Chemistry
Europe

European Chemical
Societies Publishing

Full Papers

ChemistryOpen doi.org/10.1002/0pen.202000317

On the Heterogeneous Nature of Cisplatin-1-Methyluracil
Complexes: Coexistence of Different Aggregation Modes
and Partial Loss of NH; Ligands as Likely Explanation

Sonja Pullen,*™ Alexander Hegmans,” Wolf G. Hiller,”’ André Platzek,™ Eva Freisinger,*®

and Bernhard Lippert*”

The conversion of the 1:1-complex of Cisplatin with 1-meth-
yluracil (1MeUH), cis-[Pt(NH;),(1MeU-N3)Cl] (1a) to the aqua
species cis-[Pt(NH;),(1MeU-N3)(OH,)1* (1b), achieved by reac-
tion of 1a with AgNO; in water, affords a mixture of
compounds, the composition of which strongly depends on
sample history. The complexity stems from variations in
condensation patterns and partial loss of NH; ligands. In dilute
aqueous solution, 1a, and dinuclear compounds cis-
[(NH5),(1MeU-N3)Pt(u-OH)Pt(1MeU-N3)(NH,),1 (3) as well as
head-tail cis-[Pt,(NH;),(u-1MeU-N3,04),]>" (4) represent the
major components. In addition, there are numerous other
species present in minor quantities, which differ in metal
nuclearity, stoichiometry, stereoisomerism, and Pt oxidation

1. Introduction

There is probably no more appropriate introduction to this
manuscript than a statement made in a review dealing with
preparative methods of platinum antitumor complexes, namely
that “the complexity of many seemingly simple reactions of
platinum compounds... can be deceptively complicated”.™ As
we will show, this applies also to the simple model nucleobase
compound, cis-[Pt(NH,),(1MeU-N3)CITH,O (with 1MeU = 1-meth-
yluracil anion), and its conversion to the corresponding aqua
species following treatment with AgNO;. The removal of halide
ligands from Pt'complexes by means of a silver salt is a
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state, as revealed by a combination of '"H NMR and ESI-MS
spectroscopy. Their composition appears not to be the
consequence of a unique and repeating coordination pattern of
the 1MeU ligand in oligomers but rather the coexistence of
distinctly different condensation patterns, which include u-OH, p-
1MeU, and p-NH, bridging and combinations thereof. Con-
sequently, the products obtained should, in total, be defined as
a heterogeneous mixture rather than a mixture of oligomers of
different sizes. In addition, a N, complex, [Pt(NH5)(1MeU)(N,)]1*
appears to be formed in gas phase during the ESI-MS experi-
ment. In the presence of Na™ ions, multimers n of 1a with n=
2, 3, 4 are formed that represent analogues of non-metalated
uracil quartets found in tetrastranded RNA.

common procedure employed in preparative Pt chemistry. In
earlier reports on related simple complexes with 1-meth-
ylcytosine (1MeQ)™ as well as 1-methyluracil ligands®* we have
provided ample evidence how true the above statement can
be. Besides the planned and expected main products in
seemingly straightforward reactions also a multitude of minor
products are formed, which in large part remain poorly
characterized or not characterized at all. In a way it seems funny
that, despite the occurrence of minor side products in the low-
percent regime, some striking features such as an intense color,
can coin the name of a whole class of compounds. This applies,
for example, to the so-called “Platinum Pyrimidine Blues”, which
are obtained by the reaction of the diaqua species of the
anticancer agent Cisplatin, cis-[Pt(NH5),Cl,], with pyrimidine
nucleobases or related cyclic amides.”’ It is also true for the
classical “Platinblau”™® and the “Platinum Acetate Blue”", which
represent amorphous materials and are formed side by side
with well-characterized, crystalline products, yet frequently
coloring the latter. Over the years, while applying a large
number of different ligands, essential features of some of these
materials have been recognized, such as multi-nuclearity,
stacking of dinuclear building blocks, and mixed-valency.®”
However, there is every reason to believe that alternative
association patterns, different from the established ones and
likewise giving rise to intensely colored materials, exist. For
example, with bridging pyrazolate a deep-blue cyclic trinuclear
complex with formal Pt"Pt"Pt'oxidation states has been
described."” Even mononuclear Pt complexes can display “dark
blue, almost black” colors.™™

28 © 2021 The Authors. Published by Wiley-VCH GmbH
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At the outset of the present study we were interested in
rationalizing the nature of a “Pt blue” derived from the 1:1-
complex cis-[Pt(NH5),(1MeU-N3)(H,0)1(NO;) with the premise of
finding a single and unique coordination pattern responsible
for its properties. We failed in reaching this goal, but instead
realized how important the “sample history” is, hence the way
the reaction mixture is worked up, and that different ways of
aggregation and/or condensation of mononuclear species co-
exist. Furthermore, we found that the abstraction of AgCl
during formation of the Pt-aqua species is anything but “clean”
to the extent generally believed, and that NH; ligands are
partially liberated. We note that some of these “problems”, as
evident from elemental analysis data of main or side products
of “Pt blues” or the presence of Ag”, have been recognized
before.®**! |n the following, and if appropriate, we occasionally
refer to structural evidence with compounds of Pt" (and of Pd")
having two closely related pyrimidine model nucleobases,
namely 1-methylthymine (1MeTH) and 1-methylcytosine (1MeC)
(Scheme 1).1'?

2. Results and Discussion

2.1. Formation and Characterization of cis-[Pt(NH,),(1MeU-N3)
CIIH,0 (1a) and cis-[Pt(NH,),(1MeU-N3)I] (1a’)

The title compound used in the present study, cis-[Pt
(NH,),(1MeU-N3)CITH,O (1a), has been prepared in a “detour”
way by first synthesizing cis-[Pt(NH,),(1MeU-N3),] (2] and
subsequent removal of one of the two 1MeU ligands by
addition of HCL' This procedure involves the transient
formation of a protonated 1-methyluracilato ligand, hence of a
rare tautomer of 1MeUH, which is then expelled from the
starting compound and instantaneously converts to the
preferred dioxo tautomer of 1MeUH.' Chloride then coordi-
nates to Pt. In our hands, this procedure led to fewer side
products than a direct reaction of cis-[Pt(NH,),Cl,] with 1MeUH.
Earlier we had prepared the 1MeT analogue (1MeT=1-meth-
ylthymine anion) in an analogous way and characterized the
product by X-ray analysis."” Replacement of the chloride ligand
in 1a by iodide gives poorly water-soluble yellow crystals of cis-
[Pt(NH,),(1TMeU-N3)I] (1a’), for which likewise an X-ray analysis
had been undertaken (Figure 1).

0 0 NH,

HN™ HN)j/CH3 Nﬁ
oy oy 0™

CH, CH, CH,

(a) (b) (c)
Scheme 1. Structures of (a) 1-methyluracil (1MeUH), and related model

nucleobases 1-methylthymine (1MeTH) (b), and 1-methylcytosine (1MeC) (c).
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Figure 1. (a) View of cis-[Pt(NH;),(1MeU-N3)I] (1a’) with atom numbering
scheme. Ellipsoids are drawn at the 50% probability level. (b) Hydrogen
bonded dimer with symmetry related molecule (—x+1,+y,—z+0.5).

1a’ reveals no unusual structural features: As expected, the
Pt-NH; bond trans to iodide is significantly longer (2.104(7) A)
than the Pt-NH; bond trans to N3 of 1MeU (2.050(8) A) and the
metal ion adopts a square-planar coordination geometry. Bond
angles and bond distances are normal. Within the crystal lattice,
dimers are formed via hydrogen bonds between the two
ammonia ligands of one to the TMeU—04 group of a second,
symmetry-related complex (—x+1, +y, —z+0.5; 2.87(1) and
295(1) A). This interaction causes a large dihedral angle
(77.7(3)°) between the 1MeU plane and the Pt coordination
plane within one molecule. Additional interactions involving
the ammine ligands and O2 groups of further molecules lead to
an extensive hydrogen bond network. For more structural
details see the Supporting Information (Table S1 and Figure S1).

1a precipitates in the form of colorless microneedles from
water. Minor impurities, originating from the procedure of
preparation are removed by brief washing with DMF (cis-[Pt
(NH5),CL,]) and stirring with excess MeOH (1MeUH). According
to elemental analysis and IR spectroscopy (no bands due to
1MeUH and Cisplatin present) the so obtained product is
“pure”. However, '"H NMR spectroscopy (D,0, 500 or 600 MHz) in
most cases reveals minute impurities of the starting material 2
(ca. 0.1-2%) and also of 1MeUH (0-1.3%), yet neither of DMF
nor of MeOH. The amounts of these impurities can conveniently
be determined by comparing the integrated intensities of these
impurities with the intensities of the '*C satellites of the methyl
resonance of the TMeU ligand in 1a, which are 0.5% each ('J=

29 © 2021 The Authors. Published by Wiley-VCH GmbH
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140 Hz) (Figure S2). Table 1 lists the Pt species discussed in this
paper.

2.2. Solution Behavior of 1a in D,O

When dissolved in D,0, the "H NMR spectrum of 1a reveals the
expected H6 and H5 doublets (*J=7.44 Hz) and a singlet for the
methyl group at 7.41, 5.67, and 3.35 ppm, respectively.” The H5
signal is shown in Figure 2 (a)).

With time (days — weeks; sample at room temperature and
in the dark), new resonances grow in (Figure 2 (b)). Only H5
doublets are depicted as these are better dispersed than their
H6 counterparts. Their chemical shifts are clearly in the regions
typical of terminal 1MeU-N3 ligands bound to Pt"® and rule out
the presence of p-TMeU species to any detectable amount
under these conditions (1a kept at room temperature, pD
eventually 7.5). p-1MeU ligands typically have their H5 protons
at chemical shifts >5.86 ppm. Not counting the mentioned
possible impurities, at least four new sets of resonances emerge

Table 1. Species discussed in this paper.

1a cis-[Pt(NH;),(1MeU-N3)CI]*H,0
1a’ cis-[Pt(NH5),(1MeU-N3)I]
1b cis-[Pt(NH5),(1MeU-N3)(OH,)1*

1c trans-[Pt(NH;)(1MeU-N3)Cl,]

1d [PtCI(OH,)(1MeU-N3)(NH,)] (SP-4-2)

le trans-[Pt(NH;)(1MeU-N3)(OH,),] *
cis-[Pt(NH,),(1MeU-N3),]*4H,0
cis-{[Pt(NH,),(1MeU-N3),]JAg J**
cis-[(NH5),(1MeU-N3)Pt(u-OH)Pt(1MeU-N3)(NH,),]
head-tail cis-[Pt,(NH;),(1MeU-N3,04),1*"
head-head cis-[Pt,(NH,),(1MeU-N3,04),1**

linear Pt; species

hydrolysis product of 1c, possibly 1d or 1e
cis-[(NH5),Pt(u-OH)(u-1MeU-N3,04)Pt(NH,),1>*

PtV complex with unclear composition

complex with Pt at N3 and O4, with mutual “face-back” orientation
trans-Cs[Pt(NH,)(1MeU—N3)I,]*H,0
[Pt(NH,),][trans-Pt(NH;)(1MeU—-N3)1,1,*5H,0
trans-[Pt(NH;)(DMSO-S)1,]

'<><0°\IOU'I-I>W§N

—_ = 0
- O

(a) 1a

5.75 5.70 5.65 5.60 555  [ppm]

Figure 2. H5 doublets of 1 MeU ligands of 1a: (a) immediately after
dissolving in D,0 (0.02 M, ambient temperature; 500 MHz); (b) after 6 weeks
at room temperature; (c) 20 months after addition of solid NaCl (0.13 M).
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next to that of the major signal 1a. Regarding the assignments
of the other signals, we consider hydrolysis species, condensa-
tion products, as well as species short of an ammonia ligand as
being responsible for their appearance (Scheme 2).

Hydrolysis product of 1a: The H5 signal closest downfield to
T1a is readily assigned to its hydrolysis product, cis-[Pt
(NH;),(1MeU-N3)(0OD,)]* (1b), in fast equilibrium with 1b’, as it
is formed by abstracting CI~ from 1a with AgNO; (see below).
The pK, of 1b is ca. 7."

Condensation reactions involving 1a and 1b: Scheme 3 lists
potential dinuclear condensation products derived from 1b
(self-condensation) or from 1a and 1b (co-condensation), which
represent the two main species present in solution. Only two of
these contain exclusively terminal 1MeU ligands and are there-
fore relevant in the context of the solution behavior of 1a. As
indicated in Scheme 3, condensation reactions can take place in
different ways, leading altogether to five different products,
(A)-(E). We assign the H5 signal at 5.64 ppm to the p-hydroxido
species  cis-[(NH;),(1MeU)Pt(u-OH)Pt(1MeU)(NH,),] " (3), which
corresponds to product (A) in Scheme 3, based on its chemical
shifts.*'¥ Much to our surprise, 'H NMR signals of the well-
known  head-tail dinuclear complex cis-[Pt,(NH,),(1MeU-
N3,04),*" (4)"¥, hence condensation product (C) in Scheme 3,
are absent in this spectrum. We attribute this fact to the neutral
to slightly alkaline pD of the sample (see below), which
obviously favors pu-OH bridging over p-1MeU bridging. It is
noted, that in the (en)Pd"/uridine system likewise no head-tail
dimer is formed in moderately alkaline solution (pH 9)."”" With
solutions containing 1b in higher concentrations, larger con-
densation products may form, as outlined for the simplest case
of self-condensation of three 1b units in Figure S3. Both linear
bis(u-1MeU), mixed p-OH, p-1MeU, as well as a cyclic trinuclear
species are feasible. There is X-ray structural evidence for the
existence of cyclic trinuclear complexes of Pt""® as well as Pd""
with closely related 1-methylcytosine nucleobases which bridge
in a N3,N4 fashion. In principle some of the linear Pt
compounds could form larger oligomers as also indicated in
Figure S3. If, in addition also condensation reactions involving
the other mononuclear species given in Scheme 2 are consid-
ered, the number of possible products increases dramatically. A
further complication, namely the possibility of condensation
reactions between Pt—OH and H;N—Pt units, leading to p-NH,
species, is not even discussed here (see, however, below) even
though there is evidence that such reactions can take place in
water.20?"

Release of NH; from 1a. In Scheme 2 (right side) we have
also taken into account the possibility that a NH; ligand is
removed from 1a as a consequence of the kinetic trans-effect
of the chloride ligand to produce 1c and its hydrolysis products,
respectively. In general, and in particular for preparative
purposes, a large excess of chloride (HCI, NEt,Cl) and forcing
conditions (elevated temperature) are necessary to convert, for
example, cis-[Pt(NH,),Cl,] completely into [Pt(NH,)Cl;],?? but
there are also cases of NH; release under mild conditions,”
albeit in low yield. The latter situation, possibly also relevant to
1a here, might be rationalized by an interaction of neutral 1a

30 © 2021 The Authors. Published by Wiley-VCH GmbH
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Scheme 2. Hydrolysis products of 1a (left) and hydrolysis products of 1c (right). U= 1-methyluracil anion (1MeU-N3); a=NH,

with chloride ions originating from partial hydrolysis of the very
same species 1a (Scheme 4).

In order to further verify such a possibility, we have added
solid NaCl to the solution and allowed it to age (Figure 2 (c)).
Under these conditions the H5 doublet at 5.62 ppm increases in
intensity at the expense of the other minor ones, eventually
reaching approximately 10% of the intensity of 1a. In a parallel
experiment, carried out in water under identical conditions of
1a and Nadl, it was found that the pH of the solution changes
from 5.5 after the first day to 6.8 within two weeks at room
temperature, suggesting formation of ammonia. We cannot
exclude the possibility that released NH; interacts with 1b to
form [Pt(NH;);(1MeU-N3)1%, as chemical shifts of such a species
are virtually identical with those of 1b. However, the observed
rise in pH seems not to be consistent with such a reaction
playing a major role. As to the remaining H5 signal furthest
downfield (5.72 ppm), its chemical shift is still close to species
with terminal 1MeU-N3 ligands rather than bridging ones, and
therefore it is tentatively assigned to one of the hydrolysis
products of 1¢, possibly 1d.

ChemistryOpen 2021, 10, 28-45 www.chemistryopen.org

2.3. ESI-Mass Spectra of 1a

Electro Spray lonization (ESI) mass spectra of aqueous solutions
of 1a were recorded. Figure 3 provides a typical overview. As
can be seen, major peaks are clustered around m/z 400, 800,
1200, 1400, and 1600. These species are attributed to ions of Pt
(1MeU), Pt,(1MeU),, Pt;(1MeU);, Pt,(1MeU);, and Pt,(1MeU),
stoichiometries, based on rough calculations regarding the

294,98 1191.05
1213.03
[1255.02  1397.05
T1200 1300 1400 1500 1600 miz
801.03
329.16 1191.05
w“m ; lllj . n
400 600 800 1000 1200 1400 miz

Figure 3. ESI-mass spectrum of 1a, dissolved in water (1 mg in 1 mL).

31 © 2021 The Authors. Published by Wiley-VCH GmbH
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Scheme 3. Possible dinuclear products formed upon self-condensation of 1b or co-condensation between 1a and 1b. U= 1-methyluracil anion (1MeU-N3);
-U-> =p-1MeU-N3,04; a=NH,. Note that A and B’ are geometrical isomers, as are D and E. Feasible alternative condensation products derived from other,
minor Pt species (as listed in Scheme 2) are not considered. For possible pu-NH, condensation products see Scheme 5.

masses of Pt and 1MeU units, plus co-ligands and possible the lines of the isotopic patterns, thus confirming +1 charges
counter-ions (Na* and CI7) to give +1 cations. Most of the of these cations.
signals indeed reveal spacings of one nominal mass between
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cr
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Scheme 4. Feasible pathway from 1a to 1, taking advantage of chloride
ions released during hydrolysis of 1a. U=1 MeU-N3; a=NH;.

The most intense signal is that of m/z 395. In agreement
with simulations, it is attributed to composition {Na[Pt(NH,)
(1MeU)CI}* (Figure 4). Obviously, one of the original ammonia
ligands of 1a has been lost, supporting our solution findings. It
should be pointed out that numerous scenarios exist as to how
NH,; may be liberated,”” and that in particular in MS experi-
ments with biomolecules and Cisplatin, release of NH; is a
common phenomenon.” The ion detected with m/z 395 is
either a three-coordinate Pt' complex, or a four-coordinate
compound with TMeU chelating the metal via N3 and one of its
two exocyclic 04 or 02 oxygen atoms. In general, N,O chelation
of pyrimidine nucleobases is not observed in solid state
structures of Pt" complexes as a consequence of unfavorable
bonding angles within such a chelate, but there are (rare) cases
of N,O chelates for Pd",?® or - less uncommon - for octahedral
metal ions, e.g., Cp*Rh".?"

The weak signal at m/z 412 is assigned to the Na* adduct of
1a, hence to {Na[Pt(NH,),(1MeU)CI]}* (not shown). Also, an ion
resulting from a loss of chloride, hence [Pt(NH;),(1MeU)1™ (with
m/z 354), is observed, yet not pointing to the presence of any

(a)

N O

[] N_ _N or _N___N.
gy o " M
Pt - CHa HaN’P{ T Chts
HaN Cl O c O
394.9841
(b) 393.9820  395.9831
397.9842
350 9843 399.9844
391.9789 398.9867
394.9845 CsHsCINzO:zPt,
© 393.9824 . 3959834 M+nNa, 394.9845
397.9845
396.9824 ——
398.9868
391 392 393 394 395 396 397 398 399 400 m/z

Figure 4. (a) Derivative of 1a following loss of one of the NH; ligands. (b)
Experimental ESI-mass spectrum. (c) Simulation.

ChemistryOpen 2021, 10, 28-45 www.chemistryopen.org

of the other species detected following reaction of 1a with
AgNO; (see below).

A more detailed analysis of the spectrum reveals certain
“series” of signals. For example, the signals at m/z 395 and 767
fit compositions of {Na[Pt(NH;)(1MeU)Cl],}* with n=1 and 2,
respectively, and the signals at m/z 412, 801, 1191, and 1581 fit
{Na[Pt(NH,),(1MeU)Cl].}* with n=1, 2, 3, and 4. It appears that
the m/z 1581 signal superimposes a second weak signal of a
+ 2 charged species (spacing 0.5 mass units), which is attributed
to a dimer, {Na,[Pt(NH,),(1MeU)ClI;}**. There is a third mini-
series consisting of species assigned to {Na[Pt(NH;),(1MeU)CI],
[Pt(NH;)(1MeU)CIJ}", hence a mixture of the two basic entities
1a and the one that has lost an ammonia ligand: n=1 gives m/
z 784, and n=2 leads to m/z 1175. Finally, there are numerous
weak and in part overlapping sets of signals in the m/z range
1250-1500 which are due to +2 cations, as evident from their
spacing patterns. Masses of these entities are thus between
2500 and 3000, suggesting aggregates containing between 6
and 8 Pt complexes. One of these, centered at m/z 1386, could
be be due to a species of composition {Na,[Pt(NH,),(1MeU)
CI;}". Additional ESI-MS experiments, in which 1a had been
mixed with NaX salts (X=NO;~, CI") in 2:1-ratios, had provided
rather similar results, thus supporting the above interpretation.

Regarding possible structures of the various cations, these
can be ambiguous. For example, for m/z 767 both a stacked
arrangement of two neutral [Pt(NH;)(1MeU)CI] units cross-linked
by a Na™, or a dinuclear head-tail species of composition {Na
[(NH,)CIPt(u-1MeU),PtCI(NH;)]} " are feasible. Clearly, the inter-
change between these two options is a very minor one, a
change from chelation of 1MeU to a bridging mode. A third
possibility would be a dinuclear species with a single chloride
bridge (Figure S4). Simulation cannot differentiate between
these possibilities. The simplest interpretation of the m/z 784
peak would be a loose association between {Na[Pt(NH,),(1MeU)
Cll}* and [Pt(NH,)(1MeU)Cl]. Alternatively, dinuclear species
with a single 1MeU bridge and a terminal 1MeU ligand, {Na
[(NH,),Cl(u-1MeU)Pt(NH;)CI(1MeU)1} ¥, or with a single CI~ bridge
and two terminal 1MeU ligands would likewise be consistent
with the mass observed. The series fitting {Na[Pt(NH;),(1MeU)
Cl1.}" with n=1, 2, 3, and 4 does not allow for any structures
containing p-1MeU or p-Cl ligands. There exists, however, still
the possibility that the Na* ion becomes bonded to Cl ligands
and/or exocyclic O sites of 1MeU ligands.”® In a way, the
occurrence of a series of Na* adducts is reminiscent of the so-
called “magic number clusters” of unsubstituted uracil in the
presence of alkali metal ions, including those of Na*.* The flat
uracil quartet having a single sodium ion in its center, is
particularly stable and has been observed also in the solid and
on Au(111) surfaces.*® The structure of an analogous {Na[1a],}"
with n=4 (m/z 1581) would need to be fundamentally different
from the classical uracil quartet, however, since the proton at
N3 is no longer available for hydrogen bonding with an
adjacent O4. In principle, rotation of the four uracil rings about
their O4-C4 bonds would avoid steric clash between the Pt
entities and moreover might allow for some weak hydrogen
bonds between the aromatic protons at C5 and O4 sites
(Figure 5). Such unconventional C-HO contacts are occasion-

33 © 2021 The Authors. Published by Wiley-VCH GmbH
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a) us,!"¥ subsequent cooling gives colorless microneedles of cis-[Pt

\N o s (NH,)5(TMeU-N3)(OH,)INO; (1b) as a first fraction, and upon

oé\/ilé—w?:r/ slow, partial evaporation, greenish-yellow crystals of the head-

437“.‘;_5 tail dinuclear compound cis-[Pt,(NH;),(1MeU-N3,04),]

/ stH”C\,\ H 5 (NO,),3H,0 (4). At this point, the solution has turned blue.
/N{\o 47;3/? Other products were neither isolated nor characterized.

N When varying reaction conditions of the above reaction (1a

b) 1581.0670 +AgNO;) and in particular the workup, it soon became evident

. )Ok 5 1580.0654 5620687 that the “history of sample handling” had a major effect on the

N\ﬁ N‘ac'/ e I 1583.0687 composition of the reaction mixture. Specifically, it made a

\C"’H 5 7O 1579.0857 1584.0677 substantial difference whether or not the sample studied had

1585.0687
1586.0676

o 1576 1588 m/z
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Figure 5. Classical Na[1MeUH],-quartet (a). Feasible, simplified structure
derived from 1a, {Na[PtUa,Cl],}*, and its ESI-MS signal (m/z=1581) (b).
Minor set presumably is due to dimer {Na,[PtUa,Cl]g*".

ally observed with uracil nucleobases®” and have been the

subject of theoretical work.®? DFT calculations are planned to
further study this aspect.

In our analysis of the mass spectra data we have also
considered the option that neutral NH; ligands are partially
substituted by OH™, since both ligands have nearly identical
masses. This change does, however, require alterations in Pt
oxidation states. In all cases discussed above, the Pt ions have
retained their 41l oxidation states. When considering mixed-
valence Pt"Pt"or [Pt"], species instead (with appropriate replace-
ment of NH; and an increase in Pt coordination numbers),
simulations give stunningly similar spectra, but a closer look at
the mass accuracy data (in the order of 1 ppm for Pt"Pt" ; in the
order of 30 ppm for Pt"Pt" and Pt" Pt") favors an interpretation
of the observed signal sets as being due to dinuclear Pt"
complexes. This view gets further support by the signals
centered at m/z 1191 and 1581, which agree excellently with
simulations  for  {Na[Pt(NH,),(1MeU)Cl];}* and  {Na[Pt
(NH,),(1MeU)Cl1}*, respectively (see above), yet not nearly as
well with those of tri- and tetranuclear Pt species containing
different combinations of Pt", Pt", and Pt" as well as OH™ and
NH,™ instead of NH; to account for proper + 1 charges.

2.4. Solution Behavior of cis-[Pt(NH,),(1MeU-N3)CII'H,0 (1a) in
Presence of AgNO,

When AgNO; is added to a suspension of 1a in H,0 or D,0, e.q.
1 equiv., 1a becomes immediately dissolved, leading to an
essentially transparent solution. Precipitation of AgCl starts only
gradually. This behavior suggests initial formation of a cationic,
water-soluble heteronuclear Pt,Ag, complex (x=presumably 1
or 0.5). Ag" could be coordinated to an exocyclic oxygen atom
of 1MeU, to the chloride ligand, directly to Pt", or a combination
of these. There is evidence for all such possibilities.*>** AgCl
filtration after 24 h yields a colorless, moderately acidic solution
([Pt] typically 0.02 M; pH 3-3.4). As previously described by
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been brought to dryness prior to studying its '"H NMR spectra,
and how the process of solvent removal had been achieved, by
slow evaporation in air or by evaporation with a vacuum pump.
Sample concentration likewise had a major effect on species
distribution. Among others, 1Ta and AgNO; were mixed in
different ratios, namely 1:1.2, 1:1, and 1:0.8, allowed to react
for different lengths of time (24 h vs. 4 days, room temperature,
daylight excluded), and were either directly studied in solution
(D,0), or following solvent removal and subsequent re-dissolv-
ing the solid in water (D,O for NMR or H,O for ESI-MS). We were
particularly interested in finding out whether Ag* was function-
ing exclusively as a chloride-abstracting reagent in the above
reaction, or if it was possibly also acting as an oxidant. After all,
oxidative ligand dimerization® and metal oxidation®® have
been observed with Pt" complexes when reacted with silver
salts. We even considered the possibility that part of the added
Ag™ could be complexed by NH; released from 1a.””!

In the following, selected examples will be discussed in
more detail, divided in three sections with () an excess of
AgNO; applied over 1a, with (Il) a substoichiometric amount of
AgNO; applied, and (lll) with 1a and AgNO; reacted in a 1:1-
ratio. Before doing so, let us briefly return to some general
aspects concerning condensation reactions involving 1b and
1b’. Both compounds have three ligands capable of undergoing
such reactions: H,0/0OH~, TMeU~, and NH,. There is ample
structural evidence for the existence of u-OH, pu-1MeU, and p-
NH, bridges in Pt" coordination chemistry.*** Scheme 5
summarizes the various possibilities relevant to 1b and 1b’. As
to the p-amido species, the non-equivalence of the two NH;
ligands in 1b and 1b’ leads to four possible products, which are
pairwise geometrical isomers (F, G; F/, G’) and at the same time
are pairwise involved in acid-base equilibria (F, F’; G, G’). In
addition, a bis(u-NH,) product H and a mixed p-NH,, p-1MeU
product | are feasible. Moreover, the compounds with single
bridges could occur as different rotamers, which in the NMR
spectra would further complicate their appearance. In summary,
different condensation modes, different diastereomers and
different rotamers could explain the complexity of even the
simplest, dinuclear condensation products of 1b.

Slight excess of AgNO; (1.1-1.2 equiv.) over 1a (I): The first 'H
NMR spectrum, recorded 24 h after start, reveals the presence
of the majority species cis-[Pt(NH,),(1MeU-N3)(OD,)]1" (1b) as
well as of three species of moderate intensities, namely
unreacted {1aAgJ*, the u-OD species 3, and the head-tail
dimer 4. As compared to 1a, all TMeU resonances are slightly
downfield shifted in the Ag™ adduct. Within several days, 4
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Scheme 5. Dinuclear condensation products, including u-NH, species, derived from 1b/1b’. Among the u-NH, complexes, F, G and F’, G’, respectively, are
geometrical isomers.

surpasses 3 in intensity, but 1b remains the dominant species.
After 3 weeks, relative signal intensities of 1b, 4, and 3 are
64:26:8, corresponding to a mole ratio of 64:13:4. Expectedly,
signals due to {1a'Ag}** have disappeared by then (Figure S5).

The three mentioned compounds thus account for 98 % of total
1MeU resonances. As to the remaining 2%, they are attributed
to minor components (see below).

ChemistryOpen 2021, 10, 28-45 www.chemistryopen.org
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Sample brought to dryness prior to NMR study. In a parallel
experiment, carried out in H,O for 4 days under otherwise
identical conditions, the solution obtained after AgCl filtration
was allowed to slowly evaporate to dryness over a period of
several days. By then the resulting solid had adopted a dark
blue color and its UV-vis spectrum exhibited a broad absorption
band at 649 nm. The 'H NMR spectrum of this sample displayed
at least six sets of TMeU resonances (Figure 6 (a)), with the
three major ones (4, 3, 1b) accounting for some 82% of total
signal intensity.

Within 3 weeks (sample kept in dark at room temperature)
the spectrum undergoes dramatic changes (Figure 6 (b)), with
1b becoming the dominant species (60.1% of total intensity),
followed by 3 (22.4%) and 4 (7.4%). Three minor sets of
resonances add up to ca. 10%.

Quite obviously, the equilibrium 2 (1b)=4+2H,0 is
concentration-dependent: Once formed in concentrated solu-
tion (during sample evaporation) the head-tail dimer 4 slowly
dissociates again to the monomer 1b, when redissolved, and in
particular in more dilute solution.

Regarding the minor components seen in the 'H NMR
spectra: The excess of Ag™ ions applied in this experiment
eventually ends up in the heteronuclear complex cis-{[Pt
(NH5),(1MeU-N3), AgJ*" (2a), with its H5 doublet furthest
upfield. Resonances of 2 are at 7.30 (H6), 5.53 (H5), and 3.27
(CH5) ppm, but Ag™ coordination causes downfield shifts in 2a,
very much as in the case of the Ag™ adduct of 1a. An example
of Pt,Ag stoichiometry has previously been reported by us for
the 1-methylthymine analogue.** What strikes is the fact that
in this sample (and practically in all other samples studied, also
with no excess of AgNOs; for details see (Il)), over time the
amount of 2 increases substantially in comparison to the
amount of impurity seen in 1a (see above). Two scenarios may
be considered to explain this finding: (i) A partial isomerization
of the head-tail dimer 4 into the corresponding head-head
dimer 5, followed by a partial dissociation of 5 into 2 and the
diaqua species cis-[Pt(NH,),(OD,),]I*". Similar isomerization proc-

(a)

2a

5.9 5.8 5.7 5.6 [ppm]
Figure 6. H5 resonances of 1MeU ligands of products present in a sample of
1a reacted with 1.2 equiv. of AQNO; (4 days), centrifuged from AgCl,
evaporated to dryness, and re-dissolved in D,0: (a) immediately after
dissolving; (b) 3 weeks later.

ChemistryOpen 2021, 10, 28-45 www.chemistryopen.org

esses have been reported before for a dinuclear Pt" complex
containing cyclic amide bridges.*® Indeed, one of the minor H5
doublets, the one closest to H5 of 4, could possibly be due to
the head-head dimer 5 (Figure 6). (ii) A second option might be
that 2 is formed in a disproportionation reaction according to
(1b)=0.5 (2)+0.5 (cis-[Pt(NH;),(0OD,),]**), which likewise could
explain subsequent formation of 5. Regardless of the mecha-
nism leading to an increase in 2 it is clear that such a process is
accompanied by formation of diaqua species. This fact may be
relevant to rationalize formation of aggregates of Pt,U or Pt;U,
stoichiometries, for example.

As to the H5 doublet at 5.835 ppm, seen in the spectrum
immediately after dissolving the evaporated sample in D,O
(Figure 6 (a)), it is close to resonances of pu-1MeU species (4 and
possibly 5) rather than to terminal (1MeU-N3) ligands, which are
upfield by some 0.15-0.25 ppm. Its H6 counterpart at 7.38 ppm
(established by "H,'H-COSY™) is likewise close to H6 of 4, which
is at 7.40 ppm. We propose that these signals correspond to a
trinuclear complex (6), as it is only seen in concentrated
solutions and, according to a DOSY spectrum (DOSY = Diffusion
Ordered SpectroscopY), is larger than the head-tail dimer 4. As
mentioned already, there is crystallographic evidence for the
existence of both head-tail dimers and cyclic trimers in the
related 1-methylcytosine system with Pt' and Pd""®'4% and
within supramolecular chemistry equilibria between di-and
trinuclear or higher nuclearity species in dependence of
concentration and temperature are well established."" Never-
theless we do not believe that 6 is a cyclic trimer, cis-{[Pt
(NH,),(1MeU-N3,04],F*, simply because the H5 resonance of a
bridging 1MeU within such a cycle should resonate at
substantially lower field than observed, as a consequence of Pt
pointing toward H5. We are aware that an assignment to a
linear trinuclear compound formed from three entities of 1a
(see Figure S3) requires the presence of an additional terminal
1MeU ligand, which might be buried beneath the other sets,
however. An alternative linear structure, in which a terminal
1MeU has been lost, hence giving a Pt;(u-1MeU), stoichiometry
would solve this dilemma.

Sub-stoichiometric amounts of AgNO; (ll): 1a was also
reacted with 0.8 equiv. of AgNO; for four days and, following
removal of AgCl, the solution was allowed to evaporate to
dryness. The obtained dark blue product displays two broad
absorptions at 560 and 684 nm in the UV-vis spectrum. The 'H
NMR spectrum (D,0O) is similar to that discussed above with
excess of AgNO; with 4 being the dominant species (Figure S6
(a)), followed by 3, unreacted 1a, 1b, 6, 2, and 5. Ageing of this
solution for three weeks again causes a reversal in abundance
of 4 and 1b (Figure S6 (b)). The 1MeU signal intensity of cis-[Pt
(NH5),(1MeU-N3),] (2) amounts to 10%, corresponding to a 5%
abundance of this compound, and hence a 40-fold increase
compared to its presence as an impurity in 1a. Compound 6 is
no longer present.

1a and AgNO; in 1:1-ratio (lll): The filtrate obtained after a
reaction time of 24 h and removal of AgCl was vacuum-
evaporated during a period of 48 h, and analyzed by elemental
analysis, EDX (EnergyDispersiveX-ray spectroscopy)), IR spectro-
scopy, and 'H NMR. The IR spectrum of the colorless material
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obtained was identical with that of the previously characterized
[Pt(NH,),(1MeU)(OH,)INO; ' as were elemental analysis data.
However, EDX revealed the presence of residual Ag* and Cl~.
Rather than originating from admixed AgCl, it is believed that it
is largely due to {1aAgJ*", as suggested by the '"H NMR spectra
(see below). The 'H NMR spectra of this material, recorded at
two different concentrations (0.02 M and 0.1 M), proved the
most complicated ones (Figure 7), both with respect to the
multitude of signals and their time- and concentration depend-
ence. Immediately after sample preparation the by far dominat-
ing species is the monomer 1b, regardless of concentration. A
small amount of unreacted 1a, present as its Ag adduct
{1aAg " and recognized by its downfield shift, is identified.
Both 3 and 4 represent minor species at this stage. There is also
an as yet unidentified species “X” present, to be briefly
discussed below, together with other species observed at a
later stage. Within two days, during which the solution adopts a
blue-purple color, signals of the head-tail dimer 4 strongly

1b
4

(b) g
1b

(c) 4
1b

1a 3
6
7 2
59 5.8 5.7 5.6 [ppm]

Figure 7. H5 resonances of 1MeU ligands of species derived from rotary
evaporated 1b, re-dissolved in D,O (0.1 M, ambient temperature): (a)
Immediately after sample preparation; (b) two days later (sample is blue-
purple); (c) two weeks later. The doublet next to 3 and that between the
doublets of 6 and 7 are presently unidentified, as are additional doublets of
very low intensities or partially overlapping with other signals.

ChemistryOpen 2021, 10, 28-45 www.chemistryopen.org

increase in intensity and a series of new resonances appear.
Within two weeks, signals of 4 have surpassed those of 1b in
intensity in the more concentrated solution (0.1 M), and the
intensity of signals of the u-OH dimer 3 is about one third of 4.
It strikes that even after 11 weeks signals of 1a (no longer
downfield shifted) are still clearly discernible, regardless of
concentration. This observation corroborates our suspicion that
Ag™ not only acts as a chloride abstractor on 1a.

A comparison of spectra recorded with different concen-
trations reveals some interesting differences: For example, in
the dilute sample (0.02 M) relative intensities of the three major
species are 1b > 3>4, unlike in the concentrated solution
discussed in the previous paragraph. In the dilute sample the
species with its H5 doublet at 5.74 ppm (and its H6 at
7.50 ppm) (7) is more intense than the H5 doublet at 5.84 ppm,
which tentatively has been assigned to trimer 6, whereas the
situation is reversed in the concentrated solution. According to
DOSY experiments the two species differ in size: While, as
mentioned above, 6 is larger than dinuclear 3, the size of 7 is
close to that of the monomer 1b. The H5 chemical shift of 7 is
indeed near that of the species in Figure 2, which had been
tentatively attributed to a monomeric hydrolysis product of 1¢
(see above). Needless to say, that signals due to 2 have
increased here too.

During long reaction times (2.5 months) additional changes
take place in the spectra, such as the appearance of a “bump”
of H6 resonances beyond 7 ppm, similar to the situation with
“Pt pyrimidine blues”,” and resonances near 6.5 ppm (Fig-
ure S7). We are presently unable to assign these signals.

Let us briefly return to signals “X", present in ca. 4%
abundance from the beginning, and not changing with time. Its
'H NMR resonances occur at 3.90 (s, CH;), 7.00 (H5) and
8.43 ppm (H6), and are quite substantially remote from signals
of any of the other species discussed. Moreover, they display
fine structures of the H6 and H5 resonances not seen with any
of the other signals (Figure S7). A homo-decoupling experiment
reveals that the splitting patterns are due to superimposed
doublets and hence originate from pure proton-proton cou-
pling. We have to admit that despite several attempts, we have
been unable to reproduce formation of this species. All we can
be sure of is that it is a kinetically robust species, and that
according to DOSY, the size of “X” is in between that of
monomeric 1b and dinuclear 4 (Figure S8). See also section
below.

2.5. ESI-Mass Spectra of 1a Treated with AgNO,

Solids obtained by reacting 1a with AgNO; in the ways
described above (I-1ll) were subjected to ESI-mass spectrometry
after being redissolved in water. With few exceptions, to be
detailed below, the spectra obtained are rather similar, with
relative intensities of signals occasionally inverted, however. In
general, +1 cations are detected, and only occasionally +2
cations. The isotopic distribution patterns of individual signals
proved to be helpful in the assignments. Thus, mononuclear Pt
compounds usually give rise to five clearly discernible lines,
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while 7-9 lines are differentiated for Pt, compounds, 11-13
lines for Pt; species, and 15 —18 lines for Pt, compounds.
Additional isotopomers are of very low abundance and difficult
to identify. While not unexpected for sample (ll), chloride
containing species are also observed for (lll), and weakly even
for (I). The presence of Ag, expected in the mass spectrum of
sample (1), is also detected in (lll). The most significant finding,
in particular with compounds containing two or more Pt
centers, is the co-existence of species with closely similar masses.
This appears to be a consequence of the similarity in masses of
NH, and OH", of NH,™ and O*~ or of CI~ and (NH, -+ OH,). Their
presence points to different ways of formation and may be a
clue to understand the complexity of composition of species
formed during condensation reactions of the seemingly simple
monomeric cis-[Pt(NH5),(1MeU)(OH,)]*. Simulations were ap-
plied to differentiate the various options and the mass accuracy
was used as a criterion for the most likely composition of a
particular species.

In the following, we concentrate on the most prominent
signals only and shall discuss selected examples. Figure 8
provides an overview of the ESI-mass spectrum of sample (Ill),
hence the solid obtained by treating 1a with AgNO; in a 1:1-
ratio following a workup as mentioned above. Overviews of the
mass spectra of the two other samples are given in the
Supporting Information (Figure S9).

In all three cases the most intense peaks are below m/z 400,
with m/z 354 representing the major one. It is attributed to [Pt"
(NH;),(1MeU)1™ (Figure 9). The second most intense peak is
centered at m/z 365, followed by the signal at m/z 348. These
two sets of signals are assigned to [Pt"(NH;)(1MeU)(N,)]™ and
[Pt"(1MeU)(N,)]™, respectively. They were fully unexpected, and
we shall discuss them separately (see below). Two more signals,
partly overlapping and of approximately equal and moderate
intensities, are assigned to [Pt"(NH;)(1MeU)1™ (m/z 337) and to
[Pt"(1MeU)(OH,)1* (m/z 338).

Another intense signal, centered at m/z 446, and present
only in sample (lll) is tentatively assigned to species “X” seen
only in the "H NMR spectrum of (lll). Its isotopic distribution
pattern (Figure S10) clearly identifies it as a mononuclear Pt
complex, consistent with the results of the DOSY solution
spectrum (see above). We tentatively assign this species to a
PtV complex based on its unusually downfield shifted proton

354.0504 LT FFTD
446.0772 n 70?10199 852.1263
450 550 650 750 850 miz

250 500 750 1000 1250 1500 1750 2000 2250 miz
Figure 8. ESI-MS spectrum of sample (Ill), prepared from 1a+AgNO; (1:1,

4d, 22°C, in dark), centrifugation of AgCl, evaporation to dryness, and
dissolving in H,0 (1 mg in 1 mL).
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Figure 9. Section of experimental ESI-mass spectrum (a) and details of
signals at m/z 348, 354, and 365 in sample (lll) (b)-(d). Simulations are for [Pt
(1MeU)(N,)1", [Pt(NH;),(1MeU)]1*, and [Pt(NH,)(1MeU)(N,)]".

resonances and its apparent inertness. Simulations were carried
out for a series of possible compositions, but none gave a fully
convincing result."?
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The second most intense group of mass peaks occurs
between ca. m/z 660 and m/z 770. They are attributed to
species of Pt,(1MeU), stoichiometry. Relative intensities of these
signals differ in dependence of sample history. While in samples
() and (I) m/z 770 is the dominant one and assigned to
[Pt",(NH,),(1MeU),(NO,)]* (head-tail dimer 4, possibly mixed
with a small amount of head-head dimer 5 (c.f. NMR discussion),
in sample () the most intense signal in this range occurs at m/
z 726 (Figure S11). The latter is attributed to
[Pt",(NH5);(1MeU),(CN1*. Loss of NH; generates m/z 709. On the
other hand, the m/z 725 signal in sample (1) is best simulated by
composition  [(NH;),(1MeU)Pt(u-OH)Pt(1MeU)(NH,),]*, hence
points to the presence of 3. This difference in mass spectra is
also reflected in the '"H NMR spectra (see above). Loss of one
NH; ligand from 4 (or 5) gives [Pt",(NH,);(1MeU),(NO)1" (m/z
753), and loss of NH; from cation 3 leads to
[Pt",(NH,);(1MeU),(OH)]* with m/z 708. A further loss of an
ammonia ligand is expected to give rise to a signal at m/z 691.
Such a signal is indeed observed with sample (lll), yet not with
sample (I). However, with (1) a weak signal is found at m/z 345.5,
which manifests itself as being due to a + 2 cation. We propose
that it originates from a mixed-valence species, namely [[Pt"Pt"
(NH,),(1MeU),(OH)]*". The second most intense signal in sample
(I) in this range is at m/z 690. Contrary to intuition, that it may
arise from the p-oxido derivative of the former Pt'Pt" species
following deprotonation of the OH™ group, simulation gives the
best agreement for a composition [Pt",(NH,),(1MeU),(NH,)]"
(Delta 0.0040).

A closer look at the experimental signals reveals that in
numerous cases the main signals are superimposed by one or
more sets of low intensity which have their maxima at slightly
different values (higher or lower), sometimes approaching less
than one mass unit. We shall illustrate this feature in two
representative cases (Figures 10 and 11).

In sample (ll) the signal centered at m/z 708 is super-
imposed by a weaker signal centered at m/z 709, whereas in
sample (lll) relative intensities of the two sets are reversed.
Simulations suggest that that m/z 708 corresponds to
[Pt",(NH.);(1MeU),(OH)1*, while m/z 709 originates from
[Pt",(NH,),(1MeU),(CN1™, with deviations from simulated masses
being very small, 0.0003 and 0.0005 mass units, respectively. It
is likely, that the signal at m/z 708 originates from 3 with loss of
a NH; ligand. Similarly, the species with m/z 709 could be
formed through loss of an ammonia ligand from m/z 726. A
similar reversal in relative intensities is seen with the peaks
centered at m/z 726 (major signal in (lll)) and at m/z 725 (major
signal in (I)) (not shown). Excellent agreement is achieved with
simulations for [Pt",(NH,);(1MeU),(CH1* and
[Pt",(NH,),(1MeU),(OH)1* (3), respectively.

A case, where the masses of two different species are nearly
identical, is observed near m/z 743 in sample (lll) (Figure 11 ).
The dominant signal at m/z 743.0732 is best simulated by
[Pt",(NH;),(1MeU),(CI)]* (deviation 0.0006 mass units), while the
minor one having a maximum peak at m/z 743.1150 points to a
composition of [Pt",(NH,),(1MeU),(OH)(OH,)]" (deviation 0.0027
mass units). "The dinuclear compound in higher abundance
could either be a p-CI~ complex or a complex with a single
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Figure 10. Sections of mass peaks at m/z 708 and 709 in (a) sample (ll), and

(b) sample (Il). Relative intensities of individual isotopic lines are reversed in
the two samples.
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Figure 11. Overlapping signals at m/z 743 and proposed structures based on
mass simulations.

1MeU bridge, whereas the minor species could be a pair of
mononuclear hydrogen-bonded OH,~OH™ entities, hence
1b1b".*

The signal set centered at m/z 690 in sample () is of
comparable intensity to that at m/z 770. Simulations suggest
that it is due to [Pt",(NH,),(1MeU),(NH,)]™ (deviation 0.0059
mass units). A weak signal set observed at m/z 673 is assigned
to [Pt",(NH;)(1MeU),(NH,)]" (deviation 0.0012 mass units).

Two more species seem to be related to the latter species,
both having a +2 charge: The signals centered at m/z 337 are
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possibly due to [Pt',(NH;),(1MeU),I** and those of m/z 328.5
due to [Pt',(NH;)(1MeU),]*".

Peaks with m/z values for 41 cations in the range 850-1300
are rather weak in all samples. Their exact compositions are
increasingly difficult to determine, including the formal oxida-
tion states of Pt. For example, m/z 852 and m/z 973 have been
simulated for possible Pt,(1MeU); and Pt;(1MeU), stoichiome-
tries, respectively, and different combinations of Pt oxidation
states, for Pt',Ag(1MeU),, as well as for Pt",(1MeU),. In the case
of m/z 973 the best accuracy value was obtained for the option
[PtY,(1MeU),(NH,),(NH,),(OH)I*, hence a dinuclear Pt" oxidation
product of 2. This proposal is attractive in that it could involve
two [H,NH...NH,]™ bridges as previously observed in dinuclear,
mixed ammonia/amido complexes of Pt".*¥ ( Figure $12). This
proposal is further supported by the fact that the number of
isotopic lines of this signal is inconsistent with a trinuclear Pt
species and rather points to a compound containing two Pt
atoms only.

The signals around m/z 1100 almost certainly refer to
compounds of Pt;(1MeU); stoichiometries. The most intense
one at m/z 1114 (in sample (Il)) is reasonably well simulated by
[Pt",Pt" (1MeU); (NH;);(NH,),Cl,]*, but the deviation is larger,
0.0726 mass units. The adjacent set at m/z 1097 is assigned to a
species that has one NH; ligand less. m/z 1133 is well simulated
by composition [Pt';(1MeU);(NH,),Cl,]*. The signal at m/z 1107
in the sample prepared with an excess of AgNO; is of identical
Pt;(1MeU); stoichiometry, but the composition, including the Pt
oxidation states, is different: [Pt"Pt",(1MeU);(NH;);(NH,),(NO3)]*
(deviation 0.0035 mass units). All these signals again display
low-intensity sets of signals at closely similar masses.

The +1 ions with largest masses are detected at m/z 1258
and 1276. Their intensities are weak and they are assigned to
compounds of Pt,(1MeU); stoichiometries with uncertainties
regarding the other co-ligands.

As to differences in MS spectra between samples of 1a
treated with sub-stoichiometric amounts of AgNO; or an excess,
expectedly a signal set due to {Na[Pt(NH;)(1MeU)CI]}* (m/z 395)
is present in the sample treated with 0.8 equiv. of AgNO,;, yet it
is missing in the sample reacted with 1.2 equiv. of AgNO; for
three days.

Regarding the existence of p-NH, species of Pt', we admit
that it is essentially postulated based on the MS data. In the 'H
NMR spectra (D,0) the NH, resonances are expected in the 2-
3 ppm-range,”” but their expected splitting in two components,
their low abundance, and isotopic exchange reactions may
explain why such resonances are not unambiguously observed.

Our attempts to identify Ag complexes or heteronuclear
Pt,Ag,(1MeU), compounds in the MS spectra of the sample
prepared with an excess of AgNO; (sample (I)) were only partly
successful. Specifically, neither signals to be assigned to [Ag
(NH5),1%, {[Pt(NH;),(1MeU)Cl1Ag}", {[Pt(NH;),(1MeU),]Ag}" (2a),
nor {[Pt(NH,),(1MeU),],Ag}* were detected. However, in the
mass spectrum of (Ill) two weak signals originating from +1
cations are observed at m/z 480 and 497, the isotopic pattern of
which strongly suggest that they are mixed Pt"Ag complexes.
The latter signal is also found in the mass spectrum of sample
(I). Both main peaks are accompanied by two and three sets of
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very low intensity signals, respectively (Figure $S13). Simulations
suggest compositions of [PtAg(NH,)(1MeU)(OH)(OH,)1* for the
main peak centered at m/z 480, and of [PtAg(NH,),(1MeU)(OH)
(OH,)I* for the main peak at m/z 497.

2.6. N, Complexes Seen in the MS Study

Certainly, one of the great surprises of the mass spectra was the
observation of the mentioned signals at m/z 365 and m/z 348,
which we assign to [Pt(NH;)(1MeU)(N,)]* and [Pt(1MeU)(N,)17,
respectively. We tend to believe that they are formed during
the ESI-MS experiment through reaction of a coordinatively
unsaturated [Pt(NH;)(1MeU)]* ion with the nitrogen dry gas
rather than during the evaporation process of the sample
synthesis via N, uptake from air, oxidation of coordinated NH;,
or a conproportionation reaction between NH; and any NO,
species or nitrate. Formation of a dinitrogen complex of Ru"-N,
complex under ESI-TOF mass spectroscopy conditions, likewise,
believed to occur in the presence of the flow of the drying gas
N,, has been reported before.*

2.7. Products Formed Between 1b and cis-[Pt(NH,),(OH,),]**:
Clear Evidence of Formation of [NH,]™*

In a recent publication we have reported, among others, on the
two major species formed between the above two components
(2:1-ratio, D,0) over a period of 3-6 weeks.” These are the self-
condensation product 4, hence the head-tail dimer, and also a
dinuclear co-condensation product, namely cis-[(NH5),Pt(u-OH)
(1-1MeU-N3,04)Pt(NH,),I*" (8). A considerable number of very
weak signals, mostly correlated by 'H,"H-COSY, yet not assigned,
account to only ca. 2-5% of total 1MeU signal intensity. We
have now repeated this experiment and have modified it by
reacting the components in a 1:1-ratio in H,O, allowing the
solution to evaporate to dryness in air, and subsequently
recording 'H NMR spectra (D,0) of the redissolved blue material
(H,0; pH 4; maximum absorptions at 670 nm, minor one at
520-550 nm). Again, both a concentration- and time-depend-
ence of NMR resonances is observed. It appears that the only
common feature is the presence of three major species, namely
1b, 4, and 8. While we are still unable to assign the many
previously observed minor resonances in the 'H NMR spectra,
we have seen a number of new details which we would like to
present in the following.

First, a species with unusual TMeU proton shifts: Figure 12
gives views of H5 and H6 resonances of a dilute sample which
had been brought to dryness prior to dissolving it in D,O. The
initially blue solution becomes purple within a day and
eventually (1 week) has largely lost its color again. The region of
H5 resonances reveals at least seven doublets. The three most
intense ones are assigned to 4, 1b, and 8 (in decreasing order).
There are in addition three doublets of moderate intensities, as
well as a weak one, which overlaps with 4 and is tentatively
assigned to 5. Six of the H6 doublets can be readily correlated.
Two additional doublets, at 7.08 and 7.82 ppm, display unusual
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4 problem of identifying these resonances in the beginning
H5 because they are dispersed among a number (up to 10) of

singlets of weak to moderate intensity between 6.5 and
7.3 ppm, yet they are clearly seen at a later stage (Figure 13 (b)).
As to the mentioned singlets, it is proposed that all of these
singlets represent species with Pt being bonded to both N3 and
C5. The Pt entity bonded to C5 originates from the added Pt-
diaqua species. Typically, the H6 proton of C5-platinated 1MeU
complexes are expected in this range, but unlike in spectra
recorded with low-field instruments, *J coupling between the
———— . ——— T %pt jsotope and H6 is not observed in the present case
6.4 6.2 6.0 5.8 5.6 [ppm] (500 MHz).>*" A NOESY experiment (NuclearOverhauserEffect-
SpectroscopY) indeed reveals a spatial closeness of these H6

singlets to those of the methyl protons at N1, thereby

4 supporting our proposal (Figure 14). Clearly, the methyl reso-

H6 1b nances of the N3,C5-diplatinated compounds (3.28-3.37 ppm)
8 are slightly upfield from those carrying Pt exclusively at N3. The
sheer number of N3,C5-diplatinated species surprises at first
glance, but it must be kept in mind that each of the identified
1MeU species, notwithstanding the unassigned ones, could
have undergone platination reactions at the C5 position of

HB Y™ U H5 "™ uracil ligands, thereby generating a multitude of products. It
T s T e 74 T T72 7 [pem @)

Figure 12. H5 and H6 resonances of 1MeU ligands present in a sample
prepared as follows: Reaction of 1b with cis-[Pt(NH,),(OH,),]*" in a 1:1-ratio,
evaporation to dryness in air, and dissolved in D,O (1 mg in 1 mL). Only the
three major species and species “Y” are assigned.

chemical shifts as compared to the others, and so does the CH,
signal at 3.44 ppm. COSY spectroscopy (not shown) reveals that
the two aromatic protons are coupled, and we assign them to
H5 and H6 resonances of a 1MeU ligand. While the signal at U'JL
lowest field is in the range expected for head-tail dinuclear = P U T 67 | EB '[ppm]
diplatinum(lll) compounds,“® the shift of the H5 resonance is ' ' ' ' ' '
far off. We therefore tentatively assign these resonances to a (b)
1MeU species “Y” of unknown composition which has a Pt" ion
at its N3 position and a second Pt ion at O4 oriented in such a
way as to point toward the proton at the 5-position. This
proposal is primarily based on the good agreement in chemical
shifts with similar Pt"-1MeU compounds adopting a “face-back”
arrangement.”’*¥ Within a week the distribution of the three
main products undergoes changes similar to the ones discussed NH4t
already, in that 1b becomes dominant (ca. 60% of complete
intensity) over 4 and 8, as well as “Y". ﬂ\\
Second, the appearance of resonances due to NH,” and of
metalorganic C5-platinated species: Although easily to be
overlooked in the spectra discussed above, we noticed the ' ‘ ‘ .
growth of initially very weak resonances of a 1:1:1-triplet 7.8 7.6 7.4 7.2 [ppm]
characteristic of NH,™ with time. In a more concentrated sample Figure 13. (a) H5 and H6 resonances (D,0, 500 MHz, 30 mg/0.7 mL, DSS) of
they are clearly discernable, appearing at ca. 7.05, 7.15, and  products obtained upon reaction of 1b with cis-[Pt(NH5),(OH,),]** (1:1) and
7.25 ppm as a consequence of proton coupling with “N. The evaporation to dryness, immediately after dissolving in D,0. The solution is
three signals represent overlays of isotopomers of mixed H2D zalue—black‘ (b) H6 resonances of identical sample, 4.rr.10nths after spectrum
a). Due to H-D exchange of the H5 protons, the original H6 doublets appear
species of the ammonium ions and consequently appear as largely as singlets. The 1:1:1-triplet of NH,* (and NH,D,") is clearly
relatively broad, fine-structured resonances.”” There is a  discemible.
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Figure 14. Section of NOESY spectrum of sample shown in Figure 14 (a),
illustrating the cross-peaks of the H6 singlets in the shift range 6.6-7.3 ppm
with CHj; singlets.

appears that the formation of N3,C5-diplatinated compounds
and the generation of free NH," are interrelated, possibly as a
consequence of a trans-effect of the C5 bound nucleobase.”
Formation of NH,™ in complicated mixtures of cis-Pt"(NH5), and
1MeUH has previously been noted by us and in fact has been
quantified.”

With time (months), the following changes occur: The major
species, 1b, 8, and 4, have undergone almost complete isotopic
exchange of their H5 resonances, leading to pseudo-“triplets” of
H6 and the disappearance of the original H5 doublets. Two H6
singlets at 7.35 and 7.33 ppm, which approach the intensity of
4, remain, but most of the other singlets between 6.5 and
7.3 ppm, attributed to N3,C5 Pt, compounds, have disappeared
or have become very weak (Figure 13 (b)).

Third, there is a broad “bump” which superimposes the
individual H6 resonances and presumably is caused by para-
magnetic oligomers. Moreover there are also a number of
isolated singlets at low field, e.g. at 7.92 and 7.97 ppm, which
likewise are unaccounted for (Figure 13 (b)). All we can exclude
is that these resonances are due to a C5-C5'-diuracil product
earlier obtained by us during the reaction of 1MeUH with
[AuCl,]".B?

Fourth, in several cases, but most pronounced in the NMR
experiment described above, we noticed the gradual appear-
ance of a new sets of signals derived from the internal DSS
reference, which occur slightly downfield from DSS. See also
Exp. Section.

2.8. Preparative Work: trans-[Pt(NH;)(1MeU-N3)l,]~ and its
Solution Chemistry

Our earlier applied procedure to convert cis-[Pt(NH;),(1MeC-N3)
ClICl into trans-[Pt(NH;)(1MeC-N3)I,] (and likewise the corre-
sponding 9-ethylguanine and 9-methyladenine analogues®) by
treating the starting compound with Kl at acidic pH to release
one of the two ammonia ligands as an ammonium ion,” was
not particularly successful in the present case, starting from 1a,
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presumably as a consequence of the very poor water-solubility
of the iodo analogue 1a’ which requires high temperatures to
react, combined with the sensitivity of the Pt-(1MeU-N3) bond
toward H™. A modification of the above procedure - addition of
DMSO to the aqueous solution of 1a prior to addition of KI -
did not improve the yield markedly. Even though trans-[Pt(NH,)
(1MeU-N3)l,]~ was eventually isolated as Cs* (9) and [Pt
(NH,),*t salts (10),%¥ the main product was unreacted 1a’.
Formation of [Pt(NH,),]** can be rationalized according to

3 cis-[Pt(NH,),(1MeU)Cl] + 4 KI =
2 trans-[Pt(NH;),(MeU)l,]~ + [Pt(NH,),]*"
+K(1MeU) + 3 Kl

with the possibility of a DMSO intermediate playing a role in
the overall reaction. A DMSO-containing side product, trans-[Pt
(NH,)(DMSO-9)1,] (11), has indeed been isolated and structurally
characterized in a reaction performed under somewhat modi-
fied conditions (see Experimental Section and Supporting
Information).

The crystal structure of Cs[Pt(NH,)(1MeU-N3)l,] 4H,0 (9) has
been reported by us previously.” The cation and the anion of
[Pt(NH,) [trans-Pt(NH5)(1MeU-N3)L,],- 5H,0 (10) are depicted in
Figure 15. The atom numbering scheme is given for the
asymmetric unit. Different to the situation with 1a’, the TMeU
ligand is nearly perpendicular (86.0(3)°) to the Pt coordination
plane. Pt—N and Pt—I bond lengths (Table S2) are close to those
of 1a’, 9, and trans-K,[Pt(1MeU-N3),1,]**, taking into consider-
ation the structural trans-effect of iodide ligands. While in 9,
where Cs™ ions cross-link trans-[Pt(NH,)(1MeU-N3)I,]” anions to
produce a coordination polymer, in compound 10 there is an
extensive hydrogen bond network between the NH; ligands of
the cations and the 04 as well as O2 acceptors of the anions
and to the crystal water. In addition, the NH; ligand of the anion
forms a hydrogen bond with 04 of a neighboring anion and
also with the crystal water (Figures S14).

Both 'H and Pt NMR spectra of 9 in D,0 reveal the
presence of two species in a ratio of 7:1. The Pt NMR shifts of
—3283 (major species) and —3351 ppm (minor one) are too
close to assume that one of these represents a hydrolysis
species of the other.”¥ Since both signals are in the range
expected for species with PtN,l, coordination spheres, we rather
propose that the minor species is due the cis isomer of 9,

Figure 15. X-ray crystal structure of the cation and anion of [Pt(NH;),][trans-
Pt(NH,)(1MeU-N3)(1),],- 5H,0 (10) with atom numbering scheme of the
asymmetric unit. Ellipsoids are drawn at the 50% probability level. The Pt2
atom sits on a center of symmetry and the second half of the complex salt is
generated by the symmetry operation -x+1,+y,-z+1.5.
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formed under the harsh conditions of the preparation and
admixed with the trans isomer in the solid recovered. Elemental
analysis, which agrees with the composition established by X-
ray analysis, of course cannot rule out the presence of a second
isomer.

Treatment of 9 with 2 equiv. of AgNO; in D,O (0.02 M, pD
2.6) produces a yellow solution with major 1MeU doublets at
7.42 ppm (H6) and 5.68 ppm (H5) which we assign to trans-[Pt
(NH;)(1MeU-N3)(0OD,),]* (1e). Within hours, the solution adopts
an intense blue color with and within days the sample develops
broad bumps (0.4 ppm wide) of unstructured resonances at the
lowfield sides of H5 and H6 resonances. After three days a
strong absorption band at 537 nm and a shoulder at 640 nm
are observed in the UV/vis spectrum. The resonances assigned
to 1e and present from the beginning can still be seen, but are
subject to gradual isotopic exchange of the H5 protons. There
are in addition two minor sets of sharp doublets (H5: 5.90 and
5.78 ppm; H6: 7.59 and 7.35 ppm). We are unable to properly
assign these two sets at present, but would like to point out
that within the related [Pt(NH,)(1MeC-N3)(0OD,),]** system we
have observed two isomeric head-tail dimers of composition
[Pt,(NH,),(OD,),(u-1MeC -N3,N4),]**, depending on the relative
positions of NH; with respect to N3 of 1MeC (cis or trans).”
Their 'H NMR resonances are very similar and also do not differ
much from the corresponding head-tail dimer derived from cis-
[Pt(NH,),(1MeC-N3)(OD,)]**, very much as in the present
situation. If the analogy of cis- and trans-isomers of [Pt(NH,)
(1MeU-N3)(0OD,),]* with that of the corresponding 1MeC
complexes (charge +2) holds also with respect to the differ-
ential oxidizability of the head-tail dinuclear derivatives, then
one might indeed expect rapid partial oxidation of the
condensation product of trans-[Pt(NH,)(1MeU-N3)(OD,),] " in the
presence of air. Whether or not an association beyond the
dinuclear level takes place (with additional involvement of 02
sites of the TMeU ligands), remains unclear.®®

3. Conclusions

Despite their marked differences in sensitivity, the combined
applications of 'H NMR spectroscopy and ESI mass spectrometry
on species derived from the simple model nucleobase complex
cis-[Pt(NH;),(1MeU-N3)Cl] (1a) has helped us greatly to better
understand the complex solution chemistry of its hydrolysis
product 1b. First, the solution behavior of 1a in water is
relatively unspectacular. It includes hydrolysis of the chloride
ligand, formation of the p-OH complex 3, partial NH; loss as a
consequence of the kinetic trans effect of Cl7, as well as
formation of secondary hydrolysis products. In gas phase
(conditions of ESI-MS experiment) association of neutral 1a via
Na* ions appears to be common. Second, removal of CI~ from
1a by means of AgNO; is anything but a reaction going to
completion. Initially 1a forms a soluble heteronuclear complex
with Ag™, and heteronuclear derivatives of Pt condensation
products are detectable by ESI-MS. There exists the possibility
that AgCl becomes solubilized by Pt coordination complexes, as
previously observed by us.*” Third, the solution behavior of 1b,
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alone or in the presence of 1a or any of the other feasible
species 1c-1e, is very complex. Different ways of condensation
reactions and their co-existence are responsible for the
observed multitude of products, which differ in size and ligand
bridging modes. The latter may involve OH™, 1MeU", CI-, and
NH,~ or combinations thereof. The positioning of the other,
non-bridging ligands (possibility of diastereomer formation)
and differences in Pt oxidation states (possibility of mixed-
valency) adds to the complexity. For dinuclear compounds of
Pt,(1MeU), stoichiometry, ESI-MS has revealed 12 different
variants. Among these, four dinuclear species have retained
their four NH; ligands. The others are short in NH; or ammonia
ligands have become amido ligands. Resonances of the p-
amido ligands have not been unambiguously detected by 'H
NMR spectroscopy in the expected shift range of 2-3 ppm.”*”
The largest mass detected by ESI-MS is that of a Pt,(1MeU),
stoichiometry. Fourth, the diaqua species cis-[Pt(NH5),(OH,),]**,
when present, not only condenses with 1b to give compound
8, but in concentrated solutions also to N3,C5-diplatinated
compounds. It appears that the generation of [NH,]" as seen in
the "H NMR spectra, is a consequence of Pt binding to C5 of the
uracil ligand. Fifth, both partially oxidized Pt compounds and
PtV species are formed with time. Since none of the mixed-
valence compounds was isolated, the question regarding the
origin of the sample colors observed, cannot be answered.
However, the absorption spectra recorded are inconsistent with
that of the well-known tetranuclear Pt*** complex of 1MeU.
Sixth, sample treatment strongly affects product composition.
Speciation in solution not only depends on concentration and
pH, but also differs from that of samples brought to dryness
prior to re-dissolving them. Even the way of solidification
(evaporation in air vs. vacuum evaporation) makes a difference.
This finding may also be relevant to conflicting reports on the
composition of “Platinum Pyrimidine Blues” and their activity as
antitumor drugs.

Experimental Section

Materials

cis-[Pt(NH;),(1MeU-N3)CITH,O (1a) was prepared as described.”
The corresponding iodide analogue cis-[Pt(NH;),(1MeU-N3)I] (1a’)
was obtained as follows: To a solution of 1 mmol of 1a in water
(80 mL) was added 4 mmol of KI, the pH adjusted to 2-3 with
HNO;, and the mixture stirred for 48 h at 40°C. Yellow crystals,
filtered and washed with water, were then obtained in 88% yield.
Elemental analysis calcd (%) for C,oH;;N,O,l Pt: C 12.5, H 2.3, N 11.6;
found: C 12.5,H 2.2, N 11.8.

The syntheses of trans-Cs[Pt(NH,)(1MeU-N3)l,] 4H,0 (9) and [Pt
(NH,), I[trans-Pt(NH,)(1MeU-N3)1,],-5H,0 (10) have been reported.”®
Elemental analysis calcd (%) for C,oH;35N;4O,l,Pt; (10): C 7.8, H 2.5, N
9.1; found: C 7.8, H 2.5, N 9.1. '"H NMR of 9 (D,0, pD 7.5, DSS, &,
ppm): major species H6, 7.34 (d, 3J 7.4 Hz), H5, 5.58 (d), CH,, 3.32 (s),
NH,, 3.47 (s, broad); minor species H6 7.38 (d, ®J 7.4 Hz), H5, 5.61 (d).

trans-[Pt(NH,)(DMSO-S)I,] (11) was obtained as follows: 1a and
AgNO; (0.3 mmol each) were dissolved in a mixture of H,0 (10 mL)
and DMSO (5 mL) and thae pH was brought to 3 by means of 0.1 N
HNO;. The mixture was stirred at 60°C for 7d, with the pH
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occasionally readjusted with HNO,. After filtration of AgCl the
filtrate was brought to dryness by rotary evaporation, and the
colorless solid was dissolved in H,O (10 mL). Kl (0.75 mmol) was
added and the mixture stirred for 3d at 40°C. The resulting red
precipitate of 11 was filtered, washed with water and dried in air.
Storage of the filtrate at 4°C for six weeks yielded an additional
crop, which after recrystallization from water gave red crystals
suitable for X-ray crystallography. The total yield of 11 was 20%.
Elemental analysis calcd (%) for C,HNOSIL,Pt: C 44, H 1.7, N 2.6;
found: C 4.3, H 1.6, N 2.7. '"H NMR (D,0, pD 8.4): 3.87 ppm (s, CHs);
no indication of uncoordinated DMSO. As compound 11 is
unrelated to the nucleobase complexes discussed in this paper,
structural details are given in the Supporting Information only
(Figure S15 and Table S3). Crystallographic data of 11 are included
in Tables S1-S3.

The diaqua species of Cisplatin, used for the reaction with 1b, was
obtained by treating cis-[Pt(NH,),Cl,] with 2 equiv. of AgNO; with
stirring in H,O (24 h, 22°C, daylight excluded) and subsequent
centrifugation of AgCl.

Instrumentation

Elemental analysis data were obtained on a Leco CHNS-932
instrument. The 'H NMR spectra were recorded in D,O on Bruker
500 MHz AVANCE NEO and 600 MHz AVANCE Ill HD instruments.
The "H,"H-COSY and DOSY spectra were measured on the Bruker AV
500 AVANCE NEO instrument and the NOESY was performed on the
600 MHz Bruker AVANCE Ill HD. The Pt NMR spectrum of
compound 10a in D,0 was recorded on a Bruker AC 200
spectrometer with K,PtCl, as external reference. pD values of NMR
samples in D,O were measured by using a glass electrode and the
addition of 0.4 units to the uncorrected pH value measured.
Chemical shifts are referenced to sodium-3-(trimethylsilyl)propane-
sulfonate (DSS; 0 ppm). We note that we have repeatedly observed
that the reference slowly (within weeks) developed a second minor
set of resonances slightly downfield from those of DSS (see, eg.
Figure S16). We can definitely exclude the possibility that this new
set of resonances is due to the hydrolysis product 3-(trimethylsilyl)-
1-propanol and, given the slow formation, formation of a Pt
complex of DSS likewise seems unreasonable. UV/Vis spectra were
recorded on a DAD HP-8453 UV-Vis spectrometer.

ESI-MS experiments were performed on BrukerESI-timsTOF (electro-
spray ionization-trapped ion mobility-time of flight) and Bruker
compact high-resolution LC mass spectrometers (positive/negative
mode). For calibration of the TIMS and TOF devices, Agilent ESI-Low
Concentration Tuning Mix was applied. Simulations were made
with Bruker Daltonics Data Analysis Software.

X-ray crystallography

Intensity data for 1a’, 10, and 11 were collected on an Enraf-
Nonius-KappaCCD (Mo-K,, A =0.71069 A, graphite monochromator).
Data processing was performed using DENZO and SCALEPACK."®
The structures were solved by standard Patterson methods and
refined by full-matrix least-squares based on F? using the SHELXTL
PLUS™ as well as SHELXL-93 programs.®” All non-hydrogen atoms
have been refined anisotropically, hydrogen atoms were added in
calculated positions. Crystal data and data collection parameters
are summarized in Tables S1 - S3.

CCDC-2038930 (11), 2038931 (1a’), 2038932 (10) contain the
supplementary crystallographic data for this paper. These data can
be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.am.ac.uk/data_request/cif.
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