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Abstract: Reactions between the mono-
nuclear mixed-nucleobase complex
[Pt(en)(UH-NI)(CH,-N3)]* (1; en:
ethylenediamine; UH-NI: uracil mono-
anion bonded through the N1 atom;
CH,-N3: neutral cytosine bonded
through the N3 atom) and [Pd"(en)] or
[Pd"(2,2-bpy)] (2,2-bpy: 2,2-bipyri-
dine) lead to libraries of compounds of
different stoichiometries and different
connectivities. In these compounds, the
palladium entity binds to or cross-links
either the N3 sites of uracil and/or the
N1 sites of cytosine, following deproto-
nation of these positions to give uracil
dianions (U) and cytosine monoanions
(CH). Cyclic species, which can be con-

Introduction

The replacing of the methylene groups in calixarenes by
square-planar metal centers and the phenol rings by substi-
tuted pyrimidines grants access to metallacalix[n]arenes

sidered as metallacalix[n]arenes, have
been detected in several cases, with n
being 4 and 8. The complexity of the
compounds formed not only results
from the possibility of the two different
nucleobases in building block 1 engag-
ing in different connectivities with the
Pd entities, but also from the potential
for the formation of oligomers of dif-
ferent sizes and different conforma-
tions; in the case of cyclic tetranuclear
Pt,Pd, species, this can, in principle,
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lead to the various arrangements
(cone, partial cone, 1,2-alternate, 1,3-al-
ternate) known from calix[4]arene
chemistry. A further complication
arises from the fact that, depending on
the mutual orientation of the exocyclic
groups of the two nucleobases (O2 and
04 of uracil, O2 and N4 of cytosine),
these sites can be engaged in additional
chelation of [Pd"(en)] and [Pd"(2,2-
bpy)]. Thus, penta-, hexa-, and octanu-
clear complexes, Pt,Pd;, Pt,Pd,, and
Pt,Pd,, derived from cyclic Pt,Pd, tet-
ramers have been isolated and charac-
terized.

(Scheme 1), with the cyclic uracil complex [{Pt(en)(UH-
NI,N3)},]** (en: ethylenediamine; UH: uracil monoanion)

being one representative example.”) There is not only a
close conceptual analogy between organic calixarenes and
cyclic oligonuclear complexes derived from cis-M"a, (a:
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Scheme 1. Analogy between calix[4]arenes and metallacalix[4]arenes.
2,2'-bpy: 2,2"-bipyridine; en: ethylenediamine.

NH; or amine; a,: diamine; M: Pt or Pd) and substituted
pyrimidine ligands; more importantly, a structural and func-
tional analogy between both types of compounds is evi-
denced by their capabilities to act as host compounds for
guest molecules®* and to permit decoration of the oxygen
“rim” by additional metal ions,”! as well as by the fact that
they come in different ring sizes ranging from n=30 to n=
404 and n=6."" As demonstrated by Navarro and co-work-
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ers, there is also the possibility to combine the pyrimidine
ligand with another ditopic ligand, such as 4,7-phenanthro-
line.®! Also, three-dimensional polymeric materials display-
ing similar structural motifs, for example, rings with four or
six metal ions, have been reported, which show interesting
adsorption phenomena.’! A remarkable feature of the dis-
crete metallacalix[n]arenes derived from the pyrimidine nu-
cleobases uracil or thymine is their propensity to add addi-
tional square-planar cis-Ma," (M: Pt, Pd) or cis-octahedral
metal entities (Ni"", Cu") to yield higher nuclearity species.
Octanuclear compounds have been derived from Pt—calix[4]-
arenes®!% and pentanuclear species from either Pt—calix[4]-
arenes*>! or Pt—calix[3]arenes.""'? These findings are in a
way reminiscent of observations with other Pt complexes
containing model nucleobases, such as 1-methyluracil, 1-
methylthymine, 1-methylcytosine, or 9-alkylpurines, for
which we have systematically studied the formation of mul-
tinuclear derivatives.'¥ Besides the interesting structural
features of these supramolecular complexes, their solution
chemistry may contribute to a more comprehensive under-
standing of the solution chemistry of the so-called “platinum
pyrimidine blues”, a class of Pt antitumor agents once con-
sidered very promising."! While there is a reasonably good
understanding of the mixed valency of these compounds de-
rived essentially from “blues” containing related ligands,'”
the complexity of the cis-Pt"(NH;),—uracil system!™® is still
unsolved.

Here, we present evidence for the formation of mixed-
metal (Pt, Pd), mixed-amine macrocycles containing two dif-
ferent pyrimidine nucleobases, namely unsubstituted cyto-
sine and unsubstituted uracil (Scheme 2). By starting with
[Pt(en)(UH-NI1)(CH,-N3)]* (1; CH,: neutral cytosine) and
treating this compound with either [Pd"(2,2"-bpy)] (2,2'-bpy:
2,2'-bipyridine) or [Pd"(en)], we were able to isolate the un-
precedented metallacalix[8]arene and, in particular, a series
of multinuclear derivatives of two different metallacalix[4]-
arenes.

While the Pt—N bonds are kinetically robust, the Pd—N
and Pd—O bonds are (more) labile. The formation of mixed-

bs
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UHa UH U
NH, NH, ONH
O)\N O)\N O/J\N
H ] ©
CH, CH C

Scheme 2. Structures and abbreviations used for uracil and cytosine li-
gands. For UH, only the N1 deprotonated tautomer is shown, and like-
wise other mesomeric structures are ignored.
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metal metallacalix[n]arenes is thus reversible and proceeds
under thermodynamic control. Consequently, they might be
adequately discussed in terms of the concept of dynamic
combinatorial chemistry (DCC).l"! Fortunately, some of the
products formed were sufficiently stable to allow isolation
and kept their integrity when redissolved in water so that
they could be adequately characterized.

Results and Discussion

Structure of the starting compound [Pt(en)(UH-N1)(CH,-
N3)]X-nH,0 (1): Reaction of [Pt(en)(UH-NI)CI] with AgX
and unsubstituted cytosine (CH,) gave [Pt(en)(UH-NI)-
(CH,-N3)]X-nH,O (X=NO;, n=3.5 (1a); X=CIO,, n=3
(1b)). The X-ray crystal structure of 1a is reported here.
Compound 1a (Figure 1) crystallizes with two crystallo-

Figure 1. View of one of the two crystallographically different cations of
compound [Pt(en)(UH-NI1)(CH,-N3)|[NO;-3.5H,0 (1a) with the atom-
numbering scheme. Cation I is shown; the other one (cation II) is very
similar.

graphically different cations. Pt binding is through the N1
atom of the uracilate ligand and through the N3 atom of the
cytosine. If the O2 groups of two nucleobases are used as a
reference, the bases are oriented head-tail in both cations.
The two cations in 1a differ with regard to the angles be-
tween the nucleobases and between the nucleobases and the
PtN, planes (1a I and II), respectively. In addition, the
puckers of the en ligands are different in 1al and II. The di-
hedral angles with the metal planes likewise differ, for ex-
ample, 79.5(3)° (CH,) and 75.2(2)° (UH) in 1al and 87.8(2)°
(CH,) and 80.7(2)° (UH) in 1all. The internucleobase
angles are 77.8(2)° in 1al and 78.1(2)° in 1all. The distan-
ces and angles about the Pt and within the ligands are not
unexpected (see the Supporting Information). The differen-
ces between coordinated and free ligands (CH,, ! UH,!"*")
follow expectations previously discussed in detail for related
coordination patterns.*'*? In the perchlorate salt 1b,*! the
two bases likewise adopt a head-tail orientation and hence
the O2 atom of the uracilato ligand and the O2 atom of the
cytosine reside on different sides of the Pt coordination
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plane. Both cation I of 1a and cation 1b form centrosym-
metric dimers which are hydrogen bonded through the N3—
H and O4 sites of the uracilato ligands (2.81(1) A in 1a, and
2.85(1) A in 1b; see the Supporting Information). Similar
self-pairing schemes have been observed in other metal
complexes containing N1-bonded pyrimidine nucleobases.””!
The cytosine ligands of cation II of 1a also form centrosym-
metric pairs, through the N1—H and O2 sites, with the hy-
drogen bonds being 2.813(9) A in length (see the Supporting
Information). The water molecules and the anions are in-
volved in numerous hydrogen-bonding interactions as well.

'"HNMR spectra of 1: The '"HNMR spectra of 1 in D,0O
consist of discrete doublets (*J~7.1 Hz for both nucleobas-
es) for the HS and H6 resonances. Only single sets of proton
signals for the individual bases are observed, a result sug-
gesting either rapid rotation of the nucleobases on the NMR
timescale or hindered rotation. The chemical shifts are listed
in Table 1. The assignment of the resonances to the individu-

Table 1. 'H NMR spectroscopic resonances (6 [ppm], in D,O) of aromat-
ic nucleobase protons of 1 and adducts of 1 with [Pd"(2,2-bpy)] and
[Pd"(en)] 2!

H6 (U) H6(C) H5(C) HS5(U) Others pD

1 759 751 6.02 5.61 273 (en) 545
2a 682 8.00 6.11 5.16 2.6-2.8 (en)

8.42-7.60 (bpy)  8.55
X 7.62 7.86 5.90 551 2.68 (en)

8.41-7.54 (bpy) 751
4 750 7.97 6.16 5.70 2.70-2.73 (en)

8.43-7.15 (bpy)  9.23
7 7.81 8.26 633 6.07 2.70-2.73 (en)

8.42-7.16 (bpy) 445
Y4 673 7.81 5.94 5.00 2.80-2.69 (en)  7.68
0 717 7.67 5.83 535 2.5-3.0 (en) 4.65
1 736 7.90 5.66 5.62 2.5-32 (en) 532

[a] No differentiation of protonation state for uracil (U) or cytosine (C)
has been considered. [b] *J coupling constants for H5 and H6 resonances
were approximately 6.8-7.3 Hz. [c] X: 5a, 5b, or 6. [d] Y: 3" or 6'.

al bases was accomplished by means of a Pt edited spec-
trum (see the Supporting Information). According to this
spectrum, the cytosine displays %/ coupling between '*Pt
and H5 (17.5 Hz), whereas there is no °J coupling with the
H6 atom. The coupling constant for the HS atom is in the
expected range.”™ On the other hand, the H6 atom of the
uracilato ligand is recognized by its considerably larger
3J("*Pt—"H) coupling constant of 34 Hz, which is a conse-
quence of the close proximity of Pt to the N1 and H6 atoms.
*J coupling with the H5 atom of UH is not observed. For
the methylene protons of the en ligand, the °/ value is
~42 Hz. In addition, in [D6]DMSO, NH and NH, proton
resonances are observed, as is NH-CH coupling for several
of the resonances, for example, *J(N1-H,H6)=5.6 Hz for
the cytosine ligand. The two protons of the N4—H, group of
cytosine are not equivalent and give rise to two signals at
0=28.36 and 8.65 ppm. This is consistent with a slowed-down
rotation of the amino group about the C4—N4 bond.
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Resonances of 1 in D,O are
constant over a wide range of
pH* values (1.5-8.5; pH*: un-
corrected pH meter reading).
In more strongly alkaline solu-
tion, deprotonation of the cy-
tosine N1—H position takes
place (pK,;~9.9) and deproto-
nation of the uracilato ligand
at N3—H eventually also
occurs (pK,,~11.4). While the
uracil HS and H6 signals and
the cytosine HS5 signal are
shifted upfield as a conse-
quence of deprotonation, the
cytosine H6 signal undergoes a
downfield shift (see the Sup-
porting  Information). The
acidifications of the two nucle-
obases as a consequence of Pt"
binding are thus from pK,=
12.15% to ~9.9 for cytosine,
hence 2.25 log units, and from
13.5-14.2 (pK,, of uracil)? to
~11.4 for uracil.

Reactions of 1la (1b) with
[Pt"(en)]: Addition of [Pt(en)-
(D,0),]** (1:1) to solutions of
1a (1b) in D,0 at 40°C was
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Figure 2. Low-field sections of the "H NMR spectra of reaction mixtures of 1a with [Pd(2,2-bpy)(D,0),]** in
D,0 at 20°C with different ratios r(Pt:Pd) between the two components: a) r=0.1, b) r=0.5, ¢) r=1, d) r=2,
and e) r=3. pD values of the samples were approximately 7-7.5. For assignment of individual nucleobase reso-
nances see Table 1. Resonances X refer to a complex of unknown composition, possibly 6 (or 5a or 5b).

followed by '"H NMR spectros-

copy. Within hours after the

start, marked changes took place, which included a rapid
drop in the pH* value (from approximately 5 to about 2),
development of a yellow color, loss of the H5 doublets of
both nucleobases (uracil, cytosine) of 1a (1b) due to isotop-
ic exchange, and formation of numerous (>10) H6 singlet
resonances spanning the chemical shift range of approxi-
mately 0=6.8-7.8 ppm, after addition of NaOD to reach
pH*~5. Although these observations could not be inter-
preted in any straightforward way, the drop in pH* value
and the marked upfield shift of the H6 resonances in com-
parison to those of 1a (1b) were attributed to reactions
which involved deprotonation of one or both nucleobases as
a consequence of additional Pt" coordination.

Reactions of 1a (1b) with cis-Pd"a,: Owing to the failure to
characterize any of the products formed from 1a (1b) with
[Pt"(en)], we resorted to experiments in which 1a (1b) was
allowed to react with [Pd"(en)] or [Pd"(2,2-bpy)]. The
major difference with the Pd species in comparison to the
results with [Pt"(en)] was the sharpness of the resonances
observed in the 'H NMR spectra in the mixed-metal sys-
tems. Representative spectra obtained upon mixing 1a (1b)
and [Pd"(2,2-bpy)] or [Pd"(en)], respectively, at different
ratios and at moderately alkaline pH values are given in Fig-
ures 2 and 3. There are two general points to be noted. First,
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some of the spectra display a large number (10 or more) of
doublets for the H5 and H6 nucleobase resonances, a result
indicating a multitude of species being formed simultaneous-
ly. Second, a gradual isotopic exchange of the H5 resonances
of the uracil (and to some extent also of the cytosine) li-
gands is frequently observed; this exchange results in “pseu-
dotriplet” patterns of H6 resonances or eventually in H6
singlets (see, for example, the resonance at 0~6.8 ppm in
spectrum c of Figure 2).

In spectra containing [Pd"(2,2-bpy)], severe overlap of
the bipyridine resonances occurs and this also affects the H6
nucleobase resonances. With few exceptions, these resonan-
ces were not analyzed for this reason. On the other hand,
with samples isolated and redissolved in D,O, the relative
intensities of the nucleobase HS5 resonances and the 2,2'-bpy
resonances permitted determination of the Pt:Pd stoichiom-
etry.

In the following sections, isolated and structurally charac-
terized products obtained from reactions of 1a (1b) and
[Pd"(2,2-bpy)] will be discussed, followed by products de-
rived from 1a (1b) and [Pd"(en)]. Based on these establish-
ed structures, the possible ways of formation will be dis-
cussed, including those for species that have not explicitly
been detected by 'H NMR spectroscopy.

Chem. Eur. J. 2007, 13, 6019 -6039
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Figure 3. Low-field sections of the "H NMR spectra of mixtures obtained from 1a and [Pd(en)(D,0)]** in D,O at 20°C with different ratios r(Pt:Pd):
a)r=0.5, b)r=1, ¢) r=2, and d) r=3. pD values of the samples were approximately 7-7.5. For assignment of cytosine and uracil resonances, see
Table 1. Resonances Y refer to a Pt,Pd, complex, presumably 3’ (see the text for further details).

Isolated species from l1a (1b) and [Pd"(2,2’-bpy)] with
uracil, cytosine, cytosine, uracil connectivity: Pt,Pd complex
2a: Addition of [Pd"(2,2"-bpy)] to an aqueous solution of 1a
(1b) in a ratio of r=0.1 (Figure 2, spectrum a) leads to the
appearance of resonances for a new species, which we were
able to isolate and characterize as the Pt,Pd complex [(2,2'-
bpy)Pd{(N1-CH-N3)Pt(UH-NI)},]** (2a). 2a was obtained
as the mixed CIO,”, NO;™ salt. It crystallizes as two crystal-
lographically independent cations, which are, however,
structurally very similar. Two views of one of the cations of
2a are given in Figure 4. Selected structural features are
compiled in Table 2 as well as in the Supporting Informa-
tion. The formation of 2a is the result of two cations of 1
being cross-linked by a [Pd"(2,2"-bpy)] entity through the
N1 positions of the cytosine ligands, after deprotonation of
these sites. Preferential binding of Pd" to the N1 site of cy-
tosine as opposed to the N3 position of uracilate may be ex-
pected, given the lower pK, value for the N1—H bond of cy-
tosine (see above). However, when the binding patterns
seen in other structurally characterized compounds contain-
ing Pd-uracil-N3 bonds are taken into consideration (see
below), this argument should not be overemphasized. After
all, the reactive Pd “aqua” species is present largely as a hy-
droxo complex capable of abstracting weakly acidic protons
from nucleobases. As a consequence of this cross-linking
pattern, the sequence of nucleobases in the open tetrakis-
(nucleobase) complex 2a is [(UH-NI)Pt(N3-CH-NI)Pd(NI-
CH-N3)Pt(NI-UH)]; hence, the two inner cytosine nucleo-

Chem. Eur. J. 2007, 13, 6019-6039
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bases are adjacent to each other. They are oriented head-
tail, thereby causing the two Pt atoms to be on opposite
sides of the PdN, coordination plane. As can be seen from
Figure 4, the two terminal uracilato ligands are stacked (4.0-
4.6 A). This feature also appears to be maintained in aque-
ous solution, if the remarkable upfield shift of the uracil H6
resonance at 0~6.82 ppm and the uracil H5 resonance at 6
~5.16 ppm as compared to 1 (Table 1) are considered. As a
warning, it should be noted, however, that a simplistic com-
parison of nucleobase proton shifts in the various metallca-
lix[n]arenes as listed in Table 1 is problematic given the in-
fluence of numerous other factors, such as the number of
metal ions bonded to a particular base, nucleobase protona-
tion state, connectivity, or conformation.

Attempts to prepare Pt,Pd, (3): Having isolated the Pt,Pd
species 2a, we considered the possibility of also preparing
the cyclic Pt,Pd, species 3 by adding [Pd(2,2"-bpy)(D,0),]**
to a solution of 2a. Although formation of a new compound
was indeed detected by "H NMR spectroscopy, the com-
pound isolated eventually proved to be of Pt,Pd; stoichiom-
etry (complex 4). The fact that 3 was not detected on the
way from 2a to 4 does not necessarily rule out its existence,
but it simply implies that it is not a major component in the
solution under the conditions of the experiment.

Isolated species from 1 and [Pd"(2,2-bpy)] with uracil, cyto-
sine, cytosine, uracil connectivity: Pt,Pd; complex 4: If the

6023
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Pt,Pd (2a)

Pd

1/ \.1
3CH HC3
Pi\ Pt
TUH HUW/

Figure 4. Different views of one of two crystallographically independent
cations of [(2,2-bpy)Pd{(N1-CH-N3)Pt(UH-N1)},](NO;)(ClO,)-4.9H,0
(2a).

Table 2. Selected interatomic distances [A] and angles [°] in 2a.1!

Pt-N1 (U)  2.009(14)-2.026(13) N11-Pt-N12 82.2(5)-85.8(8)
Pt-N3 (C)  1.994(11)-2.035(13) N1 (U)-Pt-N3 (C)  87.8(5)-91.3(5)
Pt-NI11 2.019(12)-2.045(14)  N11-Pt-N1 (U) 92.7(6)-94.6(6)
Pt-N12 1.930(14)-2.050(13)  N12-Pt-N3 (C) 90.2(5)-96.4(5)
Pd-N1(C) 1.989(13),2.024(13) NI11-Pd-N12/ 80.4(6), 81.4(6)
Pd-N1(C) 1.990(12),2.033(12) N1 (C)-Pd-N1 (C') 88.3(5), 89.0(5)
PA&-NI1'  2.000(13),2.004(14) NI11-Pd-N1(C)  95.1(6), 95.8(5)
PA-NI12°  2.020(14),2.024(14) NI2-Pd-N1(C)  94.6(5), 95.4(5)

[a] For the two crystallographically independent cations, maximum and
minimum values are given.

ratio of [Pd"(2,2"-bpy)]:1 is increased (Figure 2, spectrum b),
a second set of resonances appears in the 'H NMR spectrum
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which, from comparison with the isolated and structurally
characterized complex, is attributed to the Pt,Pd; species
[{Pd(2,2"-bpy)}5{Pt(en)(U-N1,N3,04)(CH-NI,N3)}L,]'* (4). Tt
was isolated as a nitrate salt. Figure 5 provides two different
views and a schematic representation of the connectivities
present in 4. Selected structural features are listed in
Table 3. The cation is cyclic, derived from 2a by addition of
two more [Pd"(2,2-bpy)] moieties to the uracil rings. Bind-
ing of the Pd ions is through the N3 and O4 atoms of each
of the uracilate dianions; the two uracil units are again ori-
ented head-tail. It can be described as an extended metalla-
calix[4]arene with an additional metal added to one of the

Figure 5. Two  different views of the Pt,Pd; cation [{Pd(2,2"-
bpy)}s{Pt(en)(U-N1,N3,04)(CH-NI,N3)},]** (4) and a schematic repre-
sentation of the nucleobase connectivities in 4.

Chem. Eur. J. 2007, 13, 6019 -6039
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Table 3. Selected interatomic distances [A] and angles [°] in 4.

Pt1-N1 (U) 1.999(12) N11-Pt1-N12 83.1(4)
Pt1-N3 (C) 2.050(11) N1 (U)-Pt1-N3 (C) 89.3(4)
Pt1-N11 2.025(12) N11-Pt1-N1 (U) 92.2(4)
Pt1-N12 2.046(11) N12-Pt1-N3 (C) 96.1(4)
Pd1-N1 (C) 2.004(11) N11-Pd1-N12 81.0(5)
Pd1-N1 (C) 2.011(11) N1 (C)-Pd1-N1 (C) 88.1(5)
Pd1-N11" 2.016(11) N11-PdI-N1 (C) 95.6(5)
Pd1-N12 2.014(12) N12-Pd1-N1 (C) 95.5(5)
Pd2-N3 (U) 1.998(10) N117-Pd2-N12" 80.6(4)
Pd2-04 (U 2.036(8) N3 (U)-Pd2-04 (U") 88.0(4)
Pd2-N11" 1.993(10) N117-Pd2-N3 (U) 96.6(4)
Pd2-N12" 1.989(11) N12-Pd2-04 (U') 94.8(4)
Pd2-Pd2’ 2.8190(18)

four corners. As in the precursor 2a, the sequence of the
four nucleobases is uracil, cytosine, cytosine, uracil. The four
bases adopt a 1,3-alternate conformation with the reference
atoms again being the exocyclic O2 groups. One of the
metal corners, the one with the two adjacent uracil rings,
has opened and has been replaced by a two-metal unit (Pd2,
Pd2’). As a consequence of this change in the basic metalla-
calix[4]arene structure, some of the metal-metal distances
between the metal corners are longer than the typical 5.8-
5.9 A seen in metallacalix[4]arenes. The Pd2-Pd2’ distance
of 2.819(2) A within the dimer entity of 4 is closely similar
to that observed in a related dinuclear [Pd"(2,2-bpy)] com-
plex with two bridging (head-tail) 1-methylthyminato li-
gands and N3, O4 coordina-

tion.*!

Possible ways of formation of

FULL PAPER

uracil or chelated simultaneously to both sites. Favorable
stacking with the N3-bonded [Pd"(2,2-bpy)] entity could fa-
cilitate such an anchoring process of the second Pd. As the
two uracils are already in a head—tail arrangement (1,3-alter-
nate), a rather minor change would be necessary to generate
4, namely a switch of one of the initial Pd—N3 bonds to a
Pd—0O4 bond and binding of the second Pd moiety to the
now available N3 position. No nucleobase rotation would be
required to accomplish this process. As mentioned above,
'"H NMR spectroscopy does not provide any evidence for an
intermediate (3, 4a, or 4b) on the way from 2a to 4. Still, a
comparison of the structure of the cations of 2a and 4 re-
veals the relatively minor overall structural changes necessa-
ry to accomplish “addition” of two [Pd"(2,2-bpy)] to the
uracil ligands (see the Supporting Information). The major
structural change in going from 2a to 4 is the loss of uracil
stacking.

'H NMR spectra of 4: The assignment of the '"H NMR reso-
nances of 4 with its two sets of uracil and cytosine resonan-
ces was achieved by a combination of a 2D 'H,'H-NOESY
and 2D 'H,”C-COSY experiments (see the Supporting In-
formation), as well as with the help of direct and long-range
'H,"*C-coupling values. In the first step, a 2D 'H,'H-NOESY
experiment was carried out. The signal of the HS proton at
0=5.70 ppm gave intense cross-peaks to the signal of the
H6 proton located at 6 =7.50 ppm. Intensive cross-peaks be-
tween a second set of H5 and H6 (6 =6.16 and 7.97 ppm, re-
spectively) resonances were also observed. An additional

4: Formation of 4 could con- x2

ceivably take place from the szl_im

“open” complex 2a upon addi-

tion of two [Pd"(2,2"-bpy)] enti- Pt

ties to the N3 sites of the termi- ,Csﬁ NUH (2al

nal uracilate ligands (intermedi- pd/ —

ate 4a) or alternatively to the + 2Pd \1c;H UH + Pd

O4 sites of the uracilate ligands _ 2H,0* Npy - 2H,0
(intermediate 4b), followed by + 2Pd

head—tail ring closure in both l‘ 2H;0

cases. As yet another alterna- Pt Pd Pd Pt

tive, a stepwise addition of 1éﬁ’ \IUV \OHZ 1(3;4 \E“:/ \OHQ wca;ﬁ \La
[Pd"(2,2-bpy)] to 2a with for- pa? pa! pa? Neg
mation of the closed intermedi- \wg{ U O \‘C;Q Mot \“§Q /yg/
ate 3 is feasible (Figure 6). The (4a) Pt Pd (4b) " “Pt Pd (3) Pt
latter pathway would involve - 2H;07 + Pd
initial formation of a Pt,Pd, =20 Cydl. - 2H,0

species in which one Pd is

bonded to the two U ligands cyclization

through the N3 sites (com-
pound 3), while the additional
[Pd"(2,2-bpy)] is bonded to
either the O4 atom of one
uracil or the O2 of the other
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Figure 6. Possible pathways from 2a to 4 involving closed (3) or open (4a, 4b) intermediates.
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2D experiment (*H,*C COSY) was carried out to assign the
uracil and the cytosine resonances. In the case of uracil, the
signal of the HS proton at 0 =5.70 ppm gave cross-peaks to
the C5 and C6 signals. The H6 resonances of uracil at 0=
7.50 ppm showed cross-peaks to the C2, C4, C5, and C6 sig-
nals, which were assigned according to reference [26]. Anal-
ogously, in the case of cytosine,
cross-peaks between the signal
of HS (6=6.16 ppm) and the
C4, C5, and C6 signals were
observed. Cross-peaks between
the H6 resonance of cytosine
(0=7.97 ppm) and the C2, C4,
Cs, and C6 signals were also
observed. The results of this
assignment clearly showed that
the upfield shift of the uracil

resonances, as observed in 2a 2©
and attributed to stacking of Q$O
the uracil ligands (see above), iz 434

was absent in 4a, a result con-

sistent with the X-ray crystal

structure data. J
An interesting detail in the

"H NMR spectrum of 4 in D,O

is the remarkable upfield shift

Mass spectrometry of 4: In electrospray-ionization Fourier
transform ion-cyclotron-resonance (ESI-FTICR) mass spec-
trometry experiments, 4 could easily be ionized by stripping
off the nitrate counterions to yield the +2, +3, and +4
charge states at m/z: 931.07, 600.04, and 434.53, respectively
(Figure 7). From the +2 and +3 charge states, which still

-©
@3+ © NO, calc.

m/z: 600

exptl.
2O

W2+(©) 2No,

lll \ hll

m/z: 931 928 934

* g@ —HNO,
m/z: 736 {

dimer3*
m/z: 931

400 600 800 1000 1200 1400 m/z

of one of the 2,2’-bpy resonan-

ces, namely, the triplet at 6= Figure 7. ESI-FTICR mass spectrum of a 150 um solution of 4 in methanol/water (approximately 1:1). Signal

7.19 ppm. In order to assign

assignment is indicated by the graphics (Pt: open circles; Pd: filled circles, doubly Pd-bridged corners: pair of
filled circles). The inset shows the calculated (top) and experimental (bottom) isotope patterns for the doubly

this resonance, we analyzed charged [4—2NO;]*" ion, which is not superimposed by a smaller fragment.

the 2,2’-bpy resonances of this

compound in more detail, by

applying 'D TOCSY experiments (see the Supporting Infor-
mation). The expected 12 sets of bpy resonances can be dif-
ferentiated this way (that is, four sets for the 2,2’-bpy ring
symmetrically bonded to Pdl and trans to the cytosine N1
sites; two lots of four sets for the two stacked bpy rings, due
to the nonequivalence of the two pyridine “halves” as a con-
sequence of the different trans-positioned Pd2 donor atoms
(on the N3 and O4 of the uracil)). The four sets of resonan-
ces for the 2,2-bpy ligand bonded to Pdl have chemical
shifts of d=7.65 (t), 8.09 (d), 8.33 (t), and 8.40 ppm (d).
Their positions agree well with those of the bpy ligand in
2a, as expected. The two other sets of four 2,2"-bpy resonan-
ces, representing the stacked bpy entities at Pd2 and Pd2’,
are grouped at 6=7.19 (t), 7.96 (d), 8.03 (d), and 8.11 ppm
(t) and at 6=7.57 (t), 7.92 (d), 7.94 (d), and 8.17 ppm (t), re-
spectively. As pointed out, the signal at d="7.19 ppm exhib-
its the highest upfield shift of all 12 of the bpy resonances,
clearly reflecting bpy stacking. A view along the Pd2.-Pd2’
vector in 4 allows the tentative suggestion that it is the HS
protons of the pyridine rings trans to the N3 positions of the
uracil ligands that are located above/below the m-electron
system of the pyridine half of 2,2’-bpy trans to the O4 posi-
tions; it is these protons that are therefore expected to expe-
rience the ring-current effect most (see the Supporting In-
formation).
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carry two and one nitrate counterions, respectively, the loss
of HNO; is observed, a result indicating deprotonation of
the ethylenediamine ligands at the Pt centers, as observed
earlier for other similar coordination compounds.”’” Frag-
mentation of the parent ions occurs to some extent but does
not give rise to major signals in the mass spectrum. A low-
intensity signal also appears for a triply charged dimer.
Analogous dimers have been observed before for other met-
allosupramolecular complexes®! and are probably due to
unspecific aggregation during the electrospray process.
Infrared multiphoton dissociation (IRMPD) experiments
were carried out with mass-selected [4—4NO;]**. The frag-
mentation reactions can be nicely followed by varying the ir-
radiation time between 0.2-0.7 s (Figure 8). It is important
to first note that no fragment is observed which only con-
tains a Pt corner and one of the cytosine or uracil ligands.
Such a fragment bearing Pd instead of Pt is, however, clearly
observed at m/z: 372 after longer irradiation times. This
finding indicates that the coordination to the Pt corner is
more easily cleaved than that to the Pd corners, although
the binding energies of the ligands to Pt" are higher than to
Pd". Two mechanisms can resolve this seeming contradic-
tion: The coordination to Pd involves deprotonated N atoms
for both ligands. Cleavage of a Pd—N bond would result in
charge separation, which is energetically unfavorable. In-
stead, the cytosine N3 atom can dissociate from the Pt

www.chememj.org © 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2007, 13, 6019-6039
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Figure 8. IR multiphoton dissociation (IRMPD) experiment conducted
by irradiating mass-selected quadruply charged parent ions with a CO,
laser (10.5 uM; 25 W). Due to the multiply charged nature of the parent,
both fragments carry charges and are thus visible in the mass spectra.
From top to bottom: Increasing irradiation times as given on the right-
hand side. As the fragments are irradiated too, consecutive fragmenta-
tions can be observed as indicated.

corner without such a charge separation. Thus, simple cleav-
age of the Pt—N3C bond is one process. The second mecha-
nism involves a 1,2-elimination reaction in which the nitro-
gen atom is protonated by one of the ethylene diamine pro-
tons. This reaction can only occur at the Pt corner, because
the 2,2’-bpy ligands at the Pd centers do not bear any acidic
protons.

If the fragmentation reaction in the MS/MS experiment is
followed with increasing irradiation times, one initially
(after 0.2s) finds two fragments appearing at m/z: 333
(triply charged) and m/z: 736 (singly charged). After 0.3 s of
irradiation with the CO, laser, two very similar product ions
at m/z: 368 and 499 become visible; these are both doubly
charged and differ from those at m/z: 333 and 736 merely
by their charge states. Both can easily be rationalized by
cleavages of Pt—N bonds within the metallacalixarene scaf-

Chem. Eur. J. 2007, 13, 6019-6039
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fold according to the two mechanisms discussed above.
Changes of the charge state just require a proton transfer
between both fragments. The triply charged fragment at
m/z: 333 and the doubly charged fragment at m/z: 499 both
contain the intact double Pd bridge between both uracil li-
gands. According to the crystal structure of 4, the double
bridge consists of two Pd ions coordinated strongly to one
deprotonated uracil N atom and to the carbonyl group of
the second uracil. The coordinative bonds to the carbonyl
groups can be cleaved without the need for charge separa-
tion, while cleavage of the Pd—N bonds must involve charge
separation due to the bpy ligand at the Pd centers. In line
with these considerations, the triply charged fragment at
m/z: 333 undergoes subsequent fragmentation along these
O—Pd coordinative bonds and forms a doubly charged frag-
ment at m/z: 313 and a singly charged fragment at m/z: 372
(Scheme 3). Analogous fragments are formed from the
doubly charged ions at m/z: 499. The product ion at m/z:
372 appears again, concomitantly, with a singly charged frag-
ment at m/z: 625.

This analysis of the MS/MS spectra provides information
on the preferred cleavage sites and thus gives insight into
the intrinsic reactivity of the isolated species,”™ which
cannot easily be observed in solution due to the environ-
ment. The analysis is also fully consistent with the structure
assignment made for 4.

Isolated species with different connectivity: Pt,Pd, complex
7 with the sequence uracil, cytosine, uracil, cytosine: Anoth-
er product isolated from the 1/[Pd"(2,2-bpy)] system and
characterized by X-ray crystal structure analysis was
[{Pt(en)},(N1-U-N3,04),(N3-CH-N1,02),{Pd(2,2"-bpy)}.]-
(NOs)g (7). The cation of 7 is depicted in Figure 9 and sali-
ent structural data are listed in Table 4.

The cation is composed of a tetranuclear, cyclic Pt,Pd,
core unit, in which the sequence of nucleobases is [(N3-U-
NI)Pt(N3-CH-NI)Pd(N3-U-NI)Pt(N3-CH-NI)Pd] and is
therefore different from the cases discussed so far (2a, 4).
The uracilate and cytosine nucleobases adopt a 1,3-alternate
conformation as far as their substituents at the exocyclic po-
sitions are concerned, for example, the O2 atom of U and
the O2 atom of CH. Two more [Pd"(2,2"-bpy)] units, bonded
pairwise through the O2 atom of the cytosine monoanion
and the O4 of the uracil dianion, are added on top of the
two other [Pd"(2,2-bpy)] entities, thereby forming head—
head arrangements and short Pd--Pd contacts of 2.844(1)
(Pd1--Pd2) and 2.815(1) A (Pd1’--Pd2’). The geometry of
the Pt,Pd, core unit closely resembles that of
[{Pt(en)(UH)},J**? as far as the intermetallic distances
and overall arrangement of the pyrimidine bases (1,3-alter-
nate) are concerned. As with the former, the four central
metal ions (Ptl, Ptl’, Pdl, Pdl’) in 7 are in a butterfly ar-
rangement, with deviations of 0.2525(3) (Ptl), 0.2580(3)
(Pt1), —0.2550(3) (Pd1), and —0.2555(3) A (Pd1’) from the
mean plane. The sides of the square range from 5.743(2)-
5917(2) A. The diagonal intermetallic distances are
7.873(3) A for Pt---Pt and 8.531(3) A for Pd--Pd.
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Scheme 3. Fragmentation pattern of complex 4 with mass-selected [4—

periments.

Instability of 7: Compound 7 was isolated from a solution of
1 and [Pd(2,2"-bpy)(H,0),]** upon complete evaporation of
the solvent. When 7 is redissolved in D,O, rapid changes
take place in the '"H NMR spectrum. A series of low-intensi-

6028

www.chemeurj.org

m/z: 499.52

4NO,]**, as observed in the IRMPD ex-

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ty nucleobase doublets (0=
5.6-6.5 ppm) appears rapidly,
before signals due to com-
pound 4 begin to dominate
within one day. If NaCl is
added to a freshly prepared so-
lution of 7 in D,O, there is a
rapid precipitation of [PdCl,-
(2,2-bpy)] and formation of a
new set of resonances assigned
to an unknown species “X”
(Figure 10). We assume that
loss of the O-bonded [Pd"(2,2"-
bpy)] entities is the first step in
this process and that the reso-
nances marked with “X” in
Figure 10 in fact correspond to
the metallacalix[4]arene with
the sequence uracil, cytosine,
uracil, cytosine (compound 6).
The loss of the bpy resonances
of 7 at 0="7.3 ppm, believed to
be characteristic of stacked
2,2-bpy entities, during the
conversion of 7 into “X” is
consistent with this assump-
tion. Subsequent steps are un-
clear at present, particularly
because compound 4, with its
different nucleobase connectiv-
ities, eventually forms
(Figure 10, spectrum c). This is
only possible if fragmentation
of “X” and a rearrangement
process take place.

Cyclic Pt,Pd, complex 9a: A
metallacalix[8]arene: [{Pt(en)-
(N1-U-N3)(N3-CH-NI1)},{Pd-
(2.2-bpy)LI(NO3)5-
(Cl0,)-56.1H,O (9a) is a
cyclic, octanuclear complex
comprising four [Pt"(en)] and
four [Pd"(2,2"-bpy)] entities, as
well as four uracil dianions (U)
and four cytosine monoanions
(CH). Unlike related metalla-
calix[n]arenes  with n=3,°
424 and 67 compound 9a
with n=8 no longer has the
shape of a ring but rather
adopts a strongly folded struc-
ture (Figure 11).

Compound 9a crystallizes in space group P4,/n and has
two crystallographically independent cations. The asymmet-
ric unit features one entire octanuclear cation (complex I)
as well as a quarter of a second cation. The latter complex

Chem. Eur. J. 2007, 13, 6019 -6039
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Figure 9. Views of Pt,Pd, cation [{Pt(en)},(NI-U-N3,04),{Pd(N3-CH-
N1,02)(2,2-bpy)},]** (7) and a schematic representation of the connec-
tivities.

Table 4. Selected interatomic distances [A] and angles [°] in 7.

Pt1-N1 (U) 2.017(6) N11-Pt1-N12 83.0(3)
Pt1-N3 (C) 2.055(7) N1 (U)-Pt1-N3 (C) 89.2(3)
Pt1-NI11 2.022(7) N11-Pt1-N1 (U) 94.4(3)
Pt1-N12 2.039(6) N12-Pt1-N3 (C) 93.5(3)
Pd1-N3 (U) 2.025(7) N11-Pd1-N12 80.7(3)
Pd1-N1 (C) 2.024(7) N3 (U)-Pd1-N1 (C) 85.9(3)
Pd1-N11" 2.022(7) N11-Pd1-N3 (U) 96.9(3)
Pd1-N12 1.988(7) N12-PdI-N1 (C) 96.5(3)
Pd2-04 (U) 2.021(6) N11-Pd2-N12 81.4(3)
Pd2-02 (C) 2.026(7) 04 (U)-Pd2-02 (C) 92.5(3)
Pd2-N11' 1.984(7) N11-Pd2-04 (U) 93.2(3)
Pd2-N12 1.982(7) N12-Pd2-02 (C) 93.1(3)
Pd1--Pd2 2.844(1)

Chem. Eur. J. 2007, 13, 6019-6039
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fragment is arranged around a crystallographic fourfold in-
version axis which generates the complete complex (com-
plex II). Complex I likewise possesses a (in this case, non-
crystallographic) fourfold inversion axis, which runs through
the center of the cation. Thus, the geometries of complexes I
and II are nearly identical. The cytosine and uracil nucleo-
bases are clearly distinguishable by means of the lengths of
the C4—N4 bonds as compared to the carbonyl bonds, as
well as on the basis of the thermal displacement factors of
the N and O atoms.

Within each complex, uracilato and cytosinato ligands al-
ternate, thereby leading to alternation of the N1 and N3
sites of the pyrimidine bases and hence to (uracil, cytosine,
uracil, cytosine), connectivities. The four Pt atoms form a
distorted tetrahedron with Pt--Pt distances of 9.579(1)-
10.972(2) A, as do the 4 Pd atoms, albeit with shorter distan-
ces (7.789(2)-8.889(2) A). The four metals “at the bottom”
(Pt3, Pt4, Pd3, Pd4) and likewise the four metals “at the
top” (Pt1, Pt2, Pd1, Pd2) form a rhomboid, each with slight
deviations of approximately +0.2 A of the metal atoms
from planarity, thereby resulting in a butterfly arrangement.
The sides of each rhomboid are defined by two shorter and
two longer Pt--Pd distances, distances that range from
5.789(1)-5.854(1) A and 7.766(1)-8.210(1) A, respectively.
The diagonal intermetallic distances amount to 10.605(2)—
10.972(2) A (Pt-Pt) and 8.671(2)-8.889(2) A (Pd--Pd). If
the 2,2-bpy and en ligands are also taken into account and
the van der Waals radii are included, the largest expansion
of the cylinder-shaped Pt,Pd, cation is approximately 16.1
(diameter)x 15.8 A (height). Views along the fourfold inver-
sion axis of cationl and from the side are given in
Figure 12. Uracilato and cytosinato are mutually head—tail
oriented (with respect to their O2 groups), with the follow-
ing angles between the metal coordination planes and the
nucleobases: CH/Pt 75.2(2)-83.0(2)°, U/Pt 69.5(2)-81.1(2)°,
CH/Pd 58.2(2)-63.7(2)°, U/Pd 71.4(2)-82.1(2)°. All four CH
bases have their C5,C6 faces directed into the interior of
the cation and pointing up, down, up, down. This arrange-
ment might be a direct consequence of the bulky bipyridine
ligands, as the relatively short contacts of ~3.4 A between
the C5 atoms of the cytosine bases and the C6 atoms of the
neighboring bpy ligands hinder rotation of the bases out of
the inner cavity. A rotation of the cytosine bases in the
other direction, and thus even further into the cavity, would
shorten the hydrogen bond between the cytosine amino
groups and the O2 positions of neighboring, Pt-linked uracil
bases (=3.1 A). However, this is hindered by a possible
steric clash between the O2 atoms of the cytosine bases and
the O4 atoms of the neighboring, Pd-linked uracil bases
(distance ~3.5 A). The top and bottom of each cation is
closed by a tight hydrogen-bonding network involving the
O2 positions of both uracilates, the N4—H, groups of both
cytosinates, and two water molecules per opening
(Figure 13). In detail, each O2 atom is connected through
one water molecule (H,0--02, mean distance 2.73(2) A) to
the N4—H, group on the opposite side of the opening
(H,0-+N4—H,, mean distance 2.92(2) A), while the second
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with neighboring complex cat-
4 ions (see the Supporting Infor-
mation). Both sorts of cations
are arranged with their four-
fold inversion axes parallel to
the ¢ axis, thereby forming in-
finite tubes along the ¢ direc-
tion, intersected only by anions
and water molecules. Perpen-
dicular to the c¢ axis, these
tubes are connected by stack-
ing interactions between the
2,2"-bpy ligands of neighboring
cations with distances of
3.28(4) and 3.43(4)A and
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Figure 10. Low-field sections of the '"H NMR spectra of compound 7 when it is redissolved in D,0 with NaCl
added, as it is converted into compound 4: a) Immediately after sample preparation (pD =7.23), b) after 2 h,

and c) after 1 day.
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Figure 11. Schematic representations of cyclic Pt,Pd, compound 9a.

acceptor site of each O2 is involved in a hydrogen bond to
the second donor site of the neighboring N4—H, group
(O2-+N4—H,, mean distance 3.08(2) A). The two water mol-
ecules, bound tightly in each opening in the above described
way, additionally form a hydrogen bond with each other
(H,0-H,0, mean distance 2.80(2) A). Selected interatomic
distances and angles are listed in Table 5.

Inspection of the crystal packing reveals that the main dif-
ference between complexes I and II is due to the intermo-
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angles between the 2.2'-bpy
planes of 1.9(3) and 6.7(3)°.
While complex II, due to its
fourfold crystallographic sym-
metry, engages all four bpy li-
gands in this kind of interac-
tion, complexI only forms
three such contacts while the
two nitrogen atoms of the fourth bpy ligand (N12 and N12’
at Pd2) are in close proximity to the en ligand of Pt2
(N12--C12e 3.63(1) A, N12"«-C12e 3.78(1) A). Overall, the
packing results in a pattern in which tubes consisting of
complex II are rotated by roughly 20° parallel to the ¢ axis,
relative to tubes formed by complex I. Anions and water
molecules form a complicated, though rather flexible, net-
work by filling the relatively large space between the com-
plex cations, especially the holes between cations arranged
in tubes along the c axis. The positions of anions and water
molecules are rather poorly defined (see the Experimental
Section).

'"H NMR spectrum of 9a: The '"H NMR spectrum of 9a in
D,O is simple, with only single doublets for H5 (6=5.10
and 5.61 ppm) and H6 (6=6.54 and 7.68 ppm) resonances
observed for the two nucleobases and altogether eight reso-
nances for the bpy ligands derived from the two nonequiva-
lent halves of each 2,2’-bpy (see the Supporting Informa-
tion). The relative intensities of the protons of the nucleo-
bases and the 2,2"-bpy ligands are in agreement with expect-
ations. One of the bpy resonances, a triplet at 0 =6.95 ppm,
stands out amongst all of the bpy signals because of its high
upfield shift. Inspection of the solid-state structure of 9a
suggests that this signal is due to the H5 proton of the pyri-
dine ring trans to the uracil N3 donor atom, which gives rise
to this upfield shift because of its disposition underneath a
uracil ring. Spectral changes are observed within several
hours at room temperature. Within two days, the resonances
of 9a have disappeared completely and two sets of uracil
and cytosine resonances, each with relative intensities of 2:1,
have formed instead. These resonances can be readily as-
signed to 4 and 1, respectively (see the Supporting Informa-
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c)

Figure 12. Different views of octanuclear Pt,Pd, cation 9a: a) Side view,
b) view along the fourfold inversion axis, and c) view along the inversion
axis with the en and 2,2"-bpy ligands omitted for clarity.

tion) and indicate a clean conversion of 9a into 4 and 1 ac-
cording to 3x9a—4x4+4x1.

Different connectivities through different reaction routes:
The different connectivities of the nucleobases in 2a and 4
on one hand and in 7 and 9a (and probably also in “X”) on
the other strongly suggest that different pathways lead to
the formation of the individual compounds. In Figure 14,
possible reaction schemes for the formation of 4, 7, and 9a
are outlined, and a more detailed scheme for possible path-
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Figure 13. Space-filling representation of cation 9a viewed along the four-
fold inversion axis: without water molecules (top) and with two water
molecules included in the inner cavity from each side (bottom).

Table 5.
Selected interatomic distances [A] and angles [°] in 9.1

Pt-N1 (U)  2.007(7)-2.0408) N (en)-Pt-N (en) 83.1(4)-84.1(3)
Pt-N3 (C)  2.024(7)-2.050(7) NI (U)-Pt-N3(C)  88.5(3)-90.2(3)
Pt-N (en)  1.994(7)-2.041(8) N (en)-Pt-N1 (U)  92.4(3)-93.5(3)
Pd-N3 (U)  2.019(7)-2.025(7) N (en)-Pt-N3 (C) 93.5(3)-94.5(3)
Pd-N1(C)  2.021(7)-2.038(8) N (bpy)-Pd-N (bpy)  80.0(3)-80.7(3)
Pd-N (bpy) 1.996(8)-2.041(8) N3 (U)-Pd-N1(C)  84.7(3)-86.4(3)

N (bpy)-Pd-N3 (U)  95.6(3)-97.0(3)

N (bpy)-Pd-N1 (C)  97.3(3)-98.1(3)
[a] For the two crystallographically independent cations, maximum and
minimum values are given.

ways leading to the formation of 9a is provided in Figure 15.
Arrows given in these figures indicate feasible pathways but
do not indicate one-way reactions. In fact, the formation of
4 from 7 and the concomitant alternations in ligand connec-
tivities strongly indicate equilibria; hence, there is also the
possibility to reverse pathways. Only boxed-in species have
been characterized by X-ray crystal structure analysis. From
Figure 14, it becomes evident that the relative ratio of Pt
starting compound 1 versus [Pd"(2,2"-bpy)] (“Pd”) influen-
ces the composition of the initial compound (2a-2¢ versus
5a, 5b) and that calix[4]arenes 3 and 6 can be obtained
through two routes. Moreover, the way that open products
condense (“self-sorting” or heterodimerization) has an influ-
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ence on the connectivity of the resulting macrocyclic ring.
For example, heterocondensation of Sa and 5b can likewise
lead to 3 (not shown in Figure 14). On the other hand, for-
mation of 9a conceivably takes place through self-sorting of
8a (Figure 15). Self-sorting of 8b leads to species 9b with
identical connectivities to those seen in 9a, yet with a differ-
ent folding topology of the Pt,Pd, ring. From model building
it is evident that there are numerous feasible foldamers
other than 9a and 9b, but it appears unlikely that rapid in-
terconversion between the various forms is possible. It is
also obvious that heterocondensation between 8a and 8b
leads to foldamers with some of the connectivities being dif-
ferent from those in 9a and 9b.

Reaction products of 1 with [Pd"(en)]: As compared to the
results from the 1/[Pd"(2,2-bpy)] system discussed so far,
the number of fully characterizable species obtained from 1
and [Pd"(en)] was much smaller. The first compound isolat-
ed proved to be a cyclic tetramer consisting of two
[Pt"(en)], two [Pd"(en)], two uracilate dianions, and two cy-
tosinate monoanions, [{Pt(en)},U,(CH),{Pd(en)},](NOs),
(Y), according to a mass spectrometry study (see below).
The question of connectivity in Y, which may be of structure
3’ (an analogue of 3, Figure 14) or of structure 6’ (an ana-
logue of 6), is not readily answered on the basis of the
'"H NMR spectra. The compound is perfectly stable in neu-
tral aqueous solution, even upon heating to 70°C (with
gradual isotopic exchange of the uracil HS proton) and in
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the presence of a large excess
of NaCl (>50 equivalents).
Only in DCI does decomposi-
tion into 1 and [PdCly(en)]
take place, and the formation
of 1 is likewise observed at
pD 13.

The assignment of the
'"H NMR resonances of Y with
its two sets of uracil and cyto-
sine resonances was achieved
by a combination of 2D 'H,'H-
NOESY and 2D 'H,”C-COSY
experiments (Table 1 and the
Supporting Information), with
the help of direct and long-
range 'H,BC coupling. At-
tempts to apply NOESY tech-
niques in [D¢]DMSO, to get an
insight into the neighborhood
of the amino protons of the cy-
tosine ligands and hence the
connectivity pattern, failed be-
cause of complex decomposi-
tion in this solvent.
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Figure 16. ESI-FTICR mass spectrum obtained from a 150 um solution of Y in methanol/water (approximately
1:1). Assignment of the observed signals to structures is indicated by the graphics (Pt: open circles, Pd: filled

circles). The inset shows the isotope pattern found for the ions at m/z: 641 and compares it to a 4:1 superposi-

Irrespective of the question
of nucleobase connectivities in
compound Y, we were also in-
terested in the possible confor-
mation of this metallacycle. Consistent with our previous ex-
perimental findings'” and with the model building for Y, the
cone conformer (O2 groups of all four nucleobases pointing
in the same direction) can be expected to provide access to
anions from the side opposite to the O2 oxygen atoms and
hence to behave as a host for anionic guests. In order to
probe such a possibility, we added increasing amounts of 3-
trimethylsilylpropanesulfonate (TSP) to an aqueous solution
of Y. There was no effect whatsoever on the chemical shifts
of any of the resonances, a result strongly suggesting that
compound Y does not adopt a cone structure but rather is
in a 1,3-alternate conformation.

ing peaks.

MS study of Pt,Pd, (Y): As Y could be isolated on a prepa-
rative scale and analyzed as [{Pt(en)},U,(CH),{Pd(en)},]-
(NOs),, it was studied in more detail. ESI-FTICR mass spec-
trometry confirmed the composition of Y. In the mass spec-
trum obtained upon electrospraying an approximately
150 um solution of Y in methanol/water (1:1 v/v), quite in-
tense signals were observed for the doubly charged
[Y-2NO;** at m/z: 641.06 (Figure 16). Consequently, the
assembly is easily ionized by stripping away the two counter-
ions. The isotope pattern of this ion is superimposed by a
singly charged fragment which corresponds to half the mac-
rocycle and thus appears at the same m/z value. The relative
intensities of the parent dication and its singly charged frag-
ment can be estimated to amount to approximately 4:1 (see
the inset in Figure 16). Two other signals appear with high
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tion of the patterns calculated for [Y—2NO5]** and its singly charged half, as indicated above the correspond-

intensities: a dication at m/z: 559.08 and a monocation at
m/z: 477.10. They can both be rationalized by invoking the
loss of an [PA(NHCH,CH,NH)] corner from [Y—2NO,]**
or its fragment, respectively, as depicted in Scheme 4. All
fragments can be formed through the same elimination
mechanism which involves deprotonation of the NH, groups
of the en ligands at the Pd center. In contrast to the 1,2-
elimination processes discussed above for 4, it is now the Pd
corner at which this process occurs, as expected from the
different binding energies of the nitrogen ligands to Pd" and
Pt". Two different mechanistic alternatives seem reasonable
to rationalize the ease of this process, which indeed even
occurs under the soft conditions of electrospray ionization:
A simple 1,2-elimination or a reaction proceeding through a
six-membered transition structure (see the inset in
Scheme 4). The products are keto—enol tautomers, which are
not easily distinguished by mass spectrometry experiments.
The abstraction of one of the en NH, protons in each of
these steps again avoids the energy-demanding charge sepa-
ration processes that would be required if a simple N—metal
bond cleavage were to occur in the fragmentation reaction.
Singly charged [Y—NO;]* ions and a similar series of frag-
ments also appear in the mass spectrum, although with
much lower intensities.

A tandem MS experiment with mass-selected
[Y—2NO;)** provides information about the fragmentation
pattern. In this IRMPD experiment, no singly charged frag-
ments were observed at m/z: >641. This indicates that the
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trum, while it appears only
with low intensity in the MS/
MS spectrum. Thus, some
doubts remain that it is exclu-
sively formed as a fragment
upon ionization.

The fragmentation pattern
given in Scheme 4 is based on
the assumption that compound
Y possesses the uracil, cyto-
sine, uracil, cytosine connectiv-
ity. We admit that we have at
present no way to unambigu-
ously rule out the second possi-
bility discussed above.

Pt,Pd; complex 11’ with uracil,
cytosine, uracil, cytosine con-
nectivity: The only compound
from the system 1/[Pd"(en)]
that was isolated as a single
crystal and subsequently stud-
ied by X-ray crystallography
was the octanuclear complex
[{Pt(en)(U-N1,N3,02,04)(C-
NI1,N3,N4,02)},{Pd(en)}4]-
(NO3)5(ClO,)521.2H,0  (11").
It was not an analogue of any
of the compounds character-
ized in the system 1/[Pd"(2,2'-
bpy)] and was obtained from a
solution containing a large
excess of [Pd"(en)] over 1. Its
occurrence in solution (spec-
trum d in Figure 3) was estab-
lished only after obtaining a
"HNMR spectrum of isolated
11"

A view of the cation of 11’ is
given in Figure 17 and selected
structural details are listed in
Table 6. Complex 11’ crystalli-
zes in the tetragonal space
group I4,/a with a quarter of
an octanuclear cation forming
the asymmetric unit. The octa-
nuclear species is generated
through the fourfold inversion

major fragmentation pathway is dissociation of the
[Y—2NO;]** dication into two identical, singly charged
halves. Any other, nonsymmetrical fragmentation reaction
with two singly charged fragments as the products would
necessarily generate one fragment above and one below
m/z: 641. In addition, small signals for the dicationic frag-
ment at m/z: 559 and intense signals at m/z: 477 were ob-
served, in line with the mass spectrum. However, the ion at
mlz: 559 represents a major species in the ESI mass spec-
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axis in the center of the molecule. Consequently, the uracil
and cytosine rings are indistinguishable. The exocyclic group
at the C2 position was treated as a carboxyl group, although
50% of the positions are occupied by amino groups of the
cytosine moieties. Additionally, Pt and Pd atoms cross-link-
ing the N1 and N3 sites occupy identical positions and were
assigned 50 % occupancy, respectively. The four nucleobases
of each cation enclose a cavity. This cavity is cut in half by
the Ptl,Pdl, plane. Opposite nucleobases are positioned
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Pt,Pdg 11"

Figure 17. Views of octanuclear Pt,Pd, cation 11’ and a schematic repre-
sentation of the cation composition.

Table 6. Selected interatomic distances [A] and angles [°] in 11'.

Pt1-N1 2.032(7) N11-Pt1-N12 83.5(4)
Pt1-N3#1 2.033(7) N1-Pt1-N3#11 87.6(3)
Pt1-N11 2.054(7) N11-Pt1-N1 95.3(3)
Pt1-N12 2.060(7) N12-Pt1-N3#11! 93.6(3)
Pd1-N1 2.032(8) N11-Pd1-N12’ 83.3(4)
Pd1-N3#10 2.036(8) N1-Pd1-N3#10 87.5(3)
Pd1-N11’ 2.058(8) N11-Pd1-N1 95.2(4)
Pd1-N12' 2.065(8) N12-Pd1-N3#1 93.4(4)
Pd3-N21 1.989(8) N21-Pd3-N22 83.4(4)
Pd3-N22 2.024(8) 02-Pd3-04#1 95.5(3)
Pd3-02 2.039(6) N21-Pd3-02 90.1(3)
Pd3—04#11! 2.009(7) N22-Pd3-O4#11 89.9(3)
Ptl--Pd2 3.04(1)

Pd1--Pd3 2.96(3)

[a] #1: —y+7/s, x="/s, =2+

above and below this plane, respectively, and are tilted to-
wards each other, thus minimizing the C5--CS5 distances and
forming angles of 65.7(2)° to the Pt1,Pdl, plane. Neighbor-
ing nucleobases enclose angles of 80.3(2)°. The maximum di-
ameter of the inner core of the complex can be estimated by
the C2..C2 distance of opposite nucleobase rings, which
amounts to 5.68(2) A. The size of the two openings of this
core is defined by the C5--CS5 distances of opposite rings
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(3.54(2) A). The distance of the C5 atoms to the Ptl,Pdl,
plane is 2.88(1) A; thus, the height of the inner core can be
estimated to be 5.76 A. Planes defined by the coordination
spheres of the heavy metals, that is, PtIN, or PdIN, and
Pd2N,, form angles of 38.6(3)° with each other. No guest
molecules can be accommodated inside the cavity. Anions
and water molecules fill the space between complexes and
are partially bound to the outer sphere of the cation through
the amino groups of the en ligands. Possibly due to the rela-
tively wide space between individual cations, the network
between the anions and water molecules permits a high
degree of dynamics, which explains the poorly defined posi-
tions of the counterions and solvent molecules inside the
crystal lattice. Details are given in the Experimental Sec-
tion.

The relationship of 11’ with MgU,: Formally, the structure of
11’ can be derived from the cyclic tetranuclear Pt,Pd, com-
pound 6’ (an analogue of 6; compare with Figure 14), in
which all four bases are cross-linked in an alternating 1,3
fashion to ring N atoms of the four nucleobases, upon addi-
tion of four more [Pd"(en)] residues to the eight available
exocyclic sites. The extra [Pd"(en)] residues are attached
pairwise to the uracil O4 and cytosine O2 sites, as well as to
the uracil O2 and cytosine N4 sites. All four nucleobases are
dianions, with uracil deprotonated at the N1 and N3 posi-
tions and cytosine deprotonated at the N1 site and at the
exocyclic amino group of the N4 atom. Thus, in 11’ all four
bases act as tetradentate ligands. The cation of 11’ has a
very close structural similarity with related Pt;U, and
Pt,Pd,U, complexes previously reported by us."”! This simi-
larity includes intermetallic distances within the cation. Su-
perficially, the main difference between the U, and the U,C,
compounds is that the exocyclic O4 oxygen atoms of two
uracil ligands in PtsU, are replaced by two isoelectronic
N4—H groups (to give two cytosinate ligands) in 11’. If the
fact that two different nucleobases are present in 11’ is ig-
nored and with consideration of the O2 groups only, even
the 1,3-alternate arrangement of the four pyrimidine bases
is identical. The four heavy metals cross-linking the endocy-
clic N1 and N3 sites of the four nucleobases in 11’ are not in
a plane. Rather they adopt a flat butterfly structure, with
two metals, for example, Ptl and Ptl’, slightly above the
best mean plane (0.11(1) A) and the other two metals, Pdl
and Pd1’, slightly below this plane (—0.11(1) A).

Pd,Pd, complex 10’: When 11’ is dissolved in D,O, there is
rapid formation (within minutes) of new '"H NMR spectro-
scopic resonances, due to partial loss of [Pd"(en)] from the
cation. This is evident from the appearance of signals due to
free [Pd(en)(D,0),** (6=2.51ppm, pD4.65) in the
'"H NMR spectrum. The simplicity of the resulting spectrum,
which is consistent with the presence of only one type of
uracil and one type of cytosine ligand (see the Supporting
Information) and the intensity of the resonance due to unco-
ordinated [Pd(en)(D,0),]** reveal that two of the six
[Pd"(en)] entities are lost. We assume that it is the two Pd"
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ions bonded pairwise to the O2 atom of cytosine and the O4
atom of uracil that are displaced, whereas the [Pd"(en)] en-
tities bonded to the deprotonated N4 position of cytosine as
well as the O2 atom of uracil remain associated with the
cycle under these conditions. We assign the species formed
to “Pt,Pd,” (10"; Scheme 5). Resonances of 10’ are also pres-

pr 10'

Scheme 5. Loss of [Pd"(en)] from Pt,Pd, (11') to form 10'.

ent in mixtures of 1 and [Pd"(en)] (see Figure 3). Compound
10" is stable in D,O under moderately basic conditions
(pD 9.7), in the presence of a 50-fold excess of NaCl, and
when heated to 70°C for one day. In the latter case, there is
accelerated exchange of the HS protons by deuterium, with
uracil exchanging faster. Only with DCI (pD < 1) is there de-
composition to the starting compound 1, again accompanied
by isotopic exchange of the uracil HS proton.

When the excess of NaCl is further increased (100 equiv),
10’ starts to decompose into compound Y and the starting
compound 1.

Given the rapid loss of two [Pd"(en)] moieties from 11’ in
aqueous solution, it did not come as a surprise to see that
similar '"H NMR spectroscopic changes occur in the pres-
ence of good ligands, such as 9-methylguanine (9-MeGH) or
adenosine monophosphate (AMP). Addition of two equiva-
lents of 9-MeGH or one equivalent of AMP led to 10’ and a
mixture of [Pd"(en)] complexes with these nucleobases (not
further identified), with 10’ being stable for days. Only when
more 9-MeGH (4 equiv) was added was there partial de-
composition of 10’, which led eventually to Y and 1.

Conclusion

In this study, a series of multinuclear, mixed-metal (Pt,,Pd,),
mixed-nucleobase (uracil, cytosine) and, in part, mixed-
amine (en; 2,2'-bpy) complexes have been characterized and
their inter-relationships and ways of formation have been
discussed. With one exception (compound 2a), the adducts
of 1 with either [Pd"(2,2-bpy)] or [Pd"(en)] are cyclic com-
pounds, collectively named metallacalix[n]arenes. Several
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examples with n=4 were characterized by X-ray crystallog-
raphy, as was an unprecedented one with n=8. The availa-
bility of exocyclic functions of the nucleobases capable of
chelating additional square-planar metal entities, namely O2
and O4 in uracil and O2 and N4 in cytosine, permits forma-
tion of metallacalix[4]arene compounds with altogether five
(compound 4), six (compound 7), and eight (compound 11’)
metals bonded. Binding of the “extra” metal ions can occur
exclusively through the exocyclic groups (7, 11') or in a
mixed fashion (endocyclic N and exocyclic O atoms) as seen
in 4. The major structural differences between the com-
pounds studied here are their different nucleobase connec-
tivities, that is, UCUC in “X” (6), 7, 9a, and 11, yet UCCU
in 2a and 4. The determining factors concerning connectivi-
ty are the binding patterns of the first Pd" species to interact
with the starting compound 1 (reaction at the uracil N3 or
cytosine N1 atoms), the stoichiometry of the first species
formed (Pt,Pd or PtPd), and the dimerization patterns of
these early products. Connectivities can be reversed (see, for
example, conversion of 7 into 4), a fact suggesting that com-
plex fragmentation with Pd—N (nucleobase) bond breakage
takes place and allows interconversion of species, as is char-
acteristic of dynamic combinatorial chemistry.

In all of the structurally studied examples of metallaca-
lix[4]arenes reported here (4, 7, and 11’), the four nucleo-
bases adopt 1,3-alternate conformations in the solid state, ir-
respective of the nucleobase connectivity. As a consequence
of this conformation, the interior of the metallacalix[4]arene
does not have any space for inclusion of an anion or of sol-
vent molecules, unlike a cone conformer, which provides a
suitable hydrophobic cavity. The solution study with the
Pt,Pd, complex “Y” shows no evidence of ligand rotation to
form a cone conformer either. It is possible that steric inter-
ference between the exocyclic amino group of the cytosine
nucleobase and the H6 atom of the uracil nucleobase, which
is to be expected both for UCUC and UCCU connectivities,
prevents the cone conformation from being easily realized.

The chemistry carried out here does not answer all of the
questions related to the so-called “platinum pyrimidine
blues” derived from unsubstituted uracil. However, the trick
of substituting slowly reacting cis-Pt"(NH;), entities in part
by faster reacting cis-Pd"a, analogues and by preventing at
the same time a sluggish Pt redox chemistry, which leads to
mixed-valence compounds, has allowed us to understand
some of the structural complexity, which most likely is
shared by the “blues”.

Experimental Section

Materials and methods: [PtCl,(en)],’” [PdCly(en)],”!! [PdCl,(2,2-
bpy)].*" and [Pt(en)(UH-NI)]CI-H,0!"* were prepared according to pub-
lished procedures. Uracil and cytosine were of commercial origin
(Fluka), as were 9-methylguanine (Chemogen), adenosine monophos-
phate (Sigma), and 2,2-bipyridine (Aldrich).

[Pt(en)(UH-NI)(CH,-N3)INO;3.5H,0 (1a): [Pt(en)(UH-NI)]Cl-H,0
(302 mg, 0.720 mmol) and cytosine (80 mg, 0.72 mmol) were mixed in
H,0 (80 mL) and kept at 40°C for 4 days. After filtration of some ele-
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mental Pt, AgNO; (120 mg, 0.98 equiv) was added. The mixture was
stirred for 12 h at room temperature, filtered to remove AgCl, and con-
centrated by rotary evaporation to 1/10th of the original volume. NaNO;
(61 mg, 0.72 mmol) was then added and the solution was kept at 4°C.
Within 7 days, colorless cubes formed, which were filtered off, washed
with a small amount of ice water, and dried in air. Yield: 53 %; elemental
analysis: caled (%) for C,,H;(NyOPt-2H,O (575.4): C 20.8, H 3.5, N
19.5; found: C 20.6, H 3.3, N 19.5. X-ray analysis showed the water con-
tent of freshly prepared 1a to be higher (3.5 hydrate).
[Pt(en)(UH-NI)(CH,-N3)]Cl10,+3H,0 (1b): The compound was ob-
tained in an analogous way to that used for the synthesis of 1a but with
AgClO, applied. Compound 1b was isolated in 50% yield; elemental
analysis: calcd (%) for C,(H,,N;0,,CIPt (630.86): C 19.0, H 3.5, N 15.5;
found: C 19.0, H 3.5, N 15.6.
[Pd(2,2-bpy){Pt(N1-CH-N3)(en)(UH-N1)},](NO;)(C10,)-4.9H,0 (2a):
[PACL,(2,2"-bpy)] (13.3 mg, 39.4 umol) was added to a solution of Ag-
ClO4+H,0 (16.2 mg, 1.96 equiv) in H,O (4 mL) and the suspension was
stirred in the dark at 40°C overnight. The resulting mixture was kept in
an ice bath for 1h and then the AgCl precipitate was centrifuged off.
Subsequently, [Pt(en)(UH-NI)(CH,-N3)]ClIO,3H,0 (1b; 50.5 mg,
80.0 umol) was added to the filtrate and the mixture was stirred for
1 day. The pH value was adjusted to 10 by means of NaOH (1m) and a
small amount of NaNO; was added to improve crystallization. The solu-
tion was kept at room temperature in a dish covered with parafilm. After
three days, the mixture consisted of 1b (40%) and light-yellow crystals
of 2a (60%), which were separated by hand under a microscope. Ele-
mental analysis: caled (%) for C;HjzN;,0,;CIPt,Pd-6H,0 (1484.8): C
242, H 3.4, N 16.0; found: C 24.1, H 3.5, N 16.2. X-ray analysis showed a
slightly lower H,O content.
[{Pd(2,2"-bpy)};{Pt(en)(U-N1,N3,04)(CH-N1,N3)},1(NO;)+5H,0 “4)
and [{Pt(en)},(N1-U-N3,04),(N3-CH-N1,02),{Pd(2,2"-bpy)},1(NO;); (7):
[PACL,(2,2"-bpy)] (302 mg, 0.901 mmol) was added to a solution of
AgNO; (301 mg, 1.96 equiv) in H,O (15mL) and the suspension was
stirred in the dark at 40°C overnight. The resulting mixture was kept in
an ice bath for 1h before the AgCl precipitate was filtered off. After-
wards, [Pt(en)(UH-NI)(CH,-N3)]ClO,3H,0 (1b; 283 mg, 0.448 mmol)
was added to the filtrate and the mixture was stirred for 2 days. The pH
value was adjusted to 7.5 by means of NaOH (1m) and the solution was
kept at 4°C. After approximately two weeks, the solution was dry and a
mixture of a small amount of orange blocks (7) and a large amount of a
yellow precipitate was recovered. The orange crystals (7) were separated
by hand under a microscope and turned out to be suitable for X-ray crys-
tallography. The yellow precipitate was recrystallized from a 0.1m KNO;
solution and the pH value was adjusted to 9.5 by addition of NaOH
(1m). After 3 days at room temperature, crystals of 4 suitable for X-ray
crystallography were obtained. Yield of 4: 28 %; elemental analysis of 4:
caled (%) for CsHs,N,,O5Pt,Pd;-8 H,O (2130.7): C 28.1, H 3.2, N 15.8;
found: C28.1, H 3.1, N 15.9.
[{Pt(en)(N1-U-N3)(N3-CH-NI)},{Pd(2,2"-bpy)},(NO;);(Cl0,)-56.1 H,O
(9a): [PdC1,(2,2-bpy)] (102 mg, 0.303 mmol) was added to a solution of
AgNO; (102mg, 1.96 equiv) in H,O (4mL) and the suspension was
stirred in the dark at 40°C overnight. The resulting mixture was kept in
an ice bath for 1h before the AgCl precipitate was filtered off. After-
wards, [Pt(en)(UH-NI)(CH,-N3)]ClO,3H,0 (1b; 189 mg, 0.300 mmol)
was added to the filtrate and the mixture was stirred for 2 days. The pH
value was adjusted to 10.5 by means of NaOH (1mM) and the solution was
kept in a closed dish at 4°C. After approximately four weeks, yellow
crystals suitable for X-ray crystallography were obtained in low yield. El-
emental analysis of the sample kept in air: caled (%) for
CyoHgsN39O,5CIPt,Pd,- 16 H,O (3525.5): C 27.2, H 3.4, N 15.5; found: C
27.1, H 3.1, N 15.5. Further concentration of the filtrate resulted in a pre-
cipitate which, according to '"H NMR spectroscopy, consisted mostly of 4.
[(Pt(en)},U,(CH),{Pd(en)},](NOy), (Y): [PACL(en)] (20.2 mg, 85.1 pmol)
was added to a solution of AgNO; (28.5 mg, 1.96 equiv) in H,O (5mL)
and the suspension was stirred in the dark at 40°C overnight. The result-
ing mixture was kept in an ice bath for 1h before the AgCl precipitate
was centrifuged off. Afterwards, [Pt(en)(UH-NI)(CH,-N3)]NO;-3.5H,0
(1a, 98.1 mg, 0.170 mmol) was added to the filtrate and the solution was
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stirred for 2 days. The pH value was adjusted to 7.4 by means of NaOH
(1m) and the solution was kept at room temperature. After 10 days, a
mixture (40.3 mg) was recovered as a precipitate. According to '"H NMR
spectroscopy, the mixture consisted of 1a (10%) and Y (90 % ). The mix-
ture was characterized by ESI mass spectrometry.
[{Pt(en)(U-N1,N3,02,04)(C-N1,N3.N4,02)},{Pd(en)}1(NO;)s-
(C10,);21.2H,0 (11'): [PdCly(en)] (213 mg, 0.898 mmol) was added to a
solution of AgNO; (300.7 mg, 1.96 equiv) in H,O (15mL) and the sus-
pension was stirred in the dark at 40°C overnight. The resulting mixture
was kept in an ice bath for 1 h before the AgCl precipitate was filtered
off. [Pt(en)(UH-NI)(CH,-N3)]ClO,3H,0 (1b, 284 mg, 0.450 mmol) was
then added to the filtrate and the mixture was stirred for 2 days. The pH
value was adjusted to 4.1 by means of NaOH (1m) and the solution was
kept at 4°C in an open beaker. Within 7 days, orange cubes formed,
which were filtered off, washed with a small amount of ice water, and
dried in air. Yield: 35 %; elemental analysis of sample kept in air: calcd
(%) for C;H7N3;03CLPt,Pd-10H,0 (2736.3): C 14.1, H 3.4, N 15.8;
found: C 14.1, H 3.6, N 15.7.

Characterization and physicochemical measurements: Elemental (C, H,
N) analysis data were obtained on a Leco CHNS 932 instrument.
'"H NMR spectra in D,O were recorded on Varian mercury 200 FT NMR
and/or on Bruker DRX 400 instruments with sodium-3-(trimethylsilyl)-
propanesulfonate (TSP, 6 =0 ppm) or, for the host—guest studies, tetrame-
thylammonium tetrafluoroborate (TMA, 6 =3.18 ppm) as an internal ref-
erence. The 'H,'D-NOE, 'H,'D-TOCSY, and 2D (HSQC, HMBC) spec-
tra were recorded on a Varian Inova 600 spectrometer with a 5 mm in-
verse detection probe with a z-gradient coil. All spectra were obtained
by using pulse sequences from the Varian pulse-sequence library. The pD
values of the NMR samples were determined by use of a glass electrode
and addition of 0.4 units to the uncorrected pH meter reading (pH*).
The pK, values of 1 were estimated from plots of Ao versus pH* values.

Electrospray mass spectrometry: The mass spectrometry experiments de-
scribed above were performed with a Bruker APEX IV FTICR mass
spectrometer equipped with a superconducting 7 Tesla magnet and an
Apollo ESI source utilizing a nickel-coated glass capillary with a 0.5 mm
inner diameter. This ESI source had three differential pumping stages.
Tons were continuously generated from 150 pm solutions of the com-
plexes in water/methanol (approximately 1:1) which were introduced into
the source with a syringe pump (Cole Parmer Instruments, Series 74900)
at flow rates of approximately 3 pLmin '. Parameters were adjusted as
follows: capillary voltage: —4.4 to —4.7 kV; endplate voltage: —4.0 to
—4.3 kV; capexit voltage: 30-150 V; skimmer 1 voltage: 8-10 V; skimm-
er 2 voltage: 5-8 V; temperature of drying gas: 30-50°C. The experi-
ments were carried out with a nebulizer gas pressure of 20 psi and a
drying gas pressure of 5 psi. The ions were accumulated in the instru-
ments hexapole for different time spans to provide information about
fast fragmentation processes. The ions were then introduced into the
FTICR analyzer cell, which was operated at pressures below 10~ mbar,
and detected by a standard excitation and detection sequence. In the
APEX 1V instrument, the ICR cell is a cylindrical “infinity” cell with
equipotential-line-segmented trapping plates. Such cells are primarily
used to avoid z ejection of ions when exciting them before image current
detection. For each measurement, 32-256 scans were averaged to im-
prove the signal-to-noise ratio.

IR multiphoton dissociation (IRMPD) experiments were performed by
mass-selection of the whole-isotope patterns of the ions of interest with
correlated sweeps and by irradiating them with the IRMPD laser
(10.5 pm, 25 W) for different time intervals. Due to the rather low inten-
sities of some of the ions, up to 512 scans were required to obtain good
signal-to-noise ratios.

X-ray data collection: Data collection for 1a, 2a, 4, 7, 9a, and 11’ was
carried out on an Enraf-Nonius Kappa CCD diffractometer by using
graphite-monochromated Moy, radiation (1=0.7169 A).’?) Data reduc-
tion and cell refinement were performed by using the programs DENZO
and SCALEPACK"* or with the program EvalCCD.P*¢! Reflections,
which were partly measured on previous and following frames, were used
to scale these frames to each other. Merging of redundant reflections in
part eliminates absorption effects and also considers crystal decay if pres-
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Table 7. Crystallographic data for compounds 1a, 2a, 4,7, 9a, and 11'.

70! 9a 11

la 2a 4
empirical for-  CjgHp;NgOgsPt  C3Hys13CIN;O1506PdPL, - CsgHeaN,4O,3PdsPL,
mula
F, 595.40 1457.80 2082.04
crystal triclinic triclinic triclinic
system
space group ~ P1 Pl P1
a[A] 10.226(2) 13.639(3) 12.270(2)

b [A] 12.792(3) 16.802(3) 13.385(3)
c[A] 15.027(3) 22.453(4) 21.199(4)
a[°] 96.20(3) 79.32(3) 87.24(3)

A 1°] 91.20(3) 77.93(3) 75.76(3)

v [°] 94.13(3) 73.23(3) 80.87(3)
V[AY] 1948.3(7) 4774.5(16) 3331.7(11)

V4 4 4 2

D, [gem ™) 2.030 2.028 2.075
u(Mog,,) 7.266 6.361 5.075

[mm ']

Gof on F? 0.648 0.803 0.780

R, wR, 0.0409, 0.0622  0.0496, 0.1058 0.0554, 0.0919
[1>20(D)]™

R, wR, (all ~ 0.1242,0.0771 0.1256, 0.1205 0.1553, 0.1093
data)®

Cﬁ()Hﬁ()N28024Pd4PtZ CSOHZIIO.ZCINS‘)OSI 1 Pd4Pt4 C32H1 16.4()C13N3l OS4A20Pd6Pt2

2001.08 4246.68 2938.09
triclinic tetragonal tetragonal
Pl P4y/n 14/a
13.478(3) 41.132(6) 19.775(3)
14.940(3) 41.132(6) 19.775(3)
23.317(5) 23.372(5) 23.921(5)
79.12(3) 90.00 90.00
82.05(3) 90.00 90.00
70.17(3) 90.00 90.00
4323.4(15) 39542(12) 9354(3)

2 10 4

1.537 1.783 2.086
4.089 4.090 4.302
0.920 0.879 1.010

0.0577, 0.1130 0.0424, 0.0851 0.0484, 0.1296

0.1192, 0.1267 0.1102, 0.0968 0.0839, 0.1466

[a] Ri=X||F,|—|F.||/Z|F,|, wR,=[Ew(F,’—F2)*/%w(F,?)?]". [b] Cation of 7 (solvent and counterion contribution eliminated from reflection data with

the PLATON-SQUEEZE program).

ent. All of the structures were solved by standard Patterson methods?*!

and refined by full-matrix least-squares methods based on F? by using
the SHELXTL-PLUSP*! and SHELXL-975*! programs. Crystallographic
data are compiled in Table 7. Owing to the large number of disordered
counterions and/or disordered water molecules in the structure of 7, the
X-ray data for this compound were corrected by employing the
SQUEEZE routine in the PLATON programme package.” 367 elec-
trons were removed from a volume of 1519.2 /°\3, which were attributed
to 12NO;™ counterions in the unit cell (Z=2). All atoms of the cation of
7 were refined anisotropically with the exception of two carbon atoms
and one nitrogen atom of the en ligand, which were disordered over posi-
tions with 50 % occupancies in each.

In 9a, of the five anions required per asymmetric unit, 1.2 have been re-
fined as ClO," (spread over 3 positions, with 1 of these being a center of
inversion generating a fully occupied ClO,™ in the packing) and 3.8 as
NO;~ (distributed over 11 positions). Two of these nitrate ions, defined
by N(4N), O(41N), O(42N), and O(43N), as well as O(42N), N(4N), O-
(44N), and O(45N), share the same space with 25% occupancy each, in
such a way that O(42N) defines the position of an oxygen atom in one ni-
trate ion while it defines the position of the central nitrogen atom in the
second. The same but the other way around is true for N(4N). 70.1 water
molecules per asymmetric unit occupy 117 positions, with some of them
shared with only partially occupied anions. The occupancy of the water
molecules was refined by allowing a maximum of 0.15 for the thermal
displacement factors. All atoms of the cations were refined anisotropical-
ly with the exception of one C4 atom of one of the cytosine bases (non-
positive defined). Anisotropic refinement was further applied to the
ClO,™ anion on the special position as well as to all fully occupied water
molecules.

With 11’, per asymmetric unit, one nitrate anion with the nitrogen atom
on a center of inversion as well as another nitrate and a perchlorate
anion, both with only 75% occupancy, could be refined. The oxygen
atoms of all anions are disordered over multiple positions. The same is
true for the 5.3 water molecules found per asymmetric unit. The occupan-
cy of these water molecules was refined freely assuming thermal displace-
ment factors similar to those found for the oxygen atoms of the anions (
~0.15-~0.2), with the exception of positions with restricted occupancies
due to disorder with other water molecules and/or anions. 4.45 water
molecules are distributed over 14 positions with occupancies ranging
from 10-50 %. The remaining positions are shared with partially occupied
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oxygen atoms of the anions. All atoms of the cation were refined aniso-
tropically with the exception of one carbon atom of each en ligand, each
of which was disordered over two positions, all with occupancies of 50 %.

CCDC-623122-623127 contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from the Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.
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