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New platinum(II) complexes have been prepared as models
for explaining the coordination of multiple β-diketonate li-
gands to give [Pt(O,O�-acac)(γ-acac)L] species. The new com-
pounds containing both an O,O�-chelated acetylacetonate
ligand and a sulfoxide in the platinum coordination sphere,
[PtCl(O,O�-acac)(DMSO)] (1) and [Pt(O,O�-acac)(γ-acac)
(DMSO)] (2), have been synthesised and characterised by 1H,
13C, 195Pt 1-D and 2-D NMR heteronuclear correlation spec-
troscopy and, in the case of 2, by X-ray crystal structure

Introduction
Despite the fact that sulfoxides[1,2] and acetylacetone[3]

have been widely used in the coordination and organomet-
allic chemistry of platinum, to the best of our knowledge,
no platinum(ii) complexes containing both ligands have
been described so far. In particular, platinum(ii) shows a
high affinity for sulfur ligands, a large number of complexes
with sulfoxides are known and several studies of DMSO
complexes dealing with a wide variety of different aspects
of these complexes have been carried out.[4] On the other
hand, the versatility of acetylacetone as a ligand was first
demonstrated by Werner who employed it as a chelating
agent.[5] Almost every metal has been found to give acetyl-
acetone complexes which, in many cases, have exhibited
interesting stereochemical arrangements. Several reports on
acetylacetonatoplatinum(ii) complexes have established the
presence of two main modes of metal-ligand bonding: oxy-
gen-bonded (chelated) acetylacetonate and carbon-bonded
acetylacetonate.[6–9] In many cases, two acetylacetonate
(acac) ligands, one of them oxygen-bonded (O,O�-chelated)
and the other one carbon-bonded (σ-bonded), are coordi-
nated to the same metal centre. Very extensive studies have

been performed on the reactions of bis(β-diketonato)palla-
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analysis also. Moreover, a new synthetic pathway to obtain
the previously reported complex K[Pt(O,O�-acac)(γ-acac)2]
(3) has been developed. The data presented herein are con-
sistent with a reaction mechanism which explains the subse-
quent steps of the coordination of multiple β-diketonate li-
gands to platinum(II) complexes, where the first species
formed contains one O,O�-chelated acac group.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

dium(ii) and platinum(ii) complexes of the type [M(O,O�-
acac)2] (M = Pd or Pt, O,O�-acac = O,O�-acetylacetonate)
with nitrogen ligands (py and Et2NH), tertiary phosphanes
(PPh3, PCy3 and PEt3) and arsines which resulted in the
bonding mode conversion for at least one O,O�-chelated β-
diketonate anion to other type of coordination modes.[10,11]

It was found that the addition of a series of ligands (L) to
[Pt(O,O�-acac)2] caused the rearrangement of one of the
O,O�-chelated acac ligands to a σ-bonded form, affording
complexes of the type [Pt(O,O�-acac)(γ-acac)L] (γ-acac =
Cγ-bonded acetylacetonate).[12] The reaction of [Pt(O,O�-
acac)2] with an excess of pyridine, on the other hand,
yielded a complex in which both acetylacetonate ligands are
coordinated to platinum through the central carbon atoms,
[Pt(γ-acac)2(py)2], in equilibrium with a mono-γ-acac com-
plex, [Pt(O,O�-acac)(γ-acac)(py)].[13] Interestingly, reactions
giving [Pt(O,O�-acac)(γ-acac)L] complexes starting from
platinum species other than [Pt(O,O�-acac)2] and, in gene-
ral, lacking an acac ligand previously bound to the metal,
appear to be much less common. Representative examples
for this latter kind of reaction are the syntheses of
K[Pt(O,O�-acac)(γ-acac)Cl][6] and [Pt(O,O�-acac)(γ-acac)-
(Et2S)][14] starting fromK2[PtCl4] and [PtCl2(Et2S)2], respec-
tively. Furthermore, the subsequent coordination of two
acac ligands in the reactions of [PtCl2L2]-type complexes
[L = Et2S, 1,2-bis(ethylthio)ethane, PEt3, PPh3] with
thallium(i) β-diketonates has been examined (Scheme 1).
The factors favouring each of the two coordination modes,
O,O�-chelated or Cγ-bonded, when the first acac binds the
metal were investigated but no definitive conclusions were-
drawn about the pathway leading to [Pt(O,O�-acac)(γ-acac)-
L] complexes.[14]
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Scheme 1

In this context, we have synthesised two novel complexes
of platinum(ii), namely [PtCl(O,O�-acac)(DMSO)] (1) and
[Pt(O,O�-acac)(γ-acac)(DMSO)] (2), as models for ex-
plaining the coordination of multiple β-diketonate ligands
to give [Pt(O,O�-acac)(γ-acac)L] species. Together with the
synthesis and characterisation of the new complexes 1 and
2, we also report herein a new synthetic pathway for the
homoleptic complex K[Pt(O,O�-acac)(γ-acac)2] (3), pre-
viously obtained by Lewis et al.[6] Compounds 1–3
(Scheme 2) have been characterised by microanalysis, IR
spectroscopy, multinuclear multidimensional NMR spec-
troscopy and, in the case of 2, by X-ray diffraction.

Scheme 2

Results and Discussion
Synthesis of the Compounds

The synthesis of [PtCl(O,O�-acac)(DMSO)] (1), contain-
ing a single chelate acac, was straightforward since, due to

Table 1. 1H NMR spectroscopic data (δ) for acac ligands and complexes; * values of J H-Pt [in brackets] are given when assignable;
# indicates the acac methyl group cis to DMSO

Solvent H/Cγ Me/acac Me/DMSO

acac CDCl3 5.46, 3.55 2.01, 2.20
CD3OD 5.60 2.01, 2.18

1 CDCl3 5.56 2.02#, 2.06 3.44[40]*
2 CDCl3 5.53(O-bonded) 1.95#, 2.01 (O-bonded) 3.31[40]

4.80[120] (Cγ-bonded) 2.29[5] (Cγ-bonded)
3 CD3OD 5.39 (O-bonded) 1.77 (O-bonded)

4.75[120] (Cγ-bonded) 2.18 (Cγ-bonded)
D2O 5.45 (O-bonded) 1.71 (O-bonded)

4.70[110] (Cγ-bonded) 2.07 (Cγ-bonded)
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its low solubility in the reaction medium, it precipitates as
a pale yellow powder from the reaction mixture of
K[PtCl3(DMSO)] with acetylacetone and KOH in water.
Complexes 2 and 3 were obtained by treating
[PtCl2(DMSO)2] with acetylacetone and KOH in MeOH
and were isolated from their respective reaction mixtures by
an appropriate workup procedure reported in the experi-
mental section. In all cases, in order to prevent metal re-
duction, a slight excess of acetylacetone was used with re-
spect to the calculated stoichiometric amount of KOH
based on starting platinum complex. It should be noted that
the use of the scarcely soluble [PtCl2(DMSO)2] as a starting
platinum complex for the preparation of 1 in MeOH or
water gave unsatisfactory results. Due to the low solubility
of [PtCl2(DMSO)2], the reaction with acetylacetone and
KOH in MeOH resulted in an excess of acac in solution,
even when using a stoichiometric or substoichiometric
amount of acac and always gave a mixture of 1, 2 and unre-
acted starting material. On the other hand, the reaction of
[PtCl2(DMSO)2] with acetylacetone and KOH in water, in
which both the starting platinum complex and [PtCl(O,O�-
acac)(DMSO)] are sparingly soluble, gave analytically pure
1 although a longer reaction time was required and a lower
yield was obtained. Quadrangular, pale-yellow X-ray qual-
ity crystals of [Pt(O,O�-acac)(γ-acac)(DMSO)] (2) were ob-
tained from a CHCl3/pentane solution.

Characterisation of the Complexes

All complexes were characterised by microanalysis, IR
spectroscopy and multinuclear, multidimensional NMR
spectroscopy. In the case of compound 2, the structure as-
signed on the basis of spectroscopic and microanalytical
data was also confirmed by a single-crystal X-ray diffrac-
tion analysis. 1H, 13C NMR and 195Pt NMR spectroscopic
data are reported in Table 1, Table 2 and Table 3, respec-
tively. Crystal data, data collection and refinement parame-
ters for compound 2 are summarised in Table 4 and Table 5.

In the IR spectrum of complex 1, the observed stretching
frequencies for Cγ-H (above 3000 cm–1), C=C (1570 cm–1)
and C=O (1520 cm–1) were indicative of acetylacetonate
bonded through oxygen. For chelate acetylacetonate com-
plexes, the highest reported stretching frequencies for C=O
are below 1600 cm–1, in agreement with the “aromatic” na-
ture of the system resulting from delocalization of the π elec-
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Table 2. 13C NMR spectroscopic data (δ) of complexes; * values of J H-Pt [in brackets] are given when assignable; # indicates the acac
methyl group cis to DMSO

Solvent C/Cγ C/Me(acac) C/Me(DMSO) C/C=O

1 CDCl3 102.27[73]* 26.31 44.26[56] 185.87[16]
185.06#[28]

2 CDCl3 102.19[64] 27.54, 27.28# 42.95[56] 185.79#, 184.93
(O-bonded) (O-bonded) (O-bonded)
42.04[652] 30.94[125] 208.53[60]

(Cγ-bonded) (Cγ-bonded) (Cγ-bonded)
3 CD3OD 101.97 (O-bonded) 27.95 (O-bonded) 184.58 (O-bonded)

44.00 (Cγ-bonded) 30.16 (Cγ-bonded) 211.55 (Cγ-bonded)
D2O 101.66 (O-bonded) 27.52 (O-bonded) 185.76 (O-bonded)

43.08 (Cγ-bonded) 29.75 (Cγ-bonded) 212.69 (Cγ-bonded)

Table 3. 195Pt NMR spectroscopic data (δ) of complexes

Solvent

1 CDCl3 –2399
CD3OD –2430

2 CDCl3 –3198
CD3OD –3168

3 CD3OD –2539
D2O –2555

Table 4. Crystallographic data and structure refinement of
complex 2

Empirical formula C12H20O5PtS
Formula mass 1414.29
Temperature 293(2) K
Wavelength 0.71069 Å
Crystal system, space group triclinic, P1̄
Unit cell dimensions a = 9.439(5) Å, α = 74.488(5)°

b = 13.237(5) Å, β = 91.336(5)°
c = 21.026(5) Å, γ =
107.607(5)°

Volume 2408.0(17) Å3

Z, Calculated density 6, 1.951 gcm–3

Absorption coefficient 8.881 mm–1

F(000) 1356
θ range for data collection 1.01 to 23.25°
Limiting indices –10 � h � 10,

–13 � k � 14,
0 � l � 23

Reflections collected/unique 6726/6726 [R(int) = 0.0170]
Completeness to θ = 23.25° 97.1%
Refinement method Full-matrix least-squares on F 2

Data/restraints/parameters 6726/0/533
Goodness-of-fit on F 2 1.060
Final R indices [I � 2σ(I)] R 1 = 0.0393, wR 2 = 0.1163
R indices (all data) R 1 = 0.0401, wR 2 = 0.1171
Largest diff. peak/hole 1.376/–0.855 e·Å–3

trons in the chelate ring.[7] The IR spectra of 2 and 3, con-
taining both oxygen-bonded and carbon-bonded acetylace-
tonate show two sets of absorptions in the C–H stretching
region. The IR band above 3000 cm–1 was assigned to the
Cγ-H vibration of the oxygen-bonded ligand whereas below
3000 cm–1, both CH3 and Cγ-H absorptions for the σ-
bonded acac could be clearly identified. The high fre-
quencies (1680–1630 cm–1) of the C=O stretching modes
observed in complexes 2 and 3 are further evidence that the
carbonyl groups do not interact with platinum and strongly
suggest that the complexes also contain a σ-bonded acac.
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Table 5. Selected bond lengths [Å] and angles [°] in complex 2 (three
independent molecules 2, 2a, and 2b)

2 2a 2b

Pt(1)–O(2) 2.009(6) 2.000(5) 2.003(6)
Pt(1)–O(1) 2.045(5) 2.061(5) 2.062(6)
Pt(1)–C(8) 2.095(8) 2.096(8) 2.077(9)
Pt(1)–S(1) 2.188(2) 2.186(2) 2.177(2)
S(1)–O(5) 1.47(1) 1.46(1) 1.44(1)
S(1)–C(12) 1.75(1) 1.77(1) 1.75(1)
S(1)–C(11) 1.79(1) 1.77(1) 1.76(1)
O(1)–C(2) 1.28(1) 1.29(1) 1.29(1)
O(3)–C(7) 1.21(1) 1.23(1) 1.26(1)
O(2)–C(4) 1.27(1) 1.29(1) 1.23(1)
O(4)–C(9) 1.23(1) 1.20(1) 1.20(1)
C(2)–C(3) 1.39(1) 1.37(1) 1.37(2)
C(3)–C(4) 1.34(1) 1.37(1) 1.36(2)
O(2)–Pt(1)–O(1) 91.7(2) 91.6(2) 91.1(3)
O(2)–Pt(1)–C(8) 88.0(3) 88.0(3) 88.1(3)
O(1)–Pt(1)–C(8) 178.2(3) 177.5(3) 179.0(3)
O(2)–Pt(1)–S(1) 176.5(2) 175.8(2) 178.6(2)
O(1)–Pt(1)–S(1) 90.9(2) 92.3(2) 90.4(2)
C(8)–Pt(1)–S(1) 89.4(2) 88.1(2) 90.5(3)
O(5)–S(1)–C(12) 108.4(5) 108.5(5) 107.4(6)
O(5)–S(1)–C(11) 108.4(5) 109.1(5) 107.5(7)
C(12)–S(1)–C(11) 101.3(5) 100.6(5) 100.8(6)
O(5)–S(1)–Pt(1) 115.2(3) 115.7(3) 119.4(4)
C(12)–S(1)–Pt(1) 111.2(4) 112.1(4) 111.2(4)
C(11)–S(1)–Pt(1) 111.4(3) 109.7(3) 108.8(4)

The absorption band at 1030 cm–1 in the IR spectra of 1
and 2 was assigned to the S=O stretching mode of the
DMSO moiety whereas the band at 340 cm–1, unique to the
only new chloride complex here reported, was unambigu-
ously attributed to the Pt–Cl stretching mode.

The 1H NMR spectrum of 1 in CDCl3 shows two singlets
at δ = 2.02 and 2.06 ppm for the two methyl groups of the
oxygen-bonded acetylacetonate, one singlet at δ = 5.56 ppm
relative to the Cγ-H of acac and one singlet at δ = 3.44 ppm
with a characteristic 3JH–Pt of 40 Hz for the methyl protons
of the DMSO ligand. The resonance pattern is in agreement
with an asymmetric O,O�-chelated complex which also
shows the expected remarkable deshielding of the methyne
proton (Cγ-H) due to the aromatic character of the metalla-
cycle. The 1H NMR spectrum of complex 2 in CDCl3
shows a signal pattern very similar to that observed for
compound 1 with only two extra resonances, i.e. one singlet
at δ = 2.29 ppm (4JH–Pt = 5 Hz) and one strongly 195Pt-
coupled singlet at δ = 4.80 ppm (2JH–Pt = 120 Hz) account-
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ing for six protons and one proton, respectively. The occur-
rence of the same signal pattern observed for complex 1
also suggests, for complex 2, the presence of one asymmet-
ric O,O�-chelated acac in the platinum coordination sphere
(two methyl groups, δ = 2.01 and 1.95 ppm, one Cγ-H pro-
ton, δ = 5.53 ppm) and one coordinated DMSO (δ =
3.31 ppm, 3JH–Pt = 40 Hz). The observed two extra signals
could be easily assigned to an extra σ-bonded acac, which
occupies the fourth square-planar coordination site, on the
basis of both the large platinum coupling for the Cγ-H pro-
ton at δ = 4.80 ppm and the equivalence of the methyl
groups (one singlet at δ = 2.29 ppm). In both 1 and 2, the
two methyl resonances of the asymmetric O,O�-chelated
acac were assigned to the appropriate halves of the diketon-
ate on the basis of the NOESY cross peaks originating from
the interaction of one of them with the cis-DMSO ligand
observed in the NOESY spectra.

The 1H NMR spectrum of 3 in CD3OD consists of only
four resonances at 1.77, 2.18, 4.75 and 5.39 ppm accounting
for six protons, twelve protons, two protons and one pro-
ton, respectively. None of the observed signals show 195Pt
satellites assignable to coordinated DMSO. On the other
hand, the strong 195Pt coupling exhibited by the resonance
at δ = 4.75 ppm (2JH–Pt = 120 Hz) together with proton
integration data indicate the presence of two equivalent Cγ-
H protons characterised by a 2JH–Pt of 120 Hz and, there-
fore, two equivalent Cγ-bonded acac groups in the platinum
coordination sphere. Two equivalent Cγ-coordinated acac
moieties also account for the twelve protons resonating at
δ = 2.18 ppm. The other two resonances at δ = 1.77 and
5.39 ppm in the spectrum of 3 were assigned to one sym-
metric O,O�-chelate acac ligand coordinated to the metal.
Consistently, the 2JH–Pt values observed for the single and

Figure 1. 1H-13C HETCOR (left) and 1H-13C long range HETCOR (right) spectra of 2. Hydrogen bearing carbon atoms of O,O�-chelated
acac (a1, a2, and e), Cγ-bonded acac (b and d) and DMSO (c) were detected by 1H-13C HETCOR while the carbonyls of the O,O�-
chelated acac and the Cγ-bonded acac could be assigned according to cross peaks with methyls (f1, f2, and g, respectively) or according
to cross peaks with Cγ-H (f1�, f2�, and g�, respectively) in the 1H-13C long range HETCOR spectrum
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the two equivalent Cγ-bonded acac groups of complexes 2
and 3, respectively, are very similar due to the presence,
in both cases, of an O,O�-chelated acac group in the trans
position.

The 13C NMR spectra of complexes 1–3 confirmed the
structures assigned on the basis of 1H NMR spectroscopic
data. One bond and long range 2-D 1H-13C HETCOR ex-
periments (spectra of 2 in Figure 1) allowed correct assign-
ments for all the 13C resonances. In particular, O,O�-che-
lated and Cγ-bonded acac groups show, for the Cγ atom,
very different chemical shifts and 195Pt couplings. The
pseudo aromatic Cγ carbons of the acac chelates resonate
downfield and with much smaller 195Pt coupling constants
(δ = 102.27 ppm, 3JC–Pt = 73 Hz; δ = 102.19 ppm, 3JC–Pt =
64 Hz; δ = 101.97 ppm, for 1, 2 and 3, respectively) with
respect to the corresponding carbon in the σ-bonded acac
(δ = 42.04 ppm, 1JC–Pt = 652; δ = 44.00 ppm, for 2 and 3,
respectively). Carbonyls of the acac chelate involved in the
pseudo aromatic metallacycle resonate upfield with respect
to those of σ-bonded acac. The long range 2-D 1H-13C
HETCOR spectra of 1 and 2, together with the above men-
tioned NOESY data, were used to correlate the carbonyls
and the methyl groups belonging to the same half of the
asymmetric chelate acac. In the case of complex 1, the two
carbonyl resonances observed at δ = 185.06 and
185.87 ppm show 2JC–Pt values of 28 and 16 Hz, respec-
tively, in agreement with the higher trans effect exhibited by
DMSO compared with that of the chloro ligand.

Interestingly, in the 1H-13C HETCOR spectrum of 2 (in
which the Cγ-bonded acac and DMSO are both coordi-
nated to platinum), the positions of the observed cross
peaks due to the coupling with the magnetically active spec-
tator nucleus (195Pt) correlate with the number of bonds
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between this latter nuclues and the observed nucleus (1H).
The straight line joining the 195Pt cross peaks shows, in the
case of the platinum bound Cγ-H acac (2JH–Pt = 652 Hz)
and the DMSO ligand (3JH–Pt = 56 Hz), a negative and pos-
itive gradient, respectively (Figure 2).[15] Another interest-
ing feature of the 195Pt coupling exhibited by [Pt(O,O�-
acac)(γ-acac)(DMSO)] can be shown by a 2-D 1H-195Pt
HETCOR experiment, in which all 195Pt coupled protons
result in cross peaks at a single platinum chemical shift (δ
= –3198 ppm in CDCl3). Among all the CH3 resonances for
2, only the methyl groups of the σ-bonded acac exhibit
small cross peaks showing a very small JH–Pt coupling in
the 1H-195Pt HETCOR spectrum. This may be due to a
through space interaction (Figure 3). The 195Pt NMR spec-
troscopic data of complexes 1–3 are reported in Table 3.
The observed 195Pt chemical shifts show that in [Pt(O,O�-
acac)(DMSO)L] complexes, the shielding effect when L =

Figure 2. Expansions of 1H-13C HETCOR spectrum of 2 showing
195Pt satellites relative to the Cγ-bonded acac (above) and the
DMSO methyl groups (below)

Figure 3. 1H-195Pt-HETCOR spectrum of 2 acquired without 195Pt
decoupling during acquisition. For clarity, 1H projections are not
on the same vertical scale
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Cγ-acac is considerably higher than when L = Cl– (∆δ, 195Pt
= 738 ppm in CD3OD), while in [Pt(O,O�-acac)(γ-acac)L]
the shielding effect is higher when L = DMSO than when
L = Cγ-acac (∆δ, 195Pt = 629 ppm in CD3OD).

Crystal Structure of 2

The crystals obtained for complex [Pt(O,O�-acac)(γ-
acac)(DMSO)] (Figure 4) contain three molecules in the
asymmetric unit (2, 2a and 2b). The cell dimensions along
with other crystallographic details are given in Table 4. In
both the neutral [Pt(O,O�-acac)(γ-acac)(DMSO)] (2) and
ionic [Pt(O,O�-acac)(γ-acac)Cl]– (4)[16] complexes, the oxy-
gen-bonded acetylacetonate ligand is asymmetrically coor-
dinated. The different Pt–O bond lengths follow the trend
expected on the basis of trans substituents. The Pt–O
lengths for the oxygen atom trans to the Cγ-carbon are
2.06[1] and 2.07(1) Å (square brackets indicate average val-
ues; parentheses refer to unique values) while those for the
oxygen atom trans to the sulfur (DMSO) and chlorine
atoms (complexes 2 and 4, respectively) are 2.00[1] and
1.97(1) Å. In the σ-bonded acetylacetonate, the Pt–Cγ bond
length for compound 2 is in agreement with the value for
the analogous bond previously reported for 4 (2.09[2] and
2.11(2) Å, respectively). Both distances are greater than Pt–
C(sp3) σ-bonds trans to oxygen reported for C alkyls.[16,17]

The Cγ of the σ-bonded acetylacetonate could be a weak
donor, probably due to the cumulative electronegative ef-
fects of two carbonyl groups. All three O,O�-chelate acac
moieties are planar. In all three molecules, the oxygen
atoms of DMSO are oriented towards the σ-bonded acetyl-
acetonate ligands. The modulus of the lowest torsional
angles X–Pt–S–O (Ψ) (Scheme 3), according to the statisti-
cal study by Calligaris and Carugo,[2] indicates that the tor-
sional angles Ψ lie in the low probability range [51.5(4)°,
52.4(5)° and 34.0(5)°]. This orientation of DMSO favours

Figure 4. Molecular structure of one out of three independent
molecules (molecule 2) in the asymmetric unit of compound 2
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interactions between the oxygen atom of the DMSO and
the Cγ hydrogen atom of the σ-bonded acetylacetonate
[C(8)···O(5) 3.20(5), H(8)···O(5) 2.55(5) Å, C(8)···H(8)···
O(5) 124(1)°].

Scheme 3

Figure 5. Unit cell projection along the a-axis showing alternating
2b molecules staggered by ca. 180° and stacked inside the channel
resulting from the propagation of molecules of 2 (top and bottom)
and 2a (sides). Only ligand atoms in the coordination plane are
shown (see Supporting Information, S4 for the same projection
with all atoms except hydrogen)

The crystal packing arrangement is shown in Figure 5.
The three independent molecules of the unit cell are almost
perpendicular and describe a box shape. Interestingly, the
crystal structure shows subsequent boxes generating a chan-
nel by superimposition along the a axis. Alternating 2b
molecules are staggered by ca. 180° and stacked inside the
channel created by the propagation of molecules 2 and 2a.
Selected bond distances and angles are listed in Table 5.

Reaction Mechanism

Platinum and palladium complexes of the type [M(O,O�-
acac)(γ-acac)L] which contain one O,O�-chelated and one
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Cγ-bonded β-diketonate on the same metal together with
one of a variety of nitrogen, phosphorus, arsenic and sulfur
ligands (L) are well known in coordination chemistry. Usu-
ally, such complexes are produced by the addition of the
ligand L to [M(O,O�-acac)2] which causes the rearrange-
ment of one of the two acac groups from the O,O�-chelate
mode to the σ-bonded mode to give [M(O,O�-acac)(γ-acac)
L] species.[12] However, in the course of our study, we have
verified that treatment of the bis(β-diketonate)platinum(ii)
complex [Pt(O,O�-acac)2] with excess DMSO or Et2S[14]

does not give [Pt(O,O�-acac)(γ-acac)L] even after two
weeks. On the other hand, treatment of the starting com-
plexes used in this work, i.e. [PtCl2(DMSO)2] and
K[PtCl3(DMSO)], with an excess of acetylacetone does not
give [Pt(O,O�-acac)2] in addition to [Pt(O,O�-acac)(γ-acac)
L] and [Pt(O,O�-acac)(γ-acac)2]–. In a few cases, as for com-
plex 2 described in this paper, [M(O,O�-acac)(γ-acac)L]
complexes could be obtained starting from species lacking
acac ligand(s) previously bound to the metal. In the case
of platinum chemistry, the syntheses of K[Pt(O,O�-acac)(γ-
acac)Cl][6] and [Pt(O,O�-acac)(γ-acac)(Et2S)][14] have been
reported starting from K2[PtCl4] and [PtCl2-
(Et2S)2], respectively. The subsequent coordination of two
acac ligands in the reactions of the [PtCl2L2]-type com-
plexes (L = Et2S, 1,2-bis(ethylthio)ethane, PEt3, PPh3) with
thallium(i) β-diketonates has been studied in order to clar-
ify the factors which could favour each of the two coordina-
tion modes, i.e. O,O�-chelated or Cγ-bonded, when the first
acac binds to the metal. The reaction of cis-[PtCl2(PPh3)2]
with acac requires previous removal of the chloro ligands
to give [Pt(O,O�-acac)(PPh3)2] while treatment of trans-
[PtCl2(PEt3)2] with an excess of Tl(acac) gave [Pt(O,O�-
acac)Cl(PEt3)]. No acetylacetonato complexes were de-
tected in a similar reaction of cis-[PtCl2(PEt3)2]. On the
other hand, the reaction of cis- or trans-[PtCl2(Et2S)2] with
Tl(acac) was reported to give[Pt(O,O�-acac)(γ-acac)(Et2S)]
in both cases (although with different reaction rates). Inter-
estingly, in both cases it was not possible to isolate interme-
diate products either by lowering the reaction temperature
or by decreasing the acac/platinum complex ratio.[14]

Attempts to obtain [Pt(O,O�-acac)2] by treatment of
[PtCl2(Et2S)2] with K(acac) once again gave, after removal
of the chloro ligands with silver perchlorate, [Pt(O,O�-
acac)(γ-acac)(Et2S)]. When [PtCl2(S-S)] [S-S = 1,2-bis(ethyl-
thio)ethane] was treated with Tl(acac), [PtCl(γ-acac)(S-S)]
was exclusively formed and no other products were ob-
tained even when a large excess of the β-diketonate was
used. This latter result clearly indicates that the [PtCl-
(S-S)]+ moiety prefers to bind to the Cγ-carbon rather than
the oxygens of acac. Nevertheless, in the reaction of
[PtCl2(Et2S)2] with Tl(acac), the isolation of [Pt(O,O�-
acac)(γ-acac)(Et2S)] as the only product, without evidence
of intermediates, does not explain which of the two coordi-
nation modes (O,O�-chelated or Cγ-bonded) is preferred
when the first acac binds to the metal. It has been suggested
that in the reaction of [PtCl2(Et2S)2] with acac, the first β-
diketonate substitutes one chloro ligand by Cγ-binding to
the metal. The second β-diketonate then replaces the other
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Scheme 4

chloride in a O-unidentate mode which finally converts to
the O,O�-acac chelating mode by sulphide elimination
(Scheme 4).

Nevertheless, there is another possible mechanism which
cannot be ruled out. According to this mechanism, a cat-
ionic β-diketonate chelate first forms, i.e. [Pt(O,O�-acac)-
(Et2S)]+, which then bonds to the carbon of the second
β-diketonate to give [Pt(O,O�-acac)(γ-acac)(Et2S)]
(Scheme 5).[14]

Scheme 5

In this context the synthesis reported here for the 1, with
only the O,O�-chelated acac ligand, may be considered im-
portant evidence for explaining whether the O,O�-chelated
or the Cγ σ-bonded acac is the first ligand to coordinate
to the metal in the reaction of multiple β-diketonates with
platinum. In our investigations, we found that the use of
stoichiometric or even substoichiometric amounts of acac
with respect to platinum in the reactions with
[PtCl2(DMSO)2], performed in MeOH, always gave mix-
tures of 1 and 2. When we used K[PtCl3(DMSO)] as a start-
ing complex and water as the solvent, it was possible to
exclusively obtain complex 1 which could be isolated in
good yield. In principle, the reactivity of [PtCl2(DMSO)2]
and K[PtCl3(DMSO)] with chelates can be expected to be
very similar.[18] It is well known that both [PtCl2(DMSO)2]
and K[PtCl3(DMSO)] react with chelating nitrogen ligands
to give the cationic species [PtCl(DMSO)(N-N)]+ via sub-
stitution of one chloride trans to DMSO as the first reac-
tion step.[19] In the present case, the formation of a mixture
of 1 and 2, when a suspension of [PtCl2(DMSO)2] in MeOH
was used in the reaction with acac, can be explained in
terms of the low solubility of the starting complex in the
reaction medium. In the first step of the reaction, one mole-
cule of acac reacts with the platinum complex to give 1
which is soluble in MeOH and therefore accumulates in the
reaction medium. It should be noted that in the formation
of compound 1, as in the formation [PtCl(DMSO)-
(N-N)]+,[19] the higher trans effect of DMSO compared with
that of chloride is responsible for both the first attack on
platinum by one end of the bidentate ligand and further
chelation leading to the thermodynamic product. As the re-
action proceeds, complex 2 forms since the second molecule
of acac reacts with [PtCl(O,O�-acac)(DMSO)] (1) rather
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than with [PtCl2(DMSO)2] because of the higher availabil-
ity of compound 1 in the reaction medium. When we used
K[PtCl3(DMSO)] as the starting complex, [PtCl(O,O�-
acac)(DMSO)] could be obtained in high yield. In fact 1 is
scarcely soluble in water and precipitates from the reaction
medium immediately after its formation. It should be noted
that 1 could also be obtained by carrying out the reaction
of [PtCl2(DMSO)2] with a stoichiometric amount of acac
in water. In this case, however, a longer reaction time was
required due to the much lower solubility of [PtCl2-
(DMSO)2] in water compared with that of
K[PtCl3(DMSO)]. Finally, further treatment of [Pt(O,O�-
acac)(γ-acac)(DMSO)] with an extra acac led to the forma-
tion of [Pt(O,O�-acac)(γ-acac)2]. These results confirm the
mechanism depicted in Scheme 5 in which the β-diketonate
chelate is the first product formed and the O,O�-chelation
of the first acac then favours Cγ-carbon bonding of the
second (and eventually third) β-diketonate.

Conclusions

In this paper we have described the first two examples of
platinum(ii) complexes containing both acetylacetonate and
sulfoxide ligands coordinated to the metal, namely
[PtCl(O,O�-acac)(DMSO)] (1) and [Pt(O,O�-acac)(γ-
acac)(DMSO)] (2). We have also reported a new synthesis
of the homoleptic complex K[Pt(O,O�-acac)(γ-acac)2]
(3).[20] The formation of 2 represents a rare example of a
reaction giving [Pt(O,O�-acac)(γ-acac)L] complexes starting
from platinum species other than [Pt(O,O�-acac)2] which
also, in general, lack an acac ligand initially bound to the
metal. Moreover, the isolation of 1 as an intermediate sup-
ports a mechanism in which the β-diketonate chelate is the
first product formed from the reaction of multiple β-dike-
tonate ligands with platinum. According to the results re-
ported here, the O,O�-chelation of the first acac is followed
by the Cγ-carbon bonding of the second (and eventually
the third) β-diketonate in the platinum coordination sphere.

Experimental Section
Physical Measurements: Elemental analyses were performed using
a Carlo–Erba elemental analyser, model 1106. IR Spectra were re-
corded with a Perkin–Elmer Spectrum 598 spectrometer using KBr
as a solid support for pellets. 1H and 13C NMR spectra as well
as 1H-1H NOESY, 1H-13C HETCOR and 1H-195Pt HETCOR 2-D
experiments were performed with a DPX 400 MHz Avance Bruker
instrument using CDCl3, CD3OD or D2O as the solvent. Chemical
shift are referenced to TMS using the residual protic solvent peaks
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as internal references (δ = 7.24 for CDCl3, δ = 3.30 for CD3OD
and δ = 4.65 for D2O).

Starting Materials: Commercial reagent grade chemicals, acetyl-
acetone and solvents were used without further purification.
[Pt(O,O�-acac)2],[7] [PtCl2(DMSO)2][21] and K[PtCl3(DMSO)][22]

were prepared by previously reported procedures.

[PtCl(O,O�-acac)(DMSO)] (1): A solution of acetylacetone
(97.5 mg, 0.973 mmol) and KOH (19.5 mg, 0.487 mmol) in meth-
anol (5 mL) was added dropwise to a solution of K[PtCl3(DMSO)]
(204 mg, 0.487 mmol) in water (10 mL) at room temperature with
stirring. After few minutes a yellow precipitate separated from the
solution. The reaction mixture was left stirring overnight and the
pale-yellow precipitate of [PtCl(O,O�-acac)(DMSO)] (1) was then
isolated by filtration and dried under vacuum (yield 149 mg, 75%).
C7H13ClO3SPt (407.79): calcd. C 20.62, H 3.21; found C 20.73, H
3.28.

Alternatively, a solution containing acetylacetone (97 mg,
0.966 mmol) and KOH (27 mg, 0.483 mmol) in water (5 mL) was
added dropwise to a suspension of [PtCl2(DMSO)2] (204 mg,
0.483 mmol) in water (10 mL) at room temperature with stirring.
The reaction mixture slowly became a yellow solution. After 3 h,
a pale-yellow solid started to precipitate. The suspension was left
stirring for one day and the solid was then filtered and dried under
vacuum (yield 27 mg, 26%). C7H13ClO3SPt (407.79): calcd. C
20.62, H 3.21; found C 20.51, H 3.18.

[Pt(O,O�-acac)(γ-acac)(DMSO)] (2): A solution of acetylacetone
(358 mg, 3.576 mmol) and KOH (114 mg, 2.860 mmol) in methanol
(5 mL) was added dropwise to a suspension of [PtCl2(DMSO)2]
(302 mg, 0.715 mmol) in methanol (20 mL) at room temperature
with stirring. The reaction mixture slowly became a pale yellow
solution. After one day, the solvent was evaporated under vacuum
and the yellow residue was extracted with CHCl3 (10 mL). The
chloroform solution was then filtered to remove KCl and K(acac),
pentane (30 mL) was added and the resultant solution kept over-
night at 5 °C. Quadrangular pale-yellow crystals of [Pt(O,O�-
acac)(γ-acac)(DMSO)] (2) which separated out from the solution
were filtered, washed with pentane and dried under vacuum (yield
168 mg, 50%). C12H20O5SPt (471.441): calcd. C 30.57, H 4.28;
found C 30.73, H 4.34.

K[Pt(O,O�-acac)(γ-acac)2] (3): A solution of acetylacetone (332 mg,
3.318 mmol) and KOH (94.8 mg, 2.370 mmol) in methanol (5 mL)
was added dropwise to a suspension of [PtCl2(DMSO)2] (200 mg,
0.474 mmol) in methanol (20 mL) at room temperature with stir-
ring. After 1 h, the suspension became a pale-yellow solution which
was left stirring for three days. The solvent was then removed under
vacuum and the residual yellow oil was extracted with CHCl3
(10 mL). The chloroform solution was then filtered to separate KCl
and K(acac), and pentane (30 mL) was added causing the precipi-
tation of K[Pt(O,O�-acac)(γ-acac)2] (3) as a yellow solid. The pro-
duct was separated by filtration, washed with pentane and dried
under vacuum (yield 68 mg, 27%). C15H24KO6Pt (534.524): calcd.
C 33.70, H 4.53; found C 33.46, H 4.21.

Alternatively, a solution of acetylacetone (129 mg, 1.284 mmol)
and KOH (48 mg, 0.856 mmol) in methanol (10 mL) was added
dropwise to a suspension of [Pt(O,O�-acac)(γ-acac)(DMSO)]
(202 mg, 0.428 mmol) in diethylether (30 mL) at room temperature
with stirring. The colour of the solid in the reaction mixture slowly
turned from white to pale-yellow. After one day, the solvent was
removed under vacuum and the residue was washed with diethyl
ether (10 mL) then extracted with chloroform (10 mL). K[Pt(O,O�-
acac)(γ-acac)2] was obtained as a pale-yellow solid by addition of
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diethylether (20 mL) to the filtered chloroform solution (yield
65 mg, 28%).

Reaction of [Pt(O,O�-acac)2] with DMSO: [Pt(O,O�-acac)2] (2 mg,
0.005 mmol), synthesised by a previously reported procedure, was
dissolved in CDCl3 (0.5 mL) and the resultant solution placed in
an NMR tube. DMSO (1 µL, 1.17 mg, 0.015 mmol) was added
and the solution was monitored by recording 1H NMR spectra
periodically over a period of two weeks. The spectra did not show
any significant change over that period of time.

Single-Crystal X-ray Diffraction Study: Pale-yellow crystals of
[Pt(O,O�-acac)(γ-acac)(DMSO)] were obtained by crystallisation
from CHCl3/pentane. X-ray data were collected using an Enraf–
Nonius CAD4 diffractometer. A least-squares algorithm using 25
automatically centred reflections was used to refine the unit cell
dimensions. A total of 6726 independent reflections were collected
in the range –10 � h � 10, –13 � k � 14 and 0 � l � 23. Four
reflections were monitored during data collection but no decay was
observed. Crystallographic data are summarised in Table 4. The
full data set was corrected for Lorentz and polarisation effects and
an absorption correction was applied using the DIFABS pack-
age[23] at the isotropic stage of refinement. The structure was solved
by direct-methods in the P1̄ space group. The model was refined by
full-matrix least-squares methods. Anisotropic thermal parameters
were applied for all non-hydrogen atoms. All hydrogen atoms were
placed in their geometrically calculated positions and were included
in the full-matrix least-square cycles with isotropic thermal param-
eters (U) fixed at 1.2 and 1.5 (for methyl group) times the values
of U of the corresponding carbon atoms. Crystallographic calcula-
tions were carried out and molecular graphics designed using the
SIR97,[24] SHELXL97,[25] WinGX,[26] ORTEP for Windows[27] and
PARST97[28] packages. CCDC-172448 contains the supplementary
crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): Figure S1, 1H-13C HETCOR and long range HETCOR NMR
spectra of 1. Figures S2, molecular structure of 2a. Figure S3,
molecular structure of 2b. Figure S4, unit cell projection of 2 along
a-axis with all atoms except hydrogens. Table S5, anisotropic dis-
placement parameters for 2 and 2a. Table S6, anisotropic displace-
ment parameters for 2b.
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