
E L S E V I E R  Journal of Organometallic Chemistry 504 (1995) 75-91 

__Journal 
ofOrgang. 

m e t a l l i C  
Chemistry 

C-H activation by aqueous platinum complexes: A mechanistic study 
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Abs t r ac t  

Detailed mechanistic studies are reported on the oxidation of alkanes by aqueous [PtCI6]2-/[PtCI4] z- to alcohols plus alkyl chlorides, 
~la proposed (alkyl)Pt II and (alkyl)Pt Iv intermediates. Reactions of [PtCI4] 1- with RI (R=CH 3, CH2CH2OH) in water yield 
[PtCIsR] 2-, which were isolated as their NMe 4 salts. Kinetic rate laws of their decomposition in aqueous chloride solution to ROH and 
RC1 support SN2 displacement by CI- or H20 as the mechanism of the last step. erythro- and threo-[PtCIs(CHDCHDOH)] 2- are 
obtained by oxidation of [PtCl3(trans- and cis-CHD=CHD)]- respectively, and react with CI- with inversion of stereochemistry at 
carbon, consistent with the SN2 mechanism. [PtCls(CH2CH2OH)] 2- is also obtained by oxidation of Zeise's salt with [PtCl6] 2-. Kinetics 
indicate that attack of water on coordinated ethylene to give a /3-hydroxyethyl group precedes oxidation of Pt H to Pt ~v, rather than the 
reverse order, and that this reaction is a model for the oxidation of (alkyl)Pt n to (alkyl)Pt Iv during alkane functionalization. 195pt isotopic 
labeling demonstrates that the oxidation is not accompanied by transfer of the /3-hydroxyethyl group from one Pt center to another. 
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1. In t roduc t ion  

A great deal of activity has been aimed at discover- 
ing and understanding processes of C - H  activation by 
metal complexes during the past decade. The ultimate 
goal, of course, would be a practical method for func- 
lionalization of saturated hydrocarbons. A successful 
.~ystem would have to satisfy (at least) three require- 
ments: 

• C - H  activation must be part of a catalytic cycle 
leading to a useful product, not just a stoichiometric 
transformation. 

• Selectivity must be controllable from two points of 
view: (i) it should be possible to favor the desirable 
site of attack in a hydrocarbon possessing different 
C - H  bonds; and (ii) the C - H  bonds in the product 
must not be much more reactive than those in the 
starting hydrocarbon, or low yields will be inevitable. 

• Activity be sufficiently high to allow for a practical 
process under suitably moderate conditions. 
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Few, if any, of the synthetic systems under study 
meet all these criteria. Biomimetic catalysts, designed to 
reproduce the operating principles of biological C - H  
activators such as cytochrome P-450 or methane 
monooxygenase, generally appear to follow radical 
pathways that are not conducive to high selectivity. In 
contrast, most organometallic C - H  activation reactions 
are certainly non-radical in nature, although the princi- 
ples governing selectivity are far from clear; and many 
are remarkably facile, some proceeding rapidly even far 
below ambient temperatures; but they are not readily 
incorporated into catalytic cycles. 

Our attention was drawn to the so-called electrophilic 
mode of alkane activation (Eq. (1)), first reported by 
Shilov and co-workers. The metal complexes involved, 
chloro(aquo) complexes of Pt(II) and Pt(IV), are much 
more robust than the typical organometallic species 
known to react with alkanes via oxidative addition 
(low-valent late-transition metal complexes) or sigma- 
bond metathesis (d o early transition metal complexes). 
Closing a cycle to produce a functionalized alkane, as is 
in fact the case in Eq. 1, rather than an organometailic 
species should therefore be more feasible. 

RH + PtCI 2- + H 2 0  
PtCI24 - 

, ROH + RC1 + PtCI~- + . . . .  (1) 
120°C 
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Scheme 1. 

Besides this practical motivation, there are important 
fundamental issues. What is it about these Pt complexes 
that makes them C - H  activators? In contrast to the 
highly electron-rich complexes that undergo oxidative 
addition, or the highly electron-deficient complexes that 
participate in sigma-bond metathesis, these do not ap- 
pear particularly special in any regard. Why, then, are 
they capable of effecting such a difficult reaction? 

Our initial efforts were concentrated on delineating 
selectivity patterns and pathways for complex transfor- 
mations. We found that, in contrast to most previous 
examples, the products of alkane oxidation are not 
much more susceptible to further oxidation than the 
original alkane. The C - H  bond in RCH 3 may be even 
more reactive than in RCH2OH, permitting such novel 
transformations as the direct oxidation of ethanol to 
ethylene glycol with significant selectivity [1,2]. Similar 
findings have been reported by Sen and co-workers [3]. 
The potential advantages of the electrophilic route to 
alkane functionalization may be most clearly seen in the 
reported conversion of methane to a methanol precur- 
sor, catalyzed by Hg n, in over 40% yield [4]. 

We then turned our attention to the detailed mecha- 
nism of C - H  functionalization by the mixture of Pt u 
and Pt TM salts. Our starting point is Shilov's original 
mechanistic hypothesis, shown in Scheme 1. There are 
three basic components: (i) C - H  activation by Pt ~l to 
give an (alkyl)Pt II complex 1; (ii) reaction of 1 with 
PtCIZ6 - to produce (alkyl)Pt TM 2; and (iii) reaction of 2 
with nucleophile (H20 or CI-) to liberate product 
(ROH or RCI) and regenerate Pt n. In each case mecha- 
nistic alternatives have been proposed, as follows. 

(i) Oxidative addition to give ptlv(R)(H) followed by 
deprotonation vs. direct deprotonation of the alkane 
"sigma complex" ptU(R-H). The latter is attractive by 
analogy to the well known acidity of dihydrogen com- 
plexes, and also as a model agostic complex [5]. This is 
both the most important (since it presumably governs 
selectivity and probably also activity) and, unfortu- 
nately, the least well understood of the three steps; we 

do not yet have any definitive mechanistic characteriza- 
tion [6]. 

(ii) Alkyl transfer from RPt H to Pt TM vs. "simple" 
oxidation of RPt II by Pt TM. The former would make Pt TM 

virtually an obligatory oxidant, whereas the latter would 
permit substitution of alternate oxidants and more read- 
ily allow for oxidation catalytic, not stoichiometric, in 
Pt. 

(iii) External nucleophilic attack by X on RPt TM vs. 
reductive elimination from ptlv(R)(X). Previous kinetic 
work supported the former, but it is difficult to reach 
firm conclusions based on kinetics evidence alone. 

In this paper, we report the mechanistic characteriza- 
tion of steps ii and iii, based on studies of kinetics and 
isotopic labeling in well defined model systems. Prelim- 
inary communications of some of these results have 
appeared previously [7,8]. 

2. Results and discussion 

2.1. Mechanistic study via model systems 

Direct study of the alkane functionalization system 
under operating conditions is difficult for a number of 
reasons: the starting metal complexes have no conve- 
nient NMR handle; distribution among the various 
species [PtIIClx(H20)4_x] (x-2)- and [PtWClx - 
(n20)6_x] (x-4)- is continuously changing as the reac- 
tion proceeds; no organometallic intermediates have yet 
been isolated from alkane functionalization or even 
observed in situ [9]. (Alkyl)Pt TM complexes of the type 
shown as intermediate 2 have been obtained by alterna- 
tive routes, but intermediate 1, [RPtHClx - 
(H20)3_x] (x-l)-, has never been isolated or observed 
under any conditions. Complexes 1 appear to be suscep- 
tible to protonolysis, the reverse of step (i) (see below). 

Ligand-substituted analogs of both I and 2 are of 
course very well known, and it is possible to construct a 
system that reproduces all the features of Scheme 1 
except for the initial alkane activation. Such a case is 
shown in Scheme 2. The (methyl)Pt u complex 3 is 
readily obtained by controlled protonolysis of 
PtMe2(tmeda)(Me = CH3; tmeda = tetramethylethyl- 
enediamine). Protonolysis of the second methyl group 
(step - i )  is slower and proceeds at convenient rates 
around 0°C. 

Oxidation of 3 by [PtC16] 2- in water affords a 
(methyl)ptlV(tmeda) complex,  most probably 
[PtMeCI2(H20) (tmeda)]Cl (4), based on the IH NMR 
spectrum which shows four separate signals for tmeda 

~95 methyl groups, two with large Pt satellites. Only 
one of the two tmeda methyl signals in 3 exhibits a 
large 3JPtH, suggesting that the coupling is strongly 
affected by the nature of the trans ligand (methyl vs. 
chloride), and implying the structure shown for 4. In 
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Scheme 2. 

contrast, oxidation of 3 by C12 in organic solvents gives 
a species with only two tmeda methyl signals, presum- 
ably PtMeCl3(tmeda). The formation of 4 rather than 
[PtMeCIs] 2- is consistent with simple oxidation, not 
alkyl transfer, for step ii. Of course, it is not safe to 
conclude that the same holds true for the actual alkane 
activating system, which contains no strongly bound 
ligands such as tmeda. 

Finally, 4 reacts with aqueous chloride at elevated 
temperatures (but much more slowly than does 
[MePtC15]2-; see below) to give methyl chloride and 
methanol along with PtC12(tmeda) (step iii). The behav- 
or of this (tmeda) model system thus agrees with 

Scheme 1, but as the strong tmeda ligand might easily 
imve a major effect, its relevance is not compelling. 

2.2. Synthesis and characterization of [PtMeCls] 2- (5) 

Direct study of step iii requires isolation of com- 
plexes of type 2. The synthesis of Mz[PtRCI 5] (M = K, 
Cs; R = Me, CH2COCH 3, etc.) has been achieved via 
oxidative addition of RI to  [ P t f l 4 ]  2 -  (Eq. (2)), although 
products were not obtained in analytically pure form 
[10]. Isolation of a single product is complicated by the 
potential for ligand exchange, as CI-, I-  and HzO may 
substitute for one another. Reaction of K2[PtCI 4] and 
MeI in water leads to precipitation of PtI z, and two 
Pt(IV)Me complexes according to the ~H NMR spectra, 
with 8 = 3.08 (major) and 3.10. The relative intensities 
of the two signals vary from one run to another. The 
downfield signal appears to be due to an iodo(meth- 
yl)P0 v complex; it disappears on stirring the solution 
with solid AgCI. This treatment also removes a peak at 

430 nm in the visible spectrum; the absence of the latter 
is a convenient indicator of the purity of [PtMeCI5] 2- 

3[PtCi4] 2- + 2RI ,2[PtRCIs] 2- + PtI 2 + 2C1- 

(2) 

Filtration and evaporation of the AgCl-treated solu- 
tion gave a mixture of K2[PtMeC15] and KCI which 
could not be separated. Therefore, the counterion was 
changed to tetramethylammonium by ion-exchange col- 
umn chromatography. Two fractions were obtained, the 
first containing some of the decomposition product 
PtCi 4- (see below) and the other a mixture of NMe4C1 
and (NMe4)2[PtMeCIs]. Evaporation and washing with 
ethanol to remove NMe4CI afforded NMR-pure mate- 
rial, as (NMe4)2[PtMeCI 5] is very insoluble in ethanol. 
Analytically pure material was obtained by dissolving 
the complex in methanol, filtering to remove insoluble 
(NMe4)2[PtC14] and adding a saturated methanolic solu- 
tion of NMe4C1. 

Alternative routes were less successful. Use of sodium 
salts throughout resulted in a THF-soluble (alkyl)P0 v 
complex which was easily separated from residual NaC1. 
However, isolation of a solid product proved difficult; 
only an oily material was obtained unless the THF was 
rigorously anhydrous and the manipulations were car- 
ried out under an inert atmosphere. In that case a yellow 
solid, probably Na2PtMeC15, may be obtained, but it is 
unstable at room temperature, decomposing overnight in 
the solid state. A ptlV-Me complex is also formed in 
the reaction between methyl tosylate and K2[PtC14] in 
DMF (choice of the solvent is crucial; no reaction was 
observed in water, THF or nitromethane). Isolation of a 
pure compound, however, proved impossible. One of 
the byproducts, KOTs, could be removed by column 
chromatography over silica gel, but further attempts to 
purify the remaining yellow oil only resulted in decom- 
position. 

In aqueous solution, the I H and 13C NMR spectra of 
5 both show a single peak assignable to Pt-Me, which is 
not affected by the addition of excess C1-; nor is the 
UV-visible spectrum. In contrast, the 195pt NMR spec- 
trum shows two signals, at -780  and -822  ppm 
([PtCI6] 2-=  0), and the relative intensities do depend 
strongly on [C1-]; at high chloride concentration the 
upfield signal becomes dominant. We interpret these 
observations in terms of the equilibrium shown in Eq. 
(3), where the signals at - 7 8 0  and -822  ppm are 
assigned to 5e and 5a, respectively. A rapid equilibrium 
between 5a and 5c would result from dissociative ex- 
change via the five-coordinate intermediate 5b, facili- 
tated by labilization of the ligand trans to the methyl 
group. Electrospray ionization mass spectrometry of 
dilute solutions of 5 show [PtMeC14]- (5b) as the only 
detectable anionic species. The failure to detect this 

1 13 equilibrium by H and C NMR indicates that the 
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resonances are insufficiently sensitive to substitution of 
water for chloride to resolve, or that the small separa- 
tion makes the exchange appear fast on the NMR time 
scale. By measuring the relative intensities of the two 
mSPt NMR signals as a function of [CI-], we deter- 
mined the equilibrium constant K 5 = [5e]/[52] [CI-] = 
0.9 M (at 25°C and ionic strength = 3 M). 

,CH3 Cl ]2- 
CI~I / | -c,- 

Clf;:-,.Cl J "ci- 
5a 

H20 / C l a P t  (3) 

"-H2O C l f ' l  "~Cl 
L OH2 

Ic,. %c,1 
I f'PtN'c1 1 

5b 

5c 

2.3. Synthesis and characterization of [Pt(CH2CH z 
OH)CIsF- (6) 

A (/3-hydroxyethyl)Pt TM complex would be the pre- 
cursor to formation of ethylene glycol from oxidation of 
ethanol according to Scheme 1; such a species was 
observed by NMR to result from oxidation of Zeise's 

salt, [PtC13(C2H4)]- (7), by C12 in water (Eq. (4)) [11]. 
The same transformation of 7 to 6 is effected by other 
oxidants, such as CIO 3 and H20 2 [7], and especially by 
[PtCI6] 2- (see below). An isolable salt of 6, though, is 
most readily obtained by a route analogous to Eq. (2): 
oxidative addition of 2-iodoethanol to [PtC14] 2-. The 
same workup procedure was followed; after ion-ex- 
change chromatography a yellow solid was obtained, 
the NMR and analytical data for which suggested the 
stoichiometry of a monoanion, NMea[Pt(CH2CH: 
OH)C14]. Treatment of a methanol solution with excess 
of NMeaC1 gave (NMe4)2[Pt(CH2CH:OH)CIs] as an 
analytically pure orange solid. 

[PtCl3(C2H4) ] -  CI2/H20, [Pt(CH2CH2OH)C15] 2- 

7 6 

+ [Pt(CH2CH2CI)CIs] 2- 

(4) 
The ]H NMR spectrum of 6 shows two triplets, at ¢5 

3.85 and 3.33, as previously reported [11]. In contrast to 
5, however, an additional pair of triplets is observed, 
about 0.2 ppm upfield from the main signals, for very 
dilute solutions of 6 at low ionic strength. The identity 
of the species responsible has not been established; 
since the methyl complex 5 does not show the same 
behavior, it is possible that a chelated complex such as 
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Fig. 1. Changes with time of the UV-visible spectrum of a solution of 5 and Ci- in H20, showing clean isosbestic behavior. 
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6x is responsible. A related structure could account for 
the yellow product obtained in the preparation prior to 
CI- addition. The 195pt NMR behavior, on the other 
hand, is completely similar to that of 5: two signals at 
-731 and - 7 5 0  ppm are assigned to 6e and 6a, 
respectively, where the structures are as defined by Eq. 
/3). In this case the measured equilibrium constant 
K 6 -"- 0.7 M. 

C H 2 ~ C H  2 
e l \  I l o b  

Pt 
cl f l   'Cl 

OH 2 

6x 

2.4. Kinetics of alkyl chloride / alcohol formation 

Although 5 and 6 are reasonably stable in water at 
room temperature, they decompose slowly at 25°C or 
more rapidly at elevated temperature according to Eqs. 
(5) [7,12] and (6) [7,11]. Reactions may be followed 
either by I H NMR (disappearance of the Me-Pt signal) 
or by UV-visible spectroscopy, taking advantage of the 
substantial differences in absorbance between Pt n and 
Pt TM. By either technique the reactions appear clean, 
with no additional species detectable and good isos- 
bestic behavior followed, as illustrated in Fig. 1. Isos- 
bestic behavior failed only for reactions of 6 at very low 
[C1-], where there is independent evidence for addi- 
tional species (see above). 

[PtCH3CIs] 2_ Cl-/H20> CH3CI + CH3OH 

5 

+ [PtCl,] 2- (5) 

[Pt(CH2CH2OH) CI5 ] 2- 

6 

cv/H2o CICH2CH2OH + HOCH2CH2OH 

+ [PtC14] 2- (6) 

The kinetics of reactions (5) and (6) were followed 
by disappearance of the UV-visible absorption (364 nm 
for 5; 366 nm for 6) over a range of [C1-], temperature 
and total ionic strength. Each run showed excellent 
pseudo-first-order kinetics in total [pt~V]; observed 
pseudo-first-order rate constants are given in Tables 1 
and 2. As [C1-] increases, the relative amount of RCI 
product (vs. ROH) increases, consistent with competi- 
tive nucleophilic attack by C1- and H20. For levels of 
[Cl-] > 0.5 M, nearly all the observed product from 5 
(>  95%) is MeCI. At the same time, the overall rate of 
decomposition increases, exhibiting saturation kinetics 
as shown in Fig. 2. There is little or no effect of 
changing ionic strength from 3 to 6 M, while the rates 
at 1 M are about two thirds of those at the higher ionic 
strength levels. 

The observed rate constants fit the expression shown 
in Eq. (7). Such an expression is consistent with the 
pre-equilibrium of Eq. (3), followed by rate-determining 
nucleophilic attack on the R group of either the five-co- 
ordinate intermediate (5b, 6b) or the six-coordinate 
aquo complex (5e, 6c), as shown in Scheme 3. The 
calculated values for k~, k 2 and K determined by fitting 
the kinetics to Eq. (7) are shown in Table 3. The 
numbers are not highly precise, especially for k 2 (which 
is a relatively minor component of the overall reaction), 
but the values for K agree to within experimental error 
with the values for K 5 and K 6 obtained from 195pt 
NMR. At first sight that would seem to support the 
second of the above alternatives, with the limiting rate 

1 .~000-3 • 

1.4000-3 • 

1 .2000-3"  

1 .(XX)o-3 • 

8.0000-4. 

6 .0000 ,4  ' 

4 . 0 0 0 o - 4 ,  

2 .000e -4 .  

0 ,000o+0  

ID 

(e~) (M) 

Fig. 2. Apparent first-order rate constant for decomposition of 5 at 45°C as a function of chloride ion concentration. 
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Table 1 
Pseudo-first-order rate constants 
in aqueous solution at 318 K 

for the decomposition of  [PtRCIs] 2-  

R jx (M) [Cl-  ] (M) k ( s -  i) 

Me 3 a 0.12 2 .0×  10 -4  
0.27 4 . 0 ×  10 -4  
0.52 6.3 × 10 -4 
0.77 8.3 × 10 -4 
1.02 9.6 × 10 -4 
1.52 1.15 × 10 -3 
2.02 1.28× 10 -3 
2.52 1.36X 10 -3 
3.02 1 .39× 10 -3 

Me 6 ~ 0.10 2 .4×  10 -4  
0.20 3.6 × 10 -4 
0.50 7.6 × 10 -4 
0.75 9.1 × 10 -4  
1.00 I.I × 10 -3 
2.00 1.35 X 10- 3 
3.00 1.37 × 10 -3  

4.50 1.32× 10 -3 
6.00 1.30X 10 -3 

CH2CH2OH 3 b 0.10 2 . 2 × 1 0  -5  
0.20 2.8 × 10-  s 
0.50 4.5 × 10 -5 
0.75 5 .6X 10 -5 
1.00 6.5 × 10 .5  
2.00 8.7 × 10 -5 
2.50 8.8 × 10-  5 

a NaC1-NaCIO4. 
h NaCI_NaNO3 ' 

constants extracted from the fit corresponding to the 
actual rate constants for attack on 5e and 6e. In fact, 
however, as long as the concentration of the five-coor- 
dinate intermediate is small the first alternative is equally 
consistent (see Appendix for derivations). In that case, 
the apparent calculated rate constants are the actual rate 
constants divided by K 2, where K 2 = [5e] [CI-]/[5b] 
(or a corresponding expression for 6). 

d [RPt( IV)] /d t  = kobs [RPt (IV) ]; 

+ k2[H O] 
k°bs= 1 + K - ' [ ¢ l - I  (7) 

Although the kinetics do not distinguish, attack on 5b 
may be more reasonable on the grounds of microscopic 
reversibility. Nucleophilic displacement of Pt u from 

Table 2 
Pseudo-f i rs t -order  rate cons tants  for the decomposi t ion  o f  
[PtMeCI5] 2-  in aqueous solution of  1 M ionic strength (NaCI-  
NaCIO 4) at various temperatures 

[C1-](M) k ( s - ' )  

298 K 308 K 318 K 328 K 

0.13 8 . 1 × 1 0  -6  3 . 5 × 1 0  -5  1 .4×  l0  -4  4 . 8 × 1 0  -4  
0.23 1 .3×  l0 -5 5 . 9 ×  10 -5  2 .1X l0  -4  7 .7×  l0  -4  
0.43 2 . 3 × 1 0  -5 8 .5X 10 -5  3.5X 10 -4  12 .7×10  -4  
0.73 3 . 3 × 1 0  -5 1 .4×  10 -4  5 .2X 10 -4  1 9 × 1 0  -4  
1.03 4 . 1 × 1 0  -5 1 . 7 × 1 0  -4  6 . 7 × 1 0  -4  2 4 X 1 0  -4  

[MePtCls ]2-  ~ xt 

5a  

g 2 
' [MePtCI4] -  . , [ M e P t C l 4 ( H 2 0 ) ] -  

5b 5c 
a - , , . : o  

MeCI MeOH MeCI MeOH 

Scheme 3. 

RPt TM by X-  is, after all, the reverse of the oxidative 
addition of RX to Pt a, as shown schematically in Eq. 
(8). The accepted mechanism for oxidative addition of 
methyl halides to square-planar d 8 complexes involves a 
five-coordinate intermediate [13]. The same conclusion 
was reached in studies on reductive elimination from 
PtMesI(dppe) in acetone: the absence of dependence of 
rate of MeI formation on [I-] rules out direct nucle- 
ophilic attack on the six-coordinate iodo complex [14]. 

An important consequence of this mechanism is that 
it is not safe to deduce anything about mechanism from 
the dependence of k~ and k 2 on the structure of R, 
since the measured numbers incorporate K 2 values 
which presumably are also sensitive to R. The kob s 
values for R = Me and R = CH2CH2OH are not very 
different, and the corresponding ethyl compound has 
been reported to undergo decomposition even faster 
[15]. These observations appear at first sight to argue 
against a nucleophilic attack mechanism; but they need 
not do so, if it is assumed that the bulkier R groups lead 
to higher concentrations of five-coordinate intermediate 
(i.e. smaller values of K2). 

L .M + R X .  ' [L .M(R)]  + + X-  

" L . M ( R ) ( X )  (8) 

It is possible to compare the ratio of rate constants 
for attack by chloride and water, k~ /k  z, no matter 
which mechanism is operative. Precise values are ob- 
tained, not from the kinetic expressions but from the 
relative amounts of RC1 and ROH produced as deter- 
mined by NMR. The ratios thus determined are 4.5 × 
10  3 for 5 and 9.0 × 102 for 6, both at 45°C. The former 
value may be compared with that for nucleophilic attack 
on MeBr, which is 6 × 102 [16]. We also measured the 
rate of decomposition of 5-d3 and found it to be 
indistinguishable from protio-5; secondary KIEs for S N 2 
reactions at methyl are typically in the range 1.0-1.2 
[171. 

Table 3 
Kinetic parameters (as defined in Eq. (7)) for nucleophilic attack on 
[PtRCIs] 2-  at 450(2 and /~ = 3 M (estimated uncertainty in parenthe- 
ses) 

R k I (M -I s -L) k 2(M - I s  -L) K -I (M -I )  

Me 2.0(1)× 10 -3  2 (1 )×  10 -6  1.0(1) 
CH2CH2OH 1 .0 ( l )×  10 -4 2(1))< 10 -7  0.8(1) 
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The effect of temperature on decomposition of  5 was 
studied at ionic strength 1 M, to facilitate comparison 
with alkane activation reactions. This, of course, re- 
stricts us to relatively low [CI-], where the rate law 
simplifies to kob s = k~ [C1-] + k 2, allowing easy extrac- 
tion of the two rate constants. Eyring plots of both sets 
of constants were linear and gave activation parameters 
AHI* = 101 kJ mol -  l and AS~ = 29 J mol-  1 K -  1 (for 
attack by C1-); AH~2 = 101 kJ mol-1 and AS* 2 = 0 J 
mol-* K-* (for attack by water). By extrapolation to 
120°C, we estimate that the half-life of 5 under condi- 
tions where alkane activation takes place should be well 
under 1 s, making it questionable whether sufficient 
concentrations for observation would accumulate [9]. 

2.5. Reactions of  other nucleophiles 

Addition of excess NaNO 2 to a solution of 5 leads to 
immediate appearance of  new signals in the ~H (8 2.93) 
and t95pt ( 8 -  827) NMR spectra. Presumably this cor- 
responds to the equilibrium shown in Eq. (9); the 195pt 
NMR intensities give a value of K - - 8 - 1 0  M -I ,  indi- 
cating that NOE is a better ligand than CI-.  On warm- 
ing to 45°C, both MeOH and MeNO 2 are formed. 

[PtMeCI4(H20)]  - + NO~- 

• [PtMeCI4(NO2)] 2- + n 2 0  (9) 

No reaction of  5 is observed on dissolution in aque- 
ous phosphate buffer (pH 6) at room temperature; but 
warming to 45°C results in both a new MePt TM reso- 
nance (8 2.9) and formation of methyl phosphate (8 
3.4, 3JpH = 12 Hz). Similarly, 5 reacts with aqueous 
NaF only on warming to 45°C, giving a new complex 
(~H 8 2.95; 195pt t~-- 191) but no MeF. The formation 
of MeX in each case must depend on both the nucle- 
ophilicity of X-towards the M e - P t  bond and the affinity 
of X for Pt (which governs the concentration of the 

reactive five-coordinate intermediate). No detailed ki- 
netics have yet been carried out for these reactions. 

2.6. Mechanism of the oxidation of Zeise's salt (7) by 
[PtCl6 ]2 - 

As noted above, 6 may be obtained by oxidation of 
Zeise's salt. Whereas the use of CI 2 as oxidant gives a 
mixture of 6 and the analogous (chloroethyl)Pt TM com- 
plex (Eq. (4)) [11], [PtCI6] 2- oxidizes 7 cleanly to 6 as 
sole product (Eq. (10)). This reaction is important for 
three reasons: it is implicated as a key step in the 
oxidation of ethanol to ethylene glycol [2]; it provides a 
route to stereolabeled 6 for further probing step iii (see 
below); and it may serve as a model for step ii, the 
oxidation of an alkylPt" complex. 

[PtCI3(C/H4) ] - + [PtC16] 2- + H 2 0  

7 

) [Ft(CH2CH2OH)CIs]  2- 

6 

+ [PtCl4] 2- + H + 

(lO) 

The last statement is qualified because, in principle, 
the conversion of 7 to 6 could take place by either of 
two sequences: addition of  water to 7 to give a (hy- 
droxyethyl)Pt" complex followed by oxidation (Eqs. 
(11) and (12)); or the reverse, oxidation to an 
(ethylene)Pt TM complex followed by hydration (Eqs. 
(13) and (14)). Further, any of the steps might be 
reversible. 

[PtCl3(C2H4) ] - + H 2 0  

7 

> [Pt(CH2CH2OH)C13 ]2- + H  + (11) 

18 

E 

: l  
.m 
z 

14 

12 

10 

8 

6 

4 

2 

0 
0 2 6 

t, h 

Fig. 3. Concentration of Zeise's salt (7) vs. time in reaction with [PtC16] 2- . 
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[Pt(CH2CH2OH)CI3] 2- + [PtCI6] 2- 

, [Pt(CH2CH2OH)CI5] 2- + [PtC14] 2- (12) 

6 

[P t f l3 ( f2n4)  ] -  + [PtCI6] 2- 

7 

, [PtCIs(C2H4)] - + [PtCI4] 2- (13) 

[PtC15(C2H4)]- + H20 

) [Pt(CHECHEOH)C15] 2- ÷ H  + (14) 

6 

Our initial kinetic studies strongly implied that a 
reversible step is involved: the dependence on [7] ex- 
hibits behavior suggesting an approach to equilibrium 
(Fig. 3). It is easy to show that the overall reaction is 
not reversible, as a solution containing 6 and [PtCI4] 2- 
remains unchanged over several hours at 45°C. It can 
also be demonstrated that Eq. (14), if it operates, is not 
reversible. Regiospecifically deuterated 6 was prepared 
by oxidative addition of ICHECD2OH to  [ P t C l 4 ] 2 - ;  the 
J H NMR spectrum shows only the signal expected, 
corresponding to the methylene group adjacent to Pt, 
even after 8 h in solution at 45°C. A reversible Eq. (14) 
would scramble the two methylene positions. 

Of the remaining possibilities, reversible (l l) fol- 
lowed by irreversible (12), irreversible (11) followed by 
reversible (12) and reversible (13) followed by irre- 
versible (14), the last two require that the reaction be 
slowed in the presence of excess [PtCl4] 2-. In fact, 
addition of [PtCl4] 2- has no effect on the rate of Eq. 
(10). The only possibility left requires inhibition by 
added H +, which is found: at pH < 1 the reaction is too 
slow to follow at 45°C. It can be monitored at 85°C, but 
at that temperature the subsequent decomposition of 6 is 
fast, and only the final products C1CHECHEOH and 
HOCHECH2OH are observed. Nonetheless, it is possi- 
ble to follow disappearance of 7, which is first-order in 
both [7] and [PtCl6] 2- and inverse first-order in [H +] 
(Table 4), consistent with Eqs. (15)-(17). 

[PtCla(C2H4) ] - + H20 

7 

. K • [ P t ( C H E C H E O H ) C I 3 ] 2 -  + H +. (15) 

8 

[Pt(CHECH2OH)CI3] 2- + [PtCI6] 2- 

k ) [Pt(CHECH2OH)C15] 2- + [PtCl4] 2- (16) 

6 

d [ 7 ] / d t  = -kK[T] [PtCl6] 2 - / [n  ÷ ] (17) 

Table 4 
Pseudo-first-order rate constants for the oxidation of Zeise's salt (7) 
with [PtCI6] 2- at 85°C 

[PtC126 - ] (M) [D + ] (M) a p. (M) b kob s (s-l) 

0.1 0.13 2.2 4 .0×  10 -5 
0.2 0.13 2.3 8 .0x 10 -5 
0.4 0.13 2.0 1.9x 10 -4 
0.6 0.13 2.3 3 .0x 10 -4 
0.2 0.27 2.3 4.1 × 10 -5 
0.4 0.27 2.5 8.8 X 10 -5 

a [D ÷ ] determined with a pH meter; glass electrode previously 
exchanged by soaking in 2 M KCI-D20. 
b NaCI_NaCIO4. 

The data in Table 4 provide only a very narrow range 
in [H+], since [H ÷] must be kept high if it is to remain 
essentially constant over the course of the reaction. A 
much wider range should be attainable in buffered 
solutions; unfortunately, we have not yet been able to 
find a buffer system that does not interfere with the 
course of oxidation. In phosphate buffer at pH = 6, 7 is 
consumed much faster than in plain water, and no 6 is 
produced. In contrast, using CICH2COOH/CICH 2- 
COO- at pH 1.8-8.3 oxidation is independent of pH 
but strongly dependent on buffer concentration, suggest- 
ing that C1CH2COO- catalyzes the oxidation of 7 by 
[PtCI6] 2-. 

To confirm the H ÷ dependence, we carried out kinet- 
ics in neutral (pH 7) aqueous solution, obtaining data of 
the sort shown in Fig. 3. Since [H ÷ ] = [7] 0- [7] (where 
[7] 0 is the initial concentration of Zeise's salt), substitu- 
tion into Eq. (17) and integration (see Appendix) gives 
the rate law shown as Eq. (18). When data for concen- 
tration of 7 are transformed according to the left-hand 
side of the equation and plotted against time, good 
straight lines are obtained (Fig. 4). The composite rate 
constants, kK, derived from that procedure are shown in 
Table 5. It may be noted that the reaction is slowed 

0 .0"  

-0.1 

x. -0.2 

-0.3 ' 

-0" ~ ~ ; 

t, h 

Fig. 4. Data from Fig. 3 plotted according to Eq. (18) (x -- [7]/[7]0). 
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Table 5 
Rate constants (kK) determined from fitting data to Eq. (18) for the 
oxidation of Zeise's salt (7) to PtCIsCH2CH2OH (6) by PtCI 2- at 
45°C, /x = 3.3 + 0.3 M 

[7] (M) [PtCI26- ] (M) [C1- ] (M) c ( s - I )  b kK(s - t  ) 

0.014 0.14 0.3 8.7×10 -6 8.7×10 -7 
0.014 0.14 0.6 7.4X 10 -6 7.4X 10 -7 
0.014 0.14 1.0 5.0X 10 -6 5.0X 10 . 7  

0.014 0.14 c 1.0 4.8×10 -6 4.8×10 -7 
0.014 0.28 1.0 8.1× 10 -6 4.1×10 -7 
0.014 0.56 1.0 1.6 × 10 -5 4.0× 10 -7 
0.028 0.28 1.0 4.7X 10 .6 4.7× 10 -7 
~.056 0.56 1.0 4.3 X 10 -6 4.3 X 10- 7 
~LOI4 0.14 2.0 5.0× t0 -6 5.0× 10 -7 
~).014 0.28 2.0 1.2 X 10 -5 6.0X 10 -7 
0.014 0.14 3.0 4.6X 10 -6 4.6× 10 -7 
0.014 0.28 3.0 1.1×10 -5 5.5X10 -7 
0.014 0.56 3.0 1.7× 10 -5 4.3×10 -7 
0.056 0.56 3.0 4.0X 10 -6 4.0× 10 -7 

NaCl_NaCIO4" 
'~ Slope of line plotted according to Eq. 
• 0.14 M [PtCI4] 2- added. 

(18). 

somewha t  by high levels  o f  C I - ,  a l though there is 
vir tual ly no effect  o f  total  ionic strength [1 8]. 

l n ( [ 7 ] / [ 7 ] 0  ) - ( [ 7 ] / [ 7 ] 0 )  + 1 

= - k K ( [ P t C 1 6 ] 2 - / [ 7 ] o ) t -  - c t  (18)  

Hutson et al. [19] noted that no hydra ted  product  can 
be observed  when Z e i s e ' s  salt is exposed  to high pH, 
which requires that the equi l ib r ium in Eq. (15) lies far 
to the left. Why ,  then, is 7 not d i rect ly  ox id ized?  
Presumably  this is related to the s tabi l izat ion of  P t "  by 
the 7r-acceptor l igand ethylene.  The  (hydroxye thy l )P t "  
in termediate  8, even though present  in very low concen-  
tration, must  be remarkably  rapidly oxid ized .  There  is 
independent  ev idence  that the oxida t ion  o f  RPt"  by 
[PtC16] 2- is fast: nucleophi l ic  at tack by C l -  on the 
(d imethy l )P t  TM c omple x  9 p roduces  MeC1, with 
(methy l )P t"  complex  11) the p resumed  coproduc t  (Eq. 
(19)). The lat ter  is comple te ly  p ro tono lyzed  to methane  

I I I 
3 .Ig5 3.190 3 , 8 5  3 . 8 0  3 . 7 5  

PPM 

Fig. 5. Pt(CH2CH2OH) signal in the I H NMR spectrum of 6 generated by oxidation of Zeise's salt with [195ptCI6] 2-. Top, 24 h after reaction 
complete; bottom, 34 days later. 
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unless [PtCI6] 2- is also present in solution, in which 
case there is competitive oxidation to 5 [20]. We can 
generate 10 by reducing 5 with Cr u or Sn u and find 
that methane is liberated instantaneously even at 0°C; 
since protonolysis is extremely fast, so also must be 
oxidation. 

[PtCI6] 2-  
[PtMeCIs] 2-  

[PtMe2CI4] 2- + C I -  95"C * MeCI + [PtMeCI3] 2-  5 

H + 
MeH 

(19) 

[MePtCIs] 2- and [PtCI4] 2- as respectively analogs of 
MeI and I-!) 

[Pt(CH2CHzOH)CIs] 2- + [195p tc14]  2 -  

6 
slow> [195pt ( C H 2 C H 2 O H ) C 1 5 ] 2 -  + [PtCl4]2_ 

[PtMe2Cl4] 2- + [PtCl4] 2- 

9 

> [PtMeCI3] 2- + [PtMeCls] 2- 

(21) 

2.7. Oxidation by isotopically enriched [PtCI 6 ]2 - Alkyl 
vs. Electron Transfer 

Since oxidation of Zeise's salt by [PtCI6] 2- proceeds 
via an (alkyl)Pt" intermediate, it can serve as a model 
for step ii of the overall functionalization mechanism, 
and we can use it to determine whether the alkyl group 
is transferred between Pt centers as proposed. Isotopi- 
cally enriched 195pt(97.3%) was purchased, dissolved in 
aqua regia, convened into Na 2 [195PtC16],  and reacted 
with natural abundance 7. If the alkyl group undergoes 
transfer to the Pt TM center during oxidation, the resulting 
6 should be highly enriched in 195pt, which would be 
readily detected from the intensity of the satellites of the 
PtCHzCH2OH ~H NMR signal. In fact, the initial 
spectrum shows satellites of normal intensity (ca. 33% 
of total peak area), as shown in Fig. 5; the oxidation 
proceeds according to Eq. (20). Hence the oxidation 
does not involve alkyl transfer; as discussed earlier, an 
inner-sphere two-electron transfer accompanied by CI 
transfer is the probable mechanism. 

[PtCI3(CzH4) ] -  + [ 1 9 5 p t c 1 6 ]  2 -  

7 

H20> [Pt(CH2CH2OH)CIs] 2- + ['95PtC14] 2- 

6 
(20) 

It may be seen in Fig. 5 that the satellite peaks 
gradually increase if the solution is allowed to stand for 
several days at room temperature. This could be due to 
exchange of the alkyl group between 6 and either 
uncreacted [ 195 PtC16 ]2- or coproduct [ 195 PtCI4 ]2-. Sep- 
arate experiments using isolated 5 or 6 and one of the 
two oxidation states of the labeled complex demonstrate 
that the alkyl group transfers only to Ptn (Eq. (21)). 
This is best understood as an SN2 reaction, with 
[PtCI4] 2- acting as both nucleophile and leaving group. 
In like fashion, [PtCI4] 2- reacts with 9 to give 5 (Eq. 
(22)) [20]. (It is attractive and perhaps useful to think of 

10 5 
> MeH + MeC1 (22) 

By following the growth in intensity of the satellite 
peaks we can determine the extent of exchange as a 
function of time, and plotting the data according to the 
expected expression for approach to equilibrium by 
second-order kinetics gives good straight lines, from 
which the apparent second-order rate constant kob s is 
extracted. Following the analysis for nucleophilic attack 
by CI- we obtain the expression kob s = (kexch /K2) / (1  
+ [CI-] /K) ,  where K and K 2 are the same as before. 
In the absence of added CI- the denominator will be 
close to 1 ([CI-] is small and K = 1), so kob s may be 
compared directly with k~ to give the relative nucle- 
ophilicity of CI- a n d  [P tC14]  2 -  towards RPt TM. 

Table 6 lists rate constants for nucleophilic attack by 
C1- and [PtC14] 2- on 5, 6 and 9. Several interesting 
trends are clear. First, [PtCI4] 2- is a much better nucle- 
ophile than CI- towards Me-Pt. For both (monometh- 
yl)Pt TM 5 and (dimethyl)Pt TM 9 the rate constant ratio 
kexch/k ~ is about 100. In contrast, the ratio is only about 
5 for nucleophilic attack on (fl-hydroxyethyl)Pt TM 6 
(assuming the activation parameters for 6 + C1- are 
about the same as for 5). Presumably this reflects a 
much greater sensitivity to steric effects for nucleophilic 
attack by [PtC14] 2- than by CI-. Another way of putting 
this is that the ratio of rates for attack by [PtCI4] 2- on 5 
vs. 6 is around 1700. Finally, the (dimethyl)Pt(IV) 

Table 6 
Apparent second-order rate constants for nucleophilic attack on 
alkyiPt Iv complexes. 

MePt complex Nucleophile T (°C) k ( M -  l s -  l) 

[PtMeCI~] 2- (5) CI -  45 2 .0×  10 -3 
20 5 . 5 ×  10 - S a  

95 2 .9×  10 -~ a 
[PtCI4] 2- 22 1.9× 10 -2 b 

[PtCIsCH2CH2OH] 2-  (6) CI-  45 1.0× 10 -4 
[PtCl4] 2- 20 1.1X 10 -5 b 

[PtMe2CI4] 2- (9) CI -  95 3 .2×  10 - 6  c 
[PtCI4] 2- 95 2.7 X 10 -4 c 

a Calculated from 45°C data and activation 
b From 195pt exchange between 5 or 6 and 
c Ref. [20]. 

parameters. 
[PtCi4]2-. 
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Pt TM HO ,Pt TM OH 

H ~ D  D D ~ H  - -  D ~ H  [PtCl6] 2- _ pt n 

H 2 0 '  - H +  H 
D "--T--/ -H D H 

OH CI - CI 

e~thro threo 

NaOH 
- H C  1, 

D D 

S c h e m e  4. 

complex is much less susceptible to nucleophilic attack 
than its monomethyl counterpart. Possible explanations 
include the relative tendency to dissociate a ligand 
l unknown), the increased stability of higher oxidation 
,tates with methylation and the instability of leaving 
group [Pt n MeC13]2- (the latter two are related). 

2.8. Stereochemistry of formation of RCI from RPt*V 

While the rate law and some of the reactivity trends 
are consistent with nucleopbilic displacement, it is diffi- 
cult to exclude conclusively alternatives such as reduc- 
five elimination. The most definitive demonstration of 
an SN2 mechanism is inversion of configuration at 
carbon. A suitable test compound is obtained by oxida- 
tion of Zeise's salt prepared from cis- or trans-l,2-di- 
deuterioethylene, which leads to (predominantly) threo- 
or etythro-[Pt(CHDCHDOH)Cls] 2- (6-d2), respec- 
lively (Eq. (23)). These transformations are only about 
~,5-90% stereospecific, as determined from the 1H NMR 
~pectrum. Thus, when starting from trans-7-d z, the 
PtC H D C H D O H  signals of 6 may be resolved into two 
sets of doublets, with 3Jnn ~ 8 Hz (85-90%) and 6 Hz 
~ 10-15%), assigned to the erythro and threo isomers, 
respectively. (All-protio 6 exhibits apparent triplets, 
~JnH ~ 7 Hz, for the two C H  2 signals [11].) This indi- 
cates that formation of (hydroxyetbyl)Pt H arises mostly 
from attack of external water on the olefin (trans addi- 
tion) but with some contribution from olefin insertion 
into a Pt-OH bond (cis addition), as is also found in 
Wacker chemistry [21 ]. 

Pt Pt 

, . - ] '~ - . . .  Pt'... H n. o 

D H' '"  "" D , D " - C ' / - H  H - ' - T ~  D 

OH OH 

trans erythro threo 
85-90% 10-15% 

(23) 

The labeled 6-d 2 complexes react with aqueous chlo- 
ride, as described earlier, to give a mixture of CICHD- 
CHDOH and HOCHDCHDOH. Stereochemical infor- 
mation is lost in the latter product, but the former 
reveals that the reaction goes with predominant inver- 
sion: erythro-6-d 2 gives primarily threo-C1CHD- 
CHDOH (3Jnn = 6 Hz) and vice versa. The resolution 
of signals is not good enough to determine the degree of 
stereospecificity, so the chloroethanol was treated with 
NaOH to convert it into ethylene-d 2 oxide, which can 
be analyzed more precisely by IR spectroscopy [22]. 
The epoxide obtained from (predominantly) erythro-6- 
d 2 was found to be 85 + 5% cis, which is consistent 
with 100% inversion in the formation of C1CHDCH- 
DOH (Scheme 4). Along with the kinetics, this finding 
provides very strong support for an SN2 mechanism. 
(Intramolecular reductive elimination of ethylene oxide 
- -  with retention - -  followed by ring-opening attack by 
C1- could also account for net inversion in formation of 
C1CHDCHDOH from 6-d 2. However, this alternative is 
ruled out by the observation that [Pt(CH 2 CD2 OH)C1 s ]2- 
reacts with CI- to give only CICH2CD2OH. If ethylene 
oxide were an intermediate, an equal amount of 
C1CD2CH2OH would form.) 

We also briefly examined the oxidation of Zeise's 
salt by CI 2. As initially reported by Halpern and Jews- 
bury [11], the reaction takes place stepwise: very rapid 
formation of [Pt(CH2CH2CI)CIs] 2- (11), followed by 
slow (at room temperature) solvolysis to 6 and even 
slower cleavage to give CICH2CH2OH and small 
amounts of ethylene glycol. The second step was pro- 
posed to occur via nucleophilic displacement, acceler- 
ated by the fl-Pt substituent. However, when the reac- 
tion is carried out with 6-d 2, retention of stereochem- 
istry is observed: cis-7-d 2 leads to threo-ll-d 2 and 
thence to threo-6-d 2. This result is inconsistent with an 
SN2 displacement, and suggests instead an (ethylene) 
Pt TM intermediate (Eq. (24)). If so, the addition of water 
to the latter must be virtually completely trans, in 
contrast to the analogous reaction of (ethylene)Pt", 
which is only 85-90% stereospecific. 
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Pt w Pt ~v Pt w 
H D ", 

7-~ H""  "" D -c l ;  

D " - T J  H D 
CI OH 

H20 
11 6 

(24) 

It is also noteworthy that no 1,2-dichloroethane, 
which should arise from attack of CI- on 11, was 
observed to result from oxidation of 7 by C12 [11]. One 
possibility is that 6 or 11 only undergoes nucleophilic 
attack in a particular rotomer, 12g. The difference be- 
tween gauche and trans coupling constants in 11 (4 
and 14 Hz, respectively, as measured for the d 2 iso- 
mers; values of 4 and 13 Hz were determined by fitting 
the AA'XX' patterns of all-protio 11 [11]) is much 
larger than in 6 (6 and 8 Hz), implying that the confor- 
mational preference for 12t is considerably greater in 
the former, so access to the reactive conformation is 
effectively prevented. 

Pt X Pt 

D" " - ~  "H 
x D \ 

CI- 

12t (X = el ,  OH) 12g 

overall sequence of alkane functionalization. C - H  acti- 
vation by Pt n is formally the microscopic reverse of 
protonolysis of RPt H, so electrophilic character is re- 
quired at the outset. Oxidation to RPt TM both protects 
the organometallic intermediate against rapid reversion 
by protonolysis and converts it into a form that favors 
formation of the target C - X  bond. 

Clearly, oxidation of RPt u must be fast to compete 
with protonolysis, and oxidation by Pt TM has been shown 
to be very rapid [20]. However, the fact that the second 
step does not involve alkyl transfer to Pt TM suggests that 
the latter is not an essential component. Indeed, it can 
be replaced by alternate oxidants, such as 0 2 [23] or 
electrochemical oxidation [24] (in each case a het- 
eropolyanion is required as electron-transfer mediator), 
to achieve alkane oxidation catalytic in Pt tl, although 
only a few turnovers have yet been achieved. 

Obviously a number of important questions remain 
unanswered. These include: how does the initial C - H  
activation take place?; what is the mechanistic connec- 
tion between this system and others (e.g. the mercury 
system mentioned earlier [4]) that carry out apparently 
related chemistry?; how might the system be improved 
in terms of activity, selectivity and catalytic potential? 
Work aimed at providing some answers is in progress. 

4. Experimental section 

4.1. Materials and methods 

3. Summary and conclusions 

Our results are fully consistent with the three-step 
mechanism for functionalization of C - H  bonds: forma- 
tion of an (alkyi)Pt u complex, oxidation to (alkyl)Pt TM 

and cleavage of the C-Pt  Iv bond to liberate product and 
regenerate Pt n. The natures of the second and third 
steps are revealed by kinetics, isotope labeling and 
stereochemistry to proceed by electron transfer (not 
alkyl transfer) and nucleophilic attack (not reductive 
elimination), respectively. 

What is it about this particular system that allows it 
to carry out functionalization of alkanes? While the 
details of the first step, the actual C -H  activation by the 
PtH/Pt TM system, have not yet been fully elucidated, it 
seems clear that a key factor in the overall mechanism 
is the versatility of the Pt n center, which can behave 
both as an effective electrophile/electrofuge and as a 
nucleophile/nucleofuge. Thus we see that RPt II is read- 
ily susceptible to (electrophilic) protonolysis, whereas 
RPt TM is stable even to 1 M acid. In contrast, RP0 v 
undergoes nucleophilic attack, with PO x as the leaving 
group. This modulation of the reactivity of the RPt 
center by oxidation must play an important role in the 

Platinum salts were obtained from Aldrich, with the 
exception of Na2PtC14, which was obtained from Ae- 
sar. DMF was dried over lithium aluminum hydride and 
distilled. THF was distilled from Na-benzophenone. 
All others reagents were obtained commercially and 
used without further purification. 

NMR spectra were recorded on General Electric 
QE300, Jeol FNM400 and Bruker AM500 spectrome- 
ters. Infrared spectra were recorded on a Perkin-Elmer 
1600 series FTIR spectrometer. Gas chromatograms 
were recorded on a Perkin-Elmer 8410 gas chromato- 
graph (Carbowax 20M column). UV-visible spectra 
were recorded on a HP 8452A spectrophotometer; the 
cuvet holder was electronically thermostated with an HP 
89090A instrument (Peltier element). Microanalyses 
were performed by Galbraith Laboratories or Fenton 
Harvey of this department; values are the averages of 
two independent determinations. Ion exchanges were 
performed on a chromatographic column (i.d. 1 cm) 
prepared by charging with 5 g of cation-exchange resin 
(Bio-Rad AG 50W-X2, 50-100 mesh, 5.2 mequiv., 
g - l ,  hydrogen form) and treating with a solution pre- 
pared from 6 g of NMe4OH in 150 ml of water. 
Subsequently, the column was washed with deionized 
water until the eluate had pH 7. 
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4.2. Preparation of PtMeCl(tmeda) (3) 

PtMe2(tmeda) was prepared according to literature 
procedures [25]. The crude product (196 mg, ca. 0.57 
mmol) was dissolved in a mixture of CH2CI 2 (8 ml) 
and CH3OH (3 ml) in a small flask containing a stirrer 
bar. Acetyl chloride (40.8 /xl, 0.57 mmol) was added 
slowly to the stirred reaction mixture. After a short 
induction period gas evolution was observed, and the 
reaction mixture was stirred for a further 1 h. After 
removing the solvent under vacuum, the product was 
purified by successive dissolution in warm CH2CI 2 and 
precipitation by addition of diethyl ether. The product 
was obtained as a white to off-white powder• Yield: 125 
rag, 0.34 mmol (60%)• Anal. (CTH19N2C1Pt). Calc.: C, 
23.24; H, 5.29; N, 7.74. Found: C, 23.41; H, 5.43; N, 
7•78%• tH NMR (CD2CI 2, 25°C): 8 2•84 (s, 3 jP t -H = 
51.4 Hz, Pt-N-CH3), 2.77 (m, Pt-N-CH2-), 2.70 (s, 
~JPt-H < 10 Hz, Pt-N-CH3), 2.54 (m, Pt-N-CH2-), 
,).434 (s, 2 J P t - H = 7 8 . 9  Hz, Pt-CH3). ~3C NMR 
(CDzC! 2, 25°C): 8 66.52 (s, tmeda), 60.46 (s, tmeda), 
52.30 (s, tmeda), 48.69 (s, tmeda), -22.53 (s, Pt-CH3). 

4.3. Protonolysis of  PtMeCl(tmeda) by HCl(g) 

PtMeCl(tmeda) (30 mg, 0.083 mmol) was placed in a 
tlask with a stirrer bar and and dissolved in CH2C12 (5 
ml). The solution was degassed on a high-vacuum line 
and HCI(g) (6.9 ml, 298 K, 22.4 Torr, 0.083 mmol) was 
transferred into the reaction flask using a gas bulb. The 
~olution was stirred for 1 h, during which time gas 
evolution was apparent. The gas was collected and 
quantified with the Toepler pump and characterized as 
CH 4 by IR spectroscopy. The pale-yellow PtC12(tmeda) 
remaining in the reaction mixture was characterized by 
comparing its ~ H NMR spectrum with that of an authen- 
tic sample. The identical reaction also occurs in other 
~olvents (e.g. H20  and MeOH). 

4.4. Oxidation of 3 by PtCl 2- 

Solid K2PtCI 6 (32 mg, 0.066 mmol) was added to an 
aqueous suspension of 3 (21 mg, 0.058 mmol) and the 
mixture was stirred vigorously for ca. 10 min. Subse- 
quent addition of CH2CI 2 and vigorous stirring resulted 
in extraction of a "Pt  TM Me(tmeda)" species from the 
aqueous PtC12-/PtC12- solution. IH NMR data are 
most consistent with the product formulation: 
[PtMeC12(HzO)(tmeda)]Cl (4). The product was puri- 
fied by recrystallization from CH2CI2-Et20. IH NMR 
(D20, 25°C): 8 2.88 (m, Pt-N-CHz-), 2.78 (m, Pt-N- 
C H2-), 2.72 (m, Pt-N-CH2-), 2.63 (s, Pt-N-CH 3, 
~JPt-H = < 10 Hz), 2.56 (s, Pt-N-CH 3, 3 jP t -H  = 35.8 
Hz), 2.45 (s, Pt-N-CH 3, 3 j P t - H  = < 10 Hz), 2.30 (s, 
Pt-N-CH 3, 3JPt-H = 30.5 Hz), 2.05 (s, Pt-CH 3, 2 jP t -  
H = 68.3 Hz). 

4.5. Reaction of [PtMeCl2(HeO)(tmeda)]Cl (4) with 
chloride 

In a 5 mm NMR tube, 4 (1.5 mg, 3.5 × 10 -3 mmol), 
excess NaC1 (50 mg, 0.86 mmol) and D20 (0.5 ml) 
were combined. The tube was sealed and heated at 
120°C in an oil-bath. Disappearance of 4 (by Z H NMR) 
was complete after ca. 32 h, producing PtC12(tmeda) 
and CH3OH. 

4.6. Synthesis of K x Clv Pt(CH3 ) 

K2PtCI 4 (4.0 g, 9.6 mmol) was suspended in 50 ml 
of water• CH3I (500 ml, 8 mmol) was added and a 
brownish black precipitate soon formed. After stirring 
for 6 h, the water was removed under vacuum and the 
residue extracted with methanol until washings were 
colorless (ca. 500 ml). After evaporation to dryness of 
the methanolic solution, 1.9 g of a dark-yellow powder 
remained. AgNO 3 (3.0 g) was dissolved in water and 
treated with 5 ml of concentrated HCI. The solid AgCI 
thus formed was thoroughly washed with water to re- 
move excess chloride. The yellow powder was dis- 
solved in 40 ml of water and added to the freshly 
prepared AgCI. The slurry was stirred and a sample was 
taken periodically for analysis by UV-visible spec- 
troscopy. After ca. 4 h, the absorption at 430 nm had 
disappeared. The mixture was filtered and the filtrate 
was evaporated to dryness. The yellow residue was 
extracted with methanol and evaporated to dryness. 
Yield 1.3 g of yellow powder. IR (cm-I):  1400 (b, m), 
1230 (s), 1020 (w), 803 (w), 570 (w). tH NMR (D20): 
6 3.08 ppm (s, 2Jr~_ n 78 Hz). 13C NMR (D20): 3.67 
ppm (q, 1Jc_ H 145 Hz, IJc_Pt 462 Hz). 195-pt NMR 
(DzO): - 7 8 0  ppm. Anal. Calc. for PtKCIa(CH3)(H20) 
• (KC1)3.7: Pt, 29•38; K, 27.68; CI, 41.11; C t.8. Found: 
Pt, 29.38; K, 27.64; C1, 38.38; C, 1•65%. 

4. 7. Synthesis of [NMe 4 ]z[PtCI5(CH3)] (5) 

KxClyPt(CH 3) (200 mg) was dissolved in 4 ml of 
water and loaded on an ion-exchange column charged 
with NMe~- ions as described above. A yellow band, 
following an orange band, was collected after elution 
with water. The solution was evaporated to dryness 
under vacuum, leaving an orange solid. The solid was 
repeatedly washed with ethanol to remove excess 
NMe4CI. The residue was dissolved in methanol (30 
ml) and filtered. Approximately 2 ml of a saturated 
solution of NMeaCI in methanol was added and the 
resulting pale-orange precipitate collected on a filter. 
Yield 34 mg. IR (KBr, cm-I):  3448 (b,m), 3021 (vs), 
2927 (m), 1488 (vs), 1460 (w), 1420 (w), 1291 (s), 
1215 (m), 953 (s). Uv-visible (water, 25°C): Area x = 364 
nm, 8mo I = 142 (4) 1 mol-I cm-1; }[max = 462 nm, 
emol = 25 (2) 1 mol - l  cm -t .  Anal. Calc. for 
PtCIs(CH3)(N(CH3)4)2: C, 20.18; H, 5.08; N, 5.23. 
Found: C, 20•03; H, 4.82; N, 4.99%. 
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4.8. Synthesis of KxCly Pt(CH2CH2OH) 

K2PtC14 (3.42 g, 8.24 mmol) was dissolved in 20 ml 
of water and 2-iodoethanol (430 ml, 5.5 mmol) was 
added. After ca. 0.5 h the solution darkened and a dark 
precipitate was formed. The mixture was allowed to 
stand overnight and then filtered. The red filtrate was 
evaporated to dryness under vacuum and the residue 
was extracted with methanol (2 × 25 ml). From the 
residue 2.24 g (5.4 mmol) of K2PtCI 4 was re-isolated. 
The yellow methanol fraction was evaporated to dry- 
ness, yielding a yellow powder whose NMR spectrum 
(in D20) indicated the [PtCH2CHEOH] moiety. The 
powder was dissolved in 20 ml of water and added to 
freshly precipitated AgCl. The slurry was stirred for 2 h, 
filtered and the filtrate evaporated to dryness, yielding 
332 mg of yellow powder. The compound was stored at 
- 60°C. IR (KBr, cm- l): 3450 (b), 2978 (w), 2929 (m), 
1414 (s), 1384 (s), 1242 (m), 1167 (m), 1071 (m), 968 
(w), 917 (s), 825 (w), 788 (w), 550 (w, b). 

in the thermostated cuvet holder of the spectrophotome- 
ter. Spectra were recorded at preset intervals in the 
wavelength region between 250 and 500 nm, using the 
HP 89531A software package. In all cases isosbestic 
points were observed at ca. 395, 440 and 490 nm. The 
degree of reaction was monitored by following the 
absorption peak around 365 nm. Kinetic studies were 
also carded out by NMR, using approximately 0.01 M 
solutions of 6. NMR tubes were placed in a 45°C 
water-bath and spectra were recorded periodically after 
cooling to ambient temperature; NMe~- served as inter- 
nal standard. The overall rates agreed with those deter- 
mined by UV-visible spectroscopy, while accurate rela- 
tive rates of nucleophilic attack by water vs. chloride 
were calculated from the relative amounts of glycol and 
chloroethanol formed at various chloride concentations. 

Reactions of PtMeCl 2- with other nucleophiles were 
similarly followed by NMR, with signals for MeNO 2 
and MeOP033- identified by comparison with authentic 
samples. 

4.9. Synthesis of (NMe4)Pt(CH2CH2OH)CI 4 and 
(NMe4) 2 Pt(CH2CH2OH)CI 5 (6) 

KxCl yPtCH2CH2OH (300 mg) was dissolved in ca. 
5 ml of water and loaded on to an ion-exchange column 
charged with NMe~ ions as described above. A yellow 
band was collected (20 ml) after elution with deionized 
water. The solution was concentrated to ca. 3 ml. 
During this process, a yellow precipitate (yield 111 mg) 
was formed, which was collected on a filter. Its lH 
NMR spectrum (D20) corresponds to that reported pre- 
viously [11]. The elemental analysis agrees best with a 
salt of a monoanion. Calc. for PtCI4(CH2CH2OH)- 
(N(CH3)4): C, 15.80; H, 3.76; N, 3.07. Found: C, 
16.30; H, 3.79; N, 3.65%. 195pt NMR (D20): -731  
ppm ([Pt(CHECHEOH)C14(H20)]-), - 7 5 0  ppm 
([Pt(CH2CH2OH)CI~-]). IR (KBr, cm-1): 3048 (m), 
3575 (b,s), 3020 (m), 2937 (m), 1482 (vs), 1439 (w), 
1403 (w), 1384 (s), 1261 (w), I170 (s), 1071 (s), 990 
(m), 950 (vs), 913 (vs), 797 (m), 654 (w), 473 (w). 

The yellow precipitate was dissolved in methanol. 
Addition of a saturated solution of NMe4CI in methanol 
followed by ethanol gave an orange powder, which was 
collected on a frit and dried in high vacuum. Its elemen- 
tal analysis corresponds to the expected stoichiometry, 
(NMe4)2Pt(CH2CH2OH)CIs). Calc. for PtCIs(CH 2- 
CHEOH)(N(CH3)4)2: C, 21.23; H, 5.17; N, 4.95. Found: 
C, 20.90; H, 4.99; N, 5.07%. UV-Vis (water, 25°C): 
/~max ~- -364  nm, emo I = 150 (5) 1 mol-I cm- i ;  Amax = 
468 nm, emo j = 20 (3) 1 mol-1 cm-1. 

4.10. Kinetics of nucleophilic displacement reactions 

Solutions of the specified concentrations in Pt com- 
plex and C1- in H20  were placed in 1 cm glass cuvets 

4.11. Kinetics of oxidation of Zeise's salt by [PtCl 6 ]2- 

Oxidations were carded out at constant ionic strength 
with various amounts NaC1 and NaCIO 4 as electrolytes. 
For these studies, Zeise's salt (obtained from Aldrich) 
and NaCl were used as received; NaCIO 4 was exten- 
sively dried at 120°C under high vacuum; Na2PtCl 6 • 
6H20 was dissolved in D20, filtered, evaporated to 
dryness and dried under vacuum until constant in weight 
(the color becomes bright yellow, in contrast to the 
orange salt, that contains water of crystallization). DCI 
solutions were prepared by dilution of a 37% stock 
solution (Cambridge Isotope Laboratories). 

UV-visible spectrophotometry is unsuitable for this 
study, as the spectra of the substrate and oxidizing agent 
are not sufficiently different. Instead, I H NMR spec- 
troscopy was used. Progress of the reaction was fol- 
lowed by monitoring the disappearance of signals due to 
the starting material 7 and the appearance of those for 
products 6 (at lower temperatures) or chloroethanol plus 
glycol (at high temperature). Data were analyzed as 
discussed in the main text. 

4.12. Synthesis of lCH2CD20H 

Following previous reports on the synthesis of 
ICH2CH2OH from CICH2COOH via C1CH2CH2OH 
[26], chloroacetic acid (1.35 g, 14.3 mmol) was placed 
in a 100 ml three-necked flask. The flask was immersed 
in an ice-bath and allowed to cool to 0°C. BD 3 • THF 
(50 ml, 0.38 mol) in THF solution was slowly added 
over a period of 15 min. The reaction mixture was 
stirred at 0°C for 30 min and then at 25°C for 2 h. 
Excess borane was destroyed by adding 15 ml of wa- 
ter-THF ( l : l )  to the reaction mixture. The aqueous 
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phase was saturated with potassium carbonate, the THF 
layer was separated and the aqueous phase extracted 
with 4 × 20 ml of diethylether. The combined organic 
extracts were dried over magnesium sulfate. Evapora- 
tion of the solvent gave 1.16 g of CICH2CD2OH as a 
clear liquid, which was dissolved in 5 ml of dry acetone 
and added over 1 h to a refluxing solution of 2.1 g of 
NaI in 4 ml of dry acetone. The mixture was allowed to 
reflux for 19 h and then cooled to room temperature. 
Sodium chloride was filtered off and washed with 2 × 2 
ml of acetone. Sodium iodide (0.12 g) was added to the 
filtrate and the mixture heated at reflux for 9 h, cooled 
and filtered to remove sodium chloride. Acetone was 
evaporated; the residue was extracted with 20 ml of 
diethylether, filtered and washed with 3 × 5 ml of dieth- 
vlether. Evaporation of the ether gave 1.65 g (67%) of 
ICH2CDzOH. IH NMR (CDCI3): 3 3.29 (s, 2H, 
ICHzCD2OH), 3 2.00 (s, IH, ICH2CDzOH). The 
proton content at the -C(H,D)zOH position was about 
3%. 

4.13. Reduction of [NMe4]zlPtMeCIs] by CrCl e and 
SnCl 2 

The dry reagents, [NMe4]2[PtMeC15] (50 mg, 0.093 
lnmol) and CrC12 (25 mg, 0.20 mmol) or SnCI 2 (18 mg, 
0.090 mmol), were combined and thoroughly mixed in a 
small flask equipped with a stirrer bar. The flask was 
placed on a high-vacuum line, evacuated and cooled to 
liquid nitrogen temperature. Degassed H20 (5 ml) was 
condensed into the flask and allowed to warm. Upon 
thawing, the solution turned dark green (Cr n) or or- 
.mge-brown (Sn") and gas evolution was immediately 
apparent. The gas was collected and quantified usin~ a 
Toepler pump and characterized as CH 4 by IR a n d ' H  
NMR spectroscopy. Methane yield (based on 5): 57% 
ICrC12) and 31% (SnCI2). 

-1.14. Absence of exchange in [PtCIsCH2CD2OH] 2- 

KxCI,.PtCH2CD2OH was prepared from K2PtC14 
and IcH2CDzOH as described above for the undeuter- 
,lted analog. The yield was 35%. The 1H NMR spec- 
trum (O20) showed only the signal (6 3.85, 2Jpt H = 85.0 
Hz) assigned to the - P t C H  2- position. A solution of 
~.0 mg of KxCi~,PtCH2CD2OH and 87 mg of NaC1 in 
~).50 ml of D20 Was kept at 45°C for 8 h. The decompo- 
,ition of KzCIsPtCHzCD2OH was essentially complete 

• • l ,tt this point. The H NMR spectrum indicated that 
CICH2CD2OH was the only isotopomer of the organic 
product formed; no HOCH2CD2CI was detected. 

4.15. Synthesis of Na2195ptCl6 and K2195ptcI4 from 
~95pt metal 

195pt metal (97.3% ~gsPt) was purchased from Oak 
Ridge National Laboratory. H2195PtCI6 was synthesized 

by the published procedure [27] and converted into 
Na2~95PtCI6 by ion exchange. Naz~95PtCI4 was pre- 
pared from Na2195PtCl~ by the published procedure [28] 

• 1"95 • and converted into K 2 PtC14 by ion exchange. 

4.16. Oxidation of Zeise's salt by Na2195PtCl~ 

KPtCI3(CH~ =CH2) • H20  (10 mg, 0.027 mmol) and 
Na2195PtC16 (27 mg, 0.060 mmol) were dissolved in 
0.40 ml of D20 (some K2195PtC16 precipitated immedi- 
ately). After allowing the mixture to stand for 24 h at 
room temperature, ~H NMR showed complete conver- 
sion to [C15PtCH2CH2OH] 2-. The signal for the 

2 -  • • 1 9 5  [C15PtCHzCH2OH] protons exhibited Pt satellites 
of normal intensity (ca. 33% of total peak area). If the 
solution was allowed to stand at room temperature for 
several days, the intensity of the satellites of 
[CIsPtCH2CH2OH] 2- gradually increased. 

4.17. Alkyl transfer between [PtRCl s]2- and 
[195PtCl 4 ] 2 - 

(NMea)2PtCIs(CH2CHzOH) (7.0 mg, 0.012 mmol) 
and K2195PtCI4 (5.1 mg, 0.012 mmol) were dissolved 
in 0.40 ml of D20. The I H NMR spectrum recorded 
after a few minutes showed satellites of the 
PtCHaCHzOH signal with normal intensity (ca. 33% of 
total peak area). The solution was allowed to stand at 
room temperature and the extent of exchange was fol- 
lowed by monitoring the intensity of the satellites. After 
2 days, their intensity had increased to 39% and after 14 
days to 52%. A solution of KzPtCIsCH~CH2OH and 
Naz195PtCi6, handled similarly, showed no increase in 
the satellite peaks. Data were analyzed according to the 
rate law in the Appendix to determine the rate constant 
for alkyl exchange between Pt TM and Pt". 

Alkyl transfer between [PtMeCI5 ]z- and [ 195 PtCI 4 ] z -  

was studied in the same manner, using a solution of 
(NMe4)zPtMeCI5 (5.9 mg, 0.011 mmol) and Kz195ptc14 
(4.6 mg, 0.011 mmol) in 0.40 ml of D20 at 1 M ionic 
strength (NaCIO 4) (a small amount of white NMe4C104 
precipitate formed). The total intensity of the 
[PtCH3C15] 2- signal did not change relative to the 
HOD or NMe~- signals during the kinetic experiment. 

4.18. Stereochemical studies 

cis- and trans-l,2-dideuterioethylene were purchased 
from Cambridge Isotope Laboratories. The correspond- 
ing stereolabeled Zeise's salts were prepared by the 
published procedure for ordinary Zeise's salt [29]. A 
solution of K[PtC13(cis- or trans-l,2-CzHzD2)] (70 
mg) and NazPtCI 6 • 6H20 (1 g) in 20 ml of water was 
heated for 3 h at 45°C. After cooling and concentration 
to a few ml, KCI (260 mg) was added to precipitate 
excess PtC12- as KzPtC16, which was filtered off. An 
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aliquot of the filtrate was evaporated to dryness and its 
proton NMR spectrum was recorded in D20 (see dis- 
cussion in main text). The remaining solution was ther- 
molyzed for 6 h at 45°C and vacuum transferred on to 3 
ml of 12 M NaOH at liquid nitrogen temperature. Slow 
warming to room temperature resulted in a vigorous 
evolution of gas, which was collected by a Toepler 
pump (0.057 mmol, 30%) and vacuum transferred to a 
10 cm IR gas cell (total pressure ca. 10 cm Hg). 
Analysis of the IR spectra as previously discussed [22] 
gave the stereochemistry and isotopomeric purity of the 
dideuterioethylene oxide. 
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Appendix: Derivation of rate laws 

Nucleophilic attack on alkylPt TM 

We have 
Kj • K 2 

5a .  5 b + C l -  m 5 c + C 1 -  

where 5a, 5b and 5c are as defined in Eq. (3) of the 
main text. 
Disappearance of the starting complex, as monitored by 
UV-visible  spectroscopy, follows: 

d[Pttotal]/dt = - k o b s [ P t t o t a l ]  

In case 1, [5b] is negligible, and products are formed 
from 5c according to 

5 c + C 1 -  k~ Pt" RCI + 

5c + H 2 0  k2 e t  II ROH + 

d[ettotal]/dt = - ( k l [ C 1 -  ] + k2)[5c ] 

[5c] [C1- ] / [ 5 a ]  = K, K 2 

[5a] = [ 5 c ] [ C 1 - ] / K , K  2 

[Pttotal] = [Sa] + [5e] = [ 5 e ( [ C 1 - ] / K , K  2 + 1) 

(kl[C1- ] + k2)[Pttotal ] 
d[Ptt°tal]/dt = - [ C 1 - ] / K 1 K  2 + 1 

k , [C l - ]  + k 2 

k°bs = [ C 1 - ] / K I K  2 + 1 

In case 2, products are formed from 5b according to 

5 b + C 1 -  k, ~ R C l + P t  u 

5b + H 2 0  k2 , ROH + Pt n 

d[Pttota,]/dt = - ( k l [ C l -  ] + k2)[5b ] 

[5b] [ C 1 - ] / [ 5 a ]  = X l 

[Sa] = [ S b ] [ C F ] / K ,  

[Sc]/[Sb] = K2 

[Sc] = K2[Sb] 

[Pttotal] = [5a] + [5c] + [5b] 

= [ 5 b ] ( [ C I - ] / K ,  + K 2 + 1) 

(kl[C1- ] + k2)[Pttot, t] 
d[Ptt°tal]/dt = [ C I - ] / K ,  + K 2 + 1 

k, [C1-] -I- k 2 

kobs [ C I - ] / G  + K2 + 1 

However, [5b] is very small, then K 2 >> 1, so 

k~[Cl-] + k~ 
kobs " [C l - ] /X ,  + K2 

(k,[Cl-]  + k )/K2 

[ C I - ] / K I K  2 + 1 

which has the same form as that derived for case 1: the 
apparent equilibrium constant extracted from kinetic 
data will be equal to K~ K 2, the macroscopic constant 
relating [5a] and [5b], in either case, while the apparent 
individual rate constants will be either the actual rate 
constants or 1 / K  2 times those values for cases 1 and 2, 
respectively. 

Oxidation of  Zeise's salt by [PtCl 6 ]2- 

Substituting [H ÷] = [7] - [7] 0 into Eq. (17) gives 

- d [ 7 ] / d t  = kK[7] [P tCI~- ] / ( [7 ]  - [7]0) 

Rearranging: 

- ( d [ 7 ] / d t ) ( [ 7 ]  - [7 ]0) / [7  ] = kK[PtCI 2- ] 

- [7 ]0(d[7] / [7 ] )  + d[7] = kK[PtCI 2-] dt 

Integrating: 

- [ 7 ] 0  ln ( [7] / [7]0  ) + [7] - [ 7 ] 0 =  kK[PtCI2-] t  

which rearranges to Eq. (18). 
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