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Abstract 

In a quest to discover new formulations for the treatment of various parasitic diseases, a 

series of triorganobismuth(v) biscarboxylates of type [R3Bi(O2CR′)2] have been synthesized, 

characterized and evaluated for their biological potential. The organic moiety R in the 

organometallics represents Ph for (1-10) and CH3-Ph for (11-22) whereas R′ represent the 

respective carboxylate ligands used. All the synthesized complexes were fully characterized 

by elemental analysis, FT-IR, multinuclear (
1
H, 

13
C) NMR spectroscopy and single crystal X-

ray analysis. The crystal structures for (1-6, 8, 10, 18) have been ascertained and confirmed 

distorted trigonal bipyramidal geometry, being monomeric with seven/five coordinated 

bismuth center as predicted by IR data. The synthesized complexes (1-21) when screened for 

antibacterial, antifungal and antileishmanial activity, demonstrated a moderate to significant 

potential against these microorganisms. Enzyme inhibition data for these complexes also 

proved to be convincing enough to signify the biological importance of these compounds. A 

limited Structure Activity Relationship (SAR) has been developed, demonstrating that 

triphenylbismuth derivatives exhibit  higher biological activities in general as compared to 

tritolyl bismuth derivatives. 

Two new bismuth-oxido Carboxylate clusters (23, 24) have been synthesized 

including the outcome of a structurally unprecedented Bi12 Carboxylate cluster that is the first 

of its own kind. Both these were fully characterized by elemental analysis, FT-IR, 

multinuclear(
1
H, 

13
C) NMR spectroscopy and X-ray crystallography. 

The triphenylbismuth(III) and trifluoroacetic acid (TFAH) were reacted in toluene in 

the presence of Ag2O to generate the hetronuclear compound with formulation as; {[Bi4(μ3-

O)2(TFA)9Ag(tol)2]2} (25) (tol = PhMe). Similarly, BiPh3, TFAH, PPh3, and Ag2O were 

reacted in hexane to form [Bi4(μ3-O)2(TFA)10(AgPPh3)2]n (26). Both are comprised of 

{Bi4(μ3-O)2} units that have been previously observed with a variety of carboxylate ligands 

in neutral compounds and anionic compounds. In contrast to other anionic [Bi4(μ3- 

O)2(TFA)N]
(N-8)- 

with metal-based counter cations, the Ag
+
 ions in (25) and (26) are directly 

attached to oxygen atoms of the TFA
-
 ligands bonded to the bismuth core. A crystallographic 

evolution was observed for (25). Solvent-rich orthorhombic crystals grew initially upon 

standing. However, by three weeks all crystals had converted to a triclinic unit cell that 

contained no free solvent. Therefore molecular volume decreased from 3146.11 Å
3
 

(orthorhombic) to 2954.06 Å
3
 (triclinic) resulting in formation of (25). The latter (25) 

possessed an intermolecular π- π stacking system between silver- and bismuth-bound toluene 

molecules, which explains the reorganization to a non-solvated morphology. The compound 

(26) crystallizes in the triclinic space group P-1 as a coordination polymer through bridging 
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carboxylates. The presence of the PPh3 ligands on Ag
+
 results in a higher Ag:Bi 

stoichiometry than for (25). The importance of the Ag2O in generating the oxido ligands was 

confirmed by the isolation of {[Bi2(TFA)6(TFAH)(tol)]2}n (27) from the reaction of BiPh3 

with TFAH in toluene in absence of the metal oxide.  A unique and previously unknown 

hexanitratobismuth(III) anion, [Bi(NO3)6]
3− 

is reported for 28;  

[Co{HC(MeCO)2(MeCNH)}2][Bi(NO3)6]. 

To further explore the potential application of another main group metal, germanium, 

a series of substituted dihydropyrimidin-2(1H)-thione derivatives (29-36) have been 

synthesized using a facile and modified procedure with triphenylgermyl propionate as a 

catalyst. In comparison with the classical Biginelli reaction, this new protocol has the 

advantages of excellent yield and shorter reaction times. The synthesized compounds have 

been characterized by various spectroscopic techniques such as FT-IR, multinuclear (
1
H/

13
C) 

NMR spectroscopy and single crystal XRD analysis. Molecular docking studies were 

performed to identify the probable binding modes of potent inhibitors in the active site of the 

enzymes human topoisomerase II alpha (4FM9) and Helicobacter pylori urease (1E9Y). The 

compound (31) was evaluated to be the most potent inhibitor according to the molecular 

docking scores and molecular dynamic simulations which suggest it can be further processed 

as a lead molecule to interpret the pharmacological properties of such type of compounds. 
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Research Motivation and Aim of Work 

 

Main group metals including bismuth, tin, antimony and germanium have found special 

attention in synthetic chemistry due to their striking features and enormous applications in 

diverse fields of studies. Unlike transition metal threat of drug toxicity is lower in main group 

metals [1]. In other words while acting as anticancer agent; transition metals destroy normal 

cells of body as well while such risks are much lower in using main group metals as they are 

less toxic to human body. Literature reports suggest bismuth as most prominent among main 

group metals followed by germanium in terms of toxicity. 

Although in periodic table bismuth is surrounded by highly toxic heavy metals still it 

retains its unique identity as environmental friendly less toxic metal. Many of bismuth 

compounds are even less toxic than commonly used table salt(sodium chloride) [2] and this 

remarkable low toxicity has made it possible for bismuth to earn the status of a 
“
green 

element”. For these distinguished characteristics, a particular attention has been paid to 

bismuth based compounds by cosmetics and medicinal industry [3]. For such unique features 

bismuth is now considered as replacement metal for many highly toxic metals. With increase 

in awareness about environment safety, bismuth may find many other applications ranging 

from synthesis to engineering. Therefor due to these striking features bismuth has earned an 

overwhelming interest from scientific group from all over the world including our group. We 

felt highly motivated to explore chemistry of this green element in some more detail. For this 

purpose we synthesized a number of bismuth compounds and studied their medicinal as well 

as their structural aspect in much more detail and the work done with all its manifestations 

has been presented in the sections coming ahead.     

Following bismuth, germanium in the next prominent main group metal in terms of 

toxicity as well as diversity of applications. Our group has already synthesized a number of 

organogermanium compounds [4,5]. So we focused our research not only to the synthesis of 

new bismuth compounds but in parallel we also tried to find some more applications of the 

already synthesized compounds. Many studies suggest that organic germanium possess very 

important properties like lower toxicity, oxidative damage inhibition and anticancer 

activities[6,7]. In literature several germanium based compounds have been synthesized and 

their biological potential have been evaluated [8,9]. We know that triphenylgermylpropanoic 

acid readily produces organogermane species on decomposition as evident from the mass 

spectral studies of our earlier reports [4,5]. Moreover in organogermanium compounds the 

Ge-C bond possesses a unique structural aspect as transfer of electrons between Ge  and free 
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radical is comparatively very easy which is an advantageous factor for free radical 

scavenging activity of organogermanium compounds to reduce oxidative damage [10,11]. 

This idea gave us an impetus to testify their role as catalyst for the synthesis of a very 

important class of sulphur containing compounds, 3, 4-dihydropyrimidin-2(1H)-thiones. 

Keeping this aim in mind a detail strategy was checked out and a chain of reactions were 

undertaken that proved our supposition to be workable. Moving further, a much detailed 

effort was also made to propose a plausible mechanism for this reaction using triphenyl 

germane as catalyst. A detailed study of this part of the research work has been discussed in 

the later sections of this dissertation.  
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Introduction                                                        Chapter 1                                         

Bismuth as well as its derivatives are generally considered as safe and biologically 

nontoxic. The insolubility of bismuth and its derivatives in biological fluids(neutral 

aqueous solutions) is the key factor that brings under control the  bacterial growth [1,2]. 

Bismuth is also a useful component of many drugs with potential for diverse chemical and 

biological applications [3–6]. Its unique properties along with its nontoxicity has led bismuth 

to be utilized in alloys, nontoxic pigments, thermoelectric and ferroelectric materials, and 

catalysts [7,8]. Bismuth-oxido clusters have drawn attention from several groups, as they 

highlight bismuth‘s ability to form large, multinuclear oxido complexes [9–13]. These 

clusters are readily synthesized via hydrolysis of the bismuth(III) compounds and can be used 

as precursors for bismuth-based solid state materials applications [14]. 

 Due to such striking characteristics, research on exploration of bismuth based 

derivatives has been encouraged in a number of arenas that include their usage as precursors 

in industries and sensing devices [15–17], cure of a range of gastrointestinal infections and 

promising  antimicrobial, antibacterial  and antitumor activities [18]. The earliest bismuth 

based medicine  was probed in 1786 for dyspepsia treatment that proved to be the milestone 

for the outset of  bismuth complexes in medicinal domain [19]. Afterwards, a great progress 

was observed in discovery of diverse bismuth complexes having great therapeutic potential 

against a variety of gastrointestinal as well as microbial infections, including gastritis, colitis, 

syphilis, and diarrhea where significant and enviable efficacy and surprisingly low toxicity 

was always obtained in the therapy. Significant anticancer activities has been obtained by 

using radioisotope compounds
 212

Bi and 
213

Bi for targeted radio-therapy of cancer cells [20].  

 In addition to research work on bismuth complexes as important antimicrobial agents 

[22,23], they are considered as better alternative to antimony compounds in terms of toxicity. 

Sodium stibogluconate as well as meglumine antimionate are frontline available drugs for 

treatment of leishmaniasis. Both of these drugs are not only cost effective but also provide 

very good cure rate. However a serious drawback associated with these drugs is the toxicity 

load exerted on body by these drugs due to intracellular conversion of Sb(V) to  Sb(III) and 

its biodistribution. Higher solubility of such compounds in water causes them to be 

ineffective when taken in orally so intramuscular injection is the only option available for 

getting them into the human body which usually leads to poor compliance. The bismuth 
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complexes not only have the advantage of reduced toxicity but also retain high activity 

against these parasites [21–23]. 

 1. Bismuth Compounds 

The irregular coordination number ranging from three to ten is also a striking feature of 

bismuth that describes its wide range of applications in diverse fields of research. In 

relatively less number of cases, the bismuth metal also shares its two extra 6s electrons with 

ligand for formation of additional bonds to adopt a higher coordination number like five. 

Bi(V) complexes, in higher oxidation state, are unstable and its only due to this reason that 

they are quite often used in arylation as well as oxidation reactions. That‘s the most important 

reason due to which lesser number of synthesized Bi(V) complexes are available in literature 

uptill now as compared to  Bi(III) complexes. 

1.1. Bismuth(III) Derivatives 

For many distinguished characteristics, a specific consideration has been remunerated to 

bismuth(III) compounds by cosmetics and medicinal industry along with material science. 

Pearson‘s theory [24,25], affirm Bi(III) as a borderline metal [26]. The mode-of-action of 

metallic compounds in finding precise effect is under-research and is still not explored very 

well [27-31]. 

1.1.1. Synthetic Approaches 

Several methods exist for the synthesis of bismuth triscarboxylates including both solvent 

mediated and solvent free synthetic approaches [32,33].  

1.1.1.1. Solvent free synthesis  

The representative reaction scheme 1.1 adopted by P.C Andrews et al. explains solvent free 

synthesis for bismuth(III) thiolates and carboxylates [32].  

Ph3Bi
4hrs

solvent free, 120oC
3RCOOH

R=  -PhCH=CH, -C6H4OCH3, -C4H3NH2

PhnBi(OOCR)3-n

 

Scheme 1.1 

The above mentioned methodology (scheme 1.1) have further been used by no of research 

groups including P.C Andrews et al. for synthesis of a variety of bismuth(III) thiolates where 
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a careful comparison with other conventional methods suggested that solvent free synthesis 

provides a clean and higher yield of the product [34]. 

1.1.1.2. Solvent mediated synthesis 

Solvent mediated synthesis has also gained special interest from scientists all over the world. 

Reaction conditions for a solvent mediated synthesis of bismuth(III) carboxylates are 

delineated in scheme 1.2 [33]. 

Ph3Bi
10-12hrs

Reflux, toluene
3RCO2H

R=  -PhCH=CH, -C6H4OCH3 , -C4H3NH2

PhnBi(OOCR)3-n

 

Scheme 1.2 

Similar reaction conditions with different solvents( Ethanol/Methanol) have been used by 

P.C. Andrew et al, (scheme 1.2)  [21]. 

1.1.2. Tris(aryl)bismuth (Ar3Bi) Compounds 

Bismuth chemistry, especially the chemistry of tris(aryl)bismuth (Ar3Bi) has received 

enormous interest over the last decades. Rao and co-workers highlighted their potential role 

in crosscoupling reaction of C-C bond formation by development of atom-economical 

coupling [35]. Tris(aryl)bismuth compounds synthesis dates back to the beginning of 

nineteenth century. Pfeifer reacted BiCl3 with Grignard reagents to prepare homo-

tris(aryl)bismuth compounds [36]. Most of the conventionally used methods have been 

highlighted in Suzuki and Matano,s book [37]. 

1.1.3. Bismuth(III) Complexes Containing Bi-O Linkage 

 The reaction utilizing triphenylbismuth with various carboxylic acids has been considered in 

detail [38]. In most circumstances, Bi–C bond cleavage is of special interest as it results in 

great diversity in structural motifs. In most of the cases triphenylbismuth losses all its phenyl 

rings but the removal of one or two phenyl groups has been observed in far fewer instances. 
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N N

Bi

O

O

OH

O

O

HO

Bi
O

O

O2N

n

O

O

BiO

O

O O

n

Fe
Fe

Fe

(a)

(b) (c)  

Fig. 1.1. Selective examples for products obtained after dearylation of BiPh3. (a)Two phenyl 

rings of the BiPh3 have been removed [39] (b) One phenyl ring of BiPh3 has been removed 

[38] (c) All phenyl rings of  BiPh3 have been removed [40] 

Andrews et al., synthesized and characterized a bismuth compound [PhBi(o-NO2C6H4CO2)2] 

[38], and used this method to prepare a series of other carboxylates. Busse et al., utilized 

different synthetic routes for bismuth based compounds [34,41], but both used methodologies 

proved unsuccessful. In another attempt amino acids were treated with [Bi(O
t
Bu)3] in dry 

THF but still no positive results were obtained until -78°C was achieved[42]. Hence target 

compounds were achieved in good yield when Bi(OtBu)3] addition took place at −78 °C 

following a slow rise in temperature to about −40 °C [43]. 

R
C

O

NR'
OH

BiPh3

(i) or (ii)

Bi(OtBu)

(iii)

R
C O

NR'

O
Bi

3

R= C6H5, R'=CH3

R= C6H5, R'=C6H5

3

(i)= solvent-free (80-120); 
(ii)= solvent reflux in ethanol or toluene;
(iii)= THF, -78°C to RT

 

Scheme 1.3 

Pathak et al., synthesized bismuth(III) derivatives using reaction listed in scheme 1.3. Yields 

for each reaction were marginally improved when conducted in toluene (58–63%) rather than 

ethanol (55–57%), but were both lower than for the equivalent solvent-free reactions (65–

69%). In an attempt to form more hydrophilic bismuthate complexes of type K[BiL2], one 

equivalent of K(OtBu) was reacted using reaction conditions as mentioned in scheme 1.4. 

This resulted in the formation of two novel potassium bismuthate complexes; 
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K[Bi(SHA)2](salicylhydroxamic acid (H2-SHA)) and K[Bi(BHA)2]( benzohydroxamic acid 

(H2-BHA)) while the reaction with Bi(AHA)(H-AHA)] (acetohydroxamic acid (H2-AHA) ) 

produced only an insoluble compound which was  analyzed as a mixture [44] 

 Stavila et al., produced  Bi(Hsal)3 [45] and found that Bi(Hsal)3  can trap amines and 

form adducts [46]. The product formed in one case clearly differed from the product formed 

in the other case ([Bi(Hsal)3(bipy).C7H8]2), indicating the difference of reactivities of both 

amines. It was found that although these are major products of the reaction, some other 

products are also formed as minor products and were well isolated and characterized in solid 

state as their integrity  in solution was compromised in both cases [46]. Here pure products 

were separated by reacting triphenylbismuth and two equivalent of respective substituted 

salicylic acid in boiling acetone in first step (scheme 1.4) and then adding diamine into the 

solution in second step [47]. 

BiPh3

BiPh(Hsal)2

2H2sal

AA

BiPh(Hsal)2

BiPh(Hsal)2(AA)

H2sal =2-hydroxybenzoic acid/ 4-methyl-2-hydroxy-benzoic acid; AA= phen./ bipy.

 

Scheme 1.4 

Anjaneyulu et al., synthesized and described a new crystalline structural modification. Both 

these compounds were obtained by facile water mediated reactions where ammonium 

bismuth citrate was dissolved in water with subsequently addition of picolinic acid and 

dipicolinic acid respectively. Apparently the formula of this new form of bismuth(III) 

dipicolinate is only different from a previously reported compound [49].  

 Andrews et al., found that typical routes involving solvent-mediated and solvent-free 

conditions for bismuth carboxylates to be  problematic, therefore it was preferred to use 

similar reaction conditions as for hydroxamic acids shown in scheme 1.5[44,50].  
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Scheme 1.5 

Hakimi et al., [51] synthesized metal-organic complexes comprising bismuth, pyridine-2,6-

dicarboxylate (pydc) and amines in deionized water using  scheme 1.6. It was observed that 

metal dipicolinate exihibits four distinct modes of coordination. Out of these four modes two 

types are rare modes of coordination; one which involves metal coordinated to the short 

C═O(BiO) bond of the protonated acid and  the other involving coordination of metal to a 

protonated oxygen atom [51]. Gomes et al., synthesized bismuth derivatives by reacting 

respective porphyrin with bismuth nitrate pentahydrate in DMF and refluxing the reaction 

mixture to 100
0
C [52]. 

 Ish Kumar et al., [53] tried to further simplify the reaction procedure for synthesis of 

Bi(III) complexes with oxygenated ligands and obtained thirteen monoaryl bismuth 

derivatives of type PhBi(O2CR)2 in very good yield. All the synthesized complexes were 

readily obtained by simple reaction of BiPh3 and respective carboxylic acid. Since bismuth 

prefers to possess higher coordination numbers which may vary from six to nine, bismuth is 

considered to be coordinately-unsaturated if it is five coordinated and bound to both oxygens 

of carboxylate ligand. It is a common trend in such type of complexes that one carboxylate is 

monodentate while the other adopts a chelating mode. Pentagonal pyramid is the most 

common geometry for such type of complexes and they retain the geometry by coordinating 

to some additional ligands that may be solvent molecule, any substituent group on the 

adjacent molecule, donor ligand such as phenanthroline or bipyridine. It was suggested by 

Deacon et al. [54] that monosubstituted bismuth derivatives undergo rearrangement[55,56]. 

Deacon‘s observation was further strengthened by Anjaneyulu et al., [55] They also isolated 

[Ph2Bi(O2C–C4H3O)] in a reasonable yield following a different methodology already used 

by Lemire et al., [25,53]. 
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Scheme 1.6 

1.1.4. Bismuth(III) Complexes Containing Bi-S Linkage 

The main reason of their enhanced hydrolytic stability, ultimate purity, reproducibility and 

biological activity is the reason due to which  Andrews et al., used solvent-mediated(SM) 

[57] as well as solvent-free(SF) methods for synthesis of new complexes along with two 

already reported complexes [59]. The reason for resynthesis of already reported complexes 

was to develop a comparison between yield and purity of new and older methodology and 

also for structural manifestation (Scheme 1.8). Increase in yield for both these compounds 

was observed specially this increase was much more significant with SF synthesis as 

compared to earlier salt metathesis methodology involving reaction between BiPh3 and 

respective carboxylic acid in benzene[58]. The new compound Ph2Bi(SC(=O)C6H5) (3) was 

not obtained by both SM and SF method even when stoichiometry was taken as 

1:1(acid:BiPh3) hence salt metathesis was employed in which Ph2BiCl reacted with sodium 

thiobenzoate in methanol at 0
0
C. The NMR spectroscopic studies indicated that the given 

compound is not stable and undergoes rearrangement to bis-substituted product (4) and BiPh3 

(Scheme 1.7). PhBi(SC(=O)C6H4-m-SO3) is the only product that is not sensitive to both 

reaction methodologies and reaction stoichiometry. A similar study was under taken by  

Andrews et al., [22] where thiocarboxylic acids  were used to synthesize thiocarboxylate 
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complexes. As observed for Ph2Bi(SC(=O)C6H5), synthesis of [Ph2Bi{S(C=O)C10H7}] is also 

possible to obtain by salt metathesis reaction. 

nC6H5(=O)SH BiPh3 Ph3-nBi(SC(=O)C6H5)n
nPhH

n= 3

n=2

(1)
(2)

 

C6H5C(=O)SNa Ph2BiCl Ph2Bi(SC(=O)C6H5) NaCl

(3)  

2Ph2Bi(SC(=O)C6H5 PhBi(SC(=O)C6H5)2 BiPh3

(4)  

Scheme 1.7 

Monophenyl derivative is accessible by both SM and SF methodologies. The tris substituted 

complex was obtained by SF methodology taking molar ratio of BiPh3:Acid as 1:3. When 

both these reactants were heated under SM methodology monophenyl derivative is obtained 

in a low yield, however increasing the reaction time produces tris substituted complex and 

monophenyl derivative in 9 and 91% yield respectively. Screening of the synthesized 

complexes for anti-leishmanial activity suggested that bis substituted complexes of type 

PhBiL2 are more active than tris substituted bismuth(III) complexes. A detailed study on the 

β-thioxoketones and their metal complexes revealed that β-thioxoketonates bind to Bi(III) 

center in a bidentate manner [60,61]. Lipophilicity as well as construction of the bismuth 

thioxoketonates structure around stable six-membered chelate rings having a relatively stable 

Bi–S bond may be two important factors in reducing the bioavailability of the ligand and 

Bi(III) thioxoketonates [23]. This finding is in contrast to what literature reports suggest in 

case of carboxylates and thiocarboxylates which have less stable four-membered rings and 

carboxylates containing exclusively more labile Bi–O bonds [22,61]. General pathway for 

bismuth(III) β-thioxoketones synthesis using 1:3 stoichometry of  β-thioxoketones and  

Bi(O
t
Bu)

3
 is given in scheme 1.8. 

3R1C(=O)CH2C(=S)R2 Bi(OtBu)3

THF

N2

-78ºC to 25ºC

[Bi{R1C(=O)CHC(=S)R2}3] 3tBuOH

Scheme 1.8 
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1.2. Bismuth(V) Complexes 

Bismuth compounds in +5 oxidation state are strong oxidizing agents [62] and rarely exist 

without aryl groups. A great number of compounds which exhibit reasonable stability and are 

characterized in the solid state are mostly heteroleptic triarylbismuth(V) compounds 

[BiAr3X2] [63],  where X is solely, or a fine combination of, aryl groups (Ar) [64], halides 

(except iodide) [65], and anionic oxygen-based ligands; oxido [66],  carboxylates [67], 

sulfonates [68], phenoxides [69] or nitrate[64]. These are all ―hard‖ ligands, or in the case of 

aryl groups, are intended to have high group electronegativities [70]. Thus, the neutral 

pentaarylbismuth(V) compounds, [BiAr5] (Ar=Ph, p-Tol, C6F5, C6H3F2, or C6H4F), of which 

nine have been crystallographically characterized, are stable and frequently  colored 

[63,71,72]. In contrast, BiMe5 is highly unstable and even explodes on warming to room 

temperature [73]. The majority of these compounds as their structural analysis manifested 

adopt trigonal bipyramidal geometry [BiAr5] [74]. Lower stability is attributed to 

Diarylbismuth(V) compounds[75-77].  

1.2.1. Synthetic Approaches 

Tris(aryl)bismuth (V) carboxylates may be synthesized by utilizing one of the following 

general procedures as follows; 

(a) Tris(aryl)bismuth(V) biscarboxylates can be synthesized using a general 

procedure(scheme 1.9) involving reaction of respective carboxylic acid with sodium 

methoxide in ethanol with subsequent addition of triphenylbismuth solution in THF. The 

solution is stirred for twenty-four hours and then evaporated to yield crystals of target 

compound in  good yield  [78].   

CH3NaOBiR'
3RCOOH

R=   -C6H3F2,

R'
3Bi(OOCR)2

-C6H4CF3, -C4H3S

R' =    -C6H5
 

Scheme 1.9 

(b) Another general method for synthesis of Tris(aryl)bismuth biscarboxylates is reaction of 

tris(aryl)bismuth with two equivalent of carboxylic acid in diethyl ether in presence of 30% 

H2O2 as presented in scheme 1.10. 
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BiR'
3RCOOH

R =   -C6H4NO2,

R'
3Bi(OOCR)2

-C6H3(OH)2,-C6H4OCH3

R' =  -CH3-C6H5

           (o-, m-, p-)

H2O2-30%

 

Scheme 1.10 

(c) Synthesis of tris(aryl)bismuth biscarboxylates using salt metathesis reaction is also one of 

most important methods to obtain the target compound in a much cleaner way [79]. In this 

reaction tris(aryl)bismuth dihalide is reacted with respective carboxylic acid in toluene as 

presented in scheme 1.11. 

R'
3BiX2RCOOH

R =   -CH3,

R'
3Bi(OOCR)2

-C2H5

R' =  -C6H5

X =   Cl2, Br2  

Scheme 1.11 

1.2.2. Bismuth(V) Complexes Containing Bi-O Linkage 

Arshad et al.,[80] synthesized two novel triphenylbimsuth(v) complexes in dichloromethane 

as delineated in scheme 1.12. 
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Scheme 1.12 

Kumar et al., [81] developed a new methodology for synthesis of triorganobismuth(V) 

biscarboxylates  in which H2O2. Using this methodology Ong et al., [82] reported synthesis of 

various heteroleptic Bi(V) complexes with general formula [BiPh3(O2CR)2] in diethyl ether 

(scheme 1.13). 

  

 

Scheme 1.13 

Stability study of a representative bismuth compound was also under taken in H2O and 

DMSO. Sharutin et al., [83,84] used this  methodology for synthesis of similar compounds 

and reported the crystal structure of  tri(phenyl)bismuth bis(2-phenylamino benzoate) and 

triphenylbismuth bis(pentachlorobenzoate).  

 This methodology is not only limited to phenyl derivatives of the type 

[BiPh3(O2CR)2] but it also worked well for tolyl derivatives of bismuth carboxylates. 

Sharutin et al.,  [85] synthesized tri(m-tolyl)bismuth bis(2-methoxybenzoate) in very good 

yields. This was the first time that oxidative addition reactions of such type were studied for 

tri(m-tolyl)bismuth. An extensive study on [SbAr3(O2CR)2] complexes settled that it was not 

SbPh3 derivatives that are lipophilic alternatives to most favorable SSG, but derivatives with 

Ar = m- or p-tolyl [86]. Ong et al., [82] therefore, tried to find  a much closer comparison of 

the tolyl based complexes by synthesizing twenty nine tri(m-tolyl)bismuth (V) dicarboxylate 

complexes. It was found that structure of [Bi(Tol)3(O2CR)2] analogues resemble closely with 

BiPh3
2RCO2H

H2O2

-H2O

[BiPh3(O2CR)2]
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the structure of [BiPh3(O2CR)2] complexes. As previous reports manisfested comparison 

between two derivatives suggested that phenyl analogues have similar and slightly shorter 

bond lengths than tolyl analogue which demonstrates that o-Me has a very minute effect on 

basic structure [64]. 

1.2.3. Bimuth(V) Complexes Containing Bi-S Linkage 

Luqman et al.,  [87] synthesized and characterized a series of  monoarylbismuth(V) thiolates 

derivatives .The studies on their conversion into reduced Bi(III) derivatives whose structures 

retain the stamps of Bi(V) derivation were also undertaken (Scheme 1.14). 

BiPh34L(H)
toluene/ethanol

Method1: reflux, 18h

Method2:MW, 1150C, 7min

BiPh3L4

recystllization

DMSO

BiPhL2L(H)2

L(H) = 4-MMT(H)   =

L(H) = 2-MMI(H) =

HN N

NS

HN

N
S

thione

N N

NHS
thiol

N

NHS

 

Scheme 1.14 

The synthesized complex are among  rare homometallic complexes that were characterized 

crystallographically possessing a imidazole-thiolate or triazole-thiolate ligand system.  This 

study indicates that on deprotonation conversion of stable thione form into more stable 

thiolate anion bonded to bismuth takes place resulting in formation of Bi-S bond which is 

thermodynamically stable as well as non-labile. 

1.3. Bismuth-Oxido Clusters 

The active ingredients of many registered bismuth formulations are based on bismuth 

complexes. Carboxylates undergo hydrolysis to produce mixtures of hydroxide and oxides. 

Prefix ―sub‖ points towards presence of such mixtures in these formulations [19]. A great 

interest in search of the exact pathway by which these bismuth oxido caboxylates form is 

undertaken by various research groups resulting in formation of a large class of compounds. 

Different parameters like type of ligands used, effect of solvent and effect of substituents on 
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basic structure of mononuclear bismuth carboxylates and their subsequent hydrolysis 

products have been extensively studied  

1.3.1. Synthetic Methodologies 

(a) Hydrolysis of different alkoxides and carboxylates like bismuth(III) salicylate Bi(Hsal)3 

synthesized by already reported methodology [88], in wet solvents gives rise to number of 

oxoclusters whose formation highly depends on polarity of the solvent used as presented in 

scheme 1.15  [89].   

  

 

 

 

Scheme 1.15 

(b) Dissolution of bismuth(III) salicylate,  synthesized by solvent fee technique, in wet 

acetone produces two oxoclusters of different nuclearity (scheme 1.16) [5]. 

Bi(Hsal)3

[Bi38O44(HSal)26(Me2CO)16(H2O)2]·(Me2CO)4

[Bi9O7(HSal)13(Me2CO)5]·(Me2CO)1.5

1

2

wet acetone

 

Scheme1.16 

(c) In another methodology proposed by Andrews et al., [38] triphenyl bismuth on refluxing in 

dry ethanol give monoarylbismuth derivative (1) which on ethanolysis replaces its one aryl 

group with ethoxy group leading to formation of (2). On leaving this solution of (2) exposed 

to open atmosphere gives rise to Bi10O8 core (3) (scheme 1.17).  

 

MeNO
3
 

MeCN 

Bi(Hsal)
3
 

[Bi
4
(μ3-O)2(HSal)8]. 2MeCN 

[Bi
4
(μ3-O)2(HSal)8]. 2MeNO

3
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Bi NO2

OHO
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O

O

O

O
NO2

O2N
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O

O

O

O
NO2

O2N
O

[Bi10O8((o-NO2)C6H4CO2)14]
-PhH

EtOH

1

23
 

Scheme 1.17 

As an endeavor to explore the exact structure of these formulations, synthesis and structural 

explication of variety of bismuth complexes and their hydrolytic product is still under the 

process[45,90-93]. Timakova et al.,  [94] produced an oxo cluster with the empirical formula 

‗‗Bi2O(Hsal)4‘‘ but its solid state structure was not explored. Proceeding with assumption that 

it is the solvent polarity that controls the hydrolysis process and is responsible for ultimate 

formation of products of different nuclearties (4-38), with six being the most commonly 

observed nuclearity, a great number of bismuth oxido clusters have been reported (Table 1.1). 

 Schlesinger et al., [95] tried to find the structural differences in core of two oxido-

clusters [5,96,97] In order to review such type of cluster compounds a list of various reported 

bismuth-oxido clusters with brief description of their synthesis have been presented in Table 

1.1. 

 The synthesis of precursors for bismuth oxide based materials is a significant driving 

force behind the field of bismuth oxo cluster chemistry. Oxido-clusters supported by 

alkoxides, carboxylates, and hexafluoroacetyl-acetonate have also been reported 

[9,95,96,106–109]. They contain a core composed of Bi(III) and oxygen atoms that has an 

overall positive charge. These cores are then surrounded by negatively charged carboxylate 

ligands to form an overall neutral compound. A common structural motif in these systems is 

the observation of the octahedral Bi6O8
2+

 core in which oxide ions (or hydroxide) adopt μ3 

bridging configurations on each of the octahedral faces. The same octahedral component is 

found as a subunit in the larger bismuth alkoxide and carboxylate structures. In case of 

carboxylates, a variety of nuclearities have been observed. Negatively charged bismuth-oxido 

carboxylate clusters on the other hand are rare [110].  
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Table 1.1: Various reported Bismuth-Oxido clusters with brief description.  

Compd.

no 
Formula Synthetic Methodology 

Yield 

(%) 
Ref. 

1 [Bi6(H20)(NO3)O4(OH)4](NO3)5 Bi(NO3)3.5H2O, H2O,49
º
C - [98] 

2 
[Bi38O45(OMc)24(DMSO)9] 

.2DMSO.7H2O 

[Bi6O4(OH)4](NO3)6.H2O, sodium 

methacrylate, DMSO, 80
º
C 

78% [99] 

3 

[{Bi38O45(NO3)20(OBz)4(DMSO)24

}·4DMSO]-

[{Bi38O45(NO3)24(DMSO)26}· 

4DMSO] 

sodium benzoate, Bi(NO3)3·5H2O, DMSO, 

80
º
C 

28 [100] 

4 

[Bi 38O45 (OMc)22 (C8H7SO3)2 

(DMSO)6(H2O)1.5 ].2.5H2O 

Sodium 4-vinylbenzenesulfonate, [Bi38O45 

(OMc)24(DMSO)9].2DMSO.7H2O, 

DMSO,80
º
C 

11 [101] 

5 

[Bi38O45(HSal)22(OMc)2(DMSO)15(

H2O)].DMSO.2H2O   

( 2.DMSO. 2H2O) 

Salicylic acid,  A, THF, RT 54 [101] 

6 
[Bi10O8{tBuC5(OBn)(OH)}4] 

t
BuC5(OBn)(OH)4, Bi[N- (SiMe3)2]3, THF, 

45
º
C 

48 [102] 

7 
[Bi38O45(O3S-Mes)24(H2O)14] 

(C8H10) 

Bi2O3, 2,4,6-mesitylenesulfonic acid, m-

xylene 

- [103] 

8 [Bi6O4(OH)4(O3SNH2)6]H2O Bi2O3, HO3SNH2=sulfamic acid, hot water 78 [103] 

9 
[Bi18O12(OH)12-(O3S–Cam)18 

(H2O)2].13H2O 

Bi2O3, (HO3S–Cam=S-(+)-10-

camphorsulfonic acid, hot water 

70 [103] 

10 
[Bi12(μ3-OH)4(μ2-OH)2(μ3-O)8(μ4-

O)2(NO3)6](NO3)4. 6H2O 

Bi(NO3)3.5H2O, H2O, Ethanol diffusion  - [13] 

11 
[Bi10O8{(o-NO2)C6H4- 

CO2}14(EtOH)x.3(EtOH)y (H2O)z]   

o-Nitrobenzoic acid, BiPh3, ethanol, Reflux - [38] 

12 
[Bi9O8(vanen)3(NO3)2(CH3OH)2(H

2O)].3NO3. 5.5H2O 

Bi(NO3)3.5H2O, mannitol, deionized water, 

H2vanen
59

, methanol, 45-60
º
C 

62 [104] 

13 

[Bi38(μ3-O)22(μ4-O)22(μ6-O){3,5-

(NO2)2C6H3OO}20 

(OH)4(DMSO)16]·4DMSO·11H2O 

Ph3Bi (1.0 mmol), 3,5-dinitrobenzoic acid, 

Toluene, reflux, DMSO 

21 [105] 

The reaction of Bi(O3SCF3) with organodichalcogenones has produced [Bi(1,1′-

methylenebis(3-methyl-1,3-dihydro-2H-imidazole- 2-thione)6]
3+

 paired with 

[Bi6(OH)8(O3SCF3)12]
3−

 [111]. The products of bismuth trifluoroacetate hydrolysis in 

aqueous solutions and thermolysis in arene solvents have been reported by Kugel [112]. He 

observed the formation of the unit Bi3O(O2CCF3)7 ligated by arenes both in monomeric and 

dimeric forms,[112] but he also characterized Bi6O8
n+

[112]. In the latter 
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compound,[Bi10O8(O2CCF3)20]
6−

 ion is described as a Bi6O8 
2+

 cluster coordinated to four 

[Bi- (O2CCF3)5]
2−

 fragments. 

1.4. Characterization of Bismuth Complexes/Oxoclusters 

Structural elucidation of various bismuth compounds reported in literature has been carried 

out both in solid state and in solution. 

 1.4.1. FT-IR Spectroscopy 

Usually a spectral range of 4000-250 cm
-1 

 is selected for bismuth compounds because most 

of the functionalities like [υasym(COO), νsym(COO), ν(C-Haliphatic)  υ(C-Haroamtic), υsym(Bi–C), 

υ(Bi–O), υ(Bi–S)]  give adsorption bands in this region [113]. IR spectra observed for 

tris(pentafluorophenyl)bismuth(V) carboxylates with salicylic, Benzilic, Mandelic and 4-

Methoxymandelic acid, a medium to strong band frequency band is observed for free OH that 

appears in its characteristic range. υasym(OCO) for the given complexes appear in  range of 

1724-1659cm-1 whereas υsym(OCO) is observed in the range 1450-1320 cm
-1. 

Furthermore it 

is proposed that higher frequency values observed for υasym(OCO) may be due to presence of 

pentaflorophenyl rings in all the synthesized complexes [114]. 

Some bands are very sensitive to the structure of molecules and their signal sharply changes 

with altering the core structure of the molecule. Some of these bands include υ(C=S), υ(Bi-Cl), 

υ(Bi-S) and υ(C=N) bands[113]. In IR spectra of [BiCl(Me2DTC)2]n} (1) and 

{[Bi(Et2DTC)3]2}(2) where (Me2DTCH= dimethyldithiocarbamate and Et2DTCH = 

diethyldithiocarbamate) the IR absorption bands appear at 1519 (2) and 1508 (3) cm
-1  

indicating presence of υ(C=N) vibrations [113]. Peaks at 965–879 cm
-1

 (2) and 982–841 cm
-1

 

represent υ(C=S) vibrations [115]. In the Far-IR region of spectra of 1(Fig.1.2),  band present at 

423cm
-1

 is assigned to (Bi-Cl) vibration [116,117]. Vibrational band for (Bi-S) appear around 

250cm
-1

 in these complexes [117].  .   

 

 

(1) 
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(2) 

Fig.1.2. Proposed structure of complex (1) and (2) 

The absorption bands around 318-328cm
-1

 indicate the presence of Bi-S bond in theses 

complexes [118]. Proposed structure for (a) mixed metal(Bi, Sb) (b) mixed metal(Bi, Sb) and 

mixed ligand derivatives(where R= Me, Et ) has been depicted in Fig. 1.3. IR frequency band 

in  range of 726-696cm
-1

 is attributed to presence of Bi-C out of plane deformations in series 

of phenyl bismuth(III) bis(carboxylate) complexes [119].  

 

Fig.1.3. Proposed structure of (a) mixed metal (b) mixed metal and mixed ligand derivatives, 

where R= Me, Et. 
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Fig.1.4. Comparison of the ATR-FTIR spectra of [Bi(anth)3· 0.5 MeNO2· 0.5H2O]∞ (1a), 

[Bi(anth)3.0.5MeCN]n (1b) [{Bi38O45(anth)4(NO3)20(dmso)24}{Bi38O45(anth)4 (NO3)20 

(dmso)24}]∙ 6dmso (2), and anthranilic acid. 

On considering spectra for Bi(anth)3.Solv as shown in Fig. 1.4[120], it can be seen that 

characteristic bands for asymmetric as well as symmetric N-H at 3478 and 3376cm
-1

  for 1a 

and 1b as reported earlier [121]. Similarly in oxido cluster also bands for asymmetric and 

symmetric N–H are observed at  3446 and 3340 cm
-1

 respectively  Absence of bands for 

phenyl at 729 and 693cm
-1

 also confirm that substitution for phenyl rings in  Ph-Bi  has 

completely taken place as demonstrated by IR spectra for 1a and 1b .  

1.4.2. Multinuclear (
1
H, 

13
C) NMR Spectroscopy 

NMR spectroscopy is a powerful and reliable technique to understand the molecular structure 

and to check the purity of the product formed. It helps researchers to find out chemical 

changes taking place during reaction and facilitates in finding out exact mechanistic rout 

followed by the reaction during the course of reaction. Therefor this technique is very 

important in structural elucidation of the bismuth complexes as is being used for new 

organometallic compounds.  

 A convincing evidence for formation of bismuth complexes in 
1
H NMR spectra of 

trisorganobismuth(V) biscarboxylate, as for tri(phenyl)bismuth(V) bis(acetylsalicelate) and 

tri(phenyl)bismuth(V) bis(3-acetoxybenzoate),  is  the absence of carboxylic acid hydrogen 

signal at 10.7 and 11.14ppm respectively. This confirms the deprotonation of acid and 

coordination of carboxylate oxygen to bismuth center.  Signals for all other aromatic 

hydrogens are usually observed in expected range with slight shift from their peak position 

observed for them in free ligand spectra [80]. Signals for Triphenyl moiety attached to 
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bismuth are also observed in the spectra of complexes in addition to peaks for ligand 

hydrogen. Position of signals for methyl group attached to ligand remains unaffected showing 

noninvolvement of these hydrogen in any kind of coordination during complexation [80].      

 The 
1
H spectra are very important in case of bismuth based oxoclusters as it indicates 

the purity of the product which is usually compromised in most of the cases due to formation 

of multiple products in a single reaction. As we know that they are considered as hydrolytic 

product of tris-substituted bismuth complexes, therefore, it is not unexpected to obtain 

oxoclusters usually as mixtures. From a homogeneous solution of mother liquor, one can 

obtain clusters of different nuclearities as well as many other side products[38].    

 Comparison of 
13

CNMR spectra of free ligands with metal complexes 

tri(phenyl)bismuth(V) bis(acetylsalicelate) and tri(phenyl)bismuth(V) bis(3-acetoxybenzoate) 

demonstrates that for free ligands carboxylic acid carbon appear at 170.1 ppm. Methyl carbon 

in free ligands appears around 21.00 ppm. Whereas small variations in chemical shift values 

for aromatic carbons (122.9-160.3ppm range) are observed in 
13

CNMR spectra of complexes. 

Similarly carboxylic carbon resonates about 0.68-1.93ppm upfield or downfield according to 

electronegativity or positivity of substituent present on benzoic acid when compared to free 

ligand. Chemical shift value for methyl carbon remained unaffected due to its 

noninvolvement in complexation. Signals for carbons of triphenyl group attached to bismuth 

appeared in range 129-159ppm [80]. Generally it is hard to observe any signal for carboxylic 

carbon in 
13

CNMR spectra of bismuth-oxido clusters [38]. 

1.4.3. X-Ray Crystallography 

The X-ray crystallography is quite useful technique in determining the exact structure of the 

crystalline compounds. Besides very precise information pertaining to the structure of the 

synthesized compound could be attained, the technique is also helpful in finding out thermal 

displacement parameters along with atomic position of the compounds [122]. Some examples 

for X-ray crystallographic structures of bismuth based compounds from literature are 

presented in Fig 1.5 and 1.6. 
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Fig.1.5. Crystal structure for [PhBi(5-Br-2-OH-C6H3CO2)2(EtOH)].(EtOH) (H2O) [119] 

 

Fig.1.6. (a) Crystal structure for bismuth(III) Schiff-base complex; 

[Bi9O8(vanen)3(NO3)2(CH3OH)2(H2O)].3NO3.5.5H2O [104]. Partial atoms are omitted for 

clarity, and the carbon atoms of the ligands are unlabeled. (b) Perspective view of the Bi9O8 

core. (c) The modes of coordination for bismuth atoms. 

1.5. Applications of Bismuth Complexes 

Although bismuth in periodic table bismuth is surrounded by highly toxic heavy metals still it 

retains its unique identity as environmental friendly less toxic metal. Many of bismuth 

compounds even as harmless as commonly used table salt(sodium chloride) [123] and this 

remarkable low toxicity has made it possible for bismuth to earn the position of a 
―
green 

element‖. For these distinguished characteristics, a particular attention has been paid to 

bismuth based compounds by cosmetics and medicinal industry. For example, bismuth 

oxychloride is commonly used in cosmetic product to impart a silvery sheen to personal care 

products and cosmetics. Due to radio-opaque nature, bismuth oxychloride is also marketed 
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under the name of ―BIRON powder‖ which is commonly used in catheters for many 

diagnostic as well as surgical procedures. Another compound, bismuth nitrate oxide, is 

commonly used as antiseptic in surgical procedures [124].  

 Currently bismuth along with its compounds has found attention due to their use in 

organic synthesis as green Lewis acid catalyst. Lower toxicity of bismuth compounds along 

with their lower cost and easy handling make them more attractive than other available 

corrosive acids [125]. Therefore ecofriendly bismuth and its compounds find many 

applications in everyday life. With increase in awareness about environment safety, bismuth 

may find many other applications ranging from synthesis to engineering [18]. 

1.5.1. Biological Applications 

The earliest bismuth based medicine  was probed in 1786 for dyspepsia treatment that proved 

to be the milestone for the outset of  bismuth complexes in medicinal domain [19]. 

Afterwards, a great progress was observed in discovery of diverse bismuth complexes having 

great therapeutic potential against a variety of gastrointestinal as well as microbial infections, 

including gastritis, colitis, syphilis, and diarrhea where significant and enviable efficacy and 

surprisingly low toxicity was always obtained during treatment. 

1.5.1.1. Gastrointestinal disorders 

Role of H.pylori is not only significant in peptic ulcers and chronic gastritis but is also linked 

to gastric cancer pathogenesis [2,126-128], therefore therapeutic treatment is recommended 

on diagnosis of H.pylori. The inherent resistance of H.pylori to several other antibiotics such 

as vancomycin, polymyxins, trimethoprim and nalidixic acid has also been reported 

[129,130]. Treatment of infection caused by H.pylori has proven itself to be a big challenge 

for researchers all over the world. Currently several aspects have been pointed out including 

loss of eradication efficiency and antibiotic resistance for this bacterium [131]. The bismuth 

compounds show significant inhibition activity for treatment of gastrointestinal disorders and 

ulcers [132]. Bismuth subsalicylate (BSS) colloid, ranitidine bismuth citrate as well as 

bismuth subcitrate, are some of  such well-known inhibitors to H.pylori spread and its growth 

[131,133–136]. In regards to eradication of H. pylori, a d-polygalacturonic acid derived 

complex of bismuth has got permission for its clinical usage in China [137,138,19].  A 

general explanation for higher antiulcer activity of bismuth based compounds is that bismuth 

precipitation takes place in ulcer crater which results in glycoprotein-bismuth complex 

formation, functioning as protecting coating which adds to the healing of lesions [19]. 
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The exact mechanism explaining the reason for higher activity of bismuth compounds against 

H. pylori is still not yet fully understood; however the potential biological targets for bismuth 

compounds are clearly associated with many proteins as well as enzymes of H. pylori. The 

studies suggest that in H. pylori cells, bismuth compounds can induce oxidative stress 

resulting in overall inhibition of proteases activities [139]. Moreover, important enzymes like 

urease have also shown a significant activity against H.Pylori [19]. The development of nano 

structures containing bismuth is currently a fascinating drift in  this line for discovery of 

effective pharmaceutical formulations against H.pylori [140,141]. 

Table 1.2: Some commercially available medicines containing bismuth as main ingredient 

Sr. 

No 
Medicine name Bismuth complex 

1 Compounds Bismuth Aluminate Tablets, Debitai  Bismuth Aluminate 

2 Veytalo Tablet, Cascara Basic bismuth nitrate 

3 Colloidal bismuth petin Colloidal bismuth petin 

4 Weishusan  Bismuth subcarbonate 

5 Oxybuprocaine Hydrochloride Gel Bismuth carbonate 

6 Ranitidine  Bismuth citrate 

7 Tripotassium dicitratobismuthate  Bismuth subcitrate 

8 Livzon Dele, Bielomatik Bismuth potassium citrate 

 

1.5.1.2. Antimicrobial activity 

A great of number of bismuth complexes have been tested and many new discoveries have 

been made that are under process of development for clinical trials [142]. Many complexes 

show significant activities even many fold higher than reference drugs that are available in 

the market, like bismuth(III)-sulfapyridine complex which exhibits antibacterial activity that 

is several times higher than sulfapyridine against Staphylococcus aureus, Shigella sonnei, 

Escherichia coli, Shigella dysenteriae , Salmonella typhimurium and Pseudomonas 

aeruginosa [142]. Aqueous colloidal bismuth oxide nanoparticles have been synthesized by 

Hernandez- Delgadillo et al., [143] and their fungicidal activity has been tested for Candida 

albicans. Analysis for antibiofilm potential of (Bi2O3 NP) has also been undertaken and 

reports suggested that Bi2O3 NP exhibited significant antimicrobial activity resulting in 

reduction of colony size by 85% and biofilm formation was inhibited completely compared to 

those obtained by terbinafine, chlorhexidine and nystatin which are most efficient 
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commercially available antifungal agents. This study revealed that incorporation of colloidal 

Bi2O3 NP in oral antiseptic could be done for better results against fungicidal agents [143]. 

 Another study suggested that bismuth compounds can inhibit pathogenic yeast growth 

which instead stimulated filamentous fungi growth [144]. A series of hetrocyclic ring 

containing organobismuth complexes were synthesized by Kotani T. et al., [145] and their 

antibacterial activity was tested. It was further suggested by J.S. Solanki, et al., [146] that 

mixing of bismuth(III) complexes with salicylate, pyrazoline or acetates containing moieties 

could increase antimicrobial potential.  

 Andrews and co-workers [21] synthesized a library of Bi(III) carboxylate complexes 

derived common NSAIDs  and tested their potential activity against Leishmania major 

promastigotes. It was observed that at concentrations (1.95–250μgmL
−1

), free NSAID acids 

as well as their bismuth derived complexes exhibit negligible antileishmanial [21].  

Table 1.3: Some effective antimicrobial bismuth containing complexes with brief description 

Micro-organism Bismuth complex Refr. 

S. aureus BisTOL, BisPYR [144] 

E. coli, S. aureus BiC9H9ON4SCl2, C18H14O2N8S2Cl [147] 

P. aeruginosa, E. coli, Legionella pneumophilo BisBAL [144] 

P. aeruginosa, Legionella pneumophilo Bi(NO3)3 [144] 

E. coli, S. aureus, P. aeruginosa, 

Staphyococcus epidermidis 
C32H49BiC15N7O29 [143] 

C. albicans Bi2O3 nanoparticles [143] 

Pseudomonas aeruginosa LiBiEDT-TOB [143] 

Leishmanial major 

Bi{(CH3CONH)2C6H3CO2}3(H2O)3, 

PhBi(o-NO2C6H4CO2)2, PhBi(o-

MeOC6H4CO2)2(bipy), PhBi(m-

MeOC6H4CO2)2(H2O)2, 

PhBi(C9H12N2O3CO2)2(H2O) 

[21] 

Staphyococcus epidermidis, Bacillus subtilis, 

C. Albicans, E. coli 
bismuth salicylate [69] 

Streptococcus mutans Zero-valent bismuth nanoparticles [146] 

Macrophomina phaseolina, Fusarium 

oxysporum 

BiC9H9ON4SCl2, 

BiC18H14O2N8S2Cl 
[147] 

 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Kotani%20T%5BAuthor%5D&cauthor=true&cauthor_uid=15980343
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It is evident from low toxicity of Bi(NO3)3 as well as BiCl3 against cells of human fibroblast 

that it is not alone bismuth which is responsible for higher toxicity against parasite and 

mammalian cells but ligand also play an important role in this regard [21]. 

1.5.1.3. Antitumor activity 

Studies on bio-coordination of bismuth complexes demonstrate that non DNA sites are the 

main target sites. Based on these grounds novel mechanisms of action can be discovered for 

anticancer activity of bismuth containing compounds [57,76]. A  number of researchers have 

evaluated the in vitro cytotoxicity and antiproliferative activity of several organo and 

inorgano-bismuth derivatives against certain cancer cell lines.  

As thiol group presence has already been reported to significantly enhance the antileukemic 

activity of complexes, therefore, compounds of bismuth which contain 6-mercaptopurine 

derived anions have been put under antitumor trials. It was suggested that effectiveness of the 

compounds having 8-hydroxyquinoline or 2-methyl-8-hydroxyquinoline derived anions is 

greatly enhanced after coordination with bismuth.  Many other bismuth derivatives including 

bismuth dithiocarbamates and bismuth dithiolates, heterocyclic organobismuth derivatives, a 

water-soluble macrocycle bismuth complex and bismuth 8-quinolinethiolates. All these 

anticancer agents demonstrate significant antiproliferative effects [19,148]. Some bismuth 

complexes, synthesized in recent years, have been explored clinically and their assessment in 

antitumor or cytotoxicity has been made like bismuth(III)-sulfapyridine prepared by Marzano 

et al. [142].  

 

Fig.1.7. (A) Structure of Bismuth(III) complex[Bi(L)(NO3)2(CH3CH2OH)]; (B) hydrogen 

bonding 
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This bismuth(III) complexes of thiosemicarbazones shown in Fig. 1.7 belong to a rare class 

of bismuth compounds [149]. 

Li et al., [150] synthesized a nine coordinated bismuth(III)complex. In vitro biological 

studies suggested that this complex exhibited much more significant anticancer and anti-

bacterial activities than its free parent ligand. It also showed significant growth inhibition of 

H22 xenograft tumor on mice bearing tumor. The studies indicated that a bismuth atom with 

nine coordinated ligands may be a good strategy for synthesis of new anticancer drug 

candidates [151]. 

Although many compounds of bismuth have been undertaken to evaluate their anticancer 

potential, however, a detailed study of bismuth chemistry in this regard is still less developed 

and need further mechanistic exploration to reach at certain conclusion. 

Table 1.4: Bismuth Complexes showing significant antitumor activity toward certain cancer 

cell lines. 

Cancer cell line Bismuth complex Refr. 

K562 Bi(L)NO3(CH3OH) BiCl3(C11H11N3O2S)3  [142,152] 

HCT-

116,Hela,K562,HepG2 

Bi(HL)(NO3)  [151] 

HepG2 Bi(L)(NO3)(CH3CH2OH)  [149] 

NHI 3T3   Bismuth-asparagine coordination polymers  [153] 

IGROV, MCF-7, A498, 

EVSA-T, M19, WIDR, 

H226  

Bi(S2CNR2)3  [154] 

HL-60, Molt-4, U937, 

H226, A549, H596, MG-63, 

K562, HT1080, KATO3, 

MIA paca, NB4, MDA-

MB-4355, Colo201, DLD-

1, SK-N-SH 

N-tert-butyl-bi-chlorodibenzo[c,f], azabismocine, 

dichlorodibenzo[c,f], thiabismocine, 

dichlorophenothiabismin-S,S-dioxide 

[155–157] 

MGC-803 C14H12BiClS, C35H31BiGeO2S, C20H17BiClN, 

C41H36BiGeNO2, C20H23BiClN, C41H42BiGeNO2 

[158] 

1.5.2. Non-Biological Applications 

The synthesis of metal oxide precursors for diverse material applications have always been an 

area of great interest for scientists all over the world. The purity and microstructure of such 

nanomaterial is highly dependent on synthetic route chosen for their transformation 

[159,160]. The first approach is preferred one over the later as it provides better homogeneity 

at molecular level [161]. Unique properties along with nontoxicity has led bismuth to be 

utilized in alloys, nontoxic pigments, thermoelectric and ferroelectric materials, and 

catalysts[8,18]. Bismuth-oxido clusters have also drawn attention from several groups, as 
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they highlight bismuth‘s ability to form large, multinuclear oxido complexes [9,10,13]. These 

clusters are readily synthesized via hydrolysis of the bismuth(III) compounds and can be used 

as precursors for bismuth-based solid state materials applications [14,162,163] 

 Various non-biological applications of bismuth containing complexes have been 

found in literature that may include applications as oxide ion conductors, ferroelectric 

devices, catalysts and catalyst models as nontoxic pigments. For example bismuth with 

different elemental combinations including Bi/Ti/O [164], Bi/Sr/Ta/O [165] Bi/Mo/O [8] as 

well as Bi/V/O [166] are known for their applied material applications. For effective 

absorption and utilization of solar energy various semiconductor photocatalysts have been 

developed [167-171]. Hierarchical (BiO)2CO3 hollow microspheres, prepared by Dong et al., 

[88] can be reused for removal of nitric oxide (NO) from indoor air [172]. 
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Experimental                                                           Chapter 2                                          

 

2.1. Materials 

All the chemicals used were well in similar to literature reported work [1,2,3].  

―Glass apparatus with standard quick fit joints were used throughout the work after cleaning 

and drying at 120
o
C.  All acids, triethylamine and bismuth trichloride used in present research 

work were procured from Sigma Aldrich Chemical Company (USA). The solvents toluene, 

tetrahydrofuran, dichloromethane, diethyl ether, hexane and chloroform were obtained from 

Merck Chemicals (Germany). All solvents were purified before use according to the literature 

[1,2]. Triphenylbismuth and tritolylbismuth were prepared from BiCl3 and PhMgBr and 

tetrahydrofuran followed by recrystallized from ethanol [3]. Its purity was checked by NMR 

and melting point (78
º
C)‖  

2.2. Instrumentation 

All the chemicals used were well in similar to literature reported work [4a,b].  

―The IR spectra of the synthesized complexes were obtained on Thermo Nicolet-6700 FT-IR 

Spectrophotometer in the range of 4000–400 cm
-1

. Elemental analyses (C, H, N, S) were 

performed at Galbraith Laboratories Germany. The 
1
H NMR spectra were recorded on a 

Bruker spectrometer at 300 MHz and 500 MHz in CDCl3 and (D3C)2CO respectively. The 

13
C NMR spectra were recorded on a Bruker spectrometer at 75 MHz and 100 MHz in 

deuterated CDCl3 and (D3C)2CO respectively. Similarly
19

F NMR spectra were recorded in 

deuterated (D3C)2CO. Final refinement for (1-22) on F
2 

was done using SHELXL-97 [4c]. 

ORTEPII was used for structure plotting [5]. Hydrogen bonding and their effects on the 

structure were also included in the crystal data. Single-crystal XRD data for (25) in each 

crystallographic form and (26) were collected with a Rigaku SCX diffractometer with Mo-Kα 

X-ray source and graphite monochromator. CrystalClear-SM Expert 2.0 and SHELXTL 

software package were used for structural elucidation [6,7]. All nonhydrogen atoms were 

refined anisotropically‖ 

―The hydrogen atoms bound to the triphenylphosphine and toluene were given idealized 

positions.  Several of the trifluoromethyl groups in (25) and (27) were found to be classically 

disordered. For the structures of (25) and (27), several groups of the fluorine atoms were split 

into independent sets for which the Cα–F, CCOOH–F, and F–F distances were refined against a 

free variable initially set to the ideal values for a CF3 group. For C6AA/C6AB in 

orthorhombic (25), it was necessary to split Cα into two components and allow them to refine 

in the same respective parts as the disordered fluorine atoms. The phenyl rings C2X and C3X 
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of the triphenylphosphine bound to the silver were split into two sets, which were modeled as 

two independent confirmations and refined accordingly‖  

2.3. Synthesis 

2.3.1. Bismuth Carboxylates 

General procedure used for synthesis of triorganobismuth(V) biscarboxylates is as follows; 

triethylamine (0.1mmol) was added to the stirred solution of respective carboxylic 

acid(0.1mmol) in toluene under Argon.  Triphenyl/Tris(tolyl)bismuthdibromide (0.5mmol) 

was added to this solution after ten minutes and stirring was continued for another one hour 

in case of triphenylbismuth dibromide and two hours in case of tritolylbismuth dibromide. 

The resultant solution was filtered off and clear solution was left for slow evaporation to 

obtain the target compound (1-22) in few days. 
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2.3.1.1.  Bis(3,5-dichlorobenzoato)triphenyl bismuth(V) (1) 

Quantities used; 0.191 g(1.0 mmol) of 3,5-dichlorobenzoic acid, 0.3 g (0.5 mmol) of 

Ph3BiBr2, 0.14ml (1mmol) triethylamine. Colorless crystals suitable for X-ray 

crystallography appeared after few days [Yield; 90%] mp 175
o
C; FTIR (cm

-1
): 3053(C–

Haromatic), 1531(OCOasym), 1301(OCOsym), 473(Bi-O); 
1
HNMR(300 MHz, d-CDCl3, ppm): δ 

8.29-8.27(d, 6H, J=6Hz, ArHa=a'), 7.84(s, 4H, ArHd=d'), 7.70-7.64(t, 6H, J=9Hz, ArHb=b') 7.55-

7.49(t, 3H, J=6 Hz, ArHc), 7.41(s,2H, ArHe);
13

C NMR (75 MHz, d6-CDCl3, ppm): δ 169.9, 

159.6, 136.0, 134.6, 134.0, 131.8, 131.4, 131.2, 128.4. Anal. calc. (%) for C32H21BiCl4O4 

(820 g/mol): C, 48.43; H, 2.83. Found: C, 48.40; H, 2.82.  

2.3.1.2. Bis(3,4,5-trimethoxybenzoato)triphenyl bismuth(V) (2)  

 Quantities used; 0.212 g (1.0 mmol) 3,4,5-trimethoxybenzoic acid, 0.3 g (0.5 mmol) 

Ph3BiBr2, 0.14ml (1mmol) triethylamine. Colorless crystals suitable for X-ray 

crystallography appeared after few days (Yield; 91%) mp 170
o
C; FTIR (cm

-1
): 3062(C-

Haromatic), 2937(C–Haliphatic), 1561(OCOasym), 1410(OCOsym), 474(Bi-O); 
1
HNMR(300 MHz, 

d-CDCl3, ppm): δ 8.30-8.29(d, 6H, J=9Hz, ArHa=a'), 8.29(s, 2H, ArHd=d'), 7.65-7.60(t, 6H, 

J=6Hz, ArHb=b'),7.51-7.46(t, 3H, J=6Hz, ArHc), 3.88(s,18H, -OCH3); 
13

C NMR (75 MHz, 

d6-CDCl3, 30
0
C): δ 172.1, 161.0, 152.5, 141.1, 133.9, 131.3, 131.3, 130.8, 107.2, 60.8, 56.2. 

Anal. calc. (%) for C38H37BiO10 (863 g/mol): C, 52.91; H, 4.32. Found: C, 52.89; H, 4.31. 

2.3.1.3. Bis(4-methylsalicylato)triphenyl bismuth(V (3) 

Quantities used; 0.152 g (1.0 mmol) 4-methylsalicylic acid, 0.3 g (0.5 mmol) Ph3BiBr2, 

0.14ml (1mmol) triethylamine. Colorless crystals  suitable for X-ray crystallography 

appeared after few days [Yield; 90%] mp: 167
o
C; FTIR (cm

-1
): 3441(O-H), 3058(C-Haromatic), 

2931(C–Haliphatic), 1554(OCOasym), 1406(OCOsym), 472(Bi-O); 
1
HNMR(500 MHz, d-CDCl3, 

ppm): δ 11.88(s, 2H, ArOH), 8.25-8.23(d, 6H, J=6Hz, ArHa=a'), 7.71-7.69(d, 2H, J=6Hz, 

ArHd),7.64-7.61(t,6H,J=6Hz, ArHb=b'), 7.51-7.47(t, 3H, J=6 Hz, ArHc), 6.68(s, 2H, ArHf), 

6.61-6.59(d, 2H, J=6Hz, ArHe), 2.28(s, 6H, -CH3);
13

C NMR (100 MHz, d-CDCl3, ppm): 

δ175.0, 161.3, 159.6, 146.5, 133.9, 131.6, 131.2, 130.9, 119.7, 117.1, 112.4, 21.8. Anal. calc. 

(%) for C34H29BiO6 (742 g/mol):  C, 54.99; H, 3.94. Found: C, 54.97; H, 3.93. 

2.3.1.4. Bis(3-nitrobenzoato)triphenyl bismuth(V) (4) 

Quantities used; 0.167g (1.0 mmol) of 3-nitrobenzoic acid, 0.3g (0.5mmol) of  Ph3BiBr2,  

0.14ml, (1mmol) triethylamine. Colorless crystals suitable for X-ray crystallography 

appeared after few days [Yield; 85%] mp 174
o
C; FTIR (cm

-1
): 3067(C-Haromatic), 
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1564(OCOasym), 1411(OCOsym), 470(Bi-O);  
1
HNMR(300 MHz, d-CDCl3, ppm): δ 8.79(s, 

2H, ArHg), 8.35-8.30(d, 6H, J=15Hz, ArHa-a'), 8.30-8.28(d, 2H, J=6Hz, ArHf), 8.27-8.26(d, 

2H, J=3Hz, ArHd), 7.71-7.66(t, 6H, J=9Hz, ArHb=b'), 7.55-7.50(m, 5H, ArHc, ArHe);
13

C 

NMR (75 MHz, d-CDCl3, ppm): δ 170.2, 159.6, 148.1,  137.8, 135.8,134.5, 131.6, 131.3, 

129.02, 126.2, 124.9. Anal. calc. (%) for C32H23BiN2O4 (773 g/mol): C, 49.75; H, 3.00; N, 

3.63. Found: C, 49.75; H, 2.28; N, 3.61. 

2.3.1.5. Bis(2-bromobenzoato)triphenyl bismuth(V) (5) 

Quantities used; 0.201 g (1.0 mmol) 2-bromobenzoic acid, 0.3 g (0.5mmol) Ph3BiBr2, 0.14ml 

(1mmol) triethylamine. Colorless crystals for X-ray crystallography appeared after few days 

[Yield;91%] mp 164
o
C; FTIR (cm

-1
): 3053(C-Haromatic), 1556(OCOasym), 1408(OCOsym), 

473(Bi-O); 1HNMR(300 MHz, d-CDCl3, ppm): δ 8.41-8.38(d, 6H, J=9Hz, ArHa=a'), 7.68-

7.63(t, 6H, J=9Hz, ArHb=b'),7.54-7.49(t, 3H, J=9Hz, ArHc) 7.49-7.47(d, 2H, J=6 Hz, ArHg),  

7.25-7.21(t, 2H, J=6H, ArHe), 7.21-7.19 (d, 2H, J=6Hz, ArHd), 7.17-7.15(t, 2H, J=6H, 

ArHf);
13

C NMR (75 MHz, d-CDCl3,  ppm): 170.2, δ159.7, 136.2, 134.4, 133.5, 131.3, 131.0, 

130.8, 130.7, 126.8, 120.7. Anal. calc. (%) for C32H23BiBr2O4 (840 g/mol): C, 45.74; H, 2.76. 

Found: C, 45.73; H, 2.75  

2.3.1.6. Bis(4-chlorosalicylato)triphenyl bismuth(V) (6)  

Quantities used; 0.17g (1.0 mmol) 4-chlorosalicylic acid, 0.3 g (0.5 mmol) Ph3BiBr2, 0.14ml 

(1mmol)  triethylamine. Colorless crystals suitable for X-ray crystallography appeared after 

few days [Yield; 90%) mp 176
o
C; FTIR (cm

-1
): 3443(O-H), 3069(C-Haromatic), 

1571(OCOasym), 1407(OCOsym), 476(Bi-O); 
1
HNMR(300 MHz, d-CDCl3, ppm): δ 11.52(s, 

2H, ArOH), 8.28-8.25(d, 6H, J=9Hz, ArHa-a'), 7.74-7.72(d, 2H, J=6Hz, ArHd), 7.67-7.62(t, 6H, 

J=9Hz, , ArHb=b'),7.53-7.49(t, 3H, J=6Hz, ArHc), 6.71(s,2H, ArHf),6.64-6.62(d, 2H, J=6Hz,  

ArHe );
13

C NMR (100 MHz, d-CDCl3, ppm): δ175.0, 161.3, 159.6, 145.7,134.0,133.8, 131.7, 

131.0, 119.7, 117.2, 112.4. Anal. calc. (%) for C32H23BiCl2O6 (783 g/mol): C, 49.06; H, 2.96. 

Found: C, 49.07; H, 2.92. 

2.3.1.7. Bis(3-thiophenecarboxylato)triphenyl bismuth(V) (7) 

Quantities used; 0.128g (1.0 mmol) 3-thiophenecarboxylic acid, 0.30 g(0.5 mmol) Ph3BiBr2  ,  

0.14ml (1mmol) triethylamine. After few days crystalline product was separated [Yield; 

92%] mp 159
o
C; FTIR (cm

-1
): 3059(C-Haromatic, 2941(C–Haliphatic), 1561(OCOasym), 

1411(OCOsym), 474(Bi-O); 
1
HNMR(300 MHz, d-CDCl3,  ppm): δ 8.32-8.29(d, 6H, J=9Hz, 

ArHa=a'), 7.96 (s, 2H, ArHd), 7.64-7.59(t, 6H, J=9Hz, ArHb=b'), 7.50-7.47(t, 3H, J=9Hz, ArHc 
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), 7.47-7.45(d, 2H, J=6Hz, ArHf), 7.21-7.19(d, 2H, J=6Hz, ArHe); 
13

C NMR (75 MHz, d-

CDCl3,  ppm): δ 168.7, 160.2, 136.9, 134.1, 131.2, 130.8, 128.8, 128.2, 125.0. Anal. calc. (%) 

for C30H21BiO8S2 (783 g/mol): C, 48.82; H, 3.05; S, 9.23. Found: C, 48.80; H, 3.01; S, 9.21. 

2.3.1.8. Bis(cinamato)triphenyl bismuth(V) (8) 

Quantities used; 0.148g (1.0 mmol) trans-3-phenyl-propenoic acid, 0.30 g(0.5mmol)   

Ph3BiBr2, 0.14ml(1mmol) triethylamine. After few days colorless crystals suitable for X-ray 

crystallography appeared [Yield; 88%) mp 157
o
C; FTIR (cm

-1
): 3046(C-Haromatic), 2935(C–

Haliphatic), 1556(OCOasym), 1406(OCOsym), 475(Bi-O); 
1
HNMR(300 MHz, d-CDCl3, ppm): δ 

8.30-8.27(d, 6H, J=9Hz, ArHa=a'), 7.67-7.62 (t, 6H, J=9Hz, ArHb=b'), 7.58-7.56(d, 2H, J=6Hz, 

ArHe), 7.52-7.47(t, 3H, J=9Hz, ArHc), 7.47-7.33(m, 8H, ArH f=f ', ArHg=g' ), 6.43-6.38(d, 2H, 

J=15Hz, ArHd ); 
13

C NMR (75 MHz, d-CDCl3, ppm): 173.1, 157.8, 145.6, 136.2, 134.1, 

132.1, 130.5, 128.4, 128.1,127.3, 117.3. Anal.  calc. (%) for C36H29BiO4 (734 g/mol): C, 

58.86; H, 3.98. Found: C, 57.67; H, 3.41. 

2.3.1.9. Bis(2-methylthionicotinato)triphenyl bismuth(V) (9)  

Quantities used; 0.169g (1.0 mmol) 2-methylthionicotinic acid, 0.30 g (0.5mmol) Ph3BiBr2, 

0.14ml (1mmol) triethylamine.  After few days pure crystalline product was separated 

[Yield;85%] mp 176
o
C; FTIR (cm

-1
): 3065(C-Haromatic), 2946(C–Haliphatic), , 1586(OCOasym), 

1387(OCOsym), 470(Bi-O); 
1
HNMR(300 MHz, d-CDCl3,  ppm): δ 8.47-8.46(d, 2H, J=3Hz, 

ArHe), 8.43-8.40 (d, 6H, J=9Hz, ArHa=a'), 8.10-8.08(d, 2H, J=6Hz, ArHf), 7.66-7.61(d, 6H, 

J=15Hz,  ArHb=b'), 7.51-7.46(d, 3H, J=15Hz, ArHc), 6.97-6.93(d, 2H, J=12Hz, ArHd), 2.48(s, 

6H,-CH3); 
13

C NMR (75 MHz, d-CDCl3, ppm): δ171.4, 161.6, 160.3, 150.7,  139.1, 

134.4,131.6, 131.4, 126.6, 117.8,  45.2. Anal. calc. (%) for C32H27BiN2O4S2 (711 g/mol): C, 

49.49; H, 3.50; N,3.61; S, 8.26. Found: C, 49.47; H, 3.47; N, 3.61; S, 8.26.  

 2.3.1.10. Bis(3-methylbenzoato)triphenyl bismuth(V) (10) 

Quantities used; 0.136 g (1.0 mmol) 3-methylbenzoic acid, 0.3g (0.5mmol) Ph3BiBr2, 0.14ml 

(1mmol)  triethylamine. Colorless crystals suitable for X-ray crystallography appeared after 

few days [Yield; 91%] mp 160
o
C; FTIR (cm

-1
): 3036(C-Haromatic), 2919(C–Haliphatic), 

1560(OCOasym), 1436(OCOsym), 476(Bi-O); 
1
HNMR(300 MHz, d-CDCl3, ppm): δ 8.37-

8.35(d, 6H, J=6Hz, ArHa=a'), 7.84-7.82(d, 2H, J=6Hz, ArHd), 7.84(s, 2H, ArHg), 7.65-7.60(t, 

6H, J= 6Hz, ArHb=b'), 7.50-7.45 (t, 3H, J=6Hz, ArHc), 7.27-7.22( m, 4H, ArHf, ArHe), 2.37(s, 

6H, -CH3); 
13

C NMR (75 MHz, d-CDCl3, ppm): δ172.7, 160.8, 137.6, 134, 133.1, 132.4, 
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131.2, 130.7, 130.6, 127.8, 127.1, 21.2. Anal. calc. (%) for C34H29BiO4(711 g/mol): C, 57.47; 

H;4.11. Found: C, 57.47; H, 4.10. 

2.3.1.11. Bis(3,4,5-trismethoxybenzoato)tris(p-tolyl) bismuth(V) (11)   

Quantities used; 0.212 g (1.0 mmol) 3,4,5-trimethoxybenzoic acid, 0.32 g (0.5mmol) (CH3-

Ph)3BiBr2,  0.14ml (1mmol) triethylamine. Pure crystalline product appeared after few days 

[Yield; 89%) mp 168
0
C; FTIR (cm

-1
): 3047(C-Haromatic), 2925(C–Haliphatic), 1580(OCOasym), 

1409(OCOsym), 471(Bi-O); 
1
HNMR(400MHz, d-CDCl3, ppm): 8.19-8.16(d, 6H, J=9Hz, 

ArHa=a'), 7.43-7.40(d, 6H, J=9Hz, ArHb=b'), 7.27(s, 4H, ArHd=d'), 3.89(s, 18H, -OCH3), 2.39(s, 

9H, -CH3); 
13

C NMR (100 MHz, d-CDCl3, ppm): 170.3, 157.2, 140.9, 133.7, 131.7, 129.0, 

128.7, 128.2, 107.1,60.6, 56.0, 21.3. Anal. calc. (%) for C41H43BiO10 (904.2 g/mol): C, 54.43; 

H, 4.79. Found: C, 54.41; H, 4.79.  

2.3.1.12. Bis(cinamtao)tris(p-tolyl) bismuth(V) (12) 

Quantities used; 0.148g (1.0 mmol) trans-3-phenyl-propenoic acid, 0.32 g (0.5mmol) (CH3-

Ph)3BiBr2, 0.14ml  (1mmol) of triethylamine. After few days crystalline product was 

separated [Yield; 88%) mp 157
o
C; FTIR (cm

-1
): 3034(C-Haromatic), 2926(C-Haliphatic), 

1554(OCOasym), 1407(OCOsym), 470(Bi-O); 
1
HNMR (300 MHz, d-CDCl3, ppm): δ 8.26-

8.23(d, 6H, J=9Hz, ArHa=a'), 7.57-7.53 (t, 6H, J=6Hz, ArHb=b'), 7.56-7.54(d, 2H, J=6Hz, 

ArHe),  7.49-7.33(m, 8H, ArH f=f ', ArHg=g' ), 6.41-6.37(d, 2H, J=12Hz, ArHd ), 2.39(s, 9H, -

CH3); 
13

C NMR (75 MHz, d-CDCl3, ppm): 171.2, 155.3, 145.7, 141.1, 136.0, 134.0, 130.7, 

128.2, 127.7, 125.6, 116.9, 21.4. Anal. calc. (%) for C39H35BiO4 (777 g/mol): C, 60.31; H, 

4.54. Found: C, 60.01; H, 4.21. 

2.3.1.13. Bis(3,5-dichlorobenzoato)tris(p-tolyl) bismuth(V) (13)  

Quantities used; 0.191 g (1.0 mmol) 3,5-dichlorobenzoic acid,  0.32 g (0.5mmol)  (CH3-

Ph)3BiBr2, 0.14ml (1mmol)  triethylamine. Pure crystalline product  was separated after two 

days [Yield; 90%) mp 174
o
C; FTIR (cm

-1
): 3043(C–Haromatic), 1558(OCOasym), 

1408(OCOsym), 477(Bi-O); 
1
HNMR(300 MHz, d-CDCl3, ppm): δ 8.15-8.12(d, 6H, J=9Hz, 

ArHa=a'), 7.82(s, 4H, ArHd=d'), 7.47-7.44(d, 6H, J=9Hz, ArHb=b'), 7.40(s, 2H, ArHe), 

2.41(s,9H,-CH3);
13

C NMR (75 MHz, d-CDCl3, ppm): δ 169.6, 156.1, 141.6, 134.5, 133.8, 

132.1, 129.1,128.4, 125.3 21.5. Anal. calc. (%) for C35H27BiCl4O4 (862 g/mol): C, 48.75; H, 

3.16. Found: C, 48.76; H, 3.15. 

 

 



47 
 

2.3.1.14. Bis(3-methylbenzoato)tris(p-tolyl) bismuth(V) (14) 

 Quantities used; 0.136g (1.0 mmol) 3-methylbenzoic acid, 0.32 g (0.5mmol) (CH3-

Ph)3BiBr2, 0.14ml (1mmol) of triethylamine. After few days pure colorless crystalline 

product was separated [Yield; 87%] mp 159
o
C; FTIR (cm

-1
): 3024(C-Haromatic), 2917(C–

Haliphatic), 1556(OCOasym), 1431(OCOsym), 475(Bi-O); 
1
HNMR(300 MHz, d-CDCl3, ppm): δ 

8.22-8.19(d, 6H, J=9Hz, ArHa=a'),7.82-7.80(d, 2H, J=6Hz, ArHd), 7.81(s, 2H, ArHg), 7.41-

7.39 (d, 6H, J=6Hz, ArHb=b'),7.27-7.26(m, 4H,  ArHf, ArHe), 2.38(s, 18H,-CH3); 
13

C NMR 

(75 MHz, d-CDCl3, ppm): δ 172.0, 157.2, 140.8,137.5, 133.9, 132.2, 131.8, 130.5, 

129.0,127.7,127.1, 21.4, 21.2. Anal. calc. (%)for C37H35BiO4 (752.65 g/mol): C, 59.04; H, 

4.69. Found: C, 59.01; H, 4.66. 

2.3.1.15. Bis(2-bromobenzoato)tris(p-tolyl) bismuth(V) (15) 

Quantities used; 0.201 g (1.0 mmol) 2-bromobenzoic acid, 0.32 g (0.5 mmol) (CH3-Ph)3BiBr2 

, 0.14ml (1mmol) triethylamine. Pure crystalline product was separated after few days [Yield; 

85%] mp 163
o
C; FTIR (cm

-1
): 3041(C-Haromatic), 2921(C–Haliphatic), 1561(OCOasym), 

1412(OCOsym), 473(Bi-O);
1
HNMR(300 MHz, d-CDCl3,  ppm): δ 8.27-8.25(d, 6H, J=6Hz, 

ArHa=a'),7.52-7.50 (d, 2H, J=6Hz, ArHd), 7.48-7.45(t, 2H, J=3Hz, ArHe), 7.45-7.42(d, 2H, 

J=9Hz, ArHb=b'),7.25-7.23(d, 2H, J=6Hz, ArHg),7.21-7.16(t, 2H, J=6Hz, ArHf), 2.41(s, 9H,-

CH3); 
13

C NMR (75 MHz, d-CDCl3, ppm): δ171.4, 156.3, 154.1,141.2, 134.2,131.8, 130.8, 

129.0, 128.2, 126.8, 125.3, 21.4. Anal. calc. (%) for C35H29BiBr2O4 (711 g/mol): C, 47.64; H, 

3.31. Found: C, 47.60; H, 3.27.  

2.3.1.16. Bis(4-nitrobenzoato)tris(p-tolyl) bismuth(V) (16) 

Quantities used; 0.167 g (1.0 mmol) 4-nitrobenzoic acid, 0.32 g (0.5 mmol)  (CH3-Ph)3BiBr2,  

0.14ml (1mmol) triethylamine. After few days crystalline product  was separated [Yield; 

91%] mp 175
o
C; FTIR (cm

-1
): 3056(C-Haromatic), 2937(C–Haliphatic), 1565(OCOasym), 

1411(OCOsym), 473(Bi-O); 
1
HNMR(300 MHz, d-CDCl3, ppm): δ 8.19-8.17(d, 4H, J=6Hz, 

ArHe=e'), 8.17-8.14(d, 6H, J=9Hz, ArHa=a'), 8.11-8.08(d, 4H, J=9Hz, ArHd=d'),7.47-7.44(d,6H, 

J=9Hz, ArHb=b'), 2.40(s, 9H, -CH3); 
13

C NMR (75 MHz, d-CDCl3, ppm): δ 170.3, 

155.8,149.7,141.7, 133.8, 133.5, 132.1,130.9, 123.1, 21.5. Anal. calc. (%) for  C35H29BiN2O8  

(815 g/mol) : C, 51.61; H, 3.59; N, 3.44. Found: C, 51.58; H, 3.60; N, 3.42. 

2.3.1.17. Bis(5-chlorosalicylato)tris(p-tolyl) bismuth(V) (17) 

Quantities used; 0.172 g (1.0 mmol) 5-chlorosalicylic acid, 0.32 g (0.5 mmol) (CH3-

Ph)3BiBr2, 0.14ml (1mmol) Triethylamine. After few days crystalline product was separated 
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[Yield; 88%) mp 176
o
C; FTIR (cm

-1
): 3481(O-H), 3054(C-Haromatic), 2937(C–Haliphatic), 

1573(OCOasym), 1408(COOsym), 470(Bi-O); 
1
HNMR(300 MHz, d-CDCl3, ppm): δ 11.6(s, 2H, 

ArOH), 8.12-8.09(d, 6H, J=9Hz, ArHa-a'), 7.77(s, 2H, ArHd), 7.49-7.47(d, 6H, J=6Hz, , 

ArHb=b'), 7.21-7.19(d, 2H, J=6Hz, ArHe), 6.84-6.81(d, 2H,J=9Hz, ArHf), 2.43(s, 9H,-

CH3);
13

C NMR (100 MHz, d-CDCl3, ppm): δ173.7, 159.9, 155.5, 142.0, 133.8, 132.4, 130.3, 

129.05,  125.3, 118.4, 116.3, 21.4. Anal. calc. (%) for C35H29BiCl2O6 (825 g/mol): C, 50.92; 

H, 3.54. Found: C, 50.91; H, 3.55 

2.3.1.18. Bis(3-methoxysalicylato)tris(p-tolyl) bismuth(V) (18) 

Quantities used; 0.168 g (1.0 mmol) 3-methoxysalicylic acid, 0.32 g (0.5 mmol) (CH3-

Ph)3BiBr2, 0.14ml (1mmol) Triethylamine. After few days colorless crystals suitable for X-

ray crystallography appeared [Yield; 91%] mp 175
o
C; FTIR (cm

-1
): 3491(O-H), 3033(C-

Haromatic), 2922(C–Haliphatic), 1543(OCOasym), 1413(OCOsym), 472(Bi-O); 
1
HNMR(300 MHz, 

d-CDCl3, ppm): δ 11.89(s, 2H, ArOH), 8.13-8.10(d, 6H, J=9Hz, ArHa-a'), 7.45-7.43(d, 6H, 

J=6Hz, ArHb=b'), 7.44-7.42(d, 2H, J=6Hz, ArHd), 6.95-6.92(d, 2H, J=9 Hz, ArHf), 6.76-

6.71(t, 2H, J=6Hz, ArHe ), 3.86(s, 6H, -OCH3), 2.41(s, 9H, -CH3);
13

C NMR (100 MHz, d6-

CDCl3, ppm): δ174.7, 155.8, 151.6, 141.9, 133.8, 132.2, 129.0, 128.2, 122.4, 117.5, 115.6, 

56.1, 21.4. Anal. calc. (%) for CB37H35BiO8 (817 g/mol): C, 54.42; H, 4.32. Found: C, 54.42; 

H, 4.30. 

2.3.1.19. Bis(4-methylsalicylato)tris(p-tolyl) bismuth(V) (19) 

Quantities used; 0.152 g (1.0 mmol) 4-methylsalicylic acid, 0.32 g (0.5 mmol) (CH3-

Ph)3BiBr2, 0.14ml (1mmol) triethylamine. Pure crystalline product was separated 

[Yield;90%] mp 167
o
C; FTIR (cm

-1
): 3485(O-H), 3054(C-Haromatic), 2939(C-Haliphatic), 

1551(OCOasym), 1406(OCOsym), 474(Bi-O); 
1
HNMR(300 MHz, d-CDCl3, ppm): δ 11.60(s, 

2H,ArOH), 8.13-8.10(d, 6H, J=9Hz, ArHa-a'), 7.72-7.69(d, 2H,J=9Hz, ArHd), 7.44-7.41(d, 6H, 

J=9Hz, , ArHb=b'), 6.69(s, 2H, ArHf), 6.62-6.60(s, 2H, 6Hz, ArHe), 2.40(s, 9H,-CH3), 2.30(s, 

6H,-CH3);
13

C NMR (100 MHz, d-CDCl3, ppm): δ174.7, 161.2, 156.2, 145.4,141.6, 133.8, 

132.1, 130.9, 119.6, 117.1, 112.7, 21.7, 21.4. Anal. calc. (%) for C37H35BiO6 (785 g/mol): C, 

56.64; H, 4.50. Found: C, 56.61; H, 4.47. 

2.3.1.20. Bis(2-methylthionicotinato)tris(p-tolyl) bismuth(V) (20) 

Quantities used; 0.169g (1.0 mmol) 2-methylthionicotinic acid, 0.32 g (0.5mmol)  (CH3-

Ph)3BiBr2, 0.14ml (1mmol) triethylamine. After few days pure crystalline product   was 

separated [Yield; 85%] mp 176
o
C; FTIR (cm

-1
): 3051(C-Haromatic) , 2939(C–Haliphatic), 
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1583(OCOasym), 1385(OCOsym), 478(Bi-O); 
1
HNMR(300 MHz, d-CDCl3, ppm) δ: 8.46-

8.45(d, 2H, J=3Hz, ArHe), 8.29-8.26 (d, 6H, J=9Hz, ArHa=a'), 8.09-8.07(d, 2H, J=6Hz, ArHf), 

7.43-7.40(d, 6H, J=9Hz, ArHb=b'), 6.97-7.93(d, 2H, J=12Hz, ArHd), 2.48(s, 6H,-SCH3), 

2.39(s, 9H,-CH3); 
13

C NMR (75 MHz, d-CDCl3, ppm): δ 170.1, 156.9, 141.1, 139.1, 

134.2,131.8, 129.0, 128.2,117.8, 21.4, 14.2. Anal. calc. (%) for C35H33BiN2O4S2 (819 g/mol): 

C, 51.34; H, 4.06; N, 3.42; S, 7.83. Found: C, 51.34; H, 4.05; N, 3.40; S, 7.82. 

2.3.1.21. Bis(3-thiophenecarboxylato)tris(p-tolyl) bismuth(V) (21) 

Quantities used; 0.128 g (1.0 mmol) 3-thiophenecarboxylic acid, 0.32 g (0.5mmol) of (CH3-

Ph)3BiBr2, 0.14ml (1mmol) triethylamine.  After few days pure crystalline product  was 

separated [Yield; 92%] mp 158
o
C; FTIR (cm

-1
): 3048(C-Haromatic), 2933(C–Haliphatic), 

1561(OCOasym), 1409(OCOsym), 479(Bi-O);
 1

HNMR(300 MHz, d-CDCl3, ppm) δ: 8.18-

8.15(d, 6H, J=9Hz, ArHa=a'), 7.95(s, 2H, ArHd), 7.46-7.44(d, 2H, J=6Hz, ArHf), 7.42-7.39(d, 

6H, J=9Hz, ArHb=b'), 7.21-7.19(d, 2H, J=6Hz, ArHe), 2.38(s, 9H,-CH3); 
13

C NMR (75 MHz, 

d-CDCl3, ppm) δ: 168.4,156.7, 141.1, 137.31, 133.9, 131.8, 131.4,128.8, 124.8, 21.4. Anal. 

calc. (%) for C33H27BiO8S2 (825 g/mol): C, 50.54; H, 3.69; S, 8.71. Found: C, 50.52; H, 3.66; 

S, 8.70. 

2.3.1.22.  Bis(5-bromosalicylato)tris(p-tolyl) bismuth(V) (22) 

Quantities used; 0.217 g (1.0 mmol) 5-bromosalicylic acid, 0.32 g (0.5 mmol) (CH3-

Ph)3BiBr2, 0.14ml (1mmol)  triethylamine. Pure crystalline product was obtained after few 

days  [Yield;87%] mp 160
0
C; FTIR (cm

-1
): 3443(O-H), 3063(C-Haromatic), 2929(C–Haliphatic), 

1561(OCOasym), 1411(OCOsym), 474(Bi-O); 
1
HNMR(300 MHz, d-CDCl3, ppm) δ: 11.6(s, 2H, 

ArOH), 8.37-8.34(d, 6H, J=9Hz, ArHa-a'), 8.01(s, 2H, ArHd),7.45-7.42(d, 6H,J=9Hz, , 

ArHb=b'), 7.38-7.37(d, 2H, J=3Hz, ArHe), 6.82-6.79(d, 2H, J=9Hz, ArHf), 2.42(s, 9H,-

CH3);
13

C NMR (100 MHz, d-CDCl3, ppm) δ: 173.4, 160.7, 153.1, 141.9, 135.7, 134.3, 133.5, 

132.1, 129.0, 118.5, 109.7, 21.4.  Anal. calc. (%) for C32H23BiBr2O6 (872.3 g/mol): C, 50.92; 

H, 3.54. Found: C, 50.87; H, 3.55. 

2.3.2. Bismuth-Oxido clusters 

2.3.2.1. Synthesis of [Bi4(µ3-O)2(O2CC6H3Cl2)8]. 2C7H8  (23) 

Triphenylbismuth (0.22g, 0.5mmol) was dissolved in 15 mL of dry toluene and 3,5-

dichlorobenzoic acid(0.28g, 1.5 mmol) was added into this solution. A solid precipitate began 

to form after one day and was completed after one week. The precipitate was separated by 

filtration and the filtrate gave colorless crystals of (23) upon standing for 2-3 days. [Yield; 
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80% ]; FTIR (cm
-1

): 3080(C-Haromatic), 1538(OCOasym),  1361(OCOsym), 601(C=O);  
1
H NMR 

(500 MHz d-THF, ppm) : 7.81 (s, 16H), 7.56(s, 8H), 7.20-7.17(t, 4H, J=10Hz), 7.13-7.12(d, 

4H, J=5Hz), 7.10-7.07(t, 2H, J=10Hz), 2.3(s, 6H);
 13

CNMR (500 MHz d-THF, ppm) : 

136.4, 133.8, 130.9, 127.7, 127.0, 126.9, 124.1, 19.5. Anal. Calc. (%) for Bi4(µ3-

O)2(O2CC6H3Cl2)8. 2C7H8 (2572.22 g/mol): calc. C, 32.69; H, 1.57; found: C, 33.28; H, 1.73. 

BiPh3
Toluene

[Bi4(µ3-O)2(O2CC6H3Cl2)8]. 2C7H8

3eq 3,5 Dichlorobenzoic Acid
 

Scheme 2.2 

2.3.2.2. Synthesis of [Bi12(µ3-O)8(O2CC6H3Cl2)20].CH2Cl2 (24) 

The solid precipitate (603mg) obtained from above reaction (scheme 2.2) was added to 15mL 

of dry DCM as delineated in scheme 2.3. On standing for two weeks this solution gave 

colorless crystals of (24). [Yield; 50%]; FTIR (cm
-1

): 3080(C-Haromatic), 1538(OCOasym), 

1361(OCOsym), 605(C=O); 
1
H NMR (500 MHz, d-THF): =7.79 (s, 40H), 7.53(s, 20H);

 

13
CNMR (500 MHz d-THF): 133.7, 130.8, 127.0. Anal cal. (%) for Bi12(µ3-

O)8(O2CC6H3Cl2)20 .CH2Cl2 (6520.76 g/mol): calc. C,25.97; H, 0.96; found: C,  25.96; H, 

0.98.      

CH2Cl2
[Bi12(µ3-O)8(O2CC6H3Cl2)20].CH2Cl2Bi4(µ3-O)2(O2C7H3Cl2)8. 2C7H8

Scheme 2.3 

2.3.2.3. Synthesis of [{Bi4(μ3-O)2(TFA)9Ag(tol)2}2] (25) 

Triphenylbismuth (0.22 g, 0.5 mmol) and Ag2O (0.0579 g, 0.25 mmol) were added into 10ml 

toluene taken in 20ml scintillation vial. The resultant the solution was sonicated for a short 

time. Trifluoroacetic acid (0.115 mL, 1.5 mmol) was added, and the solution turned a 

caramel-brown color, with the Ag2O resting at the bottom. Crystals were observed to develop 

within 24 h on standing and continued to increase in quantity over a week. Isolation of the 

crystals in the solvent-free triclinic form were obtained after three weeks. Large, colorless 

crystals of [{Bi4(μ3-O)2(TFA)9Ag(tol)2}2] were isolated from the colorless solution and were 

analyzed by single-crystal XRD. The reaction was also found to proceed in cyclohexene and 

benzene (with cyclo-hexene and benzene bound to the silver and toluene), but single crystal 

XRD studies did not yield a publishable dataset, although the absolute structure was the 

same. [Yield; 86 %]; FTIR (cm
-1

): 1667(C=O),1401(OCO)asym, 1154(OCO)sym,1123(C-F),  
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604 (Bi-O); 
1
H NMR: (500MHz, d-Acetone, ppm) δ: 7.25-7.22(t, 8H, J=10Hz), 7.18-7.16 (d, 

8H, J=10Hz), 7.15-7.12 (t, 4H, J=5Hz), 2.31(s, 12H);
13

C NMR (500MHz, d-Acetone, ppm) 

δ: 138.5, 129.7, 129.03, 126.1, 126.1, 117.7, 21.4; );  
19

F NMR: (500MHz, d-Acetone, ppm): 

δ = –74.65; Anal. calcd. (%) for Bi8O40F54C78H48Ag2 (4538.74 g/mol, triclinic setting): C, 

20.64; H, 1.07; found C, 17.80; H, 0.79; The discrepancy in the C analysis is consistent with 

loss of two toluene molecules per {Bi4(μ3-O)2(TFA)9Ag(tol)2}2 on standing (C, 17.65; H, 

0.74). 

[Ag(tol)2Bi4O2(TFA)9]24BiPh3 + 12TFAH
Toluene

2Ag2O

-3AgTFA
 

Scheme 2.4 

2.3.2.4. Synthesis of [Bi4(μ3-O)2(TFA)10Ag2(PPh3)2] (26) 

A 20 mL scintillation vial was charged with BiPh3 (0.22 g, 0.5 mmol), PPh3 (0.1311 g, 0.5 

mmol), and Ag2O (0.579 g, 0.25 mmol). Hexane (10 mL) was added, and the solution was 

sonicated for 10 min. TFAH (0.115 mL, 1.5 mmol) was added, and the solution turned milky 

white, with Ag2O insoluble. On standing, colorless, sheet like crystals of (26) emerged, 

growing laterally from the insoluble Ag2O at the bottom of the vial, which gradually 

disappeared over three weeks. The structure was determined by single-crystal XRD. [Yield; 

72%]; FTIR (cm
-1

): 1670 (C=O) 1401 (OCO)asym, 1169 (OCO)sym, 609 (Bi-O); 
1
H NMR 

(500MHz, d-Acetone, ppm) 7.61–7.58 (t, 12H, J=10Hz), 7.56–7.55 (d, 12H, J=5Hz), 7.54–

5.52 (t, 6H, J=10Hz); 
19

F NMR (500MHz, d-Acetone, ppm) δ: -74.36 (s). 
31

P NMR 

(500MHz, d-Acetone, ppm): δ = 13.76 (s). Anal. calcd. (%) for Bi4O22F30C56H30Ag2P2 

(2738.38 g/mol): C, 24.56; H, 1.10; found: C, 24.41; H, 0.98. 

 [Bi4O2(TFA)10{AgPPh3}2]n4BiPh3 + 12TFAH hexane

2Ag2O, 4PPh3

-2Ag(PPh3)TFA
 

Scheme 2.5 

2.3.2.5. Synthesis of {[Bi2(TFA)6(TFAH)(tol)]2}n  (27) 

Trifluoroacetic acid (0.13 mL, 1.75 mmol) was added in a vial containing 0.22 g (0.5 mmol) 

BiPh3 dissolved in toluene (15 mL). On addition, a white solid was precipitated out from the 
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clear, colorless solution. Standing for one day yielded colorless crystals of (27) on the walls 

and bottom of the vial. Decanting the supernatant and drying the remaining solids in vacuum 

gave a white, crystalline powder. [Yield; 91 %] mp 146–148 °C; FTIR (cm
-1

): 1698 (C=O), 

1613 (OCO)asym, 1366 (OCO) sym, 522 (Bi-O); 
19

F NMR (500MHz, d-Acetone, ppm): δ: –

75.24 (s). The compound is highly hygroscopic and deliquesces in air, so elemental analyses 

could not be carried out; however, the compound gave a sharp melting point that shows 

consistency with the purity of the compound. 

{[Bi2(TFA)6(TFAH)(tol)]2}nBiPh3 + 3.5TFAH
toluene

 

Scheme 2.6 

2.3.2.6. Synthesis of [Co{HC(MeCO)2(MeCNH)}2][Bi(NO3)6] (28) 

Bi(NO3)3.5H2O (0.240g, 0.49 mmol) and 0.089 g of cobalt(III) acetylacetonate (0.25 mmol) 

were dissolved in 10 mL of acetonitrile. The solution was stirred overnight, and let it to stand 

for few days. The crystals appeared at the bottom of the reaction vessel after 2 days, which 

were characterized as (28) by single crystal X-ray diffraction. [Yield; 47%]. Anal. calc. (%) 

for CoBiC14H22N8O22: C, 17.88; H, 2.30; N, 11.92. Calculated for CoBiC14H22N8O22: C, 

18.23; H, 2.40; N, 12.15. 

2.4. Biological Evaluation 

The synthesized compounds were bioassayed to find out their potential in various bio-related 

fields as follows; 

2.4.1. Antibacterial activity assay 

Antibacterial activity of the synthesized compounds (1-21) was determined in vitro by disc 

diffusion method as described below [7]. 

―ATCC strains used for antibacterial assay were Staphylococcus aureus (ATCC-6538); 

Escherichia Coli (ATCC-15224); Bacillus subtilis (ATCC-6633) and Klebsiella pneumonia 

(ATCC-1705). Filter paper discs impregnated with 5 μL (10 mg/mL DMSO) extracts and 2.5 

μL of roxithromycin or cefixime (4 mg/mL DMSO) were placed on freshly prepared bacterial 

lawn on sterile agar plates.  The plates were incubated at 37 °C for 24 h.  The DMSO 

impregnated discs were used as negative control. After 24 h, average diameter (mm) of the 

zone of inhibition around the samples was recorded.  Minimum inhibitory concentration 

(MIC) of extracts having ZOI ≥ 12 mm was determined by microbroth dilution method [8]. 
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Three fold dilutions of sample in nutrient broth were seeded with bacterial inoculum at 

density of approximately 5 × 10
4
 CFU/mL in 96-well plate. The plates were incubated 

overnight at 37 °C and the growth was checked visually by the presence of turbidity. The 

lowest concentration of the samples inhibiting the growth of bacterial strain was considered 

as MIC.  The experiment was run in triplicate‖ 

2.4.2. Antifungal activity assay 

Antifungal activity of the target compounds(1-21) was determined by disc diffusion method 

as reported in literature [8].  

―For antifungal assay Aspergillus fumigatus (FCBP- 66), Fusarium solani (FCBP-0291), 

Aspergillus niger (FCBP-0198) and Aspergillus flavus (FCBP-0064) were used. Tween 20 

(0.02% in water) was used to harvest fungal spores with turbidity equivalent to 0.5 

McFarland. An aliquot of 100 μL was swabbed on plates containing Sabouraud Dextrose 

agar. Sterile 6 mm filter paper discs impregnated with 5 μL (10 mg/mL; DMSO) extracts and 

2.5 μL Clotrimazole (4 mg/mL; DMSO; positive control) were placed on fungal swabbed 

plates. DMSO impregnated disc was used as negative control. The plates were incubated at 

28
o
C for 24-48 h. The average diameter (mm) of ZOI around the samples and control was 

recorded. The experiment was run in triplicate‖ 

2.4.3. Antileishmanial activity assay 

Antileishmanial activity was evaluated using reported procedure as mentioned below [9].   

―Leishmania tropica parasites were cultured in Medium 199 supplemented with 10% FBS, 

100 µg/mL streptomycin sulphate and 100 IU/mL penicillin G at 24°C.  A volume of 20 μL 

of samples (20 μg/mL; DMSO ≤ 1% in PBS) and amphotericin B were incubated with 180 

μL of promastigotes at seeding density 2×10
6
 cells/mL in 96-well flat bottom plate at 25 °C 

for 72 h. Negative control wells contained 1% DMSO in PBS. All samples were run in 

triplicate. Afterwards, plates were incubated for 4 h at 24 °C with 20 μL of MTT (4 mg/mL in 

distilled water) to determine the cell viability. Supernatant from each well was carefully 

removed leaving behind formazan crystals. Colored formazan crystals were dissolved in 100 

µL of DMSO by setting them aside for one hour to ensure complete dissolution. Cell viability 

was estimated by measuring absorbance at 540 nm using microplate reader and percentage 

growth inhibition was calculated‖  
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2.4.4. Protein kinase (PK) inhibition assay   

Protein kinase inhibitory activity of the target compounds (1-21) was measured against 

Streptomyces 85E strain using procedure given below [10]. 

―Sterile 6 mm filter paper discs were impregnated with 5 µL of extracts (10 mg/mL DMSO), 

DMSO or surfactin (4 mg/mL DMSO). Refreshed culture of Streptomyces spores in tryptic 

soy broth (100 µL) was spread on ISP4 medium under aseptic conditions. Sample 

impregnated discs were placed on Streptomyces lawn and incubated for 72-96 hours at 30°C. 

Surfactin and DMSO were used as positive and negative controls respectively. Inhibition of 

spore formation is indicative of PK inhibition and was determined by measuring bald zone of 

inhibition (ZOI) around sample and control discs‖ 
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Results & Discussions                                             Chapter 3 

3.1. Bismuth Carboxylates 

A series of triphenyl/tris(tolyl) bismuth complexes (1-22) have been synthesized by addition 

of stoichiometric amounts of appropriate tris(aryl)bismuth(V)dibromide , triethlamine and the 

respective benzoic acid in 10ml of toluene to produce the desired triphenyl/tris(tolyl) 

bismuth(V) biscarboxylates complexes in a very good yield(scheme 2.1). The data for all 

characterizations have been given in the experimental section. 

3.1.1. FT-IR spectroscopy 

IR data of the triorganobismuth biscarboxylates not only indicate the binding mode of the 

carboxylic acids to bismuth(V) moiety but also absence of OH peak in all of the spectra 

clearly indicates deprotonation of the respective acids and formation of the new 

complexes.(1-22) in mondentae fashion [1]. Most of the ligands coordinate to central metal 

atom in monodentate fashion with exception of few like (2) and (11) which coordinate in 

bidentate manner in all the synthesized complexes (1-22) [2]. The band  in region  470-476 

cm
-1

 correspond Bi-O while band in range of 690-697cm
-1 

for all organobismuth derivatives 

pedict Bi-C out of plane deformations  [3]. Prominent peaks of all functionalities, present in 

bismuth oxoclusters appeared at their respective region, and are specifically mentioned in the 

experimental section. 

3.1.2. Multinuclear (
1
H, 

13
C) NMR Spectroscopy 

All the aromatic protons of three phenyl rings attached to bismuth for (1-10) give a clear 

doublet (8.47-8.23) for six protons, a triplet (7.71-7.59) for six protons and a triplet (7.55-

7.45) for three protons. For tritolylbismuth biscarboxylates three tolyl groups give two 

doublets one in range (8.37-8.09) ppm and other in range (7.57-7.39) ppm. Methyl protons 

signal appear at 2.48-2.28ppm while methoxy protons appear in range 3.86-3.89ppm for (2, 

11 and 18). 

 The 
13

C-NMR data for (1-22) data have been mentioned in experimental section. The 

13
C NMR data clearly manifested  that the resonances correspond to the presence of 

magnetically non-equivalent carbon atoms[4]. The carboxylic carbon appears in most 

downshielded region of the spectra at (175.0-168.4) ppm for (1-22). Methoxy carbons appear 

around 56.0 ppm. Methyl carbon resonates round 21ppm while methyl carbon attached to 

sulphur for (9) and (20) moves further downfield and appear around 45ppm.  
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3.1.3. X-ray Crystallography 

The structure refinement parameters are given in Table 3.1-3.2 and the selected bond lengths 

and bond angles for (1-6, 8, 10, 18) are presented in the respective tables as shown 

subsequently while ORTEP diagrams are also shown in (Fig. 3.1-3.9) that revealed that each 

bismuth atom is coordinated to three carbons of phenyls groups and two oxygen of 

carboxylate moieties (acting both as monodentate and bidentate manner as geometric 

parameters allow. 
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Table 3.1:  Selected crystallographic data for Compounds (1-4)  

 1 2 3 4 

Chemical formula C32H21BiCl4O4 C38H37BiO10 C34H29BiO6 C39H31BiN2O8 

Mr 820.27 862.65 742.55 864.64 

Crystal system, 

space group 
Triclinic, P-1 Triclinic, P-1 Triclinic, P-1 Triclinic, P-1 

Temperature (K) 296 100 296 100 

a, b, c (Å) 

11.9489(6), 

12.2551(7), 

13.4043 (7) 

8.827 (5), 

10.051 (5), 

22.371 (11) 

8.8683(5), 

11.1573(9), 

16.1267 (13) 

9.164 (2), 

11.911 (4), 

16.643 (3) 

α, β, γ (°) 

106.848(3), 

101.803(2), 

116.700 (2) 

94.448 (7), 

90.089 (5), 

116.235 (5) 

107.414(2), 

98.170 (3), 

98.893 (2) 

84.084 (6), 

75.921 (7), 

87.221 (8) 

V (Å
3
), Z 1544.30 (15), 2 1773.5 (16), 2 1473.90 (19), 2 1752.2 (8). 2 

ρcalcmg/mm
3
 1.764 1.615 1.673 1.639 

F(000) 792 856 728 852 

Crystal size (mm) 0.40×0.32× 0.30 0.40×0.20×0.16 0.34×0.28×0.22 0.34×0.22×0.18 

Index ranges 

--15 ≤ h ≤ 14, 

-15 ≤ k ≤ 14, 

-17≤ l ≤ 17 

-11 ≤ h ≤ 11, 

-12 ≤ k ≤ 12, 

-28≤ l ≤ 28 

--11≤ h ≤ 11, 

-14 ≤ k ≤ 14, 

-20≤ l ≤ 20 

--11 ≤ h ≤ 11, 

-15 ≤ k ≤ 15, 

-21≤ l ≤ 21 

Tmin, Tmax 0.195, 0.265 0.240, 0.498 0.238, 0.358 0.280, 0.465 

No. of measured, 

independent and 

 observed [I>2(I)] 

reflections 

23551, 

6688, 

5978 

7687, 

7687, 

7142 

17390, 

6360, 

5644 

17845, 

7624, 

6963 

Θ ranges for data 

collection (°) 
2.073- 27.000 2.518- 27.000 2.767- 27.000 2.535- 27.00 

Rint 0.052 0.041 0.026 0.029 

R[F
2
>2(F

2
)], R(F

2
), 

S 

0.028, 

0.066, 

1.03 

0.039, 

0.117, 

1.07 

0.022, 

0.052, 

1.05 

0.024, 

0.057, 

1.07 

No. of reflections 6688 7687 6360 7624 

No. of parameters 370 449 374 427 

∆max, ∆min (e Å
-3

) 1.17, -1.47 3.70, -2.15 0.87, -0.50 1.03, -0.90 
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Table 3.2:  Selected crystallographic data for Compounds (5, 6, 8, 10, 18)  

 5 6 8 10 18 

Chemical formula C32H23BiBr2O4 C32H23BiCl2O6 C36H29BiO4 C34H29BiO4 C37H35BiO8 

Mr 840.30 783.38 734.57 710.55 816.63 

Crystal system,  Monoclinic Orthorhombic Monoclinic Monoclinic Monoclinic 

space group P21/c Fdd2 C2/c C2/c P21/n 

Temperature (K) 296 100 296 296 296 

a, b, c (Å) 

14.5460 (7), 

8.8353 (3), 

23.2866 (11) 

13.134 (6), 

20.2006 (10), 

21.380 (1) 

13.2732 (7), 

21.3855 (11), 

12.2518 (10) 

20.3048 (12), 

10.5876 (6), 

14.1965 (8) 

12.7530 (11), 

12.5793 (10), 

21.0220 (16) 

α, β, γ (°) 96.887 (2) 90, 90, 90 120.012 (1) 107.969 (2) 90.121 (2) 

V (Å
3
)   2971.2 (2) 5672 (3) 3011.4 (3) 2903.1 (3) 3372.4 (5) 

Z 4 8 4 4 4 

ρcalc. (mg/mm
3
) 1.879 1.835 1.620 1.626 1.616 

F(000) 1600 3040 1440 1392 1616 

Crystal size (mm) 0.40×0.22×0.18 0.34×0.20×0.18 0.40×0.32×0.28 0.40×0.32×0.2

6 

0.36×0.24×0.22 

Index ranges 

--19 ≤ h ≤ 19, 

-9 ≤ k ≤ 11, 

-30≤ l ≤ 24 

--16 ≤ h ≤ 16, -

25 ≤ k ≤ 25, -

27≤ l ≤ 27 

-17 ≤ h ≤ 17, 

-27 ≤ k ≤ 27, 

-15≤ l ≤ 15 

-26 ≤ h ≤ 26, -

11 ≤ k ≤ 13, -

18≤ l ≤ 17 

--14≤ h ≤ 16, 

-11 ≤ k ≤ 16, 

-24≤ l ≤ 26 

Tmin, Tmax 0.130, 0.307 0.220, 0.388 0.205, 0.288 0.201, 0.298 0.255, 0.388 

No. of measured, 

independent and 

observed [I >2 

(I)] reflections 

25461, 

7030, 

4248 

13670, 

3067, 

2886 

12895, 

3431, 

3189 

12492, 

3319, 

3091 

20961, 

7328, 

4620 

Θ ranges for data 

collection (°) 

2.790-27.863 3.405- 27.00 2.705- 27.459 2.471- 27.486 2.473- 27.000 

Rint 0.056 0.028 0.041 0.040 0.053 

R[F
2
>2(F

2
)], 

wR(F
2
), S 

0.036, 

0.081, 

0.99 

0.020, 

0.048, 

1.12 

0.023, 

0.055, 

1.09 

0.023, 

0.059, 

1.05 

0.043, 

0.091, 

0.97 

No. of reflections 7030 3067 3431 3319 7328 

No. of parameters 350 188 178 179 422 

∆max, ∆min (e Å
-3

) 0.98, -0.96 0.89, -0.58 1.45, -1.02 2.06, -1.04 0.66, -0.90 
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3.1.3.1. Crystal structure for bis(3,5-dichlorobenzoato)triphenyl bismuth(V) (1)
 

The selected bond lengths and angles for (1) have been given in Table 3.3 and Table 3.4 

while structure refinement parameters have been given in Table 3.1. The structure plot has 

been demonstrated with help of ORTEP diagram for 1 in Fig. 3.1 which shows that each 

bismuth atom is coordinated to three phenyl rings and two carboxylate groups. In bis(3,5-

dichlorobenzoato)triphenyl bismuth(V), the five coordinated Bi-ion assumes distorted 

trigonal pyramid geometry with basal plane consisting of three C-atoms from three phenyl 

rings and apical O-atoms from two carboxylates as the angle O(1)—Bi(1)—O(3) is 

170.58(10)° which is close to 180° [5]. The Bi-O bond distances are 2.277(3),  2.906(2) and 

2.247(4) Å respectively which are slightly shorter than bismuth and oxygen covalent radii 

(2.31 Å) [6]. For short Bi(1)-O(1) and Bi(1)-O(3) bonds, elongation of O1-C1 and O3-C8 

bond distances at 1.293(4Å and 1.287(7)Å  is well according to the justification that electron 

pull exerted by bismuth atom has transmitted through the oxygen atom resulting in 

weakening of  C-O bond [7]. On average values for C(1)-O(2) and C(8)-O(4) is  1.220(5) and 

1.218(5) which is closer to 1.2Å (reported bond length value for C=O) indicating that O(2) 

and O(4) are not coordinated or weekly coordinated to metal atom [5]. The Bi-C bond 

distances are 2.205(3), 2.193(6) and 2.197(5) which are well according to literature values for 

reported organobismuth complexes of this type [8]. 

 

Fig.3.1. A view of the structure for (1), showing the atom-labeling scheme. Displacement 

ellipsoids are drawn at the 50% probability level 

 

 



61 
 

Table 3.3: Selected bond lengths for (1) 

Selected bond lengths for (1) 

Bi1-C15 2.205(3) Bi1-C21 2.193(6) 

Bi1-C27 2.197(5) Bi1-O1 2.277(3)  

Bi1-O2  2.906(2) Bi1-O3  2.247(4)  

O1-C1 1.293(4) O2-C1 1.220(5) 

O3-C8 1.287(7) O4-C8 1.218(5) 

Table 3.4: Selected bond angles (˚) for (1) 

Selected bond angles (˚) 

O1—Bi1—O3 170.58(10)            O1—Bi1—C15 86.1(1) 

O1—Bi1—C21 93.7(1)    O1—Bi1—C27 87.6(1) 

O2—Bi1—O3 139.1(1)      O2—Bi1—C15 134.5(1) 

O2—Bi1—C21 76.0(1)    O2—Bi1—C27 73.8(1) 

O3—Bi1—C15 86.4(2)    O3-Bi1—C21 93.9(2) 

O3—Bi1—C27 90.4(2)     C15—Bi1—C21 106.8(2) 

C15—Bi1—C27 115.0(2)             C21—Bi1—C27 138.2(2) 

3.1.3.2. Crystal structure for bis(3,4,5-trimethoxybenzoato)triphenyl bismuth(V) (2) 

Data shows that all parameters for 4 are well according to literature reports[5-8] 

 ―The structure refinement parameters have been given in Table 3.1 while selected 

bond lengths and angles for (2) have been given in Table 3.5 and 3.6 respectively. The 

ORTEP diagram for 2 is given in Fig. 3.2. In bis(3, 4, 5-methoxybenzoato)triphenyl bismuth 

(Fig. 3.2), the coordinated Bi-ion assumes distorted trigonal pyramid geometry with basal 

plane consisting of three C-atoms from three phenyl rings and apical O-atoms from two 

carboxylates. The O(1)—Bi(1)—O(7) angle is 174.4(2)° which is close to 180° 

demonstrating trigonal bipyramidal geometry [5]. The Bi-O bond distance are 2.325(4), 

2.664(5), 2.653(5) and 2.322(4)Å respectively which are slightly longer than bismuth and 

oxygen covalent radii (2.31 Å)[6]. On average values for C(1)-O(2), C(1)-O(2. C(11)-(O6), 

C(11)-O(7)) are  1.296(9), 1.237(9), 1.251(8) and 1.29(1) which are longer than 

1.2Å(reported bond length value for C=O)  indicating that O(1), O(2), O(6) and O(7) are 

coordinated to central metal atom [5]. The Bi-C bond distances are 2.219(6), 2.186(6)and 

2.231(7) for Bi(1)-C(21), Bi(1)-C(27) and Bi(1)-C(33)   which are well according to literature 

values[8] for reported organobismuth complexes‖ 
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Fig.3.2. A view of the structure for (2), showing the atom-labeling scheme. Displacement 

ellipsoids are drawn at the 50% probability level 

Table 3.5: Selected bond lengths for (2) 

Selected bond lengths (Å) 

Bi1-C21 2.219(6) Bi1-C27 2.186(6) 

Bi1-C33 2.231(7) Bi1-O1 2.325(4) 

Bi1-O2 2.664(5) Bi1-O6 2.653(5) 

Bi1-O7 2.322(4) O1-C1 1.296(9) 

O2-C1 1.237(9) O6-C11 1.251(8) 

O7-C11 1.29(1)   

Table 3.6: Selected bond angles (˚) for (2) 

Selected bond angles (˚) 

O1-Bi1-O2 52.3(2) O6-Bi1-O7 52.3(2) 

O1-Bi1-O7 174.4(2) O7-Bi1-C33 87.8(2) 

O1-Bi1-C33 86.6(2) C27-Bi1-C33 105.3(2) 

O2-Bi1-O6 81.1(1) C21-Bi1-C33 101.9(2) 

O7-Bi1-C27 90.0(2) O1-Bi1-C27 91.4(2) 

C21-Bi1-C27 152.8(2) O6-Bi1-C27 80.5(2) 

O7-Bi1-C21 92.1(2)   

3.1.3.3. Crystal structure for bis(4-methylsalicylato)triphenyl bismuth(V) (3) 

Data shows that all parameters for 4 are well according to literature reports[7-8] 

―The crystallographic data and structure refinement parameters for (3) are presented Table 

3.1. The selected bond lengths and angles have been given in Table 3.7 and Table 3.8 while 

data pertaining to hydrogen bonding is given in Table 3.9. The structure plot for 3 has been 
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demonstrated with help of ORTEP diagram in Fig. 3.1 which shows that each bismuth atom 

is five coordinated with three phenyl rings and two carboxylate groups assuming trigonal 

bipyramidal geometry. The crystal structure for (3) indicate that  O(1)—Bi(1)—O(3) angle is 

169.47° which is close to 180° [5]. The Bi-O bond distances are 2.327(2) and 2.315(2) Å for 

Bi(1)-(O1) and Bi(1)-(O4) respectively which are quite similar to bismuth and oxygen 

covalent radii (2.31 Å) [6]. For short Bi(1)-O(1) and Bi(1)-O(4) bonds, elongation of O1-C1 

and O4-C9 bond distances at 1.267(5)Å and 1.267(4)Å  is well according to the justification 

that electron pull exerted by bismuth atom has transmitted through the oxygen atom resulting 

in weakening of  C-O bond [7]. On average values for C(1)-O(2) and C(9)-O(5) is  1.246(4) 

and 1.250(5) which is not much closer to 1.2Å (reported bond length value for C=O) 

indicating involvement of  O(2) and O(5) in hydrogen bonding with hydrogen of  hydroxyl 

group of salicylate ligand which prevents them from coordination to metal atom [5]. The Bi-

C bond distances are 2.193(3), 2.192(3) and 2.203(3) for Bi1-C23 Bi1-C(17), Bi(1)-C(29) 

which are well according to literature [8] values as early reports manifest‖  

 

Fig.3.3. A view of the structure for (3), showing the atom-labeling scheme. Displacement 

ellipsoids are drawn at the 50% probability level. 

Table 3.7: Selected bond lengths for (3) 

Selected bond lengths (˚A) 

Bi1-O1 2.327(2) Bi1-O4 2.315(2) 

Bi1-O5 2.831(2) Bi1-C23 2.193(3) 

Bi1-C17 2.192(3) Bi1-C29 2.203(3) 

O1-C1 1.267(5) O2-C1 1.246(4) 

O4-C9 1.267(4) O5-C9 1.250(5) 
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    Table 3.8: Selected bond angles (˚) for (3) 

Selected bond angles (˚) 

O1-Bi1-O4 169.47(8) O1-Bi1-O5 140.90(7) 

O1-Bi1-C29 84.9(1) O1-Bi1-C23 91.5(1) 

O1-Bi1-C17 89.3(1) O4-Bi1-C17 91.7(1) 

O4-Bi1-C23 94.5(1) O4-Bi1-C29 85.1(1) 

O5-Bi1-C17 78.0(1) O5-Bi1-C23 76.0(1) 

O5-Bi1-C29 134.1(1) C17-Bi1-C23 139.3(1) 

C17-Bi1-C29 113.3(1) C23-Bi1-C29 107.2(1) 

   Table 3.9: Selected hydrogen-bond parameters for (3) 

D—H···A D—H (Å) H···A (Å) D···A (Å) D—H···A (°) 

O3—H3···O2 0.82 1.89 2.606 (4) 145.6 

O6—H6A···O5 0.82 1.84 2.561 (4) 146.3 

O6—H6A···O6
i
 0.82 2.65 3.201 (7) 126.1 

Symmetry code(s):  (i) –x+1, -y+1, -z. 

3.1.3.4. Crystal structure for bis(3-nitrobenzoato)triphenyl bismuth(V) (4) 

Data shows that all parameters for 4 are well according to literature reports[5-8] 

"The crystallographic data and structure refinement parameters for (4) have been presented in 

Table 3.1. The selected bond lengths and angles have been given in Table 3.10 and Table 

3.11 respectively. The ORTEP diagram for (4) is depicted in Fig. 3.4 which shows that each 

bismuth atom is five coordinated to three phenyl rings and two carboxylate groups giving the 

complex an overall trigonal bipyramidal geometry in shape. The crystal structure for (4)  

indicate that  O(1)—Bi(1)—O(5) axial angle is 174.44(8)° while equatorial C(21)-Bi(1)-

C(27), C(15)-Bi(1)-C(27) and C(15)-Bi(1)-C(21) angles lie in the range of 105.4(1)°,  

108.2(1)° and 146.0(1)°   manifesting a distorted trigonal bipyramidal geometry [5]. The Bi-

O bond distance are 2.303(3) and 2.296(3)Å for Bi(1)-(O1) and Bi(1)-(O5) respectively 

which are quite similar to bismuth and oxygen covalent radii (2.31 Å)[6]. On average values 

for C(1)-O(2) and C(8)-O(6) are  1.231(4) and 1.238(4) which are quite close to  

1.2Å(reported bond length value for C=O)  indicating that O(2) and  O(6) are  not 

coordinated or weekly coordinated to central metal atom [5]. The Bi-C bond distances are 

2.199(4), 2.198(3)and 2.212(2) for Bi(1)-C(15), Bi(1)-C(21) and Bi(1)-C(27)   which are well 

according to literature  [8] values as early reports manifested‖ 
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Fig.3.4. A view of the structure for (4) (moiety C32H23BiN2O8), showing the atom-labeling 

scheme. Displacement ellipsoids are drawn at the 50% probability level. 

Table 3.10: Selected bond lengths for (4) 

Selected bond lengths (˚A) 

Bi1-O1 2.303(3) Bi1-O2 2.824(2) 

Bi1-O5 2.296(3) Bi1-O6 2.759(3) 

Bi1-C15 2.199(4) Bi1-C21 2.198(3) 

Bi1-C27 2.212(2) O1-C1 1.294(4) 

O2-C1 1.231(4) O5-C8 1.291(4) 

Table 3.11: Selected bond angles (˚) for (4) 

Selected bond angles (˚) 

O1-Bi1-O2 50.07(8) O5-Bi1-O6 51.01(7) 

O1-Bi1-C15 85.1(1) O1-Bi1-C21 91.5(1) 

O1-Bi1-C27 87.45(9) O2-Bi1-C15 74.9(1) 

O2-Bi1-C21 77.1(1) O2-Bi1-C27 137.44(9) 

                                                  

O5-Bi1-C15 

93.6(1) O5-Bi1-C21 92.6(1) 

O5-Bi1-C27 87.84(9) O6-Bi1-C15 80.9(1) 

O6-Bi1-C21 77.3(1) O6-Bi1-C27 138.73(9) 

C15-Bi1-C21 146.0(1) C15-Bi1-C27 108.2(1) 

C21-Bi1-C27 105.4(1)   
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3.1.3.5. Crystal structure for bis(2-bromobenzoato)triphenyl bismuth(V) (5) 

All crystallographic parameters are well accodinfg to earlier reports of such type[5-8].  

―The crystallographic data and structure refinement parameters for (5) are presented in Table 

3.2. The selected bond lengths and angles have been given in Table 3.12 and Table 3.13 

respectively. In bis(2-bromobenzoato)triphenyl bismuth(V) (Fig. 3.5), the coordination 

around Bi-ion is distorted trigonal pyramid with basal plane consisting of three C-atoms from 

three phenyl rings and apical O-atoms from two carboxylates. The Bi-C and Bi-O bond 

distance are in the range of 2.197(5)-2.203(5) Å and 2.293(3)-2.304(3) Å, respectively.  The 

phenyl rings A (C1-C6), B (C7-C12) and C (C13-C18) are planar with r. m. s. deviations of 

0.0045, 0.0011 and 0.0044 Å, respectively. . The dihedral angle between A/B, A/C, and B/C 

is 40.72 (22)°, 65.29 (19)° and 61.82 (22)°, respectively. The bromobenzene moieties D 

(C20-C25/BR1) and E (C27-C32/BR2) are also planar with r. m. s. deviations of 0.0120 and 

0.0174 Å, respectively. The dihedral angle between D/E is 29.75 (24)°. The carboxylate 

groups F (C19/O1/O2) and G (C26/O3/O4) are oriented at a dihedral angle of 80.3 (4)° and 

43.1 (5)° with their  parent bromobenzene moieties D (C20-C25/BR1) and E (C27-

C32/BR2), respectively. The molecules are dimmerized as shown in Fig 3.6 due to C-H…O 

bonding‖ 

. 

 

Fig.3.5. ORTEP diagram for (5). Thermal ellipsoids are drawn at 50 % probability level. The 

H-atoms are shown as small circles of arbitrary radii 
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Fig.3.6. Dimerization of the molecules for (5) 

Table 3.12: Selected bond lengths for (5) 

Selected bond lengths (˚A) 

         Bi1-O1 2.304(4) Bi1-O2 2.854(3) 

         Bi1-O3 2.293(4) Bi1-O4 2.933(4) 

         Bi1-C1 2.200(5) Bi1-C7 2.204(4) 

         Bi1-C13 2.197(5) O1-C19 1.272(6) 

         O2-C19 1.234(7 O3-C26 1.274(7) 

         O4-C26 1.240(6)   

Table 3.13: Selected bond angles (˚) for (5) 

Selected bond angles (˚) 

O1-Bi1-O2 49.5(1) O3-Bi1-O4 48.4(1) 

O1-Bi1-C1 91.5(2) O1-Bi1-C7 91.9(1) 

O1-Bi1-C13 85.8(2) O2-Bi1-C1 73.4(1) 

O2-Bi1-C7 79.5(1) O2-Bi1-C13 134.9(2) 

O3-Bi1-C1 94.3(2) O3-Bi1-C7 89.5(1) 

O3-Bi1-C13 83.5(2) O4-Bi1-C1 80.3(1) 

O4-Bi1-C7 73.3(1) O4-Bi1-C13 131.9(2) 

C1-Bi1-C7 140.7(2) C1-Bi1-C13 107.7(2) 

C7-Bi1-C13 111.5(2)   
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3.1.3.6. Crystal structure for bis(4-chlorosalicylato)triphenyl bismuth(V) (6) 

The crystallographic data and structure refinement parameters for (6) are presented in Table 

3.2.The selected bond lengths and angles have been given in Table 3.14 and 3.15 respectively 

while data for hydrogen bonding is presented in Table 3.16. The ORTEP diagram for (6) 

(Fig. 3.6) depicts that each bismuth atom is five coordinated with three phenyl rings and two 

carboxylate groups assuming a trigonal bipyramidal geometric shape. The crystal structure 

for (6) indicates that O(1)—Bi(1)—O(1) axial is 173.2(1)°  while equatorial C(8)-Bi(1)-

C(14), C(8)-Bi(1)-C(8) and C(14)-Bi(1)-C(8) angles lie in range  111.5(3)°,  137.1(2)° and 

111.5(3)°  establishing the formation of distorted trigonal bipyramidal geometry [5]. The Bi-

O bond distances are 2.295(4)Å for Bi(1)-(O1,1)respectively which are quite close to bismuth 

and oxygen covalent radii (2.31 Å)[6]. For short Bi(1)-O(1,1)  bonds, elongation of O1-C1 

distances at 1.242(7)Å is well according to the justification that electron pull exerted by 

bismuth atom has transmitted through the oxygen atom resulting in weakening of  C-O 

bond[7]. On average values for C(1)-O(2,2) are  1.259(7) which is deviation from reported 

bond length value for C=O (1.2Å) indicating involvement of  O(2,2) in hydrogen bonding 

with hydroxyl group hydrogen of salicylate ligand which prevents them from coordination to 

metal atom[5]. The Bi-C bond distances are 2.185(6) and 2.189(9) for Bi(1)-C(8,8) and  

Bi(1)-C(14) which are well according to literature values for such type of complexes [8]. 

 

Fig.3.7. A view of the structure for (6), showing the atom labeling scheme. Displacement 

ellipsoids are drawn at the 50% probability level. Symmetry code: (a) − x, −y, z 
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Table 3.14: Selected bond lengths for (6) 

Selected bond lengths (˚A) 

Bi1-O1 2.295(4) Bi1-C8 2.185(6) 

Bi1-C14 2.189(9) O1-C1 1.242(7) 

O2-C1 1.259(7) Cl1-C5 1.757(8) 

Table 3.15: Selected bond angles (˚) for (6) 

Selected bond angles (˚) 

O1-Bi1-C8 90.8(2) O1-Bi1-C14 86.6(2) 

C8-Bi1-C14 111.5(3) C8-Bi1-C8 137.1(2) 

Table 3.16: Selected hydrogen-bond parameters for (6) 

D—H···A D—H (Å) H···A (Å) D···A (Å) D—H···A (°) 

O3—H3···O2 0.82 1.89 2.609 (7) 146.3 

 

3.1.3.7. Crystal structure for bis(cinamato)triphenyl bismuth(V) (8) 

Data shows that all parameters for 4 are well according to literature reports[5-8] 

―The crystallographic data and structure refinement parameters for (8) are presented in Table 

3.2.The selected bond lengths and angles have been given in Table 3.17 and 3.18 

respectively. The bis(cinamato)triphenyl bismuth(V) (Fig. 3.8), has the centrosymmetric 

structure about the bismuth. The coordination around Bi-ion is distorted trigonal pyramid 

with basal plane consisting of three C-atoms from three phenyl rings and apical O-atoms 

from two carboxylates of cinnamic acids. The Bi-C bonds have values of 2.199(3) and 

2.210(5) Å. The Bi-O have bond length of 2.311(2) Å. The Bi center and one of the phenyl 

ring is disordered with occupancy ratio of 0.6:0.4. The phenyl ring C (C10-C15) and its 

symmetry equivalent D (C10
i
-C15

i
 i = -x+1, y, -z+1/2) are planar with r. m. s. deviation of 

0.0032 Å‖ 
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Fig.3.8. The ORTEP diagram for (8) with thermal ellipsoids having 50 % probability level. 

The H-atoms are shown as small circles of arbitrary radii 

 

Fig.3.9. The molecules of (8) are dimmerized due to H-bonding. 
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Table 3.17: Selected bond lengths for (8) 

Selected bond lengths (˚A) 

Bi1-O1 2.311(3) Bi1-O2 2.690(3) 

Bi1-C10 2.199(4) Bi1-C16A 2.211(4) 

O1-C1 1.288(4) O2-C1 1.231(4) 

Table 3.18: Selected bond angles (˚) for (8) 

Selected bond angles (˚) 

O1-Bi1-O2 51.64(9) O1-Bi1-C10 91.6(1) 

O1-Bi1-C16A 87.6(1) O2-Bi1-C10 78.4(1) 

O2-Bi1-C16A 139.3(1) C10-Bi1-C16A 104.7(1) 

C10-Bi1-C10 150.5(1)   

3.1.3.8. Crystal structure for bis(3-methylbenzoato)triphenyl bismuth(V) (10)  

Data shows that all parameters for 4 are well according to literature reports[5-8] 

―The crystallographic data and structure refinement parameters for (10) are presented in 

Table 3.2.The selected bond lengths and angles have been given in Table 3.19 and 3.20 

respectively. The ORTEP diagram for (10) (Fig. 3.8) depicts that each bismuth atom is five 

coordinated to three phenyl rings and two carboxylate groups assuming a trigonal 

bipyramidal geometric shape. The crystal structure for (10) indicates that O(1)—Bi(1)—O(1) 

axial is 168.49(9)° while equatorial C(9)-Bi(1)-C(9), C(9)-Bi(1)-C(15) and C(15)-Bi(1)-C(9) 

angles lie in range 146.4(1)°,  106.8(1)° and 106.8(1)°respectively  manifesting a distorted 

trigonal bipyramidal geometry [5]. The Bi-O bond distance are 2.291(3)Å for Bi(1)-(O1,1) 

respectively which are quite similar to bismuth and oxygen covalent radii (2.31 Å)[6]. Bond 

length values for C(1)-O(2,2) are 1.238(4)Å which are quite close to  1.2Å(reported bond 

length value for C=O)  indicating that O(2,2)  are  not coordinated or weekly coordinated to 

central metal atom[5]. The Bi-C bond distances are 2.216(4), 2.197(3 ) for Bi(1)-C(15) and 

Bi(1)-C(9,9) which are quite well according to the literature values[8] as early reports 

manifested‖ 
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Fig.3.10. A view of the structure of (10), showing the atom-labeling scheme. Displacement 

ellipsoids are drawn at the 50% probability level. Symmetry code: (a) 1 − x, y, 1/2 − z. 

Table 3.19: Selected bond lengths for (10) 

Selected bond lengths (˚A) 

Bi1-O1 2.291(3) Bi1-O2 2.816(2) 

Bi1-C9 2.197(3) Bi1-C15 2.216(4) 

O1-C1 1.296(4) O2-C1 1.238(4) 

Table 3.20: Selected bond angles (˚) for (10) 

Selected bond angles (˚) 

O1-Bi1-O2 50.23(8) O1-Bi1-C15 84.7(1) 

O1-Bi1-C9 93.2(1) O2-Bi1-C15 134.8(1) 

O2-Bi1-C9 82.13(9) C9-Bi1-C15 106.8(1) 

C9-Bi1-C9 146.4(1)   

3.1.3.9. Crystal structure for bis(3-methoxysalicylato)tris(p-tolyl) bismuth(V) (18)  

Data shows that all parameters for 4 are well according to literature reports[5-8] 

―The crystallographic data and structure refinement parameters for (18) are presented in 

Table 3.2.The selected bond lengths and angles have been given in Table 3.21 and 3.22 

respectively The ORTEP diagram for (18) (Fig. 3.9) depicts that each bismuth atom is five 

coordinated to three phenyl rings and two carboxylate groups assuming a trigonal 

bipyramidal geometric shape. The crystal structure for (18) indicate that  O(1)—Bi(1)—O(5) 

axial angle is 173.0(1)° while equatorial angles C(17)-Bi(1)-C(24), C(17)-Bi(1)-C(31) and 

C(24)-Bi(1)-C(31) lie in  range 109.8(2)°,  140.1(2)° and 110.1(2)° respectively manifesting a 
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distorted trigonal bipyramidal geometry for the given complex [5]. The Bi-O bond distance 

are 2.322(4) and 2.348(4)Å for Bi(1)-(O1) and Bi(1)-(O5) respectively which are quite 

similar to bismuth and oxygen covalent radii (2.31 Å)[6]. The average values for C(1)-O(2) 

and C(8)-O(6) are  1.263(7) and 1.265(8) which are quite close to  1.2Å (reported bond 

length value for C=O)  indicating that O(2) and  O(6) are  not coordinated or weekly 

coordinated to the central metal atom [5]. The Bi-C bond distances are 2.183(6), 2.211(4 )and 

2.195(5) for Bi(1)-C(17), Bi(1)-C(24) and Bi(1)-C(31)   which are well according to literature 

values [8]as earlier reports manifested‖ 

 

Fig.3.11. A view of the structure for (18), showing the atom-labeling scheme. Displacement 

ellipsoids are drawn at the 50% probability level. 

Table 3.21: Selected bond lengths for (18) 

Selected bond lengths (˚A) 

Bi1-O1 2.322(4) Bi1-O5 2.348(4) 

Bi1-O6 2.890(4) Bi1-C17 2.183(6) 

Bi1-C24 2.211(4) Bi1-C31 2.195(5) 

O1-C1 1.218(7) O2-C1 1.263(7) 

O5-C9 1.204(7) O6-C9 1.265(8) 

Table 3.22: Selected bond angles (˚) for (18) 

Selected bond angles (˚) 

O5-Bi1-O6 47.9(1) O1 -Bi1-C17 90.8(2) 

O1-Bi1-C24 86.2(2) O1 -Bi1-C31 91.5(2) 

O5-Bi1-C17 90.5(2) O5 -Bi1-C24 86.9(2) 

O5-Bi1-C31 91.8(2) O6 -Bi1-C17 73.3(2) 

O6-Bi1-C24 134.7(2) O6-Bi1-C31 79.0(2) 

C17-Bi1-C24 109.8(2) C17-Bi1-C31 140.1(2) 

C24-Bi1-C31 110.1(2)   
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3.2. Bismuth-Oxido Clusters  

T A great interest in search of the exact pathway by which these bismuth oxido caboxylates 

form is undertaken by various research groups resulting in formation of a large class of 

compounds. Different parameters like type of ligands used, effect of solvent and effect of 

substituents on basic structure of mononuclear bismuth carboxylates and their subsequent 

hydrolysis products have been extensively studied. The synthesis of precursors for bismuth 

oxide based materials is a significant driving force behind the field of bismuth oxo cluster 

chemistry. Oxido-clusters supported by alkoxides, carboxylates, and hexafluoroacetyl-

acetonate have also been reported [9,95,96,106–109]. They contain a core composed of 

Bi(III) and oxygen atoms that has an overall positive charge. These cores are then surrounded 

by negatively charged carboxylate ligands to form an overall neutral compound. A common 

structural motif in these systems is the observation of the octahedral Bi6O8
2+

 core in which 

oxide ions (or hydroxide) adopt μ3 bridging configurations on each of the octahedral faces. 

The same octahedral component is found as a subunit in the larger bismuth alkoxide and 

carboxylate structures. In case of carboxylates, a variety of nuclearities have been observed. 

Negatively charged bismuth-oxido carboxylate clusters on the other hand are rare. The 

[{Bi38O45(C4H7SO3)8(NO3)14(DMSO)19.5(H2O)2}]
2+

 cation is found paired with the anionic 

cluster [{Bi38O45(C4H7SO3)10(NO3)16(DMSO)16(H2O)2}]
2− 

[110]. The reaction of Bi(O3SCF3) 

with organodichalcogenones has produced [Bi(1,1′-methylenebis(3-methyl-1,3-dihydro-2H-

imidazole- 2-thione)6]
3+

 paired with [Bi6(OH)8(O3SCF3)12]
3−

 [111]. The products of bismuth 

trifluoroacetate hydrolysis in aqueous solutions and thermolysis in arene solvents have been 

reported by Kugel [112]. He observed the formation of the unit Bi3O(O2CCF3)7 ligated by 

arenes both in monomeric and dimeric forms,[112] but he also characterized Bi6O8
n+

 species 

[Bi6O5(OH)3(H2O)2 (O2CCF3)2]2[Bi-(O2CCF3)5]3·4H2O and [Bi6O4(OH)4][Bi10O8(O2CCF3)20] 

[112]. In the latter compound,[Bi10O8(O2CCF3)20]
6−

 ion is described as a Bi6O8 
2+

 cluster 

coordinated to four [Bi- (O2CCF3)5]
2−

 fragments. Keeping all these aspects in mind various 

bismuth based oxo-clusters have been synthesized during this research work. 

 Two fascinating bismuth oxido clusters (23) and (24) have been obtained bearing 

some interesting structural aspects. A unique geometry is observed for (24) that is new and 

not reported yet. For (23) dichlorobenzoic acid was added to toluene solution of triphenyl 

bismuth and crystals were obtained which were left in Dichloromethane to produce (24) in a 

very good yield.The reaction of BiPh3, Ag2O, and trifluoroacetic acid in toluene for several 

days led to the isolation of colorless single crystals of {[Bi4(μ3-O)2(TFA)9Ag(tol)2]2} (25). 

The same mixture in hexane containing PPh3 led to {Bi4(μ3-O)2(TFA)10(AgPPh3)2}n (26). 
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Both compounds can be viewed as having [Bi4(μ3-O)2(TFA)N]
(8–N)–

 cores with Ag
+
 ions 

attached to the core through the oxygen atoms of trifluoroacetate ligands. In (25), the 

coordination environment of the Ag
+
 ion is completed by dihapto coordination to two toluene 

molecules; while in (26) Ag
+
 is ligated by PPh3 in addition to three TFA

–
 ligands. 

 The compound (25) was obtained in two ways. The first method involved adding 3 equiv. 

of TFAH to a mixture of 1 equiv. of BiPh3 and 0.5 equiv. of Ag2O in toluene. The resulting 

mixture was allowed to stand for 3 days, whereupon large, well-faceted, and colorless blocks 

were visible growing on the solid pieces of Ag2O. Over time the Ag2O disappeared 

completely. The second method was identical to the first except that the Ag2O was added 

after two days, and then the resulting mixture was allowed to stand for an additional three 

days. The crystals grew as in the first method. In the formation of (25), the Bi–Ph bonds of 

triphenylbismuth are cleaved on reaction with trifluoroacetic acid. Thus, the first step in the 

reaction is likely the formation of Bi(TFA)3 (Scheme 3.1), which would then undergo 

hydrolysis with water to produce Bi4(μ3-O2)(TFA)8 and free trifluoroacetic acid. Under the 

conditions of the reaction, trifluoroacetic acid may react with Ag2O to produce AgTFA and 

H2O. Silver trifluoroacetate could then add as [Ag(tol)2][TFA] to the neutral Bi4(μ3-

O2)(TFA)8 core formed by hydrolysis of Bi(TFA)3.The molecules then dimerize to form (25). 

The Bi(TFA)3 moiety requires water for hydrolysis and the reaction of Ag2O with TFAH 

produces water points to synergy in the overall reaction, and provides a convenient method of 

accurately controlling the amount of water for hydrolysis in the reaction system as delineated 

in scheme 3.1 Thus, the formation of Ag(TFA) can promote the formation of the Bi4(μ3-

O2)(TFA)8 core and vice versa, while Bi4(μ3-O)2(TFA)8 has not been isolated as a stand-alone 

molecule, a number of related carboxylate compounds have also been characterized [9–14]. 

4BiPh3 + 12TFAH toluene 4Bi(TFA)3 + 12Ph H + 2Ag2O

+4TFAH

+2H2O

Bi4O2(TFA)8 + AgTFAtoluene[Ag(tol)2Bi4O2(TFA)9]

-3AgTFA

 

Scheme 3.1 

The synthesis of (26) is similar to that of (25), but in here, hexane was employed as solvent 

and PPh3 was added to the reaction medium to complex with Ag
+
, the effect of which was the 
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addition of two [AgPPh3]
+
 cations rather than [Ag(tol)2]

+
 units to the Bi4(μ3-O)2 core 

(Scheme 3.2). 

4BiPh3 + 12TFAH hexane 4Bi(TFA)3 + 12Ph H + 2Ag2O

+4TFAH

+2H2O

Bi4O2(TFA)8 + 2Ag[PPh3]TFAhexane[Bi4O2(TFA)10{AgPPh3}2]n

-2Ag(PPh3)TFA

+ 4PPh3

 

Scheme 3.2 

The growth of the oxido core is similar to the formation of the Bi4(μ3-O)2 core in 

[Me4N]2[Bi4(μ3-O)2(TFA)10], produced by the action of 0.5 equiv. of [Me4N]OH on 

Bi(TFA)3, also in toluene [15]. The triphenylbismuth(III) and trifluoroacetic acid (TFAH) 

were reacted in toluene in the presence of Ag2O to generate the hetronuclear compound with 

formulation as; {[Bi4(μ3-O)2(TFA)9Ag(tol)2]2} (25) (tol = PhMe). Similarly, BiPh3, TFAH, 

PPh3, and Ag2O were reacted in hexane to form [Bi4(μ3-O)2(TFA)10(AgPPh3)2]n (26). Both 

are comprised of {Bi4(μ3-O)2} units that have been previously observed with a variety of 

carboxylate ligands in neutral compounds and anionic compounds. In contrast to other 

anionic [Bi4(μ3- O)2(TFA)N]
(N-8)- 

with metal-based counter cations, the Ag
+
 ions in (25) and 

(26) are directly attached to oxygen atoms of the TFA
-
 ligands bonded to the bismuth core. A 

crystallographic evolution was observed for (25). Solvent-rich orthorhombic crystals grew 

initially upon standing. However, by three weeks all crystals had converted to a triclinic unit 

cell that contained no free solvent. Therefore molecular volume decreased from 3146.11 Å
3
 

(orthorhombic) to 2954.06 Å
3
 (triclinic) resulting in formation of (25). The latter (25) 

possessed an intermolecular π- π stacking system between silver- and bismuth-bound toluene 

molecules, which explains the reorganization to a non-solvated morphology. The compound 

(26) crystallizes in the triclinic space group P-1 as a coordination polymer through bridging 

carboxylates. The presence of the PPh3 ligands on Ag
+
 results in a higher Ag:Bi 

stoichiometry than for (25). The importance of the Ag2O in generating the oxido ligands was 

confirmed by the isolation of {[Bi2(TFA)6(TFAH)(tol)]2}n (27) from the reaction of BiPh3 

with TFAH in toluene in absence of the metal oxide.  A unique and previously unknown 

hexanitratobismuth(III) anion, [Bi(NO3)6]
3− 

is reported for 28;  

[Co{HC(MeCO)2(MeCNH)}2][Bi(NO3)6]. 
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If BiPh3 and trifluoroacetic acid (TFAH) are mixed in toluene under the same conditions as 

used for (25), an hydrolyzed, solvated form of Bi(TFA)3 is obtained in high yield. It 

crystallizes with additional trifluoroacetic acid (TFAH) and toluene molecules per two 

bismuth atoms and exists as the coordination polymer {[Bi2(TFA)6(TFAH)(tol)]2}n (27). The 

observation of this compound strongly suggests that the role of Ag2O is to act as an oxido-

delivery unit through tandem hydrolysis of Bi(TFA)3 and neutralization of the silver oxide to 

AgTFA (Scheme 3.1 and Scheme 3.2).This points to the potential for Ag2O to be used as a 

convenient reagent for the formation of Bi and mixed Ag/Bi oxido compounds. Compound 

(28) is another example of anionic bismuth-oxido carboxylate cluster with transition metal as 

countercation. The tripodal ligand is expected to form by coupling of an acetylacetonate 

ligand bound to cobalt with a molecule of acetonitrile to form β-enaminodione ligand by a 

mechanism similar to previously reported in the synthesis of related compounds from 

malononitrile (NCCH2CN; eq 22) [16]. This process is most likely initiated by removal of an 

acac ligand from Co(acac)3 via protonation with acid. Similar processes at Co(acac)3 in the 

presence of trifluoroacetic acid are known to proceed via radical mechanisms and can lead to 

a reduction of cobalt, but we believe that the final cation retains the Co
3+

 oxidation state in 

this case. This hypothesis is supported here by the observation that the reaction of Bi(NO3)3· 

5H2O with Co(acac)3 in MeCN produces a cation with the previously unknown 

hexanitratobismuth(III) anion, [Bi(NO3)6]
3−

(Fig. 3.18).  

 

Fig.3.12. A possible mechanism for formation for tripod ligand formation 

3.2.1. FT-IR Spectroscopy 

Ft-IR data for (23) and (24) clearly indicate the coordination between bismuth and 3,5 

dichlorobenzoic acid as absorption band for acidic proton is absent in all the spectra of the 

compounds. The lowering of symmetric and asymmetric carboxylate stretching frequency is 

also observed in spectra of all the compounds indicating involvement of carboxylate oxygen 

in bond formation with metal. The presence of aromatic carbons in the oxido clusters is 

indicated by appearance of stretching band round 3080cm
-1

 while band around 604cm
-1
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indicates the formation of bond between bismuth and oxygen after deprotonation of 

respective carboxylic acid.  

 For compound (25-28) also appearance of new peak around 605cm
-1

 due to 

coordination of bismuth to oxygen along with disappearance of OH peak of trifluoroacetic 

acid after deprotonation indicated formation of complex. Some addional peaks like peak for 

C-F bond around 1100cm
-1

 also appeared.  .   

3.2.2. Multinuclear (
1
H, 

19
F, 

31
P, 

13
C) NMR Spectroscopy 

The signals for coordinated toluene are also present along with very broad signals for protons 

of coordinated 3,5 dichlorobenzoic acid for (23). The presence of only two types of distinct 

protons was observed by appearance of two signal one at 7.81ppm for sixteen protons and 

other at 7.56ppm for eight protons. Due to vacuum drying of the sample, the signals for 

coordinated solvent (dichloromethane) were absent in NMR spectra for (24). The 1H
1
 NMR 

data for (25) and (26) were obtained in deuterated acetone. The spectrum for (25) resembled 

that of free toluene in deuterated acetone, but the resonance signals of both aromatic and 

methyl protons shifted slightly downfield (~0.012 ppm). Although the pattern of the shifted 

peaks is not obviously different from that of free toluene, the shift likely implies some 

coordination with the silver cations. The toluene ligands attached to silver must be fluxional, 

as the static arrangement would have lower symmetry and five distinct aromatic protons. The 

19
F NMR data for (25) and (26) showed resonance at –74.47 and –74.36 ppm, respectively, 

indicative of a fluxional fluorine environment, as anticipated on the basis of observations for 

other bismuth oxido carboxylate compounds and the values are both close to the literature 

value of –75.5 ppm for free TFAH [17]. The 
1
H and 

13
C spectra for (25) are consistent with 

rapid rotation of the Ag-bound toluene ligands about the metal center. 

A single phosphorus environment was observed for (26) as well, exhibiting a single 

peak in the 
31

P NMR spectrum at δ = 13.76 ppm, as expected by symmetry. This signal is 

broad and Ag-
31

P coupling was not resolved, consistent with some type of fluxional behavior. 

Given the observation of only one 
19

F signal, the AgPPh3 unit must also be involved in the 

fluxional process, most likely through dissociation of one or more of the TFA
- 
ligands. The 

1
H NMR spectrum clearly demonstrated that the phenyl groups bound to phosphorus resonate 

in range 7.52–7.62 ppm, which were deshielded compared to unbound PPh3, due to the 

electron-withdrawing Ag
+
 ion [18–20].The 

1
H NMR resonance with δ < 7.5ppm are 

attributed to impurities from the synthesis, washing, and NMR solvent 
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The carbon NMR data are mostly remarkable as the chemical shifts settles exact number of 

distinct carbons present in the molecular structure. Three signals appear for three set of 

distinct carbons as expected for (23) and (24). Three carbons including two carbon directly 

attached to chlorine and one centrally located carbon exhibit one broad signal at 

133.7ppm.The other two identical carbon at para position give one signal at 130.8ppm and 

third single carbon appear as a broad peak of lower intensity at 127.0 ppm.  The highly 

strained carboxylic carbon was unable to be observed as a trend observed for similar 

compound [21]. As reported earlier the signals for coordinated toluene molecules in (23) 

appear at their respective position.  

 In compound (25) splitting of carbon peak was observed due to spin-spin coupling 

due to three nearby fluorine atoms. Due to this coupling signal for only available carbon 

splits into quartet and four peaks are observed along with toluene carbons present in 

molecule. Similarly phenyl rings attached to phosphorous give three signals in aromatic 

region of spectra for (27). 

3.2.3. Single Crystal X-ray Studies 

It can be observed that in compound (23), Bi1 possess a higher coordination number to give a 

heptacoordinated metal centre while both Bi2 atoms are pentagonal pyramidal with the oxido 

ligands in the apical position as can be seen in ORTEP diagram for (23). The two oxygen 

atoms of carboxylate symmetrically bridge bismuth atoms so that each bismuth share one 

oxygen of 3,5 dichlorobenzoic acid. Here eight benzoate ligands as well as one poorly 

interacting solvent molecule surround the basic bismuth oxide core. Toluene binds in a π 

fashion to the bismuth atom as observed in a number of bismuth halide, alkoxide and 

carboxylate structures, both with and without oxo cores [9,22–26].  

 Bi-C bond distance is 3.351Å which is indicative of a weak interaction between 

bismuth and solvated toluene carbon unlike that observed for (25) and (26). Compound (24) 

exists as a planner discrete, non-polymeric molecules and possess a visible pi -pi stacking 

that has also been observed in Bi4 oxocluster with salicylate ligand as reported by witmire et 

al. [9]. The compound (24) consist of discrete, non-polymeric molecular unit containing 

unprecedented Bi12(μ3-O)8 oxocore which may be viewed as built from two  Bi6(μ3-O)4 units, 

where each unit is  further made from Bi4(μ3-O)2 moieties with two additional 3,5-

dichlobenzoic acid bound to bismuth atoms 

 The Bi12(μ3-O)8 core also possess a hepta-coordinated metal atoms as well as apical 

hexacoordinated metal centre showing a pentagonal pyramidal geometry, as observed in 

Bi4(μ3-O)2 unit of (23). The carboxylates of the 3,5 dichorobenzoic acid bridge between 
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bismuth atoms, stabilizing the Bi4O2 core, which is the central fragment of for both (23) and 

(24). The bismuth to oxygen bond distances in case of (24) are slightly shorter than (23). This 

may be due to the presence of extra number of electron withdrawing chlorine containing 

benzoic acid ligands in (24) than (23). The ORTEP diagrams of the complex (23) and (24) are 

given in Fig. 3.13 and 3.14 respectively. The crystallographic data and structure refinement 

parameters are presented in Table 3.23 while the selected bond lengths and bond angles are 

given in Tables 3.24-3.27. 

    Table 3.23: Selected crystallographic data for (23) and (24) 

 23 24 

Chemical formula C130H10BiCl8O4 C4H1.83Bi0.33Cl1.33O1.39 

Mr 2127.96 189.04 

Crystal system, space group Triclinic, P-1 Triclinic, P-1 

Temperature (K) 446 446 

a, b, c (Å) 

9.6988 (2),  

13.5872 (7),  

15.8117 (6) 

17.001 (6),  

17.501 (7), 

 19.466 (9) 

α, β, γ (°) 

81.635 (13),  

75.501 (12),  

76.89 (1) 

116.203 (12),  

103.09 (3), 

 98.362 (19) 

V (Å
3
) 1956.01 (19) 4858 (3) 

Z 1 36 

Crystal size (mm) 0.10 × 0.06 × 0.06 0.10 × 0.08 × 0.08 

No. of measured, independent and 

 observed [I > 2(I)] reflections 
50414, 13054, 8311 118121, 31919, 19289 

Rint 0.085 0.097 

R[F
2
 > 2(F

2
)], wR(F

2
), S 0.075,  0.215,  0.94 0.078,  0.251,  1.07 

No. of reflections 13054 31919 
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Fig.3.13. A structural view for (23), showing the atom-labeling scheme. Displacement 

ellipsoids are drawn at the 50% probability level 

Table 3.24: Selected bond lengths for (23) 

Selected bond lengths (˚A) 

Bi1-O81 2.74(1) Bi1-O82 2.581(7) 

Bi1-O300 2.31(1) Bi1-O944 2.204(9) 

Bi1-O811 2.76(1) Bi1-O100 2.57(1) 

Bi1-O400 2.404(7) Bi1-O944 2.36(1) 

Bi2-O41 2.224(9) Bi2-O12 2.323(10) 

Bi2-O31 2.373(10) Bi2-O21 2.564(9) 

Bi2—O11 2.645(10) Bi2—C17 2.802(14) 

Table 3.25: Selected bond angles (˚) for (23) 

Selected bond angles (˚) 

O11-Bi1-O21 67.1(3) O11-Bi1-O22 116.0(4) 

O11-Bi1-O200 134.6(3) O11-Bi1-O42 135.0(4) 

O11-Bi1-O100 83.2(4) O11-Bi1-O200 67.6(3) 

O21-Bi1-O22 49.0(3 O21-Bi1-O200 112.4(3) 

O21-Bi1-O42 122.2(3) O21-Bi1-O100 149.7(3) 

O200-Bi1-O42 85.8(4) O200-Bi1-O100 83.7(4) 

O200-Bi1-O200 70.9(3)   
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Fig.3.14. A structural view for (24), showing the atom-labeling scheme. Displacement 

ellipsoids are drawn at the 50% probability level 

Bismuth Coordination for (25)  consists of two Bi4(μ3-)2(TFA)9Ag(tol)2 components each of 

which share two TFA
-
 units with an adjacent Bi4(μ3-O)2(TFA)9Ag(tol)2 unit (Fig. 3.15A). The 

four shared TFA
-
 ligands are arranged in a paddlewheel configuration (Fig. 3.15B).Toluene 

binds in a π fashion to the end Bi atoms as in (23) but in a much stronger way.  

Table 3.26: Selected bond lengths for (24) 

 

    

 

 

Selected bond lengths (˚A) 

Bi1-O81 2.74(1) Bi1-O82 2.581(7) 

Bi1-O300 2.31(1) Bi1-O944 2.204(9) 

Bi1-O811 2.76(1) Bi1-O100 2.57(1) 

Bi1-O400 2.404(7) Bi1-O944 2.36(1) 

Bi2-O32 2.326(8 Bi2-O81 2.88(1) 

Bi2-O91 2.38(2) Bi2-O200 2.14(1) 

Bi2-O300 2.24(1) Bi2-O420 2.372(8) 

Bi2-O103 2.719(9)   
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Table 3.27: Selected bond angles (˚) for (24) 

Selected bond angles (˚) 

O81-Bi1-O82 48.8(3) O81-Bi1-O300 75.0(4) 

O81-Bi1-O944 113.8(3) O81-Bi1-O811 100.2(3) 

O81-Bi1-O100 107.6(3) O81-Bi1-O400 111.0(3) 

O81-Bi1-O944 170.4(3) O82-Bi1-O300 94.2(4) 

O82-Bi1-O944 77.3(3) O82-Bi1-O811 110.5(3) 

O82-Bi1-O100 69.7(3) O82-Bi1-O400 159.5(3) 

O82-Bi1-O944 131.6(3)  

 

 

 

 

 

 

       

 

 

 

                 A 

 

 

B 

 

Fig.3.15. ORTEP diagram for (25). Thermal ellipsoids given at 50% occupancy; fluorine and 

tolyl carbon atoms displayed in ball-and-stick-representation. A) Full molecule B) Molecular 

skeleton 
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          Table 3.28: Selected crystallographic data for Compounds (25) and (26) 

 (25) (26) 

Chemical formula C39H24AgBi4F27O20 C30H15AgBi2F18O13P 

Mr 2269.37 1482.22 

Crystal system, Triclinic Triclinic 

space group P-1 P-1 

a, (Å) 14.095 (6) 9.388 (2) 

b, (Å) 14.191 (5) 12.543 (3) 

C, (Å) 15.857 (6) 18.378 (5) 

α (°) 71.504 (12) 85.071 (8) 

Β (°) 81.776 (10) 81.096 (7) 

γ(°) 80.702 (12) 71.049 (5) 

V (Å
3
) 2954 (2) 2020.5 (8) 

Z 2 2 

Rint 0.036 0.046 

R[F
2
 >2(F

2
)], wR(F

2
), S 0.059,  0.163,  1.09 0.036,  0.086,  1.11 

GOF 1.084 1.112 

 

 

 

 

A 
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B 

Fig.3.16.  ORTEP diagram for (26). Thermal ellipsoids given at 50% occupancy; fluorine and 

tolyl carbon atoms displayed in ball-and-stick representation. A) Monomeric Unit B) Polymer 

chain (n = 3) 

The Bi–C arene distances for (25) are relatively short, and point to significant Bi lone pair–

arene π interactions. The average distances for (25) and other representative bismuth arene 

complexes are given in Table 3.29. The work of Jones et al., [13] and Sharutin et al., [24] is 

of special significance as they have reported similar oxido clusters that also show close 

interactions for electron-withdrawing fluorine-containing ligands  

Compound (25) consists of discrete, nonpolymeric molecules and is one of the only a 

handful of Bi8 clusters. It is also the first  discrete molecule to feature the edge-on 

combination of two Bi4(μ3-O)2 units [12,30–32]. A distinction is made between hinge and 

wingtip core bismuth atoms for structural clarification, as delineated in Fig. 3.17. 

O Biwingtip

Bihing

Bihing

OBiwingtip

 

Fig.3.17. The structure for typical Bi4(μ3-O)2 oxo core 
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Table 3.29:  Bi-C arene distances for (25) & (26) and reported Bi-arene compounds 

Compound 
Bi-C Centroid 

Distance (Å) 
Reference 

25 2.997(1) This work 

26 2.889(1) This work 

[Bi(CH2C6H4-2 –Cl)3]2 3.659 Auer et al.[27] 

[Bi(OC6H2-{CH2}-2-But- 

3,5)3N]2•(C7H8) 
3.263(4) Turner et al.[23] 

Bi(O-2,6-
i
Pr2C6H3)3 3.146 Kou et al.[28] 

Bi[O-2,6- 

(CH2C6H5)2C6H3]3 
3.341 Kou et al.[28] 

[
t
BuN(CH2C6H4)2BiPh] 3.07(2) Schier[29] 

[{Bi(OC6F5)2(C7H8)}2]•2η
6
- 

C7H8 
2.96(4) Jones et al.[24] 

Bi4(μ3-O)2(O2CC6H2F3- 

3,4,5)8•2C6H6 
3.024 Sharutin et al.[13] 

 

The compound (26) may also be viewed as built from Bi4(μ3-O)2  units, but in this case the 

array is polymeric with Bi4(μ3-O)2(TFA)10{Ag(PPh3)}2 subunits (Figure 3.14). The polymeric 

chains are similar to those of compounds as reported by Loera et al., in which the charge on 

the [Bi4(μ3-)2(TFA)n]
(8–n)–

 anion is counterbalanced by a transition metal or quaternary 

ammonium cation [15]. The main difference between the two classes of polymer is that (26) 

has the cations directly complexed to the chain, although they are not part of the metal oxido 

core, whereas the previous examples have discrete cations that are well separated from the 

polymer chain.   

 The Σ(Bi–Ooxide–Bi) values for most of the Bi4O2 cores in the known compounds 

indicate a nearly planar arrangement (~360°), therefore, most of these clusters are symmetric 

(Table 3.30). However, some twisting and puckering can occur in the core, leading to 

deviations as for (25), which shows one planar and one pyramidal oxido ligand per Bi4 unit. 

The oxido unit nearest to the Ag
+
 atoms is less planar than the oxido unit towards the ends of 

the cluster. A planar Bi4(μ3-O)2 core would suggest some π donation of the additional electron 

pair from the central O
2–

 ligand to the bismuth atoms. In compound (25), one wingtip Bi atom 

is involved in the dimerization, and the oxido ligand attached to this Bi is significantly 

nonplanar. This arises from the high coordination number of that wingtip Bi atom, which is 
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also bound by six TFA
– 

ligands at distances ranging from 2.305 to 2.842 Å to give an overall 

heptacoordinate metal center. In contrast, the end wingtip Bi atoms are pentagonal pyramidal 

with the oxido ligands in the apical position. There are three η
1
-carboxylate and one η

2
-

carboxylate ligands occupying the five pentagonal sites for these bismuth atoms. Other 

heterometalic  Bi4(μ3-O)2 compounds such as Na[Bi4(μ3-O)2(OC6F5)9(C4H8O)2] [12]and 

Li2[Bi4(μ3-O)2[O-2- (CH2CH=CH2)C6H4]10] [28] exhibit distortion of the core due to the 

effects caused by the presence of non-bismuth metal ions that bind to the oxido ligands, 

which causes distortion from planarity [26,33,34].  A comparison of the Bihinge–O and 

Biwingtip–O distances for similar compounds has been illustrated in Table 3.30.  

 Table 3.30:  Bihinge-O and Biwingtip-O Distances for Representative Bi4(μ3-O)2 Units 

Compound Av. Bihinge-Ooxide (Å) 
Av.Biwingti

p-Ooxide(Å) 

Σ(Bi-Ooxide-Bi), 

(°) 
Refr. 

(25), Terminal Oxide 2.112 2.185(4) 359.04 
This 

work 

25), Inner Oxide 2.141 2.17(3) 348.53 
This 

work 

(26) 2.160(6) 2.097 359.55 
This 

work 

[Bi4(μ3-O)2(HO-2C6H4CO2)8]•2MeCN 2.206(111) 2.085 359.24 [9] 

Bi4(μ3-O)2(OCH(CF3)2)2(μ 

OCH(CF3)2)2(tol)]2 
2.159(7 2.091 358.62 [10] 

Bi4O3(NO2C8H4O4)3(H2O)•(H2O)0.68 2.262(290) 2.214(35) 358.62 [11] 

Bi8(μ4-O)2(μ3-O)2(μ-OC6F5)16.3.37 

(CH2Cl2)•2(H2O) 
2.188(8) 2.139 337.86 [12] 

Bi4C77H102Br6O8 2.201(49) 2.063 356.61 [28] 

Bi4(μ3-O)2(O2CC6H2F3-3,4,5)8•2η
6
-

C6H5CH3 
2.198(111) 2.094 355.72 [29] 

Bi4(μ3-O)2(O2CC6H2F3-3,4,5)8•2η
6
-

C6H6 
2.195(113) 2.083 356.10 [14] 

Bi4(μ3-O)2(O2CC6H2F3- 

3,4,5)8•2C6H3Me2-1,4 
2.200(107) 2.089 356.45 [14] 

 

In all of these compounds, the Bi–Ooxide distances are considerably shorter (ca. 2.15–2.26Å) 

than those of the carboxylate oxygen atoms. The compound (27) is a polymer consisting of 

zigzag tetrabismuth units polymerized through a long Bi–O distance of 2.845(6) Å between 

O22 and Bi1 of a neighboring unit (Fig. 3.18). The tetrabismuth units are centrosymmetric 

dimers of a Bi2(TFA)6(TFAH)(tol) unit related by an inversion center between Bi2/Bi2A. The 
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Bi2 possesses octahedral coordination geometry, while Bi1 exhibits more typical distorted 

pentagonal-pyramidal coordination geometry. Interestingly, the toluene coordinates Bi2 at a 

distance of 2.889(1)Å, shorter than the terminal Bi–arene interactions for compound (25), 

perhaps indicating additional electron withdrawing effects arising from the increased number 

of TFA
–
ligands per Bi atom relative to the compound (25). 

 

Fig.3.18.  Structural plot for (27). Thermal ellipsoids are given at 50 % Occupancy. 

Two other bismuth trifluoroacetate-trifluoroacetic acid complexes have been reported 

[35,36], these include; [Bi(TFA)3(TFAH)]n and [Bi4(TFA)12(TFAH)3(NCMe)(MeCO2H)] 

both having similar polymeric structures.The silver atoms in both the structures are in 

tetrahedral coordination environments, typical of Ag
+ 

ion. This assumes that the toluene 

ligands in (25) are bound in an η2 fashion, counting the π bond as a single ligand. The Ag
+
 

forms two bonds each to carboxylate oxygen and two bonds each to the arene rings of two 

toluene molecules as in case of (25). The silver ion in (26) binds to one carboxylate oxygen 

atom each of three TFA
–
 ions and the phosphorus atom of PPh3, forming a distorted 

tetrahedron. This difference in bonding could account for the Ag:Bi ratio in the crystalline 

products, as the silver ion in (26) is bound to three carboxylates and thus can bond strongly to 

both ―hinge‖ ends of the Bi4 core, whereas the bonds taken up by toluene in (25) ensure that 

silver can bind to only two carboxylates, a weaker  interaction  with the bismuth carboxylate 

core than the silver experiences for (26). 

This may explain why only one silver ion is found per Bi4 unit for (25) rather than 

two Ag
+
 per Bi4 unit. The Ag-O carboxylate bond distances for (25) & (26) are compared in 

Table 3.31. The interaction between the silver ion and the aromatic rings of toluene as for 

(25) is one of very few examples of Ag–π bonding within a larger cluster framework. Some 

Ag–C aromatic distances for both bonded and nonbonded interactions for a variety of 
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molecules as reported in the literature in comparison to presently reported work have been 

illustrated in Table 3.32. The Ag adopts η2
 
coordination to the bounded toluene ligands at 

distances comparable to these examples 

  Table 3.31: Ag-O carboxylate bond lengths for (25) & (26) 

 25 26 

Ag-O[Å] 2.676(9)(Ag1-O12) 

2.45(1)(Ag1-O22) 

 

2.445(Ag1-O31) 

2.285(Ag1-O12) 

2.596(Ag1-O21) 

Avg. Ag-O[Å] 2.5629161) 2.442(156) 

 

The compound (25) grows as large, colorless blocks from toluene. Analysis of the initial 

crystals found them to adopt orthorhombic space group Pbca. However, after three weeks, all 

the crystals tested had adopted the triclinic space group P-1 suggesting that the crystals 

regrow with more efficient packing having less lattice solvent as a function of time. The 

molecular structure was essentially identical for both crystal systems as shown in Table 3.28. 

  Table 3.32: Ag-C arene interaction distances for (25) as those mentioned in literature 

Compound Avg. Ag-C Distance(Å) Reference 

η2  (centroid) 

25 (Ag1) 2.41(2) (centroid) This work 

[Ag{(p-C6H4CH2CH2)2}] 2.385(7) (centroid) .[37] 

{[Ag(C30H22N2O3)](BF4)•CH3OH} 2.34 (centroid) [38] 

{[Ag][C24H27N(OCF3SO2)]}•CH2Cl2 2.46 (centroid) [39] 

η3 (mean) 

{[Ag][C24H27N(OCF3SO2)]} •CH2Cl2 2.71(21) [39] 

{[Ag2C48N2S2](CF3SO3)2}•0.5H2O 2.68(14) [39] 

[Ag7(C6H5CH2NMe3)(C2)(CF3CO2)6]n 2.710(215) [40] 

η6 (centroid) 

{Ag[(C6H3)2{(CH2)4S}3] }  2.92(centroid) [41] 

{[AgC46H46N2P2]ClO4} 2.790 (centroid) [42] 

 

The decrease in amount of lattice solvent is reflected in the molecular volumes. For the 

orthorhombic system having a unit cell volume of 25168.88 Å
3
, the molecular volume is 

3146.11 Å
3 

for Z = 8
 
whereas for the triclinic system cell volume is 2954.06 Å

3
 for Z = 1. 

Thus, the molecular volume decreases by approximately 192 A
3 

from the monoclinic to 

triclinic structure, which corresponds closely to one molecule of lattice toluene per {[Bi4-(μ3-

O)2(TFA)9Ag(tol)2]2} considering the C7H8 molecular volume to be 146 A
3
, as found 
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experimentally by Andre et al. [43]. This also agrees with the crystallographically identified 

lattice toluene in the orthorhombic form. The triclinic system contains no lattice toluene or 

voids and exhibits an extended π-stacking network between bismuth bound toluene (C11X) 

and silver-bound toluene C13X of another {[Bi4(μ3-O)2(TFA)9Ag(tol)2]2} molecule. There is 

an additional set of interactions between the other silver-bound toluene, C12X, with the 

corresponding C12(X) ring of a neighboring molecule (Fig. 3.19). Thus, each {[Bi4(μ3-

O)2(TFA)9Ag(tol)2]2} molecule interacts with adjacent molecules through each of its bound 

toluene ligands. Both sets of interactions can be described as parallel-displaced π stacking 

and for the C11X and C13X ring interactions, the centroid–centroid distance is 4.386 Å, for 

the C12X  ring interactions, the centroid–centroid distance is 4.063 Å, which are consistent 

with the literature values [44–46]. Thus, the crystallographic transition for the differently 

observed unit cells can be ascribed to the more efficient packing of the {[Bi4(μ3-

O)2(TFA)9Ag(tol)2]2} units due to the creation of a π–π stacking network between the bound 

toluene rings. 
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Fig.3.19. The π-π Stacking for (25). Thermal ellipsoids are shown at 50% occupancy; 

fluorine and tolyl carbon atoms displayed in ball-and-stick representation. (A) Ag(tolyl 13X) 

interactions with Bi(tolyl 11X) (B) Ag(tolyl 12X) interactions with Ag(tolyl 12X)  

The compound (28) crystallizes with a cobalt counteraction coordinated to a pair of tripodal 

ligands, [Co{HC(MeCO)2(MeCNH)}2]
3+

 (Fig. 3.12). The O and NH positions of the cation 

were disordered and refined as a statistical mixture of 2/3 O and 1/3 NH at each site. The H 

atom was included in calculated positions at 1/3 occupancy on each of these sites. The 

[Bi(NO3)6]
3−

 has not been previously observed. It possesses non crystallographic C2 

symmetry with four bidentate and two monodentate nitrate ligands. Additionally, the average 

Co−(N,O) bond distances for (28) is 1.913(6)Å. Similar coordinating ligands have also been 

synthesized following the β-enaminodione structure, but bound to metals at only one imino 

and one carbonyl site, as opposed to the tridentate bonding as observed in our case [47]. The 

molecular structure is shown in Fig. 3.18 while selected crystallographic data and refinement 

parameters for (28) are summarized in Table 3.33. 
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Fig.3.20. The molecular structure for the cation (A) and anion (B) in 

[(HC{MeCO}2{MeCNH})2Co][Bi(NO3)6] 
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 Table 3.33: Selected crystallographic data and refinement parameters for (28) 

Compound (28) 

Chemical Formula C20H20BiCoN6O20 

Formula Mass 932.33 

Crystal System , Å
3
 Monoclinic, 3001.2(19) 

a/ Å, b/ Å, c/ Å 18.840(7), 8.96(3, 19.456(7) 

α/°, β/°, γ/° 90, 114.020(4), 90 

Temperature/K 451 

Space Group C 2/c 

Number of formula unites per cell/Z 4 

Number of reflections measured 18622 

Numbers of independent reflections 4856 

Rint 0.0363 

Final R1 values (I>2σ>(I)), Final wR(F
2
 ) values (I>2σ>(I)) 0.0386, 0.0871 

Final R1 values (all data), Final wR(F
2 
) values (all data) 0.0489, 0.0983 

    Table 3.34: Selected bond lengths for (28) 

Selected bond lengths (Å) 

Bi(1)-O(21) 2.414(3) 

Bi(1)-O(12) 2.518(3) 

Co(1)-O(1) 1.924(3) 

Bi(1)-O(31) 2.555(4) 

Co(1)-O(3) 1.912(3) 

Bi(1)-O(32) 2.757(4) 

    Table 3.35: Selected bond angles for (28) 

Selected bond angles (˚) 

O(21)-Bi(1)-O(21) 71.63(15) O(12)-Bi(1)-O(32) 104.33(13) 

O(21)-Bi(1)-O(12) 71.92(11) O(31)-Bi(1)-O(32) 47.73(13) 

O(21)-Bi(1)-O(12) 69.63(10) O(31)-Bi(2)-O(32) 109.14(13) 

O(12)-Bi(1)-O(12) 132.09(15) O(11)-Bi(2)-O(32) 68.47(13) 

O(12)-Bi(1)-O(31) 124.75(12) O(11)-Bi(2)-O(32) 72.00(14) 

O(31)-Bi(1)-O(31) 156.10(17) O(1)-Co(1)-O(1) 180.0 

O(21)-Bi(1)-O(11) 102.83(11) O(1)-Co(1)-O(2) 91.67(14) 

O(21)-Bi(1)-O(11) 115.87(11) O(1)-Co(1)-O(2) 88.33(14) 

O(12)-Bi(1)-O(11) 49.69(11) O(2)-Co(1)-O(3) 88.72(14) 

O(12)-Bi(1)-O(11) 167.60(11) O(2)-Co(1)-O(3) 91.28(14) 
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3.3. Biological Screening of Organobismuth(V) Biscarboxylates 

With increase in awareness about environment safety, bismuth may find many other 

applications ranging from synthesis to engineering. Therefor due to these striking features 

bismuth has earned an overwhelming interest from scientific group from all over the world 

including our group. We felt highly motivated to explore chemistry of this green element in 

some more detail. For this purpose we synthesized a number of bismuth compounds and 

studied their medicinal as well as their structural aspect in much more detail and the work 

done with all its manifestations has been presented in this dissertation.     

3.3.1. Antibacterial activity 

In vitro biological screening tests of the synthesized ligands metals complexes (1-21) were 

carried out against gram-positive [Bacullus subtillis (ATCC 6633)] and  gram-negative 

bacteria [Escherichia coli (ATCC 15224), Klebsiella pneumonia]. The results are shown in 

Table 3.34 and Cefixime was used as positive control.  

The antibacterial data suggest that all the synthesized complexes are significantly 

active against garm positive bacteria (Bacillus subtilis) and inactive against gram negative 

bacteria (Escherichia coli), the data is presented in Table 3.36. 

 

Fig.3.21. Antibacterial data for (1-21) 
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  Table 3.36: Antibacterial data
a,b 

for (1-21) 

Zone of inhibition (mm) at 50 ug/disc 

Compound 

No. 

Bacillus 

subtilis 

Klebsiella 

pneumoniae 

Compound 

No. 

Bacillus 

subtilis 

Klebsiella 

pneumoniae 

1 12 10 12 11 0 

2 15 0 13 9 9 

3 14 0 14 14 8 

4 14 8 15 10 10 

5 14 0 16 13 0 

6 11 9 17 10 9 

7 18 13 18 12 0 

8 16 10 19 12 0 

9 11 10 20 18 9 

10 20 11 21 10 0 

11 15 7 cefixime 17 13 

           a
In vitro, disc diffusion method, conc. 10 mg/mL of DMSO, inhibition zone in mm. 

       
b
Reference drug, Cefixime.  
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3.3.2. Antifungal activity 

The fungicidal data is presented in Table 3,37 which clearly demonstrate that the compounds 

(5, 10)  are significantly active against A.niger, compound(10) against against Alternaria 

solani, (7,10) are significantly active against Aspergillus fumigatus while many other show 

good activity as compared to the standard drug. As the data suggests, some of these 

synthesized compounds may have potential to be investigated further for their role to act as 

antimicrobial drug.  

 

Fig.3.22. Antifungal data for (1-21) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0

5

10

15

20

25

Zo
n

e 
o

f 
in

h
ib

it
io

n
  5

0
 µ

g/
d

is
c 

(m
m

) 
 

A.niger A.flavus Solani Fumigatus



97 
 

                     Table 3.37: Antifungal data
a,b

 for (1-21) 

Compd. no A.niger A.flavus A.Solani A.Fumigatus 

1 0 7 0 10 

2 13 13 13 16 

3 11 14 12 13 

4 10 8 9 15 

5 15 15 15 16 

6 10 6 13 16 

7 13 13 13 18 

8 10 9 15 17 

9 0 10 13 13 

10 15 10 18 20 

11 7 7 14 16 

12 7 0 10 14 

13 7 10 11 10 

14 0 9 11 16 

15 9 0 15 16 

16 11 13 15 14 

17 6 10 15 16 

18 7 9 13 13 

19 0 9 13 12 

20 0 10 11 15 

21 6 12 15 15 

Clotrimazole 13 15 15 17 

a
In vitro, disc diffusion method, conc. 10 mg/mL of DMSO, Growth inhibition in (mm) 

b
Reference drug, clotrimazole 

3.3.3. Antileishmanial activity 

The leishmanicidal activity of the metal complexes (1−21) against pathogenic leishmania was 

evaluated and the data is presented in Table 3.38. 

 Some of the complexes (8, 9, 13, 19) exhibit the significant antileishmanial activity 

which may be due to disturbance induced by them in the function of parasitic mitochondria. 

So these compounds can be put under laboratory trials to evaluate the potential be used as a 

drug for treatment of leishmaniasis. 
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Fig.3.23. Antileishmanial data for (1-21) 

                Table 3.38: Antileishmanial data 
a, b, c, d 

for (1-21) 

Compd. No. Zone of inhibition (mm) at 20 ug/mL 

1 71 

2 79 

3 73 

4 75 

5 89 

6 85 

7 95 

8 76 

9 80 

10 82 

12 78 

13 85 

14 76 

15 86 

16 76 

17 79 

18 81 

19 93 

20 67 

21 84 

Amphotericin B 100 

a
Test organism: Leishmania tropica, 

b
Standard drug: Amphotericin B 

c
Incubation period: 72 h, 

d
Incubation temperature: 25 

o 
C 
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3.3.4. Enzyme inhibition study 

Protein kinase inhibition assay for (1-21) shows a varying degree of inhibition and produced 

the zones of inhibition ranging from 9±0.41 to 22±0.51mm and the data is given in Table 

3.39. 

 

Fig.3.24. Protein kinase inhibition data for (1-21) 

          Table 3.39: Protein kinase inhibition data for organobismuth(V)derivatives (1-21) 

Protein Kinase Inhibition assay 

Zone of inhibition (mm)  10 µg/disc 

Compound No. 
Zone of inhibition (mm) 

at 50 ug/disc 
Compound No. 

Zone of inhibition (mm) 

at 50 ug/disc 

1 17±0.41 12 10±0.49 

2 10±0.52 13 12±0.32 

3 12±0.32 14 15±0.43 

4 11±0.42 15 9±0.41 

5 16±0.42 16 10±0.42 

6 9±0.41 17 11±0.23 

7 22±0.51 18 10±0.34 

8 18±0.56 19 17±0.43 

9 15±0.34 20 10±0.34 

10 19±0.34 21 16±0.34 

11 10±0.32 Surfactin 23±0.55 
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                                                                                Chapter 4 

Carboxylates; Synthetic Application Organogermanium     

                                                                                                                                                

Main group metals including bismuth, tin, antimony and germanium have found special 

attention in synthetic chemistry due to their striking features and enormous applications in 

different fields of science. Unlike transition metal risk of drug toxicity is lower in main group 

metals [1]. In other words while acting as anticancer agent; transition metals destroy normal 

cells of body as well while such chances are much lower in main group metals as they are 

less toxic to human body. Literature reports suggest bismuth as most prominent among main 

group metals followed by germanium in terms of toxicity. Compounds of bismuth have 

already been discussed in previous part of the thesis. The compounds of germanium have also 

gathered much attention of scientists from all over the world. Germanium is an important 

ingredient of many Chinese medicines which possess significant pharmacological importance 

[2,3]. Germanium compounds are classified into two categories that contain inorganic and 

organic. Many studies suggest that organic germanium possess very important properties like 

lower toxicity, oxidative damage inhibition and good anticancer activities [4,5]. Several 

germanium based compounds have been synthesized and their biological potential have been 

evaluated [6,7]. Among several organogermanium compounds reported in literature, 

organogermanium sesquioxide with Resveratrol(RSV-Ge) holds special attention due to its 

prominent anti-oxidant activity [8].  In organogermanium compounds Ge-C bond possess a 

very unique structural aspect. Transfer of electrons between Ge  and free radical is 

comparatively very easy which is an advantageous factor for free radical scavenging activity 

of organogermanium compounds to reduce oxidative damage [9,10]. This idea promoted us 

to testify their role as catalyst for the synthesis of a very important class of sulphur containing 

compounds, 3, 4-dihydropyrimidin-2(1H)-thiones. 

Thiones, in particular 3,4-dihydropyrimidin-2(1H)-ones/thiones have been reported to 

possess remarkable pharmacological applications such as antiviral, antibacterial,  

antihypertensive, anti-inflammatory, anticancer activity and can act as calcium channel 

modulators as well as multi drug resistance reversal [11,12]. The ring system of pyrimidine, 

being present in many biomolecules such as vitamins and nucleic acids, plays an important 

role in various biological processes [13]. Keeping in view these aspects, their synthesis has 

become the focus of great interest for organic and medicinal chemists [14]. Pietro Biginelli 

reported the acid catalysed cyclocondensation reaction of ethyl acetoacetate, benzaldehyde 

and urea, and the novel product (3,4-dihydropyrimidin-2(1H)-thione) was acquired by simply 
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heating a mixture of the three components in ethanol using a catalytic amount of HCl at 

refluxing temperature [15]. Unfortunately, the synthetic potential of this new heterocyclic 

compound stayed uncharted for quite some time till the 1980s. Synthesis of many other 

heterocyclic scaffolds has also been attributed to these quite flexible precursors [[16,17]. One 

of the major drawbacks associated with Biginelli condensation is low products yield (30–

35%). In recent years, several methods to improve the yield using ZrCl4 [18] , SiO2/H2SO4 

[11], granite [19], trichloroisocyanuric acid [20], copper(II) sulfamate [21], Nafion-H [22], p-

sulfonic acid calixarenes [23] and [Al(H2O)6](BF4)3] [24] have been reported in the literature. 

To overcome the problems associated with the reported methodologies there is a need for a 

simple and efficient method to synthesize dihydropyrimdin-2(1H)-thiones under mild 

conditions. Hence this study was undertaken to asses an easy one step reaction for the 

synthesis of series of substituted 3, 4-dihydropyrimidin-2(1H)-thiones in a much cleaner way 

with higher yield of the product. 

4.1. Synthesis 

(a)Various synthetic methodologies have been proposed and practiced in literature for thiones 

synthesis using different catalytic systems. The one mentioned in Scheme 4.1 represent the 

use of covalently anchored sulfonic acid onto silica as catalytic system for synthesis of a 

variety of substituted thiones [25]. 

R

H

O
H2N NH2

S

stirring at 80ºC
7-12hr N

H

NH

X

R

1 2 3

Catalyst 1

4

O

O

O

H

O

O

 

Catalyst 1= SO3H 

X= S 

R=C6H5, 4-MeOC6H4, 4-ClC6H4, 4-NO2C6H4, 4-MeOC6H4 

Scheme 4.1 

(b) Use of three set of different reaction conditions as modification of Biginelli reaction 

produce high yield of product (thiones)  using catalytic amount of cerium (III) chloride. 

Cerium (III) chloride was applied to reaction mixture under solvent fee and solvent mediated 

reaction system as shown in Scheme 4.2. All these three reaction systems provided higher  

product yield specially the one using solvent free reaction system [26].    
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O R1

O2CHR2

O

H2N NH2

S

EtOH or H2O N
H

NH

X

R

R2O2C

R1

1 2 3

CeCl3.7H2O

4

X = S

R =  4-(NCH3)2-C6H4, 3,4-(OCH3)2-C2H3

R1= CH3

R2= CH3, C(CH3)3
 

Scheme 4.2 

4.2. Characterization of 3,4-dihydropyrimidin-2(1H) thiones 

Many approaches have been proposed in literature for the synthesis of of 3,4-

dihydropyrimidin-2(1H) thiones that include classical methods, microwave irradiation 

methods and methods involving use of protic acids as well as lewis acids/lewis base [27–31]. 

Synthesis of 5-ethoxycarbonyl-4-phenyl-6-methyl-3,4-dihydropyrimidine-2-(1H)-thiones can 

be under taken either by conventional method (CM) or by microwave synthesis(MW). 

Synthesis by CM involves the reaction of benzaldehyde, ethyl acetoacetate and urea in 

presence of HCl/NH4Cl in methanol. These compounds synthesized by CM, possess IR peaks 

slightly different from one obtained by MW method. For example N-H peak for compound 

synthesized by CM appeared at 3330.38cm
-1

 while N-H peak for same compound synthesized 

by microwave method appeared at 3329.99cm
-1

.  C-Haliphatic , C=N for CM synthesis appeared 

at 2981.2 and 1371.6 cm
-1

 while for MW method they appeared at 2981.3 cm
-1

 and 1371.6 

cm
-1

 respectively. C=S peak for conventional method and microwave method appeared at 

almost same frequency that is around 1284cm
-1

. In 
1
H NMR, resonance for NH appeared at 

9.2 ppm for both methods [32]. 

 A series of substituted 3,4-dihydropyrimidin-2(1H)-thione were synthesized by 

Elmaghraby et al., [19] and were confirmed by H
1
NMR with appearance of NH peak at 

7.47ppm. These synthesized compounds were used for syntheses of some new derivative 

having S-CH3 bonding as shown in Scheme 4.3 whose confirmation was authenticated by 

absence of NH peak in proton NMR spectra of the representative compounds. 
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Experimental                                                           Chapter 5 

5.1. Materials & Instrumentation 

Glass apparatus with standard quick fit joints were used throughout the work after cleaning 

and drying at 120
o
C. Cinnamic acid, substituted anilines and potassium thiocyanate used in 

present research work were procured from Sigma Aldrich Chemical Company (USA). The 

solvents Acetone, dichloromethane and chloroform were obtained from Merck Chemicals 

(Germany). All solvents were purified before use according to the literature [1,2]. 

 Melting points of all the synthesized compounds have been determined in open 

capillary tubes by using a Gallenkamp apparatus (MP-D) UK and were uncorrected. The IR 

spectra of the synthesized complexes were obtained on Thermo Nicolet-6700 FT-IR 

Spectrophotometer in the range of 4000–400 cm
-1

. Elemental analyses (C, H, N, S) were 

performed at Galbraith Laboratories Germany. The 
1
H NMR spectra were recorded on a 

Bruker spectrometer at 300 MHz in CDCl3 and (D3C)2CO respectively. The 
13

C NMR spectra 

were recorded on a Bruker spectrometer at 75 MHz in deuterated CDCl3 and (D3C)2CO 

respectively. Single crystals of (29-32, 35) were resolved on a Bruker Kappa APE XII CCD 

diffractometer equipped with graphite mono-chromated MoKα radiation (λ = 0.71073 °A) 

and processed using SHELXL-97 [3] and plotted with ORTEPII [4].  

5.2. Synthesis 

General procedure employed for the synthesis of the target compounds (29-36) is as follows; 

Thionyl Chloride (1ml) was added to 0.09 g (0.2 mmol) of 3-triphenylgermyl-3-

phenylpropanoic acid (5 mol%) and stirred for two hours at 80
0
C. Potassium thiocyanate 0.35 

g (4.0 mmol), dissolved in 30ml dry acetone was then added drop wise and the solution was 

refluxed for 5–10 minutes and cooled. Afterwards 4.0 mmol of the respective substituted 

aniline was added and reaction mixture was stirred for an additional one hour. Progress of 

reaction was monitored through TLC technique. The reaction mixture was poured into a 

beaker containing crushed ice and stirred well. The solidified product was isolated and dried. 

Pure product was obtained by solvent extraction technique using chloroform/water mixture 

(thrice). Organic layer was collected and dried over MgSO4, and after filtration left for 

crystallization to obtain the target compounds (29–36). 
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5.2.1. 1-(4-Methoxy-2-nitrophenyl)-4,4,6-trimethyl-3,4-dihydropyrimidine-2(1H)-thione 

(29) 

Quantities of all the chemicals used; 0.65 g (4.0 mmol) 2-nitro-5-methoxyaniline to produce a 

pale yellow crystalline solid (yield; 96%): mp 220–222
o
C; IR  ṽ (cm

-1
): 3211 (N–H), 3020 

(C–Haromatic), 2876 (C–Haliphatic), 1552 (C=S). 
1
H NMR (300 MHz, d-CDCl3, ppm) δ: 7.59–

7.58 (d, 1H, J ¼ 3 Hz, ArHf), 7.33–7.27 (m, 1H, ArHi), 7.20–7.19 (d, 1H, J=3 Hz, ArHg), 

7.01 (s, 1Hd), 4.88– 4.89 (m, 1Hc), 3.92 (s, 3Hh), 1.57 (s, 3He), 1.43 (s, 3Ha), 1.37 (s, 3Hb). 

13
CNMR (75 MHz, d-CDCl3, ppm) δ: 177.0, 159.6, 147.5, 141.4, 133.7, 131.6, 127.6, 119.5, 

109.8, 56.0, 52.8, 31.9, 31.5, 20.3. Anal. calc.(%) for C14H17N3O3S (307.37): C, 54.71; H, 

5.57; N, 13.67; S, 10.43. Found: C, 54.65; H, 5.56; N, 13.75; S, 10.41. 

5.2.2. 1-(2-Fluorophenyl)-4,4,6-trimethyl-3,4-dihydropyrimidine-2(1H)-thione (30). 

Quantities of all the chemicals used; 0.44 g (4.0 mmol) 2-fluoroaniline to produce pale 

yellow crystalline solid (yield; 90%): mp 192–194
0
C; FTIR (cm

-1
): 3196 (N–H), 2963 (C–

Haromatic), 2852 (C–Haliphatic), 1521 (C=S); 
1
H NMR (300 MHz, d-CDCl3, ppm) δ: 7.42–7.14 

(m, 4H, ArHf,g,h,i), 6.99 (s, 1Hd), 4.87–4.86 (m, 1Hc), 1.56 (s, 3He), 1.40–1.37 (m, 6Ha,b); 
13

C 

NMR (75 MHz, d-CDCl3, ppm) δ: 177.7, 133.9, 131.9, 130.4, 128.5, 124.2, 124.1, 116.1, 

109.6, 52.5, 31.3, 31.2, 19.9. Anal. calc. (%) for C13H15FN2S (250.34): C, 62.37; H, 6.04; N, 

11.19; S, 12.81. Found: C, 62.32; H, 6.00; N, 11.24; S, 12.79.  

5.2.3. 1-(2-Chloro-5-nitrophenyl)-4,4,6-trimethyl-3,4-dihydropyrimidine-2(1H)-thione 

(31).  

Quantities of all the chemicals used; 0.70 g (4.0 mmol) 2-chloro-5-nitroaniline to produce a 

pale yellow crystalline solid (yield; 90%) mp 199–201
0
C; FTIR (cm

-1
): 3207 (N–H), 3013 

(C–Haromatic), 2873 (C–Haliphatic), 1547 (C=S); 1H NMR (300 MHz, d-CDCl3, ppm) δ: 8.28–

8.20 (m, 2H, ArHf,g), 7.68–7.64 (d, 1H, J= 9Hz, ArHh), 7.36 (s, 1Hd), 4.92–4.91 (m, 1Hc), 

1.54 (s, 3He), 1.43 (s, 3Ha), 1.41 (s, 1Hb); 
13

C NMR (75 MHz, d-CDCl3, ppm) δ: 176.5, 

146.5, 141.6, 140.1, 139.5, 130.5, 127.6, 124.4, 110.2, 52.9, 31.7, 31.2, 20.0. Anal. calc. (%) 

for C13H14ClN3O2S (311.79): C, 50.08; H, 4.53; N, 13.48; S, 10.28. Found: C, 50.01; H, 4.51; 

N, 13.51; S, 10.30. 

5.2.4. 1-(2-Bromophenyl)-4,4,6-trimethyl-3,4-dihydropyrimidine-2-(1H)-thione (32). 

Quantities of all the chemicals used; 0.68 g (4.0 mmol) 2-bromoaniline to produce a pale 

yellow crystalline solid (yield; 90%) mp 170–172 
0
C; FTIR (cm

-1
): 3190 (N–H), 2954 (C–

Haromatic), 2851 (C–Haliphatic), 1517 (C=S), 
1
H NMR (300 MHz, d-CDCl3) δ: 7.65 (d, 1H, 
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J=7.8 Hz, ArHi), 7.46 (s, 1Hd), 7.39–7.37 (m, 1H, ArHg), 7.29–7.19 (m, 2H, ArHf,h), 4.85–

4.84 (m, 1Hc), 1.49 (d, 3He), 1.44 (s, 3Ha), 1.37 (s, 3Hb); 
13

C NMR (75 MHz, d-CDCl3, ppm) 

δ: 176.6, 140.0, 133.0, 132.3, 131.3, 129.8, 127.8, 124.9, 109.6, 52.7, 32.0, 31.3, 20.2. Anal. 

calc. (%) for C13H14-ClN3O2S (311.24): C, 50.17; H, 4.86; N, 9.00; S, 10.30. Found: C, 

50.16; H, 4.85; N, 9.06; S, 10.27. 

5.2.5. 1-(2-Mercaptophenyl)-4,4,6-trimethyl-3,4-dihydropyrimidine-2(1H)-thione (33). 

Quantities of all the chemicals used; 0.5 g (4.0 mmol) 2-aminothiophenol to produce a pale 

yellow crystalline solid (yield; 90%) mp 168–170
0
C; FTIR (cm

-1
): 3185 (N–H), 2944 (C–

Haromatic), 2850 (C–Haliphatic), 1515 (C]S); 
1
H NMR (300 MHz, d-CDCl3, ppm) δ: 7.67 (d, 1H, 

J= 6 Hz, ArHi), 7.54–7.52 (d, 1H, J ¼ 6 Hz, ArHf), 7.44 (s, 1Hd), 7.41–7.38 (m, 1H, ArHh), 

7.31–7.26 (t, 1Hg, J= 9Hz), 5.0 (s, 1Hj), 4.84–4.81 (m, 1Hc), 3.30–3.28 (d, 1H, J = 6 Hz), 

1.47 (d, 3He, J=3 Hz), 1.45 (s, 3Ha), 1.40 (s, 3Hb); 
13

CNMR (75 MHz, d-CDCl3, ppm) δ: 

177.1, 139.2, 134.0, 133.8, 129.1, 128.9, 128.5, 126.5, 109.6, 49.6, 32.4, 31.1, 20.0. Anal. 

calc. (%) for C13H16N2S2 (264.41): C, 59.05; H, 6.10; N, 10.59; S, 24.25. Found: C, 58.98; H, 

6.08; N, 10.61; S, 24.22. 

5.2.6. 1-(2,3,5-Trichlorophenyl)-4,4,6-trimethyl-3,4-dihydropyrimidine-2(1H)-thione 

(34). 

Quantities of all the chemicals used; 0.75 g (4.0 mmol) 2,3,5-trichloroaniline to produce a 

pale yellow crystalline solid (yield; 92%) mp 230–231
0
C; FTIR (cm

-1
): 3231 (N–H), 3032 

(C–Haromatic), 2883 (C–Haliphatic), 1560 (C=S). 
1
H NMR (300 MHz, d-CDCl3, ppm) δ: 8.35 (s, 

1Hg), 8.04–8.01 (m, 1Hf), 7.01 (s, 1Hd), 5.04–5.03 (m, 1Hc), 2.55–2.54 (d, 3He, J=3 Hz), 2.34 

(s, 3Ha), 2.31 (s, 3Hb); 
13

C NMR (75 MHz, d-CDCl3) δ: 179.0, 140.0, 139.3, 135.6, 138.8, 

131.0, 130.0, 129.8, 110.0, 54.1, 36.2, 35.3, 22.1. Anal. calc. (%) for C13H13Cl3N2S (335.68): 

C, 46.51; H, 3.90; N, 8.35; S, 9.55. Found: C, 46.46; H, 3.89; N, 8.37; S, 9.56. 

5.2.7 1-(2,4,6-Trichlorophenyl)-4,4,6-trimethyl-3,4-dihydropyrimidine-2(1H)-thione 

(35).  

Quantities of all the chemicals used; 0.75 g (4.0 mmol) 2,4,6-trichloroaniline to produce a 

pale yellow crystalline solid (yield; 92%) mp 237–238
0
C; FTIR (cm

-1
): 3231 (N–H), 3032 

(C–Haromatic), 2883 (C–Haliphatic), 1560 (C=S). 1H NMR (300 MHz, d-CDCl3, ppm) δ: 8.35 (s, 

2H, ArHf,g), 7.08 (s, 1Hd), 5.04–5.03 (m, 1Hc), 2.55–2.54 (d, 3He, J= 3 Hz), 2.34 (s, 3Ha), 

2.31 (s, 3Hb); 
13

C NMR (75 MHz,  d-CDCl3) δ: 178.5, 141.2, 138.9, 137.8, 132.0, 128.8, 
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111.0, 53.0, 36.1, 35.9, 23.6.  Anal. calc. (%) for C13H13Cl3N2S (335.68): C, 46.51; H, 3.90; 

N, 8.35; S, 9.55. Found: C, 46.44; H, 3.88; N, 8.39; S, 9.53.  

5.2.8. 1-(2-Chloro-4-nitrophenyl)-4,4,6-trimethyl-3,4-dihydropyrimidine-2(1H)-thione 

(36).  

Quantities of all the chemicals used; 0.70 g (4.0 mmol) 2-chloro-4-nitroaniline to produce a 

pale yellow crystalline solid (yield; 90%) mp 201–203 
0
C: FTIR (cm

-1
): 3219 (N–H), 3022 

(C–Haromatic), 2880 (C–Haliphatic), 1554 (C=S); 1H NMR (300 MHz, d-CDCl3, ppm) δ: 8.96 (s, 

1H, ArHh), 8.23 (d, 1H, J=6 Hz, ArHg), 7.68 (d, 1H, J =6 Hz, ArHf), 7.08 (s, 1Hd), 4.93–4.92 

(m, 1Hc), 1.55–1.54 (d, 3He, J=3 Hz), 1.45 (s, 3Ha), 1.42 (s, 3Hb); 
13

C NMR (75 MHz, d-

CDCl3) δ:: 176.5, 146.6, 141.9, 141.1, 139.5, 130.6, 128.0, 125.4, 110.2, 52.8, 31.6, 31.3, 

20.0. Anal. calc. (%) for C13H14ClN3O2S (311.79): C, 50.08; H, 4.53; N, 13.48; S, 10.28. 

Found: C, 50.02; H, 4.50; N, 13.50; S, 10.46. 
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5.3. Molecular Docking Studies  

5.3.1. Docking protocols 

The Genetic Optimization for Ligand Docking (Gold) was used to carry out molecular 

docking. Parameters were used using default settings and keeping receptor rigid. Active site 

residue His322 for 1E9Y and Met762 was selected for 4FM9 around which a grid of 10 °A 

was defined as binding site. Gold Score fitness function, assigned to each docked ligand was 

used to assess the results. Binding affinities of the used compounds were then calculated 

using AutoDock\Vina. Grid spacing of 1.0°A was used with a box size of 10×10×10 with xyz 

coordinates of active site centre. The best ligand was selected on the bases of Gold Score and 

binding energy values. 

5.3.2. Structure Selection and Preparation 

For molecular docking studies, structures were extracted from PDB data base having 

PDB:IDs (1E9Y) and (4FM9). These structures were then minimized using Chimera 1.8.1. 

5.3.3. Docking Studies 

GOLD was used for molecular docking studies as reported earlier [5].   

―This software utilizes a genetic algorithm for docking flexible ligands into protein binding 

sites to explore the full range of ligand conformational flexibility with partial protein 

flexibility [6].  The binding site definition should therefore be large enough to contain any 

possible binding mode of the ligand. In this work we specified the approximate centre of the 

binding site and atoms that lie within a specified radius of 10 °A. The standard default 

settings such as population size(100), selection pressure (1.1), niche size (2), and operator 

weights for migrate (0), crossover (100), number of operations (10 000), number of islands 

(1) and number of dockings 10 were adapted for docking process. These calculations were 

performed with GOLD5.1 on Intel Xeon Quad™Core processor 3.0 GHz Linux workstation 

running under open SUSE11.3‖ 

5.3.4. Molecular Dynamic Simulation 

Docked complex of compound (31) with 1E9Y and 4FM9 were simulated to obtained their 

detailed mechanistic and dynamics with respect to their targets. AMBER 14 simulation 

package was utilized [7]. Antechamber program was used to generate initial library and 

parameters for compound (31) and a non-standard residue KCX carbamylated lysine in 

1E9Y. Leap program helped in integration of docked complex into a TIP3P water box of size 
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12 °A with ff14SB force field describing the molecular interactions of the system. 10 Na+ 

and 5 Cl
- 
were added to hydrated complexes of 1E9Y and 4FM9 respectively to neutralize the 

system. The system energy were minimized gradually, first the hydrogen of the entire system 

were relax with 500 cycle of minimization; followed by minimization of water box with 

cycles of 1000 with a restraint of 200 kcal mol
-
1 °A

-2
. After that the system was minimized 

with 1000 cycles and a restraint of 5 kcal mol
-
1 °A

-2
 on carbon alpha atoms. Then all non-

heavy atoms were minimized using 300 cycles and restraint of 100 kcal mol
-1

 °A
-2

.  After 

performing minimization, system was heated to 300 K for 20 picoseconds (ps) with a time 

step of 2 femtoseconds (fs) and 5 kcal mol
-1

 ° A
-2

 restraints on carbon alpha atoms. 

Temperature was maintained using langevin dynamics with gamma ln value set to 1.0. 

SHAKE was applied for constraining bonds with hydrogen and NVT ensemble was selected 

for heating the systems. The molecule was then equilibrated for 100 ps with 2 fs time step, 

with SHAKE applied on hydrogen bonds and langevin dynamics for temperature scaling [8]. 

NPT ensemble was utilized with isotropic position scaling to maintain pressure. Carbon alpha 

positions were restrained by 5 kcal mol
-1

 Å
-2

. Same set of parameters were used for another 

50 ps, with an exception of reducing the restraint on carbon after every 10 ps by 1 kcal mol
-1

 

°A
-2

. The system was then allowed to equilibrate itself under same set of condition for 1ns. 

For production NVT ensemble was selected with Berendsen temperature coupling algorithm 

[9]. SHAKE was applied on hydrogen bonds and cut off value for non-bonded interaction 

was set to 8.0 
°
A. The production run was carried out for 50 ns on a time step of 2fs. The 

simulation trajectories were analyzed using ccptraj program of AMBER package and 

structural parameters like RMSD and RMSF were calculated. The trajectories were visually 

analyzed using VMD [10] and Chimera [11] and their depictions were captured using these 

tools. 
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Results & Discussion                                               Chapter 6 

6.1. Synthesis and Chemistry 

The designed 3,4-dihydropyrimidin-2(1H)-thiones (29–36) were synthesized in a one pot 

single step reaction using catalytic amount of triphenylgermyl propanoic acid and thionyl 

chloride. Excess of thionyl chloride was removed prior to addition of acetone. Stoichiometric 

amount of potassium thiocyantae was added and stirred for 30 minutes and then substituted 

aniline was added. Aqueous workup in acidified chilled water affords dihydropyrimidin-

2(1H)-thione (29–36) in excellent yields as explained earlier. All these compounds have been 

characterized by various analytical techniques, such as, elemental analysis, FT-IR, 

multinuclear (
1
H, 

13
C) NMR spectroscopy and X-ray single crystal analysis in addition to 

elemental analysis and meting point determination. 

 Following bismuth, germanium in the next prominent main group metal in terms of 

toxicity as well as diversity of applications. Our group has already synthesized a number of 

organogermanium compounds. So we focused our research not only to the synthesis of new 

bismuth compounds but in parallel we also tried to find some more applications of the 

already synthesized compounds. Many studies suggest that organic germanium possess very 

important properties like lower toxicity, oxidative damage inhibition and anticancer activities. 

In literature several germanium based compounds have been synthesized and their biological 

potential have been evaluated. We know that triphenylgermylpropanoic acid readily produces 

organogermane species on decomposition as evident from the mass spectral studies of our 

earlier reports. Moreover in organogermanium compounds the Ge-C bond possesses a unique 

structural aspect as transfer of electrons between Ge  and free radical is comparatively very 

easy which is an advantageous factor for free radical scavenging activity of 

organogermanium compounds to reduce oxidative damage. This idea gave us an impetus to 

testify their role as catalyst for the synthesis of a very important class of sulphur containing 

compounds, 3, 4-dihydropyrimidin-2(1H)-thiones. Keeping this aim in mind a detail strategy 

was checked out and a chain of reactions were undertaken that proved our supposition to be 

workable. Moving further, a much detailed effort was also made to propose a plausible 

mechanism for this reaction using triphenyl germane as catalyst.  

 Thiones, in particular 3,4-dihydropyrimidin-2(1H)-ones/thiones have been reported to 

possess remarkable pharmacological applications such as antiviral, antibacterial,  

antihypertensive, anti-inflammatory, anticancer activity and can act as calcium channel 
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modulators as well as multi drug resistance reversal [11,12]. The ring system of pyrimidine, 

being present in many biomolecules such as vitamins and nucleic acids, plays an important 

role in various biological processes [13]. Keeping in view these aspects, their synthesis has 

become the focus of great interest for organic and medicinal chemists [14]. Pietro Biginelli 

reported the acid catalysed cyclocondensation reaction of ethyl acetoacetate, benzaldehyde 

and urea, and the novel product (3,4-dihydropyrimidin-2(1H)-thione) was obtained by simply 

heating a mixture of the three components dissolved in ethanol with a catalytic amount of 

HCl at refluxing temperature [15]. Unfortunately, the synthetic potential of this new 

heterocyclic compound remained unexplored for quite some time till the 1980s. Synthesis of 

many other heterocyclic scaffolds has also been attributed to these quite flexible precursors 

[[16,17]. One of the major drawbacks associated with Biginelli condensation is low products 

yield (30–35%). In recent years, several methods to improve the yield using ZrCl4 [18] , 

SiO2/H2SO4 [11], granite [19], trichloroisocyanuric acid [20], copper(II) sulfamate [21], 

Nafion-H [22], p-sulfonic acid calixarenes [23] and [Al(H2O)6](BF4)3] [24] have been 

reported in the literature. To overcome the problems associated with the reported 

methodologies there is a need for a simple and efficient method to synthesize 

dihydropyrimdin-2(1H)-thiones under mild conditions. Hence this study was undertaken to 

asses an easy one step reaction for the synthesis of series of substituted 3, 4-

dihydropyrimidin-2(1H)-thiones in a much cleaner way with higher yield of the product. 

Biginelli's reaction is quite sensitive to the choice of solvent, catalyst and the reactants, in 

particular, carbonyl compounds being used. Parallel studies evaluating the effect of Ph3GeH 

on the product yield and its isolation settled that use of catalytic amount of 

triphenylgermane/HCl enhances the yield that averaging out to be 92%. 

(5 mole%)

Acetone

CH3

H3C

O

CH3

+ N
R

H

S

NH2

I II(a-h)

HN

N

H3C CH3

CH3S

R (29-36)

A

 

Scheme 6.1 

The lesser reaction time and ease of isolation are the two main advantages of this kinetically 

more facile methodology. Earlier reports clearly manifest that iminium, enamine and 

Knoevenagel mechanisms are the three main mechanistic approaches that are well established 

for the Biginelli's reaction and a kinetic model also suggests that a catalyst used in Biginelli 

reaction not only improves the yield of products and reduces the reaction time but also 
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responsible for selection of reaction pathway, thereby favouring the possible mechanism 

involved [1]. Choice of triphenylgermane as a catalyst facilitates imminium mechanism 

which involves the reaction of substituted anilines and HSCN to produce thiourea 

intermediates II(a–h) followed by their reaction with methylpent-3-en-2-one (I) whose 

stereoselectivity has been tuned by hydrogermane being used as catalyst. The overall 

reaction, involving the formation of 4-methylpent-3-en-2-one (I) and thioureas II(a–h) with 

the use of substituted anilines instead of aldehydes as mentioned in Biginelli's reaction, to 

produce dihydropyrimidin-2(1H)-thiones (29–36), has been  outlined in Scheme 6.1. 

Step-I: Acid Halide formation. 
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Step-II: Catalyzed conversion of Acetone to 4-methylpent-3-one (I) 
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Step-III: Formation of thiourea species II( a-h) 

-SCN
H+

CHS N

NH2N
H

S

R

C
HS N-

+NRH2

II(a-h)

RNH2

C
HS NH

NRH  

Step-IV: Organogermane catalyzed conversion reaction between (I) and (II) 
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Triphenylgermylpropanoic acid produces HCl on reaction with SOCl2 as shown in Scheme 

6.2 that leads to a pathway study suggesting the formation of 4-methylpent-3-en-2-one (I), 

produced by acid-catalyzed aldol reaction between two ketonic molecules as depicted in 

Scheme 6.2. Formation methylpent-3-en-2-one in step 1 has been reported [2]. 
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Scheme 6.2 

Formation of acid catalyzed acyl imine intermediate as a key rate determining step in 

Biginelli reaction has been proposed and established by Kappe [3]. Formation of methylpent-

3-en-2-one (I) in Scheme 6.2 (step I) proceeds with hydrometallation where 

triphenylgermanium hydride adds to I following anti-markovnikov addition. Owing to 

expandable d-orbital of germanium, an intermediate IIIb forms between IIIa and II(a–h) 

through a coordinate bond following the associative mechanism which is not stable enough 

and triphenylgermanium leaves as triphenylgermanium hydride through dissociative 

mechanism with the formation of IIIc. A keto-enol tautomerisim establishes in the subsequent 

step which under acidic conditions favors enol form. As earlier reports suggested, the 

presence of HCl activates the enol form whose quantity accounts for all the facets of Lewis 

acid catalyzed Biginelli reaction [4]. This enol form undergo cyclocondensation forming 3,4-

dihydropyrimidin-2(1H)-thiones (29–36) as shown in Scheme 6.2 (step-IV). 

 It is important to mention that wider functional group tolerance is exhibited here by 

hydrogermalylation as compared to that displayed in previously known Lewis acid catalyzed 

methodologies [5]. Indeed due to lower oxophilicity of germanium as compare to silicon, 

chemoselectivity of the reaction is affected, giving much more clean and high yielding 

product without disturbing the alkoxy substituents present on the aniline used, even if excess 
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of the germane is used. Triphenylgermylpropanoic acid readily produces organogermane 

species on decomposition as evident from the mass spectral studies of our earlier reports 

[6,7]. The oxidation potential of triphenyl germane follows to its easy oxidation leading to 

triphenylgermyl species [7-14]. Two last classes of hydrogermylation that support our 

concept of hydrogermylation of 4-methylpent-3-en-2-one (I), as enunciated in Scheme 6.2, is 

the Gevorgyan Lewis acid catalyzed hydrogermylation of terminal alkynes and the 

Schweizer's stereoselective hydrogermylation of  trifluoromethylated alkynes [8,15]. As an 

attempt to discover a plausible route to meet the challenge of high yield synthesis of 

dihydropyrimidine thiones, we envisioned that a hydrogermylation reaction, whose 

stereoselectivity has been tuned under the present set of catalytic acidic conditions, could 

potentially provide an efficient and divergent route to substrate (I) that could be further used 

in cross-coupling reactions after germanium electronic tuning. Finally this tuning of the 

electron deficiency of the germanium atom makes cross coupling of II(a–h) facile which 

further on losing water molecule produces the target compounds (29–36). Catalytic role of 

organogermane, produced in situ, was further confirmed by repeating the same methodology 

using acylation of trans-3-phenyl-2-propenoic acid where Ph3GeH moiety is not present in 

the acid that results in a mixture of products containing low yield of dihydropyrimidine 

thiones. When this study was undertaken in the presence of organogermanium, there is a 

tremendous improvement in the yield with concomitant facile product isolation. The study 

was further continued to authenticate the role and amount of catalyst by decreasing the 

amount of triphenylgermyl propanoic acid to different mole ratios and it was determined that 

the catalytic system works efficiently up to 5 mol%. 
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6.2. Structural Characterization 

The synthesized target compunds were characterized by using advanced spectroscopic 

techniques such as FT-IR, multinuclear (1H
1
, 

13
C) spectroscopy and X-ray analysis. 

6.2.1. FT-IR Spectroscopy 

The spectroscopic data for 3,4-dihydropyrimidin-2(1H)-thiones fully support the formation of 

the target compounds. Tentative assignments of peaks in the FT-IR spectra of the compounds 

(29–36) have been made on the basis of earlier publications [16,17]. The infrared spectra 

show following absorption bands of interest, ʋ(N–H), ʋ(C–H)Ar, ʋ(C–H)aliphatic, ʋ(C=C) and ʋ(C=S) 

which appear around 3231–3185, 3032–2944, 2883–2850, 1560–1515 cm
-1

respectively. 

All these observations were further authenticated through the analysis of solid state structure 

of the synthesized compounds by single crystal X-ray data.  

6.2.2. 
1
H NMR Spectroscopy 

The 
1
H NMR data of 3,4-dihydropyrimidin-2(1H)-thiones( 29-36) demonstrate that all the 

protons show characteristic chemical shift values in their respective regions. The NH protons 

in all the synthesized compounds appeared as broad peak near 7 ppm while a quartet around 

4.81–5.04 ppm shows the splitting of methylene proton by neighboring methyl protons on 

vicinal carbon. Two magnetically non-equivalence methyl substituents at carbon next to 

thiourea NH show distinct singlets at different chemical shifts values. Three protons of 

methyl substituent at carbon next to the methylene carbon show doublet in range 1.43–2.55 

ppm while protons in the aromatic region are sensitive towards the substituent attached to 

phenyl ring and change their positions and multiplicities accordingly. In spectra of (29) 

proton attached to carbon in vicinity of nitro group shows a splitting into a doublet due to 

coupling with three methyl protons in its close vicinity. Due to higher electron withdrawing 

effect of NO2 groups this proton (–C=CNO2) is highly deshielded and a higher downfield 

shift at 7.58–7.59 ppm is observed. Methoxy protons give a clear singlet at 3.92 ppm. The 

proton attached at carbon adjacent to F, Br and S shown higher downfield shift and their 

chemical shift values are slightly higher than other protons of phenyl ring for (30), (32) and 

(33). In compound 31 a doublet is observed for proton at carbon next to nitro group (=C–

CNO2) around 8.28 ppm while the proton at carbon next to nitro group (–C=CNO2) shows 

multiplet instead of singlet due to coupling with methyl protons as for (29). A singlet at 3.4 

ppm indicates the presence of SH proton for (33).  
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6.2.3. 
13

CNMR Spectroscopy 

Highly deshielded carbon in 
13

C NMR spectra for the target compounds (29–36) at 177.7–

176.6 ppm indicates the presence of C=S functionality. The phenyl ring carbons containing 

strong electron withdrawing groups e.g., NO2, F, Cl, Br resonate at low field while carbon of 

methyl substituent appear up field[18]. 

6.2.4. X-ray Crystallography 

Crystallographically suitable single crystals for (29–32, 35) for X-ray analysis were grown 

from dichloromethane solution by slow evaporation at room temperature. The ORTEP 

structures of dihydropyrimidin-2(1H)-thione (29–32, 35) along with numbering schemes are 

illustrated in Figure 6.1 and the selected geometric parameters are presented in Table 6.1 and 

Table 6.2. 
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  Table 6.1: Selected crystallographic data structure refinement for compounds (29-31). 

 29 30 31 

Formula  C14H17N3O3S C13 H15FN2S C13H14ClN3O2S 

FW 307.36 250.33 311.78 

T (K) 296(2) 296(2) 296(2) 

Wavelength (Å) 0.71073 0.71073 0.71073 

Crystal system monoclinic monoclinic triclinic 

Space group P 21/n P 21/n P -1 

a(Å) 12.0474(15) 9.7432(8) 6.3088(5) 

b(Å) 9.4787(9) 7.1550(5) 10.1010(8) 

c(Å) 14.3337(17) 18.8125(14) 12.0187(10) 

 (
o
) 90 90 91.338(4) 

 (
o
) 107.574(3) 91.594(5) 98.933(3) 

 (o
) 90 90 99.800(4) 

V(Å
3
), Z 1560.4(3), 4 1310.96(17), 4 744.59(10), 2 

DC (Mg/m
3
),  μ (mm

−1
) 1.308, 0.220 1.268, 0.238 1.391,  0.401 

F(000) 648 528 324 

Crystal size (mm
3
) 

0.40×0.22×0.2

0 
0.35×0.24×0.22 0.38×0.32×0.28 

θ range (
o
) 2.615-27.00 2.166-27.587 1.717-27.00 

Index ranges 

-15 ≤ h ≤ 15 

-12 ≤ k ≤ 8 

-18≤ l ≤ 18 

-12 ≤ h ≤ 12 

-8 ≤ k ≤ 9 

-24≤ l ≤24 

-8 ≤ h ≤ 7 

-12 ≤ k ≤ 12 

-15≤ l ≤ 15 

Total reflections 12620 11164 11708 

Indept. Reflect.[R(int)] 3398 (0.0533) 3023 (0.0295) 3177 (0.0298) 

Completeness to θ(25.00
o
) 99.8% 99.4% 97.9% 

Max. and min.transmission 0.918& 0.960 0.921& 0.949 0.865 & 0.898 

Data/restraints/parameters 3398/0/194 3023/39/178 3177/0/184 

Goodness-of-fit on F
2
 1.014 1.060 1.047 

Final R indices [I>2(I)] 
R1 =  0.0587, 

wR2 = 0.1314 

R1 = 0.0594, wR2 

= 0.1647 

R1 = 0.0485, wR2 = 

0.1248 

R indices (all data) 
R1 = 0.0587, 

wR2 = 0.1612 

R1 = 0.0904, wR2 

= 0.1838 

R1 = 0.0721, wR2 = 

0.1387 

Largest peak and hole 

(e A
−3

) 

0.217 and  

-0.196 

0.916  and 

 -0.382 

0.794  and  

-0.268 
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Table 6.2 Selected crystallographic data structure refinement for compounds (32, 35). 

 32 35 

Formula  C13H15BrN2S C13H13Cl3N2S 

FW 311.24 335.66 

T (K) 296(2) 296(2) 

Wavelength (Å) 0.71073 0.71073 

Crystal system monoclinic orthorhombic 

Space group P 21/n P b c a 

a(Å) 12.3156(7) 15.2154(11) 

b(Å) 8.5081(5) 11.9065(9) 

c(Å) 14.8996(9) 17.0387(14) 

 (
o
) 90 90 

 (
o
) 114.046(3) 90 

 (o
) 90 90 

V(Å
3
), Z 1425.73(15), 4 3086.8(4), 8 

DC (Mg/m
3
),  μ (mm

−1
) 1.450, 3.010 1.445, 0.716 

F(000) 632 1376 

Crystal size (mm
3
) 0.36×0.24×0.22 0.38×0.30×0.26 

θ range (
o
) 2.780 -27.513 2.391-27.00 

Index ranges 

-15 ≤ h ≤ 15 

-10 ≤ k ≤ 11 

-19 ≤ l ≤ 16 

-15 ≤ h ≤ 19 

-15 ≤ k ≤ 12 

-21 ≤ l ≤ 17 

Total reflections 11792 14207 

Indept. Reflect.[R(int)] 3266 (0.0310) 3366 (0.0209) 

Completeness to θ(25.00
o
) 99.6% 99.9% 

Max. and min.transmission 0.410 &0.557 0.775&0.835 

Data/restraints/parameters 3266 /0/157 3366 /0/175 

Goodness-of-fit on F
2
 1.032 1.033 

Final R indices [I>2(I)] R1 = 0.0594, wR2 = 0.1457 R1 = 0.0284, wR2 = 0.0741 

R indices (all data) R1 = 0.1158, wR2 = 0.1729 R1 = 0.0364, wR2 =  0.0809 

Largest peak and hole 

(e A
−3

) 

0.773  and  

-0.809 

0.22 5 and  

-0.212 
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Table 6.3: Selected bond lengths (Å) and angles (
°
) for compounds (29-32) and (35). 

29 30 

S(1)-C(8) 1.693(3) O(1)-N(1)-O(2) 124.2(4) S(1)-C(7) 1.681(3) C(7)-N(1)-C(10) 121.3(2) 

O(1)-N(1) 1.185(4) O(1)-N(1)-C(2) 119.4(3) F(1)-C(2) 1.352(3) C(2)-C(1)-N(1) 121.0(3) 

O(2)-N(1) 1.216(4) C(8)-N(2)-C(1) 118.7(2) N(2)-C(7) 1.326(4) F(1)-C(2)-C(3) 119.1(3) 

N(3)-C(8) 1.317(3) 
C(11)-N(2)-

C(1) 
120.1(2) N(2)-C(8) 1.452(4) N(2)-C(7)-N(1) 117.2(2) 

N(1)-C(2) 1.479(4) N(3)-C(8)-N(2) 117.3(2) C(1)-C(2) 1.373(4) N(2)-(C7)-S(1) 121.2(2) 

31 32 

S(1)- C(7) 1.680(3) O(2)-N(1)-O(1) 123.1(3) Br(1)-C(2) 1.877(5) C(7)-N(1)-C(1) 119.2(3) 

O(1)-N(1) 1.214(3) O(2)-N(1)-C(5) 117.5(3) S(1)-C(7) 1.686(4) C(2)-C(1)-N(1) 120.4(4) 

O(2)-N(1) 1.208(3) O(1)-N(1)-C(5) 119.4(2) N(2)-C(7) 1.322(5) C(1)-C(2)-Br(1) 120.0(4) 

N(3)-C(7) 1.325(3) N(3)-C(7)-N(2) 116.6(2) N(2)-C(8) 1.462(5) N(2)-C(7)-N(1) 117.7(3) 

N(1)-C(5) 1.470(4) N(3)-C(7)-S(1) 121.50(19) C(1)-C(2) 1.382(6) N(2)-C(7)-S(1) 121.1(3) 

35 

S(1)-C(7) 1.6886(15) C(7)-N(1)-C(1) 118.01(12) Cl(1)-C(2) 1.7265(15) N(1)-C(7)-S(1) 120.99(11) 

N(2)-C(7) 1.3224(19) N(2)-C(7)-N(1) 116.97(13 Cl(2)-C(4) 1.7417(16) N(2)-C(8)-C(9) 108.01(12) 

N(2)-C(8) 1.472(2) N(2)-C(7)-S(1) 122.04(11) Cl(3)-C(6) 1.7291(16) C(5)-C(6)-Cl(3) 119.21(12) 

  Table 6.4: The intermolecular and intramolecular hydrogen bonds for compounds (29-32, 35).  

D-H···A D-

H 

H···A                  D···A D-

H···A 

D-H···A D-

H 

H···A                  D···A D-

H···A 

29 30 

N(3)-H(3A)···S(1)
i
 0.86 2.50 3.337(3) 165.0 N(2)-H(2)···S(1)

i
 0.86 2.64 3.466(3) 162.0 

C(5)-H(5)···S(1)
ii
 0.93 3.01 3.752(4) 138.4 C(6)-H(6)···S(1)

ii
 0.93 2.97 3.860(3) 159.6 

31 32 

N(3)-H(3A)···S(1)
i
 0.86 2.60 3.437(2) 164.8 N(2)-H(2)···S(1)

i
 0.86 2.53 3.371(3) 164.4 

C(11)-

H(11C)···O(1)
ii
 

0.96 2.39 3.345(5) 172.5 C(6)-H(6)···S(1)
ii
 0.93 3.00 3.753(6) 139.7 

(7) C(9)-

H(9)···S(1)
iii

 

0.93 3.00 3.637(4) 127.3 

N(2)-H(2)···S(1)
i
 0.86 2.59 3.4219(14) 162.2 C(11)-

H(11C)···Br(1)
iv

 

0.96 3.02 3.663(5) 125.4 

C(5)-H(5)···S(1)
ii
 0.93 2.87 3.8017(17) 176.3      

C(11)-

H(11C)···Cl(3) 

0.96 2.98 3.658(2) 128.9      

Symmetry codes: (i) −x+1, −y+2, −z+1; (ii) −x+1, −y+1, −z+1  (1);  (i) −x, −y, −z+1; (ii) −x, −y+1, −z+1 (2);  (i) 

−x+1, −y, −z; (ii) x−1, y, z. (3); (i) −x, −y+1, −z+1; (ii) −x, −y, −z+1; (iii) x−1/2, −y+1/2, z−1/2; (iv) −x+1/2, y−1/2, 

−z+1/2. (4);(i) −x+1, −y+1, −z+1; (ii) −x+1, y−1/2, −z+1/2 (7) 

Hydrogen- bond geometry: Distance, Å; angle,
°
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Fig.6.1.  ORTEP view showing 35% probability ellipsoids (a–e) of (29–32, 35) with atom 

numbering scheme 

The molecular structure of (29) {Fig. 6.2f} shows intermolecular N(3)–H(3A)…..S(1) 2.500 

°A and C(12)–H(12A)…O(2) 2.699Å hydrogen bonds stabilizing the thiones geometry 

mainly due to the centrosymmetric dimers {
…

H–N–C=S}2 connected by N–H…S
i
 (2.500°A) 

((i) 
_
x + 1,

 _
y + 2, 

_
z + 1) as well as by comparatively weak C–H…O (2.699 Å) hydrogen 

bonds. 

 In the crystal packing of (30) {Fig. 6.2g} S atom (C=S) shows trifurcated 

intermolecular N(2)–H(2)…S(1)
i
 2.638 Å, C(5)–H(5)… S(1) 2.920 Å and C(6)–H(6)…S(1)

ii
 

2.975 Å ((ii) -x,-y + 1,-z + 1) hydrogen bonds stabilizing the thiones geometry. These 

molecular structures also fashioned the centrosymmetric dimers {…H–N–C=S}2 connected 

by N–H…S
i
 (2.638 °A) {(i)-x,-y,-z + 1}. Similar type of intermolecular interactions has also 

been observed for 32 {Fig.6. 2i}. In the crystal packing of 31, the sulphur atom (C=S) 

involved in the formation of synthones {…H–N–C=S}2 is bifurcated {Fig. 6.2h} forming 

N(3)–H(3A)…S(1)
i
 2.559 °A {(i) -x + 1,-y,-z} hydrogen bonds and additional C(7)–

S(1)…Cl(1) 3.493 °A interactions. The weak intermolecular molecular interactions C(11)– 

H(11C)…O(1) 2.392 Å {(ii) x - 1, y, z} and N(1)–O(1)…O(1) 2.970 Å have also been 

observed to stabilizing the crystal packing in (31). Similar to the crystal packing of (31), 

sulfur atoms (C=S) in (35) also involved in the formation of dimeric synthones {…H–N–

C=S}2 through N(2)–H(2A)…S(1)
i
 2.593 °A {(i) -x + 1,-y + 1,-z + 1} hydrogen bonds is 

bifurcated {Fig.6.2j} forming additional C(5)–H(5)…S(1) 2.873 Å {(ii) -x + 1, y-1/2,-z + 

1/2} interactions. Molecular structures for (32) and (35) additionally show C–H…Br and C–

H…Cl hydrogen bonds stabilizing their geometry, respectively. The dihedral angles between 

the aromatic rings C(1)–C(6) and dihydropyrimidin-2(1H)-thione moieties for (29–32) and 

(35) are 86.06, 85.85, 88.66, 84.23 and 85.69Å, respectively. The narrow variation in 

dihedral angles subtended by aromatic rings with dihydropyrimidin-2(1H)-thione moieties 
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through C–N bond reveal that the substituents have minimal effect on the conformational 

geometry of these molecules. 

 

 

 

(g) 

(f) 

(h) 
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Fig.6.2. View on the hydrogen bonded 1D structure (f–j) for (29–32, 35) 
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6.3. Binding Pattern Validation of 3,4-dihydropyrimidin-2(1H)-thiones 

6.3.1. Molecular Docking Studies of Human Topoisomerase II alpha.  

The docking results indicate that the inhibitor docked around Met762 (residue of active site) 

produced acceptable Gold Score (55.39) and acceptable binding energy values. VMD [19] 

and ligplot [20] analysis was performed in order to validate the in-depth interaction patterns 

between inhibitor and active site of 4FM9 (Figure 6.3-6.5). The compounds under study, are 

involved in making conventional hydrogen bonds, hydrophobic interactions with the residues 

of active site region and salt bridge as well (36).  

 

Fig.6.3.  Interaction diagram for (31) with Human topoisomerase II alpha (4fm9) using 

LigPlot 
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Fig.6.4. Interaction diagram for (36) with Human topoisomerase II alpha (4fm9) using 

Discovery Studio 

 

Fig.6.5.  Interaction diagram for (36) with Human topoisomerase II alpha (4fm9) uisng 

LigPlot. 
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6.3.2. Binding Mode Analysis 

The docked complex is showing appreciable interactions of the active site residues as shown 

in Fig. 6.6 Active site residues inside 10Å regions are involved in the stability of the 

compound inside the active site pocket 

 

Fig.6.6.  Interaction diagram for (31) with 4FM9 

 

6.3.3. Molecular Docking Studies of Helicobacter Pylori Urease.  

The docking results indicate that the inhibitor docked around active site (residue of active 

site) showed acceptable Gold Score 55.39. VMD [19] and ligplot [20] analysis was 

performed in order to validate the in-depth interaction patterns between inhibitor and active 

site of 1E9Y Fig.  (6.7-6.10). The compounds under investigation,  are involved in making 

conventional hydrogen bonds, hydrophobic interactions with the residues of active site 

region. The docking results indicate that the inhibitor docked around His322 (residue of 

active site) and showed acceptable binding energy values (Table 6.5). 

6.3.4. Binding Mode Analysis.  

The docked complex is exhibiting appreciable interactions with the active site residues as 

shown in Figure 6.11(Interaction diagram for (31) with 1e9y) vander Waals and hydrogen 

bonding is also involved in the stability of the compound used in the active site pocket. 
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Fig.6.7. Interaction diagram for (31) with Helicobacter pylori Urease (1e9y) using PyMol 

 

Fig.6.8. Interaction diagram for (31) with Helicobacter pylori Urease (1e9y) using LigPlot 
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Fig.6.9. Interaction diagram for (36) with Helicobacter pylori Urease (1e9y) using Discovery 

Studio 

 

 

Fig.6.10.  Interaction diagram for (36) with Helicobacter pylori Urease (1e9y) using LigPlot 

           Table 6.5: Docking scores for compound (29-36) 
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Compound 

No. 

Human topoisomerase II 

alpha (4FM9) 

Helicobacter pylori urease 

(1E9Y) 

29 -6.0 50.10 -6.8 51.85 

30 -8.1 46.16 -7.2 45.10 

31 -7.3 55.39 -7.6 57.72 

32 -7.3 49.06 -7.1 46.50 

33 -6.9 49.27 -6.9 48.75 

34 -7.0 52.23 -6.5 50.52 

35 -7.3 50.42 -6.0 48.09 

36 -7.2 50.72 -6.5 57.07 

 

 

Fig.6.11. Interaction diagram for (31) with 1e9y  
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6.3.5. Molecular Dynamics of Complexes.  

Docked compound (31) with human topoisomerase II alpha and Helicobacter pylori urease 

were simulated in a molecular environment to establish their significance against these 

targets. Top scored compound (31) was selected among the derivatives (29–36) to sum up 

their behavior, and we are looking for the best candidates among these derivatives to be used 

as potential lead. Initial docked conformation showed promising binding with the active site 

for 1EY9 and 4FM9 but to further establish their binding pattern and to give some baseline 

for their mechanism against these enzymes, molecular dynamics simulation was carried out 

on these docked complexes. The residue numbers are restarted from 1 by simulation package, 

if there is no structural information of those residues in PDB file. So, there is a difference in 

number of residues in PDB and simulation trajectory of 4FM9 which is 432. During the 

simulation the average mean deviation in backbone of 1E9Y is observed as 2.02 Å(Fig. 

6.12a) and we see a relatively larger deviation of 2.74 Å in 4FM9 (Figure 6.12b). According 

to the root mean square deviation (RMSD) and root mean square fluctuation (RMSF) value 

you can see that the 1EY9 is relatively more stable than the 4FM9 (Fig. 6.12c). The main 

cause of this deviation is the two large helices which make up the unique folds of 4FM9. 

These helices are present from residue number 600 and onwards in the protein 4FM9 which 

are clearly visible in RMSF graph of 4FM9 showing higher rate of fluctuation then the rest of 

protein (Fig. 6.12d). Overall the 4FM9 is having higher fluctuations than 1E9Y, but on the 

other hand, the compound 31 is found to be in the vicinity of initial docked site of 4FM9 

throughout the simulation time frame.  Fig. 6.12 clearly depicts the root mean square 

deviation (a) and (b) of backbone of complex of compound 31 with 1E9Y and 4FM9 

respectively, and root mean square fluctuation (c) and (d) of residues for the trajectories of 

1E9Y and 4FM9 respectively during the course simulation. The snapshots taken at different 

intervals suggest that the compound (31) stays near the residue GLN 110 and ASP 111. 

Initially the compound is found to be actively interacting via hydrogen bonds to polar residue 

around it (Fig. 6.13a). As the simulation proceeds for 20 nanoseconds (ns) we can see that 

some of the interacting partners are lost but it firmly attaches itself to the backbone of 

GLN110 and ASP111 (Fig. 6.13b). 
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Fig.6.12. Root mean square deviation (a) and (b) of backbone of complex for (31) with 1E9Y 

and 4FM9 respectively, and root mean square fluctuation (c) and (d) of residues for the 

trajectories of 1E9Y and 4FM9 respectively during the course simulation. 

After another 20 ns we can see it acquires new polar residue around it (Fig. 6.13c). For the 

last 10 ns we can see that these partners slight vary but the compound does not leave its initial 

position (Fig. 6.13d). In case of 1E9Y the compound (31) drifts away from initial site but 

after 30 ns it chooses another site to interact and binds slightly away from its initial position 

(Fig. 6.14a). From the snapshots taken after 30 ns the compound 31 appears to have bonded 

to this site for the rest of 20 ns of simulation. From the snapshot taken at 30 ns compound 

(31) has adjusted itself around polar residue ASN 547, THR 545, ASN 796, LYS 797 and 

GLN 802 (Fig. 6.14b). These interacting partners continue to exist around the compound 31 

after 20 ns, which are seen in a snapshot taken at 40 ns (Fig. 6.14c) and 50 ns (Fig. 6.14d).  
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Fig.6.13.  Snapshot taken at intervals of (a)1 ns, (b) 20 ns (c) 40 ns and (d) 50 ns from the 

simulation trajectory for (31) with 4FM9 

                                       

Fig.6.14. The orientation for (31) around 1E9Y at simulation time intervals of (a) 1ns, (b) 30 

ns, (c) 40 ns and (d) 50 ns  

This behavior of compound (31) in the presence of enzymes 1E9Y and 4FM9 could suggest 

that it can actively suppress the human topoisomerase II alpha and it can indirectly or directly 

alter the activity of Helicobacter pylori urease. 
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Research Novelty 

 A series of triphenyl/tris(tolyl)bismuth(V)  carboxylates have been synthesized by 

reacting triphenyl/tris(tolyl)bismuth dibromide with respective  carboxylic acids. 

 A series of Bismuth-Oxido Carboxylate clusters have been synthesized including 

synthesis of a structurally unprecedented Bi12 Carboxylate cluster 24 that is the first of 

its own kind. 

 A series of anionic bismuth-oxido carboxylate clusters with transition metal as 

counter cations have been synthesized opening a new door for further research where 

different functionalities may be introduced  on silver to synthesize compounds for 

desired applications 

 A unique and previously unknown hexanitratobismuth(III) anion, [Bi(NO3)6]
-3

 is  

reported in compound  [Co{HC(MeCO)2(MeCNH)}2][Bi(NO3)6] (28) 

 A series of 3,4-dihydropyrimidin-2(1H)-thiones (29–36) have also been synthesized 

using a facile and modified procedure with triphenylgermyl propionate as a catalyst, 

another potential main group metal compound. 

 All the synthesized compounds have been characterized by CHNS, FT-IR, 

multinuclear  ( 
1
H, 

13
C, 

19
F, 

31
P) NMR spectroscopy and X-ray crystallography 

 Biological activity data show that all the organobismuth complexes (1-21) are 

biologically active with few exceptions and some of them show significant activity as 

compared to standard drug. Limited SAR (Structure Activity Relationship) shows that 

triphenylbismuth derivatives show higher biological activities in general as compare 

to tritolyl bismuth derivatives. 

 Binding pattern validation of the synthesized 3,4 dihydropyrimidin-2(1H)-thiones  

suggest that they may be used as preventive/chemotherapeutic agents for cancer. 

Hence it is recommended to find their role as urease inhibitors and anticancer agents 

by applying in vitro/vivo studies to find some meaningful conclusions 
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CONCLUSIONS 

 A series of triphenyl/tris(tolyl)bismuth(V) biscarboxylates(1-22) have been 

synthesized by reacting triphenyl/tris(tolyl)bismuth dibromide with the respective  

carboxylic acids in presence of triethylamine. 

 Triphenyl/tris(tolyl)bismuth dibromide were synthesized using reported method 

involving use of Grignard reagent for synthesis of triphenyl/tris(tolyl)bismuth in first 

step with subsequent bromination in the second step.  

 Synthesis of target compounds was confirmed by various analytical techniques. Like 

IR, multinuclear (
1
H and 

13
C) NMR spectroscopy, X-ray crystallography besides 

elemental analysis. 

 Appearance of new peaks in IR indicated formation of Bi-O and Bi-C bonds and 

disappearance of some peaks like acidic OH group indicated involvement of 

carboxylate oxygen in complex formation.  The Δν values indicated monodentate as 

dominant mode of coordination in complex formation with few exceptions.  

 Multinuclear (
1
H and 

13
C) NMR data also revealed the presence of distinct protons 

and carbons that authenticate the molecular structure of the complexes.  

 Single crystal X-ray analysis confirmed the predictions inferred from IR data about 

nature of ligand coordination to bismuth center. Structural analysis of (1-6,8,10,18) 

revealed that ligands coordinate to metal  both as monodentate and bidentate fashion 

with monodentate as dominant mode of coordination generating overall a distorted 

trigonal bipyramidal geometry with seven/five coordinated metal Centre.  

 The synthesized complexes (1-21) were screened for their biological potential. 

Antifungal, antibacterial and antileishmanial activities were assayed for these 

complexes against different stains. Biological activity data shows that all the 

organobismuth complexes (1-21) are biologically active with few exceptions and some 

of them like complex (10) show significant biological activities as compared to the 

reference standard drug.  Protein kinase inhibition data was also evaluated for the 

synthesized complexes and some encouraging results were obtained. Limited SAR 

shows that triphenylbismuth derivatives show higher biological activities in general 

as compared to tritolyl bismuth derivatives  

 Two new bismuth-oxido carboxylate clusters (23, 24) have been synthesized including 

synthesis of a structurally unprecedented Bi12 Carboxylate cluster that is first of its 

own kind and has not been reported in literature. A very facile room temperature 
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synthetic methodology has been developed for synthesis of such kind of compounds 

that do not involve extensive use of inert atmosphere or use of complicated labwares.  

 A series of anionic bismuth-oxido carboxylate clusters with transition metal as 

counter cations(25-28) have been synthesized and fully characterized by CHNS, 

FTIR, multinuclea (
1
H,

 13
C, 

19
F,

31
P) NMR spectroscopy  and X-ray crystallography.  

 The 
19

F NMR spectra for (25) and (26) showed single peaks at -74.47 and -74.36 

ppm, respectively, indicative of a fluxional fluorine environment. The 
1
H and 

13
C 

spectra for (25) are consistent with rapid rotation of the Ag-bound toluene ligands 

about the metal center. A single phosphorus environment was observed for (26) as 

well, indicated by a single peak in the 
31

P NMR spectrum at 13.76 ppm as expected by 

symmetry.  

 Use of silver oxide, either directly or via reaction with the carboxylic acids, can serve 

as a stoichiometric source of water to affect the bismuth carboxylate hydrolysis. A 

detailed structural study was undertaken for the synthesized compounds. The 

preparation of these compounds opens a new door for further research where 

different functionalities may be introduced on silver to tune the core structure 

according to the desired applications. 

 A unique and previously unknown hexanitratobismuth(III) anion, [Bi(NO3)6]
 3−

 is 

reported for (28) [Co{HC(MeCO)2(MeCNH)}2][Bi(NO3)6]  
3−

. 

 A series of 3,4-dihydropyrimidin-2(1H)-thiones (29–36) have also been synthesized 

using a facile and modified procedure with triphenylgermyl propionate as a catalyst. 

All the compounds have been fully characterized by CHNS, FT-IR, multinuclear (
1
H, 

13
C) NMR spectroscopy and X-ray crystallography. Product formation was initially 

indicated by appearance of peaks for N-H and C=S in IR spectra of the synthesized 

compounds. This observation was further supported by 
1
H NMR data where N-H peak 

appeared in a specific region with splitting of signals due to coupling with nearby 

CH3 proton. The product formation was further confirmed through the by appearance 

of C=S resonance in 
13

C spectra of all the synthesized complexes. Finally structural 

elucidation was carried out by X-ray crystallography that confirmed the product 

formation.  

 Binding pattern validation of 3,4 dihydropyrimidin-2(1H)-thiones  suggest that they 

may be used as preventive/chemotherapeutic agents for cancer. Hence it is 

recommended to find their role as urease inhibitors and anticancer agents by 

applying in vitro and in vivo studies to arrive at some meaningful conclusion. 
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Future Plan 

Even after an extensive research on main group metal chemistry, we still think that we have 

been able to just add a little drop of knowledge in pool of scientific research. Still much more 

is to be done and in this line. We have some ideas on which we would like to continue to 

extend our research work. Some of these research lines are given below. 

 Some more bismuth compounds are aimed to be synthesized to study their structural 

aspect in much more detail and in this context we want to synthesize some novel 

structures of applied nature. 

 One another idea on which we would like to work is the addition of different 

functional moieties on basic structure of compound (25) and (26) as replacement to 

toluene and tiphenyl phosphine coordinated to silver for different applications. 

 We also want to extend our research work to find applied aspect of Ag-Bi bimetallic 

compounds as mixed metal oxide precursors in different fields of material science. 
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