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This paper reports a mechanistic investigation of the aquation and anation reactions of substituted ethylenediamine 
platinum(I1) complexes, which were shown to have very different in vivo antitumor activities. The general formula 
of the complexes is ruc-[Pt(R-en)XY]"' (X, Y = H20, C1-; n = 0, 1, 2), where the substituted ethylenediamine 
(R-en) is (1 R,2R,4S)-exo-2-(aminomethyl)-2-amino-7-oxabicyclo[2.2. llheptane (R1-en), (1 R,2S,4S)-endo-2-(ami- 
nomethyl)-2-amino-7-oxabicyclo[2.2. llheptane (R2-en), or (lS,2S,4S)-exo-2-(aminomethy1)-2-amino-7- bicyclo- 
[2.2.l]heptane (R3-en). The two ligands X and Y are shown to be kinetically equivalent for X = Y within the 
accuracy of 15N, 195Pt, 170 NMR, although the diamine is asymmetric. Using UV-vis spectrophotometry, it was 
possible to determine the rate constants (kl ,  k-1, k2, k-2) for the following two successive aquatiodanation reactions: 

[Pt(R-en)Cl,] + H 2 0  --L [Pt(R-en)(H,O)Cl]+ + C1- ( k I k l )  

[Pt(R-en)(H,O)Cl]+ + H,O == [Pt(R-en)(H20)2]2+ f C1- ( k 2 k 2 )  

K,  = k, /k- ,  

K2 = k,/k-, 
The first aquatiodanation rate constants for the complex ruc-[Pt(R3-en)C12] have been found to be independent 
of pH in the range 2.2-5.8 and identical to those relative to R1-en and Rz-en at pH = 2.2 within experimental 
error. The first and second aquation/anation rate constants obtained for rac-[Pt(R1-en)Clz] can be compared 
with those of the literature for [Pt(en)Cl2] (in parentheses): 105k1298/s-' = 3.2 f 0.2 (3.4 f 0.4); 102k-1298/ 

(0.31 f 0.04). The kinetic studies as a function of temperature for rac-[Pt(R1-en)Clz] gave the activation 
and thermodynamic enthalpies and entropies. The high-pressure studies allowed the determination of the 
complete volume profile (values given in cm3 mol-'): A V l  = -9.4 f 0.7; AV- '  = -4.0 f 0.4; AVO1 = 
-5.3 f 1.1; AV2 = -6.6 f 1.7; AV-2 = -4.4 f 0.5; AVO2 = -2.2 f 2.0. The volume profile obtained 
for the aquation of rac-[Pt(R1-en)Clz] clearly precludes any dissociative mechanism that could have been 
correlated to a nucleophilic assistance of the 2-substituted norbomyl group. A common mechanism of 
aquation for [Pt(R-en)Clz] complexes involving a pentacoordinate intermediate is proposed. Thus, the rate 
constants for the aquation of [Pt(R-en)Cl*] complexes, which is an essential step in the reaction with important 
biological nucleophiles like DNA cannot be used to establish a structure-activity relationship. 

M-' s - ,  = 4.4 f 0.2 (1.54 f 0.03); 105k2298/~-' = 7.8 f 1.0 (4.4 f 0.6); k-2298/M-1 s-, = 0.67 f 0.01 

Introduction 

cis-Diamminedichloroplatinum(I1) (cis-DDP or cisplatin) is 
one of the most commonly used anticancer  drug^.^,^ However 
there is a need for analogues that would induce less side effects, 
would be active on a larger range of tumors, and would not 
develop cross-resistance with C~S-DDP.~ There are many 
arguments in favor of DNA being the target of cis-DDP at the 
origin of its antitumor activity.6 Therefore, in cooperation with 
Rh6ne-Poulenc-Rorer, we studied a new series of complexes, 
designed to give long-lived monoadducts on DNA,' and tested 
their antitumor activity. Most of these compounds were found 

@ Abstract published in Advance ACS Abstracts, August 15, 1994. 
(1) Universitt Rent Descartes. 
(2) Universitt de Lausanne. 
(3) Loehrer, P. J.; Einhom, L. H. Ann. Intern. Med. 1984,100,704-713. 
(4) Rosenberg, B. Cancer 1985, 55, 2303-2316. 
(5) Krakoff, I. H. In Platinum and Other Metal Coordination Compounds 

in Cancer Chemotherapy; Nocolini, M.; Ed.; Martinus Nijhoff 
Publishing: Hingham, MA, 1987; pp 351-355. 

(6) Bruhn, S. L.; Toney, J. H.; Lippard, S. J .  In Progress in Inorganic 
Chemistry: Bioinorganic Chemistry-Biological Processing of DNA 
Modified by Platinum Compounds; Lippard, S .  J., Ed.; 1990; pp 471- 
516. 

to be very active on several tumors8 and deserved an investiga- 
tion of their reaction with DNA. The binding of cis-DDP and 
trans-DDP to DNA is kinetically controlled, and the rate-limiting 
step for this reaction is the first aquation of the diamminedichlo- 
roplatinum(II)complex.g~lo Therefore we have investigated the 
aquation kinetics of the complexes shown in Chart 1 

According to the nature of the bicycloalkyl substituent on 
the ethylenediamine ligand, our complexes might undergo two 
types of chloride substitution. It could occur either by a classical 
associative mechanism that is the rule for square-planar plati- 
num(II) complexes" or by a dissociative mechanism due to a 

(7) Segal, E.; Brehin, P.; Lambert, B.; Laoui, A,; Kozelka, J.; Garrot, J. 
M.; Mailliet, P.; Barreau, M.; Lavelle, F.; Fichtinger-Schepman, A. 
M.; Yeung, A.; Jacquemin-Sablon, A.; Le Pecq, J .  B.; Chottard, J. C. 
In From the Modelization of DNA Platination to the Conception of 
New Drugs; Howell, S. B., Ed.; Plenum Press: New York, 1991; pp 
37-49. 

(8) Mailliet, P.; Segal, E.; Barreau, M.; Baudouin, B.; Gontier, S.; Kozeka, 
J.; Laoui, A.; Lavelle, F.; Le Pecq, J. B.; Chottard, J. C. Anti-Cancer 
Drug Des.. submitted for Dublication. 

(9) Jogson, N. P.; Hoeschele, J. D.; Rahn, R. 0. Chem.-Biol. Interacr. 

(10) Bancroft, D. P.; Lepre, C. A,; Lippard, S. J. J .  Am. Chem. SOC. 1990, 
1980, 30, 15 1 - 169. 

112, 6860-6871. 
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Chart 1 
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rac - I Pt ( R-en) C l z l ,  with: 

participation of the norbomyl or oxanorbomyl group similar to 
those clearly established for solvolytic reactions of 2-substituted 
norbomyl derivatives.12 This hypothesis is schematically 
presented in Figure 1. There are precedents in the literature to 

" 
* H z O  C I -  *c I -  

Figure 1. Schematic representation of a putative dissociative mecha- 
nism for the aquation of [Pt(R3-en)C12]. 

support the hypothesis of a formal amido ligand13 and of 
tricoordinated platinum(I1) intermediates involved in nucleo- 
philic substitution  reaction^.'^.'^ According to such a pathway, 
higher rates would be expected for the platinum complex of 
Rs-en compared to those of Rl-en and R2-en.l6>l7 In order to 
determine unambiguously the mechanism of aquation of the 
three complexes, kinetic studies using UV spectrophotometry 
(for a potentiometric study, see the supplementary material, 
Appendix S1) have been made as a function of the concentration 
of the reactants, of the pH, of the temperature, and particularly 
of the pressure. The latter variable allows the determination of 
the activation volume of the reaction, an activation parameter 
which unambiguously allows to one draw a conclusion on the 
associative or dissociative nature of the pathway.'* 

Experimental Section 

Chemicals and Solutions. Ethylenediaminedichloroplatinum(I1) 
complexes [Pt(R-en)Clz] were synthesized by RhBne-Poulenc-Rarer.* 
Solutions for the kinetic study of the first aquation step were obtained 
by dissolving [Pt(R-en)Clz] in HC104-acidified water and by adjusting, 
when needed, the chloride concentration with NaC1. Two [R(R-en)- 

~ ~~ ~~~~~~~~~~~~~~~~ 

(1 1) Basolo, F.; Pearson, R. G. Mechanism of Inorganic Reactions; J. Wiley 

(12) Grob, C. A. Angew. Chem. Int. Ed. Engl. 1982, 2 1 ,  87-96. 
(13) Chisholm, M. H.; Rothwell, I. P. Comprehensive Coordination. 

Chemistry; Pergamon Press: Oxford, England, 1987, Vol. 2, 176- 
179. 

& Sons: New York, 1958; pp 351-453. 

(14) Frey, U.; Helm, L.; Merbach, A. E.; Romeo, R. J.  Am. Chem. SOC. 
1989, 11, 8161-8165. 

(15) Romeo, R. Comments Inorn. Chem. 1990, 11. 21-57. 
(16) Winstein, S.; Trifan, D. S. j .  Am. Chem. SOC. 1949, 71, 2953-2953. 
(17) Paquette, L. A.;  Dunkin, I. R.; Freeman,, J. P.; Storm, P. C. J.  Am. 

(18) Merbach, A. E Pure Appl. Chem. 1987, 59, 161-172. 
Chem. SOC. 1972, 94, 8124-8132. 

(HzO)#+ stock solutions (0.10 M for kinetic studies and 0.16 M for 
NMR measurements) were prepared: 2 equiv of AgC104 (Fluka) were 
added to [Pt(R-en)Clz] in 1 M HC104; the mixture was then stirred for 
3 days at 318 K and finally filtered. The Pt concentration and the 
absence of residual Ag were checked by ICP (Perkin-Elmer 1000). 
Solutions for the study of the second aquation step were prepared by 
adding appropriate amounts of C1- and HC104 to these two solutions. 
Doubly distilled water was used in all cases. For the water exchange 
study, 7.5% "0-enriched [Pt(R-en)(H20)zl2+ was prepared by three 
successive exchanges and evaporations using 10% enriched water 
(Yeda). Concentrations were expressed in molarities at 0.1 MPa.19 
NMR Measurements. NMR experiments were done on Bruker 

AM-400 (15N, 1 7 0 )  and AC-200 spectrometers. 15N{'H} spectra 
(40.55 MHz) were obtained with 90' pulses of 19 ps over a total spectral 
width of 10 kHz, 8K data points, relaxation delay of 2s, and 80000- 
120000 scans. The spectra were referenced to N&+ (external) of a 
solution of 5 M "03 in 2 M HNO3. I7O NMR spectra (54.2 MHz) 
were obtained with 90" pulses of 14 ps, over a total spectral width of 
33 kHz, 2K data points, and an accumulation of 200-3000 scans. The 
spectra were referenced to the HzO signal. A previously described 
fast-injection apparatus was used for the determination of the water 
exchange rate constants.20 195Pt NMR spectra (42.9 MHz) were 
recorded with pulses of 15 ps, spectral widths of 83 kHz, 16K data 
points, and an accumulation of 1500 scans and were referenced to 1 M 
KzPtC4 (external). 

Kinetic Measurements. Absorption spectra were recorded by use 
of a Perkin-Elmer Lambda 19 spectrophotometer. The experimental 
set-ups for variable temperature and pressure kinetic experiments were 
as described previously.21,22 The errors quoted throughout the text and 
tables are i l  standard deviation. 

Results 

NMR Study. The two steps aquation reaction of [Pt(R-en)- 
Clz] complexes, described by eqs 1 and 2, have been studied in 
detail for the derivative of R1-en. The species present in solution 

[Pt(R-en)Cl,] + H20 == [Pt(R-en)(H,O>Cl]+ f C1- 
ki 

k- I 

K, = k, /k- ,  (1) 

kz 

k-2 
[Pt(R-en)(H,O)Cl]+ + H20 == [Pt(R-en)(H,0),l2+ -k C1- 

K2 = k , k ,  (2) 

have been identified from their natural abundance 15N{ 'H} 
spectra. A solution of [Pt(R1-en)(H20)2I2+ (0.16 M) in acidic 
medium (HC104 1 M) shows two resonances: N1 bound to the 
quaternary carbon at -29.8 ppm and N2 bound to the methylene 
carbon at -55.7 ppm (reference m+: 0 ppm). Six resonances 
were observed in a solution obtained by reacting [Pt(Rl-en)- 
(H20)2I2+ with an equimolar concentration of C1- in acidic 
medium (HC104 1 M) (Figure 2). Two of them are assigned 
to the non-equivalent nitrogens of the remaining bis-aqua 
complex. The four other resonances at -11.3, -33.0, -37.5, 
and -58.6 ppm (intensities ca. 1:l : l : l)  can be assigned to the 
two diastereoisomers rac-(A) and rac-(B) of [Pt(Rl-en)(H20)- 
C1]+ (see Chart 2). For the assignment of the resonances the 
cis and trans influences of the chloro and aqua ligands were 
taken into account. Appleton et al.23 andmore recently Bemers- 

(19) Hamann, S. D.; le Noble, W. J. J. Chem. Educ. 1984, 61, 658-660. 
(20) Bemhard, P.; Helm, L.; Ludi, A,; Merbach, A. E. J.  Am. Chem. SOC. 

(21) Nichols, P. J.; Ducommun, Y.; Merbach, A. E. Znorg. Chem. 1983, 

(22) Richens, D. T.; Ducommun, Y.; Merbach, A. E. J .  Am. Chem. SOC. 

(23) Appleton, T. G.; Hall, J. R.; Ralph, S .  F. Znorg. Chem. 1985,24,4685- 

1985, 107, 312-317. 

22, 3993-3995. 

1987, 109, 603-604. 
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Figure 2. 40.55-MHz 15N{'H} spectrum of a 0.16 M [Pt(R1-en)(HzO)~]- 
(Clod)? acid solution (HClOI 1 M) after addition of an equimolar 
concentration of C1- and under equilibrium conditions (see text for 
the assignments). 

Chart 2 

nc-[Pt(R1-cn)(HzO)C1l+ ') rac-[Pt(RI-en)(HzO)Cl~+ ') rac-[Pt(R,-ea)(HzO)z]2~ ') 

rrc-(A) rac-(B) 

See refs 18, 19. Calculated with the additivity rule. N' bound 
to the quaternary carbon; N2 bound to the methylene carbon. 

Price et aLZ4 have determined these influences on series of [F't(15- 
NH&XY] compounds. The trans influence of HzO compared 
to C1- was found to be -18.823 and -21.224 ppm. The smaller 
cis influence was found to be and +LOz4  ppm. For ruc- 
(A) and ruc-(B) we observe a trans influence of Hz0 compared 
to C1- of - 18.6 ppm and a corresponding cis influence of +2.8 
ppm. Using these relationships, we can calculate the 15N 
chemical shifts of [Pt(R1-en)Clz], which could not be measured 
due to the low solubility of this neutral species: N1 = -14.1 
ppm and NZ = -40.4 ppm. The 195Pt spectrum (reference 
PtC142-: 0 ppm) of the same solution shows only a single peak 
at -447 ppm for both "(A)  and ruc-(B) isomers, apart from 
those at -227 ppm and -722 ppm for the diaqua and dichloro 
species, respectively (literaturez5 for Pt(en)Clz: -506, -284, 
-71 1 ppm, respectively, assuming d(PtC162-) = +1630 ppm). 
The line width at half-height of the three signals is ap- 
proximately 500 Hz due to Pt-14N quadrupolar nuclei coupling26 
which is too large to distinguish the two isomers. The ls5Pt 
spectrum was obtained on a freshly prepared solution, over- 
saturated in the dichlorospecies; this species precipitated after 

(24) Bemers-Price, S.  J.; Frey, U.; Ranford, J. D.; Sadler, P. J. J. Am. Chem. 

(25) Rochon, F. D.; Morneau, A. Magn. Res. Chem. 1991, 29, 120-126. 
(26) Boreham, C. J.; Broomhead, J. A,, Fairlic, D. P. Awr. J. Chem. 1981, 

SOC. 1993, 115, 8649-8659. 

34, 659-664. 
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Figure 3. Kinetics of water exchange at 0.03 M [Pt(R1-en)(H2~'0)2]- 
(C104)2 in 0.2 M HC104, followed by the decrease in height h~, (arbitrary 
unit) of the 170-enriched (7.5%) NMR signal of coordinated water at 
279.4 K and ambient pressure. 

a while and could therefore not be detected in the natural 
abundance 15N spectrum. 

The equilibria in eqs 1 and 2, which will serve as model for 
our kinetic study, do assume that the lability of the two chloro 
and of the two aqua ligands in [Pt(Rl-en)Ch] and in [Pt(Rl- 
en)(H20)2l2+, respectively, are similar, and further that the 
concentrations of the diastereoisomers ruc-(A) and ruc-(B) are 
similar. This last point has been verified, within the accuracy 
of the 15N{1H)NMR integrations (see Figure 2). I7O NMR is 
informative concerning the lability of the aqua ligands in [Pt- 
(R1-en)(H20)2lZ+ through the study of the exchange reactions 
in (3) and (4), where the indices denote the water ligands trans 

r~c-[Pt(R~-en)(H~'~0),~(H~'~0),,]~+ -I- HzO 
k X . 1  

ruc- [~(Rl-en)(H20)Nl(H2L70)N2]2+ -k H,I70 (3) 

kex.2 

r~C-[Pt(R,-en)(H2'70)N~(H2170)N2]z+ -k H 2 0  

rUC-[Pt(Rl-en)(H2'70),l(H20),2]2+ + H2170 (4) 

to the N1 and N2 nitrogens, respectively. The spectrum of 7.5% 
1 7 0  enriched [Pt(R1-en)(H~0)2]~+ shows only one signal at 
-87.3 ppm for bound water besides that of free water (0 ppm). 
The decrease of height hh of this signal as a function of time, 
due to exchange with free water is shown in Figure 3. These 
data were first analyzed in terms of a single exponential with 
an exchange rate constant k,, according to eq 5 (x, = mole 

h, = hb,a + (hh,Cl - hb,m) exp[-k,xtl(l - xm>l ( 5 )  

fraction of coordinated water).27 The fitting procedure gives 
an exchange rate constant of (2.37 & 0.08) x s-l at 279.4 
K. The data were then analyzed in terms of two parallel 
exchange pathways with two different rate constants. The more 
the kex,l/kex,2 ratio differs from unity, the worse is the quality of 
the fit. From a comparison of the fits versus this ratio it can be 
concluded that kex,z/kex,l is smaller than 2 within experimental 
error. 

Kinetic Analysis. The quantitative kinetic study of the two 
successive aquatiodanation reactions (eqs 1 and 2) was 
performed by UV-vis absorption spectroscopy. The dichloro 
complexes [Pt(R-en)C12] show similar maximum and minimum 
of absorption as observed for cis-[PtCh(NH~)~l (maximum, 305 

(27) Helm, L.; Elding, L. I.; Merbach, A. E. Inorg. Chem. 1985,24, 1719- 
1721. 
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Figure 4. UV-vis kinetics for the first aquation step of [Pt(Rl-en)- 
Clz] at pH = 2.2 T = 311.3 K, and P = 101 MPa with (experiment 1) 
and without added C1- (experiment 2). Initial conditions: (experiment 
1) [complexlo = 1.64 x M; (exp 2) 
[complex], = 1.10 x M. Key: (A) spectra for experiment 1 with 
time intervals of 500s; (B) measured and calculated absorbance changes 
as a function of time at 257.0 nm (experiment 1, 0; experiment 2, B) 
and at 307.7 nm (experiment 1, A, experiment 2 ,  0). 

M, [Cl-] = 1.21 x 

nm; minimum, 246 nm):28 R1-en (301.9,249.0) (see Figure 4A), 
R2-en (301.9, 249.0), R3-en (300.5,255.0). The same similitude 
is observed for the diaqua ions: cis-[Pt(NH3)2(H20)2I2+ (255, 
231),29 [Pt(R1-en)(H20)2]2+ (260.0, 234.5). The molar absorp- 
tions of the R-en complexes are very similar to those reported 
for the ethylenediamine complexes.30 

The first aquationlanation step (eq 1) was studied starting 
from the [Pt(R-en)Clz] complex. To better define the contribu- 
tions of kl and k-1 to the measured absorbance changes, the 
kinetics was always performed twice: without and with added 
C1-. Further the observation was done at two wavelengths 
corresponding to maximum increase (257.0 mn) and decrease 
(307.7 nm) of the absorptions (Figure 4A). The measured 
absorbances were fitted to the well known integrated kinetic 
equations for first- and second order reversible  reaction^^^.^^ 
(see supplementary material: eq S2, UV-vis kinetic equations). 
During the fitting procedure six parameters (kl, k-1, and 
absorbances of the dichloro and chloroaqua complexes at the 
two wavelengths) were used to adjust the calculated curves to 

Table 1. Rate Constants for AquatiodAnation (kl, k-l) of 
[Pt(R3-en)Clz] (1 .O x 
(Medium: HzOlDMF = 90/10). 

M) at 3 11.3 K, as a Function of pH 

PH lO"klls-' 10k-IN-l S-' 

2.2 1.55 (0.02) 1.43 (0.05) 
4.9 1.67 (0.05) 1.17 (0.08) 
5.8 1.69 (0.03) 1.28 (0.09) 

Table 2. Rate Constants for AquatiodAnation (kl ,L1) of 
[Pt(R-en)Clz] (1.0 x 
311.3 K lu = 0.01 M) 

M) in Acidic Medium (pH = 2.2) at 

RI-en 1.37 (0.01) 1.71 (0.02) 
1.48 (0.01) R2-en 1.84 (0.01) 

Rz-en" 1.51 (0.04) 1.61 (0.02) 
R3-ena 1.55 (0.02) 1.43 (0.05) 

In HzO/DMF = 90/10 

the four data sets of absorbencies versus time (Figure 4B). The 
reactions were followed for 3-4 half-lives as long as the 
isobestic points were maintained (no formation of the diaqua 
complex). The second aquationlanation step (eq 2) was studied 
in the reverse manner starting from the [Pt(R-en)(H20)~]~+ 
complex. Similarly two different concentrations of C1- were 
used and the observations made at two wavelengths (240.0 and 
291 .O nm), and six parameters (k2, k-2, and four absorbances) 
were used to adjust the calculated curves to the four data sets. 

pH of the Kinetic Study. Near neutral pH, aqua ligands 
bound to platinum deprotonate to form hydroxo species.33 The 
pKa of the monacid [Pt(en)(HzO)Cl]+ (7.4) and of the diacid 
[Pt(en)(H~O)z]~+ (5.8 and 7.6) are reported in par en these^.^^ 
Moreover the hydroxo species produced can dimerize at the 
concentrations used in the kinetic study or even oligomerize 
f ~ r t h e r . ~ ~ , ~ ~  

During the kinetic study (pH fixed at 2.2) of the fiist aquatiod 
anation step (eq l), it was not necessary to take into consider- 
ation the formation of [Pt(R3-en)(HO)Cl] to account for the 
absorbance changes. In the pH range 2.2-5.8 the rate constant 
for the aquation kl and for the reverse anation k-1, of [Pt(R3- 
en)Clz] were found independent of pH (Table 1). Coley et al. 
made a similar observation for [ P t ( e n ) C l ~ ] . ~ ~  

For the study of the second aquatiodanation step (eq 2) the 
stock solution of [Pt(R-en)(H20)lZ+ (0.1 M) was prepared in 1 
M HC104 to avoid the formation of the dinuclear species.36 It 
was verified that the solution used for the kinetic study (pH = 
1.4-1.6), obtained by dilution of the stock solution, did not 
contain dimers. 

Kinetic Effect of the Diamine Ligand. The aquation ( k l )  

and anation (k- 1) rate constants of [Pt(R-en)Clz] are independent 
of the nature of the diamine R1-en, Rz-en, or R3-en (Table 2). 
The aquation of Pt(R3-en)Clz has been studied in H*O/DMF 
(90/10) due to the insolubility of this complex in water. As 
shown in Table 2, for [Pt(Rz-en)Clz], the aquation rate does 
not depend on whether water or the mixed solvent H20/DMF 
(90/10) is used. 

Determination of Thermodynamic and Activation Param- 
eters. The similarity of the kinetic behaviour of the three [Pt(R- 
en)Cl2] complexes allowed to restrict a full variable temperature 
and pressure study to the complex with the R1-en ligand. The 

(28) Miller, S. E.; House, D. A. Inorg. Chim. Acta 1989, 161, 131-137. 
(29) Miller, S. E.; House, D. A. Inorg. Chim. Acta 1989, 166, 189-197. 
(30) Coley, R. F.; Martin, D. S. Inorg. Chim. Acta 1972, 7, 573-577. 
(31) Espenson, J. H. Chemical Kinetics and Reaction Mechanismus, 

(32) Frost, A. A. Pearson, R. G. Kinetics and Mechanism; Wiley: New 
McGraw-Hill: New York, 1981; p 45. 

York. 1961; p 186. 

(33) Appleton, T. G.; Hall, J. R.; Ralph, S. F.; Thompson, C. S. M. Inorg. 

(34) Lim, M. C.; Martin, R. B. J .  Inorg. Nucl. Chem. 1976, 38, 1911- 

(35) Gill, D. S.; Rosenberg, B. J.  Am. Chem. Soc. 1982,104,4598-4604. 
(36) Bignozzi, C. A,; Bartocci, C.; Chiorboli, C.; Carassiti. V. Inorg. Chim. 

Chem. 1989, 28, 1989-1993. 

1914. 

Acta 1983. 70, 87-90. 
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Table 3. Rate Constants for the First (kl, k-1)" and the Second (kz, 
k - ~ ) ~  AquatiodAnation steps of [Pt(R1-en)Clz] in Acidic Medium as 
Function of Temperature 

TK 105ki/s-' 102k-1/M-' S-' 1VKi (=ki/k-i)IM 

293.3 1.81 (0.01) 2.69 (0.03) 6.73 
302.3 4.99 (0.05) 6.42 (0.09) 7.77 
311.3 13.7 (0.1) 17.1 (0.2) 8.01 
320.3 38.8 (0.5) 38.1 (0.7) 10.18 

279.5 6.9 (1 .O) 0.84 (0.03) 8.21 
291.4 30(4) 3.29 (0.09) 9.12 
295.0 46 (1) 4.93 (0.21) 9.33 
303.3 170 (17) 11.1 (0.5) 15.32 

pH = 2.2; p = 0.01 M. pH = 1.4; p = 0.04 M. 

Table 4. Rate Constants, Activation Parameters, and 
Thermodynamic Parameters for the First and the Second Aquation/ 
Anation Steps of [Pt(R'-en)C12] (This Work) and [Pt(en)Cl~]".~ in 
Acidic Water 

R1-en ena,b 
k1298/s-' 

K1298/M 
b.fP1k.J mol-' 
Ap-1k . J  mol-' 
M1k.J  mol-' 
Agl/J K-' mol-' 
AP-JJ K-I mol-' 
A,F'l/J K-' mol-' 
APi/cm3 mol-' 
AP-,/cm3 mol-' 
APl/cm3 mol-' 

k-'Z98/M-l s-l 
(3.2 f 0.2) x 10-5 
(4.4 f 0.2) x 10-2 
(7.2 f 0.3) x 
86.0 f 2.8 
75.0 f 2.6 
+11.0 f 2.5 
-42.8 f 9 
-19.5 f 9 
-23.3 f 8 
-9.4 f 0.7 
-4.0 f 0.4 
-5.3 f 1.1 

(3.4 f 0.4) x 10-5 c 

(22 f 1) 10-4' 
(1.54 f 0.03) x 

85 f 10' 
73 f 3 
+17 f 4 
-42 f 33' 
-33 f 8 

-9.2 f 1.0 

R1-en en" 
k2298/s-' (7.8 f 1.1) x 10-5 (4.4 f 0.6) x 10-5 

K2298/M (1.2 f 0.1) x 10-4 (1.4 f 0.1) 10-4 
b.fPm mol-' 91.1 f 9 34 f 12 
b.fP-m mol-' 74.3 f 1.4 37 f 12 

0.67 f 0.01 0.31 f 0.04 k-2298/M-l s-l 

AHOm mol-' $16.8 f 7 - 4 + 8  
APJJ K-' mol-' -18.1 f 31 -210 f 42 
AP-dJ K-' mol-' +0.9 f 5 -130 f 42 
A&/J K-' mol-' -19.1 f 26 
APJcm3 mol-' -6.6 f 1.7 
AP-,/cm3 mol-' -4.4 f 0.5 
APP2/cm3 mol-' -2.2 f 2.0 

a Reference 30. Reference 37. See also ref 38; = 3.20 
b.fP1k.J mol-' = 97.1 f 3, A,I?'/J K-' x K1298/M = 1.5 x 

mol-' = -5 f 6. 

temperature dependence of the rate constants for the first (293- 
320 K) and the second (280-303 K) aquationlanation steps were 
determined at four temperatures for both reactions (Table 3). 
The forward and reverse rate constants were independently least- 
squares analysed with A P  and A$ (or kZ9*) as adjustable 
parameters in the Eyring equation. A similar procedure was 
applied for the thermodynamic parameters by using the kineti- 
cally obtained equilibrium constant Ki = ki/k-i, for i = 1, 2 
(Table 4). The pressure dependence of the rate constants for 
the first (31 1.3K) and the second (279.0K) aquationlanation 
steps were determined up to 200 MPa for both reactions (Figure 
5). The forward and reverse rate constants were independently 
least-squares analyzed by the linear eq 6 , which assumes a 
pressure-independent volume of activation.'* The kinetically 
obtained K values, were analyzed by using eq 7. 

In k = In ko - PAPIRT (6) 

In K = In KO - PAVIRT (7) 
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Figure 5. Pressure effect on normalized logarithm of the rate constants. 
(A) aquation kl (0) and anation k-1 (0) of [Pt(R~-en)Clz] at pH = 2.2 
and 31 1.3 K. Two experiments at each pressure, with 3 x M C1- 
and without added C1-. [complexlo = 1 x M. (B) aquation k2 (0) 
and anation k-2 (m) of [Pt(R~-en)(Hzo)Cl]+ at pH = 1.6 and 279.0 K. 
At each pressure experiments were run with two C1- concentrations: 
1 and 4 x M. [complexlo = 3 x M. 

Discussion 

This work was undertaken to establish a possible dissociative 
mechanism for the first aquation of [Pt(Rl-en)Clz], due to a 
possible specific effect of the norbomyl or oxanorbomyl group 
of the R-en ligand on the aquation rate constants and on the 
mechanism. The two chlorides are potentially not equivalent 
due to the asymmetry of the bicyclo substituted ethylenediamine 
ligand. However it could be shown by 15N, lg5Pt, and 170 NMR 
that the two chlorines are kinetically equivalent, as well as the 
two water oxygen in the analogue bis(aqua) complex. The 
quantitative kinetic study, performed by W-v i s  spectropho- 
tometry, could therefore be simplified by using eqs 1 and 2 as 
model for the data analysis. The obtained rate constants of the 
first aquation for the three diamine ligands studied are very close 
(Table 2) and the one for (R1-en) equals that for ethylenediamine 
(en) within experimental errors (Table 4). This allows one to 
suggest the same mechanism for the first aquation step of these 
four Pt(II) diamine complexes. The temperature related activa- 
tion parameters for the first aquationlanation step are also 
practically identical for [Pt(Rl-en)C121 and [Pt(en)CL]: small 
activation enthalpies and negative activation volumes, which 
are expected for the classical associative mechanism for square 
planar substitution. For the second aquationlanation step the 
rate and equilibrium constants are also close for both complexes, 
however the large differences in the AZ# and A 9  values, 
probably linked to the limitation of the experimental techniques, 
preclude any more detailed discussion of these two last 
activation parameters. The pressure-related activation param- 
eters are much more accurately defined, and in the case of [Pt- 
(Rl-en)Clz] it has been possible to build up the complete reaction 
volume profile (Figure 6), which is nowadays recognized as a 
powerful mechanistic tool.39 This profile shows two charac- 
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+ H,O + H20 
[Pt(R,-en)Cl,j =====e [Pt(R,-en)(H,O)Cl]* [Pt(R,-en)(H,0)2]Z+ 

+ CI' + c i  

5 . 3  

-9.L 

Figure 6. Volume profile for the two-step reversible aquation of [Pt- 
(R~-en)Clz] (step 1, 311.3 K; step 2, 279.0 K). 

teristic minima for the transition states of the two sucessive 
aquatiodanation steps. They are clear evidence for the existence 
of pentacoordinated transition states or intermediates for the 
classical I, or A mechanisms of substitution on square planar 
Pt(I1) complexes. The only possible close comparison is with 
the activation volumes of the first aquation step A P l  for 
[Pt(en)C12] (-9.2 f 1.0 ~ m ~ m o 1 - l ) ~ ~  and for [Pt(NH&C12] 
(-9.5 f 1.2 ~ m ~ m o l - ' ) , ~ ~  which are equal to that for [Pt(R1- 
en)Cla] within experimental error. For the second aquation step 
a A P  value of -10.5 f 1.0 cm3 mol-' has been obtained for 
the aquation of [Pt(dien)C1]C140 and can be compared with our 
AVz* value of -6.6 f 0.6 cm3 mol-'. For [Pd(Mesdien)Cl]Cl 
the whole volume profile for the aquation 

(37) Kitamura, I.; Ida, K. Inorg. Chim. Acta 1984, 88, 161-163. 
(38) Miller, S. E.; Gerard, J.; House, D. A. Inorg. Chim. Acta 1991, 190, 

(39) Van Eldik, R.; Merbach, A. E. Comments Inorg. Chem. 1992, 12, 

(40) Rindermann, W.; Palmer, D. A.; Kelm, H. Inorg. Chim. Acfa 1980, 

135-144. 

341-378. 

40, 179-182. 

has been obtained, and a comparison is also possible with the 
values obtained by Pienaar et aL41 given in parentheses: A P 2  
= -6.6 f 1.7 (-11.6 f 0.2) cm3 mol-', AP-2 = -4.4 f 0.5 
(-4.9 f 0.4) cm3 mol-' and AVO2 = -2.2 f 2.0 (-6.7 f 1.0) 
cm3 mol-'. The full volume profile obtained for the two steps 
aquatiodanation reaction of rac-[Pt(R3-en)Clp] demonstrates the 
occurrence for both steps of an associative activation mode; 
the transition state (I, mechanism) or the intermediate (A 
mechanism) is probably a trigonal bipyramid in which the 
leaving chloride group and the entering water molecule occupy 
the equatorial positions. Any dissociative mechanism that could 
have been correlated to a nucleophilic assistance of the 
2-substituted norbornyl group is therefore precluded. 

This study shows that the comparison of the aquation steps 
of [Pt(R-en)Cla] complexes where the diamine varies cannot 
contribute to the understanding of their different biological 
properties. Further work is in progress to determine the next 
steps of DNA platination using UV and atomic absorption 
spectroscopies and the filter-binding assay with Escherichia coli 
UvrAB protein which binds to the DNA adducts.' Parallel 
investigations with short oligonucleotides are also in progress.42 
The aim of the whole work is to establish an eventual structure- 
activity relationship based on the substituted (ethylenediamine)- 
platinum complexes. 
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