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The reaction between Ni(dppe)(SSiMe3)2 and 2 equiv of [N(n-Bu)4][Ru(N)Cl2Me2] produces
ClSiMe3 and the heterometallic complex (dppe)Ni(µ3-S)2{Ru(N)Me2}2. The molecular structure
of this complex shows the three metals and the two nitrido ligands in a plane with the
bridging sulfur atoms above and below that plane. There is an interaction between one of
the ruthenium centers and the nickel. The structure differs from that of the closely related
complex (dppe)Pt(µ3-S)2{Ru(N)Me2}2, which has equivalent Pt-Ru distances and no strong
metal-metal interactions. The complexes (dppe)M(µ3-S)2{Ru(N)Me2}2 (M ) Pt, Pd, Ni)
catalyze the oxidation of benzyl alcohol to benzaldehyde in toluene and in supercritical carbon
dioxide.

Heterometallic oxidation catalysts may have im-
proved selectivity over monometallic complexes if the
metals act cooperatively.1 For example, bimetallic ru-
thenium-platinum complexes can act as catalysts for
the electrooxidation of methanol,2 and a ruthenium-
rhodium complex is more active in the oxidation of
secondary alcohols with 2-butanone than bimetallic
ruthenium complexes or monometallic complexes of
either metal.3 We showed that alcohols are selectively
and catalytically oxidized by [N(n-Bu)4][Os(N)R2(µ-O)2-
CrO2] and [N(n-Bu)4][Ru(N)R2(µ-O)2CrO2] (R ) Me,
CH2SiMe3, Ph) with molecular oxygen.4 Methanol is
oxidized by O2 in the presence of the heterometallic
complex (dppe)Pt(µ3-S)2{Ru(N)Me2}2.5

Supercritical carbon dioxide (scCO2) is gaining popu-
larity as an alternative solvent for oxidation reactions
because of its stability to oxidants, tunability, ability
to homogenize catalysts, substrates, and light gases
(which are infinitely miscible with scCO2), and low
environmental impact. Catalytic oxidations in scCO2
media are known and have been the subject of recent

reviews.6 These can use H2O2,7 tert-butyl hydroperox-
ide,8,9 or molecular oxygen as the secondary oxidant.10

Many catalytic oxidation reactions in scCO2 show im-
proved selectivity and yield over the reactions in organic
solvents.9

Sulfido ligands are particularly useful as bridging
units in heterometallic complexes. Because the sulfur
atoms are electron-rich and easily polarizable, they bond
strongly with both early and late transition metals in a
wide range of oxidation states.11 Many of the rational
syntheses of heteronuclear compounds with bridging
sulfido ligands involve displacing a ligand on a metal
center with a terminal sulfido ligand on another metal.12

Sulfido ligands can also react directly with some sub-
strates.13

We prepared the trimetallic complexes [N(n-Bu)4]-
[{Os(N)(CH2SiMe3)2}3(µ3-S)2] and [PPh4][{Ru(N)(CH3)2}3-
(µ3-S)2]14 and recently demonstrated a general and effi-
cient method for the synthesis of the heterotrimetallic
complexes (dppe)M(µ3-S)2{Ru(N)Me2}2 (M ) Pt, Pd) by
the condensation of [Ru(N)Me2Cl2]- with M(dppe)-
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(SSiMe3)2.15 Here we report the synthesis of the ruthe-
nium-nickel analogue by this method. We also compare
the structure and reactivity of this complex to those of
the other complexes in this series. The three complexes
(dppe)M(µ3-S)2{Ru(N)Me2}2 (M ) Pt, Pd, Ni) oxidize
alcohols in toluene and in scCO2 media.

Results

The reaction between Ni(dppe)(SSiMe3)2 and 2 equiv
of [N(n-Bu)4][Ru(N)Cl2Me2] produces the heterometallic
complex (dppe)Ni(µ3-S)2{Ru(N)Me2}2 (1) in greater than
71% yield (Scheme 1). Complex 1 is a burgundy crystal-
line solid that is moderately soluble in methylene
chloride, acetonitrile, toluene, and benzene. It is only
slightly soluble in THF and insoluble in diethyl ether,
hexane and water. Complex 1 is more soluble in organic
solvents than (dppe)Pd(µ3-S)2{Ru(N)Me2}2 (2) and (dppe)-
Pt(µ3-S)2{Ru(N)Me2}2 (3). It is air stable and is stable
to water over short time periods.

The 1H NMR spectrum shows that the two ruthenium
centers in 1 are inequivalent. There are two peaks at
1.62 and 1.15 ppm corresponding to the methyl protons
on Ru1 and Ru2, one broad multiplet at 2.33 ppm
corresponding to the ethylene protons of the dppe
ligand, and three multiplets between 7 and 8 ppm
corresponding to the phenyl protons on the dppe ligand.
The 31P NMR spectrum has a single peak at 63.8 ppm,
indicating that the two phosphorus atoms in the dppe
ligand are equivalent. There are two peaks at 9.9 and
0.0 ppm in the 13C NMR spectrum for the methyl groups
on Ru1 and Ru2. The 13C NMR spectrum also contains
peaks at 4.5 ppm, for the ethylene bridge of the dppe
ligand, and six peaks between 133.4 and 129.1 ppm, for
the phenyl rings of the dppe ligand. The elemental
analysis is consistent with the molecular formulation.
There are bands in the IR spectrum at 1066 and 1059
(sh) cm-1 for the ruthenium nitrido stretching vibra-
tions.

We determined the molecular structure of 1‚CH2Cl2
by X-ray crystallography. Figure 1 shows the ORTEP
diagram with the CH2Cl2 molecule removed for clarity.
The ruthenium centers have a distorted-square-pyra-
midal geometry with the nitrido ligand in the apical
position. The ruthenium is above the plane of the four
other ligands, two methyl ligands, and two µ-sulfido
ligands. The nickel center has a distorted-square-planar
geometry. One ruthenium center, Ru2, is within bonding
distance to the nickel center at 2.901(8) Å. The other
ruthenium center, Ru1, is more distant at 3.119(8) Å
from the nickel. The four ruthenium-sulfur bond
distances are very similar, ranging between 2.3908(14)
and 2.4012(14) Å. Table 1 shows selected bond distances
and angles of complex 1.

Complex 1 reacts very slowly with triphenylphosphine
to give 1 equiv of triphenylphosphine sulfide and an as
yet unidentified phosphine complex. It does not react
with molecular oxygen or hydrogen peroxide.

The complexes (dppe)M(µ3-S)2{Ru(N)Me2}2 (M ) Pt,
Pd, Ni) catalyze the oxidation of benzyl alcohol to
benzaldehyde with molecular oxygen. We compared the
oxidation of benzyl alcohol with O2 in the presence of
catalytic amounts of 1-3 in a typical organic solvent,
toluene, and in a more environmentally friendly solvent,
supercritical CO2. Optimal conditions in scCO2 are 18.8
bar of 20% O2 (3.36 mmol), with 120 bar total pressure.
The concentration of catalyst was 5.06 × 10-4 M, and
the temperature was 100 °C for each reaction. Table 2

(13) (a) Birnbaum, J.; DuBois, M. R. Organometallics 1994, 13,
1014-1019. (b) Koval, C. R.; Lopez, L. L.; Kaul, B. B.; Renshaw, S.;
Green, K.; DuBois, M. R. Organometallics 1995, 14, 3440-3447. (c)
Kaul, B. B.; Noll, B.; Renshaw, S.; DuBois, M. R. Organometallics 1997,
16, 1604-1611. (d) DuBois, M. R.; Vasquez, L. D.; Ciancanelli, R. F.;
Noll, B. C. Organometallics 2000, 19, 3507-3515. (e) Vasquez, L. D.;
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Scheme 1

Figure 1. ORTEP drawing of complex 1.

Table 1. Selected Bond Distances (Å) and Angles
(deg) for (dppe)Ni(µ3-S)2{Ru(N)Me2}2

Ru1-N1 1.600 (4) Ru1-S1 2.3908 (14)
Ru2-N2 1.598 (5) Ru1-S2 2.3997 (13)
Ru1-Ni1 3.1194 (8) Ru2-S1 2.3957 (15)
Ru2-Ni1 2.9011 (8) Ru2-S2 2.4012 (14)
Ni1-S1 2.2119 (14) Ni1-S2 2.2060 (14)

N1-Ru1-S1 109.96 (18) S1-Ni1-P1 176.95 (5)
N1-Ru1-S2 113.67 (16) S1-Ni1-P2 90.63 (5)
N2-Ru2-S1 110.8 (2) S2-Ni1-P1 95.65 (5)
N2-Ru2-S2 114.42 (17) Ru2-Ni1-P1 125.92 (4)
Ru1-S1-Ni1 85.37 (5) Ru2-S1-Ni1 78.04 (4)
Ru1-S2-Ni1 85.02 (4) Ru2-S2-Ni1 77.82 (4)
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shows the turnover numbers for the oxidation of benzyl
alcohol under various conditions.

Under the same conditions used for the oxidation of
benzyl alcohol above, complexes 1-3 do not oxidize
1-hexene, cyclohexene, or cyclooctene. They slowly oxi-
dize the unsaturated alcohol, geraniol, only at the hy-
droxy group to form citral with a turnover number for
1 of 7.0, for 2 of 5.0, and for 3 of 4.4 after 24 h.

Discussion

The trimethylsilanethiolate complexes of platinum-
(II), palladium(II), and nickel(II) are useful precur-
sors to heterometallic complexes with µ-sulfido link-
ages. The synthesis of the heterometallic complexes
(dppe)M(µ3-S)2{Ru(N)Me2}2 (M ) Ni, Pd, Pt) by reac-
tion of M(dppe)(SSiMe3)2 with 2 equiv of [N(n-Bu)4]-
[Ru(N)Cl2Me2] generates the heterometallic complexes,
2 equiv of chlorotrimethylsilane, and 2 equiv of tetra-
n-butylammonium chloride. Formation of the stronger
Si-Cl bond (Si-Cl, 91 kcal/mol; Si-S, 70 kcal/mol) and
removal of the volatile compound chlorotrimethylsilane
drive the reaction.

A single-crystal X-ray diffraction analysis shows that
complex 1 resembles (dppe)Pt(µ3-S)2{Ru(N)Me2}2 in the
local geometry around each metal center.14 In both
complexes, the ruthenium centers have a distorted-
square-pyramidal geometry and the nickel/platinum
center has a distorted-square-planar geometry. The
three metals are bridged by µ-sulfido ligands, and the
nitrido ligands are in the plane of the metals.

The key difference between the molecular structures
of (dppe)Ni(µ3-S)2{Ru(N)Me2}2 and (dppe)Pt(µ3-S)2-
{Ru(N)Me2}2 is the variance in Ru-Ni bond distances
versus Ru-Pt bond distances. In (dppe)Pt(µ3-S)2-
{Ru(N)Me2}2, the two Ru-Pt distances are equivalent
and the length is somewhat greater than a typical single
bond. In contrast, the two Ru-Ni bond distances in
(dppe)Ni(µ3-S)2{Ru(N)Me2}2 are different by more than
0.2 Å. The short Ru-Ni distance may be due to a weak
two-electron interaction of the pz orbital on the electron-
poor nickel center with the electron-rich dxy orbital on
Ru2 in order to achieve an 18e count on the nickel
center. The nickel in complex 1 has a smaller HOMO-
LUMO gap than the platinum or palladium in the

analogous complexes, allowing for a weak interaction
of the empty pz orbital of the nickel complex with the
ruthenium dxy orbital.

Complex 1 has a Ru2-Ni distance that is 0.2-0.4 Å
longer than typical ruthenium-nickel heterometallic
complexes with covalent single bonds,16 indicating a
dative bond.17 This bond is not a result of steric
interactions. Although the Ni-S bonds are on average
0.2 Å shorter than in the platinum complex, this change
is not enough to bring the methyl ligands on Ru1 and
the phenyl substituents on the dppe ligand on nickel
into contact. The closest distance between these sub-
stituents is well over 3 Å, for C2 to C24. Hidai and co-
workers reported a similar interaction in the hetero-
metallic cation [{(Cp*Ir)2(µ3-S)2}2Ni]+.18 The Ni-S bond
distances in (dppe)Ni(µ3-S)2{Ru(N)Me2}2 and [{(Cp*Ir)2-
(µ3-S)2}2Ni]+ are nearly the same.19 The Ru2-Ni dative
bond distance in complex 1 is longer than the Ir-Ni
distance in Hidai’s complex, showing a somewhat weaker
interaction.

Supercritical CO2 behaves as a nonpolar organic
solvent with respect to substrates and catalysts. The
complexes (dppe)M(µ3-S)2{Ru(N)Me2}2 (M ) Pt, Pd, Ni)
are not soluble in pure scCO2, but they are soluble in
the mixture of scCO2 and benzyl alcohol. Cosolvents are
useful in solubilizing transition-metal complexes in
supercritical CO2 for catalytic oxidation reactions.20 In
this case, the reactant is the cosolvent.

Increasing the overall pressure by adding CO2 to the
reaction mixture resulted in increased turnovers. In-
creasing the amount of CO2 in the reactor increases the
density of the scCO2, thereby enhancing the solvation
power of scCO2 with respect to the heterometallic
complexes. Several reports from the Leeds group have
shown that variation of CO2 pressure has profound
effects on the reactions carried out in this solvent.21,22

Oxygen concentration also affects the turnover num-
ber. Increasing the O2 partial pressure from 10 to 18.8
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A.; Carty, A. J. J. Chem. Soc., Chem. Commun. 1982, 538-539. (b)
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E. Inorg. Chim. Acta 1982, 64, L269-L271.
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M. Inorg. Chem. 1998, 37, 4909-4920.
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M. Inorg. Chem. 1998, 37, 4909-4920.
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3809-3812. (b) Matsumoto, K.; Saiga, N.; Tanaka, S.; Ooi, S. J. Chem.
Soc., Perkin Trans. 1 1991, 1265-1271.
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Chem. Soc. 2002, 124(11), 2513-2517.
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Perkin Trans. 1 2001, 917-941. (b) Oakes, R. S.; Heppenstall, T. J.;
Shezad, N.; Clifford, A. A.; Rayner, C. M. Chem. Commun. 1999, 1459-
1460.
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Table 2. Catalytic Oxidation of Benzyl Alcohol to
Benzaldehyde by O2 at 100 °C

catalyst solvent
pressure

(bar) TON
TOF
(h-1)

time
(h)

conversn
(%)

1 toluene 2.8 (O2) 18.45 0.77 24 53
2 toluene 2.8 (O2) 3.63 0.15 24 32
3 toluene 2.8 (O2) 7.06 0.29 24 35
1 CO2 120 (total) 9.57 0.48 20 19

10 (O2)
2 CO2 120 (total) 9.18 0.46 20 18

10 (O2)
3 CO2 120 (total) 5.97 0.30 20 11

10 (O2)
3 CO2 100 (total) 5.15 0.26 20 10

10 (O2)
3 CO2 80 (total) 4.79 0.24 20 10

10 (O2)
3 CO2 120 (total) 15.99 0.80 20 32

18.8 (O2)
3 CO2 120 (total) 10.70 0.54 20 22

44 (O2)
3 CO2/CH2Cl2 100 (total) 1.96 0.10 20 4

10 (O2)

Figure 2. Comparison of (dppe)Ni(µ3-S)2{Ru(N)Me2}2 and
[(Cp*Ir)2(µ3-S)2Ni(µ3-S)2(IrCp*)2]+.

3816 Organometallics, Vol. 23, No. 16, 2004 Kuiper et al.
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bar increases the turnover number, but further in-
creases in the oxygen partial pressure do not increase
oxidation of benzyl alcohol. At high oxygen partial
pressure the benzyl alcohol and oxygen may be compet-
ing for a binding site on the heterometallic complex. We
see a similar effect with the heterometallic catalyst
[n-Bu4N][Os(N)(CH2SiMe3)2(µ-O)2CrO2].5 Increased oxy-
gen concentration necessarily decreases CO2 concentra-
tion, which leads to lower catalyst and substrate solu-
bility.

Benzyloxy complexes of osmium(VI) and ruthenium-
(VI), [NBu4][M(N)(OCH2Ph)4], produce equal quantities
of benzaldehyde and benzyl alcohol through â-hydrogen
elimination followed by reductive elimination.23 The
heterometallic osmium(VI) and ruthenium(VI) com-
plexes [n-Bu4N][M(N)(CH2SiMe3)2(µ-O)2CrO2] catalyze
the oxidation of benzyl alcohol to benzaldehyde through
a mechanism that involves â-hydrogen elimination of
an intermediate alkoxide complex. It is likely that
benzyl alcohol reacts with (dppe)Ni(µ3-S)2{Ru(N)Me2}2
to form an intermediate ruthenium benzyloxy complex
that also eliminates a methylene hydrogen to the cluster
and releases the product aldehyde.

There were no significant changes in product distri-
bution or reaction rates for the oxidation of benzyl
alcohol in toluene as opposed to scCO2. Although mo-
lecular oxygen is more soluble in scCO2 than in toluene,
the organometallic complexes are much more soluble in
the organic solvent. Heterometallic complexes with
longer chain alkyl groups bonded to ruthenium or on
the phosphine ligand should be more soluble in scCO2
and have improved activity in that solvent.

Conclusion

We have completed the synthesis and characteri-
zation of the series of heterometallic complexes
{M(dppe)}(µ3-S)2{Ru(N)Me2}2, where M ) Pt, Pd, Ni.
Unlike {Pt(dppe)}(µ3-S)2{Ru(N)Me2}2, {Ni(dppe)}(µ3-S)2-
{Ru(N)Me2}2 has a close Ru-Ni interaction, indicating
a weak, dative bond between those metals. The three
heterometallic complexes are similar in their ability to
oxidize benzyl alcohol with molecular oxygen, but the
nickel-substituted complex is slightly more active than
the palladium and platinum analogues. The product
distribution and reaction rates for the oxidation of
benzyl alcohol in toluene are similar to those oxidations
in supercritical carbon dioxide.

Experimental Section

General Synthetic Conditions. All reactions were con-
ducted under an N2 atmosphere using standard air-sensitive
techniques in a Vacuum Atmospheres glovebox unless other-
wise stated. Anhydrous diethyl ether and hexane were distilled
from Na/benzophenone. Methylene chloride was distilled from
CaH2, and toluene was distilled from Na. The compounds
NaSSiMe3,24 Ni(dppe)(SSiMe3)2, [N(n-Bu)4][Ru(N)Cl2Me2],
(dppe)Pd(µ3-S)2{Ru(N)Me2}2, and (dppe)Pt(µ3-S)2{Ru(N)Me2}2

were prepared according to literature methods.14 Benzyl
alcohol and benzaldehyde were purchased from Aldrich and
distilled. All NMR spectra were recorded on a Varian Unity-

400 FT NMR spectrometer at ambient temperature and
referenced to internal solvent at 7.26 ppm. IR spectra were
recorded on a Perkin-Elmer 1600 series FTIR. UV-visible
spectra were recorded on a Hewlett-Packard 8452A spectrom-
eter. Gas chromatography was performed on an Agilent 6850
CG and analyzed with Agilent Cerity software. All elemental
analyses were performed by the University of Illinois mi-
croanalytical service.

Synthesis of {Ni(dppe)}(µ3-S)2{Ru(N)Me2}2. A solution
of Ni(dppe)(SSiMe3)2 (0.023 g, 0.034 mmol) in 2 mL of CH2Cl2

was slowly added to a solution of [N(n-Bu)4][Ru(N)Cl2Me2]
(0.032 g, 0.069 mmol) in 2 mL of CH2Cl2 at -30 °C. The purple
solution mixture turned dark red. After 12 h at -30 °C, the
solution was concentrated under vacuum. The mixture was
added to a silica gel chromatography column and eluted with
4/1 n-C6H14/CH2Cl2. The first red band was collected and
cooled. Red, needlelike crystals formed (0.020 g, 0.025 mmol,
71%). 1H NMR (400 MHz, CDCl3): δ 7.99-7.27 (m, 20 H,
PC6H5), 2.36-2.31 (m, 4 H, PCH2), 1.62 (s, 6 H, RuaCH3), 1.15
(s, 6 H, RubCH3). 13C NMR (125.7 MHz, CDCl3): δ133.5-129.1
(m, P(C6H5)3, 10.0 (RuaCH3), 4.5 (PCH2CH2P), -0.2 (RubCH3)
31P{1H} NMR (161.9 MHz, CDCl3): δ 63.8 (s). UV-visible (ε):
236 nm (30 543.9), 276 nm (19 383.2), 394 nm (3362.6). IR (KBr
pellet; cm-1): 478, 525, 691, 741, 810, 873, 1063 (ν(Ru(N))),
1100 (ν(Ru(N))), 1177, 1431, 2892 (ν(CH)), 2964 (ν(CH)). Anal.
Calcd for C30H36N2NiP2Ru2S2‚1/3CH2Cl2: C, 43.38; H, 4.40; N,
3.34. Found: C, 43.49; H, 4.51; N, 3.23.

Reaction of (dppe)Ni(µ3-S)2{Ru(N)Me2}2 with O2. In a
thick-walled reaction tube, 5 mg (0.006 mmol) of (dppe)Ni-
(µ3-S)2{Ru(N)Me2}2 was dissolved in 1 mL of CDCl3. The tube
was pressurized to 40 psi of O2 and heated to 60 °C for 3 days.
A 1H NMR spectrum showed only starting material.

Reaction of (dppe)Ni(µ3-S)2{Ru(N)Me2}2 with H2O2. In
an NMR tube, 11 mg (0.014 mmol) of (dppe)Ni(µ3-S)2{Ru(N)-
Me2}2 was dissolved in 0.75 mL of CDCl3. To this tube was
added 1 equiv of 30% H2O2 solution (1.6 µL, 0.014 mmol) in
water. A 1H NMR spectrum after 16 h showed only starting
material.

Reaction of (dppe)Ni(µ3-S)2{Ru(N)Me2}2 with PPh3. In
an NMR tube, 8 mg (0.10 mmol) of (dppe)Ni(µ3-S)2{Ru(N)Me2}2

was dissolved in 0.75 mL of CDCl3. To this tube was added 1
equiv of PPh3 (3 mg, 0.010 mmol). A 1H NMR spectrum
acquired after 16 h showed 1 and a new organometallic
compound in equal amounts. 1H NMR (400 MHz, CDCl3, 23.2
°C): δ 7.98-7.46 (m, 20H, PC6H5), 7.36-7.28 (m, 36.6 H PPh3

H), 2.35-2.26 (m, 4.02 H, PCH2CH2P), 1.61 (s, 5.85 H,
RuaCH3), 1.14 (s, 6.10 H, RubCH3). 31P{1H} NMR (161.9 MHz,
CDCl3, 23.2 °C): δ 63.8 (s). 31P{1H} NMR (161.9 MHz, CDCl3,
23.2 °C): δ 65.1 (s), 63.9 (s, CH2P(Ph)2Ni), 60.2 (s), 46.4 (s,
SdPPh3), 39.1 (s), 32.1 (s), -2.2 (s, PPh3).

Oxidations of Benzyl Alcohol, Geraniol, and Cy-
clooctene by 1-3 in Toluene.25 Solutions were prepared by
dissolving nonane (17 µL, 0.097 mmol) and 1 (0.044 66 g, 0.055
mmol), 2 (0.083 14 g, 0.050 mmol), or 3 (0.047 36 g, 0.050
mmol) in 10.0 mL of toluene. For oxidation studies, a 1 mL
aliquot was placed in a pressure reactor along with substrate
(0.11 or 0.25 mmol). An aliquot of the solution was removed
for GC analysis. The pressure reactor was flushed with O2 and
then pressurized to 2.8 bar (40 psi) of O2 (4.61 mmol) and
heated to 100 °C for 24 h. The reaction mixture was cooled to
-78 °C, and a sample was analyzed by gas chromatography.

Oxidations of Benzyl Alcohol, Geraniol, and Cy-
clooctene by 1-3 in scCO2.3 Solid 1 (0.0093 g, 0.0115 mmol),
2 (0.0106 g, 0.0123 mmol), or 3 (0.0103 g, 0.0109 mmol) was
added to a 20 mL pressure reactor along with 50 equiv of
substrate. The pressure reactor was sealed and tested for
leaks. The reactor was charged with O2 as a 10% or 20%
mixture in CO2 and then heated to 100 °C. Once the temper-

(23) Reinerth, W. A.; Shapley, P. A. Organometallics 1996, 15,
5090-5096.

(24) Do, Y.; Simhon, E. D.; Holm, R. H. Inorg. Chem. 1983, 22, 3809-
3812.

(25) As with all reactions under high pressure, appropriate safety
precautions must be taken. See refs 9 and 21 for further information.
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ature was stabilized, additional CO2 was added (Tables 3-5).
After 20 h at 100 °C, the reactor was cooled and vented into
CH2Cl2 to trap any volatile material. The CH2Cl2 was removed
under vacuum, and the residual oil was combined with the
contents of the reactor. The products were analyzed by NMR
spectroscopy.

Structure Determination. The data crystals of 1 were
formed in CH2Cl2/Et2O at -30 °C. Methylene chloride solvate
was disordered in two positions. They were mounted using oil
(Paratone-N, Exxon) to a thin glass fiber. Data for 1 were
collected on a Siemens Platform/CCD automated diffractome-
ter. Systematic conditions suggested the unambiguous space

group Pcba. The structure was solved by direct methods. Ideal
geometry was imposed on the disordered solvate molecule
using an effect standard deviation of 0.01%. Displacement
parameters for disordered atoms were restrained to similar
and rigid-bond values (esd 0.01). Hydrogen atoms were
included as riding idealized contributors. Hydrogen atom U
values were assigned as 1.2 times the Ueq value of adjacent
non-H atoms. The space group choice was confirmed by
successful convergence of the full-matrix least-squares refine-
ment on F2 (Sheldrick, 2000). The highest peaks in the final
difference Fourier map were in the vicinity of metal atoms and
the disordered solvate; the final map had no other significant
features. A final analysis of variance between observed and
calculated structure factors showed no dependence on ampli-
tude or resolution.
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Table 3. Oxidation of Benzyl Alcohol in scCO2:
Complex Comparison at 120 bar of CO2

amt (mmol)

complex complex substrate oxygen

1 0.011 0.54 0.89
2 0.012 0.62 0.89
3 0.011 0.57 0.89

Table 4. Oxidation of Benzyl Alcohol in ScCO2:
Total Pressure Comparison

amt (mmol)
complex

CO2
pressure (bar) complex substrate oxygen

3 80 0.011 0.54 0.89
3 100 0.013 0.67 0.89
3 120 0.011 0.54 0.89

Table 5. Oxidation of Benzyl Alcohol in ScCO2:
Oxygen Pressure Comparison at @ 120 Bar CO2

Oxygen Pressure Comparison at 120 bar of CO2

amt (mmol)
complex

O2 pressure
(bar) complex substrate oxygen

3 10 (10%) 0.011 0.54 0.89
3 18.8 (20%) 0.010 0.50 3.35
3 44 (20%) 0.010 0.51 7.86

Solvent Expansion

amt (mmol)

complex complex substrate oxygen

3 0.013 0.67 0.89
3, 5 mL of CH2Cl2 0.009 0.47 0.89
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