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ABSTRACT:

The structure and bonding of a new Pt�Tl bonded complex formed in dimethylsulfoxide (dmso), (CN)4Pt�Tl(dmso)5
þ, have

been studied by multinuclear NMR and UV�vis spectroscopies, and EXAFS measurements in combination with density functional
theory (DFT) and time dependent density functional theory (TDDFT) calculations. This complex is formed following the
equilibrium reaction Pt(CN)4

2� þ Tl(dmso)6
3þ / (CN)4Pt�Tl(dmso)5

þ þ dmso. The stability constant of the Pt�Tl bonded
species, as determined using 13C NMR spectroscopy, amounts to log K = 2.9( 0.2. The (NC)4Pt�Tl(dmso)5

þ species constitutes
the first example of a Pt�Tl bonded cyanide complex in which the sixth coordination position around Pt (in transwith respect to the
Tl atom) is not occupied. The spectral parameters confirm the formation of the metal�metal bond, but differ substantially from
thosemeasured earlier in aqueous solution for complexes (CN)5Pt�Tl(CN)n(H2O)x

n� (n= 0�3). The 205 Tl NMR chemical shift,
δ = 75 ppm, is at extraordinary high field, while spin�spin coupling constant, 1JPt�Tl = 93 kHz, is the largest measured to date for a
Pt�Tl bond in the absence of supporting bridging ligands. The absorption spectrum is dominated by two strong absorption bands in
the UV region that are assigned toMMCT (PtfTl) and LMCT (dmsofTl) bands, respectively, on the basis ofMO and TDDFT
calculations. The solution of the complex has a bright yellow color as a result of a shoulder present on the low energy side of the band
at 355 nm. The geometry of the (CN)4Pt�Tl core can be elucidated fromNMR data, but the particular stoichiometry and structure
involving the dmso ligands are established by using Tl and Pt LIII-edge EXAFS measurements. The Pt�Tl bond distance is 2.67(1) Å,
the Tl�O bond distance is 2.282(6) Å, and the Pt�C�N entity is linear with Pt�C and Pt 3 3 3N distances amounting to 1.969(6)
and 3.096(6) Å, respectively. Geometry optimizations on the (CN)4Pt�Tl(dmso)5

þ system by using DFT calculations (B3LYP
model) provide bond distances in excellent agreement with the EXAFS data. The four cyanide ligands are located in a square around
the Pt atom, while the Tl atom is coordinated in a distorted octahedral fashion with the metal being located 0.40 Å above the
equatorial plane described by four oxygen atoms of dmso ligands. The four equatorial Tl�O bonds and the four cyano ligands
around the Pt atom are arranged in an alternate geometry. The coordination environment around Pt may be considered as being
square pyramidal, where the apical position is occupied by the Tl atom. The optimized geometry of (CN)4Pt�Tl(dmso)5

þ is
asymmetrical (C1 point group). This low symmetry might be responsible for the unusually large NMR linewidths observed due to
intramolecular chemical exchange processes. The nature of the Pt�Tl bond has been studied by MO analysis. The metal�metal
bond formation in (CN)4Pt�Tl(dmso)5

þ can be simply interpreted as the result of a Pt(5dz2)
2f Tl(6s)0 donation. This bonding

scheme may rationalize the smaller thermodynamic stability of this adduct compared to the related complexes with (CN)5Pt�Tl
entity, where the linear C�Pt�Tl unit constitutes a very stable bonding system.
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’ INTRODUCTION

The first Pt�Tl bonded compound, PtTl2(CN)4, was re-
ported by Balch et al.1 more than 20 years ago. The unusual
structure of this compound, which involves two covalent Pt�Tl
bonds, and its strong luminescence, prompted several studies of
its electronic properties.2,3 Later, many compounds containing
Pt�Tl linkages were reported.4,5 Pt�Tl bonded compounds can
be classified into three different classes depending on the formal
oxidation state of the metal ions involved in metal�metal bond
formation:6 (1) 5d10�6s2 (Pt0�TlI),7 (2) 5d8�6s2 (PtII�TlI),8,9

and (3) 5d8�6s0 or 5d8�5d10 (PtII�TlIII).10 One example of a
paramagnetic 5d8�6s1 (PtII�TlII) compound containing the
Pt�Tl linkage has also been reported.11 However, in many cases
it is difficult to assign the formal oxidation state of the metal ions
involved in metal�metal bond, with it being more correct to give
the sum of the formal oxidation states of the two metals instead.9,12

Concerning compounds of divalent platinum, the Pt�Tl bond
becomes shorter when the oxidation state of thallium increases
fromTlI to TlIII, which can be attributed to the decreased size and
increased electron-acceptor properties of the thallium ion. In-
deed, reaction of PtII and TlIII cyano complexes in aqueous
solution leads to the formation of Pt�Tl bonded complexes of
formula (NC)5Pt�Tl(CN)n

n� (n = 0�3).13�17 These com-
pounds can be regarded as metastable intermediates in a two-
electron transfer reaction between TlIII and PtII, which leads to
TlI and PtIV as final products.18 The completion of the reaction
can be induced both by thermal and optical means, resulting in
the cleavage of the metal�metal bond.19 Similar Pt�Tl bonded
compounds of formula (NC)5Pt�Tl(CN)n(dmso)

n�
(n = 0�3)

can also be formed in dmso solution.20 The unusual spectral
parameters of these bimetallic compounds have prompted
several detailed theoretical studies.3,4

In the (NC)5Pt�Tl(CN)n
n� series of compounds the fifth

axial cyano ligand coordinates to platinum in trans position with
respect to the metal�metal bond, thereby completing an octa-
hedral six-coordination around platinum. Detailed kinetic studies
of the formation reactions of these Pt�Tl bonded cyano com-
plexes showed that they are formed following a similar reaction
path that includes the formation of the Pt�Tl bond and the
subsequent coordination of the fifth cyano ligand to Pt.21 A
similar coordination environment around Pt is maintained in the
(NC)5Pt�Tl(edta)4� complex, where the cyanide ligands co-
ordinated toTl are replaced by ethylenediaminetetraacetate (edta).22

An octahedral six-coordination around Pt is also observed in the
related Pt�Tl bonded complexes of formula (NC)5Pt�Tl(en)n-1
(n = 1�3),20 (NC)5Pt�Tl(phen)n(dmso)m (n = 1,m = 3; n = 2,
m = 0),23 (NC)5Pt�Tl(bipy)m(solv),

24 and (NC)5Pt�Tl(tpp)25

which have been prepared in dmso solution and contain ethyle-
nediamine (en), 1,10-phenanthroline (phen), 2,20-bipyridine
(bipy), or tetraphenylporphyrin (tpp) ligands coordinated to
thallium, respectively. It has been proposed that the bonding in
the Cax�Pt�Tl pattern of the pseudooctahedral {(NC)5Pt�Tl}
unit can be regarded as a three-center four-electron bond as a
result of the combination of carbon 2pz, thallium 6s, and
platinum 5dz2 orbitals. The presence of the fifth cyanide ligand
in the platinum coordination is considered to be a key factor in
the stabilization of the {(NC)5Pt�Tl} entity.3,4

Indeed, all attempts to form platinum(II)�thallium(III)
bonded complexes with the absence of the extra (“fifth”) cyanide
in aqueous system were unsuccessful. Thus, e.g., the reaction
between Pt(CN)4

2� and Tl(H2O)6
3þ complexes in aqueous

solution resulted in immediate and quantitative precipitation of
low-soluble microcrystalline colored powder with a partially
disordered crystal structure.26 Interestingly, however, when
studying a Pt(CN)4

2��Tl3þ�phen system in dimethylsulfox-
ide, a stable (NC)4Pt�Tlsolv

þ species could be detected in
solution and identified by 205Tl NMR.23

In this paper we report a complete study of this new Pt�Tl
bonded species, which was prepared by reaction of Pt(CN)4

2�

with thallium(III) in dmso solution. The formation and stability
of (NC)4Pt�Tl(dmso)5

þ was investigated by using multinuc-
lear NMR (13C, 205Tl, 195Pt) and UV�vis spectroscopies. The
structure of the heterobinuclear species was investigated by using
EXAFS measurements in dmso solution. Furthermore, density
functional theory (DFT) calculations were used to investigate
the structure of the (NC)4Pt�Tl(dmso)5

þ species. A molecular
orbital analysis was also performed to understand the nature of
the Pt�Tl bond. Finally, TDDFT calculations were used to
rationalize the absorption spectrum of this compound.

’EXPERIMENTAL SECTION

Materials. A 1.43 M Tl(ClO4)3 stock solution (containing 2.88 M
HClO4) was prepared from TlClO4 by anodic oxidation. The thallium-
(III) and thallium(I) concentrations were measured by bromatometric
titration as described elsewhere.27 Compound Tl(dmso)6(ClO4)3 was
prepared via solvent exchange28 by addition of 0.7 cm3 of the 1.43 M
Tl(ClO4)3 stock solution into dmso (8 cm3) in small portions under
stirring. The opalescence of the mixture disappeared after addition of a
few drops of dmso and light heating. The mixture was further stirred for
25 min resulting in a homogeneous solution with c ∼ 84 mmol/dm3

thallium(III). Small white crystals were formed after one day at ambient
temperature. The crystals were separated on a glass filter, washed with
dmso, and dried under an air-flow. The crystals were kept in vacuum
desiccators. The yield was 47%. The purity of the solid was checked by
measuring the thallium content by ICP-AAS. The 205Tl NMR spectrum
in dmso showed only one signal at 1902 ppm due to Tl(dmso)6

3þ,28

while no thallium(I) impurities could be detected. Only fresh dmso
solutions were used throughout this study, as after some time decom-
position of the dmso can occur. Thus, dmso (Aldrich) was either used
within one week after purchase or purified by vacuum-distillation prior
to use. Warning! Although we have experienced no difficulties with the
perchlorate salts, these should be regarded as potentially explosive and
handled with care.29 Therefore, the maximal amount of Tl(dmso)6(ClO4)3
handled was only 200�300 mg because of the risk of working with heavy
metal perchlorates in organic solvents. Solutions containing cyanides should
also be handled with care due to possible emission of poisonous gases: HCN in
acidic medium, or (CN)2 in oxidizing medium.

K2Pt(CN)4 3 3H2O was purchased from Aldrich, while Na2Pt-
(CN)4 3 3H2O was prepared by reacting K2PtCl4 and 6 equiv of NaCN.
Solid NaCN was added to a saturated (0.18 M) aqueous solution of
K2PtCl4, with the yellow solution becoming colorless after mixing. The
solution was evaporated to half of its original volume on a steam bath,
allowed to cool down to room temperature, and left to stand overnight,
which resulted in the formation of the desired compound as a white
powder. The preparation of labeled Na2Pt(

13CN)4 3 3H2O followed the
same procedure by using Na13CN (Cambridge Isotopes).
Methods. NMR Measurements. 13C NMR spectra were recorded

on Bruker Avance 500 and DRX500 spectrometers equipped with 5 mm
BBO probes at 25 ( 0.5 �C. Typical acquisition parameters were SF =
125 MHz, pulse length 10 μs (30�), repetition time 3 s. The chemical
shift was calibrated to TMS (δ = 0 ppm) as external standard.

205Tl NMR spectra were recorded on a Bruker DMX500 spectro-
meter at 25 ( 0.5 �C. Typical acquisition parameters were SF = 288.6
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MHz, pulse length 10 μs (30�), repetition time 2 s. We used a 50 mM
TlClO4 aqueous solution as external standard (δ = �4.7 ppm, extra-
polated from δ = 0 ppm for “infinite dilution”). Some 205Tl NMR
spectra were also recorded on a Bruker Avance 360 spectrometer (SF =
207.8 MHz), where the XBB channel of a 500 MHz 10 mm BBO probe
was tuned to the frequency of the 205Tl nucleus.

195Pt NMR spectra were recorded on Bruker Avance 500 spectro-
meter at 25 ( 0.5 �C. Typical acquisition parameters were SF = 96.7
MHz, pulse length 10 μs (30�), repetition time 2 s. The chemical shift
calibration was performed by using Na2PtCl6 or Na2Pt(CN)4 solutions
as external standards, δ = 4533 ppm and δ = �213 ppm, respectively,
referring to Ξ (195Pt) = 21.4 MHz.

UV�Vis Measurements. The measurements were done with a Varian
Cary 1E spectrophotometer at room temperature using 1 mm and 0.01
mm quartz cells.
EXAFS Measurements. Platinum and thallium LIII-edge X-ray absorp-

tion spectra were recorded at the wiggler beamline I811 at MAX-lab,
Lund University, Sweden. The EXAFS station was equipped with a
Si[111] double crystal monochromator. MAX-lab operated at 1.5 GeV
and amaximum current of 250mA. The data collections were performed
in transmission mode and at ambient temperature. Higher order
harmonics were reduced by detuning the second monochromator to
50% of maximum intensity at the end of the scans. The solutions were
contained in cells with 1.5 mm Teflon spacers and 6 μm polypropylene
film windows. The energy scales of the X-ray absorption spectra were
calibrated by assigning the first inflection point of the LIII-edge of a
platinum foil and powdered selenium (the K-edge absorption edge of

selenium and the LIII-edge absorption of platinum are identical) to
11 563 and 12 658 eV, respectively.30 For each sample two 90 min scans
were averaged on both edges, giving satisfactory data (k3-weighted) in
the k range 3�13.5 and 2�11 Å�1 for platinum and thallium, respectively.
The EXAFSPAK program package was used for the data treatment.31

The standard deviations given for the refined parameters in Table 1
are obtained from k3 weighted least-squares refinements of the EXAFS
function χ(k), and do not include systematic errors of the measure-
ments. These statistical error estimates provide a measure of the
precision of the results and allow reasonable comparisons, e.g., of the
significance of relative shifts in the distances. However, the variations in
the refined parameters, including the shift in the Eo value (for which
k = 0), using different models and data ranges, indicate that the absolute
accuracy of the distances given for the separate complexes is within
(0.01 to 0.02 Å for well-defined interactions. The “standard deviations”
given in the text have been increased accordingly to include estimated
additional effects of systematic errors.

Two different solutions were used in EXAFS experiments, one
containing excess of thallium(III) (Tl(dmso)6

3þ) (solution 1) and
another containing excess of platinum(II) (Pt(CN)4

2�) (solution 2).
The samples were prepared in Lund directly before the measurements to
avoid any decomposition of the complex. For solution 1, 116 mg (0.12
mmol) of Tl(dmso)6(ClO4)3 and 26 mg (0.060 mmol) of K2Pt-
(CN)4 3 3H2O were dissolved in 1.5 mL of dmso under rigorous stirring
for 4�5 min to get a homogeneous solution. Solution 2 was prepared
following an identical procedure from 52 mg of K2Pt(CN)4 3 3H2O (0.12
mmol) and 58mg of Tl(dmso)6(ClO4)3 (0.06 mmol) in 1.5mL of dmso.
The total concentrations of the solutions were 80 mM thallium(III) and
40 mM Pt(CN)4

2� (solution 1) and 40 mM thallium(III) and 80 mM
Pt(CN)4

2� (solution 2). Under these conditions the Pt�Tl bound
species is expected to represent 97% of the maximum amount attainable
(40 mM, see speciation diagrams in Figure S1, Supporting Information).

The samples were sent back toDebrecen after EXAFSmeasurements,
and their compositions were investigated by 205Tl NMR (20 days after
their preparation) to check whether the samples suffered some change
by radiolysis. The 205Tl NMR spectra of these solutions showed that the
thallium content in solution 1 was distributed between three sites: about
60% of the dmso solvated (CN)4Pt�Tlþ complex, 30% Tl(dmso)6

3þ,
and 10% dimethylsulfoxide solvated thallium(I). The corresponding
figures for solution 2 were about 55% dmso solvated thallium(I), 40% of
the dmso solvated (CN)4Pt�Tlþ complex, and 5% of an unknown
thallium(III) species. These data confirmed remarkable decomposition
of the samples caused by the X-ray beam, but the dmso solvated
(CN)4Pt�Tlþ complex remained the dominating scattering entity in
both samples used for thallium and platinum LIII-edge X-ray absorption.
ComputationalMethods. All calculationswere performed employ-

ing hybrid DFT with the B3LYP exchange-correlation functional,32,33

and the Gaussian 03 package (Revision C.01).34 Full geometry optimi-
zations of the Pt(CN)4

2�, (CN)4Pt�Tl(dmso)5
þ, (CN)4(dmso)Pt�

Tl(dmso)5
þ, and (CN)4(dmso)Pt�Tl(dmso)4

þ systems were performed
in vacuo by using the 6-31G(d) basis set for C, H, N, O, and S atoms. For
Pt and Tl we used the Ermler�Christiansen relativistic effective core
potential (RECP) basis set.35 For Pt, 60 electrons are included in the
core, with the remaining valence space of Pt (5s, 5p, 5d, 6s) represented
by an uncontracted (5s5p4d) basis. For Tl, 68 core electrons were replaced
by the RECP, with the remaining valence space of Tl (5d, 6s, 6p)
represented by an uncontracted (3s3p4d) basis. It has been demon-
strated that this ECP provides reliable results for Pt36 and Tl com-
plexes.37 Compared to all-electron basis sets, ECPs account to some
extent for relativistic effects, which are believed to become important for
the elements from the fourth row of the periodic table. Spin�orbital
coupling effects were not taken into account in the present work. No
symmetry constraints have been imposed during the optimizations. The
default values for the integration grid (“fine”) and the SCF energy

Table 1. Mean Bond Distances, d/Å, Debye�Waller Para-
meters, σ2/Å2, the Number of Distances, N, Obtained from
EXAFS Measurements for the Dimethylsulfoxide Solvated
Tetracyanoplatinate(II)�Thallium(III) Complex in Solution
at Ambient Room Temperature

interaction N d σ2

Solution 1 Platinum LIII-Edge

Pt�Tl 1 2.659(1) 0.0056(1)

Pt�C 4 1.969(2) 0.0043(1)

Pt 3 3 3N 4 3.094(2) 0.0089(3)

Pt�Tl�C 16 3.39(1) 0.013(1)

MS 3 � 4 3.92(1)

Solution 1 Thallium LIII-Edge

Tl�Pt 1 2.667(2) 0.0053(3)

Tl�O 5.5 2.259(4) 0.0195(5)

Tl 3 3 3 S 5.5 3.288(9) 0.038(2)

Tl�O�S 11 3.472(3) 0.0043(3)

MS 3 � 5.5 4.49(4) 0.039(56)

Solution 2 Platinum LIII-Edge

Pt�Tl 1 2.659(1) 0.0056(1)

Pt�C 4 1.969(1) 0.0055(2)

Pt 3 3 3N 4 3.098(2) 0.0104(2)

Pt�Tl�C 16 3.39(1) 0.015(1)

MS 3 � 4 3.92(1)

Solution 2 Thallium LIII-Edge

Tl�Pt 1 2.677(4) 0.0096(5)

Tl�O 5 2.282(2) 0.0050(2)

Tl 3 3 3 S 5 3.327(5) 0.0140(7)

Tl�O�S 10 3.526(3) 0.0027(3)

MS 3 � 5 4.54(4) 0.019(5)
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convergence criteria (10�6) were used. The stationary points found on
the potential energy surfaces as a result of the geometry optimizations
have been tested to represent energy minima rather than saddle points
via frequency analysis. Test calculations performed on the (CN)5Pt�
Tl(dmso)4 system, whose X-ray structure has been reported,

20 show that
our computational approach reproduces fairly well the solid state
structure of this class of compounds (Table S1, Supporting In-
formation). Our calculations overestimate the Pt�Tl distance by only
ca. 0.04 Å, and the Tl�O distances by ca. 0.06�0.09 Å. The calculated
Pt�C distances are in excellent agreement with the experimental values
(within 0.02 Å).

In dmso solution solvation energies and free energies of reaction
were calculated from solvated single-point energy calculations on the
geometries optimized in vacuo. Solvent effects were evaluated by using
the polarizable continuum model (PCM), in particular employing the
integral equation formalism variant (IEF-PCM).38 In line with the
united atom topological model (UATM),39 the solute cavity is built as
an envelope of spheres centered on atoms or atomic groups with
appropriate radii. Each sphere is subdivided in 60 initial tesserae in
pentakisdodecahedral patterns. Calculations were performed using an
average area of 0.2 Å2 for all the finite elements (tesserae) used to build
the solute cavities. Final free energies of reaction include both electro-
static and nonelectrostatic contributions. Time-dependent density func-
tional theory (TDDFT)40 was used for the calculation of the 20 lowest
energy electronic transitions of the (CN)4Pt�Tl(dmso)5

þ system in
dmso solution. The absorption spectra were simulated according to the
following equations:41

εðEÞ ¼ ∑
ðiÞ
ai expð � 2:773ðE� EiÞ2=Δ1=2

2Þ ð1Þ

ai ¼ 2:174� 109fi=Δ1=2 ð2Þ
Here the sum runs over all TDDFT-calculated transitions with energies
Ei and oscillator strengths fi. The half-bandwidths,Δ1/2, were assumed to
be equal to 3600 cm�1 on the basis of the experimental half-bandwidth
of the band observed at 356 nm, which was purely belonging to the
metal�metal bound species.

’RESULTS AND DISCUSSION

Reactionof Pt(CN)4
2�with Tl(dmso)6

3þ in Dimethylsulfoxide
Solution.Addition of theTl(dmso)6

3þ to a solution of Pt(13CN)4
2�

in dmso solution causes important changes in the 13CNMRspectrum
of the solution. Upon Tl(dmso)6

3þ addition, the intensity of the
signal due to Pt(CN)4

2� at 129 ppm gradually decreases, while the
formation of a new relatively broad signal at 98 ppm is observed
(Figure 1). This signal can be described as a doublet due to coupling
to 205Tl (2JTl�C = 280 Hz) flanked by satellites due to coupling to
195Pt (natural abundance 33.8%, I = 1/2,

1JPt�C = 880 Hz). Both the
chemical shift value and the Pt�C coupling constant are typical of
Pt�cyano complexes.18 The coupling scheme observed for the signal
at 98 ppm is consistent with the bonding of Pt to one Tl atom in the
species.
The 205Tl NMR spectrum of a dmso solution containing

Pt(13CN)4
2� (40 mM) and Tl(dmso)6

3þ (80 mM) shows a
singlet at 75 ppm flanked by satellites due to coupling to 195Pt
(Figure 2). This result unambiguously demonstrates the forma-
tion of the Pt�Tl bond. The two satellites together with the
central uncoupled peak should give an intensity pattern 1:3.9:1
for a complex with a 1:1 Pt/Tl stoichiometry.42

205Tl NMR chemical shifts cover a region of more than 5000
ppm and are very sensitive to the oxidation state of thallium. For
instance, in aqueous solutions the chemical shifts of Tl(III)-
containing compounds fall within the rangeþ1800 toþ3600 ppm,
while for Tl(I) compounds chemical shifts are normally found in
the interval�200 toþ200 ppm.43 The chemical shift observed in
the present case (75 ppm) is very different from that found for
Tl(dmso)6

3þ (1891 ppm)28 and even lower than that reported
for TlClO4 in dmso (361 ppm).24 The value observed is also very
different compared to that measured (887 ppm)26 for (CN)5
Pt�Tl(dmso)4.

20 This result may suggest an unusually low
formal oxidation state for the thallium ion in this bimetallic
species.
The observed 1JPt�Tl coupling constant (93 kHz) is one of the

largest reported so far in the literature, and the largest measured
to date for a Pt�Tl compound without supporting bridging
ligands. The important differences observed for 1JPt�Tl coupling
constants of different Pt�Tl compounds can be attributed to
varying proportions of thallium 6s character in the metal�metal
bond.14 Indeed, a substantial participation of Tl s electrons in
bond formation is expected to be reflected in large 1JPt�Tl

coupling constants. Thus, the large coupling constant observed

Figure 1. 125 MHz 13C NMR spectrum of a dmso solution containing
Pt(13CN)4

2� (40 mM) and Tl(dmso)6
3þ (80 mM). The insert shows

the deconvolution of the broad signal at 98 ppm with the 1JTl�C and
1JPt�C spin�spin coupling constants of the complex. (Asterisks indicate
nonidentified minor species.)

Figure 2. Fraction of a 205Tl NMR spectrum in dmso solution contain-
ing Pt(13CN)4

2� (40 mM) and Tl(dmso)6
3þ (80 mM). The insert

shows the fragment of the spectra recorded with carrier frequency at 0
ppm (see ref 42).
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in the present case suggests a very important participation of the
valence Tl 6s orbital in the formation of this particular Pt�Tl bond.
Unfortunately, attempts to find the signal due to the bimetallic

species in the 195Pt NMR spectrum have been unsuccessful,
probably because the signal is too broad to be detected due to
exchange phenomena in dmso solution. The relatively broad
signals observed in the 13C and 205Tl NMR spectra support this
hypothesis. However, the signal due to the Pt(CN)4

2� species in
the 13C NMR spectra is quite narrow (Figure 1), indicating that
an intermolecular exchange process between (CN)4Pt�Tl-
(dmso)5

þ and Pt(CN)4
2� is not responsible for observed line

broadening. Thus, an intramolecular exchange process is prob-
ably responsible for the broad signals observed in the 13C NMR
spectra and the absence of detectable resonances in the 195Pt
NMR spectrum.44

The 13C and 205Tl NMR spectra, together with the EXAFS
and DFT results presented below, are consistent with the
following reaction in dmso solution:

PtðCNÞ42� þ TlðdmsoÞ63þ / ðCNÞ4Pt� TlðdmsoÞ5þ þ dmso

ð3Þ
Since the concentration of solvent dmso is effectively con-

stant, the equilibrium constant corresponding to eq 3 can be
written as

K ¼ ½ðCNÞ4Pt� TlðdmsoÞ5þ�
½PtðCNÞ42��½TlðdmsoÞ63þ�

ð4Þ

Square brackets mean equilibrium concentrations in eqs 4�6.
In practice only the central peaks of the narrow signal for
Pt(13CN)4

2� at 129 ppm could be integrated quantitatively,
and therefore, the equilibrium concentrations of the other
species were calculated using the following mass balance equa-
tions:

cPt ¼ ½ðCNÞ4Pt� TlðdmsoÞ5þ� þ ½PtðCNÞ42�� ð5Þ

cTl ¼ ½ðCNÞ4Pt� TlðdmsoÞ5þ� þ ½TlðdmsoÞ63þ� ð6Þ
A log K value of 2.9( 0.2 has been obtained from the analysis

of the 13C NMR titration data (see Figure S2, Supporting
Information).

The reaction between Pt(CN)4
2� and Tl(dmso)6

3þ has also
been followed by using UV�vis spectroscopy (Figure 3). Addi-
tion of 1 equiv of Tl(dmso)6

3þ to a 20 mM solution of
Pt(CN)4

2� in dmso results in the formation of new bands with
maxima at 310 and 355 nm. The relatively high intensity of these
bands (ε ∼ 4 � 104 M�1 cm�1 at 355 nm) is typical of charge
transfer (CT) transitions. The low energy tail of this band extents to
the visible region of the spectrum, and it is responsible for the yellow
color of the solutions containing the (CN)4Pt�Tl(dmso)5

þ com-
plex. The maximum of this CT band is observed at lower energy
than in the case of the (NC)5Pt�Tl(dmso)x

þ species, for which the
absorption maximum has been located at 297 nm (ε = 2 � 104

M�1 cm�1).26 A stability constant of logK=3.38( 0.02, defined by
eq 4, has also been determined by spectrophotometry via systematic
variation of the ratio of reactants, Pt(CN)4

2� and Tl(dmso)6
3þ

(see Figure S3, Supporting Information).

’EXAFS MEASUREMENTS

Composition of the Studied Solutions.The structure of the
dmso solvated (CN)4Pt�Tlþ complex was investigated by
using EXAFS measurements. The two solutions studied, de-
noted as solutions 1 and 2, contained cPt = 40.0 and 80.0 mmol
dm�3, and cTl = 80.0 and 40.0 mmol dm�3, respectively, as
described in the Experimental Section. The structures of dmso
solvated thallium(III) and thallium(I) ions have been reported
previously.45 The dmso solvated thallium(III) ion is six-coodi-
nate with a regular octahedral environment and dmso binding
through oxygen with mean Tl�O and Tl 3 3 3 S distances of
2.22(1) and 3.33(2) Å, giving a Tl�O�S bond angle of 124(2)o

in dmso solution.28 The structure of solid Tl(OS(CH3)2)6-
(ClO4)3 displays the same Tl�O bond distances at both room
temperature and 10 K, but the Tl�O�S bond angles are
somewhat smaller (120�). The dmso solvated thallium(I) ion
has a diffuse solvation shell with two groups of weakly bound
solvent molecules at 2.66(4) and 3.18(6) Å in dmso solution.28

The scattering effect in an EXAFS study of dmso solvated
thallium(I), based on the Debye�Waller factors obtained in the
LAXS experiments, is ca. 10% of the scattering effect of the
dmso solvated thallium(III) ion at low k values, and negligible at
high k values. This means that the contribution to the EXAFS
data from the thallium(I) ion that might be formed during
the data collection in solution 1 (see Experimental Section)
is negligible in comparison to the contribution from the dmso
solvated thallium(III) and (CN)4Pt�Tlþ complexes. The con-
tribution from the solvated thallium(I) ion in solution 2 is also
not sufficiently important to be independently observed.
Therefore, the contributions to the thallium LIII-edge EXAFS
data in this study are solely from the dmso solvated thallium-
(III) and (CN)4Pt�Tlþ complexes.
Structure of the Dimethylsulfoxide Solvated (CN)4Pt�Tlþ

Complex. The thallium LIII-edge EXAFS data show a Pt�Tl
bond distance of 2.67(1) Å in solution 1. The refined mean
Tl�O bond distance is 0.04 Å longer than in the dmso solvated
thallium(III) ion, and has a large Debye�Waller factor, 0.020 Å2.
The difference in the Tl�O bond distances in the Tl(dmso)6

3þ

and (NC)4Pt�Tl(dmso)5
þ complexes is, however, too small to

be separated in the refinements of the EXAFS data. Assuming
that the observed mean Tl�O bond distance, 2.259 Å, is a
weightedmean value in theTl(dmso)6

3þ (2.220Å) and (NC)4Pt�
Tl(dmso)5

þ complexes, this gives a Tl�O bond distance in the
latter of 2.284 Å, partly explaining the large Debye�Waller factor

Figure 3. Typical absorption spectra of the dmso solutions of the
reactants and the metal�metal bonded complex: cPt(CN)42� = 20 mM
(black), cTl(dmso)63þ = 20 mM (red), and cPt(CN)42� = cTl(dmso)63þ =
20 mM (violet); l = 0.01 mm.
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(Table 1). The observed Tl 3 3 3 S single scattering and Tl�O�S
three-leg scattering are consistent with a Tl�O�S scattering
angle of 120�. The linear TlO6 and �TlO5 inner-core multiple
scattering distances at double Tl�O bond distance are observed
at the expected distances supporting a regular octahedral con-
figuration around thallium in both Tl(dmso)6

3þ and
(NC)4Pt�Tl(dmso)5

þ. The thallium LIII-edge EXAFS data of
solution 2 refer solely to the (NC)4Pt�Tl(dmso)5

þ complex.
The Pt�Tl bond distance is 2.677(4) Å, and the Tl�O bond
distance is 2.282(2) Å, which is in excellent agreement with the
extrapolated bond length from solution 1. The Tl 3 3 3 S single
scattering and Tl�O�S three-leg scattering distances give a
Tl�O�S scattering angle of 120�. The fit of the thallium LIII-
edge EXAFS data and Fourier transforms of solutions 1 and 2 are
given in Figures 4 and 5, respectively.
The platinum LIII-edge EXAFS data of solutions 1 and 2 are

almost identical in spite of the excess of Pt(CN)4
2� present in

solution 2. The Pt�Tl bond distance is 2.659(5) Å in both
solutions, which is within the limits of error the same as that
observed in the Tl EXAFS data (see above). The Pt�C bond and
Pt 3 3 3N distances, 1.969(6) and 3.096(6) Å, point to a linear
Pt�C�N bond, and a bond distance in agreement with earlier
observations. The fit of the Pt LIII-edge EXAFS data and Fourier
transforms of solutions 1 and 2 are given in Figures 4 and 5,
respectively.
The observed structure of the (NC)4Pt�Tl(dmso)5

þ com-
plex is consistent with a similar structure of hydrated (NC)5Pt�
Tl(OH2)m

þ complexes in aqueous solution.46 The Pt�Tl bond
distance is slightly longer in the dmso solvated complex due to

stronger solvation of the soft thallium, and/or to different
character of Pt�Tl bonding, see below; the DS values for water
and dmso are 18 and 27, respectively.47 The Pt�C bond
distances are slightly shorter in this complex as only four cyanide
ions bind to platinum in comparison to five-coordination in the
previously studied complexes in water. The Tl�O bond dis-
tances are significantly longer in the (NC)4Pt�Tl(dmso)5

þ

complex than in Tl(dmso)6
3þ ion, 0.06 Å, which may indicate

an oxidation number of thallium in the metal�metal com-
plex that is (somewhat) lower than three. The Pt�C bond
distance is slightly shorter, ca. 0.02 Å, than in Pt(CN)4

2�

complexes in the solid state,48 indicating an oxidation number
higher than two.
DFT Optimized Geometries. Aiming to obtain information

on the structure of the Pt�Tl complex formed upon reaction of
Pt(CN)4

2� and Tl(dmso)6
3þ in dmso solution, we have per-

formed geometry optimizations on the (CN)4Pt�Tl(dmso)5
þ (A)

system by using the DFT calculations (B3LYP model). Further-
more, we have also explored a possible coordination of a dmso
ligand to the Pt center by performing calculations on the (CN)4-
(dmso)Pt�Tl(dmso)5

þ (B) and (CN)4(dmso)Pt�Tl(dmso)4
þ

(C) systems. The optimized geometries for these species are shown
in Figure 6. The three bimetallic species present short Pt�Tl
distances amounting to 2.735 (A), 2.672 (B), and 2.619 (C) Å.
In addition to the Pt�Tl linkage, the Pt atom is bonded to four
carbons of the cyanide ligands in the three species. In species B and
C, a dmso ligand is coordinated to Pt, while this is not the case for
species A.

Figure 4. Fit of k3-weighted EXAFS data of dmso solutions of
tetracyanoplatinate(II)�thallium(III), platinum LIII-edge data solution
1 (no offset), solution 2 (offset 5.0); and thallium LIII-edge data solution
1, (offset 12.0), solution 2 (offset 15.0).

Figure 5. Fourier transforms of k3-weighted EXAFS data of dmso
solutions of tetracyanoplatinate(II)�thallium(III), platinum LIII-edge
data solution 1 (no offset), solution 2 (offset 1.0); and thallium LIII-edge
data solution 1, (offset 2.5), solution 2 (offset 3.0).
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The relative free energies of the A, B, and C species were
determined in vacuo by calculating the free energy variation for
reactions 7 and 8:

ðCNÞ4Pt� TlðdmsoÞ5þ þ dmso / ðCNÞ4ðdmsoÞPt� TlðdmsoÞ5þ

ð7Þ

ðCNÞ4ðdmsoÞPt� TlðdmsoÞ4þ
þ dmso / ðCNÞ4ðdmsoÞPt� TlðdmsoÞ5þ ð8Þ

The free energies calculated for eqs 7 and 8 amount to �12.5
and �11.2 kJ mol�1, respectively. These results highlight the
tendency of a dmso ligand to coordinate to the Pt center in the
gas phase. In order to evaluate the solvent effects on the relative
stability of these species, we have determined the free energy
variations for these reactions in dmso solution. In these calcula-
tions the effect of the bulk solvent was included by using the
polarizable continuum model (PCM). Our results show that the
inclusion of solvent effects dramatically affects the free energies for
eqs 7 and 8, which amount to 62.94 and 30.51 kJmol�1, respectively.
Thus, our calculations predict that the (CN)4Pt�Tl(dmso)5

þ

species is the most stable one in dmso solution among the
three geometries investigated, in nice agreement with the
EXAFS data described above. This is a consequence of the
very different dmso solvation free energies calculated for the
three species, which amount to �70.38 (A), �3.69 (B), and
�36.63 (C) kJ mol�1.
The calculated Pt�Tl distance in (CN)4Pt�Tl(dmso)5

þ

(2.735 Å) is∼0.06 Å longer than the experimental one obtained
from EXAFS measurements. The averaged Pt�C bond distance
amounts to 2.014 Å, only 0.04 Å longer than that obtained from
our EXAFS measurements in dmso solution. The calculated
Tl�O distances (average at 2.306 Å) are also in excellent
agreement with the experimental values. The four cyanides are

located in a square plane around the Pt atom. The coordination
of the Tl atom can be described as a distorted octahedron with
the metal ion being located 0.40 Å above the equatorial plane
built by four oxygen atoms of dmso ligands. The four equatorial
Tl�O bonds and the four cyano ligands coordinated to the
platinum atom in the Pt�Tl complex are arranged in an alternate

Figure 6. Optimized geometries of the (CN)4Pt�Tl(dmso)5
þ (A),

(CN)4(dmso)Pt�Tl(dmso)5
þ (B), and (CN)4(dmso)Pt�Tl(dmso)4

þ

(C) systems.

Figure 7. Orbital interaction diagram obtained for (NC)4Pt�
Tl(dmso)5

þ using DFT calculations; Pt(CN)4
2� and Tl(dmso)5

3þ are
interacting fragments (both in closed-shell singlet spin configuration).

Table 2. Partial Molecular Orbital Compositions (%) in the
Ground State for (NC)4Pt�Tl(dmso)5

þ Obtained in Di-
methylsulfoxide Solution (PCM Model) from Mulliken Po-
pulation Analysis

orbital energy (eV) dmso Tl CN� Pt

LUMOþ2 �0.320 26.7 �0.2 30.4 43.1

LUMOþ1 �0.929 34.8 19.3 31.4 14.5

LUMO �3.602 28.1 42.9 12.2 16.7

HOMO �7.363 84.4 0.9 11.1 3.5

HOMO�1 �7.479 91.5 1.5 1.3 5.8

HOMO�2 �7.559 79.6 1.8 13.7 4.9

HOMO�3 �7.722 78.6 1.7 13.4 6.4

HOMO�4 �7.987 58.7 2.2 16.8 22.4

HOMO�5 �8.056 24.1 0.7 45.5 29.7

HOMO�6 �8.113 21.5 0.8 48.8 28.8

HOMO�7 �8.178 25.3 0.6 47.7 26.4

HOMO�8 �8.323 90.6 0.5 4.3 4.5

HOMO�9 �8.471 78.6 1.8 13.7 5.8

HOMO�10 �8.537 77.8 0.6 20.4 1.3

HOMO�11 �8.621 34.0 1.4 60.5 4.2

HOMO�12 �8.658 77.7 2.3 19.1 1.3

HOMO�13 �8.667 48.7 1.5 46.4 3.3

HOMO�14 �8.717 58.4 1.8 38.4 1.4

HOMO�15 �8.812 5.6 0.3 92.9 1.2

HOMO�16 �9.071 12.1 1.2 85.5 1.2

HOMO�17 �9.166 22.4 6.9 49.5 21.1
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geometry. The coordination environment around Pt may be
considered as being square pyramidal, where the apical position
is occupied by the Tl atom.
Metal�Metal Bonding in (NC)4Pt�Tl(dmso)5

þ and
(NC)5Pt�Tl(dmso)4. Aiming to obtain information about the
nature of the Pt�Tl bond in (CN)4Pt�Tl(dmso)5

þ we have
performed an MO analysis in dmso solution (PCM model). For
this purpose, we have chosen a local coordinate system in which
the z axis is aligned along with the Pt�Tl bond, with the x and y
axis each containing the Pt atom and two C atoms of cyanide
ligands in trans positions. Figure 7 shows an orbital interaction
diagram for (CN)4Pt�Tl(dmso)5

þ in which Pt(CN)4
2� and

Tl(dmso)5
3þ are the interacting fragments, while Table 2 shows

theMO compositions relevant to the interpretation of the Pt�Tl
bond and the electronic absorption spectrum. For the Pt-
(CN)4

2� fragment we obtain the following ordering of the
energies of the 5d orbitals: dx2�y

2 . dz2 > dxz,dyz> dxy. This is
the expected ordering predicted by the simple crystal field or
angular overlap model, except for the reversal order of the dxz,dyz,
and dxy orbitals due to their mixingwith theCN�π orbitals.49 The
highest occupied fragment orbital (HOFO) of the Pt(CN)4

2�

fragment (74.0% Pt 5dz
2) and the LUFO of Tl(dmso)5

3þ (47.2%
Tl 6s) are involved in Pt�Tl bond formation, giving rise to
HOMO � 17 and its antibonding counterpart LUMO
(Figure 7). HOMO � 17 possesses 12.6% Pt 5dz2 character,
while the Tl 6s contribution amounts to 4.13%. On the other
hand the Pt 5dz2 and Tl 6s contributions to the LUMO are 11.1%
and 41.3%, respectively. Thus, the Pt�Tl bond formation in
(CN)4Pt�Tl(dmso)5

þ can be simply interpreted as the result of
a Pt(5d2) f Tl(6s) donation. The atomic Mulliken charges
calculated for Pt and Tl in Pt(CN)4

2� (Pt, 0.09), Tl(dmso)5
3þ

(Tl, 1.26), and (CN)4Pt�Tl(dmso)5
þ (Pt, 0.28; Tl, 0.95)

provide additional support that the formation of the Pt�Tl bond
can be attributed to a transfer of charge from platinum(II) to
thallium(III). This bonding scheme is compatible with the very
large 1JPt�Tl coupling constant observed for this system (93
kHz). LUMO þ 1 possesses an important Tl 6p contribution
(14.6%), while LUMO þ 2 contains a very important 5dx2-y2
contribution (42.3%).
The (NC)4Pt�Tl(dmso)5

þ system constitutes the first ex-
ample of a Pt�Tl bonded cyanide complex in which the sixth
coordination position around Pt (in trans with respect to the Tl
atom) is not occupied. In fact, the presence of a CN� ligand in
that position was thought to be crucial for the stabilization of the
Pt bond. Thus, we also performed an MO analysis on the known
(CN)5Pt�Tl(dmso)4 complex.20 The Pt�Tl distance calculated
for (CN)5Pt�Tl(dmso)4 (2.655 Å) is 0.080 Å shorter than that
calculated for (NC)4Pt�Tl(dmso)5

þ (2.735 Å). These results
clearly confirm that the presence of a fifth cyanide ligand in
trans position with respect to the Tl atom stabilizes the Pt�
Tl bond.
A molecular orbital analysis performed on the (CN)5Pt�

Tl(dmso)4 system shows that the Pt�Tl bond formation in this
compound can be also interpreted as the result of a Pt(5d2) f
Tl(6s) donation. The main bonding contribution to the forma-
tion of the Pt�Tl bond is provided by the HOMO (6.2% Pt 5dz2

and 8.3% Tl 6s), the antibonding counterpart being the LUMO
(24.5% Pt 5dz

2 and 28.1% Tl 6s, see Figure S4, Supporting
Information). The role of the fifth cyanide ligand in the forma-
tion of the Pt�Tl bond may be rationalized by considering the
energy of the respective HOFOs in Pt(CN)4

2� and Pt(CN)5
3�.

The coordination of a CN� ligand to Pt(CN)4
2� raises the

energy of theHOFOwith respect toHOFO� 1 andHOFO� 2 by
2.71 eV. As a consequence, the Pt(CN)5

3� possesses a strong
Lewis donor character, resulting in a stronger Pt�Tl bond. This
is in line with the larger (Mayer) bond order obtained for Pt�Tl
in (CN)5Pt�Tl(dmso)4 (1.12) in comparison to (NC)4Pt�
Tl(dmso)5

þ (1.03).
TDDFT Calculations. To investigate the absorption spectrum

of the (NC)4Pt�Tl(dmso)5
þ complex in dmso solution we have

carried out time-dependent density functional theory (TDDFT)
calculations. Indeed, TDDFT has emerged as an accurate
method for the calculation of excited state properties of mol-
ecules. Because of its low computational cost, TDDFT is
applicable to relatively large systems for which traditional wave-
function-based methods are not feasible. Thus, TDDFT appears
to be an excellent approach for calculating the electronic spectra
of transition metal complexes,50 including platinum(II) com-
plexes.51,52 The output of the TDDFT calculations contains
information for the excited-state energies and oscillator
strengths (f) and a list of the transitions that give rise to each
excited state, the orbitals involved, and the orbital contribu-
tion coefficients of the transitions. The results are summarized in
Table 3. To substantiate the discussion, the molecular orbital

Table 3. Excited States of (NC)4Pt�Tl(dmso)5
þ Calcu-

lated by TDDFT in Dimethylsulfoxide Solution (PCM
Model)a

state

composition

(excitation amplitudes)b E, nm (eV) f assignment

2 HOMO�1 f LUMO (0.44) 376.5 (3.29) 0.067 LMCT

HOMO�2 f LUMO (0.48)

3 HOMO�1 f LUMO (0.51) 373.6 (3.32) 0.029 LMCT

HOMO�2 f LUMO (0.44)

4 HOMO�3 f LUMO (0.63) 360.2 (3.44) 0.128 LMCT

HOMO�6 f LUMO(0.21)

5 HOMO�4 f LUMO (0.31) 346.8 (3.58) 0.031 LMCT

þ MMCT

HOMO�5 f LUMO (0.58)

6 HOMO�3 f LUMO (0.21) 336.7 (3.68) 0.021 LMCT

þ MMCT

HOMO�4 f LUMO (0.26)

HOMO�6 f LUMO (0.58)

8 HOMO�4 f LUMO (0.44) 326.4 (3.80) 0.045 LMCT

þ MMCT

HOMO�5 f LUMO (0.32)

HOMO�6 f LUMO (0.21)

HOMO�8 f LUMO (0.32)

9 HOMO�4 f LUMO (0.25) 314.4 (3.94) 0.068 LMCT

þ MMCT

HOMO�8 f LUMO (0.59)

10 HOMO�9 f LUMO (0.64) 304.3 (4.08) 0.046 LMCT

13 HOMO�11 f LUMO (0.44) 290.8 (4.26) 0.029 LMCT

HOMO�12 f LUMO (0.51)

14 HOMO�11 f LUMO (0.28) 288.9 (4.30) 0.072 LMCT

HOMO�12 f LUMO (0.22)

HOMO�13 f LUMO (0.56)

15 HOMO�14 f LUMO (0.67) 287.7 (4.31) 0.021 LMCT
aOnly those excited states contributing with f > 0.02 are given. bOnly
those excitation amplitudes greater than 0.2 are given.
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compositions relevant to the interpretation of the absorption
spectra are given in Table 2.
The TDDFT calculated spectrum of (NC)4Pt�Tl(dmso)5

þ

is compared to the experimental UV�vis spectrum in Figure 8.
The agreement between the experimental and calculated spectra
is very good. The calculated spectrum presents two maxima at
302 and 361 nm that compare well to those observed in the
experimental spectrum (310 and 355 nm). Themain discrepancy
between the experimental and calculated spectrum is that the
calculated one overestimates the intensity of the component at
higher energy with respect to the maximum at 361 nm. Table 3
shows the different electronic transitions that provide a relevant
contribution to the overall calculated spectrum. It can be seen
that the calculated spectrum possesses an important contribution
from at least 10 electronic transitions.
Our TDDFT calculations show that the different excited states

relevant to the interpretation of the absorption spectrum of the
Pt�Tl complex are best described as multi configurations, in
which several electron excitations contribute to a given electronic
transition. The MO compositions given in Table 2 show that the
LUMO is mainly centered on Tl (42.9%), and contains an
important Pt contribution (16.7%). HOMO � 1 to HOMO �
3 are mainly centered on the dmso ligands, while HOMO� 8 to
HOMO � 16 contain important contributions from dmso and
CN� ligands.A third groupof orbitals (HOMO� 4 toHOMO� 7)
contain an important contribution from both dmso and CN�

ligands, as well as from Pt (22�30%). Thus, those electronic
transitions dominated by excitations from HOMO� 4,�5,�6,
and�7 to LUMO can be considered to possess both LMCT and
MMCT characters, as the electronic excitation shifts electron
charge density from the ligands and Pt to Tl. The remaining
electron transitions that do not have relevant contribution from
excitations involving HOMO� 4,�5,�6 should be considered
as LMCT transitions. The data reported in Table 3 indicate that
the low energy band observed in the absorption spectrum
contains both LMCT andMMCT character, while the maximum
observed at higher energy should be rather considered as an
LMCT band.
Absent Reactivity of (CN)4Pt�Tl(dmso)5

þ toward Cyanide
in Dimethylsulfoxide. Preparation method for the related
compound, (CN)5Pt�Tl(dmso)4, in dmso solution has previously

been published by Ma et al. according to the following
equation:20

PtðCNÞ42� þ TlðdmsoÞ63þ
þ CN� / ðCNÞ5Pt� TlðdmsoÞ4 þ 2dmso ð9Þ

As a matter of fact, when reinvestigating the system we got no
evidence for the formation of (CN)5Pt�Tl(dmso)4 by mixing
the three reactants.53 Moreover, gradually adding larger excesses
of CN� to a solution of [(CN)4Pt�Tl(dmso)5]

þ in dmso
resulted in a decrease of the 205Tl NMR signal intensity of the
yellow complex, but no signal of (CN)5Pt�Tl(dmso)4 (δ = 887
ppm) could be found. In fact, only the signal due to Tl(CN)2

þ

(δ = 2460 ppm) was observed, which indicates that the Pt�Tl
bond is demolished under these conditions.
Keeping in mind that both (CN)4Pt�Tl(dmso)5

þ and
(CN)5Pt�Tl(dmso)4 are well established species, one can
expect the following reaction to take place in dmso solution:

ðCNÞ4Pt� TlðdmsoÞ5þ þ CN� / ðCNÞ5Pt
� TlðdmsoÞ4 þ dmso ð10Þ

The shorter Pt�Tl bond distance for (CN)5Pt�Tl(dmso)4
(2.655 Å, calculated by DFT, see Table S1, Supporting Informa-
tion, or experimental value, 2.6131(4) Å20) when compared to
(NC)4Pt�Tl(dmso)5

þ (2.735 Å, calculated by DFT) may
envisage a thermodynamically favored reaction, i.e., an equilib-
rium shifted to the right in eq 10. To obtain information about
the relative stability of these two Pt�Tl bound species we have
determined the free energy for reaction 10 in dmso solution with
the aid of DFT. Our calculations provide a free energy calculation
in solution ΔG� =�95.4 kJ/mol for reaction 10, which suggests
that once the [(CN)4Pt�Tl(dmso)5]

þ species is formed, the
coordination of the fifth cyanide is energetically favored, and the
reaction could be therefore inhibited by a high kinetic barrier.
Previous kinetic studies showed that the rate determining step

in the formation of the [(CN)5Pt�Tl(CN)n(H2O)x]
n- com-

plexes in aqueous solution is the coordination of the “fifth
cyanide” to a (CN)4Pt 3 3 3Tl intermediate.21 However, in aqu-
eous solution (the deprotonated) CN� ligand has quite high
reactivity (at a “stopped flow” time scale), while a similar reaction
does not seem to take place at all in dmso. Further work is needed
to understand the structural reasoning of this phenomenon.

’CONCLUSIONS

At first glance, the (CN)4Pt�Tl(dmso)5
þ complex formed in

dmso could be considered as a closely related derivative of the
growing family of Pt�Tl bonded cyano complexes with general
formula (NC)5Pt�Tl(CN)n(H2O)x

n� (n = 0�3, x = 5, 4, 2, 0)
prepared earlier by us in aqueous solution.13�17 However, the
detailed study reported herein points to significant differences
between these Pt�Tl bond species concerning both structure
and bonding. Indeed, the absence of the axial cyanide ligand in
the new complex results in a rather unusual square-pyramidal
coordination around Pt. Furthermore, several spectral para-
meters of the (CN)4Pt�Tl(dmso)5

þ complex are remarkably
different from the expected ones: (1) The observed 1JPt�Tl

coupling constant (93 kHz) is the largest spin�spin coupling
constant ever reported for nonbuttressed Pt�Tl species. (2) The
205Tl NMR shift, δ = 75 ppm, suggests a quite low oxidation state
for the Tl-atom. (3) Both the 13C and 205Tl NMR signals are very
broad (most likely because of intramolecular rearrangement

Figure 8. Comparison of the experimental (—) and calculated
(TDDFT, 3 3 3 ) molar absorption coefficients (ε) of the (CN)4Pt�
Tl(dmso)5

þ (A) species. The experimental spectrum was obtained
from that shown in Figure 3 [cPt(CN)42� = cTl(dmso)63þ = 20 mM] by
subtracting the contributions of the unbound species.
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processes involving the dmso ligands within the complex species
with C1 symmetry). The metal�metal bond formation in
(CN)4Pt�Tl(dmso)5

þ can be simply interpreted as the result
of a Pt(5dz2)

2 f Tl(6s)0 donation. This bonding scheme may
explain the lower thermodynamic stability of this adduct com-
pared to the related complexes containing the (CN)5Pt�Tl
entity, where the linear C�Pt�Tl unit constitutes a very stable
bonding system. To our surprise, the (CN)4Pt�Tl(dmso)5

þ

complex does not react with cyanide to give the known
(CN)5Pt�Tl(dmso)4 complex, most likely due to slow kinetics,
as the reaction seems to be thermodynamically favored.

The absorption spectrum of (CN)4Pt�Tl(dmso)5
þ is domi-

nated by two strong absorption bands in the UV region (λmax =
355 nm, ε = 38.7 � 103 M�1 cm�1; λmax = 310 nm, ε = 17.0 �
103 M�1 cm�1) that are assigned to MMCT (Pt f Tl) and
LMCT (dmso f Tl) bands, respectively. The solution of the
complex has a bright yellow color (as previously observed for the
(NC)5Pt�Tl�Pt(CN)5

2� trinuclear complex in water)17,21 as a
result of a shoulder present in the low energy side of the band at
355 nm. The complex is light sensitive, and a systematic investiga-
tion of its photochemical and photophysical properties is underway.
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