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Abstract: cis-[PtA2(nucleotide)2] com-
plexes (A2 stands for two amines or a
diamine) have been extensively investi-
gated as model compounds for key cis-
platin–DNA adducts. All cis-[metal(nu-
cleotide/nucleoside)2] complexes with
guanine and related purines character-
ized in the solid state thus far have the
DHT conformation (head-to-tail orien-
tation of the two bases and right-
handed chirality). In sharp contrast,
the LHT conformation (left-handed
chirality) dominates in acidic and neu-
tral aqueous solutions of cis-[PtA2 ACHTUNGTRENNUNG(5’-
GMP)2] complexes. Molecular models
and solution experiments indicate that
the LHT conformer is stabilized by 5’-

phosphate/N1H hydrogen-bond inter-
actions between cis nucleotides with
the normal anti conformation. Howev-
er, this evidence, while compelling, is
indirect. At last, conditions have been
defined to allow crystallization of this
elusive conformer. The structure ob-
tained reveals three unique features
not present in all other cis-
[PtA2(nucleotide)2] solid-state struc-
tures: a LHT conformation, very

strong hydrogen-bond interactions be-
tween the phosphate and N1H of cis
nucleotides, and a very small dihedral
angle between the planes of the two
guanines lying nearly perpendicular to
the coordination plane. These new re-
sults indicate that, because there are
no local base–base repulsions preclud-
ing the LHT conformer, global forces
rather than local interactions account
for the predominance of the DHT con-
former over the LHT conformer in the
solid state and in both inter- and intra-
strand HT crosslinks of oligonucleo-
ACHTUNGTRENNUNGtides and DNA.
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Introduction

Cisplatin (cis-[Pt ACHTUNGTRENNUNG(NH3)2Cl2]) is an important example of the
very widely used cis-[PtA2X2] drug type (A2= two amines or
a diamine, X2= two monoanions or a dianion).[1–5] Its activity
is widely attributed to the formation of adducts involving
two guanines in DNA, crosslinked to Pt at the N7
atoms,[1,2,6,7] and the extent of dACHTUNGTRENNUNG(GpG) intrastrand crosslink-
ing correlates well with treatment outcomes.[8]

Evidence relying on diverse methods for both solution
and solid states, such as X-ray crystallographic and NMR
spectroscopic characterizations and enzymatic digestion/gel
electrophoresis of conformationally frozen crosslinked ad-
ducts, mainly indicates that the two guanine bases are head-
to-head (HH, Figure 1).[9–22] However, there is some evi-

dence that head-to-tail (HT) crosslinks form for both intra-
strand[9] and interstrand crosslinks.[23,24] Such HT adducts
could contribute to anticancer activity, and evidence exists
that many Pt compounds incapable of forming the main
DNA HH adducts made by cisplatin exhibit anticancer ac-
tivity.[2,25, 26] In DNA and oligonucleotide HT adducts and for
all related HT forms characterized by solid-state crystallog-
raphy, the chirality of the HT conformer typically found is
D. All known cis-[metal(6-oxopurine nucleotide)2] adducts
(involving 5’-GMP, 5’-IMP, and their phosphate methyl
esters) crystallize in the DHT conformation, not only for
square-planar Pt with several carrier ligands, but also for ex-
amples of square-planar and octahedral complexes of Co,
Cu, Zn, Cd, and Pd.[27–43] Also, the D conformation is found
in all solid-state structures of Pt compounds with G nucleo-
sides.[27–30,32–34,38,41–47] Furthermore, all known structures of
cis-[metal(6-oxopurine nucleotide)2] adducts in the HH con-
formation have nucleotides that are linked by a sugar–phos-
phate backbone.[10,13,14, 21,48, 49]

By using ligands with bulk in the coordination plane suffi-
cient to reduce dynamic interchange between conformers,
but not so bulky as to preclude the existence of the various
possible conformers, we have obtained unambiguous evi-
dence that in typical cases all three conformers exist in solu-
tion in measurable amounts. The HT conformers are fa-
vored over the HH conformer both by lower steric clashes

and by better dipole–dipole interactions (the favored HT
chirality, D or L, depends on the carrier ligand and the posi-
tion of the phosphate group).[52] In addition, the HH confor-
mer is disfavored by clashes of the G O6 atoms.[52,53] Never-
theless, even for adducts with some relatively bulky ligands,
the HT conformers are unstable in duplex DNA.[9] Thus, it
is the global nature of the overall structure, rather than the
local nucleobase–nucleobase interactions, that plays a domi-
nant role in favoring the HH conformer. Also, the domi-
nance of the DHT conformer and the scant evidence for the
LHT conformer in interstrand DNA and in oligonucleotide
crosslinked adducts suggest that global factors associated
with the backbone disfavor the LHT conformer. Stated dif-
ferently, the typical order of conformer stability observed
for adducts with sugar–phosphate backbones (HH>DHT>

LHT) suggests that remote rather than local factors cause
this order to deviate from that found for simpler adducts
(LHT�DHT>HH). However, until now, the prevalence of
the DHT conformer and the absence of a crystallized LHT
conformer from any laboratory and with any metal intro-
duce some level of uncertainty about the validity of this gen-
eral conclusion. Specifically, we cannot exclude with a high
level of confidence the possibility that unfavorable local
base–base or base–sugar interactions between the two cis
nucleotides disfavor the LHT form in the solid state or in
adducts that have the nucleotides linked by a sugar–phos-
phate backbone.

By using both NMR and CD spectroscopic methods,[52,54]

we determined that the preference for the LHT conforma-
tion requires both an N1H on the 6-oxopurine (i.e. , the
effect decreased markedly if N1 was methylated or depro-
tonated) and a 5’-phosphate group. NMR data indicated
that the 5’-GMP nucleotides maintained the preferred anti
conformation. Structural models with both 5’-GMP nucleo-
ACHTUNGTRENNUNGtides in the anti conformation suggested that the 5’-phos-
phates are directed toward the cis amines in the DHT con-
former and toward the cis nucleotide in the LHT confor-
mer. Therefore, phosphate interactions with the cis amine
(hydrogen-bond interaction) and with the platinum core
(electrostatic interactions) will favor the DHT conformer,
whereas phosphate interactions with the cis guanine (hydro-
gen-bond interaction with cis-5’-GMP N1H)[55–58] will favor
the LHT conformer. However, even for those cases in
which our choice of carrier ligand restricted the rotation
about the Pt�N7 bond, these adducts are rendered very dy-
namic by rapid motions involving rotation about the N9�C1’
and the C4’�C5’ bonds, and interchange among a very broad
range of sugar puckers. Factors we identified as favoring the
DHT conformer found support in several X-ray structures
with the DHT conformer, but evidence in the solid state to
support both the presence of favorable N1H···5’-phosphate
interactions and the absence of unfavorable base–base inter-
actions in a LHT conformer was totally lacking. Thus, it was
a desirable goal to obtain a solid-state structure of a LHT
conformer.

We reasoned that, although there could be a significant
crystal-packing preference for the DHT rotamer, we might

Figure 1. Possible conformers for platinum complexes with cis G units
(each guanine is represented with an arrow, the tip of which represents a
H8 atom). For a head-to-tail (HT) orientation of two guanine units, the
D or L chirality is defined according to the handedness of two straight
lines, one perpendicular to the coordination plane and passing through
platinum and the other connecting the O6 atoms of the two gua-
nines.[50,51]
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be able to crystallize this elusive conformer by choosing
those circumstances known from our work to lead to greater
stability of the LHT conformer. For this, we selected the
[Pt ACHTUNGTRENNUNG(Me4DAE) ACHTUNGTRENNUNG(5’-GMP)2] complex (Me4DAE=N,N,N’,N’-
tetramethyl-1,2-diaminoethane). The two methyl substitu-
ents on each chelate-ring nitrogen were chosen both to elim-
inate phosphate/cis amine hydrogen-bond interactions and
to hinder wrapping of the sugar–phosphates around the
metal core by preventing oppositely charged moieties from
approaching each other closely. These factors destabilize the
DHT conformer. The bulky Me4DAE ligand also destabiliz-
es the HH conformer. We employed neutral pH because the
phosphate group is fully deprotonated, favoring hydrogen
bonding and the LHT conformer.[55–58] With this strategy we
were able to obtain, for the first time, crystals of a pure
LHT rotamer, [bis(guanosine-5’-monophosphate(-2))-
ACHTUNGTRENNUNG(N,N,N’,N’-tetramethyl-1,2-diaminoethane)platinum(II)] di-
ACHTUNGTRENNUNGsodium salt heptahydrate, Na2[Pt ACHTUNGTRENNUNG(Me4DAE) ACHTUNGTRENNUNG(5’-
GMP)2]·7H2O, Na21·7H2O. The crystallographically deter-
mined structure confirmed the importance of the interaction
between the cis 5’-GMP nucleotides in a LHT conformer
and has revealed structural features unobtainable by solu-
tion methods. Moreover, the faster rate of formation of the
[Pt ACHTUNGTRENNUNG(Me4DAE) ACHTUNGTRENNUNG(5’-GMP)2] adduct from [Pt ACHTUNGTRENNUNG(Me4DAE)-
ACHTUNGTRENNUNG(H2O)2]

2+ and 5’-GMP relative to that of the atropisomeri-
zation rate allowed us to establish that the DHT rotamer is
kinetically preferred and the LHT rotamer is thermodynam-
ically preferred.

Results

Synthesis and spectroscopic characterization : The [Pt-
ACHTUNGTRENNUNG(Me4DAE) ACHTUNGTRENNUNG(5’-GMP)2] adduct was obtained by reaction of
[Pt ACHTUNGTRENNUNG(Me4DAE) ACHTUNGTRENNUNG(H2O)2]SO4 with Na2ACHTUNGTRENNUNG(5’-GMP) in a 1:2 molar
ratio (pH�3–3.5 and T=22 8C). The 1H NMR spectrum ex-
hibits four new H8 peaks 1 h after mixing. During the
course of the reaction there was a steady decrease of the H8
peak of free 5’-GMP and a steady increase of two of the
new H8 peaks (at 8.44 and 8.42 ppm). The other two new
H8 peaks (at 8.714 and 8.709 ppm) have their highest inten-
sities early in the reaction and then decrease to zero
(Figure 2).

From the time dependence, the peaks near 8.71 ppm are
undoubtedly from the monoadduct, [Pt ACHTUNGTRENNUNG(Me4DAE) ACHTUNGTRENNUNG(D2O) ACHTUNGTRENNUNG(5’-
GMP)]. Sketches of the two rotamers of the monoadduct
(Figure 3), with the Me4DAE placed in the rear and the 5’-
GMP nucleobase placed at the left-hand coordination site,
illustrate that only two rotamers are possible because the
Me4DAE ligand is symmetrical. Two sets of resonances can
be observed for the monoadduct only if the two rotamers in-
terconvert slowly on the NMR timescale. The two rotamers
of the monoadduct are named (pro-DHT and pro-LHT) in
relation to the D or L chirality of the HT conformer that is
formed upon coordination of a second G base (in place of
the water molecule) in an HT orientation with respect to the
pre-existing G. The intensity ratio between the two H8 sig-

nals close to 8.71 ppm did not change with time, indicating
that the rotamer composition of the monoadduct is under
thermodynamic control.

The two H8 signals at 8.44 and 8.42 ppm are assigned to
[Pt ACHTUNGTRENNUNG(Me4DAE) ACHTUNGTRENNUNG(5’-GMP)2]. This bisadduct has three possible
rotamers: two head-to-tail (LHT and DHT) and one head-
to-head (HH), as already shown in Figure 1. Each HT rota-
mer (C2 symmetry) will give one H8 1H NMR signal. For

Figure 2. Reaction of [Pt ACHTUNGTRENNUNG(Me4DAE) ACHTUNGTRENNUNG(D2O)2]
2+ with 5’-GMP at pH�3 and

22 8C. 1H NMR spectra were recorded at different time intervals (hours).
Peaks of free 5’-GMP (*), monoadduct (1:1), and bisadduct (DHT and
LHT) are labeled.

Figure 3. Sketches of the two possible rotamers for the monoadduct (pro-
DHT and pro-LHT) and the two HT conformers of the bisadduct (DHT
and LHT). Arrows represent the G bases, with the tip of the arrow rep-
resenting a H8 atom. Each rotamer of the monoadduct is named accord-
ing to the chirality of the bisadduct conformer, which is formed by coor-
dination of a second G unit in an HT orientation with respect to the pre-
existing guanine.
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the HH rotamer (C1 symmetry), the two G bases are not
equivalent; therefore, two H8 signals (of equal intensity) are
expected. The two H8 signals at 8.44 and 8.42 ppm have un-
equal intensities; thus, they must belong to the two HT ro-
tamers. There are, however, two very weak signals of essen-
tially equal intensity at 8.59 and 8.54 ppm that probably
belong to the HH rotamer. Throughout the experiment,
these signals remain very small, indicating that any HH con-
former present is highly disfavored both kinetically and ther-
modynamically.

One HT conformer of the bisadduct (H8 at 8.42 ppm) is
initially more abundant than the other (H8 at 8.44 ppm).
With time, the initially more abundant HT conformer de-
creases and, at equilibrium, becomes less abundant than the
second HT conformer (Figure 2).

The chirality of individual HT conformers was deduced
by CD spectroscopy. Common CD features of previously
studied cis-[PtA2G2] adducts (G=detached guanine-base de-
rivatives) allowed us to establish that the HT conformers
make the greatest contribution to the CD spectrum[54,57,59,60]

and that HT conformers of opposite chirality (L or D) also
have opposite CD features. Moreover, the CD spectrum of
a mixture of conformers is reflective of the dominant con-
former in solution. Therefore, in the present case, the CD
spectrum of the final solution (spectrum at pH 3.0 in Fig-
ure S1 in the Supporting Information) indicates a preference
for the LHT rotamer at equilibrium (negative features at
209 and 255 nm and positive features at 220 and 285 nm).
Therefore, the DHT conformer dominates in the early stage
of the reaction (DHT:LHT ratio, calculated from 1H NMR
spectra at 3 h reaction time, of approximately 70:30; kineti-
cally controlled composition), whereas the LHT conformer
dominates at equilibrium (DHT:LHT ratio of 35:65; thermo-
dynamically controlled composition).

The CD spectra of [Pt ACHTUNGTRENNUNG(Me4DAE) ACHTUNGTRENNUNG(5’-GMP)2] solutions
equilibrated at various pH values (Figure S1) also indicate
that the intensity of the CD features is greatest at pH 6.5–
7.0, at which complete deprotonation of the phosphates
occurs (DHT:LHT ratio of 25:75 as calculated from NMR
data) and decreases both at lower pH (reflecting the extent
of protonation of the phosphate groups) and at higher pH
(reflecting the extent of guanine N1H deprotonation).

A single crystal of Na2[Pt ACHTUNGTRENNUNG(Me4DAE) ACHTUNGTRENNUNG(5’-GMP)2], dissolved
in water, gave a spectrum that is compared in Figure 4 with
the spectra of the pure DHT rotamers of the [Pt ACHTUNGTRENNUNG{(R,R)-
Me4DACH} ACHTUNGTRENNUNG(5’-GMP)2] and [Pt ACHTUNGTRENNUNG{(S,S)-Me4DACH} ACHTUNGTRENNUNG(5’-GMP)2]
(Me4DACH=N,N,N’,N’-tetramethyl-1,2-diaminocyclohex-
ane).[43] The very slow rate of interconversion between ro-
tamers of these three complexes ensures that the measured
CD spectra are those of the pure rotamers. As expected
from earlier work,[43] the spectra of the two DHT rotamers
have nearly a mirror relationship to that of the LHT rota-
mer because this change inverts the chirality of the coupled
p!p* electronic transitions of the two purines.

The CD intensities observed for the LHT rotamer of 1
are significantly greater than those observed for [Pt-
ACHTUNGTRENNUNG{(R,S,S,R)-Me2DAB} ACHTUNGTRENNUNG(5’-GMP)2] (Me2DAB=N,N’-dimethyl-

2,3-diaminobutane), for which also the LHT rotamer was by
far the dominating conformer in solution (LHT>95%).[61]

We have proposed that the weakness of the latter CD fea-
tures is caused by the greater “6-in” canting of the purine
bases permitted by the smaller steric interaction between
the guanine H8 and the cis amine (an N�H instead of an
N�Me on the same side of the platinum coordination
plane).[43] In the limit of complete canting, the bases lie in
the platinum coordination plane, and a negligible CD signal
is expected.

From the effect of the guanine anisotropy on the shifts of
the cis amine N�Me signals, it is possible to identify the
chirality of the Me4DAE chelate-ring pucker of the HT con-
formers in solution. A correlation exists between the orien-
tation of the guanine and the difference in shifts between
geminal N�Me signals. If the six-membered ring of the gua-
nine is on the same side of the coordination plane as the
“quasi-equatorial” N�Me, the difference in shift between
the two geminal N�Me signals is in the range of 0.18–
0.26 ppm. Conversely, if the guanine six-membered ring is
on the side of a “quasi-axial” N�Me, the difference in shift
between geminal N�Me signals drops to 0.02–0.05 ppm.[62]

Relevant values gathered from investigation of [Pt-
ACHTUNGTRENNUNG(Me4DACH)G2] complexes of known HT chirality and di-
ACHTUNGTRENNUNGamine chelate-ring pucker (this latter determined by DACH
chirality) are reported in Table S1. For the [Pt ACHTUNGTRENNUNG(Me4DAE) ACHTUNGTRENNUNG(5’-
GMP)2] adduct, the difference in shift between geminal N�
Me signals was in the range of 0.18–0.21 ppm for both the
LHT and DHT rotamers, indicating that the guanine six-
membered rings are always on the side of a “quasi-equatori-
al” N�Me, and, therefore, the pucker of the chelate ring is l
in LHT and d in DHT conformers. Our results clearly indi-
cate that the chirality of the HT bases is transmitted to the
pucker of the Me4DAE chelate ring, resulting in nearly com-
plete stereocontrol of the d or l chirality of the diamine che-
late-ring pucker.

X-ray crystallography : Details of the structure of [Pt-
ACHTUNGTRENNUNG(Me4DAE) ACHTUNGTRENNUNG(5’-GMP)2] (1) are given in Table 1, with selected
bond lengths and angles in Table S2, and the molecular
structure appears in Figure 5.

Figure 4. CD spectra of the LHT rotamer of [Pt ACHTUNGTRENNUNG(Me4DAE) ACHTUNGTRENNUNG(5’-GMP)2], 1
(d), and of the DHT rotamers of [Pt ACHTUNGTRENNUNG{(S,S)-Me4DACH} ACHTUNGTRENNUNG(5’-GMP)2], 2
(b), and [Pt ACHTUNGTRENNUNG{(S,S)-Me4DACH} ACHTUNGTRENNUNG(5’-GMP)2], 3 (c), taken in D2O at
pH 6.5 (pH value not corrected for deuterium).
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Coordination sphere : The metal center sits on a two-fold
crystallographic axis and lies exactly in the plane defined by
the four donors: the two Me4DAE nitrogen atoms (N(A))
and the N(7) atoms (N(G)) of the two 5’-GMP nucleotides.
The Pt�N(A) and Pt�N(G) bond lengths (2.049(9) and
2.031(9) H, respectively) and the N(A)-Pt-N(A) and N(G)-
Pt-N(G) bond angles (85.7(6) and 82.3(5)8, respectively) are
in excellent agreement with the values found for other
Pt(II) adducts with cis 5’-GMP nucleotides, namely: [Pt-
ACHTUNGTRENNUNG{(R,R)-Me4DACH} ACHTUNGTRENNUNG(5’-GMP)2] (2),[43] [Pt ACHTUNGTRENNUNG{(S,S)-Me4DACH}-
ACHTUNGTRENNUNG(5’-GMP)2] (3),[43] [Pt ACHTUNGTRENNUNG(DAP)(Me-5’-GMP)2] (4, DAP=1,3-
diaminopropane, Me-5’-GMP=phosphate methyl ester of
5’-GMP),[29] and [Pt ACHTUNGTRENNUNG(DAE) ACHTUNGTRENNUNG(5’-GMP)2] (5, DAE=1,2-diami-
noethane).[28] The chelate ring of 1 has the d pucker (oppo-
site to the l pucker found in aqueous solution) and pure-
twist pucker (T, C2 symmetry, q2 0.365(1) H);[63] the value of
q2 is slightly smaller than those found for the Me4DACH ad-
ducts 2 and 3.[43]

5’-GMP ligands : Geometrical parameters relevant to the
purine systems of 1 are in excellent agreement with values
previously reported.[28,29] The presence of a proton on N1 is
confirmed by the value of 125.2(5)8 for the C2-N1-C6 bond
angle. The conformation around the N9�C1’ bond is �anti-
clinal (�ac) with a torsion angle, c (C4-N9-C1’-O4’), of
�100.6(6)8.

Bond lengths and angles for the ribose moiety of 1 are
normal. The endocyclic sugar torsion angles lead to a pseu-
dorotation phase angle (P) of 151.3(2)8, which corresponds
to a C2’-endo conformation with a small C1’-exo component.
In contrast, for 2–5, all having the DHT conformation, the P
values are close to the expected value of 188 for a pure C3’-
endo form.[28,29,43] As measured at the value of nmax, the
ribose pucker in 1 (42.0(2)8) is comparable to those for 2–
5.[28,29, 43]

Complete phosphate-group deprotonation of 1 is indicat-
ed by shorter terminal P�O bond lengths, 1.526(4), 1.508(5),
and 1.512(4) H, relative to P�OH(Me) bond lengths of
1.598(5), 1.576(4), 1.580(2), and 1.536(1) H in 2, 3, 4, and 5,
respectively.[28,29,43] The bond angles at the phosphorus atom
are in the range 102.1(3)–115.1(3)8. Torsion angles a (O3-
P1-O5’-C5’, 57.5(2)8), b (P1-O5’-C5’-C4’, �179.7(2)8), and g

O5’-C5’-C4’-C3’, 50.7(2)8) describe the conformations about
the P1�O5’, O5’�C5’, and C5’�C4’ bonds as +gauche (+
syn-clinal, + sc), pure trans, and +gauche (+ sc), respective-
ly.[64]

Table 1. Crystal data and structure refinement parameters for Na2[Pt-
ACHTUNGTRENNUNG(Me4DAE) ACHTUNGTRENNUNG(5’-GMP)2]·7H2O, Na21·7H2O.

Parameter Value

empirical formula C26H32D24N12Na2O23P2Pt1
formula weight 1231.95
T [K] 293(2)
l [H] 0.71073
crystal system monoclinic
space group C2 (no. 5)
a [H] 16.213(2)
b [H] 10.169(1)
c [H] 13.877(1)
a [8] 90
b [8] 107.90(1)
g [8] 90
V [H3] 2177.2(4)
Z 2
1calcd [Mgm�3] 1.879
m [mm�1] 3.591
refinement method full-matrix least-squares on F2

data/restraints/parameters 2279/10/326
goodness-of-fit on F2 1.086
final R indices [I>2s(I)] R1=0.0227, wR2=0.0553
R indices (all data) R1=0.0227, wR2=0.0553

Figure 5. Front view (A) and top view (B) of the complex anion [Pt-
ACHTUNGTRENNUNG(Me4DAE) ACHTUNGTRENNUNG(5’-GMP)2]

2� (1). The ellipsoids enclose 30% probability. The
portion of the molecule toward the rear is shown in grey.
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Relationships between cis guanines : In an ideal planar sp2

N-donor heterocyclic ligand, the nitrogen lone pair forming
a bond to the Pt atom lies strictly in the plane of the ligand.
In cis-[PtA2G2] adducts, the two dihedral angles between
the plane of each guanine and the coordination plane de-
fined by the four donor atoms (F) and the dihedral angle
between the planes of the two guanines (Y) would all be ex-
pected to be close to 908 in the absence of base–base and
base–A2 interligand interactions. The size of F in 1 is
80.8(2)8, a value very close to that in 2 (80.9(3)8), but great-
er than that in 3 (73.2(3)8) and much greater than those
found for 4 (53(1)8) and 5 (48(1)8).[28, 29,43] In all cases, these
compounds have HT base orientations. This orientation is
favored by dipole–dipole interactions between the bases,
and all past experimental results for small adducts indicate
that favorable base–base interactions are accompanied by
canting, and that the “6-in” relationship (the six-membered
ring of each guanine is leaning toward the cis guanine) en-
sures better dipole–dipole interaction than the “6-out” rela-
tionship. We expand on this topic below. Because all five
complexes have the “6-in” base relationship, the critical
factor restricting the degree of canting (greater canting cor-
responds to smaller F) is the steric interaction between the
H8 atom of each guanine and the nearby N-substituent on
the cis amine. In 1 and 2, the cis amine N�Me substituent
on the same side of the coordination plane as the guanine
H8 atom has “quasi-equatorial” character, and the values of
the nonbonding distance between H8 and the C atom of the
cis-N-Me (3.378 and 3.138 H for 1 and 2, respectively) are
close to the sum of the van der Waals radii (3.36 H) for H
(1.20 H) and CH3 (2.16 H).[65] In 3, the N�Me near the H8
atom has “quasi-axial” character, allowing a greater degree
of canting of the guanines before the nonbonding distance
of the H8 atom to the cis-N-Me C atom reaches a critical
value (3.20 H). Finally, in 4 and 5, which have no methyl
substituents on the cis-amine nitrogen atoms, the canting
can be much greater without causing a steric clash between
the H8 atom and the cis amine.

Although 1, 2, and 3 all have two methyl substituents on
both cis-amine nitrogen atoms and small degrees of guanine
canting relative to the coordination plane (F angles of
80.8(2), 80.9(3), and 73.2(3)8 for 1, 2, and 3, respectively),
the dihedral angle between the planes of the two guanines
(Y) in 1 is extremely small (44.2(2)8) relative to the corre-
sponding values for 2 (80.2(3)8) and 3 (78.1(4)8). In 4 and 5,
the Y dihedral angle is also rather small (50.2(5) and
49.2(5)8, respectively), but these compounds have a high
degree of canting of the guanines (F of about 508), and a
narrowing of the Y dihedral angle is empirically associated
with a high degree of canting of the 6-oxopurines in HT
conformers of small cis-[metal(6-oxopurine nucleotide)2]
complexes, as well as other cis-[Pt(6-oxopurine)2] complexes
(see Table S3). Compound 1 is a very notable exception,
which could be accounted for by the internucleotide interac-
tion described in the following section.

Internucleotide interactions : The LHT conformation of the
cis nucleotides, combined with the anti conformation of
each nucleotide, directs the sugar–phosphate group of each
nucleotide toward the cis nucleotide. The resulting position-
ing is suitable for formation of strong N1�H···O1�P hydro-
gen bonds in 1 (N···O, 2.689(6) H; N�H···O, 167(1)8). The
two 5’-GMP molecules are linked by two strong hydrogen
bonds, creating a pseudomacrocycle.

The X-ray structure of 1 clearly indicates that the C2�
NH2 group adjacent to the N1 atom is not involved in hy-
drogen bonding with the phosphate. This result is in full
agreement with previous observations, indicating that this
internucleotide interaction is ruled out if the N1 atom is de-
protonated or methylated.[61] Deprotonation of the N1 atom
and, to a smaller extent, methylation of the N1 atom could
reduce the ability of the adjacent C2�NH2 group to act as a
hydrogen-bond donor. However, the X-ray structure clearly
indicates that, probably for steric reasons, the phosphate
reaches over the N1H rather than the C2�NH2. Very likely,
the two phosphate/N1H hydrogen bonds tend to bring to-
gether the “bottom edges” of the two guanines, whereas the
two N7 atoms remain at their normal distance and the N7-
Pt-N7 angle in 1 is similar to those of 2 and 3. The result is
a Y dihedral angle of 44.2(2)8.

Intermolecular interactions : No intermolecular stacking in-
teractions were found in 1. The sodium ion is surrounded by
seven oxygen atoms: six of these are from four different
complex anions and one is from a disordered cocrystallized
water molecule (Figure S2). A web of intermolecular hydro-
gen bonds stabilizes the crystal structure (Table S4).

Discussion

Kinetic versus thermodynamic preference for a given rota-
mer : The present investigation revealed a kinetic preference
for the DHT rotamer in the formation reaction of [Pt-
ACHTUNGTRENNUNG(Me4DAE) ACHTUNGTRENNUNG(5’-GMP)2] and a thermodynamic preference for
the LHT rotamer at equilibrium, whereas the HH confor-
mer was negligibly small throughout the entire experiment.
In a previous report on the formation reaction of cis-
[PtA2G2] adducts in which A2 is a N,N,N’,N’-tetramethyl-
substituted diamine,[62] we developed hypotheses to explain
the high percentages of the DHT rotamer observed in early
stages of the reaction. In this work, we obtained evidence
for a very small amount of the HH rotamer and can now
offer a more complete analysis of the kinetic versus thermo-
dynamic preferences.

We previously attributed the very small yield of HH rota-
mer, a common feature of cis-[PtA2G2] adducts in which A2

is a tetraalkyl-substituted diamine, to the inhibition of nucle-
obase canting by the four N substituents. As a consequence
of the low canting, the two O6 oxygen atoms, both electron
rich, are constrained to be close to one another in the HH
rotamer, a circumstance destabilizing this conformer.[53] In
past studies by using A2 diamines less hindered than tetra-
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ACHTUNGTRENNUNGalkyl-substituted diamines, we found that the HH rotamer
was formed as a kinetic product.[55] The new results now
allow us to make the following argument, ruling out forma-
tion of the HH rotamer as a short-lived transient kinetic
product. If the unstable HH product formed initially, it
would quickly convert to the HT rotamers. However, the
finding that the LHT rotamer is favored at equilibrium over
the DHT rotamer requires that the rate of conversion of the
HH rotamer to the LHT rotamer be faster than the rate of
conversion to the DHT rotamer. However, the opposite
abundance of HT rotamers is observed. Thus, in this study
we establish without question that the HH rotamer is not a
significant short-lived transient kinetic product.

Without doubt, the incoming second guanine coordinates
in a head-to-tail orientation with respect to the already-
bound guanine in the cis-[PtA2 ACHTUNGTRENNUNG(H2O) ACHTUNGTRENNUNG(5’-GMP)] monoad-
duct. Thus, a monoadduct having the nucleotide 5’-phos-
phate directed toward the cis amine will lead to a DHT bis-
ACHTUNGTRENNUNGadduct (pro-DHT monoadduct); in contrast, a monoadduct
having the nucleotide 5’-phosphate directed toward the cis-
aqua ligand will lead to a LHT bisadduct (pro-LHT mono-
adduct). In the present case of a diamine carrier ligand lack-
ing N protons, the 5’-phosphate can form hydrogen bonds
only with the cis-aqua ligand in the pro-LHT monoadduct.
Therefore, the pro-LHT monoadduct, stabilized by the
phosphate/cis-aqua ligand hydrogen bond, is expected to be
less reactive than the pro-DHT monoadduct, resulting in a
kinetic preference for the DHT bisadduct. The dominance,
at equilibrium, of the LHT conformer must stem from a
greater thermodynamic stability of this conformer. In the
bis ACHTUNGTRENNUNGadduct end product the 5’-phosphate can form a hydro-
gen bond only with the N1H atom of the cis guanine; this
hydrogen bonding is most favorable in the LHT rotamer
having the 5’-phosphate of each nucleotide directed toward
the cis guanine. Therefore, the formation of internucleotide
hydrogen bonds fully explains why the LHT conformer is
favored at equilibrium.

“Inverse” transmission of chirality from the HT conforma-
tion to the Me4DAE chelate-ring pucker : A correlation was
found in solution between the chirality of the cis nucleotides
(DHT or LHT) and the chirality of the chelate-ring pucker
(d or l). Our explanation for this correlation is the follow-
ing. As we have already indicated, cis guanines in HT con-
formers tend to be canted “6-in” because this geometry
favors dipole–dipole interaction by reducing the H8–O6 dis-
tance. The degree of “6-in” canting of the nucleobases, how-
ever, is affected by steric repulsion between the H8 atom of
each guanine and substituents on the cis amine. Moreover,
computations indicated that the interaction between the
guanine H8 atom and the N�Me of the cis amine is slightly
greater if the N�Me has “quasi-equatorial” rather than
“quasi-axial” character.[43] Because the achiral Me4DAE
ligand has no preference for d or l pucker, we can expect
that the favored pucker chirality will depend on the steric
requirements of the guanine bases of the HT conformer.
Therefore, the LHT conformer can have the H8 atom on

the side of a “quasi-axial” cis N�Me, if the Me4DAE chelate
ring adopts a l pucker. Similarly, the DHT rotamer can
place the H8 atom on the side of a “quasi-axial” cis N�Me
if the Me4DAE ligand has the d pucker. We found that the
guanine six-membered rings are always on the side of a
“quasi-equatorial” N�Me, and, therefore, the pucker of the
chelate ring is l in LHT and d in DHT conformers. More-
over, because the achiral Me4DAE ligand can be puckered l

or d equally well, the degree of “6-in” canting can be similar
for LHT and DHT conformers with no effect upon the rela-
tive stabilities of the two conformers. Indeed, we can con-
clude that in the present case another type of interligand in-
teraction (hydrogen-bond formation between cis 5’-GMP
nucleotides) is responsible for the greater stability of the
LHT conformer over the DHT conformer.

The direction of conformational chirality transmission (or
induction) from bases to carrier ligand just described is the
“reverse” of that observed in previously investigated [Pt-
ACHTUNGTRENNUNG(CCC)G2] complexes (CCC=C2 symmetrical chiral diamine
ligand with one hydrogen atom and one alkyl group on each
terminal nitrogen). In [Pt ACHTUNGTRENNUNG(CCC)G2] complexes the chirality
of the diamine induces a preference for one HT conformer
(the conformer with the guanine H8 atom on the same side
of the coordination plane as the N�H of the cis amine being
favored because it can be stabilized by greater “6-in” cant-
ing of the two guanines). This study of the [Pt ACHTUNGTRENNUNG(Me4DAE) ACHTUNGTRENNUNG(5’-
GMP)2] adduct provides the first documented case for such
a “reverse” transmission of chirality from the HT guanines
in a cis-[PtA2G2] adduct to diamine chelate-ring-pucker chir-
ality. This finding is further evidence supporting the conclu-
sion that the interaction between the guanine H8 atom and
substituents on the cis amine is a key factor in determining
stability and canting of HT conformers.[52,62,66] For the LHT
conformer of [Pt ACHTUNGTRENNUNG(Me4DAE) ACHTUNGTRENNUNG(5’-GMP)2], the l chirality of
the diamine pucker found in solution is consistent with es-
tablished trends, but the d pucker found in the solid state is
opposite to that expected. However, the small Y angle cou-
pled with large F values in the solid would greatly reduce
the interaction between the guanine H8 atom and substitu-
ents on the cis amine. We shall return to this point below.

Stereochemistry of the complex : All cis-[PtA2ACHTUNGTRENNUNG(5’-GMP)2]
compounds previously characterized in the solid state[28,29,43]

were found to have the DHT conformation, the conforma-
tion that brings each phosphate close to the cis-amine.[54,62]

We reasoned that tertiary amine ligands, which offset possi-
ble phosphate/cis amine interactions and hinder wrapping of
the sugar–phosphate around the metal core (thus reducing
electrostatic interactions between oppositely charged moiet-
ies), would destabilize the DHT rotamer and offer us better
prospects for crystallizing the LHT rotamer, the dominant
conformer in solution. Crystallization of the LHT confor-
mer could also be favored by utilizing neutral pH, at which
the phosphates carry a double-negative charge and the LHT
rotamer of 5’-GMP adducts has the highest stability relative
to the DHT rotamer.[55,58] Under these conditions, the [Pt-
ACHTUNGTRENNUNG(Me4DAE) ACHTUNGTRENNUNG(5’-GMP)2] adduct gives a solution composition
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of about 75% LHT and only 25% DHT. This strategy
proved to be successful and allowed us to grow X-ray-quali-
ty crystals containing the LHT conformer. We emphasize
the fact that this is not only the first X-ray structure of a
LHT rotamer of a cis-[PtA2(6-oxopurine nucleotide)2] com-
plex, but also the first case for any cis-[metal(6-oxopurine
nucleotide)2] complex.

The molecular structure of 1 fully supports the conclu-
sions that were reached in previous work,[52] but were never
confirmed by direct evidence, namely, that the LHT confor-
mer of cis-[PtA2ACHTUNGTRENNUNG(5’-GMP)2] complexes are stabilized by
phosphate/N1H interactions between cis-5’-GMP nucleo-
ACHTUNGTRENNUNGtides. The X-ray structure reveals that indeed such a hydro-
gen bond is formed and is quite strong (N···O=2.692(6) H,
N�H···O=167(1)8). The C5’-C4’-C3’-O3’ torsion angle is
140.4(7)8 in 1 (the ribose has the C2’-endo conformation in
the S pucker range)[64] and 91.6(1), 78.1(1), 84.5(1), and
85.1(1)8 in 2–5,[28,29, 43] respectively (the ribose has the C3’-
endo conformation in the N pucker range).[64] Apparently,
an S conformation of the sugar allows the 5’-phosphate to
be in a favorable position near the N1H of the cis nucleo-
tide.

We emphasize the fact that the C2�NH2 amino group, al-
though very close to N1H, is not involved in hydrogen bond-
ing with the 5’-phosphate. The hydrogen-bonding pattern is
fully consistent with solution studies.[54] We attribute this
pattern to the greater acidity of the N1H atom (which ren-
ders this group a better hydrogen-bond donor), the favora-
ble position of the N1H atom as revealed by the structure,
and the more remote location of the amino group (not
easily approached by the 5’-phosphate group).

The most remarkable and noteworthy structural feature
of compound 1 investigated here is the combination of a
small dihedral angle between the planes of the two guanines
(Y=44.2(2)8) in a compound with little base canting. This
result contrasts with the normal parallel relationship be-
tween F and Y angles (see below and Table S3). To appreci-
ate the commonly found interrelationship between F and Y

values, it is useful to consider the following gedanken ex-
periment. Starting from F and Y values of 908, we decrease
the F angle of both guanines simultaneously to zero. The Y

angle will also decrease and, in the extreme case of F=08,
Y would also equal 08 (this situation corresponds to two in-
terpenetrating guanines lying in the coordination plane).
The latter limiting guanine-base positioning, however, can
never be reached because the two guanines cannot pene-
trate each other. The combinations of F/Y values found for
compounds with primary diamines 4 and 5 appear to ap-
proach the lowest possible limits that can be reached in ex-
perimental systems. An important consideration is that the
strong and favorable Pt�N7 bond length of approximately
2.0 H forces the N7 atom of each guanine and the nearby
atoms to be close to each other. The distance between the
bound guanine N7 atoms is generally relatively invariant
from compound to compound at about 2.9 H. To relieve the
steric interactions of the nonbonded atoms in adducts with a
high level of canting, the inner parts of the two guanines

have moved apart from each other by bending the Pt�N7
bonds out of the guanine planes, as indicated by the dis-
placement of around 0.55 H of the platinum atom from the
plane of each guanine. Evidently, because this displacement
is common in cis-[metal(6-oxopurine nucleotide)2] com-
plexes with combinations of low F/Y value, the balance of
forces appears to overcome the unfavorable energy associat-
ed with this displacement of the metal from the guanine
plane.

In compounds 1–3, the “6-in” canting of the two guanines
is strongly inhibited by steric repulsion between H8 of each
guanine and N�Me substituents on the cis amine; therefore,
the F values are in the range 73–818. From the high values
of F, a comparably high Y value would be expected.
Indeed, this is the case for 2 and 3, but not for 1, which has
the low Y value of 44.2(2)8. No precedent for the high-F,
low-Y solid-state structure we find for 1 exists among HT
conformers of small adducts (see Table S3 for a summary of
selected structural features of cis-[PtA2(6-oxopurine)2] HT
forms showing the existence of a “quasi-linear” parallel rela-
tionship between F and Y angles).

Examples do exist for high-F, low-Y solid-state structures
in large adducts with guanine bases linked by a phospho-
diester backbone.[10,21,67, 68] To describe this situation, we con-
duct a variation of the gedanken experiment, but with no
canting. We maintain F=908 and decrease Y. This change
would make the base planes more parallel to each other,
would keep the bases perpendicular to the coordination
plane, and would increase the dipole–dipole interaction in
an HT conformer. In the extreme, the bases again would in-
terpenetrate at Y=08. However, because the N7···N7 dis-
tance is fixed, this squeezing of the bases together would
have unfavorable components. For example, the bond to Pt
would no longer be in the guanine plane and several distan-
ces between guanines would fall below the typical stacking
distance of about 3.4 H. One driving force for this alterna-
tive way to narrow Y could be steric repulsion between
each guanine and the cis-amine Me groups. One might
imagine that such steric repulsion in 1 leads to a small value
of Y. However, in addition to 2 and 3, there are other exam-
ples of compounds in which the bulky ligands are tolerated
well and the values of both Y and F are high (see Table S3).
In addition, the unusual d pucker found in 1 is best under-
stood by lower than normal interactions of the guanine
bases with the diamine. Therefore, steric repulsion between
each guanine and the cis-amine Me groups cannot be re-
sponsible for the narrowing of Y in compound 1.

We believe that the driving force for the narrowing of the
dihedral angle between the guanine planes (Y) to 44.2(2)8 is
provided by the 5’-phosphate/N1H hydrogen-bond interac-
tions between the two cis-5’-GMP nucleotides. In other
words, the 5’-phosphate of one 5’-GMP can approach more
closely the N1H atom of the cis-5’-GMP if the “bottom
edge” of each six-membered ring of the two guanine nucleo-
bases is close to the other nucleobase. This situation leading
to a low Y value emanates from the LHT conformation in
compound 1 because Y is much greater (808 compared to
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448) in strictly analogous compounds with tetramethyl-sub-
stituted diamines (2 and 3) having the DHT conformation.

Our finding of a narrow Y in a LHT conformer makes it
very clear that local base–base interactions are not the
reason for the lack of previous examples of a LHT confor-
mer in the solid state or of the absence, thus far, of a clearly
abundant LHT conformer of adducts with guanine bases
linked by a sugar–phosphate backbone. In the case of 1, it is
very clear that the more remote effect of the 5’-phosphate/
N1H cis nucleotide hydrogen bond plays an important role,
both in favoring the LHT conformer and in contributing to
factors favoring a small Y. In water, the solvent molecules
are expected to compete strongly for hydrogen bonding
with the phosphates and the N1H atoms and to diminish the
importance of electrostatic attraction of the phosphate
groups toward Pt. As a consequence, the base/base dihedral
angle and the sugar conformation are likely to become
“normal” with the result that the NMR chemical shifts and
the H1’ coupling constants observed for 1 are similar to
those observed for the DHT conformer and for 2 and 3
(Table S1), and the CD spectrum of 1 is nearly a mirror
image of those of 2 and 3 (Figure 4). Thus, it is likely that
the Y and F values of the DHT and LHT conformers are
similar in solution. These results and our interpretations are
clearly consistent with previous observations. For example,
several related adducts of a 12mer with several carrier li-
gands have the HH conformer with little canting and re-
markably small Y values (<308).[10, 21,67,68] These oligonucleo-
tides also have a large segment that is A form. However,
once dissolved, the 12mer reverts to B form. Controversy
continues about the solution structure of the crosslink, and
one of our laboratories has proposed a structural model[11]

that has a crosslink very similar to that in a well-defined
small dACHTUNGTRENNUNG(pGpG) adduct[48] and also in an oligomer bound to
a high-mobility group (HMG) protein.[13] However, the dis-
solution of the 12mer to form a B-form duplex is probably
accompanied by an opening of the Y from �308 to �70–
808.

Conclusion

NMR-based solution structural models and X-ray structures
have been obtained from studies of cis-[PtA2G2] and cis-
[PtA2(d ACHTUNGTRENNUNG(XGpGY))] adducts (d ACHTUNGTRENNUNG(XGpGY)= intrastrand
crosslink models with the dACHTUNGTRENNUNG(GpG) bound to Pt with or with-
out various phosphate or nucleotide X and Y substituents
attached to the 5’ and 3’ residues, respectively). Reported
structures have various combinations of values for F (dihe-
dral angle between the guanine and coordination planes)
and Y (dihedral angle between the planes of the two gua-
nines). Because of the dynamic nature of these cis-[PtA2]
adducts, metric aspects of the solution structures are uncer-
tain; however, the evidence is overwhelming that even
major features of the solid-state structures frequently do not
persist in solution. In many previous cases, the structures of
adducts were subject to large forces characteristic of the

solid state or of large molecules (e.g., oligonucleotides). In
the solid state, structures of oligonucleotide adducts are sub-
ject to a combination of these forces. Thus, uncertainty re-
mains about the factors influencing structure. However, we
report a new structure that has known related compounds,
all having carrier ligands with four methyl groups surround-
ing (and thus “insulating”) the [Pt ACHTUNGTRENNUNG(5’-GMP)2] moiety. The
finding that the new adduct (1) has high F and low Y values
relative to the closely related adducts (2 and 3) with high F

and high Y values allows us to roughly estimate the energy
needed to alter the Y value. The low Y value found here
can be reasonably attributed to local forces, such as the two
hydrogen bonds in 1. Although these hydrogen bonds are
strong, the energy involved is still rather small. Thus, we
conclude that little energy is needed to change the Y value
dramatically.

Analysis of H8 NMR shifts and CD signal intensities of
cis-[PtA2ACHTUNGTRENNUNG(5’-GMP)2] adducts (1, 2, and 3) establishes that
these compounds have very similar Y values in solution.
This characteristic Y could have the narrow Y value found
in the solid for 1, the more open values found in the solid
for 2 and 3, or some intermediate value. The abnormal che-
late-ring-pucker chirality found in the solid for 1 strongly
suggests that the open value reflects the solution situation.
In any case, Y must change upon dissolution for at least one
of the compounds. Also, the cis-[Pt ACHTUNGTRENNUNG(NH3)2(d ACHTUNGTRENNUNG(pGpG))] struc-
ture in the solid state has four independent molecules in
which Y varies over 208.[48,69, 70] From this evidence that Y is
quite variable, one can imagine that even in solution there is
a butterfly-like flapping of the bases between the narrow
and open Y values. It is reasonable to postulate that the Y

value may change during the dynamic motions characteristic
of the “breathing” of Pt–DNA adducts or during the dynam-
ic processes involved in rotamer interconversion.

Our solution studies with cis-[PtA2ACHTUNGTRENNUNG(5’-GMP)2] complexes
involving several diverse carrier ligands indicate that in
many cases the LHT conformer is the main rotamer pres-
ent. However, except for 1, all related complexes, including
other 6-oxopurine nucleotides and other metals, have the
DHT conformation in the solid state. We conclude that this
DHT conformation preference is mainly a solid-state effect
and that there are no local energetic barriers inhibiting for-
mation of the LHT conformer in small adducts. For larger
cis-[PtA2(d ACHTUNGTRENNUNG(XGpGY))] adducts, we conclude that the ab-
sence of large amounts of the HT conformers is due to
forces involving the sugar–phosphate backbone and the
global structural preferences of large molecules.[71] In a
recent paper, we evaluated the effects of the diamine carrier
ligands upon the form (double-stranded, single-stranded
coil, or hairpin-forms) of cis-[PtA2] adducts of a palindromic
dodecanucleotide.[9] We found that when the Pt agent was
added to the duplex form of the dodecanucleotide, the HH
conformer was more highly favored as both as a kinetic and
a thermodynamic product than would be expected on the
basis of the reactions with single-stranded species; such re-
actions typically form other conformers.
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In past work, we found that the carrier ligand could exert
a strong influence on the conformer distribution and that
the chirality of the ligand could dictate the chirality of the
preferred HT conformer. We also found one case in which
the configuration of the asymmetric secondary amine in a
carrier ligand isomerized under basic conditions to improve
carrier-ligand/guanine-base interactions in a platinum GpG
adduct.[78] In the present study, we conclude that the chirali-
ty of the HT conformer can be transmitted to the carrier
ligand and can induce the ligand to adopt a pucker chirality
reflecting the HT chirality. This is the first well-documented
case of this “reverse” transmission of pucker chirality.

Finally, we summarize the unique features of compound 1
in comparison to the most similar cis-[PtA2ACHTUNGTRENNUNG(5’-GMP)2] com-
pounds previously investigated (2–5) as follows: 1) the L

conformation of the HT rotamer; 2) the very strong hydro-
gen-bond interaction between the �2 charged phosphates
and the N1H bond of the cis nucleotide; 3) the C2’-endo
conformation of the sugars and; iv) the very small Y dihe-
dral angle coupled with large F values. We conclude that we
can provide a rationale for the observed features of 1 and
can use our knowledge of the solution chemistry to prepare
suitable crystals containing the elusive LHT conformer.
However, given the rich features of such adducts and the
continued great clinical importance of Pt anticancer drugs,
we believe it is important to continue to test this interpreta-
tion by seeking additional examples of crystalline deriva-
tives. We note that a crystallographically determined struc-
ture of an HH form of a cis-[PtA2ACHTUNGTRENNUNG(5’-GMP)2], or indeed of
any other cis-[metal(6-oxopurine nucleotide)2] adduct, has
not yet been reported.

Experimental Section

All solvents (Aldrich) and Na2ACHTUNGTRENNUNG(5’-GMP) and Me4DAE (Sigma–Aldrich)
were used as received. The Zeise salt (K[Pt ACHTUNGTRENNUNG(C2H4)Cl3]) was prepared
from potassium tetrachloroplatinate and ethylene gas as previously de-
scribed.[73]

Synthesis of [Pt ACHTUNGTRENNUNG(Me4DAE)Cl2]: Me4DAE (58 mg, 0.50 mmol) was dis-
solved in diethyl ether. The ether solution was treated with the Zeise salt
(150 mg, 0.39 mmol) and the suspension was stirred for 5 d. The pale-
yellow precipitate of KCl and [Pt ACHTUNGTRENNUNG(Me4DAE)Cl2] was transferred onto a
filter and washed with abundant ether, to remove excess diamine, then
with abundant water, to remove KCl, and was finally dried in a stream of
dry air; yield, 146 mg (98%). 1H NMR ([D6]DMSO): d=2.90 (s, 4H;
CH2-N), 2.75 ppm (s, 12H; N-Me); elemental analysis calcd (%) for
C6H16Cl2N2Pt: C 18.93, H 4.25, N 7.31; found: C 18.87, H 4.42, N 7.26.

Synthesis of [Pt ACHTUNGTRENNUNG(Me4DAE) ACHTUNGTRENNUNG(H2O)2]SO4 : [Pt ACHTUNGTRENNUNG(Me4DAE)Cl2] (100 mg,
0.26 mmol) was suspended in water (50 mL) and treated with Ag2SO4

(82 mg, 0.26 mmol). The mixture was stirred overnight in the dark and
the solution filtered to remove AgCl. The solution was heated to 80 8C
for 1 h to precipitate any residual AgCl, filtered, and evaporated to dry-
ness under vacuum. Then the solid residue was redissolved in MeOH.
After filtration, the solution was taken to dryness under vacuum; then
the solid residue was dissolved in water and the solvent was removed
under vacuum (this procedure ensures complete removal of MeOH). The
pale-yellow residue was the desired [Pt ACHTUNGTRENNUNG(Me4DAE) ACHTUNGTRENNUNG(H2O)2]SO4 compound;
yield, 92 mg (80%). 1H NMR (D2O): d=2.80 (s, 4H; CH2-N), 2.79 ppm
(s, 12H; N-Me); elemental analysis calcd for C6H20N2O6PtS: C 16.25, H
4.55, N 6.32; found: C 16.14, H 4.76, N 6.25.

Solution experiments

Spectroscopic measurements during formation reaction and at equilibri-
um : Stock solutions of Na2 ACHTUNGTRENNUNG(5’-GMP) and [Pt ACHTUNGTRENNUNG(Me4DAE) ACHTUNGTRENNUNG(H2O)2]SO4 (20–
30 mm in D2O) were prepared and adjusted to pH 3 by addition of dilute
D2SO4 in D2O. Aliquots of these stock solutions were transferred into an
NMR tube to give a final 5’-GMP:Pt ratio slightly higher than 2 and a
concentration of complex in the range of 6–8 mm. The formation of the
[Pt ACHTUNGTRENNUNG(Me4DAE) ACHTUNGTRENNUNG(5’-GMP)2] complex was monitored by 1H NMR spectros-
copy. At least 128 different scans were acquired to reduce the signal-to-
noise ratio.

To collect the UV/Vis and CD spectra at equilibrium, aliquots of the
NMR solution were diluted to 4T10�5

m by addition of H2O (containing
50 mm Na2SO4 as supporting electrolyte to maintain a constant ionic
strength). The pH was adjusted to the desired value by addition of
NaOH or H2SO4. The temperature was kept constant at 22 8C. At least
four scans were acquired to reduce the signal-to-noise ratio in CD spec-
tra.

Samples for crystallization : Stock solutions of Na2 ACHTUNGTRENNUNG(5’-GMP) and [Pt-
ACHTUNGTRENNUNG(Me4DAE) ACHTUNGTRENNUNG(H2O)2]SO4 (20–30 mm in D2O) were prepared without pH
correction. Aliquots of these stock solutions were transferred into a test
tube to give a final 5’-GMP:Pt ratio slightly higher than 2. The concentra-
tion of platinum complex was in the range of 8–10 mm. After one week
(time sufficient by far to ensure complete formation of the [Pt-
ACHTUNGTRENNUNG(Me4DAE) ACHTUNGTRENNUNG(5’-GMP)2] complex), the pH of the solution spontaneously
reached the value of 6.5. Crystallization of the dominant LHT [Pt-
ACHTUNGTRENNUNG(Me4DAE) ACHTUNGTRENNUNG(5’-GMP)2] rotamer, induced by stratification of absolute etha-
nol above the water solution (ethanol/water ratio of 5:1, v/v), occurred in
about 5 months.

Spectra of the pure LHT rotamer : A single crystal of the [Pt ACHTUNGTRENNUNG(Me4DAE)-
ACHTUNGTRENNUNG(5’-GMP)2] complex was dissolved in about 4 mL of D2O. The mother so-
lution was divided into two aliquots. The first was inserted into a cylindri-
cal cuvette (l=0.5 cm) and the CD and UV/Vis spectra were immediately
collected. To reduce the signal-to-noise ratio about 32 scans were ac-
quired. During the acquisition of the CD and UV/Vis spectra, the second
aliquot of the solution was inserted into an NMR tube and the 1H NMR
spectrum was recorded. To reduce the signal-to-noise ratio about 1024
scans were acquired. The final spectrum showed the presence of only the
LHT rotamer.

Spectroscopy : 1H NMR spectra were recorded by using a Bruker Avan-
ce dpx300 instrument. CD and UV/Vis spectra were recorded by using a
Jasco J-810 spectropolarimeter in the range 200–350 nm.

X-ray diffraction : A colorless single crystal of Na2[Pt ACHTUNGTRENNUNG(Me4DAE) ACHTUNGTRENNUNG(5’-
GMP)2]·7H2O (Na21·7H2O, 0.15T0.15T0.10 mm; because the crystalliza-
tion was performed in D2O, the nucleotide-exchangeable protons and
those of cocrystallized water molecules are intended to be deuterium
atoms) was selected, mounted on a glass capillary, and covered with a
thin layer of cyanoacrylate Super Attack glue. The diffraction experiment
was performed by using a four-circle Siemens P4 diffractometer and the
accurate cell parameters were determined with the least-squares algo-
rithm by using 24 randomly selected high-intensity reflections in the
range 12<2q<328. A total of 2536 diffraction beams (2279 were consid-
ered observed) were collected in the range 5<2q<508. The data set was
corrected for the Lorentz-polarization and absorption effects (with the
y-scan technique) by using the XSCAN[74] and XEMP[75] computer pro-
grams. Selected crystallographic data are listed in Table 1; bond lengths
and angles are reported in Table S2.

The structure was solved by using the direct methods and Fourier techni-
ques of SHELX97[76] implemented in the WinGX package.[77] The hydro-
gen atoms of the 5’-GMP and Me4DAE ligands were located in computed
positions through the HFIX and AFIX options of SHELX97. The hydro-
gen atoms of the cocrystallized water molecules were located through the
HYDROGEN program[78] implemented in WinGX. The non-hydrogen
atoms were refined anisotropically, whereas all the hydrogen atoms were
treated as isotropic and their thermal parameters were restrained to 1.2
times the Ueq of the atoms to which they are bound. The O�H and
H···H bond lengths of the cocrystallized water molecules were restrained
to 0.93�0.02 and 1.40�0.04 H, respectively. The chirality of the sugar
moiety for the refined structure was confirmed by the value for the Flack
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parameter �0.009(6) and by the known configuration of the starting
ligand. The final R1 and wR2 agreement factors were 0.0227 and 0.0553,
respectively, for 2279 observed reflections (I�2s). Tables of the crystal-
lographic data, atomic coordinates, thermal parameters, and geometrical
parameters were obtained by using the CIFTAB program.[79] All calcula-
tions were carried out by using Pentium IV machines with SHELX97,
PARST97,[80] and ORTEP32[81] softwares implemented in the WinGX
package.

CCDC 618593 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from the Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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