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even demetalated chlorophyll, pheophytin, is photooxidized
at 77 K in the presence of tetranitromethane.?' The present
ESR observation32 of the photooxidation of (Chl a-H,0), and
(Chl a-2H,0); by water in the absence of extraneous oxidants
thus appears to be of significance in view of the current interest
in the in vitro characterization of the primary light reactions
in photosynthesis?3 and the in vitro photochemical splitting of
water by the chlorophyll.8
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Determination of Local Structures of Platinum
Uridine Blues and Purples by Extended X-Ray
Absorption Fine Structure Spectroscopy

Sir:

A new class of water-soluble “platinum-pyrimidine blues”
have been reported to be promising antitumor agents,!:2 al-
though more recent results suggest otherwise.3 These com-
pounds, formed when cis-[Pt(NH3),(H»0),]%* and related
species are reacted with pyrimidines or their analogues,! ex-
hibit interesting colors ranging from purple to blue to green.
In fact, the existence of deep blue platinum-amide complexes
has been known for a long time.* Attempts to crystallize the
pyrimidine blues for structural studies have met with little
success, presumably because the various preparations represent
an admixture of clusters with different degree of oligomeri-
zation."* By far the closest structural model to these complexes
is that of cis-diammineplatinum «-pyridone blue recently re-
ported by Lippard et al.’ In an attempt to explore the structural
variation of these apparently amorphous compounds, we report
here the extended x-ray absorption fine structure (EXAFS)
analysis of a purple and a blue compound derived from the
reaction of “cis-Pt(amine),(H,0),27> ¢ with uridine (UH).

The purple compound was obtained by reacting cis-
Pt(CPA),Cl, (CPA = cyclopropylamine) with uridine. In a
typical experiment, 1 mmol of cis-Pt(CPA),Cl,” and 1 mmol
of uridine are dissolved in 15 mL of water, and the resulting
mixture (pH 7.7) is stirred at 40 °C for 24 h, forming a deep
purple solution. Addition of large amounts of ethanol or ace-
tone at this point precipitates the water-soluble chloride salt
of the purple cation. Alternatively, addition of an aqueous
NaPh;BCN solution to the purple reaction mixture precipi-
tates the water-insoluble [Ph;BCN]~ salt. The [Ph;BCN]~
salt can be dissolved in methanol and purified via chroma-
tography on Sephadex LH20-100 using methanol as eluent.
Since the EXAFS spectra of these purple compounds are very
similar (viz., independent of the nature of the counteranion
such as ClI~ or Ph3BCNT, and the degree of purification), we
will describe herein only the EXAFS spectrum of the purified
cis-[Pt(CPA),U](Ph3BCN), (1, where x = 1.25 + 0.20).

The blue compound was similarly prepared from cis-
[Pt(NH;3)2(H,0);]%* and uridine. A solution (pH 7.0) of
“cis-[Pt(NH;3)2(H,0);]2* (NO3),~ 6 and uridine (3 mmol
each) in 20 mL of water was heated at 38 °C for 48 h to give
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Figure 1, Fourier transforms ¢3(r)(k = 2.5~15 A~!) of the k3x(k) data of (a) platinum uridine purple (1); (b) platinum uridine blue (2): (c) Pt(en)s?*
(3); and (d) Pt(en)Guo,2* (4). The interatomic distances (R) are related to the radial distribution peaks (r) by the phase shifts (see text).

a deep blue solution. The water-insoluble salt cis-[Pt-
(NH3)2U](PhsBCN), (2, where x = 1.25 £ 0.20) was then
precipitated with NaPh;BCN. We note that the purple Pt-
CPA -(pyrimidine) complexes, first reported by Thomson and
co-workers,® are much more stable than the original Pt-
NH;-(pyrimidine) blues,! which slowly turn green upon ex-
posure to air and/or light.

EXAFS spectra (Pt L; edge) in the form of ux = In Io/I as
a function of x-ray photon energy E (13750~14750¢eV) of 1
and 2 were recorded at room temperature with the synchrotron
radiation of EXAFS I at SLAC-SSRL.% After conversion of
E into photoelectron wavevector k (k = [(2m/h2)(E — Eg)]!/2
where Egis chosen as 13 900 eV and varied in the subsequent
curve fittings) and wx into x (k) = (1 — wo)/po, the data were
multiplied by k3 and the background removed by a cubic spline
technique (four sections with ~4 A~! each).!% Fourier
transforms102 (in distance » space) of the resulting spectra (k

=2.5-15 A1) are shown in Figure 1a and 1b. For comparison,
the Fourier transforms of the structurally well-characterized
Pt(en),2* (3)!'2 and Pt(en)Guoy?* (4) (en = ethylenediamine;
Guo = guanosine)!! are also shown in Figure 1cand 1d. Itis
immediately apparent that the local platinum coordination of
1 is somewhat different from that of 2; both, however, are quite
distinct from that of 3 and 4. The major peak (A) in both 1 and
2 can be assigned to the nearest neighboring atoms (N or O)
of the coordination sphere.!2 The two smaller but distinct peaks
(B and C)!3in 1 and 2, which are well above the noise levels
indicated by the dotted line, can be due to either Pt.«C (or
Pt...0) and/or Pt-Pt distances. We assign the peak at longer
distance (B) to Pt-Pt scattering and the peak at shorter dis-
tance (C) to PtC and/or Pt--O back-scatterings based on the
observation that the amplitude of B is 2~3 times larger than
that would be expected for Pt--C or Pt-QO scatterings of similar
distance as observed in known systems such as 3 and 4 (cf.
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Figure 2. The amplitude ratio as a function of n for the Fourier transform
(¢n(r)) peaks B/A (cf. Figure 1) for 1 (a), 2 (b), and 3 (c).
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Figure Ic and 1d). That is, since the EXAFS amplitude at-
tenuates rapidly as the distance r increases due to the 1/r2,
e~2"/ (inelastic losses; A is the electron mean free path) de-
pendence as well as the possibility of either overlaps of similar
distances (static disorder) or decreasing bond strength which
results in an increase in Debye-Waller factor ¢ (=292 de-
pendence), one would expect peak B to be much smaller in
amplitude than C if they both involve the same type of scat-
terer(s).

To provide further evidence for this assignment, we first
multiply the EXAFS data x(k) (after removal of background)
by k" where n = 2, 3, 4, 5 followed by Fourier transforming
the resulting k"x (k) spectra into ¢,(r). We reason that since
heavy scatterers have amplitude envelopes (x(k) in k space)
which peak at higher k region than the light scatterers, it may
be possible to differentiate scatterers with significantly dif-
ferent atomic numbers by calculating the ratio of the amplitude
of a particular peak in the Fourier transforms (¢,(#) in
space) with respect to a reference peak (such as the major
coordination peak which involves only light scatterers) of
known nature. Such a ratio should increase as » increases for
a heavy scatterer as a result of the increasing weighting on the
higher k region. On the other hand, the opposite (or little ef-
fect) may be true (vide infra) when a light scatterer is involved.
Furthermore, owing to the nonlinearity of the phase shifts as
a function of k (viz., the absolute value of the slope decreases
as k increases), the position of a light scatterer peak in the
Fourier transform will shift to (successively) larger distances
as n increases. For heavy scatterers, this effect is less profound
and therefore little or no shift will be observed. The amplitude
ratios of peak B vs. peak A in 1-3 are shown in Figure 2. It is
clear that the amplitude ratio of B/A in both 1 and 2 increases
dramatically as » increases, strongly suggesting that peak B
is due to a heavy scatterer (knowing that A is a light scatterer
peak). Furthermore, while peak A in both 1 and 2 moves to
higher distance (up to 0.07 and 0.12 A in 1 and 2, respectively)
with increasing n, there is essentially no shift of peak B in the
radial distribution curve. We therefore identify peak A with
light scatterers N and/or O and peak B with heavy scatterer
Pt in both 1 and 2. In sharp contrast, the amplitude ratio of
B/A in 3 shows a significant decrease as n increases. We be-
lieve that this can be attributed to the much larger Debye-
Waller factor of B in comparison with that of A (0.077 vs.
0.050 A via fitting).!4 Both peaks, however, shift to larger
distances with increasing », in accord with the identification
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Table 1. Interatomic Distances (from Fourier Transform, ¢3(7),
and Curve Fitting of k3x(k)) for the Platinum Uridine Purple (1)
and Blue (2) Compounds and the Model Compounds Pt(en);2+
(3) and Pt(en)Guo;?* (4)

Purple Pt(en);2+ Pt(en)Guoy2*

Distance ()] Blue (2) 3) 4)
Pt-N(O0)¢ (FT) 1.97 2.01 2.04¢ 2.01

(CH 1.97 2.01 2.04¢ 2.01
Pt.C(O) (FT) 2.36 2.63 2.86¢ 2.94

(CFH) 2.43 2.53 2.86¢ 2.92
Pt-Pt® (FT) 2.79 2.93

(CH 2.87 2.94

@ For comparison, the average Pt-N(O) distance found in the x-ray
structure determination of cis-diammineplatinum a-pyridone blue
is 2.05 A.5 The average Pt-N distance found in Pt(en)Guo,2* is 2.00
A.115 4 Note that the intra- and interdimer Pt—Pt distances in cis-
diammineplatinum a-pyridone blue are 2.779 and 2.885 A, respec-
tively.5 < The crystallographically observed Pt-N and Pt«C distances
of 2.04 and 2.86 A,'2 respectively, were used to determine the phase
shifts for the Pt-X (X = C, N, O) bonds.

of both to light scatterers (Pt-N and Pt...C, respectively). Fi-
nally, for peak C in 1 and 2, it is difficult to determine its
Fourier transform amplitude with respect to peak A accurately
owing to the serious overlap of A and C (especially at high #
values where A shifts to higher distances). A crude estimate
of the amplitude ratio C/A as a function of » indicates that it
goes through a maximum at »n = 4 in 1 but increases at a slower
rate than B/A in 2. Such different behaviors are not surprising
in view of the possible overlaps of two or more nonbonding
Pt-.X (X = C, N, O) peaks at the proximity of these dis-
tances.

It is important to note that our assignment of the EXAFS
spectra of this class of platinum uridine blues is in accord with
other structural’ or spectroscopic3:!5 evidence of different but
nevertheless similar platinum blues. Specifically, our EXAFS
data greatly substantiate the existence of distinct Pt-Pt
bonding in these compounds.

Knowing the average Pt-N and Pt---C distances of 2.043 and
2.855 A, respectively, in Pt(en),2* (4)!!a as well as the first-
shell Pt-Pt distances of 2.775 A in Pt metal,! !¢ we obtain, for
Eof 13900 eV, phase shifts of 0.46, 0.46,and 0.27 A, for the
Pt-N, Pt-C, and Pt-Pt vectors, respectively (for ¢3(r) only).
Assuming that the phase shift for Pt-O is similar to either
Pt-N or Pt-C (0.46 A), we tabulate in Table I the corrected
interatomic distances for the four complexes!2 based on phase
shift transferability.16:17

Another way of deducing interatomic distances from
EXAFS spectra is via Fourier filtering!% followed by curve
fitting.1%® For closely spaced or multicomponent peaks this
latter method gives more accurate data and higher resolu-
tion.16¢17 The three major peaks in each of the Fourier
transforms were filtered with smooth windows of widths
ranging from 0.7 to 1.4 A and transformed back into k space.
The resulting EXAFS spectra were then fitted with experi-
mentally determined Pt-N, Pt--C (from Pt(en),2*), and Pt-Pt
(from platinum metal) amplitude and phase shift functions
(assuming transferabilities for both!®!7). Single distance
models with four variables (overall scale, distance 7, Debye-
Waller factor ¢ and AEg) described elsewhere were least
squares refined.!” The results are also listed in Table 1.17¢ It
is obvious that the two sets of distances agree quite well except
in cases where the possibilities of multicomponent and/or
multidistances prevail.

Judged from these interatomic distances, we conclude that
the local platinum coordination of 1 and 2 involves Pt-X
(where X = N or O) bonds of ~2.00 A and a “partial” but
distinct Pt-Pt bond of ~2.90 A. The coordination sphere is
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probably cis-Pt(amine),XY where X, Y = N3, O,, or O4 of
the uridinato ligand. A curious difference between 1 and 2 is
the shortening of all three types of distances, suggesting a relief
in steric hindrance despite the replacement of the unsubstituted
amines by the bulkier cyclopropylamines. Furthermore, the
shorter Pt---C(O) distance in 1 in comparison with that in 2
seems to suggest a smaller ring size involving the platinum
coordination and the uridinate. While EXAFS spectroscopy
does not provide detailed stereochemical information, ii is not
unreasonable to propose plausible structures based on the
determined distances (cf. Table I) and other pertinent struc-
tural evidence of analogous systems. One possible structure
is an oligomeric stack of platinums coordinated to two amines
and N3 and Oy4 (or N3 and O;) of the uridinate in a square-
planar configuration, giving rise to short Pt-..C distances of
~2.5 A within the four-membered PtNCO ring and Pt-Pt
distances of ~2.9 A perpendicular to platinum coordination
plane (presumably through partial oxidation).'® A second
possibility is a structure analogous to cis-Pt(NHj3)(a-pyri-
done) blue,® with dimers of two cis-Pt(NHj3); units in a
somewhat twisted eclipsed configuration, one bonded to two
nitrogen (or one nitrogen and one oxygen) and the other
bonded to two oxygen (or one nitrogen and one oxygen) atoms
of two separate uridinato ligands (here the nitrogen and the
oxygen atoms refer to N3 and O, or Oy, respectively). The
metal atoms can form partial Pt-Pt bond(s) at ~2.9 A. The
heterocyclic five-membered Pt,;NCO rings give rise to no short
Pt..C(O) contacts below 2.9 A. However, slight tilting of the
Pt-N3 bond toward the uncoordinated oxygen atom O; (or Oy)
can give rise to Pt--O, (or O4) and/or Pt--C; (or C4) distances
of ~2.6 A, in accord with the second shortest distance in the
EXAFS spectrum, This weak but significant axial interaction
is analogous to that of the nitrate ions in cis-Pt(NH3)s(a-
pyridone) blue (Pt--ONO; distance of 3.30 A).!8 As in the
latter compound, two or more such units can be linked together
to form higher oligomers. The extension of such Pt-Pt bonding
could explain the observed color change from blue to green
upon standing.1® We believe that the large number of plausible
isomers or oligomers (and the numerous reaction pathways for
their interconversion) with similar local structures in these
platinum pyrimidine blue complexes accounts to a large extent
for the difficulty in crystallizing these amorphous materials.
In conclusion, EXAFS spectroscopy not only substantiates
the existence of partial but distinct Pt-Pt bonding in “plati-
num-pyrimidine blues”, but also provides indirect evidence
about the local structure around the platinum coordination.
The exact degree of oligomerization cannot be definitively
established in this study. The degree of Pt---Pt bonding (due
to partial oxidation), which manifests itself in the Pt-Pt dis-
tance, is reminiscent of that observed in a number of one-
dimensional platinum complexes.29 While the relevance of such
partial Pt-Pt bonding to the possible antitumor activity of
these complexes has yet to be demonstrated, it is tempting to
speculate that, under real physiological conditions, these
water-soluble platinum blues could be reduced back to pla-
tinum(IT) complexes prior to their attack on DNA.
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