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Abstract: The dissolution of PtO2 in concentrated H2SO4 under an atmosphere of CO results in the formation
of hexacarbonyldiplatinum(I), [{Pt(CO)3}2]2+ (1), the first homoleptic, dinuclear, cationic platinum carbonyl
complex, of which a prolonged evacuation leads to reversible disproportionation to givecis-[Pt(CO)2]2+

(solv)

(2) and Pt(0).1 has been completely characterized by NMR (13C and 195Pt), IR, Raman, and EXAFS
spectroscopy. The structure of1 is rigid on the NMR time scale at room temperature. NMR:δ(13CA) 166.3,
δ(13CB) 158.7,δ(195Pt) -211.0 ppm;1J(Pt-CA) ) 1281.5 Hz,1J(Pt-CB) ) 1595.7 Hz,1J(Pt-Pt′) ) 550.9
Hz. The strongly polarized, sharp Raman band at 165 cm-1 (F ) ca. 0.25) indicates the presence of a direct
Pt-Pt bond. The IR and Raman spectra in the CO stretching region are entirely consistent with the presence
of only terminal CO’s on a nonbridged Pt-Pt bond withD2d symmetry.ν(CO)IR: 2174 (E), 2187 (B2), and
2218 cm-1 (B2); ν(CO)Raman: 2173 (E), 2194 (B2), 2219 (B2), 2209 (A1) and 2233 cm-1 (A1). EXAFS
measurements show that the Pt-Pt bond is 2.718 Å and the mean length of the Pt-C bonds is 1.960 Å. The
geometric optimization for1 by a density functional calculation at the B3LYP level of theory predicts that the
dinuclear cation contains two essentially planar tricarbonyl platinum(I) units that are linked via a Pt-Pt bond
about which they are twisted by exactly 90.0° with respect to each other.

I. Introduction

Platinum carbonyl compounds have the longest history and
have assumed a very important position in metal carbonyl
chemistry.1 The platinum(II) carbonyl chlorides, Pt(CO)2Cl2,
Pt(CO)Cl2, and Pt2(CO)3Cl4, reported by Schu¨tzenberger in
1870,2 were the first metal carbonyl derivatives to be synthe-
sized. Homoleptic platinum carbonyl complexes have also been
isolated and observed in solution and matrices. Compounds of
platinum(0) containing only carbon monoxide, such as Pt(CO)n

(n ) 1-4), remain accessible only by matrix isolation methods.3

In the 1970s, homoleptic, anionic platinum carbonyl clusters,
e.g. [Pt3(CO)6]n

2- (n ) ∼10, 6, 5, 4, 3, 2, 1) and [Pt19(CO)12-
(µ2-CO)10]4-, in which the Pt atoms are bridged by CO ligands,

were reported.4 They are usually prepared by the reductive
carbonylation of platinum halides in basic media. Recently,
infrared spectroelectrochemistry has been utilized to explore the
vibrational properties of the anionic, high-nuclearity platinum
carbonyl clusters [Pt24(CO)30]n, [Pt26(CO)32]n, and [Pt38(CO)44]n

(n ) 0 to 10-) as a function of the chargen in several solvents.5

The homoleptic platinum(II) carbonyl cation, [Pt(CO)4]2+, has
recently been reported.6

In the past 10 years, there has been a rapid development in
the preparation and characterization of new homoleptic metal
carbonyl cations, including [Pt(CO)4]2+.7 This new class of metal
carbonyl complexes includes metals from groups 6 through 12
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and are usually prepared in superacids,8 strong acids such as
concentrated H2SO4,9 or with weakly coordinating anions.10

Apart from the CO-bridged dinuclear Pd(I) complex, [Pd2(µ-
CO)2](SO3F)2,11 and the unstable dinuclear Hg(I) carbonyl
cation, [Hg2(CO)2]2+,12 all the complexes are monomeric with
values ofν(CO) that are significantly higher than the value of
2143 cm-1 for free CO.13

A preliminary account of the preparation, together with some
spectroscopic data, of the hexacarbonyldiplatinum(I) dication,
[{Pt(CO)3}2]2+ (1), formed in concentrated sulfuric acid, has
recently appeared in a preliminary communication.14 The
discovery of1 suggests that homoleptic carbonyl cations of the
late transition metals in low oxidation states can be formed in
media which are less acidic than the superacids that have been
previously used and confirms the tendency that carbonyls of
metals in lower oxidation states could be formed in media of
lower acidity or higher basicity. Despite the unusual Pt(I)
oxidation state,1 shows remarkable stability which presumably
arises from the presence of the metal-metal bond. This is the
first well-characterized stable, dinuclear, homoleptic, cationic
metal carbonyl containing a metal-metal bond unsupported by
bridging ligands.

We now report the details of the preparation, characterization
by NMR (13C and195Pt), IR, Raman and EXAFS spectroscopy,
and a density functional calculation for [{Pt(CO)3}2]2+. It is of
significant structural interest because1 represents one of the
few simple M2L6 systems known where M is a transition
element.15-22 Hitherto, the only M2(CO)6 species known so far
is Cu2(CO)6, which has been prepared in a matrix and shown

to possess a “staggered ethane” type structure of approximate
D3d symmetry.20 The geometric optimization for1 at the B3LYP
level predicts that each Pt atom adopts an essentially square-
planar geometry; the dihedral angle between the two coordina-
tion planes is 90° and the overall symmetry of this complex is
D2d. 1 is formally isoelectronic with and has a similar structure
to the nickel(I) cyanide system [{Ni(CN)3}2]4-,21 and the
isocyanide analogues of Pd(I) and Pt(I), [{Pd(CNCH3)3}2]2+ and
[{Pt(CNCH3)3}2]2+.22

II. Experimental Section
(a) Synthesis. PtO2‚xH2O (Pt, 78.8 wt %; Mitsuwa Pure Chemicals),

H2SO4 (96%, Kanto Chemical Co.), D2SO4 (96%, CIL), CO (Nippon
Sanso), and13CO (13C enrichment 99%, ICON) were used for the
preparation of [{Pt(CO)3}2]2+ (1) andcis-[Pt(CO)2]2+

(solv) (2).
A mixture of PtO2‚xH2O (2 mmol) and 96% H2SO4 (10 mL) in a

200-mL three-necked flask was stirred and sonicated (40 kHz, 35 W)
for 4 h and the three-necked flask was then evacuated by a rotary pump
to remove the air. Carbon monoxide was introduced from a gas balloon
so that the flask was kept constantly at 1 atm of CO. The mixture of
PtO2 and 96% H2SO4 was vigorously stirred for 2 weeks at room
temperature whereupon the dark colloidal suspension became colorless
due to the formation of1. The resulting solution is very moisture
sensitive.1 with 99% 13CO was similarly prepared using 99%13CO
instead of CO. Standard cannula transfer techniques were used for all
sample manipulations for the spectroscopic measurements.

The IR spectrum of1 in 96% H2SO4 was monitored with time under
evacuation (0.001 mmHg). When the band (2174 cm-1 for 12CO and
2126 cm-1 for 13CO) due to1 had disappeared (ca. 1 day), nitrogen
was admitted to the solution which contained only2 and a black
colloidal precipitate (platinum metal). The pure solution of2, which is
nearly colorless after precipitation of the colloidal metal, was transferred
under nitrogen by cannula and used for all the spectroscopic measure-
ments; this solution is indefinitely stable under a nitrogen atmosphere.

(b) Instrumentation . NMR spectra were recorded in D2SO4 at room
temperature using a Bruker AMX 200 with D2SO4 as a lock. The liquid
samples were contained in 10 mm NMR tubes containing a coaxial
insert of TMS as the external reference.13C chemical shifts were
referenced to external TMS and195Pt chemical shifts were referenced
to 42.8 MHz at such a magnetic field that the protons in the external
TMS resonate at exactly 200 MHz. NMR simulations were carried out
using gNMR 4.1 (Cherwell Scientific, Oxford, UK).

Infrared spectra were obtained at room temperature on thin films
between two silicon disks on a JASCO FT/IR-230 spectrometer with
a range of 4000-400 cm-1 and a spectral resolution of 2 cm-1. Raman
spectra were recorded at room temperature on a Nicolet FT-Raman
960 spectrometer with a range of 4000-100 cm-1 and a spectral
resolution of 2 cm-1 using the 1064 nm exciting line (∼600 mV) of a
Nd:YAG laser (Spectra Physics, USA). Liquid Raman samples were
contained in a 5-mm o.d. NMR tube.

Platinum LIII -edge extended X-ray absorption fine structure (EXAFS)
spectra were collected in the transmission mode for solutions between
two polyethylene films on BL-12C at the Photon Factory of High
Energy Accelerator Research Organization (KEK-PF; Tsukuba, Japan),
operating at 3 GeV with an average current of 170 mA using a Si-
(111) monochromator. Several data sets were collected for each sample
in k space (k ) photoelectron wave vector/Å-1). EXAFS spectra were
analyzed according to standard procedures using the REX (Rigaku)
program.23 The preedge region was subtracted with a polynomial
function, and then the EXAFS spectrum was extracted by fitting the
absorption coefficient with a cubic spline curve and normalized. To
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perform the Fourier transform the EXAFS was multiplied byk3 in the
rangek ) 3-15 Å-1, and a Hanning window was used. Quantitative
analysis was performed by fitting the background-subtracted EXAFS
signals using the nonlinear least-squares method and minimization of
a ø2-type function.

(c) Computational Methods. The geometry of1 has been optimized
using the empirically parametrized B3LYP exchange-correlation func-
tional in Density Functional Theory (DFT). The present B3LYP
functional can be written as

where Fx(Slater) is the Slater exchange, Fx(HF) is the Hartree-Fock
exchange, Fx(Becke) is the gradient part of the exchange functional of
Becke,24 Fc(LYP) is the correlation functional of Lee, Yang, and Parr,25

and Fc(VWN) is the correlation functional of Vosko, Wilk, and Nusair.26

A, B, andC are the coefficients determined by Becke using the fit to
the G1 molecule set. All the calculations were performed with Stevens/
Basch/Krauss/Jasien/Cundari-21G (SBK) relativistic effective core
potentials (ECP)27 and their associated basis sets are designed to replace
all but the outermost electrons in the Pt atom. The cc-pVTZ28 general
contracted basis sets were applied to the carbon and oxygen atoms in
this complex. The vibrational frequencies were computed using B3LYP
at the same level of basis sets. The frequency calculations were
performed to predict the IR and Raman spectra and identify the nature
of the stationary points on the potential energy surfaces. All calculations
were carried out using the GAUSSIAN-98 program.29

III. Results and Discussion

(a) Synthesis. The first homoleptic Pt(II) carbonyl complex,
[Pt(CO)4][Pt(SO3F)6], was isolated by the reductive carbon-
ylation of Pt(SO3F)4 in HSO3F with CO at 25°C according to
eq 2:6a

This reaction represents a partial reduction of Pt(IV) by CO.
Increasing the reaction temperature from 25 to 80°C results in
complete reduction to Pt(CO)2(SO3F)2, via the yellow interme-
diate, [Pt(CO)4][Pt(SO3F)6]; the overall reaction can be formu-
lated as shown in eq 3:6c

It has been reported that in SbF5, the creamy white complex
Pt(CO)2(SO3F)2 can be readily converted to the thermally stable,

white salt [Pt(CO)4][Sb2F11]2 in the presence of a CO atmo-
sphere according to eq 4:6b

In this study, we find that [{Pt(CO)3}2]2+ (1), the first
homoleptic, dinuclear platinum(I) carbonyl cation, is formed
in concentrated H2SO4 according to eq 5:

This involves a greater degree of reduction of Pt(IV) than has
been observed in superacids7 and must result from the use of a
less acidic medium. The reductive carbonylation of PtO2 by CO
takes ca. 2 weeks in concentrated H2SO4 at room temperature
and atmospheric pressure to go to completion and produce a
colorless solution of1. Prolonged (ca. 1 day) evacuation of the
solution of1 in concentrated H2SO4 results in disproportionation
and the exclusive formation of the nearly colorless complex,
cis-Pt(CO)22+

(solv) (2), according to eq 6:

This observation indicates that the CO ligands are more weakly
bound to Pt(I) in1 than to Pt(II) in2, but more tightly bound
than in the Cu(I), Ag(I), Au(I), and Rh(I) carbonyl cations which
require only brief evacuation to reversibly remove the CO
ligands.9 Slow reformation of1 occurs on reintroduction of CO
to a solution of2. Both 1 and 2 are extremely sensitive to
moisture, which results in their immediate decomposition to
platinum metal.

(b) 13C and 195Pt NMR Spectroscopy. The formulation of
1 as a dimer (see Figure 1) results from both the13C and195Pt
NMR studies at natural13C abundance and 99%13CO enrich-
ment. As shown in Figures 2 and 3, well-resolved spectra are
obtained for 1 at ambient temperature, indicating that the
structure is rigid on the NMR time scale, whereas the analogous
compounds, (n-Bu4N)2[{PtX2(CO)}2] (X ) Cl or Br),30 and the
related Pd(I) isocyanide complex, [{Pd(CNCH3)3}2]2+,22e are
both fluxional. By taking into consideration the formulation of
1 which contains three isotopomers, viz.,13CA(13CB)2-195Pt-
195Pt-(13CB)2

13CA, 13CA(13CB)2-Pt-195Pt-(13CB)2
13CA, and

13CA(13CB)2-Pt-Pt-(13CB)2
13CA (for 195Pt, I ) 1/2; Pt, I * 1/2)

in the ratio 1:4:4, respectively (see Figure 1 for labeling scheme),
the complicated13C and195Pt NMR spectra of1 at 99%13CO
enrichment (Figures 2 and 3) can be well reproduced using the
gNMR program with the parameters shown in Table 1.

Previous work has shown that there isno correlation of the
Pt-Pt bond length,d(Pt-Pt), with1J(Pt-Pt′) in closely related
dinuclear platinum complexes.31 It is worthwhile noting that
1J(Pt-Pt′) for 1 is 550.9 Hz, which is similar to the value found
for the related complex [{PtCl(CO)(PPh3)}2] (760 Hz)31 and
the analogous isocyanide complex, [{Pt(CNCH3)3}2]2+ (507
Hz),31 whereas the value for1J(Pt-Pt′) in [{PtCl2(CO)}2]2-

(5250 Hz)30 is significantly different, although the other coupling
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6026. (b) Cundari, T. R.; Stevens, W. J.J. Chem. Phys.1993, 98, 5555.
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Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M.
W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.;
Head-Gordon, M.; Replogle, E. S.; Pople, J. A.Gaussian 98, Revision A.5;
Gaussian, Inc.: Pittsburgh, PA, 1998.
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Chem. Soc., Dalton Trans.1983, 1101.
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F(B3LYP) ) (1 - A)Fx(Slater)+ AFx(HF) + BFx(Becke)+ CFc(LYP) +
(1 - C)Fc(VWN) (1)

2Pt(SO3F)4 + 5CO98
HSO3F

∼2 atm, 25°C

[Pt(CO)4][Pt(SO3F)6] + CO2 + S2O5F2 (2)

Pt(SO3F)4 + 3CO98
HSO3F

80 °C

Pt(CO)2(SO3F)2 + CO2 + S2O5F2 (3)

Pt(CO)2(SO3F)2 + 8SbF5 + 2CO98
∼0.5 atm CO

60-80 °C

[Pt(CO)4][Sb2F11]2 + 2Sb2F9SO3F (4)

2PtIVO2 + 9CO+ 2H+98
concentrated H2SO4

room temperature, 1 atm

[{PtI(CO)3}2]
2+

1
+ 3CO2 + H2O (5)

1 {\}
-4CO/concentrated H2SO4

+4CO/concentrated H2SO4
cis-Pt(CO)2

2+
(solv)

2
+ Pt0 (6)
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constants are rather similar (see Table 1 and refs 30 and 31).
The coupling constant1J(13C-195Pt) is larger for the equatorial
CB (1595.7 Hz) than for the axial CA (1281.5 Hz), and this is
consistent with the theoretical calculation that predicts that Pt-
CB is shorter than Pt-CA (vide infra). For comparison, the
coupling constants of1J(13C-195Pt) are 1550, 2011, 2000, and
2007 Hz for [Pt(CO)4][Sb2F11]2,7b Pt(CO)2(SO3F)2,7b [{Pt-

Cl2(CO)}2]2-,30 and [{PtBr2(CO)}2]2-,30 respectively. The195Pt
resonance for1 (-211.0 ppm) is slightly upfield from the halide
derivatives, [{PtCl2(CO)}2]2- (371 ppm) and [{PtBr2(CO)}2]2-

(192 ppm).30 The 13C chemical shifts for1 (158.7 and 166.3
ppm) are similar to those found for [{PtCl2(CO)}2]2- (159.2
ppm) and [{PtBr2(CO)}2]2- (159.8 ppm),30 and downfield from
the Pt(II) carbonyl complexes, [Pt(CO)4][Sb2F11]2 (137 ppm)
and Pt(CO)2(SO3F)2 (131 ppm);7b this is in keeping with the
trend that the chemical shift of cationic carbonyl derivatives is
observed with smaller values than observed for free13CO (184
ppm), whereas neutral carbonyl complexes and anionic carbon-
ylmetalates have correspondingly higherδ (13CO) values.7

Prolonged evacuation of1 results in the disproportionation
and formation of2 through the loss of CO (eq 6). In this case,
13C and195Pt NMR measurements on unenriched and 99%13CO
enriched2 show that there are two magnetically equivalent
carbonyls per platinum with no Pt-Pt coupling indicating that
2 is a monomer. The195Pt chemical shift for2 is 957.9 ppm
(Table 1), downfield from1 (-211.0 ppm). The values ofδ
(13CO) and1J(13C-195Pt) for 2 are 133.7 ppm and 1907.3 Hz,
respectively, which are almost the same as the values found
for Pt(CO)2(SO3F)2 (131 ppm and 2011 Hz, respectively).7b

(c) Vibrational Spectra. Figure 4 shows the Raman spectra
of 1 in the range of 400-100 cm-1. A very strong, sharp band
appears at 165 cm-1 and is strongly polarized (F ) ca. 0.25),
suggesting a symmetric stretching vibration. Metal-metal bond
stretching vibrations characteristically exhibit an intense band
in the Raman spectrum32 and the value observed for1 is similar
to those observed for (n-Pr4N)2[{PtX2(CO)}2] (X ) Cl [170
cm-1] and Br [135 cm-1])33 and [Hg2(CO)2][Sb2F11]2 (169

Table 1. 13C and195Pt NMR Data of [{Pt(CO)3}2]2+ (1), cis-Pt(CO)22+
(solv) (2), and Related Complexes

compd δ(13C) [ppm] δ(195Pt) [ppm] 1J(Pt-C) [Hz] 2J(Pt-C) [Hz] 1J(Pt-Pt′) [Hz] ref

[{Pt(CO)3}2]2+(1)a 166.3,b 158.7c -211.0 1281.5,b 1595.7c 199.6,b -26.2c 550.9d e
[{PtCl2(CO)}2]2-f 159.2 371 2000 48 5250 30
[{PtBr2(CO)}2]2-f 159.8 192 2007 48 4770 30
cis-Pt(CO)22+

(solv)(2)a 133.7 957.9 1907.3 e
cis-[Pt(CO)2(SO3F)2]g 131 2011 7b
cis-[Pt(CO)2Cl2]h 151.6 1576 38
[Pt(CO)4][Sb2F11]2

g 137 1550 7b

a In concentrated H2SO4. b For 13CA; see Figure 1 for the labeling scheme.c For 13CB. d Other coupling constants (Hz):2J(CA-CB) ) 0,
3J(CA-CA′) ) 19.8, 3J(CB-CB′) ) 0, 3J(CA-CB) ) 0. e This paper.f In CD2Cl2-CH2Cl2 at ca. 220 K.g In the solid state.h Spectroscopic data
listed were obtained in benzene.

Figure 1. Schematic structure of [{Pt(CO)3}2]2+ (1) along with the
labeling scheme for the carbonyl groups.

Figure 2. 13C NMR spectra (50 MHz) of [{Pt(CO)3}2]2+ (1) at 99%
13CO enrichment in concentrated D2SO4: (a) observed spectrum and
(b) simulated spectrum (gNMR) using the parameters given in Table
1.

Figure 3. 195Pt NMR spectra (43 MHz) of1 at 99%13CO enrichment
in concentrated D2SO4: (a) observed spectrum and (b) simulated
spectrum (gNMR) using the parameters given in Table 1.

Figure 4. Raman spectra (400-100 cm-1) of (a) 1 in concentrated
H2SO4 with 0° polarization filter, (b)1 in concentrated H2SO4 with
90° polarization filter, (c) concentrated H2SO4 with 0° polarization filter,
and (d) concentrated H2SO4 with 90° polarization filter.
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cm-1).12 The Raman band at 165 cm-1 can be attributed to the
Pt-Pt stretching vibration ofA1 symmetry, which is also close
to the value (151 cm-1) predicted by the DFT calculation (vide
infra) and confirms that1 is a dimer with a direct Pt-Pt bond.

For [{Pt(CO)3}2]2+, there are three possible configurations:
(a) one involves the two T-shaped Pt(CO)3 groups in the same
plane and hasD2h symmetry; (b) one hasD2 symmetry with
the dihedral angle of the two T-shaped Pt(CO)3-coordination
planes between 0° and 90.0°; and (c) the other structure has
D2d symmetry with a dihedral angle of exactly 90.0°. The group
theoretical predictions34 for the CO stretching modes associated
with these geometries are given in eqs 7-9 with the spectro-
scopic activities shown in parentheses.

Figures 5 and 6 show the IR and Raman spectra of1,
respectively, in the CO stretching region. Since the structure
with the two T-shaped Pt(CO)3 groups in the same plane is
centrosymmetric, there should be no IR/Raman coincidences
according to the “mutual exclusion rule”,34 and the structure
with D2h symmetry can be ruled out for1. Figure 7 shows the
normal CO stretching modes predicted by group theory for
[{Pt(CO)3}2]2+ with D2d symmetry, which are consistent with
those predicted by the DFT calculation at the B3LYP level (vide
infra). In Figure 5, the broad IR band centered at 2150 cm-1

originates from the solvent, concentrated H2SO4. The observed
IR and Raman bands for1 shown in Figures 5 and 6 are entirely
consistent with theD2d symmetry. The strongly polarized Raman
bands at 2233 and 2209 cm-1 do not have the corresponding
IR counterparts and therefore are assigned to the symmetric CO
stretching vibrations (A1). The strongest IR band at 2174 cm-1,
which has a Raman counterpart with a lower intensity at 2173
cm-1, is attributed to the asymmetricE mode. The two

depolarized Raman bands at 2194 and 2219 cm-1 and the
corresponding IR counterparts at 2187 and 2218 cm-1 are
assigned to theB2 modes.

The average CO stretching vibrational frequency,νav(CO),
for 1 is 2199 cm-1, higher than 2143 cm-1, the value for free
CO,13 but well below theνav(CO) of 2261 cm-1 for the
homoleptic divalent platinum carbonyl cation, [Pt(CO)4]2+;6b

this is in keeping with a decrease inπ-back-bonding and an
increase inσ-bonding for a homoleptic carbonyl complex of

(32) Spiro, T.Prog. Inorg. Chem.1970, 11, 1.
(33) Goggin, P. L.; Goodfellow, R. J.J. Chem. Soc., Dalton Trans.1973,

2355.
(34) Nakamoto, K.Infrared and Raman Spectra of Inorganic and

Coordination Compounds, 5th ed.; Wiley-Interscience: New York, 1997.

Figure 5. IR spectrum of1 in concentrated H2SO4. The broad band
centered at 2150 cm-1 originates from the solvent, concentrated
H2SO4.

ΓCO
D2h ) 2Ag (R) + B1g (R) + B2u (IR) + 2B3u (IR) (7)

ΓCO
D2 ) 2A (R) + B1 (IR, R) + B2 (IR, R) + 2B3 (IR, R) (8)

ΓCO
D2d ) 2A1 (R) + 2B2 (IR, R) + E (IR, R) (9)

Figure 6. Raman spectra of1 in concentrated H2SO4: (a) Raman
spectrum with 0° polarization filter and (b) Raman spectrum with 90°
polarization filter.

Figure 7. Normal CO stretching modes for [{Pt(CO)3}2]2+ (1) of D2d

symmetry given by the group theoretical predictions and the DFT
calculations at the B3LYP level.
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the same metal in the higher oxidation state.νav(CO) for 1 is
lower than that found for [Au(CO)2]+ (2235 cm-1)35 and
[Hg2(CO)2]2+ (2248 cm-1),12 but higher than that found for
[Rh(CO)4]+ (2169 cm-1).36,37 On the other hand, replacement
of the CO ligands in [{Pt(CO)3}2]2+ by halides causesνav(CO)
to shift to significantly lower frequencies as seen in (n-Pr4N)2-
[{PtCl2(CO)}2] (2038 cm-1) and (n-Pr4N)2[{PtBr2(CO)}2] (2019
cm-1).33 To summarize the discussion on the vibrational spectra
of 1 in the CO stretching range, the relevant data have been
collected in Table 2 together with the related Pt carbonyl
complexes and compared with the predictions by the DFT
calculation at the B3LYP level of theory described below.

Figure 8 shows the IR and Raman spectra of the concentrated
H2SO4 solution of2 which was obtained by evacuation of the
solution of1 for ca. 1 day (eq 6). The broad IR band centered
at 2150 cm-1 originates from the solvent of concentrated H2SO4.
We presently favor the square-planar Pt(II) which has a cis-
conformation and therefore aC2V symmetry; this is consistent
with the IR and Raman measurements. The Raman band at 2219
cm-1 is strongly polarized, which, along with its IR counterpart
at 2218 cm-1, is assigned to the symmetric CO stretch (A1).
The Raman band at 2182 cm-1 is depolarized, which, along
with its IR counterpart at 2182 cm-1, is assinged to the
asymmetric CO stretch (B2). The values of the IR and Raman
bands for2 are higher than those observed forcis-[Pt(CO)2Cl2],38

but almost the same as those forcis-Pt(CO)2(SO3F)2.6c It is
difficult to be sure whether the other two coordination sites on
platinum are occupied by a bidentate SO4

2- or 2 monodentate
SO4

2-/HSO4
- groups since it is impossible to obtain any useful

IR or Raman data in the sulfato region. However, in concen-
trated H2SO4 solution, it seems more probable that the other

two sites are occupied by monodentate HSO4
- groups as

recently found for silver(I).39

(d) Density Functional Calculation. The geometry of
[{Pt(CO)3}2]2+ (1) has been optimized at the B3LYP level of
theory, which is predicted to adopt the overall symmetry ofD2d

as shown in Figure 9. A direct Pt-Pt bond of 2.707 Å joins the
two Pt atoms and each of them adopts an essentially square-
planar coordination geometry with the Pt-Pt bond occupying
one of the coordination sites. The dihedral angle between the
two coordination planes is predicted to be exactly 90.0°. The
four “equatorial” Pt-CB bonds are structurally equivalent. The
metal-metal bond shows a large trans influence and thus the
“equatorial” Pt-CB bonds are significantly shorter than the two
“axial” Pt-CA bonds (1.976 vs 2.041 Å). The values are close
to the mean length of the Pt-C bonds determined by EXAFS
as described below. An additional structural feature is the cis
C-Pt-Pt bond angle of 86.1°, indicating displacement of the
equatorial CO ligands toward the neighboring Pt atom. Similar
distortions have been found for M2(CO)10 (M ) Mn, Re), both
of which have approximateD4d symmetry and have an average
cis C-M-M bond angle of 86.38°.40 Both of the axial CA-
OA (1.117 Å) and equatorial CB-OB (1.119 Å) bond distances

(35) (a) Willner, H.; Aubke, F.Inorg. Chem.1990, 29, 2195. (b) Willner,
H.; Schaebs, J.; Hwang, G.; Mistry, F.; Jones, R.; Trotter, J.; Aubke, F.J.
Am. Chem. Soc. 1992, 114, 8972.

(36) (a) Bach, C. Ph.D. Thesis, Hannover, 1999. (b) Lupinetti, A. J.;
Havighurst, M. D.; Miller, S. M.; Anderson, O. P.; Strauss, S. H.J. Am.
Chem. Soc. 1999, 121, 11920.

(37) Xu, Q.; Inoue, S.; Souma, Y.; Nakatani, H.J. Organomet. Chem.
In press.

(38) Browning, J.; Goggin, P. L.; Goodfellow, R. J.; Norton, M. G.;
Rattray, A. J. M.; Taylor, B. F.; Mink, J.J. Chem. Soc., Dalton Trans.
1977, 2061.

(39) Dell’Amico, D. B.; Calderazzo, F.; Marchetti, F.Chem. Mater.1998,
10, 524.

Table 2. Experimental and Calculated (B3LYP/cc-pVTZ) CO
Stretching Frequencies of [{Pt(CO)3}2]2+ (1), cis-Pt(CO)22+

(solv) (2),
and Related Complexes

exptla

compd IR Raman calcda sym ref

[{Pt(CO)3}2]2+(1)b,c 2174 vs 2173 m, dpd 2186 E e
2187 sh 2194 vs, dp 2206 B2

2218 s 2219 s, dp 2228 B2

2209 w, p 2212 A1

2233 vs, p 2240 A1

cis-Pt(CO)22+
(solv)(2)b,f 2182 s 2182 s, dp B2 e

2218 s 2219 s, p A1
(n-Pr4N)2[{PtCl2(CO)}2]g 2030, 2046 2032, 2044 33
(n-Pr4N)2[{PtBr2(CO)}2]g 2010, 2028 2009, 2027 33
cis-Pt(CO)2(SO3F)2g 2185, 2219 2181, 2218 6c
cis-[Pt(CO)2Cl2]h 2137, 2178 2131, 2172 38
[Pt(CO)4][Sb2F11]2

g 2244 2267, 2289 6b

a Wavenumber in cm-1; s ) strong, m) medium, w ) weak,
sh ) shoulder, v) very, p ) polarized, dp) depolarized.b In
concentrated H2SO4. c The symbols of symmetry species are underD2d

symmetry.d ν(Pt-Pt)exptl ) 165 cm-1, strongly polarized (F ) 0.25);
ν(Pt-Pt)calcd ) 151 cm-1, of A1 symmetry.e This work. f The symbols
of symmetry species are underC2V symmetry.g In the solid state.
h Available as a salt; the spectroscopic data listed here were obtained
in bezene solution.

Figure 8. IR (a) and Raman (b) spectra of2 in concentrated H2SO4.
The broad band centered at 2150 cm-1 in part a originates from the
solvent, concentrated H2SO4.

Figure 9. Geometry of [{Pt(CO)3}2]2+ (1) optimized using B3LYP/
cc-pVTZ. The dihedral angle between the two coordination planes of
the T-shaped Pt(CO)3 groups is predicted to be exactly 90.0° and the
overall symmetry is predicted to beD2d. Bond lengths are in Å.
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in 1 are shorter than the bond length of free CO which has been
calculated to be 1.126 Å at the same level of calculation
(B3LYP/cc-pVTZ) and is in good agreement with the experi-
mental value of 1.128 Å.41 The observations have the same
tendency as observed for the other cationic metal carbonyl
complexes.7

This structure is related to [{PtCl2(CO)}2]2- which contains
two slightly distorted T-shaped PtCl2(CO) groups with a dihedral
angle of 60° between the two planes and both the CO’s on each
group are cis to the Pt-Pt bond (2.584 Å).42 Other related,
crystallographically characterized dinuclear platinum carbon-
yls include [{PtCl(CO)(P-t-Bu2Ph)}2]43 and [{Pt(C6F5)(CO)-
(PPh3)}2],44 which have the following dihedral angles, with the
Pt-Pt distance (Å) given in parentheses, 70.1° (2.628), and 78.6°
(2.599), respectively. Preliminary reports have also appeared
for [{PtCl(CO)(PPh3)}2]31 and, in all cases, the carbonyls are
cis and the two phosphines are trans to the Pt-Pt bond. For the
crystallographically characterized isocyanide analogue of Pd(I),
[{Pd(CNCH3)3}2](PF6)2, the Pd-Pd bond length is 2.531 Å,
each Pd atom adopts an essentially square-planar coordination
geometry with the Pd-Pd bond occupying one of the coordina-
tion sites, and the dihedral angle between the two square planes
is 86.2°.22a The “axial” Pd-C bonds are significantly longer
than the “equatorial” Pd-C bonds, 2.049 vs 1.963 Å, and the
cis C-Pd-C bond angles average 95.0°.

The transition state (TS) for1 has been calculated to contain
two bridging CO’s and four terminal CO’s and have overall
C2V symmetry. Its imaginary frequency is 37i cm-1 and its
imaginary vector belongs toA2 which suggests the intrinsic
reaction coordinate (IRC) from the transition state to theD2d

minimum. The activation energy for conversion of1 to this
transition state has been calculated to be 31.0 kcal/mol, which
is in agreement with1 being rigid on the NMR time scale at
room temperature; this should be contrasted with [{Pd(C-
NCH3)3}2]2+ which is fluxional at room temperature and this
rearrangement has been suggested to involve a tetrahedral
deformation about one metal center, rotation about the Pd-Pd
bond, and a return to the square-planar geometry with an
activation energy of 13.8 kcal/mol.22e

Figure 10 shows the molecular orbitals of1. In general, metal
carbonyl complexes are described by carbon-to-metalσ donation
and metal-to-carbonπ back-donation.45,46 In this dication
complex, there are six orbitals represented by the carbon-to-
platinum σ donation in (11b2)2(11a1)2(12b2)2(12a1)2(13b2)2-
(13a1)2 [labeled in blue], and six orbitals represented by the

platinum-to-carbonπ back-donation in (12e)4(2b1)2(2a2)2(13e)4

[labeled in green]. The molecular orbital coefficient analysis
shows that theπ back-donation is relatively small, and the CO
ligands are bound to the Pt center mainly by theσ donation. A
Mulliken population analysis shows that the gross population
is characterized by a s0.72d8.45 valence electron configuration
on each platinum atom, and the summation of the positive
charges on the six CO ligands is+1.53. This means that the
charge of the dication complex is relatively localized on the
CO ligands as a result of the carbon-to-platinumσ donation.
The three highest occupied molecular orbitals (HOMO) are
represented by the direct Pt-Pt bonding [labeled in red]. Two
orbitals of a1 symmetry, 14a1 and 15a1, can be described as
bonding orbitals, and the 14b2 orbital as an antibonding orbital
between the two Pt atoms. We can find another antibonding
orbital between the central Pt atoms in the next LUMO, 15b2.
The Pt-Pt bonding of this complex can therefore be character-
ized as a single bond.

The vibrational frequencies for1 have been computed using
the optimized geometry at the B3LYP level of theory. The
Raman-active, symmetric Pt-Pt stretch (A1) is predicted to
appear at 151 cm-1, which is close to the observed Raman band
at 165 cm-1 (Figure 4). There are five CO stretching modes
which are factorized by 0.97 for comparison with the CO stretch
of free CO (2143 cm-1) at the same B3LYP level. Three CO
stretching modes, of which one is the degenerateE mode (2186
cm-1) and the other two are the asymmetricB2 modes (2206
and 2228 cm-1), are both IR- and Raman-active, and two
symmetricA1 modes (2212 and 2240 cm-1) are Raman-active
but IR-inactive. The vibrational vectors of the CO stretching
modes are shown in Figure 7. All the calculated CO stretching
frequencies of1 are higher than that of free CO (E, +43 cm-1;
B2, +63 and+85 cm-1; A1, +69 and+97 cm-1),13 as previously
observed for other metal carbonyl cations.7 The calculated CO
stretching IR and Raman bands are compared with the experi-
mental results in Table 2.

(e) Extended X-ray Absorption Fine Structure (EXAFS)
Spectroscopy. Due to our present inability to obtain a single
crystal, the bond parameters of1 have been determined by
platinum LIII -edge EXAFS measurements. The reliability of the
data collection and treatment has been confirmed by the
collection and analysis of platinum LIII -edge EXAFS data on
Pt3(µ-CO)3L3 (L ) PPh2Bz).47 The EXAFS results for Pt3(µ-
CO)3L3 (L ) PPh2Bz) (Pt-C 2.050 Å, Pt-Pt 2.663 Å, and Pt-P
2.261 Å) are in satisfactory agreement with the data for Pt3(µ-
CO)3L3 (L ) PPh3) (averages of Pt-C 2.061 Å, Pt-Pt 2.664
Å, and Pt-P 2.259 Å) from the single-crystal X-ray analysis;47c

the bond lengths of Pt-C, Pt-Pt, and Pt-P can be considered
to be almost the same in both compounds.

For 1 in concentrated H2SO4 solution, eight data sets were
collected and averaged, and the data multiplied byk3 to
compensate for the drop-off in intensity at the higherk. The
fits discussed below are all compared with the averaged raw
(background-subtracted) EXAFS data (see Figure 11a). The data
were initially modeled to three shells of Pt, C, and O, which
were iterated in the usual way, and the best fits tested for
statistical significance (R) 13.8%). We found that in the fitting
with three shells, the coordination numbers of Pt and C are 1
and 3, respectively, but that of O is 4, which is inconsistent
with the structure of1 that includes three closest O atoms with
respect to each Pt atom. Therefore, further modeling of the

(40) (a) Churchill, M. R.; Amoh, K. N.; Wasserman, H. J.Inorg. Chem.
1981, 20, 1609. (b) Martin, M.; Rees, B.; Mitschler, A.Acta Crystallogr.
1982, B38, 6.

(41) Huber, H.; Herzberg, G.Constants of Diatomic Molecules; van
Nostrand: New York, 1979.

(42) Modinos, A.; Woodward, P.J. Chem. Soc., Dalton Trans.1975,
1516.

(43) Couture, C.; Farrar, D. H.; Fisher, D. S.; Gukathasan, R. R.
Organometallics1987, 6, 532.

(44) Usón, R.; Forniés, J.; Espinet, P.; Fortun˜o, C.; Tomás, M.; Welch,
A. J. J. Chem. Soc., Dalton Trans.1989, 1583.

(45) (a) Hall, M. B.; Fenske, R. F.Inorg. Chem.1972, 11, 1620. (b)
Sherwood, D. E.; Hall, M. B.Inorg. Chem. 1980, 19, 1805. (c) Williamson,
R. L.; Hall, M. B. Int. J. Quantum Chem.1987, 21S, 503. (d) Pierfoot, K.;
Verhulst, J.; Verbeke, P.; Vanquickenborne, L. G.Inorg. Chem. 1989, 28,
3059. (e) Smith, S.; Hillier, I. H.; von Niessen, W.; Guest, M. F.Chem.
Phys. 1987, 135, 357. (f) Barnes, L. A.; Rosi, M.; Bauschlicher, C. W.J.
Chem. Phys.1991, 94, 2031. (g) Blomberg, M. R. A.; Siegbahn, P. E. M.;
Lee, T. L.; Rendell, A. P.; Rice, J. E.J. Chem. Phys. 1991, 95, 5898. (h)
Yamamoto, S.; Kashiwagi, H.Chem. Phys. Lett. 1993, 205, 306.

(46) For alternative views of the nature of the transition metal-carbonyl
bond, see: (a) Hirai, K.; Kosugi, N.Can. J. Chem. 1992, 70, 301. (b)
Davidson, E. R.; Kunze, K. L.; Machado, B. C.; Chakravorty, S. J.Acc.
Chem. Res.1993, 26, 628.

(47) (a) Chatt, J.; Chini, P.J. Chem. Soc. (A)1970, 1538. (b) Albinati,
A. Inorg. Chim. Acta1977, 22, L31. (c) Jiang, A.; Cong, Q.J. Struct. Chem.
1985, 4, 96.
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EXAFS data was attempted using a four-shell model, the extra
shell CB′ being the two C atoms coordinated to the neighboring
Pt′ atom, which were iterated in the usual way, and the best

fits tested for statistical significance (see Table 3). A significant
decrease in theR factor (to 7.96%) resulted, while the Pt-C
and Pt-Pt bond distances were invariant within the normal

Figure 10. Molecular orbital energy diagram of [{Pt(CO)3}2]2+ (1) calculated using B3LYP/cc-pVTZ.
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precision ((0.01 Å), giving the mean lengths of the Pt-Pt and
Pt-C bonds of 2.718 and 1.960 Å, respectively. The Pt-Pt
distance of 2.718 Å for1 is longer than that found for
[{PtCl2(CO)}2]2- (2.584 Å),42 [{PtCl(CO)(P-t-Bu2Ph)}2] (2.628
Å),43 and [{Pt(C6F5)(CO)(PPh3)}2] (2.599 Å),44 but shorter than
that found for Pt metal (2.774 Å).48 The mean Pt-C distance
of 1.960 Å is longer than that found forcis-Pt(CO)2(SO3F)2
(1.854 Å);7b this is consistent with the observation that the CO
ligands are more weakly bound to Pt(I) in1 than to Pt(II) in2
since evacuation of1 results in the formation of2 through loss
of CO. From the mean lengths of Pt-Pt, Pt-C, and Pt-C′, the
cis C-Pt-Pt bond angle is calculated to be approximately 85.6°,
indicating displacement of the equatorial CO ligands toward
the neighboring Pt atom as predicted by the geometric optimiza-
tion using B3LYP.

In summary, the bond parameters in1 have been determined
by EXAFS measurements, which confirms the existence of a
direct Pt-Pt bond and satisfactorily agrees with the theoretical
results at the B3LYP level (Figure 9).

IV. Conclusions and Summary

The reductive carbonylation of PtO2 allows the facile genera-
tion of hexacarbonyldiplatinum(I), [{Pt(CO)3}2]2+, in concen-
trated sulfuric acid. This reaction indicates that homoleptic
carbonyl cations of the late transition metals in low oxidation
states can be formed in media which are less acidic than the
superacids that have been previously used. Prolonged evacuation
of the concentrated H2SO4 solution of [{Pt(CO)3}2]2+ results
in disproportionation and the exclusive formation of thecis-
Pt(CO)22+

(solv) complex.
The new complex, [{Pt(CO)3}2]2+, is the first well-character-

ized stable, homoleptic metal carbonyl cation containing a
metal-metal bond unsupported by bridging ligands. Its formu-
lation containing two T-shaped Pt(CO)3 groups results from both
13C and195Pt NMR studies at natural13C abundance and 99%
13CO enrichment. At room temperature its structure is rigid on
the NMR time scale in contrast with the nonrigidity of its
isocyanide analogue, [{Pt(CNCH3)3}2]2+. The value of1J(Pt-
Pt′) for [{Pt(CO)3}2]2+ is 550.9 Hz, almost the same as that for
[{Pt(CNCH3)3}2]2+ (507 Hz). A strongly polarized, sharp Raman
band due to the symmetric Pt-Pt stretch has been observed at
165 cm-1. IR and Raman spectra in the CO stretching region
are entirely consistent with the presence of only terminal CO’s
on a nonbridged Pt-Pt bond with aD2d symmetry. The average
CO stretching frequency,νav(CO), is 2199 cm-1, higher than
2143 cm-1, the value for free CO, but well below theνav(CO)
of 2261 cm-1 for the homoleptic divalent platinum carbonyl
cation, [Pt(CO)4]2+.

The complex, [{Pt(CO)3}2]2+, represents one of the few
simple M2L6 systems known where M is a transition element.
Its geometric optimization at the B3LYP level predicts that each
Pt atom possesses an essentially square-planar coordination
geometry, the dihedral angle between the two coordination
planes is 90°, and the overall complex symmetry isD2d. The
cis C-Pt-Pt bond angle is 86.1°, indicating displacement of
the equatorial CO ligands toward the neighboring Pt atom. This
structure is similar to that of the nickel(I) cyanide system
[{Ni(CN)3}2]4- and the isocyanide analogues of Pd(I) and Pt(I),
[{Pd(CNCH3)3}2]2+ and [{Pt(CNCH3)3}2]2+. [{Pt(CO)3}2]2+ is
the first metal carbonyl complex with the [{Ni(CN)3}2]4--like
structure. The metal-metal bond in [{Pt(CO)3}2]2+ shows a
large trans influence and thus the “equatorial” Pt-C bonds are
significantly shorter than the “axial” Pt-C bonds (1.976 vs
2.041 Å), as observed for its isocyanide analogues of Pd(I),
[{Pd(CNCH3)3}2]2+ (1.963 vs 2.049 Å). EXAFS measurements
give bond parameters in satisfactory agreement with the
theoretical results.

The new dinuclear Pt(I) carbonyl, [{Pt(CO)3}2]2+, enhances
the increasing class of homoleptic metal carbonyl cations; its
unusual structure enriches the understanding of cluster chemistry
containing direct metal-metal bonding.49 It has been found that
[{Pt(CO)3}2]2+ exhibits high catalytic activity for the carbon-
ylation of olefins.9b Future studies will investigate the detailed
reaction mechanism of this catalytic activity and attempts will
be made to obtain the new complex as a crystalline salt.
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Figure 11. Background-subtracted EXAFS (a) (solid line, experimental
× k3; dotted line, curved-wave theory× k3) and the Fourier transform
spectrum (b) for1 in concentrated H2SO4; k is the photoelectron wave
vector.

Table 3. Platinum LIII -edge EXAFS Dataa for 1 in Concentrated
H2SO4

shell Nb d(EXAFS) [Å] σc [Å]

Pt-Cd 2.88 1.960 0.10
Pt-Pt 0.84 2.718 0.05
Pt‚‚‚Oe 3.48 3.093 0.01
Pt‚‚‚CB′f 1.90 3.227 0.02

a R ) [∫(øΤ - øΕ)k3 dk/∫øΕk3 dk] ) 7.96%.b Coordination number.
c Debye-Waller factor.d Mean length of the Pt-CA and Pt-CB bonds.
e Mean distance of the Pt‚‚‚OA and Pt‚‚‚OB bonds.f Distance between
the Pt atom and the equatorial CB′ atom coordinated to the neighboring
Pt′ atom with which the cis C-Pt-Pt bond angle is calculated to be
approximately 85.6°.
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