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The neutral square-planar complexes [Pt(RNH2)2(NHCOtBu)2] (R ) H, 1; Et, 2) and [Pt(DACH)(NHCOtBu)2] (DACH
) 1,2-diaminocyclohexane, 3) act as metalloligands and make bonds to closed-shell Tl(I) ions to afford one- and
two-dimensional platinum−thallium oligomers or polymers based on heterobimetallic backbones. A series of
heteronuclear platinum(II)−thallium(I) complexes have been synthesized and structurally characterized. The structures
of the Pt−Tl compounds resulted from [Pt(RNH2)2(NHCOtBu)2] and TlX [X ) NO3

-, ClO4
-, PF6

-, and Cp2Fe(CO2)2
2-]

are dependent on both counteranions and the amine substituents. The compounds [Pt(NH3)2(NHCOtBu)2Tl]X (X )
NO3

-, 8; ClO4
-, 9) adopt one-dimensional zigzag chain structures consisting of repeatedly stacked [Pt(NH3)2-

(NHCOtBu)2Tl]+ units, whereas [{Pt(NH3)2(NHCOtBu)2}2Tl2]X2 (X ) PF6
-, 10) consists of a helical chain. Compound

3 reacts with Tl+ to give [{Pt(DACH)(NHCOtBu)2}2Tl](NO3)‚[Pt(DACH)(NHCOtBu)2]‚3H2O (14) and one-dimensional
polymeric [{Pt(DACH)(NHCOtBu)2}2Tl2]X2 (X ) ClO4

-, 15; PF6
-, 16). Reactions of [Pt(DACH)(NHCOCH3)2] with

Tl+ ions afford one-dimensional coordination polymers [{Pt(DACH)(NHCOCH3)2}2Tl2]X2 (X ) NO3
-, 17; ClO4

-, 18;
PF6

-, 19). The polymeric [{Pt(DACH)(NHCOR′)2}2Tl2]2+ (R ) CH3, tBu) complexes adopt helical structures, which
are generated around the crystallographic 21 screw axis. The distance between the coils corresponds to the unit
cell length, which ranges from 22.58 to 22.68 Å. The platinum−thallium bond distances fall in a narrow range
around 3.0 Å. The complexes derived from [Pt(NH3)2(NHCOtBu)2] are luminescent at 77 K. The trinuclear complexes
[{Pt(RNH2)(NHCOtBu)2}2Tl]+ do not emit at room temperature but are emissive at 77 K, whereas the polymeric
platinum−thallium complexes containing 1,2-diaminocyclohexane are intensively luminescent at both room temperature
and 77 K. The color variations are interesting; 15 exhibits intense yellow-green, 16 exhibits green, and 17−19
exhibit blue luminescence. The presence of bonding between platinum and thallium is supported by the short
metal−metal separations and the strong low-energy luminescence of these compounds in their solid states.

Introduction

Electronic communication between atoms or atomic groups
is a fundamental process to many complex chemical systems
in biochemical and material sciences.1 Direct electronic
transfer processes between metal atoms are especially
important because this phenomenon is often associated with
many potentially useful chemical and physical properties of
materials such as catalytic behavior, magnetic, optical, or
electronic properties.2 Metal-metal interactions between

closed-shell heavy metals have recently been widely recog-
nized and termed asmetallophilicity.3-7 Experimental and
theoretical evidences have been accumulated for these
interactions in recent years. The d8-d10-s2 closed-shell
metallophilic interactions and ligand functionality have
resulted in the formation and isolation of multinuclear
aggregates with novel and diverse structures.8 Examples of
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heterobimetallic platinum-thallium complexes containing
such a kind of interaction are seen in the literature for
PtII-TlI,4 PtII-TlII,5 Pt0-TlI,6 and PtII-TlIII compounds.7 One
of the most intriguing features in the reported platinum-
thallium complexes is the high tendency to make metal-
metal interactions. Only a few PtII-Tll complexes have been
found to be emissive, and the luminescence is correlated with
the metal aggregation through platinum-thallium interac-
tions. The theoretical studies of the electronic structure of
Tl2Pt(CN)4 showed that the metal-metal interaction involves
a substantialσ orbital overlap between the 6s and 6pz valence
orbitals of Tl and the 5dz2 and 6pz valence orbitals of Pt.9

Particularly interesting are extended linear metal-metal chain
compounds, because the rationalization of the bonding in
these structures still remains a challenge, and these com-
pounds display fascinating and unique chemical and physical
properties.10

It is well-recognized that weak interatomic interactions,
such as hydrogen bonding andπ-π stacking, have presented
a synthetic paradigm for the rational design and synthesis
of functional materials in supramolecular chemistry.11

Aurophilic interactions of an order-of-magnitude greater
strength comparable to hydrogen bonds have been used as
an element for the crystal engineering design of homo- and
heterobimetallic coordination polymers.12 Although metallo-
philic interactions between metals other than gold are weaker,
the interaction can also be used to control the conformation
and topology of heterometallic aggregates. However, in
contrast to the many known coordination polymers containing
d10-d10 interactions,13 most Pt-Tl bonded complexes contain
discrete Pt-Tl or Pt-Tl-Pt molecules, and the coordination
polymers containing platinum-thallium d8-s2 metallophilic
interactions have been only scarcely reported.14

We have been interested in the synthesis and reactivity of
multinuclear complexes of platinum bearing amidate groups
as the bridging ligands.15,16 The neutral square-planar plati-
num complex [Pt(RNH2)2(NHCOtBu)2] has proven to be a
valuable precursor for the synthesis of a variety of homo-
and heteronuclear complexes with the amidate ligand
bridging the metal centers (see Chart 1).16 The complex
[Pt(RNH2)2(NHCOR′)2] as a whole may be viewed as a
potentially tetradentate metalloligand when the two oxygen
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atoms of the amidate ligands and the donor-acceptor ability
of the platinum atom are considered. We describe herein the
synthesis and X-ray single-crystal characterization of a new
family of oligomeric and polymeric platinum-thallium
complexes stabilized by amidate bridging ligands and
platinum-thallium metallophilic interactions. Their spec-
troscopic and luminescent properties have also been studied.
The polymeric complexes are very sparingly soluble in
common solvents but soluble in DMSO with fragmentation
to smaller units. Structural characterization of these com-
plexes therefore relies primarily on X-ray diffraction analysis
in their solid state.

Experimental Section

Materials and Physical Measurements.Compounds [Pt(RNH2)2-
(NCtBu)2](ClO4)2 and [Pt(RNH2)2(NHCOtBu)2] (RNH2 ) NH3,
EtNH2, and 1,2-diaminocyclohexane) were prepared according
to the reported procedure.16a Compounds [Pt(DACH)Cl2] and
[Pt(DACH)I2] (DACH ) 1,2-diaminocyclohexane) were synthe-
sized by using the known method.17 Other chemicals were
purchased and used as received. Microanalyses (C, H, and N) were
performed by using a Perkin-Elmer 2400II analyzer. The1H and
195Pt NMR spectra were recorded on a Bruker 500 MHz spectrom-
eter at ambient temperature, and the frequencies are referenced to
the resonance of TMS (1H) and K2PtCl4 (195Pt). Emission spectra
were recorded on a Hitachi 850 spectrofluorimeter and a Nikon
P-250 spectrometer with a photomultiplier equipped with a liquid
He cryostat (Oxford CF1204).

[Pt(DACH)(NHCO tBu)2]‚4H2O (3). To a suspension of5 (0.69
g, 1.0 mmol) in 10 mL of water was added an aqueous solution of
NaOH (1 mol/L, 2.2 mL). The mixture was stirred overnight to
afford a white solid, which was collected and washed with water
and dried in the air. Yield: 0.55 g (96%). Anal. Calcd for
C16H34N4O2Pt‚4H2O: C, 33.04; H, 7.28; N, 9.63. Found: C, 33.29;
H, 6.78; N, 9.57.1H NMR (500 MHz, DMSO-d6): 6.50 (d,JHH )
9.0 Hz, NH2, 2H), 5.47 (s, NH, 2H), 4.64 (pseudo t,JHH ) 9.0 Hz,
NH2, 2H), 2.21, 1.91, 1.52, 1.29, 1.10 (m, C6H10, 10H), 1.07 (s,
CH3, 18H). 195Pt NMR (107.30, DMSO-d6): -2625.

[Pt(DACH)(NHCOCH 3)2] (4). The compound was similarly
prepared by starting from6 and proceeding as described for3.
Yield: 91%. Anal. Calcd for C10H22N4O2Pt: C, 28.23; H, 5.21; N,
13.17. Found: C, 27.89; H, 5.46; N, 13.01.1H NMR (500 MHz,
DMSO-d6): 6.40 (d,JHH ) 9.0 Hz, NH2, 2H), 5.40 (s, NH, 2H),
4.64 (pseudo t,JHH ) 11 Hz, NH2, 2H), 2.27, 1.89, 1.50, 1.29,
1.17 (m, C6H10, 10H), 1.76 (s, CH3, 6H). 195Pt NMR (107.30,
DMSO-d6): -2631.

[Pt(DACH)(NC tBu)2](ClO4)2‚H2O (5). A suspension of
Pt(DACH)Cl2 (0.76 g, 2.0 mmol) in 10 mL of water was treated
with AgClO4 (0.83 g, 4.0 mmol), and the mixture was stirred
overnight in the dark. After the removal of AgCl,tBuCN (0.83 g,
10 mmol) was added to the filtrate. The resulting white precipitate

was separated and washed with H2O, EtOH, and Et2O and dried in
the air. Yield: 1.3 g (94%). Anal. Calcd for C16H32Cl2N4O8Pt‚
H2O: C, 27.75; H, 4.95; N, 8.09. Found: C, 27.55; H, 4.93; N,
7.94.1H NMR (500 MHz, DMSO-d6): 1.54 (s, CH3, 18H), 2.75,
2.20, 1.56, 1.38, 1.20 (m, C6H10, 10H).195Pt NMR (107.30, acetone-
d6): -2857.

[Pt(DACH)(NCCH 3)2](ClO4)2 (6). The compound was sim-
ilarly prepared by starting from Pt(DACH)Cl2, AgClO4, and
CH3CN and proceeding as described for5. Yield: 93%. Anal. Calcd
for C10H20Cl2N4O8Pt: C, 20.35; H, 3.42; N, 9.49. Found: C, 20.03;
H, 3.69; N, 9.10.1H NMR (500 MHz, DMSO-d6): 2.60 (s, CH3,
6H), 2.52, 2.11, 1.56, 1.38, 1.14 (m, C6H10, 10H). 195Pt NMR
(107.30, DMSO-d6): -2864.

[1,1′-Fe(CpCO2Tl) 2] (7). To a solution of TlNO3 (53 mg, 0.2
mmol) in 5 mL of H2O was added disodium 1,1′-ferrocenyldicar-
boxylate (0.32 mg, 0.1 mmol). A red precipitate was immediately
isolated, which was washed with water and dried in the air. Yield:
65 mg (95%). Anal. Calcd for C12H8O4FeTl2: C, 21.17; H, 1.18.
Found: C, 20.84; H, 0.92.

[Pt(NH3)2(NHCO tBu)2Tl](NO 3) (8). To a solution of TlNO3

(26.6 mg, 0.1 mmol) in 2 mL of water was added [Pt(NH3)2-
(NHCOtBu)2]‚2H2O (46.5 mg, 0.1 mmol), and the mixture was
stirred for 10 min. To the mixture was added 2 mL of acetone.
Slow evaporation of the resulted colorless solution yielded yellow
crystals. Collection and drying in a vacuum gave a yellow solid
(54.2 mg, 78%). Anal. Calcd for C10H26N5O5PtTl: C, 17.26; H,
3.77; N, 10.07. Found: C, 17.32; H, 3.64; N, 10.01.1H NMR (500
MHz, DMSO-d6): δ 5.03 (s, NH, 2H), 4.22 (s, NH3, 6H), 1.03 (s,
CH3, 18H).

[Pt(NH3)2(NHCOtBu)2Tl](ClO 4) (9). The complex was prepared
in a manner identical to that for8 in the presence of NaClO4 (50
mg). Slow evaporation of the solvent gave9 as yellow crystalline
solid (59.3 mg, 81%). Anal. Calcd for C10H26ClN4O6PtTl: C, 16.38;
H, 3.57; N, 7.64. Found: C, 15.91; H, 3.52; N, 7.32.1H NMR
(500 MHz, DMSO-d6): δ 4.99 (s, NH, 2H), 4.23 (s, NH3, 6H),
1.03 (s, CH3, 18H). 195Pt NMR (107.3 MHz, DMSO-d6): δ
-2135.9.

[{Pt(NH3)2(NHCO tBu)}2Tl 2](PF6)2‚(CH3)2CO‚H2O (10). The
complex was prepared in a manner identical to that for8 in the
presence of NaPF6 (50 mg). Slow evaporation of the solvent gave
12 as yellow-green crystalline solid (62 mg, 76%). Anal. Calcd
for C20H52F12N8O4P2Pt2Tl2‚(CH3)2CO‚H2O: C, 16.91; H, 3.70; N,
6.86. Found: C, 17.35; H, 3.56; N, 6.83.1H NMR (500 MHz,
DMSO-d6): δ 5.06 (s, NH, 4H), 4.18 (s, NH3, 12H), 2.07[s,
(CH3)2CO, 6H], 1.03 (s, CH3, 36H). 195Pt NMR (107.3 MHz,
DMSO-d6): δ -2134.2.

[{Pt(NH3)2(NHCO tBu)}2Tl 2](NO3)2‚EtOH ‚H2O (11). A solu-
tion of TlNO3 (26.6 mg, 0.1 mmol) and [Pt(NH3)2(NHCOtBu)2]‚
2H2O (46.5 mg, 0.1 mmol) in 2 mL of water was heated at
50 °C for 10 min. Slow evaporation of the resulted colorless so-
lution yielded yellow crystals (62 mg, 86%). Anal. Calcd for
C20H52N10O10Pt2Tl2: C, 17.56; H, 4.12; N, 9.97. Found: C, 17.26;
H, 3.77; N, 10.07.

[{Pt(NH3)2(NHCOtBu)}2Tl2](PF6)2‚2(CH3)2CO (12).An aque-
ous solution of TlNO3 (26.6 mg, 0.1 mmol) and [Pt(NH3)2-
(NHCOtBu)2]‚2H2O (46.5 mg, 0.1 mmol) and NaPF6 (50 mg) in 2
mL of water were added to a solution of 4,4′-bipyridine (16 mg,
0.1 mmol) in 2 mL of acetone. The solution was allowed to
evaporate slowly, and yellow crystals of12 were afforded. Yield:
(82%). Anal. Calcd for C20H52F12N8O4P2Pt2Tl2‚2(CH3)2CO: C,
18.65; H, 3.85; N, 6.70. Found: C, 18.25; H, 3.56; N, 6.53.

[{Pt(EtNH2)2(NHCO tBu)2}2Tl](PF6)‚H2O (13). [Pt(EtNH2)2-
(NHCOtBu)2] (48 mg, 0.1 mmol) was added to a mixture of TlNO3

(17) Talebian, A. H.; Bensely, D.; Ghiorghis, A.; Hammer, C. F.; Schein,
P. S.; Green, D.Inorg. Chim. Acta1991, 179, 281.
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(27 mg, 0.1 mmol) and NH4PF6 (50 mg) in 4 mL of water. Colorless
crystals were grown after a few days. Yield: 61 mg (92%). Anal.
Calcd for C28H68F6N8O4PPt2Tl: C, 25.47; H, 5.19; N, 8.49.
Found: C, 25.30; H, 5.67; N, 8.52.

[{Pt(DACH)(NHCO tBu)(NHCO tBu)}2Tl](NO 3)‚[Pt(DACH)-
(NHCOtBu)2]‚3H2O (14).A solution of3 (58 mg, 0.1 mmol) in 2
mL of acetone was added to an aqueous solution of TlNO3 (26.6
mg, 0.1 mmol) in 4 mL of water. Colorless crystals of14 were
obtained upon slow evaporation of the resulted colorless solution.
Yield: 47.4 mg(77%). Anal. Calcd for C48H102N13O9Pt3Tl‚3H2O:
C, 31.18; H, 5.89; N, 9.85. Found: C, 31.07; H, 5.77; N, 9.76.1H
NMR (500 MHz, DMSO-d6): 6.28 (d,JHH ) 8.0 Hz, NH2, 6H),
5.21 (s, NH, 6H), 5.21 (pseudo t,JHH ) 9.0 Hz, NH2, 6H), 2.23,
1.91, 1.49, 1.26, 1.09 (m, C6H10, 30H), 1.02 [s, C(CH3)3, 54H].

[{Pt(DACH)(NHCO tBu)2}2Tl2](ClO4)2 (15).A solution of3 (58
mg, 0.1 mmol) in 2 mL of acetone was added to an aqueous solution
of TlNO3 (26.6 mg, 0.10 mmol) and NaClO4 (50 mg) in 2 mL of
water. Yellow crystals of15 were obtained upon slow evap-
oration of the resulted colorless solution. Yield: 65 mg (80%).
Anal. Calcd for C32H68Cl2N8O12Pt2Tl2: C, 23.63; H, 4.21; N,
6.89. Found: C, 23.63; H, 3.95; N, 6.70.1H NMR (500 MHz,
DMSO-d6): 5.94 (d,JHH ) 9.0 Hz, NH2, 4H), 5.08 (t, NH2, JHH )
8.5 Hz, 4H), 5.03 (s, NH, 4H), 2.21, 1.98, 1.56, 1.29, 1.10 (m,
C6H10, 10H), 1.06 [s, C(CH3)3, 36H]. 195Pt NMR (107.30 MHz,
DMSO-d6): -2319.8.

[{Pt(DACH)(NHCO tBu)2}2Tl 2](PF6)2 (16).A solution of3 (58
mg, 0.1 mmol) in 2 mL of acetone was added to an aqueous solution
of TlNO3 (26.6 mg, 0.10 mmol) and NaPF6 (50 mg) in 2 mL of
water. Yellow crystals of16 were obtained upon slow evaporation
of the resulted colorless solution. Yield: 74 mg (86%). Anal. Calcd
for C32H68F12N8O4P2Pt2Tl2: C, 22.37; H, 3.99; N, 6.52. Found: C,
22.33; H, 3.89; N, 6.46.1H NMR (500 MHz, DMSO-d6): 5.78 (s,
NH, 4H), 5.04 (s, NH2, 8H), 2.19, 1.92, 1.50, 1.24, 1.08 (m, C6H10,
20H), 1.04 [s, C(CH3)3, 36H].

[{Pt(DACH)(NHCOCH 3)2}2Tl2](NO3)2‚H2O (17).Treatment of
a solution of4 (43 mg, 0.1 mmol) in 1 mL of H2O with TlNO3

(26.6 mg, 0.1 mmol) yielded a yellow precipitate. The addition of
1 mL of EtOH afforded a colorless solution. Yellow crystals suit-
able for X-ray diffraction analysis were obtained upon slow
evaporation of the solution at room temperature. Yield: 56.7 mg
(82%). Anal. Calcd for C20H44N10O10Pt2Tl2: C, 17.36; H, 3.21; N,
10.12. Found: C, 17.21; H, 3.38; N, 10.03.1H NMR (500 MHz,
DMSO-d6): 5.85, 5.35, 5.05 (br, NH+ NH2, 12H), 1.82 (s, CH3,
12H), 2.32, 1.89, 1.51, 1.33, 1.02 (m, C6H10, 20H).

[{Pt(DACH)(NHCOCH 3)2}2Tl 2](ClO4)2 (18). The compound
was obtained similarly as for17 by adding an excess of NaClO4.
Yield: 64 mg (88%). Anal. Calcd for C20H44Cl2N8O12Pt2Tl2: C,

16.47; H, 3.04; N, 7.68. Found: C, 16.45; H, 3.39; N, 7.43.1H
NMR (500 MHz, DMSO-d6): 5.35, 5.05 (br, NH+ NH2, 12H),
1.82 (s, CH3, 12H), 2.32, 1.89, 1.51, 1.33, 1.02 (m, C6H10, 20H).

[{Pt(DACH)(NHCOCH 3)2}2Tl2](PF6)2 (19).The compound was
obtained similarly as for18 by adding an excess of NaPF6. Yield:
67 mg (86%). Anal. Calcd for C20H44N8O4P2F12Pt2Tl2: C, 15.50;
H, 2.86; N, 7.23. Found: C, 22.15; H, 2.92; N, 6.96.1H NMR
(500 MHz, DMSO-d6): 5.34, 5.04 (br, NH+ NH2, 12H), 1.82 (s,
CH3, 12H), 2.32, 1.89, 1.51, 1.33, 1.02 (m, C6H10, 20H).

[{Pt(DACH)(NHCO tBu)2}2{Fe(CpCO2Tl) 2}] (20). A solution
of 3 (58 mg, 0.1 mmol) in 2 mL of acetone was added to a
suspension of [1,1′-Cp2Fe(CO2Tl)2] (34 mg, 0.05 mmol). After
stirring for 1 h, the resulted red solution was filtered. Red crystals
suitable for X-ray diffraction analysis were isolated after slow
evaporation of the solution. Yield: 45 mg (51%). Anal. Calcd for
C44H84FeN8O12Pt2Tl2: C, 29.82; H, 4.78; N, 6.32. Found: C, 30.14;
H, 4.64; N, 6.09.

X-ray Crystallography and Data Collection. The crystals were
covered with inert oil and mounted on glass fibers. X-ray intensity
data were collected on a Bruker Smart-CCD 1000 diffractometer
equipped with Mo KR radiation (λ ) 0.710 73 Å). The first 50
frames were recollected at the end of the process to monitor crystal
decay. The raw frame data were integrated intoSHELX-format
reflection files and corrected for Lorentz and polarization effects
by usingSAINT.18 All structures were solved by direct methods
using SHELXS-97 and refined againstF2 by the full-matrix least-
squares techniques with SHELXL-97.19 All non-hydrogen atoms
were refined anisotropically. The C-hydrogen atoms were intro-
duced in their calculated positions. The absolute configurations of
compounds that crystallize in noncentrosymmetric space groups
were determined by refinement of the Flackx parameters. Crystal-
lographic data for compounds8, 10, 13, 15, and20 are listed in
Table 1, and those of compounds9, 11, 12, 14, 16, and 17 are
given as Supporting Information.

Results and Discussion

Reactions of [Pt(NH3)2(NHCO tBu)2]‚2H2O and Tl+.
Compound8 was prepared in H2O and acetone by mixing
TlNO3 and [Pt(NH3)2(NHCOtBu)2]‚2H2O at a 1:1 molar ratio.
Compounds9 and 10 were obtained analogously in the
presence of an excess of NaClO4 or NaPF6, respectively, as
yellow and yellow-green crystals. Despite crystallizing in

(18) Sheldrick, G. M.SHELXS-97, Program for X-ray Crystal Structure
Solution; University of Go¨tingen: Götingen, Germany, 1997.

(19) Sheldrick, G. M.SHELXL-97, Program for X-ray Crystal Structure
Refinement; University of Go¨tingen: Götingen, Germany, 1997.

Table 1. Crystallographic Data for Compounds8, 10, 13, 15, and20a

8 10 13 15 20

formula C10H26N5O5PtTl C23H60F12N8O6P2Pt2Tl2 C28H70F6N8O5PPt2Tl C33H71Cl2N8O12.5Pt2Tl2 C44H84FeN8O12Pt2Tl2
mol wt 695.82 1633.65 1338.44 1649.80 1826.01
cryst syst monoclinic trigonal monoclinic monoclinic monoclinic
space group P21/c P31 P21/c P21 P21

a, Å 17.130(5) 11.397(2) 13.872(7) 11.340(4) 11.830(7)
b, Å 10.123(3) 11.397(2) 20.352(10) 18.197(7) 21.660(12)
c, Å 11.669(4) 30.955(9) 17.305(9) 12.859(5) 12.683(7)
â,° 101.743(7) 96.395(9) 100.336(7) 103.340(10)
V, Å3 1981.1(11) 3482.3(6) 4855(4) 2610.5(18) 3162(3)
Z 4 3 4 2 2
Dcalcd, Mg/m3 2.333 2.337 1.831 2.099 1.918
reflns collected 10390 19933 27680 15053 16717
reflns unique (Rint) 3874 (0.0832) 7981 (0.0592) 10036 (0.0888) 9848 (0.0750) 10669 (0.1121)
R1, wR2 [I > σ2(I)] 0.0410, 0.0698 0.0304, 0.0645 0.0453, 0.1041 0.0371, 0.0939 0.0690, 0.1507

a R1 ) ∑||Fo| - |Fc||/∑|Fo|. wR2 ) {∑[w(Fo
2 - Fc

2)2]/∑[w(Fo
2)2]}1/2.
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different space groups, compounds8 and9 display an identi-
cal supramolecular motif consisting of infinite zigzag chains.
The structure of8 is shown in Figure 1. The chains are
comprised of an alternate stack of [Pt(NH3)2(NHCOtBu)2]
and Tl(I) ions. Thus, the thallium atoms sit above and below
the square-planar [Pt(NH3)2(NHCOtBu)2] units, completing
an octahedron-like geometry around the platinum atom. The
Pt-Tl bonds are approximately perpendicular to the Pt
coordination planes. The Pt-Tl bond distances are 2.921(1)
and 3.115(1) Å corresponding to the bridged Pt-Tl and
unsupported Pt-Tl bonds, respectively, comparable to the
sum of the metallic radii of platinum and thallium (3.08 Å).
The “short” and “long” Pt-Tl bonds exhibit a zigzag
arrangement with the Pt-Tl-Pt angle of 150.36(2)° and the
Tl-Pt-Tl angle of 172.85(3)°. The Tl atom is unsymmetri-
cally bonded to two oxygen atoms of the same [Pt(NH3)2-
(NHCOtBu)2] unit. Compound8 can be best viewed as an
aggregation of the dimeric [Pt(NH3)2(NHCOtBu)2Tl] + unit
via Pt-Tl metallophilic interactions. The Pt-Tl bond
distances are usually 2.79-3.05 Å for Pt0-TlI,6 2.81-3.14
Å for PtII-TlI,4 2.70-2.71 Å for PtII-TlII,5 and 2.60-2.64
Å for PtII-TlIII complexes,7 depending on the formal
oxidation states of the platinum and thallium atoms. The
coordination number of the thallium atom is 4, and the
geometry around the Tl atom may be described as a distorted
tetrahedron, similarly as in the Au-Tl polymeric complex.20

The Tl-O bond distances are 2.630(8) and 2.824(9) Å, being
comparable to those in other complexes (2.17-2.86 Å),4e,14,21

but significantly longer than the sum of the covalent radii
(2.21 Å), indicating very weak Tl-O interaction.

The structure of compound10 is depicted in Figure 2. The
most striking feature of10 differing from 8 is that the
Pt-Tl chains run along 31 screw axes to give a helical motif.
The helical pitch Pt6Tl6 is ∼34.38 Å. Each Pt atom links its

two adjacent Tl(I) ions via both the Pt-Tl interaction and
its two amidate ligands. The Pt-Tl distances are around 3.0
Å. The Pt-Tl-Pt and the Tl-Pt-Tl angles are comparable
to those in8. The Tl-Pt-Tl is nearly linear, whereas
Pt-Tl-Pt exhibits a bent geometry, similar to those in other
M-Tl-M compounds.4e,21Another structural feature of the
polymers is that the CNO units of the amidate ligands are
all twisted with respect to the Pt-Tl vector, whereas the
CNO units are roughly coplanar with the Pt-M axis in a
number of amidate-bridged dimeric (M) Pt and Pd)16a and
trimeric complexes (M) Mn, Fe, Co, Ni, and Cu).16b

By warming the aqueous solution of [Pt(NH3)2-
(NHCOtBu)2] and TlNO3 at 50 °C for 10 min and subse-
quently cooling the resulted colorless solution, new yellow
crystals of compound11 differing from 8 were obtained.
The X-ray diffraction analysis shows that complex11
consists of linear chains the same as those of10, and the
chains stack to generate a trigonal architecture (space group
P31).

Attempts to prepare ladderlike or gridlike coordination
materials by linking the thallium ions through bipyridyl
ligands such as pyrazine, 2,2′-bipy, and 4,4′-bipy were not
successful. In the presence of platinum species, the thal-
lium(I) ion shows no reactivity with the nitrogen ligands.
Although Tl+ is a large ion, it often shows exceedingly low
coordination numbers in geometries, which leaves a large
part of the coordination sphere seemingly unoccupied.22 The

(20) Wang, S.; Garzo´n, G.; King, C.; Wang, J.; Fackler, J. P., Jr.Inorg.
Chem.1989, 28, 4623.

(21) (a) Balch, A. L.; Neve, F.; Olmstead, M. M.J. Am. Chem. Soc.1991,
113, 2995. (b) Balch, A. L.; Nagle, J. K.; Olmstead, M. M.; Reedy,
P. E., Jr.J. Am Chem. Soc.1987, 109, 4123.

Figure 1. ORTEP drawing of the extended zigzag chain structure of
[Pt(NH3)2(NHCOtBu)2Tl]+ (8). Selected bond distances (Å) and angles
(deg): Pt-Tl 2.921(1), Pt-Tl#1 3.115(1), Tl-Pt-Tl#1 172.85(3),
Pt-Tl-Pt#2 150.36(2). Symmetry transformations used to generate equiva-
lent atoms: #1x, -y + 1/2, z - 1/2; #2 x, -y + 1/2, z + 1/2.

Figure 2. ORTEP drawing of the extended helical chain structure of
[{Pt(NH3)2(NHCOtBu)}2Tl2]2+ (10). Selected bond distances (Å) and
angles (deg): Pt1-Tl1 2.986(1), Pt1-Tl2#1 3.024(1), Pt2-Tl1 2.961(1),
Pt2-Tl2 3.015(1), Pt2-Tl1-Pt1 143.08(2), Pt2-Tl2-Pt1#2 147.13(2),
Tl1-Pt1-Tl2#1 169.73(2), Tl1-Pt2-Tl2 172.16(2). Symmetry code: #1
x, y - 1, z; #2 x, y + 1, z.
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inertness of thallium centers to nitrogen ligands is ascribed
to the existence of lone-pair 6s2 electrons, which decrease
the electrophilicity of the Tl(I) ion. However, the new
compound12 was obtained in the presence of the nitrogen
ligand. Complex12 crystallizes in the achiral space group
of P21/n, which has a basically similar structure to that of
11. The helicity of these platinum-thallium(I) coordination
polymers may be deduced from the absolute configuration
of the thallium(I) centers shown in Chart 2. When all thallium
centers have the same single absolute configuration,∆ or
Λ, a P or M helical arrangement of strands would result,
respectively. When the thallium(I) centers possess both
absolute configurations, no helicity is generated, but it leads
to a centrosymmetric molecule.

The fast atom bombardment (FAB) mass spectra of8-11
show that the Pt(II)-Tl(I) unit remains intact in the gas
phase. The spectrum of9 shows peaks corresponding to
[{Pt(NH3)2(NHCOtBu)2}2Tl2(ClO4) - H]+, [{Pt(NH3)2-
(NHCOtBu)2}2Tl - H]+, [Pt(NH3)2(NHCOtBu)2Tl + H]+,
[Pt(NH3)2(NHCOtBu)2 + H]+, and the Tl+ ion, and the
binding of perchlorate was observed in the spectrum. The
peak at 632.8 assigned to [Pt(NH3)2(NHCOtBu)2Tl] + is the
most intense one, which clearly demonstrates that the ami-
date-supported dinuclear units are stable. The mass peaks at
615.79 and 598.79, corresponding to [Pt(NH3)2(NHCOt-
Bu)2Tl - NH3]+ and [Pt(NH3)2(NHCOtBu)2Tl - 2NH3]+,
indicate that NH3 loss is preferred over Tl ion dissociation.
A peak at 858.9 corresponding to [Pt(NH3)2(NHCOtBu)2]2

was also observed. The FAB mass spectra of8-11 are
essentially the same.

Reactions of [Pt(EtNH2)2(NHCO tBu)2] with Tl(I) Ions.
The trinuclear complexes [{Pt(EtNH2)2(NHCOtBu)2}2Tl]X
(X ) NO3

-, ClO4
-, and PF6-) are the sole isolated species

in the reactions of [Pt(EtNH2)2(NHCOtBu)2] with Tl(I) ions;
Tl+ is available in large excess. Probably, the steric hindrance
of the ethyl groups prevents further aggregation of the
compound to coordination polymers.

The structure of13 is shown in Figure 3. The two platinum
units are bonded to the central Tl(I) ion via Pt-Tl bonds
and two amidate ligands. Only two of the four amidate
ligands are coordinated to the Tl(I) ion with two nearly
identical Tl-O bond distances. This is in contrast to those
of 8-12 in which one of the Tl-O bonds is significantly
longer than the other. The Pt-Tl separations are shorter than
3.085(1) Å in the closely related Pt2Tl complexcis-[(NH3)2-
Pt(1-MeT)2Tl(1-MeT)2Pt(NH3)2](NO3)‚7H2O (1-MeT )
1-methylthyminato).4e The Pt-Tl-Pt angle is also bent
similarly to that of the 1-MeT-bridged trimeric compounds
[136.7(1) Å].

Reactions of [Pt(DACH)(NHCOR)2] (R ) tBu, CH3)
with Tl(I) Ions. Reaction of [Pt(DACH)(NHCOtBu)2] and
TlNO3 yielded a trinuclear complex as a white solid even in
the presence of an excess of TlNO3. The compound cocrys-
tallizes with the parent platinum complex and is form-
ulated as [{Pt(DACH)(µ-NHCOtBu)(NHCOtBu)}Tl2](NO3)‚
[Pt(DACH)(NHCOtBu)2] (14). Whereas, in the presence of
NaClO4 or NaPF6, [Pt(DACH)(NHCOtBu)2] gave coordina-
tion polymers of the formula [{Pt(DACH)(µ-NHCOtBu)2}2Tl2]-
X2 (X ) ClO4

-, 15; PF6
-, 16) as yellow crystals, the

reactions of [Pt(DACH)(NHCOCH3)2] with Tl+ always
yielded the yellow coordination polymers [{Pt(DACH)-
(NHCOCH3)2}2Tl2]X2 (X ) NO3

-, 17; ClO4
-, 18; PF6

-, 19)
with the same structures as those of15 and16 regardless of
the counteranion, probably because of the smaller steric
hindrance of acetamidate than that of pivalamidate ligands.

The structures of the cations of15-19 are essentially the
same; thus, only the structure of15 is shown in Figure 4.
These compounds crystallize in the same chiral space group
P21, and their dimensions and symmetries within the cation
[{Pt(DACH)(µ-NHCOR′)2}2Tl2]2+ are also similar. The poly-
mers adopt a helical structure in the solid state. The helices
are generated around the crystallographic 21 screw axis, and
each coil of the helix contains two [Pt(DACH)(µ-NHCOR)2]
units and two Tl+ ions. The distances between the coils
corresponding to the unit cell length are ca. 22.6 Å. The
extended chains of15 are comprised of two slightly shorter
Pt-Tl bonds and two longer Pt-Tl bonds (the difference
between them is 0.05-0.07 Å, 50 times that of the deviation).
Each pair of long and short Pt-Tl bonds is alternatively
arranged. The Pt-Tl-Pt angles of15 are around 150°,
whereas the Tl-Pt-Tl angles are around 170°.

The bent Pt-Tl-Pt geometry is normally adopted in
Pt(II)-Tl(I)-Pt(II) complexes, and the presence of a stereo-
chemically active 6s2 thallium inert lone pair was used to
explain the metal disposition. Because of the presence of
the 6s2 electrons, the amidate oxygen atoms are loosely

(22) (a) Janiak, C.Coord. Chem. ReV. 1997, 163, 107. (b) Wiesbrock, F.;
Schmidbaur, H.J. Am. Chem. Soc. 2003, 125, 3622.

Chart 2. Schematic Representation of the Coordination Configuration
of Thallium(I)

Figure 3. Molecular structure of the trinuclear cation of [{Pt(EtNH2)2-
(NHCOtBu)2}2Tl] + (13). Selected bond distances (Å) and angles (deg):
Pt(1)-Tl(1) 2.984(1), Pt(2)-Tl(1) 3.081(1), Pt(1)-Tl(1)-Pt(2) 140.52(2).
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coordinated. The geometry about the thallium ion can be
viewed as a distorted trigonal bipyramid. The amidate oxygen
atoms and the nonbonding lone pair are located in the
equatorial plane, and two platinum atoms are at the apical
positions. This coordination geometry makes the NCO units
of the amidate ligands twisted, which is reflected by the large
Pt-N-C-O and Tl-O-C-N torsion angles. For instance,
the Pt-N-C-O angles are 8-18°, and the Tl-O-C-N
angles are 23-37°. For comparison, the corresponding
torsion angles of Pt-M-Pt (M ) Mn, Fe, Ni, Cu, and Co)
complexes are normally smaller than 5°.16b

Reaction of [Pt(DACH)(NHCOtBu)2] with Dithallium
1,1′-Ferrocenyldicarboxylate. Dicarboxylate anions have
been widely employed to construct porous metal-organic
frameworks and discrete nanometer-sized functional materi-
als.23 Although thallium ions often show low coordination
numbers in the present platinum-thallium complexes, the
coordination number and coordination geometry of the
thallium ion is flexible in the cases where thallium is
coordinated by the hard oxygen atoms of the carboxylate
groups.21 Thus, dicarboxylate groups afford the possibility
to link the Pt-Tl chains into one-dimensional ladder or two-
dimensional gridlike frameworks.

The anion 1,1′-ferrocenyldicarboxylate is a suitable bridg-
ing ligand and would be able to link the platinum-thallium
chains. The compound20 was isolated as red crystals from
the reaction of [Pt(DACH)(NHCOtBu)2] and dithallium

1,1′-ferrocenyldicarboxylate in H2O and acetone. A two-
dimensional structure was realized in compound20. Crystals
of compound20 are monoclinic with a chiral space group

(23) (a) Cotton, F. A.; Lin, C.; Murillo, C. A.Inorg. Chem. 2001, 40, 478.
(b) Abourahma, H.; Bodwell, G. J.; Lu, J.; Moulton, B.; Pottie, I. R.;
Walsh, R. B.; Zaworotko, M. J.Cryst. Growth Des. 2003, 3, 513. (c)
Liu, Y.-H.; Lu, Y.-L.; Wu, H.-C.; Wang, J.-C.; Lu, K.-L.Inorg. Chem.
2002, 41, 2592.

Figure 4. Asymmetric unit of the one-dimensional helical structure of
complex [{Pt(DACH)(µ-NHCOtBu)2}2Tl2]2+ (15). Selected bond dis-
tances (Å) and angles (deg): Pt1-Tl2 2.9185(12), Pt1-Tl1 2.9914(12),
Pt2-Tl2 2.9354(11), Pt2-Tl1 2.9884(12), Tl2-Pt1-Tl1 165.16(2),
Tl2#1-Pt2-Tl1 171.928(17), Pt2-Tl1-Pt1 153.21(2), Pt1-Tl2-Pt2#2
144.52(3). Symmetry transformations used to generate equivalent atoms:
#1 x - 1, y, z; #2 x + 1, y, z.

Figure 5. Perspective drawing (30% thermal ellipsoids) of the asymmetric
unit in complex [{Pt(DACH)(NHCOtBu)2}2{Fe(CpCO2Tl)2}] (20). Se-
lected bond distances (Å) and angles (deg): Pt1-Tl1 3.030(2), Pt1-Tl2#1
3.048(2), Pt2-Tl1 3.066(2), Pt2-Tl2 3.111(2), Pt1-Tl1-Pt2 143.93(5),
Pt1-Tl2#1-Pt2#1 157.87(5), Tl1-Pt1-Tl2#1 165.55(6), Tl1-Pt2-Tl2
162.34(5).

Figure 6. (a) Layered structure of [{Pt(DACH)(NHCOtBu)2}2{Fe-
(CpCO2Tl)2}] (20). The atoms of amine and amidate ligands have been
removed for clarity. (b) The gridlike 2-dimensional structure.
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P21 (Figure 5). The Pt-Tl bond distances of the thallium
coordinated to 1,1′-ferrocenyldicarboxylate are somewhat
longer than the others. Each carboxylate group of 1,1′-
ferrocenyldicarboxylate is monocoordinated to thallium with
a Tl-O distance of 2.35(5) Å. The Pt-Tl-Pt-Tl unit con-
stitutes an extended helical chain along the crystallographic
b axis. The infinite helical chain of compound20 can be
viewed as a repeated alternate stacking of the trimetallic unit
[{Pt(DACH)2(NHCOtBu)2}2Tl] + and [Fe(CpCO2)2Tl] - via
Pt-Tl bonds.

The neighboring helical chains are linked by 1,1′-ferro-
cenyldicarboxylate anions to yield the two-dimensional
supramolecular gridlike structure (Figure 6). The grids stack
and form “stacked layers”. The stacking exhibited by the
grids forms microchannels that run approximately perpen-
dicular to the layers and water molecules filled between
layers.

Solid-State Emission Spectroscopy.The luminescence
spectra have been recorded at 77 and 298 K, and the results
are summarized in Table 2. The coordination polymers
derived from [Pt(NH3)2(NHCOtBu)2] exhibit intense lumi-
nescence in the solid state at 77 K, whereas they are
nonemissive at room temperature. The luminescence spec-
trum of 8 is very sharp and structureless with the maximum
at 477 nm and full width at half-maximum of 1280 cm-1,
when irradiated at 400 nm. The spectral features as well as
the emission lifetime of 484 ns clearly indicate that the
luminescence originates from the triplet metal-centered state
of the complex with the Pt(II)-Tl(I) bond and are compa-
rable to those of Tl2Pt(CN)4.4a,24 The emission of9 occurs
at 492 nm, while that of10 is found at 470 nm. The emission
of 9 and10 displays biexponential kinetics (τ1 ) 112 ns,τ2

) 567 ns for9; τ1 ) 131, τ2 ) 561 ns for10). The small
difference in the emission maximum may result from the
variation of the counteranions.

Emission was not observed for trinuclear compounds13
and 14 in the solid state at room temperature, whereas on
cooling of the colorless crystals to 77 K, intense emission
was observed at 481 and 476 nm, respectively. However,
the polymeric platinum-thallium complexes15-19, derived
from [Pt(DACH)(NHCOR)2] (R ) tBu, CH3) luminesce both
at room temperature and at 77 K. At 298 K, complexes
15-19 emit with the maximum range of 467-520 nm,
whereas at 77 K, they emit with the maximum range of

481-544 nm. The red shift observed for these complexes
with a decrease of temperature has been found in some
luminescent materials25 and is related to a thermal contraction
that leads to a reduction in the metal-metal distances
along the chain, reducing the band gap energy. Compounds
17-19 emit at higher energies compared to compounds15
and 16, which is reasonably understood when taking into
account the shorter Pt-Tl bonds within the chains of15and
16 than those of17-19. The long lifetime of the emissive
states and the large Stokes shifts illustrate the triplet origin.
The triplet state could be ascribed to the increased electronic
delocalization over the platinum-thallium chain because of
the more intense Pt-Tl interactions compared to the known
simple Pt-Tl complexes.

The emission from d8-s2 mixed metal complexes is well-
established. The d8-s2 bond interaction is a known reason
for the photoluminescence in Pt-Tl complexes.26 Significant
overlap between the filled 5dz

2 orbitals of platinum and the
empty 6p orbitals of thallium is responsible for the emissive
behaviors. The ground-state Pt-Tl interaction is stabilized
by the mixing of the filled 5dz2 level on Pt(II) and the filled
6s level on Tl(I) with the empty 6pz level on both metals. It
is noted that the emission energy for the chain compounds
is lower than that for the trinuclear complexes. This is
obviously due to the expected lower band gap energy in the
extended-chain species in the solid state than that for
oligomers.

Summary

Self-assembly from simple molecules or ions is an
optimum synthetic method for generating supramolecules
with optical or optoelectronic properties. The bimetallic
platinum-thallium complexes are readily synthesized by the
reaction of [Pt(RNH2)2(NHCOtBu)2] and thallium(I) salts.
These compounds are rare examples of one- and two-
dimensional chain materials containing Pt-Tl metallic
backbones. Generally, the platinum-thallium interactions
between simple platinum precursors and Tl(I) ions lead to

(24) Dolg, M.; Pyykko, P.; Runeberg, N.Inorg. Chem.1996, 35, 7450.

(25) (a) Ferna´ndez, E. J.; Gimeno, M. C.; Laguna, A.; Lo´pez-de-Luzuriaga,
J. M.; Monge, M.; Pyykko¨, P.; Sundholm, D.J. Am. Chem. Soc.2000,
122, 7287. (b) Ferna´ndez, E. J.; Jones, P. G.; Laguna, A.; Lo´pez-de-
Luzuriaga, J. M.; Monge, M.; Pe´rez, J.; Olmos, M. E.Inorg. Chem.
2002, 41, 1056.

(26) (a) Clodfelter, S. A.; Doede, T. M.; Brennan, B. A.; Nagle, J. K.;
Bender, D. P.; Turner, W. A.; LaPunzina, P. M.J. Am. Chem. Soc.
1994, 116, 11379. (b) Wissbart, B.; Balch, A. L.; Tinti, D. S.Inorg.
Chem.1993, 32, 2096.

Table 2. Luminescence Data of Compounds8-10 and13-19 in the Solid State

298 K 77 K

compound λmax (nm) τ (ns) λ (nm) τ (ns)

[Pt(NH3)2(NHCOtBu)2Tl](NO3) (8) 477 484
[Pt(NH3)2(NHCOtBu)2Tl](ClO4) (9) 492 112, 567
[{Pt(NH3)2(NHCOtBu)}2Tl2](PF6)2 (10) 470 131,561
[{Pt(EtNH2)2(NHCOtBu)2}2Tl](PF6) (13) 481 239
[{Pt(DACH)(NHCOtBu)(NHCOtBu)}2Tl](NO3)‚[Pt(DACH)(NHCOtBu)2] (14) 476 327, 1237
[{Pt(DACH)(NHCOtBu)2}2Tl2](ClO4)2 (15) 520 21, 91 544 923
[{Pt(DACH)(NHCOtBu)2}2Tl2](PF6)2 (16) 493 15, 43 510 87, 539
[{Pt(DACH)(NHCOCH3)2}2Tl2](ClO4)2 (17) 469 30, 95 485 81, 549
[{Pt(DACH)(NHCOCH3)2}2Tl2](ClO4)2 (18) 467 19, 80 481 158, 567
[{Pt(DACH)(NHCOtBu)2}2{Fe(CpCO2Tl)2}] (19) 474 116, 238 487 236, 863
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dimers or trimers. Obviously, the functionality of the amidate
ligands in the present system plays an important role in the
self-aggregation of the two units into extended structures.
These coordination polymers are comprised of helical or
zigzag alternate platinum and thallium chains in which the
two metals are singly or doubly bridged by amidate ligands,
as shown in Chart 3.

The luminescence observed from these solids arises from
the association of [Pt(RNH2)2(NHCOtBu)2] and Tl+ through
metallophilic interactions. The emissive energy is sensitive

to variation of the substituents, counteranions, and temper-
ature. The compounds may readily dissolve in hot water or
H2O and acetone with dissociation, but they can be easily
regenerated by evaporation of the solvent and the linearly
arranged Pt-Tl backbone maintained. This feature and the
luminescence property make these compounds suitable
candidates of stable, water-soluble, solution-processible
functional materials for potential sensor applications.
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