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Kinetic studies (296 K, 0.1 M NaClO4, pH 6–7) of reactions of the anticancer complex cis-[PtCl2(NH3)(2-pic)] 1
(AMD473) (2-pic = 2-picoline) with guanosine 59-monophosphate (59-GMP) and the tripeptide glutathione
(GSH) using 2D [1H, 15N] HSQC NMR spectroscopy have been made, and compared to reactions of the isomeric
complex cis-[PtCl2(NH3)(3-pic)] 2. Reactions with 59-GMP followed two pathways with either hydrolysis trans
to NH3 or picoline as the first step, with subsequent formation of Cl/GMP and H2O/GMP intermediates, and
cis-[Pt(15NH3)(pic)(59-GMP-N7)2]

21 as the final product. Eight rate constants were determined for each starting
platinum complex 1 and 2. The rates of ligand substitution (Cl2 by H2O and H2O by 59-GMP) cis to 2-picoline were
2–12 times slower than the same ligand substitution cis to 3-picoline. This was also the case for ligand substitution
trans to 2-picoline (2–3 times slower), except that when 59-GMP was present as the cis ligand (second stage of
substitution) the rate of substitution was enhanced for the 2-picoline complex. Slow rotation about the Pt–N picoline
bond (0.62 s21) and fast rotation about Pt-N7 GMP bonds on the NMR timescale were observed at 296 K for the
bis(GMP) adduct of complex 1, while these were both fast for the analogous adduct of complex 2. Reactions of
GSH with 1 were ca. 3 times slower than those with 2, and appeared to proceed via aquated intermediates with
initial substitution trans to 2-picoline for 1 and trans to NH3 for 2, but no kinetic analyses were attempted due to
the complexity of the reactions. Both mono- and bis-GMP adducts were observed during competitive reactions of
GSH and 59-GMP with complex 1 (molar ratio: 2 :2 :1) at pH 7, 296 K. These features of the chemistry of 1 may
play an important role in its altered spectrum of biological activity compared to cisplatin.

Introduction
Cisplatin, cis-[PtCl2(NH3)2], is a widely used anticancer drug.
Because of its serious toxic side-effects and the spontaneous
development of drug resistance in tumours, there is a need for
new drugs which circumvent these drawbacks. Investigations
have been made of the activity of many other platinum
complexes, most of which belong to the structural class cis-
[PtX2(ammine)2] (X = anionic leaving group; ammine =
ammonia, primary or secondary amine).1 An exception is the
2-picoline (2-methylpyridine) complex cis-[PtCl2(NH3)(2-pic)]
1 (AMD473), which is currently in phase I clinical trials.2,3 It
possesses activity against cisplatin-resistant cell lines and
against an acquired cisplatin-resistant subline of a human
ovarian carcinoma xenograph both by injection and by oral
administration.2 It appears to circumvent thiol-mediated re-
sistance mechanisms whilst still maintaining the ability to form
cytotoxic lesions with DNA.3,4 In order to gain an under-
standing of the chemical reactivity of this complex, we have
recently investigated its crystal structure and hydrolysis
behaviour in comparison with the isomeric 3-picoline complex
cis-[PtCl2(NH3)(3-pic)] 2.5 The most notable feature of the
structures is the orientation of the picoline ring with respect to
the platinum square plane. The 2-picoline ligand is almost
perpendicular (1038) such that the 2-methyl group lies directly
over the square plane, while the 3-picoline ligand is tilted by
498. This steric effect plays an important role in determining the
hydrolysis rates of the Cl2 ligands. For complex 2 the rate
of hydrolysis of Cl2 trans to NH3 is similar to that of cisplatin
(t1/2 = 1.75 h, 310 K),6 while for complex 1 the rate of hydrolysis
for the Cl2 ligand trans to NH3 (cis to 2-picoline) is about

5 times slower (t1/2 = 8.7 h). The slow hydrolysis of 1 can be
attributed to the axial steric hindrance provided by the 2-methyl
group. Complex 1 appears to form interstrand DNA cross-links
and to bind to plasma proteins much more slowly than
cisplatin.7

Besides steric effects, electronic factors may also play a role in
determining the reactivity of pyridine complexes. For example
the presence of planar pyridine ligands in cis- or trans-
[PtCl2(py)2] complexes can reduce the rates of DNA binding
compared to ammine complexes.8 DNA platination is a key
event in the mechanism of action of platinum anticancer drugs,
and the major adduct formed by attack of cisplatin on DNA is
the intrastrand cross-link between N7 atoms of two adjacent
guanine (G) residues.1 However, platinum can also interact
with many other biomolecules, especially those containing
methionine and cysteine residues. Glutathione (GSH), a
cysteine-containing tripeptide (γ--Glu--Cys-Gly), is the
predominant intracellular thiol with concentrations typically
ranging from 0.5 to 10 mM. At physiological pH, platinum()
complexes usually show a kinetic preference for the thiols
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cysteine and glutathione over 59-GMP, even in the presence
of excess of nucleotide.9 Reactions of thiols with platinum
complexes are often considered to have a negative effect on
antitumor activity and to be responsible for drug inactivation
and the development of drug resistance.10 GSH is over-
expressed in cisplatin-resistant cells and Pt–GS adducts can be
pumped out of cells.11

In this work we have investigated reactions of complex 1
and the less-hindered isomeric complex 2 with 59-GMP and
glutathione by both 1D 1H and 2D [1H, 15N] HSQC (hetero-
nuclear single quantum coherence) NMR spectroscopy, in order
to investigate the influence of both steric and electronic effects
on reactions of potential biological importance.

Experimental
Materials

2- and 3-Picoline and GSH were purchased from Aldrich. The
sodium salt of 59-GMP was obtained from Sigma. The complex
cis-[PtCl2(

15NH3)2] was prepared according to the reported
procedure.12 The 15N labelled complexes 1 and 2 were prepared
from cis-[PtCl2(

15NH3)2] by a similar procedure to that
described in the literature for natural abundance mixed-ligand
ammine–amine platinum() complexes.13 The diaqua complex
cis-[Pt(NH3)(2-pic)(H2O)2]

21 was prepared in situ by addition
of slightly less than 2 mol equivalents of AgNO3 to an aqueous
solution of complex 1 followed by removal of the AgCl
precipitate.

NMR spectroscopy

The NMR spectra were recorded on a Bruker DMX500
spectrometer operating at 500.13 MHz using a TBI probehead.
All data processing, including the integration routines
described below, was carried out using XWIN-NMR, version
1.3 (Bruker Spectrospin Ltd.). The chemical shift references
were as follows: 1,4-dioxane (internal, δ 3.767) for 1H, and 1 M
15NH4Cl in 1.5 M HCl for 15N (external). All spectra were
recorded at 296 K unless otherwise stated. Typical acquisition
conditions for 1H spectra were: 45–608 pulses, 2.5 s relaxation
delay, 64–256 transients, final digital resolution 0.2 Hz per
point. The water resonance was suppressed by presaturation,
or via the WATERGATE pulsed-field-gradient sequence.14 The
2D [1H, 15N] HSQC NMR spectra (optimised for 1JNH = 72 Hz)
were recorded by using the sequence of Stonehouse et al.15

The 15N spins were decoupled by irradiating with the GARP-1
decoupling sequence during acquisition. The 2D exchange
experiment was performed using phase-sensitive nuclear
Overhauser effect spectroscopy (NOESY) with a mixing time
1 s, at 296 K. Rates were calculated using the program
D2DNMR kindly supplied by Dr K. G. Orrell.16 Inputs for
each calculation consisted of volume integrals from diagonal-
and cross-peaks together with population estimates based on
1D 1H NMR spectra.

All samples were in 90% H2O–10% D2O (0.6 ml). The re-
actions of complex 1 or 2 (3 mM) with 59-GMP were conducted
at a 1 :2 molar ratio. Samples contained 0.1 M NaClO4 to
maintain a constant ionic strength. Buffer was not used in the
reactions of complexes 1 and 2 with 59-GMP in order to avoid
possible interference, and the pH values were adjusted to 6.85
and 6.55 (for complexes 1 and 2, respectively) at the beginning
of the reaction. The pH value for the reaction of [Pt(NH3)-
(2-pic)(H2O)2]

21 with 59-GMP (1 :2) was adjusted to 6.47. In the
reactions of complex 1 or 2 with GSH (3 mM, 1 :1 molar ratio),
100 mM phosphate buffer (pH 7) was used. Competitive reac-
tions between 59-GMP and GSH with complexes 1 or 2 (2 mM)
were carried out at 2 :2 :1 molar ratios, with 100 mM phosphate
buffer present to maintain neutral pH. After mixing, argon was
bubbled through the solution to minimise GSH oxidation and
the NMR samples were carefully sealed.

pH Measurements

These were made using a Corning 145 pH meter equipped with
an Aldrich micro combination electrode calibrated with
Aldrich buffer solutions of pH 4, 7 and 10. Values of pH were
adjusted with 1 M HClO4 or NaOH as appropriate.

Kinetic measurements

For kinetic analysis of NMR spectra, peak volumes were
measured and the relative concentrations of each species were
calculated at each time point. The appropriate differential
equations were integrated numerically, and the rate constants
were determined by a non-linear optimisation procedure using
the program SCIENTIST (version 2.01, MicroMath Inc.).
The errors represent one standard deviation.

Results
Labelling the ammine ligand with 15N, allowed investigation of
the specificity and rates of substitution of the chloride ligands
in complexes 1 and 2 by 59-GMP and GSH to be made for
the first time using 2D [1H, 15N] NMR spectroscopy. The 15N
chemical shift is diagnostic of the co-ordinating atom of the
ligand in the position trans to the ammine.17 For an ammine
ligand trans to an oxygen donor in a platinum() complex, the
15N shift lies between δ 275 and 290, for an ammine trans to
nitrogen/chloride, between δ 255 and 270, and for ammine
trans to sulfur, between δ 240 and 250.

Reactions of complexes 1 and 2 with 59-GMP

Both 1D 1H and 2D [1H, 15N] HSQC NMR spectroscopy were
used to monitor the reactions between complex 1 or 2 (3 mM)
and 59-GMP in a 1 :2 molar ratio at 296 K and pH 6.85 or 6.55,
respectively. The 2D [1H, 15N] HSQC NMR spectra recorded
40 h after mixing for complex 1 and 20 h for complex 2 are
shown in Fig. 1A and 1B, respectively. For the 3-picoline
complex 2, the peak assignable to 2 at δ 4.26/262.68 (peak 2a)
was accompanied by two new peaks (2b and 2c) with chemical
shifts of δ 4.12/279.62 and 4.33/261.31 after 1 h. The 15N shift
of the former peak is typical of NH3 trans to O and is consistent
with assignment to [PtCl(15NH3)(3-pic)(H2O)]1 2b,5 and the
latter peak to the aqua complex 2c with 15NH3 trans to Cl,
Table 1 (for the structures of complexes, see Scheme 1). The
intensity of the cross-peak from the monoaqua complex 2b, in
which the H2O is trans to NH3, is much stronger than that of
complex 2c with H2O trans to 3-picoline. After 2 h, two other
new peaks (2d and 2e) appeared at δ 4.27/264.21 and 4.53/
260.81, which are both in the region of 15NH3 trans to N or Cl.
By comparing the intensities of these two peaks with those
for the two monoaqua species (2b, 2c), the stronger cross-peak
2d can be assigned to [PtCl(15NH3)(3-pic)(59-GMP-N7)]1

(GMP trans to NH3), and cross-peak 2e to [PtCl(15NH3)-
(3-pic)(59-GMP-N7)]1 (GMP trans to 3-picoline). These two
peaks reached a maximum intensity after 5 to 6 h and then
gradually decreased in intensity. Cross-peaks 2f at δ 4.44/
260.93 (NH3 trans to N) and 2g at δ 4.47/275.92 (NH3 trans to
O) differ greatly in intensity, comparable to the difference
observed for cross-peaks 2d and 2e (Fig. 1B). Therefore, cross-
peak 2f is assignable to [Pt(15NH3)(3-pic)(59-GMP-N7)(H2O)]21

(GMP trans to NH3) and cross-peak 2g to [Pt(15NH3)(3-pic)-
(59-GMP-N7)(H2O)]21 (GMP trans to 3-picoline). Cross-peak
2h at δ 4.63/262.60, which was observable from soon after the
beginning of the reaction, increased in intensity with time, and
became the major cross-peak after 24 h. This is assignable to
the final bis 59-GMP product cis-[Pt(15NH3)(3-pic)(59-GMP-
N7)2]

21 2h. An unassigned cross-peak 2i at δ 4.33/259.55
appeared after 8 h of reaction, but accounted for only a very
small amount of the total Pt–NH3 species present (<4%), and
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disappeared after 1 week. The assignments and chemical shifts
of all peaks are listed in Table 1. The reaction pathway is
summarised in Scheme 1.

The reaction of the 2-picoline complex 1 with 59-GMP was
much slower in comparison with complex 2. Only peaks for

Fig. 1 The 2D [1H, 15N] HSQC NMR spectra from reactions of 2 mol
equivalents of 59-GMP (0.1 M NaClO4, 296 K) with (A) (15NH3)-1, pH
6.85, after 40 h and (B) (15NH3)-2 pH 6.55, after 20 h. Peak assignments
are given in Table 1.

Table 1 Proton and 15N NMR Pt–NH3 chemical shifts at 296 K for
cis-[Pt(15NH3)(2-pic)]21 and cis-[Pt(15NH3)(3-pic)]21 complexes

Compound

[PtCl2(
15NH3)(2-pic)]

[PtCl(15NH3)(2-pic)(H2O)]1

[PtCl(15NH3)(2-pic)(H2O)]1

[PtCl(15NH3)(2-pic)(59-GMP-N7)]1

[PtCl(15NH3)(2-pic)(59-GMP-N7)]1

[Pt(15NH3)(2-pic)(59-GMP-N7)(H2O)]21

[Pt(15NH3)(2-pic)(59-GMP-N7)(H2O)]21

[Pt(15NH3)(2-pic)(59-GMP-N7)2]
21

[PtCl2(
15NH3)(3-pic)]

[PtCl(15NH3)(3-pic)(H2O)]1

[PtCl(15NH3)(3-pic)(H2O)]1

[PtCl(15NH3)(3-pic)(59-GMP-N7)]1

[PtCl(15NH3)(3-pic)(59-GMP-N7)]1

[Pt(15NH3)(3-pic)(59-GMP-N7)(H2O)]21

[Pt(15NH3)(3-pic)(59-GMP-N7)(H2O)]21

[Pt(15NH3)(3-pic)(59-GMP-N7)2]
21

Unassigned

Peak*

1a
1b
1c
1d
1e
1f
1g
1h

2a
2b
2c
2d
2e
2f
2g
2h
2i

δ(1H)

4.19
3.99
4.23
4.22
4.47
4.35
4.36
4.59
4.58

4.26
4.12
4.33
4.27
4.53
4.44
4.47
4.63
4.33

δ(15N)
(15NH3

trans to)

266.75 (Cl)
282.61 (O)
265.34 (Cl)
267.43 (N)
264.51 (Cl)
264.18 (N)
278.60 (O)
265.87 (N)
266.15 (N)

262.68 (Cl)
279.62 (O)
261.31 (Cl)
264.21 (N)
260.81 (Cl)
260.93 (N)
275.92 (O)
262.60 (N)
259.55 (N)

* See Fig. 1.

complex 1 (peak 1a) (δ 4.19/266.75) and two monoaqua
hydrolysis adducts (peaks 1b and 1c) with similar intensity
(δ 3.99/282.61, 4.23/265.34, respectively) were observed after
2 h at 296 K. The chemical shift distribution of the cross-peaks
for the 2-picoline complexes in Fig. 1A is very similar to that
for the 3-picoline complexes in Fig. 1B, except that all the 15N
chemical shifts of the signals in Fig. 1B are shifted to low
frequency by ca. 3 ppm. However, the relative intensities of the
cross-peaks for the intermediates in the reaction of complex 1
with 59-GMP are different from those for complex 2. Cross-
peaks 1e at δ 4.47/264.51 and 1g at δ 4.36/278.60 are stronger
than the peaks 1d at δ 4.22/267.43 and 1f at δ 4.35/264.18,
respectively, whereas, for complex 2, cross-peaks 2d and 2f are
much stronger than 2e and 2g. The two cross-peaks 1b and 1c
for the monoaqua adducts of complex 1 had similar intensities
during the reaction. The final bis(GMP) adduct is formed
much more slowly for complex 1 compared to complex 2. The
broad cross-peak (1h) for the bis(GMP) adduct of complex 1
appeared to be composed of two overlapping cross-peaks at
δ 4.59/265.96 and 4.58/266.15. The peak intensity versus
time profiles (Fig. 2) allowed similar assignments to be made for
the cross-peaks obtained from reactions between complexes 1

Scheme 1
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Fig. 2 Plots of the relative concentrations of species a to h (based on Pt–NH3 peak integrals) versus time for the reactions shown in Fig. 1. (A) 2-
Picoline complex 1, (B) 3-picoline complex 2. Peak labels: (a) r, (b) h, (c) m, (d) ×, (e) 1, (f) j, (g) d, (h) n. The curves are the computer best fits
for the rate constants given in Table 2.

and 2 with 59-GMP (Table 1). Cross-peaks 1g, 1f and 1h were
also observed during reaction of the diaqua complex cis-
[Pt(15NH3)(2-pic)(H2O)2]

21 (3 mM) with 59-GMP (1 :2) at 296 K
and pH 6.47.

Kinetic fits to the reaction profile in Scheme 1 for complexes
1 and 2 are shown in Fig. 2A and 2B, and the rate constants for
each step are listed in Table 2. Most of the rate constants for the
reaction steps of complex 2 with 59-GMP are more than twice
as large as those for complex 1, except k5 and k7. The largest
differences are for k6 and k8 (substitution of Cl2 cis to picoline
by H2O, and then by 59-GMP in the second stage), which are
five and twelve times larger for complex 2.

Rotation of 59-GMP and 2-picoline in cis-[Pt(NH3)(2-pic)-
(59-GMP)2]

21

The 1H NMR spectra for the reactions between complex 1 or
2 and 59-GMP (1 :2 reaction ratio) at 296 K recorded after

Table 2 Rate constants for reactions of cis-[PtCl(NH3)(pic)] with 59-
GMP at 296 K (0.1 M NaClO4). The errors represent one standard
deviation

Rate
Complex Ratio

k3-pico/
constants

k1/s
21

k2/s
21

k3/M
21 s21

k4/M
21 s21

k5/s
21

k6/s
21

k7/M
21 s21

k8/M
21 s21

2-Picoline

6.87 (± 0.18) × 1026

5.87 (± 0.18) × 1026

7.97 (± 0.33) × 1023

6.67 (± 0.37) × 1023

8.53 (± 1.11) × 1025

2.77 (± 0.31) × 1025

4.2 (± 0.6) × 1022

5.92 (± 0.74) × 1023

3-Picoline

2.60 (± 0.03) × 1025

1.17 (± 0.03) × 1025

1.60 (± 0.03) × 1022

1.87 (± 0.08) × 1022

1.78 (± 0.04) × 1025

1.48 (± 0.14) × 1024

3.2 (± 0.1) × 1022

6.85 (± 0.75) × 1022

k2-pico

4
2
2
3
0.2
5
0.8

12

2 h and 1 week are shown in Fig. 3. For complex 1, after 1
week of reaction, the H8 resonance of free 59-GMP at δ 8.19
and the methyl signal of complex 1 at δ 3.15 have completely
disappeared (Fig. 3A). Four major H8 signals were observed in
two sets of two singlets between δ 8.7 and 8.3, and two methyl
signals appeared at δ 3.30 and 3.27. The H19 signals of bound
59-GMP were also observed in two sets of two doublets, with
vicinal coupling constants 3J(H19–H29) = 4.8, 4.4 and 5.1,
4.9 ± 0.1 Hz. However, for complex 2 after 1 week of reaction,
only two H8 signals at δ 8.66 and 8.52 were observed together
with one methyl signal at δ 2.36 and two H19 doublets [3J(H19–
H29) = 4.6 and 4.9 ± 0.1 Hz] for bound 59-GMP (Fig. 3B).
The 1H NMR data for cis-[Pt(NH3)(2-pic)(59-GMP)2]

21 1h
and cis-[Pt(NH3)(3-pic)(59-GMP)2]

21 2h are listed in Table 3.
The temperature dependence of the H8 signals of [Pt(NH3)-
(2-pic)(59-GMP)2]

21 is shown in Fig. 4. The four H8 singlets
coalesced into two singlets when the temperature was raised to
338 K. Based on the coalescence temperature (Tc) and the
chemical shift differences (∆ν in Hz) between the two signals in
the slow exchange limit, a rate constant kc of 25.5 s21 (kc = 2.22
∆ν) and activation free energy ∆G ‡ of 73.2 kJ mol21 for the
exchange process at 338 K were calculated.18 At 338 K, the two
1H, 15N cross-peaks which constituted peak 1h (Fig. 1A) for
bis(GMP) adducts of complex 1 merged into one cross-peak.
The two methyl signals at δ 3.30 and 3.27 also became closer
when the temperature was raised to over 333 K. Because of the
temperature limitation of the NMR probe, the spectrum was
recorded at a maximum temperature of 348 K, where no
coalescence of the two methyl signals was observed. When the
spectra were recorded at 250 MHz the two methyl signals were
observed to coalescence at 343 K, from which similar kc (25.6
s21) and ∆G ‡ (75.15 kJ mol21) values were obtained. A 2D
EXSY (exchange spectroscopy) experiment with a mixing time
of 1 s (Fig. 5) showed clear exchange cross-peaks between the
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Table 3 1H Chemical shifts and coupling constants (Hz) for bis(59-GMP) adducts of complexes 1 (pH 6.85) and 2 (pH 6.55) at 296 K

δ

Complex

1 cis-[PtCl2(NH3)(2-pic)]
[Pt(NH3)(2-pic)(59-GMP)2]

21

2 cis-[PtCl2(NH3)(3-pic)]
[Pt(NH3)(3-pic)(59-GMP)2]

21

H8

8.66, 8.63
8.42, 8.40

8.66, 8.52

CH3

3.15
3.30, 3.27

2.37
2.36

H19

5.93, 5.92
5.80, 5.78

5.93, 5.82

3J(H19–H29)/Hz

4.8, 4.4
5.1, 4.9

4.6, 4.9

two methyl signals at 296 K. An average rate constant for the
exchange process of 0.62 s21 at this temperature was deter-
mined. Interestingly, one of the four H8 signals at δ 8.42 (Fig.
3A) for the bis(GMP) adduct of complex 1 became broader
when the temperature was below 296 K, as did one of the CH3

signals at δ 3.30.

Reactions of complexes 1 and 2 with glutathione (1 :1, pH 7)

Reactions of complexes 1 and 2 with GSH were followed by 2D
[1H, 15N] HSQC NMR spectroscopy. Spectra recorded after
3.5 h are shown in Fig. 6. In both cases, peaks assignable to
hydrolysis products (1b, 1c and 2b, 2c) were observed before the
appearance of peaks for GSH adducts. For complex 2, cross-
peaks from GSH adducts began to appear after 45 min in the
δ(15N) region of 235 to 240 which corresponds to NH3 trans to
S, while for complex 1 new peaks were observed only after 2 h
and in the δ(15N) region of 262 to 267 which corresponds to
NH3 trans to N or Cl. Therefore, the first binding site for GS2 is
trans to 2-picoline for complex 1, but cis to 3-picoline for com-
plex 2. Due to the complicated nature of the reactions (Table 4),
no specific assignments for the products of the reactions
between complex 1 and 2 and GSH have been made. Time

Fig. 3 The 1H NMR spectra recorded after 2 h and 1 week of reac-
tions at 296 K of 59-GMP (2 mol equivalents) with (A) complex 1 and
(B) complex 2. The peaks labelled * are from the aromatic protons of
picoline ligands.

Fig. 4 The temperature dependence of the H8 1H NMR signals of cis-
[Pt(NH3)(2-pic)(59-GMP)2]

21.

Fig. 5 The 2D EXSY spectrum (mixing time = 1 s) for cis-[Pt(NH3)-
(2-pic)(59-GMP)2]

21 showing exchange cross-peaks between the two
methyl signals, indicative of the slow rotation of co-ordinated 2-
picoline.
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dependences of the concentrations of complexes 1 and 2 and
their monoaquachloro adducts during the reactions with GSH

Fig. 6 Two-dimensional [1H, 15N] HSQC NMR spectra for reactions
of GSH (1 mol equivalent) with (A) complex 1 and (B) complex 2,
recorded at 296 K, pH 7 (100 mM phosphate buffer) after 3.5 h. Peaks
(1a to 1c, and 2a to 2c) are assigned according to Table 1; the others are
unassigned. Satellites (195Pt) of peaks 1a and 2a are labelled with *.
Peaks with 15N chemical shifts near δ 240 are characteristic of NH3–Pt
trans to sulfur.

Table 4 Proton and 15N NMR Pt–NH3 chemical shifts at 296 K for the
major peaks observed during the reactions of complexes 1 and 2 with
GSH (1 :1 molar ratio, pH 7)

Peak a

1a
1b
1c
1j
1p
1q
*
*
*
*
*

2a
2b
2c
2j
2k
2m
2n
2p

δ(1H)

4.21
3.89
4.23
4.27
3.60
3.97, 3.95
4.29
4.25
3.96
4.05
3.69

4.27
3.93
4.30
4.32
4.10
4.05
3.97
3.68

δ(15N) (15NH3 trans to)

266.84 (Cl)
281.27 (O)
265.49 (Cl)
262.64 (N or Cl)
240.85 (S)
265.84, 265.95 (N or Cl)
262.52 (N or Cl)
262.89 (N or Cl)
243.24 (S)
242.76 (S)
242.12 (S)

262.82 (Cl)
276.77 (O)
261.74 (Cl)
258.14 (N or Cl)
240.09 (S)
239.01 (S)
239.37 (S)
236.70 (S)

a For peak labels, see Fig. 6. Peaks labelled * were not observed in the
same spectrum as the other peaks but appeared at later times.

are shown in Fig. 7. The rate of reaction of complex 2 is about
3 times as fast as that of complex 1. After 2 weeks’ standing at
ambient temperature, yellow precipitates formed in both reac-
tions, and all the signals had disappeared from the 2D [1H, 15N]
HSQC NMR spectra.

Competitive reactions of 1 or 2 with GSH and 59-GMP

The reaction of complex 1 with GSH in the presence of 59-
GMP (1 :2 :2) was followed by 2D [1H, 15N] NMR spectroscopy
at 296 K, pH 7 (100 mM phosphate buffer). A spectrum
recorded after 14.5 h of reaction is shown in Fig. 8. Only the
peaks for the starting complex 1 (peak 1a) and hydrolysis
products (peaks 1b, 1c) were present after 0.5 h. Peak 1q, which
was also observed during the reaction with GSH (Fig. 6A),
began to appear after 1 h of reaction. The mono(GMP) adduct
(peak 1e) began to form after 2.5 h, and the bis(GMP) adduct
(peak 1h) was present after 8 h of reaction. Peaks due to both
59-GMP adducts (1d, 1e, 1f and 1h) and GSH adducts (peaks

Fig. 7 Time dependence of the concentrations of the starting complex
1 (j), its monoaquachloro adducts (1b 1 1c) (m), and complex 2 (s),
its monoaquachloro adducts (2b 1 2c) (×), during reactions with GSH
(1 :1 molar ratio, pH 7, 296 K).

Fig. 8 The 2D [1H, 15N] HSQC NMR spectra for the competitive
reaction of GSH and 59-GMP with complex 1 (molar ratio: 2 :2 :1) at
296 K, pH 7.0 (100 mM phosphate buffer) recorded after 14.5 h. Peaks
of 59-GMP adducts (1d, 1e, 1h) and GSH adducts (1j, 1q) are labelled
according to those in Tables 1 and 4. Satellites of peak 1a are labelled
with *. The peaks in the dashed box are due to the formation of GSH
adducts (15N chemical shifts near δ 240 are characteristic of NH3–Pt
trans to sulfur), but no specific assignments were made. Peak 1r is ten-
tatively assigned to an adduct with one GMP and one GSH ligand in
the cis position (NH3–Pt trans to N7).
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1q, 1j, 1r and those in dashed box) are present in Fig. 8. Due to
the complicated nature of GSH reactions, no attempt was made
to assign the peaks 1q, 1j or those in the region for NH3–Pt
trans to S (dashed box, Fig. 8). Most of these peaks for GSH
adducts were also observed in the reaction of complex 1 with
GSH in the absence of 59-GMP. Peak 1r has a 15N chemical
shift in the region of NH3–Pt trans to N or Cl, and was not
observed in the reactions of 1 with 59-GMP or with GSH. It
can be tentatively assigned to a mixed-ligand adduct containing
GMP trans to NH3 and a GS2 ligand. Spectra recorded after
3 d of reaction at 296 K showed that only one major peak (1h)
in the region of NH3–Pt trans to N or Cl [δ(15N) 260 to 270]
together with some other peaks [δ(15N) 240 to 245] in the
region of NH3–Pt trans to S. The presence of a strong H8 signal
at δ 8.13 due to free 59-GMP in 1D spectra recorded after 3 d
showed that most of the 59-GMP was still unreacted at this
stage, while signals for free GSH had nearly disappeared. The
2-methyl signal at δ 3.15 from co-ordinated 2-picoline had
shifted to δ 2.57, which implied that the 2-picoline ligand had
been mostly displaced. Signals for the bis(GMP) adduct were
only just visible in 1D spectra because of their low intensity and
overlap with broad signals. Compared with 1, the competitive
reaction of 2 with GSH and 59-GMP (1 :2 :2) was much faster
and peaks assignable to GSH adducts were detectable after
0.5 h. Mono- and bis-GMP products started to appear after
1.5 and 5 h of reaction, respectively. Much less of the bis(GMP)
adduct of complex 2 was formed in the competitive reaction
with GSH compared to complex 1.

Discussion
The complex cis-[PtCl2(NH3)(2-pic)] 1 is a new anticancer drug
which has a different spectrum of biological activity compared
to cisplatin. In particular it is active against cisplatin-resistant
cell lines and xenographs.2–4 In order to shed light on the
chemical reactivity of 1, and to elucidate the potential role of
steric hindrance,5 we have made kinetic studies of reactions of
complex 1 with 59-GMP and GSH in comparison to the iso-
meric 3-picoline complex 2. By labelling complexes with 15NH3,
it was possible to determine for the first time the specificity
of substitution of the chloride ligands by 59-GMP and GSH
using 2D [1H, 15N] HSQC NMR spectroscopy. Because of
the sensitivity of the 15N chemical shifts to the ligand trans to
H3N–Pt, and of 1H NH3 shifts to cis effects, it has been possible
to resolve peaks for a variety of intermediates in the reactions,
detect them at micromolar concentrations, and make reason-
able assignments.

Reactions with 59-GMP

Concentration versus time profiles for reactions of complexes 1
and 2 with 59-GMP were fitted well by the kinetic scheme
shown in Scheme 1, showing that they are two-step and two
stage: initial hydrolysis followed by 59-GMP substitution to
give the 1 :1 Pt–59GMP adduct, and then further hydrolysis
and 59-GMP substitution to give the final product, the bis-
(59-GMP) complex. For each complex there are two routes to
the final product, depending on whether initial substitution is
trans to picoline or trans to NH3. From the rate constants listed
in Table 2, the following conclusions can be drawn.

(i) The rates of ligand substitution (Cl2 by H2O, or H2O by
59-GMP) cis to picoline (k1, k3, k6, k8) are 2–12 times slower for
the 2-picoline complexes compared to 3-picoline.

(ii) The rates of substitution trans to picoline are also slower
for the 2-picoline complex (2–3 times slower) except when
59-GMP is present as the cis ligand (compare k5 and k7 values
for complexes 1 and 2, Table 2). However, it should be noted
that the errors for some of the rate constants determined for the
second stage of the reaction are rather large on account of the
low concentrations of the intermediates.

The relative rates of the first step of the GMP reactions are
similar to those we determined previously for hydrolysis of the
complexes, and for complex 2 these follow the order expected
from the higher trans influence of NH3 (pKa 9.29) compared to
3-picoline (pKa 6.0),19 which is the weaker σ donor. Since 2-
picoline has a similar pKa value (6.1) to that of 3-picoline, the
similarity in the hydrolysis rates for Cl2 trans to NH3 and trans
to 2-picoline in complex 1 can be attributed to steric hindrance
provided by the 2-methyl group. In the crystal structure of
complex 1, the 2-picoline ligand is almost perpendicular to the
platinum square plane (102.78) and the methyl group is close to
Pt (H3C ? ? ? Pt 3.224 Å).5

Such steric hindrance is well known to slow down the rates
of ligand substitution reactions in square-planar metal com-
plexes.20 For example, the rate constants (s21) for the hydrolysis
of cis-[PtCl(L)(PEt3)2] complexes (the replacement of Cl2 by
H2O) decrease in the order of (L): pyridine (800 × 1024) >
2-methylpyridine (2.0 × 1024) > 2,6-dimethylpyridine (0.01 ×
1024).21 In the latter case the methyl groups block entry of
incoming nucleophiles both above and below the square plane.
The steric effect is more prominent in the position cis to
2-picoline which is consistent with the CH3 group being
further from the entering and leaving groups in the trigonal
bipyramidal transition state if the pyridyl ligand is in the tri-
gonal plane.21,22 The plane of the 3-picoline ring in complex 2 is
tilted by 48.98 with respect to the platinum square plane, and
the rates of substitution for 2 are determined mainly by the
trans effect.

The rate of binding of the second 59-GMP ligand in the
position cis to picoline is much slower for complex 1 compared
with 2, which gives rise to a long-lived monofunctional adduct
for the 2-picoline complex. This may explain the brief report
that complex 1 forms DNA cross-links extremely slowly.7

There appear to be no comparable kinetic data available in the
literature for reactions of 59-GMP with cisplatin. Compared to
the rate constants for the second stage of binding of 59-GMP
to [Pt(NH3)2(59-GMP)(H2O)]21 (298 K, 0.24 M21 s21),23 those
for complexes 1 and 2 are an order of magnitude smaller.
The rates of reactions of aquachloro cisplatin with DNA oligo-
nucleotides 24,25 are about two orders of magnitude faster in
comparison to those for reaction of the chloroaqua species of
the picoline complexes 1 and 2 with 59-GMP.

Rotation of ligands in bis(59-GMP) adducts

Restricted rotation about the Pt–N7 bonds can potentially lead
to three different bis(GMP) stereoisomers for square-planar
complexes having two cis ligands with C2 local symmetry:
two head-to-tail (HT) and one head-to-head (HH) species, with
the H8s of 59-GMP on the opposite side or on the same side
of the platinum co-ordination plane, respectively. Because of
the chiral ribose of 59-GMP, the H/T enantiomers become
diastereomers and should be distinguishable by NMR. If the
cis-PtA2 moiety lacks local C2 symmetry [e.g. two different A
(A, A9) or an unsymmetrical chelate], four different stereo-
isomers (two HT and two HH) are possible when there is
restricted rotation about the Pt–N7 bonds in bis(GMP) com-
plexes.26 Normally only HT conformations are expected to be
thermodynamically favoured and detectable in solution, as is
found in most solid-state crystallographic studies.27–29 Each H8
is non-equivalent for both HT stereoisomers,28,30,31 giving
a total of four H8 signals for the HT stereoisomers.32 For
the 2-picoline complex 1, the 2-methyl group can be on the
upper side or the lower side of the platinum plane for each
HT stereoisomer, so theoretically eight H8 signals should be
observed for the two HT isomers together with four methyl
signals (Scheme 2) when there is slow rotation (on the NMR
timescale) about both the Pt–N7 (GMP) and Pt–N (picoline)
bonds. Usually fast rotation of bound GMP about the Pt–N7
bond in cis-[PtA2(GMP)2] (where A2 are two unidentate or
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one bidentate amine ligand) is expected if the substituents on
the two cis amine ligands are not very bulky.30,32 In our NMR
experiments only four H8 signals in two sets of two singlets
were observed for complex 1, together with two methyl signals.
This suggests that rotation of 59-GMP about the Pt–N7 bond
is fast on the NMR timescale but slow about the Pt–N bond for
2-picoline. This slowness of the rotation was evident from the
exchange rate (0.62 s21, 296 K) determined from the 2D EXSY
spectrum. The activation free energy (∆G ‡) measured from
the coalescence temperature of the H8 signals represents the
barrier for rotation about the Pt–N (2-picoline) bond. The
coalescence of the two close cross-peaks comprising peak 1h
in the 2D [1H, 15N] HSQC NMR spectrum of the bis(GMP)
adduct of complex 1 at 65 8C can also be attributed to faster
rotation about the Pt–N (2-picoline) bond at higher tem-
perature. The broadening of one H8 signal and one CH3 signal
at low temperature (<296 K) suggests that one of the bound
GMP ligands (probably that cis to 2-picoline) in a HT stereo-
isomer is more affected by the rotation of Pt–N (2-picoline)
than the other. Compared with complex 1, the rotation of 3-
picoline in complex 2 is facile, there being little steric hindrance
from the methyl group in this case. Slow rotation about
Pt–N (2-picoline) bonds has been reported previously for cis-
[Pt(2-pic)2(Guo)2]

21 at room temperature, whilst the rotation
about Pt–N7 (Guo) was still fast on the NMR timescale.33

Hydrogen-bond interactions between ammine hydrogens
and O(6) or the 59-phosphate of GMP can give rise to high-
frequency 1H chemical shifts of Pt–NH3 groups in bis(GMP)
adducts (1h and 2h). Platinum co-ordination to nucleotides
is known to induce a change in the sugar-ring conformation
from S-type (C29-endo) to N-type (C39-endo), which changes
the H19–H29 coupling constant,34 consistent with the small
decrease observed in the present work.

The facile rotation of guanine about the Pt–N7 bond is
thought to be important in the binding of cisplatin to DNA.
From the results obtained here, several isomers would be
expected when complex 1 reacts with G bases of DNA because
of the steric effect of 2-picoline and the non-C2-symmetrical
structure, which is similar to cis-[PtCl2(NH3)(C6H11NH2)].

35

These isomers may be stabilised by different hydrogen-bonding
patterns and have contrasting reactivities. Such studies may
allow the further development of strategies for the systematic
design of platinum antitumour complexes.

Reactions with GSH

The reactions of cisplatin and related platinum complexes
with S-containing nucleophiles usually occur via direct sub-
stitution without prior aquation,36 as has been observed for sub-
stitution of Cl2 by methionine, GSH and metallothionein.37–39

However, in the reactions described here, aqua adducts were

Scheme 2 Diastereomers of cis-[Pt(15NH3)(2-pic)(59-GMP-N7)2]
21.

The arrows (→) represent 59-GMP molecules, with the head of the
arrow denoting H8.

the first species observed during reactions of both complexes 1
and 2 with GSH. There could be two reasons for this: (1)
reactions of complexes 1 and 2 with GSH do proceed via
hydrolysis, or (2) because of the steric effect of the picoline
ligands, binding of GSH is slowed and hydrolysis is fast
enough to compete with direct substitution. Unfortunately the
reactions were too complicated to allow a kinetic analysis to
be carried out.

The thiolate sulfur of GSH has a high trans effect and this
can lead to labilisation and release of the ammine ligand in the
trans position.40 However, despite an overall loss of general
signal intensity, no cross-peak for free 15NH4

1 was observed
in the 2D spectra, probably because of fast proton exchange
with H2O at pH 7. The yellow solids formed during reactions
of thiols with platinum complexes are usually thought to be
sulfur-bridged polymers.39–41 From the 2D [1H, 15N] HSQC
NMR spectrum (Fig. 6), the initial binding site for GSH on
complex 1 is in the position trans to 2-picoline, and attributable
to the steric effect in the cis position, which is similar to the
situation for GMP binding.

No rate constants were determined for the reactions of
complexes 1 and 2 with GSH due to their complicated nature,
but the time-dependent plots (Fig. 7) showed that complex 1
reacted much more slowly than complex 2. The half life (t1/2) of
complex 1 was about three times longer than that of complex 2.

Competitive binding of GSH and 59-GMP

At neutral pH, GMP cannot usually compete with thiols for
binding to PtII when both ligands are present at equal concen-
trations.9 The kinetic preference of [Pt(dien)(H2O)]21 at neutral
pH is exclusively toward thiols when in competition with
59-GMP.9 Complex 1 increases steric crowding in the square
plane and circumvents resistance caused by reactions with
glutathione and other cellular thiols, but still maintains the
ability to form cytotoxic lesions with DNA.4 From the experi-
mental results obtained above, the rate of binding of the thiol
ligand GSH to complex 1 is greatly slowed but is still faster
than that of 59-GMP. Substitution of Cl2 by the thiol ligand
appeared to proceed via prior aquation because of the steric
hindrance by the 2-methylpyridine ligand. The presence of
hydrolysis products in the system provides a pathway for the
formation of mono- and bis-GMP adducts which are formed
via hydrolysis steps. The bis(GMP) adduct was stable in the
presence of free GSH even after 3 d, but was present in only
small amounts.

Conclusion
Labelling of the new anticancer drug cis-[PtCl2(

15NH3)(2-pic)]
has allowed detailed insight to be gained into the kinetics
and mechanisms of its reactions with 59-GMP and glutathione.
The steric effect of 2-picoline reduces the reactivity of com-
plex 1 towards 59-GMP compared to its 3-picoline analogue,
especially towards substitution in the position cis to 2-picoline.
The low reactivity of complex 1 towards 59-GMP may explain
why it forms interstrand DNA cross-links much more slowly
than cisplatin.2 Two HT isomers were observed for cis-
[Pt(15NH3)(2-pic)(59-GMP-N7)2]

21 due to the slow rotation of
2-picoline and non-C2-symmetrical structure. Reactions of
GSH with complex 1 were ca. three times slower than those
with 2, and appeared to proceed via aquated intermediates, with
initial binding of GS2 trans to 2-picoline for 1 and trans to NH3

for 2. The bis(GMP) adduct of complex 1 was able to form in
the presence of GSH at neutral pH in a competitive reaction.
The steric effect of 2-picoline and asymmetric structure of 1
may give rise to several isomers when it binds to DNA. This,
together with its low reactivity towards GSH, may play an
important role in its high activity against cisplatin-resistant cell
lines.
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