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Abstract: The reaction of a potential
mono(nucleobase) model adduct of cis-
platin, cis-[Pt(NHj;),(1-MeC-N3)-
(H,O)** (6; 1-MeC: 1-methylcyto-
sine), with the electrophile [Pd(en)-
(H,0),J** (en: ethylenediamine) at pH
~6 yields a kinetic product X which is
likely to be a dinuclear Pt,Pd complex
containing 1-MeC -N3,N4 and OH
bridges, namely cis-[Pt(NH;),(1-MeC™-
N3,N4)(OH)Pd(en)]**. Upon addition
of excess Ag?t ions, conversion takes
place to form a thermodynamic prod-
uct, which, according to 'H NMR spec-
troscopy and X-ray crystallography, is
dominated by a u-NH, bridge between
the Pt" and Pd" centers. X-ray crystal-
lography reveals that the compound
crystallizes out of solution as a dodeca-
nuclear complex containing four Pt",

four Pd", and four Ag" entities:
[{Pty(1-MeC™-N3,N4),(NH;),(NH,),-

(OH)Pd,(en),Agh{Ag(H,0)}](NO3),
6H,0 (10) is composed of a roughly
planar array of the 12 metal ions, in
which the metal ions are interconnect-
ed by u-NH, groups (between Pt and
Pd centers), u-OH groups (between
pairs of Pt atoms), and metal-metal
donor bonds (Pt—Ag, Pd—Ag). The
four 1-methylcytosinato ligands, which
are stacked pairwise, as well as the
four NH; ligands and parts of the en
rings, are approximately perpendicular
to the metal plane. Two of the four Ag
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ions (Ag2, Ag2’) of 10 are labile in so-
lution and show the expected behavior
of Ag* ions in water, that is, they are
readily precipitated as AgCl by CI”
ions. The resulting pentanuclear com-
plex [Pt,Pd,Ag(1-MeC™),(NH,),(OH)-
(NH;),(en),]J(NO5)7H,0O (11) largely
maintains the structural features of one
half of 10. The other two Ag*' ions
(Agl, Agl’) of 10 are remarkably un-
reactive toward excess NaCl. In fact,
the pentanuclear complex [Pt,Pd,AgCl-
(1-MeC"),(NH,),(OH)(NH;),(en),]-
(NO;);4.5H,0 (12), obtained from 10
with excess NaCl, displays a ClI™ anion
bound to the Ag center (2.459(3) A)
and is thus a rare case of a crystallized
“AgCl molecule”.
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A central dogma of the chemistry of the antitumor agent
cis-PtCl,(NHj;), (cisplatin) and its amine analogues, as well
as of their frans isomers, is that the am(m)ine ligands
behave as inert ligands.!! Only occasionally, for example, in
cases of binding of ligands with a high trans effect to cis-
(NH,),Pt" species, has substitution of ammonia ligands been
reported.” A while ago, we reported on another case of re-
activity of NHj; ligands, namely u-amide formation upon re-
action of [Pd(en)(H,0),]*" (en: ethylenediamine) with the
NH; ligands in trans-[Pt(NH;),(HL)]** (HL: pyrazole (Hpz)
or 2-aminopyridine (Hampy)).®’! Formation of the resulting
mixed Pt"(u-NH,)Pd" species, which takes place in water
and under mild conditions, was proposed to occur in two
steps, namely by an initial anchoring of the Pd" species at
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an endocyclic N atom (for example, the second N atom of
pyrazolate) or an exocyclic N atom (for example, the lone
electron pair of the amino group of 2-aminopyridine), fol-
lowed by condensation between a Pd—OH moiety and an
NH, ligand of the Pt center (Scheme 1).

(OH)Pden Pden
IO

NH N’ NH \N' NH N'
3 3 2
/H + ' /u /n
—/Pt—N ~enPd —/Pt—N —5~ —/t—N
2

Scheme 1. Proposed two-step formation of the mixed Pt"(u-NH,)Pd" spe-
cies.

In principle, analogous reactions should also be possible
with cis-a,Pt" (a: NH; or amine) species replacing the enPd"
species, but the kinetics are expected to be much slower.

The usual way to form homonuclear u-NH, or u-NHR
complexes of the late transition metals involves aminolysis
reactions of u-OH species (Scheme 2), as demonstrated in

H n+ H\N/R n+
L\M/O\M/ 2R, PN \N<L
NG TR | N N

o AN

H R

M = Pt" or Pd"

Scheme 2. Formation of homonuclear u-NHR complexes by aminolysis of
an u-OH species.

numerous cases.! In these reactions, nucleophilic attack of
the lone electron pair of the am(m)ine on the metal center
initially takes place. u-NH, complexes are likewise known
with Pt" centers.”! Their formation is facilitated by the re-
markable acidification of NH; ligands when bound to Pt
species.

The aim of the present study was to extend our previous
workP® to Pt"! compounds containing the cis geometry and
to include a model nucleobase, 1-methylcytosine (1-MeC),
rather than other N-heterocyclic ligands, such as pyrazole or
2-aminopyridine. However, unlike 2-aminopyridine, the 1-
methylcytosine nucleobase does not provide a lone electron
pair at the exocyclic amino group.!®

Results and Discussion

Reactions of [Pd(en)(H,0),]** with cis-[Pt(NH;),(py)-
(HL)]** (HL: Hpz (1) and Hampy (2); py: pyridine):
Having previously demonstrated® that NH; and heterocy-
clic pyrazole or 2-aminopyridine ligands in trans-[Pt-
(NH,;),(HL),]** can be bridged by [Pd(en)]** with forma-
tion of mixed Pt,Pd complexes and u-NH, or u-L ligands,
we were not surprised to see that 1 and 2 behaved analo-
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gously (Scheme 3). The 'H NMR spectra of products 3 and
4 prepared in H,O and dissolved in D,O display the highly
diagnostic 4-NH, resonance in the range of 0 =1.5-1.6 ppm,
and this signal undergoes a surprisingly slow exchange with

]

Pd

2+ ~ 2+
b NHg _| / TNH, _|
2+

/N\N P NH [Pd(en)(H;0),] /N\N Plt NH
— p— LPaenBel |  p—

L/ 3 -2 HO" L/ 3
© ©

1 3

P
2+ WAN 2+
NH, NH, —I N NH, —I

<(:)§N—F:>t—NH3 @N—P:t—NHa
© ©

2 4

Scheme 3. Reactions of cis-[Pt(NH;),(py)(HPz)]** (1) and cis-[Pt-
(NH),(py)(Hampy)]** (2) with [Pd(en)(H,O),]**.

[Pden)(H,0), "
_—s
~2H0"

deuterium, as noted before.’! The '"H NMR spectrum of 3
and the 'Pt-edited spectrum in D,O at pD 7.2 are given in
the Supporting Information. The '>Pt—'"H coupling constants
are in the expected range, and the relative intensities of the
'H resonances are in agreement with expectations for a
composition of [Pt(u-pz)(u-NH,)(NH;)(py)Pd(en)]** (3). As
in the case of the Pt,Pd complexes derived from trans-[Pt-
(NH,),L,]**, we propose that initial binding of [Pd(en)]**
occurs through an available N atom of L, which here would
be the deprotonated pyrazole N2 position and the exocyclic
amino group of the Hampy, respectively. The increase in
Hpz acidity as a consequence of Pt" coordination has been
determined for 1 by applying pD-dependent '"H NMR spec-
troscopy. The pK, value of the Hpz ligand in 1 [Eq. (1)] was
found to be 8.13+0.05 (D,0), which corresponds to 7.57 +
0.05 in H,O.

cis-[Pt(NH;),(Hpz) (py)]*" = cis-[Pt(NH;),(pz)(py)]"+H"
(1)

As compared to free Hpz (pK,=14.211), the acidity of the
proton at the N atom thus increases by 6.6 log units in 1.
This feature clearly facilitates the initial Pd" binding to the
N2 atom of pz, which eventually leads to 3.

In the case of the Hampy ligand in 2, the available lone
electron pair at the exocyclic amino group functions as an
anchor for Pd" coordination. Once the Pd" species is
bonded, the Hampy ligand undergoes rapid ionization to
give the anionic ampy bridge.
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Reactions of cis-[Pt(NH;),(1-MeC-N3)(H,0)]**: Treatment
of cis-[PtCI(NHj;),(1-MeC-N3)]CI-H,O (5) with two equiva-
lents of AgNO; in water yields cis-[Pt(NH;),(1-MeC-N3)-
(H,0)](NOs), (6) and cis-[Pt(NH;),(1-MeC-N3)(OH)|NO;
(7), depending on the pH value, both of which have been
characterized by X-ray crystallography.®! In solution, 6 and
7 exist in equilibrium with their dinuclear 4-OH condensa-
tion product cis-[(NH;),Pt(1-MeC-N3)(OH)(1-MeC-N3)Pt-
(NH;),]** (8).”) In a slow reaction, and in low yield, the di-
nuclear 1-methylcytosinato species cis-[(NH;),Pt(1-MeC™-
N3,N4),Pt(NH,),]** (9) eventually forms; this product dis-
plays a head-tail arrangement of the two nucleobases.'”! De-
pending on conditions, oligomeric and intensely colored
products, which presumably display similar (1-MeC™-N3,N4)
bridging modes of the nucleobases, are also formed with
time.'"" A summary of the solution behavior of 6 is provided
in Scheme 4, and the '"H NMR spectroscopic chemical shifts
are listed in Table 1.

In the presence of [Pd(en)(H,0),]** and its partially de-
protonated form [Pd(OH)(en)(H,O)]* (pD value in D,O
adjusted to 6+0.5 by means of NaOD), two major products
are formed according to "H NMR spectroscopy (Figure 1).
Formation of an unknown species X is rapid, whereas the
second major species, which develops more slowly but virtu-

2+

H
3C\N/j H3C\N/1
O)\N/ NH, O)\N/ NH,

-H*
H;N—Pt—O0H, B H;N—Pt—OH
+H*
6 NH, NH; 7
— _/
'

3+
HSC\N/ﬁ\ HSC\ —‘
Sk 2\|

H3N—F|’t—(|_)|—F|’t—NH3

NH; NH;

+ oligomers

Scheme 4. Solution behavior of cis-[Pt(NH;),(1-MeC-N3)(H,0)](NO;),
(6).
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Table 1. 'H NMR spectroscopic chemical shifts (6 [ppm], in D,0) of the
1-methylcytosine complexes.

Hel H5® CH,™ CH,(en)' u-NH, pD
5 7.58 6.01 3.42 - - 6.65
6/7 7.63 6.03 3.44 - - 5.00
9 6.86 572 327 - - 6.90
X 7.03 5.77 3.26 272 - 6.40
Y 7.35 6.08 3.35 272 - 6.40
10 7.22 6.00 3.30 2.79 (s) 1.78 (brs) 6.08
1.54 (brs)
1 7.22 6.00 3.30 279 (s) 1.75 (brs) 6.60
1.47 (brs)
12 7.20 5.94 327 2.88 (m) 1.78 (brs) 8.20
7.20 5.94 327 2.78 (m) 1.54 (brs) 3.70

[a] Doublets in all cases, with >J~7.4 Hz. [b] Singlets. [c] Abbreviations:
s: singlet, m: multiplet, br: broad. [d] Addition of larger amounts of Ag*
ions caused further shifts of cytosine resonances, for example, 6 =7.39,
6.12, 3.36 ppm with 4 equivalents per atom of Pt.

H6 HS _ S Chyen)
X X
X 6/7
8
r_A_\
6/7 6/7 solv. 9
8 9 =
10l 9 |/ :J[

e
Iy
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Y
10
v N
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8 7 6 5 4 3 2
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Figure 1. a) '"H NMR spectrum of a reaction mixture of cis-[Pt(NH;),(1-
MeC-N3)(D,0)]** and [Pd(en)(D,0),]** with the pD value adjusted to
6.04, 6 h after mixing the respective Cl species, cis-[Pt(NH;),(1-MeC-
N3)Cl|Cl, and PdCl,(en) with AgNO; (4 equiv) and centrifuging off
AgCl. [Pt]=[Pd]=0.05m. b) '"HNMR spectrum of the same mixture
after 6 d at 22°C. Note that resonances due to enPd-aqua/hydroxo spe-
cies (0=2.5-2.6 ppm) have formed. c) '"HNMR spectrum after 6d at
22°C and addition of solid AgNOj; (2 equiv per atom of Pt). Precipitation
of 9 has occurred. d) '"HNMR spectrum 5d after addition of excess
AgNO; with the sample kept at 22°C.
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ally without any side products, is assigned to the head-tail
species 9 on the basis of its chemical shifts. As 9 is formed
at the expense of X, new CH, resonances of the enPd" spe-
cies appear, upfield from those of X, which are probably
due to [Pd(en)(D,0),]** and [Pd(en)(OD)],"* (n=2, 3,
4).”1 We tentatively assign X to a mixed Pt,Pd compound
with the Pd" center bonded to the deprotonated exocyclic
N4-position of the cytosine nucleobase and bridged to the
Pt" atom by a hydroxo ligand (Scheme 5) for the following
reasons: First, the stoichiometry between the 1-MeC™ ligand
and en in X is 1:1, according to '"H NMR spectroscopic inte-
grals. Second, freeze drying of a sample of X, obtained from
cis-[Pt(NH,),(1-MeC-N3)(H,0)]** (6) and [Pd(en)(H,0),]**
at pH~6 in H,O a few hours after mixing of the compo-
nents, with virtually no 9 formed yet, yields a product that
in its 'H NMR spectrum (in D,0) does not display the reso-

T N
H,C HsC
3 \Ni 3 \N/i —‘
O)\N/ NH, O)\N/ NH, op,
| [Pd(en)(H0),]" |
HN—Pt—OH, ——— >  HN—Pt—0O—P
_ H3O+ | H
NH, NH,
° %
2+ 3+
H H.C
3C\N/ﬁ\ —‘ 3 \N AN —‘
H H
PN Ne_ ,o)\N/ N
| Pd +AG' ‘ | Pd
H3N—Pt—(')_|/ aCHN HN—Pt—0"

A§

3+ 3+
HsC H4C
e D e
H H
N N—PD ,O)\N/ N—TD
HN—Pt—Q----OH, " H0—Pt—N---"OH,
H, I Hs
| Ag |
NH, NH,
+Ag”
= H,0*
3+
H
3C\N/j _‘
A A
,'O N A,g\;-. Pd dimerization
"H,0 | Y, via u-OH
Pt — 10
| \N cross-linking
NH, H, via Ag

Scheme 5. Proposed scheme for the formation of X, Y, and 10.
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nances characteristic of u-NH, bridge formation (see above
and below). Third, the Pt NMR spectroscopic chemical
shift of X (0 =-1933 ppm) is consistent with an N;O envi-
ronment for the Pt" center, rather than an N, environ-
ment."™ Fourth, the chemical shifts of the cytosine resonan-
ces in X, which are upfield (by approximately 6 =0.6 ppm
for H6, 6=0.2 ppm for HS, and 6 =0.2 ppm for CHj;) from
those of 6 and 8, are likewise indicative of metal binding to
the anionic cytosine nucleobase through the N3 and N4 po-
sitions.l"]

According to this proposal, the initial anchoring site of
the Pd" species is the aqua ligand of the Pt complex 6 rather
than the heterocyclic nucleobase. As the exocyclic amino
group of 1-MeC does not provide a lone electron pair for
metal binding, as in the case of 2-aminopyridine or pyrazo-
late ligands (see Scheme 1 and reference [3]), Pd" coordina-
tion to this site is not possible unless it has lost a proton. As
an alternative, the Pd" atom could anchor at the O2 site of
1-MeC, but the only way to form intermediate X would still
be the subsequent (or simultaneous) formation of the Pt(u-
OH)Pd bond, followed by a reopening of the Pd—0O2 bond,
rotation of the 1-MeC moiety about the Pt—N3 bond, and
Pd binding to the N4-position. We consider this way from 6
to X to be only a variant of that proposed in Scheme 5.

Remarkable 'HNMR spectroscopic changes take place
when solid AgNO; (two equivalents per Pt atom) is added
to an aged solution containing essentially only X and 9
(Figure 1, spectrum c). The resonances of 9 virtually disap-
pear as a consequence of precipitation. The resonances of X
shift downfield at once, which is indicative of the formation
of a new species, Y. In addition, there are a number of weak
resonances due to the presence of cytosine compounds, one
of which (with H6 at 6 =7.26 ppm, H5 at 6 =6.00 ppm, and
CH; at 6=3.30 ppm) has the second most intensive set of
signals besides Y within 24 h at room temperature. The sig-
nals for the latter slowly grow in intensity over several days.
As the shifts of these new resonances are identical to those
of the structurally characterized Pt,,Pd,,Ag, complex 10 (see
below), they are assigned to this species.

If, in a modification of the procedure described above,
cis-[Pt(NH;),(1-MeC-N3)(D,0)]** (6) and [Pd(en)(D,0),]**
are mixed (1:1) and extra AgNO; (2 equiv per Pt) is added
from the beginning, with the pD value adjusted to 6.4, the
major species present at the beginning is species Y. Within
2-3 days at room temperature, the resonances due to com-
pound 10 grow to be the second most abundant. Within 11
days, yellow cubes of 10 crystallize from solution. The iden-
tity of these crystals, obtained on a preparative scale, was es-
tablished by X-ray analysis. Surprisingly, formation of the
head-tail dimer 9 is negligible under these conditions
(excess Ag* ions from the beginning; see the Supporting In-
formation).

Before describing the structure of compound 10 in more
detail, the nature of compound Y deserves some comment.
The rapid conversion of X into Y by simple addition of Ag™*
ions suggests that Y is an Ag*t adduct of X and, hence, that
it represents a heteronuclear Pt,Pd,Ag compound, with the
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Ag™ center being bonded to either the O2 atom of 1-MeC~
or being bonded by the Pt" and Pd" centers in a donor —ac-
ceptor interaction. The relatively large effect of the Ag*t
ions on the 1-methylcytosinato resonances seems to favor
the first alternative, that is, binding to the O2 atom
(Scheme 5). In fact, Ag* ion binding to the O2 position of
N3,N4-metalated cytosine nucleobases has been observed
before,"*” and the reversal of the chemical-shift changes
upon addition of CI™ ions to a solution of 10 (see below) fur-
ther supports this view.

Formation of the Pt,Pd,Ag, complex 10: Both the
"H NMR spectra and the results of the preparative work are
consistent with the view that formation of the u-NH, bridges
seen in 10 requires “extra” Ag* ions. However, the way
from Pt,Pd,Ag species Y to Pt,Pd, Ag, species 10 is not
clear at present. According to the proposal made in
Scheme 5, a central step in the formation of 10 from inter-
mediate X and its Ag* adduct Y is the opening of the u-OH
bridge and a rotation of the Pt entity about the Pt—N3 (cyto-
sine) bond. This is a prerequisite in order to accomplish the
u-NH, bridging seen in 10.

X-ray crystal structure of [{Pt,(1-MeC -N3,N4),(NH;),-
(NH;),(OH)Pd,(en),Ag},{Ag(H,0)},](NO3),06 H,O (10): As
described above and reported in the Experimental Section,
10 is isolated upon reaction of cis-[Pt(NH;),(1-MeC-N3)-
(H,0)](NOs), (6) and [Pd(en)(H,0),](NO;), in a 1:1 ratio at
pH 6+0.5 in the presence of excess AgNO;. Figure 2 gives
different views of the cation of 10 or sections thereof, and
Table 2 lists selected interatomic distances and angles. The
cation is of C, symmetry and consists of a roughly planar
array of 12 metal ions, namely 4 Pt", 4 Pd", and 4 Ag™" ions.
The 12 metal ions cover an area of approximately 11.2x
5.8 A2, The metals are interconnected by both in-plane li-
gands (u-OH between pairs of Pt ions; u-NH, between Ptl
and Pd1 and between Pt2 and Pd2, as well as the symmetry-
related atoms) and by four out-of-plane bridging 1-methyl-
cytosinato nucleobases. Each nucleobase forms two strong
coordination bonds, to Pt at N3ab (2.049(7), 2.032(7) A)
and to Pd at Ndab (2.017(8)-2.039(7) A), as well as two
weak bonds, to Ag2 at O2a,b (2.572(6) A; 2.508(6) A)') and
to Agl at N4a,b (2.743(8) A; 2.388(8) A). Thus, the 1-MeC~
moiety can be regarded as a tetradentate ligand in 10, with
the deprotonated exocyclic N4 site acting as a bridging
donor atom (Figure 3a).

While Pt—N and Pd—N bond lengths agree with expecta-
tions,"™ both the Ag—O and Ag—N lengths are significantly
longer than in a mixed Pt,Ag complex of 1,5-dimethylcyto-
sine,™ in which they amount to 2.259(8) and 2.16(1) A
(average), respectively. The binding of the Agl and Agl’
atoms is special in that all four of the surrounding d® metal
ions, that is, Pdl, Ptl, Pt2, and Pd2 (for the case of Agl),
appear to be involved in weak donor—acceptor bond for-
mation with the Ag* ion, based on geometrical considera-
tions (intermetallic distances; positioning of the Agl atom
relative to the filled d,, orbitals of the d® metal ions). The
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Figure 2. a) View of dodecanuclear cation 10. b) Side view of the 12
metal ions. ¢) Top view of the 12 metal ions and the u-NH, and u-OH
groups, together with intermetallic distances. For exact distances, see
Table 2. d) Details of the Agl coordination geometry.

unreactivity of the Agl atom toward chloride ions (see
below) is consistent with a special bonding situation. The
distances between the Agl atom and the four d® metal ions
(Ptl: 2.9284(12), Pt2: 2.9449(10), Pdl: 2.9422(12), Pd2:
2.9870(11) A) are longer than those in typical donor—accept-
or bonds between such metals,'?*!71% yet the number (four)
of such interactions is larger in the present case. Altogether,
and including the semichelating nitrate anion, the Agl atom
is surrounded by eight atoms (Figure 3b).

The coordination geometry of the Ag2 atom is best de-
scribed as a distorted trigonal bipyramid with three Ag—O
bonds in the plane (two Ag—02a,b cytosine bonds, one Ag—
O2L bond to a water molecule) and two long axial contacts
with Pt1’ (2.9028(13) A) and Pt2 (2.8784(11) A). These dis-
tances are in the range seen in related Pt,Ag complexes with
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Table 2. Selected interatomic distances [A] and angles [°] in 10, 11, and

12.

10 1 12
Agl-Ptl 2.9284(12) 2.8269(10) 2.9120(11)
Agl—Pt2 2.9449(10) 2.9301(17) 2.9652(11)
Agl—Pd1 2.9422(12) 3.218(2) 3.0584(14)
Agl—Pd2 2.9870(11) 2.9301(17) 2.9661(13)
Agl—N4a 2.743(8) 3.076(16) 3.667(10)
Agl-N4b 2.388(8) 2.403(10) 2.365(8)
Agl-L 2.503(9)/2.593(11) 2.503(9)! 2.459(3)
Ag2—-02L 2.407(6) - -
Ag2—02a 2.572(6) - -
Ag2—-02b 2.508(6) - -
Ag2-Ptl 2.9028(13) - -
Ag2—Pt2 2.8784(11) - -
Pt1-N1p 2.012(7) 2.016(8) 1.963(8)
Pt1-N3a 2.049(7) 2.034(9) 2.029(8)
Pt1-0O1 2.046(5) 2.046(6) 2.033(7)
Pt1—Pd1 3.1734(13) 3.218(2) 3.1645(11)
Pt2—N2p 1.995(7) 1.998(7) 1.990(8)
Pt2—N3b 2.032(7) 2.035(8) 2.016(8)
Pt2-O1 2.063(5) 2.049(6) 2.054(6)
Pt2—Pd2 3.2432(14) 3.1782(12) 3.1558(11)
Pd1-N1p 2.000(7) 2.007(8) 1.999(8)
Pd1-N4a 2.017(8) 2.028(9) 1.995(9)
Pd2-N2p 2.002(8) 2.005(7) 2.004(8)
Pd2—N4b 2.039(7) 2.062(8) 2.088(9)

[a] Distance to the O41/042 atoms of the nitrate group for 10. [b] Dis-
tance to the O11 atom of the nitrate group for 11. [c] Distance to the Cl1
atom for 12.

b) Pt

043

Figure 3. Structural details of 10: a) Tetradentate nature of the 1-methyl-
cytosinato ligand. b) Complete environment of the Agl center.

cytosinato and uracilato ligands.'>!*) Again, it could indicate
weak donor—acceptor interactions between the Pt ions and
the Ag™ ion. Essentially, it would imply that all 4 Pt ions in
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10 have undergone an extension of their coordination
spheres from 4 to 44-2.

If the silver ions in 10 are ignored, the cation consists of
two open Pd,,Pt, half cycles, held together by two cytosinato
bridges, two amido bridges, and a hydroxo bridge (Fig-
ure 4a).

a)

N
NN
Pt Pd
—1 1-MeC~
Ho ;
Pt Pd
| \N/ ;
H” “H

b)
(1-NH,)
HN—Pt———1
HO
HN—Pt————
N

Figure 4. General structure of cation 10 (without the silver ions).

This pattern extends the previously reported ones in (fre-
quently) dinuclear p-amido and/or u-hydroxo complexes
containing two*?! or even three®! different bridges. With
regard to Pt and/or Pd representatives, the bonds between
the metal ions and the NH, and OH ligands, respectively,
are normal.” It is evident that the Ag2 and Ag2’ atoms are
instrumental in keeping together the two halves of the mo-
lecular cation in the solid state. Furthermore, the relatively
short separation of the two u-OH sites (O1--O1’, 3.062
(11) A) suggests that there are two weak hydrogen bonds
between the protons of the OH groups and the neighboring
oxygen atoms. Furthermore, there are four intramolecular
hydrogen bonds (2.813(10) and 3.029(9) A) between the cy-
tosine O2 sites and the NH; ligands of the Pt centers.

The two cytosinato ligands in each half of the cation are
parallel and stacked (3.49 A). This feature (Figure 4b) prob-
ably also stabilizes the OH bridge. At the same time, this
structural detail lends support to the idea that dinuclear
Pt"nucleobase complexes containing a single OH bridge
are feasible (see compound 8), possibly even in DNA, as
previously discussed.

The packing motif of 10 is a repetition of the dodecanu-
clear Pt,,Pd,,Ag, platforms along the c axis to form ribbons
(Figure 5). The cations are interconnected through pairs of
hydrogen bonds between the water molecule (O2L) bonded
to the Ag2 atom and an amino group of an en ligand (N11,
—x, y, 0.5—z) of a neighboring cation. The N--O distances
are 2.987(10) A. There are no additional intercationic hydro-
gen bonds, as the nitrate anions and water molecules effec-
tively isolate the cations by forming multiple hydrogen
bonds with the latter.
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Figure 5. Packing of the cations of 10 with aqua ligands, O2L, accepting
hydrogen bonds from the amino groups of the en ligands.

Solution behavior of 10: Figure 6a shows the '"H NMR spec-
trum of 10 in D,0O. Chemical shifts of individual resonances
are listed in Table 1. As mentioned above, the characteristic

12
12
-~ b)
) T JL/ SN
10
10
\ < A
e
[ T T T T T T T T T | T T T 1
8 7 6 5 4 3 2 1

8/ ppm

Figure 6. '"H NMR spectra (D,0) of a) isolated 10 (pD 6.1) and b) com-
pound 12, obtained upon addition of NaCl (4 equiv per molecule of 10),
centrifugation of AgCl, and acidification (DNO;, pD 3.7). The minor
components seen upon addition of acid are possibly due to compound X.
The chemical shifts of 10 are virtually identical to those of 11 (compare
with Table 1), which suggests that 10 is largely dissociated in solution ac-
cording to the equation 10=2 (11)+2 AgNO;.

u-NH, protons are observed as broad singlets at high field
(0=1.78 and 1.54 ppm). Unlike in the spectrum of 3 (see
the Supporting Information, compare with above), Pt sat-
ellites are not resolved. We propose that the spectrum corre-
sponds essentially to a pentanuclear Pt,,Pd,,Ag species 11,
which represents a dissociation product of 10, in which the
O2-bonded Ag2 and Ag2’ ions are lost [Eq. (2)].
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[Pt,Pd,;Ag,(1-MeC"),(NH,),(OH),(NH;)4(en),(H,0),]
(NO3)y (10) = 2 [Pt,Pd,Ag(1-MeC ™ ),(NH,),(OH) 2)
(NH;),(en),](NO;), (11)+2 Ag*+2NO; +2H,0

This view is based on the observation that addition of two
equivalents of NaCl per molecule of 10 in water leads to im-
mediate precipitation of AgCl and crystallization of 11 (see
below). The '"HNMR spectrum does not change following
the precipitation of AgCl and thereby confirms the forma-
tion of 11 upon dissolution of 10.

Interestingly, addition of four equivalents of NaCl per
molecule of 10 likewise leads to AgCl precipitation, yet an
"H NMR spectrum is obtained that is significantly different
from those of 10/11 (Figure 6b and Table 1). The newly
formed compound 12, which eventually crystallizes from the
solution following filtration of AgCl, is again a pentanuclear
Pt,,Pd,,Ag compound and is structurally similar to 11, yet it
contains a Cl™ ligand bonded to the Ag* ion. The formation
of 12 can thus be described according to Equation (3).

[Pt,Pd,Ag,(1-MeC"),(NH,),(OH),(NH;)4(en)(H,0),]
(NOs),o (10)+4NaCl = 2 [Pt,Pd, AgCl(1-MeC ™),
(NH,)(OH)(NH, ), (en),](NO,); (12)+2 AgCl |
+4NaNO;+2 H,0

3)

Apart from differences in the chemical shifts of the 1-
MeC™ and u-NH, resonances in 10/11 and 12, the appear-
ance of the methylene protons of the en ligand is markedly
different. In 12, they appear as two multiplets (1:1 ratio) at
0~2.88 and 2.78 ppm. A feasible explanation, based on the
X-ray crystal structure of 12 (see below), is that, in 12, due
to hydrogen-bonding interactions between the chlorido
ligand and the two ethylenediamine chelates, rapid inversion
of the CH, groups is slowed down to produce nonaveraged
CH, groups within each en ring.

Complex 12 is remarkably robust in aqueous solution.
Addition of DNO; (pD 3.7) causes partial decomposition
only within days (with reappearance of resonances due to
species X), and warming of an aqueous solution of 12 to 40—
50°C for 2 days leads to only gradual and partial formation
of AgCl and formation of X and other unidentified minor
products. From the chemical shifts of the latter, it is evident
that they do not contain 1-MeC-N3 ligands.

X-ray crystal structure of 11 and 12: Crystals of two decom-
position products of 10 were isolated from solution after ad-
dition of two and four equivalents of NaCl per molecule of
10, respectively. Figures 7 and 8 give views of the cations of
[Pt,Pd,Ag(1-MeC™-N3,N4),(NH,),(OH)(NH;),(en),]-

(NO;),7H,0 (11) and [Pt,Pd,AgCl(1-MeC -N3,N4),-
(NH,),(OH)(NHj;),(en),](NO5);4.5H,O0 (12), respectively,
and Table 3 lists selected interatomic distances and angles.
As can be seen from a comparison of 11 and 12, the cations
are similar as far as their overall appearance is concerned.
As compared to 10, the Ag™ ions bonded to the O2 sites of
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Figure 7. View of cation 11, obtained from 10 upon removal of the Ag2
and Ag2’ ions by addition of NaCl (2 equiv per molecule of 10).

Figure 8. View of cation 12, obtained from 10 upon addition of an excess
of NaCl.

Table 3. Crystallographic data and structure refinement of 10, 11, and 12.
10 11 12

Pt,Pd,Ag, Pt,Pd,Ag Pt,Pd,AgCl
C14H47N19022 C14H53N18022 C14H39N17016.5

formula

formula weight [gmmol '] 1652.43 1536.59 1455.92
crystal system monoclinic triclinic monoclinic
space group C2lc P1 C2/c
a[A] 22.681(5) 10.527(2) 32.586(7)
b [A] 15.522(3) 14.227(3) 10.235(2)
c[A] 25.784(5) 16.263(3) 27.278(6)
a[°] 90 113.34(3) 90

BIA] 110.78(3) 101.18(3) 117.49(3)
y [A] 90 96.45(3) 90

V4 8 2 8

VA% 8487(3) 2145.0(7) 8071(3)
Peatea [gem™] 2.587 2.379 2.396

u (Mog,) [mm™] 8.401 7.864 8.407
F(000) 6256 1468 5488
reflns collected 9734 9833 8783
reflns observed (I>20(l)) 5716 4494 3435
parameters refined 551 527 462

R, 0.0385 0.0480 0.0442
WR, 0.1024 0.1011 0.0879
GOF 0.962 0.813 0.771

residual P P [e A7) 2775, —1212 2.149, —2.303  0.943, —0.691
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the 1-MeC™ ligands are absent. The major difference be-
tween 10 on one hand and 11 and 12 on the other is the
changes that have occurred in the coordination sphere of
the Agl atom (Figure 9). These involve the intermetallic

3
\ /
Pt2/ \PH
IRARAAN
H,N
N4 N4 /
/N AN
(en)Pd2._ \\ _-Pdi(en)

\‘Ag’/

Figure 9. Simplified view of the unsymmetrical interaction of the Ag*
with the N4 sites of (1-MeC") ligands a and b in 11 and 12.

Agl—Pt/Pd and Agl-N4(1-MeC™) distances (see Table 2).
Thus, the Agl—Pdl distances increase markedly in 11 (by
approximately 0.28 A) and in 12 (by approximately 0.12 A),
and the asymmetry in the bonding interactions between the
Agl atom and the N4 sites of 1-MeC™ bases a and b that
was seen in 10 (2.743(8) versus 2.388(8) A) is reserved in 11
and 12, with the differences being considerably larger. In
fact, in 12 the Agl—N4a separation is too long to be regard-
ed as a bonding interaction. However, this asymmetry ap-
pears to be a solid-state effect, as it does not translate into
nonequivalent 1-MeC™ ligands in solution, at least not on
the 'HNMR timescale. In the 'H NMR spectrum, only
single sets of 1-MeC™ resonances are observed for 11 and
12.

Packing diagrams of 11 and 12 are given in the Supporting
Information. Certainly the most remarkable feature of 12 is
the presence of an isolated Ag*Cl™ ion pair (“molecular
AgCl”) in the solid-state structure and the surprising rela-
tive inertness in aqueous solution (see above). There exist a
fair number of X-ray structurally characterized examples of
chloroargentates(I), as well as heteronuclear Pt,Ag com-
plexes with chlorido bridges. Ag—Cl distances in these com-
pounds are rather variable and depend both on the coordi-
nation number of the Ag* ion and crystal packing forces,
among other factors. For example, in the linear AgCl,™ ion,
Ag—Cl bonds are as short as 2.328(2) and 2.330(2) A,*
which is reasonably close to the 2.281 A separation found in
the gas-phase AgCl monomer.” In [Ag,Cl,]*~, which con-
tains trigonal-planar Ag* ions, Ag—Cl distances range from
2.359(2) to 2.809(2) A,* and in a dinuclear mixed N,P-
ligand complex with Ag(u-Cl)Ag bridges and tetrahedral
Ag™* coordination geometries, these distances are between
2.601(9) and 2.701(4) A% very much as in an Ag,(us-Cl)
cluster.’ Typical Ag—Cl bond lengths in mixed Pt(u-Cl)Ag
complexes, as described by Usén, Forniés, and co-workers,
are in the order of 2.41(1)-2.56(1) A."**! The Ag—Cl bond
distance in compound 12 (2.459(3) A) is in the range of
those in the latter compounds, even though the chlorido
ligand is terminal, rather than bridging.
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Conclusions

The present study on the simultaneous interaction of a
single nucleobase (1-methylcytosine) with three different
metal ions (Pt", Pd", Ag*) provides a wealth of unexpected
and, in part, unprecedented features in metal-nucleobase
chemistry. First, it is demonstrated that the NH; ligands of
the antitumor agent cisplatin are anything but inert, as is
frequently assumed. In fact, an ammonia ligand can be read-
ily deprotonated, even at pH 6-7, in the presence of other
metal ions, to become a bridging amido ligand. Second, the
simple pyrimidine nucleobase 1-methylcytosine can act as a
tetradentate ligand and can do so by binding three different
metal ions. Third, the X-ray crystal structures of 10, 11, and
12 reveal an (nb)Pt(OH)Pt(nb) motif (nb: nucleobase) with
two parallel, stacked nucleobases in head-head orientations;
this corroborates previous proposals on the feasibity of such
types of intrastrand DNA cross-links of dinuclear cis-
[(NH,),Pt(OH)Pt(NH,),]’* species with nucleobases.
Fourth, in compound 12, a rare case of an isolated Ag*Cl~
ion pair (“AgCl molecule”) is realized and is found to be re-
markably stable in aqueous solution before it forms a pre-
cipitate of AgCl.

Experimental Section

Materials and methods: cis-[PtCL,(NH;),],””) [PdCl,(en)],* 1-methylcy-
tosine (1-MeC),P! and cis-[PtCI(NH;),(1-MeC-N3)]CI-H,O (5),* were
prepared as described in the literature. Pyridine (py), pyrazole (Hpz), di-
methylformamide (DMF), CH,Cl,, 2-aminopyridine (Hampy), K,PtCl,,
and K,PdCl, were of commercial origin.

cis-[Pt(NH,;),(py) (Hpz)1(C10,), (1): cis-[PtCl,(NHj;),] (300 mg, 1 mmol)
and AgNO; (169 mg, 1 mmol) were stirred in DMF (50 mL) for 24 h at
60°C with daylight excluded. After filtration of AgCl, py (0.95 mmol)
was added dropwise. After the reaction mixture had been heated for 1d
at 45°C and subsequently cooled to room temperature, CH,Cl, (30 mL)
was added. The resulting pale-yellow precipitate (207 mg, 51% yield)
was analyzed as [PtCI(NH;),(py)]NO; (by elemental analysis), but the
'H NMR spectrum reveals the presence of a small amount (<5 %) of cis-
[Pt(NH;),(py).J**. The identity of the byproduct was confirmed by pre-
paring it through the reaction of cis-[Pt(NH;),(H,0),]** with py
(2 equiv). The H2/H6 doublets of the py ligands in [PtCI(NH;),(py)]NO;
in D,O (pD 6.2; 200 MHz) occur at 0 =8.69 ppm and display characteris-
tic >7(**Pt—'H) satellites of 38 Hz. Other resonances in the "H NMR spec-
trum: 0=7.97 (t, H4), 7.52 (t, H3/HS5); in the Pt NMR spectrum: 0 =
—2307 ppm. Attempts to remove the bis(pyridine) complex by recrystalli-
zation was unsuccessful. Subsequently, the impure starting material
(325 mg, approximately 0.8 mmol) was treated with AgNO; (135 mg,
0.8 mmol, 30 mL H,O, 50°C, 24 h). After filtration of AgCl, pyrazole
(53 mg, 1.2 mmol) was added and the mixture stirred at S0°C for another
24 h. Addition of excess solid NaClO, (aq) and subsequent cooling of the
solution to 4°C gave 1 as colorless crystals. Yield: 248 mg (54%);
'HNMR (D,0, pD 7.2): 6="7.89 (H3/H5 Hpz), 6.49 (H4 Hpz), 8.64 (H2/
H6 py), 7.97 (H4 py), 7.50 ppm (H3/H5 py); Pt NMR (D,O, pD 7.2):
0=-2474 ppm; elemental analysis: caled (%) for CgH sNsO4PtCl,
(574.2): C16.7, H 2.6, N 12.2; found: C 16.8, H 2.5, N 12.2.

The pK, value of the Hpz ligand in 1 was determined by pD-dependent
"H NMR spectroscopy™ and was found to be 8.13 (D,0), which corre-
sponds to 7.57 in H,0."!

cis-[Pt(NH,),(py) (Hampy)](Cl10,),-3H,0 (2): Compound 2 was prepared
in analogy to 1 in 68% yield. 'H NMR (D,0, 2D-COSY): 6=8.72 (°J-
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("Pt-'H) =41 Hz; H2/H6 py), 820 (J("*Pt—'H)=37 Hz; H6 Hampy),
7.95 (H4 py), 7.50 (H4 Hampy, H3/H5 py), 6.66 ppm (H3/H5 Hampy); el-
emental analysis: calcd (%) for C,H,;NsOPtCl, (655.3): C 18.3, H 3.5, N
10.7; found: C 18.4, H 3.0, N 10.7.

[Pt(u-pz)(#-NH,)(NH;) (py)Pd(en)](C10,), (3): A solution of 1 (115 mg,
0.2 mmol) in water (15 mL) was combined with an aqueous solution of
[Pd(en)(H,0),](NO3), (0.2mmol in H,0 (5mL), prepared from
[PdCly(en)] and AgNO; (2 equiv) with filtration of AgCl) and the pH
value of the solution was adjusted to approximately 8.5 by means of 1N
NaOH. After the mixture had been stirred for 24 h (pH 7.2 at end), solid
NaClO, (aq) was added, and the sample was cooled to 4°C. Within 5 h, a
pale-yellow precipitate of 3 had formed. The yield was 79.9 mg (54 %).
'"HNMR (D,0, pD 7.2): §=8.77 (d, J=6.4 Hz, *J(**Pt-'"H) =39 Hz; H2/
H6 py), 8.05 (t; H4, py), 7.60 (m; H3/H5 py), 7.23 (H5 pz), 6.55 (H3 pz),
6.07 (H4 pz), 2.82 (CH, en), 1.53 ppm (3J(**Pt-'H) =46 Hz; u-NH,); '*Pt
coupling constants for the pz resonances (HS, 10 Hz; H3, 11 Hz; H4,
9 Hz) are observed in the ""Pt-edited "H NMR spectrum only (see the
Supporting Information, Figure S1); elemental analysis: caled (%) for
C,oH,N;O4CLPdPt (739.7): C 16.2, H 2.9, N 13.3; found: C 16.1, H 2.9,
N 13.4.

[Pt(u-ampy) (u-NH,) (NH;) (py)Pd(en)](NO;), (4): Compound 4 was iso-
lated in a semipreparative way analogous to that for 3 by starting from 2
and [Pd(en)(H,0),](NO;),, yet at a higher initial pH value (pH 10, drop-
ped to pHS.5 within 24 h at room temperature) and without extra
NaClO, added. '"HNMR (D,0, 2D-COSY): 6=8.70 (H2/H6 py), 7.98
(H4 py), 7.48 (H3/HS py, H6 Hampy), 7.15 (H4 Hampy), 6.69 (H3
ampy), 6.12 (H5 ampy), 1.60 ppm (u-NH,).

[{Pt,(1-MeC -N3,N4),(NH;),(NH,),(OH)Pd,(en),Ag},{Ag(H,0)},]-
(NO3)196 H,0 (10): cis-[Pt(NH;),(1-MeC-N3)(H,0)](NO3), and [Pd(en)-
(H,0),](NO;), were prepared by treating 5 (561 mg, 1.27 mmol in H,O
(7mL)) and [PdCl(en)] (322 mg, 1.36 mmol in H,0 (7mL)) with
AgNO; (2 equiv each) separately in the dark (room temperature, 1d or
longer). After filtration of AgCl, the two solutions were combined and
the pH value was raised to 5.6 by adding NaOH (approximately 2 equiv).
Subsequently, solid AgNO; (250 mg, 1.48 mmol) was added. At this
stage, the solution was filtered to remove a small amount of precipitate
and the pH value (now 4.5) was re-adjusted to 5.3 by addition of NaOH.
Slow evaporation of the yellow solution under a flow of N, gave 10 as
yellow cubes. The yield was 294 mg (28% based on Pt). "HNMR: see
Table 1; elemental analysis: caled (%) for C,HoN3OuPtPd,Ag,
(3304.9): C10.2, H2.9, N 16.1; found: C 10.3, H 2.7, N 16.4.
[Pt,Pd,Ag(1-MeC -N3.N4),(NH,),(OH)(NHj;),(en),](NO;),7H,0 (11):
NaCl (1.98 equiv, 1.5 mg, 0.025 mmol) was added to a solution of 10 in
water (41.6 mg in 15 mL, 0.0126 mmol). The mixture was stirred for 1 h
in the dark. A yellow solution was obtained after centrifugation of AgCl.
After slow evaporation (3 d) at 5°C, yellow crystals were harvested and
characterized by X-ray crystallography and '"H NMR (see Table 1). Ac-
cording to '"H NMR spectroscopy, 10 reacts quantitatively to form 11. To
avoid contamination with formed NaNO;, no attempt was made to opti-
mize the isolated yield.
[Pt,Pd,AgCl(1-MeC-N3,N4),(NH,),(OH)(NH;),(en),](NO;);4.5H,0
(12): A similar procedure to that used for 11 was carried out. In this case,
NaCl (4.07 equiv, 2.8 mg, 0.048 mmol) was added to 10 (39.1 mg,
0.0118 mmol) dissolved in water (10 mL). After the mixture had been
stirred for 30 min in the dark, AgCl was centrifuged off. The resulting
pale-yellow solution was kept for 1d at room temperature. Pale-yellow
needles of 12 had then formed, which were characterized by X-ray crys-
tallography and '"H NMR (see Table 1). According to a '"H NMR spectro-
scopic experiment, 12 is formed quantitatively. The yield of isolated prod-
uct was not determined to avoid contamination with NaNO;.

Characterization and NMR measurements: Elemental (C, H, N) analysis
data were obtained on a Leco CHNS-932 instrument. '"H NMR spectra in
D,0 were recorded on Varian Mercury 200 FT NMR and Bruker
DRX 400 instruments with sodium-3-(trimethylsilyl)propanesulfonate
(TSP, =0 ppm) as the internal reference. Pt NMR spectra were re-
corded on a Bruker AC 200 (42.998 MHz) spectrometer at 20°C and ref-
erenced against external Na,PtCl, (6=0.0 ppm). '"Pt satellites in the
spectrum of 3 were identified by means of the 'H-'"Pt editing tech-
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niqueP by using standard programmes. Application of this technique
suppresses those 'H NMR signals that do not couple with the *Pt nu-
cleus. pD values of NMR samples were determined by use of a glass elec-
trode and addition of 0.4 units to the uncorrected pH meter reading
(pH*). For the determination of the pK, value of 1, samples were dis-
solved in D,O and the pD value was adjusted by addition of NaOD.

X-ray crystallography: Data collection was performed on an Enraf-
Nonius Kappa CCDC diffractometer by using graphite-monochromated
Moy, radiation (1=0.71069 A).*¥ Data reduction and cell refinement
were carried out by using the programs DENZO and SCALEPACK.!
The intensities of the reflections were collected at room temperature. All
of the structures were solved by standard Patterson methods”” and re-
fined by full-matrix least-squares methods based on F? by using
WINGXP software. All non-hydrogen atoms in the structures were re-
fined anisotropically, except several nitrate counteranions and several
water molecules. The hydrogen atoms were placed in geometrically ideal-
ized positions (except those of water molecules) according to geometrical
considerations and refined with isotropic displacement parameters ac-
cording to the riding model. Crystal data, details of data collection, and
refinement parameters for compounds 10, 11, and 12 are summarized in
Table 1.

CCDC-665285, 665286, and 665287 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.
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