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Abstract—The present review, describing the modern achievements in the area of synthetic methods, investi-
gation of specific structural features, and possibilities of practical use of the organic compounds of bismuth,
is based on an analysis of the scientific literature published from 2010 to 2020. Some earlier works are also
reviewed due to their significance. The bibliography consists of 190 references.
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INTRODUCTION

Since the discovery in 1975 of the possibility of
using organic compounds of bismuth in fine organic
synthesis [1], the number of publications devoted to
the development of the synthesis methods and study-
ing the reactivity and structural features of the organic
bismuth derivatives has significantly been increased.
The bismuth atom in the organic compounds can
directly be bound to one, two, three, four, five, or six
organic radicals. In addition, many types of bismuth
derivatives are known in which one or several organic
substituents are replaced by halogen atoms or other
electronegative groups. The variety of types of organo-
bismuth compounds resulted in a considerable exten-
sion of studies in this field [2], which is observed in the
recent years. Direct causes for this were unceasing
attempts to find possibilities for a broader use of the
organobismuth compounds in chemistry and medi-
cine. The key position in the chemistry of organic

derivatives of bismuth is occupied by compounds R3Bi
among which the aryl derivatives are predominant.
Numerous bismuth compounds of the nonsymmetri-
cal structure (RBiX2 and R2BiX) and pentavalent bis-
muth derivatives can be synthesized from the aryl
derivatives.

TRIORGANYLBISMUTH COMPOUNDS

Triorganyl derivatives of bismuth R3Bi are synthe-
sized, as a rule, from organomagnesium or organolith-
ium compounds in high yields. For example, the ben-
zyl derivatives of bismuth were synthesized by the
reaction of arylbismuth dichloride Ar'BiCl2 (Ar' = 2,6-
(Me2NCH2)2C6H3) with benzylmagnesium chloride
in tetrahydrofuran (THF) giving Ar'Bi(η1-CH2Ph)2 in
high yields (Scheme 1) [3].
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792 SHARUTIN et al.
Scheme 1.

Tribenzylbismuth Bi(η1-CH2Ph)3 was synthesized
similarly. The X-ray crystallographic and spectro-
scopic studies confirm that the benzyl ligands in these
compounds are bonded via the η1 mode. The first
compound, Ar'Bi(η1-CH2Ph)2, contains only one
short Bi⋅⋅⋅N contact (3.058(4) Å), and the Bi−CAlk dis-
tances (2.299(4) and 2.340(4) Å) are longer than those
in Bi(η1-CH2Ph)3 (2.289(4), 2.291(4), and
2.295(4) Å) and trimethylbismuth (2.23(2), 2.26(2),
and 2.288(16) Å) [4]. Note a specific feature of
the structure of the latter: the molecules in the crystal

are associated into dimers (Bi⋅⋅⋅Bi distance
3.899(1) Å).

Triallylbismuth All3Bi synthesized from allylmag-
nesium bromide and bismuth trichloride was pro-
posed as an initiator of controlled radical styrene
polymerization [5]. The protonolysis of All3Bi by a
sufficiently strong Brönsted acid [PhNMe2H]+-
[B(C6H3Cl2)4]− allowed the bismuth complex
[All2Bi(THF)2]+[B(C6H3Cl2)4]− to be isolated as a yel-
low solid (Scheme 2). The bismuth atom in the cation
has the bis(phenoidal) coordination geometry with the
apically arranged THF molecules.

Scheme 2.

Tris(methylallyl)bismuth produced from the Grignard
reagent and bismuth trichloride was also structurally char-
acterized. According to the X-ray diffraction (XRD) data,
the allyl ligands in this compound coordinate to the bis-
muth atom via the η1 mode, and the average length of the
Bi−C bond (2.32(2) Å) is close to an analogous bond for
another characterized bismuth compound containing the

allyl ligand: {2,6-(Me2NCH2)2C6H3}2(η1-All)Bi [6].
Complex [All2Bi(THF)2]+[B(C6H3Cl2)4]− quantitatively
reacts with two equivalents of aldehyde in THF at ambient
temperature to form the carbometallation product
[(AllCH(Ar)O)2Bi(THF)2]+[B(C6H3Cl2)4]− in the yield
up to 99% (Scheme 3).

Scheme 3.
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ORGANIC COMPOUNDS OF BISMUTH 793
Triorganylbismuth Bi(CH2C6H4Cl-2)3 synthe-
sized from bismuth trichloride and alkylmagnesium
bromide was characterized by XRD, which revealed
the formation of a two-dimensional network due to

the coordination π interactions bismuth–arene with
distances of 3.659 Å (bismuth–arenocentroid)
and 3.869 Å (arene centroids), respectively
(Scheme 4) [7].

Scheme 4.

The nonsymmetric bismuth compounds Ar2BiR
containing the N,C,N-ligands 2,6-(Me2NCH2)2C6H3

were synthesized and structurally characterized [6] in
order to compare their properties with the coordina-
tion chemistry of lanthanides. In particular, the addi-
tion of a solution of allylmagnesium chloride in THF

to diarylbismuth chloride in THF afforded the allyl-
bismuth complex (2,6-(Me2NCH2)2C6H3)2Bi(All) in
which the allyl ligand is linked to the metal atom via
the η1 mode, where one N,C,N-ligand is tridentate
and the second ligand forms only one coordination
bond Bi⋅⋅⋅N (Scheme 5).

Scheme 5.

Tris(pentafluoroethyl)bismuth Bi(CF2−CF3)3 was
synthesized from pentafluoroethyllithium and bis-
muth trichloride in ether at reduced temperature
(Scheme 6). In this compound, the Bi−C bond

lengths (2.331(5), 2.338(5), and 2.351(5) Å) [8] are
maximal in the series of the R3Bi derivatives due to an
increase in the electronegativity of the alkyl substitu-
ents at the bismuth atom.

Scheme 6.
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794 SHARUTIN et al.
Scheme 7.

Stable bismabenzene was synthesized from the
organoaluminum derivative (Scheme 7) [9].

The assumed aromaticity of this heavy benzene
including the sixth period element was studied by
XRD, NMR method, UV spectroscopy, and theoreti-
cal calculations. The XRD study of the synthesized

bismabenzene revealed the planar ring containing
unsaturated Bi−C and C−C bonds. The reaction of
bismabenzene with dimethylacetylenedicarboxylate
(Scheme 8) leading to bisma[2.2.2]bicyclooctadiene,
which was characterized by XRD, was also studied.

Scheme 8.

The organobismuth derivative of propeller-like
ortho-substituted f luorotriphenylsilane (bismasila-
triptycene) was synthesized from bismuth chloride
and tris(2-lithiumphenyl)fluorosilane, which was pre-

pared by the lithiation of tris(2-bromophenyl)fluo-
rosilane or tris(2-iodophenyl)fluorosilane with butyl-
lithium in hexane (Scheme 9) [10].

Scheme 9.

It follows from the XRD data that no interactions
between the silicon and bismuth atoms were observed
in spite of their large sizes.

The organobismuth compounds with the N,C-aryl
ligand LBi(Ph)Cl and LMPh2 were synthesized in

high yields from aryllithium dichloride LBiCl2 (L =
o-(СH=N-Dipp)C6H4) and phenyllithium in a ratio
of 1 : 1 or 1 : 2 (Scheme 10) [11].

Scheme 10.
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ORGANIC COMPOUNDS OF BISMUTH 795
Nonsymmetric compounds (C6F5)2BiR and
[2,4,6-(C6F5)3C6H2]2BiR, where R = 2-(Me2NCH2)-
C6H4, were synthesized by the reactions of RBiBr2
with C6F5MgBr and 2,4,6-(C6F5)3C6H2Li, respec-
tively, at the 1 : 2 molar ratio [12]. Bromides
R(C6F5)BiBr, R(Mes)BiBr, and R(Ph)BiBr were syn-
thesized from the equimolar amounts of RBiBr2 and
C6F5MgBr, MesMgBr, or PhMgBr or from PhBiBr2

and RLi in the 1 : 1 molar ratio. All compounds bear-
ing the dimethylaminomethyl group in the aryl ligand
contain the very strong coordination Bi⋅⋅⋅N bond
(2.511(9)−3.334(16) Å).

Triarylbismuth (2-(Et2NCH2)C6H4)3Bi is the
product of the reaction of RLi (R = 2-
(Et2NCH2)C6H4 with BiCl3 in the 3 : 1 molar ratio
(Scheme 11) [13].

Scheme 11.

The use of an analogous scheme gave (2-
iPr2NCH2−C6H4)3Bi in which the coordination polyhe-
dron of the central atom is a distorted octahedron (Bi−C
2.272(3), 2.276(3), and 2.279(3) Å, and tight contacts Bi⋅⋅⋅N
3.052(3), 3.021(3), and 3.074(2) Å) (Scheme 11) [14].

The (iPr2P−Ace)3Bi and (iPr2P−Ace)2BiPh deriv-
atives (Ace is acenaphthene-5,6-diyl) were synthe-
sized from bismuth chloride and aryllithium [15] via
the following scheme (Scheme 12).

Scheme 12.
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796 SHARUTIN et al.
The synthesis of the neutral Bi-containing tris-2-
pyridyl ligand (6-Me-2-Py)3Bi, which transforms into
the copper complex {[(6-Me-2-Py)3Bi]Cu-

(MeCN)}+[PF6]− upon the treatment with
[Cu(MeCN)4]+[PF6]− in an acetonitrile solution
(Scheme 13), was described in [16].

Scheme 13.

The addition of tetrabutylammonium chloride to
[((6-Me-2-Py)3Bi)Cu(MeCN)]+[PF6]− results in the

quantitative formation of the dimeric complex [(6-
Me-2-Py)Bi(6-Me-2-Py)2CuCl]2 (Scheme 14).

Scheme 14.

The reaction of dimesityl-1,8-naphthalenediyllith-
ium borate with diphenylbismuth chloride afforded
1-(diphenylbismuth)-8-(dimesitylboron)naphthalene-
diyl Mes2B(1,8-Napht)BiPh2 (Scheme 15) [17].

Scheme 15.
It follows from the XRD data that the 1,8-naph-

thalenediyl cage provides short Bi → B distances
(3.330 Å). The stability of the complex increases by
6.32 kcal/mol due to the p(Bi) → p(B) interaction.

The bismuth compounds (o-PPh2−C6H4)2BiX
(X = Me, C6F5) were synthesized from diarylbismuth
chloride and organyllithium (Scheme 16) [18].

Scheme 16.
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(BiPh2) was synthesized [19] from diphenylphospho-
rus and diphenylbismuth chlorides (Scheme 17).
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ORGANIC COMPOUNDS OF BISMUTH 797
Scheme 17.

The phosphorus and bismuth atoms in
Xan(PPh2)(BiPh2) have the tetrahedral environment,
but the distance between them (4.2096(15) Å) is insig-
nificantly shorter than the sum of their van der Waals
radii (4.3 Å) [20].

The new bismuth compound (p-Tol)2BiR
(Scheme 18) containing the amide fragment was syn-
thesized and structurally characterized [21].

Scheme 18.
The XRD data show intramolecular interactions

between bismuth and the carbonyl oxygen atom. The
central atom has the pseudotrigonal bipyramidal
coordination. The compound manifested a strong
antiproliferative activity in all tested cell lines. In par-
ticular, the complex was more sensitive than the
analogous antimony compound.

The complex with the N,C,N-pincer ligand, [2-
(dimethylaminomethyl)phenyl]bis(4-methylphenyl)-
bismuth (2-Me2NСH2C6H4)Bi(p-Tol)2, was synthe-
sized from bis(para-tolyl)bismuth chloride and o-lith-

ium-N-dimethylbenzylamine [22]. The Bi⋅⋅⋅N intra-
molecular contacts (2.902(4) Å) are observed in the
molecules of the compound.

The bismuth compounds [2-{E(CH2CH2)2-
NCH2}C6H4]3Bi, where E = O or MeN, were synthe-
sized by the reaction of the corresponding ortho-lith-
ium derivative with bismuth trichloride in the 3 : 1
molar ratio [23]. For R3Bi, the N⋅⋅⋅Bi intramolecular
interactions of the medium strength (3.170(7) Å for
[2-{O(CH2CH2)2NCH2}C6H4]3Bi and 3.211(5) Å for
[2-{MeN(CH2CH2)2NCH2}C6H4]3Bi) lead to the dis-
tortion of the octahedral (C,N)3Bi core. The six-
membered rings of morpholine and piperazine in
these complexes adopt the chair conformation that
prevents the intramolecular coordination of the oxy-
gen or nitrogen atoms.

The reaction of substituted ferrocenyllithium and
diphenylbismuth chloride afforded Ph2Bi(2-
Me2NCH2−Fc', where 2-Me2NCH2−Fc' is the ferro-
cenyl substituent (2-Me2NCH2−C5H3)FeCp contain-
ing the additional functional group Me2NCH2 in the
second position of the ferrocenyl ring bound to the
bismuth atom. The quaternization of the latter by
methyl iodide yielded ferrocenylbismuthine-contain-
ing ammonium salt [Ph2Bi(2-Me3N+CH2−Fc')][I]−

(Scheme 19) [24].

Scheme 19.

The molecular structures of bismuthines Ph2Bi(2-
Me2NCH2−Fc') and [Ph2Bi(2-Me3N+CH2−Fc')][I]−

in the crystalline state were determined by X-ray crys-
tallography. No hypervalent Bi⋅⋅⋅N interaction was
observed in the Ph2Bi(2-Me2NCH2−Fc') compound.

The reactions of the lithium derivatives and bis-
muth trichloride gave N,C,N-chelated bismuth(III)

chlorides LBiCl2, where L = 2,6-(tBu-N=CH)2C6H3
and 2,6-(2',6'-Me2C6H3−N=CH)2C6H3) (Scheme 20)
[25]. The treatment of the obtained arylbismuth
dichlorides LBiCl2 with alkyl- or phenyllithium
(Scheme 20) results in the formation of triorganylbis-
muth compounds LBiR'2 in which no intramolecular
Bi⋅⋅⋅N contacts are observed.
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Scheme 20.

The problems of the synthesis of triorganylbismuth
compounds are directly related to the search for their
possible use in fine organic synthesis [26]. For this
purpose, the reactivity of a series of sterically hindered
triarylbismuth compounds Ar3Bi (Ar3Bi =
(2-MeOC6H4)3Bi, (2-MeC6H4)3Bi, Mes3Bi, (2,6-
Me2C6H3)3Bi, (1-Napht)3Bi, and [2,4-(MeO)2-
C6H3]3Bi) was studied in the cross-coupling with aryl
iodides or aryl bromides in the presence of the Pd/Cu-
containing compounds (Scheme 21).

Scheme 21.
It is expected that this study would provide pros-

pects for the further application of the bismuth
reagents in fine organic synthesis. A similar use of the
functionalized triarylbismuth derivatives in the C-,
N-, and O-arylation catalyzed by the palladium and
copper compounds (Scheme 22) was reported [27].

Scheme 22.

The cross-coupling reactions of triphenylbis-
muth or functionalized triarylbismuth with halo-
gen-substituted pyridines, pyrazines, and pyri-

dazines bearing reactive fragments catalyzed by the
palladium compounds are reported (e.g.,
Scheme 23) [28].
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Scheme 23.

The reactions occur under mild conditions with
excellent yields of the target products.

The chemioselective copper catalyst was developed
for the O-arylation of (1R,2R)-N-BOC-2-amino-1-
(4-nitrophenyl)-1,3-propanediols using triarylbis-

muth, where BOC is tert-butoxycarbonyl group
(Scheme 24). The method makes it possible to transfer
ortho-, meta-, and para-substituted aryl groups, is
highly tolerant to functional groups, and leads to the
arylation of primary alcohols [29].

Scheme 24.

In addition to the triarylbismuth derivatives with
nitrogen atoms in the aryl substituents, the synthesis of
similar complexes with other potential coordinating
centers, such as the oxygen atom of the methoxy
groups, was described. For instance, tris(2-bromo-5-
methoxyphenyl)bismuth was synthesized from bis-
muth trichloride and 5-bromo-2-methoxyphenyllith-

ium prepared by the metallation of para-bromoanisole
with phenyllithium in ether [30, 31].

Other triorganylbismuth compounds (Scheme 25)
in which two bismuth atoms are linked to each other by
bridging oxygen-containing ligands, such as
O{(CH2)2BiPh2}2, MeN(CH2−2-C6H4BiR2)2, and
S(CH2−2-C6H4BiR2)2 (R = Me, Ph), were synthe-
sized and characterized by XRD [32].

Scheme 25.
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800 SHARUTIN et al.
Hypervalent interactions between the O or S
atoms and bismuth atoms are observed in the struc-
tures of O{(CH2)2BiPh2}2 and S(CH2−2-C6H4Bi-
Ph2)2 (Bi⋅⋅⋅O 3.203(3), 3.126(3) Å at the sum of the
van der Waals radii of bismuth and oxygen equal to
3.52 Å and Bi⋅⋅⋅S 3.3254(12), 3.3013(12) Å at the
sum of the van der Waals radii of bismuth and sulfur
equal to 3.8 Å) [20].

The new photosensitizer [L+BiR][PF6]− based on
substituted triarylbismuth LBiPh (Scheme 26) was
synthesized from phenylbismuth dichloride and lith-
ium derivative of bis(4-dimethylamino-2-bromophe-
nyl)-2-tolylmethane by its lithiation with sec-BuLi
followed by the oxidation of the formed LBiPh with
p-chloranil (Scheme 26). The target compound was
obtained as hexafluorophosphate salt [L+BiR][PF6]−

in a 4% yield from LBiPh [33].

Scheme 26.

A number of new phosphorescent materials (bis-
muth compounds with heterocyclic ligands) was

obtained from β,β-dilithiobithiophenes and phenyl-
bismuth dihalide (Scheme 27) [34].

Scheme 27.

The new bismuth compound, [(2-di-p-tolyl-
bismuthanophenyl)diazenyl]pyrrolidine (Scheme 28),
was synthesized from di(p-tolyl)bismuth chloride and
corresponding lithium compound, which was pre-
pared by the lithiation of 1-[(2-iodophenyl)diaze-
nyl]pyrrolidine with butyllithium in THF. The new
compound was tested to biological activity against
human cancer cell lines [35]. Scheme 28.
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The compound was shown to exert a strong anti-
proliferative effect.

A new method was proposed for the synthesis of
the triorganylbismuth compounds Bi(2-C4H2X-5-R)3

from silanols and bismuth alkoxides or amides
(Scheme 29) [36, 37].

Scheme 29.

According to the XRD data, the obtained com-
pounds Bi(2-C4H2X-5-R)3 (X = O, R = H; X = S,
R = H; X = S, R = SiMe3; X = NMe, R = H; X = Se,
R = H) and Bi(3-C4H3S)3 contain intermolecular
Bi⋯π heteroarene interactions, for example, as those
shown in Scheme 29.

The triarylbismuth derivatives [2-(ArS)-
C6H4]nBiAr3−n with the ortho-thioaryl substituent can
conveniently be synthesized by the insertion of ben-
zene into the bond of bismuth with sulfur in
(ArS)nBiAr3−n (n = 1, 2) (Scheme 30) [38].

Scheme 30.

The Bi−C bond in [2-(2-BrC6H4S)C6H4]nBiAr3–

n is cleaved in the presence of the Pd catalyst to form
dibenzothiophene in a high yield. The XRD study of
2-(2-BrC6H4S)C6H4Bi(p-Tol)2 shows the presence
of the S⋅⋅⋅Bi intramolecular contact (3.397(2) Å),

which is considerably shorter than the sum of van der
Waals radii of these elements (4.2 Å [20]). Dihydro-
benzene can insert in two Bi−S bonds simultane-
ously resulting in the formation of the functionalized
triarylbismuth compounds, the synthesis of which by
other methods is rather complicated (Scheme 31).
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Scheme 31.

Several heterocyclic compounds of bismuth,
C4R4BiAr (R = Et, Ph; Ar = Ph, Mes) and L(Thi)2-
BiMes, were synthesized using an efficient transfer of

the metallocycle involving easily available zirconocy-
cles, and their luminescence properties were studied
(Scheme 32) [39].

Scheme 32.

Azide–alkyne cycloaddition catalyzed by the cop-
per(I) compound is presently widely used as a reliable
method for covalent binding of diverse building blocks
[40]. The application of organobismuth acetylenide
R1−C≡C−BiAr2 eliminates undesirable protodehalo-

genation reactions, and the target product
N3C2(R1R2)−BiAr2 is isolated from the reaction mix-
ture in the yield up to 99% (Scheme 33). The syntheses
of various functionalized N-heterocyclic derivatives
based on this method were described (Scheme 34).

Scheme 33.
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Scheme 34.

The preparation of a series of phosphorescent
bismuth-containing polymers and block copolymers

with arylated norbornenes (Scheme 35) was reported
[41].

Scheme 35.

The produced polymers with a high molecular
weight contain benzobismuth resins in the carbon cage

formed due to metathesis with ring opening
(Scheme 36).
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Scheme 36.
Dipyridinobismol DPyBi was synthesized by the

reaction of the dilithium derivative of 2,2'-dibromo-
4,4'-bipyridyl with diiodophenylbismuth (Scheme
37). The cyclic voltammogram of this compound in
acetonitrile indicates an enhanced electron affinity
compared to bipyridyl without a bridge. This com-
pound and related antimony derivative (DPySb) pos-
sess a weak f luorescence at room temperature and an
appreciable phosphorescence at 77 K with the emis-
sion maxima at λmax = 453 and 454 nm and the life-
times τ = 1.03 and 0.26 ms for DPySb and DPyBi,
respectively. Solid-phase phosphorescence was also
observed for these dipyridinoheterols at 77 K. The
reaction of DPyBi with Cu2I2(PPh3)3 affords the cor-
responding copper complex [(PPh3)CuI(DPyBi)-
CuI(PPh3)]2, which demonstrates red phosphores-
cence in the solid state at room temperature [42].

Scheme 37.

BISMUTH DERIVATIVES OF GENERAL 
FORMULAS RBiX2 AND R2BiX

Trivalent bismuth derivatives bearing one or two
organic groups at the metal atom are prepared using sev-
eral methods. The elimination of organic compounds
from triorganylbismuth by the compounds containing
the active hydrogen atom is the simplest and rather effi-
cient method. Other methods are less efficient for the
synthesis of these compounds and are based on substitu-
tion, addition, and insertion reactions.

Reactions of elimination of organic substituents
from triorganylbismuth. A series of works devoted to
the dephenylation of triphenylbismuth by carboxylic
acids, the products of which are aryl- or diarylbismuth
carboxylates, was published. A distinctive feature of
diarylbismuth carboxylates is their polymeric struc-
ture caused by the bidentate properties of the carbox-
ylate ligand. However, similar coordination polymers
are presented by single examples. For instant, the syn-
thesis of diphenylbismuth 2-phenylcarboranyl carbox-
ylate via substitution between triphenylbismuth and
2-phenylcarboranylcarboxylic acid in benzene
(Scheme 38) was described, and its structural features
were determined by XRD [43].

Scheme 38.
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According to the XRD data, diphenylbismuth
2-phenylcarboranyl carboxylate represents a coordi-
nation polymer crystallized as a solvate with benzene.
The bismuth atoms have the bis(phenoid) coordina-
tion with the apically arranged oxygen atoms of the
2-phenylcarboranylcarboxylate substituents. The
equatorial plane contains two phenyl ligands and a
lone electron pair.

The reactions of triphenylbismuth with 4-nitro-
phenylacetic and 2-nitrobenzoic acids in toluene at
90°С was studied [44]. Phenylbismuth bis(4-nitro-
phenylacetate) and phenylbismuth bis(2-nitrobenzo-
ate) were shown to be formed at the equimolar ratio of

the reactants in 49 and 46% yields, respectively. The
minor reaction products are diphenylbismuth 4-nitro-
phenylacetate and diphenylbismuth 2-nitrobenzoate
(27 and 16% yields, respective).

In order to study the influence of the solvent and
nature of carboxylic acid on the formation of bismuth
carboxylates, triphenylbismuth was treated with sali-
cylic, 5-bromosalicylic, 3-methoxysalicylic, 5-nitro-
sosalicylic, 3-methylanthranilic, 5-chloroanthranilic,
and N-acetylanthranilic acids at the 1 : 2 molar ratio of
the starting reactants under various conditions
(Scheme 39) [45].

Scheme 39.

Compounds (Ar−COO)2BiPhL (L = Me2C=O,
EtOH) are monomeric and contain a molecule of the
coordinated solvent in the equatorial position at the bis-
muth atom in the pentagonal pyramid. The same geom-
etry was determined in [(Ar-COO)2BiPh]2(4,4'-Bipy),
where two such units are linked together through the 4,4'-
bipyridine ligand. Compounds (Ar−COO)BiPh(ROH)-
(OOC−Ar)Bi(Ar−COO)2Ph form dimers in which sim-
ilar coordination polyhedra of Bi atoms are observed.
Compounds [(o-(NH−C(O)Me)−C6H4−COO)2-BiPh]n
and [(Ar−COO)BiPh(OOC−Ar)]n are polymeric. In
(Ar−COO)2BiPh(2,2'-Bipy), one of the carboxylate
ligands is bidentate, whereas the second ligand remains
monodentate reflecting the same structural geometry
that was observed for the earlier described compounds.

Compounds cis/trans-[(Ar−COO)2-BiPh(L)]2 (L =
MeOH/MeCN), cis-[(Ar−COO)2-BiPh]2, and trans-
[(Ar−COO)2BiPh]2) are dimeric structures linked with
each other by common oxygen atoms of the carboxylate
groups.

Three phenylbismuth dicarboxylates were synthe-
sized by the dephenylation of triphenylbismuth with
o-methoxybenzoic, m-methoxybenzoic, and 5-[(R/S)-
2,3-dihydroxypropylcarbamoyl]-2-pyridinecarbox-
ylic acids (molar ratio 1 : 2) on reflux of a mixture of
the reactants in methanol or ethanol [46]. The addi-
tion of an equimolar amount of 2,2′-bipyridyl (Вipy)
to the reaction mixture results in the synthesis of
the stable [PhBi(O2CC6H4OMe-o)2(Вipy)]·0.5EtOH
complex. The synthesized complexes were character-
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ized by NMR spectroscopy and tested to antileishma-
nial activity. Their toxicity toward mammalian cells
was additionally evaluated. The bismuth complexes of
substituted benzoic acid show a significant antileish-
manial activity against promastigotes L, majorV121 at
very low concentrations, while the corresponding free
carboxylic acids exhibit no efficient activity. However,
the bismuth compounds inhibit the growth of mam-
malian cells at all studied concentrations (from 1.95 to
500 μg/mL) after 48 h of incubation.

The reactions of triphenylbismuth with such hetero-
cyclic carboxylic acids as 3-hydroxypicolinic, pyrazine-
2-carboxylic, quinolone-2-carboxylic (quinaldinic),
furan-2-carboxylic, and thiophene-2-carboxylic acids
are shown to form diphenylbismuth carboxylates and
phenylbismuth dicarboxylates [47]. According to the

XRD data, the coordination number of bismuth in the
synthesized complexes varies from 5 to 8 due to the
coordination of the potential coordinating sites (hetero-
atoms and carbonyl oxygen atoms).

An increase in the coordination number of the bis-
muth atom is observed in phenylbismuth bis(chloro-
acetate), where the chloroacetate ligands are triden-
tate chelate-bridging and bind the adjacent molecules
through the oxygen atoms into polymeric chains [48].

Two bismuth complexes (MICA)2BiPh and
(IGA)2BiPh were synthesized from indolecarboxylic
acids (MICAH = 1-methyl-1Н-indole-3-carboxylic
acid, and IGAH = 2-(1H-indol-3-yl)-2-oxoacetic
acid) and triphenylbismuth in boiling ethanol
(Scheme 40) [49].

Scheme 40.

The complexes were characterized by elemental
analysis, IR spectroscopy, mass spectrometry, and
NMR (1Н, 13С) spectroscopy. The (IGA)2BiPh com-
plex in the solid state was characterized by X-ray crys-
tallography as a dimer. The in vitro antibacterial activ-
ity of indolecarboxylic acids and their bismuth com-
plexes was estimated against Helicobacter pylori. The
compounds are highly active against leishmaniasis

without any toxicity toward mammalian cells at their
effective concentration.

Phenylbismuth dicarboxylate (3-Нpic)2BiPh was
obtained from triphenylbismuth and 3-hydroxypi-
colinic acid (3-НpicH) in the absence of solvent fol-
lowed by recrystallization from DMF (Scheme 41)
[50].

Scheme 41.
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chelating 3-Нpic ligands, and the oxygen atom of the

solvent molecule in the equatorial plane and the phe-
nyl substituent in the apical position.

The polynuclear bismuth oxoclusters were prepared
from triphenylbismuth and ortho-nitrobenzoic acid
under various conditions (Scheme 42) [51].
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Scheme 42.

Compounds (2-NO2−C6H4−COO)2Bi(OEt)∙
EtOH and (2-NO2−C6H4−COO)BiPh2, which pri-
marily crystallized together, were obtained at the 1 :
2 molar ratio of the starting reactants in ethanol,
whereas (2-NO2−C6H4−COO)3Bi∙H2O was formed
later from the filtered off mother liquor. Compound
(2-NO2−C6H4−COO)2Bi(OEt)∙EtOH is a result of
the in situ ethanolysis of the (2-NO2−
C6H4−COO)2BiPh product and then undergoes
hydrolysis with the formation of crystals of the
[Bi10O8(2-NO2−C6H4−COO)14](EtOH)x oxocluster.

The XRD studies of single crystals of four of the five
compounds (except for (2-NO2−C6H4−COO)2-
BiPh) show that all of them are polymeric in the solid
state and the coordination number of bismuth in
them are 9, 8, and 5, respectively.

Bismuth(III) oxide (ArBiO)2, which is coordinated
via the N,C,N-intramolecular mode, where Ar = 2,6-
(Me2NCH2)2C6H3, reacts with 1,1'-ferrocenedicar-
boxylic acid to form the corresponding binuclear car-
boxylate (Fc(COO)2BiAr)2 (Scheme 43) [52].

Scheme 43.

The compound was characterized by NMR,
Raman, IR, and UV−VIS spectroscopy and XRD.
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muth nitrate, 2-mercaptobenzoic acid, 1,10-Phen as
the auxiliary ligand, nitric acid, and neodymium
oxide in water at 160°С for 3 days (Scheme 44) [53].
The complex was characterized by XRD, IR spec-
troscopy, and thermogravimetric analysis.
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Scheme 44.

Evidently, the appearance of the benzoate group in the
complex is caused by the desulfonation of 2-mercaptoben-
zoic acid that occurs under the hydrothermal conditions.

Two bismuth complexes (Napht−C(O)S)2BiPh
(Scheme 45) and (4-BrC6H4−C(O)S)2BiPh prepared

from thionaphthoic and p-bromothiobenzoic acids
and triphenylbismuth in a boiling ethanol solution
(1 h) were characterized, and their in vitro activity
against leishmaniasis and total toxicity toward human
fibroblast cells were evaluated [54].

Scheme 45.

It should be mentioned that the thermolysis of the
(R−С(O)S)BiPh2 derivatives led to the formation of

compounds PhBiX2 and triphenylbismuth via the rad-
ical redistribution reaction (Scheme 46).

Scheme 46.
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mation of the distorted octahedral geometry of the
coordination node in which the phenyl group and
lone electron pair are oriented axially toward
the plane formed by two thiocarboxylate ligands. The
intermolecular Bi⋅⋅⋅S interactions (3.54 Å) bind these
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ORGANIC COMPOUNDS OF BISMUTH 809
atom, (Ph−C(O)S)BiPh2, was synthesized from
diphenylbismuth chloride via the substitution reaction.
The compound is readily transformed via ligand redistri-
bution into the monophenyl complex
(Ph−C(O)S)2BiPh.

Scheme 47.
The XRD data show that the (Ph−C(O)S)2BiPh

complex forms discrete tetrameric units fastened by

long intermolecular Bi⋅⋅⋅S bonds (3.774 Å). The
activity of the (Ph−C(O)S)2BiPh and
(Ph−C(O)S)BiPh2 complexes against three strains of
Helicobacter pylori was studied. The high level of bac-
tericidal activity was shown to be insensitive to the
degree of substitution at the bismuth atom.

A series of the monoorganic bismuth dithiocarbox-
ylate complexes (Ar−C(S)S)2BiR (R = Me, Ph,
p-Тol; Ar = Ph, p-Тol) was synthesized by the substi-
tution reactions from triorganylbismuth or methylbis-
muth dichloride and dithiocarboxylic acids in the
presence of trimethylamine as an acceptor of HCl
(Scheme 48) [56].

Scheme 48.

The compounds were characterized by elemental
analysis and spectroscopic studies. The molecular
structure of (p-Tol−C(S)S)2BiR (R = Me or Ph) in
the crystalline state was determined by XRD. It is
shown that the bismuth atom in these compounds
adopts the square pyramidal configuration with the R
group in the apical position. The thermolysis of (p-
Tol−C(S)S)2BiR (R = Me or Ph) on ref lux in diphe-
nyl ether resulted in the formation of nanocrystals of
Bi2S3. The (p-Tol−C(S)S)2BiPh complex was used to
precipitate thin films of Bi2S3.

The treatment of triphenylbismuth with 4-methyl-
4H-1,2,4-triazole-3-thiol (4-МТТН) or 2-mercapto-
1-methylimidazole (2-MMIH) in a toluene−ethanol
mixture of solvents on reflux or under microwave irra-
diation results in the oxidation of the bismuth deriva-
tives and formation (in both cases) of bright yellow
substances: (4-MMT)4BiPh and (2-MMI)4BiPh,
respectively. The synthesis time was the shortest
(7 min) in the case of microwave irradiation
(Scheme 49) [57].

Scheme 49.

However, the recrystallization of the (4-MMT)4-
BiPh and (2-MMI)4BiPh complexes from dimethyl
sulfoxide (DMSO) resulted in the formation of the tri-
valent bismuth derivatives [(4-MMT)2(4-MMTH)2-
BiPh]3 and [(2-MMI)2(2-MMIH)2BiPh]4.

The products of the reactions of heterocyclic
tetrazole-, imidazole-, and thiadiazole-thiols, namely,
1-methyl-1H-tetrazole-5-thiol (1-MMTZH), 4-МТТН,
5-methyl-1,3,4-thiadiazole-2-thiol (5-MMTDH),
and 1,3,4-thiadiazole-2-dithiol (2,5-DMTDH2),
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with triphenylbismuth are heteroleptic complexes of
thiolatophenylbismuth of the general formula
(RS)2BiPh, which were also obtained from phenyl-

bismuth dichloride and thiol sodium salt
(Scheme 50) [58]. The synthesized complexes were
characterized by spectral methods and XRD.

Scheme 50.

The bactericidal properties of the synthesized com-
pounds against Mycobacterium smegmatis (М. smeg-
matis), Staphyllococcus aureus (S. aureus), methicillin-
resistant Staphyllococcus aureus (MRSA), vancomy-
cin-resistant enterococcus (VRE), Enterococcus faeca-
lis (E. faecalis), and Escherichia coli (E. coli)
were evaluated. Among them, the complexes contain-
ing the 1-MMTZ and 4-MTT ligands showed the

highest efficiency: (1-MMTZ)2(1-MMTZH)2BiPh and
(4-МТТ)2(4-МТТН)2BiPh. All complexes exhibited
insignificant or zero toxicity against COS-7 cells of
mammalia at 20 mg/mL.

The thiolatobismuth complex (5-MMTD)2(4-
MMTH)BiPh was synthesized from heterocyclic thia-
diazole- and triazole-thiones and structurally charac-
terized (Scheme 51) [59].

Scheme 51.

The complex was shown to exhibit antibacterial
properties against Staphyllococcus aureus, VRE,
E. faecalis, and E. coli and a low toxicity toward the
mammalian COS-7 cell lines in a dose of 20 μg/mL.

Compound (MBT)2BiPh was obtained from
4-phenylthiazole-2-thiol (MBTH) and triphenylbis-
muth or from BiPhCl2 and corresponding sodium
thiolate (NaMBT) (Scheme 52) in the yield up to
89% under various conditions (without solvent,
100°С, 4 h; ref lux of toluene solution, 6 h; micro-
wave irradiation, toluene, 115°С, 15 min; methanol,
12 h, 24°С) and characterized by XRD [60].

Scheme 52.
The (MBT)2BiPh complex, being dimeric in the

crystal, was shown to manifest a high antileishmanial
activity; exhibits active bactericidal properties against
Mycobacterium smegmatis, MRSA, E. faecalis resistant
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ORGANIC COMPOUNDS OF BISMUTH 811
to VRE, and E. coli; and demonstrates a low toxicity
toward the mammalian COS-7 cells at 20 μg/mL.

A series of 5-substituted phenylthiazoloxadiazolethi-
ones of the (Х-PTOT)2BiPh type, where X = Me, MeO,

MeS, F, Cl, Br, and CF3; PTOTH = 5-(2-phenylthi-
azol-4-yl)-1,3,4-oxadiazole-2-thiol (Scheme 53), was
synthesized from triphenylbismuth and corresponding
thioamides or from phenylbismuth dichloride and
sodium salts of thioamides [61].

Scheme 53.

Complexes (Cl–PTOT)2BiPh and (Br–PTOT)2-
BiPh were recrystallized from DMSO and structur-
ally characterized by XRD as (X–PTOT)2BiPh∙
2DMSO (X = Cl, Br). The antibacterial properties of
the thiones and their Bi(III) complexes against
Mycobacterium smegmatis, S. aureus, MRSA, VRE,
E. faecalis, and E. coli were evaluated. All bis-
muth(III) complexes were shown to be highly effi-
cient against all bacteria, since they have very low
minimum inhibition concentrations (MIC) (1.1–2.1
μmol/L). These complexes exhibited an insignificant
toxicity or the absence of toxicity toward the mam-
malian COS-7 cells at 20 μg/mL.

The bismuth(III) complexes [(Sac)BiPh2]n,
[(Sac)2BiPh]n, [(Tsac)BiPh2]n, and [(Tsac)2BiPh]n
(SacH is saccharin, and TsacH is thiosaccharin) were
synthesized and characterized [62]. The elimination of
one phenyl group from the bismuth atom was observed
upon reflux of equimolar amounts of triphenylbis-
muth and saccharin or thiosaccharin in ethanol for
30 min (Scheme 54).

Scheme 54.
The PhBiX2 derivatives were formed in the yield up

to 73% at the 1 : 2 molar ratio and increasing heating
time to 1 h. The structures of [(Sac)BiPh2]n and

[(Tsac)BiPh2]n were confirmed by X-ray crystallogra-
phy. In [(Sac)BiPh2]n, the Sac bridging ligands bind
the Ph2Bi groups to the tetracoordinate bismuth atom
through the nitrogen atom (Bi−N 2.353(4) Å) and one
of the oxygen atoms of the SO2 group (Bi⋅⋅⋅O 2.605(4) Å).
However, in the structure of [(Tsac)BiPh2]n, the thio-
saccharin ligand is σ-bonded via the exocyclic sulfur
atom to form the thiolate complex, thus confirming a
more thiophilic character of bismuth(III). The crystal
of the [(Tsac)BiPh2]n complex also contains polymeric
chains with formally tetracoordinate bismuth atoms.
The activity of the complexes against H. pylori was
estimated. The activity depends on both the ligand and
degree of substitution of the ligand. The saccharinate
complexes [(Sac)BiPh2]n and [(Sac)2BiPh]n manifest
the activity comparable with the values standard for
bismuth(III) tricarboxylates (6.25 μg/mL), whereas
the activity of the thiolate bismuth complexes
increased sharply with an increase in the number of
thiolate groups. Saccharin, thiosaccharin, and triph-
enylbismuth were inactive.

The synthesis of phenylbismuth bis(2,5-dimeth-
ylbenzenesulfonate) in a yield of 94% from triphen-
ylbismuth and 2,5-dimethylbenzenesulfonic acid in
toluene was reported [63]. According to the
XRD data and taking into account the stereochemi-
cally active lone electron pair, the bismuth atoms
have a distorted octahedral coordination, which can
be considered (without the “phantom”-ligand) as a
square pyramid with the oxygen atoms in the equato-
rial positions and the carbon atom of the
phenyl group in the axial position. The bismuth
atom shifts from the mean equatorial О4 plane by
0.19 Å in the direction opposite to the carbon atom.
The trans angles in the equatorial ОBiO plane are
177.7(1)° and 164.1(1)°. Two СBiO angles (89.0(5)°,
88.8(5)°) are close to the theoretical value,
whereas other two СBiO angles (81.6(5)°, 82.5(5)°)
significantly deviate from this value. The Bi–C bond
length is 2.247(5) Å. The Bi–O bond lengths
(2.394(9), 2.390(9) Å) and Bi⋅⋅⋅O coordination
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bonds (2.396(10), 2.403(10) Å) almost do not differ
from each other.

The synthesis and characteristics of two coordina-
tion polymers of vinylbismuth(III) sulfonates were

reported [64]. The bismuth complexes were synthe-
sized from triphenylbismuth and vinylsulfonic acid in
ethanol or acetonitrile (Scheme 55).

Scheme 55.

The structures of the compounds were proved by
spectral methods and XRD. In the crystal of the
coordination polymer [(Vin-SO3)BiPh2]n (Vin is
vinyl), the bismuth atoms with allowance for the ste-
reochemically active lone electron pair have the
coordination of a distorted trigonal bipyramid in

which the oxygen atoms occupy the apical positions
with the OBiO angle equal to 164.7(3)°. One phenyl
substituent of the adjacent molecule is oriented to the
bismuth atom (Bi⋅⋅⋅arene 3.42 Å) at an almost per-
pendicular arrangement of the bismuth atom above
the center of the phenyl ring (Scheme 56).

Scheme 56.

The crystal of the coordination polymer [(Vin-
SO3)2BiPh]n contains crystallographically indepen-
dent molecules of two types that do not interact with
each other. The molecules of each type form a poly-
meric chain along the crystallographic b axis. In the
polymeric chain, the bismuth atoms are bound to each
other through the oxygen atoms of the sulfonate
ligands. The coordination sphere of the bismuth atoms
can be described best of all as a square pyramid with
the phenyl substituent in the vertex. When taking into
account the stereochemically active lone electron pair,
the coordination sphere can be described as a pseu-
dooctahedron.

Three diphenylbismuth organosulfonates
(R−SO3)BiPh2, where R = p-tolyl (p-Tol), mesityl
(Mes), or S-(+)-10-camphoryl (S-(+)-10-Camph),
were synthesized by the reactions of equimolar
amounts of triphenylbismuth and organosulfonic acid
in alcohol with the yield of the target product up to
99% (Scheme 57) [65]. The recrystallization of the
compounds from acetone is accompanied by ligand
redistribution and formation of polymeric bis(organo-

sulfonato)phenylbismuth [(R−SO3)2BiPh]x and triph-
enylbismuth.

Scheme 57.
According to the XRD data, complexes

(Mes−SO3)BiPh2 and (S-(+)-10-Camph−SO3)BiPh2
structurally resemble the polymeric spiral chains in
which the bismuth atoms having the trigonal bipyra-
midal environment are bound to the oxygen atoms of
the sulfonate groups with nearly linear OBiO angles.
Two phenyl rings with the stereochemically active
electron pair lie in the equatorial plane, and the axial
positions are occupied by the oxygen atoms. The
presence of one sulfonate ligand in the
(R−SO3)BiPh2 compounds resulted in a sharp
increase in the bactericidal activity toward bacterium
H. pylori over triphenylbismuth and sulfonic acid,
which were nearly inactive. In the [(R−SO3)2BiPh]x
complexes (R = p-Tol, Mes), the bismuth atoms are
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linked with each other by two bridging organosulfon-
ate ligands through the oxygen atoms. The coordination
mode of the bismuth atoms is octahedral, one position is
occupied by a lone electron pair, and the Bi−C and
Bi−O bond lengths are 2.226(7), 2.221(10) Å and
2.361(4)−2.384(7) Å, respectively. The eight-membered
rings consisting of bismuth, oxygen, and sulfur atoms
have a chair conformation, and two opposite oxygen
atoms shift from the plane of other atoms (complanar
within 0.09 Å) to opposite sides by 0.93 Å.

The treatment of triphenylbismuth with 5-sulfos-
alicylic acid (H3Ssal) leads to the formation of phen-
ylbismuth sulfosalicylate hydrate (HSsal)BiPh∙H2O
and its ethanol-containing analog (HSsal)BiPh∙
EtOH [66]. According to the XRD data, both com-
plexes in the solid state are polymers with the frame-
works built of dimeric [(HSsal)Bi]2. The former of
these heteroleptic complexes demonstrates a remark-
able solubility in water (10 mg/mL) due to which a
transparent solution with pH 1.5 is formed. On the
contrary, the second complex (with ethanol) is nearly
insoluble in water. The complexes manifest a consid-
erable activity toward bacterium H. pylori.

Diphenylbismuth trif late was synthesized from
dimesityltellurium trif late and triphenylbismuth and
by the counter synthesis from triphenylbismuth and
trif luoromethanesulfonic acid (Scheme 58) [67].

Scheme 58.
According to the XRD data, diphenylbismuth tri-

f late represents a polymer in which the Ph2Bi frag-
ments are bound to each other via the bridging oxy-
gen atoms of the trif late groups (2.531(6),
2.473(5) Å).

The reaction of triphenylbismuth with 1,1,2,3,3-
pentamethyltrimethylenephosphinic acid {cyc-P(O)-
OH·2H2O} in THF on heating and at room tempera-
ture affords the 16-membered macrocycle [(cyc-
PO2)8(BiPh)4] and polymer [(cyc-PO2)BiPh2]n,
respectively (cyc-PO2 is 1,1,2,3,3-pentamethyltri-
methylenephosphinate) (Scheme 59) [68].

Scheme 59.

The anisobidentate phosphinate ligands are bridging
in both complexes, which were characterized by XRD.

The reaction of phosphate diester (tBuO)2PO(OH)
with BiPh3 in a ratio of 1 : 1 at room temperature in ethanol
gives the coordination polymer [((tBuO)2PO2)BiPh2]n in
which the bismuth atoms are linked with the isobidentate
ligands [(tBuO)2PO2] (Scheme 60) [69].

Scheme 60.
The thermolysis of the compound at 700°С gives

the pure phase of BiPO4.
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New coordination polymer [(Me2N−C(S)S)-
BiPhCl]n was synthesized from sodium dimethyl dith-
iocarbamate and triphenylbismuth (molar ratio 2 : 1)
in a methanol−THF mixture of solvents (25°С, 24 h)
and characterized by IR spectroscopy, 1Н NMR spec-

troscopy, and XRD [70]. In the crystal, the square
pyramidal blocks with the phenyl ligand in the apical
position are linked with each other by the bridging
chlorine atoms to form a one-dimensional spiral chain
(Scheme 61).

Scheme 61.

The complex is characterized by a high photocata-
lytic activity shown for methylene blue, rhodamine B,
and methyl violet as examples.

Other methods for synthesis of bismuth derivatives
RBiX2 and R2BiX. Compounds of trivalent bismuth
with one or two organic substituents at the bismuth
atoms can be synthesized by several methods among
which the procedures based on the reactions of
organic derivatives of active metals with bismuth triha-
lides are fairly efficient. For instance, a series of the
trivalent bismuth derivatives tBu2BiX (X = Cl, Br, I,
CN, N3, and SCN) was obtained [71]. Chloride
tBu2BiCl was synthesized by the reaction of bismuth
trichloride with two equivalents of tBuMgCl, whereas
compounds tBu2BiX (X = Br, I, CN, and SCN) were
produced from tBu3BiX2. Azide tBu2BiN3 was pre-
pared by the reaction of tBu2BiCl with NaN3. The
crystal of tBu2Bi(CN) consists of polymeric chains in
which the tBu2Bi groups are bound to each other by
the Bi−C≡N⋅⋅⋅Bi bridges (N⋅⋅⋅Bi distance 2.548 Å).

The approaches to the synthesis of the first ada-
mantylbismuth complexes from adamantylmagne-
sium bromide or adamantyllithium and 1- and 2-ada-
mantylzinc bromides (Scheme 62) were described
[72].

Scheme 62.
The molecular structure of bis(2-adamantyl)bis-

muth bromide in the crystalline state was confirmed
by the XRD.

A series of pentafluoroethylbismuth derivatives
Et BiX3–n (EtF = CF2−CF3, X = F, Cl, Br, and I) was
prepared via the schemes of classical organoelement
synthesis, and the compounds were characterized by
XRD [8]. Their chemical properties induced by the
strong electron-acceptor character of the pentafluoro-
ethyl groups are shown for the reactions with hydroha-
lic acids and salts of some elements used as examples
(Scheme 63).

Scheme 63.

Four new sterically overloaded terphenyl-substi-
tuted bismuth dihalides of the [ArmBiX2]2 type (m = 1,
2 (Ar1 = 2,6-Mes2C6H3, X = Br, I; Ar2 = 2,6-Mes2-4-
tBu-C6H2, X = Cl, Br)) were synthesized and struc-
turally characterized (Scheme 64) [73]. Compounds
[Ar1BiBr2]2, [Ar2BiCl2]2, and [Ar2BiBr2]2 in the solid
state are dimeric, whereas bismuth diiodide [Ar1BiI2]n
is a one-dimensional coordination polymer.
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Scheme 64.

The hydrolysis of compound [Ar2BiBr2]2 leads to
the formation of bromoarylbismuth Ar2Bi(OH)Br,
which was isolated instead of the expected monoor-
ganobismuth dihydroxide. The resistance of
Ar2Bi(OH)Br to further hydrolysis can be explained
by the intramolecular bismuth⋅⋅⋅arene π interactions.
The reaction of Ar2Bi(OH)Br with sterically over-

loaded phosphinic acid Ar2PH(O)(OH) affords orga-
nobismuth phosphinate (Ar2HP(O)O)BiAr2Br. The
XRD study of this compound revealed the unusual
double π-intramolecular bismuth⋅⋅⋅arene coordina-
tion (Scheme 65).

Scheme 65.
In order to study the Bi···π-arene intramolecular

interactions, a series of nontransition metal com-
pounds containing the bulky amide ligands
[(R3Si)N(Ar*)] (Ar* = 2,6-(CHPh2)2-4-tBu-C6H2,
R = Me, Ph) were synthesized via Scheme 66 [74].

Scheme 66.

The shortest Bi···η6−π-arene contact is observed in
the cationic complex [(R3Si)N(Ar*)BiCl]+[AlCl4]−

(2.85−2.98 Å). In other bismuth complexes, the Bi···C
(η6−π-arene) distances approach the sum of van der
Waals radii of bismuth and carbon, indicating a weak
interaction between them. Note that a similar contact
was observed in the tetranuclear bismuth 3,4,5-trif lu-
orobenzoate complex with toluene Bi4(O)2-
(O2CC6H2F3-3,4,5)8·2(η6-C6H5Me) in which the
Bi···C (η6−π-arene) distance reached 3.02 Å [75].

The reaction of Ph2BiCl with PhSLi or (2,6-
Me2C6H3)SLi gives Ph2BiSPh or Ph2Bi(SC6H3Me2-

2,6), respectively [76]. Both compounds were char-
acterized by IR, Raman, and 1Н and 13С NMR spec-
troscopy and XRD. It is shown that the structure of
Ph2BiSPh is polymeric with the Bi(1)⋅⋅⋅S(2) intermo-
lecular interactions (3.309(1) Å) and the Bi−S bond
length equal to 2.588(1) Å. The complex crystallizes
as a monomer with an increase in the volume of the
phenylthiolate ligand in Ph2Bi(SC6H3Me2-2,6).

Poorly soluble in organic solvents colorless crystals
of dimethylbismuth methoxide [Me2BiOMe]∞ are
formed upon the interaction of a benzene solution of
trimethylbismuth with air oxygen (12 h) [77]. Accord-
ing to the XRD data, the complex is a coordination
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polymer in which the MeO ligands link the Me2Bi frag-
ments into chains. The Bi–O bond lengths are equal to
2.359(6) and 2.344(6) Å, which is more than the sum of
covalent radii of Bi and O (2.18 Å [20]), and the С−Bi
distances (2.243(6), 2.243(6) Å) are usual for com-
pounds of this type [78].

The method for the synthesis of some organobis-
muth compounds is based on the insertion of small
molecules. It is shown that carbon monoxide is
inserted into cationic bismuthamide at the Bi–N bond
under mild conditions (Scheme 67) [79].

Scheme 67.

The combined experimental and theoretical
approach made it possible to understand the mechanism
of CO insertion that can be extended over isonitriles.

It is found that bismuth amide 1,8-C10H6-
(NSiMe3)2Bi–NMe2 derived from 1,8-bis((trimeth-
ylsilyl)amino)naphthalene and tris(dimethylam-

ide)bismuth reacts with 2-benzoylpyridine, 3-pyri-
dinecarboxaldehyde, 2-methyl-2-propenenitrile,
and diethylacetylenedicarboxylate to form addition
products at the Bi–N bond (Scheme 68) [80]. The
synthesized compounds were characterized by XRD
and spectral methods.

Scheme 68.

Using bismuth amide 1,8-C10H6(NSiMe3)2-
Bi−NMe2, one can synthesize trivalent bismuth deriv-

atives with such hydrocarbon substituents as Me,
C5Me5, and C≡CPh (Scheme 69) [81].
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Scheme 69.
The structures of the compounds were proved by 1H, 13C, and 29Si NMR spectroscopy and XRD.
It is shown that 1,2,4,3-triazaborol-3-yldiphenylbismuth (LN3B)BiPh2 is characteristic of the insertion of small

arylisonitrile (ArNC) and carbon monoxide molecules at the B−Bi bond (Scheme 70) [82].

Scheme 70.

The starting compound (LN3B)BiPh2 was prepared
from amidrazone (Scheme 71), and complexes

(LN3B)BiPh2 and (LN3B)−C(=NPh)−BiPh2 were
characterized by XRD.

Scheme 71.

The reactivity of bismuth tribromide toward N-he-
terocyclic carbene 1,3-bis(2,6-diisopropylphenyl)-
imidazol-2-ylidene (Dipp-NHC) was studied [83].
The addition of one molar equivalent of bismuth
tribromide to a solution of IPr in diethyl ether was
shown to form the (Dipp-NHC)⋅BiBr3 adduct, which
instantly precipitated from the reaction mixture as

bright yellow crystals in a yield of 90% (Scheme 72). It
is shown that the 1 : 1 (Dipp-NHC)⋅BiBr3 adduct
readily isomerizes on heating to 75°C (12 h) to form
colorless crystals of the zwitter on (Scheme 72, bottom
left), and its reaction with aluminum bromide leads to
the ionic complex [(Dipp-NHC)BiBr2]+[AlBr4]−

(Scheme 72, bottom right).

N

N
Bi

SiMe3

SiMe3

R
N

N
Bi

SiMe3

SiMe3

NMe2

N

N
Bi

SiMe3

SiMe3

Me

R = C5Me5,
1,8-C10H6(NSiMe3)2Bi−NMe2

RH

AlMe3

Ph

(LN3B)BiPh2

B
N

N
N

tBu

Ar Ph

BiPh2

PhNC

B
N

N
N

tBu

Ar Ph

BiPh2N
Ph

(LN3B)−C(=NPh)−BiPh2

(LN3B)BiPh2

N
NH

tBu

HNAr Ph

BPh3
toluene, Δ

B
N

N
N

tBu

Ar Ph

Br

Li(exc.)
Cat, THF

B
N

N
N

tBu

Ar Ph

Li

MgBr2   Et2O
THF

B
N

N
N

tBu

Ar Ph

MgBr(ТHF)2

Ph2BiCl
THF

B
N

N
N

tBu

Ar Ph

BiPh2

.

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 47  No. 12  2021



818 SHARUTIN et al.
Scheme 72.

The synthesis and structural characteristics of the first
adducts of N-heterocyclic carbene with bismuth chloride
(Scheme 73) were described [84]. Compound
(iPr−NHCMe)BiCl3 was synthesized via the reaction of
N-heterocyclic carbene iPr−NHCMe with BiCl3

(Scheme 73), and the addition of trimethylsilyltrifluoro-
methanesulfonate to a solution of this compound
resulted in the (iPr−NHCMe)BiCl2(OTf)(THF) adduct,
whose dimeric structure in the crystalline form was
proved by XRD.

Scheme 73.
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The synthesis of the first cyclic
(alkyl)(amino)carbenes (Et2CAAC)Bi(Ph)Cl2 and
(CyCAAC)Bi(Ph)Cl2 stabilized by the bismuth

complexes, which were prepared from carbenes and
phenylbismuth dichloride (Scheme 74), was
described in ref. [85].

Scheme 74.

The bismuth complexes can also be prepared by the
deprotonation of stable in air salts [Et2CAAC−

Н] [Cl2(Ph)Bi(μ-Cl2)Bi(Ph)Cl2]2− and [CyCAAC−H]2
2+

[Cl2(Ph)Bi(μ-Cl2)Bi(Ph)Cl2]2− using potassium
bis(trimethylsilyl)amide K[N(SiMe3)2]. The same
authors report in another work on the synthesis of the
carbene-stabilized bismuthinidene complex
(Et2CAAC)BiPh from the beryllium complex

(Et2CAAC)2Be, which is used as a reducing agent and
ligand transfer reagent (Scheme 74) [86].

Adduct (CDPPh)BiCl3 of hexaphenylcarbodiphos-
phorane (CDPPh) with bismuth trichloride was
obtained in a THF solution at room temperature
(Scheme 75) [87]. The treatment of (CDPPh)BiCl3

with trif late TMS−OTf afforded complex (CDPPh)-
BiCl(OTf)2.

Scheme 75.

All compounds were characterized by spectral
methods and XRD.

The kinetically stabilized carbene analog contain-
ing the bismuthenium ion [(2,6-Mes2C6H3)2Bi]+-

[BAr ]− (Mes = 2,4,6-Me3C6H2, ArF = 3,5-
(CF3)2C6H3) was obtained from diarylbismuth
hydride and triphenylcarbenium salt (Scheme 76)
[88].
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Scheme 76.

The reactions of [2+2] addition using acetylene or tolane
were carried out for the heavy [Bi(μ-N(2,6-Mes2C6H3))]2

biradical (Scheme 77) affording heterocyclic compounds,
whose structures were proved by XRD [89].

Scheme 77.

The reactions of the organobismuth derivatives
accompanied by the formation of organic compounds
of nonordinary structure are very interesting. For
example, the reactivity of aminobismuthane
Mes*N(SiMe3)BiCl2 (Mes* is 2,4,6-tri-tert-butylphe-

nyl) with the organic metal derivatives was studied
[90]. The synthesis of Mes*N(SiMe3)BiCl2 in a yield
of 33% is accompanied by the formation of the cou-
pling product of two Mes*N(SiMe3)H molecules in a
yield of 60% (Scheme 78).

Scheme 78.
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The reaction of Mes*N(SiMe3)BiCl2 with GaCl3

resulted in the formation of [Mes*N(SiMe3)-
BiCl]+[GaCl4]− only (Scheme 79). The use of the
Ag[WCA] salt (WCA is the weakly coordinating
anion) for binding chlorides made it possible to isolate

the C–C coupling product. Diiodide Mes*N-
(SiMe3)BiI2 and azidochloride compound
Mes*N(SiMe3)Bi(N3)Cl were also synthesized, but
the synthesis of these derivatives was not accompanied
by the formation of coupling products.

Scheme 79.

The synthesis and properties of bismuth(III) phosphinates were described [91]. When triphenylbismuth is
treated with perfluoroalkylphosphinic acid, one or two phenyl groups are eliminated from the bismuth atom
(Scheme 80).

Scheme 80.

The examples for the successful application of the
obtained bismuth phosphinates in the formation of

carbon–carbon bonds are presented (e.g.,
Scheme 81).
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Scheme 81.

The carbometallation reactions conducted by
mixing bismuth halide, carbon nucleophile, and
unsaturated hydrocarbon were described [92], and

a change in the type of halogen and bismuth salt
switches regioselectivity of the reaction
(Scheme 82).

Scheme 82.

It should be mentioned that the reaction conditions determine the quantitative composition of the products
(Scheme 83).
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Scheme 83.

The carbobismuthination of alkyne was confirmed
by the XRD study of the product of the reaction of bis-
muth tribromide with 3,5-di(tert-butyl)phenylacety-
lene and dimethylketenetrimethylsilylmethylacetal in

dichloromethane at room temperature, when the sin-
gle product is monoalkenylbismuth dibromide iso-
lated from the reaction mixture as colorless crystals in
a quantitative yield (Scheme 84) [93].

Scheme 84.

The XRD study of this monoalkenylbismuth
dibromide revealed the cis conformation of the bis-
muth atom and aromatic substituent at the double
bond, which confirms the regio- and stereoselective
character of carbobismuthination. The crystal con-
sists of tetramers formed due to the bromide bridges.
The geometry of the bismuth atoms is a distorted
trigonal bipyramid with the bromine atoms in the
axial positions. The alkenyl group, bromine atom,
and lone electron pair occupy the equatorial posi-
tions. It is shown that alkenylbismuth readily reacts

with iodine to form alkenyl iodide with the retention
of stereochemistry.

The transformation of С−Н bonds into more reac-
tive С−М bonds that are amenable to further func-
tionalization, which is of fundamental significance in
synthetic chemistry, was described [94]. It was shown
that the transformation of the neutral bismuth com-
pounds into their cationic analogs can be used as a
strategy for the facilitation of C−H bond activation
(Scheme 85).
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Scheme 85.

The organometallic products of the first and sec-
ond stages of the activation of the С−Н bonds were
isolated in high yields. The XRD data and DFT cal-
culations showed the unusual properties of the
ground state of these compounds (ring deformation
and moderate heteroaromaticity).

Synthesis of bismuth compounds with polydentate
aryl ligands. The chemistry of the arylbismuth com-
pounds with polydentate ligands at the central metal
atom has recently been developed intensively. The
simplest representatives of this class are the β-diketo-
nate bismuth derivatives that can be synthesized from

triphenylbismuth and β-diketone. For example, the
first examples of the F-containing diketonate com-
plexes of arylbismuth, namely, phenylbismuth(III)
bis(hexafluoroacetylacetonate) (Нfac)2BiPh and its
adducts (Нfac)2BiPh(L) (HfacH is 1,1,1,5,5,5-hexa-
fluoro-2,4-pentanedione; L = H2O, Me2CO, THF,
DMAA (N,N-dimethylacetamide), DMSO, and
PhCN) and mixed complex of phenylbismuth hexa-
fluoroacetylacetonatotrif luoroacetate [(Нfac)BiPh-
(CF3COO)]2, were synthesized (Scheme 86) and
characterized by XRD [95].

Scheme 86.

Complex (Нfac)2BiPh is isolated from the reaction
mixture of triphenylbismuth with 1,1,1,5,5,5-hexaflu-
oro-2,4-pentanedione (molar ratio 1 : 2) in anhydrous
hexane. Compound [(Нfac)BiPh(O2CCF3)]2 was syn-
thesized from equimolar amounts of Ph3Bi, HfacH, and
CF3COOH, whereas diphenylbismuth trifluoroacetate
Ph2BiO2CCF3 and β-diketone (Hhfac) were used in the
second method. Attempts to grow single crystals of
(Нfac)2BiPh from solutions of noncoordinating solvents
turned out to be unsuccessful. However, in the presence
of coordinating solvents, (Нfac)2BiPh forms yellow crys-
tals of the corresponding (Нfac)2BiPh(L) adducts iso-
lated from a hexane solution of (Нfac)2BiPh in the pres-
ence of small amounts of H2O, Me2CO, THF, DMAA,
DMSO, and PhCN. All isolated complexes are sensitive
to air; moderately soluble in methanol, acetone,
dichloromethane, and chloroform; and soluble, to a

lower extent, in diethyl ether and hydrocarbons. The syn-
thesized compounds were characterized by IR and NMR
spectroscopy and XRD. As it was expected, the IR spec-
tra exhibited the bands corresponding to stretching vibra-
tions of C=O groups in a range of 1634–1640 cm−1,
which differs considerably from an analogous band
observed in the IR spectrum of free HfacH (1689 cm−1),
and indicate the chelating character of the ligand. It fol-
lows from the XRD data that the configuration of the
metal atom in the (Нfac)2BiPh(L) adducts represents a
pentagonal pyramid. The binuclear [(Нfac)BiPh-
(CF3COO)]2 complex consists of two distorted pentago-
nal pyramids linked into dimers by the bridging carboxyl-
ate groups.

The bismuth compounds containing the bidentate
C,N-ligands at the bismuth atom are presented in the
literature by somewhat higher number. They are syn-
thesized, as a rule, from bismuth halides and active
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metal derivatives. For instance, bromide (2-
(iPr2NCH2)C6H4)2BiBr was prepared from the Gri-
gnard reagent and bismuth trichloride (Scheme 87)
[96].

Scheme 87.
Compound (2-(iPr2NCH2)C6H4)2BiBr was char-

acterized by multinuclear NMR spectroscopy, mass
spectrometry, and XRD. The Bi−Br bond
(2.7294(10) Å) is shorter than that in other related
R2BiBr derivatives (for R = 2-(Me2NCH2)C6H4
2.8452(7), and for 2-(Et2NCH2)C6H4 2.7517(10),
2.7484(10), and 2.8084(11) Å) [78]. One of the nitro-
gen atoms is not coordinated to the central metal

atom, but the distance between the second nitrogen
atom and bismuth atom (Bi⋅⋅⋅N 2.737(6) Å) is some-
what longer than the sum of their covalent radii
(2.19 Å, [20]) and substantially shorter than the sum
of van der Waals radii of the indicated elements (3.94
Å, [20]), which shows an interaction between them.
The BrBiN bond angle (164.80(13)°) is smaller than
an ideal value of 180° and comparable with those
found in the R2BiBr compounds.

Diarylbismuth chlorides were synthesized using a
combination of the above indicated methods [13]. For
instance, the reaction of RLi or RMgBr (R = 2-
(Et2NCH2)C6H4) with bismuth trichloride in a molar
ratio of 2 : 1 gives R2BiCl or R2BiBr, respectively
(Scheme 88). The reaction of redistribution of radicals
can produce arylbismuth dichloride RBiCl2 in which
the chlorine atoms can readily be replaced by bromine
or iodine atoms under the action of aqueous solutions
of potassium bromide or iodide.

Scheme 88.

In the synthesized monohalides, one nitrogen
atom coordinates to the bismuth atom (2.557(8)−
2.645(6) Å), whereas the second nitrogen atom is not
almost coordinated to the central metal atom
(2.992(12)–3.170(8) Å). The common core
(C,N)2BiX (X = Cl, Br, and I) has a distorted square
pyramidal geometry.

Bromides R(C6F5)BiBr, R(Mes)BiBr, and
R(Ph)-BiBr (R = 2-(Me2NCH2)C6H4) were syn-
thesized similarly from equimolar amounts of RBi-
Br2 and C6F5MgBr, MesMgBr, or PhMgBr or from
PhBiBr2 and RLi in a molar ratio of 1 : 1
(Scheme 89) [12].

Scheme 89.
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latter were transformed into iodides by the treatment
with a sodium iodide excess in THF, and the subse-

quent treatment with silver azide gave the target prod-
ucts (Scheme 90).

Scheme 90.

The synthesized compounds represent rare examples
of bismuth azides. The crystal of monoazide (2-
(Me2NCH2)C6H4)2BiN3 contains monomeric mole-
cules with the coordination of the nitrogen atoms of the
amino groups to the central atom (2.555(2), 3.131(3) Å),
whereas diazide (2-(Me2NCH2)C6H4)Bi(N3)2 in which
the coordination of the nitrogen atoms of the amino
group with the central metal atom is rather substantial
(2.568(2) Å) is presented as a dimer with two types of

linking of the azido groups. In addition, weak van der
Waals interactions between these centrosymmetric
dimers lead to the chain structure in the crystal.

Triorganobismuthines R(C6F5)2Bi and R[2,4,6-
(C6F5)3C6H2]2Bi, where R = 2-(Me2NCH2)C6H4,
were synthesized from RBiBr2 and C6F5MgBr or
2,4,6-(C6F5)3C6H2Li, respectively, in a molar ratio of
1 : 2 (Scheme 91) [12].

Scheme 91.

Bromides R(C6F5)BiBr, R(Mes)BiBr, and R(Ph)-
BiBr were synthesized similarly from RBiBr2 and
C6F5MgBr, MesMgBr, and PhMgBr or from PhBiBr2
and RLi in the equimolar ratio (Scheme 91). The molec-
ular structures of these compounds were determined by
XRD. Chiral bromides R(C6F5)BiBr, R(Mes)BiBr, and
R(Ph)BiBr (R = 2-(Me2NCH2)-C6H4) in the solid state

exhibit a strong intramolecular coordination N→Bi. In
these compounds, the N–Bi distances are approximately
equal, indicating the absence of the influence of the sec-
ond organic substituent (C6F5, Ph, Mes) on the length of
the coordination N⋅⋅⋅Bi bond.

Chlorides (2-{E(CH2CH2)2NCH2}C6H4)2BiCl (where
E = O, MeN) and dichlorides (2-{E(CH2CH2)2-
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NCH2}C6H4)BiCl2 (where E = O, MeN) were synthe-
sized by the reaction of the corresponding ortho-lithium

derivative with bismuth trichloride in the corresponding
molar ratios (Scheme 92) [23].

Scheme 92.

Dihalides (2-{E(CH2CH2)2NCH2}C6H4)BiX2 (X =
Br, E = O, MeN; X = I, E = O, MeN) and
(2-(Me2NCH2)C6H4)BiBr2 were synthesized by the
reactions of halide exchange between RBiCl2 and an
excess of an aqueous solution of KX. In all compounds,
the nitrogen atoms are coordinated to the bismuth atoms.
In the monochlorides, one nitrogen atom is strongly
coordinated to the bismuth atom (2.660(11) Å in
(2-{O(CH2CH2)2NCH2}C6H4)2BiCl and 2.744(14) Å in
(2-{MeN(CH2CH2)2NCH2}C6H4)2BiCl), whereas
the second nitrogen atom is involved in the weak intra-
molecular interaction N → Bi (3.095(11) Å in
(2-{O(CH2CH2)2NCH2}C6H4)2BiCl and 3.061(14) Å
in (2-{MeN(CH2CH2)2NCH2}C6H4)2BiCl). As a
whole, the (C,N)2BiCl core is a tetragonal pyramid.
The crystals of dihalides (2-{O(CH2CH2)2-
NCH2}C6H4)2BiCl2 and (2-(Me2NCH2)C6H4)BiBr2
contain discrete dimeric units. The nitrogen atom of

the amino groups in the (C,N)BiX2 cores (X = Cl, Br)
coordinates to the metal atom (2.548(9) Å in
(2-{O(CH2CH2)2NCH2}C6H4)2BiCl2 and 2.485(13) Å
in (2-(Me2NCH2)C6H4)BiBr2). Supramolecular
architectures based on intermolecular Bi⋅⋅⋅Br, Cl⋅⋅⋅H,
and Br⋅⋅⋅H interactions are formed in the crystals of
these two compounds and (2-{O(CH2CH2)2-
NCH2}C6H4)2BiCl. The six-membered morpholine
and piperazine rings adopt the chair conformation
that prevents the intramolecular coordination of the
oxygen or nitrogen atoms to the bismuth atom.

Four resistant to air hypervalent compounds of
organobismuth R2BiCl with the (C,O)- or (C,S)-che-
lating ligands, where R = 2-(MeECH2)С6Н4 (E = O
or S), as well as (2-(MeOCH2)C6H4)2Bi(OTf) and
[{2-(MeSCH2)C6H4}2Bi]+[OTf]–, were synthesized
from bismuth trichloride and aryllithium (Scheme 93)
[97].

Scheme 93.

Unlike the former three compounds, the ionic
complex [{2-(MeSCH2)C6H4}2Bi]+[OTf]− consists
of the bismuth-containing cations and trif late
anions. Compound [2-(MeOCH2)C6H4]2Bi(OTf)
showed a high catalytic efficiency and possibility of

the repeated use in the allylation of various aldehydes
by tetraallyltin in methanol (or THF, MeCN, EtOH,
Troom, 1 h) for the production of the corresponding
homoallyl alcohols in the yield up to 96%
(Scheme 94).
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Scheme 94.
The reactions of organobismuth(III) chlorides

R2BiCl and RBiCl2, where R = 2-(Me2NCH2)C6H4,
with alkaline metal pseudohalides in a molar ratio of 1 : 1
and 1 : 2, respectively, afforded hypervalent bismuth
compounds R2BiX (X = NCO, SeCN) and RBiX2
(X = NCO, NCS, and SeCN) (Scheme 95) [98].

Scheme 95.

The molecular structures of compounds
R2Bi(NCO) and R2Bi(SeCN) were determined. In all
complexes, the nitrogen atoms of the amino groups
are involved in the intramolecular coordination with
the metal, resulting in a distorted square coordination
geometry of the bismuth atom.

The reactions of equimolar amounts of chloride
R2BiCl, where R = 2-(Me2NCH2)C6H4, with
sodium or silver salts (NaSCN, AgOTf, or AgNO3)
result in the substitution of the chlorine atom by
another electronegative substituent and formation of
the bismuth derivatives R2Bi(NCS), R2Bi(OTf), and
R2BiNO3, respectively (Scheme 95). The structures
of these compounds were determined by XRD [99].
Both nitrogen atoms of the amino groups participate
in the intramolecular N⋅⋅⋅Bi coordination of different
strengths. For isothiocyanate R2Bi(NCS), this
results in a distorted square pyramidal core
(C,N)2BiN. In the case of trif late R2Bi(OTf) and
nitrate R2BiNO3, the oxo anions are strongly coordi-
nated asymmetrically to the Bi atom via the oxygen
atoms (Bi⋅⋅⋅O 2.337(12)−3.317(15) Å in R2Bi(OTf)
and 2.476(5)−3.088(5) Å in R2BiNO3). Thus, the
pentagonal pyramidal coordination of the bismuth
atom is observed for the R2Bi(OTf) and R2BiNO3

compounds.

Mesityl(2-dimethylaminomethylphenyl)bismuth
chloride R(Mes)BiCl, where R = 2-(Me2NCH2)-
C6H4, was synthesized from mesityl-bismuth dichlo-
ride (Scheme 96) [100].

Scheme 96.
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Complex R(Mes)BiCl treated with silver trif late is
transformed into R(Mes)BiOTf. The consecutive
reactions of R(Mes)BiCl with AgPF6 and Et3PO lead

to the synthesis of [R(Mes)Bi(OPEt3)]+  in which
the Bi−N bond (2.501(5) Å) is longer than that in
R(Mes)BiOTf (2.446(2) Å).

The ambiguous character of the reactions of the
organolithium compounds with bismuth trichloride
was shown [101]. For example, the reactions of equi-

molar amounts of BiCl3 with (Dipp−NacNac)Li
(Dipp-NacNac = Dipp−N−C(Me)=CH−C(Me)=
N−Dipp, Dipp = 2,6-iPr2C6H3) under various condi-
tions led to the synthesis of diverse bismuth com-
pounds: [(Dipp−NacNac)BiCl2]2, [(Dipp−Nac-
Nac)Bi,Cl(μ-Cl)Bi(n-Bu)Cl(μ-Cl)]2, [LBiCl(μ-Cl)]2
(L = N(Ar)=C(Me)CH=C(NHAr)CH2), and
L'Bi2Cl4 (L' = N(Ar)=C(Me)CC(Me)=N(Ar))
(Scheme 97).

Scheme 97.

Compounds [(Dipp−NacNac)BiCl2]2 and [LBiCl(μ-
Cl)]2 are isomers, and the thermal conversion of
[(Dipp−NacNac)BiCl2]2 to [LBiCl(μ-Cl)]2 was carried
out. In this reaction system at a minor excess of n-BuLi
and BiCl3, [(Dipp−NacNac)BiCl(μ-Cl)Bi(n-Bu)Cl(μ-
Cl)]2 was isolated as a by-product after [(Dipp−Nac-
Nac)BiCl2]2 was isolated. The structures of the complexes
were confirmed by the data of 1H and 13C NMR spectros-
copy and X-ray crystallography.

Arylbismuth dichloride LBiCl2 (L =
o-(CH=N-2,6-iPr2C6H3)C6H4]) reacts with
diphenyl dichalcogenide PhEEPh (E = S, Se, or
Te) to form the corresponding complexes
LBi(EPh)2 (E = S, Se, or Te) from which the bis-
muth derivatives with one or two EPh groups can
be synthesized under different conditions
(Scheme 98) [102].
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Scheme 98.

The stability of compounds L2Bi(EPh) is caused by
the rigid coordination of both atom-nitrogen donors
of ligand L with the bismuth atom.

Arylbismuth dichloride LBiCl2 containing the
N,C,N-ligand was obtained via a similar scheme

from equimolar amounts of LLi (where L =
2,6-(MeN(CH2CH2)2NCH2)2C6H3) and BiCl3
(Scheme 99). Compounds LBiBr2 and RBiI2 were
synthesized from LBiCl2 by halogen exchange reac-
tions [103].

Scheme 99.

These arylbismuth(III) dihalides LBiHal2 were
characterized in both the solution and solid state.
The molecular structures of the compounds in the
crystalline state were determined by the XRD. All of
them have the T-like core CBiHal2 stabilized by two
strong intramolecular interactions N → Bi in the
trans positions to each other. The common
(N,C,N)BiHal2 core has a distorted square pyrami-

dal coordination geometry with the aryl ligand in the
vertex. The NMR spectroscopic studies confirm the
nitrogen−bismuth internal coordination in the solu-
tion.

Arylbismuth dichloride of the L*BiCl2 type con-
taining the tridentate N,C,N-ligand L* (Scheme 100)
was used as a precursor for the synthesis of the mono-
meric bismuth compound L*Bi [104].
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Scheme 100.
The reaction of L*BiCl2 with two equivalents of

K[B(iBu)3H] in THF occurs with a change in the

color of the reaction mixture to dark blue and a notice-
able gas release, which indicated the formation of
unstable hydride LBiH2 that immediately loses hydro-
gen. Compound L*Bi was isolated by crystallization
from a saturated hexane solution as a dark blue micro-
crystalline powder in a yield of 35%. The compounds
were characterized by elemental analysis and 1Н and
13С NMR spectra in deuterated benzene. The spectra
exhibited the signals corresponding to ligand L*.

Some reactions of diarylbismuth chloride bearing
N,C,N-ligands, (2,6-(Me2NCH2)2C6H3)2BiCl (L2BiCl),
were studied in order to compare the coordination
chemistry of Bi3+ and lanthanides Ln3+ having similar
ion sizes (Scheme 101) [6].

Scheme 101.

Complex L2BiCl (L = 2,6-(Me2NCH2)2C6H3)
reacts with tBuOK and LMeOK to form alkoxide
L2Bi(OtBu) and aryl oxide L2Bi(OLMe), respectively,
but an analogous reaction with potassium salt of more
bulky phenol LtBuOK resulted in the formation of the
ionic complex [L2Bi]+[OLtBu] in which the aryloxide
ligand acts as an anion of the external sphere. The Cl

substituent is removed from L2BiCl by NaBPh4 to
form another ionic complex [L2Bi]+[BPh4]−.

The synthesis and molecular structures of the bis-
muth derivatives with the O,C,O-ligand, (4-tBu-2,6-
[(EtO)2P=O]2C6H2)BiCl2 and (4-tBu-2,6-
[(EtO)2P=O]2C6H2)BiCl, (Scheme 102) were
described [105].

Scheme 102.

Compound (4-tBu-2,6-[(EtO)2P=O]2C6H2)BiCl2
crystallizes in the triclinic space group with two pairs of
crystallographically independent molecules per unit cell.
Each bismuth atom has a distorted octahedral configura-
tion CCl2O2Bi with the chlorine and oxygen atoms in the

trans position. The intramolecular Bi⋅⋅⋅O distances range
from 2.378(5) to 2.414(5) Å. The phosphabismol deriva-
tive (4-tBu-2,6-[(EtO)2P=O]2C6H2)BiCl forms a dimer
according to the “head-to-tail” type via the intermolec-
ular Bi⋅⋅⋅O bonds (2.426(2), 2.278(3) Å) (Scheme 103).
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Scheme 103.

The DFT calculations show a high s character of
lone electron pairs on the bismuth atoms in (4-tBu-
2,6-[(EtO)2P=O]2C6H2)BiCl2 and (4-tBu-2,6-
[(EtO)2P=O]2C6H2)BiCl.

The reaction of equimolar amounts of aryllithium
LLi (L = 2-(Me2NCH2)-6-(MeOCH2)-C6H3) with
bismuth trichloride afforded the corresponding aryl-
bismuth dichloride LBiCl2 in a high yield
(Scheme 104) [106].

Scheme 104.

New chelating ligand L (2-(Me2NCH2)-6-
(MeOCH2)-C6H3) was obtained from m-toluene-
nitrile. The subsequent lithiation of this ligand by
butyllithium in hexane and the addition of bismuth
trichloride to the reaction mixture were completed by
the synthesis of the target product, whose structure
was proved by XRD.

The synthesis and structural peculiarities of the
bismuth derivatives with the C,E,C-ligands (E = N,

O, and S) were described in several publications. For
instance, some compounds of cyclic bismuth(III)
chlorides and triphenylgermyl propionates
[(C6H4CH2)2X]BiCl and [(C6H4CH2)2X]BiOC(O)-
CH2CH2GePh3 (X = S or NR with the nitrogen or sul-
fur atom as an additional intramolecular coordinating
center) were synthesized from the dilithium derivative
and bismuth chloride (Scheme 105) [107].

Scheme 105.
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The XRD results show that the Bi–S or Bi–N bond
lengths in the eight-membered rings of thiabismocin or
azabismocin depend on the nature of substituted groups
at the Bi atoms. The replacement of the chlorine atom in
azabismocin and thiabismocin by the triphenylgermyl-
propionic group (Ph3GeCH2CH2COO) results in the
elongation of the Bi–N and Bi–S bonds. The com-
pounds were found to exhibit a higher antiproliferative
activity toward stomach carcinoma cells than that of cis-
platin. Moreover, the antiproliferative activity is

enhanced when the chlorine atom of the bismocin com-
pounds is replaced by the triphenylgermylpropionic sub-
stituent.

Several other diorganobismuth(III) compounds,
for example, [(C6H4CH2)2S]BiX based on the het-
erocyclic cage of the butterf ly type: tetrahydro-
dibenzo[c,f][1,5]-thiabismocin (Scheme 106), were
also synthesized and structurally characterized
[108].

Scheme 106.

The reaction of the dilithium derivative of bis(2-
bromobenzyl) sulfide with bismuth tribromide in a
molar ratio of 1 : 1 led to the formation of
((C6H4CH2)2S)BiBr. The subsequent exchange reac-
tions of [(C6H4CH2)2S]BiBr with KI, AgNO3, and
AgOTf gave the hypervalent bismuth compounds
[(C6H4CH2)2S]BiX (X = I, ONO2, and OTf, respec-
tively). In all compounds, the sulfur atom is intramo-
lecularly coordinated to bismuth and the X⋅⋅⋅НС,
Bi⋅⋅⋅Ar, and Bi⋅⋅⋅O intermolecular interactions result in
the formation of polymeric chains in the crystals.

The same authors in another work report on the syn-
thesis of diorganobismuth(III) bromides [(C6H4CH2)2-
NR]BiBr (R = C6H5CH2, C6H5CH2CH2, and
MeOCH2CH2) containing the heterocyclic cage of
dibenzo[1,5]azabismocin from the corresponding
dibromide (2-BrC6H4CH2)2NR by the consecutive
reactions, including ortho-lithiation and treatment of
the dilithium derivative in a molar ratio of 1 : 1
(Scheme 107) [109].

Scheme 107.

The further exchange reactions between the bromides
and corresponding metal halides or ammonium fluoride
(Scheme 107) afforded [(C6H4CH2)2-NR]BiX, where R =
C6H5CH2, X = Cl, I; R = C6H5CH2CH2, X = Cl, I; and
R = MeOCH2CH2, X = F, Cl, I. All ten compounds were

characterized by the NMR and XRD methods. The strong
transannular N → Bi interactions were observed in all
studied diorganobismuth(III) halides. The molecules are
bound into dimers by strong Bi···π-arene interactions in
[(C6H4CH2)2N(CH2CH2OMe)]-BiBr, [(C6H4CH2)2N-
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(CH2C6H5)]BiCl, and [(C6H4CH2)2N(CH2CH2-
OMe)]BiI (about 3.50 Å) and Bi···X interactions in
[(C6H4CH2)2N-(CH2C6H5)]BiBr, [(C6H4CH2)2N(CH2-
C6H5)]BiI, and [(C6H4CH2)2N(CH2CH2C6H5)]BiI.

Two precursors of the asymmetric tridentate
C,E,C-chelating ligand 1-Br-2-[(2'-BrC6H4CH2E)-
CH2]C10H6 (E = O, S) were obtained in a high yield
(Scheme 108) [110].

Scheme 108.

After lithiation by butyllithium and treatment
with bismuth trichloride, two hypervalent bismuth
chlorides with the asymmetric C,E,C-chelating
ligand were obtained: (C6H4CH2OCH2C10H6)BiCl
and (C6H4CH2SCH2C10H6)BiCl (E = O, S). The
XRD method revealed that the donor atoms (O, S)
are strongly coordinated to the bismuth atoms.

Note that some of the bismuth compounds with the
С,E,C-ligands are efficient catalysts for various reac-
tions of organic synthesis. For instance, the stable in
air trif late complex of organobismuth {[(C6H4-
CH2)2O]Bi(H2O)}+[OTf]− with the dibenzo[1,5]oxa-
bismocin cage manifests a high catalytic activity
toward ring opening in the reactions of epoxides in
aqueous media with aromatic amines at room tem-
perature (Scheme 109) [111].

Scheme 109.

This catalyst demonstrates a high stability and applica-
bility to regeneration and repeated use. The catalytic sys-

tem provides a simple and efficient method for the synthe-
sis of β-aminoalcohols in the yield to 93%.
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Another work reported on the synthesis of
the binuclear organobismuth complexes
{[(C6H4CH2)2NR]Bi}2E (E = O, S; R = tBu,
Cy, Ph) with two dibenzo[1,5]azabismocin cages

cros-slinked through the sulfur or oxygen atom by
the treatment of organobismuth chlorides with
sodium hydroxide or Na2S⋅9H2O (Scheme 110)
[112].

Scheme 110.
Complexes {[(C6H4CH2)2NR]Bi}2E show a high catalytic efficiency in the synthesis of cyclic carbonates from

2-(chloromethyl)oxirane and СО2. Among them, the {[(C6H4CH2)2NtBu)Bi]2S complex exhibits the highest
activity (Scheme 111).

Scheme 111.

The binuclear organobismuth complexes show a
higher catalytic activity over their precursors, chloride
[(C6H4CH2)2NR]BiCl, methoxide [(C6H4CH2)2-
NtBu]BiOMe, and methanethiolate [(C6H4CH2)2-
NtBu]BiSMe, which are mononuclear organobis-
muth complexes. However, the complexes with the
oxygen bridge [((C6H4CH2)2NR)Bi]2O are instable in
air and lose their catalytic efficiency because of hydro-
lysis or adsorption of СО2 (with the formation of orga-
nobismuth carbonates in the last case). Nevertheless,
the binuclear organobismuth complexes with the sul-
fur bridge {[(C6H4CH2)2NR]Bi}2S are very stable in
air and can be applied for the synthesis of cyclic car-
bonates (in the presence of Bu4NI) via various types of

epoxides, demonstrating satisfactory efficiency and
selectivity.

The ionic complexes containing the С,S,C-ligands
manifest a high catalytic activity in the Mannich reac-
tions for the preparation of α,β-unsaturated ketones
[113]. The precursor for catalyst preparation is organo-
bismuth chloride [(C6H4CH2)2S]BiCl, which is syn-
thesized from the butterfly-shaped ligand with sulfur,
n-BuLi, and bismuth trichloride in diethyl ether.
Complex [(C6H4CH2)2S]BiCl contains the tridentate
ligand in which the sulfur atom has two pairs of elec-
trons: one pair coordinates to the bismuth center, and
another pair is free. The complexes with the counte-
rion of the general formula {[(C6H4CH2)2S]-
Bi(H2O)}+X− (X− = , , ,
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) were derived from this compound and
showed a high electron-acceptor ability and properties

2 8 17OSO C F−
RUSSIAN JOURNAL OF CO
of efficient catalysts in the Mannich reaction
(Scheme 112).
Scheme 112.
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In this case, a high diastereoselectivity is observed bulky bis(diphenyl(arylamino)phosphorano)methane

and the trans-conformation products are isolated from
the reaction mixture in the yield up to 99%.

The N,C,N-chelate bismuth complexes with the
substituents H2C(Ph2PN-Dipp)2 can be prepared
from bismuth trichloride and corresponding lithium
compounds (Scheme 113) [114].
Scheme 113.
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The complexes were characterized by the XRD Arylbismuth oxides bearing tridentate aryl ligands are

and NMR methods. It is found that the dianionic
complex has a rare structural motif of the formally
double carbon–bismuth(III) bond.
used as the starting organic compounds of metal in many
works devoted to the synthesis of the aryl derivatives of
trivalent bismuth. For example, the reaction of RBiCl2
ORDINATION CHEMISTRY  Vol. 47  No. 12  2021
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(R = 2,6-MeN(CH2CH2)2NCH2]2C6H3) with KOH
affords oxide cyclo-R2Bi2O2 (Scheme 114) [115]. The
cyclic oxide can capture gaseous CO2 with the formation
of “RBiCO3.” The reactions of dichloride RBiCl2 with

ethylene glycol, pinacol, or pyrocatechol (CatH2) in the
presence of KOH result in the formation of 2-organo-
1,3,2-dioxabismolanes RBi(OCH2)2, RBi(OCMe2)2, or
2-organo-1,3,2-dioxabismol RBi(Cat), respectively.

Scheme 114.

The structures of the synthesized compounds
were studied by NMR spectroscopy and XRD. The
organic group R was elucidated to act as the chelate
N,C,N-ligand. The nonplanarity of the five-mem-
bered chelate cycles BiC3N is explained by the intra-
molecular interactions N → Bi. The molecules of
compounds R2Bi2O2, RBi(OCH2)2, and RBi(Cat)
are distorted square pyramids regardless of the nature
of the oxo ligand.

The reactions of organobismuth oxide (LBiO)2
(L = [2,6-bis(dimethylamino)methyl]phenyl) with
organoboric acids (1 : 4 mol/mol) give heteroborox-
ines LBi[(OBR)2O], where R = Ph, 4-CF3C6H4 and
Fc (Scheme 115) [116].

Scheme 115.
The compounds were characterized by elemental

analysis and NMR spectroscopy. Their structures
were described in both the solution (NMR studies)
and solid state. According to the XRD data, all com-

plexes contain the central BiB2O3 fragment, whose
nonaromatic character was confirmed by the DFT
calculations.

The synthesis and structures of bismaheteroborox-
ines of the general formula LBi[(OBR)2O] with the
N,C,N-chelating ligand L = 2,6-(Me2NCH2)2C6H3
(Scheme 116) were described [117]. The target com-
pounds were derived from the oxide (LBiO)2 and cor-
responding organoboric acid (1 : 4 mol/mol).

Scheme 116.

Heteroboroxine LBi[(OBR)2O] containing the
donor group (R = 4-pyridyl) in boric acid was syn-
thesized via a similar scheme (Scheme 117).
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Scheme 117.

The synthesized compounds were characterized
by multinuclear NMR spectroscopy and XRD.

The reaction of N,C,N-intramolecularly coordi-
nated bismuth(III) oxide (LBiO)2, where L = 2,6-

(Me2NCH2)2C6H3), with (HO)SiPh2OSiPh2(OH) at a
molar ratio of 1 : 2 afforded cyclo-LBi[(OSiPh2)2O]
containing the six-membered BiSi2O3 cycle
(Scheme 118) [118].

Scheme 118.

Alternatively, cyclo-LBi[(OSiPh2)2O] can be
obtained from diphenyltin dihydroxide Ph2Si(OH)2
and (LBiO)2 at a molar ratio of 4 : 1. Compound

(LBiO)2 reacts with cyclosiloxane (Me2SiO)3 to
form six-membered bismuthsiloxane cyclo-LBi-
(OSiMe2)2O (Scheme 119).

Scheme 119.

The compounds were characterized using ele-
mental analysis, 1Н, 13C, and 29Si NMR spectros-
copy, and XRD.

Crystals with the solvate benzene molecule were
obtained for the bismuth(III) heteroboroxine complex
LBi[(OBDipp)2O] derived from oxide (LBiO)2 (R = 2,6-
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(Me2NCH2)2C6H3) and substituted boric acid (Scheme
120). However, the found nonplanarity of the benzene
ring in the crystal of the solvate of the chelate complex
was not confirmed by the DFT-D quantum-chemical
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
calculations [119]. The observed bent structure of ben-
zene, in fact, is a superposition (thermal average) of an
ensemble of the thermopopulated benzene structures in
the complex.
Scheme 120.
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The unexampled transfer of the aryl group from LBi[(OBR) O] (L = 2,6-(Me NCH ) C H ; R = Ph,

boron to the bismuth atom is observed in the reac-
tions of heteroboroxines of the general formula
2 2 2 2 6 3
4-CF3C6H4, and 4-BrC6H4) with the corresponding
boric acid RB(OH)2 (Scheme 121) [120].
Scheme 121.
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4-CF3C6H4, and 4-BrC6H4) were obtained, and the
structure of the phenyl-containing complex was
proved by the XRD method.

The reaction of dimeric bismuth(III) oxide
(LBiO)2 (R = (Me2NCH2)2C6H3) with acetic acid
afforded acetate LBi(OAc)2 [121]. Hydroxide
LBi(OH)(OTf) was obtained using trif luoromethane-
sulfonic acid (Scheme 122).
Scheme 122.

LBi
O

BiL
O

L =

Me2N

Me2N

− 2H2O
Toluene LBi(OAc)2

2TfOH

− 2H2O
Toluene LBi(OH)(OTf)
  Vol. 47  No. 12  2021



840 SHARUTIN et al.
Complexes LBi(OAc)2 and LBi(OH)(OTf) were
characterized by mass spectrometry, 1Н and 13С
NMR spectroscopy, and XRD. The crystal of
LBi(OH)(OTf) contains weakly bound dimeric
LBi(μ-OH)2BiL units, and the trif late anions are
linked with the bridging OH fragments by hydrogen
bonds along with the Bi⋅⋅⋅O interactions leading to
the infinite chain of the supramolecular
LBi(OH)(OTf) structure.

The reactions of (LBiO)2, where R =
(Me2NCH2)2C6H3, with organophosphorus acids at a
molar ratio of 1 : 4 gave organobismuth phosphonates
LBi[OP(tBu)(O)(OH)]2 (Scheme 123) [122]. When a
molar ratio of 1 : 2 is used, [LBi(O(O)P(tBu)O)]3 is
formed. The reaction of [LBi(O(O)P(tBu)O)]3 with
EtP(O)(OH)2 afforded mixed phosphonate LBi-
[OP(Et)(O)(OH)][OP(tBu)(O)(OH)].

Scheme 123.

All compounds were characterized by elemental
analysis, mass spectrometry, 1Н, 13С, and 31P NMR
spectroscopy, and IR spectroscopy. On the one hand,
secondary phosphonate LBi[OP(tBu)(O)(OH)]2 con-
sists of dimeric units weakly bound via hydrogen
bridges of the PO–H···O=P type. On the other hand,
complex [LBi(O(O)P(tBu)O)]3 is a trimer with the
central 12-membered ring formed by three
LBi(O(O)P(tBu)O) blocks via the intermolecular
Bi···O=P contacts.

The same oxide (LBiO)2 reacts with arsenic oxides
As2O5 and As2O3 to form molecular compounds
(LBi)3(AsO4)2 and (LBi)2(As2O5) (Scheme 124) [123].

Scheme 124.

The obtained complexes were characterized by
mass spectrometry and 1H and 13C NMR spectros-
copy, as well as by XRD in the case of (LBi)2(As2O5).

The synthesis of the N→Bi-intramolecularly coor-
dinated bismuth selenite [LBi(O(O)SeO)]3

(Scheme 125) was reported [124].

Scheme 125.

Organobismuth selenite [LBi(O(O)SeO)]3 is a
rare example of mixed selenium oxide and bismuth,
which was characterized by 1H, 13C, and 77Se NMR
spectroscopy, IR spectroscopy, and XRD.

Arylbismuth sulfides, which are prepared from
arylbismuth dichlorides and sodium or lithium sul-
fides, are used more rarely in the synthesis of trivalent
bismuth derivatives with tridentate ligands. For exam-
ple, the reaction of arylbismuth(III) dichloride LBiCl2

containing the O,C,O-chelating ligand L = 2,6-
(tBuOCH2)2C6H3 with sodium sulfide in a tolu-
ene−water mixture afforded bismuth sulfide (LBiS)2

(Scheme 126) stable at −30°C but decomposed at
room temperature [125].
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Scheme 126.

Sulfide (LBiS)2 was characterized by elemental
analysis, mass spectrometry, 1Н and 13С NMR spec-
troscopy, and XRD.

Organobismuth(III) sulfide (LBiS)2 (L = 2,6-
(Me2NCH2)2C6H3), which was synthesized from aryl-
bismuth dichloride and lithium sulfide, is also dimeric
in the solid state (Scheme 127) [126].

Scheme 127.

Nevertheless, the presence in the solution of the
monomeric structure with the Bi−S terminal bonds
was proved by [2+2] cycloaddition to CS2 leading to
the formation of molecular trithiocarbonate
LBi(S2CS). Both compounds in the solid state were
characterized by single-crystal X-ray diffraction and
IR spectroscopy. Carbon disulfide can be removed
from trithiocarbonate LBi(S2CS) on heating to 160°С
with reduction to the starting sulfide. In a solution,
trithiocarbonate LBi(S2CS) exists at equilibrium with
the starting sulfide, but this equilibrium can be shifted
to the left by the addition of a carbon disulfide excess.

Arylbismuth sulfide (LBiS)2 can also be used in
organoelement synthesis. For instance, (LBiS)2 con-
taining the NCN-chelating ligand L = 2,6-
(Me2NCH2)2C6H3 reacts with one molar equivalent of
elemental sulfur to form cyclic bis(pentasulfide)
LBi(μ-S5)2BiL with the central 12-membered ring
Bi2S10 (Scheme 128) [127].

Scheme 128.
Compound LBi(μ-S5)2BiL was obtained as stable

orange crystals and characterized by XRD, IR spec-
troscopy, and Raman spectroscopy.
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The reactivity of the bismuth complexes with
polydentate ligands is poorly studied, except for sub-
stitution reactions that are most widely presented by
the reactions of organic bismuth halides with silver
salts of various acids. For example, the reaction of
12-chloro-6-cyclohexyl-5,6,7,12-dibenzo[1,5]aza-

bismocin and silver trif late afforded the correspond-
ing trif late of the heterocyclic bismuth compound
[(C6H4CH2)2NCy]Bi(OTf) (Scheme 129), and its
crystal structure was determined [128].

Scheme 129.

The central bismuth-containing moiety of the
complex has a distorted pseudotrigonal bipyramidal
structure. The carbon atoms and lone electron pair of
Bi are arranged in the equatorial plane, whereas the
nitrogen and oxygen atoms lie in the apical positions.
The Bi−C distances are 2.216(9) and 2.219(9) Å. The
CBiC angle is 96.3(3)°, and the NBiO angle is equal to
151.7(2)° (rather than 180°). The Bi−N distance is
2.430(6) Å, and the cyclohexyl group is disordered
over two positions.

Stable in air heterocyclic arylbismuth tetrafluorob-
orate [(C6H4CH2)2NCy]Bi}+BF  was synthesized via the
same scheme (Scheme 129) and turned out to manifest the
catalytic activity in the allylation of diverse aldehydes by
tetraallyltin in aqueous methanol (Scheme 130) to give the
corresponding homoallyl alcohols with excellent selectiv-
ity [129]. This activity of the {[(C6H4CH2)2NCy]Bi}+BF
complex is close to the catalytic activity of the earlier
described [2-(MeOCH2)C6H4]2Bi(OTf) compound
(Scheme 94) [97].

Scheme 130.

Air-resistant organobismuth perfluorooctanesul-
fonate {[(C6H4CH2)2S]Bi(H2O)}+[OSO2C8F17]− was
synthesized similarly and characterized by a high cat-
alytic activity and possibility of repeated use in the
synthesis of (E)-α,β-unsaturated ketones due to the
highly selective cross condensation of ketones and
aldehydes in water [130]. The stable in air cationic
organobismuth complex prepared from silver perchlo-
rate and diarylbismuth chloride was used as a highly
efficient catalyst of the direct diastereoselective Man-
nich reaction in water (Scheme 112) [131].

The organobismuth complex, 5H-dibenzo[1,
5]oxabismocin-12(7H)-yl nitrate [(C6H4CH2)2O]-
BiONO2, was synthesized by the addition of a solution
of arylbismuth chloride in THF to a solution of silver
nitrate in water [132]. This complex was found to man-
ifest anticancer activity and has a high potential in
cancer treatment.

The reactions of organylbismuth bromides
[(C6H4CH2)2NR]BiBr (R = C6H5CH2, C6H5CH2CH2)
and corresponding silver salts resulted in the forma-
tion of bismuth compounds of the general formula
[(C6H4CH2)2NR]BiX (Scheme 131) [133].
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Scheme 131.

The obtained compounds catalyze the oxidation of
thiophenol to diphenyl disulfide using air as an oxi-
dant in cyclohexane at temperatures below 100°С,
which provides high reaction rates (100% conversion
in 5 h).

Similarly prepared stable in air organobismuth(III)
perfluorooctyl sulfonate [(C6H4CH2)2NCy]BiO-

SO2C8F17 manifests a high catalytic activity in the
Mannich reactions with aromatic aldehydes and aro-
matic amines in water (Scheme 132) [134] (like its sul-
fur-containing analogs {[(C6H4CH2)2S]Bi(H2O)}+X−

(X− = , , , and ) pre-
sented in Scheme 113).

Scheme 132.

This catalyst also shows a good recirculation and
possibility of repeated use in the synthesis of β-amino-
ketones.

The bismuth complex of 6-phenyldibenzo[1,
5]azabismocin-12(5H)-yl perchlorate was synthe-
sized from 12-chloro-6-phenyldibenzo[1,5]azabis-
mocin and silver perchlorate in THF in a yield of
93% [135]. According to the XRD data, the central
atom has the trigonal bipyramidal environment with

the oxygen and nitrogen atoms in the axial positions
and two carbon atoms and lone electron pair in the
equatorial positions. The Bi–C bond lengths are
2.250(13) and 2.204(12) Å; the CBiC and NBiO
angles are 92.5(5)° and 154.0(3)°, respectively; and
the Bi⋅⋅⋅N distance (2.388(10) Å) is shorter than
that in the precursor C6H5N(CH2C6H4)2BiCl
(2.607(5) Å).
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A series of heterocyclic organobismuth(III) car-
boxylates [(C6H4)2SO2]BiOC(O)R (Scheme 133) was
synthesized to determine the influence of the carbox-

ylate ligand structure on the lipophilicity and antifun-
gal activity toward yeast Saccharomyces cerevisiae
[136].

Scheme 133.

The reaction of arylbismuth dichloride LBiCl2
(L = 2,6-(Me2NCH2)2C6H3) with Na2CO3 or
Ag2SO4 (molar ratio 1 : 1) afforded arylbismuth car-
bonate RBiCO3 and sulfate RBiSO4, respectively

(Scheme 134) [137]. Arylbismuth dinitrate
RBi(NO3)2 was synthesized from arylbismuth
dichloride and silver nitrate at the molar ratio of the
starting reagents 1 : 2.

Scheme 134.

The molecular structures of RBiCO3·0.5CH2Cl2,
RBiSO4, and RBi(NO3)2·H2O were determined by
the XRD method. The carbonate and sulfate have
polymeric structures based on the bridging oxo
anions, whereas the dinitrates are dimers with the

bridging and terminal nitrate anions.
Two ionic bismuth complexes of the [LBiCl]+X− type

were synthesized (Scheme 135) from arylbismuth dichlo-
ride with the aryl NCO-ligand L = 2-(Me2NCH2)-6-
(tBuOCH2)C6H3 and silver salts [138].
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Scheme 135.

The crystals of the LBiCl2 and [LBiCl]+(OTf)− com-
plexes in the solid state are dimers, whereas the ionic
[LBiCl]+(CB11H12)− complex consists of monomeric
structural units. All studied compounds were character-
ized by 1Н and 13С NMR spectroscopy, ESI mass spec-
trometry, and single-crystal X-ray diffraction analysis.

Diarylbismuth nitrate with potential coordinating cen-
ters in the aryl ligands, [(C6H4CH2)2NCy]Bi(NO3), was
prepared from diarylbismuth chloride and silver nitrate in
water [139]. In the crystal, the bismuth atoms have the
trigonal bipyramidal environment with the N (Bi⋅⋅⋅N
2.495(3) Å) and O atoms in the apical positions and two

aryl ligands and lone electron pair in the equatorial plane.
The nitrate group is a nonsymmetric bidentate ligand
(Bi−O 2.416(3) and 3.0451(4) Å).

The treatment of N,C,N-chelate bismuth dichlo-
ride LBiCl2 (L = 2,6-(R-N=CH)2C6H3, R = tBu, 2,6-
Me2C6H3) with one molar equivalent of Ag[CB11H12]
results in the formation of ion pairs
[LBiCl]+[CB11H12]− [140]. A similar reaction of the
C,N-chelate analog L'BiCl2 (L' = 2-(Dipp−N=CH)-
4,6-(tBu)2C6H2) gives compound [L'BiCl]+-
[CB11H12]− (Scheme 136).

Scheme 136.
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The treatment of the [LBiCl]+[CB11H12]− complex
(L = 2,6-(tBu−N=CH)2C6H3) with the second equiv-
alent of Ag[CB11H12] gave the adduct of the starting
material with Ag[CB11H12], namely, [(2,6-(tBu−N=
CH)2C6H3)BiCl]+[Ag(CB11H12)2]−. The crystals of
this ionic compound decompose under daylight to the
initial compounds as indicated by the 1Н NMR spectra.

Organobismuth carbonate {[(C6H4CH2)2O]-
Bi}2CO3 in which the planar CO3 group is attached to
two benzo[1,5]oxabismocin cages (Scheme 137) was
synthesized from diarylbismuth chloride and sodium
carbonate in a water−dichloromethane mixture of sol-
vents [141]. The lengths of two covalent bismuth−oxy-
gen bonds are 2.217(3) and 2.223(3) Å.

Scheme 137.

The Bi⋅⋅⋅O distances with the CH2OCH2 group
(2.587(4) and 2.618(3) Å) indicate the strong O→Bi
coordination in the complex.

Another diarylbismuth carbonate [(2-
Et2NCH2C6H4)2Bi]2CO3 in which the bridging carbon-
ate group links two (2-Et2NCH2C6H4)2Bi groups was
synthesized similarly (Scheme 138). The shift of the bis-
muth atoms and ipso-carbon atoms from the plane of
the carbonate group is 0.323(1) and 0.330(9) Å, respec-
tively. The aryl ligands are arranged in the trans position
relative to the quasi-planar groups (CBi)2CO3 [142].
The metal atom strongly coordinates to the N atom of
one amino group (Bi⋅⋅⋅N 2.739(6) Å), whereas the N
atom of another amino group is weakly bound to the

metal atom (Bi⋅⋅⋅N 3.659(7) Å). Taking into account
these intramolecular interactions, one can consider that
the general coordination geometry of bismuth becomes
a distorted square pyramid.

The reactions of N,C,N-chelate arylbismuth(I)
[LBi]n, which was prepared in situ from LBiCl2 [L =
2,6-C6H3(CH2NMe2)2] and K[B(sec-Bu)3H], and
diorganodisulfides ArSSAr result in the formation of
organobismuth compounds LBi(SAr)2 (Ar is 2-pyr-
idyl, 4-methylthiazol-2-yl, thiophen-2-yl, 4-tert-
butyl-1-isopropyl-1H-imidazol-2-yl, 1-phenyl-1H-
tetrazol-5-yl, and 2-aminophenyl) (Scheme 138)
[143].

Scheme 138.
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The compounds were characterized by 1H and
13C NMR spectroscopy and by XRD in the case of
the 2-pyridyl, 4-methylthiazol-2-yl, and 1-phenyl-
1H-tetrazol-5-yl derivatives. The complex based on

o-aminothiophenol is unstable in the solution and
decomposes to compound LBi[S(NH)C6H4] con-
taining the five-membered BiSNC2 ring and 2-ami-
nothiophenol (Scheme 139).

Scheme 139.

Attempts of selective cleavage of the Bi−N bond in
this ring by hydrochloric or acetic acid led to the isola-
tion of LBiCl2 or diacetate LBi(OAc)2 and 2-amino-
thiophenol only.

The N,C,N-pincer complex of arylbismuth
dichloride LBiCl2, where L = 2,6-

(Me2NCH2)2C6H3, reacts with two equivalents of
potassium salts of phenols (2,6-Me2C6H3O)K and
(2,6-iPr2C6H3O)K to form the expected bismuth
diaryl oxides LBi(OArR)2, where ArR = 2,6-R2C6H3;
R = Me, iPr (Scheme 140) [144].

Scheme 140.

However, a similar reaction with two equivalents of
(ArtBuO)K, where ArtBu = 2,6-tBu2C6H3O, affords
phenol ArtBuOH and dark orange arylbismuth aroxide
LBi(C6H2tBu2O), which is the product of para-СН
bond activation (Scheme 141).

Scheme 141.

Complex LBi(C6H2tBu2O), where L = 2,6-
(Me2NCH2)2C6H3, transforms into ionic complex

[LBi(C6H2tBu2OH)]+[BPh4]− under the action of an
equimolar amount of triethylammonium tetrafluo-
roborate in THF (Scheme 142).

The reactions of the bismuth complexes containing
tridentate ligands with small molecules are rather
interesting. For instance, the reactions of the pincer
bismuth complex LBi(C6H2tBu2O), where L = 2,6-
(Me2NCH2)2C6H3, with СО2 and COS in acetonitrile
were studied (Scheme 142) [145]. It is shown that the
red color of a solution of LBi(C6H2tBu2O) changes
within 1 h to the yellow color inherent in solutions of
the oxyaryl carboxylate complexes LBi[O(E)C−
C6H2tBu2O], where E = O, S. These reactions of СО2

and COS insertion at the Bi−C bond generate new
dianions of the quinoid character resembling that of
the oxyaryl dianionic ligand in LBi(C6H2tBu2O).
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Scheme 142.

Silyl halides and pseudohalides R3SiX (X = Cl,
CN, N3; R = Me, Ph) react with LBi(C6H2tBu2O),
where L = 2,6-(Me2NCH2)2C6H3, with the addition
of X to form complexes LBiX(C6H2tBu2OSiR3)
(Scheme 142) in which the coordination number of
the central metal atom increased to five. They react
with an additional amount of R3SiX to form com-
plexes LBiX2, where L = 2,6-(Me2NCH2)2C6H3
and 2,6-tBu2C6H3−OSiR3. The reaction of LBi-
(C6H2tBu2O) (L = 2,6-(Me2NCH2)2C6H3) with
iodine proceeds via the oxidative cross-coupling

scheme to form diiodide Ar'BiI2 and 3,3',5,5'-tetra-
tert-butyl-4,4′-diphenoquinone (Scheme 142).

A red acetonitrile solution of the oxyaryl complex
LBi(C6H2tBu2O), where L = 2,6-(Me2NCH2)2C6H3,
interacts with NO at 1 atm to form a dark green solu-
tion containing several products identified using 1Н
NMR spectroscopy (Scheme 143). The reactions car-
ried out at a low temperature (−35°C) and with the
stoichiometric amounts of gaseous NO gave compli-
cated mixtures of products [146].

Scheme 143.

Yellow crystals of [LBi(OR)]2O were isolated from
crude acetonitrile after the temperature of the reaction

mixture was brought to room temperature, the solvent
was removed, and the residue was recrystallized
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(Scheme 143). Yellow crystals of LBi(OR)2 (R =
−N=C6H2tBu2=O) were isolated from anhydrous
acetonitrile.

ARYLBISMUTH(V) DERIVATIVES
The halogenation of the aryl compounds of triva-

lent bismuth with bromine, sulfuryl chloride, and
xenon difluoride was reported. For example, tri-p-tol-
ylbismuth was obtained from tri-p-tolylbismuth and

bromine in a solution of carbon tetrachloride [147].
Diarylbismuth trihalides cannot be obtained by this
method. However, in the case where the N,C-chelate
ligand L (L = (2-Dipp−N=CH)C6H4, Dipp = 2,6-
diisopropylphenyl) is present at the bismuth atom and
the starting chloride LBi(Ph)Cl is treated with sulfuryl
chloride, complex LBi(Ph)Cl3, which was isolated and
structurally characterized (Scheme 144), is stabilized
[11].

Scheme 144.

Note that the LBiPh2Cl2 derivative was synthesized
similarly.

The efficient f luorination with xenon
dif luoride of diphenylarylbismuth [2-(Me2-

NCH2)C6H4]BiPh2 containing the di-
methylaminomethyl substituent in the ortho-
position of the aryl ligand (Scheme 145) was reported
[148].

Scheme 145.

Compounds [2-(Me2NCH2)C6H4]2BiN3 and [2-
(Me2NCH2)C6H4]Bi(N3)2 are rare examples of bis-
muth azides [14]. The crystal of monoazide [2-
(Me2NCH2)C6H4]2BiN3 contains monomeric mole-
cules, whereas diazide [2-(Me2NCH2)C6H4]Bi(N3)2 is
presented as a dimer with the linkage of azido groups
of two types. In addition, weak van der Waals interac-
tions between these centrosymmetric dimers lead to
the chain structure in the crystal.

Triorganylbismuth dicarboxylates form a very large
class of organic bismuth compounds. They are pri-
marily presented by the aryl derivatives. It is known
that triarylbismuth dicarboxylates are successfully pre-
pared by oxidative addition from triarylbismuth and
carboxylic acid in diethyl ether in the presence of
hydroperoxides [149–156]. The synthesis of triarylbis-
muth dicarboxylates was conducted, as a rule, using
tert-butyl hydroperoxide in diethyl ether
(Scheme 146).

Scheme 146.

However, it seems more reasonable to use hydrogen
peroxide as an oxidant in the reaction in the case of triar-
ylbismuth containing potential coordinating centers, for
example, tris(2-methoxy-5-bromophenyl)bismuth [31].
The target products were isolated from the reaction mix-
ture in the yield not lower than 70%.

A series of triphenylbismuth dicarboxylates of the
general formula (RCOO)2BiPh3 (Scheme 147) was
obtained via the same scheme in order to determine
their antileishmanial activity [157, 158].
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Scheme 147.

They were shown to be less active than similar anti-
mony derivatives.

Eleven triphenylbismuth dicarboxylates were syn-
thesized via the same scheme from the functionalized

derivatives of benzoic or salicylic acid (Scheme 148),
and they showed a high activity against leishmaniasis
[159].

Scheme 148.

An analogous large series of tritolylbismuth dicar-
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derivatives of benzoic or salicylic acid with ortho-,
meta-, or para-tolyl ligands was synthesized similarly
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[160]. Among them, 15 compounds were estimated for
the toxicity toward promastigotes of leishmaniasis and
human fibroblast cells, and the subsequent estimation
of the toxicity against parasitic amastigotes was per-
formed for ten compounds. The highest activity and
selectivity are observed for the bismuth compounds
containing the o- and m-tolyl ligands.

The replacement of diethyl ether by isopropyl alco-
hol does not change the reaction scheme. In this case,
triphenylbismuth dicarboxylates (RCOO)2BiPh3
(where R = 5-Br-2-OH−C6H3, 2-OH−C6H4, 2,6-
(OH)2-C6H3, 3-Me-2-NH2−C6H3, Ph, and Me) were
obtained from triphenylbismuth, carboxylic acid, and
hydrogen peroxide in an isopropanol solution in
higher yields than those in the known methods for the
synthesis of the target products [161].

Another method for the synthesis of triarylbismuth
dicarboxylates is based on the substitution of halogen
atoms in triarylbismuth dihalides. Triphenylbismuth
dicarboxylates Ph3Bi[OC(O)R]2 (R = C6H3F2-3,5,
C6H4CF3-4, and C4H3S) were synthesized via this
scheme by mixing solutions of triphenylbismuth
dichloride and sodium salt of the acid in methanol
[162].

The corresponding triphenylbismuth dicarboxyl-
ates were synthesized from sodium or potassium salts
of para- and meta-pyridinecarboxylic acids and triph-
enylbismuth dichloride (Scheme 149) in an alcoholic
solution [163].

Scheme 149.
The reactions of the synthesized triphenylbismuth

dicarboxylates afforded coordination polymers in
which the silver atoms crosslink the dicarboxylate
molecules into a chain due to the coordination of the
transition metal atom with the nitrogen atoms of the
pyridinecarboxylate ligands.

Triphenylbismuth dicarboxylate (4-FC6H4COO)2-
BiPh3 was chosen as the object for studying the photo-

chemical activity due to its chemical stability, low tox-
icity, and simple synthesis in the photodegradation
reactions of three abundant dyes [164]: methylene
blue, rhodamine B, and methyl violet. A solution of
triphenylbismuth dichloride in toluene was added to a
solution of the acid and sodium methoxide in metha-
nol, and the reaction mixture was stirred at 25°C for
2 h. The yield was 66%. The complex was shown to
possess a high photocatalytic ability in the degradation
of the organic dyes under the UV or visible light irra-
diation. The result of this study would help to develop
new photocatalytic materials.

In some cases, the efficient synthesis of triarylbis-
muth dicarboxylates can be carried out from triarylbis-
muth and carboxylic acid in the presence of trimethyl-
amine (Scheme 150) [165].

Scheme 150.
Compound [(2-Me)(3-OMe)C6H3C(O)O]2Bi(p-

Tol)3 turned out to be very efficient against leishman-
iasis.

The reaction of triphenylbismuth dichloride with
lapachol (Lp) in the presence of trimethylamine
afforded the binuclear bismuth compound
(LpPh3Bi)2O, which was characterized by XRD
[166]. The binuclear complex contains two hexaco-
ordinate bismuth atom linked through the oxygen
atom: (Lp)2(Ph3Bi)2O. The compound inhibits the
growth of the cell line of chronical myelogenous leu-
kemia, and the complex is more active by approxi-
mately 5 times than free lapachol.

The case is known where triphenylbismuth dichlo-
ride reacts with carboxylic acid to form triphenylbis-
muth dicarboxylate, for example, with salicylic acid
(Scheme 151) [167].

Scheme 151.
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It is known that the intramolecular interaction of
the bismuth atom with the carbonyl oxygen atoms
(potent coordinating centers of carboxylate ligands)
takes place in triarylbismuth dicarboxylates, which
makes it possible to assign these derivatives to com-
plexes of highly coordinated bismuth [152–172]. The
strength of the intramolecular Bi⋅⋅⋅O(=C) contacts,
which is based on donor–acceptor interactions, is
determined, to a high extent, by the nature of the sub-
stituents in the aryl rings at the metal atom (affect the
acceptor abilities of the metal) and in the organic rad-
ical of the carboxylic acid residue (enhance or weaken
the donor properties of the carbonyl oxygen atom).
The intramolecular Bi⋅⋅⋅O(=C) distances were shown
to differ between each other to a higher extent: the lon-
ger Bi–O bond corresponds to the shorter Bi⋅⋅⋅O(=C)
distance, which indicates the electron density redistri-
bution upon the appearance of a strong donor–accep-
tor interaction. The longer Bi–O bond corresponds to
the shorter Bi⋅⋅⋅O(=C) distances in the (RCOO)2BiAr3
compounds, indicating the electron density redistri-
bution upon the appearance of a strong donor–accep-
tor interaction. The weakest intramolecular interac-
tions are observed in molecules of triarylbismuth
dicarboxylates in which the donor abilities of the car-
bonyl oxygen atom are weakened because of the elec-
tron density shift caused by the presence of the elec-
tronegative substituents in the organic radical of the
acid (−I effect). In the molecules of triarylbismuth
dicarboxylates with the same aryl substituents at the
bismuth atoms, the nonvalent interactions are
enhanced with an increase in the donor properties of
the carbonyl oxygen atom due to the +М effect of the
radical. In the dicarboxylate molecules, the shortening
of the Bi⋅⋅⋅O(=C) distances correlates with an increase
in one of the equatorial СBiC angles (to 152.9°) from
the side of intramolecular contacts.

Triarylbismuth dicarboxylates can be used for the
production of compounds of other classes, for exam-
ple, in the synthesis of triarylbismuth disulfonates
when triphenylbismuth diacetate under the action of
trif luoromethanesulfonic acid was transformed into
the corresponding disulfonate (Scheme 152), which is
fairly efficient in glycosylation reactions at room tem-
perature. This promoting agent demonstrated advan-
tages over the most part of the modern thioglycoside
activators, namely, high solubility and resistance to air
and light [173].

Scheme 152.

A number of triarylbismuth bis(arenesulfonates) was
synthesized from triphenyl-, tris(meta-tolyl)-, and
tris(2-methoxy-5-bromophenyl)bismuth and arenesul-
fonic acid in ether. Hydrogen peroxide was used as an
oxidant, since no formation of the target product was
observed in the presence of tert-butyl hydroperoxide.
Triarylbismuth disulfonates Ph3Bi(OSO2C6-H3Me2-
3,4)2 [172], (m-Tol)3Bi(OSO2C6H3Me2-3,4)2 [171], and
[(2-MeO)(5-Br)C6H3]3Bi(OSO2Ph)2 were isolated
from the reaction mixture [174] in the yield up to 85% at
the ratio of the starting reagents 1 : 2 : 1 (mol). It follows
from the XRD data that the bismuth atoms in the triar-
ylbismuth disulfonate molecules have a trigonal bipyra-
midal coordination with the arenesulfonate substituents
in the axial positions. The arenesulfonate groups in the
former two disulfonates are cis-oriented relative to the
С3Bi equatorial fragment. Intramolecular contacts
between the central Bi atom and O atoms of the arene-
sulfonate groups (3.189(4), 3.122(3), and 3.244(6),
3.406(6) Å, respectively) are observed from the side of
the maximum equatorial CBiC angle (140.77(11)° and
133.69(17)°). The third compound also exhibits intra-
molecular contacts between the metal atom and oxygen
atoms of the sulfonate groups. However, the Bi⋅⋅⋅O dis-
tances in two crystallographically independent mole-
cules (3.265(4)−3.296(4) Å) are somewhat longer than
those in the former two compounds. Note that a similar
tendency of the ligands for manifesting the bidentate
properties is characteristic of triarylbismuth dicarboxyl-
ates [78]. In addition, the molecules of the third disul-
fonate contains the intramolecular coordination of the
oxygen atoms of the methoxy groups to the bismuth
atom (Bi⋅⋅⋅OMe 3.062(9)−3.215(9) Å).

The reaction of tris(2-methoxy-5-bromophe-
nyl)bismuth with benzenesulfonic acid (1 : 2 mol/mol)
in a diethyl ether solution in the presence of air oxygen
was accompanied by the formation of tris(5-bromo-2-
methoxyphenyl)bismuth bis(benzenesulfonate) [174],
which was isolated in 48 h from the reaction mixture in
a yield of 7%. Evidently, air oxygen played the role
of the oxidant of triarylbismuth in the absence of per-
oxide.

Triphenylbismuth bis(trif luoromethanesulfonate)
can be synthesized from triphenylbismuth dichloride
and silver trif late, and its reactions with donor ligands,
such as triphenylphosphine oxide, aminopyridine,
and bipyridyl, afford ionic complexes with pentacoor-
dinate bismuth cations (Scheme 153) [175].

2TfOH 
CH2Cl2

Ph3Bi

2PhI(OAc)2

CH2Cl2 

Troom, 10 h
Ph3Bi(OAc)2 Ph3Bi(OTf)2

Troom, 12 h
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Scheme 153.

This synthetic method is promising for a wide
development of the chemistry of coordination bis-
muth compounds.

The reactions of tri-p-tolylbismuth dibromide with
silver perchlorate and silver hydrate gave tri-p-tolyl-
bismuth diperchlorate and μ-oxobis((perchlorate)tri-
p-tolylbismuth), respectively [176]. In the molecular
structure of the former compound, the bismuth atoms
have a distorted trigonal bipyramidal coordination
with the apically arranged oxygen atoms of the per-
chlorate groups (Bi–C bonds 2.180(5)–2.201(5),
Bi−O 2.324(4)–2.355(4) Å, OBiO axial angles
170.1(1)°, 174.5(1)°). The structure of the second
compound contains the binuclear [p-Tol3Bi(ClO4)]2O
molecules (Bi−O bonds 2.371(15), 1.9107(7) Å, OBiO
axial angle 180.0°).

The first triphenylbismuth perfluoroalkyl phosph-
inate, [(C2F5)2PO2]2BiPh3, was synthesized from
Ph3BiCl2 and [(C2F5)2PO2]Ag (Scheme 154). This
phosphinate was successfully used as a catalyst in the
Diels–Alder reaction [91].

Scheme 154.

The authors [148] developed an efficient method
for the generation of triphenylfluorobismuthonium
[Ph3BiF]+ and triphenyl(diacetonitrilo)bismutho-
nium [Ph3Bi(NCMe)2]2+ cations from easily accessi-
ble Ph3BiF2 (Scheme 155).

Scheme 155.

Tetraphenylbismuthonium salts are formed under
the action of acids on pentaphenylbismuth. For
instance, the titration of pentaphenylbismuth with an
ethereal solution of hydrogen chloride is accompa-
nied by the disappearance of the violet color charac-
teristic of pentaphenylbismuth and by the formation
of labile colorless crystals of tetraphenylbismuth
chloride that decomposes at room temperature to
triphenylbismuth and chlorobenzene [177]. Its struc-
ture was determined [178] by the XRD method. It is
found that chlorine occupies the axial position in the
trigonal bipyramidal environment of the central
atom. The bismuth atom shifts from the equatorial
plane toward the axially arranged carbon atom. The
Bi–Cl bond length (2.9116(19) Å) exceeds the sum of
covalent radii of bismuth and chlorine atoms (2.50 Å)
but is substantially less than the sum of their van der
Waals radii (3.82 Å) [20].

Kinetically unstable tetraphenylbismuth bromide,
which was obtained from pentaphenylbismuth and a
solution of hydrogen bromide in acetone, had a similar
structure [179].

The reactions of pentaphenylbismuth with equi-
molar amounts of sulfuric, 2,4-dinitrobenzenesul-
fonic, and nitric acids afforded tetraphenylbismuth
hydrosulfate (HОSO3)BiPh4, tetraphenylbismuth
2,4-dinitrobenzenesulfonate (2,4-(NO2)2C6H3SO2O)-
BiPh4, and tetraphenylbismuth nitrate hydrate
Ph4BiNO3∙1/3H2O, respectively [180]. The crystal
structures of the bismuth compounds were deter-
mined by XRD. The bismuth atoms are pentacoordi-
nate in the former two compounds (environment
С4BiО), whereas the latter contains the nitratotet-
raphenylbismuth molecule and tetraphenylbis-
muthonium cations of two types, one of which is
coordinated to the nitrate anion and water molecule.

A number of the indicated derivatives was synthe-
sized by the reactions of pentaphenylbismuth (tolu-
ene, 0.5−5 min, 20°С) with phenols containing the
electron-withdrawing substituents (Scheme 156) in
order to establish the effect of the nature of the substit-
uents in the aroxyl group on the values of bond angles
and bond lengths at the bismuth atom in tetraphe-
nylantimony aroxides [181].

Scheme 156.
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2Me3P

2,2'-Bipy

[Ph3Bi(OPPh3)2]2+(OTf −)2

[Me3P−PMe3]2+(OTf −)2 + Ph3Bi

[Ph3Bi(2,2'-Bipy)(OTf)]  (OTf −)
2Me2N−Py

[Ph3Bi(Me2N−Py)2(OTf)]  (OTf −)

+

+

− 2AgClPh3BiCl2
((C2F5)2PO2)Ag

((C2F5)2PO2)2BiPh3

O

O

O

Cat (0.5 mol %)

CH3CN, 

Troom, 1.5 h O

O

O
>97%

Cat = ((C2F5)2PO2)2BiPh3

+

Ph3BiF2

(C2F5)3PF2

[Ph3BiF]+[(C2F5)3PF3]−CH3CN, Troom

2(C2F5)3PF2
CH3CN, Troom

[Ph3Bi(CH3CN)2]2+[(C2F5)3PF3]2
−
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The color of the solution changed to yellow or yel-
low-brown due to the interaction of the reactants, and
the target products were isolated by crystallization
from a benzene−octane mixture. Tetraphenylbismuth
aroxides are yellow or yellow-brown crystalline sub-
stances stable in air and soluble in aliphatic and aro-
matic hydrocarbons. The yields of the synthesized tet-
raphenylbismuth aroxides reached 86%.

The reaction of ligand redistribution for the phenyl
compounds of pentavalent bismuth was discovered in
1999 using as examples the reactions of pentaphenyl-
bismuth with triphenylbismuth bis(2,5-dimethylben-
zenesulfonate) and triphenylbismuth bis(2,4-dimeth-
ylbenzenesulfonate) [182]. Tetraphenylbismuth arox-
ides were also synthesized by an analogous method
from pentaphenylbismuth and triphenylbismuth diar-
oxide in benzene (Scheme 157) [181].

Scheme 157.

The tetraphenylbismuth aroxide molecules have
the trigonal bipyramidal configuration characteristic
of the most part of the pentacoordinate bismuth deriv-
atives, and the most electronegative substituent
(aroxyl ligand) occupies one of the axial positions. The
axial СBiO angles are close to the ideal value, and the
bismuth atom shifts from the equatorial plane toward
the carbon atom of the axially arranged phenyl ligand,
which induces a distortion of the bond angles between
the axial and equatorial substituents. The Bi−O dis-
tances (2.451−2.925 Å) are longer than the sum of
covalent radii of the atoms (2.31 Å [20]), and the lon-
gest Bi−O bond was observed in tetraphenylbismuth
picrate [183].

The general regularity in the arrangement of the
equatorial phenyl groups was revealed in all studied
structures. For example, two phenyl rings in each
structure turn around the equatorial Bi−C bonds by
significant torsion angles, whereas the plane of the
third ring is nearly perpendicular to the axial Bi−O
bond. The aroxy group is arranged above this equato-
rial phenyl, which causes the interaction of their π sys-
tems (so-called π−π-stacking effect). In tetraphenyl-
bismuth aroxides, the geometry characteristic of the
π−π-stacking interaction is distorted: the intercenter
distances are 3.666−4.021 Å and the interplanar angles
are 14.2°−32.4°, which are close to the ideal values for
interactions of this type [184, 185].

A series of the platinum and gold derivatives are
synthesized by the substitution reactions in the prepar-
ative chemistry of organic compounds of pentavalent
bismuth. For instance, the reaction product of tetrap-
henylbismuth chloride Ph4BiCl with potassium hex-
abromoplatinate (2 : 1 mol/mol) in water after recrys-
tallization from DMSO is S-dimrthylsulfoxidotribro-
moplatinate of О-dimethylsulfoxidotetraphenyl-
bismuth [Ph4Bi∙DMSO-O]+[PtBr3∙DMSO-S]−. The
recrystallization from acetonitrile of the complex
derived from tetraphenylbismuth chloride and potas-
sium hexachloroplatinate gives tetraphenylbismuth

hexachloroplatinate [PtCl6]2− [178].

The gold complexes [Ph4Bi]+[Au(CN)2Cl2]− and
[Ph4Bi]+[Au(CN)2Br2]− were synthesized by the reac-
tions of tetraphenylbismuth bromide with potassium
dichloro- and dibromodicyanoaurate in water fol-
lowed by water removal and recrystallization of the
solid residue from acetonitrile and were structurally
characterized [186].

Equimolar amounts of tetraphenylbismuth sul-
fosalicylate and bismuth iodide in acetone react to
form red-orange crystals of the ionic complex

[Bi4I16]4−⋅2(Me2C=O) [187]. The XRD data
show that in the complex two independent tetrap-
henylbismuthonium cations have somewhat different
geometries. In one of them, the coordination of the
bismuth atom is distorted tetrahedral (Bi−C bond
lengths lie in a range of 2.184−2.207 Å, and the range
of the CBiC bond angles is 106.0°−113.7°). The
coordination sphere of another cation contains the
acetone molecule (Bi⋅⋅⋅O distance is 3.094 Å), which
results in the appearance of the contribution of the
trigonal bipyramidal component in the tetrahedral
structure: a noticeable deviation of the CBiC bond
angles from the value ideal for tetrahedron is
observed (102.1°−120.8°). The tetranuclear cen-
trosymmetric [Bi4I16]4− anion (Scheme 158) in the
complex consists of two pairs of BiI6 octahedra
joined along the common edges. The environments
of the Bi(2) and Bi(2') atoms consist of three terminal
and three bridging iodine atoms each (Bi−I distances
are 2.909−2.947 and 3.284−3.337 Å, respectively).
The Bi(1) and Bi(1') atoms have two terminal and
four bridging iodine atoms in the environment (cor-
responding bond lengths are 2.898, 2.904, and
3.027−3.312 Å).

Ph5Bi + Ph3Bi(OAr)2                 2(ArO)BiPh4
C6H6

Ar = 4-tBu-2,6-Br2 -C6H2, 2,6-Cl 2 C6H3,

4-NO2-2,6-Br2 C6H2, 2,4-(NO2)2 C6H3,

2,4,6-(NO2)3 C6H2  

-

24Ph Bi[ ]+

44Ph Bi[ ]+
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Scheme 158.
The complex with the linear pentanuclear three-

charge anion [Ph4Bi] [Bi5I18]3− is formed with an
increase in the amount of bismuth iodide (molar ratio
of tetraphenylbismuth arenesulfonate to bismuth
iodide is 1 : 2) [188]. In the centrosymmetric [Bi5I18]3−

anion (Scheme 158), the octahedrally coordinated Bi
atoms are joined pairwise by the triple iodine bridges.
The terminal Bi(3) atom is linked to the adjacent Bi(2)
atom by the Bi(3)−I(4−6) bonds that are less strong
than Bi(2)−I(4−6) (3.423−3.582 and 2.940−2.954 Å,
respectively). The terminal Bi(3)−I(7,8,9) bonds
(2.842−2.860 Å) are the shortest contacts in the
[Bi5I18]3− anion.

Note an efficient method for the synthesis of tet-
raphenylarylbismuth fluorides, which consists of the
treatment of triphenylbismuth dif luoride with phenyl-
boric acid in the presence of boron trif luoride etherate
in dichloromethane followed by the treatment of the
reaction mixture with a cesium fluoride excess. The
method was first described by the Japanese authors in
2003 [189] and continued by the authors [190] who
obtained triphenylarylbismuthonium fluorides via a
similar scheme and studied the transport properties of
cations of the general formula [Ph3BiAr]+, where Ar is
phenyl, naphthyl, anthryl, or pyrenyl. These cations
were shown to efficiently transfer hydroxide, f luoride,
and chloride anions through the phospholipid bilayer.

CONCLUSIONS
Organic bismuth compounds attract increasing

attention of researchers all over the world. This is
caused by the recently found catalytic activity of a
number of the organic bismuth compounds in various
groups of reactions significant in organic and organo-
element chemistry and by their high potential of appli-
cation as reagents in fine organic synthesis. From the
viewpoint of biochemistry and medicine, this class of
bismuth compounds also has a high application

potential as anticancer, antifungal, and antibacterial
drugs. In addition, the organic compounds of bis-
muth(III,V) can form mono-, bi-, and polynuclear
compounds with diverse structures of both molecular
and ionic types, which is unambiguously important for
the development of fundamental research of organo-
bismuth compounds. The catalysis by the organobis-
muth compounds and the areas of their biochemical
and medical use should be expected to develop more
actively in the nearest future.
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