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Abstract: The systematic development of the RAPTA family of organometallic ruthenium(II) anticancer drugs contain-
ing a monodentate 1,3,5-triaza-7-phosphatricyclo-[3.3.1.1]decane (pta) ligand and a η6-arene ligand is described.
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ruthenium complexes as anticancer drug
candidates. In particular, the RAPTA series
of complexes have been intensively studied
and found to exhibit favourable pharmaco-
logical and cytotoxic profiles for application
as anticancer drugs.

Development of RAPTA Complexes
as Anticancer Drugs

RAPTA comprises a family of organo-
metallic ruthenium(ii) complexes with a
monodentate 1,3,5-triaza-7-phosphatricy-
clo-[3.3.1.1]decane (pta) ligand and a η6-
arene ligand. The compounds are readily
synthesised in two steps: the first step in-
volves the reaction of C6-dienes, typically
derived using Birch reduction of the desired
arene, with hydrated RuCl3 to yield dimeric
[(η6-arene)RuCl2]2.[9] In the second step, two
equiv. of pta are added to [(η6-arene)RuCl2]2
in organic solvents to yield the desired
RAPTA complex (Scheme). Ligand ex-
change using the arene-labile complex [(η6-
PhCO2Et)RuCl2]2 can also be carried out for
arene ligands that cannot be readily reduced
via Birch reduction, such as benzocrown
ethers.[10] RAPTA compounds are gener-
ally air-stable complexes that are soluble in
both polar organic solvents and water.[11] A
large number of RAPTA complexes of the
general formula (arene)Ru(pta)X2 where X

= Cl, Br, I, SCN or bridging carboxylate li-
gands have so far been synthesised and stud-
ied (Fig. 1). In addition, RAPTA analogues
containing other organometallic fragments,
namely [(η5-C5H5)Ru], [(η5-C5Me5)Ru],
[(η5-C5Me5)Rh] and [(η6-cymene)Os] have
also been prepared.[12]

The cytotoxicity of RAPTA complexes in
vitro (TS/A, HBL-100) are generally low in
comparison to platinum-based compounds,
such as cisplatin.[13] However, the lead RAP-
TA complexes, namely RAPTA-C (1) (Fig.
2), RAPTA-B (2) and RAPTA-T (3), exhibit
selective cytotoxicity towards the TS/A tu-
mourgenic murine cell line as opposed to the
HBL-100 non-tumourgenic mammalian cell
line, providing an indication that complexes
are benign towards healthy cells. This is im-
portant since high systemic toxicity is asso-
ciated with the drastic side-effects of cispla-
tin and related drugs and limits the amount
of drug that can be administered. Similarly,
NAMI-A, which is undergoing clinical trials
as an antimetastatic agent, is non-cytotoxic
to both TS/A and HBL-100 cell lines up to 1
mM concentration.[14]

From a structure–activity relationship
standpoint, both the pta and aromatic frag-
ments affect the in vitro activity differently.
The pta fragment appears to be important
for determining the selectivity of the com-
plexes. For example, RAPTA-C (1) and
RAPTA-T (3) are highly selective towards
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Introduction

The discovery by Rosenberg in 1965 that
cis-diamminedichloroplatinum(ii) (cispla-
tin) could effectively inhibit tumour growth
formation laid the foundation of a new era
of anticancer research centred on metallo-
pharmaceuticals.[1] Over the past three de-
cades, cisplatin and other platinum-based
anticancer drugs have become some of the
most important chemotherapeutic agents in
clinical use, often as the first line of treat-
ment in testicular and ovarian cancers.[2,3]

However, they are highly toxic and their ef-
fectiveness is limited by incidence of drug
resistance.[4] This has led to increased inter-
est in developing anticancer drugs based on
ruthenium.[5] The rich coordination chemis-
try of ruthenium means that a diverse range
of compound can be readily prepared and
tested.[5,6] Importantly, many ruthenium
compounds have been found to be less
toxic than their platinum counterparts.[6,7]

In fact, two ruthenium-based coordination
compounds, namely KP1019 and NAMI-A,
have successfully completed Phase 1 clinical
trials and are scheduled to enter Phase 2 tri-
als in the near future.[8] More recently, there
has been strong interest in organometallic
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Scheme. General synthesis of RAPTA complexes.
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cancer cell lines whereas RAPTA(Me+)-
C (16) and RAPTA(Me+)-T (17), which
have a pta-Me+ ligand in place of pta, do
not exhibit significant selectivity.[13,15] The
aromatic fragment on the other hand was
found to be not an essential feature for in
vitro activity and could even be replaced by
another face-capping ligand with low ste-
ric demand. For example, RAPTA-S3 (20)
with the [9]aneS3 ligand is only slightly
less selective and cytotoxic compared to
RAPTA-C (1).[16] Therefore, the arene li-
gand could be functionalised accordingly
to impart desirable attributes. In particular,
RAPTA complexes with H-bonding groups
attached to the arene ring (complexes 8–15)
have been found to be more reactive than
RAPTA compounds 1–3 with respect to

binding with single strand DNA, although
their cytotoxicity were not improved in vi-
tro due to reduced uptake.[17]

RAPTA complexes 1–3 have also been
studied for potential antimetastatic activity
on CBA mice with MCa mammary car-
cinoma.[13] In vivo experiments found the
RAPTA complexes to be well tolerated by
mice at very high doses and a low sustained
treatment regime of RAPTA-C at 4 × 100
mg/kg/day resulted in significant reduction
in both lung metastases weight and number
in treated mice whilst leaving the primarily
tumour unaffected. Although the RAPTA
complexes displayed marginally less anti-
metastatic activity than NAMI-A, it is less
toxic to mice and can potentially be admin-
istered at higher dosage.

Enhancing the in vitro Activity of
RAPTA

Like other transition metal-based drugs
including cisplatin, RAPTA complexes are
prone to hydrolysis in aqueous media and
would have to be administered in saline to
suppress the cleavage of the chloride ligands.
Chelating carboxylate ligands, namely oxa-
late, glycolate and 1,1-cyclobutane-dicar-
boxylate ligands have been used to improve
the stability and solubility of the platinum
complexes in water.[2] With a view to de-
velop drugs that could resist hydrolysis in
aqueous media, RAPTA complexes 22 and
23, bearing chelating carboxylate ligands
in place of the two chloride ligands (Fig.
3), have been developed.[18] The new com-
plexes are kinetically more stable than 1, and
essentially, retain the carboxylate ligand in
aqueous solution. Preliminary investigations
show that these derivatives exhibit the same
order of cytotoxicity in vitro as 1 and similar
binding characteristics with DNA models,
hence proving to be a possible replacement
for RAPTA-C for clinical studies.[18]

Another strategy that could potentially
enhance the efficacy of the complexes is to
build specific functionality onto the RAPTA
molecule, so that they have multiple modes
of activity. We previously showed that such
a strategy could be applied to Pt(iv) drugs.[19]

RAPTA complexes designed to inhibit glu-
tathione-S-transferases (GST), a cytosolic
detoxification enzyme associated with drug
resistance, have been developed.[20] GST
catalyses the conjugation of intracellular
xenobiotics with glutathione, which is then
expelled from cells via the GS-export pump.
By incorporating ethacrynic acid, a known
GST-inhibitor, onto their arene rings, RAPTA
complexes 24 and 25 (Fig. 4) were found to
retain the same order of GST inhibition activ-
ity as ethacrynic acid. At the same time, the
new complexes have higher cytotoxic activity
(A2780, A2780cisR ovarian carcinoma) than
either ethacrynic acid or RAPTA-C (1).

Fig. 1. Selected examples of RAPTA complexes

Fig. 2. Ball and stick representation of RAPTA-C (1)
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Summary and Outlook

The high selectivity, low cytotoxicity
and antimetastatic properties suggest that
the mechanism of activity of RAPTA com-
plexes is different from classical anticancer
agents, such as cisplatin, that target DNA.
Early on, specific protein binding interac-
tions were detected with RAPTA-C, which
could be the basis of new therapeutic tar-
gets beyond DNA.[21] In line with the goal
to construct RAPTA complexes that target
specific protein molecules, better analyti-
cal methods are also being developed, with
the objective of identifying drug–protein
binding sites, to elucidate the drug mecha-
nism.[21–23] One of these methods exploits
highly sensitive laser-abalation ICP-MS in
conjunction with conventional proteomic
techniques to detect drug–protein interac-
tions of non-endogenous transitional metal-
based drugs in complex mixtures.[21,22] This
technique has already been demonstrated
using treated human plasma samples and
cell lysates. The ultimate goal is to create
a map of drug–protein interactions in the
proteome of a cancer cell line after treat-
ment with ruthenium drugs. By identifying
areas in the proteome on which ruthenium
drugs could target, a more rational way of
designing non-classical ruthenium drugs
could then be developed.[5]

The development of anticancer drugs
based on the RAPTA model remains an area
of considerable potential. The range of pos-
sible functional groups that could be incor-
porated into the RAPTA template is diverse
and offers great scope for further enhance-
ment. Extending from RAPTA, investiga-
tions into structurally similar organometal-
lic ruthenium(ii) complexes containing im-
idazolium ligands have also begun.[24] Given
the limited number of platinum-based drugs
entering clinical use since the discovery of
cisplatin, research into this area can be ex-
pected to intensify.
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