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ABSTRACT
A series of 6-endo-(methylthio)-bicyclo[2.2.1]heptane-2-endo-proline amides was
synthesized to study the neighboring proline amide participation in electron transfer from
thioethers. The thioether with endo-pyrrolidine amide formed a two-center three-electron
SO bond after one electron oxidation and the oxidation potential of the thioether was
lowered by 530 mV and 330 mV compared to the corresponding exo-pyrrolidine amide
and the primary amide analogues, respectively.
The thioether with a proline methyl ester showed the oxidation potential of 410
mV higher than that of the pyrrolidine amide. The basis for this surprising result was
revealed by an X-ray crystallographic structure study of the diastereomerically pure
proline methyl ester which showed amide carbonyl n → methyl ester π* interaction
which removes electron density from the neighboring amide which results in less
effective neighboring amide participation in thioether oxidation. This accounts for the
electrochemical result.
A potent synthetic route for S-tert-butyl m-terphenyl thioethers was developed
and a series of such thioethers was synthesized. Electrochemical studies showed throughspace S∙∙∙π interaction with lower oxidation potentials for thioethers with more electron
rich aromatic groups and higher oxidation potentials with electron withdrawing aromatic
groups.
Selective Suzuki reactions were discovered in which mono-coupling of the
precursor dibromides could be achieved. A second coupling was then possible in which
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two different aromatic rings are attached to the central aryl thioether ring. This enabled
the synthesis of a two-sulfur three-aromatic ring extended m-terphenyl thioether as a
potential electron conductor. In support of this possibility this compound showed an
oxidation potential of +0.99 V which is less positive than the +1.09 V measured for the
mono-sulfur analog.
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CHARTER 1
INTRODUCTION

Alzheimer’s Disease
It was more than one hundred years ago at the 37th meeting of the Society of
Southwest German Psychiatrists in Tübingen on November 3, 1906, that Alois Alzheimer
presented the clinical and neuropathological characteristics of a disease in which he
analyzed the brain from his 51-year-old patient who had progressive memory loss, focal
symptoms, delusions, and hallucinations1.This disease was named Alzheimer’s Disease
(AD) after him. Today about 33.9 million people worldwide suffer from incurable AD2.
Alzheimer’s Disease is a neurodegenerative disorder characterized by abnormal
accumulation of the fibrillar Amyloid-β (Aβ) peptide3, inducing neuronal cell death by
oxidative stress. Aβ, which is the product from cleavage of the amyloid precursor protein
(APP), consists mostly of 40 or 42 amino acid peptides (Figure 1-1). The cleavage of
APP, which produces Aβ(1-40) and Aβ(1-42), is a normal metabolic event and the
peptides are present in extracellular and intracellular spaces4. However, when the balance
between the production and excretion is changed and shifted more to the production, Aβ
starts aggregating, forming an insoluble fibril, and shows neurotoxicity5. While Aβ(1-40)
is more soluble and exists as the most abundant isoform in the brain, Aβ(1-42) can be an
insoluble fibrillar form and predominantly accumulates in the area of the brain important
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for memory and cognition for all AD patients. Those areas such as the hippocampus and
cortex in AD patients have been shown under extensive oxidative stress6,7.

Aβ(1-40)

Aβ(1-42)

DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV

DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA

Figure 1-1
Amino acid sequences of Aβ(1-40) and Aβ(1-42)

Increasing evidence has supported the supposition that Aβ itself is involved in the
production of reactive oxygen species (ROS) resulting in oxidative stress. In 1994 Behl
and co-workers showed8 that Aβ caused increased levels of H2O2, a ROS, by adding Aβ
to B12 cell lines and monitoring with 2ʹ,7ʹ-dichlorofluorescindiacetate (DCFDA).
DCFDA is freely permeable to cells, hydrolyzed to 2ʹ,7ʹ-dichlorofluorescin (DCF), and
thereby trapped intracellularly. DCF is then able to interact with peroxides resulting in
fluorescence which is readily detected. They also showed that a large number of
antioxidants have significant protective effects and a catalase that catalyzes the
conversion of H2O2 to O2 and H2O significantly protects cells from Aβ toxicity.
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The specific mechanism by which Aβ produces ROS remains unclear. However,
many studies have shown involvement of Met35 in Aβ(1-42) and metal ions such as
Cu(II), Fe(III), and Zn(II). Lovell and co-workers measured9 the concentrations of copper,
iron, and zinc in the neutrophil of the amygdala of nine AD patients and five
neurologically normal control subjects using micro particle-induced X-ray emission.
They found increased concentrations of these metal ions in AD brains(0.303 μmol/g for
Cu, 0.694 μmol/g for Fe, and 0.786 μmol/g for Zn) compared to the control subjects
(0.069 μmol/g for Cu, 0.338 μmol/g for Fe, and 0.345 μmol/g for Zn). In particular,
Cu(II) has very high binding affinity to Aβ(1-42) which mediates peptide precipitation10,
and Aβ-Cu(II) adduct was found to generate H2O2 in aerobic solution11. This ROS
generation is believed to occur via Aβ oxidation and subsequent Fenton type chemistry
can generate the even more reactive ·OH (Scheme 1-1).
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Cu(II) + Aβ

Cu(I) + Aβ(ox)
Cu(II) + O2•‾

Cu(I) + O2
2O2•‾ + 2H+
Cu(I) + H2O2

H2O2 + O2
Cu(II) + OH- + ·OH
Scheme 1-1

Copper-mediated ROS generation

Because methionine is one of most susceptible amino acids to oxidation12 it seems
possible that Met35 in Aβ participates in the reduction of metal ions. Although no direct
evidence has been provided, the substitution of Met35 with a non-oxidizable amino acide
residue, norleucine, significantly diminished aggregation and toxicity of Aβ13. Moreover,
oxidizing the sulfur of methionine 35 of Aβ(1-42) to sulfoxide abrogated the toxicity and
protein oxidation14. In fact, Raman spectroscopic study of AD senile plaques showed a
characteristic peak of methionine sulfoxide, which indicates extensive methionine
oxidation occurred in the AD brain15 either by ROS or metal ions.
However, electrochemical studies showed that E°(CuI/CuIIAβ) 0.08-0.55 V11,16
and Ep(Met/MetS•+) ≥ 1.3 V17 versus Ag/AgCl. Therefore, the redox equilibrium shown
in Scheme 1-2 is largely located on the left-hand side. Consequently, the reduction of CuII
by methionine is disfavored.
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MetS + Cu(II)

MetS•+ + Cu(I)

Scheme 1-2
Redox equilibrium between methionine and Aβ─copper adduct

In fact, the binding of methionine to Cu(II)─Aβ(1-20) prepared by adding
methionine to Cu(II)─Aβ(1-20) did not show methionine oxidation within a couple of
weeks18. Furthermore, in the case of the Cu(II)─Aβ(1-40), added methionine did not
significantly enhance the activity of the adduct. Even though indirect evidence has shown
that methionine 35 is involved in the reduction of the metal, these results clearly indicate
that the oxidation potential of methionine itself is too high to reduce Cu(II).

Biological Electron Transfer
Another mystery of methionine oxidation was disclosed recently in the study of
biological electron transfer. Electron transfer (ET) is one of most fundamental processes
in biological systems. It is carried out by redox proteins which utilize cofactors for
oxidizing or reducing substrates, or transporting electrons. Electron-transfer cofactors are
relatively small organic compounds or metal ions such as flavin adenine dinucleotide,
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nicotinamide adenine dinucleotide, coenzyme Q, cupric and ferric ions. They are usually
embedded in the folded proteins and transfer electrons to proximate redox cofactors via
electron tunneling (superexchange) through σ bonds, hydrogen bridges, and space (nonbonded contacts)19. This ET rate constant between an electron donor and acceptor, kET,
can be estimated by Marcus theory20 (Equation 1) where h is Planck’s constant, kB is
Boltzmann’s constant, T is temperature, λ is the reorganization energy, -ΔG is reaction
driving force, and HAB is the electronic coupling matrix element (Equation 221). Therefore,
kET decreases exponentially with increasing distance.

(1)

(2)

While electron tunneling theory has been used to account for the ET phenomenon
over short distances, it does not account for the observed rapid rate of ET22 when the
distance is more than ~14Å23. Furthermore, in order for redox proteins to function
properly electron tunneling times must be in the millisecond to microsecond range.
Therefore, it is considered that electron tunneling is impossible when the distance is more
than ~20 Å24.
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However, biological systems can transfer electrons over the limit. For example,
class I ribonucleotide reductase (RNR) is an enzyme which catalyzes deoxygenation of
ribonucleotides to form deoxyribonucleotides. RNR needs to transfer electrons from
Cys439 residue in the subunit R1 to Tyr122 residue in the subunit R2 to catalyze this
reaction and the distance is 35-40 Å25. The long-range ET is believed to occur by protoncoupled electron hopping via amino acid residues located between Tyr122 and Cys43926
(Figure 1-2).
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Figure 1-2
Proton-coupled electron transfer between Tyr122 and Cys439 in RNR27

The rate of ET in the RNR exceeds that calculated for tunneling. Therefore, an
alternative mechanism for ET must be considered and that is a multistep hopping process.
The rate constant for such a process is expressed27 by Equation 3, where n is the number
of hopping steps and kn is the hopping rate, and η takes values between 1 and 2. Thus
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there is not an exponential dependence on distance as in tunneling but dependence on
number of hopping sites.

(3)

This electron hopping mechanism for long-range ET was further confirmed by
Giese and co-workers. In order to investigate which amino acid residues can serve as
electron hopping sites, they constructed a peptide model28 (Scheme 1-3). The model
peptide consists of a charge injection system and an electron acceptor (A) at the Cterminal, a “hopping site” amino acid with a side chain X, and tyrosine as an electron
donor (D) at the N-terminal. The redox centers, A and D, are connected by (Pro)3-aaX(Pro)3. The rigid tri-proline runs adopt polyproline II (PPII) helical geometries55 thereby
fixing the distance between A and D at about 20 Å distance at which electron tunneling
occurs slowly. Laser irradiation produces a cation radical on the charge injection system
and then it abstracts one electron from anisyl group to activate it as an electron acceptor.
Subsequently, an electron hops from the side chain X to the acceptor followed by
electron hopping from tyrosine to the X. At 40 ns after irradiation radicals and radical
cations of A, X, and D were measured by UV absorption.
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Scheme 1-3
Electron hopping test model by Giese

The result clearly showed that the electron transfer occurred via electron hopping
mechanism by producing radical cations of side chain X in the case of e and f (Table 1-1).
As expected, alkyl side chains, a and b, did not function as hopping site. On the other
hand, amino acids with low oxidation potential such as d, e, g, h, and j successfully
showed tyrosyl radicals indicating that they properly functioned as “hopping sites”.
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Table 1-1

Generated tyrosyl radical and oxidated side chain X
relay amino acid

a
b
c
d
e
f
g
h
i
j

alanine
homoleucine
4-methoxyphenylalanine
2,4-dimethoxyphenylalanine
2,4,6-trimethoxyphenylalanine
tryptophan
histidine
cysteine
methionine
cystin model

tyrosyl radical
(%)
≤1
≤1
≤1
20
30
1-2
5
15
20
20

oxidized amino
acid X (%)

10
30

Among the amino acids tested as hopping sites in Giese’s experiment, methionine
(i) unexpectedly showed one of highest abilities to transfer electrons with 20% of the
tyrosyl radical formed. However, as in the case of AD, the oxidation potential of
thioether moieties is normally too high to be oxidized by the electron acceptor.

Neighboring Group Participation
These mysteries of methionine in AD and in biological ET can be reasonably
answered if the oxidation potential of methionine sulfur is significantly lowered. In that
case, the produced transient methionine sulfur cation radical should be stabilized in some
way.
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We hypothesized that the stability of the radical cation can be achieved by
neighboring group participation. For example, in cyclic voltammetry studies 1,5dithiacyclooctane (DTCO) undergoes reversible oxidation with a peak potential of +0.34
V vs Ag/0.1 M AgNO3 in CH3CN29 while thiacyclooctane undergoes irreversible
oxidation with peak potential of +1.15 V30 (Scheme 1-4). Typically sulfur radical cations
are too reactive or unstable under cyclic voltammetry conditions so that they decompose
before they can be reduced resulting in irreversible oxidation of thioethers. However, the
reversible oxidation of DTCO indicates the produced radical cation of DTCO is stabilized.
This stabilization was attributed to the transannular interaction between sulfur atoms
forming a two center-three electron (2c-3e) bond and resulted in lowering the oxidation
potential by 0.81 V.

Scheme 1-4
One electron oxidation of DTCO with neighboring group participation
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Neighboring group participation is not limited to sulfur as the neighboring group.
Electron rich groups such as amine, amide, carboxylate, hydroxyl, and aromatic moieties
can stabilize and lower the oxidation potential as well (Scheme 1-5).

Scheme 1-5
Neighboring group participation by electron rich group X

A series of 6-endo-(methylthio)-bicyclo[2.2.1]heptane-2-endo-neighboring group
X systems have been synthesized. The conformationally constrained bicyclic system
allows juxtaposing neighboring group X with the sulfur. In contrast, the geometry of
control compounds with 2-exo-X groups precludes neighboring group participation. The
electrochemical studies showed lower oxidation potentials for endo compounds due to
the neighboring group participation shown in Table 1-230,31.
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Table 1-2

Electrochemical properties of 6-endo-(methylthio)-2-Xbicyclo[2.2.1]heptanes30,31

29

In fact, NMR spectroscopic and computational studies of Aβ revealed that the
C=O group of Ile32 is located very close to the Met35 sulfur and possibly stabilizes the
produced radical cation through the formation of a 2c-3e bond32. Substitution of Ile32 of
Aβ (1-42) with helical-breaking amino acid, proline, which results in breaking i + 4
interaction, showed different aggregation properties, no oxidative stress, no neurotoxicity,
and much less Cu(II) reduction compared with normal Aβ (1-42)33.

Terphenyl system
It has been shown that aromatic groups can also stabilize the sulfur radical cation
and lower the oxidation potential. 6-endo and 6-exo-menthylthio-2-endoarylbicyclo[2.2.1]heptanes have been synthesized and their oxidation potentials
determined34 (Table 1-3). Electrochemical studies indicated neighboring aryl
participation by showing lower oxidation potentials. Moreover, photoelectron
spectroscopy and calculations supported the proposal that one-electron oxidation of sulfur
in the endo systems resulted from through-space S…π interaction.
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Table 1-3

Electrochemical properties of 6-endo and 6-exo-(methylthio)-2-endoarylbicyclo[2.2.1]heptanes

31

Investigation of alkyl m-terphenyl thioethers is another method to study the
consequences of through-space S…π interaction (Figure 1-3). m-Terphenyls have been
extensively studied and used as bulky ligands for the stabilization of main group
elements35 and transition metals36. The characteristic property of this system is that the 1',
3'-diphenyl groups are almost perpendicular to the center ring. Therefore, they are not
conjugated with each other. Consequently, the 2'-sulfur in alkyl m-terphenyl thioether is
sandwiched by the flanking phenyl groups and possibly shows the through-space S…π
interaction with one or both rings. Furthermore, the S-R bond is perpendicular to the aryl
ring preventing conjugation of the sulfur with the directly attached aromatic ring.

Figure 1-3
m-Terphenyl and alkyl m-terphenyl thioether radical cation
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We have synthesized several methyl m-terphenyl thioethers as shown in Figure 14. Based on preliminary studies of one electron oxidation of compound h under stable ion
conditions (in an argon matrix), a peak at 520 nm was observed in the absorption
spectrum. When Baciocchi and co-workers investigated37 the radical cation of thioanisole,
they also observed a peak of 520 nm. The peak was attributed to the flat structure of
thioanisole, where the aromatic ring, sulfur, and methyl groups are coplanar. The barrier
to rotation of this species about the aryl C-S bond was found by computations to be
18.131 kcal/mol38. Thus in compound h, the radical cation rotates so that there can be
conjugation with the aromatic ring even though this encumbers steric interaction.

Figure 1-4
Methyl m-terphenyl thioethers previously synthesized in our group

Through-space S…π interaction cannot be seen when the radical cation forms the
planar structure and delocalizes in the aromatic ring. Therefore, it is necessary to
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synthesize m-terphenyl thioethers with a bulkier alkyl group to prevent rotation and
formation of the planar conformer.

Suzuki coupling
In order to synthesize alkyl m-terphenyl thioethers with a variety of flanking
aromatic groups, the aryl-aryl coupling between a center ring and flanking rings would be
the key step for this synthesis. Suzuki coupling is one of the most efficient C(sp2)-C(sp2)
bond forming reactions. The first successful preparation of biaryls by Suzuki and coworkers was reported in 198139. The cross-coupling reactions of phenylboronic acid with
number of aryl halides were tested and gave the corresponding biaryls in high yields
when bromoarenes and Na2CO3 were used (Table 1-4).
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Table 1-4

Biaryl synthesis under various conditions by Suzuki et al.

Prior to the discovery of Suzuki coupling, tetrakis(triphenylphosphine)palladium
(Pd(PPh3)4) had been known to catalyze some coupling reactions between Grignard
reagents and vinyl halides40, between aryl halides and alkynylsodiums41, and between
alkenylhalides and alkenylalanes42.While Negishi and co-workers also attempted
Pd(PPh3)4 catalyzed coupling of alkenylhalide with alkenylborates and found the reaction
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occurred only in low yields, Suzuki found that the cross coupling proceeds in high yields
when run in the presence of base43.
Although the mechanism is not completely clear, it is believed to occur through
oxidative addition, transmetallation, and then reductive elimination (Figure 1-5).

Figure 1-5
Mechanism of Suzuki coupling
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On the other hand, Suzuki et al. believe there is also a possibility for the
formation of an alkoxy palladium intermediate by ligand exchange between oxidative
addition and transmetallation steps in the catalytic cycle44 (Figure 1-6).

Figure 1-6
Mechanism of Suzuki coupling involving ligand exchange step
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Since Suzuki reported the first palladium catalyzed coupling, numerous palladium
catalysts, boronic acids and conditions for Suzuki coupling have been developed enabling
organic chemists to synthesize complex compounds. For example, aryl chlorides are
generally known to be unreactive under normal condition which is Pd(PPh3)4, Na2CO3,
and ArB(OH)2. In fact, the first Suzuki coupling reaction shown in Table 1-4 resulted in
no desired product when chlorobenzene was used. The relative reactivity decreases in the
order of I ˃OTf ˃ Br ˃˃Cl. Therefore, one of the challenges in Suzuki coupling is
utilizing aryl chlorides since aryl chlorides are available at low cost. Fu and co-workers
have reported45 the use of Pd2(dba)2/P(t-Bu)3 and KF as a catalyst and base, respectively.
These conditions have been proven to be efficient for Suzuki coupling of arylboronic
acids with aryl chlorides in excellent yields (Scheme 1-6). Notably, Pd2(dba)2/P(t-Bu)3
was found to catalyze the cross coupling of aryl chloride over triflate selectively.
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Scheme 1-6
Fu modification of Suzuki coupling utilizing Pd2(dba)2/P(t-Bu)3 and KF

Buchwald and co-workers found46 that a combination of Pd(OAc)2/ 2(dimethylamino)-2'-dicyclohexylphosphino-1,1'-biphenyl, n/ CsF is also effective for
Suzuki coupling of aryl chlorides and arylboronic acids (Scheme 1-7). Furthermore, they
reported47 that o-(di-tert-butylphosphino)biphenyl, p, catalyzes Suzuki coupling of aryl
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chlorides at room temperature and that o-(dicyclohexylphosphino)biphenyl, o, catalyzes
Suzuki coupling with 0.000001-0.02 mol % Pd.

Scheme 1-7
Buchwald modification of Suzuki coupling

In addition to the phosphine ligands, imidazolium carbene ligands effect Suzuki
coupling of aryl chlorides in high yields (Figure 1-7). The effectiveness of these
phosphino and imidazolium carbene ligands is attributed to two major factors44: (1) their
electron-rich nature enhances the rate of oxidative addition, and (2) their steric bulk
enhances the rate of reductive elimination and maximizes the quantity of active species,
L1Pd complexes.
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Figure 1-7
Imidazolium carbene ligands for Suzuki coupling

Another limitation of Suzuki coupling is steric hindrance. Although steric
hindrance of aryl halides is not a major factor for the formation of substituted biaryls,
coupling with o-substituted arylboronic acids results in low yield due to steric hindrance
during transmetallation of the palladium(II) complex44. Suzuki investigated the effect of
base on the sterically hindered Suzuki coupling and found48 typically stronger bases give
better yields (Table 1-5).
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Table 1-5

Effect of bases on the sterically hindered Suzuki coupling

While palladium ligands for the coupling of aryl chlorides have been extensively
developed, difficulties were encountered in developing effective catalysts for coupling of
biaryls using bulky ortho-substituted boronic acids. However, recently Senanayake and
co-workers made a breakthrough in this area. They developed49 biaryl mono-phosphorus
ligands with fixed phosphanyl group (Table 1-6) based on the study from Buchwald et al.
that revealed the role of each substituents of biaryl mono-phosphorus ligand50 (Figure 18) and importance of the methoxy group ortho to phosphorus51.
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Figure 1-8
Role of substituents in biaryl mono-phosphorus ligand by Buchwald

Senanayake’s ligand showed excellent ability for the coupling of aryl halides with
bulky boronic acids such as ortho-diisopropyl or ortho-tert-butyl phenylboronic acids.
Furthermore, it is effective for coupling of aryl chlorides with ortho-phenyl
phenylboronic acids. This ligand is accessible in kilogram quantities and has great airstability.
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Table 1-6

Senanayeke’s modification of Suzuki coupling with hindered substrates

One undeveloped area of the aryl-aryl Suzuki coupling is selective substitution of
a single halogen. There are only several reports that showed site-selective reactions by
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Suzuki coupling. Barluenga and co-workers found52 proper reaction conditions for
synthesis of chloroalkenes and chlorodienes by selective Suzuki mono-coupling of 1,1and 1,2-dichloroethylene using Buchwald ligands, XPhos (Scheme 1-8). When the
equivalent of boronic acid was more than 0.5 relative to dichloroethylene, the
corresponding triene started forming. The XPhos ligand that Buchwald and co-workers
developed resulted in high yield and no formation of triene. Combination of base and
solvent was also important factor for this reaction. Use of K2PO4/toluene and
CsF/dioxane showed the best results.
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Scheme 1-8
Selective mono-coupling of dichloroalkenes

Langer and co-workers showed53 selective couplings which utilized the difference
of electronic influence from functional groups. More electron deficient groups can be
replaced first. They successfully ran coupling reactions substituting two different
aromatic rings with bromines (Scheme 1-9).
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Scheme 1-9
Selective mono-coupling by Langer et al.

Selective Suzuki mono-coupling for alkyl m-terphenyl thioethers has not been
reported. However, if possible, it would enable the preparation of a variety of interesting
terphenyls with different properties.
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Targeted compounds
We have shown that the neighboring amide lowered the oxidation potential of a
thioether to 1.07 V from 1.40 V (Table 1-2). However, this lowering of the oxidation
potential may not be sufficient to explain the phenomenon in Giese’s experiment in
which methionine showed one of the highest abilities to function as an electron hopping
site. In order to validate the neighboring group participation in Giese’s experiment,
compound 1-endo, 1-exo, and 2a-f are selected as target compounds (Figure 1-9) because
they are pyrrolidine and proline amides. The conformationally constrained bicyclic
system enforces sulfur proximate to the tertiary amide group, which are more suitable
models for studying neighboring group participation of methionine in polyproline
peptides.
Compound 1-endo is a simple derivative of a proline amide. It possesses a tertiary
pyrrolidine amide which is known54 to increase amide resonance relative to primary
amides and hence transfer more electron density into the carbonyl oxygen of the amide.
Consequently, it is expected to form a more stable 2c-3e SO bond and thereby result in a
lower oxidation potential. The effect of neighboring pyrrolidine amide participation
would be compared with a control compound 1-exo, whose geometry does not allow
through space amide interaction with sulfur.
Compounds 2a-f are proline amides differing in number of prolines attached and
in the terminal groups which are methyl esters or carboxylic acids. Compound 2a would
be synthesized by a reaction between proline methyl ester and the acid chloride prepared
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from 6-endo-(methylthio)bicyclo[2.2.1]heptane-2-endo-carboxylic acid. Furthermore, it
is known56 that electron density can be transferred in polyproline by n → π* interaction,
where n is a lone pair electron of carbonyl oxygen (i-1) and π* is antibonding orbital of
carbonyl carbon (i). Therefore, di-proline and tri-proline which are analogous to the
peptides used in the Giese’s experiment might show even lower oxidation potentials. The
carboxylic acids 2b, d, and f would be prepared by hydrolysis of the corresponding
methyl ester. In addition, since 6-endo-(methylthio)bicyclo[2.2.1]heptane-2-endocarboxylic acid has only been prepared as a racemic mixture, reaction with
enantiomerically pure proline would give 2 as a mixture of diastereomers. Consequently,
these diastereomers would have to be separated or enatiomerically pure 6-endo(methylthio)bicyclo[2.2.1]heptane-2-endo-carboxylic acid would have to be obtained by
resolution or chiral synthesis. These efforts would provide diastereomerically pure chiral
2a which would be amenable to X-ray crystallographic analysis. Such analysis would
reveal n → π* interaction.
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Figure 1-9
Targeted compounds

2-endo-(Methylthio)bicyclo[2.2.1]heptane-3-endo-amides 3a, b, and c (Figure 110) would be useful to study how the positioning of neighboring group affects the
oxidation potentials since these compounds would form a five-membered ring system on
oxidation and 2c-3e SO bond formation, while compounds 1 and 2a-f would form
corresponding six-membered rings.
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Figure 1-10
Targeted compounds

With regard to terphenyl systems as outlined above, the complicating issue was
rotation of S-Caryl bond following one electron oxidation which enables resonance
between the radical cation and the aromatic ring to which it is attached. This
complication precludes the observation of through space S…π interaction. Therefore,
replacing the methyl group with the sterically larger tert-butyl group might prevent the SCaryl rotation (Figure 1-11). Moreover, a variety of flanking aromatic groups differing in
electron density would be attached to study how it affects the oxidation potential of sulfur.
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Figure 1-11
Sterically hindered tert-butyl m-terphenyl thioether

Characterization
The synthesized target compounds will be studied by our collaborators. As shown
in the above Tables, their redox properties will be studied by cyclic voltammetry (CV)
which has been extensively used to investigate reversible and irreversible electron
transfer reactions. In addition, pulse radiolysis studies will be used to study the one
electron oxidation in a time-resolved fashion to obtain evidence for the formation of 2c3e SO bonds.
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In CV the potential in triangular waveform is applied to the working electrode,
which is immersed in a solution containing an analyte, and the resulting current is
measured (Figure 1-12).

Figure 1-12
An example of cyclic voltammetric excitation signal

The resulting current is recorded as a function of the potential of the working
electrode versus a known reference electrode. An example of cyclic voltammogram is
shown in Figure 1-1357 with current (vertical axis) versus potential (horizontal axis). It
starts with cathodic current in the direction of negative potential. The opposite direction
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and current can be used, i.e., starting with anodic current in the direction of positive
potential. As shown in Figure 1-13, as the potential becomes more negative, the current
rises exponentially due to more reduction of the analyte. However, as current flows, a
progressive depletion of analyte near the electrode surface occurs. When the cathodic
current is reached to the peak, c, the current is called the cathodic peak current, ipc, and
the potential is called the cathodic peak potential Epc. Epc is taken as the reduction
potential of the analyte. Then the current subsequently decreases until a diffusion-limited
condition is obtained. As the potential changes in a positive direction, the product that has
been formed during the forward sweep and is still in the vicinity of the electrode may
itself be oxidized at the electrode surface. There is again a rapid increase in the current,
and at the anodic peak potential Epa, the anodic peak current, ipa, is observed. The Epa is
now taken as the oxidation potential of the analyte. The current then decreases to a
diffusion-limited value until the cycle is completed and the direction of the applied
potential is changed.
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Figure 1-13
An example of a cyclic voltammograph
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The formal potential (E0') is centered between Epa and Epc (Equation 3). The
Gibbs free energy for this process can be obtained from Equation 4 using the determined
E0', which indicates whether the reaction is thermodynamically favored or not.

(4)

(5)

On the other hand, our target compounds will be oxidized but most likely show
irreversible oxidation due to the decomposition of the unstable oxidized species.
Therefore, the irreversible CV cannot provide Epc and hence E0' is not accessible from
Equation 4. However, Epa is still a function of E0' and other factors shown below30, where
ks is the heterogeneous electron transfer rate constant, α is the electron transfer coefficient,
n is the number of electrons, D is the diffusion coefficient, k1 is the rate constant for an
irreversible chemical reaction following electron transfer, and ν is the rate of potential
scan.

Epa = f(E0', ks, α, n, D, k1, ν)

(6)
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For closely related series of compounds ks, α, n, D, k1, and ν can be regarded as
constant. Then, Epa is proportional to E0'. Therefore, the ease of one electron oxidation
can be still compared by using Epa values obtained from electrochemical studies30.

Direct evidence that one electron oxidized compounds form 2c-3e SO bonds will
be obtained by pulse radiolysis. Pulse radiolysis is a powerful technique to detect and
observe transient excited states, ions, and radicals, generated by high-energy ionizing
radiation. Various methods have been used to detect and measure the transient
phenomena such as absorption, emission, conductivity, polarogram, magnetic resonance,
microwave absorption, light scattering, and mass spectroscopy. In diluted aqueous
solution the high energy is absorbed predominantly by water. The sequence of events that
follows the absorption of energy is shown in Scheme 1-10.
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Scheme 1-10
Formation of radicals and hydrated electrons following high-energy irradiation

The produced hydrated electron is a powerful reductant and shows absorption in the red
region of the spectrum. In N2O-saturated solution, the hydrated electrons are converted
into hydroxyl radicals58 (Equation 7 and 8).
eaq– + N2O → N2 + O • –

(7)

O • – + H2O →· OH + OH–

(8)
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In acidic solution the hydroxide in Equation 8 is converted into water by a proton. The
hydroxyl radical, a strong oxidant, readily reacts with substrate to yield one-electron
oxidized substrate (Equation 9).
· OH + S + H+ → H2O + S • +

(9)

With neighboring group participation, the short-lived radical cation substrate (S•+)
is expected to show a maximal molar absorptivity at 350-400 nm which is ascribed to the
2c-3e SO bond59. On the other hand, no intermediate absorbing in this range should be
detected without neighboring group participation such as in the oxidation of compound 1exo. In addition, the highly conductive protons are replaced with less conductive radical
cation substrate, resulting in a loss of conductivity. Therefore, intermediates yielded from
our target compounds will be monitored by both time-resolved absorption spectroscopy
and time-resolved conductivity measurements.
To provide an alternative assessment of the species formed on pulse radiolysis of
the target compounds, calculations will be done on them and their corresponding radical
cations using DFT calculations.
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CHAPTER 2
SYNTHESIS AND CHARACTERIZATION OF CONFORMATIONALLY
CONSTRAINED METHYLTHIONORBORNYL DERIVATIVES WITH
PROLINE AMIDE MOIETIES
Preparation of 6-endo-(methylthio)bicyclo[2.2.1]heptan-2-endo-carboxylic acid (5)
Previously the stereospecific synthesis of 6-endo(methylthio)bicyclo[2.2.1]heptane-2-endo-carboxylic acid 5 was developed60 (Scheme 21). First Diels-Alder reaction between cyclopentadiene and acrylic acid yields
bicyclo[2.2.1]hept-5-ene-2-carboxylic acid which provides the conformationally
constrained backbone for the target compounds and a carboxylic acid group which is
later converted into amides. This compound is a mixture of endo and exo isomers. It is
then converted into the corresponding acid chloride and added to the solution of H2Ssaturated pyridine at 0 oC. After it is allowed to warm up to room temperature and stirred
overnight, thiolactone 4 is obtained and purified by column chromatography, and
sublimation. The exo compound can be removed in the sublimation step. The following
hydrolysis and methylation give compound 5 which is a precursor for the target
compounds.
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Scheme 2-1
Synthesis of carboxylic acid 5

Although the synthesis of compound 5 was satisfactory, thiolactone formation
was restudied using H2S gas generated from reaction of FeS powder and hydrochloric
acid (Scheme 2-2) rather than the previously used H2S from a lecture bottle. The reason
for this change in H2S source is the cost of lecture bottles filled with H2S and safety
regulations. However, it was found that powdered FeS slowly decomposes and the
decomposed compound when used in the reaction generated an undesired product which
was difficult to separate from the desired product 4. Therefore, thiolactone formation
using FeS was abandoned and the compound 5 was prepared as reported before.
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Scheme 2-2
Synthesis of thiolactone 4 using FeS and acid

Synthesis of 6-endo-(methylthio)bicyclo[2.2.1]heptan-2-endo-carboxylic acid
pyrrolidine amide (1-endo)
As mentioned above, our first target compound is pyrrolidine amide 1-endo.
Previously a primary amide 6 was successfully synthesized by converting compound 5
into the corresponding acid chloride and then reacting the acid chloride with ammonia in
THF (Scheme 2-3). This procedure was used with slight modifications to obtain
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Scheme 2-3
Synthesis of 6-endo-(methylthio)bicyclo[2.2.1]heptane-2-endo-carboxamide

1-endo. First compound 5 was converted into the corresponding acid chloride. In the
preparation of compound 6 the acid chloride and residual excess thionyl chloride was
added to the NH3-saturated THF solution without any purification. On the other hand, in
the case of 1-endo the residual thionyl chloride was removed under reduced pressure and
pyrrolidine added. Pyrrolidine not only reacts with the acid chloride it also quenches the
HCl produced in the reaction. Nevertheless, a five-fold excess of pyrrolidine was added.
This is preferable to mimicking the previous successful conditions for synthesizing 6, in
which a large excess of NH3-saturated THF solution was used. The preferred conditions
used 10 equivalents of pyrrolidine and the reaction time was extended to overnight from
the original 3h (Scheme 2-4).
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Scheme 2-4
Synthesis of pyrrolidine amide 1-endo

In cyclic voltammetry it is known31(a) that trace amounts of Br – in the supporting
electrolyte gives rise to redox catalysis in which a large peak at the potential for oxidizing
Br – to Br2 is observed because the sulfur compound is oxidized by the Br2 thereby
regenerating Br – so only catalytic amounts of Br – are needed. This can lead to confusion
if it is assumed that this oxidation peak corresponds to direct oxidation of the sulfur
compound. Therefore, it is necessary to use supporting electrolyte that is free of redox
catalysts such as Br –. It is also crucial that the compound of interest be free from
impurities. A traditional way to monitor the purity of a compound is to recrystallize to
constant melting point. Since melting point is an easy and quick measurement it was used
to evaluate purity. Impure compounds give lower melting points and the range is broader
than pure compounds. Therefore, 1-endo was purified by column chromatography and
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then recrystallized twice using 1 : 1 hexanes / diethylether to give a stable melting point
with a narrow range. For the most of the solid target compounds this purification method
and assessment of purity was used in addition to spectroscopic and TLC probes for purity.
The molecular structure of 1-endo was unequivocally determined by an X-ray
crystallography structure study. An ORTEP view of the molecular structure of 1-endo is
shown in Figure 2-159.

Figure 2-1 ORTEP drawing of 1-endo59

Synthesis of 6-endo-(methylthio)bicyclo[2.2.1]heptan-2-exo-carboxylic acid
pyrrolidine amide (1-exo)
Control compound 1-exo possesses the pyrrolidine amide group in the exo
position, which geometrically precludes neighboring group participation. Its synthesis is
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simply isomerization of 1-endo. The α-proton to the carbonyl group of 1-endo is the
most acidic proton in the structure (pKa ~3682) and easily removed by base. The α
position can be re-protonated from endo direction to give exo product or from exo
direction to give endo product. Since the endo-pyrrolidine amide interacts sterically with
the thioether moiety, the exo-pyrrolidine amide is preferably formed on equilibration.
First 1-exo was prepared by refluxing 1-endo in a solution of NaOMe and
methanol overnight. However, the conditions gave no reaction when the scale is
increased. Therefore, a stronger base, sodium tert-butoxide (NaOtBu), was prepared by
adding sodium to tert-butanol (pKa 29.483) and stirring the solution for two days. The
NaOtBu was dissolved in DMSO and 1-endo added. The solution was heated at 100 oC
overnight (Scheme 2-5). The desired product was obtained in 95% yield.

Scheme 2-5
Synthesis of 1-exo
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Preparation of proline and polyproline methylesters
In order to synthesize a series of proline amides 2a-2f, proline methyl ester, diproline methyl ester, and tri-proline methyl ester were prepared by solution-phase peptide
synthesis shown in Scheme 2-6. Hydrochloric acid salt 7 and TFA salts 9 and 10 were
used as crude after evaporation of solvents.

Scheme 2-6
Preparation of Proline, di-proline, and tri-proline

Synthesis of 6-endo-(methylthio)bicyclo[2.2.1]heptan-2-endo-carboxylic acid proline
amides (2a and 2b)
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The synthesis of 2a was the same procedure as that used for compound 1-endo
with a slight modification. Triethylamine (TEA) was used to deprontonate 7 and
neutralize the HCl, which is generated from reaction between the corresponding acid
chloride and proline methyl ester. The ester moiety of 2a was selectively hydrolyzed to
give the corresponding carboxylic acid 2b (Scheme 2-7). Compound 2a is oil which can
be purified by column chromatography and distillation. Compound 2b is a solid which
can be purified by acid-base workup.

Scheme 2-7
Synthesis of 2a and 2b

Since L-Proline was used to couple with racemic carboxylic acid 5, the product is
a mixture of diastereomers due to the introduction of another chiral center. Moreover, it is
known that proline has two rotamers, cis and trans (Figure 2-2). Therefore, the melting
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points were not taken and the 1H NMR spectra were very complicated with overlapping
peaks and unexpected integrations and chemical shifts. However, gas-chromatography
mass spectroscopic data could confirm the purity of these compounds and the mass
indicated the desired compounds.

Figure 2-2
Diastereomers and rotamers of 2a
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Synthesis of 6-endo-(methylthio)bicyclo[2.2.1]heptan-2-endo-carboxylic acid diproline amides (2c and 2d)
As shown above, two methods were used to couple a carboxylic acid moiety and a
proline methyl ester. One was the solution phase peptide synthesis to prepare
polyprolines. The other was the coupling of an acid chloride with a proline methyl ester
to synthesize 2a, hydrolysis to 2b and then coupling with a proline derivative. Since the
preparation of BocProProOMe by the solution phase peptide synthesis gave 82% yield as
shown in Scheme 2-6, which was higher than the yield of 58-70% for preparing 2a,
synthesis of di-proline amide 2c was attempted by the solution phase peptide synthesis
method. The corresponding carboxylic acid 2d was obtained by selective hydrolysis of
the methyl ester moiety (Scheme 2-8). Compound 2c was obtained as an oil that was very
polar and, therefore, did not move on TLC (20% MeOH in EtOAc). Therefore, crude 2c
was used for the hydrolysis and 2d can be purified by acid-base workup.
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Scheme 2-8
Synthesis of di-proline amide, 2c and 2d
Synthesis of 6-endo-(methylthio)bicyclo[2.2.1]heptan-2-endo-carboxylic acid triproline amides (2e and 2f)
Three different methods were attempted to synthesize tri-proline amide 2e. The
first one was same method used to synthesize mono-proline amide 2a, obtained by
coupling of the norbornyl acid chloride with proline methyl ester. However, this route
gave none of the desired product. The second method was same as that used to synthesize
di-proline amide 2c. In this case, mono-proline amide 2a and di-proline methyl ester 9
were coupled by solution phase peptide synthesis. This method gave the desired
compound, tri-proline amide 2e, in 35-53% yield. The third method was also same
method as that used to synthesize di-proline amide 2c but the coupling was between diproline amide 2c and proline methyl ester 7. This method gave a lower yield (12%) than
the second method. Similar to di-proline amide 2c, tri-proline methyl ester amide 2e was
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very polar oil compound and it was not possible to purify it by column chromatography.
Therefore, the corresponding carboxylic acid 2f was obtained by selective hydrolysis of
methyl ester moiety using the crude 2e (Scheme 2-9).
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Scheme 2-9
Synthesis of tri-proline amide, 2e and 2f
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Synthesis of chiral 2a from using (R)-(+)-camphor as a chiral auxiliary
As mentioned in the Introduction, it is possible that electron density can be
transferred in polyproline by ni-1 → πi* interaction, which could render neighboring
group participation enhanced further and lower the oxidation potential of the methionine
possibly enough to be one of most efficient hopping sites in the Giese’s experiment. On
the other hand, if the direction of electron transfer is opposite, ni → πi-1*, such interaction
transfers electron density from the neighboring amide carbonyl to proline carbonyl
resulting in a higher oxidation potential. Whichever the direction of electron interaction,
in order to investigate it, it is important to obtain X-ray crystallography as direct evidence
of such interaction. Since compounds 2a-2f are mixtures of diastereomers, fractional
crystallization and column chromatography were tried to separate them to no avail.
Therefore, it is necessary to prepare pure diastereomeric compounds using
enantiomerically pure 2a. Hence chiral synthesis of 2a was conducted.
Bañuelos and co-workers reported61 the synthesis of enantiopure
bicyclo[2.2.1]hept-5-ene-2-carboxylic acid 5 by asymmetric Diels-Alder reaction
utilizing (R)-(+)-camphor as the chiral auxiliary. Following this procedure, the synthesis
of chiral 2a was attempted (Scheme 2-10). In the first step nBuLi deprotonates
methoxyallene and the methoxyallene anion attacks the carbonyl group of (R)-(+)camphor from endo direction due to steric hindrance by C7 syn methyl group above the
exo position. Acidification converts the methoxyallene moiety into α,β-conjugated enone.
The enone moiety can be used as a dienophile for the asymmetric Diels-Alder reaction in

74

the next step. Ceric ammonium nitrate (CAN) cleaves the molecule to give enantiopure 5
and (R)-(+)-camphor. Subsequently, chiral 2a can be obtained from this enantiopure acid
as shown in Scheme 2-07. Reaction on a small scale produced the desired product in
moderate yield. However, the larger scale reaction gave many undesired products in the
Diels-Alder step unlike the small scale. Nevertheless, small amount of chiral 2a was
obtained and crystallized.

Scheme 2-10
Synthesis of chiral 2a using (R)-(+)-camphor as a chiral auxiliary
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Synthesis of chiral 2a from resolved carboxylic acid 5
In addition to the asymmetric synthesis of chiral 2a utilizing (R)-(+)-camphor,
one enantiomer can be also obtained from racemic compounds by resolution. It is
possible that the racemic carboxylic acid 5 can be resolved by some chiral amine. Since
(+)-α-methylbenzylamine was at hand, it was decided to use it for the resolution in the
first attempt. The racemic carboxylic acid 5 was dissolved in chloroform and the solution
was heated to almost boiling (Scheme 2-11). Then, (+)-α-methylbenzylamine was added
slowly to the hot solution. Crystallizing started within about 3 hours. The solution was
kept on the bench for 2 days. The solid was filtered and washed with cold chloroform.
The 1H NMR spectrum of this salt showed only one peak for the SMe group. In order to
make sure the single peak is not a mixture of diastereomers, the residual solution was
dried under reduced pressure and the NMR spectrum showed two peaks for the SMe
group, which confirmed the recrystallized salt was one diastereomer. The crystal was
washed with 1M HCl and extracted with ethylacetate. The enantiomerically pure
carboxylic acid 5 was used to synthesize enantio- and diastereomerically pure 6-endo(methylthio)bicyclo[2.2.1]heptan-2-endo-carboxylic acid proline amide, chiral 2a.
Chiral 2a was successfully obtained and crystals are being grown for an X-ray
crystallographic structure study.
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Scheme 2-11
Synthesis of chiral 2a from resolved carboxylic acid

Synthesis of 3-endo-(methylthio)bicyclo[2.2.1]heptan-2-endo-pyrrolidine and
prolineamides(3a, 3b, and 3c)
In addition to the 2,6-substituted norbornane systems and the X-ray
crystallographic study of diastereomerically pure compound chiral 2a, 3-endo(methylthio)bicyclo[2.2.1]heptan-2-endo-pyrrolidine and proline amides 3a-c were
synthesized to further investigate how the amide group positioning affects the oxidation
potential of the SMe group. In the 2,6 systems the radical cations form a 6-membered
ring, while the 2,3-systems form a 5-membered ring. Preliminary pulse radiolytic studies
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showed that the radical cation of 3-endo-(methylthio)bicyclo[2.2.1]heptan-2-endo-amide
had longer lifetime than the corresponding radical cations from the 6-endo(methylthio)bicyclo[2.2.1]heptan-2-endo-amides (Figure 2-3). Therefore, because the
radical cations of compounds 3a-c show longer lifetimes they may be reduced under
cyclic voltammetric conditions before they decompose. This would result in reversible
electrochemical oxidation of the parent compounds.

Figure 2-3
Cation radicals bonding with amide moieties forming 6-membered ring vs 5-membered
ring

The synthesis of the 3-endo-(methylthio)bicyclo[2.2.1]heptan-2-endo-amide was
previously done in our laboratory31(a). cis-4-(Methylthio)but-3-enoic acid is not a strong
dienophile enough to react with cyclopentadiene by the Diels-Alder reaction. It is
necessary to make the C=C bond more electron deficient so that the double bond is a
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stronger dienophile. Therefore, the cis-4-(methylthio)but-3-enoic acid was reacted with
mCPBA and converted into the corresponding sulfoxide. The sulfoxide is able to react
with cyclopentadiene and forms 3-endo-(methylsulfinyl)bicyclo[2.2.1]hept-5-ene-2-endocarboxylic acid. Palladium-catalyzed hydrogenation followed by reduction of the
sulfoxide moiety gave 3-endo-(methylthio)bicyclo[2.2.1]heptan-2-endo-carboxylic acid,
which is the precursor of 3a-c. Subsequently, compounds 3a-c were synthesized by
following same procedures as those shown above (Scheme 2-12).
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Scheme 2-12
Synthesis of 2,3-substituted norbornyl amides

Electrochemical results
Electrochemical studies were conducted by our collaborators. The cyclic
voltammogram of 1-endo showed irreversible oxidation in acetonitrile with an anodic
peak potential of +0.74 V versus Ag/0.1 M AgNO3 in CH3CN at a scan rate of 0.10 V/s.
Under the same conditions 1-exo undergoes irreversible oxidation with peak potential of
+1.27 V. Thus the oxidation of 1-endo occurs at a potential 530 mV less positive than
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that of 1-exo59. Moreover, it was 330 mV lower than that of primary amide shown in
Table 1-2.
Moreover, mono-proline methyl ester 2a showed oxidation potential of +1.15 V,
which is 410 mV higher than that for 1-endo. This indicates the direction of electron
interaction is amide carbonyl ni → proline carbonyl πi-1*, and electron density transfers
from the neighboring carbonyl to proline methyl ester resulting less efficient amide
participation on the thioether oxidation and a higher oxidation potential.
The 2,3-substituted 3a resulted in an oxidation potential of +0.812 V which is 72
mV higher than that of 1-endo a 2,6-substituted system. On the other hand, carboxylic
acid 3 resulted in an oxidation potential of +1.074 V which is 126 mV lower than that of
5 the corresponding 2,6-substituted system. These results indicate that it is not simple to
predict lower or higher oxidation potentials based on the formation of 5-membered ring
or 6-membered ring for 2c-3e SO bonds.

Pulse radiolysis results
Time-resolved pulse radiolysis study was undertaken by other collaborators. Oneelectron oxidation of 1-endo with •OH under pulse radiolytic conditions produced a
short-lived transient with a maximal molar absorptivity of 1.4 × 103 M-1 cm-1 at 390-400
nm as shown in Figure 2-459. This absorption is ascribed to the 2e-3c SO bonded radical
cation of 1-endo by analogy to our previous work30(a). On the other hand, one oxidation
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of 1-exo did not show the peak at 390-400 nm during pulse radiolysis, which is consistent
with the geometric exclusion of an intramolecular 2c-3e SO bond. Instead, pulse
irradiation of 1-exo yielded an intermediate absorbing at 525 nm, which by analogy to
published data30(a), is assigned to an intermolecular 2c-3e SS bond formed via association
of one-electron oxidized 1-exo with a second non-oxidized molecule of 1-exo.

Figure 2-4 Experimental spectrum of 1.0 mM 1-endo
(red circle) and 1.0 mM 1-exo (blue square) at pH 4 in
N2O-saturated aqueous solution 0.6 μs after pulse
irradiation with a dose of 40 Gy.

X-ray crystallographic structure study
Preliminary X-ray crystallographic structure study revealed that the distance
between the amide oxygen and the ester carbonyl carbon is 2.912 Å which is shorter than
the distance between the ester carbonyl oxygen and the amide carbon, 4.025 Å (Figure 2-
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5). The result suggests that the anomalously higher oxidation potential of 2a is due to the
electron density removal to some extent from the neighboring amide by n → π*
interaction.

Figure 2-5
X-ray crystallography of chiral 2a
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CHAPTER 3
SYNTHESIS AND CHARACTERIZATION OF ALKYL m-TERPHENYL
THIOETHERS
Development of methodology for the synthesis of S-alkyl m-terphenyl thioethers
Synthesisof [1,1':3',1''-terphenyl]-2'-yl(tert-butyl)sulfane (13a)
Several methyl or phenyl m-terphenyl thioethers were synthesized recently in our
lab62. Based on that study, the best method for the synthesis of methyl m-terphenyl
thioethers was reaction of m-terphenyl Grignard reagents with S-methyl
methanethiosulfonate (Scheme 3-1). Since m-terphenyliodide was at hand, it was planned
that the m-terphenyliodide would be lithiated and then reacted with thiosulfonate for the
synthesis of tert-butyl m-terphenyl thioether (Scheme 3-2), in a similar way as the
Grignard route.

Scheme 3-1
Synthesis of m-terphenyl thioethers via Grignard route
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Scheme 3-2
Synthesis of m-terphenyl thioether via lithiation route

First it was necessary to synthesize reactive electrophiles such as tert-butyl
toluenethiosulfonate (tBuSSO2Tol) or tert-butyl tert-butylthiosulfonate (tBuSSO2tBu)
since these reagents are not commercially available. Billard and co-workers reported the
synthesis of thiosulfonates from disulfides63. They successfully prepared
trifluoromethanethiosulfonates from disulfides in moderate to good yield except that
there was no reaction when R was tert-butyl (Scheme 3-3).

Scheme 3-3
Preparation of trifluoromethanethiosulfonates from disulfides by Billardet al
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They also reported the preparation of benzenethiosulfonates from disulfides;
although reaction with tBuSStBu was not reported (Scheme 3-4). Since p-toluenesulfonic
acid sodium salt was at hand, this reaction was selected to see if this reaction works with
di-tert-butyl disulfide to prepare tert-butyl toluenethiosulfonate (11).

Scheme 3-4
Preparation of benzenethiosulfonates from disulfides by Billard et al

Unfortunately, the Billard reaction did not produce tert-butyl
toluenesulfonothioate. However, the intermediate arylbromo compound 12 was obtained
with 17 % yield.
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Scheme 3-5
Billard reaction using p-toluenesulfonic acid sodium salt

It is likely that the above reaction did not occur because di-tert-butyl disulfide
was not a strong enough nucleophile and it is too bulky. Therefore, tert-butyl thiol was
selected as a stronger nucleophile and less sterically hindered for this reaction. tert-Butyl
thiol was prepared by adding sodium to a solution of di-tert-butyl disulfide in THF, and
the salt was isolated by evaporating the THF. The resulting sodium tert-butyl thiolate was
dissolved in H2O, acidified with 1M HCl to pH 2, and extracted with dichloromethane.
The solution was used to react with 12 and triethylamine (TEA) to give 11 with 23 %
yield.
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Scheme 3-6
Modified Billard reaction using 4-methylbenzene-1-sulfonyl bromide and tert-butyl thiol

This crude 11 was used to react with lithiated m-terphenyl (Scheme 3-7). The first
attempt was conducted in hexane at room temperature. The second attempt was done in
THF at -78°C on addition of 11 and then allowed to warm up to room temperature. In
both cases, the major product was m-terphenyl and unreacted 11 with none of the desired
compound, which indicated that lithiated m-terphenyl did not react with 11 at sulfur but
either effected elimination of the tert-butyl group or was protonated on workup.
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Scheme 3-7
Reaction of lithiated m-terphenyl with 11

In addition of tBuSSO2Tol, reaction of tBuSSO2tBu (15) with lithiated mterphenyl was tested as well.Compound 15 can be prepared simply by oxidation of ditert-butyl disulfide. Since oxidation of di-tert-butyl disulfide to 15 proceeds in two steps,
it was necessary to prepare S-tert-butyl tert-butylthiosulfinate (14) first from di-tert-butyl
disulfide64. Chromatographed 14 was then reacted with freshly prepared 3,3dimethyldioxirane65 obtained from reaction of acetone and oxone to give 15 (Scheme 3-8).
Compound 15 was used immediately due to its instability.
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Scheme 3-8
Preparation of S-tert-butyl tert-butylthiosulfonate

As in the case of tBuSSO2Tol, reaction of tBuSSO2tBu (15) with lithiated mterphenyl produced m-terphenyl as the major product and unreacted 15 (Scheme 3-9).
Both reactions resulted in no reaction with the thiosulfonates and only production of mterphenyl. Based on this fact it is deduced that thiosulfonates, 11 and 15, were too bulky
to react with the lithiated m-terphenyl or that lithiated m-terphenyl abstracted hydrogen in
preference to thiation.
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Scheme 3-9
Reaction of lithiated m-terphenyl with V15

In the case that the tert-butyl group sterically blocks reaction with the hindered
lithiated carbon, which is surrounded by two phenyl groups, it was worth testing reaction
of lithiated m-terphenyl with a less bulky reagent. In order to make a tert-butyl thioether
group, introducing a thiol group first and then the tert-butyl group looks reasonable. For
this purpose, reaction of lithiated m-terphenyl with elemental sulfur was conducted to
synthesize 2,6-diphenylthiophenol (Scheme 3-10). This reaction produced the desired
compound. However, the yield was very low with the major product being m-terphenyl.
This result clearly showed that the lithiated m-terphenyl reacted as a base much faster
than with the electrophiles.
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Scheme 3-10
Synthesis of 2,6-diphenylthiophenol

Considering that the lithiated m-terphenyl was too reactive as a base, a more
promising method for synthesis of m-terphenyl thioethers is reaction of dimethyl
disulfide with m-terphenyl diazonium salt (Scheme 3-11).

Scheme 3-11
Synthesis of methyl m-terphenyl thioether from 2,6-diphenylaniline

This reaction was tested with di-tert-butyl disulfide. The major product was a
white solid and its 1H NMR showed tert-butyl and aromatic peaks with the desired
integration ratio. However, based on the Gas chromatography-Mass spectroscopy (GC-

92

MS) analysis of the product, it was found that the major product was m-terphenyl and
unreacted di-tert-butyl disulfide with 2:1 ratio and no desired product. At this point it was
concluded that generating a reactive center on the carbon 2' of m-terphenyl should be
avoided.

Scheme 3-12
Reaction of m-terphenyl diazonium salt with tBuSStBu

Seeking the explanation for the m-terphenyl formation, two similar results were
found in the literature. Ionkin and co-workers reported synthesis of bulky m-terphenyls to
utilize them for stabilization of diphosphenes66. In their study, they attempted to
synthesize 2,2ʹʹ,6,6ʹʹ-tetramethoxy-1,1ʹ:3ʹ,1ʹʹ-terphenyl 2ʹ iodide. However, what was
formed was 2,2ʹʹ,6,6ʹʹ-tetramethoxy-1,1ʹ:3ʹ,1ʹʹ-terphenyl (Scheme 3-13).They conjectured
that the formation of the m-terphenyl product instead of the desired iodo-compound was
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due to the steric hindrance but they did not speculate on the source of the hydrogen in the
product.

Scheme 3-13
Ionkin’s attempt to prepare 2,2ʹʹ,6,6ʹʹ-tetramethoxy-1,1ʹ:3ʹ,1ʹʹ-terphenyl 2ʹ iodide

Saito and co-workers also reported a similar unexpected m-terphenyl formation
from lithiated m-terphenyl67. Their original plan was to synthesize bulky m-terphenyls to
stabilize and protect Group 14 elements. However, when they attempted to introduce
Group 14 element functionalities into a 2,6-bis{2,5bis[bis(trimethylsilyl)methyl]phenyl}phenyl (Bbsp) group by reaction of BbspLi with
stannous chloride, fluorene was formed as major product (Scheme 3-14). Unlike the
reaction with stannous chloride, reaction of BbspLi with CCl4 gave chlorinated mterphenyl derivative. Quenching BbspLi with D2O resulted in benzyl deuterated Bbsp,
indicating that first-formed BbspLi abstracted hydrogen from benzylic position even at
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very low temperature, -100 °C. It is reasonable to expect the lithiated m-terphenyl in our
attempts also abstracted a neighboring hydrogen.

Scheme 3-14
Reaction of BbspLi with Group 14 electrophiles

The last method for the synthesis of m-terphenyl thioethers previously done in our
lab is reaction of diazotized 2,6-diiodoaniline with MeSSMe followed by Suzuki
coupling reaction (Scheme 3-15). However, the Suzuki coupling gave low yield even
with an increased amount of palladium catalyst, extended reaction time, and use of a
more effective catalyst. It was expected that steric hindrance caused by a SMe group
might be interfering in the coupling reaction since there are some reports in which mterphenyl is synthesized from 1,3-diiodobenzene by Suzuki coupling68.
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Scheme 3-15
Synthesis of m-terphenyl thioether via Suzuki coupling

The reaction of 2,6-dibromoaniline and tBuSStBu with isoamyl nitrite was done
but resulted in very low yield of desired product. It might be possible to improve of this
reaction. However, residual tBuSStBu has same Rf on TLC as the desired product and,
therefore, it is very difficult to remove it by chromatography. In addition, since tBuSStBu
has mp 200-201 °C, it is not very volatile and distillation or sublimation would not
separate it. Therefore, this method was abandoned.
Although none of previous methods worked for synthesis of tert-butyl mterphenyl thioether, what became clear is that tBuS group needs to be incorporated first
followed by coupling with phenyl groups. In addition, reactions with tBuSStBu,
t

BuSSO2tBu, or tBuSSO2Tol have implied that direct incorporation of tBuS group would

be very difficult due to steric effects. Based on these factors, it was planned that the thiol
group, which is smaller than tBuS, would be incorporated first and then converted into
t

BuS followed by coupling with phenyl groups to obtain the desired compound.
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Similar to the isoamyl nitrite reaction with aniline to give the methyl thioether as
shown in Scheme 3-15, it is known that anilines can be converted into thiols with sodium
nitrite69 and potassium ethylxanthate70 (Scheme 3-16). In the first step 2,6-dibromoaniline
was converted into 2,6-dibromobenzenediazonium salt using sodium nitrite at 0 °C. The
reaction needs to be conducted at this temperature because the diazonium salt easily loses
nitrogen. Then, the cold diazonium salt in acidic aqueous solution was added dropwise to
the solution of potassium ethylxanthate in H2O heated to 45 °C. In this step ethylxanthate
attacks the terminal nitrogen of the diazonium salt followed by loss of nitrogen and
connection aromatic carbon and xanthate sulfur. Several attempts were conducted at
different temperatures to improve the yield. Failure to lose nitrogen after attack by
ethylxanthate on the diazonium salt was observed when the temperature was lower than
45°C. Lower yield was also obtained when it was heated to 60°C probably due to loss of
nitrogen before reaction of the diazonium salt with ethylxanthate. After removing
impurities on work-up, the 2,6-dibromophenyl ethyl xanthate was treated with potassium
hydroxide to yield 2,6-dibromobenzenethiolate. Acidification of the thiolate gave the
desired thiol 16 with ~72% yield. This three-step reaction gave significantly lower yield
when the scale was increased. Moreover, compound 16 was obtained with the
corresponding disulfide even after purification by column chromatography and
preparative plate chromatography. It is obvious that this compound tends to slowly
oxidatively dimerize to make the corresponding disulfide. Therefore, the crude
compound was used in the next step without further purification.
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Scheme 3-16
Synthesis of 2,6-dibromothiophenol 16

The next step is converting the SH into tBuS. Diéguez and co-workers
successfully converted binaphthyl dithiol into 2,2'-bis(tert-butylthio)-1,1'-binaphthalene71.
Their conditions were followed since it seems to overcome the steric problem (Scheme 3). A suspension of 16, tert-butanol, glacial acetic acid, and acetic anhydride was stirred
for 20 min at 0 °C under Ar. Then, 70% aqueous HClO4 was added to the suspension and
continued stirring overnight. Completion of the reaction was checked by TLC (hexanes).
Additional HClO4 was added and stirred one more night if the TLC showed the starting
material. The product was obtained as slightly yellow oil with expected 1H and 13C NMR
spectra.

98

Scheme 3-17
Synthesis of tert-butyl 2,6-dibromophenyl thioether

After successful incorporation of tBuS, the last step is coupling with phenyl rings.
Suzuki coupling with 2,6-diiodophenyl methyl thioether and phenylboronic acid gave a
low yield, 27%, as shown in Scheme 3-15. Compound 17 possesses less effective bromo
and more bulky tBuS groups. It was predicted that the reaction would not produce the
desired product as much as in the reaction with 2,6-diiodophenyl methyl thioether. The
first attempt was conducted with 17 (0.256 mmol, 1 eq.), LiCl (0.825 mmol, 3.2 eq.), 2M
Na2CO3 (0.443 mmol, 1.7 eq.), phenylboronicacid (0.549 mmol, 2.1 eq.), and Pd(PPh3)4
(0.0276 mmol, 0.1 eq.) in refluxing dioxane (bp 101 °C). After 24h reaction and
following work-up, 1H NMR spectroscopy was used to monitor the disappearance of the
t

Bu peak at 1.42 ppm attributed to the starting material 17. As expected, the 1H NMR

spectrum of the crude product showed a large peak at 1.42 ppm due to the tBu of 17,
unreacted starting material, with two other smaller singlets more upfield (Figure 3-1).
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Later it was found that the peak at 1.01 ppm is from mono-substituted compound 13b and
the peak at 0.67 ppm is from the desired compound 13a by mass spectroscopic analysis.
By integration the respective tBuS signals were 1.00 (17) : 0.70 (mono-substituted) : 0.11
(13a) with the calculated yield for 13a based on the integration of only 6 %. Since the 1H
NMR spectrum clearly showed that the reaction was not complete, optimization of this
reaction was pursued to improve the yield.
In the second attempt a lower reaction temperature of 85 °C was used to avoid the
possibility of decomposition of the desired product. The reaction started with twice the
amount of 2M Na2CO3 (3.4 eq.) but did not show any improvement after 24 h stirring at
85 °C. Then, additional palladium catalyst (0.1 eq.) was added to the reaction and
continued stirring at same temperature. After 24 h, no improvement was observed and the
reaction temperature was increased to reflux and continued at this temperature for another
24h. Nevertheless, no improvement was observed.
The third attempt was conducted with twice amount of phenylboronic acid (4.2
eq.) and monitored by 1H NMR spectroscopy. After 24 h the NMR spectrum showed
nearly complete disappearance of the starting material peak (Figure 3-1). However, there
remained a significant amount of mono-substituted compound. Therefore, additional
boronic acid (8.4 eq. in total) was added to the solution and the reaction was refluxed for
another 24 h. The NMR spectrum then showed that the reaction was almost completed
with only a small amount of mono-substituted compound remaining. One more additional
portion of the boronic acid (12.6 eq. in total) was added and reflux continued for another
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24 h, finally resulting in the completion of the reaction. Consequently, it was found that
increased addition of boronic acid portion wise can push the reaction to the completion.
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Figure 3-1
Effect of the amount of boronic acid
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There is one failed experiment which contributed greatly to development of the
methodology for synthesis of m-terphenyl thioethers using the Suzuki coupling reaction.
This experiment was run using same conditions as in the first attempt. If nothing
happened, it was supposed to give same result, which was 6 % of the desired product,
13a. However, the reaction solvent had dried out during the 24 h reaction. After work-up,
1

H NMR spectrum was recorded on the crude product and saved. After the mass

spectroscopy data was obtained, it was found that in this reaction the product was the
desired product 13a without 17 and mono-substituted compound 13b. What is interesting
here is only 2.1 eq. of phenylboronic acid was used for this reaction and it gave the same
result as with the reaction utilizing 12.6 eq. of phenylboronic acid. Based on these facts,
it was concluded that the concentration of boronic acid is a key factor for Suzuki
coupling for synthesis of alkyl m-terphenyl thioether.
With 4eq. of phenyl boronic acid and less dioxane (2.5M boronic acid in dioxane),
which were arbitrarily decided, Suzuki coupling reaction gave 13a with 81 % yield
without 17 and mono-substituted compound 13b (Scheme 3-18). These conditions have
been used as the typical procedure for synthesis of alkyl m-terphenyl thioethers. It is
worth noting that this Suzuki coupling method does not produce any m-terphenyl which
is very difficult to separate from the desired compound.
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Scheme 3-18
Synthesis of compound 13a by Suzuki coupling

Synthesisof (3-bromo-2'-methoxy-[1,1'-biphenyl]-2-yl)(tert-butyl)sulfane (13b)
It was originally planned that tert-butyl(2,2''-dimethoxy-[1,1':3',1''-terphenyl]-2'yl)sulfane 13c would be prepared by Suzuki coupling of compound 17 with omethoxyphenylboronic acid without formation of compound 13b (Scheme 3-19). TLC
showed one major product in this reaction which was expected to be compound 13c.
Surprisingly, the 1H NMR spectrum showed only one singlet at 1.05 ppm in the tBuS
region, indicating compound 17 reacted completely to give mono-substituted compound
13b but coupling with a second o-methoxyphenylboronic acid did not happen at all.
Presumably, after first coupling witho-methoxyphenyl group, the o-methoxy group would
push tert-butyl group away. Consequently, the tert-butyl group sterically hinders the
other bromo group, preventing the second coupling. Although compound 13c could not
be synthesized, this result enables us to prepare unsymmetrical m-terphenyl derivatives.
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Scheme 3-19
Attempt of synthesis of compound 13c

Synthesis of tert-butyl(2-methoxy-[1,1':3',1''-terphenyl]-2'-yl)sulfane (13d)
What was not clear from the result of mono-substituted compound 13b was
whether only a second o-methoxylphenyl group cannot be coupled with compound 13b.
Therefore, Suzuki coupling was conducted using compound 13b and the less hindered
phenylboronic acid. The product was the desired product, 13d, formed in good yield.
Based on this result, the o-methoxy group of an incoming second omethoxyphenylboronic acid would sterically interact with tert-butyl group preventing
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coupling. On the other hand, it is possible to synthesize unsymmetrical tert-butyl mterphenyl thioethers using compound 13b and non ortho-substituted boronic acids.

Scheme 3-20
Synthesis of compound 13d

Synthesis of tert-butyl(3,3'',5,5''-tetramethoxy-[1,1':3',1''-terphenyl]-2'-yl)sulfane
(13e)
Going back to the original purpose of investigating sulfur-aromatic π interaction,
it is important to study the effects of changing the electron density of the flanking aryl
groups of m-terphenyl thioethers. This can be achieved by changing the functional groups
attached to the aryl group or coupling with heterocyclic aryl groups. Electron-donating
groups will increase electron density in the aromatic ring and electron-withdrawing
groups will decrease it. Therefore, a series of arylboronic acids with various functional
groups were selected to be synthesized by coupling with compound 17. The first one
selected was tert-butyl(3,3'',5,5''-tetramethoxy-[1,1':3',1''-terphenyl]-2'-yl)sulfane 13e
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which requires use of 3,5-dimethoxyphenylboronic acid which was prepared from 3,5dimethoxy-bromobenzene. The yield was slightly lower compared to that of compound
13a. Interestingly, meta-methoxy groups did not interfere with the coupling supporting
the assumption that the ortho-methoxy group interferes with the coupling.

Scheme 3-21
Synthesis of compound 13e

Synthesis of 3,3'-(2-(tert-butylthio)-1,3-phenylene)dithiophene (13f)
Among the various aromatic boronic acids used in this study, only 3thienylboronic acid was used as a heterocyclic aromatic compound. The Suzuki coupling
gave 59 % yield for this reaction. The product was purified by column chromatography
and recrystallized twice. In addition to the expected major product another product was
formed in trace amounts. Based on analysis of the results from the 1H NMR spectrum and
GC-MS data, this trace product was tentatively identified as the tri-thiophene-substituted
terphenyl shown in Scheme 3-22. Although a few results have been reported on the
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unusual cleavage of C(sp2)-S bond72, this result was not pursued further. In order to avoid
formation of tri-thiophene-substituted terphenyl, optimization will be necessary such as
lower reaction temperature and less boronic acid.

Scheme 3-22
Synthesis of compound 13f

Synthesis of tert-butyl(3,3'',5,5''-tetrabromo-[1,1':3',1''-terphenyl]-2'-yl)sulfane
(13g)
Some halogen-bearing phenylboronic acids were tested as well in the coupling
reaction. The corresponding terphenyls obtained have possibilities for not only changing
electron density on the flanking ring but also allowing for the conversion of the halogen
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into other functional groups. Coupling with 3,5-dibromophenyl boronic acid gave
countless products and the 1H NMR spectrum of the crude product showed the absence of
a tBuS peak around 0.7ppm which is expected for the anticipated coupling product.
Apparently, Suzuki coupling occurred mostly between 3,5-dibromophenyl boronic acid
itself.

Scheme 3-23
Attempt of synthesis of compound 13g

Synthesis of tert-butyl(2,2'',4,4'',6,6''-hexafluoro-[1,1':3',1''-terphenyl]-2'-yl)sulfane
(13h)
Coupling with 2,4,6-trifluorophenylboronic acid showed no reaction. Three
fluorines certainly make the boronic acid much less reactive.
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Scheme 3-24
Attempt of synthesis of compound 13h

Synthesis of tert-butyl(4,4''-dichloro-[1,1':3',1''-terphenyl]-2'-yl)sulfane (13i)
Coupling with 4-chlorophenylboronic acid gave the desired compound 13i in
good yield, 72-81 %. A chloro substituent is much less reactive toward Suzuki coupling
than a bromo substituent. Therefore, self-coupling of the chlorophenylboronic acid did
not occur in this reaction. In addition, coupling of the product 13i with
chlorophenylboronic acid did not occur either.
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Scheme 3-25
Synthesis of compound 13i

Synthesis of tert-butyl(3,3''-dinitro-[1,1':3',1''-terphenyl]-2'-yl)sulfane (13j)
Coupling between 17 and 3-nitrophenylboronic acid resulted in a slightly lower
yield of 47 %. Moreover, the self-coupling product of the boronic acid and the desired
compound 13j showed almost same Rf on TLC. As expected, purification by column
chromatography did not work very well. In order to purify 13j several recrystallizations
were required due to co-recrystallized self-coupling product. As discussed above it is not
necessary to use 4 equivalent of boronic acid. Therefore, synthesis of compound 13j was
attempted again with 2.2 eq. of boronic acid to avoid self-coupling that results from using
an excess amount of boronic acid. These conditions worked well and the yield was
improved to 77 %. In addition, self-coupling product was not observed simplifying the
purification procedure.
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Scheme 3-26
Synthesis of compound 13j

The results of the synthesis of tert-butyl m-terphenyl thioethers are summarized in
Table 3-1. Notably, there have been no previous reports on the successful synthesis of
tert-butyl m-terphenyl thioethers. This study showed the first synthetic route to tert-butyl
m-terphenyl thioethers in moderate to good yield. Moreover, it allows the preparation of
terphenyls with a variety of aromatic groups. In particular, unsymmetrical terphenyls can
be easily synthesized owing to the selective mono-coupling of o-methoxyphenylboronic
acid.
In addition, our collaborators measured the oxidation potentials of some of tertbutyl m-terphenyl thioethers. These m-terphenyl thioethers with electron-rich aromatic
rings showed lower oxidation potentials than the control compound, thioanisole (higher
than 1.12V74), which supports our hypothesis that a sulfur radical cation is stabilized by
neighboring aromatic π-electrons.
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Table 3-1. Synthesis of tert-butyl m-terphenyl thioethers
Boronic acid
yield
Oxidation potential
PhB(OH)2
81
NA
13a
o-MeOPh(OH)2
56-75
NA
13b
a
PhB(OH)
70
1.09V
13d
2
3,5-(MeO)2PhB(OH)2
61
0.81V
13e
3-thienyl
51
NA
13f
4-ClPhB(OH)2
72-81
1.19V
13i
3-NO2PhB(OH)2
77
1.30V
13j
a
Yield was obtained from coupling between 13b and phenylboronic acid.

Some methyl m-terphenyl thioethers were synthesized as well. The results are
summarized in Table 3-2. With phenylboronic acids, the yield is almost quantitative,
while methoxyphenylboronic acids gave lower yields in both MeS and tBuS reactions.
This methodology can provide versatile m-terphenyl derivatives by allowing
modifications in the center ring, the flanking rings, and alkyl group bound to sulfur.
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Table 3-2. Synthesis of methyl m-terphenyl thioethers

18
19
20
21

R
H
H
H
Me

Ar
p-MeOPh
3,5-(MeO)2Ph
Ph
Ph

Yield
53
53
99
99

Synthesis of extended m-terphenyls
Morgan and co-workers investigated on atomic coordinates of proteins from the
Atlas of Macromolecular Structure on Microfiche supplied by many different groups of
X-ray crystallographers73. They found the existence of regions which contains chains of
alternating sulfur (from cysteine and methionine residues) and aromatic (from histidine,
phenylalanine, tryptophan, and tyrosine residues) atoms in eight proteins. Those eight
proteins were classified as Group I containing no disulfides and as Group II containing
disulfides. Interestingly, four of the Group I proteins have a role in transporting electrons.
In addition, the S-Ar chain includes the redox cofactor group in each of them. Therefore,
they hypothesized that alternating S-Ar chains are involved in conducting electrons.
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Based on the synthetic results with m-terphenyl derivatives outlined above, it is
feasible to synthesize extended m-terphenyls which possess alternating sulfur and
aromatic rings (Figure 3-2).

Figure 3-2
Alternating sulfur-aromatic ring chain in extended m-terphenyl.

Concomitantly with proving Morgan’s hypothesis, the extended m-terphenyls
may have significant meaning in material chemistry. Conductive polymers have been
known since 1970s. Typically they feature conjugated aromatic rings. However, it may
be possible to obtain delocalization via non-bonding (sulfur p-orbitals) and properly
oriented π-systems such as in extended m-terphenyls as a new type of electron conductor.
In order to synthesize extended m-terphenyls by Suzuki coupling, it is necessary
to prepare the precursor boronic acid and bromo compounds. At first compound 22 was
selected as the boronic acid to be coupled with 13b (Scheme 3-27). Since chloro mterphenyl 13i was in hand, it was used in an attempt to prepare 22 via its corresponding
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Grignard reagent. Unfortunately, the chloro group was found to be unreactive to
magnesium. Next attempted was coupling 17 with benzene-1,4-diboronic acid to yield 22.
Although the coupling occurred in low yield (~33 %), crude product was obtained
successfully. However, the following coupling of 22 with 13b gave no desired product
but rather tert-butyl m-terphenyl thioether and unreacted starting material 13b. Formation
of tert-butyl m-terphenyl thioether probably resulted from decomposition of 22. This
failure was attributed to the use of only a slight excess bromo compound 13b.
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Scheme 3-27
First attempt of synthesis of extended three-sulfur m-terphenyl

In the second attempted coupling of 17 with boronic acid 24, prepared from 13b
and benzene-1,4-boronic acid (Scheme 3-28), 4 equivalents of 24 was used as in the
previously developed method. However, the reaction gave 13d from decomposition of 24
and 25. It is likely that 17 coupled with one equivalent of 24 yielding mono-substituted
compound and then coupled with benzene-1,4-diboronic acid contained in the crude 24
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followed by decomposition of the boronic acid to give 25 as a final product. This
synthesis of the three sulfur m-terphenyl is still under investigation.

Scheme 3-28
Second attempt of synthesis of extended three-sulfur m-terphenyl
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There is another easily accessible synthesis of an extended m-terphenyl. That is,
coupling of 13b with 24 yielding 26 (Scheme 3-29). While 23 possesses three sulfurs
sandwiched by four aromatic rings, 26 possesses two sulfurs sandwiched by three
aromatic rings. The Suzuki coupling gave the desired compound 26 with 21 % yield.

Scheme 3-29
Synthesis of extended m-terphenyl

The structure of compound 26 was unequivocally established by an X-ray
crystallographic structure study. An ORTEP drawing of the molecule is shown in Figure
3-3 and the crystallographic parameters and molecular parameters are given in Appendix
B. This two-sulfur extended terphenyl 26 showed the oxidation potential of +0.993V
which is about 100mV lower than the one-sulfur analogue 13d. The lowering might cause
from the delocalization of the radical cation over the S-Ar chain. Further investigation is
necessary.
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Figure 3-3
X-ray crystallography of 26

Synthesis of 2,6-Di(o-anisyl)anisole (27)81
In addition to the thioether systems, 2,6-di(o-anisyl)anisole 27 was synthesized
using the Suzuki coupling. This compound can exist as atropisomers and the rotation
barrier for the conversion of these isomers is of interest. The needed coupling reaction
also involves o-methoxyphenylboronic acid, which accounts for the lower than usual
yield of 44 %.
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Scheme 3-30
Synthesis of compound 27

This compound has two syn- and one anti-atropisomers (Figure 3-4). At room
temperature these isomers convert into each other very rapidly, resulting in one peak for
the methoxy group on the flanking rings in its 1H NMR spectrum. However, variable
temperature NMR showed two methoxy peaks at low temperature. Based on the
experiment, the interconverting barrier was 41.2 kJ/mol.
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Figure 3-4
Interconversion of two syn- and anti-atropisomers

Figure 3-5 Variable temperature 300 MHz 1H NMR spectra of anisole 27
in CD2Cl2 (OMe region)
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CHAPTER 4
CONCLUSION AND FUTURE DIRECTIONS

Conclusion
In order to investigate the neighboring proline amide participation in electron
transfer on thioether, 6-endo-(methylthio)-bicyclo[2.2.1]heptane-2-endo and 2-exopyrrolidine amides (1-endo and 1-exo) were successfully synthesized. Pulse radiolytic
studies showed the one electron oxidation of 1-endo produced the short-lived transient
with absorption at 390-400 nm ascribed to the 2c-3e SO bond formation, while such
absorption was not detected for 1-exo. Electrochemical studies showed that the oxidation
potential of 1-endo is +0.74 V which is lower by 530 mV than that of 1-exo. This
lowering is attributed to the stabilization by 2c-3e SO bond formation in the case of 1endo in which the amide and sulfur can bond. This illustrates the significant effect of the
neighboring group participation in 1-endo but not in 1-exo on thioether oxidation. This
effect explains the phenomenon observed in Giese’s experiment in which methionine
unexpectedly showed one of highest abilities to function as a hopping site in long range
electron transfer.
In addition to the pyrrolidine amides, 6-endo-(methylthio)-bicyclo[2.2.1]heptane2-endo-proline methyl ester amide 2a was synthesized. Its oxidation potential is +1.15 V,
which is 410 mV higher than that of 1-endo. This anomalously higher oxidation potential
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indicated that the electron density was removed to some extent from the neighboring
amide by n → π* interaction. An X-ray crystallographic structure study revealed that the
distance between the amide oxygen and the ester carbonyl carbon is 2.912 Å which is
shorter than the distance between the ester carbonyl oxygen and the amide carbon, 4.025
Å. The result suggests that the higher oxidation potential is due to the electron density
removal by n → π* interaction.
Hydrolysis of 2a gave the corresponding carboxylic acid amide 2b. Furthermore,
a series of 6-endo-(methylthio)-bicyclo[2.2.1]heptane-2-endo-amides with di-proline
methyl ester 2c, di-proline carboxylic acid 2d, tri-proline methyl ester 2e, and tri-proline
carboxylic acid 2f was synthesized and their redox chemistry and conformations are
under investigation.
In addition to the sulfur-amide interaction, through-space sulfur-aryl interaction
was also investigated. For this purpose synthesis of tert-butyl m-terphenyl thioethers was
developed. Since the 2'-radical or anion of m-terphenyl was found to be very reactive and
abstract a hydrogen atom or proton, respectively, intramolecularly before reacting with
tert-butyl thiylating reagents, the tert-butyl thioether moiety was first incorporated and
then Suzuki coupling incorporated the flanking aromatic rings. In the Suzuki coupling
step, it was found that the use of concentrated arylboronic acid is the key factor in
coupling the center ring with the flanking rings. Moreover, it was found that the coupling
of tert-butyl 2,6-dibromophenyl thioether with o-methoxyphenylboronic acid gave only
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the mono-substituted compound, which enables the synthesis of unsymmetrical tertbutyl m-terphenyl thioethers.
Electrochemical studies of tert-butyl m-terphenyl thioethers showed that electrodonating functional groups on the flanking aryl rings lowered the oxidation potential of
the thioether. On the other hand, electron-withdrawing groups such as nitro showed
higher oxidation potential of the thioether. These results are closely related and consistent
with the results from sulfur-amide interaction, which showed the more electron density
resulted in a more stable 2c-3e SO bond and consequent lowered oxidation potentials.
Based on the results from the synthesis of tert-butyl m-terphenyl thioethers, a
two-sulfur three-aromatic ring extended m-terphenyl derivative was successfully
synthesized. Its oxidation potential is +0.99 V, which is lower than the corresponding
one-sulfur analog by 100 mV. This lowering is tentatively ascribed to the delocalization
of the corresponding radical cation in the extended S-Ar chain. The basis for this effect is
under further investigation.

Future Directions
It is known that tri-proline adopts a PPII helical geometry in polar solvents, which
consists of trans-prolines. In the PPII geometry electron density is transferred from amide
to neighboring carbonyl moiety by n→π* interaction. Therefore, it would be interesting
to synthesize chiral 6-endo-(methylthio)-bicyclo[2.2.1]heptane-2-endo-tri-proline amide,
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chiral 2e or chiral 2f, to study the structure of the polyproline moiety in solution and its
n→π* interaction, which should give more detailed insight into hopping through the
methionine residue in Giese’s electron transfer experiment.
In addition, it is not clear whether n→π* interaction can be directed in the
opposite way that was observed here to increase electron density on the neighboring
amide moiety. Raines reported that cis-proline forms decreasing n→π* interaction results
when the π*carbonyl carbon is not electron deficient enough to preferentially stabilize
trans-proline. Consequently, it may not be possible to increase electron density on the
neighboring amide in our compounds in which the neighboring amides are always n
donors. Therefore, it would be interesting to synthesize a bicyclo amide system that
possesses tri-proline in the opposite direction.

Figure 4-1
2,3-Disubstituted norbornane system with tri-proline in the opposite direction
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In the Giese’s experiment a cystine residue also showed one of the highest
abilities to function as a hopping site among the natural amino acids tested. In order to
investigate the effect on the oxidation potential of a disulfide with neighboring amide
participation, it is necessary to synthesize the 2,6-disubstituted norbornane system shown
below. This compound can be prepared as shown in the Scheme 4-1.

Scheme 4-1
Synthesis of disulfide analog

Lastly, it is necessary to synthesize extended m-terphenyls differing in the number
of sulfur and aromatic rings in the S-Ar chain. Morgan reported that the S-Ar chains in
redox proteins consist of at least two sulfurs and two aromatic rings. Therefore, the
successfully synthesized 2S 3Ar extended m-terphenyl is at the short range limit of such
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electron transport chains. Moreover, the methoxy groups on the terminal phenyl rings
might stabilize the produced radical cation on the sulfur and hence preventing the
delocalization of the radical cation in the S-Ar chain. As a result, it would be ideal to
synthesize longer extended m-terphenyl as shown in Figure 4-2 below.

Figure 4-2
5S 6Ar extended m-terphenyl
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CHAPTER 5
EXPERIMENTAL

Instrumentation
Proton and carbon-13 nuclear magnetic resonance (NMR) spectra were recorded
on Bruker DRX-500 and Bruker DRX-600 spectrometers. Chemical shifts are reported in
parts per million using residual NMR solvent as reference. All coupling constants (J
values) are reported in Hertz (Hz). Infrared spectra were recorded on a Nicolet Impact410 spectrophotometer. All melting points are uncorrected and were recorded on Thomas
Hoover Uni-Melt apparatus. All mass spectra were done at the University of Arizona
Mass Spectrometry Facility using a JEOL HX110A high resolution mass spectrometer.
Materials
Thin layer chromatography (TLC) was carried out on EMD Chemical, Inc. TLC
Plastic Sheets Si 60 F254. Column chromatography was performed using Dynamic
Adsorbents 32-63 micron flash silica gel. All reagents were purchased from Aldrich
Chemical Co. and were used without further purification unless otherwise stated. tertButanol was purchased from J. T. Baker Inc., 200 proof ethanol was purchased from
Decon Laboratories, Inc. and all other solvents were purchased from EMD Chemical, Inc.
Tetrahydrofuran (THF) was purified and dried by distillation from sodium and
benzophenone. Pyridine was dried by refluxing overnight and distilled from calcium
hydride. All reactions were carried under argon unless otherwise indicated.

6-endo-(Methylthio)bicyclo[2.2.1]heptan-2-endo-carboxylic acid pyrrolidine amide
(1-endo). To a solution of 6-endo-(methylthio)bicyclo-[2.2.1]heptane-2-endo-carboxylic
acid 5 (300mg, 1.61mmol), prepared as previously reported60, in THF (6mL) at 0°C, was
added thionyl chloride (0.174mL, 2.41mmol) and a drop of DMF under argon. After the
reaction mixture was stirred for 6h at 5-10°C, pyrrolidine (1.34mL, 16.1mmol) was
added to the solution at 0°C. The mixture was allowed to warm to room temperature and
stirred overnight. The THF and excess pyrrolidine were removed under reduced pressure.
The residue was dissolved in ethylacetate (50mL) and washed successively with 1M HCl
(50mL), water (50mL), brine (50mL), dried over MgSO4, and concentrated under
reduced pressure. The residue was purified by silica gel chromatography using
chloroform:ethyl acetate (3:2) as eluant to give 1-endo as a white solid (353mg, 92%).
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The product was further purified by recrystallization twice from diethyl ether:hexanes
(1:1):mp 49-50°C; 1H NMR (600MHz, CDCl3) δ1.26 (ddd, J=12.0, 6.6, 1.8Hz, 1H), 1.51
(m, 1H), 1.64 (ddt, J=12.0, 4.2, 3.0Hz, 1H), 1.74-1.92 (m, 3H), 1.95(m, 1H), 1.99 (s, 3H),
2.09 (ddt, J=12.0, 4.8, 3.0Hz, 1H), 2.26 (ddd, J=12.0, 4.8, 3.0Hz, 1H), 2.30 (t, J=4.2Hz,
1H), 2.77 (dt, J=11.4, 4.2Hz, 1H), 2.82 (br s, 1H), 2.97 (dddd, J=11.4, 6.6, 3.6, 1.2Hz,
1H), 3.40 (ddd, J=12.6, 8.4, 4.8Hz, 1H), 3.52 (m, 3H); 13C NMR (600MHz, CDCl3) δ
16.85, 24.18, 26.63, 32.75, 36.98, 37.21, 42.66, 43.67, 44.68, 46.52, 46.80, 49.07,
171.87; IR (KBr) 1622 (C=O) cm-1; HRMS (GCT MS EI+, m/z): Calcd. for C13H21NOS,
239.1344; Found: 239.1332.
6-endo-(Methylthio)bicyclo[2.2.1]heptan-2-exo-carboxylic acid pyrrolidine amide (1exo). Sodium tert-butoxide was freshly prepared by adding sodium metal (0.5g, 22mmol)
to tert-butanol (10mL) and stirring the solution for 2d. After the excess tert-butanol was
removed under reduced pressure, the sodium tert-butoxide was dissolved in DMSO
(30mL). To this solution, 1-endo (145mg, 0.606mmol) was added. This solution was
stirred and heated at 100°C overnight under argon. The solution was then allowed to cool
to room temperature, the DMSO evaporated under reduced pressure and the residue was
dissolved in ethylacetate, washed successively with water, 1M HCl, brine, dried over
MgSO4, and concentrated under reduced pressure. The crude product was purified by
silica gel chromatography using chloroform:ethyl acetate (1:1) as eluant to give 1-exo as
a white solid (138mg, 95%). The product was further purified by recrystallization twice
from diethylether:hexanes (1:1) : mp 62.5-63.5°C; 1H NMR (500MHz, CDCl3) δ0.80
(ddd, J=13.0, 6.0, 2.5Hz, 1H), 1.29 (d, J=10.0Hz, 1H), 1.43 (ddd, J=11.5, 9.0, 2.0Hz, 1H),
1.77-1.94 (m, 6H), 2.01 (m, 1H), 2.04 (s, 3H), 2.25 (t, J=4.0Hz, 1H), 2.46 (d, J=2.5Hz,
1H), 2.99 (ddd, J=11.5, 6.0, 3.5Hz, 1H), 3.13 (dd, J=9.0, 6.0Hz, 1H), 3.41 (t, J=7.0Hz ,
2H), 3.49 (t, J=6.5Hz, 2H); 13C NMR (500MHz, CDCl3) δ15.79, 24.48, 26.40, 35.14,
36.71, 37.11, 37.57, 38.91, 44.08, 46.05, 46.59, 48.30, 174.46; IR (KBr) 1623 (C=O) cm1
; HRMS (GCT MS EI+, m/z): Calcd. for C13H21NOS, 239.1344; Found: 239.1355.
Methyl -6-endo-(methylthio)bicyclo[2.2.1]heptane-2-endo-carbonyl)pyrrolidine-2carboxylate (2a). The procedure for synthesis of 6-endo(methylthio)bicyclo[2.2.1]heptane-2-endo-carboxamide previously reported78 was
modified and used. To a solution of 6-endo-(methylthio)bicyclo[2.2.1]heptane-2-endocarboxylic acid 5 (200mg, 1.07 mmol) in THF (4 mL) at 0°C, was added thionyl chloride
(0.117 mL, 1.61 mmol) and a drop of DMF. After the reaction was stirred for 6h at 510°C, the solution was allowed to warm up to room temperature. The THF and excess
thionyl chloride was evaporated under reduced pressure. The crude acid chloride was
dissolved in dry dichloromethane (5 mL) and added dropwise to the solution of L-proline
methyl ester hydrochloric acid (1.77g, 10.7 mmol) and TEA (3.00 mL, 21.4 mmol) in dry
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dichloromethane (30 mL) at 0°C. The resulting solution was allowed to warm up to room
temperature and stirred overnight. The dichloromethane and excess TEA was evaporated
under reduced pressure. The residue was dissolved in EtOAc (50 mL) and washed
successively with satd. NaHCO3 (50 mL), 1M HCl (50 mL), and brine (50 mL). The
organic layer was dried with MgSO4, filtered, and concentrated under reduced pressure.
The crude product was purified by silica gel chromatography using
ethylacetate/chloroform (1:1) as eluent to give 2a as a slightly brown oil (70%). 1H NMR
(500MHz, CDCl3) δ(diastereomers +rotamers) 1.20 (m, 1.18H), 1.45-1.58 (m, 2.10H),
1.58-1.77 (m, 1.03H), 1.78-2.30 (m, 10.72H), 2.51 (dt, J=11.5, 4.0Hz, 0.19H), 2.75 (m,
0.45), 2.81-2.87 (m, 1.36H), 2.88-3.02 (m, 1.01H), 3.46-3.61 (m, 0.52H), 3.62-3.73 (m,
4.55H), 4.36 (dd, J=8.5, 2.5Hz, 0.49H), 4.55 (dd, J=8.0, 4.5Hz, 0.23H), 4.66 (dd, J=8.5,
2.0Hz, 0.17H); 13C NMR (500MHz, CDCl3) δ(diastereomers +rotamers) 13.87, 14.37,
16.91, 17.10, 17.27, 19.29, 21.22, 22.37, 25.30, 25.42, 29.11, 29.17, 30.82, 31.97, 32.38,
32.94, 33.37, 36.39, 36.91, 37.04, 37.17, 37.75, 42.56, 42.68, 42.87, 43.67, 43.83, 44.15,
44.43, 44.45, 45.74, 47.34, 47.38, 47.55, 48.25, 49.18, 49.33, 51.99, 52.19, 52.67, 58.94,
59.59, 59.85, 60.56, 172.37, 172.40, 172.73, 172.82, 173.26, 173.71; IR (neat) 1195,
1418, 1634, 1750, 2874, 2953, 3468 cm-1; HRMS (GCT EI+, m/z): Calcd. for
C15H23NO3S, 297.1399; Found: 297.1398.
6-endo-(Methylthio)bicyclo[2.2.1]heptane-2-endo-carbonyl)pyrrolidine-2-carboxylic
acid (2b). Selective hydrolysis of methyl ester moiety of 2a to yield the corresponding
carboxylic acid was conducted using a procedure reported by Jacobsen et al79. Compound
2a (1.80g, 6.05 mmol) was dissolved in THF (35 mL) and the solution was cooled to 0°C.
LiOH monohydrate (279 mg, 6.65 mmol) was dissolved in H2O (15 mL) and the solution
cooled to 0°C before being added dropwise to the solution of 2a. The reaction mixture
was stirred and monitored by TLC (1:1 ethylacetate/chloroform). After disappearing of
the 2a on TLC, solid NaHCO3 (1.00 g, 11.9 mmol) was added. Stirring was continued for
20 minutes and the THF evaporated. The solution was diluted with H2O (2 mL), washed
with diethylether (2×5 mL) and acidified to pH 2 by addition of 2M aqueous H2SO4. The
resulting solution was extracted with CH2Cl2 (10 mL + 4 × 4 mL). The combined organic
extracts were dried with MgSO4 and concentrated under reduced pressure to give 2b as a
white solid (70%). 1H NMR δ(diastereomers +rotamers) 1.19 (ddd, J=12.5, 7.0, 2.0Hz,
0.45H), 1.24 (ddd, J=13.0, 7.0, 1.5Hz, 0.61H), 1.54-1.63 (m, 2.42H), 1.68-1.77 (m,
1.14H), 1.77-1.88 (m, 0.75H), 1.88-2.11 (m, 5.77H), 2.11-2.19 (m, 1.53H), 2.26 (ddd,
J=12.5, 4.0, 2.5Hz, 0.66H), 2.36 (br s, 0.99H), 2.54-2.64 (m, 1.06H), 2.82-2.91 (m,
1.45H), 2.93 (br s, 0.61H), 2.98 (dddd, J=11.5, 7.0, 3.5, 1.0Hz, 0.62H), 3.03 (dddd,
J=11.5, 6.5, 3.5, 1.0Hz, 0.42H), 3.55-3.72 (m, 2.16H), 4.63 (dd, J=8.5, 1.5Hz, 0.59H),
4.65 (dd, J=8.0, 4.0Hz, 0.40H); 13C NMR (500MHz, CDCl3) δ(diastereomers +rotamers)
14.33, 16.70, 17.01, 17.03, 20.99, 21.20, 22.32, 25.22, 25.36, 26.87, 27.67, 31.93, 32.46,
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33.02, 33.26, 36.57, 36.99, 37.04, 37.07, 37.12, 42.42, 42.60, 43.68, 44.31, 44.36, 44.47,
45.27, 47.69, 48.04, 48.07, 48.22, 49.11, 49.28, 60.65, 61.15, 61.57, 172.20, 176.27,
176.90, 177.25; IR (KBr) 1175, 1444, 1603, 1745, 2874, 2962 cm-1; HRMS (GCT EI+,
m/z): Calcd. for C14H21NO3S, 283.1242; Found: 283.1248.

Methyl 6-endo-(methylthio)bicyclo[2.2.1]heptane-2-endo-carbonyl)pyrrolidine-2carbonyl)pyrrolidine-2-carboxylate (2c). The method reported by El-Faham and
Albericio was slightly modified and used80. A solution of HBTU (1.10 g, 2.91 mmol) in
DMF (5 mL) was added to a solution of compound 2b (750 mg, 2.64 mmol), DIEA (3.67
mL, 21.1 mmol), L-proline methyl ester hydrochloric acid (1.74 g, 10.5 mmol) in DMF
(5mL) at 0°C. The reaction mixture was stirred at 0°C for 1h and allowed to warm up to
room temperature and stirred overnight. Then, ethylacetate was added (20 mL). The
organic layer was washed with satd. Na2CO3 (2×10 mL), 10% citric acid (2×10 mL) and
brine (×10 mL), and dried with MgSO4, filtered, and evaporated under reduced pressure.
The crude product was purified by silica gel chromatography using 1%MeOH in EtOAc
to remove less polar impurities and then 3%MeOH in CHCl3 to isolate compound 2c as
slightly brown oil (53%). 1H NMR δ(diastereomers +rotamers) 1.15 (ddd, J=12.5, 6.5,
2.5Hz, 0.55H), 1.23 (ddd, J=12.5, 6.5, 2.0Hz, 0.92H), 1.47 (d, J=9.5Hz, 1.03H), 1.54 (t,
J=9.0Hz, 0.96H), 1.59-1.72 (m, 1.07H), 1.78-2.30 (m, 14.12H), 2.31-2.43 (m, 0.54H),
2.72-2.88 (m, 1.94H), 2.92-2.98 (m, 0.85H), 3.54-3.78 (m, 5.54H), 3.90 (dt, J=9.5, 7.5Hz,
0.35H), 4.19 (dt, J=9.5, 7.0Hz, 0.43H), 4.41 (dd, J=8.5, 4.5Hz, 0.41H), 4.54 (dd, J=8.5,
4.5Hz, 0.39H), 4.59 (dd, J=8.5, 2.5Hz, 0.34H), 4.78 (ddd, J=8.5, 4.0Hz, 0.06H), 4.91
(ddd, J=7.5, 3.5Hz, 0.42H); 13C NMR δ(diastereomers +rotamers) 13.84, 14.33, 16.99,
17.55, 19.26, 21.17, 25.00, 25.12, 25.19, 25.23, 28.38, 28.96, 29.14, 30.78, 32.29, 32.89,
37.03, 37.12, 37.14, 37.36, 38.74, 42.34, 42.67, 43.60, 43.64, 44.52, 45.36, 46.74, 47.03,
47.48, 47.57, 48.56, 49.27, 52.18, 57.35, 58.74, 58.78, 60.51, 170.65, 171.23, 171.40,
172.02, 172.46, 173.14, 173.18; IR (neat) 1197, 1436, 1634, 1742, 2874, 2953, 3469cm-1;
HRMS (LCQ ESI+, m/z) for C20H30N2O4S: Calcd. [M+H+], 395.19990; Found:
395.19968.
6-endo-(methylthio)bicyclo[2.2.1]heptane-2-endo-carbonyl)pyrrolidine-2carbonyl)pyrrolidine-2-carboxylic acid (2d). The procedure for compound 2b was used
to hydrolyze 2c to yield 2d (50-96%) as white solid. 1H NMR δ(diastereomers +rotamers)
1.35-1.88 (ddd, J=2.5, 6.5, 12.5 Hz, 0.62H), 1.47-1.52 (m, 1.07H), 1.53-1.59 (m, 1.05H),
1.64-1.74 (m, 1.02H), 1.81-1.84(m, 0.41H), 1.91-2.17 (m, 13.6H), 2.23-2.33 (m, 1.56H),
2.33-2.44 (m, 1.58H), 2.77-2.90 (m, 2.10H), 2.94-3.00 (m, 0.99H), 3.51-3.59 (m, 1.07H),
3.61-3.67 (m, 0.67H), 3.68-3.80 (m, 1.78H), 3.84-3.90 (m, 0.39H), 4.12-4.19 (m, 0.58H),
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4.52-4.57 (m, 0.89H), 4.63-4.67 (m, 0.38H), 4.81-4.85 (t, J=5.5Hz, 0.52H); 13C NMR
δ(diastereomers +rotamers) 17.04, 25.21, 25.24, 27.62, 28.57, 28.60, 32.88, 37.15, 37.25,
42.66, 43.75, 44.50, 45.38, 47.60, 47.63, 47.73, 49.25, 57.57, 58.81, 60.02, 60.24, 172.72,
172.82, 172.91, 173.19, 173.81, 174.12; IR (neat) 1192, 1319, 1436, 1635, 1734, 2872,
2962 cm-1; Anal. Calcd for C19H28N2O4S•H2O: C, 57.26; H, 7.59; N, 7.03. Found: C,
57.29; H, 6.74; N, 6.65.

Methyl 6-endo-(methylthio)bicyclo[2.2.1]heptane-2-endo-carbonyl)pyrrolidine-2carbonyl)pyrrolidine-2-carbonyl)pyrrolidine-2-carboxylate (2e). The procedure for
the synthesis of compound 2c was used to couple 2d and H-ProPro-OMe TFA salt. The
crude product was purified by silica gel chromatography using methanol/ethylacetate
(1:4) to isolate 2e as a slightly brown oil (12%). 1H NMR δ(diastereomers +rotamers)
0.92 (q, J=7.5Hz, 0.31H), 1.15 (dd, J=12.0, 5.5Hz, 0.45H), 1.18-1.24 (m, 1.10H), 1.281.37 (m, 0.55H), 1.42-1.72 (m, 3.46H), 1.81-2.32 (m, 17.48H), 2.73-2.99 (m, 4.80H),
3.49-3.75 (m, 4.80H), 3.49-3.75 (m, 7.07H), 3.82-3.89 (m, 0.43H), 4.06 (t, J=7.5Hz,
0.50H), 4.47 (dd, J=8.5, 3.0Hz, 0.77H), 4.57 (dd, J=7.0, 3.5Hz, 0.74H), 4.70 (br s,
0.48H), 4.83 (d, J=7.5Hz, 0.30H); 13C NMR δ(diastereomers +rotamers) 13.49, 13.84,
14.03, 14.34, 16.98, 17.10, 17.55, 19.25, 21.15, 21.19, 22.27, 24.99, 25.02, 25.24, 28.29,
28.91, 28.93, 30.77, 31.56, 32.21, 32.90, 33.33, 36.61, 37.05, 37.12, 37.14, 37.72, 38.74,
42.67, 43.56, 43.78, 44.55, 45.60, 46.68, 46.71, 47.06, 47.66, 48.30, 49.22, 52.23, 52.31,
57.80, 57.83, 58.27, 58.44, 58.67, 58.73, 58.94, 60.51, 64.47, 162.63, 170.27, 170.43,
170.69, 170.99, 171.00, 171.11, 171.34, 171.77, 172.00, 172.37, 172.85, 172.94, 172.99;
IR (neat) 1198, 1436, 1652, 1739, 2875, 2953, 3469cm-1; HRMS (ESI+, m/z) for
C25H37N3O5S: Calcd. [M+H+], 492.25267; Found: 492.25279.
6-endo-(Methylthio)bicyclo[2.2.1]heptane-2-endo-carbonyl)pyrrolidine-2carbonyl)pyrrolidine-2-carbonyl)pyrrolidine-2-carboxylic acid (2f). The procedure
for compound 2b was used to hydrolyze 2e to yield 2f (45%). 1H NMR δ(diastereomers
+rotamers) 0.80-0.95 (m, 0.34H), 1.04 (ddd, J=15.5, 8.0, 3.0Hz, 0.21H), 1.10 (ddd,
J=15.5, 9.0, 2.0Hz, 0.58H), 1.20-1.34 (m, 1.37H), 1.50 (d, J=12.0Hz, 0.96H), 1.54-1.72
(m, 2.16H), 1.74-2.33 (m, 17.89H), 2.34-2.50 (m, 1.03H), 2.59-2.66 (m, 0.14H), 2.702.90 (m, 1.46H), 2.92-3.00 (m, 0.79H), 3.00-3.12 (m, 0.35H), 3.37-3.79 (m, 5.22H), 3.86
(dt, J=11.5, 9.0Hz, 0.56H), 4.13-4.20 (m, 0.17H), 4.26 (dd, J=10.0, 4.0Hz, 0.04H), 4.354.40 (m, 0.12H), 4.47-4.58 (m, 1.60H), 4.66 (dd, J=10.0, 5.5Hz, 0.57H), 4.70 (m, 0.09H),
4.76 (m, 0.17H), 4.92 (dd, J=10.5, 4.5Hz, 0.04H) ; 13C NMR δ(diastereomers +rotamers)
17.15, 17.52, 22.53, 25.48, 25.52, 25.57, 28.32, 28.36, 28.68, 28.70, 33.26, 37.05, 37.48,
37.57, 42.85, 42.95, 43.81, 44.11, 44.57, 47.66, 47.81, 47.85, 47.96, 47.99, 48.79, 49.79,
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58.18, 58.39, 58.42, 58.82, 59.05, 59.33, 60.04, 60.10, 60.14, 60.19, 172.03, 172.25,
173.16,173.34; IR (KBr) 1436, 1652, 1742, 2878, 2955, 3447cm-1; HRMS (LCQ ESI+,
m/z) for C24H35N3O5S: Calcd. [M+H+], 478.23702; Found: 476.23684.
Chiral methyl 6-endo-(methylthio)bicyclo[2.2.1]heptane-2-endocarbonyl)pyrrolidine-2-carboxylate (chiral 2a). 6-endo-(methylthio)bicyclo[2.2.1]heptane-2-endo-carboxylic acid 5 (862 mg, 4.63 mmol) was dissolved in
10mL of chloroform and the solution was heated to almost boiling. Then, (R)-(+)methylbenzylamine was cautiously added to the solution. The solution was allowed to
cool to room temperature and stand for 2 days to crystallize. The white crystallized salt
was filtered and washed with cold chloroform and then dried under vacuum. The 1H
NMR spectrum of the salt showed one peak for SMe (In case of the salt is a mixture of
the diastereomer, 1H NMR shows two peaks for SMe). The salt was partially dissolved in
H2O (20mL) and 1M HCl (20mL) to convert the amine salt into the free acid. The free
acid was extracted with EtOAc (50mL×3) and dried over MgSO4. The EtOAc was
removed under reduced pressure to obtain the enantiomerically pure carboxylic acid 5.
The 1H NMR showed identical peaks with racemic carboxylic acid 5 and the melting
point was 133-134°C. Following the procedure for 2a, the crude product was obtained
and purified by silica gel chromatography using ethylacetate/chloroform (1:1) as eluent to
give chiral 2a as a slightly brown oil (70%). The product was further purified by vacuum
distillation (100°C). 1H NMR (500MHz, CDCl3) δ(rotamers) 1.13-1.28 (m, 1.13H),
1.45-1.72 (m, 2.98H), 1.80-2.06 (m, 4.44H), 2.01-2.30 (m, 5.72H), 2.51 (dt, J=11.5,
4.0Hz, 0.18H), 2.75 (m, 0.43), 2.81-2.87 (m, 1.29H), 2.87-3.02 (m, 0.95H), 3.46-3.53 (m,
0.21H), 3.54-3.61 (m, 0.28H), 3.62-3.74 (m, 4.31H), 4.36 (dd, J=8.5, 2.5Hz, 0.45H), 4.55
(dd, J=8.5, 4.5Hz, 0.22H), 4.66 (dd, J=8.0, 2.0Hz, 0.16H).

3-endo-(Methylthio)bicyclo[2.2.1]heptan-2-endo-yl)(pyrrolidin-1-yl)methanone (3a).
The method for synthesis of compound 1-endo was used with 3-endo(methylthio)bicyclo[2.2.1]heptanes-2-endo-carboxylic acid (282 mg, 1.51 mmol) as a
starting material. The crude product was purified by silica gel chromatography using
ethylacetate/chloroform (1:1) as eluent to give 3a as a white solid (98%). mp 74-76°C 1H
NMR (500MHz, CDCl3) δ1.30 (m, 2H), 1.42 (d, J=9.5Hz, 1H), 1.53 (dt, J=9.5, 2.0Hz,
1H), 1.78 (m, 2H), 1.89 (double quintet, J=6.5, 3.5, 2.0Hz, 2H), 1.94 (s, 3H), 2.14 (m,
2H), 2.38 (br s, 1H), 2.41 (br s, 1H), 3.00 (ddd, J=11.5, 4.0, 1.0Hz, 1H), 3.11 (ddd, 11.5,
3.5, 2.0Hz, 1H), 3.39 (m, 4H); 13C NMR (500MHz, CDCl3) δ16.77, 22.72, 23.92, 24.43,
26.43, 39.92, 40.92, 41.10, 45.75, 46.70, 47.01, 50.66; IR (KBr) 1436, 1627, 2864,
2948cm-1; HRMS (GCT EI+, m/z): Calcd. for C13H21NOS, 239.1344; Found: 239.1339.
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Methyl 3-endo-(methylthio)bicyclo[2.2.1]heptane-2-endo-carbonyl)pyrrolidine-2carboxylate (3b). The procedure for synthesis of 1-endo was used with slight
modifications. 3-endo-(Methylthio)bicyclo[2.2.1]heptanes-2-endo-carboxylic acid (600
mg, 3.22 mmol) was converted into acid chloride and reacted with L-proline methyl ester
hydrochloric acid (1.06 g, 6.45 mmol) using TEA (1.80 mL, 12.9 mmol). The crude
product was purified by silica gel chromatography using chloroform to remove less polar
impurity and then ethylacetate/chloroform (1:1) to isolate 3b as a slightly brown oil
(17%). 1H NMR (500MHz, CDCl3) δ(diastereomers +rotamers) 1.24-1.37 (m, 2.16H),
1.44 (m, 0.78H), 1.47-1.59 (m, 1.17H), 1.76-2.16 (m, 9.10H), 2.19-2.42 (m, 2.01H), 2.50
(br s, 0.41H), 2.76 (ddd, J=9.5, 3.0, 1.0Hz, 0.16H), 3.03-3.16 (m, 1.68H), 3.43 (dt, J=8.0,
6.0Hz, 0.39H), 3.51-3.59 (m, 1.12H), 3.65-3.72 (m, 3.26H), 4.40 (dd, J=7.0, 3.5Hz,
0.37H), 4.43-4.48 (m, 0.51H); 13C NMR (500MHz, CDCl3) δ(diastereomers
+rotamers)13.87, 14.36, 16.28, 16.84,22.49, 22.56, 22.59, 22.61, 23.40, 23.86, 23.94,
25.14, 25.15, 29.20, 29.32, 30.80, 31.68, 39.82, 39.91, 39.98, 40.83, 41.05, 41.08, 41.18,
41.32, 46.52, 46.77, 47.13, 47.28, 49.85, 50.86, 50.87, 52.21, 52.22, 52.63, 58.76, 58.95,
59.57, 60.54, 64.50, 77.43, 170.38, 170.63, 170.70, 171.26, 171.38, 172.86, 173.22,
173.40; IR (KBr) 1170, 1307, 1418, 1645, 1750, 2873, 2952cm-1; HRMS (GCT EI+,
m/z): Calcd. for C15H23NO3S, 297.1399; Found: 297.1394.
3-endo-(methylthio)bicyclo[2.2.1]heptane-2-endo-carbonyl)pyrrolidine-2-carboxylic
acid (3c). The procedure for the hydrolysis of compound 2b was used to yield 3c as a
white solid (97%). 1H NMR (500MHz, CDCl3) δ(diastereomers +rotamers) 1.36 (m,
1.93H), 1.46 (d, J=10.0Hz, 1.10H), 1.59 (d, J=10.5Hz, 1.09H), 1.82-2.16 (m, 9.32H),
2.38-2.52 (m, 2.85), 3.07 (dt, J=11.5, 3.0Hz, 0.87H), 3.17 (dd, J=11.5, 3.0Hz, 0.90), 3.40
(dt, J=9.5, 7.0Hz, 0.51H), 3.48-3.56 (m, 0.96H), 3.64 (m, 0.52H), 4.60 (t, J=7.0Hz,
0.92H); 13C NMR (500MHz, CDCl3) δ(diastereomers +rotamers) 13.90, 14.40, 15.50,
16.62, 16.67, 19.32, 21.22, 21.26, 22.61, 22.74, 23.64, 23.79, 25.07, 25.11, 25.49, 27.11,
27.42, 30.84, 40.09, 41.02, 41.03, 41.16, 47.01, 48.24, 50.48, 60.34, 60.37, 60.61, 64.57,
171.85, 172.56, 174.88; IR (KBr) 1180, 1436, 1651, 1732, 2958cm-1; HRMS (GCT EI+,
m/z): Calcd. for C14H21NO3S, 283.1242; Found: 283.1245.
2,6-dibromobenzenethiol (16). This compound was prepared by modified literature
procedures69,70. A solution of NaNO2 (0.205g, 2.97 mmol) in H2O (1.5 mL) was added
dropwise to a suspension of 2,6-dibromoaniline (678mg, 2.70 mmol) in aqueous HCl (2.6
mL, 12M) at 0 °C. The mixture was stirred at 0 °C for 90 min. Additional NaNO2 (55 mg,
0.797 mmol) was added. The mixture was stirred for an additional 45 min at 0 °C and
then the resulting cold solution was added dropwise to a stirred solution of potassium
ethylxanthate (525 mg, 3.27 mmol) in H2O (0.65 mL) at 45 °C through a glass pipet with
a plug of glass wool. The reaction mixture was stirred for 30min at this temperature and
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then allowed to cool to room temperature. The reaction mixture was extracted with
diethyl ether (3 × 50 mL). The combined organic extracts were washed with 1M NaOH
solution (100 mL), water (3 × 50 mL), brine (50 mL), dried over MgSO4, filtered and
evaporated under reduced pressure. The resulting crude product was dissolved in ethanol
(8 mL) and heated to reflux. Potassium hydroxide pellets (654 mg, 11.6 mmol) were
added and refluxing continued overnight. After cooling to room temperature, the ethanol
was evaporated under reduced pressure. The residue was dissolved in water and washed
with diethyl ether (100 mL). The aqueous layer was acidified with 1M HCl to pH 2 and
extracted with diethyl ether (3 × 50 mL). The organic extracts were washed with water
(50 mL), brine (50 mL), dried over MgSO4, filtered and evaporated under reduced
pressure. The residue was purified by silica gel chromatography using hexanes as eluent
to give 16 as a slightly yellow solid (518 mg, 72%). This compound always contains
trace amount of oxidized disulfide compound. Therefore, compound 16 was used in next
step without further purification. 1H NMR (500MHz, CD2Cl2) δ5.04 (s, 1H), 6.87 (t,
J=7.0Hz, 1H), 7.52 (d, J=7.0, 2H); IR (KBr) 1400, 1421, 1543, 2553 (SH), 3064,
3458cm-1.
tert-Butyl(2,6-dibromophenyl)sulfane (17). This compound was prepared using
modified procedure reported by Diéguez et al71. A solution of compound 16 (180mg,
0.671 mmol), t-butanol (0.332 mL, 3.49 mmol), AcOH (2.7 mL), and acetic anhydride
(0.387 mL) was stirred at 0 °C for 20 min under argon, and then 70% Aqueous HClO4
(0.108 mL) was added. The solution was allowed to warm to room temperature and
stirred overnight. After t-butanol was removed under reduced pressure, water (50 mL)
was added to the solution. The solution was extracted with CH2Cl2 (3 × 50 mL). The
combined organic layer was washed with NaOH (50 mL), brine (50 mL), dried with
MgSO4, filtered and evaporated under reduced pressure. The resulting crude product was
purified by silica gel chromatography using hexanes as eluent to give 17 as a slightly
yellow oil (87 %-quantitative yield). 1H NMR (600MHz, CD2Cl2) δ1.41 (s, 9H), 7.02 (t,
J=9.0Hz, 1H), 7.68 (d, J=9.0Hz, 2H); 13C NMR (600MHz, CD2Cl2) δ32.22, 52.71,
131.64, 133.44, 135.50, 136.38; IR (neat) 1413, 1542, 2959cm-1; HRMS (GCT MS EI+,
m/z): Calcd for C10H12Br2S, 321.9026; Found: 321.9013.
[1,1':3',1''-Terphenyl]-2'-yl(tert-butyl)sulfane (13a). The method reported by Azzena
and co-workers was slightly modified and used75.To a solution of 17 (400 mg, 1.23
mmol) in distilled dioxane (2.0 mL) under argon, were added a 2M aqueous solution of
Na2CO3 (2.5 mL, 2.46 mmol), LiCl (167 mg, 3.93 mmol), phenylboronic acid (630 mg,
4.92 mmol), and Pd(PPh3)4 (142 mg, 0.123 mmol). The mixture was stirred for 24h. H2O
(50 mL) was added to the resulting suspension and extracted with EtOAc (50 mL). The
organic layer was washed successively with 1M NaOH (50 mL), brine (50 mL), and H2O
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(50 mL), dried with MgSO4, filtered and evaporated under reduced pressure. The crude
product was purified by silica gel chromatography using 1:9 chloroform/hexanes as
eluent to give 13a as a white solid (81%). The product was further purified by
recrystallization twice using diethyl ether:hexanes (1:1). mp 99-100°C; 1H NMR
(600MHz, CD2Cl2) δ0.66 (s, 9H), 7.32 (tt, J=7.8, 1.4Hz, 2H), 7.38 (t, J=7.8Hz, 4H), 7.39
(d, J=7.8Hz, 2H), 7.45 (dd, J=7.8, 6.6Hz, 1H), 7.50 (dd, J=7.8, 1.6Hz, 4H); 13C NMR
(600MHz, CD2Cl2) δ31.48, 49.63, 127.23, 127.77, 129.25, 130.05, 130.57, 131.81,
143.65, 151.15; IR (KBr) 1448, 1560, 2965, 3054cm-1; HRMS (GCT MS EI+, m/z): Calcd
for C22H22S, 318.1442; Found: 318.1432.
(3-Bromo-2'-methoxy-[1,1'-biphenyl]-2-yl)(tert-butyl)sulfane (13b). Compound 13b
was synthesized by coupling compound 17 with 2-methoxyphenylboronic using the
procedure for synthesis of 13a. The crude product was purified by silica gel
chromatography with chloroform:hexanes (1:9 ramped up to 1:1) as eluent to give 13b as
a slightly yellow oil (56-75%). The product was further purified by recrystallization twice
from diethylether:hexanes (1:1). 1H NMR (600MHz, CD2Cl2) δ1.05 (s, 9H), 3.75 (s, 3H),
6.94 (d, J=8.4Hz, 1H), 6.98 (dt, J=7.2, 0.6Hz, 1H), 7.18 (dd, J=7.2, 1.8Hz, 1H), 7.22(t,
J=7.8Hz, 1H), 7.29 (dd, J=7.8, 1.2Hz, 1H), 7.33 (dt, J=7.8, 1.8Hz, 1H), 7.70 (dd, J=7.8,
1.2Hz, 1H); 13C NMR (600MHz, CD2Cl2) δ31.88, 50.29, 55.80, 111.13, 120.15, 129.49,
130.23, 131.05, 132.12, 132.94, 135.70, 148.90, 157.19; IR (neat) 751, 1436, 1456, 1576,
1599, 2917, 3048cm-1; HRMS (GCT MS EI+, m/z): Calcd for 350.0340; Found: 350.0342.
(4,4''-Dimethoxy-[1,1':3',1''-terphenyl]-2'-yl)(methyl)sulfane (18). Compound 18 was
synthesized by coupling (2,6-dibromophenyl)(methyl)sulfane, prepared using a method
reported by Bryant et al76, with 4-methoxyphenylboronic acid using the typical Suzuki
coupling reaction. The crude product was purified by silica gel chromatography using
chloroform/hexanes (1:1) as eluent to give 18 as a white solid (53%). The NMR and IR
spectra, and melting point of the compound were consistent with previously reported
data62.
tert-Butyl(2-methoxy-[1,1':3',1''-terphenyl]-2'-yl)sulfane (13d). Compound 13d was
synthesized by coupling compound 13b with phenylboronic acid using the procedure for
synthesis of 13a. The crude product was purified by silica gel chromatography using
chloroform/hexanes (1:9 ramped up to 1:1) as eluent to give 13d as a white solid (70%).
The product was further purified by recrystallization twice from diethylether:hexanes
(1:1). mp 145-146°C; 1H NMR (500MHz, CD2Cl2) δ0.67 (s, 9H), 3.80 (s, 3H), 6.95 (d,
J=8.0Hz, 1H), 6.99 (dt, J=7.5, 1.0Hz, 1H), 7.25 (dd, J=7.5, 1.0Hz, 1H), 7.29-7.40 (m,
6H), 7.44 (t, J=7.5Hz, 1H), 7.53 (d, J=7.0Hz, 2H); 13C NMR (600MHz, CD2Cl2) δ31.58,
48.88, 55.84, 111.00, 120.20, 127.18, 127.77, 129.05, 130.48, 131.83, 143.69, 157.40; IR
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(KBr) 1231, 1460, 1596, 2833, 2956, 3056cm-1; HRMS (GCT MS EI+, m/z): Calcd for
348.1548; Found: 348.1541.
Methyl(3,3'',5,5''-tetramethoxy-[1,1':3',1''-terphenyl]-2'-yl)sulfane (19). Compound
19 was synthesized by coupling (2,6-dibromophenyl)(methyl)sulfane with 3,5dimethoxyphenylboronic acid using the procedure for synthesis of 13a. The crude
product was purified by silica gel chromatography using dichloromethane as eluent to
give 19 as a white solid (53%). The product was further purified by recrystallization
twice from diethylether:hexanes (1:1). mp 119-120°C; 1H NMR (600MHz, CD2Cl2)
δ1.79 (s, 3H), 3.83, (s,12H), 6.49 (t, J=2.4Hz, 2H), 6.64 (d, J=2.4Hz, 4H), 7.29 (dd,
J=7.8, 6.6Hz, 2H), 7.34 (dd, J=8.4, 6.6Hz, 1H); 13C NMR (600MHz, CD2Cl2) δ19.73,
55.94, 99.55, 108.32, 127.66, 130.31, 134.26, 144.59, 146.84, 160.94; IR (KBr) 1157,
1208, 1336, 1456, 1591, 2832, 2921, 3051cm-1; HRMS (GCT MS EI+, m/z): Calcd for
396.1395; Found: 396.1384.
tert-Butyl(3,3'',5,5''-tetramethoxy-[1,1':3',1''-terphenyl]-2'-yl)sulfane (13e).
Compound 13e was synthesized by coupling compound 17 with 3,5dimethoxyphenylboronic acid using the procedure for synthesis of 13a. The crude
product was purified by silica gel chromatography with dichloromethane:hexanes (4:1) as
eluent to give 13e as a white solid (61%). The product was further purified by
recrystallization twice from diethylether:hexanes (1:1). mp 147-152°C; 1H NMR
(600MHz, CD2Cl2) δ0.79 (s, 9H), 3.82 (s, 12H), 6.45 (t, J=2.4Hz, 2H), 6.66 (d, J=2.4Hz,
4H), 7.38 (dd, J=9.0, 6.0Hz, 2H), 7.42 (dd, J=9.0, 5.4Hz, 1H); 13C NMR (600MHz,
CD2Cl2) δ31.76, 49.42, 55.98, 99.28, 110.11, 129.02, 130.22, 130.43, 145.54, 150.93,
160.43; IR (KBr) 1062, 1162, 1326, 1457, 1590, 2834, 2974cm-1; HRMS (GCT MS EI+,
m/z): Calcd for 438.1865; Found: 438.1849.
tert-Butyl(4,4''-dichloro-[1,1':3',1''-terphenyl]-2'-yl)sulfane (13i). Compound 13i was
synthesized by coupling compound 17 with 4-chlorophenylboronic acid using the
procedure for synthesis of 13a. 13i was obtained as a white solid (72-81%). The product
was further purified by recrystallization twice from diethylether:hexanes (1:1). mp 168170°C; 1H NMR (600MHz, CD2Cl2) δ0.69 (s, 9H), 7.38 (m, 6H), 7.46 (m, 5H); 13C NMR
(600MHz, CD2Cl2) δ30.76, 49.68, 127.34, 128.94, 129.32, 130.12, 132.63, 132.67,
141.35, 149.41; IR (KBr) 1086, 1448, 1487, 1592, 2952, 3043cm-1; HRMS (GCT MS EI+,
m/z): Calcd for 386.0663; Found: 386.0660.
tert-Butyl(3,3''-dinitro-[1,1':3',1''-terphenyl]-2'-yl)sulfane (13j). Compound 13j was
synthesized by coupling compound 17 with 2.2 equivalents of 3-nitrophenylboronic acid
compared with 4 equivalents originally using the procedure for synthesis of 13a.
Compound 13j was obtained as a white solid (77%). The product was further purified by
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recrystallization twice from diethylether:hexanes (1:1). mp 225.5-227°C; 1H NMR
(600MHz, CDCl3) δ0.64 (s, 9H), 7.48 (d, J=7.8Hz, 2H), 7.55 (dd, J=7.8, 6.6Hz, 1H),
7.57 (t, J=8.4Hz, 2H), 7.86 (d, J=7.8Hz, 2H), 8.20 (dd, J=7.8, 1.8Hz, 2H), 8.38 (t,
J=1.8Hz, 2H); 13C NMR (600MHz, CDCl3) δ31.17, 50.94, 122.26, 126.27, 128.48,
129.76, 129.84, 131.06, 137.73, 144.08, 147.79, 148.61; IR (KBr) 1347, 1529, 2972cm-1;
HRMS (GCT MS EI+, m/z): Calcd for 408.1144; Found:408.1125.
[1,1':3',1''-Terphenyl]-2'-yl(methyl)sulfane (20). Compound 20 was synthesized by
coupling (2,6-dibromophenyl)(methyl)sulfane with phenylboronic acid using the
procedure for synthesis of 13a. The crude product was purified by silica gel
chromatography using hexanes to remove a less polar impurity and then 1:4
chloroform/hexanes to isolate the compound 20 as a white solid (99%). The NMR and IR
spectra, and melting point of the compound were consistent with previously reported
data6.
Methyl(5'-methyl-[1,1':3',1''-terphenyl]-2'-yl)sulfane (21). Compound 21 was
synthesized by coupling (2,6-dibromo-4-methylphenyl)(methyl)sulfane with
phenylboronic acid using the procedure for synthesis of 13a. The crude product was
purified by silica gel chromatography using hexanes to remove a less polar impurity and
then 1:9 chloroform/hexanes to isolate the compound 21 as a white solid (99%). The
product was further purified by recrystallization twice from diethylether:hexanes (1:1).
mp 86-87°C; 1H NMR (600MHz, CD2Cl2) δ0.66 (s, 3H), 2.40 (s, 3H), 7.15 (br s, 2H),
7.38 (tt, J=7.8, 1.8Hz, 2H), 7.44 (t, J=7.8Hz, 4H), 7.50 (dd, J=7.8, 1.8Hz, 4H); 13C NMR
(600MHz, CD2Cl2) δ19.61, 21.27, 127.54, 128.27, 128.30, 130.10, 130.14, 130.70,
131.35, 138.13, 142.86, 147.23;IR (KBr) 1402, 1449, 1490, 2922, 3054cm-1; HRMS
(MALDI); Calcd for 290.11237; Found: 290.11238.
2,6-Di(o-anisyl)anisole (27). Compound 27 was synthesized by coupling 1,3-dibromo-2methoxybenzene77 with phenylboronic acid using the procedure for synthesis of 13a. The
crude product was purified by silica gel chromatography using 1:1 chloroform/hexanes
and then chroloform to isolate 27 as a white solid (44%). The product was further
purified by recrystallization twice from diethylether:hexanes (1:1):1H NMR (500MHz,
CD2Cl2)  3.14 (s, 3H), 3.82 (s, 6H), 7.016 (dd, J = 8.3, 1.2 Hz, 2H), 7.018 (dt, J = 1.1,
7.6 Hz, 2H), 7.15 (A, 1H) and 7.23 (B, 2H), AB2 system (JAB = 7.6 Hz), 7.29 (dd, J = 7.7,
1.8 Hz, 2H), 7.36 (ddd, J = 8.2, 7.5, 1.8 Hz, 2H); 13C NMR (500 MHz, CD2Cl2)  60.75,
66.23, 111.34, 120.79, 123.17, 128.61, 129.23, 131.66, 131.85, 132.54, 156.72, 157.45;
IR (KBr) 2934, 2833, 1581, 1491, 1465, 1272, 1237, 1025, 756 cm-1; HRMS (GCT MS
EI+, m/z): Calcd for C21H20O3, 320.1412; Found: 320.1412.
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(2,2''''-Dimethoxy-[1,1':3',1'':4'',1''':3''',1''''-quinquephenyl]-2',2'''-diyl)bis(tertbutylsulfane) (26). First, compound 13b (250 mg, 0.714 mmol) was coupled with
benzene-1,4-diboronic acid (472 mg, 2.85 mmol) using the procedure for synthesis of
13a. After 24h, H2O (50 mL) was added to the resulting suspension and extracted with
EtOAc (50 mL). The organic layer was washed successively with brine (50 mL), and
H2O (50 mL), dried with MgSO4, filtered and evaporated under reduced pressure. The
crude product was purified by silica gel chromatography using ethylacetate/chloroform
(1:1) to remove less polar impurities and then 5% MeOH in chloroform to obtain crude
(2'-(tert-butylthio)-2''-methoxy-[1,1':3',1''-terphenyl]-4-yl)boronic acid 24 as a slightly
yellow solid (184mg). This crude product was used without further purification in next
Suzuki coupling reaction with compound 13b (41 mg, 0.117 mmol). The crude product
was purified by preparative plate using dichloromethane/hexanes (1:1) as eluent to give
26 as a white solid (21 %). 1H NMR (500MHz, CD2Cl2) (s, 18H), 3.82 (s, 6H),
6.96 (d, J=8.5Hz, 2H), 7.00 (dt, J=7.5, 1.0Hz, 2H), 7.28 (d, J=6.5Hz, 2H), 7.34 (m, 4H),
7.45 (m, 4H), 7.56 (s, 4H); 13C NMR (500MHz, CD2Cl2) 31.65, 49.23, 55.85, 110.97,
120.18, 129.03, 130.57, 130.80, 132.69, 142.11, 147.95, 150.19, 157.38; IR (KBr) 1217,
1365, 1738, 2957 cm-1; HRMS (MALDI): Calcd for C32H26O2S2 (M-2×C4H8),
506.13687; Found: 506.13733.

X-ray Crystal Structure Study
The data was obtained on a Bruker Smart 100 diffractometer (APEX2)84 using graphitemonochromated Mo K radiation at 150 K for 1-endo and 100 K for 26. Data85 were
corrected for Lorentz, polarization and absorption86 effects. The structure was solved by
direct methods and refined by full-matrix least-squares-techniques (SHELXTL)87.
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Table 5-1 Crystal data and structure refinement for 1-endo

Chemical formula (moiety)
Chemical formula (total)
Formula weight
Temperature
Radiation, wavelength
Crystal system, space group
Unit cell parameters

Cell volume
Z
Calculated density
Absorption coefficient 
F(000)
Crystal colour and size
Reflections for cell refinement
Data collection method
diffractometer
 range for data collection
Index ranges
Completeness to  = 36.4°
Reflections collected
Independent reflections
Reflections with F2>2
Absorption correction
Min. and max. transmission
Structure solution
Refinement method
Weighting parameters a, b
Data / restraints / parameters
Final R indices [F2>2]
R indices (all data)
Goodness-of-fit on F2
Largest and mean shift/su

C13H21NOS
C13H21NOS
239.37
100(2) K
MoK, 0.71073 Å
monoclinic, P21/c
a = 5.8625(3) Å
 = 90°
b = 14.4664(7) Å
 = 98.613(3)°
c = 14.8726(7) Å
= 90°
3
1247.11(11) Å
4
1.275 g/cm3
0.239 mm1
520
colorless, 0.40  0.31  0.16 mm3
7409 ( range 2.8 to 36.2°)
Bruker Kappa APEXII DUO CCD
 and  scans
2.0 to 36.4°
h 9 to 9, k 24 to 23, l 24 to 24
99.6 %
29268
6053 (Rint = 0.0367)
4861
numerical
0.9094 and 0.9618
direct methods
Full-matrix least-squares on F2
0.0458, 0.1752
6053 / 0 / 229
R1 = 0.0332, wR2 = 0.0844
R1 = 0.0466, wR2 = 0.0920
1.033
0.001 and 0.000
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0.41 and 0.21 e Å3

Largest diff. peak and hole

Table 5-2 Crystal data and structure refinement for 26
Chemical formula
Formula weight
Temperature
Wavelength
Crystal size
Crystal system
Space group
Unit cell dimensions

Volume
Z
Density (calculated)
Absorption coefficient
F(000)

C40H42O2S2
618.86
100(2) K
0.71073 Å
0.10 x 0.15 x 0.20 mm
monoclinic
P 1 21/c 1
a = 14.2500(3) Å α = 90°
b = 14.2983(3) Å β = 101.1930(10)°
c = 8.5433(2) Å
γ = 90°
3
1707.59(6) Å
2
1.204 g/cm3
0.189 mm-1
660

Theta range for data collection
Reflections collected
Coverage of independent
reflections
Absorption correction
Max. and min. transmission
Structure solution technique
Structure solution program
Refinement method
Refinement program
Function minimized
Data / restraints / parameters
Goodness-of-fit on F2
Δ/σmax
Final R indices

1.46 to 25.40°
3137
99.7%
multi-scan
0.9813 and 0.9631
direct methods
SHELXS-97 (Sheldrick, 2008)
Full-matrix least-squares on F2
SHELXL-97 (Sheldrick, 2008)
Σ w(Fo2 - Fc2)2
3137 / 0 / 203
1.065
0.001
2618 data;
R1 = 0.0476, wR2 =

142

I>2σ(I)

Weighting scheme
Largest diff. peak and hole
R.M.S. deviation from mean

0.0931
R1 = 0.0615, wR2 =
all data
0.0976
2
2
w=1/[σ (Fo )+(0.0125P)2+2.9717P]
where P=(Fo2+2Fc2)/3
0.301 and -0.318 eÅ-3
0.053 eÅ-3
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Table A-1 Bond lengths [Å] and angles [°] for 1-endo.
S–C(1)
O–C(9)
N–C(10)
C(1)–H(1)
C(1)–C(6)
C(2)–H(2B)
C(3)–H(3)
C(3)–C(7)
C(4)–H(4B)
C(5)–H(5A)
C(5)–C(9)
C(6)–C(7)
C(7)–H(7B)
C(8)–H(8B)
C(10)–H(10A)
C(10)–C(11)
C(11)–H(11B)
C(12)–H(12A)
C(12)–C(13)
C(13)–H(13B)
C(1)–S–C(8)
C(9)–N–C(13)
S–C(1)–H(1)
S–C(1)–C(6)
H(1)–C(1)–C(6)
C(1)–C(2)–H(2A)
C(1)–C(2)–C(3)
H(2A)–C(2)–C(3)
C(2)–C(3)–H(3)
C(2)–C(3)–C(7)
H(3)–C(3)–C(7)
C(3)–C(4)–H(4A)
C(3)–C(4)–C(5)
H(4A)–C(4)–C(5)
C(4)–C(5)–H(5A)

1.8109(8)
1.2374(8)
1.4651(9)
0.979(12)
1.5412(10)
0.990(14)
0.977(13)
1.5378(10)
0.959(13)
0.994(11)
1.5244(10)
1.5420(10)
1.012(12)
0.985(15)
0.988(14)
1.5216(11)
0.967(12)
0.992(14)
1.5265(11)
0.963(13)
98.74(4)
120.08(6)
104.6(7)
119.93(5)
106.5(7)
112.3(7)
102.89(6)
110.8(7)
113.7(8)
103.07(6)
116.9(8)
113.3(7)
102.87(6)
109.5(7)
109.7(6)

S–C(8)
N–C(9)
N–C(13)
C(1)–C(2)
C(2)–H(2A)
C(2)–C(3)
C(3)–C(4)
C(4)–H(4A)
C(4)–C(5)
C(5)–C(6)
C(6)–H(6)
C(7)–H(7A)
C(8)–H(8A)
C(8)–H(8C)
C(10)–H(10B)
C(11)–H(11A)
C(11)–C(12)
C(12)–H(12B)
C(13)–H(13A)

C(9)–N–C(10)
C(10)–N–C(13)
S–C(1)–C(2)
H(1)–C(1)–C(2)
C(2)–C(1)–C(6)
C(1)–C(2)–H(2B)
H(2A)–C(2)–H(2B)
H(2B)–C(2)–C(3)
C(2)–C(3)–C(4)
H(3)–C(3)–C(4)
C(4)–C(3)–C(7)
C(3)–C(4)–H(4B)
H(4A)–C(4)–H(4B)
H(4B)–C(4)–C(5)
C(4)–C(5)–C(6)

1.8013(10)
1.3462(9)
1.4662(9)
1.5493(10)
0.982(12)
1.5446(11)
1.5329(11)
0.990(13)
1.5560(11)
1.5608(10)
0.956(11)
0.966(12)
0.966(15)
0.969(17)
0.957(13)
1.001(13)
1.5316(11)
0.971(14)
0.977(12)

127.44(6)
111.87(6)
113.36(5)
109.2(7)
102.89(6)
110.7(8)
107.1(11)
113.3(8)
107.69(6)
113.7(7)
100.46(6)
111.8(8)
108.9(10)
110.3(8)
103.43(6)
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C(4)–C(5)–C(9)
H(5A)–C(5)–C(9)
C(1)–C(6)–C(5)
C(1)–C(6)–C(7)
C(5)–C(6)–C(7)
C(3)–C(7)–C(6)
C(3)–C(7)–H(7B)
C(6)–C(7)–H(7B)
S–C(8)–H(8A)
S–C(8)–H(8C)
H(8A)–C(8)–H(8C)
O–C(9)–N
N–C(9)–C(5)
N–C(10)–H(10B)
H(10A)–C(10)–H(10B)
H(10B)–C(10)–C(11)
C(10)–C(11)–H(11B)
H(11A)–C(11)–H(11B)
H(11B)–C(11)–C(12)
C(11)–C(12)–H(12B)
H(12A)–C(12)–H(12B)
H(12B)–C(12)–C(13)
N–C(13)–H(13A)
C(12)–C(13)–H(13A)
H(13A)–C(13)–H(13B)

112.44(6)
107.0(6)
112.70(6)
98.22(5)
100.46(6)
94.54(5)
114.1(7)
113.9(6)
107.4(9)
112.2(10)
109.1(13)
120.50(6)
117.53(6)
110.9(8)
109.1(11)
113.1(8)
109.4(7)
110.2(10)
109.6(7)
109.5(8)
107.4(10)
110.3(8)
109.4(7)
112.9(7)
108.5(10)

H(5A)–C(5)–C(6)
C(6)–C(5)–C(9)
C(1)–C(6)–H(6)
C(5)–C(6)–H(6)
H(6)–C(6)–C(7)
C(3)–C(7)–H(7A)
C(6)–C(7)–H(7A)
H(7A)–C(7)–H(7B)
S–C(8)–H(8B)
H(8A)–C(8)–H(8B)
H(8B)–C(8)–H(8C)
O–C(9)–C(5)
N–C(10)–H(10A)
N–C(10)–C(11)
H(10A)–C(10)–C(11)
C(10)–C(11)–H(11A)
C(10)–C(11)–C(12)
H(11A)–C(11)–C(12)
C(11)–C(12)–H(12A)
C(11)–C(12)–C(13)
H(12A)–C(12)–C(13)
N–C(13)–C(12)
N–C(13)–H(13B)
C(12)–C(13)–H(13B)

106.8(6)
117.22(6)
113.7(7)
114.3(6)
115.7(7)
114.1(7)
112.3(7)
107.7(9)
109.0(9)
112.8(12)
106.5(13)
121.91(6)
111.7(8)
102.64(6)
109.3(8)
111.6(7)
102.75(6)
113.0(7)
113.7(8)
103.88(6)
112.0(8)
104.02(6)
110.4(7)
111.5(7)

C(8)–S–C(1)–C(6)
C(6)–C(1)–C(2)–C(3)
C(1)–C(2)–C(3)–C(7)
C(7)–C(3)–C(4)–C(5)
C(3)–C(4)–C(5)–C(9)
S–C(1)–C(6)–C(7)
C(2)–C(1)–C(6)–C(7)
C(4)–C(5)–C(6)–C(7)
C(9)–C(5)–C(6)–C(7)
C(4)–C(3)–C(7)–C(6)

78.68(6)
12.73(7)
24.99(7)
39.10(7)
123.57(6)
172.56(5)
45.60(7)
32.56(6)
156.90(6)
58.71(6)

Table A-2 Torsion angles [°] for 1-endo.
C(8)–S–C(1)–C(2)
S–C(1)–C(2)–C(3)
C(1)–C(2)–C(3)–C(4)
C(2)–C(3)–C(4)–C(5)
C(3)–C(4)–C(5)–C(6)
S–C(1)–C(6)–C(5)
C(2)–C(1)–C(6)–C(5)
C(4)–C(5)–C(6)–C(1)
C(9)–C(5)–C(6)–C(1)
C(2)–C(3)–C(7)–C(6)

159.38(6)
143.76(5)
80.66(7)
68.37(7)
3.84(7)
67.52(7)
59.43(7)
71.03(7)
53.32(8)
52.39(7)
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C(1)–C(6)–C(7)–C(3)
59.52(6)
C(10)–N–C(9)–O
177.55(7)
C(13)–N–C(9)–O
7.27(10)
C(4)–C(5)–C(9)–O
6.77(9)
C(6)–C(5)–C(9)–O
112.90(8)
C(9)–N–C(10)–C(11) 167.33(7)
N–C(10)–C(11)–C(12) 35.80(8)
C(9)–N–C(13)–C(12) 170.07(6)
C(11)–C(12)–C(13)–N 24.27(8)

C(5)–C(6)–C(7)–C(3)
55.52(6)
C(10)–N–C(9)–C(5)
5.31(10)
C(13)–N–C(9)–C(5)
175.58(6)
C(4)–C(5)–C(9)–N
170.33(6)
C(6)–C(5)–C(9)–N
69.99(8)
C(13)–N–C(10)–C(11)
21.73(8)
C(10)–C(11)–C(12)–C(13) 37.46(8)
C(10)–N–C(13)–C(12)
1.62(8)

Table A-3 Bond lengths [Å] and angles [°] for 26
S1-C5
O1-C2
C2-C3
C3-C4
C4-C5
C6-C20
C7-C9
C8-C9#1
C9-C8#1
C10-C11
C11-C12
C12-C13
C14-C16
C5-S1-C14
O1-C2-C10
C10-C2-C3
C13-C3-C4
C18-C4-C5
C5-C4-C3
C6-C5-S1
C20-C6-C5
C5-C6-C7
C9-C7-C6

1.784(2)
1.365(3)
1.401(3)
1.494(3)
1.408(3)
1.393(3)
1.395(3)
1.380(3)
1.380(3)
1.381(3)
1.376(4)
1.390(3)
1.520(3)
103.31(10)
123.8(2)
120.7(2)
121.8(2)
119.5(2)
122.0(2)
121.15(17)
118.6(2)
124.2(2)
120.0(2)

S1-C14
O1-C1
C3-C13
C4-C18
C5-C6
C6-C7
C7-C8
C8-H8
C9-H9
C10-H10
C11-H11
C12-H12
C14-C17
C2-O1-C1
O1-C2-C3
C13-C3-C2
C2-C3-C4
C18-C4-C3
C6-C5-C4
C4-C5-S1
C20-C6-C7
C9-C7-C8
C8-C7-C6

1.855(2)
1.428(3)
1.386(3)
1.390(3)
1.405(3)
1.489(3)
1.396(3)
0.95
0.95
0.95
0.95
0.95
1.520(3)
117.44(18)
115.5(2)
118.4(2)
119.5(2)
118.4(2)
119.8(2)
118.98(17)
117.1(2)
117.9(2)
121.9(2)
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C9#1-C8-C7
C11-C10-C2
C11-C12-C13
C15-C14-C16
C16-C14-C17
C16-C14-S1
C19-C18-C4
C19-C20-C6

120.6(2)
119.5(2)
119.8(2)
110.3(2)
110.5(2)
103.27(17)
120.6(2)
121.5(2)

C9#1-C8-H8
C11-C10-H10
C11-C12-H12
C15-C14-C17
C15-C14-S1
C17-C14-S1
C19-C18-H18
C19-C20-H20

119.7
120.3
120.1
110.1(2)
110.59(16)
111.91(17)
119.7
119.3

Table A-4 Torsion angles [°] for 26
C1-O1-C2-C10
O1-C2-C3-C13
O1-C2-C3-C4
C13-C3-C4-C18
C13-C3-C4-C5
C18-C4-C5-C6
C18-C4-C5-S1
C14-S1-C5-C6
C4-C5-C6-C20
C4-C5-C6-C7
C20-C6-C7-C9
C20-C6-C7-C8
C9-C7-C8-C9#1
C8-C7-C9-C8#1
O1-C2-C10-C11
C2-C10-C11-C12
C11-C12-C13-C3
C4-C3-C13-C12
C5-S1-C14-C16
C5-C4-C18-C19
C4-C18-C19-C20
C5-C6-C20-C19

-2.1(3)
-178.7(2)
-3.8(3)
61.3(3)
-122.7(3)
7.0(3)
-170.57(18)
-84.1(2)
-5.5(3)
171.1(2)
-45.2(3)
129.5(2)
-0.2(4)
0.2(4)
-179.6(2)
-1.6(4)
1.3(4)
-176.7(2)
-179.55(18)
-3.1(4)
-2.2(4)
0.2(3)

C1-O1-C2-C3
C10-C2-C3-C13
C10-C2-C3-C4
C2-C3-C4-C18
C2-C3-C4-C5
C3-C4-C5-C6
C3-C4-C5-S1
C14-S1-C5-C4
S1-C5-C6-C20
S1-C5-C6-C7
C5-C6-C7-C9
C5-C6-C7-C8
C6-C7-C8-C9#1
C6-C7-C9-C8#1
C3-C2-C10-C11
C10-C11-C12-C13
C2-C3-C13-C12
C5-S1-C14-C15
C5-S1-C14-C17
C3-C4-C18-C19
C18-C19-C20-C6
C7-C6-C20-C19

177.4(2)
0.7(3)
175.7(2)
-113.5(3)
62.5(3)
-169.0(2)
13.5(3)
93.44(19)
171.96(17)
-11.4(3)
138.1(2)
-47.1(3)
-175.0(2)
175.1(2)
1.0(4)
0.5(4)
-1.9(4)
-61.57(19)
61.6(2)
173.0(2)
3.7(4)
-176.6(2)
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