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Preface

Today, approximately 10 years after the first three volumes were pub-
lished, it is gratifying to note that the Editor's concept realized in Sulfur
in Organic and Inorganic Chemistry with the generous help of many promi-
nent and creative authors has achieved its aims as evidenced by the many
references to its reviews in a steady stream of contemporary research
papers. ,

It is this very activity in the field of sulfur research which clearly
necessitates a new volume of Sulfur in Organic and Inorganic Chemistry.

It covers the results of another decennium of sulfur research employing
the same style and organization as Volume 1. For reasons beyond the Edi-
tor's control, unfortunately, only seven of the nine chapters of Volume 1
could be updated in time for inclusion in Volume 4.

The Editor takes pride in acknowledging the continued support and co-
operation of four stalwarts among the authors of Volume 1 who were willing
to contribute a second crop of expert reviews and at the same time welcomes
the three new distinguished authors who agreed to join the panel of contribu-
tors to Volume 4.

Alexander Senning

iii



Contributors to Volume 4

LUCRETIA ALMASI, Department of Organic Chemistry, Institute of
Chemistry, Cluj-Napoca, Romania

LAMAR FIELD, Department of Chemistry, Vanderbilt University, Nash-
ville, Tennessee

ALOIS HAAS, Chair of Inorganic Chemistry II, Ruhr-University Bochum,
Bochum, Federal Republic of Germany

WILLIAM RAYNE HARDSTAFF, Department of Chemistry, Mount Allison
University, Sackville, New Brunswick, Canada

REINER HITZE, Chair of Inorganic Chemistry II, Ruhr-University Bochum,
Bochum, Federal Republic of Germany

RICHARD F. LANGLER,* Department of Chemistry, Mount Allison Uni-
versity, Sackville, New Brunswick, Canada

CHARLES M. LUKEHART, Department of Chemistry, Vanderbilt Univer-
sity, Nashville, Tennessee

PHILIP S. MAGEE, Agricultural Chemicals Division, Chevron Chemical
Company, Richmond, California

*Present affiliation: Department of Chemistry and Chemical Engineering,
Florida Institute of Technology, Melbourne, Florida.



vi CONTRIBUTORS

H. W. ROESKY, Department of Inorganic Chemistry, University of Gottin-
gen, Gottingen, Federal Republic of Germany

ALEXANDER SENNING, Department of Organic Chemistry, Aarhus Uni-
versity, Aarhus C, Denmark

JEAN'NE M. SHREEVE, Department of Chemistry, University of Idaho,
Moscow, Idaho



Contents of Other Volumes

VOLUME 1

Introduction, Alexander Senning

The Sulfur-Silicon Bond, Alois Haas

The Sulfur-Nitrogen Bond, H. W. Roesky

The Sulfur-Phosphorus Bond, Lucretia Almasi

The Sulfur-Oxygen Bond, H. Harry Szmant

The Sulfur-Sulfur Bond, John L. Kice

The Sulfur-Fluorine Bond, Sigmar P. von Halasz and Oskar Glemser
The Sulfur-Chlorine Bond, Charles R. Russ and Irwin B. Douglass
The Sulfur-Bromine Bond, Philip S. Magee

The Sulfur-Iodine Bond, James P. Danehy

VOLUME 2

The Chemistry of Atomic Sulfur, O. P. Strausz
Diatomic Species Containing Sulfur, B. Meyer, D. Jensen, and I. Oommen

Bond Energy Terms in the Chemistry of Sulfur, Selenium, and Tellurium,
D. A. Johnson

Oxyacids of Sulfur, Max Schmidt
Metabolic Pathways of Organic Sulfur Compounds, George A. Maw

The Pharmacology and Toxicology of Inorganic Sulfur Compounds, Bo
Sorbo



xii CONTENTS OF OTHER VOLUMES

The Mass Spectra of Sulfur Compounds, Gustav Schroll and Sven-Olov
Lawesson

Mixed Sulfur Halides, F. Seel
Commercially Important Sulfur Compounds, R. Leclercq

Chromatographic Techniques in Sulfur Chemistry, E. R. Cole and R. F.
Bayfield

VOLUME 3
Reactions of Elemental Sulfur with Inorganic, Organic, and Metal-Organic
Compounds, Herbert Schumann

Inorganic and Organic Polysulfides, Timothy L. Pickering and Arthur V.
Tobolsky

The Quantum Chemistry of Sulfur Compounds, Jurgen Fabian
Stereochemical Aspects of Sulfur Chemistry, Peter H. Laur

NMR Spectra of Sulfur Compounds, C. Brown

Labeled Sulfur Compounds, E. Blasius, W. Newmann, and H. Wagner
Thione-Eneothiol Tautomerism, R. Mayer

The Nomenclature of Sulfur Compounds and Their Selenium and Tellurium
Analogs, K. L. Loening

Nucleophilicity of Organic Sulfur Compounds, Matthijs J. Janssen



Contents

Preface

Contributors to Volume 4

Contents of Other Volumes

Chapter 1 THE SULFUR-SILICON BOND
Alois Haas / Reiner Hitze

Chapter 2

Chapter 3

I.
II.

Introduction

Silicon-Sulfur Compounds with Sulfur in the
Oxidation State -2

References

THE SULFUR-NITROGEN BOND
H. W. Roesky

I.
II.

III.

Introduction

Concepts of Bonding and Structure in Sulfur-
Nitrogen Systems

Acyclic Sulfur-Nitrogen Compounds
References

THE SULFUR-PHOSPHORUS BOND
Lucretia Almasi

I.
II.

Introduction

The Sulfur-Phosphorus Bonding Types and
Reactivity in Compounds of Monocoordinate and
Dicoordinate Phosphorus; Reactivity of
Compounds

vii

iii

Xi

12

15

15
16
21
40

47

48

48



viii CONTENTS

III. The Sulfur-Phosphorus Bonding Types and

Reactivity in Compounds of Tricoordinate

Phosphorus 51
IV. The Sulfur-Phosphorus Bonding Types and

Reactivity in Compounds of Tetracoordinate

Phosphorus 69
V. The Sulfur-Phosphorus Bonding Types and

Reactivity in Compounds of Pentacoordinate

Phosphorus 105

References 112

Chapter 4 THE SULFUR-FLUORINE BOND 131
Jean'ne M. Shreeve

I. Introduction 131

I. Sulfur (I) and Sulfur (II) 132

II. Sulfur (IV) 134

IV. Sulfur (VI) 151

References 174

Chapter 5 THE SULFUR-CHLORINE BOND 193

William Rayne Hardstaff / Richard F. Langler

I. General Introduction 194
II. Chlorination of Organic Substrates 194
III. Inorganic Substrates 249
References 267
Chapter 6 THE SULFUR-BROMINE BOND 283
Philip S. Magee
I. Introduction 284
. Disulfur Dibromide 284
III. Thiocyanogen Bromide 286
IV. Thiohypobromous Acid 288
V. Thionyl Bromide 288
VI. Sulfuryl Bromides 294
VII. Bromosulfinic and Bromosulfonic Acids 295
VII. Sulfur Bromide Pentafluoride 297
IX. Sulfenyl Bromides 300
X. Sulfinyl Bromides 311
XI. Bromosulfites 312
XII. Sulfonyl Bromides 312
XIII. Bromosulfonium Salts 318

References 320



CONTENTS

Chapter 7 THE SULFUR-IODINE BOND
Lamar Field / Charles M. Lukehart

II.
III.
Iv.

VI.

Author Index
Subject Index

Introduction

Inorganic Compounds
Donor-Acceptor Compounds
Organic Sulfenyl Iodides

Sulfonium Species

Organic Sulfinyl and Sulfonyl Iodides
References

ix

327

328
328
332
340
353
355
360

369
415



1
The Sulfur-Silicon Bond

Alois Haas / Reiner Hitze

Ruhr-University Bochum
Bochum, Federal Republic of Germany

I. Introduction 1
II. Silicon-Sulfur Compounds with Sulfur in the Oxidation State -2 1
References 12

I. INTRODUCTION

This chapter covers the literature up to 1979 and gives a systematic view

of recent developments and progress in the chemistry of the silicon-sulfur
bond. It is a continuation of and a supplement to our chapter in Volume 1

of this series [1]. A complete review has been published in [2]. No prog-
ress was achieved in Si-S chemistry with sulfur in the oxidation states +4
and +6, Silyl sulfoxides and sulfones are still unknown., However, progress
was made in proving the existence of a Si-S double bond in some species
which appear as reactive intermediates.

II, SILICON-SULFUR COMPOUNDS WITH SULFUR
IN THE OXIDATION STATE -2

This class of compounds can be divided into the following two groups:

1. noncyclic moieties
2, cyclic moieties

In the first group of compounds new CF gS-substituted silanes were synthe-
sized and characterized, so that in the series Hy_j,Si(SCF ), all four mem-
bers are known. The substance with n =1 is already known since 1960,
when Downs and Ebsworth treated SiHgI with Hg(SCF 3), and obtained
H3SiSCF3 (3]. This replacement of iodine in iodosilanes was also used to
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prepare the other members. For n =2 and 3 decalin was used as a sol-
vent, and for n =4 carbon disulfide was used.

n n
H i — H CF — H CF —H
4-nSIIn + 2 g(s 3)2 4—nSi(s 3)n " 2 g12

n=1/[3], 2, 3, 4[4]

These mercaptosilanes are sensitive to moisture and decompose slowly at
room temperature when kept in a sealed tube in a pure state. Their stabil-
ity increases with increasing n. In the presence of catalysts such as

AlyS3 and mercury halides they decompose according to Hy_,Si(SCF3), —>
Hy_,SiF, + n SCFj.

The reaction mechanism for a B-elimination of B-chloroalkylsilanes in
the presence of AlpClg given by Sommer, Bailey, and Whitmore (5] can be
used to explain this decomposition process. 298i, 19F, and 1H chemical
shifts and coupling constants for Hy_,Si(SCF ), are given in the following
table.

(CF,S) SiH, 29 19 1y - et " .
o) o) o)
n=1 -53.1 81.2 4.42 234 Hz 1.75Hz 6.14 Hz
n=2 -22.8 31 5.44 270 Hz 2.02 Hz  4.15 Hz
n=3 0.63 27.8 6.36 331 Hz 1.65Hz 7.10 Hz
n =4 11.3 27 - - - 5.15 Hz

Internal references: Si(CH3)4 (lH, 29Si) and CFCl3 (19F).

The 29Si NMR chemical shifts show a steady low-field shift with increasing
number of CFgS groups in the molecule (4]. This continuous decrease of
charge density at the silicon atom indicates, if anything, only a small
pg-d, back-bonding effect. A similar trend was observed in the
(CH3)pSi(SCHg) 4y, series [6].

Tris-(triphenylophosphine)-chlorohodium catalyzes the dehydrogenative
condensation of hydrosilanes and thiols

[ (C6H5)3P]3RhCI

=SiH + HSR > =8i-SR + H2

The rate of reaction is dependent upon the nature of the thiol and the hydro-
silane. Dihydrosilanes are much more reactive than monohydrosilanes,
and yield monohydrosilyl sulfides. The reactivity order is (CgHg)9SiHg <
CgH5(CHg)SiHg < (CgHg)oSiHg. Thiophenol reacts similarly to benzyl
mercaptan, and distinctly faster than alkanethiols. A phenyl substituent on
silicon increases the reactivity; for example, CgH5(CHg)2SiH reacts eight
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times faster than (CoHg)3gSiH with CgH5SH in CgHg at 20°C [7]. Another
catalyzed reaction for the preparation of trimethylsilyl sulfides is the con-
densation of [(CHg3)3Si]oNH with thiols in the presence of imidazoles. The
silylation occurs as follows:

[ (CH;)s5.8i],NH + N —g> N
| ’ | B>
- imidazole
N N

| |
H Si(CH; )5

RS-Si (CH; )3
R = CHg(CHg)g-, HS-CHaCHy- (double silylation), (CgHgz)oCH-,
CgHg-, CH3CHpC(CHg)g-, CH3(CHy)gC(CHg)y-, (CH,),C(CHg)-,
(CHy)5CH- [8].

Investigations of the hydrolysis of silanethiols such as R3SiSH and
(RO)3SiSH show that the charge density at the Si atom has a strong effect
on the stability of the Si-S bond towards solvolysis. With increasing elec-
tron density at the Si atom, the stability of the Si-S bond toward hydrolysis
increases [9]. Since hydrolysis of silanethiols occurs according to an
SN2 mechanism with inversion, as proven with CHg(CgHg)@-naphthyl-SiSR
(R = H, CHg, . . .) by Sommer and McLick [10], steric effects influence
the reaction rate as well., Bulky substituents make the transition of a
tetra- to a pentacoordinated Si atom more difficult. Therefore (0-Tol)3SiSH
is stable towards a dioxane/Hzo mixture for 100 hr at 25-55°C [97.

In alcoholysis reactions, additional effects such as the structure of the
alcobhol influence the reaction rate of the solvolysis. With (CgHg)3SiSH,
alcohols react according to

(CgHg)3SiSH + ROH —> (C6H5)3SiOR + HoS

With CH3OH the reaction is faster than with CoHzOH or n-CgHyOH. Normal
alcohols react faster than branched and secondary alcohols. No reaction
was observed with (CHg)3COH. Solvolysis with CgH5OH is slower than with
cyclohexanol, and o-cresol reacts faster than phenol. In summary, it can
be said that alcohols with bulky groups do not react at all or react much
more slowly than others [11]. Triphenyl- and trimethylsilanethiol are
stronger Lewis and Bronsted acids than their carbon analogs. The relative
Bronsted acidity—measured by potentiometric titration and characterized
by the half-neutralization potential—is as follows: (CgHg)3SiSH > CgH5SH >
(CgHp5)3CSH > CgH5OH > (CgHg) 5SiOH > (CHg) 58iSH, (CHg)3CSH [12].
When the Bronsted acidity of trialkoxysilanethiols was investigated in the
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same way the series could be expanded as follows: [(CH3)2CHO] gSiSH >
(cycl. -CgHy 10)SiSH > (CgHg)gSiSH > CgH5C(O)OH > (s-BuO)gSiSH >
(s-n-AmO)gSiSH > (s-i-AmO)3SiSH > CgHgzSH > (t—BuO)3SiSH (13]. These
results show that alkoxy groups decrease the electrophilic character of the
Si atom and stabilize the Si-S bond.

The reactivity of the Si-S bond can be employed in preparative chemis-
try. Alkyl halides and o, w-dihaloalkanes (preferentially bromides and
iodides) react with n-alkylthiotrimethylsilanes, hexamethyldisilthiane, and
hexamethylcyclotrisilthiane to give linear and cyclic organic sulfides,
respectively. For example [14]

. heating .
= % e
n-C H9881(CH3)3 n C7H15 —-—-——>(1 ) C HQSC,?H15 (68%) + (CH3)381I

. heating
[(CH3)2SI-S] 3 * 3 BrCH,CH,Br (4—sh_r)> (CH,),S (20%) + 3 (CH,),SiBr

2
Trimethyl-(alkylthio)-silanes react with N, N-dimethylbenzenesulfenamide
or benzenesulfenyl chloride according to

’ "
CGHSSX + (CH3)3$1SC2H5 — C6HssSC2H5 + (CH3)381X
X =Cl, N(CH3)2

Unsymmetrical disubstituted disulfides can also be prepared in good yield
via the reaction

C H_S-OCH, + RSSI(CH,), —> C H_SSR + (CH,) SiOCH

6H5 6 5 3

R = C2H5’ C 6H5

The formation of low boiling (CHg)3SiCl and (CHg)3SiOCHg, respectively
assists separation in these strongly thermodynamically favored reactions
[15]. A selective carbonyl protection under mild conditions can be achieved
using alkyl- or arylthiosilanes [RSSi(CH3) 3]. Aldehydes react in the pres-
ence of catalytic amounts of a nucleophile (CN~, F~) with RSSi(CHg)g
according to

R’ R' 0Si(CHy )
Ve 373
>c=o + RSSi(CHy ), 2220 /\c\
H H SR
1 = - ==
R' = CH,4(CH,),-, R = C,H_ (82%)
1 = = - =
R CH3CH CH-, R = C H, (90%)
R' =

(CH,),CH-, R = C H_ (81%)
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In the absence of catalysts, elevated temperatures (120—130°C; 10 to
20 hr) are needed. In the presence of Lewis acids such as Znly, ketones
add RSSi(CHg)g to form thioketals and (CHg)3gSiOSi(CHg)g

R' R'
S0.0 4 2 RiESi(oR); ZBlas SG(SR'), + (CH )y Si0Si(CH ),
Rll/ Rll/

o, B -Unsaturated aldehydes and ketones react exothermically with RSSi(CHg)g

in the presence of CN~, F~, or RS™ at 25°C. In every case examined, 1,4-
addition was observed [16]:

CH R RS cH
Z N
gc? \(I:/ +RSSI(OHy); —>  Yom” Y G(R)OSi(CH, ),

o=

Perfluorochloroacetones cleave the Si-S bond in Ry_,Si(SR'), and R3SiSSiR3'
to form the corresponding alkoxysilanes

R'
b
(CH; )L;._nSi(SR')n +n R%C(O)Rf —> (CH; )Q—nSi(O_O_SR')n

£
' = 1 = = ' = . = ' = .
R CH3, R C6H5' Rf Rf CF3, CFZCI, Rf CF3, Rf CFZCI,

= ¥ = =
R, = CF,ClL, R} = CFCL, n = 1, 2,

A double insertion takes place with (CHg) 3SiSSi(CH3)3 and CF3C(O)CF3_XCIX:

?FB-xClx (EF3
(CH; )5 SiO(IJ—S—C—OSi(CH, s
Gl CF, C1
3-x X
x=0,1

These reactions take place under mild conditions (70°C) and produce
good yields (90%). Neither acetone nor CF3C(S)CHg3 reacted with alkylthio-
silanes despite rigorous conditions and long reaction times. Hexachloro-
acetone produces no isolatable insertion product, but much (CHg)3SiCl (17].
Similar insertion reactions occur with oxygen heterocyles, according to

; ! .
(CH3)4_nSl(SR)n +n CHZOCH2 = (CH3)4_nSl(OCH2CHZSR)n

R = CH,, CH, n=1,2



