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The reactivity of platinum(II) complexes of the type [PtCl(O,O¢-acac)(L)] (1) and [Pt(O,O¢-acac)-
(g-acac)(L)] (2) (L = DMSO, a; DMS, b), with a range of hard and soft nucleophiles such as
dimethylsulfide (DMS, b), triphenylphosphine, (PPh3, c), ethylene (h2-C2H4, d), carbon monoxide (CO,
e), pyridine (py, f), and guanosine (Guo, g) has been investigated. Interestingly, the complexes 1a and 1b
undergo selective substitution of the chloro or sulfur ligand depending on the hard/soft character of
the incoming nucleophile. The soft incoming ligand replaces the softer one and the hard ligand replaces
the harder one, giving [PtCl(O,O¢-acac)(L)] complexes (1b, 1c, 1d and 1e in the reaction of 1a with L =
DMS, PPh3, h2-C2H4, CO, respectively), and [Pt(O,O¢-acac)(DMSO)(L¢)] (3f, 3g) and [Pt(O,O¢-acac)-
(DMS)(L¢)] (4f, 4g) species in the reaction of 1a and 1b with L¢ = py and guo, respectively. In the cases
of 2a and 2b complexes, where the s-bonded acac (g-acac) replaces the chloro ligand, only in the
presence of an incoming soft nucleophile substituting the soft sulfur ligand the reaction occurs.
Equilibrium constants for the substitution reactions were measured by 1H NMR spectroscopy. Variable
temperature 1H NMR spectroscopy studies, performed for the reaction of 1a and 2a complexes with
DMS, revealed that the selective substitution of DMSO with DMS takes place in both cases, according
to a second-order kinetic law. The calculated values of DH‡ and DS‡ are consistent with an associative
mechanism. NMR spectroscopic characterization (1H, 13C, 195Pt, 31P) for the complexes and crystal
structures of isolated complexes ([PtCl(O,O¢-acac)(L)] (1) and [Pt(O,O¢-acac)(g-acac)(L)] (2), L =
DMSO, 1a and 2a; L = DMS, 1b and 2b; L = PPh3, 1c and 2c) are herein reported and discussed.

Introduction

Recently, we have reported the synthesis of a novel family of
Pt(II) b-diketonate complexes, which exhibit cytotoxic activity
higher than cisplatin on several cancer cell lines.1 Interestingly, the
activity appears to be related to the reaction with non-genomic
biological targets.2–4 These complexes contain a single chelated
(O,O¢-acac) (1), or one chelated and one s-bonded (g-acac)5,6

(2) acetylacetonate. The coordination sphere is completed by one
chloride (Cl-) and one sulfur ligand (dimethylsulfoxide, DMSO,
1a, or dimethylsulfide, DMS, 1b), or simply by the soft sulfur
ligand (DMSO, 2a or DMS, 2b) in type 1 and 2 complexes,
respectively (Scheme 1). The [PtCl(O,O¢-acac)(DMS)] (1b) and
[Pt(O,O¢-acac)(g-acac)(DMS)] (2b) complexes were easily pre-
pared by reaction of [PtCl(O,O¢-acac)(DMSO)] (1a) and [Pt(O,O¢-
acac)(g-acac)(DMSO)] (2a) with excess DMS. Interestingly, in
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Scheme 1 Chemical structure of O,O¢-chelated acac complexes: 1a and
2a, L = DMSO; 1b and 2b, L = DMS.

the case of [PtCl(O,O¢-acac)(DMSO)] (1a), this substitution is
selective for the softer DMSO among the two possible leaving
ligands (DMSO and Cl-).

Selectivity in ligand substitution reactions is an important topic,
widely studied in coordination and organometallic chemistry. The
trans7,8 and cis9,10 effects have often been used in order to explain
selectivity in substitution reactions involving square-planar Pt(II)
complexes.

However, in most cases the studied systems were characterized
by the presence of amines as non-leaving ligands. Selective
substitution reactions of Pt(II) complexes with soft ligands
have been previously reported for systems having four mon-
odentate ligands coordinated to the metal in a square planar
arrangement.11–14 Moreover, selective substitution of the p bonded
Hacac (enolic form) with soft (olefins, CO, PPh3) and hard
(py) ligands, was also observed for [PtCl(O,O¢-acac)(h2-Hacac)],
obtained from [PtCl(O,O¢-acac)(g-acac)]- by protonation of the s
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bonded g-acac.15 On the other hand the reaction of [PtCl(en)(L)]Cl
(en = N,N¢-chelate ethylenediamine, L = DMSO, DMS) with
a range of charged and neutral, soft or hard nucleophiles,16,17

regularly results in the substitution of the chloro ligand. In this
context, our O,O¢-acac chelate complexes represent, to the best
of our knowledge, the first Pt(II) complexes with a symmetric
O,O¢-donor carrier ligand showing selective reactivity towards
hard or soft nucleophiles. In this work, the peculiar reactivity
of the novel acac complexes has been studied from the kinetic
and thermodynamic viewpoint and extended with a range of
hard and soft nucleophiles such as dimethylsulfide (DMS),
triphenylphosphine (PPh3), ethylene (h2-C2H4), carbon monoxide
(CO), pyridine (py), and guanosine (Guo). NMR characterization
(1H, 13C, 195Pt, and 31P) and crystal structures are reported and
discussed for all isolated complexes ([PtCl(O,O¢-acac)(L)] (1) and
[Pt(O,O¢-acac)(g-acac)(L)] (2), L = DMSO, 1a and 2a; L = DMS,
1b and 2b; L = PPh3, 1c and 2c). Where possible, equilibrium and
kinetic constants for the substitution reactions (monitored by 1H
NMR spectroscopy) have been measured. Moreover, activation
parameters (DH‡, DS‡ and DG‡) for the DMSO substitution by
DMS for 1a and 2a complexes have been obtained by variable
temperature 1H NMR spectroscopy.

Results and discussion

Synthesis and NMR spectroscopy characterization

The synthesis and the spectroscopic characterization of 1a and
2a complexes were previously reported,2 their crystal structures
will be here discussed. The synthetic procedures of 1b-2b and

1c-2c complexes reported in the experimental section were de-
veloped, taking advantage of the selective reactivity showed by
1a-2a compounds towards soft nucleophiles. Indeed, [PtCl(O,O¢-
acac)(DMSO)] (1a) and [Pt(O,O¢-acac)(g-acac)(DMSO)] (2a)
complexes give selective substitution of DMSO in the presence
of incoming soft ligand such as DMS or PPh3. For the synthesis
of 1b and 2b complexes, an excess of DMS was added to 1a and
2a, in order to complete the substitution reaction. However, in the
case of 1c and 2c, a stoichiometric amount of PPh3 is required,
in order to avoid the further chloride substitution leading to the
coordination of a second phosphine ligand. Interestingly, [Pt(O,O¢-
acac)(g-acac)(PPh3)] (2c) was previously obtained only by reaction
of [Pt(O,O¢-acac)2] with PPh3.18,19 The substitution reaction of
the soft sulfur ligand was also used to obtain the ethylene (1d-
2d) and CO (1e-2e) species by reacting 1a-2a or 1b-2b in the
presence of excess gaseous ligand. Complexes (1b-2b and 1c-2c)
were isolated and characterized by 1H, 13C, 195Pt, and 31P NMR
spectroscopy and X-ray diffraction crystal structure. The ethylene
(1d-2d) and CO (1e-2e) complexes were characterized in solution
by 1H NMR. Relevant NMR data for all complexes are reported
in Table 1 (1H), Table 2 (13C), and Table 3 (195Pt). 1H NMR spectra
of 1c, 1d, 1e, 2c and 13C NMR spectra of 2c were found consistent
with those already reported.15,18,19 The 1H NMR spectra in CDCl3

of 1b-e and 2b-e complexes show the characteristic signal pattern
of an asymmetric O,O¢-acac chelate already observed for 1a-2a.
This consists of two singlets, assigned to the two methyl groups,
and one more deshielded singlet for gCH, in agreement with the
aromatic character of the O,O¢-acac chelate metalla-cycle. NOE
cross-peaks with DMS or PPh3 hydrogens in the 2D 1H NOESY
spectra of 1b-2b and 1c-2c allow to assign the lower frequency

Table 1 1H NMR chemical shifts of acac complexes with soft/hard liganda

Solvent H/Cg Me/acac L = DMSO, DMS, PPh3, h2-C2H4, py, guo

1a CDCl3 5.56 (O-bonded) 2.06; 2.02# (O-bonded) 3.44 [40]* (DMSO)
CD3OD 5.56 (O-bonded) 2.05; 2.02# (O-bonded) 3.45 [20] (DMSO)

2a CDCl3 5.53 (O-bonded) 2.00; 1.95# (O-bonded) 3.31 [19] (DMSO)
4.79 [120] (g-bonded) 2.29 (g-bonded)

CD3OD 5.69 (O-bonded) 2.01; 2.00# (O-bonded) 3.35 [20] (DMSO)
4.82 [120] (g-bonded) 2.26 (g-bonded)

1b CDCl3 5.48 (O-bonded) 1.97; 1.88# (O-bonded) 2.34 [48] (DMS)
CD3OD 5.62 (O-bonded) 1.92; 1.90# (O-bonded) 2.31 [47] (DMS)

2b CDCl3 5.47 (O-bonded) 1.95; 1.89# (O-bonded) 2.29 [51] (DMS)
4.88 [124] (g-bonded) 2.20 (g-bonded)

CD3OD 5.62 (O-bonded) 1.96; 1.95# (O-bonded) 2.31 [50] (DMS)
4.90 [120] (g-bonded) 2.19 (g-bonded)

1c CDCl3 5.39 (O-bonded) 2.02; 1.47# (O-bonded) 7.73m o, 7.39 m m, 7.45 m p, (PPh3) d31P = 0.40, JPt-P = 4195
2c CDCl3 5.42 (O-bonded) 1.98; 1.52# (O-bonded) 7.69m o, 7.40 m m, 7.45 m p (PPh3) d31P = 4.51, JPt-P = 4492

3.94 dd (5.8)� [110] (g-bonded) 2.13 (g-bonded)
1d CDCl3 5.55 (O-bonded) 2.16; 1.95# O-bonded 4.47[64] (h2-C2H4)
2d CDCl3 5.53 (O-bonded) 2.10; 1.96# O-bonded 4.02[65] (h2-C2H4)

3.88[114] (g-bonded) 2.22 g-bonded
1e CDCl3 5.68 (O-bonded) 2.12; 2.10# (O-bonded)
2e CDCl3 5.63 (O-bonded) 2.08; 2.06# (O-bonded)

4.59 [132] (g-bonded) 2.27 (g-bonded)
3f CDCl3 5.48 (O-bonded) 1.94; 1.87 O-bonded 3.46 [20] (DMSO); 8.75 [40] m o, 7.43 m m, 7.87 m p (py)

CD3OD 5.92 (O-bonded) 2.14; 2.06 O-bonded 3.48 [20] (DMSO); 8.84 [40] m o, 7.62 m m, 8.13 m p (py)
3g D2O 5.99 (O-bonded) 2.12; 2.00 O-bonded 3.52–3.51; 3.40–3.39 (DMSO); 8.62 H8, 5.99 H1¢ (guo)

CD3OD 5.95 (O-bonded) 2.14; 2.05 O-bonded 3.51–3.50; 3.40–3.49 (DMSO); 8.72 H8, 5.95 H1¢ (guo)
4f CDCl3 5.50 (O-bonded) 1.93; 1.86 O-bonded 2.43 [42] (DMS); 8.83 [34]m o, 7.36 m m, 780 m p (py)
4g CD3OD 5.78 (O-bonded) 2.06; 1.97 O-bonded 2.41; 2.39 (DMS); 8.61 H8, 5.93 H1¢ (guo)

a # indicates the acac methyl group cis to the L ligand. JH-P (�) and JH-Pt (*) are reported in parentheses (Hz) and in square brackets [Hz], respectively,
where measurement was possible.
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Table 2 13C NMR chemical shifts (d) of isolated complexes

C/(O,O¢-acac) C/(s-acac) C/L ligand

1a 26.3 (Me), 102.3 (gCH) 44.3 (DMSO)
185.1#, 185.9 (C=O)

2a 27.50, 27.3# (Me), 30.9 (Me) 42.0 (gCH) 42.95 (DMSO)
102.2 (gCH) 208.5 (C=O)
185.8#, 184.9 (C=O)

1b 26.5, 26.1# (Me), 22.1 (DMS)
101.7 (gCH)
184.9, 182.9# (C=O)

2b 27.1, 27.5# (Me), 30.9 (Me), 40.5 (gCH) 22.1 (DMS)
101.6 (gCH) 207.2 (C=O)
183.7, 184.7# (C=O)

1c 27.3, 25.8# (Me), 134.6 (o),
101.4 (gCH) 128.0 (m),
185.7, 183.0# (C=O) 130.9 (p)(PPh3)

2c 27.8, 26.9# (Me), 30.9 (Me), 41.1 (gCH) 134.4 (o),
100.9 (gCH) 209.1 (C=O) 127.9 (m),
183.9, 184.1# (C=O) 130.7 (p)(PPh3)

a # indicates the acac methyl group cis to the L ligand.

Table 3 195Pt NMR chemical shifts of isolated acac complexes

d

1a -2399
2a -3198
1b -2096
2b -2905
1c -2888 [4195]a

2c -3532 [4492]a

a JP-Pt are reported in square brackets [Hz].

signal of the two methyl groups to the methyl in cis to the soft
ligand (DMS/PPh3).

Due to the PPh3 phenyl groups’ anisotropic effect, the O,O¢-
acac chelate methyl cis to PPh3 is significantly more shielded
with respect to the analogous methyl in the other complexes.
Therefore, the two singlets of the O,O¢-acac methyl groups in
the phosphine complexes 1c and 2c (2.02 and 1.47, 1.98 and
1.52 ppm for 1c and 2c, respectively) exhibit the greater Dd
(~0.5 ppm) with respect to the analogous complexes. The lower
frequency resonance of O,O¢-acac methyl group was assigned to
the methyl in cis to the L ligand, by comparing the 1H NMR
data of 2d and 2e species with those already reported for other
[PtCl(O,O¢-acac)(L)] complexes (L = olefin, tertiary phosphine,
carbon monoxide).15,20–23 The 1H NMR spectra of 2b-e complexes
exhibit for the Cg-H acac the characteristic deshielded signal with
195Pt coupling for the methine and only one singlet relative to the
methyl groups, integrating for one and six protons, respectively.
Only for 2c the methine resonance is a doublet, due to the 31P
coupling (d = 3.94, 3JH-P = 5.8 Hz and a 2JH-Pt = 110 Hz). The
spectra of 1b and 2b show only one singlet for two methyl groups
of the DMS ligand with the characteristic 195Pt coupling (d = 2.29
with a 3JH-Pt of 51 Hz and d = 2.31 with a 3JH-Pt of 50 Hz for 1b and
2b, respectively). The 1c-2c complexes exhibit at high frequencies
the characteristic triphenylphosphine signal pattern and in the 31P
NMR spectra they show only one signal at 0.40 and 4.51 ppm
with a 1JP-Pt of 4195 and 4492 Hz for 1c and 2c, respectively.
In the 1H NMR spectra of 1d and 2d complexes the singlets at
4.47 (2JH-Pt of 64 Hz) and 4.02 ppm (2JH-Pt of 65 Hz), respectively,

account for the ethylene group. The 13C NMR spectra, acquired
for isolated complexes, confirmed the structures assigned on the
basis of 1H NMR spectroscopic data. One bond and long range
2D 1H-13C HETCOR experiments allowed correct assignments
for all the 13C resonances. In particular, O,O¢-chelated and Cg-
bonded acac groups show very different chemical shifts for the
Cg atom. The pseudo-aromatic Cg carbons of the acac chelates
resonate downfield with respect to the corresponding carbon in
the s-bonded acac (see Table 2). Carbonyls of the acac chelate
involved in the pseudo-aromatic metallacycle resonate at lower
frequencies with respect to the s-bonded acac ones. The long range
2D 1H-13C HETCOR spectra, together with the above mentioned
NOESY data, were used to correlate the carbonyls and the methyl
groups belonging to the same half of the asymmetric chelate acac.
Due to the substitution of the Cl- with the strong s-donor g-
acac ligand, the 195Pt spectra of the isolated species 2a-c show a
more deshielded signal (ca. 600–800 ppm Dd) with respect to 1a-c
complexes (Table 3). As already observed for other Pt phosphino-
complexes,24 the 1c-2c phosphino species exhibit the greater 195Pt
shielding with respect to the sulfur complexes 1a-2a and 1b-2b.
Furthermore, for both type 1 and 2 complexes the shielding of
195Pt chemical shift follows the series PPh3 > DMSO > DMS
according to the soft ligand substitution (DMSO in a, DMS in b,
and PPh3 in c).

Crystal structure

Molecular drawings and crystal packing of 1a, 1b, and 1c are
depicted in Fig. 1–3, whereas selected bond lengths and angles
are reported in Table S1.† In all complexes the Pt atom shows a
square-planar coordination achieved by means of a O,O¢-chelate
acetylacetonate ligand, a chlorine atom, and a S-coordinated
DMSO (1a), a S-coordinated DMS (1b), or a PPh3 molecule
(1c). Two independent molecules stacked through the Pt-acac
hexa-atomic ring are present in 1a. The Pt atoms of the two
complexes exchange two long contacts with the oxygen atoms
trans to the chlorine atom of the other complex (Pt–O range
3.610(7)–3.783(7) Å). This generate 1D chains that run parallel to
the b crystallographic axis (Fig. 1). On the contrary, in the crystal
packing of 1b, adjacent molecules are arranged perpendicularly to
each other (Fig. 2). In the case of 1c, the asymmetric unit contains
two independent complexes (Fig. 3) and the main difference
between them is represented by the arrangement of the phenyl
residues of the PPh3 ligand. In fact, the C(32) atom of one phenyl
ring, belonging to unit-1, points towards the Cl(2) atom of the
other complex, whereas the corresponding C(36) atom of unit-2
points towards the O(21) oxygen atom. In 1a, 1b and 1c complexes,
the Pt-O bond distance trans to the chlorine atom is slightly shorter
than the one trans to the sulfur or phosphorous atom, suggesting a
greater trans influence of the DMSO, DMS, or PPh3 moieties with
respect to Cl-.25 The bond lengths within the acetylacetonate unit
are in agreement with the p delocalization of the six-membered
ring. In 1a the two independent molecules show practically the
same bond distances and angles, and they are comparable with
those of 1b, apart from the Pt-S bond distance that reflects the
different electronic configuration of the S atoms in DMSO and
DMS (Table S1†).26

The molecular drawings of 2a, 2b and 2c are reported in
Fig. 4–6 and selected bond lengths and angles are reported in
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Fig. 1 Molecular structure of 1a showing the two independent complexes.
Thermal ellipsoids are drawn at the 30% probability level (above); crystal
packing of 1a projected along the b crystallographic axis. Hydrogen atoms
were removed for clarity (below).

Fig. 2 Molecular structure of 1b. Thermal ellipsoids are drawn at the
30% probability level (above); crystal packing of 1b projected along the a
crystallographic axis (below).

Fig. 3 Molecular structure of 1c. Thermal ellipsoids are drawn at the
30% probability level. The two complex molecules that represent the
asymmetric unit are reported.

Fig. 4 Molecular structure of 2a. Thermal ellipsoids are drawn at the
30% probability level.

Table S2.† The molecular structure of 2a was recently reported
showing an asymmetric unit comprised of three molecular units
(space group P-1).2 In the present case, the asymmetric unit
is represented by one complex molecule (space group P21/n)
and the geometric parameters are essentially equivalent with
those previously reported (Fig. 4). In these complexes the square
planar coordination of the metal is defined by one O,O¢ chelate
acetylacetonate ligand, a Cg-bonded acetylacetonate, and a
S-coordinated DMSO (2a), a DMS (2b), or a PPh3 molecule
(2c). The bidentate acetylacetonate moiety presents bond lengths
that are in agreement with the p delocalization as found for
1a-c, whereas the Cg bonded one exhibits a tetrahedral geometry
at the Cg carbon atom, and C-O distances consistent with a

This journal is © The Royal Society of Chemistry 2009 Dalton Trans., 2009, 7786–7795 | 7789
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Fig. 5 Molecular structure of 2b. Thermal ellipsoids are drawn at the
30% probability level.

Fig. 6 Molecular structure of 2c. Thermal ellipsoids are drawn at the 30%
probability level. One of the two independent molecules is reported.

double bond character (Table S2†). The main difference between
2a and 2b is represented by the orientation of the Cg bonded
acetylacetonate ligand with respect to the S-donor one. In fact,
in 2a, the Cg-H is directed towards the DMSO molecule and
is bisecting the O(5)-S-C(11) angle, whereas in 2b it is oriented
towards the O(3) atom of the chelate acetylacetonate ligand.
As far as the Pt-O distances are concerned, 2a exhibits the
longer distance for the bond in trans to the DMSO molecule,
whereas in 2b and 2c, the longer Pt-O distances are those in
trans to the Cg carbon. This is a consequence of the greater
trans influence of the Cg-bonded acetylacetonate group with
respect to the chloride ion that is present in 1a-c. Interestingly,
the asymmetric unit of 2c is comprised of two complex molecules
that are strictly related by a pseudo-center of symmetry, and on a
first stage, this cast some doubts on the space group assignment
(Fig. 7). Nevertheless, by inspecting the crystal packing it became
evident that this symmetry is only local, since it does not apply
to the rest of the lattice but only to the two molecular units.
As an example, the C(251) atom of unit-1 points towards the
center of the penta-atomic ring containing Pt(2)¢¢, whilst the
pseudo-centrosymmetric C(212) atom points towards O(11)¢.
Interestingly, the Pt-O distances trans to the phosphorus or sulfur
in type 1 (PPh3 > DMSO ≥ DMS) and 2 (PPh3 > DMSO >

Fig. 7 Portion of the crystal packing of 2c, with indicated the pseudo–
center of symmetry. Symmetry codes: ¢ = x; -y; 1/2 + z, ¢¢ = x; 1 - y;
z - 1/2.

DMS) account for the different trans influence of the soft ligands
measured by crystallographic data in other model systems.27

Thermodynamic and kinetic studies of the substitution reactions

Thermodynamic and kinetic studies of ligand substitution re-
actions with hard/soft nucleophiles for 1a-2a and 1b-2b were
performed by 1H NMR spectroscopy, as described in the ex-
perimental section. Reaction of [PtCl(O,O¢-acac)(DMSO)] (1a)
complex with DMS to give [PtCl(O,O¢-acac)(DMS)] (1b) is fast
in CDCl3, reaching almost immediately the equilibrium, while
reaction of [Pt(O,O¢-acac)(g-acac)(DMSO)] (2a) to give [Pt(O,O¢-
acac)(g-acac)(DMS)] (2b) in the same solvent needs approximately
3 days to reach the steady-state (Fig. 8). On the other hand,
comparison of the equilibrium constants evaluated by 1H NMR
spectroscopy at 25◦C, for the two reactions 1a→1b (K1a→1b =
6.5 ¥ 101 ± 1.3 ¥ 101) and 2a→2b (K2a→2b = 17.0 ¥ 101 ±
3.4 ¥ 101) indicates that the substitution of the sulfur ligand is
thermodynamically favoured in the case of 2a with respect to 1a.

Therefore, although the two ligands cis to DMSO (Cl- and g-
acac in the case of 1a and 2a, respectively) formally share the
same charge, the strongly s-donating ligand g-acac favours the
DMSO substitution reaction in the presence of the incoming DMS
ligand (K2a→2b greater than K1a→1b). In order to rule out a solvent
effect (aprotic vs. protic)28 on the selectivity of the substitution, we
followed the reactions of 1a and 2a with DMS in CD3OD by 1H
NMR spectroscopy. The same substitution reactions (1a→1b and
2a→2b) and hard/soft selectivity (leading to the exclusive DMSO
over Cl- substitution for 1a→1b) were observed also in this case.
Moreover, the reactions 1a→1b and 2a→2b were performed on a
preparative scale to give, in the presence of excess DMS, the final
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Fig. 8 1H NMR spectra in CDCl3 (400 MHz) for the reaction of 2a with
DMS. t = 0, 2a and free DMS; t = 24 h, 2a reacts with DMS (#) giving 2b
and free DMSO (*); t = 3 d, steady-state of the reaction.

products (1b and 2b). Interestingly, these specific reactivity and
selectivity have never been observed for the cationic platinum com-
plexes [PtCl(en)(DMSO)]Cl. Indeed, when [PtCl(DMSO)(en)]Cl
(the simplest analogue of 1a, having a chelating diamine ligand in
place of a O,O¢-chelated acetylacetonate) was reacted with DMS
in CD3OD, no DMSO substitution by DMS was detected. Even in
the presence of excess DMS, the DMSO in [PtCl(DMSO)(en)]Cl

is slowly replaced by the counterion, affording [PtCl2(en)], as
normally occurs in the absence of the excess sulfur ligand.29,30 The
kinetic constants and the activation parameters for the reactions
1a→1b and 2a→2b were also calculated by variable temperature
1H NMR spectroscopy (in the range 288.15–308.15 K). Under
the conditions reported in the experimental section, the reactions
were completed in 20–60 min, and a satisfactory pseudo-first-order
behaviour was observed for both reactions. The plot of pseudo-
first-order rate constants, kobs, against the concentration of DMS
indicates a first order in the incoming ligand for both 1a→1b and
2a→2b reactions without any significant intercept. Thus, both the
reactions follow the same rate law

kobs = k2 [DMS]

The second-order rate constants k2 were obtained at different
temperatures (Table 6) and were used for calculating the corre-
sponding activation parameters, DG‡, DH‡ and DS‡, reported in
Table 7. Interestingly, the obtained data show for both reactions,
within the experimental error, the same value of DS‡ (-124 ± 6
and -124 ± 12 for 1a→1b and 2a→2b, respectively) and only a
slight difference in the enthalpy contents (47 ± 2 and 50 ± 3 for
1a→1b and 2a→2b, respectively). These data imply an analogous
associative mechanism for DMS promoted DMSO substitution
reaction in 1a and 2a complexes, with a similar geometrical
arrangement in the transition state.

In order to confirm the reactivity and hard/soft selectivity in
the ligand substitutions for these O,O¢-chelated-acac platinum
systems, both the DMSO (1a and 2a) and DMS (1b and 2b)
complexes were checked by NMR in the reactions with other
soft nucleophiles such as triphenylphosphine (PPh3), ethylene (h2-
C2H4) and carbon monoxide (CO) in CDCl3. In the presence of sto-
ichiometric amounts of PPh3, both 1a and 2a, as well as 1b and 2b,
gave in all cases almost immediately the substitution of the sulfur
ligand and the quantitative formation of [PtCl(O,O¢-acac)(PPh3)]

Table 4 Crystal data and structure refinement for 1a-1ca

1a 1b 1c

Empirical formula C7H13ClO3PtS C7H13ClO2PtS C23H22ClO2PPt
Formula weight 407.77 391.77 591.92
T (K) 293(2) 293(2) 293(2)
l (Å) 0.71073 0.71073 0.71073
Crystal system Monoclinic Monoclinic Triclinic
Space group P21/c P21/c P-1
a (Å) 17.718(11) 6.268(2) 9.948(1)
b (Å) 7.245(8) 11.781(6) 12.738(2)
c (Å) 18.793(13) 15.140(16) 18.411(2)
a (deg) 90 90 101.68(1)
b (deg) 111.57(2) 99.41(2) 100.25(1)
g (deg) 90 90 106.83(2)
V (Å3) 2243(3) 1103(1) 2116.0(5)
Z, r(calc) (Mg m-3) 8, 2.415 4, 2.359 4, 1.858
m, mm-1 12.907 13.115 6.849
q range (deg) 3.01 to 27.01 3.23 to 30.00 1.17 to 26.00
Refl. Coll./uniq. 5007/4877 [Rint = 0.0711] 3314/3213 [Rint = 0.0438] 23015/8301 [Rint = 0.0566]
data/restraints/param. 4877/0/235 3213/0/113 8301/0/508
GOF on F 2 1.018 0.982 0.937
R1 0.0476 0.0321 0.0281
wR2 0.1284 0.0707 0.0449
largest diff. peak/hole (e Å-3) 2.653 and -2.886 0.973 and -1.308 1.109 and -0.951

a R1 = ∑‖F o| - |F c|/
∑

|F o|, wR2 = [
∑

[w(F o
2 - F c

2)2]/
∑

[w(F o
2)2]] 1

2
, w = 1/[s 2(F o

2) + (aP)2 + bP], where P = [max(F o
2,0) + 2F c

2]/3.
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Table 5 Crystal data and structure refinement for 2a-2ca

2a 2b 2c

Empirical formula C12H20O5PtS C12H20O4PtS C29H30Cl3O4PPt
Formula weight 471.43 455.43 774.94
T (K) 293(2) 293(2) 293(2)
l (Å) 0.71073 0.71073 0.71073
Crystal system Monoclinic Monoclinic Monoclinic
Space group P21/n C2/c P2/c
a (Å) 7.910(4) 8.766(1) 17.067(6)
b (Å) 13.000(5) 14.185(2) 12.310(4)
c (Å) 15.711(8) 25.006(3) 27.577(9)
a (deg) 90 90 90
b (deg) 101.63(2) 93.561(2) 92.55(1)
g (deg) 90 90 90
V (Å3) 1582(1) 3103.4(7) 5788(3)
Z, r(calc) (Mg m-3) 4, 1.979 8, 1950 8, 1.779
m, mm-1 9.010 9.180 5.214
q range (deg) 3.06 to 24.99 1.63 to 26.39 1.19 to 27.00
Refl. Coll./uniq. 2878/2779 [Rint = 0.0765] 4838/3256 [Rint = 0.0000] 64056/12637 [Rint = 0.0859]
data/restraints/param. 2779/0/172 3256/0/170 12637/0/621
GOF on F 2 1.004 1.008 1.002
R1 0.0409 0.0493 0.0384
wR2 0.0615 0.1398 0.0526
largest diff. peak/hole (e Å-3) 1.733 and -1.463 1.331 and -1.407 1.255 and -1.259

a R1 = ∑‖F o| - |F c‖/
∑

|F o|, wR2 = [
∑

[w(F o
2 - F c

2)2]/
∑

[w(F o
2)2]] 1

2
, w = 1/[s2(F o

2) + (aP)2 + bP], where P = [max(F o
2,0) + 2F c

2]/3.

Table 6 Kinetic constants vs. T for the substitution reaction of 1a and 2a with DMS

T (K) k (1a) Adj R2 k (2a) Adj R2

308.15 2.7 ¥ 10-2 ± 1.4 ¥ 10-2 0.9918 6.5 ¥ 10-3 ± 2.9 ¥ 10-3 0.9771
303.15 2.0 ¥ 10-2 ± 1.1 ¥ 10-2 0.9920 4.4 ¥ 10-3 ± 1.7 ¥ 10-3 0.9833
298.15 1.4 ¥ 10-2 ± 0.8 ¥ 10-2 0.9907 3.6 ¥ 10-3 ± 1.3 ¥ 10-3 0.9951
293.15 1.0 ¥ 10-2 ± 0.5 ¥ 10-2 0.9973 2.4 ¥ 10-3 ± 0.8 ¥ 10-3 0.9992
288.15 0.7 ¥ 10-2 ± 0.3 ¥ 10-2 0.9997 1.5 ¥ 10-3 ± 0.5 ¥ 10-3 0.9989

Table 7 Activation parameters for the substitution reactions 1a→1b and
2a→2b

k (measured at
298.15 K)

DH‡

(kJ mol-1)
DS‡

(J K-1 mol-1)
DG‡

(298 K)

1a→1b 1.4 ¥ 10-2 ± 0.8 ¥ 10-2 47 ± 2 -124 ± 6 84 ± 3
2a→2b 3.6 ¥ 10-3 ± 1.3 ¥ 10-3 50 ± 3 -124 ± 12 87 ± 7

(1c) and [Pt(O,O¢-acac)(g-acac)(PPh3)] (2c), respectively. It should
be noted that also in the case of 1a and 1b, the PPh3 substitution
is selective for the softer ligand (DMSO/DMS) among the two
possible leaving ligands (DMSO/DMS and Cl-) (Fig. 9). The
thermodynamic of the substitution reactions (1a/1b→1c and
2a/2b→2c) strongly favours the phosphino complexes 1c and 2c,
being the equilibrium constants K1a/1b→1c and K2a/2b→2c >> 103,
estimated from NMR data. The strongly favoured, both kinetically
and thermodynamically, substitution of the sulfur ligand (DMSO
or DMS) with PPh3 allowed us to set up an easy synthetic
procedure, in order to isolate in good yield 1c and 2c complexes.

The same reactivity and selectivity were observed also when 1a-
2a and 1b-2b were reacted with a p-electron system nucleophile,
such as ethylene (h2-C2H4) in CDCl3. Again, the sulfur ligand
displacement (DMSO or DMS) is selectively preferred over the
chloride substitution in the case of 1a and 1b, to afford [PtCl(O,O¢-
acac)(h2-C2H4)] (1d) (Fig. 10), and takes place also in the case

Fig. 9 1H NMR spectra in CDCl3 for the reaction of 1b with triph-
enylphosphine giving 1c.

of 2a and 2b to give [Pt(O,O¢-acac)(g-acac)(h2-C2H4)] (2d). This
behaviour suggests the idea that, in these systems, the driving force
ruling the reactivity is the hard/soft nature of the incoming ligand.

In all the cases of sulfur ligand displacement by ethylene,
the reactions are less favoured both kinetically (ca. two weeks
are required to reach the equilibrium) and thermodynamically
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Fig. 10 1H NMR spectra in CDCl3 for the reaction of 1a with ethylene
giving 1d.

with respect to the analogous reactions, where the displacing
nucleophile is another sulfur ligand or a phosphine (K1a→1d =
9.0 ¥ 10-1 ± 1.8 ¥ 10-1, K2a→2d = 4.9 ¥ 10-1 ± 9.8 ¥ 10-2,
K1b→1d = 4.5 ¥ 10-2 ± 9.0 ¥ 10-3 and K2b→2d = 3.0 ¥ 10-3 ±
5.4 ¥ 10-4). The reaction of 1a-2a and 1b-2b with CO gave
again, in all cases, substitution on the sulfur ligand. Selective
displacement of DMSO or DMS over the chloro ligand from
1a and 1b, respectively, gave [PtCl(O,O¢-acac)(CO)] (1e), while
[Pt(O,O¢-acac)(g-acac)(CO)] (2e) was obtained from 2a and 2b.
However, in these cases, due to both the presence of CO excess
and the slowness in reaching the steady-state for all four reactions,
the carbonyl complexes (1e, 2e) could be only spectroscopically
characterized, since a further reaction takes place. Therefore,
the equilibrium constants for 1a/1b→1e 2a/2b→2e reactions
could not be measured, nor the pure complexes 1e and 2e could
be isolated. In order to confirm this unforeseen reactivity and
substitution selectivity for this class of compounds, we also studied
by 1H NMR spectroscopy the reaction of 1a-1b and 2a-2b, with
hard nitrogen donor ligands such as pyridine (py) and guanosine
(Guo, able to undergo easily N7 coordination). Interestingly,
while 2a and 2b show negligible reactivity with both py and
Guo, 1a and 1b slowly undergo chloride substitution as the first
reaction step giving [Pt(O,O¢-acac)(DMSO)(py)]+ (3f), [Pt(O,O¢-
acac)(DMSO)(Guo)]+ (3g) and [Pt(O,O¢-acac)(DMS)(py)]+ (4f)
[Pt(O,O¢-acac)(DMS)(Guo)]+ (4g), respectively. The Cl- substi-
tution reactions by py or Guo appear both kinetically and
thermodynamically less favoured with respect to the analogous
substitutions involving the soft ligands. Moreover, at least in
the case of py, even when used stoichiometrically as incoming
nucleophile, NMR spectra in CDCl3 account for further reactions
involving 3f and 4f. These include substitution of the sulfur ligand
by coordination of a second py molecule or reentering of the
chloride in the Pt coordination sphere.

Conclusions

All data herein presented confirm the hypothesis that, in the
6-membered O,O¢-chelate ring systems, [PtCl(O,O¢-acac)(L)] (1)
(L = DMSO, a; DMS, b), where, together with the O,O¢-acac

carrier ligand, two leaving ligands with different hard/soft char-
acter (Cl- and DMSO or DMS) are present, hard/soft selectivity
is observed for the first substitutions. Indeed, in type 1 complexes,
in the first instance, substitution of the harder leaving group by
an incoming hard ligand and of the softer group by an incoming
soft ligand takes place. This seems to be the case of complexes
1a and 1b in the reactions with another sulfur ligand, phosphine,
ethylene, CO, py and Guo. On the other hand, when only a soft
ligand is available for substitution (being the s bonded g-acac
essentially unavailable for substitution in the reaction conditions)
as in the cases of [Pt(O,O¢-acac)(g-acac)(L)] (2) (L = DMSO, a;
DMS, b), the substitution reaction takes place only in the presence
of an incoming soft ligand, otherwise no reaction occurs at all
(Scheme 2).

Scheme 2 Selective reaction of O,O¢-acac complexes with soft nucle-
ophiles and nitrogen ligands.

Kinetic and thermodynamic analyses for selective DMSO
substitution by DMS indicate that both 1a→1b and 2a→2b
reactions take place with a second order kinetic law and an
associative mechanism with a similar geometrical configuration in
the transition state. In principle, the strongly favoured substitution
reactions with soft ligands, in both 1 and 2 systems can be used to
set up straightforward synthetic procedures giving new O,O¢-acac
chelate Pt(II) complexes.

Experimental

Physical measurements

Elemental analyses were performed using a Carlo-Erba elemental
analyser, model 1106. 1H NMR, 195Pt NMR, 31P NMR, 1H–1H
COSY, 1H–1H NOESY, 1H–195Pt HETCOR, 1H–13C HETCOR,
and 1H–13C HETCOR long range two-dimensional experiments
were recorded on a Bruker Avance DPX 400 MHz and on a Bruker
Avance DRX 500 MHz (CARSO). CDCl3, CD3OD, and D2O
were used as solvents, and chemical shift were referenced to TMS

This journal is © The Royal Society of Chemistry 2009 Dalton Trans., 2009, 7786–7795 | 7793
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for CDCl3 and CD3OD by the residual protic solvent peaks as
internal references (d = 7.24 ppm for CDCl3 and d = 3.30 ppm for
CD3OD) and to TSP (2,2¢,3,3¢-d(4)-3-(trimethyl-silyl)-propionic
acid sodium salt) for D2O (d = 0 ppm) as internal reference. 195Pt
chemical shifts were referenced to Na2[PtCl6] (d(Pt) = 0 ppm) in
D2O as an external reference.31

Starting materials

Acetylacetone (2,4-pentanedione), pyridine, guanosine, DMSO,
DMS, PPh3, carbon monoxide, ethylene and deuterated solvents
(CDCl3, CD3OD, and D2O) were used without further purifica-
tion. [PtCl(en)(DMSO)]Cl,32 [PtCl(O,O¢-acac)(DMSO)]2 (1a) and
[Pt(O,O¢-acac)(g-acac)(DMSO)]2 (2a) were prepared according to
previously reported procedures.

Syntheses of [PtCl(O,O¢-acac)(DMS)] (1b) and [Pt(O,O¢-
acac)(c-acac)(DMS)] (2b). To a chloroform (3 mL) solution of
1a or 2a (0.1 g, 0.24 mmol for 1a and 0.1 g, 0.21 mmol for 2a) a
large DMS excess (0.224 g, 3.6 mmol for 1a and 0.263 g, 4.24 mmol
for 2a) was added. The reaction mixture was left under stirring at
room temperature, overnight. The resulting yellow solution was
added of pentane (10 mL) and kept at 5 ◦C for one day up to
the formation of a yellow needles crystals for 1b and pale yellow
crystals for 2b. Finally, the crystals were isolated, washed with
pentane, and dried under vacuum. (Yield 0.075 g, 0.191 mmol,
80% for 1b. Anal. Calcd for C7H13ClO2PtS (391.773): C 21.46; H
3.34. Found: C 21.27; H 3.20; yield 0.078 g, 0.171 mmol, 82%
for 2b. Anal. Calcd for C7H13ClO2PtS (455.428): C 31.65; H 4.43.
Found: C 31.72; H 4.56).

Syntheses of [PtCl(O,O¢-acac)(PPh3)] (1c) and [Pt(O,O¢-acac)(c-
acac)(PPh3)] (2c). To a chloroform (30 mL) solution of 1a or
2a (0.1 g, 0.246 mmol for 1a and 0.1 g, 0.212 mmol for 2a) a
stoichiometric amount of PPh3 previously dissolved in 20 mL of
CHCl3 was added. The mixture was left under stirring at room
temperature for ca. 6 h. The resulting solution was concentrated
(5 mL) and added of pentane (20 mL) to allow the precipitation of
a yellow powder for 1c and a pale-yellow solid for 2c. The products
(1c and 2c) were then collected, washed and dried under vacuum.
By slow evaporation from CHCl3 solution, yellow crystals of 1c
were obtained. Yellow crystals of 2c were formed by addition of
pentane to a CHCl3 solution. (Yield 0.120 g, 0.202 mmol, 82%
for 1c. Anal. Calcd for C23H22ClO2PPt (591.924): C 46.67 H 3.75,
found C 46.10 H 3.77; yield 0.106 g, 0.162 mmol, 76% for 2c. Anal.
Calcd for C28H29O4PPt (655.579): C 51.30; H 4.46, found C 50.93;
H 4.45).

Reactions in NMR tube. 0.010 g of complex (1a, 2a, 1b,
and 2b) were dissolved in deuterated solvent (1 mL) and the
resulting solution placed in a NMR tube. The reaction with
added soft (DMS, DMSO, PPh3, ethylene, carbon monoxide) and
hard (pyridine, guanosine) ligands in a stoichiometric amount was
time-monitored recording 1H NMR spectra. The thermodynamic
measurements were performed using a Bruker Avance DPX
400 MHz at 298.15 K. The 1H NMR spectra were conducted
using a 60◦ pulse of 4.8 ms and a D1 delay of 5 s and 16 scans. The
progress of reactions was monitored by integrating the 1H NMR
signals from the O,O¢-acac methine of the Pt complexes.

Kinetics curve fitting and activation parameters calculation

The kinetics of reactions 1a→1b and 2a→2b were studied in
CDCl3 using a Bruker Avance DRX 500 MHz spectrometer
equipped with an indirect broad band triple resonance probe and
a variable temperature unit BVT300 module on the temperature
range from 288.15 to 308.15 K. The 1H NMR spectra were
acquired using a 60◦ pulse of 6 ms and a D1 delay of 5 s and 8 scans.
The progress of reactions was monitored by integrating the 1H
NMR signals from the O,O¢-acac methine of the Pt complexes. The
pseudo-first-order conditions were ensured by using at least 10-
folds excess of DMS with respect to the Pt starting complex. The
reactions were started by mixing solutions of Pt complex (0.0085 g;
~0.02 M) and DMS in CDCl3 to give the total solution a volume of
1 mL. The pseudo-first-order constants kobs were calculated from
the slope of linear plots ln[M] (where [M] is the concentration of
starting complex) versus time (s). After preliminary fittings of the
data with both the exact rate law integrated formula and the first
order approximation for the studied reaction, we determined that,
within the range of concentrations explored, no significant error
occurred within the pseudo-first-order approximation. Therefore,
for each temperature, concentration were fitted to a simple single
exponential decay function, of the type [C] = C0 exp(-kobst),
where kobs = k2[DMS]. In order to exclude a first order process,
we performed multiple experiments at selected temperatures
using different DMS concentration. By plotting the obtained
kobs against concentrations, we obtained a straight line with no
significant 0th order term (see supplementary material Figure S3†).
In order to calculate the activation parameters, lnk was fitted
against 1/T , obtaining a straight line with equation ln(k/T) =
DH‡/R(1/T) + DS‡/R + ln (kB/h). DG‡ were calculated at 298.15 K
according to the equation DG‡ = DH‡ - TDS‡. All data were
fitted with the computer program OriginPro 8 by OriginLab
Corporation on a PC running Windows.

X-Ray crystallography

A summary of data collections and structure refinements is
reported in Table 4 and Table 5. Single crystal data were collected
on a Philips PW 1100 diffractometer (1a, 2a, 1b), on Bruker Smart
1000 area detector diffractometer (1c, 2c), and on Bruker Smart
APEXII area detector diffractometer (2b). All data collection
were performed with the Mo Ka radiation (l = 0.71073 Å).
For 1a, 2a and 1b the cell constants were obtained from a least-
square refinement of the setting angles of 24 randomly distributed
and carefully centered reflections, whereas for 1c and 2c the
cell constants were obtained from a least-square refinement of
10944, and 14330 reflections, respectively. Empirical absorption
correction was applied using the program NEWABS92333 (1a, 2a,
1b), and with the program SADABS (1c, 2c).34 The crystals of 2b
were identified as non-merohedral twins using RLATT.35 Two unit
cells could be determined where the twin law corresponds to [-1 0
0, 0 -1 0, 0.35 0 1]. Integration of the data of 2b was performed with
SAINT-Plus36 using both orientation matrices. The absorption
correction for 2b was applied using the program TWINABS,37

and each component was scaled separately. The R(int) (point
group 2/m) for the first component refined to 0.0651, and for the
second component it refined to 0.0648. Equivalent reflections were
merged if they derived from the same twin component. The ratio
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of the twin components was refined to 0.87/0.13. The structures
of all compounds were solved by direct methods (SIR9738 and
SIR200439), and refined with full-matrix least-squares (SHELX-
97),40 using the WinGX software package.41 Non-hydrogen atoms
were refined anisotropically for all compounds, and the hydrogen
atoms were placed at their calculated positions. Graphical material
was prepared with the ORTEP3 for Windows42 and Mercury CSD
2.043 programs. Full tables of bond lengths and angles, atomic
positional parameters, anisotropic displacement parameters are
given in the supplementary material. Details of the crystal
structure investigations (excluding structure factors) are deposited
in the Cambridge Crystallographic Data Centre: CCDC 713088–
713093.†
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