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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 modeling 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 well as novel 7-
membered ring thionosulfites. These compounds were also confirmed by single X-ray

crystallography.
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The kinetics of desulfurization of acyclic aromatic tri- and tetrasulfides is described.
Tetrasulfides were found to transfer a sulfur atom to triphenylphosphine over ten times

faster than their trisulfide analogues.



RESUME

La synth&se optimisée et les propriétés physiques de dialkoxy disulphides acycliques et
de polysulphides aromatiques est décrite. Une étude théorique des dialkoxy disulphides
et thionosulphites a permis de déterminer la méthode la plus efficace pour la modélisation
exacte de ces composés. En particulier, I’origine 1’élévation de la barri¢re de rotation des
liens présents dans les dialkoxy disulphides a été déterminée. Elle est attribuée a un effet
anomérique général résultant d’un partage de deux paires d’électrons de valences
provenant de chaque atome de souffre vers les orbitales anti-liantes souffre-oxygene.
L’origine de cette barrieére de rotation a été aussi vérifiée par expérimentation, plus
précisément en étudiant I’effet du solvant et des substituants. Parce qu’elle représente
une réaction similaire, la décdmposition des dialkoxy disulphides a aussi été invéstiguée.
11 a été déterminé que ces molécules décomposent suivant une cinétique de premier ordre
entamée par une scission homolytique et asymétrique du lien souffre-oxygeéne. Les

parameétres d’activation pour ces deux processus ont été déterminés.

La modélisation théorique des énergies relatives de différents dialkoxy disulfides 2
I’état fondamental a aussi été étudiée. II a été€ constaté que la position d’équilibre entre
les deux isomeres est influencée par 'encombrement stérique. Ainsi les grosses
molécules ont tendance a former 'isomére dialkoxy disulphide. Ces conclusions ont été
corroborées par des expériences en laboratoire. Des résultats particuliérement
intéressants ont €t€ obtenus avec un dialkoxy disulphide contenant un cycle de huit
atomes, et un thionosulphite contenant un cycle de sept atomes. Ces composés ont été
préparés par synthése et leur structure a été confirmée par cristallographie a rayons X.
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Finalement, la cinétique des réactions de désulfurisation des tri- et tétra-sulphides a
aussi été étudie. Les résultats obtenus suggérent que les tétrasulphides transférent 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 sulfur may come from the German or Scandinavian
(schwelfel/svovel/svavl) which are themselves derived from the Indo-European suelphios
which comes from the word swel which means to burn slowly. Sulfur taxonomically 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.’

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



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.
Pliny 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, KNO; and charcoal), a mixture discovered in Europe in the 14® 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.



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 sulfur. The thesis is subdivided into two main
sections: the first dealing with alkoxy disulfide (ROSSOR) chemistry and the second
dealing with polysulfide (RS,R) 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 well as common nomenclature’ 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 [TUPAC terminology for highly functionalized polychalcogens is often long,

unwieldy and non-intuitive. Throughout the thesis, there are references to “S”. This does



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 "/g Sg; Sg 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
: PN
monosulfane sulfide R°R
. : O
monosulfane oxide sulfoxide §
R™R
sulfenic acid ester sulfenate R’S‘O’R
Q
sulfinic acid ester sulfinate _S.__B
: R O
Q
sulfonic acid ester sulfonate _S__R
R 5 O
di isuffi ~Saar
isulfane disulfide a S S R
g
disulfane monoxide thiosulfinate R’S‘S’ R
Q
disulfane 1,1-dioxide thiosulfonate _S__R
Ru's
O O
disulfane 1,2-dioxide o-disulfoxide i
/S\ /R
%
trisulfane trisuifide 0O 5.8
R s s s R
tetrasuliane tetrasulfid 5.5
u sulfide a s 5 8 s R
polysulfane polysulfide R/S“R
[sulfanediyibis{oxy)}- sulfoxylate R‘Q/S‘()"R
dialkane 9
sulfite sulfite R ‘O/S‘O’ R
S
H
O,C-dimethyl thiosulfite thicnosulfite RSP
O
i
suifate suifate R‘O’ﬁ‘o’R
O
[disulfanediylbis{oxy)]- alkoxy disulfide R’O‘S’S\O' R

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
] -ane -in in thesis these are referred 1o as:
. > n-membered - functional group
7 -epane -epin
8 -ocane -oc¢in
9 -pnane -onin
10 -ecane -ecin -/
Examples:
AN
1,3,2-dioxathiclane 5-membered saturated sulfoxylate O\ O,
/S\
1,3,2-dioxathiole 5-membered unsaturated sulfoxylate O\ . O, 9
o’s\o
1,3,2-dioxathiolane 5-membered sulfite ) /-
2-oxide 'S'.
1,3,2-dioxathiolane 5-membered thionosulfite Q 0
2-sulfide S—§
1,4,2,3-dioxadithiane  6-membered alkoxy disulfide S g o
O/S\O \'——/

1,3,2-dioxathiepin

2-gulfide

7-membered unsaturaied thionosulfite

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



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

3

methodology used throughout this thesis.” 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 mecﬁanics 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 quaﬁtum 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.



Semi-empirical methods such as EH, AMI1, PM3 and MINDO/n (n = 1-3) are
implemented in programs such as MOPAC 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 Schroédinger 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 CI account for explicit instantaneous repulsion interactions. Because of the
central-field approximation, all HF energies are greater than the exact energy of the
system (variational principle). In contrast to semi-empirical methods, which are
computationally cheap, ab initio methods provide highly accurate quantitative results and

greater computational cost.



The wave function as described by the Schridinger 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(-ar®). These linear combinations
of atomic orbitals or basis functions describe the molecular wave function. Basis

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

Basis set notation can be tricky. A major class of basis sets used in this thesis is the
Pople basis sets and are indicated by the notation 6-31G. This ﬁotation 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. Thé basis set can be modified by the inclusion of polarization
functions such as 6-31G*. The *“*” indicates that a set of d primitives has been added to
heavy atoms. Larger polarization functions also exist such as 6-31G(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.

DFT methods are similar to ab initio methods but are computationally less demanding

and inherently include electron correlation. DFT methods calculate the energy of the



molecule not from the wave function but from its electron density. Many methods have
been developed including the popular B3LYP, B3PW91, B3PW86, SVWN and Xo. As

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

1.5 References

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

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

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

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

C.; John Wiley & 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.! Tt was not until 1964 that Thompson
and co-workers®® 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
(RSO,SR) 4 earlier proposed by Zinner’ were readily ruled out by "H NMR spectroscopy,
while other early work®® (Raman,'®!! dipole moment measurements'®) failed to fully

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

Q 0
! S it Y
S__S 74 N
L——} RO/ \OR RO/S\S/R R/ \S/R
R
1 2 3 4

For R = Et, Thompson observed a characteristic magnetic non-equivalence of the
methylene protons in the 'H 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

12-14

case there would be an associated high thermal barrier to pyramidal inversion =" about

15-17 18-27

the branched sulfur as does exist with analogous sulfite”™" " and sulfoxide systems.
As examples, Thompson has reported that the nonequivalence of the methylene protons

in diethyl sulfite was maintained at 145 °C*® and the barrier to inversion for DMSO is

12



reported”’ to be 39.7 kcal/mol. 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).% A coalescence of the ABX; pattern
~ to that of a simple A;X; pattern for 1 was observed at 100 °C suggesting the connectivity
of 1 over that of the branched 2 (barriers®® for sulfoxide inversion can be as high as 85

kcal/mol).

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

d.33*  Other work on this system is worthy of

alkoxy disulfides have been publishe
mention.**® 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 (£. coli and

S. aureus).”’

Although compounds with a branched sulfur are known,*® there are relatively few
examples. Foss® had originally elucidated the notion that valence expansion of the
branched sulfur could be stabilized by adjoining electronegative atoms (F, O). Those of

d>*%4 only four times with each of the

form 2 are rare, having been characterize
thionosulfites containing a 5-membered ring core (5a-5n). The only systems where the
thionosulfite connectivity has been structurally verified (Sg, 5i, Sm and Sn by X-ray) are

in cyclic compounds.***

13



S 82 Ry=Ry=Me (cis); Ry =Rg=H S 8
N b Ry=Rg=Me (frans); Ry =Rg=H S. X
o 0 5¢ Ry=Ry;=R3=Ry=H o 0 o 0
H 54 Ry=Ry;=Ry= H; Ry=Me f-Bu"H'”t-Bu t—BU‘“H’”i—BU
R{R, R4 5e R, =R,s=Ph(dis); Ry=Rs=H
5f R, =R3=Ph (frans); Ry = Ry=H s S
5 5g R4Ry=R3,R4=-(CHyp)s &m 8n

5h Ry,Rz = R3,R4 = -(CH)4-
5i RiRo= R3,R4 = -(CH2)5~
5j RyR2=R3R4=-(CHp)y-
8k Ry,Rp=-(CHp)s-; Rz =Rg=Me
5l R4, Rz = -{CHyjg-; Rz =Ry = Me

2.2 Synthesis of Alkoxy Disulfides

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

of S,Cl, with a suspension of the sodium alkoxide in ligroin® (Scheme 1).!

5%k possor

Ligroin q

2 RONa

Scheme 1.

Larger homologues (where R = n-Pr 8, n-Bu 9) were subsequently synthesized by
Stamm* using the same procedure. Hacklin® reported the synthesis of fluorinated
derivatives (R = (CF3),CH- 10, CF;CH,- 11) using lithium alkoxides at 50 °C. As will
become evident, the use of $,Cl, at elevated temperatures is quite uncommon. Although
not strictly alkoxy disulfides as they are derived from silver acid salts not alcohols, 12a-
12¢ synthesized by Wang® in excellent yield (> 90%), are included for completeness.
These compounds are thermally unstable and decompose readily to form the anhydride,

SO, and sulfur,¥

14



O O O

M __s._o__cF, s CoFs M s_0

C.Fs” 07 ‘s’o\n/ CoFy” 0TS Y
o o) o

CaF7

12a 12b 12¢

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 S;Cl; to the alcohol
13 in the presence of an amine base (in his case NEt3) which would serve as an HCI

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

SoChy; NEf3
2 ROH ROSSOR

Scheme 2.

Thompson used long addition times under relatively dilute conditions ([S;Cl,] = 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.”® This
general procedure has been used as is by others.”>*>*! Other groups claimed better

yields with ethereal solvents®®

and low temperature work-up. Still others have
synthesized 1 in THF* (no yield was reported) or have used pyridine™ 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 Steudel®® as well as Mockel*”*® reported the

presence of many other homologs ROS,OR (withR=Me, n=1, 2, 4-15; withR=Bu, n

15



= 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 NaySx (from Na,S and Sg) in the reaction promoted the formation of

sulfur allotropes S; and Ss.

The formation of 1 is not limited to the use of S;Cl; as the sulfur transfer reagent,
though it is the one most frequently used and the one whereby the highest yields have
been reported. Blanschette™ recently reported the synthesis of dibutoxy disulfide 9 in
moderate yield (46 %) using 14 in CH,Cl, at RT whereas the use of other sulfur transfer

reagents such as 15a and 15b,°! developed in our 1ab,% has had limited success.

S S
- s RociRse
N N N N

14 16a 15b

Wenschuh and Rotzel® reported the formation of di-n-propoxy disulfide 8 and di-
isopropoxy disulfide 16 through the metathesis of #-BuzSnOR (where R = n-Pr, i-Pr)
with S;Cl; 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

Tem) Yield

Eniry R Cmpd Method®  Sclvent °Cy (%)° bp °C (mm Hg) Mp (°C) Ref
1 Me 6 A ligroin . 37 R
2 Et 7 A ligroin 41! 110
3 n-Pr 8 A ligroin “
4 #n-Pr 8 C CH,CL, 10-15 74° 3
5 n-Pr 8 G 94 36-38 (3.9) 8l
6 i-Pr 16 C CH,Cl,  10-15 713 48 (100.0) 3,49
7 iPr 16 G 87 55-56 (2.0) a
8 n-Bu 9 A ligroin 4
9 n-Bu 9 C CH,C,  10-15 70° 71 0.7) :
10 n-Bu 9 E RT 46 71(0.7) 5
11 s-Bu 17 C CH.Cl, 10-15 58 (1.0) @
12 +Bu 18 C CH,Cl, 10-15 49 (1.0) “9
13 t-Bu, Me? 19 C CH,ClL, 10-15 3
14  #Bu-CH,- 20 C CH,Cl, 10-15 72 (0.8) 4

a) Method A - 2 RONa + §,Cl;; Method C -2 ROH + §,ClL; + 2 NEts, 1 h addition time, 1.25 h total reaction time;
Method E - 2 ROH + (Ms,N),S,, 4 h; Method G - 2 Bu;SnOR + S,Cl;. b) Refers to temperature during the addition of
S,Cl; or if none, the reaction temperature. ¢) References reported for all those who synthesized the compound. d) Only
known asymmetric alkoxy disulfide. ¢) 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

TemE Yield
Entry R Cmpd Method® Solvent °C) (%) bp °C (mm Hg) Mp (°C) Ref*
1 (CF3),CH- 16 B 50 80 61 (30.0) s
2 CF;CH,- 11 B 50 80 78 (76.0) 4
3 CF;CO, 12a F >90 TU" a6
4 CFsCO 12b F >90 U "5
5 CsF,CO;, 12¢ F >90 TU® 46

2) Method B - 2 ROLI + §,Cl,; Method F - ROAg + §,Cl,, under vacuum. b) Refers to temperature during the addition of
5,Cl; or if none, the reaction temperature. ¢} References reported for all 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

Temg Yicld
Entry R Cmpd Method® Solvent O (%) bp°C(mmHg) Mp(°C) Ref
> _
1 21 C CH,CL, 0 85 30
NOY
2 22 C CH,Cl, 0 89 0
i
3¢ /k)\ 23 C CHCL 1015 8 67 (0.8) ;
5
%
4 7 24 C  CHCL 1015 80 3
5 n-CgHj, 25 C CH,CL 10-15 90 =22 3
S ] ;
6° 26 C CH,Cl,  10-15 85 147 (0.8) 3
7 7-CroHas 27 C CH,Cl,  10-15 85 15-16 3
8 n-CisHs, 28 C CH,Cl, 10-15 85 50-51 3
g
9° M;/\ 29 C CHCL 1015 90 }
179- 3
10 cholestery! 3¢ C CHCl, 10-15 48 180¢
11 EtSCH,CH,- 31 C CH,CL,  10-15 70 135 (0.5)° 3
12 EtOCH,CH,- 32 C CH,Cl,  10-15 85 117 (1.1 ¢ 3
13 O-N O 33 C 30 68 100-104 %

_7_/

a) Method C - 2 ROH + S;C1, + 2 NEt;, 1 h addition time, 1.25 h total reaction time. b) Refers to temperature during the

addition of 5,Cl, or if none, the reaction temperature. ¢) References reported for all those who synthesized the compound. d)
Decomposed upon heating, ¢) No stereochemistry reported.
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Table 6. Conditions and yields for the synthesis of allylic and propargylic alkoxy

disulfides
Temg Yield Mp
Eniry R Cmpd Method® Solvent C) (%) bp °C (mm Hg) °C) Ref®
1 K 34 C  Ey0’ 0 87 32
2¢ /\fi’ 35 C  Eu0° 0 62 52
3 /[\31 36 C  Et0° 0 95 52
4 SN 37 C Et,0° 0 98 52
5 NN 38 C  Euo! 0 87 52
6 (\/\E 39 C  Epo? 0 90 =2
7 Ph o~y 40 C  Ewo’ 0 95 2
d 52
8 Ph \/ka{ 41 C Et,0 0 93
K =7 42 C  E0° 0 98 3
. d >91, )
10 — < 43 C E,0 0 o8
Ph '>91
11° 44 C E,0° 0 ’ 53
- ,rs’\ <98
= Ss:’
= - d >01, 53
12 / 45 C Eu0 0 o8
X d >91, 53
13 o /f” 46 C E0 0 <08

a) Method C - 2 ROH + S,Cl, + 2 NE#3, 1 h addition time, 1.25 h total reaction time. b) Refers to temperature during the

addition of S,Cl, or if none, the reaction temperature. ¢) References reported for all those who synthesized the compound. d)
Low temperatare 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
Temg) Yield bp °C
Entry R Cmpd Method® Solvent ) (%) (mmHg) Mp(°C) Ref®
NH,
1 Q‘ 47 THF 0-4 84.2 >4
¥ 50-51;%
-51
2 ©/ 48 CHCL 0 88 e
> 35
3 49 CH2C12 0 9035 92-93’ 33 3335
100-101
O,N
RTd
4 50 CH,CL, 0 86 45-47 35
Cl
s /@f"{ 51 CH,CL, 0 62 34-36 35
MeO
g{ .. 35
6 52 CHZCE2 0 82 llqmd -
Ry .
7 rac- 53 CH,CL, 0 80 3
g éf* 54 CH,ClL, 0 3
9 55 CH.CL, 0 63 44.46 5
190 56 CH,CL 0 25 3t
11 57 CH,CL, 0 75¢ 2
12 58 CH,Cl, 0 12 51
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13 59 C  CHClL 0 69 st

2) Method C - 2 ROH + S,Cl, + 2 NEt;, 1 h addition time, 1.25 h total reaction time. b) Refers to temperature during the addition of
S,CL; or if none, the reaction temperature. ¢) Reference reported for all those who synthesized the compound. d) Decomposed
entirely upon chromatography.

As can be seen, the synthesis of alkoxy disulfides using the method developed by
Thompson® 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 di-2,3-butanediol with S,Cl; and NEt3 at 10 °C under high
dilution conditions in CH,Cl,; 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).> Evidence for this conclusion derived from the close
similarities between the 'H NMR of this class of compounds compared to the sulfite
analog as well as similar UV and IR data; in general, 2 are not shelf-stable.*® Thompson
prepared and isolated pure thionosulfites Se and Sf from meso-hydrobenzoin 61a in low
yield (5-44%) through fractional recrystallization®® In this particular case, he
synthesized the products from the magnesium alcoholates as shown in Scheme 3.
Interestingly, the corresponding sulfites®® for the two isomeric forms of Se and of 5f were
thermally more stable (130-131 °C, 129-131 °C, 85-86 °C respectively — Scheme 3) than
the thionosulfites. This is most probably due to the greater S=0O bond strength. Also of

note is the increased thermal stability of the cis-configuration of the phenyl groups.
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A diagnostic feature of thionosulfites is the presence of non-equivalent protons on the
o-~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=0 moiety. For instance Sc¢, a lachrymatory liquid, displays an A;B; 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 5.
BngO ngBr

HO  OH
\ 2.1 equiv. MeMgBr S0 Phy o Phy 0,
I s+ I st
15°c; Et,O ph” © ph” ©

mp =80-81°C mp =89-80°C
61a 62a Se

BrMgQ  OMgBr

Ph o
2.1 equiv. MeMgBr S;Ch ‘gtag-
4
w0
mp = 78-80 °C
61b 62b 5f

Scheme 3.

Thompson® 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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R
Ry CH S,ChH RONa ! O\ _
T T HQ Q ¢ OH 0,3—3
Ry TOH  NEtg Ry
63 8

Scheme 4. Proposed mechanism for the formation of thionosulfites

Our method* of preparation,’ using sulfur transfer reagents 15a and 15b, resulted in
similar yields but with no polymeric side products (Scheme 5). It is important to note
that while both 15a and 15b 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 éynthesized (Table 8).
The monosulfur transfer reagent 15a, produced thionosulfites in moderate yield (21-50%)
while the disulfur transfer reagent 1Sb was generally more effective (14-80%) and was
used for all the precursor 11,2-diols 63 examined. For all 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.

OH 18aor15b Rq o,
}
OH CCly, reflux gy~ "0

&
Scheme 5 Synthesis of thionosulfites using either Method A or B (¢f. 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

Entry R4 Ra R3 R4 Diol Product VYield (%)

1 -(CHp)s- -(CHps-  83a 5g 50% 41°
2 -(CH) s «(CH)e 63b 8h°  21% 80°
3 -(CH2)e- -(CHye-  63c 5i 47°
4 -(CHz)7- -(CH2)r- 83d 8j 44
5 -(CH)ss Me Me 63  5k° 72°
6 -(CH)e Me Me 63f 51 77°

a) Method A: 1:1 diol:156a in refluxing CCl,. b) Method B: 1:1
diok:45b in refluxing CCl,. ¢) 'H 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 invoivement 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
Nakayama™ postulated its existence in the formation of his thionosulfites Sm and 5n.
Moreover, the only by-product observed was that of benzimidazole, Nakayama®

postulated the formation of bibenzimidazole which was never directly detected.

The proton decoupled *C NMR spectra of thionosulfites Sg-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 stereogenic 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.®® 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 S).

Ry Ry 0,
I s=0
(o]

IOH SOCl, NEt3
R2 OH CC!4 or CH2C|2 R2
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’™ indicates the absence of the sulfite (S=0) moiety.
A consistent feature in the infrared of the thionosulfites synthesized is the presence of a
strong band at 655 cm™ indicating an S-S (S=S) stretch; this is in clear agreement with

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

Entry Ry Rs Rs R Sulfite Yield (%)
1 -(CHy)s- -{CHg)s- 64g 60
2 -{CH2)e- -{CH2)e 641 64

Mass spectrometric data provides further evidence to support the existence of new
thionosulfites Sg-5I.  One characteristic feature of the MS common to all the
thionosulfites is the base peak representing the loss of the HS;0; (m/z 97) moiety from
the parent ion. The feature common to the MS of alkoxy disulfides is the initial loss of

SO (m/z 48) from the parent ion (vide infra — Chapter 3).

Most recently, using our procedure (solvent: MeCN at RT), Nakayama® 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 Sm 45%
and Sn 10%. No thermal isomerization between Sm and 5n was possible even at

temperatures of 120 °C.

To the extent that it has been explored, formation of larger ring homologues has to date
proven unsuccessful. The reaction with 1,3-butanediols 65 with S,Cl, 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 % Sg (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.

OH SZCi2 Oxsg,o > O\S Q\S/’S - "SS! O\S
§ & ) & [ e i
OH O o O o

S 66 67 68

6 67

Scheme 7.

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,®*®* ribonuclease A, phospholipase A; and immunoglobins are illustrative.®

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 kcal/mol, is the third strongest
homonuclear single bond.%” 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,”® drugs® such as Antabuse (TETD),” molecules used in marine

71,72

organisms, ' and as aqueous gelators.™

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, CISSCI, BrSSBr and FSSF is presented.

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

(S-S)| 6(8-5-X)

1(X-S-8-X)
or
©(S-S)

Figure 1. Structural parameters for the XSSX systems. Bond lengths are defined as
r(S-S) and r(S-X), bond and dihedral angles are defined as 6(S-S-X) and 7(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 well as its isotopic derivatives has
been determined by electron diffraction”® and microwave spectroscopy.” > 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.

1(S-S) A (S-H) A B8(H-§-5)° (H-S-S-H)°  method Ref

2055 £ 0001 1327 £ 0003 9200 = 050 9060 * 010 MW s
2055 + 0001 1327 £ 0003 9130 + 005 9060 = 005 MW 7
2058 + 0003 1345 + 0.003 9810 = 030 9080 % 030 MW 8
20611 £ 00001 13410 = 0.0003 9742 + 0.04 9075 = 005 MW 82
2055 =+ + 98.10 =+ 89.60 =+ MW 84
2056 =+ 1.342 % 97.90 + 9030 =+ MW 8
2057 £ 0002 1336 + 0.009 9580 + 323 9044 =+ 045 Average

The initial work”>’® underestimated both the r(S-H) bond length and 6(H-S-S) bond
angle. This is most likely due to the fact that here the authors based their microwave
geometries on flawed electron diffraction’® 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 of HaS (92.2°% but is substantially smaller than
that for alkyl or halogenated disulfides (vide infra). The small 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 smaller basis sets

as summarized in Table 11; though the inclusion of polarization functions on heavy
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atoms is essential for determining accurate parameters.***’ It has also been suggested
that addition of correlation corrections is required to obtain good structural parameters for

8889 though this does not seem to be the case here. The

the analogous H;O, 70a system
bond order for the S-S bond was calculated® 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 /2 =1.03 A, where we have used the most recent MW®* S-S bond length.

Table 11. Calculated structural parameters for 69a

(S-9YA  r(S-H)A  B(H-S-S)° (H-S-S-H)° method Ref
2.081 1.356 98.3 91.7 SCF/DZ+P o
2.063 1.336 98.9 90.3 SCE/3-21G* 92
1.958 1.327 99,1 88.1 ab initio STO-3G* 53
2.067 1.331 98.2 89.7 SCF-CI/DZAP 94
2.066 1.327 98.6 89.9 MP2/4-31G* 95
2.066 1.328 99.0 90.0 HF-SCF/6-31G* 0
2.063 1.327 99.1 89.8 HF/6-31G* %
2.070 1.333 98.7 90.5 MP2/6-31G** o
2.082 1.336 98.1 90.4 MP2/6-311G** %
2.092 1.333 97.5 90.8 MP2/6-311G(2d,2p) 7
2.092 1.333 97.5 91.2 MP2/6-311G++(2d,2p) 7
2.064 1.338 97.8 91.0 MP2/6-311G++(2df,2p) 4
2.067 1.343 98.0 90.7 CCSD(T)/cc-pVQZ ”
2.064 1.334 98.4 90.3 Average'®
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 S-S 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 *-MOs
results in a destabilization {(and subsequent lengthening) of the S-S bond that is

maximized when T = 0 and t = 180°; this destabilization is diminished when t = 90° and 1
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= -90° due to the orthogonality of the two 3 p orbitals. Recall that the splitting of AOs to
form MOs is asymmetric.’® This is illustrated in Figure 3a. As a corollary to this MO
argument is the fact that when H;S, (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) o* MO (Figure
3b); the above MO description is indicative of a hyperconjugative mechanism.
Mulliken'®? 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.'® The origin of this stabilizing interaction will be explo;ed 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 (-}

cis

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

J—L! TC*
‘\
AE* > AE

'
'
/ \
: AE*

3p,

Figure 3. a) Splitting of adjacent S-3py-orbitals. b) Splitting of S-3p,-orbital with that

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

dependent on the dihedral angle T and on the origin of X.
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The geometries of the cis and frans 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



longer and the 8(S-S-H) is 1° and 4° smaller respectively while the r(S-H) remains
essentially unchanged.”® These sorts of changes are not unusual and similar results have

been observed in sulfur homocycles wherein T = ca. 0°.'%

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 frans 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 all other bond angles
are constrained as the energies are calculated during the rotational profile about the S-S
bond). Others did not optimiie transition state geometries prior to obtaining single point
energies. In general, it is well known that ab inifio calculations can reproduce rotational

105

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

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

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

82,94

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

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

§96

barriers. Thus the HF predictions of Samdal™ 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 S-S bond in 6%9a

Measuared® Calculated® AP Method Ref®
cis trans

6.9 . Far IR 7
d - Millimeter wave s
9.3 6.0 33  SCF° 107

1.5 0.9 06 EH 103

6.4 3.5 29  STO-3G 5

12.5 10.8 1.7  STO-3G* 9

9.0 5.2 3.8  HF-SCFf 108

8.7 6.1 2.6  SCF/3-21G* 52

7.6 5.1 2.5  SCF/ZPE 94

7.5 5.0 2.5  CI-SD/ZPE M

22.5 4.1 18.4  MINI-1 106

26.4 14.3 121 MINI-1# 106

7.7 5.1 26  SCF 82

7.8 5.0 2.8  MP2//SCF 82

8.2 - IR 84

8.1 5.8 23 MW 8l

8.4 - HF/STO-3G(M3%) %

8.5 6.1 2.5  HF/6-31G* %6

a) Barriers in kcal/mol. b) Difference between cis and frans barriers. ¢)
References are in chronological order. d) No value determined but
authors quote almost equal barriers. ¢) Included the use of a double
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 cs.y — o*s.y interaction (similar to that found in ethane'®"
12y as compared with the frans transition state.!™® The slightly lower calculated trans
barrier as compared with the measured barriers (which as a matier of course are in fact
measurements of the frans barrier) is due to geometry relaxation.'®® 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 S-S). 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 lefi to right across the periodic table.
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Table 13. Barriers to rotation about C-X bonds where X=C, Sy, N, P, 0, §

Cmpd  Barrier™ Cmpd  Barrier™®>  Cmpd Barrier™
CH;-CH; 2.93 CH;-NH, 1.98 CH,-CH 1.07
CH;-5iH, 1.66 CH,;-PH; 1.96 CH,-SH 1.27

A -1.27 A -0.02 A 0.20

a) Barriers and differences measured in kcal/mol. b) From Ref '™,

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

Calculated® AP Method Ref®
cis trans
10.9 0.6 103 SCF ns
73 1.1 62 MW 8
9.1 0.9 8.2  HF/6-31G* %

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

A comparison of barrier heights clearly shows that for all cases except those values
reported by Boyd,'” HSSH has the higher #ans 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 #rams 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 barrier''® component for 69a (the MP2% two-fold component is 3.21
kcal/mol) that is ca. double that of the experimentally'!” determined one in 70a (1.81
kecal/mol). Counteracting this two-fold torsional component is the fact that in H,S; 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.*?
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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 frans 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 (D)*

cis trans equilibrium®
1.82 0.00 1.36

a) From Ref ™. b) Calculated for the ground
state geometry - Expt''®=1.17D.

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

1(S-S) A S-C) A 8(C-S-8) ° (C-§-8-C) ° method Ref®
2.038 1.810 102.8 84.7 MW® s
2022 + 0003 1806 + 0002 1041 = 03 839 = 09 ED 120
2029 £ 0003 1816 = 0003 1032 + 02 850 = 40 ED 121
2030 + 0008 1811 + 0005 1034 * 07 845 x 06 Average'®
1.842 ¢ 103.2 85.0 CNDO2 12
2.030 1.818 103.7 83.2 MM1 123
2.064 1.809 100.0 90.6 ab initio STO-3G %
1.950 1.803 ' 102.9 87.4 ab initio STO-3G* 9
2.050 1.823 102.3 88.4 SCF/3-21G* 92
2.054 1.812 102.1 85.1 MP2/6-31G** o1
2.072 1.819 101.5 84.7 MP2/6-311G(2d,2p) 7
2.064 1.807 100.8 83.7 MP2/6-311G** %

2016 + 0080 1813 + 0007 1021 * 12 860 % 26 Average'™®
a) References are ordered chronologically per section. b) No errors reported. ¢) Not determined.

All calculations accurately predict the r(S-C) bond length as well as the bond and (8-
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 é,lso 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 Se (r(S-S)** = 2.057 A) and orthorhombic-Sg (1(S-$)'% =

2.037 A).

The main structural difference between 71a and 69a is in the bond angle, which is ca.
7° wider in 71a; whereas the r(S-S) is ca. 1% shorter. The widening of the bond angle is

ostensibly due to increased Me-Sg 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 der Waals radii of the constituent

atoms (3.4 A).

The experimental and calculated barriers to rotation for 71a are reported in Table 17.

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

Measured® Calculated® AP Method Ref®
cis trans
9.5¢ Raman 126
6.8 Calorimetric data® 127
7.3 IR 128
10f Ram 129
2.9 1.3 1.6  PCILO 130
45.9 14.5 314  ZDO-SCF 131
7.0 2.2 48 EH 103
17.7 10.8 69 CNDO2 122
10.6 7 36 MMl 123
18.0 4.4 "13.6  STO-3G (rigid rotor) %
21.1 12.7 84  STO-3G* (rigid rotor) %
7.5 2.9 46  SCF/3-21G i
12.0 5.7 63  SCF/3-21G* 9
11.4 5.7 57  HF/6-31G*® 7
11.3 5.5 58  HF/6-31G*&" 132
11.4 6.3 51  MP4/6-311G**" 132
11.6 6.1 55  MP2/6-31G* 133

a) Barriers in kcal/mol. b} Difference between cis and frans barriers. ¢)
References are in chronological order. d) Caution: Assumed symmetrical
barrier shape and neglected effects of coupling between S-8 rotation and
vibrational degrees of freedom in MeSSMe. ¢) 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 kcal/mol. It is expected that
with 71a, rotation proceeds through a #rans transition state. Ab initio calculated results
seem to converge with larger basis sets (last three Entries) however these seem to
underestimate the frans barrier by ca. 1 kcal/mol. Deconvolution of the torsional

potential function™ indicates that the two-fold term (V2) predominates.”*™> Of those
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reported in the literature, only barriers derived from Allinger’'s MM1 force field'?
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 electronﬁorreia‘{ion increases slightly the frans barrier
(contrast last four entries). The calculated and experimental barriers for 7la 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*.*
They reported a cis barrier of 8.9 kcal/mol and a #ans 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 framns 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 71a.1*%1%®

The geometries of a representative set of disulfides is shown in Table 18. Unlike 71a, 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 in this bond
length is true with most dialkyl disulfides (where Cq is sp’ hybridized) and is most likely

due to the increased steric demands of larger R groups (cf. 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-Cyst);."”>™

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 7(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

1(S-C) of 1.931 A,

Dicuby! disulfide (Entry 7) has an unusually small 7(S-S) for disulfides bearing a
tertiary carbon (1.4(S-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 B-carbon and the S-S moiety. The
accompanying short 1(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 Ccupyt moiety. This can be seen by comparing the r(8-C) for this case
with those of disulfides containing an sp* carbon attached to the S-S functionality
(Entries 11, 14-22). In fact, except for the 7(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 7(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 S-S 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 ©(S-S) (ca. 12%
smaller 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 1(S-S) A 1(S-C) A 8(C-8-8) ° (C-$-§-C) ° method Ref
1 Et-SS-Et 2.038 1.832 103.7 90.0 CNDO/2 e
2 nPr-8S-nPr 2.051 1.830 102.9 -89.3 HF/6-31G* %
3 Allyl-SS-Allyl 2.052 1.834 103.3 -86.9 HF/6-31G* %
4 Allyl-8S-nPr 2.066 1.807 84.0 HF/6-31G* %
5 di-t-butyl disulfide 2.029 1.847 106.2 113.8 MM1 142
6 TETD 1.999 1.820 + 0.030 1035 = 03 900 X-Ray 14
7 Cubyl-SS-Cubyl 2044 £ 0001 1771 + 0002 1046 + 0.1 -8.5 + 0.1 X-Ray 14
8 DAD 2048 + 0007 1.840 = 0020 1073 + 06 1105 = 09 X-Ray 145
9 DAD 2.029 1.845 106.2 113.8 MM1 148
10 Bn-SS-Bn 2.020 103.3 92.0 X-Ray M7
11 2,2“biphenyl disulfide 2050 + 0003 1750 + 0010 983 = 02 690 X-Ray 148
12 (Me,;Si);C-SS-C(SiMes)s 2110 + 0010 1.844 * 0002 1057 + 0.1 180.0 X-Ray 149
13 Tr-8S-Tr 2.012 * 0.001 1931 + 0030 1169 = 01 1103 X-Ray 1
14  Ph-SS-Ph 2023 + 0001 1788 + 0003 1059 = 0.1 90 X-Ray 150
15 2,2'-dinitrophenyl disulfide 2045 % 0004 1797 + 0009 1044 = 03 851 X-Ray B
16 3;2;{232‘*’0"3’“4’4'dim‘mphmﬂ 2023 + 0002 1779 * 0005 1055 % 02 760 X-Ray 152
17 4,4'dinitrophenyl disulfide 2019 + 0005 1.767 + 0010 1062 + 03 72.0 X-Ray 193
18 dipentafluorophenyl disulfide 2.059 + 0.004 1770 # 0007 1013 = 03 765 X-Ray 134
19 2,2-diaminophenyl disulfide 2.060 + 0003 1760 + 0.007 1033 * 03 90.5 X-Ray 193
a0  di-2-pyrimidyl disulfide 2016 + 0001 1781 + 0002 1047 + 01 825 X-Ray 156
dihydrate
21 di-2-pyridy! disulfide 2016 + 0002 1785 * 0002 1057 * 01 87.1 X-Ray 150
3,3 dihydroxydi-2-pyridyl 157
22§ ifde 2.018 + 0.001 1785 = 0002 1048 + 07 93.2 X-Ray
5-{1-(2"-deoxy-o.-D- 158
23 2 A 108 + 0. 756 + 0.007 1020 * O. . .
ribofuranosyluracilyl] disulfide 2.108 0003 1.75 0.00 02.0 02 300 X-Ray
24 é;gl;ng““b"f“"a“y')“"a‘:ﬂy” 2022 + 0004 1790 % 0020 1040 + 04 870 X-Ray 159
25 5-(1-methyluracil) disulfide 2074 * 0003 1750 * 0010 100.7 + 03 780 X-Ray 190
26 D-penicillamine disulfide 2.049 1.866 105.5 115.0 X-Ray e
27 L-cystine hexagonal 2032 + 0004 1820 &+ 0012 1145 + 03 1060 *+ 10 X-Ray 1%
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In general, deviations to smaller angles from an idealized 7(S-S) of ca. 90° are

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

S-S moiety into a ring as in 1,2-dithiolane'®® 73 or in natural products bearing the

piperazinedione core such as the Sporidesmins'® 74 greatly enhances the lone pair-lone

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

COLH

5-8

T=27°

r(S-S) = 2.096 A

73

R

g

Ry N o
o)\f R
R

t=85°

1(S-S) = 2.006 A

74

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

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

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

Entry Disulfide Measured® Calculated® AP Method Ref
cis trans

1 diethyl disulfide 19.5 5.1 144  STO-3G »
2 diethyl disulfide 12.2 7 52  MMI 165
3 t-butyl methyl disulfide 17.2 6.6 106  MMI 163
4 rbutyl ethyl disulfide 17.7 6.6 1.1 MMI 165
5  t-butyl i-propyl disulfide 19.6 6.7 129 MMl 165
6  di-+-buty! disulfide 28.8 5 23.8 MMl 163
7 di-t-butyl disulfide 6 B3LYP/6-31G*¥ 1
8  dicubyl disulfide 52 B3LYP/6-31G¥
9  DAD (di-fert-adamantyl disulfide) 29.7 53 244 MMl 146
10 benzy! trichloromethyl disulfide 9.4° DNMR 166
11 benzyl triflucromethyl disulfide 8.3° DNMR 16
12 benzyl t-butyl disulfide 7.8° DNMR 16
13 benzyl trityl disulfide 8.8° DNMR 166
14 L-cystine 23.1 6 17.1  STO-3G =
15  dipheny! disulfide 7.5 6.8 0.7  MP2/3-21G** 167
16  bis(1,3,5-tri-i-Pr-phenyl) disulfide 16.2 DNMR 168

a) Barriers in kcal/mol. b) Difference between cis and frans barriers. ¢) AG = +0.3 kcal/mol. d) Geometry

optimized at B3LYP/6-31G*, ¢) Geometry optimized at MP2/3-21G*.
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The highest barrier reported and one of the more interesting results is that of bis(1,3,5-
tri-i-Pr-phenyl) disulfide (Entry 16). Kessler and Rundel'® determined by low
temperature DNMR a barrier of 16.2 kcal/mol, ca. 9 kcal/mol 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 Fraser'®® 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 (¢f Table 19), did clearly indicate that the
barrier height does increase with increasing steric bulk.'®”'® Interestingly, barrier
measurements for Entry 10 over three solvents (vinyl chloride, CS; 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 (¢f. Entries 10-11, Table 19).

Gas phase calculations for the barrier of dicubyl disulfide, Entry 8, indicate 2 S, —
o*c.c interaction leading to a stabilization of the #rams transition state and thus a
counterintuitive small decrease in the S-S barrier. In general, gas phase calculations

faithfully reproduced the expected lower frans barrier of ca. 6.5 kcal/mol.

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

as sterically. Influence based on the former will be self-evident in the next section.
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2.4.4 Disulfides 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 CISSCI

77a are shown in Table 20.

Table 20. Experimental and theoretical structural parameters for dihalo disulfanes

Entry X 1(S-S) A B(X-8-S) ° 7(X-S-8-X) ° method Ref®
1 Br 1980 + 0040 1050 + 30 835 =+ 11.0 ED 170
2 Br 1948 + 0002 1092 + 01 839 = 0.1 Xy 17
3 Br 1964 + 0020 107.1 + 29 837 * 03 Average'®
4 Cl 2040 = 0050 1050 = 50 900 ED 172
5 Cl 2050 + 0030 1030 = 20 ED 173
6 Cl 1970 + 0030 1070 = 2.5 825 + 120 ED 170
7 Cl 1931 = 0005 1082 + 03 848 == 13 ED 174
8 Cl 111.0 85.0 CNDO/2 175
g Cl 1950 + 0001 1077 = 01 852 + 01 MW 176
10 Cl 1943 £ 0001 1071 + 00 848 = 01 X-nay 7
11 Cl  2.005 105.9 948 HF-SCF/6-31G* %0
12 Cl 2.004 105.9 85.1 HF/6-31G* %
13 Cl 1979 107.5 85.8 MP2/6-311G** i
14 Cl 1976 107.5 85.7 MP2/6-311G(2d,2p) 7
15 Cl 1985 + 0040 1069 + 20 864 * 35 Average'®
16 F 1.888 % 0010 1083 + 05 879 + 15 MW 177
17 F 110.0 89.0 CNDO/2 173
18 F 1890 = 0002 1083 =+ 02 877 = 04 ED 178
19 F 1953 104.2 92.7 HF-SCF/6-31G* 5
20 F 1953 104.3 88.7 HF/6-31G* %
21 F 1953 104.3 88.6 HF/6-31G* 17
22 F 1923 106.6 88.9 MP2/6-311G** &
23 F 1921 108.3 88.6 MP2/6-311G(2d,2p) ¥
24 F 1.8% 110.4 88.1 X/DZP o
25 F 1952 106.6 88.9 MP2/6-31G* 180
26 F  1.944 105.6 88.9 QCISD/6-31G* 180
27 F 1910 110.5 89.3 SYWN/6-31G* 180
28 F  1.937 110.6 89.4 BP86/6-31G* 180
29 F 1942 108.4 89.1 B3LYP/6-31G* 180
30 F 1928 + 0025 1076 + 24 8.0 = 12 Average'®

a) References are ordered chronologicaily 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

1 of ca. 2.03 A even though the

the whole story as (CF3),;S; has a normal r(S-S)
inductive effect of the trifluoromethyl group amounts to an electronegativity of 3.7;'®
similarly R;NSSNR; has an rx.y(S-S) = 2.021 A for R = CH;S0;” Cardenas-Jirén™
calculated the S-S bond orders for S,Cl; 77a and S,F; 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 C, symmetry as with 69a.

It should be noted that early electron diffraction work on S;Cl; 77a 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'’' are the only ones to report crystal structures of S2Cl,
77a (1.943 A) and S,Br; 76a (1.970 A). Their reported structure for 77a is intermediate
between that of the ED and MW data (¢f Table 20). Interestingly, their 1(S-S) for 76a is

much closer to that of 77a and is shorter by ca. 0.03 A than that determined by Hirota.'”

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
Whittenburg'® recently published a high level theoretical study on 77a. 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(3dD).

For the FSSF 75a, 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 1(S-S) is overestimated by ca. 2%. In fact, using DFT methods'**'** (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® A®® Method Ref
cis trans

HSSCI 78 107 HF/6-31+G* 50

CISSCl 772 170 HF/6-31+G* 50

17.1 119 52 HF6-31G* %

20.2 154 48 MP2/6-311+G(3dp '8

HSSF 79 128 HF/6-31+G* 0

FSSF  78a 253 HF/6-31+G* %0

242 18.9 52 HF/6-31G* %

a) Barriers in kcal/mol. b) Difference between cis and frans barriers.
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As can be seen, the addition of one halogen increases the cis barrier by ca. 3-5 kcal/mol
over that of 69a. The effect is multiplicative when two halogens are attached with an
increase of ca. 10-17 kcal/mol depending on the nature of the halogen. Those barrier
calculations done using the HF 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.”®

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.p antibonding orbitals. This
delocalization is maximized given a gauche conformation. The MO overlap is
maximized as the energy of the o* 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, CISSCI 77a, HOOH 70a as well as FOOF 80 and has previously been

. 185,186
discussed.'®>

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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2.4.5 Compounds Centaining Hypervalent Sulfur Atoms Directly Bonded to Sulfur

There exist but a few examples of stable molecules containing a hypervalent sulfur
atom directly bonded to another sulfur atom*® 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.

Cmpd 1(S-S) A Method  Ref
F,S=S 75b 1.860 * 0015 ED,MW 1™
0=8=§ 1884 x 0010 MW 188
§=S 1.892 MW 189
RN=8=§ 1.898 X-ray 190
(RO),S=S 5g 1.901 X-ray 40
(RO),S=S 5i 1.910 X-ray 4
(RO),S=S 5m  1.9154 * 00006 X-ray ?2
(RO),S=S 5n 1.8964 = 00013 X-ray 2
Ph;P=NSN=8=S 1.908 * 0.002 X-ray 191
0=8=8=0 2.024 ED 192

The structure of 7Sb was confirmed by a second ED study and contains the shortest
known S-S bond.'”® The long S-S bond for planar S;0, has been ascribed to a partial
delocalization of the oxygen lone pairs into the c*s.s bond leading to a strengthening of
the S-O bond at the expense of the S-S bond. Nevertheless, most compounds in Table 22
possess an extremely short S-S bond indicative of the double bond character present; of
special note are the thionosulfites Sg, 5i, Sm and 5n (r,,(S-S) = 1.906 = 0.009 A). Thus,
the short bond in FSSF 75a (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 F,8=S 75b "7 180184 ¢y, 9=g 77p 77175183
H,S=S 69b,°™"* and Me,S=S 71b°"”® have all been modeled at high levels of theory.
MP2 methods using a minimum of the 6-31G* 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 r,(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. Steudel®® also investigated larger alkyl
homologues S,Pra, S;All, 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 well 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'” 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.””® A prime example of valence bond isomers is that between 1,3,5-

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

81 82

Scheme 8.

195,196 7

Alkyl-substituted benzenes, perfluoroalkyl-substituted benzenes'”” 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).%'?
Theoretical studies”® 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 C1 and C4. These reactions are reversible.

. . B
t-Bu t1Bu U -Bu
= /©:1 I\
t-Bu 4 By -Bu 4 “t-Bu
&3 84

Scheme 9.

The concept of valence bond isomerization is not limited to simple substituted
aromatics. In the following heteroatomic example,®® irradiation of S5-methyl-
thiazolo[3,2-alpyridinium-8-olate 85 gave its valence bond isomer 6-methyl-2-thia-5-
azatricyclo-[4.3.0.0""Inon-7-en-9-one 86, which upon further irradiation isomerized to
the corresponding 8-methyl-thiazolo[3,2-ajpyridine-5-one 87 (Scheme 10).  The
extensive rearrangement of 85 to 86 corresponds to a photochemically allowed
disrotatory ring closure.
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O O
88 87

88

Scheme 10.

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

case. Kurita®®

and co-workers thermalized related tricyclic heptane derivatives 88a-91a
to form interesting and synthetically useful 7-membered ring heterocycles 88b-91b in
excellent yield (70-90%). This isomerization may either prowceed 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 882-91a to 88b-91b (Scheme 11).

R o™ s

o @5 e )
LT 5\, T, N
x Re X X

88a 88b 80a 90b

X R
R N
xN N N @\ N
x FRe X X
89a 8sb 91a 91b

Ry, Ro=H, Me, Ph
X=COR
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, Messmer*" and co-workers observed the formation
of triazine isomer 92 via nucleophilic attack of the pyridine nitrogen onto the diazonium

204

functionality of 93. Valence bond isomerization of related triazolium salts™" and more

highly nitrated heteroatomic ring systems®®® have also been investigated.
ghly g sy g

> ~
e +
R N‘) R N"&
+2 BFy BF
93 92

R=H, CI, 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 S-S bond in 94b may either be considered as having
double bond®® character or containing a single semipolar®®’ 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.

? + -
HeS-8-X = X23=S D XZS'S
84a 94h

KX=F, Br, Cl, OR, alkyl

Scheme 13.

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.'”> 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 94b.

2.5.1 General Commentary on X-S-S-X / X,S=S Systems

The concept of the existence of branch-bonded S-S species has generated considerable
debate and investigation.’®® Foss first popularized the notion that branch-bonded sulfur
molecules of the form 94b bonded via S3¢-S;, orbital interactions and that these were only
stabilized when the branched sulfur was attached to an electronegative group.**?® 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 / F,S=S System

As will be seen, isomer 94a (with C; symmetry) is the most common isomer. In some
special cases the thiosulfoxide isomer 94b (with C; symmetry) has alsc been detected.
Historically, the first isolation and identification (via IR, MW and MS) of each of the

valence-bond isomers in Scheme 13 was that of the sulfur monoflucride (S;F;) system.

asl77,187,209 178,210-218

Kuczkowski seminal work has since been experimentally and

91,97,175,178-180

theoretically confirmed by others. The unbranched isomer FSSF 75a had
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213
d

been initially regarded®” as the less stable isomer as it was reported to isomerize to the

OC 210,212,213

branch-bonded F,S; 75b at temperatures above -100 To complicate the

analysis, Seel and Budenz postulated that 75b in the gas phase is transformed into the

°C 2% This would seem to

complex [FSSF, F,S;](g) upon cooling the sample to -80
indicate that at lower temperatures 752 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.® Connectivity Mp (°C)y bp (°C)
752 F-S-S-F -133° 15°

755 F,8=8 -164.6°  -10.6°
a) Each isomer is a colourless gas at RT. b)
From Ref '2. ¢) From Ref ?'".

Brown and Pez®'? were the first to investigate the isomerization of 75a to 75b. They
noted that Lewis acids such as HF or BF; catalyzed the conversion of liquid 75a to 75b

and postulated a possible mechanism, Scheme 14.

HF or
FSSF F-SS*<«—F-§*=S| + HFy or BFy —— F,$=S + HF or BF3
BF3
75a 78h
Scheme 14.

When 75b experiences the same conditions, it decomposes into Sg and SF; thiothionyl
fluoride 75b is a stable gas up to at least 400 °C in the absence of a Lewis Acid. Their®'?
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 °C); 75a had a
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t% = 4.7 h. They did however determine that it was 75a that was the more stable isomer
at -50 °C over CsF, in general agreement with that observed by Seel.?™ It seems that the
CsF stabilizes 75a relative to 75b. L(’isking219 reported that the 75b is more stable by 2.7
+ 0.4 kcal/mol.

Recently Cao?'®*

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 °C and determined that the kinetics of isomerization of 75b to 75a were first
order (ka0 x = 3.8 £ 0.4 x 107 ) with an activation barrier E4 for the forward direction

of 5.8 kcal/mol. 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 Bock'” 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 758b of

23-46 keal/mol 2!

More recently Bickelhaupt® and co-workers explored the relative energies of 75a and
75b and related systems. They corroborated the earlier work'” 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 7Sb was small and

56



dependent on the level of ab imitio theory used. For instance, at QCISD(T)/6-
31G**//MP2/6-31G** 75b is the more stable by 0.3 kcal/mol whereas at QCISD(T)/6-
31+G**//MP2/6-31G** 75a is the more stable by 3 kcal/mol. 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 kcal/mol for 75a).
This confirmed the early ab initio work done by Marsden'”® 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). Jursic'®*

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 S;X; systems is shown in Table 24.

In investigating the mechanism for the rearrangement between 75a and 75b, they’’
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 eleciron correlation and diffuse
functions reduced this barrier substantially yet the barrier still remains high. DFT (NL

BP86) energies'®® 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).2'%*"*  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 authors’” have suggested a bimolecular mechanism with

possible transition states as outlined in Scheme 15 (TS 1).

S B0, F S\ /S//,
$/ E \FI ".F
#' é é U

“, wf
Pl s F
TS 1 TS 2

Scheme 15. Possible bimolecular transition states in the isomerization of 75.

Carefiil attention must be taken when interpreting theoretical energies as these are

180 and co-workers

usually calculated without any consideration of temperature. Torrent
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 Marsden'”® and Bickelhaupt”” 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 SX, 94b with respect to XSSX 94a isomers.”’

QCISD(T)/6-31G**//MP2/6-31G** QCISD(T)/6-31+G**//MP2/6-31G**
X EN° XSSX® S, X" A% XSsx® S,X,° A AA°
F 41  -99446225 99446273 -0.3 -994.50082  -994.49610 3.0 3.3
Cl 28 -171451823 -171449275 16.0 -1714.52799 -171450400 151  -0.9
H 25 -796.47540  -796.42237 333 -796.47907  -796.42663 329  -0.4
Me 22  -874.82574 -874.79478 194 -874.83390  -874.80481 183  -12

a) Alired-Rochow electronegativities; Ref 222 b) In Hartrees. ¢) In kcal/mol. d) Energy difference
between two isomeric forms; a *-° sign signifies that S,X; is more stable. ) Energy difference (kcal/mol)
relative to the inclusion of diffuse functions.

2.5.3 The CI-S-S-Cl / C1;S=S & Br-S-S-Br / Br,S=S Systems

Relative to S,F,;, much less work exists in the literature on the relative stabilities of
isomeric forms of sulfur monochloride 77a and sulfur monobromide 76a. Though
thiothionyl chloride 77b has been suggested as a minor equilibrium contributor by
some,?2*?% the ED, 70172174 Raman,?2¢%? R 28 PES,*! dipole moment,° quasielastic
neutron scattering™? and MW'" studies all suggest that S;Cl; exits in one isomeric form
as 77a. Chadwick and co-workers™ and Feuerhahn and Vah™* both reported the
presence of low concentrations of 77b once 77a, 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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Bock'™ and Solouki calculated that the most stable isomer was that of the unbranched
77a and that the interconversion barrier was only ca. 3.5 keal/mol based on the CNDO/2
hyperenergy surface. However, Das® at a high level of theory (QCISD/6-311+G(3df)//
QCISD/6-311G(3d)) determined the barrier at 0 K to be ca. 51 kcal/mol; 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 S;F, system (vide supra). Similar to the
S,F, system, Bickelhaupt’ calculated the relative ground state energies of 77a and 77b.
At the QCISD(T)/6-31G**//MP2/6-31G** 77a is more stable by ca. 16.0 kcal/mol while
. adding diffuse functions in QCISD(T)/6-31+G* *//MPZ/6-31G""* destabilized 77a
slightly relative to 77b (15.1 kcal/mol). In general, the addition of diffuse functions
destabilized the XSSX isomer but not significantly so. A higher barrier than that
calculated by Bock would bé expected given the lack of experimental evidence for the

existence of the branched structure.

The little work on the isomerization of S;Br, 76 suggests that it too exists in its

170,228,230,232

unbranched form though as with S,Cl,, Feuerhahn and VahI** claim to have

observed thiothionyl bromide.

2.5.4 Commentary on the RO-S8-S-OR / (RO),S=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 reported®®®’

however no reports of its physical properties exist though 95a has been observed in the
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EI mass spectrometry of parent ROSSOR compounds (R = alkyl), which are themselves

known to exist (see Chapter 2.1).%°

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.%°

Table 25. Calculated®® relative energies (kcal/mol) of the four most stable isomers of

HOSSOH 95
i % il
HO-§—-8-OH HO-5-8H HO-S-OH H—'ﬁ—SH
o
95a 95b 85¢ 95d
HF/6-31G*//MP4/6-31G* ¢ 32 3.9 235

The relative energies of the first three structures (95a-95¢) are small as compared with
the fourth, 95d. When the energies of these three structures are further refined using
larger basis sets (MP2/6-311G**//HF/6-311G** + ZPE), their relative energy differences
decrease (95a = 0, 95b = -0.3, 95¢ = 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 (HS),S=S 96b!”® whereas the branch-bonded S,F, 75b is the more stable
isomer in that system (vide supra).*” 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 ROSSOR has ever been structurally resolved in

acyclic form (R = Me 6,>1°*** .NO,-Bn 49,7 p-CI-Bn 50°").

As highlighted in Chapters 2.1 and 2.3, thionosulfites containing a S-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 S;

Unlike O, which is readily stable at biological temperatures, S, is extremely reactive
and labile, concatenating readily to Sg; for instance, S; UV photodissociates in 7.5 min at
Earth’s heliocentric distance.*' In fact, S, is the prevailing sulfur allotrope at elevated
temperatures (>500 °C) but likely in the triplet, spin unpaired form. Diatomic sulfur has
been reported as a blue-violet gas®*? at these elevated temperatures and has been detected
celestially. Its relevance in our own solar system manifests in its detection (MW and near

#3234 the red colour of the moon

IR) in the volcanic plumes of the Jovian moon lo;
surface being attributed to energy transitions resulting from ejected S, gas which instantly
cools upen landing on the surface and quickly rearranges to more stable S; and S

ailotropes.245’246 Diatomic sulfur has also been detected in other astronomical contexts as
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241

in the near-nucleus commae of comets™ and at the impact sites of comet Shoemaker-

Levy 9 on Jupiter.*’

Diatomic sulfur can be trapped at low temperatures by rare gas matrices™™ or
synthetically generated and subsequently trapped by, for instance, dienes as Diels-Alder-
like adducts (Scheme 16).2% The generation and trapping of diatomic sulfur has been

250-253

well reviewed in the literature. The Diels-Alder trapping of 'S, is symmetry

allowed by Woodward-Hoffmann rules'®’ and mirrors analogous reactions with singlet

oxygen;%#**3 it is the singlet state of diatomic sulfur which is its excited state (ca. 13

kcal/mol above that of the ground state).?®

) ‘ "S 9%
L ﬁ}s
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.*
It has originally been suggested that such S, generation results from the concerted

disproportionation of the parent alkoxy disulfide (Scheme 17)>*

though the actual source
of sulfur in these thermolysis reactions has been questioned.”’ In particular, Thompson®
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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Ry
H._O Ho o |’ :i R
~ ~ 1
Rj{ S _a _|pD S Ry E? + RCHO + RCH,OH

S Hs\S
0 0 R
CHoR CHoR
87
R = p-X-Cghg Rq = 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

#9238 showed that photolysis of ¢-alkoxy disulfides and trapping with

Recently, Lunazzi
fullerene-Cqo or fullerene-Cy provided an alternate source of alkoxyl radicals. This
chemistry is reviewed in detail in Chapter 4.

23 in two related papers, outlined the thermal rearrangements of

Braverman,
diallyloxy disulfides 34-41 and dipropargyloxy disulfides 42-46. Reaction times were
influenced by substitution patterns of the starting alcohols. Diallyloxy disulfides® 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

(R1 = H, R3 = Ph, R; = H or Me) do not undergo this tandem rearrangement but instead

disproportionate to the corresponding alcohol, aldehyde and elemental sulfur. This is not
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surprising given that cinnamyl sulfenates®

also do not thermally rearrange due to the
loss of conjugation which would result during the allylic 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 34¢ and 36¢. These intermediates in turn

would have been generated by either H-abstraction from a sulfinyl radical by another in

situ tadical species or by a cycloelimination reaction of precursors 34a or 36a (Scheme

18b).
R R
R/ZOS1 CH3CNRR2('3?0R2R
3 ~5" 0 P R3 [ 1\/\r ~g” \H\/ 3
Ry Rz A Rj Ry
34 Ry=Ry=Ra=H
35 R1 = Me; R2=R3=H
36 R1=R3=H;R2=Me
37 Ry=Rp=H;Ry=Me
38 R1=R2=H;R3=Et
38 Ry =Rs=H; Rz3=n-Pr
R2 Q0 Rs R2 O Rs
Ry S. Ry~ S
R3 Rz Ry © 2
34b-39b 343-3%a
A
Ry
R QR Ro ok Rou A
Rq\/K(s\SJ\/\R (4+2) T iR
1 L = e S\\
Rs R, Rs SOH Ry 1 Rl R; 1 o
7R 1
34a, 362 Ry - 34c,36¢ . J; 34d, 36d
7
Ry
B
Scheme 18.
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Analogously, propargyloxy disulfides™ 42-46 undergo a double [2,3]-sigmatropic shift to
afford the corresponding diallenic 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-46¢c. 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.**

R

N _o__s. ! CHCl3, A ~9 R

SO Q‘ R1/\/S\S/\/R
R R, 2X23}c i !
42 Ry=Ro=H

43 R;=Me;Ry=H
44 R1 = Bn; R2=H
45 Ry=H;Ry=Me [2,3]-c
46 R, =H;R,=Bn

it O\

Ry~ o RZ/j/ S R
R

R4
42b-48b

Ry

R \§<R
2

%ﬁs

C "2 4

42¢c-46¢

Scheme 19.
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2.6.3 Chemistry Involving the Alkoxy Disulfides as the Nucleophile

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).%

O O
] i
+ Et30'BF4 St ~r + g
MeOSSOMe 3 4 MeO S OMe Me’S o Me S
CH»-Cl
20-30% trace
8 98 39

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 BF5'OEt; also effected
the same decomposition. When the decomposition was followed by '"H NMR, other low
boiling products were observed including, dimethyl sulfate and dimethyl ether. The
decomposition  products  most  likely result from the  concomitant

desulfurization/disproportionation/isomerization of 6.2

Decomposition of ROSSOR 1 has also been observed on acidic and basic alumina
during chromatography. In the latter case, it has been proposed’ 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. ¥ of the remaining sulfur,

fragment b.
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ROSSOR + (AD,OH

[ROSH] + (A 0sOR
a b

MeOH

ROH + "8 (ADOMe + HOSOR
13

R=Bn ROH + [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 (irace) 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 2ROSCH + 2 (ROSH) 2ROH + 2"§"
1 13
2ROSCI + 2ROH 2ROSOR + 2ZHCI
102
ROSOR + HCI ROCI + (ROSH) ROH + "8°
102 ﬁ 13
ROCI + ROSOR : RCi + ROSOR
102 101

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 Invelving Nucleophilic attack on Alkoxy Disulfides

Kagami®® showed that alkoxy disulfides could serve as an SSOR source to form 103

when he reacted alkylthio acids with R°7OSSOR’ (R’ = Me 6, Et 7, n-Pr 8, i-Pr 16) in

CCl, in moderate yield (29-58%). A plausible mechanism for this reaction is outlined in

Scheme 23.
O 1\ O
JrH rossor R'O-SSOR' M- — N _s_o,, 2058%
= S v l—h R S R S S R
\\// 103
Scheme 23.

In related work, Kagami®®* 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. Steudel”® has also used thiols as nucleophiles in related

substitution reactions. The work is generally outlined in Scheme 24.

ROSSOR R8H. posssr REH. resssre
R",NH lR“gNH

ROSSN(R"), ROSSN(R"),
RuzNH 104

(R")NSSN(R")2

Scheme 24.

Their sequential addition of nucleophiles illustrates well the increasing leaving group
capacity of N < § < O. The reaction of EtOSSOEt 7 with primary amines was less
straightforward than that of the thiols. 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.

\ \ \
/N—@—NHZ EtOSSOE /N—QNHSSOE& + EtoH _-EOH /N—@-N:S:S
7

105 106 107

Scheme 25.

When the amine was changed to one which contained protons o but not 3 to the amine
functionality as in benzylamine 108a or furfurylamine 108b, under similar reaction
conditions, tetrasulfides 109a-109b were formed via intermediate 110 (Scheme 26a).

When § protons are present (111a-111b), a-ketonthicamides 112a-112b are isolated after

column chromatography (Scheme 26b); it should be noted that no vu or ve=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.

7

RCH,NH, [RCH2N=S=S ] —— [RCH=N—S—SH]

- 2 EtOH
408 110

RCH=NSN=CHR + '/; Sg

2 [RCH=N-S~8H| [RCH=NSGN=CHR]

- 2 EtOH
113 109
| o
R' = RCH, = Bn, (\ /73{
108a 108b A
, 0
RNH, Ph)‘\(HNR
- E{OH, - "S" g
111 112

R = PhCH;CHz-, PhGH-

Me
111a 411b

Scheme 26.

Kagami’® also investigated the corresponding reaction with hydrazines 114

INH;) 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 thiosulfiny! intermediate is formed (115). It is then believed that after tautomerization
of 115, a second equivalent of EtOSSOEt 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.*®” 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.
7 7
Ar-NHNH; [ AFNH-N=S=8 ===Ar-N=N-8-SH| [ Ar-N=N-5,-OEt
Benzene, A - EtOH
114 115 116
- Ny
Ar-S,-OFt
Ar-SgAr + EtOSSOEL + 2'§" <%= ArLS,OFt Ar + E1OSSSS'
118 7 118 o
Sagt
117
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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2
Ar-NHNH-Ar Ar—NHi}l-Ar As‘»!lﬂ-i}l-Ar I Ar-N=N-Ar
Benzene, A SSOEt| - EiOH S-S -278

120 121

Ar = Cghig, 2-BrCgHy

Scheme 28.

Reaction of 7 with (PhNHNH),C(=S) 122 gave tetrazoliumthiolate 123 via 124

(Scheme 29).

- N
I 27 ; s N
ARNHNH-C-NHNHAr {ArN=N-é-N=NAr ——="7¢ N'Ph
_2 EtoH, - 2 ngw N"NPh
122 124 123

Scheme 29.

d%%® the formation of

Not all nucleophilic attack is so straight forward. Kagami reporte
carbodiimdides 125, cyanamides 126, tetrasulfides 127 or thiadiazoles 128 from the
sequential attack of 1 or 2 equivalents of thiourea 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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RoRiN NR1R2 S NRR
- nsu \« V N H2 N »/ 1052
T4 HN $ — )
RoRyN” NRj3 RaR¢N
127 128
- EtOH
j\ 7 SSSOEt
R2R1N NHR3 - EtOH RoR4N NR3
123
- EtOM - EtOH
- NSH - I|S"
R{N=C=NR3 = R,RyN-C=N
125 126
Scheme 30.
Cyanamides 126 are most probably formed by a similar mechanism to that proposed”®*

for the formation of benzonitrile 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 “S3” unit. Transfer of S; is rare and it would have been interesting
to see whether there was real S; extrusion as the authors allege. Another possibility (not
shown) is sequential extrusion of “S,” followed by “S”, though this seems less likely as

thicamides (the product of initial S, loss) are themselves stable species.
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Scheme 31.

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-
toluenesulfony! 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.

2 %
ROSSOR ‘@‘ﬁ Sz §'©_
Q  GruchRT °
___@_s_OH 2812, JA

CH2C|2, reflux
\ O

0

134 ROSSOR _Q'SF e 'S?_Q‘
1] 1]
6 ©

Scheme 32.

Hoepping®® recently reported the synthesis of a-ketothio esters 138 in moderate-to-
good yields from aryl or #-alkyl methy! ketones 139. A mechanism is proposed, though
not confirmed, involving a highly strained dithiirane intermediate 140. 1t is outlined in

Scheme 33.

75



o o) ‘/\\ , 0
. Naot-Bu («/g r-%s 50 S OR’
R”SCH,

-OR'
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139
- R'OH
-RO"
0 o
wan Ao = A
[ S
138 140
ne 33.

‘hemistry has been used””” in the facile synthesis of the dye thioindigo 141 (56%)

as chlorinated derivatives thereof. Its synthesis is outlined in Scheme 34.

O

NaO#Bu “ s “ 7
R R R

R = H, thicindigo

141
ne 34.

stingly, when the enolate of $-diketone 142 is reacted with MeOSSOMe 6, the

lated product was that of the sulfide 143 (Scheme 35).
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271

In a recent report,””" 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

hydroxide® (Scheme 36a) or sodium alkoxides”>* (Scheme 36b) or alkyl lithium

3,272

reagents™ ' (Scheme 36¢) occurs at sulfur which is consistent with that observed in the

1

gas phase by Smith and O’Hair.?”'  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 + 2BnOLi
Cc

Scheme 36.

Under careful conditions, ROSSC!l can be formed from ROSSOR 1 and SCl.
Steudel®® used this key intermediate in his synthesis of a nonasulfide (see Chapter 7 for
details). The formation of ROSSCI is quantitative due to the fact that by-product ROSCI

decomposes to form a highly stable sulfite, Scheme 37.

ROSSOR + SCl, ROSC!I + ROSSCI

3 ROSCI

(RO),S=0 + RClI + S,Cl

Scheme 37.
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ROSSCR + 8Cly ROSCH + ROSSC

3 ROSCI

(RO)28=0 + RCI + 8Ch

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 (RiR;S'C-(CO,Me);) on carbon (Scheme 38).%"*
Examples of transylidation are rare in the literature owing to the very strong stability of
the sulfur ylid due to the two electon—withdfawing 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 Ry
and R4 (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).””” Although no mechanism was given, a zwitterionic sulfonium ylid

complex most probably forms?’® in an analogous fashion to that when Cu(ll) sulfate

reacts with ylids to quantitatively decompose them 2"’
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Scheme 38.

2.6.6 The Chemistry of Thionosuifites

The chemistry of thionosulfites remains a relatively unexplored topic. Recently,
Nakayama synthesized two diastereomeric thionosulfites Sm and sn and explored some
of their chemistry.*” When these thionosulfites were thermalized, they gave
decomposition products thiophene 144 and sulfide 145 in different relative yields,
Scheme 39. While Sm decqmposed in 96 h at 120 °C to afford ratio of 39:13:48 of
144:145:5m, Sn decomposed completely in 24 h to solely produce a 6:94 ratio of
144:14S. The increased yield of 145 in the thermolysis of Sn was thought to be due to the
retardation of the formation of 144 due to steric reasons. Though compound Sm 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 kinetically controlled. DFT calculations correctly

predicted that 5m would be the more stable isomer by 1.69 kcal/mol.

79



N

N % t-Bu t-Bu
-Bu 5 OH
B ~-Bu
U O=g SH
|| sm 144
/S\
o © o—0
t.Buu«U ut-Bu —TI--—-> f.Buer ng-By - f-BU‘< )/t-BU
-8,
S S

145

-132

Scheme 39

These two thionosulfites were also readily hydrolyzed under alkaline conditions. For

instance, Sm was hydrolyzed (1:1 H,O/THF) in the presence of NaHCOQO; to give diol

63m in 93%.

Oxidation of Sm with 1.1 equivalents of MCPBA afforded a 94.6 ratio of 146:147 (146

was isolated in 77% yield). Oxidation of 5m in excess (3.3 equivalent) MCPBA gave a

80:10 ratio of 147:148. These resuits indicate that the S=S bond is more resistant to

oxidation than a simple sulfide suifur 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.

80



S s o) o)

¥ v <
8 N N N
oo [O] 0" o Qo oo
t-Buu-H-nt-Bu st t-Bumet-Bu thu"*Hmt-Bu t—Bun-H-”t-Bu
S § § /)S\\
o o efe}
5m 146 147 148
MCPBA (1.1 equiv) 94 : 6
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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 kcal/mol (as in 71a). Recently, it was shown' that the alkoxy disulfides 1 sustain a
barrier to rotation ca. 10 kcal/mol 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
' S—§ S-S
R R=Me 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 kcal/mol 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-NRy) at 0 °C.% 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 2.8

3.2 Computational Methodology

All ab initio calculations were carried out with the GAUSSIAN 94° and GAUSSIAN
98* series of programs as well as the Natural Bond Order (NBO) program.”'® Geometries
for dialkoxy disulfides 1 and branch-bonded thionosulfites 2 were evaluated
computationally using both Restricted Hartree-Fock (RHF)"' self-consistent field (SCF)

and second-order Mgller-Plesset (MP2)'*" 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

well as the analysis.
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14,15

functionals™™ '~ were used as they often yield superior results in a shorter amount of time.

Becke’s three-parameter exchange function (B3)"® was used in conjunction with each of

1617 hon-local

three sets of correlation functionals: The Lee, Yang and Parr (LYP)
functional, the Perdew (P86)'®"® gradient-corrected functional and the Perdew and Wang
(PW91)**?! gradient-corrected functional. These combined exchange and correlation
- functionals are commonly referred to as B3LYP, B3P86 and B3PW91. In addition, the
Slater exchange functional with the Vosko, Wilk and Nusair correlational functional
(SVWN)*2? was used. The effects of systematic increase in basis set size along with the
addition of diffuse and polarization functions was investigatéd for ground state

24-28

geometries. The following Pople double split valence basis sets” = were employed: 6-

31G(d), 6-31G(2d), 6-31G(df), 6-31G(2df), 6-31G(3d), 6-31G(3df), and 6-31G(3d2f).

Triple split valence basis sets*”°

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(94)*! and our’® 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, B3LYP, MP2, and
MP3**** levels of theory with the aforementioned basis sets. Geometry optimization and

zero point vibrational energies (ZPVEs) were also performed with the B3LYP and B3P86

§ Details on our modifications of the MM3* force field may be obtained from Dr. James
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 Resuits 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 H;S;0,. A4b initio calculations on this parent
compound indicate that three isomeric forms exist which are of comparable energies (cf.
Chapter 2.5.4, Table 25) with their relative stabilities dependent on the sophistication of
the calculation.” The unbranched isomer HOSSOH 95a has been generated in the gas
phase’® and two stable conformers have been calculated;”® one possesses C) symmetry

while the other displays C, symmetry.

Steudel and co-workers reported the photoelectron spectrum of 6.7 Their initial low
level ab initio (HF-SCF/3-21G*) and semiempirical (MNDQO) calculations indicated that

6 exists as a2 mixture of three rotamers 6a-6¢,

LHs LHa
O\ O =) SCVO\
S—_Sb S— ® - ®
? o-CHz o-CHs
CHa
Sa &b B¢
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A common 7(S-S) angle of ca. 83-95° was recorded, similar to that observed for most
XSSX systems (c¢f. Chapter 2.4). The preference for this gauche conformation is usually
attributed to a minimization of lone pair interactions.”® The three conformers differ
mainly in their two t(S-O) angles o and 8. 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 MeOSSOMe 6

torsional angles () 6a 6b 6¢
7(S-S) 831 835 95.1
S-0) a 761 813  -98.1
#(S-0) B 76.1  -754  -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 6¢c. They thus
determined that the order of stability was 6a > 6b > 6¢. 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 (CIP) 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
B,P.P (+/+/+) 6a C,
P,PM (+/4/-) 6b G
M,PM (</+/-) 6¢ G,
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Whereas in the solid state® 6a was found as the sole conformer by low temperature (-
158 °C) X-ray crystallography where its geometry deviates slightly from an idealized C,
symmetry,*® 6b dominates in the gas phase.*’ The main difference in the parameters of 6
between the two experimental methods is that the observed t(S-S) in the ED data is 10°
larger than that of the crystal structure (cf for e.g. Table 28). In addition, the
nonbonding O'H distances are all larger than their respective van der Waals radii,*'

indicating that hydrogen bonding can be excluded as an attractive force.

The initial calculational work by Steudel and co-workers at the HF/3-21G* and HF/6-
311G** level, did not accurately predict the structural parameters of 6, though 6b was
predicted to be the most staﬁle conformer (4.2 kcal/mol more stable than 6a and 11.4
kcal/mol more stable than 6¢). 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 5d (¢f.
Chapter 2.1 for structures) were carried out at the HF, density functional (SVWN,
B3LYP, B3P86, B3PW91), and MP2 levels of theory with the aforementioned basis sets.
Calculated structural parameters were then compared to both the solid state® and gas
phase* geometries.”® 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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S1 82

A ]
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 B3LYP (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 uéing
the B3LYP 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

1(8-S) in S;Cl, 77a and S,F, 75a (Chapter 2.4.4, Table 20).

While HF slightly underestimated the S-O bond lengths (by 0.02-0.04 A), B3LYP
consistently overestimated them by 0.01-0.03 A (¢f. 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 S-O 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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B3LYP was able to consistently reproduce the r(C-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 7(S-S) and
1(S-0) 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 B3LYP. These two methods proved
insufficient* to accurately predict the alkoxy disulfide system with\v 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 (¢f. 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.

ED*  X-ray” HF/
3-21G* 3-21+G*

Bond Lengths (A)
S1-82 1.960 1.972 1.991 1.994
S1-03 1.653 1.658 1.654 1.659
§2-03 1.653 1.658 1.646 1.65
03-C4 1.432 1435 1.461 1.467
0O5-C6 1.432 1.435 1.456 1.465
Bond Angles (O
$1-82-03 108.2 108.2 10428 1052
51-05-C6 1i4.5 1143 11756 1194
§2-81-05 108.2 108.2 104.8 105.1
S2-03-C4 1i14.5 114.5 1163 119.7
Dihedral Angles ()
S1-82-03-C4 =74 =75 -76 -79.3
§2-81-05-C6 74 75 81 84.2
03-52-81-05 91 82 84 86.2
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Table 29. Geometry optimization of 6 using the HF method with different basis sets.

ED%  X-ray” HF/
6-31G* 6-31+G* 6-31G(2d) 6-31G(df) 6-31G(3d) 6-31G(2df)  6-31G(3df)  6-31G(3d2f)

Bond Lengths (A)
51-82 1.960 1.972 2.007 2.011 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
$§2-03 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 1414 1.415 1.411 1.411 1.413 1.409 1410 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 () '
$1-52-03 1082 1082 1055 105.6 106.3 106.0 106.3 106.5 106.8 106.7
S1-05-C6 114.5 114.5 116.5 117.1 116.3 117.1 1171 117.4 117.7 117.7
82-81-05 108.2 108.2 105.6 105.7 106.5 106.1 106.5 106.7 106.9 106.9
$2-03-C4 1i4.5 114.5 116.5 117.5 116.3 117.1 117.2 i17.4 117.9 117.9
Dihedral Angles (%)
§1-82-03-C4 -74 <75 -33 -83 -82 -82 -§1 -82 -82 <82
§2~-81-05-C6 74 75 85 85 82 85 82 82 82 82
03-82-§1-05 91 82 87 87 86 87 86 86 86 86
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Table 30. Geometry optimization of 6 using the B3LYP hybrid method with different double split basis sets.

ED"  X-ray” B3LYP/
6-31G* 6-31G2d) 6-31G(df) 6-31G(3d) 6-31G(2df) 6-31G(3df) 6-31G(3d2f)

Bond Lengths (A)
S1-82 1.960 1.972 2.028 2.015 2.024 2.000 2.008 1.994 1.994
S1-05 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
035-C6 1.432 1.435 1.433 1.429 1.432 1.433 1.429 1.432 1.432
Bond Angles () _
S1-82-03 108.2 108.2 107.4 108 107.7 108.1 108.0 108.3 108.3
S$1-05-C6 114.5 1i4.5 114.7 115 115 115.6 115.6 1159 115.8
S2-S1-05 108.2 108.2 107.7 108.3 107.9 108.4 108.3 108.5 108.5
S2-03-C4 114.5 114.5 114.4 114.8 1148 115.6 115.4 116 115.8
Dihedral Angles ()
S1-82-03-C4 <14 75 81 81 -81 -81 -81 -81 81
$2-81-05-C6 74 75 81 78 81 79 79 80 80
03-82-81-05 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.

ED¥  X-ray” B3LYP/
6-311G*  6-311G(2d) 6-311G(3d) 6-311G(2df) 6-31 1+G2df)

Bond Lengths (A)
S1-82 1.960 1.972 2.034 2.018 2.002 2.003 2.003
S1-05 1.653 1.658 1.695 1.687 1.681 1.675 1.677
S2-03 1.653 1.658 1.687 1.679 1.673 1.667 1.669
O3-C4 1.432 1.435
05-C6 1.432 1.435
Bond Angles (°)
S1-82-03 108.2 108.2 107.0 107.7 108.2 107.5 108.2
51-05-C6 114.5 114.5 115.3 115.0 115.7 115.7 1159
S$2-S1-05 108.2 108.2 107.3 108.1 108.5 108.0 108.4
$2-03-C4 114.5 114.5 1150 1147 1156 i15.4 116.2
Dihedral Angles (%)
$1-82-03-C4 -74 =75
S2-81-05-C6 74 75
03-82-81-05 91 82
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The SVWN method with the Slater exchange term (local spin 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 (¢f. 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 FOOF* and FSSF* systems have been reported by Jursic. He
determined that the SVWN method, with a sufficiently large basis set, reproduced the
microwave geometries of both FOOF* and FSSF* 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 1(S-0) (¢f. 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 of the
1{S-0) predictions at the 6-311G(1d) level to that at the 6-311G(df) level versus at the 6-

311G(24) 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
(cf 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.* 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 (;f correlation inherent

in DFT calculations.

It is not clear why the LYP dynamic correlation term is insufficient to reproduce the
experimental geometries for this particular system even though the B3LYP method is
widely used in the literature to accurately reproduce geometries of small organic

molecules including the analogous FSSF system.*
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Table 32. Geometry optimization of 6 using the SVWN method with different basis sets.

ED"  Xeray~ SVWN/
6- 6- 6- 6- 6- 6- 6- 6- 6- 6-
31G*  314G* 311+G* 31G(2d) 31G(dD) 31G(3d) 31G(2df) 31G(3df) 31G(3d2f) 311+G(2df)
Bond Lengths (A)
51-82 1960 1972 1994 1992 1.992 1.974 1.990 1.961 1.970 1.958 1.954 1.963
S1-05 1.653 1.658 1.684 1.688 1.690 1.683 1.672 1.674 1.662 1.659 1.658 1.666
$2-03 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 1435 1415 1417 1412 1.410 1.414 1.413 1.410 1.413 1.413
05-C6 1.432 1.435 1412 1415 1.410 1.407 1.412 1.411 1.408 1411 1.411
Bond Angles (%) ‘
S1-82-03 108.2 108.2 107.8 1077 107.6 108.4 108.0 108.6 108.2 108.6 108.6 10%8.1
S1-05-C6 1145 114.5 1133 1140 1143 113.6 113.5 114.1 1143 114.3 114.1 1i4.2
$2-81-05 108.2 1082 1077 1077 107.5 108.2 107.9 108.2 108.1 108.3 108.3 108.0
§2-03-C4 114.5 1145 1125 1139 i14.1 112.9 112.8 113.7 114.3 1140 113.8 114.2
Dihedral Angles ()
S1-52-03-C4 -74 75 <74 -74 -73 =73 -74 =72 ~73 -72 =72
$2-81-05-C6 74 75 73 76 75 67 73 68 73 69 70
03-82-81-05 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.

ED*  X-ray” B3P86/
6-31G*  6-310(2d) 6-31G(d) 6-31G(3d) 6-31G(2dD)  6-31G(3dD)  6-311+G(2df)

Bond Lengths (&)
S1-82 1.960 1.972 2.006 1.993 2.002 1.980 1.986 1.975 1.980
S1-058 1.653 1.658 1.683 1.683 1.670 1.672 1.663 1.658 1.664
§2-03 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 (°) ‘
S1-82-03 108.2 108.2 107.5 108.1 107.8 108.8 108.1 108.4 108.2
S1-05-C6 114.5 114.5 114.2 1144 114.5 115.0 115.1 115.3 1153
§2-51-085 108.2 108.2 107.6 108.3 107.9 108.4 108.3 168.5 108.4
$2-03-C4 114.5 114.5 114.0 114.3 1144 115.0 1i14.9 1154 1156
Dihedral Angles (°)
S1-82-03~-C4 ~74 -75 -80 -80 -80 -79 -79 =79
§2-51-05-C6 74 75 80 77 80 77 78 78
Q3-82-S1-05 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.

ED"  X-ray” B3PW91/
631G* 6-31G(2d)  6-31G(dD) _ 6-31G3d) _ 6-31G(2df) _ 6-31G(3df)

Bond Lengths (A)
S1-82 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
$2-03 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
Q5-C6 1.432 1.435 1.427 1.423 1.426 1.426 1.423 1.425
Bond Angles ()
S$1-82-03 108.2 108.2 107.7 108.3 108.0 108.4 108.3 108.5
S1-05-C6 1145 1i4.5 114.4 114.5 114.7 115.1 115.2 115.4
8§2--§1-05 108.2 108.2 107.8 108.6 108.1 108.5 108.5 108.7
§2-03-C4 114.5 114.5 1i4.2 1144 114.5 115.2 115.1 115.6
Dihedral Angles )
$1-82-03-C4 14 75 -82 -81 -81 -80 81 -80
$2-8§1-05-C6 7% 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) A? 6-31+G(3df) A?
Bond Lengths (A) )
S1-82 2.010 -0.005 1.993 -0.001 1.989 -0.004 1.973 -0.002
S1-05 1.699 0.005 1.672 0.003 1.687 0.004 1.660 0.002
S2-03 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-Cé6 1.432 0.003 1.435 0.003 1.423 0.002 1.425 0.002
Bond Angles (°) .
S1-82-03 108.5 0.5 108.8 0.5 108 .4 0.3 108.7 0.3
S1-05-Ce 115.5 0.5 116.2 0.3 115.0 0.6 115.6 0.3
52-51-05 108.3 0.0 108.5 0.0 108.4 0.1 108.6 0.1
S2-03-C4 115.3 0.5 115.9 -0.1 114.7 0.4 115.3 0.1
Dihedral Angles (%)
S51~82-03-C4 -81 0 -82 -1 -80 0 -80 -1
S2-51-05-C6 80 2 81 1 78 1 79 I
03-82-81-05 38 1 88 1 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.

ED*  X-ray~ MP2/
6311G*  6-311G(2d)  6-311G(df)  6-311G(3d) 6-311G(2df)  6-311G(3df)

Bond Lengths (A)
S1-S2 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
§2-03 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 ()
S1-82-03 108.2 108.2 106.0 106.9 106.8 107.1 106.9 107.5
S1-05-C6 114.5 114.5 113.7 113.1 ii3.6 113.9 113.5 114.2
$2-81-05 108.2 108.2 106.2 107.1 107.0 107.2 107.2 107.6
§2-03-C4 1145 1143 113.3 112.6 113.2 113.6 113.0 114.0
Dihedral Angles ()
S1-82-03-C4 -74 =75 -78 =77 =77 =76 =76 76
$2-51-05-C6 74 75 79 76 78 T7 76 77
03-82-S1-05 91 82 87 86 87 86 86 86
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Second order Meller-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 6-311G(2d)
and 6-311G(df) 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 éomparing the r(S8-S)
predictions made at the HF and MP2 levels (¢f. 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 convergeé 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 MM3*! force field or our own modified (MM3*)*

force field implemented in Macromodel® proved quite effective at modeling 6 (Agp and

AX-E'&}’; Table 37)
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Table 37. Geometry optimization of 6 using the MM3 and MM3* force fields.

ED”  X-ray” MM3 Agp Ax.ay | MM3* Agp Ax.ray
Bond Lengths (A)
Si-82 1.960 1.972 1.966 0.006 -0.006 1.966 0.006 -0.006
Si1-05 1.653 1.658 1.656 0.003 -(.002 1.656 0.003 -0.002
§2-03 1.653 1.658 1.656 0.003 -.002 1.655 0.002 -0.003
03-C4 1.432 1.435 1.435 ¢.003 0 1.437 0.005 0.002
05-Cé6 1.432 1.435 1.435 0.003 0 1.436 €.004 0.001
Bond Angles (%)
S1-82-03 108.2 108.2 108.1 -0.1 0.1 108.0 0.2 -0.2
S1-05-C6 114.5 114.5 1144 0.2 0.2 1144 0.1 0.1
§2-81-05 108.2 108.2 108.4 -0.1 0.1 108.3 -0.1 0.1
S2-03-C4 114.5 1145 114.5 0 0 114.5 0 0
Dihedral Angles (°) ,
§1-52-03-C4 74 75 81 7 6 81 A 6
S2-81-03-C6 74 75 82 8 7 82 8 7
03-82-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.

X-ray® MM3 A MM3* A

Bond Lengths (&)

51-82 1.968 1.965 -0.003 1.965 -0.003
81-05 1.648 1.655 0.006 1.654 0.006
8§2-06 1.659 1.654 -0.005 1.655 -0.004
Bond Angles (°)

$2-81-05 1073 107.6 0.3 1079 0.6
S51-S2-06 107.8 107.4 -0.4 107.4 -0.4
$1-05-C14 114.6 1146 -0.1 114.5 -0.1
§2-06-C13 1155 1149 -0.6 1147 -0.8
06-C13-C7 109.7 109.9 0.1 110.0 0.3
05-C14-C1 110.0 110.3 0.3 110.0 0.0
Dihedral Angles (*)

$1-82-06-C13 74 -83 9 -83 9
$1-05-C14-C1 175 -178 3 178 3
$2-S1-05-C14 87 82 4 81 6
82-06-C13-C7 171 177 7 179 8
(5-81-82-06 -86 -83 3 -83 2

Overall, the 6-31G(3df) and 6-311G(3df) basis sets produced the best agreement. The
use of MP2 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 B3LYP. HF proved woefully incapable of
accurately predicting the geometry of the experiment within the three standard deviation

(30) 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 inifio and density functional

theory. This may be due to the ability of the force field to handle hyperconjugation.

3.3.3 Geometries of 2 Model Thionosulfite

The first experimental evidence for the existence of isomeric thionosulfites occurred in

3436 exist with

the mid 1960s.>"> Currently, four crystal structures (5g, 5i, 5m, 5n)
which we could reference our modeling work (Figure 5).”” 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 Sd. Qur predictive work for Sa is shown in Tables 39-

41 while for 5d is shown in Table 42.

Figure 5. Ortep representations of Sg and 5i, the two reference thionosulfites.
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Table 39. Geometry optimization of 5a using the HF and B3LYP methods with different basis sets.

Xeray*  Xeray”  HF/ B3LYP/
5S¢ St 6-31G*  6-31G* 6-31G(2d) 6-31G(df) 6-31G(3d) 6-31G(2df)

Bond Lengths (A)
C1-C2 1.853 1.556 1.543 1.525 1.527 1.531 1.527 1.529
03-54 1.639 1.644 1.615 1.703 1.692 1.681 1.675 1.666
C1-05 1.485 1.491 1.426 1.440 1.436 1.441 1.441 1.442
$4-0O5 1.643 1.626 1.615 1.715 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-S6 1.900 1.911 1.938 1.934 1.930 1.934 1.919 1.923
Bond Angles (°)
C1-C2-03 101.6 101.3 105.7 103.9 104.3 103.9 104.4 104.6
C2-C1-05 1023 105.9 105.7 106.1 106.5 106.2 106.4 106.6
03-54-05 94.3 94.2 91.6 91.7 91.6 91.8 91.6 91.7
05-84-56 106.4 106.1 109.0 107.6 108.0 108.4 108.5 108.6
C1-05-54 111.6 112.7 110.9 111.8 i12.1 112.3 112.7 112.6
C2-03-54 112.2 109.8 110.9 108.2 108.2 108.0 108.7 108.5
03-54-S6 110.6 111.4 109.0 111.2 110.9 111.0 110.8 110.2
Dihedral Angles (°)
C1-C2-03-54 35 =34 25 45 44 45 43 42
C1-05-54-86 -127 135 <75 -107 -102 -101 -99 -94
€2-03-54-05 ~14 9 -36 -31 =33 -34 -34 =36
03-C2-C1-05 -42 45 0 -39 -35 -35 =31 -28
C1-05-54-03 -14 21 36 6 11 i2 14 18
C2-C1-05-54 36 -42 -25 18 13 11 8 4
C2-03-54-86 96 -100 75 79 78 76 77 75
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Table 40. Geometry optimization of Sa using the B3P86 method with different triple split basis sets.

X-ray”  X-ray” B3P86/
Sg 5i 6-311G*  6-311G(2d)  6-311G(df)  6-311G(3d) 6-311G(2df)  6-311G(3df)

Bond Lengths (A)
C1-C2 1.553 1.556 1.521 1.529 1.533 1.544 1.547 1.546
03-84 1.639 1.644 1.686 1.674 1.665 1.660 1.647 1.644
C1-G5 1.485 1.491 1.433 1.432 1.435 1.431 1.429 1.431
54-05 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
S4-56 1.900 1.911 1.922 1.920 1.923 . 1.911 1.917 1.907
Bond Angles (°)
C1-C2-03 101.6 101.3 103.8 105.0 104.5 106.5 106.3 106.2
C2-C1-05 102.3 105.9 106.2 106.9 106.5 106.4 106.3 106.2
03-84-05 94.3 94.2 91.5 91.1 91.3 90.4 90.9 90.9
05-54-56 106.4 106.1 108.1 109.1 109.5 109.5 109.5 109.5
C1-05-54 1116 1127 1119 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
03-54-56 1106 1114 110.7 116.2 110.5 109.5 109.5 109.5
Dihedral Angles ()
C1-C2-03-54 35 -34 46 43 44 27 27 27
C1-05-54-56 -127 135 -101 -89 -89 72 -72 72
C2-03-54-05 -14 9 -34 -39 40 -39 -39 -39
03-C2-C1-05 -42 45 -37 ~26 -26 0 0 0
C1-05-54-03 -14 21 i1 23 23 39 39 39
C2-C1-05-84 36 42 13 -2 -1 -28 -28 28
C2-03-54-56 96 -100 76 72 71 72 72 72
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Table 41. Geometry optimization of 5a using the MP2 method with different triple split basis sets.

Xeray™ X-ray” MP2/
5S¢ si 6-311G*  6-311G(2d) 6-311G(d) 6-311G(3d)  6-311G(2df)*  6-311G(2dH)°  6-311G(3dD°

Bond Lengths (&)
C1-C2 1.553 1.556 1.551 1.541 1.549 1.524 1.543 1.522 1.523
03-54 1.639 1.644 1.676 1.665 1.644 1.670 1.645 1.655 1.650
C1-05 1.485 1.491 1.439 1.446 1.432 1.446 1.440 1.443 1.441
S4-05 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
$4-S6 1.900 1911 1.905 1.923 1.897 1.904 1.905 1.900 1.891
Bond Angles °)
Ci1-C2-03 10816 101.3 106.3 106.5 105.8 103.9 106.2 103.7 103.6
C2-C1-05 102.3 105.9 106.3 106.5 105.8 106.3 106.2 106.4 106.0
03-84-035 94.3 94.2 89.4 90.4 107.2 91.2 91.0 92.0 91.8
05-84-S6 106.4 106.1 109.3 109.3 109.7 108.6 108.9 108.2 108.5
Ci1-05-54 1116 112.7 107.5 107.5 107.2 111.8 107.8 1114 112.0
C2-03-54 112.2 109.8 1075 107.5 107.2 106.9 1067.8 106.4 167.0
03-54-56 1106 1114 109.3 109.3 109.7 110.3 108.9 109.9 110.2
Dihedral Angles (*)
Ci-C2-03-54 35 -34 31 30 31 46 29 46 46
C1-05-84-56 -127 135 67 =69 67 =92 -69 91 -92
C2-03-54-05 -14 9 -43 -42 -44 -39 42 -40 -39
03-C2-C1-05 42 45 0 0 0 -31 0 -31 =31
C1-05-54-03 -14 21 43 42 44 20 42 21 20
C2-C1-05-84 36 -42 =31 =30 =31 3 =29 3 4
C2-03-84-56 96 -100 67 69 67 71 69 70 71

a) 1(03-C2-C1-05) fixed at 0°. b) 1(03-C2-C1-05) fixed at -33°.
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Table 42. Geometry optimization of 5d using HF, density functionals, MP2 with different basis sets as well as MM3*.

Xeray™®  Xeray™ HF/ B3LYP/ B3P86/ MP2/ | MM3*
Sg 5 6- 6- 6~ 6- 6~ 6~ 6- 6~ 6- 6-
31G*  31G(2d) | 31G* 31G(2d) 31G(2df) 31G@3df) | 31G(2d) 31G@2df) 31GGdf) | 311G*

Bond Lengths (A)
C1-C2 1.553 1.556 1552  1.550 | 1.563  1.562 1.563 1.562 1.552 1.553 1.553 1.546 | 1.532
03-54 1.639 1.644 1624 1620 | 1704 1.696 1.672 1.670 1.681 1.659 1.656 1.706 | 1.649
C1-05 1.485 1491 1442 1438 | 1458 1454 1.454 1.455 1.445 1.444 1.445 1.449 | 1.485
S4-05 1.643 1.626  1.628 1625 | 1709 1.701 1.678 1.676 1.686 1.665 1.663 1.710 | 1.648
C2-03 1.488 1483 1445 1441 | 1463 1458  1.459 1.459 1.449 1.449 1.449 1.453 | 1.485
S4-S6 1.900 1911 1931 1927 [1936 1931 1.925 1.913 1.918 1.912 1.901 1.895 | 1.903
Bond Angles °)
C1-C2-03 101.6 1013 101.8 1019 | 1027 1027 102.4 102.3 102.5 102.2 102.1 1027 | 101.9
C2-C1-05 102.3 1059 1024 1023 |103.1 103.0 102.8 102.6 102.9 102.7 102.5 102.9 | 102.4
03-S4-05 94.3 94.2 93.2 932 92.1 92.0 92.5 92.3 92.3 92.7 92.5 91.7 94.1
05-84-S6 106.4 106.1  107.5 1074 | 1066 106.7 106.8 106.8 106.6 106.6 106.7 106.4 | 108.8
C1-05-S4 1116 1127 1128 1127 | 1113 1116 112.1 112.2 111.4 111.8 112.0 1108 | 1111
C2-03-84 112.2 109.8 1136 1137 | 1121 1124 112.8 113.2 112.1 112.5 112.8 1114 | 1113
03-54-86 110.6 1114 1111 1114 | 1126 1125 1123 112.3 112.4 112.2 112.3 112.5 | 1083
Dihedral Angles ()
C1-C2-03-S4 35 34 33 35 35 34 34 33 35 35 34 37 37
C1-05-S4-86 127 135 -132 -129 | -128  -130 -130 -130 -130 -129 130 -130 -125
C2-03-84-05 -14 9 -13 -13 -13 -15 -13 -12 -13 -13 -13 -14 -15
03-C2-C1-05 -42 45 -40 -40 -44 -43 -42 42 44 -43 -43 46 -44
C1-05-84-03 -14 21 -15 -16 -16 -16 -15 -16 -16 -15 -15 -16 -14
C2-C1-05-84 36 42 35 37 37 37 36 37 37 36 37 39 37
C2-03-54-86 96 -100 98 96 96 97 97 97 9 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 ©(0-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 B3LYP (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 — o*s-s. This negative hyperconjugation has
been found to be the principle factor responsible for the stabilization of hypervalent®™*
chalcogen atoms.*® 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.*"** 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 6{03-S4-S6) bond angle but overestimate the 8(05-54-56)
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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 B3LYP r(S-S) approaches the experiment the most
when using the 6-31G(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, B3LYP 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 1(0-C-C-0O)
into a twist conformation.*® Using the 6-31G(3d) basis set, we get a good r(8-S)

prediction but the r(S-O) 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, MP2/6-311G*
underestimates the r(S-S) and overestimates by 0.4 A the r(S-0). As with Jursic’s work
on the related F,8=S 75b system where his best method was B3P86/6-311++G(3df), our
most predictive method for 5d was the B3P86/6-311G(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.**** The role of these functions is to provide “orbital space” at
the branched sulfur to allow for back bonding. That is, these orbitals act as true valence

orbitals.®®

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* 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 Sg and 5i were modeled using MM3* (Table 43).
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Table 43. Geometry optimization of 5g and 5i using MM3*

X-ray™* X-ray”

Sg MM3* A® S MM3* A®
Bond Lengths (A)
C1-C2 1.553 1.554 -0.001 1.556 1.556 0.000
03-54 1.639 1.648 -0.009 1.644 1.647 -0.003
C1-05 1485 1.485 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 -(3.003 1.911 1.903 0.008
Bond Angles (°)
C1-C2-03 1016 1061.7 0.1 101.3 101.2 0.1
C2-Ci1-05 102.3 101.9 0.4 105.9 107.5 -1.6
03-54-05 943 93.9 04 94.2 93.6 0.6
05-S4-S6 1064 108.8 -2.4 106.1 108.7 -2.6
Ci-05-54 1116 111.2 0.4 112.7 1115 1.2
C2-03-54 112.2 111.7 0.5 109.8 1il.i -1.3
03-84-56 110.6 108.3 2.3 1114 108.4 3.0
Dihedral Angles (%)
C1-C2-03-84 35 36 -1 =34 35 -1
C1-05-84-86 =127 =127 0 135 127 8
C2-03-54-05 -14 =13 -1 9 14 -5
03-C2-C1-05 -42 -44 2 45 46 -1
C1-05-84-03 -14 -16 2 21 16 5
C2-Ci-05-54 36 38 -2 -42 -40 2
C2-03-54-56 96 98 =2 -100 96 4

a) A = X-ray - MM3*; where the difference in dibedral angles is defined as A = [X-

ray| - [MM3%|.

3.3.4 Vibrational Frequencies of MeOSSOMe

The vibrational frequencies of 6 have been determined at the B3LYP level using the 6-

311G* basis set.

The calculated frequencies have been scaled with respect to the

experimental IR.* These are shown in Table 44. The calculated and experimental

frequencies match excellently though some CHa modes are grossly underestimated.
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Table 44. Vibrational fequencies (cm™) for MeOSSOMe 6

Scaling Factor Scaled

Mode IR* B3LYP®  (R/Calc)®  B3LYP*® A°
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(CHs) 1453 1519 0.969 1472 19
1453 1518 0.969 1471 i8
1453 1502 0.969 1455 2
1453 1501 0.969 1454 1

1453 1479 0.969 1434 -19

1453 1478 0.969 1432 -21

(CHs) rock 1160 1201 0.975 1171 11
1160 1197 0.975 1167 7

1160 1181 0.975 1152 -8

1160 1178 0.975 1149 -11
v(C-0) 1000 1016 0.988 1004 4
1000 1009 0.988 997 -3
v{§-0) in the plane 688 655 1.051 688 0
v{(8-0) out of plane 662 630 1.05 662 0
v{§-8) 527 468 1.126 527 0
3(C-0-8) 423 410 1.032 423 0
§(C-0-S) 385 381 1.009 385 0
3(0-S-8) 248 309 0.802 248 0
8{(0-S-S) 209 257 0.815 209 0
(C-0) - 178 - 178 -
(C-0) - 173 - 173 -
«0-8) - 114 - 114 -
+0-S) - 94 - 94 -
7(S-8) - 75 - 75 -

a) IR in the gas phase measured at 25 °C. b) 6-311G* Basis set. ¢) Scaling

factors for stretching and deformation frequencies were determined by scaling
to experiment. No scaling was applied to the torsional modes, since B3LYP and

experimental low-frequency vibrations have been shown 1o be close to each

other. d) L= Vscaled VEXIJ"
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3.3.5 Dipole Moment of MeOSSOMe

The calculated dipole moments of 6 at HF, B3LYP and MP2 at different basis sets are

given in Table 45.

Table 4S. Calculated dipole moments (debyes)

basis set HF B3LYP MP2
6-31G* 2.546  2.548
6-31+G* 2.560
6-31G{(2d) 2322 2123
6-31G(34d) 2376 2.168

6-31G(2df) 2361  2.163
6-31G(3df) 2407 2.196
6-31G(34d29) 24067  2.195

6-311G* 2.434 2.655
6-311G(2d) 2.266
6-311G(3d) 2204 2392
6-311G(2df) 2.248
6-311+G(2df) 2.458
6-311G(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 S,Cl,
772.%° The experimental dipole moments (in debyes) for HSSH 69a%" (1.17 % 0.02) and

FSSF 75a ®® (1.45 + 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
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~ bond lengths and angles). Single point calculations were carried out on MP2/6-
311G(2df) optimized geometries for the 7(0-S-S-0) barrier (v = 86.7 for the global

minimum and 180° for the transition state) using HF, SVWN, MP2, MP3, B3LYP and

Torsional Potential
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Figure 6. Change in Energy with 1(0-S-S-0) and 1( S-S-0-C) in 6 and with t(C-S-S-C)

in MeSSMe 71a at B3LYP/6-31G(2d).

B3P86 levels with the basis sets listed in Chapter 3.2.% The rotational barrier about the S-
S bond (Figure 6) was calculated to be 17.7 kcal/mol (17.4 kcal/mol including zero point
vibrational energy ZPVE and thermal corrections at 298.15 K) at the B3LYP/6-31G(2d)
level of theory (Figure 6, Table 47), which is in good agreement with a recent
experimental measurement (AG' = 184 £ 0.15 kcal/mol).! 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.”” In general both DFT methods with
basis sets larger than 6-31G* 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.”

Table 46. Calculated trans barrier heights for 6a with a geometry optimized at MP2/6-

311G(2df)
Level Basis Set AE!  Level Basis Set AE}
HF/ 6-31G* 12.8 SVWN/ 6-31G* 210
6-31G(2d)  14.0 6-31G(2d) 225
6-31G(dfH) 13.1 6-31G(df) 210
6-31G(3d)  14.8 6-31G(3d)  23.5
6-31G(2df) 147 6-31G(2df) 22.6
6-31G(3df)  15.2 6-31G(3d)  23.5
MP2/ 6-311G* 178 MP3/ 6-311G* 14.7
6-311G(2d) 179 6-311G(24d) 15.5
6-311G(H i8.7 6-311G(dD) 16.3
6-311G(3d) 18.8 6-311GGd) 16.3

6-311G(2¢f) 193
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Table 47. Calculated trans barrier heights for 6a. Except where stated, geometry of 6a

has been optimized at MP2/6-311G(2df)

Level Basis Set ~ AEY  ARRP Level Basis Set  AE!  AERP

B3LYP/ 6-31G* 159 174 B3P86/ 6-31G* 172 174
6-31G(2d) 175 177 6-31G(2d) 188 190
6-31G(df) 16.0 162 6-31G(df) 173 175
6-31G(34d) 184 185 6-31G(3d) 19.7 199
6-31G(2df) 178 178 6-31G(2df) 19.1 19.2
6-31G(3df) 18.5 18.7 6-31G(3df) 198 200

a) Geometry is optimized at the same level of theory. b) Subtract 0.3 kcal/mol from
AE' to include ZPE correction,

The trans barrier height was ca. 3 kcal/mol smaller 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 dialky! disulfide is reported to be ca. 7 kcal/mol
(¢f Chapter 2.4.2).”% 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
kcal/mol (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.”’

3.3.7 Natural Bond Order Analysis

Natural bond order (NBQ) analysis'® was undertaken in order to ascertain the origin of
the stability of the 90° ©(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 o, with increasing p
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character upon rotation about the S-S bond from the minimum (ca. 90°) to the frans
transition state (180° where there exists ca. sp'' 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.” The S-S bond order of 1.13 is similar to that obtained for the FSSF and FSSCl

systems.”*
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L
< 1.00
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Figure 7. Wiberg bond order index (WBI) as a function of 7(S-S) in 6 and MeSSMe

7ia.

Energy corresponding to delocalization (Eg4) can be assessed by the NBO deletion
procedure. According to the NBO method, %"  delocalization effects
(hyperconjugation) are due to the interactions between occupied orbitals and anti-bondin

yp p g

and Rydberg’ orbitals and are represented by off-diagonal terms in the Fock matrix.”’
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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 ié carried out at the HF/6-31G*
level® based on B3LYP/6-31G(2d) optimized geometries. Evaluation of the energy of
this altered Fock matrix results in the Lewis energy (Erew). Eiew 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 (Ei) and Er.w energies corresponds
to the delocalization energy (Eqe), the energetic contribution arising from all the possible
10,79

interactions between orbitals, equation (1).

Eget = Bt — Erew (1)
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Figure 8. Change in p-character with 7(S-S) in 6 compared with ©(8-S) in 71a.
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Table 48. Wiberg bond order index (WBI) as a function of ©(S-S) in 6. For comparison, the calculated MP2/6-311 g(2df) S-S bond

lengths are also included.

1(0-5-5-0)
0 15 30 45 60 75 90 105 120 135 150 165 180
1(S-S) (A) 2143 2128 2.092 2.054 2.026 2.011 2.008 2017 2.039 2.068 2.091 2.103 2.106
S-8§ WBI 0.939 0.954 0.994 1.046 1.094 1.123 1.129 1.111 1.072 1.024 0.986 0.965 0.959
S1-05 WBI  0.860 0.834 0.844 0.829 0.814 0.807 0.806 0.811 0.821 0.830 0.837 0.839  0.840
S2-03 WBI  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 poinﬁ 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 (Ei), Lewis (Eiew), and

delocalization (Eqq) energies (Figure 12) were also ascertained.

Bond Length Changes in MeOSSOMe and MeSSMe
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Figure 9. Changes in Ar(S-S) and Ar(S-O) with 7(S-S) in 6. The corresponding

changes in Ar(S-S) and Ar(S-C) as a function of 7(S-S) for 71a are also shown.
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Changes in S-S bond Length
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Figure 10. Changes in r(S-S) with t(S-S) in 6. The corresponding changes in r(S-S) as

a function of 1(S-S) for 71a is also shown.
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Bond Angle Changes in MeO8SSOMe and MaSSMe
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Figure 11. Changes in AB(S-S-0) with 1(S-S) in 6. The corresponding changes in 8,

AB(S-S-C), as a function of 1(S-S) for 71a are also shown.
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Changes in the S-8-X Bond Angle (X = C, C}
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Figure 12. Changes in 8(S-S-O) with t(S-S) in 6. The corresponding changes in 6(S-

S-C) as a function of t(S-S) for 71a are also shown.
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Figure 13. Energy comparisons for the OS-SO dihedral angle in 6; AEy (@), AELcw

(.)7 AEge (A ); AEns—ors-0 (X)

The results displayed in Figures 8-13 indicate the importance of negative

»81-86 in

hyperconjugation®® which accounts for the observed “generalized anomeric effect
stabilizing the 90° 1(S-S) conformation (Figure 14).¥ 1In fact, if only covalent
interactions were present, the 180 degree conformer would have the lowest energy (cf.
Figure 13, AErew). Analogously, delocalization would favour a 1(8-S-0-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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S angle

lengthens —-——»E widens
OR
n{X} to ¢*(A) donation
A B

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).%**!
Lo —— JUb
[ ¢ 0
OCH, OCHj3
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 conformer 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).°% This effect is well documented in the

literature®®931%

and is specifically demonstrated in S;X; where X is a halogen (cf.
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 m-character, the A-Y bond of the acceptor
group lengthens due to a weakening of the ¢ bonds through the population of o* 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 8(S-S-F) decreased by 14% upon rotating about the S-S bond

from the ground state to the transition state.'"°

The inclusion of d and f functions on the sulfur atoms in alkoxy disulfides are critical
in order to polarize the S-O o* orbital.''! However in nonhypervalent species such as
these, n — o©* negative hyperconjugation is much more important than (d-p)n
bonding.''"'"® If (d-p)m 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 - ¢f. Tables 46 and 47).

In 6, the r(S-S) (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 n-n* ovelap.!'* The main
contribution to the increased barrier results from the ng — o*g.o interaction (note AEg

(a) and AEgs_o+s.0 (X) in Figure 13).""* Inspection of the MP2/6-311G(2df) minimum
g p
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and transition state geometries show the existence of the anomeric effect (Figure 14 and
Table 49)."'° For the ground state conformation, the S-S bond is shortened (Figures 9
and 7), the S-O is elongated (Figure 8), and the S-S-O angle is widened (Figures 11 and
12) compared with the frans conformation. This is a result of the negative
hyperconjugation. As there are two sulfur atoms and two S-O bonds, this results in the
formation of two orthogonal n-type bonds. This is evidenced in the decrease in p-
character of the S-S 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 mg.s, rathér than os.s bonding.
Interestingly, microwave discharge experiments''” for S,0, show a cis-planar geometry
while theoretical calculations reveal a trigonal planar geometry.'”® Thus in these two
latter cases, the stabilizing intéractions 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 frams transition state (TS).

The barrier height calculated at the same level is 19.3 kcal/mol.

MP2/
6-311GQdH  6-311G2dD°

Minimum TS
Bond Lengths A
§1-52 1.979 2.130
S51-05 1.665 ) 1.650
S2-03 1.657 1.651
Bond Angles °
§1-82-03 106.9 96.9
S1-05-Ce 107.2 97.0
S2-81-05 113.5 113.1
S2-03-C4 113.0 113.1
Dihedral Angles ®
$1-82-03-C4 6 89
S2-8§1-03-C6 76 89
03-82-S1-05 86 180

a) 7(03-S2-S1-05) fixed at 180 for rans TS.

3.4 Concluding Remarks

We have demonstrated that the geometries of alkoxy disuifides 1 and thionosulfites 2
can be accurately predicted assuming the inclusion of both d and f polarization 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
B3LYP 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 direcf correlation between
the presence of two ng — o*so stabilizing orbital interactions and the generalized
anomeric effect. This effect is maximized when the atoms adjacent to the S-S moiety are

1% Moreover the ground state geometry is optimally aligned for

strongly electronegative.
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 kcal/mol)

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 B3LYP/6-31G(2d) and B3LYP/6-31G(3df) levels to be 2.5-3.0 kcal/mol
more stable than branch-bonded analog (Me0),S=S. This is in accord with the related

S,F, 75 system (cf. Chapter 2.5.2).™

155



3.5 References

(1) Borghi, R.; Lunazzi, L.; Placucci, G.; Cerioni, G.; Foresti, E.; Plumitallo, A. J. Org.
Chem. 1997, 62, 4924.

(2) The enantiomers were resolved at 0 °C by HPLC on a chiral column. Blanca, M. B.-
D.; Maimon, E.; Kost, D. Angew. Chem. Int. Ed. Engl. 1997, 36, 2216.

(3) Frisch, M. J; Trucks, G. W,; Sclegel, H. B.; Gil, P. M. W ; Joﬁnson, B. G.; Robb,
M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G. A.; Montgomery, J. A.; Raghavachari,
K.; Al-Laham, M. A ; ZakrzeWski, V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.;
Stefanov, B. B.; Nanayakkara, A.; Challacombe, M.; Peng, C. Y ; Ayala, P. Y.; Chen,
W.; Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.; Fox, D. J;
Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-Gordon, M.; Gonzalez, C.;
Pople, J. A. Gaussian 94; Gaussian Inc.: Pittsburgh, PA, 1995; Vol. revision D.4.

-~ (4) Frisch, M. J; Trucks, G. W_; Sclegel, H. B.; Scuseria, G. E.; Robb, M. A ;
Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.; Stratmann, R. E.; Burant, J. C,;

Dapprich, S.; Millam, J. M,; Daniels, A. D.; Kudin, K. N; Strain, M. C,; Farkas, O

156



Tomasi, J.; Barone, V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C,;

Clifford, S.; Ochterski, J.; Petersson, G. A ; Ayala, P. Y,; Cui, Q.; Morckuma, K.;

Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz, J.

V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.;

Gomperts, R.; Martin, R. L.; Fox, D. J,; Keith, T. A.; Al-Laham, M. A.; Peng, C. Y,;

Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W_; Johnson, B.; Chen, W

Wong, M. W,; Andres, J. L.; Gonzalez, C.; Head-Gordon, M.; Replogle, E. S.; Pople, J.

A. Gaussian 98; Gaussian Inc.: Pittsburgh, PA, 1995.

(5) Carpenter, J. E. J. Mol. Struct. (THEOCHEM) 1988, 169, 41.

(6) Curtiss, L. A; Pochatko, D. J.; Reed, A. E.; Weinhold, F. J. Chem. Phys. 1983, 82,

2679.

(7) Foster, J. P.; Weinhold, F. J. Am. Chem. Soc. 1980, 102, 7211.

(8) Glendening, E. D.; Reed, A. E.; Carpenter, J. E.; Weinhold, F. NBO ver. 3.1.

(8) Reed, A. E.; Weinstock, R. B.; Weinhold, F. J. Chem. Phys. 1985, 83, 735.

(10) Reed, A E.; Curtiss, L. A.; Weinhold, F. Chem. Rev. 1988, 88, 899.

(11) Roothaan, C. C. J. Rev. Mod. Phys. 1951, 23, 69.

157



(12)

(13)

(14)

(15)

(16)

(17)

(18)

(19)

(20)

1)

Mgller, C.; Plesset, M. S. Phys. Rev. 1934, 46, 618.

Head-Gordon, M.; Pople, J. A.; Frisch, M. J. Chem. Phys. Lett. 1988, 153, 503.

Becke, A. D. Int. J. Quantum Chem. 1994, $28, 625.

Becke, A. D. J. Chem. Phys. 1993, 98, 5648.

Lee, C.; Yang, W.; Parr, R. G. Phys. Rev. B 1988, 37, 785.

Miehlich, B.; Savin, A.; Stoll, H.; Preuss, H. Chem. Phys. Lett. 1989, 157, 200.

Perdew, J. P. Phys. Rev. B 1987, 34, 7046.

Perdew, J. P. Phys. Rev. B 1986, 33, 8822.

Perdew, J. P.; Wang, Y. Phys. Rev. 1992, B45, 13244.

Perdew, J. P.; Chevary, J. A.; Vosko, S. H.; Jackson, K. A.; Pederson, M. R;

Singh, D. J.; Fiolhais, C. Phys. Rev. B 1993, 48, 4975(E).

(22)

Slater, J. C. The Self-Consistent Field for Molecular and Solids, McGraw-Hill:

New York, 1974; Vol. 4.

(23)

Vosko, S. H.; Wilk, L.; Nusair, M. Can. J. Phys. 1980, 58, 1200.

(24) Ditchfield, R.; Hehre , W. J.; Pople, J. A. J Chem. Phys. 1971, 54, 724.

(25) Hehre, W. J.; Ditchfield, R.; Pople, J. A. J. Chem. Phys. 1972, 56, 2257.

158



(26) Hariharan, P. C.; Pople, J. A. Mol Phys. 1974, 27, 209.

(27) Gordon, M. S. Chem. Phys. Lett. 1980, 76, 163.

(28) Hariharan, P. C.; Pople, J. A Theo. Chim. Acta. 1973, 28, 213.

(29) Krishnan, R ; Binkley, J. S.; Seeger, R.; Pople, J. A. J. Chem. Phys. 1980, 72, 650.
(30) McLean, A. D ; Chandler, G. S. J Chem. Phys. 1980, 72, 5639.

(31) Allinger, N. L.; Yuh, Y. H,; Lii, J.-H. J. Am. Chem. Soc. 1989, 111, 8551.

(32) Mohamadi, F.; Richards, N. G. J.; Guida, W. C.; Liskamp, R.; Lipton, M ;
Caufield, C.; Chang, G.; Hendrickson, T.; Still, W. C. J. Comput. Chem. 1990, 4, 440.
We have modified the MM3* force field to include new atom types and parameters to
better handle the OSSO and OS(S)O functionalities.

(33) Pople, J. A,; Binkley, J. S.; Seeger, R. Int. J. Quant. Chem. Symp. 1976, 10, 1.
(34) Pople, 1. A ; Seeger, R.; Krishnan, R. /nt. J. Quant. Chem. Symp. 1977, 11, 149,
(35) Steudel, R.; Miaskiewicz, K. J. Chem. Soc. Dalton Trans. 1991, 2395.

"~ {36) Steudel, R.; Schmidt, H.; Stlzle, D.; Schwarz, H. Inorg. Chem. 1992, 31, 941.
(37) Gleiter, R.; Hyla-Kryspin, L.; Schmidt, H.; Steudel, R. Chem. Ber. 1993, 126, 2363.
(38) Snyder, J. P.; Carlsen, L. J. Am. Chem. Soc. 1977, 99, 2931.

159



(39) Koritsanszky, T.; Buschmann, J.; Schmidt, H.; Steudel, R. J. Phys. Chem. 1994, 98,

5416.

(40) The deviation in geometry for MeOSSOMe in the solid state is due to crystal

packing forces.

(41) The sum of the van der Waals radii for oxygen and hydrogen is 2.700 A. See:

Bondi, A. J. Phys. Chem. 1964, 68, 441.

(42) Steudel, R.; Schmidt, H.; Baumeister, E.; Oberhammer, H.; Koritsanszky, T. J.

Phys. Chem. 1995, 99, 8987. .

(43) It is important to note the differences in structural measurement techniques. X-ray

crystallography is carried out on crystals. X-Ray bond lengths are the distances measured

between the mean positions of atoms. Electron diffraction (ED) and microwave

spectroscopy (MW) are carried out in the gas phase. In ED, bond lengths are the average

distances between atoms. For greater details concerning the differences in measurement

techniques see: Burkert, U.; Alliner, N. L. ACS Monograph 177, American Chemical

Society: Washington D.C., 1982.

160



(44) Predictive geometries are deemed accurate if the structural parameters fall within

three standard deviations of the experiment.

(45) Jursic, B. S. J Mol Struct. (THEOCHEM) 1996, 366, 97.

(46) Jursic, B. S. J Comput. Chem. 1996, 17, 835.

(47) Jackson, R. H. J. Chem. Soc. 1962, 458S.

(48) Kuczkowski, R. L. J. Am. Chem. Soc. 1963, 85, 3047.

(49) Ma, B,; Lii, J.-H,; Schaefer, H. L. L; Allinger, N. L. J. Phys. Chem. 1996, 100,

8763.

(50) Structural parameters from X-Ray reported in the Ph.D. thesis of S. Tardif, 1997.

(51) Thompson, Q. E.; Crutchfield, M. M.; Dietrich, M. W. J. Am. Chem. Soc. 1964, 86,

3891.

(52) Thompson, Q. E.; Crutchfield, M. M.; Dietrich, M. W. J. Org. Chem. 1965, 30,

2696.

(53) Thompson, Q. E. 3,357,993, United States Patent Office: United States of America,

1967, 4.

(54) Harpp, D. N; Steliou, K.; Cheer, C. J. J Chem. Soc. Chem. Commun. 1980, 825.

161



(55) Harpp, D. N; Zysman-Colman, E.; Abrams, C. B. J Org. Chem. 2003, 68, 7059,
(56) Tanaka, S.; Sugihara, Y.; Sakamoto, A.; Ishii, A.; Nakayama, J. J. Am. Chem. Soc.
2003, 125, 9024,

(57) We compared our calculated work solely to our own two crystal structures.

(58) Cioslowski, J.; Mixon, S. T. Inorg. Chem. 1993, 32, 3209.

(59) Hypervalent molecules are defined as those which contain atoms which have
violated the octet rule (i.e. there are more than four pairs of electrons in a traditional
Lewis structure of the molecule). Gillespie, R. J.; Robinson, E. A. Inorg. Chem. 1995, 34,
978.

(60) Minyaev, R. M.; Minkin, V. 1. Can. J. Chem. 1998, 76, 776.

(61) Kutzelnigg, W. Angew. Chem. Int. Ed. Engl. 1984, 23, 272.

(62) Reed, A.E.; Schleyer, P. v. R. J Am. Chem. Soc. 1990, 112, 1434,

(63) Using Sa as the model thionosulfite, the S-S bond length was adequately
reproduced without an f function (MP2/6-311G*) though the S-O bond lengths were
dependent upon polarization functions, with at least 1 d and 1 f functions required to

accurately reproduce the X-ray results.

162



(64) Patterson, C. H.; Messmer, R. P. J. Am. Chem. Soc. 1989, 111, 8059.

(65) Mayer, 1. J Mol Str. (THEOCHEM) 1987, 149, 81.

(66) Das, D; Whittenburg, S. L. J. Phys. Chem. 4. 1999, 103, 2134.

(67) Winnewisser, G.; Winnewisser, M.; Gordy, W. J. Chem. Phys. 1968, 49, 3465.

(68) Surjan, P. R.; Mayer, L; Kertész, M. J. Chem. Phys. 1982, 77, 2454.

(69) Single point energy calculations were performed in an iterative process on

optimized geometries of MeOSSOMe 6 at the MP2/6-311G(2df) level given a

constrained t1(0-S-S-0). This dihderal angle was altered by 15° each time and the

geometry was reoptimized prior to each single point calculation.

(70) This is perhaps not too surprising given the large rotational barrier in 6. Small

perturbations in the ground state geometry of 6 would not be expected adversely

influence the overall rotational profile.

(71) Raban, M.; Kenney Jr., G. W. J.; Jones Jr., F. B. J Am. Chem. Soc. 1969, 91, 6677.

(72) Hubbard, W. N.; Douslin, D. R.; McCullough, J. P_; Scott, D. W; Todd, S. §;

Messerly, J. F.; Hossenlopp, L. A.; George, A.; Waddington, G. J. Am. Chem. Soc. 1958,

80, 3547.

163



(73) Wiberg, K. Tetrahedron 1968, 24, 1083.

(74) Bickelhaupt, F. M., Sola, M.; Schleyer, P. v. R. J. Comput. Chem. 1995, 16, 465.

(75) Tyrell, J.; Weinstock, R. B.; Weinhold, F. Int. J. Quant. Chem. 1981, 19, 781.

(76) For a molecule, a Rydberg orbital is a molecular orbital (MO) which correlates

with a Rydberg atomic orbital in an atomic fragment produced by dissociation. A

Rydberg atomic orbital is an orbital whose principal quantum number is greater than that

of any occupied orbital of the ground state. Goodman, L.; Pophristic, V. Encyclopedia of

Computational Chemistry, John Wiley and Sons: 1998, 2525,

(77) In NBO, the molecular wave function is described by a set of optimum localized

bond and lone pair orbitals. See: Reed, A. E.; Schleyer, P. v. R. 1987, 109, 7362.

(78) The HF/6-31G* level of theory was employed as the authors of the NBO program

warn that DFT methods are not suitable for evaluating deletion energies. See:

Glendening, E. D.; Badenhoop, J. K; Reed, A. E ; Carpenter, J. E.; Weinhold, F. Natural

Bond Order Analysis Programs, University of Wisconsin: Madison, 1999.

(79) Salzner, U.; Schleyer, P. v. R. J. Am. Chem. Soc. 1993, 115, 10231,

164



(80) Schieyer, P.v. R.; Kos, A. J. Tetrahedron 1983, 39, 1141. Negative

hyperconjugation is equivalent to double bond-no-bond resonance in terms of valence

bond theory.

(81) Thatcher, G. R. J. The Anomeric Effect and Associated Stereoelectronic Lffects;

American Chemical Society: Washington, D. C., 1992; Vol. 539.

(82) Lemieux, R. U. Pure Appl. Chem. 1971, 25, 527.

(83) Eliel, E. L. Angew. Chem. Int. Ed. Engl. 1972, 11, 739.

(84) The Anomeric Effect; Juaristi, E., Ed.; CRC Press: Boca Raton, 1995.

(85) Deslongchamps, P. Sterecelectronic Effects in Organic Chemistry;, Wiley: New

York, 1983.

(86) The use of the electrostatic model of dipole interactions to account for the

generalized anomeric effect has been the subject of much debate and detailed discussion.

For a history on the origin of the anomeric effect see: Omoto, K.; Marusaki, K.; Hirao,

H.; Imade, M.; Fujimoto, H. J. Phys. Chem. A 2000, 104, 6499. and references cited

~ therein.

165



(87) The term "gauche effect” would also accurately describe the phenomenon studied.
It is defined as the tendency to adopt that structure which has the maximum number of
gauche interactions between the adjacent electron pairs and/or polar bonds. See: Wolfe,
S. Acc. Chem. Res. 1970, 102,

(88) Edward, J. T. Chem. Ind. 1955, 1102,

(89) Lemieux, R. U.; Chii, N. J. Abstr. Pap. - Am. Chem. Soc. 1958, 133, 31N.

(90) Kirby, A. J. The Anomeric Effect and Related Stereoelectronic Effects at Oxygen,;
Springer Verlag: Berlin, 1983.

(91) Salzner, U.; Schleyer, P. v. R. J Org. Chem. 1994, 59, 2138.

(92) Zefirov, N. S.; Shekhtman, N. M. Russ. Chem. Rev. 1971, 40, 315.

(93) Booth, G. E.; Ouellette, R. J. J Org. Chem. 19685, 31, 544. For 2-Chloro- and 2-
Bromotetrahydropyrans.

(94) Eliel, E. L.; Giza, C. A. J. Org. Chem. 1968, 33, 3754. For 2-Alkoxy- and 2-
Alkylthiotetrahydropyrans and 2-Alkoxy-1,3-dioxanes.

(95) Pierson, G. O.; Runquist, O. A. J. Org. Chem. 1968, 33, 2572. For 2-
alkoxytetrahydropyrans.

166



(96) Raban, M.; Yamamoto, G. J. Am. Chem. Soc. 1979, 101, 5890. For sulfenamides
(R;N-SR}.

(97) Riddeli, F. G. Tetrahedron 1981, 37, 849. For hydroxylamine derivatiyes (RaN-
OR).

(98) Reed, A. E.; Schleyer, P. v. R. J. Am. Chem. Soc. 1987, 109, 7362. For
polyfuorinated 1% and 2™ row hydrides.

(99) Kost, D.; Egozy, H. J. Org. Chem. 1989, 54, 4909. For Methy! N-Benzyl-N-
(trihalomethanesulfenyl)carbamates.

(100) Wiberg, K. B.; Murcko, M. A. J. Am. Chem. Soc. 1989, 111, 4821. For
dimethoxymethane (MeQ),CHa).

(101) Salzner, U.; Schleyer, P. v. R. J Am. Chem. Soc. 1993, 115, 10231. For CHy(XH),
where X =0, §, Se, Te.

(102) BelBruno, J. J. Heteroatom Chemistry 1997, 8, 199. For H;Te; and Me;Te;,

(103) Gobbato, K. 1.; Mack, H.-G.; Oberhammer, H.; Della Védova, C. O.J Am. Chem.

Soc. 1997, 119, 803. For bis(fluorcoxy)difluoromethanes ((FO),CF»).

167



(104) Cardenas-Jirdn, G. I; Letelier, J. R.; Toro-Labbe, A. J. Phys. Chem. A 1998, 102,

7864. For thioperoxide (HS-OH).

(105) Moudgil, R.; Kaur, D.; Vashisht, R.; Bharatam, P. Proc. Indian Acad. Sci. (Chem.

Sci.) 2000, /12, 623. For selenamides (R;N-SeR).

(106) Carballeira, L.; Pérez-Juste, L. J. Phys. Chem. A 2000, 104, 9362. For CHy(XH,),

(X =N, P, As).

(107) Anderson, J. E. J. Org. Chem. 2000, 65, 748. For acyclic acetals (ROCH,0OR).

(108) Carballeira, L.; Pérez-Juste, 1. J. Comput. Chem. 2000, 21, 462. For R-O-CR3-NR;

(R =H, Me).

(109) Pophristic, V.; Goodman, L. J. Phys. Chem. A 2002, 106, 1642. For methanol

(CH;-0OH).

(110) Reinhardt, L. A. Ph.D. thesis, University of Wisconsin-Madison, 1994.

(111) Reed, A. E.; Schleyer, P. v. R. Inorg. Chem. 1988, 27, 3969.

(112) Reed, A E.; Schade, C.; Schleyer, P. v. R; Kamath, P. V; Chandrasekhar, J. J

Chem. Soc. Chem. Commun. 1988, 67.

168



(113) Kost, D.; Stacer, W. A.; Raban, M. J. Am. Chem. Soc. 1972, 94, 3233, and

references cited therein.

(114) As both atomic orbitals are filled, the resulting w and n* molecular orbitals are

also filled and thus no net bonding occurs.

(115) The generalized anomeric effect is a combination of several factors:

stereoelectronic, electrostatic and steric. Delocalization due to negative hyperconjugation

is but one of these components.

(116) Tvaroska, 1.; Bleha, T. Chem. Pap. 1985, 39, 805.

(117) Lovas, F. J.; Tiemann, E.; Johnson, D. J. Chem. Phys. 1974, 60, 5005.

(118) Marsden, C. I.; Smith, B. J. J. Chem. Phys. 1990, 141, 335.

(119) For areview of ¢ acceptor properties of analogous C-X bonds see: Alabugin, 1.

V.; Zeidan, T. A. J. Am. Chem. Soc. 2002, 124, 3175. and references cited therein.

169



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 c-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’ is not usually influenced solely through stereoelectronic interactions. For

5 12,16,17

instance, well-documented high torsional barriers in amides,”" thioamides,

sulfenamides,'® acrylonitriles (DMAAN)” and carbamates”®' are due in part to

23,24 and related

resonance-induced double bond character in these systems.?? In biphenyls
compounds®?® however, they are due to steric interactions about either an sp®-sp’ or an

sp’-sp’ carbon-carbon bond. ?*

Table 50. S-S torsional barrier of some related polychalcogens

Compound Barrier® Ref
MeS-SMe 71a 68 3
MeOS-SN(Me), 149  14.5 32
EtOS-SOEt 7 18.4 3
a) In kcal/mol.

Thompson™ 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-pericyclic

reaction; in the absence of a diene trap3 5§, condenses to Sg(cf Chapter 2.6.1).%
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“\5 D —————— )L + R"OH + "SZH
, O\ —S : R R

\ /R“

R, R =H, alkyl, arvi
- - R" = alkyi, 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 well 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 Disulfides

S,Cl / NEt3
2 ROH ROSSOR

CH,Cly; 0°C; 3-5h

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 Thompson™ (Scheme
42, Table S1). Dilute conditions and freshly distilied sulfur monochloride (S;Cl;) are key

in attaining high yields and purity. This is due to the photolytic instability of S,Cl, over a

172



wider range of wavelengths.*® Our® current synthetic method is effective, with addition
times reduced by ca. 90% from earlier preparative me’ihlods.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.® 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

Cmpd R Yield (%) Cmpd R Yield (%)

4

: 153 o°
7
150 @ 90
51 93 24 69
48 86 34 P 82
151 0* 42 57
152 86 154 o°

a) Complex mixture of products. by Only Starting Material detected,

% This work has been submitted: Zysman-Colman, E.; Harpp, D.N. J. Org. Chem. 2003
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This series represents a varied substrate study in the synthesis of alkoxy disulfides,
although Thompson prepared several aliphatic examples in hié original paper.** 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).*”*® 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 reactio;x 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
unprecedented®’ ™ and the benzené ring may act as a competing nucleophile in this

particular case.

Compounds 24, 34, 42, 48, 49, 51, 150, and 152 were conveniently stored at -10 °C 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 CH,Cl; for weeks. Braverman and co-workers also observed the same solution
stability.*” All the alkoxy disulfides synthesized possess a sweet-fruity aroma and its

presence is indicative of the successive coupling of the starting alcohol with $,Cl,.
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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

coincidently reported*® 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 'H 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.

0, T
Oy N S
1] il
o} 155 0 158
Q Q
+ +
O/S\o _O/N 9 N \O-
O, ., N+ S
[} H
156 0 159
0 0 o)
||+ 'l\ll+ 'I\ll+
O/ N \©\/9/\© _O/ O\/(‘?\/@ \O_
S« O S
© 0 o
o)
157 160
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4.3.1 Preparation of bis(4-nitrobenzyl) sulfite 155

The coupling of alcohols with thiony! chloride (SOCly) to form the corresponding
sulfite has been known for over 60 years.*! The use of triethylamine (NEt3) as the amine

42,43

base and HCI sink has recently become popular'™™ although other amine bases such as

pyridine* have also been used.

Although Tardif* 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.

o)
? 3o
RCH,OH _s N NEls | peH,0H
161
!-HN*Etg,CI‘
0
o ¥l
i NEtaz LA
RCH,0SOCH,R <~——2 RCH,0 RCH,OH
- HN*EtsCF
155

R = 4-nitrobenzyl
Scheme 43.
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4.3.2 Preparation of bis(4-nitrobenzyl) sulfoxylate 156

As with 155, Tardif* had previously prepared sulfoxylate 156 through the coupling of
161 with SCl; in CH,Cl; using NEt; 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 SCl; 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 CH;Cl, 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, Tardif*®

reported poor yields (10%) at similar temperatures to ours.

We observed little (< 1% by "H NMR) to no isomerization of 156 to the corresponding
p-nitrobenzyl p-nitrobenzy! sulfinate 157 during either the reaction or the work-up. This
is contrary to Thompson’s original work on sulfoxylate synthesis.*’ However after 24 h
in CDCls at RT, 156 had isomerized in part to 157. It was not possible to isolate 157 but
its "H NMR and °C NMR agreed with the literature.*> 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-nitrebenzyl) sulfide 158

We decided to adapt an effective procedure developed by Yoon™ for the formation of

158 (Scheme 44).
O O
if\ﬁr EEM'E"
-O Br . By .4 . / LS.
O’r : S S
158
Scheme 44.

The coupling of Na;S with p-nitrobenzyl bromide in refluxing methanol is facilitated
by a phase transfer catalyst (PTC) in Amberlite-IRA 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 CH,Cl; 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-nitrobenzyl) 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).°

O O
'O’N+ NJiO' 'O’N+ O NiO’
Qe O s Q1LY

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 CHCl3 and CH3CN. This made the work-up problematic in both

syntheses.

Many other synthetic techniques for this procedure exist in the literature.”’ Methods

include the pollution-free oxidation by H202,52'59

oxidation through the use of polymer
supported periodate ions®™®' or IBX,*? the use of heterogenous photochemical systems,*

and oxidation using hydroperoxy sultams.%*

Recently, solid-state oxidation of sulfides and sulfones using the urea-hydrogen

peroxide adduct had been reported.”® 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 H,0; 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 soli(i with a melting point

of 202-206 °C.

9 2 Q Q
N NI . P NI .
° \Q/ \/©/ ° 30% a2 ° 9\/©/ °

S S
HFIP
158 159
Scheme 46.

4.3.5 Preparation of bis(4-nitrebenzyl) suifone 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% vyield as a white solid with a melting point of

235-239 °C.
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Scheme 47.

4.3.6 General Commentary on 155-160

All compounds in Chapter 4.3 were identified by Mp, 'H NMR, *C NMR, MS and
HRMS. The syntheses of 1S5 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 (%, = 8.6 + 1.7 kcal/mol),** such a low value would require an ur‘nexpemed56
large negative AS*. Subsequent work has shown that the reported value (8.6 kcal/mol) is

CITONEouUs. 87

Seel®” demonstrated that such a barrier for 6 (MeOSSOMe) was much higher (AGH =
17.8 + 0.1 kcal/mol). Lunazzi and co-wrokers®™ determined the thermodynamic

properties for 49 in perchloroethene (C,Cly) at 105 °C (AG* = 19.0 + 0.2 kcal/mol, AH* =
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20 + 1 kcal/mol, AS* =2 + 5 eu). In Chapter 3 we showed via gas phase calculations and
others® have suggested that the origin of the large barrier is due to two ng to o*s.0 MO

interactions. We now report our own experimentally determined barriers to rotation.

4.4.1 The S-8 Torsional Barrier as a Function 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 Vs SAVIIap R
1 49 12.40 4.94 3.84 p-NO,-Bn
2 48 11.25 4.84 467 Bn
3 150 11.50 4.82 481  p-tbutyl-Bn
4 51 11.25 477 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, Jas, increases
and the chemical shift of the AB-quartet, v, 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-ds by a complete line-shape analysis (LSA) of the exchange-
broadened benzyl signals by fitting the experimental data with the computer program
WINDNMR®® (Table 53).%° The program was provided with the proton chemical shifts at
slow exchange, the coupling constant, the FWHH 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 (R%) for these fits was
greater than 0.98 as exemplified in Figure 16. The error limits in ’fable 54 assume only

35,70

random errors. It is unclear why 49 decomposed in previous studies though the

cleavage of alkoxy disulfides is both acid and base sensitive (¢f. Chapter 2.6).

Clearly the electronic effect shown in Table 51 did not affect the barrier to rotation
(see AG*y0g, 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 S3. Substrate study of the activation parameters for 49, 51 and 150.

Activation Parameters®

Cmpd AH ASH AGhs AGHS Ea log A Te
(kcal/mol) {cu) {kcal/mol} {kcal/mol) (kcal/mol) {/s) {Kyx0.5
49 130 £ 09 -147 £ 27174 £ 12183 % 13136 + 09231 = 14 360.7
50 166 + 10, 49 + 291181 + 131184 + 14172 + 101280 = 15 362.7
51 137 = 06{-124 & 18 174 + 081182 + 091143 = 061242 = 09 362.7

a) The errors, as given here, represent a 68% confidence interval in the least squares deviation calculation. b} AG

determined at the T, for each compound.
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Figure 16. Eyring plot of the rotation about the S-S bond in 49 in DMSO-ds

4.4.2 The S-S Torsional Barrier as a Function of Sclvent

The soluble, crystalline and stable 49 is nicely suited for the evaluation of the influence
of solvent polarity on the torsional barrer. The MP2/6-311G(3d) dipole moments of the
optimized gauche ground state and the #rans-transition state for MeOSSOMe 6 (2.4 and O
D, respectively — ¢f. 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 Lunazzi® and co-workers

who evaluated simple alkoxy disulfides to reveal littie 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

184



rotation about the S-S creates a dynamic plane of symmetry that makes the benzyl
protons enantiotopic. The Pearson regression factor (R} 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
Er values’' ranging from 33-45 exhibit no apparent medium effect (Table 54). The
spread of AGhgs is a diminutive 0.7 kcal/mol that is essentially flat with respect to
solvent polarity as illustrated by plots of activation free energy Aagainst the empirical
solvent polarity parameter, Er and the Onsager’>" dielectric constant function, defined as
(e-1)/(2e+1) where ¢ 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
differences’® in gauche and frans conformers and the rotational barriers” of 1,2-
dichloroethane are well correlated. Recall that there exist similar stereoelectronic
interactions in 49 and 1,2-dichloroethane (¢f 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, 8, have been determined by X-ray crystallography™ to be

93.57° and 113.52° for each of the sets of H-C-H angles. These bond angles are not

unusual for sp® carbons and this is reflected in the %/ values.
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Figure 17. Temperature dependence of the benzyl CH; signal of 49 (500 MHz in
DMF-d5). Superimposed on each spectrum is the display of each computer simulation
obtained with the rate constants (in s7) 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, Er.”*
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Figure 19. Relationship between the observed rotational barriers of 49 and the Onsager

function (e-1)/(2e+1), where ¢ is the dielectric constant.™
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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.

Solvent AH A St A Ghg Ea log A ke Er(30)° | Jag® | AV T,
(kcal/mol) {eu) (kcal/mol) {kcal/mol) (/s) (sH+10 | (kcal/mol) | (Hz) | (Hz) | (K) 0.5
CyCLf° 200 %= 1 2 + 5 32.1 -12.5 | 375 378.2
p-xylene 86 £ 05| -281 + 141170 £ 07 93 =+ 05164 == 0.7 87 33.1 -12.5 75.0 383.2
pyridine 154 £ 13| 7.7 x 40177 + 181} 161 =% 1..3 267 £ 20 103 333 -13.0 54.5 365.1
toluene 131 & 05 -154 =+ 141|177 + 06| 137 £+ 05228 = 07 127 339 -12.3 69.7 378.6
chlorobenzene 104 = 07 -235 + 21(175 £ 10111 + 081188 + 1.1 145 39.1 -12.7 | 676 394.7
DMF It £ 071215 + 211175 % 10117 £ 07197 £ 1.1 92 438 -12.5 | 458 381.3
DMSO 129 &£ 09| -149 £ 271174 £ 12136 £+ 09231 =+ 14 68 45.0 -13.0 399 360.7

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 ref n 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

°C) except for C,Cl, (300 MHz at 22 °C). e) From ref 2, AG* determined at 105 °C.
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Rate constants, k., and free energies of activation, AGH, at coalescence temperature, T,

were also calculated using approximation equations (2) and (3) following Raban and co-

workers,”® where R, ks and 4 are the universal gas constant (8.314 J/mol K), Boltzmann’s

constant (1.381 x 10 J/K) and Planck’s constant (6.626 x 1073 I*g), respec‘tiveﬂy.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,

Jas, the chemical shift difference, Av, and the full-width-at-half-height (FWHH) were

obtained directly from the frequency separation of the appropriate peaks in the slow

exchange region (k,<< Av), in the present cases at least 70 °C below each individual T..

k, =%,/AM+6J§B

)]

Table 55. Comparison of S-S torsion barriers for 49 derived from complete line shape

)

(3

analysis (LSA) and the T.; method of egs. (2) and (3) at T..

LSA® T. method® Discrepancy
Solvent A Gt k. A G k. AG E+(30)°
(kcal/mol) sH+60 | (kcal/mol) (sH£61 | (kcal/mol) | (kcal/mol)
C,Cle8 19.0 £ 0.2 32.1
p-xylene 194 =+ 0.7 180 187 £ 03 -93 07 £ 08 33.1
pyridine 18.2 £ 2.0 140 179 = 03 =37 03 + 20 333
toluene i8.9 = 0.7 169 185 = 03 41 04 = 02 33.9
chlorobenzene 19.7 £ 1.1 165 123 = 03 -20 04 = 1.2 39.1
DMF 19.3 + 1.1 122 189 = 04 -30 04 x 1.2 43.8
DMSO 18.3 + 1.3 113 179 = 04 -45 04 = 14 450

a) AG' was determined using LSA. b) Comparison of AG* was made at T, for each of the solvents. c) AG
determined at the T, of 49 in each respective solvent. d) From ref "', ) From ref **, AG* 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 T,
indicating that both free energy assessment methods provide comparable values. In this
context, the AG*r.’s span the slightly larger range of 1.5 kcal/mol, but once again show

1OILE acrylonitriles,” 2-alkoxy-3-

no correlation with solvent polarity. Unlike amides,
halobutanes and 2-acetoxy-3-halobutanes,” which all exhibit a detectable solvent
dependence on the barrier to rotation, rotation in 49 appears to be indifferent to medium

influences (Scheme 48).

OR -or OR
| |
gauche P TS gauche M

Scheme 48. Interconversion of enantiomers of 1

The solvent effects observed for amide rotation” for instance depend on a reduction in
dipole moment during the dynamic process.** For amides, the decrease amounts to ca.

0.2 or 1.8 D, depending on the nature of the torsional transition state (DMA, Figure

7
20).6, ,1L,13,15
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781 GS 752

R=H? 1.66 4.22 4,14
R=Me® 212 3.93 3.75
R=OMe® 0.88 2.50 2.96

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
TSI is preferred by 3.5 kcal/mol.”® b) Dipole moments calculated at HF/6-31G*. Here
TS1 is more stable than TS2 by 4.1 kcal/mol."® ¢) Dipole moments calculated at HF/6-

311G**. Here TS1 is more stable than TS2 by 0.6 kcal/mol %

A polar solvent preferentialiy stabilizes the charge separation in the more polar ground
state relative to the less polar transition states;'° the lack of a solvent effect in carbamates
has been attributed in part to the presence of increased charge separation in the transition
state’® and the relatively smaller dipole moments of carbamates as compared to analogous
amides.” As implied above for MeOSSOMe 6, the dipole moment difference for
dialkoxy disulfides is significant. To evaluate the situation for 49, the X-Ray™" structure
and the corresponding frans-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 B3LYP/6-311G* method. While the transition state
model is essentially nonpolar (ficae = 0.03 D), the enantiomeric ground states are
estimated to sustain a substantial dipole moment (eac = 5.9 D). Since the ground state-

transition state difference is of the same order of magnitude as that for amides a solvent

191



dependence is expected; recall that solvation energy is also proportional to the square of
the dipole moment of the 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 kcal/mol. If the NMR
measurements incorporate an error of + 0.5 kcal/mol, such an effect would therefore not
be observed. While the random errors for 49 are only of the order of £ 0.3 kcal/mol,
complementary errors due in part to temperature control and acquisition procedures
appear to have raised the accumulated errors beyond the threshold where a small medium
effect can be observed (cf. Chapter 4.4.3 for details).

3370 25 well as

The thermodynamic data is in general good agreement with the literature
our own calculated work (c¢f. Chapter 3). Lunazzi®® and co-workers report AG? to be 18-

19 kecal/mol for a series of 7 alkoxy disulfides with both small and large R substitutents.
Both the absolute values and the 1 kcal/mol 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 Parameters 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.®® The AH* values are smaller than those cited by Lunazzi
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and co-workers,”> whereas AS? values are much larger and negative. Though rotation

about single bonds is usually characterized by AS* values of ca. 0 eu,*™ large negative

Me AGY = 45.1 keal/mol
Ast=-11 ey

161
AS* of the same order of magnitude as our experimentally determined activation

entropies are not unprecedented as with anfi-o-tolyldi(1-adamantyl)methane® 161 and

(Y o . v . -
886 and hydrocarbons.®* Unimolecular isomerization of carbamates in

related alcohols
protic solvents also display a significant negative AS*?® In this case, the negative AS*

observed may be associated with stronger solvation of the more polar transition state

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.’” Systems where torsional motion is
severely restricted are inherently entropically unfavourable.*®® This is the case with 49.
A possible interpretation of our observed large AS* is simply a reflection of degree of

rigidity afforded by the OSSO functionality, though this only accounts for the magnitude
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not the sign of AS*. 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™) is restricted with

a high energy barrier (ca. 17.9 kcal/mol) but possessing small entropies of activation.”

Another interpretation of our discrepant entropic and enthalpic data is in terms of
enthalpy-entropy compensation, wherein perturbations in AH* are accompanied by
compensatory perturbations in AS* such that AG' remains the same.”’  This
thermodynamic relationship (Figure 21), wherein a correlation exists between AH* and
AS*, has widely been employed to explain an observed isokinetic relationship in both

6-10 .
%6106 However, of late, manym“1 have

biological’®® and non-biological systems.
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 (AH? = BAS* + AH%,) of 49. The slope

normally represents the isokinetic temperature, 8, which in this case would be 325.4 K.

equilibria.'® Inferring AH* and AS* 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 AH* and AS* 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 AH* and ASY,

If we acknowledge that the derived AH* and AS? 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), AH* is a function of the slope and AS*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; AG*
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seems to be reliable (vide supra). The fitting of each spectrum to the computer
simulation affords the rotational rate constant, k.. 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, k., is derived from the difference of an aggregate rate
constant and the FWHH. In the region of slow exchange, where k. 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; thé 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 AS*.

4.4.4 Experimental Details For Dynamic NMR Spectroscopy and the Determination
of the Rotational Activation Parameters

The variable-temperature "H 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 MHz spectrometer

An NMR tube containing either 49, 51 or 150 and the appropriate solvent was filled to
ca. 600 pl and isolated frox.n the ambient light. The spectra were acquired over a
temperature range of ca. 100 °C in approximately 20° intervals (smaller intervals were
used near T;). The spectra were simulated by means of a computer program®® which
solves the Kubo-Sack exchange matrix in an iterative fashion. The program was
provided with the coupling constant, Jap, and the effective line width parameter (FWHH)

as measured at the limit of slow exchange, and the digitized NMR spectrum. The

coupling constant, Jap, 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)

L (4)
K
..Ei

k= de )

and the Arrhenius equation (5).

Here, x 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; 4 is the
preexponential factor; B4} is the activation energy; the remaining constants are defined as

in Chapter 4.4.2. Substituting AG* = AH* — T AS*, eq (4) becomes eq (6):

k=-E_¢ RT g R (6)

Linearizing equation (5) and dividing eq (6) by T then linearizing it affords equations

(7) and (8), respectively.

I 5
n{k)= 1n(A)—~ﬁ (7)
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):

-EZ
m=— )
b=1In(4) (10)
—AH?
m= R (11)

%
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The activation energy, £+ 4, and enthalpy, AH, are related by eq (13):

EX=AH'+RT  (13)

Using egs (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):'"?

olo)= [(Low) +-+(Bot)] a0

Where o(q), o(x) and o(z) are the respective errors on g, x and z.

The errors on AHY, AS*, AG*, Ex*and In(A) can now be defined as follows:

olaH)= Ro(m) as)

o(AS?)= Ro(B) (16) |
o(aG*)=Jolar*} +]-asta(D)} +|-To(ast ) an
o(E})= Ro(m) (18)

olln 4)=o(b) (19)

The errors on m and b, o(m) and o(4), are derived from the linear least squares fit of the
data to either the Eyring or Arrhenius function. Errors on &g, 4 and R are assumed to be 0

and o(T) was conservatively estimated to be 0.5 K.

4.5 Evaluation of the Thermal and Photolytic Stability of Alkoxy Disulfides

Although acid- and base-catalyzed**'"* decomposition of alkoxy disulfides has been

briefly investigated, only one report exists on their photochemistry.''* The authors were
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able to detect the presence of radicals both at high temperatures as well as under
photolytic conditions. We initially examined the photolytic decomposition of 49 both in
the solid state as well as in solution (CDC13), 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.

9
O O O ( ey

1 i it i

0 155 > 0 156
Table 56. Photolytic and thermolytic activity experiments for 49

Entry® Conditions "H NMR Product Yield Distribution (%)°
solid Temp

dark UV |air N, | state  CDCL | COf 49 163 164 155
1 X X X 27 86 10 0 4
2 X X X 27 87 9 i 3
3 X X X 27 89 8 0 3
4° X X X 27 T4 21 J 3
5° X X X 27 83 14 1 2
6 X X X 27 85 i0 0 4
7 X X X 27 88 9 0 3
8 X X X 60 21 45 1 i0
9 X X b4 50 0 85 0 0
i0 b4 X % 60 81 15 H 3
i1 X X X 50 85 15 0 0

a) Silica added. b) Reaction time 20-26 h. ¢) No change in relative integrations at 37 °C. d) '"H NMR yields = 5%.

After ca. 24 h at 27 °C, 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 'H NMR

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 transléte to the solution state (Entries 10 and 11). In fact,
decomposition in solution was only observed at much higher temperatures (ca. 100-140
°C). 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.'’* No rearrangement

products such as those observed by Braverman® '’

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 all 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.”'*!"" 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 "H NMR 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%

order in 49 — Rate=k4[49] (e.g. Figure 23).''®

Loss of ROSSOR 49 y = -0.0008x + 2.231
R? = 0.9945

In(Int@9))
&

0 T T T ..- .y' e g = T T
05 8 500 1000 1500 2000 2500 3000 -.. 3500 4000
o

Time (s)

Figure 23. First order rate plot of the decomposition of 49 at 105.7 °C in DMSO-dk.

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 (R* 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 AS* values indicate a highly ordered and associative
mechanism. The negative entropies are also comparable with other processes which have
non-polar transition states, though these examples relate to concerted reactions. *>111%4

However, we would have expected positive entropies to account for the dissociative

mechanism implied by our data (vide infra).

Table 7. Activation parameters for the decomposition of 49.%

Solvent AH} AS? AGh g E(30)°
(kcal/mol) (eu) (kcal/mol) | (kcal/mol)
p-xylene 10 £ 4}|-46 £ 10|24 + 5 331
chlorcbenzene { 11 + 6| -45 * 1524 = 7 39.1
DMSO 13 £ 5]-38 £+ 12125 = 6 450

a) The errors, as given here, represent a 68% confidence interval in
the least squares deviation calculation. b) From ref n

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''* and co-workers demonstrated the trapping of aliphatic sulfenyl and sulfonyl
radicals in the photolysis (-20 °C) 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 166), as well as elemental sulfur. Such a product distribution could be

envisioned to occur from the coupling of alkoxy! 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-7-
butyloxy disulfide 18 in the presence of DMPO (4-N N dimethylpyridine-N-oxide)

yielded an ESR spectrum'?’

characteristic of solely the presence of the #-butoxyl radical
(+-Bu0®). Photolysis of 48 in the presence of Ceo-fullerene yielded a sole adduct

indicating benzyloxyl radical formation.

The Lunazzi group also trapped an alkoxyl radical under moderately elevated
temperatures (50-70 °C). 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

126128 and thermolysis of cinnamyl-4-nitrobenzene sulfenate

implicated in the photolysis
and related compounds to their corresponding sulfoxides."””™*" It should be noted that
the concerted mechanism originally proposed by Thompson (Scheme 17, Chapter 2.6.1)

is incongruous with the data.

g, RCHO164+ Sy—>sy
N Femmmmmcmemm e . P 1 87 +ROH163

k d 1 i 8 H
ROSS—OR | ROSS® RO® i—>1 RO® S RO* | .
i ) 1 1 i Vi
A i H ] ]
Lo o o oo <0 o0 an s e k0 o e Lo o e e o e e e .
49 167 e w98 2RO°+S;  —5,
R = p-nitro-Ph-CHo- 167
R’ = p-nitro-Ph-
A

+[0]
ROS® L»—» ROS(=0)* + RO® co—p ROS(=0O)OR
168 169 167 165

B
Scheme 49. Thermally-induced radical decomposition mechanism of ROSSOR (R = p-

NO,-Ph-CH,) 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 RCH,0SSO° 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 SO; 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 — SO, were ever
detected by 'H NMR 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.'*2

o O O O
& . - g
O/ \o O/ 9 \O
S S
158 159
it 1]
AN 4
O (\)\,o N O
S/
160

In our scheme, alkoxyl radicals, 167, would arise from initial caged S-O bond scission;

133 has shown in a related H-S-

a second caged S-O bond cleavage is also possible. Pasto
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.”** The presence of the

benzyl group, a group which contains conjugated w electrons, exerts a bond weakening

effect upon the S-O bond.'*
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Finally, the cage could then disproportionate (via a remote hydrogen abstraction'?® of
either of the alkoxyl radicals 167 or the solvent by the other alkoxy! 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 B-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

P& (some have suggested

mechanism is not unprecedented. Indeed tetroxides
symmetric homolytic cleavage as the first step'**'* but it is »only the asymmetric
cleavage of tetroxides that leads to product formation) and hyponitrites'*'* have been
shown to decompose by analogous mechanisms. Formation of minor amounts of sulfite
155 is outlined in Scheme 93.147 The presence of only small amounts of sulfite 155

suggests that in our system, the propensity for in sifu 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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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 usually'****’ 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;'* this shift is solvent-assisted and would occur due to increased radical
stabilization (benzylic radical formation).'” 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. 14

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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BDE(ROSS-OR) = AHP(ROSS®) + AHS(RO®) — 2 AHF(ROS®) + BDE(ROS-SOR) (20)

In peroxides (RO-OR), the lone pair repulsion between oxygen atoms is believed to be
responsible for the weakening of the 0-O bond."® 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,’*’ BDE(MeS-OMe) = 53 + 10 kcal/mol,'”
BDE(MeS-SMe) = 65 + 1 kcal/mol."** Analogously, we would expe;ct S-0 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 7 system with

153

enhanced hyperconjugation compared to ROS®,” which would result from S-S scission.

This is qualitatively shown in Figure 25. As oxygen is more electronegative than sulfur,

¥ et
R’O‘S@ - R’O\S‘ R’O\S’sa - R/O\S:S- - R’O\S’Sn
poor bet:er
A B

Figure 25. Resonance form of ROS® vs. ROSS®

the dipolar structure in Figure 10A 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 10B would be seen as more viable resonance
contributors. In fact, quantitively, Gregory and Jenks'* have shown the ROS® radical to

be quite unstable: AHf = 1.4 kcal/mol 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,"*® which is slightly less than that
reported for MeS-SMe 71a. So it is also reasonable to conclude that the BDE(ROS-
SOR) would approximate to this value. The AHy" for #-BuQ°®=-22.8 kcal/mol'>® and is a
good estimate for other alkoxyl radicals. So, in order for the BDE(ROSS-OR) <
BDE(ROS-SOR), the contribution of AH(ROSS®) + AHF(RO®) — 2 AH(ROS®) has to
be negative in magnitude. Given a large negative value for AH(RO®) and a small
positive value for AHP(ROS®) as well 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 kcal/mol 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 Decompeosition Reactions of
Alkoxy Disulfides

The decomposition "H NMR spectra were recorded on a 500 MHz machine using a §
mm triple resonance probe. An NMR tube containing 49 and 1,3,5-tri-+-butylbezene,
which acted as the internal standard, was filled to ca. 600 uL of either deuterated p-
xylene, chlorobenzene or DMSO. The decomposition was followed each minute over the

first 5 minutes and then at 10, 20, 30 and 60 minute intervals. A delay time of S 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 °C. 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 all
experiments, at least 6 data points were used in the linear least squares fitting of the 1%
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* 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 (N7) 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. 'H NMR spectra (CDCl3) of the reaction mixture were

taken and products were identified through comparison with authentic samples.
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4.6 Concluding Remarks

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 #rams 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 kcal/mol 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 15a and 1Sb was adapted from the literature according to

Scheme 50.1%
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1-Trimethylsilylbenzimidazole: Yield: 69%; This intermediate was used immediately
in the following reactions. "H NMR (CDCls) & 8.12 (s, 1H), 7.45 (m, 4H), 0.06 (s, 9H).
BC NMR & 145.6, 136.8, 122.8, 122.2, 120.2, 112.5, 97.5, -0.6. MS (EI) m/z: 190 (M™®),

175, 118, 91; HRMS Calc’d for CoH4N,Si: 190.0926. Found: 190.092(9).

E,l’-thiobisbenzimidazoie,- 15a: White powder; Yield: 79%,; Recrystallized from
CH,Cly/hexanes. Mp. 187-190 °C (lit. Mp."*® 180-185 °C). 'HNMR (CDCl) & 8.18 (s,
2H), 7.90 (dobs, 2H, J = 7.90 Hz), 7.75 (dobs, 2H, J = 7.90 Hz), 7.47 (td, 2H, Jap = 7.60
Hz, Jac= 1.20 Hz), 7.34 (td, 2H, Jap = 7.60 Hz, Jsc = 0.93 Hz). MS (EI) m/z: 266 (M),

118, 91, HRMS Calc’d for CyoH10N4S: 266.0626. Found: 266.063(2).

1,1°-dithiobisbenzimidazole, 15b: White powder; Yield: 100%; Mp. 142-148 °C (lit.

© Mp."* 138-145 °C). "HNMR

(CDCls) 5 7.80 (d, 2H, Jas = 8.10 Hz), 7.77 (s, 2H), 7.31,
(tobs, 2H, J = 7.65 Hz), 7.20 (tors, 2H, J = 7.65 Hz), 7.06 (d, 2H, Jaz = 8.10 Hz). MS (EI)

m/z: 298 (M), 181, 118; HRMS Calc’d for C1oHioN4Sz: 298.0347. Found: 298.035(3).

General methodology for the synthesis of alkoxy disulfides. These were synthesized

by a modification of a procedure from Thompson and co-workers*® 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, (10 mmol, 2 equiv) and NEt3 (10 mmol, 2
equiv) in 10 mL of CH,Cl, was allowed to stir under nitrogen at 0 °C. A solution of
S,Cl, (5.0 mmol, 1 equiv) in 10 mL of CH,Cl; 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 H,O. The organic phase was washed 3x 33 mL of H,O. The
organic phase was washed 1x 25 mL brine. The organic phase was dried over MgSO..
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 quantitétive conversion as detected by TLC and '"H NMR. The

product was usually pure enough for HRMS acquisition.

Bis(p-nitrobenzyloxy) disulfide, 49:

o O

Light yellow solid Rf (25% EtOAc/hexanes) 0.31. Yield: 97 %. Mp. 95-96 °C (lit Mp.*
92-93 °C); 'H NMR & 8.20 (d, 4H, J = 8.40 Hz), 7.48 (d, 4H, J = 8.40 Hz), 5.00 (d, 2H,
Jap = 12.40 Hz), 4.88 (d, 2H, Jas = 12.40 Hz); °C NMR § 75.1, 123.8, 128.7, 143.5,
149.7;, MS (CI) m/z 386 (M'™ + NH4), 338 (M™ — SO); HRMS. Calcd for

C14H15N38205.' 386.0480. Found: 386.048(7).
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Bis(p-t-butylbenzyloxy) disulfide, 150:

O

Light yellow oil. The crude was purified by chromatographed in 20% EtOAc/hexanes
- Rf 0.73. Yield: 90%. Mp. ca -10 °C; "H NMR & 7.37 (d, 4H, Jas = 8.25 Hz), 7.27 (d,
4H, Jap = 8.25 Hz), 4.87 (d, 2H, Jap= 11.50 Hz), 4.76 (d, 2H, Jaz = 11.50 Hz), 1.30 (5,
18H); *C NMR & 31.3 (CHs), 34.6 (C-quat), 76.8, 125.5, 128.5, 133.6 (C-quat), 151.6
(C-quat); MS (EI) m/z 390(M"®), 375 (M™ - CHz), 342 (M"® — SO), 326 (M™® - SOy),
294 (M™ — $;0,), 279 (M™® — $,0,CH3), 259 (M'™® — S,02(CHs)y), 164 (C11Hi60), 147

(C11H15); HRMS. Calcd for C22H3082021 360.1687. 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 °C (lit Mp.*® 34-36 °C)
'H NMR § 7.26 (d, 4H, J = 8.25 Hz), 6.87 (d, 4H, J = 8.25 Hz), 4.82 (d, 2H, Jas=11.25
Hz), 4.72 (d, 2H, Jsp=11.25 Hz), 3.79 (s, 6H) ; °C NMR § 55.6; 76.8, 114.1, 130.7,
160.0, 183.2; MS (EI) m/z 338 (M'®), 290 (M - S0O), 274 (M"*® — SO,); HRMS. Calcd

for Ci6Hi185204: 338.0646. Found: 338.06(3)5;, HRMS. Calcd for CiHi55:04 — SO:
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290.0977. Found: 290.098(6); HR

MS. Calcd for CisHisS,04 — SO, 274.1027. Found:

274.103(3)

Bis(benzyloxy) disulfide, 48:

ey

Light yellow solid. Yield: 86%. Mp. 47-52 °C (lit Mp.*® 50-51 °C). "H NMR & 7.39 (m,
15 H), 4.89 (d, 2H, Jag = 11.25 Hz), 4.79 (d, 2H, Jas = 11.25 Hz); >C NMR 3 76.7,
109.7, 128.4, 128.6, 136.4; MS (FAB) m/z 278 (M"®), 230 (M"* - SO); HRMS. Calcd for

C14H1482021 278.0435. Found: 278.043(1)

Bis(benzhydroloxy) disulfide, 152;

os
o
White solid that crystallized from CH;CN at -10 °C. Yield: 86 %. Mp. 42-46 °C; Rf.
(10% EtOAc/hexanes) 0.50. 'H NMR § 7.23-7.29 (m, 20H), 5.82 (s, 2H); “C NMR 35
87.7, 1273, 127.5, 127.9, 128.3, 129.3, 140.4; MS (CI) m/z 448 (M™ + NH,"), 184

(C13H1,0), 183 (Ci3Hi10), 182 (C13Hio0), 167 (CisHuy), 105, 77 (CeHs); HRMS Caled

for CyeH728,0,+ NH4+I 448.1405. Found: 448.§39(7).

217



Bis(cyclohexyloxy) disulfide, 24:

(=
2

Clear orange oil. The crude wé.s purified by chromatographed in 10% EtOAc/hexanes.
Yield: 69 %. Rf (10% EtOAc/hexanes) 0.70. '"H NMR § 1.15-1.60 (m, 14H), 1.73 (d,
4H), 2.00 (s, 4H); °C NMR 3 84.5, 32.9, 32.1, 25.4, 24.0, 23.9; MS (EI) m/z 262 (M),
214 (M™ - 8S0), 180 (M™° — H;S,;0) 162 (M™® — H3S5,0,), 132 (CsH;2S0), 99 (CsH110),

83 (CsHyy); HRMS. Caled for C;H22S,0,: 262.1061. Found: 262.106(6).

Bis(allyloxy) disulfide, 34:

()
2

Orange oil. Yield: 82 %. 'H NMR & 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); *C NMR § 75.7 (-CH-),
119.2 (=CH,), 133.2 (=CH-); MS (ED) m/z 178 (M"®), 146 (M'® — S), 137, 113, 105;
HRMS. Calcd for CeHi08,0;: 177.9945. Found: 177.995(6). 'HNMR, “CNMR, MS

similar to literature.!*®
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Bis(propargyloxy) disulfide, 42:
N
(\/os
2

Stored as a yellow solution in CH,Cl,. Yield: 57 %. "H NMR 8 ABX system: 4.50 (dd,
2H, Jap = 15.45 Hz, Jpc=2.40 Hz), 4.45 (d, 2H, Jap = 15.45 Hz, Jac = 2.40 Hz), 2.55 (t,
2H, Jac = 2.40 Hz); ®C NMR & 17.4, 61.3, 76.3; MS (EI) m/z 174 (M'®), 126 (M"* -
SO); HRMS. Caled for C¢HsS;0,: 173.9809. Found: 173.980(6). 'HNMR, PCNMR, MS

similar to literature.*®

Synthesis of bis(p-nitrobenzyl) sulfite, 155:

To a solution of 161 (300.0 mg, 2 mmol, 2 equiv) and NEt; (280 pL, 2 mmol, 2 equiv)
in 10 mL CH,Cl; was added dropwise a solution of 75 pL of SOCl; in 10 mL CH,Cl; at 0
°C under N,. The reaction was stirred for 1.5 h. The reaction was quenched with 20 mL
H2O. The organic phase was washed 3x 30 mL H,O. The solution was dried over
MgSOs. The solvent was removed first under reduced pressure and then in vacwo.
Column chromatography using 50% EtOAc in hexanes gave sulfite. Light yellow
crystalline solid. Rf (30% EtOAc/hexanes) 0.30. Yield: 62 %. Mp. 84-86 °C (lit Mp.*
81-82 °C); '"H NMR § 8.21 (d, 4H, J = 8.75 Hz), 7.48 (d, 4H, J = 8.75 Hz), 5.17 (d, 2H,
Jas = 12.75 Hz), 5.02 (d, 2H, Jap = 12.75 Hz); C NMR § 62.6, 123.9, 128.5, 142.0,
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[S. Caled for Ci4H2N,8C, + NH4+I

147.9; MS (CI) m/z 370 (M), 153 (C;H;NOs); HRM

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 NEt; (280
pL, 2 mmol, 2 equiv) in 10 mL of CH,Cl; was allowed to stir undér nitrogen at 0 °C. A
solution of sulfur dichloride (64 uL, 1.0 mmol, 1 equiv) in 10 mL of CH,Cl, was added
dropwise over ca. 5-10 min. The reaction mixture was allowed to stir for a further 3 h.
The reaction mixture was queﬁched with 15 mL of H;O. The organic phase was washed
3x 33 mL of H;O. The organic phase was dried over MgSQy. 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% EtOAc/hexanes) 0.25. Yield: 98 %. Mp.
86-87 °C; 'H NMR & 8.20 (d, 4H, J = 8.24 Hz), 7.46 (d, 4H, J = 8.25 Hz), 5.17 (s, 4H);

BC NMR § 80.3, 123.6, 128.4, 143.6, 147.6; MS (CI) m/z 354 (M*° + NH,"), 294, 243,

211, 171, 155, 122, 108, HRMS. Calcd for CisH;eN3SOs + NH,": 354.0760. Found:
354.07(6)7. Upon standing in solution, 156 isomerizes to sulfinate 157.* "H NMR &
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); >C NMR & 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-nitrobenzyl) sulfide, 158:

Q 5
* +
’O’N N‘O‘
]

The synthesis was adapted from the literature.®® A solution of p-nitrobenzyl alcohol,
161, (2.16 g, 10.00 mmol, 1 equiv), sodium sulfide, Na,S (418 mg, 5.35 mmol, 0.54
equiv), and activated Amberlite-IRA-400(Cl) (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 therprecipitated product,
was washed with methanol. This was then discarded and the solute was then washed
with CH,Cl,. The solvent was removed first under reduced pressure and then in vacuo.
Yellow solid. Yield: 88%. Mp 153-157°C; '"H NMR & 8.17 (d, 4H, J=7.95 Hz), 7.42 (d,
4H, J=7.95 Hz), 3.66 (s, 4H); ®C NMR & 35.3, 123.8, 129.6, 145.0, 147.0; MS (EI) m/z
304 (M), 136 (C7HgNQy), 106; HRMS. Caled for Ci4HipN2SO4: 304.0518. Found:

304.052(8).

Synthesis of bis(p-nitrobenzyl) sulfoxide, 159;

This was synthesized as an adaptation of the literature.*’ To a solution of p-nitrobenzy!
suifide, 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% H,0, (130 uL, 1.15 mmol, 1.15
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equiv). After the addition, the solution was stirred for 40 min at RT. The excess H;Op
was decomposed through the addition of Na;SO; (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 Et;0, a
yellow solid precipitated out of solution. The solution was then decanted and the solute
was washed 3x 10 ml Et;0 and then dried in vacuo. This afforded a yellow solid. Yield:
>99%. Mp. 202-206 °C. "H NMR § 8.25 (d, 4H, J= 8.55 Hz), 7.47 (d, 4H, J = 8.45 Hz),
ABq system: 4.05 (d, 2H, Jag = 12.90 Hz), 3.94 (d, 2H, Jas = 12.90 Hz); °C NMR §
57.02, 124.08, 130.99, 136.81, 148.01; MS (EI) m/z 320 (M'®), A167, 136 (C;HgNO,),

106, 90, 78; HRMS. Calcd for Ci4H;2N,S0s: 320.0467. Found: 320.04(7)2.

Synthesis of bis(p-nitrobenzyl) sulfone, 160:

O

] ]

&
0T
S
i

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 CH,Cl; 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 DMSQO. To this, H;O 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 °C, after which the liquid

turned bright orange; "H NMR & 8.27 (d, 4H, J= 8.70 Hz), 7.57 (d, 4H, J= 8.70 Hz), 4.28

(s, 4 Hz); PCNMR § 58.3, 124.1, 131.8, 133.6, 136.8; MS (EI) m/z 336 (M™™), 320 (M"®
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~0), 272 (M"™ - SOy), 226 (M'® — SO, - NOy), 166, 136 (C:HgNO»), 120, 106, 90, 78;

HRMS. Calcd for C14H12N2S04: 336.0416. Found: 336.04(1)%.
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