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Abstract: Planar chiral chromium- and ruthenium-based arene complexes were prepared with high levels of 
enantioselectivity via a Pd-catalyzed asymmetric hydrogenolysis reaction using a bulky chiral phosphoramidite 
ligand. Key elements for the efficiency of the process are the use of DABCO as borane-trapping reagent as well 
as substantial kinetic resolution, which was found to enhance the stereochemical outcome of the reaction.
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Introduction

Efficient access to optically pure planar 
chiral complexes is of interest in asym-
metric synthesis and catalysis. The com-
plexes can notably serve as chiral syn-
thons in asymmetric synthesis and as 
catalysts or chiral ligands in a variety of 
organic transformations.[1] In contrast to 
chromium arene complexes, isoelectronic 
cationic (η6-arene)(η5-Cp)ruthenium com-
plexes have received scarce attention.[2,3] 

They are however generally more resis-
tant to oxidative and thermal cleavage of 
the metal–arene bond. Due to the greater 
electron-withdrawing ability of the RuCp+ 
moiety, nucleophilic substitution reactions 
can be performed under mild conditions. 
The strategies to access enantiomerically 
enriched forms of these compounds are 
based either on asymmetric synthesis[3,4] 
or resolution of racemates.[5] Although 
these approaches are potent methods that 
often give the target complexes in high en-

antiomeric purity, they rely on the use of 
stoichiometric amount of chiral reagents 
and the diastereoselective methods often 
require additional steps for the introduc-
tion and the removal of chiral auxiliaries. A 
potentially very attractive alternative is the 
desymmetrization of prochiral complexes 
by a chiral catalyst (Scheme 1). The route 
that we have chosen is the Pd-catalyzed en-
antioselective hydrogenolysis of prochiral 
dihalide complexes.

To the best of our knowledge, no re-
port describes the catalytic desymmetri-
zation of ruthenium sandwich complexes. 
However, a few examples of Pd-catalyzed 
asymmetric reactions for the preparation 
of planar chiral [Cr(arene)(CO)

3
] com-

plexes exist in the literature, albeit with 
only moderate enantioselectivities.[6] For 
instance, Uemura, Nishimura and Hayas-
hi described Pd-catalyzed asymmetric 
cross-coupling reactions of alkenyl- and 
aryl metal compounds with [Cr(CO)

3
(1,2-

dichlorobenzene)].[6a,b] More recent-
ly, Schmalz and coworkers reported 
a methoxycarbonylation of the same 
substrate[6c] and [Cr(CO)

3
(2,6-dichloro-

toluene)].[6d] A Pd-catalyzed vinyl/halide 
exchange of [Cr(CO)

3
(1,2-dichloroben-

zene)] using a divinyl aluminum reagent 
resulted in poor asymmetric induction.[6e] 

Finally, a report by Kamikawa et al. de-

scribed an asymmetric intramolecular 
Mizoroki-Heck reaction of [Cr(CO)

3
(2,6-

dibutenylchlorobenzene)].[6f]

We recently succeeded in preparing 
the highly enantioenriched planar chiral 
[Cr(5-bromonaphthalene)(CO)

3
] ((S)-2) 

complex using the title reaction in the pres-
ence of the bulky phosphoramidite ligand 
L1 (Scheme 2).[7] Here we highlight the ki-
netic resolution at play in the process and 
the advantage of using DABCO as addi-
tive. Additionally, we present the applica-
tion of the asymmetric hydrogenolysis to 
the more robust Cp- and Cp* ruthenium 
complexes of 1,4-dibromonaphthalene and 
4,7-dibromoindene.

Results and Discussion

Following the preliminary commu-
nication on the desymmetrization of the 
prochiral complex 1,[7] further investiga-
tions led to the identification of substan-
tial kinetic resolution[8] connected to the 
formation of over-reduced complex 3. 
This was demonstrated independently in 
experiments involving rac-2 (Scheme 3). 
Its reaction under the standard conditions 
and at 50% conversion afforded recovered 
starting material 2 with an enantiomeric 
excess of 64% in favour of the (S)-enan-
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Scheme 1. Access 
to planar chiral 
complexes by catalytic 
desymmetrization�
(M = Cr, Ru).
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tiomer (k
R
’ > k

S
’). This corresponds to a 

selectivity factor (k
R
’/k

S
’) s of 8.5.

To summarize, in the desymmetriza-
tion of prochiral complex 1, the minor (R)-
2 enantiomer (k

R
 < k

S
) is converted faster 

into naphthalene chromium complex 3 (k
R
’ 

> k
S
’), resulting in further enrichment in 

(S)-2 (Scheme 4).
Although the process was efficient in 

terms of activity and enantioselectivity, 
the use of 20 mol% of a high molecular 
weight ligand that requires a five-step 
synthesis from BINOL, remained a major 
limitation. Efforts on recycling the chiral 
ligand at the end of the reaction did not 
meet with success. Although models of the 
Pd(ii) complex clearly indicate that only 
one phosphoramidite L1 could be coordi-
nated to the metal, attempts to decrease the 
ligand loading resulted in lower enantiose-
lectivity and diminished yield of complex 
2. After careful investigations, we found 
that phosphoramidite L1 was recovered as 
a phosphoramidite-borane complex at the 
end of the reaction. The presence of borane 
was confirmed by 11B NMR analysis (–39.6 
ppm) and the 31P{1H} NMR signal is in ac-
cordance with the few examples of isolated 
aminophosphane-borane adducts.[9] Upon 
hydride transfer to Pd, LiBH

4
 liberated bo-

rane, which formed an adduct with ligand 
L1, thus depleting the reaction of the es-
sential chiral information. This explained 
the necessity of adding up to 20 mol% of 
chiral ligand for only 5 mol% of palladium 
source to attain a high degree of enantiose-
lectivity. To circumvent this problem, we 
envisaged the addition of DABCO to trap 
the liberated borane.[10] Indeed, the use of 
DABCO in the reaction was successful and 

allowed the reduction of the ligand load-
ing from 20 to 6 mol%. With this modifica-
tion, (S)-2 is now accessible in multi-gram 
quantities, without wasting large amounts 
of chiral ligand (Scheme 5).

To demonstrate the generality of the 
methodology, the scope of the desymme-
trization was explored next.[11] For this 
purpose, the cationic complexes [Ru(η5-
C

5
R

5
)(η6-5,8-dibromonaphthalene)][PF

6
] 

(4a,b), which are isoelectronic to 1, and 
the neutral analogues [Ru(η5-C

5
R

5
)(η5-

4,7-dibromoindene)] (5a–d) were chosen 
as substrates (Scheme 6). Owing to solu-
bility and relative stability issues, reac-
tion conditions had to be slightly modified 
from those optimal for 1. Cationic [Ru(η6-
5-bromonaphthalene)(η5-Cp)][PF

6
] ((S)-

6a) was obtained in 90% ee. Similar levels 
of asymmetric induction but higher 6/8 
selectivity were reached when 4b, incor-
porating the bulky and electron-rich Cp* 
moiety, was employed. After 3 h, full con-
version was attained and (S)-6b was pro-
duced in 96% ee, together with only 8% 
of 8b. Extension of the reaction scope was 
pursued with the neutral [Ru(η5-C

5
R

5
)(η5-

4,7-dibromoindene)] (5). These complexes 
show higher stability and ease of handling 
compared to their cationic analogues. 
[Ru(η5-4-bromoindene)(η5-Cp)] ((S)-7a) 
was obtained in 96% ee. When the steri-
cally more hindered and electron-richer 
complex 5b was employed, the hydroge-
nolysis product (S)-7b was produced in 
only 68% ee. Reaction of complex 5c was 
then examined to clarify whether steric 
or electronic parameters are responsible 
for this low asymmetric induction. The 
1,2,3,4-tetramethyl-5-(trifluoromethyl)cy-

clopentadiene ligand (Cp*CF3) developed 
by Gassman[12] exhibits the electronic 
properties of a Cp and the steric bulk of a 
Cp*, which makes 5c isoelectronic to 5a 
and isosteric to 5b. The reaction furnished 
(S)-7c with an intermediate enantiomeric 
excess of 78% ee, suggesting that both 
electronic and steric properties influence 
the enantioselection of the reaction. To 
further confirm these observations, com-
plex 5d, bearing a pentaphenylcyclopenta-
dienyl ligand, was evaluated. The phenyl 
substituents considerably decelerate the 
reaction. Complete conversion was only 
achieved at room temperature, affording 
(S)-7d in 69% ee. This result confirmed 
that increased steric hindrance has a detri-
mental impact on both reactivity and cata-
lyst selectivity.

The potential utility of this reaction has 
already been illustrated with the synthesis 
of a wide range of planar chiral arene com-
plexes from the highly enantioenriched 
[Cr(5-bromonaphthalene)(CO)

3
] ((S)-2) 

either by simple metalation/electrophilic 
trapping sequences or by palladium-cata-
lyzed coupling reactions.[13] This chemistry 
is currently being extended to asymmetric 
C–C and C–P bond forming processes in 
our laboratory.

In conclusion, we have highlighted the 
kinetic resolution at play in the desym-
metrization process. We have also shown 
that DABCO was essential to prevent the 
formation of the BH

3
-ligand adduct, hence 

allowing for the reduction of the chiral li-
gand loading. Access to highly enantioen-
riched ruthenium complexes was achieved, 
demonstrating the generality of the Pd-cat-
alyzed asymmetric hydrogenolysis.
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Scheme 2. Pd-catalyzed asymmetric hydrogenolysis of complex 1.
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Scheme 5. Improved scalable asymmetric hydrogenolysis using 
DABCO as trapping agent of BH3.
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Scheme 6. Scope of the asymmetric hydrogenolysis.


