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Synthesis and Structure of Monomeric and Platinum-Bonded
(1,10-Phenanthroline)thallium Complexes
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Oxidative addition of (1,10-phenanthroline)thallium(III) com-
plexes [Tl(phen)n(solv)]3+ (n = 1−2) (phen = 1,10-phenanthro-
line) to [Pt(CN)4]2− in DMSO, in the presence of cyanide ions
and in the absence of cyanide ions yielded heterodinuclear
metal−metal-bonded complexes, [(NC)5Pt−Tl(phen)n(solv)]
and [(NC)4Pt−Tl(phen)n(solv)]+ (n = 0, 1, and 2), respectively.
The presence of a direct Pt−Tl bond in the complex is evident
by a very strong one-bond 195Pt−205Tl spin-spin coupling de-
tected by 205Tl NMR: 1J = 94.0 kHz (1a), 84.2 kHz (2a), and
77.1 kHz (3a) corresponding to n = 0, 1, and 2 in
[(NC)4Pt−Tl(phen)n(solv)]+, and 1J = 65.4 kHz (2b) and
62.5 kHz (3b) for n = 1 and 2, respectively, in [(NC)5Pt−
Tl(phen)n(solv)]. The crystal structures of [(NC)5Pt−Tl-

Introduction

Square-planar complexes of d8 transition metal ions
comply with the 16-electron rule, the occupied dz

2 orbital
can act as a potential donor to another metal ion (M), re-
sulting in a dative M(d8)�M bond. Many PtII�M dative-
bond complexes have been reported.[1a] A direct
metal�metal bond between platinum(II) and thallium(I) in
the solid state was first described by Nagle et al.[1b] Re-
cently, several compounds containing a Pt�Tl bond have
been prepared.[2] In this laboratory, a family of four dinuc-
lear platinum�thallium cyano compounds with the formula
[(NC)5Pt�Tl(CN)n�1(aq)](1�n) (n � 1�4 for compound I,
II, III and IV, respectively), which contain a direct
metal�metal bond unsupported by ligands, have been syn-
thesized and characterized in aqueous solutions.[3] Due to
the light sensitivity of the Pt�Tl metal�metal bond in these
compounds, they are of principal interest. A study was initi-
ated of the effects of modifications of these compounds
with nitrogen donor and chromophore organic ligands, e.g.
2,2�-bipyridine and porphyrin (tpp, thpp).[4] When the com-
pounds were exposed to daylight, two-electron transfer was

[a] Department of Chemistry, Royal Institute of Technology
(KTH)
10044 Stockholm, Sweden
E-mail: julius@inorg.kth.se

[b] Department of Chemistry, Shanxi University,
030006 Taiyuan, Shanxi Province, P. R. China
Supporting information for this article is available on the
WWW under http://www.eurjic.com or from the author.

Eur. J. Inorg. Chem. 2002, 1307�1314  WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 1434�1948/02/0606�1307 $ 20.00�.50/0 1307

(phen)(DMSO)3]·(DMSO) (2b), [(NC)5Pt−Tl(phen)2]·(DMSO)3

(3b), and [Tl(phen)2Cl2] (ClO4) (4) complexes were deter-
mined. Very short Pt−Tl bonds, 2.6296(3) and 2.6375(5) Å, are
present in structures 2b and 3b, respectively. The corres-
ponding force constants in the molecules in the solid state,
1.84 and 1.74 N/cm for 2b and 3b, respectively, were calcu-
lated using Raman stretching frequencies of the Pt−Tl vibra-
tions, and are characteristic for a single, strong metal−metal
bond. Electronic absorption spectra were recorded for se-
lected compounds and the optical transition attributed to the
metal−metal bond was assigned.
( Wiley-VCH Verlag GmbH, 69451 Weinheim, Germany,
2002)

induced between the metal ions. Thus, possible applications
in photovoltaic devices, for example in a ‘‘wet’’ solar cell of
Grätzel-type,[5] can be envisaged. In the search for suitable
compounds for future applications, we report here the syn-
thesis and structural characteristics of new complexes con-
taining a direct metal�metal bond, [(NC)4Pt�Tl-
(phen)n(solv)]� with n � 0 (1a), 1 (2a), 2 (3a) and
[(NC)5Pt�Tl(phen)n(solv)] with n � 1 (2b), 2 (3b). For the
first time, a naked Pt�Tl bond with the formal oxidation
states PtII and TlIII and the composition [(NC)4Pt�TlX]�

was synthesised and structurally characterised [X �
(phen)n(solv), n � 0,1,2; solv � DMSO].

Results and Discussion

Characterization in Solution by 205Tl NMR Spectroscopy

The preparation of Pt�Tl complexes with the N-donor
ligand ethylenediamine was described in our previous pa-
per.[4a] In a similar way, two new Pt�Tl complexes
[(NC)4Pt�Tl(solv)]� (1a) and [(NC)5Pt�Tl(solv)] (1b)
could be prepared; these two species were then treated
with 1,10-phenanthroline, whereby the complexes
[(NC)4Pt�Tl(phen)(solv)]� (2a), [(NC)5Pt�Tl(phen)(solv)]
(2b), [(NC)4Pt�Tl(phen)2(solv)] (3a), and [(NC)5Pt�Tl-
(phen)2] (3b) in DMSO solution (Scheme 1) were prepared.

In the reaction between the solid compound [Tl(DMSO)6]-
(ClO4)3 and [Pt(CN)4

2�] in DMSO (cf. Scheme 1, lower
part), it is clear from the 205Tl NMR spectrum that only
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Scheme 1

one Pt�Tl dinuclear complex forms (1a); a 1:3.9:1 triplet
peak appears centred at δ � 82 with a large spin-spin coup-
ling constant (94000 Hz), this is characteristic for a non-
buttressed Pt�Tl bond.[3] The 205Tl NMR signal splits into
a doublet by nuclear spin-spin coupling to the NMR-active
isotope 195Pt (natural abundance 33.8%, I � 1/2) and, to-
gether with the NMR-inactive Pt isotopes (natural abund-
ance 66.2%), it shows a triplet pattern with the expected
intensity ratio 1:3.9:1 (cf. Figure 1). Then, upon stepwise
addition of 1,10-phenanthroline, two Pt�Tl species showed
up in the spectra as typical triplet signals at δ � 472 (2a)
and δ � 775 (3a) with the spin-spin coupling constants
84200 Hz and 77120 Hz, respectively.

Figure 1. 288 MHz 205Tl NMR spectra of Pt�Tl compounds in
DMSO: [(NC)4Pt�Tl(solv)]� (1a), [(NC)4Pt�Tl(phen)(solv)]�
(2a), and [(NC)4Pt�Tl(phen)2(solv)]� (3a); * represents TlI signal
at δ � 363
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The preparation and characterization of
[(NC)5Pt�Tl(solv)] (1b) was studied earlier[4a] and crystal-
line [(NC)5Pt�Tl(DMSO)4] was obtained. When the solid
[(NC)5Pt�Tl(DMSO)4] was treated with 1,10-phenanthro-
line at different molar ratios (cf. Scheme 1, top part), it dis-
solved completely, and the complexes [(NC)5Pt�Tl(phen)n]
(n � 1�2 for compounds 2b and 3b, respectively) formed
in solution. The 205Tl NMR chemical shifts for the two new
phenanthroline species are δ � 992 and 1162, and spin-spin
coupling constants 1J(195Pt-205Tl) are 65440 and 62490 Hz
for 2b and 3b in DMSO, respectively. Similar to the 205Tl
NMR spectrum discussed above, the signals are triplets
with the expected intensity ratio 1:3.9:1 (Figure 2).

Figure 2. 288 MHz 205Tl NMR spectra of the Pt�Tl compounds
[(NC)5Pt�Tl(phen)(DMSO)y] (2b) and [(NC)5Pt�Tl(phen)2] (3b)
in DMSO
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The large spin-spin coupling constants show that a Pt�Tl

bond is formed; the appearance of peaks with different and
hitherto unreported chemical shifts and coupling constants
suggests that new complexes [(NC)4Pt�Tl(phen)n]� (n � 1
and 2 for 2a and 3a, respectively) and [(NC)5Pt�Tl(phen)n]
(n � 1 and 2 for 2b and 3b, respectively) formed in solution
(Scheme 1). Upon coordination of the second phen molec-
ule to the thallium atom in all the studied Pt�Tl dinuclear
complexes in DMSO, the spin-spin coupling constant
1J(195Pt-205Tl) decreased. This strong coupling is a charac-
teristic feature of the bonding between the two metal ions
with the formal oxidation states PtII�TlIII, and is an indica-
tion of a significant contribution of thallium 6s orbitals to
the metal�metal bonding.[3b] Owing to the relativistic ef-
fects, the thallium 6s orbital is stabilized and contracted;
this results in an increased electron density at the nucleus,
which contributes to the Fermi contact term for spin-spin
coupling.[2j,23] It was found that there is a correlation be-
tween the spin-spin coupling constant and the metal�metal
separation/bond strength in the series of complexes
[(NC)5Pt�Tl(CN)n]n� (n � 1�3). The stronger Pt�Tl
bonding, the shorter Pt�Tl bond length and the larger
spin-spin coupling constant.[6]

NMR chemical shifts for heavy metals with large chem-
ical shift ranges are very sensitive to the oxidation state of
the metal ion.[7] Thus, 205Tl NMR chemical shifts of TlI

species are in the range δ � �200 to �200 and those of
TlIII complexes are usually at δ � 2000 to 3000.[3d] In
DMSO, 205Tl NMR chemical shifts of [Tl(DMSO)6]3� and
Tl� are δ � 1886 and 361, respectively.[11] For the currently
studied compounds, [(NC)4Pt�Tl(solv)]�, [(NC)4Pt�Tl-
(phen)n]� (n � 1�2), and [(NC)5Pt�Tl(phen)n] (n � 1�2),
205Tl NMR chemical shifts are in the Tl� region for
[(NC)4Pt�Tl(solv)]� and between TlI and TlIII for all the
others. Consequently, the thallium oxidation state in these
compounds is between TlI and TlIII.[6a] It could be of inter-
est to compare the differences between the spin-spin coup-
ling constants 1J(195Pt-205Tl) for the two types of complexes
prepared in this work in which the only difference between
the compounds a and b is one extra cyanide ligand bound
to the platinum atom. Still, the differences in coupling con-
stants are very large: 28100 Hz [between 1J(1a) and 1J(1b)],
18800 Hz [between 1J(2a) and 1J(2b)], and 15600 Hz [be-
tween 1J(3a) and 1J(3b)].

Crystal Structures of Pt-Bonded and Monomeric Tl(phen)
Compounds

[(NC)5Pt�Tl(phen)(DMSO)3] (DMSO) (2b)

Single crystals of the dinuclear compound 2b were ob-
tained from the studied solution and the structure deter-
mined by X-ray diffraction method. The ORTEP perspect-
ive view of the molecular structure and the selected bond
lengths of 2b are shown in Figure 3. The Pt�Tl bond length
is short, 2.6296(3) Å, significantly shorter than for other
reported Pt�Tl bond lengths.[2] In the Pt(CN)5 moiety the
Pt�C bonds range between 2.005 and 2.053 Å; the axial
cyanide has a slightly longer Pt�C distance than the equat-
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Figure 3. ORTEP view of the species [(NC)5Pt�Tl(phen)(DMSO)3]
found in the crystal structure of [(NC)5Pt�Tl-
(phen)(DMSO)3]·(DMSO) (2b), thermal ellipsoids are drawn at
30% probability level; selected bond lengths [Å] and angles [°]:
Pt(1)�Tl(1) 2.6296(3), Pt(1)�C(3) 2.030(6), Pt(1)�C(4) 2.007(6),
Pt(1)�C(5) 2.011(6), Pt(1)�C(6) 2.005(6), Pt(1)�C(7) 2.053(6),
Tl(1)�N(1) 2.322(4), Tl(1)�N(2) 2.434(4), Tl(1)�O(1) 2.448(4),
Tl(1)�O(4) 2.471(4), Tl(1)�O(5) 2.495(5), S(1)�O(4) 1.511(5),
S(2)�O(1) 1.527(5), S(4)�O(5) 1.499(6); C(6)�Pt(1)�C(5)
177.4(2), C(3)�Pt(1)�C(4) 177.4(2), C(7)�Pt(1)�Tl(1) 177.58(18),
N(1)�Tl(1)�Pt(1) 176.21(12)

orial ones. The Tl atom coordinates one phen ligand and
three DMSO molecules forming a distorted octahedral geo-
metry around the thallium atom. Atoms O1, O4, O5, and
N2 define an equatorial plane, from which the Tl atom is
displaced 0.57(1) Å towards the Pt atom. The four equator-
ial ligand atoms around Tl are in a staggered conformation
to the adjacent square-planar Pt(CN)4 unit. The angle be-
tween the Tl1�N1 bond and the plane formed by the atoms
O1, O4, and O5 is 91.6°, close to perpendicular, whereas
the angle N1�Tl1�Pt1 is 176.1°, close to 180°. In this com-
pound, two kinds of DMSO molecules are present in the
structure; three molecules coordinated to the thallium atom
and one remains uncoordinated. The bond lengths of the
coordinated DMSO molecules are altered compared to the
uncoordinated one. The strong coordination gives a short
Tl�O and a long S�O bond length [for coordinated
DMSO: Tl1�O1 � 2.448(4) Å, S2�O1 � 1.527(5) Å;
Tl1�O4 � 2.471(4) Å, S1�O4 � 1.511(5) Å; Tl1�O5 �
2.495(5) Å, S4�O5 � 1.499(6) Å; for free DMSO:
S3�O6 � 1.483(8) Å]. The S�O bond order is diminished
by coordination, and it is due to electrons of the oxygen
atom moving toward the thallium atom upon coordination.
Comparing these data to our previous structural data of
[Tl(DMSO)6]3� [Tl�O � 2.224(3) Å, S�O � 1.544(4)
Å],[11] the Tl�DMSO coordination is much weaker in com-
pound 2b. It is probably due to the decreased positive
charge of thallium in the dinuclear complex.

[(NC)5Pt�Tl(phen)2] 3(DMSO) (3b)

The ORTEP perspective view of the molecular structure
and the selected bond lengths of 3b are shown in Figure 4.
Similar to compound 2b, the main structural feature of 3b
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Figure 4. ORTEP view of the species [(NC)5Pt�Tl(phen)2] found in
the crystal structure of [(NC)5Pt�Tl(phen)2]·(3dmso) (3b); thermal
ellipsoids are drawn at 30% probability level; selected bond lengths
[Å] and angles [°]: Pt(1)�Tl(1) 2.6375(5), Pt(2)�C(7) 2.029(10),
Pt(2)�C(13) 2.022(11), Pt(2)�C(25) 2.025(14), Pt(2)�C(30)
2.002(14), Pt(2)�C(62) 1.990(9), Tl(1)�N(4) 2.428(7), Tl(1)�N(12)
2.291(10), Tl(1)�N(14) 2.524(10), Tl(1)�N(18) 2.445(7);
C(25)�Pt(2)�Tl(1) 178.3(4), N(4)�Tl(1)�Pt(2) 118.2(2),
N(14)�Tl(1)�Pt(2) 103.1(4), N(18)�Tl(1)�Pt(2) 103.55(17),
N(12)�Tl(1)�Pt(2) 158.6(2), C(30)�Pt(2)�C(13) 90.8(5),
C(13)�Pt(2)�C(7) 177.6(4)

is the short and non-buttressed Pt�Tl bond [Pt�Tl �
2.6375(5) Å]. In addition to the Pt�Tl linkage, the platinum
atom of 3b is bonded to five carbon atoms of the cyanide
ligands. Four carbon atoms constitute an almost square
plane around the platinum atom, while the fifth carbon
atom occupies an axial position in the pseudo-octahedron.
The Tl atom is linked to four N atoms (two phen molec-
ules), which together with the bond to Pt form irregular
five-coordinated surroundings (Figure 4). The two coor-
dination planes of the phenanthroline ligands around Tl are
skewed relative to each other (torsion angle 60.8°), re-
minding one of butterfly wings. All carbon atoms located
in the phenanthroline planes including N12 and N14 ex-
hibit very large atomic displacement parameters; this is
probably due to the relatively large free space around them.

The main structural feature of these dimetallic com-
pounds is the short and unsupported Pt�Tl bond with the
bond lengths 2.6296(3) and 2.6375(5) Å in 2b and 3b, re-
spectively. These Pt�Tl distances fall into the range of
values obtained previously in this laboratory for the family
of related compounds: [(NC)5Pt�Tl(CN)n(H2O)m]3�n (n �
0�3; 2.598�2.638 Å),[6] [(NC)5Pt�Tl(DMSO)4] (2.6131
Å),[4] [(NC)5Pt�Tl(en)2] (2.6348 Å),[4] and
[(NC)5Pt�Tl(bipy)n] [n � 1�2; 2.6186(8) Å and 2.6117(5)
Å, respectively]. The bond lengths of the hitherto character-
ized Pt�Tl compounds are related to the formal oxidation
states of the metal ions [Pt0�TlI (2.860�3.047 Å);[2a,2b]

PtII�TlI (2.876�3.152 Å);[1,2f�2i] PtII�TlII

(2.698�2.708);[2c,2d] and PtII�TlIII (2.598�2.638 Å)
(refs.[3,4] and present work) Considering only the com-
pounds of divalent platinum, it appears that the Pt�Tl
bond becomes shorter when the formal oxidation state of
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thallium increases from TlI to TlIII. This is consistent with
both the decreasing size of the thallium cation and with the
strengthening of the metal�metal interaction due to parti-
cipation of the thallium 6s orbitals in the bonding.[3]

Raman vibration bands for the crystalline compounds
[(NC)5Pt�Tl(phen)(DMSO)3] and [(NC)5Pt�Tl(phen)2]-
(DMSO)3 were detected at 177 and 172 cm�1, respectively.
The Pt�Tl force constants in the title molecules, 1.84 and
1.74 N/cm for 2b and 3b, were estimated using the diatomic
oscillator approximation model.[8,9] These values are larger
than those of the previously studied Pt�Tl cyano com-
plexes (about 1.6 N/cm for the diatomic approxi-
mation).[3b,6] It shows that the phenanthroline ligand coor-
dination stabilizes the Pt�Tl metal�metal bonding. The re-
lation between the force constant and the Pt�Tl bond
length was observed in the previously studied compounds
[(NC)5Pt�Tl(CN)n]n� (n � 1�3) [the bond lengths are
2.598(3), 2.618(4), and 2.638(4) Å, which corresponds to
force constants of 1.736, 1.693, and 1.563 N/cm, respect-
ively).[6] A correlation seems to exist between the force con-
stant and the Pt�Tl bond length within this series of com-
pounds. In the present case, the ligand coordinated to the
thallium atom is different, so the results are not expected
to fit into the series of cyano compounds. A similar trend
is, however, observed in 2b and 3b; the bond lengths are
2.6296(3) and 2.6375(5) Å, and the corresponding force
constants are 1.85 and 1.74 N/cm, respectively. Even if the
force constants increase when the cyano ligands are re-
placed by phenanthroline in the Tl sphere of the dinuclear
Pt�Tl complex, the constants are still compatible with a
single metal�metal bond.[10] The C�N stretching region of
the dinuclear species is also informative and can provide an
additional support for the structure of the compounds. We
assigned the two sharp bands at ν̃ � 2174 and 2161 cm�1

for 2b and at 2178 and 2160 cm�1 for 3b to the symmetric
(A1g) and antisymmetric (B1g) stretching vibrations of the
four equivalent cyanide ligands of the Pt(CN)4 unit in D4h

symmetry.[18] These bands shift to high frequency and are
very close to the stretching bands at 2153 cm�1 (s) and 2137
cm�1(m) for [Pt(CN)4]2� in the solid state. The higher fre-
quency bands at 2184 cm�1 and 2189 cm�1 were assigned
to the axial cyanide in compounds 2b and 3b, respectively.

[Tl(phen)2Cl2](ClO4) (4)

The molecular structure of the cation [Tl(phen)2Cl2]� is
shown in Figure 5. The thallium atom is six-coordinated
and is bonded to four nitrogen atoms of two 1,10-phen-
anthroline ligands and to two chloride ions. Interestingly,
the two phen planes are almost perpendicular to each other
(torsion angle � 90.1°). The atoms within the phenanthro-
line ligands are almost within its molecular plane. The thal-
lium complex can be viewed as consisting of two equivalent
Tl(phen)Cl units, each located in its own hemisphere of the
coordination shell of Tl. In 4, thallium is cis-coordinated
by two Cl ligands similarly to the cis-dichlorobis(2,2�-bipyr-
idyl)gallium(III) cation.[24] Four N atoms and two chloride
ions form a distorted octahedral geometry around Tl. The
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Figure 5. ORTEP view of the [Tl(phen)2Cl2]� cation found in the
crystal structure of [Tl(phen)2Cl2](ClO4) (4); thermal ellipsoids are
drawn at the 30% probability level; selected bond lengths [Å] and
angles [°]: Tl(1)�N(8) 2.357(3), Tl(1)�N(7) 2.362(3), Tl(1)�N(10)
2.372(3), Tl(1)�N(6) 2.384(3), Tl(1)�Cl(4) 2.4655(9), Tl(1)�Cl(2)
2.4789(9); N(8)�Tl(1)�N(7) 96.81(10), N(7)�Tl(1)�N(10)
70.64(19), N(10)�Tl(1)�N(6) 98.95(10), N(8)�Tl(1)�Cl(4)
100.05(7), N(7)�Tl(1)�Cl(4) 160.29(8), N(10)�Tl(1)�Cl(2)
98.15(8), N(6)�Tl(1)�Cl(2) 159.35(7), Cl(4)�Tl(1)�Cl(2)
100.02(4)

mean Tl�N distance, 2.369(3) Å (2.357�2.384 Å), is sim-
ilar to that in [Tl(bipy)3(DMSO)]3� (2.356�2.372 Å), and
the atomic arrangement is almost exactly the same as in the
complex [Tl(phen)Cl3].[12] The mean Tl�Cl distance,
2.4722(9) Å (2.4655�2.4789 Å), is similar to the previously
studied complex {[Tl(phen)Cl3]: 2.467(3) Å}, but they are
longer than those in tetrahedral [TlCl4]� and shorter than
those in [TlCl5(DMSO)]2� [2.506(6)�2.636(6) Å][13] and
[TlCl6]3� (2.59 Å).[14]

Comparison of the Structures and Optical Properties

Apart from the previously discussed 205Tl NMR chemical
shift, the change in the actual oxidation state of the metal
ions in the heterodinuclear compounds is also reflected by
the bond lengths Tl�O and Tl�N. The bonds Tl�O [aver-
age 2.471(5) Å in 1] and Tl�N [average 2.422(8) Å in 2] are
significantly longer than the corresponding distances in the
mononuclear TlIII complexes [Tl(DMSO)6]3� [2.224(3)
Å][11] and [Tl(phen)2Cl2]� [average 2.369(3) Å] (4). The in-
crease in the Tl�O and Tl�N bond lengths in the studied
Pt�Tl compounds is compatible with the decrease of the
thallium oxidation state upon formation of the Pt�Tl
bond. It confirms that the reaction of [TlIII(phen)n]3� (n �
1�2) with [PtII(CN)4]2� to form heterodinuclear Pt�Tl
metal�metal-bonded compounds [(NC)4Pt�Tl(phen)n-
(solv)]� and [(NC)5Pt�Tl(phen)n(solv)] (n � 1,2) can be
considered as an oxidative addition.

The optical properties of the dinuclear complexes
[(NC)5Pt�Tl(CN)n(aq)]n� (n � 0�3) in aqueous solution
are dominated by the metal�metal interaction. A very in-
tensive electronic absorption band appears in the UV re-
gion, with the maximum in the range 238�259 nm (ε �
2.9�6.9·104 L·mol�1·cm�1) depending on the number of
cyanide ligands in the compound.[3] The metal-to-metal
charge-transfer band (MMCT) of the dinuclear complex
[(NC)5Pt�Tl(solv)] in DMSO is found at 294 nm (ε �
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2.1·104 L·mol�1·cm�1). Interestingly, the maximum MMCT
band of [(NC)4Pt�Tl(solv)]� in DMSO is found at 350 nm,
which is a dramatic shift to the red compared to
[(NC)5Pt�Tl(solv)]. For all the dinuclear complexes
studied, it seems that the maximum of the MMCT band is
approximately proportional to the corresponding Pt�Tl
spin-spin coupling constant. This phenomenon was also
found for the dinuclear Pt�Tl cyano complexes. By
comparing the electronic absorption spectra of
[(NC)5Pt�Tl(phen)2] and the parent complex [Tl(phen)3]3�,
both in DMSO, the maximum for the former compound,
at 274 nm (ε � 4.41·104 L·mol�1·cm�1), was assigned to
the metal-to-metal charge transfer transition (MMCT).
This corresponds to a shift by 15 nm to longer wavelength
relative to the M�M transition in the complex
[(NC)5Pt�Tl(H2O)5] in water. This shift is attributed to the
change of thallium coordination (two phen ligands replace
five water molecules). It can be concluded that there is no
dramatic effect of the coordinated phenanthroline ligand on
the MMCT transition.

195Pt-205Tl Spin-Spin Coupling Constants and 205Tl NMR
Chemical Shifts

Until now, 205Tl NMR chemical shifts and Pt�Tl spin-
spin coupling constants have been recorded for fifteen
Pt�Tl heterodinuclear complexes in DMSO (cf. Supporting
Information). Interestingly, the values of δTl and
1J(195Pt�205Tl) for all these complexes fall onto a straight
line (Figure 6). This cannot be accidental, considering the
very large intervals for both parameters, about 57000 Hz
and 2140 ppm, respectively. As has been discussed previ-
ously,[20,21] the very large chemical shift variation is related
to the oxidation state (large variation of the electron den-
sity) of the 205Tl nucleus via the paramagnetic term of the
Ramsey equation.[22] Also, the spin-spin coupling is related
to the electron density: in the present case, the Pt�Tl coup-
ling is transmitted via the s-electrons participating in the
Pt�Tl bond.[23] The relation can be explained as follows:
The Tl-coordinated ligands induce transfer of electrons
from the Tl nucleus towards Pt. In this way, Tl becomes
more deshielded, which leads to larger values of the Tl
NMR chemical shift.

Figure 6. A correlation between the 205Tl NMR chemical shifts (in
ppm) and spin-spin coupling constants (in Hz) for all measured
Pt�Tl bonded compounds in DMSO; the straight line follows the
equation 1J [Hz] � �24.6·δTl [ppm] � 92740
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At the same time, the total electron density (and the den-

sity of the s electrons that contribute to the Fermi contact
term)[23] of the Pt�Tl bond decreases, which leads to a de-
crease in the spin-spin coupling constant 1J(195Pt�205Tl)
and to a weakening of the Pt�Tl bond.

It would be interesting to compare the spin-spin coupling
and chemical shifts of the two studied types of complexes
[(NC)4Pt�Tl(phen)n(solv)]� and [(NC)5Pt�Tl(phen)n-
(solv)] (n � 0, 1, and 2). A single cyanide ligand coordin-
ated to the platinum atom in the axial position decreases
the Pt�Tl coupling and increases the Tl chemical shifts dra-
matically. What could be the reason? It is probable that
after the axial cyanide ligand has been coordinated, the
electron-donating ability of the orbital dz

2 towards the Tl
6s orbital decreases, the electron density around Tl de-
creases and the Fermi contact term becomes small, so the
real oxidation state increases. Meanwhile, the spin-spin
coupling becomes small and the chemical shift increases.

It is also interesting to compare the Pt�Tl spin-spin
coupling of the complex [(NC)5Pt�Tl] in two different solv-
ents, water and DMSO. It is reasonable to consider that five
molecules of H2O or DMSO are coordinated to the thal-
lium atom in the Pt�Tl dinuclear complex, in the same way
as in the solid state.[6] In agreement with the stronger ability
of DMSO to donate electron density to TlIII, 205Tl NMR
chemical shift in solution of [Tl(DMSO)6]3� (δ � 1886)[11]

is smaller than that of [Tl(H2O)6]3� (δ � 2093).[19] Accord-
ingly, the 205Tl NMR chemical shift of the [(NC)5Pt�Tl]
complex in DMSO should be smaller than for the same
complex in aqueous solution. Also, the Pt�Tl coupling
constant of [(NC)5Pt�Tl(DMSO)5] should be larger than
that of [(NC)5Pt�Tl(H2O)5]. Surprisingly, both the 205Tl
NMR shifts and the coupling constants of the two com-
plexes follow just the opposite trend,
[(NC)5Pt�Tl(DMSO)5] (δ � 887 and 65.9 kHz) and
[(NC)5Pt�Tl(H2O)5] (δ � 786 and 71.1 kHz).

What could be the reason for this behaviour? One ex-
planation is that the stronger electron donation from
DMSO to the thallium atom would induce a partial transfer
of electrons from Tl towards Pt, thus causing the observed
trend for the chemical shifts and the spin-spin coupling con-
stant Pt�Tl. An alternative explanation goes as follows:
Very recently, theoretical calculations (DFT calculation
considering relativistic effects)[23] led to a suggestion that
short C�N···H hydrogen bonds (N···H approximately 2.2
Å, see Scheme 2) are formed between the thallium-coordin-
ated water molecules and the platinum-bonded cyanide li-
gands. This would lead to a strengthening of the Pt�Tl
bond; indeed, the Pt�Tl distance would become quite short
(Pt�Tl approximately 2.600 Å).[23] This type of hydrogen
bond cannot form in DMSO solution; hence, it would be
compatible with the (opposite to the expected) trend of the
chemical shifts and the coupling constant.

Conclusions

Five novel Pt�Tl(phen) complexes in DMSO,
[(NC)4Pt�Tl(solv)]� (1a), [(NC)4Pt�Tl(phen)(solv)]� (2a),
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Scheme 2

[(NC)4Pt�Tl(phen)2(solv)]� (3a), [(NC)5Pt�Tl(phen)-
(solv)] (2b), and [(NC)5Pt�Tl(phen)2(solv)] (3b) have been
prepared and their formation shown by means of 205Tl
NMR. The very large 195Pt-205Tl spin-spin coupling con-
stants, 94.0, 84.2, and 77.1 kHz for complex 1a, 2a, and 3a,
and 65.4 and 62.5 kHz for complex 2b and 3b, respectively,
unambiguously demonstrate the presence of a direct
metal�metal bond in the complexes. For the first time in
Pt�Tl-bonded complexes, the species [(NC)4Pt�TIX]
[where X � (phen)n(solv), n � 1 and 2] comply with the 16-
electron rule, with respect to platinum. The results show
that the complexes with 16 electrons are stable in solution,
long enough for the study on the 205Tl NMR time scale.
Three solid compounds, [(NC)5Pt�Tl(phen)(DMSO)3]
(2b), [(NC)5Pt�Tl(phen)2] (3b), and [Tl(phen)2Cl2](ClO4)
(4), were crystallised from solution and their structures de-
termined by X-ray diffraction. In compounds 2b and 3b
unsupported metal�metal bonds are present. The Pt�Tl
distances, 2.6296(3) and 2.6375(5) Å for 2b and 3b, respect-
ively, are among the shortest reported separations between
these two metals. The Pt�Tl force constants in the molec-
ules 2b and 3b, 1.84 and 1.74 N/cm, respectively, calculated
from Raman frequencies of the metal�metal stretching vi-
brations, are compatible with the intermetallic Pt�Tl sep-
arations; the values of the force constants are characteristic
for a strong, single metal�metal bond. Attachment of
phenanthroline to the thallium part of the dimetallic
platinum�thallium(cyano) compounds resulted in a red
shift of the metal-to-metal charge transfer band.

Experimental Section

Synthesis: The solid [Tl(DMSO)6](ClO4)3 was prepared as de-
scribed in a recent paper.[11] The complex [(NC)4Pt�Tl(solv)]� (1a)
was obtained by the reaction between solid compounds
[Tl(DMSO)6](ClO4)3 (49 mg, 0.05 mmol) and K2Pt(CN)4 (19 mg,
0.05 mmol), concentration 50 m in 1 mL of DMSO. Upon addi-
tion of 1,10-phenanthroline to the solution of complex 1a, the com-
plexes 2a and 3a were prepared in solution. The reactions were
monitored by 205Tl NMR spectroscopy. The solid compound
[(NC)5Pt�Tl(DMSO)4](DMSO) was obtained as described previ-
ously.[4a] Two different routes were used to prepare compounds 2b
and 3b: i) 49 mg of [Tl(DMSO)6](ClO4)3 (0.05 mmol), 19 mg of
K2Pt(CN)4 (0.05 mmol), and 9 mg or 18 mg of 1,10-phenanthroline
(0.05 mmol or 0.1 mmol) for 2b and 3b, respectively, were added to
1 mL of DMSO in the presence of 50 m NaCN. After stirring the
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solutions for 5 h, compounds 2b and 3b formed in solution (see
Scheme 1). ii) 46 mg (0.05 mmol) of solid [(NC)5Pt�Tl-
(DMSO)4](DMSO) was dissolved in 1 mL of DMSO, then 11 mg
(0.06 mmol) of 1,10-phenanthroline was added for compound 2b
and 20 mg (0.1 mmol) for compound 3b. After stirring for half an
hour, compounds 2b and 3b formed in solution. Crystals con-
taining 2b and 3b suitable for X-ray analysis were crystallised by
putting the resulting solutions inside a dark vacuum desiccator and
slowly evaporating the solvent by degassing. Small round transpar-
ent white crystals formed at the bottom of the flask after several
days. Raman spectra of the solid compounds 2b and 3b were re-
corded with a Renishaw System 1000 spectrometer equipped with
a microscope (Leica DMLM). The abbreviations are: vs � very
strong, s � strong, m � medium, w � weak. The band positions
and assignments are as follows. 2b: ν̃ � 2995 m, 2915 s (CH3 str.),
2184 s (axial C�N str.), 2174 m, 2161 m (equatorial C�N str.),
1206 w, 1102 m, 1002 m, 952 m (CH3 bend), 712 s, 672 vs (CS str.),
452 s (TlO str.), 378 m, 308 m (CSC or OSC bend), 177 vs (Pt�Tl
str.). ν̃ (of coordinated phen) � 1621 w, 1603 w, 1588 w, 1516 m,
1446 m, 1412 vs, 1341 w, 1311 m, 1255 w, 1206 w, 1052 m, 862 w,
727 m, 552 s, 452 s 422 s, 402 m, 332 s 282 m, 257 w.

3b: ν̃ � 2189 s (axial C�N str.), 2178 m, 2160 m (equatorial C�N
str.), 172 vs (Pt�Tl str.). ν̃ (of coordinated phen) � 1626 w, 1604
w, 1590 w, 1521 w, 1455 s, 1417 vs, 1344 w, 1306 s, 1252 w, 1207 w,
1139 w, 1103 m, 1060 m, 867 m, 728 s, 558 s, 463 s, 423 vs, 408 m,
332 s, 288 s, 261 m (for free phen: 1585 m, 1499 m, 1444 s, 1402
vs, 1341 m, 1291 s, 1094 m, 1032 s, 707 vs, 407 s, 242 m).

4: Colourless cubic crystals of compound 4 were obtained from a
DMSO solution with the following composition: 50 m Tl(ClO4)3,
100 m 1,10-phenanthroline, and 200 m Cl� by slowly evaporat-
ing the solvent. Raman vibration bands of solid compound 4: ν̃ (of

Table 1. Selected crystal data for [(NC)5Pt�Tl(phen)(DMSO)3]·(DMSO) (2b), [(NC)5Pt�Tl(phen)2]·(DMSO)3 (3b), and [Tl(phen)2Cl2]-
(ClO4) (4)

2b 3b 4

Empirical formula C25H32N7O4S4PtTl C35H34N9O3S3PtTl C24H16Cl3O4N4Tl
Formula mass 1022.30 1124.38 735.16
Crystal system monoclinic monoclinic triclinic
Space group P21/n P21/c P1̄
a [Å] 10.9206(2) 14.66400(10) 7.17280(10)
b [Å] 17.1743(3) 24.7240(3) 12.7524(2)
c [Å] 18.4541(3) 11.6700(2) 13.9575(16)
α [°] 107.1145(7)
β [°] 98.8160(6) 106.6090(4) 99.9867(7)
γ [°] 91.3280(19)
V [Å3] 3420.20(10) 4054.46(9) 1197.94(3)
Z 4 4 2
Crystal size [mm] 0.12 � 0.25 � 0.29 0.13 � 0.12 � 0.26 0.13 � 0.13 � 0.25
ρcalcd. [g cm�3] 1.728(1) 2.226(5) 2.936(5)
Temperature [K] 298(2) 298(2) 298(2)
µ (Mo-Kα) [mm�1] 8.945 11.189 8.67
F(000) 1776 2520 981
θ range [°] 0.985�27.47 0.991�28.29 0.990�30.04
Limiting indices 0 � h � 14 0 � h � 19 �8 � h � 10

0 � k � 22 �32 � k � 32 �15 � k � 17
�23 � l � 23 �15 � l � 14 �19 � l � 18

Nobs, Npar 6849, 379 9992, 424 6938, 326
S (goodness of fit) 1.107 1.032 1.063
R1,wR2 [I � 2σ(I)][a] 0.0341, 0.0826 0.0569, 0.1311 0.0272, 0.0705
∆ρmax, ∆ρmin. [e/Å3] 1.236, �1.489 1.192, �1.631 1.559, �1.468

[a] R values are defined as: R(int) � Σ|Fo
2 � Fo

2(mean)|/Σ[Fo
2], S � {Σ[w(Fo

2 � Fc
2)2]/(n � p)}1/2. R1 � Σ||Fo| � |Fc||/Σ|Fo|, wR2 � {Σ[w(Fo

2

� Fc
2)2]/Σ[w(Fo

2)2]}1/2, w � 1/[σ2 Fo
2 � (ap)2 � bp], p � (1/3) max(0,Fo

2) � (2/3)Fo
2.
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coordinated phen) � 1623 w, 1601 w, 1581 w, 1514 w, 1448 s, 1418
vs, 1336 w, 1306 s, 1248 w, 1198 w, 1144 w, 1102 m, 1052 m, 857
w, 726 s, 554 s, 437 s, 420 vs, 402 m, 280 m, 268 s. ν̃ (of ClO4

�) �

929 s.

205Tl NMR Measurements: All 205Tl NMR measurements were per-
formed with a Bruker DMX500 spectrometer at a probe temper-
ature of 25 (�0.5) °C. DMSO was used as solvent. The spectra
were recorded at SF � 288.5 MHz; typical NMR parameters: flip
angle about 30°; spectral window 86 kHz; pulse repetition time 0.5
s. The chemical shifts are reported in ppm toward higher frequency
with respect to an external aqueous solution of TlClO4 extrapol-
ated to infinite dilution.

X-ray Crystal Structure Analysis: Suitable crystals of 2b, 3b, and 4
were selected under a polarizing microscope and mounted on a
glass fibre. The data were collected with a Nonius Kappa CCD
area detector, λ(Mo-Kα) � 0.71073 Å, using a graphite monoch-
romator. Numerical absorption correction was applied.[15] The
structures were solved by direct methods[16] and refined using full-
matrix least squares on F2 (SHELXL-97).[17] All the non-hydrogen
atoms in compounds 2b, 3b, and 4 were refined with anisotropic
displacement parameters. Hydrogen atoms were located at calcu-
lated positions and refined riding on their carrier atoms. In 3b,
one of the three non-coordinated DMSO molecules is disordered.
Selected crystal data for compounds 2b, 3b, and 4 are listed in
Table 1. CCDC-157362 (2b), -157363 (3b) and -157364 (4) contain
the supplementary crystallographic data for this paper. These data
can be obtained free of charge at www.ccdc.cam.ac.uk/conts/re-
trieving.html or from the Cambridge Crystallographic Data Centre,
12, Union Road, Cambridge CB2 1EZ, UK [Fax: (internat.) � 44-
1223/336-033; E-mail: deposit@ccdc.cam.ac.uk].
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Supporting Information: See footnote on the first page of this art-
icle. Table of NMR parameters for Pt�Tl compounds and related
platinum and thallium species in solution.
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[19] I. Bányai, J. Glaser, J. Am. Chem. Soc. 1989, 111, 3186.
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