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Foreword

The series The Chemistry of Functional Groups contains seven volumes of a sub-series
concerning sulphur containing functional groups, published between 1974 and 1991.
These volumes were the following:

The chemistry of the thiol group (1974)

Supplement E. The chemistry of ethers, crown ethers, hydroxyl groups and their
sulphur analogues (1980)

The chemistry of the sulphonium group (1981)

The chemistry of sulphones and sulphoxides (1988)

The chemistry of sulphinic acids, esters and their derivatives (1990)

The chemistry of sulphenic acids and their derivatives (1990)

The chemistry of sulphonic acids, esters and their derivatives (1991)

Many subjects dealt with in the chapters contained in the above volumes have
developed considerably since their publication and we felt that they should be updated.
In addition we were interested in publishing some chapters which did not materialize
for the original volumes, as well as some chapters which were on completely new subjects.
This was the motivation for offering the present supplementary volume to our readers.

Inevitably, not all the planned chapters materialized. Among these were chapters on
the following subjects: ‘Sulphur containing free radicals in photochemical processes’,
‘Sulphonates as nucleophiles’, ‘Sulphur containing ylides’, and finally and most
regrettably, ‘Safety, toxicity and environmental effects’.

The authors’ literature search in most cases extended up to the Spring of 1992.

We will be indebted to readers who will bring to our attention mistakes or omissions
in this or in any other volume of The Chemistry of Functional Groups series.

Jerusalem SAUL PATAIL
June 1993 Zvi RAPPOPORT

vii



The Chemistry of Functional Groups
Preface to the series

The series ‘The Chemistry of Functional Groups’ was originally 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 preparation, properties and reactions of
the functional group treated and on the effects which it exerts both in the immediate
vicinity of the group in question and in the whole molecule.

A voluntary restriction on 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 and in textbooks (i.e. in books which are usually found
in the chemical libraries of most universities and research institutes), should not, as a
rule, be repeated in detail, unless it is necessary for the balanced treatment of the
topic. 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 postgraduate level.

It is realized that no plan can be devised for a volume that would give a complete
coverage of the field 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. In this manner, sufficient freedom is given to the authors to produce readable
quasi-monographic chapters.

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

(a) Anintroductory chapter deals with the general and theoretical aspects of the group.

(b) Chapters discuss the characterization and characteristics of the functional groups,
i.e. qualitative and quantitative methods of determination including chemical and
physical methods, MS, UV, IR, NMR, ESR, and PES—as well as activating and directive
effects exerted by the group, and its basicity, acidity and complex-forming ability.

(c) One or more chapters deal with the formation of the functional group in question,
either from other groups already present in the molecule or by introducing the new
group directly or indirectly. This is usually followed by a description of the synthetic
uses of the group, including its reactions, transformations and rearrangements.

(d) Additional chapters deal with special topics such as electrochemistry, photo-
chemistry, radiation chemistry, thermochemistry, syntheses and uses of isotopically
labelled compounds, as well as with biochemistry, pharmacology and toxicology. When-
ever applicable, unique chapters relevant only to single functional groups are also
included (e.g. ‘Polyethers’. ‘Tetraaminoethylenes’ or ‘Siloxanes’).

ix



X Preface to the series

This plan entails that the breadth, depth and thought-provoking nature of each chapter
will differ with the views and inclinations of the authors 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, some volumes may be published without giving consideration to the
originally planned logical order of the chapters.

Since the beginning of the Series in 1964, two main developments occurred. The first
of these is the publication of supplementary volumes which contain material relating to
several kindred functional groups (Supplements A, B, C, D, E and F). The second
ramification is the publication of a series of ‘Updates’, which contain in each volume
selected and related chapters, reprinted in the original form in which they were published,
together with an extensive updating of the subjects, if possible, by the authors of the
original chapters. A complete list of all above mentioned volumes published to date will
be found on the page opposite the inner title page of this book.

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

The publication of this series would never have been started, let alone continued,
without the support of many persons in Israel and overseas, including colleagues, friends
and family. The efficient and patient co-operation of staff members of the publisher also
rendered me invaluable aid. My sincere thanks are due to all of them, especially to
Professor Zvi Rappoport who, for many years, shares the work and responsibility of
the editing of this Series.

The Hebrew University SAUL PATAI
Jerusalem, Israel
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List of abbreviations used

Ac
acac

Alk
All

Bz
Bu

CD
CIDNP
CNDO
DBU
DME

DMSO

Hex
c-Hex
HMPA

HOMO

acetyl (MeCO)
acetylacetone
adamantyl
alkyl

allyl

anisy!

aryl

benzoyl (C¢HCO)
butyl (also t-Bu or Bu')

circular dichroism

chemical ionization

chemically induced dynamic nuclear polarization
complete neglect of differential overlap
n3-cyclopentadieny!

1,8-diazabicyclo[5.4.0Jundec-7-ene
1,2-dimethoxyethane
N,N-diamethylformamide
dimethyl sulphoxide

enantiomeric excess

electron impact

electron spectroscopy for chemical analysis
electron spin resonance

ethyl

electron volt

ferrocene

field desorption
field ionization
Fourier transform
Furyl(OC,H,)

hexyl(CsH, 5)
cyclohexyl{C¢H, )
hexamethylphosphortriamide
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xiil



Xiv List of abbreviations used

i- iso

Ip ionization potential

IR infrared

ICR ion cyclotron resonance

LCAO linear combination of atomic orbitals
LDA lithium diisopropylamide
LUMO lowest unoccupied molecular orbital
M metal

M parent molecule

MCPBA m-chloroperbenzoic acid

Me methyl

MNDO modified neglect of diatomic overlap
MS mass spectrum

n normal

Naph naphthyl

NBS N-bromosuccinimide

NMR nuclear magnetic resonance

Pen pentyl(CsH, )

Pip piperidyl(CsH o N)

Ph phenyl

ppm parts per million

Pr propyl (also i-Pr or Pr)

PTC phase transfer catalysis

Pyr pyridyl (CsH N}

R any radical

RT room temperature

s- secondary

SET single electron transfer

SOMO singly occupied molecular orbital
t- tertiary

TCNE tetracyanoethylene

THF tetrahydrofuran

Thi thienyl(SC H3;)

TMEDA tetramethylethylene diamine

Tol toly(MeC4H,)

Tos or Ts tosyl(p-toluenesulphonyl)

Trityl triphenylmethyl(Ph,C)

Xyl xylyl(Me,C¢H,)

In addition, entries in the ‘List of Radical Names’ in JUPAC Nomenclature of Organic
Chenmistry, 1979 Edition. Pergamon Press, Oxford, 1979, p. 305-322, will also be used
in their unabbreviated forms, both in the text and in formulae instead of explicitly drawn
structures.
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General and theoretical

TOVA HOZ and HAROLD BASCH

Department of Chemistry, Bar-llan University, Ramat Gan 52900, Israel

I. INTRODUCTION . . e 1
II. SULPHENIC ACIDS AND XSY COMPOUNDS e 2
III. SULPHINIC ACIDS AND XS(O)Y COMPOUNDS e 15
IV. METHYLSULPHONYL DERIVATIVES e 26
V. AROMATIC COMPOUNDS . . . . . . . . . . . . . . . 43
VI. COMPARISON OF PROPERTIES . . 52
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VIII. METAL ION COMPLEXES AND PROTONATED SPECIES - . . 87
IX. ACKNOWLEDGEMENTS . o 98
X. REFERENCES . . . . . . . . . . . . . . . . . ... 98
I. INTRODUCTION

In a continuation of previous computational treatments of these systems*2, this chapter
is concerned with a description of the generic sulfur compound structure types XSY
(two coordinate), XS(O)Y (four coordinate) and XSO, Y (six coordinate). The XS(O)Y

Y
notation indicates an S==O group and XSO,Y means a S\\/ group. The S=O double
O

bond representation is for coordinatton counting purposes and is not necessarily a literal
electronic structure description, as has been discussed previously.? Novel aspects of the
material presented here include a comparison between parent compounds, radicals and
anions, discussion of aromatic species, an extensive study of dimers and water complexes
and cation complexation. This latter work follows a similar survey of metal monocations
interacting with amides and their derivatives, and the corresponding species®. There are
also previous members of this review series that deal with the general XSO,Y (n=0,1,
or 2) type compounds**. Here, the emphasis is on a comparison of properties as a
function of n, the number of oxygen atoms bound to the central sulphur atom. The
XSY compounds were not considered previously within the context of this type'™ of
presentation®.

Recent developments in the computational sciences, and especially in computational
chemistry, have placed these methods, alongside experimental techniques, as useful tools

Suppl, t S: The chemistry of sulphur-containing functional groups

Edited by S. Patai and Z. Rappoport © 1993 John Wiley & Sons Ltd




2 T. Hoz and H. Basch

for chemists. Advances in theory and methodology, coupled with great technological
strides in computer hardware and software, have often made computational experiments
easier than laboratory experiments, with little or no loss of reliability and sometimes at
even higher accuracy, and at a much lower cost. The computational chemists’ arma-
mentaria range from sophisticated ab initio tenchniques® through density functional’,
semi-empirical® and molecular mechanics® methods. Each tool has its range of accuracy,
usefulness and applicability. The method of choice for a particular problem depends on
the question being asked, the nature of the chemical system and the patience of the
inquirer.

Ab initio electronic structure computations at the Hartree—Fock (HF) level are
generally particularly adept at giving accurate equilibrium charge distributionsS.
Post-Hartree—Fock or correlation methods are needed, for example, when the single
electronic configuration description of the molecular system is inadequate, or exaggerates
the ionic (charges transfer) nature of the molecular charge distribution. Typical examples
of such systems are molecules that have multiple bonds, crowded electron pairs or
transition metal complexes (where the binding is not mainly electrostatic). HF and
post-HF (correlation) methods suffer from the disadvantage that, because of their
complexity and time demands, they can be used only on relatively small chemical
structures. On the other hand, the progressive improvemnent in electronic structure and
properties description is well-defined at the ab initio level. This positive characteristic is
essentially unique to ab initio.

This review will therefore concentrate on an ab initio quantum chemical description
of the XSY, XS(O)Y, XSO,Y systems. It is assumed that the reader has sufficient
familiarity with the theoretical methods from previous volumes of this series! ~3. The
particular computational techniques used will be described in each section, as
appropriate. It is hoped that this compendium and discussions derived by computation
‘experiments’ will both serve and stimulate the sulphur community well.

Il. SULPHENIC ACIDS AND XSY COMPOUNDS

There are several reviews of the general properties of the XSY system®'!%7'. Here, we
present the geometric and electronic structures of some 22 neutral sulphenic acids
(Y==OH) and other XSY compounds, 13 radicals derived from the sulphenic acids by
homolytic cleavage of a Z—H (Z=S or O) bond and then anions derived from the
acids by heterolytic cleavage of the Z—H bond. As in the analogous studies on the
sulphinic! and sulphonic? acid derivatives, the standard valence double-zeta plus (five)
d-type polarization 6-31G* basis set® was used in a gradient optimization of the neutral
parent and radical geometries. For the anions, the 6-31 + G* basis set was used for the
geometry optimization which includes diffuse functions better to describe the more
radially exteneded charge distribution. This was followed by a single point MP2/6-31+ G*
calculation at the RHF calculated equilibrium geometry. The closed-shell species were
treated at the spin- and space-restricted Hartree—Fock (RHF) level and the radicals were
calculated using the spin-unrestricted HF (UHF) method. At each RHF/6-31G*
optimized geometry of the neutral compounds the MP2 energies were obtained using
both the 6-31G* and 6-31+ G* basis sets as single point calculations. The GAUSSIAN
88!% and GAUSSIAN 90'6 computer codes were used in these studies.

The results for the sulphenic acids and other XSY compounds are tabulated in
Tables 1-3 and Figures 1-6 (neutrals), Tables 47 (radicals) and Tables 8-10 (anions}).
Comparisons of the geometric and electronic structural properties of the neutral parent
XSY compounds with the XS(O)Y and XSO,Y is postponed to Section 6, including a
discussion of relative stabilities of isomers.

The simplest XSY compound is formally the sulphide H,S (1) but the simplest sulphenic
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4 T. Hoz and H. Basch

TABLE 2. Calculated bond lengths of neutral XSY compounds®

Bond lengths (A)

Molecule H—S X S—X O—H N—H C—H° C—0 C—S§ O—S
1 H,S 1327 - - = = = = = =
2 HSF 1325 F 1613 — — - - -
3 HSOH 138 — — 0949 — — —  — 1655
4 HSCI 1325 C 203% @ — @0— - = = —
5 HSNH, 1325 N 1711 — 0999 — @— — -
6 HSSH 1327 S 2064 — @— = - = —
7 HSCH, 1337 — —  — 1081 — 1818 —
8 HSOCH, 1330 — — —  — 1083 1409 — 1646
9 FSOH — F 1607 0952 — — — — 1612
10 HOSOH — — — 09%1® — —  — — 1633
11 CISOH — C 203 0952 — — — — 1624
12 NH,SOH — N 1655 0950 0999 — —  — 1657
13 CH,0SOH — O 1624 0951 — 1081 1416 — 1636
14 HSSOH 1329 S 2040 0950 — — @ —  — 1647
15 CH,SOH - C — 0950 — 1082 — 1798 1658
16 CH,SF — F 160 — — 1082 — 179 —
17 CH,SCI — C 2040 — — 1082 — 186 —
18 CH,SNH, — N 1709 — 0999* 1082 — 1803 —
19 CH,SSH 1328 S 2060 — — 1082 — 1815 —
20 CH,O0SOCH, — = — — 1082 1415% — 1627
21 CH,SCH, — — - — 1082 — 1809 —
22 CH,SOCH, — —  —  — 1083 1408 1799 1651

° From RHF/6-31G* optimized geometries.
*Two equivalent bonds.

‘Average value,

40 —S(OH); see Figure 3.

acid is HSOH (3), shown in Figure 1, which has not been isolated. The numbers (in
parenthesis here) refer to the listing of structures in the tables. The geometric structure of
methansulphenic acid (15, Figure 4) has been determined experimentally!” and the
geometric parameters agree very well. The O-S distance is coincidentally perfect to three
figures after the dectmal at 1.658 A. The calculated (Table 2) C-S distance (1.798 A) is
in more reasonable agreement with the experimental bond length of 1.806 A. This is the
agreement that we have also experienced with the XS(O)Y' and XSO,Y? compounds,
and gives us confidence in the calculated geometric structures. Barrett!® has recently
summarized the structural chemistry of the sulphenes.

Figures 1-6 show a sampling of the full geometric structures, including angles, for
some sulphenic acids and other XSY compounds. Many of these compounds involve an
attached oxygen as a part of at least one of the sulphide ligands. For methanesulphenic
acid (Figure 4) the S—O—H angle is calculated to be 108.8° while the reported experi-
mental value is 107.7° !7. In fact, all the calculated S—O—H angles in the structures shown
in the figures are in the 108.7°-109.8° range. The S—O—C angles are naturally larger,
in the 116.0-116.6° range. The O—S—H, O—S—C and O—S—O angles are typically
98.6°, 100.2°-100.4° and 102.4° respectively. In CH;SOH the measured O—S—C angle
is 100.1° 7 and the C—S—O—H dihedral angle (not shown in Figure 4) is calculated
to be 92.7°, compared to the experimental value of 93.9° !7. The calculated 2.20D dipole
moment in Table 1 for methanesulphenic acid is, as expected, larger than the 1.87D
measured value due to the intrinsic exaggeration of ionic character at the Hartree—Fock
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1. General and theoretical 9

TABLE 7. Spin populations® on atoms® in XSO- and XS(O)S-

radicals

S 0
Molecule pz py pz
23 HSO- 0.185 0.755
24 FSO- 0.534 0.368
25 HOSO- 0.493 0.485
26 CISO- 0.428 0.553
27 NH,S0O- 0.267 0.649
28 HS(O)NH- d d
29 HSSO- 0.199 0.735
30 HS(O)S 0912
31 CH,;S8O 0.251 0.670
32 HS(O)CH,* e e
33 CH,080- 0.446 0.392
34 HOS(O)S 1 0.940
35 HOS(O)S: 11 0.336 0.627

“Only values larger than 0.09 are listed.

*From the UHF/6-31G* optimized geometries

“The spin populations on the hydrogen atoms bonded to the radical
carbon are both —0.08S.

4Nitrogen: px = 0.323; py =0.107; pz= 0.518.

“Carbon: s = 0.100; pz = 0.899.

TABLE 8. Energies and dipole moments of XSO~ and XS(O)S™ anion

species’

Energy (a.u)* RHF

Dipole

Molecule RHF MP2° moment (D)**
36 HSO™ — 472901730 —473.218919 2.902
37 FSO~ —571.776850 —572.281808 2.286
38 HOSO"™ —574.763466 —548.272594 3.858
39 CISO~ —931.841093 —-932.290959 2,120
40 NH,SO~ —527.934859 —528.424877 3.144
41 HSSO~ —870.438464 —870.879511 3.699
42 HOSS™ —870.468187 —870.897234 3.022
43 CH,;SO~ —511.939149 —512.392296 4.732
44 CH;080~ —586.789934 —587.427684 4.356
45 HOS(O)S~ —945.319859 —945.947703 2460

“Geometry RHF/6-31 +G* optimized with no symmetry or equivalence constraints.
*[n the RHF/6-31+ G* optimized geometry.
<Origin dependent.

level of theory. Post-Hartree-Fock calculations typically reduce the HF value of dipole
moments. Finally, the XSSY dihedral angle for the S—S systems is typical for these
systems: 89.2° for HSSOH (14), 89.8° for HSSH (6) and 87.4° for CH,SSH (19). It should
be noted that the entries here (Tables 1-4) for HSSOH (14) correct the results reported
in Reference 1.



10 T. Hoz and H. Basch
TABLE 9. Calculated bond lengths for XSO~ and XS(O)S~ anions®

Bond lengths (A)

Molecule H—S S—O X S—X O—H N—-H 0-—-C
36 HSO™ 1.351 1.586 — — — — —
37 FSO~ — 1.518 F 1.717 — — —
38 HOSO~ — 1.540 O 1.718 0.949 — —
39 CISO~ — 1.499 Ci 2.347 — — —
40 NH,SO~ — 1.563 N 1.738 — 1.004° —
41 HSSO~ 1.333 1.540 S 2.144 — — —
42 HOSS ™ — 1.696 S 2.054 0.950 — —
43 CH,SO~ — 1.581 C 1.812 1.088° — —
44 CH,080" — 1.539 o] 1.712 — — 1.389
45 HOS(O)S ¢ — 1.658 S 2.025 0.955 — —

“From RHF/6-31 + G* optimized geometries.
>Two equivalent values.

‘Average value.

§=0=1477A.

TABLE 10. Mulliken atomic charges and d-orbital occupancies on S in the XSO~ and XS(O)S~
anions®

atomic charge d-Orbital

occupancy
Molecule S H(—S) X/ O(—S) H(—N) H(—O0) H(—C) onS§
36 HSO™ —-0.069 —0.035 — —0.897 — — — 0.150
37 FSO~ 0.293 — —-0467 —-0826 — — — 0.191
38 HOSO™ 0220 — —0.815 —0.880 — 0476 — 0.193
39 CISO~ 0.204 — —0.525 —-0.679 — — — 1.162
40 NH,SO~ 0.159 — —1.035 —0900 0.388° — — 0.184
41 HSSO~ 0.031 0050 —0284 -0.797 — — — 0.170
42 HOSS~ 0.015 — -0750 —-Q756 — 0.491 — 0.111
43 CH,SO~ 0.002 — —0.598 —0913 — — 0.170° 0.156
44 CH,0807¢ 0.195 — —0.518 -0.877 — — 0.118° 0.195
45 HOS(O)S~* 0.673 — —0.647 -0.778 — 0.506 — 0.330

“From RHF/6-31 + G* optimized geometries.
*Two equivalent values.

“Average value.

C(—O0) = —0.259.

fO(=S)= —0.754.

I Defined in Table 9.

The properties of the XSY type compounds displayed in Tables 1-3 for the purely
aliphatic or inorganic substituents (with no oxygen double bonded to sulphur) show
their covalent character. The dipole moments are low (Table 1), and both the charge on
S and its d orbital population are relatively low (Table 3), even with two electronegative
atoms or groups attached to the divalent sulphur atom. As has been observed previously?,
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FIGURE 2. HOSOH, structure 10 in Table 3
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FIGURE 4. CH,SOH, structure 15 in Table 3
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FIGURE 5. CH;OSOCHj,, structure 20 in Table 3

FIGURE 6. CH,SOCH,, structure 22 in Table 3
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the atomic charge on a central sulphur atom and its d orbital occupancy move in the
same direction with ligand substitution. As expected, the more electronegative the
substituent the larger its value. Apparently, the stabilization of the central sulphur d
orbitals with increased atomic charge draws electron density from the valence p shell
into the d orbital even as the former is also being depleted by electronegative ligand(s).
These apparently contradictory processes complicate the interpretation of property
trends. A number of aliphatic sulphides have also been studied by Ohsaku'?, in particular
with regard to conformation.

An interesting phenomenon is the effect of methyl substitution (for hydrogen or other
inorganic ligands) on the wave function properties of the sulphides. Thus, the general
trends in dipole moment change indicate that the methyl group acts in its usual fashion
as an electron-releasing agent. This analysis is, of course, complicated by the local dipole
magnitudes and directions of each individual bond which, summed together, give the
overall molecular dipole moment. However, the Mulliken atomic charges on sulphur,
q(S), increase when methyl is substituted for hydrogen, indicating an electron-with-
drawing role for the methyl group. The d orbital population on sulphur, d(S), stays
sensibly constant with methyl substitution. However, the overall charge on the methyl
group that is attached to the central sulphide atom in these situations is usually more
negative than the hydrogen atom it replaces. We have no facile explanation for these
effects except to point out their existence as a warning of some of the apparent oddities
occasionally encountered in tracking atomic charges, especially those involving
hydrogen atoms.

The properties of sulphenyl and sulphenyl-related radicals are tabulated in Tables 4-7,
which also include some unrelated sulphenyl radicals not included in the previous review?
and placed here for convenience and completeness. Radicals 24-27 are repeated in these
Tables from previously! in order to present their orbital spin populations in Table 7.
In many of these cases the sulphenyl radical (XSO-) derived from the acid form competes
with the sulphinyl from [XS(O)-] in stability, depending on the location of the radical
electron. These are just extreme, asymptotic representations derived from the parent
XSOH and XS(O}H isomers, respectively. The radical electron could actually be divided
between the sulphur and oxygen atoms in the electronic ground state. The free radical
chemistry of sulphenyl radicals and their derivatives has recently been reviewed by
Chatgilialoglu?®.

As has been pointed out previously?, spin properties are notoriously difficult to
calculate accurately. In Table 7 we give the calculated atomic spin populations, which
are not observables. These, however, can be related to experimental electron spin
resonance hyperfine interactions through an analysis of the experimental data using a
rigid linear combination of atomic orbitals (LCAQO) molecular orbital (MO) model. The
ab initio extended basis set used here and the rigid LCAO-MO representation are very
different. Agreement between the calculated and ‘observed’ atomic orbital populations
cannot therefore be expected to be better than qualitative.

With this reservation, we can now analyze the results in Table 7 together with the
calculated sulphur-oxygen bond lengths in Table 5. Comparing the oxygen radical
structure (XSO-) having the S—O single bond and unpaired spin on the oxygen atom,
with the sulphur radical structure [XS(O)-] having the S==0O double bond and the
unpaired spin on the sulphur atom, we expect a correlation between the location of the
unpaired spin population and the S—O bond length. This, in fact, is observed in the
calculated results. In those radicals where the spin population is concentrated mainly
on the oxygen atom (structures 23, 27, 29 and 31) the S—O bond is 0.06 A longer, on
the average, than those radicals that have substantial spin population on the sulphur
atom. A similar correlation, noted previously?, exists between the change in X—S bond
length in going from the neutral parent to the radical, and the unpaired spin population.
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Thus, for the mainly XS(O)- spin distribution the X—S bond length usually decreases
upon homolytic dissociation of the acidic hydrogen atom. This has been explained? in
terms of the classic two MO, three electron interaction which is stabilizing. The two
structures found for HOS(O)S- [34 (I) and 35 (II)] actually represent two different
radical species, n (I} and ¢ (II) radicals, which are adiabatically very close in energy
(Table 4). The H—X—S—O0 or H—X-—S8=0 dihedral angles for these radicals shown
in Table 5 are almost all close to 60°.

Another correlation can be gleaned from comparing Tables 3 and 6, noting the change
in ¢(S) and d(S) in going from the neutral parent to the acid radical. In all cases, both
q(S) and d(S) increase, often substantially, irrespective of the primary radical structure
{S(O)-vs SO-], and even for HS(O)CH; (8)— HS(O)CH,- (32) where all the unpaired
spin population is on the carbon atom. Since the departing hydrogen atom in the neutral
parent that was attached to oxygen typically carries a positive charge of about 0.5
(Table 3) the full electron that the departing hydrogen atom carries with it, leaving the
radical behind, means that the complementary amount of electron density comes from
the other atoms. There must, however, be another mechanism at work to explain the
large increases in both ¢(S) and d(S) for HSOCH, and HSONH, in going to the methyl
and amine radicals, respectively. In these cases, the atomic charges on the departing
hydrogen atoms in the precursor species are not that large.

Experimental values have been determined for the geometric and electronic properties
of both the HSO (23) and FSO (24) radicals?! ™23, The calculated S—O (1.449 A) and
S—F bond distances (1.593 A) in Table 5 compare very well with the measured 1.452 A
and 1.602 A, respectively, for FSO. The dipole moments (2.116D in Table 4 and the
experimental value of 1.662D) are not so close. As pointed out above, post-Hartree—Fock
methods should reduce the calculated dipole moment values. On the other hand, for
HSO the (calculated, experimental) S—H (1.333 A, 1.389 A) and S—O (1.544 A, 1.494 &)
bond lengths agree less well, while the dipole moments (2.095D, 2.20D) are much closer.
The calculated geometric parameters for the radicals (and anions) are generally expected
to be less accurate than for the neutral parents.

The calculated data on the anions of the form X—S—O~ are known in Tables 8-10.
Since the geometric results for the parent neutrals were obtained in the 6-31G* basis
while the anions were geometry optimized in the 6-31 + G* basis sets, comparisons of
geometry and charge density distribution changes should be treated with caution.
However, there are some general trends that agree with those noted in the sulphinyl
study! and are consistent with expectations. Thus, comaparing Table 9 with 2 shows
that the X—S bond distance increases and the S—O bond length generally decreases
in going from the parent neutral to the (deprotonated) anion. The former change can
be understood as resulting from an increased electron density in a saturated bond which
can only increase general electron repulsion. In contrast, the X—S—O~ system is
partially unsaturated and the increased electron density can be transferred towards
sulphur and enter the S—O region to give that bond partial double-bond character
[XS(0)~]. Thus, S—O decreased in length upon deprotonation at the oxygen atom.

Comparing Table 10 to Table 3 shows that ¢(S) decreases in going to the anion, as
expected from the above analyses, while d(S) increases. The increased charged density
on the central sulphur atom apparently prefers to go into the d orbital rather than the
valerzlge p sub-shell. This should make the anion reactive at both the sulphur and oxygen
sites?4.

Ill. SULPHENIC ACIDS AND XS(0)Y COMPOUNDS

The geometric and electronic structure of the sulphinic acids and their derivatives from
a computational chemical point of view has recently been reviewed'. This category
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includes both the XS(O)OH structures and the sulphoxide XS(O)Y compounds, where
the X substituent can also contain an oxygen atom singly bonded to the central sulphur
atom. The same calculational procedure described for the sulphenic acids and XSY
compounds in Section 2 was used also here for the sulphinyl and sulphoxide systems.
The results are tabulated in Tables 11-14 and shown selectively in Figures 7-11. A small
number of sulphinic acid derivatives are repeated in the Tables here from the previous
study' for convenience and completeness. In particular, in two cases, this will allow a
discussion of rotamer geometries and energies which were not addressed previously’. It
should be noted that the entries here for HS(O)F (23) in Tables 11-13 correct the results
reported in Reference 2.

The properties of the sulphinyl compounds and sulphoxides in Tables 11-13 show
generally larger dipole moments, larger atomic charges on the central sulphur atom and
increased d(S), relative to the XSY systems. The clear-cut difference in bond length
between S=O and S—O of about 0.15-0.17 A, where they both appear in the same
compound within the class of XS(O)Y, is found uniformly. The effect of X substitution
in X—S(O)OH is generally to decrease both the S=0O and S—O bond lengths, increase
both ¢(S) and d(S) and reduce (to less negative values) the atomic charges on both (the
singly and doubly bonded) types of oxygen atoms, with increased electronegativity of
X. All these effects are moderate and the bond lengths, atom charges and population
parameters stay within a relatively narrow range. Actually, the trends with regards to
q(O) are not completely unambiguous. In any event, the reduced SO bond lengths with
increased electronegativity of X is an accord with other such observations. An inter-
pretation in terms of MO interaction effects was given previously?. The same general
trend with regard to S=O shortening is found for the HS(O)Y series as a function of
increased electronegativity of Y, but with even greater scatter. As the molecules increase
in size and flexibility, intramolecular interactions become increasingly important and
can dominate or confound straightforward electronegativity and MO interaction effects.

Table 14 compares the relative MP2/6-31G* and MP2/6-31+4G* stabilities and
dihedral angles of the two or three rotamer structure of a given sulphinic acid or derivative
XS(O)Y that have been found computationally. The various conformations can be
characterized by the three dihedral angles described in footnotes b—d of this table which
in projection along the S—O bond define the proximity relationship of the Y group
(usually OH) hydrogen atom to O(=S) and X in terms of three possibilities. Angle (type)
a (footnote b) measures the O=S—O—H angle where H lies between O(=S) and X.
Angle (type) b (footnote c) is the X—S—O—H dihedral angle where the O(=S) atom
(in projection) is remote from both H and X. Dihedral angle (type) ¢ (footnote d) again
measures O=S—O—H but with X remote from both H and O(=S). For example,
both fluorosulphinic (1 and 2 in Tables 11-14) and chlorosulphinic acids (6 and 7) have
two rotamer forms each, where the more stable geometry is type a and the acidic hydrogen
atom is also able to interact and form long hydrogen bonds with both the electronegative
atoms O(=S) and F or Cl. The higher-energy form is of type b where interaction with
H(O) is only possible with the F or Cl atoms, in preference to a single interaction with
O(==S). Methanesulphinic acid (15 and 14, Fig. 7), for example, with a bulky X group that
also cannot stabilize the acidic hydrogen atom, has type ¢ stability where the interaction
is only between H(O) and O(==S). The ionic character of the S=O bond? makes this
interaction very favourable. HS(O)CH; (16,17) has a bulky, but interacting group
(X=OCH, with SH instead of OH) and a preferred type a stability as the H(S) atom
interacts with both oxygen atoms. CH,;S5(O)OCH, (18, 19, Figures 8, 9) has two bulky
(X and Y) groups and the lower-energy rotamer has type c stability.

The situation becomes more complicated when both X and Y have an acidic hydrogen
atom (X =0H, SH, NH,). For steric reasons, the most stable HOS(O)OH (48-50) rotamer
is simultaneously both type a and type ¢, depending on which S—O(H) axis is used for
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TABLE 14. Relative stabilities® of XS(O)Y rotamers

Dihedral angles HOS=0O and

HOSX (in degrees) AE®S
Dipole MP2/ MP2/

Molecule angle a® angle b° angle ¢ moment (D)  6-31G* 6-31 + G*
47 FS(O)OH 11 28.3 — — 1.545 — —
46 FS(O)OH I — 68.2 — 4.094 37 30
52 CIS(O)OH 11 319 — — 1.778 — —
51 CIS(O)OH 1 — 69.3 — 4.102 3.9 3.9
59 CH,S(O)OH 1 — — 26.6 3134 — —
60 CH,S(O)OH 11 316 — — 2.302 09 0.3

9 HOS(O)OH 11 20.1 — 19.9 1.726 — —
48 HOS(O)OH 1 — 73.2 320 3.292 1.7 1.2
50 HOS(O)OH I 153.1 — 152.7 5.902 6.6 6.0/
57 HSS(O)OH Il —  (676F 362 2.844 — —
58 HSS(O)OH 111 G4F  — 36.8 1.589 0.2 02
56 HSS(O)OH I 84.9 — (57.9y 2.736 245 LS
54 NH,S(O)OH IV - — 17.3 3.360 _ —
55 NH,S(O)OH III* — — 49.8 3.464 0.2 04
53 NH,S(O)OH I — — 9.5 1.969 1.1 1.0
61 HS(O)OCH, I" 426 — - 3.076 — —
62 HS(O)OCH, II” — — 739 3.170 1.0 0.9
64 CH,S(O)OCH, II"  — — 69.6 3.053 — —
63 CH;S(O)OCH, I 316 — — 3271 0.7 L3
70 HS(O)SH 1 452 — — 3.086 — —
71 HS(O)SH 11 — — 90.3 3.270 1.1 1.2

°In kcal mol~! from MP2 difference of RHF/6- 3IG* optimized geometries from Table 11

a —

? \H c O
X

¢ AE between the given rotamer and the former. The first rotamer is the most stable.
I AE between given rotamer and the first rotamer.
#The dihedral angle HSS=O0.
"X is defined as H or C(H;) in the dihedral angle HOSX.
NH,S(O)OH 1 HNS==0:36.0, —87.4.

J/NH,S(O)OH II HNS=0:38.7, 169.0.
¥NH,S(O)OH III HNS=0:—-132.5, — 158.3.

projection. For both HSS(O)OH (56-58) and NH,S(O)OH (53-55), with the more bulky
X groups, type ¢ structures are preferred, which also allow auxiliary hydrogen bond
interactions for the thio and amine hydrogen atoms with the semi-polar oxygen atom.
The steric effect of bulky lone-pair interactions in determining rotamer stability is
probably manifest in the HS(O)SH (70 and 71) case with type a character. The
higher-energy form has the O(=S) atom equidistant from the two thio hydrogen atoms.
Figures 7-11 show some representative geometric parameters calculated for the
sulphinic acids and XS(O)Y compounds. The S—O—H angle (Fig. 7) is 109, as for the
sulphenic acids. The C—S—O angle is always less than 100°, C—S8=0 and O—S8=0
fall between 105-110°, with the former usually the smalier of the two, and the S—O—C
angle is in the 115-120° range. Different rotamers can have noticeable differences in



FIGURE 8. CH,S(O)OCH,; I, structure 63 in Table 14
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FIGURE 9. CH,;S(O)OCH, II, structure 64 in Tables 11-14

FIGURE 10. HS(O)CH,, structure 72 in Tables 11-14
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FIGURE 1. CH;S(O)CH,, structure 74 in Tables 11-14

their bond angles as with the C—S-—0O and S—O—C angles in CH,S(O)OCH, (63,
Figure 8 and 64, Figure 9). It should be noted that in Reference 1 only the lower-energy
rotamer conformation of HS(O)YNH, (66 and 67) was reported. These systems will be
discussed in more detail in Section 8. In general, more rotamers of a given compound
were found here than in the previous reports.!+2

Some XS(O)- radicals are included in Tables 4-7. Two in particular that deserve
attention are the two HOS(O)S: radicals (34 and 35). As can be seen Table 7, in both
cases the unpaired spin is localized on the terminal sulphur atom. Conformer 11, the
more stable, has rotamer structure (type) a in Table 14, footnote b, with X = S. This allows
a 2.537A distance hydrogen bond between (O—)H and O(=S). Conformer I has the
type b orientation (viewed along the S—O axis) with the angle b close to 120°. This
rotamer cannot have the intramolecular hydrogen bond and is therefore less stable
than II.

Another comparison involves the generation of the XSO, type radicals. In Reference 2
these radicals were discussed from the point of view of being derived from the sulphones
(XSO, H) by homolytically breaking the S—H bond. However, they can also be obtained
directly from the corresponding sulphinic acids XS(O)OH by dissociating the hydrogen
atom to form two radicals. A comparison of the two processes, using the lowest
MP2/6-31+G* energies tabulated in Table 11 and References 1 and 2 for each
comformer with X =F, Cl, OH, NH,, SH, H and CHj, shows that the S—H bond is
easier to break (by an average of 17.5kcalmol™") than the sulphinic O—H bond. In
this comparison the energy of the hydrogen atom was taken as equal to —0.5a.u. While
the acid hydrogen atom dissociation energies increase approximately with the
electronegativity nature of the X substituent, the S—H homolytic dissociation shows a
more scattered behaviour with the nature of X.

Analogously, the formation of XSO,~ by heterolytic dissociation from either
XSO,—H or XS(O)O—H can be compared. Again, proton dissociation from oxygen is
harder (in this case), also by an average 17.5kcal mol ~! compared to S—H. As expected,
the more electronegative the nature of X, the easier (in terms of energy) is proton removal
relative to radical formation, for breaking either the S—H and the O—H bonds.
Homolytic and heterolytic O—H dissociation will be discussed in more detail later.
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Tables 12 and 13 also allow a more extensive comparison of properties such as bond
lengths and atomic charges in going from the sulphinic acids to the dissociated radicals
and anions, along the lines discussed somewhat in Reference 1 for sulphinic compounds
and derivatives and, more extensively, in Reference 2 for sulphones. Analogously, trends
in the energies and geometries of radicals and anions between XSY and XS(O)Y systems
can also be compared.

V. METHYLSULPHONYL DERIVATIVES

A comprehensive discussion of sulphonic acids, sulphones and their radicals and anions
from a computational point of view has recently been given2. That chapter should be
referred to for the basic references, to which we will add here?*~2°. The Tables presented
there of neutral parents, radicals obtained from them by homolytic dissociation of a
hydrogen atom (even from a methyl group) and anions generated by deprotonation?
are augmented here with larger molecules, and the discussion is expanded accordingly.
All the new structures contain one or more methyl groups. The same calculational
procedures (RHF gradient optimization of the geometry using the 6-31G* basis set for
the parent compounds and radicals, and the 6-31+ G* basis for the anions) described
for the XSY and XS(O)Y compounds were used here, as well as in the previous
studies'-?, for compatibility. For all systems the MP2/6-31 + G* energy was calculated
as a single point using the RHF or UHF optimized geometry. The properties of the
neutral parents are summarized in Tables 15-17 and shown selectively in Figures 12
and 13, the radicals in Tables 18-21 and Figures 14—-20 and the anions in Tables 22-24
and Figures 21-28.

Four CH,SO,X compounds have been added in Tables 15-17, none of them acids.
The geometric and electronic structural trends discussed previously can be extended to
include these species. The optimized geometries are shown only for CH,SO,F (75) and
CH,SO,0CH, (78) in Figures 12 and 13, respectively. However, all the geometries with
a methyl group of the CH;—SO,X form show a staggered conformation of the S(O,X)
group relative to C(H,) with respect to the S—-C bond. This structural aspect has been
reviewed by Hargittai?® using experimentally determined structures, who also
consistently found staggered conformations. In addition, we also find here that the methyl
group C—H bond trans or anti to the C—X bond is slightly longer than the other
C—H bond lengths. This differential C—H bond distance effect is very small
(0.001-0.003 A) and could even be considered to be too close to the accuracy or
convergence level of the gradient optimization criteria in the computer codes to be
significant. However, the effect is consistent for all the CH,;—SO,X systems studied
here, unless X is a group with potential hydrogen bonding (donor) properties where
internal hydrogen bond interaction effects can dominate. The slightly longer C—H bond
length in the trans position should mean that dissociation of that bond is more facile
than the other methyl C—H bonds.

Experimental evidence supporting the lability of one of the C—H bonds comes from
steric stability studies at the chiral carbon atom (in XSO,—CRR'H) where H/D exchange
reaction rates have been compared with racemization kinetics in basic solution. It is
found that the ratio of exchange to racemization rates is consistently much larger
than one (by at least an order of magnitude) which implies that the exchange reaction
proceeds through an intrinsically asymmetric carbon with retention of configuration.
This result correlates with the remarkable stability of a-sulphonyl carbanions which
stubbornly retain their original configuration in electrophilic attack. The lengthened
trans C—H bond distance is the precursor to the stable a-sulphonyl carbanions. These
kinetic studies and their structural implications have been comprehensibly reviewed by
Oae and Uchida?®.
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TABLE 16. Calculated bond lengths for CH;SO,X derivatives®

Bond lengths (&)

Molecule C—S §S=0 X S—X C—H
75 CH,SO,F 1.760 1413% F 1.564 1.080°
76 CH,S0O,Cl 1.771 1.420% Cl 2.031 1.081°¢
77 CH;SO,NH,” 1.766 1431° N 1.651 1.081°
78 CH,SO,0CH; 1.761 1427 O 1.579¢ 1.080¢

1.078¢4

°From the RHF/6-31G* optimized geometries.
*Two equivalent values.

“Average value.

4H —C(—S); see Figure 13.
‘S—0.0—C=14334.

/N—H=1.0014.

TABLE 17. Mulliken atomic charges and orbital occupancies on S in CH,;80,X derivatives®.

Atomic charges d-Orbital

occupancy
Molecule S C(—S) O X H(—C) on S
75 CH,SO,F 1.737 —-0.770 —0.638° —0.441 0.250° 0.670
76 CH,S0,Cl 1.439 —-0.743 —0.640° —0.178 0.254° 0.624
77 CH,SO,NH,* 1.647 —-0.734 —0.703* —1.031 0.231°¢ 0.646
78 CH,SO,0CH, 1.720 —0‘7571 —0.688°  —0.729¢ 0.209¢ 0.665

—0.206

“From RHF/6-31G* basis optimized geometries.
bTwo equivalent values.

“Average value.

40(—C).

¢H(—C—O0).

IC(—0).

?Defined in Table 16.

hg[H(—N)] = 0.415"

Sulphonyl radicals having the unpaired electron spin located primarily on the oxygen
and/or sulphur atoms were discussed previously®. Here, we address the radicals produced
by the homolytic cleavage of a methyl C—H bond in the a-position to the central
sulphur atom. The general formula of these radicals is XSO,CH ,-, and they are discussed
here for X =F (79, Figure 14), Cl (80, Figure 15), OH (81, Figure 16), NH, (82, Figure 17)
and CH, (83, Figure 18). There are also two radical structures of the XSO,0CH, type,
with X =CH, (84, Figure 19) and H (85, Figure 20). There is also one XSO,CH,-
structure with X =H in Reference 2 (27, Tables 4-7, Figure 29). As can be seen from
Table 21, the unpaired electron spin in these methylene radical systems is localized
mainly on its carbon atom.

A comparison of trends in bond-length changes from the neutral parents (Table 16
and Reference 2) to the corresponding methylene radical species (Table 19 and
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TABLE 20. Mulliken atomic charges and d-orbital occupancies on $ in XSO,CH, and XS0,0CH,
radicals”

Atomic charges

d-Orbital
occupancy
Molecule S C O=S) H(—C) X/ H(—X) on S
79 FSO,CH,- 1754 —0.593 —0.632° 0.263° —0.434 — 0.685
80 CISO,CH,- 1454 —0.554 —0.634* 0.269° -0.170 — 0.641
81 HOSO,CH,- 1.714 —0.587 —0.692 0.261 —-0.810 0.511 0.684
0.649  0.252
82 NH,SO,CH,- 1664 —0582 —0.694 0243 —1.024  0416° 0.662
—0.693 0255
83 CH,SO,CH,- 1.562 —0.597° —0.704> 0.231° —0.753 — 0.612
84 CH,SO,0CH,- 1735 -0759 —-0654 0.239° —0.686° — 0.671
~0.089° —~0.697 0.216*¢
85 HSO,0OCH,* 1565 —0066 —0.637 0218 —0.679 — 0.682
—0.671

“From UHF/6-31G* optimized geometries.
*Two equivalent values.

“Average value.

“Hydrogen on radicalic carbon.

“Radicalic carbon.

fDefined in Table 19.

0(—C).

hq[H(—C)] = 0.051.

TABLE 21. Spin populations® in XSO,CH, and XSO,CH," radicals®

C

Ht
Molecule s Py P, P: s
79 FSO,CH 0.130 0942 —0.176
80 CISO,CH, 0.136 0.864 0.124 0035 —-0.174
81 HOSO,CH,- 0.177 0.136 0.236 0.699 —0.180
82 NH,SO,CH 0.135 0.136 0.035 0.863 —0.180
83 CH,SO,CH, 0.137 0.460 0.550 —0.180
84 CH,SO,0CH,; 0.180 0.040 0.807 0093 -0.152
85 HSO,0CH, 0.180 0.125 0.248 0.602 —-0.158

* From UHF/6-31G* optimized geometries.
® Only values higher than 0.035 are included.
¢ Total spin population for both hydrogen atoms on the methylene carbon atom.

Reference 2) shows that, for a given X, the C—S, C—H and S=O bond lengths shorten,
while the S—X bond distance remains essentially unchanged. In Table 19 the orientation
of the CH - plane relative to the C—X axis is defined by the angle that the CH, bisector
makes with the C—S bond (called H,CS angle). For the XSO,CH ,- systems this angle
is seem to be consistently close to 180°, making the H,CS grouping very nearly planar.
The corresponding value of this angle for HSO,CH,-, for example, is 179.3°. The unpaired
spin in these radicals is thus in a mainly carbon atom p-type orbital (with about 10%
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TABLE 22. Energies and dipole moments of XSO,CH,” and
XS0,0CH, " anions®

Energy (a.u) RHF
dipole

Molecule RHF MP2b moment (D)><
86 FSO,CH,~ —685.640538  —686.463325 1.947
87 CiISO,CH,~ —1045.684684 —1046.461807 4.775
88 HOSO,CH,"~ —661.624507 —662.451046 3.320
89 NH,SO,CH," —641.784490  —642.593487 2.830
90 CH,SO,CH," —625.787115  —626.563298 3.128
91 CH,SO,0CH,~  —700.616081 —701.564178 3.488
92 HSO,0CH," —661.559548  —662.371072 5.070
93 CH,0S0O,CH,~ —700.647954 —701.604319 5.474

2Geometry RHF/6-31 + G* optimized with no symmetry or equivalence constraints.
*In the RHF optimized geometry.
“Origin dependent.

TABLE 23. Calculated bond lengths for XSO,CH, ™~ and XSO,0CH, " anions’

Bond lengths

H,CS

Molecule C—S 8=0 S—H C—H X S—X X—H C—O angle/

86 FSO,CH,"~ 1.631  1.440° — 107* F 1660 — — 146.2

87 CISO,CH,~ 1.594  1.429% — 1070 Cl 2607 — — 154.1

88 HOSO,CH, "~ 1.646  1.451° — 1077 O 1666 0952 — 139.8

89 NH,SO,CH," 1.684 1461° — 1.081> N 1.687 1003 — 128.8

90 CH,SO,CH," 1791 1466® — 108% C —  —  — 1320
1.687¢ 1.078%t 1.620

91 CH,SO,0CH,~ 1772 1442 — 1081 O 1512 — 102.5
1.446 1.092¢¢ 1.691

92 HSO,0CH, " — 1.438° 1328 1.092° O 1.500 — 1.394 98.1

93 CH;080,CH;" 1.649 1451 — 1085 O 1.669 — 144.7

1.443 1.076%¢

2 From the RHF/6-31 + G* optimized geometries.

* Two equivalent bonds to the accuracy of the table.
¢ Average value.

4 Methylene carbon.

¢ C—H on the methylene carbon.

1/ See footnote e in Table 19.

s character—see Table 21), approximately perpendicular to the H,CS plane. The S—X
bond is also roughly perpendicular to the H,CS plane and therefore lies nearly parallel
to the radical orbital. Because of the near-planarity of the H,CS grouping, radical
reactions involving methylene in a sulphonyl compound are not expected to retain
configuration around the carbon atom.

The trends in bond shortening or lengthening in going from the neutral parent
compounds to the radical species have been interpreted in terms of either two MQ,
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TABLE 24. Mulliken atomic charges and d-orbital occupancies on S for XSO,CH,~ and
XS0O,0CH, " anions®

Atomic charges d-Orbital

occupancy
Molecule S C O H(—0O H(—S) X/ H(—X) onS$S
86 FSO,CH, " 1.858 —0971 —0.851* 0.179* — —0.544 — 0.622
87 CISO,CH, " 1200 —0719 —0642> 0.227° — —-0.651 — 0.563
88 HOSO,CH, " 1.771 —0986 —0.865°* 0.169° — —0.887 0.494 0.620
89 NH,SO,CH,”~ 1611 —0987 —0.851* 0.163 — —1.090 0424 0.599

0.175 0.406
90 CH,SO,CH,” 1402 -0959¢ -0.863* 0209 -0017 —-0.701 — 0.571
91 CH,SO,0CH,~ 1969 —0.826 —0.819 0.119%¢ — —-0.708 — 0.666
—0.726° —0.850 0.243¢

92 HSO,OCH,~ 1.684 —0.609 —0.791°> 0.108° — —-0693 — 0.689
93 CH,0SO,CH,~ 1.798 —-0977 -0.871 0.173° — -0633 — 0.629

—0.328¢ -0.849 0.113*

? From RHF/6-31+ G* optimized geometries.
* Two equivalent values.

< Average value.

¢ Anionic carbon.

¢ Hydrogen on anionic carbon.

/ Defined in Table 23.

FIGURE 12. CH;SO,F, structure 75 in Tables 15-17
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FIGURE 13. CH;S0,0CHj, structure 78 in Tables 15-17

°
1.730A

FIGURE 14. FSO,CH,- radical, structure 79 in Tables 18-21
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FIGURE 16. HOSO,CH," radical, structure 81 in Tables 18-21
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o
1.738A

FIGURE 17. NH,SO,CH,- radical, structure 82 in Tables 18-21

FIGURE 18. CH,SO,CH,- radical, structure 83 in Tables 18-21
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FIGURE 20. HSO,OCH,- radical, structure 85 in Tables 18~21

37



38 T. Hoz and H. Basch

FIGURE 21. FSO,CH, " anion, structure 86 in Tables 22-24

FIGURE 22. CISO,CH, ™ anion, structure 87 in Tables 22-24
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FIGURE 23. HOSO,CH, "~ anion, structure 88 in Tables 22-24

FIGURE 24. NH,SO,CH, ™ anion, structure 89 in Tables 22-24
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FIGURE 27. HSO,0OCH, " anion, structure 92 in Tables 22-24
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FIGURE 28. CH;0S80,CH, "~ anion, structure 93 in Tables 22-24

three-electron interactions or two MO, one-electron interaction?. In the former case,
X—Y bonding MO mixes with the radical MO to stabilize and shorten the X—Y bond
length. In the second case the MO containing the unpaired electron is stabilized by
interacting with an antibonding MO (S—X in this case) which stabilizes the radical
centre and delocalizes a small amount of spin population into the S—X bond via its
antibonding ¢ MO. In a Valence Bond language, CH, can form a partial double bond
with the central sulphur atom if one of the other sulphur bonds (to O or X) is ruptured.
The S—X bond 1s usually weaker than S=O and, being parallel to the radical MO, is
well oriented for inducing such an incipient partial double-bonded structure of sulphur
with methylene. The S—X bond is therefore expected to be weakened (and longer) in
the radical relative to the neutral parent compound. These opposing shortening and
lengthening effects for the S— X bond apparently are either individually not significant
or approximately cancel each other since the S—X bond lengths remain essentially
unchanged with hydrogen atom dissociation. The calculated spin population on X is
always less than 0.001 and about —0.05 on sulphur. On the other hand, the S—C
bond is apparently strengthened by some induced partial double-bond character in the
radical and consequently shortens somewhat relative to the neutral parent.

The geometries of those radicals with potential hydrogen bonding donor properties
(X = OH, NH,) have additional features. In projection along the S—O axis the O—H
bond in HOSO,CH,* is preferentially oriented to lie parallel with one of the S=0O
bonds. The H-- O distance is 2.35 A and this S=O bond has a length of 1.426 A, compared
to the other S=O bond distance of 1.417 A (Figure 16). Analogous evidence of internal
hydrogen bonding is found also in NH,SO,CH,- where the two N—H bonds are
eclipsed with the two S=O bonds for a double N---H interaction distance of 2.46 A.
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Evidence of intramolecular hydrogen bonding in sulphonyl compounds was discussed
previously?.

It is interesting to use the energies tabulated in Tables 15, 18 and Reference 2 to
calculate the homolytic bond dissociation energies for C—H to form the substituted
methylene radical. When this is done, it is found that for the XSO,CHj, structures the
HF/6-31G* dissociation energies cluster closely around 86 kcalmol ™' (MP2/6-31 + G*
gives 103.5 kcal mol ~!), while for XSO,0OCH,;, the corresponding binding energies are
about 84 (and 99) kcal mol ~!. A reasonable conclusion is that an oxygen atom « to the
methylene radical centre is more effective in stabilizing the radical (or is less destabilizing)
than an a-SO, group. Another conclusion is that the specific nature of X in a given
generic-type structure is not very important to the homolytic C—H bond dissociation
process.

The geometries of the corresponding XSO,CH, "~ sulphonyl anions in Table 23 and
Figures 23-28 show a non-planar angle between the S—C bond and the CH, bisector
(H,CS angle in Table 20). The anion lone pair occupies the space of the dissociated
proton for retention of configuration. For X = F (86), Cl (87), OH (88) and CH; (90) the
S—X bond exactly bisects the CH, angle in projection along the S—C axis, as expected,
while for X = NH, (89) the bCSN (b = CH, bisector) dihedral angle is 35.5°. Neither
the flip nor the rotation barriers were probed, but each should be large enough to prevent
racemization, as is observed experimentally. Thus calculated geometric structures are
consistent with and reinforce the kinetic experiments cited above?®,

For the anions the C—S bonds decrease and the S—X bonds increase in length
substantially compared with the neutral species. Here the potentially stabilizing two
MO, three-electron interaction in the radical becomes a destabilizing two MO, four-
electron interaction. The incipient dissociation of X~ to give the partially double-
bonded SO,=CH, structure is very favourable for electronegative X and results in the
increased S—X and decreased S—C distances. The calculated deprotonation energies
(comparing the energies in Tables 15 and 22) are consistent with these trends. Thus, the
XSO,0CH, ™ anions (91 and 92), where the asymptotic S=C structure is not possible,
have proton affinities that are at least 20kcalmol™' larger than any of the
other (XSO,CH, ™) methylene anions where the CH, group is directly bound to sulphur.
In these latter systems, the methyl deprotonation energies are also found to vary roughly
with the electronegativity of X in the order, X = Cl < F < OH < CH,; = NH,. The CI—S§
bond length in CISO,CH," (87, Figure 22) is an unusually large 2.067 A (Table 23),
indicating an incipiently dissociated Cl1~. Finally, the H,CS angles are much larger for
the XSO,CH, ™~ type anions than the XSO,0OCH, "~ anions. The relative stabilization
of carbanions by sulphenyl and sulphonyl groups has been reviewed by several
authors. 23727,

Contrary to the other XSO,CH, ™ species, CH;SO,CH,~ (90, Figure 25) is found
to have the methyl group cis to the methylene lone pair of electrons across the (H,)C—S8
bond. The H,;C—S bond length at 1.791 (Table 23) is only slightly longer than
normal (see Section 6). X = CH; is also anomalous here in its deprotonation energy,
referred to above. Having the same value as the NH, group places methyl out of its
accepted place in the electronegativity scale.

In a final look at the CH3SO,X compounds, we can compare the experimental®® and
RHF/6-31G* optimized geometric structure for CH,SO,F (75, Figure 12). With the
calculated values in parenthesis, an electron diffraction study gives n(S=0)= 1.410A
(1.4134), (S—C)=1.759A (1.760A), S—F)=1.561A (1.564 &), <C—S—F =98.2
98.2), (O=0=S—F =106.2 (106.4) and {O=S=0 = 123.1 (121.9). The uncertainty
in the experimental angies is typically + 1.5. As has been noted before,"%, such consistently
good agreement for the S==0 bond length supports the semi-polar (S* —O ~) description
of this bond as the preferred representation in place of the conventional double-bond
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pictorial (S==O) characterization (also used here to avoid confusion). RHF/6-31G* does
not usually do this well for conventional double bonds. The substantial difference in
$=0 and S—O(Y) bond lengths (see Section 6) must just affect the additional ionic
interaction due to the charge transfer component, of the S=O bond. Hargittai and
Hargittai*®:2® have also discussed the trends in CH;SO,X bond lengths and angles as
a function of the electronegativity of X. The observed trends are completely adhered to
by the calculated structures.

V. AROMATIC COMPOUNDS

The XSY, XS(0)Y and XSO,Y compounds discussed in the previous chapters!+? and earlier
sections of this review refer to non-aromatic systems. In fact, most experimental work
involves aromatic sulphur compounds. We therefore review here a computational study

TABLE 25. Energies and dipole moments of aromatic sulphur compounds®

Energy (a.u) RHF
dipole

Molecule RHF MP2* moment (D)
94 PhSH —628.208190  —629.074772 1.930
95 PhSOH —703.037369  —704.085024 2.364
96 PhSNH, —683.219685  —684.252286 1.275
97 PhS(O)H —702.995345  —704.047393 4.476
98 PhS(O)OH —~777.866411  —779.101571 4.131
99 PhS(O)NH, —758.038547  —759.258254 3.259
100 PhSO,H —777.845003  —779.080416 5.623
101 PhSO,0H —852.721936  —854.136383 4.931
102 PhSO,NH, | —832.891676  —834.2950441 4.290
103 PhSO,NH, 1T —832.88683¢  —834.288664 6.623

2 Geometry RHF/6-31G* optimized with no symmetry or eqivalence consiraints.
® In the RHF optimized geometry.

TABLE 26. Calculated bond lengths of aromatic sulphur compounds®

Bond length (A)

Molecule c—C C—H CcC—S8 S=0 X S—X X—H
94 PhSH 1.387¢ 1.075¢ 1.792 — H 1.328 —
95 PhSOH 1.387¢ 1.075° 1.777 — (¢ 1.655 0.950
96 PhSNH, 1.385¢ 1.075¢ 1.782 — N 1.698 0.999°
97 PhS(O)H 1.386° 1.075¢ 1.792 1.483 H 1.341 —
98 PhS(O)OH 1.386° 1.075¢ 1.789 1.461 (0] 1.623 0.956
99 PhS(O)NH, 1.385¢ 1.075¢ 1.790 1.473 N 1.679 1.004¢

100 PhSO,H 1.386° 1.074¢ 1.763 1.432% H 1.329 —

101 PhSO,0H 1.386° 1.074¢ 1.761 1.428 (@) 1.591 0.955

1.420
102 PhSO,NH, I 1.386¢ 1.074° 1.768 1.431° N 1.651 1.001*
103 PhSO,NH, 11 1.386¢ 1.074¢ 1.774 1428 N 1.640 1.000°

¢ From RHF/6-31G* optimized geometry.
" Two equivalent values.
“ Average value.
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of the aromatic systems: the first of its kind, to the best of our knowledge. Tables 25-27
and Figures 29-38 show the properties of three phenyl sulphenyl compounds (PhSY),
the three sulphinyls (PhS(Q)Y) and four sulphonyls (PhSO,Y), where Y =H, OH and
NH,. The sulphonamide is found in two conformations of NH, relative to SO,.

Computationally, the same procedure was carried out as for the aliphatic sulphur
compounds: gradient optimization of the geometric structure at the RHF/6-31G* level,
followed by a single point MP2/6-31G* calculation. However, the single point
MP2/6-31 4+ G* calculations were not carried out because of the large sizes of these
systems.

FIGURE 29. C4H;SH, structure 94 in Tables 25-27

FIGURE 30. CcH;SOH, structure 95 in Tables 25-27
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FIGURE 31. C4HSNH,, structure 96 in Tables 25-27

FIGURE 32. CcHS(O)H, structure 97 in Tables 25-27
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FIGURE 34. C,H S(O)NH,, structure 99 in Tables 25-27
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FIGURE 35. C4HS(O,)H, structure 100 in Tables 25-27

FIGURE 36. C,HSO,OH, structure 101 in Tables 25-27
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FIGURE 37. C4HSO,NH, I, structure 102 in Tables 25-27

FIGURE 38. C4HSO,NH, II, structure 103 in Tables 25-27

49
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The geometric structures of the PhSO,X compounds can be characterized by both the
spatial/conformational relationship between the nuclear SO, group and the Y
substituent, and the orientation of the SO, group relative to the aromatic ring. In
PhSO,H (100) the ring C—S—H plane is perpendicular to the aromatic ring, placing
the two sulphonyl oxygen atoms in closest possible contact (2.57 A distance) with the
two ring ortho hydrogen atoms. This attractive interaction between the ring hydrogen
atoms and the semi-polar S=O bond oxygen atoms determines the structure. In
PhSO,0OH (101) the (C—)H---O(=S) interactions are joined by a simultaneous
(O—)H..-O(=Y) internal hydrogen bond at 2.34A distance with a H—O—S=0
dihedral angle that is very close to zero. The parallel alignment of the O—H and one
S§=0 bond for maximum attractive interaction has been noted previously as a generally
occurring motif in sulphonyl and sulphinyl acids?.

Benzenesulphonamide has two stable structures, both of which show the ortho
hydrogen atoms of the aromatic ring interacting with the SO, oxygen atoms at a distance
of 2.55A. In the more stable structure (102) the NH, group aligns itself parallel with
the SO, group for minimum (N—)H..-O(=S) distances of 2.47 A each, forming a sloping
parallel V structure where the SO, angle (121.5°) is, of course, larger than for NH,
(112.6°). The second sulponamide structure (103) can be approximately obtained from
the first by 180° rotation of NH, about the S—N bond or inversion at the nitrogen
atom. The energy difference between the rotamers is only 1.2 (RHF) or 1.1
(MP2)kcalmol™! (Table 25) and here the (N—)H.--O(=S) distance is 2.64 A. Two
different such rotamers were obtained also for the aliphatic HSO,NH, molecule? with
similar small energy differences. Although not shown in Table 27, the aromatic ring
ortho hydrogen atoms are in all these cases (100-103) more positively charged by 0.04
units of positive charge (¢) than the meta- and para-position hydrogen atoms, in accord
with the former’s intramolecular hydrogen-bonding interactions with the sulphonyl
oxygen atoms.

Hargittai2® has also reviewed the experimental structural data that are relevant to the
internal hydrogen bonding effects discussed above. Experimentally, the ‘perpendicular’
model for PhSO,Y, where the C—S—Y plane is perpendicular to the phenyl ring, is
favoured structurally for Y = Cl, CH; and vinyl when hydrogen atoms are attached to
the ring carbon atoms. Substitution of fluorine for the ring hydrogen atoms which
eliminates the (C—)H:--O(=S) interaction, resuits in a different conformational
geometry around the C—S bond.

The extent of double-bond character in the C—S bond of the aromatic sulphones
can be measured by the quinonoid alternation of C—C bond lengths in the ring to give
four ‘long’ and two ‘short’. This differential is seen (100-103) consistently to be only
0.002-0.003 A, which can be taken as indicating not much double-bond character in
C—S. A possibly related property is the atomic charge on sulphur in the aromatic
sulphones (Table 27) compared to the aliphatic compounds. Using the numbers in
Table 17 and previous chapter? for comparisons shows that the atomic charge on sulphur
in PhSO,Y, CH,80,Y and HSO,Y for a given Y substituent is consistently largest for
the aromatic sulphone. This may indicate some additional n-type interaction involving
the phenyl! ring not possible in the aliphatic systems, although the C—S bond length
is not much different between the aromatic and aliphatic systems (compare Table 26
with Tables 2, 12, 16 and References 1-2).

XS(O)Y compounds, where X =CgH, Figures32-34 can also be discussed
structurally in terms of the relationship between Y ( = H, OH, NH,) and the S=O bond
on one hand, and the orientation of S=O with respect to the aromatic ring, on the
other hand. Both benzenesulphinic acid (98) and benzenesulphinamide (99) have
orientations of their Y substituent relative to S=O similar to that in the corresponding
aliphatic XS(O)Y' (X = H, for example). The projection of XS(O)OH along the S—O bond
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has the conformation shown in footnote b, Table 14 for both X = H (angle a = 32.0°) and
X = CcHy(a = 41.2°). These dihedral angles allow a substantial (O—)H --- O(=S) internal
hydrogen bond interaction at a 2.58 A distance, while simultaneously accommodating
the lone-pair interactions (between the singly-bonded S and O atoms) for minimum
repulsion. Because the sulphur lone pair is located trans to the O—H bond, the type
a orientation also allows a stabilizing interaction between the non-bonding (nb) electron
pair on sulphur and the O—H ¢* MO. Although the intramolecular hydrogen bond
between (O—)H and (O==)S is still possible in the types b and ¢ rotamers (Table 14),
these later orientaions are not favourable for the nb-¢* interaction and, perhaps, this is
the reason that types b and ¢ are not found here. These considerations have recently
been discussed in a different context3°.

In XS(O)NH, for both X = H" and X = C4H; (99) the optimized structures have the
S=0 bond located between the two N—H bonds in projection along the S—N axis.
This allows a maximum number of (S=)O---H(—N) interactions at a 2.76 A distance.
There could be other stable rotamer structures but these are expected to be of higher
energy, for the reasons enumerated above, and were not probed. For example, a possible
rotamer geometry for both the hydrogen and benzenesulphinamides has the lone pairs
on nitrogen and sulphur trans to each other across the S—N bond. Besides allowing
only one (S=)O---H(—N) interaction, this conformer would not have any nb pair of
electron trans to a bond (S—H, N—H or S=0), which is considered to be a stabilizing
stereoelectronic arrangement.

As was found in the PhSO,X compounds, the S==0 bond in the aromatic sulphines,
PhS(O)Y, orients itself to be approximately parallel to the aromatic ring for maximum
interaction between (S==)O and one ortho ring H(—C). The O---H distance is in the
2.41-2.48 A range (Y=H, OH and NH,) and the atomic charge on the affected
hydrogen atoms is larger than on the rest of the ring hydrogen atoms. This difference
is usually around 0.05 ¢, except for the other ortho hydrogen atom in the cases of Y = OH
and NH,. In these latter systems there is evidence for an additional hydrogen-bond-type
interaction between the electronegative atom of the Y group and the other ring ortho
hydrogen atom. In these cases the charge difference between the two ortho hydrogen
atoms is only 0.03e. Thus, in CgHS(O)NH,, for example, there are three intramolecular
hydrogen-bond interaction distances: /gN~ JH---O(==S) at 2.76 A, (§=)O---H(—C) at
241A and (S—)N---H'(—C) at 2.41 A. The ortho H' interaction is undoubtedly weak
but is sufficient to determine the final rotameric structure of these simple aromatic
sulphinamides.

Although never large, the actual dihedral angle that the S=O bond in PhS(O)Y
makes with the plane of the aromatic ring depends on the nature of Y. The largest angle
is for Y =H (Figure 32), apparently due to crowding with the nb electron pair on S
which prefers to be perpendicular to the ring plane. This can be considered to be the
‘normal’ case. For Y = OH (Figure 33) and NH, (Figure 34) the O=S—C—C(ortho)
dihedral angle is very close to zero. In these cases there are two addtional weak interactions
which must be accommodated: Z - - - H(—C),,,;,, and (Z—)H - - - O(==S8), with Z=O(H) and
N(H,).

In all the aromatic sulphur compounds studied here (94-103) the sulphur atom lies in
the plane of the aromatic ring. The S— C—Cp0y—Cimergy and S—C—Cpy—H
dihedral angles never deviate from planarity by more than 4°, and usually less. In the
PhSX compounds (94-96) the net charges on the ring ortho hydrogen atoms are consistently
larger than on the meta- and para-position hydrogen atoms. This property is again
indicative of a weak internal hydrogen-bond interaction between the ortho hydrogen
atoms and the lone-pair electrons on the sulphur atom. For Y =H and NH, in PhSY
there are two such equivalent interactions, but for Y = OH there is one such interaction
of (C—)H with O(—H) and one with the sulphur atom. The (C—)S --- H(—C) distances
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lie in the narrow range of 2.885-2.889 A, while (S—)O---H(—C) in 95 is 2.675A.
S.--H(—C) and S---H(—O) interactions in XSY compounds will be seen again in
Section 7.

The angle between the C—S—Z plane having Z = H, O(H) or N(H,) and the ring
plane in aromatic PhS{(O)Y compounds then depends on these extra intramolecular
interactions. For Z=H, S—H 1is perpendicular to the aromatic plane. In both
benzenesulphenic acid and benzenesulphenamide 96 the angle is near 30°. Kost
and Raban®' have emphasized the interaction of the sulphur lone pair of electrons with
the aromatic ring in ortho-substituted benzenesulphenamides in determining the local
conformation around the (ring) C—Z bond.

VI. COMPARISON OF PROPERTIES

The XSY, XS(O)Y and XSO,Y compounds are characterized by zero, one, and two S=0
bonds, respectively. In comparing properties among these types of sulphur compounds
the focus will be on geometric and electronic structural trends and their possible energetic
(thermodynamic) implications. As was briefly expounded in the Introduction, a great
deal of our understanding of electronic structure and bonding comes from a knowledge
and comparison of molecular geometries. Geometric structure determination can be a
difficult experimental task. The collection of structures and energies compiled here and
previously!+? represents a substantial data base of simple sulphur-containing compounds
in a common basis set and level of theory. These computational results allow a
comparison and understanding of trends and effects in geometric and electronic structure
descriptions, and the connection between them.

A relatively trivial example of the use of this data base for over 70 neutral closed-shell
electronic structure XSY, XS(O)Y, XSO,Y systems has recently been given32. The
Koopmans’ theorm?? frozen orbitals ionization energy of the easily identified sulphur
atomic 2s electron, represented by (the negative of) its RHF orbital energy in the molecule,
was plotted against the Mulliken atomic charge on the sulphur atoms for the whole series
of compounds. A least-squares fit of the data to a straight line gave a correlation
coefficient of 0.930. This approximately linear fit express simultaneously the general
environmental dependence of core electron binding energies*, the ‘chemical shift’ effect®®
and the more subtle factors that are missing from the simple, linear relationship and
must be taken into account for quantitative accuracy3®.

The most straightforward comparison among these sulphur compounds involves the
purely structural aspect, where the variation in geometric parameters is compared across
function type SO,, n=0, 1 or 2. A number of reviews and papers have addressed these
trends!®28:29:37 [n these analyses we will only use the data on the neutral, non-radical
molecules. The first question that can be asked is: how do the S=O and S—O(H) or
S—O(Y) bond lengths vary as a function of the other substituents (absence, presence
and type) in the series. For the S—O(H) and S—O(CH ) bond distances taken together
in XSO,0Y compounds the average S—O bond length of 13 members having n=0

is 1.651 A, 22 bonds with n =1 average to 1.614 A and 12 distinct bond lengths in n =2
systems have a 1.577A average. The trend is therefore definitely for a shorter S—O
bond length with increased oxidation or coordination state of the central sulphur atom.
It should, however, be recalled that the S—O bond length is also a function of the other
substituents on sulphur (X) within a given structure type. As has been pointed out
previously?, the equilibrium S—O distance roughly decreases with increased
electronegativity of X. Thus FSOH (2.9) for example, although belonging to the n=0
category, has a S—O bond length of 1.612 A, which statistically belongs to the n= 1
structure-type category. Intramolecular interactions can also affect bond distances, as,
for example, to elongate the O—H bond in the n =1 and n = 2 acid systems. Therefore,
the trends described above for S—O, and for all the other geometric parameters analyzed
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here, are true only in an average or statistical sense. Exceptions to the category values
can be found for cases that are at the boundaries of the parameter ranges, because they
involve an extreme substituent type or because of special intramolecular interactions.

The S=O bond length is also found to shorten with n increasing from 1 (XS(O)Y) to
2 (XS0O,Y). The average of 21 S=O distances in XS(O)OY (Y=H and CH,) is
1.446 A. Likewise, for XSO,0Y 24 distinct S=0 bond lengths have an average 1.417 A
value. If the more general generic types XS(O)Y and XSO,Y from the appropriate tables
and previous work"+? are included in the statistical analysis, then 32 XS(O)Y compounds
give a somewhat larger average S=—O distance of 1.454 A and 50 distinct S==0 bonds in
XS0,Y compounds have a longer average 1.421 A bond length. We see from this increase
in average S=O bond length in each category that the acid and methoxy sulphur
compounds usually have somewhat shorter S=O bonds than the other, general
substituents in this study. However, the difference between XS(O)Y and XSO,Y
compounds is maintained at about —0.03A on the average. In addition, the average
difference between S—O and S=O is about 0.16 A, in both the XS(O)Y and XSO,Y
systems.

The other two bond lengths involved in the SOH and SOCH, functional groups are
O—H and O—C. The average of 9 XS(O)Y compounds O—H bonds is 0.951 A, of 18
sulphines is 0.956 A and of 10 XSO, Y compounds is 0.955 A. It is reasonable to attribute
the uniformly longer O—H bond distance in S=O containing compounds, at least
partially, to internal hydrogen bonding with the semi-polar O(=S) atom. This interaction
has been noted in a number of cases?® and is supported by the differential S=0O bond
lengths in the sulphonic acids. Interestingly, the maximum deviation from the respective
O—H bond-lengths averages is only 0.002 A for each distinct value of n in XS§(0,)OH.
Thus, the degree of internal hydrogen bonding in the sulphinic and sulphonic acids is
nearly independent of the X substituent.

The O—C bond distance in the XS$(O,)JOCH; compounds increases by about 0.01 A
for every unit increase in n. Indications of intramolecular (S=)O---H(—C) hydrogen
bonding have also been found in the XS(O)Y and XSO,Y systems!'2 but it is not clear
that they cause these computed variations in the O—C bond length in the methoxy
compounds. Hydrogen-bonding effects involving the methyl effect in XS(O)Y and XSO,Y
systems will be discussed in the next Section.

The calculated behaviour of the other bond distances (X—S) in the generic XS(O,)Z
compounds, where Z is any singly-bonded atom subtituent, as a function of n can be
summarized as follows. In all available cases (X=H, C, N, F, S, Cl) the X—S bond
length decreases from n=1 to n=2. For example, for the S—C bond eleven n=0
members give an average 1.799 A distance, nine n =1 bonds have an average 1.792A
length and twelve n = 2 contributors average to 1.767 A. Along with carbon, both fluorine,
oxygen (in OH, from above) and nitrogen (in NH,) also show a modest decrease in their
respective equilibrium bond distances with sulphur in going from n = 0to n = 1. However,
S—H, S—S and S—Clincrease their bond lengths in going from XS(O)Y and XSO, Y systems.
Here we must caution that the number of contributing bonds to these last averages is small
(3-6 each) for N, F, S and Cl bonded to the central sulphur atom. Recall also that the
S—X bond distance is typically a function of the electronegativity of Z within each
class. Nonetheless, although presented without explanation or interpretation, the fact
that the bond lengths of S with first-row atoms behave differently from sulphur- Z
(= second-row atom) distances in a consistent fashion is not intrinsically unreasonable.
The S—H bond, which also behaves differently from the first-row atoms, has 10 members
with n = 0 and an average of 1.327 A distance, 13 cases with n = 1 giving a 1.340 A average
and 10 bonds for n =2 averaging to 1.324 A. All these trends can usually be followed
not only statistically, but also for specific X, Y substituents in XSO, Y as n varies through
0, 1 and 2. Some of these trends in bond-length changes with increased oxygen content
have also been noted by Hargittai®” in his analysis of experimentally determined
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geometric structures. The decrease in N—S bond length with nin XSO,NH, compounds
has been interpreted as due to increased N — S © bonding when sulphur becomes more
electropositive as the value of n increases®®,

Another property whose behaviour can be traced as a function of n is the atomic
charge, obtained here by the Mulliken population analysis and the d orbital population
on the central sulphur atom. A word of caution needs to be injected here again about
populations. The charge on an atom in a molecule is not a quantum mechanical
observable and its definition is therefore arbitrary. Some definitions are probably better
than others in terms of serving the needs of such a definition. All methods require a
partitioning of either real space or wave function (Hilbert) space into atomic regions.
Partitioning the physical space-may be the least arbitrary but it is complicated and time
consuming. In addition, the physical boundaries are not always automatically obtained
and their interpretation is not always unambiguous.

The Mulliken population analysis has the advantage of simplicity, long usage and
wide experience, and the absence of any other method that has also no flaws or failures.
Its known defects include a basis set dependence and a tendency to give poor results
(when compared to chemical experience and intuition) with an extended basis set,
especially with diffuse basis functions. The 6-31G* basis set used for the population
analysis Tables here for the neutral (parent and radical) species has no diffuse basis
orbitals. A comparison of g(X), the atomic charge on atom X, and d(S), the d orbital
population on sulphur, in the same valence basis set for similar classes of molecules
should give useful information. However, caution should be exercised in drawing
unambiguous conclusions that are unsupported by other evidence. The values for g(X)
and d(S) for the anions in the 6-31+G* basis set are even more susceptible to
uncertainties in interpretation.

The clearest and most outstanding feature of the calculated values of g(S) and 4(S) is
their joint uniform increase with n in XSO, Y. Even though there is a range of g(S) values
for a given n due to ¢(S) increasing with increased electronegativity of X or Y, there is
no overlap in ¢(S) values (in units of positive charge =e) between XSY type compounds
(average of 26 values = 0.315¢), XS(O)Y type compounds (average of 31 values = + 1.135¢)
and XSO,Y type compounds (average of 26 values = + 1.582¢) in this database (Tables 3,
13, 17, 27 and References 1-2). This is true even for those molecules that contain both
divalent and tetravalent sulphur atoms in S—S bonds. An analogous statement can be
made about d(S) whose ranges (averages) are 0.07-0.16 (0.114) for n = 0, 0.28-0.42 (0.350)
for n= 1 and 0.60-0.75 (0.665) for n = 2 using the 6-31G* basis set. The calculated trends
are completely general. Both in their behaviour within a given structure type (specific
n) and as n varies, ¢(S) and d(S) move together. Thus, d orbitals on the central sulphur
atom are of increased importance as valence atomic electron density is removed
by electronegative substituents, or the oxidation state and coordination number increase.
The 3d atomic subshell is, presumably, stabilized by the higher atomic charge. It can
then serve simultaneously to provide greater spatial flexibility as a polarizing function
and as an empty valence orbital for back-bonding electron transfer to S'+2, The calculated
behaviour of ¢(S) as a function of substituent is shown in Figure 39. This is a very
expanded version of Figures presented by Hargittai?®.

The general decrease in S=0, S—X and S—Y bond lengths in XSO,Y as n and as
the electronegativity of X or Y increase could be attributed to a valence shell contraction
effect due to the increased atomic charge g(S); although, as noted, the more diffuse 4(S)
increases correspondingly.

As expected, both types of oxygen atom, O(=S) and O(—S), have their atomic
charges reduced (in absolute value) in going from n=1 to n=2 in XSO, Y by 0.07¢ and
0.08¢, on the average, respectively. This seems to be the general trend also for N, F, S and
Cl attached to the central sulphur atom and is predicted on the basis of simple
electrostatics. The addition of an electron-withdrawing oxygen atom to the central
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CHARGES ON SULPHUR AS A FUNCTION OF X

N

q(s)

B SH Me Ph Cl NH2 OH OMe F

—=— HSX  —+—HOSX —» HOSO2X
~5- XS(0)OH —¢ H3(O}X —A— HSO2X

FIGURE 39. Charges on S as a function of substituent X

sulphur atom in XS(O)Y to give an additional semi-polar S=O bond is expected to draw
charge from all the other atoms. However, O(—S) becomes more negative in going from
n =0 (14 examples with an average charge of —0.722) to n =1 (21 cases with an average
q of —0.802). Again, N, F, S and Cl, although with many fewer examples, seem to follow
this same trend. Thus, the XSY compounds are generally more ionic than the XS(O)Y
compounds in all their S—Z (Z =0, X, Y) bonds (except, perhaps, for Z = Hydrogen).
The additional electron density comes from the sulphur atom whose atomic
charge jumps by an average of 0.82e from n=0 to n= 1, of which an average of only
0.74e go into the new O(==S) atom and the rest divides among the other atoms bonded
to sulphur. In contrast, g(S) increases, on the average, by only 0.45¢ from XS(O)Y to
XS0,Y.

The H(—O) atom in XS(O,)OH has maximum ¢(H) for n = 2, making the sulphonic
acids the best proton donors. This is well known-experimentally3®. We can compare the
calculated deprotonation energies for the XS(0),OH systems as a function of n (=0, 1, 2)
to determine quantitatively the relative acidities of the different classes of sulphur
compounds. Using the MP2/6-31 + G* energies from the appropriate parent neutral and
anion tables, the XSY compounds (n = 0), with X =F, Cl, NH,, SH, CH;, H and CH,0,
have an average calculated proton affinity of 350.1 kcal mol~!. The XS(O)Y compounds
(n=1), with X =F, Cl, NH,, SH, CH,, H and OH, average to 321.3kcalmol ™' and the
XSO,Y compounds (n =2), including X =F, Cl, NH,, SH, CH,, H and OH, have an
average proton affinity of 307.9 kcal mol ™', As with all the electronic energy differences
between molecular species quoted here, it is necessary to add other small thermodynamic
terms (like vibrational, rotational, translational, etc.) to compare these numbers to
experimental results! ™3¢, These correction terms, however, are small (of the order of
several kcalmol ™!, at most) and tend to reduce the calculated number accordingly.

From the average O—H deprotonation energies calculated for the XSY, XS(O)Y and
XSO,Y systems, the lowest value is for the sulphonic acids, as determined experimently>°.
Within each of the three classes the order of heteronuclear ionization approximately
follows the electron-withdrawing properties of X, as expected based on simple
arguments. The more electronegative the substituent, the more ionic the O—H bond,
the smaller the deprotonation energy.
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The correlation can also be examined for the calculated homonuclear dissociation of
the hydrogen atom from the different acid groups (O—H). For n=0, the average
dissociation energy is 65.8 kcalmol ™", for the XS(O)Y (n=1) it is 81.4kcalmol~* and
for n=2 the average homonuclear binding energy is 113.4kcalmol ~'. This trend (with
n value) is exactly the opposite of that found for the proton dissociation energies, and
the sulphonic acids have the smallest proton affinities and highest hydrogen-binding
energies {absolute values). The reason for this complementary opposite behaviour is that
the more tonic the character of the O—H bond, the easier will its ionic (heterolytic)
splitting be, but the more ready will be the covalent (homolytic) splitting. The behaviour of
the hydrogen atom dissociation energy with the character of X for a given group (n
value) in XS(0,)OH is not as simple as for deprotonation and the calculated values have
different orderings for n =0 compared to n=1 and n=2. In these latter two cases, the
(homolytic) hydrogen atom binding energy increases with the electronegativity of X,
as expected from the increased ionic character of the O—H bond. For n=0 (XSY),
however, both hydrogen atom and proton dissociation energies are calculated to
approximately decrease with the increasing electron-withdrawing property of X.

In Section 3 we compared the homolytic and heterolytic dissociations of H from
XS(O)O—H and XSO,—H to form the same respective XSO,- radicals and XSO, "
anions. We can extend these comparisons in parallel with the XS(O)OH and XSO,0H
relative O—H dissociation properties, to the analogous XS(O)H and XSO,H systems
with respect to breaking the S—H bond. Comparing the seven (X) substituents in the
XS0,Y system with eight (X =F, Cl, NH,, SH, CH;, H, OH and OCH,) XS(O)Y type
compounds, the average S—H deprotonation energy is 28.6kcalmol ™! lower in the
XSO,Y system. This is almost exactly the same average difference (28.8 kcal mol~!) as
for the relative O—H deprotonation from the corresponding acids XS(O)OH and XSOH.
Here, also, the proton dissociation energy for S—H parallels the electronegativity of X
in both the XSO,Y and XS{O)Y systems. The homolytic dissoctation of a hydrogen
atom from the central sulphur shows the expected complementary behaviour to the
heterolytic dissociation and is also, on the average, 15.8 kcal mol ™' lower (but) in XS(O)H
relative to XSO,H. Each S—H dissociation in XS(O)H and XSO, H, of course, is smaller
than the corresponding O—H (homolytic) binding energy in XS(O)OH and XSO,OH.
Again, for the XSO,H—>XSO, + H- process the energy dependence on X is
opposite to that for XSO,H—XS0O,” +H*, while both XS(O)H —XSO- + H- and
XS(O)H-»XSO™ and H* have the same energy dependence on the character of the
substituent X.

The relative hydrogen atom and proton dissociation energies for S—H from XS(O)H
and O—H from the isoelectronic XSOH, respectively, have the same properties already
described in Section 3 for these same processes with respect to XSO,H and XS(O)OH.
The consistently smaller binding energies calculated for S—H dissociation relative to
O—H from different precursor types, when both processes give the same products,
means that the acid form is always intrinsically more stable when comparing isoelectronic
systems. Thus, directly comparing the energies of XS(O)H (Table 11) with those of XSOH
(Table 1) for a given X substituent shows the latter to be consistently more stable and,
not surprisingly, to have the lower dipole moment. Similarly, comparing isoelectronic
XS(O)OH (Table 11) to XSO,H (Reference 2), for the lowest-energy conformer in each
case, shows the former to have the respective lower energies and smaller dipole moments
for a given X. These are general trends for comparing isomeric XSO,Y to XSO,_,0Y,
where the systems with the fewer number of S=O bonds are intrinsically more stable.
This has been noted also for the anions23727. It should also be noted that because the
higher-energy isomer has the larger dipole moment, these calculated stability
orders could be affected by interaction with solvent which could preferentially
stabilize the larger dipole moment isomer. We will return to this latter point in the
next Section.
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VIl. DIMERS, WATER COMPLEXES AND HYDROGEN BONDING

The hydrogen bond (H-bond) takes many forms, involves a variety of atoms (A—H--- B)
and spans a modestly wide range of chemical energies (2-37 kcal mol ~1)*9743, As a flexible
type of chemical bond occurring in a variety of molecular and metal complexes, with a
pervasive presence in biochemical systems and a dominating influence on their activity,
the H-bond is attracting increased specific attention both experimentally and
theoretically.

The classical H-bond situation usually involves the oxygen or nitrogen atoms as the
donor(A) and acceptor(B). Recent attention has been focused on the involvement of the
C—H group in hydrogen bonding situations. These observed or inferred interactions
usually involve the more acidic alkyne C—H bond**™*7, although the association of
the less acidic alkenes (> C—H) with strong bases have also been reported*-*9. Such
an intramolecular H-bond interaction has also been proposed to exist for a vinyl sulphone
(> C—H---O=S) in the gas phase from an electron diffraction study®®. This type of
association reflects the relatively strong ionicity of the S=O group which is now well
recognized!-2-38:3",

The general hydrogen bonding properties of the sulphoxide (> S=O) and sulphone
(>S0,) groups have recently been reviewed®®3%*!  highlighting the influence of the
A—H..-O==S interaction on intramolecular conformation and intermolecular
association in solutions, particularly those involving phenol. The structures of cyclical
1:1 hydrogen bonded complexes formed by sulphinic acids with water and methanol
have been studied by ab initio theoretical methods.! Here, as expected, the O—H ---O=S§
interaction is prominent. However, evidence of intramolecular (methyl)C—H..-O=S§
hydrogen bonding has also been noted in ab initio structure study of a series of
methyl-substituted sulphones?. Intermolecular association involving the methyl C—H
bond with the S=O group in dimers and its influence on the chemical and physical
properties of liquid methylsulphony! compounds has been emphasized by Robinson 253,

In general, the bulk properties of certain sulphones and especially sulphoxides have
been interpreted as indicating a degree of mutual association in the liquid phase and in
aprotic solution®®-32:33, Two types of intermolecular interactions have been proposed
in explanation of these observations: the S=0 ... S=0 association>® and, as mentioned
above, C—H..-O==S bonding®?:*3, Both type structures can also take on cyclic forms
with double or multiple interactions. With regard to the former type of non-bonded
structure, intramolecular S--- O interactions based on the spatial proximity of the sulphur
and oxygen atoms in molecules have been noted in a wide variety of sulphur compounds,
including sulphones and sulphoxides3*33. Thus, both the S§.--O=S§..-O and
(methyl)C—H ---O=S type interactions have been identified or proposed in both intra
and intermolecular situations.

The nature of the experimental evidence offered in support of these proposed
interactions divides into the molecular and the bulk-type properties. On the molecular
level unusually short interatomic distances between formally non-bonded atoms, eclipsed
dihedral alignment of bonds as the preferred conformation, and shifts in the characteristic
frequency of the affected bond(s) as well as changes in their bond length(s), are taken
as indicative of an operative interaction. On the bulk property level, boiling points that
are either high compared to similar systems where substitution (fluorine for methyl, for
example) precludes such non-bonded interactions, or are comparable to obviously
hydrogen bonded systems (hydroxyl in place of methyl, for example) are offered as
evidence of an associative interaction. However, although experimentally determined
molecular structure may be used to infer the existence of both types of intramolecular
interactions3!+37-38.31.54.55  there seems to be no direct structural evidence on the
molecular level for the intermolecular cases.

We have therefore extended our previous ab initio computational studies of sulphinic
and sulphonic acid derivatives!'2, which included structural evidence of the
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intramolecular (methyl)C—H .- O==S interactions, to include both the intermolecular
hydrogen bonded and the interacting S=O type dimer associations. For comparison
purposes, the corresponding (sulphone and sulphoxide) monomer—water (1:1) complexes
have also been determined, as well as a number of analogous carbonyl-water and dimer
carbonyl structures. The importance of electron correlation from a higher level theory
on the calculated water complex and dimer binding energies has also been examined.
Finally, in all cases, the effect of basis set superposition error (BSSE)3¢-37 on the calculated
binding energies has been taken into account guantitatively. A preliminary report of
some of these results has been given elsewhere®Z.

All calculations were carried out using the GAUSSIAN set of computer programs' 316,
Geometry optimization at the RHF self-consistent field (SCF) level was carried out using
the standard 6-31G* basis set (with 5 d-type atomic orbitals) for all atoms. This was
followed by a MP2° single point calculation at each RHF optimized geometry. BSSE
was taken into account in the usual fashion of calculating the dimer and water complex
binding energies using reference monomer and water energies obtained in the full dimer
and water complex basis set, respectively, including the basis functions on the ‘ghost’
atoms. The possible effect on BSSE of changes in the monomer and water geometries
from the isolated molecule to the in situ dimers and complexes (extra polarization effects)
was also taken into account. Each calculated (RHF and MP2) dimer or water complex
binding energy was adjusted by the difference in the calculated water and monomer
energies of the asymptotic and full complex or dimer basis sets, at the optimum complex
or dimer geometry, respectively. This correction is assumed to somewhat over-estimate
the true BSSE but takes into account BSS in the actual bonded monomer and water
complex geometries®” 38, Both the RHF and MP2 binding energies are reported here,
both before and after BSSE correction.

Generally, no attempt was made to test these minimum energy (zero energy gradient)
structures for stability by examining the curvature of the second derivative energy matrix
(vibrational frequencies). Therefore, it may be that, especially where there is more than
one geometry for a given dimer or water complex combination, one or more structures
could be a transition state rather than a stable equilibrium structure. Since the purpose
of this computational survey was to obtain qualitative information on the (possible
hydrogen bonding interactions and geometries in these systems, the extra effort of
systematically testing each stationary state structure was not deemed worthwhile. Also,
although possibly giving some idea of dimer association in the neat liquid or
water-monomer complexation in solution, the 1:1 interaction model may not be a
completely realistic representation of three-dimensional bulk matter with multiple
simultaneous interactions in all directions.

It is also possible that there are other minimum energy structures for the given dimer
and water complex types than those presented here. The potential surface is very flat
and the possibility of other local minima cannot be ruled out. A number of initial relative
monomer—monomer and monomer—water orientations and conformations were explored
that led to many of the structures presented here. Experience gained with the obtained
structures suggested new initial relative orientations for analogous systems which were
tried, some of which gave new structures while others either dissociated or rearranged
to give previously obtained geometries. Although the set presented here cannot claim
to be exhaustive, given the wide geometric explorations, there is a high probability that
it contains the lowest-energy cyclic structure for a given dimer and water complexes type.

Weak hydrogen bonded systems need a large basis set and relatively high level of
theory for a quantitatively accurate description of the geometry and binding energy.
Correlation {from post-HF methods like MP2) shortens the hydrogen bond distance
and increases the binding energy. Improving the basis set at the RHF level usually
lengthens the hydrogen bond distance and decreases the binding energies due to reduced
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TABLE 31. RHF and MP2 and binding energies® of water complexes®

Energies (a.u.) Binding energy® (kcal mol™ ')
RHF
dipole After BSSE>*
Monomer RHF MP2? moment® RHF®* MP2> RHF MP2
128 HS(O)H —549.458610 —549.949013 2.671 8.5 10.0 6.6 6.8
129 CH,S(OH —588.510345 —589.133065 2914 12.7 15.0 10.6 11.2

130 CH,S(O)CH, 1 —627.549827 —628.303568 5.987 3.7 5.0 26 31
131 CH,S(O)CH, IT  —627.557669 —628.312371 4.637 8.6 10.5 6.6 69

132 HS(O)OH —-624.334727 —625.008114 1.212 13.5 16.6 10.8 120
133 CH,;S(O)OH —663.386443 —664.192484 3.591 12.7 159 9.7 10.8
134 CH,S(O)OCH, —702.403845 —703.335562 2272 7.1 8.5 53 52
135 HSO,H —624.298806 —624.972308 4.956 8.0 89 6.6 6.5
136 CH,SO,H —663.356305 —664.162002 4.187 1.7 9.3 6.1 6.4
137 CH,S0,CH, —702.410471 —703.349686 5.379 79 10.6 5.2 5.7
138 CH;SO,F 1 —762.232497 —763.212617 2.786 6.6 8.4 49 5.3
139 CH,S80,F I —762.233640 —763.214106 2.428 73 9.3 4.9 52
140 H,0 —152.027884 —152.397456 3.104 5.8 71 4.7 52
141 H,S —474.678977 —474.984003 0.875 24 35 1.3 1.5
142 HSOH —549.992687 —549.992687 3.503 7.5 9.7 6.1 72
143 HOSOH —624.356622 —625.025326 1.976 9.2 12.6 6.6 8.1
144 CH,SOH —588.548676 —589.165437 3.148 7.3 9.6 5.8 10
145 CH;SOCH, —627.572737 —628.317280 2.118 6.0 8.6 39 4.9
146 CH,OSOH —663.383485 —664.179791 2.081 9.2 12.8 6.5 8.0
147 HC(OH —189.883582 —190.364895 2.295 5.4 6.8 37 4.0
148 CH,C(O)H —228.934145 —229.544473 3.194 6.1 7.8 4.2 4.7

149 CH;C(O)CH, —267980763 —268.720774 3.793 5.7 82 39 50

2Geometries RHF/6-31G* optimized with no symmetry or equivalence constraints.
’In the RHF/6-31G* optimized geometry.
‘See text.

BSSE in the more complete basis. The monomer geometries are not changed to significant
degree by hydrogen bonding in the complex. Thus, RHF/6-31G* geometry optimization
is expected to give hydrogen bond lengths that are too long, relative to exact theory or
experiment, and underestimate the binding energy. A single point MP2/6-31G*
calculation at the RHF geometry will still give too small a binding energy because the
hydrogen bond distances are too long. Because the dissociation potential for the dimers
and water complexes is relatively shallow, even around the energy minimum, large

(several tenths A) changes in the hydrogen bond length can amount to only tenths of
kcal mol ™! difference in the binding energy. These are the uncertainties that are attached
to the energies and geometries presented here®?-6%. We take it as given that the hydrogen
bond distances are overestimated (by up to 0.1-0.2 A for the longer-range interactions)
at the RHF/6-31G* level.

Further, along these lines, for a given basis set size, MP2 is expected to give a larger
binding energy than RHF. If the contrary is calculated at the RHF optimized geometry,
then it could indicate a significant difference in equilibrium hydrogen bond distance
predicted by those two levels of theory, and/or steep curvature at the energy minimum.
The latter indicates a relatively strong hydrogen bond with a respectable binding energy.
It should then be possible to use the relative binding energies calculated at the MP2
and RHF levels at the latter’s optimized geometry, as well as the magnitude of the
binding energy itself, as a criterion for assessing these two effects. An alternative
explanation for a decreased hydrogen bonding energy at the MP2 level relative to RHF
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would be a calculated decrease in dipole moment and/or local bond ionicity, which
should affect the electrostatic nature of the hydrogen bond. Although correlation does
cause changes in this direction, they would have to be substantial to overcome the
natural tendency of the electron correlation to improve the molecular bonding
interaction. We will not explore these issues in this chapter any further.

The calculated binding energies at both the RHF/6-31G* and MP2/6-31G* levels for
the RHF geometry optimized dimers are presented in Table 28, with and without BSSE
correction. Since one of the objectives of this study was to compare S.--O and
S..-H(methyl) intermolecular interactions, it should be noted that all the sulphur dimers
in Table 28 except for HS(O)H 11, 105, Figure 41 are of the H-bonding type. All attempts
to start with an initial dimer geometry which maximized intermolecular S--- O interactions
lead either to dissociation or rearranged to give a hydrogen bonded structure, except 105
which has the smallest calculated binding energy (MP2/6-31G* after BSSE correction)
at 1.0kcalmol™'. Thus, the anti-parallel, double S-.-O interaction is found to be
substantially weaker than the (S—)H---O(=S) and (C—)H---O(=S) association. It
should be noted that the SO, dimer has been identified experimentally as not having
the anti-parallel structure®!. Electrostatic calculations of the Buckingham—-Fowler type®?
predict the anti-parallel structure to have a binding energy of only 1.0kcal mol~'®. It
should also be noted, however, that a recently analysed microwave structure of the
acetylene-SO, complex in the gas phase®® showed the dominant interaction to be between
the sulphur atom and the =z electrons of C,H,.

The RHF/6-31G* optimized dimer geometries involving sulphur are shown in
Figures 40-57. The bond lengths are tabulated in Table 29 for comparison purposes
and the Mulliken atomic charges are displayed in Table 30. The tables also include some
carbonyl dimer property results which can, by contrast, be used to emphasize the special
hydrogen bonding properties of the S=O bond. Analogously, the water complexes with
XSY, XS(0O)Y, XSO,Y monomers are shown in Figures 58-78. The corresponding
properties are tabulated in Tables 31-33, including, again, for comparison, some
water—carbonyl complexes. Table 34 tabulates the interatomic distances between the
heavy atoms involved in intermolecular hydrogen bonding, both in the dimers and in
the monomer-water complexes. The H,O and H,S dimers and mixed complexes are
included in the tables for completeness.

The generally outstanding features of the dimer structure are their multiple hydrogen
bonded interactions involving both the (S—)H:..--O(=S) and (C—)H---O(=S)
associations, where possible. The first question we can ask ts whether the binding energy
numbers in Table 28 indicate which of these two hydrogen bonds is intrinsically stronger.
The best comparison here is within a given dimer composition where both types of
bonds are possible, such as CH;S(O)H (107-110) and CH,SO,H (116-118). Thus
comparing 109 with 110 (Table 28 and Figures 45 and 46) shows that the former structure
with two (S—)H---O(=S) bonds has an MP2/6-31G* binding energy (after BSSE
correction) of 12.8 kcal mol ~ ! while 110, also with two (C—)H -.-§(=0O) hydrogen bonds,
has the higher binding energy of 13.4kcalmol™!. Analogously, for CH;SO,H, the
hydrogen bond energy increases from 5.1 kcal mol ~! for two (S—)H --- O(=S) bonds in
structure 118 to 5.9 kcalmol™"! in structure 113, with one of each type of association.
The differences are not large but seem to show consistently that (C—)H---O(=S) is
stronger than (S—)H.--O(=S). The other two CH;S(O)H dimer structures, 107 and
108, as well as 117 for the CH;SO,H dimer, involve multiple hydrogen bonding to given
oxygen atom and these are more difficult to resolve in terms of the two different hydrogen
donors, C—H and S—H.

The complexes of the simple sulphoxides [XS(O)Y] and sulphones [XSO,Y] with
water (Tables 31-33) for X,Y = H, CH, (structures 128-131, 134-137 and Figures 58-61,
64-66, respectively) also indicate a role for the interaction of a methyl hydrogen atom
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TABLE 34. Interatomic distances between heavy atoms with hydrogen bonds in dimers and water
complexes”

Dimers C.--0 S...0 Water complexes 0.0 0...C O0--8
104 HS(O)H I 2938 128 HS(O)H 2.820 3.253
105 HS(O)H 11 129 CH,;S(O)H 2.825 3.370 3375
106 HS(OJH III 2907 130 CH,S(O)CH, I 3.494¢
3151 131 CH,S(O)CH, Il 2878  3.446
107 CH,S(O)H 1 3205 3251 132 HS(O)OH 2.780
3.300 2.814
108 CH,S(O)H 11 3.276 3.012 133 CH,S(O)OH 2.799
3.239 2.796
109 CH;S(O)H 111 3.044 134 CH,S(O)OCH, 2.909 3.387
3.063 135 HSO,H 2.893 2936
110 CH,S(O)H 1V 3.221 136 CH,SO,H 2.877 3.324 3.157
3.225 137 CH,SO,CH, 3124 3364
111 CH,S(O)CH, 1 3252 138 CH,SO,F I 2991 3293
3.256 139 CH,SO,F II 3.135°
112 CH,S(O)CH, 11 3.389 140 H,0 2.980
3.462 141 H,S 3.275
113 CH,S(O)CH, 11T 3.442 142 HSOH 2.856
3.438 143 HOSOH 3.264
3.442 144 CH,SOH 2.868
3434 145 CH,SOCH, 2.968 3.510
114 CH,S(O)F 3.283 146 CH,OSOH 3.047
3.334 2.835
115 HSO,H 3.172 147 HC(O)H 2.949
2972 3.213
2972 148 CH,C(O)H 2.986 3.530
116 CH,SO;H I 3.335 149 CH,;C(O)CH, 2972 3.549
117 CH,SO,H 11 3.348 3.195
118 CH,SO,H 111 3.199
3.100
119 CH,SO,CH, 3.499
3.329
120 CH,SO,F 3314
121 H,S*
122 HSOH*
123 HC(O)H 1 3.397
124 HC(O)H 11 3.020
125 CH,C(O)H I 3.704
3.479
3.110
126 CH,C(O)H II 3371
3.436
3.008
127 CH,C(O)CH, 3.546
3.515
3.555
3.551

“From RHF/6-31G* optimized geometries.
®Average of two close values.

€0 ---O distance is 2.892A.

4Two equivalent values.

*S.--.S distance is 4.505 A,
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FIGURE 41. HS(O)H dimer II, structure 105 in Tables 28-30
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FIGURE 42. HS(O)H dimer III, structure 106 in Tables 28-30

FIGURE 44. CH,S(O)H dimer II, structure 108 in Tables 28-30
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FIGURE 47. CH,S(O)CH; dimer 1, structure 111 in Tables 28-30



FIGURE 49. CH;S(O)CH; dimer 111, structure 113 in Tables 28-30
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FIGURE 51. HSO,H dimer, structure 115 in Tables 28-30

FIGURE 52. CH,SO,H dimer I, structure 116 in Tables 28-30
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FIGURE 53. CH,SO,H dimer II, structure 117 in Tables 28-30

FIGURE 54. CH;SO,H dimer III, structure 118 in Tables 28-30
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FIGURE 55. CH,SO,CH; dimer, structure 119 in Tables 28-30

FIGURE 56. CH,SO,F dimer, structure 120 in Tables 28-30
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FIGURE 57. HSOH dimer, structure 122 in Tables 28-30

FIGURE 58. HS(O)H - --water complex, structure 128 in Tables 31-33
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FIGURE 59. CH;S(O)H ---water complex, structure 129 in Tables 31-33

©)
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FIGURE 60. CH,S(O)CH,---water complex I, structure 130 in Tables 31-33
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FIGURE 62. CH;S(O)OH ---water complex, structure 133 in Tables 31-33
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FIGURE 65. CH,SO,H --- water complex, structure 136 in Tables 31-33



FIGURE 68. CH,SO,F ---water complex I, structure 139 in Tables 31-33
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FIGURE 69. HSOH --- water complex, structure 142 in Tables 31-33

FIGURE 70. HOSOH ---water complex, structure 143 in Tables 31-33
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FIGURE 72. CH;SOCH; .- water complex, structure 145 in Tables 31-33
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FIGURE 73. CH;OSOH ---water complex, structure 146 in Tables 31-33

with the water oxygen atom (O,,). The analogous CH, --- water interaction has also seen
investigated®®, It is difficult to assess the relative importance of the (S—)H:--O,.
(C—)H---0O,, and (O,—)H --- O(=S) interaction energies from the relatively few unique
structures found. In the two CH;S(O)CH,-water complexes (130, Figure 60 and 131,
Figure 61), the former structure has a double (C)—H---O,, interaction with the same
oxygen atom for a binding energy of 3.1 kcalmol ™! (after BSSE correction), and the
latter structure has one (C—)H---O,, and one (O,—)H---O(=Y5) association and a
binding energy of 6.9 kcalmol ™. This certainly seems to establish the weaker strength
of (C—)H --- O,, relative to (O,—)H --- O(=S). In addition, the (O,—)H --- O(=S) bond
distance is consistently shorter by a significant amount (about 0.6 A) than the other two
types of hydrogen bond lengths in the water complexes and the conventional correlation
of bond distance with bond strength would also favour the (O,—)H-.-O(=S)
interaction.

However, because many of these hydrogen bonds in both the dimers and the
monomer—water complexes are bent to different degrees, a more consistent measure of
hydrogen bond strength might be the distance between the heavy atoms Y---O (Y =C,
0, S) in the (Y—)H-..O bonds®®%5. On that basts, in the dimers, the small differences
in (Y—)H --- O(=S) distances between the two different types of hydrogen bonds (Y =C
and Y = S) are usually somewhat reduced in the Y --- O distances. The effect is not great
because the difference in hydrogen bond lengths is already small. In the water complexes
(Tables 32 and 34), however, the difference between the H,,-.- O(=S) and O,, --- H(—Y)
distances is substantial, especially for the sulphoxides. This difference is generally
somewhat reduced in the Y---O distances, but comes nowhere close to eliminating it.

Another question with regard to the sulphoxides and sulphones centres about the
relative basicity of the O(=S) atoms as measured by relative hydrogen bond strengths.
The resolution of this question is based on comparing the relative dimer and water
complex binding energies for the XSO, Y series, with X, Y = H, CH; and n = [,2. Again,
on the basis of Tables 28 and 31 it is clear that, generally, the sulphoxides (n= 1) are more
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basic than the sulphones (n =2). The difference is small for both X = Y = H or CH;, but very
large (almost a factor of 2 larger in binding energy) for the mixed compounds, CH,S(O)H
compared to CH,SO,H. In these comparisons, the largest binding energy structure of
a given dimer or water complex composition was adopted as the reference. Although
this generally larger hydrogen binding energy for the sulphoxides is more pronounced
in the dimers relative to the water complexes, the large difference in hydrogen bond
length between the sulphoxides and the sulphones is actually in the water complexes for
the (O, —)H---O(=S9) interaction distance (Table 32). Here, however, comparing the
sulphoxides to the sulphones, the heavy atom distances, O, ---O(=S) in Table 34,
substantially reduce the differences in bond lengths involving the hydrogen atom in
Table 32.

Given that the atomic charge on the S=O oxygen atom in XS(O)Y is consistently
(absolute value) larger that on each S=0O oxygen in XSO,Y, as documented in Section 6,
the better hydrogen bonding properties of the XS(O)Y systems are no surprise. However,
the difference in atomic charge on oxygen between XS(O)Y and XSO,Y is calculated
to be only 0.076e, on the average. The actual specific charge difference between oxygen
atoms in CH,;SOH (Table 13) and CH,SO,H? is actually closer to 0.le. Nonetheless,
the difference in atomic charge on the oxygen atoms in bare HS(O)H (Table 13) and
HSO,H? is also 0.1e, and between CH,S(O)CH; (Table 13) and CH,SO,CH,? is the
same O.1e. In addition, as was pointed out previously in this chapter, the atomic charge
on O(==S) on both sulphoxides and sulphonyls varies linearly with methyl substitution for
H in XS0,Y, with no maximum (negative) value for CH,SO,H. Although the atomic
charges on oxygen are enhanced by the hydrogen bonding (see Tables 30 and 33), the
change is roughly the same for all the compounds. Clearly, then, the outstandingly better
hydrogen bonding properties of CH,S(O)H in dimer and water complex formation
relative to the dihydro and dimethyl sulphoxides, and to all three types of the sulphones,
cannot be explained only by the relative Mulliken atomic charges on the S=O bond
oxygen atom.

Substitution of fluorine for hydrogen or methyl bound to sulphur in the sulphoxide
and sulphone dimers also gives different trends. Thus, replacing H in CH,S(O)H IV
(110, Figure 46) or CH; in CH,S(O)CH; I (111, Figure 47) with F to give CH;S(O)F
(114, Figure 50) results in a decrease in dimer binding energy. These three dimers all
have the same number and types of hydrogen bonds. On the other hand, replacing
hydrogen in CH,;SO,H I (116, Figure 52) with fluorine to give CH;SO,F (120,
Figure 55) leads to a small (0.2 kcal mol ™ !) increase in dimer binding energy. Here, again,
both dimers have the same cycle structure with two (C—)H --- O(=S8) hydrogen bonds.

The sulphinic acid dimer (122, Figure 57) and water complex (39, Figure 69) form the
same type of structure involving a hydrogen bond between (SO)—H and O,,. The acid—
water complex has a larger binding energy, shorter hydrogen bond distance and larger
(negative) charge on the hydrogen bonded oxygen atom. Substituting OH for H to give the
HOSOH-water complex (143, Figure 70) increases the binding energy through a second
(O,—)H ---O interaction at 2.305 A. Replacing (S)H with CH, (144, Figure 71) slightly
reduces the HSOH binding energy with water while maintaining the same hydrogen
bonded structure. If CH;O is substituted for OH in CH,SOH to give CH,SOCH, (145,
Figure 72), the (O,—)H---O hydrogen bond is considerably weakened. When CH,0O
replaces CH, in CH,SOH or OH replaces CH, in CH,SOCHj, to give CH,OSOH (146,
Figure 73) a second hydrogen bond is formed which strengthens the monomer—water
interaction in both cases. This is also equivalent to replacing an H in HOSOH with the
CH, group where the calculated hydrogen binding energy is only slightly reduced.

Analogously, replacing the (S)H in HS(O)OH (132) with CH, to form CH,S(O)OH
(133, Figure 62) reduces the water complex binding energy. Both acids form a cyclic,
double hydrogen bonded water complex with (S=)O---H(—O,,) and (O—)H.--O,,
interactions. Continuing the hydrogen — methyl substitution to form CH,S(O)OCH,
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(134, Figure 63) gives a lower binding energy water complex with a (C—)H.--O,,
association replacing the acid group’s interaction with water. As noted before, methyl
substitution for hydrogen generally increases the calculated atomic charge on sulphur
(Tables 30 and 33) and these trends are also found in the dimers and water complexes.

For comparison purposes, Tables 28—33 also show dimer and water complex properties
of the carbonyl compounds, XC(O)Y, that correspond to the sulphoxides discussed above
(X, Y =H, CH,;). As expected, the hydrogen bonded carbonyls generally have smaller
binding energies, larger hydrogen bond distances, and, of course, smaller (negative)
charges on the oxygen atoms. An interesting trend regarding the carbonyls is that, in
contrast to the sulphur compounds, increased methyl substitution increases both the
dimer and water complex binding energies, with no maximum at the monomethyl stage.
A general observation about both the sulphoxide, sulphones and carbonyl complexes is
that, whenever there are two or more structures for a given dimer or water complex
combination, the hydrogen bonded structure with the lowest dipole moment is the most
stable. Another consideration favouring the sulphur dimers and water complexes is the
steric factor. Carbonyls are intrinsically planar while the sulphoxides and sulphone
monomers are three dimensional. The steric crowding and/or bending that usually
accompanies the hydrogen bond associations probably imposes a degree of strain on
the carbonyl planarity which adversely affects their dimer and water complex stabilities.

In the previous Section the stability and more relative dipole moments of XSOH was
compared to the isomeric XS(O)H. We can examine this comparison here for X = H,
for both the dimer and the water complex using the common MP2/6-31G* energies. For
the monomer complexes with water, before BSSE correction, HSOH is only
0.3 kcal mol ~! less stable (Table 31) than HS(O)H (each referenced to its own asymptotes).
After BSSE correction the HSOH-water complex is preferentially stabilized by
0.4 kcal mol ~ !, Therefore, water will probably not reverse the natural stability of bare
HSOH relative to HS(O)H (by 27.8 kcalmol~!—Tables 1 and 11). For the respective
dimers, using 106, the most stable of the [HS(O)H], structures {or the comparison, before
BSSE correction HS(O)H improves by 3.5 kcal mol ~! (Table 28) relative to HSOH while
after BSSE correction the recovery margin increases to 5.1 kcal mol ~ . These preferential
dimer stabilizations, however, are probably insufficient to overcome a (double) monomer
difference of 57.6kcalmol ™! between HSOH and HS(O)H. Analogously, for the water
complexes of HS(O)OH and HSO,H, the intrinsically more stable XS(O)Y monomer
(Table 11 and Reference 2) has the larger binding energy by 8.7 kcalmol ™! (before BSSE
correction) or 4.3kcalmol ™! (after BSSE correction), which only reinforces its already
preferred stability. The disproportionation reaction of two XSY monomers to form
XS(0)Y + water®® can also be analysed using the monomer, dimer and water complex
energies generated in this study.

Finally, at the beginning of this Section we discussed the effect of MP2 on the hydrogen
bond length and binding energies of the dimers and water complexes. As a demonstration,
the HSOH 1 dimer (104, Figure 40) and the water complex (128, Figure 58) were directly
MP2/6-31G* optimized. The comparison is with the corresponding RHF/6-31G*
optimized geometries and energies, and the RHF and MP2 energies calculated at those
geometries. For the dimer, the two (§8—)H --- O(=S3) distances are reduced from 2.577 A
and 2.548 A (Table 29) to 2.529 A and 2.508 A, respectively. The RHF(MP2) binding
energies decrease (increase) from 7.3 (7.6)kcalmol ! (Table 28) to 7.0 (8.0)kcalmol ™',
before BSSE correction. For the water complex the equilibrium (O,—)H---O(=S8)
distance decreases from 1.962 A (Table 32) to 1.906 A, but the longer range O,,--- H(—S)
interaction decreases in length from 2.659 A to 2.466 A. At the same time, the RHF (MP2)
binding energy decreases (increases) from 8.5 (10.0)kcalmol™! (Table 31) to 8.4
(10.2) kcal mol ™!, again before BSSE correction. This exercise nicely demonstrates the
quantitative effect of MP2 on the hydrogen bond distances and binding energies.
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VIIl. METAL ION COMPLEXES AND PROTONATED SPECIES

The coordination of metal cations to XSY, XS(O)Y and XSO,Y compounds is
expected to affect their geometric and electronic structural properties. The experimental
literature deals with these kinds of complexes either from the point of view of the metal,
with XSO,Y as a ligand®®~®8, or from the point of view of the sulphur compound as a
substrate, where the metal ion is used for detection of, or as a catalytic agent inducing
change in, the substrate$2:%%:7%, Qur point of view here is the latter. The XSO,Y series
offers a particularly rich prospect of interesting chemistry and properties because of the
potential availability of multiple sites for metal ion attachment. This is especially true
of the amide derivatives (sulphenamide, sulphinamide and sulphonamide) which offer
the oxygen, sulphur and nitrogen atoms as possible receptors of metal ions.

As was noted previously?®, the interaction of bare cations with single or mulitiple
ligands in the gas phase has developed into a very active research area, both
experimentally and theoretically. The determination of metal ion-substrate binding
energies by the various spectrometric and spectroscopic techniques’’ offers an
opportunity to analyse the nature of the metal-ligand bond. By comparing the variation
of the binding energy with the nature of the metal ion and the ligand(s) much can be
learned about the mechanism of bond formation. However, these methods give no direct
information on the structure of the complexes or on preferred site attachment where
the substrate offers the possibility of several coordination and conformational possibilities
for complexation, as is found here.

Because the coordination of metal ions to XSO,Y compounds as isolated complexes
is only in the very earliest stages of investigations, we have undertaken a preliminary
computational study of the Au* interactions with HOSNH,, HS(O)NH, and HSO,NH,
in the gas phase. Metal ion interactions with sulphur—oxygen compounds in condensed
phase have recently been reviewed3%3%!. These three compounds are taken as
prototypes of the XSY, XS(O)Y, XSO,Y systems reviewed in this chapter. For
comparison purposes, the analogous protonated species were also generated. The
complexation process described here involves perturbation of the sulphur compounds
by the metal ion, but not disruption of any existing chemical bond in the sulphur
compound substrates. Properties of interest include preferred binding site locations and
conformations, metal-substrate binding energies and equilibrium bond lengths, ligand
geometric structure and its progressive change upon complexation and protonation, and
the relative energetic effects of complexation vs protonation. The gold cation was chosen
as the representative metal ion because its closed-shell electronic structure (---5d'°6s°)
leads us to expect a mainly electrostatic (charge—dipole) interaction with XSO,Y.
However, experience has shown that Au* complexes also show detectable covalent inter-
action effects®72,

The details of the calculations and the results are as follows. The geometries of the
M-—XSO,Y complexes {M = Au* and H*) were gradient optimized at the RHF level.
Ab initio relativistic compact effective potentials (RCEP) and basis sets were used for
Au* 73, Basis sets and CEPs for the main group elements (N, O and S) were taken from
a standard tabulation”. The transition metal RCEP includes the semi-core 5s and 5p
(along with the valence 5d) electrons in the valence region. The basis set, crafted to
represent accurately the 3s, 5p, 5d and any 6s, 6p electron density, is (7°°59) contracted
down to [4°*3%]. The crucial valence 5d sub-shell is thus represented by a triple-zeta set
of basis functions. Analogously, for the main group elements, the valence (s,p) + polarization
(d) CEP-211G* basis set was used, split from the tabulated valence CEP-31G
distribution®. The single-zeta polarization d exponents were 0.8 (O), 0.8 (N) and 0.49
(S). The valence region is expected to be better described by the CEP-211G basis than
the all-electron (AE) 6-31G basis because of the greater flexibility (three basis functions
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instead of two in the latter case) and smaller outer valence exponent in the former case.
For the hydrogen atom the standard valence 31G basis set!*'S was used.

Although discussed previously (Reference 1, Reference 2 and structures 12, 66-67), the
three prototypical amine and amide ligands (n =0, 1 and 2, with Y = NH, and X = OH
or H in XSO,Y) were recalculated in the CEP basis set for consistency. The RHF/CEP
energies and dipole moments of the bare ligands are shown in Table 35, as well as the
MP2/CEP energies which were single point calculated for the RHF/CEP equilibrium
geometry of only the most stable conformer complexes of each (n value) type substrate.
Table 36 shows the RHF energies of all the gradient optimized structures obtained here.
The corresponding bond distances and Mulliken population data are tabulated in
Tables 37 and 38, respectively. Again, for only the most stable complexes of a given n
value in XSO,NH, the MP2 energies at the RHF optimized geometries were (single
point) calculated and these are also listed in Table 36. In addition, for these same

TABLE 35. Total energies and dipole moments of substrate sulphur

compounds®
Energy (a.u) RHF
dipole
Molecule RHF MP2? moment (D)’
150 HS(O)NH, [ —37.182065 —37.676954 2.869
151 HS(O)NH, II —37.174664 4904
152 HSO,NH, I —52.663057 —53.345535 3.610
153 HSO,NH, II —52.659857 5.454
154 HOSNH, 1 —37.215734 —~37.703704 2454
155 HOSNH, II —37.212581 2.361

*Geometry RHF optimized with no symmetry or equivalence constraints using
the CEP basis set described in the text.
*In the RHF/CEP optimized geometries.

TABLE 36. Total energies of Au*—Substrate complexes®.

Energies (a.u.) Substrate
binding

Substrate RHF MP2® MP2° site atom
156 Au*—HS(O)NH, —172.124393 —172.755235 —~172.756238 (e
157 Au* —HS(O)NH, —172.121215 (¢}
158 Au*—HS(O)NH, —172.095530 S
159 Au* —HS(O)NH, —172.089138 S
160 Au* —HS(O)NH, —172.096974 N
161 Au* —HS(O)NH, —172.120866 0
162 Au* —HSO,NH, —187.589843 (o}
163 Au* —HSO,NH, —187.590818 — 188.407440 - 188.408680 (o)
164 Au* —HSO,NH, —187.577518 N
165 Au* —HOSNH, —172.145018 —172.781774 —~172.783830 S
166 Au* —HOSNH, —~172.149251 —172.784679 —172.786792 S

“ Geometries RHF optimized with no symmetry or equivalence constraints, using the CEP basis set described
in the text.

% In the RHF/CEP optimized geometries.

¢ After one-dimensional MP2/CEP optimization of the Au‘*’-Substrate site atom. See text.
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TABLE 37. Calculated optimized bond lengths of Au*-Substrate complexes®
Bond lengths (A)

Complex Au—O Au—S Au—N $=0 S—N N—H’ H—S H—O
156 Au*—HS(O)NH, 21964 34714 4771 1536 1710 1.024 1346 —
157 Au*—HS(O)NH, 2197 3439 4020 1529 1719 1.024 1350 —
158 Au* —HS(O)NH, 3364 2467 3409 1460 1712 1.026 1350 —
159 Au* —HS(O)NH, 3332 2467 3417 1461 1718 1.026 1356 —
160 Au* —HS(O)NH, 4722 3536 2230 1461 1.802 1024 1359 —
161 Au* —HS(O)NH, 2203 3419 3441 1521 1746 1.026 1350 —
162 Au* —HSO,NH, 2277 3382 4544 1478 1623 1007 1338 —

1.433
163 Au*—HSO,NH, 2277¢ 3362 4293 1474 1622 1.008 1342 —

1.431
164 Au*—HSO,NH, 3382 3234 2329 1429 1720 1015 1344 —
165 Au* —HOSNH, 3282 2439/ 3360 1.615 1755 1.025 — 0.960
166 Au* —HOSNH, 3108 24497 3522 1622° 1735 1024 — 0.961

“ From RHF/CEP optimized geometries.

*Average value lengths.
“S—O bond lengths.

‘Au—OQ =2.117A, Au—S = 2.388 A after MP2/CEP optimization of the Au—O distance; see text.
cAu—S =3252A, Au—O =2.174 A after MP2/CEP optimization of the Au—O distance; see text.
S Au—S =2.3214 after MP2/CEP optimization of the Au—S distance; see text.
9Au—S = 2329 A after MP2/CEP optimization of the Au—S$ distance; see text.

TABLE 38. Mulliken atomic charges and d-orbital occupancies on S in Au* ~Substrate complexes®

Atomic charges d-Orbital
occupancy
Complex S 0} N H(—S) Au on S
156 Au* —HS(O)NH, 0.631 —0.768 —0.565 0.166 0.851 0.356
157 Au*—HS(O)NH, 0.644 —0.754 —0.582 0.159 0.851 0.353
158 Au* —HS(O)NH, 0.594 —0.555 —0.558 0.167 0.640 0.485
159 Au*—HS(O)NH, 0.647 —-0.574 —0.545 0.147 0.635 0475
160 Au* —HS(O)NH, 0.756 -0.576 —0.815 0.099 0.774 0.402
161 Au*—HS(O)NH, 0.713 —0.735 —0.620 0.135 0.833 0.351
162 Au* —HSO,NH, 1.156 —0.702 —0.803 0.173 0.879 0.814
163 Aut*—HSO,NH, —0.564
1.147 —0.690 —0.788 0.162 0.879 0.821
164 Au* —HSO,NH, —0.558
1.169 —0.551 —0.965 0.170 0.846 0.844
165 Au* —HOSNH, —0.549
166 Au* —HOSNH, 0.453 —0.633 —0.563 — 0.577 0.230
0.389 —0.644 —0.540 — 0.615 0.204

“ From RHF/CEP optimized geometries.
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complexes, a one-dimensional stepwise optimization at the MP2 level was carried out
for the metal-binding atom distance, with all the other (metal complex) geometric
parameters held fixed at their RHF optimized values. The resultant MP2 energies are
also found in Table 36.

The RHF optimized geometries of the three most stable complexes are shown in
Figures 74-76. In contrast, with the formic acid- and formamide-Au* complexes?, the
structures here are intrinsically non-planar, irrespective of the coordination site. No
attempt was made to test the stability of these structures as absolute minima.

The RHF energies of the protonated XSO,NH, species, in their gradient optimized
structures, are given in Table 39. The corresponding equilibrium bond lengths, and

TABLE 39. RHF total energies of protonated substrates®

Protonated RHF Protonated
species energy (a.u.) at
167 HS(OH)(NH,)"* —37.520063 0
168 HS(OH)(NH,)* —37.516121 o]
169 HS(OH)(NH,)* —37.513828 (0}
170 HS(O)NH,* —37.488963 N
171 H,S(O)(NH,)* —37.448612 S
172 H,S(O)(NH,)* —37.442460 S
173 HS(O)OH)(NH,)* —52.960852 (@)
4 HSO,NH,* —52.955538 N
};5 HOS%‘IH} —37.536663 N
176 H,0)S(NH,)* —37.513574 O

“Geometry RHF/CEP optimized with no symmetry or eqgivalence
constraints.

TABLE 40. Calculated bond lengths for protonated substrates®

Bond lengths (A)

Protonated
Species H—O H—S H—S* $S—0O S—N N—H*

167 HSOH)(NH,)* 0963 1340 2157 1600 1693 1.024
168 HS(OH)YNH,)* 0963 1344 2147 1592 1707 1.024
169 HSOH)(NH,)* 0965 1347 1162 1580 1739 1027
170 HS(O)NH, * 3541 1361 2434 1444 1906 1.023
171 H,S(O)(NH,)* 2336 1348 1348 1432 1681 1028
172 H,S(O)(NH,)* 2524 1353 1349 1431 1685 1.028
173 HSO(OH)(NH,)* 0969 1342 2137 1416 1601 1011

1.546°

174 HSO,NH, * 2796 1344 2362 1414 1856  1.021
175 HOSNH, * 0961 — 2412 1607 1819 1021
176 (H,0)S(NH,)* 0966° — 2452 1853 1659 1016

¢ From RHF/CEP optimized geometries.

® New H—S bond lengths.

¢S—O bdond length.

4 Average value lengths.

¢ The new O—H has the same bond length.
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Mulliken atomic charges and d orbital population on the sulphur atom are shown in
Tables 40 and 41, respectively. The calculated RHF dissociation energies for both the
complexes and protonated substrates are listed in Table 42. Finally, the BSSE corrected
RHF/CEP and MP2/CEP binding energies for the most stable of each type complex
are found in Table 43.

The bare sulphinamides (150 and 151) (structures 66 and 67), and have been treated
previously'-7%:7¢, The RHF dipole moments in the CEP basis (Table 35) are consistently

TABLE 41. Mulliken atomic charges and d-orbital occupancies on § in protonated substrates”

Atomic charges d-Orbital
Protonated occupancy
species S (0] N H(—S) H°® on$S
167 HS(OH)(NH,)* 0.656 —0.623 —0.544 0.233 0.523 0.307
168 HS(OH)(NH,)* 0.658 —0.607 —0.541 0.220 0.527 0.304
169 HS(OH)(NH,)* 0.710 —0.593 —0.570 0.202 0.521 0.30t
170 HS(O)NH, * 0.852 —0.508 —0.729 0.137 0.406 0.388
171 H,S(O)(NH,)* 0.766 —0.468 —0.546 0.232 0.232 0.601
172 H,S(O}(NH,)* 0.823 —0.477 —0.534 0.208 0.216 0.591
173 HSO(OH)(NH,)* 1.126 —0.454 —0.785 0.220 0.547 0.784

—0.572

174 HSO,NH,* 1.175 —0.461 —0.874 0.200 0.483 0.840
175 HOSNH, * 0.514 —0.628 —0.647 — 0414 0.810
176 (H,O)S(NH,)* 0.504 —0.746 —0.641 — 0.551 0.151

2 From RHF/CEP optimized geometries.
® The added proton.

TABLE 42. Bond dissociation energies for Au* complexes and protonated

substrates®
Atom bonded to cation
Complex or
protonated (0} S N
species Binding energy (structure no.)
Au*—HS(O)NH,* 40.7 (156) 22.6 (158) 23.5 (160)
38.7 (157) 18.6 (159)
38.5 (161)
Au*—HSO,NH,* 31.6 (163) — 233 (164)
31.0
Au*—HOSNH,? — 35.2 (166)
32,6 (165)

H*—HS(O)NH," 2121 (167) 1673 (171)  192.6 (170)
209.6 (168) 1634 (172)

2082 (169)
H*—HSO,NH,* 186.5 (173) — 1835 (174)
H*—HOSNH,? 1869 (176) 1910 (167) 2014 (175)

1In kcalmol™!, from RHF/CEP optimized geometries.
® Relative to conformer 150.
¢ Relative to conformer 152,
4 Relative to conformer 154.
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TABLE 43. Bond dissociation energies for Au*
complexes after BSSE correction”

Strcture  Binding energy
Complex number HF MP2

Au*—HS(O)NH,* 156 398 454
Au*—HSO,NH,* 163 309 333
Au*—HOSNH,* 166 345 466

° In kcal mol =, from the RHF/CEP optimized geometries.
b Relative to conformer 150.
¢ Relative to conformer 152.
4 Relative to conformer 154.

0.15D larger than the all-electron basis set results (Table 11), and the RHF energy
differences between rotamers is smaller (by less than 1kcal mol™!) in the CEP basis, out
of a Skcalmol™! average difference between the rotamers. These small differences in
results between the CEP and AE methods probably reflect variations in the valence part of
these basis sets more than they are the result of the different core electron representations.
In projection along the S—N bond, the more stable of the two bare sulphinamide
rotamers [150 (CEP) and 66 (AE)] has the sulphoxide oxygen atom located between
the two amine nitrogen atoms and trans to the nitrogen lone pair of electrons. Thus,
the H, O and lone pair of electrons on the sulphur atom are staggered with the two
hydrogen atoms and lone pair on nitrogen. This allows for maximum (N—)H ---O(=8)
intramolecular hydrogen bond interactions, non-maximal electron-pair replusions, gives
the smaller dipole moment (Table 35), and apparently allows an effective interaction

FIGURE 74. Au* —HS{O)NH,, structure 156 in Tables 36-43
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FIGURE 75. Au* —HSO,NH,, structure 163 in Tables 36-43

FIGURE 76. Au*—HOSNH,, structure 166 in Tables 36-43

between the non-bonding (nb) pair on nitrogen and the parallel 6(S=0)* MO. This
latter mixing results in a marginally slightly longer S=O bond length in 66 (1.468 A)
relative to 67 (1.465A), which is shown in Table 12. Also, because the sulphur atom
lone pair is trans to one of the two (otherwise equivalent) N—H bonds, its N—H bond
length (1.026 A) is calculated to be slightly longer than its partner’s (1.023 A). Conformer
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151 (or 67) has only one internal (N—)H---O(=S) hydrogen bond, where S—H
straddles the two N—H bonds (in projection along the S—N axis) and the nitrogen
atom lone pair is trans to S—H. This induces a nb—a*(S—H) interaction which should
lengthen the S—H bond in 67 (151) relative to 66 (150). This is, in fact, observed
computationally in Table 12. These types of stereoelectronic effects have been discussed
with regard to carbonyl systems3%37. A third possible staggered conformer (III), with
the S and N lone pair trans to each other, rotated spontaneously to the 150 structure in
geometry optimization.

The bare sulphonamides (152 and 153) have also been discussed previously?76-78782,
The lower-energy conformer, 152, is 1.9 (RHF/6-31G*) or 2.0 (MP2/6-31G*)% "8 kcal mol ™!
more stable than 153, compared to the RHF/CEP-211G* 2.0kcal mol~! difference in
Table 35 79-82, It should be noted that at the RHF/6-31 + G*//6-31G* level this difference
is reduced to 1.5 or (MP2) 1.6 kcalmol~'. The AE and CEP calculated dipole moments
agree t0 0.03D for 152 but only to 0.21D for structure 153. The conformation of 152 viewed
along the S—N axis has the two S=0O bonds eclipsed with the two N—H bonds, and
the S—H bond aligned with the nitrogen lone pair. Rotamer 153, on the other hand, has
the corresponding 180° rotated staggered conformation. The former rotamer allows
stronger internal hydrogen bond interactions which presumably endow its preferred
stability. In both rotamers the two N-—H bonds are stereoelectronically equivalent. In
153, as in 151 for the sulphinamide, the nitrogen atom lone pair is trans to the S—H bond
and the resultant S—H lengthening (relative to 152) is again observed?. These interactions
work in the opposite direction for the S—N bond which is longer in 150 relative to 151
(Table 12) and 152 relative to 153 277. A third possible rotamer (IV), with the S—H bond
trans to one of the N—H bonds, reverted spontaneously to 153 in geometry optimization.

Aminesulphenic acid (154 and 155) is also found in two conformers. Previously
(Reference 1 and Tables 1-3, structure 12) only the more stable rotamer was reported. The
RHF/CEP-211G* dipole moment for 154 agrees to 0.07D with the AE calculated value.
The two conformers in Table 35 differ in the orientation of the two lone pairs of electrons
on sulphur, relative to the lone pair on nitrogen. Projected along the S—N axis, 154 has
the nb electron pair on N cis to, or eclipsing, the S—O bond, with the two S atom nb
pairs eclipsing the two N—H bonds. This places maximum distance between the nb
electron pairs on the different centres in accord with the principles of Valence Shell
Electron Repulsion theory®?. Rotamer 6 has the amine group inverted, forcing maximum
proximity of lone pairs of electrons on the different centres across the S—N bond, and
places 155 (Table 35) 2.0kcal mol ™! “above 154 in energy at the RHF level.

Six stable (zero gradient) structures were found for the Au* —HS(O)NH, complex
(156-161, Tables 36—38). The most stable, 156, shown in Figure 74. All the calculated
geometric structures of these complexes can be associated with one of the rotamers, 150,
151 or III, described above. Analogously, the equilibrium geometries for the six
protonated structures (167-172, Tables 39-42) were found to have corresponding
sulphinamide rotamer parentages. The most stable protonated structure is 167 with the
proton attached to the XS(O)Y oxygen atom of rotamer 150; this is also the sulphine
conformation and metal ion coordination site of complex 156. Two other oxygen bound
complex (protonated) structures are 157 (168) and 161 (169), with rotamer parentages
151 and III (see above). There are two sulphur bound complexes (protonated species),
158 (171) and 159 (172) with origins in conformers 150 and 151, respectively, and one
geometry with Au™ and a proton attached to the nitrogen atom (structure 160 and 170,
respectively) with the 150 parent rotamer structure.

The optimum RHF Au*—O equilibrium distance in 156 (Table 37) is 2.196 A, which
is very similar to the length (2.203 A) in that same coordination site calculated for the
Au”—formamide complex® in the same basis set. This is somewhat surprising if the
oxygen atom in the S=O bond is considered to be more negative than in C=0. The
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RHF binding energy, however, is slightly larger for HS{O)NH, (Table 42) than for
HC(O)NH,3. The S=O bond length in 150 is 1.488 A, which increases to 1.536 A upon
complexation with Au* in 156 (Table 37) and expands to 1.600 A in 167 (Table 40) upon
protonation. This is the expected order of change which correlates with increased binding
energy and perturbation of the S=O bond. In the protonated species (167) the O—H
bond distance is a normal 0.963 A and the S—O bond distance (1.600 A) is almost a
regular single bond length. Complex 157 (protonated, 168), with conformer 151 for the
sulphinamide, having an S=O distance of 1.485A (1.592A), shows the same S=O
characteristics as 156 (167). Complex 161 (protonated, 169) stabilizes conformer I1I of the
sulphinamide because of an additional interaction with the nitrogen lone pair. In both
the complex and protonated species the cation is tilted towards the nitrogen atom.

In these cation-oxygen atom bound sulphinamides, the S—N bond distance decreases
progressively in going from the free rotamer to the complex to the protonated species.
Thus, for 150 (151) the S— N bond length is 1.738 A (1.741 A) which progressively shortens
to 1.710A (1.719A) in the complex and 1.693A (1.707 A) upon protonation. In these
two conformations the tilt of the amine hydrogen atoms prevents a long-range interaction
between the cation and the nitrogen lone pair of electrons. The behaviour of the S—N
bond here is consistent with previous results® and is expected on the basis of increased
n character of the S—N bond from the nitrogen atom lone pair due to the polarizing
effect of the cation. Increased n character on the S—N bond is also expected to enhance
its reactivity. However, in 161 (and 169) the S—N bond is larger, 1.746 A (and 1.739 &),
than in the other cation-oxygen coordinated sulphinamides. This increase presumably
reflects the reduced ability of the nitrogen atom nb electrons to enhance the double
bond character of S—N due to its long-range interaction with the cation. In 169 the
(O—)H N distance is only 2.57 A.

In complexes 158 and 159 (protonated species 171 and 172) the cation is bound directly
to the sulphur atom with conformations 150 and 151, respectively, for the sulphinamide.
Here, the S=O bond length progressively decreases with increasing cation binding
strength by 0.02-0.03 A per step. This shortening is presumably due to cation induced
back-donation of electron density from the oxygen atom to sulphur, which enhances
the covalent double-bond character of the S=O bond compared to its original semi-polar
nature. Tables 38 and 41 confirm the reduced negative charge on the oxygen atom in
these cases, compared to the cation-oxygen bonded systems. For comparison, the
calculated atomic charges on oxygen in rotamers 150 and 151 are —0.685 and —0.683,
respectively. Complexes 158 and 159 have the smallest atomic charge on Au which
probably reflects a more covalent interaction of the metal ion with the sulphur atom
relative to oxygen or nitrogen coordination.

The S—N bond length in the sulphinamides (1.738 A and 1.741 A in 150 and 151,
respectively) is also found to progressively decrease upon Aut complexation and
protonation at the sulphur atom, again by about 0.03 A per step. Here too, the explanation
involves increased double-bond character of the S—N bond when cation attachment
to the sulphur atom attracts electron density from the adjacent nitrogen lone pair of
electrons. The nitrogen atom atomic charge (—0.610 and —0.585 in 150 and 151,
respectively) is found (Tables 38 and 41) to decrease progressively in going from the bare
sulphinamides to the complexes and protonated species.

Finally, cation attachement to the nitrogen atom in sulphinamide 150 to give structures
160 and 170 is, of necessity, trans to the S=O bond across the S—N axis. The S—N
bond length increases (1.738A —1.802A —1.906A) upon Au* complexation and
protonation, respectively, as expected. The cation localizes the electron density on the
nitrogen atom, reducing any contribution it may make to the double bond character of
the S—N bond. The S==0 bond length is seen to decrease (1.488 A —» 1.461 A — 1.444 &)
with increased cation bonding strength (Au* - H™*). As mentioned above, interaction
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between the nb electrons on nitrogen and the o(S=O0)* MO is invoked to explain certain
steroelectronic effects®. Thus, when this interaction is strongly reduced because of direct
cation attachment at the nitrogen atom the S=O bond is strengthened, and hence
shortens.

Three Au*—HSO,NH, complexes were found. The most stable in RH optimiz-
ation is the oxygen coordinated structure 163 shown in Figure 75. The sulphonamide
conformation is actually the (Table 35) higher-energy 153 parent form. Structure 162, also
oxygen coordinated, is only 0.6 kcal mol ! above 163 (Table 36) and has the lower-energy
rotamer geometry (152) with the N—H and S==O eclipsed bonds. This latter
conformation has the amine group hydrogen atoms pointing parallel to the S=O bonds
in the complex where the Au™ is located. In both complexes the Au* tilts away from
the amine group and the more remote location of the amine hydrogen atoms from the
Au* in 163 compared to 162 may account for the former’s slight energy advantage. This
should be investigated further at a higher level of theory. A third Au* complex, 164,
has the cation attached to the nitrogen atom in the parent sulphonamide 153
conformation which allows an additional equivalent interaction with both S=0 oxygen
atoms. In both oxygen coordination complexes 162 and 163, the cation interaction with
oxygen is local to a single oxygen atom and not bridging symmetrically to both oxygen
atoms. On the other hand, two protonated structures of sulphonamide are found, both
having the 153 rotamer geometry. At lower energy, 173 is attached to one oxygen atom
(with a long 2.87 A interaction distance with N) while in 174 the amine nitrogen atom
is protonated.

Protonation at either the (second) or nitrogen atom shortens the S=0O bond length
for the different reasons enumerated above (see Tables 37, 40 and Reference 2). Au™
coordination at one oxygen atom or at nitrogen slightly increases the other S=0O bond
length, probably due to long-range interaction of its oxygen atom with the cation.
Complexation or protonation at the oxygen atom decreases the S—N bond length, while
cation attachment at the amine nitrogen atom lengthens it.

Protonation of the aminesulphenic acids (154 and 155) at the sulphur atom gives the
XS(O)Y structures 167-169, which have already been discussed above with regard to
oxygen protonation of the sulphinamides. Protonation of rotamer conformation 154 at
the oxygen atom gives structure 176, while protonation at the nitrogen atom of rotamer
155 results in structure 175. In each case the alternative atom site protonation of the
parent rotamer is unfavourable because of the proximity of other hydrogen atoms. As
usual, the oxygen protonated species is the more stable. Complexation of Au™ to the
aminesulphenic acids was found to take place preferentially at the sulphur atom of
rotamer 154. Two equilibrium structures were found at the RHF level (165 and 166)
and the latter, which is calculated more stable, is shown in Figure 76. The two
Au*—sulphur attached structures differ essentially in the orientation of the hydroxyl
group hydrogen atom to Au*, which is spatially more remote in 166. The smaller
Aut—S—O0 angle in 166 (97.4°, Figure 76) compared to 106.3° in 165 suggests a residual
Au* ...O(—H) stabilizing interaction which is supported by the more negative atomic
charge calculated on the oxygen atom for 166 compared to 165 (Table 38).

Of course, in the divalent sulphides the charge on the sulphur atom (Table 38) is
relatively low (+0.23 and +0.25, respectively, for 154 and 155). The covalency of the
Au*—sulphur bonding is reflected in the low atomic charge on Au in the complexes
(Table 14). This covalent interaction with the more polarizable sulphur atom is apparently
stronger than the more electrostatic interactions with the acidic oxygen or amine nitrogen
atoms. It thus seems that in XSY system the preferred site of metal cation coordination is
at the sulphur atom.

The N-protonated sulphenamide (175) has a longer S—N bond (1.819 A) and shorter
S—O bond (1.607 A) length (Table 40) than its parent (154) conformer (1.727A and
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1.662 A, respectively). The O-protonated structure (176) has shorter S—N and longer
S—O bond lengths than its parent (154) conformer (1.750 A and 1.647 A, respectively).
The three types of sulphur compounds, XSY, XS(O)Y, XSO,Y behave consistently in
their geometry changes upon metal ion complexation or protonation.

Table 42 allows a cross comparison of calculated protonation and Au™ coordination
binding energies (at the RHF level without BSSE correction) to a XSY, XS(O)Y and
XS0,Y systems, for the different possible attachment sites of oxygen, nitrogen and
sulphur. As with the hydrogen-bonded dimer and water complex (Section 7} systems,
the largest calculated binding energy is for the XS(O)Y, both for protonation and metal
ion coordination. Here, persumably, this preference is due to the higher ionicity of the
S$=0 oxygen atom. Cation attachment at the sulphur atom is favoured in XSY over
XS(O)Y and is not found at all for XSO,Y. This latter result can be attributed to the
strong increase in the atomic charge on the sulphur atom in XSO,Y with increasing
value of n, as well as the decreasing availability of lone-pair electrons on sulpur3®. The
dissociation energy of a cation from the nitrogen atom is largest for XSY and smallest
for XSO,Y. This trend correlates with the availability of the nitrogen lone pair of
electrons for interaction with the cation, in competition with its contributing to the
partial double-bond character of the N—S bond. The order of site attachment preference
for XSY and XSO,Y is oxygen> nitrogen > sulphur. For XSY the order is
sulphur > nitrogen > oxygen, which can be explained by a combination of low positive
charge on sulphur (together with its large polarizability), smaller negative atomic charge
on oxygen and the more concentrated lone pair of electrons on the nitrogen atom.

As was mentioned in the previous section on hydrogen bonding, MP2 (correlation)
usually reduces the equilibrium bond length for weak interactions. To gauge the
magnitude of this effect the Au*-atom bond distance was MP2 optimized for the
lowest-energy complex of a given class, fixing all the other geometric parameters at the
RHF (metal complex) optimized values. The results are given in the footnotes to Table 37.
For the metal-sulphine the reduction in Au—O distance in 156 is 0.08 A and a further
(MP2) stabilization of 0.6kcalmol™!. For the sulphone (163) the Au—O distance
decreases by 0.10 A and the binding energy increases by 0.8 kcal mol ™. Both metal jon
complexes of the sulphene were optimized in this way. The Au—S bond decreases by
0.12A in both cases (165 and 166) and the MP2 dissociation energies are enhanced by
1.3kcal mol~! each. These results can serve as guidelines for estimating the effect of
MP2 optimization on the cation—substrate equilibrium distance and interaction
energy.

Table 43 shows the effect of correcting the RHF binding energies for BSSE and also
presents the MP2 binding energies at the RHF optimized geometries, after BSSE
correction. Only the lowest-energy complex of each type sulphur compound is listed.
On the RHF level, comparing with Table 42, BSSE correction reduces the calculated
complex binding energies by only 0.7-0.9 kcal mol = !, The increase in binding energy in
going to the MP2 level is more substantial, especially for Au* —HOSNH, (166), with
the metal ion coordinated to the sulphur atom, where the increase is 11.1kcal mol™".
The Au*-substrate dissociation energies for the oxygen (O=S) coordinated sulphine
(156) and sulphone (163) increase by only 2.4 — 4.6 kcal mol ~! in going from the RHF to
MP2 levels. The much larger effect of MP2 specifically on the sulphur coordinated
sulphene complex was also seen in one-dimensional optimization of the Au*-coordination
site atom bond distance discussed above. For the sulphinamide, where metal ion
complexation to sulphur was also found (158 and 159), the RHF energy differences
between (the lower energy) 158 and the most stable oxygen bound complex (156) in
Table 42 is 18.1kcalmol™'. This gap is probably too large to be overcome by MP2.
Nonetheless, metal ion coordination to sulphur needs to examined further at the MP2
level.
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I. INTRODUCTION

This review treats the geometrical aspects of molecular structure, which are quantitatively
described in terms of bond lengths, bond angles and torsional angles. Experimental
results are surveyed; theoretical calculations are involved only when they are used in
conjunction with experimental techniques or for the interpretation of results. Two qualita-
tive models have been widely used to understand and even predict molecular structure
and the trends in its changes: the Valence-Shell Electron-Pair Repulsion (VSEPR) model'-2
and considerations of nonbonded intramolecular interactions?®.

The structures of different classes of organic sulfur compounds have been reviewed in
previous volumes of this series* ~®. Some data on their molecular geometry are also found
in other chapters and in volumes on analogous compounds (functional groups with O, Se,
Te). A recent chapter® and monographs have reviewed the structures of sulfur-containing
free molecules'®~"'4,

This chapter focuses on results of recent gas-phase studies, first because these include the
simplest molecules of fundamental importance, and also because it is the free molecules
where the structure is governed solely by intramolecular forces. As to the structures of
molecules in the crystal, studying the effect of intermolecular interactions is of principal
interest and helps to understand real structures and processes in solid and liquid phases,
in chemical and biological systems. All this motivates studies of subtle changes in mole-
cular structure, effects of substituents and crystal environment!®,

There is a vast amount of structural data. Through 1991 the Cambridge Structural
Database contains about 90,000 organic and organometallic structures from X-ray and
neutron crystallographic studies, and 19% of the entries involves a sulfur atom. One must
be content with some subjectivity in the choice, and I attempted to include mainly basic
and characteristic molecules from X-ray-diffraction studies. Reference to gas-phase studies
from 1987 through 1991 should be nearly complete. The start of the period has been partly
adapted to the coverage of previous reviews, first of all in this series, on a given class of
compounds, to minimize overlap and produce a self-contained text at the same time.

The three basic experimental methods of structure determination and the nature of
structural parameters obtained and their uncertainties were discussed briefly in a previous
review in this series®. These are electron diffraction (ED) and microwave spectroscopy
(MW) for the gas phase and X-ray diffraction (XD) for crystal structures. Further details
on these and other experimental and computational techniques of structure elucidation
and on the physical meaning of parameters can be found in some more recent books!-!571%,
The different representations of molecular geometry (., 1y, Iy, T'ys 7o, 7, T, €tC.) Will be
indicated in the following sections, and they have to be taken into account for exact
comparisons. However, we shall usually not be concerned with the different physical
meanings of structural parameters. Error estimates will be given in parentheses in units
of the last digit quoted; the original papers have to be consulted to ascertain their different
definitions.

Torsional angles (dihedral angles) and their signs are defined in different ways in the
publications reviewed. All such data have been transformed here, when possible, to meet
the IUPAC convention2® (Figure 1). SI units are preferred. The Angstrém seems to be
more commonly used in structural work than pm, 1A = 100 pm = 10~ '°m. The calorie
has been converted into joule, 1 cal = 4.184 J; this has changed the meaning of significant
digits in the original data. Energy difference is often given as the wave number of the
associated radiation, 1cm ™! for 11.96 J mol ™!, Following recent recommendations, the
spelling ‘sulfur’ is used?'.

Structures will be discussed and classified according to the bonding situation around
the sulfur atom, its coordination number first of all'2. Of course, not each structure fits
unequivocally into this scheme.
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FIGURE 1. Conformations of the
A—B—C—D chain: examples of a
gauche, +sc (synclinal) form with a
dihedral angle of +60° and a skew, —ac
(anticlinal) form with —120°. Simplified
perspective views (above) and Newman
projections (below)

il. ONE-COORDINATED SULFUR

A. Thiocarbonic Acid Derivatives

The structures of free thiocarbonyl halides and other simple derivatives have been
discussed in detail in Reference 12. Bond lengths and bond angles, including some more
recent data, are summarized in Table 1.

The C==S bond is shorter for more electronegative substituents, and the bond angles
are also in accord with the postulates of the VSEPR model'. When oxygen replaces sulfur,
no definite trends in the other bond lengths and in the bond angles can be observed
because of the similar electron distributions around the carbon atom in the thiocarbonyl
and the carbonyl groups'2-3°,

Thiourea forms honeycomb-like channels in crystalline adducts, which may house guest
molecules in different types of disorder. The structure of the adduct CCl,-3SC(NH,), has
been determined at 170 K by XD?!. The thicurea molecules are connected by N—H---S
hydrogen bonds with angles from 156 to 169° (Figure 2). A Coulombic interaction is
proposed between coplanar atoms involving the CCl, carbon and the three sulfur atoms
pointing to it. The threefold disorder of CCl, within the thiourea channels is shown in
Figure 3. Bond length C=S is 1.727(5) A, angle S=C—N 120.5(4), 120.2(3)°. The mean
C=S bond length in thioureas is 1.681 A with a sample standard deviation of 0.020 A
over a sample of 96 observations, based on a comprehensive statistical analysis of bond
lengths in organic molecules in the Cambridge Structural Database’2. Honeycomb
structures are also found in selenourea adducts®3.
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FIGURE 2. Hydrogen bonding in the channel wall of the adduct CCl,-3SC(NH,), and
one of the CCl, orientations. Stereoview, reproduced by permission of the International
Union of Crystallography from Reference 31.

FIGURE 3. Thiourea channels and the threefold disorder of CCl, in the trigonal R3
crystal of CCl, 3SC(NH,),. Stereoview tilted about 20° from the threefold symmetry
axis. Reproduced by permission of the International Union of Crystallography from
Reference 31

B. Thioaldehydes and Thioketones

Since existing data were reviewed '?, there have been only few gas-phase experimental
studies on simple, often unstable molecules.

Thioacrolein, CH,=CHCHS, has a planar structure with anti position of the double
bonds**. The C==S bond length could be determined by MW spectroscopy with large
uncertainty, r, 1.61(2) A

Thiopropynal, HC=CCHS, was generated by the pyrolysis of dipropargyl sulfide and
studied by MW spectroscopy?®. The C=S bond length is 1.620 A.

The anti form of thioglyoxal (1) has been identified by MW, and two of its parameters
could be estimated 5. The C=S bond is relatively short, 1.589 A, angle C—C==Sis 122.7°.
A nearly syn form with higher energy and an S=C—C=0 dihedral angle of about 10°
is also predicted by ab initio 6-31G** calculations®®. Glyoxal, the oxygen analog, exists
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H
S:C/
\C':O
u/

(1

in syn and anti form, and the C=0 bond length in the latter, r, 1.212(2) A37,is the same
asin propynal, r, 1.214(5) A8, High-level ab initio calculations predict*® that the anti form
of dithioglyoxal (ethanedithial) (2) is more stable than the gauche form and their cyclic
valence isomer, 1,2-dithiete (3). Matrix IR, PES and MW studies of the pyrolysis of 1,3-
dithiole-2-one (4) indicate, however, that 3 is produced and not the open-chain isomers>.
In anti 2, bond C=Sis 1.631 A, angle C—C=S$ 123.3° from MP2/6-31G* calculations>?®.

H

/ H

s=C e H\C/S\
C=S g || C=0
) 3) )

Analogously, the dithiete-like quinonoid 6 or symmetric isomers 7 are more stable
than the planar or chair-form cyclic hexathioketone 5 expected in mass spectrometric,
photolytic or pyrolytic processes*®. Geometries and energies of C4S4 and C4QO, isomers
have been obtained from ab initio calculations*®. On the other hand, the planar hexaketo
form is the most stable isomer of C4O¢*%.

S S S
s S T T S‘ s
S s S S S S
S S s/
(5 (6) )

In 4,4-difluoro-1,3-dithietane-2-thione (8), the C=S bond r, 1.598(5) A is shorter than
in acyclic derivatives as the S—C(S)—S angle closes to 99.2(6)° and carbon hybridization
changes upon formation of a planar ring*’.

Evaporated films of 3,6-diphenylpyrrolo[3,4-c]pyrrole-1,4-dithione (9) find application,

Ph S
Fo_ S <
/< >:S HN NH
F S =
®) S Ph

9
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FIGURE 4. The overlap of two molecules along the stacking axis in the
crystals of 9: modification I (above) and modification II (below).
Reproduced by permission of the International Union of Crystallography
from Reference 42

FIGURE 5. The overlap of molecules A,B and B,C along the b axis in
modification III of 9. Reproduced by permission of the International Union of
Crystallography from Reference 43

107
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among others, as excellent photoconductors for laser printers (see References 42 and 43
and references cited therein). There are slight differences in the molecular dimenstons in
the three modifications studied by XD*%43, Bond C=S is 1.660(3), 1.664(3) and 1.654(5) A
in modifications I, IT and TI1*3, respectively. The molecules possess C; crystallographic
symmetry in [ and II, C, symmetry in III. The phenyl rings are rotated by 13.3(5), 6(1)
and 30.1(2)° in I, IT and III from the plane of the fused heterocyclic rings, which are
slightly nonplanar in the latter case*® with a dihedral angle of 5.4(1)°. The N—H---S
angles in the intermolecular hydrogen bonding are 162(3), 150(4) and close to 180° in
I, IT and HI*3. Molecules within the stacks lie parallel in 1 and in a zigzag fashion in
I1, and in both modifications the heterocyclic core of a molecule overlaps with the phenyl
rings of neighboring molecules along the stacking axis (Figure 4). Modification III, which
is obtained by solvent-vapor treatment, is the only phase that exhibits a drastically
increased photoconductivity and near-IR absorption. The molecular packing in III is
strikingly different from that in I and II. Molecules in the columns along the b axis
overlap at the bonds S=C, (S§)C—N, N—C(Ph) and N—H of the heterocyclic system
(Figure 5), and hydrogen bonding is stronger than in I and II as seen from the bonding
angles above.

C. Carbon Disulfide, Thioketene and Related Structures

Structural data of CS, and its O, Se, Te analogs have been comptiled'?-18:33, Only C=S
bond lengt/lis should be cited'® here, in CS, r, 1.5592(22) A and r, 1.55256 A, in OCS r,
1.5606(20) A.

The bond lengths in propadienonethione, 0==C=C=C==8 (10), from a MW study**
are in turn: r, 1.1343, 1.2696, 1.2540 and 1.5825 A. The C=C bond at the carbonyl group
is longer. One of the aims of studying this molecule, like many other types of simple organic
molecules, was to identify it in interstellar space*’.

Molecules S=(C=),S and oxygen analogs with cumulated double bonds have been
characterized in spectroscopic and ab initio studies*®. The electronic structure changes
with the number of carbon atoms. An interesting finding is that, contrary to Hund’s rule,
the singlet state of S==C=C=S seems to be lower in energy than the triplet state*6".
The calculated C=S bond lengths are 1.562 and 1.573 A for the two states, respectively.

Ketene and thioketene belong to the most extensively studied simple molecules. Their
zero-point average structures (r,) have been reported recently*”#8, Here corrections were
applied to the ground-state inertial constants: vibrational and centrifugal distortional
corrections from new experimental and ab initio force fields, and even electronic corrections
to account for off-axis n-bond and lone-pair electrons! The C—H bonds lengthen from
ketene to selenoketene*® (Figure 6), implying increasing p character*8, while concomitant
trends of closing H—C—H angles and shortening C—=C bonds may be partly concealed
by uncertainties or different meanings of the parameters. For comparison, the r, para-
meters of allene® are: C=C 1.3084 A, C—H 1.087A and H—C—H 118.2°.

Three sets of parameters have been reported in a MW study of methylthioketene,
CH,CH=C==S; r, (C=S) 1.5576, 1.5520 or 1.5627 A with different assumptions3!.

Dicyanothioketene, (NC),C=C==S, is a pyrolysis product of 11. Its MW spectrum is
consistent with a planar C,, structure®2 but no details of the geometry could be obtained.

NC\ /S\
Cc—C =0
NC /S \S/

an

Propadienethione, H,C=C=C==S (12), has a linear skeleton according to a MW
study and in good agreement with results of ab initio MP3/6-31G** calculations®3, Its
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FIGURE 6. Structural parameters (A, deg) of ketene®?,
thioketene*® and selenoketene®?

oxygen analog, propadienone (13), is kinked on the other hand>*, contrary to the classical
expectation for cumulated double bonds. The double-bonded chain is linear again in
butatrienone*3. A high level of ab initio calculation with electron correlation is needed
to account for these features properly®3. Structural parameters of 13 and 12 are shown
in Figure 7. The C=C(=0) bond is longer than the C=C(=S) bond, similarly to the
case of 10. As the number of carbon atoms increases, the dipole moment alternates
parallel in the oxo and thioxo series®3, indicating an alternating change in the electronic
structure.

\\90

‘Zyczzw uﬁ%g& o
(13)

H\1\095

17.9°¢C 1.319 c 1274 C 1572 g

H (12)

FIGURE 7. r, parameters (&, deg) of 13 and
12, both from Reference 53
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D. Isothiocyanates

A comprehensive review on the structures of free and crystalline isocyanates and
isothiocyanates was published in this series®. Gas-phase structures were discussed in detail
in a more recent book!2. Interest in these systems has continued: new molecules have
been studied and several structures have been redetermined.

The puzzling disagreement between conclusions from spectroscopic and ED studies of
silyl pseudohalides used to attract much attention®!2, H;SiNCO and H,SiNCS, e.g., have
linear skeletons according to vibrational®®-37 and MW spectroscopic studies®3° but are
found by ED to be bent at nitrogen®°.

Pseudohalides RNCY (as well as RNNN), Y =0, S, Se, perform low-frequency large-
amplitude bending vibrations at the nitrogen attached to R. The behavior of the molecule
depends on the form of the bending potential function and on the positions of the
vibrational energy levels (Figure 8). Even if a molecule is linear in equilibrium, i.e. at the
minimum of potential energy (Figure 8a), it appears bent by ED, due to the very short
time-scale (10~ 2%s) of electron scattering and the averaging (apparent shortening, ‘shrinkage’)
of nonbonded internuclear distances over the large-amplitude bending vibrations of the
linear chain. A molecule with two potential minima and a sufficiently high barrier between
them (Figure 8¢) is definitely bent. Figure 8b shows an example of an intermediate case.

Molecules H;MNCY can be positioned, even quantitatively, between the two extremes
‘linear’ and ‘bent’ on the basis of their characteristic rotational spectra®!. A recent model
of quasi-symmetric top molecules includes bending of the M—N==C chain and internal
rotation of the Hy;M group about the M—N axis®'. Parameters of the bending potential
functions may serve the classification of molecules (Table 2).

In accord with an analysis of the potential function from ED data (in 1972), H;SiNCS
1s a linear molecule with harmonic bending vibration; H,SiNCO is quasi-linear, i.e. albeit
it has a double minimum in the potential energy, the hump at Si—N=C of 180° is about
as high as the ground-state vibrational level®® (Figure 8b). The shrinkage effect completely
explains the apparent deviation from linearity found in both molecules®®. H;CNCSe is
another typical quasi-linear molecule (Table 2). HyCNCS represents diflferent cases in itself:
in the ground vibrational state it behaves like a bent molecule, while from the second

180 180
(a) Bldeg) {b) B(deg) (©) Pideg)

FIGURE 8. Schematic bending potential energy (E) curves and vibrational energy levels of a (a)
linear, (b) quasi-linear and (c) bent molecule. (180° — f) is the angle of bending, . the equilibrium
bond angle, H the height of the potential barrier, E(0) the energy of the ground vibrational state.
Drawn after Reference 61
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TABLE 2. Some characteristics of the large-amplitude bending vibration in H;MNCY molecules®

H,SiNCS H,SiNCO H,CNCSe” H,CNCS* H,CNCO*
H(cm™Y) 0° 209,32° 25 193 928
E(©)(cm™ ") 22¢ 28 53 90
viplem™") 667 15* 29
Vylem™Y) 0° 0° 3 2 21
B. (deg) 180° 159* 162 151 140
B(ED) (deg) 164¢ 152¢ 1420 140/

9H is barrier to linearity, E(0) energy of ground vibrational state above minimum, v, , wave number of M —N=C
bending fundamental vibration, V; barrier to internal rotation, §, equilibrium bond angle M—N=C (at the
minimum of potential energy), S(ED) effective bond angle from ED (shrinkage effect not considered). Rounded
values from the original data.

bReference 62.

“Reference 63, one of two models.

“Reference 64, one of two models.

¢Reference 61.

fReference 57, observed.

#Reference 60.

"Reference S6.

!Reference 65.

IReference 66.

excited state upwards, which lies higher than the barrier to bending, it approaches the
linear case®!. The rotational spectrum of H;CNCO, in its lower vibrational states, is close
to that of a bent molecule. [t may be noted that kT /hc is about 210¢cm ™' at 300K, and
hence several excited bending vibrational states in these molecules are populated at
normal experimental conditions (cf. Table 2). In this series of molecules, the torsional
barrier ¥V increases as the barrier to linearity H gets higher (Table 2). For a really bent
molecule, methylthiocyanate, H;CSCN, H is estimated®! to be 6300cm ™!, V5 is 560 cm !
and angle CSC 99.0(1)°%”.

Structural data of free isothiocyanate molecules and oxygen and selenium analogs are
compiled in Figure 9 and Table 3.

H

1239°
0.995 1166
N 17360\0
H 131.7°
0993 N &
1207 o0 go =g
H 140°
{0.99] N o719
1192 [175°]\59

FIGURE 9. The r, structures (A,
deg) of free isocyanic®®°, isothio-
cyanic’® and isoselenocyanic acid 7!,
Assumed values are in the brackets

L1
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The structures of the free acids HNCO, HNCS and HNCSe have been determined by
MW spectroscopy (Figure 9). The three molecules are bent at =C— with E (trans)
configuration of the chain, and they tend to be more linear, both at ==C— and at —N=,
from the O through the Se derivative. It seems, too, that the slightly bent structure of
N=C=Y (with the E form of R—N=C=Y), where it has been determined at all, is
real in alkyl isocyanates and isothiocyanates’*®°, and is not only an artifact due to
shrinkage effects.

H,SiNCO has been found to be bent by matrix IR spectroscopy®®. From an XD study
at 140K, angle Si—N=C is 158.4(5)° and the N—=C=0 chain is slightly bent with
176.4(6)° in a trans Si—N=C=0 sequence®’. Vibrational spectra of the trimethylsilyl
derivatives have been interpreted in terms of C;, symmetry with a linear Si—N=C
chain®® However, Me;SiNCO is bent in the crystal at — 90 °C with Si—N=C 163.7(6)°
and N=C=0 177.6(8)° ®°. The apparent bending at nitrogen in silyl and in some alkyl
derivatives, as obtained by ED, is consistent’3:7>:77:8! with a linear or a quasi-linear
molecule performing large-amplitude bending vibrations. It should be noted that gas-
phase ED yields the thermal averages of structural parameters and cannot really distinguish
between a linear equilibrium structure and a quasi-linear molecule with a small hump in
the potential function. (The ED study of SiH,NCO and SiH;NCS is a rare exception5°.)

Quantum chemical calculations reflect the features of these flexible molecules adequately
only when electron correlation is considered and rigorous convergence criteria are used
at geometry optimization’#°%-°!_ Photoelectron spectra and the molecular geometries of
methyl and methylsilyl derivatives have been interpreted by ab initio MP2/4-31G* calcu-
lations®'#-%?_ In good agreement with experimental MW data, the equilibrium geometries
of MeNCY, Y=0, S, Se, and EtNCO are bent. The change in the electronic structure
from O to S and Se can be expressed®!® by formulae 14a and 14b:

Me

N NeCc=Y Me—N=C—Y~

(14a) (14b)

The data in Table 3 indicate a widening of the R—N=C angle, indeed, from Y = O to Se
but the decreasing trend in the N=C bond lengths, present in the calculated values®'®
and in the acids HNCY (Figure 9), is not clear in the experimental data. (Similar internuclear
distances like N=C and C=0 in isocyanates are not well determined from ED because
of parameter correlation® 2. Thus, magnitudes of N=C and C=0 in MeNCO®¢, Table 3,
should probably be reversed”?-73) The Si—N bonds lengthen with the increasing number
of Me substituents on silicon’3 (Table 3).

i
CH H
C C
N N
C
I
S
syn anti

FIGURE 10. The conformers of cyclo-
propyl isothiocyanate with N—=C=S§
and C—H in syn position (trans form
in the original paper®) and in anti
position {cis in the original)
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Alkyl and silyl derivatives seem to have different conformational properties. In EINCY
and i-PrNCY , Y = O, S, the N=C bond tends to eclipse one of the C—C bonds’?'73. The
effective conformation of the apparently bent methylsily! derivatives, on the other hand,
is close to forms with an eclipsed Si—H and N==C bond’*. Cyclopropyl isothiocyanate
exists at 35°C as a mixture of syn and anti form, with 72(5) percent syn®® (Figure 10).
The syn conformer is more abundant in 2-fluorophenyl isothiocyanate (15) and the
C—N=C angle is estimated to 147° from a low-resolution MW study®3. Only the syn
form is present in the corresponding isocyanate, due to an electrostatic intramolecular
interaction®*,

F
/S
/C

15)

E. Thiocarboxylic Acid Derivatives

Parameters of two thioformic acid derivatives are shown in Table 1 (Section 11.A). The
structure of thioacetamide, CH3C(S)NH,, has been determined both in the gas phase®>
and in the crystal®®:

c=SA) C—N@A) C—C(A) N—C=S(deg) C—C=S (deg)
ED 1647(3) 1.356(3) 1.512(4) 1223 122.9(3)
XD 1.713(6) 1.324(8)  1.494(8) 121.6(4) 120.7(4)

Apart from the uncertainties and different physical meanings of the parameters, a length-
ening of the C=S bond and corresponding changes in adjacent bonds and angles occur
in the crystal, due to N—H.--S hydrogen bonds®3. Similar structural changes and
formation of N—H.-O bonds are observed in acetamide upon crystallization®”. The
CH,; group eclipses the double bond in both molecules.

Silyl O-thioacetate, MeC(S)OSiH; (16), has been studied by XD at 130 K and by ED at
room temperature®®, The heavy-atom skeleton is nearly planar with syn S=C—0—Si
and a short S---Si distance. Parameters:

C=S(&) O—C=S(deg) C—C=S(deg) C—C—O(deg) S--Si(A)

ED 1.6158) 12702) 122 111408)  3.14309)

XD 1.627(3) 123.002) 125.2(2) 111.83)  3.1859)
Intermolecular contacts in the crystal are rather long but directional, e.g., an angle
C=S---Si of 100.8(4)° is typical of bond angles in sulfides®®.

An XD study of monothiobenzoic acid O-esters 17°°%, 18, 19 and 20°°® sought to explain

why only 17 undergoes a solid-state isomerization to the 0,S,S- or (at 80°C almost
exclusively) to the §,S,S-ester. The S=C—O—C fragments are all practically planar and

Ph PhC(S)OCH,CR,CH,0C(S)Ph
I
=C R
70 (18) H
PhC(S)OcHsSH 19 Me
* NcH,ocs)Ph  (@20) CH,OC(S)Ph

(17)
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378 SINGLE MOLECULE (VIEW DOWN Z0!

FIGURE 11. Stereoview of a molecule of 1,2,3-propantriyltris(O-thiobenzoate) (17) in the
crystal. Atoms forming the short §-+-C distance of 3.44 A are marked by arrows. Reproduced
from a drawing kindly provided by Professor Rex A. Palmer

S
125.2°/ '615'&
s &

o—

FIGURE 12. Mean values of parameters
calculated from the data of O-thiobenzoates
17, 18, 19 and 20, Reference 99

syn (sp, synperiplanar) in the four structures, and the mean planes of the attached rings
are inclined by 5 to 20° to these planes. Only one of the S==C—O—C—C chains in 17
has an (sp,sp) conformation with a C——O—C—C dihedral angle of 25° and a short
S---C distance of 3.44 A (Figure 11), while all other equivalent chains in the four molecules
have the (sp,ap) form and much longer S---C distances. The short S---C contact in 17
indicates a possible initial step and an intramolecular mechanism for the isomerization
reaction. This rotational form corresponds at the same time to minimal potential energy
with respect to rotation about the SC—O and O—CH bonds®*. Mean values of some
bond lengths and bond angles (Figure 12) compare well with those in other molecules,
e.g. in 16 above, and meet qualitative expectations from the VSEPR model'. The mean
endocyclic ipso C—C—C bond angle is compatible with an electronegativity of the
—C(S)OR substituent close to that of the carbon atom'®'°%,

F. Other Structures

Some molecules, partly inorganic, will be mentioned here, in which one-coordinated
sulfur is bonded to other atoms than carbon.

The pyramidal isomer of disulfur difluoride, S=SF,, has a double bond with (p—p)r
overlap, and its structure is satisfactorily described by ab initio SCF calculations'%2. The
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molecular geometry has been determined by MW!°3 (r,) and from combined ED and
rotational spectroscopic data'®? (r,.):

S=S(A) S—F(A) S=S—F(deg) F—S—F(deg)
r, 1.8571(12) 1.6074(8) 108.02(4) 91.72(6)
ree 1.856(2)  1.608(2)  108.1(2) 91.7(3)

Structural variations in molecules of the type X;M=Y, where X is halogen or Me, Y
is O, S, Se, BH, or a lone pair, and M is P or As, have been analyzed in Reference 12 in
terms of the VSEPR model'. An asymmetrically substituted derivative, CH,CH,P(S)Cl,,
is a mixture of two conformers with the C—C bond either gauche or anti to the P=S8
bond'%. Bond lengths, r, P=S 1.897(2) A among others, are similar to those in related
molecules'?. The bond angles at phosphorus are consistent with the expectations from
the VSEPR model for electronegative substituents and for double bonds!, CI—P—C
103.1(5), Cl—P—ClI 102.0(4), C—P=S 116.1(12) and CI—P=S (calculated from the
original data) 115.2°. The r, parameters of the related fluoride, CH,CH,P(S)F,, have been
obtained in a MW study'?%: P—S 1.880(3) A, F—P—C, 102.0(2), C—P=S8 119.4(4)
and dihedral angle C—C—P=S 56.9(2)° for the gauche form; P=S 1.861(7) A for the
anti form, which is more stable by 63(37)cm ™!,

Methyl thioborine!®®, MeB=S, has a linear skeleton and B=S bond length r, 1.6028(45)
A similar to that in HB=S'°7, r, 1.5978(3) A and in CIB=S'%, r_ 1.606(1) A.

Ill. TWO-COORDINATED SULFUR

A. Thiols

The structures of thiols were reviewed in this series two decades ago®*, and later
gas-phase studies in the monographs cited!2:!*, Transition-metal thiolates are discussed
in Reference 109.

Recent data of trifluoromethanethiol, p-benzenedithiol (21) and 4,4 -thiobis(benzenethiol)
(22) are collected in Table 4, and data of CH,SH for comparison.

HS@—SH HS@S-@SH
(21) (22)

Triphenylmethanethiol, Ph,CSH, crystallizes in the triclinic P space group!'*. The
phenyl rings are in propeller-like conformations with S—C-—C—C dihedral angles of
42 to 61° in the two independent molecules, and the S—H bond staggers the (S)C—Ph
bonds. The sulfur bond lengths and bond angle are C—S 1.873(4), 1.866(4), S—H 1.31(4),
1.40(5) A, C—S—H 100(2), 98(3)°.

TABLE 4. Structural parameters of the thiof group from gas-phase studies

Molecule C—S(A) S—H(A) C—S—H (deg) Reference
H,CSH ro 1.819(5) 1.335(10) 96.5(5) 110
F,CSH* Iy 1.801(10) 1.347(4) 91.99(13) L
21 ry 1.775(4) 1.359(11) 96.5(20) 112
22 . 1.778(4) 1.388(19) 94.6(31) 113

°Approximate zero-point average structure with an assumption on r(C—F).
?Mean value.
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The position of the thiol hydrogen atom is not well determined from ED and XD
because of its relatively small contribution to the scattering, and some of the parameters
may have to be assumed. The problem can be solved by using ED and MW experimental
data together, as well as vibrational spectroscopic data for the necessary conversion of
different representations of molecular geometry in such a joint analysis'>.

Ethenethiol, CH,=CHSH, exists in two forms (Figure 13). Potential function and
framework relaxation during rotation, as well as geometric parameters have been deduced
from ab initio and MW data'!'®. The syn form is in a true energy minimum but the anti,
which is separated by a torsional barrier of 800cm ™! and lies higher by 50cm™!, is a
quasi-planar form with a small energy maximum at the planar position of the S—H group.
The nature of the potential function is strongly affected by trans substituents in ethenethiol.
Bond lengths and angle obtained for the syn form: C—S 1.761 A, S—H 1.336 A and
C—S—H 95.8°.

The C—S bond is shorter, the C—S—H angle smaller in trifluoromethanethiol,
F,CSH, than in HyCSH (Table 4). Other C—S—H bond angles are in a narrow range.
There are short F---H distances in F;CSH (2.70 A as calculated from coordinates in
Reference 111), and the F;C group is tilted away by 3° from the staggered S—H bond
(Figure 14). Tilt and the rotational barrier V;=448(4) cm~" are similar to those in
H,CSH!!° whereas the barrier decreases when F,C replaces H,C attached to carbon or
nitrogen'''. Variations in S—H bond lengths may be partly due to the different physical
meanings of the parameters. The mean C—S bond length in alkanethiols is 1.808 A with
a standard deviation of 0.010 A in a sample of 6 observations>2,

The benzene ring is practically undistorted in 21''? and 22''3, the C—C(§}—C
endocyclic bond angles being 120.1(2)° and 120.4(3)°, respectively. This is consistent with
119.9(1)° in thiophenol found by low-temperature XD''6 and 120.2(6)° in diphenyl sulfide!' '™,
and with the correlation line between the electronegativity of third-period substituents
and ipso bond angle in monosubstituted benzenes!?%-1°!,

The importance of possible intramolecular hydrogen bonding in conformational equi-
libria has often been demonstrated. Repulsive forces alone tend to stabilize the anti form.
of 1,2-disubstituted ethanes. Reinvestigations of ethane-1,2-dithiol, HSCH,CH,SH (23)' '8,
and 2-aminoethanethiol, H,NCH,CH,SH (24)!'°, by joint analyses of ED intenstties,
rotational constants and dipole-moment components from MW studies, as well as vibra-

/ H
\S/

FIGURE 13. The syn and the quasi-planar anti
syn ‘anti’ form of CH,=CHSH

¥ %ces
\
H

F FIGURE 14. Tilt of the F,C group in trifluoromethanethiol



2. Structural chemistry of organosulfur compounds 119

TABLE 5. Structural parameters of ethane-1,2-dithiol (23)!!'® and
2-aminoethanethiol (24)'!°

23 24

350K 312K
Parameter re (A), L, (deg) re (A), L, (deg)
C—S§ 1.824(2) 1.828(3)
S—H 1.373(15) 1.371(12)
C—C 1.537(6) 1.526(2)
C—C—s 113.1(4) 113.1(4)
C—S—H 94.0¢ 90.0¢
gauche 1
§S—C—C—S 69.0(15) 63.424y°
C—C—S—H —40(30) —21{28)
H—S—C—-C —141(22) —49(18)°
gauche 11
N—C—C—S 63.8(13)
C—C—S—H —T72(11)
e—N—C—C* 470197
anti®
{(§—C—C—-S) 14.9(52)
x 0.541(86) 0.227(54)
AE®*¢ 1.1(36) 0.8(18)
AS° —4.2(92) 6.3(38)

“Dihedral angle e—N—C—C, e is the lone pair of nitrogen, lying in the bisector
plane of angle H—N—H.

bStaggered conformation assumed. {S—C-—C—S8) is the root-mean-square
torsional amplitude (deg), x is the mole fraction of the anti form.

“Energy (kJ mol ') and entropy (J K~ ! mol~!) difference between gauche form(s)
and anti form, AE°=E,—E,, AS°=5,—~5,—~ R In 2.

¢ Assumed.

*Dihedral angle N—C—C—S.

I Corrected value, 0.26(86) kcalmol ™!, from footnote 5 in Reference 119.

tional spectroscopic data confirm the main conclusions from earlier ED*2° and MW
studies!?!122 and give more detailed information concerning the presence and energy
difference of conformers and the positions of thiol and amino protons. Some results are
presented in Table S.

The bond lengths C—S and S—H and angle C—C—S are the same in the two
molecules; the C—C bond is shorter in the amino derivative.

From ED data at two temperatures, the energy (AE°) and entropy differences (AS°®)
between conformers have been obtained (Table 5). The gauche form of 23 is barely higher
in energy than the anti form, due to a stabilizing, albeit weak, S—H ---S hydrogen bond
in the gauche conformer with favorable positions of the S—H bond and the lone electron
pair of the other sulfur atom (Figure 15). The wave number of the torsional vibration
about the C—C bond is estimated''® at 87(2d)cm ™! from the torsional amplitude
{S—C—C—S). Two gauche conformers of 24 have been identified in 2 MW study' 22
but ab initio calculated energies and the weakness of spectra'?? indicate the presence of
other forms. The ED analysis'!® reveals three conformers indeed, one of the gauche forms
having an intramolecular S—H ---N hydrogen bond (Figure 16).

For larger molecules, MW spectroscopy may yield valuable information on the geo-
metry and energetics of coexisting conformers, even if the number of rotational constants
obtained for one or more isotopic species is far from enough to give a detailed geometric
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CWC H— g
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FIG’ "RE 15. Heavy-atom skeletons of HSCH,CH,SH (23) conformers
with refined torsional angles''8. There is an intramolecular S—H---§
hydrogen bond in the gauche form

239A H
H/ ..A-H\ /e
H—NZe S H—nN=H S
\49° /2|° \47" /72"
C e C o C
gauche] gauche 1
Vs
c—C
H\N\
e
\
H anti

FIGURE 16. The three forms of H,NCH,CH,SH (24),
found by ED''®, with refined torsional angles. Torsion
about the C—N bond is given by the e—N—C—C
dihedral angle, ¢ being the lone pair of nitrogen.
Conformer gauche 1 is characterized by an S—H--N
hydrogen bond

structure. Often, parameters are taken from parts of related molecules, and ‘plausible
structures’ are constructed that are consistent with the observed rotational spectra.

The conformation of 1-mercapto-2-propanol, CH,CH(OH)CH,SH (25), has been studied
by MW and IR spectroscopy and ab initio calculations' 2. Only one conformer is present
in the vapor with an all-gauche (+sc, +sc, —s¢) H—S—C—C—O—H chain and an
O—H---S hydrogen bond (Figure 17). The H---S distance is 2.66 A in the ‘plausible
structure’, the sum of van der Waals radii 3.05 A. This form of 25 is similar to the
unique or more stable form of other hydrogen-bonded 1,2-disubstituted propanes,

2.ss§s/H
’i{ ......
0 H
C .
H H FIGURE 17. The structure of CH;CH(OH)CH,SH (25) with an O—H--S

hydrogen bond. Newman projection along the (O)C—C(S) bond. The
Me O—C—C—S dihedral angle is 58(2)°
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(a) (b)

FIGURE 18. Hydrogen-bonded confor-
mers of 1,2-disubstituted propanes
MeCHXCH,Y, X, Y=0H, NH, and F

MeCHXCH,Y, X, Y = some combinations of OH, NH, and F, inasmuch as the Me-~C
and the C—Y bonds are in anti position (Figure 18a). A hydrogen bond of the type
S—H---O is not realized in 25, neither in 2-mercaptoethanol, because it would involve
a long O---H distance. (See references cited in Reference 124.)

The MW spectrum of (E)-propene-1-thiol (26) indicates a thiol group skew to the double
bond but a syn form, which is in a higher energy minimum, can also be present’?®,

H
u’ s
(26)
\
S
o , /160%]
c -65 c C--—‘ls—c
3 7 50° 118°
C. 2 ¢
~.260 A
C/ ..... H C/ "
297A \
S
C-175 c
1187
/ -
C

FIGURE 19. The three conformers of H,C—CHCH,CH,SH.
Relative signs of the torsional angles are given; assumed values
are in brackets. Uncertainty for C—C—S—H is +5°, for the
other angles +3°. Drawn from the data in Reference 126
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FIGURE 20. The two conformers of NCCH,CH,SH with
dihedral angles shown

C

-B(V W°
S

FIGURE 21. The conformation of cyclopropyl-
methanethiol and dihedral angles S—C—
C()—H and H—S—C—C(1) from MW
spectroscopy'2®, Short H:--C distances are
indicated

Three conformers of 3-butene-1-thiol, H,C=CHCH,CH,SH, exist at —60 °C accord-
ing to MW spectra'2é, One of the forms is stabilized by a weak intramolecular hydrogen
bond between the sulfur atom and the C=C = electrons (Figure 19), the other two forms
are higher in energy by 2.9(5) and 3.6(5) kJ mol™'. The hydrogen bond is weaker than in
the corresponding single conformer of 3-buten-1-01'2%, It can be seen from the torsional
angles (Figure 19) that the C=C bond eclipses one of the methylene C—H bonds, and
the conformation is staggered about the H,C—CH, and the C—S bonds.

A similar hydrogen bond occurs in one of the two conformers of 3-mercaptopropionitrile,
NCCH,CH,SH (Figure 20), as found in a MW study'?”. The mercapto group can also
act as a proton donor to the quasi-n-electron system of cyclopropane in the single
conformer of cyclopropylmethanethiol'28, C;H CH,SH (Figure 21).

B. Open-chain Sulfides

A review on sulfides in this series® was followed by detailed discussions of gas-phase
structures'!!2:1% Some recent results will be given here, including those on silyl sulfides.

Ethyl methyl sulfide, CH;CH,SCH3, has been repeatedly investigated. The ED study
established the presence of 75(15) percent gauche form in the mixture (Figure 22), assuming
equal bond lengths and bond angles for the two conformers!2°. From the MW spectra,
the r, parameters were determined separately for the two forms'3°. Recently, the torsional
potential function (Figure 23) has been obtained from the analysis of high-resolution
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Me Me
695" Me
S
Jea
H H H H
Me
anti gauche

FIGURE 22. The two conformers of ethyl
methyl sulfide. Newman projections down the
H,C—S bond

|
0 180 360
(deg)

FIGURE 23. The form of the torsional potential function of ethyl
methyl sulfide: rotation about the H,C—S bond. Drawn after
Reference 131

far-infrared spectra and from ab initio calculations'®!, considering the geometry relaxa-
tion during internal rotation. The energy difference is small, 131(45)cm ™!, the anti form
being more stable, and the torsional barriers are: gauche to gauche 1184(9), gauche to anti
881(21) and anti to gauche 1012(17ycm ™. Some results are compared in Table 6. The
bond angles are markedly wider in the gauche conformer.

The geometry of the most stable conformer of diisopropyl sulfide has been determined
from ED data with constraints from ab initio calculations'*?. The molecule has C,
symmetry and C—S—C—H dihedral angles of 59(7)° (Figure 24).

Sulfur bond lengths and bond angles in some sulfides change parallel with the size of
the alkyl groups (Table 7). As in the two conformers of EtSMe, steric effects also appear



124

‘pauInssy,
BQE] 30UIAY,
‘SUOLIBINI[ED O [E-9 oMUl gv PUE SIUBISUOD [euorielol Suisn sijawered pasalpe ‘(¢ 2ouaIajRy,

Qg | 2ouBIAY,

‘Tenba 2q 03 patNSSE SIOWIOJUOS nup pue ayonpb oY) ul se[Sue puoq pue syIBud| puoq ‘671 2UIANY,

2081 (€LY 601 (s0)80'66 (enozs't (L)eos'1 (L1381 MW
2081 (82)8°601 (2)00'66 (rogs't (ros'l (r)p08°1 N
1up
(L)iv'69 ©)svil (r)oy'001 (D9zs't (1)508'1 @o18°1 MW
(€8)Er'69 @noLvit (@)zTool (@vest (@081 (@)908'1 M
(6)99 (9348 (nrLe ®WesT (LT L9181 o ‘ad
ayonpb
(82p) >—0—S—0  (8p) OD—DO—S (8sp) D—S—D (y)o—0 (y) S—n (y) s—i3

apyins [Ayjauwr K12 Jo siswered [eamonns jueiodw] 9 3TVL



2. Structural chemistry of organosulfur compounds 125
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FIGURE 24. The conformation of diisopropyl sulfide, (Me,CH),S.
Bonds C—C, and C—C; are anti and gauche to the farther
a C—S bond

TABLE 7. Sulfur bond lengths and bond angles in alkyl sulfides (rg, 2 ,)

c—s @A) C—S—C (deg) Reference
Me,S 1.807(2) 99,05(4) 133
EtSMe® 1.813(4) 97.1(11) 129
i-Pr,S 1.829(3) 102.9(17) 132(b)
t-Bu,S 1.854(5) 113.2(12) 134

°Mean values from ED.

in the S—C—C angles within one molecule of i-Pr,S (see Figure 24): S—C-—C, 112.0(7)°,
S—C—C, 106.5(7)° and in the tilt of the Me,C groups in t-Bu,S, 7(2)°. Similar variations
are observed!3®® in the series of analogous ethers Me,O, EtOMe, i-Pr,0!3% and ¢-
BuOMe!3S,

The structures of some sulfides with sp? carbon have been determined by gas-phase
ED (Table 8). (Other data of 22 are listed in Table 4, Section III.A)) The C—S bonds are
shorter than in Me,S, following the trend observed for sp, sp? and sp® carbon atoms;
there seems to be a trend, too, that C(sp?)—S bonds are shorter for alkyl than for aryl
carbon’!+12:32.13% (gee Section V.B). The shortening is about the same in the O and Se
analogs®? (Table 9). The C—Y—C bond angles are wider in the divinyl derivatives and
decrease from O to Se.

TABLE 8. Bond lengths (r,) and bond angles of sulfides with sp? carbon

Cc—S (A) C—S—C (deg) Reference
(CH,=CH),S 1.758(4) 101.8(21) 137
Ph,S 1.772(5) 103.7(13) 117
22 1.778(4)* 103.5(13) 113
27 C,,—S 1.774(6) 104.6(7) 138
me— 1.809(6)

“Mean value.

TABLE 9. Parameters of methyl and viny! chalcogenides

Y=0 Y =Se

Me,Y

C—Y (4) 1.415(1) 1.811(4) 1.945(0.4)

C—Y—C (deg) 111.8(2) 96.32(8)

Reference 140 141

(CH,=CH),Y

C—Y (A) 1.389(2) 1.758(4) 1.916(4)

C—Y—C (deg) 118.8(2) 101.8(21) 100.3(10)

Reference 142 143
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A single conformer has been found in divinyl sulfide, although other forms may also
be present'3”. The C—S—C=C dihedral angles, 7, 32(9)° and 1, —148(7)°, are similar
to those in the more abundant (80 percent) form of divinyl ether'*2. Two models of 22
are consistent with the ED experimental data''3, with [1,,7,] of [68(2)°, 5(7)°] and [69(2)°,
—27(7)°] about the central C—S bonds. For Ph,S, conformers with angles about [44°,
44°] and {55°, —55°] have been preferred, assuming C, or C, symmetry!!7®,

The structure of p-bis(phenylthio)benzene, p-C¢H,(SC4H),, has been determined by
XD'**. The molecule has a symmetry center in the crystal, and its conformation is given
by dihedral angles C—S—C—C (central ring) 56.6(1)° and C—S—C—C (terminal
rings) 14.0(4)°, both positive. The ipso C—C—C bond angles in the rings are 119.5(2)°
and 119.0(1)°, respectively; the distortions from the regular hexagon are small. The sulfur
bond lengths and bond angle are C—$ 1.773(2), 1.769(2) A and C—S—C 104.%(1)°,
similar to those in gas-phase Ph,S.

Two effects are said to counteract in the conformational choice of diphenyl sulfide
derivatives: coplanarity of both rings with the C—S—C plane is favored by conjugation
but is hindered by the proximity of ortho hydrogens or substituents. A search in the
Cambridge Structural Database (CSD) indicates a tendency that one of the rings is nearly
coplanar with C—S—C and the other is roughly perpendicular to it'#*. The conformation
of 22, both in the gas phase''? and in the crystal'*%, is consistent with this expectation.
A recent analysis of diphenyl sulfide structures from the CSD, accompanied by molecular
mechanics and ab initio energy calculations, was prompted by research on antidepres-
sants'#”. Data points are clustered about [1,,7,] of {0°,90°] and [90°,0°] and, in smaller
density, along bands connecting such points and including the conformer C, [45°,45°]
with the lowest energy. The mean C—S bond length is 1.775 A (estimated standard
deviation 0.013 A), and the mean C—S—C is 103.2(15)° in the sample studied'4”.

NO,
SX

27) X=Me

28) X=Cl

A remarkable feature of methyl 2-nitrophenyl sulfide (27) is the short nonbonded
intramolecular S--- O distance'*®. An even shorter distance has been found by ED!48 and
XD!#? in the related sulfenyl chloride (28) (Figure 25). This change in the S--- O distance

-]

Cl-20t6() 799° H.C1807(6)
102.3014)°

1.772(8)

1.776(5)

-]
118.5° 1176

FIGURE 25. Intramolecular S---O interaction in 2-nitrobenzenesulfenyl chloride (28) and
methyl 2-nitrophenyl sulfide (27). Distances (r,) in A. Drawn after Reference 138
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FIGURE 26. The two conformers of ethyl vinyl sulfide

C
\C h20°)

C o
\['GO ] FIGURE27. Allyl methyl sulfide, magnitude and relative sign of
Comm—-9g dihedral angles indicated

is associated first of all with changes in the angles C—C—N and N—O---§ in the five-
membered cyclic arrangement. Short sulfur(IT)-oxygen intramolecular contacts occur in
various structures'%!>! and one of the decisive factors in their geometry is the electro-
negativity of the substituent(s) on sulfur!32, The effective torsional angles of the MeS and
NO, groups in 27 from the ED study, Me—S—C(1)—C(2) 161° and O—N— C(2)—C(1)
32°, may indicate large-amplitude torsional vibrations, and are such that the Me—S...O
sequence is nearly linear!38,

Two conformers of ethyl vinyl sulfide, CH,=CHSCH,CH3,, have been detected in a
MW and ab initio study!®3. They differ in the rotation about the S—CH, bond but both
have the double bond eclipsed with this bond (Figure 26). The anti form is more stable
by 1.2(5) kJmol~!. The dihedral angle C—S—C—C is 77(2)° in the gauche form. The
MW spectrum of allyl methy] sulfide, CH,=CHCH ,SCH, on the other hand, is consis-
tent with a form in which the CH,—S bond is skew to the double bond and S—Me is
in gauche position'>* (Figure 27). A similar form was found in allyl mercaptan'*®,

Propargyl thiocyanate, HC=CCH,SCN, has been studied by ED and vibrational
spectroscopy!>®. It consists of a gauche and an anti conformer with respect to rotation
about the CH,—S bond. The bond lengths (r,) C(sp®)—S 1.836(3)A and C(sp)—S
1.689(3) A are in accord with observations for these types of sulfur—carbon bonds!%12:32:33,
The C—S—C angle is 97.4(10)°. The mean C(sp)—S bond length is 1.679(26)A in a
sample of n = 10 crystalline thiocyanates’?.

The new synthesis of octakis(cyclohexylthio)naphthalene (29) from perfluorodecalin

SR SR
RS SR
Oe R = cyclohexyl
RS SR
SR SR
29

and its structure are equally remarkable!®”. The XD analysis and the !'*C solid NMR
spectrum testify the unusual axial substituent position in one of the four independent
cyclohexyl rings (Figure 28). The conformation and the endocyclic bond angles in the 2,6
positions (next to the S substituent) are different, too, from those in the other three
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FIGURE 28. Stereoview of the molecular packing in the crystal of 29. The molecule possesses
a symmetry center in the triclinic crystal, space group Pl. One of the four independent
cyclohexyl rings has the C—S bond in axial position. Reproduced by permission of the Royal
Society of Chemistry from Reference 157a

cyclohexyl moieties. Mean sulfur bond lengths'3™ are C(sp?)—S 1.775(1), C(sp*)—S
1.819(2) A, and angle C—S—C'37" from 101.0(1) to 105.0(2)°.

Steric effects on the molecular geometry have been demonstrated in methyl-substituted
disilyl sulfides (Table 10). In the latter two cases, molecular mechanics calculations were
applied to eliminate symmetry constraints in the ED analysis, and the parameters cited
are mean values. The Si—S bond is longer, the Si—S—Si angle is wider as the number
of Me substituents increases. The Si—C bonds try to avoid eclipsing either of the Si—S
and Si—C bonds in the other half of the molecule!*°!%°. As a compromise, both groups
are twisted about the Si—S bonds by about 30° or 90° from the anti Si—S—Si—C
positions (Figure 29).

A plausible structure of methyl silyl sulfide, MeSSiH,, has been determined from MW
spectra of four isotopic species'®! (r,): C—S 1.819 A and S—Si 2.134 A are similar to the

TABLE 10. Parameters of (methylsilyl) sulfides (r,)

Si—S (A) Si—S—Si (deg) Reference
(H,Si);S 2.136(2) 97.4(7) 158
(MeH,Si),S 2.141(1) 97.9(5) 159
(Me,HSi),S 2.146(1) 100.8(20) 159
(Me,Si),S 2.154(1) 105.8(7) 160

S FIGURE 29. The conformation of bis(trimethylsilyl) sulfide, (Me,Si);S
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bond lengths in Me,S and (H;Si),S (see above). The variation of sulfur bond angles is not
as large as that of oxygen from ethers to siloxanes:

Me,S  MeSSiH,  (H.Si),S  (Me,Si),S
99.2(6)°  98.3° 97.4(7)° 105.8(7)°
Me,01*° MeOSiH,'%? (H,Si),0'%? (Me,Si),0'¢*
111.82° 1206(10°  144.109)° 148(3)°
The mean S—Si bond length from crystallographic data®? is 2.145(20) A, n =19.

C. Disulfides

Disulfane, HSSH, the parent compound of disulfides, and the higher sulfanes H,S, have
a long history in preparative chemistry and spectroscopy'®*®. It took more than twenty
years to solve all the difficult experimental and theoretical problems and obtain a complete
molecular structure of disulfane from high-resolution rotational spectra of its isotopic
species'®®. The molecule has a C, symmetry axis, parallel to the dipole moment vector,
and the two H—S—S planes are nearly perpendicular (Figure 30). Since estimated effects
of the H—S—S—H torsional vibration have been removed, the parameters of HSSH in
Table 11 characterize a ‘partially corrected equilibrium structure’ and are in good agreement
with results of ab initio calculations!®®,

The torsional potential function of HSSH has minima at about 90° dihedral angle
(Figure 31). There are high and different maxima, although of the same magnitude, at the
syn and anti forms of the H—S-~S—H chain'7*: V(syn) 2843(9) and V(anti) 2037(12)
cm~!. The torsional barrier for the anti position in hydrogen peroxide!’®, HOOH, is
considerably lower: V(syn) 2563(60) and V(anti) 387(20) cm~". This feature leads to
characteristic differences in the rotational spectra of the two molecules and indicates their
distinct bonding structures'®®. It is interesting to note that HSSH is, by accident, a
perfectly symmetric prolate top in its extrapolated equilibrium configuration!®3¢, i.e., two
of its rotational constants are the same within estimated uncertainties: A, 147 287.6(515),
B, 6984.72(48) and C, 6984.92(94) MHz.

The MW spectrum of trisulfane!’, HSSSH, is consistent with C, symmetry of the
molecule having H—S—S—S§ dihedral angles of about 99° and —99° (Figure 30).

Gas-phase structural data of disulfanes and analogs are compared in Table 11. A
considerable shortening of the central bond with increasing substituent electronegativity
has been observed!?+33, and this is seen in the data of the Table. The O—O bond is short,
the F—O bond is long in FOOF!%7, A significant (p—p) = component in the bonding
explains the high torsional potential barrier in FSSF and the short S—S bond!'%%:177,
which is close to the double bond in S=SF,' 2 {see Section ILF). The quantum chemical
treatment of these relatively small molecules encounters severe problems!92-177-178,

H

S——H

/
P

FIGURE 30. The models of disulfane (C, symmetry)
and trisulfane (C,)
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T
0 180 360
t(deg)

FIGURE 31. The form of the torsional potential function (E) of
HSSH as a function of the dihedral angle t. Drawn after Reference
165b

The mean bond lengths and their standard deviations in disulfides from n crystallo-
graphic observations®2: (C)S—S(C) 2.048(26) A, n=99; C(sp®)—S(S) 1.833(22) A, n=59;
C(aromatic)—S(S) 1.777(12) A, n = 47.

D. Other Acyclic Structures

The structures of sulfenic acid derivatives have been reviewed very recently®, and only
some new results are mentioned here. Two methanesulfenyl chlorides have been studied
by ED and ab initio calculations!”®. The conformation is staggered in both CCIF,SCl (30)
and CCl,FSCI (31), and the predominant and more stable form has a C—Cl bond anti
to the S—Cl bond. In (fluorocarbonyl)sulfenyl chloride, FC(O)SCI (32), the S—Cl bond
is either syn (88 percent abundance) or anti to the C=0 bond'®°. Parameters C—S,
S—Cl(r,/A) and C—S—Cl (deg) in 30 1.813(15), 2.014(3), 99.3(6), 31 1.811(16), 2.004(3),
101.7(7) and 32 1.756(5), 1.996(3), 100.3(5) are comparable to those in 28 (Figure 25, Section
I11. B).

a al
c—s Ne—s
S a A1 Nal

F al
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The sulfur bond configuration is similar in (F,P)SMe'®!, (r,) C—S 1.822(5), S—P
2.085(3) A, C—S—P 102.0(12)°, and in (F,P)SEt'82, 1.825(6), 2.085(3) A, 100.3(6)°, respec-
tively. The S—P bond is longer, 2.132(4) A, the sulfur bond angle P—S—P closes to
91.3(11)° in (F,P),S'8!,

Substituted sulfines have a planar X'X2CSO skeleton (33). Chlorine occupies the cis
position in the mixed derivative, and in each case the cis S=C—X angle is larger than
the trans angle!®®. Changes in the geometry of the CSO group are barely significant
(ro from ED):

X! o)
N V4
c=s7
XZ/
X' X*=(l, CF,
(33)

C=S8(A) S=O0(A) C=S=0(deg)
Cl1,CSO 1.618(4) 1.453(3) 113.8(10)
CI(CF;)CSO 1.631(11) 1.457(5) 112.3(11)
(CF4),CSO 1.634(7) 1.455(5) 111.3(20)
The S-oxide 34 exhibits a short intramolecular S---O distance of 2.81 A between the
S=0 oxygen and the S atom of the nearly planar dithiole ring!3*. Parameters from the

XD analysis are S=0 1.511(6) A, C=S=0 104.6(4)°. The C=S bond length of 1.668(7)
A is similar to that in the related thione'34, 1.657(5) A.

(34)

The structure of a thiazyl nitroxide, (CF ;),NOSN, has been determined in the gas phase
by ED, and of its crystalline trimer by XD'8%. The O—S bond is long, r, 1.751(7) A from
ED, the N—S bond is 1.423(9) A, shorter than r, in thiazyl fluoride!®$, NSF, 1.448(2) A
and in thiazyl chloride'8”, NSCI, 1.500 A. The sulfur bond angle O—S—N 119.8 (32)° is
of the same magnitude as in the thiazyl halides.

The free molecule of N,N'-bis(trimethylsilyl)sulfur ditmide, Me;SiNSNSiMe,, possesses
C, symmetry with effective Si—N=S==N dihedral angles of 42(1)°, measured from the
syn, syn conformation'®® (Figure 32). Sulfur diimides with various conformations are

Me3Si
N——=e SN
SiMe3

FIGURE 32. The projection of Me,SINSNSiMe,
down the C, symmetry axis
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known'®® e.g. MeNSNMe has a planar syn, anti heavy-atom skeleton in the gas.phase!8°,
The N==S bond lengths (r,) are similar but the N=S8=N angle is wider in the Me,Si
than in the Me derivative, 1.536(3) and 1.532(10) &, 129.5(16)° and 113.6(16)°, respectively.
The empirical correlation between NSN angles and the associated NS bond distances'“°
would give an N=S bond length of 1.50 A for Me;SiNSNSiMe,. The relatively large
deviation from the experimental value may arise from the overpassing of the validity range
of NSN, 95 to 125°. The mean N=S bond length in N=8=N and N=S8=S moieties
from crystallographic data3? is 1.541(22) A, n=37. A correlation has been also established
between the lengths of sulfur-nitrogen bonds and the wavelengths of their stretching
vibrations!'®!.

E. Carbon-Sulfur Heterocycles

Cyclic sulfides, unsaturated rings and heterocycles with aromatic character will be
discussed together, following, by and large, increasing ring size.

In three-membered rings with one heteroatom a shortening of the C—C bond with
increasing heteroatom electronegativity has been observed!2, This trend is present in the
ring C—C bond lengths of (chloromethyl)thiirane or 3-chloropropylene sulfide!®? (35),
r, 1.492(23) A and of its oxygen analog'®?, 1.474(8) A, although the uncertainties are large.
According to the ED data, both have two coexisting conformers (Figure 33), and the more
stable gauche-2 form is present in about 80 percent, while only the gauche-1 conformer
with a short S ---Cl distance has been identified from the MW spectra of 35!°4, The ring
geometry in 35, C—S (mean) 1.822(13) A, C—S—C 48.3(7)y, is very similar to that in
thiirane (ethylene sulfide)*®3. The ring bonds are shorter in perfluorothiirane!®®, (CF,),S,
ry C—C 1.45(1), C—S 1.799(3) A, C—S—C 47.5(5)°. The equatorial form of 1-thiaspiro-
[2.5]octane (Figure 34) has been detected by MW!?7, but molecular mechanics calcula-
tions and the study of the oxygen analog!®® indicate the presence of both the axial and
the equatorial forms. The r, parameters of the thiirane ring are C—C 1.483, C—S 1.821
A, C—S—C 48.05°. The chair-form ring is flattened compared to cyclohexane.

Four-membered rings have the longest bonds in the series of homologous cycloalkanes
and some related heterocycles!2. The smallest angular strain is achieved in the planar
ring, which, however, is opposed by torsional strain. Depending on the two factors, the
ring is planar, or has a puckered equilibrium structure, or, as an intermediate case, is quasi-
planar with a small potential barrier at the planar configuration. Detailed analyses!>°-29°
of MW data of 3-methylthietane (36) yielded the bending potential function, which is

S
C -76°
H Ct
H
gauche-2 gauche-

FIGURE 33. The two conformers of (chloromethyl)thiirane (35)

FIGURE 34. The equatorial form of 1-thiaspiro[2.5]octane
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H S
L
S S
(36) 37

asymmetric, with inversion barriers?%® V(equatorial) 305 cm ™! and V(axial) 169 cm ™!,
i.e. the equatorial conformer is more stable by 136 cm ™!,

Thiete {37) has a definitely planar skeleton, its MW spectrum is that of a rigid
rotor2®!. The bonds, r, CH,—S 1.853(3) A, CH—S 1.770(3) A, are longer than the
corresponding bonds in the thiirane derivatives above and in Me,S and (CH,=CH),S
(Table 9, Section III. B). No such trend is observed in the carbon-carbon bonds. The
C—S—C angle, 73.72(6)°, gets narrower than in thietane?°2, 76.8(3)°, thus releasing
angular strain at C=C.

The rings in 4,4-difluoro-1,3-dithietane-2-thione (8) and in its 2-one analog have been
found by ED to be planar or nearly planar*!. Bond lengths and angles in the ring are
C(sp?)—S 1.758(6), 1.791(12) A, C(sp*)—S 1.823(6), 1.821(12)A, C—S—C 83.1(5), 81.1(10)°
in the two molecules, respectively.

1,2-Dithiete (3) is planar with C,, symmetry and C=C 1.350 A, C—S 1.753 A, S—S
2,096 A and C—S—S 77.7° from a MW study?°3.

The structure of thiophene has been determined repeatedly!?. A recent combined
analysis of ED, MW and liquid crystal NMR data has demonstrated the usefulness of the
latter technique for the more precise location of the H atoms2°*. Some of the parameters
(r) obtained: C—S 1.7136(11), C=C 1.3783(15), C—C 1.4274(11) A, C—S—C 92.56(8)°.
The planar geometry of thiophene and of its O, Se, Te analogs and the different carbon-
carbon bond lengths, resembling those in 1,3-butadiene, indicate a partially delocalized
aromatic n-electron system>3. Substituents have little effect on the geometries of these
relatively rigid heterocycles. From the ED studies of carbonyl-substituted derivatives
{38—41) only the conformational composition will be cited here.

Y X syn, percent Reference
38 O H 39 205
39 o Cl 70(14) 206
40 S H 81(8) 207
41 S Cl 59(11) 208

The reversed order in the O and S analogs is attributed to stabilizing effects of the
O---H interaction in the anti form of 38 and of the S---O interaction in the syn form
Of 40207.208»

Y ﬁ ‘
0O X
syn anti

(38-41)
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The ring in perfluoro-3-thiolene (42) is planar as in thiophene. The sulfur bond angles
are equal in the two rings, the C—S bond is longer in 42°°°, r, C—S8 1.809(4), C=C
1.382(14), C—C 1.456(5) A, C—S—C 93.0(3)°. Perfluorotetrahydrothiophene (106) will
be discussed with its dioxide in Section V. A.

(42) 43)

The molecule of octafluorodibenzothiophene (43) has C, symmetry in the crystal and
is planar?'®: C—$ 1.737(3), C=C 1.404(4), C—C 1.470(6) A, C—S—C 89.8(2)°. Bonds
in the central ring seem to be longer than in free thiophene, but the different physical
meaning of the parameters should also be considered. The short F(3)--- F(3') distance, 2.55

, which is within the sum of van der Waals radii, 2.70 A, is also apparent in the distortions
of the F(3)—C—C angles.

The structures of 4,5-bis(methylthio)-2H-1,3-dithiole-2-one (44) and of the analogous
2-thione (45) (Figure 35) have been determined by XD?*!!. The C—S bond lengths are
again characteristic for sp* and sp? carbon; limits of values found in the two molecules:
C(41)—S(4) 1.785(5) to 1.808(5), C(4)—S(4) 1.743(3) to 1.750(3), C(4)—S(3) 1.744(3) to
1.748(3) A. The bonds adjacent to C=0 in 44, C(2)—S(1) 1.754(5) and 1.780(5) A, are
longer than the bonds next to C==S in 45, 1.720(3) and 1.733(3) A (cf 13 and 12,
Section I1.C). The C=S bond, 1.647(3) A, is relatively long (see Table 1). Exocyclic and
ring S atoms are involved in short S---S contacts in 44 (Figure 36).

The most important classes of organic metals, superconductors and semiconductors
are based on sulfur-containing molecules, forming charge-transfer salts with a variety of
stacking patterns in the crystal. The structures and properties of such systems have been
reviewed?27216_The discussion of these structures goes beyond the scope of this chapter,
and we list here just a few examples of XD studies to give an idea of the types of molecules
and to provide sources for further references. One of the building blocks of these systems
is tetrathiafulvalene (TTF) (46). Salts of the TTF donor with inorganic anions [MsO,4]* ",
M = Mo, W, have been studied by XD?!": (TTF), [MsO,,1, as well as (TTF); [Mo40,,].
The molecules 44 and 45 and the related 472'® are precursors to bis(ethylenedithio)-
tetrathiafulvalene, BEDT-TTF (48), a frequently used donor. Structures of salts of BEDT-
TTF with a complex oxalato anion?'?, (BEDT-TTF), [Cu(C,0,),], and with the same

Cl4)

| Cl="2)

\ FIGURE 35. The conformation of 44 and the numbering of atoms
C(s1) in 44(Y = O) and 45(Y =)



136

B. Rozsondai

FIGURE 36. The crystal structure and S:+-S contacts in 44 projected
down the z axis. Reproduced by permission of the International Union
of Crystallography from Reference 211

=3 O
(=T

BEDT-TTF
(48)
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polyoxoanions?2° as above, (BEDT-TTF), [M40,,], have been determined. A combina-
tion of methylthio substitution and fused ring is found in 49, its acceptor partner is
7,1.8,8-tetracyano-p-quinodimethane (TCNQ) 50 in 2:1 ratio in a crystal®?'. The dibenzo-
tetrathiafulvalene (51) donor and its salts with TCNQ and derivatives have been investi-
gated2?2, Macrocyclic derivatives of TCNQ and TTF are known, e.g. 52223, The aim of
these studies is often to relate structure with electric properties of the crystal.

NC CN

S S S SMe S S
SO o Q=D
S S S SMe TCNQ S S
) (81)

49 (50)

ey OO
D
e

(32)

The six-membered rings of thiane?2*, CH,(CH,),S (53), and 1,3,5-trithiane?2°,

(EstCHZSCHzé (54), have the chair conformation. The conformations of analogous
heterocycles have been discussed’ 12226, and it is observed”-!? that the puckering of
six-membered rings increases from cyclohexane with the increasing number of heteroatoms
(O, S). Angular strain is thus released, and bond lengths and bond angles remain close to
the values usual in acyclic molecules. Parameters C—S (r,) and C—S—C from the ED
studies: in 53 1.811(4) &, 97.6(8)°, in 54 1.812(4) A, 99.1(4)°.

The crystallographically independent molecules of 55 are exactly or nearly centrosym-
metric, and the two fused dithiin rings, folded along the S-S lines, are composed into an
overall chair form227. The fold angle is about 130°. Mean parameters of the symmetric
molecule: C—S 1.762(3), C=C 1.331(6) A, C—S—C 99.9(1)".

S S
()
(53)

Heterocyclic analogs of 9H,10H-anthracene are planar or mostly folded in the central
ring, depending on several factors. In the perfluoro compounds, the degree of folding
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TABLE 12. Parameters (r;) of the central ring of xanthene and related molecules”

X Y C—X(A) C—X—C(deg) C—Y—C(deg) 0(deg) Reference

56 O C=0 13678 119.7(11) 115.7(8) 180 228
57 O CH, 1.357(5) 120.9(11) 112.7(7) 159.7(21) 229
58 S C=0 175102 103.4(3) 119.4(6) 169.0(16) 230
59 S CH, 1.769(2) 100.0(7) 109.4(10) 131.3(13) 231
60 S S 1.7703) 104.1(1) 104.1(1) 131.4(3) 232

2@ is the fold angle of the central ring along the line X---Y.

increases in the series of heteroatoms from O to Te>3. Related molecules with a methylene
or a carbonyl group in the central ring have been studied by ED {Table 12).

Bond lengths shown are similar to those in PhOMe?3?, C,,—O 1.361(15) A and in
Ph,S''7, C,,—S 1.772(5) A, the C—O—C and C—S—C bond angles are wider than in
Me, O and Me,S (Table 9). Angular strain leads to larger folding in the sulfur analogs,
and a carbonyl group in the central ring wants to restore planarity: xanthone (56) is a
planar molecule, while the folding in thioxanthene (59) is the same as in thianthrene (60)
(Table 12). A deviation from planarity is observed within the halves of the ‘butterfly’
molecule in 592! (Figure 37), like in other molecules of this type*>.

48s
Y
(56—60)

Phenoxathiin (61) has been studied in the crystal by XD?**. The fold angle of the central
ring, 142.3° is slightly smaller than the angle between the mean planes of the fused benzene
rings, 147.8°. Mean parameters of the heterocyclic ring are C—S 1.762, C—O 1.386,
C=C 1.388 4, C—S—C 97.7(1), C—O—C 117.4(2)".

QL
JO
(61)

A derivative of thianthrene (60), the dication 62 with 14 n electrons is, contrary to
expectation, not an aromatic ring system?33 but can be regarded rather as consisting of
two chains MeO—CCC—S* —CCC—OMe. The C—C bonds connecting these parts
are elongated (XD)?33, 1.453(8) and 1.472(8) A in the central and external rings, respectively,
compared to those in 60, C—C (mean) 1.400(2) A.

<

131

FIGURE 37. Projection of the thioxan-
thene (59) molecule, looking down the
S+--CH; line
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(62)

The fused ring system is planar in the crystal of dinaphtho[2,3-b;2',3"-e][ 1,4]dithiin-
5,7,12,14-tetracne (63)23%. The molecule combines donor sulfur and acceptor carbonyl
functions, thus the pure substance shows the properties of a semiconductor charge-
transfer complex22%. Figure 38 illustrates the stacking of molecules. Stair-like stacks are
linked by C—H --- O hydrogen bonds (Figure 39). The mean C—S bond length is 1.754
A, angle C—S—C 101.93)°.

FIGURE 38. Perspective view of the molecular stacking in the crystal of 63. Reproduced by
permission of The Royal Society of Chemistry from Reference 236
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FIGURE 39. Adjacent stacks in the crystal of 63. Reproduced by permission of The Royal Society
of Chemistry from Reference 236

Macrocyclic thioethers have a rich coordination chemistry, a variety of structures of
ligands and complexes’237724% One of the simplest ligands of this type is 1,4,7-trithia-
cyclononane, [9]aneS; (or 9S3 in other notation), which adopts the exceptional endo
conformation with C, symmetry in the crystal?*!. Most crown thioethers prefer the
exodentate form and gauche arrangement at C—S bonds, anti at C—C bonds?38-242,
The gas-phase structure of [9]aneS; has been studied by ED and molecular mechanics
calculations?*3. Two of the lowest-energy conformers, a C, [12222] and a C, [12222]
form (Figure 40), were fitted equally well to the experimental data. (The numbers here in
brackets [ ], according to Dale’s notation®*, are the numbers of bonds between ‘corner’
atoms marking the form of the ring. A [333] form exists in the crystal?*!.) Mean parameters
in the C, ring are (r,) C—S 1.820(1) &, C—C 1.533(4) A, C—S—C 103.8(7)° and
C—C—S 115.0(5)°. The torsional angles about bonds (rounded values, starting from a
C—S to the S—C bond), —127, 60, 75, —103, 74, — 104, 130, —75 and 64°, do not
resemble the usual pattern of gauche and anti sequence mentioned above. The D, [333]
conformer (Figure 40), which is also in an energy minimum and makes one-third of
cyclononane in the gas phase beside another C, form?*°, is incompatible with the ED
data?*? of [9]aneS,.

Oxidation with H,0, in glacial acetic acid gives the hexaoxide of [9]aneS;, a sulfone.
The molecule has an approximate C, symmetry in the crystal and the same conformation
as the cyclic sulfide with gauche C—S and anticlinal C—C arrangements?#®. The bond
lengths and angles are (rounded from the original data): C—S 1.782 to 1.788 A, =0
1.431 to 1.443 A, C—C 1.525 to 1.533 A, C—S—C 106.1 to 106.8°, C—C—S 1126 to
115.9°, 0=8=0 118.7 to 119.8°. Oxidation of [9]aneS; with Au(III) or [Ph,C] [PF]
leads through C—H bond cleavage to a bicyclic sulfonium cation (Figure 41). An XD
study?*” of its salt [CgH ; ,S;] [BF 4] reveals a chair-form six-membered ring with torsional
angles from 57° to 70°. The five-membered ring is an envelope. The bridging C—S bond,
1.8414(24) A, is somewhat longer than the other C—S bonds from 1.798 to 1.817 A. The
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FIGURE 40. The C, and C, conformer of gas-phase
[9]aneS; after Reference 243, and the D, form of
cyclononane?*’

+
S0
c—C(2) l( )\C(Q)

Sl4)
/ FIGURE 41. The conformation of the 4,7-dithia-1-thioniabicyclo-
S(7) [4.3.0]nonane cation after Reference 247

sulfur bond angles are smaller in the five-membered ring (rounded values): C—S (7) —C
91.0, C(6)—S(1)—C(9) 96.2, C(2)—S(1)—C(9) 1024, C(2)—S(1)—C(6) 101.3 and
C—S84)—C 99.1°.

An unusual conformation and coordination of [9]aneS, occurs in the binuclear cation
[Cu,(CsH,,S,)31% (64). Tn two Cu(CgH, ,S;)* units, a tridentate ligand molecule binds
the metal ion factally with minor changes from the free ligand’s conformation, while the
third ligand, adopting a different ring conformation, bridges these two units?*2.
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The molecule 65, C,,H,,0,Sg, has a center of symmetry in the crystal®*°. This large
ring demonstrates the usual form of macrocyclic thioethers: the sulfur atoms occupy the
exodentate corner positions with gauche conformation about the C—S8 bonds and anti
S—C—C—S moieties. The mean C—S bond length is 1.816 A, the mean C—S—C angle
101.4°. The two C=0 groups point inwards, above and below the mean ring plane.

S\/\S

6]
O
S

(65) (66)

Dimethylene and tetramethylene chains connect the sulfur atoms in 662°°, C,¢H,Se.
Sulfur bond lengths and bond angles are similar to those in 65 . The two sulfur atoms
which are on the sides of the rectangle build anti, anti C—C—S—C—C linkages.

One example of a complex with the nitrogen-containing macrocycle [18JaneN,S, (67)
is shown in Figure 42, The coordination at Fe?* is distorted octahedral?®!. The structures
of the metal-free ligand2*2 and of its diprotonated cation have been determined?®3, too,

by X-ray crystallography.
H
N
[S Sj

S S
K/g\)
(67

The conformations of 2,1 1-dithia[ 3.3]cyclophanes have been studied by XD, molecular
mechanics and NMR methods?**. The ortho, meta isomer (68) undergoes conformational
interconversions in solutions, and adopts the syn chair—chair form in the crystal, with the
aromatic rings in nearly parallel syn position. In 69, the para-substituted benzene ring is
slightly distorted to a boat form, and the substituent methylene carbon atoms also deviate

l \) FIGURE 42. The coordination in the [Fe(18]JaneN,S,)]?* cation
N after Reference 251
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b oo

(68) (69)

from the plane of its four central atoms by 0.44 A. The C—S—C angles are relatively
large, 106.4(2)° and 107.0(2)°.

Tetrathiaporphyrinogen {70a) has been prepared recently from its oxygen analog with
H,S and HCI255, using a well-known reaction in furan chemistry. The molecule possesses
a symmetry center in the crystal?33. The thiophene rings are tilted from the plane of the
CH, carbons by 19.6 and 78.6°, and their geometry, e.g. C—S (mean) 1.725 &, C—S—C
92.9°, is similar to that of free thiophene {see above). The closest intramolecular S---S
distance, 3.45 A, is shorter than 3.70 A, twice the van der Waals radius. The structures of
a tetrathiaporphyrin dication salt?*> (70b) and of mono- and dithiaporphyrin derivatives?¢
have been determined by XD.

(70a) (70b)

Polyphenylene sulfides (p-CgH,S),, n=42%7,52%8,625° 7 and 82°° have been studied by
XD. The mean C—S bond lengths range from 1.775 to 1.784 A in the series, the mean
C—S—C angle opens with increasing ring size from 98.7° for n=4 to 103.7° for n=3826°,
The C—S bonds are slightly shorter, the C—S—C angles wider in the related acyclic
p-CsH4(SCsHj), (Section III. B). The flexibility of the heptameric macrocycle is indicated
by the presence of four different conformations in the triclinic P1 crystal (Figure 43). The
octameric molecule, on the other hand, crystallizes in the tetragonal space group P42c,
and has a rather symmetric (S,) saddle-shaped ring (Figure 44).

F. Heterocycles with Sulfur and Other Heteroatoms

The plaustble structure of thiazolidine, CH ,NH(CH,), §, has a twisted ring conformation
with an axial N—H bond (Figure 45) and a presumably high barrier to pseudorotation,
concluded from the vibrational energies (117 cm™! in the first excited state)2®!. The
torsional angles about the C—S bonds are 13.2°.

Isothiazole (71) as a compact molecule presents difficulties to ED analysis because of
similar internuclear distances leading to high correlation between parameters. The utiliza-
tion of rotational constants in the ED study helped to resolve ambiguities?%2, and the
parameters obtained are in good agreement with results of ab initio 6-31G* (6d) calcula-
tions. The complete substitution structure of 1,3,4-thiadiazole (72) has been determined
from MW spectra of isotopic species?®®. Both molecules are planar. Some data are listed
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FIGURE 43. Projection of the crystal structure of (p-C¢H,S); on the bc plane. The geometries of
the S, subsets are similar within pairs of symmetrically independent molecules A,C and B,D.
Molecules are distinguished by thick and thin lines. Reproduced by permission of the authors from
Reference 260

FIGURE 44. The projection of the (p-C¢H,S); molecule, S, symmetry, on the crystallographic
ac plane. Reproduced by permission of the authors from Reference 260
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N C1829A
/ . . . g
S FIGURE 45. Plausible structure of thiazolidine from MW
C / 92° spectroscopy?$!

N—-N
S
(71) (72)

TABLE 13. Structural data of sulfur—nitrogen heterocycles®

Bond Angle Reference
73% C—S 1.749(5) C—S—N 96.5(12) 268
S—N 1.634(4) S—N—S§ 117.39)
74 C—S 1.743¢ C—S—N 99.2¢ 268
S—N 1.646¢ S—N—S§ 113.9(1)
75 C—S§ 1.713¢ C—S—N 98.5¢ 269
S—N 1.61° S—N—S 117.1(2)
76 C—S(1) 1.689(9) C—S(1)—N 99.3(5) 270
C—S(3) 1.712(9) C—S(3)—N 98.7(4)
S(1)—N 1.617(9) S—N—S§ 115.3(5)
S(3)—N 1.585(8)
77 C—S§ 1.71(2y §S—S—S§ 100.2(3) 271
S—S 2.026(8)° C—S—S§ 98.8(5)
78 S—N 1.630¢ S—S—N 94.6° 272
S—S 2087 S—N—C 112.4¢
78° S—N 1.623(3) S—S—N 93.9(5) 272
S—S 2.113(6) S—N—C 113.9(6)
79 PhCN,S, 273
S—N 1.615° S—S—N 94.8°
S—S 2.064(2) S—N—C 114.8(3)
S,N,
S*—N(§9 1.620¢ N—S*—N 116.4°
S*—N(S) 1.569¢ N—S—N 113.4(2)
S—N 1.633¢ S*—N—§* 122.6(2)
S*—N—S§ 125.4°
80 C—S 1.775(4) C—S—N 97.0(2) 274
S(1)—N(?2) 1.632(4) N—S—N 102.2(2)
S(3)—N(2) 1.659(4) S—N-—S§ 110.8(2)
. S(3)—N@4) 1.646(4) S—N—C 113.7(3)
81 S(1)—N 1.590° N—S—N 101.1(5) 275
S(3)—N 1.532¢ S—S—N 96.8¢
S—S§ 2.093(5) S—N—S§ 122.6°

“Data from XD studies if not specially noted. Bond lengths in A, bond angles in degrecs.
®Gas-phase ED study.

‘Mean value.

*Sulfur atom participating in S-+S interaction (Figure 46).
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here for 71, r, C—S 1.702(5), S—N 1.642(5), N=C 1.319(3) A, C—S—N 96.1(2)°, and
for 72, r, C—S 1.7200(3), N=C 1.3031(5) A, C—S—C 86.38(2)°, but a meaningful
discussion would require a systematic compilation of accurate data for related molecules.

Many sulfur—nitrogen heterocyclic compounds, e.g. dithiadiazoles2¢#, are free radicals,
neutral or ionic, and have unusual properties?8°~287, The free radical 73 is a paramagnetic
liquid at room temperature2%®, Some of these species (73, 78) have been studied in the gas
phase by ED. Parameters from ED and XD investigations are shown in Table 13. The
trithiolium ion of 77 is formally related to 73 by substituting S* for N. The crystal of 77
is orthorhombic, space group Pnma (or Pna2,), and is built from layers, which are
perpendicular to the b axis, and contain both cations and anions. The CN,S, dithiadi-
azolyl rings are essentially planar. The variations in the S—S bond lengths of PACN,S ;
units in different structures have been explained by electron donation from the anionic
species to the antibonding orbital of the cation?’3. Bond lengths in 80 between the
rings and in the phenylene ring indicate larger contribution of the quinoid form (shown
in the formula) than of zwitterionic forms. The structure of 79 is an example of strong
S.--Sinteractions in the crystal (Figure 46). Sulfur bond angles in the S;N, ring are large.
Bond lengths and angles in this six-membered ring show an interesting pattern: the two
opposite angles N—S—N and S*—N-—S8§* are narrower, the bonds forming them are
longer than corresponding other angles and bonds in the ring (Table 13).

CFy S, S S NC~_—§0)
\ - -
(ON N @@N cl \@SN ASF;
cnI s/ @@’ s ()
)

(73) (74 (75) (76)

\ — N \S S \
(+)s AsF; ?@>—CF3 I >=C>=< i 1G)S [AsF; 1,
(7 (78) (80) (81)

CF3

In aminotrithiadiazepines the lone pair of the amino nitrogen may have different
orientations (Figure 47), due probably to packing effects in the crystal?’¢. The lone pair
of the NH, nitrogen is antiperiplanar to the C—S bond, which is slightly elongated to
1.720(4) A, compared to 1.696(7) A in the unsubstituted heteroring?’®. Stacks of planar
molecules are linked by N—H --- N hydrogen bonds (Figure 48), which are absent in the
dimethylamino and morpholino derivatives.

Short nonbonded S--- S contacts (2.666 A) occur in the free S,N, molecule (Figure 49),
which has been studied by ED?"". The S---S distances in the S—N-—S8 fragments are
somewhat longer (2.725 A). The molecule possesses D,, symmetry. Parameters r, S—N

.
S/N fS\N FIGURE 46. The structure of [PhCN,S,][S;N;] (79), drawn
NN after Reference 274. The mean S---S$* distance is 2.906(3) A273
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FIGURE 47. The conformation of aminotri-
thiadiazepines after Reference 276

FIGURE 48. Stacking and N—H---N hydrogen bonds in
the crystal of 6-aminotrithiadiazepine. Reproduced by
permission of The Royal Society of Chemistry from
Reference 276

S
\ FIGURE 49, The structure of tetrasulfur tetranitride, with S...S
S distances of 2.666(14) A indicated. Drawn after Reference 277

1.623(4) A, N—S—N 105.3(7)° and S—N—S 114.2(6)° may be compared to those in
Table 13.

Four- and five-membered rings with S and Si have been studied by ED. 3,3-Dimethyl-3-
silathietane?”® (Figure 50) has a puckered ring with r, C—S 1.853(4) A, C—S—C 89.5(4)°
and a S---Si distance of 2.67 A, which is shorter than the sum of intramolecular 1,3

M\e
/Si S
Me 50°

FIGURE 50. Ring puckering in 3,3-dimethyl-3-silathietane
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FIGURE 51. The conformations of 82 (left) and 83 (right)
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e
O

Me
(84)

nonbonded radii*, 3.00 A. As far as the conformation of a five-membered ring is governed
mainly by torsional strain, the largest dihedral angle is expected at the bond where the
torsional barrier is the highest27®. This is observed in the half-chair ring of 3,3-dimethyl-
3-silatetrahydrothiophene?®® (82) (Figure 51), with torsional angles S—C—C—Si 36,
C—C—Si—C 28, C—Si—C—S8 10° {dependent angles), Si—C—S—C 10(6) and
C—S—C—C 29(6)°. Bond lengths and angles were determined with large uncertainties,
C—S 1.86(3) A, C—S—C 102(3)°. The ring of 2-methyl-1,3,2-dithiaarsolane?®' (83) has
a similar shape with C, symmetry (Figure 51), r, C—S 1.805(9), As—S 2.229(2) A, As—S—C
100.5(8)°. The mean As—S bond length from crystallographic data3? is 2.275(32) A, n = 14.
In 2-chloro-5-methyl-1,3,2-oxathiaphospholene (84), the envelope flap angle of the
O—C=C—Sand S—P—O planes is 15°, and the geometry at sulfur is given by r, C—S
1.731(10), S—P 2.065(5) A, P—S—C 95.6° if (S—P) = r(P—Cl) is assumed?®2,

S S S S
/NN VAR NEPN
Me,NC C CNM Me,NC n CNMe
€y \S/ U\S/ 5] 2 \S/ \S/ 2

FIGURE 52. The structures of dithiocarbamato complexes [M(S,CNMe,),].
The coordination geometry is distorted square planar (D,,) for M = Cu, and
distorted tetrahedral (D,,) for M =Zn

Organometallic compounds and metal complexes are not discussed in this chapter, but
some structures are mentioned in various contexts. Two dithiocarbamato complexes,
[M(S,CNMe,),], M=Cu, Zn, have been studied in the gas phase by ED?83. The co-
ordination geometry is different in the two molecules (Figure 52). The square-planar
arrangement around Cu is attributed to crystal field stabilization energy?®3. Parameters
r, C—S, S—M and the chelate angle S—M—S are for M=Cu 1.716(10), 2.284(9) A,
78.8(7)°, for M =Zn 1.727(10), 2.348(8) A, 79.7(6)°, respectively.

IV. THREE-COORDINATED SULFUR

A. Sulfoxides

There is little to add to the recent review on gas-phase structures of sulfoxide and
sulfone molecules®,

The ED investigation of divinyl sulfoxide (85) has detected the coexistence of at least
two conformers!37, Both C=C bonds eclipse the S=O bond in the form that is present
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in 78(17) percent. This conformer has C, symmetry and the C—S—C=C dihedral angles
are 1(4)°. The C=C bonds seem to eclipse the S=O or S—C bond or the sulfur lone
pair in the other form(s) present. Assuming that only the torsional angle varies between
conformers, the following parameters have been obtained: r, C—S 1.785(4), S=0
1.477(3) A, C—S—C 99.2(18), C—S==0 107.5(14)".

cq
HZC/ s Ncq,

O
(85)

Vinyl sulfoxides and sulfones have some pharmacological importance because of their
antianoxic activity?8*, The conformation of the viny! sulfoxide 86 is characterized in the
crystal?®* by dihedral angles C=C—S8=0 133(1)° and C=C—S—Me -119(1)°, i.e.
the C=C bond eclipses the lone pair of the S atom. The Ph and thienyl groups are rotated
by about 60 and 25° from the respective C=C—C plane. The geometry at the S=O
group: Me—S 1.788(7), C(sp?>)—S 1.767(6), S=0O 1.509(4) A, Me—S8—C(sp?) 95.5(3),
Me—S=0 105.4(3), C(sp*)—S=0 104.7(3)°.

S/
. s

O_—‘S_—C\H
Me
(86)

Ab initio calculations indicate that eclipsed forms are preferred in vinyl*®® and phenyl?®9
sulfoxides and in sufinyl derivatives of furan and thiophene?8”. The XD study of derivatives
87-91 revealed different conformations depending on the substitution position?88. Unless
a 2-halogeno substituent interferes, the synperiplanar orientation of the S=O group to
the ring O or S atom is realized. Ranges of parameters are Me—S 1.770(12) to 1.81(2),
C(ring)—S 1.754(8) to 1.79(3), Me—S being longer when their difference is significant;
S=0 1.47(2) to 1.507(7) A, Me—S—C(ring) 97.6(4) to 99(1), Me—S==0 and C(ring)
—S=0 104.6(7) to 107(1)°. The sulfinyl S atom is chiral in 87-91. The crystals of these
substances contain both enantiomers, and belong to one of the centrosymmetric space
groups. The conformation of ring-substituted methyl phenyl sulfoxides in the crystal is
similarly close to coplanarity of the ring and S=O group if at least one of the ortho
positions is unsubstituted28°. The ranges of parameters found: Me—S 1.779(6) to 1.803(4),
Clring)—S 1.786(4) to 1.820(3), S=0O 1.478(3) to 1.499(3) A, Me—S-—C(ring) 95.7(2)
to 98.6(2), Me—S=0 and C(ring)—S=0 104.2(2) to 108.5(6)°.

Me Me O

U\I,Me I !EO \\!
{0 i
; <!)| Zj /o\ I
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Simple five-membered saturated ring molecules, cyclopentane and tetrahydrofuran,
perform large-amplitude out-of-plane vibration, pseudorotation. Tetrahydrothiophene-1-
oxide (92) and cis-2-methyltetrahydrothiophene-1-oxide (93) are found by ED to have
distinct conformations along the pseudorotation pathway?°°. 92 is characterized by an
asymmetric half-chair ring, 93 lies between a half-chair and an envelope form with an
equatorial Me group. The S=O bond is pseudoaxial in both molecules. Parameters r,
are the following:

C—S(A) S$=0() C—S—C(deg) C—8=0(deg)
92 1.828(4) 1.484(3) 92.0(3) 110.0(4)
93 1.834(4) 1.485(3) 91.7(4) 105.3(3)

()

Q‘Me

S
) A
92) (93)

Thiane-1-oxide takes the chair conformation with axial S==0O bond and C, overall
symmetry, according to an ED study?®' (Figure 53). The puckering is unevenly
distributed in the ring, and is larger at the sulfur end than in thiane (53)22*. Let us
compare below the dihedral angles about bonds and the flap angles of the C(6)—S—C(2)
and C(3)—C(4)—C(5) planes to the plane of C(6), C(2), C(3), C(5) in the two molecules
(see Figure 53 for the numbering of atoms). Other structural parameters in thiane-1-oxide

Dihedral angle Flap angle

6-S-2-3 S-2-3-4 2-3-4-5 6-5-2 3-4-5

Thiane 55.4 —60.8 58.6 49.6 52.3°
Thiane-1-oxide 65.0 —644 51.8 56.8 47.0°

4 FIGURE 53. The conformation of thiane-1-oxide
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éJ FIGURE 54. The conformation of 94

are r, C—S 1.816(4), S=0 1.483(3) A, C—S—C 91.1(7), C—S=0 108.1(3)°.

The structure of 2-thia[3]ferrocenophane S-oxide (94) (Figure 54) in the crystal®®? is
similar to that of the parent sulfide?®®. The C—S—C—C dihedral angles in 94 are
about 70°, C—S 1.826(2), S=0 1.501(2) A, C—S—C 100.46(9) and C—S=0 105.2(1)°.

B. Other Structures

Two inorganic molecules will be mentioned first. SO has the planar trigonal geometry
exceptional for sulfur. A new equilibrium structure has been determined from the pure
rotational spectrum?°, r, S=0 1.4175 A. Trithiazyl trifluoride, (NSF),, has a slightly
puckered chair N,S; ring of C,, symmetry with axial endo S—F bonds. Parameters
from the ED study?®®, r, S—N 1.592(2), S—F 1.619(4) A, N—S—N 113.3(2), S—N—S§
123.5(2) and N—S—F 101.8(2)°, agree well with ab initio and XD results.

Ring form and S—F positions in 95%°¢ and 96%°7 are similar to those in (NSF);. The
puckering at the N—C-—N fragments is smaller than at N—S—N in (NSF),, and N and
C atoms are even coplanar in 96. Bond lengths r, from ED are comparable in the three
molecules, 95 S—N 1.580 (4), S—F 1.630(10) A, N—S—N 111.3(12), S—N—S 121.7(2),
N—S—F 98.6(21)°,96 S—N 1.592(7), S—F 1.633(14) A, N—S—N 109.8(17), N—S—F
100(3)°.

IIT F
/S\ /l\
i I
] |
~S /k =S
CFa/kN/ NF F~~ N7 \F
(95) (96)

The ED study of bis(3-methylthiopropyl)zinc (97) gave C—S (mean) 1.813(5), Zn—S
2.732(12) A, Zn—S—CH, 91(2), CH,—S—CH, 112(5), S—Zn—S 173(12)° for a C,
model. The geometry around Zn is nearly square planar, and the long and weak Zn—S
coordinative bond is associated with a large mean vibrational amplitude??5.

S/Me
3
Zn
1
Me(S

97

The history of problems?®® and structures®*2°° of 1,6,6a/*-trithiapentalene (98) and
analogs have been surveyed in References 33 and 299. One of the basic questions is the
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form of the potential function that governs the ‘bell-clapper’ motton of the central S atom.
The structures of 99 and 100 have been determined by joint analyses of ED data and
rotational constants3°°, The large vibrational amplitudes obtained and earlier informa-
tion indicate a wide flat potential well. Amplitudes and bond distances in the nearly linear
O—S—0 and S—S—S chains of analogous molecules have been correlated. The C—S
and S—O bonds get shorter in the aza derivative 100:

C—S(A) S—O(A) 0O—S—O(deg)
Y=CH 1752(16) 1.865(9) 174.3(6)
Y=N 1.696(12)  1.827(8) 172.3(8)

The corresponding mean parameters in the pentalene parts of 10ta—c are3°":

X=S 1662 1.848 169.9(1)
X =80 1.655(3) 1.853 168.1(1)
X=80, 1.662 1.85 168.8
§S——S—S5S Cl)—S-———O
|
W YWY
(98) (99) Y=CH
(100) Y=N
0—S—0
4 \
N\ _N
X
(101a) X=S

(101b) X =SO
(101c) X =S0,

The XD study of 101a—c has been undertaken in order to find correlations of structure
with electrochemical reduction potentials and, in fact, phytotoxic activities*®'. Apart from
the sulfur atom at X, the ring atoms are nearly coplanar. The largest dihedral angle
between the five-membered rings, 7.2°, occurs in the sulfoxide, which has the S=0 bond
in axial position. The three molecules present an example of comparing related sulfides,
sulfoxides and sulfones (mean parameters):

C—S(A) $S=0(A) C—S—C(deg) C—S=O(deg) O=S=O0(deg)

X=§ 1.818 100.2
X=80 1.826 1.496(2) 97.7(1) 105.8
X=S80, 1.789 1.432 103.1 108.2 119.8

V. FOUR-COORDINATED SULFUR
A. Sulfones

Gas-phase structures which were not discussed in the preceding review® include two vinyl
sulfones, Both geometrical isomers of methyl 2-chloroethenyl sulfone®®?, MeSO,CH=CHCl
(102}, and methyl 2-cyanoethenyl sulfone3®?, MeSO,CH=CHCN (103), are mixtures
of two conformers according to ED studies. The crystal structures of both isomers of
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103 have also been determined®°3, and molecular parameters are similar to those in the
gas phase. The crystalline E isomer consists of the prevailing gas-phase conformer. The
C=C bond is staggered, due to steric hindrance, to the MeSO, group in (Z)-102, but
it tends to eclipse a bond in the other molecules. In (E)-102, which was reinvestigated
by a joint ED and ab initio analysis, the more abundant conformer is stabilized by an
intramolecular O---H hydrogen bond in the nearly planar syn O=S—C=C—H
chain3?2®, The large substituents cause an opening of bond angles in the Z isomers of
102 and 103 (ED results, X = Cl, C==N):

0=S—C(=C)(deg) S—C=C(deg) C=C—X (deg)

E-102 109.2(6) 117.8(7) 123.0(13)
Z-102 111.1(7) 127.6(10) 124.3(10)
E-103 105.2(5) 114.9(6) 121.5(7)
Z-103 109.6(3) 124.7(4) 127.3(7)
MeSO, MeSO
\C/H <C/H
H Z isomer l E isomer
X~ x~H
102) X=Cl

(103) X=C=N

The structures and ring puckering potentials of 1043°* and 1053°° have been investigated
by MW spectra and ab initio calculations. The equilibrium geometry is nonplanar in both
rings, with dihedral angles of about 27° and 20°, respectively, between the C—S—C plane
and the plane of the carbon atoms. The potential barrier at the planar configuration
considerably decreases if an SO, group replaces a CH, group in the ring, from 515¢m ™!
in cyclobutane to 140(35) cm ™! in 1043%4 and from 232cm™! in cyclopentene to 50(11)
cm ™! in 105%°%. Making reasonable assumptions, C—S—C angles of 82.3° and 97.7° are
consistent with MW spectra.

<>so2 [:>02

(104) (105)

Perfluorotetrahydrothiophene, its 1-oxide and 1,1-dioxide (106-108) have strongly
puckered half-chair ring conformation; symmetric C, rings fit well the experimental ED
data*°®. Bond lengths and angles are influenced by ring formation and fluorine substitu-
tion, and demonstrate as well the changes so much characteristic for analogous sulfides,
sulfoxides and sulfones (r,):

106 107 108
C—C(mean) (A) 1.548(4) 1.553(5) 1.556(6)
C—S4) 1.822(4) 1.903(4) 1.882(7)
C—S—C(deg) 94.5(3) 89.4(4) 93.2(10)
[ F \ { F 5 { F 5
S S§ IS
O 0~ X0

(106) (107) (108)
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The 1,4-oxathiane ring of 189 has the chair conformation in the crystal with an
equatorial and an axial MeO group®®”. The ring is more flattened at S than at O and is
also less puckered at S than the ring of thiane (53): dihedral angles C—S—C—C are
55.4(12)° in 5324, and 49.6° (mean) in 109. It is interesting that the C—S—C—C angle
is the largest, 65.0°, in thiane-1-oxide among these three molecules (see Section IV.A).
Mean sulfur bond parameters in 109 are C—S 1.774(5), S=0 1.435(4) A, C—s—C
100.5(2), C—S=0 109.3, 0=8=0 117.9(2)°.

MeO

0] SO,

>_/

(109)

MeO

The bonding parameters and conformations of arylsulfonamides, this important class
of molecules, were compiled and discussed in detail more than ten years ago*°®. Tt is not
possible to review the development of this field here, only some structures will be mentioned.
N-Methyltoluene-p-sulfonamide (110) and N,N-dimethyltoluene-p-sulfonamide (111) have
been studied by NMR and XD3°°. Mean bond lengths are comparable with the usual
values in sulfonamides323%8: C—S, S=O0, S—N are 1.770(2), 1.439, 1.620(9) A in 110,
and 1.762(2), 1.428, 1.614(2) A in 111; angles N—S—C are 107.6(5) and 107.5(1)°, respec-
tively. 111 adopts an approximately symmetric conformation in the crystal: the C—S—N
plane is nearly perpendicular to the ring plane, and the C—S—N—C sequences are in
gauche form with dihedral angles of about 70°. The conformations of the four independent
molecules of 110 are similar to each other, and may be obtained from this form by
rotations about the C—S and S—N bonds by not more than 20°. The sulfonylurea 112
and related molecules are studied as ion transport inhibitors®!°. There is an intramole-
cular N—H---N hydrogen bond in 112 with a distance N to N of 2.881(3) A. The
protonated pyridinium structure is indicated by bond lengths and angles. The sulfur bond
geometry is given by C—S 1.774(5), the relatively short S—N 1.575(5), S=0 1.439(4)
and 1.458(3) A, C—S—N 107.3(2), the very different N—S==0 angles of 107.2(2) and
115.1(2), C—S=0 105.3(2) and 105.7(2), O=8=0 115.2(2)°.

RZ
Ui

O SO, — N~ —C(O)NHR'
N7, R! = cyclohexyl
| R? = cycloheptyl
H

(112)

The SO, group is found in sulfonic acid esters. The first alkynyl carboxylate, phosphate
and sulfonate esters have been synthesized very recently®!'. Propynyl tosylate (113)
exists in a gauche conformation in the crystal®!?; the dihedral angle C—O—S8—C is
72.2(3)°. The C—C=C—O chain is essentially linear. Parameters C—S 1.741(3), S=0
(mean) 1.423 A, O=S=0 121.8(2), C—S—0O 1024(1) and S—O—C 117.6(2)° are
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O
MeC=C—O—STol-p

o
(113)

simitar to those in afkyl tosylates®!? and in sulfones'?. The mean C,—S distance in
arenesulfonyl derivatives C,,—S(0,)OX is 1.752 A (with a sample standard deviation of
0.008 A and n=27)32. The C(sp)—O distance in 113, 1.331(4) A, is one of the first of its
kind measured experimentally, and is shorter, as expected, than the mean C(sp>)—0
bond, 1.465(7) A, in primary alky! tosylates®'2. A remarkable phenomenon is the lengthen-
ing of the neighboring O—S bond from the mean 1.575(5) A in alkyl tosylates, to 1.649(2)
in 113312, The shortening of the C—O bond from sp® to sp® to sp carbon and the
concomitant lengthening of the adjacent O—S or O—C bond is observed in experimental
and calculated ab initio geometries of sulfonate and carboxylate esters, and is interpreted
on the basis of Bent’s rule by the increasing electron-withdrawing ability of the groups
from Me to CH,==CH to CH=C3!1312,

The crystals of o-toluenesulfonic acid dihydrate contain the deprotonated 0-MeC4gH,SO;
anion and the H;O cation®'®. Anions and cations are linked by a network of hydrogen
bonding along the ¢ axis (Figure 55). The O---O distance within the H;O; ion is very
short, 2.425(3) A. The S—O bond that is engaged in two hydrogen bonds is longer,
1.473(2) A, than the other two S—O bonds, 1.447 A. The C—S bond is 1.771(2) A, the
mean C—S—O angle 107.0°. One of the S— O bonds is nearly coplanar with the aromatic
ring.

O

FIGURE 55. The crystal structure of o-MeCGH‘,SO*HSO;r projected along the b axis.
Reproduced by permission of the International Union o? Crystallography from Reference 313
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The nature of the S==O bond has been a matter of discussions.'’O NMR studies on
arylsulfinic and arylsulfonic acid derivatives®!* emphasize the importance of the polarized
S*—O" formulation against the n-bond character (with involvement of sulfur d orbitals),
as well as the different character of the C=0 double bond.

B. The Sulfur Bond Geometry in Sulfones, Sulfoxides and Sulfides

We quote here mean C—S and S=O bond lengths (in A, with sample standard
deviations in parentheses and the number of observations n) from a statistical analysis3?
of crystallographic data in the Cambridge Structural Database. (We Yollow the notation
in the reference to specify the environment of the bond: The atoms forming the target
bond are in bold type; C* is an sp® carbon whose other bonds are to C or H only; C,, is
an aryl carbon in a six-membered ring and is treated separately from other sp? carbon
atoms.)

n n n
C*—S0,—C C*—S§(=0)—C C*—S—C*

1.779(20) 94 1.809(25) 88 1.819(19) 242
C,—S0,—C C, —S(=0)—C C,,—S—C,,

1.763(9) 96 1.790(10) 41 1.768(10) 158

C(sp?)—S—C*
1.751(17) 61

C—S0,—C C—S(=0)—C

1436(10) 316 1.497(13) 90

Trends in the variations of molecular geometry have been touched on in the preceding
sections. The structures of sulfones, sulfoxides and sulfides are discussed and compared
in References 1, 8 and 10-12, and it will be sufficient to summarize the most important
findings here.

The C—S single bond in sulfides shortens as the carbon hybridization changes
from sp> to sp® to sp, but the effect is smaller or not significant in sulfoxides and
sulfones®!!. Although ranges overlap, there seems to be a trend that C—S is shorter for
aliphatic than for aromatic sp” carbon.

Sulfones, sulfoxides and sulfides are termed in the VSEPR model as AX,, AX,E and
AX,E, systems, respectively, with a tetrahedral arrangement of bonding and nonbonding
electron pairs around sulfur!-®!2, Here A is the central atom, X are the ligands, E the lone
pairs. Since a lone pair requires larger space than a bonding pair in the valence shell of
A, a closing of bond angles and a lengthening of bonds is expected when going from AX,
to the related AX,;E molecule. Predicting the changes from the AX,E to the AX,E, case
is, however, not at all straightforward'. All interactions between bonding and lone pairs
in the valence shell must be considered, and there are bond/bond, bond/lone-pair and
lone-pair/lone-pair repulsions in an AX,E, molecule. The space requirement of a bonding
or nonbonding electron pair may be characterized by the average of the angles it forms
with all adjacent pairs®:!2:33,

The closing of bond angles X—S—X and the lengthening of bonds from an X,S0O,
sulfone to the related X,SO sulfoxide agree with qualitative expectations from the VSEPR
model®!!'12, The X—S—X angle opens again, on the other hand, in the corresponding
X,S sulfide, and the changes in the S—X bond lengths from X,SO to X,S are small and
of different signs. In line with the VSEPR model, the X—S—X angle closes with increas-
ing electronegativity of X in X,80,, X,80 and X, S, and the angles X—S—X, X—S=0

11,12,33
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and O=S=0 increase in this order in a given molecule®-'!'2. Observed trends in
geometries of molecules with a tetrahedral electron-pair arrangement are well reproduced
and interpreted by model ab initio calculations!-12-31% which yield also ‘angles’ describing
the positions of lone pairs.

The trends of bond length variations observed in gas-phase data are reflected, too, in
the crystallographic mean values cited above.

The remarkably small variation of the O--- O distance in sulfones (the mean is about
2.48 A) indicates the importance of nonbonded interaction in these molecules beside
electron-pair repulsions, and explains the correlation found between S=O bond lengths
and O=8=0 angles in sulfones! 81112,

Correlations of S=0 bond lengths with wave numbers of S=0 stretching vibrations
in sulfones and sulfoxides'?, or with wavelengths of S=O stretching in sulfones'®! may
be used to predict bond lengths from vibrational data. Group electronegativities have
been estimated from their correlations with S=O stretching wave numbers and with
S=0 bond lengths in XYSO, sulfones!!:!2,

The M—Y—M angle, M =C, Si, Ge, closes from Y =0 to S and to Se. The oxygen bond
angle changes in a wide range; it opens from C—O—C to C—O—Si and to Si—O—Si;
the bond angles of two-coordinated S and Se have a smaller variability!-11-12:33,

C. Trimethyloxosulfonium and Alkylidynesulfur Derivatives

The common structural characteristics of the two title classes is the trigonal-pyramidal
arrangement of the four sulfur bonds.

The crystal structures of trimethyloxosulfonium salts have been reported recently in a
series of publications®'é. The (CH,),SO™ cation possesses 3m (Cs,) crystallographic
symmetry in the cubic crystals of [(CH;);SO]CI-H,0, space group P2,3 (b). The same
cation has an approximate C,, symmetry in the orthorhombic crystals of its Br~, I~ (a),
NO; (¢), CrO2™ (d), [CdCl;]", [CdBr;]~ (e) and SCN ™ salts (f), and a crystallographic
symmetry plane in some of these cases. (The letters in parantheses refer to items in
Reference 316.) The geometrical parameters of the (CH,4);SO™* cation are in ranges C—S
1.732(4) to 1.756(3), S—O 1.433(2) to 1.440(4) A, C—S—C 105.5(1) to 107.8(3) and
C—S—O 111.6(2) to 113.6(1)°. The trimethylsulfonium ion has a symmetry plane in
crystalline [(CH;);S] I and an approximate C;, symmetry®!”, with longer C—S bonds
of 1.785(3) and 1.805(6) A and narrower C—S—C angles of 101.1(2) and 101.8(1)°.

Alkylidynesulfur trifluorides are a new class of molecules which contain the C=SF,
moiety. An exceptional feature of these molecules is that they are bent at sp carbon.
Vibrational spectra of (trifluoroethylidyne)sulfur trifluoride, F,CC=SF,, have been
assigned on the basis of C;, symmetry with a linear C—C=S chain®'8. The molecule is
found by ED>'® to be bent in the gas phase with a C—C=S angle of 155(3)°, and also
in the crystal®!® with C—C=:S 171(2)°. The ED study3?° of F ;SC=SF, gives S—C=S$§
159(3)°. Ab initio calculations reproduce the ‘nonclassical’ behavior of these molecules®'#,
showing a shallow minimum in the bending potential functions near 150°. F;SC=SF,,
however, lies on a threefold symmetry axis, and is thus linear in the crystal3?!, according
to an XD study at —168°C. Packing effects seem to act toward linearity in both
molecules. Other important parameters (r, from ED) are in F;CC=S8F,, C=S 1.434(14),
S—F 1.561(3) A, F—S—F 93.2(9)°; in F,SC=SF,, C=S 1.401(9), S—F (mean) 1.559(2)
A, F—S—F (SF5) 93.9(6)° (see also Section VI).

D. Sulfuranes

Sulfuranes may be regarded as derivatives of the hypothetical SH, molecule with an
S(IV) atom. The syntheses and structures of the first stable organic spirosulfuranes 114322
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t-Bu
S:
O
0 t-Bu
CF, CF,
(114) (115)

and 115323 were reported in the early seventies. Subsequent studies on the chemistry and
structures of organic sulfuranes are reviewed in References 324 and 325. Only the gas-
phase structures of some fluorosulfuranes will be discussed briefly in this section.

The general shapes of sulfur tetrafluoride and related molecules comply with the
expectations from the VSEPR model!. The five electron pairs around sulfur are arranged
in a trigonal-bipyramidal fashion, and the lone pair occupies an equatorial position
(Figure 56). As the data in Table 14 illustrate, the axial S—F, bonds are longer than
S—F,, and are bent away from the lone pair. The bond angle in the equatorial plane
is smaller than 120°. Less electronegative substituents are placed in an equatorial site
(Figure 56). However, when comparing parameters, we may find apparent (or sometimes
real?) discrepancies with the VSEPR model. It has been pointed out that the VSEPR
model involves the consideration (i) of all angles at the central atom, including those
formed by the lone pair{s), and (ii} of all electron-pair interactions in the valence shell, viz.
bond/bond, bond/lone-pair and lone-pair/lone-pair repulsions!-'2. Lone-pair angles are
usually not accessible to experiment unless they can be obtained from symmetry considera-
tions. Thus, e.g., the smaller C—S—C angle in (CF;),SF, than F,—S——F_ in SF, (Table
14) seems to disagree®*® with the predictions of the VSEPR model. The bond angle,
however, can vary only at the expense of bond to lone-pair angles in the equatorial plane,
and is the result of a balance between bond/bond and bond/lone-pair interactions. Taking
all this into account, the apparent contradiction is resolved'**2. On the other hand, the
C—Se—C angle*3? in (CF,),S¢eF,, 118.7(17)°, is wider than the F,—Se—F, angle!8:333
in SeF,, 100.6(7)°.

The:C—S bond lengthens by about 0.10 A if CH, in CH,SF, is replaced by CF5 or
by CF, in other derivatives (Table 14). The ED experimental geometries of CY,SF;,
Y =H, F, are well reproduced by ab initio calculations*2?. One C—Y bond eclipses the
S—F, bond. It still awaits an explanation why in the series SF,, CF;SF5, (CF,),SF, the

Fu Fﬂ Fﬂ
& L

s s Cs
DS >

Fe
F, F,

Q

X
E

a

FIGURE 56. The trigonal-bipyramidal arrange-
ment of axial and equatorial ligands and of the
lone electron pair in SF, and in its derivatives
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TABLE 14. Structural parameters® of SF, derivatives XSF; and X,SF,

F,—S—X
S—F, S—F, S—X F,—S—F, X—S—X Reference
F,—S—F,
SF,? 1.646(3)  1.545(3) 173.1(5)  101.6(5) 326
s—C F,—S—C
CH,SF, 1.689(1)  1.575(5) 1.790(13)  174.6(8)  102.9(8) 327
CF,SF, 1679(4)  1.596(11)  1.911(7) 165.2(25)  100.7(16) 327
CF,(SFy);¢ 1664(d)  1.562(6) 1.888(7) 173.1(15)  97.2(11) 328
C—S—C
(CF,),SF, 1.681(3) 1.888(4) 173.9(8)  97.38) 329
S—N F,—S—N
Me,NSF, 1.670(7)  1.5639)  1.639(13)  1740(12)  104.6(10) 330
S—S F,—S—S$
FSSF,* 1.624(6)°  1.56%(8)  2.040(5) 167.0 104.9(14) 331
1.7228)

“Distances in A, angles in degrees. r, parameters unless noted.
ro parameters.
r. distances.

b

ry parameters.
“Syn 10 the S—F group.
1 Anti to the S—F group.

smallest F,~S—F, angle occurs in CF;SF;327. The trigonal bipyramid is highly distorted
in FSSF,. The S—F group eclipses one of the S—F, bonds in this molecule, and the anti
S—F, bond is considerably longer and forms a short F,---S contact (2.33 A) with the
S—F group. Ab initio calculations®' indicate that this weak bonding interaction may
be important in the dissociation process FSSF; —»2SF,. The S—S bond is longer than
in FSSF1°21.890(2) A (Table 11, Section 1IL.C).

Alkylsulfuranyl radicals are transition states in alkyl radical displacement reactions and
have been studied by ab initio calculations?3*. The sulfur is three-coordinated but exhibits
the trigonal-bipyramidal arrangement, a lone pair and the unpaired electron occupying
equatorial positions. The axial Me—S—Me grouping is linear in Me,HS", the angle
of the axial bonds is 170° in H,S" and Me,S". Axial bonds are longer; ab initio calculated
values3** in H,S S—H, 1.529, S—H, 1.319 A; in Me,HS' S—C, 2.138, S—H, 1.322 A;
in Me,S' S—C, 2.215, S—C, 1.814 A.

VI. FIVE- AND SIX COORDINATED SULFUR

The five ligands of sulfur have the trigonal-bipyrimidal arrangement. The doubly-bonded
group occupies an equatorial site, and the S—F, bonds are tilted away from it (Figure
57). The S—F, bonds are longer than the S—F, bonds.

Four models of sulfur tetrafluoride oxide, OSF,, were found to fit the ED experimental
data®3®. A choice between them was suggested, using arguments based on the VSEPR
model and on nonbonded interactions'?-3*. The re-analysis®3” of ED and MW data
yielded a structure very similar to the preferred one'233%. Geometrical data of related
molecules are listed in Table 15.

There is a large asymmetry in MeN=SF, and FN=SF,. The C—N and F—N bonds
lie in the axial plane, eclipsing one of the S—F, bonds, and the anti S—F, bonds are even
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FEGURE 57. The structures of OSF, and CH,=SF

TABLE 15. Structural parameters of X=SF, molecules®

O=SF, CH,=SF, MeN==SF, FN=SF,
ED + MW ED ED + MW ED + MW
r, ry ro Fav
X (@] CH, MeN FN
X=S 1.409(4) 1.55(2) 1.480(6) 1.520(9)
S—F, 1.596(3) 1.595(15) 1.643(4) 1.615(7)
S—F, 1.546(7) 1.535(12)y
S—F, 1.539(3) 1.575(15) 1.567(4) 1.564(5)
F,—S—F, 164.6(6) 170(2) 167.0(6) 172.5(7)
F.—S—F, 112.8(4) 97(2) 102.62) 99.8(3)
Reference 337 338 339 340

“Distances in A, angles in degrees.
*The S—F, bond syn to N—C or N—F, respectively.
“The anti S—F, bond.

shorter than the S—F, bonds. The N=S bond lengthens from the methyl to the fluoro
derivative.

The orientation of the CH, group is similarly axial in CH,=SF, (Figure 57). The
structure and electron density distribution of a derivative, (2,2,2-trifluoro-1-methyl-
ethylidene)sulfur tetrafluoride, CF4(CH,)C=SF,, has been determined®*' by XD at
—151 °C. The C,C=SF, skeleton (with the axial fluorines) is approximately planar, and
also coplanar with one of the C—F bonds eclipsing the C—CH; bond (cf. Figure 58).
Bond lengths and angles (in one of the two crystallographically independent molecules),
C=S 1.599(3), S—F, (syn to CF,) 1.593(2), S—F, (anti) 1.586(2), S—F, 1.569(4) and
1.570(5) A, F,—S—F, 170.40(5), F,—S—F, 98.4(2)°, compare well with those in
gas-phase CH,=SF,, considering the large uncertainties in the latter case (Table 15). The
chemical bonds in CF4(CH;)C=SF, and especially the noncylindrical character of the
C=S double bond are clearly seen in the electron deformation density maps in Figure 58.

The equatorial fluorines of OSF, are substituted by CF;, groups in (CF;),S(O)F,.
Important parameters from an ED study**? are, r, C—S 1.891(5), S=0 1.422(7), S—F,
1.641(4) A, F,—S—F, 173.1(6), C—S—C 97.8(8)".

Ring formation in a 1,24-oxadithiete derivative®*? (Figure 59) diminishes the bond
angle at five-coordinated sulfur, and fluorine is expelled from one of the axial positions.
The endocyclic bond angle at the SO, group, 84.8(3)°, is also narrower than in acyclic
sulfones. The ring is strictly planar in one of the three independent molecules which lies
on a symmetry plane in the orthogonal Pbnm crystal, and the other two molecules have
practically the same parameters®*3: S=C 1.573(6), C—S 1.723(6), (0,)S—O 1.626(5),
O—S(F,) 1.715(5), S—F, 1.565,S—F 1.525 A (both calculated from atomic coordinates
given in Reference 343), 0—S=CB84.8(9), O—S—F, 179.5(2)and F.—S—F_98.8(2)".
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E
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F
N \/
C=S\
| I
S—0
/O, FIGURE 59. The structure of a 1,24-oxadithiete derivative with
0 five-coordinated sulfur

TABLE 16. Structural parameters of SF;X molecules®

X S—F (mean)(A) A(SFP(A) S—X(&) F.—S—F, (deg) Reference
F 1.5623(4) 0 1.5623(4) 90 345
Cr 1.570(1) —0.001(8) 2.055(1) 89.6(1) 346
Br¢ 1.569(1) 0.011(8) 2.232(2) 89.3(1) 347
OF 1.555(3) 0/ 1.671(7) 90.1(8) 348
—OCN 1.554(2) 0 1.653(6) 90.4(6) 349
OOSF, 1.561(3) o' 1.660(6) 88.8(2) 350
SF, 1.569(2) 0.027(6) 2.274(5) 89.8(1) 351
—NCO 1.567(2) o’ 1.668(6) 90/ 352
NHSF, 1.567(3) —0.015° 1.679(7) 88.4(5) 353
NFSF, 1.555(4) —0.026° 1.685(5) 88.1(9) 353
CF, 1.570(2) 0.010(7) 1.887(8) 89.5(2) 354
CF,SF, 1.562¢ 0.022(11) 1.908(7) 89.6(2) 355
—CN 1.564(6) 0.008” 1.765(5) 90.1(2) 356
CH=CH,* 1.581(1) 0.020(16) 1.787(9) 88.4(3) 357
C=CH* 1.574(1) 0.018(14) 1.736(6) 88.9(2) 357
C=CH 1.574(2) 0.001(14) 1.728(5) 88.9(2) 358
C=SF, 1.559(2) o/ 1.699(12) 88.6(3) 320

“From ED experimental data combined with rotational constants in some cases. r, distances unless otherwise noted.
bA(SF)=r(S—F,) — r(S—F,).

‘r, distances.

¢, distances.

Calculated from the original data.

fAssumed.

fMean of all S—F bond lengths.

FIGURE 60. Equatorial and axial bonds in distorted
octahedral SF X and SF,XY molecules
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FIGURE 61. Puckered C, ring and
the SF, group in octafluorotetra-
hydrothiophene tetrafluoride

The chemistry and structures of molecules with carbon—sulfur multiple bonds and the
stabilizing effect of ftuorine substituents are discussed in Reference 344.

Six-coordinated S(VI) compounds are regarded as.substituted derivatives of SF,. Table
16 lists important structural parameters for SF;X molecules.

The VSEPR model! predicts that the equatorial S—F, bonds are pushed away from a
less electronegative substituent and are longer than the axial S—F, bonds (Figure 60).
The data in Table 16 follow these expectations in general, but deviations from the regular
octahedral geometry in the SF5 moiety are often within uncertainties. It is also expected
that the mean S—F bond length, which is more accurately defined, exceeds that in SF;.
The C—S bond is long in SF;CF; and (SF;),CF,. A very large S—C—S angle of
124.3(7)° has been found in the latter molecule3>>,

Disubstituted derivatives of SF¢ have been studied by ED?*3°. The trans isomers of
CF;SF,CF,, CF,SF ,Cl and CF,SF,CH are formed exclusively or predominantly from
the corresponding sulfides with CIF33°, Parameters r, (see Figure 60) are the following:

X Y S—F.A) S—XAA) S—YA) F,—S—X(deg)

CF, CF, 15922) 1874(3) 1.874(3) 90
CF, Cl 1.583(2)  1.884(6) 2.050(6) 89.6(2)
CF, CH, 1606(3) 1.896(6) 1.787(10) 87.2(5)

Further lengthening of the S—F, bonds occurs here relative to the mean S—F
distances (Table 16) and even to the S—F, bonds in the monosubstituted derivatives. The
data above also demonstrate the remarkable lengthening of the C—S8 bond observed'?-3%°
upon substituting CH, by CF,.

If sulfur is part of a small ring, cis disubstitution is enforced. The five-membered ring
in §F4(CF2)3Z’JF2 (Figure 61) does not distort the octahedral sulfur bond angles beyond
estimated errors*°, C—S—C 90.0(9), F,—S—F, 90.5(15), F,—S—F, 87.7(29)°. Here
it is the axial bonds that are cis to both C S bonds and, as expected they are longer,
1.594(6) A, than the S—F, bonds, 1. 558(‘28 6) A, giving (with the notation in Table 16) S—F
(mean) 1.576(3) and A(SF) —0.036(9) The C—S bond is again long, 1.896(7) A.
Similarly, the bonds in tetrafluoro-1,3-dithietane octafluoride*3, (SF,CF,),, are S—F,
1.590(6), S—F, 1.572(6), S—F (mean)?%° 1.581(3), A(SF) —0.018(9), C—S 1.886(4) A,
but the angles are distorted in the planar four-membered ring, C—S—C 83.8(3),
F.—S—F, 90.1(8), F,—S—F, 88.6(10)°.

Vil. CONCLUSION

The position of sulfur in the Periodic Table defines its role in organic chemistry and
biology, the plethora of its organic compounds and reactions. The variety of bonding
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situations and nonbonded interactions around sulfur comes from its different valence
states and coordination, availability of d orbitals, presence of lone pairs, capability of
catenation, of forming 7 bonds and participating in hydrogen bonding, etc.

The geometrical structures of sulfur-containing organic molecules have been reviewed
in this chapter, arranged according to the coordination of sulfur and the functional groups
it forms. The wealth of the material implies that even important classes of compounds
have been left unmentioned.

Geometry is not separable from the motion of molecules, and this is especially true for
molecules performing low-frequency large-amplitude motion. Elucidation of the geo-
metrical structure gives some insight into the dynamics of molecules and crystals, gives
information on vibrational amplitudes, conformational behavior, potential barriers, energy
differences, etc. Experimental techniques yield parameters averaged over molecular motion,
theoretical (quantum chemical, molecular mechanics) calculations provide the equili-
brium structure. Structures from a parallel usage of different experimental and calcula-
tional techniques or even from a joint analysis of data are often reported. The different
physical meanings of parameters have to be considered. Effects of the environment in solid
and liquid phases may cause real structural differences.

Both the pursuits of structure determination and the needs it covers seem to take two
divergent courses. Accurate molecular structures, small variations of parameters due to
changes in intramolecular or intermolecular environment are important to the theoretical
chemist, while often only the approximate shape of the molecule, its conformation, charge
distribution, or packing in the crystal are needed for the interpretation of structures and
processes in which the molecule participates. The two aspects complement each other.
The detailed and accurate structure determinations form the basis of understanding the
nature of interactions within and between molecules in general, and detect spectal effects
in given structures.

The determination of crystal and molecular structure has become an integral part of
studies in different fields of physics, chemistry and biology. One challenge to structural
studies is to find relations between structure and properties of materials. Structural
investigations of organic sulfur compounds are applied in or are paralleled with research
in fields like astrophysics, solid state physics, electric and magnetic properties, synthetic
chemistry, identifying reaction products, clarifying reaction paths, solid state and surface
chemistry, electrochemistry, biochemistry, pharmacology or herbicide chemistry.
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I. INTRODUCTION

The general principles that underlie the theory of the conformational analysis of hetero-
cyclic compounds are now well understood. The major differences between heterocyclic
and carbocyclic rings arise from differences in mechanical properties of molecules
introduced by heteroatoms such as non-bonded repulsions, bond torsions and bond
angle deformations, and also from differences in atom size, polarity and polarizability.
These effects have been discussed in quantitative terms'-? and, more recently, molecular
mechanics programs that incorporate them and give good models for heterocyclic systems
have become available. An early review of the conformational analysis of six-membered
sulphur-containing rings was presented by Zefirov and Kazimirchik>.
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There are three principal geometric effects that differentiate the conformational analysis
of sulphur-containing rings from the more widely studied oxygen- and nitrogen-
containing rings. First, the C—S bond (ca 181 pm) is longer than the C—C (ca 154 pm),
C—O (ca 142 pm) and C—N (ca 148 pm) bonds. Second, since sulphur is a second-row
element, its van der Waals radius is larger than that of oxygen or nitrogen, but probably
smaller than that of a methylene group. Third, the C—S—C bond angle is generally
smaller than tetrahedral (typically ca 100 °). These geometric effects lead to rings that
are more puckered than their alicyclic counterparts.

Torsional barriers about C—S bonds are slightly lower than about C—C bonds
leading to somewhat easier deformation of S-containing rings in the region near to
sulphur. In contrast the torsional potentials for S—S bonds are very different to those
for C—C or C—S bonds, with preferred 90° dihedral angles and a larger barrier to
rotation.

Anomeric effects are also very apparent when electronegative substituents are placed
on the carbon atom adjacent to sulphur. Other interesting differences arise because of
the ability of sulphur readily to expand its valence shell, and stable compounds with
two, three or four ligands on sulphur are known. More ‘conformational anomalies’ are
thrown up in the conformational analysis of sulphur-containing rings than in any other,
and so the topic has stimulated a large amount of interest and is still being actively
researched.

Il. FOUR-MEMBERED RINGS

Four-membered rings have one degree of conformational freedom which can be
represented as the movement of one of the atoms out of the plane of the other three.
Nearly all four-membered saturated rings show evidence of such behaviour!.

There is extensive evidence that four-membered sulphur-containing rings have
non-planar conformations. Eectron diffraction*'*, microwave spectra®~!'! and far-infrared
spectra'?~'3 on thietane (1) and substituted thietanes, thietane-1-oxide and 1,1-dioxide

L] ﬁ

1)

show a puckered four-membered ring in the gas phase. The electron diffraction shows
a dihedral angle for ring puckering of 26 +20°. In contrast to what is observed for
oxetane the first four vibrationally allowed energy levels fall below the ring inversion
barrier. An ab initio force field allows good fitting of the observed transition frequencies!>.
Analysis of the "H NMR spectra in oriented liquid-crystalline solvents agrees that the
molecules are non-planar'®'”. Examination of coupling constants and chemical shifts
of 3-substituted thietane-1-oxides in both cis and trans isomers reveals a preference for
both the C- and S-substituents to occupy an equatorial position'®2!, For the trans
3-t-butyl-1-oxide (2) the t-butyl group is equatorial and the S=O group axial. Solid
state NMR on thietane shows that the folded conformation also exists in the solid?2,
There is evidence of unusual chemical shift shielding effects in the '*C and 'O NMR
spectra of four-membered ring sulphones compared to other-sized sulphone rings?3.
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lll. FIVE-MEMBERED RINGS

Whereas for four-membered rings only one coordinate is required to specify the ring
puckering, two such coordinates are required for an adequate conformational description
of five-membered rings!.

If cyclopentane had a planar ring, the internal C—C—C angles would be those of a
regular pentagon (108 °) and they would differ so little from those of a regular tetrahedron
that there would be no contribution to the strain energy of the molecule. The planar
molecule would, however, have considerable strain arising from the five, perfectly eclipsed,
C—C bonds. There are two ways that cyclopentane can deform in order to relieve this
torsional strain whilst still retaining some of the original symmetry of the planar ring.
Displacement of one carbon atom above or below the plane of the other four gives the
envelope form which retains one of the original planes of symmetry. Alternatively,
displacement of two adjacent carbon atoms equal distances on either side of the plane
of the other three gives the half-chair form which retains one of the original two-fold
axes of symmetry. Both modes of deformation reduce torsional interactions at the
expense of a limited increase in bond-angle deformation energy.

Calculations indicate that, for cyclopentane, both the envelope and half-chair are of
approximately equal energy and that there is a negligible energy of activation for passage
between them'. In fact, the puckering of the cyclopentane ring is not of a definite, well
defined type and the angle of maximum puckering rotates around the ring in a motion
termed pseudorotation. The two terms required to define the conformation of a five-
membered ring are, therefore, the amount of puckering and the position of maximum
puckering in the ring. In a pseudorotation the atoms themselves do not rotate; it is the
phase of the puckering that rotates around the ring. A general description of ring
puckering coordinates that includes pseudorotation has been given by Cremer and
Pople?*. The challenge in the conformational analysis of five-membered ring systems is
to describe the potential energy surface for the pseudorotation process.

The sulphur-containing rings thiophane (3) and 1,3-dithiolan (4) show evidence of
much greater puckering and restriction of pseudorotation than do cyclopentane or

S/\S
é \/
3 @

similar oxygen-containing rings. Thermodynamic studies on thiophane suggest a barrier
to pseudorotation of ca 2.8 kcal mol ™ !+2%. This picture of the molecule was later confirmed
by spectroscopic data?®. Electron diffraction and molecular mechanics studies by Seip’s
group showed that the half-chair form with C, symmetry was about 2-3 kcal mol ~ ! more
stable than the envelope form?’. This view was subsequently confirmed by a detailed
study of the microwave, infrared and Raman spectra of the 2,2,5,5-tetradeuterio
derivative, which showed the molecule to adopt a conformation of C, symmetry?®,
Detailed analyses of the 'H NMR spectra of thiophane have been presented by Lambert’s
group®® and by Esteban and Diez3®, who show that thiophane is probably the
most puckered of all the simple saturated five-membered ring heterocycles. The most
recent work arises from a molecular mechanics study of five-membered rings which
confirms that thiophane prefers a half-chair conformation and has one of the highest
barriers to pseudorotation of any of the five-membered rings3!.

The '*CNMR spectra of all twelve mono- and dimethylated (except on sulphur)
thiophanes have been reported. The results were interpreted in terms of an equilibrium
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between half-chair conformations and the conformational preferences of the methyl
groups were discussed??.

Thiophane-S-oxide and some of its methyl derivatives have been subject to a multinuclear
NMR study combined with force-field calculations. The conformation of the ring depends
upon the number and position of the substituents®>.

1,3-Dithiolan derivatives have been studied by X-ray crystallography># and by vibrational
spectroscopy®®. Several commonly occurring bands were observed in the region
900-300cm ~! from which it was postulated that the most stable conformation for the
2-substituted derivatives is the half-chair. Lambert’s R-value expression (described in
more detail in the section on six-membered rings) was used by Sternson and coworkers
to examine the C—C torsion angle in 1,3-dithiolan derivatives®®. The value obtained
for 1,3-dithiolans (49 °) was compared with that obtained for 1,3-dioxolans (42°). The
R-value method does not work as well for five-membered as for six-membered, rings*’.
Nevertheless, it was suggested that the apparent increase found for the sulphur-containing
ring compared to its oxygen-containing counterpart was significant and that, 13-
dithiolan is more puckered than 1,3-dioxolan. This work did not distinguish between
preferred half-chair or envelope conformations.

Pihlaja and coworkers have studied the conformational analysis of alkyl derivatives
of 1,3-dithiolan using a combination of NMR and chemical equilibration techniques.
2-Alkyl-4-methyl and 2-alkyl-2,4-dimethyl derivatives show low energy differences
between the cis and trans stereaisomers (< 0.24 kcal mol ~'). Tt appears that the ring is
reasonably flexible with a possible minimum energy conformation being defined only if
there is a bulky substituent in the 2- position®®. Similar conclusions were reached in a
study of derivatives with methyl groups in positions 2, 4 and 5°°. In a related study
using '>*CNMR it was concluded that the magnitude and variety of the substituent
effects upon chemical shifts are best explained with the aid of a predominant half-chair
conformation*®.

IV. SIX-MEMBERED RINGS

A. Thian

A fair number of single-crystal X-ray diffraction studies of thian rings are now available,
although they are mainly concerned with S-substituted derivatives. They show that thian
rings are more readily deformable around the sulphur atom than are cyclohexane rings,
and that in general thian rings are more puckered than cyclohexane. The bond angle
at sulphur is typically about 100° but the long C—S bond (typically ca 181 pm) compared
with the C—C bond opens out the ring between atoms C(2) and C(6). Distances and
geometries in the C(3,4,5) region are more nearly comparable with those in cyclohexane.

Studies on 3-methyl- (5, R = Me) and 3-ethyl-2,6-diphenylthian-4-one (5, R = Et) reveal
chair conformations for the rings with average internal torsion angles in the ring of
55.0 — 55.5°, which are marginally smaller than in cyclohexane*!. The C-S-C bond angles
are around 99°. Where there is an axial phenyl at the 2-position in the ring, the C—S

Ph e o Ph Me OH
Me
OH Me
S S S Ph
h Ph  Et Me
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bond is longer (183.0/183.5pm) than where the phenyl is equatorial (181.5/181.1 pm),
possibly due to strain caused by the axial group. In a related alcohol (6) the average
internal ring torsion angles are 4.5° greater than in the ketone, showing the thiane ring
to be more puckered than cyclohexane. In the 2,2,6,6-tetramethyl derivative (7) the
C—S—C bond angle is opened out to 105.6°, possibly to relieve strain between the
axial methyls at positions 2 and 6*%

Several X-ray diffraction studies of S-methylthianium salts have been reported. The
early work reported by Gerdil*? on S-methylthianium iodide has been reinterpreted using
a different space group*®. Nevertheless, this still shows a ring that is appreciably more
puckered than cyclohexane. The structures of cis- and trans-1-methyl-4-t-butylthianium
perchlorates (8 and 9) have been reported by Eliel and coworkers*®. The trans-isomer
has both alkyl groups equatorial. The cis-isomer has the t-butyl group equatorial and
the S-methyl axial. There is considerable distortion around the sulphur atom in the
cis-isomer. The C(2,6) bond angles expand from 107° in the equatorial isomer to
115°. The ring dihedral angles along the S—C(2) ane C(2)—C(3) bonds are 64° and

?%T o TT u

Clo; Clo;
8 &) (1)

69°, respectively, with an equatorial methyl group, and decrease to 46° and 59° when the
S-methyl is axial. The ring with the axial methyl is much flatter than its equatorial
counterpart with the S-methyl group leaning out from the ring. The fact that such large
changes in geometry are associated with the relatively small free-energy difference between
the isomers (0.3 kcal mol ~ !) shows that the ring is very readly deformed about the sulphur
atom.

Both isomers of 3-acetoxy- and of 4-acetoxy-1-methylthianium perchlorates have been
studied by Jensen*$*7_ In all cases the S-methyl group is observed to be axial and the
acetoxy group is axial or equatorial according to whether it is cis or trans to the S-methyl.

X-ray diffraction studies on thian-1-tosylimide (10) and several C-substituted
derivatives have been reported by a Hungarian group*®. The tosylimino group is found to
be axial in the parent compound and in derivatives with cis-substituents at C(2) and C(4).
With trans-substituents at C(2) and C(4) the tosylimino group is observed to be equatorial.

Obtaining detailed structural information for molecules in solution is more difficult
than in the solid state. In principle, vicinal coupling constants from "HNMR spectra
give a direct measure of the dihedral angles by application of the Karplus equation. In
practice, it is difficult to extract this information because of the dependence of the constants
in the Karplus equation upon electronegativity, bond lengths and bond angles. The
R-value method introduced by Lambert attempts to overcome these problems by
measuring the ratio of the cis and trans vicinal couplings, hopefully cancelling the effects
of the Karplus constants*?-3°. R-values of around 2 are indicative of a perfect chair
conformation. Values less than 2 show a flattened chair or a twist conformation. Values
greater than 2 show a ring that is more puckered than cyclohexane. In those derivatives
of thian that have been examined by the R-value method, values greater than 2 (typically
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2.5-2.7) are found, indicating that inclusion of sulphur in the ring leads to greater
puckering®!-33,

The conformational free-energy differences of methyl groups at the 2-, 3- and
4-positions of the thian ring have been determined by Willer and Eliel using
low-temperature NMR methods®*. They are C(2) 1.42, C(3) 1.40 and C(4) 1.80 kcal mo) 1.
The observed free-energy difference at C(4) is similar to that in cyclohexane
(1.7kcal mol~ ') because of the similarity of the axial and equatorial environments in
both systems. For the axial 3-methy! group, one syn-axial C—H bond in cyclohexane has
been replaced by an electron pair on sulphur which causes lower non-bonded interactions.
For the C(2) position, repulsions between the 2-axial methyl and the syn-axial hydrogen
on C(6) are reduced relative to cyclohexane by the long C(2)-C(6) distance.

The anomeric effect, in which electronegative substituents at the 2-position in
tetrahydropyran rings prefer the axial orientation, is also seen in thian rings. This effect
has been demonstrated for CI, OH, OR, SR, SAr and P(S)(OR), substituents®>-3%,

There is evidence that hydrogen bonding influences the conformational equilibrium
in 3-hydroxythian in two ways 3”. The conformational equilibrium in chloroform solution
is concentration-dependent, with the amounts of the axial 3-hydroxy conformation
increasing as the concentration is lowered. At higher concentrations, intermolecular
hydrogen bonding dominates and the hydroxyl is predominantly equatorial. As the
concentration decreases, the extent of intermolecular hydrogen bonding decreases and
intermolecular hydrogen bonding of the axial hydroxyl group to the sulphur atom
becomes more important (cf. 11). At very low concentrations (0.01-0.001 M) there are
almost equal amounts of axial and equatorial conformations present.

s Rle barrier to ring inversion of the thian ring has been measured to be 11.7 kcalmol ™!
1,

One most interesting conformational feature of the thian system is the preference of

certain 1-substituents to occupy an axial position. Thus, in protonated thian, thian 1-oxide

= %b
Me
(11) (12)

and thian 1-(N-tosyl)imide the 1-axial conformation is preferred®°-®. Coupling constant
measurements on the S—H resonance indicate that S-protonated thian exists with the
S—H axial and the axial preference is > 1.5 kcal ~! mol ~*. This axial preference persists
even when there is an axial 3-methyl present as in the 3,3-gem-dimethyl group of!2,

The axial preference of oxygen in thian-1-oxide has been known for many years®’
and is quantitatively measured to be 0.175kcalmol™' %2 Unlike the situation in
S-protonated thian, this axial preference is removed in the presence of an axial 3-methyl
group®®. The axial preference persists when the substituent is a 1-(N-tosyl) imide group
(0.145kcal mol ~1)®3, but again this group is forced equatorial by an axial 3-methyl
substituent>®,

It is generally accepted that attractive van der Waals interactions are operating between
the axial 1-substituent and the syn-axial hydrogens on carbons 3 and 5 and are responsible
for these axial preferences. The long C—S bond places the S-substituents and the
syn-axial hydrogens in the feebly attractive portion of the interaction potential. However,
when a 3-axial methyl is present, the interaction of the methyl with the larger oxygen
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and nitrogen substituents turns the interactions from attractive to repulsive. The
repulsion is not experienced by the axial 1-hydrogen, which remains axial irrespective of
the 3-substituent.

The conformational analysis of S-alkylthianium salts has been studied in detail by
Eliel and Willer®*. S-alkylthianium salts undergo a thermally induced inversion at
suiphur which is sufficiently rapid at 100°C to allow chemical equalibrations between
diastereoisomers to be investigated. Equilibration of 4-t-butyl-S-methylthianium
perchlorate at 100 °C in chloroform shows that the equatorial S-methyl is more stable by
0.275kcal mol ~!. With a 2-methyl group present, the free-energy difference increases to
0.59 kcalmol ~!. This probably arises because of a buttressing effect of the 2-methyl
group on the axial S-methyl which has been shown to lean out of the ring (vide supra).
With cis-2,6-dimethyl groups present, this buttressing effect is even more pronounced,
making it harder for the axial S-methyl group to lean out from the axial position and
the conformational free-energy difference is increased to 1.00 kcal mol ™', Free energy
differences for S-ethyl and S-benzyl groups were also determined. Carbon-13 NMR
spectra of a substantial number of S-substituted thians are in agreement with the above
observations®>,

Conformational equilibria on the ring carbons in thian-1-oxide have been examined
by Eliel and coworkers®%%7. Cis-3-hydroxythian-S-oxide shows a very marked
dependence of the position of the equilibrium on concentration®®, At higher concentrations,
the equilibrium is strongly to the side of equatorial hydroxyl with intermolecular
hydrogen bonding (shown in 13) dominating. As the concentration is lowered the axial
conformation, which contains a stabilizing intramolecular hydrogen bond between the
hydroxyl group and the axial S=O, becomes more important until at 0.0023M the
energy difference in favour of the 3-axial conformation exceeds 1.3 kcalmol ™1,

Ph
.-HO S=(.. $=0-.. W\-
S S0i0 ] N H
o) OH
(13)
(14)

For trans-2-(1-hydroxybenzyl)thian-S-oxide (14) intermolecular hydrogen bonding is
observed in the solid using X-ray diffraction, and intramolecular hydrogen bonding
becomes observable using infrared spectroscopy is dilute solution®’. In both the solid
and the hydrogen-bonded conformation in solution the S=O and the 2-substituents are
equatorial. A detailed molecular mechanics profile of the conformations involved in this
molecule has been presented.

B. 1,2-Dithian

One of the most interesting aspects of 1,2-dithian conformational analysis is that the
preferred dihedral angle in open chain disulphides of ca 90° has to be constrained by
its presence inside a six-membered ring. Remembering that the cyclohexane internal
torsion angle is ca 55°, this should cause some observable strain and distortion in this
portion of the ring. Available crystal structure determinations illustrate this point. In
racemic 1,2-dithian-3,6-dicarboxylic acid (15)%® the C—S—S—C dihedral angle is 60°
and in (4R, 6R)-1,2-dithian-4,5-diol®® this angle is 58.8 °. In both cases, the angle is greater
than in cyclohexane to accommodate the desire of the S—S bond to open its dihedral
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angle. There must be some strain in the molecule arising from its constraint on the
C—S—S—C dihedral angle. The structure of 3,3,6,6-tetramethyl-1,2-dithian-4,5-dione
is described as ‘highly skewed’ but details of the internal C—S—S—C dihedral angle
are not given’®.

Ring inversion in 1,2-dithian derivatives has been studied and barriers to ring inversion
in 16 and 17 are found to be 11.6 and 13.8 kcal mol ™!, respectively’".

CO,H
Me
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(13) (16) (17) (18)

1,2-Dithian-1-oxide has been shown by several groups to prefer the S=O axial
conformation’2~77 even in the presence of a 5,5-gem-dimethyl group and the axial
preference has been estimated as > 3.0kcalmol™! 7. This almost certainly arises from
a strong S—S=—0 anomeric interaction. The 1,1-dioxide exhibits a rapid ring inversion
in its NMR spectra at temperatures as low as —90°C.

Monomethylation of 1,2-dithians with (CH,);O*BF,~ in CHCl,/CH;NO, has been
shown to be selective with the 1-methyl going into an axial position’®. The axial preference
of CHj; in the parent compound (18) has been demonstrated by NMR techniques’®.

C. 1,3-Dithian

As with the 1,3-dioxans, the 1,3-dithian system has proved to be very popular with
investigators of conformational effects. The reasons are similar: they are readily synthesized
with a wide variety of substituents at all positions in the ring, they have readily inter-
pretable *H and '3C NMR spectra and they have a facile acid-catalysed ring opening
closing reaction which allows ready equilibration of stereoisomers.

A large number of X-ray diffraction studies of 1,3-dithian derivatives have been
reported. At the time of writing the Cambridge Structural Database had the structures
of sixty-eight 1,3-dithians on record, too many to discuss in this chapter, so only the
most significant will be mentioned. The basic structure of the 1,3-dithian ring is shown
in the structural determination of 2-phenyl-1,3-dithian (19)"°. The internal dihedral angles
in the ring are similar to or slightly greater than those in cyclohexane, showing the ring
to be slightly more puckered. R-value measurements give a similar result3°. The puckering
of the ring increases in the series 2022 as the sulphurs are successively converted to
sulphoxides®'. For example, the internal dihedral angles about C(5) in the disulphoxide
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22 are found to be 72.5°, dramatically larger than in cyclohexane. A similar effect is seen
in the series 23-25%2.

In the parent disulphoxides 26 and 27 the cis-isomer is observed to exist in the diaxial
conformation and to show ‘.. remarkable distortion in the dithian ring’®3. The S-S distance
across the ring is 314.0 pm in the cis-isomer compared to 300.5 pm in the trans-isomer.
The S—C—S bond angle is considerably larger in the cis (120.2°) than in the trans
(113.0°). The cis-isomer is flatter in the crowded region compared to the trans, but both
isomers show large dihedral angles in the C(5) region of the ring (ca 70°). A similar
diaxial conformation was observed earlier for 2,2-diphenyl-1,3-dithian-1,3-dioxide®*.

(@]

0 |
lo S
" 5
(26) © 27

Using acid-catalysed equilibration, Eliel and Hutchins measured the conformational
free-energy differences of alkyl substituents at various positions in the 1,3-dithian ring®®.
Their observations are recorded in Table 1. A few years later Pihlaja pointed out that
the chair-twist free-energy difference in 1,3-dithian was suofficiently low that twist
conformations might contribute towards the conformational composition of the least
stable isomers. Therefore, he revised Eliel’s data slightly to take this into account®®.

Pihlaja and Nikander subsequently determined the thermodynamic parameters for
the chair/twist equilibrium in 1,3-dithian by studying the acid-catalysed epimerization
of 2-t-butyl-4,6-dimethyl-1,3-dithian®’. They found AG,, = 3.32kcal mol~! at 342K with
AH_=428+0.17kcalmol™! and AS,=4.7+05calmol ' K~'37. The chair/twist
energy difference in 1,3-dithian is therefore smaller than in cyclohexane, which in turn
is less than in 1,3-dioxan. It is believed that the relative lengths of the C—O, C—C
and C—S bonds which make the dioxan ring more compact and the dithian ring less
compact than cyclohexane are responsible for the relative magnitudes of these
parameters®®.

13CNMR spectra have been used for investigating conformational equilibria in
1,3-dithians starting with the derivation of *3C substituent effects on chemical shifts by

TABLE 1. Conformational free-energy differences of alkyl substituents
in the 1,3-dithian ring (kcalmol ~1)8%

2-Me 1.77 2-Et 1.54 2-i-Pr 1.95 2-t-Bu > 2.7
4-Me 1.65 — —
5-Me 1.05 5-Et 0.77 5-i-Pr 0.8 —
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Eliel and coworkers®®. Similar substituent effects were used by Pihlaja and Bjérkqvist
to study conformational equilibria at the 5-position in the ring®®. A value of
0.91 4+ 0.07 kcal mol ! was found, close to that determined by chemical equilibration.
The same group used !H NMR spectra 1o study the equilibria in 2-ethyl-2-methyl- and
2-isopropyl-2-methyl-1,3-dithians. In these molecules the ethyl group marginally
prefers to be axial whilst the isopropyl group prefers to be equatorial.

Two groups have shown that there is an axial preference for a 5-hydroxy group in
1,3-dithians with evidence of a stabilizing hydrogen bonding interaction between the
hydroxyl group and the sulphur atoms, although their values for the magnitude of the
conformational free-energy difference varied (0.8 kcalmol ™! and 0.5 kcal mol ~!)°!:22, By
contrast, 5S-methoxy and S-methylthio groups prefer the equatorial position by 1.22 and
1.57kcalmol !, respectively®>. These latter equilibria are influenced by the ‘gauche
repulsive effect’ first described by Zefirov and coworkers®* 95,

Anomeric interactions are particularly noticeable at the 2-position in the 1,3-dithian
ring and have attracted a substantial amount of interest®®~!°°, Thus, electron-
withdrawing substituents at the 2-position display conformational equilibria that contain
more of the 2-axial conformation than would normally be expected. This has been
quantified by Juaristi and coworkers for the 2-diphenylphosphinoyl substituent by
equilibration of the cis-4,6-dimethyl derivative in ethanolic NaOH?%!°%, The AG ° value
is found to be 1.0kcalmol~! in favour of the 2-axial isomer, indicating an anomeric
effect of 3.7 kcal mol ~*%%,

The effect extends to 2-chloro!%¢, 2-seleno!®”, 2-carboxy!°® and 2-aryl!°? substituents.
In the latter case the axial/equatorial equilibrium has been shown to be remarkably
sensitive to the nature of the para substituent on the phenyl ring and to depend on
solvent. A careful study showed that AG° has a linear dependence on ¢,. In all of the
cases studied the aryl substituent preferred the equatorial position. However, the amount
of axial substitution at equilibrium increased with the increasing electron-withdrawing
power of the p-substituent. This suggests that there is the stabilizing hyperconjugative
interaction shown in 28 between the lone pairs on sulphur and the ¢* orbital of the axial
aryl-C(2) bond. A similar interaction is not possible with an equatorial substituent. Similar
electronic interactions are believed to be responsible for the axial preferences in the
other systems described above with electronegative 2-substituents.

(28)

When the group 14 elements are placed at the 2-position in a 1,3-dithian ring as in
trimethylsilyl, stannyl and plumbyl groups, it is found that they have a much greater
equatorial preference than in cyclohexane!!°. For example, the conformational free
energy favouring the equatorial location for a trimethylplumbyl group is 0.7 kcal mol ™!
in cyclohexane, but > 2kcalmol ™! in 1,3-dithian. These results are in contrast to those
obtained with electronegative substituents described above. They are reminiscent of the
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6kcalmol™! preference for the equatorial position exhibited by a 2-lithio substi-
tuent!'!"!1% and of the calculations by Lehn and Wipff!'® showing that a carbanion
between two sulphurs is 9kcalmol™* more stable when equatorial than when axial.
Electropositive substituents such as the group 14 metals, it seems, have an enhanced
equatorial preference at the 2-position in 1,3-dithian.

Low temperature 'H NMR spectra on 1,3-dithian-1-oxide show two conformations
in the ratio 84:16 at -81.5°C (AG = 0.63 kcal mol ') with the major conformation having
the S=O equatorial''”. This result confirms earlier reports’> and is in contrast to the
conformational preference of the S=O group in 1,2- and 1,4-dithians for the equatorial
location”®. Interestingly, it also appears to be opposite to the preference in
1,3-oxathian-3-oxide in which the axial S=O group is preferred by 0.57 kcal mol = 13,

For 1,3-dithian-cis-1,3-dioxide (26) the diaxial conformation is observed by X-ray
diffraction techniques in the solid®3. In solution its '"H NMR spectrum displays an
interesting coalescence phenomenon in which the AB quartet for the C(2) hydrogens at
room temperature becomes a singlet as the temperature is lowered, the reverse of that
normally expected for a dynamic phenomenon'!”. Lambert and coworkers suggested
that this arose from a monomer/dimer equilibrium arising from the strong dipoles in
the molecule; however, in the absence of contrary evidence they believed that the
diequatorial conformation was probably involved. A monomer/dimer equilibrium is
just as likely, if not more likely, in the diaxial conformation because the dipoles can
more nearly exactly line up in opposition to each other in the dimer structure.

D. 1,4-Dithian

A large number of X-ray diffraction studies of 1,4-dithian derivatives have been
reported largely due to the ability of the molecule to form adducts with a number of
other species such as iodine, iodoform, antimony trioxide and diiodoacetylene. At the
time of writing the Cambridge Structural Database has fifty structures recorded. The
structure of the parent compound in the solid state has been reported and is unremark-
able with standard bond lengths and angles''®. The extra puckering found in sulphur-
containing rings appears as a rather large S—C—C—S dihedral angle of 69°. The
structure found was similar to that observed in a very early gas-phase electron diffrac-
tion study by Hassel and Viervoll!2°,

The a- (or trans-) dioxide 29 crystallizes with both oxygens axial'?!. The 8- (or cis-)
isomer 30 has one oxygen axial and the other equatorial'?2. The preference for S=0O
to occupy an axial position is therefore carried over into the 14-dithian series. Both
trans-2,3-dichloro- (31) and trans-2,5-dibromo-1,4-dithian (32) have both halogens
axial'?3-12%, Again, these axial preferences arise from the anomeric effect on the carbon
next to sulphur seen earlier in this chapter. For the dichloro-derivative the two internal
S—C—C—S8 dihedral angles on opposite sides of the ring are different. For the side
carrying the two chlorines the dihedral angle is 59 °, whilst the side with no chlorines
is much more puckered with a dihedral angle of 71°. The chlorines, and to a lesser
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extent the bromines are observed to lean out of the ring somewhat, to relieve gauche
repulsive interactions.

The puckering observed in the solid by X-ray diffraction methods is also seen in the
solution phase by the use of R-value measurements*®, 1,4-Dithian and 1,4-diselenan give
R-values of 3.38 and 3.49, respectively. Such values are considerably greater than expected
for a normal chair (R = 2) and consistent with a considerable degree of puckering.

In contrast to the other rings discussed earlier in this chapter, little information is
available concerning conformational equilibria for substituted 1,4-dithians!2°-!26,
Derivatives with electronegative substituents on C(2) such as R = Hal, OR or SR are
found to prefer the axial conformation (33)!27. However, when R = alkyl the equatorial
conformation is preferred!?®, The conformational free-energy difference for a 2-methyl
group is estimated to be —1.20 £ 0.14 kcal mol ™. When the 2-substituent is of the type
CH,X where X is electronegative, such as acetoxy or halogen, the axial conformation
is again preferred. Molecular mechanics calculations reported in the same paper suggest
that the 14-twist (34) and 2,5-twist (35) conformations are respectively 4.2 and
3.1kcal mol ™! less stable than the chair.

X
S
s~/ s <
(33, X = halogen, OR, SR) (34) (35)

E. 1,2,3-Trithian

The structure of the N-methyl carbamate of 1,2,3-trithian-5-0l (36) is the only reported
X-ray diffraction study of a 1,2,3-trithian derivative. The ring is in a chair conformation
with the 5-sustituent equatorial®2. Conformational equilibria and ring inversion barriers
in some derivatives of 1,2,3-trithian have been reported based on 'H NMR studies!3%-!3!,
For the 5-methyl-5-alkyl series (37) the R group marginally prefers the axial position
when it is ethyl, n-propyl, isopropyl or s-butyl but marginally prefers the equatorial
position when it is isobutyl, neopenty! or phenyl.

S
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(36) (37)

F. 1,3,5-Trithian

The structure of the parent compound, which is the condensation product from
formaldehyde and hydrogen sulphide, has been investigated in the solid state by X-ray
diffraction. The molecule is found to exist in the expected chair conformation'32:!33,
The S—C—S bond angle is opened out with respect to a true tetrahedral angle (114.7°).
The internal dihedral angles in the ring are all in the region 66°-67° showing the
1,3,5-trithian ring to be considerably more puckered than cyclohexane. Similar geometrical
features are shown by other 1,3,5-trithian rings.

The condensation product between acetaldehyde and hydrogen sulphide has two
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isomers. These were initially investigated in early gas-phase electron work by Hassel
and Viervoll'**, Subsequent X-ray diffraction work on the solids has confirmed that
they exist in the chair conformation with all methyls equatorial (8)!35?3% and two
equatorial and one axial («)'3".

The axial preference of electronegative groups due to anomeric interactions is also
found in equilibria in 1,3,5-trithian derivatives. Thus, the 2-dimethoxyphosphoryl group
attached to a carbon in the 1,3,5-trithian ring is found to be axial (38) both in the solid

by X-ray diffraction and in solution by NMR spectroscopy! %4,
q S SiMe,
%S\/ Meﬁi%s SiMe,
MeO~_ !
P— Ph
MeO =0 Ph Ph
(38) 39

X-ray diffraction shows that S-2,4,6-triphenyl-2,4,6-tris(trimethylsilyl)-1,3,5-trithian
(39) has a chair conformation with the three trimethylsilyl groups equatorial®®®. The
three axial phenyl groups lean out from the true axial position somewhat and form a
‘basket-shaped’ cavity. It is possible that this is a further reflection of the reverse anomeric
effect observed at the 2-position in 1,3-dithians with group 14 elements showing a marked
equatorial preference!!".

Interestingly, a twist conformation is found by X-ray diffraction for trans-2,4,6-
tris(trichloromethyl)-1,3,5-trithian in which CCl; groups occupy pseudoequatorial
positions'°. The reasons for this are not clear.

As with 1,3-dithian-S-oxide it is found that 1,3,5-trithian-S-oxide prefers the S=O
equatorial conformation in solution'!”. This result is reinforced by the molecular
mechanics calculations of Allinger and Kao'*®, However, in the solid state, X-ray
diffraction shows that the S=O axial conformation is preferred’*!.

An infrared spectroscopic investigation of 1,3,5-trithian at high pressures shows that
above 60 kbar the molecules are, in effect, flat'2, Other six-membered rings should show
the same effect at high enough pressures.

G. 1,2,4,5-Tetrathian

The 1,2,4,5-tetrathian ring contains two S—S bonds which prefer to have 90° dethedral
angles and probably have a larger barrier to rotation than C—C bonds. This results
in the twist conformation being the preferred form of the molecule and in a substantial
barrier to ring inversion.

The tetramethyl derivative 40 which has been shown by X-ray diffraction to exist in
a twist conformation in the solid state'*® was dissolved in carbon disulphide at —80°C
and gave a solution at that temperature whose 'H NMR spectrum was only consistent
with a conformationally homogeneous populations of twist conformations'#*~!4¢,
Allowing the solution to warm up slowly caused the conversion of the exclusive
population of twist conformations to an equilibrium mixture of chair and twist forms.
The chair:twist ratio at —15°C is 1.0:2.6 (AG = 0.49 kcal mol~!). The barrier to the
chair-to-twist interconversion was found to be 16 kcalmol~!. This is consistent with a
half-life of the chair or twist forms at —80°C of ca 75h. For the spiro derivative 41,
n =4, the chair conformation is found to be the more stable species in solution; however
for 41, n = 5, the twist is again the more stable species. Solutions of the chair conformation
at —80°C may be obtained by crystallizing the compound as a guest in a lattice of
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hexakis(p-t-butylphenylthiomethyl)benzene!*”. The crystal lattice constrains the
molecule to a centrosymmetric (chair) conformation which is therefore observed on
dissolution in a cold solvent.

Me
M S\S%\MC S\Sﬁ(CHZ)n
Me
(40) 41

Theoretical calculations have been made of these conformational changes and the
stability order of the conformations discussed!8,

H. Six-membered Rings with Five Suiphurs

Unlike the first-row elements, sulphur is capable of forming relatively stable chains of
more than three atoms and this is evident in the variety of six-membered rings known
that contain five sulphur atoms. 1,2,3,4,5-Pentathian (42) has been prepared and it shows
an AB quartet for the 'H NMR spectrum of its methylene group at ambient temperature'4®,
This is consistent with a chair conformation undergoing slow ring inversion. The barrier
to ring inversion was found to be > cal5kcalmol ~'. This result is consistent with our
ideas of high barriers to rotation about heteroatom—heteroatom bonds. Subsequently,
an X-ray diffraction study showed that both the parent ring and the 1,1-dibenzyl
derivative have chair conformations in the solid state'>°.
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The metal-containing MS; ring is found in a variety of disguises. The cyclopentadienyl
complexes (43, M = Ti, Zr, Hf) have been prepared and show barriers to ring inversion
of 18.2, 11.7, 13.9 kcal mol ~}, respectively! 11 >2, The fascinating platinum-containing ion
(44) has been studied by '°SPt NMR'>3, The spectra show a temperature dependence
which probably comes from an equilibrium between the C, all-chair conformation and a
conformation in which one of the MS; rings has inverted, lowering the symmetry of the
molecule. Whilst it seems certain that the ring inversion barriers in these MSy rings
derive in large part from the S—S torsion potential, the effects of M—S bond length
and rotation barrier, S—M—S bond angle size and deformation, the formal oxidation
state of the metal and the nature of the M—S bonding could all exert an influence.

V. SEVEN-MEMBERED AND LARGER RINGS

As ring size increases, the degrees of freedom associated with bond rotations become
greater and therefore the conformational complexity also increases. For this reason the
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conformational analysis of seven-membered and larger rings has been much less studied
than that of the smaller rings’.

For cycloheptane, two families of conformations are important: the chair/twist-chair
family and the boat/twist-boat family. The chair family is calculated to be of lower
energy than the boat family. Each family interconverts amongst its own members by a
low-energy pseudorotation process, but interconverts with the other family only via
a high-energy ring inversion process. These ideas are also seen in sulphur-containing
rings'. An early review of the conformational analysis of seven-membered rings has been
given by Tochterman'34,

The structure of 1,4-dithiacycloheptane (45) in the solid state has been investigated
by X-ray diffraction!®. The molecules are seen to occupy a twist chair conformation of
approximately C, symmetry. For this conformation the dihedral angles in the ring are
different about different bonds. Interestingly, the sulphurs occupy sites in the ring where
they are in bonds with the largest dihedral angles (73 °~93°) and not at the sites where
the smallest dihedral angle occurs. This is in keeping with the tendency of sulphur in
five- and six-membered rings to open out the dihedral angles of its bonds. A similar
conformation is found in solution for some 1,4-dithiepan-6-ones!>® and in the gas phase
for 1,4-dithiepane’3”. The S-oxide of 1,4-dithiepane-6-one (46) has a twist chair conformation
in the solid with the S==0O pseudoaxial'*® in keeping with the axial preference of this
group in smaller rings.

45) (46)
u H
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The tricyclic compounds 47 and 48 have been investigated by high-field 'H and '3C
NMR. The isomers with cis ring fusion show evidence of two conformational processes,
the first being a ring inversion of the fused bicyclic portion of the molecule and the
second being a restricted pseudorotation of the seven-membered ring* 8. For the trans
fused isomers, no ring inversion is possible and only a pseudorotation process is
observed!*®.

Further effects of sulphur substitution affecting the conformational properties of
seven-membered rings are seen in polythia-substituted cycloheptanes'®®1%!. For
1,2,3-trithiepane (49) the very low barrier to pseudorotation in cycloheptane is raised
to a ca 6—7 kcalmol ™!, The further substitution of two more sulphur atoms to give
1,2,3,5,6-pentathiepane (50) again increases the observed barrier. A coalescence in the
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'H NMR spectrum is observed at —60°C, and at —90°C the spectrum consists of two
singlets. This is best explained on the basis of a freezing out of the chair-boat ring
inversion. Rapid psedudorotation in the chair and boat families would average all 'H
sites in these two species and give rise to two singlets for the methylenes.
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The conformational complexity of cycloheptene derivatives is less than that of
cycloheptane due to the rigidity of the C—C double bond. If one regards the C=C
unit as ‘one atom’, the conformational situation in cycloheptene derivatives is seen to be
similar to that in cyclohexane. A study of 5,5-difluorocycloheptane gives as a reference
compound an enthalpy of activation for ring inversion of 7.4kcalmol™!'62, The
dithia compound (51) shows similar activation parameters (AGi = 8.5kcal mol~ ') and the
benzo system (52) has a barrier that is 2.4 kcal mol ~! greater!63-165,

When the two sulphur atoms are placed alongside each other as in 53, the ring inversion
barrier increases to 13.5kcalmol™"' and both the chair and twist-boat conformations
give rise to separate signals'®6. At —60°C the pseudorotation of the twist boat system
is frozen out (AG? = 104 kcalmol ~'). For the trithiane system (54), the ring inversion
barrier increases to 17.4kcalmol ™! and the pseudorotation barrier remains about the
same'%%, When two ortho methyls are added to the benzene ring (55) the ring inversion
barrier increases further (AGf = 19.8 kcal mol ™ *) and the pseudorotation barrier increases
to 11.5kcal mol ™! '¢8, Comparison of compounds 52 to 55 dramatically illustrates the
effects on ring inversion and pseudorotation processes of increasing catenation of sulphur
atoms within rings.
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Other work on dithiabenzocycloheptanes has been reported by Klimovitskii and
coworkers 67168,

There are generally two conformations considered to be important for cyclooctane,
the crown and the boat chair!. Molecular mechanics calculations reveal that there are
many ring inversion and pseudorotation processes of low activation energy available to
cyclooctane. X-ray diffraction studies reveal that sulphur-containing rings can exist in
both types of conformation!®®~173, Gas-phase photoelectron spectroscopy combined
with molecular mechanics calculations suggest that a boat conformation is most probable
for 1,5-dithiacyclooctane!®”.

An eight-membered ring with three atoms constrained to be coplanar exhibits, in
principle, the same conformational complexity as a six-membered ring. Thus,
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naphtho[1,8-b,c]-1,5-dithiocin (56) has been shown to exist in a chair conformation in
solution that is 0.6 kcal mol ~ ! more stable than the boat. The chair-to-chair ring inversion
barrier was found to be 8.9kcalmol™!. The monosulphone, disulphoxide and
sulphoxide—sulphone were also studied and found to have a chair conformation in
solution with S=O equatiorial whereas a boat is observed in the solid!”*.

1,5-dithiacyclononane and 1,6-dithiacyclodecane have been studied by X-ray
crystallography and gas-phase photoelectron spectroscopy’***!%”7. The nine-membered
ring exists in a twist boat chair (C,) conformation and the ten-membered ring in a boat
chair boat (C,,) conformation.

S S (S Sj
QO s 5
(56) (57

1,2-dithiacyclononane has a temperature-dependent Raman spectrum in the S—S
stretch region which shows the existence of a conformational equilibrium with AH®
1.2+ 0.2kcalmol™* 175, The temperature dependence of the 'HNMR spectrum is
characteristic of a ring inversion process with AGY = 11.7 + 0.3 kcal mol !, These results
are tied together by molecular mechanics calculations which predict that a lowest energy
conformation of symmetry C, should be in equilibrium with another conformation”®.

Tetrathia crown 12 (57) has been shown by an X-ray diffraction study to have a square
conformation with the sulphurs at the corners'’®. The structures of (1RS, 2RS, 7RS,
8RS)- and (1R,2S,7R,8S8)-tetrahydroxy-4,5,10,11-tetrathiacyclododecane have been
reported! 77178,
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. INTRODUCTION

At an ever-accelerating pace, over the past two decades there have been eight volumes
published in Patai’s series, The Chemistry of Functional Groups, that explicitly discuss
sulphur-containing species:

(1) The Chemistry of the Thiol Group (1974).

{(2) The Chemistry of the Cyanates and Their Thio Derivatives (1977).

(3) Supplement E: The Chemistry of Ethers, Crown Ethers, Hydroxyl Groups and
Their Sulphur Analogues (1980).

(4) The Chemistry of the Sulphonium Group (1981).

(5) The Chemistry of Sulphones and Sulphoxides (1988).

(6) The Chemistry of Sulphinic Acids, Esters and Their Derivatives (1990).

(7) The Chemistry of Sulphenic Acids and Their Derivatives (1990).

(8) The Chemistry of Sulphonic Acids, Esters and Their Derivatives (1991).

Some of these volumes contained chapters on the thermochemistry of the appropriate
class of compounds. Some did not. By intent or by accident, these earlier chapters omit-
ted some references that the current authors deem relevant, and of course there have
been some new studies that appeared in the primary literature after a given chapter was
completed. Some authors limited their definition of thermochemistry to include only heats
of formation. Others included entropies, phase change enthalpies and heat capacities.
Our goal is to provide some sense of coherence between the various classes of
sulphur-containing species, €.g. we recognize that a compound formed from one sulphur
and oxygen and two affixed organic groups can be either a sulphoxide or a sulphenate,
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and is naturally related to species with more oxygens such as sulphones and sulphinates,
as well as to those with fewer (i.e. no) sulphurs such as ethers and ketones. As such, we
are using our current chapter in this supplemental volume to provide interrelationships
between the heats of formation of the various classes of sulphur-containing groups,
rather than aiming for completeness and a comprehensive update for the earlier chapters
and other volumes!. The price of this, however, is that we limit our attention to heats
of formation and, because they are so sparse and scattered over often unique structural
types, we have not attempted to derive the now standard Benson increments to reflect
this diversity?.

In our attempt for conceptual coherence, we have made extensive use of various data
archives which allow for comparatively uniform biases and assumptions. It also
simplifies the writing and reading of the text by having fewer reference citations. This
is particularly desirable for the discussion of those species for which we had to make
thermochemical assumptions in order to derive the heat of formation of a compound
of interest. Indeed, any unreferenced thermochemical quantity in our chapter implicitly
comes from one of these sources. In particular, heat of formation, vaporization and
sublimation data on organic compounds were usually taken from the compendium by
Pedley, Naylor and Kirby®. We have occasionally needed the heat of fusion of a solid
organic compound, or the data for some solid or liquid organic, and so used the
compilation by Domalski and his coworkers*, while for corresponding entropy data on
gas-phase species, we chose the values given by Stull, Westrum and Sinke®. We have
also occasionally needed thermochemical data of one variety or another on some
inorganic compound and so used the archive by Wagman and his coworkers®.

As part of our goal of obtaining conceptual coherence, our thermochemical predilection
and prejudice is for gas-phase species because in that phase, ideally, there are no
complicating intermolecular interactions. Should gas-phase numbers be absent, liquids
are preferred over solids because the former are essentially isotropic, and indeed, we
have even used aqueous solution phase data on ions despite the idiosyncracies of water
and clearly strong solute—solvent interactions.

We now acknowledge that in one very important way our chapter lacks coherence
and this betrays the very nature of data on the energetics of organic compounds. On
the one hand, there is the strong desire to have high accuracy and precision. For many
compounds there are measurements of heats of formation reported to the nearest tenth
of a kilojoule. It is these numbers that characterize the thermochemical awareness for
compounds discussed in Section II of this chapter. It is these species and the homologous
series they engender that impel us to examine the consequences of molecular homology.
On the other hand, there is the strong desire to understand unusual species, those that
fail to belong to any homologous series and often seem to be singular examples of
molecular structure and energetics. To understand these species it has often been
necessary to use far coarser data and to make plausible, and hopefully precedented,
assumptions. These species and the associated reasoning fill Section III of this chapter,
where our derived heats of formation are often no better than tens of kilojoules.

We have two final choices of convention in our chapter. The first is that of units. The
reader has already seen that we use kilojoules. Following ‘orthodox’ thermochemical
practice, we use kJ instead of kcal where, by definition, 4.184 kJ = 1 kcal. This choice of
kJ was made because it means our analysis most closely corresponds to the majority
of the primary or secondary data we have used. We acknowledge we have found most
chemists are more comfortable in kcal but that comparatively few have an intuitive feel
for the numbers at hand, at least for the majority of sulphur compounds of greatest
interest and importance here. Perhaps the reader will join us in becoming ‘bilingual’.
The second reason acknowledges that there is considerable dispute as to the nature of
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bonding in sulphoxides, sulphones and most other compounds with sulphur—oxygen
bonds. Is it ‘double’, ‘single’, ‘semipolar’, ‘dative’, ‘coordinate’? Should we write > S=0O,
>8—0, >8"—07, >8*—0°%", >S§—=0? Should we invent our own symbol, such
as > S ~ O? We have decided to write > S=O because it is simple and conveys the fact
that the isomeric sulphoxides and sulphenates are really quite differently bonded.

Indeed, because there is often bonding ambiguity and even more often linguistic
ambiguity in the discussion of sulphur—oxygen compounds, we close the introduction
with a brief glossary for the classes of sulphur-containing groups that will be presented
in this chapter:

thiols (mercaptans) R—S—H
sulphides (thioethers) R—S—R’
disulphides R—S—S—R’

O

|
sulphoxides R— S —R’ and sulphenic acids and esters R—S—O—R’

O o
|
sulphones R— S —R’ and sulphinic acids and esters R— S—O—R’

|
O
o o

| |
sulphites R—O— S —O—R’ and sulphonic acids and esters R— S —O—R’

|
0]
o)

i
sulphates R—O— S —O—R’

I
o

Il. SYSTEMATICS OF THIOLS, SULPHIDES, DISULPHIDES, SULPHOXIDES,
SULPHONES, SULPHITES AND SULPHATES

A. Linear Relationships of the Heats of Formation and Heats of Vaporization

Regularities in the thermochemical properties of a variety of homologous series have
often been demonstrated by their linear dependence on the number of carbon atoms in
the hydrocarbyl substituent®’. Examination of experimental enthalpies from ten
sulphur-containing families indicates that separate linear relationships exist for each of
them also. Thus, we can write equation 1 which expresses the standard molar heats of
formation of n-alkyl thiols, t-alkyl thiols, 1,w-dithiols and the dialkyl derivatives of the
sulphides, disulphides, sulphoxides, sulphones, sulphites and sulphates as a linear function
of the number of carbon atoms in the compound, n.. Similarly, the heats of vaporization
for each series (and the heat of sublimation in the case of the di-n-alkyl sulphones) are
also linear functions of the number of carbon atoms, according to equation 2. Application
of a least-squares analysis to the measured enthalpy data produces the numerical values
in Table 1.
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TABLE 1. Constants from the least-squares analysis of the heats of formation and vaporization
of sulphur-containing compounds® (kJ mol ™)

AH) AH(g) AH,
Series m b m b m b
[
n-Thiol —25.18 —2456  —2046 —~7.03 473 17.51
[C4'C7, ClO]
t-Thiol —2390 —4444  —19.35 —31.67 4.55 12,77
[C4-Ce]
1,w-Dithiol —25.36 —3.61 —20.44 31.32 492 34.94
[C,-Cs]
Sulphide
Me-S-R-n —2433 -21.19 —19.84 —295 4.50 18.20
[C4-Col
(n-R),S —2530 —18.16 —20.92 0.12 438 18.28
[C4a C69 CB]
n-R-S-R'-n —25.37 —18.00  —2095 0.13 4.40 18.17
[Cs-Ce,Csl
Disulphide -2570 —17.30 -21.10 9.57 4.63 26.76
n-R-SS-R-n [C,, C,, Cg]
Sulphoxide —30.74 —145.2 —24.65 —107.0 6.05 38.20
n-R,80 [Cy, Col
Sulphone? —20.08 —348.6
n-R,80, [Cy, Co, Cs]
Sulphite —2307 —5084 —-18.19 —4794 492 28.88
(n-RO),S0 [C4,Cs, Cs]
Sulphate —-2287 -721.7 —18.10 —683.8 4.79 37.89

(n-R0O);50; [C4, Co, Cs]

“In the least-squares analyses of equations 1 and 2, the individual enthalpies were weighted inversely as the
squares of the experimental uncertainty intervals. In all cases for equations 1 and 2, r? > 0.998.

®n, = total number of carbons in the compound.

“The compound designated as 1,2-propanethiol in Reference 3 is actually 1,3-propanethiol.

“There are insufficient data to calculate the constants for AH; and AH,.

AH(l,g)=m(n;)+b (1)
AH,=m(n)+b 2

Examination of easily generated graphical plots of the heats of formation in the
gaseous or liquid phase versus the number of carbon atoms clearly shows that the heats
of formation and vaporization of the methyl or dimethyl compounds in each homologous
series deviate from the otherwise apparently linear relationships®. This ‘methyl effect’ is
well-known, as is the associated observation that linear expressions such as equations 1
and 2 are better obeyed when n_ > 4°. We showed previously that the parameters for
equations 1 and 2 are different for two categories of ethers, the methyl n-alkyl ethers
and the di-n-alkyl ethers'®. Therefore it is not surprising that the enthalpy data for
methyl n-alkyl sulphides and di-n-alkyl sulphides are also better fitted independently of
each other, although the difference is larger for the sulphides than for the ethers!!. Nor
do the heats-of-formation values for methyl ethyl sulphone and methyl ethyl sulphite
(the only two compounds for which methyl n-alkyl SO, data are available) fit the
parameters for the corresponding di-n-alkyl SO, series given in Table 1. Deviations may
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be reckoned in two ways: from linearity established by the best fit of the experimental
data and from the ‘universal’ slope’. By either method, the deviations of methyl thiol
and the dimethyl derivatives of the sulphides and disulphides are all within a rather
narrow range below ca 10kJmol ™! in the gaseous phase. However, dimethyl sulphone,
dimethyl sulphite and dimethyl sulphate deviate by much larger values. The deviations
of these dimethyl derivatives using the values in Table 1 are 16, 32 and 33 kJmol ™!
respectively, while deviations from the ‘universal’ slope are 14, 23 and 23kJmol ™!
Dimethyl sulphoxide, because the sulphoxide series slope is steeper than the universal
slope, is an intermediate case; its deviation using Table 1 values is only 5kJmol~! while
the deviation from universality'? is 17kJmol ™1,

The graph of the symmetrical di-n-alkyl sulphides also reveals that the heats of formation
of liquid and gaseous di-n-pentyl sulphide deviate significantly [5.3kJmol™! (1)
4.5kJmol ™! (g)] from the straight lines established by the diethyl, dipropyl and dibutyl
sulphides!?. That the measured ‘pentyl’ enthalpies are probably incorrect is also indicated
by the anomalous heats of reaction for this compound which are discussed later in the
text. Of the di-n-alkyl sulphides available for our thermochemical/numerical analysis,
three are symmetrical and two are unsymmetrical. The least-squares fits for both the
symmetrical sulphides and the combined symmetrical/unsymmetrical sulphides are
shown in Table 1 to demonstrate the influence of small enthalpy differences on the m
and b terms.

For the thiols, dithiols, sulphides, disulphides and sulphones, the methylene increment
m for the gaseous phase is close to the ‘universal’ increment of 20.6 kJ mol~! found for
so many functionalized hydrocarbons’. Noteworthy is the somewhat smaller value for
the sulphites and sulphates (ca 18 kJmol~!) and the larger value for the sulphoxides
(24.65 kJmol™1). Along with the l,w-alkanediols!# aldehydes and ketones!2, these
methylene increments are among the most discrepant of any organic homologous series.
The question arises as to which of two situations pertains: there exists a universal
methylene increment for all n-alkyl functionalized series and for ‘large enough’ n, the
enthalpies may be expected to conform; or that each series has a unique methylene
increment from which only the ‘lower members’ deviate. If the first is correct, then it
would seem that for the SO, series mentioned above, n, is nowhere near ‘large enough’
and estimations made for some higher members using the values in Table 1 would be
in error. If, on the basis of the data at hand, we assume the second situation, at least
for a total n, < 8, then it might be instructive to compare the various sulphur-containing
series with each other and with other compounds which they structurally resemble. If
nothing else, these comparisons may lend insight into short-range intramolecular
interactions for these ‘lower members’ before the effects are eventually subsumed into
the substituent constant b.

Comparisons among sulphur-, oxygen- and carbon-containing compounds seem to
be natural choices. Sulphur and oxygen are members of the same group in the periodic
chart but have substantially different electronegativities, bond lengths and bond angles;
the hydrocarbon and oxygen analogues are both isoelectronic and isosteric; and although
carbon and sulphur share neither periodic chart column nor row membership, they have
comparable electronegativities.

B. Comparison of the Heats of Formation of Sulphur-, Oxygen- and
Carbon-containing Compounds

We wish to compare the least-squares fits for the functional group constant b and
the methylene increment m in equation 1 for the gaseous phase. For simple isomeric
compounds within classes such as alkanes, alkenes, alcohols and thiols the more highly
branched compound has a more negative heat of formation and is more stable!*. This
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difference in thermodynamic stability in most cases may be associated with the b values
calculated from equation 1, since they are merely the extrapolations of the lines upon
which the members of each homologous series fall!!. For ‘large enough’, n,, m is the
AH; of strainless —CH,— (either unique or not) in a homologous series which is not
affected by specific functional group interactions. For small n., m may be influenced by
such factors as hydrogen-bonding, strain, electrostatic and other intramolecular
interactions. If m for acyclic series is functional group dependent, this suggests that it is
the electronic effects of the functional group which determine the magnitude of m.
Consistent with Montgomery and Rossini’s conclusion!?, we expect less negative m
values to be associated with more electronegative functional groups!®.

The intercept for the n-thiols is higher than that for the t-thiols (—7.034 and
— 31.67kJ mol !, respectively). If we calculate the terms in equation 1 for 2-propanethiol
and 2-butanethiol, the two unbranched secondary thiols for which we have thermochemical
data, then the b value is an intermediate — 14.10 kJ mol ™ *. The b values for the analogous
isosteric alcohols and alkanes, ROH and RCH; (R = 1°, 2°, 3°), show the identical relative
order. Comparing the m values in the same way, we find that while the alcohols and
alkanes have the same relative order of primary > secondary > tertiary (least negative),
the thiol order is secondary > primary > tertiary. But the differences between the primary
and secondary categories are not large and the secondary thiol calculation included the
‘less desirable’ n, = 3. Comparison of thiols, alcohols and alkanes within a primary, a
secondary or a tertiary category shows that, in each case, the alcohol has the least
negative m. However, the overall order within each category differs with respect to the
relative positions of RCH; and RSH; in the secondary and tertiary categories the thiol
has the most negative m and in the primary category the alkane has the most negative
m. This is consistent with an electronegativity effect on the relative m values within a
category—oxygen is significantly more electronegative than either carbon or sulphur,
which have comparable electronegativities. Although we cannot directly compare the b
values for the n-thiols and the 1,w-dithiols, the methylene increments are virtually
identical. But because the electronegativity of sulphur is less than that of oxygen and is
comparable to that of carbon, we might not have expected the two sulphydryl groups
to lower the m value to the same degree as do two hydroxyl groups (from ca — 18 to
—16kJmol™ 1) for the 1,w-alkanediols.

The n-thiol series has a more negative b value than the sulphide series. Inspection of
sets of thiol/sulphide isomers shows that the thiol is indeed the most stable while methyl
n-alkyl sulphides are less stable than di-n-alkyl sulphides'®. This same stability order is
observed for the alcohol/ether analogues and is paralleled by their b-value order. If we
assume that the electron-attracting effect of an X—H group is greater than that of an
X—R group, we can understand the less negative m values for the thiols and alcohols
compared to, respectively, the di-n-alkyl sulphides and di-n-alkyl ethers. However, overall,
the sulphur series m value order is RSR > RSH > MeSR while the oxygen series order
is MeOR > ROR > ROH, differing in the position of MeXR. We can view this anomaly
from a different perspective as we compare the isosteric analogues and their m values:
RSR > RCH,R > ROR and MeCH,R > MeOR > MeSR. Based on our earlier under-
standing, MeSR looks very much out of place.

For the disulphur compounds, 1,w-dithiols are less stable and have a less negative m
value than the isomeric disulphides (RSSR). In this behaviour they do not resemble the
monosulphur compounds. However, the two sulphur atoms are bonded in the disulphides
but separated in the dithiols so the comparison is not straightforward.

The negative numerical values of the methylene increments in the SO, functional
group series decrease with an increase in x, the number of electron-attracting oxygen
atoms for x = 1-4. But it is not immediately obvious why the sulphone value should
be only a little lower than a sulphide or why the sulphoxide methylene group contribution
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should be so much higher. This result does not parallel intuition based on electro-
negativities, atomic charges on sulphur, or steric interactions in the SO, group for the
three cases of x =0, 1, 27,

C. Comparison of the Heats of Vaporization of Sulphur-, Oxygen- and
Carbon-containing Compounds

For sulphur-containing compounds, the order of heats of vaporization (kJ mol "?) for
the dipropyl substituted species (the only dialkyl substituents for which there is
appropriate phase-change data for all functional groups) are sulphone (79.9) > sulphoxide
(74.5) > sulphate (67.0) > sulphite (58.5) > disulphide (54.2) > sulphide (44.6). The
preceding is identical to the order of b values from equation 2, and differs from the order
of m values in the relative positions of the sulphites and sulphates.

Comparing the heats of vaporization of n-thiols, n-alkanols and n-alkanes, we find
ROH > RSH > RCH; which parallels the strength of their respective intermolecular
forces, including especially hydrogen-bonding. This is reminiscent of the boiling point
order H,O > H,S > CH,. The magnitude of these intermolecular forces is more apparent
when compared to compounds in which they are absent—the sulphides and ethers.
Ethers and alkanes have comparable heats of vaporization which are lower than those
of the analogous sulphides. The near-equality of AH, for ethers and alkanes is due to
different degrees of contribution of dipolar effects and total polarizability to the attractive
forces in these two classes of compounds. Dipolar interactions and the large polarizability
of sulphur result in the higher sulphide heat of vaporization.

D. Ditference Quantities Among the Thiols and Suiphides

Because of the regularities of the heats of formation of the thiols and the sulphides,
we can derive meaningful reaction quantities which interrelate their enthalpies!®.
Consider the reactions in equations 3a—5a:

RSH + R'SH — R—S—R' + H,S (3a)
RSH + R'SH—R—SS—R’ +H, (4a)
R—S—R’+1/8S5 — R—SS—R’ (5a)

Although we can obtain enthalpy values for liquid phase H,S, H, and S; by suitable
corrections, we wish to write heat of reaction equations in such a way that species in
these anomalous phases can be simply by-passed. Thus we will define (equattons 3b—5b}
the following reaction quantities:

85(*) = SAH(* RSR’,RSH,R'SH) = AH{RSR'}-[AH{RSH) + AH{R'SH)]  (3b)
8.(*) = SAH(* RSSR’,RSH,R'SH) = AH,(RSSR')-[AH{(RSH) + AH{(R'SH)]  (4b)
85(*) = SAH(* RSSR’,RSR’) = AH(RSSR')-AH(RSR’) (5b)

For sixteen pairs of alkyl groups, including dimethyl, 65(1) =28.1 + 1.9kJmol~! and
85(g) = 8.81 + 1.6 kI mol~ . The diversity of alkyl group pairs included in this calculation
is remarkable, encompassing almost all ten combinations of methy}, primary, secondary
and tertiary groups (we lack data only for a secondary/tertiary combination). The
reaction to give di-t-butyl sulphide is abnormaily high [48.4 kJ mol ™! (I); 30.3 kJ mol ™!
()], presumably because of the steric strain in the resulting sulphide'®. Two other combi-
nations also have significantly higher heats of reaction, isobutyl/isobutyl [34.8 kJ mol ™!
(1); 15.1 kfmol~! (g)] and n-penty!/n-pentyl [36.2 kImol~! (I); 15.3 kI mol~'(g)]. The
deviation in the dipentyl case is clearly due to the discrepant values for dipentyl sulphide
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mentioned earlier. The reason for the abnormal diisobutyl case is not known because
there are no other branched primary thiols or sulphides with which to compare enthalpies.

The dehydrogenation reaction heats are also remarkably constant. For formation of
four symmetrical disulphides, §,(1) = 26.9 + 1.1 kJmol ™! and é,(g) = 17.9 + 0.5kI mol ~ ..
It is noteworthy that the d;(1) and 3,(1) are very close while d,(g) is significantly more
than d,(g) due to the difference in the heats of vaporization of the mono- and disulphides.
Unlike the determination of the §; mean reaction heats, calculation of the 8, mean heats
excluded the dimethyl and included the di-t-butyl compounds. Evidently, the atypical
dimethyl effect is again manifest and there is no unusual steric strain tn di-t-butyl
disulphide. The reaction involving isobutyl/isobutyl is once again significantly higher
than the others, suggesting that if there is an error in the measured enthalpies, it is for
the isobutyl thiol.

As we complete a simple Hess cycle, we find for equation 5b the heats
0s() = —2.05+ 1.2 kI mol ™! and é4(g) = 8.6 + 0.4 kI mol~!. Now the calculation of the
means includes the isobutyl/isobutyl compounds (reinforcing our suspicion about
isobutyl thiol) and excludes the di-z-butyl (steric effect) and dimethyl (inherently atypical)
compounds.

E. Ditference Quantities Among the Sulphur—-Oxygen Compounds

Herron?® showed that the S—O bond dissociation energies for the sulphoxides,
sulphones and sulphates are remarkably consistent for a given hydrocarbyl-substituted
series. By not including the heat of formation of atomic oxygen in the calculation we

R—S—R
—688.9 +5.0 (i) —1553+60 ()
e ~
—667.0+ 5.6 (g) —124.7+33(g)
0 Z476.6 +3.7(1) —386.7+9.1 (I) o)
l 7 _ i
RO— S _OR 5412+ 8.3 (g)/ \ 5354860\ p & p
(") —320.9 4+ 5.7 (g), —3232+83(1)
—203.7+02 (®) 2258+ 9.0 (1)
\ /
—212.0+ 04 (l) ~219.0 + 4.0 (g)

—463.5+ 4.4 (g) >—349.4+ 53 (g)

—337.4+8.0 () —310.8 ()

o) o)

I —1169+48(z) —98.6 (1) I
RO—S—OR R—S—R

l

o)

FIGURE 1. Difference quantities d¢(*,x,y). Exothermic values (kJ mol™') are for XO,—SO,
where x>y
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can express more simply a heat-of-formation difference quantity, in either the gaseous
or liquid phase, by 4 derived in equation 6:

3¢(*, %, y) = SAH(* RSO,R’,RSO,R') = AH{*, RSO,R") — AH{(* RSO,R))  (6)

The results are shown in Figure 1 where the difference quantities between any two
species appear on the line which connects them. The uncertainty intervals are standard
deviations from the mean. It is gratifying that such constancy of difference exists among
all of these combinations of compounds.

For the sulphone/sulphoxide difference quantities, d¢(*, 2, 1) (the only series for which
there are data), the ethyl allyl and diphenyl difference quantities are essentially the same
as for the saturated dialkyl derivatives. Unlike the difference quantities where x and
y = 1, none of the d4(*, x,0) values included the discrepant dimethyl derivatives.

F. Substituent Exchange Reactions

In order to extend the usefulness of the quantities §;—J¢ described in the preceding
sections, we next ask if we can confidently derive heats of formation for alkyl-substituted
sulphides and sulphones by assuming thermoneutrality in the reactions of equations 7
and 8.

R—SO,—R + R—S0,—R'—>2R—S80,—R’ 0
R—S—R +R'—S—R’ —»2R—8—FR’ ()

Examining nine sulphone data sets in the gaseous phase with such substituents as methyl,
alkyl, phenyl and benzy! we find that the range of absolute differences between the
measured and derived values is 3.6 (ethyl t-butyl) to 18.2 kI mol™! (methy!l butyl) and
has an average of 10.2 +4.9. The result from fourteen data sets of sulphides is slightly
more satisfactory having a range of absolute differences of 0.15 (methyl butyl) to 11.8
(ethy! t-butyl). The average of the values in the range is 2.7 + 3.4 kI mol ™!,

There are not enough data to test the sulphoxides, sulphites and sulphates, but given
the regularity of behaviour observed previously for the several sulphur-containing series,
we are encouraged to believe in the near-thermoneutrality of their reactions also?!.

G. Difference Quantities Between Sulphur-, Oxygen- and
Carbon-containing Compounds

As before with alcohol and ether ‘methylene exchanges’!®, we will deal now with thiols
and sulphides by deriving the difference quantities defined by equations 9 and 10'8;

85(*, R) = SAH{* RCH,, RSH) = AH{* RCH,) — AH{*, RSH) o)
8,0(*, R, R’) = SAH,(* RCH,R’,RSR’) = AH{(*, RCH,R’) — AH{*, RSR’)  (10)

Additionally, we will compare these exchanges with those derived for alcohols and ethers
(equations 11 and 12) and with those between sulphur and oxygen analogues
(equations 13 and 14):

8,.(*, R) = 6AH{* RCH,, ROH) = AH(* RCH,) — AH«*, ROH) an
8,,(* R,R’) = SAH(* RCH,R’, ROR’) = AH(*, RCH,R') — AH/(*, ROR’) (12)
8,5(* R) = SAH(*, ROH, RSH) = AH(*, ROH) — AH(*, RSH) (13)
8,4(* R, R') = SAH{* ROR’,RSR’) = AH(*, ROR’) — AH(*, RSR’) (14)

The results are summarized in Tables 2 and 3.
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TABLE 2. Heats-of-formation differences between thiols, alcohols and corresponding hydro-
carbons®® (kJ mol ™)

R= Methyl Primary Secondary Tertiary

d4(L,R) —485+14,n=10 —483+08,n=5 —500+07,n=4
dq(8,R) —60.9 —580+1.1,n=11 —5174+08n=>5 —-5719+11,n=4
4,(LR) 1531+18,n=12 1627+ 1.6,n=5 1700+ 3.7,n=4
6,,(gR) 117.7 1278+ 1.6,n =10 1386+07,n=5 1472+ 38,n=4
8::{LR) —1924 20231 10,n=10 —2099+22,2=35 —-21974+37,n=3
4,4(8,R) —1786 —1866+13,n=10 —1942+26,n=5 —2052+34,n=3

“Mean values calculated from equations 9, 11 and 13. Uncertainty intervals are standard deviations from the mean.
*Thiol and hydrocarbon heats of formation are from Reference 3. Alcohol heats of formation are from Reference 10.

TABLE 3. Heats-of-formation differences between gaseous sulphides, ethers and corresponding
hydrocarbons™® (kJ mol~?)

Methyl Primary Secondary Tertiary
610(& Ra R’)
Methyl —-672 —6534+07,n=4 —62.7+0.7,n=2 —64.8
Primary -619+12n=S5 —57.6 -579
Secondary -59.7 ?
Tertiary —-52.7
é 1 Z(gr R! R’)
Methyl 79.4 91.1+03,n=4 98.3 100.8 +4.8,n=2
Primary 1052+0.1,n=4 ? 114.7
Secondary 117.5 133.6
Tertiary 1204
614(g9 R’ R’)
Methyl — 1466 —15621+05n=3 —161.5 —162.2
Primary —1674+10,n=4 ? 7
Secondary —177.2 ?
Tertiary —-173.1

“Mean values calculated from equations 10, 12 and 14. Uncertainty intervals are standard deviations from the
mean.

®Sulphide and hydrocarbon heats of formation are from Reference 3. Ether heats of formation are from
Reference 10.

Wiberg and his coworkers?2 noted that the CH,/OH endothermic exchange energies,
8.1, fell into distinct groups and attributed some of the difference in the heats of formation
between primary, secondary and tertiary alcohols and their corresponding hydrocarbon
analogues to the differential stabilization of the electron-deficient a-carbon by the alkyl
groups. The CH,/SH exchange energies, dy, show no such behaviour; all primary,
secondary and tertiary exothermic enthalpy differences (but not the methyl derivative)
fall within a narrow range. The relatively large exothermic thiol/alcohol exchange
energies, d,4, are again distinct with respect to functional group classification. We can
conclude that, compared to a C—O bond, the C—S8 bond is not very polar.

There is only slightly more discrimination by R group classification for 8,, and 6,
similar to that found!? for §,, when R and R’ are variously methyl, primary, secondary
or tertiary. However, the paucity of data makes any conclusions based on these differences
rather tenuous.
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H. Difference Quantities Between Alicyclic Sulphur-Oxygen and
Carbon-Oxygen Compounds

The ‘exchange’ of a sulphinyl or a sulphonyl group for a carbonyl group is neither
isoelectronic nor isosteric. Nonetheless, after defining the difference quantity, 6,5, for
identically substituted pairs we find the derived results quite useful:

615(*) X,y = 6 1 5(*7 RCOxRI’ RSOyR()
= AH,(*, RCO,R’) — AH{(*, RSO,R’) (15)

Extending Shaw’s?® preliminary conclusion, we find for the sulphones and cor-
responding ketones that there are twelve pairs whose average d,s(g,1,2) is
+172.5+6.2kJmol ! and three pairs whose average §,(1,1,2)is +211.8 + 6.1 kI mol ™!,
The data for the dimethyl and di-t-butyl compounds, for which the differences are at
opposite extremes of the range, are excluded?*. It is remarkable that the data seem to
have no other regularity with respect to structural similarities. Such structurally and
electronically disparate examples as the diethyl and the diphenyl derivatives are near
the middle of the gaseous range.

o 0]
l —2255+4.5 I
Ph—8—Ph  —Toppza05 > Ph— ﬁ —Ph
o)
+106.8 + 3.1 —118.7+33
[—337.4£80) [~3209+5.7)
0] 0]
I [—209.0 £ 10.8]° f
PhO—S—OPh —5g7z02p PhO—ﬁ—OPh
o
[—230.6 £ 8.6] [—439.6 +6.6]
[-857+21] [+1184+16]
0]
I
PhO—C—OPh
[—316.3+8.8][—321.2 +6.8]
—311.2+86
SCHEME 1

“From the heat of reaction for the equations as written.
®From Figure 1.
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For the sulphoxide/ketone pairs there are only four difference quantities and here also
the gas and liquid values for the dimethyl substituted pair are at the lower extremes of
the ranges. The d,5(g, 1,1) for the remaining three pairs is —47.9 + 7.2. The diphenyl
and diethy! values are nearly equal, —51.9 and — 52.3 kI mol ! respectively. Because
of the paucity of data, undue weight is given to the value for the ethyl t-butyl difference
quantity (— 39.6) and it might be reasonable to assume that with more values, the average
difference would approach — 52 kJmol~'. We are reluctant to average the difference
quantities for the remaining two liquid pairs, diethyl (— 28.5 kJ mol ™ ') and ethyl t-butyl
(—7.6 kImol™!),

Unfortunately, there is only one carbonate, diethyl carbonate, for which there is an
archival heat of formation to compare with the corresponding sulphite and sulphate.
The difference quantity , (g, 3, ) is — 85.7 + 2.1 kJ mol ~ ! using the sulphite and + 118.4
kJmol~! using the sulphate.

If these 8, 5(*, 3, y) values for the diethyl pairs are typical for sulphites and sulphates,
as they seem to be for the sulphones and presumably the sulphoxides, then we are
justified in using them to derive heats of formation of carbonates from sulphur-containing
compounds. As a test of this assumption, beginning with diphenyl sulphoxide and
diphenyl sulphone, we will estimate values for the heat of formation of diphenyl carbonate
and compare them to the archival value of —311.2 + 8.6 kJmol~! (g). In Scheme 1, the
SOy —SOx difference quantities are from Figure 1, derived values are shown within
brackets while archival experimental values are shown without brackets. Uncertainty
intervals are calculated as the square root of the sum of the squares of the experimental
uncertainties.

I. Alicyclic Sulphur-containing Compounds

In principle, our analysis can be extended to cyclic species, but what data are there?
Experimental thermochemical characterization of most cyclic analogues of sulphur-
containing species has not been reported. However, we can explore the simplest
comparison, that of thiacycloalkanes and cycloalkanes, where we might expect the least
steric perturbation and the most electronic similarity. However, there is no reason to
expect no strain energy difference between cycloalkanes and their sulphur analogues
because the C—C bond length is shorter than the C—S bond length and the C—C—C
bond angle is larger than the C—S—C bond angle. In fact, unlike the exchange of
—O— in cyclic monoethers for —CH,— which was ‘rather constant’'?, here change
of —CH,— to —S— has major consequences on heats of formation. We find for
3- through 7- membered rings the following differences in the heat of formation of the
gaseous compounds: 28.9, 32.2, 42.3, 59.9 and 52.3 kJmol~!. The exchange in a ring of
‘infinite’ members would be similar to that of the strainless di-n-butyl sulphide/n-nonane
exchange of 60.8 kJmol ™!

There has been no direct calorimetric measurement of the heats of formation of the
cyclic sulphoxides, sulphones, sulphites and sulphates. To do more than assume constant
increments requires approximations and assumptions which we would rather conduct
for more exotic classes of compounds that we discuss in the subsequent sections.

lll. DIVERSITY AND UNITY OF ORGANOSULPHUR CHEMICAL ENERGETICS

A. Some Interrelations of the Energetics of Sulphinic and Sulphonic Acids

We start the discussion of the heats of formation of sulphinic acids by acknowledging
that we do not know of any directly measured quantity, and so in this regard, we are
not any more definitively knowledgeable than had been Bujnicki, Miko}ajczyk and
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Omelanczuk?, the thermochemistry chapter authors of the earlier Patai sulphinic acid
volume. We also acknowledge that we know of only one new heat of formation? of a
sulphonic acid published subsequent to publication of the corresponding thermochemistry
chapter?” of the appropriate Patai book. This measurement is for solid 3-carboxy-4-hydroxy-
benzenesulphonic acid (‘sulphosalicylic acid’) dihydrate, and is one of the very few direct
calorimetric measurements of this class of compounds. The reported value is — 1982+ 3
kJmol~!. Is this value consistent with our previous knowledge of the energetics of
sulphonic acids?”? To make comparisons it will be necessary to mentally dehydrate the
compound. The heat of formation of liquid water is — 285.830 kJmol~*, and assuming
an interaction energy of precisely 0.0 kJmol~! between the sulphonic acid and water,
we conclude that the heat of formation of solid 3-carboxy-4-hydroxybenzenesulphonic
acid is — 1411 kJ mol ™!, Whether hydrogen bonding or proton transfer (hydronium salt
formation) results, this sulphonic acid/water interaction energy is clearly nonzero. We
recall the suggested?” — 527 kJmol ™! for the difference of the heats of formation of solid
sulphonic acids and the corresponding sulphur-free compound. The heat of formation
of the relevant solid desulphonated species, 2-hydroxybenzoic acid?®, is — 589 kJ mol~!.
From these numbers we would derive an interaction energy of — 1411 — [ — 589 + (— 527)]
or nearly 300kJ mol ~'. This value is excessively high, at least by comparison with the
hydration energy of any oxyacid known to the current authors?®.

It is not obvious where the discrepancy lies: we note that this ca 300 kJ mol ™! value
is nearly equal to the heat of formation of liquid water. We wonder if the literature
compound is not some higher hydrate? We know of one relatively small component of
the error. The reader may recall from Reference 27 two approximation rules, one just
cited which asserted that the difference of heats of formation of solid RH and RSO,H
is ca 527 kJmol™!, and another which asserted that the difference for their aqueous
solutions is 611 kJmol~*. It was also argued that the difference of these two values, 84
kJmol ™!, is a reasonable difference for the heats of solution of a solid hydrocarbon and
its sulphonic acid. Reasonable it may be by comparison with other strong acids?®, yet
it is nonetheless apparently wrong. Recent studies show that the heat of solution of
liquid benzene in water®® is nearly thermoneutral, 2.1 + 1.9kJmol ™!, and so the heat
of solution of solid benzene** is a likewise endothermic 12 kJ mol ™~ !. The heat of solution
of solid benzenesulphonic acid®? is ‘merely’ — 32.0 £ 0.5 kJ mol ™!, and so the difference
is only 44 kJ mol~!, and not 84 kJ mol " !. Relatedly, the heat of solution of liquid methane
sulphonic acid3? in water is —48.3 £ 0.3kJmol ™! while for liquid methane?? it is ca
— 5 kImol ™. The difference here is ca 43 kJmol ™!, and not 84kImol~'. From the
heat of formation of an aqueous solution of methane of — 89 kJ mol ™!, we conclude that
the heat of formation of aqueous methanesulphonic acid is — 89 — 611 = — 700 kI mol ~ .
Since the heat of formation of liquid benzene is 49 kJmol ™!, the heat of formation of
aqueous benzenesulphonic acid is thus deduced to be 49 +2 — 611 = — 560 kJmol "L,
We are more confident of these and any other estimations for heats-of-formation differences
for sulphonic acids and their desulphonated derivatives in aqueous media than in the
differences for the condensed phase3*, and for the resulting heats of formation of the
sulphonic acids. However, we still know of no way we can arrive at an interaction energy
of sulphosalicylic acid and two waters of 300 kJmol~! and so remain suspicious of the
literature measurement of the heat of combustion of sulphosalicylic acid dihydrate.

To compensate in large part for our ignorance of the energetics of sulphinic and
sulphonic acids, it is necessary to make estimates so as to calibrate the sparse energetics
data we do have for these species. Let us commence with sulphinic acids; in particular,
let us consider benzenesulphinic acid. Indeed, rather than discussing the acid per se, let
us consider now aqueous solutions of its sodium salt. After all, few sulphinic acids are
isolable and sulphinate salts are considerably more stable than the parent acids®®. Our
goal is to derive the heat of formation of aqueous sodium benzenesulphinate,
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Some fifteen years ago Kice and his coworkers reported>® the heat of solution of solid
benzenesulphinic acid, the thermochemistry of the alkaline hydrolysis of the sulphiny}
sulphone, diphenyl disulphide S,,5'-trioxide??, and the disulphone, diphenyl disulphide
tetroxide. These reactions formed sodium benzenesulphinate, and a 1:1 mixture of the
sodium salts of benzenesulphinic and benzenesulphonic acids, via equations 16 and 17,
respectively.

PhSOSO,Ph + 2Na* OH™ —2(Na* PhSO, ") + H,0 (16)
PhSO,SO,Ph + 2Na* OH™ —»Na* PhSO,~ + Na* PhSO,~ +H,0  (17)

Starting with solid disulphide polyoxide and finishing with dissolved salts, these authors
determined that the first reaction was some 97 + 9kJmol ™! less exothermic than the
latter. Using some plausible assumptions we equate the heats of sublimation of the two
polyoxides®® and so can directly use the heats of formation of gaseous trioxide and
tetraoxide from Benson’s organosulphur thermochemical review3®. From use of Hess
cycle reasoning, we deduce equation 18.

[AH,(16) — AH (17)] — [AH{g, PhSOSO,Ph) — AH,(g, PhSO,SO,Ph]
= [AH,(aq, PhSO, ") — AH,(ag, PhSO,")] (18)

From the difference of the heats of formation of the polyoxides, — 263 + 18 kJmol ™!,
we find that the difference of the heats of formation of solvated sulphinate and sulphonate
salt is 360 +25kJmol~!. Is this difference plausible, or at least consistent with what
else we know? It behooves us to answer this before we derive a heat of formation of
aqueous sodium benzenesulphinate using this relation and our earlier heat of formation
of aqueous benzenesulphonate. We do not think this 360 kJ mol~! heat-of-formation
difference is likely if we are willing to extrapolate from our understanding of the energetics
of inorganic sulphinates and sulphonates. We find the heats of formation of aqueous
sodium bisulphite and bisulphate to be 259 kJ mol ™! and of sodium sulphite and sulphate
to be 274 kJmol ~!. The heats of formation of another set of aqueous sodium sulphur
oxyanion salts, namely Na,S,0,, Na,S,0; and Na,S,0q¢ at ‘1:00’ (i.e. infinite), 1:700
and 1:400 dilution, are — 1233.9, —1469.6 and — 1667.7 kJ mol ", respectively. This
corresponds to sequential heat-of-formation differences of 236 and 198 kJmol~!. Yet,
what other information do we have?

Recall the earlier suggested?” difference of heats of formation of sulphonates and
hydrocarbons, SAH, (aq, RSO;Na, RH) = — 849 kI mol ~'. From the heat of formation
of liquid benzene and its heat of solution in water®? we conclude that the heat of
formation of aqueous sodium benzenesulphonate is ca — 800 kimol~!. If we assume
an average value of ca 230 + 40 kJ mol ~! as the energy difference of ‘arbitrary’ sulphonates
and sulphinates*®, we conclude that the heat of formation of aqueous sodium
benzenesulphinate is ca — 570 + 40 kJ mol ™.

Ashworth*! has described some analytically important redox chemistry that inter-
relates sulphinic and sulphonic acids. In particular, we find that aqueous HOCH,S0O,~
is oxidized to aqueous HOCH,SO; ™ by HgCl, and I,. The heat of formation of aqueous
HOCH,SO; ™ may be derived to be —852 kImol~! by taking the difference of the
heats of formation suggested?’ for aqueous HOCH,SO;Na, — 1092.0 kJ mol !, and the
—240.1 kJmol~! of aqueous Na* ion. From the heats of formation of the oxidized and
reduced forms of the additional inorganic species for these redox reactions, we conclude
that the heat of formation of aqueous HOCH,S50O, ™ must be more positive than — 733
and — 707 kJmol~!. We have also been told*? that the oxidation electrode potential
of reaction 19 is 0.935V, which by use of the Nernst equation corresponds to a free
energy change of — 180 kJmol™'. But we want AH, not AG. We lack the relevant
entropy data from which to make this correction from free energy to enthalpy directly.
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However, we find for other singly charged oxyanion redox reactions 20 with X =N,
n=2;X=ClLn=2and 3; X=Br,n=3; X=1, n=3 and X =‘HS"3, n=3 that AH is
ca 80 + 20 kJ mol~! more positive than AG. Accepting this generality, we conclude that
reaction 4 is 180 — 80 =100 kIJmol~! exothermic and so AH;(ag, HOCH,S0,7)=
— 580 % 20 kJ mol ~'. Mentally reforming the aqueous solution of the sodium sulphinate
salt by adding Na* (aq) results in a predicted heat of formation of AH(aq,
HOCH,SO,Na)= — 821 + 20 kJmol ~'. This gives us a 270 kJ mol ™" difference between
a sulphinate and corresponding sulphonate, a rather plausible number. This gives us a
heat of formation of aqueous sodium benzenesulphinate of —800 —(—270)= — 530
kJmol~!. Accepting the heat-of-formation value of aqueous HOCH,SO,Na and
aqueous CH,OH and generalizing, we derive a tentative JAH{aq, RSO,Na,RH) =
— 575+ 20 kJmol~!. In summary, using a composite of electrochemical and thermo-
chemical measurements and assumptions, we conclude here that the desired heat of
formation of aqueous sodium benzenesulphinate is — 525 4 20 kI mol ™!,

HOCH,SO,™ +20H~ — HOCH,S0,~ + H,0 + 2¢~ (19)
X0,” +20H™ —XO,,,” + H,0 + 2" (20)

Zoller** tells us that the reaction of alkenes with SO, (equation 21) to form allylic
sulphinic acids lies mostly on the left while the corresponding reaction of cumulenes to
form the conjugated alkadienylsulphinic acids (equation 22) lies mostly on the right.
Previous experience with reactions that interconvert ‘two things and one’ suggests that
the formation of the sulphinic acids should be accompanied by a decrease of
entropy-derived free energy of ca 42kJmol™'. That reaction 21 prefers the left side
suggests that sulphinic acids are no more than ca 42 kJmol~' more stable than the
corresponding hydrocarbon + SO,, yet the facility of reaction 21 in both directions
suggests that its free energy change cannot be too large. This suggests that 1,3-butadiene-
2-sulphinic acid, the archetypical member of the class of species on the right side of the
equation, is no more (but not much less) than 42 kJ mol ~! more stable** than 1,3-butadiene
+ SO,, but unlike allylic sulphinic acids it fails to decompose into these products for
want of a suitable cyclic transition state*. From the archival heats of formation of
1,3-butadiene and sulphur dioxide, we conclude that the heat of formation of gaseous
1,3-butadiene-2-sulphinic acid cannot be any lower than (110 —297 —42)= —229
kJmol ™!, but cannot be any higher than (162 —297 —42)= — 177kJmol™"' because
it would not form from the 1,2-butadiene and SO,. Let us thus choose for now an
average heat of formation value of — 203 + 26 kJmol ™.

H—C—C=C + SO, = C=C—C—S(0)—OH Q1)
H—C—C=C=C < + 50, —C=C—C(=C<)—S(0)—OH  (22)

How can one estimate heats of formation of gaseous benzenesulphinic acid from that
of 1,3-butadiene-2-sulphinic acids? Intuitively, substituent effects on benzene and
butadiene should be comparable. It is well-established that substituent effects on benzene
and ethylene parallel*” and those on ethylene and butadiene are presumably not ‘that
different’*®. Equivalently, the difference in the heats of formation of benzenesulphinic
actd and benzene should be nearly equal to 1,3-butadiene-2-sulphinic acid and
1,3-butadiene. We hereby generalize this near-equality to be a constant. From the
experimental heat of formation of 1,3-butadiene of 110 kI mol ™", we take this constant
to be —313 kI mol™!, where we admit that this difference, d,, (equation 23), is accurate
only to some +26kJmol™!. Combining this relation with the heat of formation of
gaseous benzene of 83 kJmol™?!, we conclude that the heat of formation of gaseous
benzenesulphinic acid is — 230 k¥mol™!. We do not have the heat of sublimation of



4, Thermochemistry of organosulphur compounds 213

benzenesulphinic acid, nor any other sulphinic acid. However, since the heats of
sublimation of diphenyl sulphoxide and benzophenone (diphenyl ketone) are nearly
identical, we set the desired quantity equal to the heat of sublimation of benzoic acid.
From this value of 91 kJ mol ™~ !, we deduce the heat of formation of solid benzenesulphinic
acid to be — 321 + 30 kImol ~*. Kice and his coworkers3¢ also tell us that the heat of
neutralization of benzenesulphinic acid in 60%, dioxane is 68 kJmol ™ ': let us assume
that the same value is found in water*®. From the archival heats of formation of aqueous
NaOH and water, we derive a heat of formation of aqueous sodium benzenesulphinate
equal to — 573 4+ 30 kJmol L.

8,4(g, RSO,H, RH) = AH{g, RSO,H) — AH/g, RH)= ~ 312 kJmol~!  (23)

We now have four values for the heat of formation of aqueous sodium benzenesulphinate:
— 440425, —570+40, —525+20 and — 573+ 30 kIJmol~!. We opt for the value
— 540 + 20 kJmol ! which overlaps the last three results within their error bars, and
ignores (for no reason except consensus) the first result. Generalizing, SAH(aq, RSO, Na,
RH) equals ca —590 kI mol~!. We remind the reader of our earlier suggested genera-
lization: SAH;(aq, RSO;Na, RH) = — 849 kJ mol ~!. We welcome definitive experimental
measurements to test this, but then again, as the reader has seen, we recall that such
studies are absent for the energetics of many classes of sulphur-containing species. We
welcome their inclusion in the next sulphur supplement of the Patai series.

B. Ring Size Considerations of the Energetics of Sulphinic Acids,
Their Esters and Sulphones

A casual observation of the thermochemistry of organic sulphur/oxygen compounds
shows sulphones with their single sulphur, two oxygens and two affixed groups to be
comparatively well-understood. In a recent volume of the Patai series, Herron2® gives
the reader relevant Benson group increments? and simple rules of thumb for deriving
the heats of formation and bond energies of sulphones. By contrast, the situation of our
knowledge of the energetics of the isomeric sulphinic acids and sulphinate esters is rather
bleak, even though they are also composed of a single sulphur, two oxygens and two
affixed groups. Our literature searching has shown that no directly measured heats of
formation have been reported for either sulphinic acids or sulphinates. Perhaps we should
thus not be surprised that the appropriate volume on sulphinic acids®® in the Patai
series has but a brief energetics chapter in which Bujnicki, Mikolajczyk and
Omelanczuk?® deal mostly with the thermolyses of these species, such as rearrangements
of allyl sulphinates to form (transposed) sulphones, rather than the thermochemistry of
sulphinates, per se®!. In particular, we will cross-reference various chapters in the
sulphinic acid®*® and sulphone/sulphoxide®? volumes as secondary sources of both
qualitative and quantitative information about the energetics of sulphinic acids and their
esters.

As inferred above, the sulphinate—sulphone rearrangement figures prominently in the
study of sulphinates. For example, it is discussed in Patai volume chapters on the
rearrangement of sulphinates®® and of sulphones®*3* by Braverman and by Schank,
and on the role of sulphinates in synthesis>® and of sulphones®” by Drabowicz, Kielasinski
and Mikofajczyk, and by Dittmer and Hoey, respectively. Disappointingly, we lack
information as to the heat of this rearrangement-—the thermochemistry of sulphones is
well-established enough to provide us with either an experimental or highly accurate
derived heat of formation of almost any sulphone we care about, and thereby we would
achieve a highly accurate derived heat of formation of the sulphinate ester of interest.
A somewhat more conceptually useful input for the derivation of bounds for the difference
of energy of sulphones and their isomeric sulphinates is the rearrangement of propargyl
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sulphinates to allenyl sulphones—alkynes are somewhat more stable than the isomeric
allenes®® and, as we discuss in greater length later in this chapter, allenyl sulphones, like
other unsaturated sulphones, are slightly destabilized when compared to their saturated
counterparts.

We find considerably more evocative the rearrangements involving cyclic sulphones
and sulphinates chronicled in the just-cited Patai chapters. Care must be taken in the
choice of examples. Photochemical rearrangements do not qualify because one generally
does not learn the relative energies of the starting material and product. There is the
ambiguity of how much the light transforms a symmetry-forbidden reaction into an
allowed one, and how much it provides a source of energy to drive an endothermic
reaction. Likewise, there are many base-assisted reactions but, since they convert a
relatively strong base into a relatively weak one, e.g. when an alkyl lithium or other
organometallic is used to transform a sulphone into a sulphinate salt, it is not obvious
how much the energy of effectively neutralizing the strong base ‘drives’ the reaction. We
conclude that the conceptually most useful reactions are thus thermal rearrangements.
Those that do not change the number of rings have the additional virtue that the entropy
of reaction is expected to be small. The first qualifying example that we will discuss is
the sulphone-to-sulphinate rearrangement of thiete sulphone (1) into the unsaturated
y-sultine, SH-1,2-oxathiol-3-ene sulphoxide (2) (equation 24). If we neglect all conjugative

o) O
I lsl
—S—0O ~ (24)
| —
(1 2

interactions of the double bonds with either the SO, of the cyclic sulphone or with the
SO of the cyclic sulphinate, we conclude that the difference in heats of formation of
sulphones and sulphinates is less than the strain energy difference of thiete and
5H-1,2-oxathiol-3-ene. Equivalently, there is the decrease of strain energy accompanying
the transformation of a ‘special’ four-membered ring into a ‘special’ five-membered ring
that compensates for the rearrangement of a sulphone into the less stable sulphinate
isomer. But we don’t know the strain energy of either sulphur-containing heterocycle®.
Either by enlightened inspection or by use of a more formal/mathematical understanding
of strain energies®®, we deduce that the strain energy difference of a four-membered ring
(4MR) and the identically ‘decorated’ five-membered ring (SMR) equals the difference
between [AH{4MR)+ AH(—CH,—)] and AH{(5MR), wherein —CH,— is the
universal ‘strainless’ methylene increment®! and its accompanying heat of formation is
ca —20.6 kImol ™!, For the simplest and undecorated four- and five-membered rings,
cyclobutane and cyclopentane respectively, the strain energy difference is thus
[28.4 4+ (— 20.6)] — (— 76.4) = 84.2 + 1.0 kJ mol ™', nearly identical to the value of 84.1
kJmol~! set equal to the difference of the individual strain energies recommended in
Reference 59. What ‘decorations’ should we use for the thiete and oxathiolene? One
choice is to use their least decorated unsaturated analogues, the carbocyclic cyclobutene
and cyclopentene, with the strain energy difference®? of 102.2 + 2.1 kJmol™'. Another
choice is to use their saturated, sulphur-containing analogues, thietane and thiolane,
with a difference in strain energies of 74.1 + 1.9 kJ mol ™!, while a difference of 116.8 + 4.1
kJmol~! is found for the sulphones of thiete and 2,3-dihydrothiophene. The spread of
these strain energy differences, some 954 25 kJmol ™!, is large. However, from this
analysis, we can be convinced that sulphinates are no more than 95 + 25 kI mol ™! higher
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in energy than the isomeric sulphone. Though this difference is only a bound and has
large error bars, it is nonetheless useful information that was derived without recourse
to the need of performing any new additional experimental measurements.

The second sulphinate-to-sulphone rearrangement that qualifies is the transformation
of the benzoannelated d-sultine, 1,4-dihydrobenzo[c]-1,2-oxathiene sulphoxide (3), into
1,3-dihydrobenzo[c]thiophene sulphone (4) (equation 25). If we neglect all allylic/benzylic

-0 )
O — OD¢ =
)
3 )

interactions of the double bonds with either the > SO, of the cyclic sulphone or with
the > SO of the cyclic sulphinate, we conclude that the difference in heats of formation of
sulphones and sulphinates is less than the strain energy difference of 1,4-dihydrobenzo[d]-
1,2-oxathiene and 1,3-dihydrobenzo[c]Jthiophene. Equivalently, the increase of strain
energy accompanying the conversion of a ‘special’ six-membered ring into a ‘special’
five-membered ring is inadequate to prevent the formation of a sulphone by the
rearrangement of the less stable sulphinate isomer. But we don’t know the strain energy
of either heterocycle. Mimicking this difference through the use of the carbocyclic 2-ring
species indane and tetralin, we find a difference of 14.1 + 2.6 kJ mol ~!. Relatedly, making
use of the heats of formation of the 1-ring carbocyclic cyclopentane and cyclohexane
results in a strain energy difference of 26.4 + 1.1 kJmol~?, while the use of the 1-ring
sulphur species thiolane and tetrahydrothiopyran gives a value of 8.8 + 1.7 kimol ™!,
Again, there is a comparatively large spread of values of strain energy differences, some
154+ 10 kJmol~!, that is deemed inadequate to allow thermal transformation of a
sulphone into the isomeric sulphinate. Summarizing the above, we conclude that
sulphinates lie between 15 and 95 kJmol™! higher in energy than their
isomeric sulphones.

Dittmer and Hoey®” provide us with another conceptually useful comparison. Substitu-
ted 1,2-oxathietane sulphoxides (5), i.e. f-sultines, undergo a facile thermal decomposition
into olefins + SO, via reaction 26 proceeding to the left. In contradistinction, reaction
27 of cyclopropanes with SO, to form 1,2-oxathiolane sulphoxides 6, ie. y-sultines,
proceeds to the right. For our discussion, we will consider only unsubstituted species,
i.e. equations 26 and 27 as written, and assume that our error due to omission of substi-
tuents will be rather small. The number of rings change in these thermal reactions. Entropy
is thus expected to be important, but the entropy changes are not unpredictable. We
find that there is a surprising near-constancy associated with entropy changes of unimole-
cular decomposition reactions®>. As such, we conclude that the entropy change associated
with equations 26 and 27 proceeding in their preferred direction are ca 140 and — 140
Jmol ™! K™, respectively. Equivalently, the free energy change is ca 42 and —42kJ mol ™!
at the ‘typical temperature’ of 300 K. Without loss of either qualitative or quantitative
understanding, we equate the ethylene in equation 26 with ‘cycloethane’®* and so
conclude the strain energy difference of a two-membered ring (2MR) and the identically
‘decorated’ four-membered ring is the difference of [AH{2MR)+2AH(—CH,—)] and
AH{4MR). The strain energy difference associated with the ring expansion from
cycloethane to cyclobutane, the undecorated two- to four-membered rings, equals
39.740.7 kImol™! and so equation 28 for formal synthesis of strainless sulphinates
would have had to be exergonic by at least 40 + 42~ 82 kImol ™" for reaction 26 to
have proceeded to the right, as opposed to the left which is the observed reaction direction.
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R—R’+ 80, — R—S§(0)—O—R’ (28)

Relatedly, we conclude that the strain energy difference of a three-membered ring
and the identically ‘decorated’ five-membered ring is the difference between
[AH{(3MR) + 2AH{—CH,—)] and AH{(5MR). This strain energy difference associated
with the ring expansion from cyclopropane to cyclopentane, the undecorated three- to
five-membered rings, equals 88.5+ 1.0 kJmol~! and so reaction 28 for the formal
synthesis of strainless sulphinates would have had to be endothermic by at least
89 — 42 ~ 47 kJ mol ™! for reaction 28 not to have proceeded to the right as is observed.

We find that the average difference between the heats of formation of gaseous dialkyl
sulphone RSO,R’ and the related hydrocarbon RR’ is ca 300 kJmol~!. From the
well-established heat of formation of gaseous SO, of — 296.830 kJ mol ™!, we conclude
that reaction 29, the formal synthesis of strainless sulphones, is exothermic by some
3kImol ™!, i.e. essentially thermoneutral. Combining the energetics of reactions 28 and
29 results in the conclusion that the isomerization of sulphinates to sulphones (equation
30) is exothermic by less than 47 kJ mol ™!, a result consistent with our other inequalities
in this section.

R—R' + SO, — R—S(0),—R’ (29)
R—S(0)—O—R’ —s R—S(0),—R’ (30)

Let us use in concert the earlier enunciated heat-of-formation regularity that asserted
that the heat of formation of an arbitrary gaseous sulphinic acid RSOOH is 313 + 26
kJmol~! more negative than the corresponding hydrocarbon, RH, and the additional
one®® that asserts methyl esterification of an arbitrary gaseous oxyacid, XOH, to form
XOMe is accompanied by a 20 + 15 kJ mol ™! increase in heat of formation. Admittedly
with some trepidation let us also use the ‘universal’ methylene increment to transform
RH into RMe and thereby assert that there is an accompanying — 20.6 kJ mol ! change
of heat of formation®®. Equivalently, we conclude that the heat of formation of an
arbitrary R—S(0)—OMe is — 313 4 20 — (— 20.6) = — 272 + 30 kJ mol ! more negative
than for RMe. Finally, at the risk of equating the heat-of-formation effects associated
with Me with those of other hydrocarbon groups, we conclude that sulphones are more
stable than the isomeric sulphinate esters by 28 +30 kJmol~'. That is, while it is
numerically consistent with our last finding that sulphinates are more stable than
sulphones, it is much more plausible that they are less stable by some 30-60 kJmol .
All of our results on the stability of sulphinate esters and the parent sulphinic acids are
consistent. While we are confident of our results, we acknowledge chemistry is still an
experimental science. Will someone please measure the heat of formation of at least one
such species?
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C. Some Interrelations of the Energetics of Sulphenic Acids,
Thelr Esters and Sulphoxides

A casual observation of the thermochemistry of organic sulphur/oxygen compounds
shows sulphoxides with their single sulphur and oxygen, and two affixed groups, to be
comparatively well-understood. In two different volumes of the Patai series, Herron?®
and Shaw?3 give the reader relevant Benson group increments? and simple rules of
thumb for deriving the heats of formation and bond energies of sulphoxides. By contrast,
the situation of our knowledge of the energetics of the isomeric sulphenic acids and
sulphenate esters is rather bleak, even though they, too, are composed of a single sulphur
and oxygen, and two affixed groups. Our literature searching has shown that only four
indirectly measured heats of formation have been reported for sulphenic acids®’, and
none at all for sulphenate esters. Perhaps we should thus not be surprised that the
appropriate volume on sulphenic acids in the Patai series®® lacks a thermochemistry
chapter. Indeed, the heats of formation of sulphenic acids have only been mentioned
rather tangentially in the thermochemistry chapter?” of the corresponding volume on
sulphonic acids. Parallelling our success at using information on sulphones to aid us in
the understanding of the energetics of sulphinic acids and their derivatives, the current
section makes use of available information on sulphoxides in the understanding of the
energetics of sulphenic acids and sulphenate esters. In particular, we will cross-reference
various chapters in the sulphoxide/sulphone®? and sulphenic acid®® volumes as secondary
sources of both qualitative and quantitative information about the energetics of sulphenic
acids and their esters.

As part of thorough reviews on sulphoxide®¥ and sulphenic acid/ester " rearrangements,
Braverman has discussed the interconversion and accompanying stereochemical
consequences of allyl sulphoxides and (transposed) sulphenates (equation 31). From the
energy of activation for the racemization of the sulphoxide (AH? = ca 90 kI mol~!), we
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R— S—CH,CH=CH, = R—S—0—CH,CH=CH, =— R— S—CH,CH=CH,
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immediately deduce that the heats of formation of sulphenate esters lie no higher than
90 kI mol~! above the isomeric sulphoxides. This is useful as an upper bound to derive
the heats of formation of general sulphenate esters should we know the heats of formation
of the precursor sulphoxides’!. Using available experimental techniques, we think that
better than an upper bound can be achieved. A direct measurement of the energy of
activation for the rearrangement of a sulphenate ester to the sulphoxide will allow us
to establish the absolute heat of formation difference of sulphoxides and sulphenate
esters as the difference of AH? > and AH? . Alternatively, a combination of T-jump
and reaction calorimetry techniques on sulphenate esters (i.e. rapidly heat the sample,
and measure the additional temperature rise due to the sulphenate/sulphoxide
rearrangement) should also provide the desired quantity. We hope to find the results
from these or related experiments chronicled in the next ‘Sulphur Supplement’ volume
in the Patai series. But lacking this information, we now proceed to discuss estimation
approaches and aiready reported measurements from which one can derive (at least)
upper or lower bounds for the heats of formation of sulphenic acids and esters.

Before presenting the analysis of the literature and using assorted estimation
assumptions and techniques, it seems desirable to discuss the reliability of the few reported
measurements®’ for sulphenic acid heats of formation. The four sulphenic acids,
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R—S—O—H, for which there are experimentally derived data for their gas-phase heats
of formation have R =Me, —190; CH,=CH, < —16; HC=C, 102 and Ph, — 34
kJmol~'. If the steric and electronic effects of a substituent depended only on the
substituent, and not what it is affixed to, then the heat-of-formation difference quantity
d34(g, Ph, Me, X) in equation 32 would be independent of X. We would also conclude
that equation 33 would be an identity for all substituents X and Y:

932(g, Ph, Me, X) = AH((g, PhX) — AH{(g, MeX) (32)
(g, Ph,Me, X) = (g, Ph, Me, Y) (33)

We know that this optimism is obviously unrealized. Yet, experience?” has shown that,
at least for a set of n-withdrawing electronegative substituents, the identity is valid within
a range of 20 kJmol ™. For the case of interest, we set X = -—SOH and now ask what
Y best ‘mimics’ this X. That is, for what group Y is the putative equality of equation 34
most accurately obeyed. Using the literature values®’ of the heats of formation of
sulphenic acids, we find the left-hand side equals 156 kJ mol~!. One might have simply
thought that of all the n-withdrawing groups, sulphoxide > SO would have been similar
to —SOH since —S(H)O and —S—O—H are isomeric. But the value for > SQ.is 129
kJmol~!. We find for this n-withdrawing class of substituents a ‘normalized’ (i.e. per
phenyl/methyl) range resulting from ca 124 (—COOMe) to ca 142 (—NO,) kImoi~!.
We find the 156 kJmol~! difference between the heats of formation of MeSOH and
PhSOH unintelligible, even if we consider n-electron-donating substituents as well’2.

é(g, Ph, Me, SOH) = §(g, Ph, Me, Y) (34)

Before proceeding further, let us now discuss what is the relative energy of the
R—S—O—H and R—S(0O)—H tautomers of sulphenic acids? After all, Barrett”3,
among others, has noted that while most sulphenic acids ‘preferred’ the hydroxylic
R—S—O—H tautomer, there was occasional evidence for the sulphoxide R—S(O)—H
form as well’*, What can be said about this alternative form? Perhaps more precisely,
what is the difference between the heats of formation of the two tantomers,
635 (g’ RyHr SO)?

935(2, R, H,S0) = AH((g, R—S—O—H) — AH(g, R—S(O)—H) (33)

We consider here only MeSOH and PhSOH because the reported heat of formation of
CH,=CHSOH is ‘merely’ an upper bound, and that for HC=CSOH arises from some
‘plausible’ assumptions about thermochemically uncharacterized acetylenic sulphoxides.
From our earlier analysis we conclude that the heat of formation of a gaseous
sulphoxide R!S(O)R? is ca 125 kJ mol ~ ! more negative than the corresponding sulphide.
We note that a ca 10 kITmol ™! smaller difference, — 113 kJmol !, arises when both R!
and R? are Me than for when either or both R* and R? are larger alkyl groups. Let us
apply this difference analysis to the cases when one group is Me or Ph, and the other
is hydrogen where even a smaller difference might be expected than when it is methyl.
From the archival heats of formation of gas-phase MeSH and PhSH of —22.9 and
112.4kJ mol ™!, we thus conclude that the heats of formation of MeS(O)H and PhS(O)H
exceed —229—113= —~ 136 and 1124 —113= —1 kJmol™!, values some 55 and
35kImol~! higher than those reported for MeSOH’® and PhSOH. Relatedly, there is
a nearly 50 kJ mol ~! difference between the heats of formation of an arbitrary sulphoxide
and the corresponding carbonyl compound, a difference increased to 66 kJmol~! when
R! = R%-Me, and expected to be even larger when one group is hydrogen than when it
had been methyl. Using the well-established heats of formation of MeCHO and PhCHO
of —166.1 and —36.7 kJmol~! we conclude that the heats of formation of gas-phase
MeS(O)H and PhS(O)H exceed — 166.1 + 66 ~ 100 and — 36.7 + 66 ~ 29 kI mo!l " !, some
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90 and 60 kJ mol~! higher than those reported for MeSOH’3 and PhSOH.

Summarizing, if either of the two predictions of the heats of formation of both MeS(O)H
and PhS(O)H is used, it is safe to say that the sulphenic acid tautomer is considerably
more stable than the sulphoxide’®. We may even conclude that any reported presence
of the sulphoxide tautomer is not due to a gas-phase equilibrium and thus is due to an
alternative, but intramolecularly non-equilibrating, synthetic pathway?’.

Drabowicz, Lyzwa and Miko}ajczyk’® and Hogg® provide convincing evidence that
the sulphoxide/(sulphenic acid + olefin) reaction (equation 36) must have an equilibrium
constant near unity because simple variation in temperature can shift the side of the
reaction which dominates. One can use knowledge of this reaction to estimate the heat
of formation of sulphenic acids since we know, or can readily derive, the heat of formation
of both the sulphoxide and the olefin. For example, let R = Me and the olefin be equal
to isobutene. The heat of formation of the desired methyl ¢-butyl suilphoxide can be
obtained from that of the sulphide (— 121 kJmol~?), and so equals ca — 245 kJmol ™.
Alternatively, it can be obtained from methyl ¢-butyl ketone (— 291) and so equals ca
—236 kJmol~!'. A value —240 kImol~! is quite convincing. However, one cannot
merely set the difference of the heats of formation of the reactants and products in
equation 37 equal to zero and then solve for the heat of formation of MeSOH. After
all, there are two ‘things’ on the right and only one on the left, and so the decomposition
of sulphoxides is entropically favoured. Recall that we earlier argued that processes such
as these have an entropy change of ca 140 Jmol™ 'K ™', We know temperatures for
which the reaction proceeds to the right and temperatures for which the reaction proceeds
to the left. Interpolating, we conclude an equilibrium constant of unity is found for
reaction conditions of ca 180°C or ca 450 K. Correcting the heat of reaction by TAS
with T and AS set equal to the above, admittedly approximate, values®®, we find an
‘entropy’ effect of some 63 kI mol™!. From the archival value of AH{g, Me,C=CH,),
- 169409 kJmol™!, and our estimated value for AH(g, -BuS(O)Me), —245+2
kI mol~!, we may immediately conclude that the heat of formation of gaseous CH,SOH
must be more negative than ca — 240 —(— 17 +(— 63)) = — 160 kJmol ™.

RS(O)—C—C—H == RSOH + >C=C< (36)
MeS(0)Bu-t = MeSOH + Me,C=CH, (37)

Braverman®®, Drabowicz, Lyzwa and Mikolajczyk’® and Hogg’® also chronicle
reversible intramolecular ring openings of sulphoxides to form unsaturated sulphenic
acids. These are mostly associated with bicyclic penicillin—cephalosporin rearrangements®'.
Let us remove most of the interesting ‘decorations’ and consider the intramolecular
rearrangement of thiolane sulphoxide to 1-butene-4-sulphenic acid. We know of no
experimental heat of formation of the former. However, it may be estimated in several
different ways. The first is to modify the heat of formation of the parent sulphide,
tetrahydrothiophene, and derive a value of — 159 kJ mol~ 1. Alternatively, we transform
the related ketone, cyclopentanone, and derive a value of — 148 kImol™". Since it is
well established that strain energy of sulphur-containing rings is significantly less than
for their all-carbon analogues®?, no doubt the latter heat of formation of thiolane
sulphoxide is too positive. We will accept the value of ~ 159 kJ mol~! as more plausible.
No entropy data are available from experiment for any of our species. However, we
mimic the entropy change by that of the reaction methylcyclopentane to form 1-hexene,
ie. ca 45Jmol ' K~! or a free-energy change of ca 13kJmol~! at 298 K. We thus
deduce a value of — 146 kJmol~! for the heat of formation of gaseous 1-butene-4-
sulphenic acid. If we assume that the reaction in equation 38 is thermoneutral®®, then,
using the literature heats of formation of ethane and l-pentene, we obtain a value of
—209 kIJmol~! for the heat of formation of methanesulphenic acid. Agreement of this
value with those obtained before is generally called ‘relatively poor’. Yet, given the
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crudeness of all the above enthalpy and entropy assumptions and equating penicillins
with cyclopentanes, the agreement is highly encouraging,

CH,=CHCH,CH,SOH + CH,CH, — CH,=CHCH,CH,CH, + CH,SOH (38)

We are also told®?:78:7% that the thermolysis of f-cyano- and B-acylsulphoxides is more
facile than that of other sulphoxides which lack the B-electron-withdrawing groups. How
much is that due to destabilization of the sulphoxide? We have no heat-of-formation
data for any such f-substituted sulphoxide with which comparison of an unsubstituted
sulphoxide can be made. However, there are heat-of-formation data for NC(CH,),CN
and PhCO(CH,),CN from which one can derive such quantities for f-substituted nitriles.
By comparing the heat of formation of these two X(CH,),CN species with singly
substituted species, stabilization or destabilization energies may be obtained. Consider
the following formal gas-phase processes (equation 39) for our two choices of X:

X(CH,),CN + Me(CH,),Me —> Me(CH,),X + Me(CH,),CN (39)

For X =CN the reaction is nearly 17 kJmol~! exothermic, while for X = COPh the
reaction is nearly thermoneutral. Equivalently, a f-cyano group destabilizes a nitrile by
17 kJmol™! and a B-benzoyl group destabilizes a nitrile essentially not at all. Some
destabilization of the substituted sulphoxide is thus suggested. Relatedly, we expect
conjugation in the resulting cyano and acylalkene to provide some stabilization of the
product. This may be estimated by looking at the gas-phase ‘desaturation’ energy of the
cyano and acylalkanes as opposed to the ‘methylalkane’. For the formal dehydrogenation
process (equation 40) we find exothermicities increasing in the order X = CHO, 100.5;
CN, 106.3; Me, 113.6 kJmol™'. This corresponds to some 13 and 8 kJmol™! of
stabilization for cyano and acylalkenes®*. It is thus most likely that the f-cyano and
acylsulphoxides are destabilized and that the resulting cyano and acylalkenes enjoy some
resonance stabilization. However, it is highly unlikely that the elimination of sulphenic
acid from either of these sulphoxides, or any other, is exothermic as opposed to just
possibly exergonic. Indeed, that sulphenic acids can be trapped by acrylonitrile and
acrylate esters at ambient temperatures tells us that the reaction is essentially reversible
with a rather small free-energy change.

Me(CH,),X — (E)}-MeCH==CHX + H, (40)

We are told®®-7%7% that at slightly higher than ambient temperature, trans-2,3-
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dimethylthiirane sulphoxide (7) spontaneously rearranges to 1-butene-3-sulphenic acid
(equation 41). Interestingly, the corresponding cis-isomer does not rearrange under these
conditions. However, since we can think of no reason why this trans vs cis isomeric
difference can be due to the intrinsic heat or free energy of the reaction as opposed to
ease of concertedness of the necessary hydrogen transfer, we will be rather indifferent
to the stereochemistry of the sulphoxide. Estimation of the heat and entropy of this
rearrangement along with estimation of the heat of formation of the sulphoxide will
give us a lower bound on the heat of formation of the sulphenic acid. The first step of
our analysis might be assumed to consist of estimating the heat of formation of the
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dimethylthiirane sulphoxide. We choose, instead, to study the rearrangement of 2-
methylthiirane sulphoxide to propene-3-sulphenic acid. This is because we are ‘spooked’
by the literature values of the heats of formation of the precursor 2,3-dimethylthiirane,
From our primary organic thermochemistry archive, we find that the heat of formation
of 2,2- and cis-2,3-dimethylthiirane are identical in both the liquid and gaseous state to
within + 0.2 kJ purported precision. This is also true as found in the primary sources
cited by this source. Our intuition is strongly violated by this—we do not expect isomers
to be that close in energy®. We can only deduce that some error occurred, either of
transcription of the data or in the identification of the compound, and we would rather
not try to disentangle this here. We accept the suggested heat of formation of thiirane
sulphoxide from Herron’s review2? and suggest that the heat-of-formation difference
between the sulphoxides of monomethylthiirane and thiirane is nearly the same as the
unoxygenated sulphides. The heat of formation of methylthiirane is thus ca — 78
kJmol~!. As with the penicillin sulphoxide story, it is necessary to estimate entropies.
We simulate the > SO group of sulphoxides by > CHCH; and the —S—OH group
of sulphenic acids by —CH,CH,;. The entropy of methylthiirane sulphoxide is thus
estimated as that of 1,2-dimethylcyclopropane®®, ca 309 Jmol 'K ™!, and that of
propene-3-sulphenic acid taken as that of 1-pentene, 345.6 Jmol~'K~!. The rear-
rangement of interest is exergonic if the heat of formation of propene-3-sulphenic
acid is less than ca — 67 kJmol~!. By analogy to the 1-butene-4-sulphenic acid story
above, we assume that the reaction given in equation 42 is also essentially thermoneutral.
We conclude®” that the heat of formation of methanesulphenic acid is no higher than
— 151 kJmol ™1,

CH,=CHCH,SOH + CH,CH, — CH,—CHCH,CH, + CH,SOH  (42)

Another interesting reaction®®7%7° interrelating thiirane sulphoxides and sulphenic

acid derivatives is that of the parent thiirane sulphoxide and chloromethyl methyl ether:

o)
I
S
/N +CICH,0Me — CI(CH,),—S—O—CH,—OMe 43)

Let us set the free energy of reaction equal to 0, and thus obtain a lower bound for the
stability of the resulting sulphenate ester. To a first approximation, we are releasing the
strain energy of the three-membered ring (from Herron?®, a suggested ‘ring correction’
of 83 kJmol~!) and exchanging the anomeric stabilization of Cl—CH,—O— and
—O—CH,—O— (taken as 24 and 73 kJmol ™!, respectively®®). We are also trading
a sulphoxide for a sulphenate (the quantity we wish to estimate). There is also an entropy
correction; we are going from two molecules to one, although the thiirane sulphoxide
is quite inflexible and thus of relatively low entropy. A convenient model for the entropy
of reaction 43 is given in equation 44. In this equation there is an entropy change®® of
only 82J mol~'K ™!, and a free energy change of ca 25 kJ mol~'. We conclude that
sulphenate esters cannot lie higher than their isomeric sulphoxides by more than
106 kI mol ™!,

CH,
A +MeCH,CH,Me —» Me(CH,),—CH,—CH,—CH,—CH,Me  (44)

2RSOH —> RS(O)SR + H,0 45)

One of the most interesting reactions®® of sulphenic acids is their spontaneous
dehydration to form their anhydrides, species alternately known as thiolsulphinates or
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disulphide sulphoxides (equation 45). Few other hydroxylic species dehydrate so easily
and, indeed, we have no data as to whether or not dehydration of sulphenic acids to
form their ‘classical’ anhydrides, i.e. R—S—O—S—R, is energetically favoured as well.
We do note, however, that the corresponding dehydration of HOCI and unstrained
alcohols ROH is also energetically favoured®!. We accept Bujnicki, Mikofajczyk and
Omelanczuk’s assumption?® that the S=O bond in any RS(O)SR is of equal strength
to that found in PhS(O)SPh, and likewise their acceptance of Benson’s value cited in
Reference 39 for the gas-phase heat of formation of the latter species (244 kJ mol ™),
From these numbers [in particular, AH (g, MeS(O)SMe) = — 126 kJmol~'] and the
well-established heat of formation of gaseous H,O, we conclude that AH{g, MeSOH)
is no less than — 183 kJmol~!. This result is ‘more or less’ compatible with the value
deduced by Turecek and his coworkers®”. By contrast, we deduce AH (g, PhSOH) is no
less than 1kJmol™!, very different from that of Turedek and his coworkers. No
explanation for the discrepancy is apparent.

The second conceptual interrelation of sulphenic acids and disulphide sulphoxides
relates to the thermal decomposition®®:78:7° of the latter into the former and thiocarbonyl
compounds. In particular, we will discuss reaction 46 as an archetype of this process.

MeS(0)SMe — MeSOH + CH,S (46)

Again, we will accept Bujnicki, Miko}ajczyk and Omelanczuk’s analysis?® and suggested
value of AH g, MeS(O)SMe). The entropy change is taken as the value we suggested
earlier, namely 140 Jmol~! K ™!, corresponding to a change of free energy of some 55
kJ mol~! at the recorded temperature of 96 °C. Finally, using one of the very few reported
heats of formation of any thiocarbonyl compound, namely AH(g, CH,S) = 105 kI mol ™!
from the ion-molecule reaction energetics measurements of Roy and McMahon®2, we
conclude that AH (g, MeSOH) cannot exceed — 176 kI mol ™!

D. Thermochemical Considerations of Sulphenyl Halides and Sulphenamides

A quick examination of the Patai series volume®® on sulphenic acids and their
derivatives shows the synthesis and reaction chemistry of sulphenyl halides (RSF, RSCI,
RSBr and RSI) and sulphenamides (R!'SNR?R®) to be of respectable interest and
importance. However, their thermochemistry has been almost totally ignored by theorists
and experimentalists alike. What follows is our attempt to make meaningful statements
about the heats of formation of sulphenyl halides and sulphenamides using largely a
composite of indirect experimental measurements and assumption-laden theoretical
reasoning.

1. Sulpheny! flucrides

To the best of our knowledge, there are no experimental measurements of the heat of
formation of any member of this class of compounds. We note that the heats of formation
of SF, and the two isomers of S,F, (ie. F—S—S—F and F,S=S) have been
comprehensively discussed®®, while there are suggestive data®* as to the heats of
formation of the mixed sulphuranyl sulphenyl fluorides, SF;SF and SF,SSF. One can
crudely approximate®® the heat of formation of an arbitrary RSF species by taking the
average of R,S and SF,. However, ab initio quantum chemical calculations®® show the
relevant exchange or disproportionation reaction for R = H (equation 47) is endothermic
by 68 kJmol~* and represents an example of the anomeric effect on a central element
other than carbon®’. We also note that a far less electronically extreme reaction
(equation 48) can be shown to be endothermic from experimental heats of formation by
12.3 kI mol~ L. Finally, we recall interrelations®® between the heats of formation of XF
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and XOH species that suggest they should be comparable®® for condensed phase species
and that the former should be ca 25 kJmol ! more negative than the latter in the gas
phase. However, as discussed earlier, the thermochemical data on the relevant XOH
species, ie. the sulphenic acids, are sufficiently problematic to make this additional
interrelationship far less useful here than it may initially appear.

H,S + SF, — 2HSF @7)
H,S + Me,S —> 2MeSH (48)

2. Sulphenyl chlorides

Turning now to sulphenyl chlorides, we find that they are likewise poorly
thermochemically characterized. Benson (cf Reference 39) gives us four estimated values,
all for gas-phase species. These are: MeSCI, — 28 + 6; PhSCI, 106 + 6; MeSSCl, — 21 + 6;
PhSSCI, 113 + 6 kJ mol~*. He derived these numbers using the experimentally measured
heats of formation of SCl, and S,Cl, and some plausible assumptions associated with
bond additivity. As such, it is no surprise that the exchange or disproportionation
reaction 49 is essentially thermoneutral for both R = Me and Ph and, solely from archival
data, so is reaction 50 for both R’s as well. Although the currently available editions of
what had been Benson’s sources of information'?? give values for the heats of formation
of SCl, and S,Cl, that have shifted by ca | kJmol~! from his original choices, we have
not deemed it either necessary or desirable to readjust his suggested values here. We
are convinced that the data and all of the analysis are too imprecise to warrant this
additional effort.

R,S + SCl, — 2RSCI (49)
R,S + Et,S — 2RSEt (50)

We may ask, however: are these estimated sulphenyl chloride heat-of-formation values
plausible? The first observation is that the differences for the two pairs of methyl and
phenyl compounds (MeSCl and PhSCI, MeSSCl and PhSSCI) are 134 ki mol ™! in both
cases. This value is nearly identical to those found for the difference of heats of formation
of MeSH and PhSH, MeSMe and PhSMe, [MeSMe and PhSPh] and ;[MeSSMe and
PhSSPh]. It differs very significantly from the values earlier mentioned for MeSOH and
PhSOH. However, as we had enunciated that sulphenic acids seem out of line and that
Benson’s values arise from group-increment and bond-additivity reasoning, the general
near-equality of the difference of interest with that of other MeS— and PhS— compounds
is not surprising. We now ask: what independent results for heats of formation of
sulpheny! chlorides, preferably those of MeSCl and PhSCI, can be gleaned?

Drabowicz, Lyzwa and Mikofajczyk’® tell us that sulphenyl chlorides can be
synthesized by the chlorination of disulphides (equation 51). As such, we can be optimistic
that this reaction is exothermic, regardless of the choice of R'°!. From the archival heats
of formation of gas-phase Me,S, and Ph,S, of —24.2 + 1.0 and 243.5 + 4.1 kJmol ™",
respectively, and the definitional value of 0 for Cl,(g), we conclude AH{g, MeSCl) and
AH(g, PhSCI) are smaller than — 12 and 122 kJmol !, respectively, results consistent
with Benson’s numbers. But the analyses of other reactions are not so useful. For example,
we are also told that cyclic sulphides are chlorinated with concomitant ring opening,
i.e. for n=2,3 and 4, reaction 52 is observed. From the experimentally measured heats
of formation of the cyclic thioethers (n = 2,820+ 1.3;n=3,606 + 1.4;n =4, —34.1 + 1.3
kJmol™"), we thus conclude that AH(g, CI(CH,),SCI) cannot exceed 82, 61 and — 34
kJmol~!, respectively. We should think that n=4 is large enough to minimize
interactions between the Cl and SCI group. If so, we may assume that equation 53 is
thermoneutral for any affixed group R. As is so often the case, we lack information for
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most compounds of interest, in this case for those containing truly relevant R groups.
Using AH(g, CI(CH,),SCl) = — 34 kJmol~! and letting R = Me, n-Bu, and C1'°2, we
deduce that AH g, MeSCl) cannot exceed ca 55+2 kJmol™!. While this is
mathematically compatible with the earlier enunciated upper bound of — 12 kJmol ™!,
as chemists we are not particularly benefited by the new finding. However, since two
species are converted to one species with a 25 kJmol™! entropy-derived free-energy
correction'?3, we derive an upper bound for AH(g, MeSCl) of 30 kJmol ™. This is still
rather far from Benson’s sugested value for this quantity.

RSSR + Cl, —» 2RSCI (51)
(CH,),S + Cl, —> CI(CH,),SCl (52)
MeR + CI(CH,),SCl —> MeSCl + R(CH,),Cl (53)

Relatedly, the chlorination of acetyl sulphide (equation 54) is interesting because of
the acetylsulphenyl chloride formed. From the archival heats of formation of Ac,S, Cl,
and AcCl, we deduce AH((g, AcSCI) cannot exceed — 74 kJmol~!. Should we make the
not-too-unreasonable assumption that equation 55 is nearly thermoneutral, we conclude
that AH{g, MeSCl) cannot exceed 97 kImol ™!, an even less useful result. As such, we
have neither a mechanistic nor a quantitative thermochemical understanding as to why
the chlorination of acetyl disulphide does not result in acetylsulphenyl chloride
(equation 56), but rather asymmetrically cleaves as shown in equation 57. Indeed, we
note that trusting Benson’s values for the various RSCl and RSSCI shows that the
asymmetric chlorination of R,S, is energetically preferred by 19 kImol~! for R = Me
and 57 kJmol ! for R = Ph. Perhaps we were inappropriately surprised that AcSSCI
is the preferred product in the chlorination of Ac,S, as opposed to AcSCL

Ac,S + Cl, — AcCl + AcSCl (54)
AcSCl + MeSH — AcSH + MeSCl (55)
Ac,S, + Cl; — 2AcSCl (56)
Ac,S, + Cl, — AcSSCl + AcCl (57)

It has recently been shown that the thermochemistry of chloro and cyano species are
both conceptually and numerically interrelated’®*. Let us assume that reactions 58 and
59 are thermoneutral, even though we acknowledge that reaction 60 is not thermoneutral,
but instead is ca 17 kJmol~! exothermic. From the heats of formation of MeSCN!©3
and MeCN*%¢ we deduce AH(g, MeSCl) equals respectively —42 and — 23 kJmol ™!,
in good agreement with what Benson told us.

MeSCN + 4(Cl,) — MeSCI + 1[(SCN), (58)
MeSCN + MeCl — MeSCl + MeCN (59)
1Cl, +1C,N, — CICN (60)

3. Sulphenyl bromides and iodides

Let us now consider the energetics of sulphenyl bromides and iodides. While
Drabowicz, Lyzwa and Mikofajczyk’® tell us that sulphenyl bromides can be synthesized
by the bromination of thiols or disulphides, they also assert that stable sulphenyl iodides
only rarely arise from iodinating thiols and seemingly never from disulphides. That is,
as noted by Capozzi, Modena and Pasquato'®’, reaction 61 proceeds to the left for
X = Cl and Br, but to the right with X =1. For X = Br, no thermochemical quantitation
is seemingly available except for reaction 62, which is favoured on the left side by
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13kJ mol~! when the elements are in their standard state, and by 16 kI mol~' whether
all of the species are taken as liquids or as gases!®®. For X =1, we know of no
heat-of-formation data on S,I, in any phase.

2RSX = (RSS(X)R)* X~ = RSSR + X, (61)
BrSSBr =4S, + Br, (62)

Furthermore, as one proceeds from X =Cl to Br to I, the charge on the X in the
intermediate sulphonium ion becomes increasingly positive. As such, eventually attack
on X by X~ becomes more likely than attack on sulphur!®?, ie. reaction 61 is more
likely to proceed to the right. In addition, Benson (cf Reference 39) had also noted that
a driving force for reaction 61 to proceed to the right for X =1 is the ca 60 kJmol~*
heat of solidification!'® of I,(g). Indeed, Benson and his coworkers proceeded to
synthesize HSI''* and MeSI*!?in the gas phase by reaction of H,S and Me,S respectively
with I, and concomitantly they derived heats of formation of these sulphur—iodine
compounds as 42.2 + 2.8 and 30.0 + 3.1 kI mol ™!, respectively. It would appear that in
the gas phase, the iodination of disulphides, reaction 61 with X =1, is approximately
thermoneutral. We find it intriguing that the sole sulphenyl halides for which there is
definitive thermochemical information are those that are seemingly the least thermo-
dynamically stable and most incompletely experimentally investigated.

4. Sulphenamides

Let us turn now to sulphenamides. If knowledge of synthesis of sulphenyl chlorides
was relatively useless for deriving thermochemical information, the situation for
sulphenamides is seemingly worse. Consider the generic synthesis of sulphenamides
{equation 63) from sulphenate esters as discussed by Drabowicz, Lyzwa and Miko}ajczyk’®.
As chronicled earlier, we have inadequate knowledge of the heat of formation of any
sulphenate ester to derive a meaningful heat of formation of any sulphenamide. On the
other hand, with their better leaving groups, sulphenyl halides readily react with amines
to form sulphenamides—accompanied by the appropriate ammonium salts {equation 64).
However, the reaction step that forms the ammonium salt, i.e. that of HX and the amine,
is exothermic enough to eradicate any meaningful information about the sulphenamide
if all we know is that reaction 63 proceeds. For example, the reaction of gaseous HCI,
HBr and HI with dimethylamine is between 160 and 180 kJmol~! exothermic. Other
reactions involve reagents and/or products for which thermochemical data are absent,
e.g. silver(I) and mercury(IT) mercaptides formed by addition of metal ion to disulphide/
amine mixtures. Yet we are highly optimistic that meaningful thermochemistry on
sulphenamides should be achievable noting that heats of formation of the sulphinamide
and sulphonamide Et,NS(O)NEt, and Et,NSO,NEt,, and the ‘disulphenamide’
Et,NSSNEt, are all adequately well established. For now, it is not obvious whether the
formal and experimental generic deoxygenation reactions of sulphoxides and sulphones
(equations 65 and 66) and the generic desulphidation reaction of disulphides (equation 67)
result in a consistent heat of formation of Et,NSNEt,, i.e. in the current and admittedly
special case for which R! = R? = Et,N. We should not be optimistic because of the diverse

R!SOR? + R*R*NH — RISNR?R* + R20H 63)
R'SX + 2R?*R3NH — R!SNR?R? + R?R3NH, * X~ (64)
R'S(O)R? — RISR? (65)

R!SO,R? —» R!SR? (66)

R'SSR? — R!SR? (67)
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dipolar resonance structures and varying lone pair-lone pair interactions that
characterize the sulphen-, sulphin- and sulphonamides and the disulphandiamides of
interest and relevance here.

E. Conjugation and Aromaticity in Unsaturated Sulphur-containing Species

In the pedagogical literature, it is not uncommon to see the chemistry of unsaturated
sulphur-containing species explained in terms of ionic resonance structures. For example,
the facile carbon-protonation, and thus hydrolysis, of vinyl sulphides has often been
understood in terms of a resonance contributor that results in partially positive sulphur
and partially negative f-carbon:

C=C—S—«—C —C=8"— (68)

Bridge two vinyl groups by a sulphide, and tie their f-carbons together to form a ring,
and one conceptually synthesizes thiophene. The aromaticity'!?® and ease of electrophilic
substitution of thiophenes is a natural extension of the resonance structure analysis of
acyclic vinyl sulphides.

Relatedly, the pedagogical literature often understands the Michael reaction acceptor
behaviour of vinyl sulphones in terms of a resonance contributor that results in partially
negative oxygen and partially positive fi-carbon:
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C=C—S— «— C*—C=S5— (69)
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Relatedly, tie two vinyl groups with a sulphone and cyclize the product via its two
p-carbons results in thiophene sulphone. While application of simple resonance structure
reasoning might have suggested thiophene and its dioxide should both be stabilized,
only the former is. We recall Hiickel's rule and note that there are 6 n-electrons in
thiophene as opposed to 4 n-electrons in the sulphone. This is reminiscent of the relative
stabilities of the 6n aromatic cyclopentadienide anion and 4n antiaromatic cyclo-
pentadienyl cation.

Resonance structures with positive sulphur and negative carbon, and also with negative
oxygen and positive carbon, can be drawn for vinyl sulphoxides:

O @) o~
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C=C—§— «— C —C=§"— — C"—C=8§— (70

This does not mean that no stabilization results because there are opposite polarities
in different resonance structures. It is, however, unclear whether to expect thiophene
sulphoxide to be more like the sulphone or like the parent heterocycle! .

In this section we will discuss resonance stabilization in sulphides, sulphoxides and
sulphones, whether they be found attached to vinyl or to other conjugating hydrocarbyl
groups, and whether they be found in acyclic or in cyclic environments. No effort will
be made to address the relative importance of the various resonance structures cited
above. All we will do is chronicle the net stabilization, where we will limit our attention
to those species for which heat-of-formation data are directly available from experiment.
In all cases we will discuss only gas-phase species, unless data for the condensed phase
are the only ones available.
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Our intuition suggests that thiophene represents sulphur conjugation ‘at its best’. Yet,
regardless of our findings, we will only briefly discuss thiophene because it is ‘so’ aromatic
that discussion is almost irrelevant. Because of the significant additional stabilization,
it is not obvious if thiophene belongs in the same chapter as the other sulphur-containing
species discussed here—after all, would one think that an extensive discussion of benzene
or pyridine derivatives belongs in a chapter on olefins or imines, respectively?

1. Stabilization of thiophene and the isomeric dithiins

Thiophene has a rn-electron sextet which is expected to show concomitant Hiickel
aromaticity for which stabilization is expected to be strongest. A simple probe of this
extra stability is the comparison of the relative heats of hydrogenation of thiophene and
cyclopentadiene!'4; due to the comparable electronegativities of carbon and sulphur,
o-effects are expected to be relatively small!!®, We will also contrast these findings with
those of furan, since oxygen and sulphur are in the same column of the periodic table
and so they and their corresponding compounds are recognized as valence isoelectronic.

From the heats of formation of thiophene, furan and cyclopentadiene, and their
tetrahydro derivatives thiolane, tetrahydrofuran and cyclopentane, we find the hydro-
genation energies to be —149.0+17, —1493+11 and —210.7+ 1.7 kImol™!,
respectively. From this analysis, we would thus conclude that thiophene and furan are
almost identically aromatic with a net stabilization of ca 60 kImol~!. It is usually
suggested!!® that thiophene is more aromatic than furan, and so this hydrogenation-
derived conclusion may be somewhat disconcerting. Indeed, our prior expectations are
confirmed when we use a recent thermochemical definition!!’ for aromaticity for
thiophene, furan and cyclopentadiene, in which the greater the difference of the heats
of formation of Ph,X*'® and the cyclic (CH=CH),X, the greater the aromaticity of the
latter. We find aromaticity decreases in the expected order: thiophene > furan > cyclo-
pentadiene.

If thiophene is understood to be aromatic because of its 6 n-electrons, then the isomeric
dithiins with their 8 n-electrons may be expected to be antiaromatic. Let us compare them
to each other and to thiophene. The sole 1,2-dithiin (8) for which there is a known heat of
formation is its 3,6-diphenyl derivative, 422.4 +3.6 kJ mol~!. We know of no
corresponding data on 2,5-diphenylthiophene or on any other arylated thiophene. From
our archives, we find demethylation of toluene is accompanied by an increase in the
heat of formation of 322409 kImol™!, while the same process for 2- and
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3-methylthiophene results in essentially the same number, 314+ 14 and 320+ 1.4
kI mol ™, respectively. Let us assume that the heat of dephenylation of biphenyl and
either 2- or 3-phenylthiophene results in the same change in heats of formation, namely
a decrease of 98.8 + 2.1 kImol ™", and this is true regardless of substitution. Applying
this correction twice to the diphenyldithiin results in a predicted heat of formation for
the parent 1,2-dithiin of 225 kI mol ™. This value is ca 110 kJmol ™! higher than that
of thiophene, in contrast to the ca 10 kI mol™! higher heat of formation of di-n-alkyl
disulphides than of monosulphides. We do not know how to apportion this 110 — 10 =
100 kJ mol ~! difference, whether to the aromaticity of thiophene, the antiaromaticity of
1,2-dithiin, or even to the cis (vs gauche) —S—S— geometry of the latter. However, it
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is unequivocal that 1,2-dithiins lack the pronounced and therefore aromatic stabilization
of thiophenes*'®.

The sole 1,4-dithiin for which we have thermochemical data is the dibenzo-analogue,
thianthrene, with its heat of formation2° of 282 4+ 8 kJ mol ~'. Assignment of the heat
of ‘debenzo-ation’, applied twice of course, to 1,4-dithiin is non-trivial. Debenzo-ation
to form the archetypical aromatic species benzene, i.e. its transformation from
naphthalene, is accompanied by a decrease in the heat of formation by 68 kJmol ™!,
while for the less aromatic thiophene the transformation results in a decrease in the heat
of formation of only 51 kymol~!. For non-aromatic species such as cyclohexene,
cyclopentene and cyclopentadiene, derived from tetralin, indane and indene, respectively,
the reactions are favoured by 31, 27 and 29 kJmol~!. These values of ca 29 kJmol !
are almost identical to that of the antiaromatic maleic anhydride!?! relative to phthalic
anhydride. Although some care must be taken in comparing species with ‘unsaturated’
carbon—carbon bonds flanked by elements with lone pairs®!, nearly the same value,
25+ 9kJmol ™%, is found for the difference of the heats of formation of o-dichlorobenzene
and (Z)-1,2-dichloroethylene. Since the presence of seeming aromaticity makes a dif-
ference in the debenzo-ation energy but non- vs antiaromaticity seemingly does not,
we may bypass the question of the non- vs antiaromaticity question of 1,4-dithiin. We
safely conclude that the heat of formation of 1,4-dithiin is ca 225 kY mol~*. This value
is 110 kI mol~! higher than that of thiophene, and again it is not immediately obvious
how to disentangle the destabilization and antiaromaticity of the two-sulphur species
and the stabilization and aromaticity of the one-sulphur species.

It is noteworthy that the heats of formation of 1,2- and 1,4-dithiin are essentially
identical. Is that reasonable? A suitable (but acyclic and saturated) mimic for isomeric
species with two sulphurs adjacent and 1,4-relative to each other would seem to be that
of the isomeric pair, dipropyl disulphide and 1,2-bis(ethylthio)ethane. Their gas-phase
heats of formation differ by 34 kJ mol ~ !, resulting from individual heats of formation of
—1173+ 1.1 and —83.0+ 1.5 kImol ™!, respectively!?2. Yet, of course, there is no
reason why the dithiin and acyclic pair should have the same heat-of-formation
differences, if for no other reason than the different number and type of conjugating
groups in the dithiins: in the 1,2 there are two vinyl sulphide units, one formally
conjugated diene and a disulphide, while in the 1,4 there are four vinyl sulphide units.

2. What is the resonance stabilization energy in simple vinyl sulphides?

The answer to this question, like any and all others involving resonance energy,
ultimately returns us to the question of the choice of reference states. In our archive, if
we ignore thiophenes, dithiins and any of their annelated or substituted derivatives, we
find the heat of formation of one species containing the C—C—S—R,, uratea
substructure. This is 2,3-dihydrothiophene!2® with its gas-phase heat of formation of
90.7 + 1.3 kI mol~!. It seems logical that its extra stabilization (resonance) energy can
be obtained by comparing its hydrogenation energy with that of a comparable olefin
lacking the sulphur, say cyclopentene. From heats of formation of cyclopentene and
cyclopentane we derive the heat of hydrogenation of cyclopentene, — 110.3 kJ mol ™%,
Relatedly, from the heats of formation of 2,3-dihydrothiophene and tetrahydrothiophene,
we find the heat of hydrogenation of 2,3-dihydrothiophene, — 124.8kJmol~!! This
suggests that the resonance energy associated with vinyl sulphides is nearly — 15
kImol~?!, ie. there is destabilization associated with having C=C and —S— adjacent
to each other!2*, This conclusion is corroborated by the fact that the non-conjugated
2,5-dihydrothiophene is more stable than the conjugated 2,3-isomer by nearly 4 kJ mol ™ !.

These last findings run counter to our intuition about conjugative stabilization in
vinyl sulphides. For the heats of hydrogenation of gaseous divinyl sulphide and its



4. Thermochemistry of organosulphur compounds 229

corresponding hydrocarbon analogue, 1,4-pentadiene, we derive the values'?® (for 2H,
addition'2%) of — 189.6 + 4.1 and — 218.0 + 1.7 kI mol ~?, respectively, a seemingly much
more sensible set of numbers since there is stabilization associated with the vinyl sulphide
link' 24, However, problems remain. We recall the earlier conclusion*’ that the difference
between the heats of formation of corresponding gas-phase phenyl and vinyl derivatives
has been shown to be quite constant, namely ca 30 kImol~! per phenyl/vinyl group.
We find a total heat-of-formation difference for diphenyl and diviny! sulphides somewhat
over 115 kJmol ™, or nearly twice as much after correcting for the two phenyl or vinyl
groups. And lest one argue that steric repulsion between the two phenyls in diphenyl
sulphide strongly destabilizes this compound relative to its divinyl analogue, we note
that the total heat-of-formation difference for gaseous divinyl and diphenyl ether is 58.6
kJmol~!, or the essentially normal 29 kJmol~! per phenyl/vinyl group. We wonder if
the divinyl sulphide was contaminated by the presence of some undetected polymer. It
would thus seem that we are currently thwarted from giving a meaningful value for the
resonance energy of vinyl sulphides.

3. What is the resonance stabilization energy of vinyl sulphoxides?

The one appropriate gaseous vinyl sulphoxide for which we have an experimentally
determined gas-phase heat of formation is divinyl sulphoxide!2”: 25.0 + 3.0 kI mol ™ 1.
Analogous to the above discussion on divinyl sulphide, we deduce a heat of hydrogenation
of divinyl sulphoxide of — 230.6 kI mol ™!, more exothermic than that of I,4-pentadiene
and suggestive of some vinyl-sulphoxide destabilizing interaction. The total
heat-of-formation difference of the divinyl and diphenyl sulphoxides is 81.8 +4.3
kImol™! and the nearly 42 kJmol™! per phenyl/vinyl group exchanged is still
meaningfully larger than what we would have expected based on earlier experience*’
of the energetics of this group exchange.

4. What is the resonance stabilization energy of acyclic vinyl sulphones?

Unlike the situation of vinyl sulphides and vinyl sulphoxides, there are considerable
heat-of-formation data which we can use for the sulphones. Parallelling the earlier
sections in which the divinyl derivative figured prominently, we commence with divinyl
sulphone!?® itself with its gas-phase heat of formation of — 156.6 + 5.0 kJmol ™!, We
derive a gas-phase heat of hydrogenation of —272.7 kJmol~!, higher than for either
divinyl sulphide or sulphoxide, and suggestive of even greater destabilizing interactions
with vinyl sulphones than with vinyl sulphoxides or sulphides. While this is perhaps
resonable (cf Reference 115), the degree of destabilization is surprisingly high. To calibrate
our thinking, let us consider the energetics of other sulphones. To begin with, the
phenyl/vinyl comparison shows sequential heat-of-formation increases from divinyl
sulphone to phenyl vinyl sulphone to dipheny! sulphone of 26.4 and 10.3 kJmol™'.
Only the former seems at all normal, but then again, the series of divinyl sulphide,
sulphoxide and sulphone has already demonstrated unusual behaviour. If we conclude
that conjugative vinyl-sulphone interactions are inherently destabilizing, we are not
surprised that the three isomeric 1-methyl-4-(X-butenylsulphonyl)benzenes increase in
stability X = 2- (i.e. allylic) < 1- (i.e. conjugated) < 3-(i.e. homoallylic)!2°. Relatedly, the
conjugated (1-propynylsulphonyl)benzene is less stable than its 2-propynyl isomer, and
both are less stable than their conjugated allenyl phenyl sulphone isomer. Admittedly,
prejudices as to stability of substituted propynes and allenes are no doubt derived from
considerations of hydrocarbons. For example, the replacement of SO,Ph by Me results
in the 20 kJmol™' spread and normal order of gas-phase stability: 1-butyne
= 1,2-butadiene < 2-butyne. That the order is reversed and that this spread is dwarfed
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by the 40 kJmol™! for the sulphones remains a surprise. Regrettably, we lack the
corresponding heat-of-formation data for the analogous sulphide and sulphoxide series.

5. What are the resonance stabilization energies of thiapyrone derivatives

Before attempting to answer this question, it is imperative to ask ‘which derivatives™?
Thiapyrones may be expected to show aromatic character like thiophenes, unless one
is talking about their sulphone derivatives and then they are expected to show some
antiaromatic character. Interestingly, there is one study!3° that discusses the 2,6-diphenyl
derivatives of both 1-thia-4-pyrone (9) and its sulphone, and both of their tetrahydro
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derivatives. There are two hitches though: heats of combustion, but not heats of
formation, were reported and the data are solely for the species as solids. As discussed
elsewhere, it is quite precarious to derive heats of formation of sulphur compounds from
heat-of-combustion measurements without accompanying details as to products and
calorimetric reaction conditions. Nonetheless, we will proceed. We note that our archive
gives us the heat of formation of the saturated 2,6-diphenyltetrahydro-1-thia-4-pyrone,
—60.0 + 6.7kJmol "', derived from an alternative set of heat-of-combustion measure-
ments' 3!, These resulted in a value —9518.6 + 6.7 kI mol ™! which is ‘not-too-far’* 32 from
the earlier one!®® of —9491.8 + 9.7 kJ mol™!. We accept the newer heat of combustion
and of formation, and then correct the others from Reference 130 by the same
difference of 27kJmol~!. Reference 130 tells us that the difference between the
heat of combustion of saturated 2,6-diphenyltetrahydro-1-thia-4-pyrone and its sulphone
is 334kJmol !, Since the formulas of these two substances differ by 1 molecule
of O, which has heats of combustion and formation of precisely 0, the heat of formation
of the parent sulphide and derived sulphone is 334 kJ mol~'. The heat of formation of
solid 2,6-diphenyltetrahydro-1-thia-4-pyrone sulphone is thus —334 — 60 = —394 kJ mol ™.
Now, 2,6-diphenyltetrahydro-1-thia-4-pyrone sulphone and 2,6-diphenyl-1-thia-4-
pyrone differ in their molecular formulas and in their heat of combustion products,
by two molecules of water. The difference between the heats of combustion'? of these two
substances is —98kJmol~!. From the experimentlly measured heat of formation of
liquid H,O of —286 kJ mol ™!, we conclude that the heat of formation of solid unsaturated
2,6-diphenyl-1-thia-4-pyrone is — 394 —2(—286)—98 =80kJmol~!. As with the
tetrahydro derivative we may make an immediate comparison of heats of combustion
and of formation of the corresponding sulphone, and since the heat of formation of solid
unsaturated 2,6-diphenyl-1-thia-4-pyrone sulphone is 198 kJmol~' smaller, it equals
80 —(198) = — 118 kI mol~'. There are many numbers here. Perhaps the most useful
comparison is that the difference in the heats of formation'3° of the saturated sulphone
and sulphide is 334 kJmol ™! while it is only 198kJImol ™" for the unsaturated species.
There is regretably not enough information on how to ascribe the 334—198 = 136 kJ mol ™!
effect of unsaturation as to the aromaticity of the thiapyrone and the antiaromaticity
of its dioxide.

It is not obvious how much effort should be made. Remember that all of the these
numbers are for the species of interest as solids. What data do we have for the difference
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between the heats of formation of solid sulphones and sulphides? Our archives document
considerable heat-of-formation data for solid sulphones, but seemingly not for the related
sulphides. However, we may derive an approximate heat of formation of the solid
sulphides via equation 71 wherein AH;,, is the heat of fusion and Ty is the melting
point!33, Using heats of melting from archival compendia by Domalski and his
coworkers*, we find that the difference between the heats of formation of solid R,SO,
and R,S is ca384kImol~! for R =Et and ca370kJmol ™! for R = n-Bu. While both
values are disturbingly distant from the 334kJmol~! found for the above saturated
pyran case, that the differences for the ethyl and n-butyl cases themselves are so disparate
is likewise distressing. We leave it to the reader to decide the validity of the data
accompanying analysis in this section.

AH(s) ~ AH(1) — AH¢, (Tw) (M)

6. Thiophene sulphone and its derivatives

Of all the reported thiophene sulphones or their benzoannelated analogues, there have
seemingly been calorimetric measurements!3* for the heats of formation of only four
solid-phase alkylated derivatives of benzothiophene sulphone: 3-methyl, 214.0;
3,5-dimethyl, 10.5; 3,7-dimethyl, 52.5; 2-ethyl-3,5,7-trimethyl, 108.3kJmol~!. Are these
numbers plausible? Let us make comparisons among these species and between them
and other alkylated ring systems. The monomethyl and dimethylbenzothiophene
sulphones have heats of formation that differ by between 160 and 200kJmol ~!. By
contrast, the heats of formation of solid monomethyl and dimethylnaphthalenes differ
by between 20-50 kJ mol ~ !, a much smaller and more plausible difference’ *°. Furthermore,
we can think of no reason why dimethyl benzothiophene sulphone should have a lower
heat of formation than the ethyl, trimethyl species unless it alone did not oligomerize
or otherwise decompose on standing. Admitting these complications in understanding
the substituent effects on benzothiophene sulphones, nonetheless, we may still ask what
we would have predicted their heats of formation to be. We will estimate the heat of
formation of solid 3-methylbenzothiophene sulphone. We had earlier noted that the
difference in the heat of formation of a solid saturated sulphide and its corresponding
sulphone is ca370kJ mol ™. Assuming no aromaticity effects in the benzothiophene nor
antiaromaticity effects in its sulphone, we would thus predict a heat of formation of the
solid parent benzothiophene sulphone of ca —270kJ mol ™. Accepting the monomethylation
energy from the difference between the heats of formation of naphthalene and its
2-methylated derivative of 33 kI mol ™!, we conclude that the heat of formation of solid
3-methylbenzothiophene sulphone is ca —300kJ mol ~!. The difference of ca 520kJ mol ™"
is inexplicable, no matter what assumptions are made about aromaticity and
antiaromaticity. Something is seriously wrong with the suggested heats of formation in
this section. While we cannot definitively ascertain the source of error, we note it appears
plausible that the product analysis of the combustion processes is problematic: especially
since we are told that the final sulphur-containing species for all four compounds is
SO,, and not sulphuric acid at some concentration. We would not have expected
extrusion of SO, without any subsequent oxidation!*®. We consider thiophene sulphones
to be interesting species. To disentangle the complications of sample identity and
combustion product gas analysis, and of the wiles of both aromaticity and the organic
solid state, we recommend a calorimetric study of dibenzothiophene sulphone.

7. Dibenzoannelation of 8n heterocycles

We conclude this chapter with a brief discussion of the energetics of some other
dibenzo (DB)-heterocycles. Returning to the dibenzo-analogue of of 1,4-dithiin, we
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O O

(10) (11)

explicitly consider those of 4H-1,4-thiazine (10) and 4H-1,4-oxazine (11) (i.e. thianthrene,
10H-phenothiazine and 10H-phenoxazine). An interesting comparison consists of
contrasting these three-ring species ‘DB-1,4-X,Y’ and the ‘open’ two-ring diphenyl-
sulphide, ether and amine. That is, we define (equation 72) the difference quantity,
572(X’ Y)

072(X,Y) = AH(g, “DB-1,4-X,Y”) — [AH(g, Ph,X) + AHg, Ph,Y)] (72)

For the three cases itemized above, gaseous (S, 8), (S,N) and (O, N), the differences!3’
8,,(X,Y) are 18049, 1724 5 and 167 + 4kJ mol ™", respectively, and making use of an
estimated heat of formation of the (O, Q) species'>®, a value of 167kJmol~* is found.
What does this tell us about the antiaromaticity of these heterocycles? Perhaps because
we have become almost so expecting of multi-kJ mol ™! discrepancies in the latter part
of our chapter, we may tranquilly conclude that all of these three-ring heterocycles are
of comparable antiaromaticity!3®. Alternatively, we note the decreasing order of
aromaticity of the 1-ring, single heteroatom-containing 6-z, 5-atom thiophene, pyrrole
and furan, i.e. S> NH > O > CH, = ‘zero’. There is much the same (but now} decreasing
order of antiaromaticity in the 3-ring, two heteroatom-containing 8-z, 6-atom
(S +8)>(S+ NH) > (O + NH) ~(O + O) »(CH, + CH,) = ‘zero’. Aromaticity and anti-
aromaticity continue to be antiparallel***. As for now, we have insufficient experimental
information and conceptual understanding to answer our final question of aromaticity
and antiaromaticity—our ignorance and interest balance as we wait.
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Data, 11 (1982), Suppl. 2.

. J.D. Cox and G. Pilcher, Thermochemistry of Organic and Organometallic Compounds.

Academic Press, New York, 1970.

. A recent exploration of ‘statistical pitfalls’ attending the analysis of thermochemical data is found

in J. A. Martinho Simdes, C. Teixeira, C. Airoldi and A. P. Chages, J. Chem. Educ., 69, 475
(1992) in which they point out the danger of assessing goodness of fit from correlation constants
(r) only. Our attempts at correlation are less precarious in that there is experimental uncertainty
in only one variable (usually less than 3 kJ mol~') and the variable is weighted in the analysis.
Nonetheless, as a precaution against over-confidence in ‘good’ correlation coefficients obtained
from regressions which include ‘bad’ data, we routinely plot the data and inspect for obvious
outliers.

. Equation 1 is a modified form of the more general relation, AH;[Y—(CH,),,—H]=A + Bm +

9, first proposed for homologous hydrocarbon series by E. J. Prosen, W. H. Johnson and F. D.
Rossini, J. Res. Natl. Bur. Stand., 37, 51 (1946); A is a constant associated with a specific end
group Y, Bis a constant for all normal alkyl series independent of the end group (—20.6kJ mol ™)
and ¢ is the deviation from linearity for a given member of the series. In Reference 7, Cox and
Pilcher discuss the applicability of the equation to homologous series other than hydrocarbons.
They conclude from the three series they analysed that in the C,~C, 4 range the n-alkyl bromides
and n-alkyl thiols behave normally and the n-alkyl alcohols behave slightly abnormally. Using
our archival values for the n-alkyl thiols, none of which show more than 0.5!kJmol™!
difference from those in Reference 7, we find a slight difference in the constant terms (— 20.46 vs
—20.64 kJ mol ~! for the slope). Thus, we emphasize the sensitivity of the numerical analysis to
the experimental data and associated uncertainty intervals.

The question arises as to whether the diethyl-substituted compounds should be counted as
n. = 4 because earlier observations of deviation were based upon homologous series of the type
Y—(CH,),.—H. For the cases in which the functional group is bonded to only the methylene
group, specific intramolecular effects between non-bonded atoms are greatest for the lower
members and deviations from linearity become increasingly insignificant for higher members.
This suggests that better data for the H—(CH,), — Y—(CH_), —H compounds is associated
with both n, and n. > 4, as opposed to merely total n, > 8, However, because of the lack of
data, we have no choice but to use whatever is available.

An alternative presentation of the data for these linear relationships is to assume the existence

of a ‘universal’ methylene heat-of-formation increment, established for the n-alkanes, and to
calculate the deviations of each member from the ‘universal’ slope. We have chosen to present
the best linear fits of the experimental data in order to give the reader a more immediate, and
perhaps ultimately intuitive, cognizance of the overall magnitude of deviation from ideality.
S. W. Slayden and J. F. Liebman, in Supplement E: The Chemistry of Hydroxyl, Ether and
Peroxide Groups. Vol. 2 (Ed. S. Patai), Wiley, Chichester, 1993. The Me—X—R cases may be
considered examples of the ‘methyl effect’ deviation from R—X—R linearity. Me—X—Me
deviates from R—X—R as well as from Me—X—R.
It can be shown using the parameters in Table 1 that the two series of gas-phase sulphides
have identical numerical heats of formation at hypothetical n.= 2.8, ie. the lines cross. The
consequence is that the extrapolated AH, values have an inverted order relative to those of
sulphide isomers with n, > 3.
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R. L. Montgomery and F. D. Rossini, J. Chem. Thermodyn., 10, 471 (1978) evaluated the
deviation from linearity of several Me—X compounds using the ‘universal’ methylene
increment and experimental heats of formation for gaseous members of each series. They
found, within the uncertainties, that the order of increasing values of §(n, = 1) corresponds to
the order of increasing electronegativity of the atom X. The order of deviation from the ‘best
data fit’ slope, MeSH < Me,SO < Me,;SO, < Me,SO, < Me,SO,, is in accord with our
intuition regarding the electronegativity of the functional groups. However, the opposite order
of deviation from the universal slope with respect to the sulphoxide and the sulphone is
consonant with the relative electronegativities of these groups as calculated by Boyd and Boyd
[R.J. Boyd and S. L. Boyd, J. Am. Chem. Soc., 114, 1652 (1992)].

. It could be asked if this is an example for which n_ and n_ >4 and if the linear relationship

should be established by the dibutyl and dipentyl sulphide enthalpies. However, this is not
the only evidence we will adduce for the unreliability of these enthalpies. We note now that
for the difference quantities to be discussed, the intramolecular effects of lower members largely
cancel.

P. Knauth and R. Sabbah, Can. J. Chem., 68, 731 (1990).

This relationship has been dubbed the ‘Rossini effect’ in G. J. Janz, Thermodynamic Properties
of Organic Compounds, Physical Chemistry Vol. VI (Eds. E. Hutchinson and P.V.
Rysselberghe), Academic Press, New York and London, 1967. The fully enunciated principle
balances steric effects and carbon branching, so we do not define as ‘simple’ those compounds
such as di-t-butyl ether where the two large tertiary groups are brought into close proximity.
Montgomery and Rossini!2 showed that the correlation of 8(n, = 1) with electronegativity varies
broadly in that they combined the deviations of different classes of compounds containing the
same heteroatom, e.g. mercaptans, sulphides and disulphides were compared with alcohols and
ethers. Here, we are assessing the usefulness of m for n. > 1 in gauging relative electronic effects
of individual series in their deviation from the ‘universal’ m of 20.6kJ mol~!. Knauth and
Sabbah'4, in their study of the 1,w-alkanediols, concluded that the low —CH,— group
contribution to the heat of formation is due to the electron-attracting effect of the hydroxyl
groups which lowers the mean C—C bond enthalpy compared to other aliphatic compounds.

. Using m as an indicator of group electronegativity gives the following order: R,SO, >

R,80; > R,S0O, > RSH > R,S > RSSR > R,SO. The two groups which seem out of place, the
disulphide and sulphoxide, are also the two series which have m values more negative than the
universal m, implying that these groups are less electronegative than a hydrocarbon.

This derivation and the ultimate constancy of the quantities presupposes the universality of
the universal methylene increment. Will this in fact be confirmed from measurements of the
heats of formation of members of our various classes of sulphur compounds with more
carbons, or will it be shown that ‘some increments are more equal than others’?

. In Reference 10 we observed a descrepant heat quantity for the formation of di-t-butyl ether

from ¢-butyl alcohol and attributed it to steric strain in the ether.

1. T. Herron, in The Chemistry of Sulphones and Sulphoxides (Eds. S. Patai, Z. Rappoport and
C. Stirling), Wiley, Chichester, 1988.

The one combination we can examine is methyl ethyl sulphite. Using AH{1) values for dimethyl
sulphite (—523.6 + 1.1 kY mol ~ ') and diethyl sulphite (— 600.7 + 0.9 kJ mol ~ '), we calculate the
AH () of methyl ethyl sulphite as —562 4 1.4kJmol~!. This is quite close to the measured
value of —567.5+ 1.2kJmol™'. Herron?®, using the method of group additivity, has
demonstrated that a reported heat of formation for C;HgO,S of —898.1 + 1.5kJmol ™! () is
incompatible with the compound being either methyl ethyl sulphate or isopropyl hydrogen
sulphate. We concur after deriving a value of —774.4kJmol~" for the appropriate sulphate
substituent exchange reaction, or a value of —779.5kJmol ™" using the difference quantity
d6(1,73,4) in Figure | and the measured value of methyl ethyl sulphite.

K. B. Wiberg, D. J. Wasserman, E. J. Martin, and M. A. Murcko, J. Am. Chem. Soc., 107, 6019
(1985); K. B. Wiberg and S. Hao, J. Org. Chem., 56, 5108 (1991).

R. Shaw, in The Chemistry of the Sulphonium Group (Eds. C. J. M. Stirling and S. Patai), Wiley,
Chichester, 1981.

We note again the oft- but not universally-observed anomalous effect of methyl substitution
on difference quantities. The larger endothermicity of the di-t-butyl sulphone/ketone exchange
is due to a suggested steric effect in the ketone which is evidently not present in the sulphone.
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Sellers attributes 15-20kJ mol ™' steric energy to di-t-butyl ketone on the basis of enthalpy
differences upon additional a-methyl substitution. [P. Sellers, J. Chem. Thermodyn., 2, 211
(1970]. We find also from a perusal of the ketone isomers in our archival source that the heats
of formation of the di-t-butyl and di-n-butyl ketones are identical within uncertainty intervals
while di-isobutyl ketone is about 12kJ mol~! more stable than either. Contrast this with the
sulphones; di-z-butyl is more stable than di-isobutyl (by 10.7 kJ mol ™!} which in turn is more
stable than di-n-butyl (by 25.8kJ mol ™). The smaller C—8(Q,;)—C bond angle compared to
a C—C(0)—C angle would imply a larger steric effect which is partially compensated for by
the longer C—S bond length.

B. Bujnicki, M. MikoJajczyk and J. Omelanczuk, in The Chemistry of Sulphinic Acids, Esters and
Their Derivatives (Ed. S. Patai), Wiley, Chichester, 1990.

K. V. Rajagopalan, R. Kalyanaraman and M. Sundaresan, J. Indian Inst. Sci., 70, 409 (1990).
These authors also reported the heats of formation of its hydrated 1:1 ‘AIOH** and Ca*?,
Mg*2, and Zn™*? salts. These last ionic/chelated species cannot be compared with any other
sulphur-containing species we know about, and thus no further mention will be made of them
save for chronicling here their heats of formation, ‘AlIOH-4H,0, —2487 +4; Ca-2H,O,
—2068 + 4, Mg-4H,0, —2500 4+ 2; Zn-4H,0, —~2310+2kJmol !,

J. F. Liebman, in The Chemistry of Sulphonic Acids, Esters and Their Derivatives. (Eds. S. Patai
and Z. Rappoport), Wiley, Chichester, 1991.

M. Colomina, P. Jimenez, M. V. Roux and C. Turrion, An. Quim. Ser. A, 77, 114 (1981).

By taking the difference of the heats of formation on pure acid and its aqueous, ionized solution
we derive the interaction energies of liquid H,SO, and FSO;H with water to be nearly 96 and
77 kImol ™!, respectively, while for H,SOj5 (cf gaseous SO,) it is but 26 kI mol ~ !,

W. E. May, S.P. Wasik, M. M. Miller, Y.B. Tewari, J. M. Brown-Thomas and R.N.
Goldberg, J. Chem. Eng. Data, 28, 197 (1983).

We ascertained the heat of solution of solid benzene by explicitly summing the 2 kImol ™!
heat of solution of liquid benzene suggested by May and his coworkers’, and the 10 kJ mol ™!
heat of solidification of benzene, as found in the evaluated compendia Reference 4. (For any
compound, its heats of fusion and solidification are equal except for the sign of the numbers.)

R. L. Benoit, M. Fréchette and D. Boulet, Can. J. Chem., 67, 2148 (1989).

We determined the heat of solution of liquid methane by explicitly summing the heat of
solution of gaseous methane (from Wagman and his coworkers®) and an estimated heat of
condensation of methane of ca — 8 kImol ™. This last quantity was obtained by averaging
the — 7.7 kJmol~! derived from equation 2 of J. S. Chickos, A. S. Hyman, L. H. Ladon and
J. F. Liebman, J. Org. Chem., 46, 4294 (1981) for hydrocarbon heats of vaporization (heats of
vaporization and condensation are equal but of opposite sign) and the — 8.5 kI mol ™! value found
in the compendia by Domalski and his coworkers*. Though the agreement of these two
independent sources is good, the value should only be considered approximate because the
former value is derived from equations not designed for such few carbon species, and the
latter is for a measurement at 99 K, which is not the 298 K we wish to use, need for proper
thermochemical comparisons and implicitly employ in our reasoning.

This is because we are comparatively suspicious of corrections to standard temperature
conditions of the high temperature sulphonation reactions of the various aromatic compounds.
Indeed, we may even inquire as to their phase under the relevant reaction conditions.

This is documented by the rich nucleophilic chemistry of sulphinate anions, cf the chapter
by T. Okuyama, and of the stability of the representative and transition metal ion salts
and complexes of sulphinic acids, cf the chapter by H. Fujihara and N. Furukawa, both
in The Chemistry of Sulphinic Acids, Esters and Their Derivatives (Ed. S. Patai), Wiley,
Chichester, 1990.

L. L. Kice, H. C. Margolis, W. S. Johnson and C. A. Wulff. J. Org. Chem., 42, 2933 (1977).
The ‘S.5,S” is unnecessary since there is no other possible way of putting three oxygens on a
disulphide. However, for the first time we mention this compound we append these letters to
remind the reader that we are not talking about Ph§(O)—O—S(O)Ph, the ‘classical’ but still
unisolated, anhydride of benzenesulphinic acid.

Kice and coworkers observed® that a peri (1,8)-bridged naphthalene cyclic sulphinyl sulphone
had nearly the same heat of solution as the corresponding disulphone and so suggested that
diphenyl disulphide trioxide has nearly the same heat of solution as its corresponding
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disulphone, namely 162 kJ mol ~'. We find that the heats of sublimation of diphenyl sulphoxide
and diphenyl sulphone differ by but 7kImol™! Finally, adding the archival heats of
vaporization (at 298 K) and fusion (at the melting point) of dimethyl sulphoxide to derive
the heat of sublimation of dimethyl sulphoxide is within 1 kJ mol~! of the recommended value
for dimethyl sulphone.

We opted for the heat of formation suggested by Benson in his specialized thermochemistry
review [S. W. Benson, Chem. Rev., 78, 23 (1978)] although this value and our archival value
from Pedley and his coworkers® are nearly indistinguishable. Benson alone gives us the heat
of formation of diphenyl disulphide trioxide—and those of the other lower disulphide
oxides—that he obtained by thermochemical kinetic analysis of sulphiny! and sulphonyl free
radical reactions such as (self and mixed) dimerization. There is some dispute about these
radical energetics (cf Benson’s review) and those by C. Chatgilialoglu, in The Chemistry of
Sulphones and Sulphoxides (Eds. S. Patai, Z. Rappoport and C. Stirling), Wiley, Chichester,
1988, and D. Griller, J. A. Martinho Simdes and D.D. M. Wayner, in Sulfur-Centered
Intermediates in Chemistry and Biology [Eds. C. Chatgilialoglu and K.-D. Asmus), Plenum
Press, New York, 1991.

We understand the possible resistance of the reader to consider this analogy. Yet, how much
is it due to the classical inorganic/organic dichotomy and that the $,0,~? anions are
customarily called dithionite, pyrosulphite and dithionate for x =4, 5 and 6? We also admit
that there is a rather common anion with x = 3, but this has the altogether different structure
of SSO; % and the common name of thiosulphate.

We find it surprising, given the rich redox chemistry of sulphinic acids, that so little quantitative
data has been reported. Besides that of Ashworth*?, chapters in The Chemistry of Sulphinic
Acids, Esters and Their Derivatives (Ed. S. Patai), Wiley, Chichester, 1990, that address generally
qualitative features of this redox chemistry, especially disproportionation reactions, include
those by C. J. M. Stirling, J. Hoyle, S. Oae and H. Togo, and T. Takata and T. Endo.

M. R. F. Ashworth, in The Chemistry of Sulphinic Acids, Esters and Their Derivatives (Ed. S.
Patai), Wiley, Chichester, 1990.

This is for bisulphite and bisulphate—we also note that a comparable difference is found for
the corresponding sulphite/sulphate pair, as well as the non-oxyanion pairs of cyanide and
cyanate, and formate and bicarbonate.

. U. Zoller, in The Chemistry of Sulphinic Acids, Esters and Their Derivatives (Ed. S. Patai), Wiley,

Chichester, 1990.

Equivalently, the right side is expected to be no more than 94 kJ mol~! more stable than its
precursors 1,2-butadiene + SO,. This 94kJ mol ™" is expected to be rather general because the
ca 52+ 2kJmol ™! difference in the heats of formation of the isomeric 1,2- and 1,3-butadienes
is shared by the difference of 61 4 3 and 54 + 3kJ mol ™! for gaseous 1,2- and 2,3-pentadienes
vs an averaged value for (Z)- and (E)-1,3-pentadiene, and 54 + 2kJ mol ™! for 3-methyl-1,2-
butadiene and 2-methyl-1,3-butadiene. [The necessary heat of formation of gaseous
3-methyl-1,2-butadiene is taken from W. V. Steele, R. D. Chirico, A. Nguyen, 1. A. Hossenlopp
and N. K. Smith. AIChE Symp., 279, 138 (1991).]

We recall warnings given by C. J. M. Stirling, in The Chemistry of Sulphinic Acids, Esters and
Their Derivatives (Ed. S. Patai), Wiley, Chichester, 1990, about the numerous chemical
differences of carboxylic and sulphinic acids although they are both ‘RXOOH’ species.
Nonetheless, we recognize the formal similarity of the facile loss of SO, from allylic sulphinic
acids (as opposed to other types of sulphinic acids from which this decomposition mode is
seemingly rare) and the relative ease of decarboxylation of f-ketocarboxylic acids that form
energetically ‘expensive’ enols (in contrast to ‘normal’ carboxylic acids).

(a) J. F. Liecbman, in Molecular Structure and Energetics: Studies of Organic Molecules, Vol. 3
(Eds. J. F. Liebman and A. Greenberg), VCH, Deerfield Beach, 1986.

(b) P. George, C. W. Bock and M. Trachtman, in Molecular Structure and Energetics:
Biophysical Aspects, Vol. 4 (Eds. J. F. Liebman and A. Greenberg), VCH, New York, 1987.
There is, in fact, very little experimental data to support this plausible assumption. It is
based on the optimistic interpolation between the nonconjugated ethylene and aromatic
benzene and noting that both of them have symmetric backbones composed of essentially
neutral and equally charged, trigonal and sp? carbons.

While we know of no heat-of-solution data for H,SO, in aqueous dioxane at any concentration,
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we find that the heat of solution of H,SO, in water exceeds that in diethyl ether by only
10-15kJ mol ! at the reported 1:5,1:10,1:15, 1:20and 1:25 pure acid/pure solvent mixtures.
S. Patai (Ed.), The Chemistry of Sulphinic Acids, Esters and Their Derivatives, Wiley, Chichester,
1990.

B. Bujnicki, M. Mikolajczyk and J. Omelanczuk?® cite one sulphinic acid derivative, the
sulphinyl sulphide (thiolsulphinate) PhS(O)SPh. In Benson’s specialized organosulphur
thermochemistry review®® he also cites the related di- and trioxides, PhS(O)S{O)Ph and
PhS(O)SO,Ph. We consider these latter diphenyl disulphide oxides also to be sulphinic acid
derivatives, since we define members of this class of compound to be any species with the
RS(O)X substructure where R is some hydrocarbyl group and X is a group attached by some
‘hetero’ atom (i.e. neither carbon nor hydrogen). However, since we do not know how to
proceed from knowledge of the heats of formation of these species with the heteroatom
equalling sulphur to any compound with the hetero-atom equalling oxygen, we do not discuss
these species further.

S. Patai, Z. Rappoport and C. Stirling (Eds.), The Chemistry of Sulphones and Sulphoxides,
Wiley, Chichester, 1988.

S. Braverman, in The Chemistry of Sulphinic Acids, Esters and Their Derivatives (Ed. S. Patai),
Wiley, Chichester, 1990.

S. Braverman, in The Chemistry of Sulphones and Sulphoxides (Eds. S. Patai, Z. Rappoport and
C. Stirling), Wiley, Chichester, 1988. Braverman has written two chapters in this volume, one on
sulphones and the other on sulphoxides. This citation refers to the former.

K. Schank, in The Chemistry of Sulphones and Sulphoxides (Eds. S. Patai, Z. Rappoport and
C. Stirling), Wiley, Chichester, 1988.

J. Drabowicz, P. Kietbasinski and M. Mikotajczyk, in The Chemistry of Sulphinic Acids, Esters
and Their Derivatives (Ed. S. Patai), Wiley, Chichester, 1990.

D. C. Dittmer and M. D. Hoey, in The Chemistry of Sulphinic Acids, Esters and Their Derivatives
(Ed. S. Patai), Wiley, Chichester, 1990.

For example, we find propyne is nearly 6 kJ mol~! more stable than allene, and while t-butyne
is only some 3 kJ mol ™! more stable than 1,2-butadiene, the ‘internal alkyne’ 2-butyne is nearly
20kJmol~' more stable than 12-butadiene. To calibrate our thinking, we note that
1,3-butadiene is some 50kJmol~! more stable than 1,2-butadiene, documenting that
conjugation has a larger stabilizing effect than hyperconjugation.

A. Greenbergand J. F. Liebman, Strained Organic Molecules, Academic Press, New York, 1978.
J.F. Liebman and D. Van Vechten, in Molecular Siructure and Energetics: Physical
Measurements, Vol. 2(Eds. J. F. Liebman and A. Greenberg), VCH, Deerfield Beach, FL, 1987.
The reader is reminded of our carlier questions and caveats as to the true universality of the
universal methylene increment. If this increment is universal, then it is not particularly
surprising that this value designed for the understanding of n-alkyl derivatives is nearly
identical to the heat of formation of the ‘diagonal’ strainless —CH,— increment, defined as
precisely 1/6 of the heat of formation of cyclohexane for the study of cycloalkanes and other
alicyclic hydrocarbons, by D. Van Vechten and J. F. Liebman, Isr. J. Chem., 21,105 (1981). If the
increment is not universal, then its application to alicyclic rings requires perhaps even more
scrutiny for its immediate application to a new series of alkyl derivatives, although the derived
value of —20.6kJmol~! remains numerically precise in the current case.

It should be noted that A. Greenberg and J. F. Liebman®? cite two literature values for the
strain energy of cyclobutene that differ by a ca 15kImol™".

More precisely, we limit our attention to those unimolecular decomposition reactions wherein
there are two ‘things’ on the right and only one on the left, and so the decomposition of either
of the sultines is entropically favoured. A perusal of Benson and O’Neal's compendium [S. W.
Benson and H. E. O’Neal, Kinetic Data on Gas Phase Chemical Reactions, Natl. Stand. Ref.
Data Ser., Natl. Bur. Stand., 66 (1970)] shows numerous elimination reactions to have an entropy
change of ca 140J mol ~* K~ . For example, for the thermolysis of the n-butyl, isobutyl, s-butyl
and t-butyl acetates the entropies are 135, 136, 147 and 158 Jmol ™! K~ ! while for the related
bromides they are 139, 136, 143 and 156 Jmol™ 'K ~'. Admitiedly, there is a ‘mass effect’
associated with changes in translational entropy. However, for the thermolysis of the acetate
esters of ethanol and its 1-phenyl derivative the entropies are 126 and 141 Jmol "' K~

A. Greenberg and J. F. Liebman, in Reference 59, p. 66, (we normally would not single out one
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page in a publication, except that we have found numerous individuals who are bothered by
the name ‘cycloethane’ and the pictorial description it conveys, and have found numerous
others who immediately acknowledge the structural and electronic tautology inherent in the
two names.)

For the one (strong) sulphur oxyacid for which there are data, sulphuric acid, the difference
between gas-phase heats of formation is 24 kJ mol ! per methyl group; for the very weak, weak
and strong nitrogen oxyacids NH,OH, HNO, and HNO,, the differences are 16, 14 and
13kJ mol ™! and for the weak carbon oxyacids, ROH with R = Et, Ac and Ph, the differences
are 19, 22 and 28 kJ mol ™', respectively. [All data come from Reference 3 except for H,SO,,
from M. W. Chase, Jr., C. A. Davies, J. R. Downey, Jr., D. J. Fruip, R. A. McDonald and A. N.
Syverud, JANAF Thermochemical Tables, 3rd ed., J. Phys. Chem. Ref. Data, 14 (1985),
Supplement 1; NH,OH and NH,OMe, from S. W. Benson, F. R. Cruickshank, D. M. Golden,
G. R. Haugen, H. E. O’Neal, A. S. Rogers, R. Shaw and R. Walsh, Chem. Rev., 69, 279 (1969);
and HNO, and HNO;, from Reference 4.]

The assignment of the value of —20.6kJ mol ™! follows from recognizing that the homologous
series of n-alkanes can be mentally generated by sequentially inserting methylenes into C—C
bonds starting with ethane or into primary C—H bonds starting with methane. We
acknowledge Benson’s lecture3® that the difference between the heats of formation of the
compounds formed by attaching a group to H and to Me depends very strongly on the
clectronegativity of the group.

F. Turecek, L. Brabec, T. Vondrak, V. Hanus, J. Hajicek and Z. Havlas, Coll. Czech. Chem.
Commun., 53, 2140 (1988).

S. Patai (Ed.), The Chemistry of Sulphenic Acids and Their Derivatives, Wiley, Chichester, 1990.

. S. Braverman, in The Chemistry of Sulphones and Sulphoxides (Eds. S. Patai, Z. Rappoport and

C. Stirling), Wiley, Chichester, 1988. This citation referes to the chapter on sulphoxides.

S. Braverman, in The Chemistry of Sulphenic Acids and Their Derivatives (Ed. S. Patai), Wiley,
Chichester, 1990.

There is also the difference between the heats of solution of the sulphoxide and sulphenate
ester. However, we expect this difference to be quite small in non-polar, non-hydrogen bonding
solvents such as hydrocarbons and ethers.

We do note that §(g, Ph, Me, SOH) = d(g, Ph, Me, Y) is numerically fulfilled exactly by Y =H,
although H is not normally viewed as a substituent. Alternatively, one might have thought that
—SH should be similar to —SOH since both involve divalent sulphur, which is comparatively
n-electron donating. The relevant difference between heats of formation is 135kJmol™".
Relatedly, the values for the likewise electron-donating —SMe, >S and —S—S— are 125,
134 and 126kJmol ™!, while for the —SO,Me and >SO, which are even more electron
withdrawing than is > SO, the values are 127 and 120kJ mol ™!, In terms of both measured
and estimated substituent constants for —SOH and the other sulphur groups presented [see M.
Charton, in The Chemistry of Sulphenic Acids and Their Derivatives (Ed. S. Patai), Wiley,
Chichester, 1990], it seems surprising how similar these sulphur-containing substituents are
with regard to differences of heats of formation of Me- and Ph-containing compounds. (More
precisely, Charton gives us values for three sigma substituent parameters for—SSMe and
for—SSPh and shows that these two sulphur-containing substituents are nearly identical
to each other and to ~—SOH.) One might also have recogmzed that sulphenic acids are
a-nucleophiles and so an anomalous difference for 45, might have been expected. However, 85, (g,
Ph, Me, NH,) equals 110kJmol~! and the related a-nucleophile difference 85,(g, Ph, Me,
NHNH,) equals 118 kJmol ™.

G. C. Barrett, in The Chemistry of Sulphenic Acids and Their Derivatives (Ed. S. Patai), Wiley,
Chichester, 1990.

Neutralization—Reionization Mass Spectrometry has unequivocally shown that neutral and
radical cationic MeSOH and yet another tautomer CH,S(H)O have indpendent existence: F.
Turedek, D. E. Drinkwater and F. W. Lafferty, J. Am. Chem. Soc., 111, 7696 (1989). Neutral
and radical cationic CH,=—CHSOH have been related to the corresponding forms of
MeCH=S=O; F. Turecek, F. W. McLaflerty, B.J. Smith and L. Radom, Int. J. Mass
Spectrom. lon Proc., 101, 283 (1990).

These values are consonant with the MP4/6-31G* isomerization heat of 92kJmol~! for
MeSOH and MeS(O)H reported by S. Wolfe and H. B. Schlegel, Gazz. Chim. Ital., 120, 285
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(1990). (Relatedly, at the same quantum chemical level, these authors found HSOH to be more
stable than H,SO by 1134kJmol™! and at the MP4/6-31G** level the difference is
116.9 kI mol~!. These last results are corroborated by the BAC-MP4 HF/6-31G** quantum
chemically calculated heats of formation of H,SO, —28.6+ 54kJmol™!, and HO(S)H,
—128.1 + 6.0kJ mol ™! (C. F. Melius, personal communication). For description of this method,
see P. Ho and C. F. Melius, J. Phys. Chem., 94, 5120 (1990). Heats of formation so calculated
are generally reliable, e.g. theory and experiment for H,S and CH,O agree to better than a
few kJmol~!'. That CH,0O has a more negative heat of formation than H,SO by
80 + 7kImol ™! is consistent with our expectations, though we must admit that the corollary
finding, that the heat of formation of H,SO is only 8 4+ 7kJ mol ! more negative than that of
H,S, is disconcerting.

We may generalize these results to sulphenate esters. From the literature heat of formation of
MeSOH®" and the suggested®® 20+ 15kJmol™! increased heat of formation upon
O-methylation, we f{ind gaseous methyl methanesulphenate is —170+ 15kJmol™?, ca
20+ 15kIJmol™! more negative than DMSO [AH{g)= —151.34+0.8kImol™']! This
disconcerting conclusion was reached earlier by Wolfe and Schlegel’®, who proposed a
difference of ca 25-35kJmol~!. They also suggested that the customary isomer
sulphoxide/sulphenate stability order arises from condensed-phase intermolecular forces.
Indeed, from the logic used by J. F. Liebman and J. B. Chickos [Struct. Chem., 1, 501 (1990)]
for estimating heats of vaporization of acyl derivatives, we derive the heat of vaporization of
a sulphenate ester to be ca 30kJ mol ! lower than that of its isomeric sulphoxide.
Equilibrium truly means AG. However, we can be confident that the sulphenic acid has a higher
entropy than the suphoxide if for no other reason than that the rotational barrier of sulphenic
acids is considerably less than the inversion barrier of sulphoxides. The S — O proton transfer
interconverting RS(O)H and RSOH is isoelectronic to a 1,2-H shift in a carbanion, and so it
is a Woodward—Hoffmann forbidden reaction. (Wolfe and Schlegel’® calculate barrier heights
of ca 100kJ mol ~ ! between the more stable sulphenic acid and the less stable thiol sulphoxide.)
J. Drabowicz, P. Lyzwa and M. Mikolajczyk, in The Chemistry of Sulphenic Acids and Their
Derivatives (Ed. S. Patai), Wiley, Chichester, 1990.

D. R. Hogg, in The Chemistry of Sulphenic Acids and Their Derivatives (Ed. S. Patai), Wiley,
Chichester, 1990.

We find in Benson and O’Neal®? that heat capacity changes accompanying most thermolysis
reactions are relatively small, and so little error is introduced by ignoring temperature
dependences of reaction heats and entropies.

We know of heat of combustion data for condensed-phase methyl penicillin (R.B. Woodward,
A.Neuberger and N. T. Trenner, in The Chemistry of Penicillin (Eds. H. T. Clarke, J. R. Johnson
and R. Robinson), Princeton University Press. Princeton, 1949) but not of the rearrangement of
its sulphoxide to any cephalosporin derivative. We note, however, the calorimetric and
calculational study [D. D. Wilson and J. B. Deeter, J. Org. Chem., 56,447 (1991)] that provided
heats of isomerization for the S- (i.e. vinyl sulphide) and N- (i.e. enamide) conjugated A%- and
A3-cephalosporins, with the unconjugated 3-exo-methylene species.

See Greenberg and Liebman®® and the commentary in Reference 61. Alternatively, consider
the formal gas-phase reaction:

EtSEt + (CH,); — EtCH,Et + (CH,),S

This reaction is 11 kJ mol ™! exothermic. Equivalently, the strain energy of thiolane is less than
cyclopentane by 11 kJmol™!. By contrast, the corresponding enthalpy difference for diethyl
ether and tetrahydrofuran is less than 4kJmol~!.

We note that the following related reaction deviates from thermoneutrality by less than
2kJmol

CH,CH,CH,CH,SMe + CH,CH, — CH,CH,CH,CH,CH, + CH,SMe

We have opted to contrast Me(CH,),X and (E)-MeCH=CHX because we are less confident
of the thermochemical data for CH,—=CHCHO than for MeCH=CHCHO, and because we
know of no experimental value for the heat of formation of any acetylethylene. [For a recent
review of enone and enal thermochemistry, see J. F. Liebman and R. M. Pollack, in The
Chemistry of Enones (Eds. S. Patai and Z. Rappoport), Wiley, Chichester, New York, 1989.]
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For example, we find (Z)-, (E)- and gem-substituted olefins spread over a several kJmol™!
range; e.g. for the butenes, the heats of formation of the isomeric (Z)-MeCH=CHMe,
(E)-MeCH=CHMe and Me,C=CH, are —7.1+1.0, —11.4+ 1.0 and 169+ 0.9kJ mol !
(gases) and —29.7 + 1.0, —33.0 + 1.0 and —37.54 0.9 kJmol ! (liquids). For cyclopropanes,
there is an analogous spread of heats of formation: for cis-1,2-, trans-12- and 1,1-
dimethylcyclopropanes, we find -26.3 + 0.7, —30.7 £ 0.8 and —33.3 + 0.8 kJmol~!' (liquids).
{(We know of no experimental gas-phase values for either 1,2-species.)

We use the average of the entropy values for gaseous cis- and trans-1,2-dimethylcyclopropane
as given in Reference 63.

In the case of 1-butene-4-sulphenic acid we know the heat of formation of no 4-substituted
1-butene other than 1-pentene. We know the desired value for several other 3-substituted
propenes, in particular, the ethylthio and ethylsulphonyl derivatives. These result in upper
bounds of —145 and —154kJmol~'. The upper bound suggested in this section,
—151 kI mol ™!, remains reasonable.

We assumed that the sulphur did not affect the interaction energy of the adjoining oxygen,
and accepted the ab initio quantum chemical results of P. v. R. Schleyer, E. D. Jemmis and
G. W. Spitznagel, J. Am. Chem. Soc., 107, 6393 (1985) on CICH,OH and HOCH,OH.

The value for the entropy of gaseous methylcyclopropane was taken from Reference 63, and
those of the gaseous butane and octane were taken from Reference 5. We earlier asserted that
the transformation of ‘two things’ into one is accompanied by a decrease of some
140J mol "' K ™!, Some of the seeming discrepancy of 140-85=55Jmol~'K~! disappears
when one recognizes that our previous examples involved only acyclic species. Cyclic species
have lower entropies than their acyclic analogues, e.g. from Reference 5 we find that the entropy
of propylene oxide is some 25Jmol~'K ™! lower than for ethyl methyl ether.

See, for example, the chapter by P. de Maria, in The Chemistry of Sulphenic Acids and Their
Derivatives (Ed. S. Patai), Wiley, Chichester, 1990, who included discussion of this phenomena
and how it makes the study of the acidity of sulphenic acids both interesting and problematic.
For HOCI], the requisite data are found in Reference 6, while for alcohols, a brief discussion
of the consequence of this for alcohol and ether thermochemistry can be found in Reference 10.
M. Roy and T. B. McMahon, Org. Mass Spectrom., 17, 392 (1982).

J. T. Herron, J. Phys. Chem. Ref. Data, 16, 1 (1987).

O. Losking, H. Willner, H. Baumgirtel, H. W. Jochims and E. Riihl, Z. Anorg. Allg. Chem.,
530, 169 (1985).

For example, this was done in J. F. Liebman, J. Fluorine Chem., 25, 481 (1984) in an attempt
to mechanistically rationalize some anomalous fluorinated thiolate reaction chemistry.

This value is for the 3-21G basis set results, as found in R. A. Whiteside, M. J. Frisch and J. A.
Pople (Eds.), The Carnegie-Mellon Quantum Chemistry Archive, 3rd edn., Carnegie-Mellon
University, Pittsburgh, 1983. See also A. Schmiedekamp, D. W. J. Cruickshank, S. Skaarup, P.
Pulay, I. Hargittai and I. E. Boggs, J. Am. Chem. Soc., 101, 2002 (1979).

P. v. R. Schleyer and A. Reed, J. Am. Chem. Soc., 109, 7302 (1987).

(b) See, for example, the following studies by A. A. Woolf, Adv. Inorg. Chem. Radiochem, 24,
1 (1981); J. Fluorine Chem., 11, 307 (1978); 20, 627 (1982); 32, 433 (1986).

(c) J.F. Liebman, in Fluorine-Containing Molecules: Structure, Reactivity, Synthesis and
Applications (Eds. J. F. Liebman, A. Greenberg and W. R. Dolbier, Ir.), VCH, New York, 1988.
In fact, these results are ‘fortuitously’ valid for X bonded to F or OH by either C or S, in that
the X—F, X—OH exchange energy is electronegativity-dependent (D. L. Kunkel and J. F.
Liebman, unpublished results based on a composite of semiempirical quantum chemical
calculations and experimentally measured heats of formation).

See the compendia in References 6 and 65, respectively. These compendia are complementary
in that (i) the former has data for compounds of all the elements, the latter is more selective; (ii)
the data in the former are unreferenced, that in the latter often have numerous literature
citations; (iii) the data in the former are the experimental values, modified minimally except
to gain self-consistency by ‘chemical thermodynamic networks’; those in the latter have a
philosophy reminis