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Abstract: Stereolabile interconverting catalysts open up the
possibility of directing enantioselectivity in asymmetric syn-
thesis by formation of diastereomeric complexes with chiral
auxiliaries and deracemization. However, the stoichiometri-
cally used auxilliaries can significantly limit the potential
applications of such systems. We synthesized a new BIPHEPO
tropos ligand containing achiral selectands in the backbone,
which forms transient diastereomeric associates with amylose-
tris-3,5-dimethylphenyl carbamate as a selector and thus
deracemizes. The enantiomerically enriched BIPHEPO
obtained was successfully used in the organocatalytic asym-
metric double aldol addition of substituted methyl ketones to
form benzaldehyde. This strategy combines an on-column
deracemization with the high stereoinduction of chiral biar-
ylphosphineoxides and opens up new possibilities in the field of
self-amplified asymmetric syntheses.

Dynamic stereoisomers constitute an interesting and impor-
tant alternative to classical stereochemically stable ligands.[1]

Among these the fluxional axially chiral 2,2’-bis(diphenyl-
phosphino)biphenyl (BIPHEP) species have a prominent
position as ligands for asymmetric catalysis. In contrast to the
related BINAP ligands[2] the o,o’-disubstituted biphenyl
enantiomers[3] convert dynamically into each other by rota-
tion around the s bond even at room temperature.[4]

Mikami and Noyori et al. took advantage of this dynamic
property and used the unsubstituted BIPHEP as a ligand for
asymmetric catalysis.[5] To deracemize the catalyst complex
Mikami et al. employed stoichiometric amounts of chiral
counterligands (selectors) to selectively align the BIPHEP
tropos ligands in the corresponding diastereomeric complexes
(Scheme 1). By coordination to transition-metal centers the
interconversion barrier may increase, whereby the BIPHEP
ligands show an atropisomeric behavior.[6,7]

After aligning the tropos ligands by chiral auxiliary
ligands at elevated temperatures, the enantiomerically
enriched catalysts can be used directly or be split off again
at lower temperatures.[6]

Mikami et al. as well as other groups could apply these
concepts to a number of metal complexes with tropos
BIPHEP ligands and to a variety of asymmetric transforma-
tions.[5b,c,6b,e,f, 8]

Another strategy for the deracemization of stereo labile
compounds by means of stopped-flow HPLC (sfHPLC) on
chiral stationary-phases were demonstrated by Pirkle et al.[9]

and Lindner et al.[10] Wolf, Kçnig, and Roussel obtained the
(�)-2,2’-diiodobiphenyl enantiomer in 90% yield by multiple
separations and re-racemizations by sfHPLC.[11] Cannazza
et al. refined this approach by using a second achiral column
next to the chiral separation column for recycling of the
unwanted enantiomer.[12]

Kotani and Nakajima et al. used chiral biarylphosphine-
oxide successfully as organocatalysts in enantioselective aldol
and double aldol additions,[13] allylations[14] as well as ring-
opening reactions and epoxidations.[15]

The active catalyst is formed by a hypervalent BINAPO-
SiCl3 species. Mechanistic studies on the double-aldol-addi-
tions demonstrate the need and the stereoselective influence
of the employed chiral BINAPO ligands for the formation of
the silyl enol ether (Scheme 2).[13e]

Herein we report on a new strategy for the catalytic
transfer of chiral information, which combines the excellent
stereo-inducing properties of BIPHEP tropos ligands with on-
column deracemization (Scheme 3). Recently, we have stud-
ied in detail the stereo dynamics of tropos 5,5’-disubstituted
BIPHEPO ligands.[16] These compounds show an ideal

Scheme 1. Asymmetric reactions using interconverting racemic cata-
lysts. a) Chirality control and activation by the selector and b) chirality
control by the selector.
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behavior with respect to their barriers in the range of about
87–96 kJ mol�1,[16] that is, the enantiomerization rate is
sufficiently high for rapid conversion at room temperature
and the stereoisomers can be stabilized at lower temperatures.

Starting from 5,5’-dihydroxy-2,2’-bis(diphenylphos-
phinyl)-1,1’-biphenyl (1), reaction with 4-methoxybenzoyl
chloride gave the corresponding tropos 5,5’-disubstituted
BIPHEPO 2,2’-bis(diphenylphosphinyl)-5,5’-bis(4-methoxy-
benzoyloxy)-1,1’-biphenyl (2). This molecular design with
the benzoyl selectands in the backbone showed excellent
interaction properties with the chiral stationary phases
Chiralpak IA and (R,R)-Whelk-O1 (Scheme 3). Interactions
with an electron-rich p system and an H-bonding acceptor
favor the chiral recognition of one of the atropisomers and
thereby make an efficient chiral resolution by the formation
of transient diastereomeric association complexes feasible.
Moreover the interconversion barrier DG� should be in the
range of about 90 to 95 kJ mol�1, so that a sufficiently high
interconversion speed can be achieved at room temperature.
First, the dynamic properties of 2 were determined by
enantioselective dynamic HPLC (DHPLC).[17] As expected,
the enantiomer separations are characterized by extremely
high separation selectivities a between 1.7 and 3.9, which are
favored by the selectand groups. The elution profiles exhib-

ited the characteristic plateau formations arising from the
mutual dynamic interconversion of the enantiomers. They
were evaluated with the “Unified Equation”[18] and the
enantiomerization barrier DG� as well as the activation
parameters DH� and DS� were directly determined. Repre-
sentative elution profiles of the DHPLC experiments of
BIPHEPO 2 are shown in Figure 1 and the corresponding
Eyring plot in Figure 2.

By evaluation of the elution profiles the interconversion
barrier of BIPHEPO 2 was determined to be DG� =

91.2 kJmol�1 and the activa-
tion parameters DH� = (72.0�
0.2) kJmol�1 and DS� =

�(64�1) kJmol�1 K�1. This cor-
responds to a rate constant at
room temperature of k = 3.16 �
10�4 s�1.

For the targeted deracem-
ization of 2 the chromato-
graphic HPLC separation con-
ditions were optimized and the
racemic mixture of 2 was kept
on the respective stationary
phase under stopped-flow con-
ditions for 24 h. By the forma-
tion of transient diastereomeric
association complexes between
BIPHEPO enantiomers and
the chiral selectors (Chiral-
pak IA and (R,R)-Whelk-O1)
of the stationary phase, the
stereolabile ligands are aligned.
The enantiomeric excesses

obtained were determined by diode array detection after
decreasing the column temperature to 10 8C, and subsequent
elution of the enantiomers. Deracemizations with high
enantiomeric ratios of 77:23 in the presence of the selector
amylose-tris-3,5-dimethyl-phenyl-carbamate[19] (Chiralpa-
k IA) and 71:29 in the presence of the (R,R)-Whelk-O1
selector could be achieved.

Advantages over the use of chiral auxiliaries are the
chromatographic separation of the desired deracemized

Scheme 2. Enantioselective double-aldol-addition with (S)-BINAPO/
SiCl4 as an organocatalyst.[13e]

Scheme 3. Modification of BIPHEPO derivative 1 with selectands for targeted chirality transfer of
a selector. By forming transient diastereomeric association complexes, the equilibrium is shifted in favor
of the BIPHEPO (Ra)-2, which can be used for asymmetric catalysis.

Figure 1. Experimental interconversion profiles of 2, obtained by enan-
tioselective DHPLC between 20 8C and 65 8C.
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enantiomer and the intrinsic recyclability of the immobilized
selector. The experimental setup and the corresponding
chromatograms as well as the enantiomeric ratios are
depicted in Figure 3.

From the peak-area ratio of the enantiomers the thermo-
dynamic equilibrium constant K and directly from this the
difference of the Gibbs free energies DDG8 of the diastereo-
meric association complexes[20] on the respective stationary
phase can be calculated by using Equation (1).

DDG� ¼ �R T lnðDKR,SÞ ð1Þ

This results in the following values DDG8= 3.0 kJ mol�1 in the
presence of Chiralpak IA-3 and DDG8= 2.2 kJmol�1 in
presence of the (R,R)-Whelk-O1 selector.[21]

For complete on-column deracemization of BIPHEPO
(2), a new two-column multi-stopped-flow HPLC technique
(two-column msfHPLC) was developed, which is based on
a gradual separation of the faster eluting enantiomer and re-
racemization of the faster eluted enantiomer, which shows
a decreased interaction with the chiral stationary phase. This
feature makes it possible, to convert the racemate into the
enantiomer (Sa)-2. As a result of the high separation factors of
a> 3 for 2 on the chiral stationary phase Chiralpak IA-3 and,

at the same time low peak widths, three separation cycles
were performed on each of the HPLC columns. For this
purpose, the racemic mixture of enantiomers of 2 was injected
onto the chiral stationary phase at low temperature (�5 8C).
After the faster eluted (Sa)-enantiomer passed the column
outlet of the first column, the solvent flow was stopped and
the column was heated for 60 min to 70 8C resulting in re-
racemization of the (Ra)-enantiomer. After cooling to �5 8C,
the (Sa)-enantiomer was separated again. After three separa-
tion and re-racemization cycles the second column with
a chiral stationary phase was connected by a six-port valve,
and the enrichment process was repeated three additional
times before the (Ra)-enantiomer was eluted (cf. Figure 4).

Peaks 1–6 correspond to the faster eluted (Sa)-enantiomer
2 and peak 7 corresponds to the slower eluting (Ra)-enantio-
mer 2. BIPHEPO derivative (Sa)-2 was obtained with a yield
of 94.5% and (Ra)-2 with a yield of 5.5% with an enantio-
meric purity of greater than 99%. Enriched BIPHEPO
enantiomers show atropisomeric behavior at temperatures of
�50 8C.

Because of that behavior, the chiral information of chiral
HPLC stationary phases can be transferred to 2 at elevated
temperatures and stored at reduced temperatures, and sub-
sequently transferred to other chiral systems.

As a model reaction for the catalytic transfer of the stored
stereochemical information the organocatalyzed double-
aldol-addition of substituted methyl ketones to benzaldehyde
developed by Kotani and Nakajima et al.[13–15] was studied (cf.
Scheme 2). For this purpose the BIPHEPO-enantiomers were
enriched on a preparative scale by the newly developed two-
column-msfHPLC technique under on-column deracemiza-
tion. To prevent subsequent racemization of enantiomerically
enriched 2 the HPLC solvent was removed at�20 8C in a high
vacuum, a stock solution of 2 was then prepared in CH2Cl2

and cooled to �55 8C. The enantiomeric excesses of the
resulting stock solutions were determined for the on-column
deracemization by HPLC to 27% (in favor of the (Ra)
enantiomer) and to 91 % (in favor of (Sa) enantiomer) for the
two-column-msfHPLC technique.

The double-aldol-addition of methyl ketones to benzal-
dehyde was then performed with the enriched BIPHEPO

Figure 2. Eyring plot analysis and interconversion parameters DG�,
DH�, and DS� for 2.

Figure 3. Deracemization of BIPHEPO 2 by chiral HPLC stationary
phases. a) Schematic representation of the deracemization in presence
of a chiral stationary phase and b) chromatograms obtained after 24 h
residence time of the selectand modified BIPHEPO derivative 2 in
presence of the chiral stationary phase Chiralpak IA-3 and (R,R)-Whelk-
O1.

Figure 4. Two-column multi-stopped-flow experiment for the chiral
resolution of the tropos BIPHEPO ligand 2.
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enantiomers in DCM at �55 8C. For the formation of the
active catalyst complex 4.0 equivalents tetrachlorosilane and
10 mol% 2 were used (Scheme 4). The newly developed
concept for the deracemization of chiral tropos BIPHEP-
oxides and their direct use as ligands in organocatalysts for
double-aldol-additions is shown in Scheme 4.

As nucleophilic reaction components, cyclopropyl methyl
ketone and methyl-2-thienyl ketone were used. After workup
of the reactions, the enantiomeric excesses were determined
directly without chromatographic purification using enantio-
selective HPLC. The yields of isolated products, the enantio-
meric- and diastereomeric selectivities of the double-aldol-
addition are summarized in Table 1.

The enantioselectivities obtained using the (Sa)-enantio-
mer 2 are 83% ee for the cyclopropyl methyl ketone and
80% ee for the methyl-2-thienyl ketone. The high stereoin-
duction is comparable to that of BINAPO, because ligand 2
was only used with an enantiomeric excess of 91%. It is
noteworthy that the diastereoselectivity of (Sa)-BIPHEPO
derivative 2 exceeds the observed selectivity of the (Sa)-
BINAPO ligand.

We have synthesized a novel tropos BIPHEPO ligand
with selectands in the backbone, which has excellent separa-
tion properties on chiral stationary phases. This allowed an
on-column deracemization by stopped-flow HPLC experi-
ments, and by using a newly developed two-column-multi-
stopped-flow HPLC method. The enantiomerically enriched
BIPHEPO 2 was then successfully used as a ligand in the
organocatalytic double-aldol-addition of methyl ketones to
benzaldehyde, with good enantio- and diastereoselectivity.
This strategy combines a catalytic on-column deracemization
with the high stereoinduction of chiral biarylphosphineoxide.

This process allows the selective use of stereochemically
labile compounds as dynamic storage medium for stereo-
chemical information and their amplified transmission to
target compounds.
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Table 1: Stereoselective double-aldol-addition.

Entry R Ligand Yield
[%]

d.r.
chiro/meso

ee
[%]

1 cyclopropyl (Sa)-2
[a]

(Ra)-2
[b]

(Sa)-BINAPO[c]

89
93
95

91:9
79:21
88:12

83
25
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2 2-thienyl (Sa)-2
[a]

(Sa)-BINAPO[c]
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84

98:2
91:9

80
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[a] 91% ee. [b] 27% ee. [c]>99% ee.
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