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I. Introduction and Scope
The chemistry of bismuth is diverse but is perhaps

the least well established of the heavier stable
elements in terms of a coherent or comprehensive
database. Complexes of bismuth typically have low
solubilities in most solvents, so that definitive for-
mula assignments are usually based on X-ray dif-
fraction studies of crystalline samples that have been
isolated in small or indefinite quantities. Compre-
hensive characterization of the compounds is rare,
and most isolated compounds are unique, rather than
members of series of related compounds which il-
lustrate fundamental chemical trends.

The bioutility of bismuth and its compounds has a
250 year history, which is described in a number of
key review articles,1-5 but the appearance of bismuth
compounds in the British Pharmaceutical Codex,6-10

the French Pharmacopeia,11 the German Pharma-
copeia,12 and the new Czechoslovakian Pharma-
copeia13 is more recent. Some compounds have been
approved for human use under the Federal Food,
Drug, and Cosmetic Act14 for more than 30 years.
After extensive use in the treatments of syphilis as
well as other bacterial infections, the heavy metal
label effected a decline in usage with the advent of
antibiotics and incidents of reversible bismuth en-
cephalopathy in France and Australia in the 1960s
and early 1970s. Nevertheless, bismuth compounds
remain important components of stomach remedies,
such as Pepto-Bismol (bismuth subsalicylate, BSS)
and De-Nol (colloidal bismuth subcitrate, CBS), and
derivatives of CBS, such as ranitidine bismuth citrate
(RBC), are currently under development.

This review provides an overview of the data
available for bismuth compounds which have been
discovered, developed, or designed to have biological
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activity or medicinal utility, while botanical utility
is outside the scope of this review. A number of
compounds have been sufficiently well characterized
to assign formulas accurately; however, a wide
variety of materials, mixtures, or preparations con-
taining bismuth have been examined and docu-
mented, many of which have ill-defined formulas or
vague name designations. In section II, we catalog
the use of bismuth and bismuth compounds in the
treatment of various medical disorders and sections
III-VII discuss and compare the chemical aspects of
compounds for which definitive formulas or charac-
terization data are available. Tables 7 and 8 are lists
of compounds with literature references to each item
of characterization data, and a more detailed and
general overview of the structural features for bis-
muth complexes involving pnictogen and chalcogen
donors is available.15

Illustrations of bismuth compounds are used to
define connectivity and coordination number and are
not intended to describe electronic structure or bond-
ing; for example, Lewis drawings of these compounds
are not meaningful or are misleading. In an attempt
to provide a comprehensive chemical literature re-
view, we have included reference to Chemical Ab-
stracts for articles written in a language other than
English or literature which was not available (e.g.,
patents and journals with low accessibility).

II. Bismuth Compounds in Medicine,
Microbiology, and Pharmacology

The vast array of biological or medicinal activity
that has been suggested or evaluated for compounds
containing bismuth are presented in Tables 1-5 and
include the preparation or compound name and
formula where available. Many preparations are not
definitively characterized so that the designations are
sometimes vague, e.g., “bismuth” referring to a
compound, “bismuth preparations”, or “bismuth com-
pounds”. Other components of the preparations are
given as well as the method of administration. The
tables are intended as an introduction to give the
reader an appreciation of the magnitude and diver-
sity of the bioutility of bismuth compounds and
preparations.

Bismuth compounds are most commonly used for
treating gastrointestinal disorders. The roles of CBS/
TDB and BSS in gastric and duodenal ulcer ther-
apy1,3,5,16-33 and the eradication of Helicobacter pylori
(a bacterium associated with the pathogenesis of
gastroduodenal ulcers)22,30,32,34-37 have been studied
extensively. In addition to antimicrobial action, phar-
macological studies suggest that the treatment and
prevention of ulcers by CBS involves the fortification
of gastric mucus and the stimulation of cytoprotective
processes, such as the synthesis of endogenous pros-
taglandins and the secretion of mucosal bicarbon-
ate.38,39 Clinical trials have been extensive, employing
CBS or BSS alone or concurrently with H2 antago-
nists and/or antibiotics. The treatment of travellers’
diarrhea (BSS)17,22,32,40,41 nonulcer dyspepsia,20,28 non-
steroidal antiinflammatory drug damage,20 and vari-
ous other digestive disorders42 with bismuth-contain-
ing compounds has also been examined. The diversity

of bismuth compounds in medicine extends to the
treatment of syphilis43-47 and tumors,48,49 in radio-
isotope therapies,50,51 in the reduction of the renal
toxicity of cisplatin,52 and in pharmacy and other
areas.33,53-57 Elemental bismuth has also been found
in natural medicinal plants58 and Chinese mineral
drugs.59

Tables 1, 2, and 3 catalog the application of
bismuth compounds for the treatment of gastrointes-
tinal, syphilitic, and other medical disorders, respec-
tively. Inorganic salts and polycarboxylates of bis-
muth are most common, of which CBS and BSS have
been most extensively used. The contents of Tables
4 and 5 overview the assessment of antimicrobial
activity for bismuth preparations and compounds
according to in vitro and in vivo investigations,
respectively.

Table 6 is a list of reviews describing pharmaco-
logical studies, pharmacokinetic studies, and the
toxicity of bismuth compounds. The absorption, dis-
tribution, and excretion of bismuth in animals and
in the human body is usually assessed by determi-
nation of elemental bismuth concentrations in urine
and blood by atomic absorption spectroscopy. The
biochemical forms of bismuth have not been assessed,
but it is clear that the highest concentrations of
bismuth are in the kidneys and the liver, with trace
amounts in the skeleton and other organs. As a heavy
metal, the toxicity assumed for bismuth is not
definitively confirmed, although there is association
with neoparthy, osteoarpathy, gingivitis, stomatitis,
colitis, and hepatitis and cases of encephalopathy in
France and Australia.

III. Inorganic Salts of Bismuth
Inorganic bismuth salts were the first compounds

to be recognized for therapeutic utility; for example,
bismuth subnitrate (BSN) was known as “magiste-
rium bismuti”430 as early as the 17th century. A
listing of compounds with medicinal relevance in-
cluding assigned formulas and references to charac-
terization data are given in Table 7. Some named
compounds (e.g., subcarbonate and subnitrate) have
a variety of formulas, which arise from the variable
preparative procedures. Their designation as “sub”
salts has likely been justified on the basis of high
oxygen content and the assignment of Bi-O moieties.
Some formula assignments are based on elemental
analysis data and maybe overinterpreted. For ex-
ample, bismuth hydroxides are sometimes written as
BiO(OH) but could be bismuth oxide (Bi2O3) with
variable water content.

Bismuth is mined as bismuth oxide (Bi2O3, “bis-
mite”, also mined as bismuth sulfide Bi2S3, “bismuth-
inite”), which is also readily accessible from other
inorganic bismuth salts (nitrate, subnitrate, subchlo-
ride, sulfate) by reaction with carbonates or alkali
hydroxides,434,442,443,447,448,451,453,640 by hydrolysis,444 or
by thermal decomposition.435,436,441 R-, â-, γ- and
δ-Bismuth sesquioxide form at higher temperatures
and have been studied extensively by DTA and X-ray
and neutron powder diffraction. The crystal structure
of the R-oxide431 shows parallel layers of oxygen
atoms in a pattern of three- and five-sided polygons,
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with the corners bridged by bismuth atoms. The
hydrated forms [e.g., Bi(OH)3 bismuth hydroxide,
BiO(OH)] have been studied at various pH values
spectrophotometrically458 and polarographically498

and through electromigration of radionuclides.641

Bismuth carbonate is formed from Bi2O3 with excess
CO2 or from Bi(NO3)3 with excess Na2CO3 or K2CO3,
and its composition is sensitive to reaction conditions,
accounting for “light” and “heavy" terminology for
bismuth subcarbonate and bismuth subnitrate in the
pharmaceutical and medical literature.540,642 “Bis-
muth aluminate” has variable composi-
tion of Bi2O3, Al2O3, and H2O, containing CO2 in one
instance. It is employed to combine the antacid
properties of the basic bismuth and aluminum oxides.

Of the inorganic salts employed in medicine, only
bismuth chloride, oxychloride, and nitrate pentahy-
drate have definitive compositions. Bismuth chloride
(BiCl3) and nitrate [Bi(NO3)3] are prepared from
bismuth oxide by reaction with the corresponding
mineral acids. The crystal structure of Bi(NO3)3‚
5H2O517 confirms the ionicity in the solid state, with
one unique bismuth atom chelated symmetrically by
two nitrate ions and asymmetrically by the third.
Four-coordinated water molecules give a coordination
number of 10 for bismuth. BiCl3

567 is molecular in
the solid state, in which bismuth has three closely
bound chlorine atoms (Bi-Cl 2.468, 2.513, 2.518 Å)
in a near pyramidal arrangement and five long
chlorine contacts (Bi-Cl 3.216-3.450 Å) for a trigo-
nal prismatic eight-coordinate environment.

In weakly acidic to basic conditions, inorganic
bismuth salts are hydrolyzed to the corresponding
oxide products, commonly referred to as “basic,” “oxy-
”, or “sub-” salts, with formation of the bismuthyl ion
(BiO+), which has a low aqueous solubility. In the
case of bismuth oxychloride (BiOCl), solubility in-
creases with acidity possibly due to the liberation of
Bi3+ from BiO+ by the hydronium ion,643 but the
formation of anionic [BiCl4]- is also postulated on the
basis that BiOCl is more soluble in hydrochloric acid
than in nitric acid.644 Moreover, the solubility of BiCl3
in nitric acid increases with addition of NaCl.

Complexation of bismuth(III) with the chloride ion
has been studied by potentiometry,645-647,647,648 and
hydrolysis of bismuth chloride649-652 reveals the
formation of a variety of solid phases, BiOCl‚2H2O,
BiOCl, and BiCl3‚H2O,653 but only BiOCl has been
comprehensively characterized (hydrolysis of bismuth
subiodide has also been studied).654 The crystal
structure of BiOCl614 shows one unique bismuth
center surrounded by four oxygen atoms and four
chlorine atoms in an asymmetric decahedral geom-
etry.

Hydrolysis of bismuth nitrate seems to be more
complicated, and the products are sensitive to pre-
cipitation conditions.539,541,558,655-657 Electrical con-
ductivity537 experiments have prompted the specu-
lation of various species in solution. A wide range of
compounds have been isolated, and chemical analysis
has been used to assign most formulas, which are
written to illustrate proposed component units of the
structures: (BiO)NO3, (BiO)NO3‚1/2H2O,454 5(BiONO3)‚
BiOOH‚4H2O,528 Bi2O(NO3)4, Bi4O5(NO3)2,530 Bi5O7-

(NO3),531,532Bi2O3‚N2O5‚2H2O,10Bi2O3‚9N2O5‚7H2O,534

[Bi6O6(OH)3](NO3)3‚2H2O, [Bi6O7(OH)2](NO3)2‚2H2O,533

BiONO3‚2H2O, 2BiONO3‚H2O, 6Bi2O3‚5N2O5‚9H2O,535

[Bi6O6(OH)3](NO3)3‚2H2O, [Bi6O7(OH)2](NO3)3‚2H2O,536

[Bi6O4(OH)4](NO3)6‚4H2O, [Bi4O4(OH)4](NO3)6‚H2O,
[Bi6(H2O)(NO3)O4(OH)4](NO3)5‚H2O, [Bi6O5(OH)3]-
(NO3)5‚5H2O, [Bi6O6(OH)3](NO3)3‚2H2O, [Bi6O7(OH)2]-
(NO3)2‚2H2O,538 Bi(OH)2NO3,537 BiO(NO3)‚0.5H2O,
Bi(OH)3-x(NO3)x (x ) 9-10).541 Solid-state structures
have been determined cystallographically for [Bi6O5-
(OH)3](NO3)5‚3H2O543,557{empiricalformula: Bi6N5O26H9;
modified formula: BiONO3‚0.1Bi2O3‚0.9H2O}, Bi6O4-
(OH)4(NO3)6‚H2O545 {empirical formula Bi6N6O27H6;
modified formula: BiONO3‚0.5H2O; also independ-
ently determined as [Bi6(H2O)(NO3)O4(OH)4](NO3)5,544

and [Bi6O4(OH)4](NO3)6‚4H2O430 {empirical formula
Bi6N6O30H12; modified formula: BiONO3‚H2O}, whose
empirical formulas are primarily distinguished by the
degree of hydrolysis of the subnitrate, as indicated
by the modified formulas. The structures are all
composed of Bi6O8 polyhedral clusters involving an
octahedron of bismuth atoms with oxygen atoms
capping the octahedral faces, as illustrated in Figure
1. Therefore, the structural formulas indicate the

degree of protonation of this cluster to give the
cations [Bi6O5(OH)3]5+ and [Bi6O4(OH)4]6+. The former
exists as water hydrogen-bonded dimers, while the
more acidified compound is monomeric in the solid
state. The same cationic unit is formed in the
hydrolysis of bismuth perchlorate658,659 to give [Bi6O4-
(OH)4](ClO4)6‚7H2O.660

IV. Bismuth Complexes of Hydroxycarboxylic
Acids and Aminocarboxylic Acids

Despite the widespread medicinal use and biologi-
cal assessment of bismuth subsalicylate evident in
Tables 1-5, there is little documented chemical

Figure 1. Bi6O8 cluster observed in the solid state for some
bismuth nitrates (Bi-dark, O-grey).
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characterization data for compounds formed between
bismuth and salicylic acid, H2sal. Although assess-

ments of bioactivity for preparations involving mix-
tures of bismuth with other hydroxycarboxylic acids
or aminocarboxylic acids are less common, complexes
of the conjugate bases of gallic acid (H4gal), tartaric

acid (H4tar), lactic acid (H2lac), malic acid (H3mal),
citric acid (H4cit), nitriloacetic acid (H3nta), and
ethylenediaminetetracetic acid (H4edta) have been
characterized in some detail as listed in Table 8. The
polyprotic nature of these ligands and the lability of
the carboxylate-bismuth interaction are responsible
for a wide variety of compounds, some of which have
been extensively characterized and others that have
been speculated as components of mixtures. Com-
plexes are readily obtained from reactions of inor-
ganic bismuth salts (usually nitrate) with the acid
or an alkali salt of the acid. The products are usually
sensitive to the reaction conditions, and in some cases
a wide range of formulas have been isolated from a
given system. For example, a variety of formulas
have been isolated or proposed to exist in the bismuth
tartrate system,661-670 including mixed cation sys-
tems, involving an alkali metal or ammonium cation
in addition to bismuth.671-685

Solutions containing bismuth tartrate complexes
and bismuth malate complexes have been ex-
amined by a variety of techniques (solubility,747

spectrographic,748 optical rotation,681 visual,749 1H
NMR,683 polarimetric,681,748,750 potentiometric,751-754

polarographic,751,755-757 electrometric,750,758 and oscil-
lography757) to determine compositions747,751 and sta-
bility constants.759,760 More numerous solution studies
are reported for aminocarboxylate complexes, which
have been prompted by their higher stability (stabil-
ity constants > 1020)754 imposed by the greater
denticity of the ligands (spectrophotometric,761-766

IR,767 NMR,767 Raman,768 UV-vis,738,769 electrometric

Table 1 (Continued)

Bi Compounds and Preparations Chemical Reviews, 1999, Vol. 99, No. 9 2609



Table 2. Treatment of Syphilis Using Bismuth Preparations

2610 Chemical Reviews, 1999, Vol. 99, No. 9 Briand and Burford



Table 2 (Continued)

Bi Compounds and Preparations Chemical Reviews, 1999, Vol. 99, No. 9 2611



Table 2 (Continued)

2612 Chemical Reviews, 1999, Vol. 99, No. 9 Briand and Burford



titration,729pHmetric,770metric,770polarographic,756,761,771-775

potentiometric,754,776-779 and isotope exchange780).
Complexes of thioglycolic acid,781-784,784,784 which have
been assessed for absorption and toxicity in
rats,784 have been characterized by UV-vis spectros-
copy.785

Solid-state structures determined by single-crystal
X-ray diffraction studies confirm the formulas in
specific cases and reveal important features of struc-
ture and bonding at the bismuth center and regard-
ing the molecular, oligomeric, or polymeric nature of
the compound. The citrate complexes have been most
extensively examined and are discussed in detail in
section V. Isolated examples involving other ligands
have been reported.

The tartrate complexes NH4[Bi(H2tar)2(H2O)]‚
H2O704 and Bi(H3tar)(H2tar)‚3H2O703 have distinctly
different formulas, the former mixed cation salt
representing a replacement of one proton of the
triprotic tartrate ligand of the latter by an am-
monium ion. Nevertheless, these structures contain
a similar asymmetric unit in which two tartrate
ligands chelate bismuth by means of a carboxylate
and a hydroxy donor, as illustrated in Figure 2.
Bismuth adopts a coordination number of nine by
engaging two additional chelate tartrate ligands from
neighboring asymmetric units and the oxygen atom

of a water molecule, imposing a trigonal prismatic
geometry. Lattice water molecule(s) (and the am-
monium ion) are responsible for intermolecular hy-
drogen bonding to give one-dimensional coordination
polymers.

A three-dimensional polymeric structure is ob-
served for the only crystallographically characterized
bismuth lactate complex Bi(Hlac)3.708 Bismuth is
bound by three carboxylate/hydroxy chelates (five-

Table 2 (Continued)

Figure 2. Asymmetric unit for Bi(H3tar)(H2tar)‚3H2O.

Bi Compounds and Preparations Chemical Reviews, 1999, Vol. 99, No. 9 2613



Table 3. Treatment of Other Medical Disorders Using Bismuth Preparations

2614 Chemical Reviews, 1999, Vol. 99, No. 9 Briand and Burford



Table 3 (Continued)

Bi Compounds and Preparations Chemical Reviews, 1999, Vol. 99, No. 9 2615



Table 3 (Continued)

2616 Chemical Reviews, 1999, Vol. 99, No. 9 Briand and Burford



Table 3 (Continued)

Bi Compounds and Preparations Chemical Reviews, 1999, Vol. 99, No. 9 2617



Table 3 (Continued)

2618 Chemical Reviews, 1999, Vol. 99, No. 9 Briand and Burford



Table 3 (Continued)

Bi Compounds and Preparations Chemical Reviews, 1999, Vol. 99, No. 9 2619



Table 3 (Continued)

2620 Chemical Reviews, 1999, Vol. 99, No. 9 Briand and Burford



Table 3 (Continued)

Bi Compounds and Preparations Chemical Reviews, 1999, Vol. 99, No. 9 2621



membered rings), two of which are bound more
strongly than the third. As illustrated in Figure 3,
the carboxylate of the weakly bound ligand of a
neighboring complex forms a four-membered chelate,
and monodentate interaction with a carbonyl (car-

boxylate) of another neighbor imposes a total of nine
coordination on bismuth. The multifunctional nature
of the trianionic malate ligand in Bi(mal)‚H2O (bis-
muth malate)703 is responsible for an interesting
coordination environment for bismuth, involving two
four-membered carboxylate chelates, one five-mem-
bered carboxylate/alkoxide chelate, and one six-
membered carboxylate/alkoxide chelate, which to-
gether with water gives a familiar coordination
number of nine, illustrated in Figure 4.

The high denticity of the aminocarboxylates, nta
and edta, simplify the solid-state structure of the
complex. Nevertheless, intermolecular interactions
are made possible by the high coordination numbers
accessible to bismuth. Figure 5 shows the tetraden-

tate interaction in Bi(nta)‚2H2O722 and illustrates two
types of secondary intermolecular carboxylate-
bismuth coordination imposing a coordination num-
ber of eight and a ribbonlike polymeric structure.
Excess ligand circumvents the polymeric arrange-
ment, and the ammonium salt [NH4]3[Bi(nta)2]726,727

contains the novel 3-fold symmetric anion involving
eight-coordinate bismuth. Bismuth-edta complexes
have been extensively studied by X-ray crystal-

Table 3 (Continued)

Figure 3. Coordination sphere of bismuth in the solid-
state structure of Bi(Hlac)3.

Figure 4. Ligand distribution around one bismuth center
in the solid-state structure of Bi(mal)‚H2O.

Figure 5. Polymeric association observed in the solid-state
structure of Bi(nta)‚2H2O.
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lography and are best represented by Bi(Hedta)‚
2H2O722 (Figure 6), showing the hexadentate chela-

tion of bismuth. Two exocyclic carboxylate oxygen
atoms are responsible for intermolecular coordination
to neighboring bismuth centers, so that each bismuth
is eight coordinate in a polymeric array.

V. Colloidal Bismuth Subcitrate (CBS)

Citrate salts of bismuth represent the most exten-
sively studied series of bismuth compounds by virtue
of their widespread medicinal use. Bismuth citrate
is essentially insoluble in water, but a dramatic
increase in solubility with increasing pH has been
exploited as a bioready source of soluble bismuth, a
material referred to as “colloidal bismuth subcitrate”

(CBS). Formulation of these solutions is complicated
by the variability of the bismuth:anion stoichiometry,
the presence of potassium and/or ammonium cations,
the susceptibility of bismuth to oxygenation (to Bid
O), and the incorporation of water in isolated solids.
Consequently, a variety of formulas are classified in
the literature as CBS.661,665,680,697,709-711,713,714,786 The
composition of solutions and stability constants have
been determined (visual studies,749 solubilities,685

bismuth ion-selective electrodes,760 potentiom-
etry,754,755,787 polarography,755,756 and oscillopolarog-
raphy788) as well as other physicochemical proper-
ties.716,789 1H and 13C NMR spectroscopy studies790-792

indicate rapid exchange of citrate moieties at low
concentration and the existence of oligomeric or
polymeric units at higher concentrations.793

Solids isolated from various, often ill-defined com-
binations of bismuth citrate, citric acid, potassium
hydroxide, and/or ammonium hydroxide have been
assigned formulas K2.7(NH4)0.3[Bi(cit)]3(H2O)4, K1.4-
(NH4)1.6[Bi(cit)]3(H2O)6, KBi(cit)H2O, (NH4)3(BiO)2Bi-
(cit)2(H2O)6, (NH4)3(BiO)2Bi(cit)2(H2O)3, K1.4(NH4)1.6-
(BiO)2[Bi(cit)2)(H2O)5],793 K0.8(NH4)0.2Bi(cit)H2O, and
K0.6(NH4)0.4Bi(cit)(H2O)2

794 on the basis of elemental
analysis data or by determination of water and
ammonia content and are described as different
forms of CBS. Additional speculation is made for
their presentation as modified formulas (cit )
C6H4O7

4-; Hcit ) [CO2CH2C(OH)(CO2)CH2CO2]3-);
however, assignments for such complex systems are
of low significance in the absence of complementary
data other than thermal analysis,794 infrared spec-
troscopy,794 or NMR spectroscopy.795 In this context,
Merck Index lists the chemical formula of CBS as

Table 4 (Continued)

Figure 6. Polymeric association observed in the solid-state
structure of Bi(Hedta)‚2H2O.
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Table 6. Review Articles Describing Pharmacological Studies, Pharmacokinetic Studies, and Toxicity Involving
Bismuth Compounds
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K3(NH4)2Bi6O3(OH)5(C6H5O7)4 in the 11th edition796

but in the most recent edition provides a less precise
name “tripotassium dicitrato bismuthate”.797

More definitive formulas have been determined by
X-ray crystallography, and data are listed for

comparison in Table 9. The conditions for isolation
of these crystalline materials from solutions similar
to those defined above are provided in some cases but
are sometimes incomplete and often involve time
periods of months. Isolation of the sodium salt E was
somewhat unusual in that it was unexpectedly
obtained from a reaction mixture of ranitidine bis-
muth citrate, glutathione, D2O, and NaOD.795

The structures in Table 9 are all closely related and
are generally composed of a citrate anion (cit )
C6H4O7

4-) intimately bound to a bismuth center, an
appropriate number of potassium or ammonium
cations (to balance the charge), and solvated or
coordinated water molecules. Three of the structures
contain an additional citrate trianion (Hcit), and one
structure is constructed around a hexanuclear bis-
muth oxygen cluster (Bi6O4). Potassium and am-
monium cations are essentially interchangeable, in
that the compositions are not dependent on the
presence of the ions in the reaction mixture; for
example, KBi(cit)(H2O)3 A was obtained from an
aminated solution. Moreover, three structures (B, D,
F) contain both potassium and ammonium cations
in a fractional stoichiometry, and the ammonium salt
C is isostructural with compound D, which contains
a equimolar combination of potassium and am-
monium, but is otherwise identical. In this context,
the variety of reported structures is somewhat mis-
leading when one recognizes that of the eight struc-
tures listed in Table 9, only compounds F, G, and H
can be considered unique. Structures A-E are con-
structed from the monoanionic complex of Bi3+ with
a tridentate (dicarboxylate/alkoxide) tetra-anionic
citrate ligand. This unit is also evident in F, G, and
H, but these structures involve additional chemically
different units. [Bi(cit)]- together with a cation and

Table 6 (Continued)

Figure 7. Zigzag polymeric array of dimers observed in
the solid state for formulas A and B of CBS (Bi-dark,
O-grey, C-white).

2630 Chemical Reviews, 1999, Vol. 99, No. 9 Briand and Burford



Table 7. Inorganic Salts of Bismuth with Medicinal Relevance and Literature References to Characterization
Data (see abbreviations section I)
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two water molecules defines the asymmetric unit of
compounds C-E but adopts a well-defined dimeric
arrangement imposed by chelate coordination of the
pendant carboxylate moiety to a neighboring bismuth
center 1. The same dimer unit exists in A and B, and
differences in the macrostructures result from dis-
tinctions in the interactions between the dimers. The
ubiquitous tridentate chelation apparently arises
from deprotonation of the hydroxy moiety of insoluble
bismuth citrate [Bi(Hcit)] and implies a special
stability enforcing a pendant carboxylate, which may
be responsible for the unique water solubility with
avoidance of hydrolysis to bismuthyl (BiO+). The
coincident chelate coordination of this third (pendant)

carboxylate is precluded by the required tetrahedral
geometry of the central carbon center of the citrate
anion.

For compounds A and B, the bismuth centers
interact with an additional two carboxylate oxygen
centers of a neighboring dimer to effect a face-to-face
tetramer (dimer of the asymmetric unit 1), shown in
the center of Figure 7. Interaction with a single
carboxylate oxygen center of a third citrate moiety
is responsible for a polymeric array of the tetramers
(Figure 7). The structures of compounds C-E contain
an identical tetramer but are associated in a side-
by-side interaction (also single carboxylate oxygen
donor to bismuth) giving a parallel array of dimers
(Figure 8) and contrasting the zigzag structure of
compounds A and B (Figure 7). The two types of
polymeric structures are distinguished by the degree
of hydration.

Compounds F, G, and H also contain the tridentate
coordinated citrate tetranion (cit); however, the pres-
ence of an additional citrate trianion (Hcit) compli-
cates and opens the structures, enabling the incor-
porationofadditionalwaterforcompoundF.Nevertheless,
the familiar pendant carboxylate bound dimer is

Table 7 (Continued)
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evident as one of two moieties responsible for as-
sociating the dibismuth asymmetric units and is the
only interbismuth association in compound G (Figure
9). Although the dimer unit is not obvious in com-
pound H, the tridentate chelation of one of the two
unique bismuth centers is clear as well as association

of the second bismuth center via a chelate involving
a single oxygen of the pendant carboxylate and a
bifurcated alkoxide oxygen center, as illustrated in
Figure 10.

Ranitidine bismuth citrate (RBC) is a new water-
soluble therapy for peptic ulcer disease, which is
obtained from the reaction of ranitidine hydrochloride
(N,N-dimethyl-5-(3-nitromethylene-7-thia-2,4-diaza-
octyl)furan-2-methanamine) with bismuth citrate.

Table 8 (Continued)

Table 9. X-ray Crystallographic Data for Solids Described as Colloidal Bismuth Subcitrate. Modified Formulas
Units: Cit ) C6H4O7

4- and Hcit ) [CO2CH2C(OH)(CO2)CH2CO2]3-

Figure 8. Parallel array of dimers observed in the solid
state for formulas C, D, and E of CBS (Bi-dark, O-grey,
C-white).

Figure 9. Nonpolymeric dimer unit observed in the solid-
state structure for formula G of CBS.
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Characterization has included elemental analysis, 1H
and 13C NMR and IR spectroscopies, polarography,
and X-ray powder diffraction; however, definitive
structural assignment has been complicated by the
extensive hydrogen bonding.338,801,802

VI. Discovery and Design of Bioactive Bismuth
Compounds

The apparent chemical complexity of the com-
mercial bismuth-containing pharmaceutical agents
has prompted the discovery and development of new
bioactive compounds and model compounds. As cata-
logued in Table 10, therapeutic or antibacterial
activity has been speculated or suggested for many
bismuth compounds, and some have been assessed
in vivo and or in vitro. Most compounds are super-
ficially characterized and the molecular structures
or the formulas have not been defined, with some
examples exhibiting varying composition depending
on specific reaction conditions.803,804

Recent systematic synthetic studies coupled with
bioactivity assessments confirm the biosignificance
of bismuth, provide comprehensive characterization
data for the compounds, and reveal important trends.
Tropolone complexes of bismuth(III)914-917 have been

extensively derivatized918,919 (general structure 2) as
well as less common examples of bismuth(V) com-
plexes,919,920 and derivatives of bismuth(III) thiosemi-
carbazones and dithiocarbazonic acid methylester921-924

(general structure 3) are now numerous, allowing for
comparison of relationships between specific struc-
tural features and bioactivity. Assessment of the anti-
H. pylori activity of these series of compounds reveals
substantially lower minimum inhibitory concentra-
tions for the thiosemicarbazone derivatives.919,921

Thiosemicarbazone complexes are representatives
of a wide range of thiobismuth compounds, made
possible by the thermodynamically favorable bis-
muth-sulfur interaction. The high thiophilicity of
bismuth routinely imposes multithiolation, but sub-
stitution can be controlled by manipulating stoichio-
metric conditions for the reactions of BiCl3 or Bi-
(NO3)3 or by the use of pendant donors which mediate
the thiophilicity of the bismuth center. In this way,
the systematic series of thiobismuth compounds,
4,925-927 5,927 6,928-930 and 7,931,932 have been isolated
and comprehensively characterized.932 Assessment of

antimicrobial bioactivity against Clostridium difficile,
H. pylori,930 Escherichia coli, Pseudomonas aerugi-
nosa, and Proteus mirabilis933 reveals significant
differences within a series, suggesting a structure/
activity relationship for the bismuth environment. In
addition, a rat model gastric ulceration study for
derivatives of 4 and 5 indicates distinct differences
in the ulcer healing efficacy.934 More general biologi-
cal activity, including antibacterial (Bacillus subtilis,
E. coli, Candida tropicalis, Penicillium camem-
bertii),935 fungicidal (yeast and moulds),935,936 and
antitumor,937 is reported for a series of spectroscopi-
cally characterized bis(thiolato)bismuth compounds.

VII. Interactions of Bismuth Compounds with
Biomolecules and Pharmaceutical Agents

The binding of bismuth with proteins of exposed
ulcer tissue and the formation of a protective coating
is proposed as a mode of action for the antiulcer
behavior of some bismuth compounds. In this context,
the chemistry of bismuth complexes involving bio-

Figure 10. Unique asymmetric unit observed in the solid
state for formula H of CBS.
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molecules as ligands represents an important com-
ponent in understanding aspects of the bioactivity.
However, complexes of amino acids and proteins are
rare, characterization is generally incomplete, and
their formation is predictably pH dependent.938,939

The sulfur-based ligands are speculated to achieve
tris-substitution in Bi(methionine)3 (mp, EA, IR
solubility)940 and Bi(cysteine)3‚H2O (IR, spectromet-
ric),941,942 while D-(-)-penicillamine (a dimethyl de-
rivative of cysteine) is shown by X-ray crystallogra-
phy to behave as a dianionic ligand on bismuth 8.943

This tridentate chelate complex and other dialkyl-
cysteine complexes have been suggested for medicinal
use.906,907 Also of note are amperometric studies of
glycine complexes,944 pH-metric studies of L-lysine
complexes,945 and polarographic studies of serine
complexes.946

More extensive data is available for the RBC-
glutathione complex, which is suggested for treat-
ment of syphilis and other diseases.905 NMR spectro-
scopic studies in aqueous media and in red blood
cells947 indicate that the ligand is sulfur bound to
bismuth.948 Stability constant determinations reveal
that binding is competitive with EDTA and is pH
dependent. Conclusive comparative spectroscopic
data is also available for complexes involving human
serum transferrin (hTF) with Bi(nta) and Bi-
(Hcit);949,950 for complexes with red blood cells, human
serum albumin, bovine serum albumin, and human
serum;951 for CBS with erythrocytes and erythrocyte
lysate;952 and for complexes of tripotassium dicitrato
bismuthate with bile acids cholate, glycocholate,
taurocholate, and glycochonodeoxycholate.953 Com-
plexes of renal metal binding proteins954 and other
proteins have also been studied.955-957

Other important bioresponse observations for bis-
muth compounds include Pepto-Bismol and its com-
ponents bismuth subsalicylate and montmorillonite
sequester bile acids from aqueous solutions in vit-

ro,958 bismuth compounds retard the action of en-
zymes,959 bismuth hydroxide catalyzes the hydrolysis
of ribonucleic acids to dinucleoside phosphates,960-963

and bismuth influences the production of prosta-
glandins,964 the level of metallothionein-like proteins
in rat kidneys,965 and the formation of metallothio-
nein in cell cultures.966-969

The solubility of bismuth compounds is enhanced
by a number of biological molecules (phenothiazine
derivatives, citric acid, citrus juices, and wines970

polyols, ascorbic acid, aspirin, tetracyclines, vin-
egars,971 tetracycline, oxytetracycline, chlorotetracy-
cline streptomycin, penicillin-G,972 mucate, saccha-
rate973 chlorophyll, pheophytin974 uracil, thiouracil,975

D-mannitol,976 L-ascorbic acid,977 and ascorbic acid978),
which are considered to effectively chelate the bis-
muth center. Enhanced solubility or therapeutic
responses indicate that some bismuth compounds
modify the effect of co-ingested materials (food or
drugs). For example, the adsorptive capacity of
bismuth subcarbonate has been determined as high
for antirheumatics such as salicylates, mefenamic
acid, flufenamic acid, metiazinic acid, indometha-
cin,979 and corticosteroids980 and low for antibiotics
such as tetracyclines.981-984 In comparison, bismuth
nitrate has an adsorptive capacity for antihistamines
such as diphenhydramine, orphenadrine and bro-
mazine,985 indicating a selectivity in these interac-
tions, which is confirmed by the fact that adsorption
does not occur between all bismuth salt-drug com-
binations, as revealed in studies of aureomycin
hydrochloride/terramycin hydrochloride with BSS.986

Evidence of adsorption on inorganic and organic
bismuth salts has been obtained for diazepam,987

anticoagulants,988 preservatives,989 warfarin Na,990

tetracycline hydrochloride,991 propranolol,992,993 nor-
floxacin,994 and penicillin.995 However, some of the
observed effects are variable.381,996 Strong chelating
ligands such as British anti-Lewisite (BAL) (2,3-
dimercaptopropanol),997-999 p-aminobenzoic acid,1000

cystine,1001 mucin,1002 and dithiol ethers1003 are rec-
ognized as a detoxification approach for heavy metals
including bismuth. The high stability of the bismuth
complexes such as Bi-BAL371 have identified them
for antimicrobial assessment in vitro and in vivo.394-396

Bismuth compounds trigger the effect of penicillin
against Trypanosoma equiperdum in rats, which is
independently inactive.1004 Conversely, biologically
active molecules, especially thiols, are observed to
decrease the therapeutic action of bismuth salts.1005

Penicillin and bismuth salt suppositories are both
effective in treating fusospirillary infections sepa-
rately, however, coadministration is ineffective,1006

perhaps due to reaction.1007

VIII. Conclusions
The vast array of medicinal or antimicrobial uses

for bismuth compounds indicates a diverse biorel-
evance for the element, which is likely valid but has
not yet been unequivocally demonstrated. A wide
selection of compounds and complexes of bismuth
have been investigated for potential bioactivity with-
out justification other than bismuth content. Some
therapeutic utility is best described as suggested, and
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most experimental studies are impeded by the chemi-
cal complexity of the bismuth compound or the
superficial chemical knowledge base that is currently
available for bismuth. Most importantly, few defini-
tive identifications of bio-bismuth interactions have
been reported. Nevertheless, the unquestionable
antimicrobial activity of some bismuth compounds at
low concentrations, the relatively low elemental
human cell cytotoxicity, and the ill-defined gastric
cytoprotective properties of certain bismuth salts
highlights the chemistry of bismuth as an important
focus for the development or discovery of new phar-
maceutical agents. The efficiency of such develop-
ments will depend on the systematic assessment of
bismuth chemistry as a foundation for understanding
biochemical interactions. The pioneering work of
Asato, Herrmann, Keppler, and Sadler represent key
directions which should be exploited in the future.

IX. Abbreviations
BAL British anti-Lewisite
BS band spectrum, optical transitions
BSC bismuth subcarbonate
BSG bismuth subgallate
BSN bismuth subnitrate
BSS bismuth subsalicylate
CBS colloidal bismuth subcitrate
DTA thermal analysis, differential thermal analysis,

thermogravimetry (thermogravimetric analy-
sis), differential thermogravimetry, differen-
tial scanning calorimetry, thermobalance, ther-
mal conductivity

EA elemental analysis/chemical analysis
EC electrical conductivity
ED electron diffraction
Hp Helicobacter pylori
H4cit citric acid
H4edta ethylenediaminetetraacetic acid
H4gal gallic acid
H2lac lactic acid
H3mal malic acid
H3nta nitrilotriacetic acid
H2ox oxalic acid
H2sal salicylic acid
H4tar tartaric acid
IR infrared spectroscopy
Mic microwave spectroscopy
MIC minimum inhibitory concentration
MLD minimal lethal dose
mp melting point
MS mass spectrometry
ND neutron diffraction
NQR 209Bi NQR; 17O, 35Cl, and 37Cl NMR
PES photonelectron spectroscopy
Pol polarography
prep preparation or synthesis
Ram Raman spectroscopy
RBC ranitidine bismuth citrate
SEM scanning electron microscopy
sol solubility
soln solution
TDB tripotassium dicitrato bismuthate
UV solid and liquid vis, UV, and VUV spectroscopy
X-ray X-ray diffraction data on crystal or powder
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(999) Zuman, P.; Zumanová, R. Chem. Listy 1955, 49, 652-667; Chem.
Abstr. 1955, 49, 11459(i-f).

(1000) Voss, E.; Tatum, A. L. J. Pharamacol. 1947, 90, 161-165;
Chem. Abstr. 1947, 41, 5974(c-d).

(1001) Martin, G. J.; Thompson, M. R. Exptl. Med. Surg. 1943, 1, 38-
50; Chem. Abstr. 1943, 37, 3171(7-9).

(1002) Del Guerra, A. Folia Med. 1951, 34, 254-259; Chem. Abstr.
1952, 46, 2693c.

(1003) Petrun’kin, V. E. Tiolovye Soedin. Med., Ukr. Nauch. Issledo-
vatel. Sanit. Khim. Inst., Tr. Nauch. Konf. 1959, 1957, 7-18;
Chem. Abstr. 1960, 54, 24378f-24380b.

(1004) Agolini, G.; Cavicchini, G.; Grassi, C. Atti Soc. Lomb. Sci. Med.
Biol. 1952, 7, 428-430; Chem. Abstr. 1953, 47, 7106(c-d).

(1005) Ishii, K. Jpn. J. Bacteriol. 1950, 5, 259-262; Chem. Abstr. 1951,
45, 6690i-6691a.

(1006) Agolini, G.; Cavicchini, G.; Felisati, D. Atti Soc. Lomb. Sci. Med.
Biol. 1953, 8, 37-43; Chem. Abstr. 1954, 48, 2250(f-g).

(1007) Sykulska, Z.; Kolodziejczyk, Z. Ann. Acad. Med. Lodz. 1965, 6,
105-111; Chem. Abstr. 1966, 65, 574(a-c).

CR980425S

Bi Compounds and Preparations Chemical Reviews, 1999, Vol. 99, No. 9 2657




