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Ortho-, pyro-, and triphosphate anions form monodentate phosphato complexes with chloro(diethylenetriamine)platinum(II) chloride 
and various chelates with dichloro(ethylenediamine)platinum(II) in the pH range 2-1 1. Monodentate complexations largely proceed 
through the direct reaction with the PtCl(dien)+ for which bimolecular rate constants were estimated as  2.7 X IO-,, 1.5 X IO-,, 
and 1.2 X IO-, M-' s-I for the ortho-, pyro-, and triphosphate reactions. Phosphorus-31 NMR spectra reveal coordination chemical 
shifts of 3-6 ppm for the phosphorus atoms of the bound phosphate groups. Only the monodentate (y-triphosphato)platinum(II) 
complex was detected by 31P N M R  spectroscopy, although this ligand is capable of coordinating through the &phosphate group 
as well. Phosphorus-phosphorus coupling constants for Pt(dien)(H2P207) and Pt(dien)(HzP3010)- complexes were found to be 
in the range 19-23 Hz. Two acidity constants were estimated as 9.8 X 
and 5.6 X IO-* for Pt(HzP207)(dien) from the pH-dependent 3iP chemical shift data. Chelation to dichloro(ethy1enediamine)- 
platinum(l1) by pyro- and triphosphate ligands is accomplished primarily through aquations of the platinum substrate. Bimolecular 
rate constants for the direct reactions with PtCl,(en) were estimated as 1.9 X IO-' and 4.6 X IO-' M-l s-' for the pyro- and 
triphosphate anions at  pH 6.0. The triphosphate ligand forms both @,y- and a,y-linkage isomers; the six-membered chelate ring 
(&y-complex) formation dominates at lower pH (3-4), whereas the formation of the eight-membered chelate ring is favored in 
the pH range >6. Coordinated phosphate groups exhibit 4-1 2 ppm coordination chemical shifts, and phosphorus-phoshorus 
coupling constants of 19-22 Hz were observed for the triphosphato chelates. Acidity constants, 6.0 X IO-' and 8.3 X IOd, were 
calculated for the Pt(H,P,O,)(en) complex. Linkage isomerizations, @,y - a,y and a,y - @,y, for triphosphato complexes mainly 
proceed through an intramolecular mechanism for which first order rate constants were estimated as 2 X and 3 X s-I 
at  pH 3.5 and 7.7. 

and 1.5 X for Pt(H2P04)(dien)+ and 7.3 X 

Introduction 
Phosphato complexes of diamagnetic metal ions such as Co(II1) 

and Rh(ll1) have been used t o  s tudy t h e  role of metal centers in 
various enzyme-catalyzed phosphate  hydrolysis reactions.'-9 
However, meta l  ions in biological reactions are mainly divalent 
ra ther  t h a n  trivalent. In this respect, platinum(I1) may serve as 
a bet ter  model since t h e  charges on t h e  meta l  ions appear to 
influence hydrolyses.' Moreover, coordinated water  molecules 
in plat inum(l1)  complexes are much more acidic t h a n  those in 
Co( H I ) ;  therefore, hydrolysis due to the intramolecular transfer 
of coordinated hydroxide (hydroxyl transfer reaction) can be 
followed in acidic solutions. Hence, mechanis t ic  ambiguities 
associated with the coordinated and uncoordinated hydroxyl 
transfers as encountered in Co(II1) complexes may be r e m ~ v e d . ~  
One obvious disadvantage of Pt(I1) in the  hydrolysis of nucleotides 
is t h a t  plat inum(l1)  binds primarily t o  t h e  nitrogen donor sites 
of purine and pyrimidine rings and may not promote the hydrolysis. 
The difficulty can be avoided by examining inorganic phosphate 
ligands. Moreover, t h e  nitrogen sites in t h e  nucleotide can be 
blocked by a platinum atom or other metal center  t h a t  forms 
substitution-inert complexes, and a second platinum atom can be 
used t o  promote hydrolysis. Since phosphate hydrolysis is con- 
veniently followed by phosphorus-3 1 NMR spectroscopy, various 
phosphato complexes of platinum( 11) need to be characterized. 
The coordination ability of phosphate groups has not been explored 
in detaillwIs a l though an extensive development of platinum(I1) 
biochemistry has occurred since the discovery of the antineoplastic 
activity of cis-diamminedichloroplatinum( II).16J7 Here we report 
phosphorus-3 1 NMR characterization of various monodentate and 
bidentate  phosphato complexes of Pt(I1) utilizing a variety of 
platinum substrates and inorganic phosphate ligands. In a n  earler 

we documented t h e  rates  of formation of pyro- and 
triphosphato chelates of diamminedichloroplatinum(I1) and noted 
t h a t  the a ,y- t r iphosphato chelate was the major product for the 
triphosphate reaction. T h e  present s tudy includes the  kinetics of 
formation of various monodentate phosphato complexes a n d  their 
phosphorus-3 1 NMR characterization. W e  present here evidence 
of rapid intramolecular  linkage isomerization of t r iphosphate  
chelates  which leads t o  t h e  formation of an eight-membered 
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chelate  ring (a,y complex) ra ther  t h a n  t h e  more usual six 
membered /3,y complex. An intramolecular linkage isomerization 
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in  plat inum complexes has  been reported recently by Reedijk's 
group,18a who describe N I  a n d  N7 coordination of 9-ethyl- 
guanosine in  the  Pt(dien)(9-ethylguanine) complex. A linkage 
isomerization due to the migration of N7 to  NI binding by inosine 
to  Pt(I1)  might  also occur as reported by Martin,IBb for which 
this au thor  suggested a binuclear Nl-N7 bound intermediate. 

Experimental Section 
Materials. The platinum substrates, dichloro(ethy1enediamine)plati- 

num( 11) ( PtC12(en)) and chloro(diethylenetriamine)platinum(II) chloride 
([PtCl(dien)]Cl), were synthesized by the established m e t h o d ~ . l ~ ~ ~ ~  
Sodium salts of ortho-, pyro-, and triphosphates (Aldrich) were used 
without further purification. Sodium hydroxide and perchloric acid were 
standardized before use. Anhydrous sodium perchlorate (Aldrich) was 
also used without further purification. 

Physical Measurements. Magnetic resonance studies were performed 
on a G E  300-MHz (GN 300) instrument equipped with a broad-band 
probe. All spectra were recorded in D 2 0  (99.8% atom) in either 5-mm 
or IO-" sample tubes. Chemical shifts are with respect to 85% 
phosphoric acid as an external reference. Typical data acquisition pa- 
rameters are as follows: 126.5-MHz spectropholmeter frequency; 90" 
pule of 25-s duration; 2-s pulse delay time; 8000-Hz spectral width; 8K 
to 32K data points. A relatively smaller frequency window, 4OOO Hz with 
32K data points, was selected for experiments where integrations of 
signals were sought. The total delay time between pulses (acquisition 
time plus pulse delay time) was about 4.5 s, which is sufficient to ensure 
>95% relaxation2' before the onset of the next pulse. Since the con- 
centration of PtCI2(en) was 5 X IO4 M, at least 2000 accumulations were 
necessary to record a spectrum with signal to noise ratio greater than 20. 
For the [PtCl(dien)]+ reactions, 256 acquisitions were sufficient. 

Rate Measurements. The reactions of various platinum substrates with 
the phosphate ligands were carried out under pseudo-first-order condi- 
tions by using excess phosphate. Reaction mixtures were self-buffered 
by the phosphates. Reactions of PtC12(en) and PtCl(dien)+ were followed 
at 260 and 280 nm. Pseudo-first-order rate constants were evaluated 
either from semilogarithmic first-order plots (In D - D, vs t )  or by use 
of an iterative least-squares computer program according to eq 1 where 

( 1 )  D = (Do - D,)e+ + D, 
Do, D, and D, are the absorbances at time t = 0, at time t ,  and at infinite 
time and ko represents the first-order rate constant. The first order plots 
were usually linear for more than 4 half-lives. 

Rates of isomerization of (triphosphato)platinum(II) chelates were 
estimated from the time domain 31P NMR signals.22 These experiments 
were performed by using a data acquisition subroutine 'Kinet", with 
which our G E  N M R  instrument was equipped. This subroutine allows 
us to collect and save FlDs according to preprogrammed acqu 
parameters a t  desired time intervals. For a particular kinetic run, the 
data acquisition parameters (including the number of transient for each 
spectrum) were kept invariant. These parameters were identical with 
those listed earlier except that only 16 transients were accumulated. 
Spectra were then generated from these FIDs, and the integrated peak 
intensities of the desired signal were retrieved from the spectra. The 
integrated signal intensities of the &y chelate (combined intensities of 
p- and y-phosphorus atoms only) and the a,y chelate (combined inten- 
sities of a- and y-phosphorus atoms only) at the specified time intervals 
were then calculated. Rate constants were then estimated from half-lives. 
For example, when (~,y-triphosphato)platinum(lI)-(a,y-triphosphato)- 
platinum(l1) isomerization was followed by raising the pH by 3.0 to pH 
7.7, the "P resonances for the latter isomer increased in  intensity but 
eventually leveled off. The peak intensities for the 6,y-isomer concom- 
itantly decreased with time and attained a limiting value at infinite time. 
The half-lives of the isomerization process were then calculated by noting 
the time required to attain half of the intensity difference (A I )  at  a given 
time (AI = I ,  - I ,  or I ,  - I,;  I ,  is the intensity at any time, and I ,  is the 
limiting intensity at infinite time). Since the isomerization reactions were 
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(a) Van der Veer, J .  L.; Van den Eist, H.; Reedijk, J. Inorg. Chem. 
1987.26, 1936. (b) Martin, R. B. ACSSymp. Ser. 1983, No. 209, 231. 
Heneghan, L. F.; Bailar, J. C. J .  Am. Chem. SOC. 1953, 75, 1840. 
Watt, G. W.; Cude, W. A. Inorg. Chem. 1968, 7, 335. 
Spin-lattice relaxation times for various phosphato chelates lie in the 
range 0.5-0.8 s, as determined by inversion recovery method. For 
example, the TI  for a- and y-phosphorus atoms in the a,y-triphosphato 
chelate was evaluated as 0.49 * 0.02 s. Relaxation studies for "P nuclei 
of Pt(l1)-phosphato and -nucleotide complexes are in progress and will 
be published elsewhere. 
In  these experiments, preaquated cis-PtC12(en) was used, allowing us 
a much higher concentration ( 5  X IO-' M) of the platinum substrates. 
The 31P spectra can be recorded from 16 transients. 

12 
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Figure 1. (a) 126.5-MHz phosphorus-31 NMR spectrum of PtCl(dien)+ 
(2.0 mM) plus orthophosphate anion (20 mM) reaction mixture at pH 
8.25. The peak at 9.84 is for the orthophosphato complex (I), and the 
signal a t  4.88 ppm is for the free ligand. (b) Plot of chemical shift-pH 
data (Table I) for the orthophosphato complex. 

Table I. Phosphorus-31 Chemical Shifts as a Function of pH for 
Free Orthophosphate Anion and Pt(H2P04)(dien)+ Cation with 
Values in Parentheses Calculated by Using Equation 

chem shift, ppm coord chem 
pDC free PO4 anion Pt-PO, complex shift," ppm 
1.55 2.40 8.22 (8.23) 5.82 
1.89 2.41 8.23 (8.24) 5.82 
2.39 2.44 8.31 (8.30) 5.87 
3.45 2.46 8.85 (8.83) 6.39 
3.99 2.45 9.26 (9.27) 6.81 
4.34 2.45 9.44 (9.49) 6.99 
4.65 2.47 9.58 (9.58) 7.11 
5.70 2.66 9.73 (9.69) 7.17 
6.55 3.22 9.74 (9.71) 6.42 
7.07 3.82 9.77 (9.72) 5.95 
8.25 4.88 9.84 (9.86) 4.96 
9.34 5.13 10.69 (10.9) 5.56 

10.1 5.56 12.09 ( 1  1.9) 6.53 
11.89 5.87 12.24 (12.31) 6.37 

"Calculated values are based on K ,  = 9.8 X Kn1 = 1.5 X 
6, = 8.21, 62 = 9.70, and 63 = 12.31. IpH-meter reading was corrected 
for this calculation. Uncorrected pH meter reading. dPositive values 
inicate downfield shift in comparison to values for the free phosphate 
anion. 

relatively fast (t1,2 = 3-5 min), a more convenient method based on 
UV-vis spectroscopy was tried. The spectral features for the two isomers 
were not sufficiently different to allow us to monitor the conversion of 
one isomer to the other. 

Evaluation of Acidity Constants. Acidity constants of some phospha- 
toplatinum(I1) complexes were calculated from phosphorus-3 1 chemical 
shift-pH profiles. Since these experiments were performed in D20,  the 
pH-meter reading (pD) was corrected2, by utilizing the relationship pH 
= pD + 0.4. These corrected values were used to evaluate the acidity 
constants. These chemical shifts depend on the state of protonation of 
the phosphate ligands. Most of the complexes examined act as diprotic 
acids in the pH range 2-10. Two acidity constants correspond to eqs 2 
and 3, where An is either diethylenetriamine or ethylenediamine and P, 

(2) 

(3) 

represents the phosphate anions. At any given pH, the measured chem- 
ical shift, 6, is expressed as shown in (4). In these expressions,fi,/2, and 

(4) 

AnPtH2P,"+ + H 2 0  & AnPtHP,("')+ + H 3 0 C  

AnPtHP,("')+ + H 2 0  & AnPtPiF2)+ + H,O+ 

6 = 6 J '  + 6f2 + 63f, 

J,  represent the fractions of AnPtH2Pxnt, AnPtHP,("-')', and 
AnPtP,("2)t cfl + A  + f 3  = 1 .O) present in  solution and 6, through 6, 
are chemical shifts of these three forms. The values of K,, and Ka2 and 
the chemical shift parameters were evaluated from the fit of eq 5 by the 

(23) Glasoe. P. K.; Long, F. A. J .  Phys. Chem. 1960, 64, 188. 
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use of an iterative nonlinear least-squares computer p r ~ g r a m . ~ '  The 
acidity constants and chemical shifts are reported in appropriate tables. 

Results and Discussion 
I. Phosphorus-31 NMR Characterization of Products. A. 

Orthophosphato Complexes of Platinum(I1). Figure 1 shows the 
phosphorus-3 1 N M R  spectrum of the orthophosphato complex 
formed by the reactions of the phosphate ligand with PtCl(dien)+. 
The intense upfield signal is due to the free phosphate, and the 
downfield signal is for the phosphate group coordinated to plat- 
inum.2s The chemical shifts for the phosphorus-3 1 resonances 
at various pH values, along with coordination chemical shifts, are 
listed in Table I .  Coordination chemical shifts about 5-7 ppm 
can be noted for the orthophosphato complex over the pH range 
1.5-1 2. 

The inset in Figure 1 displays the pH-6 profile of Pt- 
(H2P04)(dien) ( I ) ,  which exhibits two inflections. The pK,, and 
pK,, values corresponding to the successive deprontonations ( 6 )  
and (7) were calculated to be and 4.0 and 9.8. 

Pt(dien)P04H2+ + H 2 0  Pt(dien)(P04H) + H 3 0 +  ( 6 )  

Pt(dien)(PO,H) + H 2 0  Pt(dien)(PO,)- + H30+ (7)  

Inorganic Chemistry, Vol. 29, No. 18, 1990 3463 

o r 7  

QH 

OH 
I 

The reaction of orthophosphate anion with PtCl,(en) resulted 
in the formation of a green complex. We did not characterize 
this complex since Appleton and workers12 have characterized 
various phosphato blue and green complexes of C ~ S - P ~ C I ~ ( N H ~ ) ~  
and PtCl,(en) by using 31P, 19%, IsN N M R  spectroscopy. These 
complexes are reported to be monodentate monomer and bridging 
phosphato complexes consisting of dimer and higher oligomers 
including mixed-valence platinum(I1,III) compounds. 

B. Pyrophosphato Complexes of Platinum(I1). Figure 2 
presents the phosphorus-3 1 N M R  spectra of pyrophosphato 
complexes of PtCl(dien)+ and PtCl,(en),. The first platinum 
compound forms the monodentate pyrophosphato complex, Pt- 
(P207H2)(dien) (11). The two phosphate groups in this mono- 

OH 

111 I1 

dentate phosphato complexes are magnetically nonequivalent. Two 
doublets for the coordinated pyrophosphate anion and a singlet 
for the free ligand are expected in the 31P spectra of the reaction 

(24) Easom, K. A,; Bose, R. N. Inorg. Chem. 1988, 27, 2331. 
(25) One reviewer's comment regarding the absence of 31P-19sPt couplings 

in the )'P spectra deserves response. This two-bond coupling (8 Hz) 
was observed (as a satellite) in Pt(P207)(NH3)22- on a 90-MHz in- 
strument. However, we do not see the coupling for the complex using 
a 300- or 500-MHz instrument. This coupling was not observed for 
other p h o ~ p h a t o ~ * ~ ' J ~ J ~  and phosphonato complexes (even at low field, 
90 MHz) including those where X-ray crystal structures have been 
established.26 The absence of the coupling may be due to a smaller 
two-bond coupling constant, use of higher magnetic fields, and chemical 
anisotropic relaxations as have been cited as possible reasons for not 
observing coupling in other instances.*' We are reluctant, however, to 
commit specific reasons for the absence of coupling in the s ctra. 

established by Bau's research group, and we have investigated the de- 
tailed kinetic of formation and ,IP spectra for these complexes (manu- 
script in preparation). Phosphorus-31 spectra of these complexes do not 

(26) Crystal structures of these phosphato and phosphonato complexes p;" were 

exhibit 31Pi19sPt couplings: 
(27) See, for example: Lallemand, J. Y.; Solulie, J.; Chottard, J. C. J .  Chem. 

Soc., Chem. Commun. 1980, 436-437. Chottard, J. C.; Girault, J. P.; 
Chottard, G.; Lallemand. J. Y.; Mansey. D. J. J .  Am. Chem. Soc. 1980, 
102. 5565-5572. 

4 6 8 1 0  
PA 

6 4 2 0 -2 -4 -6 -8 -10  P P M  

Figure 2. 126.5-MHz phosphorus-31 N M R  spectra of the pyrophosphato 
complexes of PtCl(dien)+ and cis-PtCI2(en) in the presence of excess 
pyrophosphate anion. Part a: PtCl(dien)+ (2.0 mM) and pyrophosphate 
anion (15 mM) at pH 6.90 after 6 h of mixing. Two doublets centered 
at  -0.25 and -6.21 ppm arise from the monodentate pyrophosphato 
complex (11), and the intense peak at  -5.35 ppm is for the free pyro- 
phosphate anion. Part b: PtCl,(en) (0.5 mM) and pyrophosphate anion 
(4.0 mM) after 24 h of mixing at  pH 5.12. The peaks at  3.49 and -7.87 
ppm are for the pyrophosphate chelate and free ligand. The inset exhibits 
the pH-6 profile for the pyrophosphato complex (11). 

Table 11. Phosphorus-31 Chemical Shifts as a Function of pH for 
Pt(H2P207)(dien) Complex with Values in Parentheses Being the 
PhosDhorus-PhosDhorus Couoline. Constants in Hz 
~~~~ 

coord chem 
PD' obsdb calcdc,d shift: ppm 
2.70 -1.66 (19) -1.67 6.43 

chem shift, ppm 

3.65 

4.38 
5.23 

5.83 

6.09 

7.20 

8.52 

9.15 

11.15 

-10.65 ( i 9 j  
-1.05 (19) 
-8.15 (19) 
-0.36'(20) 
-0.17 (22) 
-7.78E 
-0.11 (21) 
-7.35 (21) 

-7.25 (21) 
-0.37 (20) 
-5.52 (20) 
-0.44 (22) 
-4.26' 
-0.52 (22) 
-4.209 
-0.53 (23) 
-4.18 

-0.15 (22) 

-1.03 

-0.39 
-0.14 

-0.12 

-0.14 

-0.37 

-0.48 

-0.49 

-0.50 

-2.56 
6.91 

-0.19 
7.55 
7.38 

-0.22 
6.59 

-0.65 
6.36 

-0.74 
4.96 

-0.46 
4.04 

-0.22 
3.50 

-0.18 
3.15 

-0.50 

aUncorrected pH meter reading. bPeaks appear as doublets and the 
reported shifts are the center of the doublets. 'Calculated values are 
based on Ka, = 7.3 X 6,  = -1.81, 6, = -0.072, 
and b3 = -0.50. dCorrected hydrogen ion concentrations were used in  
this calculation. Positive and negative values indicate downfield and 
upfield with repect to the values for uncoordinated ligand. /The 
doublet for the three phosphate end of coordinated pyrophosphate was 
completely masked under free pyrophosphate peak. The doublet was 
partly masked under free pyrophosphate peak. 

mixtures containing excess ligand. The downfield doublet in 
Figure 2a is for the coordinated phosphate group (@phosphate), 
while the upfield doublets are for the uncoordinated a-phosphate 
group. The doublet arising from the uncomplexed phosphate end 
is clearly observed at some pH values, but at other pHs this signal 
is partly or completely masked under the broad peak of the free 
pyrophosphate. 

The reaction of this phosphate ligand with the RCl,(en) yielded 
a chelate, as is evident from the spectrum (Figure 2b). The 

Ka2 = 5.6 X 
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Table 111. Phosphorus-31 Chemical Shifts as  a Function of pH for 
Pt(H,P,O,)(en) 

Bose et al. 

PD4 chem shift, ppm coord chem shift: ppm 
2.02 2.29 (2.29)b 10.7 
3.20 3.10 (3.1 1)  11.3 
4.01 3.52 (3.47) 11.7 
4.43 3.53 (3.54) 11.7 
5.24 3.59 (3.61) 11.4 
5.90 3.61 (3.64) 10.3 
6.61 3.69 (3.65) 9.19 
7.18 3.65 (3.65) 9.18 
8.12 3.65 (3.65) 8.59 
9.46 3.64 (3.65) 8.51 

'Uncorrected pH meter reading. bCalculated values based on K,, = 
6.0 X IO4, Ks2 = 8.3 X IOd, 6, = 2.09, d2 = 3.52, and 6, = 3.65. 
CPositive values indicate downfield shift with respect to those for the 
free ligand. 

phoshpate groups in the chelating pyrophosphate chelate (111) are 
equivalent (as in the free phosphate ligand), and only singlet 
resonances are expected in the spectrum. The peak at 3.53 ppm, 
about 12 ppm downfield from the free pyrophosphate peak, is for 
the pyrophosphate chelate. This chelate maintains a 9-1 2 ppm 
coordination chemical shift in its 31P resonances in the pH range 
2-9, although both the complexed and uncomplexed phosphate 
ligands exhibit changes in chemical shift as a function of pH. 

Tables I1 and 111 list chemical shifts and coordination chemical 
shifts of monodentate and bidentate pyrophosphato complexes as 
a function of pH. The coupling constants 2 J p ~ p  for the mono- 
dentate phosphato complexes lie in the range 19-23 Hz. The pH-6 
profile for the coordinated phosphate group of [Pt(H2P2O7)(dien)] 
is shown in Figure 2. 

For the monodentate pyrophosphato complex, three acidity 
constants corresponding to the dissociation of two protons from 
the uncoordinated group and one from the coordinated phosphate 
groups, are expected. The pH-6 profile of the coordinated 
phosphate group exhibits an initial downfield shift, followed by 
a small upfield shift in 6 with the increase in pH. The initial larger 
change is most probably associated with deprotonation of the 
coordinated phosphate group, and the secondary small changes 
are due perhaps to ionization from uncoordinated phosphate groups 
(since the latter dissociation is expected to affect the chemical 
shift of the coordinated phosphate group only insignificantly). 
Therefore, pK, values of 4.1 and 7.3 are assigned to protons 
attached to the coordinated and uncoordinated phosphate groups. 
When 6 values for the uncoordinated phosphate group, as a 
function of pH, were fitted to a diprotic titration curve, two pK, 
values, 2.8 and 7.3, were evolved. The latter value shows up in 
both the profiles. The lower pK,, 2.8, is perhaps the first ionization 
of a proton of the uncoordinated phosphate that exerted negligible 
influence on the chemical shift of the coordinated phosphorus 
atom. 

Chemical shifts for phosphate ligands and phosphato complexes 
of diamagnetic metal ions generally increase continuously with 
increasing pH but eventually level off due to complete depro- 
tonation of phosphate groups. The observed dichotomous behavior 
in the pH-6 profile may indicate hydrogen bond formation between 
the uncoordinated phosphate end and the hydrogen atoms of the 
amine nitrogen in coordinated dien molecules. Such hydrogen 
bond formation between amine hydrogen and phosphate oxygen 
in platinum(l1) nucleotide complexes has been documented by 
Lippard's group28 and Marzilli's The extent of hydro- 
gen-bond formation should then depend on the degree of depro- 
tonation of the phosphate group. For the pyrophosphato chelate, 
on the other hand, both phosphate groups are coordinated to 
platinum, and the stereochemical requirements do not favor such 
a hydrogen bond. Two pK, values estimated from the pH-de- 
pendent chemical shift data for the Pt(H2P,0,)(en) are 6.0 X 1w 
and 8.3 X 10". 

(28) Caradonna, J. P.; Lippard, S. J. Inorg. Chem. 1988, 27, 1454. 
(29) Reily, M. D.; Marzilli, L. G. J .  Am. Chem. Soc. 1985, 107, 4916. 

I " " / " "  
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Figure 3. 126.5-MHz phosphorus-31 N M R  spectra of triphosphato 
complexes of platinum(I1) in the presence of excess ligand. Signals A 
and B are for the free triphosphate anion, C and X are for pyrophosphate 
and an unknown impurity, and F is for the pyrophosphato chelate. Part 
a: PtCl(dien)+ (1.2 mM) and triphosphate anion (20 mM) at  pH 7.90 
after 6 h of mixing. Doublets D and E are for the y- and a-phosphorus 
atoms of the monodentate complex (VI). The triplet for &phosphorus 
is masked under B and is seen separately at pH >8 .5 .  Part B: PtCl,(en) 
(0.5 mM), triphosphate anion (5.0 mM) at  pH 5.90. Peaks M and N 
are for the a,y chelate, and peaks 0 and P are for the @,y-chelate. 

t: 
/ " " I " " / " " I " " I " " I  

0 -5 -1  0 -1 5 -70 P P M  

Figure 4. 126.5-MHz phosphorus-3 1 NMK spectra ot triphosphato 
chelates indicating pH-dependent distribution of a,y- and B,y-linkage 
isomers. Peak labelings are the same as those in  Figure 3. 

C. Triphosphato Complexes of Platinum(I1). Triphosphate 
anion upon reaction with PtCl(dien)+ forms a monodentate 
complex and bidentate chelatesM with PtC12(en). Figure 3 exhibits 

(30) Phosphorus-31 NMR spectra of the platinum(I1) complexes were in- 
terpreted on the basis of coordination chemical shifts, P-P couplings, 
and the peak intensities. These spectra closely resemble to that of 
Co(II1) complexes where X-ray crystal structures have been estab- 
lished.J"JI For example, in the &y-triphosphato chelate, the "P chem- 
ical shift for @- and y-phosphorous atoms show a 6-10 ppm downfield 
shift upon complexation as compared to the shift uncomplexed ligand, 
and the a-phosphorus atom does not exhibit any significant change in 
chemical shift. Moreover, in this complex, all three phosphorus atoms 
are magnetically nonequivalent and the spectrum should appear as two 
doublets for the a- and y-phosphorus atoms and doublets of doublets 
for the @-phosphorus atoms, which is observed in the spectrum. 
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Table IV. Phosphorus-31 Chemical Shifts as a Function of pH for 
Pt(H2P3OIo)(dien)- with Values in Parentheses Being the 
Phosphorus-Phosphorus Coupling Constants in Hz 

chem shift, ppm 

pD' y-phosphate &phosphate a-phosphate 
2.70 -2.40' (19) d d 
4.33 -0.61 (19) d d 
5.49 -0.30' (22) d 7.68' (21) 
6.3 -0.23' (22) d 6.90' (22) 
1.9 -0.11 (21) d 3.91' (21) 
9.16 -0.07' (21) -19.1 3' c 

a Uncorrected pH meter reading. 'Doublet. 'Triplet. dPartly or 
fully marked under the peaks for the free triphosphate anion. 

the phosphorus-3 1 NMR spectra of our triphosphato complexes. 
The doublet A and the triplet B are for the free triphosphate, 

and the signal C is due to the presence of pyrophosphate impurity. 
Two new doublets, D and E, are observed for the product in the 
pH range 2-8. In addition to the doublet D, a new triplet was 
also observed at  pH > 8.5. These signals, along with chemical 
shifts, are consistent with the formation of triphosphato complex 
in which the y-phosphate group is bound to the Pt, [Pt(y- 
P3010)(dien)] (IV). The coordinated terminal phosphate group 

0 

rv 
OH 

V 

VI 

shows a 4-7 ppm downfield shift with respect to free triphosphate, 
whereas the unbound 0- and a-phosphate groups show small 
coordination chemical shifts. The peaks for the latter two 
phosphorus atoms were partly or fully masked under the peaks 
for free triphosphate a t  some pH's (Table IV). Two pK, values 
near 4 and 7 can be estimated from the limited data available on 
the coordinated y-phosphate group. 

The formation of triphosphato chelates is evident from the 31P 
spectrum (Figure 3b). From the intensities of the signals and 
coupling constants, two distinct sets of resonances can be evaluated. 
First the doublet M and the triplet N show an intensity ratio, 2:1, 
with a coupling contant of 22 Hz. The doublet (0) and doublets 
of doublet (P) bear an intensity ratio of 1:l. Coupling constants 
for those resonances can be calculated as 22 Hz for the doublet 
and 22 and 21 Hz for the doublets of doublet. These two sets 
of signals can be rationalized on the basis of formation of two 
linkage isomers, Ply and a,y chelates, as has been observed for 
Co(lI1) complexes5 and cis-diamminedichloroplatinum(1I).lk The 
peaks M and N arise from the a,y isomer, an eight-membered 
chelate ring (V); resonances 0 and P correspond to the Ply isomer 
(VI). The missing resonances (doublet) for the uncoordinated 
a-phosphate group in the latter isomer are perhaps masked under 
the doublet of the free triphosphate. The triplet N was clearly 
observed at some pH values, but a t  other pH values, it was partly 
or fully masked. The distribution of the two isomers depends on 
pH. Table V lists the pertinent N M R  data and the distribution 

Scheme I 
0 

VI 
VI1 

P 

I 
0 

V 

of these isomers as a function of pH. 
The chemical shifts associated with coordinated P- and y- 

phosphorus groups in the Ply chelate exhibit small changes with 
pH. Although the pH-6 profile is not steep enough to allow precise 
estimation of the acidity constants, pK, values near 3 and 7 are 
consistent with the data. Likewise, a pK, value around 6.5 can 
be discerned for the a,? complex. 

In an earlier paper,'& we have documented that the a,y chelate 
was the dominant product (-90%) at pH 8.0 for the reaction of 
PtC12(NH3)2 with triphosphate anion. On the other hand, the 
P,y complex is the dominant product for the Co(II1) complexe~.~ 
Although there is a size difference between these two metal centers, 
we have performed N M R  experiments in the pH range 3-9 in 
order to determine the influence of pH on the distribution of the 
two linkage isomers. When the pH was raised from 5.4 to 8.4, 
the a,y isomer was the major product (>90%), and the peaks 0 
and P almost disappeared. The isomers were redistributed to a 
ratio 3([8,y]/[a,y]) when the pH was lowered to 4.4. This 
redistribution in products is due to an intramolecular linkage 
isomerization (see next section). 

11. Kinetics and Mechanisms of Formation of Platinum(I1) 
Phosphato Complexes. The pseudo-first-order rate constants for 
phosphate complexation to the two platinum(I1) substrates, 
PtCl(dien)+ and PtC12(en) follow a straightforward binomial rate 
law 

(8) ko = kl + kz[PxI 

where ko is the observed pseudo first order rate constants and Px 
represents ortho-, pyro-, or triphosphate ligands. Variations of 
the first-order rate constants as functions of phosphate concen- 
trations are listed in Table VI. The values of kl  and k2, as 
obtained from the linear least-squares fits of eq 8, also appear 
in Table VI. The value of kl for the cis-dichloro complex is found 
to be the same [(1.1 f 0.1) X lo4 s-I at 40 "C] irrespective of 
the choice of phosphate ligands. The rate constant for this 
aquation, 5.0 7 s-I, is reported by Basolo and c o - w o r k e r ~ ~ ~  
at  35 OC; a 2-fold increase in rate constant with an increase of 
5 OC should be noted. The first-order rate constant for the 
aquation of PtCl(dien)+ was found to be (6.3 f 0.6) X lo4 s-l 
at 40 OC, which can be compared'with 2.0 X lo4 at  30 "C 
reported by Gray et aLs3 

Rate laws for the formation of phosphato complexes are con- 
sistent with the established substitution mechanism of platinum(I1) 
in which the original platinum substrate undergoes parallel 
aquation and direct reaction with ligands. Further, the aquated 
species reacts rapidly with the ligands, and this step is not rate 

(31) Merritt, E. A.; Sundaralinpm, M.; Cornelius, R. D. J .  Am. Chem. Soc. 
1980, 102,6151-6153. Meritt, E. A.; Sundaralingam, M.; Cornelius, 
R. D.; Cleland, W. W. Biochemistry 1978, 17, 3214-3278. 

(32) Belluco, U.; Cattalini, L.; Basolo, F.; Pearson, R. G.; Turco, A. J .  Am. 
Chem. Soc. 196587, 241. 

(33) Gray, H. B.; Olcott, R. J.  Inorg. Chem. 1962, I ,  481. 
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Table V. Dependence of Phosphorus-3 1 Chemical Shifts for Triphosphate Anion, (Ethylenediamine)(a,y-, and 
(Ethylenediamine)(&y-triphosphato)platinum(II) Chelates with Phosphorus-Phosphorus Coupling Constants Presented in Parentheses 

chem shift, ppm coord chem shifts, ppm 
PD free P3010 anion' B,y chelate a,y chelate B,y chelate a,y chelate l&Yl /  la371 

3.0 

3.5 I 

4.40 

5.0 

5.45 

5.72 

7.7 

8.4 1 

8.96 

-8.30' (20) 
-20.74' (20) 

--8.28'(19) 
-20.73' ( 1  9) 

-7.96' ( I  9) 
-20.60e ( 1  9) 

-7.90' (20) 
-20.49' (19) 

-7.58b (20) 
-20.47 (20) 

-20.30 (21) 
-5.38'(21) 

-19.48'(21) 
-3.88' (19.6) 

-18.99'(19.5) 
-3.56' (20.2) 

-18.21' (20.1) 

-7.35' (21) 

2.91 (22) 

3.25' (19) 
-10.06' (22) 

-10.0' (19) 
3.35' (22) 

-9.9Id (21.22) 
3.5Ib (22) 

-9.92'(21) 
3.42' (22) 

-9.87d (22,21) 
3.41' (22) 

-9.73 (21,22) 
3.07' (21)  

-9.68h 
3.13h 

- 9 . 9  

not detected 

-0.60h 

-0.59h 
-19.4h 
-0.55h 

-0.51' (21) 
-19.44'(21) 
-0.39 (22) 
-19.42 (22) 
-0.34' (22) 

-0.14'(21.7) 
-19.99' (22.1) 

-19.47 (21.7) 
-0.22' (21.7) 

11.2e 
10.7/ 
11.5' 
10.71 
11.3' 
10.71 
1 1.4' 
l0.d 
10.9' 
l0.d 
10.8 
10.6 
8.4S 
9 . v  
7.OC 
9.5, 

7.7 
7.4<9 
1.2f 
7.4<9 

7.IcJ 
1 .d 
7.0 
0.9 
5.v9 

3.7=9 
-1 .of 

3.4 
0.74 

>20 

15 

2.8 
2.3 

2.0 
1.5 

0.1 

<o. 1 

<0.05 

a Exact species depends on pH.  Doublet. 'Triplet. dDoublets of doublet. 'Coordination chemical shifts for y-phosphorus atoms (negative and 
positive signs indicate upfield and downfield shifts). /Coordination chemical shifts for @-phosphorus atoms. gcoordination chemical shifts for 
a-phosphorus atoms. hPeaks appear as broad and no coupling was resolved. 

limiting. The sequence of reactions for phosphate coordination 
to PtCl(dien)+ can then be represented by eqs 9-1 1. For the 

PtCl(dien)+ + H 2 0  -!!+ Pt(H20)(dien)2+ + CI- (9) 

PtCl(dien)+ + P, -k Pt(P,)(dien) + CI- ( I O )  

fast 
Pt(H20)(dien)2+ + P, - Pt(P,)(dien) + H 2 0  (1 1) 

P, = ortho-, pyro-, or triphosphate anions 

reaction of PtC12(en) with pyro- and triphosphate, we note that 
the final products are chelates and that no monodentate phosphato 
complexes were detected as intermediates. The formation of the 
monodentate complex can then be taken as the rate-limiting step, 
followed by rapid ring closure to yield the chelates according to 
reactions 12- 15. 

PtC12(en) + H 2 0  -k PtCI(H,O)(en)+ + CI- (12) 

k2 
PtC12(en) + P, - PtCl(P,)(en) + CI- 

fast 
PtCI(H20)(en) + P, - PtCI(P,)(en) + H 2 0  (14) 

fast 
PtCI(P,)(en) - Pt(P,)(en) + CI- (15)  

P, = pyro- or triphosphate anions 

The formation of triphosphate chelates is accomplished pre- 
dominantly via the aquated complex, while a significant contri- 
bution by the direct reaction of PtC12(en) should be recognized 
for the formation of pyrophosphato chelate. Earlier,I4 we noted 
that pyro- and triphosphato chelates were formed through the 
monodentate intermediate by using PtC12(NH3)2. The unimo- 
lecular rate constants for the formation of such intermediates ( k ,  
+ kz[P,]) were comparable to those for the disappearance of 
intermediates ( k ,  + k2[P,]) were comparable to those for the 
disappearance of intermediates to yield phosphato chelates. We 
do not observe significant departure from single exponential kinetic 
curves, and no intermediate can be detected during the time course 
of the reaction. We then estimate that the rate constants for ring 
closures must be at least 7 times that for formation of interme- 
d i a t e ~ . ~ ~  In  the absence of any reacting nucleophile, the rate 

Table VI. Rate Data for the Formation of Phosphato Complexes of 
Platinum(II)a at 40 OC, pH 6.0, and p = 0.5 M (NaCIO,) 

reactionb 102[Px], M 104ko, s-I 104kl: s-l k2: M-l s-l 
PtCl(dien)+ + P, 1.0 8.9 

3.0 14 6.2 2.7 X 
4.0 17 

1.9 8.7 5.7 
3.5 11 

3.0 11 7.4 1.2 x 10-2 
4.0 12 

4.0 1.9 1.1 1.9 x 10-3 

PtCl(dien)+ t P2 1.0 1.2 
1.5 X 

PtCl(dien)+ t P3 1.0 8.5 

PtCl,(en) + P2 I .o 1.3 

5.0 2.1 

4.0 1.3 1.1 4.6 X IO4 
5.0 1.4 

DConcentrations of Pt(dien)CI+ were in the range 5 X IO4 M to 7 X 
IO4 Mand those for PtC12(en) were in the range 3 X lo4 to 5 X IO4 
M. 'P, through P3 represent ortho-, pyro-, and triphosphate anions. 
Rate constants obtained from the linear least-squares fit according to 

eq 8 utilizing ko values. 

constant for the second aquation is smaller than that for the first. 
It appears then that monodentate phosphato complexes exert a 
labilizing effect on the second chloro ligand more in PtC12(en) 
than in PtC12(NH3)2. Stronger trans influence by the phosphate 
ligands (as compared to water) may be due to chelate effect and 
to intramolecular hydrogen bonding (between the phosphate ox- 
ygen and amine hydrogen) of the monodentate phosphato com- 
plexes. We cannot say why such an effect is more pronounced 
in PtC12(en) than in cis-PtCI2(NH3),. 

Kinetics and Mechanisms of Isomerization of (Tri- 
phosphato)platinum(II) Chelates. On the basis of our NMR 
characterizations, we conclude that a t  pH 5.72, about 60% of 
triphosphate chelate is in the P,y-isomeric form whereas a t  pH 
>7.7,  90% of the complex remains in the a,y form. When the 
pH was raised from 5.7 to 8.3, 31P peaks due to the j3,y complex 
almost completely disappear, and peaks for the a,y chelate grow. 
Conversely, the dominant a,y form at  higher pH is converted to 
the ( 3 , ~  form when the pH was lowered to 3.0. The estimated 

PtC12(en) + P3 1 .o 1.2 

111. 

(34) Kinetic profiles obeying consecutive first-order reaction sequences do 
not show appreciable deviations from linearity in firstsrder plots within 
the first 3 half-lives if the rate constants differ by more than a factor 
of 7 .  See, for example, ref 22. 
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half-lives for /3,y - a,? or a,y - a,y - Ply conversions did not 
depend on initial platinum concentration, indicating that this 
isomerization is a first-order process. Addition of 0.1 M CI- did 
not change the half-lives significantly, nor were we able to detect 
any other new phosphato products. The estimated first-order rate 
constants at 25 "C for a,y - @,y (pH 3.5) and for @,y - a,y 
(pH 7.7) were estimated as 2 X 

The rapid isomerization reaction is largely intramolecular. With 
[CI-] >> [P3OIoR], it is expected that CI- would compete with the 
triphosphate if the reaction were to proceed largely through a 
solvent-assisted pathway. Absence of monodentate phosphato 
complexes precludes any major contribution by this pathway. A 
mechanism consistent with our data is shown in Scheme I. 
(Charges are omitted.) 

An attack by the unbound a-phosphate group leads to a trig- 
onal-bipyramid transition state. A cleavage of the Pt-0 bond of 
the coordinated a-phosphate should result in the a,y complex (V). 
The attack is facilitated by the presence of a deprotonated 
phosphate group at higher pH. Furthermore, the unbound 
phosphate is uniquely positioned to form a hydrogen bond with 
the amine hydrogens. Such bond formation should bring the 
phosphate oxygen in close proximity to the platinum atom and 
lower the energy barrier for the isomerization. We note that the 
formation of the @,y isomer predominates below pH 4, while the 
a,y form is preferred above pH 6. We were unable to determine 
the acidity constants for these complexes owing to a small change 
in the chemical shifts and the absence of one or the other isomer 
in the lower and higher pH values. However, the pH-dependent 
chemical shift data do support two acidity constants near IO4 and 
IO" for the @,y complex and an acidity constant for the a,y 
complex of IOd. These estimated acidity constants and the 

s-l and 3 X IO" s-I. 

distribution of isomers as a function of pH support our mechanism 
of isomerization (Scheme I).35 

The rate for isomerization is at least 10 times greater than that 
for formation of triphosphate chelates. It is therefore most likely 
that the @,y chelate is formed initially and then rapidly isomerizes 
to the a,y chelate. 

Cornelius and R e i b e n s p i e ~ ~ ~  proposed that the linkage isom- 
erization of C O ( H ~ P ~ O ~ ~ ) ( N H ~ ) ~  proceeds through dissociative 
pathways. Isomerization rate constants for cobalt(II1) complexes 
are about 3 orders of magnitude smaller than for the platinum(I1) 
complexes investigated here. 
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(35) Two points by a reviewer deserve response. The first pertains to the 
change in chemical shift (above pH 6) of the a,y-phosphorus atoms if 
the a,y-complex is deprotonated near neutral pH. This complex may 
not be fully deprotonated near neutral pH. Three acidity constants are 
expected for this complex, corresponding to the loss of one proton each 
from the a-, /3-, and y-phosphate groups. Higher acidity constants are 
expected for the coordinated phosphate group, as compared to the 
similar constant for the uncoordinated @phosphate group. A small 
secondary change in the chemical shift of a- and y-phosphorus atoms 
perhaps reflects the deprotonation at the uncoordinated middle phos- 
phate group. A second point concerns the possibility of a rapid equi- 
librium between the a,y complex and a monodentate complex near 
neutral pH values. This can be ruled out, on the basis of the observation 
that aquation of platinum(I1) phosphophato chelates is extremely slow 
(til, = 10 h at pH 7) and is shown to be acid-catalyzed (see ref 7b). 

(36) Reibenspres, J .  H.; Cornelius, R. D. Inorg. Chem. 1984, 23, 1563. 
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Kinetic Study of @-Hydride Elimination of Monoalkyl Complexes of Platinum( 11): 
Effects of Varying the Alkyl Chain Length or the Cis Group in the Reaction of 
cis -Bis( triethylphosphine) (alkyl) (halo or pseudohalo) platinum( 11) Complexes 
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The monoalkyl complexes cis-[Pt(PEt,),(R)Br] (R = C2HS, C2DS, n-C3H7, n-C4H9) and C~~-[P~(PE~,)~(~-C~H~)X] (X = CI, Br, 
I ,  NO2, N,, SCN, SeCN) undergo a facile &hydride elimination in acetone, yielding trans-[Pt(PEt,),HX] and olefins. No alkanes 
are produced in these reactions that go to completion and are unaffected by the presence of an excess of halide ion in solution 
that serves to prevent a possible concurrent geometrical isomerization. The corresponding trans-monoalkyl species are stable under 
the same experimental conditions. The systems were characterized by ' H  and ,IP NMR. The rates of thermal decomposition 
were obtained by GLC, measuring the relative amounts of volatile products at various times. The ethyl complex decomposes at  
a rate ten times slower than that of the n-propyl and n-butyl analogues. For the complexes cis-[Pt(PEt,),(R)Br], the activation 
parameters are as follows: R = C2HS. AH* = 101 f 2 kJ mol-', AS' = +5 f 4 J K-' mol-I; R = n-C,H7, AH* = 91 f 4 kJ mol-I, 
AS* = -7 f IO J K-l mol-'; R = n-C4H9, AH* = 90 f 2 kJ mol-I, AS* = -4 f 4 J K-' mol-I; R = C2DS. AH* = 99 f 2 kJ mol-!, 
AS' = -10 f 5 J K-' mol-'. At 298.16 K, the kinetic isotope effect (kd(C2Hs)/kd(C2Ds)) is 3.1. The rates of decomposition 
of the complexes C~~-[P~(PE~,)~(~-C~H~)X] are strongly dependent on the nature of the X group, the overall difference of reactivity 
being at least 4 orders of magnitude between the first and the last members of the series. The reactivity sequence X = N, < NO2 
< CI < NCS < Br < NCSe < I correlates well with some N M R  parameters (b('H), 6(i9sPt), and IJ(PtP)) of the trans-[Pt- 
(PEt3)2HX] hydride products. The distribution of the olefin products, 1-butene, cis-2-butene, and trans-2-butene is also dependent 
on the nature of X. The most probable mechanism for the thermolysis involves fast and reversible 0-hydride elimination and olefin 
insertion in a pre-rate-determining step, followed by slow olefin loss from a 5-coordinate [PtL2(H)(olefin)X] intermediate. 

Introduction 

carbon atom of an alkyl chain to the metal to 
hydride as in the reaction 

is of fundamental importance for the stability of organo- 
transition-metal c0mpounds.l Indeed, &elimination is the best 
documented low-energy route leading to transition-metal-carbon 

(1)  Collman, J. P.; Hegedus, L. S.; Norton, J. R.; Finke, R. C. Principles 
and Applications of Organotransition Metal Chemistry; University 
Science Books: Mill Valley, CA, 1987; Chapter 6. Yamamoto, A. 

L,,M-CH&H.$I __ LA,,- C - Organotransition Metal Chemistry; Wiley: New York, 1986; Chapter 
6. Braterman, P. S.; Cross, R. J. Chem. SOC. Reo. 1973, 2, 271. 
Davidson, P. J.; Lappert, M. F.; Pearce, R. Chem. Reo. 1976, 76, 219. 

L A - H  + HZC=C(R)H (1) Schrock, R. R.; Parshall, G. W. Chem. Reo. 1976, 76, 243. Baird, M. 
C. J. Organomet. Chem. 1974, 64, 289. 

The with which a hydrogen atom transfers from the p- 
a metal 

H R  

kHP / 'H 

o./ - 

0020-1669/90/ 1329-3467$02.50/0 0 1990 American Chemical Society 


