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The cluster [Ru3(CO)12] normally reacts readily with tertiary phosphines and diphosphines
in the presence of Me3NO to give simple phosphine-substituted derivatives by a reaction
involving nucleophilic attack of the amine oxide at CO leading to CO2 formation. However,
the corresponding reaction of [Ru3(CO)12] with (R)-BINAP [2,2′-bis(diphenylphosphino)-1,1′-
binaphthyl] in the presence of Me3NO does not give [Ru3(CO)10(BINAP)], as expected, but
instead an 80% yield of the dihydroxy complex [Ru3(µ-OH)2(CO)8{µ-(R)-BINAP}] (1) as the
first example of a µ-BINAP complex. NMR coalescence effects are observed in the 1H NMR
spectra, but by using a 13CO-enriched sample, we were able to show that the fluxionality is
not cluster-centered since the 13C{1H} NMR spectrum for the CO ligands is invariant over
a wide temperature range. COSY spectra were used to show that there is restricted rotation
about two of the four P-Ph bonds while the other two are rotating freely. From a single-
crystal XRD study it can be seen that two Ph groups are unimpeded while the other two are
closely aligned to the naphthyl rings in a graphitic manner and it is this that leads to the
restricted rotation. This bridging ligand adopts quite a different conformation about the
C-PPh2 bonds to that in free BINAP, the structure of which was also determined for
comparison, and somewhat different from that in known chelating BINAP complexes. In
contrast, the direct thermal reaction of (R)-BINAP with [Ru3(CO)12] in octane gives, in
addition to traces of two uncharacterized species, a 38% yield of the cluster [Ru3(µ-H){µ-
(R)-BINAP-H}(CO)9] (2), in which we believe that ortho metalation has occurred at one of
the four Ph rings to form the first example of a cyclometalated BINAP ligand. We have
been unable to obtain simple derivatives such as [Ru3(CO)11(BINAP)] or [Ru3(CO)10(BINAP)],
although we have shown that the osmium analogues may be synthesized.

Introduction

The diphosphine ligand 2,2′-bis(diphenylphosphino)-
1,1′-binaphthyl (BINAP)1 is an example of a chiral
binaphthyl compound which has found considerable use
as a chiral auxiliary in transition-metal-catalyzed asym-
metric synthesis.2 Mononuclear BINAP ruthenium(II)
and rhodium(I) complexes have been applied widely and
successfully to enantioselective catalysis giving high
enantiomer excesses in many cases. For example, the
ruthenium(II) complexes [Ru(RCO2)2(BINAP)] are ex-
cellent catalysts for asymmetric hydrogenation of vari-
ous functionalised alkenes.3 Similarly, the complex
[Rh(BINAP)(solvent)2]+ is effective for asymmetric hy-

drogenation.4 There is only evidence that catalysis by
BINAP metal complexes involves mononuclear com-
plexes which have BINAP as a chelating bidentate
ligand.
Crystallographic studies have been carried out on

BINAP complexes of various types, but all of these
contain chelating bidentate BINAP. Some complexes
contain one BINAP in a distorted square-planar
arrangement: [Rh(nbd)(BINAP)]ClO4,5 [PdCl2(BINAP)],6
[Pt(o-anisyl)2(BINAP)],7 and various allyl complexes of
the type [Pd(η3-allyl)(BINAP)].8 Other BINAP com-
plexes are octahedral or pseudo-octahedral: [Ru-
(RCO2)2(BINAP)]9 and benzene or cyclopentadienyl
complexes of ruthenium(II).10 Three complexes contain-
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ing two BINAP ligands have been structurally charac-
terized: [Rh(BINAP)2]ClO4 is distorted square-planar,11
[Pt(BINAP)2] is tetrahedral,12 while [RuHCl(BINAP)2]
is trans octahedral.13 There are some known triruthe-
nium complexes with BINAP ligands, but the X-ray
structure of [Ru3(µ3-Cl)2(µ-Cl)3{BINAP}3]BF4 shows that
it is not a cluster but has three octahedral ruthenium-
(II) atoms linked by chloride bridges.14 The BINAP
ligands are chelating in the same way as in mononuclear
ruthenium(II) complexes. The complex [Rh3(µ3-COD)2-
(BINAP)3]ClO4 is related but contains square-planar
rhodium(I) with chelating BINAP ligands.15

Prior to this work, the only known BINAP metal
cluster appears to be [Ru4(µ-H)4(CO)10{(S)-BINAP}],
formed by direct substitution of [Ru4(µ-H)4(CO)12].16 In
this complex the diphosphine is chelating at one Ru
atom of a tetrahedral Ru4 cluster, so its coordination is
basically no different to that in mononuclear complexes.
There are no authenticated examples of BINAP coor-
dinating other than as a bidentate ligand at a single
metal atom. However, it has been pointed out that
BINAP is a moderately flexible ligand that can coordi-
nate to metal atoms of various sizes.2b We now discov-
ered bridging BINAP as part of an 8-membered ring
(this work) and monodentate BINAP in [Os3(CO)11-
(BINAP)].17 These discoveries indicate the potential for
using bridging BINAP in dinuclear and polynuclear
compounds where the influence of the chiral ligand
would extend over a group of metal atoms.
There have been many synthetic and structural

studies on complexes of the type [Ru3(CO)10(diphos-
phine)],18 [Ru3(CO)8(diphosphine)2],19 and [Ru3(CO)6-
(diphosphine)3],20 and in one case a chiral diphosphine
has been used.18h However, it seems that trinuclear

metal systems have not previously been studied with
BINAP and here we report our work on triruthenium
BINAP clusters. We set out to synthesise clusters with
bridging BINAP such as 1,1- or 1,2-[Ru3(CO)10(BINAP)].
If such complexes could be made, it would be possible
to examine chiral induction in the reactions of these
clusters with prochiral organics, possibly leading to
cluster catalysis. In particular we were interested to
know whether the stereochemistry of reactions at the
metal atoms not coordinated to BINAP might be con-
trolled by the BINAP stereochemistry. It was not
obvious that BINAP would bridge to give the 1,2-isomer
rather than chelate to give the 1,1-isomer because
bidentate ligands can coordinate in either way and
isomers of [Os3(CO)10(diphosphine)] are known for some
diphosphines. For example, the 1,1- and 1,2-isomers of
[Os3(CO)10(Ph2PCH2CH2PPh2)] are formed by reaction
of 1,1- or 1,2-[Os3(CO)10(C4H6)], where the buta-1,3-
diene (C4H6) is either chelating or bridging,21 although
isomers of this kind have not been observed for ruthe-
nium.
Since we were particularly keen to get high-yield

syntheses, we chose to use the method of reacting
[Ru3(CO)12] with BINAP in the presence of Me3NO, a
reagent which has been shown to be effective in oxida-
tively removing CO to allow phosphine coordination
under very mild conditions. Remarkably, the product
we obtained in good yield was not the expected [Ru3-
(CO)10(BINAP)] but rather a bis(hydroxy) Ru3 cluster.
Direct thermal reaction of BINAP with [Ru3(CO)12] gave
ortho metallation of BINAP.

Results and Discussion

Synthesis and X-ray Characterization of the
Cluster [Ru3(µ-OH)2(CO)8{µ-(R)-BINAP}]. The clus-
ter [Ru3(CO)12] was reacted with (R)-BINAP in the
presence of trimethylamine-N-oxide (Me3NO‚2H2O) in
the mixed solvent system methanol, acetonitrile, and
dichloromethane under reflux for 1 h. In addition to
some very minor uncharacterized products, we were
able to separate a major product in 80%, as orange-
brown crystals, which was shown to be the quite
unexpected product [Ru3(µ-OH)2(CO)8{µ-(R)-BINAP}]
(1) (Scheme 1). The crystals were coated with a sticky
film which could not be washed off and this probably
accounts for the C and H analytical data being rather
higher than calculated (see the Experimental Section).
FAB mass spectra are consistent with the formulation
given. The 1H NMR spectrum showed the expected
spectrum in the phenyl and naphthyl region, consistent
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Structures of (R)-BINAP and [Ru3(µ-OH)2(CO)8{µ-(R)-BINAP}] Organometallics, Vol. 16, No. 26, 1997 6005
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with C2 symmetry, although some of the signals were
extremely broad at room temperature (see below). A
high-field triplet at δ -1.48 (2H), showing equal cou-
pling to both 31P nuclei (J ) 4.0 Hz), is not in the correct
shift range for hydride. However, µ-hydroxy 1H NMR
signals have been reported at δ -1.08 for [Os3(µ-OH)-
{µ-SC(NMe2)2}(µ-MeOCO)(CO)9],22 at δ -1.61 for [Os3(µ-
H)(µ-OH)(CO)9(PMe2Ph)],23 at δ 0.54 for [Os3(µ-H)(µ-
OH)(CO)9(PEt3)],24 at δ 0.44 for [Os3(µ-H)(µ-OH)(CO)8-
(dppm)],24 at δ 0.20 for [Os3(µ-H)(µ-OH)(CO)10],25 and
at δ -1.63, -1.30, and -1.48 for various PPh3-
substituted derivatives of this compound.25 Therefore
it seems likely that 1 is a dihydroxy complex. The 31P-
{1H} NMR singlet is also consistent with C2 symmetry
as for BINAP itself. In addition, the cluster was
characterized by IR spectra, FABMS (parent molecular
ion observed), and single-crystal X-ray diffraction.
Single crystals of 1 were grown by slow diffusion of

2-methoxyethanol into a dichloromethane solution, the
structure determined is shown in Figure 1, and selected
bond lengths and angles are given in Table 1. Each of
the two independent but very similar molecules, A and
B, in the unit cell (Z ) 8) contain isosceles triangles of
ruthenium atoms with the unique longer nonbonded
Ru‚‚‚Ru edge bridged by (R)-BINAP and two OH ligands.
The unbridged Ru-Ru distances are 2.814(3) and 2.820-
(2) Å (mol. A), and 2.810(3) and 2.812(2) Å (mol. B),
while the Ru‚‚‚Ru distances are 3.023(2) Å (mol. A) and
3.030(2) Å (mol. B). Compound 1 is a 50-electron
cluster, and as expected, has only two Ru-Ru bonds.
We believe that the Ru‚‚‚Ru distance is as short as this
to accommodate the two OH bridges, since the distance
is similar to those in related triruthenium clusters with
double alkoxy bridges for which Ru‚‚‚Ru distances are
in the range 3.002-3.072 Å.26 Therefore the Ru‚‚‚Ru

distance in 1 is probably controlled by the OH bridges
and may not be optimal for BINAP bridging.
Because the structure of BINAP has not been re-

ported, we determined its structure for comparison with
the known structures of chelating BINAP and this
unique structure of bridging BINAP. Two projections
of the molecular structure of (R)-BINAP are shown in
Figure 2, and selected bond lengths and angles are given
in Table 2. The dihedral angle between the two naph-
thyl groups in free BINAP is 88.3°, compared with 78.1°
in 1, and the values typically found for chelating BINAP
are in the range 65-77°. In contrast to coordinated
BINAP, there is freedom to rotate about the naphthyl-
PPh2 bonds, and the observed conformation reduces the
lone pair-lone pair repulsions and is therefore not
preorganized to coordinate either as a chelating or
bridging ligand. The orientation of the phosphorus lone
pairs was assessed by placing a ghost H-atom on each
phosphorus in an idealized position with all HPC angles
equal. The torsional angle H-P(1)-P(2)-H was cal-
culated to be 165.8°. The corresponding angle in 1 is
the torsional angle Ru(1)-P(1)-P(2)-Ru(2), which is
1.9°, which is close to zero as expected. There needs to
be an approximately 90° rotation about each naphthyl-
PPh2 bond of free BINAP to set up the correct confor-
mation for coordination.
The other major difference between free, chelating,

and bridging BINAP is the P(1)‚‚‚P(2) distance, which
is 4.218 Å in free (R)-BINAP and 4.719 Å in 1. Typically
this distance is lower in chelating than in free BINAP;
for example, the P‚‚‚P distance in [PdCl2(BINAP)]6 is
3.249 Å. This shortening on chelation results from the
need to attain normal metal-phosphorus distances
within the chelate ring, while the lengthening on
bridging results from the requirement to redirect the(22) Azam, K. A.; Dilshad, R.; Kabir, S. E.; Miah, R.; Shahiduzza-

man, M.; Rosenberg, E.; Hardcastle, K. I.; Hursthouse, M. B.; Malik,
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(23) Ditzel, E. J.; Gomez-Sal, M. P.; Johnson, B. F. G.; Lewis, J.;
Raithby, P. R. J. Chem. Soc., Dalton Trans. 1987, 1623.

(24) Hodge, S. R.; Johnson, B. F. G.; Lewis, J.; Raithby, P. R. J.
Chem. Soc., Dalton Trans. 1987, 931.
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A. K.; Vahrenkamp, H. Chem. Ber. 1992, 125, 1111. (c) Santini, C. C.;
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Figure 1. Molecular structure of [Ru3(µ-OH)2(CO)8{µ-(R)-
BINAP}] (1) showing the crystallographic labeling scheme.
Thermal ellipsoids are at the 30% probability level.

Table 1. Selected Bond Lengths (Å) and Angles
(deg) for 1

molecule A molecule B

Ru(1)-O(2) 2.102(13) Ru(4)-O(4) 2.112(12)
Ru(1)-O(1) 2.111(13) Ru(4)-O(3) 2.118(13)
Ru(1)-P(1) 2.391(6) Ru(4)-P(3) 2.400(6)
Ru(1)-Ru(3) 2.814(3) Ru(4)-Ru(6) 2.810(3)
Ru(1)-Ru(2) 3.023(2) Ru(4)-Ru(5) 3.030(2)
Ru(2)-O(1) 2.102(13) Ru(5)-O(3) 2.111(14)
Ru(2)-O(2) 2.133(14) Ru(5)-O(4) 2.124(13)
Ru(2)-P(2) 2.394(6) Ru(5)-P(4) 2.403(6)
Ru(2)-Ru(3) 2.820(2) Ru(5)-Ru(6) 2.812(2)
P(1)-C(101) 1.79(2) P(3)-C(311) 1.83(2)
P(1)-C(211) 1.84(2) P(3)-C(301) 1.86(2)
P(1)-C(111) 1.82(2) P(3)-C(401) 1.86(2)
P(2)-C(131) 1.81(2) P(4)-C(331) 1.83(2)
P(2)-C(121) 1.82(2) P(4)-C(411) 1.84(2)
P(2)-C(201) 1.85(2) P(4)-C(321) 1.86(2)

O(2)-Ru(1)-O(1) 79.1(5) O(4)-Ru(4)-O(3) 79.5(5)
O(2)-Ru(1)-P(1) 87.7(4) O(4)-Ru(4)-P(3) 90.2(4)
O(1)-Ru(1)-P(1) 89.7(4) O(3)-Ru(4)-P(3) 88.7(4)
Ru(3)-Ru(1)-Ru(2) 57.65(6) Ru(6)-Ru(4)-Ru(5) 57.43(6)
O(1)-Ru(2)-O(2) 78.6(5) O(3)-Ru(5)-O(4) 79.4(5)
O(1)-Ru(2)-P(2) 88.3(4) O(3)-Ru(5)-P(4) 89.1(4)
O(2)-Ru(2)-P(2) 90.2(4) O(4)-Ru(5)-P(4) 88.6(4)
Ru(3)-Ru(2)-Ru(1) 57.44(6) Ru(6)-Ru(5)-Ru(4) 57.34(6)
Ru(1)-Ru(3)-Ru(2) 64.91(6) Ru(4)-Ru(6)-Ru(5) 65.23(6)
Ru(2)-O(1)-Ru(1) 91.7(5) Ru(5)-O(3)-Ru(4) 91.5(5)
Ru(1)-O(2)-Ru(2) 91.1(5) Ru(4)-O(4)-Ru(5) 91.3(5)
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phosphorus lone pairs toward the metal centers. The
Ph groups in chelating BINAP (Figure 3b) are clearly
either equatorial or axial, providing the mechanism for
transmission of asymmetry from the binaphthyl group
toward the other ligands at the metal center, an
essential feature for achieving high enantiomer excesses
in asymmetric catalysis. Similar effects are apparent
in µ-BINAP (Figure 3c), although the equatorial Ph
groups are drawn away from adjacent ligands in this
case. The difference between chelating and bridging
BINAP results directly from the angle between the P-M
vectors being about 90° in Figure 3b but only 41.5° in
Figure 3c.
In addition to these changes on coordination, there

are significant differences in the conformation of the
PPh2 groups and in the approach of Ph to naphthyl
groups. In free BINAP the Ph groups are distant from
the naphthyl groups, but the process of rotating about
Ph2P-naphthyl bonds to achieve coordination results
in one phenyl of each PPh2 aligning in a parallel

graphitic manner to the naphthyl group to which the
PPh2 is not bonded directly. This parallel alignment is
also found in µ-BINAP, as seen in the space-filling
picture of 1 in Figure 4, and has a marked effect on the
barrier to phenyl rotation.
Fluxionality of 1. Figure 5 shows the variable-

temperature 1H NMR spectra of 1. The OH signal is
essentially temperature-independent and the 13C NMR
for the CO ligands and the 31P{1H} NMR spectra
likewise. The 13C{1H} NMR spectrum of a 13CO-
enriched sample of 1 contains the expected four signals
associated with C2 symmetry: δ 206.5 (s), 205.9 (s),
205.4 (s), and 198.6 (d, JPC ) 4.0 Hz), the doublet being
best assigned to the carbonyls d in Figure 6, which are
trans to the 31P nuclei across the bonding Ru-Ru edges.

Figure 2. Two projections of the structure of (R)-BINAP
showing the crystallographic labeling scheme. Thermal
ellipsoinds are at the 30% probability level.

Table 2. Selected Bond Lengths (Å) and Angles
(deg) for (R)-BINAP

P(1)-C(31) 1.819(5) P(2)-C(11) 1.843(5)
P(1)-C(1) 1.830(5) C(1)-C(2) 1.375(7)
P(1)-C(41) 1.843(6) C(2)-C(12) 1.499(6)
P(2)-C(61) 1.823(6) C(11)-C(12) 1.380(7)
P(2)-C(51) 1.839(5)

C(31)-P(1)-C(1) 103.5(2) C(51)-P(2)-C(11) 100.6(2)
C(31)-P(1)-C(41) 103.3(3) C(2)-C(1)-P(1) 118.7(4)
C(1)-P(1)-C(41) 101.4(2) C(10)-C(1)-P(1) 122.1(4)
C(61)-P(2)-C(51) 102.3(3) C(12)-C(11)-P(2) 118.7(4)
C(61)-P(2)-C(11) 102.1(2) C(20)-C(11)-P(2) 121.7(4)

Figure 3. Structures of BINAP: (a) uncomplexed, (b)
chelating in [PdCl2(BINAP)], and (c) bridging in cluster 1.
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This spectrum does not change noticably between -65
and 40 °C, indicating that the observed coalescence in
the 1H spectrum is not the result of fluxionality in the
M3(CO)10 framework. Analysis of a COSY 1H NMR
spectrum at -65 °C showed that the exchange was
occurring between protons giving signals A and C to give
X and between B and D to give Y and that the coupling
is entirely consistent with two equivalent Ph groups
giving rise to signals A-E, that is, these two phenyl
groups have nonequivalent ortho andmeta positions as
a result of restricted rotation at low temperature.
Exchange is between nonequivalent 2 and 6 positions
and between 3 and 5 positions as a result of restricted
rotation about two of the four Ph-P bonds. This can

be rationalized by unrestricted rotation (A) and re-
stricted rotation (B) (Figure 4). We are assuming that
it is the phenyls that lie parallel to the naphthyl groups
that experience the greatest barrier to rotation. To our
knowledge restricted phenyl rotation of this kind has
not been reported for chelating BINAP, although Figure
3 shows that this is a possibility.
Origin of the Hydroxy Ligands in 1. Oxide or

hydroxide ligands are commonly found in osmium and
ruthenium clusters and are normally derived, some-
times adventitiously, from water or dioxygen.22,25 In
this case there is the alternative that the hydroxide
ligands are derived from trimethylamine N-oxide. We
have not carried out labeling experiments to confirm
this. It is remarkable that no [Ru3(CO)10(BINAP)] at
all is formed and that the yield of 1 is 80%, considering
the considerable use that has been made of the
[Ru3(CO)12]/tertiary phosphine/Me3NO system in pre-
paring substituted derivatives of the trinuclear carbo-
nyl. The only possible related report is the formation
of [Os3(µ-OH)(µ-MeOCO){η1-(Me2N)2CS}(CO)9] (10%) in
the [Os3(CO)12]/tetramethylurea/Me3NO‚2H2O reaction
in methanol/benzene, but even here the major product
(50%) is the substituted derivative [Os3(CO11){η1-(Me2N)2-
CS}].22
Reaction of [Ru3(CO)12] with (R)-BINAP in the

Absence of Me3NO. Direct thermal reaction of the
carbonyl with (R)-BINAP is slow, but in refluxing octane
a complex of apparent formula [Ru3(CO)9(BINAP)] (2)
is formed in 38% yield along with small amounts of two
uncharacterized products, one mauve and one yellow,
which are not [Ru3(CO)x(BINAP)] (x ) 10 or 11). The
double doublet signal at δ -16.49 in the 1H NMR
spectrum established that 2 is a hydrido cluster. Suc-
cessive decoupling of the two 31P NMR signals at δ 26.92
and 42.16 established that the hydride signal was a
double doublet as a result of coupling to two nonequiva-
lent 31P nuclei. The 13C{ H} NMR spectrum is ex-
tremely complex, showing over 20 signals (doublets and
multiplets), and confirmed that the BINAP ligand had
lost C2 symmetry (as does the 31P NMR spectrum), as
would be expected for orthometalation. We propose that
2 is the cluster [Ru3(µ-H){µ3-(C6H4)PPhC20H12PPh2}-
(CO)9], which would be the first example of an ortho-
metalated BINAP complex. The orange solid did not
produce crystals of suitable quality for X-ray diffraction
studies, so we are unable to propose a structure, but
we suggest that metalation of one phenyl group has
occurred to give a µ3-ligand. Attempts to carbonylate 2
to give [Ru3(CO)10(BINAP)] by bubbling CO through
refluxing octane or decane solutions were unsuccessful.

Figure 4. Space-filling model of BINAP in 1. The Ru3-
(OH)2(CO)8 group of atoms are almost totally obscured.
Rotation (B) of the phenyl groups closely parallel to the
naphthyl groups is severely restricted, while there is no
evidence for restricted rotation of the other phenyl groups
(A).

Figure 5. 1H NMR spectra of 1 in CDCl3 showing the
pairwise coalescence of ortho phenyl signals (A and C) and
meta phenyl signals (B and D) and temperature invariance
of para signal E. The freely rotating phenyl signals appear
at δ 7.2-7.4.

Figure 6. Structure of 1 showing the labeling of the CO
ligands.
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The only product was the mauve uncharacterized
compound from the original preparation (identical IR
spectra).

Experimental Section

Materials. The cluster [Ru3(CO)12] and (R)-BINAP were
used as obtained from Aldrich. The 400 MHz NMR spectra
were obtained on a Varian VXR400 spectrometer, 31P-de-
coupled 1H NMR spectra on a Bruker Spectrospin AC200
spectrometer, IR spectra on a Nicolet 280 FTIR spectrometer,
and FAB MS (MNBA matrix) on a ZAB mass spectrometer.
Reaction of [Ru3(CO)12] with (R)-BINAP in the Pres-

ence of Me3NO‚2H2O. Solid samples of ruthenium carbonyl
(0.050 g) and (R)-BINAP (0.070 g) were finely ground together
and added to a solution of trimethylamine N-oxide (0.050 g)
in methanol (1 mL) and acetonitrile (5 mL). Dichloromethane
(35 mL) was added and the mixture refluxed under nitrogen
for 1 h. The resulting solution was passed through a short
column of silica (1 mL) to remove any excess of amine oxide
and the solvent was removed under reduced pressure. The
residual solid was separated by TLC on silica (Merck 5715
prepared plates) eluting with a dichloromethane-hexane
mixture (3:7 v/v). The main orange-brown band was extracted
with dichloromethane to yield [Ru3(µ-OH)2(CO)8{µ-(R)-BI-
NAP}] (1) as an orange-brown solid (80%). Spectral
characterization: IR, ν(CO)/cm-1 (CH2Cl2): 2066(m), 2028(m),
2017(vs), 1986(w), 1972(w), 1937(s), 1911(vs); 1H NMR (CDCl3,
-65 °C): exchanging Ph signals (broad above -65 °C), δ 6.03
(t,meta), 6.48 (t, ortho), 6.67 (t, para), 6.76 (t,meta), 7.56 (dd,
ortho); other signals, δ 7.35-7.48 (overlapping m), 7.47 (d),
7.52 (d), -1.48 (OH, JPH 4.0 Hz); 13C{1H} NMR (CDCl3, 20
°C): CO signals (13CO-enriched sample) δ 206.5 (s), 205.9 (s),
205.4 (s), 198.6 (d, J ) 35.3 Hz), Ph and naphthyl signals, δ
143.6-126.6. 31P{1H} NMR (CDCl3, 20 °C): δ 40.22 (s)
(relative to P(OMe)3). The parent molecular ion centered at

1184 Da and successive loss of 5CO were observed in the FAB
MS. Anal. Calcd for C52H34O8P2Ru3: C, 54.22; H, 2.98.
Found: C, 55.59; H, 4.72.
Direct Thermal Reaction of [Ru3(CO)12] with (R)-

BINAP. A mixture of ruthenium carbonyl (0.030 g) and (R)-
BINAP (0.030 g) in octane (15 mL) was heated under nitrogen
under reflux for 45 min. The cooled solution was filtered
through a short silica column and the solvent was removed
under reduced pressure (10-3 mmHg) to give a brown residue.
This was dissolved in CH2Cl2, loaded on to TLC plates (SiO2),
and eluted with a dichloromethane/hexane mixture (3:7 by
volume) to give three bands. Two of the bands gave small
amounts of uncharacterized material, a mauve residue (0.004
g) and a yellow residue (0.001 g), while the main orange-brown
band gave an orange solid (0.23 g, 38%) characterized as [Ru3-
(µ-H)(µ3-BINAP-H)(CO)9] (2). Anal. Calcd for C53H32O9P2-
Ru3: C, 54.04; H, 2.74. Found: C, 54.81; H, 3.22. Spectral
characterization: IR, ν(CO)/cm-1 (hexane): 2065(vs), 2027(vs),
2014(vs), 1985(s), 1970(s), 1962(m), 1948(m); 1H NMR (CDCl3,
25 °C): δ 8.26 (m), 7.69 (d), 7.55-7.49 (m), 7.40 (dd), 7.30-
7.20 (m), 7.09 (dd), 7.05 (t), 6.90 (t), 6.84 (m), 6.82 (m), 6.78
(d), 6.66 (dd), 6.53 (d), 6.40 (dd), 6.37 (m), 6.33 (d), 6.28 (t),
6.19 (t), -16.49 (dd, JPH ) 14.0, 42.5 Hz, RuHRu); 13C{1H}
NMR (CDCl3, 20 °C): CO signals, δ 202.9 (s), 202.8 (s), 202.7
(s), 198.2 (s), other signals at 168.7 (d), 150.1 (d), 144.0 (s) and
about 40 signals (doublets and singlets, δ 123 to 138). 31P-
{1H} NMR (CDCl3, 25 °C): δ 42.1 (dd, JPP ) 40, JHP ) 43 Hz),
26.8 (dd, JPP ) 40, JHP ) 14 Hz). The highest mass peaks
observed in the FAB MS correspond to the loss of 2CO from
[Ru3(µ-H)(µ3-BINAP-H)(CO)9].
X-ray Crystallographic Studies of 1 and (R)-BINAP.

Single crystals of 1 were obtained by overlaying a saturated
CH2Cl2 solution with ethanol and allowing solvent diffusion
to occur at room temperature. Single crystals of (R)-BINAP
were obtained by evaporation of a 2-ethoxyethanol solution.
Crystals were mounted on glass fibers on a Nicolet R3m/v
diffractometer. Data were collected at 293(2) K using graphite-
monochromated Mo-KR radiation (λ ) 0.71073 Å). Three
standard reflections were measured every 97 reflections and
showed very small variations in intensity. Intensities were
corrected for Lorentz and polarization effects and empirical
absorption corrections were applied for 1, but not for (R)-
BINAP, based upon Ψ-scans. Some details of the data
collection and refinement are given in Table 3. Further details
are provided in the Supporting Information. The structures
were solved by direct methods and the structures refined by
full-matrix least-squares refinement of |F2|, using SHELXTL-
PLUS. H-atoms were included in calculated positions using
a riding model with a C-H distance of 0.96 Å and fixed
isotropic thermal parameters of 0.08 Å2. All other atoms were
refined anisotropically except the carbon atoms in 1 which
contained two independent molecules in the unit cell.
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Table 3. Crystal Data for 1 and (R)-BINAP
1 (R)-BINAP

cryst size (mm) 0.35 × 0.25 × 0.18 0.46 × 0.43 × 0.40
formula C52H34O10P2Ru3 C44H32P2
Fw 1183.94 622.64
color red colorless
cryst system ortho rhombic monoclinic
space group P212121 P21
Temp (K) 293(2) 293(2)
a (Å) 17.982(5) 9.151(3)
b (Å) 23.775(4) 18.783(5)
c (Å) 24.262(9) 10.036(4)
â (deg) 90 103.11(3)
V (Å3) 10372(5) 1680.0(9)
Z 8 2
dcalc (g cm-3) 1.516 1.231
µ(Mo KR) (mm-1) 0.978 0.160
F(000) 4704 652
2θ range (deg) 5-45 5-50
no. rflns measd 7289 3205
no. indep rflns 7288 3016
wR2 (all data) 0.2218 0.1320,
R1 [I>2σ(I)] 0.0690 0.0492
goodness-of-fit on F2 1.049 1.073
Data/parameters 7284/687 3012/414
Absolute structure
parameter

0.0(2) 0.05(9)

Largest diff
peak/hole (eÅ-3)

1.344, -0.800 0.225, -0.254
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