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bstract

In this paper we summarize the work on the development of trans-platinum complexes as antitumor agents during the last 15 years. We review the
tructures and chemical properties of many ‘transplatin’ analogues, symmetric and asymmetric, containing wide range of ligands, e.g.: heterocyclic
lanar or nonplanar amines, aliphatic amines, iminoethers and phosphoric ligands, as well as polynuclear platinum complexes. We emphasize
ifferences in the cytotoxic activity between the various trans-platinum structures in comparison to cisplatin and transplatin in cisplatin-sensitive as
ell as cisplatin-resistant cell lines. Whenever available, we also report in vivo antitumor activity. In addition, for some trans-platinum complexes
e present interaction with DNA, cell uptake, level of cellular DNA platination and the ability of the complexes to induce apoptosis. Finally, we
escribe the general methods of synthesis of trans-platinum(II) and (IV) complexes.

2007 Elsevier B.V. All rights reserved.

eywords: trans-Platinum; Cytotoxicity; Antitumor agents; Apoptosis induction; Synthesis

. Introduction

The discovery of antiproliferative activity of cisplatin (cis-
DP) (Fig. 1) by Rosenberg et al. [1] in 1965 contributed to

he development of cancer chemotherapy. Today cisplatin is a
idely used drug in chemotherapy, but its applicability is limited

o a narrow range of tumors. Some tumors have acquired resis-
ance to cisplatin, while others develop resistance after the initial
reatment. In addition, this drug causes many severe side effects,
ncluding: nephrotoxicity, neurotoxicity, myelotoxicity, hemato-
ogical toxicity and gastrointestinal reactions [2–4]. In view of
hese limitations, research has been extended to other platinum
omplexes. Many hundreds of cis-DDP analogues have been
ested during the last 20 years. Unfortunately, the vast majority
f these compounds were rejected in preclinical or early clinical
tages of testing. Only two of the tested platinum compounds,
arboplatin and oxaliplatin (Fig. 1), were approved as anticancer
rugs worldwide [5–8].

For decades researchers marginalized the platinum com-
lexes of trans geometry, because transplatin (trans-DDP)
Fig. 1) was recognized to be inactive in vivo and significantly
ess cytotoxic in vitro than cisplatin. These properties have been
xplained by: weaker inhibition of DNA replication and tran-
cription by transplatin than by cisplatin adducts; more rapid
epair of transplatin adducts, consistent with the inability of
igh-mobility group protein HMG1 to recognize transplatin
dducts; inability of transplatin to produce 1,2-intrastrand cross-
inks, which are the most frequent adducts formed by cisplatin. It
as shown that transplatin induces monoadducts which may be

epaired or undergo further rearrangements forming DNA–DNA
ross-links as well as DNA–protein cross-links. Transplatin also

kinetically more reactive than cisplatin, which may contribute to
its deactivation [9–15]. Interestingly, the latest results indicate
that transplatin can be as cytotoxic as cisplatin after irradi-
ation by UVA light, which activates chloride ligands and in
consequence enhances formation of interstrand cross-links and
DNA–protein cross-links [16,17].

In the 1990s, the apathy toward trans-platinum complexes
ended. Many trans-platinum complexes were discovered with
significant in vitro antitumor activity against different tumor
cells, including ones resistant to cis-DDP. Among these com-
plexes are transplatin analogues with planar amines (e.g.
pyridine, quinoline, thiazole, imidazole), iminoethers, aliphatic
amines (isopropanamine, n-butanamine, dimethylamine), non-
planar heterocyclic ligands (pipreridine, piperazine) and
polynuclear complexes, all of which are presented in some detail
in this review. Some of these platinum complexes have given
positive responses under in vivo conditions.

2. trans-Pt(II)Cl2 complexes with iminoether ligands

Replacement of one or two non-leaving ammine ligands in
transplatin by iminoether group leads to a significant increase in
the cytotoxic activity of the trans compounds [18–20].

Iminoether ligands are both aliphatic and aromatic amines.
As aliphatic amines they have one hydrogen atom bound with
the nitrogen atom suitable for a hydrogen–bond formation. As
aromatic amines they have a planar geometry and therefore they
introduce steric hindrance to ligand exchange reactions. Another
feature of iminoether is the possibility of geometrical isomerism
within the ligand moiety, around the C N double bond, to form
E or Z configurations [18,21].
orms a lot of interstrand cross-links between cytosine and gua-
ine of double-stranded DNA but it was proven that formation
f interstrand cross-links by this compound does not change sta-
ility and structure of DNA markedly. Moreover, transplatin is

Fig. 1. Structures of: (1) cisplatin; (2) transp
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latin; (3) carboplatin; (4) oxaliplatin.

The cellular accumulation of trans-platinum complexes with
minoethers is significantly enhanced with respect to that of
isplatin in A2780 and A278cisR ovarian cancer cells. This
eculiarity may be explained by the increased lipophilicity of the
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minoether compounds [19,22]. The greater intracellular plat-
num accumulation follows the increased degree of platination
f cellular DNA. When compared to cisplatin and transplatin,
he trans iminoether complexes show much lower interstrand
ross-linking DNA efficiency both in cellular and isolated DNA.
n the other, hand they produce more monofunctional adducts

t guanine residues that are much more resistant to destabiliza-
ion by sulfur-donor ligands than adducts formed by transplatin
23,24].

cis counterparts of trans iminoether complexes are less active
oth in vitro and in vivo and lack cross-resistance with cisplatin
n vivo [18,19].

.1. trans-[PtCl2{HN C(OMe)Me}2] complexes
Three different trans isomers (ZZ, EZ and EE) of
rans-[PtCl2{HN C(OMe)Me}2] were prepared. They were
ested for in vitro cytotoxicity and in vivo antitumor

i
d
a
[

ig. 2. Structures of trans-Pt(II) iminoether complexes: (5) trans-[PtCl2{E
PtCl2{Z–HN C(OEt)Me}2]; (8) trans-[PtCl2{Z–HN C(OMe)Me}(NH3)]; (9) tran
igand comp. 2’; (12) trans-[PtCl2{HN C(Me)2}2]; (13) trans-[PtCl2{HN C(Me)2
mistry Reviews 252 (2008) 1328–1345

ctivity against P388 leukemia. The trans-EE complex, trans-
PtCl2{E–HN C(OMe)Me}2] (Fig. 2: comp. 5) showed the
reatest in vitro cytotoxicity (IC50 = 2.2 �M, when the activity
f cisplatin was 2.05 �M). The results for trans-EE com-
ound obtained with P388 and P388cisR leukemia-bearing
ice indicated significant antitumor activity (Table 1). Impor-

antly, trans-[PtCl2{E–HN C(OMe)Me}2] was better tolerated
y tumor-bearing mice than cisplatin. At the end of the treat-
ent a body weight loss was lower than that induced by cis-DDP

18].
trans-[PtCl2{E–HN C(OMe)Me}2] reacts with DNA to

orm mainly stable monofunctional adducts at guanine residues
ven after long incubation times. Monoadducts formed by
his complex exhibit a reduced reactivity of the second leav-

ng group [25]. The examination of oligodeoxyribonucleotide
uplexes containing a single, site-specific and monofunctional
dducts proved that major monofunctional adducts of trans-
PtCl2{E–HN C(OMe)Me}2] locally distort DNA, bending the

–HN C(OMe)Me}2]; (6) trans-[PtCl2{E–HN C(OEt)Me}2]; (7) trans-
s-[PtCl2{E–HN C(OMe)Me}(NH3)]; (10) ‘cyclic ligand comp. 1’; (11) ‘cyclic
}(NH3)].
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Table 1
In vivo antitumor activity of trans-Pt(II) iminoether complexes against murine P388 leukemia

Reference Dose (mg/kg qd 1–7) %T/Ca Body weight variationb (%)

P388 P338R

trans-[PtCl2{E–HN C(OMe)Me}2] (5) [24] 8 170 133 –
12 196 –

trans-[PtCl2{E–HN C(OEt)Me}2] (6) [19] 4 151 +5
8 156 +2

12 167 0

trans-[PtCl2{Z–HN C(OEt)Me}2] (7) [19] 4 154 +5
8 177 +5

12 200 0

trans-[PtCl2{E–HN C(OMe)Me}(NH3)] (9) [20] 5 121 0
10 128 −1.8
15 152 −3.1
20 132 −6.2

trans-[PtCl2{Z–HN C(OMe)Me}(NH3)] (8) [20] 5 140 −1.5
10 165 −2.4
15 173 −5
20 190 −5

cis-DDP [24] 0.6 203 90 −5
trans-DDP [24] 58 105 107
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a %T/C—median survival time (×100) of treated mice versus untreated contro
ctive).
b Body weight variation at the end of the treatment with respect to day 0.

NA’s axis by 21◦ toward the minor groove. These adducts
re not recognized by HMGB1 proteins and are not read-
ly removed from DNA by nucleotide excision repair (NER).

onoadducts readily react with different proteins generating
NA–protein cross-links. In consequence, DNA–proteins cross-

inks are more stable than monoadducts and exhibit the ability
o terminate DNA polymerization by DNA polymerases in
itro. Moreover, DNA–protein cross-links produced by trans-
PtCl2{E–HN C(OMe)Me}2] are not recognized by NER. In
ummary, activation of the trans geometry by platinum(II) com-
lexes containing two iminoether ligands is associated with
fficiency to form specific DNA–protein cross-links which
re probably responsible for antitumor properties of trans-
PtCl2{E–HN C(OMe)Me}2] [26].

Studies performed on P388 murine leukemia and A2780
uman ovarian cells revealed that trans-[PtCl2{E–HN
(OMe)Me}2] effectively induces apoptosis and influences cell-
ycle modifications (S-phase accumulation followed by G2M
ccumulation) [21,26].

.2. trans-[PtCl2{HN C(OEt)Me}2] complexes

Ethoxy analogues of the above described platinum com-
lexes with trans-located iminoethers, trans-[PtCl2{E–HN
(OEt)Me}2] (6) and trans-[PtCl2{Z–HN C(OEt)Me}2] (7)

Fig. 2), were synthesized and characterized. Their in vitro tumor
ell growth inhibitory activity was evaluated in comparison to

hat of cisplatin in a panel of human tumor cell lines, e.g.: ovary
A2780), colon (LoVo), lung (Calu-3) or breast (MDA, SKBR3)
ancer. Isomer E exhibited in vitro cytotoxicity similar to that
f cisplatin, whereas isomer Z showed a lower activity. Both

t
p
c
a

e. (%T/C > 125 is considered active and %T/C > 150 is considered significantly

somers overcame cisplatin resistance of ovary cancer cell lines
2780cisR. Both isomers were also active in vivo against the
urine P388 leukemia system, but isomer Z was slightly more

ctive than isomer E (Table 1) [19].

.3. trans-[PtCl2{HN C(OMe)Me}(NH3)] complexes

The next two active trans-Pt complexes containing only
ne iminoether group and one NH3 group, trans-[PtCl2{Z–
N C(OMe)Me}(NH3)] (8) and trans-[PtCl2{E–HN
(OMe)Me}(NH3)] (9) (Fig. 2), were investigated by Leng
nd coworkers [20]. In vitro cytotoxicity of both isomers
ith Z and E configurations of the iminoethers was tested

n a panel of ovary (A2780, SK-OV-3, OVCAR-8), lung
A549/ATCC, NCI-116, CALU), colon (KM12, LOVO, COLO
05, HCT-116) and breast (T-47D, MCF7, MDA) human tumor
ell lines. The results showed a cytotoxic activity much higher
han that of transplatin. The iminoether platinum complexes
ndicated the highest efficacy against ovarian and colon tumor
ells, whereas lung cancer cells appeared to be more resistant.
he in vivo assays on the complexes showed very promising

esults (%T/C > 125) (Table 1). It appears that the complex
(Fig. 2: comp. 8) is more active and less toxic than the

omplex E (Fig. 2: comp. 9) in the murine P388 leukemia
ystem and retains its efficacy against SK-OV-3 human cancer
ell xenograft in nude mice.

The complex Z forms monoadducts with DNA which are

ransformed slowly into interstrand cross-links between com-
lementary cytosine and guanine residues. These interstrand
ross-links influence the flexibility of DNA double helix and
re not recognized by HMGB1 proteins [20].
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.4. trans-Pt(II) complexes with cyclic ligands mimicking
minoethers

The in vitro growth inhibitory effect of two trans-platinum
omplexes with cyclic ligands mimicking iminoethers (Fig. 2:
omp. 10 and 11) was compared to the activity of transplatin
nd the previously mentioned trans-platinum complexes with
classical’ iminoethers (Section 2.1). Antitumor activity of the
omplexes with cyclic ligands was the highest among the tested
omplexes, in a panel of human tumor cells (ovary, colon, lung
nd breast) [27].

.5. trans-Pt(II) complexes with acetonimine(s)

Boccarelli et al. synthesized a new group of complexes con-
aining two acetonimines (trans-[PtCl2{HN C(Me)2}2])

12) or one acetonimine and one ammine (trans-
PtCl2{HN C(Me)2}(NH3)]) (13) (Fig. 2). Substituting
mmine group(s) of transplatin by acetonimine(s) dramatically
ncreases the antitumor properties of platinum complexes.

d
a
l
a

ig. 3. Structures of TPA complexes: (14) trans-[PtCl2(py)2]; (15) trans-[PtCl2(4
PtCl2(quin)(RR′(O)S)] (R = Me, R′ = Me, Ph, Bz); (19) trans-[PtCl2(NH3)(quin)
rans-[PtCl2(iquin)(NH3)]; (23) trans-[PtCl2(NH3)(2-py-OH)]; (24) trans-[PtCl2(NH
mistry Reviews 252 (2008) 1328–1345

oth bisacetonimines complex and acetonimine/ammine
omplex show remarkable antitumor activity (with mean IC50
�M] = 10.6 and 26.0, respectively; and 164.0 for transplatin)
nd circumvent the cisplatin resistance of ovarian cell lines
A2780cisR and 41McisR) [28].

. trans-Planar amine (TPA) platinum(II) complexes

The complexes of the type trans-[PtCl2(L)(L′)] (L = NH3,
′ = pyridine, picoline, quinoline, isoquinoline or thiazole;
= L′ = pyridine, thiazole) (Fig. 3), containing a sterically

emanding planar amine(s), exhibit increased cytotoxicity in
omparison to the parent transplatin. Their cytotoxicity was
ested against the panel of human ovarian carcinoma cell lines
29] as well as murine L1210 leukemia cells sensitive to
is-DDP and resistant to cis-DDP and the complex [Pt(R,R-

ach)SO4] (dach-1,2-aminocyclohexane) [30] (Table 2). The
ntitumor activity of these planar amine complexes was
ikely increased due to the use of sterically hindered lig-
nds that reduce the rate of replacement of the chlorido

-pic)2]; (16) trans-[PtCl2(Tz)2]; (17) trans-[PtCl2(N-Me-im)2]; (18) trans-
]; (20) trans-[PtCl2(NH3)(Tz)] (ATZ); (21) trans-[Pt(BTz)Cl2(NH3)]; (22)

3)(3-py-OH)]; (25) trans-[PtCl2(im)(NH3)]; (26) trans-[PtCl2(im-py)(NH3)].
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Table 2
Selected cytotoxic activity (IC50 [�M]) of trans-planar amine (TPA) platinum(II) complexes

References L1210 L1210cisR L1210dachR 41M 41McisR CH1 CH1cisR HX/62 SKOV-3 PXN94

[PtCl2(py)2] (14) [29,30] 1.2 1.1 (0.92)a 2.26 (0.66) 2.2 2.0 (0.91) 1.6 1.7 (1.1) 4.5 5.9 7.7
[PtCl2(Tz)2] (16) [29,30] 1.6 7.4 (4.63) 5.96 (3.73) 2.2 1.6 (0.73) 1.3 1.4 (1.1) 4.1 6.2 9.6
[PtCl2(Me2SO)(quin)] (18) [29,30] 0.36 0.38 (1.06) 0.39 (1.08) 1.32 1.9 (1.4) 0.89 1.0 (1.1) 5.1 4.4 8.2
[PtCl2(MePhSO)(quin)] (18′) [29,30] 3.5 2.4 (0.69) 1.33 (0.38) 2.1 2.1 (1.0) 2.2 1.6 (1.4) 6.1 4.5 9.5
[PtCl2(MeBzSO)(quin)] (18′′) [29,30] 0.67 0.99 (1.48) 0.90 (1.34) 2.0 1.8 (0.9) 1.3 1.5 (1.1) 4.1 4.1 10.4
[PtCl2(NH3)(quin)] (19) [30] 0.51 1.35 (2.65) 0.96 (1.88)
[PtCl2(N-Me-imidazole)2] (17) [30] 6.00 5.45 (0.91) 5.34 (0.89)

cis-DDP [29,30] 0.33 9.2 (28) 1.81 (5.48) 0.23 1.4 (6.1) 0.1 0.67 (6.7) 12.6 4.4 3.0
trans-DDP [29,30] 15.7 22.0 (1.40) 19.6 (1.25) 57 69 (1.2) 30 68.5 (2.3) 245 255 222
[Pt(R,R-dach)SO4] [30] 0.23 0.75 (3.26) 5.65 (25)
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a Resistance factor RF (IC50 resistant/IC50 sensitive).

igands. These TPA complexes are usually non-cross-resistant
o cisplatin (and [Pt(R,R-dach)SO4]) and are characterized
y remarkably low resistant factors (RF = IC50 resistant/IC50
ensitive) in both human and murine tumor cell lines
29,30].

trans-[PtCl2L2] complexes, where L consists of planar
mine: pyridine (py) (14) or 4-methylpyridine (4-pic) (15)
Fig. 3), show reasonable in vitro antitumor activity in L1210
eukemia cells. This activity is greater than that of their cis coun-
erparts. But none of these complexes is active in vivo against
388 and L1210 leukemia [31].

Farrell et al. revealed that trans-[PtCl2(NH)3(thiazole)] com-
lex (ATZ) (20) (Fig. 3) exhibits significant antiproliferative
nd cytotoxic effects against MCF-7 breast and A2780 ovarian
uman cancer cells. Interestingly, ATZ complex poorly induced
poptosis in these cells. The high level of apoptotic cells was
isible only after incubation of MCF-7 cells with this complex.
TZ induced DNA strand breakage as well as DNA–protein
ross-links more effectively in both A2780 and MCF-7 cells
hen cis-DDP [32].
DNA fragments containing the single, site-specific mono-

unctional adduct of trans-[PtCl2(NH)3(thiazole)] were anal-
sed. The structural distortion induced in DNA by these
onofunctional adduct was similar to that caused in DNA by

he major 1,2-GG intrastrand CL of cisplatin. These monofunc-
ional adducts are recognized by high-mobility group (HMG)
nd removed by nucleotide excision repair (NER) system, the
ame as in case of cisplatin [33].

Further studies performed by Marini et al. showed that
rans-[PtCl2(NH)3(thiazole)] induces monoadducts and bifunc-
ional intrastrand or interstrand cross-links in approximate equal
mount. Moreover, 1,3-intrastrand cross-links of the trans-
PtCl2(NH)3(thiazole)] are not recognized by HMG-domain
roteins and are not removed by NER [34].

trans-[PtCl2(NH3)(quinoline)] (19) (Fig. 3) forms
onoadducts with DNA but a part of it undergoes rear-

angement to bifunctional adducts. In addition, this complex

enerates more interstrand cross-links which are formed
ore readily in comparison to trans-DDP. The adducts of

rans-[PtCl2(NH3)(quinoline)] influence termination RNA
ynthesis in vitro preferentially at guanine residues [35].

l
w
s
i

Evaluation of cytotoxicity of complexes of general formula
rans-[PtCl2L(NH3)], where L = quinoline (19), thiazole (20),
enzothiazole (21), isoquinoline (22) (Fig. 3) against leukemia
1210 and L1210cisR cells was performed. The tested com-
lexes exhibited a significant enhancement of cytotoxicity in
1210 cells in comparison to trans-DDP but not to cis-DDP.

mportantly, these complexes were very toxic against resistant
1210cisR cell lines. The trans-[PtCl2(NH3)(quin)] (19) (Fig. 3)
as selected as the most active compound of the tested group in
oth L1210 as well as L1210cisR cells [36].

trans-Planar amine platinum(II) complexes of the formula
rans-[PtCl2L(NH3)], where L stands for 2-hydroxypyridine (2-
y-OH) (23), 3-hydroxypyridine (3-py-OH) (24), imidazole (im)
25) and imidazo(1,2-�)pyridine (im-py) (26) (Fig. 3), were syn-
hesized and tested. The cytotoxicity of the complexes against
he cell lines: A2780, A2780cisR, A2780ZD0473R, NCI-H460
nd Me 10538 was determined. It was found to be lower than
hat of cisplatin against all the tested cell lines except the com-
lex trans-[PtCl2(im-py)(NH3)] which was found to be two-fold
ore active than cisplatin against cisplatin-resistant ovary cell

ine A2780cisR [37].

. trans-Carboxylato platinum(II) complexes (with
N2O2] ligand donor set)

Complexes containing two halido anions (Cl− or Br−) as
abile-leaving ligands are characterized by robust activity, but

ore stable ligands can also yield active compounds. The
econd generation platinum drugs (carboplatin, oxaliplatin,
edaplatin) consist of kinetically inert chelating dicarboxylato
r glycolato ligands. As a result, these drugs cause fewer toxic
ide effects than platinum drugs possessing chlorido ligands
38]. Thus, the halidos on various trans-platinum complexes
an be replaced efficiently by carboxylato ligands. More-
ver, it was recently proved that trans-diaminedicarboxylato
omplexes have increased aqueous solubility compared to
heir dichlorido counterparts. The presence of the carboxy-

ato ligands in the complexes makes them not only more
ater soluble, but also enhances stability toward hydroly-

is, which is necessary to achieve more desirable behavior
n vivo. TPA acetato derivatives maintain cytotoxicity with
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ig. 4. Structure of trans-carboxylato complexes: (27) trans-[Pt(NH3)(OAc)2(
Pt(OAc)2(3-pic)2]; (31) trans-[Pt(OAc)2(4-pic)2].

ow resistance factors, lower than for the parent chloridos
39,40].

.1. trans-Pt(II)(OAc)2 complexes with planar amines

The trans-[Pt(NH3)2(OAc)2] compound also has good
ater-solubility, but its cytotoxicity (IC50 > 100 �M) shows

hat to enhance cytotoxic effect in the trans geometry, the
resence of planar amines is required. Thus, the following com-
ounds, with planar amines: trans-[Pt(NH3)(OAc)2(quin)] (27),
rans-[Pt(iquin)(NH3)(OAc)2] (28) and trans-[Pt(OAc)2(py)2]
29) (quin = quinoline, iquin = isoqunoline, py = pyridine,
Ac = CH3COO) (Fig. 4), were synthesized. These are the
rst cytotoxic trans-platinum complexes containing a [N2O2]
onor set, the same as in carboplatin and oxaliplatin. These
PA acetato compounds appeared significantly more cyto-
oxic in many cisplatin-resistant cell lines than in the parent
isplatin-sensitive cell lines (A2780, CH1, 41M) (Table 3) [40].

The cellular pharmacological properties of eight trans-
latinum(II) complexes having a formula: trans-[PtX2(L)(L′)]

D
t
p
m

able 3
elected cytotoxic activity (IC50 [�M]) of trans-carboxylate platinum(II) complexes

Reference L1210 L1210cisR

Pt(NH3)(OAc)2(quin)] (27) [40]
Pt(iquin)(NH3)(OAc)2] (28)
Pt(OAc)2(py)2] (29)
is-DDP

Pt(ipa)(N-Me-im)(OAc)2] (32) [38] 6.43 11.1
Pt(ipa)(N-Me-pyrazole)(OAc)2] (33) 5.98 7.86
is-DDP 1.73 27.5
arboplatin 10.2 >50

Pt(OAc)2(3-pic)2] (30) [41]
Pt(OAc)2(4-pic)2] (31)
is-DDP

a Resistance factor RF (IC50 resistant/IC50 sensitive).
]; (28) trans-[Pt(iquin)(NH3)(OAc)2]; (29) trans-[Pt(OAc)2(py)2]; (30) trans-

X = Cl or OAc and L = L′ = 3-pic, 4-pic, or L = NH3 and L′ = 3-
ic or 4-pic), were investigated in murine keratinocytes Pam
12 and Pam 212-ras cells. The difference in cytotoxic activity
etween chlorido and acetato complexes was proved. However,
wo of the studied acetato platinum(II) compounds: trans-
Pt(OAc)2(3-pic)2] (30) and trans-[Pt(OAc)2(4-pic)2] (31)
Fig. 4) showed the highest cytotoxicity both in Pam 212/Pam
12-ras and 41M/41McisR cells (Table 3). Apart from that,
ll the tested acetato trans-platinum(II) complexes induced cell
eath through the apoptosis pathway in Pam 212-ras cells
n contrast to cis-DDP, which caused cell death by necrosis.
ssessment of platinum uptake in Pam 212-ras cells revealed

hat 80% of the input molecules of trans-[Pt(OAc)2(3-pic)2]
nd trans-[Pt(OAc)2(4-pic)2] were accumulated in Pam 212-
as cells. Moreover, the studies of platinum binding to genomic
NA indicated that these complexes exhibit high levels of

NA platination in Pam 212-ras cells at concentrations five

imes lower than cis-DDP. It seems possible that two lipophilic
icoline ligands may facilitate through cell and nuclear
embranes [41].

A2780 Pam 212 Pam 212cisR 41M CH1

13.0 (1.46)a 22.0 (1.00) 17.0 (0.48)
13.0 (1.69) 22.0 (0.26) 20.0 (0.37)
12.8 (0.90) 14.0 (0.32) 19.0 (0.22)

– 1.4 (6.1) 0.1 (6.7)

19.4 21.0 15 35
16.9 23.3 21 42

103 106 25 102
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ig. 5. Structures of trans-carboxylato complexes: (32) trans-[Pt(ipa)(N-Me-
midazole)(OAc)2]; (33) trans-[Pt(ipa)(N-Me-pyrazole)(OAc)2].

.2. Asymmetric trans-Pt(II)(OAc)2 complexes with azole
nd isopropylamnie

trans-Platinum(II) asymmetric complexes containing
zoles, isopropanamine and two carboxylato-leaving ligands:
rans-[Pt(ipa)(N-methylimidazole)(OAc)2] (32), trans-[Pt(ipa)-
N-methylpyrazole)(OAc)2] (33) (ipa = isopropanamine;
Ac = CH3COO) (Fig. 5) show high in vitro activities in both
isplatin-sensitive and -resistant mouse leukemia L1210cisR
ell lines (Table 3). These compounds maintain cytotoxicity
ith low resistance factors. Reactions with 5′-guanosine
onophosphate (5′-GMP) demonstrate low reactivity of the

ew class trans-carboxylato complexes. Their chlorido coun-
erparts show similar cytotoxic activity but a faster reaction
ith 5′-GMP. This difference is analogous to the difference
bserved between cisplatin and carboplatin. It may suggest
hat trans-carboxylato complexes could exhibit high anticancer
ctivity in combination with reduced toxic side effects in vivo,
ompared to cisplatin and their chlorido analogues [38].

Pantaoja et al. have tested similar complexes containing
he same non-leaving ligands and chlorido ligands instead of
arboxylato-leaving groups. They have investigated such com-
lexes cis and trans orientated. The trans complexes showed
igher cytotoxic activity than their cis analogues in a series of
uman cell lines (MCF7, EVSA-T, WIDR, IGROV, M19, A498,
226 and A2780). cis- and trans-[Pt(azole)Cl2(ipa)] interacted
ith the model base 5′-GMP at similar rates [42].
The carboxylato complexes trans-[Pt(azole)(ipa)(OAc)2]

eem to be the better potential antitumor agents from among the
hree considered complexes, as they have good water solubility,
igh cytotoxicity and the lowest reactivity with GMP.

.3. Asymmetric trans-Pt(II) carboxylato complexes with
zole and ammine ligands
The structurally similar set of complexes, trans-
Pt(L)(NH3)(RCOO)2] (L = pyridine or substituted pyridine)

Fig. 6. Structures of trans-carboxylato complexes.
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Fig. 6), leads us to the next group of complexes with better
ater solubility when compared to their dichlorido counterparts.
The aqueous solubility of these carboxylato series depends

n the steric hindrance of the heterocycle. There is a slight dif-
erence between the various substitution patterns around the
yridine ring. In contrast, significant differences are observed
hen the carboxylato group is changed. For the series of 4-
ic complexes, the solubility decreases in the order: formato,
ydroxyacetato, chloroacetato, trifluoroacetato and benzoato
erivatives, according to a decrease in hydrogen bonding capa-
ility.

The complexes considered show high cytotoxicity, as well
s the parent chlorido compounds. All the tested TPA carboxy-
atos exhibit cytotoxic behavior in the human ovarian cancer cell
ines A2780 in the micromolar range. trans-[Pt(NH3)(OFm)2(4-
ic)] appears to be the most cytotoxic compound. It was also
he most soluble and displayed the fastest hydrolysis. The
ytotoxicity of the carboxylato complexes increases in the
rder (OAc < OAcOH < OFm), suggesting that the nature of the
arboxylato-leaving group is related to cytotoxicity. The steric
indrance of the methyl group also influences cytotoxicity as
ollows: 2-pic < 3-pic < 4-pic [39].

. trans-Pt(II)Cl2 complexes with nonplanar
eterocyclic ligands

.1. trans-Platinum(II) complexes with piperazine

A series of water soluble, positively charged com-
lexes trans-[Pt(Am)Cl2(piperazine)]·HCl (Am consists of NH3
34), 4-picoline (4-pic) (35), n-butanamine (nba) (36), iso-
ropanamine (ipa) (37)) were prepared (Fig. 7) [43]. The
iperazine (pz) acts here as a monodentate ligand; it was
chieved by using pz in which one of the amines was
rotected with the acid labile tert-butyloxycarbonyl (BOC).
he complexes have significant cytotoxic activity especially
gainst cisplatin-resistant ovarian cancer cell lines (Table 4).
he cytotoxic activity of complexes was tested in three
airs of cisplatin-sensitive and -resistant cancer cell lines
A2780/A2780cisR, 41M/41McisR and CH1/CH1cisR). The
ell lines were selected on the basis of all the major mech-
nisms of resistance to cisplatin: 41McisR being resistant
hrough reduced drug transport, CH1cisR through increased
NA repair/tolerance and A2780cisR through a combination of
ecreased uptake, enhanced DNA repair/tolerance, and elevated
educed glutathione (GSH) levels.

These cationic complexes bind more rapidly to DNA than
isplatin and transplatin, whereas their interactions with cellular
roteins (ubiquitin and myoglobin) are much slower than those
f cisplatin and their neutral piperidine analogues [43].

Cationic trans-Pt(II)Cl2 compounds containing NH3 and
iperazine (34), 4-picoline and piperazine (35), n-butanamine
nd piperazine (36), NH3 and piperidino-piperazine (pip-pz)

38) (Fig. 7) as inert groups were tested for their cytotoxic
ctivity against the protozoan Leishmania infantum (Table 4).
he cytotoxicity of compounds (36) and (38) against L.

nfantum was higher in comparison to cis- and trans-DDP.
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ig. 7. Piperazine (pz) and piperidine (pip) complexes: (34) trans-[PtCl2(NH3)
rans-[PtCl2(ipa)(pz)]·HCl; (38) trans-[PtCl2(NH3)(pip-pz)]·HCl; (39) trans-[P

he compounds (36) and (38) induce effectively cell-cycle
rrest in G2/M and in consequence caused cell death through
poptosis. DNA interaction studies revealed that complexes
36) and (38) induce conformational changes of double helix
NA similar to those generated by trans-DDP. Moreover,
hese complexes cause conformational changes in ubiquitin via
tabilization of the �-helical content of this protein. These com-
lexes are the first trans-platinum(II) agents with antiparasitic
ctivity [44].

w
a
p
m

able 4
elected cytotoxic activity (IC50 [�M]) of trans-Pt(II) complexes with nonplanar het

References A2780 A2780cisR 41M

[PtCl2(NH3)(pz)]·HCl (34) [43,44] 5 44 (8.8)a 52
[PtCl2(4-pic)(pz)]·HCl (35) [43–45] 10 24 (2.4) 45
[PtCl2(nba)(pz)]·HCl (36) [43,44] 16 28 (1.8) 32
[PtCl2(ipa)(pz)]·HCl (37) [43] 14 30 (2.1) 38
[PtCl2(NH3)(pip-pz)]·HCl (38) [44]
cis-DDP [43,44] 2.2 38 (17.3) 26
trans-DDP [43,44] >200 >200 >200

[PtCl2(NH3)(2-Me-pip)] (41) [49] 8 33 33
[PtCl2(NH3)(3-Me-pip)] (42) 10 30 35
[PtCl2(NH3)(4-Me-pip)] (43) 7 30 30
cis-DDP 2.2 38 26

[PtCl2(4-pic)(pip)] (39) [45]
cis-DDP
trans-DDP

a Resistance factor RF (IC50 resistant/IC50 sensitive).
HCl; (35) trans-[PtCl2(4-pic)(pz)]·HCl; (36) trans-[PtCl2(nba)(pz)]·HCl; (37)
4-pic)(pip)]; (40) trans-[PtCl2(NH3)(pip)].

.2. trans-Platinum(II) complexes with piperidine (pip) and
iperazine (pz)

trans-Platinum(II) compounds with monofunctional piperi-
ine (pip) or piperazine (pz) (Fig. 7: comp. 35, 39 and 40)

ere in vitro evaluated in OV-1063 (human ovarian carcinoma)

nd C-26 (human colon carcinoma) cells. The trans-[PtCl2(4-
ic)(pz)]·HCl (35) and trans-[PtCl2(4-pic)(pip)] (39) (Fig. 7)
easured the most cytotoxic among the tested group (Table 4).

erocyclic ligands

41McisR CH1 CH1cisR Protozoan parasite
L. infantum

C-26 OV-1063

155 (3.0) 12 34 (2.8) 263
147 (3.3) 16 42 (2.6) 188 4.5 6.0
48 (1.5) 17 19 (1.1) 60
122 (3.2) 10 50 (5.0)

95
107 (4.1) 6 23 (3.8) 150
>200 >200 >200 >300

144 19 118
156 22 124
152 20 115
107 6 23

2.5 6.0
0.6 0.7

46.0 73.0
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ell penetration and Pt–DNA adducts formation for these two
omplexes were also evaluated and it was shown that both com-
ounds penetrate efficiently the cellular membrane of the tumor
ells and platinate the cellular DNA. Positively charged trans-
PtCl2(4-pic)(pz)]·HCl (35) is not only more soluble in water but
lso much more efficient (seven-fold higher) in platinating DNA
han its neutral trans-[PtCl2(4-pic)(pip)] (39) analogue [45].

Interestingly, trans-[PtCl2(4-pic)(pz)]·HCl (35) and trans-
PtCl2(4-pic)(pip)] (39) effectively induced apoptosis in
V-1063 ovarian but not in C-26 colon cancer cells. After treat-
ent of the cells with these complexes many symptoms of

poptosis such as chromatin condensation and fragmentation,
ctivation of caspase-3, externalization of phosphatidylserine
ere observed [45].
Kasparkova et al. tested the DNA interaction properties

f trans-[Pt(Am)Cl2(NH3)] complexes, where Am = piperidine,
iperazine or 4-picoline (Fig. 7: comp. 35, 39 and 40). These
omplexes induce more interstrand cross-links with DNA in
omparison to cis- and trans-DDP. Apart from that, all com-
lexes form more stable 1,3-GNG intrastrand cross-links than
he corresponding lesions of transplatin in double helical DNA.
hese factors are likely to be responsible for their markedly
igh activity in tumor cells (A2780, A2780cisR, CH1, CH1cisR,
1M, 41cisR) [46,47].

The 1,3-GNG intrastrand cross-links formed by trans-
PtCl2(NH3)(pip)] (Fig. 7: comp. 40) are removed from
NA by nucleotide excision repair (NER) system with lower

fficiency than the 1,2-intrastrand CLs of cisplatin. trans-
PtCl2(NH3)(pip)] also forms in DNA minor interstrand CLs,
roperties of which are very similar to properties of CLs
roduced by clinically ineffective transplatin. Supposedly, the
ytotoxic effect of comp. 40 is connected with the presence of
,3-intrastrand cross-links [48].

.3. trans-Platinum(II) complexes with methylpiperidine
Me-pip) isomeric ligands
The cytotoxicity and interactions with biological nucle-
philes of three isomeric platinum(II) complexes with
ethylpiperidine (Me-pip) ligands: trans-[PtCl2(2-Me-

ip)(NH3)] (41), trans-[PtCl2(3-Me-pip)(NH3)] (42) and

t
(
[
t

ig. 9. Structures of trans-Pt(II)Cl2 complexes with aliphatic amines: (44) trans-[PtC
rans-[PtCl2(mba)(NH3)]; (48) trans-[PtCl2(NH3)(sba)].
ig. 8. Structures of trans-Pt(II)Cl2 complexes with nonplanar heterocyclic lig-
nds: (41) trans-[PtCl2(2-Me-pip)(NH3)]; (42) trans-[PtCl2(3-Me-pip)(NH3)]
43) trans-[PtCl2(4-Me-pip)(NH3)].

rans-[PtCl2(4-Me-pip)(NH3)] (43) (Fig. 8) were investigated.
he cytotoxic activity of the complexes was tested against

hree pairs of cisplatin-sensitive and -resistant cancer cell lines
A2780/A2780cisR, 41M/41McisR and CH1/CH1cisR). There
ere no significant differences in the cytotoxicities of the three

somers against these cell lines and they were only slightly
ess effective than cisplatin (Table 4). The interactions of the
hree complexes with glutathione (GSH) and ubiquitin (Ub), as

model protein, indicated that trans-[PtCl2(2-Me-pip)(NH3)]
eacts more slowly than the other two isomers yet this is not
eflected in the cytotoxicity values. These differences are
robably due to the steric hindrance of the 2-methyl group [49].

. trans-Pt(II)Cl2 complexes with aliphatic amines
nd/or heterocyclic ligands

.1. trans-Platinum(II) complexes with aliphatic amines

Montero et al. have described the synthesis of a new group
f trans-PtCl2 complexes with asymmetric aliphatic amines
f structural formula trans-[Pt(amine)Cl2(isopropanamine)]
amine is N,N-dimethylamine = dma (44), propanamine = npa
45) and butanamine = nba (46) [Fig. 9]). They exhibit similar
o cisplatin or higher than cisplatin cytotoxic activity against
ell lines sensitive (Jurat, Hela, Vero) and resistant (HL-60,
am 212-ras) to this drug (Table 5) [50]. Additionally, the cyto-

oxic activity of these three complexes was compared with that
f their corresponding cis analogues in tumor cell lines sensi-

ive to cis-DDP (CH1 and Pam 212) and resistant to cis-DDP
CH1cisR and Pam 212-ras). The results indicated that trans-
Pt(amine)Cl2(ipa)] isomers have better antitumor properties
han the cis-[Pt(amine)Cl2(ipa)] [51].

l2(dma)(ipa)]; (45) trans-[PtCl2(ipa)(npa)]; (46) trans-[PtCl2(ipa)(nba)]; (47)
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Two of these complexes, trans-[PtCl2(dma)(ipa)] (44) and
rans-[PtCl2(ipa)(nba)] (46), kill Pam 212-ras cisplatin resistant
ells through apoptosis induction [50]. The complex (44) was
lso tested in A2780cisR cell lines and induced of apoptosis
wo-fold higher than cisplatin [52].

The additional data for trans-[PtCl2(dma)(ipa)] (44) in
2780cisR cell lines show that this compound is higher cyto-

oxic than cis- and trans-DDP, moreover is able to circumvent
esistance to cisplatin in A2780cisRcells. The level of DNA
nterstrand cross-links (between complementary guanidine and
ytosine residue) induced by this complex is two and three
imes higher, respectively, than those induced by cisplatin and
ransplatin [52].

The trans-[PtCl2(dma)(ipa)] (44) complex is also mentioned
n Section 7.1, when some of its properties were described in
omparison to its trans-Pt(IV) counterpart.

The analogues of transplatin with asymmetric aliphatic amine
igands, such as trans-[Pt(amine)Cl2(NH3)] where amine is 2-

ethylbutanamine = mba (47) and sec-butanamine = sba (48)
Fig. 9), show increased activity in sensitive and resistant to
isplatin tumor cell lines in comparison to this drug (Table 5).
he DNA adducts formed by these complexes are not recog-
ized by the HMGB1 protein. The formation of interstrand CLs
40–50%) and monofunctional lesions (ca. 36%) is four- and
ight-fold higher than in the cases of transplatin and cisplatin,
espectively [53].

.2. trans-Platinum(II) complexes with
hydroxymethyl)pyridine (py-MeOH) isomers

The next example displayed that the replacement of the
mmine ligand in transplatin by 4-(hydroxymethyl)pyridine (49)
r 3-(hydroxymethyl)pyridine (50) (Fig. 10) does not increase
he cytotoxic activity probably because of the lack of a stabil-
ty of the intrastrand cross-links in DNA. Cytotoxic studies in
latinum-resistant cells (A2780cisR and CH1cisR) confirmed
hat this chemical modification of the trans-DDP structure was
nsuccessful (with IC50 values >100 �M) [54].

On the other hand, trans-[PtCl2(NH3)(4-py-MeOH)] (49)
nduce stable intrastrand (64%) and interstrand (26%) cross-
inks with DNA in the cell-free media. In consequence,
hese adducts cause conformational DNA alterations such as

nwinding (28◦) of double helix of DNA. Adducts of trans-
PtCl2(NH3)(4-py-MeOH)] reduce the affinity of the p53 protein
o its DNA consensus sequence [55].

ig. 10. Structures of trans-Pt(II)Cl2 complexes with (hydroxymethyl)pyridine
somers: (49) trans-[PtCl2(NH3)(4-py-MeOH)]; (50) trans-[PtCl2(NH3)(3-py-

eOH)]; (51) trans-[PtCl2(NH3)(2-py-MeOH).
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Fig. 11. Structures of trans-Pt(II)Cl2 complexes with isopropanamine and
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evaluated in comparison to its corresponding trans-Pt(II) coun-
terpart, trans-[PtCl2(dma)(ipa)] (44) (dma = dimethylamine,
ipa = isopropanamine) (Fig. 12) (Table 5). The results showed
that trans-Pt(IV) complex exhibits significant cytotoxicity
hydroxymethyl)-pyridine isomers: (52) trans-[PtCl2(ipa)(3-py-MeOH)]; (53)
rans-[PtCl2(ipa)(4-py-MeOH)].

Despite the fact that the above cytotoxic studies [54] were not
ncouraging, Martinez et al. have recently synthesized the third
issing isomer trans-[PtCl2(NH3)(2-py-MeOH)] (51) (Fig. 10)

nd tested antiproliferative activity of the three isomers (comp.
9, 50 and 51) against cell tumor lines HL-60. The results were
urprising and showed that complexes (50) and (51) are far less
ctive than complex (49), which has activity very similar to
isplatin (Table 5). Among the considered complexes, the com-
ound (49) can reach the highest Pt uptake and interacts with
NA most effectively. As far as the apoptosis induction is con-

erned, the complex (49) is able to induce more than 80% of
poptotic death, in comparison to the 50% of cisplatin or the
0% of the other two complexes [56].

For further information on compound (49) see also Section
.2.

Ramos-Lima et al. modified the ‘classical’ transplatin by
he replacement of both ammine groups, one by the planar
eterocyclic ((hydroxymethyl)-pyridine) and the other by an
liphatic (isopropanamine) ligand. The modification led to the
omplexes of the type: trans-[PtCl2(ipa)(3-py-MeOH)] (52) and
rans-[PtCl2(ipa)(4-py-MeOH)] (53) (Fig. 11). The presence
f the hydroxido subsistent in the ligand molecule probably
ncreases the aqueous solubility of the complexes and intro-
uces the group, which may have important hydrogen-bond
onor properties in the approach to the biological target.

The cytotoxicity of these complexes, determined against
2780/A2780cisR and CH1/CH1cisR, was found to be higher

han that of cisplatin (Table 5). These two compounds exhib-
ted markedly better cytotoxic effects than antitumor cisplatin
n cisplatin-resistant cells [57].

The majority of newly generated DNA adducts of these
omplexes were stable intrastrand cross-links; however, inter-
trand cross-links and monoadducts were also observed. These
omplexes exhibit preference for guanine and some prefer-
nce for adenine residue in helix of DNA. The DNA binding
emonstrated a higher rate of reaction with DNA than cis- and
rans-DDP [57].

. trans-Platinum(IV) complexes

The knowledge of the trans-platinum(IV) complexes is too
road to encompass in this short review frame. We have cho-
en to concentrate on platinum(IV) complexes possessing both

quatorial (i.e., in the plane of the am(m)ine ligands) and axial
i.e., laying above and below the plane of the am(m)ine ligands)
igands in trans configuration.

F
[

istry Reviews 252 (2008) 1328–1345 1339

It is commonly known that the reduction to platinum(II) is
equired to activate platinum(IV) complexes. The kinetic inert-
ess of platinum(IV) complexes increases the probability that
he complexes efficiently reach the tumor site. Modifying the
xial ligands can alter the complexes’ ability to enter tumor
ells before being reduced to the active platinum(II) complexes.
ome physicochemical properties of the trans-platinum(IV)
omplexes, i.e., lipophilicity (or hydrophobicity) and reduction
otential, depend on the nature of the axial ligands. The value of
he reduction potential (the ease of reduction) of platinum(IV)
omplexes, when the axial ligands are considered, increases as
ollows: Cl > OAc > OH. It means that the complexes with OH
xial ligands are the most active ones. Moreover, it was observed
hat the higher lipophilicity the complex shows, the more its
ellular uptake increases [58,59].

Kelland et al. have described the synthesis of about
5 trans-platinum(IV) complexes and their trans-platinum(II)
ounterparts, and then evaluated and compared in vitro as
ell as in vivo antitumor activity of these complexes. The
escribed compounds centred around the general formula, trans-
(amine)(ammine)Cl2Y2]platinum(IV) (Y = OH or Cl). Two
hlorido atoms together with ammine and amine groups lie
n the same plane, in equatorial positions. Opposite them are
xial ligands, two hydroxido or chlorido groups (Y ligands). The
ntitumor activity evaluations gave very promising results. The
omplexes were in vitro tested against the panel of human ovar-
an carcinoma cell lines, which contained tumor cells possessing
ither intrinsic (HX/62 and SKOV-3) or acquired (41McisR,
H1cisR and A2780cisR) resistance to cisplatin. Many of the
omplexes showed comparable antitumor activity to cisplatin
nd also overcame acquired cisplatin resistance. Notably, 14
omplexes showed significant in vivo antitumor activity in the
ubcutaneous murine ADJ/PC6 plasmacytoma model. Of these,
3 were complexes with axial hydroxido ligands and one had
xial ethylcarbamate ligands, whereas all the platinum(II) and
etrachloridoplatinum(IV) complexes were inactive [60].

.1. trans-Platinum(IV) (and trans-platinum(II)) complex
ith aliphatic amines

The antitumor and cellular pharmacological properties of the
rans-Pt(IV) complex, trans-[PtCl2(dma)(ipa)(OH)2] (54), were
ig. 12. Structures of trans-Pt complexes with aliphatic amines: (44) trans-
PtCl2(dma)(ipa)]; (54) trans-[PtCl2(dma)(ipa)(OH)2].
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ig. 13. Structures of trans-Pt complexes with (hydroxymethyl)pyridine
somers: (49) trans-[PtCl2(NH3)(4-py-MeOH)]; (55) trans-[PtCl4(NH3)(4-py-

eOH)].

gainst cisplatin resistance 41McisR and CH1cisR ovarian
umor cell lines. These cell lines are endowed with differ-
nt mechanisms of resistance (41McisR: decreased platinum
ccumulation; CH1cisR: enhanced DNA repair/tolerance). The
rans-Pt(II) compound circumvents cisplatin resistance only in
H1cisR cells. This complex does not possess in vivo antitu-
or activity in human ovarian carcinoma xenografts in mice, in

ontrast to its corresponding trans-Pt(IV) counterpart.
Moreover, the results indicated that the reactivity of trans-

t(IV) is lower than that of trans-Pt(II), because it is much more
nert to ligand substitution. The authors support the hypothesis,
ased on decreased reactivity of Pt(IV) compounds, that Pt(IV)
omplexes may act as prodrugs that efficiently reach the tumor
ite to be transformed into active Pt(II) species within the cell.

Compound trans-Pt(II) possesses a much higher reactivity
gainst albumin than compound trans-Pt(IV). In addition, the
evel of binding of trans-Pt(II) to plasma proteins is 2.5-fold
igher than that indicated by trans-Pt(IV). This might be con-
ected with the lack of in vivo antitumor activity of trans-Pt(II)
ompound, because of its high rate of binding to plasma proteins.

Both considered compounds induce a higher amount of apop-
otic cells than cisplatin in CH1cisR cells. The number of
poptotic cells induced by these compounds correlates with their
bility to form DNA interstrand cross-links in CH1cisR cells
61].

These complexes also killed Pam 212-ras cells through the
poptosis pathway. Interestingly, the results indicate that the
nduction of apoptosis in Pam 212-ras cells by the considered
omplexes was highly associated with the inhibition of the over-
xpression of the H-ras protein [62].

.2. trans-Platinum(IV) (and trans-platinum(II)) complex
ith (4-hydroxymethyl)-pyridine

Two similar platinum compounds with different oxidation
tates were synthesized: trans-[PtCl2(NH3)(4-py-MeOH)] (49)
nd trans-[PtCl4(NH3)(4-py-MeOH)] (55) (Fig. 13). The trans-
t(II) compound (49) is highly soluble in water and other
ommon organic and inorganic solvents, while the trans-Pt(IV)
ompound is poorly soluble.

The interaction between the Pt atom of complex trans-Pt(II)
49) and DNA is stronger than that of complex trans-Pt(IV)

55) as shown on the basis of circular dichroism, electrophoretic
obility in agarose gel and atomic force microscopy studies.
ytotoxicity tests against HL-60 tumor cells (after 24 h of incu-
ation) showed that complex trans-Pt(IV) has similar activity to

m
r
a

mistry Reviews 252 (2008) 1328–1345

isplatin and that the activity of trans-Pt(II) is about four-fold
igher than for trans-Pt(IV) complex (Table 5 (72 h)). Despite
he fact that Pt(IV) complex is less active, it can be easily acti-
ated by reduction with some common reducing agents in cells,
uch as ascorbate, glutathione or methionine. These species
educe the Pt(IV) compound to the corresponding analogue
t(II). It is well known that Pt(II) compound can be deactivated
y coordination of the thiol groups to the metal ion when the con-
entration of glutathione is higher than this stoichiometrically
equired to reduce Pt(IV) compound [63].

Both the tested complexes induce apoptosis in HL-60 cells
owever, the complex (49) was more potent [63].

. Polynuclear platinum complexes

Polynuclear platinum complexes are a structurally distinct
roup. These innovative complexes contain two or more plat-
num centers linked by various types of ligand (aminoalkane,
romatic, etc.). Thus, polynuclear complexes break many
tructure–activity rules for platinum drugs. A different set of
ARs for polynuclear complexes was created based on their in
itro cytotoxicity results. One of the conditions to achieve sat-
sfactory antitumor activity of the complexes is the locating of
he leaving group, preferably chlorido, in trans position to the
ridging linker. In the meantime many cis and trans polynu-
lear complexes have been synthesized, mainly by Farrell et al.
64–66].

When trans complexes are considered, dinuclear complexes
inked by the 4,4′-dipyrazolylmethane (dpzm) and containing
ither two chlorido or two DMSO ligands on each platinum
enter were synthesized. These complexes exhibited high cyto-
oxicity but were insoluble in water and did not show any
ignificant advantages in comparison to cisplatin [67]. On the
asis of the structure of BBR3464 (56) (Fig. 14), a compound
ith excellent in vitro and in vivo cytotoxicity, many new polynu-

lear complexes were prepared. In these complexes the linking
minoalkane ligand of BBR3464 has been replaced by either
,4′-dipyridyl selenides, 4,4′-dipyridyl sulfides or thiol con-
aining ligands [68,69]. Another example shows tetranuclear
omplex with a branched aminoalkane linking chain [70].

While these complexes showed good cytotoxic activity, they
ere much less active than the aminoalkane linked complexes,
BR-series of complexes [BBR3464 (56), BBR3571 (57),
BR3610 (58), BBR3611 (59)] (Fig. 14), which have entered
linical trials during the last few years. They were selected from
ore than 50 polynuclear complexes which have been tested for

ytotoxicity against a variety of cancer cell lines [71]. The com-
lexes of BBR-series fulfill the structure–activity conditions for
olynuclear complexes. For maximum cytotoxicity the complex
hould contain the flexible linker, not aromatic rings, of the ideal
ength at least 8–10 atoms. The bridging linker should possess
unctional groups capable of forming hydrogen bonds with DNA
68,72].
From BBR-series of complexes the BBR3464 complex is the
ost significant, it has entered II phase of clinical trials. A wide

ange of in vitro studies confirmed its significant cytotoxicity
gainst different cancer cell lines. The mean IC50 of BBR3464
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platinum complexes with phosphane groups and chiral amines in
trans configurations (Fig. 16). The cytotoxic activity of the com-
plexes was determined against the Pam 212-ras lines, which are
cisplatin-resistant cells through overexpression of H-ras onco-

Fig. 15. Structure of trans-[PtCl2(DMSO)(tetrahydro-1,4-oxazine)] complex.
ig. 14. Structures of polynuclear complexes: (56) BBR3464; (57) BBR3571;
58) BBR3610; (59) BBR3611.

s 0.6 �M, when seven human cancer cell lines assayed in com-
arison to cisplatin is 27.8 �M on average. BBR3464 showed
complete lack of cross-resistance in cis-DDP resistant cells

68,73]. BBR3464 also indicated very promising in vivo anti-
umor activity, independent of p53 level, in a range of human
umor xenografts [71,74].

This complex exhibits the ability to rapid formation of
ntrastrand as well as a typical 1,4-interstrand cross-links
ith DNA. The 1,4-interstrand cross-links are formed mainly
etween guanine residues. Interestingly, these type of adducts
nd intrastrand cross-links is not recognized by HMG1 proteins.
owever, only the 1,4-interstrand cross-links are not efficiently

emoved by nucleotide excision repair system (NER) in contrary
o intrastrand cross-links. BBR3464 adducts cause rather small
ocal distortions of DNA double helix and this is probably the
eason why they are not substrates for HMG-proteins [75–78].

Currently, BBR3464 is being entered in phase II clinical trials
nder the auspices of Novuspharma SpA. The investigations of
hase I trials demonstrated that diarrhea and neuropenia were
vident as dose-limiting toxicities. The utility of this complex
as not limited by nephrotoxicity, neurotoxicity or pulmonary

oxicity [71]. Hitherto the clinical trials results revealed that this
ri-nuclear complex will be the most useful in the treatment of
mall and non-small cell lung cancer, gastric cancer, ovarian
ancer and possibly other solid tumors.

Recently Woodhouse and Rendina have synthesized com-
letely innovative polynuclear complexes that incorporate
isplatin-like DNA binding with carborane used in radia-
ion therapy. Carborane, N-dicarba-closo-dodecaborane, is a

aged sphere consisting of boron, carbon and hydrogen atoms
C2B10H12). It is believed that by combining two or more anti-
ancer components the synergistic benefits may be achieved.
asic DNA studies have shown that these complexes are able to

F
(
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ind calf thymus DNA and inhibit transcription at concentrations
imilar to cisplatin [72].

To sum up, the polynuclear complexes are able to overcome
isplatin and carboplatin resistance in many human cancer cell
ines. As the ‘non-classical’ platinum complexes, they form a
ifferent range of interstrand and intrastrand DNA adducts and
herefore display a different spectrum of antitumor activity com-
ared to cisplatin and their analogues. The adducts they form
ith DNA are flexible and non-directional. Possibly because of

heir flexibility, the intrastrand adducts are not recognized by
MG1 domain proteins but are effectively removed, while the

nterstrand adducts are not. As a result, the interstrand adducts
re mainly responsible for cytotoxic effect of polynuclear
omplexes.

. trans-Platinum complexes with various types of
igands

.1. trans-Platinum complexes containing DMSO

The complex trans-Pt(II)Cl2 with DMSO and tetrahydro-
,4-oxazine (Fig. 15), was tested for its cytotoxicity against the
varian cancer cell line A2780, the cisplatin-resistant cell line
2780cisR and the AMD 473 resistant cell line A2780473R.
his complex appeared to be about 30-fold less active than cis-
latin against the tested cell lines but was not cross-resistant
gainst the A2780473R cell line [79].

.2. trans-Platinum complexes containing various
hosphoric groups

The complexes of type trans-[PtCl2(L)(PPh3)] (where L
s NH2CH(CH3)CH2CH3, (R)-NH2CH(CH3)CH2CH3, (S)-
H2CH(CH3)CH2CH3 and NH2CH(CH3)2) are the first
ig. 16. X = NH2CH(CH3)CH2CH3 (racemic); (R)-NH2CH(CH3)CH2CH3;
S)-NH2CH(CH3)CH2CH3; NH2CH(CH3)2.
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ylmethyl)phosphate to its trans counterpart under the reaction
conditions (water–methanol, 45 ◦C) was observed. The isomers
were isolated from each other by utilizing their solubility differ-
ence [81].
Fig. 17. Structure of trans-[PtCl2(4-pmOpe)2] complex.

ene. All the new trans configuration compounds displayed IC50
alues significantly lower than cisplatin.

The hydrophobic PPh3 ligand in the complexes considered,
imilar to the 1,2-diamniecyclohexane ligand in oxaliplatin,
robably directs drug reactivity toward cellular proteins with
ulfhydryl groups in hydrophobic areas that may be poorly reac-
ive with cisplatin.

All of the tested complexes with phosphane ligands killed
am 212 and Pam 212-ras cells more effectively than cis-DDP.
urther studies showed that these complexes induce cell death

hrough necrosis and/or unfinished apoptosis [80].

Novel complex with diethyl (pyridin-4-ylmethyl)phosphate
4-pmOpe), trans-[PtCl2(4-pmOpe)2] (Fig. 17), was assayed for
ts potential cytotoxic effect against human colorectal carcinoma
HT 29), human non-small lung cancer cell lines (A 549) and
ormal human peripheral blood lymphocytes.

The results demonstrate that the new cisplatin analogue
howed substantial antiproliferative activity (equal to or better
han cisplatin) against the tested cells and exerted approximately
wo-fold stronger cytotoxic influence on tumor cells than on nor-

al human blood lymphocytes. It seems to be very important,
ince new chemotherapeutic agents should be characterized by
limited spectrum of side-effects [81].

.3. trans-Platinum complex with oxime ligand

The water-soluble oxime trans-platinum complex trans-
Pt((CH3)2C NOH)(CH3)2CHNH2)Cl2] (t-Pt(oxm)), and its
is counterpart (c-Pt(oxm)) were examined in NRK-52E (rat
enal tubular) and HepG2 (human hepatoma) cells. Interestingly,
ytotoxicity values were higher in the case of cis complex than
n trans complex in both cell lines. This difference is probably
ue to the fact that c-Pt(oxm) rapidly caused necrosis, whereas
-Pt(oxm) cased death by apoptosis [82].

.4. Other trans-platinum complexes

A number of chlorido or carboxylato platinum(II) complexes

ossessing trans geometry with various inert ligands, e.g. �-
arboline alkaloids, DMSO, pyrazoles, ferrocenylphosphines,
ere tested for their antitumor activity. Initial in vitro experi-
ents against a number of fluid suspension (P388, L 1210, K
mistry Reviews 252 (2008) 1328–1345

62, Raji) and solid (KB, T 47D, SW 948, HeLa, A 549, L 929,
ep-2, RD) tumor cell lines revealed that some of these com-
ounds are more (or equally) active than cisplatin (or carboplatin
nd oxaliplatin) [83].

0. Methods of synthesis of trans-platinum complexes

0.1. Synthesis of the symmetric trans-amine complexes
rans-[PtL2X2]

The general method of synthesis of the symmetric trans-
mine complexes, accomplished by the method of Kauffman
nd Cowan [84], is the conversion of an appropriate cis isomer
nto trans isomer as summarized in Scheme 1. The synthesis
as conducted in a two-step reaction. Initially, the reaction of

is-[PtCl2L2] complex with the excess of the ligand L (where
= amine or heterocyclic compound) gave the tetraamineplati-

ate(II) [PtL4]Cl2 complex. Afterwards the preparation of the
esired trans-[PtCl2L2] was carried out either by the thermal
ecomposition of tetrakis platinum complex (sometimes under
educed pressure) or by its treating with concentrated HCl.

The mechanism of the above-mentioned reaction explains
he so-called kinetic trans effect, which is responsible for
igand-exchange reactions on metals ions. This effect is simply
ormulated as follows: ligands located trans to another ligand
ith a strong trans effect are more rapidly substituted than lig-

nds in cis positions [85].
As examples of the use of this synthetic method, we present

he thermal degradation of the solid complexes [PtL4]X2 (L = 2-,
- and 4-picoline, pyridine, 3,5-lutidine; X = Cl, Br, NCS) [86]
nd the synthesis of trans-[PtCl2(py)2] obtained by using con-
entrated hydrochloric acid [87].

0.2. Isomerization

The isomeric instability of the platinum complexes in suit-
ble solvent may be utilized as the next method for the trans
omplexes preparation.

To exemplify, the isomerization of cis-[PtCl2L2] (L is
yclobutylamine) to the trans isomer was observed in acetone
olution [88].

Partial isomerization of cis complex with diethyl (pyridin-4-
Scheme 1. General method of synthesis of trans complexes.
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Scheme 4. Synthesis of trans-carboxylato platinum complexes.
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Scheme 2. Synthesis pathway for asymmetric complexes.

0.3. Synthesis of the asymmetric trans-platinum(II)
omplexes

The asymmetric trans-platinum(II) complexes of the type
rans-[Pt(Am1)(Am2)Cl2] (Scheme 2) were synthesized accord-
ng to the general method accomplished by Kauffman and
owan [84] shown in Scheme 2. The reaction involves direct

ubstitution of both chlorido ligands by am(m)ine (Am2)
o give intermediate cis-oriented tetraam(m)ine complex cis-
Pt(Am2)2(Am1)2]2+. Afterwards this tetraam(m)ine complex
s treated with hydrochloric acid to yield the desired trans-
ichlorido complex. Using strongly acidic conditions the first
mine ligand is labilized at low pH and subsequently substituted
y chlorido. This chlorido ligand directs the second chlorido into
he trans position, due to the relative order of trans effects, i.e.,
l− > am(m)ine [85].

This way four trans-planar amine platinum(II) com-
lexes of the type trans-[Pt(Am2)Cl2(NH3)] where Am2
tands for 2-hydroxypyridine, 3-hydroxypyridine, imidazole
nd imidazo(1,2-�)pyridine were obtained [30]. The syntheses
f trans-[PtCl2(NH3)(quin)], trans-[PtCl2(iquin)(NH3)], trans-
PtCl2(NH3)(Tz)] or trans-[Pt(BTz)Cl2(NH3)] are another
xamples of the use of the above preparation method [36].

The mixed complexes of trans configuration are also prepared
n a three-step reaction. Firstly K2PtCl4 reacts with ligands L′
o produce the cis isomers [PtCl2(L′)2]. In the second step, the
eaction of the cis isomers and PtCl2 give the binuclear chlorido-
ridged complexes [(�-Cl)PtCl(L′)]2. Finally, the addition of the
esired amines L split the chlorido bridged complexes to afford
he trans-[PtCl2(L′)(L)]complexes [89]. The reaction course is
epicted in Scheme 3. The L′ ligands are a wide variety of
ncharged molecules, e.g. PPh3 [80], C2H4, P(OR)3, AsR3, PR3,
bR3, R2S, R2Se and R2Te, and the halogen is usually chlorine
89].

In order to obtain asymmetric trans-carboxylato plat-
num complexes trans-[Pt(Am1)(Am2)(OAc)2], e.g.
rans-[Pt(NH3)(OAc)2(quin)] [40], trans-[Pt(ipa)(N-Me-
midazole)(OAc)2] [38] or trans-[Pt(NH3)(OAc)2(4-pic)] [39],
he dichlorido compounds trans-[Pt(Am1)(Am2)Cl2] were
sed as starting materials. The general procedure consists

f treating the dichlorido complexes with two equivalents of
ilver acetate AgOAc [38]. The addition of silver acetate in
cetone suspension to a suitable solvent (DMF or acetone)
olution of trans-[Pt(Am1)(Am2)X2] results in the metathe-

t
p

p

Scheme 3. Synthesis pathway fo
Scheme 5. Synthesis of trans-platinum(IV) complexes.

is reaction and formation of the corresponding acetatos.
n order to dissolve the sparingly soluble chloridos it is
ecessary to use high-boiling solvent such as DMF. Alter-
atively, acetone can be used as a reaction solvent, but on
he condition that the acetatos formation starts from diiodido
omplexes instead of dichlorido compounds (Scheme 4)
40,41].

0.4. Synthesis of trans-platinum(IV) complexes

The trans-platinum(IV) complexes are obtained from the
rans-platinum(II) complexes. After the reaction, the stereo-
hemistry of the trans-platinum(IV) complexes is the same as the
tereochemistry of the starting platinum(II) complexes. More-
ver, the suitable ligands are added in axial positions to yield
he trans-platinum(IV) complex [21].

The oxidation of the Pt(II) complexes by using hydrogen
eroxide leads to the Pt(IV) complexes containing hydroxido
igands in axial positions as shown in Scheme 5. Generally,
he most suitable solvent for this type of reaction is N,N-
imethylacetamide taking into consideration the hydrophobic
roperties of the platinum complexes containing the higher
mines [60].

Analogous reaction is given below (Scheme 6), where

rans-platinum(IV) complex was obtained by treating trans-
latinum(II) complex with a stream of gaseous Cl2 [63].

Dicarboxylato, dicarbonato and dicarbamato trans-
latinum(IV) complexes can be obtained from the dihydroxido

r asymmetric complexes.
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Scheme 6. Synthesis of trans-platinum(IV) complexes.

pecies by carboxylation reaction with carboxylic anhydride,
yrocarbonate and alkylisocyanate, respectively [90].

1. Conclusion

Many studies revealed that replacement of ammine group(s)
n classical molecule of trans-DDP enhances cytotoxicity of the
esulting complexes in comparison to parent trans-DDP. These
omplexes are very often similarly or more toxic than the one
f the most successful antineoplastic drug cis-DDP. Notably,
any trans-platinum complexes exhibit strong cytotoxic activity

gainst cis-DDP resistant tumor cells. These complexes may be
he key to overcoming intrinsic or acquired resistance to cis-DDP
n the future. Moreover, some of trans-platinum complexes are
ble to kill cancer cells through apoptosis induction, a desirable
eature of novel potential anticancer drugs. The most promising
ata have been obtained for trans-platinum complexes contain-
ng heterocyclic, aliphatic, phosphoric or iminoether ligands.
he mechanism of action of trans-platinum complexes seems

o depend on trans configuration as well as on the nature of the
igands. Different reactivity of these complexes with DNA and
ther cellular components such as glutathione, HMG proteins,
NA repair proteins and the ability of these complexes to form

tructurally different DNA adducts in different proportions make
hem behave differently from cis- and trans-DDP. However,
ome similarities persist. Future studies of some novel platinum
re appear to be promising, however the mechanism of their
ctivity need to be elucidated. The results obtained so far can also
e a source of information for design of novel trans-platinum
omplexes. Furthermore, the beneficial antitumor properties of
rans-platinum complexes prompted the studies of their interac-
ions/synergism with other anticancer agent 5-fluorouracil, one
f the most cytotoxic agents in the treatment of various solid
umors/carcinomas of the gastro-intestinal tract, breast, head and
eck [91]. In summary, in the article we briefly described the
ovel concept in searching for the effective drugs in the field of
rans-platinum-based chemotherapy.
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