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results for the atomic charge distribution (Figure 1b) based on
the muitipole refinement are in good agreement with the following
observations:'™8 the H, C, and S atoms are positive, and the O
and N atoms are negative. This is in accordance with what was
proposed for (H,N),C* with the positive charge mainly on H
atoms and for SO, with the electron density mainly polarized
toward the oxygen atoms, leaving the S and C atoms slightly
positive, which enables the nucleophilic attack.!” The « value of
the H atom seems to be highly correlated with its net charge. The
result here is from the fixed « value of 1.4. This gives the least
correlation between dipole terms of H and those of the N atom.
The bond lengths (Figure 1a) at low temperature are longer than
those of at room temperature, as expected for the thermal motion
differences.!®?® However, the C-S length, on the contrary, is
shortened somewhat. A similar phenomenon has been observed
in other related sulfur bond lengths.’® The S—O distance is longer
than a localized double bond,!® and the C-N distance is com-
parable to a partially double bond. The C-S bond is slightly longer
than the single bond. Thus, the geometry of the structure itself
reveals the charge polarization of the form proposed previously.!?

The experimental deformation density distribution of thiourea
S,S-dioxide in the plane of thiourea appears to be quite similar
to that of thiourea,® and the density accumulation along the C-S
bond is slightly polarized toward the C atom indicating S—C.
Although both atoms are positive, the carbon atom is less positive
than the sulfur atom. The density accumulation along the N-H
and C-N bonds is as expected. The loss of density near the sulfur
nucleus has been found in other sulfur-containing compounds,!5162!
This also agrees well with the atomic net charges obtained from
the multipole refinement. The density accumulation along the
S-O bonds is less apparent or more diffuse than that of other
experimental results.'”S This may be due to the fact that each
oxygen atom accepts two intermolecular hydrogen bonds in the
crystal. It is interesting to notice that, in the dynamic multipole
deformation density map of Figure 2b, the density along the S-O
bond is less diffuse and polarized more toward the oxygen atoms
(thus yielding a relatively large negative charge for the oxygen
atom) than that of the experimental one (Figure 2a). Nevertheless,
the H-bonds are still clearly observed in the multipole deformation
density map, in spite that the multipole model is a better repre-
sentation near the nucleus and in the intramolecular bonded atom
region. The influence of the intermolecular H-bonding on the
electron distribution has been noticed and studied recently.?
Similarly, the lone-pair density at the sulfur atom is better rep-
resented in the multipole deformation density map (Figure 3b)
than in the experimental one (Figure 3a) and is comparable to
that of the theoretically calculated one (Figure 3d). The pseudo
static deformation density distribution (Figures 2c and 3c) gives
the deformation density distribution without the thermal smearing
effect at the same resolution level. The resemblance between the
dynamic and static deformation density distributions indicates little
correlation between thermal motion and the deformation density.

In order to see the effect of each multipole term on the de-
formation density distribution, a multipole density map was
produced at each step of expanding the multipole terms on all the
atoms. It was obvious that, at least, all terms up to the quadrupole
terms are needed for building up the density between the bonded
atoms. Adding octapole terms certainly improved the density
accumulation significantly. Additional hexadecapole terms on
the C, N, and O atoms improved the density accumulation only
slightly; however, this term was important for the sulfur atom.

The net atomic charges from the EHMO calculation given in
Figure 1b are in agreement with the ones obtained by the multipole
refinement. The deformation density based on the EHMO cal-
culation only provides a qualitative comparison. The small basis
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set calculations such as those with EHMO often underestimate
the deformation density in the bonding regions but overestimate
it in the lone-pair regions. A more sophisticated ab initio cal-
culation of the title compound is underway.

Conclusion

Deformation density studies of thiourea dioxide, both by direct
inspection of an experimental deformation density map and by
construction of it according to a multipole model, lead to a better
understanding of the atomic net charge distribution of the mol-
ecule. The need of up to octapole terms for building up the density
in the bonds is confirmed. The extra hexadecapole term is im-
portant for the sulfur atom, which implies the angular complexity
of the electronic distribution of sulfur atom in the molecule. The
intermolecular H-bonding effect is observable in both the ex-
perimental and model deformation density maps. Simple EHMO
calculations can provide a qualitative comparison.
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The adducts formed by the antitumor agent cis-diamminedi-
chloroplatinum(II), cis-DDP (Cisplatin), with DNA cannot be
completely removed even with excess cyanide.! Model nucleobase
complexes of cis-DDP exhibit quite substantial differences in
substitution rates when treated with CN". These observations have
led us to speculate that cross-links other than those between two
guanines on one DNA strand (intrastrand G,G adduct) might
account for this phenomenon.? Specifically, the protective effect
of the exocyclic oxygens of N3-bound thymine (and likewise uracil)
ligands has been noted. It was suggested that the electron lone
pairs of the carbonyl oxygens at either side of the Pt coordination
plane in uracil and thymine complexes were responsible for this
phenomenon. These oxygens are positioned such as to make an
associative substitution mechanism difficult. In contrast, the two
9-ethylguanine (9-EtGH) ligands in cis-[(NH,),Pt(9-EtGH-
N"),]#*, which, in the solid state, are arranged head-head? very
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much as in the corresponding d(pGpG) adduct,* are displaced
reasonably rapidly by excess CN™ at pH 8 according to

cis-[(NH;3),Pt(9-EtGH-N"),]?* + 4CN- —
2NH; + [P((CN)]* + 2(9-EtGH)

A recent discussion'8 on the phenomenon of incomplete removal
of ¢is-DDP from single-stranded DNA prompted us to extend our
earlier studies. We postulated that Pt displacement by CN~ might
also be slow if two nucleobases having a single exocyclic oxygen
each (O6 of 9-methylguanine and O2 of 1-methylcytosine) were
trapped in a head-tail arrangement without the possibility of
rotating about the Pt—N(nucleobase) bond. It is well established>?
that bulky substituents at the amine ligands in A,PtBX entities
can successfully prevent nucleobase (B) rotation. We thus rea-
soned that compounds with a fixed head-tail orientation of two
bases having a single exocyclic oxygen (e.g. two guanines, structure
1) might represent adequate species to test this hypothesis. Cramer

20

and Dahistrom® had suggested that the Pt complex with the bulky
N,N,N’ N’tetramethylethylenediamine (tmeda) ligand, on reaction
with guanosine, gave two diastereomers with head—tail orientation
of the two bases only. No head-head isomer was observed. Orbell
et al.” demonstrated that 9-MeGH and 9-EtGH also form
head-tail complexes when reacted with [(tmeda)Pt(H,0),]**.

We have prepared [(tmeda)Pt(D,0),](NO;), (1)!° and
[(tmeda)Pt(9-MeGH-N),](Cl0,),»3H,0 (2)!' according to
published methods. [(tmeda)Pt(1-MeC-N?),1(ClO,)-H,0 (3)!2
and [(tmeda)Pt(py),)](ClO,),2H,0 (4)'? were prepared in an
analogous manner. The compounds were treated with a 20-fold
excess of CN™in D,O at pD ~ 8 and 30 °C, as previously de-
scribed,? and the reaction was followed by 'H NMR spectros-
copy.'* The previously studied reaction of cis-[(NH;),Pt(9-
EtGH-N"),]?* with CN~ was repeated as a control.

The following observations were made: (1) CN- quickly dis-
places all ligands in 1 and 4, half-lives being less than 15 min each.
(2) In the case of 2, it takes between 150 and 200 h to displace
50% of the guanine ligands. This time is to be compared with
ca. 12-15 h for cis-[(NH;),Pt(9-EtGH-N"),]**. Although 9-
MeGH precipitates in part from solution, the intensities of the
signals of the intact complex confirm our previous observations
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that CN~ displaces a// ligands, including tmeda, from 2. (3) The
bis(1-methylcytosine) complex 3 proves to be the one that resists
CN-~ treatment most effectively. After 120 h, less than 10% of
1-MeC was substituted.

Although we have not characterized 3 by X-ray crystallography
as yet, we propose a head-tail orientation of the two nucleobases
as in the case of cis-[(NH;),Pt(1-MeC),]**.72!5 The observation
that 3 exhibits the greatest inertness toward CN~ among the
compounds described here could be due either to the additional
shielding effect of the NH, group at the 4-position'® or—more
likely—to the greater barrier of rotation about the Pt-N bond
as compared to purine-N’ compounds.”™

Our findings unambiguously demonstrate that a single exocyclic
oxygen on either side of the Pt coordination plane in bis(nu-
cleobase) complexes makes an associative substitution mechanism
by CN-~ very difficult and causes a remarkable kinetic stability.
The steric bulk of the amine substituents is, at least in the com-
pounds studied (cf. behavior of 1 and 4), not primarily responsible
for this effect. With respect to the nature of DNA-bound cis-DDP
that resists CN~ treatment, the previously suggested possibilities?
need to be extended: Apart from thymine-/V3-containing adducts
which, in every possible combination with a second nucleobase
give inert complexes, any of the following combinations is expected
to behave similarly, provided the DNA structure fixes the re-
spective nucleobase orientation: (C-N*),(C-N%) (head-tail),
(C-N),(GH-N") (head-head), (C-N°),(G-N") (head-head), (G-
N, (G-N') (head-tail), (GH-N"),(GH-N") (head-tail). It thus
appears likely that involvement of donor sites that normally are
in the interior of the duplex (T-N?, C-N3, G-N') can lead to an
inert cross-link. As far as guanine-/V’ binding is concerned, a
binding pattern generally believed to be kinetically favored, a
head-tail geometry as proposed for the interstrand (GH-N),-
(GH-A7) adduct of cis DDP,! probably makes this cross-link CN~
resistant. In contrast, the major adduct of cis-DDP in double-
stranded DNA, the intrastrand guanine,guanine (head-head)
complex, reacts relatively fast with CN~.

Note Added in Proof. The X-ray structure of 3 has now been per-
formed. It confirms the head—tail orientation of the two 1-MeC rings.
Details will be published elsewhere.'®
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Introduction

The pillaring of synthetic clays with large polymeric alumi-
num-bearing cations has led to the preparation of a whole new
family of microporous materials with well-defined pores of di-
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