order of reactivity®® towards thiolacetic 

acid was 

CH3CH3CH=CHC02H<CH3CH=CHCH3C03H<CH3=CHCH2CH2C02H 

CH3 
I 

CH 
/ X 

HjC CH2CI 
\ 

Cl- 
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From either cis- or tra«i'-2-chlorobut-2-enes, the same mixture of 

erythro-(10%) and threo-(90%) 2-acetylmercapto-3-chlorobutanes was 

obtained^®; 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 time to equilibrate before reaction. 

CH, 

CH, 
I 

CO 
I 
s 

:c-c: 

(27) 

XH3 

"Cl 

CH, 

or O' 
I 

CH,-C- 

"S 

-c: 

(28) 

-CH, 

Thiolacetic acid additions to cyclohexenes are less stereospecific than 

those of hydrogen bromide^®. A reversal step was clearly shown by the 

isomerization of cis- and tra«j'-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. Other 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 1-methyl- 

cyclohexene^h 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 base^®, e.g. 

ArCH=CHNOj-f-Et3N 

+ CH3COSH 

SCOCH3 SH 

I I 
> ArCHCHjNOj-^ ArCHCH^NOj, 

2. Thiol additions 

A detailed discussion of thiol additions to alkenes is outside the 

scope of this chapter: for reviews on this, see references 3a and 12. 

Dealkylation of sulphides to thiols is considered elsewhere in this chapter 
(section XIII). 
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Hi. 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 pressures^^”^®. With basic alumina 

rOH + H,S^^^ RSH + H,0 

as the support, basic promoters favour thiol formation and acidic 

promoters give more dialkyl sulphides'*’. Kramer and Reid*® gave details 

of the preparation of the lower thiols up to wo-amyl thiol in 35-52% yield 

from the passage of alcohol vapour and hydrogen sulphide over a heated 

thoria catalyst. Higher yields of thiols were obtained using a potassium 

tungstate/alumina catalyst system*®. 
Triphenylmethanethiol has been obtained in 75% yield by passage of 

HgS through a solution of the alcohol in acetic acid containing sulphuric 

acid®® *. Probably, trityl hydrogen sulphate was initially formed, which then 

reacted with HgS. Dialkyl sulphates and metal hydrogen sulphates have 

been known since 1834 to give thiols on reaction with HgS®*. A facile 

laboratory preparation of ethanethiol from ethanol, sulphuric acid and 

H2S has been described by Reid®^. Generally the yields of the lower thiols 

produced by this method are low—~ 25%, but the ready availability of the 

starting materials still makes this an attractive method. Sulphides and 

alkenes, especially at high pH, are also formed. 
Sulphonates, too, have been used as starting materials®®; e.g. octadecyl 

/7-toluenesulphonate gave 76% thiol. 

B. Using Phosphorus Pentasulphide 

For alkanethiols, the formation from alcohols and phosphorus penta¬ 

sulphide has been patented®®. Q-Qe alcohols can be converted to 
dialkyldithiophosphates, which on acid hydrolysis give the corresponding 

thiols. Yields greater than 70% can be obtained if the sulphides formed in 

the reaction are dealkylated to give thiols as well. 
In the nitrogen-heterocyclic field, hydroxyl groups (or the carbonyls in 

the tautomeric amide groups) are readily converted to thiol units by 

phosphorous pentasulphide in the presence of pyridine. In such a way 

mercapto-imidazo-[4,5-d]-pyridazines®®’®’, -pyridines®®, -purines®®*®® and 

-pyrimidines®* can be obtained. Thiation and ring closure of 5-acetamido- 

2,4-diamino-6-hydroxy-pyrimidines also occur in a single step using P2S5. 

* A better general method of preparation of tertiary thiols uses the reaction 
of HBr and thiourea on the alcohols®*. 

7 
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SH 

4,7-dihydroxyimidazo- 79% 
[4,5-d]-pyridazine 
Reference 56 

Reference 58 

2-Amino-6-hydroxy- 
8-methylpurine 
Reference 60 

5-Acetamido-2,4- 

diamino-6-hydroxy- 

pyrimidine 

OH SH 

4,5-diamino-6- 51% 
hydroxy-2-phenyl- 
pyrimidine 
Reference 61 

IV. FORMATION FROM HALIDES AND HYDROGEN 
SULPHIDE 

A. Alkyl Halides 

Alkyl chlorides, bromides and iodides all react readily with metal 

hydrogen sulphides, frequently the sodium salt, in alcohol solution to give 

thiols62. Primary and secondary alkanethiols, for example, are prepared 

from the corresponding chlorides and NaHS, obtained by the action of 
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hydrogen sulphide either on alcoholic potassium hydroxide or on sodium 

ethoxide®®. For thiols up to Cg, ethanol was found to be a good solvent, 

while for Cio-Qg compounds, a higher boiling alcohol, such an n-butanol, 

was a preferable solvent®^. The higher mercaptans were produced in good 

yields from alkyl iodides and NaHS in an autoclave®®. 

The higher mercaptans, particularly, are readily converted to di¬ 

sulphides by air oxidation especially in alkaline media and care to avoid 

this must be taken®®. More significant general by-products are the dialkyl 

sulphides. The following equilibrium guarantees some formation of the 

sulphides. The equilibrium lies further to the right at higher temperature 

2NaHS 7..Na^S+HjS 

and so lower temperatures are to be preferred for thiol formation. From 

some halides, e.g. a-bromoketones, sulphides are predominantly formed®® 

in reaction with the sulphydryl ion. Some difference between the use of 

sodium and potassium hydrogen sulphide 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 same concentration of KHS, 19% thiol 

and 62% sulphide. The presence of HgS or H2SO4 increased the yields of 

the thiol. In anhydrous glycol, 90% of hexanethiol was formed using 

NaHS®’ and the halide. 
Another drawback in this procedure is the formation of alkenes ®®’®®. 

A little cyclopentene was obtained as well as the thiol from the reaction 

of cyclopentyl bromide with KHS, while from cyclohexyl bromide, the 

major product was cyclohexene®®. 
Tertiary aliphatic thiols are generally more difficult to prepare by this 

route, due to the ease of formation of the alkene. Triphenylmethanethiol 

has been obtained in 85% yield from the chloride and hydrogen sulphide 

in the presence of activated alumina®®. 
a,a»-Dithiols were also obtained by this method from the dibromides, 

Br(CH2)^Br ’®. As well as the desired products and the usual impurities, 

polymeric sulphides and cyclic sulphides—especially for « = 4 and 5— 

were also obtained. Such was the amount of the cyclic tetra- and penta- 

methylene sulphides, that the dithiols are best prepared otherwise, namely 

via the isothiuronium method’®, see section VI. Heating the dihalide and 

hydrogen sulphide in a closed vessel has also been used’^. 
An alternative approach is to treat the alkyl bromide or iodide with 

disodium disulphide in liquid ammonia to give the disulphide, which is 

cleaved by sodium. Thiols are obtained in good yields after acidification, 

e.g. HSCH2CH2SH in 76% overall yield’l 
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B. Heterocyclic Halides 

Replacement of halogens in heterocyclic compounds by the sulphydryl 
group is also an easy reaction in several systems, e.g. pyridines’^, 
imidazo[4,5-d]pyridazines’^ and pyrido-[2,3-d]-pyrimidines’5. With chloro- 
pteridine however, use of sodium sulphide in aqueous ethanol was 
preferred to NaHS, since the latter gave an addition complex’®; a related 
complex was also obtained when thiourea was used. 

2-mercapto-4-amino- 
pyrido-[2,3-d] 
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 

2 

A 60-65 78 

B 69 81 

NO2 

SH 

3 C 68 83 
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No. Aryl halide Thiol product Method Yield (%) Reference 

A. (i) Na^Sa; (ii) OH-; (iii) H3O+. 
B. (i) Na^S; (ii) HO Ac. 
C. (i) Na^Sa; (ii) Zn/HOAc. 
D. (i) NaaSa; (ii) glucose/OH“; 

(iii) H3O+. 

E. Cu, KSH. 
F. (i) NaSH, liquid NH3; (ii) H3O+. 

thiol unit. The direct route using sodium sulphide, followed by acid 

hydrolysis is possible^^, but substantial production of amino compounds 

limits the utility of this method for production of nitrothiophenols. Use 

of disodium disulphide in an alkaline medium appears to avoid the 
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disadvantage and good yields of the salts of nitrothiophenols are obtained 

in a single step'^®. Formation of di-(nitroaryl) disulphides from disodium- 

disulphide and their subsequent reduction to the thiophenol is an often 

used variation of this procedure^®’®®. Of course, the controlled simul¬ 

taneous replacement of the halogen and reduction of the nitro group by 

sulphide ion is a good method of preparation of aminothiophenols®^’ 

from halonitrobenzenes. Another possible pathway to prepare aminothio- 

phenols from halonitrobenzenes is to obtain first the di-(nitrophenyl) 

disulphide and then reduce both the nitro and disulphide groups in one 
step®^. 

(i) excess S^'; (ii) 

Replacement of chloro and nitro groups in polychloronitrobenzenes by 
sulphydryl groups has been reported to occur in liquid ammonia and also 

in methanol®^. Thus, pentachloronitrobenzene gives both 2,3,4,5-tetra- 

chloro-6-nitrothiophenol and 2,3,4,5,6-pentachlorothiophenol. Poly- 
chlorobenzenes, CCl6_^Hx for 6 < X < 3, also reacted with sodium hydrogen 

sulphide, either in liquid ammonia or methanol, to give the corresponding 

thiophenols®^ CClg^^^H^SH. Hexafluorobenzene reacted similarly®®, but 
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/»-dichlorobenzene did not react, even in the presence of cupric acetate. 

The presence of the methanesulphonate group allows the nucleophilic 

replacement of bromide by the sulphydryl group in p-bromophenylmethyl 

sulphonate®”. Both the halogens in 2,5-dibromoterephthalic acid were 

replaced directly by thiol groups®'^, in the presence of copper. 

In the absence of electron-withdrawing groups, forcing conditions are 

required to bring about reaction. Thus treating chlorobenzene with an 

excess of dry sodium sulphide in a polar organic solvent, such as 1-methyl- 

2-pyrrolidone or dimethyl acetamide at 300°C for some hours yields 

both thiophenol and diphenyl sulphide. Variations of the mole ratios of 

the reagents affect the product ratios, with approximately 50% of the 

thiophenol being the optimum yield*®. Another patent describes the 

production of thiophenol from halobenzenes and hydrogen sulphide in 

the gas phase over a catalyst comprised of activated charcoal and a metal 

sulphide®®. 

V. USING PHOSPHOROTHIOLATE ION 

Treatment of alkyl halides, RX, by trisodium (or trilithium) phosphoro- 

thiolate and the acid hydrolysis of the alkyl-S-phosphorothiolate is a mild 

method of replacing X by SH The alkali metal phosphorothiolates are 

PSCI3 + 30H‘ PSO, 

'.2; JO X-CH,-R 
-o. 

-O' 

0 

'S-CHoR 

H3O' 

H3PO4 + HSCHgR 

best obtained by alkaline hydrolysis of thiophosphoryl chloride®®’®h In 
such a way, 3-bromo-2-(bromoethyl)-propionic acid was converted at 

room temperature to the dithiol in 50% yield: i.e. 

CO2H 

HSCHo-C-CHoSH 
I 

H 
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Table 5. Production of alkyl thiols from halides via phosphorothiolate 
intermediates 

RX + PSOf- 

O 
II 

R-S-P-O" 
I 
o~ 

H30^ 

-> RSH 

No. Alkyl halide Thiol Yield (%) Reference 

1 (BrCH2)2CHC02H (HSCH2)3CHC03H 50 90 

2 NH(CH2)3NH(CH2)2Br NH(CH2)3NH(CH2)2SH 

(CH2)4 
1 

(CH2)4 
1 

80 92 

NH(CH2)3NH(CH2)2Br NH(CH2)3NH(CH2)2SH 

3 NH(CH2)2Br 
1 

NH(CH2)2SH 

(CH2)3 
1 

(CH2)3 
1 74 92 

NH(CH2)4NH3 NH(CH3)4NH2 

4 

k. 88 93 
NHCCHjlzBr NHCCHslgSH 

Derivatives of 2-aminoethanethiols have been successfully prepared via 
the phosphorothiolate route^^.^s. 

VI. FORMATION VIA /SO-THIURONIUM SALTS: 
USE OF THIOUREA 

A. S-Alkyl-\so-Thiuronium Salts from Alkyl Halides 

This method, generally involving the reaction of a halide with thiourea 

to give an wo-thiuronium salt, and hydrolysis of the latter, is superior to 

that using hydrogen sulphide and alkyl bromides and iodides (but not 

R-x + s=c:^ 
NH, 

R-S-C 
NH, X" 

'NH, 
RSH 

however chlorides), since it is experimentally 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 reagents, including halo- 

alkylcarboxylic acids®®, tertiary alkyl halides®® and unsaturated halides®'^. 

Older procedures®® used alkaline hydrolysis, followed by steam 

distillation or ether/benzene extraction to collect the thiol from the 

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 wo-thiuronium salt and to 

decompose it with a high boiling amine (e.g. tetraethylene pentamine)®®. 

This modification gave good yields of alkanethiols (>68%) and (x,co- 

dithiols (>58%), except of ethane-1,2-dithiol. The di-wu-thiuronium salt 

of the latter on treatment with an amine eliminated ethylene sulphide which 

in turn reacted with the amine to give a substituted aminoethanethiol®®. 

Table 6. Formation of thiols from halides via /so-thiuronium salts 

/NH-HX 
RX + SC(NH2)2 -^ R-S-C% -> RSH 

NH, 

No, Halide Yield of 
thiol (%) 

Method of decomposing 
wo-thiuronium salt 

Reference 

1 C^HsBr 68 Tetraethylene pentamine 
in ethylene glycol 

99 

2 w-CgHjBr 79 Tetraethylene pentamine 
in ethylene glycol 

99 

3 n-C4H9Br 77 Tetraethylene pentamine 
in ethylene glycol 

99 

4 «-C8Hi7Br 84 Tetraethylene pentamine 
in ethylene glycol 

99 

5 Br(CH2)5Br 80 Tetraethylene pentamine 
in ethylene glycol 

99 

6 Br(CH2)4Br 78 Tetraethylene pentamine 
in ethylene glycol 

99 

7 Br(CH2)3Br 58 Tetraethylene pentamine 
in ethylene glycol 

99 

8 Br(CH2)2Br 0 Tetraethylene pentamine 
in ethylene glycol 

99 

9 Br(CH2)2Br 60 KOH/HaO/A 100 

10 2-Bromostearic 
acid 

67 OH-/EtOH/A 95 

11 PhCHaCl almost 
100 

NaHCOs/A 101 

12 ;7-BrC6H4CH2Br 97-100 
(p-BrC6H4CH2SH) 

DMSO/NaOH 102 

13 9-Fluorenyl 
bromide 

99 DMSO/NaOH 102 
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Table 6 {cont^ 

No. Halide Yield of Method of decomposing Reference 
thiol (%) wo-thiuronium salt 

Cl 

CHjPh 

97 EtOH/A 103 

95-8 OH-/H2O/A 105 

100 EtOH/A 104 

90 OH-/H2O/A 107 

However, alkaline hydrolysis of the di-Ao-thiuronium salt has been 

successful®®. Thermal decomposition of the Ao-thiuronium salt in the 
presence of the mild bicarbonate ion has been reported^®h 

CHo-X 
I 

CH2-X 
+ 2 

NH2 

NH2 

CH,-S-C 

CH,~S-C: 

NHg X" 

'NHj 

.NH2 

'NH,X' 

RNH^ -> 

CHg CHgSH 
I -> I 

CH2 CHgNHR 

The use of dimethyl sulphoxide (DMSO) as the solvent enabled a 

single-step, high-yield preparation of aralkyl thiols to be madei®^. The 
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aralkyl halide and thiourea were stirred in DMSO at room temperature 

and on pouring into 10% aqueous sodium hydroxide the thiolate was 

formed. This mild method is useful for heat-sensitive compounds. 

An interesting preparation of 3-mercapto-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 the favoured acid, since its anion 

is poorly nucleophilic. (Hydrochloric acid also produced some 

HOCHaCCEOgCHaCl.) 

CH3CH2 

CH3CH 

3,3-diethyloxetane 

:o + Hx > 
CH3CH2^ 

CH3CH2 
OH X' 

NH, 
/ 

S=C 
\ 
NH2 

CH2CH3 
I 

HOCH2C-CH2-S-C 
I 

CH2CH0 

NH-HX 

'NH, 

CH2CH3 
OH- I 
-^ HOCH2C-CH2SH 

I 
CH2CH3 

Extensive use has been made of the wo-thiuronium method in N- 

heterocyclic chemistry, e.g. for preparation of thiol derivatives of 

purines^®^-^®®, pyrimidines^®^ and azapurines^®’. The reactive pyrrolethiols 

have also been prepared via their Ao-thiuronium salts^®®. 

B. S-Aryl-iso-Thiuronium Salts 

i. From aryl halides and diazonium salts 

The decomposition of aryl Ao-thiuronium salts to thiols has been 

variously reported^®®-^^^. A number of useful routes to aryl wo-thiuronium 

salts are available; the simple preparation from thiophenols and cyanamide 
can, of course, be neglected here. Nitrohalobenzenes^^^-iw j-eact 

directly with thiourea or tetramethylthiourea. When no electron-with- 

drawing groups are present, such a direct method fails. However, 

+ _ S=C(NH,), , ^ _l M ^ 
ArNHo -5>- ArNgX —--> ArS—H- Ng (6) 

NH2 

(i) HCO,- 

(ii) H,0" 
> ArSH 

diazonium salts do give Ao-thiuronium salts on reaction with thiourea^®®-!!® 

and so thiophenols can be prepared from anilines^®®-^^h The method of 
Freidlina, Kopylova and Khasanova^^^ preparing aryl-wo-thiuronium 
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Table 7. Formation of aromatic thiols from aromatic amines 
via reaction of aryldiazonium salts with thiourea^®® 

ArNHa -> ArNs BF4“ 
SC(NH,L^ 

Ar-S 
^NH-HjCOa 

NHj 
ArSH 

No. Amine Product Yield (%)“ 

2 50 

NHg SH 

3 22 

4 20 

“ Yield based on the diazonium tetrafluoroborate. 

saltsii2 involved aryldiazonium 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 coworkers^^^ 

employed unspecified diazonium salts and tetramethylthiourea in the 

presence of cupric chloride; in the absence of the catalyst, no iso- 
thiuronium compound was obtained^^^. 

For the preparation of thiolsi«9-iii, the S-aryl-wo-thiuronium salts need 
not be isolated but can be reacted in situ with bicarbonate ion; acidification 
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giving the thiols in yields ranging from 25 to 50%. The alternative decom¬ 

position of the wo-thiuronium salt by alkaline hydrolysis is inferior. The 

p-chloro group in a p-chlorobenzenediazonium salt is also reactive—due 

to the electron-withdrawing diazonium function—towards thiourea and 

so a p-di-wo-thiuronium compound can be obtained. Thus, benzene-1,4- 

dithiol can be prepared from either p-phenylenediamine or p-chloroaniline, 

although the former gives the better yield^®®. o- and m-Chloro-groups on 

the other hand are unaffected^"® by thiourea. 

2. From addition to quinones 

Two preparations of thiols from the reactions of thiourea with p- and 

o-benzoquinones have been reported^^^-^i^ The o-benzoquinones were 

prepared in situ. 

Reference 116. 

OH OH 

80-90% 

(7) 

Reference 117. 
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VII. FORMATION VIA BUNTE SALTS: 
USING THIOSULPHATE 

A. From Halides 

Acid catalysed hydrolysis of S-alkyl- and S-aryl-thiosulphates—Bunte 
salts^i®—is another particularly useful method of preparing thiols^^^' 

O 

RX + S203~ -> R-S-S—0~ > RSH 

O 

The Bunte salts are conveniently obtained from halides—especially 

primary and secondary alkyl and aralkyl halides—in an aqueous or 

aqueous-organic medium; their hydrolyses are usually performed in situ 

Table 8. Formation of thiols from halides viu Bunte salts 

RX+SA'~-> RSSO3- —> RSH 

No. Halide Thiol Yield (%) Reference 

1 W-CgHj^gBr n-CsHisSH 76-5 119 
2 Br(CH2),Br HS(CH2)2SH 85 119 
3 PhCHaCH^Br PhCHaCHaSH 85 119 
4 PhCH=CHCH2Br PhCH^CHCHaSH 40 119 
5 O2NC6H4CH2CI O2NC6H4CH2SH ca. 80 120 

0-, m- and p- 

6 CI-(^^>-SCH2CH2CI ClSC H2C HgS H 76 122 

7 Br-^^^^)-SCH2CH2Ci 82 122 

without prior isolation. Yields are generally good, but not however for 

1,2-ethanedithioB2^, although ^-arylthioethanethiols, ArSCHgCHoSH 
were so prepared in good yields^^^ from the corresponding halides. 

A comparison of the wo-thiuronium and Bunte salt methods of preparing 

SH 

^ I 
^-mercaptopropionanilide, PhNHCOCHCH3, from the corresponding 
hahde has been made^^S; higher yields were obtained from the latter 

Normally, sodium thiosulphate is used due to its ready availabihty and 
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low cost. Thallous thiosulphate has, however, been recommended^^^ 

especially as the thallous halides formed in the reaction are insoluble so 

enabling the Bunte salts to be easily collected, if required. 

Some rates of formation and hydrolysis of Bunte salts have been measured. 

In the bimolecular reaction with thiosulphate, the reactivity of alkyl 

bromides^^® was in the order EtBr > «-PrBr > wo-PrBr and that of benzyl 

chlorides, /?-XC6H4CH2Cl in aqueous diglyme, in the order 

X = N02> Cl> i-Pr > i.e. the more electron deficient the 

a-carbon the faster is the formation of the Bunte salt. Hydrolyses of 

Bunte salts are A-1 processes^^®’: 

, fast “f" slow 
R-S-SO7 + -- R-S-SOJ ——> RSH + SO3 

H 

Only slight differences’^^® in the rates of hydrolysis of simple S-alkyl-, 

S-aralkyl- and S-aryl-thiosulphates were found, e.g. for RSSO^, the 

relative rates for R = EttPhCHa^Ph were 1:0-8: 0-66. 

B. From Quinones and Related Compounds 

Reaction of /7-benzoquinones with thiosulphate led to 1,4-dihydroxy- 

phenyl thiosulphates, which on reduction with zinc and hydrochloric acid 

gave the mercaptodihydroxybenzenes’®®. Other formations of aryl 

0 OH OH 

V Zn/H30- > 

> j lUf 
S’S07 

0 
R = H, 

OH 
Me and Ph 

OH 

thiosulphates include the reaction of j9-phenylenediamine with thio¬ 

sulphate ion in the presence of chromate or dichromate’®’’; mono-’®’ 

or di- and tetra-’®® substituted derivatives are obtained depending on the 

conditions used, e.g.: 
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VIII. FORMATION VIA XANTHATES AND RELATED 
ESTERS 

A. Xanthates from Alkyl Halides and Aromatic Diazonium Salts 

Both alkane- and arene-thiols are obtained from the corresponding 

xanthates. The routes to each type of xanthate are however quite different: 

alkyl xanthates are normally prepared from alkyl halides^^^^^®, while 

aromatic derivatives are obtained from diazonium salts^®®’ 139, 

routes involving an alkali metal alkylxanthate. Normally potassium 

Table 9. Production of thiols from halides via xanthates 
0 O 

RX-f-S-C -ORi R-S 

q; 
0

 1 0
 

1 RSH 

No Halide Thiol Overall Agent to Ref. 
yield ol decompose 
thiol (%) xanthate 

1 CHaCHaCHaBr CH3CH2CH2SH 84“ H2NCH2CH2OH 145 
2 w-CigHasCl K-C12H25SH 85“ H2NCH2CH2NH2 146 
3 CICH2CH2CI HSCH2CH2SH 78“ H2NCH2CH2NH2 146 
4 PhCHaCl PhCHaSH 85“ H2NCH2CH2NH2 146 
5 a-Bromovaleric a-mercapto- 62'’ NH3 143 acid valeric acid 
6 PhCHaCH^Cl PhCHaCHaSH 73" LiAlH4 134 

0 
II OH 

7 PhCCHgBr PhCHCHaSH 64" LiAlHi 134 
0 
II OH 

8 PhCCHaBr PhCHCHaSH 87“ LiAlH4 134 
Cl 

1 
SH 

9 PhCHCOsH 
1 

PhCHCHaOH 70“ LiAlH4 134 

10 
_] 

LiAlH4 134 

“ Yield based only on xanthate. 
Xanthate was isolated and purified. 
Xanthate was not isolated. 
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ethylxanthate is used but others have proved equally successfuP®^. (The 

xanthates can be isolated but this is unnecessary.) The preparations of 

S S 

II II 
RX+EtOC-S-K+-V RSCOEt-> RSH (9) 

S 

II 
ArNH^--^ ArN+X--ArSCOEt-^ ArSH (10) 

some alkali metal alkylxanthates, from alcohols and carbon disulphide in 

the presence of hydroxide ion, have been published^®®. 

s 
II 

ROH+OH-+CS2-> ROCS-+H20 

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 in the formation of the aryl 

xanthate and its addition circumvents heating the mixture and so makes 

the procedure safer^®®. 
The reaction between diazonium salts and alkylxanthates does not only 

lead to aryl alkylxanthates, but also to diaryl dithiocarbonates, 

(ArS)2CO, and alkyl alkylxanthates. The diaryl dithiocarbonates can also 

be reduced to thiols by LiAlH4 

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 hydrolyses^®®’In 

this way, many 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 hydrolysis^^’Aqueous ammonia has been successfully used and 

good yields of a-mercaptocarboxylic acids, and esters were obtained^^®- 

Other nitrogen bases, including phenylhydrazine^®®, 2-amino-ethanoF® 

and ethylenediamine^^®, 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 same 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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Table 10, Formation of aromatic thiols from aromatic amines via xanthates 

o 0 

+ o_p_m?! 

ArNH^-^ ArNj,X- - > ArSC-OR’-> ArSH 

No. Aniline Thiol Yield Agent for Ref. 
(%) decomposing 

xanthates 
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Table 10 icont) 

197 

f 

No. Aniline Thiol Yield Agent for Ref. 
(%) decomposing 

xanthates 

7 

NHa 

CH^CH-COjH 

SH 

CH^CHCOgH 

30 OH- 229 

LiAlH4 134 
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Reduction of both alkyl- and aryl-xanthates by lithium aluminium 

hydride is particularly useful for compounds which are susceptible to an 

alkaline medium^^^’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 olfset 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 LiAlH4 

reduction than by alkaline hydrolyses. Thus o-thiocresol was obtained 

from the ethyl xanthate in 89% yield by LiAlH4 reduction and only in 

37 % yield by the hydroxide reaction^^’. A similar result was obtained in 

the preparation of o-phenylthiophenol. Djerassi and coworkers^®^ 

further showed that a 64% yield of o-mercaptophenol was reproducibly 

obtained using LiAlH4; from alkaline hydrolysis, variable yields of 30-70% 
were previously reportedr^®. 

The presence of other easily reduced groups could limit the use of 

LiAlH4 reductions although Djerassi and coworkers^®^ used this method 

to advantage to prepare jS-mercapto-ethanols from a-haloketones and 
acids in two-step syntheses. 

O OH 

RCCHX RCCHSCOR" > RCHCHSH 

R' R' H R' 

X _ f 

RCHCO^H —RCHCOJ 

SCOR" 
II 
O 

LiAIH, 
> RCHCH.OH 

I 
SH 

6. Trithiocarbonates 
S S 

Trithiocarbonates, rs^s-, rscsr and S' 'S 

s 
II 

are hydrolysed to thiols by acids^^^ and basesr^^, iso. isi 

well as being reduced by lithium aluminium hydride^^^. 153 

The non-cyclic trithiocarbonates are prepared from alkyl halides and 
sodium trithiocarbonatei*9-i54,i65,i56^ ^hich is obtainable from sodium 

sulphide and carbon disulphider®®. 

Martin and Grecoi^** obtained particularly good yields of dithiols, such 

as 1,4-butanedithiol and ^,^-'dimercaptodiethyl ether, but a much poorer 
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CS2 + NazS NazCSa 

S 
II / 

RCI + NagCSs -^ NaSCSR -^ RSH + CSj 

^Cl 
( + NazCSs 
^Cl 

Table 11. Formation of thiols from halides via trithiocarbonates 

S 
\ ^ II H 0 + 

RX + S-C-S -> RSC-S“ ^ > RSH 
II 
s 

No. Halide Thiol Yield (%) Reference 

1 CHaCH^Br CH3CH2SH 85 154 
2 CHaCCHalsBr CH3(CH2)5SH 79 154 
3 PhCHaCl PhCH2SH“ 85 154 
4 PhCHaCl PhCHaSH" 25 149 
5 ClCHaCOzNa HSCH2CO2H 85 154 
6 CICH2CH2OH HSCH2CH2OH 84 154 
7 CICH2CH2CI HSCH2CH2SH 84 145 
8 CKCHzIiCl HS(CH2)4SH 61 149 
9 CKCHalzOCCHalzCl HS(CH2)20(CH2)2SH 77 149 

® Intermediate trithiocarbonate produced in MeOH. 
** Intermediate trithiocarbonate produced in H2O. 

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 Patent^^ reported, however, excellent yields of toluene-a-thiol and 

other simple and functionally substituted mono- and di-thiols from the 

acid-catalysed hydrolysis of trithiocarbonates. The better yield of toluene- 

a-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 with the sodium trithiocarbonate would ensue. Dimethyl 

sulphoxide has been used as solvent for the formation of alkane- and 

nitroarene-thiols^^®. 
Preparations of cyclic trithiocarbonate include the treatment of 

epoxides^^^’^^^’^^^’^®® and episulphides^^^’^^^’^^^’^^® with alkyl xanthates. 

Meso- and D,L-isomers of 2,3-butanedithiol (31, R = Me) and related 
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compounds were conveniently obtained by this route^®^, 153^ trans- 

stilbene oxides (29, R = Ph) are converted to the Irons- and cw-trithio- 

carbonates^^® (30, R = Ph; 4,5-diphenyl-l,3-dithiolane-2-thiones) respec¬ 

tively on reaction with potassium methylxanthate at room temperature in 

yields of 67 and 18%. Reduction of (30, R = Ph) by LiAlH4 in tetra- 

hydrofuran at reflux, followed by acidification, gave the d,l- and 
wc50-a,oi:^-stilbenedithiols in 40-50% yields. 

R 

H 
O 

(29) 

H 

R 
+ r’o- 

s 
II 
C-S“ 

two 

inversions 
R' 

:c-c: 
S 

s 
R " 
^ R’OC—S— 

^-> 
u inversion 

(30) 

H 

R 

SH SH 
I 1/ c-cr^ 

H 

R 

(31) 

The advantage of the LiAlH4 reductions of cyclic trithiocarbonates over 
other methods of preparing vicinal dithiols has been stressed^^^^ yields of 

ethane-1,2- (86%), propane-1,2- (75%) and cyclohexane-tmnv-1,2-thiols 

(90%) from LiAlH4 reductions of cyclic trithiocarbonates were vastly 

superior to those obtained from base hydrolyses^^^ of the same com¬ 

pounds. Iqbal and Owen^^^ further pointed out that methods of preparing 

secondary vicinal dithiols from dihalides, such as the sodium hydrogen 

sulphide and potassium thiolacetate procedures, gave high yields of 

alkenes and such methods must be considered inferior to the LiAlH4 

reduction of cyclic trithiocarbonates. 

Good use of this method of preparing dithiols has been made in the 
carbohydrate field^®^’ 1^’, e.g. 

OCHo 
/ I 

MeCH HCO, 
\ I \ 

OCH CHMe 
I / 

HCO 

S-C 
\ 

S-CH 
/ 

S-CH, 

episulphide (thiitone) 

OCH, 
/ I 

MeCH HCO 
\ I \ 

OCH CHMe 
I / 

H-CO 
I 

HSCH 

CHgSH 
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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 

^ra«5-2-mercaptocyclopentanoP^®. Strain is the likely explanation of this 
behaviour. 

An interesting preparation of a cyclic trithiocarbonate—a dithiol-2- 

thione—in the aromatic field has been reported^®**. Diazotization of 

o-aminothiophenol in glacial acetic acid produced 1,2,3-benzothiadiazole 

(32), which on treatment with carbon disulphide under pressure gave 

l,3-benzodithiol-2-thione (33). The latter, on base hydrolysis, gave, after 

acidification, benzene-1,2-dithiol (34). 

S 

(32) (33) 

(i)OH- ^ 

(ii) H3O + 

C. Via Thermal Rearrangement of Thioncarbonates and 

Thioncarbamates and Related Reactions 

Both thioncarbonates and thioncarbamates, available from phenols, 

undergo thermal rearrangement; the thioncarbonates (35) to the thiol- 

carbonates (36)—the Schonberg rearrangement^®®-^®®—and <9-aryldialkyl- 

thioncarbamates (37) to S-aryldialkylthiocarbamates (38)—the Newman- 

Kwart rearrangement^®®-’^^^. These rearrangements have been incorporated 

in thiophenol syntheses which provide the best general route from phenols 

ArOH 
SCCI2 A 

-> (ArO)2C=S 

(35) 

ArOH + ArSH + CO2 

Schonberg 

rearrangement 

0 
II 

-> ArOCSAr 

(36) 

H,0 

(11) 
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. . (i) Base II 

-rspNirri ^ ArOCNR, (ii) RgNCCI ^ 

S (37) 

Newman-Kwart 

rearrangement 

o 
' II 

ArSCNRj 

(38) 

(i) OH- 
-> 
(ii) H3O + 

ArSH (12) 

to tliiophenols. (Although reactions of phenols with hydrogen sulphide 

under forcing conditions^’® and with phosphorous pentasulphide^” 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 dialkylthiocarbamyl 
chloride 

S S 

II II 
ArOH + RjNCCI-> ArOCNR^ 

No. ArOH Thiol 

O 

Yield Conditions for Ref. 
(%) formation of 

ArOC—NR2 

II 
S 

1 85*- NaH/D.M.F. 167 

2 65® Pyridine/xylene 173 

3 \( Y 92*’ NaH/D.M.F. 167 

85' DABCO“/D.M.F. 87 
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Table 12 {cont.) 

203 

No. ArOH Thiol Yield Conditions for Ref. 
(%) formation of 

ArOC-NRa 
II 
S 

7 8P NaH/D.M.F, 167 

“DABCO = l,4-diazabicyclo[2,2,2]octane. 
'' Yield of hydrolysis step. Yield of rearrangement step ~ 95-100%. 
” Overall yield. 

Of these two processes, that involving the Newman-Kwart rearrange¬ 

ment is the superior. Yields in each of three steps in the scheme are high; 

normally greater than The preparation of diethyl 

thiocarbamyl chloride is described in Organic Synthesis'^’’^, as well as its 

reaction with 2-naphthol to yield 0-2-naphthyl-dimethylthioncarbamate^®®. 

The preparation of 2,5-dimercaptoterephthalic acid (39) has been 

achieved from the corresponding dibromoterephthalic acids and dihydroxy 

esters®^. The yield obtained from the phenol conversion, using the 
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Newman-Kwart rearrangement, was greater than that from the halide, 
which involved nucleophilic substitution by SH~. 

S O 

II II 
Other related thermal rearrangements of —C—O— to —C—S— 

groupings are known, equations (13) and (14), but neither the xanthate 

nor the thioncarboxylate rearrangements have been utilized in thiophenol 
synthesis. 

All four thermal rearrangements (equations 11-14) are unimolecular 

processes involving nucleophilic attack by sulphur on the aromatic ring 

O 

ArOH 

-> ArSCSR 

(41) 

Xanthate rearrangement 
Reference 179; 180 

O 

.0) OH- 
,(ii) H3O* 

ArSH 

-> ArSCR 

(42) (43) 

Thioncarboxylate rearrangement 
Reference 181 

(13) 

(14) 

and pass through a cyclic transition state: electron-withdrawing substitu¬ 
ents in the aromatic ring facilitate the reaction^^^, 174 

rearrangements of aryl N,N-dimethylthioncarbamates in diphenyl ether 

S 0 

. " A II 
ArOCNMej-^ ArSCNMe 
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solution correlate well with the values of the meta- and para- 
substituents^'^^. However in the absence of a solvent, the correlation was 

not so good^®®. Some steric acceleration^®® due to hindered rotation was 

noted for the rearrangements of ort/?o-substituted O-aryldialkylthion- 

carbamates. 

The first-order rate constants for the rearrangement of /?-nitrophenyl- 

N,N-dimethylthioncarbamate (44), p-nitrophenylthionbenzoate (45), 0-p- 
nitrophenyl-S-phenyl dithioncarbonate (46) and p-nitrophenyl phenyl 

thioncarbonate (47) in diphenyl ether at 200-5°C were T21 x 10~®; 

T18x 10~^, 1-06X 10“^ and 2-34x 10“® s“^ respectively^’^^. This sequence 

is in accord with the inductive effects of the a, 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. 

N02 NO2 NO2 

0 0 0 
O-C'NMe, 

II 
S 

0-CPh 
II 
S 

0-C-SPh 
II 
s 

(44) (45) (46) 

NO2 NO2 NO2 

0 ^ 0 
S-C-OPh 

II 
0 

O-C-OPh 
II 
s 

0-C-SPh 
II 
0 

(48) (47) 

By basic hydrolysis some disulphides can also be obtained from 

dithiocarbonates^®^. However, easy hydrogenation, for example, by zinc 

and acetic acid, see p. 221, does not make this a serious handicap. When 
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alkyl aryl thiolcarbonates, ArSC(0)R, are hydrolysed, some alkyl aryl 

sulphides are obtained especially when higher temperatures are used^®®. 

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 Thiols 

As briefly indicated in the previous section, the conversion of thiolesters 

to thiols is a convenient method of preparing the latter. 

The thiolesters can be prepared in the following ways: 

(a) Thermal rearrangement of thioncarboxylates: 

s o 

II A II 
ROCR'-—> RSCR’ 

(b) Addition of thiolcarboxylic acids to alkenes. 

R’ O 

RCH=CHR’ RCHj-CHSCR^ 

(c) Substitution of halide or sulphonate groups by thiolcarboxylate. 

0 
II 

RX+R’COS"-RSCR' 

Methods (a) and (b) have been already mentioned (sections VIII. C and 

II.B.l respectively). Method (c) is a straightforward nucleophilic 

substitution process. One strong recommendation for it is that no sulphide 

productsi8^ can be formed. Dimethylformamide has been used as the 

solvent with success for such reactions^®®. 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^^’^3, as, 4i Much milder conditions have been 

O 

RSH + R'CO,H 

used occasionally. Thus^®, the weak base, p-chloroaniline, was used for the 

hydrolysis of the ester (49). Reaction of 49 in aqueous sodium hydroxide 
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Table 13. Hydrolyses of thiolcarboxylates to thiols 

0 
II 

RSCR’-> RSH 

CH0CH-CHSCOCH3 

4 2-(Acetylthio)- 
levulinic acid 

5 H02C(CH2)4SC0CH3 

CH2SCOCH3 

7 CH3(CH2)3SCOPh 

CH3 
I 

8 CH3CHCH2SCOPh 

9 PhSCOPh 

No. Thiolacetate Yield of 
thiol (%) 

Hydrolysis 
conditions 

Ref. 

' 1 
^^v^.SCOCH3 

78 KOH/EtOH reflux 31 

2 
^^v^SCOCH3 

85 KOH/EtOH reflux 31 

\^CH3 

3 CH3 CH2CH3 90-5 KOH/EtOH reflux 33 

92 

83 KOH/H2O reflux 

45 LiAlH4/Et20 

41 LiAlH4/Et20 

96 LiAlH4/dioxane 

10 p-CH30-H(^^^>-CH2SCOPh 96 LiAlH4/dioxane 

11 Cholestanyl thiobenzoate 65 LiAlH4/Et20 

36 

38 

41 

189 

189 

189 

189 

189 
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Cl 

II 
O SCCHo 
II I 

CH3CCH2CHCO2H 

(49) 

SH 

CH,COCH,CHCO,H 

solution led to elimination of thiolacetic acid, resulting from the cleavage 
of the carbon—sulphur bond due to activation by the acetyl group: 

O C 
o 
II 

S-C-CH3 

CH,CCH:rCHCOo 

r H 

'OH 

O 

ch3CCH=chco7 

Ammonia has also been used for aliphatic thiolacetates in the liquid 
phase^®®; thiols and acetamide were produced. 

RSCOCH3+NH3-^ RSH + CHjCONHj 

A route to thiols from alcohols incorporates the reaction of a sulphonate 
with thiolacetate, and the hydrolysis of the alkyl thiolacetate, so formed, 
with base. An inversion occurs in the reaction of the sulphonate with the 

thiolacetate. In this way, thiols in the androstane, pregnane and cholestane 
series were preparedi®'^-1®®. Reaction of the sulphonate with thiourea was 
also used and this too led to inversion. 

Reduction by lithium aluminium hydride, gives particularly good yields 
of thiols^®® from the thiolacetates. The reaction conditions are reported to 
be milder than those normally used for hydrolysis. Cholestanyl thio- 
benzoate afforded 3-mercaptocholestane in 50% yield by hydrolysis 
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KSCOCHj/DMF 
100’4 h. 

3-a-thiolacetate 17-one 

with sodium ethoxide, while 65% yield was obtained with lithium 
aluminium hydride. 

Ultraviolet radiation of phenyl thiolacetate in benzene gave several 
products^®®, among these were the indicated thiophenols. The amount of 
thiophenol (50) increased as the reaction time increased. The initial 

O 
II 

PhSCCHa 

reaction is the cleavage of the S—CO bond followed by hydrogen abstrac¬ 

tions and other processes. 

0 O 
II II 

PhSCCH,-> PhS'-l-CCH, 

The report of the photolysis of /j-tolyl thiolacetate^^^ in cyclohexane 
solution, however, mentioned no thiol product. 
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£. Dithiocarbamates: Formation and Hydrolysis^^^ 

Alkyl and aralkyl chlorides and nitrochloroaromatics react with sodium 

s s 

RCI + NaSCN(CH3h RSCN(CH3h-> RSH 

(53) 

N,N-dimethyldithiocarbamate. The dithiocarbamate products are hydro¬ 
lysed by base to thiols in good yields. 

Table 14. Formation of thiols from halides by use of 
N,N-Dimethyldithiocarbamate ion^®®. 

RX+SCN(CH3)3-> RSCN(CH3)3-> RSH 

No. Halide Yield of Thiol Yield of 
intermediate thiol based 

(53)(%) on (53) (%) 

1 PhCHaCl 82 PhCHaSH 
PhCHaSH 

86% 
82%' 

2 CI-(^^>-CH2CI 82 CI-<^^)-CH2SH 95“ 

Cl _/ 
Cl 

3 
ClV(^y-CH2CI 

94 
CI-^^^^CHaSH 

88“ 

4 PhCHaCHaCl 92 PhCHaCHaSH 66“ 

5 CH3(CH2)6Br 86 CH3(CH2)5SH 61“ 

6 CH3(CH3)i5Br 78 CH3(CH2)i5SH 65“ 

7 CI-<^^0(CH2)3Br 82 
CI^(^^0(CH2)3SH 85" 

“ Decomposition of (53) catalysed by OH- 
** Decomposition of (53) catalysed by NH3NH2. 
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The reagent, sodium N,N-dimethyldithiocarbamate, is readily obtained 

from carbon disulphide, dimethylamine and sodium hydroxide. 

S 
II 

CSj+NaOH + HNtCHjh-> NaSCN(CH3)2 

An advantage of this method is that the alkyl N,N-dimethyldithio- 

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. Resinous material was 

obtained from attempts either to hydrolyse or to hydrazinolyse them. 

Another limitation was experienced with /3-phenoxyethyl N,N-dimethyl- 

dithiocarbamate: phenols were obtained rather than the j8-phenoxycthyl 

thiols. 

§ H,NNH, 
II orOH~ 

ArOCH2CH2C! -^ ArOCH2CH2-S-C-N(CH3)2 -5^ ArOH 

IX. SULPHUR INSERTION REACTIONS OF 
ORGANOMETALLIC COMPOUNDS 

Reactions of sulphur with organometallic compounds—particularly of the 

more electropositive elements—can lead to the metal salts of thiols^®®* 

This method, particularly using organomagnesium and organolithium 

compounds^^®“i®^ has had considerable use; especially for formation of 

R-m+Sa-> R-S-m-> RSH (15) 

aromatic thiols, since aliphatic thiols are more conveniently prepared by 

other ways. However, some tert-alkanethiols^®°’and cycloalkane- 

thiols2®2 have been successfully prepared this way, starting from the alkyl 

halide. (These thiols are not so easily produced by the more regularly 

used alkanethiol preparations.) 
Wruyts and Cosyns^^^ in 1903 showed that sulphur reacted 

vigorously with organomagnesium halides to give magnesium mercaptides 

(m = ‘MgX’ in equation (15)) which on acid hydrolysis gave the thiols, 

disulphides and sulphides*. The method was later developed by 

Tabouryi®^ into a general one for the preparation of aromatic thiols. The 

* The structures of organolithium^^ and organomagnesium compounds^®® 
are much more complex than suggested by the simple RLi and RMgX desig¬ 
nations. However, such simple formulae will be used for convenience in this 
section without implying that these are in fact the compositions of the organo¬ 
metallic compounds. 

8 
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reactions should be carried out under nitrogen and less than a stoichio¬ 

metric amount of sulphur should be used, otherwise disulphides and 

monosulphides could be formed. The formation of p-fluorothiophenol 

RMgBr+iSs-> RSMgBr 

2 RSMgBr-f-iS,-> RSSR+S(MgBrh 

RSSR+RMgBr-> RSMgBr-|-RSR 

from p-bromofluorobenzene is a more recent example of this method^®®. 

Acid hydrolysis used to be the standard means of obtaining the free thiol 

from its magnesium salt; a more recently developed method is reduction 

by lithium aluminium hydride^®®. m-tcrt-Butylthiophenol was obtained in 

83% yield from m-bromo-terr-butylbenzene using LiAlH4 reduction, any 

disulphide produced during the reaction would also be converted to the 

thiol by lithium aluminium hydride and so help to give a high yield. 

Reaction of organolithium compounds (m = Li in 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 reactions^®^, which do not proceed so 

readily with magnesium. Thus, the organolithium route is the more 

versatile one of the two. 2-Thiophenethiol has been produced from both 

RX + Li -> RLi ^ 
direct 

metalation RH + Li 

RX + BuLi 
or 

PhLi 

RH + BuLi 
or 

PhLi 

transmetalation 

organomagnesiumi®8-2®8 and organolithium compounds^®®. The starting 

materials for the organomagnesium routes were the bromide (overall 

crude yield 67%)i®® and the iodide (30% yield)®®® but thiophene itself 
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Table 15. Formation of thiols from organolithium and organomagnesium 
compounds with sulphur 

RX-> R-m-> R-S-m-RSH 

No. RX Metal Reagent for Thiol Yield Ref. 
used decomposi- (%) 

tion of 
R—S—m 

1 

2 

3 

4 

5 

ButCl Mg H3O+ Bu‘SH 70-75 200 

PhsCBr Mg NH4CI PhgCSH 70 201 

PhBr Mg H3O+ PhSH 30 195 

PhBr Li H3O+ PhSH 62 197 

Br SH 
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was used in the lithium reaction^^® (65-70% yield). The ^-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-ThiophenethioP‘’®’has been formed 

from 3-iodothiophene (via the organomagnesium reaction in a yield of 

21%) and from 3-bromothiophene (via the organolithium route in a yield 
of 63%)2'>9. 

Comparisons of these organometallic procedures with some other 

methods of preparing 2-thiophenethiol indicate the usefulness of the 

former^^®. The other methods shown in equations (16) and (17) are 
discussed in sections X and XIII. 

[%J Zn/H,SO. 

Reference 198 

S-' 'SOjCI 

Yield 59% 

(16) 

SCI 

Reference 210 

(i) OH-/MeOH 

(iOH^O^. ^ 

(17) 

A modification of this reaction of organolithium compounds is that with 

thiiranes^ii. 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 + » RSLi + (18) 

of sulphur. Thus, «-butyllithium and phenyllithium with cyclohexene 

sulphide gave, after hydrolysis, «-butanethiol (63% yield) and thiophenol 

(^^%)> 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 organometallic compounds of less electropositive elements 

require more vigorous conditions and the yields are normally low; for 

example, heating tetra-p-tolyltin with sulphur, 1 : 3 mole ratio, at 170°C 

in a sealed tube for 10 h gave only a 45% yield of di-p-tolyl-disulphide^^^. 

A thermal rearrangement in organosilicon and organogermanium 

compounds has been utilized in the formation of /7-(trialkylsilyl)- and 

/7-(trialkylgermanyl)-thiophenols^^®’^^^. The reaction represents an overall 

conversion from p-bromothiophenol. 

Another interesting reaction of trialkylsilyl sulphides furnishes thiols. 

Thus, trimethylsilyl benzyl sulphide reacted with ter?-butyllithium in 

tetrahydrofuran solution to give, after hydrolysis, >79% a-(trimethylsilyl)- 

benzylthioF®. 

PhCHjSSiMea + Bu‘Li 

Li 

■> PhCHSSiMe 3 
> 

PhCHSLi PhCHSH 

SiMea SiMeg 
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X. FORMATION AND REDUCTION OF SULPHONYL 
CHLORIDES AND RELATED 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 216). On the other hand, many aromatic 

derivatives are easily obtained by the chlorosulphonation of aromatics^-"^®. 

ArH + HOSOjCI-^ ArSOjCI-> ArSH 

This method of preparing aromatic thiols generally does not suffer too 

much from disadvantages, for example, of side reactions and explosions, 

which is a particular hazard with the xanthate reaction with diazonium 

salts—although other reducible groups (e.g. nitro) may also be affected in 

the reduction stage. However, diborane has been found to be a safe 

reductant to use with nitroarylchlorosulphonates. 
The alternative longer preparation 

ArH + H2SO4 -^ ArSOgOH -■ ArSOgCI - > ArSH 

is less frequently used2^’-22o 

Specifically, Marvel and coworkers^^^ have described the production 

of 4-mercapto-3,5-dimethylphenoxyacetic acid (54) from 3,5-dimethyl- 
phenoxyacetic acid in a two-stage process in an overall yield of 60%. 

Reduction of the sulphonyl chloride intermediate was by amalgamated 

zinc and sulphuric acid. The reversibility of the sulphonation step in acid 

media was clearly shown by some de-chlorosulphonation occurring during 

the reduction step with the formation of 3,5-dimethylphenoxyacetic acid^^^. 

The preparation and reduction of benzenesulphonyl chloride are described 

in Organic Syntheses‘^'^‘^^>'^. A single-step synthesis from aromatic com¬ 

pounds to thiols has been published: the aromatic compound and chloro- 

sulphonic acid were allowed to react to completion, and the mixture was 

poured onto ice and sulphuric acid, to which zinc was carefully added. 
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Table 16. Formation of thiols from the reduction of sulphonyl chlorides 

RSOjCI-> RSH 

No. RSO2CI RSH 

1 M-BuSOaCl «-BuSH 

SOpCI 
2 1 

SH 

9 0 

CH3 CH3 

SOpCI SH 
/ 

3 ^ 
Fe Fe 

Yield (%) Conditions Ref. 

45 LiAlH4 216 

50 LiAlHi 216 
90 LiAlHi 227 
89 LiAlHi 228 
90 Red P/IJCHgCOjH 234 

LiAlH4 217 
70 Zn/H30+ 226 

o 
SOpCI 

91 Red P/I2/CH3CO2H 234 

OMe 

SOpCI 

OMe 

SH 

63 Red P/I2/CH3CO2H 234 



Table 17. Formation of thiols from aromatic hydrocarbons via aromatic 
sulphonyl chlorides 

ArH-ArSOjCI-ArSH 
_(a)_^_(b) 

No. Hydrocarbon Conditions Thiol Overall Ref. 
for stage (b) yield (%) based 

on hydrocarbon 

1 

2 

3 

Zn/H30+ 

Zn/H30+ 

Zn/H30+ 

SH 

69 222 

60 224a 

60 224a 

224a 

225 

SH 

CH=CHC02H 
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After a period of heating, the product was obtained by steam distilla- 
tion223 From zinc/sulphuric acid reduction of sulphonyl chlorides, several 

alkyp24 and halogeno-thiophenols^^^^’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 hydride^^®’^^®’^^^’^^’’^^’’; tin(ii) chloride and acid^^®’; tin 

and acid^^®; phosphine and base®®®; diborane, produced in situ from 

sodium borohydride and acid®®®; and red phosphorous with iodine®®^’®®®. 

To obtain thiols from sulphonyl 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 

RSOjCI-^ RSOjH-> RSOH-^ RSSR-RSH 

However, these compounds can be further reduced simply on addition of 

more lithium aluminium hydride. Assuming that the stoichiometry of the 

reduction is: 

2 RSOjCl+3 LiAIH4-> LiAICIj(SR)2+6 LiAIOj 

HaO 

RSH 

then 23, 42 and 62% excesses of lithium aluminium hydride gave 71, 83 

and 89% p-thiocresol respectively from /»-toluenesulphonyl chloride®®®. 

Compounds, related to sulphonyl chlorides, which can also give thiols on 

reduction with lithium aluminium hydride, are sulphonic anhydrides and 

sulphonamides®®!; 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 iodine®®^"®®®. 
Several of the other reductants have some particular and specific 

advantages. For example, diborane will reduce chlorosulphonyl groups 

preferentially and so nitrobenzenesulphonyl chlorides can be converted 

to the corresponding nitrothiophenols by diborane®®®. Stannous chloride 

reduction®®® of /7-(chlorosulphonyl)-cinnamic acid to p-mercaptocinnamic 

acid gave 96% yield in contrast to zinc and acid reductions yielding only 

22-26% of the thiol. Reductions by phosphines appear not to have much 

synthetic application for thiol formation. As well as thiols, disulphides 

and trithiophosphate esters are produced in yields dependent on the 
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conditions232. The presence of a base—pyridin^ was used as the solvent— 

was necessary. The best yields of thiols were obtained when an initial 

excess of phosphine was present; phosphine reduction of PhSOgCl, 

p-CHgCeH^SOgCl, p-BrC6H4S02Cl and P-NO.2C6H4SO2CI led to 68, 56, 

60 and 48% yields of the corresponding thiols respectively. When the 

phosphine was added in small portions gradually, the major products 

were the appropriate disulphides. The maximum yields of trithiophosphate 

esters were obtained in conditions intermediate between those reported 
above. 

XI. THE FORMATION AND CONVERSION OF 
DISULPHIDES TO THIOLS 

Conversion of disulphides to thiols can be achieved readily by reduction 

and by other sulphur sulphur bond cleavage reactions. For a number of 

reasons, this is a very important conversion. Disulphides have been 

prepared in some cases in preference to the direct formation of thiols; 

the latter are subsequently prepared normally by reduction of the 

disulphides. A consideration in such indirect methods is that the dis¬ 

advantage of the extra step in the synthesis must be more than offset by 

the reaction being more readily controlled, and producing greater yields 
than the direct route; for example, the reactions of alkyl halides^^s. 237 ^nd 

aryl halides^^®-239, activated for nucleophilic substitution by electron- 

withdrawing groups with disulphide ion have been preferred to reactions 

with the hydrogen sulphide ion, since these gave considerable amounts of 

waste sulphide products. Furthermore, rather than reacting aryldiazonium 

compounds with alkyl xanthates with the potential risk of explosions 

several authors have described the use of disulphide and polysulphide 
ions2‘’®>2^'’-242^ jjj more reliable reactions; 

2ArN+-HSJ,--> N,/^-hArS„Ar-ArSH 
11^2 

Many procedures for thiol formation, for example, the /j'othiuronium 

method (section VI), require base hydrolyses of the intermediates under 

vigorous conditions. Under such basic conditions, many thiols are particu¬ 

larly vulnerable to oxidation and considerable amounts of disulphide 
could be formed. 

Air-oxidation of thiols on standing also leads to the formation of 
disulphides243. in some cases, the storage of disulphides is considered much 

wiser than storage of the thiols. Conversion of disulphides to thiols can be 

made whenever required. Kharasch and Parker^^^ have recommended the 
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use of unsymmetric 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+HSCHCOjH-> RSSCHCO^H-> RSH 

I I 
CH2CO2H CH2CO2H 

These unsymmetric disulphides are stable. The release of the desired thiol 

from the disulphide is readily obtained by some nucleophilic cleavage 

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 aluminium hydride^^'^’; 

sodium borohydride^^®”^®®; zinc and acid^^^"^^®, or alcohoP^^; tin^^^ and 

other metals^^® and acids; electrolytic reductions^^®-^®^; hydrogen sulphide 

and its metal salts^®^"^®®; ultraviolet radiation^®^’; triorganophos- 

phine^®®'^’^; glucose and base^“’; hypophosphorous acid— 

diselenide^^®; sodium in ammonia^^^ and other solvents^®““^®^. The ionic 

cleavage of sulphur—sulphur bonds in disulphides occurs with nucleo- 
philes239. 244,284-289_ 

Lithium aluminium hydride reduces both diaryl and dialkyl disulphides 

readily in 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 used^^® to reduce both (±) and ( + )lipoic 

acids (55) to (±) and (+) dihydrolipoic acids (56) in excellent yields 

COpH 1 ^ 
COoH 

1 
(CH2)4 (CH2)4 

CHSH 
/ ^ NaBH, / 
; 1 -> H2C 
\ \ 
cHr CHjSH 

(55) (56) 

(~90%). 2-Mercaptobenzothiazole24» was prepared in 96% yield from the 

corresponding disulphide. Use of a Lewis acid, such as AICI3, with sodium 

borohydride leads to quantitative conversions of aryl, aralkyl and alkyl 

disulphides to thiols^^®. 
Several metal—proton donor-reducing systems have been successfully 

used. This is a long-established procedure^^^ ^^h the most frequently used 
combinations being tin^si ^nd zinc^^i-ss^. 2^6 jn the presence of an acid. 

The almost quantitative determination of disulphides by amalgamated 
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Table 18. Preparation of thiols by reduction of disulphides 

rSSR—2 RSH 

No. Disulphide Thiol 

(a) LiAlH4 reductions 

4 

5 

(PhS)3 

(Bu‘S)2 

OH 
I 

6 (PhaCHCHCH2S)3 

(b) NaBH4 reductions 

COoH 
I 

(CH2)4 

CH- 
S 

H2C I 
\_s 

PhSH 

Bu^SH 

OH 
I 

Ph^CHCHCHaSH 

COoH 
I 

(CH2)4 

CH 
/ 

H,C 
SH 

CH; 
\ 

■ (0:>-' 
9 (n-BuS)2 

10 (PhS)2 

11 (PhCH^S):, 

(c) Metal-acid reductions 

12 [CH3(CH2)nS]2 

CH2SH 

S, 
C-SH 

o-BuSH 

PhSH 

PhCHaSH 

CH3(CH2)iiSH 

Yield (%) 

SH 

75 

88 

96 

95 

0 

92 

91 

96 

99 

99 

99 

Ref. 

227 

227 

245 

245 

245 

247 

248 

249 

250 

250 

250 

95 (Zn/Hg/H2S04) 254 
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Table 18 (cont.) 
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No. Disulphide Thiol Yield (%) Ref. 

45 (Zn/CHaCOaH) 251 

90 (Zn/CHaCOaH) 256 

59 (Hg/Al/HaO) 258 

(d) Sodium sulphide reduction 

17 (PhS)a PhSH 

88 

~100(PPha/MeOH 
HaO/RT, 
15 min) 

262 

269 

lOOCPPha/MeOH 269 
HaO/RT, 
15 min) 

2 
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Table 18 (cont.) 

22 (PhCHaS)^ 

23 (BuS)2 

24 (CHsCHaCHaS)^ 

(f) Glucose reductions 

SH 

Cl 

SH 

BuSH 

Thiol Yield (%) Ref. 

1 ~100 (PPhs/MeOH 269 

^NOa HaO/RT, 
15 min) 

~100(PPh3/MeOH 
HaO/RT, 

269 

''NOa 15 min) 

^COaMe ~100 (PPha/MeOH 
HaO/RT, 

269 

'SH 15 min) 

aSH 40 (PPhg/MeOH 
HaO/20 h/RT) 

274 

95 (PPhg/MeOH 
HaO/reflux) 

274 

93 (PPha/MeOH 
HaO/reflux 
6h) 

274 

98 (PBug/MeOH 
HaO/RT/1 h) 

273 

HaCHaSH 73 (PPha/MeOH 
HaO/reflux 
4h) 

274 

98 (PBus/MeOH 273 
HaO/RT/l h) 

SH 

25 40 80 
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No. Disulphide Thiol Yield (%) Ref. 

zinc/acid reduction to thiols has been described^^'^. Reduction of di(o-nitro- 

phenyl) disulphide by zinc and acetic acid^^s is an efficient way of producing 

o-aminothiophenol. For some difurfuryl and dibenzyl disulphides, 

aluminium amalgam was used^^*. 
Cathodic reduction of cystine-®®S-hydrochloride to cysteine-®^S-hydro- 

chloride has been achieved^®® in a very high yield. Electrolytic reduction 

was also used for dithio-diglycollic acid (57)®®®, and for diphenyl 

disulphide®®^. 

O 0 

HOCCH2SSCH2COH-> HO2CCH2SH 

(57) 

Among the disulphides successfully reduced by sodium sulphide was®®® 
di-[o-(2-hydroxynaphthalene-l-azo)phenyl] disulphide (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-bromophenyl) disulphide to the corresponding 

thiol after hydrolysis^®®. Reduction of both the nitro and disulphide groups 

in di-(o-nitrophenyl) disulphide by an excess of ammonium hydrogen 

sulphide led, after acidification, to the formation of the hydrochloride 
of o-aminothiophenoP®. 

Ultraviolet irradiation of solutions of disulphides in solvents able to act 
as proton donors^®^ does lead to the corresponding thiols^®'^'291-294 

RSSR-^ RS- ■■ > RSH + R'. (20) 

In hydrogen-free solvents, such as carbon tetrachloride, or in weak 

hydrogen-donor solvents (e.g. toluene) diphenyl disulphide on irradiation 

also gave, in addition to thiophenol, the thiols (59) and polymeric thiol 
materiaP®^. The reaction scheme was envisaged to be: 

PhSSPh —^ 2PhS‘ 

PhS* + PhS* 

PhSH + PhS PhS" + PhS S* etc. 
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The mean equivalent weight of thiol produced was intermediate between 

the molecular weight of thiophenol and of the mercaptodiphenyl 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 9,10-dihydroanthracene 

was converted to mesitylenethiol in 78% yield^®'^; anthracene was also 

formed. Di-wobutyl and di-n-butyl disulphides were also rapidly photolysed 

to thiols in cumene and other solvents at 35°C using a low pressure 

Bu’SSBu' - > 2Bu'S‘ 

CH, 

Bu'S* + PhC-CHj -> Bu'SH + PhCtCHsla 

H 

HoC CH, 
I I 

2PhC(CH3)2 -> PhC-C-Ph 

H3C CH3 

PhC(CH3)2 + Bu'S* -^ PhC(CH3)2 

SBu' 

mercury arc; e.g. in cumene^®®. The yields of wo-butanethiol were in the 

region of 35%. Other solvents capable of acting as proton donors were 

also used; e.g. wopropyl ether (8% conversion) and tetralin (39% con¬ 

version). Other reports on the radical reactions of disulphides to thiols 

include that of di-wo-amyl disulphide^'^^ in refluxing tetralin and of 

diphenyl disulphide and di-(2-benzothiazyl) disulphide in the presence of 

tetralin, 9,10-dihydroanthracene or phenylcyclohexene at 260°C292, 

At these temperatures, some homolytic breakdown of the S—S bond 

occurs, at lower temperatures irradiation must be applied^^®’ 

ArSSAr + HgO 
Ph3P/H,0 ^ 

Me0H/H30’- 
2ArSH + Ph3PO 

The reduction of diaryl disulphides to thiols by triphenylphosphine in 

aqueous methanol in the presence of an acid is a rapid and quantitative 

reaction at room temperature^^^ and has even been recommended as an 
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analytical method for the determination of diaryl disulphides. The reaction 

is successful for a number of substituted diphenyl disulphides, including 

nitrophenyl compounds. In an anhydrous medium, diphenyl disulphide 

and related compounds were not reduced^^^’by triphenylphosphine 

to thiols. Alkenyl disulphides reacted in the absence of solvent and water 

with triphenylphosphine in the dark at 80°C to give sulphides and tri¬ 

phenylphosphine sulphides^’®, whereas dibenzyl disulphide did not react 
under similar conditions. 

(CH3—CH=CHCH2S)2 
Ph3P 

-> 
in vacuo 80° 

68 hours 

CH3 

CH2=CH-CH 

s 
I 

CH 
/ 

CH3CH=CH 

76% 

+ 

2 

(CH3CH=CHCH2)2S 

2% 

H 

CH3 ? \ in vacuo 80° 
A \ -> 

‘Vpph, ‘‘I hours 
/ ^ 

CH3CH2 

H 

/C=CHCH3 

CH3'^ '^SCH2CH3 
+ PhaPS 

Similar reactions of these alkenyl disulphides occurred in solution^’®, 

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 these compounds the use of the more basic and nucleophilic 

tributylphosphine is recommended. Almost quantitative yield of thiols are 

obtained within 60 min at room temperature using this phosphine in 
aqueous methanol from dipropyl, dibutyl and dibenzyl disulphides^’^. 

Glucose in the presence of a base is another useful reductant of 
sulphur—sulphur bonds without affecting nitro groups®®-2’®. 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-dimethylaminoethyl)diselenide gave 97% 
cysteine^’®. ° 

The last-mentioned reduction is also conveniently obtained using sodium 
in liquid ammonia^’®. Solvents other than ammonia have also been used for 

sodium reductions; ether^®® and xylene®®^ being other frequently used 

solvents for thiol formation. Modifications of the basic process involved 
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the less reactive sodium amalgam^®® and the more reactive sodium- 

potassium alloy^®^. Both dialkyl and diaryl disulphides can be cleaved 
by sodium^®^. 

There are fairly recent reviews on the nucleophilic cleavage of aliphatic 

disulphides^*^®’In the cleavage of unsymmetric disulphides, RSSR^, it is 

the R unit with the more electron-withdrawing groups, which gives the 

thiolate ion initially^®®. Thus, the reaction is under thermodynamic 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 

RSSRi-l-Nu- ■' RS-+[R'SNu] 

Nu- = EtS-, PhS-, CN-, OH-, SO^ but not I’, N," or SCN- 

reactions of these initially formed products are possible. The sequence of 
S-nucleophilicity was found to be 

EtS->PhS->CN->S03->0H->N3->SCN->I- 

Clearly the sequence of nucleophilicity towards carbon and sulphur 

centres are different. From 2,4-dinitrophenyl ethyl disulphide (60, R = Et) 

in 85% aqueous acetone at 25°C, the reactions with OH~, CN~ and Ng 

led to 85, 70 and 0% 2,4-dinitrobenzenethiol respectively^®®. The ease of 

cleavage of some disulphides by cyanide ion was in the sequence shown: 

Mn n 

SSR SSR SSR SSR 

(60) 

ArSSR ArS' + RSCN 

Thus, electron-withdrawing groups in the aromatic molecules favour 

the cleavage reaction. The carboxylate group is also sufficiently electron 

withdrawing to enable cleavage of the S—S bond in 61 to occur by cyanide 

ion. 

Or"' 

CO2H 

SSCH3CO2R 

(i) (CN-) 

(ii) H^O-^ 

(61) 
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XII. THE FORMATION OF 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 ion^^^^^o?, 299-302, sis, 319 yields are usually 

RX+NCS--^ RSCN 

at least Some wothiocyanates can also be formed^™’, e.g. t-butyl 

chloride and thiocyanate ion at room temperature gave a mixture of both 

/-butyl thiocyanate and /-butyl wothiocyanate®^®. Use of the reaction of 

sulphonates with thiocyanate ion was made in the preparation of cholesteryl 

thiocyanate^^’^. Some sulphonate replacements by thiocyanate ion were 
observed to occur with inversion^®^. 

X2 -h NCS~ -^ XSCN -> (SCN)2 

X = Br or Cl 

OH OH 

Aromatic hydrocarbons having strong electron-donating groups, such 
as the hydroxy- and amino groups, even in the presence of NOg, Cl, Br, 

COgEt, react with thiocyanogen or thiocyanogen halides to yield aryl 
thiocyanates^^®’303-307. The thiocyanogen (or thiocyanogen halide) is 

757o 

normally formed in situ from a metal thiocyanate 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: the thiocyanate goes almost exclusively 

into the para position to amino or hydroxyl groups; if this position is 

blocked, then ortho substitution will arise. Yields are very good, e.g. 

aniline gives 97% p-thiocyanatoaniline at 5°C in methanoP^®. When 

thiocyanation occurs ortho to the amino group, the final product could be 

an aminobenzothiazole^®®. 

In the presence of a Lewis acid catalyst, e.g. AICI3, even benzene can be 

thiocyanated®®*. For aromatic compounds, more deactivated than benzene 

towards electrophilic substitution, direct reaction with thiocyanogen fails 

even in the presence of a Lewis acid catalyst. 

The Gatterman or Sandmeyer reactions of cuprous thiocyanates with 

diazotized amines are the more general routes to aryl thiocyanates^^^’ 309-3ii. 

Ferric thiocyanate can also be used. The limitation in this method is the 

A All I HNO2 m W_ (CuSCN)2 * O/^Kt 
ArNHz-> ArNgX -^ ArSCN 

HX A 

number of primary aromatic amines available. The halogen in 0- and 

p-halobenzenediazonium salts can also be replaced by thiocyanate®^^’ 

Thus diazotized 4-bromo- and 4-chloro-3-nitroaniline on treatment with 

potassium and copper(i) thiocyanates gave nitro-p-dithiocyanato- 

benzene as well as the 4-halogeno-3-nitrophenyl thiocyanate. Obviously 

the strongly electron-withdrawing diazonium group enables nucleophilic 

substitution of the halide to occur®^®. 

NO, 
KSCN 
-> 

Cu,(SCN)2 

SON SON 

ca 1 : 1 

The nitro group in the diazonium salts derived from l-nitro-2-naphthyl- 

amine and 2-nitro-l-naphthylamine can also be replaced by thiocyanate 

in solutions containing HSCN ®®®. 

HNO, 
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B. Reduction of Thiocyanates to Thiols 

Reduction by lithium aluminium hydride in ether of such diverse 
compounds as cholesteryl thiocyanate (63)227.29?^ p-tolyl thiocyanate 

(64)227, l-hydroxy-4-thiocyanato-2,3,5,6-tetramethylbenzene and 
3-thiocyanatobenzothiazine (66)^1® proceed in good yield to the corre¬ 
sponding thiols. 

The milder reducing agent, sodium borohydride, was used as the 

reductantfor diethyl l-benzyl-2-thiocyanatopyrrole-3,4-diearboxylate (67) 
without affecting the ester groups®®^. 

Sodium in liquid ammonia was successfully used to reduce both alkyl 
and aryl thioeyanates207; yields of greater than 70% were obtained for 
hydroxyaromatic thiols. However, halogeno- and nitro-groups aie also 
affeeted by this system. In another patent, the alkaline hydrolysis of aryl 
thiocyanates was reported to give good yields of thiophenols. The alkaline 
hydrolysis of p-di-thiocyanatobenzene led to benzene-l,4-dithiopi2. 
However, the aetion of alkali on aryl thiocyanates containing electron- 
withdrawing groups, for example 68 and 69, led to the disulphide 
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instead®®®’®^®. Reduction of the thiocyanate can be otherwise achieved as 

indicated; 

Other zinc and acid reductions have been described^^®. 
Acid-catalysed hydrolysis was successful for;7-nitrobenzyl thiocyanate^^^^; 

/7-nitrobenzyl thiocarbamate was an intermediate in this reaction. 

The reduction of 5-thiocyanato-uridine to 5-mercapto-uridine was 

achieved using dithiothreitol and also by the sodium dithionite-mercapto- 

ethanol combination®^®. 

OH OH OH OH 
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Table 19. Some representative examples of the formation of thiols by way 
of thiocyanates 

(o) From halides 

RX+NCS--RSCN-> RSH 

Overall 

No. Reagent Thiol 
Reductant of 
thiocyanate 

yield of 
thiol Ref. 

1 Chloresteryl Chloresteryl LiAlH4 71% 297 
chloride thiol 

(b) From hydrocarbons 

ArH+(NCSh-> ArSCN-> ArSH 

Overall 
Reductant of yield of 

Hydrocarbon Thiol thiocyanate thiol Ref. 

3 

4 

OH 

V 
SH 

LiAlHi 39% 303 

Na/liqNHj 72% 307 

5 OH- 82% 306 
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Table 19 (cont.) 

t 
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(c) From anilines 

ArNHj 
HN0)2 

HX 
Arix- 

(CuSCaSDa 
> ArSCN » ArSH 

Overall 
Reductant of yield of 

Aniline Thiol thiocyanate thiol Ref. 

NHa SH 

XIII. DEALKYLATION OF SULPHIDES: 
CARBON—SULPHUR BOND CLEAVAGE 

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 thiol grouping 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 reaction of hydrogen 

sulphide with alkyl halides and sulphonates (section IV) and with alkanes 

(section II.A) is extensively used, there are some advantages in using thiols, 

R^SH, rather than hydrogen sulphide to give sulphides, RSR^, followed by 

dealkylation to RSH. If such an indirect route is taken then the ease of 

cleavage of the R^—S bond must be much greater than the R—S bond. The 

longer methods have the particular advantage®^^’over the more direct 

HgS reactions in that no symmetric sulphide, RSR, can be formed; these 

symmetric sulphides being normally wasted. Particularly useful R^ groups 

are the simple alkyl groups and, in particular, the benzyl group®^^’ 

For instance, D,L-a-lipoic acid was obtained from ethyl 6,8-dibromo- 

octanoate in an overall yield of 67% via reaction with benzyl mercaptan. 
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followed by sodium in liquid ammonia cleavage and in a yield of 36% via 

the thiolacetate and its hydrolysis^^^. 

RBr 
PhCHjSH 
-> RSCHgPh 

(i) Na/liquid NHj 

(ii) H3O + 
> RSH 

O 
CH3COSH II 
-> R-S-C-CHj 

(i) OH- 

(ii) H^O^- 
RSH 

There are good reviews available on addition of thiols, R^SH, to 
alkenes=^a. 12^ information regarding the selectivity of such 
additions, see reference 16: no details of such additions will be given here. 

Conversion of aryl bromides to thiophenols can be achieved^^®’^^7 by 
treating a halide with a cuprous mercaptide in boiling quinoline (200°C) 
for up to ten hours. The alkyl aryl sulphide formed can be cleaved to 

ArBr + (CuSRlj 
A 

quinoline 
> ArSR 

(i) Metal/Amine 

■ (ii)H30^ " ArSH 

give the thiophenol in several metal-amine systems^^s-sag jbe best 
methods were using sodium in liquid ammonia and lithium in methylamine; 
a less effective system was sodium in pyridine. From the appropriate ethyl 
aryl sulphides, sodium in ammonia cleavage gave between 70 and 100% 
of the mercaptobenzenes. 

The scope of the cuprous mercaptide reactions with organic halides in 
boiling quinoline is wide: mono-, di- and tri-alkylthiobenzenes; alkyl 
thiopyridines and thiophenes; simple dialkyl sulphides and alkenyl alkyl 
sulphides can all be prepared from the corresponding halogen derivatives 
and converted to the thiols. Tetra-, penta- and hexa-bromobenzenes, 
however, gave tars. 

While cleavage of alkyl aryl sulphides by metal-amine systems always 
gave the aromatic thiol, no matter what the alkyl group was^^^-ssi^ cleavage 
of unsymmetric aryl sulphides gave in the majority of cases both thiols; e.g. 
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Table 20. Formation of thiols from aryl halides via reaction of cuprous alkyl 
sulphides®^’’ 

ArBr 
CuSR 

» ArSR ArSH 
(11) H3O+ 

No. Aryl halide Sulphide 
(Yield) 

Thiol® 
(Yield) 

® Yields based on sulphide (reduction by Na in liquid NH3). 
** Reduction by Na in pyridine. 

For unsymmetric dialkyl sulphides, the ease of carbon—sulphur bond 

cleavage by lithium in methylamine found to be 

<e/-f-alkyl>sec-alkyl> primary-alkyl 
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e.g. 

n-C4H5SC,H,-t-^ n-C,H,SH+t-C,H,SH 

97-5-100% 0-2-5% 

sec-C4H3SC4H9-f-> sec-C4H,SH+/-C4H,SH 

99-5% 0-5% 

/7-C4H,SC4H5-sec-> n-C4Hi,Sm-sec-C4H9SH 

50% 50% 

n-C,H„SC4Hg-n-^ n-CeH„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 hthium sulphide arising from the 

facile cleavage of benzyl—sulphur bonds^^**’®^^: 

PhCHjSCH.Ph —> PhCH3+Li2S 
iu.6JN .0-2 

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 sequences^®^. 

1 electron transfer 

RSR’-RS- + R'- 

[Rate: R’ = Bu*'> Pr*> Et> Me] 

2 electron transfer 

RSR’-RS- + R’- 

[Rate: R' = Me>Pr*>Bu*] 

For other cleavages of sulphides, by sodium in ammonia see 

reference 332. 

Related reductants are sodamide in piperidine®®®’®^ and calcium 

hexammine in ether®®®. Cleavage of diphenyl sulphide by sodamide in 

piperidine has been reported to give 91%®®® and 54%®®^ thiophenol in two 

studies. N-Phenylpiperidine was also obtained. From di-p-tolyl sulphide, 

p-toluenethiol (54%) and N-p-tolylpiperidine were obtained and the 

cleavage mechanism was considered to be an aromatic Sj^2 process and 
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not one involving arynes^^. If arynes were involved, not only N-/?-tolyl- 

but also N-m-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 

hydrocarbons^®; for example: 
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Ethylenic sulphides (e.g. 70) are also cleaved by metal-liquid ammonia 
systems^^s. There is no concurrent reduction of the unsaturated bond nor 
loss of sulphur. 

EtCH=CHSEt- EtCH=CHSLi+C2H6 

(70) 

In the carbohydrate field, use has been made of the benzyl—sulphur 
bond cleavage by metal-amine systems to provide a route from an 
unsaturated compound to a thioP’. 

Use of metal-ammonia reducing combinations has been made in the 
synthesis of alkoxy- and thioalkoxy-thiols from thio-acetals and thio- 
ketals^^'*^. 

H3O + 

Y 

R 

r’ 
CHS(CH2)„0H r^ 

/CHX(CH2)„SH 
R^ 

X = o, s 
(71) /7 = 2 
(72) n = 3 

Metal-ammonia reductions of 1,3-oxathiolanes (71, X = O) and 1,3- 
oxathianes (72, X = O) are good methods of preparing )3-alkoxyethane 
and y-alkoxypropane thiols^^S'339,342^ whereas lithium aluminium hydride 

and aluminium chloride cleaves the carbon oxygen bond in preference 
to the carbon sulphur bond. The metal used can be any electropositive 
element; the sequence of increasing yield of product for various metals is 

Ca>Li>Na>K 

If either R or is a phenyl group, then alkylbenzenes are produced 
instead of the thiol product, e.g. 2-phenyl-1,3-oxathiolanes (71, X = O, 
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= Ph) on treatment with metal-ammonia^ss-339,343 jg ^j^g 

initially formed alkoxythiol, 73, being easily cleaved by the reductant. 

PhCHOCHjCHjSH 
I 
R 

(i) Ca-NHa 

(ii) HaO+^ 
PhCHaR+HO(CHa)aSH 

(73) 

Table 21. Formation of alkoxy- and thioalkoxy-thiols from Ca-amine 
reductions 

R’"" 

(i)Ca-amine 

(ii) H,0* 

:d
 

\ 
/ 

0
 

^X(CH2)„SH 

No. R X n Yield of 
thiol (%) 

Reference 

1 (CH3)2CH H 0 2 7 338,339 
2 PhCHa H 0 2 73 338,339 
3 PhCHa CH3 0 2 88 338, 339 
4 Ph(CH3)2 CH3 0 2 47 338, 339 
5 Ph H 0 2 0 338, 339 
6 -(CH3)4- 0 2 25 338,339 
7 -(CH3)5- 0 2 49 338,339 

8 (CH3)3CH H s 2 85 338,340 

9 -(CH3)3- s 2 85 338,340 

10 PhCHa H s 2 94 340 

11 (CH3)3CH H 0 3 66 339 

12 -(CH3)4- 0 3 85 339 

13 -(CH3)5- 0 3 70 339 

14 (CH3)2CH H s 3 85 340 

15 -(CH3)5- s 3 84 340 

In general, oxathianes (72, X = O) give more thiol products than the 

corresponding oxathiolanes, (71, X = O); also acetals are not cleaved in 

as high a yield as are the ketals. 
The stereochemistry of the metal-amine reaction has been thoroughly 

investigated using the pairs of isomeric thioketals derived from 4-t- 

butylcyclohexanone. The major products from each pair of isomers (74 or 

75) were the thermodynamically more stable equatorial isomers (78). This 

suggests that the rates of interconversions 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. 

(78) (79) 

The lower yields of thio products from acetals are due to loss of olefin 
from 71; 

^ CH2=CH2 + H2S + RCHO -> RCH2OH 

(71) 

■^»2-Dimethyl-/rart5-4,5-cyclohexano-l ,3-oxathiolane gave 
thiol^i: 

the trans- 



4. Preparation of thiols 243 

Other preparations of alkoxythiols, include reaction of alkoxyalkyl 

halides, RO(CH2)^X, either with thiourea, followed by alkaline hydrolysis 

of the wo-thiuronium salts®^ or with hydrogen sulphide ion®^®’®^®: 

R0(CH2)„S- 
A 

SC(NHj)2 

R0(CH2)„X 

reaction of sulphonate esters with thiolacetic acid and subsequent alkaline 

hydrolysis®^^: 

O O 
I] pu POSH n 

R0(CH2)„*0-S-R’ —^-> RO(CH2)nS-C-CH3 -RO(CH2)„SH 

O 

reaction of vinyl ethers^ with hydrogen sulphide: 

ROCH^CHj+HjS-> ROCHjCHjSH 

and reaction of thiiranes with alcohols®^®: 

CH2^_ ROH 
I /S -> ROCH2CH2SH 

CH2 

Cleavage of 1,3-dithiolanes (71, X = S) and 1,3-dithianes (72, X = S) 

similarly gave excellent yields of j8-alkylthioethane- and y-alkylthio- 

propane-thiols®®®’®^®-®^^ (80). Yields are generally higher than for the 

RR’CHS(CH2)„SH 

(80) 

corresponding alkoxy compounds. Over-reduction to the dithiol and 

hydrocarbon can occur with R or = Ph or R = = H, but this can 

be controlled by use of a calculated quantity of the metal. 

(72) 

:(ch2)„ 
2e R. 

R 1^ C-S(CH2)„S' 
NH, 

'^/CH-S(CH2)nS“ > ,^CH + S(CH2)„S 
R' R 

9 
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PhCHj^ / 
e.g- /C 

\ 

S-CHp 

S-CH, 

PhCHgCHs + CHj-CH, 
I I 

71% SH SH 

97% 

Brown, Iqbal and Owen^^a showed in their study that 2,2-dimethyl- 

tra«^-4,5-cyclohexano-1,3-dithiolan gave tra/7^-2-wo-propylthiocyclohex- 
anethiol: 

H 

(i) Na/NH, 

g/ ^cH3 ^ 

SH 

SPr' 
H 48% 

and that 2,2,4-trimethyl-1,3-dithiolan gave a mixture of thiols: 

CH, 
\ ^ 

HC-CH, 
/ \ (i) Na/NH, 

/ \ 
H3C CH 

(ii) H30^ 

SH 
I 

CHgCHCHjSPr' 

-f 

CH3CHCH2SH 

SPd 

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. 

C) ^ 
s 

(81) 

Reaction of the organolithium compound with an aldehyde or ketone 

will give (82). Calcium and ammonia reduction of (82) leads to the substi¬ 

tuted y-alkylthioalkanethiols (83). Thus, l-(3-mercaptopropylthio)-2- 

(i) ,C=0 

)<y. ---> ^ Vc^/OH V_g/ Li (ii)H30- (ii)H30 -s 

(81) 

R 

S /\ 
R R’ 

(82) 

CH2S(CH2)3SH 

(83) 
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propanol was obtained in 83% by the following route®^. 

(i) BuLi 

(ii) CH3CHO 
CHOHCH, 

(i) Ca/NH3 ^ 

(ii) H3O + 

CH3CHOHCH2SCH2CH2SH 

Other procedures for formation of j8- and y-alkylthioalkanethiols are 

available; these methods generally are less convenient than the metal- 

amine reductions and include the addition of hydrogen sulphide to vinyl 

CHj=CHSR+H2S-> HSCH2CH2SR 

sulphides®^®, the nucleophilic substitution of alkylthioalkyl halides®®® 

[RS(CH,)nOH]-> RSCCHJnCI > RS(CH2)„SH 

and the addition of thiols to thiiranes®^®’®®^. 

RSH + 
S SH 

Another method of production of aromatic thiols using the intermediacy 

of sulphides is that of Kharasch and Swidler®®®. This procedure involves 

the electrophihc substitution of an aromatic hydrocarbon by 2,4-dinitro- 

benzenesulphenyl chloride and the nucleophilic cleavage of the sulphide 

so formed by methanolic hydroxide; the sulphur bond to the aryl ring with 

the most electron-withdrawing groups is the one cleaved. The yields of 

thiophenols, ;7-XC6H4SH, were 80, 80, 79 and 76% for X = H, Me, Br 

and Cl respectively. The method is limited to aromatic hydrocarbons 

activated for electrophilic substitution. It was developed by Schuetz and 

Fredericks for thiophene- and thionaphthene-thiols®^®; the weaker Lewis 

acid, stannic chloride, was used as catalyst rather than aluminium chloride 

or ferric chloride, both of which caused extensive tar formation. 
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XIV. THIOL FORMATION FROM TI:IE RING OPENING 
OF HETEROCYCLIC COMPOUNDS 

Ring opening of the three-membered heterocyclic compounds (84) by 
hydrogen sulphide gave ^-substituted thiols. 

R’ R 
\ / 
9^ I ;y H,S 

C' 

R^ R'* 
Y = NR, 0, S 

(84) 

R^ r2 
\ / 
C-SH 

I 
C-YH 

R^ R^ 

For ethyleneimine (84), Y = NH, Ri = R2 = R3 = R4 = h, reactions 

with hydrogen sulphide best occur at 0°C in dilute solutions to give yields 
of ~85% of ^-aminoethanethiols^se N-benzoylaziridine (84, Y = NCOPh, 

Ri = R2 R3 = R4 prepared from ethyleneimine at 0°C reacts 
similarly. 

NH -1- PhCOCI > I ^NCOPh 
CH2 

H,s CHaNHCOPh 

CH2SH 

N-Substituted 2-aminoalkanethiols were prepared from 1-substituted 
aziridines and excess hydrogen sulphide in ethanoF®. 

These compounds were produced from ethylenimine and an alkyl 
halide in the presence of potassium carbonate and ethanol. 

CH 
I 

CH, 

2\ 
NH + RX 

K^COa 

EtOH ^ 
A CHz'' 

NR 

Another attractive route for functionally substituted jS-mercaptoethyl- 

amines involves the catalysed additions of ethyleneimine to alkenes and 

cleavage of the product by hydrogen sulphide®®® at a low temperature. 

Dnh + H,S/Et0H 
-> 

-40° HSCHjCHaNHCHRCHR’x 

R,R’ = H, alkyl, aryl or halide 
X = CN, COCH3, COCH3CH,, CONH3, CONHR, CO3R 

The alkenes must have electron-withdrawing groups. 
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Table 22. Formation of thiols from hydrogen sulphide reactions of aziridines 

CHj. 
1 ^NR + H2S -5^ RNHCH2CH2SH 

No, R Thiol produced Yield Ref. 
(%) 

1 H 
2 PhCO 

3 (CI^H(CH2)4 

4 (CI^H(CH2)3 

CH2CH3 

f\\ 
5 (CH^HCHCHa 

6 (CI^H0(CH2)5 

NH2CH2CH2SH 
PhCONHCHaCH^SH 

(CH^H(CH2)4NHCH2CH2SH 

(CH^H(CH2)3NHCH2CH2SH 

CH3CH3 

(CH^HCHCHaNHCHjCHaSH 

(CH^H0(CH2)5NHCH2CH2SH 

P-CH3--^^^^J>-0(CH2)4 P-CH3 
0(CH2)4NHCH2CH2SH 

86 356 
55 357 

22 358 

11 358 

60 358 

51 358 

38 358 

C^CH3 

<Q)-0(CH2)4 

CH3 

O CH3 

II I 
9 CH3OCCH2CH 

O 

CH3OCCH2CHNHCH2CH2SH 

O 

60 358 

76 

10 (CH3)aCHCHaOCCHCH2 (CH3)2CHCH20CCHCH2NHCH2CH2SH 71 

CH3 

OCH3 

CH3 

OCH3 

11 (CH3)2N(CH2)20CCHCH2 (CH3)2N(CH2)20CCHCH2NH(CFl2)2SH 54 

O O 
4. II + II 

12 (CH3)2NH(CH2)20CCHCH2 (CH3)2NH(CH2)20CCHCH2NH(CH2)2SH 60 

CH3 CH3 

359 

359 

359 

359 



248 J. L. Warden 

In the reaction of hydrogen sulphide with the N-substituted aziridines, 

disulphides and monosulphides are also obtained. The latter are formed 

from reaction of the initially formed thiol with excess of ethylenimine. 

rv., CHgNHR hNR 
kNR + H2S -^ I ^ RNHCH2CH2SCH2CH2NHR 

CH2SH 

For epoxides, (84, Y = O) cleavage by hydrogen sulphide in basic 

solution leads to the jS-hydroxyalkanethiols^®®’From cyclopentene 

oxide, 64% tm«.y-2-mercaptocyclopentanoFo was obtained. Similarly^®^ 

SH 

cyclohexene oxide and potassium hydrogen sulphide reacted to give 

tra«j'-2-mercaptocyclohexanol (44%) and the symmetric monosulphide 
(53%). 

Ethylene oxide also reacted with sodium hydrogen sulphide to give the 
thiol and the sulphide®®^. 

Formation of thiols from olefin sulphides (thiiranes) requires reaction 

with a proton donor, HX, and not exclusively hydrogen sulphide and so a 

range of ^-substituted thiols are obtainable. Examples of such reactions 

(Table 23) include use of hydrogen sulphide®®®, hydrogen sulphide ion®®^, 
alkanethiols®^®'®®4.363 ^nd base, acetic amines®®^.ses ^nd hydrogen 

chloride®®^’®®®*®®®’®®'^. More polymer formation occurs with these reactions 
as compared to the oxide reactions. 

Epoxides can be converted to the corresponding thiiranes by reaction 

with thiocyanate ion®®® or thiourea®®!’®®® especially with acid catalysts. 

The thiourea reaction gives ^-hydroxy-wo-thiuronium salts as inter¬ 

mediates. Alkaline hydrolysis of these intermediates can lead to either 

thiiranes or ^-hydroxythiols: the product depends on the hydrolysis 
conditions®®®. 

From the appropriate wothiuronium salts, traA;5'-2-hydroxycyclohexane- 

thiol (71%) and tranj-2-hydroxycyclopentanethiol (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 alkenes and iodine thiocyanate®®®. 
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5 
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7 
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9 
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Table 23. Formation of thiols from ring opening of thiiranes 

:s + HA 

Thiirane HA Thiol Over- Ref. 
all yield 

CH 
I HCl C1(CH2)2SH 

CHj 

H^S HS(CH2)2SH 
CH2 

I /S w-CsHnSH 
CH2 

«-C5HnS(CH2)2SH 

93% 366 

49% 363 

75% 363 

CH 
I "/S -t-n-EuaNH «-Bu2N(CH2)2SH 

CH2 

70% 365 

PhNHa 
CH2 

PhNH(CH2)2SH 

CH2CH2 
/ \ 

CHj NH 

CH2CH2 

CH2CH2 

CH2 ^N(CH2)2SH 

CH2CH2 

52% 365 

77% 365 

(CH3)2C-. 

CHp 
;s /I-C4H90H/BF3 «-C4H90CH2C(CH3)2SH 20% 349 

CH 3\ 
CH3 

CH I 
I (n-C6Hn)2NH (rt-C5Hii)2NCH2CHSH 65% 365 

CH2 

(CH3)2\ 
l^s (w-CsHiOaNH («-C5Hii)2NCH2C(CH3)aSH 27% 365 

CH2 
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Table 23 {cont.) 

No. Thiirane 

10 

HA 

HOAc 

Thiol 

a," OAc 

Over- Ref. 
all yield 

26% 354 

11 HCl a: 57% 354 
82% 367 

12 S EtSH/KOH a" SH 

55% 354 

13 

14 

29% 349 

38% 354 

15 S PhNHCHs a" NCHjPh 

50% 354 

/CH2 
<1 
^CH 

16 

KOAc/HOAc 

(ii) Na/NHs 

CH2OH 
I 

HSCH 

O 

O 

c'h3 

— 364 
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CH 3\ 
CH. .NHa 

I + s=cC 
CH^ ^NHa 

+ PhCOgH 

6 hours 1:1:1 

CH3CHOHCH2-S-C 

81% 

^NHjPhCO; 

'NH, 

CH 3\ 

NajCOj 
(1 mole) 

CH 

CH^ 

63% 

NaOH 
1.(4 mole) 

CH3-CH-CH2SH 
3 I 

OH 

Neighbouring group participation by the thiolate ion can help bring 

about the displacement of the j8-amino group in jS-aminothiols to give 

thiiranes, which on further reaction produce dithiols. 

+ 

Such thiiranes formed in situ can react further with hydrogen sulphide. 

Thus, l-amino-2-propanethiol and excess ammonium hydrogen sulphide 

at 90°C gave 1,2-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% yield^^“. 

XV. THIOLS FROM ALDEHYDES AND KETONES 

Catalytic reduction of aldehydes and ketones by hydrogen sulphide and 

hydrogen give thiols^’k The catalysts are normally metallic sulphides, in 

particular cobalt and molybdenum polysulphides. Sulphur can be added 

O SH 

II I 
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 gcm-dithiols (87). Trithianes 
(88) are, however, frequently obtained®^^-®'^^. 

Unsaturated sulphides 

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 gcw-diols, such 
hydroxy thiols are isolatable^^fi' ^77. ^ g ccigCHO gave at room tempe’rature 

and at atmospheric pressure with an excess of hydrogen sulphide, 22% 

OH 
CClgCH^ ; similarly CF3CHO and CF3COCF3 gave 57% CF3CH^ 

OH 
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OH 

I 
and 84% CF3CCF3 respectively®'^^. An excess of hydrogen sulphide 

I 
SH 

should be used to prevent sulphide formation. 

SH 
H,S / 

CF3CHO -^ CFa-CH -> 

OH 

A Study of the acid-catalysed reactions of aralkyl ketones with hydrogen 

sulphide has been made. In the presence of hydrogen chloride, 1,3-di-p- 

substituted-phenyl-2-propanones (90, X = H, OMe, Cl, but not NOg) 

reacted with hydrogen sulphide in alcohol solution at 0-5°C to give the 

CFg-CH js 

corresponding gem-dithiols®’®’That this is not a general reaction is 

clearly indicated by l,l,3-triphenyl-2-propanone (91) giving 1,1,3-triphenyl- 

propene-2-thiol, while l-phenyl-2-propanone (92) produced the 1,3,5- 

trithiane, on similar treatment. The reaction of adamantanone (93) with 

O SH 
II H S i 

PhgCHCCHaPh -^ Ph2C=CCH2Ph 

(91) 

O / S- 
II I 

PhCH2CCH3 -> I PhCH2CCH3 

(92) ' 

hydrogen sulphide in the presence of hydrogen chloride in ethanol 

solution at -55°C, however, gave 2-ethoxy-2-adamantanethiol (94) 

rather than the hydroxy derivative®®”; 94 on heating is converted to 

adamantanethione (95). The latter is reduced by sodium borohydride to 
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2-adamantanetliiol (96). Adamantanethione can be formed directly from 
93 by treatment with phosphorous pentasulphide. 

Generally low temperature (-55°C) reactions of hydrogen sulphide 

with simple aliphatic acyclic and alicyclic ketones produce gem- 

dithiols^si. For example, cyclohexanone and hydrogen sulphide in alcohol 

solution, saturated with hydrogen chloride, gave the gcw-dithiol in 83% 
(97) via the intermediacy of the alkoxythiol. 

(98) 

At a higher temperature, (e.g. 0°C) the trithiane (98) was obtained 
instead®82. jhe enethiol has also been reported to be obtained from the 

reaction of cyclohexanone with hydrogen sulphide^^^; however, this work 
has been more recently criticized^’^. 

The change in the amounts of gcw-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 studied®®^. The 

maximum yields of the thione (60%) are found for reactions between - 80 
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and — 40°C; as the temperature is increased beyond — 40°C, so yields of 

the thiones decrease. The maximum yields (60%) of the g^em-dithiols are 

obtained between — 25 and — 20°C. 

Basic catalysts have also had extensive use®*®. Thus cyclohexanone 

or cyclopentanone reacted with hydrogen sulphide, in the presence of 

morpholine, at 0°C to give the 1,1-cycloalkanedithiols in yields greater 

than 70%®*®. However, the yield of 2,2-propanedithiol from acetone was 

considerably less (30%). The use of «-butylamine as a catalyst in these 

reactions has been made®*’; in fact all amines appear capable of catalysing 

gcm-dithiol formation®**. The basic ketone, l-methyl-4-piperidone, reacts 

without the need of additional amine catalysts®**. 

1,3-Diketones have been shown to give jS-carbonylenethiols (99) 

whereas 1,2-diketones are reduced either to monoketones or to hydroxy- 

ketones®*®. 

RCOCH2COR 
H,S/amine 

> RCOCH=C: 

(99) 

'SH 

In the absence of catalysts, heat and HgS under high pressure (35- 

8500 atm) are required to bring about gem-dithiol formation in generally 

low yields®**. Both aldehydes and ketones react but the former is more 

reactive. 
Other methods of preparing gem-dithiols also begin with carbonyl 

compounds. Ketimines 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- 

dithiol®*’'®**-®*®. While ketimines from aliphatic ketones as well as 
aliphatic aldimines do successfully give gcm-dithiols, ketimines from 

alkyl aryl ketones and Schifif’s bases of aromatic aldehydes do not®**. 

R 

r’ 
:c=o > N-R^ 

R’-^ SH 
-t R^NH2 

SH 

SH 

Reference 364 
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Use was made of dimethylformamide as solvent for reaction of 

morpholino derivatives of ketones with hydrogen sulphide^^^ to give 

gem-dithiols; however, the use of the mixed dimethylformamide/ether 
solvent system led to trithianes^®^. 

Tetrathianes have also been used®®®-®®^. These compounds, prepared 

from ketones, are cleaved by sodium in liquid ammonia®®®. Evaporation 

of the ammonia, followed by acidification of the dithiol salt, gave the 

gcm-dithiol. In contrast, cleavage of the tetrathiane by lithium aluminium 
hydride leads to a mono-thiol. 

(CH3)2C^ C(CH3)2 
Na/liquid NH, 

(ch3)3cc; 
SNa 

SNa 

XVI. FORMATION FROM CARBOXYLIC ACID 
DERIVATIVES 

a. Acyl Halides. A conversion of acyl halides to thiols®®® involves the 

photolysis of acyl xanthates, formed from the acyl hahdes. The alkyl 
xanthates thus produced, are hydrolysed to thiols. 

f s S 

RCOCI > RCOSCOEt RCO* + ‘SCOEt 

RCO' -> R* + CO 

S 

R' + 'SCOEt -RSCOEt -> RSH 

S 

b. Thioacids. Reductions of thioacids, RCOSH, by lithium aluminium 

hydride or sodium borohydride/aluminium trichloride lead to mixtures 

of the alcohols and thiols®®®-®®7. The sodium borohydride/aluminium 

trichloride reductant system is the better of the two for thiol formation. 

PhCOSH-> PhCHjSH-l-PhCHjOH 

XVII. MISCELLANEOUS METHODS 

A. Reaction with Sulphur 

Several heterocyclic compounds react directly with sulphur. Purine 

(100), for example, reacted with sulphur at 245°C to give 8-mercaptopurine 

in 75% yield®®®. Amino- and methyl-substituted purines gave lower yields 
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of mercapto products. Similarly benzimidazole and sulphur gave an 
83% yield of 2-mercaptobenzimidazole. 

(100) 

Benzene also reacted with sulphur on strong heating but yields of thiol 
derivatives are too low to make the method a useful one®®®. When bromo- 
benzene and sulphur are heated at 230-250°C for 2-3 h 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 occurred^®®. 
Some alkenes also react with sulphur on heating, especially in the 

presence of an activator, such as ammonia, in dimethylformamide^®^. 
Thus, norbornene gave bicyclo[2,2,l]hepta-exo-cw-2,3-dithiol (101). 

B. Reaction with Sulphur Monochloride and Dichloride 

Aromatic compounds, with strong electron-donating groups, react with 
sulphur mono- and di-chloride, in the presence of hydrogen sulphide to 
give disulphides. These can then be reduced to the thiophenol by the usual 
methods. Thus, w-cresol gave 3-methyl-4-mercaptophenol in good 
yield^®®. In another report phenols, on reaction with sulphur monochloride 
in carbon tetrachloride or toluene, gave crude disulphides, which were 
hydrogenated over a molybdenum 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 in 19 and 49% yields respectively^®®. 

Reaction of aromatic amines with sulphur monochloride leads to 
thiazathiohum chlorides (102) which on alkaline hydrolysis produce 
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o-anunothiolates^®^. Amines 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 amine group can also be 

replaced by chlorine; however, bromo, methyl, methoxy and dimethyl- 
amino groups are not removed. 

(103) 
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I. INTRODUCTION 

As might be expected from the great reactivity of the thiol group and the 
wide distribution of thiols in 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 formation 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 thiol 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 cysteine (thiol group) and of cystine 
(disulphide group) in proteins is covered by several comprehensive 
reviews with well-documented analytical sections®-^®. The literature 
references which are discussed here were chosen on the basis of application 
to problems which may be generally encountered in thiol chemistry. 

The basic principles of the spectroscopic characterization (u.v., i.r., 
n.m.r., e.s.r.), of the —SH function are also included. 

II. DETECTION 
A. Qualitative Tests 

Several qualitative tests for thiols are available and the procedures are 
extensively reported in books dealing with the identification of functional 
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groups^"’. Detailed analytical procedures for specific —SH-containing 
substances are also reported^’ 

The commonest colour reagent for thiols is sodium nitroprusside 
Na2Fe(CN)5NO®’®’^®“^®. The solution of the —SH compound is adjusted 
to pH 9-11 with sodium carbonate or ammonia and a few drops of nitro¬ 
prusside (5% solution) are added. 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®*^®. 

Glutathione gives a red colour with sodium nitroprusside which can be 
used for quantitative estimation^®. 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 uraciP. 

Thiol compounds reduce a solution of phosphotungstic acid with 
the formation of a blue colour^®’The colour is stable for at least 
6 h. Inorganic sulphides slowly develop colour. Potassium or sodium 
cyanide inhibit colour development. 

The reaction between sodium azide 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, especially 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 solution^®. 

The methylene blue reaction for hydrogen sulphide with dimethyl-p- 
phenylenediamine hydrochloride is of broad general applicability to 
—SH compounds including cysteine, glutathione and thiocresol. The 
reagent is used in acid solution in the presence of ferric ammonium 
sulphate. The colour is permanenP’^4. Cysteine forms a blue colour with 
/7-aminodimethylaniline and gives a dark red-violet colour with dimethyl- 
p-phenylenediamine hydrochloride in acid solution containing ferric ions. 
With l,2-naphthoquinone-4-sulphonate cysteine gives a red colour®®. 

The preparation of heavy metal salts is important both for the detection 
and determination (see section IV) 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 are generally used for these tests^®. 

<■ 
RSH + M + t RSM-f-H + (1) 
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Sodium plumbite first forms yellow lead mercaptides, which are con¬ 
verted by sulphur to black lead sulphide and alkyl disulphides: 

Pb(OH)j-l-2 RSH-> Pb(SR)2-l-2 H,0 (2) 

Pb(SRh+S-> PbS+RSSR (3) 

A test based on the formation of mercury mercaptide according to 
equation (4) was described by Feigl and coworkers^®. 

2RS- + Hg(CN),-^Hg(SRh+2CN- (4) 

Cyanide is sensitively detected through the blueing of filter paper 
moistened with a solution of copper ethylacetoacetate in chloroform. 
The test for alkali-soluble SH compounds is specific provided that 
halogen ions are absent. The limits of identification are of the order of 
2-5 [xg. 

Thiols may react with cupric ions in various ways. Sometimes water- 
insoluble, mostly dark coloured, cupric salts are produced. Another mode 
of reaction, which may occur in strong ammoniacal solution, leads to the 
production of black copper sulphide (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, 

2RS-+2Cu"+-> Cu=+-f-RSSR (5) 

the cuprous ions may react with the — SH compound (equation 6). The 
water-insoluble copper (I) salts of thiol compounds are yellow, orange 

Cu'+-f-2RS--> Cu,(SRh (6) 

yellow or orange brown. The reaction takes place at room temperature 
with solid samples or with solutions in ammonia or alkali. 

B. Spot Tests on Chromatograms 

Few specific reagents are available for the detection of —SH-con- 
taining compounds on chromatograms. Sodium nitroprusside, platinic 
iodide2’>28^ Feigl’s sodium azide-iodine reactioni6>29.3o^ or various 
quinones®! which are not specific for — SH groups have been used. 

A rapid and sensitive technique has been developed for the identification 
and differentiation of thiols, disulphides and thioesters on thin-layer and 
paper chromatograms^^. Thiols are detected as yellow spots after spraying 
chromatograms with an alcohol-buffer solution of the Ellman 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). 

s-s 

Disulphides can be detected after reduction to thiols with sodium 
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)®^ was de¬ 
veloped as a selective reagent for —SH groups (see also section V.B). 

A quick t.l.c. test for the detection of —SH groups in the presence of 
other type of sulphur functional groups was described by Brown and 
Edwards^. 

Thiols show bleaching action on iodine used as the visualizing agent 
(equation 7). After exposure of the plates to iodine vapours, the thiols 

2RSH-f-l2-^ RSSR+2 H + +2I- (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 carboxyl groups. 

A visualizing reagent for —SH compounds in paper chromatography 
is a mixture of ceric ammonium nitrate and potassium permanganate^^ 
The chromatogram is dipped in a solution of ceric ammonium nitrate in 
0-5m nitric acid. Thiols (cysteine, cysteamine, thioglycollic acid) give a 
white spot in a yellow background. 

C. Identification through Chemical Derivatives 

Several solid derivatives are used for the identification of SH com¬ 
pounds. Tables reporting the physical characteristics of such derivatives 

are available^’®. 

10 
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2,4-Dinitrochlorobenzene reacts with sodium salts of alkanethiols and 

aromatic thiols with the formation of well crystallized sulphides 

which can be further oxidized to the corresponding sulphones®®, thus 

enabling a second series of derivatives to be obtained. Paper®® and gas^® 

chromatography have been used for separation and identification of these 
derivatives. 

(3) (6) 

3,5-Dinitrothiobenzoates (4) are prepared from thiols and 3,5-dinitro- 

benzoyl chloride in a basic medium^. Thiols also react with 3-nitro- 
phthahc anhydride giving 3-nitrophthahc thioesters (5) 

Solid thioether derivatives (6) may be prepared by reacting the —SH 

compound with sodium anthraquinone-a-sulphonate^®. 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 Baldry^ by concentrating 

extremely dilute solutions of —SH compounds and analysing them by 
thin-layer chromatography. 

III. OXIDIZING AGENTS 

For analytical purposes 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 | mole of a two- 
electron oxidant. 

2 RSH-> RSSR+2 H + -t-2 e (8) 

Although the sensitivity of these methods is of a high order, especially 

the oxidation with ferricyanide, they lack specificity and the stoichiometry 

of the oxidation is unreliable®. In 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 acid®. 

Ferricyanide^^'^ offers the particular advantage that it can be used for 

the estimation of as little as 10 jumoles of —SH (formation of prussian 

blue). 
Sodium tetrathionate^®'^® is used for estimation of —SH groups, 

according to equation (9), the thiolsulphonate formed being titrated 

iodometrically. 

2 RSH + S^or-> RSSR+2 S^Or+2 H+ (9) 

At pH 7 the reaction of o-iodosobenzoate ion (7) with —SH groups can 

be written as in equation (10). The reaction does not appear to proceed 

10 

+ 2RSH 

(7) 

beyond the disulphide stage®®-The usual procedure is to add an excess 

of the reagent and to determine the residual amount iodometrically 

according to equations (11) and (12). It is essential that the excess of 

HOOCCeHJO+2I-+2 H+-HOOCCeHJ+Ij+HjO (11) 

I,+2S,0^->S,Or+2I- (12) 

reagent be kept as small as possible. Preliminary orienting tests may be 

made before the actual analysis is accomplished. 
Porphyrindin (8)®-®®"®® has been used in the estimation of —SH groups 

in various biological substances. 

H3C CH3 
10 0 1 

H3C-C-N N-C-CH3 

C=N-N=C 
/ \ 

HN=C-N N-C=NH 
H H 

o 
.COO' 

+ RSSR + HpO (10) 

(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 freedom®. 

IV. MERCAPTIDE 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 —SH 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 —SH 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 errors 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 electrometric 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 electrometric 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 reagent. 

A plot of current vs 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 from the solution is slower and the curve 

reaches linearity only gradually towards the end of the titration. 

0001 M AgNOj (ml) 

Figure 1. Example of an amperometric titration of 1-0 ml of 10”®m glutathione 
with 10”®M silver nitrate. (From R. and R. E. Benesch, ‘Determination of 
—SH groups in Proteins’, Methods of Biochemical Analysis (Ed. D. Click), 

10, Interscience, 1962.) 

Principles and practice of amperometric titrations can be found in 

standard books®’"®". There are two types of electrodes in common use, 

namely the rotating platinum electrode and the dropping mercury 

electrode. 
Mercaptide formation may also be followed by potentiometry. 

Potentiometric titration®^ 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 electrodes, 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 metal ion. 
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I. Rotating platinum electrode 

The indicator electrode is made from a shdrt 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.m. 

A general apparatus for amperometric titration is shown in Figure 2. 

The reference electrode could be prepared by mixing potassium iodide and 

Figure 2. Apparatus for amperometric titration: A, rotating platinum 
electrode; B, agar-filled glass tube; C, electrolyte solution; D, glass tube; 
E, salt bridge; F, reference electrode; G, galvanometer. (From S. Siggia,’ 

Quantitative Organic Analysis via Functional Groups, Wiley, 1949.) 

mercury iodide in potassium chloride solution. A layer of mercury serves 
as the electrode. 

The rotating platinum electrode has a number of limitations. The 

surface of the electrode 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 electrode 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 pool”^. However, this is not simple to set up 

and maintain, and the advantage 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 the 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, mercurated alkylamides or phenyl- 

mercury compounds such as p-chloro-mercuribenzoic acid (pCMB) (9)*®. 

(9) 

All operations involving the use of metallic mercury, HgXg or RHgX, 

whether at the preparative or analytical level, should be carried out in a 

well-ventilated area, preferably under a fume hood^’®®. 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. 

I. Inorganic mercury compounds 
Mercury chloride shows a complex stoichiometry and reacts with 

simple thiols to give compounds of the type (RSjgHg, (RS)2Hg2 or (RS)2Hg3 

depending upon the amount of excess mercury chloride present®®. 
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In spite of this, conditions may 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)2Hg may be observed ampero- 
metrically®^’®®. The same is not true for the — SH groups of proteins, 
which according to the conditions used will produce mercaptides of the 
type RSHgX or (RS)2Hg. The steric proximity of — SH groups in proteins 
is a critical factor in determining the stoichiometry of the reaction. 

2. Alkylmercury compounds 

In contrast to the situation that obtains with mercury chloride only 
one mole of SH reacts with RHgX®®“^^, giving to organic mercurials 
an outstanding advantage (equation 13): 

R'SH + RHgX-> R'SHgR+H + 4-X“ (13) 

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 behave 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 benzene^^.i^ 

Although methylmercury iodide reacts more rapidly in alkaline solution 
than at 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 CHgHgCl or CHgHgNOg 
may be used^^. Methylmercury nitrate, which is very soluble, is best 
prepared in solution from methylmercury iodide by double decomposition 
with silver nitrate'^^. 

The end point in the reaction between —SH groups and organic 
mercury compounds has in general been determined by amperometric 
methods. The disappearance of — SH groups following addition of a 
mercury derivative has been also determined using nitroprusside 
indicator®. Alternatively, the excess mercurial could be determined 
colorimetrically’®. The procedure consists of equilibrating the —SH 
sample with a solution of CHgHgl 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 CHgHgl 
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. ^-Chloromercuribenzoate (f>CMB) 

Several organic mercurials undergo spectral changes on reaction with 

thiols. However, thus far, is the only mercurial which gives 

rise to an adequate increase in absorption in a useful spectral region as the 

result of mercaptide formation (Figure 3). 

Figure 3. Absorbancy of /7-chloromercuribenzoate and its mercaptide with 
cysteine in 0 05m phosphate, pH 7 0. (Reproduced by permission of the 
American Chemical Society from P. D. Boyer, J. Amer. Chem. Soc., 76, 

4331 (1954).) 

;?CMB exhibits an absorption maximum at 233 nm with a molar 

absorptivity of 1-69x10^. 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 Boyer®^ 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 there is no further change in the absorption. 
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Instead of a single measurement with an excess of /?CMB, the assay is 

therefore carried out in the form of a spectrophotometric titration. 

Initial studies® with /jCMB employed nitroprusside titration to detect 

the number of sulphydryl groups in proteins. Other methods'^® have 

determined the excess mercurial remaining after reaction with the protein 
either colorimetrically or amperometrically. 

The spectrophotometric 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 it’®-’®. The titrating metal ion is monovalent and 

can be standardized with a high degree of accuracy. It 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 10-®m — 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+ (14) 

additional silver. This co-ordination by the silver mercaptide depends 

gready 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 result’®-®^. 

Substances which form stable complexes or insoluble salts with silver 

ions (e.g. cyanide, iodide, chloride, bromide and sulphide) 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 the complex form or as the mercaptide. 

Examples of this procedure are the use of ammonia, or tris-(hydroxy- 

methylaminomethane) buffer. Sluyterman®® has shown that the expected 

1 : 1 stoichiometry between Ag+ and cysteine can be obtained using 

imidazole buffers. 
Kolthoff and Harris®^ described the amperometric titration of some 

aliphatic thiols with silver nitrate in 95% ethanol with ammonia and 

ammonium nitrate using the rotating platinum electrode. The silver ion 

was present as Ag(NH3)2 and therefore chloride ion did not interfere. 

The potential on the indicator electrode was adjusted so that it was 

sufficiently negative to reduce Ag(NH3)^ but not oxygen. 

It has been shown®^ that the addition of an excess of standard potassium 

p-chloromercuribenzoate prior to the titration with silver nitrate effectively 

blocks the reaction with the Ag(NH3)^ ions. Such a procedure appears 

desirable as a test of the specificity of the titration when proteins, for 

example, are being analysed. 
Recently, Gruen and Harrap®®’®^ used a specific-ion electrode®®-®® 

which is highly selective to Ag+ to observe the end point in the titration of 

thiols with Ag+. The potential at the Ag/S specific-ion electrode depends 

only on the equilibrium activity of free Ag+ (the only interfering species 

known is Hg^+j, whereas the current at the rotating platinum electrode 

depends on the dynamic reduction of any reducible species and may there¬ 

fore not be as selective as the specific ion electrodes. 
As Ag+ was added to the thiol 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 

vs excess Ag^. The method was shown to be accurate (i 2%) and 

found applicable also to the determination of — SH groups in proteins. 

D. Other Mercaptide Forming Agents 

Klotz and Carver®® titrated thiols with salyrganic acid (10) using 
piperidine-2-azo-p-dimethylaniline as indicator. Combination of excess 

salyrganic acid with the indicator gave an increase in absorption at 

550 nm. 

OCH2COOH 

CONH-CH2-CH(OCH3)-CH2HgOH 

(10) 
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B. S. Harrap, Anal. Biochemistry, 42, 377 (1971).) 

Phenylmercury hydroxide, o-hydroxymercuribenzoic acid and various 
other mercury compounds have also been used^h 

A bifunctional mercury compound (11) was used in studies of human 
plasma albumin®^* 

HOHgCHjHC^ ^CH, 
I I 

H2C^^^CHCH2HgOH 

(11) 

Coloured mercurials (12—16) have been employed extensively in bio¬ 
chemical work®^>®®, 

Klotz and coworkers®®’ ®^ have used a coloured mercurial, 4-(/7-dimethyl- 

aminobenzeneazo)phenylmercury acetate (12), which has an absorption 
peak at 458 nm. 

l-(4-Chloromercuriphenylazo)-naphthol-2 (mercury 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. 

(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 compounds®®-2-chloromercury-4- 

nitrophenol (17), 2-chloromercury-4,6-dinitrophenol (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 at the SH 

groups, and the binding reaction induces pK changes and spectral changes 

of the nitrophenol moiety at certain pH values. The reagents allow 
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OH 
I 

OH OH OH 

02N..^^^HgCI CIHg..A^HgCI 

NO2 NO2 HgCI NO2 

(17) (18) (19) (20) 

indication of the microenvironment at their site of reaction. Of 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 coefficients at 
410 nm are in the region of 10^. 

The versatility of the mercurinitrophenols 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 groups^®’®®. 

V. COLORIMETRIC PROCEDURES 

Most of the colorimetric procedures for the quantitative determination 

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) for the 
estimation of sulphydryl groups was introduced by Ellmani»i and the 

procedure is extensively used because of its ease and accuracy^®^. DTNB 

has a higher standard oxidation/reduction potential than ahphatic 

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 mole of thiol group (equation 15). The mixed disulphide 22 could be 
in turn cleaved by the mercaptan according to equation (16). 

RSH + ArSSAr-> RSSAr+A.rSH (15) 

(21) (22) (23) 

RSSAr+RSH-> RSSR+ArSH (I6) 

(22) (23) 
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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 —SH group. The anion 23 has an intense yellow colour 

with a molar absorptivity of 13,600M~^cm~^ at 412 nm. 

With DTNB, a solution of 0-01 jumole of sulphydryl per millilitre gives 

an absorbance of 0T36 (1-cm light path) at 412 nm. 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 medium^®®’ 

Minutes 

Figure 5. Time-dependent absorption of Ellman’s reagent with glutathione 
(V—v), cysteine (O—O), and mercaptosuccinic acid (•—•). (Reproduced 
by permission of Springer Verlag, from H. Wenck, F. Schwabe, F. Schneider 

and L. Flohe, Z. Anal. Chem., 258, 267 (1972).) 

Ellman’s reagent has gained popularity rapidly especially in the field 

of protein chemistry. The reaction is specific for compounds 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 thiourea^"®. 



290 Angelo Fontana and Claudio Toniolo 

The colour obtained in the assay requires metal-free reagents. There¬ 

fore 10“% EDTA is generally included in the reagent solution^®^. 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 
chromatograms^^. 

Bis-(/7-nitrophenyl)-disulphide has been used by Maier^®® f^j. 

determination of thiols in foods, and the hydroxynaphthyl disulphide 
(24)i«®>io7 was used to bind a naphthyl residue to the — SH groups of 

proteins which was subsequently reacted with a diazotized amine. 

(24) 

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 thioT^® 
(equation 17): 

(26) 

The pyridinethiol formed is virtually exclusively in the thiopyridone 

form (26) (2-thiopyridone has 343 nm and £ 7060 and 4-thiopyridone 

^max nm and s 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 the 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 p,g of —SH 

group with 2,2'-dithiopyridine and of less than 0-5 jag with 4,4'-dithio- 

pyridine. Pyrimidine and thiazole disulphides were also tested in their 
utility as — SH reagents^**®. 

One compound, 2,2'-dithiobis-(5-nitropyridine) (2)^, 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/xg 

quantities. 

C. Sulphenyl Halides 

The reaction of sulphenyl halides with the —SH group of cysteine to 
form a mixed disulphide”was usefully employed for'titrating the cysteine 
residues in proteins^^®. The reaction of cysteine with p-nitrophenyl- 
sulphenyl chloride (pNPS-Cl) (27) is shown in equation (18). 

SH 
I 

CHa 
I 

—NHCHCO 

Taking advantage of the ready cleavage in alkaline solution of alkyl-aryl 
disulphides (28) with formation of a thiophenol (cf. reference 111 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 (OTn NaOH). The highly coloured 
chromophore (e 13,600 at 412 nm) was shown to be quantitatively 
released from the S-/?NPS-derivatives (28) if deaerated solutions were 
employed. The method was tested with model compounds as well as with 

proteins^^^. 

D. Other Methods 

The nitroprusside test could be adapted for quantitative determination 
of thiols®. The method is not specific for — SH groups, and substances like 
acetone, acetoacetate and creatinine also give a positive reaction. To 
obviate interference by traces of heavy metals 1 drop of OTm NaCN is 

added, so that the colour does not fade so rapidly. 
The basis of Saville’s method^^®* 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). 
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RSH + HNO-,-^ (RSNC)) + HjO (19) 

(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 

(RSNO) + HjO+Hg“+-> RSHg + + HN02+H+ (20) 

ascertained by adding sulphanilamide. This gives a diazo compound which, 

on coupling with N-l-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 (lO-^M 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 dichroism measurements have been recently applied to the 

titration of — SH groups in peptide molecules^^®. By reaction of 2-fluoro- 

3-nitropyridine (30) with L-cysteine-containing peptides at pH 9, 

S-(3-nitro-2-pyridyl)-L-cysteine derivatives (31) are obtained (equation 21), 
which exhibit a positive Cotton effect at 365 nm. 

(30) 

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 successfully tested with cysteine derivatives 
and glutathione. 

Analogously, methyl isothiocyanate (32) was used^^® giving S-methyl- 

thiocarbamyl-L-cysteine derivatives (33) which show a positive Cotton 
effect at 320 nm (equation 22). 

SH 
1 

S-CS-NHCH3 

CH, 
1 

CH, 
1 

(22) 

^NHCHCO-^ + CH3NCS — -> ^ —NHCHCO-^ 
(32) (33) 
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VI. ALKYLATING AGENTS 

There is a wide choice of alkylating reagents for —SH groups which may 

be divided into two classes; (i) those with an ‘active’ halogen atom which 

reacts with the elimination of a halogen acid and (ii) those with an ‘active 

double bond with which the reaction is an addition. In both cases, the 

rate of reaction falls off sharply below pH 6 suggesting that reaction is 

with RS~ and not RSH. 

A. Carboxymetbylation 

A number of alkylating agents have been used in studies of —SH- 

containing substances, e.g. iodoacetate, iodoacetamide, iodoethanol, 

methyl iodide and other alkyl halides. 
The most extensively studied and the most useful reagents are iodo¬ 

acetamide and iodoacetic acid’^^^. In general the amide is more reactive 

(equations 23 and 24): 

RSH+ICHjCOOH-^ RSCHjCOOH + HI (23) 

RSH+ICHjCONHj-^ 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 carboxymetbylation technique is extensively used in protein 

chemistry. The protein reacts at pH 9 with an excess of iodoacetate in the 

presence of urea or guanidinium hydrochloride. The progress of the 

reaction may be ascertained by qualitative tests with a nitroprusside 

reagent. After exhaustive dialysis the carboxymethylated protein is 

hydrolysed in 6n HCl and the S-carboxymethylcysteine is assayed by 

ion-exchange chromatography on the amino acid analyser^^®. If iodo¬ 

acetamide is used, the S-carboxamidomethylcysteine is converted by acid 

hydrolysis to the S-carboxymethyl derivative. 
In the absence of precautions to exclude oxygen during acid hydrolysis, 

destruction of S-carboxymethylcysteine may amount to between 10% and 

50%. The deaeration step is therefore extremely important and the use 

of a water pump is inadequate. Other steps may also introduce artificial 

peaks in the chromatograms and it is important to observe the recom¬ 

mended conditions in each detail. 
Alkylating agents react also with amino, imidazole and even thioether 

groups of proteins under certain conditions. Many of the complications 

connected with the use of iodoacetic acid stem from the relatively small 



294 Angelo Fontana and Claudio Toniolo 

difference in reactivity between — SH groups and other nucleophilic 

sites. Nevertheless the method is completely satisfactory for —SH groups, 

since S-carboxymethylcysteine is being assayed directly on the amino acid 
analyser. 

Alternatively, the direct titration of the halogen acid formed by the 
reaction allows the determination of the thiol content^^o. 121 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 desirable to choose a high pH. On the other 

hand, at pH values above 8, alkylation of NH2 groups becomes signifi¬ 

cant. The lowest pH at which the reaction proceeds at a reasonable rate 

should therefore be used, and this is generally found to be between 7-0 
and 7-5. 

The carboxymethylation reaction can be followed by oxidation of the 

liberated iodide with hydrogen peroxide and colorimetric estimation of 
the iodine formed^^^. 

Smythe^^s allowed the reaction to proceed in a bicarbonate-COg 

buffer system and followed the evolution of CO2 manometrically. 

B. Addition to Double Bonds 

N-Ethylmaleimide (NEM) (34) reacts rapidly with simple thiols at 
neutral pH, according to equation (25)^24-i27_ 

RS—CH—CK 
(25) 

Et 

(34) 
Et 

(35) 

NEM has received considerable attention because its absorption 

spectrum has a maximum at 300 nm which disappears when the reagent 

combines stoichiometrically with a compound containing an —SH 

group, as shown in Figure 6, allowing quantitative spectrophotometric 
determination. 

NEM is of low reactivity in 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 —SH 

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 10“®M solution of NEM has an optical density of only ca. 0-62 at its 

wavelength maximum of 300-305 run. Because of this and its limited 

Wavelength (nm) 

Figure 6. The absorption spectrum of N-ethylmaleimide (1-5x10-®m) in 
phosphate buffer (01m, pH 6 0) in the presence of increasing amounts of 
cysteine. (1) Without cysteine; (2) 015x10-®m cysteine; (3) 0-75 x 10 
cysteine; (4) l-27x 10-®m cysteine; (5) l-50x 10-»m cysteine; (6) 1-50 x 10 
cysteine alone. (Reproduced by permission of the American Chemical Society 

from E. Roberts and G. Rouser, Anal. Chem., 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 incubated 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 

solutions^®®. 
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The method has been extensively used for the determination of cysteine 
in proteinsi29-i3i. in this case, the product (35) could be estimated either 

spectrophotometrically or, after acid hydrolysis in 6n HCl, as S-succinyl- 
cysteine (36) by automatic amino acid analysis. 

H2N-CHCH2-S-CHCOOH 
I I 
COOH CHjCOOH 

(36) 

The adduct of NEM with free cysteine (37) undergoes an intra¬ 
molecular transamidation to 38 at pH 9 (equation 26y^^. 

CHo—CO 
\ 
NEt 
/ 

CH—CO 
I NH, 

I 
CHg—CH—COOH 

(37) 

CHa-CONHEt 
I 

CH—CO 
/ \ 

S NH 
\ / 
CHg-CH 

\ 
COOH 

(38) 

(26) 

The formation of a stable alkyl derivative that resists acid hydrolysis 
is an important feature of this reagent. 

Since proteins react more slowly with NEM than do simple thiols, a 

pretreatment of the protein sample with urea solution is suggested in 

order to expose the less reactive SH groups. Moreover, NEM is of limited 

SH specificity and under the conditions used will combine slowly with 

other functional groups. Its use is therefore not to be recommended unless 
the more specific methods cannot be used. 

Other substituted maleimides have proved useful, since they introduce a 

chromogenic substituent into biologically important substances, especially 

proteins. Such reagents allow modification of reactive — SH groups in the 

protein and ready detection of the appropriate peptide after proteolytic 
degradation and separation^®®* 

These include, N-(4-dimethylamino-3,5-dinitrophenyl)maleimide 
(39)133,134 and N-(2,4-dinitrophenyl)maleimide (40)1®®. 

41 IS not coloured but its derivatives with tetrazotized di-o-anisidine 
are, and give a sensitivity 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. 



5. Detection and determination of thiols 297 

Several bifunctional maleimide derivatives (N,N'-(l,2-phenylene)- 

bismaleimide (43)1^®, azophenyldimaleimide (44)l®^ N,N'-hexamethylene- 

bismaleimide (45)^^”, and bis(N-maleiniidomethyl)ether (46)^^^"^^ have 

been used as cross-linking reagents in protein chemistryi^. 

Acrylonitrile is another effective alkylating agent for thiolsi^®, ue 

The reaction is quantitative resulting in cyanoethyl derivatives (equation 

27). 

RSH + CH2=CHCN-> RSCH2CH2CN (27) 

Alkylation of protein sulphydryl groups with acrylonitrile is extensively 

used in protein chemistry for protein 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-carboxyethyl derivative 47 which is estimated 
by automatic amino acid analysis. 

HjNCHCH^-S-CHjCHjCOOH 

COOH 

(47) 

However, the method has its limitations since 47 is partially destroyed 

during acid hydrolysis of the proteins. On chromatograms 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 at a convenient position on an amino acid analyser. 

2-Vinylpyridine meets all these requirements, and reacts specifically with 

thiol groups at pH 7-5, cysteine being converted to S-j8-(2-pyridylethyl)- 
cysteine (PEC) (48)^^^. 

In addition to ion exchange chromatography^^®, u.v. spectroscopy could 

also be employed for quantitative determinations. The PEC-residue has an 

absorption maximum at 263 nm with an extinction coefficient 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 nm with a molar extinction of 10,000 in 0-1 n acetic acid. 

Since proteins do not usually absorb at this wavelength, the reagent is 

useful for the determination 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 time^^®. 

Ethacrynic acid was also employed as an —SH reagent in physiological 
studiesisO’151. 

Cl Cl 

CHjCH 

Ethacrynic acid 
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VII. RADIOCHEMICAL METHODS 

Various disadvantages of the traditional methods of thiol group analysis 

are circumvented by the use of radiolabelled reagents. Radiochemical 

methods can be readily automated by means of scintillation counting, so 

that large numbers of samples can be estimated rapidly and precisely. 

Sensitivity is often the most important feature, especially in biochemical 

work. 

The sensitivity of radiochemical methods is theoretically limited 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 

estimation of thiol groups in insoluble proteins, such as wool fibres, using 

either p®*Hg]-phenylmercury acetate or p^C]-methylmercury iodide. 

Samples containing p®®Hg] have to be combusted before counting by 

liquid scintillation, whereas they can be counted in the y-counter in the 

solid state^^^. Samples containing were combusted to and assayed 

by liquid scintillation counting. 
The excess radioactive reagent must be removed after reaction with the 

protein sample by dialysis or precipitation of the protein. The method 

therefore is not suitable for simple thiols. 
Radioactive mercurial compounds have also been used for the auto¬ 

radiographic detection of reactive protein thiol groups in haemoglobin 

chains^®^. It was found that insulin and ribonuclease (which contained 

disulphide and no thiol groups) did not bind the mercury compound, 

whereas with other proteins there was a general correlation between the 

—SH content and the autoradiography density. 
Erwin and Pederson^^ used a sensitive gel filtration method for the 

determination of protein thiol groups with carboxyl-labelled [^^C]-p- 

chloromercuribenzoic acid (p^Cj/^CMB). Unreacted reagent was separated 

by gel filtration using a Sephadex G25 column. The lowest level of protein 

assayed appeared to be 30-40 /xg in 0-2 ml of incubation mixture. 
i^C-Iodoacetic acid or ^^C-iodoacetamide have been extensively used in 

protein chemistry work^®^’^^. Since side reactions with other amino acid 

side chains could occur (methionine, lysine, histidine and tyrosine) non- 

specifically bound radioactivity can easily amount to 10%. 
Labelled N-ethylmaleimide (^^C-NEM) (49) has also received much 

attention. The reagent is commercially available and uptake can 

readily be measured^^^-^®". Addition of ^^C-NEM to a thiol group (i.e. 
cysteine) results in the formation of labelled S-(ethylsuccinimido)-cysteine 

(50) (equation 28). On acid hydrolysis 50 is converted to S-succinyl- 

cysteine and ethylamine, both of which can be determined quantitatively 
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’“CH-CO 

RSH + 
14 

\ 

/ 
CH-CO 

(49) 

NEt 

RS-^^CH—CO 
\ 

’^CHg-CO 

(50) 

NEt 
/ 

(28) 

by means of amino acid analysis. Since unreacted NEM liberates ethyl- 

amine, care must be taken to remove all traces of excess reagent prior to 

hydrolysis. This allows a direct measure of the amount of cysteine in the 

protein that has reacted with the reagent. 

The limitations of the use of NEM as a thiol reagent for analytical 

purposes apply also in the case of ^^C-NEM, so that the procedure will 

be more useful for semi-quantitative than for precise analysis, and, in 

protein chemistry for locating SH sites in peptide fragments. 

By reaction of pS]-tetraethylthiuram disulphide (TETD) (51) and 

protein thiol groups stoichiometric amounts of the pS]-diethyldithio- 

carbamate (53) ion are produced, according to equation (29)^®^’ 

355 355 355 355 

II II II II 
RSH + EtjN-C-^'S-^^S-C-NEtj-RS-^^S-C-NEtj-fEtjN-C-^^S- (29) 

(51) (52) (53) 

The dithiodicarbamate ion (53) has to be separated and allowed to 

decompose at pH 4 to give which is trapped in alkaline piperidine 

and its radioactivity measured by liquid scintillation counting (equation 
30). 

" H4- 
EtjN-C-^^S- > EtjNH + C^Sj (30) 

The method was applicable to 10/xg quantities of protein and its 
precision was comparable to that of most existing methods. 

Alkanethiols react differently and give alkyl disulphides according to 
equation (31). 

s S s 

II II II 
RSH + EtjN-C-S-S-C-NEtj,-> RSSR+2 Et^N-C-SH (31) 

A radiochemical procedure is described by Fletcher and Robson^®®. 

If acid hydrolysis of a protein is carried out in the presence of free P®S]- 

cystine, the cystine found in the hydrolysate and all of its decomposition 

products, including cysteine, become uniformly labelled, i.e. they acquire 

the same specific activities by some kind of interchange mechanism. 
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VIII. MISCELLANEOUS 

A. Total Sulphur 

Several methods for the determination of total sulphur in organic 

compounds are available^®^. Oxidation of sulphur to sulphate is 

accomplished by oxygen, peroxides, potassium chlorate or fuming nitric 

acid. The determination of sulphate can be performed by gravimetric 

analysis or by titration with barium chloride using tetrahydroxyquinone 

or thorin as the indicators. The excess of barium chloride can be also 

determined by amperometric, conductometric or complexometric titration. 

Organic sulphur may be also reduced to sulphide, the latter then being 

determined by iodometric titration^®^. 

Earlier methods for sulphur analysis are now superseded by the oxygen- 

flask combustion method of Schdniger^®®. The apparatus is extremely 

simple, consisting merely of an Erlenmeyer flask with a platinum com¬ 

bustion basket attached to the stopper. 

B. Sulphides 

Quantitative analysis of sulphides can be carried out by oxidation to 

sulphoxide with bromine in aqueous solution (equation 32)^®’^. 

RjS-fBr^-fHjO->R2SO-f2HBr (32) 

Oxidation to the sulphoxide is rapid, whereas further oxidation to the 

sulphone is slow. Hence, it is possible to titrate directly with bromine. 

A standard acidified bromate-bromide solution can be used to form 

bromine in situ (equation 33). 

BrOj-q-S Br- -f6 H +-> 3 Br2+3 H^O (33) 

The end point in the titration is detected by the first lasting colour of the 

excess free bromine. The end-point colour fades because of oxidation to 

sulphone, but so slowly that it can be detected without difficulty. 

Aliphatic sulphides and iodine form a 1 : 1 complex which absorbs 

intensely in the ultraviolet^®®. Since the absorptivity of different com¬ 

pounds of the class varies somewhat the accuracy is less 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 method uses the reaction of sulphides with alkyl halides, i.e. 

formation of sulphonium salts (equation 34)^®®. p-Bromophenacyl bromide 

R^S-fR'X ^ RjR'S + X- (34) 
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is employed as an alkylating agent. However, sulphides with branched 

chains either do not form /7-bromophenacylsulphonium salts at all, or do 
so only in low yields^’’®. 

A suitable method for identification of sulphides consists in their 

conversion to sulphilimines (55) on reaction with the sodium salt of 
sulphonylchloramine (54)^'^^. 

RjS+ArSOjNCINa-> R^SNSO^Ar+NaCI (35) 

(54) (55) 

Chloramine T is most convenient for identification purposes. The 

separation of p-nitrobenzenesulphonylsulphilimines by means of paper 
chromatography has been described^'^^. 

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 disulphides provides a method for 

the direct disulphide determination with accuracy and reproducibility^®’. 

However, the method (equation 36) has the disadvantage of being affected 
by a large number of interfering compounds. 

RSSR+5 Br2+4 H^O-^ 2 RSOjBr+S 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 
content. 

(56) 
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Another direct assay for disulphide groups employs their quenching of 

the fluorescence of fluoroscein mercury acetate (56)^'^^. 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 (10~'^m) and gives values for the disulphide content of 

some proteins which agree well with the known values. 

I. Cleavage of disulphides 

We will now consider the methods available for splitting disulphide 

bonds. 
a. Reduction. Disulphides can be easily reduced to the corresponding 

thiols, for example with zinc and sulphuric acid in acetic acid, or also with 

lithium aluminium hydride^’^^^^®. Zinc dust and magnesium were used 

for reducing oxidized glutathione. Kolthoff and coworkers^’® used both 

amalgamated zinc and diluted zinc amalgam for aliphatic disulphides. 

Sodium amalgam was used to reduce an acid solution of cystine’^^®. 

Although it has been relatively little used, electrolytic reduction could 

also be successfully employed. Dohan and Woodward^’’ 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 borohydride has been also used successfully. The reduction is 

carried out in alkaline solution, and the excess borohydride is subsequently 

removed either by acidification or with acetone. This reduction was 

applied to proteins by Moore and coworkers^’® 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, j8-mercaptoethanofl^®, ^-mercapto- 

ethylamine^®® and thioglycollic acid^®^. 
The reaction may be represented by equation (37) from which it is 

RSSR+2 R'SH ^ ^ 2 RSH + R’SSR' (37) 

obvious that in order to drive the reaction in the desired direction a 

considerable excess of thiol has to be added^®^. 
The reagent of choice for the reduction was ^-mercaptoethanol until 

recently, when dithiothreitol (DTT) (57)i®®’i®^ became commercially 

available. The use of DTT as a reducing agent for disulphides was first 
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described by Cleland, and the reagent bears his name (equations 38 and 
39). 

OHOH OHOH 

I I II 
RSSR+HSCHjCHCHCHjSH-^ RSSCHjCHCHCHjSH + RSH (38) 

(57) (58) 

(58) 
HO-HC. /CH, 

^CH 
I 

OH 

(59) 

+ RSH (39) 

The overall reaction proceeds nearly to completion because the 

formation of a 6-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 reduction of cystine bv 
DTT. 

This reagent can be used at a much lower concentration than ^-mercapto- 

ethanol by virtue of its lower oxidation/reduction potential and its 

resistance to air oxidation. An additional advantage of DTT is its relative 
lack of the characteristic unpleasant thiol odour. 

b. Sulphite treatment. When disulphides are treated with alkah sulphite, 

thiols and sulphenylsulphites (Bunte salts) (60) are formed (equation 40); 

RSSR+SO“--^ RSSO3-+RS- (40) 

(60) 

The reaction was extensively studiedi^^-iss ^nd found to be reversible, 

so that the concentration of sulphite must be kept high. The equilibriurn 

constants for many simple disulphides have been determined 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 sulphite progresses to the 

quantitative conversion to RSSO^. This may also be achieved by carrying 

out the sulphitolysis step in the presence of Cu2+ (equation 41). 

RSSR+2 Cu“ ++2 SO'--> 2 RSSO3-+2 Cu+ (41) 

Any thiol present will also be converted to S-sulphonate (equation 42). 

RSH+2 Cu'++SO > RSSO3-+2CU ++H + (42) 
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Kolthoff and Stricks^^^ 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 tetrathionate is the basis of the method of Inglis and 

Liui93 for the determination of the half-cystine residues in proteins as 

S-sulphocysteine. 

Cyanide will also react with disulphides in a similar way to sulphite 

(equation 43)^®^. 
RSSR4-CN--^ RSCN + RS- (43) 

If the disulphides contain free amino groups, as with cystine, cyclic 

amidine derivatives (61) are formed^®®'^®’. 

HoN-C-S 

CHj 
/ 

N-CH-COOH 

(61) 

Tri-n-butylphosphine (BugP) is also a reductant for disulphide bonds 
(equation 44)i98-2oo_ 

RSSR + BUjP-l-HjO-^2RSH + Bu3PO (44) 

Phosphorothionate (62) was used for the opening of disulphide bonds 

in proteins. The reaction is a nucleophilic heterolytic scission (equation 
45^201,202 

RSSR+SPOr-^ RSSPO^-t-RS- (45) 

(62) 

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 acid®“®. 

The scission of disulphide bonds by oxidation with performic acid is a 

standard technique in protein chemistry®®^, since its introduction by 

Sanger®®®-®®® 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 maximum after about 120 min and 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®®^. 
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Another possibility for the oxidative cleavage of disulphide bonds 

involves ozonization in 99% formic acid^®^. The yields of cysteic acid by 

this method using cystine as a model substance were as high as 98%. 

Photochemical oxidation^**® 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 cysteic acid. 

IX. SPECTROSCOPIC METHODS 

A. Ultraviolet Absorption 

The — SH chromophoric group in alkanethiols, characterized by the 

sulphur nonbonded electrons, has been extensively investigated both 
experimentally209-22i (Table 1) and theoretically^o^* 210 j^e u.v. spectra 

Table 1. Electronic spectra of some aliphatic thiols 

Compound Solvent ^max (nm) log £max Reference 

Hydrogen sulphide Vapour 190-200 3-3 290, 210 
n-Hexane 190 3-2 211 

Sodium sulphide Water 230 3-7 212 
Methanethiol Vapour 204 3-4 209 

225-235 2-3 
Ethanethiol Vapour 203 3-3 209 

225-235 2-3 
n-Heptane 225-230 2-2 212 
Ethanol 195 31 211, 212 

Propane-2-thiol Cyclohexane 225-230 2-2 213 
Butanethiol Cyclohexane 225-230 2-2 213 

In NaOH 240 3-7 214 
Butane-2-thiol Cyclohexane 225-230 21 213 
2-Methylpropane-2- Vapour 205 3-5 209 

thiol 
Cyclohe xanethiol Cyclohexane 227 2-1 215 
2,5-Hexanedithiol Ethanol 224 2-4 217 
2-Mercaptoethanol pH 0-33 196 3-4 218 
2-Mercaptopropan-1 -ol Ethanol 230 20 219 

206 2-7 
2-Mercaptopropionic Ethanol 235 2-3 219 

acid 206 2-8 
Cysteine pH 0-41 190 3-4 218 

Water 199 not 220 
reported 

NaOH 235 3-5 221 
5 a-Cholestane-3 a-thiol Cyclohexane 229 21 216 
5a-Mercaptocholestane- Cyclohexane 225-235 2-2 216 

3^-yl acetate 
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of thiols exhibit an intense absorption band located near 200 nm 

accompanied by more complex absorption(s) of much lower intensity in 

the 220-240 nm 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 thiols^^^'^^® well characterize this class of compounds, since they 

present a clearly defined maximum at 235-240 nm and a relatively weak 

and broad absorption from 265 to 295 nm which shows fine structure 

(Table 2). The effect of alkyl substituents in thiophenol appears to displace 

Table 2. Electronic spectra of some aromatic thiols 

Compound Solvent ^max (nm) log £max Ref. 

Thiophenol Vapour 270-285 not reported 222 
235 not reported 222 

2700-285-8 not reported 223 
(10 bands) 

n-Hexane, 
cyclohexane. 
or 2,2,4- 
trimethyl- 
pentane 272, 280,288 2-8, 2-8, 2-6 224 

n-Hexane 235 3-9 225 

/-Octane 270-290 2-7-2-9 226 
235 4-0 226 

Ethanol 237 4-0 227 

(3-Methyl)thiophenol Ethanol 239-5 3-8 228 

(3-Methyl)thiophenolate Ethanol 271 4-2 228 

(4-Methyl)thiophenol Cyclohexane 280, 286, 295 2-7-2-9 224 

Ethanol 237 4-0 228 

(4-Methyl)thiophenolate Ethanol 270-2 4-2 228 

(4-t-Butyl)-thiophenol Ethanol 238-6 4-0 228 

(4-t-Butyl)-thiophenolate Ethanol 270-2 4-2 228 

the main absorption band to lower excitation energies^^^. In going from 

the thiols to the corresponding thiolates there is also a red-shift of the 

wavelength maximum accompanied by an increase in the oscillator 

strength^^*. 
The more intense band at 235-240 nm is very probably a charge- 

transfer band S(3p7r)-> ring(7r*), whereas the inflection band at 265- 

295 nm can be assigned with little doubt as the benzene analogue 

11 
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transition. There has been considerable discussion on the involvement of 

sulphur 3d orbitals in Tr-bonding to the ring^^^*^^®. The most recent 
studies224.23o sggjjj indicate that if there is any stabilization of the 

77 orbitals by the use of sulphur 3d orbitals, it is very small and has httle 

effect on orbital energies. The available data are consistent only with a 

perturbation of the benzene ring 77 orbitals via S(3p77)—C(2p77) bonding. 

B. Infrared Absorption 

I. 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 cm-\ If allowance is made for 

these factors, the presence or absence of a band in this region can afford 

decisive evidence for the occurrence of a thiol group. Alkanethiols absorb 

towards the top of this range, aromatic thiols in the middle, and thioacids 
at the bottom. 

Bell23i.232 able to show that the bands near 2570 cm-i in thiophenol 

and in the 4-thiocresol were absent from the corresponding sulphides. 

This early assignment was fully supported by later workers. Ellis^^^ 

found the first overtone in the 5000 cm~^ region, Williams extended the 

series of thiols examined by Bell showing that all of them absorbed near 
2600 cm-i. Trotter and Thompsonian and Sheppardias 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-^. 
Hydrogen sulphide has its asymmetric SH mode at 2688 cm-iia7 

This is an exceptional case, and organic thiols do not appear to absorb at 

higher frequencies than 2600 cm~^. This has been confirmed by subsequent 
papers on this correlation^n®. 239 pj-Q^n earlier studies it would seem that 

only very weak hydrogen bonds are formed in most thiols, although a few 
exceptional 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 in frequency shifts of more than 
10-20 cm-1240 It js clear, both from the fact that some shifts occur and 

from the intensity changes, that hydrogen bonds are formed^^S but these 

are very weak so that thiolacetic acid does not dimerize in the liquid 

state^^^. 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~^, as compared with /j-thiochresoP^. 
Also there is in general little change in the frequency of — SH absorption 
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Table 3. S—H Stretching bands of some thiols ' 

Compound vS—H (cm-i) State or 
solvent 

Ref. 

Methanethiol ~2580 g 235 
2587 CCI4 252 

Ethanethiol 2582,2577 CCI4 252 
2573 g 235 

Propane-1-thiol 2575 g 235 
2565 g 253 
2564 1 253 

Propane-2-thiol 2576, 2562 CCI4 252 
Butane-1-thiol 2574 1 235 
2-Methylpropane-1-thiol 2573 g 235 
Butane-2-thiol 2567 g 235 
2-Methylpropane-2-thiol 2570 g 235 

2573 CCI4 252 
2-Methylbutane-2-thiol 2591 1 254 
Cyclohexanethiol 2571 1 255 
(3-A^,7V-Diethylamino)propane-1 -thiol 2584 QHe, 1 244 
(3-iV, A''-Diphenylamino)pr opane-1 -thiol 2584 CeHe 244 

2577 1 244 
Ethane-1,2-dithiol 2350 1 248 

Propane-1,1 -dithiol 2522-2513 s 256 
Propane-2,2-dithiol 2522-2513 s 256 
Pentane-3,3-dithiol 2522-2513 s 256 
Cyclohexane-1,1 -dithiol 2522-2513 s 256 

Thiophenol 2585 CC14 239 
2574,2591 CC14 241 
2571, 2590 CC14 249 

2574 CeHs 249 

2-Chlorothiophenol 2589 CCI4 257 

2-Bromothiophenol 2579 CCI4 257 

3-Chlorothiophenol 2590 CCI4 257 
2583, 2589 CCI4 249 

3-Bromothiophenol 2591 CCI4 257 

4-Chlorothiophenol 2591 CCI4 257 
2569, 2588 CCI4 249 

4-Bromothiophenol 2590 CCI4 257 

4-Iodothiophenol 2590 CCI4 257 

2-Mercaptobenzoic acid 2558 CCI4 259 

Ethyl-2-mercaptobenzoate 2542 1 239 

4-Thiocresol 2565 CCI4 239 

Thiolacetic acid 2550 1 242 

Dithioacetic acid 2481 1 245 

Trithiocarbonic acid 2400 1 250 
2550, 2525 CSa 250 

Dimethyldithiophosphoric acid 2400 1 246 
2580 CCI4 246 

Diphenyldithiophosphinic acid 2420 S 247 
2560 (JI4.C-/I3 247 
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on passing from the liquid state to dilute solutions, so that self-association 
is not important^^®’ 

In a few instances, however, a reasonably strong hydrogen bond is 

formed. Thiophenol in pyridine shows its SH band about 80 cm~^ lower 

than usuaF^®, and mixtures with dialkyl sulphoxides show an even greater 

shift (about 100 cm“^)^^^. The shifts fall steeply in phenyl alkyl (70 cm“^) 

and diaryl sulphoxides (48 cm“^), 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=0 bond 

would not seem sufficient 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 be expected to be less polar than the carbonyl group. In contrast to 

thiolacetic acid, dithioacetic acid^^^ is strongly associated and the S—H 

frequency falls by 80 cm~^ on passing from vapour to the liquid. With 

P=S links the association is even stronger and shifts of up to 180 cm“^ 
are reported^^®-^^^. Sweeney and coworkers^^s reported that ethane-1,2- 

dithiol absorbs at 2350 cm-^ 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 Hallam^^® showed that thiophenol exhibits a concentration- 

dependent shift in carbon tetrachloride suggesting intermolecular hydrogen 

bonding. In addition to an SH-'S bonded structure the authors propose a 
dimeric SH'"77 bonded complex. 

Intermolecular hydrogen bonding of the SH —S type was studied by 

dilution experiments on trithiocarbonic acid and its monoalkyl esters^^®. 

The S—H stretching frequency of the acid underwent a shift from 

2400 cm ^ (bonded S H) to 2550 and 2525 cm“^ (two rotational isomers 
for the free SH). 

In the i.r. spectra of carbon tetrachloride solution of N-alkylated-;S- 

amino thiols the band due to the stretching vibrations of the thiol group 

is found at 2555—2575 cm~^ in concentrated solutions (intermolecularly 

bonded S—H) and at 2620 cm^^ in dilute solutions (free S—H)^^!. 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-%. 

Finally, evidence for rotational isomerism in aliphatic thiols has been 
suggested through the investigation of S—H stretching vibrations^^^^ 
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2. Other vibrations < 

The C—S stretching vibration of thiols appears in the i.r. as an absorp¬ 

tion in the range 760—580 cm’”^. 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 Raman spectra in which the 

C—S stretching vibration appears as an intense band. Analytical studies 

on this band are therefore likely to be of value in a limited number of 

specialized cases. 
The initial study in the vapour state of a group of thiols was made by 

Trotter and Thompson^^s, ^^o noted that considerable shifts in the 

C—S frequency resulted from relatively small changes in structure. This 

work was later extended by Sheppard^^^ who compared i.r. and Raman 

spectra of a wider range of thiols and other C containing compounds. 

He was able to observe a progressive lowering of the frequency in primary, 

secondary and tertiary thiols, and throughout the series thiols^ 

sulphidesdisulphides. 
This correlation has been further confirmed by studies on individual 

thiols such as cysteine and glutathione^®®, dithioacetic acid^^®, ethane-1,2- 

dithiol®^ and 2-mercaptoethanol2®®. 
C—S stretching, C—S—HandC—C—S bending and S—H torsional 

modes have been discussed in several papers dealing with conformational 
analysis of thiol s2®®-255,260-263. 

C. Nuclear Magnetic Resonance 

Several examples of the n.m.r. of thiolic protons are available^®^-^®^. 

Chamberlain gives the range 8-4-8-8 ppm for aliphatic thiols and the 

value 64 ppm for thiophenoP^. In one of the earlier studies on the 

application of n.m.r. to hydrogen bonding involving sulphur it was found 

that aliphatic and aromatic thiols undergo dimerization in carbon tetra- 

chloride^®®. Compared to the proton chemical shifts in associated alcohols, 

4-0 ppm upheld on dilution, the dilution shifts in mercaptans were small, 

0-3-04 ppm. ^ u A 
Dilution shifts of the -SH proton magnetic resonance have been used 

to obtain hydrogen bonding dimerization constants of several thiols^®®. 

I.r. and p.m.r. techniques both have specific advantages in particular 

hydrogen-bonding applications. For thiols, i.r. evidence may be uniquely 

useful in identifying monomeric, dimeric and higher polymeric structures, 

and in distinguishing between cyclic and open dimers. However, it is 
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difficult to obtain correct thiol from i.r. data. On the other hand, 

p.m.r. thiol data, while blind to structure and subject to medium effects, 
are particularly suitable for determining 

A study was made of the downfield proton chemical shifts of the 

—SH group when hydrogen bonded to proton acceptor solvents^s’. The 

order of increasing complexation with several aliphatic thiols is: 

(C2H5)3N = (C3Hd20<(C,Hd2S<(CH3hS = C3H30H< 

<(CH3)3C0 = dioxane<(CH3)3NCHO<(CH3)3SO<[(CH3)2N]3PO 

The Sgg were in the range 0-1-4 ppm. The p.m.r. spectra of methanethiol 

and ethanethiol were analysed on the basis of nuclear grouping A3B and 
A3B2C, respectively268-27o 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 
range^'^^-2'^2. 

A systematic study was conducted of the p.m.r. spectra of cysteine and 

glutathione^^^. The results indicate increased rigidity insofar as the 

rotation around the bond of the cysteinyl residue of glutathione 
is concerned. 

The C n.m.r. spectra of glutathione and its oxidized form were 

measured by Jung and coworkers^'^^. The most important results of these 

measurements are the large differences between the and shifts of 

cysteinyl and cystinyl residues in reduced and oxidized glutathione. The 

signal of next to sulphur is shifted by 13 ppm to lower field whereas the 

signal of Cq, is shifted by 3 ppm to higher field on transition from 
glutathione to its oxidized derivative. 

A method utilizing n.m.r. as a tool for classifying thiols has been 

reported275. By the use of hexafluoroacetone (HFA) to introduce the 

probe group /C(CF3)2, one obtains a ^®F n.m.r. signal corresponding to 

SIX atoms of fluorine per active hydrogen group. This method is con¬ 

sequently very sensitive, requiring only small quantities of the compounds 

to be examined. Adducts from thiols give bands which are effectively 

singlets because coupling of the (CF3)2C< group to protons is small. 

Table 4 shows that the A' values (upheld 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 -SH is attached. Hence even though a primary¬ 

secondary distinction cannot be made on the basis of A' for an unknown 

compound, it is often possible to detect closely related thiols separately 
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Table 4. Chemical shifts relative to hexafluoro- < 
acetone (HFA) for thiol adducts of HFA in 

ethyl acetate 

Primary thiols A' (ppm) 

Ethanethiol 0-95 

Propane-1-thiol 0-92 

Butane-1-thiol 0-93 

2-Methylpropane-1 -thiol 0-87 

2-Mercaptoethanol (SH) 1-18 

3-Mercaptopropanol (SH) 1-03 

Ethyl thioglycolate 1-46 

Toluene-a-thiol 0-68 

Secondary thiols 
Propane-2-thiol 1-00 

Butane-2-thiol 0-96 

Tertiary thiols 
2-Methylpropane-2-thiol 1-51 

Aromatic thiols 
Thiophenol 0-04 

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 n.m.r. studies of sulphur compounds were indirect, 

i.e. the n.m.r. spectra were of neighbouring nuclei CH, etc.). 
While (natural abundance 99-24%) cannot be detected by n.m.r. due 

to its lack of nuclear spin, (natural abundance 0-76%) does have a 

nuclear spin (I = f). Although its sensitivity is only 0-226% that of ^H, 
good environment-sensitive signals were reported for inorganic 

sulphur compounds^’®. 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 radicals^^s- 277-287 

Thiols form free radicals of great stability when irradiated with y- or 

x-rays or u.v. light in the solid state^’^-^ss. j^e 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 Gordy^^^, in which 

the electron density is concentrated in a noabonding 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 cysteine is of particular interest. In the 

case of x-ray irradiation of glutathione in the solid state the pattern at first 

resembles that of a mixture of the three ammo 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 group^^s. The 
conclusion, which is supported by work with solid macromolecules^^^’ 

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 in solution, several studies were 
undertaken273.286,288 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 processes^-^. 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 in the solid state. The important suggestion 

was made that in solution it will 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. CONCLUSION 

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 coworkers^^s. 

The authors made a comparative study of the most usual physico-chemical 

methods for the quantitative determination of — SH groups using com¬ 

pounds of different structure. Amperometric titration with AgNOg, 

Ellman’s and Boyer’s (pCMB) methods, as well as potentiometric measure¬ 

ments were compared with respect to their applicability, reliability and 
susceptibility to interferences. 
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In Table 5 are reported the results of the analysis for the — SH content 

of a series of — SH-containing compounds using the four techniques 

mentioned above. Amperometric titration with AgNOg yields correct 

Table 5. Comparative analysis for SH content. The results are presented as 
percentage, calculated on the basis of weighed amount of material taken as 

100% (taken from Wenck and coworkers^®®) 

Compound Potentio- Ampero- Boyer Ellman 
metry metry 

Glutathione 
Mercaptosuccinic acid 

Cysteine - HCl 
Cysteamine- HCl 
Cysteinamide • HCl 
N-Acetylcysteine 
N-Acetylcy steinami de 
Homocysteine 
4-Mercaptomethylimidazole- HCl 
4-Mercaptoethylimidazole- HCl 
1 -Methyl-5-(2'-Mercaptoethyl)- 

imidazole-HCl 
Cyclo-cysteinyl-glycine 
N-Acetyl-cysteinyl-histidyl- 

aspartic acid 
N-Acetyl-cysteinyl-y-amino- 

butyryl-histidyl-y-amino- 

butyryl-aspartic acid 
2-Aminothiophenol- HCl 
2-Mercaptoimidazole 
1 -Methyl-2-mercapto-4(5)- 

imidazolecarbonate methyl 

ester 
Ergothioneine 
Glutathione + imidazole 

99-3 980 

99-3 96-6 

990 1390 

92-4 1260 

85-5 1170 

95-5 92-6 

87-0 92-6 

970 1120 

94-6 1450 

99-2 1330 

94-3 1290 

970 96-5 

78-7 970 

88-7 103-8 

91-7 100-0 

97-2 142-5 

94-4 _d 

101-0 140-0 
_6 98-0 

(100-0)“ (100-0) 

99-0 100-0 

101-0 99-0 

92-5 93-8 

85-6 83-5 

96-3 98-6 

90-0 92-4 

98-0 100-0 

96-0 94-8 

99-5 101-5 

91-0 93-3 

96-0 99-3 

78-5 75-3 

88-5 87-4 

88-0 96-0 
.b _c 

e  e 

_a  c 

b  b 

“ 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 imidazole 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 

^S/Agl 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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I. INTRODUCTION 

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 a special interest in the thiols. Yet, the effort 

325 
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which has gone into research in this area is limited. Particularly lacking 

are theoretical discussions of thiol mass spectra from the point of view of 

the Quasi Equilibrium Theory (QET)^, as well as experimental studies 

involving some of the more recently developed techniques, e.g. chemical 

ionization®. 

II. GENERAL CHARACTERISTICS 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 coworkers^^ 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 (M+) and 

the occurrence of an M+ + 2 peak (due to ®^S) 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 

Ci3 and the distinctive isotopic pattern of sulphur makes the presence of 

this element easily detectable. 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. 

(C3H6)+ 

m/e 42 (73-5) 
CH2=SH 

a, m/e 47 (100) 

(CHjCHsCHsSH)^* 

-•S^ M + , m/e 76 (88-2) 
irW (2)'^ 

(C2H4SH)+ 
m/e 43 (80-3) 

Figure 1. Proposed primary fragmentation reactions for K-C3H7SH; values 
in parentheses are intensities relative to base peak = 100. 

A major decomposition path of the molecular ion is the a-cleavage 

(Figure 1, ion a, mje 47), although other carbon—carbon bond cleavages 

occur as well, leaving in each case a sulphur-containing ionized fragment. 

Unfortunately secondary and tertiary thiols also give a rearrangement ion 

at mje 47 which may be as large as 50% of the base peak abundance. 

The peak at m/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 largel The ratio of 

the intensities of the mje 47 and 61 peaks remains remarkably constant at 

a value of about 2 for all primary straight-chain thiols greater than Cg and 

this fact can be used for identification of such compounds. 

Additional fragmentations involve HgS elimination and a split off of 

the SH group. The various fragmentation reactions are exemplified for 

the case of n-C3H7SH, in Figure 1. The loss of HgS results in the formation, 

in the case of primary thiols, of the olefinic ions at mje M+ —34. This 

reaction is similar to that of primary alcohols which decompose to give 

M+ —HgO ions. In the straight-chain C4 thiol the elimination of HgS 

produces the most abundant peak of the spectrum, but the intensity falls 

to about 5% of the base peak in the case of the Qg thiol. The mass spectra 

of secondary thiols contain more abundant peaks due to the loss of SH 

than of HgS, in contrast to the behaviour of most of the primary thiols^. 

This phenomenon may be partly due to thermal effects*. 

CH2=SH 

a, m/e 47 (100) 

(HSCH2CH2CH2CH2SH)+‘ 

M + , m/e 122 (25’6) 

(C4H8S)+- 

b, mie 88 (45-4) 

(C2H4S)+- (C4H2)+ 

c, m/e 60 (72-1) m/e 55 (56 9) 

Figure 2. Proposed fragmentation scheme for 1,4-butanedithioI. 

Deuterium-labelling experiments* have shown that contrary to the 

behaviour of alcohols, where the expulsion of HgO takes place almost 

entirely via a 1,4-elimination, in the case of thiols 1,3-elimination of 

HgS is almost as important as the 1,4-process. Other deuterium-labelling 

experiments* have shown that H atom eliminations from the methyl and 
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from the SH groups of CHgSH take place at a 2 : 1 ratio (compared to a 

6-7 : 1 ratio for the equivalent reactions in CHgOH) and from the CHg 

versus the SH groups in the case of CHgCHgSH, at a ratio of 0-8:1. 

Dithiols behave in a manner similar to thiols^", as shown for 1,4-butane- 

dithiol in Figure 2. The expulsion of ethylene, following HgS elimination, 

is characteristic also of primary straight-chain monothiols^<^>’^. 

B. Cycloaliphatic Thiols 

Some spectra of cycloalkyl thiols were published in the A.P.I. catalogue 

of Mass Spectral Data^^. These compounds yield a molecular ion of 

relatively great abundance as compared to those of corresponding alcohols. 

Among the spectra cited^i, the smallest M+ peak is 26% of the base peak 

in the case of 1-methylcyclopentanethiol. The decomposition of this 

group of thiol compounds under electron bombardment is very similar 

to that of cycloalkyl alcohols, but the elimination of HS, HgS and HgS 

from the molecular ion proceeds more readily. The most abundant peak 

is due to the M+ —HS ion and its relative intensity is increased from 51% 

in the case of cis-2-methylcyclohexanethiol to 100% in 1-methyl-cyclo- 
pentanethiol. 

The mass spectrometric behaviour of IT-oxoandrostane-S-thiols^^ is 

similar to that of the corresponding 3-hydroxy-steroids. Their spectra 

reveal the abundant molecular ion and M^-HgS peaks. There are no 

differences between mass spectra of Sa-SH and 3^-SH-steroid epimers of 
the androstane series^^. 

C. Aliphatic Thiols with Additional Functional Groups 

Mass spectra of thiols containing additional functional groups have 

been reported. That of 2-mercaptoethanol (Figure deserves special 

attention in consideration of the relative influence of each functional 

group on the fragmentation pathway^^ (see section III). The intensity of 

the m/e 47 peak (CH2=SH) is somewhat greater than that of the mje 31 

peak (CH2=0H), but that may be partly due to reaction (9) (Figure 3) 

CH2=0H 

m/e 31 (50-3) 

-hsch; 
(H0CH2CH2SH)+' 

M + , m/e 78 (34-5) 

-hoch; 
(5) 

CH2=SH 

a, m/e 47 (88-1) 

(9) -H- 

(C2H4S)+* (CH3SH)+' 

c, m/e 60 (100.0) m/e 48 (61.6) 
Figure 3. Proposed fragmentation scheme for 2-mercaptoethanol. 
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for which a ‘metastable’ ion has been observed^^. Similar sliudies^^, at low 

ionizing energies, of bi-functional decanes, and in particular of 3-methoxy- 

8-mercaptodecane, 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 follows^^: 

COOH < Cl < Br < COOCH3 < SH < CO < OCH3 < I < SCH3 < 

NHCOOCH3 < NHg < NMea 

In the mercaptoesters^® of the general formula HSCHgCOOR, one of 

the most intense peaks is (CH2=SH)+’(a) while in the secondary thiols, 

CH3CH(SH)C00R, this shifts to (CH3CH=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 

(HSCH2C00H)+* at m/e 92, while an elaborate skeletal rearrangement 

leads to formation of RS+. The two proposed rearrangement mechanisms^® 

are shown for HSCH2COOC3H7 in Figure 4. The McLafferty rearrange- 

HSCH, +. 

M^, m/e 134 

(HSCH2C00H)+* 
(10) 

m/e 92 

HjC O 
I 

/ 
5t /"C3H7 

m/e 134 

H,C O* 

C3H7 

(CsHjSCHjCOOHr 

•CH.COOH 

(CjH^SC 

m/e 75 

Figure 4. Proposed rearrangement reactions in «-propyl a-mercaptoacetate 
(reference 15). 
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ment (Figure 4, reaction 10) is peculiar in a way, since in acetates a 

similar reaction leads to the charged olefin and to the expulsion of neutral 

acetic acid^®. 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 

determined^ 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 group^®^. 

CeHf 

m/e 77 (14) 

m/e 84 (15) 

m/e 109 (26) 

-cs 

m/e 65 (13) 

-H- 

(CsHe)^* 
m/e 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 ion^'^. The 

driving force for this reaction is probably the formation of the stable 
naphthalene and anihne ions, respectively. 

In the thiocresols the base peak is due to SH’ elimination, since the 

stable tropylium ion, C7H+ (m/e 91) is formed, H atom elimination proceeds 

to a lesser extent, producing an SH-substituted tropylium ion, The 

tropylium ion is also a base peak in benzyl mercaptan, H atom elimination 
being absent however^®. 

In methoxythiophenols and aminothiophenols a C5H5S+ ion appears^’, 

for which the thiopyrylium cation structure, /, has been proposed. In 
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e. We 123 ff, m/e 136 

methoxythiophenols this ion is formed by successive elimination of CHg 

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 the facile 

elimination of water proceeds leading to the ion g 

E. Amino Acids and Peptides 

The mass spectrum of cysteine can be easily 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 coworkers^®, and some of its fragmentation 

reactions are shown in Figure 6. The major decomposition pathways of the 

CHjSH 

HSCH2CH=NH2 (H2NCHCOOEt)+‘ H2NCHCOOEt 

/?, m/e 76 (100) M + , m/e 149 {0-5) m/e 102 (30) 

CH2=CNH2 SC2H3 CH2=SH 

m/e 42 (14) m/e 59 (25) a, m/e 47 (7) 

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’ h (mie 76) and 

the ‘ester fragment’ {mje 102). The further elimination of HgS from h 

is characteristic of cysteine, as is the ion a. Similar observations have been 

made in the case of the mass spectra of N-acetyl cysteine and of cysteine 

itself^®. 
The mass spectrum of cysteine has also been studied using the field 

desorption method^o^. It was found that both molecular (M+) and 

protonated molecular (‘quasimolecular’) (M'’"+l) ions are formed, the 

relative intensity being 50 and 100% respectively. In addition, above the 3% 

limit, only one fragment peak is present in the spectrum: (M++1) — COOHg 

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 hydrogen^^- 

> CH-CHpSH 
I 

CO 
I 

r 
NH 

I 
CH-CHp-S' 

I 
CO 

NH I 

"CH-CH 
I 

CO 

The cysteine peptides thus formed decompose further, under mass 
spectrometric conditions, according to ‘the amino acid type’ of fragmen- 
tation^^®-. 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*). 

Decyl-Cys-Gly-OMeU* -Decyl-Ala-GlyOMe(+H)U* 

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 mje 46-48 mass units less than the mass numbers of the 
respective amino acid and aldimine fragments: 

CHjSH CHjPh 
I I + 

DecNHCH-CONHCHC^O 

CHpPh 
I +. 

DecNHCHCONHCHC^O 

Therefore, the mass spectra of such peptides display a large number of 
additional peaks of which 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 



333 6. The mass spectra of thiols 

considerable thermal destruction during the mass spectrometric deter¬ 

mination. Finally, the presence of the sulphur-containing amino acids 

frequently leads to the absence of a number of sequence information peaks, 

which complicates still more the interpretation of the mass spectrum, 

limiting the applicability of the method. 

Desulphurization 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 method^®. It 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 are converted into 

alanine residue, while tryptophane, tyrosine, histidine, pyrimidylornithine 

and other amino acid residues are unaffected. It is convenient to use for 

desulphurization 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/Al 

alloy should be leached in DgO so that the cysteine (cystine) 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-mercaptopurine, 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 tautomer, rather than in the thioketo form^^. In 2-thenylthiol, 

the base peak is due to SH elimination^® which leads to an ion at m/e 97, 

probably -/. The mass spectrum of 2-mercaptothiophen25 differs slightly 

from that of thiophenol, the major difference being intensive elimination 

of H-f CS which leads to an m/e 71 ion. The abundance of the latter is of 

about 90% of that of the molecular ion, which is, in turn, the base peak of 

the spectrum. Benzothiazole-2-thiol (Figure 7)^® demonstrates the 

expulsion of a sulphur atom, previously encountered in thionaphthols, 

and of a CS group—characteristic also for thiophenols. In addition, the 

elimination of CSg becomes possible and important. 
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In the mass spectrum of S-mercaptotetrahydropyran^'^ the elimination 

of C-2 together with a SH 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. 

mje 123 (12 9) 

Figure 7. Fragmentation of benzothiazole-2-thiol. 

III. ENERGETIC CONSIDERATIONS 

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 

photoionization^® and are given in Table 1. The photoionization efficiency 

Table 1. Ionization Potentials (I.P.) of some thiols 

Molecule I.P. (eV) AHf (molecule ion) 
(kcal/mole) 

Methanethiol 9-440 ± 0 005 212 
Ethanethiol 9-285 ± 0-005 203 
«-Propanethiol 9-195 ±0-005 198 
«-Butanethiol 9-14 ±0-02 192 
Thiolacetic acid 10-00 ±0-02 
Thiophenol 8-33 ±0-01 217 

curves of the aliphatic thiols rise sharply at threshold, indicating 

the coincidence of the vertical and adiabatic ionization potentials, i.e. the 

geometry of the ion in its electronic ground state is equal to that of the 
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molecule. This led to the conclusion of Watanabe and his coworkers^®, 

that the ionization involves the removal of one of the non-bonding electrons 

on the sulphur atom. The situation is quite different for aliphatic 

alcohols^®’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 electron removed has some bonding character. 

It would thus seem that charge localization®® which has been assumed 

for alcohols®^ as well as for thiols^^ by writing the ionization processes 

as; 

R-b-H-l-e -> R-6^-H-|-2e (17) 
• • • • 

R-S-H-fe -^ R-S-H-f2e (18) 
• • • • 

is considerably more justified for the 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 oxygen, and therefore also 

very much lower than the rest of the molecular electrons. 

That the first Ionization Potential (I.P.) of CH3SH corresponds to 

ionization of a lone-pair electron has recently®®^ been corroborated 

through the photoelectron spectrum of CHgSH. In contrast to CH3SH 

and to a-toluenethiol (benzylmercaptan), photoelectron spectroscopy 

has shown®®**' that the sulphur lone pair in thiophenol exhibits a con¬ 

siderable amount of tt 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 to removal of 

more strongly bound electrons. In the case of CHgSH the higher I.P.’s 

have been assigned and it has been shown®®** that ionization occurs more 

readily from cr 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 alcohols®®'*, 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 methods®®-®®. They are represented in 

Table 2. These appearance potentials can be employed to calculate heats 

of formation of the product ions, e.g. for CH2SH+ from CgHgSH: 

A.P.(CH2SH+)c,h,sh = AHf(CH2SH+)+AHf(CH3)-AHf(C2H5SH) (19) 
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11.41 X23.063 kcal/mole = AHf(CHjSH+)+33.2 kcal/mole"-(-10.95 kcal/mole)” 

AHf(CHjSH+) = 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', CHgS’ and 

CgHgS’ free radicals have been determined®®. The heats of formation of 

CH3S+ and C6H5S+ thus obtained are in good agreement®® with those 

listed in Table 2. Additional thermochemical information has been 

obtained from appearance potentials of sulphur-containing ions from 

sulphides®^’The ‘best’ ionic heats of formation are listed in the NBS 

tables®®. 

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 

known®® are included in Table 1. The calculation is, e.g. for CH3SH+; 

AHf(CH3SH+) = AHf(CH3SH)-l-I.P.(CH3SH) 

= —5.34 kcal/mole”-f-9.44 x 23.063 kcal/mole 

= 212.4 kcal/mole (20) 

C. Structures of Sulphur-containing Ions 

It has been assumed until now that the ion mje = 47, having the 

elementary formula: [CH3S]+, has the structure a, 

CH3=SH CH3S+ 

a i 

while, in fact, it could have either one of the two structures a or /. 

Similarly, the ion m/e = 61 having the composition [€31158]+ may have 

five alternative structures :®^’ ® 

[CH3CH=SH]+ [CH3CH3-S]+ [CH3S=CH3] + 

[CH3CH3SH1 + CH2-CH2 

m 
S 

I 
H 

n 
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Deuterium-labelling experiments®^’® have indicated the initial formation 

of a, as well as i, from CHgSH, and the initial formation of J, as well as k, 

from CHgCHgSH. This does not mean that the ions, once formed, do not 

isomerize to 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, 

respectively®^ (Table 2). The same holds for the ions j and k, which have 

heats of formation of 197 kcal/mole and 202 kcal/mole respectively®^ 

(Table 2). The situation is quite different for the analogous oxygen- 

containing ions, where CH2=OH+ is much more stable than CHg—0+ 

and [CH3CH=0H]+ is in turn more stable than [CHgCHg—0]+. 

The near equality of the heats of formation of isomeric sulphur- 

containing ions makes it uncertain that the ions do, in fact, have the 

structure predicted from the structure of the neutral molecule®^’®. On the 

other hand, identity of heats of formation does not prove that all ions have 
the same structure®^. 

Assuming that ions having different structures will react differently 

with the same neutral molecule, one can determine ion structures by the 

technique of Ion Cyclotron Resonance (i.c.r.), for example^®. Alterna¬ 

tively, isomeric ions should react differently via unimolecular decom¬ 

positions. Thus, the oxygenated ions, analogous to j^n, have been 

differentiated by Shannon and McLafferty^, through their ‘pure meta¬ 
stable’ spectra. 

Elucidation of the structures of sulphur-containing ions has to await 

the employment of either the i.c.r. or the metastable ion characterization 
technique. 

• + 

o, m/e=84 

H 

T+* 

Derived ionic heats of formation have nevertheless been taken as proof 

for or against certain ionic structures. The ion C4H4S+ from thiophenol. 

Figure 5, has a heat of formation®® (Table 2) equal to that of the thiophene 

molecule ion®®. It has thus been assumed®® to have the cyclic structure, o. 

The ion CH4S+' formed by C2H4 elimination from C2H5SCH3 has a derived 

heat of formation equal to that obtained by direct ionization of methyl 

mercaptan®^. On the other hand, the ion CgHgS'*" formed by elimination of 

ethylene from ethylthiobenzene has a derived heat of formation^® which 
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is in excess of the one obtained by direct ionization of thiophenol (Table 1) 

by about 30 kcal/mole. This has been taken as proofs® for the formation 

of a thioketonic structure, p, from alkylthiobenzenes. Alternatively, the 

excess energy may be considered to be an energy of reorganization within 

the ethylene molecule, the ion still having the thiophenol, CgHgS^H, 

structure^^. It is interesting to speculate on the structures of some of the 

previously mentioned 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, r. There is no thermochemical 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+)rx-I.P-(R‘) (21) 

Thus, for methanethiol 

D(CH3S-H) = A.P.(CH3S+)ch,sh-I.P.(CH3S') (22) 

= 11-76±0-1 eV-8-06±0-1 eV 

= 3-7±0-2 eV 

= 85-3±4-6 kcal/mole 

(from references 34, 38 and Table 1—neglecting deuterium isotope 

effects). On the other hand, the bond energy in the molecule-ion is 

D(R + -X) = A.P.(R+)ex-I-P-(RX) (23) 

which gives for methanethiol^, D(CH3S+—H) = 51 kcal/mole. (These 

calculations assume that the products R+ and X’ are formed in their 

electronic and vibrational ground states, without translational energy.) 

The bond dissociation energy D(CH3—SH) has been determined in the 

following manner^: 
The appearance potential of HS+ from HgS, via: 

H^S+e -^ HS + -|-H-|-2e (24) 

is A.P.(HS+)jj^s = 14-43 ±0T eV. Therefore, 

A.P.(HS+) = AHf(HS+)+AHf(H)-AHf(H3S) 

14-43X23-06 kcal/mole = AHf(HS+)+52-1 kcal/mole-(-4-82 kcal/mole) 

AHf(HS+) = 275-9 kcal/mole (25) 

12 
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The ionization potential of the SH’ radical is I.P.(HS*) = 10-50 ±0-1 eV. 
Therefore, 

AHf(SH*) = AHf(SH+)-I.P.(SH*) 

= 275-9 kcal/mole—10.5x23-06 kcal/mole 

= 33-7 kcal/mole (26) 

Finally, 

D(CH3-SH) = AHf(CH3-) + AHf(SH-)-AHf(CH3SH) 

= 32-5 + 33-7 -(-5-4) 

= 71-6 kcal/mole (27) 

Another bond dissociation energy in the methanethiol molecule-ion, 

which has been calculated®^ on the basis of equation (23), is 

D(HSCH^—H) = 57 kcal/mole. This has been noted to be higher than 

most D(XCH^—H) bond energies®^-1®, where X = OH, NHg, Cl or H, 

It would seem®^’^® that sulphur is less effective in resonance stabilizing 

the structure CH2=X+ than are oxygen or nitrogen, for example. 

£. Activation Energies and Fragmentation Pathways 

According to the QET® the ions which comprise a mass spectrum are 

formed in a series of competitive and consecutive unimolecular reactions 

originating from the molecular ion. Consequently 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 reaction®. (This is certainly true for 

simple bond cleavages; in 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 coworkers^® have shown that for competing fragmentation 

reactions (26a) and (26b), the relative abundances of [Ri]+ and [R®]+ are 

R’R^ > [R’R^]+ 

[R']'^ R®' 

tR']+ + R’* 

(26a) 

(26b) 



6. The mass spectra of thiols f 341 

determined by the relative values of the ionization potentials of the corre¬ 

sponding radicals R^* and R^*. Since: 

£a(26a) = I.P.(R') + D(R'-R=)-I.P.(R'R‘') (27) 

£a(26b) = I.P.(R")-HD(R’-R2)-I.P.(R'R“) (28) 

the activation energies, for the two competing reactions, differ only by 

the ionization potentials of the radicals. The ionization potentials of 

’CHgSH and 'CHgOH are almost equaP®, 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 Harrison®^ have compared the energetics of ion formation 

and fragmentation in sulphur and oxygen compounds. In CH3SH+ and 

C2H5SH+, 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 II.A and references 9 and 34). On the other hand, the activation 

energies of O—H cleavage in CH3OH+ and C2H5OH+ 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 CH3O+ 

and C2H5O+, and this is in agreement with the observed spectra^. 

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 alcohols^. Figure 8 shows the situation 

in terms of the QET. The molecular ions are formed under electron impact 

Figure 8. Hypothetical internal energy distributions (fraction of the parent- 
precursor ion with a particular internal energy content vs. energy) for an 

aliphatic alcohol and the analogous 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 in 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, ^'amin of the 

parent ion, the parent ion will not dissociate^®. The relative intensity of 

the parent ion in 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 the 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 the alcohols, CH3OH and C2H5OH, the lowest energy fragmentation 

is oi cleavage, with an activation energy of 26 and 12kcal/mole, 

respectively®^. For the thiols, CH3SH and CgHgSH, both oc cleavage and 

cleavage of the bond to sulphur have approximately the same activation 

energy; however, this activation energy is in the range 45-57 kcal/mole®^, 
i.e. considerably higher than for the oxygen analogues. 

The above observations probably hold qualitatively also for the higher 

homologues of the aliphatic thiols, although new fragmentations set in, 
in particular FlgS elimination (Figure 1). 

The activation energies for reactions (1-4), in n-propanethiol, may be 

calculated on the basis of available thermochemical information®^’®® 
(Tables 1 and 2), as follows: 

4(1) = AHf(CH3S+) -i-AHf(C3Hd-AHf(C3H,SH+) 

= 218 + 25 — 198 = 45 kcal/mole 

£a(2) = AHftQH^S+l + AHfCCHj) -AHf(C3H,SH + ) 

> 210 -f- 33-2 — 198 > 45 kcal/molef 

£a(3) = AHf(C3He + ) +AHf(H3S) _AHf(C3H,SH+) 

= 229 — 4-9 — 198 = 26*1 kcal/mole 

£a(4) = AHftCaH/) +AHt(HS) -AHf(C3H,SH+) 

= 209 -f 34'1 — 198 = 45-1 kcal/mole (29) 

* These will probably be compared eventually in a more quantitative way, 
e.g. from energy deposition functions obtained from photoelectron spectro¬ 
scopy^*. The available photoelectron spectra®^ for ethanol and ethanethiol 
indicate that the P(E) curves for these two molecules might indeed be very 
similar. 

t The inequality sign is due to the uncertainty in the structure and heat of 
formation of [C2H6S]+. 



343 6. The mass spectra of thiols 

The calculated value EJ[4) may be checked against the < experimental 

value (Tables 1 and 2): 

^a(4) = A.P.(C3H^)„.c,H,SH~f-P.(n-C3H7SH) = 

^ 11.12 - 9-195 = 1-925 eV 

= 44-4 kcal/mole (30) 

All activation energies for the primary reactions in n-propanethiol are 

still fairly high, which explains the relatively high parent-ion intensity 

(Figure 1). Those for reactions (1), (2) and (4) are comparable, which 

explains why the reactions are compatible. Eg(3), for the HgS elimination 

is considerably lower than the rest. This is in keeping with the observation 

that HgS elimination is the major reaction for aliphatic thiols at low 

ionizing electron energies’^®^. The other reactions, which are simple bond 

ruptures, prevail in relative abundance at high ionizing energies over the 

HgS elimination, which is a rearrangement reaction. This is expected, on 

the basis of the QET^®’^’. The rate constants for simple cleavage reactions 

rise faster with internal energy, E of the precursor ion, than do rearrange¬ 

ment reactions. There is, thus a certain internal energy at which the 

Internal Energy, E 

Figure 9 Lower curves: rates of two hypothetical unimolecular reactions as 

a function of internal energy of the precursor ions; A is a 
p reaction (3) in n-CM^SU, while B is a bond cleavage, e.g. any ot the 
reactions (1) (2) or (4) in w-CgH^SH; upper curve: internal energy distribution 

precursor ^ i.e. fraclion of the precursor ions with a particular 

internal energy content vs. energy. Adapted from ref. 47; the ratio of the 
shaded area to the total area underneath the P(E) curve, gives the rekti 

abundance of the metastable ion, for reaction A, m the mass spectrum. 
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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 which, 

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.e. 10®-10® s“^, no competing fast reaction takes place 

in the ion-source. The slow rise of k{E) ensures that a large portion of the 

P{E) curve is covered in the range of energies E, for which 105^A:(£')^ 

10® s-h This situation is exactly met by the HgS elimination (Figure 9) 

in aliphatic thiols^^ and a strong metastable is observed ([metastable]/ 
[daughter] = 0-76% in 1-heptanethiol). 

IV. NEGATIVE IONS; DISSOCIATIVE ELECTRON CAPTURE 
PROCESSES AND ENERGETIC CONSIDERATIONS 

The sulphur atom, as well as the SH' radical, possess high positive 

electron affinities of 2-077 eV^® and 2-32 eV^», respectively. It is thus not 
surprising that dissociative electron capture processes, e.g. 

AB-)-e -> A--f-B (31) 

are observed for thiols, where the negative charge resides on 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—lOeV. Generally also, the resonance peak maxima of the 

various negative ions from a certain 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 spectrometrically in methanethiol, thiophenol, 

benzylmercaptan and allylmercaptan®®. 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 CHgS- CH^S-, US~ and 8“ have been 

observed®®. The ion of highest abundance and lowest appearance potential 
is CHaS”, via the process: 

CHjSH+e -> CHjS--f-Hj, A.P. = 0'33eV (32) 

Two maxima were observed in the ionization efficiency curve for CHgS- 
from CHgSH, both were ascribed to 

CH3SH+e » CH3S--f-H, A.P. = 0-58eV (33) 



345 6. The mass spectra of thiols 

The appearance potential of 0*58 eV, for the firk resonance peak corre¬ 

sponds presumably to the formation of the products without excess 

energy. This can serve to estimate the electron affinity of the CHgS’ 

radical, E.A.(CH3S), as follows: 

A.P.tCHaS-) = D(CH3S-H)-E.A.(CH3S) (34) 

We have already obtained D(CH3S—H) = 85-3 kcal/mole = 3-7 eV 

(section III.D), therefore; 

0-58 = 3-7-E.A.(CH3S) (35) 

E.A.(CH3S) = 3-1 eV 

This value, as has been noted^”, seems rather high, in comparison with the 

electron affinities of the S and SH radicals, mentioned above. 

The ions observed in thiophenol are^”: CgHgS”, SH“ and S~. The 

ionization efficiency curve of CgHgS" is reproduced in Figure 10. 

Figure 10. Ionization efficiency curve for CeHsS" from thiophenol: ion 
current (I) vs. electron energy; three resonance capture maxima are observed, 
all due to: CgH^SH + e-> CeHeS-FH with varying amount of internal 

excitation of the products (adapted from ref. 50). 



346 Chava Lifshitz and Zeev V. Zaretskii 

In benzyl mercaptan the proposed reactions are®® 

CeHsCH^SH + e -^ C,H;CH,S- + H (36) 

(deuterium labelling has indicated that the H is lost from the SH group) 

/ -^ CeH^CHS-H-Hj 

-^ CeH5S-+CH3 

CeH^CH^SH+e/ -^ C3H3S-+? 

-> SH- + C3H3CH3 

^ ^ S-+? 

Similarly in allyl mercaptan®®, 

^ CH3=CH-CH3S- + H 

> CH3=CH-CH-S- + H3 

CH3S-+C3H3 

> CH3S-+C3H3 

-> SH- + CH3=CH-CH3 

> S-+ ? (37) 

It thus seems that Hg elimination, following electron capture, becomes 

possible for those molecules which have a —CHg— 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 phase®i; 

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 in molecular and ionic structure determinations 

through chemieal ionization® and i.c.r. work^. Moreover, they can be 

said to open up a whole new ion-chemistry in the gas phase, devoid of 
interferences of solvents. 

Due to the high rate constants®^ of those ion-molecule reactions which 

are exothermic, they take place within the ion-source of an ordinary mass 

speetrometer, even at fairly low pressures of ~ 10“^ mm Hg. In order to 

CH3=CHCH3SH-f e 



347 6. The mass spectra of thiols 

observe large percentage conversions of primafy ions P+, 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 and CDgSH®^ in 
the pressure range 10“^-10~^ mm Hg. 

One of the most common ion-molecule reactions is proton transfer. 
Both the parent CH3SH+ ion (reaction 39) as well as the two forms 
CH3S+ and CH2=SH+ of the fragment CSH^ were observed®^ to react 
via proton transfer with CH3SH: 

CH3SH++CH3SH -> CH3SH3+-f-CSH3 (39) 

CH2=SH + + CH3SH (a) 1 
-> CH3SH++CH,S (40) 

CH3S + -l-CH3SH(b) j 

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 CD2SH+ 
the mercaptyl hydrogen is exclusively transferred. This, in effect, constitutes 
proof for the formation of structure a, without subsequent isomerization or 
hydrogen scrambling. 

Under otherwise ordinary ion-source conditions, at elevated (20-40 jU,) 
pressure, the protonated methanethiol ion, CHgSH^, constitutes about 
90% of the total ionization^®’^2. At still higher pressures, two additional 
major ions appear, namely; C2H5S+ and €21198^. The former is absent at 
low ionizing electron energies, where the parent CH3SH+ is the only 
primary ion present®®. It may be formed via^^ 

CH3S++CH3SH -^ C3H3S++H3S (41) 

While CH3SH2 is a monosolvated proton, the ion C2H9S2 is essentially a 
disolvated proton (CH3SH)2H+. It is formed via a consecutive reaction of 

CH3SH+®®; 

CH3SH3+ + CH3SH -> C3H3S+ (42) 

Most of the fragment ions of low abundance also react with methane¬ 
thiol®® eventually to produce CHgSH^ Some of them, e.g. HS+, CHS+, 

do so directly: 

HS+-i-CH3SH » CH3SH3+-1-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 + -I-CH3SH-> CH3SH + -(-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 CHgSH as a function of 

CH3SH pressure are reproduced in Figure 11 from reference 33. 

Figure 11. Relative concentrations of some ions in CH3SH as a function of 
CHgSH pressure (adapted from ref. 33). 

B. 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 

^ = -t/„.[MJ (45) 

where 1^+ is the current of the primary ions measured at the ion collector 

(which is proportional to the concentration of P+ in the ion source), k 
is the bimolecular rate constant for the disappearance of the primary ions 

and [M] 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 give®® 

ln/p+=-^/[M] + In/o+ (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, t, spent in the reaction 
chamber is given by®® 

where d is the distance from the ionizing electron beam to the exit hole of 

the source, E the field strength within the source, and m 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. /p+/S^ are employed to take into 

account possible variations in collection efficiency with pressure). 

Disappearance rate constants for CH3SH+ and CSHg (reactions 39 

and 40) were thus obtained®® 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): ll-9±0-6x 10“^® cc/molecule-sec and 

^40 = 10-4 + 0-3 X 10~^® 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 colUsion of the reaction 

partners. They thus reflect the colhsion rate, which is high in view of the 

strong, long-range, ion-induced dipole interaction®^’ ®®. 

C. Reactions of Negative Ions 

The following negative ion-molecule reactions®^ were postulated to 

occur in CHgSH at 16 /x pressure in the ion-source of a time-of-flight mass 

spectrometer: 
S- + CH,SH > CH3S- + HS (48) 

CH3S--f-CH3SH -> HS--I-CH3SCH3 (49) 

S--fCH3SH —^ HS- + CH3S (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 CH3SH. 
On the other hand, the occurrence of 

CN--t-CH3SH -^ SCN- + CH4 (51) 

was estabhshed®^ in a mixture of CHgSH and CICN. 

* d = iat^ where a is the acceleration; eE = ma. 
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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 a tandem mass spectrometer is employed®^- It essentially 

consists of two mass 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 thiols, and the following reactions were reported®® 

OH--f-CH3SH -^ CH3S--I-H30 (52) 

NHr+CH3SH -> CH3S- + NH3 (53) 

OH- + CH3CH3SH -> CH3CH3S--I-H3O (54) 

NH3-4-CH3CH3SH -> CH3CH3S--I-NH3 (55) 

An unsuccessful search was made for the following reactions: 

SH--fCH30H -> CH30--fH3S (56) 

SH- + CH3CH3OH -> CH3CH30--FH3S (57) 

SH--I-CH3SH -> CH3S- + H3S (58) 

SH--f-CH3CH3SH -^ CH3CH3S--f-H3S (59) 

D. Proton Affinities: 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 CHgSH is a stronger acid than 

HgO in the gas phase. The proton affinity of the negative ion R- is a 

quantitative measure of the intrinsic (i.e. devoid of the influence of a 

solvent) acidity of the molecule RH The proton affinity of R- P. A.(R-), 
is defined as the negative heat of reaction (60) : 

R- + H+ -^ RH (60) 
Thus, 

P.A.(R-) = D(RH)-|-I.P.(H)-E.A.(R) (61) 

The occurrence of reaction (52) indicates, in other words, that the proton 

affinity of OH- is greater than that of CHgS-. This is mostly due to the 

fact that the HO—H bond is considerably stronger than the CHgS—H 
bond, i.e. D(HO—H)> D(CHgS—H). It may be partly due to the electron 



6. The mass spectra of thiols ^ 351 

affinity of CHgS, E.A.(CH3S) being greater than that of the hydroxyl 

radical. 

Contrary to what is found in solution, the following acidity order has 

been established in the gas phase: C2H5OH > CH3OH > HgO Thus, for 

OH-+CH3OH , > CH3O-+H2O (62) 

the equilibrium lies to the right in the gas phase and to the left in solution. 

This has recently^® 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 spectrometer®® indicates the following gas phase acidity order; 

H2S>CH3SH, C2H5SH. 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+ -> MH+ (63) 

The original supposition was®® that if an ion-molecule reaction occurs in 

the mass spectrometer, it must be exothermic. Thus, if 

M,H + + M2 --> (64) 

then P.A.(M2) ^ P.A.(Mi), or M2 is a stronger base than M^. Recently,®® 

other methods have been devised to determine relative and absolute 

proton affinities of neutral molecules. These give P.A.(H2S) = 170 kcal/mole 

and P.A.(CH3SH) = 185 kcal/mole and yield the following order of gas 

phase basicity: CH3NH2 > NH3 > CH3SH > CH3OH > H2S > H2O. 
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I. INTRODUCTION 

The purpose of this chapter is to provide informations on the optical 

dissymetry effects^ of compounds containing the thiol group. A brief 

comparison with alcohols is reported. Systems such as open-chain and 

cyclic thioethers are also discussed; however, for review articles dealing 

with optical rotatory properties of chromophoric derivatives^ of thiols 

the reader is referred to references 3 and 4. Metal complexes will not be 

considered. 

355 
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The advantages of circular dichroism (c.d.) over optical rotatory 

dispersion (o.r.d.) are well known®“^^, so that emphasis has been put 

mainly on c.d. studies. The nomenclature is that in common use’^. 

II. ULTRAVIOLET ABSORPTION OF THIOLS AND 

THIOETHERS 

Divalent sulphur is generally thought to participate in bonding via two 

a 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 HgS by electron-donating (alkyl) groups leads to a 
destabilization of these electron pairs^^. 

The ultraviolet vapour spectrum of dimethyl sulphide^®’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 0-016 and 0-06, 
respectively. 

Thompson and coworkers^® 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 solution^®, the 220 nm band loses its structure and is blue 

shifted, so that it appears as a shoulder under 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 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 cychc 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 rings^^^®. 

The spectrum of hydrogen sulphide^^ shows a band at 200 nm of 

approximately the same intensity as that in dimethyl sulphide. Cumper 

and coworkers^^ 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 (Me3Si)2S. 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 summary, the following low energy transitions have been observed 

in the X S—Y system: a very weak band at about 240 nm, and two 

moderately strong bands at about 220 and 200 nm (another transition is 

known to exist at about 195 nm). In the course of what follows, according 

to Rosenfield and Moscowitz^®, we shall suggest the following assignments: 

(a) the very weak band at 240 nm is associated with an electric dipole 

forbidden, magnetic dipole allowed b^-^bf 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 to the n->7r* transition in carbonyl; (b) the band at 220 nm is 

associated with an electric dipole allowed b^-^a^ transition; (c) the band 

at 200 nm is related to an atomic-like bi->3d transition. The orbital b^ 

is a nonbonding 3p orbital on the sulphur atom, b| and af are orbitals 

antinodal in the plane of the C—S—C chromophore and antibonding 

between the sulphur and carbon atoms, and 3d represents a linear 

combination of sulphur 3d atomic orbitals. These assignments are based 

on symmetry arguments and considerations of the intensity of absorption 

and circular dichroism. It should be noted that the assignments proposed 

by Rosenfield and Moscowitz^® are in disagreement with previous ones^®“^®, 

which were based only on absorption data. Rosenfield and Moscowitz 

found that these previous assignments were less consonant with the 

optical activity data than their own. This emphasizes that o.r.d. and c.d. 

results can be useful for assigning electronic transitions. 

III. OPTICAL DISSYMMETRY EFFECTS OF MONO- 
CHROMOPHORIC THIOLS AND OPEN-CHAIN THIO- 

ETHERS 

A. Monochromophoric Thiols 

Optically active monochromophoric thiols (i.e. optically active com¬ 

pounds which contain only single C—C and C—H bonds in addition to 

the C—S—H group) have been poorly studied by o.r.d. and c.d. (Table 1). 

Table 1. Circular dichroism of monochromophoric thiols 

Compound Solvent ^max ^^max Ref. 

(1) 5a-Cholestane-3a:-thiol Cyclohexane 235 -on 19 
(2) 5a-Cholestane-3j8-thiol Cyclohexane No maximum 19 
(3) (2S)-2-Butanethiol «-Heptane 233 -F 0-102 20 
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The chirospectroscopic properties of the cholestane-thiols 1 and 2 have 
been reported in a c.d. study of a range of 1,3-dithiolanesi®. The a-derivative 
(1) exhibits a positive Cotton effect at 235 nm in the region of its longest- 
wavelength absorption (229 nm, s= 138). Not surprisingly, the almost 
symmetrical ^-derivative (2) showed no detectable c.d. 

(1) 3a-SH 
(2) 3je-SH 

In an investigation on the relationship between optical rotatory power 
and optical purity of aliphatic compounds of the general formula 
QH|CH(CH3) X (X = —SH, —SC2H5) Salvador! and colleagues^” 
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 effects 
associated with the 235 nm transition for 3 and its S-ethyl derivative (24) 
have opposite signs, despite the agreement found in the sign of rotation at 
589 nm. 

Finally, an o.r.d. study on a dithiol, namely (2S, 5S)-2,5-hexanedithiol, 
revealed a peak at 243 nm in /-octane and at 238 nm in ethanoFk It 
should be noted that the sign of rotation of this dithiol correlates with 
that found for (2S)-2-butanethiol (3). No o.r.d.—c.d. measurements of 
monochromophoric thiols are known below 230 nm. 

In contrast to thiols, the c.d. of saturated chiral alcohols have been 
examined rather extensively^^”^^. 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 o.r.d. and c.d. 
In addition, it has been possible to disregard the presence of hydroxy 
substituents in work with compounds containing other chromophores, 
except for particular cases where there is interaction between a hydroxy 
group and a neighbouring chromophore. Saturated alcohols present a 
low intensity absorption maximum at 180-190 nm 23-25^ which has been 
associated with the promotion of a nonbonding electron to an anti¬ 
bonding a* group orbital, namely a 2p^_y->a*^ (in fact, the antibonding 
a* level is composed largely of a p-orbita’l in these compounds, so that the 
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n-»cT* transition has, the character of a forbidden p^-.y-^Pz atomic 

transition). This situation presents similarities to that of thiols; however, 

a net difference exists in that in the case of alcohols it is not possible to 

invoke the participation of d electrons. 

Table 2. Circular dichroism of some monochromophoric alcohols 
in «-hexane^^ 

Compound ^max (nm) Af ^^max 

(4) 19-Nor-5a-cholestan-lj8-ol 189 -0-25 

(5) 19-Nor-5a-cholestan-2a-ol 190 -0-51 

(6) 5a-Cholestan-2j3-ol 198 + 0-61 

(7) 5a-Cholestan-3a-ol and four 187-188 -012 
related compounds to -0-75, 

(8) 5a-Cholestan-3j8-ol and four 187-189 -0-23 

related compounds to —0-56 

(9) 5a-Cliolestan-4a-ol 191 -0-38 

(10) 5a-Cholestan-6a-ol 196 + 0-51 

(11) D-Homo-5a-androstan-6a-ol 193 + 0-38 

(12) D-Homo-Sa-androstan-l la-ol 193 -1-35 

(13) D-Homo-5a-androstan-ll/3-ol 191 + 2-86 

(14) 5 a-Androstan-11 /3-ol 188 + 3-29 

(15) 5a-Androstan-17j8-ol 191 -2-12 

(16) 5jS-Cholan-12a-ol 203 -(-0-89 

(17) 5a-Pregnan-20a-ol 193 + 0-26 

(18) 5a-Pregnan-20jS-ol 203 + 0-79 
193 -1-22 

(19) 5a-17j8H-Pregnan-20/3-ol 188 -4-19 

(20) exo-(lS, 3S)-Hydroxybornane 187 -2-32 

(21) exo-(lR, 2R)-Hydroxybornane 189 + 2-81 

(22) (IS, 3S)-Hydroxypinane 187 -tO-84 

(23) (IR, 2R)-Hydroxypinane 188 -1-92 

Table 2 illustrates the existence of well-defined Cotton effects for 

saturated alcohols in the region of the n->o* transition of their C O 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 there is no maximum above 185 nm, 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 colleagues^^ have been able to predict the 

preferred conformation of the hydroxy group (assuming staggering about 

the C—O bond, with O—Ff occupying the least hindered position), 

and then to consider the relationship between the molecular geometry 

and the sign of the observed Cotton effect. Clearly, hydroxy Cotton effects 
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can no longer be ignored in c.d. studies of other chromophores which 
absorb below 200 nm. 

A c.d. study of the self-association of (-)menthol and (-)borneol in 

heptane has been also reported^^. The c.d. spectra near 200 nm consist of 
two bands of opposite sign. 

Vacuum-ultraviolet c.d. curves have been recorded for unsubstituted 
monosaccharides^^. 

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 Thioetbers 

In 1968 Salvador! gave a fundamental contribution to the clarification 

of the problem of the optically active absorption bands in open-chain 

sulphides26. Dialkyl sulphides 24, 27 and 28 have been shown to exhibit 

four optically active transitions in the region from 190 to 250 nm (Table 3). 

C. d. studies at low temperature and in the vapour phase clearly demon¬ 

strated that the best way to interpret the c.d. band at the longest wave¬ 

length for the aliphatic sulphides is to admit 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 conformationally 

mobile systems. In general the intensity of the e.d. bands decreases with 

increasing distance between the sulphur atom and the asymmetric carbon 

atom; the corresponding electronic transitions are influenced in different 

ways by the asymmetrie field variations connected with the structure of the 

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 

hydroearbon solvents cannot be considered ‘inert solvents’ with respeet 
to the sulphide chromophore. 

(24) n = 0; X = Et; Y = Et 

(25) n = 0; X = Pr; Y= Et 

(26) n = 1; X = Et; Y = Me 

(27) n = 1; X = Et; Y = Et 

(28) n = 2; X = Et; Y = Et 

X-CH-(CHJ„-SY 
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Table 3. Circular dichroism data for monOchromophoric open-chain 
thioethers 

Compound Solvent ^max (nm) ^^max Ref. 

(24) S-Ethyl-(2S)-2-mercapto- «-Heptane 237 -0-276 20, 28 
butane n-Heptane 236 -0-26 26 

213 -2-25 
S-Ethyl-(2R)-2-mercapto- «-Hexane 237 -0-23 27 
butane 211 -1-60 

Methanol 234 -0-24 27 
209 -MO 

(25) S-Ethyl-(2R)-2-mercapto- n-Hexane 233 -0-25 27 
pentane 213 -1-59 

Methanol 231 -0-28 27 
(26) S-Methyl-(2S)-2-methyl- «-Heptane 242 not reported 28 

1-mercaptobutane 
(27) S-Ethyl-(2S)-2-methyl- n-Heptane 246 -0-02 26 

1 -mercaptobutane 229 + 0-09 
206-210 -0-90 

201 -M6 
(28) S-Ethyl-(3S)-3-methyl- n-Heptane 251 -0-005 26 

1 -mercaptopentane 230 -fO-09 
206-210 -0-50“ 

201 -0-74 

“ Shoulder. 

The c.d. properties of some open-chain thioethers have been also 

reported by Scopes and coworkers^’^ (Table 3). The position and intensity 

of the Cotton effects exhibited by 24 are in agreement with those described 

by SalvadorP’^®’^® 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 

configuration^’. 
By complexing the sulphides 24 and 26 with Lewis acids the longest- 

wavelength Cotton effect completely disappears in the region above 

235 nm^s. These findings along 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. 
CH3 
I 

(29) (S-CH-CH2)„ 

CH3 
I 

(30) Et-S-CH-CH^-S-Et 



362 C. Toniolo and A. Fontana 

O.r.d. studies have often been useful for clarifying polymer con¬ 

formations in solution. The o.r.d. curves of (—)poly(propylene-sulphide) 

(29) were anomalous in shape, having solvent-dependent troughs at 

275-290 nm^^. The optically active model compound (-)l,2-di(ethylthio)- 

propane (30) also shows anomalous rotatory dispersions and the patterns 

of the curves resemble those of the polymer. Accordingly, the 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. OPTICAL DISSYMMETRY EFFECTS OF 

MONOCHROMOPHORIC THREE-MEMBERED RING 

THIOETHERS (EPISULPHIDES OR THIIRANES) 

The chirospectroscopic properties of monochromophoric episulphides 

have been studied rather extensively^o-^s, in view of the theoretical interest 

and potential stereochemical application of such information, particularly 

in the steroid field. In Table 4 are 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- 

ethers^^i®. Of particular interest is the observation that while the u.v. 

extinction coefficients of the two epimeric episulphides 31 and 32 are very 

similar^®, their rotational strengths expressed in c.d. molar ellipticity differ 

by a factor of six, the more powerful 2a,3a-epimer (31) being characterized 

by a negative Cotton effect in contrast to the positive one of the 2j8,3^- 
epimer (32)3o>3i, xhis pair represents an illustration where the small 

differences in electric dipole are 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 several instances, either the sign or the rotational strength or both 

parameters have been utilized for purposes of differentiating between the 

position and/or configuration of the episulphide function in steroidal and 

triterpene molecules. At this point, it is relevant to note that the isolated 

episulphide group, like the isolated carbonyl group, represents a type of 

chromophore that has been classified as ‘inherently symmetric’. Hence, 

whatever the nature of the relevant orbitals, their symmetry properties 

must reflect the inherent symmetry properties (e.g. reflection planes) of 

the isolated episulphide. The observed Cotton effects arise because of the 

dissymmetric molecular environment provided for the episulphide group 

by the rest of the steroid. This environment is determined to a large extent 
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by the position and orientation of the episulphide group,in the steroid. 

Hence, the configuration of an incompletely characterized episulphide of a 

Sa-steroid, in which there is no substitution in the immediate vicinity of 

Table 4. Circular dichroism of monochromophoric three-membered cyclic 
thioethers (episulphides or thiiranes) 

Compound Solvent ^max (nm) ^£max Reference 

(31) 5a-Cholestan-2a,3a- /-octane 268 -116 30 
episulphide Cyclohexane 268 -116 31 

(32) 5a-Cholestan-2jS,3j8- /-octane 264 + 018 30 
episulphide Cyclohexane 264 + 0-21 31 

(33) 5a-Cholestan-3a,4a- 
episulphide 

Dioxane 267 -1-40 30 
f 

(34) Lanostan-2a,3a- 
episulphide 

Cyclohexane 267 -1-98 31 

(35) Lanostan-2jS,3j8- 
episulphide 

Cyclohexane 265 + 0-58 31 

(34) (35) 

the episulphide group, can possibly be determined by comparison of its 

o.r.d. or c.d. curve with those reported in the literature®*^^. 

A sector rule has been devised for the episulphide chromophore to 

account for the chirospectroscopic properties of steroidal episulphides^^’ 
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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 theoretical foundation. Rather, it rests on the assumption that the 

transition at 265 nm is n-»cr*, in which case the accessible sulphur 

d orbitals are not taken into account^®. Nonetheless, the rule does appear to 

Figure 1. The episulphide sector rule. 

enjoy a measure of success and should be examined more closely in systems 
other than steroidal®^. 

Finally, a second optically active transition, whose solvent-dependent 

location falls in the 210-225 nm region®^, has been reported for steroidal 
episulphides. 

V. OPTICAL DISSYMMETRY EFFECTS OF 
MONOCHROMOPHORIC FIVE-MEMBERED RING 

THIOETHERS (THIOLANES) AND SIX-MEMBERED 
RING THIOETHERS (THIANES) 

The relatively rigid optically active thiolanes (8R, 9R)-rra«5-2-thia- 

hydrindan (36) and A-nor-2-thiacholestane (37) with known and opposite 

absolute configuration at the ring juncture have been synthesized and their 

optical rotatory properties investigated^®-(Table 5). Apparently, they 

seem to exhibit fewer optically active transitions than acyclic sulphides 

do^®. In fact, 36 and 37 share two optically active transitions at 244 and 

202 nm; 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 the observation 
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that the sign of the 244 nm band reflects the chirality of the neighbouring 
centres. 

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 

thianes^** 

Compound ^uiax (nm) T^max 

36 244 -40 
217 + 4-0 
202 -40 

37 244 + 40 
202 + 40 

38 233 -0-7 
215 -2-4 
202 + 1-9 

39 235 + 1-8 
216 + 1-3 
200 -1-4 

(39) 

for the lowest-lying singlet transition in saturated ketones®®, and the 

quadrant rule for the lowest singlet in amides®^, awaits additional data on 

conformationally restricted and rigid systems. Following this line of 

approach, Rosenfield and Moscowitz^® 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 l,8>8-trimethyl-3-thiabicyclo- 

[3,3,l]-octane (38) and 3-thia-5-a-cholestane (39); in this study possible 

assignments for the three lowest-lying singlets in dialkyl sulphides have 
been proposed. 

VI. OPTICAL DISSYMMETRY EFFECTS OF FIVE- 
MEMBERED RING DITHIOETHERS: 1,3-DITHIOLANES 

The u.v. spectra of 1,3-dithiolanes exhibit a weak band at about 245 nm, 

corresponding to the n-^o* transitions of the sulphur atoms^®’ 

Its optical activity is now demonstrated, as shown in the 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^^’^o 

To understand the spectra, the shape and symmetry of the dithiolane 

chromophore have been discussed^®: (a) n.m.r. investigations of oxygen 

analogues of dithiolanes show that the ring undergoes pseudorotation 

Table 6. Circular dichroism of five-membered ring dithioethers: 1,3-dithio¬ 
lanes 

Compound Solvent ^max (nm) Af ^*niax Reference 

(40) 5a-Cholestan-l-one- Dioxane 245 -f 3-60 39 
ethylene-dithioketal 

(41) 5Q:-Cholestan-2-one- Dioxane 263 + 0-94 39 
ethylene-dithioketal 240 -6-06 

(42) 5a-Cholestan-3-one- Dioxane 261 + 0-25 39 
ethylene-dithioketal 239 -0-66 

Cyclohexane 262 + 0-05 19 

(43) 5a-Cholestan-6-one- 
242 -0-25 

Cyclohexane 281 + 0-03 19 
ethylene-dithioketal 243 -3-69 

(44) 5a-Androstan-3-one- Dioxane 262-5 ■f008 39 
ethylene-dithioketal 235 -015 

(45) 5a-Androstan-16-one- Dioxane 276 + 0-11 39 
ethylene-dithioketal 248 -4-09 

(46) 2,2-Ethylene- Cyclohexane 248 + 4-75 19 
dithiocamphane 

(47) l,l-Ethylene-dithio-3- Cyclohexane 274 -0-12 19 
methyl-cyclopentane 248-250 -t-1-24 

(48) l,l-Ethylene-dithio-3- Cyclohexane 264-265 4-008 19 
methyl-cycl ohexane 239-240 -0-61 



between the envelope and the two enantiomeric half-chair conformations, 

but no preference for the envelope form could be detected^®. 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 Cgy symmetry if in 49 (it would possess 

\ / 
H2C-CH2 

(49) 

X = X' = O 
X = X' = S 
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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 bP 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 

transitions^®; 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 orbitals^; and 

(d) a thorough analysis is further complicated by the undoubted importance 
of orbitals of sulphur other than 3p orbitals^^. 

Notwithstanding these difficulties, Cookson and colleagues^® have 

discussed the c.d. curves of 1,3-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 DISSYMMETRY EFFECTS OF THIOLS 
AND OPEN-CHAIN THIOETHERS CONTAINING SOME 

ADDITIONAL CHROMOPHORES 
A. Thiols 

A study of (2R)-2-mercaptopropionic acid (51) and related compounds, 

in which sulphur and carboxy chromophores are present in the same 

molecule, has been reported by Scopes and coworkers^^. The parent 

a-mercapto-carboxylic acid 51 shows two clear Cotton effects at 238- 

240 nm (positive) and 198 nm (negative) and one pronounced shoulder 

at 220 nm (Table 7). This may be compared with related (2R)-2-mercapto- 

propan-l-ol (50) which has a very small negative c.d. band at 235 nm 

9'^20H COOH 

H—p—SH H—C—SH 

CHj CHj 

(50) (51) 

(226 nm in hexane) and a positive c.d. band at 198 nm^?. The Cotton 

effect at 235-240 and 198 nm for the acid (51) and the alcohol (50) 
correspond to the absorption bands observed for these compounds in 
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ethanol, which show a maximum at 206 nm and inflections at 235 and 

230 nm respectively^^. Although the two compounds (50) and (51) have the 

same configuration with respect to sulphur 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 

is dominant and the carboxy Cotton effect appears only as a shoulder at 

220 nm in the c.d. curve of compound 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 ^-mercapto carboxy derivatives 

and have the SH moiety separated from the asymmetric centre by one 

Wovelength, nm 

Figure 2. The c.d. spectrum of (S)-cysteine hydrochloride in water. 
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methylene group, the effect of the sulphur chromophore* is much less 

relevant®’The spectra are basically similar to those observed for 

amino acids carrying an aliphatic side-chain^®’and appear to be 

dominated by the n^7r* transition of the CO—X (X = —OH, —NH— 

Wavelength, nm 

Figure 3. The c.d. spectrum 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 acids'^®’is shown also by cysteine 

(Table 7). 

COY 

XHN—C-H 

CHaSH 

(53) X = H; Y = OH 
(54) X = CH3CO-; Y = OH 
(55) X = CH3CO-; Y = NHCH3 

(56) X = NHj-CH-COOH; Y = NHCH^COOH 

(CH,)3 

CO- 

The chiral-optical properties of steroidal thiols containing additional 

chromophores, such as —COOR, C=0 and C=C (52 and 57), have also 

been investigated^®’The results obtained'^’ make it possible to conclude 

that sulphur-containing substituents, found in the a-position to the 

13 
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20-C=O group in compounds of the pregnane series (57), in harmony 

with the octant rule^®, make a strong negative contribution to the c.d, 
intensity. 

R = R' = H 
R = R' = CH3CO- 

To our knowledge, no additional studies on —SH-containing com- 

I 
pounds, in particular on CgH5(C)„SH (n = 0,1, ...,etc.), have yet appeared 

in the literature. 

B. 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 nm band. However, the relative magnitudes are changed; whereas in 

water the As 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, dissymmetrically perturbed by the centre 

COOH (58) n = 2; X = Me 
(59) n = 1; X = Me 

-C-H (60) n = 1: X = Pr 

(CH2)„-SX 
(61) n = 1; X = CHjCHjCOOH 
(62) n = 1; X = CHCHjCOOH 

1 
CH3 

at C-2 (220 nm), and to the carboxyl n->7r* transition (200 nm)^®. In 

(S)-methionine (58) the sulphur atom is separated from the asymmetric 

centre by one more methylene group than in 59, and it is significant that 

the large 220 nm maximum is not observed, but a positive maximum at 
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Table 8. Circular dichroism data for some open-chain thioethers corttaining additional 
chromophores 

Compound Solvent® ^max (mri) ^£max Reference 

(58) (S)-Methionine pH ca. 6 198 + 1-78 45 
pH ca. 1 205 -1-1-74 45 
pH 13 212 + 0-81 42 
pH 7 228 -0-07 42 

200 + 1-52 
195 + 1-36 

pH 1 208 + 1-53 42 
pH 7-5 227 -0-066 48 

199 + 1-85 
pH 1 249 -0-001 ,48 

206-5 + 1-54 
(59) S-Methyl-(S)-cysteine pH ca. 6 221 + 1-07 45 

200 + 2-60 
pH ca. 1 223 + 1-60 45 

207 + 0-83 sh 
pH 13 272 -0-005 48 

222 + 1-25 
210 + 1-68*' 

pH 7-5 261 -0-015 48 
222 + 1-23 
201 + 2-66 

pH 1 258 -0-013 48 
223 + 2-05 
206 + 1-02 sh 

(60) S-Propyl-(S)-cysteine pH ca. 6 220 + 0-84 45 
200 + 2-11 

pH ca. 1 223 + 1-48 45 
202 + 0-56 

(61) S-Carboxyethyl-(S)- pH ca. 6 220 + 0-93 45 
cysteine 198 + 2-34 

pH ca. 1 222 + 1-59 45 
202 + 0-47 sh 

(62) S-/3-Carboxyisopropyl- pH ca. 6 220 + 1-25 45 

(S)-cysteine 199 + 2-18 
45 pH ca. 1 220 + 2-00 

207 + 0-69 sh 

(63) (S)-Djenkolic acid pH ca. 6 200 + 7-68 45 
pH ca. 1 217 + 3-39 45 

(64) N-Acetyl-(S)-djenkolic pH ca. 6 205 + 5-62 45 

acid pH ca. 1 208 + 3-14 45 

(65) S-Methyl-(2R)-2- Methanol 271 -0-01 27 

mercapto-propionic 240 + 0-87 

acid 224 + 0-80 
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Table 8 {cont.) 

Compound Solvent® 
k 
^max (rtnt) Af Reference 

203 -0-73 
«-Hexane 268 -015 27 

240 + 0-67 
221 + 0-93 
208 + 0-56 
197 -0-62 

Methanol/NaOH 244 + 0-34 27 
221 + 0-42 

(66) S-Methyl-(2R)-2- 
212 -1-28*' 

Methanol 271 -002 27 
mercapto-propionic 240 + M8 
acid methyl ester 221 + M2 

200 -106 
«-Hexane 269 -004 27 

241 + 1-83 
229 + 1-48 sh 

(67) S-Methyl-(2R)-2- 
203 -1-42 

Methanol 255 + 0006 27 
mercapto propan-l-ol 231 -on 

208 + 0-37 
rt-Hexane 243 + 0 009 27 

222 -0-26 

(68) (R)-Methylthiosuccinic 
208 + 0-35 

Not indicated 235 + 1-998 50 
acid 

(69) (R) Ethylthiosuccinic Not indicated 237-243 + 1-62 50 
acid 

(70) (R)-Propylthiosuccinic Not indicated 244 + 1-773 50 

(71) (R)-Isopropylthiosuccinic Not indicated 243-245 + 0-92 50 
acid 

(72) (R)-«-Butylthiosuccinic Not indicated 239-243 + 1-732 50 
acid 

(73) (R)-«-Pentylthiosuccinic Not indicated 237 + 1-685 50 
acid 

(74) Sa-Methylthiocholestan- Cyclohexane 238 -1-10 19 
3|8-oI 

(75) Sa-Methylthiocholestan- Cyclohexane 239-242 -0-22 19 
3^-yl acetate 

a _... - 1 
“ pH values were obtained thus: 

pH 1 and ca. 1 HCl 
pH ca. 6 water 
pH 7 and 7-5 phosphate buffer 
pH 13 NaOH 

Refers to Ac at lowest wavelength reached: not a maximum, 
sh = shoulder. 
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about 200 nm, which confirms the (S)-configuration at C-2‘for the four 

substituted cysteines^^’(Figure 4). 

Compounds 63 and 64, containing the —S—CHg—S— grouping, both 

gave positive Cotton effects at wavelengths similar to those for an alkyl- 

substituted cysteine^^. The ellipticity values measured for 63 and 64 in 

water (Table 8), however, are of the order of magnitude usually associated 

with an inherently dissymmetric chromophore. This evidence implies that 

the system —S—CHg—S— is itself chiral, independently of any 

dissymmetric substitution. 

Figure 4. The c.d. spectra of (S)-methionine (A) and S-methyl-(S)-cysteine 
(B) in 0-2m phosphate buffer, pH 7-5. 

S-Methyl-(2R)-2-mercaptopropionic acid (65) and its methyl ester (66) 

present very similar c.d. curves^^ (Table 8), 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 —CHgOH to —COOH 

group. The data of Scopes and colleagues^'^ on the longest wavelength 

c.d. band of 51 and 65 parallel the observation of Craig and Pereira on 

a-amino acids and a-hydroxy-acids^®, suggesting that coupling occurs 

between the carbonyl group in the carboxy chromophore and one of the 

nonbonding 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°C27. This finding is consistent 

with the great flexibility of these acyclic molecules. 

COOH 

-C-H 

CH, 
1 

S 
1 

COOR CH2OH 

CH2 H—C—SCH3 H-C-SCH3 
1 

s t 
CH3 6h, 

1 

CHg (65) R = H (67)- 
(66) R = CH3 

H—C-NHj 

COOH 

(63) R = H 
(64) R = CH3CO- 

COOH 

H-C-SX 

CH2COOH 

(68) X = Me 
(69) X = Et 
(70) X = Pr 
(71) X = /-Pr 
(72) X = n-Bu 
(73) X = n-Pe 

(74) R = H 
(75) R = CH3CO- 

Lastly, the alkylthiosuccinic acids 68-73 and the alkylthiocholestanes 

74 and 75 all exhibit a Cotton effect at 235-245 nm associated with a 
transition within the sulphur chromophore^®’ 

Several poly-a-amino acids containing a sulphur atom in their side- 

chain have been investigated by o.r.d. and c.d.®^“®®. However, the analysis 

has not advanced sufficiently as yet to merit a detailed discussion. 

Note added in proof: Since the completion of this article, several papers discussing 
the U.V., o.r.d., and c.d. spectra of alcohols®*, thiols®’-*^, and thioethers®"'** have 
appeared in the literature. 
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I. 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 work^ in 1960 have reviewed the more recent 

literature^, and a general review® 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 
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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. However 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 in 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 observed whose position is a weighted 

average for the various hydrogen-bonded species present. From measure¬ 

ments of the variation of chemical shift with concentration equilibrium 

constants may be calculated. The two techniques are complementary and 
useful information has been obtained from each. 

B. Self-association 

I. Hydrogen sulphide 

The boiling point of hydrogen sulphide® at — 60°C is very much lower 

than that of water and indicates the considerably weaker intermolecular 

forces in liquid hydrogen sulphide than in water®. Nevertheless the p.m.r. 

shift of liquid hydrogen sulphide is 1-5 p.p.m. downfield from the position 

in the gas phase’ showing the presence of association. In solid hydrogen 

sulphide evidence for weak S—H-S hydrogen bonding comes from the 

crystallographic studies of Harada and Kitamura®. There are several 

solid phases, a fact in itself suggestive of specific molecular interactions®. 

In the tetragonal phase stable below -168°C the S-S distance is 3-86 A 

which is shorter by 0-5 A than that expected from van der Waal’s distances, 

and the S S S angle is 75°. This suggests® that the hydrogen sulphide 

molecule, 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 spectra of hydrogen sulphide in solid nitrogen matrices at 

20 K have been recorded^® and from an analysis of the SH stretching region 

assignments of bands to monomer, dimer and polymer species were made. 

Bands at 2632-6 cm ^ (vg) and 2619-5 cm~^ (v^) whose intensities increased 
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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 2631T and 2617-8 cm“^ are associated 

primarily with the proton acceptor molecule with bands at 2625-3 and 

H 

H-S.H-S 

H 

(1) 

2580-3 cm“^ associated with the proton donor. The relative frequency 

shift on dimer formation was compared with that for matrix isolated 

water molecules with the result > 

(A v/ v) jj^s/^•^)h20—O' 5 

suggesting that in the nitrogen 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^^ similarly indicate the formation of an open-chain 

dimer. In 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 pressure^^ results indicate^^ 

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 properties of weak hydrogen bonds such as 

S —H—S. The predicted bond lengths are much too short while the bond 

energies are one or two orders of magnitude too high. Ab initio calculations 

give more acceptable results and indicate, in agreement with experimental 

evidence, that the linear form of the dimer (1) should be more stable than 

a bifurcated structure (2) or cyclic structure (3). The bond energy in the 

linear structure is predicted to be 0-7 kcal/mole. An earlier calculation^® 

of the bond energy in the HgS dimer, using the method of Pople^®, gave a 

bond strength of 1-8 Kcal/mole. 

H 

H 
:s 

(2) (3) 
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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 

method^ showed no evidence of polymerization. Also calorimetric 

measurements indicated no heat of mixing when thiols were diluted with 

benzene^'^ and dipole moment measurements^® did not reveal any tendency 

to association. In addition early workers using the infrared method, 

limited by experimental inadequacies, were unable to detect any con¬ 

centration effects on dilution of thiols with inert solvents and hence 

considered hydrogen bonding unlikely^®”^^. 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. Several groups of workers have found shifts of 

about 20 cm~i in the SH stretching frequency as the concentration of 

thiol is varied. In the case of aliphatic thiols Bulanin and coworkers^^ 

found three factors indicative of hydrogen bonding. Thus as the con¬ 

centration of thiol in carbon tetrachloride is increased the absorption 

frequency shifts from 2584 to 2564 cm~^, the bandwidth increases from 

25 to 58 cm-i and the integrated absorption intensity increases by a factor 

of eight. The band at higher frequency was attributed to monomeric 

thiol molecules and that at lower frequency to associated species, the 

linear dimer (4) being thought most probable. Spurr and Byers^® measured 

S-H.S. 
I 

R 

(4) 

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 at about 2580 and 2560 cm^^ 

(see Figure 1). The variation of intensity with concentration could be 

accounted for on the basis of a monomer-dimer equilibrium and for all 

compounds studied the integrated absorption coefficient 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 reported^^ for 

methanethiol and ethanethiol 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“^), linear dimers (2575 cm^^) and cyclic tetramers 
(2551 cm“^). The latter form (5) was found to be particularly stable for 

Figure 1. Infrared spectra of t-butanethiol in carbon tetrachloride: 
a, 0T25M; b, 3 08M; c, 6-99M; d, 9-20M, pure thiol. The bands at 2580 and 
2560 cm-^ were attributed to monomer and dimer respectively. The shoulder 
at 2620 cm-^ is thought to be unconnected with SH absorption. Reproduced 
by permission from R. A. Spurr and F. H. Byers, J. Phys. Chem., 62, 425 (1958). 

ethanethiol. In addition, the formation of dimers and more highly 
associated species from several aliphatic thiols has been confirmed 
recently^'^® by low temperature measurements. 

(5) (6) 
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The effects of association in thiophenols were first noted by Josien and 

her coworkers^®. In dilute solution in carbon tetrachloride the monomeric 

SH frequency is at 2591 cm“^. As the concentration of thiophenol is 

increased a shoulder, attributed to dimer, is found at 2577 cm-i while in 

the pure liquid a band at 2569 cm-i is attributed to polymer. Evidence for 

association was also found in the case of mono-halogenated thiophenols^®. 

Similarly David and Hallam^^ 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 likely to be (4) 

although they raised the possibility that in thiophenols bonding may occur 

to the TT-electrons of the benzene ring (6). Thus in dilute solutions of thio¬ 

phenol in benzene where S—H — n interactions will occur the SH frequency 

is at 2574 cm-i, similar to the position for self-associated thiophenol. 

Recent evidence suggests that both S-H-S and S-H-77 bonds are 
presenE'^®. 

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 involved in the association giving rise to a shift to 

lower field^s. Forsen^® found that on dilution of ethanethiol with carbon 

tetrachloride a small upheld 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, Xgjj, was taken®® to indicate a monomer- 

dimer equilibrium and from the slope an estimate for the dimerization 
constant was obtained. 

dxgjj ^ 

The treatment is unsatisfactory in that although the monomer shift fijyr 

is determinable the value of the shift of the dimer, is not known. 

Linear dilution shifts were also reported®^ for n-propanethiol, benzylthiol 
and thiophenol in carbon tetrachloride. 

Similarly hydrogen bonds are broken on transfer of thiol from the 

liquid to the vapour phase. Measurements®®-®® 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 

increasing chain length and with increasing chain branching which was 

interpreted as showing the greater hydrogen-bonding ability of the lower 

thiols. In addition, heating the liquid thiols was found®^ to give small 

shifts to high field of the thiol proton resonance indicative of hydrogen- 

bond breakage. The slopes AS/AT, in Hz/degree, were 0-16, OTl, 0-10, 
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0-09 and 0-07 respectively for methane-, ethane-, ^-propane-, /-propane- 

and t-butane-thiols and this was taken to be the order of decreasing 

hydrogen-bonding in the thiols. 

The most comprehensive p.m.r. study is that of Marcus and Miller®® 

who carried out a mathematical analysis of the dilution curves of seven 

thiols in inert solvents. They found, using Saunders and Hyne’s approach,®® 

that a monomer-dimer model gave best fit with the experimental results 

and their treatment yielded self-consistent values for the dimerization 

constant and dimer shift S^. In the case of thiophenol anomalies were 

observed due to the ring-current effect of the aromatic molecules. Thus as 

the concentration of thiophenol is increased the deshielding effect of 

hydrogen-bond formation is in part counteracted by the shielding ring- 

current effect of the aromatic rings so that a reduced dilution shift ,was 

obtained. This effect was overcome by the use of chlorobenzene as 

diluent so that the ring-current effect remained constant throughout. 

An alternative approach®’ when using carbon tetrachloride as diluent for 

thiophenols is to measure the thiol proton shift relative to that of the 

aromatic protons. 
In Table 1 the association constants for dimer formation obtained by 

the n.m.r. method are compared with those obtained from infrared 

Table 1. N.m.r. association shifts and calculated dimerization constants 

(ATd) for thiols 

Thiol AS (vapour)" 
(p.p.m.) 

AS (CCI4)'’ 
(p.p.m.) 

i:p(n.m.r.)'’^ 
(1/mole) 

/j/DCinfrared)"* 
(1/mole) 

Methanethiol 0-49 0-40 — — 

Ethanethiol 0-37 0-38 00056 0021 

«-Propanethiol 0-28 0-26 00110 0053 

/-Propanethiol 0-26 0-22 00126 0018 

«-Butanethiol 0-23 00132 0016 

t-Butanethiol 0-24 019 00067 0016 

Cyclohexylthiol 0-22 00093 

Thiophenol 019^ 00110 0019 

“ This is the experimentally measured difference in chemical shifts between pure 
liquid and vapour, reference 32. 

This is the experimentally measured difference in chemical shift between pure 
liquid and dilute solution (references 32, 35). 

Reference 35. 
** Reference 23. 
« The solvent is chlorobenzene. 
f Recent calculations®® give values which increase from 0-04 1/mole for methane- 

thiol to 0-1 1/mole for r-butanethiol. The enthalpy of dimer formation for methane- 
thiol is reported as T85 kcal/mole. 



386 M. R. Crampton 

intensity measurements. The n.m.r. measurements do not depend on 
assumptions 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 noted^s, 
it does 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^®-3^. 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 evidence^" in the case of some aliphatic aminothiols for inter- 
molecular association which breaks down only on dilution to about 
10-2 mole/l. in carbon tetrachloride. The associated infrared shift of the 
SH band is 60 cm 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 attributed^! to hydrogen bonding 
involving nitrogen and sulphur although the possibility remains that here 
N—H”*N bonds alone are involved22. 

The self-association of aliphatic a- and jS-mercaptoketones which is 
indicated by cryoscopic and infrared studies!2 almost certainly involves 
S—H-0=C interaction. Band shifts, Avgu, of about 20 cm-! are 
observed and intensity measurements similar to those of Spurr and 
Byers22 give association constants of ca. 0-1 1/mole. A cyclic structure (7) 
seems likely. 

Me 
\ 
C-CHp-S 

// \ 

V // 
S-CHp-C 

\ 
Me 

(7) 
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Thiobenzoic acid exists largely in the thiol form (8) rather than the 

thione form (9). A study^® by spectroscopic and cryoscopic techniques 

shows that the tendency to associate is considerably reduced relative to 

RC 
^SH 

O 

(8) (9) 

benzoic acid. Nevertheless, infrared spectra of both thiobenzoic and 

thioacetic acids in carbon tetrachloride solution present definite evidence 

for dimerization^. Bands at 1710 and 1690 cm~^ were attributed to 

carbonyl groups in the monomeric acid and dimer respectively. The 

latter band diminished on dilution and was absent in solution less con¬ 

centrated than 1 -4 mole/1. In the vgjj region thioacetic acid shows a broad 

absorption at 2560 cm“^ attributed to dimer which diminishes in intensity 

on dilution and a band at 2585 cm“i due to monomer. The most recent 

evidence^'^® indicates formation of both open and cyclic dimers. A recent 

study^ of self-association of thiobenzoic acid by the n.m.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 Hammett a values was found. 

The infrared spectrum of liquid dithioacetic acid shows a band, vgjj, at 

2481 cm“i which is at considerably lower frequency than is found in the 

gas phase (2557 cm“^) and indicates association^’. Similarly^®’the 

spectra of trithiocarbonic acid, H2CS3, and related acids show large shifts 

in going from the pure liquid (vgn, 2400 cm-^) to dilute solution in 

carbon disulphide (vgjj, 2525, 2550 cm“^). 
An infrared study®® of two phosphinodithioic acids, EtaPSSH and 

PhgPSSH, indicates very strong association in the liquid state or in 

solution in carbon tetrachloride where a broad band is observed at 

2420 cm-^. In dilute solution the sharp monomer band is at 2560 cm^^. 

The strong association in this case results from hydrogen bonding of the 

sulphydryl hydrogen with the polar P=S group. Similar strong association 

is found®^’ ®® in dialkyldithiophosphoric acids, (RO)2PSSH, where dilution 

shifts of 140 cm-^ are again observed. 

C. Thiols as Hydrogen-bonding Acids 

Early evidence for the association of thiols with hydrogen-bond 

acceptors came from calorimetric measurements^’. More recently the 

infrared hydrogen bond shifts, Avgn, have been measured for several 
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thiols in a variety of solvents (Table 2). The Badger-Bauer relationship®^’®^ 

suggests that the relative frequency shift (Av/v) on complex formation 

should give a measure of the strength of the hydrogen bond formed; 

Table 2. Infrared frequency shifts Avgn (cm^^) for thiols with various hydrogen 
bond acceptors® 

Acceptor ThiophenoP Hydrogen® 
sulphide 

t-Butane- 
thioP 

«-Propane- 
thioP 

Carbon disulphide 14, 15 10 7 
«-Butyl bromide 15 
Ethyl iodide 24 
Benzene 14, 16, 17 12 5 
Mesitylene 27 20 
Acetonitrile 20, 25 11 8 
Acetone 29, 32 25 12 13 
Dioxan 48, 51 37 20 16 
Di-n-butyl ether 53 45 
Diethyl ether 48, 54 42 18 
Diphenyl sulphoxide 48 
Ethyl phenyl sulphoxide 70 
Diethyl sulphoxide 97 
Pyridine 128 115 60^ 
Triethylamine 123 

® Shifts are measured relative to dilute solutions of the thiol in carbon tetrachloride 
Reference 25, 19, 55, 56, 57. 

® Reference 58. 
^ Reference 55. 
® Reference 22. 
f This value is for «-butanethiol (reference 19). 

and in the case of hydroxyl groups plots of Av/v versus - AH, the enthalpy 

change of association, are frequently linear^®. Recent evidence^ suggests 

that although the frequency shift can be used to estimate hydrogen-bond 

energies exact correlations involving different acid—base types are not 

always possible. The results in Table 2 indicate that for thiols the hydrogen- 

bond acceptors fall into a similar order to that found with other hydrogen- 

bond donors^. Thus the largest shifts, and thus probably strongest bonds, 

are formed with pyridine* and sulphoxides while the interaction with 

aromatics and alkyl halides is weak. Comparison of the thiols shows that 

* Note added in proof: A detailed infrared study^’’ of the association of 
thiols with pyridine and triethylamine confirms that the major interaction 
involves S—H'“N bond formation. 



8. Acidity and hydrogen-bonding 389 

in a given solvent a larger shift is obtained for thiophenol than for the 

less acidic aliphatic thiols and this may indicate some correlation between 

hydrogen bond strength and thiol acidity. For substituted thiophenols 

David and Hallam®® have shown that a correlation exists between the 

solvent shift Avg jj and the pA'g^ value of the thiol measurement in methanol; 

the more acidic the thiophenol the larger the solvent shift. 

N.m.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 on solution in basic solvents has 

been taken as a measure of the strength of the hydrogen bonds formed^®. 

The largest shifts occurred in solutions of hexamethylphosphoramide 

and the following solvent order was found: hexamethylphosphoramide > 

dimethyl sulphoxide > dimethyl formamide > dioxan, acetone > ethanol, 

dimethyl sulphide > diethyl sulphide > diethyl ether, triethylamine. How¬ 

ever, as Marcus and Miller®®, have pointed out the solvent shift is a 

complex quantity affected by at least five factors. For example, although 

hydrogen bonding generally results in proton deshielding giving a down- 

field shift, association with the Tr-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 

indicating that under some circumstances the solvent shift may reflect the 

electron donating power of the solvent. Measurements with thiophenol 

and n-butanethiol in eighteen solvents ranging from acetone to aromatics 

indicated that the chemical shifts (in Hz, measured from tetramethylsilane) 
at infinite dilution are related by 

S(thiophenol) = 2-0 S(?2-butanethiol) —58-5 

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 

thermodynamic parameters were determined involves the association of 

thiophenol with hydrogen-bond acceptors in carbon tetrachloride 

solution®^. In dilute solutions the equilibrium may be represented simply 
as ^ 

S—H 4- B ' S-H-B 

It may be shown that when the base concentration, Cjj, is in excess of 

that of the thiol the relative thiol shift. Sobs ~ ^monomer is related to the 
equilibrium constant by 

i i 1 
^obs ^monomer -^.A Cg A 
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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 versus l/Cg 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 

2 Variation of SH n.m.r. shift of thiophenol, 8^^,-(Hz), 
with dimethylformamide concentration, Cb, 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, /. Phys Chem 

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 K obtained. The values of A// should, however, be more 

accurate since a change in the intercept would not appreciably alfect the 

determination of A//. 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 thiophenol with various acceptors 

Hydrogen acceptor A 

(ppm.) 
i:(26°C) 
(1/mole) 

-AH 
(kcal/mole) 

Reference 

Pyridine 11 0-22 2-4 61 
N-Methylpyrazole 1-5 0-14 2-1 61 
Tributylphosphate 1-8 0-43 2-0 61 
Dimethylformamide 2-2 0-24 1-8 61 
Benzene -2-5“ 0-039 0-5 61 
N-Methylacetamide 2-2 0-14 0-9 62 
Acetone 0-85 0-26" 3-2 63 

“ The shift is to high field due to the ring current effect in benzene. 
» At 38°C. 

Recent results®® give values of K — 0-241/mole, A/f = —1-58 kcal/mole for the 
association of methanethiol with hexamethylphosphoramide. Recent data^’® obtained 
by the n.m.r. method give values of A/f~ — 1 kcal/mole, AA^ — 8 cal/deg. mole, 
for association of a series of aliphatic thiols with a variety of hydrogen-bond acceptors 
in carbon tetrachloride. 

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 study®^ of hydrogen bonding of substituted 

thiophenols with acetone in carbon tetrachloride Russian workers have 

attempted to overcome this difficulty by measuring A directly. Their 

values for ^monomer Hieasured in dilute solution in carbon tetrachloride 

are no doubt accurate; however, the values for ^complex obtained in 
acetone-carbon tetrachloride mixtures are unsatisfactory since the 

association constants are such that at no stage will complete conversion 

of thiol to hydrogen-bonded complex be achieved. At present it is unclear 

whether there exists a general correlation of wide applicability between 

the hydrogen bond shift. A, either in terms of association constant K or 

enthalpy change AN. 
Evidence for the association (10) of several substituted thiophenols 

with the thione sulphur in ethylene trithiocarbonate is found®^ from 
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visible spectroscopy. Equilibrium constants of the order of 0-7 1/mole are 
reported. 

Tetra-alkyl ammonium hydrosulphides, R4NSH, have been prepared 

and are found to co-ordinate hydrogen sulphide at low temperatures®®*®®. 

The hydrogen bonded complexes so produced, HgS-HS- are found to 

H2C-S 

'c=S., 

(10) 

contain strong bonds with energies estimated variously in the range of 

5 to 14 Kcal/mole. Calculations®^ using ab initio 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 Brdnsted acidities of thiols, that with a given base stronger 

hydrogen bonds are formed by alcohols and phenols than by the corre¬ 

sponding thiols. Thus to compare thiophenol and phenol®®; enthalpies of 

association are considerably larger for the oxygen compound (with 

pyridine - A//= 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 decreases with increasing dilution while intra¬ 

molecular association is largely independent of concentration. A general 

review of intramolecular hydrogen bonding has been given®®. 

(11) (12) 

Or/Zzo-substituted thiophenols will exist in a mixture of cis (11) and 

trans (12) forms. In the absence of intramolecular association the trans 
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form would be expected, for steric reasons, to be favoured. However, if 

intramolecular hydrogen bonding occurs the cis isomer will have increased 

stability. Evidence for the intramolecular association of a number of 

ortAo-substituted thiophenols comes from infrared spectroscopy. Thiosali- 

cylic acid and its esters would appear to offer particularly good 

opportunities for such association®’ and examination of the vgjj region 

indicates two bands both of which are at lower frequency than that 

expected (ca. 2585 cm“^) for an unassociated thiol group. These bands 

which are at 2523 and 2556 cm“^ in the spectrum of the ethyl ester have 

been attributed’” respectively to association with the carbonyl (13) or 

(13) (14) 

ethoxy (14) oxygen atoms. Examination 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 in carbon tetrachloride an intense 

band at 2560 cm~’ indicative of intramolecular association’”. 

(15) 

In the case of 2-hydroxythiophenol there is evidence^’ in inert solvents 

for a series of interactions involving intramolecular association of the thiol 

proton with oxygen (16) or hydroxyl proton with sulphur (17) as well as 

intermolecular association. 

,0-H 

;'SH—2547 

voM—3606 

(17) 
vsH—2595 

voH—3463 
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Similarly in the case of 2-aminothiophenoP’’ there is the possibility 

of intramolecular SH —N or NH —S bonding. The free band is at 

2559 cm~^ while that due to intramolecularly hydrogen-bonded thiol is 

at 2548 cm”^. Examination of the amino frequencies indicates^^ that one 

NH always remains hydrogen bonded to sulphur so that a conformation 
with two internal hydrogen bonds seems possible. 

Early studies indicated that 2-halogenothiophenols, in contrast to 

2-halogenophenols, exist mainly in the unassociated trans form“. In 

addition studies'^^- of the intramolecular 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 reported^^ as showing two bands at 

2555 and 2596 cm-i attributed respectively to hydrogen bonded and free 

thiol groups. Solutions in acetone show a band at 2569 cm-^ due to 

association with the solvent. However, a recent investigation^^-by 

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 vgjj absorption but 

little change in absorption frequency. Intramolecular association can also 

be discerned from the p.m.r. spectrum of 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 evidence^® for a weak 

intramolecular hydrogen bond in anthraquinone-1-thiol (18). Infrared 

spectra of 6-methoxy-8-mercaptoquinoline (19) show a concentration 

independent band at 2515 cmindicating intramolecular association’'^. 

The SH — N bond enthalpies in a series of substituted 8-mercaptoquinolines 
are reported’® to be in the range 2-4-3T kcal/mole. 

(18) (19) 

There have been relatively 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-ethoxylalkylthiols, ethyl thioglycollate (CHgSHCOgEt) and other 
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esters found that little, auto-association occurred^**. However, some years 

ago Reyes and Silverstein’® showed that ethyl thiobenzoylacetate exists 

largely in the intramolecularly hydrogen bonded enethiol form (20), 

Ph-C=CH 
/ \ 

/\ 
O OEt 

(20) 

whose infrared spectrum shows a broad moderately strong thiol band at 

2415 cmMore recently many thiocarbonyl compounds have been 

found to contain a proportion of the enethiol form in tautomeric equilib¬ 

rium with thioketone®°. For example )S-thioketoesters^^ and j8-thioketo- 

thiolesters®^’'^® can exist in three forms; the thioketo form (21) the hydrogen 

bonded cw-enethiol (22) and the tran^-enethiol (23). The latter form is 

CH? .SR' 

O 

(21) 

R CH SR' 

I II 

S. .0 

(22) 

H 
.CH SR' 

I II 

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 thioketo tautomer. In the hydrogen bonded 

structure (22) the infrared absorption of the thiol group is at ca. 2420 cm“i 

while the n.m.r. absorption is at low field (S^7-3 p.p.m.). N.m.r. and 

infrared studies®” of a-thioacyl-lactones and a-thioacylthiol-lactones show 

that the aliphatic compounds, for example (24), exist as equilibrium 

trans (24) cis 

mixtures of cis- and tran^-enethiol forms while the thioaroyl-lactones, 

for example (25), are present exclusively as intramolecularly bonded cis- 

enethiols 

(25) 
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Spectroscopic studies of mercaptoacetamides®^ indicate the presence of 

intramolecular association. The infrared spectra suggest structure (26) 

when nitrogen is primary or secondary and (27) for tertiary substituted 
nitrogen. 

O 

(26) R'RN 
(27) 

II. THE ACIDITY OF THIOLS 

A. Introduction 

In this section the acidities of aliphatic and aromatic thiols are con¬ 

sidered. Most measurements relate to water or other hydroxylic solvents 

at 25°C. Regrettably few determinations of enthalpies and entropies of 
ionization have been reported. 

A recent general review®® considered the effects of polar substituents 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 work^'^^ with phenols indicates that for aqueous 

solutions near room temperature the change in Gibbs Free Energy of 

ionization (and hence the charge in p.^) on substitution results largely 

from internal enthalpy effects. Changes in solute—solvent interactions are 

less important because the associated environmental enthalpy and entropy 

changes almost, or exactly, cancel. Changes in pAT^ may then, in the 

absence of steric effects, be expected largely to reflect changes in polar 

effects of substituent groups. Changes in solute-solvent interactions are 
detected by changes in entropies of ionization. 

6. Aliphatic Thiols 

The acid dissociation constants in water of a number of aliphatic thiols 

have been determined. The most frequently used methods have been 

potentiometric titration and spectrophotometry®®. The latter method 
takes advantage of the moderately strong ultraviolet absorption at 

ca. 240 nm) of the thiolate anions®’^ 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 in some 

cases be due to the unjustified neglect of activity coefficients which will 

result in rather large effects when dianions are formed as, for example. 



8. Acidity and hydrogen-bonding 397 

with thioglycollic acid (SHCHgCOOH) and thiolactic acid (SHCHgCHg- 

COOH). The values collected in Table 4 are thought to be close to the 

thermodynamic values for the dissociation constants. Some measurements 

relating to alcohol-water solvent have also been reported®®’ ®®. 

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 parameters®*’, ct*, has been reported for a number of substituted 

methanethiols, RCHgSH. The equation (1) is applicable®^’when a* 

pK^= 10-22-3-50ct* (1) 

relates to the substituent RCHa, or (2) when a* relates®® to the substituent 

10-54-1 •47a* , (2) 

R. The thiols are more acidic than the corresponding alcohols by between 

5 and 6 pK units. However, the value of 1 -47 for p* the reaction constant 

is similar to that, 1 -42, for the ionization of alcohols. It has been noted®*^ 

that thiophenol (p^^ = 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 effect in which the 

negative charge on sulphur in the thiophenoxide ion is delocalized into 

the aromatic ring. The resulting enhancement in acidity was estimated as 

1 -6 p.^: units which is considerably smaller than the corresponding enhance¬ 

ment for phenol. The greater than predicted acidity of hydrogen sulphide 

was attributed to a steric effect 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 length and chain branching. This might be taken to 

indicate the intrinsic electron-releasing ability of alkyl groups. However, 

it should be noted that in the case of alcohols, measurements in the gas 

phase^®® give an acidity order /-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 

represent 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 n.m.r. shifts of the SH groups of several aliphatic thiols at infinite 

dilution in carbon tetrachloride solution have been measured^®®. The 

shifts are affected by a number of factors including electronegativity, 

anisotropy, orientation and the number of a-carbon carbon bonds. 
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Table 4. Acid dissociation constants for some thioIs“ in water at 25°C 

Thiol VK^ ' Reference 

CHgSH 10-3 92 
QH5SH 10-5, 10-6, 10-61 94, 91, 95 
w-CgHjSH 10-65 96 
/-C3H7SH 10-86 95 
W-C4H9SH 10-65 96 
/-C4H9SH 11-05, 11-05, 11-2 92, 96, 95 
t-CsHiiSH 11-2, 11-35 96, 92 
HOCH2CH2SH 9-43, 9-44, 9-6, 9-7 91, 97, 94, 95 
C2H5OCH2CH2SH 9-38 91 
HOCHaQCHgjaSH 9-85 92 
HOCHgCHCOHjCHaSH 9-46 97 
HOCH^CHaCHCOHjCHaSH 9-5, 9-65 91, 98 
HSCH2CH2SH 9-05 97 

10-56*’ 97 
HOCHaCHCSHjCH^SH 8-62 97 

10-57*’ 97 
QH5CH2SH 9-43 91 
CH2=CHCH2SH 10-0 91 
CHgCOCHaSH 7-9 91 
(l-pyridyljCHaSH 8-8 92 
CH3CONHCH2CH2SH 9-92 95 
-O2CCH3SH 10-53, 10-55, 10-68 99, 100, 95 

10-15^ 10-22“ 101, 102 

C2H5OCOCH2SH 7-93 91 
CHaOCOCHaSH 7-7 94 
-O2CCH2CH2SH 10-2, 10-4, 10-5, 10-8 94, 103, 104, 95 
C2H5OCOCH2CH2SH 9-5 92 
-OaCCHgCHCSHjCOi- 11-14 105 

10-45“ 105 
-OgSCHaCHaSH 9-5 94 
-OgSCHaCHCSHjCHaSH 8-93 105 

12-3*’ 106 

® For additional data including values in alcohol-water mixtures, see reference 107. 
Second dissociation constant. 

” In OT mole/1 potassium chloride. 

However, in general, electron-withdrawing groups which tend to increase 

the acidity of the thiols give rise to a shift to low field. A correlation 
involving a* was found. 

C. Hydrogen Sulphide 

The acidity of hydrogen sulphide itself has been the subject of numerous 

investigations. The value of = 7-02 for the first dissociation seems 

well established^®’A value of pK^ 2, = 15 for the second dissociation 
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constant in water of 25°C has long standing^^^. However, more recent 

work^’^^ indicates greater acidity for the HS“ ion with values of ca. 14. 

Thus Widmer and Schwarzenbach^^® obtained a value of 14T5 in 1 mole/1 

potassium chloride from galvanic cell measurements, and Ellis and 

Goldingi^® 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/1 

was attributed to the progressive conversion of HS~ to ions. However, 

the most recent spectrophotometric measurements by Giggenbach^^^ 

indicate that in alkaline solutions from which oxygen has been excluded 

no decrease in HS~ absorption occurs up to 5 mole/1 aqueous base and 

that half conversion to the ion (with an absorption maximum at 

250 nm) is achieved only in 15 mole/1 base. In conjunction with previously 

reported values for the H_ acidity function a value of ca. 17T was derived 

for pA'a,2- It was suggested^^^ that the previously observed decrease in 

absorption in less basic media resulted from loss of HS~ by oxidation 

rather than formation. 

The properties of liquid hydrogen sulphide as a non-aqueous solvent 

have been reviewed®. The autoprotolysis constant has the value 

25x10-34 at -78°C. 

D. Aminothiols 

Simple aminothiols such as 2-aminoethanethiol 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 pH exists where the substrate is present mainly in zwitterionic 

form (“SCHgCHaNHj). 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 solvenE^®. 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 pA'a value is observed 
with the thiol group at a primary, secondary or tertiary carbon atom^^®. 

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 Benesch^^’ 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 spectroscopy^^® and 
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Table 5. Acid dissociation constants of some aminothiols in water at 25°C 

Parent (SH) pK^ (NH+) Reference 

HSCH2CH2NH+ 8-35, 8-23, 

8-19 
10-75“ 117, 95, 

116 
HSCH(Me)CH2NHj 8-10 10-12“ 116 
HSCH(Et)CH2NH+ 8-19 10-91“ 116 
PhCH2CH(SH)CH2NH+ 8 00 11-04“ 116 
(Me)2C(SH)CH2NH+ 8 07 10-77“ 116 
HSCH2CH(Me)NH+ 8-14 10-81“ 116 
HSCH2CH(C02-)NH+ 8-54 8-86 117, 120 
HSCH2CH(C02-)NH2 10-21 — 120 
HSCH2CH(C02)NMe3+ ) 

HSCHaCHfCOaEQNHJ 
8-65 — 126 
7-45'. 6-77 117 

HSCH^CHCCOaEONHa 9-09 — 117 
HSCH2CH(C0NHCH2C02-)NH+ 7-87 7-14 117 
HSCH2CH(C0NHCH2C02-)NH2 9-48 — 117 
(Me)2CH(SH)CH(C02-)NH+ 

(penicillamine) 
8-17 8-61 127 

(Me)2CH(SH)CH(CO^)NH2 10-33 — 127 

“ This is the value for the second ionization of the parent. 

calorimetric data^i® have also been used for this purpose. These methods 
have been put to good use in studies of the ionizations of cysteine^i^’120, 

a molecule of biological importance. The overall ionization process is 
represented by the scheme: 

SCHaCH(C07)NH+ 

HSCHjCHCCOJlNH^ SCH2CH(C07)NH2 

HSCH2CH(C02')NH2 
c 

The presence of the a-carboxyl group in cysteine results in an increase, 

relative to 2-aminoethanethiol, in the acid strength of the ammonium 

group, presumably because the inductive effect of the carbonyl group 

outweighs the electrostatic effect of the negative charge. Thus the acidity 

of the thiol group (p.^j = 8-54) is only slightly greater than that of the 
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ammonium group (pA'g = 8-86). In more basic media the dianion is 

formed with pAg = 10-53 and pA'4 = 10-21. Modification of the carboxyl 

group of cysteine, as in the ethyl ester or 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 aminothiols including 

cysteine has been examined recently by n.m.r. spectroscopy and the 

results discussed in terms of the pH dependence of charge distribution 
within these molecules^^^. 

It has been shown recently^^^ 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 noted^^^- that the acidity of thiol groupings is sensitive to 

local structure both by way of inductive effects and also through medium 

effects. Hence in proteins where the SH group may be in the proximity of 

acidic or basic amino-acid side chains considerable variations in acidity 
may be found. 

£. Thio Acids and Ditbio Acids 

The chemistry of thio acids (RCOSH) and dithio acids (RCSgH) has 

been reviewed^®- In the case of the thio acids it appears that although 

there is a tautomeric equilibrium the thiol 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 difference probably results 

largely from the smaller resonance stabilization of the RCOS“ anion 

compared with that of RCO^. The dithio acids are more acidic than the 

corresponding thio acids. Ethyl xanthic acid (EtOCSaH) which is useful 

preparatively has been the subject of several investigations^®®"^®®. The 

free acid is unstable and extrapolation of measurements to zero time is 

necessary for the determination of the dissociation constant (p^^. — 1 '55). 
The acidities of several hydroxy-substituted dithiobenzoic acids have 

been measured^®®"^®®. The acid strengthening effect of an hydroxy 

substituent ortho 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 Reference 

MeCOSH 3-33, 3-33, 3-41, 3-62 138, 139, 92, 95 
n-PrCOSH 3-75 140 
PhCOSH 2-48 138 
HSOC-COSH 0-91 141 
-SOC-COSH 2-71 141 
MeCS^H 2-55 129 
EtOCSaH 1-51, 1-52, 1-55, 1-62 130, 131, 129, 132 
HaNCSaH® 2-95 142 
EtSCSgH 1-55 129 
HSCSaH 2-7 143 
PhCS^H 1-92 133 
4-HOC6H4CS2H 2-58 133 
2-HOC6H4CS2H 1-55 134 
2,4-(0H)2C6H3CS2H 1-91 133 
2,3,4-(OH)3CeH2CS2H 1-72 133 

“ For some data on N-substituted dithiocarbamic acids see reference 144. 

in the anion, (28), 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 violeff^^. In this relatively non-polar solvent ion-pairs 
are formed. 

(28) 

F. Thiophenols 

The acidity of thiophenol in water (p^^ ~ 6’50)®^ is considerably 
greater than that of phenol (pK^ = 9-99)^^ 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 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-CO2, p^a = 8•889^ 8-6i« 8-41^6, S-CO^, 6-25i«’; 4-CO^, 
5-805-90107; 2.Me, 6-64lo^; S-Me, 6-58lo^; 4.Me, 6-52lo^; 4.CI, 5-9 lo^; 

4-SO3, 5-7118; 4-NO2, 4-5110 and for C^F^SU, 2-68 no. 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 somewhat 
from the thermodynamic ones.* 

Considerably more data are available in mixed ethanol-water solvent 

systems where dissociation constants have been determined by 
Schwarzenbach and coworkersi®®-using a hydrogen electrode. 

Othersi82“i8i 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 methanoli^® or methanol-water mixtures^®. For those 

substituents where resonance interaction or steric effects are not important 

a good correlation with Hammett a constants is obtained. Values for the 

reaction constant p have been calculated!®® as 3-02 in 95% ethanol at 

21°C, 2-62 in 48% ethanol at 25°C and 2-42 in 49% ethanol at 21°C. 

Chuchani and Frohlichi®^ have calculated a value of 1-81 in 20% ethanol; 

however, recalculation using the methods of van Bekkum and coworkersi®® 

gives a value of 2-0.* It seems likely that the reaction constant in water will 

have a value close to 2-0 similar to that (2-23) governing the ionization of 

phenolsi®7. For those substituents such as NOg, SOaMe, COMe which are 

capable of electron-withdrawing resonance interaction enhanced a values 

are requiredi®^-1®®. 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 phenolsi®^. Thus = 1 00 for 

4-nitrothiophenol and 1 -24 for 4-nitrophenol. 

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. BordweU and Boutani®® 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. Chem. Soc., Perkins II1969 (1973)]. 

14 
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Table 7. Acidities of thiophenols in ethanol'-water mixtures at 20°C 

Substituent 20-80 v/v 49-51 v/v 95-5 v/v 
EtOH-HaO'* * EtOH-HaO" EtOH-HaO-^ 

2-C02- 
2-NMe2 10-18 
4-NH2 7-47 
4-NMe2 

3- CO2- 
4- CO2- 
2-C02Me 
4-OH 
2-Me 

7-41 

4-OMe 706 
4-Me 7-08 
3-Me 6-99 
3-NMe2 6-99 
3-NH2 6-95 
H 6-81 
2-NHMe 6-77 
3-OMe 6-60 
2- NH2 
4-F 
4-Cl 
4-Br 
3- C02Me 
4- 1 
3-COMe 

6-54 

3-Br 6-11 
3-Cl 
3- 1 
4- C02Me 
4-COMe 
2- NO2 
3- NO2 

3- S02Me 
4- S02Me 
4-NO2 
4-NMe^ 

6-07 

10-69 13-4 

10-45*' 
8-37'" 
8-07 10-25 
7-85 10-1 
8-46 10-0 
8-33 10-02 

9-87*' 
8-08 9-76, 9-71" 

8-07, 8-03* 9-66, 9-60" 
7-99, 7-96* 9-56 

7.94<i 

7-78, 7-76* 9-32, 9-28" 

7-54 9-18, 9-14" 
9-02" 
8-88" 

7-06 8-45 
7-00, 6-99* 8-37 

6-98 8-40 
6-99 8-32 
6-93 8-35, 8-27" 
6-77* 8-22, 8-20" 
6-85 8-15, 8-09" 
6-85 8-08 
6-17 7-50 
5-93 7-28, 7-47" 
5-99 7-46 
5-90* 
5-88* 
5-57* 

4-99, 5-11* 6-42 
5-60, 5-68^ 6-35 

“ Reference 154. 
“ Reference 150, 151. 

^ Reference 158. 
* Reference 152. 
^ Reference 159. 
® Reference 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 report^®® indicates a noticeable effect with NMcg and OMe 

substituents. The most recent evidence^®^ shows that the effects of such 

resonance are small and not definitely proven.* 

SH "SH 

(30) 

Recent measurements^®® show that bulky substituents in the 2-position 

of thiophenols lead to decreases in acidity due to steric effects. As in the 

case of phenols®® 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 m- or p-CO^ substitution. However, in ethanol-water 

mixtures this substituent is acid weakening. This change probably arises 

from the better solvation of the CO^ 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®®. Similarly 

the reportedly weakly acidic nature of 2-methoxycarbonyl thiophenol may 

result from intramolecular association as in 13 (R = Me). 

(31) 

The acidities of substituted thiophenols have also been investigated 

spectroscopically by use of infrared or n.m.r. methods. Thus the chemical 

shifts of the thiol resonances of eleven substituted thiophenols in dilute 

solution in carbon tetrachloride correlate well with Hammett a values^®. 

The shifts, measured in Hz downfield from TMS are given by 

8sh = -1'7-Oct-194-4 

An enhanced value of a is required for the 4-nitro substituent. The 

* I.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. Chem. Soc., Perkins II, 263, (1974)]. 
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correlation of infrared frequencies Vgjj of substituted thiophenols with a 

values is less certain^®!. Miller and Krishnamurthy^®^ 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 Hallam®® 

found a reasonable correlation between frequency vgjj and acid dissociation 

constant (pATJ 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 vgn 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 

substituted thiophenols and correlate well with independently measured 
pA^a 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 sulphur^®®'i®^. Thus the spectra of mercapto¬ 

pyridines closely resemble those of their N-methyl derivatives and are 

quite different from those of the S-methyl derivatives. For 2- or 4-mercapto- 

pyridines (32) the tautomer with hydrogen on nitrogen can exist as a 

resonance hybrid with zwitterionic (33) or thioamide (34) forms and is 

favoured by a factor of ca. 10^. For 3-mercaptopyridine where the thio¬ 

amide form is not present the ratio of tautomers is reduced from 10^ 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 tautomers with hydrogen on nitrogen are 

favouredi®^. The macroscopic acidity constants of a series of substituted 
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8-mercaptoquinolines have been measured and interpreted'according to 

the following scheme^®®: 

If the reasonable assumption^®® is made that the value of 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 

pKj^^2-07, p^b = 3-50, pKc = 6-S4, pKjy = 8-27 and Kr^ = 27. The 

effects of ring substituents on these values have been discussed^®®’^®'^’^®^. 

H. Deuterium Isotope Effects 

Isotope effects on the ionization of the thiol groups of a series of 

compounds ranging in acidity from pentafluorothiophenol to thioglycollate 

ion have been measured^^®. The ratios of the dissociation constants, 

are the range 2-0—2-5. The isotope effects are considerably 

smaller than those for the ionization of oxygen or nitrogen acids where 

^Hao/^DaO ^ 2-5—4-5. The relatively small magnitude of the isotope 
effect for thiols 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: 

Ap/:^ = 0-26 +0-012p^^ 

where pK^ is the value in water and ApAT^ is the increase on going to 

deuterium oxide. This increase and the magnitude of the difference in the 

isotope effects of RSH and ROH provide evidence that isotope effects on 

the interaction of RS" and RQ- with the solvent contribute to the 

observed effects. 

/. Thermodynamics of Ionization 

Relatively few enthalpies and entropies of ionization of thiols have been 

determined. The only systematic study appears to be that of Irving, 
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Nelander and Wadso®® 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 where 

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 AG® 
(Kcal/mole) 

AH® 
(Kcal/mole) 

-AG® Ref. 
(cal/deg.mole) 

EtSH 14-48 6-42 27 95 
z-PrSH 14-82 5-38 31-7 95 
t-BuSH 15-31 5-30 33-5 95 

HOCH2CH2SH /13.26 6-21 23-7 95 
\l3-2 6-49 22-5 94 

ACNHCH2CH2SH /13-54 6-26 24-4 95 
1 6-5 169 

(C02-)CH2SH 
ri4-58 6-28 27-8 95 
i 14-3 6-9 24-6 117 
L14-2 7-4 23 94 

(C02-)CH2CH2SH /14-79 
\l4-2 

6-1 
7-3 

29-2 
23 

95 
94 

+NH3CH2CH2SH /11-23 7-43 12-7 95 
\ 11-4 6-08 17-6 94 

HSCH2CH(C02-)NH+ 11-7 7-5 14 120 
HSCH2CH(C02-)NH2 14-1 6-4 25 120 
CH3COSH 4-94 0-56 14-7 95 
2-C02-C6H4SH 12-12 5-72 21-5 95 

little correlation between the values for the thiols and values. 

However, a linear relationship was found®® between p.^ (or AG®) and 
AG®: 

AG® = -5-92 p^a + 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 ethanethiol 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, z-PrSh, r-BuSH a fact which has been 

attributed®® to increasing solvent orientation in the disordered region 
outside the inner hydration shell of the acid anions. 
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J. Carbon Basicities of Sulphur Bases 

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, effectively 

measures the affinity of a base for protons in the traditional Brdnsted 

sense (proton basicity). 

RS-4-H+ •:;zzzz±. RSH (KJ-’ 

It is, however, possible to compare the thermodynamic affinities of bases 

for other atoms and measure, for example, carbon basicities. These 

measurements are of interest both intrinsically and also because of their 

relevance to the kinetic reactivities (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 basicities^’®’ 
The carbon basicities of several sulphur bases have been compared by 

measuring^’^ the equilibrium constants for a-complex formation with 

activated aromatic compounds such as 1,3,5-trinitrobenzene: 

The equilibrium constants, 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 (ff-complex formation) 

MeO- M5 15-5 

PhO- < -2-7 100 

EtS- 3-54 10-6 

PhS- 0-29 6-5 

the equihbrium constants measured in methanol for oxygen and sulphur 

bases are compared with the values measured in water. The results 

show that the carbon basicities decrease in the order EtS“>MeO“> 
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PhS ~ > PhO~ while the proton basicities are in the order MeO~ > EtS~ > 

PhO~ > PhS“. The carbon basicities of methoxide and thiophenoxide ions 

are similar although the proton basicity of the oxygen base is about 

9 log units larger. In terms of the theory 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 affinities of thioethoxide ions for carbon or 

hydrogen can also be made from measurements with 2,4,6-trinitroanilinei^2. 

The thioethoxide 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 
cr-complex. 

In a comparison of the carbon basicities of the hydroxide ion and 
thiophenoxide ion Bunnett, Hauser and Nahabediaffi^^ found that OH- 

was bound about lO^ times more tightly than PhS- to the 9-position of 
10-methyl-9-phenylacridinium ion. 

Substituent effects on the carbon basicities of thiophenoxide ions have 
been measured^^s fog reaction with 1,3,5-trinitrobenzene. The general 

behaviour pattern is similar to that for the 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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I. 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, 

417 
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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 to 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^’^ that divalent sulphur groupings, 

such as thiol, owing to the unshared electrons on the sulphur atom are 

able to enter into conjugative interactions with electron-deficient sites 
or with electron-withdrawing unsaturated residues. 

This resonance effect of the bivalent sulphur function, which involves 

contributions from a 2p-3p Tr-bond between carbon and sulphur, is 

smaller in magnitude than that of the oxygen analogues, since the latter 

requires contribution from a 2p-2p vr-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 thiolate 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 in resonance through structures having ten electrons: 
this is usually referred to as ‘valence shell expansion’ 

This hypothesis has been invoked to explain the anomalous behaviour 

of bivalent sulphur compared to oxygen, and especially the fact that 

hydrogen atoms in a-position to bivalent sulphur are much more acidic 

than in the corresponding oxygen derivatives^-^. Actually the greater 

acidity has been explained through the capability of sulphur, which has 

unoccupied 3<f-orbitals, of expanding its valence shell through electron- 

pair acceptor type conjugation. In this way the higher stability of 

a-mercaptocarbanions may be explained as shown below: 

• • ^ 

R-s-c- <-. '5-.s=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 alternative explanations. However, 

recent theoretical work® did cast serious doubt on this interpretation 

which had already been criticized on the ground of the energy values 

involved®’^. 
Wolfe and colleagues® 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. 

The energy minimum is reached with the conformation (2) which 

maximizes gauche interactions between adjacent electron pairs without 

requiring significant contributions from the J-orbitals of sulphur. These 

conclusions are certainly quite reliable, since they have been obtained by 

means of a complete ab initio treatment. 

II. POLAR EFFECTS 

Various theories and parameters involving the electronegativity of atoms 

and groups are currently employed in organic chemistry to explain 

molecular properties. However, conformational effects 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 properties® (see section V.D). 

Even though completely satisfactory theories about the dependence of 

chemical properties on electronic distribution and structural requirements 

have not yet been obtained, leading ideas® on this subject are at present 

being developed. 
The thiol group attracts electrons from adjacent centres owing to its 

inductive effect (—1)5 on the other hand, the lone-pair electrons on the 

sulphur atom may interact with systems containing tt 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 a 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 following 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 Chuchanfi®, and by 
Happer and Vaughan^i). 

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 moments of some 
representative compounds 

Compound Ix X IQI* Reference 

CH3F 1-81 12, 13 
CH3CI 1-86 12, 13 
CH3OH 1-68 12, 13 
CH3NH3 1-28 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>NHj,, 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 value of glycine is affected by the electro¬ 
static interaction between the carboxyl group and the basic amine 
nitrogen^^ (Table 2). 

Table 2. Ka, values of substituted acetic acids 

Acid Ka Reference 

H3N-CH2COOH 4-42.10-3 15 
F-CH2COOH 2-18.10-3 15 
CI-CH2COOH 1-51.10-3 15 
HS-CH2COOH 2-1.10-4 16 
HO—CH2COOH 1-45.10-4 15 
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P.m.r. spectroscopy provided an alternative method for the evaluation 
of inductive effects. An electronegativity scale for substituent groups in 
ethyl derivatives (Table 3) has been deduced with this technique by 
Dailey and Shoolery^’^ according to equation (1): 

electronegativity = 0-02315(ACH3—ACHjl+l-TI (1) 

The electronegativity values found for the OH, SH, NHg and COOH 
groups are satisfactorily related^® to the couplings between ring protons 
in monosubstituted benzenes. 

Table 3. Relative electronegativity of some substituent groups^’ 

Group Electronegativity Group Electronegativity 

—SH 2-45 -QHs 2-70 
—CN 2-52 —Br 2-94 
—COOH 2-57 -NHa 2-99 
—CO— 2-61 -Cl 319 
—s— 2-64 -OH 3-51 
—I 2-68 —F 3-93 

The reliability of these values of the electronegativity of polyatomic 
groups has been subsequently questioned^^, mainly because of the lack 
of a quantitative relationship with the a* values. However, the interaction 
between the molecular residue and the SH group does not have a simple 
character. An attempt to evaluate the whole effect induced by substituents 
on the sulphydryl proton resonance shift has been made by Marcus and 
Miller^® for a large series of thiols. These authors discussed the p.m.r. 
spectra as a function of the effect of substituents on chemical shifts and 
spin-spin coupling constants. Owing to the complexity of the factors 
contributing to the proton magnetic shielding in aliphatic compounds, 
the correlation of vgg with o* was unsatisfactory. Nevertheless equation 
(2) gave a reasonable correlation even though its validity is restricted to 

aliphatic thiols. 

vgH = -47-2ct*-73-0 (2) 

Although the proton-proton coupling constants have been shown in 
some cases to be dependent on the electronegativity of substituents, in 
the case of aliphatic thiols the/values do not show^® any regular substituent 

effects. 
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It should be noted that deshielding of the S-methyl protons can be 

related^i to the number and magnitude of electronegative atoms bonded 
to sulphur (Table 4). 

Table 4. Proton magnetic 
resonance chemical shifts 
(8 units) of representative 

sulphurated compounds® 

Compounds —SCH3 

CHgSH 1-95 

CH3SCH3 20 

CH3S-SCH3 2-30 

CH3SCH3 

II 
0 

2-43 

CH3SOCH3 

II 
0 

2-46 

CH3SCI 
II 
0 
0 

II 

3-22'’ 

CH3SCH3 

II 
0 
0 
II 

2-84 

CH3SNH3 

II 
0 
0 
II 

2-92 

CH3SCI 
II 
0 

3-52 

“ Taken from reference 21. 
^ Reference 22. 

The following trend for CHg-deshielding can be observed: 

thiol ~ sulphide<sulphoxide<sulphinate<sulphone<sulphonamide 

<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 

found^^. 

The effect of the substituent group upon the chemical properties of the 

SH function in thiols has been also investigated, through a correlation^^ 

between the acid dissociation constants of several thiols and Taft’s 

inductive parameters (equation 3), where K is the ionization constant, 

log K= a* .p* — oL (3) 

a* is Taft’s inductive parameter and a is the logarithm of the ionization 

constant predicted for methyl mercaptan. This linear relationship 

(p* = 3-402; a ^ -10-168 moles 1“^) holds for a series 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 mutual interaction between the SH 

group and hydrocarbon chain in aliphatic thiols has a not negligible 

conformational component®. This should not be neglected when the 

effects of the SH group on various molecules are investigated. In fact 

Krueger, Jan and Wieser^® in an i.r. study on a series of alcohols were 

able to rationalize the relationship between V(oh) and V(^.ch) by assuming 
the participation of an oxygen lone pair to a orbital on the adjacent 

carbon. Such an interaction enhances 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 trend^® N > O > 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 n.m.r. intramolecular shieldings^® and found the following order 

of inductive charge withdrawal: 

0-<H, N(CH3)2<SCH3<SH<OCH3<OH<Br<F 

B. Effects in Aromatic and Unsaturated Systems (Resonance Effects) 

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 4- R resonance effect attributed to 

the divalent sulphur atom. 
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Much experimental evidence and some quantitative measurements 
indieate the conjugative ability of the thiol group. The conjugative power 
of SH is smaller^ than that of OH and NHg groups. 

Gordy^’, in an electron diffraction investigation of thioacetic acid 
(CH3COSH), 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=0 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 in esters 
and amides. The effect of the thiol group on a-values for electron attracting 
substituents like p-CHgSOg and p-NOg in benzene derivatives is indicative 
of a certain amount of resonance interaction as in 3. 

X = CH3SO2, NO2 

(3) 

The acid-strengthening resonance effect in thiophenols (3) is absent in 
benzoic acids substituted by CH3SO2 and NOg groups. Furthermore, the 
progressively larger a-values for /7-CH3SO2 and /J-NO2 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. tr-Values for /7-CH3SO3 and /7-NO2 groups obtained 
from acidity constants. The values 0-72 and 0-78 represent 

the limits of ci whereas IT3 and T27 are those of a+ 

Acid a-values Reference 

P-CH3SO3 P-NO3 

X- -C6H4COOH 0-72 0-78 28, 29 
X- -CgH^SH 0-82 100« 28, 28 
X- -C«H40H 0-98 1-22 28, 1 

X- -C6H4NH3 M3 1-27 28, 29 

“ This figure compares well with that found in the oxidation of sulphides®®. 

between the /7-CH3SO2 and /7-NO2 groups in the dissociated and un¬ 
dissociated forms of the various acidic systems^’^s. The data again show 
that the trend of the + R effect is N > O > S. 

Lumbroso^i>32 calculated the mesomeric moment of benzenethiol 
(0-44 D) and thioanisole (0-44 D) and found substantially smaller values 
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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 

supported by independent findings, the following trend for the resonance 

effect has been put forward^®: 

0> S> Se 

Dipole moments®^ of substituted benzenethiols and thioanisoles, 

studied as interaction moments between the substituent groups, were 

found to be satisfactorily accounted for by the normal resonance structures 

4 having a positively charged sulphur. Accordingly structures with ten 

electrons on sulphur atom (5) did not have to be invoked. 

Further experimental evidence on the conjugative power of the thiol 

group has been found by Marcus and Miller^® by means of p.m.r. spectra 

in a series of benzenethiols. The resonance of the SH proton suffers an 

abnormal deshielding which cannot be explained in terms of inductive 

effects, nor considering the effect of the neighbouring hydrocarbon chain. 

This deshielding may result from direct conjugation of the SH grouping 

with the aromatic system, which induces a partial positive charge on the 

sulphur atom. The results with ortho-, meta- and para-substituted benzene¬ 

thiols were therefore rationalized by these authors as due to a balance of 

electron-withdrawing inductive and electron-releasing conjugative effects 

of the SH group. 
A comparison^®’®®’®®’®’ between the acidity of aromatic 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 the thiol group is smaller than that of the hydroxyl. 

Since the C=S double bond is formed to a lesser extent than the C=0 

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 OH sharply decreases in the aromatic 

compared to the aliphatic derivatives (Table 6). 
In 1950 Robertson and Matsen®, in discussing the ultraviolet spectra of 

phenol, aniline and thiophenol, noted that the position of thiophenol 

relative to phenol and aniline was anomalous. Among the suggestions 

made to explain this behaviour, participation of sulphur 3(^-orbitals in 
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Table 6. pX’s of SH and OH derivatives 

Compounds VK^ Temperature, 
°C 

Solvent Method Ref. 

C2H5OH ~ 16 25 H2O extrap. 38 
C2H5SH 10-50 20 H2O titrimet. 39 

10-88 25 H2O gas solubility 24 
10-61 25 H2O spectrophot. 40 

C6H5OH 9-99 25 H3O titrimet. 41 
CeHsSH 7-78 20 H2O titrimet. 39 

6-52 25 H2O spectrophot. 24 

the resonance 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 
resonance. 

(6) 

Other anomalous trends of the activating power of sulphurated groups 
in electrophilic aromatic substitutions had been already observed by 
Wheland and Pauling^^ 

The different behaviour^ of benzyl phenyl ether and benzyl phenyl 
sulphide towards aluminium bromide, as well as other differences in 
reactions between oxygen and sulphur derivatives (especially electro¬ 

philic aromatic substitutions), were explained in terms of sulphur valence 
shell expansion. 

After this kind of conjugative pathway had been proposed, many 
papers appeared either supporting or contradicting the suggestion. The 
amount of such a conjugative effect -R of bivalent sulphur has been 
thought^^ small or even negligible in the case of ionization of thio- 
substituted phenols and benzoic acids; the conclusion has been reached 
that only strongly electron-releasing groups such as carbanions may evoke 
a recognizable electron-pair acceptor-type conjugation in divalent sulphur 
groups. 

However, this conclusion was later questioned by Beishline^®. He 
objected that even 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 mechanisms +R(p —p),, 
and -R(p-d),, as shown in structures (7) and (8). 
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The M expansion has been assumed also to explain the behaviour of 

aminobenzenethiols in tritylation^® (see further). Nevertheless, a re- 

investigation^’^ of the effects imparted on the acidity of thiophenols and 

phenols by various substituents did not provide conclusive evidence on 

the valence shell expansion for the sulphur atom in this particular case. 

The trend which has been found for the CD stretchings^ in wo-propyl 

derivatives (9-11) can be understood on the basis of the inductive effects 
t 

(CHjl^CDNHi, (CHahCDOH (CHjhCDSH 

(9) (10) (11) 

for the amine and the alcohol but not for the thiol. The relatively high 

i/(CD) value of thiol has been tentatively explained as due to 3i/-electron 

acceptor properties of sulphur if (12) is assumed to be the most probable 

conformation. 

D 

In order to rationalize the results of an i.r. investigation on ortho- 

aminobenzenethiols, Krueger^® advanced the hypothesis of the existence, 

besides the planar conformations, of another one with out-of-plane thiol 

group being stabilized by 3^-conjugation of sulphur. 
The participation of the sulphide function in both electron-releasing 

and electron-attracting conjugation in the ground state has also been 

postulated^® in order to explain the properties of photoexcited states of 

aromatic sulphur compounds. 
Goodman and Taft^, in a series of substituent interference experiments 

explained the decreased intensity of the transition in going from 

thiophenol to /7-methylthiophenol in terms of a strong interaction between 

the TT orbitals of the benzene ring and sulphur 3d orbitals. However, a 

reinvestigation^^ of the spectra indicated that there was a slight increase 

of intensity from the thiophenol to ;7-methylthiophenol, this being 
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indicative of a little involvement of the sulphur M orbitals and of a 

perturbation of the benzene ring tt orbitals via S(3p77)—C(2p77) bonding. 

Recent photoelectron spectra®^ also supported this conclusion. 

C. Hyperconjugation 

A new type of hyperconjugation involving NH and OH bonds as 

electron donors has been presented®'^. This is theoretically possible also 

for SH bonds but an attempted application of the hyperconjugation theory 

to the sulphur series failed®^ to explain the results (see further) obtained 

for protodesilylation of substituted thioanisols and thiophenols. 

By comparing the photoelectron spectra of allyl mercaptan (13) and 

propene (14) which exist only in the gauche form shown below, Schafer 

and Schweig®®’®® could demonstrate that the hyperconjugative 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 TT systems does not play any special role in contrast to what was 
found for C—Si hyperconjugation. 

(13) X = SH 
(14) X = H 

III. CORRELATION BETWEEN STRUCTURE 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 difficult it is to obtain quantitative 

information in reactions where the extremely reactive SH function is 

involved, as already outlined in the Introduction. In Table 7 sigma values 

are reported for SH and SCHg groups. The symbols to which reference is 
made in this section are those used by Wells®'^. 

A. The Hammett Substituent Constants 

Rates and equilibria for hundreds of reactions have been correlated 

through Hammett’s pa treatment, but this could not be applied for SH 

substituents. Table 7 show that only one a value has been suggested for 
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Table 7. Some representative constants for SH and SCHg* substituents 

Group 
a O' 

Aliphatic 
oi 

Aromatic 
o-i 

w-SH 0-25“ 0-25“ 
0-26' 

O^O" 

p-SH 015“ -0-365<* 

m-SCHs 014^ 
Olff 
016^ 
019^ 
015' 
0.144m 

0158“ 019'* 0-21’* 

P-SCH3 -0047'’ 
OOO” 

-OOff 
-OQV 
+ 016^ 
-l-006^ 

-0-604“>“ 

N.m.r. 
CTi a® 

018'* 

014'* 013* 
009** 

-015» 
-0-17" 

-0173» 

“ Reference 58; *’reference 29; ' reference 59; reference 54; ® reference 60; 
^reference!; * reference 26b; '* reference 26a; * reference 57; ' reference 16; ”* reference 
61; " reference 62; ” reference 63. 

m-SH and p-SH, this being a consequence 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 below®^, according to the 

Hammett relationship the thiol group is more electron-attracting than the 

hydroxyl and amino groups. 

NH2 OH (OCH3) SCH3 SH 

a para 
a meta 

-0-66 

-016 
-0-37 (-0-268) 

0-121 (0-115) 
0-00 

0-15 
0-15 
0-25 

B. Electrophilic Substituent Constants 

The only available value in the literature about the effect of the thiol 

group on the rate constant for an electrophilic 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 /7-SH group displays an electron-releasing effect; the same behaviour, 

to even a larger extent, is also shown®® by the /j-SCHg group in a similar 

reaction. 

The difference of activating power in electrophilic aromatic substitutions 

between the thiol substituent and other representative groups is supported 

by the following sequence of values; 

NHj (-1-3)> OH (-0-92)>SCH3 (-0'60)>SH (-0-37)> F (-0 07) 

This trend is in agreement with the relative conjugative abilities (-f 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 Lampe®® for the reaction 

CH3X (g)-f-e--> CH3X (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 energies for monosubstituted 

methyl cations CH2X 

X S.E., kcal/mole X S.E., kcal/mole 

H 00 OH 60 
F 26 SH 64 
Cl 32 OCH3 69 
Br 51 SCH3 74 
I 53 NH2 95 

(S.E.) relative to the methyl cation CHg taken as zero. It should be noted 

that no ordinary substituent constant is able to correlate all the results 
except a+ for certain substituents (NHg, F). 

Taft®® explained the larger S.E. for SCHg relative to OCH3 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 effect 

involves ‘only one predominant interaction mechanism’, namely the 

interaction, while in the other cases (i.e. benzene derivatives 

including also a+ reactivities) this situation does not in general prevail. 
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C. Other Substituent 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 Taft^®*®®’®'^ found it 

convenient to divide the total effect of a substituent into inductive and 

resonance contributions: 
CT = aj + aj^ 

The source for the substituent constants ctj is the following relationship; 

c7i(X) - 045a*(XCH2) 

where a* constants are derived from the hydrolysis of substituted acetic 

acid esters. 

In Table 7 are collected a few values of ctj 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 (T® value®^, which as a rule differs only slightly from has been 

derived for the thiol group. 

The resonance contribution of the thiol group to the reactivity 

in the aromatic series differs only slightly from the Hammett or^am value. 

IV. ELECTROPHILIC AROMATIC SUBSTITUTION 
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 reagents. 

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 

disulphide®^-’^ which may then undergo some nuclear substitution. 

Similarly, while bromination with N-bromosuccinimide of phenols and 

aromatic amines takes place in the ring, the same reaction with aromatic 

thiols leads to disulphides'^^. Other evidence for the low nuclear reactivity 
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of benzenethiols are the coupling of diazonium compounds with thio- 
phenols to form diazo sulphides ArS—N=N—instead of 
mercaptoazobenzenes and the condensation of thiophenols with tertiary 
alcohols, in the presence of acid, to yield sulphides’®’ ” 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 TarbelF®. They 
showed 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. 

Other protective groups for electrophilic reactions in the benzenethiol 
series are the carboxymethyF®’acetonyl, and cyanomethypi groups, 
but these methods are less effective than that of Herz and TarbelF®. 

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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ArSiRg. Many experiments^^ indicate that protodesilylation 'is an electro¬ 

philic substitution in which a solvated proton is the attacking®®’®^ species. 

Most of the features of this substitution are consistent with the classical 

aromatic Sj.2 mechanism proceeding through a a complex. 

Protodesilylation of arylthiols has been investigated by Bailey and 

Taylor®^ and the results are shown in Table 9. 

The reactivity at the ortho and para positions of the sulphur-substituted 

organometallic compounds follows the order: SMe>SH>SPh. 

Table 9. Partial rate factors and log /o: log /„ values for protodetri- 
methylsilylation®^ (methanol-aq. perchloric acid, 50°C) 

Partial rate 
factors log /o: log A, 

Partial rate 
factors log /o: log fj, 

OPh 

88-5 

SPh 

107 
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The data for protodesilylation fit very well the Yukawa-Tsuno 

equation with p = 5-0 and r = Use'of this equation predicts 
agjj = —0-365. 

C. Reaction with Carbon Electrophiles 

Since 1960 the major interest in the field of electrophilic substitution of 

benzenethiols concerns the direct alkylation of thiophenols. 

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 AICI3, AlBrg, AII3, ZrCl4, TiC^, BF3. Also mixtures of 

Lewis and Bronsted-Lowry acids have been used: BF3-H2O-HF, 
BF3-H3PO4. 

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 thiophenols is that reagents 

and catalysts may be chosen so as to favour either ortho- or para-products: 

(i) Boron fluoride does not form stable complexes with aromatic 

thiols^s, and AICI3, AlBr3, AII3, ZrCl^ and TiCl^ are all soluble in 
the thiophenoF^. 

(ii) Direct t-butylation of thiophenol based on boron trifluoride 

catalysed reaction with isobutylene®® occurs exclusively in the para 

position. No o-/-butyl thiophenol can be detected. The same results 

can be obtained with o-thiocresol and 2,6-dimethylthiophenol. 

Thiophenols substituted in the para position do not yield ring- 
substituted products. 

(iii) Often S-alkylation is competitive with ring alkylation. 

(iv) Alkylation with propylene- or butene-BF3 produces low yields of 

wopropyl or i-cc-butyl thiophenol and the substitution appears to 

be entirely or//2o®®> Other Lewis acid catalysts give essentially 

ortho substitution with propylene, cyclopropane, 1-butene, 2-butene, 
1-pentene and ethylene®^. 
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(v) Alkylation with isobutylene —BFg—H3PO4 converts thiophenol 

mainly into 4-tert-butylthiophenol with some ortho derivative®*^. 

(vi) Dihydroxyfluoroboric acid as a catalyst directs the substituent 

both to the ortho and para positions®^. 

Other alkylating procedures were described®^’®® but the properties of the 

resulting alkyl derivatives not given. Thiophenols with a tertiary alcohol 

or mercaptan in the presence of AICI3 give p-tert-aXkyX substituted thio¬ 

phenols®®. 

2. Tritylation 

The triphenylmethyl cation has been shown to attack predominantly at 

the para position of anilines and phenols®'*’®®. Ortho- and meta-ammo- 

phenols give the C-tritylated derivatives with the trityl group in the para 

position with respect to the amino group®®. Tritylation of aromatic thiols 

gives tritjd aryl sulphides and not nuclear substitution products^®’®®. 

Tritylation of each aminobenzenethiol isomer yields®^ 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 taken®^ as an evidence 

of the expansion of the valence shell of sulphur. Re-examination*® of the 

problem by means of Hiickel MO calculation gave a series of reactivity 

indices which correctly predicted the point of attack by the triphenyl¬ 

methyl carbonium ion in aminophenols but not in aminobenzenethiols. 

The latter reaction, which is an electrophilic attack of an alkyl ion on the 

electron-rich sulphur atom, was still explained*® through valence shell 

expansion of sulphur and the following mechanism was proposed*®. 

SH 

Ph3C — 

NHj 
^ — 

TT-complex charge-transfer complex 

-f H 

15 
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3. Acylation 

No examples are known of direct nuclear acylation of arylthiols; 

attempts'’® to acetylate benzenethiol gave only the phenylthioacetate. This 

was tentatively explained®® in terms of the following mechanism: 

H,0 
——> 

SAc 

+ AcOH 

Alternatively the intervention of a co-ordination complex (18) between 

the catalyst and the oxygen of the acyl group was postulated®®. 

The partial positive charge on sulphur would in this case prevent 
nuclear acylation. 

Only if a strong activating group such as, e.g. methoxy, is present in the 

arylthiol (19), can nuclear acetylation be observed®® (20). In this case, 

however, the electrophilic substitution is clearly dominated by the 
methoxy group. 

CH,COCI 

AICI, 

(20) 

An attempted Fries reaction^®® with thiolesters was unsuccessful. 

Ring acylation of thiols was successfully achieved only as described in 
section IV.A. 

4. Reaction with carbon tetrachloride 

While in the presence of chloroform and alkali phenol undergoes the 

Reimer-Tiemann reaction, benzenethiol gives, in the same conditions, 
phenyl orthothioformate, HC(SPh)3^®^. 

When heated with carbon tetrachloride and alkali, benzenethiol gives^®^ 

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 

A. Neighbouring Group Participation by the Thiol Group in Nucleophilic 

Substitutions 

It is well known that groups not directly bonded to the reaction centre 

may strongly affect the rate and the stereochemical course of aliphatic 

nucleophilic substitutions, particularly if they possess unshared electrons. 

This phenomenon was named ‘neighbouring group effect’ by Winstein^”®, 

who later^*^ proposed the term ‘anchimerism’ and called reactions which 

are accelerated by neighbouring group participation ‘anchimerically 

assisted’. 
The kinetic result of this assistance in nucleophilic substitutions is that 

substituents on j8, y or S-carbon slow down the rate much less than 

expected on the basis of their -I effect or, alternatively, accelerate the 

reaction more than expected on the basis of their +1 effect. 

Typically, jS-chloroethyl ethyl sulphide (21) ClCHaCHaSCHgCHg, is 

hydrolysed, in aqueous dioxane, 10,000 times more rapidly^^ than the 

corresponding ether ClCHgCHaOCHgCHg. This rate difference is far too 

large to be attributed to modifications in electronic or steric effects. The 

proposed mechanism for this solvolysis of sulphides^®®-^®® 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) this species may either revert to the reactant by 

attack of the chloride ion or react with water to give the hydroxysulphide 

(23). 

CHg —Cl i 
+ 
s- 

■ / \ / 
Et CH2 

(22) 

-CH, + Cl 

H,0 very fast 

Et —S —CH2 —CHj —OH 

(23) 

The relative neighbouring group effect of various ^-substituents follows 

the order^^®; 

0->SH, SR>NR2>I>Br>OR 

It must be noted that, with the exception of O , all these substituents 

have a —I 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^^^. 

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 ^S-amino thiols 

(24) with bisulphide ions or thiolates to give dithiols or mercaptothioethers 
(25) 112. 

HS" (RS-) —CH —CH — 
->• I I 

SH SH(SR) 

(25) 

Convincing evidence indicates the intermediacy of an episulphide 

derived from a nucleophilic intramolecular displacement of ammonia by 
the negative sulphur atom of (26). 

—CH —CH— 
I I 

SH NHg 

(24) 

NHj 
I 

-c-c- 
I I 
SH 

iNHj 

(26) 

I I HS- (RS-) 
-c—c— -^-> 
\ / 
s 

-c-c- 
I I 
SH SH(SR) 

Transient formation of episulphides was also observedn^ during the 
distillation of simple ^-amino thiols (equation 4). 

HSCH2CH(SH)CH20H 

(27) 

HSCH2CH(0H)CH2SH 

(28) 

HCI HSCH2CH-CH2 

\+/ 
s 

1 

Cl- 
-> 

1 
H 

(29) 

HSCH2CH(SH)CH2CI or HSCH2CHCICH2SH 

(30) (31) 
> H2C — CHCHjSH 

(32) 

Treatment of 2,3-dimercaptopropanol (27) or 1,3-dimercaptopropan- 
2-ol (28) with hydrochloric acid followed by addition of sodium hydrogen 

carbonate givesH^ 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). 

RjNCHjCHjSH -^ RjNH + CH2-CH2 (4) 
\ / 

S 

Another example of neighbouring group participation by the thiol 

group, also involving a molecular rearrangement, is given^^® in the 

reaction scheme shown below. 

MeCH(SH)CH20H MeCH-CHj + Cl -^ MeCHCICH2SH 

(33) (35) 

H 

(34) 

A rearrangement is also observed^^^ in the reaction of 1,4-dimercapto- 

butan-2-ol (36) with hydrochloric acid; in this case the final product is the 

3-mercaptothiolane (38). 

CH2SH CH2 + 
1 1 ;sH 
CHOH HCl , CH 1 

CH2 1 ^ 

^ 1 
CHj 

CH2SH CHgSH 

(36) (37) 

CH2-CH-SH 
I I 

-> CHj CH, 

(38) 

The existence of a cyclic sulphonium ion produced in nucleophilic 

substitution reactions involving hydroxyl or halogen substituents in the 

j8-position with respect to a thiol or sulphide group had been postulated^^® 

since 1946, in order to explain the formation of the same 2-chloro-«- 

propyl ethyl sulphide (42) either from ethyl 2-hydroxyisopropyl sulphide 

(39) or from ethyl 2-hydroxy-n-propyl sulphide (40) when these are 

allowed to react with hydrochloric acid or thionyl chloride. 

CH, 
I 

Cl 
I 

C2H5SCH2CHCH3 

(42) 
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Evidence for such a mechanism was also found^^'^ in the case of 

6-hydroxysulphides with the final formation of a five-membered ring. 

A similar cyclic sulphonium ion was also postulated^^® to explain the 

features of solvolytic reactions of ^-chloroethyl sulphide. 

The results of a stereochemical investigation^^® also support neighbouring 

group participation of sulphide or thiol groups in nucleophilic substitution 
reactions. 

+ 58-58° 

SH 

CH3CH-CHCH3 -Q > 

OH 

[a]^^ + 16-00° 

IT CH3CH-CHCH3 j \+/ 3 

s 
I 

H 

NaHC03 

- 18-34° 

The final episulphide, although optically impure, displays a large 

negative rotation. Since three inversions occur at Q and one at Cg (centres 

of inversion are identified by an asterisk), it can be concluded that the 

whole process results in a net configuration inversion at both carbon atoms 
of the starting epoxide. 

It is worth mentioning that ^-halogenothiols are fairly unstable and are 

the starting materials for a general synthetic method^®® for the preparation 

of episulphides based upon the intramolecular substitution of the halogen 
atom by the thiol group. 

The solvolysis of the 2-chlorocyclohexanethiols in aqueous dioxane has 
been investigated in detaiFh Rates of solvolysis of both cis- and tram- 

isomers suggest different kinds of neighbouring group participation. The 

behaviour of the cis- (43) and of the tran^'-isomer (44) has been explained 

as resulting from H-participation (equation 5) in the first case, and as a 

consequence of SH-participation (equation 6) in the second. In the case of 

the cw-isomer, the kinetically measured product was the final ketone and 
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not the intermediate thione which is assumed to be rapidly-hydrolysed in 

aqueous dioxane. Conversely the trans-isomQT, supposed to react in the 

diaxial conformation, is solvolysed into the episulphide which is 

sufficiently stable to be kinetically detected. 

(44) 

It should be noted that the cw-isomer (43) reacts less rapidly than 

c/5-2-chlorocyclohexanol, thus suggesting that the driving force for 

H-participation is smaller; on the contrary the tmns-isomer (44) reacts, 

as expected, much more rapidly than ^ran5-2-chlorocyclohexanol 

indicating that SH participation is more effective than OH participation. 

The solvolysis of the chlorocyclopentanethiol (45) was also investigated^^^ 

and SH-participation detected. 

Cl 

(45) 

This represents an unusual case in which the solvolysis of a tertiary 

chloroderivative does not proceed through a Sj^l mechanism. 

The neighbouring group effect of the thiol group is enhanced when a 

vicinal dithiol system is adjacent to the reaction centre. In fact the 
cyclization of 2,3-dimercaptopropyl acetate (46b) is much easier^^a than 

that of 2-mercaptoethyl acetate (46a). 

OAc 
I 

X-CH-CH2 
I 
SH 

a, X = H 
b, X = CH^SH 

(46) 

X -CH-CH2 

a, X = H 
b, X = CHjSH 

(47) 
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A possible explanation of the neighbouring group assistance brought 

about by a vicinal dithiol system has been given by Owen^^^ and is based 

on the assumption that the thiol group at Cg of (46b) interacts with the 

carbonyl carbon to form either a chelate or a true addition compound 

(48). The Cg—S“ bond (in the shown equatorial conformation) would 

then be co-planar with the bond system Cg—Q—O as well as trans 

with respect to the C—O bond, a favourable situation for displacement. 

The peculiar reactivity of a vicinal dithiol group is also evident in the 

acyl derivatives of 3,4-dimercaptobutanol (49) which cyclize to give 
3-mercaptothiophan (50) 123.124 y^j^ile neither 3- nor 4-mercaptobutyl- 

acetate undergoes any cyclization. 

CHpSH 
I 

CHSH 
I 

CH, 
I 

CHjOAc 

(49) 

A molecular rearrangement, not easily detectable, occurs in the 

acylation reaction of 3-mercaptopropylensulphide (51). 

H2C—CH-CH2SH (a)CH3C0Ci H,C — CHCHoSCOCH, 

S (b) NaHCO, 

(51) (52) 

It has been demonstrated^^s, by isolating the intermediate 2-chloro-3- 

mercaptoacetylpropanethiol, 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. 

H2Q—^,CHCH2SH CH3COCI. CH,CHCICH,SH NaHCO, 
\ / -^ I - 

SCOCH3 

CHjCH — CH2 

SCOCH3 
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Intramolecular nucleophilic substitutions also occur in 3-mercapto- 

substituted halogen derivatives (53) leading to the formation of thietane 
(54)125. 

HO 

HSCHsCHCOHlCHgCl 

While the intramolecular sulphuroxygen migration of an acyl group 

is quite usuaP^-igss well-known is the oxygen ^ sulphur migration of 

an alkyl groupie® 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 

Sj^i type mechanism in which the migration of the methyl group involves 

a six-membered transition state (56)i28. 

Another example of interaction between a thiol and a carboxyl group 

has been found^^^ in compound (57). 

CjHsOgC^ ^CN 

S' SH 
I 

CHjCOOH 

(57) 

Ethyl 4-0X0-l,3-dithiolan-2-ylidenecyanoacetate (58) is soluble in 

alkali and it could be shown that this is not due to enolization but to ring¬ 

opening so that the conclusion has been reached that the cyclization is an 

easy reversible process. 

B. Other Proximity Effects 

While thiols with no hydrogen atoms on the ^-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 eliminating the hydrogen,atom on the ^-carbon was 
proposed^^®, 

A i I 

While m- and p-nitrophenylmethanethiols do not appreciably react in 

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-nitrobenzylthio)acetic 

acid (60) In marked contrast, o-nitrobenzyl alcohol reacts very slowly^^". 

The cyclization of o-(N-acyl-N-methylamino) benzenethiols (62) into 

2,3-benzothiazolium ions (63) has been quantitatively studied^^^ and the 

following cyclization pathways have been put forward. 

0:*>- R + OH' 

CH, 
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C. Acid-Base Equilibria 

The best known example of the proximity effect of a thiol group 

involving an acid-base reaction can be found within the mercaptobenzoic 

acid series where the ortho-isomer shows a higher acidity compared with 

that of the meta and para analogues®®. 

o-mercaptobenzoic acid 5-02 (ethanol 48-9%, 20°C) 

m-mercaptobenzoic acid p^a- 5'42 (ethanol 48-9%, 20°C) 

/7-mercaptobenzoic acid 5-56 (ethanol 48-9%, 20°C) 

Irving, Nelander and Wadso^ have systematically studied the thermo¬ 

dynamics of the ionization for a number of thiols in aqueous solutions. 

They found that the thiol group in o-mercaptobenzoic acid has a low 

— value which has been tentatively explained by the formation of an 

intramolecular hydrogen bond in the monoanion (64). This stabilization 

O 
II 

(64) 

of the monoanion can explain the higher acidity of the o-mercaptobenzoic 

acid. -On the other hand, the corresponding free carboxylic acid is not 

hydrogen-bonded® between the S-atom and the carboxyl group. An 

analogous explanation has been suggested also for the corresponding 

phenols’^^’ 

D. Effects of the Thiol Group on Conformational Equilibria 

Simple monosubstituted cyclohexanes, and also a number of poly- 

substituted ones, may exist in two conformations^®®, namely the axial (65) 

and the equatorial (66). If the rate of interconversion is fast compared 

with the rate of reaction, the reactivity of molecules of this kind clearly 

depends upon the reactivity of both conformers, as exemplified in scheme 

(7). 
X 

Products ^ ^ Products 
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Eliel^®^ 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. 

^ — ih^K+k^l{K+1) (8) 

Another equivalent relationship was derived earlier by Winstein^^® for 
the same reacting system. 

From equation (8) and the known rate constants it was possible to 

calculate the energy dilferences between equatorial and axial substituents. 

In Table 10 are collected some energy differences obtained by this and other 
methods. 

Table 10. Free-energy differences between equatorial 
and axial substituents in monosubstituted cyclo¬ 

hexanes 

Group X — AG®, kcal/mole Reference 

OH 0-3-1 0 a, b 
OCH3 0-6-0-7 a, b 
OQH5 0-9-10 a, b 
F 0-2 a, b 
Cl 0-3-0-5 a, b 
Br 0-2-0-9 a, b 
I 0-3-0-4 a, b 
SH 0-6-0-9 b 
SCeHs 0-8 a, b 
SAlk 0-4-0-7 b 
SCH3 0-7 b 
s- 1-3 b 
CH3 1-5-2-0 a, b 

“ Reference 133; ** reference 136. 

From the data of Table 10 it clearly results that the thiol group favours 

the equatorial conformation in cyclohexanethiol although a studyi37 

reported the axial conformer to be more stable by 0-4 kcalmole~i. 

The effect imported by the thiol group on conformational equilibria in 

open-chain alkanethiols has been also investigated by means of i.r. 
spectroscopy^. 

The i.r. spectral data of some alkanethiols in carbon 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 attributable 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 

invoked®, by analogy with the corresponding alkanols^®®. 

Table 11. I.r. spectral data® of some 
alkanethiols in CCI4 

Compound vsH, cm-1 £ 

CH3SH 2586 — 

C2H5SH 2578 2-2 
w-CiHsSH 2578 2-2 
/-CgHvSH 2577 30 

2577 2-7 
t-C4H9SH 2572 2-1 

The possible staggered conformations which can explain the variation 

of frequency are shown below. 

X = hydrogen or carbon 

The existence of such an isomerism was demonstrated by Krueger, Jan 

and Wieser^®. 

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 conformers classified on the basis of the trans lone-pair/a-CH 

bond interactions. The assumption was made that two such interactions 

raise v(SH) or v(OH) about twice as much as does a single interaction^®. 

As an example the spectral data for 2-propanethiol-2-di are indicative 

of the following conformational equilibrium 

The conclusion has been reached that conformer 67 dominates in 

dilute CCI4 solution as well as in the pure liquid and gas phase. On the 
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Table 12. Conformations and corresponding'^(SH) and v(OH) values in 
alkane-thiols and -ols (X = S, O)^® 

Number of interactions (lone-pair/a-CH) 
Compound- 

Two One None 

CH3XH 

RCHaXH 

R2CHXH 

R3CXH 

CH3SH 2587 
C3H5SH 2582 sh 
w-CiHgSH 
/-C3H,SH 
^-CiHgSH 
t-C4H3SH 
r-CgHnSH 

2582 sh 

CH3OH 3643-8 
C2H5OH 
/-C3H,0H 
r-C4H90H 

3637-3 

R 

H 

Frequencies (cm“^) 

2577 
2577 
2576 2562 sh 
2578 2567 sh 

2573 
2572 

3627 
3627-1 3617 

3616-9 

sh = shoulder. 
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other hand the concentration of the more acidic form (68), with the 

possibility of a favourable lone pair/a*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-aminothiophenols^’ i39-i4i 

By means of the microwave spectra of normal (69) and deuterated (70) 

allylmercaptan it has been demonstrated^^^ that this thiol molecule exists 

CH2=CHCHjSH CH2=CHCH2SD 

(69) (70) 

only in the gauche form (71) with the thiol hydrogen relatively close to the 

TT electrons of the double bond. > 

HS 

(71) 

It should be remembered that allyl fluoride^^ and allyl cyanide^^^ may 

exist both in the cis as well as in the gauche conformations, while for allyl 

alcohoT^^ allyl chloride, bromide and iodide^^® the most stable con¬ 

formation is the gauche. While the stability of the gauche form for the 

thiol (and the alcohol) can be attributed^^^ to an electrostatic attraction 

between the -n electrons and the acidic proton, in the other cases the higher 

stability of the gauche vs. the cis conformer has been attributed^^^ to the 

size of the substituent on the methylene carbon. 
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I. INTRODUCTION 

Investigations of the photochemical decomposition of thiols date back to 

1938 and the work of Thompson and coworkers^’2. The mechanism 

tentatively proposed at that time for the photolysis of methanethiol 

consisted of the following three steps: 

CH^SH+hv- -^ CH3S+H (1) 

H + CH3SH- -> CH3S+H3 (2) 

2 CH3S- -> CH3SSCH3 (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 (1), (2) and (3) remains an 
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adequate description of the main mode of photochemical decomposition 
of this and other thiolsf. 

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 ethanethiol in heptane solution is shown in 

Figure 1. The absorption characteristics of this compound are typical of 

the lower molecular weight thiols, with a weak band, e x 10^, around 

2300-2400 A, and a second, appreciably stronger absorption, ex2x 10^, 

with a maximum around 2000 A. Apart from a slight shift in 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 Simpson^ 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 H—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 A > 2000 A, excitation to both states may be occurring. One 

recent study to be discussed below (cf. section II.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, 

DCCHg—SH) = 73 kcal/mole 

while the S H bond is 88 + 5 kcal/mole in the lower molecular weight 

alkanethiols^. Despite this energy difference the main mode of decomposi¬ 

tion in the photochemical system is S—H cleavage. The lability of the 

t The photochemistry of HaS 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 sulphide. A concise summary with references 
to the important reactions in the photodecomposition of HgS is contained in a 
recent report on the flash photolysis of H,S by R. B. Langford and G A 
Oldershaw, J. Chem. Soc. Faraday Trans., 68, 1550 (1972). 
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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 
thiol molecule. When other species that might be susceptible to radical 
attack are also present, the lability of the S—H bonds renders it vulnerable 

Figure 1. Ultraviolet absorption spectrum of ethanethiol in heptane solution. 
Reproduced by permission from DMS UV Atlas of Organic Compounds, 

Vol. IV, Verlag Chemie, Weinheim; Butterworths, London (1967). 

in that case as well. This high reactivity 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 energy in the primary photochemical process 
leading to the formation of H-atoms with excess energy. 
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II. GAS PHASE PHOTODECOMPOSITION OF THIOLS 

A. Photolysis of Methanethiol 

The first quantitative study of the photochemical decomposition of 

alkanethiols in the vapour phase was an investigation of the CHgSH 

system carried out by Inaba and Darwent®. 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 the region near 2537 A. When the decomposition was restricted to less 

than 0-3%, Hg and CH4 were the only noncondensable gases observed. 

No attempt was made to analyse for other reaction products. 

It was suggested that CH4 results from secondary reactions and that 

hydrogen production is via reaction (1) as the primary process, followed 

by abstraction in reaction (2). Experiments with CHgSD produced entirely 

Dg and no Hg or HD, eliminating possible involvement of the methyl 

hydrogens in either the primary process or the subsequent abstraction 

reaction. When ethylene is added to the system H-atoms can be scavenged 
by the process 

H+C2H4-> c.Hs (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^jk^, 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 Knight® studied the photolysis of CHgSH 
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, CHgSNO, as a product when the photolysis was conducted in the 

presence of nitric oxide. The thionitrite is formed via reaction (5), 

CH3S+NO-> CH3SNO (5) 

but is a relatively unstable compound. If the pressure of nitric oxide 

exceeds 20 Torr, a chain reaction giving nitrogen appears to become 

important and evidently continues for some time after the termination of 

the photochemically induced decomposition. Thus it is difficult to utilize 

CHgSNO yields to measure quantitatively methylthiyl radical production. 

However, observation of significant amounts of this product is strong 
evidence for reaction (1) as the primary process in this system. 

Since the higher molecular weight thionitrites are considerably more 

stable than CHgSNO, 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 CH3SH, Steer and Knight found CH3SSCH3, 

HgS and CH4 as products and determined their yields under a variety of 

experimental conditions. Figure 2 shows the rate of formation of these 

Figure 2. Rate of formation of CH3SSCH3, Hg and CH4 as a function of 
methanethiol pressure in the photolysis of CH3SH at 2537 A and 25°C. The 
yields of HaS are the same within experimental error as those of methane. 
Reproduced by permission from R. P. Steer and A. R. Knight, J. Phys. Chem., 

72, 2145 (1968). 

products as a function of methanethiol 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 in the rates of and CH4 

formation is not associated with absorption effects, quantum yields (O) 

were measured as a function of pressure and the data obtained are shown 

in Figure 3. Thus although the value of (FCHg) at zero pressure is unity, the 

value evidently increases with pressure. Furthermore, the yield of CH4 

[and of H2S whose yields are not shown in the figure] does not extrapolate 
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to zero. The latter observation would tend to indicate an additional 
primary process, 

CH,SH+hu-> CH3+SH (6) 

is occurring, followed by hydrogen atom abstraction by CH3 and SH 

radicals. However, the fact that the quantum yield of Hg + CH4 is greater 

Methonethiol Pressure, torr 

Figure 3. Quantum yields of Hg and CH4 as a function of methanethiol 
pressure in the photolysis of CH3SH at 2537 A and 25°C. Reproduced by 
permission from R. P. Steer and A. R. Knight, J. Phys. Chem., 72, 2145 (1968). 

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 CH4 and HgS are formed through the following sequence in 
which * indicates an excited species: 

2 CH3S> CH3SSCH3* 

CH3SSCH3*+cH3SH-> CH3SSCH3+CH3+HS 

CH3SSCH3*+CH3SH-> CH3SSCH3+CH3SH* 

CH3SSCH3* + M-> CH3SSCH3+M* 

CH3+CH3SH-^ CH3+CH3S 

HS+CH3SH-^ H3S+CH3S 

CH3SH* + M-> CH3SH + M 

(7) 

(8a) 

(8b) 

(9) 

(10) 

(11) 

(12) 
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When CF4 was added to the system as a thermalizing addend, it was found 

that H2 yields were unaltered, while those of CH4 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 

susceptible 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 (8a) makes a significant contribution is open to 

question, particularly in view of more recent work on the ethanethiol 

system to be discussed below. 
The major features of the dependence of product yields on pressure 

of added ethylene in this system 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 sulphide formation and the 

continued formation of ethyl disulphide are explainable on the basis of 

reactions (1), (2) and (4) and the sequence; 

C2H5+CH3SH -> C3He+CH3S (13) 

QHe + xCjH, —higher alkanes-hCHjS (14) 

2CH3S ^ CH,SSCHf-CH.SSCH, (15) 

CH3S-fC2H3 » CH3SC3H3 (16) 

CH3SC3H3-I-CH3SH > CH3S-f-CH3SC3H5 (17) 

A kinetic treatment of the mechanism yields the following expression for 

the quantum yield of methyl ethyl sulphide formation. 

(PCCHgSQHg) - (l/7Ji 
/C46;^1,[CH3SH][C2H4] 

+ ^^[CHgSH]) 
(18) 

where 4 is the absorbed intensity. This predicts, as observed (Figure 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 

kjki - 2-32 ±0-11 compared to the value of 1-7 obtained by Inaba and 

Darwent^. 
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Graham and coworkers have utilized the photolysis of methanethiol to 

determine a number of absolute values for* the rate constants for the 

addition of CH3S radicals to olefins. In a study^ of the photolysis of 

Knight, J. Phys. Chem., 72, 2145 (1968). 

CHgSH with cis- and trans-buicnt-l, they demonstrated that the isomeriza¬ 

tion of the olefin, which arises because of the reversibility of the addition 

process, reaction (16), 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 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), thiyl radical recombination. Using the rotating sector 

intermittent illumination technique a value of = 2-5 x 10® 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 10® for ethylene 

and 1-6x10® 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 Tossing^® studied the Hg(®Pi)-photosensitized de¬ 

composition of CHgSH 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 CHgSH decomposed, 

were as follows: CH3SSCH3 [0-131], CH3SCH3 [0-138], HgS [0-385], 

CgHg [0-175], CH4 [0-066] and Hg [0-136]. The product CH3SSH was also 

detected but could not be determined quantitatively. The inordinately 

large hydrogen sulphide yield was thought to be 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(CD3)2 was 

decomposed simultaneously in the flow system and provided a clean source 

of CD3 radicals. Under these conditions formation of CH3SCD3 and 

CD3SH could be observed, arising via the processes 

CD3+CH3S-> CD3SCH3 (19a) 

CD3+SH-^ CD3SH (19b) 

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 in the sensitized 

decomposition, which must 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 Dickson^^ who examined the flash photolysis of CH3SH 
at 1950 A and observed absorption spectra due to all three possible 

primary radicals, CH3S, CH3 and SH. 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 A is 1 : 1-7. 
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B. Photolysis of Ethanethiol 

Two recent investigations of the gas phase photodecomposition of 

CgHgSH by White and coworkers^^ and by Steer and Knight^^ 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 Hg, C2H4, CgHg, HgS and 

C2H5SSC2H5. The general characteristics of the reaction can be explained 

on the basis of a mechanism entirely analogous to that proposed for 

methanethiol. The key element of uncertainty is the origin of QHg and 

SH radicals in the system. 

Steer and Knight used acetone as an actinometer at 2537 A and reported 

0(H2) = 0-97 ± 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: 

2 C.H^S-> C2H5SSC2H* (20) 

C^HsSSQHf + C^HsSH-> C^H^+SH + C^H^SSCjH, (21) 

The reduction in the yields of products coming from QHg and SH 

radicals, that is observed when the pressure in inert addends is increased, 

is explainable on the basis of C2H5SSC2HI molecules being collisionally 
deactivated. 

White and coworkers, on the other hand, made use of both HBr and 

HI actinometry at 2537 A and found <I>(H2) = 0-82 ± 0-02, independent of 

C2H5SH pressure. They therefore proposed that the primary decomposition 
may proceed by two routes, 

CjHsSm-/?^--> (fjHs^ + SH (22) 

C2H5SH+/71’-> C2H4 + H2S (23) 

in addition to the predominant primary step, 

C2H5SH4-/JV-> C2H5S+H* (24) 

The subsequent reactions of the primary product radicals were proposed 
as follows: 

H* + C2H5SH-> + (25) 

H + C2H5SH-^ C2H5S + H2 (26) 

C2H*+C2H3SH-> C2H,+C2H,S (27) 

C2H5+C2H5SH->- C2H5+C2H5S (28) 
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SH+CjHjSH -> H^S+CjHsS (29) 

C2H5S+C2H5S- -> C^HsSSCjHs (30) 

H^ + C^H^SH -> CjHj+HjS (31) 

CjHf + C^HsSH- -> C^H.+C.H.+SH (32) 

H* + l\/l > H + M (33) 

C,H* + M -> C^Hs+M (34) 

This mechanism ascribes the pressure dependence of CgHg, C2H4 and HgS 

to the participation of hot hydrogen atoms and hot ethyl radicals. These 

species, which attain energy in 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 [M], or by increasing pressure 

of the thiol itself. Thus the steady state treatment of the reaction sequence 

yields, for example, the following expression for 0(C2H(j): 

d)(C2He) = 0)22 A:3o[C2H5SH](D24 
(^24 + ^3o)[C2H5SH] + A:33[M] 

(35) 

and the predicted decline in ethane yields with pressure has been observed 

in both investigations. White and coworkers also photolysed C2H5SSC2H5 

(known to give excited disulphide molecules^^) in the presence of C2H5SH 

at wavelengths where only the disulphide absorbs and found no products 

arising from QHg or SH radicals, thus 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 mechanism 

given above, which is otherwise consistent with all of the other data from 

both studies, is, on the basis of the available data, the more plausible one. 

The investigation of White and coworkers^^ also included a study of the 

photolysis at 2140 A. The results indicate that at this shorter wavelength 

reactions (22) and (23) account for a larger proportion, ca. 20%, of the 

primary decomposition, a characteristic of the reaction reflected principally 

in a reduced hydrogen quantum yield of 0-75. Thus although the effect is 

not particularly pronounced, it appears that the absorption band centred 

at 2000 A may be due to the transition leading to C—S bond cleavage. 

This suggestion is consistent with these authors’ 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 in 1967 aroused considerable interest in the 

question of the energetics of the primary photochemical decomposition of 

thiols in the gas phase. Gann and Dubrin^® studied the flash photolysis 

of HgS at 2138 A in the presence of C4D10 and interpreted the formation 

of HD 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 HgS. In another 

study, Kuntz^® examined the reactions of hydrogen atoms from the 

photolysis of HgS, CH3SH and CgHgSH with ethylene and observed a 

surprising pressure dependence of the rate constants 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 C4D10 by Dg as the energy-sensitive detector, 

to establish not only the participation of hot hydrogen atoms, but also the 

partitioning of the energy at various wavelengths between RS and H 

fragments. Experimentally the rates of H2 and HD formation are measured 

as a function of [RSH]/[D2] in the presence and absence of thermalizing 

addends. The results can be interpreted kinetically on the basis of the 
following mechanism, for the methanethiol photolysis^^. 

CH,SH+hu -^ CH3S4-H* (36) 

H*+CH3SH -> H3-I-CH3S (37) 

-5- HD + D (38) 

H*-|-CH3SH -^ H-I-CH3SH (39) 

H*-|-D3 -> H + D3 (40) 

—H-f-M (33) 

H-f-CH3SH -> H3-I-CH3S (2) 

D-I-CH3SH -> HD-I-CH3S (41) 

2CH3S -^ CH3SSCH3 (3) 

hh-d^ -> HD + D (42) 



467 10. Photochemistry of thiols 

The expression for 2![H2]/[HD] product ratios obtained from the steady- 

state treatment of the mechanism is 

2[H2] (^37 +^38) [CH3SH] k,, ^33[M] 

[HD] k,, /:3s[D2] 

which predicts that 2[H2]/[D2] should be a linear function of the ratio of 

thiol to deuterium concentrations. This linear dependence was in fact 

observed in this and all other thiol systems studied. In the absence of 

thermalizing gas, [M] = 0, the intercept yields while in the presence 

of M at a constant [M]/[D2] ratio the intercept is 

^40/^38 ]/ [^2] • 

As a general criterion in systems of this kind, the observation of a 

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 k^Jk^s ratios gives 

an indication of the relative efficiencies of various thermalizing addends. 

Using this technique, for example. White and Strum^® showed that in 

the photolysis of CHgSH at 2537 A, k^lk^^ = 5-3 ±0-47 while at 2288 A 
the rate constant ratio is 1'96 + 0T2 indicating that H-atoms produced at 

the shorter wavelength have appreciably more energy. 
If the variation in 2[H2]/[HD] with reactant ratio [CH3SH]/[D2] is 

compared with that produced by photolysing HBr or HI in the presence 

of D2 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[H2]/[HD] in the case of the HBr 

or HI experiments serves as a calibration point since the initial transla¬ 

tional energy, £’«, of the H-atoms formed in those systems can be computed 

unambiguously. 
In terms of the kinetic treatment of the mechanism listed above, if 

kio/hs is represented as Zq (the intercept of the 2[H2]/[HD] vs. [HXj/Pg] 

plots, where X = RS, Br or I) then the quantity (Zo + l)“^ which is equal 

to [HD]/([H2]-f [HD]) represents the fraction of H-atoms that react 

while still translationally excited, in the limiting case of pure Dg. Thus a 

plot of (Zo+1)“^ for the case of HBr (or HI) vs. serves as a calibration 

curve from which the value of Eq for H-atoms produced by RSH species 

can be computed when the value of (Zq+1)“^ for that system has been 

determined. Furthermore, E^^^, the maximum energy which the H-atoms 

can receive from the primary process involving thiols can be calculated 

through equation (44), 

■E’max = (i'Als/i^KSH)(^’^“'^D(RS-H)) 
(44) 
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where Mj^g and Mj^gg are the molecular masses of the thiyl radical and 

thiol respectively, and is the S—H bond strength in the thiol, and 

thence 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 

C2H3SH /Dj 

Figure 5. The variation of 2[H2]/[HD] as a function of the ethanethiol : 
deuterium concentration ratio in the photolysis of QHsSH-Da mixtures at 
2537 A and 2288 A. Reproduced by permission of the Journal of Chemical 
Physics and the authors from J. M. White, R. L. Johnson and D. Bacon 

J. Chem. Phys., 52, 5212 (1970). 

ethanethiol-deuterium mixtures^^ and a plot of (/„+ l)-i for the photolysis 

of HBr in the presence of The values of (/o+l)-^ in Figure 6 

indicated for A = 2288 A and A = 2537 A were computed from the 

observed intercepts in the 2[H2]/[HD] plots in Figure 5, and show that the 

value of Eq for the hydrogen atoms from the C2H5SH photolysis is TO eV 

at 2537 A and 1-35 eV at 2288 A. The corresponding E^^^ values, calcu¬ 

lated from equation (44), are 1-03 eV (2537 A) and 1-57 eV (2288 A). Thus 

the energy partitioning ratio = E(RS)/Eo(H) 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 in the translationally excited hydrogen atoms formed 

therein. The energy partitioning ratios calculated from the data of White 

and coworkers^®’for methanethiol and ethanethiol are summarized in 
Table 1. 
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Figure 6. Dependence of the function (/o+l)“^ (see test) on the initial 
translational energy, Eq, of H-atom.s as determined in the photolysis of 
HBr-Dg mixtures. The graph also indicates the (/o + l)“^ values measured in 
the photolysis of ethanethiol at 2537 A and 2268 A and the corresponding 
values of E^. Reproduced by permission of the Journal of Chemical Physics 
and the authors from J. M. White, R. L. Johnson and D. Bacon, J. Chem. 

Phys., 52, 5212 (1970). 

Table 1. Wavelength dependence of the energy partitioning ratio 
Re in the photolysis of thiols 

Thiol Wavelength (A) Re = R(RS)/i'o(H) Reference 

CHjSH 2537 018 20 

CH3SH 2288 0-28 20 

CH3SH 2138 0-39 20 

CH3SH 1849 1-51 20 

QH5SH 2537 003 19 

QHsSH 2288 015 19 

C3H3SH 2138 0-30 21 

C3H5SH 1849 1-60 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 CH3SH and CgHgSH 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 Knight^^. In that context the reactions to be considered in the 

general case of RSH + CaH^ mixtures are: 

RSH+hv -> RS-f-H (45a) 

RSH-}-/?!'- -> RS-MH* (45b) 

H-i-RSH -^ Hj-l-RS (46) 

H*+RSH -^ Hj-t-RS (47) 

-> CjH, (4) 

-> (48) 

C2H5+RSH -CjHe-t-RS (49) 

H*+M -> H-MVI (33) 

In the absence of deactivating addend, the kinetic treatment of the above 

sequence yields, from a measurement of the yield of H2 as a function of 

olefin pressure, the rate constant ratio Values of 2-32 ±0-11 for 

the CH3SH—C2H4 system® and 2-00 ±0-05 for the C2H5SH system^s 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. 

kiJk^. Steer and Knight examined the photolysis of 25 Torr of ethylene 

and of either methanethiol or ethanethiol as a function of added COg 

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 /:46/^4 = M5±0-10 (methanethiol) and l-05±0-05 

(ethanethiol). A series of comparable experiments at 2288 A 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. 

Figure 7. Rate of formation of as a function of added CO2 in the photolysis 
of mixtures of 25 Torr C2H4 and 25 Torr of CH3SH, •, or 25 Torr C2H5SH, 
O. Reproduced by permission of the National Research Council of Canada 

from the Canadian Journal of Chemistry, 46, 2878 (1968). 

III. CONDENSED PHASE PHOTOLYSES 

Thiols have been photodecomposed both as pure liquids and in solution 

in 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 recent study of the photolysis of neat liquid ethanethiol indicates that 

to be the case^®. 
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 
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exclusively in process (2) to form Hg and an additional RS species. If a 

hydrogen donor, QH, is added, H-atom abstraction from that species will 

compete with reaction (2), abstraction from RSH, 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, the 

combination process (3), or with the addend. Their reaction with the parent 

thiol has no net effect and RS radicals are not involved in subsequent 
reactions with hydrogen atoms. 

In general, however, it has been only in recent years, since the overall 

characteristics of thiol photolyses have been established that these systems 

have been utilized as a method for the controlled production of hydrogen 
atoms and thiyl radicals. 

A. Photolysis of Liquid Mercaptans 

Since the pioneering work of Thompson^’^ the investigation of the 

photolysis of pure liquid mercaptans has received very little attention. 

Recently Carlson and Knight^^ studied the photolysis of pure liquid 

C2H5SH at 2537 A. Hydrogen and ethyl disulphide were the only products 

detected. The rates of formation of both products were the same within 

experimental error and linearly dependent on exposure time. Using the 

photolysis of methyl disulphide-ethyl disulphide mixtures as a secondary 

actinometer to determine the absorbed intensity in the system^^, the 

quantum yield values of a)(H2) = a)(C2H5SSC2H5) = 0-25 were determined. 

On the basis of the observed simplicity of the products, the decomposition 

can adequately be explained on the basis of the simple reaction sequence: 

C2H5SH+/7V-^ C2H5S-I-H (50) 

H-t-CjHsSH-> H2+C2H5S (26) 

2C2H5S-^ C2H5SSC2H5 (51) 

The equivalence of hydrogen and disulphide yields also rules out the 
possibility of thiyl radical disproportionation via 

2C2H5S-^ C2H,S-|-C2H5SH (52) 

as a possible complicating factor when the thiol photolysis is exploited as 
an H-atom or thiyl radical source. 
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B. Thiols as H-atom Sources in Solution 

There is a great deal of interest in the reactions of hydrogen atoms both 

theoretically because of the fundamental importance of the H + Hg reaction 

in absolute rate theory^®’^® and because of the identification of the 

significant role of H-atoms, resulting from irradiation of aqueous solutions, 

in processes in radiation biology^’^’^®. 
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 

H+QH—Hj+Q (53) 

can be evaluated. In what will be referred to here as Method pa.so.si a 

thiol, tritium labelled at tracer levels in the sulphydryl position, RSH'^, 

is photolysed in the presence of QH, an organic molecule with one or 

more abstractable hydrogen atoms, at various [RSH]/[QH] 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: 

PrSHT+h > PrS+H (54) 

H + PrSH- -> H^+PrS (55) 

H-f-PrSH- -> H2+C2H5CSH (56) 

H-I-QH- -> H^+Q (57) 

H + QH -> (HQH) or(HQH)T (58) 

C^H^CSH + PrSH- -> PrSH + PrS (59) 

C^HjCSH + PrSHT- -> PHSH + PrS (60) 

PrSH+Q- -> PrS+QH (61) 

PrSHT+Q- -^ PrS+QHT (62) 

The atoms produced in the primary process are predominantly H-atoms as 

shown since the tritium is at tracer levels only. HQH and HQH'^ are any 

addition product complex which the hydrogen donor may form with 

hydrogen or with tritium atoms. Pr^SH represents the thiol with tritium 

incorporated into the side chain. The rate constants for reaction 60 and 62 

are written, respectively, as and kg^ Igi, where the / factors are the 

kinetic isotope effects on the two reactions abstraction of tritium vs 

hydrogen. 
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The kinetic analysis of the mechanism gives the following rate 
expression: 

(t) [PrSH]Q/[QH]Q ^ (^57 (^55 4~^56)/^54[PrSH]Q 

^QIlMprSH ^57^1 ^57 4l[QH]o 

in which t is the photolysis time in sec, Aqjj^ and ^2>rSH are the molar 

specific activities of the QIT^ produced in the experiment and the initial 

thiol respectively. A plot of the left-hand side of equation (63) vs 

[PrSH]o/[QH]o gives a straight line with slope inversely proportional to 

^57 4i—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, Pr^SH. By comparison of the 

results of the analysis using equation (63) and an analogous expression 

involving values of hv compared to 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 II developed by Pryor and coworkers29.3o.32 ^akes use of a 

somewhat simpler system. A deuteriated thiol, usually r-BuSD, is photo- 

lysed in the presence of the hydrogen donor QH and the amounts of HD 

and Dg produced are measured mass spectrometrically. 

At small percent conversions the only reactions, in addition to the 

primary dissociation into alkylthiyl radicals and H-atoms, that must 
be considered are 

D + RSD -^ Dj-t-RS (64) 

D + RSD -> R'SD-t-HD (65) 

D-I-QH -^ Q + HD (66) 

where R'SD is the radical produced when a hydrogen atom is abstracted 

from the alkyl group in the thiol. For purposes of comparison of hydrogen- 

atom reactions, k^g is expressed as k^^I where / is the isotope elfect on 

reactions (57) and (66), hydrogen and deuterium abstracting from QH. 
The kinetic treatment thus gives 

IMP] _ ^65 , hi I [QH] 

[D2] kg^ kg, [RSD] 

Plots of [HD]/[D2] as a function of [QH]/[RSD] were found to be linear 
and thus values of kg-jljkg, eould 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 

^d/^h its values are close to unity®®. For the tritiated systems, Pryor and 

Kneipp®^ have measured the effect for a variety of QH species and utilized 

these values to compute a series of A:jj(pgi) 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 AjnCrelative) 

Method 1“ Method IP Radiolysis*' 

Hexane 1 1 1 
Nonane 1-4 2-2 T7 
2,3-dimethylbutane 21 2-2 31 
Tetrahydrofuran 91 8-2 7-7 

® 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 case of all 

substrates except the alcohols. The origin of the large differences in the 

data for ROH species (for example, T9 13 for for f-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 

hydrogen. 

C. Thiols as Thiyl Radical Sources in Solution 

Thiols 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¬ 

where®®-®®’®T Photochemical initiation of the chain process has been 

examined less widely®®-®®. 
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Recently Carlson and Knight photolysed ethanethiol-methyl disulphide 

mixtures and studied the chain exchange reaction between thiyl radicals 

and the disulphide^®. Thiyl radicals produced by the thiol photolysis 

attack the disulphide to form a new disulphide and eventually convert the 

methyl disulphide, present initially at about 10% concentrations, to 
CHgSH. 

The conversion involves the following steps: 

CjMsSH+Ar -^ C2H3S+H (50) 

CH3SSCH3+/?;' -> 2 CH3S (68) 

C3H3S+CH3SSCH3 -> C3H5SSCH,+ CH3S (69) 

C2H3S+C3H5SSCH3 -^ C3H5SSC3H5+CH3S (70) 

CH3S+C3H3SH -^ CH3SH + C3H5S (71) 

Reactions (69) and (70) are the chain propagating steps in the sequence, 

with the CHgS radicals produced therein giving rise to the final ‘product’, 

CHgSH. The participation of the chain reaction is indicated by the value 

of O(CHgSH) = 151 in the initial stages of the reaction. As the reaction 

period increases, the yield of CgHgSSCHg passes through a maximum and 

there is a concomitant increase in ^(CgHsSSCgHg). The chain exchange 

process has been investigated in detail in disulphide mixtures previously®^. 

D. Other Condensed Phase Studies 

Caspar! and Granzow^® studied the flash photolysis of 2-mercapto- 

ethanol, benzenethiol and cysteine hydrochloride in aqueous solution. The 

transient spectra observed, with = 420 nm were identical to those 

found in the pulse radiolysis of these substrates and were identified as 
• — 

arising from the RSSR radical anion. For 2-mercaptoethanol and cysteine 

hydrochloride the predominant species in solution at the pH values involved 

is the RS“ anion. The primary photochemical process was suggested to 

be the production of thiyl radicals via electron detachment from that 
species as 

RS~+hv-> RS+e" (72) 

For benzenethiol the molecular form of the thiol is also important and 
there the primary process is 

RSH+/7I'-> RS+H (45a) 

The observed transient arises from the attack of the thiyl radicals so 

formed on the RS~ anion. The concentrations are controlled via the 
equilibrium 

RSSR ^ RS+RS~-> 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 the formation 

of thiyl radicals. Rosengren^^ photolysed ethanethiol, 2-propanethiol and 

1-butanethiol in an isopentane-3-methylpentane matrix at 77 K and 

observed an ultraviolet absorption band centred around 4000 A. The 

absorption was ascribed to the thiyl radical formed in the primary process. 

The initially formed hydrogen atoms diffuse away from the parent thiol, 

leaving the thiyl radical trapped in the matrix. The RS absorption spectrum 

disappears on warming to room temperature and subsequent chemical 

analysis showed the presence of significant amounts of disulphide. 

Volman and coworkers^^ 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 CHgSD and their aqueous 

solutions. The resonances obtained were attributed to the thiyl radical 

produced in the primary process at 2537 A. 

Skelton and Adam^® carried out a similar e.p.r. study but in addition 

compared the behaviour of the same thiols under y-irradiation. Thiyl 

radical e.p.r. spectra were observed only in the photolysed samples. 

Wan^ photolysed triphenylmethanethiol in benzene solution at 77 K and 

found two e.p.r. spectra, one ascribed to the PhgCS radical suggested 

to be the main primary fragment, and the other assigned to the 

PhgCgHgCSH radical produced via H-atom abstraction from the substrate. 

Very little attention has been paid to unsaturated thiols, most of which 

are relatively unstable. A recent report^ indicates that one such thiol, 

y,y'-dimethylallylthiol (1) is sufficiently stable to be investigated. Irradia¬ 

tion of 1 in «-hexane solution under Ng gives quantitative conversion of 

1 to 3 via 

(3t) (3c) 
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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 reduc6d to trace proportions and 

3c and 3t comprise 20 and 75% respectively of the analysable products. 
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