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State-of-the-art lasers and fibre optics now have the ability to
reach any tissue in the body. A site-specific activation of
photochemotherapeutic agents is therefore possible, which
minimizes the severe side-effects of chemotherapy. Photo-
sensitizers which catalyze the production of singlet oxygen are
used in clinics for photodynamic therapy.[1] This technique
relies on the presence of oxygen in the target tissue. A new
approach towards the development of oxygen-independent
photochemotherapeutic agents has recently been devel-
oped.[2±4] Photoactive PtIV analogues of the anticancer drug
cisplatin (cis-[PtIICl2(NH3)2]) are of special interest: it has
been shown that nucleotide platination by PtIV±diiododi-
amine compounds can be induced by visible light.[4] However,
slow photoreactions and low stability against biological
reducing agents such as glutathione can be a problem with
this class of complexes. We have therefore sought alternative
PtIV compounds that are better suited to this purpose,
especially those more stable towards reducing agents.[5]
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PtIV±azide coordination compounds are well known to be
photoactive. Photoreactions, using UV light (l< 400 nm),
have been reported for PtIV±hexa- and ±diazide compounds in
water that lead to a reductive elimination of the azide ligands
and the production of N2.[6, 7] We report here the first crystal
structures of PtIV±diazidodiamine compounds and show that
the PtIV±diazidodiam(m)ine cisplatin analogue cis,trans-[PtI-
V(en)(N3)2(OH)2] (4 ; en¼ ethylenediamine) can be activated
with visible light to give highly reactive PtII species which bind
rapidly and stereospecifically to nucleotides, thereby forming
known cisplatin±nucleotide cross-links. These complexes
represent, therefore, a new class of potential photoactivatable
platinum prodrugs.

First we determined the X-ray structures of the precursor
PtII complexes cis-[PtII(N3)2(NH3)2] (1) and [PtII(en)(N3)2] (3 ;
see Supporting Information) which were then oxidized to the
corresponding PtIV±dihydroxy complexes, namely cis,trans,-
cis-[PtIV(N3)2(OH)2(NH3)2] (2) and cis,trans-[PtIV(en)-
(N3)2(OH)2] (4, Figure 1).[8] In the latter complexes the
PtIV ion has close to octahedral geometry and the azide
ligands are almost linear (aNa-Nb-Ng : ca. 1738), with Pt-Na-
Nb angles between 115.5±119.68. The Nb�Ng bonds are
approximately 0.07 ä shorter than Na�Nb, which is typical
for azide ligands.[12] The bond lengths and angles are in the
expected range, and are in good agreement with reported
PtIV±azido structures.[13±16]

The success of photochemotherapeutic agents is highly
dependent on their stability under physiological conditions.
NMR studies showed that complexes 2 and 4 reacted only
slowly with the intracellular reducing agent glutathione
(GSH) over a period of several weeks (see Supporting
Information), and no reactions at all were observed in human
blood plasma. 5’-GMP and d(GpG) did not react with these
complexes over a period of one week at 298 K in
the dark. The PtIV complexes 2 and 4 therefore
possess the low chemical reactivity essential for
potential photochemotherapeutic agents.

Photoreactions of the 15N-labeled PtIV com-
plexes 2 and 4 were carried out in water and in
the presence of 5’-GMP and d(GpG), and
followed by 1D 1H, 2D [1H,15N] HSQC, and 2D
[1H,15N] HSQC-TOCSY NMR spectroscopy.
Photo-irradiation was carried out using an Ar-
Kr ion laser equipped with a fibre optic link
designed to deliver light directly into the sample
within the magnet of the NMR spectrometer.
The time-courses of the photoreactions of the
chelated diamine-PtIV-diazide complex 4 in the
presence of two molar equivalents of 5’-GMP or
one molar equivalent of d(GpG) are shown in
Figures 2 and 3 (for the structures and number-
ing of the complexes see the Supporting Infor-
mation). The signals arising from 4 and 5’-GMP
(en(CH2): d¼ 2.83, H8: d¼ 8.00, Figure 2) de-
creased during irradiation with low-power visi-
ble light (lirr¼ 457.9 nm, 15 mW) and two new
signals appeared in both the en(CH2) and 5’-
GMP H8 regions of the spectrum at d¼ 2.71
(7b), 2.58 (8b), 8.43 (7a), and 8.48 ppm (8a).

Figure 1. Molecular structures of complex 2 (top) and one of the two
molecules of complex 4 which form the asymmetric unit. Selected
bond lengths [ä] and angles [8]: 2 : Pt(1)-N(1) 2.036(9), Pt(1)-N(4)
2.038(9), Pt(1)-N(7) 2.043(8), Pt(1)-N(8) 2.022(9), Pt(1)-O(1) 2.005(7),
Pt(1)-O(2) 2.007(7), N(1)-N(2) 1.201(13), N(2)-N(3) 1.167(13), N(4)-
N(5) 1.224(13), N(5)-N(6) 1.158(13); N(1)-Pt(1)-N(4) 93.0(3); N(1)-
N(2)-N(3) 172.9(10), N(2)-N(1)-Pt(1) 117.3(7), N(5)-N(4)-Pt(1)
115.2(6); 4 (molecule 1): Pt(1)-O(1A) 1.994(3), Pt(1)-O(2A) 2.001(3),
Pt(1)-N(1A) 2.033(4), Pt(1)-N(4A) 2.040(5), Pt(1)-N(7A) 2.040(4),
Pt(1)-N(10A) 2.045(4), N(7A)-C(8A) 1.477(7), C(8A)-C(9A) 1.506(7),
N(1A)-N(2A) 1.207(6), N(2A)-N(3A) 1.147(6), N(4A)-N(5A) 1.211(6),
N(5A)-N(6A) 1.139(6); N(7A)-Pt(1)-N(10A) 83.71(17), N(1A)-Pt(1)-
N(4A) 93.7(2), C(8A)-N(7A)-Pt(1) 109.0(3), Pt(1)-N(1A)-N(2A)
117.4(4), Pt(1)-N(4A)-N(5A) 119.6(4), N(1A)-N(2A)-N(3A) 173.8(5).

Figure 2. Selected regions of 500 MHz 1D 1H NMR spectra acquired during the photo-
reactions of cis,trans-[PtIV(en)(N3)2(OH)2] (4) in the presence of two molar equivalents
of 5’-GMP, or one molar equivalent of d(G1pG2) (lirr¼457.9 nm, 15/25 mW, 1 mm,
pH 5, at 298 K). 195Pt satellites are indicated by *. Assignments in italics correspond to
signals associated with a particular compound.
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Such a high frequency shift for the H8 resonance
of 5’-GMP is typical of metal coordination to N7
of 5’-GMP.[17,18] Peaks 7a (major) and 8a
(minor) accounted for 60% of the initial H8
signal intensity of 5’-GMP after 20 h irradiation.
The 2D [1H,15N] HSQC NMR spectrum after
20 h irradiation (Figure 3d) exhibited two sets
of 1H/15N cross-peaks, 7c/d and 8c/d/e (Ta-
ble 1), which relate to the peaks 7a/b and 8a/b
in the corresponding 1D 1H NMR spectrum, as
shown in the 2D HSQC-TOCSY NMR spec-
trum (see Supporting Information). Such 1H/15N
chemical shifts are characteristic of {PtIIN-
H2(en)} trans to an N atom rather than a PtIV

complex, and the d values of cross-peaks 7c/d
are the same as those reported previously for
[PtII(15N-en)(5’-GMP-N7)2]2þ (7; the charges on
the nucleotides are ignored in the formu-
las).[17,18] No protonation at the 5’-GMP-N7 site
(pKa¼ 2.48[19]) was observed for compounds 7

and 8 (no change in the chemical shift for H8 between
pH 1±4) confirming platinum coordination to N7
(Figure 4a).[20] No intermediate compounds were de-
tected during the irradiation. The presence of 7 was
confirmed by ESI-MS (see Supporting Information).
Complex 8, which may contain a modified 5’-GMP, was
not further characterized.

In contrast to the above reaction, irradiation of 4
(lirr¼ 457.9 nm, 25 mW) in the presence of one molar
equivalent of d(G1pG2) led to only one major product 6
(Figures 2 and 3e/f). A high frequency shift of 0.4 ppm
was observed in the 1H NMR spectrum for the
d(G1pG2) H8 resonances (peaks 6a/b) after 1.8 h
irradiation indicating platinum binding to d(G1pG2)-
N71,N72. Four 1H/15N cross-peaks with equal intensity
separated into two pairs associated with distinct 15N
shifts (d(1H/15N)¼ 5.68 (6d), 5.63 (6e)/�30.9, 5.58
(6 f), 5.55 (6g)/�31.22 ppm) appeared simultaneously.
These values are in agreement with those reported for
[PtII(15N-en){d(G1pG2)-N71,N72}]2þ (6).[17, 21] The pres-
ence of complex 6 was further confirmed by a pH
titration for 1H peaks 6a/b (Figure 4b). The pH

Table 1: 1H and 15N chemical shifts and coupling constants 1J(195Pt,15N) [Hz].

Pt complex NH3/NH2 CH2
2J(1H,195Pt) 1J(15N,195Pt)

d(1H) [ppm] d(15N) [ppm] d(1H) [ppm]

cis-[PtII(N3)2(NH3)2] (1) 3.86 �69.5 57 305
cis,trans-[PtIV(N3)2(OH)2(NH3)2] (2) 5.20 �39.8 46 258
[PtII(en)(N3)2] 3 5.10 �33.8 2.61 53 337
cis,trans-[PtIV(en)(N3)2(OH)2] (4) 6.50 �5.9 2.83 43 275
cis-[PtII(NH3)2{d(GpG)-N71,N72}]2þ (5) 4.45/4.38 �68.3/�68.5
[PtII(en){d(GpG)-N71,N72}]2þ (6) 5.65/5.56 �30.9/�31.2 2.84
[PtII(en)(GMP-N7)2]2þ (7) 5.75/5.88 �30.7 2.71
8 5.38/5.33 �31.7 2.58

5.35 �32.9
G[a] 6.2 to 6.8 �6.0 43 277
H[a] 6.67/6.95 �16.21/�16.72 44 306
J[a] 5.70/5.59 �48.4/�49.9

[a] See Figure 3.

Figure 3. 2D [1H,15N] HSQC NMR spectra acquired during photoreactions
(lirr¼457.9 nm) of cis,trans-[PtIV(en)(N3)2(OH)2] (4) in water, in the presence of
5’-GMP (molar ratio 1:2, 2 mm) and d(GpG) (molar ratio 1:1, 1 mm) at irradia-
tion times of a) 0 h, b) 4 h, c) 0 h, d) 20 h, e) 0 h, and f) 1.78 h, pH 5, 295 K.
Asterisks indicate 195Pt satellites.

Figure 4. Variation of the chemical shift of H8 with pH value of a) 5’-GMP, and b) d(G1pG2) be-
fore and after the photoreactions with cis,trans-[PtIV(en)(N3)2(OH)2] (4 ; lirr¼457.9 nm) at 298 K.
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titration curves are in agreement with those reported for
[Pt(en){d(GpG)-N7(1),N7(2)}]2þ (6).[21, 22] The lack of a high
frequency shift in the pH range 3±4 indicates platinum
binding at N7 of G1 and G2. The only major species present
after 1.8 h irradiation was [PtII(15N-en){d(G1pG2)-N71,N72}]2þ

(6), which is indicative of a rapid stereospecific reaction.
The photoreaction pathway was elucidated by following

the photoreaction of 4 alone in water (Figure 3a/b). After 4 h
irradiation (lirr¼ 457.9 nm, 20 mW), 1H/15N cross-peaks were
present at d(15N) �6 (G), �16 (H), and �48 ppm (J). The
d(15N) value for G is characteristic of {PtIVNH2(en)} trans to
N, that for H of {PtIVNH2(en)} trans to O, and that for J of
{PtIINH2(en)} trans to O.[23] The cross-peaks ofG andH can be
assigned to stereoisomers of complex 4 on the basis of their
chemical shifts and coupling constants (Table 1), and cross-
peaks J must arise from {PtIINH2(en)} trans to OH/OH2

because of the absence of any other oxygen donors except
OH2/OH in solution. PtII±aqua complexes are known to be
very reactive towards strong donor atoms such as 5’-GMP-N7
or d(G1pG2)-N71,N72 which are the reactive sites toward
cisplatin.[24] Under physiological conditions, this photoreac-
tion therefore transforms a stable PtIV complex into a highly
reactive PtII species which can bind to nucleotides and hence
has the potential to kill cancer cells. The site of the drug
release could be chosen using site-specific irradiation, and the
rate of the drug release could be adjusted by varying the light
power.

Red light (lirr¼ 647.1 nm, 75 mW), which penetrates
better through tissue than blue light, and is preferred for
use in photochemotherapy, was also employed for irradiation
of 4. Such low-energy light also induced d(G1pG2)-N71,N72

binding, which illustrates the potential of this type of
PtIV complex as a photochemotherapeutic agent.[25]

Similar photoreactions were also carried out with the
[PtIV(diammine)(diazide)] complex 2 in the presence of
d(GpG). The nucleotide adduct cis-[Pt(NH3)2{d(GpG)-
N71,N72}]2þ (5) was identified as a photoproduct by 1D 1H
and 2D [1H,15N] HSQC NMR, and the pH-dependence of the
H8 chemical shifts confirmed N7 platination (see Table 1 for
d(1H,15N) values of 5 ; 1D/2D NMR spectra are shown in the
Supporting Information). Hence, this photoactivation strat-
egy should be generally applicable to PtIV±diazido complexes
containing a variety of monodentate and chelated diamine
ligands and may allow the site-specific delivery of a wide
range of PtII±diamine drugs. This approach could therefore be
used to target many commonly used PtII-containing anti-
cancer drugs and has the potential to strongly reduce
unwanted side-effects often associated with platinum chemo-
therapy.

Experimental Section
K2[PtCl4] was purchased from Alfa-Johnson Matthey plc., NaN3 from
BDH, 15NH4Cl and 15N-potassium phthalimide from Aldrich, dibro-
moethane from Fisons, H2O2 (30%) from Prolabo, GSH and 5’-GMP
from Acros and 2’-deoxyguanylyl (3’!5’)-2’-deoxyguanosine sodium
salt (d(GpG)) from Sigma. Human blood plasma (leucocyte depleted,
blood group 0 Rh D positive) was provided by the Western General
Hospital, Edinburgh.

1: KI (0.4 g, 24 mmol) was added to an aqueous solution (50 mL)
of K2[PtCl4] (1 g, 2.41 mmol). After stirring for 30 min at ambient
temperature, 15NH4Cl (0.26 g, 4.88 mmol) was added and the pH
adjusted to 11 with 1m NaOH. The yellow precipitate (cis-
[PtI2(15NH3)2]) was filtered off, washed with water, ethanol, and
diethyl ether, and dried under vacuum. AgNO3 (2 molequiv, 0.146 g,
0.86 mmol) was added to a suspension of cis-[PtI2(15NH3)2] (0.2 g,
0.43 mmol) in water (20 mL) and then stirred in the dark for 24 h. The
AgI precipitate was filtered off using an inorganic membrane filter
(Whatman, Anotop 10, 0.02 mm). NaN3 (20 mol equiv, 0.57 g,
8.77 mmol) was added and the solution stirred for 30 min in the dark
at ambient temperature. The volume was reduced to 10 mL and the
flask was stored at 277 K overnight. The yellow precipitate was
washed with diethyl ether and dried in air. Yield: 97 mg (72%).
Crystals suitable for X-ray crystal-structure determination were
obtained from an aqueous solution at 277 K.

2 : H2O2 (40 molequiv, 1.2 mL of 30% H2O2, 11.75 mmol) was
added to a suspension of cis-[PtII(N3)2(NH3)2] (0.086 g, 0.27 mmol) in
water (10 mL) which was stirred in the dark at ambient temperature
for 24 h. The volume of the solution was reduced, and on cooling to
277 K, complex 2 formed as a yellow precipitate which was filtered
and washed with water and diethyl ether, yield: 32.8 mg (35%).
Crystals suitable for X-ray crystal-structure determination were
grown from a water/ethanol (1/1 v/v) mixture at 277 K. Elemental
analysis calcd for H8N8O2Pt: H 2.30, N 32.28; found: H 2.64, N 31.85.

3 : 15N-labeled ethylenediamine was synthesized as previously
described.[26] K2[PtCl4] (0.162 g, 0.39 mmol) was added to an aqueous
solution of 15N-en¥2HCl (0.052 g, 0.39 mmol, pH 8) and the solution
stirred at ambient temperature. The yellow precipitate ([PtIICl2(15N-
en)]) was washed with water and diethyl ether and dried under
vacuum. [PtIICl2(15N-en)] (0.04 g, 0.12 mmol) and AgNO3 (0.041 g,
0.24 mmol, 2 molequiv) were stirred in water in the dark at room
temperature for 24 h. The AgCl precipitate was filtered off and NaN3

(25 mol equiv, 0.208 g, 3.2 mmol) was added to the solution. The
volume was reduced and a yellow precipitate was obtained on cooling
the solution to 277 K. This was washed with water and diethyl ether.
Yield: 23.5 mg (57%). Crystals suitable for X-ray crystal-structure
determination were obtained from an aqueous solution at 277 K.

4 : H2O2 (50 mol equiv, 0.3 mL of 30% H2O2, 2.9 mmol) was
added to a solution of [Pt(en)(N3)2] (0.021 g, 0.06 mmol) in water
(5 mL). This was then stirred in the dark at ambient temperature for
24 h. The yellow precipitate was filtered off and washed with water
and diethyl ether, yield 10 mg (40%). Crystals suitable for X-ray
crystal-structure determination were obtained from an aqueous
solution at 277 K. Elemental analysis calcd for C2H10N8O2Pt: C
6.43, H 2.68, N 30.03; found: C 6.54, H 2.37, N 30.18.

Uv/Vis spectra of complexes 2 and 4 as well as the Raman spectra
of complexes 1±4 are shown in the Supporting Information.

Irradiation was carried out using an argon-krypton ion laser
(Coherent Innova 70C Spectrum) equipped with a fibre optic (FT-
600-UMT, 1 600 mm; Elliot Scientific Ltd.) to deliver light (l¼
457.9 nm, 488 nm, 647.1 nm) directly into the sample within the
magnet of the NMR spectrometer. The laser output, after the fiber,
was in the range of 10 to 75 mW, as measured by a Coherent 210
power meter. 1D 1H, 2D [1H,15N] HSQC and 2D [1H,15N] HSQC-
TOCSY NMR spectra were recorded on a Bruker DMX 500 NMR
spectrometer (1H: 500.13 MHz, 15N: 50.7 MHz) at pH 5 using sodium
3-(trimethylsilyl)-[2,2,3,3-D4]-propionate (TSP, 0 ppm) as the internal
d(1H) standard. All d(15N) values were referenced externally to
15NH4

þ at d¼ 0. pH values were measured with a pH meter (Orio-
n 710A) equipped with a microcombination electrode (Aldrich)
calibrated with Aldrich standard buffers (pH 4, 7, and 10) and were
adjusted with dilute solutions of HClO4 and NaOH. No correction
was made for 2H isotope effects on the glass electrode.
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