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Abstract
Bismuth compounds have demonstrated bioactivity for over two hundred years. The most
obvious exploitation is the widespread use of bismuth pharmaceuticals, namely, Pepto-
Bismol and De-Nol in the treatment of peptic ulcer disease. However, the mechanism of
bioactivity for bismuth compounds remains unknown and enhancement and development
of their utility requires a fundamental understanding of the bismuth chemistry involved.
An effective approach is the rational synthesis of systematic series of structurally simple
bismuth(IIT) compounds. General, high yield metathesis reactions provide three related
and comprehensive series of dithia and oxathiabismuth heterocycles, (1), (2) and (3) (X =
Cl, Br, I, SCH CH,CH,OH; R = (CH,),4, (CH);0(CHy), (CH2)S(CH:),, Y=CI, Br, I,
NO;, CH;COO). The thermodynamic preference for bismuth to adopt five-membered
rings is demonstrated in the structures of dithiabismolane derivatives (X=Cl,Br,1,
S(CH:);0H) and the bicyclic bis-(2-hydroxylethanethiolato)bismuth compounds. The
compounds are characterized by vibrational and mass spectroscopic, and X-ray crystal
analysis. The solid state structures of (3) show a flexible framework which is attributed to
the relative donor capabilities of the anions.
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Introduction to The Thesis

The chemistry of bismuth is in its infancy and requires an understanding of the
fundamental concepts for enhancement and development of applications such as
bioactivity and low-temperature superconducting materials.">>* Inherent insolubility of
bismuth compounds, namely bismuth chloride (BiCls), bismuth oxide (Bi203) and
bismuth citrate (BiCgHsO») is partially responsible for the restricted understanding of the
chemistry of bismuth. Since the discovery that the pathogen, Helicobacter pylori (Hp)
which is strongly associated with peptic ulcer disease in a large percentage of the world
population, extensive research has determined that bismuth compounds are an essential
part of anti-Hp regimens, however, undesirable factors such as side effects and high cost
give cause for improvements.>5789101L1213 Therefore the establishment of the
importance of bismuth to medicine, particularly gastroenterology, has effected a growing
interest in systematically developing extensive and diverse series of novel bismuth
compounds. Fundamental understanding of bismuth chemistry is necessary before
rational developments in synthesis and applications can be made. Our approach is the
design and development of novel, systematic, extensive series of simple bismuth
compounds which can be quantitatively obtained, comprehensively characterized and
then can be altered by rational modifications. Collaborations with microbiologists,
pharmacologists and gastroenterologists have been instituted with the common goal to
identify relationships between the structural environment of bismuth compounds and their

antimicrobial and other bioactivity.'*!?



The relevance of bismuth to medicine is rationalized through the development of
a chronological history of bismuth pharmaceuticals and their low toxicity in Chapter 1.
Understanding the etiology of ulcer disease allows for a foundation for the mechanism of
efficacious action of bismuth compounds can be established and an opportunity for the
discovery of novel approaches to ulcer-healing may emerge. The chemistry of
oxabismuth heterocycles is comprehensively reviewed in Chapter 2 and a preliminary
investigation of simple dioxa chelate compounds of bismuth is described. The chemistry
of CBS, a complex bismuth citrate salt which is currently used as a pharmaceutical is
assessed and an elementary synthetic attempt is presented. A novel series of bicyclic bis-
(2-hydroxyethanethiolato)bismuth compounds is introduced and along with other
oxathiabismuth heterocycles, some interesting structural trends are observed in Chapter 3.
Chapter 4 provides a review of dithiabismuth heterocycles and discusses two novel series
of tethered and halodithiabismuth compounds. Chapter 5 connects interpretations and
conclusions of Chapters 2, 3 and 4 together through an assessment of the overall state of
characterization of chalcogenobismuth compounds. A discussion on the relevance of the
stereochemically active lone pair on bismuth(I), trends such as bonding environments
and molecular conformations, and a brief summary of the results from bioactivity studies
on five examples of dithiabismuth and oxathiabismuth heterocycles is given. A proposal
for rational, systematic expansion of the series of chalcogenobismuth heterocycles is

presented in Chapter 6.



Chapter 1. Relevance of Bismuth to Medicine

1.1  History of Bismuth in Medicine

The medicinal history of bismuth salts dates back to 1733 when it was
documented that a bismuth salt was used topically in salves.'® In 1786, bismuth
subnitrate was the first bismuth compound to be prescribed for internal use for stomach
ailments.'"'? Since then, bismuth salts have been utilized for a variety of medicinal
purposes, especially as a principal component of gastrointestinal regimens. For example,
the therapeutic potential of bismuth salts in syphilitic patients was recognized by Félix
Balzer in 1889 and the first successful treatment occurred 32 years later. In the early 20th
century, the pharmaceutical usage of bismuth salts, namely bismuth nitrate (Bi(NOs);)
and bismuth oxychloride (BiOCl) increased dramatically and its widespread applicaticns
included antimicrobial and protective agents; salves for burns; hemorrhoid creams,
ointments and suppositories; treatment for hypertension, syphilis and Vincent’s angina;
controlling stomach acid and colostomy odor; a cure for threadworms: and a contrast
media in gastrointestinal radiography.'"'*!” The costliness of and recognition that
bismuth salts were less effective as antacids than other alkaline earth salts, caused a
decline in popularity of bismuth salt usage which began in the 1930’s. A temporary halt
occurred in the mid-1970’s because of reports of severe neurological symptoms
associated with prolonged intake of bismuth subgallate and subnitrate.'® A renaissance of
interest in bismuth salts occurred after the discovery of the pathogen, Helicobacter pylori

in 1985."° Currently, bismuth subsalicylate (BSS, Pepto-Bismol) (see Figure 1.1) and
3
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bismuth subcitrate (CBS, De-Nol, see Section 2.3) are an integral part of the treatment for

gastritis, duodenal ulcer disease associated with Hp and distal ulcerative colitis; and are
used in treatment and prevention of infectious diarrhea, especially childhood and
traveler’s diarrhea.!’2%2'2 Bismuth subgallate (see Figure 1.1), bismuth carbonate
(Bi2(COs),) and bismuth oxyiodide (BiOI) are used in tonsillectomy procedures and ear
surgery to assist blood clotting and reduce the operating time; and in hemorrhoid
treatments. 22422 Antitumour activity has been shown for certain bismuth thiolates.?’
BSS is available in North America whereas both BSS and CBS are used in Europe, Asia

and Australia.>®

o) HOOC fo)
OBIO :BDH
0]
OH OH
Bismuth subsalicylate Bismuth subgallate

Figure 1.1. Proposed structures and formulae of bismuth compounds used as
pharmaceuticals.

The most widely known bismuth-containing pharmaceutical is Pepto-Bismol
which has been used for almost a century and the active ingredient is BSS.'S In 1900, in
order to combat a fatal illness called “cholera infantum,” a physician designed a liquid

preparation which contained BSS, zinc salts and phenyl salicylate. The preparation
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known as “Mixture Cholera Infantum” was designed to appeal to children by the addition

oil of wintergreen for flavor and a red dye to make it pink. The success of Mixture
Cholera Infantum was unprecedented, as it was the only treatment which cured cholera
infantum. The name was eventually changed to Pepto-Bismol since its use had expanded
to include treatment of acute gastroenteritis, diarrhea, nausea, stomach cramps and
vomiting. It has been proposed that the mechanism of anti-diarrheal action of Pepto-
Bismol is the inhibition of bacterial invasion in the gastrointestinal tract.® Research has
confirmed that BSS inhibits growth of a broad spectrum of bacteria in vitro including
human diarrheal pathogens.?

“Colloidal bismuth subcitrate” is an amorphous, complex salt which has been
reported as many molecular formulae, (e.g. Bix(OH)y(C¢HsO9),, K.
«(NHL)x[Bi2(CsHsO7)2(CsHsO7)1(H20)13 and KBi(CsHsO7)(H0)3) and is purported to
consist of many structural and stoichiometric combinations in the solid state.3®*!2? The
name “colloidal bismuth subcitrate” arises from the idea that the average molecules are
large enough that in solution, they are considered colloidal.>

The diversity of the therapeutic uses of bismuth salts throughout the history of
bismuth in medicine suggest that most of these applications were discovered

serendipitously.



1.2 Helicobacter pylori and Treatments Involving Bismuth

Helicobacter pylori is a gram-negative spiral bacteria discovered in 1983 by
Marshall and Warren in the stomach of patients suffering from chronic gastritis.' More
specifically, Hp is found in gastric mucous on the epithelial surface, among epithelial
cells or on mucous glands. Hp is strongly associated with peptic ulcer disease and
gastritis; it is present in 90 - 100 % of patients diagnosed with duodenal ulcers, 75 % with
gastric ulcers and 50 - 60 % with non-ulcer dyspepsia.'?> Studies have also linked Hp
infection to gastric cancer.® The eradication of Hp does cure duodenal and gastric ulcers,
whereas previously, only a control of ulcers was possible with medications that lower
acid production in the stomach. A proposed mechanism of injurious action of Hp is the
induction of mucc;sal inflammation and injury in the stomach by the release of a protease
enzyme thereby weakening the barrier properties of the mucous lining and allowing
stomach acid to come in contact with gastric epithelial cells.>*

Current research has indicated the importance of bismuth salts as part of a
regimen for Hp eradication and treatment of peptic ulceration and non-ulcer
dyspepsia.*>**273% Administration of CBS alone improves dyspepsia by eradication of Hp
and not by any other drug effect in the gastrointestinal tract.® The most effective anti-Hp
regimen is triple therapy which consists of bismuth subsalicylate (2 tablets, four times
daily), metronidazole (500 mg three times daily), and either amoxicillin or tetracycline
(500 mg three or four times daily, respectively) for one or two weeks and is effective in
73 - 94 % of patients.*® Ulcer relapse rates are dramatically reduced after Hp
eradication.*

Several mechanisms have been proposed to explain the efficacy of bismuth salts
in healing Hp-associated duodenal and gastric ulcers,!3405041:424344 1o, pharmacological

mechanism is presumed to be largely due to mucosal protection since CBS actively binds
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mucosal-damaging bile salts and it does not neutralize stomach acid or interfere with acid
secretion. A general mechanistic outline is the formation of an insoluble precipitate,
bismuth oxychloride at the ulcer site immediately upon contact with the acidic
environment of the stomach (pH ~ 1); inhibition of pepsin and prevention of gastric
lesions; and promotion of reepithialization by production of a prostaglandin by gastric
epithelia. It has been estimated that 90 % of precipitation occurs in the ulcer craters to
form a protective coating which prevents further destruction of the gastric epithelial cells.
Stimulation of endogenous prostaglandin synthesis implies that there is an additional
cellular protective effect. Byproducts such as bismuth sulfide (Bi,S3), bismuth
subcarbonate ((BiO),CO;), bismuth phosphate (BiPO,) and salicylic acid
(C¢H4CO,HGH) are formed along the metabolic pathway.28 The antibacterial mechanism
of BSS and CBS includes reduction of bacterial adherence to the epithelial surface,
inhibition of enzymes secreted by Hp and disruption of bacterial structural integrity by
interference with thiol groups.zws'“'” Oxidative phosphorylation is the only source of
energy for an aerobic organism such as Hp which causes the bacteria to be susceptible to
drugs which interfere with the respiratory chain.*® Bismuth subgallate and bismuth
subsalicylate inhibit the respiratory chain of Hp in vitro.

Recently, clinical studies have been carried out with ranitidine bismuth citrate,
(RBC) which is an amorphous substance formed by the equimolar reaction of bismuth
citrate with the H,-receptor antagonist ranitidine with intended combinatorial effects of
the antibacterial effects of bismuth and the antisecretory effects of ranitidine.****® It was
found that RBC has acid-suppressive, mucosal protective, in vitro and in vivo anti-Hp
properties and in combination with antibiotic clarithromycin, it heals duodenal ulcers and
provides symptom relief.***? Both in vitro and in vivo anti-Hp activities of RBC are

approximately equivalent to those of CBS, however, ulcer relapse rates remain high at
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31%.“*° RBC is also effective in protecting gastric and duodenal mucosa from aspirin-

induced injury.>'-2

1.3  Etiology of Ulcer Disease

Peptic ulcer disease encompasses a range of ailments in the upper gastrointestinal
tract such as duodenal and gastric ulcers, gastritis, dyspepsia and esophagitis.'> When
discerning the cause of ulcer disease, one considers the imbalance between aggressive
and defensive factors.*? The cause of a duodenal ulcer is an excess of aggressive factors
such as acid, pepsin and the presence of Hp. However, the extent of weakening of
defensive factors is not completely understood. Conversely, the cause of a gastric ulcer is
the degradation of gastric defensive factors such as the thickness and quality of the
mucous lining, bicarbonate buffering capacity, the integrity of the epithelial cell barrier,
microvasculature and the overall epithelial regenerative capacity.”® The degradation of
the mucous lining and epithelial barrier is attributed to Hp.3* Unless Hp is eradicated
from the gastric mucosa, ulcer relapse rates will remain high, therefore, therapies are
primarily aimed at the eradication of Hp along with the concurrent reduction of acid
secretion.® Optimal treatment strategy considerations for Hp-associated peptic ulcer
disease and gastritis must include high efficacy, simplicity, short treatment duration,

minimized side effects and low cost.>’

14  Toxicity of Bismuth Compounds

The toxic characteristics of arsenic, antimony (like bismuth, also group 15
elements of the periodic table), lead and mercury (periodic neighbours of bismuth) raise
obvious concerns when bismuth compounds are being considered as oral medications.

Bismuth has been used in medicine for a long period of time, however, there is little



documentation of side effects caused by the metal and its salts. In the 19th century,
bismuth salts were contaminated with arsenic which caused great uncertainty in the safety
of their ingestion.!! Adverse effects were not recorded again until the 1970's in France
when there were reports of acute encephalopathy with symptoms of cognitive and motor
dysfunction, hallucinations and delirium. It was determined that the severe side effects
were caused by unsupervised and indiscriminate use of bismuth subnitrate, subcarbonate
and/or subgallate. For example, the dosage of bismuth salts ranged from 700 mgto 20 g
daily for time periods ranging from 4 weeks to 30 years.'? A similar situation
simultaneously arose in Australia and after an investigation into many sudden reports of
bismuth encephalopathy revealed that the cause was prolonged use of high doses of
bismuth subgallate.!'* Periodic reports of bismuth encephalopathy have occurred since
then which are attributed to the abuse of bismuth salts, such as BSS, bismuth nitrate and
bismuth subgallate.26-8-%

Bismuth poisoning is manifested by toxic effects in humans such as nephropathy
(kidneys), encephalopathy (brain), osteoarthropathy (bone), gingivitis (gums), stomatitis
(stomach) and colitis (intestines). Mental disorders such as depression, anxiety,
irritability, ataxia, impaired motor coordination, tremors, and seizures occur in the
preliminary stages of bismuth poisoning.°*® Other effects include unpleasant visual and
auditory hallucinations and altered taste and smell.**>° However, if bismuth intake is
extremely prolonged, a permanent tremor and occasionally death may result. % Severe
renal failure was the result of overdoses of CBS and has been deemed a confirmation for
bismuth use because of accumulation in the kidney.5"? Serious intoxication and death
due to salicylate poisoning have occurred following prolonged, large doses of BSS and
especially to children when BSS is combined with aspirin.5*%*%* The most effective

treatment of bismuth poisoning is cessation of intake of all bismuth-containing
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substances.% Recovery may be gradual as bismuth is excreted from the body with the
symptoms disappearing in reverse order of appearance. The mechanism of bismuth
excretion may involve transport of bismuth from the liver to bile and is by formation of
bismuth-glutathione complexes.”’ The use of dimercaprol (1,2-dimercaptopropan-3-ol)
as a antidote for bismuth poisoning has given both positive and negative results.®® A
systematic in vivo study has shown that chelating dithiol ligands such as dimercaprol, 2,3-
dimercapto-1-propane-sulfonic acid and meso-2,3-dimercaptosuccinic acid (see Figure
1.2) are the best candidates for treating bismuth poisoning.%? However, it has been
suggested that dimercaprol be reserved for patients with life-threatening intoxication or
severe bismuth encephalopathy because of its own toxic potential and painful

intramuscular administration.

SH SH
LGN Py
OH HSO3; SH
Dimercaprol 2,3-Dimercapto-1-propanesulfonic acid
SH O
HO
OH
o SH

2,3-Dimercaptosuccinic acid

Figure 1.2. Structures of dithiols used as antidotes for bismuth poisoning.
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Currently, the maximum recommended dosage of BSS is 4.2 g daily for 3 - 4
weeks.'® There have been no reported cases of neurotoxicity or any other toxic effects in
North America and very few worldwide for persons taking the recommended dosage for
the recommended duration of treatment.%® Only minor adverse effects have been reported
after more than 1.5 million prescriptions for De-Nol have been dispensed.*? Utilized in
recommended dosages, bismuth salts pose no safety hazard. For a complete discussion of

the toxicity of bismuth compounds, see reference 57.



Chapter 2. Oxabismuth Heterocycles

2.1 Introduction

An oxabismuth heterocycle contains at least one ligand which chelates a single
bismuth atom to form two Bi-O bonds which are covalent, coordinative or a combination.
X-ray crystal structure analysis was the most common characterization technique and
reveals similar structural features for the oxabismuth heterocycles. For example,
oxabismuth heterocycles are often contain polyfunctional ligands which are multidentate
and provide intermolecular coordinations to other bismuth centers to link molecules to
form coordination polymers, or encrypt single bismuth atoms restricting intermolecular
coordinations. The most common structural feature is the five-membered ring. The
compounds which contain a five-membered ring can be categorized into tropolone chelate
complexes, multidentate aminoactetatobismuth complexes and other oxabismuth
heterocycles. Tropolone chelate complexes comprise the largest section of the
oxabismuth heterocycles.

The chemistry of colloidal bismuth subcitrate (CBS) has been extensively studied,
primarily for antimicrobial and medicinal purposes. The complexity of the chemistry of
CBS renders it unique and therefore, discussions are separated from the other oxabismuth

heterocycles.

12
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2.1.1 Tropolonatobismuth Compounds

An extensive series of trisubstituted tropolonatobismuth compounds and their
disubstituted chloro, nitrato and phenylbistropolonatobismuth derivatives has been
synthesized and characterized (see Figures 2.1, 2.2 and Tables 2.1, 2.2).69‘7(”""72 The
reaction of chlorobistropolonatobismuth (2.14) with sodium tropolonate yields (2.1) and
(2.2) (see Figure 2.1 and Table 2.1).5° Compounds (2.2) - (2.14) were synthesized by the
reaction of Bi(NO;); with the appropriate tropolone analogue and were characterized by
elemental analysis, 'H and *C NMR and IR spectroscopy. 'H and *C NMR studies
show delocalization of the double bonds in the tropolone ring and partial double bond
character for the two Bi-O bonds. Conductivity studies of (2.2), (2.4), (2.5), (2.8) - (2.13)
indicate that they are neutral in polar solutions. X-ray crystal structures were not obtained

for any of the tristropolonatobismuth compounds.
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Compound R, R, R, R, R,
2.2) H H H H H
23) H Me H H H
2.49) H H Me H H
2.5 Me Me Me H H
(2.6) H CH, H H
2.7 H H NO, H H
(2.8) H H CHO H H
2.9) Br H H H H
(2.10) Br H H H Br
(2.11) Br H Br H Br
(2.12) CH,OH H CH,OH H CH,OH
(2.13) CHNCH,O H CHNCH,O H CH,NCH,O

Figure 2.1. Proposed structures for trisubstituted tropolonatobismuth compounds (2.1) -

(2.13).



Table 2.1. Analytical data for trisubstituted tropolonatobismuth compounds.
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Compound mp(dp] Yield | EA| NMR | IR | MS Conductivity | X-ray
°C g %
[Na}(2.1)"° >400 - x - A - N
(2.2)47°73 | [323-326] - x |'"H®C | x| «x X -
1.6, 90

2.3)° 273 08,41 | x |'H®% | x| - - -
2.4)° [302] 18,95 x ['H "% | x | - X -
2.5)° 275 1572 | x |'H "% | x| - X .
(2.6)° 265-266 | 06,84 [ x | 'H,®%c| x | - - -
2.7° [330] [0579| x |'H"® | x| - - -
(2.8)° (2901 06,91 x | 'H"® | x| x X -
2.9)° [215] (06,74 | x |'H, B | x | - X -
(2.10)° 233 09,8 | x |'HBc| x | - X -
2.11)° 313 37,96 | x |'H.Bc| x | - X -
(2.12)° [2751 0563 x |'H B | x | - X -
(2.13)° 183 14,98 [ x ['HP®| x | - X -

The series of disubstituted tropolonatobismuth compounds are analogous to the

trisubstituted tropolonatobismuth series, except that one tropolone ligand is replaced by a

Cl, NO; or Ph group . The chlorobistropolonatobismuth compounds, (2.14) - (2.19) were
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synthesized by the reaction of Bi(NO;); in concentrated HCI with a three-fold molar

excess of the appropriate tropolone derivative (see Figure 2.2 and Table 2.2). The
nitratobistropolonatobismuth compounds (2.20) - (2.23) were similarly synthesized by the
reaction of Bi(NO;); with a two-fold molar excess of the appropriate tropolone derivative
(see Figure 2.2 and Table 2.2). Elemental analysis, 'H, "*C NMR and IR spectroscopy
and conductivity measurements were used to characterize the disubstituted compounds
(see Table 2.2). The chemical composition of (2.14) was confirmed by elemental analysis
and a square pyramidal structure was proposed.5’ Conductivity studies show that the
phenyl derivative, (2.24) is neutral and compounds (2.19) - (2.22) are 1:1 electrolytes in
polar solutions.

X-ray crystal structures were obtained for compounds (2.20) and (2.22) which
show two bidentate tropolone ligands forming a square planar geometry around the
bismuth atom. Compound (2.20) has two different molecules in the unit cell which
dimerize through intermolecular coordinations from oxygen atoms rendering one bismuth
atom six-coordinate and the other, seven-coordinate. Compound (2.22) crystallizes as
monomers presumably because of the steric bulk of the 4,5-benzotropolone ligand which
restricts intermolecular coordinations from oxygen atoms to the bismuth center. The lone

pair is described as stereochemically active in both compounds.
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(2.14)
(2.15)
(2.16)
(2.17)
(2.18)
(2.19)
(2.20)
(2.21)
(2.22)
(2.23)
(2.24)

Figure 2.2. Proposed structures of disubstituted tropolonatobismuth compounds (2.14) -

(2.24).
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Table 2.2. Analytical data for disubstituted tropolonatobismuth compounds.
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Compound mp|[dp] Yield | EA| NMR | IR | MS | Conductivity | X-ray
°C g, %
21457 | [311-313] - x | L°C| x | x X -
3.9, 98
0.4,90
(2.15)° 285-286 [ 03,60 [ x |'H,%c | x | - - -
(2.16)° 243245 1 04,82 | x |'H " | x | - - -
2.17)° 228-230 [ 03,57 | x |'H,BCc | x | - - -
(2.18)° 285-286 | 02,36 | x |'"H,BC | x | - - -
(2.19)° 290 0576 | x |'H"®C | x| - X -
(2.20)° 271275 | 14,55 | x |'"H,BC | x | «x x X
(2.21)° 276279 | 22,81 | x |'H,BC | x | - X -
(2.22)° 180 .LS7| x {'H® | x| x X X
(2.23)° - - X - . . - -
(2.24)° >330 04,78 | x [ HL®C | x | x X -

Compounds (2.1) - (2.3), (2.6), (2.7), (2.14), (2.15) and (2.17) were examined for

antimicrobial activity for ten strains of Helicobacter pylori (Hp) and MIC (minimum

inhibitory concentration) values were reported.® Compound (2.6) was the only

tropolonatobismuth compound which did not display anti-Hp activity. These results
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indicate that the anti-Hp properties of the tropolonatobismuth compounds may be

structure and solubility related.

Monosubstituted derivatives are noticeably absent from the extensive series of
tropolonatobismuth compounds. Two compounds were characterized by X-ray crystal
structure analyses. The solid state structures of the nitratobistropolonato compounds,
(2-20) and (2.22) are unusually simple and contain few intermolecular donations, unlike
the complex polymeric structures commonly found for other oxabismuth heterocycles.
However, it is not clear if the crystals were representative of the bulk sample, since the
overall yields were reported for the powders and not crystals.

Demonstrated bioactivity and air and water-stability make the tropolonatobismuth
compounds appealing candidates for further bioactivity studies and potential
pharmaceutical use. However, characterization of the series is not complete and
reproducibility is not discussed by the authors. Comprehensive characterization must be
completed and reproducibility must be demonstrated. For example, in addition to 'H and
3C NMR spectroscopy, APCI mass spectrometry of each member of a particular series of

tropolonatobismuth compounds would be required to show their behaviour in solution.

2.1.2 Muitidentate Amincacetatobismuth Heterocycles

The five-membered ring motif is also prevalent within the series of multidentate
aminoacetatobismuth compounds, (2.25) - (2.29) (see Figure 2.3). 87475 Complex dimeric
structures are observed for compounds (2.25), (2.26) and (2.27) which were synthesized

by the reaction of (BiO)2COj3; with the appropriate aqueous aminoacetic acid (see Table
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2.3). The nitrilotriacetate ligand is tetradentate in (2.25) and the bismuth center is

additionally coordinated by two carbonyl oxygen atoms and two water molecules.
Compound (2.26) contains one monoprotic hexadentate ethylenediaminetetraacetate
ligand and two intermolecular donations from neighboring carbonyl oxygens give the
bismuth center a bicapped trigonal prismatic coordination geometry. The anion in (2.27)
can be described as a nine-coordinate ligand-encapsulated bismuth atom with a
monocapped square antiprismatic coordination geometry.

Two anionic derivatives of (2.27), were synthesized and characterized as (2.28)
and (2.29) by elemental analyses and X-ray crystal structures (see Figure 2.3 and Table
2.3). Compound (2.28) is the dianionic conjugate base of (2.27) and compound (2.29)
is a derivative of (2.27) by addition of one cyclohexyl unit to the diethyltriamine
backbone. Intermolecular donations from carbonyl groups link molecules of (2.28) to
form a coordination polymer and cause dimerization in (2.27). Compound (2.28)
crystallizes as monomers in which the bismuth atoms are ligand-encapsulated. The
bismuth centers in compounds (2.25) - (2.29) are eight-coordinate (except (2.27)) and the
lone pair is described as stereochemically inactive. The Bi-Ojyoxige bonds are highly
irregular and range from 2.253(7) - 2.767(9) A throughout the aminoacetatobismuth

compounds, (2.25) - (2.29).
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Figure 2.3. Structure of monomeric units of aminoacetatobismuth heterocycles, (2.25) -
(2.29).
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Table 2.3. Analytical data for aminoacetatobismuth heterocycles with five-membered

rings.
Compound Reactants Yield mp[dp] | EA | NMR | MS | X-ray
g % °C

225 | (Bi0),CO,, NTA - - x - - X

(2.26)* | (Bi0),CO;, EDTA - - x - - X

(227)® | (BiO);COs, DTPA, . - x - - X
(C2H,2Ng)CO4

(2.28)™ (Bi0),CO;, - - x |'H B | «x x
H;DTPA

(2.29)" (Bi0),CO;, 0.1, 82 - x |'HBc| - X
CyDTPA,
(C:H2Ng)CO;

NTA = nitrilotriacetic acid, CsHgNOg

EDTA = ethylenediaminetetraacetic acid, CioH16N20g

DTPA = diethylenetriaminepentaacetic acid, Ci14H23N3040

CyDTPA = N-(2-aminoethyl)-trans-1 »2-diaminocyclohexane-N,N’N’-pentaacetic acid,

CisH29N30y0

The synthesis of aminoacetatobismuth heterocycles occurs in water and the

completely encapsulated monomeric bismuth complexes precipitate immediately upon

formation. This implies that aminoacetate ligands such as DTPA and CyDTPA would be
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ideal candidates for water purification studies.”® The aminoacetatobismuth heterocycles

were characterized by elemental analysis, 'H and '*C NMR spectroscopy, however, a
yield was reported for one compound only. 'H and *C NMR spectroscopic studies
confirm the presence of the ligands in solutions of (2.28) and (2.29). X-ray crystal
structures reveal mulfidentate aminoacetate ligands which are bulky and completely
surround the bismuth atoms restricting intermolecular coordinations and stereochemical

expression of the lone pair on bismuth is expressed.

2.1.3 Other Oxabismuth Five-Membered Heterocycles

Flexible polyethylene glycols are observed to arrange into cyclic crown ether-like
structures around Bi** in the solid state structures of the polyethylene complexes of
Bi(NOs),", (2.30) - (2.33) (See Figure 2.4).”7 The polyethylene complexes were shown to
be dimers bridged by two alkoxide oxygen atoms and each monomer contains five-
membered rings formed by neighboring alkoxide chelates. Compound (2.32) has a very
complex ionic structure in which bismuthate anions form a polymeric chain and the
bismuthenium counterions are monomeric. The bismuth atoms are nine-coordinate in
(2.30) and ten-coordinate in (2.31) - (2.33). The lone pair is stereochemically active in all

of the structures.
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Figure 2.4. Structure of monomeric units of polyethylene glycol complexes, (2.30),
(2.31) and (2.33). A monomeric unit is shown for each cation and anion in compound
(2.32). Intermolecular coordinations are omitted from the structures of (2.31) - (2.33).



25
The reaction of Bi(OH); and lactic acid yields a complex coordinative polymeric

species, (2.34).”® Each monomer in (2.34) (see Figure 2.5) contains four lactate ligands
which can be described as two bidentate ligands each with one Bi-Ougoxige bond and Bi-
Ocarbonyt coordinative bond; one bidentate ligand with two Bi-O coordinative bonds and
one Bi-Ouxoxige covalent bond. The bismuth centers are nine-coordinate with no evidence
for a stereochemically active lone pair.

The ethylmaltolate ligand is bidentate to form three five-membered rings in
tris(ethylmaltolato)bismuth (2.35) (see Figure 2.5).” The monomeric structure contains a
stereochemically active lone pair which occupies an axial position in the pentagonal
bipyramidal coordination sphere. An X-ray crystal structure was the only characterization
technique reported (sce Table 2.4).

The reaction of Bi(NO;); with an aqueous solution of L-(+)-tartaric acid results in
the formation of (2.36) (see Figure 2.5) as crystals. Elemental analysis confirms the
presence of two different tartrate ligands, [L-(+)-tartrate]” and [L-(+)-tartrate]*.%° An X-
ray crystal structure of (2.36) reveals is a coordination polymer in which intermolecular
coordinations from oxygen atoms render each bismuth center nine-coordinate with a
stereochemically active lone pair.

A nine-coordinate bismuthate anion, (3.27) is formed by the reaction of BiCl,
with guanidinium oxalate.®' The three oxalate ligands chelate the bismuth atom in a
monoanionic fashion (see Figure 2.6).

Two unusual examples of an oxabismuth heterocycle are (2.38), a bismuth-

vanadium heterobimetallic alkoxide and (2.39), a bicyclic radical species (see Figure 2.6).
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Compound (2.38) is the first example of a bismuth-transition metal heterobimetallic

alkoxide and the air-sensitive compound crystallizes as dimers connected by strong
donations from the vandyl oxygen atoms to the bismuth centers. Each molecule contains
a bidentate methoxyethanolate ligand which forms a five-membered ring. The bismuth
atoms are seven-coordinate with a capped octahedral coordination geometry.®? The lone
pair on bismuth is stereochemically inactive. 'H and '*C NMR confirm that (2.38)
maintains its structure in solution. The radical (2.39) is proposed based on e.s.r. spectra
of the product from the reactions of BiCl; or BiPh; with benzo[2,1-5;3,4-b "ldithiophen-
4,5-dione.®® The proposed structure contains one five-membered ring which formed

through the oxygen atoms of the bidentate ligand.
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Figure 2.5. Structure of (2.35) and one monomeric unit of each compound, (2.34), (2.36)

and (2.37).
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Figure 2.6. Structure of a dimeric unit of (2.38) and the proposed structure of (2.39).
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Table 2.4. Analytical data for other oxabismuth five-membered heterocycles.
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Compound Reactants Yield | mp({dp]°C | EA NMR esr. | MS | X-ray
g %

(2.30)" Bi(NO»);, C3H 0, - >360 x - - - X

(2.31)" | Bi(NO,)s, CiH,04 - 129.5-140 | «x . - - x

(2.32)7 | Bi(NOj);, CsHy5Os - [189-200] | «x - - . x

(2.33)” | Bi(NO;);, CeH;506 - 113-1175 | «x - . . x

(2.39)" Bi(OH);, C;HeO; - - x 'H - - x

(2.35)" - - - - - - . x

(2.36)° Bi(NO3);, C(HqOs - . x - - . X

2.37)% BiCl,, - - . - - -
[CN3Hg)(C;04]

(2.38)% BiCl;, VO(OPr);, | 0.3, 63 - - | 'H.Pc, v - - X
CH;0C,H,OH

(2.39)% BiCl;, BiPhs, - - - - x - -

CeHs0,S,

Characterization of the other five-membered oxabismuth heterocycles was

minimal. For example, (2.35) was characterized by an X-ray crystal structure and neither

a synthetic procedure nor a yield were reported. In fact, a yield was reported for (2.38)

only. X-ray crystal structures were often the only characterization technique and reveal

complex systems for oxabismuth heterocycles with polyfunctional ligands. Coordination

polymers were commonly formed by many intermolecular coordinations. When the
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ligand was sufficiently bulky, intermolecular coordinations are blocked and the

compound is monomeric in the solid state.

2.1.4 Oxabismuth Heterocycles with Unusual Ring Sizes

There are a few examples of oxabismuth heterocycles with ring sizes other than
five. This may be reflective of the relative thermodynamic stability of five-membered
organometallic and inorganic ring systems.*® A four-membered dioxabismuth
heterocycie is found in the monomeric anion of the salt,
[Me,NH(CH,);NHMe][Bi(O,CCFs)+Ph] (2.40) (see Figure 2.7).%° One four-membered
ring is formed by one of the four trifluoroacetate ligands. Strong hydrogen bonding
restricts chelation by the remaining three carboxylate groups. The five oxygen atoms
bound to bismuth are coplanar and form the base of the pentagonal bipyramid. 'H NMR
spectroscopic studies confirm the presence of the diammonium cation and the phenyl
group.

Polymeric bismuth malate monohydrate (2.41) is obtained by the reaction of
Bi(NO;); with L-(-)-malic acid and characterized by elemental analysis and an X-ray
crystal structure (see Figure 2.7 and Table 2.5).2° The solid state structure of (2.41)
consists of bismuth atoms connected by chelating malate ligands which form alternating
four and six-membered rings. The bismuth centers are nine-coordinate and the lone pair
is stereochemically inactive.

Three bidentate tetraphenylimidophosphinate ligands each form a six-membered

chelate ring through coordinative Bi-O bonds in (2.42) (see Figure 2.7).3687 Ligand
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chelation is confirmed by 3'P NMR spectroscopic studies of the benzene complex,

(2.42)eCsHs. FAB MS demonstrates that .(2.42) is molecular. An X-ray crystal structure
reveals an octahedral coordination sphere for the bismuth atoms and the stereochemically
active lone pair occupies a face.

Tridentate disubstituted pyridine-N-oxide ligands form coordination complexes of
Bi(NOs); to afford (2.43) and (2.44) in which each ligand is observed to form two six-
membered rings (see Figure 2.7).* Compounds (2.43) and (2.44) crystallize as
monomers with nine-coordinate bismuth centers. IR and 'H NMR spectroscopy were
reported, however, the authors state that the spectra were not interpreted because they are
so complex that “it is inappropriate to assign ... shifts relative to the free ligand.”

Reaction of Ph;BiCl with HN(SO,Me), yields a twelve-membered cyclodimer
(2.45) (see Figure 2.7.¥ THNMR spectroscopic studies confirm the presence of two

methyl groups and a phenyl ring with non-equivalent hydrogen atoms, indicating that the



31

onz 1 o
L d3
(2.40) (2.41) (2.42)
E©0_ g _OEt PhO_ g OPh
E0” So¥Pl*o” “oR PhO” No¥Pl*g” “oPh
NO{ J) O3N NO4 O3N

3N 3
(2.43) (2.44)

Figure 2.7. Structure of (2.40), (2.42) - (2.45) and the monomeric unit of (2.41). The
NO;" groups are shown as monocoordinate for clarity but are dicoordinate in the solid
state.



ligands are bound to the bismuth atom in solution. The solid state structure confirms
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dimer formation and shows that each bismuth atom has a trigonal bipyramidal geometry,

including the stereochemically active lone pair which occupies an apical position trans to

the phenyl group.

Table 2.5. Analytical data for oxabismuth heterocycles with ring sizes other than five.

Compound Reactants Yicld | mp[dp] { EA | NMR | IR | MS | X-ray
g% °C
[Me,NH(CH,),NHMe] BiPh;,C,HF;0,, - - x 'H -l - X
(2.40)% (Me;NCH,),
(2.41)% Bi(NO;);, C(HgOs . - x - -l - x
(2.42)% - - 2701 | - - -] x x
(2.42)eCcH, ¥ BiCl;, K[(OPPh,),N] | 24,50 | 271- | «x i N I -
273
(2.43)% Bi(NO;);, - - x 'H [ x| - X
((Et0),POCH,),CsH;NO
(2.44)% Bi(NO,)s, - - x 'H | x| - X
((Et0),POCH,),CsH;NO
(2.45)% PhBiCl, HN(SO,Me),, - 228- x H -1 - X
AgN(SOMe), 231

X-ray crystal structures were obtained for each of the oxabismuth heterocycles

with unusual ring sizes and a variety of analytical techniques were used for compound
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characterization, however, a yield was reported for one compound only. In general, the
solid state structures of the oxabismuth compounds are comprised of monomers in which
the ligands are bulky and resonance stabilized, except for (2.41) which is a coordination

polymer and (2.45) which dimerizes.

2.1.5 Overall Assessment of Oxabismuth Heterocycles

Domination of the five-membered ring motif is expressed throughout the
oxabismuth heterocycles. For example, an extensive series of 24 tropolonatobismuth
compounds (five-membered rings) has been synthesized. Formation of coordination
polymers and complex structures occurs because of multidentate ligands, strong
intermolecular coordinations and coordination of water, which also give rise to high
coordination numbers and a variety of ring sizes. The Bi-Ogicoordinaie bond lengths
[2.124(7) - 2.767(9) A] widely range and relatively elongated Bi-Oyicoordinaie bONd lengths
[2.409(9) - 2.98(1) A] are observed. '"H NMR spectroscopy was used to characterize the
oxabismuth heterocycles, however, the technique gives little information other than to
confirm the presence of the ligand. Often, NMR spectroscopy does not reveal the
polymeric nature of the compounds and whether the strong intermolecular coordinations

persist in solution.

2.2 Results and Discussion

2.2.1 Synthesis of Oxabismuth Heterocycles
On the basis of the antimicrobial success (especially for Hp) of the bismuth-
containing pharmaceuticals, CBS, BSS and RBC, attempts to discover other biologically

active bismuth compounds are described below. As well as for exploitation of the
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favorability of five-membered ring formation, ligands such as ethylene glycol, catechol
and oxalate which are smaller, simpler analogues of those described in Sections 2.1.3 and
2.1.4, were chosen in order to begin a comprehensive, systematic survey of simple
dianionic chelate complexes of bismuth targeted as potential bioactive compounds.

Reactions of BiCl; or Bi(NOj3); with ethylene glycol and catechol did not result in
the desired metathesis. Further attempts by deprotonation of ethylene glycol using excess
molar amounts of NaOH or BuLi before reaction with BiCl; yielded BiOCl.

Reactions of BiCl; and Bi(NO3); with K.C,0, afforded amorphous white
powders, which were characterized as (2.46) and (2.47), respectively, based on elemental
analysis (see Figure 2.8). Compounds (2.46) and (2.47) are insoluble in all common
organic solvents (e.g. EtOH, THF, DMF, DMSO, pyridine) and characterized by IR and
Raman spectroscopy, elemental analysis and a melting point. IR spectroscopy confirmed
the presence of the C=O stretch [(2.46) v(C=0) 1660 cm’’, (2.47) v(C=0) 1713 cm™'] of
the oxalate ligand. Elemental analysis of (2.46) was consistent with the formula,
C,04BiCl. The absence of nitrogen was shown by the chemical analysis of (2.47) and
indicates that the white powdered product may be a complex salt or polymer of bismuth
oxalate. The decomposition points of (2.46) and (2.47) were 225 and 240 °C,
respectively (cf. K,C,04, dp > 310 °C).
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Figure 2.8. Proposed structures of (2.46) and a monomeric unit of (2.47).
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2.2.2 Conclusions

Formation of Bi-O bonds with ligands containing hydroxyl groups was
unsuccessful using conventional synthetic techniques. Product formation was successful
with potassium oxalate which is a dianionic chelate, in the synthesis of compounds (2.46)
and (2.47), however, they are insoluble and difficult to characterize. An explanation for
the formation of (2.46) and (2.47) may be immediate precipitation effected by crystal
lattice energy stabilization. Electron impact (EI) mass spectrometry can be done on solid
materials and may provide confirmation of the presence of the oxalate ligands. APCI MS
can be performed on low concentrations of compounds and is a less harsh technique
which would increase the likelihood of detecting parent ions or oligomers of a polymeric
compound.

Synthetic attempts to obtain molecular oxabismuth heterocycles using the protic
ligands, ethylene glycol and catechol afforded starting materials. Although catechol has
potential resonance stability, formation of a catecholatobismuth complex is unlikely due
to rapid reprotonation by HCI, a byproduct of the reaction of BiCl; with water.
Deprotonation of catechol prior to reaction with BiX; (X = Cl, Br, I, CH3COO, NO;) as
well as rigorous exclusion of water may provide the necessary conditions for formation of
a catecholatobismuth complex.

The hard and soft acid-base theory®® and the poor nucleophilic behavior of
alcohols, alkoxides and ethers predict that the probability of the formation of bismuth
oxygen covalent bonds is small. It is evident that in order to form Bi-O bonds using
conventional synthetic techniques, other driving forces are required for stabilization such
as the entropic effects of polyfunctional ligands, ligand resonance stabilization,

macrocyclic ligands and insolubility of the resulting products.
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2.3 Colloidal Bismuth Subcitrate (CBS)

2.3.1 Introduction

Colloidal bismuth subcitrate, (CBS) is a complex bismuth salt of citric acid and
has been the subject of many microbiology and pharmacology studies. 443456891
Synthetic and X-ray structural studies on CBS have been published and varied results
have been obtained. 3929354959697 Eor instance, there is a discrepancy in the empirical
formula of CBS; Asato et al., report the empirical formula of CBS as
K3(NH.):BicO03(OH)s(CsHs07)4”>**%5% and Herrmann er al., report it to be
K;3Bi(C¢Hs07)2.”% This discrepancy is also recognized by the Merck index which reports
the chemical formula as K3(NH,);BisO3(OH)s(CsHsO-), in the 11th edition®® and has
since changed it to “tripotassium dicitrato bismuthate” in the most recent 12th edition.*®
In attempts to synthesize and definitively characterize CBS, 16 different compounds have
been isolated from either aqueous solutions of CBS or synthesized from aqueous mixtures
of CBS starting materials (K3CsHsO7, C¢H3O, BiCsHsO;, KOH, NH3;) and characterized
by elemental analysis and have been proposed to be components of CBS. A sodium
analogue of CBS was obtained from reaction mixture of RBC, glutathione (a biologically

active tripeptide), D,O and NaOD.

2.3.2 Synthesis and Characterization of CBS

Elemental analysis and X-ray crystallography have been the primary
characterization methods for the components of CBS (see Table 2.6). Reported yields are
very low, and the reproducibility of synthetic and crystallization procedures is not

discussed.



Table 2.6. Analytical data for components of CBS.
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Compound Reactants Yield | EA | NMR | DSC | X-ray
E: %
KBi(CsH O, H,0(2.48)" (K;Bi(CeH;On)al, - - - N
CBS, Bi(C¢H;s0),
KiC¢H;0;, NH,OH
Ka.7s(NHa)o.25[Biz(CeH(O4) Bi(CeH;0,), KOH, |[38,11| x | 'H"C| - x
_(C¢H.0,)]4H,0(2.49)*' C¢H;0,K;0, NH,OH
K3 7(NH.y)o3[Bi(CsH,04)34H,0 (2.49), H,0 60-70 | x | 'H,°C - -
(2.50)31
K «(NH,); 6[Bi3(C¢Hi04)3] 6H,0 Bi(C¢HsO,), KOH 12,4 | - |'"H”C | - -
(2.51)" C¢H,0,H,0, NH,OH
K[Bi(CsH,0,)]' H,0(2.52)"! Bi(CsHsO;), KOH |48,27] x | 'H°C - -
CsH;:0,H,0, H,0
(NH,)3[(BiO),Bi(CsH,O4);) H,O Bi(CHs0,), NHOH, [3.2,11 | x | 'HPC | - -
(2.53)" C¢H;0,H,0, CH;,0H
(NH,)3[(BiO),Bi(C¢H 04);] 3H,0 Bi(C¢HsO;), NH,OH, | 4,14 x | 'H°C - -
(2.54)" C¢H;0,H,0, CH,0H
K, «(NHy), 6[(BiO);Bi(CsH,O1),} (2.50), NH;, H,0 <10 | x | 'H"C - -
5H,0(2.55)"!
(NH,)s[Bi(CsH,O7)(CsHsO,)(H,0).) | Bi(CsHsO,), NH,OH, | 4.2,- x | 'H°C [ x* X
H,0(2.56)"" C¢H;0,H,0, CH;0H
[(NH,)Bi(C¢H,0,)) 2H;0(2.57)" CoHyBisOy 6NH, - - - - X
(NH,)s[BisO4(OH)(CsH,O4)(H,0)3]) Bi(CsHsO,), NH(OH | 05,* - 'H,"C - X
(CeH50;) 2H,0(2.58)”
Ko s(NH.)o 2[Bi(C¢H,0,) H;0(2.59)* CBS, H,0 05.* | x - - -
Kos(NH.)o4[Bi(CsH1O4)]'2H,0 CBS, NH;, H,0 05,* X - - -
(2.60)*
Ko s(NH.)o s[Bi(CsHO4)] 3H,0 Bi(C¢H;sO,), NH,OH, - x - x | x° |
(2.61)* KOH
Ko.s(NHy)o sBi(CsHsO1)2H,0(2.62) Bi(CsﬂsogthOH' - b3 - - x
K
(NH.)¢BigOs(CsHsO7)« SH;0(2.63)" Bi(C¢HsO,), NH,OH 4,7 x | 'H"°C - X
Na,[Biy(CsH,07),) TH,0(2.64)°"'® RBC, glutathione, - x | 'H”C, | - IR
D,0, NaOD BCoai

* % yield was not reported and could not be calculated because the chemical

composition of the starting material, CBS is unknown.

Eight components of CBS were characterized by an X-ray crystal structure

analysis. Each compound for which a crystal structure has been determined has a

synthetic description and an overview of important structural features is presented below.
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Compound (2.48) was crystallized from a solution of K3Bi(CsHsO-), kept at 8 °C

“for some time."”? Neutralization with ammonia of an equimolar suspension of
BiCsHsO7 and K3Bi(C¢HsO4), at 60 °C also results in formation of crystals of (2.48). The
solid state structure of (2.48) consists of dimers connected by ionic interactions from
citrate ligands and water molecules to the bismuth centers (see Figure 2.9).

White needlelike crystals formed after one week from a cooled solution of
BiCsH;s0O,, CéHgO7, NH,OH and KOH.*! Compound (2.49) crystallizes as dimers which
are linked by bridging citrate ligands to form tetramers which further aggregate into a
polymeric structure (see Figure 2.10). Lattice water is present but not coordinated to
bismuth atoms.

Compound (2.56) was synthesized using the same procedure as (2.49) with
additional KOH.?' Diffusion of methanol into the reaction mixture precipitated a white
powder (uncharacterized) and after subsequent filtration, crystals of (2.53) and (2.56)
formed. The crystals of (2.53) were unsuitable for X-ray crystallography. The solid state
structure of (2.56) is a complex polymer formed by dimers which are linked by bridging
citrate ions and water molecules (see Figure 2.11).

The ammonium analogue of (2.48) is (2.57) which was crystallized from an
aqueous solution of (NH,);Bi(CsHsO7); at - 4 °C.32 The citrate ligands are both chelating
and bridging to form a linear coordination polymer (See Figure 2.12). A three
dimensional anionic network is formed by weak ionic interactions and ammonium ions
are embedded in the channels. The potassium analogue, can be synthesized by

neutralization with ammonia of an aqueous suspension of equimolar BiCsHsO- and

K3CsHsO7 at 60 °C.



40

H20 i
\ —
(L\ OH2 OH, (g

9 S

(2.48)

Figure 2.9. Solid state structure of a dimeric unit of compound (2.48).
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Figure 2.10. Solid state structure of a dimeric unit of compound (2.49).
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Figure 2.11. Solid state structure of a monomeric unit of compound (2.56).
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Figure 2.12. Solid state structure of a monomeric unit of compound (2.57).
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Crystals of (2.58) were obtained from the filtrate of BiC¢H;s07 and NH,OH.%
Elemental analysis of (2.58) is consistent with the formula,
(NH,)s[BisO4(OH)4(CsHs0)s]92H,0. However, an X-ray crystal structure indicates that
(2.58) contains hexanuclear units with the formula [Bi604OH(C6H407)3(H20)3] and is a
complex polymeric structure consisting of hexanuclear bismuth citrate units linked by
polyfunctional citrate ligands, water and ammonium cations (see Figure 2.13).

Two different crystals, (2.61) and (2.62) were obtained from a solution of
BiCsHs0,, NH,OH and KOH upon standing for two months and separated manually.®
Both (2.61) and (2.62) (see Figures 2.14 and 2.15) consist of dimers which form tetramers
by connections through terminal carboxy! groups which then aggregate to form a complex
polymer. The difference between (2.61) and (2.62) is the contents of asymmetric unit:
(2.61) contains two bismuth atoms and two citrate ions, one potassium ion, one
ammonium ion and six water molecules and (2.62) contains one bismuth atom, one citrate
anion, one lattice and one coordinated water molecule, one potassium ion and one
disordered ammonium ion.

Crystals of (2.56) and (2.63) can be obtained from a solution of BiCsHsO5 and
NH,OH.% Compound (2.63) is a polymeric compound composed of dodecanuclear
citrato-oxo-bismuth clusters, [Bi;;05(CsHs04)]'% which can be further subdivided into
two hexanuclear units which are connected by three carboxylate bridges (see Figure 2.16).
The structure is stabilized by a hydrogen bond network involving [Bi;,04(CsH,04)]'*
complex anions, ammonium cations and water molecules.

All of the compounds (2.48), (2.49), (2.56) - (2.58), (2.61) - (2.63) are very water
soluble due to the ionic bonding in the citrate complexes which contain the potential for
extensive hydrogen bonding. In fact, the complex solid state structures are comprised of

multinuclear units connected by the polyfunctional citrate ligands and further aggregate to



Figure 2.13. Solid state structure of a hexameric unit of compound (2.58), Oa=0Q"
(citrate), Ob = O”". Only one citrate ligand is drawn for clarity.

Figure 2.14. Solid state sturcture of a dimeric unit of compound (2.61).
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Figure 2.15. Solid state structure of a dimeric unit of compound (2.62).

Figure 2.16. Solid state structure of a hexameric unit of compound (2.63). Oa=0"
(citrate), Ob = O*". Only two citrate ligands are drawn for clarity.
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form polymers or three-dimensional networks by means of ionic interactions and
hydrogen bonding. Channels formed within the anionic three-dimensional networks often
contain K* and NH," counterions. The bismuth centers have high coordination numbers
due to many intermolecular coordinations from bridging citrate, water and oxide ligands
which cause a wide range of Bi-O bond lengths [2.07(2) - 3.41(6) A] and distortion of the

coordination geometry.

2.3.3 Interpretation of the Characterization Data Available for CBS

Chemical studies of CBS have been incomplete and in some cases are not
scientific, leading to inconclusive results. Synthetic techniques, characterization,
reproducibility of results and conclusions are inconsistent and questionable. For
example, Asato's paper describes "a bunch of CBS solid ... was dissolved in water (5 ml),
a white powder was precipitated."®® Yields were reported in all cases for uncharacterized
powders but not for crystals for which X-ray studies are reported.

Moreover, I have discovered that the two compounds, (2.57) and (2.62) are
isomorphous (see Table 2.7), the only difference being the replacement of one ammonium
ion in (2.62) by one potassium ion in (2.57) in the asymmetric unit. This comparison was

not noted by the authors of the paper.’>%°

Table 2.7. Unit cell parameters of (2.57) and (2.62).

Compound | Space Group a (A) b(A) c (A) b (9 Z

2.57)% C2/c 16.80(2) | 12.544(3) | 10.401(2) | 9127(2) | 8

(2.62)% C2/c 16.860(4) | 12.395(2) | 10.328(3) | 91.79(2) | 8
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X-ray crystallography, elemental analysis and 'H and '*C NMR spectroscopy are
methods employed for characterization of the components of CBS. In general,
identification of CBS was solely based on single crystal X-ray crystallography in which it
is assumed that the best crystal was chosen for diffraction. In one case, two different
crystals were separated from one batch, each was different in shape and different
elemental analysis are reported.” Such observations indicate that the chosen crystals are
not representative of the bulk sample.

The chemical structure of CBS in sclution is not known; it actually contains a
complex mixture of bismuth compounds. All of the components of CBS were
synthesized from aqueous solutions of CBS or combinations of the starting materials of
CBS (Bi(CsHs0), K3(C¢HsO7), C¢HgO7, KOH, NH;). Two different solid state
structures were isolated from powdered CBS using similar techniques of recrystallization.
It is evident that reproducibility and complete characterization of CBS have not been
achieved. Bismuth compounds targeted for treatment of gastric ailments, especially those
associated with Hp must be obtained in pure form and be structurally simple (in contrast
to CBS), such that they may be completely and comprehensively characterized.

There has been no synthetic, analytical or structural reports on bismuth

subsalicylate (BSS) in the literature to date.

2.34 Results and Discussion
Development of a synthetic method for obtaining reproducible, high yields and
complete characterization of CBS is necessary. A preliminary study of the current

synthetic procedure for CBS and characterization techniques and data are included in the
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fellowing discussion. A crude model of the behaviour of CBS in the stomach was
investigated by determination of the solubility of the CBS precipitates in 1 M HCI.

The compounds Bi;CsHsO5, K3C¢HsO; and KOH were separately dissolved in a
minimum amount of distilled water then combined and stirred for 5 minutes at a desired
temperature (see Table 7.1 for reaction conditions and stoichiometries). If the reaction
mixture did not contain a precipitate, it was reduced to 10 ml by boiling. If the reaction
mixture contained a precipitate, a 2:1 v/v solution (20-30 ml) of methanol/acetone was
added then the suspension was centrifuged. Precipitates were washed with distilled water

and acetone, respectively, then dried by evacuation.

expected stoichiometry: K3CsHsO; + BiCsHsO7 + 2KOH —> KsBi(OH),(C¢H504)>

2.3.5 Characterization of Materials Obtained from Synthetic Attempts of CBS
The precipitates were characterized by melting point and solubility in water, | M

HCl and 1 M KOH (see Table 7.2). The solubility was determined by dissolving the

precipitate (70 mg) in the solvent (5 mL). All precipitates became a colloidal suspension

in 1 M KOH.

2.3.6 Conclusions

Changes in reaction conditions cause drastic effects on the product obtained in
reactions of KOH with bismuth citrate and potassium citrate. For example, a ten-fold
increase in the volume of solvent (water) gave a polymeric white gel. Slight changes in
the reaction stoichiometry also had drastic effects on the final product. For example, the

addition of one pellet of KOH to the reaction mixture gave a different white precipitate.
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The complex behaviour of CBS may be indicative of competing equilibria with many

other species in aqueous solutions.

24  Ranitidine Bismuth Citrate

The development of ranitidine bismuth citrate (RBC) as a novel therapy for peptic
ulcer disease originated from observations that a combination of ranitidine and CBS
(complex bismuth citrate salt) were highly efficacious. The ranitidine bismuth citrate salt
which is currently on clinical trial as an antiulcer drug, is synthesized by the reaction of
ranitidine hydrochloride (N, N-dimethyl-5-(3-nitromethylene-7-thia-2,4-diazaoctyl)furan-
2-methanamine) and bismuth citrate.® Maintenance of the properties of the admixture of
ranitidine and CBS has been demonstrated for RBC.

RBC is a highly water-soluble complex bismuth salt which is composed of a
ranitidinium cation and a bismuth citrate anion and is mononuclear (cf. CBS and active
components of CBS).**'® Characterization methods have included elemental analysis,
'H and *C NMR and IR spectroscopy, polarography and X-ray powder diffraction. In
solution, '"H NMR shows that RBC undergoes a structural transition which appears to
liberate ranitidine and ranitidine becomes intermolecularly coordinated by hydrogen
bonds to polymeric bismuth citrate.!” IR data confirms the deprotonation of the
remaining citrate hydroxyl group upon addition of ranitidine to bismuth citrate.'®
Polarographic measurements of a solution of Bi(NO;);, citric acid and ranitidine show the
presence of a bismuth citrate ranitidine complex which does not contain an interaction
between the NO, group of ranitidine and a bismuth atom.'® It has been proposed that the
strongest interaction may involve the formation of a five membered ring by chelation of

the bismuth center by NMe; and Ofumn groups of ranitidine (see Figure 2.17).'"° X-ray
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powder diffraction confirmed the amorphous nature of RBC by the lack of a characteristic

pattern.*® Raman spectroscopy did not provide any structural information.*®

H NO,

|
/ o ) S\/\NINHMe

H
MeaN *gi(cn)

Figure 2.17. Proposed structure of a monomeric unit of RBC.

2.4.1 Interpretation of RBC Literature

RBC is a complex salt which has been comprehensively characterized and the
preparation has been shown to be reproducible by a variety of analytical techniques. A
single crystal X-ray structure was not obtained because paucity of suitable crystals for X-
ray crystal structure analysis. 'H NMR indicates that there are many structural
possibilities because of the potential for extensive hydrogen bonding and other
intermolecular coordinations. The proposed solid state structure of RBC involves
chelation of the bismuth atom by the NMe; and Ofuran groups of ranitidine (see Figure
2.17). Formation of a thermodynamically favored five-membered ring can also occur by
chelation of the bismuth atom by Ofuran and Syicoordinaie groups of the ranitidine (see Figure
2.18). This alternative interaction is more likely since Sgicoordinaie iS @ better nucleophile
and a soft donor in comparison t0 Ogicoordinare Which is a poor nucleophile and a hard

donor.
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MeHN NO>

Figure 2.18. Alternate proposed structure of a monomeric unit of RBC.

2.5  Conclusions

Formation of coordination polymers and complex structures due to multidentate
ligands, strong intermolecular coordinations and coordination of water give rise to high
coordination numbers and a variety of ring sizes in oxabismuth heterocycles. A common
observation is the presence of five-membered rings formed by chelating ligands which
serve to bridge two or more bismuth centers to form coordination polymers, hexamers or
dimers.

CBS and RBC are complex salts which have many structural possibilities because
they contain the polyfunctional citrate ligand which has the potential for extensive
hydrogen bonding and other intermolecular coordinations. The complex behaviour of
CBS indicates that it exists in equilibrium with many other species in aqueous solutions.
Comprehensive characterization of CBS would require an understanding of the complex
equilibrium and characterization of all the species involved in the equilibrium.

Chemical studies of oxabismuth compounds, especially CBS have been

incomplete and in some cases are not scientific, leading to inconclusive results.



Chapter 3. Oxathiabismuth Heterocycles

3.1 Introduction

The chemistry of oxathiabismuth heterocycles is limited to the studies of five and
six-membered heterocycles. The number of examples of oxathiabismuth heterocycles is
less than for oxabismuth (see Section 2.1) and dithiabismuth (see Section 4.1)
heterocycles, however, characterization is significantly more comprehensive. The
oxathiabismuth heterocycles are air and water-stable and have been synthesized by
conventional techniques.

The reaction of diphenylbismuth acetate with sodium 1-oxopyridine-2-thiolate

yields the crystals of (3.1) (see Figure 3.1).!%

The X-ray crystal structure reveals a square
planar bicyclic structure in which the two oxopyridinethiolate ligands are cis and the
phenyl ring is perpendicular to the plane. The coordination geometry of the bismuth atom

is described as distorted octahedral in which the stereochemically active lone pair

occupies the axial position trans to the phenyl group.

51
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Figure 3.1. Structure of compound (3.1).

Eleven oxathiabismuth heterocycles (3.2) - (3.12) (see Figure 3.2) are obtained in
high yields by the reaction of Ph3Bi or Me;Bi with the appropriate mercaptocarboxylic
acid (see Table 3.1).!0%103.104 11, heterocyclic structures of (3.2) - (3.11) are confirmed
by 'H NMR and IR spectroscopy and elemental analysis. The anomalous dissolution of
compounds (3.2) - (3.11) in pyridine led to the proposal that they are polymeric in the
solid state. Complete metathesis of Bi(NOs) by thiosalicylate occurs to form an
octanuclear bismuth thiosalicylate complex, (3.12) which was characterized by an X-ray
crystal structure only. Four sets of two crystallographically different bismuth atoms
comprise the BigO;; cluster core. Each salicylate ligand is bimodally chelating and acts

to bridge two bismuth atoms.
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Figure 3.2. Proposed structures of the series of five and six-membered carboxylate-
thiolatobismuth heterocycles, (3.2) - (3.11) and the structure of one of the two
crystallographically unique molecules comprising the octanuclear bismuth salicylate
complex, (3.12). The seven-coordinate molecule is similar and has an additional
coordination from a DMF molecule.
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The six-membered oxathiabismuth heterocycle, (3.13) is obtained by the reaction

of bismuth oxychloride with an aqueous solution of D-(-)-penacillamine.'o’ An X-ray
crystal structure reveals a six-membered oxathiabismuth ring with cross-ring
intramolecular donation from the amine to the bismuth center (see Figure 3.3). 'H and
**C NMR spectroscopy confirm ligand chelation, however, the amine H's were absent
from the '"H NMR spectrum. Additional intermolecular coordinations from carbonyl
oxygen atoms impose a coordination number of seven on the bismuth centers, including
the stereochemically active lone pair and serve to link the molecules to form a polymer in
the solid state.

A series of asymmetric thiolate-alcohol chelate complexes of Bi** were
synthesized for assessment as potential chemotherapeutic agents and characterized as
(3.14) - (3.18) (see Figure 3.4 and Table 3.1).'%-19719%8 peoaction of
diethoxyphenylbismuth with mercaptoethanol yields (3.14) as crystals which were
characterized by '"H NMR and mass spectra. An equimolar mixture of aqueous bismuth
perchlorate and mercaptoethanol affords crystals of the ionic complex, (3.15). The
reaction of mercaptoethanol with Bi(NOs); forms (3.16), and subsequent addition of
ammonia immediately precipitates the deprotonated analogue, (3.17). The trisubstituted
derivative, (3.18) can be synthesized by the reaction of mercaptoethanol with (3.17) or
Bi(OEt);. Compounds (3.16) - (3.18) were found to have moderately strong activities
against Helicobacter pylori. The X-ray crystal structures of compounds (3.15), (3.16) and

(3.17) show chelation of the bismuth centers by two hydroxyethanethiolate ligands in a
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Figure 3.3. Solid state structure of 3.13).
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Figure 3.4. Solid state structures of (3.15), (3.16) and (3.17) and the proposed structures
of (3.14) and (3.18).



56
cis fashion. Compounds (3.15) and (3.16) are ionic and have planar structural

conformations, whereas the neutral compound, (3.17) has a spirocyclic structure.
Intermolecular donations from sulfur atoms of the hydroxyethanethiolate ligands in (3.15)
and (3.16), and from hydroxyl groups in (3.17) to the bismuth centers are responsible for
coordination polymer formation. '"H NMR spectroscopic studies reveal that (3.16) -

(3.18) dissociate in solution and behave as monomeric species.



Table 3.1. Analytical data for oxathiabismuth heterocycles.
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Compound Reactants Yield mp [dp] EA | IR | NMR X-ray
g% ¢0)

@E.n™ Ph,;BiCO,CH;, CsH,NOSH - [215-218] | x | - - x
(3.2)!'% Bi(OH);, BiPh;, MAA -, 80 118 x | x 'H -
(3.3)'2 Bi(OH);_BiPh;, MPA -, 65 155 x | x 'H -
(3.4)'? Bi(OH);, BiPh;, 2MPA -. 80 126 x | x 'H -
(3.5)'%? Bi(OH);, BiPh;, TSA - 77 274 x | x 'H .
(3.6)'? BiPh;, MPA -, 62 209 x | x - -

(3.7)'0%103 BiPh;, TSA -, 62 302 x | x - -
(3.8)'% BiMe;, MAA .72 202 x | x - -
(3.9)'% BiMe;, MPA -, 43 172 x | x - -
(3.10)'" BiMe;, 2MPA - 70 209 x | x - -
(3.11)'% BiMe;, TSA - 77 290 x | x - .
(3.12)'* Bi(NOs);, TSA, NH,OH, DMF | 03,4 - - - - x
(3.13)'* | BiOCI, HSCMe,CH(NH,)CO,H | 2.5, 96 - x - | 'H,%c x
(3.14)'® PhBi(OEt),, HS(CH,),OH 32,75 57 x - 'H -
(3.15)'% Bi,0;, HCIO,, HS(CH,),0H - - x | x x
(3.16)'% Bi(NOs)s, HS(CH,),0H 0.3, 41 . x - 'H x
(3.17)'% Bi(NO;);, HS(CH,),0H, 0.1,30 - x - 'H X

NH,OH
(3.18)'0¢1%8 (3.16), HS(CH,),0H 0.1, 33 77 x - 'H -
3.1,70

MAA = mercaptoacetic acid, HSCH,CO,H; MPA = 3-mercaptopropionic acid,

HS(CH.)>,CO;H; 2MPA = 2-mercaptopropionic acid, CH;CH(SH)CO,H; TSA =

thiosalicylic acid, C¢Hs(CO,H)(SH).
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3.1.2 Interpretation of Analytical Data Available for Oxathiabismuth Heterocycles

The oxathiabismuth heterocycles were generally synthesized by simple,
straightforward methods, in the presence of water and were obtained in high yields, with
the exception of (3.12) which has a reported yield of 4 % (0.3 g). Characterization
techniques such as R and NMR spectroscopy, elemental and X-ray crystal structure
analyses reveal common structural features. Most prominent is the prevalence of the
bicyclic framework which is comprised of five or six-membered rings. Three closely
related compounds, (3.15), (3.16) and (3.17) have been comprehensively characterized
and show that the bicyclic framework has structural flexibility in the solid state.
Intermolecular coordinations from thiolate, hydroxyl and carbonyl groups to bismuth
atoms give rise to coordination polymers in most of the solid state structures. The
maintenance of hydroxyl groups upon ligation of mercaptoacetic acid, mercaptopropionic
acid and mercaptoethanol to form compounds, (3.2) - (3.4), (3.14) - (3.18) indicates that
the bismuth thiolate interaction is quantitatively favoured over the bismuth alkoxide. The
lone pair on bismuth was described as stereochemically active. The absence of halogen

derivatives is noted.
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3.2 Results and Discussion

3.2.1 Introduction

The prevalence of the chelate motif is revealed in the complex solid state
structures observed for the components of CBS, an established pharmaceutical which also
possesses antibiotic properties (see Section 2.3).53!32:9293.94.9596.51.105.109 A nampts to
systematically develop small chalcogenobismuth heterocycles as alternatives to the
complex salt, CBS have been made by metathesis reactions with simple, small oxythio
chelating ligands. Reactions of Bi(NOs); and BiX; (X = Cl, Br) with the asymmetric
diprotic chelate 2-mercaptoethanol generally form the bicyclic bis-(2-
hydroxyethanethiolato)bismuth complexes (3.16), (3.19) and (3.20) (see Figure 3.5).
Furthermore, the compounds (3.19) - (3.21) can be obtained by the reaction of NaX (X =
Cl, Br, I) with ethanolic solutions of (3.16) followed by neutralization to effect
precipitation. The acetate salt of (3.16), (3.22) has also been obtained via the conjugate
base, (3.17). The series of derivatives (3.16), (3.19) and (3.22) show structural flexibility
for the bicyclic framework, and the compounds represent simple models for asymmetric
monoanionic chelate complexes of bismuth.

Enhancement of solubility in organic solvents would presumably occur upon
substitution of the hydroxyl groups in the bicyclic bis-(2-hydroxyethanethiolato)bismuth
compounds for methoxy groups and eliminate competing acid/base equilibria.

Preliminary investigations indicate the formation of the methyl derivatives (3.23) and

(3.24) (see Figure 3.6).
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Figure 3.5. Solid state and proposed structures of the series of bicyclic bis-(2-

hydroxylethanethiolato)bismuth compounds, (3.16), (3.17) - (3.22) and the proposed
structure of the neutral conjugate base, (3.17).
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Figure 3.6. Proposed structures of the methyl derivatives, (3.23) and (3.24).
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3.2.2 Synthesis and Characterization of Bicyclic Oxathiabismuth Compounds

Reaction of Bi(NO3)3 with 2-mercaptoethanol in ethanol occurs rapidly to give
(3.16), in high yield, independent of stoichiometry. Rapid anion exchange effected by the
addition of NaX (X = Cl, Br, I) to ethanolic solutions of (3.16) (generated in situ) to form
(3.19), (3.20) and (3.21) as precipitates in high yield after evaporation of the reaction
mixtures. Compounds (3.19) and (3.20) have also been obtained from the reactions of
BiX3 with 2-mercaptoethanol in ethanol. The relative acidity of (3.16), (3.19) and (3.21)
(pK. = 3.6) compared to acetic acid (PKa = 4.75) impedes the formation of (3.22) from
the reaction of Bi(CH;COO); with 2-mercaptoethanol which yields the conjugate base,
(3.17) (see Scheme 3.1). Nevertheless, compound (3.22) can be obtained in high yield as
needlelike crystals by the reaction of (3.17) with glacial acetic acid.

The hydroxyl characterization has been confirmed by the observation of a
characteristically broad singlet in the solution '"H NMR spectra, distinct broad bands in
the 3400 cm’! region of the infrared spectra and relatively low pK. values (3.6 for (3.16),
(3.19), (3.21) and (3.22)) (see Table 7.4). The Raman spectra of the series of bicyclic bis-
(2-hydroxyethanethiolato)bismuth complexes show an identical fingerprint in the region 0
- 450 cm™ for both (3.16) and (3.22) and a remarkably similar pattern is observed for
(3:19), (3.20) and (3.21) (see Table 7.4). A pKa measurement and a 'H NMR spectrum
were not obtained for (3.20) because of low solubility in water, acetone-ds and DMSO-d;.

For compounds (3.16), (3.19), (3.21) and (3.22), maintenance of the cyclic

structure is demonstrated in the '"H NMR spectra. The chemical shifts of the hydroxyl
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Scheme 3.1. Acid/base equilibrium showing the formation of (3.17) and (3.22).



63
and methylene protons are widely variable which is result of the lability of the

hydroxyethanethiolate chelate effected by competition for coordination to the bismuth site
with the solvent, DMSO-ds. In fact, the 'H NMR spectrum of (3.22) reveals the loss of
one hydroxyl coordination of the ligand to render the molecule monocyclic.

Addition of solid BiXj3 (X = Cl, NOs) to a methanolic solution of ethylene sulfide
and 1 % HX effects rapid precipitation of amorphous yellow powders which were
characterized as (3.23) and (3.24), respectively by elemental analysis (for (3.23) only), IR
and Raman spectroscopy. The preliminary assignment of the bicyclic structure for (3.23)
and (3.24) is based on comparative IR and Raman spectral data. Inherent low solubility
in organic solvents (for e.g., DMSO, acetone, pyridine) has restricted crystal growth and
other characterization techniques such as 'H and '>*C NMR and has led to the suggestion
that compounds (3.23) and (3.24) are coordinative polymers in the solid state. Electron
impact mass spectrometry is an analytical technique suitable for solid materials and may
provide additional compositional and structural information necessary for confirmation of
the structures proposed for (3.23) and (3.24).

Reactions of BiCl; and Bi(NOs); with 2-methylthioethanol yielded BiOCl and
BiONO;3, respectively, instead of the desired metathesis. Deprotonation of the hydroxyl
group of 2-methylthioethanol by reaction with NaOH or BuLi prior to addition to solid
BiCl; or Bi(INOs); was attempted and also resulted in the recovery of BiOCI and BiONO;.
The difficulty of the formation of bismuth alkoxide bonds by conventional synthetic

methods is perhaps a consequence of the HSAB theory.’® The author suggests that
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reaction of BiCl; with an excess of LiO(CH,),SLi in addition to rigorous exclusion of

water may result in bismuth-alkoxide bond formation.

3.2.3 Structural Features

An X-ray crystallographic study of (3.16) (see Figure 3.7) reveals an essentially
ionic structure composed of an almost planar bicyclic framework in which two sulfur
atoms and two oxygen atoms adopt a square-planar cis arrangement around the bismuth
center. The NO;™ anion forms a third weak chelate between the two hydroxy! oxygen
centers, with the nitrogen center in the BiO,S; plane and the two donor oxygen centers of
the anion above and below the plane. A simultaneous X-ray crystal structure analysis of
(3.16) was performed by Asato ef al., and reported a similar atomic arrangement but in a
different space group (I4) containing crystallographic dimers.'”” This is a result of a
refinement in an illegally low symmetry space group and the atomic coordinates of the
two crystallographically different molecules in Asato’s structure can be transformed into
one molecule of (3.16) in the space group I4,/a determined for this report (see Appendix
1, page 174).11°

X-ray crystallographic studies of (3.19) (see Figure 3.8) and (3.22) (see Figure
3.9) show that both contain the bicyclic bis-(2-hydroxyethanethiolato)bismuth moiety,
with a fifth coordination site at bismuth occupied by the chlorine and carbonyl oxygen
center of the acetate, respectively. For (3.19), weak intermolecular Bi~Cl [3.488(4) Al
and Bi~'S [3.124(4) A] interactions render the bismuth site formally seven-coordinate and

are responsible for a polymeric arrangement. The solid state structure of (3.22) involves
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Figure 3.7. Crystallographic view of (3.16). The water molecule is omitted for clarity.
Important bond lengths (A) and angles (°): Bi(1)-S(1) 2.639(5), Bi(1)-8(2) 2.655(5),
Bi(1)-O(1) 2.63(1), Bi(1)-O(2) 2.63(1), Bi(1)-0O(4) 3.01(2), Bi(1)-O(5) 3.17(5), S(1)-
Bi(1)-O(1) 72.8(3), S(1)-Bi(1)-S(2) 78.1(1), S(2)-Bi(1)-0(2) 71.4(3), O(1)-Bi(1)-O(2)
138.4(4), S(1)-Bi(1)-0O(4) 140.6(3), S(1)-Bi(1)-0(5) 139.5(3).

Figure 3.8. Crystallographic view of (3.19). Important bond lengths (A) and angles (°):
Bi(1)-S(1) 2.595(3), Bi(1)-S(2) 2.558(4), Bi(1)-O(1) 2.86(1), Bi(1)-0(2) 2.80(1), Bi(1)-
CI(1) 2.589(3), S(1)-Bi(1)-O(1) 154.2(2), S(1)-Bi(1)-S(2) 83.7(1), S$(2)-Bi(1)-0(2)
152.3(2), O(1)-Bi(1)-0(2) 132.9(3), S(1)-Bi(1)-ClI(1) 94.0(1).
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intermolecular hydrogen bonding between the hydroxyl group of the chelate ring and the

carbonyl moiety of the acetate anion [0~O 2.73(3) A]. The resulting centrosymmetric
dimeric arrangment, as well as the weak inter-dimer Bi~'S contacts [3.379(8), 3.457(8) A]
are comparable in length to those observed in related compounds [3.134(7) - 3.5910(9)
AL

The bicyclic framework adopts quite different conformations as illustrated in
(3.16), (3.19) and (3.22) which may be imposed by the differing donor capabilities of each
anion. In (3.16), the two oxygen [O(1) -0.24(1) A; O(2) 0.32(1) A] and two sulfur atoms
[S(1) 0.048(5) A; S(2) 0.044(5) A] form a slightly twisted plane which essentially
contains both the bismuth center [-0.006 A] and the nitrogen center [0.106 A] of the
anion. While the same five atom plane can be envisaged for (3.19), [O(1) -0.12(1) A;
0(2) 0.15(1) A; S(1) -0.021(4) A; S(2) 0.022(4) A; Bi(1) -0.202 A] the chlorine center
occupies an apical position above this plane, with a typical Bi-Cl bond length.!'! The
general conformation of (3.19) is similar to that observed for the bismuth aryloxide
derivative bis(1-oxopyridine-2-thiolato)phenylbismuth (3.1).!"!

In contrast, the cation in (3.22) has a severely twisted structure with the chelating
ligands essentially cis and one hydroxyl oxygen trans to the acetate oxygen. The
conformation and configuration of the cation in (3.16) is significantly different to that in
the isoelectronic (3.25)''? (see Figure 3.10) in which the chelate ligands are trans and the
structure is a folded bicyclic bis-(2-aminoethanethiolato)bismuth cation with the bismuth

center in an apparently apical position. The S-Bi-S angles in the bicyclic framework
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Figure 3.9. Crystallographic view of (3.22) illustrating hydrogen bonding between the
hydroxy! group of the chelate ring and the carbonyl oxygen of the acetate group.
Important bond lengths (A) and angles (°): Bi(1)-S(1) 2.608(7), Bi(1)-S(2) 2.577(7),
Bi(1)-0O(1) 2.54(2), Bi(1)-0(2) 2.72(2), Bi(1)-O(3) 2.35(1), S(1)-Bi(1)-0(1) 74.4(5), S(1)-
Bi(1)-S(2) 93.7(2), $(2)-Bi(1)-0(2) 71.6(4), O(1)-Bi(1)-0(2) 130.7¢6), S(1)-Bi(1)-0(3)
73.9(5).
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Figure 3.10. Solid state structure of bicyclic bis-(2-aminoethanethiolato)bismuth nitrate
(3.25).
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increase with increasing distortion from planarity around the bismuth center, whereas the

opposite trend is evident for the O-Bi-O angles.

The Bi-S bond lengths in (3.16), (3.19) and (3.22) are typical, ''""!!3114!15 byt are
slightly longer in (3.16) [2.639(5) and 2.655(5) A] than in (3.19) [2.558(4) and 2.595(3)
A) and (3.22) [2.577(7) and 2.608(7) A]. In contrast, the Bi-O bond lengths are
substantially shorter in (3.19) than in (3.16), but in both cases they are longer than Bi-
Oicoordinate bONds [2.08-2.86 A]G's'”'”'”'“‘“‘”'101'109"'6'“7 and are comparable to those of
Bi-Ovicoordinate [2.323-3.159 A, which might be considered coordinative.

Although the hydrogen atoms of the hydroxyl moieties could not be located in
their respective Fourier maps, the oxygen-oxygen contact distances [O(1) - O(4) 2.72(2)
A] are representative of hydrogen bonded moieties. For (3.22), two close intermolecular
contacts [O(1)~O(3) 2.67(3) A and O(1)~0(3) 2.67(3) A] are responsible for the
centrosymmetric dimer arrangement. The closest contact in (3.19) is longer [2.80(2) A]
but still within the hydrogen bond range.

Further confirmation of the formulae are provided by APCI mass spectrometry on
saturated solutions in acetonitrile at cone voltages of 10V and 30V and assignments for
the most intense peaks have been confirmed by MS/MS (see Table 7.3). All spectra show
the presence of the molecular cation [3.26]* (m/z 363) as a dominant peak at a low cone
voltage (10V) and at higher cone voltages, and the dominant peak becomes (m/z 285),
which is assigned to the monocyclic oxathiabismolanium cation fragment which results

from loss of 2-mercaptomethanol, and is present in all spectra at both cone voltages. The
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acetonitrile complex (3.26)eMeCN is also observed in all spectra at low cone voltage, but

is apparently too labile to exist at the higher cone voltage.

® @ o NCMe
Bi Bi

s~ o s” o
(3.26) (3.26)-MeCN

Figure 3.11. Proposed structure of the molecular bismuthenium cation, [3.26]" and the
acetonitrile complex, (3.26)eMeCN which are present in the MS of all of the bicyclic bis-
(2-hydroxylethanethiolato)bismuth compounds.

3.2.4 Conclusions

Compounds (3.16), (3.19) - (3.22) are best described as bis chelate complexes of
Bi** involving the hydroxyethanethiolate ligand, with two essentially equivalent
intramolecular hydroxyl coordinative interactions responsible for the bicyclic framework.
The cis orientation of the hydroxyl groups in (3.16) and (3.19) is perhaps imposed by
intra-ligand hydrogen bonding in the transition state during complex formation. The
twisted cation structures observed in (3.22) and (3.25) are possibly due to the presence of
substantial intermolecular hydrogen bonding. In general, cations (3.16) and (3.25) can be
considered as intramolecularly base-stabilized bismuthenium cations and are related to

the previously reported solvent stabilized examples.”"!'""'® The general and quantitative
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formation of bicyclic bis-(2-hydroxyethanethiolato)bismuth complexes is a definitive

indication of the preference for thiolate ligation of bismuth over bismuth-alkoxide
formation, which has its roots in the hard and soft acid-base theory,’ although there are

exceptions.!'’



Chapter 4. Dithiabismuth Heterocycles

4.1 Introduction

4.1.1 Four-Membered Rings

Dithjacarbamatobismuth,'?® xanthatobismuth and dithiaphosphinatobismuth
compounds have been extensively surveyed in the literature and the development of
synthetic methods has been comprehensive. They have been used as starting materials for
metathetical and addition reactions and adduct formations.

A series of tris(dialkyldithiocarbamato)bismuth compounds, (4.1) - (4.8) (see
Figure 4.1) was synthesized by reacting BiCl; with excess amounts of the appropriate
dialkylamine and CS; (see Table 4.1).!2!.122.123.124.125.126.127.128.129.130 Compound (4.1) was
also synthesized by reacting BiCl; with sodium diethyldithiacarbamate or
diethyldithiacarbamic acid. IR and '"H NMR spectroscopic studies of (4.1) reveal the
nonequivalence of the Bi-S bonds and the formation of 1:1 (4.1)*C¢Hg adduct. X-ray
crystal structures were obtained for (4.1), (4.4), (4.7) and (4.8). Compound (4.4) was
reported to be characterized by an X-ray crystal structure, however, data and a structural
discussion were not presented. Intermolecular coordinations from sulfur render the
bismuth centers eight-coordinate and result in dimer formation in the solid state for (4.1)

and (4.8). Compound (4.7) is monomeric and has a six-coordinate bismuth site.

71
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Lahatha®

(4.1) - (4.3), (4.8) (4.4) 4.5)
H)N EtHN
0| O
B N Bi N
S S
3 3
(4.6) (4.7)

Figure 4.1. Proposed structures of #ris(dialkyldithiacarbamato)bismuth compounds, (4.1)
- (4.8), R =Et (4.1), Bu' (4.2), CH,Ph (4.3), EtOH (4.8).
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Table 4.1. Analytical data for tris(dialkyldithiacarbamato)bismuth compounds,
Bi(S.CNR;)s.

Compound Reactants Yield mp EA |NMR| IR | UV | X-ray
8% | (°C)
4.1) 127 BiCl;, HS,CNEt, - 186 X H [ x] x x

PhBiCl, NaS,CNEt, -

BiCl,, CS,, HNEt, 10, 63

@.2)"7 BiCl;, CS,, HNBu, - - -l H | -] x )
4.3)"” BiCly, CS,, HNPh, - - -l m |- - )
@4 BiCl;, CS,, HN(CH.), - - - - - x
4.5)'" BiCl;, CS,, HN(CHy)s - - . - . .
4.6)"° BiCl;, ACDA -, 99 - - - -1 - .
4.7)"% BiCl;, EACDA -, 98 - - A x
BiOCl, EACDA -
(4.8)' BiONO;, HCI, CS,, - - - - N x
HN(CH,CH,0H)

ACDA = 2-aminocyclopent-1-ene-1-dithiocarboxylic acid, CsHyNS,

EACDA = 2-(ethylamino)cyclopent-1-ene-1-dithiocarboxylic acid, CgH,3NS,

The complete characterization of (4.1) is anomalous; identification of compounds
(4.2) - (4.8) was based on an X-ray crystal structure or a 'H NMR spectrum except for
one compound which was characterized by both techniques. The absence of analytical
data for (4.5) and (4.5) indicates that the compounds were characterized by speculation

based on the reaction stoichiometry. Yields were reported for three compounds and a
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synthetic description is not provided for five compounds. Steric differences prevented

intermolecular donations to the bismuth atoms of (4.7) and allowed for dimerization of
(4.1) and (4.8).

Reactions of five rris(dialkyldithiacarbamato)bismuth compounds with equimolar
amounts of X, (X = Br, I resulted in high yields of the corresponding monosubstituted
compounds (see Figure 4.2 and Table 4.2).131.132133.134.135.136 1y o51acement of a
dialkyldithiacarbamate ligand from compounds (4.1), (4.4) and (4.5) by BF,” occurred
upon reaction with BF; to form the tetrafluoroborate salts, (4.16), (4.23) and (4.26) (see
Figure 4.2)."*" X-ray crystal structures were obtained for (4.11) - (4.15). Compound
(4.11) is a centrosymmetric tetramer in which seven-coordinate bismuth centers are
bridged by two and three-coordinate bromine atoms. The polymeric structure of (4.12) is
propagated by intermolecular donations from iodine atoms to render each bismuth site
six-coordinate. Compounds (4.13) and (4.15) crystallize as centrosymmetric dimers
which are linked by coordinating sulfur atoms. Compound (4.14) contains monomers in
which the coordination sphere around bismuth is pentagonal bipyramidal. The lone pair
is described as stereochemically active for compounds (4.11) - (4.15). Conductance
measurements in nitrobenzene indicate that (4.11), (4.17), (4.19), (4.21) and (4.24) are

nonelectrolytes and (4.16), (4.23) and (4.26) are univalent electrolytes.
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(4.9) - (4.20) (4.21) - (4.23) (4.24) - (4.26)
Compound R X
4.9) Me Me
(4.10) Me Ph
(4.11) Et Br
4.12) Et I
(4.13) Et Me
4.14) Et Ph
(4.15) Et —
\_/
(4.16) Et BF,
4.17) Bu' Br
(4.18) Bu' I
(4.19) CH,Ph Br
(4.20) CH,Ph I

Figure 4.2. Proposed structures of disubstituted dialkyldithiacarbamatobismuth
compounds, (4.2) - (4.26). X = Br for (4.21), (4.24); I for (4.22), (4.25); BF, for (4.23),

(26).
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Table 4.2. Analytical data for monosubstituted bis(dialkyldithiacarbamato)bismuth
compounds, XBi(S,CNR3),.

Compound Reactants Yield mp [dp] EA | NMR | IR [ MS | UV | X-ray
g% °C)
4.9)™ | MeBiBr;, NaS,CNMe, | 1.3,55 185 x 'H -1 - - .
(4.10)'2' | PhBiCl,, NaS,CNMe, | -,98 | 210-211 x - x| - | x -
PhBiBr;, NaS;,CNMe, | 1.5,58 219 x 'H -1 -1 - -
@.11)""13 Bi(S;CNE,)s, Br, -.94 139-141 x 'H x| - | x x
(4.12)13%13 Bi(S,CNEY,),, I, -85 | 159-160 | «x 'H x| x | x x
(4.13) P41 | MeBiBr,, NaS,CNEt, | 1.8,76 141 x 'H -1 - | - x
(4.14)'**'* | PhBiBr, NaS,CNE, | -,38 137 x 'H -1 - | x x
136 PhBiCl,, NaS,CNEt, | 1.9,65 | 131-133 x - x| - x -
(4.15)" C1HgNBiBr,, 1446 | 222-224 | x |'"HEC'| x| - | «x X
NaS,CNEt, ‘N

4.16)"Y’ Bi(S,CNEL,);, BF; - ~70 (155] x 'H x| x | x -
4.17)" Bi(S;CNBu',);, Br, -, 86 139-141 x 'H x| - | x -
(4.18)"2 Bi(S,CNBu',));, I -, 80 143-144 x 'H x| x | x -
(4.19)*' | Bi(S,CNCH,Ph,), Br, | -84 [100) x 'H x| - x -
(4.20)"* Bi(S,.CNCH,Ph);, , | -, 75 | [86-105] | «x 'H x| x | x -
(4.21)*' | Bi(S2CN(CHp4):, Br; | -, 91 [245] x 'H x| - | x -
(4.22)"* Bi(S,CN(CH,))3, I, -, 84 | [263-265] | x 'H x| x| x .
4.23)"7 | Bi(S;CN(CH,))s, BFy | -, ~70 [240] x 'H x| x | x -
(4.24)”' | Bi(S2CN(CH,)s)s, Br, | -, 95 [246] x 'H x| - | x .
(4.25)"2 Bi(S:CN(CH))s)s, I -, 88 | [243-245] | «x 'H x| x| x .
(4.26)"" | Bi(S,CN(CH;)s)s, BF; | -,~70 [245] x 'H x| x | x -
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Monosubstituted dialklydithiacarbamatobismuth compounds were obtained in

high yields and characterized predominantly by spectroscopic techniques. For the
compounds which were characterized by an X-ray crystal structure, intermolecular
donations from sulfur and halogen atoms give rise to polymer, tetramer and dimer
formation, except for (4.14) which is monomeric. The ionicity of compounds (4.16),
(4.23) and (4.26) in comparison to the molecular analogues, XBi(S;CNR3),, X = Cl, Br, |
may be a result of the relative Lewis acidity of BF;.

Reaction of BiX; (X = Cl, Br, I) with (4.1) generates the halogen derivatives,
(4.27) - (4.29), respectively (see Figure 4.3 and Table 4.3).!38!391490 gy cessful mono and
di-phenylation of (4.27) by reaction with one or two equivalents of PhLi, results in the
formation of (4.30) and (4.31) (see Figure 4.3 and Table 4.3), respectively, which are
demonstrated to behave as non-electrolytes in solution by conductance studies.'*!

X-ray crystal structures were obtained for Lewis base adducts, (4.27)+4pyr and
(4.28)*4pyr which reveal monomeric pentagonal bipyramidal bismuth centers.'*?
Recrystallization of (4.27) and (4.28) from a DMF/n-butanol mixture results in the
formation of a pentanuclear complex, [Bis(S:CNEt;)X,]*DMF, X = Cl, Br in which a
[BiXe]* anion bridges four coordinating [Bi(S;CNEt,),]* cations. '} Compound (4.29) is
a coordination polymer in which capped octahedral bismuth centers are linked by
intermolecular coordinations from sulfur and iodine atoms. Reaction of (4.29) with NEtI

yields crystals of (4.29)*NEuI in which the anion, [I2(Et;NCS;)Bil,Bi(S,CNEt,)L] is a
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X S
Nnis
< /Bl\s\>—NBtz
(4.27) - (4.31)
Compound @427 (4.28) (4.29) (4.30) 4.31)
X Cl Br I Ph Ph, Cl

Figure 4.3. Proposed structures for the monosubstituted diethyldithiacarbamatobismuth
compounds, (4.27) - (4.31).

NEt,
I ® S=

I\$/I\é/
el B e\l

)/ ®

(4.29)-NEt4l

Figure 4.4. Structure of (4.29)'NEtI showing edge-shared octahedral dimers.



centrosymmetric dimer with a structure described as two edge-shared octahedra (see

Figure 4.4)."** Adducts of (4.29) are formed with 2,2’-bipyridyl and 2,2’:6’,2""-
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terpyridyl, to yield (4.29)+bipy and (4.29)sterpy, which crystallize as seven-coordinate

dimers and monomers, respectively.'**

Table 4.3. Analytical data for disubstituted dialkyldithiacarbamatobismuth compounds,

X7Bi(S2CNR3).
Compound Reactants Yield mp (°C) NMR X-ray
g %
(4.27) TR BiCl;, Bi(S,CNE1,); - 119.5-121 H X
(4.27)+4pyr'*® CL,Bi(S,CNE,),, - - - x
pyridine
(4.28)138.140 BiBr;, Bi(So.CNEt,); . 232-233 'H x
(4.28)4pyr'® Br,Bi(S,CNEt,),, - - - x
pyridine
(4.29)"38142 Bil;, Bi(S;CNEt,); - 12265-2275 'H x
(4.29)4pyr'* | LBi(S,CNE,),, pyridine . . . x
(4.30)"" CLBi(S,CNEL,),, PhLi | -, 66 - 'H -
@.31)" CL;Bi(S,CNEt,),, PhLi | -,52 | 125-127 'H i

In general, characterization was comprehensive for the uncomplexed

dithiabismuth compounds, (4.27) - (4.31), however, yields were rarely reported. The

solid state structures reveal complex atomic arrangements which involve multinuclear




80
clusters bridged by sulfur and halogen atoms imposing high coordination numbers on the

bismuth centers.

Binuclear complexes, (Et;NCS;)Bi(MoS,) (4.32) and (Et;NCS,)Bi(WS,) (4.33)
(see Figure 4.5) were obtained in high yield by the reaction of (4.27) with (NH,)MS, in
an inert atmosphere.'*® Characterization by elemental analysis, conductivity
measurements and IR, UV and "H NMR spectroscopic studies indicate that the
tetrathiometallate ligands are bidentate and the complexes are molecular and behave as

nonelectrolytes.

S S
NN
4 B MS
EtzN_<s/ l\s/ 2

(4.32), (4.33)

Figure 4.5. Proposed structures of (4.32), (M = Mo) and (4.33), M =W).

A series of eight mixed dialkyldithiacarbamatobismuth compounds, (4.34) - (4.41)
(see Figure 4.6 and Table 4.4) was synthesized by the reaction of iodo-
bis(dialkyldithiocarbamato)bismuth with either CS, and R’NH; or sodium
dialkyldithiacarbamatobismuth.'*” The reaction of potassium O-ethylxanthate with
equimolar amounts of (4.12) and (4.25) yield (4.42) and (4.43), respectively (see Figure

4.6 and Table 4.4).!47'*® An extensive spectroscopic study confirms the presence of two



different alkyl groups. Comparative UV spectroscopy reveals that the electronic
properties of (4.34) - (4.43) are not altered by the presence of differing alkyl groups and
that alkylxanthate ligands are weaker chelators than their dialkyldithiacarbamate

counterparts.
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S S S S
- .
R\S /BA{S\>—NEQ} " /B{S>—NQJ
2
(4.34) - (4.36) (4.37) - (4.40)

S S
VA \ o \
S S C 5

(4.40) - (4.43)

2

Compound R
4.34) NC4H;s

(4.35) | NCH,Ph
(4.36) OEt
4.37) NEt,
(4.38) | NCH,Ph
(4.39) | NCsH.
(4.40) OEt
(4.41) NEt,
(4.42) | NCH,Ph

(4.43) NCsH,

Figure 4.6. Proposed structures of disubstituted mixed dialkyldithiacarbamatobismuth
compounds, (4.34) - (4.43).
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Table 4.4. Analytical data for monosubstituted mixed
dialkyldithiacarbamatobismuth complexes, Bi(S.CNR,).R’.

Product Yield | mp[dp]°C | NMR | IR | UV | MS | X-ray

g %
4.34)" | -, 90 [166] 'H x| x X -
4357 | - s8 [69] 'H x | x x -

(4.36)!7148 | _ 58 | 102-103 'H x | x X -

4.37)'¢ -, 83 [229] 'H x X X -
(4.38)'7 -, 64 [90] 'H X X X -
(4.39)'4 -, 86 | 214-215 'H X X X -
(4.40)'* -,97 [135] 'H X x X -
(4.41)'" -, 85 [85] 'H X X X -
(4.42)'4 -, 88 [185] 'H X X X -
(4.43)'7 -, 80 [188] 'H X X X -

The mixed dialkyldithiacarbamate and alkylxanthatobismuth complexes were
obtained in high yields and extensively characterized by spectroscopic studies which
provided electronic and structural information such as relative ligand donor strength and
molecular composition. X-ray crystal structures were not obtained, although the

compounds were described as “yellow crystalline solids.”'*’
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Reaction of sodium or potassium p-methoxyphenylcarbonithionate with bismuth

salts results in a characteristic precipitate, however, neither a yield, proposed structure nor
characterization data were reported.'’

A series of alkylxanthatobismuth complexes, (4.44) - (4.50), (see Figure 4.7 and
Table 4.5) was synthesized by the reaction of Bi(NOs); with excess molar amounts of
potassium alkylxanthate.'**!51-152153 Thermoeravimetric studies of the series of
complexes show that Bi,S; is a common decomposition product. Intraligand and charge-
transfer bands are identified in the UV spectra for (4.45) and (4.50). The solid state
structures consist of either dimeric or polymeric units in which the bismuth centers are
seven-coordinate with distorted pentagonal bipyramidal and capped trigonal prismatic
coordination geometries, respectively. Crystals of the ionic complex,
tetraethylammonium tetrakis(O-ethylxanthato)bismuthate (4.50) were obtained by the
reaction of (4.45) with an equimolar amount of [NEt][S,COEt] and are comprised of
monomeric dodecahedral eight-coordinate bismuth centers.'> Preliminary observations
of the reaction of BiCl3 with potassium salts of methy] xanthate or ethyl xanthate in
concentrated HCI consisted of a description of air-stable yellow crystals which

decompose in pyridine solutions.'*®
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e O 5
B S>—0R 3 B<ES > ok
4

(4.44) - (4.49) (4.50)
Compound l (4.44) (4.45) (4.46) (4.47) (4.48) (4.49)
R I Me Et Pr' Bu" Cyc CH,Ph

Figure 4.7. Proposed structures of tris(alkylxanthato)bismuth compounds, (4.44) - (4.49)
and the fetrakis(ethylxanthato)bismuthate anion, (4.50).
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Table 4.5. Analytical data for tris(alkylxanthato)bismuth compounds, Bi(S;COR)s.

Compound Reactants Yield | mp(°C) | EA | UV | IR | MS | X-ray
g%
(4.44) S TODTIY Bi(NO;);, KS;COMe - 130131 x | - [ x| x X
(4.45)1%01%2 Bi(NO;)3, KS,COEt - 94-95 x x x x X
BiCl;, KS,COEt

(4.46)'% Bi(NO,);, KS,COPY - 160-162 | «x - x| ox | x%¥
4.47)!%° Bi(NO;);, KS;CO(n-Bu) - 30 x - x| «x -
(4.48)150153 Bi(NO,)3, KS,COCyc - 160-161 | x - x X X
(4.49)'%3 Bi(NOs);, KS,COCH,Ph | - - - -l x| - x

[NEt](4.50)"%2 (4.45), [NEL][S,COE!] - - - x | x| - x'%

Cyc = cyclohexyl, C¢Hss

IR spectroscopy and mass spectrometry were reported as characterization

techniques for compounds (4.44) - (4.50), however, the data and a discussion were not

presented. It is inferred that compound characterization was based on elemental analyses

and X-ray crystal structures.

The dialkyldithiacarbamatobismuth compounds and their derivatives exhibit high

coordination numbers and geometries in the solid state and a stereochemically active lone

pair on bismuth is observed in structures which contain less than three intermolecular

coordinations to the bismuth center. Common coordination geometries are pentagonal

bipyramidal and capped trigonal prismatic.
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Compounds (4.51) and (4.52) (see Figure 4.8 and Table 4.6) were synthesized by

the reaction of (4.45) with X, CuX; (X = Cl, Br) or BiCl5."*® The crystalline compounds
are susceptible to hydrolysis. Mixed xanthates were obtained by reacting (4.52) with
aqueous solutions of potassium methyl xanthate and sodium diethyldithiacarbamate to
afford the compounds, (4.53) and (4.54), respectively (see Figure 4.8).'°> Comparative IR
and '"H NMR spectroscopy indicate the presence of different alkyl groups and confirm

successful substitution.

Table 4.6. Analytical data for disubstituted ethylxanthatobismuth compounds,
XBi(S,COEt),.

Compound Reactants Yield | mp[dp] (°C) | EA | NMR | IR | MS | X-Ray
g %

(4.51)">" (4.45), CL, - - X - x | - -
(4.45), CuCl,
(4.45), BiCl,

(4.52)"%® (4.45), Br, - - x - x - .
(4.45), CuBr,

(4.53)' (4.51) ,KS,COMe | - >[80] . 'H x | - .

(4.54)' (4.51), NaS,CNEt, | - >[105] - H [ x| - .

Derivatization of ethylxanthatobismuth (4.45) afforded a series of

monosubstituted ethylxanthatobismuth compounds which were comprehensively
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-B(IES\>—01-1
3
2

(4.51) - (4.54)
Compound l (4.51) 4.52) (4.53) (4.54)
X l Cl Br S,COMe S,CNEt,

Figure 4.8. Proposed structures of disubstituted ethylxanthatobismuth compounds, (4.51)
- (4.54).

Ph/Bl\ >—0R

(4.55) - (4.60)

Compound (4.55) (4.56) 4.57) (4.58) (4.59) (4.60)

R Me Et Pr Pr Bu" Bu'

Figure 4.9. Proposed structures of dipheny! alkylxanthatobismuth compounds, (4.55) -
(4.60).
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characterized, however, yields were not reported. Iododiethylxanthatobismuth and other

alkyl analogues were not obtained. The solution IR spectra were markedly different from
the solid state IR spectra which is attributed to adduct formation in solution with the
solvent, CS,, which is a Lewis base. Although the compounds were crystalline, X-ray
crystal structures were not obtained.

An extensive series of dipheny] alkyldithiaxanthatobismuth compounds, (4.55) -
(4.61) (see Figure 4.9 and Table 4.7) were obtained by the reaction of Ph,BiBr with
equimolar amounts of the appropriate sodium alkylxanthate.'®® The polymeric structure
of (4.58) is unique because the di-iso-propylxanthate ligand is monodentate and bridges
two bismuth atoms rather than chelating a single bismuth center. The coordination
geometry is described as trigonal bipyramidal and the stereochemically active lone pair on

bismuth occupying an axial position.
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Table 4.7. Analytical data for diphenyl(alkylxanthato)bismuth compounds,
Ph;Bi(S2COR).

Compound Yield | mp(°C) | EA | NMR | IR | MS | X-Ray

8 %

4.55™ | 3.8,93 96 x TH - N
4.56)'>° 3.2,75 77 x 'H - . .
4.51"%° | 3.4,68 86 X H |- | - .
(4.58)"'%° 3.1,72 135 X 'H - - X
(4.59)'%° 2.9, 64 72 X IH - . .

(4.60)!%° 3.1,70 90 X 'H . . .

The diphenylalkylxanthatobismuth compounds were obtained in high yield and
characterized by elemental analysis and '"H NMR spectroscopy. An X-ray crystal
structure of (4.58) was obtained and reveals a bridging iso-propylxanthate ligand which is
unexpected since all preceding alkyldithiacarbamate, xanthate and dithiaphosphinate
ligands are bidentate (vide infra). An explanation offered is that steric bulk and hydrogen
bonding (Cphenyi-H ~O) must be sufficient to overcome thermodynamically favorable
ligand chelation.

Characterization of alkylxanthatobismuth compounds is incomplete. Most
notable is the paucity of reported yields. All compounds were isolated as crystals,

however, X-ray crystal structures were obtained for only five compounds. The solid state
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structures contain intermolecular coordinations from sulfur atoms to give rise to high

coordination numbers and dimer or polymer formation.

An extensive series of tris(dialkyldithiaphosphinato)bismuth compounds, (4.61) -
(4.66) was synthesized by the reaction of BiX3 (X = Cl, NOs) with the appropriate 0,0 -
dialkyldithiaphosphinate salt (see Figure 4.10 and Table 4.8).'60:161.162.163.164.165.166.167 T,
reaction of dimesitylbismuth bromide with one molar equivalent of ammonium
diphenyldithiophosphinate unexpectedly forms the monosubstituted analogue of (4.64),
(4.67) (see Figure 4.10)."® X-ray crystal structures of (4.61), (4.62), (4.64) - (4.67) in
addition to IR and '"H NMR spectroscopy confirm the presence of bidentate
dialkylphosphorodithioate ligands. Compounds (4.61) and (4.64) contain dimers which
are connected through short intermolecular Bi~S contacts, whereas, compounds (4.62),

(4.64)eCsHg, (4.65), (4.66) and (4.67) are monomeric in the solid state.



92

S S
BiZ| M»—PR, Mes—Bi%| H>—PPh,
S
3 2
(4.61) - (4.66) (4.67)

Compound I (4.61) 4.62) (4.63) (4.64) (4.65) (4.66)

R I Me Et pPr Ph OEt opPr'

Figure 4.10. Proposed structures of tris(dialkyldithiaphosphinato)bismuth compounds,
(4.61) - (4.66) and the disubstituted (diphenylxanthato)mesitylbismuth compound, (4.67).
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Table 4.8. Analytical data for tris(dialkyldithiaphosphinato)bismuth compounds,

Bi(S;PR)s.
Compound Reactants Yield | mp[dp] NMR MS | X-Ray
&% o)
(4.61)™ BiCl;, NaS;PMe, | 09,62 | 242 H x x
(4.62)'¢"162 BiCl;, 63,94 | 945 - - x
NaS,PEt,2H,0
(4.63)'¢' BiCl;, NaS,PPr", -46 | 2015 - - -
(4.64)'*1% | Bi(NO,);, NaS;PPh, | -,75 - - - x
(4.64)eCcH,'% (4.65), CsHs - - - - X
(4.65)'% BiCl;, - - - - x
[NH,][S,POEt,]
(4.66)'” BiCl;, NH,(S,POPr', - - - - x
(4.67)'%® Mes;BiBr, 0.2, [180] 'H - x
[NH.](S,PPh,] 100

Mes = mesityl, 2,4,6-trimethylphenyl

Compound characterization, in general, was minimal for the

dialkyldithiaphosphinatobismuth compounds. For example, elemental analysis was the

only analytical technique reported for (4.63) and compounds (4.64) CsHs, (4.65) and

(4.66) were characterized by an X-ray crystal structure only and yields were not reported.

Dimer formation is expected to be hindered by the presence of bulky ligands and,

conversely, monomers are expected for compounds containing large bulky ligands.

However, (4.64) which contains large phenyl groups is observed to be dimeric and
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compounds (4.62) and (4.66) which contain small ligands are observed to be monomeric

in the solid state. It is interesting to note that neither spectroscopic characterization nor
yields were reported for (4.64) - (4.66).

Crystals of the ionic trithiocarbonatobismuth complex, [PPh4]3[Bi(CS3)3] (4.68)
(see Figure 4.11) were obtained from the reaction of BiCl; with potassium
trithiocarbonate and aqueous tetraphenylphosphonium chloride.'® Compound (4.68) was
extensively characterized by elemental analysis, IR and Raman spectroscopy, a magnetic
susceptibility measurement, X-ray powder diffraction and a single crystal X-ray structure.
Chelation of the trithiocarbonate ligand was confirmed by the presence of characteristic
patterns in the IR and Raman spectra of (4.68). An X-ray crystal structure confirmed that
chelation was asymmetric and that the Bi-S bond lengths widely range from 2.643(7) to

3.029(7) A in the capped octahedral monomers.

(4.68)

Figure 4.11. Structure of the trianion in (4.68).

The four-membered dithiabismuth heterocycles are comprised solely of
monomeric chelate complexes. The formation of a large number of monoanionic dithia

chelate complexes demonstrates a thermodynamic preference. Characterization was
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minimal and often completely based on an X-ray crystal structure. Synthetic yields were

rarely reported. Large coordination numbers and complex geometries result from
intermolecular coordinations form sulfur and halogen atoms. Dimer and polymer
formation are commonly observed in the solid state structures, although exceptions occur

when the ligand alky! groups are sterically encumbering.

4.1.2 Five-Membered Dithiabismuth Heterocycles

Preliminary results were obtained by the reactions of sodium bismuth citrate and
ammonium bismuth citrate with 2,3-dimercapto-1-propanol to form organobismuth
compounds described as therapeutically active.'’!”! The reaction of BiX; (X = Cl, Br)
with equimolar amounts of 1,2-ethanedithiol in the presence of concentrated HCl yield
the air and water-stable compounds, (4.69) and (4.70) (see Figure 4.12 and Table 4.9).!"
The exclusive solubility of compounds (4.69) and (4.70) in pyridine, a Lewis base, led to
the conclusion that the compounds are coordination polymers in the solid state. In fact,
crystalline pyridine coordination complexes, (4.69)e2pyr and (4.70)e2pyr (see Figure
4.12) were formed, however, X-ray crystal structures were not obtained. IR and Raman
spectroscopic studies of liquid and crystalline samples of (4.69) and (4.70) confirm the
gauche conformation of the ethanedithiolate ligands.'’”®> The absence of strong Bi-X

stretching vibrations in the IR spectra in addition to the absence of the molecular ion in
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Figure 4.12. Proposed structures of dithiabismolanes, (4.69) - (4.71) and the pyridine
adducts, (4.69)2pyr and (4.70)*2pyr.
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the mass spectrum of (4.70) and the presence dithiabismolanium cation as the most

abundant peak indicates that (4.69) and (4.70) are ionic.'”

The methyl derivative, (4.71) is obtained by the reaction of
diethoxymethylbismuth with 1,2-ethanedithiol (see Figure 4.12 and Table 4.9).!”
Characterization by 'H NMR spectroscopy and mass spectrometry confirm the
heterocyclic structure. In contrast to the halogen analogues, (4.69) and (4.70), the

molecular ion, [4.71]" is observed in the MS as well as the dithiabismolanium cation,

[BiS,C,H.]".
Table 4.9. Analytical data for dithiabismolanes.
Compound Reactants Yield mp[dp] | EA | NMR | IR | Raman | MS | X-Ray
g% ()]

(4.69)" =171 BiCls, 37,82 [120] X - x x x -
HSCH,CH,SH

(4.69)e2pyr'? | (4.69), pyridine - 100-102 x 'H x x x -

4.70)'™'" BiBr;, 19, 96 [155] x - - x - -
HSCH,CH,SH

(4.70)02pyr'? | (4.70), pyridine . 130-132 | «x . - - . .

4.71)'" CH;Bi(OEt),, | 2.5,78 (100] x 'H - - x -
HSCH,CH,SH

The dithiabismolanes have been synthesized in high yields and extensively
characterized although techniques are limited due to inherent low solubility. MS

provides additional evidence for the ionicity of the halodithiabismolanes by the absence
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of the molecular ion and the simultaneous presence of a dithiabismolanium cation as the

most abundant peak.

Reaction of BiCl; with a comprehensive series of dithiooxamides,
RNHC(S)C(S)NHR under inert conditions, yields the five-membered dithiabismuth
heterocycles, (4.72) - (4.78) (see Figure 4.13 and Table 4.10).'" Crystals were obtained
for each compound, however, their subsequent decomposition in the presence of air and
water prevented single crystal X-ray analysis for all compounds, except for (4.78). The
IR spectra confirm that the potential N-donor sites are not involved in complexation and
that Bi-S bonds are formed by cis-S,S’ ligand attachment. An X-ray crystal structure of
(4.78) reveals a halide-bridged dimer in which each bismuth atom is chelated by one

bidentate tetra-n-propyldiphosphane disulfide ligand.'”’

Table 4.10. Analytical data for coordination complexes of BiCls which are
dithiabismuth heterocycles.

Compound Reactants Yield { mp(°C) | EA | NMR [ IR | X-ray
g%
4.72)'" BiCl;, (SCNHMe), - - x - x -
4.73)' BiCl;, (SCNHE), - - x . X -
4.74)" BiCl;, (SCNHPr'), - . x - x .
4.75)"" BiCl;, (SCNHBu"), - - x - x -
(4.76)'™ | BiCls, (SCNH-c-C¢Hy)), - . x - X .
@.17'" BiCl;, (SCNHCH,Ph), . - x - x .
4.78)'" | BiCL, Pr',P(S)P(S)Pr", | 74,77 | 136137 | x | 'H ¥ P | «x x




RHN—_=S, Pr,p=S,
BiCk |  Bich
RHN— g7 PP

99
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Compound I 4.72) 4.73) (4.74) (4.75) (4.76) (4.77)
R I Me Et Pr Bu" Cyc CH,Ph

Figure 4.13. Proposed structures of coordination complexes of BiCls, (4.72) - (4.77) and

monomeric unit of (4.78).
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Only one five-membered dithiabismuth coordination complex was

comprehensively characterized, otherwise, elemental analysis and IR spectroscopy were
the only analytical methods used for characterization of compounds for which yields were
not reported. Chelation of the bismuth atoms was confirmed by comparative IR

spectroscopy. An X-ray crystal structure was obtained for one compound.

Mononuclear, monocyclic aryldithiabismolanes, (4.79) - (4.82) were synthesized
by the reaction of equimolar amounts of BiX3 (X = Cl, Br) or diethoxymethylbismuth
with the appropriate aryldithiol (see Figure 4.14 and Table 4.11).'">75178 However, a
bicyclic tethered derivative, (4.83) (see Figure 4.14) is obtained by the reaction of BiCl,
with a two molar equivalent of 3,4-dimercaptotoluem:.179 Compounds (4.80) and (4.81)
readily reacted with 2,2’-bipyridyl and with 1,10-phenanthroline to form 1:1 adducts.
Molecular ions appear as the most abundant peak in the mass spectra of (4.79) and (4.82).
Conductance and polarographic studies demonstrate (4.83) is a weak electrolyte but

neither technique confirmed the proposed dimeric structure.
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Figure 4.14. Proposed structures of five-membered aryldithiabismuth heterocycles, (4.79)
- (4.83) and structures of 2,2'-bipyridy! (bipy) and 1,10-phenanthroline (phen).



Table 4.11. Analytical data for aryldithiolate complexes of bismuth.
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Compound Reactants Yield | mp(dp] { EA | NMR | IR | Cond. | MS | X-Ray
8% °C)
479 | BiBr, (HS),,CsHs | 64,43 - x | H | x - x | -
(4.80)'™ BiCl,, 34,86 | 233234 | «x - - . . ]
(HS),CeH3CH,4
(4.80)+2pyr'™ (4.80), pyridine - 135-139 | «x - . - . .
(4.80)2,2'- (4.80), 2,2'- 05,98 [ 191-192 | x - - - . .
bipy'™ bipyridyl
(4.81)' BiBr;, - 87 |[222-223] «x - - - - .
(HS),CeH;CH;
(4.81)°2,2'- (4.81), 2,2'- . [198- | «x - - - . .
bipy'”? bipyridy! 199]
(4.81)°1,10- (4.81), - - x - - . . ]
phen”z 1,10-phen
(4.82)'" CH;Bi(OE),, 3.1,82 | 185 x 'H | - - x -
(HS),CsH;CH;
(4.83)'® BiCl,, . - x - x x . .
(HS),C¢H,CH;

phen = 1,10-phenanthroline

Reaction of BiCl; with a one molar amount of 3,4-dimercaptotoluene forms (4.80)

in high yield, and the reaction of BiCl; with a two molar amount of 3,4-

dimercaptotoluene results in the formation of the tethered bicyclic analogue, (4.83).
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Furthermore, compound (4.83) was not characterized by a yield, melting point or an X-

ray crystal structure. Conductivity studies suggest that (4.83) is actually the monocyclic
chloride compound, (4.79). X-ray crystal structures of the aryldithiabismuth compounds
were not obtained, however, heterocycle formation was confirmed by MS, '"H NMR and
IR spectroscopy for three compounds. Six compounds were characterized by elemental
analysis and a melting point only.

Dicyanoethylene-1,2-dithiabismuth complexes, (4.84) - (4.91) (see Figure 4.15
and Table 4.12) were synthesized by the reaction of BiX3 (X = Cl, Br, I) with disodium
dicyano-1,2-dithiolate followed by the addition of NEt,Cl or AsPh4Cl (except for (4.86))
in an inert atomsphere.'”®!7*!180 Conductance studies in acetonitrile indicate that
compounds (4.84), (4.85), (4.87) - (4.91) are strong electrolytes, however, dimerization
cc;uld not be confirmed. Nonetheless, proposed structures are described as dimers in
which the bismuth atoms are bridged by two dithiolate ligands. Polarographic studies
demonstrate that (4.84), (4.85), (4.87) - (4.91) could undergo reversible electron-transfer
reactions. The presence of the molecular ion as the most abundant peak in the MS
suggests that (4.86) is molecular. An X-ray crystal structure of [AsPh4][4.91] reveals
coordination polymer formation by bridging intermolecular Bi~'S contacts. Each bismuth
atom has pentagonal bipyramidal coordination geometry in which a stereochemically

active lone pair occupies an equatorial position.
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Figure 4.15. Proposed structures of dicyanoethylene-1,2-dithiabismuth complexes, (4.84)
- (4.90) and the bicyclic anion in (4.91).
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Table 4.12. Analytical data for dicyanoethylene-1,2-dithiabismuth complexes.

Compound Reactants Yield | mp(°C) { EA | IR | Cond. MS | X-Ray
g%
@849™ | BiBr;, Na;S,C,CN), | 0.6, 54 - x| - x | -
[NEt]; (4.85)'" | BiCl3,Na,S,Co(CN),, | - - x x - -
NECl
[(NEL],(4.86)'" BiBr;,Na,S,C,(CN),, - - x X - -
NEuCl
[NEw], (4.87)'° | Bil,, Na,S,C,(CN),, - - x x - -
NECl
[NE];(4.88)'™ | BiCl3Na,S,C5(CN),, - - x x . -
NEWCI
[NE],(4.89)'"° | BiBr;,Na;S,C;(CN),, - - x x . .
NEuClI
[NEw]»(4.90)' | Bil;, Na,S,C5(CN),, - - x x - .
NELCI
[NEL](4.91)' | BiCl3,Na;S;C5(CN),, - - x . - .
NECl
[AsPh](4.91)'® | BiCl;,Na,S,C5(CN),, - - - - - x
AsPh,Cl

Speculation on structural information for (4.84), (4.85), (4.87) - (4.91) was

extensive, yet elemental analysis and molar conductance studies (the only characterization

techniques reported) do not provide conclusive structural evidence. Furthermore, yields
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and X-ray crystal structures were not obtained. In contrast to the ionic analogues, (4.70)

and (4.81), (4.86) is molecular in solution.

Although, there are many examples of five-membered dithiabismuth heterocycles,
X-ray crystal structures were obtained for only four compounds. Examination of the solid
state structures reveals high coordination numbers and polymer formation. Monocyclic
halogen dithiabismuth heterocycles were found to be jonic, however, there are exceptions.
Adduct formation was observed to occur with nitrogenous Lewis bases only which can be

rationalized by the hard and soft acid-base theory.”

4.1.3 Dithiabismuth Heterocycles with Ring Sizes Greater than Five

There are few examples of dithiabismuth heterocycles with ring sizes greater than
five which is perhaps reflective of the relative thermodynamic stability of five-membered
organometallic heterocycles. Synthetic methods are straight-forward and rapid to yield
air-stable yellow powders.

Compound (4.92) (see Figure 4.16 and Table 4.13) is the only example of a six-
membered dithiabismuth heterocycle and is formed by the reaction of Bi(NO;); with
K[SPPh,NPPh,S].*” Solution *'P NMR spectroscopic data allowed for the prediction that
(4.92) is highly symmetric and the lone pair is stereochemically inactive. An X-ray
crystal structure reveals a slightly distorted octahedral coordination geometry for the
bismuth atoms in the solid state.'®!

Compound (4.93) (see Figure 4.16 and Table 4. 13) is a pure bismuth sulfide with

a unique tetracyclic tethered structure and is also air and water-stable, 152 An X-ray crystal



107
structure of [AsPh4)4[4.96] was obtained and reveals an ionic structure in which the

[Bi»S34]* anion is linked by an S¢> chain which links two bismuth atoms together which
are each chelated by two S, ligands. The coordination geometry around each bismuth
atom is described as a distorted square pyramidal and the stereochemically active lone
pair on each bismuth center occupies an axial position.

A series of dithiabismocanes (4.94) - (4.99) (see Figure 4.16 and Table 4.13) was
synthesized by reacting BiCl; or RBi(OEt), (R = Me, Ph) with (HSCH,CH,)X, (X =S,
0).'#184185 1R spectroscopic and mass spectrometric studies of (4.95) - (4.99) confirm
ligand chelation and indicate that the compounds are molecular. An X-ray crystal
structure of (4.99) reveals a short intra-ring Bi~O coordination and two long Bi~'S

intermolecular coordinations which render the bismuth center six-coordinate.
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Figure 4.16. Proposed structures of dithiabismuth heterocycles with ring sizes greater
than five, (4.92) - (4.99).
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Table 4.13. Analytical data for dithiabismuth heterocycles with ring sizes greater than

five.
Compound Reactants Yield mp(dp] | EA | NMR MS | X-Ray
&% °C)

4.92)" Bi(NO;);, 04,57 | 235-236 | x [ °'P - [ x™
K[SPPh,NPPh,S]

[PPh,](4.93)'® BiCl,, H,S, . - . - . .
PhPCl, S,

[AsPh,),[(4.93)'%2 BiCl;, H,S, 0.6, - - - - x
Ph,AsCl, S, ~60

4.94)'8 BiCl,, . (120] | «x . x -
(HSC;H,),S

(4.95)'% MeBi(OEt),, 2.8, 80 141 x | B¢ x -
(HSC;H,),S

(4.96)'% PhBi(OEt),, 04,18 125 x | Bc x -
(HSC;H,),S

4.97)'% BiCl;, -, ~60 [75] . -
(HSC;H,),0

(4.98)' MeBi(OEt),, 25,69 132 x | Bc x .
(HSC;H,)»,0

(4.99)'* PhBi(OEt),, 1.7,79 150 x | B¢ x x
(HSC;H,),0

Compounds (4.92) - (4.99) were obtained in high yields and are air and water-

stable. The solid state structure of (4.99) contains long intermolecular coordinations from
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sulfur to bismuth atoms, however, the molecules remain monomeric. The cross-ring

donation within the eight-membered rings provides structural stabilization and is likely
responsible for the five-membered ring fragmentation in the mass spectra of compounds

(4.95) - (4.99).

4.2 Results and Discussion

4.2.1 Introduction

The prevalence and structural simplicity evident for dithiabismuth heterocycles
highlight them as ideal candidates for systematic study. Metathesis of BiX3, X = Cl, Br,
I, NO;, CH3COO was employed to generate a comprehensive series of monoheterocyclic
dithiabismuth halides of varying ring size (4.69), (4.70), (4.94), (4.97), (4.100) - (4.104)
(see Figure 4.17), as well as a series of tethered bicyclic systems (4.105) - (4.109) (see
Figure 4.18). Characterization by X-ray crystallography and vibrational spectroscopy
establishes the structural simplicity of these compounds. The systematic relationships
within the series has allowed for an extensive mass spectrometric study which reveals the

prominence of bismuthenium cations.

4.2.2 Synthesis and Characterization of Dithiabismuth Heterocycles
Powell first recognized the rapid, high-yield reaction between BiX; (X = Cl, Br)

and ethanedithiol, and characterized the products as (4.69) and (4.70), and their pyridine
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complexes, (4.69)*2pyr and (4.70)«2pyr by elemental analysis and IR spectroscopy.'>!">

These observations have been confirmed with a comprehensive characterization of (4.69),
(4.70), (4.69)+2pyr and (4.70)°2pyr. More importantly, the general quantitative
metathesis reaction has been exploited to generate a series of cyclic chloro, bromo and
iododithiabismuth compounds (4.69), (4.70), (4.94), (4.97), (4.100) - (4.104) with
increasing ring size. As a modification of Powell’s procedure, all reactions occur in the
absence of acid. Moreover, BiOCl is demonstrated to be the actual reactant by the
observation that (4.69) is formed in high yield from the reaction of BiOCl with 1,2-
ethanedithiol.'* A formal double metathesis at each bismuth site is inferred in all cases,
and the cyclic structures of compounds (4.69) and (4.70) (as the dipyridyl complexes,
(4.69)e2pyr and (4.70)e2pyr), (4.94), (4.97), (4.105) and (4.107) are confirmed by X-ray
crystallography. The spectroscopic data for uncomplexed bismolanes (4.69), (4.70) and
(4.100); bismane (4.101); bismepane (4.102); and bismocanes (4.94), (4.97) and the
pyridine complexes, (4.69)2pyr, (4.70)=2pyr and (4.100)+2pyr (see Figure 4.19) are
consistent with the cyclic structure (see Tables 7.6, 7.9 and 7.1 1). X-ray quality crystals
were not obtained for compounds (4.69), (4.70), (4.100), (4.100)2pyr, (4.101) - (4.104),
(4.106), (4.107) and (4.109).

When Bi(NO3); or Bi(CH;COO); are combined with 1,2-ethanedithiol, 1,3-
propanedithiol, 1,4-butanedithiol, mercaptoethyl sulfide and mercaptoethyl ether, a
complete metathesis is observed to give three Bi-S bonds at each bismuth site, including a

cyclic or chelate formation of the analogous compounds, (4.105) - (4.109), respectively.



114

\. / N/ \ /7
S\ 4 S\ ¥ S\_#
[ /Bx;—Cl E /BI;-BI’ [ /BI\—I
S N S N S N
720\ 720\ 7\
(4.69)-2pyr (4.70)-2pyr (4.100)-2pyr

Figure 4.19. Structures of the pyridine complexes, (4.69)*2pyr, (4.70)*2pyr and
(4.100)2pyr.
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The compounds are assigned the tethered bicyclic structures (4.105) - (4.109) on the basis

of the X-ray structures of (4.105) and (4.108), and comparative analytical data for the
series of compounds (4.105) - (4.109) (see Tables 7.6 and 7.11). The formation of all
dithiabismuth heterocycles, (4.69), (4.94), (4.97), (4.100) - (4.109) occurs independent of
stoichiometry, illustrating a dominant thermodynamic preference for the Bi-S bond
formation and suggesting that the halo-substituted monocyclic derivatives are kinetically
stable with respect to the tethered bicyclic analogues in the presence of excess dithiol.
Indeed, compound (4.69) can been quantitatively tethered to give (4.105) by refluxing in
ethanedithiol and also upon introduction of sodium nitrate in the presence of
ethanedithiol, which presumably facilitates tethering by promoting Bi-Cl heterolytic bond
cleavage. This is a general process allowing for tethering of all heterocycles (4.69),
(4.94), (4.97), (4.101), (4.102) to form (4.105) - (4.109) and the possibility of the tether
having a different chain length than the heterocycle. In addition, compound (4.105) can
be obtained by refluxing the tethered bismane (4.106) in ethanedithiol, expressing the
thermodynamic preference for five-membered inorganic ring formation.

The utility of heterolytic Bi-Cl bond cleavage facilitated by the addition of sodium
nitrate to an aqueous solution of (4.69), was exploited to obtain 2-thioethanol-1,3-dithia-
2-bismolane (4.110) and 2-phenylthiolato-1,3-dithia-2-bismolane (4.111) (see Figure
4.20) by the subsequent addition of mercaptoethanol and thiophenol, respectively.
Compound (4.110) can also be synthesized by addition of an equimolar amount of
ethanedithiol to an aqueous solution of bicyclic bis-(2-hydroxyethanethiolato)bismuth

nitrate (3.15) (generated in situ by the reaction of Bi(INOs); and mercaptoethanol). The
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bicyclic structure of (4.110) was assigned on the basis of an X-ray crystal structure,

elemental analysis and comparative spectroscopic data.

Preliminary assignment of 2-phenylthiolato-1,3-dithia-2-bismolane (4.111) was
made on the basis of comparative spectroscopic data which reveals a heterocyclic
structure and the presence of the phenylthiolate ligand. Inherently low solubility of
(4.111) in common organic solvents such as DMSO, toluene and pyridine restricts crystal
growth and many characterization techniques such as solution NMR spectroscopy, APCI
MS and X-ray crystal structure analysis. Further characterization may be achieved by EI

MS, for chemical composition and structural confirmation of 4.111).

S OH s

2 O
s” s s

\_/

4.110) (4.111)

Figure 4.20. Proposed structures of derivatives of (4.69), (4.110) and (4.111).

4.2.3 Structural Features
Compounds (4.69), (4.70), (4.94), (4.97), (4.100) - (4.110) have very low
solubilities in most solvents, but anomalous is the dissolution of (4.69), (4.70) and

(4.100) in pyridine. Needlelike crystals of (4.69)2pyr, (4.70)*2pyr and (4.70)*2pyr can
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be obtained, which slowly release pyridine and lose crystallinity. The X-ray structure of

(4.69)°2pyr reveals a dipyridyl complex of (4.69) with the pyridine ligands in a trans
orientation with respect to a distorted square plane formed by the S,C, chelate ring and
two chlorine atoms (see Figure 4.21). The chlorine centers are dicoordinate with
essentially equivalent [3.111(4) and 3.231(5) A] Bi-Cl bonds, providing an alternating Bi-
Cl polymeric backbone which links the heterocycles. The bond lengths are substantially
longer than terminal Bi-Cl bonds and are comparable with reported bridging
bonds.'%>!77-187.188.189. 4 ceventh coordination site is imposed by a contact to a sulfur
atom of a neighboring heterocycle. This intermolecular contact is longer [3.443(5) A]
than the two equivalent endocyclic Bi-S bonds [2.545(4) and 2.542(6) A]. The Bi-N
bonds are similar [2.534(8) and 2.592(9) A] and are typical of N—Bi coordinate
bonds, !12-115.189.190.191,192

Similarly, compound (4.70)+2pyr is a dipyridyl complex but can be described as a
monomeric base-stabilized bismolanium cation (see Figure 4.22). The two pyridine
ligands are trans to each other and equivalently coordinated to the bismuth center
[2.55(2) A] and coplanar. The Bi-Br bond [3.264(3) A] is substantially longer than both
terminal and bridging Bi-Br bonds.'**'** The two endocyclic Bi-S bonds are simjlar
[2.536(5) and 2.550(7) A} and are comparable to the endocyclic Bi-S bonds in
(4.69)+2pyr [2.545(4) and 2.542(6) A]. Three intermolecular contacts from two bromine
atoms and one sulfur atom give rise to a pentagonal bipyramidal coordination geometry

about the bismuth center, in which the pyridine ligands occupy the axial positions.
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Figure 4.21. Crystallographic view of (4.69)¢2pyr. Selected bond lengths (A) and angles
(°): Bi(1)-S(1) 2.545(4), Bi(1)-S(2) 2.542(6), Bi(1)-CI(1) 3.111(4), Bi(1)-N(1) 3.534(8),
Bi(1)-N(1) 2.592(9), Bi(1)-S(1a) 3.443(5), Bi(1)-Cl(1a) 3.231(5), S(1)-Bi(1)-S(2) 84.8(2).
CI(1)-Bi(1)-8(1) 157.26(9), CI(1)-Bi(1)-S(2) 75.3(2), N(1)-Bi(1)-N(2) 173.1(4), CI(1)-
Bi(1)-N(1) 82.8(4), CI(1)-Bi(1)-N(2) 101.9(3).



119

Brilg) O -

Figure 4.22. Crystallographic view of (4.70)+2pyr showing the bromide counterions
coordinating to the base-stabilized bismuthenium cations. Selected bond lengths (A) and
angles (°): Bi(1)-S(1) 2.550(7), Bi(1)-S(2) 2.536(5), Bi(1)-Br(1) 3.264(3), Bi(1)-N(1)
2.55(2), Bi(1)-N(1a) 2.55(2), Bi(1)-S(1a) 3.488, Bi(1)-Br(1a) 3.356(5), S(1)-Bi(1)-S(2)
84.5(4), Br(1)-Bi(1)-S(1) 159.8(2), Br(1)-Bi(1)-S(2) 75.3(4), N(1)-Bi(1)-N(1a) 175.4(11),
Br(1)-Bi(1)-N(1) 91.5(6), Br(1)-Bi(1)-N(la) 91.5(6).
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Compounds (4.94), (4.97), (4.105) and (4.108) have been crystallized free of

solvent and show molecular and intermolecular interactions. Compounds (4.94) and
(4.97) (see Figure 4.17) are isostructural and can be viewed as eight-membered
heterocycles with a cross-ring 2,6 intramolecular interaction, involving a coordinative
donation from sulfur (in (4.94), or oxygen in (4.97)) to bismuth (see Figure 4.23), which
is a well established structural arrangement for many nonmetal elements.'®> Consistent
with this bonding model, the two symmetry-related heterocyclic Bi-S bonds [2.541(6) A]
of (4.94) are slightly shorter than the cross-ring Bi-S bond [2.849(5) A}, and are
comparable to the endocyclic Bi-S bonds in (4.69)*2pyr [2.545(4) and 2.542(6) Al and
(4.70)2pyr [2.536(5) and 2.550(7) A]. Three intermolecular contacts from chlorine and
the sulfur centers of a neighboring molecule impose a seven-coordinate environment for
bismuth. The structures are fundamentally analogous to those reported for the phenyl
derivative of (4.97), (4.99) and the corresponding arsocane and stibocanes with expected
bond length and bond angle distortions.'8*1%6-197

Two structurally identical molecules are observed in the asymmetric unit for
(4.105) (see Figure 4.24), and its tethered bicyclic structure is similar to that of (4.108)
(see Figure 4.25) in that they both possess essentially equivalent Bi-S bond lengths within
the heterocycle [one molecule of (4.105), 2.565(7), 2.591(7), 2.552(7), 2.553(7) A;
(4.108), 2.597(5), 2.559(4), 2.576(4), 2.599(4) A] and for the exocyclic tether linkages
[(4.105), 2.633(7), 2.635(7) A; (4.108), 2.615(4), 2.566(5) A]. The cross-ring S—Bi

contacts observed in the structure of (4.94) are also evident in the rings of (4.108),
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SU1AA}

Figure 4.23. Crystallographic view of two molecules of (4.97) showing intermolecular
coordinations from sulfur and chlorine atoms. Compound (4.94) is isostructural.
Selected bond lengths (A) and angles (°) for (4.94): Bi(1)-S(1) 2.849(5), Bi(1)-S(2)
2.541(6), Bi(1)-CI(1) 2.682(5), Bi(1)-S(1b) 3.534(7), Bi(1)-Cl(1a) 3.285(6), S(1)-Bi(1)-
S(2) 79.0(1), CI(1)-Bi(1)-S(1) 155.3(2), CI(1)-Bi(1)-S(2) 85.2(1), S(1)-Bi(1)-S(1a)
99.4(3); for (4.97): Bi(1)-0(1) 2.52(4), Bi(1)-S(1) 2.578(12), Bi(1)-CI(1) 2.58(2), Bi(1)-
S(1b) 3.383(1), Bi(1)-Cl(1a) 3.304(1), O(1)-Bi(1)-S(1) 75.0(7), CI(1)-Bi(1)-O(1)
149.9(12), Ci(1)-Bi(1)-S(1) 86.1(4), S(1)-Bi(1)-S(1a) 100.6(6).
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Figure 4.24. Crystallographic view of one of two independent molecules in the unit cell
of (4.105) showing inter and intramolecular coordinations to the bismuth sites. Selected
bond lengths (A) and angles (°) for one independent molecule in the asymmetric unit:
Bi(3)-8(7) 2.580(7), Bi(3)-S(8) 2.540(6), Bi(3)-S(9) 2.665(7), Bi(3)-S(11) 3.2824(9),
Bi(4)-5(10) 2.643(6), Bi(4)-S(11) 2.554(7), Bi(4)-S(12) 2.550(7), Bi(4)-S(9) 3.1771(9),
S(7)-Bi(3)-S(8) 83.2(2), S(7)-Bi(3)-S(9) 82.6(2), S(8)-Bi(3)-S(9) 94.2(2), S(10)-Bi(4)-
S(11) 100.3(2), S(10)-Bi(4)-S(12) 87.1(2), S(11)-Bi(4)-S(12) 85.0(2).
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Figure 4.25. Crystallographic view of (4.108) showing the cross-ring donation to the
bismuth centers. Selected bond lengths (A) and angles (°): Bi(1)-S(1) 2.597(5), Bi(1)-
S(2) 2.559(4), Bi(1)-5(9) 3.017(5), Bi(1)-S(7) 2.615(4), Bi(2)-S(4) 2.576(4), Bi(2)-S(5)
3.197(5), Bi(2)-S(6) 2.599(4), Bi(2)-S(8) 3.192(4), Bi(2)-S(9) 2.566(5), S(1)-Bi(1)-S(2)
94.2(2), S(1)-Bi(1)-S(3) 75.5(1), S(2)-Bi(1)-S(7) 95.6(2), S(4)-Bi(2)-S(6) 93.9(1), S4)-
Bi(2)-5(9) 93.5(2), S(5)-Bi(2)-S(6) 74.2(1), S(6)-Bi(2)-S(9) 81.7(2), S(8)-Bi(2)-S(9)
75.9(1).

I'd



124
although they are slightly longer [(4.94), 2.849(5) A; (4.108), 3.071(5), 3.197(4) A]. In

addition, donations from the tether sulfur centers to a bismuth site are observed in both
(4.105) and (4.108), which effect the folding or wrapping of the tether. It is interesting to
note the five-membered ring motif that is generated by most of the intramolecular
interactions. The presence of the five-membered ring is likely responsible for the onset of
five-membered ring fragmentation in the mass spectra. The intermolecular and
intramolecular contacts provide for six and seven-coordinate bismuth environments. The
observed structure of (4.105) is consistent with the previously reported structure of the
antimony analogue, and is reminiscent of a diazabismuth derivative.'?%'%°

The hydroxyethanethiol derivative, (4.110) is bicyclic due to the auxiliary
coordination of the hydroxyl group to the bismuth center, and is consistent with the
bicyclic framework noted for the series of bicyclic bis-(2-hydroxyethanethiolato)bismuth
complexes.“’6"07"08'l 10 The endocyclic Bi-S bonds [2.53(2) and 2.55(2) A] are equivalent
and slightly shorter than the Bi-S and Bi~O bonds [2.63(2) and 2.64(2) A] in the
coordinative hydroxyethanethiolate ligand. Three additional intermolecular contacts from

sulfur atoms render the bismuth atom seven-coordinate.
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Figure 4.26. Crystallographic view of (4.110). Selected bond lengths (A) and angles (°):
Bi(1)-S(1) 2.52(1), Bi(1)-S(2) 2.62(1), Bi(1)-S(3) 2.52(2), Bi(1)-O(1) 2.64(5), Bi(1)-S(3a)
3.50(1), S(1)-Bi(1)-S(2) 85.7(2), S(1)-Bi(1)-S(3) 93.1(4), S(2)-Bi(1)-S(3) 90.7(4), S(1)-
Bi(1)-O(1) 74(1), S(2)-Bi(1)-O(2) 154.1(8), S(3)-Bi(1)-0(2) 74(1).
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4.2.4 Mass Spectrometric Features

Electron ionization (EI) mass spectra were obtained for compounds (4.69), (4.94),
(4.97), (4.101), (4.102); the data are summarized in Table 7.7. Molecular ions are
observed for (4.69), (4.94) and (4.97). The presence of a strong molecular ion M™ for
(4.69) as well as the major fragment ion [M - CI]* have been confirmed by accurate mass
measurements (M, BiC,C1H,S; m/z 335.9237,d =2.9 ppm; [M - CIJ*, BiC;H,S,
measured m/z 300.9550, d = 2.8 ppm). Compound (4.94) gives weak M™* ions and major
fragment ions at m/z 336 and 301, which are assumed to have the same structure as M™
and [M - CI]" ions from (4.69). This suggests a thermodynamic preference for the five-
membered heterocycle and implies elimination of S,C;H, from M™* and [M - C1]* ions of
(4.94) followed by ring closure, as was proposed earlier for the methyl and phenyl
analogues.184 Similarly, compound (4.97) shows a fragment ion (m/z 285) which is the
oxa analogue of the [M - CI]* ion from (4.69). The data for compound (4.69) are
consistent with those of a previous report; however, previous reports for compounds
(4.94) and (4.97) do not describe the intense peaks for (M - CI]* or [M - CI - SC,H,]*.'®

The EI mass spectra of compounds (4.101) and (4.102) show ions observed in the
spectrum of BiCl; in addition to the ions corresponding to the organic portion of the
molecule, indicative of thermal decomposition. Compounds (4.105) - (4.109) behave
similarly to bismuth sulfide which is polymeric in the solid state and is not sufficiently

volatile to give an EI spectrum.
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Atmospheric pressure chemical ionization (APCI) mass spectral data for

compounds (4.69), (4.94), (4.97) and (4.101) in DMSO and compounds (4.105), (4.106),
(4.108) and (4.109) in acetonitrile with 1 % HCI are summarized in Table 7.8, revealing
some general trends. Dominant in all the spectra, are monocyclic cations, which
represent [M - C1]* for compounds (4.69), (4.94), (4.97) and (4.101), and heterolytic Bi-S
cleavage of the tether for compounds (4.105), (4.106), (4.108) and (4.109). These cations
are representative of bismuthenium cations, bismuth analogues of the well-established
series of dicoordinate phosphorus and arsenic cations.?*?*! They are also observed in the
EI mass spectra of (4.69), (4.94) and (4.97).

Acidified solutions of compounds (4.105), (4.106), (4.108) and (4.109) also show
bismuthenium cations as the dominant species, and both five-membered (m/z 361 for
(108); m/z 285 for (4.109)) and eight-membered (m/z 361 for (4.108); m/z 345 for
(4.109)) heterocyclic cations are observed in the spectra of (4.108) and (4.109). A
protonated molecular ion was observed for compound (4.109) and the MS/MS spectrum
of this ion reiterates that the principal fragmentation pathway is the loss of SC,H,. Loss
of SC,H, or 2SC,H, from MH" may result in a tethered ion with either one of two
pendant five-membered heterocycles (at m/z 767 and 706, respectively), each containing
an oxygen and a sulfur atom. As was observed for the APCI mass spectrum (Table 7.8),
the MS/MS spectrum of (4.108)H" is dominated by the eight-membered bismuthenium
species (m/z 345) plus a minor fragment ion due to loss of SC;H,4 to give the five-

membered species at m/z 285.



128
Notable in the APCI spectrum of (4.69) is the peak at m/z 379 which corresponds

to a DMSO complex of the cation and is suggestive of a donor stabilization. Similar
complexation is also observed for (4.94), (4.97) and (4.101) in DMSO solution. After a
sampling cone (SC) voltage adjustment, single molecule solvent coordination complexes,
((DMSO)M - ClJ* of (4.69), (4.94), (4.97) and (4.101) were observed in the APCI mass
spectra. Further SC voltage adjustment resulted in the formation of [(DMSO),M - cyt
complexes for (4.69) and (4.101). However, for compounds (4.94) and (4.97), the cross
ring donation from the sulfide and ether, respectively, inhibits complexation of a second
solvent molecule. Elimination of SC,H; from (4.94) and (4.97) in the ion source is
observed to occur (confirmed by a precursor ion scan), forming BiC,H,S," and
BiC,H4OS", respectively, which also form DMSO complexes. The identity of these
complex ions is confirmed by MS/MS experiments which show sequential loss of the
solvent molecule to yield the dicoordinate bismuthenium cation in each case.

Complex ion formation was also observed in DMSO solutions of compounds
(4.105), (4.106), (4.108) and (4.109) which is consistent with the spectra of compounds
(4.69), (4.94), (4.97) and (4.101), whereas in acetonitrile solutions complex ion formation
was found to be variable. The ions Bi" and BiS* are observed in the MS/MS spectra of

all compounds.
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4.2.5 Conclusions

General, high yield synthesis of two related and comprehensive series of bismuth
heterocycles demonstrates a dominant thermodynamic preference for the dianion dithia
chelate for bismuth. The halo-substituted monocycles (4.69), (4.70), (4.94), (4.97),
(4.100) - (4.104) are kinetically stable with respect to the tethered bicyclic derivatives
(4.105) - (4.109). The preference for five-membered ring formation is expressed by the
quantitative metathesis of (4.106) by ethanedithiol to form (4.105). Base-stabilization of
a bismolanium cation was achieved by complexation of (4.70) by two pyridine molecules
as seen in the X-ray crystal structure. Two bismolane derivatives, (4.110) and (4.111)
provide additional expansion of the array of dithiabismuth heterocycles. Quantitative
formation of (4.110) contains an intramolecularly coordinating hydroxyl group rather than
bismuth-alkoxide bond which may be explained by the hard and soft acid-base theory.?
Mass spectrometry provides an excellent means of characterization of dithiabismuth
heterocycles and reveals monocyclic bismuthenium cations as a general and dominant
dissociation product. In addition, the APCI technique exhibits solvent coordination

chemistry of the bismuthenium cation.



Chapter 5. Trends in Chalcogenobismuth Chemistry

5.1 General Characterization Trends

The complete communication of scientific facts is perhaps the most important
aspect of research and development. A synthetic description should, at minimum, contain
a yield reported as a mass and as a percentage relative to a particular starting material. In
numerous instances, analytical, spectroscopic and structural data were discussed in detail
for chalcogenobismuth heterocycles for which yields were not reported. In fact, 43.0 %
of all reported preparations of chalcogenobismuth heterocycles (see Figure 5.1) do not
report a yield and an additional 23 % have yields reported as a percentage with no actual
yield data. Consequently, only 34 % of all compounds in the literature have properly
reported yields.

The importance of reporting yields is to indicate the overall utility of the synthesis
in obtaining the targeted product to the reader. As well, it serves to convey the relative
thermodynamic and kinetic stability of a product in comparison with competing reactions.
A low percent yield may be characteristic of an unrefined synthetic procedure, whereas, a
high mass yield decreases the possibility that product formation is an anomaly and may be
indicative of thermodynamic favorability. Often, many bismuth compounds are difficult
to manipulate and isolate due to their inherent insolubility in common organic solvents
which, in turn, hinders synthetic development by conventional means. All of these

factors are extremely important in understanding of bismuth chemistry in general and,

130



131
therefore, to the advancement of research and development. The author stresses the

importance of yield reporting to demonstrate that our systems are potentially transferable
to industrial bioactivity-related applications through their reproducibility, single product
formation and potential versatility. For example, the simplicity of the “one-pot” synthetic
procedure, in which copious amounts of dithiabismuth heterocycles are produced as
highly pure single products, outlines an elegant method which is ideal for transfer to
large-scale production.

Characterization of the chalcogenobismuth heterocycles, in general, has been poor
in the literature. For example, chemical characterization for (2.35), (3.12) and (4.8) was
based solely on X-ray crystal structures. Clarification by the authors of whether
elemental analyses were performed on the crystals or the initially isolated solid material
was not provided. It is unclear if the crystals were representative of the bulk sample,
since overall yields were reported for the powders and not the crystals. Emphasis should
be placed on comprehensive characterization rather than on structural data collection as a
single means of characterization. Systematic studies of structurally similar simple
compounds would ideally provide the fundamental information necessary for rational and

successful development or enhancement of previous applications of bismuth chemistry.
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Figure 5.1. Pie chart depicting the percentage of chalcogenobismuth compounds which
report data without a yield. The compounds for which a yield was reported can be further
subdivided into compounds for which a yield was reported as a percentage only.
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5.2  The Significance of the Stereochemically Active Lone Pair on Bismuth(I1I)

The VSEPR theory predicts the arrangement of atoms within a molecule on basis
that electron pairs will be arranged around the central atom such that electron repulsions
are minimized. Ligand-ligand repulsions are considered much less significant than
electron repulsions and do not have stereochemical consequence.?”? The term
“stereochemically active lone pair” arises from the VSEPR model and is used to describe
breakdowns in the VSEPR theory. Many exceptions to the VSEPR model occur,
especially among compounds containing heavy p block atoms and the following
explanations are offered: (1) in highly coordinated compounds (CN > 6), ligand-ligand
repulsions actually dominate the stereochemical outcome; (2) hard donors such as oxygen
and fluorine give rise to a stereochemically active lone pair and conversely, soft donors
such as sulfur and iodine suppress the stereoactivity of the lone pair (this explanation

arises from the hard and soft acid-base th¢:ory“’°);2°3

(3) centrosymmetric molecules have
an inert lone pair whereas noncentrosymmetric molecules have a stereochemically active
lone pair (for group 16);204 (4) frontier orbital arguments state that the stereochemical
activity of the lone pair is governed by the symmetry of the HOMO and that orbital
distortion allows for stereochemical activity of the lone pair.2%®

The stereochemical activity of the lone pair on Bi(IIl) is often an important topic
in structural discussions of chalcogenobismuth heterocycles. Evidence for the
stereochemically active lone pair is ascertained from coordination geometry observations

such as a missing apex of the coordination polygon or angle distortions accompanying

bond length extensions of a particular face of the polygon. Usually, the presence of the
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stereochemically active lone pair or lack thereof, and its position within the molecular

polygon are mentioned without further discussion or speculation as to the chemical
significance of their observations. The question remaining is what is the significance of
the lone pair and why is it almost invariably a predominate topic in structural discussions
and abstracts?

The conditions under which the lone pair is stereochemically active or inactive
must be determined before the significance of the lone pair can be addressed. The
VSEPR theory is a simple model which assumes a priori stereochemical activity of the
lone pair. Rationalizations for stereochemical inactivity of the lone pair are provided
which are based on the HSAB theory, ligand-ligand repulsions, crystal packing forces and
coordination geometry symmetry. The frontier orbital argument oppositely assumes the
stereochemical inactivity of the lone pair and provides exceptions for its activity (only for
six-coordinate heavy atom main group compounds). However, these rules are not firm
and there are exceptions.

Currently, no conclusions can be made as to the significance of the lone pair to
bismuth(IIT) chemistry and that is why the only conclusion drawn by each author is the
presence of the stereochemically active lone pair or lack thereof. Nevertheless, in order
to come to some conclusions, data regarding the stereochemical activity of the lone pair
would be beneficial. Furthermore, specific experiments need to be designed and
performed which directly address the significance of the stereochemically active lone pair

in terms of effect and consequences in the solid state.
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A problematic situation which needs to be addressed is the reliance of all data

concerning the stereoactivity of the lone pair on single crystal X-ray crystallography,
which in turn relies on crystal quality and the fortuity of crystal growth. The
experimentalist should be aware of the possibilities of polymorphism and solvent
inclusion which, in combination with the choice of a unique crystal for X-ray analysis

may lead to misleading or the incorrect publication of data.

5.3  Structural Trends in Chalcogenobismuth Heterocycles

An outstanding trend noticed within the series of chalcogenobismuth heterocycles
is the prevalence of five-membered rings formed by monoanionic, dianionic or
coordinative chelating ligands. Similar to the thermodynamic stability of six-membered
carbon rings, the formation of chalcogenobismuth five-membered rings is favorable
because they contain optimal angles for minimizing ring strain.®

Solid state structures of chalcogenobismuth heterocycles are observed to have
high coordination numbers and complex geometries which result from intra and
intermolecular coordinations from neighboring sulfur, oxygen and halogen atoms.
Intermolecular coordinations are considered as secondary bonds when they are
significantly longer than typical bonds and shorter than the van der Waal’s radii (4.5 A
for Bi and S) and are responsible for coordination polymer propagation and geometry
distortions.2®® The cause of strong intra and intermolecular coordinations may be
attributed to the HSAB theory,” in addition to crystal packing consequences. HSAB

theory®® also accounts for the higher incidence of Bi~'S coordinations over Bi~O and
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Bi~X (X = Cl, Br, I) coordinations. Conversely, thioalcohols are reported to form

alkoxide complexes with harder metals such as titanium, consistent with the HSAB

theory. 2"’

54  General Conclusions

The simple, rapid and quantitative synthesis and comprehensive characterization
of three series of air and water-stable chalcogenobismuth heterocycles, (5.1), (5.2) and
(5.3) (see Figure 5.2) have allowed for some general conclusions which highlight the
compounds as ideal candidates for the design and development of bioactive bismuth
compounds. A thermodynamic dominance of the five-membered ring is apparent among
the chalcogenobismuth heterocycles which is best illustrated by the high yield formation
of (4.105) by five different synthetic methods (see Figure 5.3). For example, (4.105) can
be obtained by the reaction of (4.106) with 1,2-ethanedithiol.

\/ N’ N,

/\ X R/S\Bi—-s S—Bi i*"j

(5.1) 5.2) 5.3)

Figure 5.2. Chalcogenobismuth heterocycles, (5.1), (5.2) and (5.3).
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Figure 5.3. Synthetic methods for (4.105).
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Bismuth-thiolate bond formation prefentially occurs over bismuth-halide and

bismuth-alkoxide bond formation. This is demonstrated by the observation that the
halodithiabismolanes, (5.1) are kinetically stable with respect to the bicyclic tethered
analogues, (5.2). The bicyclic framework evident for (5.3) is comprised of a double
hydroxyl-thiolate chelation of bismuth. In addition, bismuth-alkoxide bond formation
using conventional synthetic techniques requires other driving forces and stabilization
effects, such as immediate precipitation upon compound formation, cryptate ligands and
ligand resonance stability.

Air and water-stable, base-stabilized bismuthenium cations occur for compounds
of the type, (5.1) and (5.3) and have been found to persist over a long periods of time.
Crystallization is effected upon complexation of (4.69), (4.70) and (4.100) by pyridine to
form the respective dipyridyl compounds as crystals. Complexation by pyridine stabilizes
the cationic bismuth sites, for compound (4.16). Double intramolecular hydroxyl
coordination is observed to stabilize and mediate the acidity of the bismuth site.
Bismolanium cations and their solvent complexes are dominant fragments in the APCI
mass spectra of (5.1), (5.2) and (5.3) and indicate the relative stability of the cyclic five-
membered bismuthenium cations.

The synthetic simplicity and thermodynamically stable properties of the
chalcogenobismuth heterocycles, (8.1), (5.2) and (5.3) have led to the discovery of an
ideal procedure for generating small, structurally simple bismuth compounds for

enhancement and development of preferred applications.
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5.5  Bioactivity Studies of the Chalcogenobismuth Heterocycles

Collaborations with microbiologists (Drs. P. S. Hoffman and D. E. Mahony),
gastroenterologists (Drs. D. L. Leddin and S. J. O. Veldhuyzen van Zanten) and a
pharmacologist (Dr. T. C. Peterson) have been established for the purpose of assessing
antimicrobial activity, ulcer-healing ability and effect on an ulcerative colitis model of the
series of tethered and chlorodithiabismuth heterocycles and bicyclic bis-(2-
hydroxyethanethiolato)bismuth compounds.'*'* A penultimate goal is to design and
build molecules which are stable under standard atmospheric conditions, low cost and
suitable for in vivo activity against harmful microbes and healing of gastrointestinal
diseases.

Preliminary studies of the series of tethered and chlorodithiabismuth heterocycles
and bicyclic bis-(2-hydroxyethanethiolato)bismuth compounds have demonstrated
superior bioactivity against bacterial pathogens such as Helicobacter pylori, Clostridium
diffiicile, Clostridium perfringens, Escherichia coli and Pseudomonas aeruginosa with
compounds, (3.16), (3.19), (4.69), (4.94) and (4.108) (see Figure 5.4) over BSS, CBS and
RBC which were considered as controls.'® A brief investigation of the ulcer-healing
properties of three bismuth compounds, (4.69), (4.105) and CBS which are structurally
diverse was performed using a rat model.'* It was concluded that healing ability, hence
bioactivity is structure related. The understanding of the synergistic relationship of the

chemistry and bioactivity involved in gastroenterological healing and antimicrobial



activity will allow for development of pharmaceuticals with profound economic

implications.
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Figure 5.4. Structures of antimicrobial compounds, (3.16), (3.19), (4.69), (4.94) and
(4.108).
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Chapter 6. Future Work

The chemistry of bismuth is in its infancy and requires an understanding of the
fundamental concepts for enhancement and development of applications such as
bioactivity and low-temperature superconducting materials. Future work should focus on
the comprehensive, systematic development of coherent series of bismuth compounds and

emphasis should be put on continuing thorough investigations in a scientific manner.

6.1 Bioactive Bismuth Heterocycles

The design and synthesis of molecules which are stable under standard
atmospheric conditions and suitable for in vivo activity against harmful microbes and
healing of gastrointestinal diseases is an obtainable goal. A logical choice for ligation of
Bi** is biological compounds such as amino acids (e.g. cysteine) and sugars (e.g. D-
mannitol and D-glucose) which are multifunctional (see Figure 6.1). Complexation of an
amino acid or a sugar with BiX; offers potential stability by means of the cryptate and

chelate effects and perhaps, reduce toxicity concemns.
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H,N HO——H
OH H——OH

CH,OH

cysteine D-mannitol D-glucose

Figure 6.1. Structure of the amino acid, cysteine and the sugars, D-mannitol and D-
glucose.

6.2  Small Oxabismuth Heterocycles

Attempts at synthesizing small, simple oxabismuth heterocycles by reaction of
BiX3 with hydroxyl chelates afforded starting materials only. The use of a strong
hydrogen abstracting agent, such as butyllithium, in an oxygen and water-free atmosphere
may provide suitable conditions for dianionic chelation of BiX3 by diols to obtain
compounds of type (6.1) and (6.2) (see Figure 6.2) which are direct analogues of the
series of dithiabismuth heterocycles, (4.69), (4.70), (4.94), (4.97), (4.100) - (4.109) (see

Figures 4.17 and 4.18).
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o) (0] (0]
7\ /7 \ /7 \
R Bi—X R Bi—0O O—Bi R
\O/ \0/ AN R/ \0/

(6.1) (6.2)

Figure 6.2. Analogues of the dithiabismuth heterocycles with proposed structures, (6.1)
and (6'2)7 X= Cl, Br’ I! R= (CH)2-41 (CHZ)S(CHZ)L (CHZ)O(CHZ)Z'

6.3  Other Bicyclic Oxathiabismuth Compounds

The series of bicyclic bis-(2-hydroxyethanethiolato)bismuth compounds, (4.16),
(4.19) - (4.22) (see Figure 3.5) can be extended to include derivatives containing larger
ring sizes by reactions of BiXj3 (X = Cl, Br, I, NOs) with a series of mercaptoalcohols, for
example, 3-mercapto-1-propanol and 2-mercapto-1-propanol to give (6.3) and (6.4),

respectively (see Figure 6.3).

6.4 Bismuth(V) Chalcogen Compounds

A logical expansion of the systematic series of oxathiabismuth(III) and
dithiabismuth(IIT) compounds of types (6.5) and (6.6) is to include Bi(V) analogues. In
order to obtain stable Bi(V) compounds, strongly electronegatively bonding ligands or

ligands which possess large group electronegativity such as phenyl or other similar
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b g HsC CH;
C}{S \E *IL’ j/

(6.3) (6.4)

Figure 6.3. Structure of proposed oxathiabismuth compounds, (6.3) and (6.4)

S S S
R/ \Bi-— / \ Bi—S S—B'/ \R
Ny NN N

(6.5) (6.6)

6.7

Figure 6.4. Dithiabismuth heterocycles, (6.5) and (6.6) and the proposed
triphenyldithiabismuth(V) compound, (6.7), R = (CH)24, (CH2)S(CH>)2, (CH2)O(CH3),.
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aromatic groups are required.?®® Dithiols readily metathesize BiCl; to quantitatively form

chlorodithiabismuth heterocycles, (4.69), (4.94), (4.97) (4.100) and (4.101), and Bi(NOs);
and Bi(CH3COQ); are metathesized to afford the tethered analogues, (4.105) - (4.109).
Therefore, Ph;BiX, (X = Cl, CH;COO) and Ph3;BiCO; should be amenable to formation
of an analogous series of triphenyldithiabismuth(V) compounds, (6.7) (see Figure 6.4).
Compounds Ph3BiCl, and Ph3;BiCO; are commercially available and Ph3;Bi(CH3COO). is
obtained by the reaction of Ph3Bi with acetic acid in the presence of

t-butylhydroperoxide.”?%



Chapter 7. Experimental

7.1 General Procedures

Bismuth(III) acetate, bismuth(IIT) bromide, bismuth(IIT) chloride, bismuth(III) iodide,
bismuth (III) nitrate pentahydrate, bismuth oxychloride, 1,4-butanedithiol, 1.6 M
butyllithium in hexanes, 10.0 M butyllithium in hexanes, 1,2-ethanedithiol, ethylene
sulfide, 2-mercaptoethyl ether, 2-mercaptoethyl sulfide, 2-(methylthio)ethanol, 1,3-
propanedithiol, potassium citrate and sodium acetate were used as received from Aldrich.
Potassium oxalate monohydrate was used as received from Anachemia. 2-
Mercaptoethanol was used as received from Eastman. Sodium chloride was used as
received from BDH. Anhydrous diethyl ether was used as received from Caledon.
Pyridine, sodium bromide and sodium iodide was used as received from Fisher Scientific.
Bismuth citrate was used as received from Sigma. Melting points were recorded on a
Fisher-Johns melting point apparatus and are uncorrected. IR spectra were recorded as
Nujol mulls on CsI plates using a Nicolet 510P spectrometer. Raman spectra were
obtained for powdered and crystalline samples in capillary tubes on a Bruker RFS 100
spectrometer. Chemical analyses were performed by Canadian Microanalytical Service
Ltd., Delta, British Columbia and MDS Environmental Services Ltd., Halifax, Nova
Scotia (Perkin-Elmer Elan 5000 ICPMS). Solution 'H NMR data were recorded on
Bruker AMX400 and AC-250 spectrometers by Dr. D. L. Hooper or Dr. M. Lumsden.

Chemical shifts are reported in parts per million relative to TMS and are calibrated to the
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internal solvent signal. Solid state '* C NMR spectra were measured on a Bruker

AMX400 spectrometer by Dr. M. Lumsden. Measurements of pH were recorded using a
Fisher Accumet model 620 pH meter. Atmospheric pressure chemical ionization (APCI)
mass spectra were obtained by G. G. Briand or G. B. Yhard using a SCIEX API-III triple
quadrupole mass spectrometer (SCIEX, Ontario, Canada) controlled by a Macintosh 950
Quadra computer using SCIEX software, or a VG Quattro mass spectrometer (VG
Organic, Manchester, U.K.) controlled by a Digital DECpc using Fisons MassLynx
software. Solvent flow (1:1 water:acetontrile at 200 mL/min) and sample injection (10-
15 mL) used a Hewlett-Packard Series IT 1090 liquid chromatograph pump with
autoinjector or a Shimadzu LC-6A with a Rheodyne Syringe Loading Sample Injector.
MS/MS spectra on either the SCIEX API-III or the VG Quattro used argon collision gas
in the second quadrupole resulting in a beam attenuation of approximately 50%.

Electron impact (EI) mass spectra were obtained using either a VG ZAB-EQ
double-focusing mass spectrometer (VG Organic, Manchester, U.K.) or a VG 20-250
quadrupole mass spectrometer(VG Organic, Manchester, U.K.). The spectra were
obtained at an ionizing electron energy of 70 eV, using a standard solids probe or a direct
probe. Accurate mass measurements were made on the ZAB-EQ instrument at a mass
resolution of at least 8000 (10% valley definition) with perfluorokerosine (PFK) as
reference compound. Data acquisition for the ZAB-EQ was performed using a Digital
VAX 4000 model 60 computer running Fisons OPUS software. The 20-250 was
controlled using a Fisons 11-250J data system running on a Digital PDP11\73 computer.

X-ray data were collected on Rigaku AFCSR and Enraf-Nonius CAD-4 diffractometers
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and structures were solved by Dr. T. S. Cameron, Dr. W. Kwiatkowski, Dr. J. F.

Richardson or K. N. Robertson.

7.2  General Synthetic Procedures.

Colloidal Bismuth Subcitrate. In a typical reaction, bismuth citrate was added to a
stirred solution of potassium citrate in distilled water (30 mL) in a 1:1 stoichiometry and
the reaction mixture was heated to a specific temperature (see Table 7.1). A solution of
potassium hydroxide in a minimal amount of distilled water (~ 10 mL) was added at
various stoichiometries (see Table 7.1) and the resulting reaction mixture was cooled to
room temperature and stirred for S minutes. Clear solutions were heated to 95 °C and
evaporated until the overall volume was 10 mL and a slurry was present. A 2:1 mixture
of acetone/methanol (~ 20 mL) was added to mixtures containing a precipitate and the
resulting slurries were centrifuged. The precipitate was filtered and washed with S mL
aliquots of distilled water and acetone, respectively, then dried using reduced pressure. A
melting point and IR spectrum were obtained for each solid. The solubility was
determined by stirring a sample of the solid (0.0S - 0.10 g) in each water, IM HCI and

IM KOH (see Table 7.2).



Table 7.1. Stoichiometries for the synthesis of colloidal bismuth citrate (CBS) and
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melting points.
Temperature (°C) | Stoichiometry of KOH | Precipitate Type mp [dp] (°C)
(relative to BiCgHsO5)

45 3 P1, P2 [240], [247)
90 20 Bi,0,2'° >300
RT 3 P3 [170]
90 2 P4 *
RT 3 P3 [170]
90 2.1 P5 [184]
RT 2 P6 [230]
45 2 P6 [230]
90 2 P6 [230]

* material was unsuitable for melting point determination

Pl = white precipitate which formed a gel in water, very poor solubility in water

P2 = white precipitate which formed after diffusion of methanol/acetone (2:1) vapor
into reaction mixture

P3 = white precipitate which formed upon reduction of aqueous reaction mixture by
heating

P4 = solid obtained from a gel

P5= white precipitate which formed upon addition of excess KOH

P6 = white precipitate which formed upon addition of methanol/acetone (2:1) solution,

very poor solubility in water



Table 7.2.
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Solubilities and melting points of CBS solids.

Precipitate { dp (°C) Solubility in Solubility in 1 M Solubility in 1 M
H,O HCl KOH
Pl 240 no yes no
P2 247 yes * no
P3 170 yes yes no
P4 # yes yes no
P5 184 yes slightly no
P6 230 no slightly no

* insufficient material to determine solubility

# material is of unsuitable nature for melting point determination
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Reaction of BiCl; with Potassium Oxalate (2.45). Potassium oxalate monohydrate was

added to a stirred aqueous slurry of bismuth trichloride the resulting white slurry was
allowed to stir at room temperature overnight. The white precipitate was filtered using a
Buchner funnel, rinsed with 10 mL aliquots of distilled water, air dried and characterized
by a melting point, elemental analysis, Raman and IR spectroscopy, yield, 3.49 g, 10.5
mmol, 90 %; dp 225 °C; Anal. Calcd. for (2.45): C, 7.23; O, 19.25 %; Found: C, 7.20;
0O, 21.90 %; Raman (cm"): 516 (s), 397 (w), 200 (s), 145 (vs), 96 (m), 62 (m); IR
(cm™): 3526 (s), 3430 (s sh), 1660 (vs), 1612 (vs), 1351 (m), 1314 (s), 909 (w), 808 (s),

589 (m sh), 520 (s), 488 (s), 391 (m), 333 (s).

Reaction of Bi(NO;); with Potassium Oxalate (2.46). Potassium oxalate monohydrate
was added to a stirred aqueous slurry of bismuth nitrate pentahydrate and the resulting
white slurry was allowed to stir at room temperature overnight. The white precipitate was
filtered using a Buchner funnel, rinsed with 10 mL aliquots of distilled water, air dried
and characterized by a melting point, elemental analysis, Raman and IR spectroscopy,
yield, 3.13 g; dp 240 °C; Anal. Calcd for (2.46): C, 11.32; H, 0; O, 30.18; Found: C,
8.20; H, 0.35; O, 26.62; Raman (cm™): 581 (w), 513 (m), 500 (s), 467 (m), 440 (s), 315
(w), 242 (m), 196 (s), 158 (m), 98 (s), 60 (m); IR (cm™): 3500 (m, br), 1713 (s), 1583

(vs), 1352 (s), 1296 (s), 1093 (w), 1081 (m), 796 (s), 517 (s), 457 (m), 394 (m), 249 (m).

Preparation of Bicyclic bis-(2-hydroxyethanethiolato)bismuth(III) nitrate

monohydrate (3.16). Addition of Bi(NO;); (4.18 g, 8.61 mmol) to 2-mercaptoethanol
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(1.50 g, 19.2 mmol) in a 1:2 molar ratio in 95% ethanol (120 mL) gave a yellow solution,

instantaneously. Slow evaporation of the reaction mixture at room temperature yielded
yellow, needlelike crystals, which were washed with acetone. A yield, melting point,
chemical analysis and mass spectral data are presented in Table 7.3; IR, Raman and 'H
NMR spectral data are presented in Table 7.4 and X-ray data are presented in Table 7.5.
Varied stoichiometries [Bi(NO3); : 2-mercaptoethanol; 1:1, 1:3, 2:3] provide the same
product (confirmed by Raman spectra and melting point) at lower isolated yield, 40, 30,

50 %, respectively.
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Table 7.3. Yields, melting points, analyses and mass spectral data for bicyclic bis-(2-

hydroxyethanethiolatebismuth compounds, (3.16), (3.19) - (3.22) and the neutral

analogue, (3.17).
Compd | Yield | mp[dp] | Solubility Elemental Analysis APCI m/z
g (%) °C (ppm Bi) MS (rel. int.)
Cac Heue Ocuc Scac 10V 30v
(Ciomd) | Hiogg) | Opog) | (Socng)
(3.16) | 2.89 | 67-70 3100 10.84 2.72 - - 285(10) | 285(100)
(76) (11.03) | (2.79) 326(33) 363(8)
363(100)
(3.17) | 085 180 <2 13.26 2.50 - 17.70 - -
(2.34) (13.31) | (2.50) (18.09)
3.19) { 291 112- 4.2 12.05 253 8.03 16.08 285(9) 285(100)
1) 114 (12.21) | (2.55) (7.95) | (14.97) | 321(89)
323(30)
326(22)
362(100)
363(87)
364(42)
(3.20) | 041 185 0.7 10.84 227 - - 285(20) | 285(100)
(19) (11.05) | (2.09) 326(34) | 363(68)
363(100)
3.21) | 2.04 [140] 2.8 - - - - 285(12) | 285(100)
(68) 326(30) | 413(40)
363(10)
413(100)
454(87)
491(3)
3.22) | 0.14 | 99-100 220 17.05 3.10 - 15.17 285(7) | 285(100)
92) (16.90) | (3.07) (15.24) | 326(25) 363(9)
363(100)




Table 7.4. Spectroscopic data for the series of bicyclic bis-(2-
hydroxyethanethiolatobismuth compounds, (3.16), (3.19) - (3.22) and the neutral

analogue, (3.17).
Compound | "H NMR (ppm) IR (cm™) Raman (cm™)
3.16) 4.13 306 (m) 1000 (m) { 71 (m) 309 (s)
(x, CH,0) 484 (w) 1048 (m) 93 (m) 489 (w)
391 649 (w) 1161 (w) 136 (s) 654 (m)
(tr, CH,S) 825 (m) 1199(w) | 212 (vs)
935 (w) 1269 (w)
3.17) . 281(s) 844(w) 49(w) 279(vs)
312(s) 935(m) 83(s) 314(m)
332(s) 998(s) 119(s) 333(m)
386(s) 1040(s) 147(m) 389¢(s)
481(s) 1053(m) 175(s) 482(w)
529(s) 1167(m) 236(s) 526(w)
662(s) 1204(m) 261(s) 663(m)
823(w) 1276(m)
3.19) 5.90 246(s) 936(m) 87(s) 227(vs)
(brs, OH) 279(m) 1002(m) 101(s) 320(s)
4.0 303(s) 1045(m) 124(s) 481(w)
(tr, CH,0) 324(m) 1217(w) 141(s) 650(w)
3.77 650(w) 1279(m) 667(m)
(tr, CH,S) 667(m) 3264(s)
827(m)
(3.20) . 269(s) 849(m) 86(s) 255(s)
308(m) 940(w) 107(m) 304(w)
413(m) 1006(w) [ 133(vs) 336(w)
502(m) 1070(w) | 214(m) 409(w)
520(m) 1173(w) 235(m) 661(w)
598(s) 1705(br)
657(m) 3472(br)
3.21) 4.37 268(s) 890(w) 64(s)
(br s, OH) 319(m) 936(w) 78(s) 246(m)
4.09 395(w) 974(m) 114(vs) 278(s)
(br s, CH,0) 454(m) 1025(m) | 126(vs) 314(m)
3.59 586(m) 1156(m) 166(s) 487(w)
(br s, CH,S) 645(m) 3400(br) 217(s) 648(w)
(3.22) 4.86 267 (vs) 945 (m) 95(s) 272(s)
(br s, OH) 304 (vs) 1009 (s) 112(vs) 322(s)
372 341 (m) 1047 (s) 133(s) 478(w)
(tr, CH,,, Hp) 412 (s) 1067 (m) 161(m) 658(w)
3.60 504 (s) 1177 (w) 237(s) 670(w)
(tr, CHy) 526 (s) 1209 (m)
2.78 662 (m) 1274 (s)
(tr, CHyy) 838 (m) 3365(br)
1.86 (S. CH;)
(see Figure 7.1)

* compound was not soluble enough for a measurement
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o CH;
)

Bi OH
B>~y s
Hp H H¢

Figure 7.1. Labelled H's of (3.22) for the '"H NMR spectrum.

Preparation of 2-Thioethanol-1-0xa-3-thia-2-bismolane (3.17). 2-Mercaptoethanol
(1.17 g, 15.3 mmol) was added dropwise to a stirred slurry of bismuth acetate (1.93 g, 5.0
mmol) in acetone (120 mL). The resulting yellow slurry was stirred overnight at room
temperature then filtered with a Buchner funnel and washed with 10 mL aliquots of
acetone. The light yellow precipitate was air dried and characterized as (3.17). The clear,
yellow filtrate was allowed to slowly evaporate in a partially covered beaker for 24 hours
giving a yellow microcrystalline solid which was also characterized as (3.17); yield 0.60
g, 1.67 mmol, 33 %. Total yield, 80 %. A yield, melting point, chemical analysis and
mass spectral data are presented in Table 7.3; IR, Raman and '"H NMR spectral data are

presented in Table 7.4.

Preparation of (3.17) from (3.16). (3.16) (0.05 M) was generated in situ by the
dropwise addition of two equivalents of 2-mercaptoethanol to a stirrred slurry of
Bi(NO;); in 95 % ethanol. The resulting yellow solution was stirred for 30 minutes

before the addition of NaCH;COO (3.0 g, 36.6 mmol), followed by stirring for 24 hours.
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The yellow slurry was filtered using a Buchner funnel, rinsed with 10 mL aliquots of

acetone, air dried and characterized as (3.17) by Raman spectroscopy and a melting point;
yield 0.98 g, 2.7 mmol, 49 %. The filtrate was allowed to slowly evaporate and gave a
yellow microcrystalline solid, which was rinsed with acetone (2 mL) and characterized as
(3.17) by a melting point and Raman spectroscopy; yield 0.51 g, 1.4 mmol, 25 %. Total

yield, 76 %.

Preparation of Bicyclic bis-(2-hydroxyethanethiolato)bismuth(Il) Halides. In a
typical reaction, (3.16) (0.04 - 0.09 M) was generated in situ by the dropwise addition of
two equivalents of 2-mercaptoethanol to a stirred slurry of Bi(NOs); in 95% ethanol (120
mL). The resulting yellow solution was stirred for 30 minutes before the addition of NaX
(X=Cl, Bror I), followed by stirring for 24 hours. The yellow slurry was filtered using a
Buchner funnel. The white precipitate (NaNO;, Raman) was rinsed with 10 mL aliquots
of acetone and air dried. The clear filtrate was allowed to slowly evaporate in a partially
covered beaker. Yields, melting points, chemical analyses and mass spectral data for
each compound are presented in Table 7.3; IR, Raman and '"H NMR spectral data for each
compound are presented in Table 7.4 and X-ray crystallographic data is presented in
Table 7.5.

The bicyclic bis-(2-hydroxyethanethiolato)bismuth halides were also prepared by a
second method. 2-Mercaptoethanc! was slowly added to an aqueous slurry of BiX; (X =
Cl, BrorI). The reaction mixture was stirred at room temperature for one hour and then

neutralized with a solution of aqueous Na;,COj3 (6 M) before being stirred overnight. The
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resulting slurry was filtered using a Buchner funnel, rinsed with 10 mL aliquots of

distilled water and acetone, respectively, air dried and the precipitate was characterized

by Raman spectroscopy and melting point.

Bicyclic bis-(2-hydroxyethanethiolato)bismuth chloride (3.19). Yellow powder was
obtained after evaporation of the clear yellow filtrate from the reaction of (3.19). (3.19)
(0.29 g, 0.72 mmol) was recrystallized from boiling acetonitrile producing yellow cubic

crystals (0.21 g, 73 % recovery).

Bicyclic bis-(2-hydroxyethanethiolato)bismuth bromide (3.20). The clear, yellow
filtrate from the reaction of (3.20) was allowed to slowly evaporate in a partially covered
beaker for 48 hours giving small yellow needlelike crystals; yield 0.49 g, 1.11 mmol, 22
%. The solubility of (3.20) was too low for NMR spectroscopy or pK, measurement and

the crystals were not suitable for X-ray analysis.

Bicyclic bis-(2-hydroxyethanethiolato)bismuth iodide (3.21). The clear, orange filtrate
from the reaction of (3.21) was allowed to slowly evaporate in a partially covered beaker

giving a thick orange oil which could not be characterized.



Table 7.5. X-ray crystallographic data for the bicyclic bis-(2-

hydroxyethanethiolatebismuth compounds, (3.16), (3.19), (3.22).

158

(3.16) (3.19) (3.22)
formula C4H100sS,BiNH,0 | C4H;00,S;BiCl CsH1304S,Bi
space group I4//a P2i/n P2,/c
a(A) 20.337(6) 8.653(2) 8.089(2)
b (A) 20.337(6) 10.618(3) 16.313(3)
c(A) 11.303(7) 10.564(2) 8.708(2)
@ (°) 90 90 90
B (®) 90 100.51(2) 98.37(3)
Y () 90 90 90
V (A} 4674(3) 954.4(4) 1136.8(4)
V4 16 4 4
Deac (g cm™) 2.519 2.774 2.467
u(cm™) 331.91 426.74 337.79
100R,, 4.8 3.6 8.2
Crystallographer TSC TSC TSC

Preparation of Bicyclic bis-(2-hydroxyethanethiolato)bismuth acetate (3.22). 3.17)

(0.14 g, 0.38 mmol) was dissolved in acetic acid (S mL), and the solution was slowly

evaporated giving yellow needlelike crystals of (3.22). Yield, melting point, chemical
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analysis and mass spectral data are presented in Table 7.3; IR, Raman and '"H NMR

spectral data are presented in Table 7.4 and X-ray crystallographic data is presented in

Table 7.5.

Reaction of BiCl; with HSCH,CH;OMe (3.23). A twofold equivalent of ethylene
sulfide (2.20 g, 33.6 mmol) was added dropwise to a stirred slurry of BiCl; (4.27 g, 13.5
mmol) in methanol (100 mL) and conc. HCI (1 mL) and the resulting yellow slurry was
stirred at room temperature overnight. The yellow precipitate was filtered using a
Buchner funnel and rinsed with 10 mL aliquots of acetone and air dried, yield 4.23 g, 11.4
mmol, 84 %; mp 129 °C; Anal. Calcd for (3.23): C, 16.89; H, 3.31; Found: C, 17.08; H,
2.96; Raman (cm™): 683 (w), 645 (m), 306 (s), 257 (s), 118 (s); IR (cm’'): 1404 (s),
1292 (m), 1263 (s), 1206 (m), 1184 (m), 1173 (w), 1144 (w), 1105 (s), 995 (w), 898 (m),
829 (w), 673 (w), 638 (w), 433 (m), 250 (s). The precipitate is not soluble in common

organic solvents such as DMSO, DMF, acetone, water, pyridine and CH,Cl,.

Reaction of Bi(NO3); with HSCH,CH;OMe (3.24). Ethylene sulfide (1.97 g, 32.7
mmol) was added dropwise to methanol (100 mL) and conc. HNO; (1 mL) and stirred at
room temperature overnight giving a white precipitate. Bi(NO3); (5.54 g, 11.4 mmol)
was added and the resulting yellow slurry was allowed to stir overnight. The yellow
precipitate was filtered using a Buchner funnel and rinsed with 10 mL aliquots of acetone
and air dried, yield 4.06 g; dp 215 °C; Anal. Calcd for (3.24) : C, 15.90; H, 3.11; N, 3.09;

Found: C, 16.78; H, 2.90; N, 1.46; Raman (cm"): 645 (m), 306 (s), 136 (s), 107 (s); IR
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(cm™): 1631 (m), 1428 (s), 1275 (s), 1188 (s), 1145 (m), 1113 (m), 1011 (m), 845 (w),

813 (w), 677 (m), 552 (m), 303 (s). The precipitate is not soluble in common organic

solvents such as DMSO, DMF, acetone, water, pyridine and CH,Cl,.

Preparation of Halodithiabismuth Heterocycles. In a typical reaction, the dithiol (1,2-
ethanedithiol, 1,3-propanedithiol, 1,4-butanedithiol, 2-mercaptoethyl ether or 2-
mercaptoethyl sulfide) was added dropwise to a stirred slurry of bismuth trihalide in a
1:1 stoichiometry in 95 % ethanol (100 mL). Yellow precipitate formed immediately,
and the reaction mixture was allowed to stir at room temperature overnight. The
precipitate was filtered using a Buchner funnel, washed with 20 mL aliquots of distilled
water, 95 % ethanol and acetone, respectively, and air dried. Yields, chemical analyses
and IR and Raman data for each compound are presented in Table 7.6; mass spectral data
are presented in Tables 7.7 and 7.8; and X-ray crystallographic data are presented in
Table 7.9. 2-Chloro-1,3-dithia-2-bismolane (4.60),'”? 2-bromo-1,3-dithia-2-bismolane
(4.70),'™ 2-iodo-1,3-dithia-2-bismolane (4.100), 2-chloro-1,3-dithia-2-bismane (4.101),
2-chloro-1,3-dithia-2,-bismepane (4.102), 2-chloro-1,3,6-trithia-2-bismocane (4.94),'®> 2-
bromo-1,3,6-trithia-2-bismocane (4.103), 2-iodo-1,3,6-trithia-2-bismocane (4.104) and 2-

185 were spectroscopically characterized as

chloro-1,3-dithia-6-oxa-2-bismocane (4.9
analytically pure powders. (4.94) (0.06 g, 0.15 mmol) was recrystallized from boiling
DMSO, yellow needlelike crystals, 0.05 g, 0.13 mmol, 92 % recovery. (4.97) (0.08 g,
0.22 mmol) was recrystallized from boiling DMF, yellow cubic crystals, 0.04 g, 0.10

mmol, 43 % recovery. (4.103) (0.14 g, 0.31 mmol) was dissolved in hot DMSO (10 mL)
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and allowed to slowly evaporate in a partially covered beaker for 24 hours giving a

yellow needlelike crystals which were shown to be the same as the powder by a melting
point and Raman spectroscopy; yield 0.07 g, 0.16 mmol, 49 % recovery. The crystals
were not suitable for X-ray crystallography. (4.69) was also formed by the reaction of
bismuth oxychloride (2.18 g, 8.4 mmol) in HCI (1 M) with 1,2-ethanedithiol (1.0 g, 10.6
mmol), and was characterized as (4.69) by Raman spectroscopy and elemental analysis,
yield 2.06 g, 6.1 mmol, 73 %; Anal. Calcd: C, 7.14; H, 1.20; O, 0; S, 19.05; Found: C,

7.98; H, 1.35; O, 0.24; S, 21.07.
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Table 7.6. Yields, melting points, analyses and vibrational spectra for halodithiabismuth

compounds.
Compd | Yield mp | Solubility Elemental Analyses IR data (cm™) Raman data
£(%) | [dp)°C | (ppm Bi) (cm™)
Ceac Heye Seac
Heend) | (S
4.69) | 1025 | [120] 86 7.14 1.20 19.05 | 237¢s) | 638(m) 76(s) 200(s)
(82) (1.76) (1.25) | (19.35) | 330(s) | 665(m) 105(s) 279(s)
436(m) 126(s) 324(vs)
145(s) 435(w)
(4.70) 1.03 [145] 5.1 6.30 1.06 16.83 | 278(s) | 907(w) 80(s) 277(s)
92) (6.74) (1.17) | (20.56) | 314(m) | 919(m) 110¢vs) | 302(vs)
432(m) | 1110(w) 126(s) 323(s)
662(w) | 1123(w) | 197(s) 432(m)
827(s) 1152(w) | 251(m) 635(w)
(4.100) | 1.87 [165} <0.2 5.57 0.94 . 247(s) 826(s) 57(m) 249(m)
(96) (5.85) (1.00) 277(s) 916(s) 69(m) 277(s)
293(s) | 1022(w) 83(s) 288(vs)
314(s) 1111(w) 111(s) 318(s)
425(s) 1153(w) 129(m) 426(w)
634(m) | 1161(w) 166(m) 550(w)
661(m) | 1248(m) | 228(m) | 633(w)
(4.101) | S95 110 <0.2 10.24 1.72 14.29 | 295(vs) | 611(w) 102(vs) 445(w)
95) (10.54) (1.72) | (11.16) | 480(w) | 638(w) 164(s) 480(w)
528(m) | 669(w) | 300(vs) | 543(w)
(4.102) | 4.59 [100] <0.02 13.17 2.21 17.59 286(w) | 388(w) 68(s) 277(vs)
97) (13.61) (2.12) (15.12) | 304(m) | 420(w) 89(vs) 305(vs)
370(w) | 639%(w) 114(vs) 37Hm)
132(vs) 461(w)
194(s) 505(w)
255(vs) 641(m)
4.94) 15.01 [170]) 140 12.11 2.03 24.25 283(w) | 463(m) 81(s) 294(vs)
(87) (12.34) (2.03) (23.77) | 294(s) 608(w) 120(vs) 331(m)
332(s) 629(w) 163(s) 418(w)
422(s) 660(m) 190(s) 450(w)
452(w) | 684(w) 225(s) 610(w)
(4.103) 1.76 [170] 6.4 10.89 1.83 21.80 226(s) 675(w) 77(s) 318(m)
99) (10.75) (1.84) (24.16) | 281(s) 772(w) 120(vs) 415(w)
301(s) 836(s) 147(s) 442(w)
416(s) 895(s) 174(s) 624(w)
446(w) 922(s) 205(m) 656(w)
S65(w) | 969(w) [ 225(m) | 676(w)
669(w) | 1110(w) | 298(vs)
4.104) | 242 {140} <0.2 9.78 1.64 . 278(vs) | 832(s) 67(m) 277(m)
(98) (10.13) (1.71) 304(vs) 839(s) 117(s) 295(s)
415(s) 900(s) 141(s) 313(w)
443(w) 921(s) 170(m) 413(w)
642(w) | 1019(w) | 203(m) 439(w)
674(m) | 1109(m) | 217(m) 624(w)
4.97) 4.78 [190] 03 12.62 2.12 16.80 224(s) 471(m) 74(s) 293(s)
92) (14.64) (2.39) | (20.65) | 256(s) | S09(w) | 118(vs) | 318(vs)
293(s) 538(w) 182(s) 361(w)
316(m) | 666(m) 237(s) 468(w)
366(w) 275(s) 534(w)
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Table 7.7. Electron ionization (70 eV) mass spectral data of (4.69), (4.94),
(4.97), (4.101), (4.102).

Compound { m/z | % Abundance Ion
4.69) 336 25 M™
301 30 M-C1)*
273 10 [BiS,]*
244 18 [BiCl1*
241 58 [BiS]*
209 77 Bi*
92 100 [S.C,H,)*
4.101) 314 4 [BiCl;]*
279 15 [BiCl,]*
244 <l [BiCl)*
209 8 Bi*
106 100 [S2CsHe]*
4.102) 314 35 [BiCl;]*
279 100 [BiClL,]*
244 19 [BiCl]*
209 45 Bi*
122 3 [S:C.Hq]*
4.949) 396 <l M™
361 <l M-t
336 73 [CIBiS,C,H,]"
301 30 [BiC,H,]*
241 58 [BiS]*
209 95 Bi*
152 100 [S3C.Hs]"
4.97) 380 9 M
345 8 M-CI1*
285 5 [BiSC,H,071*
244 9 [BiCI]*
241 10 [BiST*
209 19 Bi*
136 100 [820C4IEL

SC = sampling cone



Table 7.8. APCI spectral data for compounds (4.69), (4.194), (4.97) and (4.101) in
DMSO and (4.105), (4.106), (4.108) and (4.109).
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Compound | m/z Relative Abundance Ion
SC=30V SC=10V
(4.69) 301 100 - M-qy*
379 11 100 M - Cl + DMSO]
457 - 17 M - Cl + 2DMSO7*
(4.101) 315 100 - M-qrp
393 8 100 M - Cl + DMSO]"
471 - 23 M - Cl + 2DMSO]*
(4.99) 301 27 - [BiS,C,H,]"
361 100 16 M-CIJ*
379 4 100 [BiS,C4H, + DMSO]*
439 - 55 [M - Cl + DMSOJ*
479 - 18 [BiS,C4H,; + 2DMSO]*
4.97) 285 12 - [BiSOC,H,]*
345 100 - M-qrp*
363 10 16 [BiSOC,H, + DMSOTJ*
423 - 100 [M - Cl + DMSOJ*
(4.105) 301 100 [BiS,C,H.,]*
(4.106) 209 100 Bi*
315 86 [BiS,C;He]"
(4.108) 301 16 [BiS:C,H,]*
361 100 [BiS3C4Hs]"
(4.109) 209 8 Bi*
285 9 [BiSC,H,0]"
345 100 [BiS,0C;H,]*
827 1 MH*




Table 7.9. X-ray crystallographic data for the dithiabismuth heterocycles, (4.69)2pyr,

(4.70) 2pyr, (4.94), (4.97).
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(4.69)e2pyr (4.70)2pyr (4.94) (4.97)
formula C12H14S:BiCIN; | C1oH14S:BiBrN, | C4HsS3BiCl | C4HsO0S,BiCl
space group P2, Cmc2,; Pnma Pnma
a(A) 9.590(3) 16.741(3) 8.1280(9) | 7.885(4)
b(A) 9.206(3) 9.986(2) 12.263(5) | 12.307(5)
c(A) 9.761(2) 9.442(2) 9.2529(9) | 9.158(9)

o (%) 90 90 90 90

B (°) 117.1(2) 90 90 90

16) 90 90 90 90
V(A% 767.1(4) 1578.5(5) 922.3(6) 888.7(10)
Z 2 4 4 4

Deac (g cm™) 2.142 2.269 2.857 2.845
u(cm™) 118.81 27235 199.7 205.37
100R,, 4.7 11.6 3.3 15.8
Crystallographer | TSC TSC TSC TSC
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Preparation of 2-Halo-2,2-dipyridyl-l,3-dithia-2-bismolans, (4.69)°2pyr, (4.70)°

2pyr, (4.100)2pyr. In a typical reaction, the 2-halo-1,3-dithia-2-bismolane was
dissolved in boiling pyridine (30 mL) and the solution slowly cooled to room
temperature, giving needlelike crystals which were filtered using a Buchner funnel,
washed with cold pyridine (10 mL), air dried for 30 minutes. Yields, IR and Raman
spectra are presented in Table 7.10 and X-ray crystal data are presented in Table 7.9 (the

crystals of (4.100)e2pyr were not suitable for X-ray analysis).
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Table 7.10. Yields, melting points, analyses and vibrational data for 2-halo-2,2-dipyridyl-
1,3-dithiabismuth compounds.

Compd Yield | mp | 'HNMR IR (cm™) Raman (cm’)
(%) | dp]1°C| (ppm)
(4.69)2pyr | 046 | [130] | 8.6(s,4H) | S81(w) | 1185(s) | 91(s) | 439(w)
81 74(s,2H) | 681(m) | 1197(m) | 195(s) | 552(w)
7.1(s,4H) | 837(w) | 1276(w) | 279(s) | 624(w)
1.7 (s, 4H) | 915(w) | 1412(s) | 326(vs) | 647(m)
1108(m) 416(w) | 674(w)
(4.70)2pyr | 0.29 134 - * 281(s) | 1061(m) | 87(s) | 439(w)
(75) 137 333(m) | 1101(m) | 193(s) | 624(w)
413(m) | 1154(m) | 278(s) | 646(w)
443(m) | 1215(m) | 326(vs) | 671(w)
622(s) | 1233(w) | 414(w)
695(s) | 1233(w)
759(s) | 1274(w)
841(m) | 1304(w)
918(m) | 1416(w)
1004(m) | 1588(m)
1030(m)
(4.100)2pyr | 0.21 125 - * 279(s) 998(s) 54(m) | 262(s)
(54) 130 325(s) | 1034(s) 73(s) 281(s)
412(m) | 1061(s) | 101(s) | 308(vs)
439(m) | 1105(w) | 139(m) | 434(w)
619(s) 1144(m) | 160(m) | 634(w)
694(s) | 1208(m) | 198(s) | 656(w)
753(s) | 1275(w) | 237(s)
842(m) | 1591(s)
917(w)

Preparation of Tethered Bicyclodithiabismuth Heterocycles. In a typical reaction, the

dithiol (1,2-ethanedithiol, 1,3-propanedithiol, 1,4-butanedithiol, 2-mercaptoethyl ether or

2-mercaptoethyl sulfide) was added dropwise to a stirred slurry of bismuth nitrate

pentahydrate or bismuth acetate in a 2:3 stoichiometry in 95 % ethano! (100 mL). Yellow
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precipitate formed immediately, and the reaction mixture was allowed to stir at

temperature overnight. The precipitate was filtered using a Buchner funnel, washed with
20 mL aliquots of distilled water, 95 % ethanol and acetone, respectively, and air dried.
Yields, chemical analyses, IR and Raman data for each compound are presented in Table
7.11; mass spectral data are presented in Table 7.8 and X-ray crystallographic data are
presented in Table 7.12. 1,2-Bis-((1,3-dithia-bismolan-2-yl)thio)ethane (4.105), 1,3-

| bis((1,3-dithia-2-bisman-2-yl)thio)propane (4.106), 1,4-bis((1,3-dithia-2-bismepan-2-
yDthio)butane (4.107), bis(((1,3,6-trithia-2-bismocan-2-yl)thio)ethyl) sulfide (4.108) and
bis(((1,3-dithia-6-oxa-2-bismocan-2-yl)thio)ethyl) ether (4.109) were spectroscopically
characterized as analytically pure powders. (4.105) (0.11 g, 0.16 mmol) was
recrystallized from boiling DMSO, yellow cubic crystals (0.03 g, 27 % recovery). (4.108)
(0.26 g, 0.30 mmol) was recrystallized from DMSO, yellow needlelike crystals (0.01 g6

% recovery).
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Table 7.11. Yields, melting points, analyses and vibrational data for tethered
dithiabismuth compounds.

Compd | Yield mp | Solubility Elemental Analyses IR data (cm™) Raman data
g(%) | [dp]°C | (ppm Bi) (cm™)
Ceac Heyc Sate
o) | Mopg) | (i)
(4.108) 1.27 [145] 1.9 10.38 1.74 27.70 | 255(vs) 433(s) 71(s) 258(vs)
97) (10.60) | (1.72) | (27.65) | 269(vs) | 634(m) 86(s) 269(vs)

302(m) 662(m) 104(s) 288(s)
318(s) 672(w) 132(s) 310(vs)
159(s) 428(m)
179(s) 633(m)
196(s) 660(w)

(4.106) | 2.06 (170] 0.6 14.68 2.46 26.12 240(s) | 430(m) 86(s) 278(vs)
(92) (15.11) | (2.52) | (22.23) | 264(s) 636(w) 136(s) 430(w)
297(vs) | 663(w) 165(s) 617(w)
307(w) | 677(m) 181(s) 641(w)
319(s) 230(s) 658(w)
240(s) 671(w)

(4.107) | 2.58 [140] 170 18.51 3.11 24.71 | 256(vs) | 526(w) 83(vs) 278(vs)
(98) (19.02) | (3.07) | (23.62) | 266(vs) | S70(w) 120(vs) | 430(w)
319(vs) | 659(m) 190(s) 617(w)
350(m) | 669(m) 203(s) 641(w)
378(m) | 673(m) | 246(vs) | 658(w)

429(s) 267(vs) 646(m)
(4.108) | 1.28 [180] 48 16.47 2.77 32.99 248(s) 493(m) 68(s) 294(vs)
(1)) (16.78) | (2.71) | (3247) | 326(m) | S30(w) 102(s) 332(m)

467(w) | 669(m) 126(s) 425(w)
162(s) 620(m)
181(s) 656(w)

242(vs) 682(m)

271(vs)
4.109) | 2.06 177- 130 17.44 2.93 23.27 | 283(vs) | 470(m) 92(s) 271(s)
(99) 178 (17.63) | (2.85) | (26.65) | 294(vs) | 608(w) 169(s) 303(s)

301(s) 629(w) 213(s) 491(w)
335(s) 660(s) 242(vs) 666(m)
422(s) 684(m)
453(m)




Table 7.12. X-ray crystallographic data for the tethered dithiabismuth
heterocycles, (4.105) and (4.108).

(4.105) (4.108) (4.110)
formula CeH12SeBi, | Ci2H2SsBi | CgHi70; S3Bi
space group P2,/c Pl P2,/a
a(A) 8.875(4) 9.757(2) 9.158(1)
b(A) 17.582(12) |16.625(2) | 11.872(2)

c (A) 18.2509) |37.942(3) |8.037(1)
a(®) 90 90.05(2) 90

B (°) 96.05(4) 107.84(3) | 90.09(1)
16) 90 105.81(1) |90

V (A% 2832(3) 1174.9(6) | 873.9(2)
z 8 2 4

Deatc (g cm™) 3.260 2.473 2.867
u(cm™) 256.48 364.17 456.33
100R,, 3.5 5.6 6.8
Crystallographer | JFR TSC TSC
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Formation of (4.105) from (4.69). (4.69) (0.58 g, 1.7 mmol) was combined with 1,2-

ethanedithiol (0.11 g, 1.1 mmol) in aqueous NaNO; (0.10 M). The slurry was allowed to
stir overnight at room temperature, and the yellow precipitate was filtered using a
Buchner funnel, rinsed with 10 mL aliquots of water and acetone, respectively, air dried,

and characterized by melting point and Raman spectroscopy, yield 93 %.

Formation of (4.105) from (4.106). (4.106) (0.11 g, 0.15 mmol) was dissolved in hot
1,2-ethanedithiol (15 mL) and allowed to slowly evaporate in a partially covered beaker.
Cubic yellow crystals formed after 24 hours and were characterized as (4.105) by a

melting point, Raman and IR spectroscopy, yield 0.057 g, 0.08 mmol, 54 %.

Formation of (4.108) from (4.94). (4.94) (1.4 g, 3.6 mmol) was combined with 2-
mercaptoethyl sulfide (0.72 g, 4.7 mmol) in aqueous NaNOj3 (0.12 M). The slurry was
allowed to stir overnight at room temperature, and the yellow preciptiate was filtered
using a Buchner funnel, rinsed with 10 mL aliquots of water and acetone, respectively,

and characterized as (4.108) by a melting point and Raman spectroscopy, yield 97 %.

Preparation of 2-Thioethanol-1,3-dithia-2-bismolane (4.110). 1,2-Ethanedithiol (0.89
g, 9.40 mmol) was added dropwise to an aqueous solution of (3.16) which was generated
in situ by the reaction of 2-mercaptoethanol (1.56 g, 20.0 mmol) with Bi(INO;); (4.59 g,

9.46 mmol). The resulting yellow slurry was allowed to stir overnight and the precipitate

was filtered using a Buchner funnel, rinsed with 10 mL aliquots of distilled water, air
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dried and characterized as (4.110) by Raman and IR spectroscopy and a melting point,

yield 3.36 g, 8.89 mmol, 95 %; mp 112 - 114 °C; Raman (cm™): 667 (w), 644 (w), 482
(w), 433 (w), 321 (vs), 301 (s), 283 (vs), 212 (m), 185 (s), 159 (m), 137 (vs), 123 (s), 100
(s), 79 (m); IR (cm™): 3222 (s, br), 1413 (s), 1293 (s), 1279 (s), 1236 (m), 1215 (m),

1151 (m), 1118 (m), 1054 (vs), 1012 (m), 988 (vs), 938 (w), 929 (m), 839 (vs), 674 (s),
643 (s), 482 (s), 440 (s), 331 (vs), 305 (s), 272 (vs). Slow evaporation of a hot solution of
(4.110) (0.29 g, 0.77 mmol) in DMF (7 mL) yielded yellowish-green cubic crystals, 0.18
g, 0.48 mmol, 62 % recovery; Anal: Calcd. C, 12.69; H, 2.40; O, 4.23; S, 25.42 %.
Found. C, 12.72; H, 2.38; 0, 2.17; S, 26.09 %. X-ray crystallographic data are presented
in Table 7.12. (4.110) (0.26 g, 0.30 mmol) was recrystallized from DMSO and the

yellow needlelike crystals were characterized by Raman, yield 0.01 g, 6 % recovery.

(4.110) was also obtained by the dropwise addition of 2-mercaptoethanol (0.60 g, 7.66
mmol) to a stirred slurry of 2-chloro-1,3-dithia-2-bismolane (1.98 g, 5.89 mmol) in an
aqueous solution of NaNOs (0.2 M). The resulting yellow slurry was allowed to stir
overnight at room temperature and the yellow precipitate was filtered using a Buchner
funnel, rinsed with 10 mL aliquots of distilled water and acetone, respectively, air dried
and characterized as (4.110) by Raman and IR spectroscopy and melting point analysis,

yield 2.12 g, 5.62 mmol, 96 %.

Reaction of 2-Chloro-1,3-dithia-2-bismolane with Thiophenol (4.111). NaNO; (1.42

g, 16.7 mmol) and 2-thiophenol (0.12 g, 1.1 mmol) were added, respectively, to a slurry
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of (4.69) (0.29 g, 0.86 mmol) in distilled water (100 mL). The reaction mixture was

allowed to stir overnight at room temperature then the orange-yellow precipitate was
filtered using a Buchner funnel, rinsed with distilled water and acetone, respectively, air
dried, yield 0.56 g; mp 53 °C; Raman (cm™): 691 (m), 659 (w), 635 (w), 616 (W), 543
(w), 476 (w), 431 (w), 415 (m), 325 (s), 309 (vs), 281 (m), 256 (s), 233 (s), 181 (s), 170
(s), 132 (vs), 108 (vs), 74 (s). IR (cm™): 1577 (s), 1402 (s), 1300 (w), 1282 (w), 1238
(w), 1151 (w), 1075 (m), 1025 (s), 1000 (w), 913 (m), 896 (w), 838 (m), 737 (vs), 690
(vs), 660 (w), 475 (s), 431 (w), 334 (m), 318 (s), 290 (m), 264 (s). The precipitate was

not soluble in common organic solvents such as DMSO, toluene or pyridine.



Appendix A

The atomic coordinates (X,, ya, Za) of the two crystallographically independent molecules
of (3.16) in the space group I-4 can be transformed into the atomic coordinates (Xbs Ybs Zb)
of one molecule in the space group I4,/a by the following operations.

For the first molecule, apply an origin shift by

[Xa-0.5=xb",y2a-0.75=yp’; 2, - 0.625 = z,’]

then apply I4,/a symmetry operation

[0.5 - Xxb’ = Xb, -¥b' =Y¥b; 0.5 + 2p" = zp]

For the second molecule, apply the same origin shift by

[Xa-0.5=xp",ya-0.75=yp"; 2. - 0.625 = 2’}

then apply two I4,/a symmetry operations

[-Xo' +0.75=xp", yo' + 0.75 = yp”"; -(zp" + 0.75) = zp""]

[0.5 - Xb” = Xp, -Yb” = Yb; 0.5 + 2, = 7]
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