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Abstract:  cis-[PtCl,(NH;)(2-picoline)]
(AMD473) is a sterically-hindered anti-
cancer complex with a profile of chem-
ical and biological activity that differs
significantly from that of cisplatin. Ad-
ducts of AMDA473 with neutral 9-ethyl-
guanine (9-EtGH) and anionic (N1-de-
protonated) 9-ethylguanine (9-EtG) as
perchlorate and nitrate salts, and also a
nitrate salt of the frans isomer
(AMD443), were prepared and their

EtGH)(9-EtG)|NO; (3)-3.5H,0, trans-
[Pt(NH;)(2-pic)(9-EtGH)(9-EtG)|NO;
(4)-8H,0. In all cases, platinum coordi-
nation is through N7 of neutral (1, 2)
and anionic (3, 4) guanine. In each
complex, the guanine bases are ar-
ranged in the head-to-tail conforma-
tion. In complex 1, there is an infinite
array of six-molecule cycles, based on
both hydrogen bonding and n—m stack-
ing of the 2-picoline and guanine rings.

Platinum(1) coordinated at N7 acidifies
the N1 proton of neutral 9-ethylgua-
nine (pK,=9.57) to give pK, =8.40
and pK,,=8.75 for complex 2, and
pK..=7.77 and pK,,=9.00 for complex
4. In complexes 3 and 4, three intermo-
lecular hydrogen bonds are formed be-
tween neutral and deprotonated gua-
nine ligands involving O6, N1 and N2
sites. Unusually, both of the platinated
guanine bases of complexes 3 and 4

structures determined by X-ray crystal-
lography: cis-[Pt(NH;)(2-pic)(9-
EtGH),](ClO,), (1)-2H,0-Me,CO, cis-
[Pt(NH;)(2-pic)(9-EtGH),|(NO,),

(2)2H,0, cis-[Pt(NH;)(2-pic)(9-

Keywords:
guanine

Introduction

Cisplatin, the world’s best-selling anticancer drug, has been
the subject of intense research over the last 35 years. The
antitumour activity of cisplatin and various other anticancer
platinum drugs is attributed to their ability to modify the
structure of the DNA of cancer cells.!! Cisplatin reacts with
genomic DNA and yields a variety of monoadducts and
intra- and interstrand cross-links,” as well as protein-DNA
cross-links.!

The most nucleophilic sites in duplex DNA are guanine
(G) residues, especially those located adjacent to a second
guanine residue. For Pt" coordination, guanine N7 appears
to be the preferred binding site. Therefore, it is not surpris-
ing that the major adduct of cisplatin with DNA is an intra-
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platinum - X-ray crystallography
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participate in this triple G=G hydrogen
bonding. This is the first report of X-
ray crystal structures of nucleobase ad-
ducts of the promising anticancer drug
AMDA473.

drug

strand cross-link between the N7 atoms of adjacent guanine
residues.”! The coordinated guanine bases are orientated in
a head-to-head (HH) conformation. However, the head-to-
tail (HT) forms, characteristic of minor interstrand adducts,
are thermodynamically favoured in all simple cis-[PtA,G,]
models (A =amine or half of a diamine), and the head-to-
head form is relatively rare.**

cis-[PtCl,(NH;)(2-picoline)] (AMD473) is a sterically hin-
dered anticancer complex with a profile of chemical and
biological activity that differs significantly from that of cis-
platin.’! AMD473 has been administered to over 500 cancer
patients in phase I and phase II clinical trials, in which it has
demonstrated activity against a wide range of tumours and a
manageable safety profile. AMDA473 also has the potential
to be administered as an oral formulation. The 2-methyl
group hinders axial approach to Pt" in AMD473, and as a
result, hydrolysis occurs approximately four times more
slowly than for cisplatin.! The introduction of steric bulk by
the 2-picoline ligand (Figure 1) in AMDA473, may give rise
to novel DNA platination reactions, such as differential
binding to nucleobases and structures locked in a single con-
formation. To gain further insight into stereochemical effects
on the structure and dynamics of nucleobase adducts, we
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Figure 1. Schematic representation of 2-picoline (left) and 9-ethylguanine
(9-EtGH, right), including conventional numbering.

studied adducts of AMD473 and its trans isomer, trans-
[PtCLL(NH;)(2-pic)] (AMD443), with 9-ethylguanine (9-
EtGH) (Figure 1) in solution and in the solid state. The
trans isomer also exhibits high cytotoxicity in a variety of
cancer cell-lines.”

Results

X-ray crystallography: Crystals containing cis-[Pt(NH;)(2-
pic)(9-EtGH),]X, (X=ClO,, 12H,0-Me,CO; X=NO;,
2:2H,0) and cis-(3-3.5H,0) or trans-(4-8H,0) [Pt(NH,;)(2-
pic)(9-EtGH)(9-EtG)]NO; were obtained by reaction of the
respective isomer of [PtCl,(NH;)(2-pic)] with slightly less
than 2 mol equivalents of Ag™*, followed by reaction with
2 mol equivalents of 9-ethylguanine in water, and recrystalli-
sation from acetone in the case of complex 1, from water at
pH 3.55 for complex 2, and from water at pH 7.98 and 7.83
for complexes 3 and 4, respectively. Crystallographic data
and details of the refinement are listed in Table 1. Selected
bond lengths and angles are given in Table 2, and the cations
of 1-4 are shown in Figure 2. Hydrogen bond lengths and

Table 1. Crystallographic data for complexes 1-4, in which 1-2H,0-Me,CO = cis-[Pt(NH;)(2-pic)(9-EtGH),]-
(C10,),2 H,0-Me,CO, 22H,0 = cis-[Pt(NH;)(2-pic)(9-EtGH),](NO),2 H,0, 3-3.5H,0 = cis-[Pt(NH,)(2-pic)-
(9-EtGH)(9-EtG)]NO53.5 H,O and 4-8 H,0 = trans-[Pt(NH,)(2-pic)(9-EtGH)(9-EtG)|NO5-8 H,O.
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Table 2. Selected bond lengths [A] and angles [°] for 1-4, in which 1=
cis-[Pt(NH;)(2-pic) (9-EtGH),](ClO,),, 2 = cis-[Pt(NH;)(2-pic)(9-EtGH),]-
(NOs),, 3=cis-[Pt(NH;)(2-pic)(9-EtGH)(9-EtG)]NO; and 4=trans-[Pt-
(NH,)(2-pic)(9-EtGH)(9-EtG)|NO;.

Bond/Angle!®! 1 2 3 4l
Pt—N(1) 2.041(5) 2.023(4) 2.047(4) 2.034(7)
PL-N(13) 2.018(5) 2.019(4) 2002(4)  2.047(3)
PL-N(71) 20084)  20154)  2.009(4)  1.999(6)
Pt-N(72) 2.018(5) 2.020(4) 2.017(4) 2.011(6)
N(13)-PN(1)  90.99(19)  88.18(15)  90.03(16)  177.8(3)
N(72)-PN(1)  179.05(15) 17874(17)  17853(15)  90.0(3)
N(I)-PEN(L)  90.11(18)  8831(15)  89.26(16)  89.1(3)
N(72)-P-N(13)  89.37(18)  91.69(15)  89.94(15)  91.2(3)
N(71)}-PN(13)  175.18(16)  17470(14)  177.53(14)  89.8(3)
N(71)}-PEN(72)  89.60(17)  9190(14)  9083(15)  178.5(3)
PIN,/G1 73.62(19)  7222(14)  86.00(15)  71.0(3)
PIN,/G2 7124(19)  52.83(19)  70.78(17)  58.0(3)
G1/G2 86.17(18)  7125(14)  8839(15)  51.9(3)

[a] The crystallographic atomic numbering schemes (Figure 2) differ from
the chemical numbering scheme used in the text. [b] The numbering
scheme in complex 4 differs from that of the cis complexes, but for com-
parison, N11=N71 and N12=N72.

angles are given in Table 3. Rocking angles (4) and torsion
angles () are listed in the Supporting Information.

In each complex, platinum coordination is through the
N(7) sites of the two 9-ethylguanine ligands, which adopt
the head-to-tail orientation. Platinum(i) has the usual
square-planar geometry, and Pt—N bond lengths range from
1.999(6) to 2.047(8) A, which is within the normal range for
these types of complexes.

In complex 12H,0-Me,CO, cis-[Pt(NH;)(2-pic)(9-
EtGH),](ClO,),2H,0-Me,CO,
the cis 9-ethylguanine ligands
are approximately perpendicu-
lar to one another (Figure 2a).

The large dihedral angle of

120 MeCO 2210 33510 ALY 86.17(18)° between the guanine
f\?[rmula (%%I;ZSCIZN”O”H g;%igNlmet 7C§%I.13;N1308_5Pt gg§g2N13013Pt bases prevents any substantial
cr}r/stal system triclinic triclinic triclinic monoclinic intramolecular base-base inter-
space group Pi Pi Pi P2,/n action. The plane angles of the
a[A] 13.147(15) 11.9052(5) 8.8183(3) 16.0748(5) 9-ethylguanine ligands relative
CIA 14.6418) D 1saas) 0o to_the 2rpicoline are 89()
a [ 87.783(17) 72.813(2) 95.894(2) 90 and 6.0(3)°. There is high ther-
B1°] 84.728(17) 65.613(2) 97.663(2) 97.891(2) mal motion and at tempera-
7 [ 66.668(15) 67.423(2) 112.685(2) 90 tures lower than 240K, the
;[Aﬂ ;473(5) ;495.98(9) ;409.09(8) 2374.8(4) system appeared to undergo a
1[A] 0.71073 0.71073 0.71073 0.71073 phase change, but no data were
T[K] 240(2) 150(2) 293(2) 150(2) collected at lower temperatures.
Peatca [gem ] 1.285 1.829 1.857 1.810 The ethyl groups at the 9-posi-
Heatea [mm 1] 3.001 4.766 5.050 4.486 tion are disordered. There is in-
£(000) 952 816 782 3488 termolecular m—m stacking be-
26 range [°] 1.80-28.92 1.83-28.88 1.32-28.99 1.47-25.00 .. .
reflns. collected 20627 27532 13990 38056 tween 2-picoline and guanine
independent reflns. 11352 12830 6655 11215 rings (interplanar spacing 3.85-
reflns.(Ryy) (0.0469) (0.0489) (0.0258) (0.0654) 424 A). In addition, there are
R1 [Fy>40(F,)] 0.0477 0.0373 0.0353 0.0586 hydrogen bonds between NH;
wR2 (all data) 0.1114 0.0929 0.0847 0.1424
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Figure 2. a) The cation cis-[Pt(NH,)(2-pic)(9-EtGH),]** in complex 1. The planes of the 9-EtGH and 2-picoline rings are 70-80° relative to the Pt
square-plane. The 9-EtGH bases are approximately perpendicular to one another. Intermolecular interactions are shown in Figure 3. b) The cation cis-
[Pt(NH;)(2-pic)(9-EtGH),]** in complex 2. The change in the anion compared to complex 1 has resulted in a significant decrease in the angle between
the guanine base cis to 2-picoline and the Pt square-plane. The dihedral angle between the guanine bases is also reduced. There are additional hydrogen-
bond interactions mediated by the anion. c) Intermolecular triple hydrogen bonding in the structure of complex 3, cis-[Pt(NH;)(2-pic)(9-EtGH)(9-
EtG)]*. The guanine bases are almost perpendicular to one another and each of the guanine bases and the 2-picoline are tilted by 70-80° relative to the
platinum square-plane. The cations form an infinite chain with m—m stacking. d) Intermolecular triple hydrogen bonding in the structure of complex 4,
trans-[Pt(NH;)(2-pic)(9-EtGH)(9-EtG)]*. Two molecules are shown, which form part of an infinite chain. The dihedral angle between the guanine bases
is much smaller in this case, only 52°. The crystallographic numbering relates to the chemical numbering given in Figure 1, as follows: Complexes 1 and
2: N71, N72=N7. Complex 3: N31=C2NH,; N41 =N1; O51=06. Complex 4: N11, N12=N7; O82=06; N71, N72=N1; N61, N62 = C2NH,.

(N-0=2.88 A), as well as double hydrogen bonds between
N3 positions and NH, groups (N-N=3.00, 3.03 A) on neigh-
bouring molecules. These features combine to create an in-
finite array of six-molecule cycles (Figure 3).

In complex 22H,0, cis-[Pt(NH;)(2-pic)(9-EtGH),]-
(NOs),2H,0, the dihedral angle between the cis 9-ethylgua-

4398 — © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

nine ligands is slightly smaller, 71.25(14)° (Figure 2b). The
plane angles of the 9-ethylguanine ligands relative to 2-pico-
line are 76.5(2) and 20.4(2)°. There is extensive hydrogen
bonding between NH;, N1, C2NH, and the NOj; counterion,
and O6, N3 and C2NH, are involved in hydrogen bonding
with solvent water molecules. The only intermolecular hy-
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Table 3. Selected hydrogen bond lengths [A] (with H-A < r(A)42.000),
and angles [°] (X¥DHA >110).

D-H d(D-H)  d(H-A) ¥DHA  d(D+A) A
1

N1-H1C 0.900 2.090 146.40 2.883 0511
N31-H31A 0.870 2157 175.94 3.025 N210!
N32-H32A 0.870 2.137 169.77 2.997 N22k
2

N32-H32A 0.880 2.055 166.61 2.919 0511
3

N31-H31B 0.860 1.971 178.08 2.831 0514
N41-H41 0.860 2.078 172.81 2.934 N41l
N32-H32B 0.860 1.999 168.37 2.847 052!
N42—-H42 0.860 2.104 168.46 2.951 N42l
4

N61-H61B 0.880 1.929 172.10 2.803 082l
N62-H62B 0.880 2.084 166.03 2.945 081!
N72-H72 0.880 2.059 177.00 2.938 N711
N64—H64B 0.880 1.965 170.69 2.837 085l
N74-H74 0.880 2.042 172.71 2.917 N75l
N65-H65A 0.880 1.964 164.04 2.821 084l

Equivalent positions: [a] —x, —y+1, —z+1; [b] —x, —y+2, —z+1;
[c] —x+1, —y+1, —z; [d] —x+1, —y, —z+1; [e]lx—"h, —y+'f, z=';
[f] x+'/, —y+'/, z+'/>. Relationship between crystallographic and chemi-
cal numbering schemes: Complex 1: N1=NH;; N31, N32=C2NH,; N21,
N22=N3; O51=06. Complex 2: N32=C2NH,; O51=06. Complex 3:
N31, N32=C2NH,; N41, N42=N1; 051, 052=06. Complex 4: N61,
N62, N64, N65=C2NH,; N71, N72, N74, N75=N1; O81, 082, 084,
085=06.

drogen bonding is between the C2NH, group and O6 (N—
0=2.92 A). There is also a weak stacking interaction be-
tween the guanine planes.

In the cation of complex 3-3.5H,0, cis-[Pt(NH;)(2-pic)(9-
EtGH)(9-EtG)]NO;3.5H,0, the 9-ethylguanine ligands are
again almost perpendicular to one another, with a dihedral
angle of 88.39(15)° (Figure 2c). The plane angles of the 9-

Figure 3. The six-molecule cyclic arrangement present in crystals of com-
plex 1. The intermolecular interactions involve alternating Pt—NH;---O(6)
hydrogen bonding, n-x 2-pic/9-EtGH stacking, and double N(2)H,--N3,
N3--H,N(2) hydrogen bonding.
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ethylguanine ligands relative to 2-picoline are 88.9(2) and
2.9(2)°. There is disorder about the Pt—N (pic) bond of 180°
to give a distribution for the C2 and C6 positions of the 2-pi-
coline ligand of 75 and 25 %, respectively. There is intermo-
lecular triple hydrogen bonding between the N1 of 9-EtG of
one molecule and the N1H of 9-EtGH of an adjacent mole-
cule (N-N = 2.93 A), which, together with C2NH,—O6 hy-
drogen bonds (N-O = 2.83 A), gives rise to a G-G~ base
pair. The proton shared between the two N1 atoms of the 9-
ethylguanine ligands appears to be disordered over two po-
sitions, a 1:1 mixture of NIH-N1A and N1-HN1A.

The trans 9-ethylguanine ligands in the cation of complex
4-8H,0, trans-[Pt(NH;)(2-pic)(9-EtGH)(9-EtG)|NO;-8 H,O,
have a dihedral angle of 51.9(3)°, and the plane angles of
the 9-ethylguanine ligands relative to the 2-picoline ligand
are 85.5(5) and 81.2(5)° (Figure 2d). This complex forms a
triple hydrogen bond, similar to that in complex 3, giving
rise to a G-G~ base pair. The hydrogen bond lengths are
2.80-2.95 A for NH,~O6 and 2.92-2.94 A for N1(H)—-N1.
There are effectively two parallel chains formed through n—
nt stacking, which run in the same direction and interact
with one another.

Solution studies

cis-[Pt(NH;)(2-pic)(9-EtGH),/(ClO,), (1): The peak at m/
z=763 in the positive-ion electrospray mass spectrum of
complex 1 in water was assigned to the parent ion with an
associated ClO,~ counterion, [Pt(NH;)(2-pic)(9-EtGH),
ClO,]*. The other peaks were assigned as follows: m/z 584
[Pt(NH;)(2-pic)(9-EtGH)-ClO,]*, m/z 483 [Pt(NH;)(2-pic)-
(9-EtGH)—H] ", m/z 466 [Pt(2-pic)(9-EtGH)—H]*.

The "H NMR spectra of complex 1 in D,O and acetone at
298 K are shown in Figure S1 (see Supporting Information).
Clearly, the solvent has a large effect on chemical shift;
however, most noticeable is that the H8 signals for the 9-
ethylguanine ligands are indistinguishable in aqueous solu-
tion, whereas in acetone, they are separated by 0.2 ppm.
Therefore, we examined the change in chemical shift of H8
in various acetone/H,0 mixtures. The spectra (Figure S2,
Supporting Information) show the convergence of the two
HS signals as the molar fraction of water increases. The var-
iation in chemical shift is plotted in Figure 4a. The chemical
shift of one of the H8 peaks (G1HS) is solvent dependent to
a much greater extent than the other (G2HS).

The temperature dependence of the '"H NMR spectrum of
complex 1 in D,0O was further investigated between 278 and
313 K (Figure S3, Supporting Information). At low tempera-
ture, there are two individual H8 signals. Although the reso-
nance for the H8 proton of one of the 9-ethylguanine li-
gands (G1HS) appears to be highly temperature dependent,
the H8 peak for the other 9-ethylguanine (G2HS) is almost
unaffected. This is clearly demonstrated by the plot of 6 H8
shift versus temperature, shown in Figure 4b.

A two-dimensional ROESY spectrum of complex 1 in
acetone (Figure 5) was recorded at 278 K to investigate the
solution structure of this complex. Only one of the two H8
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Figure 4. a) Plot of 6 H8 for the two 9-EtGH ligands in complex 1 in

[Dglacetone versus the % (v/v) of water, showing how the separation of
the HS8 signals decreases as the percentage of water increases. b) Plot of

0 H8 versus temperature for complex 1 in D,0.
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Figure 5. Two-dimensional ['H,'H] ROESY NMR spectrum of complex 1
in [Dglacetone at 278 K. Assignments: a=2-pic CH;; b=Et CH,; c=
NH;; d=HS5 2-pic; e=H3 2-pic; f=H4 2-pic; g=HS8 of 9-EtGH (G2);
h=HS of 9-EtGH (G1); i=H6 2-pic.

signals (G1HS8) exhibits an NOE cross-peak to the 2-pico-
line methyl group. This H8 signal (G1HS8) also exhibits an
NOE cross-peak to the aromatic H6 proton of the 2-picoline
ligand.

trans-/Pt(NH;)(2-pic)(9-EtGH)(9-EtG)][NO38 H,O (4): Posi-
tive-ion electrospray mass spectrometry showed peaks for
the parent ion at m/z =662, assigned to [Pt(NH;)(2-pic)(9-
EtGH),-H]™, together with peaks assignable to fragments:
mlz =645 [Pt(2-pic)(9-EtGH),-H]*, m/z =466 [Pt(2-pic)(9-
EtGH)-H]*.

4400
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The 'H NMR spectrum of complex 4, recorded in H,O/
D,O 9:1 (Figure S4, Supporting Information), contains only
one set of peaks, corresponding to the two coordinated 9-
ethylguanine ligands. The 'H NMR chemical shifts of the
peaks of complex 4 were not temperature dependent be-
tween 278 and 318 K. A two-dimensional NOESY spectrum
revealed that there is an NOE cross-peak for the HS signal
of the 9-ethylguanine ligands and the 2-picoline CHj; group.

In the pH range from 2-12, the pH-dependent '"H NMR
chemical shift measurements for complex 2 in H,O/D,0 9:1
show two acid-base equilibria, corresponding to the depro-
tonation of the two inequivalent N1H sites of the 9-ethyl-
guanine ligands (Figure 6a). The pK, values are 8.40 and

a)
T 8.2
5 ("H)
/ ppm 8.1
8.0 + T . T . .
2 4 6 8 10 12
pH —
b) 9.01
T 8.6
&("H) 1 Complex 4
/ ppm
8.21
7.8

2 4 6 8 10 12
pH —
Figure 6. Dependence of the H8 chemical shifts of a) complex 2 and
b) complex 4 and free 9-ethylguanine on pH. Note that there are two dis-
tinguishable H8 peaks for complex 2, but unambiguous assignments
cannot be made. The solution of 4 also contained a small amount of free
9-ethylguanine. The curves are computer fits to the Henderson-Hassel-
balch equation, and give the pK, values listed in Table 4.

8.75. Complex 4 also has two acid-base equilibria (Fig-
ure 6b), with pK, values of 7.77 and 9.00. The pK, values for
free 9-ethylguanine under the same conditions were deter-
mined to be 3.22 (N7) and 9.94 (N1H).

Discussion

In the past, structural investigations of platinum—-nucleobase
complexes concentrated almost exclusively on cisplatin com-
pounds,® ! and consequently, relatively few structural stud-
ies of nucleobase complexes of trans Pt" compounds have
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been reported. Details of many of these trans complexes are
summarised in a review by Lippert.?*! Here, we studied bis-
nucleobase adducts of the sterically-hindered anticancer
compound cis-[PtCl,(NH;)(2-pic)] (AMD473) and its trans
isomer AMD443. Three crystal structures of AMD473 ad-
ducts and one of an AMD443 adduct containing the model
nucleobase 9-ethylguanine were determined (1-4). These
are the first X-ray structures of nucleobase adducts of
[PtCl,(NH;)(2-pic)] anticancer complexes.

Coordination at the N7 position of guanine was confirmed
in each case, as was a head-to-tail orientation of the bases.
The head-to-tail forms are characteristic of the minor inter-
strand adducts formed by cisplatin with DNA, and are ther-
modynamically favoured in all simple cis-[PtA,G,] models
(A =amine or half of a diamine, G =guanine derivative).”!
However, there are few examples of the head-to-head con-
formation, which is the more realistic model for a Pt-DNA
complex.[*1

The main difference between complexes 1 and 2 is the
anion; perchlorate and nitrate, respectively. Complex 1 ex-
hibits a rare case of negative rocking angles (—7.68, —5.25°;
i.e., C(8)-N(7)-Pt angles> C(5)-N(7)-Pt angles). For com-
plex 2, the rocking angles are positive, as observed typically
in structures of related complexes.”™ In complex 2, the ni-
trate anion acts as a spacer between molecules and domi-
nates the hydrogen-bond interactions. Consequently, there is
only one type of intermolecular hydrogen bond, between
C2NH, and O6, and hence complex 2 is unable to form the
type of cycle described for 1. Other structural differences
may be simply a consequence of crystal packing. Complexes
2 and 3 differ in the charge on the complex and in the
number of counterions and water molecules in the unit cell.
A further and most intriguing difference is that in complex
2, the guanine base in the head orientation with respect to
the methyl group of 2-picoline is trans to the 2-picoline
ligand, whereas in complex 3, the analogous guanine base is
cis to the 2-picoline ligand. This indicates that both head-to-
tail orientations of 9-ethylguanine relative to the cis 2-pico-
line ligand are possible, although intermolecular interactions
may favour only one of these orientations. It is expected
that complexes 1, 2 and 3 adopt the same structure in solu-
tion (at the same pH).

Complex 4 is a rare example of a bisguanine-Pt" complex
that has a large dihedral angle of 51.9(3)° between the two
purine bases. Another example is trans-[Pt(MeNH,),(1-
MeC),](PFy),, with a dihedral angle of 56(1)°.”" In most
other bis(nucleobase) complexes of trans-[(am),Pt], the
bases are reasonably coplanar.’*>" This large dihedral angle
may result from the steric hindrance imposed by the bulky
2-picoline ligand.

Complexes 3 and 4 have the most interesting structural
features. Both exhibit intermolecular triple hydrogen bond-
ing involving NH,, NH and O6, which gives rise to a G-G~
base pair. There are various reports?0232627:3132 of PtG—G
and PtG —GPt hydrogen bonding caused by deprotonation
at the N1 position of Pt"-bound guanine. Five X-ray struc-
tures for such complexes have been reported. Three of these
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are monoguanine complexes: cis-[Pt(NH;),(9-EtGH)-
(1-MeC)][Pt(NH;),(9-EtG)(1-MeC)](ClO,);,2"  trans-[{Pt-
(NH;),(tmade)(9-EtGH)}{Pt(NH,),(tmade)(9-EtG)}](ClO,),
NO;1.6H,0 (in which tmade=N® N® N’-trimethylade-
nine),®® {trans, trans-[(NH;),P{(1-MeU)9-EtA)P(NH,CH,),-
(9-EtGH,5)](ClO,),5-1.25H,0},.”"" The other two, cis-[Pt-
(NH,){9-EtG),]-9-EtGH-7H,0® and [{P(NH;X9-MeGH),-
(9-MeG)}{P(NH,)X9-MeGH),}{1-MeC},J C10,);4 H,0,*? con-
tain two coordinated guanine residues, but only one of these
is involved in triple hydrogen bonding. In complexes 3 and
4, both platinated guanine bases are involved in G=G triple
hydrogen bonding. As a result, complexes 3 and 4 form in-
finite chains, but complex 4 does so in a more zigzag
manner. To the best of our knowledge, this is the first report
of structures in which both platinated guanine bases par-
ticipate in G=G triple hydrogen bonding. The triple hydro-
gen bond lengths for complexes 3 and 4 range from 2.80-
2.95 A for NH,~06 and 2.92-2.95 A for N1(H)—N1; these
values are comparable with 2.83(1) and 2.90(1) A, re-
spectively, in trans-[{Pt(NH;),(tmade)(9-EtGH)}{Pt(NHj;),-
(tmade)(9-EtG)}]*+.>

For the cation in complex 1, cis-[Pt(NH;)(2-pic)(9-
EtGH),]*", there are four different stereoisomers (2xHT
and 2xHH). Because the 2-methyl group can be on the
upper or lower side of the platinum plane, four geometrical
head-to-tail isomers are possible. Only two of these will be
distinguishable, however, by NMR spectroscopic analysis,
and therefore, four HS signals should be observed. In reality,
only two HS8 peaks are observed. An explanation for this is
either fast interconversion of head-to-tail conformations on
the NMR timescale, or the molecule is locked into a single
configuration at this temperature. The two-dimensional
ROESY spectrum of complex 1 at 278 K clearly shows an
NOE cross-peak for only one of the two HS8 signals of 9-eth-
ylguanine (G1H8) and the methyl group of the 2-picoline
ligand (Figure 5), suggesting a head-to-tail orientation of the
guanine bases. If the solution structure was locked into the
same configuration as that observed by X-ray crystallogra-
phy for the solid state, the only observable NOE contact be-
tween the methyl group of the 2-picoline ligand and an H8
proton would correspond to the 9-ethylguanine ligand trans
to 2-picoline. Interestingly, G1HS8 exhibits a greater solvent
and temperature dependence than the second HS peak,
G2HS (Figure 4). It can be argued that the 9-ethylguanine
cis to the 2-picoline exhibits the more marked temperature
and solvent dependence, especially if there is rapid rotation
about the Pt—N bonds. Rapid interconversion of head-to-tail
conformers is common in Pt!-diamine complexes.F*3
Rapid rotation should give rise to H8---CH; NOEs for both
coordinated guanine bases, whereas only one ROESY cross-
peak is detected. This suggests that the two H8 peaks ob-
served contain four overlapping H8 signals. The major con-
tribution to the observed NOE is probably from the 9-ethyl-
guanine ligand cis to 2-picoline, in view of its intensity
(medium compared to strong for the H6/H5 of 2-pic), and
for which the H8--CH, distance is much shorter (ca. 3 A
versus 4.9 A for a trans 9-ethylguanine; NOE ocr~ ). Howev-
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er, it is difficult to interpret NOEs quantitatively in a dy-
namic system. Moreover, the NOE cross-peak between the
G1HS8 peak and the aromatic H6 peak of the 2-picoline
ligand further substantiates the argument that G1HS8 corre-
sponds to the 9-ethylguanine ligand cis to 2-picoline.

For trans-[Pt(NH,)(2-pic)(9-EtGH),]** from 4, there are
also four different stereoisomers (2xHT and 2xHH;
Figure 7). The two HT isomers (Figure 7a) are enantiomers.

b)
NH; NH;

N N S
AN

Figure 7. a) Head-to-tail ~ enantiomers  of  trans-[Pt(NH;)(2-pic)(9-
EtGH),]**. b) Head-to-head isomers of trans-[Pt(NH;)(2-pic)(9-
EtGH),]**. Solid arrows represent the orientation of the 9-ethylguanine
ligands, and dotted arrows represent that of the 2-picoline methyl group
with respect to the platinum square-plane.

Therefore, only one HT configuration will be observed by
NMR spectroscopic analysis. As the two 9-ethylguanine li-
gands are in slightly different environments, we expect to
observe two sets of peaks, however, experimentally, only
one set of peaks is observed. This could be due to fast rota-
tion about the Pt—2-pic bond, or to fast rotation of the gua-
nine bases. Although Reedijk and co-workers™ reported
slow rotation about the Pt—2-pic bonds at room temperature
in cis-[Pt(2-pic),(Puo),]** (Puo=guanosine or 9-methylhy-
poxanthine), they confirmed that rotation of these 6-oxopur-
ines from —30 to +90°C is fast on the NMR timescale.

The pK, values of 8.40 and 8.75 for complex 2, and 7.77
and 9.00 for complex 4, which are assignable to N1H depro-
tonation of coordinated 9-ethylguanine, are 0.6-1.8 units
lower than that for free 9-ethylguanine (Table 4). This ob-

Table 4. Comparison of pK, values for N1H of 9-EtGH in the complexes
studied here (2 and 4), and for reported cisplatin adducts.

Species pK, N1(H) Reference
9-ethylguanine 9.57 [36]
cis-[Pt(NH;)(2-pic)(9-EtGH),]** 8.40, 8.75 present work
trans-[Pt(NH,)(2-pic)(9-EtGH),]** 7.77, 9.00 present work
cis-[Pt(NH,),(9-EtGH),]**+ 7.76, 8.36 [36]
cis-[Pt(NH,),(9-EtGH),|** 8.01, 8.66 [37]
trans-[Pt(NH,),(9-EtGH),]** 7.90, 8.54 [37]

served acidification is a consequence of the inductive effect
of Pt at the N7 position of guanine, and lies within the
range observed for similar amine complexes (Table 4).

The guanine-guanine pairing pattern observed in com-
plexes 3 and 4 represents a model for a nucleobase mispair.
There is probably little chance of formation of such a gua-
nine pair in DNA, as it is necessary to have independently
metallated guanine bases in close proximity. However, with
RNA and its enormous structural diversity, such possibilities
are more likely.
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Conclusion

In this study of bisnucleobase adducts of the sterically-hin-
dered anticancer drug AMD473 and its trans isomer
AMD443, we synthesised and characterised three AMDA473
adducts and an AMD443 adduct containing 9-ethylguanine.
Each of the complexes has a head-to-tail arrangement of the
guanine bases in contrast to the head-to-head arrangement
preferred in DNA. Platination at the N7 position was con-
firmed in each case. Interesting triple hydrogen bonding was
revealed in the structures of both the cis and trans 9-ethyl-
guanine adducts, giving rise to G-G~ base pairs for both co-
ordinated guanine bases. The pK, value of N1H of 9-ethyl-
guanine was lowered significantly by N7 coordination to
Pt", most notably for the trans complex (4) relative to free
9-ethylguanine.

Experimental Section

Preparations: 9-Ethylguanine was purchased from Sigma. cis-[PtCl,-
(NH3;)(2-pic)] was kindly provided by AstraZeneca. The synthesis of
trans-[PtCl,(NH;)(2-pic)] was based on previously published proce-
dures.®!

cis-/Pt(NH;)(2-pic)(9-EtGH),](ClO,), (1):2 H,0-Me,CO: cis-[PtCl,(NH,)-
(2-pic)] was reacted with 1.98 equiv of AgClO, (5 h, 323 K), followed by
filtration of AgCl, and then addition of 2 mol equiv of 9-EtGH (4d,
323 K). Recrystallisation from acetone, and slow evaporation yielded 1 as
colourless cubes.

cis-/Pt(NH;)(2-pic)(9-EtGH),/(NO;), (2)-2H,0: cis-[PtCl,(NH;)(2-pic)]
was reacted with 1.96 mol equiv of AgNO; (24 h, 323 K), followed by fil-
tration of AgCl, and then addition of 2 mol equiv of 9-EtGH (4-5 d, RT).
Recrystallisation from hot water, and slow evaporation yielded 2 as col-
ourless cubes from a solution at pH 3.55.
cis-/Pt(NH;)(2-pic)(9-EtGH)(9-EtG)|NO; (3)-3.5 H,O: cis-[PtCl,(NH;)(2-
pic)] was reacted with 1.96 mol equiv of AgNO; (24 h, 323 K), followed
by filtration of AgCl, and then addition of 2 mol equiv of 9-EtGH (24 h,
323 K). Recrystallisation from hot water, and slow evaporation with
vapour diffusion of diethyl ether yielded 3 as colourless cubes (at a mea-
sured pH of 7.98).

trans-/Pt(NH;)(2-pic)(9-EtGH)(9-EtG)INO;  (4)-8H,0:  trans-[PtCl,-
(NH;)(2-pic)] was reacted with 1.96 mol equiv of AgNO; (24 h, RT), fol-
lowed by filtration of AgCl, and then addition of 2 mol equiv of 9-EtGH
(4-5 d, 323 K). Colourless needles of 4 were obtained upon slow evapora-
tion of an aqueous solution at pH 7.83.

NMR spectroscopy: NMR spectra were recorded at 298 K, unless other-
wise stated, by using a Bruker DMX500 spectrometer ('H 500.13 MHz),
with 5 mm NMR tubes. Spectra were referenced to TSP, via dioxane 6=
3.76 ppm. Water suppression was achieved by presaturation. Spectra
were processed by using XWINNMR (Version 3.5, Bruker UK).

Sample preparation: NMR samples were prepared by taking aliquots of
the aqueous solutions of the preparations of complexes 1-4. All samples
were prepared in H,O/D,0 9:1, unless otherwise stated.

pH measurements: The pH values of the solutions were determined by
using a Corning 145 pH meter equipped with a micro combination elec-
trode, calibrated with Aldrich buffer solutions at pH 4, 7 and 10. No cor-
rection was made for deuterium isotope effects.

pK, values: These were determined by fitting the NMR pH titration
curves (all H,O/D,0 9:1) to the Henderson-Hasselbalch equation, as-
suming fast exchange on the NMR timescale of the protonated and de-
protonated forms, by using the program Kaleidagraph (Synergy Software,
Reading, PA, USA).
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Mass spectrometry: Ion electrospray mass spectrometry was performed
by using a Platform II mass spectrometer (Micromass, Manchester, UK).
The samples were infused at 8 pLmin~' and the ions were produced in an
atmospheric pressure ionisation (API)/ESI ion source. The source tem-
perature was 383 K, and the drying gas flow rate was 300 Lh™'. A poten-
tial of 3.5 kV was applied to the probe tip, and cone voltage gradients of
20-40 V over 200-1000 Da were used. Data acquisition was performed by
using a Mass Lynx (V2.5) Windows NT PC data system. All samples
were prepared in water.

X-ray crystallography: Diffraction data for all crystals were collected by
using Mok, radiation and a Bruker Smart Apex CCD diffractometer
equipped with an Oxford Cryosystems low-temperature device. Data for
2-4 were collected at 150 K, but those for 1 were collected at 240 K, as
the sample appeared to undergo a phase change between this tempera-
ture and 220 K. All structures were solved by using Patterson methods
(DIRDIF)® and refined by using full-matrix least-squares against F>
(SHELXTL)."! Hydrogen atoms were generally placed in calculated po-
sitions (see below); only full-weight atoms were refined by using aniso-
tropic displacement parameters. Crystal and refinement data are summar-
ised in Table 1. Additional geometric calculations were accomplished by
using the program PLATON,*! structures were visualised by using
SHELXTL-XP!! and MERCURY.

In structure 1, the 9-Et groups are disordered. The group attached to
NO1 is disordered over two positions in the ratio 70:30; the group attach-
ed to N92 was modelled similarly; however, the displacement parameters
refined to large values, implying that the disorder is more extensive. Sim-
ilarity restraints were applied to both 9-ethylguanine ligands. The anions
and solvent of crystallisation were barely recognisable in difference
maps, and were treated by using the method of van der Sluis and Spek,*’!
accounting for 150 e per formula unit. The formula, M, p etc. have all
been calculated by assuming that this complex contains 2ClO,”, 2H,0
and one acetone molecule per formula unit.

Crystals of 2 were found to be non-merohedrally twinned through a two-
fold rotation about [010]. This information was obtained by using the
program GEMINL™! Diffraction data from both domains were integrat-
ed simultaneously (SAINT Version 7),*! and all data were used for re-
finement. The twin law can also be expressed by using the following
matrix.

The twinning has an effect on data with 2hA4/=3n; it can be interpreted
as a two-fold rotation about the b-axis of a metrically monoclinic super-
cell with dimensions a=11.91, b=66.75, ¢c=12.40 A, p=114.3°, obtained
by using the following transformation.*!

-1 0 0
2 -6 1
0 0 1

Coset decomposition of 2/m with respect to —1 implies that no further
twinning needs to be considered.*’!

In 3, the picoline ligand is disordered by a 180° rotation about the Pt—N
bond. The occupancies of the alternative methyl positions were fixed at
0.75 and 0.25 after refinement. The two C—Me bonds were restrained to
be of equal length. The molecules of water of crystallisation based on
O3W and O4W make unfavourable contacts with the minor disorder
component, and the assumption was made that they have the same occu-
pancy as the major component (0.75). The displacement parameter of
O3W refined to a large value (0.14 A?), and it is possible that in reality
its occupancy is less than 0.75; correlation between the occupancy and
the displacement parameters means that it is difficult to draw the distinc-
tion from X-ray data alone. Hydrogen atoms were located on O1W,
O2W and O4W in difference maps; after adjustment of the O—H distan-
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ces and H-O-H angle to normal values, the entire molecules were treated
as freely-rotating rigid groups. Hydrogen atoms were not positioned on
O3W.

The complexes in 3 are connected across —1 sites by N41-H41-~-N41A
and N42-H42--N42A (N1-H--N1) hydrogen bonds. Thus, neither H41
nor H42 can be fully occupied, as this would lead to the formation of a
very close H--H contact across the inversion centres. Both of these sites
were, therefore, assigned occupancies of 0.5, which also ensures charge
balance. Similar comments apply to complex 4.

The solvent and anion regions in the structure of 4 were treated in the
same way as in 1, amounting to 108.5 e per formula unit. The values of
M,, p etc. were calculated on the assumption that these regions contain
1NO;™ and 8 H,0 molecules per formula unit.

CCDC 264834 (1), 264835 (2), 264836 (3) and 264837 (4) contain the sup-
plementary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data request/cif.
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