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Structure elucidation plays a critical role across the landscape of
medicinal chemistry, including medicinal inorganic chemistry.
Herein, we discuss the importance of structure elucidation in
drug development and then provide three wvignettes that
capture key instances of its relevance in the development of
biclogically active inorganic compounds. In the first, we
describe the exploration of the biological activity of the
trinuclear Ru compound called ruthenium red and the realiza-
tion that this activity derived from a dinuclear impurity. We
next explore the development of Au-based antitubercular and
antiarthritic drugs, which features a key step whereby ligands

Introduction

The notion of structure permeates chemistry. The modern
concept of a molecule is rooted in molecular structure, which
comprises not only the three-dimensional amrangement of
atoms, but also the graph representing the forces that bond
these atoms together. The reasons for the importance of
molecular structure vary from area to area within chemistry, but
for the medicinal chemist aiming to develop new drugs,
knowledge of molecular structure serves two primary functions:
it provides a means of establishing purity and allows one to
systematically alter the structure of a drug. Although inorganic
chemists are frequently deeply interested in detailed bond
metrics and the insight into molecular and electronic structure
that they provide, in this review, we use molecular structure to
simply indicate which atoms are bonded to which (atomic
connectivity), as opposed to the precise three-dimensional
coordinates of each atom in the molecule. Whereas the latter
information is now most commonly obtained using single-
crystal ¥X-ray diffraction experiments, in the examples below,
much of the contemporaneously actionable information about
molecular structures was obtained using chemical methods as
opposed to X-ray crystallography. To be dear, the biclogical
activity of a molecule can certainly be exploited without its
structure being understood - the medicinal properties of many
molecules were enjoyed long before the notion of a molecule
had even been conceived - but once that structure is
uncovered, purity can be rigorously established and systematic
molecular variation can be pursued.

We will begin this review with an overview of these two
functions and the logic that underpins them. We will then
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were discovered to bind to Au through 5 atoms. The third
exposition traces the development of As-based antiparasitic
drugs, a key step of which was the realization that the reaction
of arsenic acid and aniline does not produce an anilide of
arsenic acid, as originally thought, but rather an amino arsonic
acd. These case studies provide the motivation for an outlook
in which the development of 5b-based antiparasitic drugs is
described. Although antileishmanial pentavalent antimonial
drugs remain in widespread use to this day, their chemical
structures remain unknown.

provide a series of vignettes, each of which illustrates the
transformative impact that a key structure elucidation played in
the development of an area of medicinal inorganic chemistry:
ruthenium-based mitochondrial calcium transport inhibitors,
gold-based antitubercular and antiarthritic agents, and arsenic-
based antitrypanosomal and antisyphilitic drugs. We then end
with an outlook for the antimony-based drugs that are still
widely used today to treat the neglected tropical disease
leishmaniasis. Their chemical structures remain unknown and,
with reference to the earlier vignettes, we describe the benefits
that would come from closing this gap in knowledge.

The roles of structure elucidation

The first, and perhaps most important, function that structure
elucidation serves is in establishing the purity and composition
of a biologically active substance. In a typical medicinal
chemistry workflow, a pure compound is isolated from a
reaction mixture or natural source and its biclogical activity is
assessed (Figure 1a). Establishing the purity of the tested
substance allows any observed activity to be ascribed to a
specific molecule. Impure samples can give misleading results
in several ways. Perhaps the most common situation arises
when a substance that is thought to consist of only an active
compound is contaminated with an inactive compound (Fig-
ure 1b), such as a simple benign salt or solvent, leading the
activity per unit mass of the substance (and consequently the
apparent activity per unit amount of the molecule) to be
depressed and a potently active molecule to be overlooked in a
subsequent activity screen. In an alternative framing of this
same scenario, an inactive compound can be contaminated by
an active compound, leading investigators to ascribe biological
activity to the wrong molecule (Figure 1c). The discussion of
ruthenium red (Vignette 1) will serve as an example of such a
situation. In addition to activity/inactivity, impurities can confer
avoidable toxicity on a sample (Figure 1d), and we highlight in
the outlook that this may be the case for the antimony-based
antileishmanial drugs.

It should be noted that, as with assessing biological activity,
establishing purity does not require a knowledge of molecular
structure. For example, although the temperature at which a
molecular substance melts is intimately tied to its molecular
(and arystal) structure, the sharpness of that melting point is
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Figure 1. a) A synthetic or natural mixture containing a medicinally active compound can be separated into all of its components. b) The active component
can be contaminated with inactive materials, leading to underestimated potency. €) An inactive compenent can be contaminated with an active species
leading to activity being incorrectly assigned. This situation arises in the discussion of ruthenium red in Vignette 1. d) An active compound s contaminated
with a toxic species. This situation may arise with the pentavalent antimonials, as described in the cutlook

dictated by the purity of that substance. Similarly, the specific
retention time of a chromatographic signal, obtained for
example by HPLC, is a function of molecular structure, but its
singularity can be taken as a measure of purity. These examples
notwithstanding, the modern means by which purity is
established typically do require knowledge of the molecular
structure of a substance. Based on the proposed structure of a
molecule, the outcome of an analytical measurement is
predicted, and numerical agreement between this prediction
and an experimental measurement confirms the proposal. For
example, a proposed molecular structure permits one to predict
the % C, H, and N (or other elemental)] composition. A
combustion analysis that retumns a composition consistent with
the prediction within the uncertainty of the measurement is
strong support that the substance is a pure sample of the
molecule with the proposed empirical formula. This point may
seem evident to a molecular inorganic audience, but we believe
that it merits stressing that in the absence of a proposed
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molecular structure, this comparison is not possible. Although
elemental analysis remains the gold standard in assessing
small-molecule purity, many additional powerful and versatile
methods in modem use can similary corroborate the purity of a
molecule with a given proposed molecular structure. Based on
the proposed structure of a compound, for example, the
number and type of signals expected from a particular
spectroscopic experiment are predicted. The presence of all
such signals helps to confirm the proposed identity of the
compound, whereas the absence of any others provides strong
support for the lack of spectroscopically active impurities. Of
course, as the practicing chemist is aware, a disagreement
between the proposed and experimental spectra can arise even
with a pure sample if one's understanding of the behavior or
spectroscopic response of the molecule is defident.

Structure elucidation secondly permits an archetypal medic-
inal chemistry exercise: systematic variation of the structure of a
molecule and observation of the influence of those changes on
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a biological activity or physicochemical property. Most modern
medicinal inorganic chemistry programs are designed in this
tradition, such that the structure and purity of a molecule are
determined after synthesis but before testing for activity. The
activities of many cdasses of inorganic drugs, however, were
discovered in the empirical tradition, whereby their biclogical
activities were assessed before their molecular structures had
been determined. The vignettes on gold- and arsenic-based
drugs highlight that these classes both began in the empirical
tradition, but that in each case a key structure elucidation
allowed subsequent derivatives to be designed rationally.
Indeed, the arsenic vignette describes what is arguably the first
example of a modern medidnal chemistry research program in
which an active molecular framework was systematically varied
to discover compounds with improved activity. As in the case of
purity, a knowledge of molecular structure is not needed to
produce molecules of varying structure and assess their relative
activities. it does, however, facilitate a systematic variation of
that structure. It is interesting to consider how many historical
inorganic drugs, both legitimately active ones and the products
of immoral hucksterism, would not have been carried forward
under our current drug development practices.

Vignette 1: Ruthenium Red

This vignette describes the discovery of multinudear ruthenium
compounds that can function as mitochondrial calcium trans-
port inhibitors. This activity was initially ascribed to the
trinuclear compound known as ruthenium red but was later
found to stem from a dinuclear impurity (Figure 2). Elucidating
the structure of the active species has allowed for more potent
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Figure 2. The preparation of ruthenium red and the description of this
product as a mixture of species. A key step in understanding the chemistry
and biology of this substance was the realization that the biclogical activity
derived from an impurity formed during the synthesis. This realization
allowed for enhanced activity to be obtained and for new bioactive
derivatives to be discovered.
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inhibitors to be produced and for new dervatives to be
prepared and investigated.

In 1892, the reaction of ruthenium(lll) chloride with dry
ammaonia, followed by dissolution in water and further reaction
with agueous ammonia, was reported to produce an intense
red solution from which brown plates were isolated upon
cuuling.m Redissolution of the brown plates recovered the red
solution. This substance was found to be useful in staining plant
microscopy samples, although the mechanism of this staining
would not be uncovered for many years. It was in an 1893
paper describing its staining properties that the compound was
first referred to as “rouge de ruthénium® (ruthenium red)™
Despite the fact that a second paper published that same year
described its ability to also stain animal tissues and
microorganisms,” ruthenium red remained most popular as a
stain for plant tissues for both light and electron mi-::mscopry.""‘]
A dinuclear structure was originally proposed on the basis of
elemental analysis.[“ In 1936, a mononuclear Ru(lll) proposal
was put forward, but this was later refuted on multiple
grounds® Perhaps the strongest criticism was that ruthenium
red was at most weakly paramagnetic, but the mononudear
structure would be expected to give a paramagnetic compound
with a room temperature magnetic moment near 1.73 BM (the
sg for a low-spin octahedral d® complex). In 1961, an extensive
study was released that shed light on many of the physical
properties of ruthenium red: Faraday-method magnetic sus-
ceptibility measurements confirmed that the compound was
only weakly paramagnetic (p =077 BM per Ru atom), con-
ductivity measurements showed the owverall charge of the
complex to be +6, and Ce(lV) redox titrations showed the
average Ru oxidation state to be + 3.33. These results led the
authors to conclude that ruthenium red has a trinuclear
structure featuring a Ru—0-Ru—0-Ru linkage! A molecular
orbital theory description of the bonding in such a structure
was proposed to account for the linear geometry, the stability
of the complex, and the average Ru oxidation state™" “Ru
Massbauer spectroscopy suggested the presence of Ru(lll) and
Ru(lV) im a 2:1 ratio, which agreed with the average Ru
oxidation state of +3.33.1"" In 1971, the crystal structure of a
derivative obtained by reaction of ruthenium red with ethyl-
enediamine was solved and confirmed the linear Rus0y motif™
The structure of the NH,-bearing ruthenium red cation, crystal-
lized as the thiosulfate salt, was ultimately solved in 1980 and
confirmed the earlier work!™!

At the time that the structure of ruthenium red was being
investigated, electron microscopy experiments revealed that it
effectively stained mitochondria, offering insight into the
mechanism by which it stained plant and animal tissues"*"
Mitochondria had recently been shown to accumulate Ca**
ions™ " although it should be noted that those seminal
discoveries took place within the context of earlier work on the
topic™ These Ca®* ions were, in turn, known to bind
mucopolysaccharides. Because ruthenium red was proposed to
stain tissues by interacting with mucopolysaccharides, it was
tested for its ability to impact mitochondrial Ca** transport."™
After the Ca®* transport inhibitory properties of ruthenium red

© 2024 The Authors. European Joumnal of Inorganic Chemistry published by Wiley-WCH GmbH
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were established,"™ it was observed that unpurified commer-
dal samples were actually more effective at inhibiting Ca**
transport than purified material™ It is noteworthy that the
unpurified, but more active, ruthenium red investigated in this
work had an additional UV-visible absorption band near 355 nm
that was absent in the purified ruthenium red.”” The presence
of impurities in commerdal ruthenium red has long been
appreciated in the context of both mi-::mscopy"] and
|::lhanr1'|'uau::cr|cu|_:|31!123'“"lI studies.

It wasn't until two decades later, in 1991, that the active
agent was determined to be a dinuclear oxo-bridged Ru
compound with an average Ru oxidation state of + 3.5/ The
dinuclear species was isolated from the ruthenium red synthetic
reaction mixture by ion exchange chromatography. Because
ammonium formate was used as the eluent, the complex was
isolated with capping formate ligands and had the compaosition
[(p-O){(HCO,){NH.);Ru);]Cls. The compound features a UN-visible
absorption signal at 360 nm, so it was dubbed Ru3s60 (Figure 3).
Armed with the knowledge of the structure of the active agent,
it was possible for medicinal inorganic chemists to reproducibly
confirm Ru360 activity,” to probe its mechanism of action, ™"
to develop improved syntheses of the multinucear
pharmacophore,”*" and to derivatize this scaffold to improve
activity (Figure 3)" """ These developments, induding the
extension to Os complexes, have been reviewed recently.** It
is currently suspected that these compounds function by
inhibiting the mitochondrial calcium uniporter, but efforts to
continue to eluddate their mechanism of action are ongoing.?

The story of ruthenium red provides a prototypical example
of a substance that was erroneously thought to be active, when
the activity was in fact conferred by a small amount of a
contaminant (Figure 1c). The active component, which is related
to Ru36l, could be chromatographically separated from
ruthenium red without needing information about its structure,
but that structure elucidation ensured that the active com-

pound had indeed been obtained cleanly. Moreover, knowl-
edge of the molecular structure of Ru360 allowed for systematic
derivatization of the framework to greatly enhance the Ca**
transport inhibition.

Vignette 2: Gold-based antiarthritic agents

This vignette provides a brief introduction into the use of gold-
based medicines in the modern era [19"' century to present) to
highlight the role that a key set of structure elucidations played
in the development of a nmovel antiarthritic drug. In early
medicinal Au compounds with ligands bearng multiple
possible donor atoms, O atoms were frequently proposed to
bind Au(l) preferentially over 5 atoms. Understanding that these
ligands in fact bind through their 5 atoms was critical in
establishing the way the ligands should be systematically
varied, which ultimately led to the discovery of the antiarthritic
drug auranofin (Figure 4). Research into the use of Au
complexes for multiple indications remains an active area of
investigation.'“"“'

Because of its high ionization potential, Au can occur in
nature in its elemental form. As such, it was one of the early
metallic elements known to the ancients, and elemental Au has
consequently long been used to treat a variety of illnesses. In
the early 19" century, for example, rubbing finely divided Au
into the gums was used as a treatment for syphilis,*' but even
at that time this treatment was scathingly criticized*™ At
around the time that ruthenium red was discovered (vide supra),
it was observed that gold{l) cyanide showed some in vitro
efficacy in the treatment of tuberculosis.™ In the early 20%
century, it was claimed to have a significant effect in human
patients.* This result launched the era of chrysotherapy (also
known as krysotherapy and crysotherapy; from the ancent
Greek ypvodc meaning “gold®). In 1913, a compound called
aurocanthin was prepared by combining gold(l) cyanide with

KEY STEP: Identification of comect linkage
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Figure 3. Biologically active compounds discovered as a result of the
inwestigation into the molecular identity of the active component of
ruthenium red.
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Figure 4. The conceptual development of Au-based antitubercular and
antiarthritic drugs. A key step in this progression was the realization that
ligands were attached to the Au centers through 5 atoms. As described in
the main text, historical formulations of Aw(l) complexes had depicted them
with terminal Au atoms.

© 2024 The Authors. European Joumnal of Inorganic Chemistry published by Wiley-WCH GmbH
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the product of the reaction of ethylenediamine with canthar-
idin, a potent vesicant isolated from blister beetles (Figure 5)."
The cantharidin was intended to function as a carrier for the Au
and the ethylenediamine was introduced to attenuate the
toxicity of the cantharidin. In 1917, the same author described a
compound called Krysolgan, which was described as “das
Matronsalz einer komplexen 4-Amino-2-aurophenol-1-carbon-
saure,” [the sodium salt of a complex 4-amino-2-aurophenol-1-
carboxylic acid]®" The synthesis was not described in detail
and no characterization data were provided, but the “aurophe-
nol” terminology suggests an Ar0-Au linkage (vide infra). The
compound was referred to as 4-amino-2-aurophenol-1-carbon-
saure in medical papers from that time, and the 1925 E. Merck
Annual Report described Krysolgan as “p-amino-c-aurophenol
carbonic acid in which the gold is indirectly attached to the
benzol nucleus in a complex manner.™ It was not until the
mid-1920s that a review paper presented the structure of
Krysolgan as a thioclate complex featuring an Ar5-Au linkage
{Figure 4)." Interestingly, an unexplained parenthetical ques-
tion mark was placed next to the label for the ArS—Au structure
in this paper, potentially alluding to the discrepancy with the
earlier description. It is worth noting that because the original
report of Krysolgan appeared in the German literature during
World War |, there may have been limited communication of
these ideas to readers outside of Germany, such as the British
author of the aforementioned review.*™ The following year, the
original discoverer of Krysolgan published a paper in which the
compound was described as “4-Amino-2-Auromerkaptobenzol-
1-Carbonsaures Natrium” (italics added) and a line diagram was
provided that confirmed the proposed ArS—Au linkage.™ No
comment was made about the earier formulation, so it is
unclear if this change comprised a simple correction, a change
in the nature of the matenal itself, or reflected a revision of the
investigators” understanding of the structure of the compound.
We favor the latter interpretation because in the paper, the
authors claimed that Krysclgan was the first gold thiolate
complex to be discovered [“Damit war die erste organische
Komplexverbindung des Goldes gefunden.”], although we note
that in the 1834 report of the first synthesis of ethanethiol, a
description is given of its reaction with gold(lll) chloride to yield
a white solid that is likely [Au(SEt)], =

cantharigin O

Sodium aurothiomalate
{Myocrising

Aurcthicglucose

Aurocanthin (Solganol)

Figure 5. Biologically active Au complexes, highlighting their polymeric

nature. The structure of aurocanthin was never determined, and so the
constituent components are shown.
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In the 1920s, sodium aurothiosulfate, which had been
synthesized in the mid 18005 began to be used as an
antitubercular agent under the name Sanocrysin (Figure 4.5 |
the early stages of its medicinal use, sodium aurcthiosulfate
was described as [(AuS,0,)Na, Na,5,0,] and was proposed to
release [Au5,0.]" upon dissolution in water.® A 1926 descrip-
tion of an improved synthesis of sodium aurcthiosulfate further
proposed that a [Au5,0,]- complex anion released upon
dissolution existed im an equilibrium between O-bound and 5-
bound linkage isomers.”

The structures proposed for Krysoclgan, Sanocrysine and
other gold complexes typically featured Au(l) centers with
terminal, one-coordinate binding modes. RS5Au, ROAu, and
[0,55Au]" were written in the same manner that R5Na, ROK, or
[0.55H] — might be written now (Figure 4). Although in cumrent
transition-metal parlance, “valence” and “oxidation state” are
frequently used interchangeably (although not without justifi-
able contest),* in the late 19" and early 20" centuries, valence
reflected the combining power of an atom. A monovalent Au(l)
center would be expected to make only one bond and
molecular structures were proposed accordingly. Crystallo-
graphic and ebullioscopic studies in the late 1930s ultimately
revealed that Aull) complexes typically assume linear 2-
coordinate geonfl]'ies.m This reasoning was subsequently
applied to the structure of aurothiosulfate, suggesting that it
forms an S-bound, linear, 2-coordinate complex.®™ This struc-
ture was ultimately later confirmed wusing Massbauer
spectroscopy,’=* X-ray aystallography,®* and EXAF5.[

With the R5—Au link of active gold complexes established,
investigators engaged in a systematic variation of the R group
to improve upon antitubercular activity. At the time that this
search for improved treatments of tuberculosis was underway,
a proposal was put forward that rheumatoid arthritis was
similarly caused by infection with a microorganism.*" Although
rheumatoid arthritis is currently understood not to arnise via this
mechanism, many Au compounds were nonetheless found to
be effective antiarthritic agents.™ Even at the time, it was
appreciated that these compounds were active despite their
basis in an incorrect etiology.®™ One of the Au compounds that
rose to prominence as an antiarthritic was aurothioglucose
{SOIganuI}.lml It was later appreciated that Au(l) thiolate
complexes like aurothioglucose and sodium aurothiomalate
(Myocrisin} form oligomers (Figure 5)7"7 In an effort to
increase the bioavailability of orally administered Au-based
antiarthritic agents, the framework was further derivatized. In
particular, the inclusion of lipophilic phosphine ligands was
explored, ultimately leading to the preparation of a Au(l)
complex with one triethylphosphine ligand and one per-O-
acetylated thiocglucose, bound as a thiolate.™ This complex,
known as guranofin (Figure 4), remains in clinical use to this day
to treat arthritis, though we note that it is not used to treat
tuberculosis, which is now treated with a regimen of organic
drugs.*

This wvignette began with the empirically discovered anti-
tubercular activity of simple gold salts, which were subse-
quently combined with compounds (cantharidin, aromatic
amino acids, thiosulfate) to increase their parasite-targeting
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ability or decrease host toxicity. Once the molecular structures
of these drugs were understood, they could be systematically
derivatized in a rational way to improve antitubercular or
antiarthritic activity. This research ultimately led to the develop-
ment of auranofin, one of the more widely employed metal-
based therapeutics of the modermn era.

Vignette 3: Arsenic-based antiparasitic drugs

This vignette describes what is arguably the first example of a
modern medicinal chemistry research program in which an
initially active compound is systematically varied in structure to
improve upon biclogical activity. The species under investiga-
tion were arylarsonic acids with antitrypanosomal and anti-
syphilitic activities. This systematic variation was rooted in the
elucidation of the molecular structure of an arsenic compound
that was dubbed atoxyl. The knowledge that this compound
bore a free aromatic amine group provided a means of
systematically preparing derivatives, which ultimately led to the
discovery of the antisyphilitic drug arsphenamine and the
antitrypanosomal drug melarsoprol (Figure 6).

In the 19 century, it was reported that grains of arsenic
could be wused to treat animals infected  with
trg.q::nanr1rc:r5ac:.|11ia.s.is-.""‘“‘l Although it is not specified in the original
reports, we suspect that the administered material was likely an
arsenate or arsenite salt. At around this same time, fundamental
investigations in the budding field of organic chemistry were

KEY STEP: Identification
of corract somer

OH
G‘“‘-‘a.‘ e
AS
+ H}-«;D4—h- : Atoxyl

.

MH; )
arsenic TG
acid arsonic acid
|| \DH
0 MH;
arsenic acig J
aniide
Varation and
derivatization
HO
Reduction to As{l) Hew As(V)
- antiparasitic
HyM drugs
Arsphenamine
Reduction
MH, o As(l

HN—<\_5

Melarsoprol

Thiolate chelation

Loy

Figure 6. The development of As-based antiparasitic drugs. A key step in the
development of these compounds was the realization that atoxd was not an
arsenic acid anilide, but rather an amino arsonic acid. This realization
permitted systematic derivatization at the amino group and redox chemistry
at the As center.
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being performed on aniline with the goal of generating new
dyestuffs/™ The reaction of arsenic acid (H,As0,) with aniline
expectedly forms the anilinium arsenate,™ but it was discov-
ered that heating this salt yielded a new compound, which was
presumed to be the anilide of arsenic acid, C;H.NHAs(O){OH),
{Figure &).7%

By the beginning of the 20t century, simple inorganic
arsenate salts were still among the most effective treatments
for the infectious tropical disease trypanosomiasis, but they
were plagued by high toxicity. In an effort to mitigate this
toxicity while maintaining activity, organoarsenic compounds
were tested, induding the presumed arsenic acid anilide
described above ™ *"! Although still a highly effective antitrypa-
nosomal agent, this compound had a sufficently reduced
number of toxic side effects that it was called atoxyl™ We note
that, however attenuated its toxicity might be, atoxyl still gave
rise to a multitude of undesired effects (vide infra).

The reactivity of atoxyl, particularly its stability to acids and
bases, did not agree with the reactivity known for other
anilides, and in 1907 it was proposed that the As atom was
attached directly to the aryl ring.™ That same year, the
compound was identified as parg-aminophenylarsonic acid
(arsanilic acid) through a series of classical reactivity tests
(Figure 6)."**! In addition to the inability to hydrolytically
produce aniline, the compound readily underwent acetylation,
diazotization, and condensation reactions, as expected for a
species with a free amine. Moreover, reaction with hydroiodic
acid resulted in clean elimination of arsenic acid and installation
of an | atom onto the aromatic ring. The para-substitution
pattern of arsanilic acid was confirmed because, in this reaction
with hydroiodic acid, only para-iodoaniline was obtained. The
importance of this structural determination for the field of
medicinal chemistry cannot be overstated. Having established
the presence of a free amine in arsanilic acid, this group was
used to systematically derivatize the compound, and these
derivatives were tested for trypanocidal activity. We will discuss
these trypanocidal efforts below, but we will first describe
another important development in infectious disease medicine
that occurred around this time.

In 1905, the causative agent of syphilis was determined to
be a bacterial spirochete.™ This discovery led investigators to
propose that syphilis might be amenable to treatment using
the types of antiparasitic drugs that had proven effective
against trypanosomiasis. Early studies showed that arsanilic acid
was indeed effective but exhibited undesired side effects.™ To
find yet further improved drugs, a research program was
launched in which the arsanilic acid framework was systemati-
cally varied in terms of its molecular structure and antisyphilitic
activity was recorded as a function of these variations. Because
of the consideration that was given to synthesis of molecules of
specified targeted structures, this endeavor can justifiably be
viewed as the advent of modem medicinal chemistry. The effort
was led by Paul Ehrlich and in his 1908 Nobel Lecture™ he
articulates the rationale behind a key component of this
research program. It had been observed both that As(V)
compounds were generally less toxic than As{lll) compounds
and that As(V) compounds were capable of being reduced to
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As(lll) following administration. It was further proposed that
As{V) compounds themselves did not have antiparasitic activity,
but rather only exhibited activity upon reduction to As(lll} in the
biclogical system under investigation. Ehrlich’s research pro-
gram therefore expanded from the then-popular As{V) species
to include As{lll) and As{l) compounds.™ The well-celebrated
outcome of this program was the discovery of arsphenamine
{marketed as Salvarsan).®™ Arsphenamine was the As(l) product
obtained from the reduction of 3-amino-4-hydroxyphenylarson-
ic acid. Until the discovery of penicillin, arsphenamine and its
derivatives were the frontline therapies for syphilis in many
parts of the world.™ The development of arsphenamine would
not have been possible without the realization that the parent
compound, arsanilic acid, was an amingc-substituted arylarsonic
acid (Figure 6).

Given the structural focus of this review, it is interesting to
note that arsphenamine was initially proposed to be an
arsenobenzene derivative with an As=As double bond in
analogy to diazobenzene compounds (Figure 715 Although
second-row elements are able to form strong double and triple
bonds because of efficient m-symmetry overlap between p
orbitals of adjacent atoms, this overlap decreases substantially
for elements of greater atomic number. Indeed, compounds
featuring As=As bonds are typically highly unstable, and it was
not until the 1980s that the first example of an isolable
compound featuring a genuine unsupported As=As bond was
reported.”"! Following the discovery of arsphenamine, simple
alkylarsenic(l) and arylarsenic({l) compounds were subsequently
shown to assume oligomeric structures featuring —As—{As),—As
chains or cycles.”™ It was only in 2005 that such an oligomeric
structure was confirmed for arsphenamine using electrospray
ionization mass spectrometry.”™ Unlike the distinction between

R
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| EAE —R )
A5 —{: .>—C H AS L
HGAQ*\// /
Pl

R
MNH;

H Incomect arsensarens
formuiation of arsphenaming R= _%

H OH
Q. 7 :
T OH
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%) o
- o
\.-'LE.- Az OoH
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HR N NHs
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" e N N
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Melarsen terminal axo acid
formwlation  formlation MH
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Figure 7. Some of the biclogically active As compounds developed after the
elucidation of the structure of atoxyl. *We acknowledge that the historically
used name melarsen oxide can be particularly confusing given that it is
formally the result of removing an oxide from melarsen.
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the arsonic anilide and arsonic add formulations of arsanilic
acid described above, the systematic variation of arsphenamine
derivatives would not have been significantly impacted by
whether they existed as doubly-bonded dimers or higher-order
oligomers; even had they been formulated as oligomers in the
early 1900s, the synthetic reactions to target them (e.g.
variations of substitution patterns on the aromatic ring and
functionalization of the amine group) would have been the
same.

During the rise of arsphenamine as an antisyphilitic drug,
research continued into arsenic-based antitrypanosomal agents.
In 1940, p24-diamino-s-triazinyl-6)-aminophenylarsonic acid
was found to have further reduced toxicity as compared to
arsanilic acid, while maintaining activity in cases of human
African trypanosomiasis.” " The compound could alternatively
be named 4-melaminylphenylarsonic acid and came to be
called melarsen (Figure 7). Following the same rationale that led
investigators to study reduced compounds such as arsphen-
amine, reduced forms of melarsen were explored. The most
commeonly studied reduced form was typically depicted with a
two-coordinate As(lll) center singly bonded to the aryl group
and doubly bonded to a terminal oxo group. Such a compound
can be clled p-(2,4-diamino-s-triazinyl-6}-aminophenylarsenox-
ide, so the substance was dubbed melarsen oxide (Figure ?}.'"]
We note that because of the instability of terminal oxo
compounds of heavy pnictogens,™ "™ these species would
exist either as self-associated oligomers or as hydrated arylar-
sonous acid derivatives. By the late 1940s, melarsen oxide had
been observed to rapidly clear trypanosomes from the blood,
but it was still plagued by side effects.™

To further improve the safety profile of melarsen derivatives,
use was made of chemistry that had been developed during
World War . Synthetic chemical warfare agents had been under
intense investigation since the previous World War, and the
product of the addition of trichloroarsine across acetylene,
chlorovinyldichloroarsine (also known as lewisite), had been
discovered to act as a vesicant™ It had been applied as a
chemical warfare agent in World War Il, and consequently an
extensive international research program was launched to
identify an antidote for lewisite. Much of the progress appeared
in government reports or was classified, but the program was
contemporaneously reviewed at the end of the war."™"™! Key
to this endeavor was earlier work that had revealed that Asilll)
species could be rendered less toxic through reaction with
thiols, including chelating dithicls."™ The lewisite antidote
research program ultimately identified 2,3-dimercaptopropanol
as the most promising agent and it came to be known as British
Anti-Lewisite or BAL. Capitalizing on the extensive amount of
work performed on 2,3-dimercaptopropanol, it was tested as a
passivating agent for melarsen oxide. Although 2,3-dimercapto-
propanol was the specific dithiol used to develop an improved
form of melarsen because of the lewisite work, the general
motivation for introducing sulfur-containing substituents into
medicinally active arsenicals stemmed from the increased
tolerance for melarsen exhibited by patients eating Swiss
cheese and the sulfur compounds it contains!™ The com-
pound formed by the combination of 2,3-dimercaptopropanol
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(BAL) and melarsen oxide was initially dubbed Mel B and
later came to be known as melarsoprol (Figure 6). Despite its
side effects, melarsoprol continues to be used to this day to
treat severe latestage gambiense human  African
trypanosomiasis."™ """ As noted above, As-containing drugs
have been formulated as As(V), As{lll), and As(l) compounds,
and with or without passivating ligands. The active agent is
typically taken to be an As{lll) species bearing exchangeable
hydroxyl substituents (e.g., the arsonous add depicted in
Figure 7). Redox speciation and substituent exchange are,
therefore, key players in the behavior of these drugs.

Outlook: Pentavalent antimonials

This outlook comprises a final vignette focused on Sb-
containing drugs and the development of the pentavalent
antimonials that remain in use today to treat leishmaniasis:
sodium stibogluconate and meglumine antimoniate (Figure 8).
Unlike the drugs in the previous vignettes, however, the
structures of these drugs remain unknown. A case is made that
understanding their structures could afford advantages similar
to those described for the other dasses of compounds
discussed in this review.

While the antitrypanosomal action of As-containing com-
pounds was being explored in the early 20 century, inves-
tigators also targeted Sb-containing compounds with the
expectation that, as members of the same family on the
pericdic table, they might exhibit similar biological activity, and
identified sodium antimony tartrate as a candidate antitrypano-
somal drug!"*"® The compound had first been reported in
1842, but its synthesis and characterization were revisited in
19088 No molecular structure was proposed, but on the basis
of gravimetric analysis, the crystalline substance isolated and

OH OH O I Na*
ShiVy L MO \/I\/Z\)-I\ -
precursor 0

Sodium
— - stibogluconate
OH  OH
sodium D-gluconate
oH O
sbivy Hn\/l\/i\/\ - Meglumine
pracursor = p H antimoniate
OH  OH

N-methyl-0-glucaming

o o] 2K
DA—E\,‘D Potassium
E\. o tartratoantimonate{ll)
i e (tartar emetic)
o o
N7
O 0

Figure 8. Biologically active Sb-based drugs. The structures of sodium
stibogluconate and meglumine antimoniate are not depicted because they
remain unknown.
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tested was formulated as the hydrate of the tartrate double salt.
This compound was a direct analog of potassium antimony
tartrate, also known as tartar emetic, which, for better or worse,
has held a longstanding place in the history of medidne The
ability to recrystallize antimony tartrate complexes ensured that
substances of reproducible purity were used, which consistently
afforded an empirical formula in which Sb and tartrate were
present in a 1:1 ratio. Much later X-ray crystallographic studies
revealed that these compounds featured a common
tartratoantimonate(lll) complex anion, which forms with a 2:2
stoichiometry (Figure 8)."

At the time that the antitrypanosomal activity of antimony
compounds was being explored, groundbreaking discoveries in
another tropical disease were being made. In 1903, W. B.
Leishman and C. Donovan documented the observation of a
microorganism™"* that was named Leishmania donovani that
same year™ This microorganism was found to be the
causative agent of a dass of diseases from South Asia, Africa,
and the Mediterranean that are now collectively called
leishmaniasis."™"** The disease, as it presented in India, was
frequently called kala-azar, and this name was often extended
to diseases caused by other types of infections with Leishmania
spp. In 1909, it was discovered that there were diseases
endemic to the Americas that were also caused by leishmanial
parasites."™ ¥ By the end of the first decade of the 20%
century, arsenical treatments, including arsanilic acid, had been
used with varying levels of apparent success in the treatment of
both Old World and New World leishmaniasis.["*"-'*!

In 1913, the first report appeared of the ability of an 5b-
containing compound to treat leishmaniasis; it described the
use of tartar emetic to treat the disease in Brazil™ Tartar
emetic was then successfully used to treat leishmaniasis in Italy
and India."""¥ The initially promising results obtained with
tartar emetic led to the investigation of organoantimonials, in
analogy to the organcarsenicals that proved to be active
against trypanosomes. Among the first to be prepared was the
antimony analog of arsanilic acid, which was described as
“para-aminophenylstibinic acid” (although it would now be
called para-aminophenylstibonic add) and given the moniker
stibamine."™ Although the compound was initially described as
a monomeric stibonic acid, it is now known that, like arylstibine
oxides,""1E10L Gndetibonic acids can self-associate into
higher-nuclearity structures."*" |n the absence of oligomeri-
zation, they may also remain monomeric but expand their
sphere, possibly with ligand exchange
nccurrirvg.'"ﬂ As a result, the molecular structure of stibamine
remains unknown.

In the 1920s, a significant advancement came from the
combination of stibamine with urea to give a substance with
potent antileishmanial activity that was called wrea
stibamine."*"*" As an alternative to reaction with urea, stib-
amine was also allowed to react with glucose to afford a
substance that was described as a glucoside of stibamine and
marketed as Meostam;™ it exhibited high aqueous solubility
and reduced toxicity."™ " In addition to the considerations
raised above for stibamine, understanding of these derivatives
was further complicated by the lack of systematically applied

coordination
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purification procedures, likely because of the inability to readily
conduct recrystallizations. The procedures used to prepare
these substances were ill-defined and their molecular structures
remain debated."™"*" Even in the face of this uncertainty and
variability, however, they unguestionably played a significant
role in the management of leishmaniasis in India in the first half
of the 20" century.["=""

The strategy of using sugar derivatives to increase solubility
was explored further in Germany in the 1930s and led to the
production of Solustibosan, a complex of gluconic acid
(described as hexonic acd) and Sb{V)."™" Solustibosan was
commerdialized by Bayer, but international access to this drug
was limited during World War Il. To address this issue, the
Wellcome Chemical Research Laboratories in Britain launched a
research program to develop additional antileishmanial drugs
and produced Pentostam."™ " |t was later realized that
Solustibosan and Pentostam were prepared via the same
process, and the resulting substance came to be known
generically as sodium stibogluconate."™ The enhanced solubil-
ity and efficacy of this drug led to its widespread adoption. Like
urea stibamine, however, it was not subjected to typical
purification procedures, and variations in the synthetic proce-
dure would lead to products of inferior quality that exhibited
reduced activity and greater toxicity™ In response to the
shortage of Solustibosan during the war, France also secured
the domestic production of a pentavalent antimonial drug.
Spécia, a subsidiary of Rhone-Poulenc, produced meglumine
antimoniate, a complex of Sb{V) and N-methylglucamine, and
marketed it as Glucantime!™ It is interesting to note that
although sodium stibogluconate was disseminated more widely
around the world, meglumine antimoniate became one of the
primary treatments of the New World leishmaniasis endemic to
Latin America. The Société chimiques des usines du Rhdne,
which became the company that would develop Glucantime,
had established the Brazillian subsidiary Companhia Quimica
Rhodia Brasileira in 530 Paulo in 1919. By the middle of the 20
century, the Brazilian group had become one of Rhone-
Poulenc's largest pharmaceutical factories outside of France.
The ready supply of meglumine antimoniate that it offered led
to this drug being more readily adopted in Brazil and the
nearby markets in the rest of Latin America,"="=!

The pentavalent antimonials fall into a different category
than the therapeutically active agents described in the earlier
vignettes in one prominent way: we still do not know their
molecular structures. As was highlighted throughout the
vignettes, knowledge of molecular structure can play a critical
role in the design of new and improved drugs. Without
knowledge of the structures of the pentavalent antimonials,
however, it has not been possible to systematically improve
upon them, and they have gone unchanged for over 70 years.
Moreover, lack of information about their structures makes
quality assurance difficult, which has served as a historical
source of complication for a number of the antimonial drugs, as
described above. We propose that one of the complicating
features of these substances has been their resistance to
crystallization. We note that although crystallization could
facilitate diffraction-based structure elucidation, it would more
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importantly provide a means of consistently obtaining a
material of well-defined composition, which could then be
interrogated using a range of analytical technigues. As techno-
logical developments continue, previously intractable structures
are becoming increasingly accessible. One striking example lies
in bismuth subsalicylate, an over-the-counter medication that is
widely used to treat dyspepsia. This drug was in dinical use for
well over a century before its structure was finally determined
using three-dimensional electron diffraction (microED) techni-
ques in 20221 Although bismuth subsalicylate does not suffer
from the negative side effects that accompany treatment with
the pentavalent antimonials, this structural information could
prove invaluable in the development of new Bi-based drugs, an
area of ongoing investigation."™

In the absence of such a well-defined compaosition, the
possibility remains open that the pentavalent antimonials, as
they are currently clinically employed, fall into scenarios b, ¢, or
d of Figure 1. These drugs evidently contain active substances,
but it is possible that the active species might be contaminated
by inactive species and have its activity underestimated (Fig-
ure 1b) or be a minor component of the mixture (Figure 1c).
Given the high reactivity of labile Sb complexes, any impurities
present are likely to be biologically active and could easily
introduce off-target toxicity (Figure 1d). Establishing the struc-
tures of these drugs will provide a route toward developing
separation/purification protocols or at the very least defining
criteria for chemical purity, which could help to improve
antimonial therapy.
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REVIEW

The importance of molecular structure
elucidation in medicinal inorganic
chemistry drug development is
discussed and illustrated using three
vignettes on Ru-, Au-, and As-based
drugs. An outlook on Sb-based drugs
is provided. The development of three
classes of medicinal inorganic
compounds is reviewed, highlighting
the important role of structure eluci-
dation. The progress of Ru-, Au-, and
As-based compounds provide a justifi-
cation for working to understand the
structures of clinically used Sb-con-
taining antiparasitic drugs.
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