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Understanding the influence of the solvent and the stationary
phase on chiral compounds is essential to controlling their
stereodynamics. Fluctional biaryls with axial chirality, where
the barrier is highly sensitive to the substitution pattern,[1]

would be a suitable series of compounds to study these effects.
Biaryls provide classical examples of atropisomers arising
from restricted rotation about a s bond. Biaryl scaffolds are
prominent among the diverse phosphine ligands available for
asymmetric catalysis.[2] o-Substituted biphenyls are stereo-
chemically labile (“tropos”) at ambient temperature,[3] and
o,o’-disubstituted biphenyls are generally so, unless the
substituents are bulky.[4,5] Hence the main emphasis in
ligand synthesis has been directed to the application of
atropos o-tetrasubstituted biphenyls that maintain stereo-
chemical integrity over a wide temperature range.[6]

The tropos ligand biphep (2,2’-bis(diphenylphosphino)-
biphenyl, 1 a ; Scheme 1) was first used in ketone hydro-
genation catalysts [P2N2Ru] in conjunction with enantiomer-
ically pure diamines.[7] A study of [Pt(binol)] complexes with

ligand 1a by Gagn� et al. demonstrated the reduced rate of
racemization of the ligand on coordination. The diastereo-
mers of the complex were separated, and the disfavored one
was converted into the equilibrium mixture at 90–125 8C,
(DG� = 123 kJmol�1 at 382 K). The mechanism of intercon-
version was left open.[8] Mikami et al. showed that the

complexation of biphep by RuCl2 in DMF and reaction with
a chiral amine (Scheme 2b) gave only one diastereomer.[9]

Mikami et al. made further contributions to enantioselec-
tive catalysis with 1a, first by using an enantiopure diamine
coligand in Pd complexes.[10a] Removal of the diamine ligand
with TfOH gave a stable [(R)-1 a-Pd(MeCN)2](SbF6)2 com-
plex that catalyzed hetero-Diels–Alder reactions.[9b] In situ
generation of the analogous Rh complex from 1a permitted
enantioselective ene cyclizations.[10c] A further innovative
application involved catalytic asymmetric hydroamination
with a cationic 1a-Au complex, in which an enantiomerically
pure counterion was the source of chirality.[11]

The stereointegrity of biphep ligands is crucial in these
investigations. There is only a single recorded value for the
interconversion of 1 a in the literature, derived by 1H DNMR
spectroscopy (DG� = 89.5 kJmol�1 at 125 8C).[12] Therefore an
unambiguous method was sought for full characterization of
the series.

Enantioselective dynamic HPLC (DHPLC)[4, 13] has
proved to be a versatile tool for studying the dynamics of
interconverting stereoisomers.[14] The enantiomerization bar-
riers DG� and activation parameters DH� and DS� can be
determined by evaluation of the elution profiles using the
unified equation (see the Supporting Information).[15, 16]

Excellent separation of the biphep enantiomers was
achieved in presence of the Okamoto type chiral stationary
phase (CSP) Chiralpak AD-H[17] with the formation of
distinct plateaus caused by rapid interconversion at temper-
atures between 10 8C and 70 8C. Representative elution
profiles of the enantiomers of 1a and 2a from the DHPLC
experiments are depicted in Figure 1 and the corresponding
Eyring plots are shown in Figure 2.

Experimental data for ligands 1a–d and 2a–d determined
from the elution profiles are summarized in Table 1. From

Scheme 1. Structures of investigated biphep ligands.

Scheme 2. Early contributions from a) Ref. [9] and b) Ref. [8].

[*] Dipl.-Chem. F. Maier, Prof. Dr. O. Trapp
Ruprecht-Karls Universit�t Heidelberg
Organisch-Chemisches Institut
Im Neuenheimer Feld 270, 69120 Heidelberg (Germany)
E-mail: trapp@oci.uni-heidelberg.de
Homepage: http://www.trapp.uni-hd.de

[**] Generous financial support from the European Research Council
(ERC) (Starting Grant No. 258740, AMPCAT, to O.T.) is gratefully
acknowledged. We thank Dr. John M. Brown, Oxford University, for
the substituted biphep ligands and for helpful discussions.

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201107907.

Angewandte
Chemie

2985Angew. Chem. Int. Ed. 2012, 51, 2985 –2988 � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://dx.doi.org/10.1002/anie.201107907


these data it is apparent that the Gibbs free energies DG� of
the unsubstituted biphep ligands 1a and 2a are lower than
those of the 3,3’-disubstituted analogues 1b–d and 2b–d ; the
additional substituents exert a buttressing effect[18] that
increases steric hindrance along the reaction coordinate.

These results give a value for the interconversion barrier
DG� of 1a that is in the range of that determined by Schlosser
et al. at far higher temperatures (DNMR, DG� =

89.5 kJ mol�1 at 125 8C in 1,1,2,2-tetrachloro[2H2]ethane,
Ref. [12]). The rate of enantiomerization of the biphep
ligands 1a and 2a at 25 8C was calculated to be 1.8 � 10�3 s�1

and 8.9 � 10�4 s�1, respectively.

A comparison of the investigated enantiomerization
barriers of the 3,3’-disubstituted phosphines 1b–1d reveals
that the DG� values show only a small increase for bulkier
alkoxy groups. However, there is a significant influence of the
substituents on the activation enthalpies DH� and activation
entropies DS�.

In particular, the DH� values of the 3,3’-disubstituted
phosphines 1b–1d range between 9.3� 0.4 kJmol�1 for 1c to
33.6� 1.7 kJmol�1 for 1 b. The enthalpy DH� for the phos-
phine oxides 2 b–2d is significantly higher and varies from
56.2� 1.2 kJmol�1 for 2d to 68.5� 0.8 kJ mol�1 for 2 b. The
activation entropy DS� ranges from �96� 3 J mol�1 K�1 for
2b to �294� 4 Jmol�1 K�1 for 1 c. These negative values
indicate increased organization of the substrate or its environ-
ment at the transition state. Furthermore it was observed that
the interconversion barrier was affected by the solvent.
Therefore we determined the activation parameters for
different solvent mixtures of n-hexane/2-propanol (see
Table 2).

Altogether a compensation of the activation parameters
DH� and DS� is observed,[19] and thus the change in DG� is
small in comparison to the changes in the activation
parameters.

Ligand 1a was investigated at 2-propanol concentrations
from 1% to 4 % (v/v), and ligand 2a at 2-propanol concen-
trations from 30% to 50% (v/v) in n-hexane. For 1a, the
overall influence of DS� on DG� increased with the 2-
propanol concentration, which might be explained by coor-
dination effect of the solvent molecules. For 2a the maximum
influence of DS� was observed at 40% (v/v) 2-propanol.
Owing to compensation of the activation parameters, DG�

changed only by 0.5 kJmol�1 for 1 a and 0.3 kJmol�1 for 2a,
respectively, within the solvent range. These results reinforce
the importance of solvent, in addition to reactant structure, in
determining DH� and DS� in these transformations.

However, beside solvent effects, stationary-phase effects
are often discussed. It is a challenging task to quantify the
influence of the stationary phase. Furthermore, broadly
applicable procedures to access such data are lacking. Here,
we present a novel approach to investigate stationary-phase
effects by coupling three HPLC columns in line (Figure 3).

The analyte passes through the first column, which
separates the enantiomers. The second column contains an
achiral support and permits partial re-racemization. Finally in
the third column, which contains a chiral stationary phase, the
degree of re-racemization can be analyzed accurately. Such an

Figure 1. Selected experimental interconversion profiles of a) biphep
1a and b) biphep=O 2a obtained by enantioselective DHPLC between
10 8C and 35 8C.

Figure 2. Eyring plot of biphep ligands 1a and 2a.

Table 1: Activation parameters obtained by enantioselective DHPLC with
a Chiralpak AD-H column.

Entry DG�
298K

[kJmol�1]
DH�

[kJmol�1]
DS�

[J mol�1 K�1]

1 1a 86.8 47.9�0.9 �131�6
2 1b 95.3 33.6�1.7 �207�66
3 1c 97.0 9.3�0.4 �294�4
4 1d 97.1 29.9�2.0 �226�44
5 2a 88.6 59.1�0.2 �99�1
6 2b 97.2 68.5�0.8 �96�3
7 2c 100.4 58.3�1.9 �141�15
8 2d 99.7 56.2�1.2 �146�11

Table 2: Solvent influence on DG�, DH�, and DS�.

Entry n-Hexane/
2-propanol[a]

DG�
298K

[kJmol�1]
DH�

[kJmol�1]
DS�

[J mol�1 K�1]

1 1a 99:1 86.8 47.9�0.9 �131�6
2 1a 98:2 87.1 46.9�1.0 �135�8
3 1a 96:4 87.3 43.0�0.7 �149�9
4 2a 70:30 88.6 59.1�0.2 �99�1
5 2a 60:40 88.5 51.0�0.4 �126�2
6 2a 50:50 88.3 56.1�0.5 �108�2

[a] Solvent ratio (v/v).
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arrangement has become feasible by the development of
high-pressure-resistant chiral packing materials, which over-
come limitations in the solvent back-pressure. With this setup
we can simultaneously investigate dynamic and
kinetic processes, that is, enantiomerization and
racemization, under identical conditions except for
the stationary phase.

Depending on the applied temperatures in the
respective column sections, elution profiles of vary-
ing complexity can be obtained. Consider Figure 3a,
where the first and third columns are at lower
temperature, and the intermediate achiral column is
at an elevated temperature. The elution profile after
the second column will be the same as that after the
first column, but all analyte molecules will be
subject to racemization depending on the reaction
time Dt, temperature T, and stationary phase.
Passage through the third column separates the de
novo enantiomeric mixture, leading to a third peak
2/3 (coincidence of peaks 2 and 3) that is distinct
from peaks 1 and 4. The racemization rate constant
krac can be directly calculated from the integrated
peak areas and the reaction time [see Eq. (3) in the
Supporting Information]. It is important to note
that the relation of these two reaction rate constants
is krac = 2kenant.

[20]

Elevation of the temperature of the first column
leads to dynamic interconversion profiles in the first
column, followed by racemization in the second
column. The interconversion of the de novo enan-
tiomeric mixture can be “frozen” by lowering the
temperature in the third column (Figure 3b), which
makes it possible to independently determine the

dynamics (enantiomerization) and kinetics (racemization) in
a single experimental setup.

In the case of elevated temperatures in all three columns
(Figure 3c), racemization of the separated enantiomers also
takes place in the second column, accompanied by simulta-
neous doubled dynamic interconversion of peaks 1 and 2
(1Ð2), 3 and 4 (3Ð4) (both in the third column), as well as
1 and 4 (1Ð4) (in the first and third columns). Enantiomers of
peaks 2 and 3 do not interconvert, because of opposite elution
order leading to separation, which reveals the height of the
overall plateau, and allows the simultaneous determination of
enantiomerization and racemization rate constants.

The power of the method is demonstrated by the results
shown in Table 3, for which the surface characteristics of the
second column support are varied. Freezing the dynamics in
the first and third columns at low temperatures (Figure 3c)
gives direct access to racemization kinetics, requiring only
minute amounts of racemic mixtures and no preparative
separation.

Compared to stopped-flow techniques, the new approach
offers many advantages, because perturbations by rapid
heating steps to commence isomerization and imprecision in
reaction time and temperature are avoided by immediate
transfer of the stereoisomers to the second column at elevated
temperature. Furthermore, the reaction time is precisely
controlled by the flow. The results are summarized in Table 3
and described in detail in the Supporting Information.

Comparison of these data with the data obtained by
DHPLC (cf. Tables 1 and 2) reveals an excellent agreement

Figure 3. The three-column experimental setup to study enantiomeri-
zation and racemization processes and to quantify stationary-phase
effects.

Table 3: Activation parameters determined by the three-column continuous-flow
experiment for the study of stationary-phase effects on the enantiomerization barrier
of 1a (n-hexane/2-propanol 99:1, v/v) and 2a (n-hexane/2-propanol 60:40, v/v).

Solid phase
of second
column

TA
[a]

[8C]
TB

[b]

[8C]
TC

[c]

[8C]
DG�

298K

[kJmol�1]
DH�

[kJmol�1]
DS�

[J mol�1 K�1]

1a [d] 10–35 10–35 �10 87.0 47.9�0.6 �131�5

1a [d] �10 10–50 �10 86.9 47.6�0.3 �132�2

1a [e] �10 10–50 �10 86.6 33.1�0.3 �179�14

1a [f ] �10 10–50 �10 86.9 47.8�0.8 �131�6

1a [g] �10 10-50 �10 86.4 42.9�0.6 �146�6

2a [d] �5 10–50 �5 88.0 49.2�0.2 �130�2

[a] Temperature or temperature range of first column (Chiralpak AD-H). [b] Tem-
perature range of second column. [c] Temperature of third column (Chiralpak IA).
Chiralpak IA is an immobilized version of Chiralpak AD-H with identical separation
properties for the compounds investigated here. [d] Macherey & Nagel Nucleodur
100–5. [e] Merck LiChrospher 100 RP 18e. [f ] Macherey & Nagel Nucleodur 100–5
NH2 RP. [g] Macherey & Nagel Nucleodur HILIC. All measurements were repeated
three times each.
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with measurements in the presence of neat silica (Nucleodur
100-5).

Surprisingly, DS� is more negative for the C18-modified
silica. It was expected that the apparently deactivated surface
exerts no influence. The observed effect can be explained by
the hindered rotation of the atropisomers which are aligned
parellel to the C18 chains. Similar effects were observed in
NMR studies by Albert et al.[21]

In summary, we investigated the activation parameters of
interconverting tropos biphep ligands and their 3,3’-disubsti-
tuted analogues using enantioselective DHPLC in a novel
three-column approach. The barriers of 3,3’-disubstituted
biphep ligands are significantly higher than those of the
unsubstituted ligands as a result of increased steric hindrance.
In particular knowing the factors that influence the stereo-
dynamics of ligands is of great importance in the design and
understanding of catalysts in asymmetric synthesis. The
results clearly suggest that the interconversion process of
tropos biphep ligands involve solvent reorganization in the
transition state. Our approach, in combination with dynamic
chromatography, provides a straightforward, rapid, and highly
versatile technique to quantify surface effects, which is
normally a challenging and sometimes impossible task. The
potential applications of this new technique range from the
investigation of surface effects of conformationally labile
biomolecules to the quantification of surface-induced self-
amplifying processes.
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