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Abstract: The mechanism of the formation of dinuclear platinum(ll) x-hydroxo complexes from cisplatin
hydrolysis products, their interconversion, decomposition, and reactions with biomolecules has been explored
using a combined DFT/CDM approach. All activation barriers for the formation of [cis-{ Pt(NHz)2(X)} —(u-
OH)—cis-{ Pt(NH3)2(Y)}]"* (X, Y = Cl, OH,, OH) via nucleophilic attack of a hydroxo complex on an aqua
complex are lower than the activation barriers for cisplatin hydrolysis. Considering therapeutic Pt(ll)
concentrations in tumors, however, only the reaction between two molecules of cis-[Pt(NHs)2(OH,)(OH)]*"
(E) yielding [cis-{ Pt(NH3)2(OHy)} —(u-OH)—cis-{ Pt(NHs)>(OH)}]?* (5) remains kinetically superior to cisplatin
hydrolysis. 5 is strongly stabilized by intramolecular hydrogen bonding between the terminal aqua and
hydroxo ligands, resulting in an unusually high pK, of 5 and a low pKj of its conjugate acid. Unimolecular
cyclization of 5 yields the dimers [cis-{ Pt(NH3).} (u-OH)],>" (7a with antiperiplanar OH groups and 7b with
synperiplanar OH groups). The electronic structure of several diplatinum(ll) complexes has been analyzed
to clarify whether there are metal—metal interactions. The overall reactivity to guanine (Gua) and dimethyl
sulfide (Met, representing the thioether functional group of methionine) increases in the order 5 < 7a~ 7b
< mononuclear complexes, whereas the kinetic selectivity to Gua relative to Met increases in the order 7a
~ 5 < 7b ~ monocationic mononuclear complexes < dicationic mononuclear complex. The results of this
work (i) help assess whether dinuclear metabolites play a role in cisplatin chemotherapy, (ii) elucidate the
toxicity and pharmacological inactivity of [cis-{ Pt(NHz).} (u-OH)],?", and (iii) suggest future investigations
of dinuclear anticancer complexes that contain one u-hydroxo ligand.

Introduction

Since the discovery of di-hydroxo—bis[cis-diammine-
platinum(I)],} [cis-{ Pt(NHs)2} (1-OH)],2", which forms from
hydrolysis products of the anticancer drug cispldtimany
diplatinum species and higher oligomers with bridging hydroxo
ligands have been characteriZelhsights into the mechanism
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of the formation and decomposition of such dinuclear complexes
and their reactions with biomolecules are needed for three
reasons:First, the potential role of dinuclear cisplatin metabo-
lites in cancer chemotherapy has not been understood entirely.
Dinuclear cisplatin derivatives were neither observed in phar-
maceutical formulations of cisplatin nor observed in blood
substitutes. Lower chloride concentrations than those in
pharmaceutical formulations or in extracellular fluids are present
inside cells’ thus promoting the formation of POH complexes
from cisplatin upon hydrolysis of the PCI bonds and
subsequent deprotonation of the aqua complexes. A hydroxo
ligand that attacks as a nucleophile a second platinum complex
may be required for the formation of one dinuclear from two
mononuclear species. Recent experiments indicated that plati-
num—u-hydroxo bonds of diplatinum complexes can be cleaved
by guanine-N?. Second [cis-{ Pt(NHs)2} (u-OH)],>" was re-
ported to be toxic and pharmacologically inacfivelhen
administered intravenously. The toxicity and inactivity could
potentially arise from (i) too fast reactions with biomolecules
before reaching the target cell, (ii) its fast degradation to reactive
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Figure 1. The reactions investigated in this work. See Figures 2 and 3 for the labeling of-t#& Bond hydrolysis reactions.

mononuclear species, (iii) its unfavorable selectivity to purine-
N7 positions of DNA, the ultimate target of platinum anticancer
drugs, or (iv) the blocking of binding sites of biologically
important metal ions by the Pt dication, if it is relatively inert.
Third, various oligonuclear anticancer complekéscluding
compounds withe-hydroxo ligands were recently discoveried,
but relatively little is known about their mode of action.
Experimental studies on the reactivity of cisplatin hydrolysis

products to biomolecules are complicated by the potential
presence of a large number of different compounds and a narrow

range of their acidity constant8 Modern quantum chemistry
could provide information about the activation barriers and
reaction free energies of each individual reacfib#, but the

reactions of dinuclear species with biomolecules and even the
mechanism of their formation have been ignored by theoreti-

cians!314

The objective of this work is to explore the chemistry of di-
nuclear cisplatin derivatives with a combined density functional
theory (DFT) and continuum dielectric model (CDM) approach,
focusing on the reactions shown in Figure 1: (a) Cisplatin (
and other mononucleais-diammineplatinum(ll) specieB

first hydrolysis second hydrolysis

HiNo _Cl  HO  HN_ _Cl 1* HO  HN_ _oH, 12
Pt Pt — Pt
HoNT Ncl . CF HNT YOH,  CF  HeNT “OH,
A B c
PKat PKaz
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Figure 2. Hydrolysis, anation, and acitbase equilibrium of mononuclear
complexesA—F). In this work, the hydrolysis of the platinuathloro bond
in cis[Pt(NH3)2(OH)CI] (D) is denoted “third hydrolysis”.

F) may be transformed into one other via up to three steps of deprotonation as shown in Figure 3. (d) The cyclizationcts-[

hydrolysis of platinum-chloro bonds (or anation of platinum

{PtNHg)2(OHy)} — (u-OH)—cis-{ Pt(NHg)2(OH)} ]** (5) may

aqua bonds) and via deprotonation of aqua complexes (oryield [cis-{ Pt(NHs)2} (u-OH)]** (7), which contains twau-

protonation of hydroxo complexes), as shown in Figure 2. (b)
Six different diplatinum complexesl{-6) that contain one
u-hydroxo ligand may form via the condensation of two

hydroxo ligands. (e) The platinum aqua complexes may react
with biomolecules; their reactions with guanine (Gua) versus
dimethy! sulfide (representing methionine, Met) have been

mononuclear complexes; we have systematically considered thecompared in the present work. In addition to the comprehensive

reactions between &Pt —OH species (hydroxo ligand as the
best nucleophile) with aff P —OH, species (water as the best
leaving group). (c) Similar t&A—F, 1—6 may be transformed
into one other via three additional steps of hydrolysis and

(8) Farrell, N.Met. lons Biol. Syst2004 42, 251.
(9) Komeda, S.; Lutz, M.; Spek, A. L.; Chikuma, M.; Reedijk|dorg. Chem.
200Q 39, 4230.
(10) Berners-Price, S. J.; Frenkiel, T. A.; Frey, U.; Ranford, J. D.; Sadler, P. J.
Chem. Communl992 789.
(11) Baik, M. H.; Friesner, R. A,; Lippard, S. J. Am. Chem. So@003 125,
14082.
(12) Lau, J. K.-C.; Deubel, D. VChem.-Eur. J2005 11, 2849.
(13) Quantum chemical studies @fig-{ Pt(NHs)2} («-OH)],?": (a) Belyaev, A.
N.; Panina, N. S.; Simanova, S. Russ. J. Gen. Cher2003 73, 1665.
(b) Panina, N. S.; Belyaev, A. N.; Simanova, S.Russ. J. Gen. Chem.
2003 73, 1835. (c) Panina, N. S.; Beljaev, A. N.; Simanova, S. A,
Calligaris, M. Int. J. Quantum Chen2004 96, 80.
(14) Deubel, D. V.Chem. Re., in preparation.

mechanistic investigation and the prediction of the free energy
of all species on a universal scale, emphasis has been placed
on exploring the nature of the interaction between the two metal
centers in various dinuclear platinum(ll) complexes.

Results and Discussion

I. Formation of Dinuclear u-Hydroxo Pt(Il) Complexes.
Figure 4a shows the reaction profile calculated at the B3LYP
level>16 for the formation of mononuclear complexeB—F)
from cisplatin Q) via hydrolysis (blue lines) and deprotonation
(orange arrows). All free energies reported in Figure 4 refer to
aqueous solution; in addition, selected comparisons with free

(15) Becke, A. D.J. Chem. Phys1993 98, 5648.
(16) Lee, C. T.; Yang, W. T.; Parr, R. ®hys. Re. B 1988 37, 785.
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Figure 3. Hydrolysis, anation, and acitbase equilibrium of dinuclear complexels6). Dashed lines indicate hydrogen bonding found in the most stable

isomer. For calculated structures, see the Supporting Information.
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Figure 4. Simplified reaction profile on a universal free energy scale. Thick bars represent molecules, and thin bars represent transition stateys(g) Hydrol
anation, and acidbase equilibrium of mononuclear complexésF). (b) Formation of dinuclear complexes<6) containing one:-hydroxo ligand upon
nucleophilic attack of § P —OH group at the metal center of{#f —OH, complex. All free energies of the reactants are given relative to two cisplatin
molecules. (c) Hydrolysis, anation, and aelise equilibrium of dinuclear complexes—6). Dashed lines indicate estimated barriers. (d) Formation of
dinuclear complexesré and 7b) containing twou-hydroxo ligands fromd and5. (e) Reaction oB, C, E, 5, 7a, and7b with guanine (Gua) and dimethyl
sulfide (Met); the activation barriers are also listed in Table 1. Separated pagtsfahis figure are provided in the Supporting Information.

energies in vacuo will be made in the text. Tabulated values of cisplatin hydrolysis are discussed elsewh@rds shown in
the free energies in Figure 4 are given in the Supporting Table S-1, experimental activation and reaction free energies

Information. It is important to note that we predict similar
activation barriers{25—27 kcal/mol) and similar reaction free
energies {0—2 kcal/mol) for all three hydrolysis reactions, in

of Pt—Cl and Ru-Cl bond hydrolysis and thelf values of
the aqua complexé&sare reproduced with a remarkable absolute
accuracy of approximately 4 kcal/mol; the relative accuracy

contrast to some of the former studies that used reactant adductgwhen similar reactions are compared to each other) is signifi-
and product adducts rather than the separated reactants andantly better. Fully consistent with th&pvalues, the hydroxo

products as a reference staté8 Technical details and pitfalls
in the interpretation of quantum chemical calculations of

1656 J. AM. CHEM. SOC. = VOL. 128, NO. 5, 2006

complexes D, E, F) are higher in free energy (BT In 10 x
pKa) than their conjugated acid8,(C, E). Nevertheless, the
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Figure 5. Calculated structure of TEE5 and [cis-{ Pt(NHs)2(OHy)} —(u-OH)—
hydroxo complexes remain accessible at physiological pH and

' 22 Oy, 19
5
cis-{ Pt(NHs)2(OH)} 12" (5). All distances are in angstroms.

Inspection of the structure of TBE5 (Figure 5) indicates a

temperature because of the low concentration of hydronium ion strong hydrogen bond similar to that reported in the TS for the
relative to that of water. The exact speciation in vivo depends reaction of cis-[Pt(NHz)2(OH,)2]?" (C) with guanine'! The

on the local pH in the vicinity of macromolecufésnd on the
effect of macromolecules on hydrolysis ratés.

Figure 4b displays the predicted reaction profile for the
formation of the dinuclear complexels-6 via nucleophilic
attack of the hydroxo ligand dd, E, or F on the metal center
of B, C, or E, which contain an aqua ligand as the leaving
group?® A systematic investigation of all reactions leading to
1—-6 reveals that typical activation free energie( kcal/mol)
are significantly lower than those for the hydrolysis of the

mononuclear (Figure 4a) and dinuclear complexes (Figure 4c).

Given a typical platinum peak concentration of-30 M in

calculated free energy profile in Figure 4 shows that the product
[cis-{ Pt(NHg)2(OHy)} —(u-OH)—cis-{ Pt(NHs)2(OH)} 1** (5, Fig-

ure 5) is like TSEES stable as well. The calculated structures
demonstrate that the bent -Ru-OH)—Pt moiety in [is-
{Pt(NHs)2(X)} —(u-OH)—cis-{ Pt(NHs)2(Y)}]™" (1—-6) com-
plexes may enforce the interaction of X and Y either with each
other or with the ammine ligands. As is schematically shown
in Figure 3, the monocationic complex&s4, and6 have two
intramolecular hydrogen bonds and a remarkably shoriPPt
distance (3.17 A i), while the dicationic speciegand5 have
one and the tricationic speci8$as no intramolecular hydrogen

tumorg* after intravenous or intra-arterial perfusion, which is bond (for structural drawings, see the Supporting Information).
some 6 orders of magnitude smaller than the concentration ofIn 5, the strongest hydrogen bond donor (aqua ligand) meets
water in water, the formation of diplatinum compounds may the strongest hydrogen bond acceptor (hydroxo ligand). The

be competitive to cisplatin hydrolysis if the activation barrier
is lower than that of hydrolysis minus6 RTIn 10 (i.e., lower
than~17—-19 kcal/mol). While most barriers for the formation
of 1-6 from B—F are not below this threshold, there is one
exception (Figure 4b): The transition state (TEES is
calculated to be only 9 kcal/mol higher in free energy than the
reactants, two molecules &.

(17) Quantum chemical studies of cisplatin hydrolysis: (a) Burda, J. V.;
Zeizinger, M.; Sponer, J.; LeszczynskiJJChem. Phy200Q 113, 2224.
(b) Chval, Z.; Sip, M.J. Mol. Stract. (THEOCHEMPO00Q 532, 59. (c)
Zhang, Y.; Guo, Z.J.; You, X. Z1. Am. Chem. So2001, 123 9378. (d)
Zeizinger, M.; Burda, J. V.; Sponer, J.; Kapsa, V.; LeszczynsKi, Bhys.
Chem. A2001, 105 8086. (e) Cooper, J.; Ziegler, Thorg. Chem.2002
41, 6614. (f) Raber, J.; Llano, J.; Eriksson, L. A. @uantum Medicinal
Chemistry Carloni, P., Alber, F., Eds.; Wiley-VCH: Weinheim, 2003; p
113. (g) Robertazzi, A.; Platts, J. . Comput. Chen2004 25, 1060. (h)
Burda, J. V.; Zeizinger, M.; Leszczynski, J. Chem. Phys2004 120,
1253. (i) Raber, J.; Zhu, C.; Eriksson, L. Mol. Phys.2004 102 2537.
() Burda, J. V.; Zeizinger, M.; Leszczynski, Gomput. Chem2005 26,
907.

(18) CPMD study: Carloni, P.; Sprik, M.; Andreoni, 0. Phys. Chem. B00Q

104, 823.

(19) Lau, J. K.-C.; Deubel, D. V3. Chem. Theory Compw006 2, 103—-106.

(20) PKa calculated: B (7. 8) C (8.3), andE (9.5). Exp (ref 10):B (6.41),C
(5.37), andE (7.21).

(21) Lamm, G.; Pack, G. RProc. Natl. Acad. Sci. U.S.A99Q 87, 9033.

(22) Vinje, J.; Sletten, E.; Kozelka, ©@hem.-Eur. J2005 11, 3863.

(23) The activation barriers for the dimerization reactioné efF with chloride
as the leaving group were found to be substantially higher (not shown in
Figure 4b).

(24) For examples, see: (a) Sileni, V. C.; Fosser, V.; Maggian, P.; Padula, E.;

Beltrame, M.; Nicolini, M.; Arslan, PCancer Chemother. Pharmacdl992
30, 221. (b) Kanamori, Y.; Kigawa, J.; Minagawa, Y.; Irie, T.; Itamochi,
H.; Cheng, X. S.; Okada, M.; Terakawa, @ynecol. Obstet. mest.1997,
44, 57. (c) Alberts, D. S.; Hallum, A. V., llI; Stratton-Custis, M.; Garcia,

D. J.; Gleason-Guzman, M.; Salmon, S. E.; Santabarbara, P.; Niesor, E. J.;

Floret, S.; Bentzen, C. LClin. Cancer Res2001, 7, 1246 (in vitro study).
(d) Tegeder, I.; Bratigam, L.; Seegel, M.; Al-Dam, A.; Turowski, B
Geisslinger, G.; Kovacs, A. FClin. Pharmacol. Ther2003 73, 417.

stability of 5 is reflected by the predictedkp values (Figure

4c, orange arrows): The<g of 3is low (2.0) and the K4 is of

5is high (15.5), in comparison with thé&pof 2 (6.7) and those

of the mononuclear complexes (vide supra). There is a recent
experimental example of a similar lowering of acidity constants
by inter-ligand communication in a mononuclear Pt complex:
trans-diamminebis(1,9-dimethyladeninium)platinum(@?).

Figure 4d displays the calculated reaction profile for the
cyclization of 5, the final step in the formation ofcis-
{Pt(NHs)2} (u-OH)]22". The terminal hydroxo ligand & attacks
in a nucleophilic manner at the adjacent metal center, where
the terminal aqua ligand is displaced. The corresponding reaction
of 4 with chloride instead of water being the leaving group (also
displayed in Figure 4d) would have been a viable alternative,
if the formation of4 from mononuclear species or froin-6
had been as easy as is the formatiorbdfom E.2® Although
the activation free energies (226 kcal/mol) for the final step
are higher than those for the reactions between the mononuclear
cisplatin hydrolysis products, the cyclization is unimolecular
and thus likely not rate-determining. This result is consistent
with a kinetic study on the formation of gi-hydroxo-bis[{rans
1,2-diaminocyclohexane)platinum(I3]The calculations show
that there are two stable isomers of the dimeis-{ Pt(NHs)2} -

(25) (a) Roitzsch, M.; Lippert, Bl. Am. Chem. So2004 126, 2421. (b) Lippert,

B. In Progress in Inorganic ChemistrKarlin, K. D., Ed.; Wiley: New
York, 2005; Vol. 54, p 385.

(26) Note that here the reactions with chloride as a leaving grdup {a or
7b) are competitive with the reaction with water as a leaving grdip=(
7aor 7b), becausé is stabilized by a hydrogen bond involving the aqua
ligand.
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7a 7b
Figure 6. Calculated structure oft[s-{ Pt(NHs)2} (u-OH)]22" (7a and 7b).

(u-OH)]22T, as shown in Figure 6. Thex,-symmetric propeller-

shaped isomera (planar P4O, core, OH ligands antiperiplanar)

is predicted to be 3 kcal/mol less stable in vacuo batkcal/

mol more stable in solution (Figure 4d) than tBg-symmetric

butterfly-shaped isomevb (folded PtO, core, OH ligands 7a

synperiplanar). The similar free energiesfafand7b indicate

that the preference for either isomer in the solid state may

depend on the counterion, which is consistent with the report

of two X-ray structures with a planar % core (nitraté® and

carbonat& counterion) and another with a folded,®# core

(perchlorate counterior).

Il. Metal —Metal Interactions in Dinuclear Pt(ll) Com-

plexes.Both 7aand7b show a remarkably short PPt distance

of 3.16 and 3.09 A, respectively.The question whether such

short distances in covalently and noncovalently linked platinum 6

oligomers imply weak metalmetal “interactions” or “bonds”

has been discussed for decaéfe®.For instance, the strength

of meta-metal bonds in various dinuclea? domplexes was

estimated on the basis of the energies of conformers, in some

of which the four-memberefiM X5} core is folded rather than

planar?® However, our investigation will cast doubt on the

assumption that the folded geometry of these conformers is

attributed to metatmetal bonds. A bond between two atoms

is unambiguously reflected by the presence of a bond critical

point (BCP) in a topological analysis of electron denspy¥

A BCP is a (3;-1) stationary point op that is characterized by

a minimum of electron density in the direction of the bond and

a maximum ofp in the two perpendicular directions. Figure 7

displays a contour line diagram qf of molecule 7a. The z — ’

analysis reveals that there is a stationary point exactly betweenrigure 7. Contour-line plot of electron dens|ty ifia, 6, and 8 in two

the two Pt atoms, but diagonalization of the Hessign stiowed perpendicular planes that both contain both platinum atoms. Black open

that it is a ring critical point (RCP) rather than a BCP, indicating Cirles are bond critical points (BCP), and green triangles are ring critical
. . . points (RCP). Big symbols are critical points between the two metal centers.

that the two metal centers do not interact directly with each

other. It is important to note thab (not displayed in Figure 7) We have analyzed two other dinuclear platinum(ll) com-

shows the same electronic structure of electron density at theplexes that have a short PPt distance as well. Firstcis-

{PtO;} core as doeFa There is also an RCP rather than a {Pt(NHs)2(OH)} —(u-OH)—cis-{ Pt(NHs)2(OH)}]* (6, structure

BCP between the two metal centers, implying that the folded in Figure 8) is amond—6 the complex with the shortest-Pt

geometry of the{PtO,} ring arises from conformational Pt distance (3.17 A). The analysis shows that there is no

preferences of the metals and bridging ligands rather than from stationary point at all between the two metal centers. Second,

metal-metal bonding. the dimercis-[Pt(NHs)2(OH),]- (8, structure also in Figure 8)

consists of two monomer unitss-[Pt(NHz)2(OH),] (F) and is

(27) E)ép%n}r&n%rg()al PtPt distance (crystal structures): 3.085 and 3.10Z 4, ( an analogue of Magnus salt, Pt(B)hPtCh-ZB Such platinum

(28) Ato]| M.: Richardson, J. W.; Rundle, R. B. Am. Chem. Sod.957 79, piles with Pt in a 8 or partially oxidized £d’-") configuration

are of current interest The PtPt distance ir8 is as short as

that in7b (3.09 A). In contrast to the other dinuclear complexes,

(30) (@ Bader, . F. WChem. Re. 1991 91 855, (b) Bader, R. F. WAtoms  thare js 3 BCP between the two metalSitHowever, the value

in Molecules. A Quantum Thegr@xford University Press: Oxford, U.K., N . . i ;
1994, of electron density at this BCP in8 (0.030 atomic units, au)

(29) AuIIon G.; Ujaque, G.; Lleds, A.; Alvarez, S.Chem.-Eur. J.1999 5,
139
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Figure 8. Calculated structure oft[s-{ Pt(NHs)2(OH)} —(u-OH)—cis-{ Pt(NHs)2(OH)} ] (6) and [is-Pt(NHs)2(OH),]2 (8).
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Figure 9. Selected aand &-symmetric donor and acceptor orbitals TisfPt(NHs)2(OH);]2 (8).

is only slightly greater than that at the RCP7a (0.028 au) monomer unitd- in the dimer8. These stabilizing interactions
and as small as that at the RCP7i (0.030 au). are partially compensated by Pauli repulsion (102 kcal/mol) and
To characterize the metaietal interaction ir8 further, we by the energy required for the deformation of the free monomers
have analyzed the molecule in terms of interactions betweenF toward their structure in the dim&r (12 kcal/mol). Overall,
the two monomergis-[Pt(NHz)2(OH),;] (F) using an energy 8 is predicted to be-32 kcal/mol (49 — 97 + 102 + 12)
decomposition scherfat the BP86 level with large basis sets. more stable in vacuo than two moleculesFofbut 2 kcal/mol
Because a clear identification of such weak interactions in the less stable at B3LYP in solution than two molecules=6f
molecular orbitals 08 has been difficult, the analysis has been  The location of BCPs has been used to characterize ring strain
performed inCs symmetry to reveal the energy contributions in cyclic compound$® The carbor-carbon BCPs in highly
from d and & symmetry orbitals to the stabilizing orbital  strained hydrocarbons such as cyclobutane are clearly outside
interactions. The idea behind this orbital-symmetry consideration the polygon, whereas the BCPs in nonstrained hydrocarbons
is the fact that a bond between the metals &can only have such as cyclohexane are on the edges of the polygon (Figure
a symmetry, whereas intermolecular hydrogen bonding between 10). In contrast, we find that the PO BCPs in7Taand7b are
the ammine and hydroxo ligands shall have contributions from inside the PO, ring (Figure 10). We have also investigated
both symmetric (3 and anti-symmetric combinations'{aof the platinum-hydroxo analogue of cyclohexane: the trimist [
molecular orbitals (Figure 9). The analysis reveals that the {Pt(NH)s} (u-OH)]s*". Two conformers have been found (for
energy contribution from'g—28 kcal/mol) is not much stronger  structures, see the Supporting Information), with t@e
than that from & (—21 kcal/mol), indicating that intramolecular symmetric boat-shaped molecia being —2 kcal/mol more
hydrogen bonding i8 is much more important than the electron stable both in vacuo and in aqueous solution than Ghe
donation from occupied metal Bdbrbitals into vacant 6s and  symmetric crown-shaped isonféls, of which an X-ray structure
6p, orbitals. If binding metatmetal interactions had been was reported by the pioneers of this chemisbri.is interesting
predominant in8, the & contribution would have been much to compare the relative free energies of the dimer and trimer
stronger than that of'a Moreover, the overall contribution’(a  using a group-equivalent scherffeCyclohexane is-29 kcal/
+ a') from the stabilizing orbital interactions-@9 kcal/mol) mol more stable than the highly strained cyclobutane in vacuo.
to the total bonding energy is found to be only one-half of the In contrast, the trimerdis-{ Pt(NHs)2} (u-OH)]s>" (94) is 2 kcal/
electrostatic stabilization {97 kcal/mol) between the two  mol less stable than the dimegig-{ Pt(NHs)2} (u-OH)12>" (74)
: . . in solution. The entire absence of ring strain 7a and 7b
(81 ,5"?%2&;3S?gﬁgo'fnufg'?h&ﬁ)'\ﬁ'/lTﬁgﬁgﬁoYJX%TChz%‘agfcawa illustrates the remarkable stability of the dimers in solution
1998 120, 11353. (b) Matsumoto, K.; Sakai, dv. Inorg. Chem200Q relative to the other species. At sufficiently large platinum
49, 375. (c) Colombi Ciacchi, L.; Pompe, W.; De Vita, & Am. Chem. — ~qncantrations, low chloride concentrations, and appropriate pH,

Soc.2001 123 7371. (d) Sakai, K.; Ishigami, E.; Konno, Y.; Kajiwara,
T.; Ito, T. J. Am. Chem. So@002 124, 12088.

32) (a) Zlegler T.; Rauk, ATheor. Chim. Actdl 977, 46, 1. (b) Blckelhaupt (33) Dimerization energy in vacue:32 kcal/mol (BP86, energy decomposition
F. M.; Baerends E. Rev. Comput. Chen200Q 15, 1. (c) Frenking, G.; scheme),—26 kcal/mol (B3LYP). Dimerization free energy in solution:
Frohllch N.Chem. Re. 200Q 100, 717. (d) Frenking, G.; Wichmann, K.; +2 kcal/mol (B3LYP).
Fréhlich, N.; Loschen, C.; Lein, M.; Frunzke, J.; F(ayd\/. M. Coord. (34) 3/2[CIS—{Pt(NHg)2}(/A OH)]*" — [cis{ Pt(NHs)2} (u-OH)]%+. Cf.: Bach, R.
Chem. Re. 2003 238 55. ; Dmitrenko, O.J. Am. Chem. So@004 126, 4444.
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by the difference. In general, we predict a significantly greater
reactivity of all mononuclear aqua complexes to biomolecules
(average activation barriers of 220 kcal/mol) than for both
dimers Eis-{ Pt(NHs),} (u-OH)],2" (7aand7b, average barriers
24—26 kcal/mol), demonstrating thgPt} OH is as a leaving
111.50 group less efficient than isJ@. The reactivity of §is{ Pt(NHz),-
(OHy)} —(u-OH)—cis-{ Pt(NHg)>(OH)} ]2+ (5) is smallest (aver-
age barrier 28 kcal/mol), which is fully consistent with the high
activation barrier for the anation & yielding 4 (Figure 4c).
The activation barrier for Gua platination relative to that of
Met platination is a measure of the kinetic selectivity of each
complex to guanine versus sulfur-containing biomolec#lés.
The calculations reveal that the differences in the selectivity
are significant (Figure 4e, Table 1), and the preference for
P 9700 guanine increases in the ordefa~ 5 < 7Tb~ E~ B < C.

}) BCP-PBCP 96.10 Figure 11 displays the calculated transition structures for the
reaction of7a and 7b with guanine; additional structures are
given in the Supporting Information. The structures and activa-
tion barriers indicate that the selectivity to Gua is mainly

C-C-C

cyclobutane

PLO-Pt  98.80
BCP-0-BCP 94.30 §9)

0-Pt-0 81.20 U
BCP-PL-BCP 77.10

9b
Figure 10. Bond critical points (BCP, black circles) corresponding te@
and PtO bonds and ring critical points (RCP, green triangles) in (a)

cyclobutane, (b) cyclohexane, chair conformation, @3-{ Pt(NHs)2} (- determined by hydrogen bonding between available hydrogen
OH)J2?* (78), and (d) Fis{Pt(NHs)2} (u-OH)]s** (9b). bond donors in the platinum complex and guanirfes@hich

Table 1. Calculated Activation Free Energies (in kcal/mol) for the _aCts asf the hyd_rogen bond accep;or. The b_est Sel_eCt'V't_y to Gua
Reaction of B, C, E, 5, 7a, and 7b with Gua and Met is predicted forcis[Pt(NHz)2(OH,),]>" (C), which mainly arises

from a strong stabilization of the transition state for Gua

et conplex Cun Vet aweege  dierence platination by hydrogen bonding involving the aqua ligahd
ﬁji{ﬁﬁgﬁﬂgjﬁgﬂgj'ﬁ(@ S S The worst selectivity is predicted f& and7a In the TS for
Cis-[Pt(NH3)2(OH)(OH)]* (E) 195 213 204 -1.8 the reaction ob with Gua, we predict that an ammine ligand is
[CiSr_Pt(Nl-b)z(OHz)—gli-OH)— 278 2718 278 0.0 the preferred hydrogen bond donor for Gua, because the aqua
Ki;ﬁi&”ﬁﬁg‘g}mg (79 264 254 259  +10 ligand is involved in the hydrogen bond to the hydroxo ligand
[cis{Pt(NH)2} (u-OH)|2* (7Tb)  23.0 25.4  24.2 —o4 at the other metal center. In the TS for the reactioiafvith

Gua, a hydroxo ligand is the preferred hydrogen bond donor.

# Gua relative to Met platination. The more negative are the values, the There is no aqua ligand ifia, elucidating the high activation
more selectively binds the metal complex to Gua. barrier. This argument is valid fotb as well, but this isomer
appears to be activated toward the reaction with Gua7in
the hydrogen of an OH group points already in the direction
where guanine-Bis located in the transition stat@.

the dimers are the predominant species, and the knowledge o
their reactivity to biomolecules is crucial.

Ill. Reactions of Pt(Il) Complexes with Biomolecules. . S .
Figure 4e displays the calculated activation and reaction free IV'. Pharmacguﬂ_cal Impllca.nons. The compytathnally
energies for the reaction & 7a, 7b, cis-[Pt(NHs)»(OH,)CI]* predicted quantitative mechanism for the formation, intercon-

B). cis[Pt(NH Ho) 12+ i [Pt(NH H)(OH)T+ version, and decomposition of dinuclear cisplatin analogues as
gE;,valiE[ gsanfzze(%é&z;,,) z(a(r:1)d 3:}?]2;—][)/' éulfifj)é(c(?‘Mzi(t? ré]pre- well as their reactivity and selectivity to biomolecules have

senting the thioether functional group in methionine). Because important pharmaceutical implications: First, the calculations
of the kinetic control of the platination of biomolecuRssye reveal that the condensation of the mononuclear hydroxo and
discuss only activation free energies, which are also listed in aq“ic.‘(’jmp'eﬁef(‘” ?{leldlgg dmuclgar go?plgxeiﬁsz W'thl
Table 1. Note that the platination of thiols (representing cysteine one bridging nydroxo igand Proceeds via barrers that are lower
residues, Cys, e.g., in glutathione, GSH) has barriers similar to than _those for cisplatin hydrolysis and S|m|Iar_to those for the
the platination of Met, whereas thiolates likely react as thiols 'rftac;tlo_nslof r_nononllcheaT ?_qua complex?s ;’.V'th b!omtolecules.
and are deprotonated after metal bindiA@he reactions of the h ypica rr;lcrc;]mo ar pia qumpco'\:ﬁen g_:on(s)dn i ugors,
mononuclear complexed andC in solution were investigated ~ NOWever, only the reaction afis [P{(NHs)z(OH) (OH)] (2+)
recently using DFT/CDM method4:3> We now find that the yielding [.C'S'{ Ft(N.HS)Z(OHZ)}_.(‘u'OH)_C'S'{ Rt(NF|3)2(OH)}]
activation and reaction free energies for the reactionsisf ©) remains Kinetically superior to hydronS|s as well as_to Gl.Ja
[Pt(NHa)o(OHo)(OH)]* (E) are similar to those afis-[Pt(NHs),- pIat_lnat|on. The expe_rlmental fact _that |n_pha_rmaceut|cal cis-
(OH,)CI]* (B).3 It is important to distinguish reactivity and platin fo_rmulatlons or in blood sgbstltutes diplatinum complexes
selectivity: The overall reactivity may be characterized by the do not likely form can be explained best by the absence of the

average of the barriers for Gua and Met platination, selectivity E;SgllgtiglTlsgrzsggizp(rr?\g?enggéfelgue dljg ?(L)Jpg:srsr;scl)ct)ignmo ¢

(35) Deubel, D. V.J. Am. Chem. So2004 126, 5999.
(36) Our predicted activation barriers for Gua platination vsthC, andE in (37) Reedijk, JChem. Re. 1999 99, 2499.

aqueous solution show the trend opposite from those reported in another (38) It is clear that a slightly lower activation barrier for Gua platination as
study on the reactions in vacuo at the MP2//HF level: (a) Chval, Z.; Sip, compared to the barrier for Met platination does not automatically imply
M. Collect. Czech. Chem. CommuB003 63, 1105. These authors that the former reaction is faster, because the pre-exponential factors of
considered reactant adducts rather than the isolated reactants as the reference  the rate constants as well as the concentrations of reactants also affect
state, as did others in a study©f (b) Raber, J.; Zhu, C.; Eriksson, L. A. reaction rates.

J. Phys. Chem. B005 109, 11006. (39) H—O—Pt—N(cis-ammine) dihedral angle: 89n 7a; 87° in 7b.

1660 J. AM. CHEM. SOC. = VOL. 128, NO. 5, 2006



Dinuclear Analogues of the Anticancer Drug Cisplatin ARTICLES

TS 7a Gua TS 7b Gua
Figure 11. Calculated transition structures for the reactiorvafand 7b with guanine.
anation) at larger chloride concentrations in these media. Inside N H NH—I n HaN H NH;‘ 2
the cell nucleus or before the nucleus is reached, the formation * T e ° \pt/ \Pt/
of two molecules oE requires the hydrolysis of four platinum HaN" \Z/ \NH3 HaN~ \N_N/ “NH;
chloro bonds of cisplatin, whereas the platination of Gua with U
mononuclear aqua complexes requires the hydrolysis of only
one or two platinum-chloro bonds of cisplatin. Unimolecular 10 10a
cyclization of 5 would have yielded fast the dimeri§ Figure 12. [cis-{ Pt(NHg)2} 2(u-OH)(u-Z)]™* (10) and [is-{ Pt(NHs)2} 2(u-

{Pt(NHs)2} (u-OH)],2*, preferentially the propeller-shaped iso- CH)-pyrazolato)}* (103).

mer 7arather than the butterfly-shaped isonTéx However, if
such dinuclear metabolites had formed from cisplatin hydrolysis
products at appreciable concentrations inside the cell, their
reactions with relevant biomolecules would have been slower
than the corresponding reactions of the mononuclear cisplatin
hydrolysis products.

Second, the calculated free energy profile in Figure 4 indicates

they provide a working hypothesis for the action of new
anticancer complexes of the typeid{ Pt(NHz)2} 2(«-OH)(u-
2)]"" (10, see Figure 1252 whereu-Z is a bridging ligand, for
example,u-pyrazolato 10g), that is more inert than ig:-
hydroxo. The calculations imply that the platintim-hydroxo
bond in10 is probably cleaved directly by guanine-N7 rather

that the toxicity and pharmacological inactivity of - than via hydrolysis of this I:')ond and subsequent guanine
hydroxo-bis[cis-diam(m)ineplatinum(ll)] complexésis un- attack: Although the hydrolysis of thehydroxo bond seems
likely due to a greater tendency of these complexes to undergo€latively facile, Bis-{ Pt(NHs)2(OH)} —(u-Z) —cis-{ P{(NH).-
ligand-substitution reactions with biomolecules, because the (OH)}]™" (an analogue c8) can be expected to be considerably
predicted activation barriers of the reactions of the dinuclear €SS reactive to Gua than I (an analogue ofa/7b). It is
complexes with Gua and Met are clearly higher than those of clear thatlOdoes not require the hydrolysis of platinthloro
the mononuclear complexega and 7b may decompose by bonds as the rate-determining step, which prevents cisplatin from
successive hydrolysis of both platintm-hydroxo bonds via ~ reacting too early with biomolecules. Instedd) may avoid
5 and TSEES, yielding the mononuclear compléx and its such early reactions before reaching the target cell simply
conjugated acicC. It is possible thaC or E rather tharb, 7a, because of its smaller reactivity to biomolecules. Based on our
or 7b react too early with biomolecules before reaching the data, two reactions appear to be predominant in the mode of
target cell. Because diplatinum complexes with pwhydroxo action of10: (i) The hydrolysis of the:-hydroxo bond, which
ligands may decompose to reactive mononuclear complexes, anay occur already in the bloodstream, but is reversible, leads
strategy in the development of new dinuclear complexes canto a dormant species and has no further consequences. (ii) The
be to avoid this decomposition. The question as to whether di- other is the relatively slow reaction @0 with guanine-N7 sites,
u-hydroxo—bis[cis-diam(m)ineplatinum(ll)] complexes block  which is promoted by the high effective concentration of guanine
binding sites of biologically important cations has not been in the cell nucleus! This working hypothesis requires further
considered in the present work. investigation. Our future work aims to explore how various
Third, several dinuclear Pt(ll) anticancer complexes were bridging ligands control the stability of dinuclear complexes
recently discovered. Our data are not relevant to diplatinum and their reactivity and selectivity to biomolecules.
complexes with long flexiblet,w-diaminoalkane linker&:° but

(41) Note that the effective guanine concentration in the cell nucleus may be as
(40) Qu, Y.; Bloemink, M. J.; Reedijk, J.; Hambley, T. W.; Farrell, N.Am. large as 200 mM, assuming a nuclear volume of'1@n and up to~1
Chem. Soc1996 118 9307. available guanine-N7 sites (depending on the position in the cell cycle).
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Computational Details

The geometries of molecules and transition states (TS) were

optimized at the gradient-corrected DFT level using the three-parameter

fit of exchange and correlation functionals of Becke (B3LYR)hich
includes the correlation functional of Lee, Yang, and Parr (L¥R)s
implemented in Gaussian 98The LANL2DZ ECP’<? and valence-

basis sets were used at platinum, and the 6-31G(d,p) basis sets were

used at the other atom$.This basis-set combination is denoted II.
Vibrational frequencies were also calculated at B3LYP/II. The structures
reported are either minima (NIMA& 0) or transition states (NIMAG

AG! andAGe are the reaction free energies of the reaction, AH\~

+ HT, in vacuo and at a dielectric constant= 80.37 for water,

respectively,Gson(X) is the solvation free energy of species AH or

A~ ate obtained via PB calculation8 is the ideal gas constant, and

T is the temperature (298.15 K). Experimental values have been used

for the hydration free energyGso(X) of small molecules and

ions>® A more detailed description of the methods is given in refs 12
and 35.

We believe that continuum dielectric models do not consider properly
the changes of solvation entropy in bimolecular reactions; comparisons

= 1) on the potential energy surfaces. Improved total energies were with experimental values indicate that reactions of platinum complexes
calculated at the B3LYP level using the same ECP and valence-basis2nd palladium complexes (unpublished) are systematically approxi-
set at the metal, but totally uncontracted and augmented with Frenking’s mately~6 kcal/mol too high. According to Wertz and othétsarious

set of f functions'® together with the 6-31£G(3d) basis sets at sulfur
and chlorine and the 6-3#1G(d,p) basis sets at the other atoms. This
basis-set combination is denoted-tll Activation and reaction free
energiesAG,AG;) were calculated by adding corrections from unscaled

molecules lose a constant fraction (approximately 0.5) of their entropy,
when they are dissolved in water. All free energies in solution except
that of the H ion were modified by an entropic term that is one-half

(0.5) of the entropy in vacuo with the opposite sign. This empirical

zero-point energy (ZPE), thermal energy, work, and entropy evaluated correction has led to predictepvalues of agua complexes as well

at the B3LYP/II level at 298.15 K, 1 atm to the activation and reaction
energies AE,AE;), which were calculated at the B3LYPAt/II level.

as reaction and activation free energies for the hydrolysis of metal
complexes that are in good agreement with experimental values (see

Selected molecules have been investigated using a topologicalthe Supporting Information). Using this approach, the predicted

analyses of electron density termed “atoms in molecules” (A1)

the B3LYP/II level; this method was shown to be a useful tool for
studying hydrogen bonding?*The analysis is based upon those points
where the gradient of the density vanishes. In this work, we only
consider (3;-1) or bond critical points (BCPs), wherein one curvature
(in the internuclear direction) is positive and two (perpendicular to the
bond direction) are negative as well as (3,1) or ring critical points
(RCPs), wherein one curvature (perpendicular to the ring plane) is
negative and two (within the ring plane) are positive. The AIM analysis
has been performed using the program package AirffpSelected
molecules have been investigated at the Bedkerdew (BP¥#°level

activation free energy (15.6 kcal/mol) for the platination of the free
guanine molecule witttis-[Pt(NHs)2(OH,),]>" (C) is also in good
agreement with the experimental value for guanosine platination (18.3
kcal/mol)5” The predicted activation free energy (17.9 kcal/mol) for
the platination of free guanine wittis-[Pt(NH3)>(OH,)CI]* (B) is 5.5
kcal/mol lower than the experimental activation free energy (23.4 kcal/
mol) for the platination of guanine in single-stranded DNA wi[}®
which may be attributed partly to the different nature of free guanine
and single-stranded DNA. Higher barriers for the platination of guanine
in DNA as compared to the platination of free guanine or guanosine
may arise from pre-association of cationic complexes with BiNgad

with a TZV2P basis set at the metal and a TZVP basis set at the othera subsequent reactivity to its bases according to the Gtiftammett

atoms using an energy-decomposition sché&has,implemented in the
Amsterdam Density Functional (ADF) packade.

Solvation free energieSso Of the structures optimized at the
B3LYP/II level were calculated via PoisseBoltzmann (PB) calcula-
tions with a dielectric constard of the dielectric continuum that

represents the solvent. The PB calculations were performed at the

B3LYP level using the LACVP** basis set on platinum and the

principle®
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Supporting Information Available: Comparison of experi- of all molecules and transition states given in Figure 4 and of
mental and calculated free energies akd yalues (Table S-1), 8, 9a, and9b. Complete ref 42. This material is available free
tabulated values of the energy decompositioB ¢Table S-2), of charge via the Internet at http://pubs.acs.org.

tabulated relative free energies (Table S-3), separated pagts a
of Figure 4 (Figure S-1), and structural drawings (Figure S-2) JA055741K
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