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The complexes [M(triphos)Cl]Cl [triphos = PhP(CH2CH2PPh2)2; M = Pd (1), M = Pt (2)] undergo ring-opening
reactions with Au() to give [MAu(triphos)Cl3] [M = Pd (3), M = Pt (4) ]. In these mixed metal complexes, triphos acts
as a bidentate ligand for M and the third phosphorus atom is coordinated to Au() with a linear geometry. Complexes
1–4 were characterised by microanalysis, FAB mass spectrometry, IR, NMR (31P and 195Pt) spectroscopies and
conductivity measurements. Complexes 2–4 were also characterised by X-ray crystallography. [Pt(triphos)Cl]Cl, 2, is
monoclinic, space group P21/n, with square-planar geometry. The Pt–Pcentral bond distance (2.207 Å) is shorter than
the other two Pt–P distances (2.312 and 2.315 Å). [PdAu(triphos)Cl3], 3, is also monoclinic (space group P21/n), with
square-planar Pd() and linear Au() (P–Au–Cl 177.73�), and has a similar structure to complex 4, [PtAu(triphos)Cl3]
(monoclinic, space group I 2/a). The thiolate S of the tripeptide glutathione (GSH) and N-acetyl--cysteine binds to
[Pt(triphos)]2� giving adducts with high aqueous solubility. In the presence of Au(), 5�-GMP displaced glutathione
from [Pt(triphos)(GS)]� to form two adducts. Both GSH and N-acetyl--cysteine readily extracted Au() from
complex 4, [PtAu(triphos)Cl3], to give complex 2, [Pt(triphos)Cl]Cl, and the Au() thiolate. Since chloride and
thiolates would be strong competitors to DNA binding, proteins could be possible target sites for these complexes.

Introduction
A large number of polydentate phosphine complexes of
transition metals have been synthesised and characterised
which have potential applications in homogeneous catalysis
and medicine.1–4 Chelating phosphine ligands are also useful
for stabilising metal–metal bonds 5,6,7 and can result in unusual
coordination numbers and geometries.8 Chelation often pre-
vents phosphine dissociation, in contrast to the behaviour of
analogous complexes of monophosphine ligands.9

The interactions of bis(phosphino)complexes of platinum()
with nucleic acid components,10,11 as well as analogous nucleo-
base complexes of Pt() and Pt(IV) amines have been
studied.12,13 It has been shown that Pt() aminophosphine
complexes can bind to the DNA bases guanine and thymine
via ring-opening reactions and are cytotoxic to cancer cells.14,15

1,2-Diphenylphosphinoethane (dppe) complexes of gold()
exhibit anticancer activity against a range of tumours, while
the triethylphosphine Au() complex auranofin is used as an
antiarthritic drug.2 The combination of square-planar Pt()
and linear Au() centres in a single complex, as investigated
in the present work, may therefore give rise to interesting
biological activity.

In our previous work on triphos complexes (triphos = bis[2-
(diphenylphosphino)ethyl]phenylphosphine), we have shown
that chelate ring-opening of [Pd(triphos)Br]Br can be induced
by oxidizing agents giving the square-planar Pd() complex
[Pd(Ph2P(O)CH2CH2P(Ph)CH2CH2PPh2)2][PdBr4], or the un-
usual square-pyramidal five-coordinate Pd() complex,
[Pd(Ph2P(O)CH2CH2P(Ph)CH2CH2PPh2)2Br]Br,16 containing
dangling arm phosphine oxide groups. In this work we have
prepared Pd() and Pt() complexes of triphos and studied
chelate ring-opening reactions induced by Au() with a view to
obtaining mixed metal complexes. The X-ray crystal structure
of [Pd(triphos)Cl]Cl, 1, has been previously reported by

Housecroft et al.,17 and that of [Pt(triphos)Cl]Cl, 2, is discussed
in the present study and compared with 1 and the analogous
Ni complexes.18,19 We report the X-ray crystal structure of
the bimetallic complexes 3 and 4, in which triphos acts as a
bidentate chelating ligand, coordinating through the central
and terminal phosphorus atoms,19,20 and have investigated
reactions of potential biological importance including those
with the nucleotide 5�-GMP and S-containing amino acids in
aqueous media.

Experimental
Solvents were redistilled under nitrogen over CaCl2 (acetone)
and P4O10 (CHCl3). Other reagents were of the highest com-
mercial grade available and were used as received. Micro-
analyses were performed at the University of Santiago de
Compostela and Department of Chemistry, University College
London. Fast Atom Bombardment (FAB) spectra were
obtained on a KRATOS MS 50 spectrometer using 3-nitro-
benzyl alcohol as the matrix. Infrared spectra were recorded at
ambient temperature as KBr pellets (4000–500 cm�1) and Nujol
mulls (500–100 cm�1) on a Mattson Cygnus 100 spectro-
photometer. The bands are reported as: vs = very strong,
s = strong, m = medium, w = weak, and sh = shoulder. Con-
ductivities were obtained at 25 �C from 10�3 M solutions
in DMF on a WTW model LF-3 instrument. 31P{1H} NMR
spectra were recorded on either a Bruker AMX500 at 202.46
MHz, a Jeol GSX270 NMR at 109.25 MHz, or a Bruker DMX
500 spectrometer at 202 MHz. 195Pt NMR were recorded on a
Jeol GSX270 at 57.94 MHz. 1H NMR spectra were recorded on
a Bruker DMX 500 spectrometer at 500.13 MHz. Chemical
shifts are reported in ppm relative to external 85% H3PO4 (

31P),
1 M Na2PtCl6 (195Pt) and sodium 3-(trimethylsilyl)propion-
ate (1H); δ = chemical shift in ppm; s = singlet, t = triplet,
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d = doublet, dd = doublet of doublets, dt = doublet of triplets,
m = multiplet, br = broad, J = coupling constant in Hz.

The pH values of the solutions were determined using a
Corning 240 pH meter equipped with an Aldrich micro com-
bination electrode, calibrated with Aldrich buffer solutions at
pH 4, 7 and 10. For mixed solvents, the pH meter reading is
given without correction.

Solutions of Au() were prepared by treating Au (0.25 g,
0.127 mmol) with 2.5 ml HCl (36%) and 1.5 ml HNO3 (60%) on
an oil bath (120 �C), followed by the addition of 2 × 2.5 ml
HCl.21 It was then allowed to cool to room temperature. Water
(10 ml) was then added, the solution was neutralised with
CaCO3, and the resultant suspension was filtered off. The clear
final solution was reduced with 2,2�-thiodiethanol (1 ml) until
the colour changed from yellow to colourless, to give Au()
in situ.22 Alternatively, Au() was prepared directly by reduction
of NaAuCl4 with 2,2�-thiodiethanol.

Preparation of complexes

[Pd(triphos)Cl]Cl 23 1. A suspension of PdCl2 (0.12 g, 0.67
mmol) and NaCl (0.08 g, 1.33 mmol) in H2O (15 ml) was
heated on a water bath (80 �C) until a clear solution was
formed. This was allowed to cool to ambient temperature
and triphos (0.4 g, 0.75 mmol) in CH2Cl2 (30 ml) was added
dropwise. The resultant solution was stirred for 1 h at ambient
temperature and solvent removed in vacuo to leave a white
solid. The solid was filtered off, washed with water, dried
in vacuo and recrystallized from CH2Cl2–n-hexane, to give
colourless prisms. Yield 68%, mp >250 �C (Found: C, 57.01;
H, 4.90. Calc. for C34H33P3PdCl2: C, 57.31; H, 5.16%). m/z
(FAB) 675 (M� � Cl, 100%); 658 (ClPdC3H3P3Ph5, 27.7);
428 (ClPdC3HP3Ph2

3�, 32.1); 338 (ClPdC2HP3Ph2�, 33.5); 229
(PdCHPPh2�, 27.6), 215 (PdPPh�, 13); 108 (PPh, 15.9%).
IR νmax/cm�1 (PdCl) 318vs. 31P{1H} NMR (CDCl3): δ 44.22
[2P, d, J(P–P) = 9.4 Hz, –PPh2]; 109.34 (1P, t, PbPh). Λ (DMF):
91.48 Ω�1 cm2 mol�1.

[Pt(triphos)Cl]Cl 23 2. A solution of triphos (0.80 g, 1.49
mmol) in CH2Cl2 (40 ml) was added dropwise to a solution of
K2PtCl4 (0.58 g, 1.39 mmol) in H2O (20 ml). The final solution
was stirred for 1 h and solvent removed in vacuo to leave a white
solid. The solid was filtered off, washed with water, dried in
vacuo and recrystallized from CH2Cl2–n-hexane, to give colour-
less prisms. Yield: 70%, mp 200 �C (Found C, 50.79; H, 4.38.
Calc. for C34H33P3PtCl2: C, 50.96; H, 4.12%). m/z (FAB) 764
(M� � Cl, 100%); 578 (PtC4H8P3Ph3

3�, 25); 411 (PtP2Ph2, 11.6);
185 (PPh2, 45.2%). IR νmax/cm�1 (PtCl) 320vs, 314sh. 31P{1H}
NMR (CDCl3): δ 39.82 [2P, s, J(P–Pt) = 2484 Hz, –PPh2]; 83.69
[1P, s, J(P–Pt) = 3015 Hz, PbPh]. 195Pt NMR (CDCl3): δ �4858.3
[dt, J(Pt–P) = 2484, 3015 Hz]. Λ (DMF): 82.87 Ω�1 cm2 mol�1.

[PdAu(triphos)Cl3] 3. A solution of Au() (0.049 g of Au,
0.25 mmol), prepared as described above, was added dropwise
to a solution of [Pd(triphos)Cl]Cl (0.18 g, 0.25 mmol) in
ethanol–methanol (60 ml–10 ml). A white precipitate appeared
immediately. After the volume was reduced, the resulting solid
was filtered off, washed with water and dried. Yield: 51%,
mp 141 �C (Found: C, 43.10; H, 3.50; P, 9.63; Cl, 11.31. Calc.
for C34H33P3PdAuCl3: C, 43.19; H, 3.49; P, 9.84; Cl, 11.27%).
m/z (FAB) 907 (M� � Cl, 92); 874 (M� � 2Cl, 26); 689
(ClAuPdC4H8P2Ph3

2�, 97); 675 (ClAuPdC3H6P2Ph3
2�, 77); 428

(PdC2H4P2Ph3
2�, 30.5), 185 (PPh2, 37.9%). IR νmax/cm�1 (AuCl)

317vs, (PdCl) 290sh. 31P{1H} NMR (CDCl3): δ 33.48 [1P,
d, J(P–P) = 63 Hz, –PPh2Au]; 65.47 [1P, d, J(P–P) = 10 Hz,
–PPh2Pd]; 72.96 (1P, dd, PbPhPd). Λ (DMF): 9.2 Ω�1 cm2

mol�1.

[PtAu(triphos)Cl3] 4. To a solution of [Pt(triphos)Cl]Cl ( 0.2 g,
0.25 mmol) in ethanol (20 ml), a solution of Au() (0.05 g

of Au, 0.25 mmol), prepared as described above, was added
dropwise. The white precipitate was filtered off, washed with
water and dried. Yield: 60%, mp 159 �C (Found: C, 39.48;
H, 3.19; P, 9.19; Cl, 10.70. Calc. for C34H33P3PtAuCl3: C, 39.50;
H, 3.19; P, 9.00; Cl, 10.31%). m/z (FAB) 996 (M� � Cl,
6.2), 963 (M2� � 2Cl, 4.5), 927 (M� � 3Cl, 6.8), 776
(AuPtC4H8P3Ph3

3�, 13.9), 578 (PtC4H8P3Ph3
2�, 9.6), 136

(C2H4PPh2, 100%). IR νmax/cm�1 (AuCl) 325sh, (PtCl) 293vs.
31P{1H} NMR (CDCl3): δ 30.20 [1P, d, J(P–P) = 61.7 Hz,
–PPh2Au]; 41.23 [1P, s, J(P–Pt) = 3590 Hz, –PPh2Pt]; 47.13
[1P, d, J(P–Pt) = 3600 Hz, PbPhPt]. 195Pt NMR (CDCl3):
δ �4592 [dd, J(Pt–P) = 3600 Hz]. Λ (DMF): 6.2 Ω�1 cm2 mol�1.

Titration of complex 1 with Au(I). A solution of Au() (0.0022
g of Au, 0.01 mmol) prepared as described previously, in
MeOH (1 ml), was added dropwise to a solution of complex 1
(0.00787 g, 0.01 mmol) in CDCl3 (2.5 ml). After 24 h a 31P-{1H}
NMR spectrum was recorded. This procedure was repeated
after additions of two and three molar equivalents of Au().

Titration of complex 2 with Au(I). A solution of Au() (0.0022
g of Au, 0.01 mmol) in MeOH (1 ml) was added dropwise to
a solution of complex 2 (0.00896 g, 0.01 mmol) in CDCl3

(2.5 ml). 31P-{1H} NMR spectra were recorded after 24 h.
Further additions of two and three molar equivalents of Au()
were made after the same time interval.

Reaction of [Pt(triphos)Cl]Cl, 2, with reduced glutathione
(GSH). To a solution of [Pt(triphos)Cl]Cl (0.015 g, 0.02 mmol)
in CD3OD (0.4 ml), a solution of AgNO3 (0.0064 g, 0.04 mmol)
in D2O (0.1 ml) was added. The precipitate was filtered off, and
to the clear solution, a solution of GSH (0.0057 g, 0.02 mmol)
in D2O (0.1 ml) was added. The pH was adjusted to 7.88 and
the 31P and 1H NMR spectra were recorded.

Reaction of [Pt(triphos)(SG)]�, 5, with 5�-GMP in the pres-
ence of Au(I). To a solution of [Pt(triphos)Cl]Cl (0.015 g,
0.02 mmol) in CD3OD (0.5 ml) a solution of AgNO3 (0.0096 g,
0.06 mmol) in D2O (0.1 ml) was added. After removing the
precipitate, a solution of GSH (0.0057 g, 0.02 mmol) in D2O
(0.1 ml) was added and the pH adjusted to 7.35. Solutions of
5�-GMP (0.0076 g, 0.02 mmol) in D2O (0.1 ml), AgNO3 (0.0192
g, 0.11 mmol) in D2O (0.1 ml) and [Au(thiodiglycol)Cl] (0.0037
g of Au, 0.02 mmol) in CD3OD (0.2 ml), prepared as described
earlier, were added to the clear solution. After removal of the
precipitate (AgCl) the 31P and 1H NMR spectra were recorded.

Reaction of [Pt(triphos)Cl]Cl, 2, with N-acetyl-L-cysteine. A
solution of AgNO3 (0.0064 g, 0.04 mmol) in D2O (0.1 ml) was
added to a solution of [Pt(triphos)Cl]Cl (0.015 g, 0.02 mmol) in
CD3OD (0.4 ml). The precipitate was filtered off, and a solution
of N-acetyl--cysteine (0.0031 g, 0.02 mmol) in D2O (0.1 ml)
was added to the clear solution and pH was adjusted to 7.30.
31P and 1H NMR spectra of the solution were recorded.

Reaction of [Pt(triphos)Cl]Cl, 2, with N-acetyl-L-methionine.
To a solution of [Pt(triphos)Cl]Cl (0.015 g, 0.02 mmol) in
CD3OD (0.4 ml), a solution of AgNO3 (0.0064 g, 0.04 mmol)
in D2O (0.1 ml) was added. After removing the precipitate, a
solution of N-acetyl--methionine (0.0036 g, 0.02 mmol) in
D2O (0.1 ml) was added to the clear solution and pH was
adjusted to 7.64. 31P and 1H NMR spectra of the solution were
recorded.

Reaction of [PtAu(triphos)Cl3], 4, with GSH. 1 :1 Molar ratio.
To a solution of [PtAu(triphos)Cl3] (0.020 g, 0.02 mmol) in
DMF (0.25 ml) a solution of GSH (0.006 g, 0.02 mmol) in D2O
(0.5 ml) was added. A white precipitate was formed, which was
filtered off and the 31P NMR spectrum of the solution was
recorded. The pH of the solution was ca. 3.
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Table 1 Summary of crystal parameters, data collection and refinement for the crystal structures 63

Complex 2 3 4 

Empirical formula
Formula weight
T/K
λ/Å
Crystal size/mm
Colour/habit
Crystal system
Space group
a/Å
b/Å
c/Å
α/�
β/�
γ/�
V/Å3

Z
Calculated density/Mg m�3

Absorption coefficient/mm�1

F(000)
θ range for data collection/�
Index ranges

Reflections collected
Independent reflections
Absorption correction
Max. and min. transmission
Data/restraints/parameters
Goodness of fit on F2

Final R indices a,b

Largest diff. peak and hole (e Å�3)

C34H33Cl2P3Pt
800.50
293(2)
0.71073
0.40 × 0.25 × 0.20
Colourless/prisms
Monoclinic
P21/n
10.225(2)
20.393(2)
15.775(2)
—
96.22(2)
—
3270.0(8)
4
1.626
4.624
1576
2.60 to 26.30
0 ≤ h ≤ 12
�25 ≤ k ≤ 0
�19 ≤ l ≤ 19
7014
6638 [Rint = 0.0248]
Semi-empirical
0.977 and 0.794
6638/0/372
1.025
R1 = 0.0366, wR2 = 0.1061
1.190 and �0.646

C37H36AuCl12P3Pd
1302.33
223(2)
1.54184
0.23 × 0.19 × 0.02
Colourless/plates
Monoclinic
P21/n
14.0543(10)
15.6271(11)
22.714(2)
—
104.724(5)
—
4824(6)
4
1.793
15.915
2528
3.47 to 60.01
15 ≤ h ≤ 15
�6 ≤ k ≤ 17
�5 ≤ l ≤ 25
7778
5997 [Rint = 0.0777]
Semi-empirical
0.182 and 0.719
5958/0/487
1.045
R1 = 0.0485, wR2 = 0.1276
0.765 and �0.835

C37H36AuCl12P3Pt
1391.11
150
0.71073
0.23 × 0.19 × 0.08
Colourless/plates
Monoclinic
I2/a
23.077(7)
15.842(11)
28.838(19)
—
109.53(3)
—
9936
8
1.86
6.56
5312
2.5 to 22.5
�24 ≤ h ≤ 23
0 ≤ k ≤ 17
0 ≤ l ≤ 30
7130
5529 [Rint = 0.0826]
Semi-empirical
0.175 and 0.283
3150/28/212
1.18
R1 = 0.1086, wR2 = 0.0963
4.55 and �2.83

a [I > 2σ(I)] for 2, [I > 4σ(I)] for 3 and 4. b wR2 = [Σw(Fo
2 � Fc

2)2/Σw(Fo
2)2]1/2.

1 :2 Molar ratio. A solution of GSH (0.09 g, 0.03 mmol) in
D2O (0.5 ml) was added to a solution of [PtAu(triphos)Cl3]
(0.015 g, 0.015 mmol) in DMF (0.4 ml). A white precipitate was
formed, which was filtered off. The pH of the solution was
adjusted to 7.53 and the 31P NMR spectrum of the solution
recorded.

Reaction of [PtAu(triphos)Cl3] with N-acetyl-L-cysteine. 1 :1
Molar ratio. To a solution of [PtAu(triphos)Cl3] (0.02 g, 0.02
mmol) in DMF (0.25 ml), a solution of N-acetyl--cysteine
(0.0032 g, 0.02 mmol) in D2O (0.5 ml) was added. A white
precipitate immediately formed, which was filtered off and the
31P NMR spectrum of the solution was recorded. The pH of
the solution was ca. 3.

1 :2 Molar ratio. A solution of N-acetyl--cysteine (0.0047 g,
0.03 mmol) in D2O (0.5 ml) was added to a solution of [PtAu-
(triphos)Cl3] (0.015 g, 0.015 mmol) in DMF (0.4 ml). A white
precipitate was formed, this was filtered off, the pH adjusted to
7.21 and the 31P NMR spectrum of the solution recorded.

Crystallography

Table 1 summarises the crystal data, data collection, structural
solution and refinement parameters for complexes 2–4. A
colourless prismatic crystal of 2 was mounted on glass fiber
and used for data collection. Cell constants and an orientation
matrix for data collection were obtained by least-squares
refinement of diffraction data from 25 reflections in the range
10.37� < θ < 17.98� in an Enraf Nonius MACH3 automatic
diffactometer.24 Data were collected at 293 K using Mo-Kα
radiation and the ω scan technique and corrected for Lorentz
and polarization effects.25 A semi-empirical absorption correc-
tion was made (Ψ-scan).26

The structures were solved by direct-methods 27 which
revealed the position of all non-hydrogen atoms, and refined on
F2 by a full-matrix least-squares procedure using anisotropic

displacement parameters.28 The chloride ion is disordered:
occupancies of 0.717(5) and 0.283(5) for Cl(21) and Cl(22),
respectively. The hydrogen atoms were located in their calcu-
lated positions (C–H = 0.93–0.97 Å). The located H atoms
were refined isotropically, whereas the calculated H atoms
were refined using a riding model. A secondary extinction
correction was applied.28 Relatively large positive peaks were
found in the final difference Fourier map, but these were all
error peaks located near the Pt and Cl atoms. Atomic scattering
factors were taken from International Tables for X-Ray Crystal-
lography.29 For molecular graphics the programs PLATON,26

SCHAKAL92 30 and ZORTEP 31 were used.
The X-ray data for 3 and 4 were collected on Stoe Stadi4

four-circle diffractometers equipped with an Oxford Cryo-
systems variable temperature device.32 Complex 3 crystallised
as very thin plates and Cu-Kα radiation was used for data
collection because it is more intense than Mo-Kα radiation
(which might have been preferred on grounds of minimising
absorption effects). Data were collected with ω � θ scans using
on-line profile fitting.33 The structure was solved by Patterson
methods and completed by iterative cycles of least-squares
refinement and ∆F-syntheses.34 H-atoms were placed in calcu-
lated positions and treated as riding on the atoms to which
they are attached. Anisotropic displacement parameters were
refined for all non-H atoms. One of the three molecules of
HCCl3 of crystallization exhibits large anisotropic displace-
ment parameters (adp’s); attempts to model this over two
discrete orientations led to no improvement in the data-fitting,
and so the disorder was treated as being essentially modelled by
the adp’s.

Crystals of 4 were of a much lower quality than those of 3;
this naturally lowered the precision of the crystal structure,
which can be taken to establish chemical connectivity, but
which cannot be further interpreted. Data were collected using
Mo-Kα radiation and ω-scans. The structure was solved by
Patterson methods and completed by iterative cycles of least-
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squares refinement and ∆F-syntheses.35 Residual absorption
errors were treated using DIFABS 36 (max. and min. corrections
1.358 and 0.679, respectively). Only the Pt, P, Au and Cl atoms
were refined anisotropically; the phenyl groups were treated as
rigid rotating groups and atoms within the same phenyl group
were given equal isotropic thermal parameters. Similarity
restraints were applied to the lengths of C2–C3 and C5–C6 and
to the geometries of the solvent molecules. C2, C3, C5 and C6
and the C-atoms of the solvent molecules were respectively
assigned two common isotropic thermal parameters. H-atoms
were placed in calculated positions.

CCDC reference number 186/1535.
See http://www.rsc.org/suppdata/dt/1999/2861/ for crystallo-

graphic files in .cif format.

Results and discussion
Preparations

Complex 1 was prepared using a variation of a literature
method 23 which gave a higher yield than previously reported.37

The route involved reaction of triphos and PdCl2 in H2O–
CH2Cl2 (1 :2) at ambient temperature and complex 1 was puri-
fied by recrystallization from CH2Cl2–n-hexane (1 :2), giving a
final yield of 68%. The product was a colourless, crystalline
solid, stable in air and towards moisture. The complex showed
a high thermal stability with a melting point over 250 �C, and
was fully characterised by microanalysis, 31P NMR, and IR
spectroscopies and FAB MS.

Complex 2 was prepared from triphos and K2PtCl4, using
the same procedure and was recrystallised from CH2Cl2–n-
hexane giving a colourless crystalline solid in 70% yield. This
compound was also thermally stable with a mp of 200 �C. It
was fully characterised by the same methods as complex 1,
and in addition the 195Pt NMR spectrum was recorded. The
NMR data are given in Table 2. Crystals suitable for X-ray
crystallography were obtained from CH2Cl2–n-hexane (1 :2)
and its structure was determined.

Solutions of Au() were prepared by the reduction of either
HAuCl4 or NaAuCl4 with thiodiglycol22 and is believed to be
present as [Au(thiodiglycol)Cl].38 On reacting complexes 1
and 2 with 1 molar equivalent of Au() solution, the bimetallic
complexes 3 and 4, respectively, were obtained via ring-opening
reactions (Scheme 1). These novel complexes were obtained
in yields of 62% and 69%, respectively. They were colourless

Table 2 31P and 195Pt NMR (CDCl3): chemical shifts (ppm), multi-
plicity and coupling constants (Hz), ∆δ = coordination chemical shift
for complexes 1 and 2 (a) 3 and 4, (b). For atom labelling see Scheme 1

(a) 1 2

δ or J ∆δ δ or J ∆δ

δ(Pa)
δ(Pb)
δ(Pt)
J(Pa–Pb)
J(Pa–Pt)
J(Pb–Pt)

44.22 (d)
109.34 (t)
—

9.4
—
—

58.6
127.6
—
—
—
—

39.82 (s)
83.69 (s)

�4858 (dt)
—
2484
3015

54.2
101.9
—
—
—
—

(b) 3 4

δ or J ∆δ δ or J ∆δ

δ(Pc)
δ(Pd)
δ(Pe)
δ(Pt)
J(Pc–Pd)
J(Pd–Pe)
J(Pc–Pt)
J(Pd–Pt)

65.47 (d)
72.96 (dd)
33.48 (d)
—
10.0
63.0
—
—

79.8
90.2
47.9
—

41.23 (s)
47.13 (d)
30.20 (d)

�4592 (dd)
—

61.7
3590
3600

54.9
65.1
44.9
—
—
—
—
— crystalline solids and stable towards air and moisture. Both

complexes melted without decomposition at 141 �C and 159 �C
respectively. Crystals of these complexes suitable for X-ray
crystallography were obtained from CDCl3 solutions, and their
structures were determined (see Crystallographic section).
Complexes 3 and 4 were also prepared by the addition of
a solution of [Au(triphos)Cl] in acetone to a suspension of
MCl2 (M = Pd for 3 and M = Pt for 4) in the same solvent.

Mass spectra

FAB MS spectra for complexes 1 and 2 showed a base peak
corresponding to the fragment [M� � Cl] (675 Pd; 764 Pt);
however, the pattern of fragmentation was different in each
case. The loss of chlorine in the first step of fragmentation
is typical of platinum and palladium dichloro complexes.39

For [PdAu(triphos)Cl3] the peak at 909 (92%) corresponds to
[M� � Cl]. The loss of P–Ph2 leads to the most abundant peak
(97%) at m/z, 689. [PtAu(triphos)Cl3] also lost chlorine to give
[M� � Cl] at m/z 996.

Infrared spectra

The far infrared spectra (500–100 cm�1) for complexes 1 and 2
showed bands assignable, in agreement with the literature,23

to the following bond vibrations: ν(Pd–Cl) = 318 cm�1;
ν(Pt–Cl) = 320, 314 cm�1; ν(Pd–P) = 366, 353, 345 cm�1;
ν(Pt–P) = 372, 356, 349 cm�1. In the bimetallic complexes 3 and
4, ν(M–Cl) (290 cm�1 and 293 cm�1, respectively) are at lower
wave numbers compared to 1 and 2, consistent with relatively
longer M–Cl distances for the above complexes. The Au–Cl
stretch appears as a very strong band at 316 cm�1 for 3, and
as a shoulder at 325 cm�1 for 4.

Conductivities

The molar conductivities for complexes 1 and 2 in 10�3 M DMF
solutions (91.48 and 82.87 Ω�1 cm2 mol�1, respectively) are
indicative of 1 :1 electrolytes.40 Complexes 3 and 4 are neutral
and do not conduct in DMF, as expected.

NMR spectra

The 31P-{1H} and 195Pt NMR data for complexes 1–4 are given
in Table 2. The 31P peak for 1 at 109.34 ppm can be assigned
to the central phosphorus (Pb) and that at 44.22 ppm to the
terminal phosphorus (Pa), on the basis of multiplicity, inte-
gration (1 :2) and in comparison with complex 2 (vide infra).
The 31P NMR spectrum for complex 2 showed peaks at 83.69

Scheme 1 Ring-opening reactions of [M(triphos)Cl]Cl complexes,
induced by [Au(TDE)CI] (TDE = thiodiglycol).
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ppm(s) and 39.82 ppm(s), with 1J(P–Pt) values of 3015 and
2484 Hz, values typical of P trans to Cl (Pb) and P trans to P
(Pa), respectively.41,42 For 2, P–P coupling was not observed. The
31P NMR peaks for triphos in CDCl3 [�18.2 (t) and �14.5 (d)
ppm] undergo large downfield shifts upon complexation
(see Table 2). Such lowfield shifts (∆δ) have been found for
related chelated ligands.43,44 The magnitude of ∆δ for chelated
phosphines is dependent on the size and number of chelate
rings containing the phosphorus atom. For the central phos-
phorus (Pb) in complexes 1 and 2, ∆δ values are ca. 128 and 102
ppm, respectively, very large compared to those of the terminal
phosphorus (Pa): ca. 60 and 55 ppm for these complexes. The
large difference in ∆δ values for the central and terminal phos-
phorus, is due to the central phosphorus (Pb) being part of two
five-membered chelate rings. For complexes 3 and 4, ∆δ for
phosphorus atoms chelating Pd and Pt (Pc and Pd) is larger than
for phosphorus atoms bound to gold (Pe) as expected (Table 2).
It is also observed that the 31P peak for the central phosphorus
atom (Pb) of the parent complexes 1 and 2 is shifted to high field
(by ca. 40 ppm) upon ring-opening.

The 31P NMR spectrum for complex 3 showed three peaks
at 33.48 (d), 65.47 (d) and 72.96 (dd) ppm. The 2J(P–P) and
3J(P–P) values were 10 and 63 Hz, respectively, corresponding
to coupling of the central Pd with the terminal P bound to Pd
(Pc) and the terminal P bound to Au (Pe). These values are in
agreement with those reported for related compounds.44

For complex 4, the 31P NMR spectrum had peaks at 30.20 (d),
41.23 (s), 47.13 (d) ppm, with 1J(P–Pt) values of 3590 and 3600
Hz and 3J(P–P) values of 61.7 Hz. These P–Pt coupling con-
stants are indicative of P trans to Cl.41,42 Thus from the above
data, the latter two peaks can be assigned to P bound to Pt
(Pc and Pd respectively), and the former peak to the P bound
to Au (Pe) as it does not display Pt satellites.

The 195Pt NMR spectrum of 2 was a doublet of triplets
(�4858 ppm) with 1J(Pt–P) values of 3015 and 2484 Hz. These
coupling constants are typical of P trans to Cl and P trans to P,
respectively.41,42,45 The 195Pt NMR spectrum of 4, Fig. 1(a), is
expected to be a doublet of doublets, because Pt is bound to

Fig. 1 NMR spectra for a CDCl3 solution of [PtAu(triphos)Cl3], 4,
at 20 �C. (a) 195Pt, (b) 31P. For 31P NMR spectrum peaks labelled as
Pc (terminal P bound to platinum), Pd (central P) and Pe (terminal P
bound to gold). In (b) 195Pt satellites are indicated by *. For atom
labelling see Scheme 1.

two inequivalent phosphorus atoms. However, they appear to
have the same coupling constant [J(Pt–P) = 3600 Hz], with the
result that the resonance appeared as a triplet. The value of this
coupling constant is consistent with P trans to Cl.46,47 Thus the
195Pt NMR data are within the expected range for this type of
complexes.

Crystallography

ORTEP 63 diagrams with the numbering schemes for complexes
2–4 are shown in Fig. 2–4. Summaries of crystal parameters,
data collection and refinement for the crystal structures are
given in Table 1, and selected bond lengths and angles are listed
in Table 3.

The molecular structure and numbering scheme for complex
2 are shown in Fig. 2. The complex has a distorted square-
planar geometry for platinum. The Pt–P bond lengths of
2.315(2) (P1), 2.207(2) (P2) and 2.312(2) (P3) Å are in the
expected range. The Pt–P(2) bond distance is found to be
shorter than the Pt–Pterminal due to the double chelate effect. The
P–Pt–Cl angles, 97.50(7), 176.52(7), 92.94(7)� and the P–Pt–P,
84.69(7), 169.54(6) and 84.92(7)�, show the distorted square-
planar environment at platinum. The distortion is higher for
Ni complexes (X = Cl, I).48 In complexes 1 and 2 the chloride

Fig. 2 ORTEP view of [Pt(triphos)Cl]Cl, 2.

Fig. 3 ORTEP view of [PdAu(triphos)Cl3] 3.
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Table 3 Selected distances (Å), angles (�) and dihedral angles (�) for complexes 1–4

1 a 2 3 4 

[Pd(triphos)Cl]Cl [Pt(triphos)Cl]Cl [PdAu(triphos)Cl3] [PtAu(triphos)Cl3]

P–M

P–Au
M–Cl

Au–Cl
P–M–P

P–M–Cl

Cl–M–Cl
P–Au–Cl
Au � � � Au
I–II b

III–C b

IV–V b

2.220(2)
2.328(2)
2.344(2)

—
2.355(2)

—
83.80(1)
84.10(1)

167.80(1)
93.60(1)
98.50(1)

176.40(1)

—
—
—
73.15
83.20
88.08

2.207(2)
2.312(2)
2.315(2)

—
2.349(2)

—
84.69(7)
84.92(7)

169.54(6)
92.94(7)
97.50(7)

176.52(7)

—
—
—
72.73
83.24
88.16

2.233(3)
2.234(3)

2.228(3)
2.351(3)
2.371(2)
2.288(3)

85.49(9)

87.56(9)
93.64(10)

172.71(9)
177.74(11)
93.22(9)

177.73(10)
4.155(7)

67.46
69.15
72.77

2.22(1)
2.23(1)

2.20(1)
2.354(8)
2.39(1)
2.296(9)

86.4(3)

89.3(3)
93.7(3)

174.5(3)
176.1(3)
90.4(3)

177.2(3)
3.995(4)

63.51
70.99
80.11

a See ref. 17. b Angles between planes defined as: I (C11–C16) (1–4), II (C21–C26) (1–2), II (C11�–C16�) (3) and II (C111–C161) (4), III (C31–C36)
(1–2) and III (C41–C46) (3–4) and IV (C71–C76) (3–4), V (C51–C56) (1–2), V (C71�–C76�) (3) and V (C711–C761) (4), C [Pd–P(1)–P(2)–P(3)–Cl(1)]
(1), C [Pd–P(1)–P(2)–P(3)–Cl(1)] (2), C [Pd–Cl(1)–Cl(2)–P(1)–P(4)] (3) and C [Pt–P(1)–P(4)–C(2)–C(3)] (4).

ion is disordered over two positions, and for platinum complex
2 the occupancies are 0.717 and 0.283.

As found for [Ni(triphos)X]� (X = Cl, I) complexes,48 the
phenyl substituents are slightly disordered. Labelling the phenyl
ring planes as I (C11–C16), II (C21–C26) [substituents on P(1)],
III (C31–C36) [substituent on P(2)], IV (C41–C46), V(C51–
C56) [substituents on P(3)], and the best metal coordination
plane, C [Pt–P(1)–P(2)–P(3)–Cl(1)], it is found that they are
oriented differently. The Pt atom does not depart significantly
from C (0.014 Å) compared to the mean value of 0.036 Å for
atoms defining the plane. The dihedral angles between best
planes C–I, I–II, II–III, III–IV and IV–V are 51.89, 72.73,
65.80, 33.16 and 88.16� respectively. The steric effects around
P(1) and P(3) atoms result in similar I–II and IV–V dihedral
angles (72.73� and 88.16�) and the less crowded environment of
P(2) results in a phenyl plane, III, nearly perpendicular to the
best major plane C. The coordination effect of Ni on triphos
gives rise to a I–II dihedral angle ca. 30� higher than for Pt or
Pd and the substitution of Cl by I does not affect this signifi-
cantly.48 This suggests that the dynamics of the structures is
related to the steric effects near the phenyl substituents and to
inter- and intra-cationic interactions in the crystal lattice.

Fig. 4 ORTEP view of [PtAu(triphos)Cl3] 4.

Thus, for complex 2, the phenyl substituents of P(1) lie in the
space between phenyl rings of P(3) in the adjacent molecule.
Phenyl rings for complex 1 show a less hindered cell with differ-
ent packing between adjacent molecules.17 The inter-cationic
M � � � Cl contact is 2.884(9) Å with C–H � � � Cl angle 117.50(2)�.
H � � � Cl intra-cationic interactions are 2.849(9), 2.932(9) and
2.964(8) Å with calculated C–H � � � Cl angles 129.8(2), 136.0(2)
and 145.4(2)� respectively. Similar contacts are found for
complex 1.49 These contacts fulfil the H � � � A distance and
angular criteria for weak H-bonds (greater than the sum of the
individual radii, ca. 3.0 Å).50 The large Pt � � � Pt distance (ca. 10
Å) shows that metal–metal interactions are not present.51

The molecular structures and numbering schemes of com-
plexes 3 and 4 are shown in Fig. 3 and 4. Selected bond dis-
tances and angles are given in Table 3. The structures 3 and 4
show that one of the chelate rings has opened and triphos
coordinates to M in a bidentate mode, the chelate ring being
similar to that generated by dppe (dppe = Ph2PCH2CH2PPh2).
The free arm of the phosphine ligand in the absence of other
acceptors can undergo oxidation and form four- and five-
coordinate complexes.16 But in the presence of Au() linear
coordination P–Au–Cl is obtained.52 The ring-opening reaction
results in a chiral central phosphorus, with both enantiomers
being present in the unit cell.

The Au–Cl bond length for complex 3 is 2.288(3) Å, similar
to the literature value of 2.301(43) Å.53 The complex shows
two different Pd–Cl distances which is consistent with the two
stretching bands found in the infrared. The Pd–Cl bond length
2.371(2) Å is longer than found in 1,17 as also predicted by far
infrared spectra. On the other hand, Au–Cl distances are
shorter than Pd–Cl which is in agreement with ν(Au–Cl) being
at higher wavenumber than ν(Pd–Cl). The Pd–P(1) bond length
for complex 3 is shorter than for 1, whereas Pd–P(4) is longer
than Pd–P(2) of 1. The Pd–Pcentral bond distance increases as
a consequence of the ring-opening. P–Pd–Cl angles confirm
square-planar environment at Pd, and the P–Au–Cl angle is in
agreement with linear coordination [177.73(10) Å].

Complex 4 has a similar structure to complex 3, with a
square-planar environment around platinum and linear
coordination for gold, but as the crystal structure has low preci-
sion, bond distances and angles cannot be discussed further.

The dihedral angles (Table 3) obtained from the planes: I
(C11–C16), II (C11�–C16�) [substituents on P(1) for complex 3]
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and I (C11–C16), II (C111–C161) [substituents on P(1) for
complex 4], III (C41–C46) [substituents on P(4) for complex 3
and 4], IV (C71–C76), V (C71�–C76�) [substituents on P(7)
for complex 3] and IV (C71–76), V(C711–C761) [substituents
on P(7) for complex 4] and the metal coordination planes C
[Pd–Cl(1)–Cl(2)–P(1)–P(4)] complex 3 and [Pt–P(1)–P(4)–
C(2)–C(3)] complex 4, show that phenyl ring planes of terminal
phosphorus form smaller angles (by ca. 6�) than complexes 1
and 2. The phenyl ring plane of the central phosphorus forms
angles of 69.15� (3) with plane C, a significant deviation from
perpendicularity. The Pd atom is �0.035 Å from C and this
deviation is higher compared to the mean value of �0.009 Å for
atoms defining the plane.

Titrations

The reaction of [Pd(triphos)Cl]Cl, 1 in CDCl3–CD3OD solu-
tion with 1, 2 and 3 molar equivalents of Au() was followed by
31P-{1H} NMR spectroscopy. The disappearance of signals due
to complex 1 and appearance of three new peaks at 30.69 (d),
65.19 (d) and 72.59 (dd) ppm (Fig. 5) corresponding to the
phosphorus bound to gold (Pe), terminal phosphorus bound to
palladium (Pc) and central phosphorus (Pd) respectively, show
the opening of one of the chelate rings upon the addition
of 1 molar equivalent of Au(). These results indicate that [Pd-
Au(triphos)Cl3], 3 is formed. Addition of 2 and 3 molar
equivalents of Au() did not bring about any further changes.

Titration of [Pt(triphos)Cl]Cl, 2 with 1 molar equivalent of
Au(), under the same conditions, as described for 1, afforded
a mixture of unreacted complex 2 together with the expected
bimetallic complex 4, and here again the ring-opening reaction
was observed. The ability of Au() to ring open a triphos chelate
may be due to the strong affinity of Au() for phosphorus
together with chelate ring strain and the high trans effect of
phosphorus.

The presence of relatively labile ligands in the attacking
complex at Au() [Au(thiodiglycol)Cl] is important for inducing
ring-opening since neither Me3PAuCl nor Ph3PAuCl reacted
with complex 2 in CDCl3 or DMF.

The oxidation of the bimetallic complex 4 to Au() with
different oxidising agents (PCl5, Cl2) in different solvents
(CH3CN, CH2Cl2) was attempted. However, no oxidation was
observed when reactions were monitored by 31P NMR. Electro-
chemical oxidation was also attempted in CH2Cl2 solutions,
using TBAF4 as electrolyte, but no peaks were observed in the
cyclic voltammogram, showing that oxidation is not readily
achieved.

Fig. 5 31P NMR spectra of (a) complex 1 and (b) after addition of
1 mol. eq. of Au() affording complex 3 (CDCl3–CD3OD). Assignments:
Pa (terminal P in complex 1), Pb (central P in complex 1), Pc (terminal
P bound to palladium in complex 3), Pd (central P in complex 3) and
Pe (terminal P bound to gold in complex 3).

Reactions with biologically relevant molecules

Reaction of [Pt(triphos)Cl]Cl, 2, with reduced glutathione
(GSH). The 31P NMR spectrum of a solution containing com-
plex 2 and GSH in 1 :1 molar ratio at ca. pH 7.88, in CD3OD–
D2O (4 :1), showed no new peaks. However after addition of

AgNO3 and subsequent removal of the precipitate (AgCl), the
31P spectrum showed peaks at 90.84 and 45.66 ppm assignable
to Pb and Pa respectively, which are shifted to low field relative
to unreacted complex 2. The corresponding coupling constants
were J(Pa–Pt) = 2507 Hz, in the range of P trans to P,41,42 and
J(Pb–Pt) = 2443 Hz. The latter is within the lower range for P
trans to S.54 In the 1H NMR spectrum, the β-CH2 peak of the
cysteine moiety was broadened and shifted by ca. 0.2 ppm
to low field suggesting coordination through the S atom, as
observed previously.55 The 1H and 31P NMR spectra are con-
sistent with the formation of [Pt(triphos)(GS)]�, 5, where Pt()
is bound to the sulfur atom of the cysteine residue. Formation
of this adduct increases the aqueous solubility of triphos
complexes, which may be biologically useful. Similar effects
on the solubility of Pd() diphosphino and phosphinoarsino
complexes upon reaction with GSH have been observed.56

Reaction of [Pt(triphos)(GS)]�, 5, with 5�-GMP in the pres-
ence of Au(I). Reaction of [Pt(triphos)Cl]Cl, 2 with GSH in 1 :1
molar ratio at ca. pH 7.35 was carried out as described above,
and formation of the [Pt(triphos)(GS)]�, 5, was confirmed by
31P and 1H NMR (see above). 5�-GMP (1 molar equivalent) was
added and 31P and 1H NMR were immediately recorded. The
1H NMR spectrum showed the presence of free nucleotide
in solution, but no peaks due to [Pt(triphos)(5�-GMP)] were
present. The 31P NMR spectrum showed broadening of the
resonance assigned to Pb, a sharp peak assigned to Pa for com-
plex 5 and one single peak in the phosphate region assignable
to the phosphate group of the free nucleotide. Both spectra
indicated that 5�-GMP did not displace glutathione from
[Pt(triphos)(GS)]�, 5.

The reaction of AgNO3 with [Pt(triphos)(GS)]�, 5 was
expected to result in the formation of a Ag–GS complex, as
Ag() has high affinity for sulfur-containing amino acids,57

and the resulting [Pt(triphos)(ONO2)]NO3 to react readily with
5�-GMP. Thus in order to facilitate the reaction of complex 5
with 5�-GMP excess AgNO3 was added to the reaction mixture
and the 1H and 31P NMR spectra recorded. However, these were
found to be identical to those recorded earlier in the absence
of AgNO3. This indicates that Ag() does not displace bound
glutathione from [Pt(triphos)(GS)]�, 5.

When [Au(thiodiglycol)Cl] (1 molar equivalent in CD3OD)
was added to a solution of complex 5, [Pt(triphos)(GS)]�,
prepared as above, together with 5�-GMP (1 molar equivalent
in D2O) and the 31P and 1H NMR spectra of the solution
recorded, the spectra showed the formation of complex 2,
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Table 4 31P chemical shifts (ppm), multiplicity, coupling constants (Hz) and assignments for reactions of complexes 2 and 4 with biologically
relevant molecules (1 :1 molar ratio, except where stated)

Reactants pH Pa
d J(Pa–Pt) Pb

d J(Pb–Pt) Assignment 

2 � GSH a

5 � 5�-GMP a

2 � N-acetyl--cysteine a

2 � N-acetyl--methionine a

4 � GSH b

4 � GSH b,c

4 � N-acetyl--cysteine b

4 � N-acetyl--cysteine b,c

7.88
7.35

7.30
7.64

3.0
7.53
3.0
7.21

45.66 (s)
50.24 (s)
48.01(s)
46.83 (s)
47.13 (s)
48.36 (s)

42.99 (s)
45.45 (s)
42.93 (s)
45.12 (s)

2507
2419
2431
2518
2568
—

2442
2559
2444
2569

90.84 (s)
80.48 (s)
77.81 (s)
92.05 (s)
77.25 (s)
95.57 (s)
94.83 (s)
88.05 (s)
90.60 (s)
88.06 (s)
90.96 (s)

2443
2989
—
2407
3157
2739
2732
3099
2319
3095
2292

5
6a
6b
7
8

2
5
2
7

a CD3OD–D2O (2 :1). b DMF–D2O (4 :1). c Molar ratio of reactants (1 :2). d s = Singlet.

[Pt(triphos)Cl]Cl and no reaction with the nucleotide. This is
probably as a result of the high affinity of Au() for thiolate
sulfur and the presence of Cl� in the reaction mixture which
stabilises complex 2. Thus in order to achieve nucleotide
binding it was necessary to add AgNO3 to remove the chloride
present in the reaction mixture. The 31P and 1H NMR spectra
of the solution of complex 5, [Pt(triphos)(GS)]�, 5�-GMP
(1 molar equivalent), an excess of AgNO3 and 1 molar equiv-
alent of Au() showed two new sets of signals indicating the
formation of two different 5�-GMP adducts, [Pt(triphos)-
(5�-GMP-N7)] (6a and 6b, Fig. 6). In the region of 81–77 ppm:
two resonances at 80.48 ppm, J(P–Pt) = 2989 Hz and 77.81
ppm appeared and in the region of 50–45 ppm two peaks
were observed at 50.24 and 48.01 ppm, with the corresponding
coupling constants of J(P–Pt) = 2419 and 2431 Hz, respectively.

Fig. 6 (a) 31P and (b) 1H NMR spectra from the reaction of
[Pt(triphos)(GS)]� 5 with 1 mol equivalent 5�-GMP in the presence of
an excess of AgNO3 and 1 mol equivalent Au(I). There are two iso-
meric products 6a and 6b. Peaks labelled Pa and Pb are assigned to the
terminal and central phosphorus atoms, respectively, of the triphos
ligand, and phosphate to the 5�-phosphate of the 5�-GMP ligand.

The former peaks were assigned to Pb and the latter to Pa of the
adducts. Two peaks were also present at 2.29 and 1.99 ppm
(integration 1 :0.8, adducts a and b, respectively in Fig. 6),
assignable to the phosphate group of [Pt(triphos)(5�-GMP-
N7)], 6a and 6b, as well as a peak due to the free nucleotide.
The 1H NMR spectrum showed two peaks at 8.96 and 8.72
ppm which are shifted to low field compared to the H8 proton
resonance of the free nucleotide. Two resonances at 6.15 and
5.82 ppm are assignable to H1� of the sugar moiety of the
adducts. The final pH of the solution was ca. 4.

The 31P and 1H NMR spectra of the final solution thus
confirm the formation of two different [Pt(triphos)(5�-GMP)]
adducts, in both cases with 5�-GMP bound through the
N7 of the guanine base. After the initial formation of the
[Pt(triphos)(GS)]�, 5, the addition of 5�-GMP in the presence
of Au() resulted in the cleavage of the Pt–S bond, and the
formation of new Pt–N bonds. Even though the Pt–S bond is
generally considered to be inert and difficult to break, recently
Cheng and Pai 58 have described the cleavage of a Pt–S bond
from Pt()–GS adducts in the presence of Cu(). In the present
case, where all the chloride present in the solution is removed
by the AgNO3, Au() appears to trigger the displacement of GS
by the N atom of the nucleotide.

Reaction of [Pt(triphos)Cl]Cl, 2, with N-acetyl-L-cysteine. In
the 31P NMR spectrum of the reaction of complex 2 with N-
acetyl--cysteine [1 :1 molar ratio at ca. pH 7.3, CD3OD–D2O
(4 :1), in the presence of AgNO3], there were two resonances at
46.83 and 92.05 ppm (Table 4), with corresponding coupling
constants of 2518 and 2407 Hz. These coupling constants can
be assigned to P trans to S and P trans to P,41,42 respectively. The
resonance at the higher field is assigned to Pa and that at the
lower field to Pb. Both signals are shifted to low field, compared
to unreacted complex 2. In the 1H NMR spectrum peaks due to
the β-CH2 of the amino acid were broadened and shifted to low
field (by ca. 0.6 ppm), indicative of coordination to platinum
through the S atom.59,60 Thus the 1H NMR spectrum confirms
the formation of [Pt(triphos)(AcCys)]�, 7. This adduct has
improved water solubility compared to complex 2, which can be
useful for biological purposes.

Reaction of [Pt(triphos)Cl]Cl, 2, with N-acetyl-L-methionine.
The 31P NMR spectrum of the reaction of complex 2 with
N-acetyl--methionine [1 :1 molar ratio at ca. pH 7.64,
CD3OD–D2O (4 :1), in the presence of AgNO3] showed the
most intense peaks at 77.25, J(P–Pt) = 3157 Hz, and 47.13 ppm,
J(P–Pt) = 2568 Hz (Table 4), assignable to Pb and Pa, respec-
tively of the nitrate adduct [Pt(triphos)(ONO2)]NO3. Two other
signals at 95.57 ppm and 94.83 ppm with coupling constants
J(P–Pt) = 2739, 2732 Hz, respectively, were also present.
These resonances were assigned to Pb, being shifted to low field
compared to unreacted complex 2. The coupling constants are
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within the range assigned as P trans to S. The spectrum also
showed another resonance at 48.36 ppm, which is assigned to
Pa. The 1H NMR spectrum showed peaks at 2.44 and 2.22 ppm
assignable to the S-methyl and acetyl protons of the bound
amino acid shifted to low field upon coordination through
sulfur.61 This indicates the formation of the monofunctional
adduct [Pt(triphos)(AcMet-S)]�, 8.

Reaction of [PtAu(triphos)Cl3], 4, with thiols. The reaction of
[PtAu(triphos)Cl3] and GSH in 1 :1 molar ratio in DMF–D2O
(4 :1) at ca. pH 3 (uncorrected meter reading) gave rise to
a white precipitate that was filtered off. The 31P NMR spec-
trum of the clear solution showed two peaks at 88.05 ppm,
J(P–Pt) = 3099 Hz, and 42.99 ppm, J(P–Pt) = 2442 Hz, for
which reasonable assignments are to Pb and Pa, respectively,
of complex 2, [Pt(triphos)Cl]�. After the addition of 2 molar
equivalents of GSH in the same solvent system at pH 7.53,
the 31P NMR spectrum of the reaction mixture showed peaks
at 90.60 ppm, J(P–Pt) = 2319 Hz, and 45.45 ppm, J(P–Pt) =
2559 Hz, these peaks are assigned to Pb and Pa, respectively,
of [Pt(triphos)(GS)]� adduct, 5, which arises from the further
reaction of 2 with GSH.

The reaction of [PtAu(triphos)Cl3], 4 with N-acetyl--
cysteine in 1 :1 molar ratio at ca. pH 3 in DMF–D2O (4 :1) led
to the formation of a white precipitate. After the filtration of
the solid, 31P NMR spectrum of the solution was recorded
(Table 4). It showed two peaks at 88.06 ppm, J(P–Pt) = 3095
Hz, and 42.93 ppm, J(P–Pt) = 2444 Hz, assignable to Pb and Pa

of complex 2, [Pt(triphos)Cl]Cl, respectively. After the addition
of the 2 molar equivalents of amino acid (ca. pH 7.21),
the 31P NMR spectra of the reaction mixture showed two peaks
at 90.96 ppm, J(P–Pt) = 2292 Hz, and 45.12 ppm J(P–Pt) =
2569 Hz. These peaks were assigned to Pb and Pa of
[Pt(triphos)(AcCys)]�, 7, respectively. Thus the high affinity of
Au() for thiolates 62 dominates reactions of complex 4 with
thiols and Au() is readily extracted from the bimetallic com-
plexes allowing chelate ring closure.

Conclusion
We have shown that Au() can induce chelate ring-opening in
Pd() and Pt() triphos complexes to give novel bimetallic com-
plexes which were shown by X-ray crystallography to contain
square-planar Pd() and Pt() and linear Au() centres. It was
possible to reverse chelate ring-opening via Au() abstraction
from the bimetallic complex 4, [PtAu(triphos)Cl3] using thiols
such as the tripeptide glutathione. We also have shown that
thiolate adducts of [Pt(triphos)]2� have good aqueous solu-
bility. Substitution of the thiol by the nucleotide 5�-GMP
in [Pt(triphos)(GS)]� was observed in the presence of Au().
These studies provide the basis for further investigation of the
biological activity of this class of complexes.
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