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Syntheses, Reactivity Studies and the Catalytic Properties of a Series of
Tetraosmium— Gold Mixed-Metal Clusters
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Treatment of the mixture of [Os,(u-H)4(CO)12] and
[AuPPh;Cl] with excess triethylamine afforded three novel
tetraosmium—gold  mixed-metal clusters, [OssAu,(p-
H)>(CO)11(PPhs)s] (4), [OssAus(p-H)3(CO)11(PPhs)s] (5), and
[OsgAuy(p-H)2(CO)11(PPhj),] (6) in moderate yields. Cluster
[OssAu(p-H)3(CO) 11 (NMej)(PPhj)] (2) was also obtained in a
similar reaction in the presence of trimethylamine N-oxide.
They were fully characterized by different spectroscopic

techniques, and the solid-state structures were established
by X-ray analysis. These dimetallic clusters exhibit an
osmium/gold ratio ranging from 1 to 4. Their electronic ab-
sorption properties, electrochemistry, and catalytic proper-
ties, as a result of the oxidative carbonylation of aniline, were
investigated in terms of the Os/Au ratio.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2003)

Introduction

The chemistry of transition mixed-metal clusters contain-
ing (phosphane)gold units has been well established in the
past decade.l!' 'Y The initial interest in these clusters
stemmed from the perceived isolobal analogy between a hy-
dride and a (phosphane)gold group.['>] This interest has
continued to develop since they were found to be potential
homogeneous dimetallic catalysts. The introduction of het-
erometallic metal—metal bonding into these clusters leads
to an increase in the polarity of the molecule, which prob-
ably results in the enhancement of the catalytic activity. Ex-
amples of catalysis by mixed-metal clusters that contain
(phosphane)gold groupings have been reported.['®~24 Pre-
viously, we reported that [Os Au(p-H);(CO);,(PPhs)] (1) ca-
talyzes the oxidative carbonylation of aniline to give methyl
phenylcarbamate in methanol with good conversion and
selectivity.>> This paper reports in detail the syntheses and
characterization of a series of novel tetraosmium-—gold
mixed-metal clusters with Os/Au ratios ranging from 1 to
4. A better understanding of the role of gold atoms in the
dimetallic system has been developed through the study of
their electronic absorption properties, electrochemistry, and
catalytic properties.
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Results and Discussion

The preparation of 1—6 is summarized in Scheme 1. In
fact, the synthesis and characterization of 1 and 3 were re-
ported by Lewis in the 1980s,?°) and it is surprising that
the high-nuclearity tetraosmium—gold mixed-metal clusters
can also be isolated in a similar reaction with an excess
amount of triethylamine. It appears that the protons in
[Os4(1-H)4(CO),,] were successively eliminated by Et;N as
[EtsNH]*, the vacant sites formed were then simultaneously
filled up by [AuPPh;s]™ to afford a series of osmium—gold
mixed-metal clusters. The formation of gold clusters is also
favorable in a reducing environment; as a result, the
Au—Au bonds are formed in 3—6. Nevertheless, further
elimination of protons in 3—6 is improbable due to the lim-
ited reducing power of Et;N. Recently, Raithby et al. have
reported on the deprotonation of the cluster [Os H-
(CO)2(AuPR3);] in the presence of [AuPR;]" in an attempt
to produce tetragold clusters, but met with little success.

They alternatively wused the chelated gold salt
[Au,(Ph,PCH,PPh,)Cl,] to treat with the anion
[Os4Hy(CO), P~ and  give  [Osy(u-H)x(CO),i {Auy-

(dppm)}»].27 The successful isolation of 5 and 6 proves that
the deprotonation of (hydrido)osmium clusters in the pres-
ence of [Au(PPh;)]" could be an efficient method for pre-
paring the high-nuclearity osmium—gold mixed-metal clus-
ters in a systematic manner.

These osmium—gold mixed-metal clusters were isolated
with relatively small yields, even in the presence of excess
[AuPPh;Cl], where the equilibrium between formation and
decomposition of these mixed-metal clusters was estab-
lished. Changing in stoichiometry of [AuPPh;CI] has no sig-
nificant effect on the product yields. This deprotonation re-
action is also thought to be successive. Independent depro-
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Scheme 1

tonation of all isolated compounds with an excess of the
[AuPPh;Cl] compound were studied (Scheme 1). This
showed that 1—3 can be further converted into 4 or 6 in
moderate yields. In addition, the deprotonation of 6 with
an excess of [AuPPh;Cl] gives an insoluble microcrystalline
solid, which is believed to be a high-nuclearity
osmium—gold mixed-metal carbonyl cluster with an Os/Au
ratio of 3:2. The nature of this compound is still under ac-
tive investigation.

Structural Characterization

The molecular structure of 2 is depicted in Figure 1. Four
osmium atoms define a distorted tetrahedron. The
Os(1)—0s(2) bond is symmetrically bridged by Au(1), with
a bite angle Os(1)—Au(1)—0s(2) of 64.47(4)° and Os—Au
bond lengths of 2.768(2) and 2.753(2) A. The dihedral angle
between the planes of Os(1)—0s(2)—0s(3) and
Os(1)—Au(1)—0s(2) is 120.2° which is slightly larger than
the corresponding value 109.5° that is observed in 1.1251 The
trimethylamine is terminally bonded to Os(3) with an
0s(3)—N(1) distance of 2.24(2) A which is similar to the
value of 2.25(1) A in [Os4(p-H)4(CO),o(NMe;){n'-
NCsH4(N=N)C4¢H;5}].?®1 The Os—Os bond lengths are ob-
served in the range of 2.803(2)—3.009(2) A, where the hydr-
ido- or ligand-bridged Os—Os bonds are significantly elon-
gated. The hydride ions bridging the Os(1)—Os(3) and
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0s(2)—0s(3) edges are chemically equivalent, which corre-
sponds to the double integral hydride signal that is observed
in the '"H NMR spectrum of 2.

The molecular structure of 4 is depicted in Figure 2,
where the tetraosmium tetrahedron is terminally coordi-
nated with eleven carbonyl ligands. Two {AuPPh;} ligands
bridge two adjacent Os—Os edges to form a distorted
square pyramid [Au(l), Au(2), Os(1), Os(2), and Os(4)]
which shares the plane Os(1)—0s(2)—0s(4) with the tetra-
osmium tetrahedron. A similar metal framework was ob-
served in [Os4(CO);3(AuPEt;),].*%) The Au(1)—Au(2) bond
[3.055(1) A] is slightly shorter than the corresponding one
in [Os4(CO)y3(AuPEts),] [3.128(1) A], but is significantly
longer than that in 3 [2.793(4) A] where the two AuPR;
groups bridge the same Os—Os edge!*® An extra tri-
phenylphosphane ligand is terminally bonded to Os(4), hav-
ing an Os(4)—P(1) bond length of 2.362(6) A. The gold—
and osmium—triphenylphosphane protons give two mul-
tiplets with an integral ratio of 2:1 in the 'H NMR spec-
trum of 4. However, the P atoms of three different chemical
environments in 4 give only one 3'P NMR signal. This is
probably due to the fluxional behavior of the {AuPPhs}
ligand at room temperature on the NMR timescale which is
frequently found in homo- and heteronuclear clusters.[303
Low-temperature 3'P NMR spectroscopy was carried out
for 4 at 223 K and the signal resolved into two singlets with
an intensity ratio of 2:1 (Figure 3). The formation of
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Figure 1. Simplified molecular structure of [Os;Au(p-H)3(CO),(NMe;)(PPh;)] (2) with the atom numbering scheme (phenyl groups are

omitted for clarity)

osmium—triphenylphosphane may be due to a tri-
phenylphosphane impurity in the starting material, a simi-
lar observation has been reported in the case of
[Os5(CO)g(PPh3){Au(PPh3)} (2-NHCsH,N)].B3 However,
the moderate yield of 4 implies that the Au—P bond cleav-
age probably occurs in the reaction, giving free tri-
phenylphosphane ligands.

The 'H NMR spectrum of 5 shows that one double
doublet and two triplet peaks with an integral ratio of 2:1:2,
which corresponds to the 45 phenyl protons, are observed
in the aromatic region. The protons are differentiated into
ortho-, meta-, and para-phenyl protons according to their
coupling patterns and integral values. A broad signal is
found in the hydride region; therefore, variable-temperature
'H NMR spectroscopic studies were carried out for 5. At
223 K, the broad signal was resolved into three sharp sing-
let peaks with equal integral values. The *'P NMR spec-
trum of 5 exhibits a singlet peak attributable to the three
equivalent {AuPPhs} ligands.

To the best of our knowledge, cluster 5 is the first ex-
ample of a cluster with an OsyAu; metal core. The X-ray
analysis shows that the gold atoms are terminally coordi-
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nated to one of the vertices of the tetraosmium tetrahedron
and bonded with each other by Au—Au bonds to form an-
other tetrahedron [Au(l), Au(2), Au(3), and Os(1)] (Fig-
ure 4). The Au—Au bond lengths lie in the range of
2.796(3)—2.860(2) A, which is significantly shorter than the
values that were observed in 4. The two tetrahedrons are
fused together by sharing the central Os(1) atom, which has
the highest metal—metal connectivity, with three Os—Os
contacts and three Os—Au contacts. This kind of coordi-
nation mode is rare and significantly different from the me-
tal core arrangement observed in  [RujzAus(ps-
H)(CO),,(PPh;);].34 The dihedral angle between the planes
Os(1)—0s(2)—0s(4) and Os(1)—Au(l)—Au(2) is 79.3°,
while the angle of Au(3)—0s(1)—0s(3) is 148.0°. It seems
that the tetrahedrons bend towards each other. In terms of
electron counting, each Au atom is simply considered as a
one-electron donor, and the tangential gold—gold interac-
tions are ignored. Overall, the molecule of 5 has 60 cluster
valence electrons, and is isoelectronic with [Os4(p-
H)4(CO),,] in the neutral oxidation state. It is surprising
that 5 was not observed in the deprotonation reactions of
1—4. It is reasonable to believe that the presence of the
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Figure 2. Simplified molecular structure of [Os;Au,(u-H)>(CO),(PPhs)s] (4) with the atom numbering scheme (phenyl groups are omitted

for clarity)

bridging {AuPPhs;} ligand in 1—4 probably makes the reac-
tion unfavorable; an extra amount of energy is required to
break the Os—Au bonds before the formation of 5.

Cluster 6 exhibits aromatic 'H NMR signals that are
similar to those of 5. Variable-temperature '"H NMR studies
were conducted for 6 at 223 K, the broad hydride peak was
resolved into two sets of two sharp singlets, which corre-
spond to the isomers of 6 in solution, named 6a and 6b,
due to the disposition of hydrides. Three possible isomers
of 6 are shown in Figure 5. It suggests that the '"H NMR
signal of the hydrido bridge on the Os*—0Os bond is slightly
different from the bridge on the Os—Os bond, where Os*
is more electron-rich. The hydride ions of 6a are most likely
arranged in type C which gives relatively separated 'H
NMR signals at 8 = —18.97 and —14.52 ppm. Since the
hydride signals of 6b are relatively downfield and have a
similar chemical shift, it is probably attributed to a type A
isomer. Similarly, the fluxional behavior of {AuPPhs} li-
gands was also identified in the 3'P NMR spectrum of 6 at
room temperature. The broad signal was resolved into eight
singlet signals of equal intensity in the low-temperature >'P
NMR spectrum at 233 K, which is consistent with the exist-
ence of 6a and 6b.

The molecular structure of 6 is depicted in Figure 6.
Similarly, the metal framework consists of a tetraosmium
tetrahedron, and the Au(3) atom asymmetrically bridges the
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Os(1)—O0s(2) edge. The other three gold atoms are ter-
minally bonded to Os(1), and bonded with each other by
Au—Au bonds to give a trigonal bipyramid that is defined
by the atoms [Os(1), Au(1), Au(2), Au(3), and Au(4)]. The
Au—Au bond lengths are observed in the range of
2.804(2)—3.069(2) A, and are similar to the equivalent val-
ues observed in [Os4(u-H)>(CO);{Au,(dppm)},]. As a re-
sult, the metal framework may be viewed as a tetrahedron
fused with a trigonal bipyramid by sharing the Os(1) atom
and connected by the Os(1)—Au(3) bond. The novel metal
core geometry of 6 is significantly different from the ar-
rangement observed in [Os4(pu-H),(CO);;Au,(dppm),]. The
Os(1) atom has the highest metal—metal connectivity, with
three Os—Os contacts and four Os—Au contacts. An overall
of 60 cluster valence electrons is also observed in 6.

Electrochemistry

The electrochemistry of 1—6 and the starting materials
[Os4(u-H)4(CO) o] and [N(PPh;),][Osy(p-H)3(CO) 1] were
investigated in acetonitrile using cyclic voltammetry and
controlled potential coulometry with tetrabutylammonium
hexafluorophosphate (TBAHFP) as the supporting electro-
lyte. The results of the voltammetric and controlled poten-
tial coulometry experiments are summarized in Table 1.

The cyclic voltammogram of 1 contains two irreversible
anodic waves with a large potential difference between the
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Figure 3. Low-temperature (223 K) 3'P NMR spectrum of
[Os4Au,(n-H)>(CO) 1 (PPh3)s] (4)

first and second oxidation peaks (around 1 V) (Figure 7, a)
Reduction of 1 is believed to be difficult, as no cathodic
wave is located within the solvent limit. The electrochemical
behavior of 1 and [PPN][Os4(u-H)3(CO);5,] is similar. The
incorporation of the {AuPPh;} ligand seems to have no sig-
nificant effect on the energy level of the HOMO of
[PPN][Os4(pn-H)3(CO)12].

The isolobal parent cluster [Osy(n-H)4(CO);,] unexpec-
tedly has a different redox behavior to 1. The cyclic voltam-
mogram of [Os4(u-H)4(CO),5] contains an irreversible ca-
thodic wave and an irreversible anodic wave. Accurate data
of the controlled potential coulometry cannot be obtained
because of the limited solubility of [Os4(u-H)4(CO);»] in or-
ganic solvents. Compared to 1 and [PPN][Os4(u-
H)3(CO);5], the reduction of [Os4(n-H)4(CO);»] is believed
to be more feasible but the oxidation is more difficult. The
large positive shift (600 mV) in the oxidation potential im-
plies that the substitution of the isolobal {AuPPhs} for hy-
drogen in [Os4(n-H)4(CO);5] seems to be able to activate
the tetraosmium cluster towards the oxidation reaction by
raising the HOMO.

Eur. J. Inorg. Chem. 2003, 2651—2662 www.eurjic.org

Although the metal frameworks of 1 and 2 are exactly
the same, the substitution of the carbonyl ligand by a tri-
methylamine ligand leads to different electrochemical be-
havior. The cyclic voltammogram of 1 exhibits both
irreversible cathodic and anodic peaks (Figure 7, b). There
is a positive shift in both the cathodic and anodic peaks
with reference to those with equivalent values of 1. This
suggests that the coordination of the trimethylamine ligand
lowers both the HOMO and the LUMO, which makes the
oxidation more difficult while the reduction becomes easier.

The redox properties of the known compound 3 were
also studied as a reference. The electrochemical behavior of
3 is similar to that of 1. There are two irreversible anodic
peaks, but no cathodic peak was located within the solvent
limit. Controlled potential coulometry revealed that each
oxidation peak involves 1 F/mol of 3, which is different
from the double-electron oxidation process observed in 1.
The first oxidation potential of 3 is similar to the value of
1; however, it displays a 520 mV positive shift in the second
oxidation potential. This shows that the monoanion of 3
undergoes a second oxidation, which is much easier since
the oxidation process involves only one electron. The differ-
ence in the redox properties of 3 from 1 might be attributed
to the presence of the Au—Au bond, which might alter the
relative positions of the HOMO and LUMO.

As expected, the redox behavior of 4 is significantly dif-
ferent from that of 3. This is probably due to the different
arrangement in the metal core and the ligand effect of an
extra osmium—triphenylphosphane ligand, which is similar
to the case of the trimethylamine ligand observed in 2. In
fact, the cyclic voltammogram of 4 closely resembles that
of 2. The less negative reduction potential of 4 suggests that
the osmium—triphenylphosphane ligand significantly low-
ers the LUMO of the cluster and makes the reduction eas-
ier. However, the oxidation potential of 4 is similar to the
value obtained in 3 and 1. The HOMO and LUMO of these
kinds of mixed-metal clusters are believed to be metal- and
ligand-based, respectively.

The cyclic voltammograms of 5 and 6 are similar, and
also similar to that of 3. Both exhibit two irreversible an-
odic waves. Comparing the oxidation potentials of [Os4(jt-
H)4(CO);5), 1, 3, 5, and 6 (Os/Au range from 0 to 4), they
display a slightly negative shift in the first oxidation poten-
tial as the number of gold atoms increase. This is probably
because the delocalization of electrons in the high-nu-
clearity cluster is more significant, and the effect of losing
an electron can be shared by more metal centers, making
the oxidation easier. The energy level of the metal-based
HOMO is believed to be raised, corresponding to the de-
crease in the oxidation potential. The second oxidation po-
tential of 6 is similar to the equivalent value of 3. However,
5 exhibits a significantly lowered second oxidation poten-
tial, with a negative shift of ca. 300 mV as compared with
6. This suggests that the novel metal core arrangement of 5
might interrupt the arrangement of the HOMO and
LUMO, making the cluster more reactive towards oxi-
dation. It is difficult to correlate the reduction potential
with the change in gold atom numbers, since the cathodic
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for clarity)
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Figure 5. Three possible isomers of 6 (*: Os extensively connected
with tetragold cluster)

wave of 1, 3, and 5 are not observed within the solvent
limit.

Electronic Absorption Properties

Clusters 1—6 displayed a trend of color changes from
yellow to red in the solid state, prompting us to examine
them by optical spectroscopy. Table 2 presents the electronic
absorption spectroscopic data for 1—6 together with the
cluster [PPN][Os4(p-H)3(CO);»] in dichloromethane at am-
bient temperature.

The energy absorption bands of these osmium—gold
mixed-metal clusters are within the range of 320 to 401 nm.
Cluster 2 exhibits the highest energy absorption band at
320 nm. This implies that the energy gap between the
HOMO and LUMO is the largest and is consistent with
the large peak-to-peak separation (ca. 2.5 V) of the redox
potentials observed in its cyclic voltammogram. On the
other hand, both of the clusters 4 and 6 have the lowest
energy absorption band at 401 nm, which corresponds to

2656 © 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

the small HOMO—-LUMO energy gap. Consequently, the
peak-to-peak separation of the redox waves (ca. 1.9 V) ob-
served in their cyclic voltammograms is significantly small
in comparison to the value of 2. The similar separations in 4
(1.91 V) and 6 (1.96 V) suggest that the energy gap between
HOMO and LUMO might be directly proportional to the
separation of redox potentials in the cyclic voltammogram,
in cases where the HOMO—LUMO involved in the elec-
tronic transition is assumed to have the same orbitals where
the redox reaction occurs. According to this assumption, it
might be possible to estimate the redox potential out of the
solvent limit by using the electronic absorption spectro-
scopic data as a reference. As the electronic energy absorp-
tion bands of 1, 3, and 5 are observed in the range of 320
to 401 nm, the separation of their first anodic peak and first
cathodic peak is believed to be within the range of 1.9 to 2.5
V. The transition energy gap between the HOMO—-LUMO
seems to decrease slightly as the HOMO is raised due to
the increasing number of gold atoms in the cluster (Fig-
ure 8). This is fully consistent with their electrochemical be-
havior. Cluster 5 is an exceptional case, having a high-en-
ergy electronic absorption band that is attributable to the
large separation of HOMO and LUMO. The reason might
be related to the novel coordination mode of the gold
atoms.

Catalytic Properties of 1 and 6 towards the Oxidative
Carbonylation of Aniline

The catalytic performance of 1 and 6 towards the oxidat-
ive carbonylation of aniline in methanol was investigated

www.eurjic.org Eur. J. Inorg. Chem. 2003, 2651—2662
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Figure 6. Simplified molecular structure of [OsyAuy(p-H)>(CO);(PPh3),] (6) with the atom numbering scheme (phenyl groups are omitted

for clarity)

Table 1. Electrochemical data of 1—6 and some starting materials

Clusterl® Oxidation Reduction
EpaZ [V][b] Epal [V][b] Epcl [V][b]

[0s4(11-H),(CO) ]9 - 0.71 ~1.99

[PPN][Os4(1-H)3(CO);5] 1.01(2) 0.13(2) -

1 1.11(2) 0.122) -

2 - 0.51(2) —2.00(2)

3 0.59(1) 0.18(1)  —

4 - 0.13(2) —1.78(2)

5 0.37(1) 0.14(1) -

6 0.56(1) —0.08(1)  —2.02(2)

2] About 1073 M cluster in 0.1 M TBAHFP in acetonitrile at 298 K,
the working electrode was a glassy carbon electrode, the auxiliary
electrode and the reference electrode were a platinum wire and Ag/
AgNO; (0 V) under the same conditions, calibrated with ferrocene.
Scan rate was 100 mV-s~'. 1 £, and E,, are the anodic and ca-
thodic potentials, respectively, Values in parentheses are Faraday
per mol of cluster. (I Limited solubility in acetonitrile.

[Equation (1)]. The effect of reaction time, temperature,
concentration of methanol, pressure (Pco and Po,) and
promoters (sulfuric acid and triphenylphosphane) were
studied and optimized. Some selected catalytic results are
presented in Table 3. The catalytic properties of the polynu-
clear and mononuclear homometallic starting materials, in-
cluding [Au(PPh;)Cl], [Os(CO);(DEAAB)CI], [Os(CO),-
(PAN)CI], and [N(PPh;),][Os4(n-H)3(CO);,] were also stud-
ied under the same conditions as a reference.

Eur. J. Inorg. Chem. 2003, 2651—2662 www.eurjic.org
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The catalysts 1 and 6 are active towards the oxidative
carbonylation of aniline even without the promoters (En-
tries 2 and 3). However, the selectivity to carbamate is rela-
tively low. The presence of promoters (triphenylphosphane
and sulfuric acid) seems extremely important in achieving
a reasonable selectivity in carbamate (Entries 5 and 6). Al-
though catalysts 1 and 6 display slightly different interac-
tions with the promoters, the overall catalytic performance
towards the oxidative carbonylation of aniline in yielding
carbamate is similar. This suggests that the effect of the
osmium/gold ratio on this catalytic reaction is not signifi-
cant. Consequently, a similar catalytic performance is be-
lieved to be found in the catalytic systems involving 2—5.

The catalytic properties of catalysts [Au(PPh;)Cl] and
[PPN][Os4(p-H)3(CO),5] are similar (Entries 4 and 7), but
much less selective than the dimetallic systems. The syner-
gism of dimetallic catalyst systems is believed to be signifi-
cant in enhancing the selectivity towards carbamate. Two
mononuclear osmium systems [Os(CO),CI(PAN)] and [Os-
(CO);CI(DEAAB)] were also studied, and exhibited a much
lower TOF as compared with the cluster systems. In ad-
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Figure 7. Cyclic voltammogram of a) 1 and b) 2 in acetonitrile,
with 0.1 m TBAHFP as the supporting electrolyte, using a glassy
carbon working electrode at 298 K; the voltammogram is recorded
against an Ag/AgNO; reference electrode

Table 2. The electronic absorption spectroscopic data for 1—6 to-
gether with the cluster [PPN][Os4(n-H);(CO);5)

Cluster Amax [NM] Color
(g [dm?® mol~! cm ™))l
[PPN][Os4(1-H)3(CO);5] 327 (11000) yellow
1 330 (14000) yellow
2 320 (12000) yellow
3 366 (10000) red
4 401 (12000) red
5 334 (8000)] yellow
6 401(11000)! red

(] In dichloromethane. ®! Shoulder.
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Figure 8. Electronic absorption bands of 1, 3, 4, and 6

dition, it is interesting to note that the distribution of by-
products observed in polynuclear and mononuclear systems
is different. Formaniline is the major by-product of monon-
uclear osmium systems, while the cluster systems favor the
formation of azobenzene. This implies that the two systems
might follow different catalytic pathways, which supports
the proposition that the cluster is the active catalytic species
in solution.

Conclusion

A series of novel osmium—gold mixed-metal clusters, ex-
hibiting an osmium/gold ratio range from 1 to 4, were pre-
pared in a systematic manner. The electrochemical studies
show that the incorporation of an {AuPPhs} unit may acti-
vate the tetraosmium—carbonyl cluster toward oxidation by
lowering the oxidation potential. A slightly negative shift of
oxidation potential was observed as the number of gold
atoms increased. This was further confirmed by the elec-
tronic absorption studies. The correlation between the re-
dox behavior and the electronic absorption properties was
established. Clusters 1 and 6 catalyze oxidative car-
bonylation of aniline yielding carbamate with a good ac-
tivity and selectivity in the presence of promoters. The di-
metallic synergism is proved, and the effect of the Os/Au
ratio on catalytic performance does not seem to be signifi-
cant. The dimetallic cluster is believed to be the active cata-
lyst in the solution.

Experimental Section

General Remarks: All reactions and manipulations were carried out
under argon using standard Schlenk techniques, except for the
chromatographic separations. Solvents were purified by standard
procedures and distilled prior to use.’’! Reactions were monitored
by analytical thin-layer chromatography (Merck Kieselgel 60 Fjsy),
and the products were separated by thin-layer chromatography on
plates coated with silica (Merck Kieselgel 60 F,s4). All chemicals,
unless otherwise stated, were purchased commercially and used as
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Table 3. Catalytic results of 1, 6, and the starting materials towards the oxidative carbonylation of aniline

Entry Catalystl® Conversion(%) Selectivity (%) TOF™M
Methyl N-Methyl- Quinazoline Formaniline Azobenzene
phenylcarbamate aniline

1 [PPN][Os4(n-H)3(CO)5] 35 0 22 0 0 78 210

2 1 97 8 0 4 4 46 582

3 6 97 9 4 8 4 18 582

4 [PPN][Os4(n-H)3(CO) 1] 99 8 0 5 3 46 594

5lel 1 63 65 10 15 0 0 378

6l 6 92 41 5 8 0 23 552

7l [Au(PPh3)Cl] 97 13 0 5 1 32 582

8ldl [Os(CO),CI(PAN)] 24 15 16 5 16 8 48

9ldl [Os(CO);CI(DEAAB)] 25 21 10 2 14 6 50

[l Catalytic conditions: 155 °C, 4 MPa of CO, 2 MPa of O,, 2 h, 20 mL of methanol. ) Mol of aniline converted per mol of cluster per
hour, catalyst/substrate = 1200. ¥l Promoters present (PPhs/catalyst = 10 and catalyst/H,SO,4 =~ 10). [ PAN: 1-(2-pyridylazo)-2-naphthol;

DEAAB: 4-(diethylamino)azobenzene; catalyst/substrate = 600.

received. [Os4(u-H)4(CO),5] and [N(PPh;),][Os4(n-H)5(CO);,] were
prepared by the literature methods.*¢ 38 Infrared spectra were re-
corded with a Bio-Rad FTS-135 IR spectrometer, using 0.5 mm
calcium fluoride solution cells, '"H and 3'P NMR spectra with a
Bruker DPX400 spectrometer using CD,Cl,, and referenced to
SiMe,4 and 85% H3POy, respectively. Variable-temperature 'H and
3IP NMR spectra were obtained with a Bruker DPX500 spec-
trometer. Positive ionization fast atom bombardment (FAB) mass
spectra were recorded with a Finnigan MAT 95 mass spectrometer,
using m-nitrobenzyl alcohol as the matrix solvent. Electronic ab-
sorption spectra were obtained with a Hewlett—Packard 8453 di-
ode array UV/Vis spectrophotometer using quartz cells, with a 1-
cm path length at room temperature. Butterworth Laboratories,
UK performed the microanalyses. The Energy Dispersive X-ray
Analysis measurements were performed with a Scanning Electron
Microscope (Leica Cambridge Stereo 360, 20KV).

Synthesis of [Os Au(p-H);(CO)y;(NMes)(PPh3)] (2): Solid samples
of [Os4(u-H)4(CO);5] (110 mg, 0.1 mmol) and 1 equiv. of
[AuPPh;CI] (49 mg, 0.1 mmol) were dissolved in 30 mL of dichloro-
methane; 1 equiv. of Me3NO was then added dropwise to the solu-
tion mixture, followed by several drops of Et;N at ambient tem-
perature. The solution became yellow after stirring for 15 min, and
the solvent was removed under reduced pressure. The residue was
chromatographed by TLC using a mixture of n-hexane/dichloro-
methane (1:1, v/v) as eluent. The yellow band of [Os;Au(p-
H)3(CO),;(NMe;)(PPh;)] (2) was isolated. Yield: ca. 24 mg (15%).
'"H NMR (400 MHz, CD,Cl,, 298 K): § = —25.32 (s, 2 H, hydride),
—18.98 (s, 1 H, hydride), 2.95 (s, 9 H, methyl), 7.42 (m, 15 H,
phenyl) ppm. 3'P NMR (400 MHz, CD,Cl,, 298 K): § = 85.09 (s,
PPh;) ppm. IR [v(CO)/cm™!; CH,CL,]: ¥ = 1933 m, 1975 w, 1983 w,
1989 w, 2024 s, 2028 s, 2039 s, 2074 m. FAB-MS [M*]: m/z = 1590.
C3,H,,AuNO,Os P (1590.31): caled. C 24.17, H 1.71, N 0.88;
found C 24.3, H 1.7, N 0.9.

Reaction of [Os4(n-H)4(CO)y;| with [AuPPh;Cl] in Excess Et;N: A
solid sample of [Os4(p-H)4(CO);5] (110 mg, 0.1 mmol) and excess
[AuPPhsCl] (196 mg, 0.4 mmol) were dissolved in 30 mL of di-
chloromethane under argon. Excess Et;N was added dropwise to
this pale yellow solution, giving a dark brownish red clear solution
after stirring for an additional 3 h. The decomposition of products
was observed and then the solvent was reduced in vacuo. The resi-
due was filtered, some unchanged [Os4(pn-H)4(CO)i5] (32 mg,
0.029 mmol) was recovered. The filtrate was then subjected to pre-
parative TLC using a solution mixture of n-hexane/dichlorometh-
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ane (2:3, v/v) as eluent. The four consecutive orange bands were
characterized as [OssAu,(u-H),(CO);»(PPhs),] (3) (10 mg, 5%),
[0s4Aux(p-H)»(CO)11(PPhs)s]  (4)  (Omg,  4%),  [OssAus(p-
H);(CO)1(PPhs)s]  (5)  (Tmg,  3%), and  [OssAuy(p-
H)»(CO);(PPhs)s] (6) (20mg, 7%). 4: 'H NMR (400 MHz,
CD,Cl,, 298 K): & = —19.69 (s, 1 H, hydride), —19.66 (s, 1 H,
hydride), 7.21 (m, 15 H, OsPPhs), 7.38 (m, 30 H, AuPPh;) ppm.
3IP NMR (400 MHz, CD,Cl,) 298 K: § = 76.09 (s, PPhs); 223 K:
76.10 (s, PPhs), 75.17 (s, PPh3) ppm. IR [v(CO)/cm~!; CH,Cl,]:
Vv = 1997m, 2018s, 2060 m. FAB-MS [M*]. m/z = 2251.
CesHy7A0,0,,0s4P5 (2251.90): caled. C 34.67, H 2.10; found C
34.8, H 2.2. 5: 'TH NMR (400 MHz, CD,Cl,) 298 K: § = —16.52
(br., 3 H, hydride), 6.98 (t, Juz = 7.35, 18 H, meta-PPhs), 7.22 (t,
Jun = 7.50, 9 H, para-PPhs), 7.30 (dd, Jyu = 7.90, 18 H, ortho-
PPhs); 223 K: § = —17.87 (s, 1 H, hydride), —16.68 (s, 1 H, hy-
dride), —14.13 (s, 1 H, hydride) ppm. 3P NMR (400 MHz,
CD,Cl,, 298 K): & = 56.97 (s, PPh;) ppm. IR [v(CO)/cm™!;
CH,Cl,]: v = 1985 m, 2003 s, 2032 s, 2062 s. FAB-MS [M*]: m/z =
2449. CgsHygAuz0110s4P5 (2449.71): caled. C 31.87, H 1.97; found
C31.9,H1.9. 6: "H NMR (400 MHz, CD,Cl,): 298 K: § = —16.46
(br., 2 H, hydride), 6.98 (t, Jyuu = 7, 24 H, meta-PPhs), 7.22 (t,
Jun = 7, 12 H, para-PPhs), 7.32 (dd, Juu = 13, 24 H, ortho-
PPh;); 223 K: 6a: 8 = —18.97 (s, | H, hydride), —14.52 (s, 1 H,
hydride); 6b: 6 = —18.59 (s, 1 H, hydride), —18.24 (s, 1 H, hydride)
ppm. 3'P NMR (400 MHz, CD,Cl,): 298 K: § = 64.27 (s, PPh;);
223 K: & = 50.45 (s, PPhj), 53.90 (s, PPhj), 66.76 (s, PPh;), 68.82
(s, PPh3), 73.79 (s, PPhs), 79.73 (s, PPh;), 82.50 (s, PPh;), 83.58 (s,
PPh;) ppm. IR [v(CO)/cm™!; CH,CL): v = 1972 w, 1993 s, 2015 m,
2051 s. FAB-MS [M *]: m/z = 2907. Cg3HgAu,0,,0s,P, (2908.12):
caled. C 34.28, H 2.15; found C 34.2, H 2.1.

Reaction of 1 with [AuPPh;Cl] in Excess Et;N: A solution of 1
(96 mg, 0.06 mmol) and excess [AuPPh;Cl] in dichloromethane was
stirred at room temperature. To this yellow solution, excess Et;N
was added dropwise to give a dark orange red solution. After stir-
ring for 3 h, decomposition of products was observed. The solvent
was then removed in vacuo. The residue was then subjected to TLC
separation using n-hexane/dichloromethane (1:1, v/v) as the eluent.
Three bands were obtained in the order of elution as 3 (17 mg,
14%), 4 (33 mg, 24%), and 6 (24 mg, 14%).

Reaction of 2 with [AuPPh;Cl] in Excess Et;N: To a yellow solution
of 2 (32 mg, 0.02 mmol) and excess [AuPPh;Cl] in dichlorometh-
ane, excess Et;N was added. The yellow solution changed to orange
after stirring for 3 h, accompanied by some decomposition prod-
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ucts. The solvent was reduced under reduced pressure and the resi-
due was chromatographed on silica with n-hexane/dichloromethane
(1:1, v/v) as the eluent. Cluster 6 (7 mg, 12%) was isolated in mod-
erate yield together with some unchanged 2 (12 mg, 0.008 mmol).

Reaction of 3 with [AuPPh;Cl] in Excess Et;N: An orange sample
of 3 (40 mg, 0.02 mmol) and excess [AuPPh;Cl] were mixed in di-
chloromethane. Excess Et;N was added and the resultant orange
solution was stirred at ambient temperature for 4 h. The solvent
was reduced under reduced pressure and the residue was subjected
to preparative TLC with n-hexane/dichloromethane (1:1, v/v) as the
eluent. Two consecutive orange bands were identified as 4 (14 mg,
31%) and 6 (10 mg, 17%).

Reaction of 4 with [AuPPh;Cl] in Excess Et;N: An orange solution
of 4 (47 mg, 0.02 mmol) and excess [AuPPh;Cl] in dichloromethane
were stirred with excess Et;N for 6 h. No observable change could
be detected, but a slight decomposition of starting material oc-
curred.

Reaction of 5 with [AuPPh;Cl| in Excess Et;N: The reactivity of 5
cannot be thoroughly studied due to the limited availability of
sample.

Reaction of 6 with [AuPPh;Cl| in Excess Et;N: A red solution of 6
(32 mg, 0.01 mmol) and excess [AuPPh;Cl] were mixed in dichloro-
methane. Excess Et;N was added and the resulting solution was
stirred for an additional 6 h; purple insoluble microcrystalline pre-
cipitates appeared. These solids were confirmed as mixed-metal
clusters with an Os/Au ratio of 3:2 by Energy Dispersive X-ray
Analysis with SEM. IR [v(CO)/cm™!; KBr]: ¥ = 1952 m, 1979 s.

Catalytic Reactions: The catalytic reactions were performed inside
a Parr high-pressure stainless steel reactor (100 mL) with internal
magnetic stirring. The methanol, aniline, catalysts and promoters
were charged into the reaction vessel. The reactor was sealed with
six cap screws in a split-ring cover clamp. The air in the vessel
was replaced with dinitrogen by 3 freeze-pump-thaw cycles. It was
ensured that there was no leakage of gas. The reaction gas (CO

Table 4. Crystal data and data collection parameters for 2 and 4—6

and O,) was then introduced into the reactor inside the fumehood.
The reactor was heated to the preset temperature with a thermoreg-
ulated heater for a preset time period. At the end of the reaction,
the reactor was cooled with an ice bath in order to quench the
reaction immediately and the reaction gas was evacuated in the
fumehood. The resulting liquid mixture was analyzed by GC and
GC-MS with an HP 5890A and G1800C GCD Series 11, respec-
tively.

Electrochemical Studies: Electrochemical measurements were per-
formed with an EG&G Princeton Applied Research (PAR) Model
273A potentiostat, connected to an interfaced computer employing
PAR 270 electrochemical software. Cyclic volatmmograms and
bulk electrolyses were carried out in a gas-tight cell consisting of
three chambers that were separated at the bottom by fine frits
equipped with a glassy carbon (Bioanalytical) or a carbon cloth
(80 mm?) working electrode, a platinum gauze auxiliary electrode
(Aldrich), and an Ag/AgNO; reference electrode (Bioanalytical) at
room temperature; 0.1 M n-tetrabutylammonium hexafluorophos-
phate (TBAHFP) in anhydrous deoxygenated acetonitrile was used
as a supporting electrolyte. Ferrocene was added at the end of each
experiment as an internal standard. The working potential (E,)
for redox processes was ca. 0.15 V more positive/negative than the
corresponding electrode potential (E,); the coulometric experiment
was performed in duplicate.

X-ray Crystallographic Study: Single crystals were grown from their
appropriate solvent systems under favorable conditions. Intensity
data were collected at ambient temperature using a Bruker SMART
1K CCD diffractometer with graphite-monochromated Mo-K,
radiation using o scans. Details of the intensity data collection and
crystal data are given in Table 4, and selected bond lengths and
angles are listed in Table 5. The data were corrected for Lorentz
and polarization effects. The structures were solved by direct meth-
ods (SIR92P or SHELXS-861%) and expanded using Fourier
techniques (DIRDIF94).[4!l Some non-hydrogen atoms were re-
fined anisotropically, while the rest were refined isotropically. Hy-
drogen atoms were included but not refined. All calculations were

2 4

5 6

Empirical formula C;3,H,7NO;PAuOs,

[Ce5Ha7011P3Au,0s4]- CHCly

CosHyg011P3AU30s,  [Cy3Hgr011P4AU40s,4]2CHCI;

Formula mass 1590.31 2371.11 2449.71 3146.71
Crystal color, habit Red, block Red, plate Red, block Red, plate
Crystal dimensions [mm]  0.24 X 0.21 X 0.10  0.33 X 0.22 X 0.05 0.19 X 0.17 X 0.11  0.35 X 0.39 X 0.05
Crystal system orthorhombic triclinic monoclinic monoclinic
Space group Pbca (no. 61) P1 (no. 2) P2,/n (no. 14) P2,/c (no. 14)
a[A] 10.359(1) 12.157(1) 20.094(3) 14.789(2)
b [A] 18.232(2) 14.377(1) 14.974(2) 24.768(3)

c [A] 41.268(3) 23.463(2) 23.129(4) 24.760(3)
a [A] 90 94.63(2) 90 90

B [A] 90 93.04(2) 103.16(1) 96.10(1)

v [A] 90 90.14(2) 90 90

VA3 7793(1) 4081.7(6) 6776(1) 9018(1)

V4 8 2 4 4

D, [g cm™7] 2.710 1.929 2.401 2.317
w(Mo-K,) [em™!] 168.46 99.95 140.82 124.16
Reflections collected 49414 25597 42348 56388
Unique reflections 9763 17728 15893 18512
Observed reflections 1471 9071 2149 2564

[ > 1.56(1)]

R 0.0323 0.0615 0.0443 0.0432

R, 0.0305 0.0754 0.0529 0.0449
Goodness of fit S 1.143 1.735 1.556 1.437

2660 © 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 5. Selected bond lengths [A] and angles [°] for 2 and 4—6

2 4 5 6
0s(1)—0s(2) 2.944(2) 2.897(1) 2.978(3) 3.002(2)
0s(1)—0s(3) 3.0092) 2.832(1) 2.814(3) 2.992(2)
0s(1)—O0s(4) 2.803(2) 2.973(1) 2.974(2) 2.798(2)
0s(2)—0s(3) 3.012(2)  2.796(1) 2.888(3)  2.929(2)
0s(2)—Os(4) 2.816(2) 3.006(1) 2.802(3) 2.806(3)
0s(3)—0s(4) 2965(2) 3.017(1) 2.778(3) 2.775(2)
Au(1)—0s(1) 2.768(2) 2.742(1) 2.749(2) 2.783(2)
Au(1)—0s(2) 2.753(2)

Au(1)—0s(2) 2.883(1)

Au(2)—-0s(1) 2751(1)  2.744(3)  2.745(2)
Au(2)—0s(2) 2.789(1)

Au(3)—-0s(1) 2.759(2)  2.726(2)
Au(4)—0s(1) 2.820(2)
Au(1)—Au(2) 3.055(1)  2.796(3)  2.898(2)
Au(2)-Au(3) 2.860(2) 2.874(2)
Au(1)—Au(3) 2.804(2) 2.810(2)
Au(2)—Au(4) 2.804(2)
Au(3)—Au(4) 3.069(2)
Au(1)—P(1) 2.281(8) 225(1)  2.265(10)
Au(1)—P(2) 2.300(6)

Au(2)—P(2) 2.26(1)  2.283(10)
Au(2)-P(3) 2.309(6)

Au(3)-P(3) 226(1)  2.24(1)
Au(4)—P(4) 2.33(1)
0s(4)—P(1) 2.362(6)

0s(3)-N(1) 2.24(2)

Os(1)—Au(1)—0s(2) 64.47(4)

Os(1)—Au(1)—Os(4) 63.76(3)

0s(1)—Au(2)—0s(2) 63.05(3)

Os(1)—Au(4)—0s(2) 62.80(5)
Au(2)—Au(1)—O0s(1) 56.36(3)

Au(2)—Au(1)—Os(4) 82.54(3)

Au(1)—O0s(1)—Au(2) 67.573)  61.20(6)
Au(1)—0s(1)—Au(3) 61.21(6)
Au(2)—O0s(1)—Au(3) 62.62(6)

performed using the teXsan*?! crystallographic software package
of Molecular Structure Corporation. CCDC-194826 to -194829
contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge at www.ccdc.cam.ac.uk/
conts/retrieving.html [or from the Cambridge Crystallographic
Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; Fax: (in-
ternat.) + 44-1223/336-033; E-mail: deposit@ccdc.cam.ac.uk].
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