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Abstract

The low barrier for interconversion of chiral conformations of the dynamically chiral 2,2 0-biphenyl ligand NMe2C6H4C6H4PCy2 is
raised upon coordination. The individual enantiomers of the planar chiral arene-tethered complex Ru(g6:g1- NMe2C6H4C6H4PCy2)Cl2
(1), however, do not undergo racemization readily. A second source of chirality, such as a chiral diamine, can be included by conversion
of 1 into a dicationic analogue [Ru(g6:g1-NMe2C6H4C6H4PCy2)((1S,2S)-DPEN)](SbF6)2 (2), which is a catalyst precursor for the hydro-
genation of aryl ketones. Two epimers of 2, RAr,S,S and SAr,S,S, are formed when starting from racemic 1; this 1:1 mixture of diaste-
reomers catalyzed the asymmetric hydrogenation of acetophenone. The enantiomerically pure diastereomers were obtained from
resolved 1 and used separately to catalyze the reaction. Each diastereomer showed different selectivity, with SAr,S,S-2 being the more
selective (61% ee for the hydrogenation of acetophenone). Our studies suggest that ruthenium hydride formation is accompanied by
a decrease in hapticity of the g6-arene and probable detachment of the ring from the metal. Nevertheless, the original conformational
chirality of the biphenyl ligand appears to be at least partially retained during the catalysis.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The ruthenium catalyzed asymmetric hydrogenation of
ketones developed by Noyori and coworkers [1–11] has
emerged as a powerful method for the production of chiral
non-racemic alcohols. These catalysts, which derive from
complexes of the general form trans-RuCl2(bisphos-
phine)(diamine) or trans-RuCl2(phosphine)2(diamine), are
very active and selective for a variety of ketones [1–11].
The accepted mechanism involves a non-classical metal–
ligand bifunctional catalysis, where the ancillary ligands
play an active role in the reaction. Specifically, an in situ

generated amido ligand is thought to aid in the activation
of dihydrogen, and to then be involved in a proton transfer
to the ketone [12–15]. There has been recent interest in sys-
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tems in which the chirality of one ligand can be used to
convey the chiral information to another conformationally
flexible ligand [16–22]. A particularly effective case is that
of RuCl2(1S,2S-DPEN)(BIPHEP) where DPEN is configu-
rationally stable diphenylethylenediamine and BIPHEP is
dynamically chiral 2,2 0-bis(diphenylphosphino)-1,1 0-biphe-
nyl [19].

During the course of our recent research with the planar
chiral arene-tethered half-sandwich complex Ru(g6:g1-
NMe2C6H4C6H4PCy2)Cl2 (1) [23–25], we have found that
a dicationic derivative, [Ru(g6:g1- NMe2C6H4C6H4P-
Cy2)((1S,2S)- DPEN)](SbF6)2 (2), is a catalyst precursor
for the asymmetric hydrogenation of ketones under the
conditions first reported by Noyori et al. [3], In 1 the con-
figuration of the potentially dynamically chiral biphenyl
ligand is locked in place by the coordination to the metal
and the complex shows no propensity for racemization in
solution. The dicationic complex, 2, also retains its config-
uration in solution. As 2 is an 18-electron coordinately
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Fig. 1. Regions of the 1H NMR Spectrum of RAr,R,R-2.
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saturated species, its activation during its use in catalytic
hydrogenation must involve the generation of open coordi-
nation sites to facilitate the binding of the substrate and/or
the formation of one or more hydrides. Our initial investi-
gations have suggested that the loss of the g6-arene ligand
during the catalysis furnishes the necessary binding sites,
though this occurs with a high degree of retention of the
ligand chirality. This report details the preliminary charac-
terization and catalysis with 2, with an emphasis on the
analysis of the chiral elements of the complex and their
respective effects on the catalytic selectivity.

2. Results and discussion

The dicationic complex 2 was prepared by the abstrac-
tion of the two chloride ligands of 1 with AgSbF6 in the
presence of the chiral diamine (1S,2S)-DPEN. The result-
ing dicationic complex is a robust air stable yellow solid
that can be readily handled on the bench top. When start-
ing from racemic 1, two diastereomers in a 1:1 ratio are
formed owing to the fixed chirality of the diamine ligand
(Scheme 1). The 1H NMR spectrum shows that, for both
of the two isomers (RArS,S-2 and SArS,S-2), each of the
four amino protons are diastereotopic at room tempera-
ture. The protons attached to the chelate ring are readily
identified by the larger coupling constants (�12 Hz) from
geminal coupling on the NH2 groups and trans couplings
between the axial NH’s and CH’s, whereas the g6-arene
ring protons generally have couplings of up to �7 Hz.
The broadening from the quadrupolar 14N provides identi-
fication of the protons attached to nitrogen. Cross peaks in
a COSY experiment provided the connectivity, as is indi-
cated for the RAr,R,R diastereomer, which is shown in
Fig. 1. Identification of which amino protons are syn or
anti to the dimethylamino substituents was not straightfor-
ward, although one might speculate that an upfield shift
would be expected for the axial NH proton (H1a) owing
to the ring current from the g6 ring.That the four amino
protons are diastereotopic is indicative fairly strong bonds
between the diamine and the ruthenium center. A dynamic
process involving hemilability of the diamine would elimi-
nate the diastereotopic nature of the amino protons in the
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NMR spectrum. Specifically, the dissociation of one of the
amino ligands, which would result in a hemilabile 16-elec-
tron species, would at least make the two protons on the
free amine equivalent owing to the fast N–C bond rotation
and an umbrella-flip processes. That is, dissociation should
allow for the facile interconversion of the two amino pro-
tons since the abovementioned dynamic processes would
be expected to be fast relative to the NMR timescale upon
the generation of a free amine and subsequent recoordina-
tion. The observance of four diastereotopic amino protons
therefore precludes a hemilabile process that is fast on the
NMR timescale.

Along these lines, the observance of the four diastereo-
topic amino protons reflects the differences in the two sides
of the chelate. This is an effect of the planar chirality of the
complex; more specifically, one of the amino groups is
bound syn with respect to the NMe2 moiety on the g6-
arene ring, while the other is anti. Here again, the rigidity
of the complex is illustrated, as the aforementioned
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Fig. 2. ORTEP diagrams of the cations in RAr,S,S-2 (top) and SAr,S,S-2
(bottom) from the quasi-racemate.

Fig. 3. An ORTEP diagram of the cation of RAr,R,R-2 from enantiome-
rically pure material.
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hemi-labile process could also potentially give rise to the
interconversion of the two sides of the diamine. The non-
labile nature of the DPEN ligand was further evidenced
by elevated temperature NMR experiments in d6-dmso,
which showed the four amino protons remained diastereo-
topic even at a temperature of 125 �C, at which point no
observable line broadening had occurred in any of the res-
onances. The inequivalency of these amino protons is a
potentially important feature of 2, since the amino ligands
of ruthenium complexes are often cited as active partici-
pants in the catalytic hydrogenation reactions.

The two diastereomers, RAr,S,S-2 and SAr,S,S-2, can be
obtained individually by utilizing the BINAM-based resolu-
tion protocol that has been previously reported by our lab-
oratory.[24] This process, which involves the similar
diastereomeric complexes [Ru(g6:g1-NMe2C6H4C6H4P-
Cy2)((R)-BINAM)](SbF6)2 (3) provides a route to enantio-
pure 1. While the diastereomers of 3 are resolvable by
fractional crystallization, this is not feasible for the DPEN
variants owing to the tendency for RAr,S,S-2 and SAr,S,S-
2 to crystallize as a quasi-racemate. From the X-ray struc-
ture of the quasi-racemate (Fig. 2), it is clear that the phenyl
groups on the backbone on DPEN are similarly disposed
relative to the rest of the complex. Hence, the outside surface
of the complex of either the (1S,2S) or (1R,2R)-DPEN
would be very similar. Therefore, upon crystallization of
the RAr,S,S-2 and SAr,S,S-2 diastereomeric mixture, the
planar chiral arene-tethered ligands arrange themselves to
be centrosymmetrically related in a pseudo-P21/m array,
which accounts for the observed formation of the quasi-
racemate. The similarity of the phenyl orientations in diaste-
reomers can be appreciated by comparing RAr,S,S-2, with
RAr,R,R-2 (Fig. 3.)

The complex 2, although it is a coordinately saturated
complex with no apparent fluxional behavior, is an efficient
and asymmetric catalyst for the hydrogenation of acetoph-
enone and 1 0-acetonaphthone. The catalytic conditions are
those first developed by Noyori and coworkers: under
hydrogen pressure of 8 atm, in i-PrOH, and activated with
an inorganic base [3]. The results are summarized in Table
1; the reaction does not proceed in the absence of either
the H2 pressure or the base. The 1:1 mixture of the two
isomers, RAr,S,S-2 and SAr,S,S-2, catalyzes the hydrogena-
tion of acetophenone (4a) to furnish (+)-(R)-sec-phenethyl
alcohol (5a) in 51% enantiomeric excess (ee). The more
bulky aromatic group in acetonaphthone (4b) did not
adversely affect the conversion, although the ee was lower
(34%) when again the reaction was catalyzed by the diaste-
reomeric mixture of 2.

Interestingly, the BINAM variant, 3, results in only 3%
conversion to product under the identical conditions. This
may be related to the increased lability of the BINAM
ligand with respect to DPEN, which is reflected in the com-
parative instability of 3. For example, while 2 is stable in
untreated solutions for extended periods, 3 undergoes facile
decomposition in a variety of solvents, and in general is best
handled in dry CH2Cl2 and under a nitrogen atmosphere.



Table 1
Catalytic hydrogenations of ketones

Me R

O
2 (3%)

    NaOtBu
    iPrOH

    
    H2 (8 atm)

    4 h
Me R

OH

       4
a: R = phenyl
b: R = naphthyl

5

Entry Precatalyst Ketone Conversion (%) ee

1 1:1 Mix (RAr,S,S)-2/(SAr,S,S)-2 4a >98 51
2 1:1 Mix (RAr,aR)-3/(SAr,aR)-3 4a 3 N/A
3 (RAr,S,S)-2 4a >98 40
4 (SAr,S,S)-2 4a >98 61
5 1:1 Mix (RAr,S,S)-2/(SAr,S,S)-2 4b >98 34
6 (RAr,S,S)-2 4b >98 27
7 (SAr,S,S)-2 4b >98 40

All hydrogenations were carried out at a catalyst concentration of 0.02 M,
with a 20:1 base to catalyst ratio.
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The relative lability of BINAM is further illustrated by the
reaction shown in Scheme 2, where the addition of an equiv-
alent of DPEN to a CD2Cl2 solution of 3 resulted in the fac-
ile and quantitative conversion to 2 within 30 min. The
partial precipitation of 2 may have helped to drive the reac-
tion to completion; nonetheless, the relative ease with which
the BINAM ligand is displaced reflects its lability in solu-
tion. Given this, it is unlikely that the BINAM ligand in 3
would remain bound to ruthenium under the catalytic con-
ditions. This could also suggest that the DPEN ligand in 2

may actively participate in the hydrogenation reaction.
When the diastereomers of 2 are used individually in the

hydrogenation of 4a, in both cases (+)-(R)-5a is produced,
although the ee was slightly different in each case. Specifi-
cally, the ee was improved for SAr,S,S-2 (61%) and wors-
ened for RAr,S,S-2 (40%). This trend holds for both of
the ketone substrates (4a–4b), and in both cases the selec-
tivity of the reaction catalyzed by the mixture of isomers
was approximately the average of the selectivity given by
the two isomers individually. This implies that the reaction
rates are nearly the same for the two diastereomeric precat-
alysts. While it is clear from this that the most important
element in the transfer of chirality is the DPEN chelate,
it is noteworthy that the two isomers of 2 impart different
Ru
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Me2N (SbF6)2

H2N

N
Cy2
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Scheme 2. Convers
enantioselectivity to the catalytic reaction, and that a
higher selectivity was noted in the case of SAr,S,S-2. The
implication is that the planar chiral arene-tethered ligand
is also affecting the selectivity.

This result provides a clue to the nature of the true cat-
alyst; since both chiral elements are involved in the chiral
transfer, it suggests that both remain bound during the
reaction. Since the precursor 2 is coordinately saturated,
binding sites must be generated during the course of the
catalysis by the dissociation (or partial dissociation) of
one or more of the ligands. The 1H NMR of the crude mix-
ture after a hydrogenation catalyzed by the 1:1 mix of the
diastereomers of 2 showed no sign of any g6 resonances,
which generally appear between 4 and 7 d. In addition,
small amounts of two hydride resonances were observed
in an approximate ratio of 2:1, both of which were doublets
of �37 Hz due to phosphorus coupling. Unfortunately, the
rapid decomposition of the hydride species prevented more
complete characterization. The lack of g6 resonances in the
post-catalytic mixture suggests that the formation of
the hydride(s) is accommodated by the dissociation of the
arene during the catalysis. There is a precedent for the
dissociation of g6-arene ligands under similar conditions;
early work done by Noyori and co-workers showed that
complexes of the type [Ru(g6-arene)(BINAP)X]+ were
hydrogenation catalyst precursors in which coordinately
unsaturated species were formed by liberation of the g6-
arene [26]. In this case, due to the tethering of the arene,
its dissociation could give rise to a P–N binding mode.
The hydride resonances in the crude catalytic mixture are
potentially due to an isomeric mixture caused by a flexible
P–N bonding mode (Fig. 4). Since RAr,S,S-2 and SAr,S,S-2
catalyzed the reaction with different selectivity, though, it
can be said for certain that the chirality of the ligand is
retained (at least to a large extent) even if the arene is com-
pletely dissociated.

That the g6:g1 binding mode effectively halts the atrop-
isomeric interconversion of the biphenyl ligand is evidenced
by the configurational stability of 1, for which no observa-
ble racemization occurs. This contrasts with the flexible
nature of the free ligand, for which a free energy of activa-
tion of 18.8 kcal/mol has been reported by our laboratory
[27]. This barrier is sufficiently low as to prevent the resolu-
tion of the free ligand, since racemization occurs within a
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Fig. 4. Possible atropisomeric mixture of catalyst. One possible geometry for activation of the complex by ring-slippage upon addition of H2. Note that
the initial retention of the chirality in the P–N ligand results in diastereomeric complexes for a given metal geometry.
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few seconds. The P–N binding mode serves to increase the
barrier; for example, we have previously described the prep-
aration of (g3-allyl)Pd(g1:g1- NMe2C6H4C6H4PPh2),
which has a free energy of activation of �22 kcal/mol
[27]. The similar complex (g3-allyl)Pd(g1:g2- NMe2C6H4-
C6H4PCy2) exhibited a somewhat unusual binding mode
involving an g2-aryl interaction with an aromatic ring,
though the free energy of activation for the dynamically chi-
ral ligand was thought to be the same (�22 kcal/mol) as
with the other complex with the P–N mode [27]. Therefore,
this type of g2-aryl binding, which has also been observed in
some ruthenium compounds [28–36], cannot be ruled out in
the present case. While an appreciable increase in the inter-
conversion barrier of the ligand would be expected from
either binding mode, the racemization half-life for a barrier
of 22 kcal/mol is still on the order of �12 min at room tem-
perature, which is below the limit of what is typically con-
sidered atropisomerism [37].

From this, if the active catalyst for the hydrogenation
reaction involves a P–N bonding mode, then it is feasible
that the epimerization of the metal complex could be
occurring at a comparable rate to the catalysis. That
RAr,S,S-2 and SAr,S,S-2 give different selectivity in the
reaction, however, shows that the stereochemistry of the
catalysts is under kinetic control. That is, if a complete
equilibration occurred much faster than the rate of the
hydrogenation reaction, then the two isomers would pro-
duce the same selectivity. Although the catalyses were gen-
erally allowed to react for 4 h, it was later noted that the
hydrogenation of 4a was complete within 30 min. When
the hydrogenation of acetophenone, catalyzed by
SAr,S,S-2, was halted after 10 min, the reaction was seen
to have proceeded to 39% conversion. At this point, 5a

was produced in the same ee as at the end of the reaction
(61%), so the selectivity of the catalyst remains constant
during the course of the reaction under these conditions.
After 15 min, the reaction had proceeded to 91% conver-
sion, and so it appears that after a short induction period
the reaction occurs over a very brief interval of time.

Therefore, this is a different effect from what has been
successfully implemented by Mikami and co-workers
[19,38], which involves an equilibration of a dynamically
chiral ligand prior to catalysis. In this case it seems that,
for the standard conditions, the hydrogenation reaction
occurs very quickly in comparison to the epimerization of
the catalyst. When additional ketone (3 · the usual
amount, a 100-fold excess with respect to the catalyst)
was added to the reaction catalyzed once again with
SAr,S,S-2, while keeping the catalyst and base concentra-
tions the same as with the prior runs, the ee of 5a decreased
to 55% at complete conversion. If the turnover-limiting
step is the hydride formation, as is often the case, then
the addition of excess ketone while holding the other reac-
tant concentrations constant should serve to extend the
reaction time. Indeed, kinetic studies on Noyori’s system
have indicated that the reaction rate is generally indepen-
dent of the initial substrate concentration [15]. On this
basis, we postulate that the decrease in enantioselectivity
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is due to a longer reaction time, which allows for the epi-
merization of the catalyst to become a factor.

3. Conclusions

In summary [Ru(g6:g1- NMe2C6H4C6H4PCy2)((1S,2S)-
DPEN)](SbF6)2 (2) is an efficient and asymmetric catalyst
for the hydrogenation of acetophenone and 1 0-acetonaph-
thone. This is in contrast to [Ru(g6:g1- NMe2C6H4C6H4P-
Cy2)((R)- BINAM)](SbF6)2 (3), which shows very little
activity under the same conditions. The reason for this
marked difference in behavior could be related to the
increased lability of BINAM in comparison to DPEN.
The DPEN chelate is in fact quite rigidly bound, as evi-
denced by high temperature NMR experiments, which
showed that no exchange of the four diastereotopic amino
protons occurred in d6-dmso up to 125 �C.

The results of the catalyses showed that in fact the dom-
inant chiral element of the catalyst is the (S,S)-DPEN che-
late. This was established by a comparison of the
enantioselectivity of hydrogenation reactions catalyzed by
RAr,S,S-2, SAr,S,S-2, and the 1:1 mix of these two diaste-
reomers, which all furnished the (R)-alcohols with different
ee’s. The fact that (R)-alcohols were obtained in excess in
each case shows that the fixed chirality of (S,S)-DPEN is
overriding the mixed chirality of the arene-tethered ligand.
That the diamine is the most important feature in stereo-
control, and that the catalyst is activated with an alkoxide
base, suggests a metal–ligand bifunctional mechanism,
where the in situ generated amido ligands are active partic-
ipants in the reaction.

That each isomer separately gave different selectivity
demonstrates that the chirality of the arene-tethered ligand
does influence the chiral transfer, and so it can be said that
the memory of this chirality is retained during the reaction.
The NMR of the post-catalytic mixture showed two
hydride resonances in unequal proportions, and an appar-
ent lack of resonances that would correspond to g6-pro-
tons. The rapid decomposition of this crude mixture has
prevented our further characterization of these species;
however, we propose the dissociation of the g6-arene, pos-
sibly yielding a P–N binding mode, to account for the gen-
eration of the sites necessary to accommodate the reaction.
Thus, the true catalyst may be of the form Ru(diamine)-
(phosphine-amine), which is a novel catalyst type, and rep-
resents an extension to Noyori’s catalyst class. Future work
will focus on further mechanistic examinations, as well as
on the modification of this catalyst system to increase the
selectivity and extend the scope.

4. Experimental

4.1. General

The manipulations were carried out under a nitrogen
atmosphere using standard Schlenk techniques. Isopropyl
alcohol was dried over CaH2 lumps (4 mesh) and purged
with nitrogen prior to use. CH2Cl2 was distilled over
CaH2 under a nitrogen atmosphere. (1S,2S)-DPEN,
(1R,2R)-DPEN, (R)-BINAM, AgSbF6 (Strem), acetophe-
none, aectonaphthone, NaOt-Bu, Et2O, and Eu(hfc)3

(Aldrich), were all used as received. NMR spectra were
recorded on a Bruker 400 MHz (operating at 162 MHz
for 31P), or a Bruker 500 MHz (operating at 202 MHz
for 31P). Chemical shifts are reported in ppm relative to
solvent peaks (1H), or an H3PO4 external standard. The
elemental analysis of 2 was performed by Atlantic
Microlabs.

4.2. Nomenclature

Chirality descriptors for planar chirality are usually
indicated by pS and pR,however the convention for g6-
arene organometallics is to specify the chirality based on
the highest priority carbon attached to the metal and p is
not used. In the case at hand, it is difficult to distinguish
the chirality descriptor of the arene portion from that of
the diamine ligand and there do not appear to be prece-
dents for describing this. It would not be appropriate to
use SRu since that descriptor is based on a stereogenic
ruthenium atom, not the carbon of the arene. We have
placed the arene descriptor first, followed by that of the
ligand. In order to distinguish the arene metal chirality
from that of the ligand we have used a descriptor with an
‘‘Ar’’ subscript (e.g. RAr,R,R).

4.3. Synthesis of [Ru(g6:g1-NMe2C6H4C6H4PCy2)
((1S,2S)-DPEN)](SbF6)2 (2)

A flame-dried flask was charged with 1 (60 mg,
0.11 mmol) and AgSbF6 (74 mg, 0.22 mmol) under a
stream of nitrogen. CH2Cl2 (4 mL) was then added, fol-
lowed by (1S,2S)-DPEN (23 mg, 0.11 mmol). The resulting
mixture was stirred for 1/2 h, over which time a bright yel-
low color develops. The mixture was then filtered through
Celite, eluting with acetone, and dried under vacuum.
Crystals were obtained by slow diffusion of Et2O into a
CH2Cl2 solution. Anal. Calc. for C40H52F12N3PRuSb2:
C, 40.77; H, 4.45; N, 3.57. Found: C, 40.59; H, 4.46; N,
3.45%. Crystals suitable for X-ray determination were
obtained from diffusion of Et2O into an acetone solution.

4.4. (SArS,S)-2

1H NMR (500 MHz, (CD3)2CO): 8.19 (1H, m), 8.05
(1H, m), 7.82 (2H, m), 7.48–7.40 (4H, m), 7.36–7.24 (6H,
m), 7.09 (1H, br dd, J = 12 Hz, 4 Hz, NH2), 6.86 (1H, m,
CHg6-arene), 6.49 (1H, t, J = 5.6 Hz, CHg6-arene), 6.36 (1H,
d, J = 6.8 Hz, CHg6-arene), 6.31 (br t, J = 12 Hz, NH2),
5.59 (1H, d, J = 5.6 Hz, CHg6-arene), 4.82 (1H, td,
J = 12.0, 4.4 Hz, C(Ph)HDPEN), 4.27 (1H, br t, J = 12 Hz,
NH2), 4.03 (1H, td, J = 12.0, 4.0 Hz, C(Ph)HDPEN), 3.89
(1H, br t, J = 12 Hz, NH2), 2.97 (1H, m, CHcyclohexyl),
2.79 (1H, m, CHcyclohexyl), 2.75 (6H, s, N(CH3)2), 2.26
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(1H, m, CH2cyclohexyl), 2.17 (2H, m, CH2cyclohexyl), 1.95 (1H,
m, CH2cyclohexyl), 1.91–1.13 (12H, m, CH2cyclohexyl), 0.98–
0.82 (4H, m, CH2cyclohexyl).

31P NMR (202 MHz,
(CD3)2CO): 57.3.

4.5. (RAr,S,S-2)

1H NMR (400 MHz, (CD3)2CO): 8.18 (1H, m), 8.08
(1H, m), 7.82 (2H, m), 7.48–7.43 (4H, m), 7.35–7.25
(6H, m), (CHarom); 7.13 (1H, br d, J = 12 Hz, NH2), 6.86
(1H, tt, J = 6.4 Hz, 1.6 Hz, CHg6-arene), 6.82 (1H, m,
CHg6-arene), 6.54 (br t, J = 12 Hz, NH2), 5.92 (1H, d,
J = 6.4 Hz, CHg6-arene), 5.69 (1H, br d, J = 12 Hz, NH2),
5.68 (1H, dd, J = 5.3 Hz, 1.3 Hz, CHg6-arene), 4.80 (1H,
td, J = 12.0, 4.0 Hz, C(Ph)HDPEN), 4.13 (1H, td,
J = 11.9, 4.2 Hz, C(Ph)HDPEN), 3.14 (1H, m, CHcyclohexyl),
2.78 (1H, br t, J = 12 Hz, NH2), 2.68 (6H, s, NMe2), 2.55–
2.48 (2H, m, CHcyclohexyl and CH2cyclohexyl), 2.14 (1H, m,
CH2cyclohexyl), 2.00–1.20 (13H, m, CH2cyclohexyl), 1.10–1.01
(2H, m, CH2cyclohexyl), 0.92–0.83 (2H, m, CH2cyclohexyl),
0.66 (1H, m, CH2cyclohexyl).

31P NMR (162 MHz,
(CD3)2CO): 57.7.

4.6. Synthesis of [(R)-Ru(g6:g1-NMe2C6H4-

C6H4PCy2)((1R,2R)-DPEN)](SbF6)2 (RAr,R,R-2)

This complex was synthesized using enantiomerically
pure (R)-1 as above. Crystals suitable for X-ray determina-
tion were obtained by slow diffusion of Et2O into an ace-
tone solution.

4.7. Catalytic ketone hydrogenation

A flame-dried flask was charged with 2 (8.8 mg,
0.0075 mmol), and NaOt-Bu (14 mg, 0.15 mmol), and
placed under a nitrogen atmosphere. i-PrOH (3.75 mL)
was then added, followed by the appropriate ketone
(0.25 mmol), and the solution was stirred for 5 min before
it pressurized with H2 (8 atm) for 4 h. After this time, the
mixture was removed from the bomb, diluted with Et2O
(20 mL), and passed through a short column of silica elut-
ing with more Et2O. The resulting solution was dried under
vacuum, the conversion was determined by integration of
the resulting 1H NMR spectrum. The ee was determined
with the addition of the chiral shift agent (+)-Eu(hfc)3 in
C6D6; it was observed that for both of the product alcohols
the a-proton split after 6.0 ppm, and the more downfield
resonance correlated with the (R)-alcohol.

4.8. Conversion of 3 into 2

A flame-dried flask was charged with 3 (35 mg,
0.028 mmol, 1:1 mixture of diastereomers) and (1S,2S)-
DPEN (6.0 mg, 0.028 mmol), and was placed under a
nitrogen atmosphere. CD2Cl2 (0.5 mL, degassed) was then
added, resulting in an orange solution that gradually
turned yellow and developed a precipitate over 30 min.
At this time, the solvent was removed under vacuum, and
the residue was extracted with Et2O to remove the
BINAM. The resulting yellow residue was dried under vac-
uum, furnishing the 1:1 diastereomeric mix of 2 (32 mg,
97%).

4.9. Crystal structure determination and refinement

Data were collected on a Nonius KappaCCD (Mo Ka
radiation) diffractometer and scaled using HKL2000
[39,40]. The data were not specifically corrected for absorp-
tion other than the inherent corrections provided by Scale-
pack [40]. The structures were solved by direct methods
(SIR92) and refined on F for all reflections.[41,42] Non-
hydrogen atoms were refined with anisotropic displacement
parameters. Hydrogen atoms were included at calculated
positions. Non-hydrogen atoms were refined with aniso-
tropic displacement parameters for RAr,R,R-2. Hydrogen
atoms were included at calculated positions. Both struc-
tures contained disordered ether molecules and the data
were adjusted to remove their contribution to the scattering
using SQUEEZE in the program PLATON [43]. Owing to the
pseudo symmetry there was difficulty refining the individ-
ual isomers owing to correlations and therefore the carbon
atoms in quasiracemate-2 were refined isotropically. The
structures of the two diastereomeric cations found in the
quasiracemate have been shown in Fig. 2. The structure
of one of two independent cations of the pure enantiomer
of RAr,R,R-2 is shown in Fig. 3. The absolute configura-
tions of the diastereomers of 2 are based on the known
S,S, configuration of DPEN. Owing to pseudosymmetry
providing a near centrosymmetric placement of heavy
atoms.

The determination of configuration by anomalous dis-
persion is difficult (correct R = 0.0549, Rw = 0.0572;
inverted R = 0.0552, Rw = 0.0575). For RAr,R,R-2, the
known configuration of R,R-DPEN establishes the abso-
lute configuration; however, the configuration is also estab-
lished by R factors with inversion of coordinates (correct
R = 0.0459, Rw = 0.0478; inverted R = 0.0491, Rw =
0.0529). Relevant crystal and data parameters are pre-
sented in Table 2. The metrical parameters for the quasi-
racemate are not reliable owing to the correlations;
however those for the two cations in RAr,R,R-2 are given
in Table 3. Owing to disorder and the problems of pseudo-
symmetry the thermal parameters are larger than would be
ideal and the metrical parameters less accurate; neverthe-
less the essential features of the structures are evident in
the quasiracemate.

Appendix A. Supplementary material

CCDC 618862 and 618863 contain the supplementary
crystallographic data for RAr,R,R-2 and RAr/SAr,S,S-2.
These data can be obtained free of charge via http://
www.ccdc.cam.ac.uk/conts/retrieving.html, or from the
Cambridge Crystallographic Data Centre, 12 Union Road,

http://www.ccdc.cam.ac.uk/conts/retrieving.html
http://www.ccdc.cam.ac.uk/conts/retrieving.html


Table 2
Crystallographic data for 2

RAr/SAr,S,S-2 RAr,R,R-2

Color, shape Orange, block Orange, needle
Empirical formula C47H68F12N3O2PRuSb2 C49H74F12N3O2PRuSb2

Formula weight 1310.60 1411.57
Radiation/Å Mo Ka (monochr.)

0.71073
Mo Ka (monochr.)
0.71073

T/K 173 173
Crystal system Monoclinic Monoclinic
Space group P21 (No. 4) P21 (No. 4)
Unit cell dimensions

a/Å 13.6267(3) 13.7472(3)
b/Å 16.9768(4) 16.5373(4)
c/Å 23.2927(6) 23.7835(5)
b/� 95.675(2) 96.478(2)

V/Å3 5362.1(2) 5372.5(2)
Z 4 4
Dcalc/g cm�3 1.623 1.745
l/cm�1 (Mo Ka) 13.87 14.87
Crystal size/mm 0.14 · 0.17 · 0.19 0.10 · 0.10 · 0.12
Total reflections,

unique reflections
21,198, 12,604 22,053, 12,703

Rint 0.059 0.039
Number of

observations
(I) > 3r(I)

9432 13,601

Parameters,
constraints

662, 0 1116, 0

Ra, Rw
b, GOF 0.055, 0.057, 1.89 0.046, 0.048, 1.79

Residual density/
e Å�3

�0.80 < 0.73 �0.86 < 0.75

a R1 ¼
P
jjF oj � jF cjj=

P
jF oj, for all I > 3r(I).

b Rw ¼ ½
P
½wðjF oj � jF cjÞ2�=

P
½wðF oÞ2��1=2:

Table 3
Selected bond length and angles for the two independent ions in RAr,R,R-2

Ion 1 Ion 2

Bond length (Å)
Ru1–P1, Ru2–P2 2.353(2) 2.355(2)
Ru1–N1, Ru2–N4 2.129(6) 2.153(6)
Ru1–N2, Ru2–N5 2.142(7) 2.172(8)

Bond angles (�)
N1–Ru–N2, N4–Ru–N5 78.2(2) 78.2(2)
N1–Ru–P1, N5–Ru–P2 94.2(2) 89.6(2)
N2–Ru–P1, N4–Ru–P2 99.0(2) 100.9(2)

J.W. Faller, P.P. Fontaine / Journal of Organometallic Chemistry 692 (2007) 1110–1117 1117
Cambridge CB2 1EZ, UK; fax: (+44) 1223-336-033; or
e-mail: deposit@ccdc.cam.ac.uk. Supplementary data asso-
ciated with this article can be found, in the online version,
at doi:10.1016/j.jorganchem.2006.11.010.
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