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Abstract: Hydrolysis of cisplatin, the most widely used anticancer drug in the world, is believed to be the key
activation step before the drug reaching its intracellular target DNA.To obtain an accurate hydrolysis theory
for this important class of square-planar Pt(Il) complexes, three typical reactions, i.e., the first and second
hydrolyses of cisplatin and the hydrolysis of [Pt(dien)C{lien = diethylenetriamine), were studied at the
experimental temperature with the solvent effect using mPW1PW91/SDD from a comprehensive methodological
study on the HartreeFock (HF) ab initio method, electron correlation methods, pure density functional theory
(DFT) methods, and hybrid HF-DFT methods with several basis sets. The true five stationary states in the
second-order nucleophilic substitutiony@ pathway for the hydrolysis process, namely, reactant+R)
intermediate 1 (I1)> TS — intermediate 2 (12)— product (P) were obtained and characterized theoretically

for the first time. The most remarkable structural variations and the associated atomic charge variations in the
hydrolysis process were found to occur in the equatorial plane of the five-coordinate trigonal-bipyramidal
(TBP)-like structures of 11, TS, and 12. The reaction with the TS structure of smali&t£E angle and more
lengthened M-L and M—E bonds was found to have a smaller Gibbs free energy change and accordingly the
better hydrolysis yield. It is found that the sum of the three concentric angles in the TBP’s equator is near
360 in I1 and 12 and is almost 360n TS in each reaction. The associated energy profiles again demonstrated

a typical $2 reaction curve. The computed forward and backward reaction entheify &nd reaction entropy

(AS) in the rate-determining step t+ TS— I2 are in good agreement with the experiments. Natural bonding
orbital population analysis shows that the charge-separating extent follows the same ok mos$tudied
reactions. Comparing with the computational results of gas-phase reactions, it can be concluded that the solvent
effect should be considered to obtain an accurate hydrolysis picture. The most affected structural parameters
after solvation are related to the equatorial plane of the TBP-like geometry. The results provide theoretical
guidance on detailed understanding on the mechanism of the hydrolysis of cisplatin, which could be useful in
the design of novel Pt-based anticancer agents.

Introduction nucleophilic addition but also reactions concerning catalytic
processes. The relativistic effective core potentials (RCEPs)
generated from the relativistic HF atomic core are especially
becomes much more mature than ever. The increasinglyyaluabIe f_or heavy transition metal cor_n_plgxes due fo the
incorporation of the most important relativistic effect as well

important role of computational transition metal chemistry in . .
modern chemistry was demonstrated recently in a special issueds the reduction of computational cost through the replacement

of Chemical Reiews(200q 100(2)). Many important chemical of core electrons by means of pseudopotentials, which elevates

and physical properties of the chemical systems can be predicte&hilfﬁsffxlghfx';p Ciys ?)I:l;hoi t%ﬂ(; ?’rzohs?g(.tensive and versatile

from first principles by various computational techniqdds. fields of chemistry, l>)/ecause Pt can readily react with man

the fundamental fields of understanding mechanisms of reactions . . - cadly X y
organic and inorganic molecules to give rise to a rich class of

of transition metal complexes, it is generally acceptadt the ) . L . -
density functional theory (DFT) methods give better and more mteres_nr;g complexes. The f|_nd|ng c_>f the anticancer activity of
reliable descriptions of the geometries and relative energies thanC'Splat'.n’ the yvorld bgst seIImg anticancer drug, has resglted
traditional Hartree-Fock (HF) or Mdler—Plesset perturbation n contllnuous .|nterest in the !('net'(.: studies O.f the hyd'ronS|s of
theory at the second-order (MP2) methods except for some weakc'fﬁ:lﬁt'geacr;?nz a;ak;guﬁts n ;’r?rgfuig’ﬂ:gogr;?nd:f;g%nal
bonding interaction3.The DFT methods have actually been whi weighty p porary il
applied to a wide range of chemical reactions involving  (4)Hay, P. J-\:NWngt, w. R&Pgem-hpfﬁﬁl%ﬁ 82,}3299- .
transition metal complexes, including not only the elementary 19§52)7Sée‘éelr2'?' -+ Krauss, M.; Basch, H.; Jasien, PCan. J. Chem.
reactions such as substitution, migratory insertion, hydrogen  (6) Leininger, T.; Nicklass, A.; Stoll, H.; Dolg, M.; Schwerdtfeger Jp.

transfer, oxidative addition/reductive elimination, metathesis, and Chem. Phys1996 105 1052 and previous papers by the same group.
(7) Dedieu, A.Chem. Re. 200Q 100, 543 and references therein.

With the vast development of computational chemistry in the
past decadétheoretical modeling of transition metal chemistry

(1) Reviews in Computational Chemistryipkowitz, K. B., Boyd, D. (8) Rosenberg, B.; Van Camp, L.; Trosko, J. E.; Mansour, Whture
B., Eds.; VCH: New York, 19961999; Vols. +-13. 1969 222, 385.

(2) Niu, S.; Hall, M. B.Chem. Re. 200Q 100, 353 and references therein. (9) Tucker, M. A.; Colvin, C. B.; Martin, D. Slnorg. Chem.1964 3,

(3) Cotton, F. A,; Feng, X.-1J. Am. Chem. S0d.997, 119, 7514. 1373.

10.1021/ja0023938 CCC: $20.00 © 2001 American Chemical Society
Published on Web 08/28/2001



Hydrolysis Theory for Cisplatin

Scheme 1.Model Reactions Studied in This Work

Reaction 1:  cis-[PtCL(NH,),] + H,0 — cis-[PtCIHOH,)(NH;),|" + CI”
Reaction 2:  cis-[PtCIOH,)(NH,),]* + H,O —> cis-[Pt(OH,),(NH,),]** + CI"
Reaction 3:  [PtCl(dien)]" + H,O — [Pt(OH,)(dien)]** + CI°

inorganic chemistry? Experimental studies of a variety of
square-planar Pt(ll) complex&s-1315have shown that the rate
constants for the first aquation step in acidic medium at@5
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massive computational efforts, an activation enthalpy-8#
kcal/mol was derived for the reaction.

For an accurate picture of the hydrolysis mechanisms of
cisplatin and its analogues, the stationary points along the
reaction pathway are essentially required from high-level
qguantum chemical optimizations and verified by the frequency
analysis. The solvent effect, which was neglected in previous
theoretical reaction studié&!® should also be considered in
these basic solution reactions to simulate the true experimental
reaction process, especially in cases where the solvent effect is

are of the same order of magnitude. For example, the first-stepeminent. The capability of reproducing the correct order of

hydrolysis rate of cisplatin (see Scheme 1, reaction 1) in 1.0 M
HCIO, at 25°C is 6.32x 107° s71, which is merely slightly
faster than that of the second step, 25107 s71, under the
same conditions (see Scheme 1, reactiod® Zjhis lack of
variation of rate constants was recognieak evidence for an
associative mechanism in the aquation of Pt(Il) system as well
as other square-planar complexgs®-19

The direct theoretical efforts in elucidating these phenomena
based on high-level quantum chemical investigations are,
however, relatively more scarce than the experimental efforts.
Some DFT and ab initio studies were concentrated on the
molecular properties of cisplatin and its analogtfd.Recent
kinetic studies have shown that the substitutional ability and
mechanism of transition metal complexes can be explained
qualitatively in terms of the stability of the transition state or
intermediate involved?25 In an early ab initio MO study of
the substitution reactions of square-planar transition metal
complexesg a five-coordinate trigonal-bipyramidal(TBP)-like
transition state (TS) with a very small leaving ligand-to-metal-
to-entering ligand angle in these systems was found and
conformed by a recent DFT stud§ This kind of TS structure
is traced to minimize the repulsion between the d orbitals on
the metal and the electron pairs on the entering and leaving
ligands? On the basis of a comparison of the activation energies,
it was concluded that the associative mechanism was preferre
to the dissociative mechanism in the main contribution to the
substitution rates of these square-planar complékésvery
recent work investigated the first hydrolysis process of cisplatin
using a sophisticated molecular dynamics simulatfowith

(10) Benson, D.Mechanisms of Inorganic Reactions in Solution
McGraw-Hill: London, 1968.

(11) Roley, R.; Martin, D. Slnorg. Chim. Actal973 7, 573.

(12) (a) Jestin, J.-L.; Chottard, J.-C.; Frey, U.; Layrenczy, G.; Merbach,
A. E. Inorg. Chem1994 33, 4277. (b) Mikola, M.; Klika, K. D.; Hakala,
A.; Arpalahti, J.Inorg. Chem.1999 38, 571.

(13) (a) Miller, S. E.; House, D. Alnorg. Chim. Actal989 161, 131.
(b) Miller, S. E.; House, D. Alnorg. Chim. Actal989 166, 189.

(14) Miller, S. E.; House, D. Alnorg. Chim. Actal99Q 173 53.

(15) Miller, S. E.; House, D. Alnorg. Chim. Actal991 187, 125.

(16) (a) Basolo, F.; Gray, H. B.; Pearson, RJGAmM. Chem. Sod96Q
82, 4200. (b) Marti, N.; Hoa, G. H. B. B.; Kozelka, lhorg. Chem. Commun.
1998 1, 439.

(17) (a) Wong, E.; Giandomenico, C. NLhem. Re. 1999 99, 2451.
(b) Jamieson, E. R.; Lippard, S.0hem. Re. 1999 99, 2467. (c) Reedjik,
J.Chem. Re. 1999 99, 2499.

(18) Lin, Z.; Hall, M. B. Inorg. Chem.1991, 30, 646.

(19) Deeth, R. J.; Elding, L. llnorg. Chem.1996 35, 5019.

(20) (a) Carloni, P.; Andreoni, W.; Hutter J.; Curioni, A.; Giannozzi,
P.; Parrinello, M.Chem. Phys. Lett1995 234, 50. (b) Tornaghi, S.;
Andreoni, W.; Carloni, P.; Hutter J.; Parrinello, k@hem. Phys. Letl.995
246, 469.

(21) Pavankumar, P. N. V.; Seetharamulu, P.; Yao, S.; Saxe, J. D.; Reddy,
D. G.; Hausheer, F. Hl. Comput. Chenil999 20, 365.

(22) Basolo, FInorg. Chim. Acta1985 100 3.

(23) Basolo, FPolyhedron199Q 9, 1503.

(24) Basolo, FPure Appl. Chem1988 60, 1193.

(25) Herrington, T. R.; Brown, T. L. JJ. Am. Chem. Sod.985 107,
5700.

(26) Carloni, P.; Sprik, M.; Andreoni, W. Phys. Chem. B00Q 104,
823.

kinetic and thermodynamic parameters in the class of the
hydrolysis reactions for the square-planar cisplatin and its
analogues is another important feature for an accurate candidate
theory of the hydrolysis mechanisms, which is of fundamental
importance in the understanding of the mechanism of reaction
of the anticancer drug and in the design of novel agents.
Dedicated to these aspects, this work was performed to build
such an appropriate hydrolysis theory by employing advanced
computational methods on three typical reactions in the class
of title complexes as depicted in Scheme 1.

Theoretical Methods

Due to the cost-efficient procedure in the research of
molecular properties, the density functional thédiitself has
been developed rapidly and many DFT methods have been
proposed and utilized in an ever-increasing number of theoretical
investigations.2728-39 Generally, the functional can be sepa-
rated into exchange and correlation parts. Several treatments
can be used for the exchange part, such as Slater (S) or local
spin density (LSD¥/28X,,2"28Becke 88 (BY:° Perdew-Wang
91 (PW91)30 Barone’s modified PW91 (mPW9#%},and Gill
96 (G96)32 The correlation part can also be considered through
a variety of parametrizations such as VWN or L&D/WN5,33

OPL,34 P8635 LYP,36 PW9130 and B9637 With the inclusion of

a mixture of HF exchange and DFT exchangerrelation, the
hybrid HF-DFT treatments can be generated and have been
proved to be more accurate than the pure DFT methods in
describing various geometric and electronic properties of a broad
range of chemical systemis?38.3|t has been showfi#? that
many ground-state molecular properties produced by hybrid HF-
DFT methods are remarkably accurate and even comparable to
the CCSD(T) (coupled cluster calculations using both single
and double substitutions from the Hartrefeock determinant
with the triple excitations noniteratively included) results. These
advantageous features have enabled the hybrid HF-DFT methods
to become the dominant computational tools for the treatment

(27) Hohenberg, P.; Kohn, WRhys. Re. B 1964 136, 864.

(28) Slater, J. C. IlQuantum Theory of Molecules and Solidl. 4:
The Self-Consistent Field for Molecules and SolilkeGraw-Hill: New
York, 1974.

(29) Becke, A. D.Phys. Re. A 1988 38, 3098.

(30) Perdew, J. P.; Burke, K.; Wang, Phys. Re. B 1996 54, 16533.

(31) Adamo, C.; Barone, VJ. Chem. Phys1998 108 664.

(32) Gill, P. M. W. Mol. Phys.1996 89, 433.

(33) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200.

(34) Perdew, J. P.; Zunger, Rhys. Re. B 1981, 23, 5048.

(35) Perdew, J. PPhys. Re. B 1986 33, 8822.

(36) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785.

(37) Becke, A. D.J. Chem. Phys1996 104, 1040.

(38) Ruiz, E.; Salahub, D. R.; Vela, A. Am. Chem. Sod.995 117,
1141.

(39) Zhang, Y.; Zhao, C.-Y.; You, X.-Z). Phys. Chem. A997, 101,
2879.

(40) Gill, P. M. W.; Johnson, B. G.; Pople, J. @hem. Phys. Letil992
197, 499.

(41) Scuseria, G. E]. Chem. Phys1992 97, 7528.

(42) Oliphant, N.; Bartlett, R. JJ. Chem. Phys1994 100, 6550.
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of transition metal reactiorfs’ In the quantum chemical software  eigenvalue ensuring a transition state. Thermal contributions to
package Gaussian ¥8mployed here, there are several kinds the energetic properties were also considered at the standard
of hybrid HF-DFT treatments available. In addition to the widely state, namely, at 298.15 K and 1 atm. In all these computations,
used Becke's three-parameter functiofaB3LYP, B3PW91, the default techniques and criteria of the self-consistent-field
and B3P86 and the BH and HLYP functional (B is the Becke (SCF) calculations, geometry optimizations, and frequency
treatment® of the exchange functional, HandH means half calculations in Gaussian $¥8were adopted.

Hartree-Fock exchange and half Slater exchange, and LYP  To incorporate the solvent effect, a family of the self-

stands for the LeeYang—Parr parametrizatiod3of the cor-  consistent reaction field (SCRF) meth$ti8* has been devised
relation functional), there are some recently proposed function- for computing systems in aqueous or nonaqueous solutions, such
als, such as Becke’s one-parameter functfdrf@B1LYP using as the Onsager mod&l;5! the polarized continuum (overlapping

the LYP correlation function& and Barone and Adamo’s  spheres) model (PCM¥ 59 the (static) isodensity surface
Becke-style one-parameter functiordl mPW1PW91 using  polarized continuum model (IPCM§,and the self-consistent
modified PW exchange and PW91 correlatin. isodensity PCM (SGHPCM) model? In these SCRF models,

Among available ECP basis sets, the commonly used onesthe solvent is taken as a continuum of uniform dielectric constant
were formulated as Lant CEP? and SDD? They differ in the e—the reaction field, where the solute is placed in a cavity within
schemes of fitting the ECP to Gaussian functions. The way of the solvent. The difference in these SCRF models rests in the
treating light atoms and valence electrons is also varied in theseway they define the cavity and the reaction field. Among all
three basis sets. First-row atoms are treated with all-electronthese SCRF models, the Onsager reaction field noéfak a
basis sets of Dunning/Huzinaga full doutfleD95)*¢ and classic one and has been adapted to various kinds of solution
Dunning/Huzinaga valence doublefD95V)* and ECP basis  calculation4®5! though it may not yield solvation parameters
sets for LanL, SDD, and CEP, respectively. In Gaussiaf®98, to high precision. In this method, the solute occupies a fixed
there are one SDD basis set, two LanL basis sets (LanL2DZ, spherical cavity of radiuso within the solvent field. A dipole
LanL2MB), and three CEP basis sets (CEP-4G, CEP-31G, CEP-in the molecule will induce a dipole in the medium, and the
121G). The difference between LanL2DZ and LanL2MB lies electric field applied by the solvent dipole will in turn interact
in the treatment of first-row atoms, where the minimum basis with the molecular dipole, leading to the net stabilization. Due
set STO-3G other than D95 is employed for LanL2MB. So to its modest computational cost and relative accuracy and also
LanL2DZ is more widely used than LanL2MB. The difference a computational problem of another solution optimization model,
among three CEP basis sets lies in the contraction scheme: SCIPCM in Gaussian 98 for title complexes, the Onsager
CEP-4G, CEP-31G, and CEP-121G are the Stevens/Basch/SCRF model was utilized in this work to optimize the solvated
Krauss ECP minimal basis set, split valence basis set, and triple-systems and calculate relevant properties of title aqueous
split basis set, respectively. As a matter of fact, there is only reactions. The cavity sizep, for each solvated species was
one CEP basis set defined beyond the second row in Gaussiarierived from a tight molecular volume calculation provided in
98,2 and all three keywords are equivalent for these atoms. The Gaussian 98 on the fully optimized gas-phase stationary states
sizes of these basis sets are in the sequence of SOLEP- using the same quantum chemical model for consistency.
121G> LanL2DZ. For example, the numbers of basis functions
and SDD basis sets, respectively.

Since a proper structure is a primary condition for in-depth 1. Effects of Different Computational Models on the
studies of a chemical system, it is necessary to select anOptimizations of Molecular Structures. To illustrate the
appropriate computational model that can reproduce the reason<£ffects of different computational models on structures, we have
able structures for title complexes. For this purpose, we first carried out a broad range of quantum chemical calculations on
compared the effects of different computational models on the water (a component in title reactions), P£Cl(a small platinum-
optimization of molecular structures of some studied compounds containing species), and cisplatin. Detailed discussion on the
(vide infra). Then, with the selected computational model, all computational methods is provided in the Supporting Informa-
the relevant species in the three hydrolysis reactions includingtion. As shown in Tables 1 and 2, gradient-corrected DFT
the chlorine anion, the water molecule, and other 14 complexesmethods exaggerate the methjand bond length and different
(see Chart 1) were fully optimized in both gas phase and aqueougnodels have little effect. It is the most recently developed
solution. Subsequent frequency analyses were taken to verify -
the nature of these stationary states in their potential energy (28 é‘;‘;ﬁgg’ﬂ LJ j_%ﬂi_%]r?e%_lashg(%gs?é 31?1}3'6.

surfaces, i.e., all positive frequencies and eigenvalues ensuring  (49) wong, M. W.; Frisch, M. J.; Wiberg, K. B.. Am. Chem. So¢991,

a minimal state, and one imaginary frequency and one negativell3 4776.

(50) Wong, M. W.; Wiberg, K. B.; Frisch, M. J. Am. Chem. So4992
(43) Gaussian 98, Revision A.7. Frisch, M. J.; Trucks, G. W.; Schlegel, 114, 523.

H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; (51) Wong, M. W.; Wiberg, K. B.; Frisch, M. J. Am. Chem. So¢992

Montgomery, Jr., J. A.; Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, 114, 1645.

J. M,; Daniels, A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; (52) Miertus, S.; Scrocco, E.; Tomasi,Ghem. Phys198], 55, 117.
Barone, V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; (53) Miertus, S.; Tomasi, Them. Phys1982 65, 239.

Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q; (54) Cossi, M.; Barone, V.; Cammi, R.; Tomasi,Ghem. Phys. Lett.
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, 1996 255 327.

J. B.; Cioslowski, J.; Ortiz, J. V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; (55) Cances, M. T.; Mennucci, V.; Tomasi,JJ.Chem. Physl997 107,
Liashenko, A.; Piskorz, P.; Komaromi, |.; Gomperts, R.; Martin, R. L.; 3032.

Fox, D. J.; Keith, T.; Al-Laham, M. A,; Peng, C. Y.; Nanayakkara, A.; (56) Barone, V.; Cossi, M.; Mennucci, B.; Tomasi,JJ.Chem. Phys.

Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen, W.; 1997 107, 3210.
Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-Gordon, M.; Replogle, (57) Cossi, M.; Barone, V.; Mennucci, B.; TomasiChem. Phys. Lett.

E. S.; Pople, J. A.; Gaussian, Inc., Pittsburgh, PA, 1998. 1998 286, 253.
(44) Becke, A. D.J. Chem. Phys1993 98, 5648. (58) Barone, V.; Cossi, M.; Tomasi, J. Comput. Cheml998 19, 404.
(45) Adamo, C.; Barone, VChem. Phys. Lettl997, 274, 242. (59) Barone, V.; Cossi, MJ. Phys. Chem. A998 102, 1995.
(46) Dunning Jr., T. H.; Hay, P. J. IModern Theoretical Chemistry (60) Foresman, J. B.; Keith, T. A.; Wiberg, K. B.; Snoonian, J.; Frisch,

Schaefer, H. F., lll, Ed.; Plenum: New York, 1976; Vol. 3. M. J.J. Phys. Cheml1996 100, 16098.
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Chart 1. Molecular Configurations of the Studied Complexes

H

H H H
NS AL VNS
G U S

> ~ F
S S A S

~Cl

® Iz (9) [Pt(OH,),(NH,), |

(12) TS,

(13) 12, (14) [Pt(OH,)(dien)]**

mPW1PW91 functiondt that predicts the gas-phase cisplatin that further amelioration of the accuracy of predicting these
structure most approximate to the experimental crystal struc- complexes’ structures may possess great dependence on the
ture5! The performance of the employed basis sets was found improvement of the pseudopotential basis set, which has been

to generally follow the same order of their size, namely, SDD validated by the recent comprehensive ab initio quantum chem-
> CEP-121G= CEP-31G> LanL2DZ. It should be noted that  jcal studies using pure ECP and hybrid HF/ECP basis%ets.

none of these methods can produce bond .angles of the same 1o mPW1PW91/SDD geometry for another title complex,
quality as for bond lengths. This methodological study suggests [PtCI(dien)]', is even better than for cisplatin as compared to

(61) Milburn, G. H. W.; Truter, M. RJ. Chem. Soc. A966 1609. the X-ray crystal structur& Therefore, the mPW1PW91/SDD
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Table 1. Methodological Study on ¥ and PtCf~
method HO (A, deg) method PtGt (A)
expe 0.958, 104.51 expt 2.34
BLYP/SDD 0.989, 108.62 mPW1PW91/SDD 2.422
B3LYP/SDD 0.977,110.04 BHandHLYP/SDD 2.436
B3PW91/SDD 0.974, 110.27 B3LYP/SDD 2.455
B3P86/SDD 0.974,110.38
B1LYP/SDD 0.975, 110.30
MPW1PW91/SDD 0.971, 110.44
BHandHLYP/SDD 0.963, 111.41
MP2/SDD 0.979, 110.64
CCSD(T)/SDD 0.980, 110.28
mPW1PW91/CEP-121G 0.971, 110.32 mPW1PW91/CEP-121G 2.429
BHandHLYP/CEP-121G 0.963, 111.07 BHandHLYP/CEP-121G 2.441
mPW1PW91/CEP-31G 2.429
BHandHLYP/CEP-31G 2.441
mPW1PW91/LanL2DZ 2.442
BHandHLYP/LanL2DZ 2.453

aReference 63. The structural parameters areHond length andJH—O—H bond angle® Reference 64. The structural parameter is @it
bond length.

Table 2. Methodological Comparisons on the Molecular Structure  of two ligands, the chlorine anion and the water molecule, which

of Cisplatin belong to the class of second-order nucleophilic substitution
Rei-ci Rpen  OCI—Pt—Cl ON—Pt—=N (S\2) reaction$® These reactions proceed via a collision
method (A) (A) (deg) (deg) between the reactants, with the nucleophilic speeiég or
expe 2.33 2.01 91.9 87 OH~ in the basic pH conditionsattacking the metal center to
+0.01 +0.04 +0.3 +1.5 release the ionic ligand, Cl In such a process, a transition
otheP) 2.315  2.065 95.5 98.0 structure in which the entering ligand, the leaving ligand, and
HF/Lanl2DZ 2415 2126 97.1 95.7 the metal complex being weakly bound can be fotid?22-25
MP2/Lanl2Dz 2.405 2123 95.9 97.5 In a general §2 reaction pathway, five stationary states, i.e.,
SiLani2bZ 2403 2.076 96.9 101.0 reactant (R}~ intermediate 1 (11}~ TS — intermediate 2 (12)
Xa/Lani2pz 2.381 2.056 96.8 100.9 . . .
B/Lanl2DZ 2485 2187 969 994 — product (P), are presefft.It was the first time to directly
BPL/Lanl2DZ 2452  2.155 96.9 99.5 obtain these stationary states for the hydrolysis reactions of the
BVWN/Lanl2DZ 2.447  2.150 96.8 99.6 title complexes on the basis of the theoretical optimization and
BVWNS5/Lanl2DZ 2451 2154 96.8 99.5 subsequent frequency validation. Specifically, the R, 11, TS,
E'F-)\ég//'l:::l‘llzzgzz %‘ﬁ% 22-1120% 9976% 11%%24 12, and P relevant to model reactions 1, 2, and 3 are designated
BPW91/Lani2DzZ 2410 2102 96.6 100.3 by the subscrl_pts 1,2, and 3, respgctlvely. As seen in Chart 1,
B3LYP/Lanl2DZ 2411 2111 96.7 99.3 the five-coordinate TBP-like transition states are compleéxes
B1LYP/Lanl2DZ 2.411  2.113 96.7 99.0 7, and 12 for model reactions 1, 2, and 3, respectively. The
B3PW91/Lanl2DZ 2.393  2.091 96.3 99.3 associated intermediates, comple®eand4, 6 and8, and11
B3P86/Lan|2DZ 2.388  2.085 96.4 99.5 and 13 for model reactions 1, 2, and 3, respectively, were all
ﬁg@fg@@tiﬂggi 22'%98% 22'%%% %%,62 %%92 found to l_t)_e five-co_ordinate._The similar_ity _of the structures 01_‘
the transition and intermediate states in title reactions and in
B/SDD 2470 2.189 96.4 98.6 other substitution reactions of square-planar transition metal
MP2/SDD 2.375 2.097 95.9 97.5 19 - .
B3LYP/SDD 2393 2109 06.2 08.6 complexe&19suggests that the associative mechanism may be
B1LYP/SDD 2394 2111 96.2 98.4 preferred according to others’ theoretical comparisdr&uch
BHandHLYP/SDD 2.377  2.098 96.1 97.5 preferences for the associative mechanism and the five-
mPW1PW91/SDD 2.368 2.084 95.9 98.6

coordinate TS structure were consistent with the experimental
studies on the aquation of some substituted Pt(ll) complexes
with different in vivo anticancer activitie’®. The common five-
model was employed for all the geometry optimizations, single- coordinate structural topology for TS, I1, and |12 was illustrated
point energy Ca]cu|ationsy and frequency ana|yses of both gas_in Chart 2. The structural variations of some typlcal bond Iengths
phase and subsequent solution-phase systems studied here. and bond angles associated with the hydrolysis process are listed
With the selected mMPW1PW91/SDD model, values of cavity in Table 3 for model reactions 1, and 3.
sizes &) for the chlorine anion, the water molecule, and In TS structures of some substitution reactions of square-
complexes1—14 (see Chart 1) recommended by the tight Planar transition metal complex&s? the leaving ligand-to-
molecular volume calculations on the fully optimized gas-phase Metal-to-entering ligand (tM—E) angle was reported to be
stationary states were 2.80, 2.54, 4.25, 4.29, 4.25, 4.27, 4.02, smaller than 99 indicating a high steric effeég The hydrolysis
4.17, 4.30, 4.24, 3.71, 4.49, 452, 457, 4.50, and 4.42 A, reactions of cisplatin and its analogues studied here showed that
respectively. their L—M—E angles (namely{1CI—Pt—0) are even smaller.
2. Geometry Profiles of Hydrolysis Reactions of Cisplatin ~ As shown in Table 3, the metal-to-leaving ligand{\) bond
and Its Analogues in Aqueous Solution.The hydrolysis (63) CRC Handbook of Chemistry and Physigsth ed.; Lide, D. R.,
reactions of the title complexes are characterized by an exchange=d.; CRC Press: Boca Raton, FL, 1992.
(64) Atoji, M.; Ritchardson, J. W.; Rundle, R. H. Am. Chem. Soc.

1957 79, 3017.
(65) Shi, Z.; Boyd, R. JJ. Am. Chem. S0d.989 111, 1575.

aReference 612 Reference 20.

(62) Britten, J. F.; Lock, C. J. L.; Pratt, W. M. @cta Crystallogr. B
1982 38, 2148.
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Chart 2. Common Structure for the Characterization of
Geometric Parameters of the Reactants, Intermediates,

J. Am. Chem. Soc., Vol. 123, No. 38, 20683

Table 3. Key Geometrical Parameters of Platinum-Containing
Species in the Hydrolyses

Transition States, and Produtts rxn parameter phase R 11 TS 12 P
N' 1 Reeci(A) gas 2368 2383 2742  3.953
sol 2390 2399 2819  4.135
A 0.022 0016 0.077 0.182
Reeo(A)  gas 3.610 2401 2030 2.087
OH sol 3.667 2420 2042 2.077
o 2 A 0.057 0.019  0.012 —0.010
N——Pt sl B N N
A 07 -16 —43
OCI-P—N gas 1786 177.7 1434 1397
Cl (deg) sol 180.0 1783 1464 1457
A 1.4 0.6 3.0 6.0
OO—PN gas 1238 1483 1763 176.1
X (deg)  sol 1216 1469 1747 179.4
aX |s CI', O, and N, respectively, in the first and second hydrolysis w22 —l4a  -16 33
NS e el s (deg) gas 359.5 3600 359.8
of cisplatin and hydrolysis of [PtCl(dier)] sol 3585  360.0 360.0
A -1.0 0.0 0.2
length Re—c)) and the metal-to-entering ligand (ME) bond 2 Rea(d) gas 2344 2366 2710  3.527
length Re—o) in the TS are more lengthened respectively than sol 2385 2401 2792  4.095
in the reactant and product structures. These characteristically A 0.041 0.035 0082  0.568
small L-M—E angles and the corresponding long metgjand Reco(A)  gas 3.566 2343  2.053  2.082
bonds can efficiently minimize the repulsion between the d ZOI _g’_'gfé g_'fgf g_'ggg g_'ggf
orbitals on the metal and the electron pairs on the entering and  gcl-p—0 gas 60.5 68.7 53.6
leaving ligands:181° Compared with the TS structures, the 2  (deg) sol 59.9 66.8 445
L—M—E angles in the associated intermediates are further A —06 -19 = -91
reduced, which effectively contribute to decreasing electronic Dc(ld_ez;_N gt ggg gg% ﬁ%g igé‘;
repulsion between metal and ligands. A 18 0.4 9.9 123
It can be seen from Table 3 that, based on the current DFT ~ OO-Pt=N gas  / 1157 1575 1748 1791
studies, the most remarkable structural variations in the hy- (deg) §°| 1116i8 _13%4 137 g'l 1078'1
drolysis process occur in the-d bond length Ret—ci), M—E 5 (deg) gas 3524 359.9  349.8 '
bond length Re—0), the L—M—E bond angle [[CI—Pt—0), sol 3533 359.8 356.3
the leaving ligand to metal to the resting equatorial ligane (L A 09 -01 6.5
M—R) bond angle [[CI-Pt—N), and the entering ligand to 3 Rerc(A) gas 2347 2367 2695  3.400
metal to the resting equatorial ligand4E—R) bond angle sol 2378 2397 2783  4.018
Db - S - A 0.031 0.030 0.088 0.618
(DO—Pt=N). This phenomenon implies that the geometric Reeo®)  gas 3531 2305 2057 2099
changes associated with the hydrolysis mainly take place in the e sol 3548 2363 2072 2093
equatorial plane of the TBP-like structure. Actually, even the A 0.017 0.058  0.015 —0.006
smallest structural change in the equatorial plane, namely, the =~ OCI-Pt-O gas 62.1 69.1 56.1
variation of the metal to the resting equatorial ligand bond length (deg) EO' _%192 _270'1 _124‘1'0
(Rpth) is ~2 times that of the changes in the other two bond OCI-Pt-N gas 178.7 17.6.9 lé3.9 li7.9
lengths of the TBP-like structure, as shown in Table S1 (deg) sol 179.1 177.4 1417 132.1
(Supporting Information). As clearly depicted in Figures 1 and 04 0.5 7.8 14.2
2, Ru-L increases more with the hydrolysis process, WRile g Dod_Pt_N gaT ﬁg‘; %gfls; ggé gg'g
decreases less. The changes of bond lengths and bond angles (deg) zo 07 -55 3.4 0.0
are concordant with their reaction nature as the ligand replace- 5 (deg) gas 3554 359.7  346.1
ment. Although variations of the +tM—E, L—-M—R, and sol 355.7  360.0 351.6
A / 0.3 0.3 5.5 /

E—M—R angles alone can be as large~a80° in some cases
(see Figure 2), it is interesting to point out that their summation
(3 in Table 3) shifts only in a narrow band of less th&n &
particular, this value of TS is almost 36fbr each reaction in
both the gas phase and the aqueous solution, indicating
coplanar position of N, Pt, O, and Cl in the TS, though the
previous methodological study shows that the current compu- 3 Thermodynamic Profiles of Hydrolysis Reactions of
tational model cannot produce bond angles of the same quality cisplatin and  Its Analogues in Aqueous Solution. To
as for bond lengths. Therefore, the equator geometry of the five- g antitatively assess the hydrolysis behaviors based on the
coordinate TBP-like structure significantly affects the hydrolyses g|ectronic properties, various kinds of energetic terms were
of cisplatin and its analogues. computed with the incorporation of thermal effects at 298.15
The rather similar structures and structural variation tenden- K for comparison with experiments carried out at this temper-
cies of the five stationary states, i.e., R, I1, TS, 12, and P, for ature. These properties are listed in Table S2 (Supporting
three studied model reactions indicate that a common mecha-Information). The present work, which is based on the analyses
nism for the hydrolyses of cisplatin and its analogues is of the true R-I1-TS—I2—P stepwise hydrolysis process, shows
acceptable, which builds the theoretical ground for the presentthat not only the reaction in gas phase but also the reaction in
effort for this class of reactions. aqueous solution with different ligands undergoes the saipe S

a2 Phase gas and sol are gas phase and aqueous solution, respectively.
PhaseA is the solvent effect defined as the property in the aqueous
solution minus that in gas phasg.is the sum of JO—Pt—N, OCI—
Pt—=N, and 0O—Pt—CI. Please see Chart 1 for the definition of the
8structure concerned.
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Figure 1. Bond length variation of PtO and P+CI (see Chart 2 for
their definitions) during the hydrolysis in aqueous solution for the five

states (R, 11, TS, 12, P) in the three model reactions. These states were

connected by straight lines for clarity of the illustration.
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Figure 2. Bond angle variation aflO—Pt—N, OCI—-Pt—N, andCI—
Pt0O (see Chart 2 for their definitions) during the hydrolysis in aqueous
solution for the five states (R, |1, TS, 12, P) in the three model reactions.
These states were connected by straight lines for clarity of the
illustration.
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states (R, 11, TS, 12, P) with respect to R in each model reaction. These

states were connected by spline lines for clarity of the illustration. The

symbols of Gas and Sol in this figure represent gas-phase reaction an

aqueous solution reaction, respectively.

Zhang et al.

Table 4. Theoretical Results of the Studied Hydrolysis Reacfions

S H G

hydrolysis step phase(cal/motK) (kcal/mol) (kcal/mol)
1 Ri— P gas —8.42 123.50 126.01
sol —8.28 130.69 133.15

A 0.14 7.19 7.14

11,— 12, gas —2.71 2.77 3.58

sol -3.18 2.77 3.72

A —0.47 0.00 0.14

11,— TS, gas —3.90 22.46 23.63

sol —4.36 22.81 24.11

A —0.46 0.35 0.48

12,— TS gas —-1.19 19.69 20.05

sol —1.18 20.04 20.39

A 0.01 0.35 0.34
2 Ro— P gas —10.67 214.37 217.55
sol —-11.34 228.29 231.66

A —0.67 13.92 14.11

11,—12, gas —2.66 23.28 24.08

sol -1.17 4.15 3.80

A 1.49 —19.13  —20.28

11,— TS, gas —3.96 35.39 36.57

sol -3.43 31.24 32.27

A 0.53 —4.15 —4.30

12,— TS, gas —-1.30 12.11 12.49

sol —2.26 27.09 28.47

A —0.96 14.98 15.98

3 Rs— P3 gas —9.24 198.32 203.35
sol —9.62 208.59 213.60

A —0.38 10.27 10.25

11— 123 gas —4.29 17.84 18.83

sol —6.56 5.43 5.79

A —2.27 —12.41  —13.04

11;—TS; gas —4.12 28.20 29.43

sol -3.73 24.88 25.99

A 0.39 -3.32 —3.44

12;—TS; gas -8.41 10.36 10.60

sol —10.29 19.45 20.20

A —1.88 9.09 9.60

a2 Phase gas and sol are gas phase and aqueous solution, respectively.
PhaseA is the solvent effect defined as the property in the aqueous
solution minus that in gas phase.

ate 11, then climbs uphill to TS, which afterward lowers its
energy to produce the second intermediate 12, and finally gives
rise to the hydrolysis product. This curve has that general shape
of the 2 reactiorf®

Due to the nature of thex\@ mechanism in these hydrolysis
reactions, the rate-determining step is from the first intermediate
toward the second intermediate via the transition state (step |11
— |12 in Table 4). So the enthalpy change in this step is the
reaction barrierAH*. It can be seen from Table 4 that the
forward and backwardAH* derived from the current DFT
solution calculations are 22.81 and 20.04 kcal/mol, respectively,
for reaction 1 which are close to the experimental dataf
19.67 and 17.87 kcal/mol, respectively. The recent elaborate
guantum molecular dynamics simulation on this reaéfion
obtained a similar reaction barrier24 kcal/mol) despite its
massive computational efforts. The computations®® is
somewhat smaller than the experimental vilbet has the same
sign.

As shown in Table 4, thAG data of these three step reactions
are 3.72, 3.80, and 5.79 kcal/mol in model hydrolysis reactions

dl, 2, and 3, respectively. This result conforms to the experi-

mental fact>16 that K; > K, > K3 (K;, Ky, and Kz are
equilibrium constants of reactions 1, 2, and 3, respectively),

mechanism. It can be seen from Figure 3 that, in each modelsinceAG = —RTIn K.
reaction in both gas phase and aqueous solution, the reactant To get more electronic information for these hydrolysis

drops down to form the more energetically favorable intermedi-

reactions, the natural bonding orbital (NB®}harges were
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Table 5. Natural Bonding Orbital Populations in Studied

Hydrolysis Reactiorfs

J. Am. Chem. Soc., Vol. 123, No. 38, 203885

contribution, continuously lends charges to the leaving ligand
as reflected by the atomic charge of the equatorial nitrogen atom

hydrolysis atom phase R 11 TS 12 P (Qn)- The total charge gains of the leaving ligand in the rate-
1 Pt gas 0490 0503 0646 0634 0612 determining step I1— 12 are 0.196, 0.19@, and 0.228,
sol 0522 0.530 0.663 0.634 0.642 respectively. In contrast, the total charge losses of the other three
A 0.032 0.027 0.017 0.000 0.030 equatorial atoms are 0.1&20.174, and 0.178, respectively.
Cl gas —0.492 —0.507 —0.686 —0.686 —1.000 Therefore, the charge-separating extent follows the order of
sol —0.557 —0.564 —0.730 —0.760 —1.000 AG < AG) < AG
A —0.065 —0.057 —0.044 —0.074  0.000 . 2 3 _ ,
O gas —0.968 —1.016 —0.993 —0.949 —0.930 4. Solvent Effect on the Geometric and Energetic Proper-
sol —0.985 —1.006 —0.991 —0.957 —0.934 ties Relevant to Hydrolysis Reactions of Cisplatin and Its
A —0.017 0.010 0.002-0.008 —0.004 Analogues.The above two sections discuss the geometric and
N gas —1.056 —1.049 —1.051 —1.028 —1.003 energetic properties for title hydrolysis reactions in the aqueous
sol —1.038 —1.037 —1.032 —1.018 —0.999 . . . .
A 0018 0012 0019 0010 0004 Solutionforthe sake of comparison with experiments performed
' ' ' ' ' on the same conditions. But most theoretical stidié%2? of
2 Pt gas 0.612 0.626 0.772 0.760 0.794 o . . :
ol 0642 0645 0781 0772 o0v93 these transition metal complexes and their solution reactions
A 0.030 0.019 0.009 0.012-0.001 were executed in the gas phase to reduce the computational cost.
Cl gas —0.455 —0.494 —0.671 —0.581 —1.000 Such an effort to neglect the solvent effect may be justified in
sol  —0.540 —0.548 —0.705 —0.744 —1.000 some cases where the solvent effect is not large or it does not
o Sas :8-822 :8-82‘2‘ :2-8% :8-322 _00-5505 alter the qualitative results among the series of complexes. Yet,
sol  —0.985 —0.984 —1.018 —0.962 —0 956 for an accurate study_of solution species and reactions, the
A —0.017 —0.002 —0.005 0.003 0.000 solvent effect shall be included.
N gas —1.063 —1.052 —1.041 —1.022 —1.003 The solvent effect on structures of R, 11, TS, 12, and P were
sol  —1.045 —1.038 —1.026 —1.013 —1.002 first examined here. It can be seen from Table 3 that the solvent
A 0018 0.014 0.015 0009 0.001  gftect of the M-L bond length Rei—c)) is greater than that of
3 Pt gas 0556 0.570 0.721 0.703 0.716 the M—E bond length Re-o0), Which is consistent with the
sol 0573 0584 0727 0699 0.719 relatively larger molecular volume of the leaving ligand {ClI
A 0.017 0.014 0.006—0.004 0.003 . .
Cl gas —0473 —0.501 —0.697 —0.676 —1.000 as 22.95 crfimol than that of the entering ligand £8) as 16.05
sol —0541 —0.549 —0.731 —0.769 —1.000 cm®/mol based on the current mMPW1PW91/SDD molecular
A —0.068 —0.048 —0.034 —0.093  0.000 volume calculations. The solvent effect mals.c; generally
O gas —0.968 —1.015 —1.009 —0.969 —0.956 increase with the reaction proceeding-R1 — TS— 12. R0
SAO| :8-8?? _10-%1023 :é-gé% :8-88(13 _%%50% in each state of the three reactions is also amplified in general.
N gas —0.693 —0.685 —0.681 —0.667 —0.642 At the same time, thetM—E (DC_I—Pt—O) bond angles were
sol —0.678 —0.673 —0.668 —0.651 —0.643 decreased in the aqueous solution. These structural modifica-
A 0.015 0.012 0.013 0.016-0.001 tions, which can lower the electronic repulsion imposed by the

high steric effect in these complexes, further stabilized the
Solvated systems as evidenced by the decreased energies in
Table S2 (Supporting Information). Each species in the studied
reactions is stabilized by the aquation. The stabilization energies
computed and listed in Table 5. In line with the structural from the aquation are greater than 10 kcal/mol in the majority
changes in the hydrolysis process, the most remarkable varia-Of these complexes, especially for reactions 1 and 2. The cyclic
tions of atomic charges also occur in the four atoms which ligand environment of the dien complex in reaction 3, however,
consist of the equatorial plane of the TBP-like structure. Among hinders the geometric modification required for the aquation
these four atoms, Pt and Cl have the largest charge variationsso that the stabilization effect by the solvent is less than that in
which is consistent with the largest bond length variation of other two processes.
Rei—ci. Accordingly, the oxygen atom of the entering water Comparing the solvent effects on all the structural parameters,
molecule has a smaller charge change due to the smaller changg can be concluded that for the bond lengtRs,-c; andRpi—o
of Rei—o, and the nitrogen atom of the ligand in the equatorial were more affected thaRei_n, Rei_n, andRpix, and for the
plane has the smallest charge change due to its smallest changbond angles[JCI—Pt—0, OCI—Pt—N, and JO—Pt—N were
of Rei_n. The similar tendencies of these charge changes canalso more affected thanN—Pt—N' and ON—Pt-X. This fact
be seen in Figure 4 due to a common reaction mechanism. Withgives further evidence of the important role of the equatorial
the reaction proceeding, in contrast to the more positive atomic plane of the TBP-like structure in the hydrolysis process. In
charge of the central platinum atoi®), the atomic charge of  the stepwise reaction of the wholgBprocedure, the structural
the leaving ligand @c)) becomes more negative, indicating a modifications imposed by the solvent reaction field become
charge transfer between these two groups. But the charge gaireminent in the rate-determining stepH TS — 12. As shown
of the chlorine atom is greater than the charge loss of the by the sum of three concentric angles in the equatorial plane,
platinum atom. To meet the charge conservation of the hy- ¥ the solvent effect assists the equatorial four atoms N, Pt, O,
drolysis reaction, charge losses of other groups are required.and Cl to be coplanar in states 11, TS, and 12 for this key step
The entering ligand, as illustrated by the oxygen atomic charge reaction.
(Qo), firstincreases its negative charge to favor the nucleophilic  The gyerall solvent effects on the electronic property changes
attack in the formation of a relatively stable 11 complex and o each reaction were displayed in Table 4. It was usually not
then also releases some charges to the leaving ligand after TSy5rge forAH andAG of the whole process R+ P as the solvent
The resting ligand in the equator, though it has a minor effect in each reaction was6%. Yet, the difference of the
(66) Reed, A. E.; Curtiss, L. A.; Weinhold, Ehem. Re. 1988 88, solvent effect emerges in each rate-determining step reaction
899. I1 — I2. Reaction 1 involves the formation of &{) and 1)

aPhase gas and sol are gas phase and agueous solution, respectivel
PhaseA is the solvent effect defined as the property in the aqueous
solution minus that in gas phase.
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Figure 4. NBO charges of the four equatorial atoms, (a) Pt, (b) Cl, (c) O, and (d) N, in each model reaction. These states were connected by
straight lines for clarity of the illustration. The symbols of Gas and Sol in this figure represent gas-phase reaction and aqueous solution reaction,
respectively.

charged species from a neutral one, whereas reactions 2 and 3inally tunes the gas-phase resultsA® in each 11— 12 step
involve the formation of a+{2) and (-1) charged species from to become compatible with the experimental outcomes of the
a (+1) charged species. Although in theory there is an equal studied hydrolysis reactions.

amount of charge separation in each reaction, the larger solvation  |n accordance with the structural and energetic variations here,
effect would be expected in reactions 2 and 3 because the moret is still the groups that play the most important roles in the
charged system would take more solvation energy in the polar hydrolysis processes that have the largest solvent effect of
solvent (water here) to stabilize itself due to possible larger atomic charges, as clearly demonstrated by the equatorial four
electrostatic interactions. Therefore, the smallest solvent effectatoms’ charges in Table 5 and Figure 4. The aquation makes
occurs in reaction 1 as shown in Table 4. For the same reasonthe chief charge contributemplatinum—more positive and

the solvation energies of 11, TS, and 12 in reactions 2 and 3 are makes the charge collectechlorine anior-more negative,

in the same sequence as the charge separation extent in thenwhich helps the charge-transfer process.

(which becomes more as the hydrolysis proceeds further; see

the previous NBO analysis), namely, KLTS < 12 as reflected Conclusions

in Table S2 (Supporting Information). In the relatively less

charged species in reaction 1, the solvation energies are similar The prominent progress in computational transition metal
for 11, TS, and 12 (within 0.5 kcal/mol). Perhaps a more chemistry has stimulated the current theoretical effort to obtain
elaborate solvation model could reproduce more accuratean accurate picture of the hydrolysis mechanisms of an important
quantitative results as regards their relative orders in this case.class of square-planar Pt(ll) complexes, cisplatin and its
The less pronounced solvation effect in the key step of reaction analogues, using advanced computational methods on three
3 rather than reaction 2 can be accounted for by the relatively typical reactions at the experimental temperature with the solvent
rigid cyclic ligand geometry in [PtCl(dienyjcompared to [PtCl-  effect included.

(OH,)(NH3)2]*, where the stabilization imposed by the solvent  The true five stationary states in the second-order nucleophilic
reaction field is less effective in releasing structural strain in substitution pathway, namely,R I1 — TS— 12 — P, in both
[PtCl(dien)]". As a matter of fact, it is the solvent effect that gas phase and aqueous solution were obtained and characterized
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theoretically for the first time for the hydrolysis reactions of key step 11— TS— 12, which can further reduce the electronic
titte complexes. The five-coordinate TBP-like TS together with repulsion imposed by the high steric effect in these complexes
the five-coordinate intermediates have structures similar to thoseto stabilize the solvated systems as evidenced by the decreased
in other substitution reactions of square-planar transition metal energies. Comparing the solvent effects on all the structural
complexes?®1® There was a clear correlation between the TS parameters, ML and M—E bond lengths and+M—E, L—M—
structures and hydrolysis behavior for title reactions; i.e., the R, and E-M—R bond angles of the equatorial plane of the TBP-
reaction with a TS structure with smalleHM—E angle and like structure were among the most affected in the hydrolysis
more lengthened ML and M—E bonds will have a smaller  process. As shown by the sum of three concentric angles in the
Gibbs free energy change and accordingly the better hydrolysisequatorial planey, the solvent effect assists the equatorial four
yield (see Tables 3 and 4). The sum of M—E, L—M—R, atoms N, Pt, O, and Cl to be coplanar in states I1, TS, and 12
and E-M—R bond angles in 11 and I2 are near 36While for this key step. On the basis of the current calculations, the
this value is almost 360for TS in each reaction, indicating a  solvent effect on title reactions cannot be neglected.

coplanar position of N, Pt, O, and Cl in TS. Investigations of  Taken together, the hydrolyses of cisplatin and its analogue
all structural changes in the hydrplysis process show that theundergo a common reaction pathway where the equatorial
most remarkable structural variations occur in the-Mand plane of the five-coordinate TBP-like structure of the transition
M—E bond lengths, and for the tM—E, L-M—R, and states and intermediates plays a significant role in determining
E-M—R bond angles, suggesting the significant role of the the hydrolysis behavior. The solvent effect due to the important
equatorial plane of the TBP-like structure. . _ contribution to these aqueous reactions is considered to be
Consistent with the above aqueous geometric profiles, the gssential for an accurate theory in this field. This work provides
aqueous energy profiles of the studied hydrolysis reactions 3 thorough and detailed theoretical investigation on the mech-
apparently demonstrated a typicaizSshape of the reaction  anisms of hydrolyses of cisplatin and its analogues, which is
curve. The similar forward and backwattH* and the correct likely to contribute to further understanding of the kinetics of

change tendency (ﬁsf_as in the experimentswere obtained  the reaction of cisplatin with DNA and other biomolecules.
in this work. In addition, theAG data of these three-step
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