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Me;DABPtG, adducts with the bulky C,-symmetric chiral diamine, Me4DAB (N,N,N',N -tetramethyl-2,3-diamino-
butane with R,R and S,S configurations at the chelate ring C atom, G = guanine derivative), exhibit slow conformer
interchange and are amenable to characterization by NMR methods. The investigation of the cis-PtA,G, adducts
formed by clinically widely used anticancer drugs [A, = diaminocyclohexane, (NH3),] is impeded by the rapid
conformer interchange permitted by the low A, bulk near the inner coordination sphere. Me,DABPtG, adducts exist as
a mixture of exclusively head-to-tail (HT) conformers. No head-to-head (HH) conformer was observed. The Me,DAB
chirality significantly influences which HT chirality is favored (AHT for §,Sand AHT for R,R). For simple G ligands, the
ratio of favored HT conformer to less favored HT conformer is ~2:1. For guanosine monophosphate (GMP) ligands,
the phosphate group cis G N1H hydrogen bonding favors the AHT and the AHT conformers for 5'-GMP and 3'-GMP
adducts, respectively. For both HT conformers of cis-PtA,G, adducts, the G nucleobase plane normally cants with
respect to the coordination plane in the same direction, left or right, for a given A, chirality. In contrast, the results for
Me,DABP1G, adducts provide the first examples of a change in the canting direction between the two HT conformers;
this unusual behavior is attributed to the fact that canting always gives long G 06 to N—Me distances and that these
Me,DAB ligands have bulk both above and below the coordination plane. These results and ongoing preliminary
studies of Me4DABPt adducts with G residues linked by a phosphodiester backbone, which normally favors HH
conformers, all indicate that a high percentage of HT conformer is present. Collectively, these findings advance
fundamental concepts in Pt-DNA chemistry and may eventually help define the role of the carrier-ligand steric effects

on anticancer activity.

Introduction

Platinum compounds of the type cis-PtX,A, [X, = anionic
leaving ligand(s), A, = one diamine or two amine carrier
ligands] as well as other Pt compounds with trans ligands or
with only one leaving ligand exhibit anticancer activity with
cisplatin (cis-Pt(NH;),Cl,) and analogues, enjoying broad
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clinical usage for over a quarter of a century.'™® Pt(II) com-
pounds target DNA and bind preferentially at the N7 atom of
the guanine base (Figure 1). Cisplatin and the other widely
used bifunctional drugs (including oxaliplatin), most fre-
quently bind at the N7 atoms of adjacent G residues.”*!0~17
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Figure 1. N9-guanine derivatives (the black triangle is used for a short-
hand representation of the base with five- and six-membered rings at the
triangle’s tip and base, respectively). R is ethyl for 9-EtG, a sugar residue
for nucleosides and a sugar—phosphate residue for nucleotides.

This intrastrand G*pG* cross-link lesion (G* = N7-platinated
G residue) may trigger cell death, although the mechanism of
action is not entirely understood. The search for a more active
drug has prompted strong interest in the synthesis and screen-
ing of a large number of cisplatin analogues with carrier ligands
varying in size and properties."®!'” Although the decrease in
activity of cis-PtA,X, analogues across the series A = NH; >
RNH, > R,NH'"™*?! could result from changes in biodis-
tribution of the compound, the differences in the rate of
reaction with DNA, or the differences in the interaction of
the lesion with various recognition proteins, most interest
has focused on the role of hydrogen bonding between the
carrier ligand NH’s and phosphate group oxygen atoms and/
or G* O6 atoms. However, even in the case for which the
N-donor has no NH groups, some anticancer activity has been
detected.

An X-ray/NMR-derived model of a duplex 9-oligomer*
and an X-ray structure of an HMG-bound 16-oligomer,**
both containing the intrastrand cisplatin lesion, and more
recently an oligomer adduct of a rather bulky monofunc-
tional Pt anticancer agent,” all have a similar unusual
location of the base pair adjacent to the G* in the 5'-direction.
These findings have suggested to us that, despite its small size,
a ligand as small as ammonia may have large interligand
interactions with this 5'-base pair of the DNA “ligand”.”’
We believe that close interligand interactions result from the
restraints imposed by the sugar—phosphate backbone. These
restraints force clashes between ammonia and the base pair
adjacent to the G*pG* cross-link when G*pG* exists in the
usual head-to-head (HH) conformation (Figure 2). The
restraints and resulting clashes might be so severe as to
preclude the existence in DNA adducts of the less common
head-to-tail (HT) conformation (Figure 2).'%*7%
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Figure 2. Shorthand representation of AHT, AHT, and HH conforma-
tions with the carrier ligand to the rear. (Black triangles with five- and
six-membered rings at the triangle’s tip and base, respectively.) For
Cy-symmetric carrier ligands, the three conformers would give four sets
of G NMR signals. The two HT conformers are C, symmetrical, and thus
each gives one set of signals, whereas the HH conformer gives two sets of
signals.

In contrast to the DNA duplex cross-link adducts, cis-
PtA,G, adducts lacking backbone restraints (boldface G =
unlinked guanine derivative, Figure 1) hi%hly favor the HT
conformers over the HH conformer® > with very few
exceptions.’®*” Interconversions between HH and HT con-
formations via rotation about the Pt—G N7 bonds in cis-
PtA,G, and cross-link adducts'>3"374! are rapid on the
NMR time scale, and bulky carrier ligands are needed to
lower the rate to allow observation of NMR signals of the
conformers present in solution.?”*-3%373842 The pioneering
study in this field used N,N,N',N'-tetramethylethylenedia-
mine (Me4EN).*! (Bidentate carrier ligands are designated
with boldface type.) Me4ENPtG, adducts were shown to exist
as HT conformers in the solid state and in solution.”**' For
Me4ENPtG, adducts in solution, no HH conformer was
reported, and the A or A chirality of the HT conformer
(Figure 2) could not be determined.*’

We discovered that the HH conformer existed in adducts
with the two related C,-symmetric carrier ligands, Me,DAB
(N,N'-dimethyl-2,3-diaminobutane) and Bip (2,2'-bipi-
peridine) (Figure 3).!%2%:30:33736:44 The Me,DABPt and
BipPt moieties have S,R,R,S and R,S,S,R enantiomeric
configurations, in which the chiral centers point to the N,
C, C, and N chelate ring atoms, respectively (Figure 3). The
relative size of NOE cross-peaks between the chiral carrier
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Figure 3. Sketches of the BipPt and Me,DABPt moieties with S,R,R,S
or R,S,S,R chirality (stereochemistry defined for the N, C, C, and
N ring atoms of the carrier-ligand backbone) and ball-and-stick figure
of Me,ppzPt.

ligand and G H8 signals allowed us to determine the A and A
chirality of the HT conformers.

As mentioned, structure—activity relationships implicate
the G O6 to NH hydrogen bond (H-bond) as possibly
relevant to anticancer activity. Such H-bonds were found in
many examples of adducts with carrier ligands having N-do-
nors with at least one hydrogen (e.g., NH;, RNH,, and
R,NH).'? However, because the strong Pt—N7 bond forces
the juxtaposition of the G O6 and NH atoms in such cases,
the strength of such an H-bond cannot be assessed. In
contrast, for the HT conformers of the cis-PtA,G, adducts
with the Me,DAB and Bip carrier ligands, only one HT
conformer could form the G 06 to NH H-bond.'* This
conformer invariably proved to be less stable than the other
HT conformer, which could not form such H-bonds.'? This
result contradicted the paradigm of the day. We now believe
that water forms stronger H-bonds to the NH than does G
06.*! The 06 of one G of the HH conformer of these same
adducts is forced to be relatively close to an NH. The plane of
this G nucleobase is canted with respect to the Pt coordi-
nation in the direction allowing the G O6 to NH H-bond
to form. However, this H-bonding does not necessarily stabi-
lize the HH conformer because the HH conformer was
observed for adducts of the type, Me,ppzPtG, (Me,ppz =
N,N'-dimethylpiperazine, Figure 3).*”** These first reports of
an HH conformer for a cis-PtA,G, model in which the A,
ligand lacks an NH group establish that an NH group is not
needed for an HH conformation to exist, at least when there
is no out-of—splane bulk. Subsequent studies confirmed this
conclusion.*>4¢
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Figure 4. Ball-and-stick figures of the Me4DABPt moieties with S,S or
R,R chirality (stereochemistry defined for the carbon ring atoms of the
carrier-ligand backbone).

As part of our efforts to understand the influence of out-
of-plane bulk on conformer stability and properties, we now
employ Me4DABPtG, adducts [Me4DAB = N,N,N',N'-tetra-
methyl-2,3-diaminobutane, Figure 4; G = 5-GMP, 3-GMP,
Guo (guanosine), 1-MeGuo (1-methylguanosine), and 9-EtG
(9-ethylguanine)]. The Me4DAB ligand has two Cp-symme-
trical geometries, with S,S or R,R configurations at the
asymmetric C atoms of the chelate ring (Figure 4). The
chirality allows us to use NMR methods to establish the
absolute conformation of the HT conformers. A major goal
of this work was to use these close analogues of Me4EN to
understand why the classic study®' employing this ligand did
not reveal the presence of an HH conformer. One hypothesis
is that the HH conformer was not observed because that
study did not include the 5-GMP ligand, the G ligand
normally giving the most HH conformer.?*%373¢ A second
hypothesis is that the presence at any given time of two quasi-
axial N-Me groups in the Me4EN ligand makes the HH
conformer unstable. Compared to the Me,DABPt(5-GMP),
adducts with the symmetrical Me,DAB ligands, in which
both N-Me groups are quasi-equatorial, (S,R,R,R)- and
(R,S.,S,S)-Me,DABPt(5-GMP), adducts had very low pop-
ulations of the HH conformer.*” In these carrier ligands,
one N-Me is quasi-equatorial, and one is quasi-axial. Thus,
the study of 5-GMP adducts had special relevance in the
current study. Finally, in the Discussion Section, we intro-
duce and assess other types of interligand interactions as well
as other structural features, such as base canting.

Our studies employing chiral diamines are directly relevant
to the Pt anticancer field. For example, Me4ENPtCl, has
been tested for cytotoxic effects on human ovarian carcinoma
cells in parallel studies with cisplatin.22 Furthermore, the
elucidation of interligand interactions has fundamental re-
levance to many fields, such as asymmetric catalysis.

Experimental Section

Synthesis of Me4DABPt(NO3), Complexes. A detailed pro-
cedure for synthesizing Me4DABPt(NO3), complexes is de-
scribed in Supporting Information. The purity of (S,S)- and
(R,R)-MeyDABPt(NO5), complexes was confirmed by 'H
NMR spectroscopy (Supporting Information).

Materials and Sample Preparation. 5-GMP, 3’-GMP, Guo,
1-MeGuo, and 9-EtG were used as received from Sigma. A
typical preparation involved treatment of ~2 equiv of G with
1 equiv (~5 mM) of Me4yDABPt(NO3), in D,O (0.6 mL) at
pH ~4; reactions were conducted at 50—60 °C. Reactions were
monitored by "H NMR spectroscopy until either no free G H8
signal or no change in HS signal intensity was observed. Stock
solutions of DNO3, NaOD, and DCI (in D,O) were used for
adjusting the pH of the samples directly in the NMR tubes when
needed. When the pH was high (7 or 10), samples were dissolved
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in 90% H,0/10% D0 to avoid H/D exchange. These samples
were heated at ~60 °C for 2 days to ensure attainment of
equilibrium.

NMR Spectroscopy. NMR spectra were obtained on a Varian
(Unity or Inova) 600 MHz and Bruker Avance IT (700 MHz 'H)
spectrometer equipped with a cryoprobe, processed with Felix
or NMRPIPE,*” and analyzed with NMRVIEW.*® The two-
dimensional (2D) phase-sensitive NOESY spectra were per-
formed at 5 °C and pH ~4 (mixing time = 1000 ms). The
decoupled "H—"3C heteronuclear multiple quantum coherence
(HMQC) data were collected at 25 °C. For '*Pt NMR spec-
troscopy, the [rac-MesDABPt(9-EtG),]*" NMR sample was
prepared as described above but at ~20 mM Pt. The '*°Pt
NMR spectra were collected on a Varian Unity 600 MHz
instrument operating at 128.6 MHz (Na,PtClg external re-
ference). Relative percentages of conformers were calculated
by using G H8 or N-Me signals of the Me4DAB ligand when the
H8 signals overlapped.

CD Spectroscopy. CD samples of ~5 x 107> M G were
prepared by diluting aliquots from the NMR samples. Spectra
were collected (A = 200—350 nm) on a JASCO 600 spectro-
polarimeter at room temperature. Four scans recorded in
succession were averaged to improve the signal/noise ratio.
After the pH was changed, CD samples were kept at ~60 °C
for 2 days to reach equilibrium.

Results

Formation Reactions. The magnetically equivalent halves
of the C,-symmetric Me4DABPt moiety of [(R,R)- or (S,S)-
MesDABPt(D-0),*" (pH ~4) had the expected NMR
signals (a broad CH multiplet at 3.20 ppm, two N-Me
singlets at 2.73 and 2.76 ppm, and a C-Me doublet
at 1.08 ppm) (Supporting Information). On treatment of
either [Me4DABPt(D,0),]*" cation with a G derivative, the
initial "H NMR spectra contained signals of transient as
well as final species. For Me4,DABPtG, adducts, four G H8
"H NMR signals (one for each HT conformer and two
signals of equal intensity for the HH conformer, Figure 2)
are possible when G contained a sugar residue. However,
only two persistent G H8 signals were observed, and these
were assigned to the HT conformers for a number of
reasons. When the pH was lowered to ~1, the new G HS
signals did not shift, indicating that Pt was bound to G N7.
The G HS signals (downfield from the free G H8 signal) of
the two final products have different intensities, consistent
with formation of the two HT conformers (cf. Figure 2).
Also, the fact that the 2D NOESY data show no H8—HS8
cross-peak rules out a HH conformer. Equilibrium between
the two HT conformers was reached after ~24 h (at 60 °C).

Assignment of Absolute Conformation. Normally we
determine the absolute conformation (AHT and AHT) of
HT conformers by assessing NOE cross-peaks to a chiral
carrier ligand of known absolute configuration.*® Details on
signal assignments are described in Supporting Information.
Furthermore, enhanced CD signals observed previously for
cis-PtA>G» adducts were utilized to identify the dominant
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conformer in solution, 3343637424973 The similarity of
the CD features of a particular HT conformer for all
previously studied cis-PtA,G, adducts!>0-33-3436.37:4249=353
led us to conclude that the CD features reflect the domi-
nant HT conformer in solution regardless of the identity of
the carrier ligand. For almost all Me4JDABPtG, adducts,
the CD signal was relatively strong, and the features have
now well-established characteristics: a positive feature at
~280 nm and negative features at ~250 and ~210 nm for
the AHT conformer and the opposite signs at these
wavelengths for the AHT conformer, !>30-33:34.36.37:42.49=33

The AHT conformer was initially more favored (~30 min)
for (R,R)-Me4sDABPt(5'-GMP),, (S,S)-MesDABPt(5'-
GMP),, and (R,R)-Me4,DABPt(3'-GMP), (Supporting In-
formation). With time, the AHT conformer increased in
abundance; after equilibrium was reached, the AHT con-
former was clearly dominant for (R,R)-MesDABPt(5'-
GMP), and (R,R)-Me4DABPt(3'-GMP), and only slightly
favored for (S,S)-MesDABPt(5'-GMP),. For (S,S)-Mey-
DABPt(3'-GMP),, the HT conformers formed in similar
amounts; the AHT conformer became dominant after equi-
librium was reached (Supporting Information). These
results are very similar to those observed for Mey-
DACHPtG, adducts (Me4qDACH = N,N,N',N'-tetra-
methyl-1,2-diaminocyclohexane).”® Our data indicate
that the Me4DAB ligand greatly reduced the rate of G
base rotation. Likewise, for Me,ppzPtG, and BigPth
adducts, G base rotation was very slow. 22303742 por
BipPtG, adducts, conformer distribution reached equilib-
rium in ~2—4 h after varying the pH. In contrast, EXSY
cross-peaks were observed for Me,DABPt(5'-GMP), and
Me,DABPt(1-Me-5-GMP), at 5 °C.3*3¢ These adducts
equilibrate rapidly. Because the pH studies of Mey-
DABPtG, complexes showed that equilibrium can be
reached after ~2 days only when samples were heated at
~60 °C, we conclude that the Me4DAB ligand hinders G
base rotation more effectively than do the Bip, Me,ppz,
and Me,DAB ligands.

(R,R)-Me4sDABPt(5'-GMP),. The G HS8 signals of the
HT forms of (R, R)-MesDABPt(5-GMP), partially over-
lapped (pH of 4.1, Figure 5). As the pH was increased
from 4.1 to 7.3, the HT HS signals shifted upfield (Table 1);
after ~2 days at 60 °C, the abundance of the major
HT conformer increased slightly (Figure 5 and Table 2).
Increasing the pH from 7.3 to 10.4 caused only small
changes in the shifts of the H8 signals but the abundance
of the conformers changed significantly (Table 2). The 2D
NOESY data collected at pH 4.1 (Figure 5) revealed that
AHT is the abundant conformer.

The CD spectrum of (R,R)-MesDABPt(5'-GMP),
at pH 4.1 exhibited the AHT shape (positive feature at
~280 nm and negative features at ~250 and ~210 nm,
Figure 6). When the pH was raised from 4.1 to 7.3 and the
sample held at pH 7.3 for 2 days at 60 °C, an increase in
the intensities of the positive and negative CD features
was observed (Figure 6). Upon increasing the pH from 7.3
to 10.4, the CD spectrum changed immediately, owing to
NIH deprotonation. After 2 days at pH 10.4 and 60 °C,

(52) Benedetti, M.; Marzilli, L. G.; Natile, G. Chem.—Eur. J. 2005, 11,
5302-5310.

(53) Benedetti, M.; Saad, J. S.; Marzilli, L. G.; Natile, G. J. Chem. Soc.,
Dalton Trans. 2003, 872-879.



Article
AHTﬂ
\ /AHT
pH 4.1 i
AHT |
I AHT
pH 7.3 ok |
AHT,
| AHT
i L
86 85 84 83 82 8.1
14
H8 N-Me
AHT eq
)
b o
ax
T eq
— & ']
2.8
AHT

Figure 5. Representative NMR data collected for (R,R)-MeyDABPt-
(5-GMP),. (Top) H8 'H NMR signals at different pH values (23 °C).
(Bottom) Selected regions of the 2D NOESY and HMQC spectra at pH
4.0 (all scales are in ppm).

the intensities of both the positive and negative features
decreased, indicating a rou%hIBy equal abundance of the
HT conformers at pH 10.4.7%-33-3436:49:30 Collectively, the
NMR and CD data demonstrate that the AHT conformer
dominates at pH 4.1 and 7.3 but not at pH 10.4.
(8,5)-MesDABPt(5'-GMP),. The NMR data revealed
that the AHT conformer of (S,S)-Me4DABPt(5'-GMP),
(pH 4.0) was slightly more abundant than the AHT
conformer, which became even more favored at pH 7.4
(Figure 7). At pH ~10, the AHT conformer became highly
dominant. The CD spectra of (S,S)-MesDABPt(5-GMP),
atpH 4.0 and 7.4 indicate that the abundant conformer has
the AHT conformation (Supporting Information). At pH
10.3, where the G N1H is deprotonated, the CD features
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Table 1. G H8 Shifts as a Function of pH for Me4JDABPtG, Complexes

(R.R) (S.S)

G conformer pH ~4 pH~7 pH ~10 pH~4 pH ~7 pH ~10

5'-GMP AHT 8.42 8.38 8.31 8.43 8.36 8.32
AHT 8.41 8.26 8.33 8.41 8.28 8.34
3-GMP AHT 8.45 8.45 8.38 8.45 8.45 8.41
AHT 8.51 8.60 8.34 8.54 8.66 8.33

Guo AHT 8.44 8.44 - 8.43 8.43 -
AHT 8.44 8.44 - 8.46 8.46 -

1-MeGuo  AHT 842 — - 8.41 - -
AHT 8.41 - - 8.44 — -

9-EtG“ AHT 8.22 8.22 8.05 8.21 8.21 8.04

AHT 8.21 8.21 8.04 8.22 8.22 8.05

“See text.

Table 2. Conformer Percentage as a Function of pH for Me4JDABPtG, Complexes

(R.R) (S.5)
G conformer pH ~4 pH~7 pH ~10 pH~4 pH~7 pH ~10
5'-GMP AHT 77 86 45 56 61 21
AHT 23 14 55 44 39 80
3-GMP AHT 67 48 80 36 21 47
AHT 33 52 20 64 79 53
Guo AHT 63 63 - 37 37 -
AHT 37 37 - 63 63 -
1-MeGuo AHT 65 - - 35 - -
AHT 35 - - 65 - -
9-EtG“ AHT 63 63 63 37 37 37
AHT 37 37 37 63 63 63
“See text.
15

i pH 4.1
N .y B £
-=-----pH 10.4

550 300 (hm)

Figure 6. CD spectra of (R,R)-Me4DABPt(5-GMP), at different
pH values.

are inverted, an indication of the AHT conformation, as
found by NMR spectroscopy.

(R,R)-Me4sDABPt(3'-GMP),. The NMR (cf. Figure 8)
and CD data (Supporting Information) are consistent with
the AHT conformer being favored at pH 4.1. At pH 7.4,
the AHT conformer increased in abundance and became
slightly more favored. At pH 10.3, the AHT conformer
became highly dominant (Figure 8 and Table 2).



5578 Inorganic Chemistry, Vol. 49, No. 12, 2010

AHT
| AHT
| 1
I
pH&O = W
AHT
\‘ AHT
1
.
AHT
AHT
/
pH 10.3 _ "
86 85 84 83 82 8.1
1H
2 C-Me H8 N-Me
= AHT
26 @- @ ©
eq
274 © ax
2
- eq
©
2.84
© ax
1.05 1.15 845 840 44 49 54

1H 1H 13¢

Figure 7. Representative NMR data collected for (S,S)-MeyDABPt-
(5-GMP),. (Top) H8 "H NMR signals collected at different pH values
(23 °C). (Bottom) Selected regions of the 2D NOESY and HMQC spectra
at pH 4.0 (all scales are in ppm).

(S,S)-Me,DABPt(3'-GMP),. The H8 shifts and distri-
bution for the (S,S)-MesDABPt(3’-GMP), HT forms were
dependent on the pH (Figure 9; Tables 1 and 2). The major
AHT conformer at pH 4.0 became highly dominant at pH
7.4 but was only slightly favored at pH 10.3. At pH 4.1 and
7.4, the CD spectra of (S,S)-MeyDABPt(3’'-GMP), indi-
cate that the most abundant conformer has the AHT
conformation (Figure 10).3%33343642 At pH 10.3, the CD
spectrum had weak features but was still characteristic of
the AHT conformation, a result consistent with the NMR
data.

[(R,Rg-Me‘,DABPt(Gu0)2]2+. For [(R,R)-Me4DABPt-
(Guo),]*", two HS signals in a 2:1 ratio at pH 4.2 and
7.0 were assigned to the two HT conformers (Supporting
Information). The CD spectrum of [(R,R)-MesDABPt-
(Guo),]*" at pH 4.0 indicates a dominant AHT con-
former (Supporting Information).-3334-36:42
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Figure 9. H8 'H NMR signals of (S,S)-Me,DABPt(3-GMP), at
different pH values (23 °C). Asterisk marks the signal for free 3-GMP.
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Figure 10. CD spectra of (S,S)-MeyDABPt(3'-GMP), at different
pH values.

[(S,S)-Me4sDABPt(Guo),)**. The two HT conformers
observed for [(S,S)-MesDABPt(Guo),]*" had a 2:1 ratio
at pH 4.0 and 7.0 (Supporting Information). The CD
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spectrum of [(S,S)-MesDABPt(Guo),]*" at pH 4.0 (Sup-
porting Information) indicates a AHT conformation for
the dominant form 33343642

[(R,R)-Me,DABPt(1-MeGuo),*" and [(:S,S)-MesDABPt-
(1-MeGuo),]**. Two HS signals were found for each [Me-
DABPt(1-MeGuo),]*" adduct (Supporting Information). At
pH 4.1, the relative percentages for the two HT forms were
similar to those observed for the Guo analogue (Table 2). No
changes in HS shifts or relative intensity were observed as a
function of pH. The CD features, characteristic of the AHT
conformer for [(R,R)-Me;DABPt(1-MeGuo),]*" and the
AHT conformer for [(S,S)-Me4JDABPt(1-MeGuo),]*" (data
not shown), did not change as a function of pH.

[rac-Me,DABPt(9-EtG),)> . For [rac-MesDABPt(9-
EtG),]*", without the sugar moiety, two pairs of true
HT enantiomers must be present. Because the members of
each pair have equivalent signals, two H8 signals were ob-
served (Table 2 and Supporting Information). At equi-
librium at pH 7.0, the HTa signal is about half as large as
the HTD signal. The assignment of these signals to the two
pairs, the AHT [(R,R)-Me,DABPt(9-EtG),]*" and AHT
[(S,S)-MesDABPt(9-EtG),]* " pair and the AHT [(R,R)-
Me,DABPt(9-EtG),]*" and AHT [(S,S)-Me,DABPt-
(9-EtG),]*" pair, is described in the Discussion. At pH
10.0, the HT signals shifted by 0.15 ppm but no change in
distribution occurred (Tables 1 and 2).

"H—"C HMQC NMR Data. We have obtained "H—"C
HMQC NMR data for all (R,R)- and (S,S)-Me4DABPtG,
adducts with G = 5-GMP and 3'-GMP as well as [rac-
Me,DABPt(9-EtG),]*". Regardless of the nature of the
carrier ligand or the G base, the C8 chemical shifts for HT
conformers were almost identical (~142—142.5 ppm).
These CS8 shifts are also similar to that observed for the cis-
Pt(NH3),(5-GMP), complex (143 ppm, data not shown).
Interestingly, a pattern has been observed for the car-
rier—ligand N-Me '*C NMR signals. Each HT conformer
had two N-Me '*C NMR signals at ~53.0 and ~46.0 ppm
(Figures 5 and 7; Supporting Information, S3 and S5). The
N-Me group that is anti to the CH group (CH;—N—C—H
torsion angle = ~160—180°) is upfield (~46 ppm), while the
second N-Me group, in a position gauche to the CH group
(CH3—N—C—H torsion angle = ~50—90°2, is downfield
(~53 ppm). The significant difference in the '*C NMR shifts
of the HT N-Me groups is probably a result of the axial/
equatorial nature of these groups or is caused by the
proximity of the C-Me group. The '*C NMR shifts of the
equatorial substituents were found to be ~3—6 ppm more
downfield than the axial substituents for cyclohexane
derivatives.>

195pt NMR Results. '*>Pt NMR signal shifts are sensitive
parameters that have often been used to identify the num-
ber, type, and geometrical arrangement of coordinated
ligands. Although one '’Pt NMR signal was reported
for cis-Pt(NH;)»(5-GMP), and [ENPt(Guo),]*" (EN =
ethylenediamine) complexes at —2455 and —2662 ppm,
respectively,”” separate Pt NMR signals for the HH
and HT conformers were observed for Me,ppzPtG,
adducts.’” For [rac-MesDABPt(9-EtG),]*", a broad '*°Pt
NMR signal at —2492 ppm (pH ~7, data not shown) was

(54) Booth, H.; Everett, J. R.; Fleming, R. A. Org. Magn. Reson. 1979, 12,
63-66.
(55) Miller, S. K.; Marzilli, L. G. Inorg. Chem. 1985, 24, 2421-2425.
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observed, indicating an overlap of HTa and HTb signals. In
comparison, the Pt NMR signals for the HT and HH
conformers of Me,ppzPt(5'-GMP), were observed at —2480
and —2471 ppm, respectively.’” Thus, the Pt NMR shifts
for the HT conformers of Me,ppzPt(GMP), and [rac-
Me DABPt(9-EtG),]* " are similar.

Discussion

Assignments of Conformers. In other nondynamic cis-
PtA,G> adducts (Me,DABPtG,, BipPtG,, and Me,ppz-
PtG,),”30-3373742 the HH conformer was always present,
with two equally intense H8 signals connected by a
NOESY cross-peak. As revealed by the 2D NOESY
spectra of (R,R)- and (S,S)-Me4DABPtG, adducts with
G = 5-GMP and 3-GMP as well as [rac-Me4sDABPt(9-
EtG),]*", no cross-peaks between the two (unequal) G H8
signals were observed, confirming the HT conformations.
Our data demonstrate that no Me4DABPtG, adduct
formed an HH conformer as either a kinetic or a thermo-
dynamic product, even when G = 5-GMP (the G most
favoring the HH conformer). Thus, the 5'-phosphate
effect (which increases the abundance of the HH con-
former in most other cases) could not overcome the
strong steric effect of the Me4DAB ligand in favoring
the HT conformers. This absence of the HH conformer
agrees with results reported for the [Me,ENPt(Guo),]* ™!
and Me,DACHP!G, adducts.>

In contrast to Me4ENPtG, adducts, the absolute con-
formation (AHT or AHT) of the HT conformer of
Me4DABPtG, adducts can be assessed from NOE cross-
peaks by exploiting the known absolute configuration
of the chiral Me4DAB carrier ligand. Furthermore, en-
hanced CD signals observed previously for cis-PtA,G,
adducts have clear characteristics and can be utilized to
identify the dominant HT conformer as AHT or
AHT.30-33:34.36.37.42.49751 B p g]] MeyDABPtG, adducts,
the CD signals have features similar to those found for pre-
viously studied cis-PtA,G, HT conformers,30-333436.37:4249=51
Such similarity leads us to conclude that the CD features are
similar for a particular conformer and reflective of the domi-
nant conformer in solution, regardless of the identity of the
carrier ligand, even when the ligand is as bulky as Me4JDAB.

Interligand Interaction Terms and Concepts for cis-PtA,G,
Adducts. We attribute the dominance of HT conformers
over the HH conformer in both solution and the solid state
to the more favorable dipole(base)—dipole(base) interac-
tion and the lower base—base steric clashes of the HT versus
HH orientation of bases relative to each other, 30337 37:42:49:50
Because such interactions involve those parts of ligands
close to the metal, we call these interligand interactions
“first—to—first sphere communication” (FFC).'*>*> The
favored HT conformer in cis-PtA,G, models with G =
5’-GMP can possibly be stabilized by carrier-ligand
NH—5'-phosphate group hydrogen bonding; we call this
interligand interaction “first—to—second sphere commu-
nication” (FSC) because a close-in ligand group (NH) is
interacting with a peripheral group (5-phosphate) in an-
other ligand.'*>*

Previously we demonstrated that, in the aqueous envir-
onment where the electrostatic attraction of the phosphate
group to the cationic Pt moiety is weak, phosphate—cis
G NI1H interactions are a key factor in stabilizing the
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favored HT conformer, especially for 5-GMP.*3¢:4231

We call such interligand interactions “second—to—second
sphere communication” (SSC) because both interacting
groups are at the periphery.*3?3*36-3742 Thjg specific
favorable SSC interaction occurs when the guanine N1
remains protonated. Near pH 7, at which the phosphate
group is deprotonated and dianionic, H-bonding can be
enhanced but repulsions between the phosphate groups of
adjacent GMP’s also increase. This unfavorable repulsive
SSC between two negative phosphate groups is also pre-
sent at low pH. Nevertheless, in cis-PtA,G, models, SSC
interactions appear to have a net stabilizing effect on the
AHT conformer in 5-GMP adducts and on the AHT
conformer in 3-GMP adducts,'%30-33:3436.37.42.51.52.56

Base Canting. In addition to the relative orientation of
the five- and the six-membered rings, the bases in the
conformers also cant (Figure 11), as shown by extensive
NMR evidence. 30:333436:37:4249=51  Bofore  discussing
canting in the previous models and in Me4DABPtG,
adducts, we discuss relevant Io)arameters found in X-ray
structures of Me4ENPtG,2™” and Mey,DACHPLG,
adducts.®® For these structures, the N7—Pt—N—CHj;
torsion angle has a value of ~70—80° for quasi-axial
and 43—52° for quasi-equatorial N—Me groups in biden-
tate puckered N—C—C—N—Pt chelate rings. We use the
C5—N7—Pt—cis-N torsion angle as a measure of base
canting. When there is no canting, this angle has an
absolute value of ~90°. When the canting is away from
the cis-N (‘6-in’, Figure 11), the value is greater than 90°.
In the X-ray structures reported for Me4ENPtG, adducts
with G = 9-methyl guanine (9-MeG) or 9-EtG,** one G
base is not canted (C5—N7—Pt—cis-N torsion angle
absolute value of ~90°), while the other G base is canted
away (‘6-in’) from the quasi-equatorial N-Me group
(C5—N7—Pt—cis-N torsion angle has an absolute value
of ~95—98°). These values indicate that canting is mini-
mal for both G’s. However, base canting is slightly larger
(~110°) for the AHT conformer of the Me4ENPt(5'-
GMP), adduct’ and varied (99° to 108°) for the AHT
conformers of the (R,R)- and (S,S)-Me4ENPt(5'-GMP),
adducts.”®

Me,DABPtG, adducts are particularly relevant to our
discussion because in the common C,-symmetrical con-
figurations of the Me,DAB ligand both N-Me groups are
quasi-equatorial. Thus, these N-Me groups occupy
roughly the same position as the quasi-equatorial Mey.
DAB N-Me groups, one of the two types of Mey,DAB
N-Me groups. In the major HT conformer of these
Me,DABPtG, adducts,®* ™ each guanine base has G
06 on the same side of the coordination plane as the cis
quasi-equatorial N-Me group (Figure 11), and each base
is canted away from the N-Me group so as to increase
the G O6 to N-Me distance and avoid steric repulsion.
The major form is ‘6-in’. (Note that the structures of
the Me4ENPtG, adducts with G =9-MeG or 9-EtG>°
are consistent with our interpretation of the results in
Me,DABPtG, adducts). The S,R,R,S chirality favors

(56) Williams, K. M.; Cerasino, L.; Intini, F. P.; Natile, G.; Marzilli, L. G.
Inorg. Chem. 1998, 37, 5260-5268.

(57) Benedetti, M.; Tamasi, G.; Cini, R.; Marzilli, L. G.; Natile, G.
Chem.—Eur. J. 2007, 13, 3131-3142.

(58) Benedetti, M.; Tamasi, G.; Cini, R.; Natile, G. Chem.—FEur. J. 2003,
9, 6122-6132.
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Figure 11. (Top): Sketches of the HT conformers of (S,R,R,S) and (R,S,
S,R)-Me,DABPtG, with left- and right-handed canting, respectively.
(Bottom): Schematic representation of base orientations for the Mey
DABPtG, AHT and AHT forms. (G bases are shown as black triangles
with five- and six-membered rings at tip and base, respectively. Blue
(equatorial) and red (axial) areas represent out-of-plane bulk for the
carrier ligand). Note that for Me4DABPtG, the AHT form is ‘6-in’ R and
the AHT form s ‘6-in’ L and that the ‘6-out’ forms found in Me,DABPtG,
adducts are missing.

L canting, and the R,S,S,R chirality favors R canting
(Figure 11).29:3033:3436 Thig influence of the carrier
ligand on canting has been found for adducts of all G
derivatives and dinucleotides studied so far,?%-30:33:34.3
Because these interactions involve parts of ligands close to the
metal, these are examples of FFC. In the major HT con-
former, G O6 is located on the opposite side of the coordina-
tion plane from the carrier-ligand NH,****3¢ indicating that
carrier-ligand H-bonding to G 06 is weak.?>72%343¢ I the
minor HT conformer of such Me,DABPtG, adducts, the G
06 is on the same side of the coordination plane as the cis
carrier-ligand NH. Furthermore, for a given chirality of the
Me,DAB ligand, the direction of canting is the same in both
the major and the minor HT conformer of Me,DABPtG,
adducts (top of Figure 11).

Factors Influencing Canting and Stability. Relative to
the case in which the bases are both perpendicular to the
coordination plane, canting will move the six-membered rings
closer to the midpoint between the N7 atoms (‘6-in’ form) or
farther out from this midpoint (‘6-out’ form) (Figure 11). The
consequences of L and of R canting are different for AHT
and AHT conformers. In each (S,R,R,S)-Me,DABPtG,
adduct, the canting is L, and for pH < 8, we find that the
‘6-in’ major form is AHT L and the ‘6-out’ minor form is
AHT L. Ineach (R,S,S,R)-Me,DABPtG, adduct, the canting
is R, and for pH < 8, we find that the ‘6-in” major form is
AHT R and the ‘6-out” minor form is AHT R.

The greater stability of the major ‘6-in” HT form of the
Me,DABPtG, adducts can reasonably be attributed to a
preferred dipole interaction between the bases because
having the larger six-membered guanine rings close to
each other, as in the ‘6-in’ form, is not a sterically
favorable situation. Also, the G O6 favors the crowded
side of the carrier ligand, and then the G base cants to
minimize interactions. A striking example of the prefer-
ence of G O6 for being close to N-Me groups is provided
by adducts with the tridentate N,N',N"'-trimethyldiethylene-
triamine ligand, MesdienPtG,” in which two quasi-equatorial

(59) Carlone, M.; Fanizzi, F. P.; Intini, F. P.; Margiotta, N.; Marzilli,
L. G.; Natile, G. Inorg. Chem. 2000, 39, 634-641.
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N-Me groups are on the same side of the coordination plane.
For G with no phosphate group, the rotamer with the G O6
near the more crowded region of the N-Me groups is the
preferred rotamer by about 2:1 over the other rotamer.>

In minor ‘6-out’” Me,DABPtG, HT forms, G O6 is
closer to the sterically less demanding NH part of Me,.
DAB ligand, possibly allowing G O6—NH hydrogen
bonding. Also, the bulkier six-membered rings are far
from each other. These favorable FFC effects do not fully
compensate for the FFC dipole effects, which appear to
be less favorable in the ‘6-out’ minor HT form, when
compared to the ‘6-in” major HT form. As implied above,
the minor conformer of (S,R,R,S)- and (R,S,S,R)-Me,.
DABPtG, adducts could change its canting direction,
becoming ‘6-in.” In the minor HT form, steric effects
between the G O6’s and the now-remote quasi-equatorial
N-Me groups would not hinder this change in canting
direction. Also, the steric interactions between the cis G’s
would be compensated for by the dipole effects favoring
‘6-in” forms. Therefore, the reason that the minor form
does not adopt this canting direction most probably lies in
solvation effects. In a minor ‘6-in” HT form (not ob-
served), the canting direction would place the G HS8’s
closer to the N-Me group, a situation shown to be less
common in the adducts with only one G.°° The H8 is too
far from the N-Me to have a direct steric interaction
unless the base is highly canted. The H8 has a partial
positive charge, as discussed for G and other lopsided
ligands in a review.®' In the ‘6-in’ form the H8 atom is
near the hydrophobic N-Me group; this position would
be unfavorable because the solvation of the partially
charged H8 would be decreased. Furthermore, in the
minor HT conformer, the G O6’s are on the side of the
coordination plane near the NH’s. Although G O6—NH
H-bonding is weak, it will favor the ‘6-out’ cant-
ing direction. Hence, the ‘6-in’ canting direction is not
observed in the minor HT conformer of Me,DABPtG,
adducts.

Base-Canting Effects on H8 Shifts in HT Conformers.
The shift of the G HS signal is generally useful
for assessing the degree of base canting in all con-
formers,'?3%-33:34.36.38.40.62 Tho H signal experiences an
upfield shift because of the ring-current anisotropy of the
cis G base.%? As an example, we describe the relationship
of the G H8 shift to base canting for Me,DABPtG,. For
Me,DABPtG, adducts, the H8 signal of the major HT “6-
in’ form was always more downfield (typically b}/ ~0.25
ppm) than that of the minor ‘6-out’ HT form.>**® This
relationship suggested that the G bases in the minor form
are canted ‘6-out’, and therefore, each G has H8 toward
the other G.

Base Canting in Me,DABPtG;, Adducts. HS8 shifts may
be used to assess canting. We initiate the discussion of H8
shifts with 9-EtG and 1-MeGuo adducts; these adducts
do not have the complications caused by phosphate
groups. Phosphate groups influence H8 shifts both di-
rectly by phosphate through-space anisotropic effects**

(60) Carlone, M.; Marzilli, L. G.; Natile, G. Inorg. Chem. 2004, 43,
584-592.

(61) Marzilli, L. G.; Marzilli, P. A.; Alessio, E. Pure Appl. Chem. 1998, 70,
961-968.

(62) Kozelka, J.; Fouchet, M. H.; Chottard, J.-C. Eur. J. Biochem. 1992,
205, 895-906.
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and indirectly by effects of phosphate group H-bonding
on canting.***° The 8.21 and 8.22 ppm HS shift values for
the HT conformers of the [Me4DABPt(9-EtG),]*" adduct
are very similar and are closer to the 8.22 ppm shift of the
major ‘6-in” HT form than to the 7.96 ppm value of the
minor ‘6-out’” HT form of the [Me,DABPt(9-EtG),]*"
adduct. The shifts for the latter differ. This compari-
son clearly indicates that both HT conformers of the
[Me ,DABPt(9-EtG),]>" adduct have the ‘6-in’ form
(Figure 11). The main implication here is that the canting
direction changes between the minor and major HT
conformers so as to maintain the ‘6-in’ base HT arrange-
ment; this arrangement has favorable dipole—dipole
interactions, while minimizing G O6 to G O6 and G O6
to N-Me steric clashes. Exactly the same reasoning and
conclusion can be drawn from examining shift data for
1-MeGuo adducts, after allowing for the fact that the
sugar causes the 1-MeGuo HS8 signal to be ~0.15 ppm
downfield relative to the 9-EtG HS signal. 1-MeGuo
adducts have the following H8 shifts (ppm): Me,DAB,
8.38 (major) and 8.14 (minor); and Me4DAB, 8.41 to 8.44
(four forms), see Table 1. These data provide the first clear
example of a change in the canting direction between the
two HT conformers of a cis-PtA,G, adduct.

The situation is rather complicated in cases for which
SSC could have an effect. Nevertheless, the conclusions in
the previous paragraph are supported by the similar H8
shifts of the major HT conformer (G O6 located on the
same side of the coordination plane as the quasi-equator-
ial N-Me group) for Me,DABPtG, and Me4DABPtG,
adducts, providing that the chelating carbons of these
carrier ligands have the same chirality. For example, the
similar HS shifts of the major AHT conformer of (S,R,R,S)-
Me,DABPt(3-GMP), and (R,R)-Me4DABPt(3'-GMP),
adducts® strongly indicate that the bases in these two major
AHT conformers have similar spatial relationships relative
to each other and to the coordination plane. Thus, the net
steric effect of the equatorial N-Me groups is similar for the
Me,DABPtG, and MeJDABPtG- adducts. The shifts of the
signals of these N-Me groups (Supporting Information) are
consistent with the orientation of the G base.

AHT:AHT Ratio. 9-EtG, Guo, and 1-MeGuo Adducts.
The absence of NH groups in the Me4sDAB ligand
eliminates FSC (carrier-ligand NH interaction with the
phosphate group) as a factor influencing Me4DABPt-
(GMP), conformer distribution. To dissect the relative
importance of FFC and SSC on the AHT:AHT ratio at
equilibrium for MeysDABPt(GMP), adducts, we first
discuss adducts with G derivatives (9-EtG, Guo, and
1-MeGuo) lacking a phosphate group and not influenced
by SSC.

For [(R,R)-Me,DABPt(Guo),]*" and [(R,R)-Me,DABPt-
(1-MeGuo),]**, the AHT:AHT ratio was 2:1 (Table 2).
Furthermore, the AHT:AHT ratio was 2:1 for the [(S,S)-
Me DABPt(Guo),*" and [(S,S)-MeyDABPt(1-MeGuo), >
adducts. Clearly, the chirality of the Me4DAB ligand is the
only factor that favors a particular HT chirality: R,R and S,S
chiralities favor the AHT and AHT conformations, respec-
tively. This information allows us to assign with complete
confidence the HTa and HTb HS signals for [rac-Me4DABPt-
(9-EtG),]*" at equilibrium at pH 7 and 25 °C. The smaller
HTa signal arises from the AHT [(R,R)-Me4DABPt-
(9-EtG),]*" and AHT [(S,S)-MesDABPt(9-EtG),]**
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pair and the larger HTb signal from the AHT [(R,R)-
MesDABPt(9-EtG),]*" and AHT [(S,S)-Me,DABPt(9-
EtG),]*" pair (Tables 1 and 2).

The reasons for the observed ratios are clear. Because G
06 clashes with the cis-N-Me groups would be severe in
the ‘6-out’ arrangement, this arrangement is unfavorable
and both HT conformers are ‘6-in.” The HT conformer
with a quasi-equatorial N-Me and a cis-G H8 on the same
side of the coordination plane is less favorable than the
HT conformer with a quasi-axial N-Me and a cis-G HS on
the same side of this plane. Because the ‘6-in” HT conformers
have long distances between the G O6 and cis-N-Me groups,
this difference in stability may be caused by differences in the
strength of the clash between N-Me and cis-G HS groups.
This clash appears to be greater for the quasi-equatorial
N-Me group than for the quasi-axial N-Me group because
the cis-G H8 protrudes more toward the quasi-equatorial
N-Me group. Also, unlike the case in which there are NH
groups on the carrier ligand, the canting direction changes.
Both HT forms are ‘6-in.” The HS8 shifts, as mentioned
above, are consistent with this analysis.

HT Ratio for Me4DABPt(5'-GMP), Adducts. For (R,R)-
Me DABPt(5'-GMP),, the R,R carrier-ligand chirality
(FFC) and the 5-phosphate group to cis-G H-bonding
(SSC) both favor the AHT conformation. As a result, the
AHT:AHT ratio of 6:1 at pH 7.3 (Table 2) was higher than
the 2:1 value for adducts such as 9-EtG (with no SSC).
Although the ratio of ~4:1 for (R, R)-Me4DABPt(5-GMP),
at pH 4.1 was lower, it clearly indicates that the 5'-phos-
phate group has an SSC effect even at pH 4.1.

The (S,S)-MesDABPt(5-GMP), adduct at pH 4.0 has
a very weak CD signal (Supporting Information) and
AHT and AHT conformers in roughly equal abundance
(Figure 7). The AHT:AHT ratio of ~1 reflects the counter-
acting effects of FFC (,S chirality of the Me4DAB ligand
favoring the AHT conformer) and SSC (5'-GMP favor-
ing the AHT conformer). Furthermore, the abundance of
the AHT conformer increased from pH 4.0 to pH 7.4,
confirming the importance of SSC.

The results for the GMP adducts clearly demonstrate
that SSCis stronger for 5'-GMP than for 3'-GMP adducts
at pH ~4, where the phosphate group is protonated. The
HT conformer with the chirality favored by SSC in-
creased from pH ~4 to ~7 in all cases, confirming that
a deprotonated phosphate group has a greater SSC effect
than a protonated phosphate group.

HT Ratio for Me4DABPt(3'-GMP), Adducts. For (S,S5)-
Me4DABPt(3'-GMP),, the AHT conformer is favored by
both the chirality of the Me4DAB ligand (FFC) and the
mutual 3'-PO4—NI1H interactions of the 3-GMP’s (SSC).
For (R,R)-Me4DABPt(3’-GMP),, the AHT conformer is
favored by FFC, whereas SSC involving 3'-GMP con-
tinues to favor the AHT conformer. However, for both
3’-GMP adducts at pH ~4.0 (Table 2), the results are
similar to those found for G derivatives lacking a phos-
phate group and for which FFC dominates. Thus, SSC
is negligible for 3-GMP adducts at low pH, where the
3’-phosphate is protonated. In contrast, for both adducts
at pH ~7.0, SSC clearly becomes important, and the
AHT conformer becomes more favored. In addition, the
HS signal of the AHT conformer of both adducts shifted
downfield (Table 1), consistent with a greater degree of
canting caused by the SSC interaction. This relationship
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was noted previously.***® The HS signal of the AHT con-
former of both adducts did not shift. These observations all
indicate that the interaction of the 3’-phosphate group with
the NH group of the cis-3'-GMP is more favorable in the
AHT conformer than in the AHT conformer.

Influence of N1H Deprotonation on the Me;DABPtG,
Adducts. To understand the effects of N1H deprotona-
tion, we first consider past studies with 9-EtG adducts
because there are no complicating effects of SSC or FSC
involving the phosphate group. Only FFC is important in
9-EtG adducts. Studies at high pH are complicated by
isomerization of the asymmetric HNMe groups in Me,.
DABPtG, adducts at high pH, especially problematic for
cationic adducts, such as [Me,DABPt(9-EtG),]*". Con-
sequently, some years ago we began to study BipPtG,
analogues, which generally mimic the conformational
behavior of Me,DABPtG, adducts but which have con-
figurations at the Bip NH’s resistant to isomerization.>”**
Therefore, effects of N1H deprotonation at high pH upon
the [Me4DABPt(9-EtG),]* " adduct will thus be compared
to those for the [BipPt(9-EtG),]*" adduct.*

The ratio, ‘6-in” HT:*6-out’ HT, inverted from >1to <1
upon N1H deprotonation of the [BipPt(9-EtG),]** adduct.*
Note that the two HT conformers have different chirality, as
shown for Me,DABPtG, adducts in Figure 11. The increase
in stability of the ‘6-out” HT conformer relative to the ‘6-in’
HT conformer can arise from two causes: (i) a reduction of
electrostatic repulsion between the two negatively charged
NI atoms, which in a ‘6-out” HT conformer is placed farther
apart than in the ‘6-in” HT conformer; and (ii) an enhance-
ment of the G O6—(INH)Bip H-bonding as a result of the
increase in H-bond acceptor capacity of the now more
electron-rich G 06.3*% In the ‘6-out’ HT conformer, the G
06 s positioned to form such an H-bond. The second cause is
absent in the [Me4DABPt(9-EtG),]*" adduct. (A highly
canted ‘6-out’ HT conformer is not possible for steric reasons,
and no NH in the carrier ligand is present to form an
H-bond.) The major HT:minor HT ratio of the [Me4DABPt-
(9-EtG)2]2+ adduct is insensitive to deprotonation, in marked
contrast to the behavior of the [BipPt(9-EtG),]*" adduct.
Thus, FFC involving the G O6 to N-Me steric effects out-
weighs other factors influencing the ratio of HT conformers.

In studies of cis-PtA,(GMP), adducts,***37 changes
caused in the major HT:minor HT ratio by N1H depro-
tonation are more difficult to interpret than for adducts
with G’s lacking a phosphate group. The phosphate
group can have unfavorable repulsive interactions with
the N1~ groups. This unfavorable SSC is most severe
when the HT chirality places the phosphate group close to
N1 (as when the HT chirality is favored by phosphate—
N1H H-bonding at pH 7). Thus, phosphate—N1" repul-
sion is greatest for 5~-GMP adducts when the HT chirality
is A and for 3’-GMP adducts when the HT chirality is A.
For 5-GMP adducts having NH-bearing carrier ligands,
the potential involvement of this NH in an H-bond with
the phosphate group (a FSC interaction) further compli-
cates the interpretation of the high pH data. This diffi-
culty plagues the analysis of 5'-GMP adducts of cisplatin
and of even less dynamic adducts, making it difficult to
explain all the high-pH results. 3343731

The ratio, major ‘6-in” HT:minor ‘6-in’ HT, changed
dramatically for the Me4DABPt(5'-GMP), and Me,DABPt-
(3'-GMP), complexes upon N1H deprotonation (Table 2).
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Such behavior is expected if phosphate—N1" repulsion is
important. The pH ~10 data in Table 2 can be understood
as resulting from the interplay of two factors, Me4DAB
chirality (FFC) and phosphate—N1"~ repulsion (SSC).
We use (R,R)-Me4DABPt(GMP), adducts to illustrate
this interplay. When the GMP is 3’-GMP, the two factors
work in concert and both favor the AHT conformer;
consequently, a highly abundant AHT conformer was
found (~80%). When GMP is 5'-GMP, the two factors
oppose each other. FFC favors the AHT conformer, and
SSC repulsion involving N1~ favors the AHT conformer;
accordingly, the two HT conformers have similar abun-
dance (Table 2). The (R,R)-Me4DABPt(GMP), results
exhibit a satisfying symmetry with the (S,S)-Me4DABPt-
(GMP); results. When both factors work in concert (now
favoring the AHT conformer), as in the (S,S)-Me4DABPt-
(5-GMP); case, the conformer in 80% abundance at pH 10
is AHT, as expected. Such complementary relationships are
absent in previous studies because of the presence of FSC
effects and of both “6-in’ and ‘6-out” HT conformers.**** As
a result, a very high percentage of one conformer was not
found previously under these conditions.

Conclusions

Even in the case of G = 5-GMP, a nucleotide known to
enhance the stability of the HH conformer, we found no
head-to-head (HH) conformer for the Mey,DABPtG, ad-
ducts. A significant advantage in investigating the Mey.
DABPtG, complexes over the Me4ENPtG, adducts, which
were used in the now-classical seminal study of HT confor-
mers exhibiting slow interchange,’' is the utility of the
Me4DAB ligand for determining the absolute conformation
of the HT conformers. We were also able to define the canting
direction by comparison to results with Me,DABPtG, ad-
ducts, where canting is well defined.>*** We conclude that in
the Me4DABPtG, HT conformers the bases cant slightly in
such a direction as to avoid the clashes between the Me4JDAB
N-Me groups and G O6’s. This canting produces ‘6-in’
conformers with more favorable dipole(base)—dipole(base)
interactions than the ‘6-out’ conformers. As a result, in
contrast to previous cases, we have clear evidence that the
direction of canting changes as the AHT and AHT confor-
mers interconvert.

For Me4DABPtG, adducts, the canting degree that is
optimal for favorable base—base interactions in the ‘6-in’
conformer creates a relatively long distance between G 06
and the N-Me group. The estimated ~3.6 A distance is too
large for steric factors to control the canting degree. Never-
theless, the Me4DAB chirality does influence the relative
stability of the AHT and AHT conformers. The HT con-
former with a quasi-equatorial N-Me and a cis-G HS8 on the
same side of the coordination plane is less favorable than the
HT conformer with a quasi-axial N-Me and a ¢is-G H8 on the
same side of this plane. Because the ‘6-in” HT conformers
have long distances between the G O6 the cis-N-Me groups,
this difference in stability may be caused by differences in the
strength of the clash between N-Me and cis-G H8 groups.
This clash appears to be greater for the quasi-equatorial
N-Me group than for the quasi-axial N-Me group because
the cis-G H8 protrudes more toward the quasi-equatorial
N-Me group.
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In GMP adducts, FFC, SSC, and (sometimes) FSC are
possible. Only SSC and FFC interactions are relevant for
Me4DABPtG, adducts. The dependence of the AHT:AHT
ratio for all Me4DABPt(GMP), adducts on pH changes from
~4 to ~7 is consistent with previously identified factors that
influence this ratio. Our results show that SSC has more general
relevance because it is important when both HT conformers are
‘6-in” as well as when one is ‘6-in” and the other is ‘6-out.’

The effects of changes in solution pH from ~7 to ~10 on
the AHT:AHT ratio are more easily understood for all
MeyDABPG, adducts than for previously studied slowly
interconverting cis-A,PtG, HT conformers. No inversion in
abundance of the HT conformers of [MesDABPt(9-EtG),]* "
occurred when the pH was raised from ~7 to ~10. For
previously studied adducts, the ratio inverted in most cases to
favor the ‘6-out’” conformer.*® Release of N™—N" electro-
static repulsion can occur by an increase in canting of the
‘6-out’ conformer; the carrier ligands used in previous studies
offered ample space to accommodate the canting because
they are less bulky than Me4DAB.

The abundance of the HT conformers of MesDABPt-
(GMP), adducts changed when the pH was raised from ~7
to ~10. These changes can be understood in terms of
unfavorable SSC repulsive effects, which decrease the stabi-
lity of just those forms favored by attractive favorable SSC
effects at pH ~7. Those conformers in which the phosphate—
NIH H-bonding is favorable at pH ~7 are exactly the
conformers in which this proximity becomes repulsive when
the N1H is deprotonated. For previous models, this same
relationship plays a role, but the results are not so clearly
understood because FFC is not restricted to interligand
clashes, as is the case for Me4DABPt(GMP), adducts. In
addition, previous adducts also underwent changes in canting
when the N1H was deprotonated.™

Our study of Me4DABPtG, adducts has thus both rein-
forced conclusions from our earlier work and provided new
information not previously revealed in studies with less bulky
ligands or with ligands lacking chiral centers. In unpublished
work in preparation, we find that the HH conformer is less
favored in Me4DABPt(dGpG) and MeyDABPt(oligo) than
in other cross-link adducts, even though the phosphodiester
backbone link in G*pG* adducts normally favors the HH
conformation associated with the lesion believed to be
responsible for activity. Thus, future studies with Me4,DABPt
adducts may provide additional new insights into the func-
tional role of the carrier ligand in influencing the nature of
Pt—DNA adducts and hence anticancer activity.
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