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Vibrational-circular-dichroism (VCD) studies of the solution conformations of three 2,2�-substituted
biphenyls are reported. Biphenyls with only two substituents at the peri-position normally show rotation about
their central axis of chirality at room temperature in solution. We previously found no evidence for rotation of
(P,4S)-2-[4,5-dihydro-4-(1-methylethyl)oxazol-2-yl]-2�-(hydroxymethyl)-1,1�-biphenyl (1) in CDCl3 about its
1,1�- axis, due to stabilization by intramolecular H-bonding and the presence of the i-Pr substituent, but two
conformers were found in solution that result from rotation of the heterocycle in 1 between OH ¥¥¥ N (the form
present in the solid state) and the OH ¥¥¥O H-bonded forms, with no rotation of the i-Pr group or (P) � (M)
twist [1]. For (P,S)-2, where the i-Pr substituent of 1 has been replaced by a Ph group, rotation of the heterocycle
takes place in CDCl3 solution. For (P,S)-3 and (M,S)-4, where Me substitution at the two 6,6�-positions of (P,S)-
1 prevents rotation about the central axis of chirality, rotation of the heterocycle is observed for the (P)-
configuration ((P,S)-3), but not for the (M)-configuration ((M,S)-4). Only one rotamer involving the i-Pr
group, which was found in the solid state of (P,S)-3, was also observed in solution, but (M,S)-4, obtained as an
oil, was found to be a mixture of three rotamers of the i-Pr group.

1. Introduction. ± In a recent study [1] of (P,4S)-2-[4,5-dihydro-4-(1-methylethyl)-
oxazol-2-yl]-2�-(hydroxymethyl)-1,1�-biphenyl (1) by vibrational circular dichroism
(VCD), we reported an unusual atropisomeric stability, as shown in Scheme 1.
Biphenyls with only two substituents at the 2,2�-positions normally exhibit rotation
about their 1,1�-axes, but, for (P,S)-1 in CDCl3 solution in the temperature range 5 to
23�, rotation of the heterocycle (20% 1-1a, 80% 1-2a) was observed, with no evidence
for (P) � (M) rotation, and no rotation of the i-Pr group in the rotamer found in the
crystal structure. We report here an extension of this work to three additional biphenyls
(2 ± 4) where the i-Pr group of 1 has been replaced by a Ph group (2) and where Me
substituents at the 6,6�-positions allow resolution of the stable atropisomers (P,S)-3 and
(M,S)-4.

VCD is a sensitive probe of solution conformation and absolute configuration
[2] [3]. The technique entails comparison of observed VCD spectra with calculations
carried out at the density-functional-theory (DFT) level, and has been applied to a
wide variety of samples [2 ± 8]. The fast vibrational timescale allows observation of
VCD features corresponding to individual conformers in solution.
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2. Results and Discussion. ± Compounds 1 ± 4 were synthesized in a straightforward
manner, and the synthetic and spectroscopic details will be published in a subsequent
paper [9]. These compounds are of great importance for us, as they result from our
synthetic efforts to build up a variety of suitable ligands for transition metal catalyzed
reactions. The solid-state structures found by X-ray crystallographic analyses of (P,S)-2
and (P,S)-3 are presented in Fig. 1; they are analogous to that of (P,S)-1 [1].

As in the case of (P,S)-1, the crystals contained enantiomerically and diastereo-
isomerically pure (P,S)-2 and (P,S)-3. For (P,S)-2, where (S)-phenylglycine had been
used as the enantiomerically pure amino alcohol, the two diastereoisomers (P,S)- and
(M,S)-2 can be expected. However, as these diastereoisomers have only two 2,2�-
substituents, they should be in equilibrium in solution at room temperature. In contrast,
compound (P,S)-3 has additional Me substituents at the 6,6�-positions, and no rotation
about the central axis of chirality can take place. Therefore, diastereoisomers are
formed and can be separated.

The H-bonding patterns that were found for (P,S)-2 and (P,S)-3were very similar to
that in (P,S)-1 [1], as well as the almost perpendicular arrangement of the two Ph rings
of the biphenyl backbone (Table 1).
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Scheme 1



Furthermore, an additional small stabilizing effect was visible for the observed
conformation in these two new structures, namely the substituent on the dihydroox-
azole ring, i.e., the Ph or the i-Pr group, resides over the plane of one of the benzene
rings of the biphenyl moiety, which is indicative of the presence of CH ¥¥¥� interactions
(Table 2). However, this interaction is weak and, therefore, in solution, the activation
energy for the rotation of the i-Pr group in compounds (P,S)-1 and (P,S)-3 is expected
to be small, and will not vary much from that in alkane chains. In compound (P,S)-2,

Table 1. H-Bonding Parameters (OH ¥¥¥ N) and Biphenyl Twist Angles in (P,S)-1, (P,S)-2, and (P,S)-3

Compound H ¥¥¥ N [ä] O ¥¥¥ N [ä] OH ¥¥¥ N angle [�] Biphenyl angle [�]

(P,S)-1a) 1.87(2) 2.845(2) 175(2) 89.00(8)
(P,S)-2 1.96(2) 2.841(1) 174(1) 81.48(6)
(P,S)-3 1.91(3) 2.871(2) 169(2) 84.65(8)

a) Data taken from [1].
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Fig. 1. X-Ray crystal structures of (P,S)-2 (left) and (P,S)-3 (right). ORTEP Representation at the 50%
probability level; arbitrary atom numbering.

Table 2. CH ¥¥¥� Interactions between the 4-Substituent of the Dihydrooxazole Ring and the Counter Benzene
Rings of the Biphenyl Moiety in (P,S)-1, (P,S)-2, and (P,S)-3

Compound Distance H ¥¥¥ Ph (centroid) [ä] Angle H ¥¥ ¥ Ph (centroid) [�]

(P,S)-1a) 3.18 165
(P,S)-2 2.54 162
(P,S)-3 3.27 156

a) Data taken from [1].



which carries a Ph substituent at the dihydrooxazole ring, the CH ¥¥¥� distance is with
2.54 ä significantly shorter than in the other two structures (3.18 ± 3.27 ä; Table 2).
The shorter distance allows for a perfect edge-to-face arrangement, which is mainly
favored by the geometric arrangement of the biphenyl unit and the side chain to allow
an interaction between two acceptors, with a H-atom in between, namely one Ph ring of
the biphenyl moiety as a �-acceptor, and the Ph ring of the side chain as a �-acceptor
[10].

To determine whether the rotation of the heterocycle in (P,S)-1, without any
rotation about the axis of chirality, is also the case for other substitution patterns in this
class of compounds, and to show that VCD measurements are a valuable tool for
gaining deeper insight into the conformational arrangements of molecules in solution,
we carried out detailed VCDmeasurements in CDCl3 for (P,S)-2, (P,S)-3 and (M,S)-4.
Their IR and VCD spectra in CDCl3 are presented in Fig. 2. An overlay of the spectra
of the diastereoisomers (P,S)-3 and (M,S)-4 (Fig. 3,a), reveals several regions with
approximate mirror-image VCD features that are indicative of the atropisomers, and
features of the same sign near 1350 cm�1 associated with vibrations of groups at the
common (S)-configured center of the dihydrooxazole ring. The overall VCD intensity
for 2 was smaller by a factor of ca. 2 compared to those of 3 and 4. A comparison of
the IR and VCD spectra for (P,S)-1 and (P,S)-2 in CDCl3 solution is presented in
Fig. 3,b.

Calculations for biphenyl (S)-2, gave rise to four optimized conformers (Fig. 4),
with calculated relative energies for the isolated (P)- or (M)-twist species and rotation
of the dihydrooxazole group to permit either OH ¥¥¥ N or OH ¥¥¥O H-bonding. We
found only one stable orientation of the Ph substituent of the dihydrooxazole moiety.
For the gas-phase species at this level of calculation, OH ¥¥¥ NH-bonding was calculated
to be much stronger than OH ¥¥¥O H-bonding. However, the experimental data
suggested much smaller differences in energy for these types of interactions in solution
species. A comparison of the calculated IR and VCD spectra for the four conformers
with the observed spectra obtained by dissolving the crystalline compound with
conformation 2-PN, shown in Fig. 5,a, revealed features in the observed VCD spectrum
that correlate with bands for each of the two (P)-twist conformers, but no observed
features unique only to the (M)-twist conformers. Good agreement with the observed
VCD spectrum was obtained for a 2-PN/2-PO 80 :20 composite (Fig. 5,a). The
composite spectrum with 80% (P)-twist and 20% (M)-twist, both with a 4 :1 ratio of
dihydrooxazole rotamers, yielded a similar fit, with a slight decrease in the intensity of
VCD features 2, 3, 4 and 9 (cf. Fig. 5,b).

In contrast to biphenyl 1 with an i-Pr substituent, for which the differences in the
calculated spectra for the two atropisomers were more distinct and no evidence for
(P) � (M) conversion was observed, a small solution population of (M)-twist cannot
be ruled out for the Ph-substituted 2. However, the similarity in overall VCD intensity
for solutions of (P,S)-1 and (P,S)-2, shown in Fig. 3,b suggests atropisomeric stability
for both compounds in CDCl3 solution, since admixture of the (M)-twist conformers
decreases the overall VCD intensity.

For biphenyls (P,S)-3 and (M,S)-4, the Me groups in 6- and 6�-position prohibit
rotation about the central 1,1�-axis. Biphenyl (P,S)-3 was obtained as a crystalline
compound with a single i-Pr rotamer, and with OH ¥¥¥ N H-bonding. Six solution
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Fig. 3. a) Overlay of the IR (lower frame) and VCD (upper frame) spectra for (P,S)-3 and (M,S)-4.
b) Comparison of the VCD (upper frame) and IR (lower frame) spectra of (P,S)-1 and (P,S)-2 in CDCl3 solution.

Fig. 4. Structures and relative energies of the optimized conformers of (S)-2, with (P)- or (M)-helical twist, and
OH ¥¥¥ N or OH ¥¥¥ O H-bonding



conformations are possible, with three rotamers of the i-Pr group, and rotation of the
dihydrooxazole moiety. Comparison of observed CDCl3 solution VCD spectra of 3
with calculated spectra for two dihydrooxazole conformers (Fig. 6, each with the i-Pr
orientation found in the crystal) are shown in Fig. 7,a. Correlation between the
observed and calculated features provides evidence for both H-bonded rotamers. In
this case, the best agreement in sign and relative intensity between observed and
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Fig. 5. a) IR (lower frame) and VCD (upper frame) spectra calculated (left axes) for four conformers of (P,S)-2
compared with the observed spectra (right axes). Numbers identify correlations for VCD bands; spectra offset
for clarity. b) Comparison of the observed IR and VCD spectra of (P,S)-2 (upper traces, right axes) with
composite-calculated spectra (left axes) for 2-PN/2-PO 80 :20 (center traces) and for 2-PN/2-PO/2-MN/2-MO

64 : 16 :16 :4 (lower traces).

Fig. 6. Calculated optimal geometries for (P,S)-3 with crystal orientation of the isopropyl group



calculated spectra was obtained for 80% (P,S)-3 (OH ¥¥¥ N) (III-1a) and 20% (P,S)-3
(OH ¥¥¥O) (III-2a) (Fig. 7,b). Distinct features characteristic of other i-Pr rotamers are
not identified in the calculated spectra, and an admixture of calculated spectra for the
other rotamers (not shown) degrades the fit with the observed data shown in Fig. 7,b.

For (P,S)-4, the calculated spectra for all three i-Pr rotamers (Fig. 8) with OH ¥¥¥N
H-bonding and one rotamer with OH ¥¥¥O H-bonding, are compared with the observed
spectra in Fig. 9,a. No distinct features corresponding to OH ¥¥¥O H-bonded forms
were found in the observed spectra. All three i-Pr group rotamers with OH ¥¥¥O H-
bonding exhibit intense positive VCD near 1660 cm�1, in contrast to the weak VCD at
this frequency for all OH ¥¥¥ N conformers, and to the weak negative VCD observed at
this frequency. The best fit to calculation is found for equal populations of the three i-Pr
group rotamers with OH ¥¥¥ N H-bonding, as shown in Fig. 9,b. In this case, the fit to the
negative VCD feature at 1125 cm�1 requires a population (33%) of (M,S)-4 (OH ¥¥¥N;
IV-3c) above that predicted (10%) from the relative energies calculated for the isolated
molecules. In contrast to 1 and 3, which were present as crystalline samples and for
which only the crystal conformation of the i-Pr group was found for the corresponding
CDCl3 solutions, (M,S)-4 was obtained as an oil, and the VCD spectra indicated a
mixture of i-Pr group rotamers. Although the presence of small populations of OH ¥¥¥O
rotamers cannot be ruled out from the VCD analysis, introducing an OH ¥¥¥ N/OH ¥¥¥O
80 :20 mixture for the three i-Pr group rotamers with an (M)-configuration
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Fig. 7. a) IR (lower frame) and VCD (upper frame) spectra calculated for two conformers of (P,S)-3. Numbers
identify correlations for VCD bands; spectra offset for clarity. b) Comparison of the observed IR and VCD
spectra of (P,S)-3 (upper traces, right axes) with composite-calculated spectra for 80% (P,S)-3 (OH ¥¥¥ N; III-1a)

plus 20% (P,S)-3 (OH ¥¥¥ O; III-2a) (lower traces, left axes).
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Fig. 9. a) IR (lower frame) and VCD (upper frame) spectra calculated (left axes) for four conformers of (M,S)-
4 compared with the observed spectra (right axes). Numbers identify correlations for VCD bands; spectra offset
for clarity. b) Comparison of the observed IR and VCD spectra of (M,S)-4 (upper traces, right axes) with

composite-calculated spectra for an average of conformers IV-1a, IV-1b and IV-1c (lower traces, left axes).

Fig. 8. Calculated optimal geometries and relative energies for three isopropyl group rotamers of (M,S)-4 with
OH ¥¥¥ N H-bonding, and one rotamer with OH ¥¥¥ O H-bonding



(comparable with that found for the single i-Pr group rotamer for (P,S)-3), results in a
distinct positive VCD feature at ca. 1660 cm�1, and lower intensities for most of the
remaining VCD bands, which degrades the overall fit.

3. Conclusions. ± The results of this VCD investigation of the solution conforma-
tions of three asymmetrically substituted biphenyls are summarized in Scheme 2. For
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Scheme 2



(P,S)-2, dissolving the single OH ¥¥¥ N H-bonded rotamer in CDCl3 results in an
equilibrium between the two dihydrooxazole rotamers, as also found previously for
(P,S)-1. The VCD spectra are consistent with the atropisomeric stability for (P,S)-2, but
small amounts of (M,S)-2 cannot be ruled out from this study. For (P,S)-3, an
equilibrium between OH ¥¥¥ N and OH ¥¥¥O rotamers is also established, with no
rotation of the i-Pr group rotamer, as found in the crystal orientation. For (M,S)-4,
obtained as an oil, the VCD spectra in CDCl3 solution are consistent with the presence
of three i-Pr group rotamers with OH ¥¥¥ N H-bonding, but the lack of OH ¥¥¥O H-
bonded conformers.

Experimental Part

General. Compounds 2 ± 4 were prepared in analogy to 1 [1], and the exper. details will be published in a
subsequent paper [9]. All IR and VCD spectra were recorded on a modified −Chiralir× VCD spectrometer
(BioTools, Inc.) at 4 cm�1 resolution, 9-h collection for sample and solvent, with the instrument optimized at
1400 cm�1. The IR and VCD spectra were obtained for solutions in CDCl3 solvent (10.3 mg/130 �l CDCl3 for
(P,S)-2, 10.1 mg/120 �l CDCl3 for (P,S)-3, and an unknown concentration for (M,S)-4 (oil)) in a 98-�m-path
length BaF2 cell at r.t.

Calculations. Conformers for (S)-2, (S)-3, and (S)-4 were modeled with the HyperChem software
(Hypercube, Inc., Gainesville, FL), and the geometries were optimized with Gaussian 98 [11] at DFT level, with
the B3LYP functional and the 6-31G(d) basis set. The vibrational frequencies and IR and VCD intensities were
calculated with Gaussian 98 at the same DFT level, with the magnetic-field-perturbation method [12] for VCD
incorporated into Gaussian 98 based on gauge-invariant atomic orbitals [13] [14]. The frequencies were scaled
by a factor of 0.97, and the intensities were converted to Lorentzian bands with a half-width of 4-cm�1 for
comparison with the experimental data.

X-Ray Crystal-Structure Determination of (P,S)-2 and (P,S)-3 (see Table 3 and Fig. 1)2)). All measurements
were conducted on a Nonius KappaCCD area-detector diffractometer [15] using graphite-monochromated
MoK� radiation (� 0.71073 ä) and an Oxford Cryosystems Cryostream-700 cooler. Data reduction was
performed with HKL Denzo and Scalepack [16]. The intensities were corrected for Lorentz and polarization
effects, but not for absorption. Equivalent reflections, other than Friedel pairs, were merged. The data collection
and refinement parameters are given in Table 3, and views of the molecules are shown in Fig. 1. The structures
were solved by direct methods [17]. The non-H-atoms were refined anisotropically. In each case, the OH H-
atom was placed in the position indicated by a difference-electron-density map, and its position was allowed to
refine together with an isotropic displacement parameter. All remaining H-atoms were fixed in geometrically
calculated positions (d(C�H) 0.95 ä), and each was assigned a fixed isotropic displacement parameter, with a
value equal to 1.2 Ueq of its parent C-atom. The absolute configuration could not be determined crystallo-
graphically due to the absence of significant anomalous scattering elements in each compound. Instead, the
enantiomer used in the refinement was based on the known (S)-configuration of the stereogenic center in the
oxazole moiety. The refinement of each structure was carried out on F using full-matrix least-squares
procedures, which minimized the function �w( �Fo � � �Fc � )2, where w � [� 2(Fo) � (0.005Fo)2]�1. A correction
for secondary extinction was applied. Neutral-atom scattering factors for non-H-atoms were taken from [18a],
and the scattering factors for H-atoms from [19]. Anomalous dispersion effects were included in Fc [20]; the
values for f� and f��were those of [18b], and the values of the mass attenuation coefficients were those of [18c].
All calculations were performed with the teXsan crystallographic software package [21], and Fig. 1 was drawn
with ORTEP II [22].
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2) CCDC-237720 and CCDC-237721 contain the supplementary crystallographic data for this paper. These
data can be obtained free of charge, via www.ccdc.cam.ac.uk/data_request/cif or from the Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK (fax: � 441223336033; e-mail:
data_request@ccdc.cam.ac.uk).
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