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The discovery of the anticancer activity of cisplatin {cis-
[PtCl2(NH3)2]} in the 1960s and its subsequent clinical suc-
cess generated interest in the use of metal compounds in cancer
treatment (1, 2). Thousands of platinum compounds have
since been prepared and evaluated as potential chemothera-
peutic agents, although few have entered clinical use (3, 4).
Worldwide annual sales of platinum-based anticancer drugs
are currently of the order of two billion U.S. dollars (5, 6).
Several other metal compounds have been found to display
promising anticancer activity including a variety of complexes
of ruthenium and gold as well as metallocenes of Ti, Nb, Mo,
and Re (2). The platinum(II) drugs, carboplatin {cis-
[Pt(NH3)2(CBDCA)], CBDCA = 1,1-cyclobutanedicarboxylic
acid} and oxaliplatin {[Pt(oxalato)(1R,2R-chxn)], chxn = cy-
clohexane-1,2-diamine}, have also entered the clinic, supple-
menting and complementing cisplatin. Cisplatin is responsible
for the cure of over 90% of testicular cancer cases and it plays
a vital role in the treatment of cancers such as ovarian, head
and neck cancer, bladder cancer, cervical cancer, melanoma,
lymphomas, as well as several others (3, 4, 7, 8).

Discovery

The discovery of cisplatin is well documented (9) and
will only be covered briefly to explain the key observations
that led to its discovery. Barnett Rosenberg was a biophysi-
cist at the University of Michigan and had decided to exam-
ine whether electrical currents played a role in cellular
division. This was prompted by Rosenberg’s feeling that the
mitotic spindles in a dividing cell appeared similar to the clas-
sic school science experiment, where magnetic field lines are
formed by scattering iron filings on paper over a magnet. In
order to examine this, Escherichia coli (E. coli) cells growing
in ammonium chloride buffer had a current applied to them
through “inert” platinum electrodes immersed in the buffer
(9). After a period of time, the E. coli cells began appearing
long and filamentous, much like spaghetti, instead of their
classical sausage shape (10).

This effect was determined to be due to inhibition of
cellular division; after much investigation, it was found that
the phenomenon was not due to the electrical current, but
platinum hydrolysis products formed from the “inert” plati-
num electrodes (11). A range of group 10 transition-metal
compounds were then tested and found to also result in elon-
gation of E. coli cells, and in fact the most effective platinum
salt, (NH4)2[PtCl6] caused elongation of a range of gram
negative bacilli (12). It was also reported by Rosenberg and
co-workers that the cis form of the platinum(IV) complex,
[PtCl4(NH3)2], was the agent responsible for inhibition; the
trans complex was found to be ineffective (12).

Given these results, it was reasoned that the complexes
may be interesting to test for their anticancer activity. To this
end, the platinum(II) complex, cis-[PtCl2(NH3)2], and the
platinum(IV) complex, cis-[PtCl4(NH3)2], were tested against
Sarcoma 180 tumors in Swiss white mice. The complexes
demonstrated “potent” activity, shrinking large solid tumors,
and the mice survived and were healthy. In fact, after 6
months the cured mice did not show any signs of cancer (13,
14). Based on these results, cisplatin entered clinical trials
and is now one of the most successful anticancer drugs in
the clinic.

Synthesis

Cisplatin is a molecule with an interesting history. It was
first synthesized by Michel Peyrone in 1845 (15) and subse-
quently became the subject of fervent debate over its struc-
ture (16). Some 50 years later it played a vital role in the
establishment of Alfred Werner’s theory of coordination
chemistry when he correctly proposed its square planar con-
figuration and distinguished between the cis and trans iso-
mers: cisplatin and transplatin {trans-[PtCl2(NH3)2]} (16–18).
Werner won the Nobel Prize for Chemistry for this work in
1913 (see http://www.nobel.se, accessed Jan 2006) (17).

The procedure for the synthesis of cisplatin has under-
gone several improvements. Early methods tended to be un-
reliable, often producing impure products, thus subsequent
alterations aimed to improve upon the purity of the prod-
uct, the overall yield of the reactions, and the reaction time.
In 1970 Dhara reported on “A rapid method for the synthe-
sis of cis-[PtCl2(NH3)2]”(19). The majority of subsequent
cisplatin syntheses are based upon this method. In this pro-
cedure (Scheme I) the starting material, K2[PtCl4], is con-
verted to the tetraiodo analogue, K2[PtI4], by the addition
of a saturated solution of KI. To this is added NH3, forming
the yellow compound, cis-[PtI2(NH3)2], which is then col-
lected and dried. Addition of an aqueous solution of AgNO3
to cis-[PtI2(NH3)2] causes the precipitation of insoluble AgI
that is filtered off and discarded. The filtrate containing cis-
[Pt(OH2)2(NH3)2]2+ is treated with KCl, resulting in the pre-
cipitation of the final product, cis-[PtCl2(NH3)2], as a yellow
powder (19).

The success of this procedure is dependent upon the
trans effect. The concept of the trans effect was introduced
by Chernyaev in 1926 (20, 21) to explain the empirical ob-
servation that the rate of substitution of a ligand in a square
planar or octahedral metal complex is dependent on the group
opposite (or trans) to it (much more so than groups in cis
positions). Studies have shown that the order of decreasing
trans effect of ligands is approximately (22):
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CO, CN−, C2H4 > PR3, H− > CH3
−, SC(NH2)2 >

C6H5
−, NO2

−, I−, SCN− > Br−, Cl− > py, NH3, OH−, H2O

When the intermediate triiodo species, K[PtI3(NH3)], reacts
with the second ammonia group (Scheme I) there are two
options; either displacement of the iodo ligand that is trans
to an ammonia ligand, or displacement of the iodo ligand
that is trans to another iodo ligand. The stronger trans-di-
recting influence of the iodo ligand relative to the ammonia
ligand means that the ligand trans to the iodide is more la-
bile and hence is the one that is displaced, resulting in the
desired cis configuration of the final product. Earlier proce-
dures did not involve the initial step of converting K2[PtCl4]
to K2[PtI4] that ensures the desired cis product is obtained
with no contamination by Magnus’ Green salt,
[Pt(NH3)4][PtCl4], owing to the stronger trans effect of iodo
ligands as compared to chloro ligands.

Transplatin was first synthesized by Reiset in 1844 (23,
24). Today the most commonly used procedure for the syn-
thesis of transplatin (Scheme II) involves converting K2[PtCl4]
to the [Pt(NH3)4]Cl2 salt by the addition of ammonia while
heating. After the volume has been reduced by evaporation,
HCl is added and the volume is further reduced, causing the
precipitation of the desired product as a yellow powder (25).
It is interesting to note that both [Pt(NH3)4]2+ and
[PtCl(NH3)3]+ are charged and hence quite water soluble,
allowing them to remain in solution and undergo further re-
action. However, transplatin is a neutral species and far less
soluble; hence it precipitates out of solution, preventing it
from undergoing subsequent reaction. This synthetic method
also takes advantage of the trans effect to ensure the forma-
tion of the desired product. In the intermediate species,
[PtCl(NH3)3]+, the most labile group is the ammonia group
trans to the chloro ligand, owing to the greater trans effect
of the chloro ligand compared to the ammonia ligand. Hence
it is replaced in preference to the others, resulting in the for-
mation of the desired trans product.

A method for distinguishing between the cis and trans
isomers of square planar complexes was developed by
Kurnakow in 1894 (16, 26). As shown in Scheme III, when
reacted with thiourea, cisplatin produces a deep yellow solu-
tion of [Pt(Th)4]2+ (Th = thiourea), whereas transplatin pro-
duces white insoluble trans-[Pt(NH3)2(Th)2]Cl2, thus
providing a visual confirmation of the geometry of the com-
plex. This test works on the basis of the greater trans-direct-
ing effect of thiourea (coordinated through the sulfur group)
as compared to that of the amine or chloro ligands, which
results in labilization and replacement of the ligands trans to
the coordinated thiourea (21). The Kurnakow method has
even been developed to separate a mixture of the two iso-
mers and detect trace quantities of transplatin contaminant
in samples of clinical cisplatin (27). Several other tests for
distinguishing between cisplatin and transplatin also exist
(25).

To date, three platinum(IV) complexes with three dif-
ferent types of axial ligands (chloro, hydroxo, and acetato)
have entered clinical trials (28). The standard procedure for

Scheme II. Synthetic scheme for the synthesis of transplatin (25).
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Scheme I. Synthetic scheme for the Dhara synthesis of cisplatin (19).
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synthesizing such complexes (Scheme IV) initially involves
the oxidation of a platinum(II) complex (such as cisplatin)
to its trans-dihydroxo platinum(IV) analog by addition of
hydrogen peroxide to an aqueous solution of the platinum(II)
species (29). The trans-dichloro complex may be obtained
directly by bubbling chlorine gas through an aqueous solu-

Figure 1. Schematic showing the cyto-
toxic pathway for cisplatin. After enter-
ing the cell, cisplatin is aquated, then
binds to cellular DNA. If the DNA lesion
is not repaired by the cell (path a), then
cell death (apoptosis), can occur.

tion of the platinum(II) species (30). However, it is more
commonly and cheaply synthesized by the addition of con-
centrated HCl to an aqueous solution of the dihydroxo
platinum(IV) complex (31). In the low pH conditions of this
reaction mixture, the hydroxo ligands become protonated and
the resultant neutral aqua ligands are readily replaced by chlo-
ride ions (28). Platinum(IV) complexes with axial carboxylato
ligands are usually produced by the reaction of the appropri-
ate anhydride or acyl chloride with the dihydroxo
platinum(IV) species. The success of this reaction is depen-
dent upon the nucleophilic nature of the axial hydroxo ligands
that attack the anhydride or acyl chloride, resulting in a
platinum(IV) species with carboxylato ligands (32, 33).

How Cisplatin Works

Cisplatin is generally believed to exert its anticancer ef-
fects by interacting with DNA, inducing programmed cell
death (apoptosis, Figure 1) (34). Following administration
in the bloodstream of a patient, cisplatin encounters a rela-
tively high chloride concentration in the blood plasma (ap-
proximately 100 mM) that limits replacement of its chloride
ligands by water molecules (that is, the process of aquation
is prevented). However, cisplatin is vulnerable to attack by
proteins found in blood plasma, particularly those that con-
tain thiol groups, such as human serum albumin and the
amino acid cysteine. In fact, studies have shown that one day
after cisplatin administration, 65–98% of the platinum in
blood plasma is protein bound (35–37). This protein bind-
ing has been blamed for deactivation of the drug (36, 38–
41) and some of the severe side effects of cisplatin treatment
(35, 38–42).

Scheme IV. Procedure for the synthesis of platinum(IV) trans-
dihydroxo, dichloro, and diacetato complexes from cisplatin.
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The cisplatin that remains intact can enter tumor cells,
mainly by diffusing through the cell membrane (43), though
recent results suggest that cisplatin can be actively transported
across cell membranes by Cu-transporting proteins (44). The
intracellular chloride concentration is relatively low (approxi-
mately 4–20 mM) and hence one of the chloro ligands of the
intact cisplatin is replaced by water, forming a reactive, posi-
tively charged species that cannot readily leave the cell. In vitro
studies have shown that this monoaquated platinum species
is responsible for at least 98% of the platinum binding to
DNA within the cell nucleus (45). It reacts with one of the
DNA bases, usually guanine, forming a monofunctional DNA
adduct (46–48). The potential platinum binding sites on each
of the DNA bases are shown in Figure 2. Ring closure to form
a bifunctional adduct may occur either directly from the
monofunctional adduct or may involve aquation of the sec-
ond chloro ligand followed by rapid ring closure (49, 50). The
primary bifunctional adducts are guanine–guanine and ad-
enine–guanine (51), causing significant distortion of the DNA
that can be recognized by one or more DNA binding pro-
teins. These proteins can either initiate DNA damage repair
(Figure 1, path b) or signal for apoptosis (cell death) to be
initiated (Figure 1, path a) (2, 49, 50, 52, 53).

Platinum complexes with trans geometries were initially
dismissed as being inactive. Rosenberg and coworkers were
the first to report this, specifically for transplatin and trans-
[PtCl4(NH3)2] (11). Soon afterwards, this was confirmed to
be the case for a much wider range of trans platinum com-
plexes (54, 55). The vast difference in the anticancer activity
of cisplatin and transplatin may seem counterintuitive at first,
given their structural similarity. However, this fact has been
rationalized in terms of the greater reactivity of transplatin
compared to cisplatin; transplatin aquates approximately 4
times faster than cisplatin (56), reacts with ammonia approxi-
mately 30 times faster (57), and, following a 4-hour incuba-
tion with red blood cells, transplatin reacts with 70% of the
glutathione, whereas cisplatin reacts with only 35% (58). This
greater reactivity can be rationalized in terms of the trans ef-
fect. The high reactivity of transplatin results in rapid deac-
tivation of the complex owing to side reactions on the way
to its target that are likely to contribute to its lack of anti-
cancer activity (3, 24, 54, 55). Recently, several trans com-
pounds possessing significant anticancer activity have been
reported that have bulky amine ligands that slow the substi-
tution reactions (24). It has been suggested that the inability
of transplatin to form 1,2-adducts, and the more rapid re-
pair of the 1,3-adducts that it forms predominantly, contrib-
ute to its inactivity. However, more recent active trans
complexes demonstrate that other modes of DNA binding
can produce high anticancer activity.

The effectiveness of cisplatin treatment is limited by the
phenomenon of tumor resistance. Several tumors are intrin-
sically resistant to cisplatin (e.g., colon cancer, non-small-cell
lung cancer), while others acquire resistance after exposure
to the drug over time (e.g., ovarian cancer, small-cell lung
cancer) (59). The cellular mechanisms of cisplatin resistance
have been identified as decreased cellular drug accumulation,
an increased capability of cells to repair or tolerate the DNA
damage caused by cisplatin, and increased levels of intracel-
lular thiols that can bind to cisplatin and cause its deactiva-
tion (49, 52, 60, 61).

The cellular environment is rich in thiol-containing spe-
cies, such as glutathione and metallothionein, that can bind
to cisplatin and deactivate it (2, 52). This deactivation is due
to the strong coordination of the soft sulfur donor coordi-
nating to the soft platinum(II) in preference to harder ligands
such as amine nitrogen donors; a concept known as Hard–
Soft Acid–Base (HSAB) theory (62–64). HSAB theory was
developed by Pearson to qualitatively predict the complex-
ation preferences of metal ions and ligands; hard ligands
(Lewis bases) prefer hard metals (Lewis acids) and soft pre-
fers soft in a similar fashion (62). Hard–hard bonding oc-
curs between weakly polarizable partners and has a strong
ionic character, while soft–soft bonding occurs between eas-
ily polarizable partners and has a more covalent character.

Development

In spite of the widespread success of cisplatin, the search
continues for new platinum drugs. This has been motivated
by the desire to improve upon the clinical performance of
cisplatin. The side effects associated with cisplatin treatment
can be severe and may include toxicity to the kidney and ner-
vous system, hearing difficulties, nausea, vomiting, and sev-
eral others (4). In general, for a platinum drug to gain clinical
approval, it must possess at least one distinct clinical advan-
tage over cisplatin. Such advantages may include: activity
against cancers with intrinsic or acquired resistance to

Figure 2. A schematic representation of a DNA strand showing
the sites available for platinum binding. Guanine-N(7) is the pre-
ferred site for initial binding of the Pt(II) complex, since guanine is
the most nucleophilic DNA base (48). Both in vitro and in vivo, the
majority of bifunctional DNA adducts formed are intrastrand (that
is, formed between bases on the same DNA strand). Approximately
65% are GG adducts, and 25% are AG adducts (34, 48, 74).
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cisplatin treatment, reduced toxic side effects, or the ability
to be administered orally (7).

Following the initial studies on cisplatin, a number of
studies were performed to determine the structural features
required to endow a platinum compound with antitumor
activity. These “structure–activity relationships” were estab-
lished by Cleare and Hoeschele following their examination
of many platinum compounds (54, 55). Their discoveries in-
dicated that the following structural criteria were necessary
(3):

• The compound should have two amine groups with a
cis geometry, as those with trans geometries are inac-
tive.

• It is necessary, although not sufficient, for the com-
pound to have two leaving groups that are cis with re-
spect to one another. Leaving groups are those groups
on the molecule that are the most easily lost.

• The ease with which the leaving groups are able to be
lost affects the activity and the toxicity of the com-
pound. It is preferable for the leaving groups to be only
moderately easy to remove.

• The compound should be neutral.

• Compounds with fewer alkyl substituents on the amine
ligands had greater activity. Each amine ligand should
possess at least one proton.

The general structure of such complexes are

Pt
X

XN

HR

R

N

HR

R

where X = leaving groups (e.g., two chloro groups or a bi-
dentate malonate), ligand R = H or an alkyl substituent. The
vast majority of platinum compounds tested have strictly ad-
hered to these structure–activity criteria.

Rosenberg and his colleagues were pioneers in the in-
vestigation into cisplatin analogs with improved activity, and
were responsible for the development of carboplatin (Figure
3, structure I) (7), which is the only platinum compound
apart from cisplatin to have gained widespread clinical ap-
proval for treatment of a wide range of cancers (65).
Carboplatin was invented by investigators whose goal was to
obtain a compound with better activity and less toxicity than
cisplatin (7, 8). It was found to be less toxic than cisplatin,
and cause fewer and less severe side effects. The bidentate
cyclobutanedicarboxylate leaving group of carboplatin is more
stable than the chloride groups of cisplatin, resulting in a
slower reaction in the body. This may be partly responsible
for its reduced toxicity as compared to cisplatin (4, 7, 65).
Oxaliplatin (Figure 3, structure II) was approved in France,
the United Kingdom, and other European countries in 1996
and in the United States in 2002 for clinical use against ad-
vanced colorectal cancer (4, 65, 66) and is the only plati-
num compound to have displayed activity against colorectal
cancer thus far (66).

AMD473, cis-[PtCl2(NH3)(2-methylpyridine)], Figure
3 structure III, was rationally designed to overcome resistance
to cisplatin. It is believed that cisplatin becomes deactivated

when it reacts with cellular species that contain thiol groups.
The bulky 2-methylpyridine group in AMD473 hinders the
binding of thiols, as the 5-coordinate intermediate involved
in associative ligand substitution mechanisms is destabilized
by steric interactions. This is believed to be responsible for
its good activity in several cisplatin resistant cell lines. Stud-
ies have also shown that it retains its activity when adminis-
tered orally. AMD473 entered clinical trials in 1997 and has
recently been licensed to NeoRX for further development
(http://www.neorx.com, accessed Jan 2006) (4, 59, 66).

Rosenberg’s original experiment identified both
platinum(II) and platinum(IV) species as possessing antican-
cer activity. In spite of this fact, the vast majority of research
since then has focussed on platinum(II) compounds. Recog-
nition of the enormous potential that platinum(IV) com-
pounds possess as anticancer agents in terms of high activity,
low toxicity, and perhaps the ability to be effective oral agents,
has revived research in this area (28, 67).

It is generally accepted that inert platinum(IV) com-
plexes are prodrugs that must be reduced to their more reac-
tive platinum(II) analogs to exert anticancer activity, as the

Figure 3. Structures of some platinum compounds that have entered
clinical trials: I = carboplatin, II = oxaliplatin, III = AMD473, IV =
iproplatin, V = tetraplatin, VI = JM216, and VII = BBR 3464. Com-
pounds I and II are in widespread clinical use.
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platinum(II) analog is the active species. The diagram shows
a general octahedral Pt(IV) complex,

Pt
Y

Y A

A

X

X

Pt
Y

Y A

A

2 e−

where: A = cis amine, Y = leaving groups in equatorial plane,
and X = axial ligands. Two electron reduction to a square
planar Pt(II) species involves the loss of the axial ligands. The
ease with which the platinum(IV) complexes are reduced is
related to their reduction potentials, which in turn are de-
pendent on the nature of the axial ligands, X, that are lost as
the octahedral platinum(IV) complex changes to a square pla-
nar platinum(II) complex.

A number of platinum(IV) compounds have entered
clinical trials. The first to do so was iproplatin (cis,trans,cis-
[PtCl2(OH)2(isopropylamine)2], Figure 3, structure IV). It was
initially selected for clinical development because of its unique
structure, high solubility, broad spectrum of activity, and lower
toxicity compared to cisplatin (65). However, during clinical
trials it was found to display no significant advantages over
carboplatin and was abandoned (68). Tetraplatin {ormaplatin,
[PtCl4(D,L-cyclohexane-1,2-diamine)], Figure 3, structure V}
is another platinum(IV) drug that has entered clinical trials.
Prior to entering the clinic, there was evidence to suggest that
it could overcome cisplatin resistance and animal studies had
shown it to be less nephrotoxic than cisplatin. However, in
initial clinical trials it caused severe cumulative neurotoxic-
ity, and was subsequently abandoned from the clinic (4, 7,
65).

In an effort to develop a drug that could be administered
orally, JM216 {cis,trans-[PtCl2(acetato)2(NH3)(cyclo-
hexylamine)], Figure 3, structure VI } and several related ana-
logues were synthesized (69). Prior to entering the clinic,
JM216 displayed good activity in cisplatin-resistant cancer
cell lines and minimal nephrotoxicity and neurotoxicity in
animals. In addition, when administered orally, its activity
was comparable to that of cisplatin and carboplatin admin-
istered by injection (7, 65). The drug (now known as
satraplatin) is currently in Phase 3 trials for hormone-refrac-
tory prostate cancer (70).

Researchers are beginning to realize that compounds that
conform to the original structure–activity relationships rarely
offer substantial improvements upon the performance of
cisplatin and are hence unlikely candidates for clinical ap-
proval. In recent years, the search has diversified to include
platinum compounds that are in direct violation of the origi-
nal structure–activity relationships. Many of them have
shown promising activity (3).

A novel class of “polynuclear” compounds has emerged
that are charged and possess more than one platinum center
in the molecule (71–73), breaking two of the structure-ac-
tivity rules. Several such compounds have been evaluated and
one in particular, BBR 3464 (Figure 3, structure VII), was
chosen for further testing. It was shown to be more potent
than cisplatin and to have good activity in cisplatin resistant
cell lines. It entered clinical trials in June 1998 and is pro-
gressing through Phase 2 trials (73). There is the hope that
these multinuclear complexes will result in a breakthrough
in platinum based chemotherapy.

Summary of Educational Advantages

The discovery of the anticancer activity of cisplatin is an
important tale for chemical educators because it illustrates how
dogged pursuit of an explanation for an unexpected and ini-
tially baffling result led to the identification of a new class of
anticancer drug that is now arguably the world’s most widely
used (for further details, visit http://chemcases.com/cisplat/
index.htm, accessed Jan 2006). Cisplatin itself has played an
important role in the history of coordination chemistry, with
Werner using the fact that he could obtain isomeric forms
(cis and trans) of [PtCl2(NH3)2] as evidence that platinum
adopts a square-planar geometry. Thus, it is an interesting ex-
ample to use when introducing both geometry and geomet-
ric isomerism in the context of metal complexes. The much
lower biological activity of the trans isomer, which is due in
part to more rapid aquation, more rapid reactions with pro-
teins and consequently increased deactivation, is an excellent
illustration of the trans effect, as are the procedures used to
produce both cis and trans analogues in high purity. The dif-
ference between the interactions of the two isomers with DNA
is also a good illustration of the dramatic effect that differ-
ences in geometry can have. The more rapid aquation of
cisplatin inside cells than outside, because of the difference
in chloride concentration, can be used to illustrate the effect
of concentration on reaction rates and equilibria. The ability
of cells to remove platinum using sulfur-containing peptides
and proteins can be used to illustrate the hard–soft acid–base
principle. The lower toxicity of complexes with bidentate
dicarboxylate groups (e.g., carboplatin) illustrates the effect
of using chelate ligands. The lower toxicity of platinum(IV)
analogues illustrates the higher stability of platinum complexes
in this oxidation state. The lower rate of deactivation of the
platinum complex, AMD473, by sulfur-containing peptides
shows the effect of bulky groups lying above the coordina-
tion plane on the accessibility of platinum to incoming nu-
cleophiles.
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