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the three central lines of the 1:4:6:4:1 quintet that would be
expected for an isotopic mixture of 2 and 2* containing approx-
imately 50% of molecules of 2 having one *CQ,, 25% with two
13CO,, and 25% with two '2CO,. From the separation of the outer
lines a value of 17.5 Hz can be computed for 2Jpc, in excellent
agreement with the 1’C data already discussed. The IR spectrum
has a strong band at 1670 cm™' (1620 cm™ in '*C-enriched 2*)
in the region expected for coordinated CO,.*

As reported previously,? the reaction of 1 with CO, may vyield,
in addition to 2, the disproportionation products 3 and 4. Using
13CQ,, we have now confirmed our initial IR assignments of bands
due to coordinated CO and CO,% in these complexes and dem-
onstrated that both groups form in a metal-induced CO, reductive
disproportionation (eq 1). A reasonable mechanism for the

cis-[Mo(N,),(PMe,),] + 213CO, —
[Mo('3CO3)("*CO)(PMe;),] + 2N, (1)

formation of complexes 2-4 should address the question of under
what conditions the coordinated CO, molecule is “sufficiently
activated” to give the disproportionation products and should
explain the facts that (a) free PMe; drastically diminishes the yield
of 2 in favor of 3, (b) 2 is stable toward disproportionation even
under 5 atm of CO, and in the presence of free PMe,, and (¢)
polar or aromatic hydrocarbon solvents also favor dispropor-
tionation. These observations are consistent with the formation
of an intermediate species “Mo(CO,)(N,)(PMe,),”, which would
yield 2 by coordination to a second molecule of CO,, following
prior dissociation of N,. Alternatively, N, substitution by solvent
or PMe; blocks the available coordination site at the Mo center
and activates the coordinated CQO, through an increase in the
back-donation from the metal, thus favoring disproportionation.
This process might involve formation of a Herskovitz type
head-to-tail dimer,® but if the coordinated CQ, is sufficiently
activated toward electrophilic attack by free CO,, it could be
viewed as an O? transfer'® from coordinated to free CO,, with
the subsequent formation of two Mo—O bonds (to yield 3) pro-
viding the additional thermodynamic driving force. Since in 2
the back-donation from the MoP, fragment is shared by two CO,
molecules, it becomes clear that a sufficient perturbation of the
electronic structure of the coordinated CO, molecule, i.e., sufficient
activation, is a necessary requirement for the disproportionation
reaction to take place.

In conclusion we believe that the stability of 2 is due to a delicate
balance of steric and electronic effects. The importance of the
former is shown by the tendency of 2 to decompose by dissociation
of PMe; (as found for trans-[Mo(C,H,),(PMe,),}°) and by our
failure!! to observe adduct formation with the bulkier phosphines
PMe,Ph and PEt;, while the influence of the electronic factors
is demonstrated by the preferred formation of the dispropor-
tionation products when the electron density at the metal is in-
creased by solvent or PMe; coordination. We also believe that

(7) Bristow, G. S.; Hitchcock, P. B.; Lappert, M. F. J. Chem. Soc., Chem.
Commun. 1981, 1145.

(8) Gambarotta, S.; Arena, F.; Floriani, C.; Zanazzi, R. F. J. Am. Chem.
Soc. 1982, 104, 5082.

(9) Herskovitz, T. J. Am. Chem. Soc. 1977, 99, 2391.

(10) Maher, J. M,; Lee, G. R.; Cooper, N. J. J. Am. Chem. Soc. 1982, 104,
6797.

(11) In our hands the reaction of cis-[Mo(N,),(PMe,Ph),] and CO,!?
renders only the disproportionation products.

(12) Chatt, J.; Kubota, M,; Leigh, G. J.; March, F. C.; Mason, R.; Yarrow,
D. J. J. Chem. Soc., Chem. Commun. 1974, 1033.
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the remarkable strength of the Mo—CQ, bonds, as compared to
other transition-metal-carbon dioxide bonds,' is due to the intense
back-bonding from the molybdenum center to the coordinated
CO, molecules and to the oxophilic nature of molybdenum.
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The coordination compound cis-dichlorodiammineplatinum(II)
(CDDP, 1) is in wide clinical use for the treatment of various types
of cancer.! The drug is believed to derive its cytotoxic effects
by direct interaction with guanine bases of cellular DNA.?
Although the majority of the platinum-based antitumor agents
which have been studied to date are platinum(II) complexes,
certain complexes of platinum(IV) are also known to exhibit
antitumor effects.” One such compound, cis,cis,trans-Pt!YCl,-
((CH,),CHNH,),(OH), (CHIP, 2), is currently undergoing
clinical trials in the United States as a potential second generation
CDDP analogue. The results of this study strongly suggest that
the DNA breakage observed in the earlier investigations with
CHIP (2) was due to lattice hydrogen peroxide.*

In an effort to more clearly define the chemical and biochemical
events which underlie the mechanism of action of platinum-
(IV)-based antitumor agents, we have studied the hydrogen
peroxide oxidation products of CDDP (1). Two products have
been isolated: the well-characterized cis,cis,trans-PtIYCl,-
(NH,),(OH),"® (3) and a previously unreported perhydrate (4)
whose formulation includes 1.0 H,O, per platinum(IV) complex.

Reaction of 1 with an excess of 30% H,0, at 50 °C results in
the formation of a pale yellow solid (4). The IR spectrum of 4°
exhibits strong bands at 3460 and 3475 cm™ assigned to OH

(1) Prestayko, A. W.; Crooke, S. T.; Carter, S. K. “Cisplatin: Current
Status and New Developments”; Academic Press: New York, 1980.

(2) (a) Lippard, S. J. Science (Washington, D.C.) 1982, 218, 1075. (b)
Marcelis, A. T. M,; Reedijk, J. Recl. Trav. Chim. Pays-Bas 1983, 103, 121.
(c) Rosenberg, B. Biochemie 1978, 60, 859. (d) Dabrowiak, J. C. Life Sci.
1983, 32, 2915.
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(London) 1969, 222, 385. (b) Braddock, P. D.; Connors, T. A.; Jones, M.;
Khokhar, A. R.; Melzack, D. H.; Tobe, M. L. Chem. Biol. Interact. 1975, 11,
145. (c) Rose, W. C.; Schurig, J. E.; Huftalen, J. B.; Bradner, W. T. Cancer
Treat. Rep. 1982, 66, 135. (d) Tobe, M. L.; Khokhar, A. R. J Clin. Hematol.
Oncol. 1977, 7, 114. (e) Hall, L. M,; Speer, R. J.; Ridgway, H. J; Stewart,
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Figure 1. ORTEP plot of cis,cis,transPtYCl,(NH;),(OH),-H,0, with
themal ellipsoids at the 50% probability level. H atoms are represented
by spheres of arbitrary radius. Primed atoms are twofold related. Bond
lengths: Pt—Cl = 2.311 (4), Pt-N = 2.05 (1), Pt-O1 = 2.03 (1), 02-02
= 1.47 (2), and 02...01 = 2.60 (1) A. Bond angles: N-Pt-N’ = 92.3
(6), CI-Pt—Cl’ = 93.1 (2), O1-Pt-O1l’ = 177.6 (5), N-Pt-Cl = 87.3 (4),
N-Pt-Cl' = 179.5 (3), N-Pt-O1 = 88.9 (5), N-Pt-Ol’ = 89.4 (5),
Cl-Pt-O1 = 90.3 (3) and CI-Pt-O1’ = 91.4 (3)°.

stretching modes of the complex. The hydrogen peroxide moiety
gives rise to a strong band at 860 cm™ (symmetric O-O str)
indicative of skewed C, symmetry for the peroxide.!® Subsequent
X-ray crystallographic analysis confirmed that 4 was indeed a
perhydrate complex.

Crystal Data. cis,cis,trans-PtCl,(NH;),(OH),-H,0,, mono-
clinic, space group C2/c¢ (C3;-No. 15),'1a =11.236 (3) A, b =
10.803 (2) A, ¢ =7.129 (2) A, 8 = 115.25 (2)°, and Z = 4.
Independent reflections (733) were measured on an Enraf-Nonius
CAD 4 diffractometer by using graphite-monochromated Mo Ka
radiation and the §-26 scan mode, to a maximum of 28k, of
50°. The structure was solved by using standard Patterson and
difference Fourier techniques. It was not possible to locate the
hydrogen atom of the independent hydroxyl group. Full-matrix
least-squares refinement'? (five independent nonhydrogen atoms,
anisotropic; four independent hydrogen atoms, fixed, isotropic)
led to a conventional unweighted residual R = >"||F,| = |F |/ 2Z1F
of 0.051 for the 664 reflections having I = 2q/.

Figure 1 shows the ORTEP plot of the molecular geometry of
the perhydrate complex 4. Complex 4 has distorted octahedral
geometry around the platinum atom (Figure 1). Both the plat-
inum(IV) complex and the hydrogen peroxide molecule have
crystallographic twofold symmetry. Molecular geometry and bond
lengths of 37# and the platinum(IV) complex in 4 are essentially
the same. Differences are derived from the extensive hydrogen
bonding network due to the hydrogen peroxide solvate found in
4. There is a strong hydrogen bond between the peroxide hydrogen
atom (H2) and the hydroxyl oxygen atom (O1), reflected in the
rather short 02-01 distance of 2.60 (1) A. On the basis of this
interaction, the lattice structure can be viewed as consisting of
chains in which the peroxide molecules act as bridges between
twofold related platinum complexes. There is additional hydrogen
bonding in this network involving the ammine hydrogen atoms.
Two of the ammine hydrogens, HN2 and HN3, are hydrogen
bonded to oxygen atoms of different symmetry-related peroxide
molecules. In addition, one ammine hydrogen, HN1, is bonded
to a symmetry-related hydroxyl oxygen atom.

3 (10) Jones, D. P,; Griffith, W. P. Spectrochim. Acta, Part A 1980, 36A4,
75.

(11) Int. Tables X-Ray Crystallogr. 1969, 1, 101.

(12) The function minimized was Sw (|F,| — |F|)%, where wl/2 =
2F,Lp/el. Mean atomic scattering factors were taken from Int. Tables X-Ray
Crystallogr. 1974, 4, 72-98. Real and imaginary dispersion corrections for
Pt, Cl, and O were taken from the same source, pp 149-150.
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Figure 2. Electrophoresis in a 0.8% agarose gel of 0.46 ug of PM2-DNA
following incubation with compounds 2—-4. The reactions were carried
out for 9 h at 37 °C in a buffer containing 25 mM tricine, 15 mM
NaNO;, 100 mM NaCl, and 87.2 uM DNA-BP. Control lanes are 1,
4,and 7. The lane number and the value of {drug] /[DNA-BP] for the
various compounds were as follows: 2, 2, 0.5; 3, 5.0; compound 4, 5, 0.5;
6, 5.0; compound 3, 8, 0.5; 9, 5.0.

Spin-trapping experiments using PBN'!4 revealed that thermal
decomposition of 4 gives a hydroxyl radical, g : 2.005; A(H), 3.6
G; A(N), 15.9 G, and 3. Under the same conditions, 2!5 and 3
did not produce radical species which could be trapped by PBN.

Using the conditions described by Mong et al.*® we examined
the ability of compounds 2, 3, and 4, to cleave PM2-DNA.'S The
results of the DNA breakage experiments show (Figure 2) that,
contrary to earlier studies, compound 2 is incapable of breaking
DNA. Incubation of PM2-DNA with 2 or 3 at an input drug-
DNA BP ratio (r,) of 5.0 for 9.0 h at 37 °C followed by agarose
gel electrophoresis and ethidium bromide staining of the DNA
resulted in no change in the relative amounts or electrophoretic
mobilities of form I (closed circular), form II (open circular), and
form III (linear) PM2-DNA. However, incubation of DNA with
the perhydrate 4 resulted in DNA breakage (lanes 5 and 6, Figure
2) as evidenced by the decrease in the amount of form I and the
increase in the amount of form II PM2-DNA. These observations
were confirmed by quantitative microdensitomeric scanning of
the gel photograph. Increasing temperature, time, or r, for 4 results
in the total disappearance of all three forms of PM2-DNA (data
not shown), indicating that the aforementioned conditions produce
extensive DNA breakage. Studies of the interaction between
PM2-DNA and hydrogen peroxide!” have shown that peroxide
itself causes DNA breakage.

These results suggest that the earlier DNA breakage studies
with 24 employed samples of the compound containing hydrogen
peroxide and that the pure form of 2 is incapable of cleaving
DNA.'8
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