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The introduction of chiral bisphosphine ligands and especially
theC2 symmetric 2,2′-bis(diphenylphosphino)-1,1′-binaphthyl
(BINAP) has provided synthetic chemists with highly enanti-
oselective catalysts for a multitude of asymmetric transforma-
tions.1 BINAP is designed so that the axially chiral backbone
of the binaphthyl system is used as a scaffold for the placement
of the diphenylphosphino groups. Recently, planar chiral
molecular systems based on ferrocenes have been applied to
catalytic systems with impressive results.2 Described here is
the use of a paracyclophane backbone3 for the placement of
two diphenylphosphino groups to give a planar chiralC2

symmetric bisphosphine1 (4,12-bis(diphenylphosphino)-[2.2]-
paracyclophane abbreviated as [2.2]PHANEPHOS). Applica-
tion of this ligand in Rh-catalyzed hydrogenations4 has led to
an exceptionally active and highly enantioselective catalytic
system.
Preparation of the active catalyst [[2.2]PHANEPHOS

Rh]+OTf- 3 was achieved by treatment of1 with bis(1,5-
cyclooctadiene)rhodium(I) triflate to form the bright orange-
colored complex25 (Scheme 1). Subsequent hydrogenation of
this precatalyst2 in MeOH led to the loss of the COD
(cyclooctadiene) ligand and generated3 as a single species.6

[[2.2]PHANEPHOS Rh]+OTf- 3 is a highly enantioselective
catalyst for the hydrogenation of dehydroamino acid methyl
esters under very mild conditions. For example,4a, 4b, and
4ewere all completely reduced in less than 10 min by simply

passing a stream of H2 through a solution of precatalyst2 (1 to
2 mol %) and the substrate in MeOH at 23°C. While the
unsubstituted dehydroamino acid4a gave (R)-Ac-Ala-OMe in
excellent 99.6% enantiomeric excess (ee),7 substrates4b and
4e gave disappointingly low ee values of 83% and 78%,
respectively. Remarkably, formation of catalyst3 prior to
substrate addition made it possible to perform the hydrogenation
at reduced temperaturesscomplete conVersions in less than 60
min were obtained by passing H2 through the reaction mixture
at-45 °C! The high activity of3 even made it possible to run
the hydrogenations routinely at-45 °C,8 and superb enanti-
oselectivity was obtained for a variety of substrate substitution
patterns (Table 1). Amide-protected aminoacrylic acid methyl
esters gave>94% ee under these conditions; however, geminal
substitution at the acrylic acid formed the opposite enantiomer
in up to 51% ee. The use of the free acid or the carboben-
zoxycarbonyl protecting group led to a decline in the observed
enantioselectivities.
The pronounced activity of [[2.2]PHANEPHOS Rh ]+OTf-

3 can be demonstrated by the reduction of tetrahydropyrazine
6 to afford the HIV protease inhibitor Crixivan intermediate
precursor7 in 86% ee at-40 °C and 1.5 bar in only 6 h (100%
conversion, Scheme 2). Previous reductions of6 using known
bisphosphine rhodium catalysts required forcing conditions (70
bar/40°C/24 h) and proceeded with only moderate enantiose-
lectivities and incomplete conversions (e.g., BINAP, 56% ee;
Et-DuPHOS, 50% ee).9

Synthesis of [2.2]PHANEPHOS (1) began with the iron-
catalyzed bisbromination of [2.2]paracyclophane (8) (Scheme
3).10 The tedious chromatographic isolation of the desired
pseudo ortho isomerrac-9 from the complex reaction mixture
was avoided by crystallization of the highly insoluble pseudo
para isomer10. Subsequent thermal isomerization (triglyme,
230 °C, 3 h) of the pure pseudo para isomer led to a 50:50
mixture ofrac-9 and10. The pseudo para isomer10crystallized
on cooling to leave the desiredrac-9 in the mother liquors in
>90% purity.
Lithiation (4 equiv of tert-butyllithium) of rac-9, followed

by transmetallation (MgBr2‚Et2O) and reaction with diphe-
nylphosphinic chloride affordedrac-11 in 76% yield fromrac-9
(Scheme 4). Resolution ofrac-11was performed with diben-
zoyl-D-tartaric acid to give the complex12 in high optical purity.
After the resolving agent was removed, the phosphine oxide
(R)-11 (>99.5% ee) was reduced to the enantiomerically pure
bisphosphine ligand (R)-1 ([2.2]PHANEPHOS) with SiHCl3.11
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X-ray analysis of the dibenzoyltartaric acid complex1212
allowed the determination of the absolute stereochemistry of
the phosphine oxide and revealed the severe strain of the
paracyclophane backbone (as in the unsubstituted [2.2]paracy-
clophane the phenyl rings are bent outward with the phenyl
carbons connected to the bridges being pulled inward) (Figure
1). Additionally, the steric bulk of the diphenylphosphinyl
groups of12 tilts the two aromatic rings at a 5.7° angle. It is
important to note that the P-P distance in12 (and presumably
a similar distance in1) is, at 4.8 Å, ideally suited to accom-

modate two P-Rh bond distances (2.2-2.4 Å range in similar
complexes).13

In summary, the 4,12-disubstituted [2.2]paracyclophane sys-
tem provides an excellent chiral framework for the placement
of catalytically active groups, such as the diphenylphosphino
group in [2.2]PHANEPHOS. The resulting catalyst [[2.2]-
PHANEPHOS Rh]+OTf- 3 is highly active, facilitating the
reduction of not only dehydroamino acid methyl esters but also
of the otherwise difficult to reduce tetrahydropyrazine6 in
excellent enantioselectivity under very mild conditions. Further
extensions of the use of cyclophanes in the generation of ligands
for asymmetric catalytic reactions are currently being explored
and will be reported separately.

Supporting Information Available: Full experimental details for
all procedures (6 pages). See any current masthead page for ordering
and Internet access instructions.
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Table 1. Asymmetric Hydrogenation of4 to 5

entry R1 R2 P ee (%)a of 5b configg

a H H Ac 99.6c R
b Ph H Ac 98d (83c) R
c Me H Ac 94d R
d Ph H Bz 97d R
e H H Cbz 91d,e (78c) R
f Me Me Ac 51f S

aDetermination of the ee with a Hewlett Packard supercritical fluid
chromatograph using two 25 cm Chiracel AD columns in tandem or
on a Hewlett-Packard 5890 GC using a Chiracel Val III 25 m column.
See the Supporting Information for separation conditions.bAll reactions
went to completion in 10 to 60 min by passing H2 through the reaction
mixture at the specified temperature in MeOH. Catalyst loading was
1-2 mol %, concentration of4 was 0.1 M.c Precatalyst (R)-2 was
mixed with4 prior to addition of H2 at 23°C. d Precatalyst (R)-2 was
reduced to (R)-3 at 23 °C, prior to addition of substrate at-45 °C.
eConversion after 3 h: 50%.f Substrate added to (R)-3 at -10 °C.
g Absolute configuration determined by a comparison of the sign of
the optical rotation with literature values.
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Figure 1. A drawing of the molecular structure of12. Ellipsoids are
drawn at the 20% probability level. The dibenzoyltartaric acid and the
hydrogen atoms are omitted for clarity.
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