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(on N) and 10 H (on C). Since the residual valence on NH is
0.2, the residual valence on the remaining H atoms is 0.74, or 0.074
valence unit per H atom.

As suggested earlier,!! in order to form aquo complexes of
platinum, certain hydrogen-bonding requirements must be fulfilled.
The coordinated water molecule must form two strong bonds,
where it would donate the protons. This was observed in the
structures described in the Introduction.”!%!7 In our compound,
the aquo ligand also forms two strong bonds, the first with one
oxygen atom of the intramolecular sulfate ligand (O(5)---O(4)
= 2.627 (8) A) (Table IV) and the second with a molecule of
lattice water (O(5)---O(6) = 2.629 (8) A). Therefore, the lattice
molecule of water O(6) plays a very important role in the sta-
bilization of the crystalline structure. On the basis of the valence
sums in Figure 2, O(3), O(4), and O(6) are underbonded (1.80,
1.81, and 1.84). Therefore, these atoms must be hydrogen bonded
to the CH groups. The application of Brown’s theory to the crystal
structure of [Pt(NH(CH,)C,H,NH(CH,))(SO,)(H,0)]-H,0
seems very interesting, and a more detailed theoretical study,
including van der Waals interactions, should improve the results.

Sulfate ions are usually believed to be bidentate ligands toward
Pt(II) in the solid state. In aqueous solution, !**Pt NMR has
shown the presence of [PtL,(SO,)(H,0)] species.?»¥ In crys-
talline [Pt(NH(CH,)C,H,NH(CH,))(H,0)(S80,)]-H,O, the

(25) Rochon, F. D.; Girard, L. Can. J. Chem. 1986, 64, 1974.

(26) Dabrowiak, J. C.; Balakrishman, M. S,; Clardy, J.; Van Duyne, G. D,;
Silviera, L. Platinum Coordination Complexes in Cancer Chemother-
apy; Martinus Nijhoff: Boston, MA, 1984; p 63.

hydrogen-bonding system is probably much more efficient when
the sulfate ligand is monodentate and a water molecule occupies
the fourth coordination site of the platinum(II) atom. The four
oxygen atoms of the sulfate ligand are involved in the hydro-
gen-bonding system, where they accept protons from the water
molecules or from the ~NH groups (Table IV).

The packing of the molecues in the crystal is shown in Figure
3. It consists of layers of molecules parallel to the bc plane held
together in the a direction by hydrogen bonds between the amine
groups and the sulfate ligands. The N(1)---O(1) and N(2)---
O(2) distances are 2.845 (8) and 2.851 (8) A, respectively, and
the angles are very favorable for hydrogen bonds (Table IV).
Besides the two hydrogen bonds already mentioned, where the
coordinated water molecule O(5) donates protons to a sulfate
oxygen O(4) and to the lattice molecule of water O(6), there are
two other hydrogen bonds where O(6) donates protons to two
sulfate oxygen atoms O(2) and O(3). The angle O(2)---O-
(6)---O(3) is 119.7 (3)°. Therefore, one oxygen atom in the sulfate
ligand O(2) seems to accept two protons, one from N(1) and one
from the lattice molecule of water O(6).
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Rate (k) and equilibrium constants (X},) for the hydrolysis of ¢is(V,S)-Pt(amino acid)(dimethyl sulfoxide)Cl complexes (denoted
Pt—Cl) have been determined for amino acids glycine, sarcosine, and N,N-dimethylglycine at 35 °C. K, and k,, the rate constant
for the reverse reaction, were determined by potentiometric titration (with a chloride-sensitive electrode) of the aquo species derived
from the chloro species by reaction with AgNO;. Rate constants for the base hydrolysis of Pt—Cl at high pH, determined by both
NMR and potentiometric techniques, correspond closely to those obtained from the low-pH titrations, indicating that the hydrolysis
occurs by reaction with water solvent over a substantial pH range. For both glycine and sarcosine complexes of Pt-Cl, addition
of NaOH leads to rapid establishment of an equilibrium mixture of Pt~Cl and the N-coordinated, OH-substituted species that
results from opening of the chelate ring. This mixture slowly reverts to Pt—~OH as the Pt—Cl is hydrolyzed by solvent water.
Second-order rate constants, k,,, are also reported for the silver-assisted hydrolysis of the chloride complexes, making possible
an assessment of the relative importance of the two mechanisms of hydrolysis. Variation among the three species is less than 1
order of magnitude for all four constants: k; = 107 s, k, = 10 M™' s}, Ky = 107 M, kuy = 102 M 571,

Extensive investigations of the mechanism of the interaction
of the anticancer drug cis-diamminedichloroplatinum(II) (DDP)
with DNA and with simpler nucleotides and nucleosides have
emphasized the importance of aquo species derived from the chloro
species by hydrolysis in a low-[chloride] medium.!? The acidic
aquo species is readily deprotonated by bases to yield the corre-
sponding mono- and dihydroxo species.>* At pH values near the

pK,, u-OH-bridged dimer and trimer species are readily formed
from the partially neutralized aquo species.>6

We have earlier reported NMR evidence for isomer assign-
ments’® and a detailed study of the mechanism of Cl-catalyzed
and Me,SO-catalyzed isomerization of cis and trans (N,S) isomers
of mixed amino acid—dimethyl sulfoxide complexes of platinum-
(I1).> The equilibration studies included a comparison of rates

(1) As reviewed by several papers in: Platinum, Gold and Other Thera-
peutic Agents; ACS Symposium Series 209; American Chemical So-
ciety: Washington, DC, 1983.

(2) Lippard, S. J. Science Washington, D.C. 1982, 218, 1075.
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of isomerization with rates of chloride ion and dimethyl sulfoxide
exchange, but they did not take into account the effects of hy-
drolysis of chloro species. Like Pt(dien)Cl*, which has been used
extensively to investigate trends in substitution reactions,!’ and
to probe reactions with nucleotides,!!1? these species have only
a single chloride. We therefore undertook an investigation of the
rates of chloride hydrolysis and the acid—base and dimerization
properties of the resultant aquo species of these monochloro
complexes.

The hydrolysis of the chloro species, denoted Pt—-Cl, can be
represented by

k
Pt-Cl + H,0 *_—k‘* PtOH,* + CI- (1)
2

for which the equilibrium constant, K, is given by K, =
(PtOH,*)(CI")/(PtCl). We have employed potentiometric
methods to determine both K and k,, the second-order rate
constant for displacement of H,O by CI~, by monitoring the
displacement of coordinated water of the aquo species by chloride
ion with a chloride-specific electrode. The first-order rate constant
for hydrolysis, k,, was then determined from the condition that
Ky = ki /k,.

In the course of preparing the aquo species from the corre-
sponding choro species by reaction 2, we noted a significant effect

k
Pt-Cl + H,0 + Ag* —= PtOH,* + AgCl(s)  (2)

of the silver ion concentration on the rate of hydrolysis. This
silver-assisted hydrolysis, characterized by a second-order rate
constant k,,, has been investigated both by NMR spectroscopy
and by potentiometric methods using a silver electrode to monitor
the silver ion concentration.

In this paper we report the hydrolysis data for three cis(N,-
Me,SO) amino acid complexes of general formula Pt-
(Me,SO)(amino acid)Cl (amino acids: glycine = gly, sarcosine
= sar, and N,N-dimethylglycine = dmg). For glycine and sar-
cosine, these are the thermodynamically favored isomers.’
Acid-base and dimerization properties of Pt(dien)OH,?* 13 and
of the aquo species described here are reported in separate papers.?

We have also investigated the hydrolysis of these chloro species
by OH™. The rate of reaction of OH~ with Pt(dien)CI* is inde-
pendent of hydroxide concentration.!® The observed first-order
rate constant appears to be a measure of the rate of reaction of
Pt-Cl with H,;O. We therefore expected to be able to use the
reaction with KOH as an alternative independent method to
determine k;. For the dmg complex, this expectation was realized.
However, for the other two amino acids, this method was com-
plicated by a facile ring-opening reaction that has confused earlier
work on these mixed amino acid—Me,SO complexes.!* The details
of this ring-opening reaction and the competing displacement of
chloride ion have been clarified by NMR methods.

Experimental Section

Starting Materials. The platinum complexes used in this research
were prepared from K,PtCl,, Me,SO, and the corresponding amino acids
as described earlier.’

NMR Spectra. Proton NMR spectra were recorded at 60 MHz with
a Perkin-Elmer R-600 Fourier transform spectrometer. Ten to one
hundred scans were averaged to improve signal/noise for the relatively
dilute solutions used in the experiments. All spectra were recorded at
magnet temperature, 35 °C. One set of 300-MHz proton spectra were
obtained at 22 °C by using an IBM NF/300 proton spectrometer.

Potentiometric Measurements of Ion Concentrations. Potentiometric
measurements of Ag* and CI™ concentrations and pH employed appro-

(9) Erickson, L. E.; Ferrett, T. A.; Buhse, L. F. Inorg. Chem. 1983, 22,

1461.

(10) Gray, H. B. J. Am. Chem. Soc. 1962, 84, 1548.

(11) Kong, P. C.; Theophanides, T. Inorg. Chem. 1974, 13, 1981.

(12) Den Hartz, J. H. H.; Van den Elst, H.; Reedijk, J. J. Inorg. Biochem.
1984, 21, 83.

(13) Erickson, L. E.; Erickson, H. L.; Meyer, T. Y., Inorg. Chem., following
paper in this issue.

(14) Kukushkin, Y. N.; Garganova, G. P. Russ. J. Inorg. Chem. (Engl.
Transl.) 1970, 15, 2761.
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N(CH,),

S(CH,),

t-38 min

t-0

Figure 1. Proton NMR spectra of a solution of 0.05 M cis(N,S)-Pt-
(dmg)(Me,SO)Cl and 0.05 M AgNO; in D,0 at 35 °C.

t

Figure 2. Chloride ion depletion curves for the stepwise titration of 0.050
M cis(N,S,)-Pt(dmg)(Me;SO)OH," with 1.00 M KCl at 35 °C.

priate electrode combinations and meters as follows: Silver measure-
ments used a Beckmann silver billet-type electrode and a Cu/CuSO,
reference electrode in combination with a Corning Model 10 pH meter.
The electrode was standardized against 0.0100 M AgNO,, and the re-
sponse was satisfactorily Nerstian over three decades in silver concen-
tration. Chloride measurements used an Orion Model 9417B chloride-
specific electrode and a Cu/CuSOj reference electrode in combination
with the Corning Model 10 meter. The meter was calibrated with
standard KCIl solutions at total ionic strength 0.05, maintained with
KNO;. Measurements of pH were made with a combination electrode
and the Corning Model 10 pH meter standardized with pH 4.00 and 7.00
buffers.

The output of the meters was either recorded manually, fed to a
Houston Omniscribe strip chart recorder, or input to an adac system 1200
laboratory computer with convenient analog input for layer processing
either with the computer or after transfer to a DEC VAX 8600 computer.
Statistical analysis and curve fitting employed RS/1 routines resident in
the VAX computer. :

Kinetics of Silver-Assisted Hydrolysis. The kinetics of the silver-as-
sisted hydrolysis of the chloro complexes was followed by both NMR and
potentiometric methods. Figure 1 shows the proton spectral changes for
a solution of 0.05 M Pt(dmg)(Me,SO)Cl and 0.05 M AgNO; in D,0
at 35 °C. The conversion of the chloro species, denoted Pt—Cl, to the
corresponding aquo species, denoted Pt—-OH,*, is readily apparent in both
S-methyl and N-methyl regions of the spectrum. Precipitation of AgCl
in the course of the reaction did not seriously disturb the quality of the
spectra. The concentrations of Pt—Cl and Pt—-OH,* were calculated from
the relative peak heights of central Me,SO peaks. Second-order plots
of 1/(Pt~Cl) vs. time or of In (Pt-Cl)/(Ag*) (for unequal initial con-
centrations of reagents) were satisfactorily linear, while first-order plots
of In (Pt—Cl) vs. time showed substantial curvature.

After the second-order behavior in the silver-assisted hydrolysis was
noted, kinetic runs were monitored potentiometrically with the silver
electrode. For these experiments, the initial concentrations of Ag* and
P1-Cl were kept equal (0.050 M) and second-order plots of 1/(Ag™) vs.
time were employed to obtain the rate constants. In some cases, the
curvature in the plots was significant after 2 half-lives as the contribution
of the simple unassisted hydrolysis became more significant.

Titration of Aquo Species with KCl(aq). The 0.05 M solution of aquo
species and AgCl precipitate, contained in the thermostated well-stirred
cell, was then titrated with standardized KCl (0.5-1.0 M), and the dis-
placement of the coordinated water by Cl~ was monitored with the
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Figure 3. Graphical determination of k, for cis(V,S,)-Pt(gly)-
(Me,SO)OH,* at 35 °C from the concentration dependence of the
chloride ion depletion rate constant, k.
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Figure 4. Graphical determination of K;, for cis(V,S)-Pt(gly)(Me,SO)Cl
from KClI titration of aquo species at 35 °C,

chloride-sensitive electrode. The KCl was added in small (0.050-mL)
increments, and the chloride electrode response was recorded as a func-
tion of time after each addition. Typical chloride depletion curves are
illustrated in Figure 2. The rate of chloride reaction decreases as the
concentration of unreacted Pt-OH,* decreases.

Analysis of Chloride Depletion Curves. After a preliminary experiment
in which the decay of chloride was shown to follow second-order kinetics
when stoichiometric KCl and Pt—-OH,* were mixed, the following ap-
proach was employed to obtain both rate and equilibrium data for the
hydrolysis reaction from the chloride reaction curves obtained in the
complete KCl titration of Pt-OH,*:

Since the Pt—~OH,* was present in substantial excess during most of
the titration, the chloride reaction was treated as a pseudo-first-order
process with a pseudo-first-order rate constant, k, given by

(CD), = (Cl)a + [(CD)o = (CDa]e™ 3)

where (Cl), etc. are chloride concentrations at time ¢ etc. The advantage
of this approach is that it yields (Cl).., the equilibrium concentration of
chloride, which for most of the titration is below the concentration of
Nernstian response of the chloride electrode. Reliable chloride concen-
trations can be determined for 3—4 half-lives after addition of an initial
burst of KCl, which raises the chloride concentration to about 0.002 M.

A plot of k vs. the concentration of unreacted aquo species, (Pt-
OH,"), calculated from the moles of KCl added and the moles of aquo
species initially present, was then employed to obtain k, as the slope.
Such a plot is shown in Figure 3 for cis(N,S)-Pt(gly)(Me,SO)OH,*.

K, Determination from Titration Curve. The rate of chloride reaction
after KCl addition was used to determine k, in eq 1. In like manner, the
calculated equilibrium concentrations of chloride ion after each addition
of KCl were employed to determine K;. It can be shown that the mid-
point pCl in a titration of aquo species with KC! is numerically equal to
pKj, and such titration curves can be used to determine K. However,
since the high pCl values near the beginning of the titration are based
on extrapolated pCl values that lie beyond the range of reliability of the
chloride electrode, Kj, values were determined from the data for the latter
third of the chloride titration as follows: The initial concentration of aquo
species was determined from the end point indicated by the titration curve
itself. An average value of K|, for the last five to ten points of the titration

Erickson et al.

Table I. Second-Order Rate Constants for the Silver-Assisted
Hydrolysis of Chloro Complexes of General Formula Pt(amino
acid)(Me,SO)Cl at 35 °C

amino

acid method (Pt-Cl)o; M (Ag)o M kuy, M1 57!

gly NMR 0.050 0.050 0.022
NMR 0.100 0.100 0.022
Pot. 0.050 0.050 0.024
Av 0.023

sar NMR 0.029 0.029 0.0067
NMR 0.024 0.071 0.0049
Pot. 0.050 0.050 0.0086
Av 0.0067

dmg NMR 0.028 0.028 0.0086
NMR 0.028 0.084 0.0103
Pot. 0.050 0.050 0.0075
Av 0.0088

Table II. Rate and Equilibrium Constants for Hydrolysis of
Monochloro Complexes of Platinum(II)

complex T,°C 10°Ky 10%, s ky M5t
Pt(gly)(Me,SO)Cl 35 0.78 5.2 6.80
Pt(sar)(Me,SO)Ci 35 0.51 3.6 7.10
Pt(dmg)(Me,SO)Cl 35 117 133 113
Pt(dien)CI* 25 30° 25 0.99¢
Pt(Me,SO)H,0)Cl, 25 25 80P 20,56
Pt(en)Cl, 25 276 7 9

9Reference 19. ®Reference 20. ¢Reference 21.

was then determined graphically as the slope of a plot of (Pt-OH,*) vs.
(Pt—-Cl1)/(Cl)., where the concentrations of aquo and chloro species were
calculated from the volumes and concentrations of reagents added at each
point and the equilibrium (Cl). values were determined from the
graphical analysis of the chloride reaction curves. A plot for the glycine
complex is shown in Figure 4.

Kinetics of Hydrolysis of OH~. The rate of hydrolysis by hydroxide
ion was monitored by both NMR and potentiometric methods. The
proton spectral changes for the reaction of KOH with cis-Pt(dmg)-
(Me,SO)CI (0.05 M in each reagent) are parallel to those observed in
the silver-assisted hydrolysis (Figure 1), with the product having chemical
shifts characteristic of the Pt-OH species rather than the Pt-OH,*
species. Relative concentrations of Pt—Cl and Pt—-OH were determined
from peak heights of corresponding Me,SO peaks. A first-order plot of
In (Pt—Cl) vs. time was linear over 4 half-lives, while the second-order
plot of 1/(Pt—Cl) vs. time showed substantial curvature.

For the same dmg complex, the reaction was also followed by moni-
toring the pH after adding small increments of KOH (about 0.05 me-
quiv/mmol of Pt—Cl). A plot of (OH"), calculated from the pH vs. time
plot, was linear over 1 order of magnitude change in (OH") after each
addition. The slopes of these (OH™) vs. time plots decreased as the
concentration of unreacted Pt—Cl decreased. The data are consistent with
the rate law

rate = ~d(Pt=Cl) /dt = ~d(OH") /dt = k,(Pt-Cl) )

where the rate is given by the slope of the (OH") vs. time plot and &, can
be calculated from a plot of rate vs. (Pt-Cl).

In contrast to the case of the dmg complex, for the gly and sar com-
plexes, after each addition of KOH, the pH dropped rapidly by 1-2 units,
indicating a rapid consumption of most of the OH™ ion. The subsequent
slow equilibration of pH and CI” concentrations was monitored poten-
tiometrically. A more thorough analysis of the reaction was afforded by
a proton NMR spectroscopy study at 300 MHz.

Results

Kinetics of Silver-Assisted Hydrolysis. Second-order rate
constants for the silver-assisted hydrolysis of chloro complexes
at 35 °C are summarized in Table I. Data are included for both
NMR and potentiometric experiments. Standard deviations in
rate constants for individual experiments were generally less than
10% of the values themselves. Agreement between the two
methods is satisfactory. We judge the average value reported for
K, for each complex to be reliable to £20%.

Hydrolysis Data. Rate and equilibrium constants for the hy-
drolysis of chloro complexes at 35 °C are presented in Table II.
In each case, the value given is based on the graphical analysis
of data from several decay curves as deseribed in the Experimental
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Table III. Rate and Equilibrium Constants at 35 °C Based on Pt-Cl
+ OH- Reactions

complex method 10% oy, 57 107Ky 107Ky /K, K,°
sar pot. (CI7) 6107 23£06 21 %05
pot. (pH) ~11
gly pot. (pH) 6.8 £0.6 1.5+£0.2 2005
dmg pot. (pH) 9203 62 7.7+0.5
NMR 1254+ 0.2
NMR 183+ 04

4Calculated by using k, values from ref 23 and K, = 2.9 X 1074,

Section. The values given for &, are calculated from the inde-
pendent determinations of k, and K, since K, = k,/k,. Literature
data for other similar chloro complexes are included for convenient
comparison.

Hydroxide Reactions. Rate constants and equilibrium constants
for the hydrolysis of these chloro complexes by hydroxide are given
in Table III. The first-order rate constants obtained by NMR
and potentiometric methods agree reasonably well for the dmg
complex. The first-order rate constants for the reaction of the
dmg complex with hydroxide ion also agree quite well with values
of k, calculated from k, and K;. This observation is consistent
with the slow step in the hydrolysis being the displacement of CI~
by water molecules over the entire pH range of these experiments.

The rate constants for the gly and sar complexes were obtained
from the rate of increase of chloride ion concentration after ad-
dition of small increments of KOH. Like the rate of hydroxide
consumption by the dmg complex, the rate of release of Cl™ by
the gly and sar complexes decreases as the concentration of un-
titrated Pt—Cl decreases. The value reported in each case is the
slope of a plot of the rate of chloride ion production vs. concen-
tration of untitrated Pt—ClL.

Table III also includes an estimate of the equilibrium constant
for the base hydrolysis reaction

Pt-Cl + OH™ = Pt-OH + CI- (5)
based on the equilibrium pH value. This value can be compared
for each complex with the equilibrium constant calculated from
K, and K, the acid dissociation constant of the corresponding aquo
complex, since

Kh, = Kh/KwKa (6)

This comparison, included in Table III, gives some indication of
the internal consistency of the closely related experiments.
NMR Evidence for the Mechanism of Hydrolysis at High pH.
A careful 300-MHz proton NMR study of the reaction of the
sarcosine chloro complex has illuminated additional details of the
base hydrolysis reaction while confirming the principal conclusion:
the hydrolysis at high pH, like the hydrolysis at low pH, occurs
primarily by reaction with solvent water. The time dependence
of the 300-MHz proton NMR spectrum of 0.050 M Pt(sar)-
(Me,SO)Clin 0.035 M NaOD/D,O is shown in Figure 5. The
changes in concentration of four distinct species (identified on
the 28-h trace) are most evident in the V-methyl region of the
spectrum, but corresponding changes are also evident in the
Me,SO portion of the spectrum. The addition of the NaOD very
rapidly converts a corresponding amount of chloro species (I) to
a second species (II). Over the next few hours, as the concentration
of IT decreases, the concentration of a third species (III) increases
to a maximum and then declines as the concentration of the
hydroxo substitution product (IV) predominates. The approximate
time variation of the relative concentrations of the four species,
determined from N-CH,; peak heights, is shown in Figure 6.
Proton NMR parameters for all observable protons of the four
species seen in Figure 5 are summarized in Table IV. The N-CH;
peaks are well defined singlets, flanked by %Pt satellites. Because
of the chirality at the coordinated nitrogen of sarcosine, the two
methyl groups of coordinated Me,SO are not equivalent and an
observable chemical shift difference is expected. This potential
difference is not observed for II in any of the traces, but it is evident
for both III and IV in all traces where their concentrations are
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Figure 5. Proton NMR spectral changes for the reaction of 0.035 M
NaOD with 0.050 M cis(V,S)-Pt(sar)(Me,SO)CI in D,O at 22 °C.
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Figure 6. Time variation in the concentration of the species involved if
the reaction of 0.035 M NaOD with 0.050 M cis(N,S)-Pt(sdr)-
(Me,SO)Cl at 22 °C.

Table IV. Proton Chemical Shifts with Three-Bond ‘H—I”PtL
Coupling Constants in Parentheses for cis(V,S)-(Sarcosine)(dimethyl
sulfoxide)platinum(II) Species®

species CH, S-CH, N-CH,

I. Pt(N-0)SCI 4123 3419 3.567 2.887
(<10) (73) (24) (47)

II: PINS(OD)CI 3.780 3.176 3.481 2.722
(29) (55) (22) (43)

IIT: PtNS(OD),” 3403 3.363 2.658
24) (29 (30)

IV: Pt¢(N-0)S(OD) 3474 3428 2.788

Q@7 @) (396)

4(N~O) = chelated sarcosine; N = N-coordinated sarcosme,vS =
S-coordinated Me,SO. Chemical shifts are in ppm relatlve to internal
DSS; 3Jp.y values are in Hz.

sufficient to see the peaks. For the initial chloro species (I), the
single methyl peak observed initially splits into two peaks as the
reaction progresses and the pH slowly drops to its equilibrium
value. The pH at coalescence for I is about 10, comparable to
the coalescence pH we determined for the CH, AB pattern of
Pt(sar)Cl,” from NMR measurements on H,O solutions.!> The
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relatively high initial pH also leads to exchange of CH, protons,
so that the AB doublets of II, which are evident in the initial trace,
rapidly disappear as the reaction proceeds.

The spectral changes shown in Figure 5 are consistent with the
reaction sequence presented in Scheme I. The rapid formation
of II on addition of NaOD to I accounts for the rapid disap-
pearance of a corresponding quantity of Pt—Cl (I) in the NMR
spectrum and for the unexpectedly low pH of the solution (relative
to 0.035 M NaOD). Ultimately, the simple substitution product
(IV) predominates. Competing equilibria between I and IT and
between I and IV could account for the eventual conversion of
Ito IV, but the presence of III suggests that hydrolysis could also
occur by I — II — III — IV. The NMR parameters of IV are
identical with those of the product formed by addition of 1 mol
of OD~/mol of Pt—OD,*, while the parameters of III are identical
with the product formed by addition of 2 mol of NaOD/mol of
Pt—OD,*. Furthermore, the pattern of changes in NMR spectral
parameters in going from I to IV is closely parallel to the pattern
in going from II to III. In both cases, both N-CH, and S-CH;
shifts move upfield while three-bond coupling between %Pt and
either methyl decreases somewhat. According to the assignments
given in Table IV, both changes correspond to replacement of the
CI" trans to coordinated sarcosine nitrogen by OD".

Though III could be involved as an intermediate in the hy-
drolysis of I, the observed rate of hydrolysis argues for the pathway
shown in Scheme I. The overall rate of conversion of II to IV
is very close to the rate of hydrolysis of I at low pH. The dis-
appearance of II at 22 °C fits a first-order In (II) vs. time plot
with k, = 1.5 X 1075 s7! (£5%). This suggests strongly that the
slow step in the conversion is the hydrolysis of I by solvent water
to Pt—OD,*, for which k, at 35 °C is 3.6 X 1075 57! (£20%). In
the high-pH medium, the Pt-OD,* species would be rapidly
deprotonated to IV, of course.

Further evidence for the predominance of the water pathway
comes from other NMR and pH measurements. The NMR
spectra of solutions of I or IV with NaOD freshly added have
confirmed that equilibrium between chelate species and corre-
sponding ring-opened OH -substituted species (I to IT and IV to
III) is established within a few seconds. III and IV initially appear
at about the same rate (Figure 6), but this may reflect how much
OD" is available early in the reaction rather than the relative rates
of hydrolysis of I and II. The pH measurements on similar
solutions reveal that (OD") decreases by another order magnitude
as II is converted to IV. Species IV is strongly favored thermo-
dynamically, but a significant concentration of III can exist until
the excess OD™ is further depleted. On the basis of the pH values
obtained over the course of the reaction, equilibrium constants
for both ring-opening reactions, I + OD™ — Il and IV + OD~
~ III, are about 10° M~1. Such values account for the shift in
IV/III ratio observed in the later stages of the reaction. The

(15) Erickson, L. E.; Dappen, A. J.; Uhlenhopp, J. C. J. Am. Chem. Soc.
1969, 91, 2510.
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ring-opened species, I and III, provide a convenient way for the
system to store OD", but neither of these species is thermody-
namically significant relative to the hydrolysis product, IV, when
less than 1 mol of NaOD/mol of Pt is equilibrated with Pt-Cl.

Discussion

Relative Importance of Simple and Silver-Assisted Hydrolyses.
The independent determinations of the rates of simple and sil-
ver-assisted hydrolyses permit an assessment of the relative im-
portance of the two pathways for the different complexes under
specified experimental conditions. Although silver salts are widely
employed to convert halo species to corresponding aquo species,
surprisingly little attention has been devoted to the process. It
is probably assumed that the Ag* ions are simply available to
precipitate the halide ions formed by hydrolysis by solvent water.
For low concentrations of silver ion and halo complex, this may
be the case. However, for the complexes reported in this paper,
the silver-assisted pathway is the predominant pathway for con-
version to aquo species at high silver ion concentration.

The relative importance of the two pathways depends, of course,
on the silver concentration, since the silver-assisted pathway is
a second-order pathway. A quantity that shows the relative
importance of the two pathways is k;/[k; + kag(Ag*)), the
fraction of the hydrolysis that involves only solvent water. Whereas
less than 10% of the hydrolysis involves silver ion when (Ag*) <
0.001 M, more than 50% of the hydrolysis involves silver ion when
(Ag*) > 0.10 M. Thus, the contribution of the silver-assisted
pathway would not be evident in experiments done at low silver
ion concentrations.

The mechanism by which Ag* increases the rate of hydrolysis
of the chloride species can be envisioned as involving a chlo-
ride-bridged intermediate that loses AgCl on displacement by
water in a slow step, eq 7 and 8. A steady-state treatment then

k-
Pt-Cl + Ag* —k.%* Pt-Cl-Ag* (N

k
Pt-Cl-Ag* + H,0 — Pt-OH,* + AgCls)  (8)

leads to the conclusion that kg, = k.kg(k_; + kg). An extensive
recent review of metal ion catalyzed aquation of transition-metal
complexes is devoted almost entirely to CN = 6 complexes mainly
of Co(III) and Cr(III),'¢ with only one series of papers on the
aquation of Pt(II) complexes. These papers report spectral ev-
idence for a halide-bridged species containing the Pt—X-Hg
moiety, analogous to the chloride-bridged Pt-Cl-Ag moiety
suggested here, in the Hg?*-catalyzed hydrolysis of trans-Pt-
(gly)NH,CI* and trans-Pt(gly)NH;Br*.!” Similar halide-bridged
species have been suggested as intermediates in silver-assisted
reactions of organic halides.'®

Trends in Rate and Equilibrium Constants. The variation in
rate and equilibrium constants among this series of compounds
is not great and does not follow a consistent pattern with methyl
substitution. First of all, though the glycine complex is the most
sensitive to silver-assisted hydrolysis, the dimethylglycine complex
has the largest k; value for simple hydrolysis. The aquo complex
of dimethylglycine is also the most reactive to chloride ion.

The hydrolysis constants for these species are all smaller by
1 order of magnitude than that of Pt(dien)CI*.! The difference
appears to involve both a smaller k, and a larger k, for these
species. The hydrolysis rate and equilibrium constants of these
species are also smaller than those of trans-Pt(Me,SO)(H,0)Cl,,°
which differs from these amino acid complexes mainly in having
another chloride, rather than a nitrogen, trans to the chloride that

(16) Banerjee, R. Coord. Chem. Rev. 1985, 68, 145.

(17) Venediktov, A. B.; Belyaev, A. V. Chem. Abstr. 1974, 81, 30115; 1974,
80, 115565g; 1975, 83, 121295¢.

(18) For a review of this area see: Long, J. R. Aldrichimica acta, 1981,
14(4), 63.

(19) As calculated by: Beattie, J. K. Inorg. Chim. Acta 1983, 76, L69. From
the data of: Martin, D. S.; Bahn, E. L. Inorg. Chem. 1967, 6, 1653.

(20) Elding, L. 1.; Gronig, O. Inorg. Chem. 1978, 17, 7.
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undergoes hydrolysis. Both the somewhat greater trans effect of
chloride (vs. ammonia) and the 2/1 statistical factor favor hy-
drolysis for this complex compared to the amino acid complexes.
Finally, the extent of hydrolysis of these amino acid complexes
(as measured by K) is substantially less than that of Pt(en)Cl,.2!
This can be attributed to a substantial negative cis influence of
the dimethyl sulfoxide, augmented by the 2/1 statistical factor
for Pt(en)Cl,. .

Mechanism of Hydrolysis by OH™. The contrasting behavior
of the three amino acid complexes in their reaction with hydroxide
ion can be accounted for on the basis of their structural differences.
Both glycine and sarcosine complexes contain an NH proton. The
pK, of such protons has been estimated to be about 15. Thus,
addition of OH™ sufficient to produce a pH of 10-12 would
produce a significant concentration of the conjugate base of these
complexes by loss of the NH proton. The importance of this
conjugate base mechanism for substitution reactions has long been
recognized,?? but it is not clear why the chelate ring and not the
chloride of the conjugate base is so readily attacked by OH™. The
large trans effect of Me,SO is probably an important factor. Loss
of the NH proton should greatly strengthen the Pt—N bond in the
same way that loss of a proton from coordinated water strengthens
the Pt-O bond. This might be expected to lead to loss of the CI~
trans to N, but the ring-opening reaction is also facilitated: the

(21) Barton, J. K.; Lippard, S. J. Ann. N.Y. Acad. Sci. 1978, 313, 686.

(22) The argument here is similar to the explanation of the effect of sub-
stitution of NH protons on the kinetics of base hydrolysis of Pd-
(dien)Cl*: Bradley, W. H.; Basolo, F. J. Am. Chem. Soc. 1964, 86,
2075; 1966, 88, 2944,

ring-opening reaction prevails. For the N,N-dimethylglycine
complex, by contrast, the ring-opening reaction does not occur
to a significant extent in competition with the hydrolysis reaction.

This unexpected ring-opening reaction by OH™ is comparable
to the unexpected cis(N,N) addition of a second mole of amino
acid to the aquo species derived from the preferred isomer of
Pt(alanine)(Me,SO)CI, which Kukushkin and Garganova first
reported.' This reaction led them to the wrong conclusion about
the stereochemistry of the compound, which they incorrectly
identified as the trans(N,S) isomer. At high pH values, other
ligands will readily displace the O of the coordinated carboxyl
group. For the reaction with OH™, the effect is strictly a kinetic
effect. Given enough time, the predominant species is the ring-
closed, chloride-substituted species that would result from simple
displacement.

An understanding of the chemistry of the formation of aquo
(and hydroxo) species from chloro species has enabled us to
prepare aquo species readily and to analyze the acid—base and
dimerization properties of these aquo species and of Pt(dien)-
OH,**.13 The report of such investigations of these amino acid—
Me,SO complexes will include analysis of the relative importance
of chloro, aquo, hydroxo, and dimer species as a function of pH
and pCL2
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The dimerization of Pt(dien)(OH,)?* by reaction with the conjugate base Pt(dien)(OH)* to form the u-OH-bridged species has
been investigated by pH methods. Rate constants at 35 °C for both dimerization (k4 = 3.3 X 107 M 57!) and dissociation (k4
= 3.0 X 1073 57!) and the equilibrium constant (K4 = 108 M) for the reaction were obtained by monitoring the pH after partial
titration with NaOH. The significance of these data is illustrated with species distribution curves of dimer as a function of pH

and total platinum concentration,

The aqueous solution chemistry of platinum complexes has
attracted considerable interest in the last few years, owing in part
to its pertinence to use of cis-platinum and related compounds
in cancer chemotherapy.! Among the most studied platinum
chelates are the diethylenetriamine complexes, which have the
advantage of relatively simple chemistry for substitution reactions.
The chloro complex [Pt(dien)C1]Cl has been used extensively to
probe the details of the reaction of DNA nucleotides and nu-
cleosides with a labile platinum species.? Martin and co-workers
have employed the analogous palladium species, which had parallel
chemistry but which reacts more rapidly.’

In spite of the fact that Pt(dien)CI* has been studied extensively
for many years, confusion about the mechanism of its substitution
reactions is still evident. Beattie* has recently provided an al-
ternative interpretation of kinetic data for anation of Pt(dien)-
(OH,)*,’ which had been cited as evidence for a 3-coordinate

(1) Lippard, S. J. Science (Washington, D.C.) 1982, 218, 1075.

(2) Kong, P. C.; Theophanides, T. Inorg. Chem. 1974, 13, 1981.

(3) Martin, R. B. In Platinum, Gold, and Other Metal Chemotherapeutic
Agents; ACS Symposium Series 209; American Chemical Society:
Washington DC, 1983; p 231.

(4) Beattie, J. K. Inorg. Chim. Acta 1983, 76, 1.69.

intermediate in the reaction.® His interpretation provides values
for the rate constants for the hydrolysis reaction

k
Pt(dien)CI* + H,0 == Pt(dien)(OH,)** + CI" (1)
2

and for the corresponding equilibrium constant K, = k,/k,.

In their study of the aqueous solution chemistry of Pd-
(dien) (OH,)?*, Martin and Lim obtained evidence for the for-
mation of a u-OH bridged dimer of the aquo species.” The
reaction can be formulated

Pd(dien)(OH,)** + Pd(diene)(OH)* —
(dien)Pt-OH-Pt(dien)** + H,0 (2)
For reaction 2 at 25 °C and 0.5 M KNO,, Scheller and Martin

obtained an equilibrium constant, Ky, of 132 M~'.2  However,
as Martin has pointed out in reviewing the hydrolytic equilibria

(5) Gray, H. B,; Olcott, R. J. Inorg. Chem. 1962, 1, 481.

(6) Mureinik, R. J. Coord. Chem. Rev. 1978, 25, 1.
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