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The reactions of the two complexes BBR3464 [{ trans-PtCI(NHs)2} of u-trans-Pt(NHa)a(NH2(CHo)sNHo),} 1+ and
BBR3610 [{ trans-PtCI(NH3)2} o{ t4-CoHa(NH(CHy)sNH2)2} *+ and the corresponding diaqua complexes with the
nucleophiles thiourea (tu) and L-methionine (L-Met), were investigated under pseudo-first-order conditions as a
function of concentration and temperature, using UV—vis spectrophotometric and stopped-flow techniques. 'H NMR
spectroscopy was used to follow the stepwise substitution of the chloro ligands by guanosine-5'-monophosphate
under second-order conditions. For the sulfur donor containing nucleophiles (tu and L-Met), a second reaction step,
the displacement of the labilized amine chain linker, as a result of the strong trans-effect of tu and L-Met, was
found. The activation parameters for all reactions studied suggest an associative substitution mechanism. The
displacement of the chain linker by S-donor nucleophiles illustrates the limit of application of polynuclear complexes
with monodentate aliphatic amine bridges and primary ammines, in agreement with previous studies reported in
the literature.

Introduction complexBBR3464has entered phase Il clinical triland

Attempts to overcome the drawbacks (severe side effects,three other complexes, amoB$R361Q have shown strong

development of resistance) ofs-[Pt(NH3).Cl;], cisplatin, clinical potential. _Ther_efor_e ,_these_ tW.O complexes were
in cancer therapy have focused on two different ap- chosen for a detailed kinetic investigation.

proaches: (1) the modification of the chloride leaving groups ~ The apparent advantage of these type of complexes is the
to alter the pharmacodynamic and -kinetic properties and high charge {4), compared to the neutral mononuclear
thereby reduce toxicity and (2) fundamental changes in the complexes, resulting in good solubility, efficient electrostatic
structure of the complex or the substitution of primary interaction with the polyanionic DNA (the major pharma-
ammine spectator ligands by chelating amines to influence cological target of platinating agents), and a fast uptake.
the repair processes that are involved in the development ofFurthermore, they are capable to form structurally different
resistance, i.e., the cell response. Besides new mononucleapt—DNA adducts that may lead to a unique pattern of
complexes with improved properties in terms of toxicity anticancer activity. The length of the linker and the overall
(Carboplatin) or cross-resistance to cisplatin (Oxaliplatin), size of these complexes result in an increased flexibility as
the exclusively new class of multinuclear Pt(ll) complexes ell in the DNA adduct. The structure lacks severe DNA
has been developed by Farrell's group.From a series of  gistortion due to bending and twisting as reported for
cis and trans complexes, comprising two or more platinum mononuclear complexés The cross-links being formed by
coordination units linked via aliphatic diamine bridges, the polynuclear complexes span up to six base pairs, involving

*To whom correspondence should be addressed. E-mail: vaneldik@

chemie.uni-erlangen.de. (4) Hensing, T. A.; Hanna, N. H.; Gillenwater, H. H.; Gabriella Camboni,
T Institute for Inorganic Chemistry. M.; Allievi, C.; Socinski, M. A.
* Computer Chemistry Center. (5) Liu, Q.; Qu, Y.; Van Antwerpen, R.; Farrell, Niochemistry2006
(1) Oehlsen, M. E.; Qu, Y.; Farrell, Nnorg. Chem.2003 42, 5498~ 45, 4248-4256.
5506. (6) Kasparkova, J., Vrana, O., Farrell, N., BrabecJVInorg. Biochem.
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mainly both strands (interstrand cross-link) of the DRA, Pt(Il) complex chemistry® was selected because of its good
compared to the formation of intrastrand cross-links by solubility, neutral character, high nucleophilicity, and the fact
mononuclear complexes that only span a maximum of threethat it combines ligand properties of thiolateéz-donor)
base paird.Since interstrand cross-links persist longer than and thioethe® (o-donor,-acceptor). Furthermore, it was
intrastrand cross-links, they are considered to be lessexplored for its applicability as a chemoprotective agent,
susceptible to repair as both strands are affected by thealleviating the side effect in normal tisstf!L-Methionine,
damagé. a protein amino acid, is classified as an essential amino acid
Unfortunately, the improved properties are accompanied for humans, present in blood and available to react with the
by progressive biotransformation and drug degradation: Pt(ll) complex. Therefore, we studied the reactions of the
BBR3464has encountered metabolism-related difficulties in polynuclear complexes containing two—RZl or Pt—OH,
clinical trials. Therefore, it is important to gain further insight bonds with tuL-Met, and 5GMP?~ using UV-vis spectro-
into the mechanism of such transformation reactions. Espe-photometric, stopped-flow, and NMR techniques in order to
cially S-containing molecules are involved in the thermo- gain more insight into the mechanism of decomposition of
dynamic and kinetic competition with nucleobase binding reactions of potential biological importance.
and the mechanism of metabolism of Pt(ll) drdgs
Biotransformation products (e.qg., [P#/et-S,N}]) found in Experimental Section
the urine of patients undergoing cisplatin chemotherapy are
reported in the literature and demonstrate that both the

leaving group and the carrier ligand can be substituted byO . d Fluka. Nucleoohile stock soluti q
sulfur-containing nucleophilég:.’® These reaction products rganics and ke, TUCIEophlie Sock SOLToNs Were prepare
X L ha : shortly before use by dissolving the chemicals. The complexes
are inert to further substitution and therefore limit the active ggrz464andBBR3610were kindly donated by Cell Therapeutics.
concentration of the drug. Although many of the reactions k,ptcl, was purchased from Strem Chemicals. 98%:SXB:D
with S- and N-donor nucleophiles are well investigated and (Aldrich), CRSO;H (HOTF, Aldrich), and 99.9% BO (Deutero
understood,it is still controversially discussed which donor  GmbH) are commercially available and used as received. All other
type wins the competition for the soft Pt(ll) center. Studies chemicals were of the highest purity commercially available and
indicate a kinetic preference for, e.g., thioethers over used without further purification. Ultrapure water was used in all
N-donord®1415and confirm what is expected from a theoreti- €xperiments involving aqueous solutions.
cal point of view. However, still a sufficient amount of the ~ Preparation of Complex Solutions. Solutions of the aqua
Pt(Il) drug reaches and reacts with the DNA target. Thus, it COmMplexes oBBR3464and BBR3610for UV —vis experiments
seems that the conditions under which the reactions proceed"ere Prepared by dissolving a known amount of the dichloro
are of significant importance for the preferred pathway. In a comPlex in 0.01 M HOTf and adding slightly less than the
previous studi on mononuclear complexes of the type stoichiometric excess (with respect to chloride) of silver triflate.

DT L The mixture was then stirred overnight at 8D. The precipitated
[PtA(OH)] (A = diaminocyclohexane, ethylenediamine, g er chioride was removed with a Millipore filter, and the

aminomethylpyridinelN,N'-bipyridine), we demonstrated that  \emaining solution was diluted with 0.01 M HOTF to give the

Chemicals. The nucleophiles-Met, tu, and 5GMP?>~ sodium
salt used in the kinetic measurements were obtained from Acros

the reaction of [Pt(aminomethylpyridi'ne){e)z]2* with desired complex concentration. The pH of the agueous solutions
guanosine-5monophosphate (EMP?") is faster than to  was controlled using a Thermo Orion Ross Ultra Combination pH
the reaction with.-methionine (-Met): ki(5GMP?>~, pH 2, glass electrode, linked to a computer, or a WTW Inolab level 1 pH

40°C) =125+ 0.5 Mt s ky(L-Met, pH 2, 40°C) = 4.1 meter with a combined glass electrode. The electrodes were
+ 0.1 M~1s% Thus, the N-donor exhibits under the selected calibrated using standard buffer solutions of pH 4, 7, and 10
conditions a high affinity for this particular Pt(ll) complex. obtained from Sigma and WTW.

The understanding of the chemical transformations of Pt- 'H NMR kinetic experiments of the dichloro complexes with
(1) complexes with biologically relevant nucleophiles under 5'GMP2- were s_tudied on a freshly prepared samp!e of the reactants.
physiological conditions is of special concern for the A 10 mM solution of the complex was prepared in 3d0of 0.1
pharmaceutical and biomedical researchGMIF2~ was M NaCl/D,O ~30 min prior to the start of the kinetic experiment

used as a model for bindina to a nucleobase. The well- and put in an ultrasonic bath until complete dissolution (2 min). A
9 ’ solution (30QuL) of 10 mM 5GMP?~ in 0.1 M NaCl/D,O, whose

investigatedf’ nucleophile thiourea (tu), with well-known pH* (oD = pH + 0.4%) was adjusted with DOTf0.1 M NaCl to
(9) Cox, J. W.: Berners-Price, S. J.; Davies, M. S.: Qu, Y. Farrelp.N. /-4, Was added to initiate the reaction. NMR spectra were recorded

Am. Chem. SoQ001, 123 1316-1326. at 310.7 K over a period of 60 h. After completion of the first
(10) Reedijk, JChem. Re. 1999 99, 2499-2510. substitution step, an equimolar amount 8B51P2~ in 0.1 M NaCl/
(12) :LSL;)?Icéétowc, T., Bugarcic, Z. Ol. Inorg. Biochem2005 99, 1472~ D,O/DOTS (at pH* 7.4) was added to the NMR tube to give a
(12) Appleton, T. G.; Connor, J. W.; Hall, J. Rhorg. Chem.1988 27, final concentration of 4.5 mM for both reactants in the second
130-137. substitution step. No buffer was used to prevent increased activa-

(13) Norman, R. E.; Sadler, P. lhorg. Chem.1988 27, 3583-3587.
(14) Teuben, J.-M.; Reedijk, J. Biol. Inorg. Chem200Q 5, 463-468. -
(15) Fakih, S.; Munk, V. P.; Shipman, M. A.; Murdoch, P. d. S.; Parkinson, (18) Schiessl, W.; Puchta, R.; BugarcZ. D.; Heinemann, F.; van Eldik,

J. A,; Sadler, P. JEur. J. Inorg. Chem2003 1206-1214. R. Inorg. Chem.Submitted for publication.
(16) Summa, N.; Schiessl, W.; Puchta, R.; van Eikema Hommes, N.; van (19) Ashby, M. T.Comments Inorg. Chenl99Q 10, 297-313.
Eldik, R. Inorg. Chem 2006 45, 2948-2959. (20) Murray, S. G.; Hartley, F. RChem. Re. 1981, 81, 365-414.
(17) Schiessl, W. C.; Summa, N. K.; Weber, C. F.; Gubo, S.ckeu (21) Burchenal, J. H.; Kalaher, K.; Dew, K.; Lokys, L.; Gale,Bochimie
Benfer, C.; Puchta, R.; van Eikema Hommes, N. J. R.; van Eldik, R. 1978 60, 961—-965.
Z. Anorg. Allg. Chem2005 631, 2812-2819. (22) Mikkelsen, K.; Nielsen, S. Ql. Phys. Chem196Q 64, 632-637.
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Figure 1. Structures of the multinuclear Pt(ll) complexes.

Table 1. Summary of the Rate Constants for the Displacement ofK 0, CI") by a Range of Nucleophiles in the Multinuclear Pt(ll) Complexes

nucleophile
tu L-Met tu L-Met
108k [M~1s
complex I [M] T[°C] pH 10k, [M~1s™ 10 k2[s7Y

BBR3610-(0OH>), 0.01 OTf 25 2 490Gt 100 171+ 4 32.7+£ 0.6 2.84+ 0.05
BBR3464-(0OHy)2 0.01 OTf 25 2 5200t 200
BBR3610 0.1 NaCl 25 2 93 20.84+ 0.9 32+1 5.3+0.2

1.4+ 05
BBR3610 0.1 NaCl 37.5 7.4 451 115+ 0.5

1.14+0.3
BBR3464 0.1 NaCl 37.5 7.4 2011 414+ 1 94.64+ 0.7 13.0+ 0.5

1.0+0.2
BBR3464 0.1 NaCl 25 7.4 95+ 9 33+ 3

aFor concentration dependence see Figure S1 (Supporting InformatiBa) concentration dependence see Figures S6, S7, S11, and S12 (Supporting
Information).¢ For concentration dependence see Figure S9 (Supporting Information)

tion of the chloro complexes due to coordination of phospfate dihydroxo species, which play an important role under physiological
interfering signals in the observed peak area. The pH* changed conditions as they are practically inert to substitution, can be
from 7.4 to 6.3 upon completion of both reaction steps. excluded. The ionic strength of solutions at pH 2 was maintained
Instrumentation and Measurements. NMR Spectroscopy and at 0.01 M using HOTf. The reactions of the dichloro complexes at
Elemental Analysis. The NMR spectra were acquired on a pH 2 and 7.4 were performed at an ionic strength of 0.1 M using
BRUKER AVANCE DRX 400WB or DPX 300 spectrometer. The  NaCl. N-2-Hydroxyethylpiperaziné¥-2-ethanesulfonic acid (HEPES)
measurements were performed with a commercial 5 mm Bruker (0.25 mM) and NaOH was used as a buffer for reactions studied
broadband probe thermostated with a Bruker B-VT 3300 (DPX)/ at pH 7.4.
3000 (DRX) variable-temperature unit. All chemical shifts were Spectral changes that accompany the reactions were first recorded
referenced to TSP (trimethylsilylpropionic acid) in® or TMS over the wavelength range 19600 nm to establish a suitable
(tetramethylsilane) in DMSO, and downfield shifts recorded as wavelength at which the kinetic trace could be followed. The
positive numbers. In BD solutions, the pH* was measured with  wavelengths used for each reaction are listed in Table S1 (Sup-
an inoLab SenTix Mic pH Microelectrode. Elemental analyses were porting Information). The slow reactions were initiated by mixing
performed on a Euro Vector, type EA 3000 (C, H, N, S) analyzer. 900 uL of complex with 900uL of nucleophile solution in a
UV —Vis Kinetic Experiments. UV —vis spectra were recorded  tandem-cuvette, thermostated in a spectrophotometer cell compart-
on Varian Cary 5G or Cary 1 spectrophotometers equipped with a ment.
thermostated cell holder or on a Shimadzu UV-2101-PC spectro- The ligand substitution reactions were studied under pseudo-
photometer equipped with a thermo-electrically controlled cell first-order conditions. This was achieved by using at least a 20-
holder for the study of slow reactions. Kinetic measurements on fold (1:2 complex formation) or 40-fold (1:4 complex formation)
fast reactions were performed on Applied Photophysics SX 18MV excess of the nucleophile over the complex. All reported rate
or Dionex Durrum stopped-flow instruments coupled to online data constants represent an average value of at least three to five
acquisition systems. The temperature of the instruments wasindependent kinetic runs for each experimental condition. The
controlled throughout all kinetic experiments to an accuracy of temperature dependence was studied in the range4Q5or
+0.1 °C. All reactions of the diaqua complexes were studied at 22.5-42.5°C.
pH 2.0-2.2 to guarantee the presence of the diaqua form of the
complexes, with respect to theikpvalues? Thus, hydroxo and Results and Discussion

(23) Davies, M. S.; Thomas, D. S.; Hegmans, A.: Berners-Price, S. J.. To study the impact of_the' nature of the chaln_ and the
Farrell, N.Inorg. Chem2002 41, 1101-1109. spectator ligands on the kinetic and thermodynamic proper-
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Scheme 1. Proposed Reaction Pathways for the Reaction of
Multinuclear Pt(Il) Complexes with a Series of Nucleophites.
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aThe Pt center does not affect any changes on thecBhter because
of the length of the linker L, which results in the same rate constants for
ki/ky and ko/kz. Only k; and ky for Nu = 5GMP2~ could be obtained
separately in théH NMR kinetic experiment. No release of the bridging
ligand was observed for GMP?~. Charges are omitted for clarity.
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Figure 2. Structures of the investigated nucleophiles.

guanosine-5'-monophosphate (5'GMP?")

ties of each of the platinum centers, ligand substitution
reactions with the three selected nucleophiles (tiet,
5'GMP?>") were investigated. The structures of the
complexes are summarized along with the used abbreviation
in Figure 1.

The structural difference betwe&BR3610andBBR3464
is located in the center part of the bridge. BBR3610Q
ethylene links the two Pt(ll) center§tfansPtCI(NHs)2} o-
{(NH2(CH>)eNH,)2} 12", whereas inBBR3464 a trans[Pt-
(NH3),]?" moiety forms the center piece. As the two amines
in BBR3610are quarternary amines and therefore positively
charged, the overall charge of the chloride fornB&R3610
is +4. The additional Pt(ll) center iBBR3464leads to the

S
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Figure 3. Plots ofkopsVs tu concentration for the reaction wiBR3610-
(OH5)2 (0.125 mM) at 25°C, pH = 2 and| = 0.01 M.

Table 2. Summary of the Rate Constants for the Displacement of
Chloride in the Multinuclear Pt(ll) Complexes by@VP>~ Followed by
IH NMR

nucleophile
5GMP%-
complex | [M] T[°C] pH 1CFk,2M1st 10Fk'2AM1s?
BBR3610 0.1 NaCl 375 74 19.50.3 21+ 1
BBR3464 0.1NaCl 375 74 19.3 0.3 21.8£0.3

2k; andky are defined in Scheme 1.

same overall charge of the chloro complextef and causes
a kink in the linear structure (see Figure 1). It is known from
literature that if the two Pt halves are separated by six or
more atoms, an independent reaction of the two positively
charged [Pt(NH)2(NH.R)OH,]?" groups can be expectétk®
This would mean that an additional Pt(ll) centeBBR3464
compared toBBR3610 should not increase the overall
electrophilicity of the complex and therefore affect the
substitution rates, although it can play an important role in
cell uptake and DNA preassociation, especially due to
‘noncovalent’ interaction$

The substitution reactions of the diaqua complexes were
studied at pH 2.62.2 to ascertain the complexes predomi-
nantly in their diaqua form3 Protonation of tu (s = —1.3)
under the selected conditions can be neglected as recently
reported’ The chloro complexes were investigated at pH
7.4 in 0.1 M NacCl to suppress the formation of aqua and
hydroxo species in solution. The kinetics of the substitution
of coordinated water and chloride (see Scheme 1) was
investigated spectrophotometrically by following the change
in absorbance at suitable wavelengths (Table S1, Supporting
Information) as a function of time using UWis and
stopped-flow techniques. tu-Met, and 5GMP?>~ were
investigated as nucleophiles because of their different nu-
cleophilicity, steric hindrance, binding properties, and bio-
logical relevance (structures shown in Figure 2). Not all
reactions were studied for both complexes at pH 2 in order
to save some of the compounds for measurements at pH 7.4.

(24) Hegmans, A.; Berners-Price, S. J.; Davies, M. S.; Thomas, D. S.;
Humphreys, A. S.; Farrell, NJ. Am. Chem. So@004 126, 2166~
80

(25) Daviés, M. S.; Cox, J. W.; Berners-Price, S. J.; Barklage, W.; Qu, Y ;
Farrell, N.Inorg. Chem.200Q 39, 1710-1715.
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Table 3. Activation Parameters for the Reactions of Different Nucleophiles with the Multinuclear Pt(ll) Complexes

AH# AS* AH* ASH
complex nucleophile pH [kJ mol 1] [J K tmol Y [kJ mol1] [J K"t mol™Y
BBR3610-(OH)2 tu 2 46.4+ 0.5 —76+2 54+ 2 —90+8
L-Met 2 59+ 1 —59+3 62+ 3 —85+11
BBR3464-(0OH,), tu 2 46+ 1 —77+4

The dependence of the observed rate constant on thgOHy), (see Figure S1, Supporting Information) was found
nucleophile concentration and temperature resulted in ratewithin the experimental error limits (see Table 1). Thus, the

constants and activation parametesi( and AS) for the
displacement of coordinated water and chloride, which are

additional Pt(Il) center ilBBR3464-(OH,), has no influence
on the reaction rate when comparedBBR3610-(OH),.

summarized in Tables 1 and 3. The resulting rate constantsThe trans labilization and substitution of the chain linker by

from theH NMR kinetic experiments for the reaction with
5'GMP?™ are presented in Table 2.

Reactions of BBR3464-(0OH), and BBR3610-(OH,), at
pH 2. Under the selected experimental conditions, the
substitution of the aqua ligand in each [Pt(N¥INH.R)-
OH,]?" moiety involves two reaction steps, vi, andky
(see Scheme 1), respectivel\Kpmeasurements on, B/
H-0, CI/H,0, and OH/HO species of{transPtCI(NH).} -
(u-NH2(CH,)sNH2)]>" and BBR3464 performed by Farrell
et al?®?>showed a [, value of 5.62 for all coordinated water

another molecule of tu is significantly slower by a factor of
150.

Jaganyi et at® recently investigated the reactions of a
series of dinuclear Pt(Il) complexes of the tygérdinsPt-
(H20)(NHa)2} 2(u-NHo(CHZ)nNHR)]4™ (n = 2, 3, 4, 6) with
tu and derivatives thereof at pH 2. On increasing the chain
lengths fromn = 2 to 6, they found a decrease in the rate of
substitution of water by tu (at 25C) from 336x 1073 (n=
2)t0 31x 103M~ts1 (n=6). On considering the chain
linker with n = 6, one can assume that the [Pt(RKNH.R)-

molecules on the end groups, independent of inherentOH,]>" groups act independently of one anotf&® such

electrostatic repulsion of the end groups (a combination of
charge and Pt(NHs)2} —{ Pt(NHs),} repulsive interactions).

that the kinetic data fan = 6 can be compared to our results.
This value agrees exactly with the value we found in our

One can therefore assume that the two positively chargedsystems, viz. foBBR3610-(OH), k, = (32.7+ 0.6) x 10723

[Pt(NHz)(NH,R)OH;]?* groups, separated by eitheratfans
Pt(N Hg)z{ N Hz(C H2)5N H2} 2] 2+ (BBR34649 or a [I,t-C2H4-
{NH2(CH,)sNH;} 5]?* (BBR3610)chain linker (a total of 17

M~1s1, although not for the substitution of the coordinated
water molecule but for the substitution of the now-labilized
amine chain linker. Jaganyi's group found an exceptionally

and 18 atoms, respectively) act independently of one anotherhigh value for the complex witm = 2 (viz. 336 x 1073

such thak; = ky. Therefore, in the remainder of this report
ki andk, will be used to indicate the different reaction steps
and include bottk; andk,, andk; andky, respectively.

a. Reactions with tu.Kinetic traces for reactions with tu
showed a fast stegk{) for the substitution of both water
molecules and a very slow second stky), (both depending

M~1s71).26 Only this complex was investigated by stopped-
flow technique, and the resulting value is of the order of
magnitude known from the literature for the substitution of
a water molecule by tu in complexes of the type [RtA
(H20)]?".?" In contrast, the reactions of the complexes with
n= 3, 4, 6 were followed using U¥vis spectrophotometry

on the tu concentration. The latter step can be ascribed tosuch that it was impossible to detect reactions being as fast

the substitution of the now labilized amine chain linker, as
a result of the strong trans effect of tu. Thus, the linker is
liberated and the multinuclear structure destroyed.
Stopped-flow techniques were used to study the first
reaction and tandem cuvettes in combination with-tiNs

spectrophotometry for the second reaction step. The so-

obtained constant&yns: and kopsa Were plotted against the
concentration of the entering tu nucleophile. A linear

as the value found fon = 2. Therefore, it seems that the
first reaction step was apparently already over (fior=
3, 4, 6) such that the second step, the substitution of the
linker, was in fact observed. Thus, the effect of increasing
chain length of the linker on the reaction rate seems to have
been misinterpreted in their wofR.

b. Reactions withL-Met. At pH 2 the carboxylate group
in L-Met is protonated to an extent of ca. 50% on the basis

dependence of the observed rate constants on the tuofthe acid dissociation constants feMet (pKcoon = 2.2828

concentration was found, as shown by way of example for
BBR3610-(OH,); in Figure 3 Ko.ns1andkopszCan be expressed
by egs 1 and 2. With the exception of the second reaction
step of the chloro complexes with-Met, the studied
reactions do not show an intercept, and therefore, the
reactions are irreversible akd, andk_, are practically zero.

Kopss = Ko[NU] + k_; ~ k;[Nu] Nu = L-Met, tu, BGMP*~ (1)

Kopso= K[NU] + k_, ~ k[Nu] Nu = L-Met, tu, SGMP*~ (2)

For the first substitution step no difference between the
values ofk; for BBR3610-(OH,), (Figure 3) andBBR3464-

2098 Inorganic Chemistry, Vol. 46, No. 6, 2007

2.132% pKnus+ = 9.2)28 resulting in an overall charge of
+1. The rest are present as zwitterions. For electrostatic
reasons it is reasonable to expect that the reaction will occur
between the zwitterionic form and the positively charged
complex. The nucleophilic attack occurs via the sulfur donor
of the thioether group. Since it is known that the,walues

(26) Jaganyi, D.; Munisamy, V. M.; Reddy, nt. J. Chem. Kinet2006
38, 202-210.
(27) Hofmann, A.; Jaganyi, D.; Munro, O. Q.; Liehr, G.; van Eldik, R.
Inorg. Chem 2003 42, 6528-6538.
(28) Cohn, E. J.; Edsall, J. Proteins, Amino Acids and Peptides as lons
and Dipolar lons Reinhold Publishing Corporation: New York, 1943.
Lide, D. R.Handbook of Chemistry and Physi@SRC Press, New
York: 1995.

(29)
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of L-Met decrease significantly upon coordination to a metal 1,26x10°
ion, we can assume that even if the chargédet molecule
reacts with the complex, it will deprotonate and the product
complex will be of the same overall charge as the reactant
complex.

Substitution of the aqua ligands BBR3610-(OH,), by I 750x10°
L-Met at 25°C involves two concentration-dependent steps, —
with rate constants differing by a factor of 60; vig, =

*k =(91+-3)*10°M"s"

10010°] ® k,=(32+/-1)*10°M"s"

obs

-

(171+4) x 103M1s! k, = (2.84+ 0.05)x 103M? 5.00x10"

s 1. It follows thatk; is 29 times andk; 12 times slower ] _ -

than for the reactions with tu as nucleophile. Plots showing 250¢10" - .l

representative results f@BR3610-(OH,), are presented in P

Figure S3 (for UV~vis spectra see Figure S2, Supporting 1 '

Information). 0-00000 — T T T T T
For reactions of mononuclear complexes of the type 00 285007 500107 TSOAO0T 1004107 12510

[PtA2X] (X = anionic leaving group; A= ammonia, amine, tw [M]

pyridine) withL-Met, it is known that following the nucleo-  Figure 4. Plots ofkopsVvs tu concentration for the reaction wiBR3610
philic attack via the sulfur donor of the thioether group, a (%-125 MM) at25°C,1=0.1 M (NaCl), pH= 2 and4 = 310 nm.
six-membered chelate is formed via ring-closure by the
nitrogen donor of the amine grodp.Such a chelation
process should be independent of thbet concentration
(i.e., kops2 = k2).18 Since the second step of the reaction of
BBR3610-(0OH,), with L-Met clearly shows a concentration
dependence, it follows that the trans-positioned linker must
be substituted by another moleculewsMet in this step.

The degradation of the polynuclear structure into mono-
nuclear Pt(Il) complexes and the diamine linker was already
reported for the reaction with the tripeptide glutathione and
N-acetyl+-methioniné-2 and is shown also in this work. The
goal with this new class of complexes fails if the multinuclear o .
structure that leads to different DNA adducts compared to substitution of a water molec_ule. The value k@FS expec ted
mononuclear complexes, and therefore may exhibit a uniqueto be_the same as for the_ diaqua complex since it involves
reactivity pattern, is destroyed. The subsequent reactions ofthe d|spla(3:er71?n'glc)f the_ I|nl_<ek2 was found to be (5.3
the mononuclear complexes will resemble biotransformation 9-2) * 10> M~*s"*and is slightly higher than the ;/alu_? of
reaction products ofis- andtransPt(NHs).Cl,, under loss kilfor the diaqua comp!ex, viz. (2.84 0'0&.3) x 107 M _
of the two ammonia moleculé3!® This is very important s The reason for this could be the difference in lonic
since the resulting reaction products (e.g., [Fet-S,NY]) strength, as it wab = 0.01 M (HOTY) for the aqua species
are inert to further substitution reactions and will therefore andl = 0.1 M (NaCl) for.the chloro Comp'?xes- ]
limit the active concentration of the drug. It can'be seen from Figure $6, Supporting Information,

Reaction of BBR3610 at pH 2.Experiments with the that an intercept for both reaction steps was found. In the

1 i — 51
chloro complexBBR3610at pH 2 (for UV-vis spectra see ¢3¢ OT the f'T5‘ reaction step,; = (1.9+ 1.'7) x 10757,
Figure S4, Supporting Information) were performed in is negligible in terms of the large experimental error. For

0.1 M NacCl to suppress the spontaneous aquation reac:tions?he second reactioR-, is more significant (see Table 1).

Farrell et aP® calculated on the basis of the equilibrium and The intercept can be_interpreted in terms of a small fr.action
dissociation constants that in blood plasma, where the ofgparallel reaction independent qfuhds/let conceptratlon
concentration of chloride is 103 mf,only 0.3% of the which leads to the release of the I|nl§er group. Since 0.1 M
complex is aquated. This data will allow a comparison to NaCl was used to suppress the aquation rea_tctlon of the chloro
be made between the substitution kinetics of the neutral complex, the excess of Cbver the nucleophile-Met could

leaving group (water) and a charged chloride ion at the sameIead to isTa" fr;;lctic;]n %fthg Iinkher lpeli(ng _distLa_lI(_:eddbg.Clh
pH. Furthermore, the substitution of chloride could in Due to the fact that the bond to the linker is labilized by the

addition be performed at the biologically relevant pH of 7.4. :rea:CSt_'é%CaEesdégfﬁ; ?gglseoonp;l;lli ?:,tjs(;onnlzletﬂ(;? t%]:atT'ilzgftcan
a. Reactions with tu. The chloro complexBBR3610 on, | u :

. be substituted by Cland liberated under protonation.
shows linear dependences of the observed rate conkggsats R ) ¢ BBR3464 and BBR3610 H 740
andkopsz 0N the tu concentration (see Figure 4; for a typical eactions o an atpH 7.4n terms

kinetic trace see Figure S5, Supporting Information). The of the application of Pi(ll) complexes in cancer therapy,
’ investigations at the physiological pH of 7.4 are of impor-

(30) Jennerwein, M. Andrews, P. Brug Metab. Dispos1995 23, 178 tance. To work under biorelevant conditions, experiments
184. with BBR3610and BBR3464 were performed at 37.5C

value ofk; (at 25°C) for BBR3610-(OH,), decreases by a
factor of ca. 50 on going tBBR3610(see Table 1).

This is consistent with the substitution of chloride in
BBR3610in the first step, which is significantly slower than
the substitution of a water molecule, whereas the value for
k. was found to be the same as fBBR3610-(OH),,
indicating a process that seems to be independent of the
leaving group in the first step and involves displacement of
the linker in the second step.

b. Reactions withL-Met. The substitution of chloride in
BBR3610by L-Met is slower by a factor of 8 compared the
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0,0004 - chemical shift before pH change due to reaction:
pH 7.3 = 3.38 ppm
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Figure 5. Plots of kops VS L-Met concentration for the reaction with time [min)

BBR3610(0.125 mM) at 37.5C, pH= 7.4,1 = 0. 1 M (NaCl), 2.5 mM

HEPES andi = 260 nm. Figure 6. Time dependence of the chemical shift observed for two sets

of resonances for the 1/nd 7/7 protons (see Figure S13) of 5 mM

) ] BBR3610during the reaction with 20 mM-Met at 37.5°C in 0.1 M NacCl.

in 0.1 M NaCl and 2.5 mM HEPES buffer. This buffer was

chosen as it is sterically more crowded than, for example, process. Intentionally no buffer was used in this experiment

Tris buffer (tris-(hydroxymethyl)-aminomethane) and does, so that pH changes could be detected, and an increased

therefore, not coordinate to Pt(Il) as efficiently as PFtiBoth activation rate reported for phosphate buffecould be
buffers are used in cell tests and DNA binding studies of prevented.
Pt(ll) drugs. The continuous shift of signals, as for the linker, with time

a. Reactions with tu. Since tu is a neutral nucleophile, (see Figures 6 and S13, Supporting Information, for peak
no differences compared to the measurements performed akssignment see Figures 1 and 2) can be ascribed to changes
pH 2 are to be expected. The measurements BRR3464 in pH. The pH of the solution was adjusted to 7.4 prior to
were done at two temperatures (25 and 3Cpfor a better  the experiment and increased from 7.4 to 9 until completion
comparison with the values at pH 2. The resulting values of the reaction, which indicates the formation of O#uring
(see Table 1) clearly confirm the pH independence of the the reaction. Figure S13 shows NMR spectra over a time
two step mechanism proposed on the basis of the experimentgange of 380 h. The peak of the free-SHs group at 2.143
performed at pH 2 (for concentration dependences seeppm disappears with time and appears further downfield for

Figures S7 and S8, Supporting Information). the bound S-CH; group (2.595 ppm). The broad signals at
b. Reactions with L-Met. At pH 7.4 the reaction will 3.381 (BBR3610-linker 1,4CH,) and 3.089 ppm (BBR3610-
occur between the zwitterionic form Kpoon = 2.287 linker 7,7-CH,) shift upfield (see Figure 6) and result in

2.132° pKnuz+ = 9.29) and the positively charged complex.  a singlet at 3.022 (linkgse, 1,1-CH,) and a triplett at 2.
Since we already made the assumption at pH 2 that it will 832 ppm (linkefes, 7,7-CH>) with vicinal coupling constants
be the fraction of the zwitterion that reacts with the complex, 3J(H7—H7') = 7.6 + 0.1 Hz. These signals correspond to
we expect to find a similar behavior at pH 7.4. By way of the 1,1- and 7,7-CH, protons of the liberated aliphatic
example, kinetic data faBBR3610are shown in Figure 5,  diamine linker, which undergo protonation (se€,palues
from which it follows that the substitution of the chloro for aliphatic diamine®) under formation of OH. The
ligands in both complexes hyMet at pH 7.4 and 37.8C retarded shift ofx-CH of L-Met resembles deprotonation of
involves two reaction steps with rate constants that differ the amine due to coordination to the Pt center.
only by a factor of 4 (see Table 1). For further information c. NMR Kinetics of BBR3464 and BBR3610 with
on observed spectral changes, kinetic traces, and plots forsgMP2. 1H NMR spectroscopy was used to investigate the
the concentration dependencekgfs see Figures S9S12.  gypstitution reactions with' 6MP2~ in aqueous solution at
The substitution of chloride by the sulfur donor ligand pH* 7.4 and 310 K. To confirm the assumption that the two
L-Met occurs 5 times slower than with tu in the first step. positively charged [Pt(NE2(NH,R)CI]* halves, separated
The second step is even 8 times slower, indicating that tu ispy a total of 17 BBR3464) and 18 atomsBBR3610) react
a stronger trans-labilizing nucleophile tharMet. Again, independently of one another, the kinetics of the substitution
for the second process a significant intercept was found, of the first and the second chloride ligarid &ndk;) were
which can be ascribed to the contribution of a parallel studied separately, each in a 1:1 complex/nucleophile molar
reaction of the complex with Clinstead of a second-Met ratio. Although we formally have a 1:1 complex/nucleophile
molecule. The reaction dBR3610with L-Met at pH 7.4 molar ratio in the first stepk{), the relative amount of

in 0.1 M NaCl was also investigated by NMR techniques to ayailable sites for the attacking nucleophile is 2:1. Consider-
confirm the release of the linker during the substitution

(32) Davies, M. S.; Berners-Price, S. J.; Hambley, T. Marg. Chem.
(31) Prenzler, P. D.; McFadyen, W. D.Inorg. Biochem1997, 68, 279— 200Q 39, 5603-5613.
282. (33) Matulis, D.; Bloomfield, V. A.Biophys. Chem2001, 93, 37—51.
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. . . the intercept is Ps. pH = 7.4,1 = 0.1 M (NaCl), T = 37.5°C.
Figure 7. Second-order plot for the reactionBBR3464(5 mM, available
sites for substitution: 10 mM) with'&MP2~ (5 mM). They axis presents

the right-hand side term of eq 3. pH 7.4, 1 = 0.1 M (NaCl),
T=37.5°C.
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Figure 8. Time dependence of the concentrations (as a percentage of the o [ppm]

total BGMP2~ concentration) of the reactant and product peaks (using the Figure 10. *H NMR spectra of the H8 (left) and Hright) signals during

H8 and H1 protons) during the reaction of 5 mBBR3610with 5 mM the reaction of 5 mM BMP?~ with 5 mM BBR3610at 37.5°C in 0.1 M

5GMP%. pH = 7.4,1 = 0.1 M (NaCl), T = 37.5°C. NaCl and pH= 7.4. After completion of the first (1:1) substitution step, an
equimolar amount of &®MP?~ in 0.1 M NaCl/D,O/DOTf was added to

; ; ; give a final concentration of 4.5 mM for both reactants in the second
ing that Cao # Coo, €9 3 was applied to determirg. The substitution step. The insets show two reaction product peaks for both steps,

amount of the 1:1 product, i.eBBR 3610-5GMP, is respectively.
represented by, anda, andbg are the initial concentrations

of 5GMP2~ and the complex, respectively. proton and the doublet of the Hdroton (for peak assignment
see Figure 2), is presented in Figure 8.
1 Coo(Cao— X) For the substitution of the second chloro ligand, another
kot = Coo— Coo n CoeCop — X) @) molar ratio of 5GMP?~ was added to the sample after

completion of the first reaction step, which is now the
A plot of the right side of eq 3 versus time results in a monosubstitutedBR—5'GMP complex. This corresponds

straight line passing through the origin, as shown by way of toal:1 _ratio_ of available sites for the nucleophile_. Under
example foBBR3464in Figure 7 (forBBR3610see Figure  the special circumstance thap = Coo, €q 4 was applied to

S14, Supporting Information). The value kaf(M~1 s72) is determine the rate constants of the second &tgp (
obtained from the slope of this plot (see Table 2). A typical 1 1

plot of the concentrations of reactant and product as a C—=C—+ kt (4)
function of time, as obtained from the integration of the H8 a a0

(34) Connors, K. A.Chemical Kinetics, The study of Reaction Rates in The pIOt of 1L, YSt IS Ilnear with a SIOpe equal thy .
solutior VCH: Weinheim, 1990; pp 6669. (M~ s71) and the intercept being d4,3* as can be seen in
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25.0 keal/mol

Figure 11. Calculated conformers (B3LYP/LANL2DZp) of a model compound for the reaction produc¢GafiB?>~ with multinuclear complexes (1:1),
namely [Pt(NH)s-N75GMP]-3H0.

Figure 9 (forBBR3610see Figure S15, Supporting Informa- concentration of %MP?~ for the substitution of the second
tion). chloro ligand leads to an enhanced growth of the signals at

The resulting values for the rate constants are summarized6.022 and at 8.833 ppm, respectively.
in Table 2. The rate constants for the first and second After completion of the overall reaction BR3610with
substitution reactions of chloride on each of the [PtgNH 5'GMP?", a'H NMR spectrum was recorded at 8C (see
(NH,R)CI]* halves were found to be equal and independent Figure S16, Supporting Information). On the assumption that
of each other. the two doublets for the Hprotons result from two different

The N-donor nucleophile’&GMP?>~ exhibits an affinity for isomers, one could expect the protons to exchange with each
Pt(ll) complexes which is of the same order of magnitude other at elevated temperatures, resulting in a joint signal.
as the S-donon-Met under these conditions (see rate Indeed, at 8C°C both doublets shift closer together. This
constants in Tables 1 and 2). The reaction witMet is indicates that the magnetic field experienced by the protons
faster, but only by a factor of 2. This points to a direct attack becomes similar and it corroborates the assumption that the
of the nucleophile %MP?>~ on the Pt(Il) center and may be existence of two sets of signals for the reaction product can
of importance in the DNA binding mechanism of multi- be attributed to different possible rotamers oGBIP>~
nuclear Pt(Il) drugs. attached to the Pt(Il) center.

In comparison to the sulfur-containing nucleophiles tuand  We therefore computed the energies of a model compound
L-Met, 5GMP?~ does not labilize the trans-positioned amine of the reaction product of'&MP>~ with the multinuclear
significantly, and therefore this stefi;(and k') was not complexes, namely [Pt(Nd-N7-5GMP]-3H, O (see
investigated. The kinetics of the reaction BBR3464 Figure 11). Only the secondary chain amine was simplified
BBR3610 with 5GMP?>~ (k;) and BBR3464-5'GMP/ with a primary amine. Three water molecules were included
BBR3610-5'GMP with BGMP?~ (ky) to give the disubsti-  in the calculations to model the influence of H-bonded
tuted complex, was followed by measuring the intensities solvent molecules. We computed (RB3LYP/LAN2D#p}?
of the singlet OT the H8 prqton and the dogblet Qf the, H1 (35) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
proton, respectively (see Figure 10), as this region is most M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin,

suitable to reflect the spectral changes associated with K. N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone,
V.; Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G.

Coordin?'tion at N7 (see Figl‘!r? 2). A.; Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.;
The first spectrum after mixingBR3610and 3GMP?~ Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai,
; ; . : _chi H.; Klene, M.; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.;
in the ratio 1:1 shows a downfield Shlfted, prOdUCt peak Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R.
for the H8 proton at 8.862 ppm and for the 'Hibublet at E.; Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J.
6.043 ppm. During the reaction both signals split into two W.; Ayala, P. Y.; Morokuma, K. Voth, G. A Salvador, P.;

. Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.;
sets of signals at 8.833 and 8.856 and at 6.022 and 6.0582  gyain M. C.: Farkas, O. Malick. D. K.. Rabuck, A. D.- Raghavachari,

ppm with vicinal coupling constanfd(H1' —H2') = 4.6 + K.; Fr)reslr(nan, J. Bf.; Ortiz, J. V.; Cui, Q.; Babrc:ul,kA. G, Clif}‘(ord, S,
; i i Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.;
_ 0 y Joy , y , ) y A y Py

0.1 Hz. The more downfield-shifted signals reach 66% of Komaromi. 1.- Martin, R. L.. Fox. D. .. Keith, T.. Al-Laham.

the total product integral in comparison to 33% for the M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M.

i i i T W.; Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. A.
upfield _Iocated signals at the .end of the first SUbstltuuon step. Gaussian 03revision C.02; Gaussian, Inc.: Wallingford, CT, 2004.
In the time between completion (175 h) of the first step and (36) Becke, A. D.J. Phys. Chem1993 97, 5648-5652.
the start of the second step, the ratio of the two signals 88 gfe, hC Yalgg,JWb: PEII'", FF%. thésﬁ Eel. B 138% 32 7%5—58%_ .

. - . f epnens, P. J.; beviin, F. J.] apalowskl, C. .} . J. Friscn, J.
changes toward 54% (downfield) and 46% (upfield), indicat- Phys. Chemi994 98, 1162311627,

ing a slow interconversion process. Addition of an equimolar (39) Dunning, T. H. J.; Hay, P. Mod. Theor. Chem1976 1—28.
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Figure 12. Eyring plots for the two reaction steps BBR3610-(OH),

with tu at pH= 2, 1 = 0.01 M (HOTf) andA = 300 nm. Figure 13. Eyring plots for the two reaction steps BBR3610with L-Met

atpH= 2,1 =0.01 M (HOTf) and4 = 250 nm.

two possible rotamers with a}stability difference of 25 kcgl/ first step and enhances the stabilization of the incoming
mol._As can be_ seen from_ Figure 11, H-bonds play a major gje o density of another S-containing nucleophile in the
role in the stability of the different rotamers. The more stable second step.
[)ot:Nmer e:;]h|b|ts tm totall nlr;e H'bgnﬂf: seven of 2the$ The apparent misinterpretation of the rate constants for
etween the waler molecules an e amines (2), €the reactions of a series of dinuclear Pt(I) complexes of the
phosphate_ group (4) qnd the hydroxyl group of the type [[transPt(H0)(NHs)} 2(u-NHx(CHy)NH)* (n = 2,
sugar moiety (1); two mtramolec;ular H-bonds between 3, 4, 6) with tu and derivates thereof at pH 2 mentioned
the phosphate group and the amine. The H-bonds have &,.¢, 26 can also be seen in the interpretation of the activation

p'g |mpia5t o? ttk;]e stlerlc p?;l]tlon of tlhéGil\/IzZ;hpur:cne parameters. The reported activation parameters for the
:lhng, rela Ilvethot ep arf1e”o g portr;1p X, atm NI?/IrIg o_rreh'on reaction of then = 6 complex with tu aréAH* = 57 + 1 kJ
€ signais that were toflowed 1n the proton - S ol andAS = —85 + 2 J K- mol-%. These correspond

mdltczlitgs that dH]:b?{Eds med;i]te _tt:e cotnform_zti:]lotrr: O]:_ thle within the experimental error limits much better to the values
metal drug and furthermore the interaction wi € final" \ve found for the second reaction step in our system, viz.

target DNA. . AH-*(BBR3610-(OHy);) = 54 £ 3 kJ mol! and AS*
Activation Parameters at pH 2. The thermal activation (BBR3610-(Ohb),) = —90 + 8 J K- mol-%, than to those
parameters were determined through a systematic variationg, . 11« first reaction step vimHl#(BBR36,10-(OHz)z) =

of temperature. The values were calculated using the Eyring46 + 1 kJ mol ! and AS#(BBR3610-(OHy),) = —76+ 2
equation and are summarized in Table 3. Figures 12 and 13, 1 |\ /;-1

show typical Eyring plots for the reaction &BR3610-

(OHy), with tu andL-Met at pH 2 (forBBR3464-(OH,), Conclusions

see Figure S17, Supporting Information). The negati@ .

values are indicative of an associative substitution mecha- 1N€ results of this study clearly demonstrate that the
nism, which is well known from the literatu#@'sfor square- ~ Substitution of the leaving group by the S-donor nucleophiles
planar Pt(Il) systems. tu andL-Met in the first step, induces a second process: the

The second substitution step in the reaction with tu and '@Pilization of the PN bond in the trans position to the

L-Met shows a more negative activation entropy compared Pound S-donor and thus, the displacement of the linker by a
to the first step. This can be ascribed to the cleavage of theS€cond S-donor during degradation. The degradation of
linker, which results in formation of charge due to the BBR3464upon coordination of sulfur was already reported

protonation of the diamine linker and generation of OH Y Farrell's group:? It is well known from the literature
Furthermore, it can be interpreted in terms of a stronger that in mononuclear complexes, nonchelated ammines
associative character of the transition state due to the(Carier ligand) as in cisplatin, are more reactive toward

S-containing ligand, which is present after completion of the Substitution and hydrolysis compared to chelated amines
(e.g., Oxaliplatin). Furthermore, the trans configuration of

(40) Hay, P. J.; Wadt, W. RI. Chem. Phys1985 82, 270-310. this type of polynuclear complexes facilitates the labilizing
(41) Gaussian Basis Sets for Molecular Calculatiphizinaga, S., Ed.; effect of strong donor nucleophiles.

Elsevier: Amsterdam, 1984. .
(42) The performance of this method (RB3LYP/LANL2DZp) is well In the present studies tu was found to be the strongest

ioc,\tAJmeSnted, e.gs, S'\?all(frgnk, F% Vé.; Deu:/svcheHr, C. IIVI%id,HH-: AkE?, nucleophile, followed by -Met and 5GMP?>~, whereas the
. ., operner, S.; Nakajima, |.; bauer, ., Aampel, F.; Aess, b. _ .

A van Eikema Hommes, N. J. R.: Puchta. R.. Heinemann, F. w. 'ate constants show Fhat the N-dontBBIP?~ reacts in the
Chem. Eur. J2004 10, 1899-1905. same order of magnitude as the S-dondvlet.
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In the investigated time frame, degradation upon binding Cell Therapeutics and financial support from the Deutsche
of 5GMP?~ was not observed, only the substitution of the Forschungsgemeinschaft. Prof. Tim Clark and Nico van
leaving group Ct. 5GMP?~ turned to be a very efficient  Eikema Hommes, Computer Chemistry Center, and Achim
nucleophile that indeed competes wittMet under physi-  Zahl are kindly acknowledged for their support of this work.
ological conditions. In 0.1 M NacCl, no prior aquation step e thank the Regionales Rechenzentrum Erlangen (RRZE)
but a direct attack of the nucleophile on the Pt(ll) center for a generous allotment of computer time.
was found. The substitution of chloride on each [PtgH
(NH.R)CI]* half was found to be identical and independent ~ Supporting Information Available: Table S1 summarizes the
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