
NOTE TO USERS 

This reproduction is the best copy available. 

® 

UMI 





THE CHEMICAL AND PHYSICAL PROPERTIES 
OFPOLYCHALCOGENS 

EH Zysman-Colman 

A thesis submitted to the Faculty of Graduate Studies and Research of McGill University 
in partial fulfiHment of the requirements of the degree of 

Doctor of Philosophy 

Department of Chemistry 
McGiH University 

Montreal, Quebec, Canada 
October, 2003 

© EH Zysman-Colman 2003 



1+1 Library and 
Archives Canada 

Bibliotheque et 
Archives Canada 

Published Heritage 
Branch 

Direction du 
Patrimoine de I'edition 

395 Wellington Street 
Ottawa ON K1A ON4 
Canada 

395, rue Wellington 
Ottawa ON K1A ON4 
Canada 

NOTICE: 
The author has granted a non­
exclusive license allowing Library 
and Archives Canada to reproduce, 
publish, archive, preserve, conserve, 
communicate to the public by 
telecommunication or on the Internet, 
loan, distribute and sell theses 
worldwide, for commercial or non­
commercial purposes, in microform, 
paper, electronic and/or any other 
formats. 

The author retains copyright 
ownership and moral rights in 
this thesis. Neither the thesis 
nor substantial extracts from it 
may be printed or otherwise 
reproduced without the author's 
permission. 

In compliance with the Canadian 
Privacy Act some supporting 
forms may have been removed 
from this thesis. 

While these forms may be included 
in the document page count, 
their removal does not represent 
any loss of content from the 
thesis. 

• •• 
Canada 

AVIS: 

Your file Votre reference 
ISBN: 0-612-98398-6 

Our file Notre reference 
ISBN: 0-612-98398-6 

L'auteur a accorde une licence non exclusive 
permettant El la Bibliotheque et Archives 
Canada de reproduire, publier, archiver, 
sauvegarder, conserver, transmettre au public 
par telecommunication ou par l'lnternet, preter, 
distribuer et vendre des theses partout dans 
le monde, El des fins commerciales ou autres, 
sur support microforme, papier, electronique 
et/ou autres formats. 

L'auteur conserve la propriete du droit d'auteur 
et des droits moraux qui protege cette these. 
Ni la these ni des extraits substantiels de 
celle-ci ne doivent etre imprimes ou autrement 
reproduits sans son autorisation. 

Conformement El la loi canadienne 
sur la protection de la vie privee, 
quelques formulaires secondaires 
ont ete enleves de cette these. 

Bien que ces formulaires 
aient inclus dans la pagination, 
il n'y aura aucun contenu manquant. 



To my parents without whom 
I would be a fraction of the person I am today. 

For my sister, ZoJia 

ii 



The life so short; the craft so long to learn 

Hippocrates 

There is a single light of science, and to brighten it anywhere is to 
. brighten it evelywhere. 

Isaac Asimov 

Chance favours the prepared mind 

Louis Pasteur 



ABSTRACT 

The optimized synthesis of acyclic dialkoxy disulfides and aromatic polysulfides is 

described and their physical properties probed. A theoretical survey of dialkoxy 

disulfides and thionosulfites was undertaken in order to determine the most efficacious 

method for accurately modeling these compounds. In particular, the origin of the high 

barrier to rotation in the dialkoxy disulfides was determined to be due to a generalized 

anomeric effect resulting from two lone pair donations of each sulfur atom into each of 

their respective sulfur-oxygen antibonding orbitals. The origin of the high rotational 

barrier was also verified experimentally, in particular with respect to solvent and 

substituent effects. Complimentary to this thermal process, the decomposition of 

dialkoxy disulfides was also investigated. It was determined that these compounds 

decompose under first order kinetics via an initial asymmetric S-O homolytic cleavage. 

Activation parameters for both of these processes were determined. 

Theoretical modeIing on the relative ground state energies of dialkoxy disulfides is also 

described. It has been ascertained that the equilibrium position between the two isomers 

can be influenced by the ring size of the molecule; larger rings promote the dialkoxy 

disulfide isomer. These modeling studies were successfully corroborated experimentally. 

Of note is the synthesis of a new 8-membered ring dialkoxy disulfides as wen as novel 7-

membered ring thionosulfites. These compounds were also confirmed by single X-ray 

crystaUograph y. 
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The kinetics of desulfurization of acyclic aromatic tri- and tetrasulfides is described. 

Tetrasulfides were found to transfer a suI fur atom to triphenylphosphine over ten times 

faster than their trisulfide analogues. 
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RESUME 

La synthese optimisee et les proprietes physiques de dialkoxy disulphides acycliques et 

de polysulphides aromatiques est decrite. Une etude theorique des dialkoxy disulphides 

et thionosulphites a permis de determiner la methode la plus efficace pour la modelisation 

exacte de ces composes. En particulier, l'origine l'elevation de la barriere de rotation des 

liens presents dans les dialkoxy disulphides a ete determinee. Elle est attribuee a un effet 

anomerique general resultant d'un partage de deux paires d'electrons de valences 

provenant de chaque atome de souffre vers les orbitales anti-liantes souffre-oxygene. 

L'origine de cette barriere de rotation a ete aussi verifiee par experimentation, plus 

precisement en etudiant l'effet du solvant et des substituants. Parce qu'elle represente 

une reaction similaire, la decomposition des dialkoxy disulphides a aussi ete investiguee. 

n a ete determine que ces molecules decomposent suivant une cinetique de premier ordre 

entamee par une scission homolytique et asymetrique du lien souffre-oxygene. Les 

parametres d'activation pour ces deux processus ont ete determines. 

La modelisation theorique des energies relatives de differents dialkoxy disulfides a 

l'etat fondamental a aussi ete etudiee. n a ete constate que la position d'equHibre entre 

les deux isomeres est influencee par l' encombrement sterique. Ainsi les grosses 

molecules ont tendance a former l'isomere dialkoxy disulphide. Ces conclusions ont ete 

corroborees par des experiences en laboratoire. Des resultats particulierement 

interessants ont ete obtenus avec un dialkoxy disulphide contenant un cycle de huit 

atomes, et un thionosulphite contenant un cycle de sept atomes. Ces composes ont ete 

prepares par synthese et leur structure a ete confirmee par cristallographie a rayons X. 
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Finalement, la cinetique des reactions de desulfurisation des tri- et tetra-sulphides a 

aussi ete etudiee. Les resultats ob tenus suggerent que les tetrasulphides transferent un 

atome de souffre au triphenylphosphine au moins dix fois plus vite que leurs trisulphides 

analogues. 
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Chapter 1 

Introduction 



1.1 History of Sulfur 

It is tasteless and odourless. It is one of the elements found most often in a pure 

crystalline form. It is sulfur and knowledge of this element goes back to antiquity. The 

etymology of suI fur may come from the German or Scandinavian 

(schwelfel/svovellsvavl) which are themselves derived from the Indo-European suelphlos 

which comes from the word swel which means to burn slowly. Sulfur taxonomicaHy is 

derived from the Latin sulpur meaning "burning stone" and was itself synonymously 

used with the term fire, though its origins may come from the Sanskrit word sulveri 

meaning the enemy of copper. I 

The Bible contains more than 15 references for the term brimstone - sulfur as it was 

known in antiquity. Most references thematically deal with death and destruction. For 

example: 

Revelation 19:20 And the beast was taken, and with him the false prophet that wrought 

miracles before him, with which he deceived them that had received the mark of the 

beast, and them that worshipped his image. These both were cast alive into a lake of fire 

burning with brimstone. 

The term brimstone though is most closely identified with the Biblical destruction of 

Soddom and Gomorrah. Pre-Roman civilizations used burned brimstone as a medicine 

and used burning sulfur as fumigants and as bleaching and purification agents. The 
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Egyptians employed sulfur to concoct dyes more than 2600 years ago (most probably in 

the form of metal sulfides). 

The ancient literature is replete with references to this element. Homer, in the Odyssey 

(850 BCE) wrote: 

Bring me sulfur, old nurse, that cleanses all pollution and bring me fire, that I may 

purify the house with sulfur. As well as Bring me fire that I may burn sulfur, the divine 

curer of ills. 

PUny the Elder (23-27 CE) reported in his book "Historia Naturalis" that sulfur was a 

most singular kind of earth and an agent of great power on other substances, and had 

medicinal [sic] virtues and burning sulfur will keep out enchantments - yea, and drive 

away foul fiends. 

Both the Greeks and the Romans discovered sulfur's combustibility property and 

exploited it first for pyrotechnic displays then in wartime as a catalyst in incendiary 

weaponry. Indeed, sulfur is one of the main components in gunpowder (along with 

saltpeter, KN03 and charcoal), a mixture discovered in Europe in the 14th century though 

known to the Chinese since the time of Confucius (557-479 BCE). It was only in 1777 

that sulfur was finally confirmed to be an element by French chemist Antoine Lavoisier. 
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Interest in elemental sulfur and its organic derivatives has been and continues to be 

extensive. Currently, there are at least four journals substantially devoted to its organic 

chemistry. 

1.2 Layout of Thesis 

The title of this thesis generally relates to the physical organic chemistry of 

polychalcogens specifically containing suI fur. The thesis is subdivided into two main 

sections: the first dealing with alkoxy disulfide (ROSSOR) chemistry and the second 

dealing with polysulfide (RSnR) chemistry. Each section contains its own introduction. 

Relevant synthetic experimental work is detailed at the end of each chapter. Figures, 

tables, schemes, equations and compounds are numbered sequentially throughout the 

thesis. References are numbered sequentially for each chapter and may be found as 

endnotes at the completion of the chapter. 

1.3 A Note on Nomenclature 

Systematic as weB as common nomenclature2 used in this thesis is outlined in Tables 1 

and 2, and are used interchangeably throughout the thesis. Common nomenclature is used 

more often as it allows for the efficient description of key compounds given that the 

official IUPAC terminology for highly functionalized polychalcogens is often long, 

unwieldy and non-intuitive. Throughout the thesis, there are references to "s", This does 
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not imply that atomic sulfur is a reactive intermediate or product but simply refers to an 

as yet unidentified sulfur species. From a mass balance point of view the term "nS" is 

equivalent to n/s Ss; Ss is the most stable sulfur allotrope at the reaction temperatures 

described in this work. 

Table 1 Nomenclature for some acyclic sulfur compounds 

IUPAC Common Structure 

monosulfane sulfide R .... S ... R 

0 
monosulfane oxide sulfoxide 11 

R",S'R 

sulfenic acid ester sulfenate R ... S ... O .... R 
0 

sulfinic acid ester sulfinate 
11 

R .... S .... O ... R 
0 

suifonic acid ester sultonate 
11 

R .... ~,O ... R 
0 

disulfane disulfide R"'S,S .... R 
0 

disulfane monoxide thiosulfinate 
11 

R .... S ..... S ... R 
0 

disulfane 1, I-dioxide thiosulfonate 
11 

R"'~'S .... R 
0 0 

disulfane 1 ,2-dioxide a-disulfoxide 11 

R ... S's ... R 
11 

trisulfane trisulfide 0 R .... S'S ..... S ... R 

tetrasulfane tetrasulfide R ... S ..... S ... S,S .. R 

polysulfane polysulfide R .... S~ 

[sulfanediyibis( oxy)]- sulfoxylate R,O ..... S .... O .... R 
dialkane 0 

11 

sulfite sulfite R,O ... S .... O .. R 
S 
iI 

O,O-dimethyl thiosulfite thionosulfite R ... O ..... S,O"'R 
0 
11 

suifate sulfate R'O"'~"'O ... R 
0 

[disulfanediylbis( oxy)]- alkoxy disulfide R"'O ... S .... S .... O ... R 
5 dialkane 



Table 2 Nomenclature for some sulfur-containing heterocycles 

Ring Size iUPAC Common Structure 
saturated unsaturated 

3 -irane -Iren 

4 -etane -ete 

5 -olane -ole 

6 -ane -in in thesis these are referred to as: 

7 -epane -epin 
n-membered - functional group 

8 -ocane -ocin 

9 -onane -onin 

10 -ecane -ecin 

Examples: 

1,3,2-dioxathiolane 5-membered saturated sulfoxylate 
o, ... S .... o 
LJ 

1 ,3,2-dioxathiole 5-membered unsaturated sulfoxylate 
o, ... S .... o 

0 \ I I1 

1,3,2-dioxathiolane 5-membered sulfite S 
0 .... 8 .... 0 

2-oxide 11 LJ 
o .... S .... o 

1,3,2-dioxathiolane 5-membered thionosulfite 
2-sulfide LJ 

S-S 
S 

I \ 
1,4,2,3-dioxadithiane 6-membered alkoxy disulfide 0 0 I1 '--I 

O,,-S'O 
1,3,2-dioxathlepin 7-membered unsaturated thionosulfite U 2-sulfide 

1.4 A Note on Computations 

Throughout this thesis much computational work is reported. It should be noted that 

this is not a thesis centered on theoretical work; rather computational chemistry is used as 
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a tool to help understand the organic chemistry. We believe that calculations can prove 

to be invaluable as a predictive tool. The following is a brief, and by no means 

comprehensive, summary of computational methods. It is placed here in order to 

acquaint and aid the reader in understanding the computational nomenclature and 

methodology used throughout this thesis.3 For a complete listing of computational 

methods, see the Index of abbreviations. 

There are two main computational methods used to elucidate structural and electronic 

properties of modeled compounds. They are molecular mechanics and electronic 

structure methods. The latter term globally represents all methods which aim to 

approximate the Schrodinger equation, an equation that when solved for a specific 

system, encapsulates the quantum mechanical energy and other related properties of that 

system. These methods include semi-empirical methods, ab initio methods and density 

functional theory (DFT) methods. 

Molecular mechanics simulations use the laws of classical mechanics to predict the 

structures and properties of molecules. The main computer program used within this 

thesis is Macromodel®. Though there are many different methods, each characterized 

with its own force field such as AMBER, MMFF or CHARMM, the predominant ones 

seen here include MM2, MM3 and MM3*. The last method specifically refers to our 

own modified MM3* force field (which is itself implemented within the Macromodel 

program) in which we have added new atom types and parameter sets to better model our 

compounds of interest. 
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Semi-empirical methods such as EH, AMI, PM3 and MINDO/n (n = 1-3) are 

implemented in programs such as MOP AC or Gaussian. These methods distinguish 

themselves as their parameters are in part derived from experimental data and account 

only for valence electrons. Different semi-empirical methods, each characterized by their 

own distinct parameter sets, each solve an approximation to the Schrodinger equation that 

depends on these input parameters. 

Ab initio methods solve the Schrodinger equation using a series of mathematical 

approximations. Two of the most important are the Born-Oppenheimer and the central­

field approximations. The Born-Oppenheimer approximation deconvolutes nuclear and 

electronic motions such that they can be treated separately. This is reasonable given the 

large mass difference that exists between the two. A result of this is that the nuclei are 

assumed to be fixed relative to the motion of the surrounding electrons of the atoms in the 

molecule. Hartree-Fock (HF) calculations average the electrons' motions and thus do 

not take into account electron correlation. In other words when using HF theory, each 

electron reacts to the average electron density of the molecule while methods which 

include electron correlation such as MPn (n = 2-4 and represents the order of correlation) 

or CC or Cl account for explicit instantaneous repulsion interactions. Because of the 

central-field approximation, an HF energies are greater than the exact energy of the 

system (variational principle). In contrast to semi-empirical methods, which are 

computation ally cheap, ab initio methods provide highly accurate quantitative results and 

greater computational cost. 
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The wave function as described by the Schrodinger equation must be described by 

some mathematical function which is solvable. The functions used most often are linear 

combinations of Gaussian-type orbitals of the form exp(-ar2
). These linear combinations 

of atomic orbitals or basis functions describe the molecular wave function. Basis 

functions are specified by abbreviations such as 6-31 G*. 

Basis set notation can be tricky. A major class of basis sets used in this thesis is the 

Pop le basis sets and are indicated by the notation 6-31 G. This notation indicates that 

each core orbital is described by a single contraction of six GTO primitives and each 

valence shell orbital is described by two contractions, one with three primitives and the 

other with one primitive. The basis set can be modified by the inclusion of polarization 

functions such as 6-31 G*. The "*,, indicates that a set of d primiti ves has been added to 

heavy atoms. Larger polarization functions also exist such as 6-31 G(2df); here a set of 2 

d and 1 f primitives has been added to the heavy atoms in the molecule. Polarization 

functions are added in order to modify the shape of the wave function. The inclusion of 

such functions usually leads to more accurate predictions. The addition of diffuse 

functions is denoted by a "+" such as in 6-31 +G*. Diffuse functions describe the shape 

of the wave function far from the nucleus and are usually used to describe compounds 

with large electron density distributions such as anions. 

DFf methods are similar to ab initio methods but are computationaHy less demanding 

and inherently include electron correlation. DFf methods calculate the energy of the 
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molecule not from the wave function but from its electron density. Many methods have 

been developed including the popular B3LYP, B3PW91, B3PW86, SVWN and Xa. As 

with ab initio methods, DFf calculations require the use of basis sets. 

1.5 References 

(1) For a review on the history of sulfur see: Woolins, J. D. Encyclopedia of Inorganic 

Chemistry; King, R. B., Ed.; John WHey & Sons: Toronto, 1994, 7, 3954 

(2) For a review on nomenclature see: Steudel, R. Chem. Rev. 2002, 102, 3905 

(3) For a review on basic concepts relating to computational chemistry see: Young, D. 

c.; John WHey & Sons, Inc.: Toronto, 2001, 381 
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Chapter 2 

A Context for the Study of Alkoxy Disulfides 
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2.1 Introduction to Compounds containing the OSSO moiety 

Molecules of the form ROSSOR 1, ester derivatives of hydrothiosulfurous acid 

HOSSOH, have been known for over a century. 1 It was not until 1964 that Thompson 

and co-workers2
-
4 were able to confirm that this functionality could potentially exist in 

two separate constitutional forms, namely dialkoxy disulfides 1 (in this thesis, alkoxy 

disulfide is used as an interchangeable term) and a branch-bonded arrangement, the 

thionosulfites 2. Other isomers such as the thiosulfite 3 or the thiosulfonate ester 

(RS02SR) 4 earlier proposed by Zinner5 were readily ruled out by IH NMR spectroscopy, 

while other early work6
-
9 (Raman,lO,11 dipole moment measurements 10) failed to fully 

distinguish 1 from 2 though they did suggest the connectivity in 1. 

1 

For R = Et, Thompson observed a characteristic magnetic non-equivalence of the 

methylene protons in the IH NMR at room temperature. The origin of this 

diastereotopicity of the methylene protons was not determined. One of two possible 

conclusions could be drawn. The compound could have connectivity of form 2, in which 

case there would be an associated high thermal barrier to pyramidal inversion12-14 about 

the branched sulfur as does exist with analogous sulfite1S
-
17 and sulfoxide18

-
27 systems. 

As examples, Thompson has reported that the nonequivalence of the methylene protons 

in diethyl sulfite was maintained at 145 °C28 and the barrier to inversion for DMSO is 
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reported27 to be 39.7 kcallmol. Conversely, an inherently high barrier about the sulfur­

sulfur bond could be responsible. Here, the compound would adopt a gauche 

conformation in the ground state and would have form 1 (a detailed investigation of 

barriers about S-S bonds is covered in Chapter 2.4).29 A coalescence of the ABX3 pattern 

to that of a simple A2X3 pattern for 1 was observed at 100 °C suggesting the connectivity 

of lover that of the branched 2 (barriers22 for sulfoxide inversion can be as high as 85 

kcallmol). 

Since Thompson's seminal work, few investigations into the physical properties of 

alkoxy disulfides have been published.30-34 Other work on this system is worthy of 

mention. 35,36 The results contained within these recent references are profiled in detail 

throughout this thesis. Besides their unusual physical properties, substituted benzyloxy 

disulfides have been shown to inhibit the growth of certain microorganisms (E. coli and 

S. aureus).37 

Although compounds with a branched suI fur are known,38 there are relatively few 

examples. Foss39 had originally elucidated the notion that valence expansion of the 

branched sulfur could be stabilized by adjoining electronegative atoms (F, 0). Those of 

form 2 are rare, having been characterized2,40-42 only four times with each of the 

thionosulfites containing a 5-membered ring core (5a-5n). The only systems where the 

thionosulfite connectivity has been structurally verified (5g, Si, 5rn and 5n by X-ray) are 

in cyclic compounds.40-42 
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s S~ Ri = R4 = Me (CI5); R2 = Ra = H S § 
11 

Sb Ri = Ra = Me (trans); R2 = ~ = H 
'I' 

S S S 0;' '0 5e Ri = R2 = Ra = R4 = H 0;' '0 0;' '0 

H 5d Ri = R2 = Ra = H; R4 = Me t~SUIO'U"lt-SU t-SUIO'U' OIt-Su 
Ri R2 Rf4 Se Ri = R4 = Ph (cis); R2 = Ra = H 

Sf Ri = Ra = Ph (tfans); R2 = R4 = H S S 

5 59 Ri ,R2 = Ra,R4 = ~(CH2)S- Srn SI1 
Sh R1.R2 = Ra,R4 = -(CH2k 
Si Ri ,R2 = Ra,R4 = ~(CHV6-
Sj Ri ,R2 = Ra,R4 = -(CH2h-
Sk Ri ,R2 = -(CH2)s-; Ra = R4 = Me 
51 R1.R2 = -(CHV6-; Ra = R4 = Me 

2.2 Synthesis of Alkoxy Disulfides 

Alkoxy disulfides 1 (where R = Me 6, Et 7) were originally synthesized from reaction 

of S2Ch with a suspension of the sodium alkoxide in ligroin43 (Scheme 1).1 

2 RONa 
S2

C1
2.. ROSSOR 

Ugroin 1 

Scheme 1. 

Larger homologues (where R = n-Pr 8, n-Bu 9) were subsequently synthesized by 

Stamm44 using the same procedure. Hacklin4S reported the synthesis of fluorinated 

derivatives (R = (CF3)2CH- to, CF3CH2- 11) using lithium alkoxides at 50 cc. As will 

become evident, the use of S2Ch at elevated temperatures is quite uncommon. Although 

not strictly alkoxy disulfides as they are derived from silver acid salts not alcohols, 12a-

12c synthesized by Wang46 in excellent yield (> 90%), are included for completeness. 

These compounds are thermally unstable and decompose readily to form the anhydride, 

S02 and sulfur. 47 
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o 
F

3
C)lO,-S .... S .... OyCF3 

o 

12a 

o 
C2F5Ao.--S's"-°nC2F5 

° 
° 

CSF7Ao .... S,s,-°nC3F7 

° 
12c 

In 1965, Thompson modified the procedure as it became increasingly difficult to 

prepare dry alcohol-free sodium alcoholates of higher molecular weight homologues. He 

synthesized a number of alkoxy disulfides in good yield by coupling S2Ch to the alcohol 

13 in the presence of an amine base (in his case NEh) which would serve as an HCI 

scavenger (Scheme 2). His work is highlighted within Tables 3,5-7. 

S2C12; NEt3 
2ROH ~ 

13 CH2CI2 or CHCls 

Scheme 2. 

ROSSOR 

1 

Thompson used long addition times under relatively dilute conditions ([S2Ch] = 3.3 M) 

employing a slight excess of alcohol at temperatures in the 10-15 °C range though the 

reaction could be performed at room temperature. This work has been patented.48 This 

general procedure has been used as is by others.33,35,49-S1 Other groups claimed better 

yields with ethereal solventsS2,S3 and low temperature work-up. Still others have 

synthesized 1 in THFs4 (no yield was reported) or have used pyridine55 as the HCI 

acceptor. Our current work on the optimization of the synthesis of form 1 is summarized 

in Chapter 4. 

It appears that formation of alkoxy disulfides occurs via two simple nucleophilic 

displacements of chloride by the alcohol but Steude156 as well as Mocke157
,58 reported the 

presence of many other homo logs ROSnOR (with R = Me, n = 1,2,4-15; with R = Bu, n 
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= 1-15) by reverse-phase HPLC; peaks were identified based on the relationship that the 

natural logarithm of the retention time is linearly related to the number of sulfur atoms. 

The addition of Na2Sx (from Na2S and Ss) in the reaction promoted the formation of 

sulfur allotropes S7 and Sg. 

The formation of 1 is not limited to the use of S2Ch as the sulfur transfer reagent, 

though it is the one most frequently used and the one whereby the highest yields have 

been reported. Blanschette59 recently reported the synthesis of dibutoxy disulfide 9 in 

moderate yield (46 %) using 14 in CH2Ch at RT whereas the use of other sulfur transfer 

reagents such as ISa and ISb,S! developed in our lab,60 has had limited success. 

14 15a 151:> 

Wenschuh and Rotze16
! reported the formation of di-n-propoxy disulfide 8 and di-

isopropoxy disulfide 16 through the metathesis of n-Bu3SnOR (where R = n-Pr, i-Pr) 

with S2Ch in excellent yields. This method has not been exploited, most likely due to the 

need to use toxic stannyl alkoxides as the alcohol derivatives. 

Tables 3-7 represent the exhaustive list of alkoxy disulfides synthesized to date in the 

literature (our current work excluded). 
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Table 3. Conditions and yields for the synthesis of some simple alkoxy disulfides 

Temr Yield 
Entry R Cmpd Method" Solvent eq (%)" bpoC (mmH~) Me CC) Ref 

1 Me 6 A ligroin . 371 I,ll 

2 Et 7 A tigroin 411 1,10 

3 n-Pr 8 A iigroin 44 

4- n-Pr 8 C CH2Ch 10-15 743 

5 n-Pr 8 G 94 36-38 (3.9) 61 

6 i-Pr 16 C CH2Ch 10-15 71 3 48 (100.0) 3,49 

7 i-Pr 16 G 87 55-56 (2.0) 61 

8 n-Bu 9 A ligroin 44 

9 n-Bu 9 C CH2Ch 10-15 703 71 (0.7) 

10 n-Bu 9 E RT 46 71 (0.7) 59 

11 s-Bu 17 C CH2Ch 10-15 58 (l.0) 49 

12 I-Bu 18 C CH2Ch 10-15 49 (1.0) 49 

13 I-Bu, Med 19 C CH2Ch 10-15 33 

14 t-Bu-CH2- 20 C CH2Ch 10-15 72 (0.8) 49 

a) Method A - 2 RONa + S2Ch; Method C - 2 ROH + SzCh + 2 NEh, 1 h addition time, 1.25 h total reaction time; 
Method E - 2 ROH + (Ms2N)2SZ, 4 h; Method G - 2 BU3SnOR + S2Ch. b) Refers to temperature during the addition of 
S2Ch or if none, the reaction temperature. c) References reported for all those who synthesized the compound. d) Only 
known asymmetric alkoxy disulfide. e) Yields reported after distillation and correcting for impurities by GLC. 

Table 4. Conditions and yields for the synthesis of some fluorinated alkoxy disulfides 

and related compounds 

Temr Yield 
Entry R Cmpd Method" Solvent CC) (%) bpOC(mmHg) MpeC) Ref 

1 (CF3)zCH- 10 B 50 80 61 (30.0) 45 

2 CF3CH2- 11 B 50 80 78 (76.0) 45 

3 CF3COZ 12a F >90 TUh 46 

4 C2FsCOz 12b F >90 TUh 46 

5 C3F7C02 12e F >90 TUh 46 

a) Method B-2 ROLi + S2Ch; Method F - ROAg + S2Ch, l.illdervacuum. b) Refers to temperature during the addition of 
S2Ch or if none, the reaction temperature. c) References reported for an those who synthesized the compound. d) TU -
thermally unstable. 
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Table 5. Conditions and yields for the synthesis of aliphatic alkoxy disulfides 

Temf Yield 
Entry R CmEd Method" Solvent eC) (%) bp QC (mmH~) Mp (QC) Ref 

@'" 21 C CH2Ch 0 85 50 

2 ~'" 22 C CH2Ch 0 89 50 

I 

3e JJ;: 23 C CHzCh IQ-15 83 67 (0.8) 

4 
X t::::::f 24 C CH2Ch IQ-15 80 3 

5 n-CgH17 25 C CH2Ch 10-15 90 -22 3 

6e ~/ 26 C CH2Ch 10-15 85 147 (0.8)d 

7 n-C12H25 27 C CH2C12 10-15 85 15-16 
8 n-C1sH37 28 C CH2Ci2 10-15 85 50-51 

ge ~ 29 C CH2Ci2 10-15 90 3 

10 cnolesteryl 30 C CHzCiz 10-15 48 179-
180d 

11 EtSCH2CHr 31 C CH2Ciz 10-15 70 135 (O.5)d 

12 EtOCH2CHr 32 C CH2Clz 10-15 85 117 (1.1) d 3 

-h 
13 O-N 0 33 C -30 68 100-104 55 

T 
a) Method C - 2 ROH + S2Ci2 + 2 NEt3, 1 n addition time, 1.25 h total reaction time. b) Refers to temperature during the 
addition of S2Ch or if none, the reaction temperature. c) References reported for an those who synthesized the compound. d) 
Decomposed upon heating. e) No stereochemistry reported. 
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Table 6. Conditions and yields for the synthesis of aHylic and propargylic alkoxy 

disulfides 

Temr Yield Mp 
Entry R CmEd Method8 Solvent eq (%) bE °C(mmHg) eC) Ref 

1 r--'V: 34 c Et20
d 0 8752 3.52 

2e ~'V: 35 C EtzOd 0 62 52 

3 ~y 36 C EhOd 0 95 52 

4 ~"-t{ 37 C EtzOd 0 98 52 

5 ~"-t{ 38 C EtzOd 0 87 52 

6 ~\[ 39 C Et20
d 0 90 52 

7 Ph~y 40 C Et20d 0 95 52 

8 Ph~\[ 41 c Et20d 0 93 52 

9 ~/-. 42 c EtzOd 0 98 53 

We ~/ 43 C EtzOd 0 
>91, 53 

<98 

Ph 
lIe ~ 44 C Et20d 0 

>91, 53 

<98 

12 ~I- 45 c Et20
d 0 

>91, 53 

<98 

13 ~A 46 c EtzOd 0 
>91, 53 

Eh ~ <98 

a) Method C ~ 2 ROH + S2Ci2 + 2 NEt3, 1 h addition time, 1.25 h total reaction time. b) Refers to temperature during the 
addition of S2Clz or if none, the reaction temperature. c) References reported for all those who synthesized the compound. d) 
Low temperature work-up. e) No stereochemistry reported. 
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Table 7. Conditions and yields for the synthesis of some aryl and benzyl alkoxy 

disulfides 

Temp Yield bpoC 
Entry R Cmpd MethodS Solvent eC) (%) (mmHg) MpeC) Ref 

NH2 

1 < ) 47 C THF 0-4 84.2 54 

(Y/-- 8835 50_51;35 3,35,49 2 I~ 48 C CH2Ch 0 58_5949 

3 iY/--
02N ~ 

49 c CH2Ciz 0 9035 92_93;35 
100_10133 

33,35 

4 iY/-- 50 c CHzClz 0 86 45-47 35 

Cl .0 

~ 51 C CH2Ciz 0 62 34-36 35 

5 
MeO .0 

6 ff/--1.0 52 C CHzCh 0 82 liquid 35 

7 rac- 04 I~ 53 C CH2Clz 0 80 5J 

et! I~ 
54 c CH2Ch 0 51 

iY/-- 51 9 I~ 55 C CH2Ci2 0 63 44-46 

Me02C 

10 J- iY/-- 56 c CH2Ch 0 25 51 

o 0 ~ 

H ~ 51 C CH2Ch 0 75d 51 

12 rac- ~/-- 58 C CHzCh 0 12 51 

::::::-... ~ 
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13 59 c o 69 51 

a) Method C - 2 ROH + S2Ch + 2 NEt3, 1 h addition time, 1.25 h total reaction time. b) Refers to temperature during the addition of 
S2Ch or if none, the reaction temperature. c) Reference reported for an those who synthesized the compound. d) Decomposed 
entirely upon chromatography. 

As can be seen, the synthesis of alkoxy disulfides using the method developed by 

Thompson3 or derivatives thereof is extremely tolerant to substitution. In general, as the 

amount of substitution and steric bulk increases on the a-carbon, the yield decreases. 

2.3 Synthesis and Characterization of Thionosulfites 

In 1964, Thompson treated dl-2,3-butanediol with S2Ch and NEt3 at 10°C under high 

dilution conditions in CHzCh; the unstable product (43% for the Sa; 21% for pure Sb 

from meso-butanediol) did not exhibit coalescence of the AB pattern and was proposed to 

exist as a thionosulfite (form 2).2 Evidence for this conclusion derived from the close 

similarities between the IH NMR of this class of compounds compared to the sulfite 

analog as wen as similar UV and IR data; in general, 2 are not shelf-stable.36 Thompson 

prepared and isolated pure thionosulfites Se and Sf from meso-hydrobenzoin 61a in low 

yield (5-44%) through fractional recrystallization,z,62 In this particular case, he 

synthesized the products from the magnesium alcoholates as shown in Scheme 3. 

Interestingly, the corresponding sulfites63 for the two isomeric forms of Se and of Sf were 

thermally more stable (130-131 QC, 129-131 QC, 85-86 °c respectively - Scheme 3) than 

the thionosulfites. This is most probably due to the greater 8=0 bond strength. Also of 

note is the increased thermal stability of the eis-configuration of the phenyl groups. 
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A diagnostic feature of thionosulfites is the presence of non-equivalent protons on the 

a-carbons in the proton NMR spectrum. It is similar to the spectrum of the 

corresponding sulfites suggesting a similar orientation of the S=S bond with respect to 

that of the S=O moiety. For instance Se, a lachrymatory liquid, displays an A2B2 pattern. 

A detailed analysis as to the factors that influence the formation of the thionosulfite 

isomer 2 over its valence bond isomeric alkoxy disulfide 1 is covered in Chapter S. 

HQ, pH BrMgq pMgBr 

< 5 < > 
2.1 equiv. MeMgBr Ob S,CI, 

Ph '0 PhXO 
THF 

- If ~ ~ X :S+<S- + )+'S-
~!J _ 15°C; Et20 Ph 0 Ph 0 

mp = 80-81 °c mp = 89-90 °c 
61a 62a Se 

HO OH BrMgq OMgBr 
Ph 0 

< 5 ~ > 
2.1 equiv. MeMgBr dO S,C~ X )+~S-

- If ~ • 
THF ~!J _ 15°C; Et20 

Ph"" 0 

mp = 78-80 °c 
Sib S2b Sf 

Scheme 3. 

Thompson62 proposed that the reaction pathway involved the formation of a polymer 

under high dilution conditions of sulfur monochloride. He suggested (Scheme 4) that an 

alkoxide-catalyzed unzipping of the proposed polymeric intermediate would yield a 

thionosulfite as a cyclic monomeric product (this reaction was performed under reduced 

pressure at 80-120 °C). 
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Scheme 4. Proposed mechanism for the formation ofthionosulfites 

Our method41 of preparation, § using sulfur transfer reagents 15a and 15h, resulted in 

similar yields but with no polymeric side products (Scheme 5). It is important to note 

that while both 15a and 15h were effective sulfur transfer reagents in the synthesis of 

thionosulfites, they proved quite ineffective during the synthesis of isomeric alkoxy 

disulfides (vide supra). In this manner, thionosulfites 5g-51 were synthesized (Table 8). 

The monosulfur transfer reagent 15a, produced thionosulfites in moderate yield (21-50%) 

while the disulfur transfer reagent 15h was generally more effective (14-80%) and was 

used for all the precursor 1,2-diols 63 examined. For an thionosulfites, column 

chromatography was sufficient to obtain analytically pure samples. While isolable, some 

of the thionosulfites were nevertheless unstable at room temperature or upon extended 

exposure to light. 

Scheme 5 Synthesis ofthionosulfites using either Method A or B (et Table 8). 

§ This work has been published: Harpp, D. N.; Zysman-Colman, E.; Abrams, C. B. J. 
Org. Chem. 2003, 68, 7059. 
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Table 8. Yields of some thionosulfites 

1 

2 

3 

4 

5 

6 

-(CH2)5-

-(CH2k 

-(CH2)6-

-(CH2h-

-(CH2h-

-(CH2k 

R4 Diol Product Yield (0/0) 

-(CH2)5-

-(CH2k 

-(CH2)6" 

-(CH2h- 63d 

Me Me 63e 

Me Me 631 

5i 

5j 

51 

50a; 41° 

21 a
; 80b 

47b 

14b 

72b 

n b 

a) Method A: 1:1 diol:15a in refluxing CCI4• b) Method B: 1:1 
diol:15b in refluxing CCI4. c) lH NMR data is misSing for these 
2 entries; the characterization is therefore incomplete although 
existing data is consistent with the assigned structures. 

The mechanism of the formation of thionosulfites remains unclear particularly with 

respect to the involvement of monosulfur reagent 15a. The lack of polymeric side 

products leads to the conclusion that the mechanism for the process in Scheme 5 is 

different than that originally advanced by Thompson (Scheme 4). No evidence for the 

formation of a sulfoxylate ester (ROSOR) intermediate has been found though 

Nakayama42 postulated its existence in the formation of his thionosulfites 5rn and 50. 

Moreover, the only by-product observed was that of benzimidazole; Nakayama42 

postulated the formation ofbibenzimidazole which was never directly detected. 

The proton decoupled BC NMR spectra of thionosulfites 5g-51 reveal the expected 

magnetic anisotropy. There is a lack of degeneracy as each carbon is now anisochronous. 

This is due to the tetrahedral nature of the branched sulfur in the thionosulfite which 

effectively acts as a stereo genic center. The extent of the influence of the branch-bonded 

sulfur atom is hypothesized to be due to its pseudo-axial position with respect to the 5-
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membered ring core as well as its diffuse electron cloud. Indeed, Steudel and co-workers 

showed via calculations that the branched sulfur-sulfur bond is in fact polarized, with the 

terminal sulfur being negatively charged?O This is evidenced by the observed downfield 

shift of the signal of carbon atoms four-carbons away from the sulfur-sulfur moiety as 

compared with the parent diol 63. Thus the deshielding and shielding zones of the 

thionosulfite functionality are analogous to that of the sulfite (this is extensively reviewed 

in Chapter 5). 

R
1XOH 

SOCI2• NEt3 R
1XO

, 
--------~ s=o 

R2 OH CCi4 or CH2CI2 R2 d 
63 64 

Scheme 6. Formation of sulfites 

Although very similar, the NMR. spectra of the thionosulfites are distinct from the 

analogous sulfites, prepared according to Scheme 6, Table 9. In addition, the absence of 

a strong band between 1180-1240 cm- l indicates the absence of the sulfite (S=O) moiety. 

A consistent feature in the infrared of the thionosulfites synthesized is the presence of a 

strong band at 655 cm- l indicating an S-S (S=S) stretch; this is in clear agreement with 

the literature. 36 Nakayama reported similar IR and Raman S=S stretching absorptions.42 
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Table 9. Yields of 5-membered ring cyclic sulfites 

Entry 
1 
2 

-(CH2)5-
-(CH2)6-

Sulfite 

649 
64i 

Yield (%) 

60 
64 

Mass spectrometric data provides further evidence to support the existence of new 

thionosulfites 5g-5i. One characteristic feature of the MS common to an the 

thionosulfites is the base peak representing the loss of the HS202 (mlz 97) moiety from 

the parent ion. The feature common to the MS of alkoxy disulfides is the initial loss of 

SO (mlz 48) from the parent ion (vide infra - Chapter 3). 

Most recently, using our procedure (solvent: MeCN at RT), Nakayama42 reported the 

synthesis of a fused 5,5-bicycle containing thionosulfite moiety in two diastereomeric 

forms. These were isolated by column chromatography then by HPLC to afford 5rn 45% 

and 50 10%. No thermal isomerization between 5rn and 50 was possible even at 

temperatures of 120°C. 

To the extent that it has been explored, formation oflarger ring homologues has to date 

proven unsuccessful. The reaction with 1,3-butanediols 65 with S2Ch primarily gave a 

low molecular weight polymeric product which when subjected to an alkoxide catalyzed 

degradation, afforded sulfite 66, sulfoxylate 67 as well as transient formation of what was 

believed to be thionosulfite 68. This latter compound decomposed to the sulfoxylate 67 

due to facile loss of Vs S8 (Scheme 7). Attempts to form thionosulfites from 1,4-
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butanediols proved completely unsuccessful, affording only polymeric mixtures of 

products. No other attempts with larger diols have been reported. 

yOH 

~OH 

65 
Scheme 7. 

61 61 

2.4 Conformational Analysis of and The Origins of Barriers to Rotation 

in X-S-S-X Systems & Systems Containing an S=S Bond 

The S-S single bond is ubiquitous in structural biology as a vital secondary structural 

unit essential for the activity in a diversity of proteins of which insulin, oxytocin and 

vasopressin,64,65 ribonuclease A, phospholipase A2 and immunoglobins are illustrative. 66 

One of the reasons for Nature's use of the S-S bond in conferring structural rigidity is the 

high bond energy of this functionality, which at ca. 63 kcallmol, is the third strongest 

homonuclear single bond.67 Nevertheless, it is considered a weak bond as compared to 

other bonds that normally break in chemical reactions. Apart from serving to tailor the 

three-dimensional structure of proteins, disulfide bonds make their appearance in rubber 

vulcanization,68 drugs69 such as Antabuse (TETD),7o molecules used in marine 

organisms,71,72 and as aqueous geiators.73 

In order to best understand and provide a context for the conformational analysis and 

theoretical calculations highlighted in this thesis, a detailed investigation of the 
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geometries of related disulfides, HSSH, ClSSCI, BrSSBr and FSSF IS presented. 

Geometries for an these compounds are defined according to Figure 1. 

't(X-S-S-X) 
or 

't(S-S) 

Figure 1. Structural parameters for the XSSX systems. Bond lengths are defined as 

r(S-S) and r(S-X), bond arid dihedral angles are defined as 8(S-S-X) and 't(S-S) 

respectively. 

The origin of the S-S barrier to rotation is explored. A comparison of experimental and 

theoretical work is also undertaken to determine the minimum level of theory needed in 

order to accurately describe these systems. 

2.4.1 The HSSH System 

The geometry of dihydrogen disulfide HSSH 69a as weB as its isotopic derivatives has 

been determined by electron diffraction74 and microwave spectroscopy.75-83 Often with 

those that determine the geometry by microwave spectroscopy (MW), the parameters 

have been recalculated from the same data set and then re-reported. Disulfane 69a has an 
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analogous structure to that of HOOH 70a. The experimental structural parameters of 

some investigators are highlighted in Table 10. 

Table 10. Experimentally derived parameters for 69a. 

r(S-S) A r(S-H) A 8(H-S-S) 0 't(H-S-S-H) 0 method Ref 
2.055 ± 0.001 1.327 ± 0.003 92.00 ± 0.50 90.60 ± 0.10 MW 7S 

2.055 ± 0.001 1.327 ± 0.003 91.30 ± 0.05 90.60 ± 0.05 MW 76 

2.058 ± 0.003 1.345 ± 0.003 98.10 ± 0.30 90.80 ± 0.30 MW 83 

2.0611 ± 0.0001 1.3410 ± 0.0003 97.42 ± 0.04- 90.75 ± 0.05 MW 82 

2.055 ± ± 98.10 ± 89.60 ± MW 84 

2.056 ± 1.342 ± 97.90 ± 90.30 ± MW 81 

2.057 ± 0.002 1.336 ± 0.009 95.80 ± 3.23 90.44 ± 0.45 Average 

The initial work75
,76 underestimated both the reS-H) bond length and 8(H-S-S) bond 

angle. This is most likely due to the fact that here the authors based their microwave 

geometries on flawed electron diffraction74 data which served as a reference for the 8(H-

S-S) bond angle. In general, the location of hydrogen atoms in the presence of heavier 

atoms is problematic by diffraction techniques. Given that bond lengths derived from 

rotational constants are correlated to the bond angle, an inappropriate determination of 

the latter parameter will thus affect the two former; torsional angles are weakly correlated 

with other structural parameters and remain consistent throughout. The average bond 

angle of 95.8° is slightly larger than that ofH2S (92.2)85 but is substantially smaner than 

that for alkyl or halogenated disulfides (vide infra). The sman bulk of the hydrogen 

atoms and the subsequent decrease in the H-H and S-S repulsions may explain this 

smaller bond angle. 

Theoretical modeling of this system proves quite accurate, even with smaner basis sets 

as summarized in Table 11; though the inclusion of polarization functions on heavy 

29 



atoms is essential for determining accurate parameters.86
,87 It has also been suggested 

that addition of correlation corrections is required to obtain good structural parameters for 

the analogous H202 70a system88
,89 though this does not seem to be the case here. The 

bond order for the S-S bond was calculated90 to be 0.95, an indication of the single bond 

character of this parent compound; thus the covalent radius of sulfur can now be derived 

as 2.055 A 12 =1.03 A, where we have used the most recent MW84 S-S bond length. 

Table 11. Calculated structural parameters for 69a 

r(S-S) A r(S-H) A 8(H-S-S) 0 't(H-S-S-H) 0 method Ref 

2.081 1.356 98.3 91.7 SCFIDZ+P 9J 

2.063 1.336 98.9 90.3 SCF/3-2lG* 92 

1.958 1.327 99.1 88.1 ab initio STO-3G* 93 

2.067 1.331 98.2 89.7 SCF-ClIDZ+P 94 

2.066 1.327 98.6 89.9 MP214-31G* 95 

2.066 1.328 99.0 90.0 HF-SCF/6-31G* 90 

2.063 1.327 99.1 89.8 HF/6-31G* 96 

2.070 1.333 98.7 90.5 MP2/6-31G** 97 

2.082 1.336 98.1 90.4 MP2/6-311 G** 98 

2.092 1.333 97.5 90.8 MP2/6-311 G(2d,2p) 97 

2.092 1.333 97.5 91.2 MP2/6-311 G++(2d,2p) 97 

2.064 1.338 97.8 91.0 MP2/6-311 G++(2df,2p) 97 

2.067 1.343 98.0 90.7 CCSD(T)/cc-E VQZ 99 

2.064 1.334 98.4 90.3 Average100 

0.034 0.008 0.6 0.9 Error 

A characteristic feature of the bonding in X-S-S-X systems is the presence of a gauche 

conformation about the SoS bond. The bonds formed are almost entirely p in character. 

Thus there exists a non-bonding electron pair that resides in a perpendicular 3p orbital on 

each sulfur atom (Figure 2). The size of these orbitals leads to a partial overlap of these 

MOs. The lone pair-lone pair repulsion inherently caused by the formed n- and n*-MOs 

results in a destabilization (and subsequent lengthening) of the SoS bond that is 

maximized when 't = 0 and 't = 180°; this destabilization is diminished when 't = 90° and 't 

30 



= _90° due to the orthogonality of the two 3 p orbitals. Recall that the splitting of AOs to 

form MOs is asymmetric. 1O
! This is illustrated in Figure 3a. As a coronary to this MO 

argument is the fact that when H2S2 (or any other XSSX system) is in the gauche 

conformation, there is a maximum stabilizing overlap which occurs with each of the lone 

pair 3p orbitals to that of the adjacent S-H (or S-X as the case may be) 0* MO (Figure 

3b); the above MO description is indicative of a hyperconjugative mechanism. 

Mulliken lO2 population analyses show that the largest S-S overlap population does indeed 

occur at this (ca. 90°) dihedral angle thus indicating that the total energy of the compound 

is lowest. 103 The origin of this stabilizing interaction will be explored in greater detail in 

Chapters 3 and 4. It is for these reasons that the observed dihedral angle in 69a is ca. 90° 

which represents an energy minimum for the compound. Thus there are two 

energetically degenerate conformations of 69a which are antipodal in the S-S unit. 

Inherently chiral though XSSX systems are, they remain optically inactive and 

unresolvable if the substituent X is achiral and the magnitude of the S-S rotational barrier 

is sufficiently low. 
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gauche M (-) gauche P (+) 

cis 

Figure 2. 3p orbital orientation in the ground and cis and (rans transition states. 

Jln* I \ n* I \ 
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'111' 
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A B 
Figure 3. a) Splitting of adjacent S-3pn-orbitals. b) Splitting of S-3pn-orbitai with that 

of an adjacent S-X antibonding orbital. The magnitude of the splitting in each case is 

dependent on the dihedral angle "( and on the origin ofX. 

The geometries of the cis and trans transition state structures in Figure 2 indicate 

distortions from the ground state geometry. The calculated r(S-S) is ca. 0.04-0.05 A 
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longer and the 8(S-S-H) is 10 and 4° smaner respectively while the reS-H) remains 

essentially unchanged.94 These sorts of changes are not unusual and similar results have 

been observed in sulfur homocycles wherein 1: = ca. 0°,104 

The barrier to rotation about the S-S bond is of course also dependent on the dihedral 

angle due to the same molecular orbital considerations (vide supra). Although there is 

much variation in the measured and calculated barriers (Table 12), the cis barrier (via 

path b in Figure 2) is consistently higher than that of the trans barrier (via path a in 

Figure 2). Some of this variation may be caused by the use of inaccurate structural 

parameters as well as the assumption that rotation is rigid (that is an other bond angles 

are constrained as the energies are calculated during the rotational profile about the S-S 

bond). Others did not optimize transition state geometries prior to obtaining single point 

energies. In general, it is well known that ab initio calculations can reproduce rotational 

barriers at the HF level given the use of a large enough basis set; 105 the lack thereof is 

evident in the barriers calculated by Laitinen (geometry optimization using the same 

method was also poor). 106 Inclusion of electron correlation did not change the barrier 

heights.82
,94 It should be noted that full optimization of the energy surface using 

appropriately large basis sets is standard in modem theoretical work for rotational 

barriers. Thus the HF predictions of Samda196 and co-workers (last Entry of Table 12) 

should be viewed as the most accurate, 
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Table 12. Measured and calculated barriers to rotation about the 8-8 bond in 69a 

Measured" Calculated" /:; a,b Method Ref" 

cis trons 

6.9 FarIR 77 

d MiHimeter wave 75 

9.3 6.0 3.3 SCFe 107 

1.5 0.9 0.6 EH 103 

6.4 3.5 2.9 STO-3G 93 

12.5 10.8 1.7 STO-3G* 93 

9.0 5.2 3.8 HF-SCFf 108 

8.7 6.1 2.6 SCF/3-21G* 92 

7.6 5.1 2.5 SCF/ZPE 94 

7.5 5.0 2.5 CI-SD/ZPE 94 

22.5 4.1 18.4 MINI-I 106 

26.4 14.3 12.1 MINI-l * 106 

7.7 5.1 2.6 SCF" 82 

7.8 5.0 2.8 MP211SCF 82 

8.2 IR 84 

8.1 5.8 2.3 MW 81 

8.4 HF/STO-3G(M3*) 90 

8.5 6.1 2.5 HF/6-31G* 96 

a) Barriers in kcallmol. b) Difference between cis and frans barriers. c) 
References are in chronological order. d) No value determined but 
authors quote almost equal barriers. e) Included the use of a double C; 
basis set augmented by polarization functions. f) Included the use of an 
extended polarized basis set 

The increased height of the cis barrier is most probably due to a relatively decreased 

stabilizing hyperconjugative crS-H ---+ cr*S-H interaction (similar to that found in ethane109
-

112) as compared with the trans transition state. l13 The slightly lower calculated trans 

barrier as compared with the measured barriers (which as a matter of course are in fact 

measurements of the trans barrier) is due to geometry relaxation. 108 The barrier height is 

also a function of the van der Waals radii and the electronegativities of the respective 

atoms about the X-X bond (in this case 8-8). This is illustrated in Table 13 wherein 

moving from a first row element to a second row element may lead to a decreased barrier 

but this effect can be compensated by moving from left to right across the periodic table. 
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Table 13. Barriers to rotation about C~X bonds where X = C, Si, N, P, 0, S 

Cmpd Barriera,b Cmpd Barriera,b Cmpd Barriera,b 

CH3-CH3 2.93 CH3-NH2 1.98 CH3-OH 1.07 

CH3-SiH3 1.66 CH3-PH2 1.96 CH3-SH 1.27 

b. -1.27 b. -0.02 b. 0.20 
a) Barriers and differences measured in kcal/mot b) From Ref 114. 

A more important comparison is that between HOOH 70a and HSSH 69a. The barriers 

for 70a are shown in Table 14. 

Table 14. Calculated barrier to rotation for HOOH 70a 

Calculateda b.a,b Method Ref 
cis trans 

10.9 0.6 10.3 SCF 115 

7.3 1.1 6.2 MW 81 

9.1 0.9 8.2 HF/6-3lG* 96 

a) Barriers in kcal/mol. b) Difference between cis and 
trans barriers. c) References are in chronological order. 

A comparison of barrier heights clearly shows that for all cases except those values 

reported by Boyd,103 HSSH has the higher trans barrier (by ca. 6 kcal/mol); the cis 

barrier for both compounds is of a comparable energy. Given that 70a has a similar 

geometry (1: = ca. 115°) to that of 69a, the increased trans barrier must be due to 

increased lone pair-lone pair repulsion afforded by the larger, more diffuse 3p orbitals of 

adjoining sulfurs as compared to the 2p orbitals of adjoining oxygens. This results in a 2-

fold torsional barrier1l6 component for 69a (the :MP282 two-fold component is 3.21 

kcal/mol) that is ca. double that of the experimentaUyH7 determined one in 70a (1.81 

kcal/mol). Counteracting this two-fold torsional component is the fact that in H2S2 69a, 

there are decreased dipole-dipole and atom-atom interactions and decreased polarity in 

the S-H bond as compared to the O-H bond.82 
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The calculated dipole moments of the transition state and ground state geometries of 

69a are shown in Table 15. The indicated difference in gas phase dipole moments 

between the trans transition state and the ground state suggest that the barrier to rotation 

may be solvent dependent. 

Table 15. Calculated dipole moments for 69a 

Calculated Dipole Moment (Dt 
cis trans equilibriumb 

1.82 0.00 1.36 
a) From Ref 108. b) Calculated for the ground 
state geometry ~ Expe 18 = 1.17 D. 

Here, there has been an extensive overview of the geometry and torsional barrier for 

69a. It was necessary to introduce concepts in conformational analysis and molecular 

modeling. These themes will reoccur throughout the thesis. Analysis in the following 

systems is undertaken as a comparison to the HSSH 69a system. 

2.4.2 The MeSSMe System 

The structure of dimethyl disulfide 71a resembles that of 69a. The structural 

parameters, both experimental and theoretical are outlined in Table 16. 
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Table 16. Experimental and theoretical structural parameters for 71a 

r(S-S) A r(S-C) A 8(C-S-S) 0 't(C-S-S-C) 0 method Rei" 
2.038 1.810 102.8 84.7 MW' 119 

2.022 ± 0.003 1.806 ± 0.002 104.1 ± 0.3 83.9 ± 0.9 ED 120 

2.029 ± 0.003 1.816 ± 0.003 103.2 ± 0.2 85.0 ± 4.0 ED 121 

2.030 ± 0.008 UHI ± 0.005 103.4 ± 0.7 84.5 ± 0.6 Avera~eloo 

1.842 c 103.2 85.0 CNDOI2 122 

2.030 1.818 103.7 83.2 MMl 123 

2.064 1.809 100.0 90.6 ab initio STO-3G 93 

1.950 1.803 102.9 87.4 ab initio STO-3G* 93 

2.050 1.823 102.3 88.4 SCF/3-21G* 92 

2.054 1.812 102.1 85.1 MP2/6-31G** 97 

2.072 1.819 101.5 84.7 MP2/6-311 G(2d,2p) 97 

2.064 1.807 100.8 83.7 MP2/6-311G** 98 

2.016 ± 0.080 1.813 ± 0.007 102.1 ± 1.2 86.0 ± 2.6 Average100 

a) References are ordered chronologically per section. b) No errors reported. c) Not determined. 

All calculations accurately predict the r(S-C) bond length as wen as the bond and "(S-

S) angles. Most calculations seem to overestimate the experimental r(S-S) by as much as 

2% from the average experimental value. This is especially true when electron 

correlation is added (last three entries). The addition of polarization functions to the 

STO-3G basis set severely underestimated the r(S-S) bond length. Semi-empirical 

methods also underestimate the r(S-S) though molecular mechanics methods accurately 

predict the geometry of 71a. As with 69a, the r(S-S) is a true single bond and compares 

favourably with rhombohedral S6 (r(5_S)124 = 2.057 A) and orthorhombic-Ss (r(S_S)125 = 

2.037 A). 

The main structural difference between 71a and 69a is in the bond angle, which is ca. 

70 wider in 71a; whereas the r(5-5) is ca. 1 % shorter. The widening of the bond angle is 

ostensibly due to increased Me-5p repulsive interactions. The intramolecular r(C---S) is 
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ca. 3.0 A is less that of the sum of the respective van def Waals radii of the constituent 

atoms (3.4 A). 

The experimental and calculated barriers to rotation for 7la are reported in Table 17. 

Table 17. Measured and calculated barriers to rotation about the SoS bond for 71a 

Measured" Calculated" /j.o,b Method Rei" 
cis trans 

9.Sd Raman 126 

6.8 Calorimetric dame 127 

7.3 IR 128 

wf Raman 129 

2.9 1.3 1.6 PCILO 130 

45.9 14.5 31.4 ZDO-SCF 131 

7.0 2.2 4.8 EH 103 

17.7 10.8 6.9 CNDOI2 122 

10.6 7 3.6 MMl 123 

18.0 4.4 13.6 STO-3G (rigid rotor) 93 

21.1 12.7 8.4 STO-3G* (rigid rotor) 93 

7.5 2.9 4.6 SCF/3-21G 92 

12.0 5.7 6.3 SCF/3-21G* 92 

11.4 5.7 5.7 HF/6-31G*g 78 

11.3 5.5 5.8 HF 16-31 G*g,h 132 

11.4 6.3 5.1 MP4/6-311 G**h 132 

11.6 6.1 5.5 MP2/6-31G*i 133 

a) Barriers in kcallmol. b) Difference between cis and trans barriers. c) 
References are in chronological order. d) Caution: Assumed symmetrical 
barrier shape and neglected effects of coupling between SoS rotation and 
vibrational degrees of freedom in MeSSMe. e) Estimated from calculated and 
observed entropy and heat capacity. f) Approximate value reported. g) Based 
on HF/6-31G* optimized geometry. h) Calculations reported do not include 
ZPE correction. i) Based on MP2/6-31G* optimized geometry. 

The best experimental estimates suggest a barrier of ca. 7 kcallmol. It is expected that 

with 71a, rotation proceeds through a trans transition state. Ab initio calculated results 

seem to converge with larger basis sets (last three Entries) however these seem to 

underestimate the trans barrier by ca. 1 kcallmol. Deconvolution of the torsional 

potential function134 indicates that the two-fold term (V2) predominates. 132,m Of those 
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reported in the literature, only barriers derived from Allinger' s IVfl\t:[1 force field 123 

suitably reproduce the experimental results. It is evident, as was the case for 69a, that the 

addition of polarization functions is essential in barrier determination (contrast last six 

entries). It is also evident that electron correlation increases slightly the trans barrier 

(contrast last four entries). The calculated and experimental barriers for 71a are 

comparable with those of 69a (Table 12). 

The barrier for MeSSH 72 was calculated by Ha and co-workers at the SCF/3-21G*.92 

They reported a cis barrier of 8.9 kcallmol and a trans barrier of 5.9 kcal/mol. 

Comparing this result to that obtained for 70a and 69a suggests that the inclusion of 

methyl groups increases only the cis barrier and that the trans barrier is defined solely 

through an electronic interaction (that is the methyl group is not substantially bulky to 

affect this barrier - see Chapter 2.4.3 for examples). 

2.4.3 Other Disulfides with the C-S-S-C Moiety 

In general, organic disulfides have a similar geometry to that of MeSSMe 7la. 136
-
138 

The geometries ofa representative set ofdisulfides is shown in Table 18. Unlike 7la, the 

next smallest disulfide, EtSSEt (Entry 1), is predicted to show a 1% increase in its r(S-C); 

other parameters remaining essentially the same. In fact this small increase this bond 

length is true with most dialkyl disulfides (where Ca is Sp3 hybridized) and is most likely 

due to the increased steric demands oflarger R groups (c! Table 18). 
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One of the shortest registered r(S-S) for a disulfide is 1.999 A for tetraethylthiuram 

disulfide (TETD), (Entry 6). Even for this molecule, there is but a 1.5% decrease in bond 

length from that of 71a; recently an extremely short r(S-S) = 1.858 A has been reported 

for the double helical cyclic peptide (Adm-Cystk 139,140 The corresponding longest 

reported r(S-S) is 2.110 A in Entry 12. This longer bond (ca. 3.5% longer than in 71a) is 

almost certainly due to the bulky tris(trimethylsilyl) methyl groups as is its highly 

unusual 't(S-S) of 180°. Interestingly, whereas Entry 12 compensates for the bulky R 

group through a long S-S bond, Tr-SS-Tr (Entry 13) does so with the longest reported 

r(S-C) of 1.931 A. 

Dicubyl disulfide (Entry 7) has an unusually sman 1:(S-S) for disulfides bearing a 

tertiary carbon ('tavCS-S) = 112.4° from Entries 5, 8, 13, 26). This has been attributed to 

the strained nature of the cubyl geometry wherein the 1:(C-S) are distorted which enables 

a minimimization of steric interactions between the ~-carbon and the S-S moiety. The 

accompanying short r(S-C) is ca. 5% smaller than the average bond length for a disulfide 

with a tertiary-substituted carbon. This is a structural manifestation of the high s­

character of the Ccubyl moiety. This can be seen by comparing the r(S-C) for this case 

with those of disulfides containing an Sp2 carbon attached to the S-S functionality 

(Entries 11, 14-22). In fact, except for the 't(S-S) dihedral angle, the other structural 

parameters for these cases are unresponsive to substitution changes about the benzene 

ring which alter the electronics of the respective systems though Entry 11 does have an 

unusually small bond angle. Entry 11 also has one of the smallest 1:(S-S) and both angle 

deformations from the ideal are most probably caused by the lack of conformational 
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flexibility afforded by the biphenyl system. Entry 23 also has a massively distorted 

torsional angle and 8-8 bond length but as can be seen Entries 11 and 23 are exceptional 

cases. It is unclear why Entries 16-18 and 25 have unusually small 1:(8-8) (ca. 12% 

smaner than in 71a) but this may be in part related to the extensive intermolecular 

hydrogen bonding observed in the solid state (Entries 16 and 25). 
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Table 18. The structural parameters of some dialkyl and diaryl disulfides 

Entry Disulfide r(S~S) A r(S~C) A e(c~s~s) 0 't(C~S~S-C) 0 method Ref 
1 Et~SS~Et 2.038 1.832 103.7 90.0 CNDO/2 141 

2 nPr~SS-nPr 2.051 1.830 102.9 ~89.3 HF/6~31G* 98 

3 Allyl~8S~Anyl 2.052 1.834 103.3 ~86.9 HF/6-3lG* 98 

4 Anyl~SS-nPr 2.066 1.807 84.0 HF/6-31G* 98 

5 di+butyl disulfide 2.029 1.847 106.2 113.8 MMl 142 

6 TETD 1.999 1.820 ± 0.030 103.5 ± 0.3 90.0 X~Ray 
143 

7 Cubyl~SS-Cubyl 2.044 ± 0.001 1.771 ± 0.002 104.6 ± 0.1 -86.5 ± 0.1 X~Ray 
144 

8 DAD 2.048 ± 0.007 1.840 ± 0.020 107.3 ± 0.6 110.5 ± 0.9 X~Ray 
145 

9 DAD 2.029 1.845 106.2 113.8 MMl 146 

10 Bn-S8-Bn 2.020 103.3 92.0 X~Ray 
147 

11 2,2'~biphenyl disulfide 2.050 ± 0.003 1.750 ± 0.010 98.3 ± 0.2 69.0 X~Ray 
148 

12 (Me3SihC~88-C(SiMe3h 2.110 ± 0.010 1.844 ± 0.002 105.7 ± 0.1 180.0 X~Ray 
149 

13 Tr-SS-Tr 2.012 ± 0.001 1.931 ± 0.030 110.9 ± 0.1 110.3 X~Ray 
149 

14 Ph-SS-Ph 2.023 ± 0.001 1.788 ± 0.003 105.9 ± 0.1 90 X~Ray 
150 

15 2,2'~dinitrophenyl disulfide 2.045 ± 0.004 1.797 ± 0.009 104.4 ± 0.3 85.1 X~Ray 
151 

16 3,3'~dicarboxy-4'4'dinitrophenyl 2.023 ± 0.002 1.779 ± 0.005 105.5 ± 0.2 76.0 X~Ray 
152 

disulfide 
17 4,4'dinitrophenyl disulfide 2.019 ± 0.005 1.767 ± 0.010 106.2 ± 0.3 72.0 X-Ray 153 

18 dipentafluorophenyl disulfide 2.059 ± 0.004 1.770 ± 0.007 101.3 ± 0.3 76.5 X~Ray 
154 

19 2,2'-diaminophenyl disulfide 2.060 ± 0.003 1.760 ± 0.007 103.3 ± 0.3 90.5 X~Ray 
155 

20 
di~2~pyrimidyl disulfide 

2.016 ± 0.001 1.781 ± 0.002 104.7 ± 0.1 82.5 X-Ray 156 

dihydrate 
21 di-2-pyridyl disulfide 2.016 ± 0.002 1.785 ± 0.002 105.7 ± 0.1 87.1 X-Ray 150 

22 
3,3'-dihydroxydi~2-pyridyl 

2.018 ± 0.001 1.785 ± 0.002 104.8 ± 0.7 93.2 X~Ray 
157 

disulfide 

23 5-[ 1 ~(2' ~deoxy-a.~D- 2.108 
ribofurartosyl)uracilyl] disulfide 

± 0.003 1.756 ± 0.007 102.0 ± 0.2 50.0 X-Ray 158 

24 4-[ 1-( (J(.~D~ribofurartyl)uraciIyl] 2.022 ± 0.004 1.790 ± 0.020 104.0 ± 0.4 87.0 X-Ray 159 

disulfide 
25 5-( I-methyluracil) disulfide 2.074 ± 0.003 1.750 ± 0.010 100.7 ± 0.3 78.0 X-Ray 160 

26 D~penicmamine disulfide 2.049 1.866 105.5 115.0 X-Ray 161 

27 L-cystine hexagonal 2.032 ± 0.004 1.820 ± 0.012 114.5 ± 0.3 106.0 ± 1.0 X-Ray 162 
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In general, deviations to smaller angles from an idealized 1(S-S) of ca. 90° are 

accompanied by a corresponding increase in the r(S-S). For instance, introduction of the 

SoS moiety into a ring as in 1,2-dithiolane163 73 or in natural products bearing the 

piperazinedione core such as the Sporidesmins164 74 greatly enhances the lone pair-lone 

pair repulsion thereby leading to an increased r(S-S). 

"2H 

S-S 

r(S-S):: 2.096 A r(S-S) :: 2.096 A 

73 14 
Few studies have been done on the barrier to rotation about disulfides bearing larger 

substituents. The results of some disulfides are shown in Table 19. 

Table 19. Calculated and measured barriers to rotation for some disulfides 

Entry Disulfide Measureda Calculated" t. a,b Method 

cis frans 

1 diethyl disulfide 19.5 5.1 14.4 STO-3G 
2 diethyl disulfide 12.2 7 5.2 MMl 
3 t-butyl methyl disulfide 17.2 6.6 10.6 MMl 

4 t-butyl ethyl disulfide 17.7 6.6 ILl MMl 

5 t-butyl i-propyl disulfide 19.6 6.7 12.9 MMl 
6 di-i-butyl disulfide 28.8 5 23.8 MMl 
7 di-t-butyl disulfide 6 B3LYP/6-3lG*d 
8 dicubyl disulfide 5.2 B3LYP/6-31G*d 
9 DAD (di-tert-adamantyl disulfide) 29.7 5.3 24.4 MMl 
10 benzyl trichloromethyl disulfide 9.4° DNMR 
11 benzyl trifluoromethyl disulfide 8.3° DNMR 
12 benzyl t-butyl disulfide 7.,&0 DNMR 
13 benzyl trityl disulfide 8.8c DNMR 
14 L-cystine 23.1 6 17.1 STO-3G 
15 diphenyl disulfide 7.5 6.8 0.7 lVIP2/3-2lG*e 

16 bis(l,3,5-tri-i-Pr-phenyl) disulfide 16.2 DNMR 

a) Barriers in kcallmol. b) Difference between cis and Irons barriers. c) t.Gt = ± 0.3 kcallmol. d) Geometry 
optimized at B3L YP/6-31G*. e) Geometry optimized at lVIP2/3-21G*. 
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The highest barrier reported and one of the more interesting results is that ofbis(1,3,5-

tri-i-Pr-phenyl) disulfide (Entry 16). Kessler and Rundel168 determined by low 

temperature DNMR a barrier of 16.2 kcallmol, ca. 9 kcallmol greater than that of 71a. 

This situation, compared to Entry 15, represents an extreme case of steric interactions 

influencing barrier height. According to the authors, the torsional barriers of less 

sterically demanding derivatives displayed only C-S bond hindrance. 

Although Fraser166 originally attributed the observed barriers "for Entries 10-13 to 

rotation via a cis transition state, a conclusion diametrically opposed to the literature, his 

barrier measurements, coupled with others (c! Table 19), did clearly indicate that the 

barrier height does increase with increasing steric bulk. 167
,169 Interestingly, barrier 

measurements for Entry 10 over three solvents (vinyl chloride, CS2 and toluene) differed 

little. The authors also reported that barrier height was influenced by the inductive 

effects of the substituents attached to the S-S bond (c! Entries 10-11, Table 19). 

Gas phase calculations for the barrier of dicubyl disulfide, Entry 8, indicate a Sn ---+ 

0"* c-c interaction leading to a stabilization of the trans transition state and thus a 

counterintuitive small decrease in the S-S barrier. In general, gas phase calculations 

faithfully reproduced the expected lower trans barrier of ca. 6.5 kcallmoi. 

It is therefore possible to influence torsional barriers both stereoelectronicaHy as well 

as sterically. Influence based on the former will be self-evident in the next section. 
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2.4.4 Disuifides Bearing an Electronegative Atom Next to the S-S Bond 

Electronegative atoms immediately attached to a S-S bond influence substantially the 

structural properties of the moiety. Geometries of FSSF 75a, BrSSBr 76a and ClSSCl 

77a are shown in Table 20. 

Table 20. Experimental and theoretical structural parameters for dihalo disulfanes 

Entry X r(S-S) A 9(X-S-S2° 't~X-S-S-X) 0 method Rei" 

1 Br 1.980 ± 0.040 105.0 ± 3.0 83.5 ± 11.0 ED 170 

2 Br 1.948 ± 0.002 109.2 ± 0.1 83.9 ± 0.1 X-ray 171 

3 Br 1.964 ± 0.020 107.1 ± 2.9 83.7 ± 0.3 Average100 

4 Cl 2.040 ± 0.050 105.0 ± 5.0 90.0 ED 172 

5 Cl 2.050 ± 0.030 103.0 ± 2.0 ED 173 

6 Cl 1.970 ± 0.030 107.0 ± 2.5 82.5 ± 12.0 ED 170 

7 Cl 1.931 ± 0.005 108.2 ± 0.3 84.8 ± 1.3 ED 174 

8 Cl 111.0 85.0 CNDO/2 17S 

9 Cl 1.950 ± 0.001 107.7 ± 0.1 85.2 ± 0.1 MW 176 

10 Cl 1.943 ± 0.001 107.1 ± 0.0 84.8 ± 0.1 X-ray 171 

11 Cl 2.005 105.9 94.8 HF-SCF/6-31G* 90 

12 Cl 2.004 105.9 85.1 HF/6-31G* 96 

13 Cl 1.979 107.5 85.8 MP2/6-3UG** 97 

14 Cl 1.976 107.5 85.7 MP2/6-311 G(2d,2p) 97 

15 Cl 1.985 ± 0.040 106.9 ± 2.0 86.4 ± 3.5 AveragelOO 

16 F 1.888 ± 0.010 108.3 ± 0.5 87.9 ± 1.5 MW 177 

17 F HO.O 89.0 CNDO/2 175 

18 F 1.890 ± 0.002 108.3 ± 0.2 87.7 ± 0.4 ED 178 

19 F 1.953 104.2 92.7 HF-SCF/6-31G* 90 

20 F 1.953 104.3 88.7 HF/6-31G* 96 

21 F 1.953 104.3 88.6 HF/6-31G* 179 

22 F 1.923 106.6 88.9 MP2/6-3HG** 97 

23 F 1.921 108.3 88.6 MP2/6-311 G(2d,2p) 97 

24 F 1.894 110.4 8lU Xo/DZP 97 

25 F 1.952 106.6 88.9 MP2/6-31G* 180 

26 F 1.944 105.6 88.9 QCISD/6-31 G* 180 

27 F 1.910 110.5 89.3 SVWN/6-31 G* 180 

28 F 1.937 110.6 89.4 BP86/6-31 G* 180 

29 F 1.942 108.4 89.1 B3L YP/6-31 G* 180 

30 F 1.928 ± 0.025 107.6 ± 2.4 89.0 ± 1.2 Average100 

a) References are ordered chronologically per section. 
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Comparing the electron diffraction structures of each of 75a-77a (Entries 1,7 and 18), 

we observe a characteristic decrease in r(S-S), and increases in both the bond and 

torsional angles for increasing electronegativity of the X substituent. However this is not 

the whole story as (CF3)2S2 has a normal r(S-S)18l of ca. 2.03 A even though the 

inductive effect of the trifluoromethyl group amounts to an electronegativity of 3.7; 182 

similarly R2NSSNR2 has an rX_ray{S-S) = 2.021 A for R = CH3S02. 59 Cardenas-Jiron90 

calculated the S-S bond orders for S2Ch 77a and S2F2 75a and found them to be 1.09 and 

1.36 respectively, indicating that in the latter case a substantial degree of double bond 

character exists. Given such a short reported S-S bond for 75a, it is entirely reasonable 

that this bond would possess a large degree of double bond character. All three sulfur 

monohalides possess C2 symmetry as with 69a. 

It should be noted that early electron diffraction work on S2Ch 77 a contained larger 

errors with poorly defined structures (these were included for completeness) and Entry 7 

or Entry 9 should be used as the optimal geometry; the ED data has uncertainties related 

to electron correlation while the MW data has uncertainties related to zero-point 

vibrations. Kniep and co-workers l7l are the only ones to report crystal structures of S2Ch 

77a (1.943 A) and S2Br2 76a (1.970 A). Their reported structure for 77a is intermediate 

between that of the ED and MW data (c! Table 20). Interestingly, their r(S-S) for 76a is 

much closer to that of77a and is shorter by ca. 0.03 A than that determined by Hirota. l7o 

In general, electron correlation is required to accurately predict the geometric 

parameters of these halodisulfanes. For instance Entry 12 overestimates the r(S-S) while 
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Entry 14 approaches the experimental geometry with an r(S-S) < 2 A. Das and 

Whittenburg183 recently published a high level theoretical study on 7751. They report that 

the inclusion of diffuse and d and f polarization functions was necessary to shorten the S-

S bond (though they had little effect on increasing the accuracy of the predictions of bond 

and dihedral angles) and that their inclusion was additive; the :MP2 method shows the 

best agreement among theoretical models (the best basis sets were that of the 6-

311 +G(2df) and 6-311 +G(3df)). 

For the FSSF 7551, system, even with the addition of electron correlation and the 

inclusion of larger basis sets as in Entry 23, there still is no convergence in the geometry; 

the r(S-S) is overestimated by ca. 2%. In fact, using DFT methods180
,184 (Entries 24 and 

27) provide much more accurate predictive methods. As can be seen, modeling these 

systems, electronically related to the alkoxy disulfides, is non trivial. 

To date, the barriers to rotation of halosulfanes have not been experimentally 

determined. Some have calculated their barriers and the results are shown in Table 21. 

Table 21. Calculated barriers to rotation for some halo disulfane and dihalo disulfanes 

Cmpd Calculated' !J.R.b Method Ref 
ci:> trans 

HSSCl 78 10.7 HF/6-31 +G* 90 

ClSSCl 77a 17.0 HF/6-31 +G* 90 

17.1 11.9 5.2 HF/6-31G* 96 

20.2 15.4 4.8 MP2/6-311 +G(3df) 183 

HSSF 79 12.8 HF/6-3l+G* 90 

FSSF 753. 25.3 HF/6-3l+G* 90 

24.2 18.9 5.2 HF/6-31G* 96 

a) Barriers in kcallmoL b) Difference between cis and tran:> barriers. 
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As can be seen, the addition of one halogen increases the cis barrier by ca. 3-5 kcallmol 

over that of 69a. The effect is multiplicative when two halogens are attached with an 

increase of ca. 10-17 kcallmol depending on the nature of the halogen. Those barrier 

calculations done using the HP method should be taken with a degree of caution as it has 

previously been shown (vide supra) that this method is poor when it comes to predicting 

barrier height. Nevertheless, the calculations do indicate that the S-S barrier is sensitive 

to the nature of the attached substituents; the sensitivity and barrier magnitudes here are 

much greater than those of the XOOX analogs.96 

The high barrier calculated for FSSF 75a coupled with the short r(S-S) has been 

attributed to two hyperconjugative interactions between the 3p lone pairs of each sulfur 

which are partially delocalized into the adjacent O*S-F antibonding orbitals. This 

delocalization is maximized given a gauche conformation. The MO overlap is 

maximized as the energy of the 0* orbital is lowered, so we would expect that the more 

electronegative the atom, the higher the barrier (Figure 3b). This interaction exists in 

HSSH 69a, ClSSCl 77a, HOOH 70a as wen as FOOF 80 and has previously been 

discussed. 18s,186 

A detailed overview of the experimental geometries of alkoxy disulfides and the ability 

of different methods to predict them is covered in Chapter 3. The origin of the barriers to 

rotation about the S-S bond for these compounds is explored extensively in Chapters 3 

and 4, particularly as a comparison with other common rotational processes. 
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2.4.S Compm.m.ds Cmltaining Hypervahmt SlRlflRr Atoms Directly Bonded to SlRlflRr 

There exist but a few examples of stable molecules containing a hypervalent sulfur 

atom directly bonded to another sulfur atom.38 The S-S bond in these compounds is 

classically written as if it were a true double bond. Their r(S-S) are shown in Table 22. 

Table 22. The experimentally determined r(S-S) for hypervalent sulfur-sulfur bond-

containing compounds. 

CmEd r(S-S2 A Method Ref 

F2S=S 7Sb 1.860 ± 0.015 ED,MW 177,187 

O=S=S 1.884 ± 0.010 MW 188 

S=S 1.892 MW 189 

RN=S=S 1.898 X-ray 190 

(RO)zS=S Sg 1.901 X-ray 40 

(ROhS=S Si 1.910 X-ray 41 

(RO)zS=S Srn 1.9154 ± 0~0006 X-ray 42 

(ROhS=S Sn 1.8964 ± 0.0013 X-ray 42 

Ph3P=NSN=S=S 1.908 ± 0.002 X-ray 191 

0=$=$=0 2.024 ED 192 

The structure of 7Sb was confirmed by a second ED study and contains the shortest 

known SoS bond. m The long S-S bond for planar S202 has been ascribed to a partial 

delocalization of the oxygen lone pairs into the cr*s-s bond leading to a strengthening of 

the S-O bond at the expense of the SoS bond. Nevertheless, most compounds in Table 22 

possess an extremely short SoS bond indicative of the double bond character present; of 

special note are the thionosulfites Sg, Si, Srn and Sn (rav(S-S) = 1.906 ± 0.009 A). Thus, 

the short bond in FSSF 7Sa (1.890, 1.888 A; ED and MW, respectively, Table 20) 

demonstrates that in this case, there is also increased double bond character. 
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The geometry of branched structures F1S=S 75b,97,m,179.180,184 ChS=S 77b,97,175,183 

H1S=S 69b,97,98 and Me1S=S 71b97
,98 have aB been modeled at high levels of theory. 

MP2 methods using a minimum of the 6-31 G* basis set accurately predict the geometry 

of 75b. In fact, only DFT calculations overestimated the r(S-S) bond length, and then 

only by ca. 2%. Assuming that these methods can handle electronically less demanding 

compounds 77b, 69b and 71b, their rav(S-S) bond lengths should respectively be ca. 

1.879, 2.004, 2.019 A. The latter two results suggest that in these thiosulfoxides the S-S 

bond has little double bond character. Steude198 also investigated larger alkyl 

homologues S2Pr2, S2A1h and they both possess similar structural' parameters as that of 

71b. 

To our knowledge, there are currently no comprehensive theoretical studies for 

thionosulfite structures. One of the major goals of the current work is to find a method, 

at minimum computational cost, which can equally model both isomeric forms of 

ROSSOR as wen as predict their physical organic properties. In the next section, the 

relationship between these two forms is explored in the context of valence bond 

isomerization. 

2.5 Valence-bond Isomerism 

Eliel 193 classically defined valence-bond isomers as: 

"Isomers that differ only by the position and order of the bonds between their 

atoms, which latter may, however, move slightly." 
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In particular, aromatic valence bond isomerization has received considerable 

attention. 194 A prime example of valence bond isomers is that between 1,3,5-

cydooctatriene 81 and bicyclo[4.2.0]octa-2,4-diene 82 (Scheme 8). 

() 
81 

Scheme 8. 

Alkyl-substituted benzenes,195,196 perfluoroalkyl-substituted benzenesl97 and related 

aromatics have been shown to transform into their Dewar counterparts upon continuous 

UV irradiation as in the case of naphthalene/hemi-Dewar naphthalene (Scheme 9).198,199 

Theoretical studies200 suggest that these isomerizations occur through a two-electron 

excitation from the HOMO to the LUMO which alters the geometry of the aromatic 

favouring new bonding between Cl and C4. These reactions are reversible. 

~u ~ 
~ t-8u 4 t-8u 

83 

Scheme 9. 

M
t-8U 

t-8u 
~ 1 

I ~ I 
t-8u 4 t-8u 

84 

The concept of valence bond isomerization is not limited to simple substituted 

aromatics. In the following heteroatomic example,201 irradiation of 5-methyl-

thiazolo[3,2-a]pyridinium-8-o1ate 85 gave its valence bond isomer 6-methyl-2-thia-5-

azatricyclo-[4.3.0.01,5]non-7-en-9-one 86, which upon further irradiation isomerized to 

the corresponding 8-methyl-thiazolo[3,2-a]pyridine-5-one 87 (Scheme to). The 

extensive rearrangement of 85 to 86 corresponds to a photochemically allowed 

disrotatory ring closure. 
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Scheme 10. 

Although many of these examples are photolytically induced, this is not universally the 

case. Kurita202 and co-workers thermalized related tricyclic heptane derivatives 88a-9la 

to form interesting and synthetically useful 7-membered ring heterocyc1es 88h-91h in 

excellent yield (70-90%). This isomerization may either proceed via a biradical 

intermediate or an ionic mechanism; the concerted mechanism was deemed less likely to 

occur without comment from the authors and they reported no photolytic reaction in the 

attempted conversion of 88a-9la to 88h-91h (Scheme 11). 
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Ri, R2 = Me, Ph 
X = C02R 
R = Me, Bn 

Scheme 11. 
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There also exist examples of valence-bond isomerization involving solely heteroatoms. 

In this interesting case, Scheme 12, Messmer203 and co-workers observed the formation 

of triazine isomer 92 via nucleophilic attack of the pyridine nitrogen onto the diazonium 

functionality of 93. Valence bond isomerization of related triazolium salts204 and more 

highly nitrated heteroatomic ring systems205 have also been investigated. 

R 

93 92 

R:::: H, Cl, OMe, Me 

Scheme 12. 

An important feature of the work covered in this thesis revolves around the stability 

and mechanism of isomerization of divalent disulfide isomer 94a to thiosulfoxide-like 

isomer 94b (Scheme 13). The SoS bond in 94b may either be considered as having 

double bond206 character or containing a single semipolar207 bond depending on the 

electronegativity of the substituent X. The double bond character in 94a is also 

influenced by the inductive nature of X as was seen in Chapter 2.4. 

Scheme 13. 

x-s-s-x 
94", 

? 

X:::: F, Br, Cl, OR, alkyl 

94b 

We are using the term valence-bond isomerism (or valence tautomerism) to describe 

this particular form of constitutional isomerization even though it does not strictly meet 
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the classical definition set by Eleil. 193 We feel that the term valence-bond isomerization 

is a most accurate description here due to the unusual valence-bond expansion that 

accompanies the transformation between 94a to 941>. 

2.5.1 General Commentary on X-S-S-X I X2S=S Systems 

The concept of the existence of branch-bonded S-S species has generated considerable 

debate and investigation?08 Foss first popularized the notion that branch-bonded sulfur 

molecules of the form 941> bonded via S3d-Sp orbital interactions and that these were only 

stabilized when the branched sulfur was attached to an electronegative group.39,208 In the 

following sections, an overview of related isomerization reactions involving sulfur and 

the respective stabilities of each isomer are highlighted in order to provide a context for 

the work covered herein. Here we are interested in situations where X in Scheme 13 is an 

electronegative group; an overview wherein X = H or Me is covered in Chapter 7. 

2.5.2 The F-S-S-F I F2S=S System 

As will be seen, isomer 94a (with Cl symmetry) is the most common isomer. In some 

special cases the thiosulfoxide isomer 941> (with Cs symmetry) has also been detected. 

Historically, the first isolation and identification (via JR, MW and MS) of each of the 

valence-bond isomers in Scheme 13 was that of the sulfur monofluoride (S2F2) system. 

Kuczkowski'S177,187,209 seminal work has since been experimentally178,210-218 and 

theoreticalll1,97,175,178-180 confirmed by others. The unbranched isomer FSSF 75a had 
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been initially regarded213 as the less stable isomer as it was reported to isomerize to the 

branch-bonded F2S2 75b at temperatures above -100 °C.21O,212,213 To complicate the 

analysis, Sed and Budenz postulated that 75b in the gas phase is transformed into the 

complex [FSSF, F2S2](g) upon cooling the sample to -80 °C?lO This would seem to 

indicate that at lower temperatures 75a is the most stable isomer. These two observations 

would seem to be initially at odds yet nevertheless demonstrate that the two isomers 75a 

and 75b are of comparable ground state energies. The physical properties of 75a and 75b 

are outlined in Table 23. 

Table 23. Physical properties of sulfur monofluoride 75 

Cmpd. a Connectivity Mp eq bp eq 
75a F-S-S-F _133b ISb 

75b F2S=S -164.6° -10.6° 
a) Each isomer is a colourless gas at RT. b) 
From Ref2l2. c) From Ref2l7. 

Brown and Pez212 were the first to investigate the isomerization of 75a to 75b. They 

noted that Lewis acids such as HF or BF3 catalyzed the conversion of liquid 75a to 75b 

and postulated a possible mechanism, Scheme 14. 

Scheme 14. 

When 75b experiences the same conditions, it decomposes into Sg and SF4; thiothionyl 

fluoride 75b is a stable gas up to at least 400 DC in the absence of a Lewis Acid. Their212 

preliminary kinetics measurements indicated that the Lewis Acid promoted isomerization 

was first order and that 75b was the more stable isomer at RT (21.8 ± 0.3 DC); 75a had a 
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ty. = 4.7 h. They did however determine that it was 75a that was the more stable isomer 

at -50 QC over CsF, in general agreement with that observed by See1. 21O It seems that the 

CsF stabilizes 75a relative to 75b. Losking2
1
9 reported that the 75b is more stable by 2.7 

± 0.4 kcallmol. 

Recently Ca0218,220 and co-workers reported the PES spectra of 75a and 75b as well as 

the isomerization between the two. They determined that 75a is the more stable isomer 

above -80 QC and determined that the kinetics of isomerization of 75b to 75a were first 

order (k296 K = 3.8 ± 0.4 x 10-5 
S-l) with an activation barrier EA for the forward direction 

of 5.8 kcallmol. This observed reversal of stability as compared to that of the literature 

should be viewed with great skepticism. 

Several groups have probed the isomerization of sulfur monofluoride 75 

computationally. Solouki and Bockl75 investigated the isomerization in Scheme 13 by 

semi-empirical methods (CNDO/2). They determined that as the electronegativity of X 

increases, the thiosulfoxide isomer 94b becomes more stabilized. Solouki and Bock 

determined that there existed a substantial isomerization barrier between 75a and 75b of 

23-46 kcal/moL221 

More recently Bickelhaupt97 and co-workers explored the relative energies of 75a and 

75b and related systems. They corroborated the earlier work175 which stated that the 

ground state energy difference between 94a and 94b decreases as the electronegativity of 

X increases. They determined that the energy difference for 75a and 75b was sman and 
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dependent on the level of ab initio theory used. For instance, at QCISD(T)/6-

31G**//l\.1P2/6-31G** 75b is the more stable by 0.3 kcallmol whereas at QCISD(T)/6-

31+G**//l\.1P2/6-31G** 75a is the more stable by 3 kcallmol. Such a range in energies is 

due to the polarized nature of 75b wherein both the terminal sulfur and the fluorines 

acquire a substantial negative charge. Diffuse and polarization functions were thus 

required to accurately describe such compounds although these had a net neutralizing 

effect on the overall energy difference (total stabilization effect is 1.7 kcallmol for 75a). 

This confirmed the early ab initio work done by Marsdenl78 and co-workers, though at 

the time Marsden believed that 75b was the more stable isomer and had difficulty 

rectifying this with his theoretical results (this apparent conflict can be explained vide 

infra). Jursic184 recently published a comprehensive DFT study wherein geometries 

converged (B3P86 was the best method) but energies predicted the wrong isomer 75a as 

the more stable; he conjectured that using the MP2 method would yield better energies. 

A summary of relative ground state energies for S2X2 systems is shown in Table 24. 

In investigating the mechanism for the rearrangement between 75a and 75b, thel7 

confirmed the earlier barrier calculations assuming that the isomerization proceeds via a 

1,2-F shift in a unimolecular mechanism (40.7-51.5 kcal/mol depending on level of 

theory, ZPE correction included). The addition of electron correlation and diffuse 

functions reduced this barrier substantially yet the barrier still remains high. DFT (NL 

BP86) energiesJ80 of the same barrier are corroborative. 
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Such calculated barriers are disconnected from the experimental observations of an 

equilibrium between the two isomers at low temperatures (-100 °C).21O,213 This 

inconsistency implies that the pathway is not unimolecular (as had been originally 

proposed by Bock and Solouki involving a 1,2-F shift via a three-membered ring 

transition state - TS 2) and the authors97 have suggested a bimolecular mechanism with 

possible transition states as outlined in Scheme 15 (TS 1). 

TS 1 

$,-,$", 
'\ I " 

'F' -"F , , , 
/$~"'F 

$ F 

TS 2; 

Scheme 15. Possible bimolecular transition states in the isomerization of75. 

Careful attention must be taken when interpreting theoretical energies as these are 

usually calculated without any consideration of temperature. Torrent180 and co-workers 

recently calculated the respective energies of 75a and 75b with ZPE and thermal 

corrections and determined that at RT, 75b is the more stable isomer whereas at low 

temperatures, 75a is the more stable isomer. The low temperature activation parameters 

agree well with earlier work reported by Marsden178 and Bickelhaupt97 as well as that 

observed experimentally (though Marsden did not acknowledge the thermal dependence 

on the relative stability of isomers 75a and 75b). 

To summarize, disulfide 75a appears to be the more stable isomer at low temperatures 

(ca. -100°C) whereas branch-bonded 75b is the more stable isomer at higher 

temperatures (-80 - 400°C), To date, no plausible mechanism for this isomerization has 
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been posited based on experimental findings though the calculated 1,2-F shift reported by 

some possesses a barrier that is too large to account for the observed low temperature 

isomerization. 

Table 24. Relative energies of S2X2 94b with respect to XSSX 94a isomers.97 

QCISD(T)/6-31G**11MP2/6-31G** QCISD(T)/6-31 +G** 11MP2/6-31 G** 

X EN" XSSXb S2X2b flc,d XSSXb S2X2
b flc,d flfl e 

F 4.1 -994.46225 -994.46273 -0.3 -994.50082 -994.49610 3.0 3.3 
Cl 2.8 -1714.51823 -1714.49275 16.0 -1714.52799 -1714.50400 15.1 -0.9 
H 2.5 -796.47540 -796.42237 33.3 -796.47907 -796.42663 32.9 -0.4 

Me 2.2 -874.82574 -874.79478 19.4 -874.83390 -874.80481 18.3 -1.2 

a) Allred-Rochow electronegativities; Ref222. b) In Hartrees. c) In kcallmol. d) Energy difference 
between two isomeric forms; a '-' sign signifies that S2X2 is more stable. e) Energy difference (kcal/mol) 
relative to the inclusion of diffuse functions. 

2.5.3 The CI-S-S-CII ChS=S & Br-S-S-Br I Br2S=S Systems 

Relative to S2F2, much less work exists in the literature on the relative stabilities of 

isomeric forms of sulfur monochloride 773 and sulfur monobromide 763. Though 

thiothionyl chloride 77b has been suggested as a minor equilibrium contributor by 

some,223-225 the ED,170,172-174 Raman,226-230 IR,228 PES,231 dipole moment, 10 quasielastic 

. 232 d Mw176 d' 11 h S Cl .. . . J:'. neutron scattenng an stu les a suggest t at 2 2 eXIts in one lsomenc !orm 

as 77a. Chadwick and co-workers233 and Feuerhahn and Vah1234 both reported the 

presence of low concentrations of 77b once 77 a, deposited in argon matrices at low 

temperature (8-20 K), had been UV photolyzed. These last two reports should be taken 

as artifacts of the observation technique. 
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Bock175 and Solouki calculated that the most stable isomer was that of the unbranched 

77 a and that the interconversion barrier was only ca. 3.5 kcal/mol based on the CNDO/2 

hyperenergy surface. However, Das235 at a high level of theory (QCISD/6-311 +G(3df)11 

QCISD/6-311G(3d)) determined the barrier at 0 K to be ca. 51 kcallmol; the latter case 

presumes a unimolecular mechanism involving a 1,2-Cl shift with a 3-membered ring 

transition state, similar to that reported for the S2F2 system (vide supra). Similar to the 

S2F2 system, Bickelhaupt97 calculated the relative ground state energies of 77a and 77b. 

At the QCISD(T)l6-31G**1fM1>2/6-31G** 77a is more stable by ca. 16.0 kcallmol while 

adding diffuse functions in QCISD(T)/6-31+G**1fM1>2/6-31G** destabilized 77a 

slightly relative to 77b (15.1 kcallmol). In general, the addition of diffuse functions 

destabilized the XSSX isomer but not significantly so. A higher barrier than that 

calculated by Bock would be expected given the lack of experimental evidence for the 

existence of the branched structure. 

The little work on the isomerization of S2Br2 76 suggests that it too exists in its 

unbranched form170,228,230,232 though as with S2Ch, Feuerhahn and Vah1234 claim to have 

observed thiothionyl bromide. 

2.5.4 Commentary on th.e RO-S-S-OR I (RO)2S=S System (R = H, R') 

Outside this work, only Steudel has investigated the isomerization between 

alkoxydisulfides and thionosulfites. The transient preparation of dihydroxy disulfide 

HOSSOH 95a, the unbranched form of thiosulfurous acid, has been reported236,237 

however no reports of its physical properties exist though 95a has been observed in the 
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El mass spectrometry of parent ROSSOR compounds (R = alkyl), which are themselves 

known to exist (see Chapter 2.1). 238 

There are at least 11 isomeric structures of HOSSOH 95 and their geometries and 

energies have been calculated. The four lowest energy isomers are shown in Table 25.30 

Table 25. Calculated30 relative energies (kcal/mol) of the four most stable isomers of 

HOSSOH95 

0 S 0 
11 11 11 

HO-S-S-OH HO-S-SH HO-S-OH H-S-SH 
11 
0 

95a. 951:.1 95c 95d 

HF/6-31 G*/ 1MP4/6-31 G* 0 3.2 3.9 23.5 

The relative energies of the first three structures (95a-95c) are small as compared with 

the fourth, 95d. When the energies of these three structures are further refined using 

larger basis sets (MP2/6-311 G**//HF/6-311 G** + ZPE), their relative energy differences 

decrease (95a = 0, 95b = -0.3, 95c = 3.2 kcal/mol); 95b has not been experimentally 

detected. Related tetrasulfide HSSSSH 96a is 33.0 kcal/mol more stable than its branch-

bonded analog (HShS=S 96b178 whereas the branch-bonded S2F2 75b is the more stable 

isomer in that system (Vide supra)?39 So the inclusion of electronegative atoms such as 

oxygen stabilizes the branch bonded form 95b over the unbranched 95a. 
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As has been seen in Chapter 2.2, esters of dihydroxy disulfide can be easily prepared. 

To date, only the unbranched geometry R0550R has ever been structurally resolved in 

acyclic form (R = Me 6,31,32,240 p-NOz-Bn 49,35,36 p-Cl-Bn 5051). 

As highlighted in Chapters 2.1 and 2.3, thionosulfites containing a 5-membered ring 

core can be synthesized. To our knowledge, no other ring-sized thionosulfite and no 

acyclic thionosulfite is known to exist. As well, to date no one has experimentally 

investigated the origin of the barrier to isomerization of this class of compound. 

2.6 The Chemistry of Alkoxy Disulfides 

2.6.1 A Brief Note on the Importance and Interest of 82 

Unlike O2 which is readily stable at biological temperatures, 52 is extremely reactive 

and labile, concatenating readily to 58; for instance, 52 UV photodissociates in 7.5 min at 

Earth's heliocentric distance. 241 In fact, 52 is the prevailing sulfur allotrope at elevated 

temperatures (>500 °C) but likely in the triplet, spin unpaired form. Diatomic suI fur has 

been reported as a blue-violet gas242 at these elevated temperatures and has been detected 

celestially. Its relevance in our own solar system manifests in its detection (f:./IW and near 

IR) in the volcanic plumes of the Jovian moon 10;243,244 the red colour of the moon 

surface being attributed to energy transitions resulting from ejected 52 gas which instantly 

cools upon landing on the surface and quickly rearranges to more stable 53 and 54 

aHotropes.245
,246 Diatomic sulfur has also been detected in other astronomical contexts as 
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in the near-nucleus commae of comets241 and at the impact sites of comet Shoemaker­

Levy 9 on Jupiter. 247 

Diatomic sulfur can be trapped at low temperatures by rare gas matrices248 or 

synthetically generated and subsequently trapped by, for instance, dienes as Diels-Alder­

like adducts (Scheme 16)?49 The generation and trapping of diatomic sulfur has been 

wen reviewed in the literature?50-253 The Diels-Alder trapping of 1S2 is symmetry 

allowed by Woodward-Hoffmann rules101 and mirrors analogous reactions with singlet 

oxygen;250,254,255 it is the singlet state of diatomic sulfur which is its excited state (ca. 13 

kcallmol above that of the ground state).256 

o .. £bs 
Scheme 16. Example of a synthetic trap using cyclopentadiene; acyclic dienes have 

also been used to trap 2-sulfur units. 

Of particular interest in the current context of this thesis is the recent report that alkoxy 

disulfides at higher temperatures efficiently (> 75% trapped 97) deliver a 2-sulfur unit.35 

It has originally been suggested that such S2 generation results from the concerted 

disproportionation of the parent alkoxy disulfide (Scheme 17)3,35 though the actual source 

of sulfur in these thermolysis reactions has been questioned. 257 In particular, Thompson3 

observed that the origin of the R group of the alkoxy disulfide affected their thermal 

stability (secondary> primary> allyl> propargyl). This observation provided the sole 

evidence for the cyclic transition shown in Scheme 17. In Chapter 4 we will investigate 

the validity of this mechanism. 
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R = p-X-C6H4 Ri = Me; Ph 

Scheme 17. Proposed mechanism in the thermolysis of alkoxy disulfides 

Besides the trapping experiments profiled in Chapter 2.7.1, the usefulness of alkoxy 

disulfides in organic synthesis has not been exploited. A summary of the use of 1 is 

provided in the following subsections. 

2.6.2 Thermochemistry of Alkoxy Disulfides 

Recently, Lunazzi49
,258 showed that photolysis of t-alkoxy disulfides and trapping with 

fuUerene-C6o or fullerene-C7o provided an alternate source of alkoxyl radicals. This 

chemistry is reviewed in detail in Chapter 4. 

Braverman,52,53 in two related papers, outlined the thermal rearrangements of 

diallyloxy disulfides 34-41 and dipropargyloxy disulfides 42-46. Reaction times were 

influenced by substitution patterns of the starting alcohols. Diallyloxy disulfides52 in 

refluxing acetonitrile were shown to undergo double [2,3]-sigmatropic rearrangements to 

the corresponding vic-disulfoxides 34a-39a, which then rearranged further to the more 

stable thiosulfonate isomers 34b-39b (Scheme 18a). Cinnamyl alkoxydisulfides 40-41 

(RI = H, R3 = Ph, R2 = H or Me) do not undergo this tandem rearrangement but instead 

disproportionate to the corresponding alcohol, aldehyde and elemental suI fur. This is not 
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surprising given that cinnamyl sulfenates259 also do not thermally rearrange due to the 

loss of conjugation which would result during the aByHc shift. It has been supposed that 

detected 34d and 36d, could be formed via the intermolecular self [4+2]-cycloadditions 

of the corresponding conjugated vinyl sulfines 34c and 36c. These intermediates in turn 

would have been generated by either H-abstraction from a sulfinyl radical by another in 

situ radical species or by a cycloelimination reaction of precursors 34a or 36a (Scheme 

ISb). 

R2 Ri 

R3~O'S/S'O~R3 
Ri R2 

34 Ri:: R2 :: R3 :: H 
35 Ri:: Me; R2:: R3 :: H 
36 R1 :: R3 :: H; R2 :: Me 
37 Ri:: R2 :: H; R3 :: Me 
38 Ri:: R2 :: H; R3 :: Et 
39 Ri:: R2 :: H; R3 :: n-Pr 

34b-39b 

Scheme 18. 

[ R1~t~YR1l R3 0 R2 

34a-39a 

A 

.. 

B 

65 



Analogously, propargyloxy disulfides53 42-46 undergo a double [2,3]-sigmatropic shift to 

afford the corresponding diaHenic vic-disulfoxide (Scheme 19). These intermediates now 

undergo tandem [2,3]-, [3,3]-sigmatropic rearrangements to form 42b-46b. This is then 

followed by a head-to-tail intramolecular [2+2] cycloaddition to afford the dithiabicyclo 

product 42c-46c. To date, this represents the only method to access these types of 

substituted dithiabicycles, which have similar functionality to the natural product class of 

bioactive zwiebelanes found in onions. 260 

R2~ R, CHCI3. ~. [ o R2 ] ~ O's/S'o~ ~II R(~~S;~R 
Ri R2 2x[2,3]-0' ~II 1 

2 0 
42 Ri = R2 = H 
43 Ri = Me; R2 = H 42a-4Sa 

44 Ri = Bn; R2 = H 
45 Ri = H; R2 = Me [2,3]-0' 
46 Ri = H; R2 = Bn 

0 
0 1/ 

[ 
S [3,3]-0' 

R2~O'S~R' 1 ~R2 
Ri .o 0 

Ri Ri 

42b-46b 

Scheme 19. 
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2.6.3 Chemistry Invohring the Alkoxy DisuU'ides as the Nudeophile 

Dialkoxy disulfides are acid labile. In the presence of a stoichiometric amount of 

Lewis Acid, MeOSSOMe 6 was found to readily decompose via alkylation to the 

corresponding sulfite 98 with trace amounts of the sulfinate 99; sulfur was observed as a 

precipitate in the reaction (Scheme 20).261 

RT ~ 
-----;00.. ....S..... + 
CH2CI2 MeO OMe 

US" 

20-30% trace 

Scheme 20. 

The yield of sulfinate 99 increased when only a catalytic amount of triethyloxonium 

tetrafluoroborate was used. Other Lewis acids such as SbCls and BF3·OEt2 also effected 

the same decomposition. When the decomposition was followed by IH NMR, other low 

boiling products were observed including, dimethyl sulfate and dimethyl ether. The 

decomposition products most likely result from the concomitant 

desulfurizationldisproportionationlisomerization of 6. 261 

Decomposition of ROSSOR 1 has also been observed on acidic and basic alumina 

during chromatography. In the latter case, it has been proposed3 that there is S-S bond 

cleavage resulting in hydrolysis to the parent alcohol 13 according to Scheme 21, 

fragment a; the use of MeOH as an eluant was required to saponify the aluminum ester 

which then afforded another equivalent of alcohol and ca. Y2 of the remaining sulfur, 

fragment h. 
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ROSSOR -I- (Al)xOH 

1 

R::: Bn 

----.. I ROSH] -I- (AI»)(OSOR 

a. b I I M_OH 

ROH -I- "S" (Al)xOMe -I- HOSOR 

I 
ROH -I- [SO] 

13 

Scheme 21. Decomposition on basic alumina 

Disproportionation to the alcohol 13, aldehyde 100 and sulfur was observed when 

using acidic alumina. 

When alkoxydisulfides are allowed to stand in solution in the presence of pyridine 

hydrochloride, decomposition ensues with formation of the alcohol 13, sulfite (ca. 30 %) 

101, sulfoxylate 102 (trace) and sulfur. A rationale was provided to account the product 

distribution as outlined in Scheme 22. The observed percentage of sulfite is similar to 

that observed by Kobayashi.261 
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2 PyHC! 
2 ROSSOR 2 ROSC! + 2 (ROSH) --..."..~ 2 ROH ;. 2 "S" 

1 13 

2 ROSCI + 2 ROH --'" 2 ROSOR + 2HCI 

102 

ROSOR + HCI ==""" 
102 

ROCI + (ROSH) ---to-" ROH + "S" 

o 
11 

ROCI ;. ROSOR ---" RCI ;. ROSOR 

102 101 

13 

Scheme 22. Decomposition of ROSSOR with pyridine hydrochloride. In this scheme 

75% of the sulfur is converted to elemental sulfur while the rest can be found as the 

sulfite 101.262 

2.6.4 Chemistry Involving Nucleophilic attack on Alkoxy Disulfides 

Kagami263 showed that alkoxy disulfides could serve as an SSOR source to form 103 

when he reacted alkylthio acids with R'OSSOR' (R' = Me 6, Et 7, n-Pr 8, i-Pr 16) in 

CC14 in moderate yield (29-58%). A plausible mechanism for this reaction is outlined in 

Scheme 23. 

o ~ 
A (.H R'OSSOR' - R'O-SSOR' 

R s'-./ ~ 

o 
----... RAS .... S'S .... O'R. 29-58% 

Scheme 23. 

In related work, Kagami264 demonstrated that the SSOR moiety could also be 

transferred when amines or thiols were used as nucleophiles. These substitution reactions 
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also proceed in moderate yield. Steude1265 has also used thiols as nucleophiles in related 

substitution reactions. The work is generally outlined in Scheme 24. 

ROSSOR R'SH.. ROSSSR' R"SH. R'SSSSR" 

Scheme 24. 

t R"2NH 

ROSSN(R"h 

! R"2NH 

(R"hNSSN(R"h 

! R"2NH 

ROSSN(R"h 

104 

Their sequential addition of nucleophiles illustrates well the increasing leaving group 

capacity of N < S < O. The reaction of EtOSSOEt 7 with primary amines was less 

straightforward than that of the thiok For instance when 7 was reacted with 105 in 

refluxing benzene, it resulted in the initial formation of 106, which then eliminated EtOH 

to form N-thiosulfinylaniline 107 (Scheme 25). This reaction was characterized with a 

colour change in the solution to deep violet. 

,-o-NH, EtO~SOEt • [ ,-o-NHSSOEt 1 + EtOH 

105 

Scheme 25. 

_-_E_tO_H_ ..... ~ 'N-o-~ N=S=S 
I -

107 

When the amine was changed to one which contained protons a. but not ~ to the amine 

functionality as in benzylamine l08a or furfurylamine 108b, under similar reaction 

conditions, tetrasulfides 109a-109b were formed via intermediate HO (Scheme 26a). 

When ~ protons are present (111a-1Hb), a-ketonthioamides 112a-H2b are isolated after 

column chromatography (Scheme 26b); it should be noted that no VNH or Vc=o stretches 
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were detected in the IR of the crude mixture suggesting that 112 is formed as a result of 

decomposition on the column from some unknown intermediate. No attempts were made 

to trap the extruded sulfur from 113. 

108 

__ 1_.-.... [RCH2N=S=S ] 

- 2 EtOH 

[RCH=N-S-SH] 

2 [RCH=N-S-SH 1 
'1 

---_" [RCH=NS6N=CHR] ___ --O.-~ RCH=NS4N=CHR + 1/4 Sa 

- 2 EtOH 

R' = RCH2 = Bn, (J\: 
'IOBa 10St! 

Scheme 26. 

113 

A 

'1 

- EtOH. - "S" 
I'll 

R = PhCH2CH2-. PhcrH­

Me 
111a Hit! 

109 

Kagami266 also investigated the corresponding reaction with hydrazines 114 

(RNHNHz) and found that not only is the alkoxy group displaced as with their other work 

highlighted in this section, but in addition there is the elimination of sulfur and nitrogen. 

Analogously to attack by amines (vide supra), it is reasonable to assume that in this case 

a thiosulfinyl intermediate is formed (115). It is then believed that after tautomerization 

of 115, a second equivalent of Et OS SO Et 7 is attacked forming a highly unstable arylazo 

ethoxy tetrasulfide 116. In a radical decomposition mechanism, nitrogen would then 
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evolve with the formation of aryl and highly chalcogenized radicals. Indeed, the 

formation of aryl radical from thermal decomposition of diazonium salts is well-

known. 267 These radicals then concatenate together or react with the solvent to give 

biphenyl 117 (0-27%) or aryl ethoxy tetrasulfide 118 (0-29%). This latter compound can 

then self-react to form aryl tetrasulfides 119 (13-38%). Reported yields were low due to 

difficulty in separating the products by chromatography. The results are summarized in 

Scheme 27. 

Ar-NHNH2 ___ 7 __ -><-~ [Ar-NH-N=S=S ~Ar-N=N-S-SH] "1. [Ar-N=N-S4-OEt] 
Benzene, Il. - EtOH 

114 115 116 

- N2 

Ar + EtOSSSS' 

119 "1 

10 

Ar-{ ) + H 

111 

Scheme 27. 

Derivatives of hydrazobenzene 120 reacted much more simply with 7 to afford 

azobenzenes 121 in near quantitative yields. Their synthesis is rationalized in Scheme 

28. Here 7 acts as an oxidizing agent. 
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7 

Ar~NHNH-Ar -s-e-n-ze-n-e-, /1-..... , [Ar-NH~~~Etl_ EtOf/[ Ar-UAr J- 2 "S,,' 

120 

Scheme 28. 

Reaction of 7 with (PhNHNHhC(=S) 122 gave tetrazoliumthiolate 123 via 124 

(Scheme 29). 

n 27 [ ~ ] S~N, + h 
ArNHNH-C-NHNHAr • ArN=N-C~N=NAr -_.. \\' ~ P 

-2 EtOH, - 2 "s" N-NPh 
122 124 123 

Scheme 29. 

Not all nucleophilic attack is so straight forward. Kagami reported268 the formation of 

carbodiimdides 125, cyanamides 126, tetrasulfides 127 or thiadiazoles 128 from the 

sequential attack of 1 or 2 equivalents ofthiourea 129 on 7; unsubstituted thioureas were 

needed in order to obtain the thiadiazoles. The product formation is rationalized in 

Scheme 30. 
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7 
It 

• EtOH 

Scheme 30. 

~3 
R2R1Ny

NR
3. "S" R2R1N-(NyNR1R2 _ H2 

S4 ---...... HN S ----=.-
R2R1 N"..lNR3 

127 

1- EtOH 

SSSOEt 

R2R1N~NR3 

\

-EtOH 
_liS" 

Cyanamides 126 are most probably formed by a similar mechanism to that proposed264 

for the formation ofbenzonitrile 130 from thiobenzamide 131 (Scheme 31). It should be 

noted that a common intermediate in Schemes 25-27 is a substituted-N-thiosulfinylamine 

(107, 110, 115). Interestingly, no reaction was observed when benzamide was used as the 

nucleophile. The proposed mechanism includes the desulfurization of 133 which would 

involve the loss of an "83" unit. Transfer of 83 is rare and it would have been interesting 

to see whether there was real 83 extrusion as the authors allege. Another possibility (not 

shown) is sequential extrusion of "82" foHowed by "8", though this seems less likely as 

thioamides (the product of initial 82 loss) are themselves stable species. 
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'1 S 

@ EtCH .. Ph)lN-SSOEt 
H 

132 

Scheme 31. 

@EtOH 

s-s 

• PhA .-5 
N 

133 

Reaction of p-toluenesulfinic acid 134 with alkoxy disulfides does not undergo the 

same chemistry as that of the thioamides. Instead, simple nucleophilic displacement of 

alkoxide followed by O-S migration occurs at room temperature to afford di-p@ 

toluenesulfonyl disulfide 135 in good yield (68-75%), depending on the alkoxy disulfide 

used. At elevated temperatures, disproportionation occurs to afford a mixture of di-p-

toluenesulfonyl sulfide 136 and di-p-toluenesulfonyl trisulfide 137 in yields of ca. 30% 

each (Scheme 32). Indeed, when 135 was heated 136 and 137 were obtained in yields of 

36 and 33% respectively. 

o 0 

-o-~ ~-S2-~-o-~ 135 ROSSOR _ 11 11 _ 

_ 0 ~ 0 0 
-o-~-OH CH2CI2, RT 11l 

-_~H2CI2' reflux 
----... 0 0 

134 ROSSOR -o-~ ~-s-~-o-~ 136 
- I! !I _ 

o 0 
-I-

Scheme 32. 

Hoepping269 recently reported the synthesis of a-ketothio esters 138 in moderate-to-

good yields from aryl or i-alkyl methyl ketones 139. A mechanism is proposed, though 

not confirmed, involving a highly strained dithiirane intermediate 140. It is outlined in 

Scheme 33. 
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o 
)l NaOt-Bu 

R Me 
DMF 

139 

j 
-R'OH 
- RO· 

11-73% 

138 140 

[le 33. 

:hemistry has been used270 in the facile synthesis of the dye thioindigo 141 (56%) 

as chlorinated derivatives thereof. Its synthesis is outlined in Scheme 34. 

o 

o 
R = H, thioindigo 

141 

ne 34. 

stingly, when the enolate of p-diketone 142 is reacted with MeOSSOMe 6, the 

lated product was that of the sulfide 143 (Scheme 35). 
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In a recent report,271 gas phase nucleophilic substitution with hard nucleophiles on 

alkoxy disulfides (R = Me 6, Et 7) was detected on carbon, sulfur and oxygen (attack on 

oxygen occurs less frequently than on carbon or sulfur). Meuwsen hypothesized that 

nucleophilic attack in the solution phase by hard nucleophiles such as potassium 

hydroxide8 (Scheme 36a) or sodium alkoxides272
,273 (Scheme 36b) or alkyl lithium 

reagents3
,272 (Scheme 36c) occurs at sulfur which is consistent with that observed in the 

gas phase by Smith and O'Hair.271 This is intriguing as sulfur would normally be 

considered the soft site. 

KOH + ROSSOR ---... ROSK + ROSOH 

A 

RONa + ROSSOR ---... ROSNa + ROSOR 

B 

4BuLi + BnOSSOBn ---... 2 BuSBu + 2 BnOLi 

c 

Scheme 36. 

Under careful conditions, ROSSCI can be formed from ROSSOR 1 and SCh. 

Steudee38 used this key intermediate in his synthesis of a nonasulfide (see Chapter 7 for 

details). The formation ofROSSCI is quantitative due to the fact that by-product ROSCI 

decomposes to form a highly stable sulfite, Scheme 37. 

ROSSOR + SCI2 .. ROSCI + ROSSCI 

3 ROSCI --..... (ROhS=O + RCI + S2CI2 

Scheme 37. 
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ROSSOR + SCI2 ---~ ROSCI -I- ROSSCI 

Scheme 37. 

2.6.5 Alkoxy Disulfides as Catalysts 

Catalytic use of MeOSSOMe 6 promotes the transylidation of sulfur ylids containing 

two electron-withdrawing groups (RIR2S+C-(C02Me)2) on carbon (Scheme 38).274 

Examples of transylidation are rare in the literature owing to the very strong stability of 

the sulfur ylid due to the two electon-withdrawing groups attached to carbon. Therefore, 

a synthetically useful procedure is desirable. The reaction proceeds quite easily and 

affords good to excellent yields of the transylidated product. Increased steric bulk of R3 

and ~ (Scheme 38) decrease the efficiency of the reaction. Other catalysts that were 

successfully employed for this reaction include thiocyanogen (NC-SS-CN) and benzoyl 

disulfide (Bz-SS-Bz). It would seem that electron-withdrawing groups adjacent to the 

disulfide moiety of the catalyst are key to proper reactivity; during the reaction the 

catalyst does not decompose but in the absence of the sulfide, the ylid does (leading to an 

olefinic by-product).275 Although no mechanism was given, a zwitterionic sulfonium ylid 

complex most probably forms276 in an analogous fashion to that when Cu(II) suI fate 

reacts with ylids to quantitatively decompose them. 277 
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Scheme 38. 

2.6.6 The Chemistry of ThiooosuU'ites 

The chemistry of thionosulfites remams a relatively unexplored topic. Recently, 

Nakayama synthesized two diastereomeric thionosulfites 5rn and 50 and explored some 

of their chemistry.42 When these thionosulfites were thermalized, they gave 

decomposition products thiophene 144 and sulfide 145 in different relative yields, 

Scheme 39. While 5rn decomposed in 96 h at 120 QC to afford ratio of 39:13:48 of 

144:145:5rn, 50 decomposed completely in 24 h to solely produce a 6:94 ratio of 

144: 145. The increased yield of 145 in the thermolysis of 50 was thought to be due to the 

retardation of the formation of 144 due to steric reasons. Though compound 5rn proved 

to be the thermodynamically most stable thionosulfite, the relative yield between the two 

isomers (in an 82: 18 ratio - see Chapter 2.3) and the lack of isomerization between the 

two indicate that the synthesis is kineticaUy controlled. DFT calculations correctly 

predicted that Srn would be the more stable isomer by 1.69 kcallmol. 
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~Q I-Bu 

~O --- SA(,t-BU 
S ~B~ '~O 

~Bu O=~-SH 

III Srn 144 

145 

r 

Scheme 39 

These two thionosulfites were also readily hydrolyzed under alkaline conditions. For 

instance, Srn was hydrolyzed (1: 1 H20/THF) in the presence of NaHC03 to give diol 

63rn in 93%. 

Oxidation of Srn with 1.1 equivalents ofMCPBA afforded a 94:6 ratio of 146:147 (146 

was isolated in 77% yield). Oxidation of Srn in excess (3.3 equivalent) MCPBA gave a 

90:10 ratio of 147:148. These results indicate that the S=S bond is more resistant to 

oxidation than a simple sulfide sulfur atom. More interestingly is the inversion of 

stereochemistry in 147. A mechanism for this inversion is posited in the supporting 

information of the paper. The product ratios are summarized in Scheme 40. 
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U

' "t-Bu t-Bw' 'u" It-Bu CH2CH2 
i-Bull" ·"'t-Bu 

S ~ ~ S /, ,\ 

<5 <5 00 

Srn 146 141 148 

MCPBA (1.1 equiv) 94 6 
MCPBA (3.3 equiv) 90 10 

Scheme 40. 

2.7 Concluding Remarks 

The previous extensive introduction was necessary to provide important insight not 

only into the potential usefulness of alkoxy disulfides but also to introduce important 

concepts in conformational analysis and isomerization. It was also necessary to introduce 

a comparison of theoretical calculations with experimental results because a fundamental 

facet of this project is the use of theoretical modeling as a tool for the investigation of 

physical properties of these compounds. In much of this thesis, argument by analogy is 

intrinsic to our conclusions. It is for this reason that the physical properties of so many 

related systems were explored herein. 
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Chapter 3 

Theoretical Modeling of Alkoxy Disulfides and Thionosulfites 
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3.1 Introduction 

As was detailed in Chapter 2, the dialkyl disulfide moiety exists as a chiral, four atom 

fragment (R-S-S-R) containing two S-C bonds and a torsional barrier to racemization of 

ca. 7 kcallmol (as in 71a). Recently, it was shown1 that the alkoxy disulfides 1 sustain a 

barrier to rotation ca. 10 kcallmol higher than that of dialkyl disulfides (our own current 

work in this area is detailed in Chapter 4). Furthermore unlike disulfides, alkoxy 

disulfides have the capacity to exist as stable entities in their branch-bonded isomeric 

thionosulfite form 2. At present, only a single general substitution pattern for 2 has been 

observed (wherein the carbon atoms in 2 are bound to form a 5-membered ring as in 5). 

R R 
\ I s-s S-s 

to 

R R=Me 4 

R 

71a 
Part of our focus in this area is to understand the factors that affect the stability of each 

isomer, the isomerization mechanism and the torsional barriers of alkoxy disulfides. In 

this way, we hope to identify and synthesize alkoxy disulfides with rotational barriers that 

exceed 18 kcallmol sufficiently so that the chiral atropisomers can be isolated as stable 

entities under ambient temperature conditions. Enantiomeric resolution has already been 

achieved for sulfenamides (RS-NR2) at 0 °C.2 In addition, we seek to identify stable 

classes of branch-bonded thionosulfite structures that permit an exploration of their 

chemistry beyond the single ring type. As will be seen, much of this work has come to 

fruition and the synthetic results are highlighted in Chapters 4-6. 
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One approach to achieve these goals is to learn which levels of quantum theory provide 

accurate predictions of molecular geometry and torsional energy barriers at modest 

computational cost. The motive for such an examination is the unusual contiguity of 

multiple lone pair bearing atoms in both 1 and 2. With such protocols in hand, we can 

apply the theory to molecules of sufficient complexity that it will be able to partner and 

pace our active synthetic program. Accordingly, we have examined the equilibrium 

geometric structure, torsional potential and isomerization for a model system of 1 and 2. 

We conclude with recommendations for an efficient approach to treat systems such as 1 

and 2.§ 

3.2 Computational Methodology 

All ab initio calculations were carried out with the GAUSSIAN 943 and GAUSSIAN 

984 series of programs as wen as the Natural Bond Order (NBO) program.5
-
1O Geometries 

for dialkoxy disulfides 1 and branch-bonded thionosulfites 2 were evaluated 

computationally using both Restricted Hartree-Fock (RHF)H self-consistent field (SCF) 

and second-order M011er-Plesset (MP2)12,13 pertubation theories. In addition, density 

§ It should be noted that the work contained within this Chapter is the result of a 

collaborative effort. Drs. Neysa Nevins of Glaxo-Smith Kline (formerly of Emory 

University) and Dr. James Snyder of Emory Univeristy contributed to the calculations as 

weB as the analysis. 
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functionals14
,15 were used as they often yield superior results in a shorter amount of time. 

Becke's three-parameter exchange function (B3)15 was used in conjunction with each of 

three sets of correlation functionals: The Lee, Yang and Parr (L yp)16,l7 non-local 

functional, the Perdew (P86)18,19 gradient-corrected functional and the Perdew and Wang 

(PW91io,21 gradient-corrected functional. These combined exchange and correlation 

functionals are commonly referred to as B3L YP, B3P86 and B3PW91. In addition, the 

Slater exchange functional with the Vosko, Wilk and Nusair correlational functional 

(SVWN)22,23 was used. The effects of systematic increase in basis set size along with the 

addition of diffuse and polarization functions was investigated for ground state 

geometries. The following Pople double split valence basis sets24-28 were employed: 6-

31G(d), 6-31G(2d), 6-31G(dt), 6-31G(2dt), 6-31G(3d), 6-31G(3dt), and 6-31G(3d2t). 

Triple split valence basis sets29
,30 with the same series of polarization functions were also 

used at the MP2 level. The role of diffuse functions was also examined. Geometries 

were also calculated based on Allinger's MM3(94i l and our32 modified§ MM3* force 

fields (see Chapter 1.4 for an overview of the different classes of computational 

methods). 

Ground state and transition state energy differences for conformers of MeOSSOMe 6 

were determined by carrying out single point calculations at the HF, B3L YP, MP2, and 

MP333,34 levels of theory with the aforementioned basis sets. Geometry optimization and 

zero point vibrational energies (ZPVEs) were also performed with the B3L yP and B3P86 

§ Details on our modifications of the MM3* force field may be obtained from Dr. lames 
P. Snyder, Emory University (snyder@heisenbug.chem.emory.edu). 
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functionals. Vibrational frequencies were calculated to confirm the existence of ground 

(Nimag = 0) and transition states (Nimag = 1). 

3.3 Results and Discussion 

3.3.1 Geometries of MeOSSOMe - Literature Review 

The equilibrium geometry of MeOSSOMe 6 has been studied. This compound is the 

dimethyl ester of thiosulfurous acid H2S202. Ab initio calculations on this parent 

compound indicate that three isomeric forms exist which are of comparable energies (c! 

Chapter 2.5.4, Table 25) with their relative stabilities dependent on the sophistication of 

the calculation.35 The unbranched isomer HOSSOH 95a has been generated in the gas 

phase36 and two stable conformers have been calculated;35 one possesses Cl symmetry 

while the other displays C2 symmetry. 

Steudel and co-workers reported the photoelectron spectrum of 6. 37 Their initial low 

level ab initio (HF-SCF/3-21G*) and semiempirical (MNDO) calculations indicated that 

6 exists as a mixture of three rotamers 6a-6e. 
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A common t(S-S) angle of ca. 83-95° was recorded, similar to that observed for most 

XSSX systems (c! Chapter 2.4). The preference for this gauche conformation is usually 

attributed to a minimization of lone pair interactions.38 The three conformers differ 

mainly in their two t(S-O) angles et. and~. A summary of the observed torsional angles 

is shown in Table 26. 

Table 26. Observed dihedral angles deduced from the PE spectrum for three 

conformers of Me OS SOMe 6 

torsional angles (") 6a 6b 6c 
-r(S-S) 83.1 83.5 95.1 

-r(S-O) ex. 76.1 81.3 -98.1 
-r(S-O) ~ 76.1 -75.4 -98.1 

Steudel and co-workers' calculations in combination with PE spectra permitted an 

estimate of the torsional parameters of conformers 6a and 6b but not 6e. They thus 

determined that the order of stability was 6a > 6b > €le. Theoretically, one would expect 

that three enantiometric pairs of conformers should exist for both 6 and 95a, 

corresponding to rotation about each of the two S-O bonds and the one S-S bond. Thus, 

torsional angles about chalcogen-chalcogen bonds can be represented in terms of their 

helical twist (using Cahn-Ingold-Prelog (CIF) nomenclature, a positive dihedral angle is 

denoted by a P conformation while a negative dihedral angle is denoted by an M 

conformation). The combinations are shown in Table 27. 

Table 27. Different expected rotomers for 6. 

rotamer Cmpd Symmetry 

P,P,P (+1+1+) 6a C2 

P,P,M (+1+1-) 6b Cl 
M,P,M (-/+/-) 6c Cz 
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Whereas in the solid state39 6ll was found as the sole conformer by low temperature (-

158°C) X-ray crystallography where its geometry deviates slightly from an idealized C2 

symmetry,40 6b dominates in the gas phase.39 The main difference in the parameters of6 

between the two experimental methods is that the observed t(8-8) in the ED data is 10° 

larger than that of the crystal structure (c! for e.g. Table 28). In addition, the 

nonbonding O"'H distances are all larger than their respective van der Waals radii,41 

indicating that hydrogen bonding can be excluded as an attractive force. 

The initial calculational work by 8teudel and co-workers at the HF/3-21G* and HF/6-

311 G* * level, did not accurately predict the structural parameters of 6, though 6b was 

predicted to be the most stable conformer (4.2 kcallmol more stable than 6a and 11.4 

kcal/mol more stable than 6e). To date, no theoretical modeling on the structures of 

thionosulfites has been performed. 

3.3.2 Geometries of MeOSSOMe - Current Work 

An extensive series of calculations for unbranched 6 and branch-bonded Sa and Sd (cf 

Chapter 2.1 for structures) were carried out at the HF, density functional (8VWN, 

B3LYP, B3P86, B3PW91), and MP21evels of theory with the aforementioned basis sets. 

Calculated structural parameters were then compared to both the solid state39 and gas 

phase42 geometries. 43 These results are summarized in Tables 28-33 with a numbering 

scheme consistent with that defined in the X-ray structure (Figure 4). 
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Si S2 

A B 
Figure 4. A) Stick representation of MeOSSOMe 6. B) Newman Projection of 6 along 

S-S bond 

Both the HF (Tables 28 and 29) and B3L yP (Tables 30 and 31) methods overestimate 

the S-S bond length even with the use of large basis sets (0.03-0.05 A and 0.02-0.04 A, 

respectively). Although the geometry did not converge, the inclusion of polarization 

functions was necessary in order to predict a r(S-S) < 2 A. In fact, the predicted S-S 

bond length approached that of the experimental parameters, albeit only asymptotically. 

The use of triple split valence basis sets or the inclusion of diffuse functions while using 

the B3L yP method did not significantly alter the predicted S-S bond length (Table 31). 

These result are not surprising considering that these methods similarly overestimated the 

r(S-S) in S2Ch 77a and S2F2 15a (Chapter 2.4.4, Table 20). 

While HF slightly underestimated the 8-0 bond lengths (by 0.02-0.04 A), B3L yP 

consistently overestimated them by 0.01-0.03 A (c! Tables 28-31). In fact, as a general 

rule, the inclusion of polarization functions shortened the chalcogen-chalcogen bond 

length. In the case of the 8-0 bond lengths, this led to a divergence from both 

experimentally determined geometries. For instance, the calculated r(S-O) at the HF/6-

31G(2df) level were shorter by greater than 0.03 A. 
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B3L yP was able to consistently reproduce the r(e-O) separation, though HF 

underestimated this bond length as welL Both methods were able to accurately predict 

both the bond and dihedral angles. In general, bond and dihedral angles differed from 

experiment by approximately 1_2° and 5_8°, respectively. The errors for the t(S-S) and 

t(S-D) dihedral angles are reasonable, due to the shallow potential of each minimum 

(vide infra, Figure 6). Even with increasing basis set size, convergence to experiment 

was never fully realized using either HF or B3L YP. These two methods proved 

insufficient44 to accurately predict the alkoxy disulfide system with the HF method being 

the worst predictor of the methods tried. 

Interestingly, the 3-21G* basis set reproduced the bond lengths overall more accurately 

than the 6-31G* basis set using the HF method (et Tables 28-29). This is most likely 

due to a cancellation of errors. 

Table 28. Geometry optimization of 6 using the HF method with small basis sets. 

ED42 x-rall 
HFt 

3-21G* 3-21+G* 
Bond Lengths (A) 
SI-S2 1.960 1.972 1.991 1.994 
SI-OS 1.653 1.658 1.654 1.659 
82-03 1.653 1.658 1.646 1.65 
03-C4 1.432 1.435 1.461 1.467 
05-C6 1.432 1.435 1.456 1.465 
Bond Angles (") 

SI-S2-03 108.2 108.2 104.8 105.2 

SI-05-C6 114.5 114.5 117.6 119.4 
S2-S1-05 108.2 108.2 104.8 105.1 
82-03-C4 114.5 114.5 U6.3 119.7 
Dihedral Angles (0) 

Sl-S2-03-C4 -74 -75 -76 -79.3 
S2-S 1-05-C6 74 75 81 84.2 
03-82-S1-05 91 82 84 86.2 

115 



Table 29. Geometry optimization of 6 using the HF method with different basis sets. 

ED42 X~ra?9 HF! 
6~31G* 6-31+G* 6-31G(2d) 6-3lG(df) 6-31G(3d) 6-31G(2df) 6-31G(3df) 6-3lG(3d2f) 

Bond Lengths (A) 
SI-S2 1.960 1.972 2.007 2.0n 2.008 2.003 1.997 1.997 1.990 1.991 
S1-05 1.653 1.658 1.645 1.644 1.647 1.631 1.633 1.625 1.619 1.618 
S2-03 1.653 1.658 1.638 1.636 1.640 1.624 1.626 1.619 1.612 1.612 
03-C4 1.432 1.435 1.414 1.415 1.411 1.411 1.413 1.409 1.410 1.410 
05-C6 1.432 1.435 1.412 1.413 1.409 1.409 1.411 1.408 1.409 1.409 
Bond Angles (") 

S1-S2-03 108.2 108.2 105.5 105.6 106.3 106.0 106.3 106.5 106.8 106.7 

Sl-OS-C6 114.5 H4.5 116.S 117.1 116.3 117.1 117.1 117.4 117.7 117.7 
82-5 I-OS 108.2 108.2 lOS.6 105.7 106.5 106.1 106.5 106.7 106.9 106.9 
S2-03-C4 114.S 114-.5 116.5 117.5 116.3 117.1 117.2 117.4 117.9 117.9 
Dihedral Angles (') 

S 1-S2-03-C4 -74 -75 -83 -83 -82 -82 -81 -82 -82 -82 
S2-S1-05-C6 74 75 85 85 82 85 82 82 82 82 
03-S2-S 1-05 91 82 87 87 86 87 86 86 86 86 
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Table 30. Geometry optimization of 6 using the B3L yP hybrid method with different double split basis sets. 

ED42 x-m}'39 B3LYP/ 
6-3lG* 6-31G(2d) 6-31G(df) 6-31G(3d) 6-3lG(2df) 6-31G(3df) 6-31G(3d2f) 

Bond Lengths (A) 
SI-S2 1.960 1.972 2.028 2.015 2.024 2.000 2.008 1.994 1.994-
51-05 1.653 1.658 1.695 1.694- 1.682 1.684- 1.673 1.669 1.669 
52-03 1.653 1.658 1.688 1.687 1.674- 1.677 1.666 1.662 1.661 
03-C4 1.432 1.435 1.435 1.431 1.434 1.434 1.431 1.434 1.433 
05-C6 1.432 1.435 1.433 1.429 1.432 1.433 1.429 1.432 1.432 
Bond Angles (j 

SI-S2-03 108.2 108.2 107.4 108 107.7 108.1 108.0 108.3 108.3 

Sl-05-C6 114.5 114.5 114.7 115 U5 115.6 115.6 115.9 115.8 
52-51-05 108.2 108.2 107.7 108.3 107.9 108.4 108.3 108.5 108.5 
52-03-C4 114.5 114.5 114.4 H4.8 114.8 115.6 115.4 116 115.8 
Dihedml Angles (") 

Sl-51-03-C4 -74 -75 -81 -81 -81 -81 -81 -81 -81 
S2-S1-05-C6 74 75 81 78 81 79 79 80 80 
03-52-S1-05 91 82 87 87 87 87 87 87 87 
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Table 31. Geometry optimization of 6 using the B3L yP hybrid method with different triple split basis sets. 

ED42 x~ii?9--'--- B3LYF/ 

6-311G* 6-311G(2d) 6-311G(3d) 6-311G(2df) 6-311+G(2df) 
Bond Lengths (A) 

SI-82 1.960 1.972 2.034 2.018 2.002 2.003 2.003 
81-05 1.653 1.658 1.695 1.687 1.681 1.675 1.677 
82-03 1.653 
03-C4 1.432 
05-C6 1.432 
Bond Angles e) 
81-82-03 108.2 

SI-05-C6 114.5 
S2-S1-05 108.2 
S2-03-C4 114.5 
Dihedral Angles e) 
SI-82-03-C4 -74 
S2-S1-05-C6 74 
03-82-81-05 91 

1.658 
1.435 
1.435 

108.2 

114.5 
108.2 
114.5 

-75 
75 
82 

1.687 

107.0 

115.3 
107.3 
115.0 

1.679 

107.7 

115.0 
108.1 
114.7 

1.673 

108.2 

115.7 
108.5 
115.6 

1.667 

107.5 

115.7 
108.0 
115.4 

1.669 

108.2 

115.9 
108.4 
116.2 
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The SVWN method with the Slater exchange term (local spm density exchange 

contrasted with the non-local Becke3 exchange term) and VWN correlation term, 

reproduced experimental results closely when the basis set included three d and one f 

polarization functions (c! Table 32). The inclusion of diffuse functions did not 

appreciably influence the predicted geometry. This was expected as diffuse functions 

describe the shape of the wave function far from the nucleus and are used to model 

charged compounds such as anions. Only the C-O bond lengths were not within 

experimental error as they were overestimated by ca. 0.02 A. Results using the SVWN 

method for the analogous FOOF45 and FSSF46 systems have been reported by Jursic. He 

determined that the SVWN method, with a sufficiently large basis set, reproduced the 

microwave geometries of both FOOF47 and FSSF48 with great accuracy. Thus it should 

not be surprising that this DFT method performs well for the dialkoxy disulfide system. 

Probing the inclusion of polarization functions in greater detail, we observe that as d 

functions are included in the calculation, the S-S bond length converges to experiment. 

However, full convergence is not achieved, even with three d functions. The addition of 

an f function is also required for both accurate r(S-S) and r(S-O) (c! Table 32). In fact it 

is the contribution of the f polarization function that seems to have the greatest impact 

upon this convergence. This is most evident by comparing the increase in accuracy ofthe 

r(S-O) predictions at the 6-311 G(l d) level to that at the 6-311 GC d£) level versus at the 6-

311 G(2d) leveL 
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The Becke3 exchange term with either the P86 or PW91 dynamic correlation terms 

(B3P86 and B3PW91) resulted in geometries that were reasonably close to experiment 

(c! Tables 33 and 34) though these two methods also underestimated the r(C-O) distance. 

A large basis set containing three d and one f polarization functions was required to 

accurately predict the experimental structural parameters. It has been reported that large 

basis sets are required with DFT methods for calculating bond lengths involving second­

row atoms, as is the case here.49 The inclusion of diffuse functions did not appreciably 

improve the geometry as evidenced in Table 35. It would seem that the good predictions 

using the aforementioned DFT methods result from the inclusion of correlation inherent 

in DFT calculations. 

It is not clear why the L yP dynamic correlation term is insufficient to reproduce the 

experimental geometries for this particular system even though the B3L yP method is 

widely used in the literature to accurately reproduce geometries of small organic 

molecules including the analogous FSSF system.46 
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Table 32. Geometry optimization of 6 using the SVWN method with different basis sets. 

ED42-X~ra?9 SVWNI 
6- 6- 6- 6- 6- 6- 6- 6- 6- 6-

31G* 31+G* 311+G* 31G(2d) 3lG(df) 31G(3d) 3lG(2df) 31G(3df) 31G(3d2f) 31l+G(2df) 
Bond Lengths (X) 
51-52 1.960 1.972 1.994 1.992 1.992 1.974 1.990 1.961 1.970 1.958 1.954 1.963 
51-05 1.653 1.658 1.684 1.688 1.690 1.683 1.672 1.674 1.662 1.659 1.658 1.666 
52-03 1.653 1.658 1.676 1.679 1.680 1.673 1.664 1.665 1.654 1.651 1.650 1.658 
03-C4 1.432 1.435 1.41S 1.417 1.412 10410 1.414 1.413 1.410 lAB 1.413 
OS-C6 1.432 1.43S 1.412 1.415 10410 1.407 1.412 IAll 10408 1.411 1.411 
Bond Angles (j 

SI-S2-03 108.2 108.2 107.8 107.7 107.6 108.4 108.0 108.6 108.2 108.6 108.6 108.1 
51-05-C6 114.S 114.5 113.3 114.0 114.3 113.6 113.5 114.1 114.3 114.3 114.1 114.2 
S2-S1-05 108.2 108.2 107.7 107.7 107.5 108.2 107.9 108.2 108.1 108.3 108.3 108.0 
S2-03-C4 114.5 114.5 112.5 113.9 114.1 112.9 112.8 113.7 114.3 114.0 113.8 114.2 
Dihedral Angles (") 

S 1-S2-03-C4 -74 -75 -74 -74 -73 -73 -74 -72 -73 -72 -72 
S2-S1-OS-C6 74 75 73 76 75 67 73 68 73 69 70 
03-S2-51-05 91 82 86 88 87 86 86 87 88 87 87 
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Table 33. Geometry optimization of 6 using the B3P86 hybrid method with different basis sets. 

ED42 X-ra?9 B3P861 
6-31G* 6-3lG(2d) 6-31G(df) 6-31G(3d) 6-31G(2df) 6-31G(3df) 6-311 +G(2df) 

Bond Lengths (A) 
SI-S2 1.960 1.972 2.006 1.993 2.002 1.980 1.986 1.975 1.980 
SI-OS 1.653 1.658 1.683 1.683 1.670 1.672 1.663 1.658 1.664 
S2-03 1.653 1.658 1.676 1.676 1.663 1.665 1.656 1.651 1.657 
03-C4 1.432 1.435 1.427 1.423 1.425 1.426 1.422 1.425 
05-C6 1.432 1.435 1.425 1.421 1.424 1.424 1.421 1.423 
Bond Angles (") 

SI-S2-03 108.2 108.2 107.5 108.1 107.8 108.8 108.1 108.4 108.2 
Sl-05-C6 114.5 114.5 114.2 114.4 114.5 115.0 US.l 115.3 115.3 
82-S1-05 108.2 108.2 107.6 108.3 107.9 108.4 108.3 108.5 108.4 
S2-03-C4 114.5 114.5 114.0 114.3 114.4 115.0 114.9 115.4 115.6 
Dihedral Angles (") 

Sl-S2-03-C4 -74 -75 -80 -80 -80 -79 -79 -79 
82-S1-05-C6 74 75 80 77 80 77 78 78 
03-S2-81-05 91 82 88 88 88 87 87 87 
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Table 34. Geometry optimization of 6 using the B3PW91 hybrid method with different basis sets. 

ED42 X_ray39 B3PW91/ 
6-31G* 6-3lG(2d) 6-31G(df) 6-31G(3d) 6-31G(2df) 6-3lG(3df) 

Bond Lengths (A) 

SI-S2 1.960 1.972 2.008 1.995 2.004 1.982 1.988 1.977 
S1-05 1.653 1.658 1.686 1.686 1.673 1.675 1.666 1.661 
82-03 1.653 1.658 1.679 1.679 1.666 1.668 1.659 1.654 
03-C4 1.432 1.435 1.428 1.425 1.427 1.427 1.424 1.426 
05-C6 1.432 1.435 1.427 1.423 1.426 1.426 1.423 1.425 
Bond Angles (") 

SI-S2-03 108.2 108.2 107.7 108.3 108.0 108.4 108.3 108.5 

81-05-C6 114.5 114.5 114.4 H4.5 114.7 liS.l 115.2 115.4 
82-81-05 108.2 108.2 107.8 108.6 lO~U 108.5 108.5 108.7 
S2-03-C4 114.5 114.5 114.2 114.4 114.5 115.2 115.1 115.6 
Dihedral Angles (') 

81-82-03-C4 -74 -75 -82 -81 -81 -80 -81 -80 
82-81-05-C6 74 75 81 78 81 78 79 79 
03-82-81-05 91 82 88 88 88 88 88 87 
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Table 35. Comparison of optimized geometries of 6 using DFT methods with and without diffuse functions. 

B3LYP/ B3P86! 

6-31+G(2d) A" 6-31 +G(3df) A" 6-31+G(2d) Aa 6-3l+G(3df) Aa 

Bond Lengths (A) , 
81-82 2.010 -0.005 1.993 -0.001 1.989 -0.004 1.973 -0.002 
81-05 1.699 0.005 1.672 0.003 1.687 0.004 1.660 0.002 
82-03 1.692 0.005 1.664 0.002 1.679 0.003 1.653 0.002 
03-C4 1.433 0.002 1.436 0.002 1.424 0.001 1.426 0.001 
05-C6 1.432 0.003 1.435 0.003 1.423 0.002 1.425 0.002 
Bond Angles (j 

81-82-03 108.5 0.5 108.8 0.5 108.4 0.3 108.7 0.3 
Sl-05-C6 115.5 0.5 116.2 0.3 115.0 0.6 115.6 0.3 
82-81-05 108.3 0.0 108.5 0.0 108.4 0.1 108.6 0.1 
82-03-C4 115.3 0.5 115.9 -0.1 114.7 0.4 115.3 -0.1 
Dihedral Angles (j 

81-S2-03-C4 -81 0 -82 -1 -80 0 -80 -1 
82-81-05-C6 80 2 81 1 78 1 79 1 
03-82-81-05 88 1 88 88 0 88 1 
a) Difference from geometry optimized at the same level of theory except without a set of diffuse functions. 
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Table 36. Geometry optimization of 6 using the MP2 method with different triple split basis sets. 

ED42 X_ray39 "MP2! 
-------- --------- -- -

6-3UG* 6-311G(2d) 6-311G(df) 6-311G(3d) 6-311 G(2df) 6-311G(3df) 
Bond Lengths (A) 
SI-82 1.960 1.972 2.003 2.008 1.980 1.991 1.979 1.965 
S1-05 1.653 1.658 1.682 1.682 1.656 1.678 1.665 1.660 
S2-03 1.653 1.658 1.673 1.673 1.648 1.669 1.657 1.651 
03-C4 1.432 1.435 1.434 1.439 1.426 1.437 1.434 1.432 
05-C6 1.432 1.435 1.432 1.437 1.424 1.435 1.432 1.430 
Bond Angles (') 

SI-52-03 108.2 108.2 106.0 106.9 106.8 107.1 106.9 107.5 
Sl-05-C6 114.5 114.5 113.7 113.1 113.6 113.9 113.5 114.2 
52-S1-05 108.2 108.2 106.2 107.1 107.0 107.2 107.2 107.6 
52-03-C4 114.5 114.5 113.3 112.6 113.2 113.6 113.0 114.0 
Dihedral Angles (') 

51-S2-03-C4 -74 -75 -78 -77 -77 -76 -76 -76 
82-S1-05-C6 74 75 79 76 78 77 76 77 
03-82-81-05 91 82 87 86 87 86 86 86 
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Second order M011er-Plesset perturbation theory was better at predicting the geometry 

of 6. As d functions are included in the calculations, the S-S bond converges to 

experiment. However, complete convergence to experiment is only achieved when at 

least three d and one f polarization functions were included in the basis set. The addition 

of the f polarization function seems to have the greatest impact upon prediction of 

accurate bond lengths. This is most evidence in Table 36 by comparing the 6-311 G(2d) 

and 6-311 G( dt) basis sets. MP2-type correlation, although not sufficient, is necessary for 

predicting experimental geometry. The addition of electron correlation results in an 

increased rate of convergence. This is best exemplified by comparing the r(S-S) 

predictions made at the HF and MP2 levels (cf Tables 29 and 36). As polarization 

functions were included, HF provides a convergence in the S-S bond length of only 0.016 

A. However, MP2 converges it 0.038 A to experiment. Conversely, it would seem that 

polarization functions too were also necessary though not sufficient for geometry 

convergence. Thus electron correlation and basis set size seem to have a multiplicative 

effect on geometry convergence for this class of compounds. 

The use of either Allinger's original MM33l force field or our own modified (MM3*)32 

force field implemented in Macromodel® proved quite effective at modeling 6 (Am and 

Ax-ray, Table 37). 

126 



Table 37. Geometry optimization of 6 using the MM3 and MM3 * force fields. 

ED42 X_ray39 MM3 flED flX-ray MM3* flED flX-ray 

Bond Lengths (A) 

51-S2 1.960 1.972 1.966 0.006 -0.006 1.966 0.006 -0.006 
SI-OS 1.653 1.658 1.656 0.003 -0.002 1.656 0.003 -0.002 
S2-03 1.653 1.658 1.656 0.003 -0.002 1.655 0.002 -0.003 
03-C4 1.432 1.435 1.435 0.003 0 1.437 0.005 0.002 
05-C6 1.432 1.435 1.435 0.003 0 1.436 0.004 0.001 
Bond Angles (") 

SI-52-03 108.2 108.2 108.1 -0.1 -0.1 108.0 -0.2 -0.2 
Sl-05-C6 114.5 114.5 114.4 0.2 0.2 114.4 0.1 0.1 
52-S1-05 108.2 108.2 108.4 -0.1 -0.1 108.3 -0.1 -0.1 
S2-03-C4 114.5 114.5 114.5 0 0 114.5 0 0 
Dihedral Angles (") 

SI-S2-03-C4 -74 -75 -81 -7 -6 -81 -7 -6 
S2-S 1-05-C6 74 75 82 8 7 82 8 7 
03-52-S1-05 91 82 84 -7 2 84 -7 3 

Molecular mechanics has the advantage of modeling larger molecular weight 

compounds which DFT and ab initio calculations could not handle. We were able to 

accurately model bis(p-nitrobenzyloxy) disulfide 49 (Table 38). 
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Table 38. Geometry optimization of 49 using the MM3 and MM3* force fields. 

82 

X-ralo MM3 !l MM3* !l 
Bond Lengths (A) 

S1-82 1.968 1.965 -0.003 1.965 -0.003 
81-05 1.648 1.655 0.006 1.654 0.006 
S2-06 1.659 1.654 -0.005 1.655 -0.004 
Bond Angles e) 
S2-S1-05 107.3 107.6 0.3 107.9 0.6 
81-S2-06 107.8 107.4 -0.4 107.4 -0.4 
Sl-05-C14 114.6 114.6 -0.1 114.5 -0.1 
S2-06-C13 115.5 114.9 -0.6 114.7 -0.8 
06-C13-C7 109.7 109.9 0.1 110.0 0.3 
05-C14-Cl 110.0 110.3 0.3 110.0 0.0 
Dihedral Angles e) 
8 1-S2-06-C 13 -74 -83 -9 -83 -9 
Sl-05-C14-Cl 175 -178 3 178 3 
82-81-05-C14 87 82 -4 81 -6 
S2-06-C13-C7 171 177 7 179 8 
05-81-82-06 -86 -83 3 -83 2 

Overall, the 6-31 G(3df) and 6-311 G(3df) basis sets produced the best agreement. The 

use ofMP2 most closely reproduced the experimental geometries. Less computationally 

demanding density functionals (SVWN, B3P86, B3PW91) do reasonably well as 

predictive tools with SVWN showing the closest agreement (using the 6-31G(2df) basis 

set). Surprisingly this was not the case for B3L YP. HF proved woefully incapable of 

accurately predicting the geometry of the experiment within the three standard deviation 

(3cr) tolerance criterion used in this study. For these classes of compounds, molecular 
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mechanics seems to be an effective alternative to both ab initio and density functional 

theory. This may be due to the ability of the force field to handle hyperconjugation. 

3.3.3 Geornetries of a Model Thionosuifite 

The first experimental evidence for the existence of isomeric thionosulfites occurred in 

the mid 1960s.51
-
53 Currently, four crystal structures (5g, 5i, 5rn, 50)540

56 exist with 

which we could reference our modeling work (Figure 5).57 As these all contained a 5-

membered cyclic core, we chose as our model the parent thionosulfite 5a as well as the 

tetramethyl-substituted derivative 5d. Our predictive work for 5a is shown in Tables 39-

41 while for 5d is shown in Table 42. 

59 Si 

Figure S. Ortep representations of Sg and Si, the two reference thionosulfites. 
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Table 39. Geometry optimization of Sa using the HP and B3L yP methods with different basis sets. 

X~ray54 X~ray55 HP/ B3LYP/ 

5g Si 6-3lG* 6~31G* 6-3lG(2d) 6-31G(df) 6~31G(3d) 6~31G(2df) 

Bond Lengths (A) 
Cl~C2 1.553 1.556 l.543 1.525 1.527 1.531 1.527 1.529 
03-S4 1.639 1.644 1.615 1.703 1.692 1.681 1.675 1.666 
Cl~05 1.485 1.491 1.426 1.440 1.436 1.441 1.441 1.442 
S4-05 1.643 1.626 1.61S 1.71S 1.704 1.690 1.685 1.672 
C2~03 1.488 1.483 1.426 1.438 1.434 1.438 1.436 1.436 
S4-86 1.900 1.911 1.938 1.934 1.930 1.934 1.919 1.923 

Bond Angles e ) 
CI-C2-03 101.6 101.3 lOS.7 103.9 104.3 103.9 104.4 104.6 
C2-CI-OS 102.3 IOS.9 lOS.7 106.1 106.S 106.2 106.4 106.6 
03-S4-05 94.3 94.2 91.6 91.7 91.6 91.8 91.6 91.7 
05-84-86 106.4 106.1 109.0 107.6 108.0 108.4 108.5 108.6 
CI-OS-S4 111.6 112.7 110.9 111.8 112.1 112.3 112.7 112.6 
C2-03-S4 112.2 109.8 110.9 108.2 108.2 108.0 108.7 108.5 
03~S4-S6 110.6 111.4 109.0 111.2 110.9 111.0 110.8 110.2 

Dihedral Angles e> 
CI-C2-03-S4 35 -34 25 45 44 45 43 42 
CI-05-S4-S6 -127 135 -75 -107 -102 -101 -99 -94 
C2~03-S4-0S -14 9 ~36 ~31 ~33 -34 -34 -36 
03~C2-CI-05 -42 4S 0 -39 -35 -35 -31 -28 
CI-05~S4-03 -14 21 36 6 11 12 14 18 
C2-CI-05-S4 36 -42 -25 18 13 11 8 4 
C2~03-S4~S6 96 -100 75 79 78 76 77 75 
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Table 40. Geometry optimization of 5a using the B3P86 method with different triple split basis sets. 

X_ra~4 X_ray55 B3P86/ 

5g :Si 6-311G* 6-3 1 IG(2d) 6-311G(df) 6-311G(3d) 6-3 11 G(2df) 6-311G(3df) 

Bond Lengths (A) 

Cl-C2 1.553 1.556 1.521 1.529 1.533 1.544 1.547 1.546 
03-S4 1.639 1.644 1.686 1.674 1.665 1.660 1.647 1.644 
CI-05 1.485 1.491 1.433 1.432 1.435 1.431 1.429 1.431 
84-05 1.643 1.626 1.696 1.677 1.667 1.660 1.647 1.644 
C2-03 1.488 1.483 1.430 1.426 1.429 1.432 1.429 1.431 
54-S6 1.900 1.911 1.922 1.920 1.923 1.911 1.917 1.907 

Bond Angles e ) 
CI-C2-03 101.6 101.3 103.8 105.0 104.5 106.5 106.3 106.2 
C2-CI-OS 102.3 105.9 106.2 106.9 106.5 106.4 106.3 106.2 
03-S4-05 94.3 94.2 91.5 91.1 91.3 90.4 90.9 90.9 
05-S4-56 106.4 106.1 108.1 109.1 109.5 109.5 109.5 109.5 
CI-OS-S4 111.6 112.7 111.9 111.8 111.9 109.2 109.2 109.3 
C2-03-54 112.2 109.8 107.4 107.3 107.2 109.2 109.2 109.4 
03-84-56 110.6 111.4 110.7 110.2 110.5 109.5 109.5 109.5 

Dihedral Angles (") 
Cl-C2-03-S4 35 -34 46 43 44 27 27 27 
CI-05-54-56 -127 135 -101 -89 -89 -72 -72 -72 
C2-03-S4-05 -14 9 -34 -39 -40 -39 -39 -39 
03-C2-CI-05 -42 45 -37 -26 -26 0 0 0 
CI-05-54-03 -14 21 11 23 23 39 39 39 
C2-CI-05-S4 36 -42 13 -2 -1 -28 -28 -28 
C2-03-S4-S6 96 -100 76 72 71 72 72 72 
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Table 41. Geometry optimization of Sa using the MP2 method with different triple split basis sets. 

X_ray54 X_ray55 MP2/ 

5g Si 6-311G* 6-311G(2d) 6-311G(df) 6-311G(3d) 6-311 G(2df)3 6-311G(2df)b 6-311G(3df)b 

Bond Lengths (A) 
CI-C2 1.553 1.556 1.551 1.541 1.549 1.524 1.543 1.522 1.523 
03-S4 1.639 1.644 1.676 1.665 1.644 1.670 1.645 1.655 1.650 
CI-05 1.485 1.491 1.439 1.446 1.432 1.446 1.440 1.443 1.441 
54-05 1.643 1.626 1.676 1.665 1.643 1.677 1.646 1.659 1.654 
C2-03 1.488 1.483 1.439 1.446 1.432 1.439 1.440 1.437 1.435 
S4-S6 1.900 1.911 1.905 1.923 1.897 1.904 1.905 1.900 1.891 

Bond Angles e ) 
CI-C2-03 101.6 101.3 106.3 106.5 105.8 103.9 106.2 103.7 103.6 
C2-CI-05 102.3 105.9 106.3 106.5 105.8 106.3 106.2 106.4 106.0 
03-S4-05 94.3 94.2 89.4 90.4 107.2 91.2 91.0 92.0 91.8 
05-54-56 106.4 106.1 109.3 109.3 109.7 108.6 108.9 108.2 108.5 
CI-05-S4 111.6 H2.7 107.5 107.5 107.2 111.8 107.8 111.4 112.0 
C2-03-54 112.2 109.8 107.5 107.5 107.2 106.9 107.8 106.4 107.0 
03-54-S6 110.6 HL4 109.3 109.3 109.7 110.3 108.9 109.9 110.2 

Dihedral Angles e) 
CI-C2-03-S4 35 -34 31 30 31 46 29 46 46 
CI-05-S4-56 -127 135 -67 -69 0.67 -92 -69 -91 -92 
C2-03-54-05 -14 9 -43 -42 -44 -39 -42 -40 -39 
03-C2-CI-05 -42 45 0 0 0 -31 0 -31 -31 
CI-05-S4-03 -14 21 43 42 44 20 42 21 20 
C2-CI-05-S4 36 -42 -31 -30 -31 3 -29 3 4 
C2-03-54-S6 96 -100 67 69 67 71 69 70 71 
a) 1:(03-C2-Cl..Q5) fixed at 0°. b) 1:(03-C2-CI-05) fixed at _33°. 
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Table 42. Geometry optimization of 5<1 using HF, density functionals, MP2 with different basis sets as well as MM3"'. 

X_ray54 X_ray55 HF! B3LYP! B3P86! MP2! MM3* 

Sg Si 
6- 6- 6- 6- 6- 6- 6- 6- 6- 6-

31G* 3lG(2d) 31G* 31G(2d) 31G(2df) 31G(3df) 31G(2d) 31G(2df) 31G(3df) 311G* 
Bond Lengths (A) 
CI-C2 1.553 1.556 1.552 1.550 1.563 1.562 1.563 1.562 1.552 1.553 1.553 1.546 1.532 
03-84 1.639 1.644 1.624 1.620 1.704 1.696 1.672 1.670 1.681 1.659 1.656 1.706 1.649 
Cl-OS 1.485 1.491 1.442 1.438 1.458 1.454 1.454 1.455 1.445 1.444 1.445 1.449 1.485 
S4-05 1.643 1.626 1.628 1.625 1.709 1.701 1.678 1.676 1.686 1.665 1.663 1.710 1.648 
C2-03 1.488 1.483 1.445 1.441 1.463 1.458 1.459 1.459 1.449 1.449 1.449 1.453 1.485 
54-S6 1.900 1.911 1.931 1.927 1.936 1.931 1.925 1.913 1.918 1.912 1.901 1.895 1.903 

Bond Angles (" ) 
CI-C2-03 101.6 101.3 101.8 101.9 102.7 102.7 102.4 102.3 102.5 102.2 102.1 102.7 101.9 
C2-CI-05 102.3 105.9 102.4 102.3 103.1 103.0 102.8 102.6 102.9 102.7 102.5 102.9 102.4 
03-84-05 94.3 94.2 93.2 93.2 92.1 92.0 92.5 92.3 92.3 92.7 92.5 91.7 94.1 
05-S4-86 106.4 106.1 107.5 107.4 106.6 106.7 106.8 106.8 106.6 106.6 106.7 106.4 108.8 
CI-05-84 111.6 H2.7 112.8 112.7 111.3 111.6 112.1 112.2 111.4 111.8 112.0 110.8 nu 
C2-03-54 112.2 109.8 113.6 113.7 112.1 112,4 112.8 113.2 112.1 111.5 112.8 111.4 111.3 
03-54-56 110.6 111.4 IlU 111.4 112.6 112.5 H2.3 112.3 112.4 112.2 112.3 112.5 108.3 

Dihedral Angles (") 
CI-C2-03-54 35 -34 33 35 35 34 34 33 35 35 34 37 37 
CI-Q5-54-S6 -127 135 -132 -129 -128 -130 -130 -130 -130 -129 -130 -130 -125 
C2-03-S4-QS -14 9 -13 -13 -13 -15 -13 -12 -13 -13 -13 -14 -15 
03-C2-Cl-05 -42 45 -40 -40 -44 -43 -42 -42 =44 ~43 -43 -46 -44 
CI-05~S4-03 -14 21 -15 -16 -16 -16 -15 -16 -16 -15 -15 -16 -14 
Cl-CI-05-S4 36 -42 35 37 37 37 36 37 37 36 37 39 37 
C2-03-S4-S6 96 -100 98 96 96 97 97 97 96 96 96 95 97 
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Salient structural features in both X-rays include the extremely short S-S bond, the 

pseudo-axial orientation of the branched bond with respect to the five-membered ring and 

the inherent twist in the ring with a -c(O-C-C-O) of ca. 40°. A representative set of 

structural parameters is provided for HF (Table 39). For all basis sets, the 1,3,2-

dioxathiolane ring flattened out and thus could not reproduce the twist present in the X­

ray structures. This proved not to be the case using B3L yP (Table 40) where the 

conformation remained twisted regardless of basis set size, though less so by ca. 12°. 

Interestingly, the use of larger basis sets with B3P86 (Table 41) resulted in the same 

observed ring flattening. The MP2 level with 3 d polarization functions is able to 

reproduce the twist however the subsequent addition of f polarization functions re­

flattens the geometry into the undesired envelope conformation (Table 41). 

All methods predict the expected pseudo-axial orientation of the S-S bond with respect 

to the 5-membered ring core. This preferred conformation is most likely due to the 

optimal orbital overlap engendered in no ~ 0-*3=3. This negative hyperconjugation has 

been found to be the principle factor responsible for the stabilization of hypervalent58
,59 

chalcogen atoms.60 Inductive removal of electronic charge by oxygen from the branched 

sulfur leading to a lowering of the energy of the d-AO «p-d)n bonding) and to a 

reinforcement of the backbonding has also been proposed to explain the stability of 

hypervalent sulfur species but this is the subject of much debate.61
,62 In general the 8(03-

S4-05) is underestimated by ca. 3° no matter the level of theory or the basis set used. All 

methods faithfully predict the 8(03-S4-S6) bond angle but overestimate the 8(05-S4-S6) 
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by ca. 3°. Interestingly, the presence of 4 methyl substituents forced the twist when using 

DFT and MP2 methods (Table 42). As well, bond angles were more faithfully 

reproduced with errors less than 2°. 

HF respectively overestimates and underestimates the r(S-S) and r(S-O) bond lengths 

by greater than 0.02 A. The predicted B3L yP r(S-S) approaches the experiment the most 

when using the 6-31 G(3d) basis set. The B3P86 method also accurately predicts this key 

structural identifier at this basis set (Table 40). Interestingly, the inclusion of an f 

polarization function to this basis set resulted in a net increase in accuracy. Though one 

does observe a slight convergence with increasing basis set size, B3L yP consistently 

overestimates the r(S-O). The B3P86 method with a minimum of two d and one f 

polarization functions does converge to experiment. MP2 predicts bond lengths within 

experimental error using large basis sets (Table 41) if we artificially lock the "C(O-C-C-O) 

into a twist conformation. 63 Using the 6-31 G(3d) basis set, we get a good r(S-S) 

prediction but the reS-~) values are larger by ca. 0.03 A. 

Bond length predictions in 5d (Table 42) still required the addition of polarization 

functions to approach the crystal structure geometries. For instance, :rv1P2/6-311 G* 

underestimates the r(S-S) and overestimates by 0.4 A the r(S-O). As with Jursic's work 

on the related FzS=S 75b system where his best method was B3P86/6-311 ++G(3df), our 

most predictive method for 5d was the B3P86/6-311 G(3df). It should not be surprising 

that larger basis sets containing polarization functions were necessary to afford accurate 
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predictions of thionosulfites as the use of d functions has been shown to stabilize 

hypervalent sulfur species.62
,64 The role of these functions is to provide "orbital space" at 

the branched sulfur to allow for back bo~ding. That is, these orbitals act as true valence 

orbitals. 65 

Using our hybrid force field parameters, the predicted structure for 5d (Table 42) 

converged to experiment. The ability to accurately model branched sulfur compounds is 

a primary goal of ours and the use of the MM3>1< force field seems to be a low-cost 

alternative to the ab initio and DFT methods tested. More telling is the accurate 

structural predictions when 5g and 5i were modeled using MM3* (Table 43). 
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Table 43. Geometry optimization of Sg and Si using MM3 * 
X_ray54 X_rays:> 

5g MM3* Aa Si MM3* Aa 

Bond Lengths (A) 
Cl-C2 1.553 1.554 -0.001 1.556 1.556 0.000 

03-S4 1.639 1.648 -0.009 1.644 1.647 -0.003 

Cl-OS 1.485 1.48S 0.000 1.491 1.491 0.000 

S4-05 1.643 1.646 -0.003 1.626 1.648 -0.022 

C2-03 1.488 1.487 0.001 1.483 1.489 -0.006 
S4-S6 1.900 1.903 -0.003 1.911 1.903 0.008 

Bond Angles (0 ) 

CI-C2-03 101.6 101.7 -0.1 101.3 101.2 0.1 

C2-CI-05 102.3 101.9 0.4 lOS.9 107.5 -1.6 

03-S4-05 94.3 93.9 0.4 94.2 93.6 0.6 

05-S4-S6 106.4 108.8 -2.4 106.1 108.7 -2.6 
CI-05-S4 111.6 111.2 0.4 H2.7 111.5 1.2 
C2-03-S4 112.2 llL7 0.5 109.8 nu -1.3 
03-S4-S6 110.6 108.3 2.3 IllA 108.4 3.0 

Dihedral Angles (0) 
CI-C2-03-S4 35 36 -1 -34 3S -1 
CI-OS-S4-S6 -127 -127 0 BS 127 8 
C2-03-S4-05 -14 -13 -1 9 14 -S 
03-C2-CI-OS -42 -44 2 45 46 -1 
CI-05-S4-03 -14 -16 2 21 16 S 
C2-CI-OS-S4 36 38 -2 -42 -40 2 
C2-03-S4-S6 96 98 -2 -100 96 4 

a) A = X-ray - MM3*; where the difference in dihedral angles is defined as A = IX-
raYI -IMM3*1· 

3.3,4 Vibrational Frequencies of MeOSSOMe 

The vibrational frequencies of 6 have been determined at the B3L yP level using the 6-

311 G* basis set. The calculated frequencies have been scaled with respect to the 

experimental IR.42 These are shown in Table 44. The calculated and experimental 

frequencies match excellently though some CH) modes are grossly underestimated. 
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Table 44. Vibrational fequencies (cm-I) for MeOSSOMe 6 

Scaling Factor Scaled 
Mode IR" B3Lypb (IRlCa1cf B3Lypb,c tJ.d 

v(CH3) 3002 3132 0,959 3003 1 
3002 3129 0.959 3001 ~1 

2964 3093 0.959 2967 3 
2964 3087 0.959 2961 ~3 

2940 3022 0.959 2898 ~42 

2940 3019 0.959 2896 ~44 

8(CH3) 1453 1519 0.969 1472 19 
1453 1518 0.969 1471 18 
1453 1502 0.969 1455 2 
1453 1501 0.969 1454 1 
1453 1479 0.969 1434 ~19 

1453 1478 0.969 1432 -21 

(CH3) rock 1160 1201 0.975 1171 11 
1160 1197 0.975 H67 7 
1160 1181 0.975 1152 ~8 

1160 1178 0.975 1149 -11 
v(C-O) 1000 1016 0.988 1004 4 

1000 1009 0.988 997 -3 
v(S-O) in the plane 688 655 1.051 688 0 
v(S-O) out of plane 662 630 1.05 662 0 
v(S-S) 527 468 1.126 527 0 
8(C-0-S) 423 410 1.032 423 0 
8(C-0-S) 385 381 1.009 385 0 
8(0-S-S) 248 309 0.802 248 0 
8(0-S-S) 209 257 0.815 209 0 
'tec-O) 178 178 
'tec-O) 173 173 
't(O-S) 114 114 
't(O~S) 94 94 
't{S~S) 75 75 

a) IR in the gas phase measured at 25°C. b) 6-3HG* Basis set. c) Scaling 
factors for stretching and deformation frequencies were determined by scaling 
to experiment. No scaling was applied to the torsional modes, since B3L yp and 
expenmentallow-frequency vibrations have been shown to be close to each 
other. d) Il = V,caled - vexpt' 
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3.3.5 Dipole Moment of MeOSSOMe 

The calculated dipole moments of 6 at HF, B3L YP and MP2 at different basis sets are 

given in Table 45. 

Table 45. Calculated dipole moments (debyes) 

basis set HF B3LYP MP2 
6-31G* 2.546 2.548 
6-31+G* 2.560 
6-31G(2d) 2.322 2.123 
6-3IG(3d) 2.376 2.168 
6-31G(2df) 2.361 2.163 
6-31G(3df) 2.407 2.196 
6-31G(3d2f) 2.407 2.195 
6-311G* 2.434 2.655 
6-311G(2d) 2.266 
6-311G(3d) 2.204 2.392 
6-311 G(2df) 2.248 
6-311 +G(2df) 2.458 
6-3HG(3df) 2.395 

There is a wide range of values which are both method and basis set dependent. To our 

knowledge, no one has measured the dipole moment of any alkoxy disulfide. However, 

dipole moment calculations were very sensitive to the quality of the basis set in S2Ch 

77a.66 The experimental dipole moments (in debyes) for HSSH 69a67 (1.17 ± 0.02) and 

FSSF 75a 68 .45 ± 0.02) are much smaller than those calculated for 6. 

3.3.6 Rotational Barriers 

We next determined the torsional potential of 6a. It is important to understand that 

internal rotation is not pure rotation. It involves simultaneous structural changes (i.e. in 

139 



bond lengths and angles). Single point calculations were carried out on MP2/6-

311 G(2df) optimized geometries for the 1:(O-S-S-O) barrier (t = 86.7 for the global 

minimum and 1800 for the transition state) using HF, SVWN, MP2, MP3, B3L yP and 

22.0 

20.0 

18.0 

~ 16.0 
E - 14.0 1ii 
~ 
~ 12.0 
Q) 

10.0 c 
LU 
Q) 

> 8.0 :p 
ro 
Qi 

6.0 0:: 

4.0 

2.0 

0.0 

0 30 60 

Torsional Potential 

90 

Dihedral Angle (0) 

120 

-------

--t(OSSO) 
--t(CSSC) 
-.e.-t(SSOC) 

150 180 

Figure 6. Change in Energy with 1:(O-S-S-O) and 1:( S-S-O-C) in 6 and with 1:(C-S-S-C) 

in MeSSMe 71a at B3L YP/6-31G(2d). 

B3P86 levels with the basis sets listed in Chapter 3.2.69 The rotational barrier about the S-

S bond (Figure 6) was calculated to be 17.7 kcallmol (17.4 kcallmol including zero point 

vibrational energy ZPVE and thermal corrections at 298.15 K) at the B3L YP/6-31 G(2d) 

level of theory (Figure 6, Table 47), which is in good agreement with a recent 

experimental measurement (LlGt = 18.4 ± 0.15 kcallmol). i Our experimentally 

determined barrier heights, profiled in Chapter 4, are also in agreement. This represents 

the best method at minimum computational cost to accurately reproduce the barrier 
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height. It should be noted that our single point energy calculations were carried out on 

structures where the geometry did not converge to experiment; nonetheless these 

geometries did reproduce experimental energies.70 In general both DFT methods with 

basis sets larger than 6-31 G* were able to accurately reproduce the observed barrier 

height (Table 47). The HF and MP3 methods underestimated this barrier while SVWN 

overestimated it (Table 46). The MP2 level (Table 46) however also was able to 

approach it. The presence of such a large S-S torsional barrier in essence renders the 

alkoxy disulfide functional group an element of axial chirality. 71 

Table 46. Calculated trans barrier heights for 6a with a geometry optimized at MP2/6-

311G(2df) 

Level Basis Set Llli+ Level Basis Set b.Et 

HP/ 6-31G* 12.8 SVWNI 6-31G* 21.0 
6-31G(2d) 14.0 6-31G(2d) 22.5 
6-31G(df) 13.1 6-3lG(df) 21.0 
6-31G(3d) 14.8 6-31G(3d) 23.5 
6-31G(2df) 14.7 6-31G(2df) 22.6 
6-31G(3df) 15.2 6-31G(3df) 23.5 

MP2! 6-311G* 17.0 MP3! 6-311G* 14.7 
6-311G(2d) 17.9 6-3HG(2d) 15.5 
6-3HG(df) 18.7 6-3HG(df) 16.3 

6-311G(3d) 18.8 6-3HG(3d) 16.3 
6-311 G(2df) 19.3 
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Table 47. Calculated trans barrier heights for 6a. Except where stated, geometry of 6a 

has been optimized at MP2/6-311 G(2dt) 

Level Basis Set AEt AEta.b Level Basis Set AE+ AEta,b 

B3LYF/ 6-3IG* 15.9 17.4 B3P86/ 6-31G* 17.2 17.4 
6-31G(2d) 17.5 17.7 6-3lG(2d) 18.8 19.0 
6-31G(df) 16.0 16.2 6-31G(df) 17.3 17.5 
6-3IG(3d) 18.4 18.5 6-31G(3d) 19.7 19.9 
6-31G(2df) 17.8 17.8 6-3lG(2df) 19.1 19.2 
6-3IG(3df) 18.5 18.7 6-3lG(3df) 19.9 20.0 

a) Geometry is optimized at the same level of theory. b) Subtract 0.3 kcallmol from 
AEt to include ZPE correction. 

The trans barrier height was ca. 3 kcallmol smaner than that of the cis (Figure 5). The 

substitution of alkoxyl groups from alkyl groups resulted in a significantly greater S-S 

barrier where the average barrier for a dialkyl disulfide is reported to be ca. 7 kcal/mol 

(c! Chapter 2.4.2).72 The existence of a four-electron interaction (lone pair-lone pair 

repulsion) cannot solely account for the barrier height. The origins of this barrier are 

discussed in Chapter 3.3.7. The SS-OC trans barrier was calculated to be ca. 4.5 

kcallmol (Figure 6) indicating that torsional hindrance about the S-O bond is not a major 

contributor to the overall barrier height. This is in accord with the literature.37 

3.3.7 Natural Bond Order Analysis 

Natural bond order (NBO) analysis lO was undertaken in order to ascertain the origin of 

the stability of the 90° -c(S-S) conformer. Second order perturbation NBO analysis can 

measure and attribute this stabilization to specific individual orbital interactions i.e. it can 

separate energy contributions due to hyperconjugation from those caused by electrostatic 

or steric interactions. The S-S bonding orbitals appear to be op, with increasing p 
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character upon rotation about the S-S bond from the minimum (ca. 90°) to the trans 

transition state (180° where there exists ca. SpH mixing). This trend is illustrated in 

Figure 8. The Wiberg S-S bond order index (WBI) also decreases slightly upon rotation 

away from the energy minimum (Figure 7, Table 48) whereas the two S-O WBI increase 

slightly.73 The S-S bond order of 1.13 is similar to that obtained for the FSSF and FSSCl 

systems. 74 
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Figure 7. Wiberg bond order index (WBI) as a function of ,;(S-S) in 6 and MeSSMe 

7b. 

Energy corresponding to delocalization CEdel) can be assessed by the NBO deletion 

procedure. According to the NBO method 5,6,10,75 , delocalization effects 

(hyperconjugation) are due to the interactions between occupied orbitals and anti-bonding 

and Rydberg76 orbitals and are represented by off-diagonal terms in the Fock matrix. 77 
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To evaluate these contributions, the off-diagonal elements in the Fock matrix are zeroed 

(i.e. the contributions are deleted) and a single SCF cycle is carried out at the HF/6-31 G* 

leve178 based on B3L YP/6-31 G(2d) optimized geometries. Evaluation of the energy of 

this altered Fock matrix results in the Lewis energy (ELew). ELew is the energy due to 

localized bonds, steric and dipole effects, none of which can be separated by means of the 

NBO procedure. The difference between total SCF (Etot) and ELew energies corresponds 

to the delocalization energy (Edel), the energetic contribution arising from all the possible 

interactions between orbitals, equation (1).10,79 

Edel = Etot - ELew (1) 

12.00 

11.00 

Q; 10.00 1 
u 
~ 
III 

9.00 .c 
0 
6.. 

8.00 

7.00 

6.00 
0 30 60 

Change in p-character 

90 
Dihedral Angle (0) 

120 150 180 

Figure 8. Change in p-character with -c(S-S) in 6 compared with t(S-S) in 71a. 
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Table 48. Wiberg bond order index (WBI) as a function of 1:(S-S) in 6. For comparison, the calculated MP2/6-31Ig(2df) S-S bond 

lengths are also included. 

1;(O-S-S-O) 
0 15 30 45 60 75 90 105 120 135 150 165 180 

r(S-S) (A) 2.143 2.128 2.092 2.054 2.026 2.011 2.008 2.017 2.039 2.068 2.091 2.103 2.106 
S-S WB! 0.939 0.954 0.994 1.046 1.094 1.123 U29 1.111 1.072 1.024 0.986 0.965 0.959 
SI-05 WB! 0.860 0.854 0.844 0.829 0.814 0.807 0.806 0.811 0.821 0.830 0.837 0.839 0.840 
S2-03 WB! 0.860 0.858 0.847 0.835 0.825 0.819 0.818 0.822 0.831 0.839 0.843 0.842 0.840 
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In order to assess trends in the structure of 6, each point on the rotational profiles was 

compared with the S-S and S-O bond lengths (Figure 9 and 10), S-S-O and S-O-C bond 

angles (Figures 11 and 12). In addition, in order to understand the origin of the 

stabilization of the equilibrium geometry, the total SCF $tot), Lewis (ELew) , and 

delocalization (Ede!) energies (Figure 12) were also ascertained. 
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The results displayed in Figures 8-13 indicate the importance of negative 

hyperconjugation80 which accounts for the observed "generalized anomeric effect,,81-86 in 

stabilizing the 90° 1:(S-S) conformation (Figure 14).87 In fact, if only covalent 

interactions were present, the 180 degree conformer would have the lowest energy (c! 

Figure 13, ilELew). Analogously, delocalization would favour a 'C(S-S-O-C) of 0° but 

steric hindrance of the adjacent substituents would disfavour this conformer. These 

effects can be seen in Figure 6. 
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Figure 14. a) Geometric consequences of negative hyperconjugation on the ground 

state equilibrium geometry of 6 (R = Me); b) molecular orbit representation of the 

stabilization resulting from negative hyperconjugation. 

The basis for the "generalized anomeric effect" as we know it today was originated by 

J. T. Edward to denote the axial preference of electronegative substituents at the anomeric 

position of pyranoses. In this conformation, the C-X bond is gauche to the adjacent O-C 

bond (Figure 15). 88-91 

-#t- ~t .. 1tto~ - I 0 -
OCH3 

OCH3 

axial equatorial 

A B 
Figure 15. a) Axial vs. equatorial preference in pyranose rings; b) Electrostatic 

repulsion model to account for the observed anomeric effect. The negative 

hyperconjugation model is shown in Figure 13. 

Generally this term refers to the preference of a confurmer with a bond that is centered 

on an atom (A) attached to an electronegative substituent (Y) to lengthen, if a lone pair 
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on X is antiperiplanar to that bond (Figure 14).92 This effect is well documented in the 

literature86
,93-I09 and is specifically demonstrated in S2XZ where X is a halogen (c! 

Chapter 2.4). In the case of these particular systems, the A-X bond of the donor group 

shortens as a consequence of the increased rc-character, the A-Y bond of the acceptor 

group lengthens due to a weakening of the 0 bonds through the population of 0* orbitals, 

and the X-A-Y (S-S-O) bond angle widens. For example, in FSSF 75a the r(S-S) 

increased by ca. 10% and 9(S-8-F) decreased by 14% upon rotating about the S-8 bond 

from the ground state to the transition state. llO 

The inclusion of d and f functions on the sulfur atoms in alkoxy disulfides are critical 

in order to polarize the 8-0 0* orbital. III However in nonhypervalent species such as 

these, n -7 0* negative hyperconjugation is much more important than (d-p)rc 

bonding. m -ll3 If (d-p)rc interactions were responsible for the rotational barrier then we 

would observe a considerable increase in that barrier with the inclusions of d and f 

polarization functions. This is not observed (there is ca. 2 kcal/mol increase in the barrier 

height with the inclusion of these functions - cl Tables 46 and 47). 

In 6, the r(8-8) (Figure 9) and the barrier (Figure 6) both increase when going from the 

ground state to the transition state. This is in part due to lone pair-lone pair repulsion. 

This four-electron interaction is largest in the two transition states where both sulfur lone 

pairs are in the correct geometry for a destabilizing rc-rc* ovelap.114 The main 

contribution to the increased barrier results from the ns -7 O'*s-o interaction (note tJEdel 

( .&. ) and .6.Ens->cr*s-o (X) in Figure 13).115 Inspection of the MP2/6-311 G(2df) minimum 
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and transition state geometries show the existence of the anomeric effect (Figure 14 and 

Table 49).116 For the ground state conformation, the 8-8 bond is shortened (Figures 9 

and 7), the 8-0 is elongated (Figure 8), and the 8-8-0 angle is widened (Figures 11 and 

12) compared with the trans conformation. This is a result of the negative 

hyperconjugation. As there are two sulfur atoms and two 8-0 bonds, this results in the 

formation of two orthogonal re-type bonds. This is evidenced in the decrease in p­

character of the S-8 bond at the equilibrium geometry (Figure 8). The decrease in p­

character in each of the sulfur atoms indicates that at the equilibrium geometry, a 

significant portion of the 3p electrons are involved in res-s, rather than as-s bonding. 

Interestingly, microwave discharge experiments 11 
7 for 8202 show a eis-planar geometry 

while theoretical calculations reveal a trigonal planar geometry. m Thus in these two 

latter cases, the stabilizing interactions highlighted above do not seem to be applicable to 

this problem. 
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Table 49. MP2/6-311G(2df) geometries for the ground and {rans transition state (TS). 

The barrier height calculated at the same level is 19.3 kcal/mol. 

3.4 Concluding Remarks 

We have demonstrated that the geometries of alkoxy disulfides 1 and thionosulfites 2 

can be accurately predicted assuming the inclusion of both d and fpolarization functions. 

Electron correlation (DFT and MP2 methods) is essential in order to account for 

hyperconjugation which is the major source of the S-O bond lengthening, the S-S bond 

contraction due to decreased p-character and the S-S-O bond angle widening. This is 

most evident in the complete inability of HF to predict the geometries for 6. This work 

represents the first series of high level calculations reported on these two related classes 

of compounds. 
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The use of our hybrid force field parameters ably predicts the geometries of both 

alkoxy disulfides and thionosulfites. An attractive feature of MM3 * is its ability to 

model larger, more complex molecules. 

The large S-S barrier height in 6 is calculated within experimental error using either 

B3L yP or "MP2 methods. The inclusion of ZPVE corrections had little effect on the 

magnitude of the barrier, lowering it by 0.3 kcal/mol. With the aid of NBO energetic 

analysis, we have derived a refined relationship between the energetic and geometric 

effects and the molecular wave functions. We have found a direct correlation between 

the presence of two ns ~ O'*s-o stabilizing orbital interactions and the generalized 

anomeric effect. This effect is maximized when the atoms adjacent to the S-S moiety are 

strongly electronegative. 119 Moreover the ground state geometry is optimally aligned for 

maximum delocalization. Thus the increased barrier is mainly due to ground state 

stabilization It is for these reasons that we observe such a significant (ca. 10 kcallmol) 

stabilization of the ground state of alkoxy disulfides with respect to its transition state as 

compared to dialkyl disulfides. 

The isomerization of and relative stabilities between alkoxy disulfides and 

thionosulfites will be discussed in detail in Chapter 6. It should be noted that 6 is 

calculated at B3L YP/6-31G(2d) and B3L YP/6-31G(3df) levels to be 2.5-3.0 kcallmol 

more stable than branch-bonded analog (MeO)2S=S. This is in accord with the related 

S2F2 75 system (c! Chapter 2.5.2).74 
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Chapter 4 

The Chemistry and Physical Properties of Acyclic Alkoxy 
Disulfides 
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4.1 Introduction 

As was shown in Chapter 3, the origin of the barrier to rotation of the dialkoxy 

disulfides, 1, appears to arise entirely from an electronic modulation of the S-S a-bond. 

Indeed, the degree of this electronic effect manifests itself through electron-withdrawing 

elements immediately adjacent to the S-S bond (Table 50). Restricted rotation about 

single bonds l is not usually influenced solely through stereoelectronic interactions. For 

instance, well-documented high torsional barriers in amides,2-15 thioamides,12.16,17 

sulfenamides,18 acrylonitriles (DMAAN) 19 and carbamates2o.21 are due in part to 

resonance-induced double bond character in these systems.22 In biphenyls23,24 and related 

compounds25-28 however, they are due to steric interactions about either an Sp2 _Sp2 or an 

Sp2 _Sp3 carbon-carbon bond.29,30 

Table 50. S-S torsional barrier of some related polychalcogens 

Compound Barrier" Ref 
MeS-SMe 71a 6.8 31 

MeOS-SN(Meh 149 14.5 32 

EtOS-SOEt 7 18.4- 33 

a) In kcal/mol. 

Thompson34 observed that upon heating, 1 decomposed to afford the corresponding 

aldehyde 100 and alcohol 13 and elemental sulfur. He hypothesized a six-membered 

cyclic transition state, similar to that shown in Scheme 41, to account for the product 

formation. We have shown that diatomic sulfur can indeed be trapped by dienes in good 

yield (61-79%) in what was similarly suggested to be a thermal pseudo-pericydic 

reaction; in the absence ofa diene trap35 S2 condenses to S8 (cj Chapter 2.6.1).35 
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R' 

.. ... R"OH ... 

R, R':::: H, alkyl, aryl 
R" :::: alkyl, aryl 

Scheme 41. 3-D representation of original concerted mechanism 

In this Chapter we examine the diasterotopic coalescence phenomenon as a function of 

the substituent as wen as the solvent. We also investigate the nature of the thermal 

decomposition pathway. We used the relatively stable bis(p-nitrobenzyloxy) disulfide 49 

as a representative alkoxy disulfide in most of these studies. 

4.2 Preparation of Acyclic Alkoxy DisuIfides 

2 ROH -------P-" ROSSOR 

Scheme 42. 

As part of our wider interests in the physical properties of alkoxy disulfides, we 

synthesized and characterized several alkoxy disulfides (derived from the corresponding 

alcohols 13) according to a modification of the procedure used by Thompson34 (Scheme 

42, Table 51). Dilute conditions and freshly distilled sulfur monochloride (S2Ch) are key 

in attaining high yields and purity. This is due to the photolytic instability of S2Ch over a 
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wider range of wavelengths.36 Our§ current synthetic method is effective, with addition 

times reduced by ca. 90% from earlier preparative methods.35 Longer reaction times 

were sometimes necessary (5 h instead of 3 h), in particular for 150, 51 and 48, wherein 

the para-substituted group was not electron-withdrawing. Initial purification attempts 

with 51 resulted in lower yields as this product was unstable to chromatographic 

conditions?5 Increasing the steric bulk of the alcohol decreased the yield of the resulting 

alkoxy dilsufide. In fact, with R = trityl, 153, only starting alcohol was obtained. 

Table 51. Yields of alkoxy disulfides 

Cmp<! R Yield (%) Cmpd R Yield (%) 

49 02N-{ ) X 97 

153 Ob 

150 ~~ 90 

51 Meo-{ ) X 93 24 ;;;:::::rl- 69 

48 H-{ ) X 86 34 
~'Y 

82 

151 \~~ Oa 42 ,~ 57 
I -

..J..v 
152 VU 86 154 ( }~- Ob 

~ ~ 

a) Complex mix1ure of products. b} Only Starting Material detected. 

§ This work has been submitted: Zysman-Colman, E.; Harpp, D.N. 1. Org. Chem. 2003 
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This series represents a varied substrate study in the synthesis of alkoxy disulfides, 

although Thompson prepared several a}iphatic examples in his original paper.34 The 

coupling of p-cresol to form alkoxy disulfide 154 and 4-N,N-dimethylaminobenzyl 

alcohol to form alkoxy disulfide 151 proved unsuccessful. Interestingly, only one 

aromatic alkoxy disulfide has ever been reported (R = 2,2'diaminophenoxy)?7,38 Here, 

there are strong electron-donating groups in the ortho positions which apparently increase 

the nucleophilicity of the phenolic oxygens enough to drive the reaction forward. It is 

unclear why 151 could not form given that alkoxy disulfides with electron-donating 

groups such as 51 can be synthesized and are stable. During the reaction with 154, the 

mixture turns a bright green color. This is in contrast to the yellow solutions that are 

usually observed. Direct electrophilic substitution of sulfur monochloride is not 

unprecedented37
-
39 and the benzene ring may act as a competing nuc1eophile in this 

particular case. 

Compounds 24, 34, 42, 48, 49, 51, 150, and 152 were conveniently stored at -10 QC for 

months with only minor decomposition to the corresponding alcohoL Compound 42 

decomposed to a brown solid upon reduced pressure solvent removal but could be stored 

in CHzCb for weeks. Braverman and co-workers also observed the same solution 

stability.40 An the alkoxy disulfides synthesized possess a sweet-fruity aroma and its 

presence is indicative of the successive coupling of the starting alcohol with S2Ch. 
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It should be noted that the synthesis of 24, 48, 49 and 51 were all optimized. The 

preparation of 150 and 152 had previously not been reported. Compound 42 was 

co incidently reported40 during our synthesis survey. 

4.3 Synthesis of Some Related Acylic Chalcogenic Compounds 

As part of our study of the chemistry of alkoxy disulfides, we required pure samples of 

related compounds 155-160 such that we could compare the lH NMR spectra of these 

authentic samples to that of the photolyzed and thermalized alkoxy disulfide 49 (vide 

infra). Commentary on the individual synthesis of these compounds is worthwhile due to 

the potential synthetic difficulty in dealing with p-nitrobenzyl derivatives. 

158 

159 

157 160 
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4.3.1 Preparation of bis(4-nitrobenzyl) §ulfite 155 

The coupling of alcohols with thionyl chloride (SOCh) to form the corresponding 

sulfite has been lmown for over 60 years.41 The use of triethylamine (NEh) as the amine 

base and HCl sink has recently become popular42
,43 although other amine bases such as 

pyridine44 have also been used. 

Although Tardit5 had previously synthesized 155 in moderate yield using pyridine as 

the base (66%), we decided to use triethylamine (Scheme 43) given our success in the 

synthesis of related alkoxy disulfide 49. This method proved equally effective affording 

a light yellow crystalline solid (Mp. 84-86 °C) in 62% yield. 

R :::: 4-nitrobenzyi 

Scheme 43. 
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4.3.2 Preparation of bis(4-nitrobenzyl) sulfoxylate 156 

As with 155, Tardit5 had previously prepared sulfoxylate 156 through the coupling of 

161 with SCh in CH2Ch using NEt3 as the base. She reported an overall yield of 50% as 

light orange crystals; curiously, no melting point was recorded. In our hands, using 

freshly distilled SCh and NEt3, we were able to isolate 156 in near quantitative yield 

(98%) after a standard work-up and flash chromatography. The sulfoxylate 156, with a 

melting point of 86-87 °C, was isolated as a light orange solid with a fruity aroma that 

could then be recrystallized in CH2Ch as white crystals (confirmed as the sulfoxylate by 

X-Ray analysis). The increased yield may in part be due to longer reaction times (3 h 

instead of 2 h) and warmer temperatures (0 °C instead of -78°C). Interestingly, Tardit6 

reported poor yields (10%) at similar temperatures to ours. 

We observed little « 1 % by IH NMR) to no isomerization of 156 to the corresponding 

p-nitrobenzyl p-nitrobenzyl sulfinate 157 during either the reaction or the work-up. This 

is contrary to Thompson's original work on sulfoxylate synthesis.47 However after 24 h 

in CDCh at RT, 156 had isomerized in part to 157. It was not possible to isolate 157 but 

its lH NMR and BC NMR agreed with the literature.45 After 48 h, both 156 and 157 had 

completely decomposed even though the sample was not exposed to light, the products of 

which were not isolable. Attempts to synthesize 157 via complete isomerization of 156 

proved unsuccessful. 
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4.3.3 Preparation of bis(4-nitrobenzyl) sulfide 158 

We decided to adapt an effective procedure developed by Yoon48 for the formation of 

158 (Scheme 44). 

-+-

158 
Scheme 44. 

The coupling of Na2S with p-nitrobenzyl bromide in refluxing methanol is facilitated 

by a phase transfer catalyst (PTC) in Amberlite-lRA 400(CI). The work-up involves a 

two-step filtration. Compound 158 is only slightly soluble in methanol and as we were 

uninterested in optimizing the yield, the filtrate was discarded. The solute was then 

dissolved in CH2Ch and then concentrated to afford an orange-yellow solid (88%) with a 

melting point of 144-148 °C. 
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4.3.4 Preparation of bis(4-nitrobem:yl) sulfoxide 159 

Selective oxidation to the sulfoxide without overoxidation to the sulfone is always a 

synthetic challenge. We initially hoped that we could access 159 through a facile 

MCPBA oxidation of the sulfide 158 (Scheme 45).49,50 

158 159 

Scheme 45. 

This method proved to be unsuccessful resulting in a mixture of 158, 159 and 160. 

Modification of the reaction time and addition temperature had little effect in improving 

the overall yield. Moreover, in a solvent survey (13 common solvents) it was found that 

both 159 and 160 were only soluble to an appreciable extent in DMSO; they were found 

to be slightly soluble in CHCh and CH3CN. This made the work-up problematic in both 

syntheses. 

Many other synthetic techniques for this procedure exist in the literature.5l Methods 

include the pollution-free oxidation by H102,52
o

S9 oxidation through the use of polymer 

supported periodate ions60,61 or IBX,62 the use of heterogenous photochemical systems,63 

and oxidation using hydroperoxy sultams.64 

Recently, solid-state oxidation of suI fides and sulfones usmg the urea-hydrogen 

peroxide adduct had been reported. 54 Different oxidation states could be accessed 
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depending on the reaction time. In our hands, this reagent proved ineffective. Even after 

24 h, incomplete oxidation to 159 with concomitant over-oxidation to 160 was observed. 

We therefore tried a recently published selective oxidation of 158 using excess H202 in 

1,1,1,3,3,3-hexafluoroisopropanol HFIP (Scheme 46).65 Ravikumar reported decreased 

reaction times in fluorinated solvents. HFIP had the added benefit of readily solubilizing 

both 158 and 159, which most likely resulted in the increased yield as compared to other 

methods tested. In our hands, this method proved to be extremely successful, affording 

the desired sulfoxide in quantitative yield (>99%) as a yellow solid with a melting point 

of202-206°C. 

HFIP 
158 159 

Scheme 46. 

4.3.5 Preparation of bis(4-nitrobenzyJ) sulfone 160 

We were able to obtain analytically pure samples of 160 from 158 using excess 

MCPBA (Scheme 47). This method is not synthetically useful for this particular sulfone 

but nevertheless we isolated 160 in 22% yield as a white solid with a melting point of 

235-239 QC. 
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160 

Scheme 47. 

4.3.6 General Commentary on 155-160 

All compounds in Chapter 4.3 were identified by Mp, IH NMR, BC NMR, MS and 

HRMS. The syntheses of 155 and 156 were optimized. In addition, three new p-

nitrobenzyl derivatives 158-160 were prepared. The thermal stability increased markedly 

with increasing oxidation of the sulfur atom (158-160). 

4.4 Evaluation of Rate Parameters 

Although Thompson first concluded that the barrier to rotation was close to that of 

disulfides (Ea = 8.6 ± 1.7 kcal/mol),34 such a low value would require an unexpected66 

large negative AS+. Subsequent work has shown that the reported value (8.6 kcallmol) is 

erroneous.67 

See167 demonstrated that such a barrier for 6 (MeOSSOMe) was much higher (AG:\: = 

17.8 ± 0.1 kcal/mol). Lunazzi and co-wrokers33 determined the thermodynamic 

properties for 49 in perchloroethene (C2C14) at 105 QC (~G:j: = 19.0 ± 0.2 kcal/mol, ~H:j: = 

181 



20 ± 1 kcal/mol, ilSt = 2 ± 5 eu). In Chapter 3 we showed via gas phase calculations and 

others33 have suggested that the origin of the large barrier is due to two ns to 0'*8-0 MO 

interactions. We now report our own experimentally determined barriers to rotation. 

4.4,1 The S-S Torsional Barrier as a Fundion of Substituent 

We were first interested in determining whether the barrier height could be modulated 

by altering the substituent R group of an alkoxy disulfide. 

Table 52 Chemical shift and coupling constant data for related ROSSOR 

Entry Cmpd JAB V Z Mv/JAB R 

1 49 12.40 4.94 3.84 P~N02~Bn 

2 48 11.25 4.84 4.67 Bn 

3 150 1l.50 4.82 4.81 p-t~butyl~Bn 

4 51 11.25 4.77 4.54 p~MeO~Bn 

A substituent study (Table 52) of compounds 48, 49, 51 and 150 reveals a measurable 

electronic effect on the benzyl proton signals. As the para~substituent is altered from an 

electron-donating to an electron-withdrawing group, the coupling constant, JAB, increases 

and the chemical shift of the AB-quartet, Vz, moves downfield. These two parameters do 

not change uniformly as noted in their relative ratio (which is a marker of the magnetic 

environment of the diastereotopic benzyl protons). 
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Studies of the mutual-site exchange kinetics provide the torsional barrier about the S-S 

bond in 49 in DMSO-d6 by a complete line-shape analysis (LSA) of the exchange-

broadened benzyl signals by fitting the experimental data with the computer program 

WINDNh1R 68 (Table 53).69 The program was provided with the proton chemical shifts at 

slow exchange, the coupling constant, the FWllli and the digitized NMR spectrum. 

Standard activation parameters were obtained from the linear least squares fit of the 

experimental rate data to both the Eyring and Arrhenius equations assuming a 

transmission coefficient of unity. The Pearson regression factor (R2) for these fits was 

greater than 0.98 as exemplified in Figure 16. The error limits in Table 54 assume only 

random errors. It is unclear why 49 decomposed in previous studies35
,7o though the 

cleavage of alkoxy disulfides is both acid and base sensitive (c! Chapter 2.6). 

Clearly the electronic effect shown in Table 51 did not affect the barrier to rotation 

(see ~Gt298, Table 53). Thus the high barrier in alkoxy disulfides is a function not of the 

electronics of the R group but intrinsically that of the OS-SO moiety. 

Table 53. Substrate study of the activation parameters for 49, 51 and 150. 

Activation Parametersa 

Cmpd AHt A§t A GtZ98 
. 

A GtTcb i 
E~. log A I To 

(kcal/mol) I (eu) (kcal/mol) (kcaVmol) (kcal/mol) (Is) (K) ± 0.5 

49 13.0 ± 0.9 -14.7 ± 2.7 17.4 ± 1.2 18.3 ± 1.3 13.6 ± 0.9 23.1 ± 1.4 
150 16.6 ± 1.0 -4.9 ± 2.9 18.1 ± 1.3 18,4 ± 1.4 17.2 ± 1.0 28.0 ± 1.5 
51 13.7 ± 0.6 -12.4 ± 1.8 17.4 ± 0.8 18.2 ± 0.9 14.3 ± 0.6 24.2 ± 0.9 

a) The errors, as given here, represent a 68% confidence interval in the least squares deviation calculation. b) AGt 

determined at the To for each compound. 
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Eyring Plot - DMSO 
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Figure 16. Eyring plot of the rotation about the S-S bond in 49 in DMSO-d6 

4.4.2 The S-S Torsional Barrier as a Function of Solvent 

The soluble, crystalline and stable 49 is nicely suited for the evaluation of the influence 

of solvent polarity on the torsional barrer. The MP2/6-311 G(3d) dipole moments of the 

optimized gauche ground state and the trans-transition state for MeOSSOMe 6 (2.4 and 0 

D, respectively - cf Chapter 3 for GS value) suggest a siginificant difference potentially 

responsive to a substantial variation in solvent polarity. Examination of the torsional 

potential of 49 in different solvents complements the work by Lunazzi33 and co-workers 

who evaluated simple alkoxy disulfides to reveal little or no influence on barrier height. 

The rate of exchange of the benzyl protons during rotation about the S-S bond in 49 

was determined in a similar manner to that detailed in Chapter 4.4.1. As shown in Figure 

17, the two doublets of the AB system eventually coalesce into a single line since fast 
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rotation about the S-S creates a dynamic plane of symmetry that makes the benzyl 

protons enantiotopic. The Pearson regression factor (R2) for the linear fits to the Eyring 

and Arrhenius equations ranged from 0.96-0.99, indicating that the simulations are in 

good agreement with the obtained spectra. The free energies of activation scaled to a 

common temperature (298 K) for six solvents with empirical solvent polarity parameter 

ET values7l ranging from 33-45 exhibit no apparent medium effect (Table 54). The 

spread of LlG~298 is a diminutive 0.7 kcallmol that is essentially flat with respect to 

solvent polarity as illustrated by plots of activation free energy against the empirical 

solvent polarity parameter, ET and the Onsager72,73 dielectric constant function, defined as 

(8-1 )/(28+ 1) where e is the dielectric constant (Figures 18 and 19). The lack of solvent 

correlation with the Onsager reaction field model is at first surprising as energy 

differences74 in gauche and trans conformers and the rotational barriers75 of 1,2-

dichloroethane are well correlated. Recall that there exist similar stereoelectronic 

interactions in 49 and 1,2-dichloroethane (cf Chapter 3). This lack in correlation may be 

due to the limited choice of solvents, most of which are aromatic~ solvents needed to be 

high boiling for this study. 

The H-C-H bond angles, e, have been determined by X-ray crystaHography46 to be 

93.57° and 113.52° for each of the sets of H-C-H angles. These bond angles are not 

unusual for Sp3 carbons and this is reflected in the 2) values. 
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26.7"C 1.4 Is 87.6 "C 27.6!s 

3a.6"C 2.6 Is ge.4"'C 44.3 Is 

51.7 "C 4.4/" 101.1 "C 63.8 Is 

65D"'C 5 .8/" 105.5 "C 74Dls 

78.4"C 13.7 I" 10a.2"C 92D Is 

Figure 17. Temperature dependence of the benzyl CH2 signal of 49 (500 MHz in 

DMF-d7). Superimposed on each spectrum is the display of each computer simulation 

obtained with the rate constants (in S-l) indicated. Above each spectrum is a difference 

spectrum indicating the goodness of fit of the simulation. 
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Figure 18. Relationship between the observed rotational barriers of 49 and the 

Dimroth-Reichardt solvent polarity parameter, ET.
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Figure 19. Relationship between the observed rotational barriers of 49 and the Onsager 

function (e-l )/(2e+ 1), where e is the dielectric constant. 73 
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Table 54. NMR-derived activation parameters for coalescence of the diastereotopic methylene protons of 49 obtained by line shape 

analysis; S-S bond rotation, 298 K.a 

Solvent AH+ A st A Gt298 EA togA kc ET(30)b hEc Avd Tc 

(kcal/mol) (eu) (kcal/mol) (kca1Jmol) (/s) (S·I) ± 10 (kcaUmol) (Hz) (Hz) (K) ± 0.5 

C2C~· 20.0 ± I 2 ± 5 32.1 -12.5 37.5 378.2 
p-xylene 8.6 ± 0.5 -28.1 ± lA 17.0 ± 0.7 9.3 ± 0.5 16.4 ± 0.7 87 33.1 -12.5 75.0 383.2 
pyridine 15.4 ± 1.3 -7.7 ± 4.0 17.7 ± 1.8 16.1 ± 1.3 26.7 ± 2.0 103 33.3 -13.0 54.5 365.1 
toluene 13.1 ± 0.5 -15.4 ± 1.4 17.7 ± 0.6 13.7 ± 0.5 22.8 ± 0.7 127 33.9 -12.3 69.7 378.6 
chlorobenzene 10.4 ± 0.7 -23.5 ± 2.1 17.5 ± 1.0 11.1 ± 0.8 18.8 ± 1.1 145 39.1 -12.7 67.6 394.7 
DMF 11.1 ± 0.7 -21.5 ± 2.1 17.5 ± 1.0 11.7 ± 0.7 19.7 ± 1.1 92 43.8 -12.5 45.8 381.3 
DMSO l2.9 ± 0.9 -14.9 ± 2.7 17.4 ± 1.2 13.6 ± 0.9 23.1 ± 1.4 68 45.0 -13.0 39.9 360.7 

-- -----

a) The errors, as given here are assumed to be only random and represent a 68% confidence interval in the least squares deviation calculation. b) From ref71. c) 
Two bond couplings assigned a negative value consistent with the general rule for geminal couplings. d) Chemical shift difference at no exchange (500 MHz at 23 
0c) except for C2Cl4 (300 MHz at 22 QC). e) From ref 33

, AG+ determined at 105 QC. 
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Rate constants, kc, and free energies of activation, L\Gt, at coalescence temperature, Tc, 

were also calculated using approximation equations (2) and (3) following Raban and co-

workers,76 where R, ks and h are the universal gas constant (8.314 J/mol K), Boltzmann's 

constant (1.381 x 10.31 JIK) and Planck's constant (6.626 x 10.34 J*s), respectively.77 The 

coalescence temperature is defined as the temperature at which the appearance of the 

spectrum is that of a single, flat-topped peak. For each solvent, the coupling constant, 

JAB, the chemical shift difference, L\v, and the full-width-at-half-height (FWllli) were 

obtained directly from the frequency separation of the appropriate peaks in the slow 

exchange region (kc« L\v), in the present cases at least 70 QC below each individual Tc. 

kc = -5 ~ L\ v 2 + 6J;B (2) 

~G' =RT,H~ )-In(~)] (3) 

Table 55. Comparison of SoS torsion barriers for 49 derived from complete line shape 

analysis (LSA) and the Tc method of eqs. (2) and (3) at Tc. 

LSN To methodb Discrepancy 

Solvent b. Girc" lee b. Gtr: kc b. Gt ET(30)d 

(kcallmol) (S·l) ± 60 (kcallmol) (S·l) ± 61 (kcallmol) (kcallmol) 

C2Cl/ 19.0 ± 0.2 32.1 
p-xylene 19.4 ± 0.7 180 18.7 ± 0.3 -93 0.7 ± 0.8 33.1 
pyridine 18.2 ± 2.0 140 17.9 ± 0.3 -37 0.3 ± 2.0 33.3 
toluene 18.9 ± 0.7 169 18.5 ± 0.3 -41 0.4 ± 0.8 33.9 
chlorobenzene 19.7 ± 1.1 165 19.3 ± 0.3 -20 0.4 ± 1.2 39.1 
DIv1F 19.3 ± 1.1 122 18.9 ± 0.4 -30 0.4 ± 1.2 43.8 
DMSO 18.3 ± 1.3 113 17.9 ± 0.4 -45 0.4 ± 1.4- 45.0 

a) b.Gt was determined using LSA. b) Comparison of AGt was made at To for each of the solvents. c) AGt 

determined at the Tc of 49 in each respective solvent. d) From ref7l. e) From ref 33
, AGt determined at 105°C. 
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The LSA free energies from Table 54 recalculated at the corresponding coalescence 

temperatures (Table 55) are within 0.4 kcal/mol on average from those derived from Tc, 

indicating that both free energy assessment methods provide comparable values. In this 

context, the lI.GtTc'S span the slightly larger range of 1.5 kcallmol, but once again show 

no correlation with solvent polarity. Unlike amides,lO,ll,13 acrylonitriles,19 2-alkoxy-3-

halobutanes and 2-acetoxY-3-halobutanes,78 which aB exhibit a detectable solvent 

dependence on the barrier to rotation, rotation in 49 appears to be indifferent to medium 

influences (Scheme 48). 
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Scheme 48. Interconversion of enantiomers of 1 

The solvent effects observed for amide rotation79 for instance depend on a reduction in 

dipole moment during the dynamic process.80 For amides, the decrease amounts to ca. 

0.2 or 1.8 D, depending on the nature of the torsional transition state (DMA, Figure 

20).6,7,11,13,15 
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Figure 20. Gas phase ground and transition state dipoles (D) for amide and carbamate 

isomerization. a) Dipole moments calculated at HF/6-31 ++G**. Here rotation through 

TS 1 is preferred by 3.5 kcallmol. 13 b) Dipole moments calculated at HF 16-31 G* . Here 

TS 1 is more stable than TS2 by 4.1 kcal/mol. 15 c) Dipole moments calculated at HF/6-

311G**. Here TSl is more stable than TS2 by 0.6 kcallmo1. 20 

A polar solvent preferentially stabilizes the charge separation in the more polar ground 

state relative to the less polar transition states; 10 the lack of a solvent effect in carbamates 

has been attributed in part to the presence of increased charge separation in the transition 

state20 and the relatively smaner dipole moments of carbamates as compared to analogous 

amides?l As implied above for MeOSSOMe 6, the dipole moment difference for 

dialkoxy disulfides is significant. To evaluate the situation for 49, the X_Ray33 structure 

and the corresponding trans-transition state were optimized with the MM3 * force field 

(Chapter 3,1.1, Table 38) and subsequently subjected to single point calculations with 

density functional theory using the B3L YP/6-31 1 G* method. While the transition state 

model is essentially nonpolar (Ilcalc = 0.03 D), the enantiomeric ground states are 

estimated to sustain a substantial dipole moment (Ileak = 5.9 D). Since the ground state-

transition state difference is of the same order of magnitude as that for amides a solvent 
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dependence is expected; recall that solvation energy is also proportional to the square of 

the dipole moment ofthe equilibrium geometry. It should be noted however that for non­

hydrogen bonding solvents similar to those used in the present work, the solvent-induced 

activation free energy variation for amides is a diminutive 0.5-1.5 kcallmoL If the NMR 

measurements incorporate an error of± 0.5 kcallmol, such an effect would therefore not 

be observed. While the random errors for 49 are only of the order of ± 0.3 kcallmol, 

complementary errors due in part to temperature control and acquisition procedures 

appear to have raised the accumulated errors beyond the threshold where a sman medium 

effect can be observed (c! Chapter 4.4.3 for details). 

The thermodynamic data is in general good agreement with the literature33
,70 as well as 

our own calculated work (c! Chapter 3). Lunazzi33 and co-workers report ~Gt to be 18-

19 kcal/mol for a series of 7 alkoxy disulfides with both sman and large R substitutents. 

Both the absolute values and the 1 kcallmol range are entirely compatible with the data of 

Tables 53-55. Clearly, neither substituent size nor electronics nor medium effects 

significantly perturb the energetics of the S-S rotation barrier. The magnitude of the S-S 

rotation barrier for dialkoxy disulfides is of interest as it is related to the barrier of 

thermal cleavage outlined in Chapter 4.5. 

4.4.3 A Closer Investigation of the Activation Paramders in Chapters 4.4.1 and 4.4.2 

As stated in the previous section, the activation parameters are generally in close 

agreement with the literature.33 The LlHt values are smaller than those cited by Lunazzi 
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and co-workers,33 whereas ilSt values are much larger and negative. Though rotation 

about single bonds is usually characterized by ilSt values of ca. 0 eu,81-83 large negative 

161 

AG+ ::: 45.1 kcal/moi 
AS:!: ::: -11 ell 

ilSt of the same order of magnitude as our experimentally determined activation 

entropies are not unprecedented as with anti-o-tolyldi(1-adamantyl)methane84 161 and 

related alcohols85
,86 and hydrocarbons. ss Unimolecular isomerization of carbamates in 

protic solvents also display a significant negative ilSt.20 In this case, the negative ilSt 

observed may be associated with stronger solvation of the more polar transition state 

HO 

~~31 
'0-

162 
(TS2 in Figure 20) as compared to the ground state, resulting in it being the more 

favoured transition state in water. The racemization of N-benzenesulfonyl-N-

carboxymethyl-2,4-dimethyl-6-nitroanaline 162 in 26 different solvents consistently 

displays a large negative entropy of activation. 87 Systems where torsional motion is 

severely restricted are inherently entropically unfavourable. 88
,89 This is the case with 49. 

A possible interpretation of our observed large ilSt is simply a reflection of degree of 

rigidity afforded by the ossa functionality, though this only accounts for the magnitude 
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not the sign of ~st. The observed decrease in entropy indicates that the transition state is 

being preferentially solvated. This is quite surprising given that the ground state has the 

larger net dipole. It should be pointed out that restricted rotation about single bonds does 

not necessitate large entropies. Rotation in secondary amides (k - 1 S·I) is restricted with 

a high energy barrier (ca. 17.9 kcal/mol) but possessing small entropies ofactivation.90 

Another interpretation of our discrepant entropic and enthalpic data is in terms of 

enthalpy-entropy compensation, wherein perturbations in ~Ht are accompanied by 

compensatory perturbations in ~st such that ~Gt remains the same.91 This 

thermodynamic relationship (Figure 21), wherein a correlation exists between ~Ht and 

~st, has widely been employed to explain an observed isokinetic relationship in both 

biological92
-
95 and non-biological systems.96-106 However, of late, many107-Hl have 

questioned the validity of this relationship, attributing the correlation to a statistical 

compensation pattern that is independent of the chemistry observed, reactions and 
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Figure 21. Entropy-enthalpy compensation plot (~Ht = B~st + ~Hto) of 49. The slope 

normally represents the isokinetic temperature, B, which in this case would be 325.4 K 

equilibria. 108 Inferring ~Ht and ~st from either the Eyring or Arrhenius equations would 

be misleading and erroneous as both parameters would have been derived from only one 

independent variable, temperature. Thus, the calculated ~Ht and ~st parameters are 

really one and the same. In order to gain more thermodynamic information, one would 

have to perform independent calorimetry experiments to ascertain accurate ~Ht and ~st. 

If we acknowledge that the derived b.Ht and .1st parameters from the Eyring equation 

are valid, then other potential sources of error need to be assigned. As detailed in the 

following section (Chapter 4.4.4), b.Ht is a function of the slope and ~st is a function of 

the y-intercept of the Eyring equation. As stated earlier, these two values are 

extrapolated from a linear least squares fit of the rate data. Thus, minor errors in rate 

constant determination can lead to much larger errors in the activation parameters; .1Gt 
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seems to be reliable (vide supra). The fitting of each spectrum to the computer 

simulation affords the rotational rate constant, kc. This parameter is not only temperature 

sensitive but also is a function of the FWHH (full width at high height) and the relative 

chemical shifts of each doublet of the AB system being modeled. Thus errors in one of 

these latter two parameters will result in errors in the final activation parameters. In 

particular, the rate constant, kc, is derived from the difference of an aggregate rate 

constant and the FWHH. In the region of slow exchange, where kc is small, large errors 

in the FWHH lead to large errors in the rate constant. Errors in the true FWHH can result 

from an inability to account for other sources of line broadening; the determination of the 

rate constant is predicated upon the assumption that the sole source of line broadening is 

due to temperature. The benzyl protons being modeled couple to the aromatic ring and 

are thus always broader. In our system, we did not have an internal standard containing 

non-coupled protons to gauge and compensate for this source of broadening; bibenzyl or 

dibenzyl ether would have been appropriate choices. Thus we did not take this source of 

error into account at the time of data acquisition. 

To gauge whether the broadened peaks were really a potential source of error in our 

activation parameters, we introduced an artificially small FWHH (corresponding to an 

uncertainty of as large as ± 50%), and redid the LSA. This produced nearly identical 

activation parameters to those reported so this source of error was discounted as a major 

contributor to the overall error in the activation parameters. We also did not use an 

internal standard to ascertain the degree of magnetic field inhomogeneity contribution to 

the line width. Other sources of line broadening also include non-optimal tuning of the 
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spectrometer, which is also temperature sensitive; the spectrometer was tuned prior to 

each acquisition. It is also important to handle the chemical shifts of each doublet of the 

AB system correctly if they vary at all from their slow exchange values. Though it is 

easy to determine them in the region of slow exchange, extrapolating them at higher 

temperatures is more problematic due to the difficulty in fitting the spectrum; for 

instance, the four peaks of the AB system may not be resolvable at higher temperatures. 

Thus small errors in chemical shifts (at high temperatures) and natural line width (at low 

temperatures) make the biggest difference in ascertaining correct L\st. 

4.4.4 Experimental Details For Dynamic NMR Spectroscopy and the Determination 
of the Rotational Activation Parameters 

The variable-temperature IH NMR spectra were recorded on a 500 MHZ machine using 

a 5 mm triple resonance probe. Spectra were recorded in deuteratured p-xylene, toluene, 

chlorobenzene, pyridine, DMF and DMSO. The calibration of the probe's temperature 

controller was established against a vacuum-sealed ethylene glycol standard. The 

difference in chemical shifts of the two ethylene glycol peaks was measured in a series of 

seven temperatures separated by 20°C over a 120°C range. The calibrated temperatures 

were determined after ca. 40 min of temperature equilibration time (Figure 22). 
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Figure 22. Ethylene glycol temperature calibration of the 5 mm triple resonance probe 

for the 500 IV1Hz spectrometer 

An NMR tube containing either 49, 51 or 150 and the appropriate solvent was filled to 

ca. 600 III and isolated from the ambient light. The spectra were acquired over a 

temperature range of ca. 100°C in approximately 20° intervals (smaller intervals were 

used near Tc). The spectra were simulated by means of a computer program68 which 

solves the Kubo-Sack exchange matrix in an iterative fashion. The program was 

provided with the coupling constant, JAB, and the effective line width parameter (FWflli) 

as measured at the limit of slow exchange, and the digitized NMR spectrum. The 

coupling constant, JAB, and the FWHH remained constant throughout each of the 

simulations. The best fit was visually judged by overlapping the spectrum with the 

simulated trace as well as by observing the difference spectrum. 

As this internal rotation about the S-S bond is an equilibrium process, thermodynamic 

rate theory can be used to evaluate activation parameters involved in this process. The 
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rate of mutual site-exchange can be expressed in terms of both the Eyring equation (4) 

k T -t.\GI/ 
k = K-B-e /RT (4) 

h 
-E11o: 

k = Ae ,RT (5) 

and the Arrhenius equation (5). 

Here, K is the transmission coefficient, assumed to be unity, which is defined as the 

fraction of the reactant reaching the transition state that proceeds to the product; A is the 

preexponential factor; EAt is the activation energy; the remaining constants are defined as 

in Chapter 4.4.2. Substituting ~Gt = ~H~ - T ~st, eq (4) becomes eq (6): 

k T -Nil MI 

k=-B-e RT e R (6) 
h 

Linearizing equation (5) and dividing eq (6) by T then linearizing it affords equations 

(7) and (8), respectively. 

E+ 
In(k)=ln(A)- Ri (7) 

In(~) = _ t1J!* + I1S
t 

+ In(kB ) (8) 
T RT R h 

These two equations can now be linearly fitted, whence the activation parameters are 

related to the slope, m, and y-intercept, b, by the following; equations (9) and (10) relate 

to eq (7) whereas equations (11) and (12) relate to eq (8): 

-E'+ m= __ A (9) 
R 

b = In(A) (10) 

-t1J!+ 
(11) m= 

R 

M~ (k) b=R+ 1n ; (12) 199 



The activation energy, Et A, and enthalpy, .1.H+, are related by eq (13): 

E~ = Mfi + RT (13) 

Using eqs (9)-(13) the activation parameters cited in Tables 53 and 54 were obtained. 

The error in a function q(x, ... ,z), assuming that the uncertainties in X, ... ,Z are 

themselves independent and random, is defined as eq (14): 112 

Where cr(q), cr(x) and cr(z) are the respective errors on q, X and z. 

The errors on m+, 6.S+, .1.G+, EA+ and in(A) can now be defined as follows: 

O'(M/t) = RO'(m) (15) 

O'(L\St) = RO'(b) (16) 

O'(flG+) = ~O'(Mf+ t + [- flS;O'(T)f +[- TO'(L\S+)f (17) 

O'(E!) = RO'(m) (18) 

O'(ln A)= O'(b) (19) 

The errors on m and b, G(m) and cr(b), are derived from the linear least squares fit of the 

data to either the Eyring or Arrhenius function. Errors on kB, hand R are assumed to be 0 

and (J(T) was conservatively estimated to be 0.5 K. 

4,5 Evaluation of the Thermal and Photolytic Stability of Alkoxy Dhmlfides 

Although acid- and base-catalyzed34
,113 decomposition of alkoxy disulfides has been 

briefly investigated, only one report exists on their photochemistry.114 The authors were 
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able to detect the presence of radicals both at high temperatures as wen as under 

photolytic conditions. We initially examined the photolytic decomposition of 49 both in 

the solid state as wen as in solution (CDCh), in air and under an inert atmosphere. In 

addition, we probed the effect of silica on the decomposition mechanism after observing 

that the corresponding sulfite by-product 155 is produced during flash chromatography. 

The results are summarized in Table 56. 

Table 56. Photolytic and thermolytic activity experiments for 49 

Entryb Conditions IH NMR Product Yield Distribution (%)d 
solid Temp 49 163 164 155 

dark UV air N2 state CDCh (oqc 

1 x x x 27 86 10 0 4 
2 x x x 27 87 9 1 3 
3 x x x 27 89 8 0 3 
4" x x x 27 74 21 1 3 

S" x x x 27 83 14- 1 2 
6 x x x 27 85 10 0 4-
7 x x x 27 88 9 0 3 
8 x x x 60 21 45 1 10 
9 x x x 50 0 85 0 0 
10 x x x 60 81 15 1 3 
11 x x x 50 85 15 0 0 .. 

° h 0 a) Slhca added. b) ReactIOn time 20-26 h. c) No change m relative mtegratxons at 37 C. d) H:N1vffi. )'lelds ± 5 rc. 

After ca. 24 h at 27 (lC, no matter whether in solution (Entries 2-4) or not (Entries 6, 7) 

or under an inert atmosphere (Entries 2,6) or not (Entries 3, 7), little change was detected 

in the product ratios of 49 as compared to a control sample (Entry 1) that was left at room 

temperature exposed to the atmosphere (but shielded from light). The addition of silica 
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catalyzed a slight decomposition to the corresponding alcohol 163 while exposed to air 

(Entry 4) or under an inert atmosphere (Entry 5). However, when 49 was heated to 

temperatures greater than 37°C under an inert atmosphere while in the solid state (Entry 

9), it decomposed completely to form the alcohol 163 with concomitant formation of a 

small amount of an as yet unknown compound containing a singlet in the IH Nl\1R 

spectrum in the benzylic region. 

Upon heating 49 in the solid state (exposed to the atmosphere (Entry 8», the 

corresponding aldehyde 164 as well as the sulfite 155 were observed as decomposition 

products. Except for this particular case, only trace sulfite 155 and no sulfoxylate 156 

were ever detected. The decomposition observed in the solid state at elevated 

temperatures did not translate to the solution state (Entries 10 and 11). In fact, 

decomposition in solution was only observed at much higher temperatures (ca. 100-140 

QC). It should be noted that in all thermolysis experiments, there was consistently 

detected a greater amount of alcohol 163 than aldehyde 164. Such a product distribution 

inequality argues against a concerted mechanism; these results suggest that these 

compounds are much more UV stable than previously reported. 114 No rearrangement 

products such as those observed by Braverman40, I 15 were observed owing to the fact that 

the p-nitrobenzyl group is not prone to undergo such [2,3]-sigmatropic rearrangements. 

In addition, no isomerization to the thionosulfite was observed. 

Decomposition to the corresponding alcohol and aldehyde was also observed at 

elevated temperatures in an the solvents used in the determination of the rotational 
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barrier. Qualitative observations revealed that 49 was much less stable and decomposed 

much more readily in pyridine relative to the other solvents tested. This is most likely due 

to the nucleophilic nitrogen of the solvent catalyzing the process. 116,117 We undertook a 

quantitative solvent study in order to elucidate this decomposition pathway. The rate 

constant of decomposition of 49, over a temperature range of 40°C, was extrapolated 

from a series of IH N1vfR. spectra taken at regular intervals, each containing an internal 

standard. 

We chose three solvents which span a large polarity range. Upon least squares fitting 

of the resulting data, we determined that the rate of decomposition of the reaction was 1 st 

order in 49 - Rate=kd[ 49] (e.g. Figure 23).118 
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Figure 23. First order rate plot of the decomposition of 49 at 105.7 QC in DMSO-d6. 

Errors as shown here represent a 68% confidence interval in the linear fit of the data. 

From this data, through the use of Eyring transition state theory, the following 

activation parameters were obtained (Table 57). It should be noted that although the 
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individual decomposition kinetics were good, the corresponding Eyring plots yielded 

poor linear fits (R2 ranged from 0.47-0.67), which is reflected in the large errors in Table 

57. The estimation of these errors was performed in a similar manner to that described in 

Chapter 4.4.4. The large ASt values indicate a highly ordered and associative 

mechanism. The negative entropies are also comparable with other processes which have 

1 . . h h h 1 Id' 45 119-124 non-po ar transltlOn states, t oug t ese examp es re ate to concerte reactlOns. ' 

However, we would have expected positive entropies to account for the dissociative 

mechanism implied by our data (vide infra). 

Table 57. Activation parameters for the decomposition of 49.a 

Solvent b.Ht b.St b.Gt298 ET(30)b 

(kcal/mol) (eu) (kcaIlmol) (kcaIlmol) 
p-xylene 10 ± 4 -46 ± 10 24 ± 5 33.1 
chlorobenzene 11 ± 6 -45 ± 15 24 ± 7 39.1 
DMSO 13 ± 5 -38 ± 12 25 ± 6 45.0 

a) The errors, as given here, represent a 68% confidence interval in 
the least squares deviation calculation. b) From ref 71. 

A non-polar transition state is suggested as there seems to be little solvent dependency 

(AG+ ranges by ca. 1 kcal/mol over the three solvents). Although a stepwise mechanism, 

containing either a tight ion-pair or one which was pseudo-pericyclic is possible, 

calculations have shown that these are too energetically disfavoured. 

Lunazzi 114 and co-workers demonstrated the trapping of aliphatic sulfenyl and sulfony I 

radicals in the photolysis (-20 QC) of the corresponding alkoxy disulfide (EtOSSOEt 7), 

the latter of these two radicals resulting from oxidation of the former, ostensibly in the 

presence of the radical trap. They attributed the formation of the sulfenyl radical through 
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S-S scission. GC-MS analysis of the products derived from the photolysis of 7 in 

benzene resulted in the corresponding sulfite (EtOS(O)OEt 165) and sulfoxylate 

(EtOSOEt 1(6), as well as elemental sulfur. Such a product distribution could be 

151 

envisioned to occur from the coupling of alkoxyl radicals with the sulfur-centered 

radicals; these alkoxyl radicals could originate from S-O scission. There were only trace 

amounts of the analogous sulfite 155, and no sulfoxylate 156 or sulfinate 157 was 

detected in the photolysis of 49; the latter compound likely resulting from the room 

temperature isomerization of 156. Interestingly, room temperature photolysis of di-t-

butyloxy disulfide 18 in the presence of DMPO (4-N,N dimethylpyridine-N-oxide) 

yielded an ESR spectrum125 characteristic of solely the presence of the t-butoxyl radical 

(t-BuO"). Photolysis of 48 in the presence of C6o-fuHerene yielded a sole adduct 

indicating benzyloxyl radical formation. 

The Lunazzi group also trapped an alkoxyI radical under moderately elevated 

temperatures (50-70 QC). Their thermolysis of 48 yielded a similar spectrum to that of its 

photolysis; in addition, formation of the corresponding benzyl adduct was detected. 

In order to account for our results, we propose the following unsymmetric diradical 

decomposition mechanism, Scheme 49. This pathway is consistent not only with the 

radical trapping experiments summarized above but also with the decomposition kinetics 
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and product decomposition ratios obtained during the thermally induced homolysis of 

alkoxy disulfides (vide supra), Tables 56 and 57. Diradical pathways have also been 

implicated in the photolysisl26-128 and thermolysis of cinnamyl-4-nitrobenzene sulfenate 

and related compounds to their corresponding sulfoxides. 129-13I It should be noted that 

the concerted mechanism originally proposed by Thompson (Scheme 17, Chapter 2.6.1) 

is incongruous with the data. 

R'CHO 164 -+ S2---l1Jo-SS r---------------, 1"---------------, f:l:;~/ -+ ROH 163 
r\ kd I I: : /" 

ROSL OR ... ... 1 ROSS· RO· : --i ....... : RO· S2 RO·: (/;'tt 
A ~ _______________ J L ______________ J cag~ 

49 161 
cage 2 RO· -+ S2 ---lIJo-Ss 

R = p-nitro-Ph-CH2-
R' = p-nitro-Ph-

161 

A 

l + [0] 
~ .. ROS(=O)· -+ RO· ---1 ....... ROS(=O)OR 

168 169 167 155 

B 
Scheme 49. Thermally-induced radical decomposition mechanism ofROSSOR (R = p-

N02-Ph-CH2) 49 - disp. = disproportionation; diff. = diffusion. 

It is reasonable that the benzylic radicals that Lunazzi observed might arise from c-o 

scission to form highly chalcogenated radical RCH20SS0· followed by SO loss to afford 

the sulfenyl radical 168. This mechanism is supported (in part) through the HRMS of 

decomposition products of bis(p-MeO-benzyloxy) disulfide 51 wherein SO was lost 

(HRMS of a second decomposition product wherein S02 was lost was also observed). 

Indeed, the loss of SO was noted in the MS of all of the alkoxy disulfides. Of 
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significance is that no decomposition products of the form 49 - SO or 49 - S02 were ever 

detected by IH NJ\.1R during either photolysis or thermolysis experiments as compared 

with authentic samples such as sulfide 158 or sulfoxide 159; related sulfone 160 was also 

never detected. Though we did not detect any benzyl-derived products resulting from C-

o cleavage such as p-nitrobibenzyl, we nevertheless detected benzyl radical cations by El 

MS. C-O homolysis in 49 might have been expected given the origin of the para-nitro 

group. The presence of this electron-withdrawing group effectively raises the benzylic 

carbon's electronegativity, thus decreasing the electronegativity difference and thus the 

BDE between it and the adjoining oxygen atom. 132 

158 159 

160 

In our scheme, alkoxyl radicals, 167, would arise from initial caged S-O bond scission; 

a second caged s-o bond cleavage is also possible. Pasto133 has shown in a related H-S-

S-O-H system that S-S cleavage is only slightly more favoured than S-O cleavage. The 

preference for S-S cleavage over S-O cleavage: was shown to be highly dependent on the 

stabilities of the radicals formed. Additionally, for non-diaryl disulfides, C-S homolysis 

is slightly more favourable than symmetric S-S bond breakage. 134 The presence of the 

benzyl group, a group which contains conjugated It electrons, exerts a bond weakening 

effect upon the S-O bond. m 
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Finally, the cage could then disproportionate (via a remote hydrogen abstraction128 of 

either of the alkoxyl radicals 167 or the solvent by the other alkoxyl radical) to yield the 

alcohol 163 that was the major product observed in our thermolysis experiments. If the 

source of the hydrogen atom abstraction is another alkoxyl radical or if ~-scission of 167 

occurs, then this would afford observed aldehyde 164. Diatomic sulfur is the final 

disproportionation product which would immediately concatenate to form the more stable 

Ss allotrope in the absence of a diene trap. This step-wise type of decomposition 

mechanism is not unprecedented. Indeed tetroxides136-J39 (some have suggested 

symmetric homolytic cleavage as the first step140,141 but it is only the asymmetric 

cleavage of tetroxides that leads to product formation) and hyponitrites142-146 have been 

shown to decompose by analogous mechanisms. Formation of minor amounts of sulfite 

155 is outlined in Scheme 9B. 147 The presence of only small amounts of sulfite 155 

suggests that in our system, the propensity for in situ oxidation of radical species such as 

168 is low. 

The observed product ratios during the high temperature decomposition kinetics 

experiments are shown in Figure 24. 
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Product Ratios 

8 .... ~ ....................................................................................................... "'r 
7 ! 

90 100 1Hl 

Temperature (CC) 

120 130 

o p-xylene 

Cl chlorobenzene 

6.DMSO 

Figure 24. Ratio of the integration of alcohol 163 to aldehyde 164 per mole of 

integratrable protons. 

The average 163:164 (ROH:RCHO) ratio is ca. 2: 1 for chlorobenzene and p-xylene. 

There is consistently considerably more alcohol formed in DMSO. The non 1: 1 ratio of 

decomposition products can usuaUy144,145 be ascribed to alkoxyl radicals 167 diffusing 

from the cage and subsequently abstracting hydrogens from the environment. In 

hydroxylic solvents a 1,2-H shift from carbon to oxygen has also been suggested as a 

viable possibility; 148 this shift is solvent-assisted and would occur due to increased radical 

stabilization (benzylic radical formation).149 The relative excess of alcohol observed in 

DMSO may be due to the presence of water in the solvent, which might promote the fast 

1,2-H shift. 146 

To our knowledge, the S-O and S-S bond dissociation energies for alkoxy disulfides 

have not been reported. Estimating them is problematic due to the formation of highly 

chalcogenated radicals. Nevertheless, the BDEs are related by equation (20). 
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In peroxides (RO-OR), the lone pair repulsion between oxygen atoms is believed to be 

responsible for the weakening of the 0-0 bond. 150 In disulfides, the lone pairs are more 

diffuse and therefore the S-S bond is stronger. The BDE of sulfenates (RO-SR) is 

intermediate between peroxides and disulfides. This is evidenced by their relative BDEs: 

BDE(MeO-OMe) = 38 ± 2 kcal/mol, I5J BDE(MeS-OMe) = 53 ± 10 kcal/mol, l29 

BDE(MeS-SMe) = 65 ± 1 kcal/mol. 152 Analogously, we would expect s-o bond cleavage 

to be easier than S-S bond cleavage in alkoxy disulfides 1. Additionally, the formed 

ROSS· radical is able to be better stabilized through a three-electron 1t system with 

enhanced hyperconjugation compared to ROS·, 153 which would result from S-S scission. 

This is qualitatively shown in Figure 25. As oxygen is more electronegative than sulfur, 

0+ 

R .... O .... S e ...... --0-' R .... O .... S -

poor 

A 

0+ 

R ... O .... S.,.So ....... _...... R ..... O .... S ..... S - ...... _.-. R .... O .... S ..... S -
.+ 

better 

B 

Figure 25. Resonance form ofROS· vs. ROSS@ 

the dipolar structure in Figure lOA would be expected to be a poor contributor to the 

overall stability of the sulfenyl radicaL Sulfur is also more polarizable than oxygen so 

charge separated species as in Figure lOB would be seen as more viable resonance 

contributors. In fact, quantitively, Gregory and lenks154 have shown the ROS@ radical to 

be quite unstable: ~Hfo = 1.4 kcallmol for MeOS@ at the G2(MP2,SVP) level. The bond 
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dissociation energy for FS-SF 75a is 61 ± 4 kcal/mol, m which is slightly less than that 

reported for MeS-SMe 7b. So it is also reasonable to conclude that the BDE(ROS-

SOR) would approximate to this value. The LUll for t-BuO@ = -22.8 kcallmol155 and is a 

good estimate for other alkoxyl radicals. So, in order for the BDE(ROSS-OR) < 

be negative in magnitude. Given a large negative value for LUlrO(RO@) and a small 

positive value for LUll(ROS@) as wen as rationales in the stabilization of ROSS@ (vide 

supra), it is reasonable to expect that the S-O bond would be the weaker bond and thus 

more prone to homolysis than the S-S bond in ROSSOR 1. 

It seems that there are two observable processes, both a decomposition pathway and a 

coalescence pathway that are each solvent-insensitive. Moreover, the decomposition 

phenomenon is ca. 6-8 kcallmol higher. This is in accordance with our qualitative 

observations; if the decomposition phenomenon were more energetically favoured then 

one would not be able to observe coalescence. 

4.5.1 Experimental Details for Thermal and Photolytic Decomposition Reactions of 
Alkoxy Disulfides 

The decomposition IH NMR spectra were recorded on a 500 l\I1Hz machine using a 5 

mm triple resonance probe. An NMR tube containing 49 and 1,3,5-tri-t-butylbezene, 

which acted as the internal standard, was filled to ca. 600 IlL of either deuterated p-

xylene, chlorobenzene or DMSO. The decomposition was foHowed each minute over the 

first 5 minutes and then at 10, 20, 30 and 60 minute intervals. A delay time of 5 s was 
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used. The reaction was performed at 92.3, 101.2, 105.7, 110.1, 119.0 and 127.9 0c. As 

49 was only slightly soluble at room temperature in these solvents yet became fully 

soluble at elevated temperatures, the first couple of data points were usually discarded as 

they would not truly reflect the concentration of 49. In addition, the last 1-3 data points 

may also have been discarded if 49 decomposed too rapidly. In this case, poor a signal to 

noise ratio would became a factor in the integration of the benzyl protons. For aB 

experiments, at least 6 data points were used in the linear least squares fitting of the 1st 

order rate plots. Each decomposition experiment was repeated at least twice and the 

average rate constant was used in the determination of the activation parameters. In all 

cases the reaction was found to be 1 st order in starting material with good correlation 

coefficients. 

Under the conditions outlined in Table 56, 49 was subjected to UV radiation by the use 

of a GE ultraviolet sun lamp (275 W; 110-125 V AC). All experiments were performed 

in 1 dram pyrex vials. Those reactions which were carried out under an inert atmosphere 

were degassed prior to being placed under a nitrogen (N2) stream. The temperature of the 

reaction was mediated by the use of a water bath and the temperature was monitored at 

intervals throughout the reaction. IH NMR spectra (CDCb) of the reaction mixture were 

taken and products were identified through comparison with authentic samples. 
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4.6 Conch.nding Remark.s 

We have optimized a generalized synthetic procedure for the synthesis of acyclic 

alkoxy disulfides. We embarked on a substituent and solvent study on their ability to 

influence the S-S torsional barrier. Our data indicates that there exists no significant 

substituent or solvent effect. The latter point may seem incongruent given our calculated 

dipoles for the ground and (fans transition states, but the errors on the measurements are 

sufficiently significant to cloud any possible solvent effect. In addition, we propose a 

mechanism to account for the observed thermal decomposition of 49. Our 

experimentally determined activation parameters for this process indicate that 49 

decomposes under first order kinetics and that there also does not seem to exist any 

appreciable solvent effect. Decomposition appears to proceed via initial S-O bond 

homolysis and is ca. 6-8 kcallmol more thermally demanding than overcoming the 

internal S-S rotation barrier. To our knowledge, this represents the first study to account 

for the mechanism of decomposition of these highly unusual compounds. 

4.7 Synthetic Experimental Section 

The large scale synthesis of ISa and ISb was adapted from the literature according to 

Scheme 50. 156 
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TMS 

CC~) --l». cc} 

Scheme 50. 

n ::: 1 15a 
n::: 2 1Sb 

I-Trimethylsilylbenzimidazoie: Yield: 69%~ This intermediate was used immediately 

in the following reactions. IH NMR (CDCh) 8 8.12 (s, IH), 7.45 (m, 4H), 0.06 (s, 9H). 

l3C NMR 8 145.6, 136.8, 122.8, 122.2, 120.2, 112.5,97.5, -0.6. MS (El) m/z: 190 (M+8), 

175,118,91; HRMS Calc'd for C lOH I4N2Si: 190.0926. Found: 190.092(9). 

1,1 '-thiobisbenzimidazole, 15a: White powder; Yield: 79%; Recrystallized from 

CH2Ch/hexanes. Mp. 187-190 °C (lit. Mp.156 180-185 QC). IHNMR (CDCh) 8 8.18 (s, 

2H), 7.90 (dobs, 2H, J = 7.90 Hz), 7.75 (dobs, 2H, J = 7.90 Hz), 7.47 (td, 2H, JAB = 7.60 

Hz, JBC = 1.20 Hz), 7.34 (td, 2H, JAB = 7.60 Hz, JBC = 0.93 Hz). MS (El) m/z: 266 (M+O), 

118,91; HRMS Calc'd for ClOHION4S: 266.0626. Found: 266.063(2). 

1,1'-dithiohishenzimidazoie, ISh: White powder; Yield: 100%; Mp. 142-148 °C (lit. 

Mp.156 138-145 QC). IHNMR (CDCh) (5 7.80 (d, 2H, JAB = 8.10 Hz), 7.77 (s, 2H), 7.31, 

(tabs, 2H, J:= 7.65 Hz), 7.20 (tabs, 2H, J = 7.65 Hz), 7.06 (d, 2H, JAB = 8.10 Hz). MS (El) 

m/z: 298 (M+O), 181, 118; HRMS Calc'd for C lOHlON4S2 : 298.0347. Found: 298.035(5). 

General methodology for the synthesis of alkoxy disuUides. These were synthesized 

by a modification of a procedure from Thompson and co-workers. 34 The synthesis of 
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151, 153 and 154 proved unsuccessful under the reaction conditions. The following is a 

representative example of the synthetic procedure used: 

A solution of p-nitrobenzyl alcohol, 161, (l0 mmol, 2 equiv) and NEh (10 mmol, 2 

equiv) in 10 mL of CH2Ch was allowed to stir under nitrogen at 0 cc. A solution of 

S2Ch (5.0 mmol, 1 equiv) in 10 mL of CH2Ch was added dropwise over ca. 5-10 min. 

The reaction mixture was allowed to stir for a further 3 h. The reaction mixture was 

quenched with 15 mL of H20. The organic phase was washed 3x 33 mL of H20. The 

organic phase was washed 1 x 25 mL brine. The organic phase was dried over MgS04. 

This mixture was vacuum filtered, and the solvent was removed first under reduced 

pressure and then in vacuo. Frequently, it was not necessary to chromatograph the 

product as there was quantitative conversion as detected by TLC and IH NMR. The 

product was usually pure enough for HRMS acquisition. 

Bis(p-nitrobenzyloxy) disulfide, 49: 

Light yellow solid Rf(25% EtOAclhexanes) 0.31. Yield: 97 %. Mp. 95-96 °C (lit Mp.35 

92-93°C); IH NMR 88.20 (d, 4H, J = 8.40 Hz), 7.48 (d, 4H, J = 8.40 Hz), 5.00 (d, 2H, 

JAB = 12.40 Hz), 4.88 (d, 2H, JAB = 12.40 Hz); BC NMR 8 75.1, 123.8, 128.7, 143.5, 

149.7; MS (Cl) m/z 386 (M"@ + NH/), 338 (M+@ - SO); HRMS. Calcd for 

C14HI6N3S206: 386.0480. Found: 386.048(7). 
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Bis(p-t-l:mtyJbenzyloxy) disuifide, 150: 

Light yellow oil. The crude was purified by chromatographed in 20% EtOAclhexanes 

- RfO.73. Yield: 90%. Mp. ca -10 cC; IH NMR 07.37 (d, 4H, JAB = 8.25 Hz), 7.27 (d, 

4H, JAB = 8.25 Hz), 4.87 (d, 2H, JAB = 11.50 Hz), 4.76 (d, 2H, JAB = 11.50 Hz), 1.30 (s, 

I8H); BC NMR 0 31.3 (CH3), 34.6 (C-quat), 76.8, 125.5, 128.5, 133.6 (C-quat), 151.6 

(C-quat); MS (El) mlz 390(M+®), 375 (M+e 
- CH3), 342 (M+e 

- SO), 326 (M+® - S02), 

294 (M+e - S202), 279 (M+e - S202CH3), 259 (M+e - S202(CH3)2), 164 (C lIHI60), 147 

(ClIH1s); HRMS. Calcd for C22H30S202: 390.1687. Found: 390.169(0). 

Bis(p-methoxybenzyloxy) disulfide, 51: 

Light yellow solid. The crude can be chromatographed in 20% EtOAc/hexanes - Rf 

0.57 - but is unstable to these conditions. Yield: 93%. Mp. 37-38 cC (lit Mp?5 34-36 CC) 

IH NMR (57.26 (d, 4H, J = 8.25 Hz), 6.87 (d, 4H, J = 8.25 Hz), 4.82 (d, 2H, JAB=11.25 

Hz), 4.72 (d, 2H, J AB=11.25 Hz), 3.79 (s, 6H) ; BC NMR (5 55.6; 76.8, 114.1, 130.7, 

160.0, 183.2; MS (El) mlz 338 (~@), 290 (~e - SO), 274 (M+@ - S02); HRMS. Calcd 

for C16H18SZ04: 338.0646. Found: 338.06(3)5; HRMS. Calcd for Cl6HI8S204 - SO: 
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290.0977. Found: 290.098(6); fIRMS. Calcd for C16Hl!~S204 - S02: 274.1027. Found: 

274.103(3) 

Bis(benzyloxy) disulfide, 48: 

Light yellow solid. Yield: 86%. Mp. 47-52 °c (lit Mp.35 50-51°C). IH N1v1R 07.39 (m, 

15 H), 4.89 (d, 2H, JAB = 11.25 Hz), 4.79 (d, 2H, JAB = 11.25 Hz); I3C mAR 0 76.7, 

109.7, 128.4, 128.6, 136.4; MS (FAB) mlz 278 (M+@), 230 (M+e 
- SO); HRMS. Caled for 

C14H14S202: 278.0435. Found: 278.043(1) 

Bis(benzbydroloxy) disulfide, 152: 

White solid that crystallized from CH3CN at -10 QC. Yield: 86 %. Mp. 42-46 °C; Rf 

(10% EtOAcJhexanes) 0.50. lH ~"'MR 8 7.23-7.29 (m, 20H), 5.82 (s, 2H); BC mAR 0 

87.7, 127.3, 127.5, 127.9, 128.3, 129.3, 140.4; MS (Cl) mlz 448 (M+® + NH/), 184 

(C13H120), 183 (C13HllO), 182 (C13HlOO), 167 (CBHU), 105, 77 (C6HS); fIRMS Calcd 

for C26H22S202 + NH/: 448.1405. Found: 448.139(7). 
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Bis(cydohexyloxy) disudflde, 24: 

Clear orange oil. The crude was purified by chromatographed in 10% EtOAclhexanes. 

Yield: 69 %. Rf(lO% EtOAc/hexanes) 0.70. lH NMR 0 1.15-1.60 (m, 14H), 1.73 (d, 

4H), 2.00 (s, 4H); l3C NMR 0 84.5, 32.9, 32.1, 25.4, 24.0, 23.9; MS (El) mlz 262 (M'@), 

214 (MH - SO), 180 (MH - H2S20) 162 (~@ - H3S202), 132 (C6H12SO), 99 (C6HllO), 

83 (C6Hll); HRMS. Calcd for C12H22S20 2: 262.1061. Found: 262.106(6). 

Bis(aUyloxy) disulfide, 34: 

Orange oil. Yield: 82 %. IH NMR 0 5.92 (m, 2H); 5.27 (m, 4H), ABq system: 4.27 

(dd, J = 12.25, 6.00 Hz, 2H); 4.38 (dd, J = 12.25,6.00 Hz, 2H); BC NMR 075.7 (-CH2-), 

119.2 (=CH2), 133.2 (=CH-); MS (El) mlz 178 (MH), 146 (MH - S), 137, 113, 105; 

HRMS. Calcd for C6H lOS20 2 : 177.9945. Found: 177.995(6). IHNMR, 13CNMR, MS 

similar to literature. 115 
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Bis(propargyioxy) disulfide, 42: 

Stored as a yellow solution in CH2Cl2. Yield: 57 %. IH NMR 8 ABX system: 4.50 (dd, 

2H, JAB = 15.45 Hz, JBe=2.40 Hz), 4.45 (d, 2H, JAB = 15.45 Hz, JBe = 2.40 Hz), 2.55 (t, 

2H, JBe = 2.40 Hz); BC NMR 8 17.4, 61.3, 76.3; MS (El) mlz 174 (~e), 126 (M+e -

SO); HRMS. Calcd for C6Ht;S202: 173.9809. Found: 173.980(6). IHNMR, BCNMR, MS 

similar to literature.4o 

Synthesis of bis(p-nitrobenzyl) sulfite, 155: 

To a solution of 161 (300.0 mg, 2 mmol, 2 equiv) and NEt3 (280 ilL, 2 mmol, 2 equiv) 

in 10 mL CH2Ch was added dropwise a solution of75 ilL of SO Ch in 10 mL CH2Ch at 0 

QC under N2. The reaction was stirred for 1.5 h. The reaction was quenched with 20 mL 

H20. The organic phase was washed 3x 30 mL H20. The solution was dried over 

MgS04. The solvent was removed first under reduced pressure and then in vacuo. 

Column chromatography using 50% EtOAc in hexanes gave sulfite. Light yellow 

crystalline solid. Rf (30% EtOAclhexanes) 0.30. Yield: 62 %. Mp. 84-86 °c (lit Mp.45 

81-82 QC); IH NMR 8 8.21 (d, 4H, J = 8.75 Hz), 7.48 (d, 4H, J = 8.75 Hz), 5.17 (d, 2H, 

JAB = 12.75 Hz), 5.02 (d, 2H, JAB = 12.75 Hz); DC NMR 8 62.6, 123.9, 128.5, 142.0, 
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370.0709. Found: 370.07(0)0. 

Synthesis of bis(p-nitrobenzyl) sulfoxylate, 156: 

A solution of p-nitrobenzyl alcohol, 161, (309.3 mg, 1 mmol, 2 equiv) and NEt3 (280 

ilL, 2 mmol, 2 equiv) in 10 mL ofCH2Ch was allowed to stir under nitrogen at 0 QC. A 

solution of sulfur dichloride (64 ilL, 1.0 mmol, 1 equiv) in 10 mL of CH2Ch was added 

dropwise over ca. 5-10 min. The reaction mixture was allowed to stir for a further 3 h. 

The reaction mixture was quenched with 15 mL of H20. The organic phase was washed 

3x 33 mL of H20. The organic phase was dried over MgS04. This mixture was vacuum 

filtered, and the solvent was removed first under reduced pressure and then in vacuo. 

Light orange solid with a fruity aroma. Rf(25% EtOAclhexanes) 0.25. Yield: 98 %. Mp. 

86-87 QC; IH NMR 8 8.20 (d, 4H, J = 8.24 Hz), 7.46 (d, 4H, J = 8.25 Hz), 5.17 (s, 4H); 

BC NMR 8 80.3, 123.6, 128.4, 143.6, 147.6; MS (Cl) m/z 354 (M+® + NH/), 294, 243, 

211, 171, 155, 122, 108; HRMS. Calcd for Cl4Hl6N3S06 + NH/: 354.0760. Found: 

354.07(6)7. Upon standing in solution, 156 isomerizes to sulfinate 157.45 IH NMR 8 

7.38-7.53 (m, 4H), 4.19 (d, 2H, J= 5.50 Hz), ABq system: 4.88 (d, 2H, J= 12.45 Hz), 

5.00 (d, 2H, J = 12.45 Hz); BC NMR 8 63.3, 68.9, 123.7, 126.8, 128.5, 131.5, 135.3, 

143.4, 147.8, 147.9. 
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Synthesis of bis(p-nitrobenzyi) sulfide, 158: 

The synthesis was adapted from the literature.48 A solution of p-nitrobenzyl alcohol, 

161, (2.16 g, 10.00 mmol, 1 equiv), sodium sulfide, Na2S (418 mg, 5.35 mmol, 0.54 

equiv), and activated Amberlite-IRA-400(CI) (237 mg, 1.10 mmol, 0.11 equiv) was 

refluxed in 50 mL of methanol (MeOH) under a nitrogen atmosphere for 90 min. The 

solution was vacuum-filtered and the solute, which contained the precipitated product, 

was washed with methanol. This was then discarded and the solute was then washed 

with CH2Ch. The solvent was removed first under reduced pressure and then in vacuo. 

Yellow solid. Yield: 88%. Mp. 153-157 °C; IH NMR 08.17 (d, 4H, J= 7.95 Hz), 7.42 (d, 

4H, J= 7.95 Hz), 3.66 (s, 4H); BC NMR 035.3, 123.8, 129.6, 145.0, 147.0; MS (El) m/z 

304.052(8). 

Synthesis of bis(p-nitrobenzyl) sulfmdde, 159: 

This was synthesized as an adaptation of the literature. 65 To a solution of p-nitrobenzyl 

sulfide, 158, (304 mg, 1.00 mmol, 1 equiv) in 5 ml of HFIP (1,1,1,3,3,3-

hexafluoroisopropanol) at 0 °C was added dropwise 30% H202 (130 ilL, 1.15 mmol, 1.15 
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equiv). After the addition, the solution was stirred for 40 min at RT. The excess HzOz 

was decompqsed through the addition ofNazS03 (54.3 mg, 0.43 mmol, 0.4 equiv). This 

was stirred for 30 min at 50°C using a water bath a heating medium. The fluorinated 

solvent was removed under reduced pressure. Upon addition of ca. 20 mL of EhO, a 

yellow solid precipitated out of solution. The solution was then decanted and the solute 

was washed 3x 10 ml EhO and then dried in vacuo. This afforded a yellow solid. Yield: 

>99%. Mp. 202-206 QC. IH NMR 8 8.25 (d, 4H, J= 8.55 Hz), 7.47 (d, 4H, J= 8.45 Hz), 

ABq system: 4.05 (d, 2H, JAB = 12.90 Hz), 3.94 (d, 2H, JAB = 12.90 Hz); BC NMR 8 

57.02, 124.08, 130.99, 136.81, 148.01; MS (El) mlz 320 (M+8
), 167, 136 (C7H.;NOz), 

106, 90, 78; HRMS. Calcd for C14HIZN2S0S: 320.0467. Found: 320.04(7)2. 

Synthesis of bis(p-nitrobenzyl) sulfone, 160: 

A solution of p-nitrobenzyl sulfide, 158, (304 mg, 1.00 mmol, 1 equiv) and MCPBA 

(345 mg, 2.00 mmol, 2 equiv) was stirred in 20 mL CHzCh under a nitrogen atmosphere 

for 24 hours. The solution was filtered. The filtrate was discarded and the solute was 

dissolved in a minimum volume of DMSO. To this, H20 was added and a white 

precipitate formed. This was filtered, collected and dried on top of the oven. This 

afforded a white solid, 69.7 mg. Yield: 21%. Mp. 235-239 QC, after which the liquid 

turned bright orange; IHNMR8 8.27 (d, 4H, J= 8.70 Hz), 7.57 (d, 4H, J= 8.70 Hz), 4.28 

(s, 4 Hz); BC NlvIR 8 58.3, 124.1, 131.8, 133.6, 136.8; MS (El) mlz 336 (M+@), 320 (M+@ 
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- 0), 272 (~@ - S02), 226 ~@ - S02 - N02), 166, 136 (C7Ii6N02), 120, 106, 90, 78; 

HRMS. Calcd for C14H12N2S04: 336.0416. Found: 336.04(1)9. 
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Chapter 5 

Synthesis, Characterization and Conformational Analysis of an 
8-Membered Ring Alkoxy Disulfide, Its 7-Membered Isomeric 

Thionosulfite And Related Compounds 
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5.1 Introduction 

As was detailed in Chapter 2, to our knowledge there are no examples in the literature 

of a cyclic alkoxy disulfide. Common to all the known thionosulfites, 5, is the presence 

of a 5-membered ring core. In this Chapter we report the synthesis of the first cyclic 

alkoxy disulfide and its thionosulfite isomer. This latter compound represents the first 

medium-sized (7-membered ring) thionosulfite. We have also synthesized a 16-

membered macrocycle containing two ossa moieties. In addition, we report the 

synthesis of the related sulfite and sulfoxylate compounds. A discussion as to the 

solution and solid state conformational analysis of these interesting molecules is also 

provided. Chapter 6 provides an investigation as to the relative stabilities of alkoxy 

disulfides and thionosulfites as well as the isomerization between the two. 

5.2 Synthesis 

In Chapter 4 we reported the optimization of the preparation of acyclic alkoxy 

disulfides. Using these reaction conditions as a starting point, we investigated the SzCh 

coupling to a model diol, 1,2-benzenedimethanol 170. The results are summarized in 

Table 58. 
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Table 58. ~hCh coupling of dio1170 

OCOH S2CI2 eec's c(0 (ee)t C(0 C(°s ~ 

lA S I 5=S I 5=0 
A OH 2 NEts A I A I ..& I 

d 0 0 0 

110 111 172 113 114 115 

yieldd (%) 
[S2Cbl equiv. Addn time time tempc 

Entry" (M) 820 2 (min) (h) Solvent eC) 171 172 173 174 175 

1 0.1 1 5 5 CH2Ch 0 93 (94) 0 7 0 0 

2b 0.1 1 9 5.5 CH2Ch 0 96 (96) 0 4 0 0 

3 0.1 1 35 6 CH2Ch -78 94 0 4 2 0 

4 0.1 1 12 5 CH2Clz 23 58 33 (22) 5 (>1) 2 

5 0.02 50 5 CH2Cb 0 96 (79) 0 4 0 0 

6 1.0 1 2 5 CH2Ch 0 92 0 8 0 0 

7 0.2 2 13 5.3 CHzCb 0 13 0 0 87 0 

8 0.1 3 "5 THF 0 88 1 10 (9) 2 0 

9 0.1 1 3 5 CH3CN 0 0 9 0 87 4 

a) The concentration of 170 was 0.1 M in aB cases. b) 170 and S2Ch were simultaneously added to 10 mL of CH2CI2• c) Refers 
to the temperature maintained during the addition of S2Ch. d) By IH NMR with isolated yields in parentheses. 

In most cases, alkoxy disulfide 171 was the major product formed and isolated. To 

our knowledge, this represents the first example of a cyclic alkoxy disulfide. We were 

able to influence the ratio of 171: 172 by increasing the S2Cb addition temperature to 23 

QC (Entry 4). Thompson indicated in his patent} that thionosulfites could be 

preferentially formed with simultaneous diol and S2Ch addition. In our hands, these 

conditions (Entry 2) produced the same ratio of products and isolated yield of 171 as 

addition of S2Ch solution to 170 (Entry 1). Moreover, no thionosuIfite 172 was detected. 

It was believed that by decreasing the temperature to -78 QC and lengthening the addition 
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time we could promote the formation of dimer 173 over monomer 171. Although there is 

evidence to suggest that by lowering the temperature, we could stabilize the highly 

chalcogenated intermediate 176,2 this did not translate into an increased yield of 173. 

Changing the solvent to THF (Entry 8) or increasing the concentration of the S2Ch 

solution (Entry 6) promoted an increase in the yield of 173 relative to 171, whereas 

changing the solvent to the more polar CH3CN (Entry 9) resulted in formation of 

unwanted sulfite 174. Similar results were observed with the use of 2 equivalents of 

S2Ch. Apparently, under these conditions, 7-exo-tet ring closure to form sulfoxylate 175 

and subsequent oxidation in the work-up to the sulfite 174 is preferred over 8-exo-tet ring 

closure to give alkoxy disulfide 171. Trace acid- or base-catalyzed decomposition of 171 

to 174 cannot be ruled out. Decreasing the concentration of the S2Ch solution from 1 M 

to 0.02 M while increasing the addition time from 2 to 50 min slightly increased the yield 

of 171 over dimer 173 (Entries 5 and 6). Thus, given that 172 could only be synthesized 

at RT (Entry 4) while 171 could be synthesized at lower temperatures (e.g. Entry 3) and 

given that 171 slowly isomerized to 172 (vide infra) but the reverse isomerization was not 

observed, it would appear that 171 is the kinetic product whereas 172 is the 

thermodynamic product. The isolation of 172 represents the first synthesis of a non 5-

membered-ringed thionosulfite. 

Altering the base from NEh to pyridine resulted in decreased yields and product purity. 

Altering the sulfur transfer reagent from S2Ch to 15a and 15b, compounds which had 

been shown as useful sulfur transfer reagents in the formation of 5-membered 
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thionosulfites3 (cl Chapter 2.3), proved ineffective in the formation of 171-175, as they 

provided complex mixtures of products. 

n = 1 15a 
n=2 15h 

We were interested in the factors that determined formation of 171 and 172. Initially, it 

was not clear whether 172 was the result of an isomerization process from 171 or whether 

172 formed independently from 171. We propose the following synthetic scheme 

(Scheme 51). 

cc~ OH 

.0 OH 

170 

171 

Scheme 51. Different cylization routes in the formation of either 171 or 172. 

The IH NMR of pure 171 stored at 0 °c showed a slow isomerization to 172 wherein 

after ca. 2 weeks, there was a 95: 5 ratio of 171: 172. Such a slow isomerization process 

would argue against the in situ pre-formation then interconversion of 171 to 172; the 

reverse isomerization of 172 to 171 at 0 °c was not observed. Although the possibility of 

an SN2' -type of ring closure to form 112 using only one equivalent of S2Ch could not be 

243 



discounted, the presence of trace 174 and 175 would support the contention for the 

current mechanism. Moreover, we were never able to promote the formation of>33% of 

172. This low yield would also seem to suggest that 2 equivalents of S2Ch are used in 

its formation. Although some have suggested4 that branch-bonded products using S2Ch 

emanate from the fact that trace S2Ch may exists in its branch-bonded form ChS=S, there 

is little evidence to suggest at the addition temperatures, that this is true5
-
1O (et also 

Chapter 2.5.3). 

5.3 Thermal Stability Investigations 

We investigated the thermal stability of 171 and 172. Whereas 172 was stable at 120 

°C for >3 h, 171 decomposed within minutes under the same conditions to afford 172, 

174, and 175 amongst other products as detected by IH NMR. The lack of observable 

coalescence of the AX. signal in 172 is due to the contribution of two distinct barriers: (1) 

the pyramidal sulfur inversion barrier; (2) the HlCSP2 eclipsing interactions (AI
,3 strain), 

similar to those found in toluene that exist given the chair conformation of the 7-

membered ring (vide infra). Differential scanning calorimetry (DSC) also provides 

insight into the relative stabilities of 171-173. Although phase transitions in both 171 

and 172 were observed, the thermodynamic profiles of 171 and 173 were unique in that 

they also present an exotherm at higher temperatures (ca. 140°C), indicating 

decomposition. The barrier to rotation of 171 was also calculated to be 18.8 ± 0.2 

kcallmol using approximations developed by Raban.ll The ABq splitting of the benzyl 

protons coalesced at 114.6 °C in p-xylene-dlO. This barrier is comparable to those 
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measured12
•
13 and calculated14

,15 for acyclic alkoxy disulfide analogues (c! also Chapters 

3 and 4). This indicates that the major contributor to the barrier in 171 is that of the 

rotation about the S-S bond; 8-membered ring inversion is much less energetically 

demanding. Dimer 173 was also heated in p-xylene-dlO, but full coalescence could not be 

achieved even at 140°C. Here the two ABq systems (vide infra) only coalesced into a 

single doublet. 

5.4 Conformational Analysis 

5.4.1 m and Raman data 

The infrared spectra (IRs) of 171 and 172 were similar except that in 172 there were 

strong bands at 688 and 696 cm-I. These bands are assigned as the v(S=S) stretch of the 

thionosulfite and have a similar energy with respect to both experimentae,I6 and 

theoretical calculations. IS The predicted S-S bond stretch of ca. 525 cm-I for 171 was not 

observed in this case. It is probable that this stretching mode is too weak to be detected 

by IR. We thus measured the Raman spectra of 171 and 172. Here we were able to 

detect the S-S stretch at 518 cm'I as well as the S-O stretch at 676 cm'I for 171; these are 

consistent with the literature values. IS We assigned the corresponding S-O stretch in 172 

at 633 cm-I. Interestingly, the major peak, which was assigned as the S=S stretching 

mode at 540 cm'I is at a lower energy than that ofthe predicted value (640-665 cm-I). IS 
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We ascribe this difference in stretching frequency to the 2 oxygen lone pmr 

backdonations into the a* antibonding orbital of the S=S bond. 17 This is a classic 

example of the anomeric effect, similar to that observed in cyclic sulfites18
-
21 and would 

result in a shortening of the S-O bonds and a lengthening of the S=S bond, the latter 

resulting in a lower energy stretching mode. The S=S bond distance in the crystal 

structure, as will be discussed in detail later, is 1.9361(8) A. Although this is a very short 

S-S bond as compared to other S-S single bonds (c! Chapter 2.4), it is longer than other 

S=S double bond system: S2 (1.890 A)22, S20 (1.884 A)23, S2F2 (1.860 A)24 and S2NR2 

(1.898 A)25 (c! also Chapter 2.4.5). There may also be a delocalization interaction 

between the parallel S=S bond with the n-system of the benzene ring which may 

contribute to the lower energy Raman signal of 518 cm-I. 
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The IH NMR spectra of the benzyl protons of 171-175 are distinct from one another 

(the IH NMR spectrum of the benzyl protons of 175 is a singlet at 5.54 ppm), Figure 26. 

Selected NMR parameters are shown in Table 59. 
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Table 59. Selected IH and BC parameters for 170-175. 

Compounds 

~OH 
~OH 

GCe I 5=S 
~ I 

0 

(CC)t 
GCe I 5=0 
~ I 

0 

Chemical Shifts,· 
lH NMR 13C NMR 

170 4.65 64.01 

171 4.94 5.07 72.27 -12.00 

172 4.49 6.61 62.92 -14.25 

4.84 5.26 75.31 _11.00b 

173 
4.89 5.20 75.35 -12.00c 

174- 4.68 5.96 62.72 -14.00 

175 5.54 88.73 

a) The IH NMR and BC NMR were recorded in CDCh. The chemical 
shifts are in ppm downfield from TMS. The chemical shifts have been 
referenced to the solvent peak at 7.24 ppm. The chemical shifts refer 
to the benzyl protons and carbons respectively. b) Outer doublet of 
173. c) Inner doublet of 173. 

The IH NMR of 171 is characteristic of alkoxy disulfides in that the two benzyl protons 

are anisochronous. This diastereotopicity results from the high barrier to rotation about 

the chiral axis that is the OS-SO moiety. This indicates that in solution, 171 is a racemic 

mixture of two enantiomeric atropisomers;26 the sense of helicity defined by viewing 

down the S-S bond. Recall that a clockwise rotation is designated P (+), and a 
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counterclockwise rotation is designated M (-). The conformation of 111 is quite similar 

to that oftetrasulfide 111.27 This is evidenced in the sman differences in related dihedral 

angles (Table 60). Of note between the two structures are the slightly larger 8av(O-S-S) = 

108.3° as compared with 8av(S-S-S) = 106.2°. This increase is due to a relatively larger 

anomeric effect present in 111 (c! Chapter 3 for details on the anomeric effect). The 

8av(C-O-S) = 116.9° is 12.5° larger than that of 8av(C-S-S). This is most likely due to a 

compensatory alleviation of steric strain owing to the shorter rav(C-O) = 1.456 A vs. 

rav(C-S) = 1.829 A. 

Table 60. Comparison of the conformations of 171 and 111 

171 

Dihedral Angle2 171b,c 

C3-C4-C9-C 1 0 -3.4 
C4-C9-ClO-Xll -86.7 
C9-ClO-XH-S12 90.2 
ClO-Xl1-S12-S1 -77.9 
Xll-S12-S1-X2 93.2 
S12-S1-X2-C3 -53.9 
Sl-X2-C3-C4 -46.6 
X2-C3-C4-C9 99.1 

117b,d 

-3.1 
-101.2 
88.1 
-72.6 
103.6 
-65.1 
-41.9 
105.0 

811 812 
~-

ll\~ 
C10¥ \,81 

C9 .It t 
I', 82 

111 

,&(171-177) (') 
-0.3 
14.4 
-2.2 
-5.3 
10.4 
11.2 
-4.8 
6.0 

a) X = 0 in 171, X = S in 177. b) Dihedral angles in degrees. c) Numbering as that of X­
Ray. cl) Numbering altered from X-Ray to facilitate comparisons with 171. 
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The observed IH NMR of dimer 173 indicates the presence 2 ABq in a ca. 2: 1 ratio. 

The connectivity of 173 is that of a 16-membered ring containing two chiral axes in the 

two OSSO functional groups (vide infra). This would imply that 173 could exist in one 

of three conformations: (M,M), (P,P), (M,P). The latter conformation is a meso form. A 

reasonable explanation for the observed IH NMR is that of a statistical average of the 

three conformations. The (M,M) and (P,P) conformations would have the same IH NMR 

spectrum, hence the observed ca. 2: 1 ratio of integrations of the two ABq, each of which 

has a slightly different coupling constant (Table 59). Based on the ratios of IH NMR 

intensities and assuming a Boltzmann population distribution at 296 K, the (M,P) 

conformer is disfavored over the other two by 0.30 kcallmol (Table (1). The BC NMR of 

173 as compared to 171 indicates that the relief in strain afforded by the larger 

macrocycle did not translate locally into a different magnetic environment for the benzyl 

carbon. The two different conformers of 173 were also detected by BC NMR. The DC 

NMR ratio of the benzyl carbons of the two conformers was also observed to be 2: 1. 

Table 61. Observed popUlation distributions and calculated energies for the three 

conformers of 173 

Conformers of 
173 

(M,M) + (p ,P) 

(M,P) 

. Caica.b.b.G 
(kcalt 

o 

0.30 

Observed Population 
Distributionb,c (%) 

62 

38 

a) b.b.G with respect to (M,M) + (P,P) conformers. b) 
According to the Boltzmann relationship: n]ln} = exp(­
l!.GIRT), T = 296 K. c) Based on lH NMR integrals in CDCb. 
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Thionosulfite 172 and sulfite analog 174 each contain a chiral centre in the branch-

bonded pyramidalized sulfur. This results in a splitting of the benzyl protons as two sets 

of doublets (each with an AX pattern). The large separation of the chemical shifts of the 

geminal protons is induced by the electronic effects resulting from the relative syn-

orientation of a benzyl proton with respect to the deshielding zones of the axial S=O or 

S=S bond (Figure 27). 

Figure 27. Shielding (+) and deshielding (-) zones of sulfites (X = 0) and 

thionosulfites (X = S) 

It is wen known in the literature that the S=O bond in sulfites strongly differentiates 

between axial and equatorial protons attached to carbons adjacent to the sulfite moiety. 28· 

30 This would imply that the major conformation in each of 172 and 174 contain two syn-

axial benzylic protons. The large observed geminal coupling constants for 172 and 174 

(Table 59) is also consistent with the presence of a respective axial S=S or s=o bond 

(13.7 Hz in 178; 13.2 Hz in 179).31 In the solid state, the chair conformation is the 

respective major or sole conformation of both of these compounds (Vide infra). The 

relative downfield shift of 0.5 ppm of the downfield doublet in 172 with respect to 174 is 

an indicator of the increased polarization and polarizability of the S=S bond as S+ -S·, 

similar to that found in the S=O bond of sulfites. 32 Steudel had previously calculated that 

such thionosulfite bonds would be polarized in this fashion. 33 This would imply that 

there exists a larger polarizability within the S=S bond of 172 vs. that of S=O bond of 

174. 
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Interestingly, the BC NMR of the benzyl carbons of 171 and 173 are ca. 10 ppm more 

downfield than those of 1 nand 174. This is a result of the 'y' shift, which is normally 

an indicator of the interaction of an axial S=O bond with .§)In-axial H's, and results in the 

shielding of, in this case, the benzyl carbon (ca. 9 ppm) relative to a conformation 

wherein the S=O bond is equatorial. It is assumed that the 'y' shift would aho apply to 

the analogous thionosulfite system. Moreover, the benzyl carbons of 175 resonate ca. 10 

ppm further downfield from 171 and 173. In this case, the relative downfield position of 

benzyl carbons would support the contention that the sulfur is negatively polarized and 

thus can act as a suitable nucleophile, as suggested in the mechanism in Scheme 51. 

Much work has been published on the conformation of 5}4,35 and 6_membered28,29,36-38 

cyclic sulfites but few have investigated larger rings. 39-41 Spectroscopic studies on the 

conformation of 174 had previously been carried out by Faucher and co-workers.42
,43 It 

was shown via low temperature IH NMR and BC NMR that 174 existed in at least two 

conformations. They inferred from the IR spectrum (CC14) that the major conformation 

was that of the chair at room temperature, which possesses an axial S=O bond v(S=O) = 

1184 cm- l whereas the minor conformation was that of the twist-boat, which possesses no 

axial s=o bond v(S=O) = 1220 cm-I. The authors also reported that the conformational 

equilibrium can be influenced by solvent with more polar solvents favouring the twist-
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boat conformation; at -100°C in CHFzCI, there was a 1:1 conformational equilibrium 

between the two conformers. Substitution at the benzylic position influenced the 

conformational equilibrium between the twist-boat and the chair.44 In fact, St.-Jacques45 

showed in a related sulfite wherein the ortho-H's of 174 were replaced by methyl groups, 

that in an 80:20 solution of CHFzClICDzClz, the most stable conformer is that of the 

twist-boat (83%); the chair with the axial S=O was 17%. The reported43 IH NMR was 

that of an AB spectrum for the benzyl protons at RT in CHFzCl. Our RT spectrum 

obtained in CDCh has an AX pattern with a 8/j.vIJ= 45.88, an indicator that the spectrum 

is indeed first order. 

5.4.3 NOE data 

NOE experiments on 171, 172, and 174 were carried out in CDCh at 23°C in order to 

further define their solution state conformations. Intraproton distances were assigned by 

standard 1DNOESY experiments on a 400 MHz spectrometer. 1DNOESY spectra were 

recorded at five mixing times (0.2 s, 0.5 s, 0.8 s, 1.0 s, 1.2 s) to check the linearity of the 

cross-relaxation buildup. Intraproton distances were calculated using the initial rate 

approximation according to the internal calibration distances of the weighted average of 

each of the average intraproton distances per conformer of 174: (1) between geminal 

benzyl protons, (2) between the highfield benzyl proton and the ortho-benzene proton, (3) 

between the lowfield benzyl proton and the ortho-benzene proton. For all IDNOESY 

experiments, the acquisition time was 2.0 s (spectral width 6410 Hz) and the relaxation 

delay time was 1.0 s. 
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In the cases of 172 and 174, irradiation of either benzylic proton resulted in a positive 

NOE to the other benzylic proton as wen as a positive NOE to the ortho-protons of the 

benzene ring. A similar positive enhancement was observed for 171 however a negative 

NOE was observed between the two benzylic protons. The negative NOE results from 

the fact that the benzyl protons in 171 are exchangeable, a property that was confirmed in 

dynamic NMR experiments (vide supra). Intratomic separations are summarized in 

Table 5. 

The relatively small differences in solution intraproton distances to extrapolated X-Ray 

intraproton distances in 172 would seem to indicate that both 172 and 174 possess similar 

conformations in solution. Moreover as the conformation of 172 in the solid state is that 

of a 7-membered chair possessing an axially oriented S=S bond (vide infra), we can infer 

that the solution conformations of 172 and 174 mirror this as well. 
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Table 62. Intraproton distances of 171 and 172 

NOE X-Ray 
type of 

Compound NOE(Ha,Hb) distance& distance AeA) 
{A} ~A2 

coupling 

HlOA HS 2.4 
H3A H5 2.4 

H8 average 2.45 2.4 0.05 

'C·l
, 

", HI0X HS 3.5 
~ .. , 171 H3X H5 3.5 

j 
H3X average 3,1 3.5 -0.4 

HS 
H3A HlOA HIOX 1.6 

H3A H3X 1.6 

average b 1.6 AB 

H6 H4A 2,2 
H9 H9 HIlA 2.3 

average 2.2 2.3 -0.04 

H6 H4X 3.3 
172 H9 HIIX 3.4 

H6 H4A H4X average 3.6 3.4 0.2 

H4A H4X 1.6 
HIlA HIIX 1.6 

average 1.60 1.6 -0.005 AX 

a) The intraproton distances were calculated using the initial rate approximation according to a two-spin model and were 
referenced with respect to a weighted average of the two conformers of=174 [Avg(H6-H4A, H9-H11A = 2.3 A); 
Avg(H6-H4X,H9-HI1X = 3.3 A); Avg(H4A-H4X, HIlA-HI IX = 1.59 Al b) Not ascertainable as the gemina! protons 
oH n are exchangeable. 

5.4.4 Solid State and Stnndure Amdysis 

The stick representation of 171 is shown in Figure 28. The r(S-S) of 1.959 A is 

intennediate between the three other published crystal structures for dialkoxy disulfides 

(for MeOS-SOMe 6 r(S-S) = 1.972 A;4f1 for p-N02-BnOS-SOBn-p-N02 49 r(S-S) = 

1.968 A; 15 for p-CI-BnOS-SOBn-p-Cl 50 r(S-S) = 1.933 A 47). The rav(S-O) of 1.653 A 
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and 3av(0-S-S) of 108.4° are unremarkable with respect to the respective average reported 

crystal structure values of 1.651 A and 108.2°. The t(OS-SO) of 93.2° is larger than the 

normal dihedral angle for this class of compounds ('tav(OS-SO) = 81.3°), but not 

, 
Figure 28. Stick representation of the crystal structure of 171. 

unusually so for XSSX systems (cj Chapter 2.4). This perturbation may be due to the 

fact that 171 is cyclic and cannot adopt an ideal OS-SO dihedral angle. In the solid state 

171 possesses no symmetry (Cl). This 8-membered ring seems to adopt a pseudo-saddle 

type geometry48 with limited conformational flexibility in that it contains both a second 

degree of unsaturation in the fused benzene ring as well as the OS-SO moiety. Most 8-

membered rings adopt either a boat-chair or a twist-hoat-chair conformation in the solid 

state, with potential interconversion into the higher energy crown conformation?6,48,49 

The r(H3X-HIOX) intraproton distance of 2.02 A is smaner than that of the sum of the 

two respective proton van der Waals radii (2.4 A). Crystal structure intra-atom distances 

which are smaner than their respective van der Waals radii are not unknown in the 

literature,5o however the magnitude of the crowding is quite unusual. To our knowledge 

only pyrene has a comparable H-H distance (2.03 A).50 

The stick representation of 173 is shown in Figure 29. This dimeric by-product of the 

formation of 171 is a novel 16-membered macrocycle possessing Cz symmetry and 
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containing two OS-SO functional groups. These two crural units offer the potential of 

isolable diastereomeric conformers. The conformation of 173 is that of (M,M I P,P), 

S2 

Figure 29. Stick representation of the crystal structure of 173. 

which is the major predicted solution conformation. The r(S-S) of 1.964 A, ravCS-O) of 

1.660 A and 9avCO-S-S) of 108.40 are all consistent not only with that of 171 but with the 

literature. 15
,46,47 The 1:(OS-SO) of 87.6° is also unremarkable. In the crystal structure, 

there are two distinct benzylic-CHz groups. However, in solution, we observe a ca. 2:1 

ratio of two ABqs. This suggests that in solution, there is a dynamic conformational 

equilibrium occurring to average out the signals between these two CHz-groups to 

account for the larger of the ABq. The smaner ABq is assigned to the (M,P) conformer. 

The r(H3X-HlOX) intraproton distance of2.11 A is slightly larger than the corresponding 

intraproton distance found in 171 but nevertheless is still smaner than that of the sum of 

the two respective proton van der Waals radii (2.4 A). 

We believe that the conformation of both 172 and 174 would be similar and that the 

large downfield shift observed in one of the doublets would argue for an axial 

257 



mp.108·110 

180a 

o 0 , , 

mp.208-210 

180b 

s~ o 

configuration for that corresponding benzyl proton. The chair conformation contains an 

axial benzyl proton whereas the twist-chair does not. The chair conformation is 

stabilized over the twist-chair due to the two no --j> O*s=o stereo electronic donations 

present (vide supra). There exists also a favorable dipolar interaction in the chair 

conformation as compared to that of the twist. 51
,52 Moreover, in the solid state, 172 

(Figure 30) is exclusively found in the chair conformation whereas 174 (Figure 31) is 

found as a 9: 1 mixture of chair:twist-boat. The conformation of 172 and that of the chair 

conformation of 174 are nearly superimposable. Unsaturation in 7-membered rings, as 

exists in 172 and 174, favours the chair conformation over that of the twist. 49 Thus it 

would seem most likely that the preferred conformation of 174 in solution at room 

temperature mirrors that found in the solid state (chair) and not, as the authors42 had 

contended, that of a 1: 1 mixture of chair:twist-boat. Interestingly, the two major 

conformations for a related sulfite, insecticide thiodan 180a and 180b exist as chairs 

axial 8=0 bonds. Related disulfides53 18b and 18tb also exists exclusively as the chair 

and trisulfide 182 exists as an 85: 15 ratio of chair:twist-boat conformations. 54 
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182 

Figure 30. Stick representation of the crystal structure of 172. 

A B 

Figure 31. Stick representation of the deconvoluted crystal structure 174. A) The major 

chair conformation. B) The minor twist conformation 

The sum of the two 9(O-S-S) and one 9(O-S-O) of 172 is 319.2° is comparable to the 

sum of the three 9(O-S-O) found in the 174A (317.1°) and indicates the pyramidal nature 

of the branch-bonded sulw. The two no -+ cr* 3=0 stereoelectronic donations present in 

174 and two no -+ cr*s=s stereoelectronic donations present in 172 contribute to a 

lengthening of the respective S=O and S=S bonds. The S=S bond length in 172 is 

1.9361(8) A and is slightly longer than that found in 5g (1.901(2) A).55 Similarly, the 

S=O bond in 174A is 1.595(2) A which also is much longer than that found in 183 (1.45 

A).56 
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S.S Concluding Remarks 

In this Chapter we have shown that it is indeed possible to synthesize cyclic alkoxy 

disulfides as well as larger ringed thionosulfites. We have investigated the solution and 

solid state conformations of 171-174 and have compared these to other medium sized 

chalcogen-containing rings. In the next chapter, we will explore the factors which govern 

which isomer should be the more stable. 

184 

Recently, benzodithiin derivatives such as 184 were found to be highly potent and 

specific inhibitors of in vitro replication of the respiratory syncytial virus (RSV), 

possessing an ECso of 4.5 IlM.57 The partial parallel in structure with 171 may imply that 

it too may be a good inhibitor again RSV replication activity. A study into the biological 

activity of 171 may be warranted. 
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5.6 Synthetic Experimental Section 

DSC Spectra of 171-173 are available in Appendix III IR Spectra of 171-173 are 

available in Appendix IV, including zoomed spectra highlighting the region < 1500 cm-I. 

In addition, a composite IR plot of isomers 171 and 172 is provided to aid in the 

comparison of the spectra. Raman spectra for 171 and 172 are available in Appendix V. 

5.6.1 Synthesis of 1,2-benzenedimethanoI170: 

~OH 
~OH 

To a slurry ofLiAl~ (19.3 g, 0.5 mol, 2.5 equiv) in 315 mL THF was slowly added a 

solution of o-phthalic acid (33.5 g, 0.2 mol, 1 equiv) in 215 ml THF at 0 cC under N2. 

The flask was equipped with an exit to monitor the production of H2 gas during the 

addition. The solution was stirred for 18 h and then quenched according to the literature 

procedure. 58 This was then stirred for an additional 3 h. The whitish slurry was then 

vacuum-filtered and washed with excess THF. The organic section was extracted with 

EtzO. The solution was dried over MgS04. The solvent was removed first under reduced 

pressure and then in vacuo. White crystalline solid. If need be, this can be recrystaHized 

in EtOAc as the solvent and hexanes as the co-solvent. RI (50% EtOAclhexanes) 0.35. 

Yield: 84 %. Mp. 68-69 °c (lit Mp. 62-63 °C,59 63-65 °C60
) IH NMR 03.44 (s, 2H), 4.65 

(s, 4H), 7.30 (m, 4H); BC NMR 0 64.0, 128.5, 129.7, 139.3; MS (Cl) m/z 156 CM+<> + 

Found: 139.075(3). 
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5.6.2 Synthesis of 8-membered ring alkoxy disuUide 171: 

This was synthesized as a modification of the literature procedure for the synthesis of 

acyclic alkoxy disulfides.61 A solution of diol, 170, (138 mg, 1 mmol, 1 equiv) and NEt3 

(280 J.!L, 2 mmol, 2 equiv) in 10 mL of CH2Ch was allowed to stir under nitrogen at 0 

0c. A solution of S2Ch (80 ilL, 1.0 mmol, 1 equiv) in 50 mL of CH2Ch was added 

dropwise over ca. 60 min. The reaction mixture was allowed to stir for a further 4 h. The 

reaction mixture was quenched with 20 mL of H20. The organic phase was washed 3x 

33 mL of H20. The organic phase was dried over MgS04. This mixture was vacuum 

filtered, and the solvent was removed first under reduced pressure and then in vacuo. 

Frequently, it was not necessary to chromatograph the product as there was quantitative 

conversion as detected by TLC and IH NMR. Fruity-smelling white crystalline solid. IV 

(25% EtOAclhexanes) 0.47, (25% CH2Ch/hexanes) 0.17. Yield: 94 %. Mp. 59-60 °C; 

DSC. Tonset: 61.11, Tmax: 64.63, ~H = 476.2 Jig; Tonset: 117.98, Tmax: 125.36, ~H = -404.5 

Jig. IH NMR 07.43 (m, 4H), ABq system 4.94 (d, 2H, JAB = 12.00 Hz), 5.07 (d, 2H, JAB 

= 12.00 Hz); BC NMR 0 72.3, 130.1, 132.1, 136.1~ BC NMR indirectly detected by 

HMQC(500 MHz, 125 MHz) 0 72.6, 131.0, 133.0; IR (CDCh) 531 cm-! (S-S stretch); 

MS (El) m/z 200 (M+®), 152 (M+® - SO); 119 (~® - S20H), 104 (M+® - S202) HRMS. 

Calcd for CgHgS20 2: 199.9966. Found: 199.997(0). Calcd for CgHgS202 - SO: 152.0296. 

Found: 152.030(0). IR - KBr (cm-I) 1471(w), 1452(w), 1384(w), 1352(w), 1306(w), 

1209(w), 1188(w), 1117(w), 956(m), 932(s), 874(w), 848(w), 816(w), 789(w), 760(m), 
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743(s), 698(w), 676(w), 647(5), 619(m), 590(w), 531(w). Raman (powder - 5000 scans) 

3046,2966,2920, 1604, 1051,676 v(S-O), 518 v(S-S), 355, 196, 137, 122, 84. 

5.6.3 Synthesis of 7-membered ring thionosulfite 172: 

C(0 
I s=S 

h- I 

° 
The following conditions appear to be optimal for the procedure of 172. A solution of 

diol, 170, (138 mg, 1 mmol, 1 equiv) and NEt) (280 f.!L, 2 mmol,2 equiv) in 10 mL of 

CH2Ch was allowed to stir under N2 at RT. A solution of S2Ch (80 f.!L, 1.0 mmol, 1 

equiv) in 10 mL of CH2Ch was added dropwise over ca. 60 min. The reaction mixture 

was allowed to stir for a further 4 h. The reaction mixture was quenched with 10 mL of 

H20. The organic phase was washed 3x 33 mL of H20. The organic phase was dried 

over MgS04 . This mixture was vacuum filtered, and the solvent was removed first under 

reduced pressure and then in vacuo. The crude solid, which contained a 2:1 mixture of 

171: 172, was flash chromatographed62 in 25% CH2Ch/hexanes as the eluant to afford a 

slightly aromatic white crystalline solid. RI (25% CH2Ch/hexanes) 0.31. Yield: 22 %. 

Mp. 73-74 °C; DSC. Tonset: 79.93, Tmax: 80.69, AH = 78.10 Jig; IH NMR 07.32 (m, 4H), 

6.61 (d, 2H, J = 14.25 Hz), 4.49 (d, 2H, J = 14.25 Hz); BC 1\1MR 0 62.9, 128.4, 129.5, 

136.9; MS (El) m/z 200 (MH), 1 

199.9966. Found: 199.995(9); Calcd for CgHgS202 - 0: 184.0017. Found: 184.001(6); 

Calcd for CgHgS202 - 02: 168.0067. Found: 184.005(9); Calcd for CgHgS202 - SO: 

152.0296. Found: 152.029(4); IR - KBr (cm-i) 1 496(w), 1455(m), 1442(w), 1384(w), 
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1352(w), 1306(w), 1242(w), 1219(w), 1209(w), 1186(w), 1118(w), 956(w), 947(m), 

932(s), 893(m), 874(w), 853(w), 848(w), 816(w), 789(w), 774(m), 760(w), 743 (w), 

739(m), 696(m), 685(m), 676(m), 669(m), 647(w), 632(s), 619(m), 595(m), 590(w), 

540(w), 531(w). Raman (powder - 1000 scans) 3047, 2983, 1606, 1220, 1160, 1048, 745, 

633 v(S-O), 540 v(S=S), 337, 304, 179, 135, 87, 58. 

5.6.4 Synthesis of 16-membered ring dime .. 173: 

The following conditions appear to be optimal for the procedure of 173. A solution of 

diol, 170, (138 mg, 1 mmol, 1 equiv) and NEt3 (280 IJ.L, 2 mmol, 2 equiv) in 10 mL of 

THF was allowed to stir under nitrogen at O°C. A solution of S2Ch (80 /-lL, 1.0 mmol, 1 

equiv) in 10 mL of THF was added dropwise over ca. 3 min. The reaction mixture was 

allowed to stir for a further 5 h. The reaction mixture was quenched with 10 mL of H20. 

The organic phase was extracted in 20 mL EtzO. The organic phase was washed 3x 33 

mL of H20. The organic phase was dried over MgS04. This mixture was vacuum 

filtered, and the solvent was removed first under reduced pressure and then in vacuo. 

The crude solid, which contained a 10: 1 mixture of 171:173, was flash 

chromatographed62 in 25% CH2Ch/hexanes as the eluant to afford a slightly aromatic 

white crystalline solid. Rf (25% CH2Chlhexanes) 0.13. Yield: 9 %. Mp. 153-155 QC; 

DSC. Tonset: 92.18, Tmax: 95.80, ilH = 11.99 Jig; Tonset: 139.88, Tmax: 143.19, ilH = -
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124.70 Jig; Tol1set : 153.75, Tmax: 156.76, .1H = -42.52 Jig. IH NMR () 7.36 (m, 8H), AX 

system: 5.26 (d, 4H, J = 11.00 Hz), 5.20 (d, 2H, J = 12.00 Hz), 4.89 (d, 2H, J = 12.00 

Hz), 4.84 (d, 4H, J = 11.00 Hz); nC NMR () 75.3, 75.4, 128.7, 129.0, 129.7, 134.7, 134.9; 

BC NMR indirectly detected by HMQC(600 MHz, 151 MHz) () 75.2, 129.0, 129.7; MS 

(El) m/z 400 (M+O), 352 (MH - SO), 272 (CIZH1603S2), 255, 200 (CgHg0 2S2), 152 

(CgHgOS), 135, 121, 120 (CgHgO), 105, 104 (CgHg); HRMS. Calcd for C16H16S404: 

399.9931. Found: 399.99(3)4. IR - KBr (cm-I) 1481(w), 1456(w), 1 447(w), 1384(w), 

1367(w), 1360(w), 1300(w), 1262(w), 1232(w), 1205(w), 1189(w), 1112(w), 984(m), 

974(m), 953(m), 926(s), 874(m), 855(w), 816(m), 763(s), 736(m), 723 (m), 697(s), 

639(w), 602(w), 514(w). 

5.6.5 Synthesis of sulfite 174: 

C(0 
I 5=0 

.,-::; I 

° 
To a solution of 170 (141.5 mg, 1 mmol, 1 equiv) and NEt) (280 ~L, 2 mmol, 2 equiv) 

in 10 mL CH2Ch was added dropwise a solution of75 ~L ofSOClz in 10 mL CHzCb at 0 

QC under Nz. The reaction was stirred for 2.3 h. The reaction was quenched with 20 mL 

H20. The organic phase was washed 3x 30 mL H20. The solution was dried over 

MgS04. The solvent was removed first under reduced pressure and then in vacuo. 

Brownish crystals. Rf (25% EtOAclhexanes) 0.38; (25% CH2Ch/hexanes) baseline. 

Yield: 74 %. Mp. 33-36 QC; Recrystallized as clear crystals from CHzCh/hexanes: Mp 

34-35 QC; IH NMR () 7.27 (m, 4H), 5.96 (d, 2H, J = 14.00 Hz), 4.68 (d, 2H, J = 14.00 
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Hz); BC NMR 8 62.7, 128.3, 128.3, 136.1; MS (El) mlz 184 (MH), 119, 91; HRMS. 

Calcd for CgHgS03: 184.0194. Found: 184.019(8). 

5.6.6 Synthesis of sulfoxylate 175: 

A solution of diol, 170, (138 mg, 1 mmol, 1 equiv) and NEh (280 I-tL, 2 mmol, 2 equiv) 

in 10 mL of CH2Ch was allowed to stir under nitrogen at O°C. A solution of SCh (64 

I-tL, 1.0 mmol, 1 equiv) in 10 mL of CH2Ch was added dropwise over ca. 10 min. The 

reaction mixture was allowed to stir for a further 3 h. The reaction mixture was quenched 

with 20 mL of H20. The organic phase was washed 3x 33 mL of H20. The organic 

phase was dried over MgS04. This mixture was vacuum filtered, and the solvent was 

removed first under reduced pressure and then in vacuo. Aromatic light-brown solid. Rf 

(25% CH2Ch/hexanes) 0.18. Yield: 92 %. IH NMR 6 7.28 (m, 4H), 5.54 (s, 4H); BC 

NMR 6 88.7, 128.4, 129.8, 138.6; MS (El) mlz 168 (M+®), 160, 138, 135, 119, 104, 78 

fIRMS. Calcd for CgHgS02: 168.0245. Found: 168.024(0). 
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Chapter 6 

Understanding the Relative Ground State Energies and 
Isomerization Between Alkoxy Disulfides and Thionosulfites 
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6.1 Introduction 

In Chapter 5, we showed for the first time the existence of both the alkoxy disulfide 

and the thionosulfite isomers in a single system. We have not yet unequivocally 

established whether these isomers exist in equilibrium and if they do, what factors govern 

such an equilibrium nor have we explored possible mechanisms by which interconvertion 

between the two isomers could occur. Herein we report our initial calculational results as 

pertains to isomer ground state stability and relate our pre~ictions to both our 

experimental results (in part detailed in Chapters 4 and 5) as well as the literature. 

6.2 Computational Methodology 

An ab initio calculations were carried out with the GAUSSIAN 941 suite. Geometries 

for the dialkoxy disulfides and their branch-bonded thionosulfites isomers 185-212 were 

calculated using the B3L yP density functional2
-
s with the 6-31 G(d) Pople double ~ (zeta) 

split valence basis set. 6
-
1O Additionally, geometries were also calculated based on our 

hybrid MM3* force field. H Single point energy calculations using either B3L yP or 

second- (l\1P2) and third-order Mmller-Plesset (l\1P3) pertubation theories12
,13 were 

calculated. The following basis sets were employed: 6-31 G(d), 6-31 G(2d), 6-31 G(dt), 6-

31 G(2df), 6-31 G(3d), 6-31 G(3dt), and 6-31 G(3d2f). Triple ~ split valence basis sets14
,IS 

with the same series of polarization functions were also used at the B3L YP, rv:lP2 and 

l\1P3 levels. The role of diffuse functions was also examined. 
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6.3 Results and Discussion 

Our results are discussed in three sections. We first present our calculations and 

discuss the predictions that these entaiL Next, our experimental evidence in the context 

of the relative ground state energies of alkoxy disulfides and their isomeric thionosulfites 

is summarized. Finally we comment on the validity of the predictions in light of the 

experimental evidence. 

6.3.1 Computational Predictions 

A fascinating property of alkoxy disulfides 1 (ROSSOR) is that they can potentially 

exist in their constitutionally isomeric thionosulfite 2 (ROS(S)OR) form. It has been 

experimentally shown in similar systems such as S2F2 75 that the two isomers exist in 

equilibrium (Chapter 2.5.2); however to our knowledge no one has experimentaHy 

investigated a similar equilibrium in the ROSSOR system. 16 As a first step, we were 

interested in determining the relative ground state stabilities of isomers of forms 1 and 2. 

We noted that all thionosulfides '5 in the literature contained 5-membered ring cores and 

that an intrinsic conformational feature in the two crystal structures which we possessed 

(5g and 5i) was the presence of a twist in the 't(O-C-C-O). We hypothesized that forcing 

the ring to adopt another geometry may influence the relative ground state stabilities of 

the two isomers. We thus set out to model compounds which influenced the initial 

thionosulfite geometry in one of two fashions: (1) modification of the substituents pattern 
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along the carbon backbone to flatten the observed puckering of the ring; (2) altering the 

core ring size as a means of relieving ring strain. We optimized the geometries of each 

isomer per system and then computed their respective single point energies. Model 

compounds 185-204 were used to determine the validity of hypothesis (1) that 

substitution pattern could affect isomer stability. Model compounds 185, 186 and 205-

212 were developed to test whether ring size affects the relative ground state energies of 

the two isomeric forms as in hypothesis (2). 

185 187 190 

191 192 193 194 195 196 

197 

GO, (0 
8 ~== 7 p=s 

"S ° 
° 

204 
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210 

We first needed to determine which method and basis set were sufficient to accurately 

model the energies of these systems. Though we had previously shown that B3L YP/6-

31 G* was a poor predictor of the geometries of a more simple model alkoxy disulfide in 

MeOSSOMe 6 and simple model thionosulfites 5a and 5d, energies derived from the 

predicted geometries for 6 nevertheless were deemed accurate, assuming that the basis set 

contained more than one d-type polarization functions (cf Chapter 3). A basis set survey 

of the energies of 185 and 186 using the B3L yP method is shown in Table 63. 

Using either double c: split or triple c: split basis sets, the calculations predict that 

thionosulfite 186 is the preferred isomer by ca. 3.5 kcal/mol, assuming that a minimum of 

2 d-type polarization functions are incorporated into the basis set. The use of smaner 

basis sets results in nearly isoenergetic isomers which is neither consistent with the 

results obtained using larger basis sets nor with the available experimental evidence (vide 

infra). This is perhaps not too surprising given that the inclusion of polarization 

functions was deemed necessary in order to accurately reproduce the energy difference in 

the SzFz 75 system. 17 Miaskiewicz and Steudel18 however were able to correctly show at 

the :MP2/6-311G**11HF/6-31G** + ZPVE that HOSSOH 95a was more stable than 

HOS(S)OH 95c by 3.35 kcallmoL Though the identity of the more stable isomer is 

correct (in 95a), the choice of a sman basis set results in a magnitude that should be 

questioned. The addition of the extra Gaussian primitive further stabilizes 186 by ca. 0.8 
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kcallmol (cf AAE, Table (3), though this was not universally observed to be the case. 

The existence of such a large energy difference between the two isomers would seem to 

indicate that 186 would be the sole observable isomer (>99.99:1). 

Interestingly, Jursic19 determined that of all the DFT methods tested, SVWN/6-

311 ++G(3dt)IISVWN/6-311 ++G(3dt) proved to be most accurate in predicting both the 

magnitude and identity of the most stable isomeric form for the S2F2 75 system 

(experimentally20 determined to be 2.7 kcallmol in favour ofF2S=S 75b); B3LYF, even 

using large basis sets, could not reproduce the experiment. Using extended polarized 

basis sets and conventional correlated ab initio theory, Bickelhaupt and co-workers l7 

could not unequivocally determine that 75b was the most stable though their results 

indicated that the AE75a175b was miniscule; QCISD(T)/6-31G(dt)11MP2/6-31G* most 

accurately reproduced experiment in their computational survey. It would seem that the 

choice of basis sets size and computational method is important in obtaining accurately 

predictive and consistent results for our related systems. 
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Table 63. Comparison of the relative ground state energies of 185 and 186 with different basis sets 

Energy of Energy of 
B3LYF/" 18Sb 186b AE(185-186)C,d B3LYF/" 

Energy of Energy of 
18Sb 186b Llli(18S-186)C,d ALllic,e 

6-31G* -1025.37587 -1025.37750 1.0 6-311G* -1025.48243 -1025.48280 0.2 -0.8 
6-31+G* -1025.39029 -1025.39027 0.0 6-3U+G* -1025.49412 -1025.49293 -0.7 -0.7 
6-31++G* -1025.39043 -1025.39045 0.0 6-311++G* -1025.49442 -1025.49315 -0.8 -0.8 
6-31G(2d) -1025.39123 -1025.39741 3.9 6-311G(2d) -1025.50576 -1025.51116 3.4 -0.5 
6-31+G(2d) -1025.40645 -1025.41028 2.4 6-311 +G(2d) -1025.51574 -1025.51894 2.0 -0.4 
6-31G(df) -1025.39144 -1025.39472 2.1 
6-31G(2df) -1025.41019 -1025.41610 3.7 6-311 G(2df) -1025.52284 -1025.52986 4.4 0.7 
6-31 +G(2df) -1025.42472 -1025.42935 2.9 6-311 +G(2df) -l(l25.53338 -1025.53823 3.0 0.1 
6-31G(3d) -1025.41123 -1025.41636 3.2 6-311G(3d) -1025.51699 -1025.52326 3.9 0.7 
6-3l+G(3d) -1025.42092 -1025.42618 3.3 6-311 +G(3d) -1025.52371 -1025.52859 3.1 -0.2 
6-31G(3df) -1025.42735 -1025.43322 3.7 6-311 G(3df) -1025.53268 -1025.54028 4.8 1.1 
6-3l+G(3df) -1025.43569 -1025.44190 3.9 6-311 +G(3df) -1025.53928 -1025.54517 3.7 -0.2 
6-31 G(3d2f) -1025.42885 -1025.43479 3.7 6-311 G(3d2f) -1025.53461 -1025.54211 4.7 1.0 
a) An single point energies based on B3L YF/6-31G* optimized geometries. b) In Hartrees. c) In kcallmol. d) A negative value denotes that 

185 is the preferred isomer. e) Energy Difference between triple ~ split and double ~ split basis sets. 
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In Chapter :3 we demonstrated that molecular mechanics geometries could accurately 

predict experimental structures of both alkoxy disulfides and thionosulfites. We thus also 

calculated the energies of 185 and 186 based on their :MM3 * optimized geometries. The 

results are shown in Table 64. 

Table 64. Ground state energies of 185 and 186 at different basis sets using B3L YF, 

.'MP2 and .'MP3 methods based on :MM3 * optimized geometries 

Energy of Energy of 
IIMM3* 185' 186" Li.E(185-186)b,C 

B3LYP/6-31G* -1025.36518 -1025.37151 4.0 
B3L YP/6-31 G(2d) -1025.38263 -1025.39259 6.3 
B3LYP/6-3IG(df) -1025.38225 -1025.39030 5.1 
B3LYP/6-31G(2df) -1025.40309 -1025.41366 6.6 
B3LYP/6-31G(df) -1025.38225 -1025.39030 5.1 
B3L YP/6-31 G(3d) -1025.40363 -1025.41260 5.6 
B3L YP/6-31 G(3df) -1025.42146 -1025.43135 6.2 
B3L YP/6-31 G(3d2t) -1025.42325 -1025.43303 6.1 
l\.1P2/6-311 G* -1023.72865 -1023.73457 3.7 
l\.1P2/6-311 G(2d) -1023.83176 -1023.84749 9.9 
l\.1P2/6-311 G(df) -1023.89289 -1023.89508 1.4 
l\.1P2/6-3U G(2df) -1023.97337 -1023.99051 10.8 
l\.1P2/6-311 G(3d) -1023.86209 -1023.87779 9.9 
l\.1P2/6-311 G(3df) -1024.00125 -1024.01859 10.9 
MP2/6-311 G(3d2t) -1024.02336 -1024.04093 11.0 
MP3/6-3UG* -1023.75512 -1023.75433 -0.5 
!v1P3/6-3 UG(2d) -1023.85451 -1023.86344 5.6 
!v1P3/6-311 G( df) 1023.92153 1023.92369 -1.4 
MP3/6-3 11 G(3d) -1023.88493 -1023.89375 5.5 
!v1P3/6-3 HG(2df) -1024.00460 -1024.01475 6.4 

a) In Hartrees. b) In kcal/mol. c) A negative value denotes iliat 185 is 
the preferred isomer. 

Provided with a more accurate :MM3*-optimized geometry, B3L yP at an basis sets 

now predicts that 186 is the more stable isomer. .'MP2 energies generally mirror this 

result with the notable exception of the 6-311 G( df) basis set. It is not clear why the use 

of this basis set provides a divergent result. .'MP3 energies however do not seem to 
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converge so uniformly. It would seem that when using this method, at least 2 d-type 

polarization functions must be used in order to obtain results comparable with the other 

computational methods in Tables 63 and 64. 

With an understanding of the minimum basis sets required to obtain reasonable 

energies, we then proceeded to model 185-204. We derived single point energies using 

both the B3LYP/6-31G(2d) and MP2/6-311G(2df) basis sets, basis sets which we had 

previously shown (Chapter 3 and Chapter 6) to be effective in accurately calculating 

energies of these systems. These results are summarized in Table 65. 

Table 65. B3LYP/6-31G(2d)/!MM3* and MP2/6-311G(2df)1B3LYP/6-31G* single 

point energies of 185-204 

E(18S)" E(186)s 
dE(185-

186)d E(19St E(196t 
dE(195-

196)d 

B3L YP!6-3lG(2d/ -1025.38263 -1025.39260 6.3 -1142.11479 -1l42.12997 9.5 

l\1P2/6-3 1 IG(2dft -1023.97818 -1023.99004 7.4 -1140.42264 -1140.43962 10.7 

dE(187- dE(197-
E(181)a E(188)s 188)d E(191)a E(198)s 198)d 

B3L YP/6-31 G(2d)b -1178.97808 -1178.98928 7.0 -1142. Un1 -1142.10873 -5.3 

l\1P2/6-3 11 G(2df)c -1177.22484 -1177.23995 9.5 -1140.42345 -1140.41862 -3.0 

dE(189- dE(199-
E(189)" E(190)'" 190)d E(199)3 E(200)" 200)d 

B3L YP/6-31G(2d)b -1024.14807 -1024.15293 3.1 ·1181.43771 -1181.45092 8.3 

MP2/6-3U G(2df)c -1022.77551 -1022.78476 5.8 -1179.64927 -1179.65218 1.8 

E(191t E(192)2 
dE(191-

192)d E(20i )" E(202)" 
dE(201-

202)d 

B3L YP/6-3lG(2dl - - - -1181.43122 -1181.44786 10.4 

l\1P2/6-3 11 G(2df)c -1061.95995 -1061.97816 11.4 -1179.63098 -1179.64927 H.5 

E(193t E(194)" 
dE(193-

194)<1 E(203)a E(204)B 
dE(203-

2(4)d 

B3L YP/6-31 G(2d)b -1102.76411 -1102.77341 5.8 -1268.10170 -1268.11623 9.1 

MP2/6-311G(2df)c -1101.18645 -1101.19944 8.2 -1266.33226 -1266.35041 11.4 

a) In Hartrees. b) Based on tvfl\.13* optimized geometries. c) Based on B3L YP/6-31 G* optimized geometries. d) In 
kcallmol. 
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Given the known existence of 5g and 5i at the time of these calculations, it seemed that 

the inclusion of sterically demanding substituents has little effect on the relative energies 

of thionosulfites vis a vis their isomeric alkoxy disulfides. As stated earlier, we chose 

model compounds with substitution patterns that were designed to flatten the O-C-C-O 

torsional angle. Except for the relative energies of 197 and 198, the overwhelming 

conclusion is that the thionosulfite isomer is preferred in each case. In fact, the ~E's are 

generally such that we would expect to observe only the thionosulfite isomer. So it 

would seem that the introduction of substituents designed to flatten the compounds has 

little effect in altering the relative ground state stabilities between the two isomeric forms. 

We believe that the reversal in expected isomeric stability for 197 and 198 results from 

the fact that 5,S-fused bicycles prefer to be eis-fused and that the overwhelming steric 

strain imparted in the trans-fused bicycle in 197 destabilizes to such an extent that 5,6-

fused bicycle 198 would become the more favoured isomer. Similarly, at the MP2/6-

311G(2df) level the eis-fused 5,6-bicycle 200 is destabilized relative to the eis-fused 6,6-

bicycle 199 though not to such an extent where it is no longer the most stable isomer. In 

general, the lack of stability in 6-membered alkoxy disulfides is most likely due to the 

increased strain afforded by a reduced '"C(O-S-S-O) from its ideal ea. 90°. 

We next looked at model compounds 185-186 and 205-212. It was necessary to 

determine the lowest energy conformation for each compound. Whereas U~5~204 possess 

little conformational flexibility due to their small ring size, this is not the case for 205-

212. We thus performed 3000-iteration Monte-Carlo simulations based on rviM3* 

optimized input structures for each compound in this series. An conformations within a 3 
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kcallmol window were then submitted for single point energy analysis at the B3L YP/6-

31 G(2d) level of theory. Frequently, the lowest energy conformation obtained by the 

Monte-Carlo simulation did not translate into the lowest energy conformation by ab initio 

methods though the ~E between the two methods was no greater than 1.5 kcallmol. The 

results relating the relative energy difference between isomeric forms as a function of 

core ring-size are graphically summarized in Figure 32. 

Equilibrium Position 
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Figure 32. Ring-size trend in ~ of 185-186, 205-212. A positive value indicates that 

the alkoxy disulfide isomer is the more stable. 

As is graphically evident, modifying the ring size influences the relative ground state 

stabilities between form 1 and form 2. There is a monotonically increasing relationship 
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which seems to be linear based on ring size; small ringed compounds are predicted to be 

thionosulfites whereas large ringed and acyclic compounds (the latter being considered 

an infinitely large ring) are predicted to adopt the alkoxy disulfide form. The trend would 

seem to indicate that the cross-over point in isomeric stability occurs with the 7-

membered thionosulfite 207 and 8-membered alkoxy disulfide 208 system. It would not 

be unreasonable to predict that analogues of205/206 might also exist as a mixture at RT. 

Table 66. Boltzmann popUlation analysis of the 207/208 system at 298 K. 

Total Weighted 
B3lYP/6- Pop Total Pop 

31 G(2d)//MM3* t.Ea,b Weight Pop (%fd t,Ea,e (%f' (%f' 

C:s=s 208a -1104.01920 0.4 2 22.9 2.1 2.2 4.4 

2081:> ·1104.01982 0.0 2 44.9 1.7 4.3 8.6 
208c ·1104.01943 0.2 2 32.1 1.9 3 6.0 

19.0 

(O'r 207a ·1104.02248 0.0 1 92.8 0.0 75.1 75.1 
207b ·1104.01982 1.7 1 5.3 1.7 4.3 4.3 

/S 207c -1104.01822 2.7 2 1 2.7 0.8 1.6 
0 

81.1 

a) In kcal/mol. b) Relative energy difference to the I'vfl\.13* lowest energy conformer. c) Boltzmann population 
distribution. d) Population distribution per isomer. e) Relative energy difference to 207a. f) Combined population 
distribution. 

A closer analysis of this data point reveals that 207 and 208 should co-exist in an 81: 19 

ratio at RT (Table 66). It remained to be seen whether the results summarized in Figure 

32, though compellingly simple, actually mirror and/or predict experimental findings. 

The experimental data is summarized in Chapter 6.3.2. 
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6.3.2 Experimental Data 

In Chapter 2, we saw that coupling of 1,2-diols with a sulfur transfer reagents such as 

15a or 15b formed exclusively 5-membered thionosulfites Sa-51. In Chapter 4, a series of 

acyclic alkoxy disulfides were synthesized. Here too, only one isomeric form of 

ROSSOR 1 was ever isolated; the identity of the isomer was confirmed by DNMR 

studies as well as inferred given the resolution of the crystal structures of three 

representative alkoxy disulfides (6, 49 and 50). 

Given the potential to isolate both isomers in a 7/8-ring system such as 207 and 208, 

we decided to use 1,2-benzenedimethanol 170 as our starting diol in order to ascertain 

whether this analogous system would afford the predicted two isomer products. We 

hypothesized that the extra degree of unsaturation would have a minimal impact on the 

relative ground state energies of this system given that in the analogous 5/6-ring systems 

185-188 there was no effect in altering the isomer preference and but a small effect in 

energies at the B3L YF/6-31 G(2d) level. In Chapter 5, we were able to synthesize and 

isolate both the 7-membered thionosulfite 172 as wen as the 8-membered ring alkoxy 

disulfide 171. Moreover under aH the experimental conditions used, 171 was found to be 

the major product formed (58% NMR yield under the same thermodynamically 

controlled reaction conditions - Chapter 5.2, Table 58); thionosulfite 172 could only be 

isolated in maximum of 22 % yield. 
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Besides the heavily studied system in Chapter 5, we were also interested in 

synthesizing other ring-sized alkoxy disulfides (and/or their thionosulfite isomers). We 

next turned our attention to the S2Ch coupling of2,2'-biphenyldimethanol213. 

HO OH 

< ~ ~ ) 
213 

Reaction conditions were similar to those used in the synthesis of acyclic alkoxy 

disulfides (Chapter 4). The crude solution yielded a complex mixtl!re of products where, 

upon chromatographic isolation, alkoxy disulfide 214 was isolated in 25% yield as a clear 

oil which subsequently solidified in the freezer. 

s-s 
I \ o 0 

< 5 ~ ) 
214-

Interestingly, this compound possesses two chiral axes: (1) the OS-SO functionality~ 

(2) the Csp2-Csp2 bond of the biphenyl moiety. Potentially this implies that 214 could 

exist in diastereomeric conformations, which may themselves be isolable. Diagnostic of 

this claim is the IH NMR of214 (Figure 33). From the inset, it is possible to observe two 

ABq systems in a ca. 5:2 ratio, ostensibly related to two distinct conformations. The BC 

NMR ratio of the benzyl carbon signals corroborates this analysis as well. 
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d-b 
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Figure 33. The IH NrvIR (300 MHz) of 214. The inset displays an expansion of the 

benzyl proton region. 

6.3.3 How Do The Calculations Relate To The Experimental Results? 

A generous qualitative reading of the combined set of experimental data on alkoxy 

disulfide systems (Summarized in Chapter 6.3.2) implies that the relative ground state 

energies of thionosulfites 2 and alkoxy disulfides 1 are influenced by a relief of ring 

strain (Figure 32). Moreover, the relative experimental yields of 111 and 172 under 

thermodynamic control are similar to those predicted by the Boltzmann population 

analysis (Table (6). This suggests that the predicted energies accurately reflect the 

physical system. As 111 slowly isomerizes to 172 at ca. 0 QC but unidirectionally 

(Chapter 5 - the isomerization was also observed at elevated temperatures with 

concomitant decomposition of 111) implies that the relative energy difference between 
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171 and 172 is mirrored in the relative energy difference of their respective transition 

states. A coronary to this supposition implies that the transition states are themselves 

late, with minimal bond reorganization in the formation of the products. Though the 

calculations presented do not specifically address a mechanism of isomerization between 

171 and 172, and more generally 1 and 2, it may be inferred that the barrier to 

isomerization is significant given that the ground state energy calculations mirror the 

experimental isolated yields and the observed isomerization is exceedingly slow. 

6.4 Synthetic Experimental Section 

6.4.1 Synthesis of lO-membered ring alkoxy disulfide, 214: 

s-s 
I \ o 0 

< 5 ~ > 
A solution of 2,2' -biphenyldimethanol 213 (214 mg, 1 mmoi, 1 equiv) and NEt) (280 

ilL, 2 mmol, 2 equiv) in 10 mL of CH2Ch was allowed to stir under nitrogen at 0 cc. A 

solution of S2Ch (80 ilL, 1.0 mmoI, 1 equiv) 10 mL of CH2Ch was added dropwise 

over ca. 10 min. The reaction mixture was allowed to stir for a further 5.5 h. The 

reaction mixture was quenched with 15 mL of HzO. The organic phase was washed 3x 

33 mL of H20. The organic phase was dried over MgS04. This mixture was vacuum 

filtered and the solvent was removed first under reduced pressure and then in vacuo. The 

crude mixture was flash chromatographed21 in 10% CH2Ch/hexanes as the eluant to 
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afford a fruity-smelling clear oil which solidified in the freezer. RI (l0% 

CH2Clz/hexanes) 0.09. Yield: 25 %. IH NMR 87.51-7.40 (m, 5H), 7.36-7.31 (m,2H), 

7.21-7.12 (m, 2H), 5.15 (d, O.4H, J = 12.30 Hz), 4.99 (d, 2H, J = 12.60 Hz), 4.59 (d, 2H, 

J = 12.60 Hz), 4.55 (d, 0.4H, J = 12.30 Hz); l3C NMR 870.4, 76.5, 127.6, 127.8, 128.2, 

128.9, 129.4, 129.6, 129.8, 131.4, 134.7, 135.8, 139.4, 140.7; 5:1 of two diastereomers as 

detected by DC NMR, IH NMR. MS (El) m/z 276 (M+@), 228 ~@ - SO) 196 (~@ -

S20); 179 (M+@ -S202H), 165 (M+@ - S202CH3); HRMS. Calcd for CgHgS202: 276.0279. 

Found: 276.027(1). 
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Chapter 7 

Introduction: Polysulfides 
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7.1 Purpose for the Development of an Efficient Synthesis for Tri- and 
Tetrasulfides 

One of the most heavily investigated and promising new modulators of gene expression 

is the phosphorothioate class of oligodeoxyribonucleotides. I
,2 These nuclease-resistane 

antisense analogs are effective in inhibiting gene expression; the inhibitory mechanism is 

presumed to occur via the formation of a mRNA-antisense DNA duplex, which either 

impairs ribosomes from reading mRNA (inhibiting translation),4 or promotes RNase H-

mediated RNA cleavage of the bound mRNA strand. 

Theoretically, any disease with a genetic cause could be targeted by the appropriate 

antisense analog. s Structurally, the phosphorothioates differ from natural DNA by the 

replacement of oxygen for sulfur at one of the two non-bridging positions at each 

interlinking phosphate group of the DNA backbone. 

Antisense drugs have already been approved such as in formivirsen6 (Vitravene), or in 

clinical trials in both Europe and the United States for the treatment of CMV retinitis in 

AIDS patients. 7 The development of economical and safe methods for the synthesis of 

these analogues has become a major focus of research; it is crucial that the sulfurization 

step be highly efficient for maximum nuclease-resistance. 

There are two approaches for the synthesis of phosphorothioate oligonucleotides: the 

H-phosphonate approach or the phosphoramidite method. While the H-phosphonate 

method relies on a single post-chain assembly sulfurization step of an intemucleotide 
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phosphate linkages (using S8 dissolved CS2/pyridine), the phosphoramidite approach 

requires stepwise sulfurization after each coupling reaction. More efficient sulfurization 

occurs in the latter method and thus this is the preferred approach amongst researchers. 

During the past few years, a variety of sulfurizing reagents have been investigated. 5,8· 

22 Of these, 3H-l,2-benzodithiol-3-one l,l-dioxide (Beaucage reagent) 215 has been 

used frequently in large scale (> 150 mmol) synthesis of phosphorothioate drugs. Apart 

from its high cost (>$lOO/g), and non-optimal solubility properties, this reagent suffers 

from inconsistent sulfurization efficiency due to the formation of a cyclic by-product 216 

(3H-2,1-benzoxathiolan-3-one-l-oxide), that acts as a potent oxidizing reagent leading to 

the formation of undesirable phosphodiester linkages. 

Qy Qy ~ 0 ~ 0 

o::::S-s S-o 11 1'" 
0 0 

215 216 

211 218 

s-s 
o~ ~ /'.. 

N or" 

219 
Phosphodiester formation is also possible via the presence of a contaminant in the 

peracid of the precursor to Beaucage reagent. Other sulfurizing reagents, such as 

tetraethylthiuram disulfide (TETD) 217, phenylacyl disulfide (PADS) 218 and 3-ethoxy-
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1,2,4-dithiazoline-5-one (EDITH) 219 suffer either from inefficient sulfurization rates or 

are expensive. 

To facilitate the development of this research, there is a need for an inexpensive and 

efficient sulfurizing reagent that does not possess oxidative properties and is easy and 

economical to prepare. We seek to develop a general method for the synthesis of 

aromatic polysulfides as we believe that such structurally simple molecules might serve 

as potent sulfur-transfer reagents in the formation of phosphorothioates. In order to test 

our hypothesis, we have investigated the room temperature reactions of these polysulfides 

with a model phosphine to demonstrate their efficacy prior to use on oligonucleotides. 

This chapter aims to provide a context for the reader of the general importance23
,24 of 

higher order polysulfides (RSnR; n > 2) in important natural products, the current 

synthetic methods for their formation and some bonding and stereochemical features. 

The following two chapters chronicle our synthetic methodology and our resulting 

kinetics studies concerning the desulfurization of poly suI fides by phosphines. 

7.2 Survey of Some Interesting Natural Polysulfides 

7.2.1 Acyclic PolysuIfides 

Many symmetric as well as asymmetric acyclic oligosulfides (RSnR, n = 3, 4) occur 

naturally (Table (7). They are prevalent in foods such as onions25 and garlic,26-30 
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mushrooms,31,32 aged beers,33 and the unpleasant smelling durian fruit (bread fruit) that is 

found in Indochina.34 It has recently been shown35 that the polysulfides reported in earlier 

studies of garlic oil were formed as a result of the heating during the steam distillation 

process of naturally occurring allicin and diallyldisulfide; the concentration of these 

polysulfides decreases as the number of sulfur atoms increases?6 These 

diallylpolysulfides most probably originated from thermally induced S-S and C-S 

homolytic bond cleavage and subsequent radical recombination?7-39 Garlic research has 

been extensive given that diallyl polysulfides have been shown to demonstrate 

antimicrobial activity; allylmethyltrisulfide can also be detected during a methanol 

extraction. In the specific cases of Heliobacter pylori,4o Staphyolococcus aureus, 

methicillin-resistant S. aureus, three Candida spp. and three Aspergillus Spp.,41 the 

bactereostatic properties increases with the number of sulfur atoms in the chain. In 

addition, unsaturated polysulfides inhibit the growth of certain tumours. 26,42 

Table 67. Some naturally occurring acyclic polysulfides (R1-Sn-R2) 

RJ R2 n source ref 

Me Me 3,4 shiitake mushroom 32 

Me Me 3 oil made from Ferula asafoetide 43 

Me Me 3 geotrichum candidum 44 

Me 2-Bu 3 oil made from Ferula asafoetide 43 

Me, Et,Pr Me, Et, Pr 3 durian fruit 34 

HOC2H4 HOC2H4 3 bacillus stearotheromophHus 222 45,46 

Pr Pr 3,4 azadirachta indica 34 

2-Bu 2-Bu 3,4 oil made from Ferula asafetida (Afghanistan) 43 

Bn C2H4-OH 3 roots of Petiveria alliaceae 47 

Anyl Anyl 3-6 garlic oil 26,36,42 

Anyl AHyl 2-4 adenocalymma aHiacaea 48,49 

Alanyl Alanyl 3,4 wool hydrolysate 225a, 2251> 50 

3-0xoundecyl 3-0xoundecyl 3,4 Dictyopteris plagiogramma (Hawaiian alga) 51 

Me Complex structure 3 Micromonospora echinospora (calicheamicin) 221 52 

Me ComE!ex structure 3,4 Actrinomadura verrucosospora (esperamicins) 53-55 
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Dimethyl trisulfide has been detected in disrupted cabbage tissue and its formation has 

been attributed to the reaction of H2S with methyl methanethiosulfinate 220 and/or 

methyl methanethiosulfonate 221, Scheme 52.56 The origin of compounds 220 and 221 is 

attributed to the cleavage of S-methyl-L-cysteine sulfoxide by C-S lyase (which first 

forms the sulfenic acid, which then couples to itself to form 220 with loss of H20; 221 

forms during a second oxidative reaction).56 Heating of S-propyl-L-cysteine and its 

sulfoxide in the presence of water participate in the formation of important volatile 

trisulfides in Allium vegetables. 57 Dimethyl trisulfide has also been detected as a minor 

flavouring component in most varieties of baked potato (Golden Wonder being the 

exception).58 General reviews on polysulfide compounds in food are available. 59 

220 

o 
11 

• M ,.,8, "Me e 8 

220 and/or 

221 

Scheme 52. Formation ofMeS3Me from damaged cabbage cell tissue. 

Acyclic polysulfides can be found in many organisms such as brown algae60 as wen as 

other organisms.6
! For instance, dimethyl trisulfide (MeSSSMe) has been isolated from 

the mandibular (defense) glands of the ponerine ant, Paltothyreus tarsatui2 whereas 
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dimethyl tetrasulfide (MeSSSSMe) has been detected in the volatiles of swine manure. 61 

Long-chain polsulfides have been isolated from a Hawaiian alga (Table 67).51 Many 

polysulfides such as relatively unfunctionalized bis(2-hydroxyethyl) trisulfide 222,45,46 

isolated from Bacillus stearothermophilus UKS63, have cytotoxic effects: cytotoxicity 

against PSIS mastocytoma cells, promoted increased NO formation, TNF and IL-l 

production, and PGE2 release in the peritoneal macrophages. In addition, the 

decomposition of Leinamycin 223 produces acyclic aliphatic polysulfides, which have 

been shown to induce DNA damage.63 

o 
.':::: 

H~OH ", S 

;y-:. ~"" ~ .... 
N' 0 

-..;: N 0 
~ S H 

Leinamycin 

223 

224 

Trisulfides can also be generated in vivo; cystine, when heated in an acidic medium, 

converts to its trisulfide analog (Bactin or thiocystine), 224, which has bacteriostatic 

action on Lactobacillus plantarum.64
,65 Thiocystine (cystine trisulfide) linkages are found 

in a derivative of the human growth hormone in which as much as 10% of the 

recombinant hormone produced in Escherichia coli exists as the trisulfide linkage 

(between Cys182 and Cys189 in this 191 protein).66,67 Thiocystine has also been isolated 

from genetically engineered Escherichia coli bacteria68 and has been observed in 
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recombinant DNA-derived methionyl human growth hormone as the bridge between 

residues 53 and 165.69 Much research has also been done on analogs of the hormone 

oxytocin.70 The mixed trisulfide between cysteine and glutathione has also been 

detected. 71 

t:!H2 t:!H2 - -
/ySn~ 

o 0 

n = 3 225a 
n:: 4 225b 

Although dialanyl polysulfides (225a, 225b) have been detected in acidic wool 

hydrolysates, it is unclear whether related thiocystine is also part of the intrinsic wool 

structure or is itself derived from cystine during hydrolysis. 5o
,72 In general, thiocystine 

and other highly sulfurated compounds are formed in the anaerobic cysteine sulfur 

metabolism with the notable participation of enzymes such as cystathionase and 

rhodanese (thiosulfate: cyanide sulfurtransferase).73 These compounds participate in cell 

regulation processes and contain antioxidant properties and themselves act as in situ 

sulfurizing agents for tRNA. They have also been shown to influence carcinogenesis and 

imunosuppression. A general review of the formation, regulation and activity of highly 

sulfurated compounds in the body is available. 74 
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226 
Diamino trisulfides 226 are used as pesticides as well as accelerators and crosslinking 

agents in rubber polymerization.75 Many ofthese compounds have significant biological 

. 76 d . f h . d .. . 77 78 h propertIes an reVIews 0 t elr presence an structure m marme orgamsms' ave 

been published. 

Of particular note are the Esperamicins53
-
55 and Calicheamicin Yl1, 227,52,79 potent 

antineoplastic antibiotics80 with modest selectivity for cancer cells. 81 The trisulfide 

linkage in these natural products, upon activation via nucleophilic attack (from a cellular 

thiol such as glutathione), acts as a trigger for a Bergman82 cyclization (Scheme 53) of an 

ene-diyne unit to ultimately give a 1,4-diyl intermediate. The resulting rehybridization of 

the bridgehead carbon (from Sp2 to sp\ after the Michael addition by the now liberated 

thiolate, induces a conformational change that results in a decrease in the interatomic 

distance between the two termini of the ene-diyne subunit (from 3.35 A to 3.16 A). The 

energetically favourable Bergman cyclization then readily proceeds to afford the 1,4-diyl 

which can ultimately induce single strand cleavage and interstrand alkylation via the 

abstraction of two hydrogens from DNA.79 The total synthesis of 227 has also been 

published.76,83,84 
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Scheme 53. A) Bergman cyclization. B) Bergman Cyclization in Calicheamicin "{/ 227. 

Adapted from Ref 79. 
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7.2.2 Cyclic PolysuU1des 

Cyclic polysulfides are also important compounds in foods. Lenthionine 228 is one of 

the major flavouring components isolated from the shiitake mushroom, Lentinus edodes 
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and was the first cyclic polysulfide isolated from an organism. Hydration of dried shiitake 

mushrooms foHowed by pentane extraction and subsequent analysis afforded mainly 

MeS3Me, however when the hydration was carried out under basic conditions (pH 9) 

several cyclic polysulfides were indentified (229 and 230)85,86 as important constituents 

Scheme 54; acyclic polysulfides (Table (7) were also detected. 31
,32 It is widely accepted 

in the literature that highly sulfurated compounds such as 229 or 230 may be formed 

during isolation. Lenthionine and related cyclic methylene disulfides (ring sizes of 6-12) 

have also been isolated from Chondria califomica, a red alga and from the seed of the 

mimosacea Parkia speciosa.87
,88 

. water 
Dned mushrooms (5 kg) • 

s-s 
( I 
S,-""",S 

229 

(560 mg) (300 mg) 

s-s 
S 's 

\ I 
S,-""",S 

230 

(7 mg) 

Scheme 54. Major naturally occurnng cyclic polysulfides extracted from shiitake 

mushrooms at pH 9. 

Many derivatives of 1,2,3-trithiane possess cytotoxic activity.89 Compound 231 was 

isolated from the green alga90,91 Chara globulares whereas related acid 232 was isolated 

from asparagus. 49 Functionalized cyclic trisulfide 233 has been isolated separately from 

the New Zealand ascidian92 Aplidium sp. D as a yellow gum and from the related 

ascidian93 Hypsistozoa fasmeriana. It shows remarkable antimicrobial, antileukemic and 

cytotoxic properties in in vitro testing. 92 
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Benzopentathiepins are known to be biologically active. Related lissoclinotoxin A94 

234 and B95 236 have both been isolated from the tunicate Lissoclinum perforatum. 

These two compounds exhibit potent antimicrobial, antifungal, and modest cytotoxic 

activities.94
,95 Varacin 235,96

0

98 a related benzopentathiepin has also been obtained from a 

tunicate and is also biologically active but unlike the lissoclinotoxins, does not possess 

any antimicrobial activity. The total synthesis of Varacin from vanillin has been 

reported. 99, 100 These three compounds are an structurally related and possess a similar 

biosynthetic pathway to that of dopamine 237.96
,99,100 
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Sporidesmin C Sporidesmin E Sporidesmin G 

238 

Sporidesmin E 101
,102 239, the trisulfide analog of Sporidesmin and related Sporidesmin 

ClO3 238 have been isolated from an extraction of Pithomyces chartarum,101,102 a fungus 

which is found in New Zealand and which is responsible for liver damage and facial 

eczema in sheep. The same organism also produced the tetrasulfide analog, Sporidesmin 

G 240. 104
,105 The Sporidesmin series of compounds, an of which contain a core 

piperazinedione ring, all possess biological activity but are less well studied than the 

simpler cases reviewed above; Sporidesmin E is a particularly cytotoxic mould. 106,107 

Other compounds containing the piperazinedione core include the tri- 24la and 

tetrasulfide 24tb homologues of acetylaranotin, an antiviral metaboHte produced by 

Aspergillus terrus and Arachniotus aureus. 108
,109 These compounds have been shown to 

have comparable antiviral activity to the parent. Thiodehydrogliotoxin 242 has been 

prepared from dehydrogliotoxin by reacting it with H2S2. 104 The chemistry and 

chiroptical properties of this compound have been extensively studied. 106
,107,HO,1l1 

Sirodesmin Cl12 243 has been identified as a metabolite of the fungus Sirodesmium 

diversum. Structurally related hyaldendrin ll3 244 and Verticillin CH4 245 and their 

respective tetrasulfide homo logs have been isolated. Il3
,HS,1l6 
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7.3 Synthesis of Polys uIfides 

thiodehydrogliotoxin 

242 

Sirodesmin C 

243 

1'1 = 2 and m:: 3 
or n :: 3 and m :: 2 

Verticillin C 

245 

The following sections represent a literature overview of the syntheis of polysulfides. 

Emphasis is placed on the preparation of symmetric acyclic tri- and tetrasulfides as it is 

these compounds that are highlighted in subsequent chapters. For context, the synthesis 

of acyclic un symmetric tri- and tetrasulfides and higher order polysulfides (both cyclic 

and acyclic) are also covered. 
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7.3.1 The Synthesis of Acyclic Symmetric Tri- and Tetrasulfides 

The preparation of symmetric, acyclic trisulfides is well documented. 23 The methods 

include the use of suI fur dichloridell7
,1I8 with thiols in the absence of base (some authors 

have found it difficult to obtain consistently good yields ll
\ the coupling of alkyl halides 

with sodium trisulfide in the presencel20 and absence121 of phase transfer catalysts, 

mixtures of thiols l22,123 or disulfides with suI fur, 124 the reaction of a metal sulfide with 

alkanesulfenyl chlorides l25 and thiosulfonates, 119 the reduction of thiosulfonates and 

disulfonyl sulfides with phosphines126 as well as sulfur insertion reactions into 

thiosulfinates, thiosulfonates,127 sulfides and disulfides. 128,129 In a rare case, the reaction 

oftrithiocarbonate (CSl-) with aryl sulfenyl chlorides afforded the trisulfide in high yield 

(Scheme 55).130 

- 2 cr 2 C6CI5-S-Ci + CS32- ____ ..... ~ 92% 

- CS2 
Scheme 55. 

Preparation of the analogous tetrasulfides is not as wen researched. To our knowledge, 

there exists no comprehensive study of the formation of this class. Oxidation of 

hydrodisulfidesJ31 in the presence of iodine, coupling of thiols with dialkoxy disulfides 

(ROSSOR),132,133 sulfur insertion reactions129 and electrophilic aromatic substitution with 

sulfur monochlorideJ34-136 have aB been reported as preparative methods. 

Compounds bearing the N-Sn-N linkage (15, 246-250)137,138 can be used as one and two 

sulfur transfer reagents in the formation of symmetric tri- and tetrasulfides via the 
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coupling of thiols. 139,14o Mild conditions and easy work-up due to the ease of collecting 

the insoluble amine (solvent: benzene) make this a highly attractive method and has been 

used in the synthesis of peptide trisulfides. 141 

248 

N0N-S-N~N 
\ I n \ I 
'-=N N=t 

249 

n = 1, 2 

~N-S-N~ 
~' n~ 

o 0 
247 

7.3.2 Synthesis of Acyclic Unsymmetric Tri- and Tetrasulfides 

The synthesis of unsymmetric trisulfides is more difficult. Among the known 

procedures are the coupling of chlorodisulfides with thiols142,143 or similarly with N­

arylamidthiosulfites.144 Other methods require the use of unwieldy and often unstable 

hydrodisulfides (RSSH)145 or the deoxygenation of highly functionalized 

dialkanesulfonic thioanhydrides (RS02SS02R,).126 Unsymmetric trisulfides have been 

accessed through a mild sequential procedure developed by Barany146 in modest to 

excellent yields (25-100%) wherein the key intermediate is an 

alkoxycarbonyldithiasulfenyl chloride (Scheme 56). Petroleum additives displaying 

lubricating propertives have been synthesized via this protocol. 147 The use of stable alkyl 
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or aryl phthalimido disulfides as sulfur transfer reagents l48 has been used as a key step in 

the preparation of calicheamicin 1,1, 227?6 Another method involves the sequential 

coupling of two thiols using sulfur dichloride. 149 

0 
.. R)lS.-snR + HCI 

0 
0 0 

• R)lS .... S'CI + 
R)lCI 

0 

R)lS.-S's.-R1 + HCI 

o 
RAS .... S ..... S .... R1 + R2SH 

R=OMe 

Scheme 56, Sequential formation of un symmetric trisulfides 

The condensation of N-sulfenyl chloride (R2N-SCl), which may be isolated from the 

reaction of a 1: 1 ratio of SCh to amine, with a thiol affords the unsymmetric R2NSSR 

disulfide derivative. This intermediate may then be coupled to a second thiol, displacing 

the amine to prepare unsymmetric polysulfides. 148 To our knowledge, no generalized 

method exists for the formation of unsymmetric tetrasulfides in high yield although two 

such tetrasulfides were formed 149 using sulfur monochloride as the coupling reagent. 
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7.3.3 Synthesis of Higher Order PolysuU'ides 

There are fewer methods to access consistently higher order polysulfides (n > 4). 

Recent methods include the use of titanocene polysulfide complexes,150,151 e.g. 

C T'S 152-155 C T' S 156 C T' S 157 (C 5 CH) d C * T' S 158 (C ok 5 P2 I 5, P4 12 4, P2 12 6, P = 11 - 5 5 an p 2 12 3 P' = 11 -

CH3C5~). Although these conditions for the formation of polysulfides are mild, they 

suffer from the need to pre-synthesize chloropolysulfanes, a synthesis which is intolerant 

of protic functional groups; direct sulfur insertion into trityl chloride is also possible. 159 

Titanocene polysulfides have been most notably used in the formation of sulfur allotropes 

S/60 and S14. 159 Sequential coupling of thiols with alkoxy disulfides (to form the 

corresponding tetrasulfide) then with CP2 TiSs has also been reported to form 

undecasulfides. 161 Other organometallic reagents such as ZDMC I62 or (TMEDA)ZnS6163 

have also been used as sulfur transfer reagents both in the formation of organicl58,164 and 

inorganicl65 polychalcogens. 

Access to higher order polysuIfides is possible under thermal conditions through the 

use of elemental sulfur S8, (usually in the presence of 0lefins l66) which acts as an 

electrophilic source of sulfur in the presence of a catalyst such as NH3,167 DABCo!68 or 

Na2S.169-171 Sometimes with unusual unsaturation (Scheme 57)172,173 or through the use 

of diazomethane,174 the catalyst is not even needed; however these methods are not 

general. For example, squalene reacts with sulfur to form in part a bimolecular product 

with the formula C60HlOOS6.175 The synthesis of pentathiepins in low to moderate yield 
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from the thermolysis of 1,2,3-benzothiadiazoles in the presence of S8 has also been 

reported. 168 

DMF 130°C 

R R Sg 

)
)=. =z:=( 

R R DMF 130°C 

S 
A's 
S 's ..... s 

Scheme 57. Sulfur addition onto unsaturated systems in the absence of a catalyst 

Although not synthetically useful, heptasulfide 251 was generated from what is 

believed to be in situ generation of S2- from CS2 and NaOEtlEtOH and subsequent 

concatenation and condensation with amine 252 and chloroacetone (Scheme 58). 

2.4% 

Scheme 58. In situ generation of S2- in the formation of heptasulfide 251 

Highly reactive higher order dichloropolysulfanes such as S3Ch may also be prepared 

and then coupled with thiols in good yield. 176 Preformation of thermally labile 

hydrodisulfides such as Ph3CSSH and subsequent reaction with SCh afforded the 

310 



corresponding pentasulfide in modest yield. l77 Three-sulfur insertion into disulfides 

using Ph3CSSSCI provides access to symmetric pentasulfides in good to excellent 

yield. 128 

7.4 Connectivity of R-Sn-R (R = alkyl or H) 

To date,178 no organic polysulfide has been detected in the solid or liquid phase that 

contains a branched, thiosulfoxide arrangement (R2S=S 94b). The concept of 

hypervalent sulfur species was first introduced by FOSSl
79 although reports of the 

existence of thiosulfoxides are found in the literature dating from the early twentieth 

century, most specifically dealing with the distillation of Levinstein H (mustard gas). 180 

The controversy surrounding the existence of thiosulfoxides both as reactive 

intermediates and as stable entities has not abated. 

Recentlyl81 it has been shown via tandem mass spectrometry that in the gas phase, 

thiosulfoxides are stable entities both as radical cations as wen as neutral species (R2S=S, 

R = H, CH3, C2HS). Steudel provided evidence by IR (bands at ca. 670 cm-I) more than 

30 years ago that branched-sulfur arrangements (-S-S(=S)-S-) could exist in sulfur 

homocycles at temperatures below -150 °C. 182
,183 Calculations at the MP2/6-31 G* level 

of theory now demonstrate that although the unbranched disulfide connectivity is more 

stable, that of the thiosulfoxide represents a local minimum. 184 Another study showed 

that although HSSH is the global minimum by ca. 38 kcallmol in the isomerization of 

HSSH 69a <=:> H2S=S 69b, H2S=S 69b was also nevertheless found to exist as a true local 
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minimum on the potential energy surface. 185 Schleyer,186 in a comprehensive theoretical 

study, showed that the energy stabilization for XSSX 94a (X = H 69a, CH) 7la) with 

respect to the branched isomer is large (averaging 33 kcal/mol and 19 kcallmol 

respectively for 69a and 71a) and proportional to the S-S bond length. Bonding of 

hypervalent and non-hypervalent species of this type are similar and do not involve any 

special S-3d orbitals according to natural population analysis. The hypervalent-like 

structure of 94b is better characterized as a polarized a-bond (the terminal sulfur being 

negatively charged) with its strength depending on the electrostatic interactions and the 

.. f h X 187 ongm 0 t e group. 

Steudel and co-workers showed via ab initio calculations that thiosulfoxides (R2S=S, R 

= H, CH3) should be both kineticaHy and thermally stable at low temperatures. However, 

they determined that the unimolecular isomerization barrier to the more stable disulfides 

(MeSSMe is calculated to be ca. 20 kcallmol more stable than Me2S=S whereas HSSH 

x (£> X 
\ X···'IS, X' .• ,S .... SG X'IS S-S , 'S -- X", 

"X X X X 

94a 941:> 253 

69a is calculated to be ca. 34 kcallmol more stable than H2S=S 69b) would be 

energetically unfavourable (ca. 81 kcal/mol and 52 kcallmol respectively for Me and H 

for a X2S2 system) and that at low temperature they should exist as discrete entities. 184 

These studies corroborate previous theoretical187,188 and experimental188-193 studies in this 

area. A corollary to this is that at lower temperatures « 1 00 CC), thiosulfoxides cannot 

be invoked as intermediates in interconversion reactions involving polysulfides. 
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It should be noted that in a recent work, Steudel194 probed the formation of sulfuranes 

253 as possible hypervalent intermediates in the interconversion of suI fur allotropes and 

of chain like polysulfides at moderate temperatures and found these species to be too 

energetically disfavoured; the formation of thiosulfoxides as intermediates at similar 

temperatures had previously been investigated and also found to be energetically 

disfavoured. 195 It was therefore concluded that such reactions proceed through a radical 

dissociation mechanism at higher temperatures and are initiated at more moderate 

temperatures by either trace nucleophile impurities in solution or by polar groups present 

on the reaction vessel which themselves may serve as catalysts. 

Prior to the mass spectrometry study by Gerbauxl81 and co-workers, the existence of 

thiosulfoxides had only been inferred. Baechler and co-workers in two studies relating to 

sulfur-transfer proposed that thiosulfoxides are intermediates in the eventual 

deoxygenation of sulfoxides with thiophosphoryl bromidel96 PSBr3 or phosphorus 

pentasulfidel97-199 P4SlO (Scheme 59a - probably proceeding in a similar manner to the 

oxaphosphetane formed during the Wittig reaction) as wen as in the sulfurization then 

isomerization of aHylic sulfoxides (via a [2,3]-sigmatropic shift) to the corresponding 

disulfide using BZS3 (Scheme 59b);zoo-zoz thiosulfoxide intermediates have also been 

posited in the formation of sulfides from the reaction of sulfilimines (RzS=N-X; X = H, 

Tos) or sulfur ylids with P4SlO.z03-205 Phosphorus pentasulfide, P4Sw, in particular has 

been synthetically useful. Illustrative examples include its use, in the presence of 

pyridine, to deoxygenate penicillin 254 and cephalosporin 255 sulfoxides206 as well as 

allenyl sulfoxides.207 

313 



A 

El 

very fast. RR'S + "S" 

/ R-S-CHDCH=CH, + "s· 

[ R(S=S)CHDCH=CH2] 

~ R-S-S-CH,CH=CHD 

Scheme 59. Generation of thiosulfoxides as intermediates 
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The existence of an undetectably small equilibrium between allylic disulfides and their 

thiosulfoxide isomers was proposed by Mislow as far back as 1971 in order to account 

for the formation of allyl disulfides from the reaction of allyl sulfides with sulfur 

(Scheme 60a)208 or the sigmatropic rearrangement of allyl disulfides (Scheme 60b). 209 

Desulfurization of allyl disulfides with Ph3P below 100 QC was also proposed to proceed 

via a thiosulfoxide transition state;21O saturated disulfides did not desulfurize under these 

conditions. 211 Others have also implied the formation ofthiosulfoxides although they too 

were not able to detect their existence. 199
,212 Steudel184 has calculated that even though 

MeSSAHyl is more stable than MeAllylS=S by ca. 20 kcal/mol, its isomerization only 

reqmres ca. 26 kcal/mol, much less than that calculated for saturated disulfides (vide 

supra). 
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Scheme 60. Thiosulfoxides as intermediates in isomerization reactions 

Thiosulfoxides have been proposed as intermediates in photolytic213 (Scheme 61a) and 

thermolytic214,215 (Scheme 61b) desulfurization reactions. 

A 

B 

Scheme 61. Thiosulfoxides as intermediates in thermal and photochemical reactions 

Thiosulfoxides have also been postulated as intermediates in the efficient and 

efficacious reduction of sulfoxides with TF AA-H2S system (>90%, 5 mini16 or 

hexamethyldisilathiane2J7 [(Me)3SihS to the corresponding sulfide; in the latter case, the 
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increased strength of the Si-O (ca. 106 kcallmol) bond over that of the Si-S (ca. 70 

kcallmol) bond provides the driving force for the reaction. 

An explanation of the work to date suggests that the heat of formation ofthiosulfoxides 

and branched sulfur species in the interconversion of sulfur homocycles218 lie as little as 

ca. 10 kcallmol above the unbranched disulfides. 215,219 

Little work has been done on the isomerization of higher order polysulfides to their 

respective branch-bonded isomers. Barnard has proposed a branch-bonded trisulfide as 

an intermediate in the thermal racemization of bis-(l,3-dimethylbut-2-enyl) trisulfide. 220 

Safe and Taylor were proponents of an equilibrium between branched and unbranched 

trisulfides as an explanation of the conversion of disulfides to trisulfides by reaction with 

H2S269. 104 Recently the ground state energy difference between H2S6 and (HSS)2S=S 

has been calculated at a high level of theory (G3X-(MP2)) to be only ca. 13 kcallmol at 0 

K. 221 However, to date no evidence exists for branched isomers of poly suI fides (n> 2). 

Branch-bonded X2S=S structures have been detected and are considered stable entities 

when X is electronegative the physical properties of these compounds (where X = F, 0, 

Cl, Br) are covered extensively in Chapter 2. 
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7.S Structure and Conformational Analysis of Polysulfides 

The conformational analysis of polysulfides has been reviewed. 222,223 To date, the 

crystal structures of more than 30 acyclic polysulfides have been resolved by X-Ray 

analysis.224 In rare cases, electron diffraction has been used to elucidate the structures of 

R-Sn-R In addition, the structures of sulfonium cations 256a225 and 256b226 have been 

determined. 

+ 
S-S-Me 
I 
S 

SbCle-

As stated above, all crystal structures of polysulfides (up to nine sulfurs), indicate 

unbranched chains. Typical values for the geometry of polysulfides are r(S-S) = 2.05 ± 

0.04 A, 8(S-S-S) = 107 ± 3° and 't(S-S-S-S) = 85 ± 20°. Each S-S centered dihedral angle 

may exist in one of two forms as in Scheme 62; in the case of disulfides this results in 

enantiomers. 

R 

R-4 
counterclockwise rotation 

M or (-) 

R 

@-R 
clockwise rotation 

P or (+) 

Scheme 62. Two possible dihedral angles which may be adopted about the S-S bond 

and the nomenclature that characterizes these dihedral angles. 
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Thus a polysulfide may be characterized in terms of an overall helicity if all the 

dihedral angles are P (a right-handed helix) or M (a left-handed helix). It is also possible 

to have less ordered polysulfide chains although these are not as common. It is the 

minimization of the repulsion of non-bonding p electrons on adjacent sulfurs which is 

responsible for the observed ca. 90° dihedral angles~ the as-s and as-c bonds are thus 

almost entirely p in character. 

Recall that the rotational barrier227 for MeS-SMe 71 was initially calculated to be 6.8 

kcallmo1.228 AHinger229 determined that such a barrier was due to rotation through a 

trans transition state. The cis barrier was calculated to be ca. 3.5 kcal/mol greater than 

that of the trans barrier. IR230 and Raman231 measurements put this barrier at 7.3-9.5 

kcallmol. The trans barrier for HS-SH 69 was calculated to be 5.0 ± 0.2 kcallmot232 

The torsional barriers for higher order polysulfides have not been accurately determined 

but calculations for related H2Sn (n = 2-4) systems suggests that such barriers decrease 

with sulfurs directly attached to the S-S moiety of interest (HSS-SSH barrier233 found to 

be 6.2 kcal/mol). Calculations for HSSSH and MeSSSMe show rotational barriers of 7.1 

and 7.4 kcallmol respectively?34 Such low barriers necessitate that rotamers are averaged 

on the NMR time scale and cannot therefore be distinguished from one another by this 

means. 
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Table 68. Geometric parameters of symmetrically substituted polysulfides R-Sn-R. 

Adapted from Ref 24. 

R method" n r(8-5) A 6(5-5-5) deg 't(S-S)b de~ ref 

Me ED 3 2.046 107 80 235 

2-nitrophenylC X-Ray 3 2.050, 2.054 106.4 81.7,87.8 236 

2-nitrophenyld X-Ray 3 2.060 110.6 79.6 237 

(Me3Si)3C X-Ray 3 2.057, 2.066 112.5 93.2,104.6 238 

P3C ED 3 2.040 105.3 89 239 

P3C X-Ray 3 2.041 106.7 88.5 240 

Cl3C X-Ray 3 2.034 106.0 93,95 241 

n-C1sH37 X-Ray 3 2.023, 2.030 106.3 72.8,67.3 242 

2-benzothlazoyl X-Ray 4 2.027 (2x), 2.073 106.4 78.5 133 

4-chlorophenyl X-Ray 4 2.067, 2.036, 2.023 107.4, 108.4 75.5 133 

CN X-Ray 4 2.017,2.068 (2x) 106.3, 106.7 84.8 243 

P3C ED 4 2.034, 2.054 106.8 84,98 239 

n-CJSH37 X-Ray 4 2.018,2.060 105.3 63.5,75.9 242 

Ph3C X-Ray 5 2.04,2.02,2.05,2.01 109, 106, III 76-97 156 

Ph3C X-Ray 6 2.024-2.070 104.8-108.5 88.7-101.4 156 

CN X-Ray 6 2.034-2.074 105.0-106.0 81.2-94.5 244 

C13C X-Ray 7 2.018-2.059 103.6-107.1 79.7-91.1 155 

CN X-Ray 9 2.041-2.078 104.3-106.8 80.2-94.8 245 

a) ED, electron diffraction (gas-phase). b) In the case of chiral molecules, the torsional angles oHhe 
corresponding enantiomers are all oppositely signed. c) Triclinic allotrope. d) Orthorhombic allotrope. 

The geometric features of a representative set of polysulfides are shown in Table 68. 

Many of these compounds are chiral in the solid state (with helical chirality with point 

group symmetry of either en or Dn with n = 1, 2). It should also be noted that the 

parameters cited have widely varying errors and in the case of resolved X-ray structures, 

are influenced by intermolecular interactions. Although chiral molecules usually 

crystallize within the unit cell to afford equal populations of each enantiomer, there exist 

some cases in which enantiopure crystals have been obtained. For instance S9(CN)z 

crystallizes from CS2ln-hexane (enantiopure) despite the 210 different conformations it 

can adopt (for rotation about S-S bonds).245 
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tfans cis 

A 
Figure 34. Conformations oftrisulfides 

Most trisulfides adopt a trans conformation (Figure 34A) with a local C2 symmetry for 

the central trisulfide core and an organized helicity (M,M or P,P). Dicyanotrisulfide is an 

exception to this rule; it prefers to adopt the cis conformation (Figure 34B) in the solid 

state. 246 It is believed that there exists a neighbouring group stabilization between the 

nitrile nitrogens and that of the central sulfur affording a M,P conformation (or P,M for 

its enantiomer). Similar stabilization is observed in bis(2-nitrophenyl) trisulfide which, 

in its triclinic form, contains weak interactions between the oxygens from the nitro 

groups and those of the neighbouring terminal sulfurs;236 the orthorhombic crystals do not 

contain these interactions.237 The conformational preference for a helicity within the S-S-

S core is even kept with bulky R groups (R = (Me3Si)3C).238 The electron diffraction for 

MeSSSMe was recently interpreted to be mostly that of the tram; conformation (Figure 
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34A).247 Molecular mechanics234 and ab initio247 work accurately describe the geometric 

parameters for MeSSSMe and both predict that the trans conformer is the most stable but 

interestingly Snyder234 showed (albeit by a more primitive calculational method) that it 

was only so by ca. 1 kcallmol; the difference being attributed to SH and SC dipole 

effects. Although the r(S-S) are similar for MeSSSMe to that of ChCSSSCCh and 

F3CSSSCF3 the latter two have decreased 8(S-S-S) and increased T(S-S) angles. This 

may be due to the increased steric bulk of afforded by the trihalomethyl groups. 

The four tetrasulfide crystal structures in Table 68 all exist in a trans-trans 

conformation all of which contain local helicity (Figure 35). Local helicity is also 

observed in the only resolved crystal structure of a pentasulfide. However, this is not the 

case for the hexasulfides. These adopt a more compact, less ordered conformation. The 

crystal structure of (ChC)zS7 is helical; in contrast, the conformation of (CN)2S9 is almost 

cyclic. 
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trans-trans cis-cis 

A B 
Figure 35. Conformations oftetrasulfides 

7.6 Concluding Remarks 

The preceding cogent review on polysulfides provides a firm basis for understanding 

the importance these classes of molecules play Nature. It also provides a synopsis of 

the published synthetic methodology for polysulfides. This puts into a context our 

interest in optimizing the yields of tri- and tetrasulfides as well exploring their usefulness 

as sulfur transfer reagents and therapeutics. 
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Chapter 8 

Synthesis of Acyclic Aromatic Polysulfides (Ar-So-Ar; n > 2) 
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8.1 Synthesis of Aromatic Tri- and Tetrasulfides 

As part of our research effort dedicated to the pursuit of rapid and effective sulfurizing 

agents of oligonucleotides, we decided to test symmetric tri- and tetrasulfides as possible 

substrates. We thus required pure samples ofa variety of symmetric polysulfides. 

We report a modification of two literature procedures1
,2 (Scheme (3) to form aromatic 

trisulfides 257 a-d, wherein yields and purity are significantly improved. We also report 

for the first time the synthesis of a corresponding set of aromatic tetrasulfides 258a-d. § 

All compounds were characterized by IH Nl\1R, I3C Nl\1R, MS, and HRMS or elemental 

analysis; crystal structures of257b and 258b were also obtained.3 

To solutions of easily accessible aromatic thiols 259a-d and equimolar pyridine in 

anhydrous diethyl ether were added a freshly distilled solution of either sulfur dichloride 

SCh (for 257a-d) or sulfur monochloride S2Ch (for 258a-d) at -78°C (Scheme (3). 

After workup, the sample was usually analytically pure but could be recrystallized in the 

freezer from n-pentane. The procedure was readily scaled up to 10 g. 

§ This work has been published: Zysman-Colman, E.; Harpp, D. N. 1. Org. Chem. 2003, 
68,2487. 

347 



R-Q-SH 

R = H 259a 
R = CH3 259b 
R = Br 259<: 
R = NOz 259d 

Scheme 63. 

ether; ~78° C; 2 h 

R=H 
R= CH3 
R = Br 
R= N02 

n = 1 257a; n = 2 258a 
n = 1 251b; n = 2 2581:» 
n = 1 251<:; n = 2 258<: 
n = 1 251d; n = 2 258d 

The use of freshly distilled sulfur monochloride, ether as the solvent, with pyridine as a 

hydrochloride sink and possible activator, were all necessary components of the reaction 

in order to ensure the purity of the product and its high yield (Table (9). Maintaining the 

temperature at -78°C may also serve to increase purity as compared with previous 

syntheses.4
,5 We investigated this criterion by repeating the reaction for the production of 

258b at 0 °C and at room temperature, Table 70. The yields remained high but decreased 

slightly with increasing temperature; the purity of the sample increased slightly with 

increasing temperature. It therefore seems that the coupling rate of the second equivalent 

ofthiol to the intermediate (Scheme (4) is faster than its potential decomposition. 

348 



Table 69. Data for Tri- and Tetrasulfides 

Entry Thiol S"Ch" Product Yieldb (%) MpCe) lit. Mp ("e) 

1 1 257a 61 62-63 ca. 56 
259a 

2 2 258a 71 41-42 34-357 

3 1 257b 97 88-89 82-844 

259b 
4 2 258b 99 73-75 oils, d, 71_729 

5 1 257c 97 72-75 68-7C 70-71 10 , 
259c 

6 2 258c 97 64-68 

7 1 257d 90 140-145" 114-11610 

259d 
8 2 258d 99 163-167 

a) n = 1 for sulfur dichloride, n = 2 for sulfur monochloride. b) Yields reported after one 
recrystallization. c) Sample turned dark yellow at 131-133 QC. d) The combustion analysis in the 
reference is not accurate and the claim of synthesis should be questioned. 

Table 70. Temperature Study ofThiol Coupling with Sulfur Monochloride 

Entry 

1 

2 

3 

Product 

258b 

258b 

258b 

Temperature ("e) Yieldb (%) 

-78 99 

o 91 

RT" 86 

a) RT = 25 ± 1 QC. b) Yields reported after one recrystaUization. 

71-72 

74-75 

The addition of pyridine as the amine base distinguishes this method from previous 

uses of sulfur dichloride or sulfur monochloride as coupling agents. While this is a 

simple alteration in the normal procedure, the greatly enhanced yields and purity clearly 

demonstrates the advantage. It is likely that the increased yield and higher purity is 

because the pyridinium salt is insoluble in the ether solvent. Upon addition of the yellow 

chlorosulfane to the thiol/pyridine solution, an immediate conversion to a white 

precipitate was observed. The precipitation of this pyridinium salt by-product apparently 
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drives the reaction to completion. It may also be that the activated intermediate is that of 

a sulfenyl pyridinium complex or a thiosulfenyl pyridinium complex (Scheme 64). 

Activated complexes of sulfur mono chloride are not without precedent. H 

The nitro analogues, 257d and 258d also precipitated from solution. In an cases, no 

higher order polysulfides were observed upon completion of the reaction. This proved to 

be important and beneficial as separation of polysulfides by chromatography is often 

problematic as a result of their very similar properties. 

Compound 257a had previously been reported to be an oil;5,12,13 however, after being 

placed in the freezer in n-pentane for 24 h, pure crystals formed. 

R-Q-SH 

R:: H 259a 
R:: CH3 259b 
R:: Br 259c 
R:: NOz 259d 

Scheme 64. 

ether; -78
0 

C; 2 h l!I> l R-Q-S-Sn-\ ) 1 CI­

- HPy+cr 

j- HPy'cr 
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This optimized method provides a convenient preparation of acyclic aromatic tri- and 

tetrasulfides in high yield and purity from readily accessible materials under very mild 

conditions. 

8.2 Physical Properties and Conformational Analysis of Aromatic Tri- and 

Tetrasulfides 

Crystal structures of 257b and 258b were determined (Figure 36). The geometry of 

these aromatic polysulfides for the most part is unexceptional14-16 compared to that 

previously reported for others of this class (aromatic polysulfides), with an average S-S 

bond length of 2.045 A for the two. The S-S-S bond angles are comparable with other 

aromatic trisulfides (ca. 107°).14-16 Interestingly, whereas the conformation of 257b 

contains left-handed helicity (P,P), that of 258b is less ordered with a (M,P,P) 

conformation; the S-S dihedral angles are ca. 85°. This disorder is unusual in 

tetrasulfides. 
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2511:» 

A 

Figure 36. Stick representations of A) 257b; B) 258b; C) Newman projection of258b 

Bis( 4-methylbenzene )disulfide 260b is a white solid whereas 257b is light yellow and 

258b is dark yellow. We observed an initial correlation between the number of sulfur 

atoms in the polysulfide chain and the colour of the compound. The chromophore was 

being altered to absorb at longer wavelength with the inclusion of an increasing number 

of suI fur atoms. We thus undertook a UV study of 257b, 258b and 260b, Figure 37. We 

hypothesized that there may exist a correlation between the number of sulfurs present in 



the polysulfide chain and the observed A.max. The A.max values unfortunately were not 

diagnostic for the observed colour change. This may be due to the fact that we were at 

the edge of detection of the instrument with a larger signal-to-noise ratio in this region 

(ca. 250 run); the observed yellow colours are due to our perception of the entire 

absorbance spectrum of each compound, a spectrum that would be expected to be 

detected at these short wavelengths. 

UV spectra ofR-S..-R,,. = 2-4 

1.8 

Entry Cmpd S,' '-n,,,(nm) 

1-6 260b 2 243 

2 257b 236 317 364 (minor) 

1.4 
258b 4 236 320 

a) R·S.·R: where R'~ 4-methylbenzene. 

--/.~s 
''=~s-G'-

26<Jb 

250b 

240 260 280 300 320 340 360 380 400 

Wavelength (.m) 

Figure 37. UV spectra of 257b, 258b and 260b determined in CDCh 

It has been shown that the downfield shifts of protons on carbons adjacent to 

polysulfides increase incrementally with increasing numbers of sulfur atoms. 17
-
20 

Interestingly, the IH NMR chemical shift of the of the tolyl peak moved downfield as the 

number of sulfurs increased in the polysulfide chain from 1-6. This is graphically shown 

in Figure 38. It is believed that we might be able to exploit the long-range influence of 



the polysulfide moiety on the tolyl group by using this resolvable signal as a probe in 

kinetic reactions (c! Chapter 9). To our knowledge this type of long-range 

communication of chemical shift information is rare. In this case it is most likely due to 

the rigidity of the tolyl group which, in essence, acts as if it were a methyl group as well 

as the ability of the benzene ring to act as a medium for communicating the number of 

sulfurs present in the polysulfide chain. This translation of lH NMR chemical 

information did not extend to DC NMR which remained virtually unchanged. 

2.38 1 , 
i 

-2.36 ~ 
E : 
0.. I 

E;2.34 ~ 
it: i 
~2.32 ~ 
ia I 
.!:!2.30 l 
~ I 

i3 2.28 t 

Chemical Shift Comparison 

-+-i.----.----~--------~--------~--------~--------~ 2.26 . 

1 2 3 4 5 6 

Figure 38. Chemical shift of the 4-methylbenzene (tolyl) groups of 259b-262b. 

Average error of 0.001 ppm estimated based on the standard deviation afforded from 10 

independent lH NMRs of 257b, 259b and 260b; the lH NMR of 258b and 262b were 

each determined twice with similar error. 

Polysulfides can equilibrate thereby complicating product analysis. 21 This 

phenomenon can be accelerated in the presence of light and/or heat amongst other 

catalysts. Mass spectrometry may also be misleading as parent peaks in a mass spectrum 

can appear as a result of modest isomerization of the compound.22 We were fortunate to 
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be able to detect the molecular ion in an cases. Moreover for 2572, 257b, 2582 and 

258b, we were able to detect successive loss of all labile sulfurs. For 257c, 257d, 258c 

and 258d this was only partially successful owing to the thermal lability of the Br and 

N02 groups. 

All compounds in Table 69 were bench-stable for months; however, on exposure to 

light they would decompose in a matter of hours, forming different-order polysulfides of 

n = 2-6. No special precautions need be made with respect to air exposure if the 

compounds are weighed and used directly. Thermally, tetrasulfides were less stable than 

their trisulfide counterparts. It has been suggested that the increased conformational 

flexibility afforded by the extra sulfur atom increases the entropy and thus lowers the 

thermal stability.23 The nitro group significantly increased the thermal stability of the 

compounds. 

8.3 An Investigation into the Synthesis of Higher Order Poly§ulfldes via 

Sulfur Insertion 

We were also interested in developing a synthetic route for higher p-tolyl polysulfide 

homologues. This was particularly important as we required authentic samples with 

which we could compare the lH NMRs of the product distributions in our kinetics 

experiments (vide infra, Chapter 9). We thus undertook to try and synthesize bis(4-

methylbenzene) pentasulfide 261 band bis( 4-methylbenzene) hexasulfide 262b. 
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Previous work has demonstrated the facile insertion of 1_,24 2_,25 and 3-sulfur26 atoms 

into disulfides using tritylchloropolysulfanes (Tr-Sn-Cl, n = 1-3). We were particularly 

attracted to the reported facile use of the stable tritylthiosulfenyl chloride 263. 

263 

It was hoped that this insertion process might be extended to higher order polysulfides. 

The proposed mechanism of sulfur insertion is outlined in Scheme 65. To a stirred 

solution of 258b in a 1: 1 mixture of CH2Chl AcOH was added equimolar 263 in CH2Ch 

and the mixture was allowed to stir for ca. 20 h at room temperature. This afforded 262b 

in 91 % yield. IH NMR analysis of the crude mixture indicated the presence of 262b as 

well as a trityl alcohol by-product. The presence of262b was confirmed via HRMS; it is 

known that trityl functionalities are stable radical cations and its signal would not hinder 

identification of the then unknown polysulfide. As with 257b and 258b, the low 

resolution MS contained the molecular ion with peaks corresponding to the successive 

loss of each labile sulfur. 

Attempts to synthesize 26tb in an analogous fashion from 257b failed. The IH NMR 

analysis indicated the presence of mainly 258b but also of unreacted 257b. The presence 

of an unknown 4-methylbenzene group was inferred to be 26tb based on its relative 

chemical shift to that of other known authentic homologues. This is interesting as this 

356 



seems to mean that in this case 263 is acting mainly as a I-sulfur transfer reagent whereas 

in the previous case it was acting as expected, as a 2-sulfur transfer reagent. It is unclear 

what accounts for this change in chemistry but sterics must be ruled out as Rys25 had 

clearly shown that 260b can insert 2 sulfurs to form 258b. 

~ ~ -Ph3CCI 
R-S-S-S-S-R Tr-S-S-CI --~ R-S-S-S-CI Tr-S-S-S-R .. R-Se-R 

258b 263~ 

Scheme 65. Formation of262b (R = 4-methylbenzene) 

Originally Rys25 had shown that the insertion reaction could be catalyzed through the 

addition of AcOH, which drastically reduced reaction times. This is most likely due to 

the stabilizing effects that the polar co-solvent imparts on the intermediates in Scheme 

65. Initial trials at comparable reaction times yielded poor conversion to desired 262b. It 

was only by increasing the reaction time to 20 h that complete conversion could be 

attained. Nevertheless, the addition of AcOH proved crucial as without it, under similar 

reaction conditions, poor conversion to 262b was observed. 

We did not exploit or extend this methodology to other polysulfides or to see whether 

multiple 2-sulfur insertions might take place. One of our stated objectives here was to 

observe whether the tolyl groups for 259b-262b were each distinctly resolvable. We 

have demonstrated this to be the case (c! Figure 38). However, our two step approach to 

the synthesis of symmetric penta- and hexasulfides may serve as an important synthetic 

alternative in the formation of these higher order homologues. Here there is no need to 

357 



pre-synthesize organochlorosulfanes or metallocene polysulfides; this is the standard 

method for the synthesis of higher order polysulfides (vide supra - Chapter 7.2.3), 

8.4 Synthetic Experimental Section 

Synthesis of p-Aryi trisulfides: An example of the synthetic procedure is as follows. 

A solution ofthiol 259 (20 mmol, 1 equiv) and pyridine (20 mmol, 1 equiv) in 50 mL 

ofE120 was allowed to stir under nitrogen at -78°C. A solution of SCh (10.0 mmol, 0.5 

equiv) in 50 mL of EhO was added dropwise over 0.5 h. The reaction mixture was 

allowed to stir for a further 1.5 h, The reaction mixture was quenched with 25 mL of 

H 20. The organic phase was washed 3x 25 mL of H20 or until the aqueous phase 

became clear. The organic phase was dried over MgS04 . This mixture was vacuum 

filtered, and the solvent was removed first under reduced pressure and then in vacuo. 

Diphenyi trisulfide, 257a: 

Yield: 61 %; Recrystallization from n-pentane at -15°C afforded light white needles; 

Mp 62-63 cc. (lit Mp6 -5°C); lH NMR 0 7,14-7.34 (m, 6H), 7.47-7.59 (m, 4H); BC 

NMR 0 127.1, 127.5, 129.1, 137,0; MS (El) mlz 250 (M+®), 218 (M+<> - S), 185 (M+@ -

249.993(6). 
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Bis(4-methylbenzene) trisl.liflde, 257b: 

Yield: 97%; RecrystaHization from n-pentane at -15°C afforded light yellow needles; 

Mp 88-89 0c. (lit. Mp4 82-84 °C). IH NMR 82.35 (s, 6H), 7.40 (d, 4H, JAB = 2.00 Hz), 

7.42 (d, 4H, JI\B = 2.00 Hz); I3C NMR 8 21.3, 129.7, 130.9, 132.8, 138.5; MS (El) m/z 

278 (M+<», 246 (M+" - S), 214 (M+<> - 2S), 123 (~ .. - S2C7H7), 91 (M+<> - S3C7H7). 

Bis(4-bromobenzene) trisl.llfide, 257c: 

The product was a light, flaky solid. Yield: 97%; Mp 72-75 °C (lit MplO 70-71 °C). IH 

NMR 8 7.32 (d, 4H, JAB = 8.60 Hz), 7.41 (d, 4H, JAB = 8.60 Hz); I3C NMR 8 121.5, 

129.4, 132.2, 135.7; MS (El) m/z 408 (M+"), 376 (M HI - S, 189 (M+<> - S2C6H4Br), 108 

35.30; H, 1.96; S, 23.56. 
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Bis(4-nitrobenzene) trisuifide, 257d: 

The above procedure was scaled up by a factor of 2. Upon quenching with 100 mL of 

H20, a grayish precipitate formed. This precipitate was vacuum filtered and further 

washed with 2x 100 mL of H20. The filtrate was further purified as above and the solute 

was dried. The products were combined to yield a tan-colored solid. Yield: 90%; Mp. 

122-124 °C turning dark yellow then melting at 140-145 °C (lit. MplO 114-116 QC). IH 

NMR 0 7.60 (d, 4H, J = 8.85 Hz), 8.17 (d, 4H, J = 8.85 Hz); I3C NMR 0 124.4, 126.4, 

144.0, 147.0; MS (Cl) mlz 308 (M+4I - S). HRMS for C12HgN204S3: 339.9646. Found: 

339.965(7). 

Synthesis of p-Aryl tetrasuifides. The following is a general example of the synthetic 

procedure. A solution ofthiol 259 (40 mmol, 2 equiv) and pyridine (40 mmol, 2 equiv) 

in 100 mL of Et20 was allowed to stir under nitrogen at -78°C. A solution of S2Ch 

(20.0 mmol, 1 equiv) in 100 mL of Et20 was added dropwise over 0.5 h. The reaction 

mixture was allowed to stir for a further 1.5 h. The reaction mixture was quenched with 

100 mL of H20. The organic phase was washed 3x 50 mL of H20 or until the aqueous 

phase became clear; the organic phase was dried over MgS04. This mixture was vacuum 

filtered, and the solvent was removed first under reduced pressure and then in vacuo. 
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Diphenyi tetrasuH1de, 258a: 

H-Q-SS_S _ 
S-Q-H 

Yield: 71%; Recrystallization from n-pentane at -15 QC afforded light yellow needles; 

Mp 41-42 QC (lit. Mp7 34-35 QC). lH NMR 8 7.28-7.36 (m, 6H), 7.53-7.55 (m, 4H); J3C 

NMR 8 128.3,129.1, 130.2, 136.2 ; MS (El) mlz 282 (MH), 250 (M+0 - S), 218 (M+0 
-

281.9665, Found: 281.967(0). 

-o-~ s 
- 8-8'-0-

8 ~ /; 

Bis(4-methylbenzene) tetrasuH1de, 258b: 

Yellow powder. Yield: 99%; Recrystallization from n-pentane at -15 QC afforded bright 

yellow needles; Mp 73-75 QC (lit. Mp. oil,s 71-72 QC\ IH NMR 82.35 (5, 6H), 7.12 (d, 

4H J = 7.80 Hz), 7.44 (d, 4H, J = 7.80 Hz); BC NMR 821.4, 129.8, 130.9, 132.7, 138.7; 

MS (FAB) mlz 310 (M+0
), 278 (M+0 

- S, 246 (MH - 2S), 123 (MH - S3C7H7); Ana1. 

Calcd for Cj4H14S4: C, 54.14; H, 4.45; S, 41.30. Found: C, 53.89; H, 4.10; S, 41.75. 
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Bis(4-bromobenzene) tetrasulfide, 258c: 

sr-Q-s's_S _ 

's-G-sr 

Light yellow, flaky solid. Yield: 97%; Mp 64-68 QC; IH NMR 87.35 (d, 4H JAB = 8.40 

Hz), 7.41 (d, 4H JAB = 8.40 Hz); l3C NMR 8 131.7, 132.3, 132.4, 132.4; MS (El) mlz 440 

Anal. Calcd for CI2HgS4Br2: C, 32.74; H, 1.83. Found: C, 32.77; H, 1.43. 

Bis( 4-nitrobenzene) tetrasulfide, 258d: 

Upon quenching with 100 mL of H20, a grayish precipitate formed. This precipitate 

was vacuum filtered and further washed with 2x 100 mL of H20. The filtrate was further 

purified as above, and the solute was dried. The products were combined to yield a sandy 

coloured solid. Yield: 99%; Mp 163-167 QC; IH NMR 07.60 (d, 4H J = 8.20 Hz), 8.17 

(d, 4H J = 8.20 Hz); l3C NMR 0 124.4, 126.3, 144.0, 146.9; MS (Cl) m/z 308 (MHO - S). 

HRMS for C12HgN20 4S4 +~: 389.9711 Found: 389.971(6). 

Attempt at the Synthesis of Bis(4-methylbenzene) pentasulfide, 26tb. To a solution 

ofbis(4-methylbenzene) trisulfide 257b (60 mg, 0.19 mmol, 1 equiv.) in 2 mL CH2C12 

and 2 mL glacial AcOH was slowly added a solution of tritylthiosuifenyl chloride27 263 
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(65 mg, 0.19 mmol, 1 equiv) in 2 mL CHzCh and allowed to stir at RT for 19 h. The 

solution was then evaporated to afford a light yellow solid which was determined by IH 

NMR to be a mixture of trityl alcohol, bis( 4-methylbenzene) trisulfide 257b, bis( 4-

methylbenzene) tetrasulfide 258b and bis(4-methylbenzene) pentasulfide 261b. The 

presence of bis(4-methylbenzene) trisulfide 257b and bis(4-methylbenzene) tetrasulfide 

258b were confirmed by IH NMR comparison with authentic samples whereas the 

presence of 26lb was inferred based on the chemical shift of the CH3 peak relative to 

other polysulfides. 

Bis(4-methylbenzene) hexasulfide, 262b: To a solution of bis(4-methylbenzene) 

tetrasulfide 258b (60 mg, 0.19 mmol, 1 equiv.) in 2 mL CH2Clz and 2 mL glacial AcOH 

was slowly added a solution of 26327 (65 mg, 0.19 mmol, 1 equiv) in 2 ml CHzCh and 

allowed to stir at RT for 19 h. The solution was then evaporated to afford a light yellow 

solid which was determined by IH NMR to be a 1: 1 mixture of trityl alcohol:bis(4-

methylbenzene) hexasulfide, 262b (115.6 mg). This corresponds to a yield: 91%. IH 

NMR 8 2.37 (s, 6H), 7.15 (d, 4H J = 8.00 Hz), 7.48 (d, 4H J = 8.00 Hz); I3C NMR 8 

21.3, 127.6, 129.5, 132.7, 138.7; MS (El) mlz 374 (M+'"), 342 (Mh - S), 310 (Mh - 2S), 

278 (Mh - 3S), 246 (Mh - 4S), 214 (M-t-," - SS), 183. HRMS for C1J114S6: 373.9420, 

Found: 373.94(1)3. 
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Chapter 9 

Desulfurization of Aromatic Polysulfides with 
Triphenylphosphine 
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9.1 Introduction 

As highlighted in Chapter 7, one of our goals was to determine whether structurally 

simple aromatic polysulfides could act as efficient sulfur transfer reagents in the synthesis 

of phosphorothioate oligonucleotide analogs. 

Prior to biological testing, it was necessary to discover, by means of kinetics work on a 

model system, whether these polysulfides would indeed be efficacious. We chose 

triphenylphosphine (Ph3P) as our model phosphine. Phosphines are generally weak bases 

but good nuc1eophiles. In addition, phosphorus can undergo valence expansion which 

makes them selective reducing agents. 1,2 Although phosphites are sulfurated in the 

synthesis of the nucleotides of interest, Arbuzov rearrangement would complicate the IH 

NMR product analysis. 3 Decomposition of simple aliphatic and aromatic trisulfides by 

phosphines has been studied previously, but only for the initial minutes of the reaction.3
-
6 

In addition, others 7,8 have carries out calculational studies to model the process. To our 

knowledge, no one had yet investigated the kinetics of desulfurization of tetrasulfides. 

Thus, this study should complement and expand the current understanding of the kinetics 

of desulfurization of polysulfides. § 

§ This work has been submitted: Zysman-Colman, E.~ Farren, P. G.; Harpp, D. N. 1. 
Sulfur Chem., 2003. 
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9.2 Experimental Setup 

9.2.1 Materials 

Bis( 4-methylbenzene) disulfide 260b, 4-methylbenzenethiol, 259b, Ph3P and 1,3,5-tri­

t-butylbenzene were aB commercially available and were used without further 

purification. Bis( 4-methylbenzene) trisulfide 257b and bis( 4-methylbenzene) tetrasulfide 

258b were synthesized according to the literature. 9 Deuterated chloroform (CD Ch) was 

dried over molecular sieves. 

9.2.2 Desuifurization of 257b or 258b 

The following is a general example of the experimental procedure for the experiments 

detailed in Table 72 in Chapter 9.3.1. A solution of 262 mg of Ph3P (1 mmol, 1 equiv) 

and 278 mg of 257b (1 mmol, 1 equiv) in 20 ml CH2Ch was allowed to stir at RT (see 

Table n for reaction times). The solvent was then removed under reduced pressure and 

the residue dried in vacuo. The resulting crude solid was chromatographedlO (10% 

CHCh/hexanes slowly increasing to 80% CHCh/hexanes). For Entry 2 in Table 72 a 

yellow oil identified as a mixture of polysulfides 257b and 25gb, Rf = 0.64 (50% 

CHCh/hexanes), and a white powder identified as triphenylphosphine sulfide Ph3P=S, Rr 

= 0.47 (50% CHCh/hexanes) were the only recovered products. Yield ofPh3P=S: 87%;11 

IH NMR 87.45 (m, 10H), 7.70 (m, 5H); 31p NMR 844.48. 
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9.2.3 Instn.nnentation and Measurement Techniques in the Kinetics Studies 

Kinetic studies were performed at 23.4 ± 0.8 °C on a 500 MHz machine. Stock 

solutions of 257b, 258b and 260b in CDCh, each at 0.100 ± 0.002 M concentration, were 

kept in sealed volumetric glass flasks; these were shielded so as not to expose the 

solutions to the light. A stock solution of Ph3P at 4.90 ± 0.08 M was used as the 

phosphine source. A stock solution of 1,3,5-tri-t-butylbenzene at 0.100 ± 0.002 M was 

used as the internal standard. These stock solutions were remade three times with 

variability amongst the concentration of the samples limited to 0.001 M. The total 

volume per sample was 600 ilL which included 100 ilL (0.01 mmol) of 1,3,5-tri-tert­

butylbenzene as the internal standard CH NMR (CDCh) 8 1.34 (s, 27H), 7.26 (m, 3H)). 

To ensure pseudo-first-order kinetics with respect to Ph3P, the ratio of Ph3P to the 

substrate was either 16.3:1,32.7:1 or 65.3:1, the substrate concentration being 0.025 M in 

all experiments. In order to ensure measurement accuracy, an volumes in each sample 

were measured using the same 500 ilL syringe, which was itself washed only with 

solvent. 

The delay time was set to 10 S.i2 The machine was shimmed with a dummy sample to 

afford peak resolution of less than 2 Hz. Data was acquired at 1 min intervals for the first 

10 min foHowed by measurements at 20, 30 and 60 min. An infinity value for rate 

constant determination was estimated based on the extent of desulfurization that had 

occurred after 60 min. 
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Elucidating reactive intermediates spectroscopicaHy can be difficult. Even starting 

materials such as polysulfides can equilibrate thereby complicating analysis. 13 For 

example, misleading parent peaks in a mass spectrum can appear as a result of modest 

isomerization of the compound. 14 Previous studies on the decomposition of polysulfides 

followed the reaction either through the measurement of the dielectric constant,4 which 

was considered to be an indicator of product formation and where the assumption was 

that the reaction did not involve multiple steps, or by UV spectroscopy.6,15 In this latter 

case, (where the nucleophile used was (Et2N)3P) due to the overlap of the 

aminophosphine peak (270-280 nm) with that of the starting material (ca. 255-260 nm 

which can extend beyond 325 nm), the UV max of the trisulfide as the indicator could not 

be utilized. 

We decided to use a model compound whereby it, as well as all the decomposition 

products could be dynamically monitored by IH Nl\1R. We chose bis(4-methylbenzene) 

polysulfides as our model compounds as the methyl signals were entirely resolvablel6 and 

could be integrated using the 500 MHz Nl\1R (vide supra Chapter 8).17 The precision of 

the chemical shifts of the methyl signals from experiment to experiment was on average 

± 0.002 ppm and is also an indication of the invariability of the concentration of the 

solutions used,18 assuming that the chemical shift is in fact concentration dependent. 

This dependence does in fact exist and is shown in Figure 39 and Table 71. 
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Table 71. Chemical shifts of the 4-methylbenzene groups of 257b-260b as a function 

of [Ph3P] 

[Ph3P] (M) Chemical Shifts (ppm) 

258b 2571> 260b 2591> 
0.00 2.352 2.343 2.318 
0.42 2.339 2.331 2.306 2.285 
0.83 2.323 2.317 2.290 2.272 
1.67 2.296 2.289 2.261 2.243 

rn" -0.034 -0.032 -0.035 -0.033 

ba 2.353 2.343 2.319 2.299 
(R2)b 0.998 0.999 0.999 1.000 

a) Linear fit: y = mx + b where m is the slope and b is the 
y-intercept. b) R2 is the Pearson regression factor and is 
an indicator of the goodness of fit. 
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Figure 39. Dependence of the chemical shift of the methyl group on the concentration 
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9.2.4 Kinetics Methodology 

Pseudo-first-order plots of In{It - Le) vs. time (where It, loo are the IH NMR integrations 

of the methyl peaks at times t = t and t = too respectively) were determined for the 

decomposition of 260b as well as the desulfurization of 257b and 258b. The initial t = 0 

seconds point was taken as the time of the first NMR acquisition (usually ca. 4-5 minutes 

after the reagents were mixed). This delay was in part due to the need to shim the 

spectrometer to obtain good spectra. The values of the pseudo-first order rate constants, 

kobs, were calculated using the method of least squares. Each experiment was repeated in 

triplicate and the average observed rate constant was reported. The reported error on kobs 

was that of the standard error of the population. The rate constant k under pseudo-first 

order conditions is defined in equation (21) and the error on k is given in equation (22).19 

Although individual runs possessed good linear fits, reproducibility was poor. It is for 

this reason that the overall errors are large. 

(22) 
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9.3 Results and Discussion 

9.3.1 Probing the reaction 

Initially, we investigated the efficiency of desulfurization of 257b and 258b with Ph3P 

in CH2Ch (Table 72). Room temperature desulfurization of 257b reached 85% 

(isolation) in 10 min and did not significantly change, even after 4 h (Entry 1 vs. Entry 2), 

but under reflux (Entries 4 and 5), we were able to recover near quantitative amounts of 

Ph3P=S. Increasing the number of sulfur atoms did not appreciably increase the yield of 

Ph3P=S (Entry 1 vs. Entry 3). We were interested in working at room temperature to 

parallel the standard sulfurization conditions used for oligonucleotides. 

Table 72. Microscale desulfurization of 257b and 25gb by equimolar Ph3P in CH2Ch 

A SS SA Ph3P CH2CI2 • A SS SA Ph P S r n r + r n-x r + 3::: 

n::: 1 251b 
n::: 2 258b 

Entry Cmpd. 

I 2571> 
2 2571> 
3 2581> 
4b 257b 
Sb 257b 

x::;;n 

Time (nun) Yield" (%) 

10 85 
240 87 

10 90 
10 90 

120 98 

a) Yield of Ph3=S as isolated by silica gel chromatography. 
b) Reaction was refluxed in CH2Ch. 
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9.3.2 Kinetics of desuifurization 

Having established that the desulfurization of 257b and 258b is facile and proceeds to 

near completion within minutes at room temperature in CH2Ch, we then followed these 

reactions3
-
6 via lH NMR. The rates of simple nucleophilic substitutions at a sulfenyl 

sulfur typically obey the following rate expression (eq. 23).20 

Rate = k[R-S-X][Nu-] (23) 

The rate of attack on sulfur is dependent on a number of factors including solvent6 and 

the steric bulk of the R group of the polysulfide. 21 In addition, thiolates are good leaving 

groups with pKa values of ca. 12 for R = alky122 (ca. 6-7 for R = aryl - vide infra). This 

means that in rate studies on alkyl polysulfides, attack at carbon must also be considered. 

To ensure attack at sulfur, aromatic polysulfides, with R = 4-methylbenzene, were used 

in this study_ 

Given more than one type of sulfur, it is important to discuss where nucleophilic attack 

is likely to occur. the context of nucleophilic displacement at sulfur, it has been 

shown7
,8,23,24 that the most thermodynamically stable leaving group (be it mercaptide or 

hydrodisulfide ion) will ultimately be displaced. The origin of the leaving group 

becomes most apparent if we compare the rates of exchange of methyl mercaptide (MeS") 

and the corresponding disulfide (MeSSMei5 with that of the disulfide and 
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MeSS\Me)2.26 Although the mercaptide ion is the better nudeophile, its exchange is 105 

slower than the corresponding disulfide-thiosulfonium salt exchange. 

The rate difference for this case must thus be entirely due to the stability of the leaving 

disulfide group versus that of the mercaptide ion. It is illustrative of the importance of 

the origin of the leaving group on the regioselectivity of attack by the nucleophile. Even 

though other systems also show this effect,27 analyzing only the starting reagent and final 

product can lead to the wrong mechanistic conclusions. An example of the importance 

careful mechanistic studies entail is that of Hiskey and co-workers. 28 They found that in 

the cyanide ion cleavage of unsymmetrical disulfides, there is a reversible initial 

nucleophilic attack which occurs at the most positively polarized sulfur atom (kinetic 

step) followed by a slower step favoring the formation of the more stable cleavage 

product. Their results are shown in Scheme 66. 

~ 
scavenger 

added 

pKa(R2SH»>pKa(R1 SH) 

Scheme 66. 

thermodynamic process 

kinetic process 

Exploring our own system we note that the pKa of related PhSH was originally 

determined29 to be 8.6 (9.3 for 4-methylbenzenethiol 259b) but it has been more recently 

measured in the aqueous phase (either by acid-base titration or by changes in the UV -Vis 

spectrum as a function of pH) at ca. 6.6. 30
,31 This latter value is in agreement with our 

calculational work32 and so the early pKa value of 259b should be viewed with 
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skepticism. The pKa for the corresponding phenyl hydrodisulfide has not been measured 

but has been calculated to be 5.9 in the gas phase. 32 The more acidic proton in this latter 

case is in agreement with studies of aliphatic analogs (ca. 5-6 for RSSH).33 The aromatic 

hydrodisulfide ion (ArSS") may also be considered the better leaving group due to its 

increased resonance stabilization and inductive electron withdrawal from the adjacent 

sulfur atom34 though the extent to which this occurs is a matter of some debate. In their 

examination of the effect of ring substitution on the chemical shift of the aromatic 

hydrodisulfide-SSH peak, Tsurugi and co-workers35 concluded that the S-S bond does not 

transmit conjugation and permits only small inductive effects. Analogous trends are not 

seen in the chemical shifts of higher order polysulfanes, suggesting that the interpretation 

of electronic effects in compounds possessing -S-S- linkages is open to question. 36 

Block37 has shown that the rate of SN 1 formation of CH3SCH2 + is ca. 7000 times faster 

than that of CH3SSCH2 +. If the formation of positive phosphorus may be considered 

analogous to carbonium ion formation, then it is therefore reasonable to consider the 

corresponding thiophosphonium cation to be more stable that its dithiophosphonium 

analog. The extra sulfur atom effectively increases the activation energy in the formation 

of the intermediate. This assumption is in agreement with work reported by SaviHe, who 

hypothesized that attack by mercaptide ions occurs on a terminal sulfur oftrisulfides.34 

Recently, Steudel38 and co-workers computed the relative acidities of a senes of 

polysulfanes (HSnH, n = 1, 4) in the gas phase. They determined that as the number of 

sulfur atoms increases, so does the acidity due to increased hyperconjugation across the 
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sulfur chain. These results are in agreement with the conclusion that RSS· is a better 

leaving group than RS· (R=alkyl or aryl). 

It should be noted that we have been unable to obtain any spectroscopic evidence of 

pentacoordinated phosphorus intermediates (c! Schemes 67 and 68).39 Examples of 

phosphoranes having two sulfurs bound to phosphorus are rare and have been shown to 

exist in equilibrium with their corresponding thiophosphonium salts;40 mixed disulfide 

experiments have also strongly implicated the existence of a thiophosphonium salt 

intermediate. 41 As well, by analogy with sulfide insertion into polysulfides,42 insertion of 

phosphorus into the chain should require considerably more energy than simple 

nucleophilic cleavage. We conducted 31 p NMR, I3C NMR and lH NMR experiments over 

a wide range of chemical shift values and delay times but were unable to detect any 

thiophosphonium salt intermediate. Unlike Wittig-type phosphonium salts which are 

common and readily detectable,43,44 there exist few reports of thiophosphonium species 

with Ph3P and then only when they are complexed with a suitable counterion (such as 

SbF6-).45 

Unlike the cleavage of disulfides,46,47 there is a strong driving force in the 

desulfurization of higher order polysulfides towards formation of Ph3P=S. 

Radiochemical studies on aromatic trisulfides56,57 and the natural product Sporidesmin 

E58
,59 (c! Chapter 7.2.2) have demonstrated that the central sulfur is exclusively extruded 

by Ph3P. However the central sulfur is the only sulfur available for removal because 

either the terminal sulfurs are adjacent to Sp2 hybridized aromatic carbons or to tertiary or 
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sterically hindered secondary carbons. Thus to extrapolate a general desulfurization 

mechanism for an trisulfide types based on these specific results may be misleading. 

It has been determined that trisulfides react with phosphines much faster than the 

corresponding disulfides,57,6o but only three kinetic studies of aromatic trisulfides have 

been reported in the literature;4,5,ls all arriving at the same rate expression shown in 

equation (24). 

Rate=k[phosphine][ trisulfide] (24) 

Earlier work4,5 demonstrated that electron withdrawing groups on para-substitued 

aromatic trisulfides increase the rate of desulfurization. The presence of a solvent effect 

on the rates of desulfurization oftrisulfides, as well as a negative p-value obtained in the 

Hammett correlation of the aryl substituents for the phosphine1s and a corresponding 

positive p-value for the trisulfide,4,5 is suggestive of a charged transition state. The effect 

of changing solvent is similar to that observed for aliphatic disulfides. A solvent effect 

was also observed in reactions of phosphites with un symmetrical trisulfides containing a 

4-methylbenzene group3 (observed solvent effects are much larger for aliphatic trisulfides 

than aromatic trisulfides). In addition, phosphine-catalyzed trisulfide exchange 

experiments,S,15 similar to those with disulfides (Scheme 67), further establish both the 

existence of charged intermediates as well as the reversibility of their formation. These 

observations are all in agreement with the proposal that desulfurization proceeds via the 
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formation of thiophosphonium salt adducts, and evidence exists to support a 

phosphonium salt intermediate in nucleophilic phosphine reactions. 5
,6 

+ -
Ar-S-S-Ar+ Ph3P_--- Ar-S-PPh3 + Ar-S 

260b k -f 

Scheme 67. Reaction ofbis(4-methylbenzene) disulfide 260b with PPh3 

The desulfurization of trisulfide 257b is shown in Figure 40, yielding excellent 

agreement with first order kinetics, Table 73 (R2 >0.98). 

Table 73. Rate constants for the desulfurization of 257b and formation of 260b in the 

reaction of 0.025 M 257b with Ph3P. 

Loss of 25711a Formation of 25811b 

[Ph3P(initial)l" kobs X 10-3 kx 10-3 
tll2 kobs X 10-3 k X 10-3 

tll2 

CM) (S-I)d (M-I S-I) (min) (S-l)d (M-I sol) (min) 

0.42 0.3 ± 0.1 0.7 ± 0.3 17.5 0.2 ± 0.1 0.6 ± 0.2 
0.83 0.4 ± 0.1 0.5 ± 0.2 24.0 0.4 ± 0.2 0.5 ± 0.2 
1.67 0.9 ± 0.2 0.5 ± 0.1 22.3 1.1 ± 0.6 0.7 ± 0.4 

a) Partial order was determmed to be 0.8. b) PartIal order was determmed to be 1.2. c) Error on 
concentration is estimated to be 0.08 M. d) 1st order rate constant. 

20.7 
23.0 
16.8 
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Figure 40. 15t order rate plot of the desulfurization of 0.025 M 257b at different 

concentrations of Ph3P 

The measured first order rate constant is reasonably close to the literature values (5,4 x 

10-3 
S·l in benzene using (EhN)3P at 30 °C;5 1.25 X 10-3 

S·l in toluene using Ph3P at 40 

°C),4 the differences being attributed to the different solvent systems and phosphine used 

as wen as the slightly elevated temperatures of those studies. 
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Figure 41. Representative time profile of reaction progression at 33: 1 Ph)P:257b 

The rate constant for formation of the disulfide product 260b was, within reasonable 

experimental error, equal to that of the decomposition of the trisulfide starting material 

257b (for a representative time profile see Figure 41). Furthermore, the behaviour in 

both the loss of 257b as wen as the resulting formation of 260b remained first-order for 

the duration of the experiment (ca. 3 h~). A small amount (ca. 10%) of 4-

methylbenzenethiol 259b was observed in the IH NMR spectra but does not affect the 

rate determining step of the reaction. 61 
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Notwithstanding the absence of an observable intermediate, we may construct a 

possible reaction mechanism (Scheme (8) in which the equilibrium positions of kl and k2 

are very likely in favour of the starting material (no higher order polysulfides were 

detected). 

Ar-S-S-S-Ar + Ph3P 

path 1 0' 257b ~., path 2 

k3 \,:: + 
+ -

Ar-S-S-PPh3 + Ar-S Ar-S-PPh3 + 

264b 

Ar-S-S-Ar + Ph3P=S 

2601::1 

2651:1 

Scheme 68. Mechanism for the desulfurization of aromatic trisulfides 

Ar-S-S 

Thiophosphonium ion 265b is both the thermodynamically (pKa) and kineticaHy 

favored (polarization of suI fur atom) intermediate. Formation of this type of intermediate 

in the desulfurization of Calicheamicin YI1 227 has been reported. 24 Calculations7 have 

also suggested that nucleophilic attack on dimethyl trisulfide as well as methyl allyl 

trisulfide occurs at the terminal position (in the latter case, attack occurs terminal to the 

anyl group); this regeoselectivity was attributed both to a higher positive charge on the 

terminal sulfurs as well as less steric croWding. 

However, in order to obtain 260b, the reaction presumably proceeds via intermediate 

264b, assuming that the only sulfur that can be extruded is the central one i.e. 

nucleophilic attack on the 4-methylbenzene ring does not occur. This mechanistic 
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conclusion is also in keeping with the literature. 5
,6 The final step, and the driving force of 

the reaction, would therefore involve the formation of Ph3P=S through attack of ArS- at 

the terminal sulfenyl sulfur of 264b. The fact that the rate of formation of 260b is the 

same as that of the loss of 257b (Table 73) argues that path 4 be the rate-determining 

step. 

We thus arrive at the same mechanistic conclusions for aromatic trisulfides as those 

investigators who previously reported work on aliphatic trisulfides,6 these latter cases 

based on a second step attack on carbon rather than sulfur in the formation ofPh3P=S. It 

should be noted that we detected no higher-order polysulfides in the desulfurization of 

257b suggesting that the equilibrium of pathway 2 lies very largely to the side of 257b. 

There is no evidence to support or refute the existence of a ligand exchange reaction 

governed by k3. 

Determining the mechanism of desulfurization of the corresponding tetrasulfide 25gb 

is somewhat more complicated. The rate of reaction of 25gb with Ph3P is considerably 

greater than that of257b, resulting in a typical time profile of reaction as shown in Figure 

42. 
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Figure 42. Time profile of the desulfurization of 0.025 M 258b by 0.42 M Ph3P. 

To our knowledge, two studies on the desulfurization of aromatic tetrasulfides have 

been reported, but only with respect to polymers63 or carried out in hydroxylic solvents. 62 

We propose the following scheme for the initial desulfurization of 258b (Scheme (9). It 

contains many parallel concepts to Schemes 67 and 68. 

Ar--S--S-S-S--Ar Ph3P 

+ path 5 k5 ~ t k.5 258~ k6 ~ t k..s :ath 6 

Ar--S--S-S-PPh3 + Ar--S- Ar--S-PPh3 + Ar--S-S-S 

2661:1 ~ k.9 265b 
k8 1<'8 I path 7 

k7 r k.7 
+ -

path 11 
Ar--S-S-PPh3 + Ar--S-S 

264b I 
path 12, k12 

Ar--S-S-S-Ar + Ph3P=S 

2511:1 

Scheme 69. Mechanism for the desulfurization of aromatic tetrasulfides 
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Intermediate 265b through path 6 is likely to be a negligible contributor to the overall 

reaction due to the inherent room temperature instability of the trithiomercaptide ion,36 

even though in principle it is the best leaving group based on previous precedent (vide 

supra). If path 6 with the formation of ArSSS' were an important contributor then it 

would also be reasonably expected that this trisulfane anion could attack 258b (which 

initially is in the largest concentration), thereby promoting the formation of higher order 

polysulfides; however, none were observed using carefully monitored control 

experiments. Thus path 13 would not be expected to be a contributor to the overall 

reaction scheme. 

A modest amount of 260b (ca. 17% of desulfurization products after 3 min regardless 

of Ph3P concentration) that forms in the initial stages of the reaction and continues to 

form at rates comparable to those observed during the desulfurization of 257b (c! Table 

73). Given that tetrasulfides decompose much faster than their trisulfide counterparts 

(Figure 43, Table 74), the presence of 260b in the initial stages of the reaction is a result 

of the subsequent desulfurization of formed trisulfide 257b.64 

However, since 257b is the primary product that is formed at the fastest rate, paths 7 

and 12 remain the primary routes for the desulfurization of258b.66 A corollary to this is 

that either k7 must be larger than k5 or there is fast ligand exchange via kg. It should be 

noted that in comparing the two pathways, path 7 affords the better leaving group and so 

should be favoured. As with the desulfurization of 257b, we detected no higher-order 

polysulfides in the desulfurization of 258. 
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Figure 43. Comparison of the desulfurization of257b, and 258b at 0.42 M Ph3P. 

Table 74. Comparison of the rates ofdesulfurization of257b and 258b. 

[Ph3P (imtial)] a 

Entry (M) Cmpd kobs x 10-3 
(S-I) k X 10-3 (M-I s-? kre1

c tv, (min) 

1 0.83 257b 0.4 ± 0.1 0.5 ± 0.2 1.0 
2 0.83 258b 4.8 ± 1.4 5.8 ± 1.7 11.6 

a) Error on concentration is estimated to be 0.08 M. b) 1st order rate constant. c) krel is the 
relative rate of decomposition with respect to 257b. 

24.0 
2.0 

It was difficult to ascertain rate constants for the loss of 258b as almost an of the 

starting material was consumed within the first few observable minutes of the reaction. 

However, the initial cleavage rates of the desulfurization oftetrasulfide 258b demonstrate 

a relative increase in the rate (compared with 257b) by a factor of ca. 12 (Table 74, krei). 

Thus by increasing the sulfur chain we increase the labilization of the suI fur atoms. We 

were able to determine the kinetics for the subsequent loss of trisulfide 257b and the gain 

of product 260b (Table 75). 
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Table 75. Rate constants for the desulfurization of 257b and 258b and the formation of 260b in the reaction of 0.025 M 258b with 

Ph3P. 

Loss of 258ba Loss of258bb Formation of 2571{ 

(Ph3P(initial)}d kobs X 10,3 k X 10,3 t1/2 kobs X 10,3 kx 10'3 tJ12 kobs X 10,3 kx 10,3 t1/2 
CM) (s'l)e (M'IS'l) (min) (5-1 )" (M'lS'l) (min) (5,1)" (M-1 S-I) (min) 

0.42 4.8 ± 0.9 11.5 ± 2.6 1.0 0.2 ± 0.1 0.4 ± 0.1 28.8 0.5 ± 0.1 1.2 ± 0.3 9.9 
0.83 4.8 ± 1.4 5.8 ± 1.7 2.0 0.8 ± 0.5 0.9 ± 0.6 12.5 0.6 ± 0.2 0.7 ± 0.3 15.9 

1.67 3.2 ± 2.1 1.9 ± 1.3 6.1 1.1 ±. 0.4 0.7 ± 0.3 17.0 1.2 ± 0.5 0.7 ± 0.3 16.3 
,--------------

a) The partial order was determined to bc -0.3. b) Partial order was dctermined to be 1.4. c) Partial order was determined to be 0.6. d) Error 
on concentration is estimated to be 0.05 M. c) 1st order rate constant. 
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Within reasonable error, the rate constants for formation of260b are of the same order 

of magnitude as those for the loss of intermediate 257b (Table 75), and approximate to 

those observed in the direct desulfurization of 257b (Table 73). It should be noted that 

by utilizing IH NMR methods it is now possible to track intermediate and/or product 

formation as well as starting material loss, unlike previously reported kinetics studies on 

related systems.4
,5,15 

It is important to note that in both the desulfurization of 257b and 258b, the primary 

intermediate included the formation of the hydrodisulfide ion. The result of this is 

whereas desulfurization of 257b proceeds via initial attack at the terminal sulfur, 

desulfurization of 258b substantially proceeds with attack at one of the central suI furs. 

This is also not without precedent63 but still a matter of some debate. 8 Thus in the 

desulfurization of 257b there exists a pre-equilibrium formation of 265b as well as an 

ArSS- species prior to central sulfur extrusion. The existence of such pre-equilibriums is 

not without precedent as was demonstrated in the cyanide cleavage of disulfides?8 

However not inconsistent with this analysis are that in both the desulfurization of 257b 

and 258b the rate determining step is that of central sulfur extrusion. Scheme 69 can 

thus be simplified to Scheme 70. 
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Ar-S-S-S-S-Ar + Ph3P 

,/. 258b ~ i. 

~ 1<5 1<(' ~.7 
+ _ k8 + 

Ar-S-S-S-PPh3+ Ar-S Ar-S-S-PPh3 + 

path 5 path "1 

Ar-S-S 

266b ~ ~ 264b 

Ar-S-S-S-Ar + Ph3P=S 

251b 
Scheme 69. Mechanism for the desulfurization of aromatic tetrasulfides 

The ca. twelve-fold increase in desulfurization rate in 258b as compared with 257b is 

due to both the presence of a better leaving group (ArSS- vs ArS-) and a statistical 

doubling of the number of removable suI furs in 258b. 

9.4 Concluding Remarks 

Nucleophilic attack on polysulfides is an important reaction in organosulfur chemistry. 

To our knowledge, this work reports the first kinetic investigation of the desulfurization 

of tetrasulfides. This preliminary evaluation of 257b and 258b as phosphorothionation 

reagents indicates that when treated with an oligodeoxyribonucleotide substrate, they 

were not sufficiently reactive to classify as an effective sulfurizing reagent. 67 Recently, 

Gates has demonstrated the in vivo DNA cleavage properties of aliphatic polysulfides. 68
,69 

Our compounds may thus also possess DNA cleavage properties. 

390 



9.5 References 

(1) Michaelis, A; Kaehna, R. Chem. Ber. 1898,31, 1048. 

(2) Bhattacharya, A K.; Thyagarajan, G. Chem. Rev. 1981,81,415. 

(3) Harpp, D. N.; Smith, R. A J Org. Chem. 1979, 44,4140. 

(4) Feher, F.; Kurz, D. Z. Natwforschg. 1968, 23B, 1030. 

(5) Harpp, D. N.; Ash, D. K.; Smith, R. A J Org. Chem. 1980,45,5155. 

(6) Harpp, D. N.; Smith, R. A JAm. Chem. Soc. 1982,104,6045. 

(7) Mulhearn, D. c.; Bachrach, S. M. JAm. Chem. Soc. 1996,118,9415. 

(8) Greer, A JAm. Chem. Soc. 2001,123, 10379. 

(9) Harpp, D. N.; Zysman-Colman, E. J Org. Chem. 2003,68,2487. 

(10) Still, W. c.; Kahn, M.; Mitra, A J Org. Chem. 1978,43,2923. 

(11) In control experiments, it was possible to elute and then isolate 100% of Ph3P=S 

pre-loaded on a column. 

391 



(12) Control experiments were conducted with known ratios of257b, 258b and 260 in 

order to reproduce these ratios through the integration of their respectively resolved 

methyl groups by IH NMR 

(13) Tebbe, F. N.; Wasserman, E.; Peet, W. G.; Vatvars, A.; Hayman, A. C. JAm. 

Chem. Soc. 1982,104,49. 

(14) Litaudon, M.; Trigalo, F.; Martin, M.-T.; Frappier, F.; Guyot, M. Tetrahedron 

1994,50, 5323. 

(15) Hall, C. D.; Tweedy, B. R; Kayhanian, R.; Lloyd, 1. R J Chem. Soc. Perkin. 

Trans. 2 1992, 77 5. 

(16) van Wazer, 1. R; Grant, D. JAm. Chem. Soc. 1964,86, 1450. 

(17) The methyl peaks in a solution containing 1 % of 257b with respect to 260b were 

still resolvable. 

(18) The chemical shifts of the methyl peaks of257b-260b were confirmed through 

independent control experiments. 

(19) Through control experiments on the measurement of both the volume of solvent 

and the mass ofPh3P, the error on [Ph3P] was determined to be 0.08 M. 

392 



(20) Ciuffarin, E.; Fava, A Progress in Physical Organic Chemistry; Interscience 

Division, John Wiley and Sons: New York, 1968; Vol. 6; p.81. 

(21) Kice, 1. L. Mechanisms of Reactions of Sulfur Compounds 1968, 3,91. 

(22) Lowry, T. H; Richardson, K. S. Mechanism and Theory in Organic Chemistry; 

Harper & Row: New York, 1987. 

(23) Parker, A 1.; Kharasch, N. 1. Am. Chem. Soc. 1960,82,3071. 

(24) Ellestad, G. A; Hamann, P. R.; Zein, N.; Morton, G. 0.; Siegal, M. M.; Pastel, M.; 

Borders, D. B.; McGahren, W. J. Tetrahedron Lea. 1989, 30, 3033. 

(25) Fava, A; Iliceto, A; Camera, E. 1. Am. Chem. Soc. 1957,79,833. 

(26) Kice, 1. L.; Favstritsky, N. A 1. Am. Chem. Soc. 1969,91, 1751. 

(27) Harpp, D. N.; Granata, A 1. Org. Chem. 1980,45,271. 

(28) Harpp, D. N.; Hiskey, R. G.1. Am. Chem. Soc. 1964,86,2014. 

(29) Dmuchovsky, B.; Zienty, F. B.; Vredenburgh, W. A J. Org. Chem. 1966, 31, 865. 

(30) Jencks, W. P.; Salvesen, K. 1. Am. Chem. Soc. 1971,93,4433. 

(31) DeCollo, T. Y.; Lees, W. J. 1. Org. Chem. 2001, 66, 4244. 

(32) Snyder,1. P. Private Communication 2002. 

393 



(33) Everett, S. A.; Folkes, L. K.; Wardman, P.; Asmus, K.-D. Free Radical Res. 1994, 

20, 387. 

(34) Evans, M. B.; Saville, B. Proc. Chem. Soc. London 1962, 18. 

(35) Kawamura, S.; Horii, T.; Tsurugi, 1. J. Org. Chem. 1971, 36,3677. 

(36) Langer, H. 1.; Hyne, 1. B. Can. J. Chem. 1973,51,3403. 

(37) Block, E. J. Org. Chem. 1974,39, 734. 

(38) Steudel, R.; Otto, A. H. Ellr. J. Inorg. Chem. 1999,2057. 

(39) Contro1 31p NMR, I3C NMR and IH NMR experiments were conducted over a 200 

ppm, 170 ppm and 15 ppm range respectively for the detection of possible tetra- or 

pentacoordinated intermediates. None were detected on the NMR time scale. This does 

not preclude the existence of such species but merely indicates their low concentration. 

(40) Burros, B. c.; De'Ath, N. 1.; Denney, D. B.; Denney, D. Z.; Kipnis, 1. 1. J. Am. 

Chem. Soc. 1978, 100, 7300. 

(41) Harpp, D. N.; Gleason, 1. G.; Snyder, 1. P. J. Am. Chem. Soc. 1968,90,4181. 

(42) Steudel, R.; Steudel, Y.; Miaskiewicz, K. Chem. Eur. J. 2001, 7,3281. 

394 



(43) Bangerter, ; Karpf, M.; Meier, L. A; Rys, P.; Skrabal, P. J. Am. Chem. Soc. 1998, 

120, 10653. 

(44) Puke, C.; Erker, G.; Wibbeling, B.; Frohlich, R. Eur. J. Org. Chem. 1999,8,1831. 

(45) Tebby, J. c.; Maier, L.; Diet, P. J. Handbook oj Phosphorus-31 Nuclear Magnetic 

Resonance Data; CRC Press: Boston, 2000. 

(46) The partial order for the cleavage of disulfide 260b was determined to be -0.1 

suggesting an independence on its concentration. The only products detected were small 

amounts oftrisulfide 257b and trace amounts ofthiophenol 259b. 

(47) No SH proton was detected for 259b but the identity of the CH3 peak was 

confirmed by comparison with authentic 259b. This indicates that the thiophosphonium 

salt is (in part) decomposing, picking up a deuteron from the solvent. In general, 

desulfurization of aromatic disulfides by triphenylphosphine in the absence of alcoholic 

solvent48
-
53 is only possible at elevated temperatures. 54

,55. 

(48) Schonberg, A; Barakat, M. Z. J. Chem. Soc. 1949,892. 

(49) Humphrey, R. E.; Hawkins, 1. M. Anal. Chem. 1964,36, 1812. 

(50) Davidson, R. S. J. Chem. Soc. 1967,21,2131. 

395 



(51) Overman, L. E.; Metzinger, D.; O'Connor, E. M.; Overman, J. D. JAm. Chem. 

Soc. 1974,96, 6081. 

(52) Overman, L. E.; Petty, S. T. J Org. Chem. 1975, 40, 2779. 

(53) Overman, L. E.; O'Connor, E. M. JAm. Chem. Soc. 1976,98, 771. 

(54) Harpp, D. N.; Kader, H. A.; Smith, R. A. Sulfitr Letters 1982, J, 59. 

(55) Middleton, D. L.; Samsel, E. G.; Wiegand, G. H. Phosphorus and Sulfur 1979, 7, 

339. 

(56) Harpp, D. N.; Ash, D. K. Chem. Commun. 1970,811. 

(57) Ash, D. K. Ph. D. thesis, McGill University, 1973. 

(58) Safe, S.; Taylor, A. J Chem. Soc. C. 1971, 1189. 

(59) Safe, S.; Taylor, A. Chem. Commun. 1969, 1466. 

(60) Gleason, J. G. Ph.D. thesis, McGill University, 1970. 

(61) Besides the expected desulfurized product 2601:>, only one other product was 

detected, which was identified as 2591:>, (the SH-peak was not present). The absence of 

alcoholic hydroxy162 or water signals detected by IH NMR combined with the absence of 

an SH peak for 2591:> suggests that a competing reaction may convert some of the 

396 



assumed thiophosphonium intermediate into 259b and that the reduction source is 

deuterated. 

(62) Demarcq, M. c. J Chem. Res. 1993, M, 3052. 

(63) Ganesh, K; Kishore, K Macromolecules 1995, 28, 2483. 

(64) In contrast, Hayashi65 reported that it was easier and faster to desulfurize 260b 

compared with 257b with Ph3P. This appears to be an erroneous conclusion since the 

desulfurization of aromatic disulfides is possible only at high temperatures. 54. 

(65) Hayashi, S.; Furukawa, M.; Yamamoto, 1.; Hamamura, K Chem. Pharm. Bull. 

1967, J 5, 1310. 

(66) It is also possible that intermediate 266b could decompose directly to either to 

260b or to 257b by reaction with AI-S", In the former case the most probable reaction 

here is attack at the terminal sulfur of 266b with concomitant formation of Ph3P=S and 

"S" which would itself then concatenate to form Sg, whereas in the latter case attack 

would occur at the central sulfur with the formation ofPh3P=S as the sole by-product. 

This anion could also come from the 2-sulfur loss of unstable Ar-SSS", Other reactions 

397 



such as that of M-S' with tetrasulfide 258b can not be ruled out as pathways in the 

generation oftrisulfide 257b. 

(67) Although 258b was optimal for kinetic investigation (vide supra), we are currently 

investigating the desulfurization ofbis(p-nitrophenyl) tetrasulfide 258d which, due to its 

electron withdrawing groups, would be projected to be a much faster sulfur transfer 

reagent than 258b. 

(68) Gates, K. S. Chem. Res. Toxicol. 2000, 13,953. 

(69) Gates, K. S.; Breydo, L. Bioorganic & Medicinal Chemistry Letters 2000, 10,885. 

398 



Contributions to Original Knowledge 

Theory from Alkoxy DisuUides: 

1. A high-level computational survey was conducted in order to ascertain the least 

expensive method for accurately modeling alkoxy disuIfides and thionosulfites 

(Chapter 3). 

2. NBO analysis of gas phase calculations demonstrated that the high barrier to 

rotation about the S-S bond in alkoxy disulfides was due to two negative 

hyperconjugative interactions between each of the suI fur lone pairs with their 

adjacent s-o antibonding orbitals (Chapter 3). 

3. Theoretical work was performed in order to ascertain the influencing factors on the 

relative ground state energies of isomeric alkoxy disulfides and thionosulfites. It 

was determined that the relative energy difference was proportional to the ring size. 

Predictions indicate that coupling of 1 A-diols with sulfur transfer reagents should 

afford both the alkoxy disulfide and the thionosulfite. This was experimentally 

verified (Chapter 6) 

Experimental Results for Alkoxy DisuUides 

4. The synthesis of acyclic alkoxy disulfides was optimized. A series of 11 alcohols 

were used in the substituent survey. Of the alkoxy disulfides formed, two had not 

been previously reported (bis(P-t-butylbenzyloxy)disulfide and bis(benzhydroloxy) 

disulfide) while the yields of five others were optimized (Chapter 4). 

5. A substituent study of the rotational barrier about the OS-SO bond in acyclic 

alkoxy disulfides was carried out. Modification of the substituent did not 
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appreciably influence the torsional barrier. This represents the first such study for 

alkoxy disulfides where only the electronics of the substituent were altered 

(Chapter 4). 

6. A solvent study of the S-S rotational barrier in acyclic alkoxy disulfides was 

conducted. Although calculations predicted a solvent effect, measurements of the 

rotational barrier in six solvents indicate that within experimental error, it was not 

affected. This represents the first such solvent study designed to elicit activation 

parameters for S-S rotation for this class of compounds (Chapter 4). 

7. The thermolysis of acyclic alkoxy disulfides was investigated for the first time. 

Results indicate that alkoxy disulfides undergo initial s-o bond homolysis and their 

decomposition follow first order kinetics. Products were identified by 'H NMR 

comparison with authentic samples. Activation parameters were calculated 

indicating that the thermal decomposition of alkoxy disulfides is ca. 8 kcallmol 

more demanding than the S-S rotational barrier (Chapter 4). 

8. Relevant to this study, three closely related and unusual molecules have been 

prepared. These are the first cyclic alkoxy disulfide 171, its valence-bond isomer 

172 representing the first medium-sized ring thionosulfite and a cyclic dimer of 171 

that contains two OSSO moieties, 173. X-ray crystal structures of all three of these 

molecules have been obtained (Chapter 5). In addition, a second new cyclic alkoxy 

disulfide, a lO-membered ring derived from 2,2' -biphenyldimethanol, has been 

fully characterized. Unique to this compound is the presence of two chiral axes 

indicating the presence of diasteomeric conformations that were detected by IH 

NMR and DC NMR (Chapter 6). 
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9. Conformational analysis on 171-173 as well as an analogous sulfite 174 (X-ray 

structure obtained) were carried out (Chapter 5). 

Experimental Results for Polysulfides 

10. The synthesis of symmetric acyclic aromatic tri- and tetrasulfides were optimized 

(Chapter 8). 

11. The kinetics of desulfurization of bis(4-methylbenzene) trisulfide and bis(4-

methyl benzene) tetrasulfide with triphenylphosphine was carried out by 'H NMR. 

This work provides dynamic monitoring of all intermediates, products as well as 

starting material. Rate constants were determined and a consistent mechanism for 

the desulfurization of tetrasulfides was postulated (Chapter 9). 
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APPENDIX I. Gene:ral Synthetic Expe:rimental 

403 



All commercially available reagents were obtained from Aldrich Chemical Company. 

They were used without further purification unless otherwise stated below. 

Methylene chloride (CH2Ch), triethylamine (NEt3) and hexamethyl disiIazane 

(C6H19NSh - HMDS) were distilled over calcium hydride. Tetrahydrofuran (THF) was 

distilled from the blue sodium-benzophenone ketyl. Diethyl ether (EhO) and Carbon 

tetrachloride (CC14) were dried over activated 4A molecular sieves. Sulfur 

monochloride. S2Ch, (135-137 QC) was distilled according to procedures adapted from 

Fieser and Fieser (100:4: 1 S2Ch:sulfur:charcoal).1 SuI fur dichloride, SCh (59-60°C), 

was fractionally distilled over 0.1 % phosphorus pentachloride, PCls. Both S2Ch and SCh 

were used immediately after distillation. 

Thin Layer Chromatography (TLC) was performed on 0.25 mm Merck silica plates 

with aluminum backing and visualized under UV light and/or by dipping in a solution of 

ammonium molybdate «NH4)6M07024eH20) (10 g) and ceric ammonium sulfate 

((NH4)4Ce(S04)4) (4 g) in 10% v/v aqueous sulfuric acid (H2S04) (400 ml) followed by 

heating. Sometimes commercially available phosphomolybdic acid solution (PMA) was 

used as alternative visualization solution. Flash column chromatographl was conducted 

using 230-400 mesh silica gel purchased from Silicycle. 

lH NMR spectra were recorded in CDCh at 200 MHz on a Varian Mercury-200 

spectrometer, at 300 MHz on a Varian Mercury-300 spectrometer, at 400 MHz on a 

Varian Mercury-400 spectrometer, or at 500 MHz a Varian Unity-500 spectrometer. l3C 
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NMR were obtained on the latter three instruments at 75, 101, or 125 MHz, respectively. 

31p NMR were recorded at 81 MHz and were obtained on a Varian Mercury-200 

spectrometer. Deuterated chloroform (CDCb), dried over 4A molecular sieves, was used 

as the solvent of record and IH NMR and I3C NMR. The chemical shifts, 3, of the 

spectra, measured in parts per minion, (ppm), were referenced relative to 

tetramethylsilane (TMS) or to the solvent peak. 31p NMR spectra were referenced to 

phosphoric acid, H3P04. The following abbreviations have been used for multiplicity 

assignments: "s" for singlet, "d" for doublet, "t" for triplet, "q" for quartet, "m" for 

multiplet, "AB" for a spectrum containing a second-order AB splitting pattern. Some 

yields were determined by IH NMR by comparison with an internal standard. 1,3,5-Tri­

tert-butyl benzene was used as the internal standard as it was inert to the reaction 

conditions. 

Infrared spectra were recorded on an ABB Bomem MBlOO FT-IR spectrometer. The 

FT-Raman spectra were recorded on a Bruker Model IFS-8S FT-IR spectrometer 

equipped with a Bruker FRA-106 Raman module containing a liquid nitrogen-cooled, 

300 mW Nd3+-YAG laser operating at 1064 nm at 4 cm-I resolution. Data are reported in 

wavenumbers (cm-I). Ultra-Visible (UV) spectra were recorded on a HP 8453 diode array 

UV /VIS spectrophotometer. 

Low resolution electron impact (El), chemical ionization (Cl) or fast atom 

bombardment (FAB) mass spectra were recorded using a Kratos MS 25RFA instrument 

equipped with a 70 eV ionizing energy source. Mr. Nadim Saade (McGiU University) or 
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Dr. Gaston Boulay (Universite de Sherbrooke) performed the analysis. The data are 

reported according to their charge to mass ratio (miz) and their assignment. High 

resolution mass spectra (HRMS) were carried out at the Universite de Sherbrooke, 

Sherbrooke, QC, Canada by Dr. Gaston Boulay. 

The elemental analysis of 257c, 258b and 258c were performed at Quantitative 

Technologies Inc., Whitehouse, NJ, USA. 

The X-Ray crystal structures for 257b and 258b were solved by Dr. Anne-Marie 

Lebuis formerly of McGiIl University. The structures were solved using the SHELXS-96 

program on an Enraf Nonius CAD-4 diffractometer at Univeriste de Montreal. The 

crystal structures of 171-174 were determined by Dr. Fracine Belanger-Gariepy of 

Univeriste de Montreal. These structures were solved using the SHELXTL (1997) ver. 

5.10 program on a Bruker AXS Smart 2KJPlatform CCD diffractometer. 

Melting points (Mp.) were recorded on a GaHenkamp K 8500 melting point apparatus 

using open end capillaries and are corrected. Differential scanning calorimetry (DSC) 

spectra were recorded on a TA Instruments DSC 2010 differential scanning calorimeter 

and are corrected. 

An glassware was either oven-dried overnight (140 QC) then cooled in a desiccator 

containing Drierite or flame-dried and cooled under a nitrogen stream. An reactions were 

performed under a nitrogen atmosphere (N2) unless otherwise stated. 
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APPENDIX n.! 

CRYSTAL AND MOLECULAR STRUCTURE OF 

C8H802S2COMPOUND 

171 

Structure solved and refined in the laboratory of X-ray diffraction 
Universite de Montreal by Francine Belanger Gariepy. 
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Table II.l.! Crystal data and structure refinement for C8 H8 02 82. 

Empirical formula 

Formula weight 

Temperature 

Wavelength 

Crystal system 

Space group 

Unit cell dimensions 

Volume 

z 

Density (calculated) 

Absorption coefficient 

F(OOO) 

Crystal size 

Theta range for data collection 

Index ranges 

Reflections collected 

Independent reflections 

Absorption correction 

Max. and min. transmission 

Refinement method 

Data I restraints I parameters 

Goodness-of-fit on F2 

Final R indices [I>2sigma(I)) 

R indices (all data) 

Largest diff. peak and hole 

C8 H8 02 82 

200.26 

220(2)K 

1.54178 A 

Monoclinic 

P21/n 

a 

b 

c 

4.82000(10) A 

15.6821(2) A 

11.5593(2) A 

871.46(3)A3 

4 

1. 526 Mg/m 
3 

5.174 -1 mm 

416 

0.49 x 0.05 x 0.05 

4.76 to 72.74° 

10561 

1712 [Rint = 0.030] 

a = 90° 

P 94.1410(10)° 

mm 

Semi-empirical from equivalents 

0.8400 and 0.5800 

Full-matrix least-squares on F2 

1712 I 0 I 109 

1.024 

0.0382, wR2 0.1037 

Rl = 0.0473, wR2 = 0.1078 

0.364 and -0.250 e/A3 
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Table II,1.2 Atomic coordinates (x 10 4
) and equivalent isotropic displacement 

parameters (A2 x 10 3
) for C8 H8 02 32. 

Ueq is defined as one third of the trace of the orthogonalized 

Uij tensor. 

x y z Ueq 

3 (1) 8935(1) 6777(1) 5197(1) 40(1) 
0(2) 6188(3) 6147(1) 5202(1) 44(1) 
C(3) 5363(5) 5850(2) 6320(2) 40(1) 
C(4) 7722(5) 5519(2) 7119(2) 32(1) 
C(5) 8633 (5) 4695(2) 6966(2) 40(1) 
C (6) 10800(5) 4351(2) 7666(2) 43 (1) 
C(7) 12040(6) 4835(2) 8548(2) 46(1) 
C (8) 11163(5) 5656(2) 8722(2) 41(1) 
C(9) 9004(5) 6017(1) 8014(2) 33 (1) 
C (10) 8259(6) 6937(2) 8220(2) 45(1) 
0(11) 9835(4) 7509(1) 7523(2) 50(1) 
3(12) 8384(2) 7747(1) 6223(1) 54 (1) 

Table II.l.3 Hydrogen coordinates (x 104
) and isotropic displacement 

parameters (A2 x 103
) for C8HS 02 32. 

x y z Ueq 

H(3A) 3982 5395 6187 47 
H(3B) 4466 6321 6706 47 
H(5) 7760 4359 6373 48 
H(6) 11416 3792 7539 51 
H(7) 13495 4604 9036 55 
H(8) 12033 5981 9328 49 
H(10A) 6265 7020 8024 54 
H(10B) 8645 7074 9043 54 
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Table II.l.4 Anisotropic parameters (A2 
x 103) for C8 H8 02 82. 

The anisotropic displacement factor exponent takes the form: 

U11 U22 U33 U23 U13 

8 (1) 41(1) 43 (1) 37(1) 3 (1) 3 (1) 
0(2) 41(1) 54(1) 34(1) 0(1) -6(1) 
C (3) 32(1) 47 (1) 40(1) 3 (1) -1(1) 
C (4) 27 (1) 37 (1) 32 (1) 2 (1) 4(1) 
C (5) 46(2) 35 (1) 39 (1) -3 (1) 4 (1) 
C (6) 49(2) 33 (1) 47(2) 8 (1) 7 (1) 
C (7) 47(2) 50(2) 39(1) 14(1) -3 (1) 
C (8) 45(2) 48(1) 28(1) -1(1) -1(1) 
C(9) 34 (1) 37 (1) 29(1) 0(1) 6 (1) 
C(10) 55(2) 45(2) 36(1) -10(1) 5 (1) 
0(11) 66(1) 35(1) 47(1) -5(1) -9(1) 
8(12) 76(1) 32 (1) 53 (1) 3 (1) -7 (1) 

Table II.l.5 Bond lengths [A) and angles [0] for C8 H8 02 82 

8(1)-0(2) 
8(1)-8(12) 
0(2)-C(3) 
C(3)-C(4) 
C(4)-C(5) 
C(4)-C(9) 
C(5)-C(6) 
C(6)-C(7) 
C(7)-C(8) 
C(8)-C(9) 
C(9)-C(10) 
C ( 10 ) -0 ( 11 ) 
0(11)-8(12) 
0(2)-8(1)-8(12) 
C(3)-0(2)-8(1) 
0(2)-C(3}-C(4) 

1.6521(18) 
1.9588(10) 
1.456(3) 
1.504(3) 
1.380(3) 
1.404(3) 
1.383(3) 
1.374(4) 
1.374(4) 
1.397(3) 
1.509(3) 
1.456(3) 
1.6539(19) 
108.57(8) 
117.68(14) 
114.39(19) 

C(5)-C(4)-C(9) 
C(5)-C(4)-C(3) 
C(9)-C(4)-C(3) 
C(4)-C(5)-C(6) 
C(7)-C(6)-C(5) 
C(6)-C(7)-C(8) 
C(7)-C(8)-C(9) 
C(8)-C(9)-C(4) 
C(8)-C(9)-C(10) 
C (4) -C (9) -C (10) 
0(11)-C(10)-C(9) 
C(10)-0(11)-8(12) 
0(11)-8(12)-8(1) 

U12 

-1(1) 
-9(1) 
-5(1) 
-6 (1) 
-9 (1) 

3 (1) 
5 (1) 

-3 (1) 
-1(1) 

7 (1) 
-5(1) 

5 (1) 

119.2(2) 
118.5(2) 
122.2(2) 
121.6(2) 
119.2(2) 
120.3(2) 
121.2(2) 
118.4(2) 
118.1(2) 
123.5 (2) 
111.2(2) 
116.01(16) 
107.94(7) 
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Table II.l.6 Torsion angles [0) for CB H8 02 82. 

S(12)-8(1)-0(2)-C(3) 
8(1)-0(2)-C(3)-C(4) 
0(2)-C(3)-C(4)-C(5) 
0(2)-C(3)-C(4)-C(9) 
C(9)-C(4)-C(5)-C(6) 
C(3)-C(4)-C(5)-C(6) 
C(4)-C(5)-C(6)-C(7) 
C(5)-C(6)-C(7)-C(8) 
C(6)-C(7)-C(8)-C(9) 
C(7)-C(8)-C(9)-C(4) 
C(7)-C(8)-C(9)-C(10) 
C (5) -C (4) -C (9) -C (8) 

C(3)-C(4)-C(9)-C(8) 
C(5)-C(4)-C(9)-C(10) 
C(3)-C(4)-C(9)-C(10) 
C(8)-C(9)-C(10)-0(11) 
C(4)-C(9)-C(10)-0(11) 
C(9)-C(10)-0(11)-S(12) 
C(10)-0(11)-S(12)-S(1) 
0(2)-8(1)-8(12)-0(11) 

-53.90(18) 
-46.6(3) 
-81.3(3) 
99.1(3) 
-0.7(4) 

179.7(2) 
1. 3 (4) 

-1.0(4) 
0.1(4) 
0.5(4) 

-176.9(2) 
-0.2 (3) 

179.4(2) 
177.1(2) 
-3.4 (4) 
90.5(3) 

-86.7(3) 
90.2(2) 

-77.89(17) 
93.20(11) 
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Supplementary Angles: 

Distance HH 

3.4464 
4.6695 
2.0217 
3.4591 
2.4384 
3.4964 
3.4716 
2.3735 
1.5816 
1. 5858 

H3A - Hl0A 
H3A - Hl0B 
mB - Hl0A 
H3B - Hl0B 
mA - H5 
H3B - H5 
Hl0A - H8 
Hl0B - H8 
H3A - H3B 
Hl0A - Hl0B 

Least-squares planes (x,y,z in crystal coordinates) and deviations from them 
(* indicates atom used to define plane) 

- 3.3799 (0.0061) x - 5.1980 (0.0396) y + 7.8626 (0.0283) z = 0.1173 (0.0438) 

* -0.0016 (0.0011) C3 
* 0.0015 (0.0010) C4 
* 0.0019 (0.0013) C5 
* -0.0018 (0.0012) C6 

0.5975 (0.0031) H3A 
0.3600 (0.0027) H3B 

Rms deviation of fitted atoms = 0.0017 

- 3.3975 (0.0088) x - 4.8617 (0.0306) y + 7.9439 (0.0310) z = 0.3670 (0.0509) 

Angle to previous plane (with approximate esd) = 1.31 ( 0.42 

* -0.0156 (0.0012) Cl0 
* 0.0145 (0.0011) C9 
* 0.0188 (0.0014) C8 
* -0.0177 (0.0014) C7 

0.4656 (0.0025) Hl0A 
0.4403 (0.0035) H10B 

Rms deviation of fitted atoms = 0.0167 
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APPENDIX 11.2 

CRYSTAL AND MOLECULAR STRUCTURE OF 

CSHS02S2COMPOUND 

I S=S C(0 

~ d 

Structure solved and refined in the laboratory of X-ray diffraction 
Emory University. 
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Table II.2.1 Crystal data and structure refinement for C8 HB 02 52. 

Identification code jsso3s 

Empirical formula C8 H8 02 S2 

Formula weight 200.26 

Temperature 100(2) K 

Wavelength 1.54178 A. 

Crystal system Monoclinic 

Space group 

Unit cell dimensions 

Volume 

z 

Density (calculated) 

Absorption coefficient 

F(OOO) 

Crystal size 

Theta range for data collection 

P2(l)!c 

a == 7.8807(5) A. 

b == 15.0240(8) A. 

c == 7.2198(4) A. 

853.42(9) A.3 

4 

1.559 Mg/m3 

5.283 mm· 1 

416 

0.32 x 0.22 x 0.19 mm3 

5.62 to 66.69°. 

p= 93.278(4)°. 

Index ranges 

Reflections collected 

-9<=h<=9, -17<=k<=15, -8<=k=7 

3792 

Independent reflections 

Completeness to theta = 66.69° 

Absorption correction 

Max. and min. transmission 

1369 [R(int) = 0.0268] 

90.8 % 

SADABS 

0.4334 and 0.2827 

416 



Refinement method 

Data I restraints I parameters 

Goodness-of-fit on F2 

Final R indices [I>2sigma(I)] 

R indices (all data) 

Largest diff. peak and hole 

Full-matrix least-squares on F2 

1369/01141. 

1.030 

RI == 0.0390, wR2 == 0.1174 

RI == 0.0399, wR2 = 0.1187 

0.419 and -0.638 e.A-3 
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Table IX.:2.:2 Atomic coordinates (x 104) and equivalent isotropic displacement parameters (A2x 103) 

for J5S03s. U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 

x y z U(eq) 

C(l) 9012(3) 1606(2) 2712(3) 19( 1) 

C(2) 9697(3) 1366(1) 4633(3) 15(1) 

C(3) 11368(3) 1566(2) 5182(3) 19(1) 

C(4) 12040(3) 1360(2) 6953(3) 19(1) 

C(5) 11009(3) 959(2) 8211(3) 19(1) 

C(6) 9323(3) 760(2) 7677(3) 18(1) 

C(7) 8663(3) 948(1) 5897(3) 14(1) 

C(8) 6847(3) 697(2) 5359(3) 17(1) 

0(1) 7630(2) 2252(1) 2787(2) 20(1) 

0(2) 5771(2) 1474(1) 4968(2) 18( 1) 

SO) 57000) 1909(1) 2908(1) 17(1) 

S(2) 52600) 974(1) 1097(1) 22(1) 
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Table U.2.3 Bond lengths rA] and angles [0] for JSS03s. 

C(l)-O(l) 1.462(3) 

C(l)-C(2) i .503(3) 

C(2)-C(3) 1.387(3) 

C(2)-C(7) J .406(3) 

C(3)-C(4) 1.391(3) 

C(4)-C(5) 1.390(3) 

C(5)-C(6) 1.394(3) 

C(6)-C(7) 1.388(3) 

C(7)-C(8) 1.509(3) 

C(8)-0(2) 1.460(3) 

0(1)-5(1) 1.6126(17) 

0(2)-5(1) 1.6233(15) 

S(1)-5(2) 1.9361(8) 

0(1 )-C(1 )-C(2) 110.76(18) 

C(3)-C(2)-C(7) 119.2(2) 

C(3)-C(2)-C( 1) 119.8(2) 

C(7)-C(2)-C(l) 121.0(2) 

C(2)-C(3)-C(4) 121.3(2) 

C(5)-C(4)-C(3) 119.4(2) 

C(4)-C(5)-C(6) 119.7(2) 

C(7)-C(6)-C(5) 120.9(2) 

C(6)-C(7)-C(2) 119.4(2) 

C(6)-C(7)-C(8) 119.2(2) 

C(2)-C(7)-C(8) 121.4(2) 

0(2)-C(8)-C(7) 112.45(18) 

C( i )-O( 1 )-S( 1) 119.78(14) 

C(8)-0(2)-S(1) i 19.21(14) 

OC 1 )-S( 1 )-0(2) 101.24(9) 

O( 1 )-S( i )-S(2) 109.18(7) 

0(2)-S( I )-S(2) 108.79(7) 

Symmetry transformations used to generate equivalent atoms: 
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Table :!:!.:2. 4 Anisotropic displacement parameters (A2x 103) for JSS03s. The anisotropic 

displacement factor exponent takes the form: -2rc2[ h2 a*2Ull + .. , + 2 h k a* b* Ul2 ] 

U23 

CO) 18(1) 22(1) 18(1) 3(1) 8(1) -1(1) 

C(2) 17(1) 11(1) 17(1) -1(1) 7(1) 3(1) 

C(3) 19(1) 16(1) 23(1) 1(1) 7(1) 0(1) 

C(4) 17(1) 16(1) 25(1) -2(1) 1(1) 4(1) 

C(5) 21(1) 16(1 ) 20(1) -lO) 2(1) 4(1) 

C(6) 23(1) 15(1 ) 18(1) 1(1) 8(1) 00) 

C(7) 16(1 ) 10( 1) 18(1 ) -1 (1) 6(1) 1 Cl) 

C(S) IS( 1) 16(1) IS(1) 5(1) 4(1) -20 ) 

0(1) 19(1) 14(1) 25(1) 5(1) 2(1) -2(1) 

0(2) 17(1) 220) IS(1) 1(1) 6(1) 3(1) 

SO) 18(1) 15(1) 19(1) 10) 3(1) 1(1) 

S(2) 25(1) 22(1) 19(1) -2(1) 10) -4(1) 
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Table :IX.:2. 5 Hydrogen coordinates ( x 104) and isotropic displacement parameters (A2x 10 3) 

for JSS03s. 

x y z U(eq) 

HO) 8540(30) 1088(18) 1980(40) 19(7) 

H(2) 9910(40) 1902(18) 2030(40) 20(7) 

H(3) 12110(40) 1910(19) 4250(40) 27(8) 

H(4) 13200(30) 1506(16) 7360(30) 13(6) 

H(5) 11430(30) 836(17) 9460(40) 13(6) 

H(6) 8570(40) 489(18) 8490(40) 24(7) 

H(7) 6730(40) 330(19) 4210(40) 26(7) 

H(8) 6400(40) 390(19) 6350(40) 32(8) 
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Table :I:I.:;I. 6 Torsion angles [0] for JSS03s. 

O( I )-C( 1 )-C(2 )-C(3) -116.8(2) 

O( 1 )-C( 1 )-C(2)-C(7) 62.4(3) 

C(7 )-C(2 )-C(3 )-C( 4 ) 0.2(3) 

C( 1 )-C(2)-C(3)-C(4) 179.5(2) 

C(2)-C(3)-C( 4 )-C(5) -1.2(4) 

C(3)-C(4)-C(5)-C(6) 0.8(3) 

C(4)-C(5)-C(6)-C(7) 0.6(3) 

C(5)-C(6)-C(7)-C(2) -1.6(3) 

C(5)-C(6)-C(7)-C(8) 178.3(2) 

C(3)-C(2)-C(7)-C(6) 1.2(3) 

C( I )-C(2 )-C(7)-C( 6) -178.1(2) 

C(3)-C(2)-C(7)-C(8) -178.7(2) 

C(l}-C(2)-C(7)-C(8) 2.0(3) 

C(6)-C(7)-C(8)-0(2) 114.8(2) 

C(2)-C(7)-C(8)-0(2) -65.3(3) 

C(2)-C( 1 )-O( 1 )-S( 1) -89.1(2) 

C(7)-C(8)-0(2)-S( 1) 85.1(2) 

C( 1 )-0(1 )-S(1 )-0(2) 68.14(16) 

C(l )-00 )-S(l)-S(2) -46.49(16) 

C(8)-0(2)-S(l )-0(1) -64.50(16) 

C(8)-0(2)-S(l)-S(2) 50.43(16) 
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C.rystal St.ructure Analysis 

A suitable crystal of JSS03 was coated with Paratone N oil, suspended in a sman fiber loop 

and placed in a cooled nitrogen gas stream at 100 K on a BrukerD8 SMART 1000 CCD sealed tube 

diffractometer with graphite monochromated CuKa (1.54178 A) radiation. Data were measured 

using a series of combinations of phi and omega scans with 10 second frame exposures and 0.30 

frame widths. Data collection, indexing and initial cell refinements were aB carried out using 

SMART' software. Frame integration and final cell refinements were done using SAINT2 software. 

The final cell parameters were determined from least-squares refinement on 3545 reflections. The 

SADABS3 program was used to carry out absorption corrections. 

The structure was solved using Direct methods and difference Fourier techniques 

(SHELXTL, V5.10).4 All the hydrogen atoms were located in a difference Fourier map and were 

included in the final cycles of least squares with isotropic DU's; an non-hydrogen atoms were 

refined anisotropically. Scattering factors and anomalous dispersion corrections are taken from the 

International Tables for X-ray Crystallographi. Structure solution, refinement, graphics and 

generation of publication materials were performed by using SHELXTL, V5.1O software. 

Additional details of data collection and structure refinement are given in Table 1. 
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APPENDIX B.3 

CRYSTAL AND MOLECULAR STRUCTURE OF 

C16 H16 04 S4 COMPOUND 

Structure solved and refined in the laboratory of X-ray diffraction 
Universite de Montreal by Francine Belanger-Gariepy. 
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Table XX.3.1 Crystal data and structure refinement for C16 H16 04 84. 

Empirical formula 

Formula weight 

Temperature 

Wavelength 

Crystal system 

Space group 

Unit cell dimensions 

Volume 

z 

Density (calculated) 

Absorption coefficient 

F(OOO) 

Crystal size 

Theta range for data collection 

Index ranges 

Reflections collected 

Independent reflections 

Absorption correction 

Max. and min. transmission 

Refinement method 

Data I restraints I parameters 

Goodness-of-fit on F2 

Final R indices [I>2sigma(I)] 

R indices (all data) 

Absolute structure parameter 

Largest diff. peak and hole 

C16 H16 04 S4 

400.53 

220(2)K 

1.54178 A 

Orthorhombic 

Pba2 

a = 13.5485(2) A 

b = 14.9235(2) A 

c = 4.37660(10) A 

884.91(3)A3 

2 

1. 503 Mg/m3 

5.095 

416 

-1 mm 

a = 90° 

~ = 90° 

'Y = 90° 

0.27 x 0.15 x 0.11 mm 

4.41 to 72.76° 

-16:Sh:S16, -17:Sk:S18, -5:Sf:S4 

5381 

1485 [Rint = 0.031] 

Semi-empirical from equivalents 

0.6900 and 0.3300 

Full-matrix least-squares on F2 

1485 / 1 / 109 

1. 039 

Rl = 0.0382, wR2 0.1013 

Rl = 0.0423, wR2 = 0.1031 

0.07(3) 

0.300 and -0.285 e/A3 
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Tab1e II.3.2 Atomic coordinates (x 104
) and equivalent isotropic 

displacement parameters (A2 x 103
) for C16 H16 04 S4. 

Ueq is defined as one third of the trace of the orthogonalized 

Uij tensor. 

x y z Ueq 

8(1) 7597(1) 9643(1) 7055(2) 41 (1) 
0(2) 6787(2) 8927(1) 8474(6) 40 (1) 
C(3) 6576(2) 8154(2) 6543(8) 36 (1) 
C(4) 5842(2) 7595(2) 8257(8) 35 (1) 
C (5) 6126(2) 6784(2) 9509(11) 44 (1) 
C(6) 5482(3) 6259(2) 11141 (10) 51 (1) 
C(7) 4514(3) 6543(2) 11532 (10) 48 (1) 
C (8) 4219(3) 7352(2) 10295(10) 42 (1) 
C (9) 4859(2) 7882(2) 8663(8) 36 (1) 
C(10) 4518(2) 8772(2) 7417(10) 42(1) 
0(11) 3508(2) 8670(1) 6398(7) 47 (1) 
8(12) 3091(1) 9524(1) 4309(2) 45 (1) 

Table II.3.3 Hydrogen coordinates (x 104
) and isotropic displacement 

parameters (A2 x 10 3
) for C16 H16 04 S4. 

x y z Ueq 

H(3A) 7180 7811 6155 43 
H(3B) 6300 8347 4580 43 
H(5) 6779 6586 9235 53 
H (6) 5694 5713 11985 61 
H(7) 4064 6188 12628 58 
H(8) 3564 7544 10578 51 
H(10A) 4557 9232 9009 51 
H(10B) 4939 8955 5706 51 
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Tab~e XI.3.~ Anisotropic parameters (A2 x 10 3
) for C16 H16 04 54. 

The anisotropic displacement factor exponent takes the form: 

Ull U22 U33 U23 U13 U12 

S(l) 30(1) 34(1) 57(1) -5(1) 6 (1) 1 (1) 
0(2) 43(1) 32(1) 44(2) -6(1) 4(1) -5(1) 
C (3) 35(2) 31 (2) 40(2) -11(1) 2 (2) 4(1) 
C (4) 32 (1) 30(2) 41(2) -9(1) -1(1) 0(1) 
C(5) 37(2) 33(2) 62(2) -7(2) -7(2) 6(1) 
C(6) 50(2) 30(2) 74(3) 8(2) -11(2) 1(2) 
C (7) 49(2) 37(2) 58(3) 5(2) 5(2) -10(2) 
C (8) 36(2) 34(2) 57 (2) -3(2) 4(2) 1(2) 
C (9) 33 (1) 30(2) 44(2) -6(1) -1(1) 2 (1) 
C(10) 34(2) 35(2) 58(3) 1(2) -4(2) 1(1) 
0(11) 35(1) 34 (1) 71 (2) 0(1) -7 (1) 0(1) 
S(12) 44(1) 41(1) 48(1) -2 (1) -11 (1) 3 (1) 
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Table J:J:.3.5 Bond lengths [AJ and angles [0] for C16 H16 04 S4 

S(1)-0(2) 
S(1)-S{12)#1 
0(2)-C(3) 
C(3)-C(4) 
C(4)-C(5) 
C(4)-C(9) 
C(5)-C(6) 
C (6) -C (7) 

C(7)-C(8) 
C(8}-C(9) 
C(9)-C(10) 
C(10)-0(11) 
0(11)-S(12) 
S(12)-S(1)iH 

0(2)-S(1)-S(12)#1 
C(3)-0(2)-S(1) 
0(2)-C(3)-C(4) 
C(5)-C(4)-C(9) 
C(5)-C(4)-C(3) 
C(9)-C(4)-C(3) 
C(6)-C(5)-C(4) 
C(5)-C(6)-C(7) 
C (8) -C (7) -C (6) 

C(9)-C(8)-C(7) 
C(8)-C(9)-C(4) 
C(8)-C(9)-C(10) 
C(4)-C{9)-C(10) 
0(11)-C(10)-C(9) 
C(10)-0{11)-S(12) 
0(11)-S(12)-S(1)#1 

1.653(2) 
1.9637(13) 
1.458(3) 
1.500(4) 
1.383 (4) 
1.410(4) 
1.374(5) 
1.388(5) 
1.382(5) 
1.374(5) 
1.509(4) 
1.447(4) 
1.667(2) 
1.9637 (13) 

108.91(9) 
115.07(19) 
106.3(2) 
118.6(3) 
120.0(3) 
121.3(3) 
121.8(3) 
119.4(3) 
119.4(4) 
121.6(3) 
119.2(3) 
120.1(3) 
120.7(3) 
108.0(2) 
114.19(19) 
108.00(11) 

Symmetry transformations used to generate equivalent atoms: 

#1 -x+1,-y+2,z 
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Table II.3.6 Torsion angles [0] for C16 H16 04 84. 

S(12)#1-8(1)-0(2)-C(3) 
8(1)-0(2)-C(3)-C(4) 
0(2)-C(3)-C(4)-C(S) 
0(2)-C(3)-C(4)-C(9) 
C(9)-C(4)-C(S)-C(6) 
C(3)-C(4)-C(S)-C(6) 
C(4)-C(S)-C(6)-C(7) 
C(S)-C(6)-C(7)-C(8) 
C(6)-C(7)-C(8)-C(9) 
C(7)-C(8)-C(9)-C(4) 
C(7)-C(8)-C(9)-C(10) 
C(5)-C(4)-C(9)-C(8) 
C(3)-C(4)-C(9)-C(8) 
C(S)-C{4)-C(9)-C(10) 
C(3)-C(4)-C(9)-C(10) 
C(8)-C(9)-C{10)-0(11) 
C(4)-C(9)-C(10)-0(11) 
C(9)-C(10)-0(11)-S{12) 
C(10)-0(11)-S(12)-S(1)#1 
0(2)-S(1)-S(12)#1-0(11)#1 

84.4(2) 
179.4(2) 

-108.8(3) 
70.4(4) 
-0.4(6) 

178.8(3)' 
0.S(6) 

-0.6(6) 
0.5(6) 

-0.4(6) 
-178.4(3) 

0.3{S) 
-178.9(3) 
178.4(3) 
-0.9(S) 

-37.6(S) 
144.4(3) 

-168.0(2) 
-94.4(2) 
87.6(1) 

Symmetry transformations used to generate equivalent atoms: 

#1 -x+1,-y+2,z 
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APPENDIX 11.4 

CRYSTAL AND MOLECULAR STRUCTURE OF 

CS HS 03 S COMPOUND 

I 5=0 C(0 

h I o 

174 

Structure solved and refined in the laboratory of X-ray diffraction 
Universite de Montreal by Francine Belanger-Gariepy. 
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Table ii.4.1 Crystal data and structure refinement for CB H8 03 S. 

Empirical formula 

Pormula weight 

Temperature 

Wavelength 

Crystal system 

Space group 

Unit cell dimensions 

Volume 

z 

Density (calculated) 

Absorption coefficient 

P(OOO) 

Crystal size 

Theta range for data collection 

Index ranges 

Reflections collected 

Independent reflections 

Absorption correction 

Max. and min. transmission 

Refinement method 

Data / restraints / parameters 

Goodness-of-fit on F2 

Final R indices [I>2sigma(I)] 

R indices (all data) 

Extinction coefficient 

Largest diff. peak and hole 

C8 H8 03 S 

184.20 

220(2)K 

1.54178 A 

Orthorhombic 

Pbca 

a = 11.2787(2) A 

b = 8.8934(2) A 

c = 16.4636(3) A 

1651.40(6)A3 

8 

1. 482 Mg/m3 

3.200 

768 

-1 mm 

a = 90° 

~ = 90° 

Y = 90° 

0.60 x 0.27 x 0.08 mm 

5.37 to 55.16° 

-11::5:h::5:11, -8::5:k::5:9, -17::5:£::5:16 

10293 

1037 [Rint = 0.050] 

Semi-empirical from equivalents 

0.8300 and 0.2400 

Pull-matrix least-squares on p2 

1037 / 372 / 219 

1.004 

Rl = 0.0372, wR2 = 0.0954 

Rl = 0.0434, wR2 = 0.0997 

0.0026(4) 
0.187 and -0.272 e/A3 
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Table XX.4.2 Atomic coordinates (x 104
) and equivalent isotropic 

displacement parameters (A2 x 103) for C8 H8 03 S. 

Ueq is defined as one third of the trace of the orthogonalized 

Uij tensor. 

Occ. x y z Ueq 

0(11) 0.899(3) 3414(3) -788 (3) 2728(2) 82 (1) 
S(l1) 0.899(3) 2738(1) 527(1) 2498(1) 63 (1) 
0(12) 0.899(3) 3669(2) 1820(2) 2281(1) 63 (1) 
C(13) 0.899(3) 4695(2) 1438(3) 1768(2) 57(1) 
C(14) 0.899(3) 4394(4) 1617(5) 883(2) 48(1) 
C(15) 0.899(3) 4974(5) 2683 (7) 419(2) 64(1) 
C(16) 0.899(3) 4719(4) 2854(5) -395(3) 76(1) 
C(17) 0.899(3) 3878(4) 1965(5) -747(2) 75(1) 
C(18) 0.899(3) 3283(4) 896(4) -293(2) 61(1) 
C(19) 0.899(3) 3537(4) 711 (4) 519(2) 45(1) 
C(110) 0.899(3) 2873(4) -448(4) 1000(2) 56(1) 
0(111) 0.899(3) 2147(2) 254(4) 1630(1) 60(1) 
0(21) 0.101(3) 2683(18) 250(20) 3092(10) 123 (7) 
S(21) 0.101(3) 3116(9) -588(11) 2400(6) 81 (3) 
0(22) 0.101(3) 4370(10) 108(15) 2127(9) 88(4) 
C(23) 0.101(3) ·4350 (30) 1710(19) 1893(12) 58(5) 
C (24) 0.101(3) 4360(40) 1840(50) 979(13) 49(4) 
C (25) 0.101(3) 5140(40) 2830(60) 611(15) 48(5) 
C(26) 0.101(3) 5080(30) 3090(50) -213(16) 58(5) 
C(27) 0.101(3) 4310(40) 2290(50) -673(13) 57 (6) 
C(28) 0.101(3) 3490(40) 1330(50) -320(13) 53 (5) 
C (29) 0.101(3) 3540(30) 1060(40) 508(12) 49(5) 
C (210) 0.101(3) 2920(30) -310(30) 831 (11) 52(5) 
0(211) 0.101(3) 2361(16) -40(40) 1620(10) 58(5) 
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Tab1e II.4.3 Hydrogen coordinates (x 104
) and isotropic displacement 

parameters (A2 x 10 3
) for C8 H8 03 S. 

Occ. x y z Ueq 

H(13A) 0.899(3) 4936 397 1873 69 
H(13B) 0.899(3) 5363 2096 1905 69 
H(15) 0.899(3) 5549 3301 662 77 
H(16) 0.899(3) 5123 3578 -706 91 
H(17) 0.899(3) 3700 2080 -1301 90 
H(18) 0.899(3) 2703 291 -541 73 
H(l1A) 0.899(3) 2363 -1031 635 67 
H(l1B) 0.899(3) 3439 -1142 1253 67 
H(23A) 0.101(3) 5040 2225 2122 70 
H(23B) 0.101(3) 3633 2189 2109 70 
H(25) 0.101(3) 5721 3321 926 57 
H(26) 0.101(3) 5575 3821 -455 70 
H(27) 0.101(3) 4322 2393 -1241 69 
H(28) 0.101(3) 2914 853 -641 63 
H(21A) 0.101(3) 2319 -632 441 63 
H(21B) 0.101(3) 3502 -1125 886 63 

435 



Table XX.4.4 Anisotropic parameters (A2 x 103) for C8 H8 03 s. 

The anisotropic displacement factor exponent takes the form: 

U11 U22 U33 U23 U13 U12 

0(11) 86(2) 80(2) 80(2) 25(1) -6(1) 17 (1) 
8(11) 69(1) 66(1) 54(1) 11 (1) 10(1) 10(1) 
0(12) 75(1) 58(1) 56(1) -9(1) 5(1) 6 (1) 
C(13) 49(2) 60(2) 63(2) -8(1) -4(1) -3 (1) 
C(14) 44(1) 39(2) 62(2) -3(1) 7(1) 3 (1) 
C(15) 61(2) 49(2) 81(3) 1(3) 16(2) -2(1) 
C (16) 89(4) 49(3) 89(3) 13 (3) 43 (3) 8(2) 
C(17) 99(3) 67(3) 58(2) 6(2) 17(2) 24 (2) 
C (18) 74(2) 52(3) 56(2) -4(1) 1 (1) 9 (2) 
C(19) 49(2) 36(2) 50(2) -3 (1) 2(1) 7 (1) 
C(110) 55(2) 52(2) 61(2) -8(1) 3 (2) -9 (1) 
0(111) 48(1) 66(2) 66(1) 8(1) 5(1) 5(1) 
0(21) 137(16) 149(15) 82(14) 33 (12) 25(12) -47(13) 
s (21) 100(7) 47(6) 94(7) 6(4) 4(5) -16(5) 
0(22) 98(9) 74 (8) 92(8) 16(7) -28(8) 5(7) 
C(23) 59(9) 49 (8) 67(9) -8(8) -23 (8) -4(8) 
C (24) 46(8) 41(8) 60(7) -18(7) 4(7) -1 (7) 
C (25) 53(10) 37(9) 53 (9) -10(9) 2 (8) 3 (8) 
C(26) 65 (11) 45(10) 64(10) -15(9) 8(9) 3 (8) 
C(27) 74 (11) 46(10) 52(10) 13 (9) 17(9) -5(10) 
C (28) 64(9) 43 (9) 52(8) -8(8) 1(8) -8 (8) 
C(29) 53 (8) 40(8) 53 (8) 0(7) 14(8) 4(8) 
C(210) 51(9) 51(9) 55(8) -3(8) -2 (8) 15 (8) 
0(211) 53(8) 51(8) 71 (8) 8(7) 4(7) 13(7) 
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Tab1® ~~.4.5 Bond lengths [A} and angles [0] for C8 H8 03 8 

0(11}-8(11) 
8 (11) -0 (111) 
8(1l)-0(12) 
0(12)-C(13) 
C (13) -C (14) 
C(14)-C(15) 
C(14)-C(19) 
C(15)-C(16) 
C(16)-C(17) 
C(17)-C(18) 
C(18)-C(19) 
C(19)-C(110) 
C (11 0) -0 (111) 
0(21)-8(21) 
8(21)-0(22) 
8 (21) -0 (211) 
0(22)-C(23) 
C(23)-C(24) 
C(24)-C(25) 
C(24)-C(29) 
C(25)-C(26) 
C(26)-C(27) 
C(27)-C(28) 
C(28)-C(29) 
C(29)-C(210) 
C (210) -0 (211) 

0(11)-8(11)-0(111) 
0(11)-8(11)-0(12) 
0(111)-8(11)-0(12) 
C(13)-0(12)-8(11) 
0(12)-C(13)-C(14) 
C(15)-C(14)-C(19) 
C(15)-C(14)-C(13) 
C(19)-C(14)-C(13) 
C(16)-C(15)-C(14) 
C(17)-C(16)-C(15) 
C(16)-C(17)-C(18) 
C(19)-C(18)-C(17) 
C(18)-C(19)-C(14) 
C(18)-C(19)-C(110) 
C(14)-C(19)-C(110) 
0(111)-C(110)-C(19) 
C(110)-0(111)-8(11) 
0(21)-8(21)-0(22) 
0(21)-8(21)-0(211) 
0(22)-8(21)-0(211) 
C(23)-0(22)-8(21) 
0(22)-C(23)-C(24) 
C(25)-C(24)-C(29) 
C(25)-C(24)-C(23) 
C(29)-C(24)-C(23) 
C(26)-C(25)-C(24) 
C(27)-C(26)-C(25) 
C(26)-C(27)-C(28) 
C(27)-C(28)-C(29) 

1.447(3) 
1.595(2) 
1.5980(18) 
1.472(3) 
1.505(4) 
1.382(3) 
1.394(3) 
1.379(5) 
1.364(5) 
1.382(5) 
1.377(3) 
1.501(3) 
1.462(3) 
1.445(9) 
1.608(9) 
1.616(9) 
1. 476 (10) 
1.509(9) 
1.383(9) 
1.396(9) 
1.38(1) 
1.361(10) 
1.383(10) 
1.384(9) 
1.50(1) 
1.465(9) 

109.4(2) 
107.11 (15) 
100.54(13) 
118.64(15) 
110.7(3) 
119.1(3) 
120.1(3) 
120.8(2) 
121.0(3) 
119.5(3) 
120.5(3) 
120.4(3) 
119.5(2) 
119.4(2) 
121.1(2) 
111.1 (2) 

117.8(2) 
108.6(9) 
107.00(12) 

97.2(9) 
115.50(12) 
109.50(15) 
119.8(1) 
119.50(12) 
120.60(13) 
120.50(12) 
119.30(12) 
121.20(12) 
119.70(12) 

C(28)-C(29)-C(24) 
C(28)-C(29)-C(210) 
C(24)-C(29)-C(210) 
0(211)-C(210)-C(29) 
C(210)-0(211)-8(21) 

119.2(1) 
118.10(13) 
120.90(14) 
112.50(14) 
115.30(13) 
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Table XX.~.6 Torsion angles [0] for C8 H8 03 S. 

0(11)-S(11)-0(12)-C(13) 
0(111)-S(11)-0(12)-C(13) 
S(11)-0(12)-C(13)-C(14) 
0(12)-C(13)-C(14)-C(lS) 
0(12)-C(13)-C(14)-C(19) 
C(19)-C(14)-C(lS)-C(16) 
C(13)-C{14)-C{lS)-C(16) 
C(14)-C(lS)-C(16)-C(17) 
C(lS)-C(16)-C(17)-C(18) 
C(16)-C(17)-C(18)-C(19) 
C(17)-C(18)-C(19)-C(14) 
C(17)-C(18)-C(19)-C(110) 
C(lS)-C(14)-C{19)-C(18) 
C(13)-C(14)-C(19)-C(18) 
C(lS)-C(14)-C(19)-C(110) 
C(13)-C(14)-C(19)-C(110) 
C(18)-C(19)-C(110)-0(111) 
C(14)-C(19)-C(110)-0(111) 
C(19)-C(110)-0(111)-S(11) 
0(11)-S(11)-0(111)-C(110) 
0(12)-S(11)-0(111)-C(110) 
0(21)-S(21)-0(22)-C(23) 
0(211)-S(21)-0(22)-C{23) 
S(21)-O(22)-C(23)-C(24) 
O(22)-C(23)-C(24)-C(2S) 
0(22)-C(23)-C(24)-C(29) 
C(29)-C(24)-C(2S)-C(26) 
C(23)-C(24)-C(2S)-C(26) 
C(24)-C(25)-C(26)-C(27) 
C(2S)-C(26)-C(27)-C(28) 
C(26)-C(27)-C(28)-C(29) 
C(27)-C(28)-C(29)-C(24) 
C(27)-C(28)-C(29)-C(210) 
C(2S)-C(24)-C(29)-C(28) 
C(23)-C(24)-C(29)-C(28) 
C(25)-C(24)-C(29)-C(210) 
C(23)-C(24)-C(29)-C(210) 
C(28)-C(29}-C(210)-0(211) 
C(24)-C(29)-C(210j-O(211) 
C(29)-C(210)-0(211)-S(21) 
0(21}-S(21)-O(211)-C(210) 
O(22)-S(21)-0(211)-C(210) 

4S.1(2) 
-69.1(2) 

88.3(2) 
115.9(S) 
-64.4(5) 
-0.4(9) 

179.3(5) 
0.5(9) 

-0.2(7) 
-0.2(6) 

0.3 (6) 

179.S(4) 
0.0(7) 

-179.7(4) 
-179.2(S) 

1.1(6) 
-l1S.1(4) 

64.1(S) 
-89.S(3) 
-43.0(3) 
69.4(3) 

-S9.S0(18) 
S1.30(19) 

-101.90(19) 
-132(5) 

53 (S) 

2 (9) 
-173(5) 

-S(9) 
7 (9) 

-6(8) 
3 (7) 

-161(5) 
-2 (7) 

173 (4) 
163(5) 
-23 (6) 

-143(4) 
53 (S) 

-98(2) 
158.30(19) 

46(2) 
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APPENDIX n.s 

CRYSTAL AND MOLECULAR STRUCTURE OF 

C14 H14 S3 COMPOUND 

251b 

Structure solved by X-Ray crystallography laboratory, chemistry 
department, McGill University by Dr Anne-Marie Lebuis. 
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Table ii.4.1 Crystal data and structure refinement for C14 H14 83. 

Empirical formula 

Formula weight, Mr 

Cell setting 

Space group 

Unit cell dimensions (A, deg) 

Volume of unit cell, V 

Formula units per cell, Z 

C14 H14 83 

278.43 

Orthorhombic 

P2(1)2(1)2 

a = 7.5363(4) 

b = 16.1028(8) 

c = 5.8308(3) 

707.60(6)1\3 

2 

a = 90 

~ = 90 

Y = 90 

Formula units per assymetric unit, Z' 1/2 

Density calculated from 
formula and cell, Dx (Mg/m A 3) 

F(OOO) 

Radiation type 

Wavelength, lambda (A) 

No. of reflections 
for cell measurement 

Theta range (deg) 

Linear absorption coefficient, 
mu (mm"-l) 

Measurement temperature (K) 

Crystal shape 

Colour 

Size (mm) 

Data collection 

Diffractometer type 

Data-collection method 

Absorption correction type 

Max and min transmission values 

1. 307 

292 

CuK\a 

1.54178 

1002 

5.9 to 71. 3 

4.573 

293(2) 

plate 

colourless 

0.494 x 0.160 x 0.011 

Bruker AX8 Smart 2K/Platform 

phi scans 

Multi scan 

0.97 and 0.30 
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No. of reflections measured 8496 

No. of independent reflections 1347 

Completeness of data to Theta max 0.970 

No. of observed reflections 1022 

Criterion for observed 
reflections 

Rint 

Theta range for data collection 

Ranges of h,k,l 

No. of standard reflections 

Intensity decay (%) 

Refinement 

Refinement method 

Final R indices, I>2sigma(I) 

R indices, all data 

Goodness-of-fit on FA2, S 

>2sigma(I) 

0.1120 

5.49 to 72.58 deg. 

64 

none 

Full-matrix on FA2 

RI 0.0458, wR2 = 0.1168 

RI 0.0625, wR2 0.1168 

0.957 

RI = sum (absabs Foabs -abs Fcabsabs )/sum (abs Foabs ) I 

wR2 = (sum [w(FoA2A_Fc A2A)A2A]/sum [w(FoA2A)A2A]]Al*2A and 
GoF = [sum [w(FoA2A-Fc A2A)A2A]/(No. of reflns - No. of 

params.)]Al*2A 

Data / restraints / parameters 

Method of refining and 
locating H atoms 

Weighting scheme 

Function minimized 

Maximum shift/sigma 

Largest diff. peak and hole 

Absolute structure parameter 

1347 / 0 / 78 

riding 

based on measured s.u. 's 

0.000 

0.365 and -0.216 e.AA *3 

0.09(4) 
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Table II.S.2 Atomic coordinates and equivalent isotropic 
displacement parameters (AA2 A x 10 A2A) for C14 H14 S3. 

U-eq-

x y z U(eq) 

S(l) 0.29321(14) 0.46585(6) 0.1188(2) 7.05(4) 
8(2) 0.5000 0.5000 -0.0870(2) 6.28(4) 
C(l) 0.3391(4) 0.3606(2) 0.1899(6) 5.12 (9) 
C(2) 0.4207(4) 0.3416(2) 0.3972(6) 5.82(9) 
C (3) 0.4489(5) 0.2598(3) 0.4575(6) 5.75(9) 
C(4) 0.3950(4) 0.1952(2) 0.3175(6) 4.98(8) 
C(5) 0.3150(4) 0.2158(2) 0.1110(6) 5.07(8) 
C(6) 0.2864(4) 0.2972(2) 0.0482(5) 5.07(8) 
C (7) 0.4246(5) 0.1070(2) 0.3880(9) 7.25(11) 
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Table II.5.3 Bond lengths (A) and angles (deg) for C14 H14 S3. 

S(l)-C(l) 1.779(4) S(1)-S(2) 2.0422(14} 
S(2)-S(1)#1 2.0422(14) C(1)-C(6) 1.373(4) 
C(1)-C{2) 1.390(5) C(2)-C(3) 1.380(5) 
C(2)-H(2) 0.9300 C(3)-C(4) 1.383(5) 
C(3)-H{3) 0.9300 C(4)-C(5) 1.387(5) 
C(4)-C{7) 1.495(5) C(5)-C(6) 1.377(4) 
C(5)-H(5) 0.9300 C(6)-H(6) 0.9300 
C(7)-H{7A) 0.9600 C(7) -H(7B) 0.9600 
C(7)-H{7C) 0.9600 C(7)-H(7D) 0.9600 
C(7)-H(7E) 0.9600 C(7)-H(7F) 0.9600 

C(1)-S(1)-S(2) 104.18(11) S(1)#1-S(2)-S(1) 108.04(9) 
C(6)-C(1)-C(2) 119.2(3) C(6)-C(1)-S(1) 120.8(3) 
C(2)-C(1)-S(1) 119.9(3) C(3)-C(2)-C(1) 120.0(3) 
C(3)-C(2)-H(2) 120.0 C(1)-C(2)-H(2) 120.0 
C(2)-C{3)-C(4) 121.5(3) C (2) -C (3) - H (3 ) 119.3 
C(4)-C(3)-H{3) 119.3 C(3)-C(4)-C{5) 117.4(3) 
C (3) -C (4) -C (7) 120.5(3) C(5)-C(4)-C(7) 122.1(3) 
C(6)-C(5)-C(4) 121.8(3) C(6)-C(5)-H(5) 119.1 
C(4)-C(5)-H(5) 119.1 C(l)-C(6)-C(5) 120.2(3) 
C (1) -C (6) -H (6) 119.9 C(5) -C(6) -H(6) 119.9 
C(4)-C(7)-H(7A) 109.5 C(4)-C(7)-H(7B) 109.5 
H(7A)-C{7)-H(7B) 109.5 C(4)-C(7)-H{7C) 109.5 
H{7A)-C(7)-H(7C) 109.5 H{7B)-C{7)-H{7C) 109.5 
C(4)-C{7)-H(7D) 109.5 H(7A)-C{7)-H{7D) 141.1 
H(7B)-C{7)-H(7D) 56.3 H{7C)-C(7)-H(7D) 56.3 
C(4)-C(7)-H(7E) 109.5 H{7A)-C(7)-H(7E) 56.3 
H(7B)-C(7)-H{7E) 141.1 H(7C)-C{7)-H{7E) 56.3 
HH{7D)-C(7)-H(7E) 109.5 C(4)-C{7)-H{7F) 109.5 
H(7A)-C(7)-H{7F) 56.3 H(7B)-C{7)-H(7F) 56.3 
H(7C)-C(7)-H(7F) 141.1 H{7D)-C{7)-H(7F) 109.5 
H{7E)-C(7)-H(7F) 109.5 

Symmetry transformations used to generate equivalent atoms: 
#1 -x+1,-y+1,z 
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Table II.S.4 Torsion angles (deg) for C14 H14 S3. 

C(1)-S(1)-S(2)-S(1)#1 
S (2) -S (1) -C (1) -C (6) 

S(2)-S(1)-C(1)-C(2) 
C(6)-C(1)-C(2)-C(3) 
S(1)-C(1)-C(2)-C(3) 
C(1)-C(2)-C(3)-C(4) 
C(2)-C(3)-C(4)-C(S) 
C(2)-C(3)-C(4)-C(7) 
C(3)-C(4)-C(S)-C(6) 
C(7)-C(4)-C(S)-C(6) 
C(2)-C(1)-C(6)-C(S) 
S(1)-C(1)-C(6)-C(S) 
C(4)-C(S)-C(6)-C(1) 
C(1)-S(1)-S(2)-S(1)#1 

-83.47(13) 
-86.0(3) 
97.6(3) 

O.S(S) 
177.0(3) 
-1.1(S) 

1. S (S) 

-179.1(3) 
-1.4(5) 

179.3(3) 
-0.3(5) 

-176.8(3) 
0.8(S) 

-83.47(13) 

Symmetry transformations used to generate equivalent atoms; 
#1 -x+1,-y+l,z 

Table II.S.S Hydrogen coordinates and isotropic displacement 
parameters (AA2 A x 10 A2A) for C14 H14 S3. 

x y z U-iso-

H (2) 0.4S62 0.3840 0.4953 7.0 
H (3) 0.S055 0.2478 0.5954 6.9 
H(5) 0.2798 0.1736 0.0122 6.1 
H(6) 0.2313 0.3091 -0.0906 6.1 
H(7A) 0.3794 0.0706 0.2716 10.9 
H(7B) 0.3642 0.0965 0.5300 10.9 
H(7C) 0.5494 0.0974 0.4077 10.9 
H(7D) 0.4826 0.1057 0.5346 10.9 
H(7E) 0.4978 0.0798 0.2762 10.9 
H(7F) 0.3126 0.0789 0.398S 10.9 
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Table II.S.6 Anisotropic parameters (AA2 x 10 A2) for C14 H14 S3. 

The anisotropic displacement factor exponent takes the form: 

Ull U22 U33 U23 Ul3 U12 

S(l) 6.58(6) 5.31 (5) 9.24(8) -0.04(5) 0.67 (6) 0.77(5) 
S(2) 8.84(10) 4.97(7) 5.03(7) 0.0 0.0 -0.40(6) 
C (1) 4.64(19) 5.4(2) 5.3(2) -0.89(16) 0.74(15) -0.39(15) 
C(2) 6.1(2) 6.6(2) 4.7(2) -1.8(2) -0.15(17) -0.92(18) 
C(3 ) 5.8(2) 7.2(3) 4.3(2) 0.19(17) -0.58(15) -0.16(19) 
C (4) 4.09(17) 5.8(2) 5.0(2) 0.41(17) 0.44(15) -0.35(16) 
C (5) 5.40(18) 5.4(2) 4.38(19) -1.04(16) -0.22(18) -0.68(16) 
C (6) 4.85(17) 6.3 (2) 4.1(2) -0.24(15) -0.43(15) -0.06(18) 
C(7} 7.1(2) 6.8(3) 7.8 (3) 1. 3 (2) 0.1(2) -0.70(19) 

Table II.S.7 Distances to the weighted least-squares planes for C14 
H14 S3. 

(x,y,z in crystal coordinates, * indicates atom used to define plane) 

6.7259 (0.0048) x + 0.2811 (0.0226) y - 2.6283 (0.0074) z 
(0.0072) 

* -0.0006 (0.0021) Cl 
* -0.0023 (0.0024) C2 
* 0.0061 (0.0024) C3 
* -0.0069 (0.0022) C4 

* 0.0042 (0.0022) C5 
* -0.0004 (0.0022) C6 

-0.0173 (0.0061) C7 

Rrns deviation of fitted atoms 0.0043 

1. 8837 
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Discussion data collection, structure determination and refinement procedure 

X-ray crystaUographic data for I were collected from a single crystal 
sample, which was mounted on a glass fiber. Data were collected using 
a Bruker Platform diffractometer, equipped with a Bruker SMART 2K 
Charged-Coupled Device (CCD) Area Detector using the program SMART 
and normal focus sealed tube source graphite monochromated Cu-KALPHA 
radiation. The crystal-to-detector distance was 4.908 cm, and the 
data collection was carried out in 512 x 512 pixeJ mode, utilizing 
4 x 4 pixel binning. The initial unit cell parameters were determined 
by a least-squares fit of the angular setting of strong reflections, 
collected by a 9.0 degree scan in 30 frames over four different parts 
of the reciprocal space (120 frames total). One complete sphere of 

data was collected, to better than 0.8\%A resolution. Upon completion 
of the data collection, the first 101 frames were recollected in order 
to improve the decay correction analysis. 

Data reduction processing was carried out by the use of the program SAINT (Bruker, 
1999), which applied Lorentz and polarization corrections to three-dimensionally 
integrated diffraction spots. 
The program SADABS (Sheldrick, 1996) was utilized for the scaling of diffraction data, 
the application of a decay correction, and an empirical absorption correction based on 
redundant reflections. The space group was confirmed by XPREP routine in SHELXTL 
program (Sheldrick, 1997). 
The structure was solved by direct method using SHELXS97 (Sheldrick,1997) 
and difmap synthesis using SHELXL96 (Sheldrick, 1996). All non-hydrogen atoms are 

anisotropic, hydrogen atoms are isotropic. Hydrogen atoms are constrained to the parent 
site using a riding model; SHELXL96 defaults, C-H 0.93 to 0.97\%A. The hydrogen 
atoms on the methyl groups are disordered over 2 orientations related by an 180 degree 
rotation, with each at half occupancy. The isotropic factors, Uiso, were adjusted to a 
value 50% higher then U(eq) of the parent site (methyl) and 20% higher (others). 

A final verification of possible voids was performed using the VOID 
routine of the PLATON program (Spek, 1995). 

The molecule sits on a two-fold axis, the asymmetric unit is 112 molecule. The second 
half is identical 
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APPENDIX H.6 

CRYSTAL AND MOLECULAR STRUCTURE OF 

C14 H14 S4 COMPOUND 

2581:> 

Structure solved by X-Ray crystallography laboratory, chemistry 
department, McGill University by Dr Anne-Marie Lebuis. 
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Table II.6.1 Crystal data and structure refinement for C14 H14 S4. 

Empirical formula C14 H14 S4 

Formula weight, Mr 310.49 

Cell setting Monoclinic 

Space group P2(1)/c 

Unit cell dimensions (A, deg) a 14.1087(4) a 90 

b 6.1715(2) ~ 101.223 (2) 

c = 17.5195(5) Y 90 

Volume of unit cell, V 1496.28(8)A3 

Formula units per cell, Z 4 

Formula units per asymmetric unit, Z' 1 

Density calculated from 
formula and cell, Dx (Mg/m A 3) 

F (000) 

Radiation type 

Wavelength, lambda (A) 

No. of reflections 
for cell measurement 

Theta range (deg) 

Linear absorption coefficient, 
mu (mmA -1) 

Measurement temperature (K) 

Crystal shape 

Colour 

Size (mm) 

Data collection 

Diffractometer type 

Data-collection method 

Absorption correction type 

Max and min transmission values 

1. 378 

648 

CuK\a 

1.54178 

1018 

5.1 to 71.9 

5.653 

223 (2) 

stick 

colourless 

0.555 x 0.076 x 0.023 

Bruker AXS SMART 2K/Platform 

phi scans 

Semi-empirical from equivalents 

o . 91 and O. 43 
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No. of reflections measured 17709 

No. of independent reflections 2900 

Completeness of data to Theta max 0.979 

No. of observed reflections 2197 

Criterion for observed 
reflections 

Rint 

Theta range for data collection 

Ranges of h,k,l 

No. of standard reflections 

Intensity decay (%) 

Refinement 

Refinement method 

Final R indices, I>2sigma(I) 

R indices, all data 

Goodness-of-fit on FA2, S 

>2sigma(I) 

0.0946 

3.19 to 72.58 deg. 

123 

none 

Full-matrix on FA2 

R1 0.0497, wR2 0.1299 

R1 = 0.0610, wR2 0.1299 

0.959 

R1 = sum (absabs Foabs -abs Fcabsabs )/sum (abs Foabs ), 
wR2 = [sum [w(FoA2A_Fc A2A)A2A)/sum [w(FoA2A)A2A))Al*2A and 
GoF = [sum [w(FoA2A-Fc A2A)A2A]/(No. of reflns - No. of 
params.)]A1*2 A 

Data / restraints / parameters 

Method of refining and 
locating H atoms 

Weighting scheme 

Function minimized 

Maximum shift/sigma 

Largest diff. peak and hole 

2900 / 0 / 163 

mixed 

based on measured s.u. 's 

0.001 

0.363 and -0.339 e.AA*3 
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Table II.6.2 Atomic coordinates and equivalent isotropic 
displacement parameters (AA2 A x 10 A2A) for C14 H14 84. 

x y z U(eq) 

8(1) 0.53464(5) 1.24776(12) 0.43508(4) 5.06(2) 
8 (2) 0.62789(5) 1.21229 (12) 0.53903(4) 4.96(2) 
8(3) 0.73676(5) 1.43373(12) 0.54033(4) 5.51(2) 
S(4) 0.83373(6) 1.29797 (14) 0.48103(5) 5.68(2) 
C(l) 0.58463(18} 1.0760(4) 0.37096(15) 4.22(6) 
C(2) 0.58668(19) 1.1520(5) 0.29771 (16) 4.64(6) 
C(3) 0.62299(19) 1.0211(5) 0.24529(16) 4.81(7) 
C(4) 0.65882(19) 0.8166(5) 0.26630(15) 4.45(6) 
C(5) 0.6557(2) 0.7430(4) 0.34092(17} 4.77(7) 
C (6) 0.6183(2) 0.8686(5) 0.39220(16) 4.89(7) 
C (7) 0.6995(2) 0.6768(6) 0.21001(18) 6.25(8) 
C (8) 0.91196(19) 1.1447(5) 0.55316(16) 4.51(6) 
C (9) 1.0036(2) 1.2195(5) 0.58247(18) 5.45(7) 
C (10) 1. 0659 (2) 1.0953(6) 0.63585(19) 5.96(8) 
C(l1) 1.0388(2) 0.8976(5) 0.66121(17) 5.38(7) 
C (12) 0.9462(2) 0.8248(5) 0.6304(2) 6.10(8) 
C(13) 0.8833(2) 0.9465(5) 0.57691(19) 5.70(8) 
C (14) 1.1067(3) 0.7636(6) 0.7192(2) 7.48(10) 
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Table :t:t.6.3 Bond lengths (A) and angles (deg) for C14 H14 84. 

8(1)-C(1) 
8(2)-8(3) 
8(4)-C(8) 
C (1) -C (6) 

C(2)-H(2) 
C(3)-H(3) 
C(4)-C(7) 
C(5)-H(S) 
C(7)-H(7A) 
C(7)-H(7C) 
C(7)-H(7E) 
C(8)-C(9) 
C(9)-C(10) 
C(10)-C(11) 
C(11)-C(12) 
C(12)-C(13) 
C(13)-H(13) 
C(14)-H(14B) 
C(14)-H(14D) 
C(14)-H(14F) 

C(1)-8(1)-8(2) 
8(4)-8(3)-8(2) 
C(2)-C(1)-C(6) 
C(6)-C(1)-S(1) 
C(1)-C(2)-H(2) 
C (4) -C (3) -C (2) 
C (2) -C (3) - H (3 ) 

C(3)-C(4)-C(7) 
C(6)-C(S)-C(4) 
C(4)-C(S)-H(S) 
C(S)-C(6)-H(6) 
C(4)-C(7)-H(7A) 
H(7A)-C(7)-H(7B) 
H(7A)-C(7)-H(7C) 
C(4)-C(7)-H(7D) 
H(7B)-C(7)-H(7D) 
C(4)-C(7)-H(7E) 
H(7B)-C(7)-H(7E) 
H(7D)-C(7)-H(7E) 
HH(7A)-C(7)-H(7F) 
H(7C)-C(7)-H(7F) 
H(7E)-C(7)-H(7F) 
C(9)-C(8)-8(4) 
C(8)-C(9)-C(10) 
C(10)-C(9)-H(9) 
C(11)-C(10)-H(10) 
C(10)-C(11)-C(12) 
C(12)-C(11)-C(14) 
C(13)-C(12)-H(12) 
C(8)-C(13)-C(12) 
C(12)-C(13)-H(13) 
C(11)-C(14)-H(14B) 
C(11)-C(14)-H(14C) 

1.786(3) 
2.0S28(11) 
1.780(3) 
1.391(4) 
0.9300 
0.9300 
1.S06(4) 
0.9300 
0.9600 
0.9600 
0.9600 
1.375(4) 
1.384(4) 
1.378(4) 
1.387(4) 
1.381(4) 
0.9300 
0.9600 
0.9600 
0.9600 

103.46(9) 
107.09(4) 
119.8(3) 
122.3(2) 
120.1 
121.1(3) 
119.5 
121.0(3) 
121.2(3) 
119.4 
120.0 
109.S 
109.S 
109.5 
109.5 

56.3 
109.5 
141.1 
109.5 

56.3 
141.1 
109.S 
119.7(2) 
119.6(3) 
120.2 
119.0 
117.4(3) 
120.9(3) 
119.3 
120.0(3) 
120.0 
109.S 
109.S 

8(1)-8(2) 
8(3)-8(4) 
C(1)-C(2) 
C (2) -C (3) 

C(3)-C(4) 
C(4)-C(5) 
C (S) -C (6) 

C(6)-H(6) 
C(7)-H(7B) 
C(7)-H(7D) 
C(7)-H(7F) 
C(8)-C(13) 
C(9)-H(9) 
C(10)-H(10) 
C(11)-C(14) 
C(12)-H(12) 
C(14)-H(14A) 
C(14)-H(14C) 
C(14)-H(14E) 

8(1)-8(2)-8(3) 
C(8)-8(4)-S(3) 
C(2)-C(1)-S(1) 
C(1)-C(2)-C(3) 
C(3)-C(2)-H(2) 
C (4) -C (3) - H (3 ) 

C(3) -C(4) -C(5) 
C(S)-C(4)-C(7) 
C(6)-C(5)-H(5) 
C(S)-C(6)-C(1) 
C(1)-C(6)-H(6) 
C(4)-C(7)-H(7B) 
C(4)-C(7)-H(7C) 
H(7B)-C(7)-H(7C) 
H(7A)-C(7)-H(7D) 
H(7C)-C(7)-H(7D) 
H(7A)-C(7)-H(7E) 
H(7C)-C(7)-H(7E) 
C(4)-C(7)-H(7F) 
H(7B)-C(7)-H(7F) 
H(7D)-C(7)-H(7F) 
C(9)-C(8)-C(13) 
C (13) -C (8) -8 (4) 

C(8)-C(9)-H(9) 
C(11)-C(10)-C(9) 
C(9)-C(10)-H(10) 
C(10)-C(11)-C(14) 
C(13)-C(12)-C(11) 
C(11)-C(12)-H(12) 
C(8)-C(13)-H(13) 
C(11)-C(14)-H(14A) 
H(14A)-C(14)-H(14B) 
H{14A)-C(14)-H(14C) 

2.0402(10) 
2.0S10(11) 
1.372(4) 
1.393 (4) 
1.382(4) 
1.393(4) 
1.368(4) 
0.9300 
0.9600 
0.9600 
0.9600 
1.378(4) 
0.9300 
0.9300 
1.503(4) 
0.9300 
0.9600 
0.9600 
0.9600 

106.84(4) 
103.90(10) 
117.9(2) 
119.7(3) 
120.1 
119. S 
llB.1(3) 
120.9(3) 
119.4 
120.1(3) 
120.0 
109.S 
109.5 
109.5 
141.1 

56.3 
56.3 
S6.3 

109.5 
56.3 

109.5 
119.7(3) 
120.6(2) 
120.2 
121.9(3) 
119.0 
121. 7 (3) 
121.4(3) 
119.3 
120.0 
109.S 
109.5 
109.5 
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H(14B)-C(14)-H(14C) 109.5 C(11)-C(14)-H(14D) 
H(14A)-C(14)-H(14D) 141.1 H(14B)-C(14)-H(14D) 
H(14C)-C(14)-H(14D) 56.3 C(11)-C(14)-H(14E) 
H(14A)-C(14)-H(14E) 56.3 H(14B)-C(14)-H(14E) 
H(14C)-C(14)-H(14E) 56.3 H(14D)-C(14)-H(14E) 
C(11)-C(14)-H(14F) 109.5 H(14A)-C(14)-H(14F) 
H(14B)-C(14)-H(14F) 56.3 H(14C)-C(14)-H(14F) 
H(14D)-C(14)-H(14F) 109.5 H(14E)-C(14)-H(14F) 

Table 11.6.4 Torsion angles (deg) for C14 H14 84. 

C(1)-8(1)-8(2)-8(3) 
8(1)-8(2)-S(3)-8(4) 
S(2)-S(3)-S(4)-C(S) 
8(2)-S(1)-C(1)-C(2) 
S(2)-S(1)-C(1)-C(6) 
C(6)-C(1)-C(2)-C(3) 
S(1)-C(1)-C(2)-C(3) 
C(1)-C(2)-C(3)-C(4) 
C(2)-C(3)-C(4)-C(5) 
C(2)-C(3)-C(4)-C(7) 
C(3)-C(4)-C(5)-C(6) 
C(7)-C(4)-C(5)-C(6) 
C(4)-C(5)-C(6)-C(1) 
C(2)-C(1)-C(6)-C(5) 
S (l) -C (1) -C (6) -C (5) 

S(3)-S(4)-C(8)-C(9) 
S(3)-S(4)-C(8)-C(13) 
C(13)-C{S)-C{9)-C{10) 
S(4)-C(8)-C(9)-C(10) 
C(S)-C(9)-C(10)-C(11) 
C(9)-C(10)-C(11)-C(12) 
C(9)-C(10)-C(11)-C(14) 
C(10)-C(11)-C(12)-C(13) 
C(14)-C(11)-C(12)-C(13) 
C(9)-C(S)-C(13)-C(12) 
8(4)-C(8)-C(13)-C(12) 
C(11)-C(12)-C(13)-C(S) 

S6.82(10) 
-82.74(5) 
-86.46(11) 

-137.7(2) 
44.3(2) 
-0.4(4) 

-17S.5(2) 
-1.2(4) 
1.4 (4) 

-179.0(3) 
0.0(4) 

-179.6(3) 
-1.6(4) 
1. S (4) 

179.8(2) 
-105.6(2) 

77.8(3) 
-0.3(5) 

-177.0(2) 
-0.3 (5) 

0.8(5) 
-180.0(3) 

-0.7(5) 
-179.9(3) 

0.5(5) 
177.1(2) 

0.0(5) 

109.5 
56.3 

109.5 
141.1 
109.5 

56.3 
141.1 
109.5 
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Table II.S.S Hydrogen coordinates and isotropic displacement 
parameters (AA2 A x 10 A2A) for C14 H14 84. 

x y z U-iso-

H(2) 0.5639 1. 2902 0.2831 5.6 
H(3) 0.6231 1.0721 0.1954 5.8 
H(5) 0.6795 0.6059 0.3562 5.7 
H(6) 0.6153 0.8151 0.4413 5.9 
H(7A) 0.7208 0.5413 0.2344 9.4 
H(7B) 0.7533 0.7494 0.1950 9.4 
H(7C) 0.6505 0.6504 0.1647 9.4 
H(7D) 0.6956 0.7528 0.1617 9.4 
H(7E) 0.6631 0.5447 0.2010 9.4 
H(7F) 0.7659 0.6437 0.2314 9.4 
H(9) 1.0236 1. 3527 0.5665 6.5 
H(10) 1.1278 1.1467 0.6552 7.2 
H(12) 0.9261 0.6912 0.6460 7.3 
H(13) 0.8215 0.8947 0.5569 6.8 
H(14A) 1.0751 0.6322 0.7296 11.2 
H (14B) 1. 1255 0.8440 0.7667 11.2 
H(14C) . 1.1631 0.7289 0.6985 11.2 
H(14D) 1.1674 0.8379 0.7336 11.2 
H (14E) 1.1169 0.6261 0.6965 11.2 
H(14F) 1.0793 0.7411 0.7647 11. 2 
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Table II.6.6 Anisotropic parameters (AA2 x 10 A 2) for C14 H14 S4. 

The anisotropic displacement factor exponent takes the form: 

Ul1 U22 U33 U23 U13 U12 

S(1) 4.15(4) 5.93 (5) 5.09(4) -0.29(3) 0.85(3) 0.78(3) 
S(2) 5.03 (4) 6.02 (5) 4.08(4) 0.14(3) 1.47(3) 0.14(3) 
S(3) 5.41(4) 4.59(4) 6.28(5) -0.70(3) 0.51(3) 0.05(3) 
S(4) 4.82(4) 7.02(5) 5.36(5) 1.30(3) 1.37(3) -0.02(3) 
C(l) 3.58(13) 4.45(15) 4.57(15) -0.02(11) 0.64(11) -0.22(11) 
C (2) 4.33(14) 4.79(16) 4.66(15) 0.62(12) 0.52(12) 0.14(12) 
C (3) 4.76(15) 5.44(17) 4.19(15) 0.84(12) 0.80(12) -0.47(13) 
C(4) 3.67(14} 5.24(16) 4.37(15) -0.26(11) 0.62(11) -0.44(12) 
C (5) 5.19(16) 4.06(15) 4.97(16) 0.21(12) 0.75(13) 0.18(12) 
C (6) 5.72(17) 4.99(17) 4.02(15) 0.77(12) 1.07(12) 0.14 (13) 
C (7) 6.4(2) 7.3(2) 5.19(18) -0.90(15) 1.29 (15) 0.71(17) 
C(8) 4.07(14) 4.95(16) 4.76(15) 0.26(12) 1.48(11) 0.10(12) 
C (9) 4.78(16) 5.43(18) 6.25(19) 0.43(13) 1.35(14) -0.86(14) 
C (10) 3.98(15) 6.8(2) 7.0(2) -0.14(16) 0.81(14) -0.98(14) 
C(11) 4.70(16) 6.29(19) 5.41(17) 0.35(14) 1.58(13) 0.75(14) 
C(12) 5.85(19) 5.01(18) 7.7 (2) 0.95(15) 2.03(16) -0.26(15) 
C(13 ) 4.37(15) 5.31(19) 7.4(2) 0.29(14) 1.03(14) -1. 02 (13) 
C (14) 6.6 (2) 8.7 (3) 7.0 (2) 1.81(18) 0.93(18) 0.97(18) 
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Table II.5.! Least-squares planes (x,y,z in crystal coordinates) 
and deviations from them for C14 H14 84. 

(* indicates atom used to define plane) 

PLANE 1 

- 6.9424 (0.0164) x + 2.7714 (0.0072) Y + 14.4940 (0.0122) z 
(0.0217) 

* 0.0035 (0.0021) C8 
* -0.0006 (0.0022) C9 
* -0.0034 (0.0023) C10 
* 0.0046 (0.0022) C11 
* -0.0018 (0.0023) C12 
* -0.0023 (0.0022) C13 

0.0022 (0.0057) C14 
-0.0740 (0.0042) 84 

Rms deviation of fitted atoms = 0.0030 

PLANE 2 

12.1626 (0.0077) x + 2.3467 (0.0063) y + 2.8183 (0.0195) z 
(0.0034) 

4.8552 

10.6743 

Angle to previous plane (with approximate esd) 89.80 ( 0.09 ) 

* 0.0068 (0.0018) Cl 
* 0.0035 (0.0019) C2 
* -0.0097 (0.0019) C3 
* 0.0055 (0.0019) C4 
* 0.0050 (0.0020) C5 
* -0.0110 (0.0020) C6 

0.0140 (0.0047) C7 
-0.0174 (0.0036) 81 

Rms deviation of fitted atoms = 0.0074 
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Discussion data collection, structure determination and refinement procedure 

X-ray crystallographic data for I were collected from a single crystal sample, which was 
mounted on a glass fiber. Data were collected using a Bruker Platform diffractometer, 
equipped with a Bruker SMART 2K Charged-Coupled Device (CCD) Area Detector 
using the program SMART and normal focus sealed tube source graphite 
monochromated Cu-K( radiation. The crystal-to-detector distance was 4.908 cm, and the 
data collection was carried out in 512 x 512 pixel mode, utilizing 4 x 4 pixel binning. 
The initial unit cell parameters were determined by a least-squares fit of the angular 
setting of strong reflections, collected by a 9.0 degree scan in 30 frames over four 
different parts of the reciprocal space (120 frames total). One complete sphere of data 
was collected, to better than o.sA resolution. Upon compleetion of the data collection, 
the first 101 frames were recollected in order to improve the decay correction analysis. 

Data reduction processing was carried out by the use of the program SAINT (Bruker, 
1999), which applied Lorentz and polarization corrections to three-dimensionally 
integrated diffraction spots. 
The program SADABS (Sheldrick, 1996) was utilized for the scaling of diffraction data, 
the application of a decay correction, and an empirical absorption correction based on 
redundant reflections. The space group was confirmed by XPREP routine in SHELXTL 
program (Sheldrick, 1997). The structure was solved by direct method using SHELXS97 
(Sheldrick, 1997) and difmap synthesis using SHELXL96 (Sheldrick, 1996). All non­
hydrogen atoms are anisotropic, hydrogen atoms are isotropic. Hydrogen atoms are 
constrained to the parent site using a riding model; SHELXL96 defaults, C-H 0.93 to 
0.97 A. The hydrogens on the methyl groups are disordered over 2 orientations related by 
an 180( rotation, with each at half occupancy. The isotropic factors, Uiso, were adjusted 
to a value 50% higher then U(eq) of the parent site (methyl) and 20% higher (others). 
A final verification of possible voids was performed using the VOID routine of the 
PLA TON program (Spek, 1995). 
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APPENDIX Ill. DSC Spectra 
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APPENDIX IV. IR Spectra 
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APPENDIX V. Raman Spectra 
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