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Four carene β-amino alcohols are subject of conformational
analysis and optical rotation calculations carried out by using
density functional theory with the hybrid B3LYP functional
and aug-cc-pVDZ basis set. Despite relatively small values
of the experimental optical rotations and conformational flex-

Introduction
β-Amino alcohols are widely used as auxiliaries and cata-

lysts and provide excellent enantioselectivity in a variety of
organic reactions, for example, in the enantioselective re-
duction of prochiral ketones,[1a,1b] the Diels–Alder reac-
tion,[2a,2b] the addition of diethylzinc to benzaldehyde,[3]

and other reactions.[4a–4h] Among them, terpene β-amino
alcohols, which can be easily derived from naturally occur-
ring optically pure terpenes, in many cases proved to be
very efficient catalysts and to provide high enantioselective
excess values.[1–4] Though terpene β-amino alcohols have
been subject to numerous experimental studies, carene cis-
β-amino alcohols have been reported only recently.[5] The
first method of synthesis of cis-β-amino alcohols from (+)-
3-carene was developed by Krzemiński.[5a,5b] Lately, an in-
dependent shorter method for the synthesis of terpene β-
amino alcohols and N-methylamino alcohols, among them
amino alcohols 1–4 (Figure 1), was developed in our
group.[5c,5d]

In the asymmetric synthesis of organic compounds, the
determination of absolute configuration (AC) of the prod-
uct is a crucial step. The most straightforward method used
to determine the AC is X-ray analysis; however, this method
needs a monocrystal of the studied compound. In most of
the cases, additional reactions must be carried out to obtain
a crystalline derivative, which thus increases both the total
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ibility of these systems, the correct sign for the specific rota-
tion was predicted for three of studied cases.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Figure 1. β-Amino alcohols 1–4 derived from (+)-3- and (+)-2-car-
ene.

time and the cost of the synthetic process. The possibility
of determining the AC through comparison of calculated
specific optical rotation (OR) values with the experimental
data would thus be an attractive alternative to X-ray analy-
sis.

In this paper we focus on the conformational analysis
and specific optical rotation calculations of (+)-3- and (+)-
2-carene cis-β-amino alcohols 1 and 3, and their N-methyl
derivatives 2 and 4, whose ACs were recently confirmed by
using X-ray analysis.[5c] To the best of our knowledge, this
is the first computational study of specific rotation of β-
amino alcohols. Molecules under investigation are confor-
mationally flexible and thus represent a computationally
demanding group of systems.

Several studies of OR of conformationally flexible mole-
cules are reported in literature.[6] The TDDFT[7a–7c]

approximation with the B3LYP functional[7d] and the aug-
cc-pVDZ basis set[7e] allowed for correct determination of
AC of many of the studied systems. Accounting for the sol-
vent effect through the polarizable continuum model
(PCM)[8] was shown to improve the agreement between the
theoretical and experimental results in the case of compari-
son with the data from measurement carried out in meth-
anol.[6b,6c] Conformational flexibility of amino alcohols 1–
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4 makes them an ideal test case for further evaluation of
reliability of standard TDDFT/B3LYP specific rotation cal-
culation.

Definitions and Computational Details

Optical rotation [α]λ of conformationally flexible enanti-
omer 1 is defined as[6a]

(1)

where ee(ε1) denotes the enantiomeric excess of enanti-
omer 1 in the mixture and [α]iλ is the optical rotation of
conformer i. Symbol Xi represents the fractional population
of conformer i and can be obtained according to Boltz-
mann statistics as[6c]

(2)

where ∆iE denotes the relative energy of conformer i, k is
the Boltzmann constant, and T is the temperature. The
summation in Equations (1) and (2) runs over all (N) stable
conformers of enantiomer 1.

The specific rotation calculations are routinely per-
formed by using the TDDFT[7a–7c] approximation. The
TDDFT, based on the extension of the first Hohenberg–
Kohn (HK) theorem to the case of the time-dependent sys-
tems, is a generalization of the stationary DFT and allows
investigating the time-dependent properties of molecules.
The generalized first HK theorem states that the time-de-
pendent electron density is uniquely defined by the time-
dependent external potential. Time evolution of the system
is characterized by the time-dependent Schrödinger equa-
tion and the many-body problem is solved upon assuming,
analogously to the case of stationary DFT, that the elec-
trons are noninteracting particles. In the cases of relatively
small external potentials the problem of the complete solu-
tion of the time-dependent Kohn–Sham equation is avoided
by the use of the response theory.[7c]

The choice of the basis set for any ab initio or (TD)DFT
calculation is to a large extent the result of a compromise
between accuracy and feasibility of the calculation. In the
case of optical rotation calculations the fact that the size of
the system is usually large makes the use of possibly small
basis set mandatory. In contrast, the basis set used in the
specific rotation calculations must include both polarization
and diffuse functions to correctly describe the system inter-
acting with the external electromagnetic field. The aug-cc-
pVDZ basis set is well recognized to be a reasonable choice
for TDDFT/B3LYP calculations of specific rotation of large
systems.[6,9] The use of the larger aug-cc-pVTZ basis set in
order to improve the quality of the results would lead to a
dramatic increase in computing time, especially for large
(and flexible) systems.

Because it has been found that even small changes in the
set of optimized geometrical parameters may cause sub-
stantial changes in the final OR value,[10] the basis set and
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the level of theory used at the stage of geometrical param-
eters optimization need to be chosen carefully.

The first step of the present investigation was the optimi-
zation of the geometrical parameters of studied amino
alcohols 1–4. One starting point was chosen for molecules
1 and 3, and two independent starting points for molecules
2 and 4, corresponding to the inversion of the configuration
on the nitrogen atom. To confirm that the optimized struc-
tures correspond to the real minima, the corresponding vi-
brational frequencies were calculated. Additionally, for
molecules 1 and 3 two other optimization starting points
corresponding to different deformations of the ring were
chosen, leading to the same optimized structures and thus
confirming that terpene rings present in the molecules are
relatively rigid.

For all optimized geometries we performed potential en-
ergy scans, changing values of two dihedral angles corre-
sponding to the rotation of the OH group (in molecules 1–
4) and either an NH2 (in molecules 1 and 3) or NHCH3 (in
molecules 2 and 4) group. The dihedral angles were changed
by 30° in each step, which gave a total of 144 points of
potential energy surfaces for molecules 1 and 3 and 288
points for molecules 2 and 4. The structures corresponding
to the minima of the surfaces (five for molecules 1 and 3
and eight for molecules 2 and 4) were chosen as starting
points for the geometrical parameters optimization. Analy-
sis of potential energies, bond lengths, and bond angles of
optimized structures was performed to recognize different
stable conformers. Five stable conformers were found for
molecules 1 and 3 and six for molecules 2 and 4. Vibrational
frequencies were calculated for all optimized structures. Fi-
nally, the specific rotation calculations were carried out for
all stable conformers of molecules 1–4.

We used the DFT/B3LYP/aug-cc-pVDZ level of theory
for the optimization of geometrical parameters of all con-
sidered systems as well as for the potential energy scans.
Calculations of the vibrational frequencies were carried out
by using the same level of approximation. The specific rota-
tion calculations were carried out at the TDDFT/B3LYP/
aug-cc-pVDZ level of approximation. The London atomic
orbitals (LAOs)[11] were employed in the OR calculations
to ensure the origin independence of the results. The total
OR values were obtained by using Equation (1). We ne-
glected the solvent and the vibrational effects in all calcula-
tions.

The optimization of the geometrical parameters and vi-
brational frequency calculations were carried out by using
the Gaussian 03 program.[12] Specific optical rotations were
calculated with the Dalton 2.0 program.[13] All OR results
are reported in 10–1 ° cm2 g–1 referred to as OR-units.

Results and Discussion

Geometrical Parameters Optimization

Optimized conformers of 1–4 are presented in Figures 2,
3, 4, and 5 and labeled with letters A–E for molecules 1 and
3 and letters A–F for molecules 2 and 4. In all cases, the
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letter A denotes the most stable conformer and the poten-
tial energy of conformers grows in the series A � B � C �
D � E for molecules 1 and 3 and in the order A � B � C
� D � E � F for molecules 2 and 4.

Figure 2. Optimized conformers 1A–1E of β-amino alcohol 1.

Figure 3. Optimized conformers 2A–2F of β-amino alcohol 2.

For molecules 1 and 3, conformer A, and for 2 and 4
conformers A and B seem to possess a week intramolecular
hydrogen bond, which explains the fact that they are much
more stable than other conformers of these systems. This is
consistent with earlier observation by de Carvalho et al.[14]

of forming an intramolecular hydrogen bond in a camphor-
based γ-amino alcohol.
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Figure 4. Optimized conformers 3A–3E of β-amino alcohol 3.

Figure 5. Optimized conformers 4A–4F of β-amino alcohol 4.

Specific Rotation Results

Theoretical optical rotation results for molecules 1–4 are
presented in Tables 1, 2, 3, and 4 and compared with the
experimental results obtained for amino alcohols of
�99%ee in the chloroform solutions. The total theoretical
and the experimental OR sign differ only in the case of
molecule 1. The absolute value of predicted specific rotation
of system 3 compares acceptably well with the experiment;
however, in the case of systems 1 and 2 the theoretical abso-
lute value of OR is almost twice as large as the experimental



Conformational Analysis and Optical Rotation of Carene β-Amino Alcohols

one. Also, for system 4 the difference between the theoreti-
cal and experimental results is substantial. The very good
agreement of the theoretical and experimental OR values
for molecule 3 may to some extent be fortuitous.

Table 1. Relative energies ∆iE [kcalmol–1], optical rotations [α]iD,
fractional populations Xi [%], and weighted optical rotations
Xi[α]iD of conformers 1A–1E, and total specific rotation [α]D of
molecule 1.

Con- ∆iE [α]iD Xi [%] Xi[α]iD

former

1A 0.0000 –33.19 79.83 –26.49
1B 1.1144 31.82 12.16 3.87
1C 1.7734 –47.30 3.99 –1.89
1D 2.1478 43.83 2.12 0.93
1E 2.2136 –29.02 1.90 –0.55
[α]D (theor.) –24.13
[α]D (exp.) 12.5[a]

[a] Experimental result recorded in CHCl3 at room temperature
with c = 3.2 g/100 mL.[5c]

Table 2. Relative energies ∆iE [kcalmol–1], optical rotations [α]iD,
fractional populations Xi [%], and weighted optical rotations
Xi[α]iD of conformers 2A–2F, and total specific rotation [α]D of
molecule 2.

Con- ∆iE [α]iD Xi [%] Xi[α]iD

former

2A 0.0000 –47.98 45.16 –21.67
2B 0.0979 –93.66 38.28 –35.85
2C 0.9159 –31.10 9.62 –2.99
2D 1.3891 –18.52 4.33 –0.80
2E 1.7715 12.59 2.27 0.29
2F 2.9056 21.64 0.33 0.07
[α]D (theor.) –60.96
[α]D (exp.) –29.9[a]

[a] Experimental result recorded in CHCl3 at room temperature for
c = 2.5 g/100 mL.[5c]

Table 3. Relative energies ∆iE [kcalmol–1], optical rotations [α]iD,
fractional populations Xi [%], and weighted optical rotations
Xi[α]iD of conformers 3A–3E, and total specific rotation [α]D of
molecule 3.

Con- ∆iE [α]iD Xi [%] Xi[α]iD

former

3A 0.0000 –2.28 91.24 –2.08
3B 1.7901 –66.38 4.44 –2.95
3C 2.1967 –5.19 2.23 –0.12
3D 2.5331 –33.55 1.27 –0.42
3E 2.7850 –94.26 0.83 –0.78
[α]D (theor.) –6.35
[α]D (exp.) –8.4[a]

[a] Experimental result recorded in CHCl3 at room temperature for
c = 2.7 g/100 mL.[5c]

For molecules 1, 2, and 4 the individual contributions
to the total OR differ in sign, which causes their partial
cancelation, and thus makes the sign of the total OR sensi-
tive to the choice of fractional populations, that is, to the
accuracy of the approximation used for their evaluation.
However, large changes in the fractional populations would
be necessary to significantly improve the agreement of the
theoretical results with the experimental values, especially
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Table 4. Relative energies ∆iE [kcal mol–1], optical rotations [α]iD,
fractional populations Xi [%], and weighted optical rotations
Xi[α]iD of conformers 4A–4F, and total specific rotation [α]D of
molecule 4.

Conformer ∆iE [α]iD Xi [%] Xi[α]iD

4A 0.0000 74.59 43.42 32.39
4B 0.3897 –17.70 22.49 –3.98
4C 0.6689 85.04 14.04 11.94
4D 0.7572 68.41 12.10 8.27
4E 1.0629 43.76 7.22 3.16
4F 2.4220 –52.87 0.73 –0.39
[α]D (theor.) 51.40
[α]D (exp.) 36.4[a]

[a] Experimental result recorded in CHCl3 at room temperature for
c = 2.15 g/100 mL.[5c]

in the case of molecules 1 and 2. For molecule 1, lowest-
energy conformer 1A strongly dominates (almost 80% of
the population). The stabilization of conformer 1B by as
much as 0.6 kcal mol–1 would change the value of the total
OR to about –14.3 OR-units, and even if 1B was stabilized
by 1 kcalmol–1 the sign of the total OR would remain nega-
tive. The sign of the total OR would change if 1B was the
most stable conformer and 1A was at least about
0.1 kcalmol–1 less stable than 1B (leaving the relative ener-
gies of other conformers unchanged); however, it does not
seem to be possible that conformer 1B is more stable than
1A, which possesses an intramolecular hydrogen bond. For
molecule 2, conformers 2A and 2B constitute over 80% of
the whole population. The destabilization of conformer 2B
by as much as 0.6 kcalmol–1 would lead to an OR value
equal to –50.4 OR-units, but still the theoretical result
would be far from the experimental value. The opposite-
sign conformers 2E and 2F have very high relative energies,
and thus large changes in ∆iE would be necessary to signifi-
cantly enlarge their fractional populations and improve the
agreement of the total theoretical OR with the experimental
result. Molecule 4 is more sensitive to changes in the rela-
tive energy values, and stabilization of 4B by 0.3 kcalmol–1

would lead to a total OR of about 42.5 OR-units. The ob-
served disagreement of the theoretical and experimental
specific rotations may also to some extent result from ne-
glecting the vibrational effects[15] in the calculations.

It is not clear why for molecule 1 the predicted OR sign
is in disagreement with the experimental result, whereas for
the three other systems, very similar to 1, theoretical predic-
tions agree in sign with the experiment. It is possible that
accounting for solvent effects in the OR calculations could
improve the agreement between the theoretical and experi-
mental results. However, the experimental data correspond
to measurements carried out in chloroform, which does not
form hydrogen bonds with the solute, and thus, the solvent
interacts only weakly with the solute molecules.[6a,6b] It
seems that neglecting these interactions cannot be the only
factor leading to an incorrect sign of theoretical OR for 1.

Another possible reason for the failure of the present ap-
proach for molecule 1 can be the fact that a still too small
or insufficiently diffuse basis set was used in the calcula-
tions. The available literature results show that although in
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some of the studied cases replacement of the aug-cc-pVDZ
set with the aug-cc-pVTZ set does not cause a substantial
change in the value of the calculated specific rotation, in
other cases the difference is significant[15d] and even a
change in sign of the resulting specific rotation is ob-
served.[9a,10] Attempts were made to perform test single-
point energy calculations for the conformers of molecule 1
with the aug-cc-pVTZ set, but convergence problems were
encountered. However, it has to be stressed that even if the
convergence problems did not occur, the use of the aug-cc-
pVTZ basis set (with a total of 989 functions for this sys-
tem) in the TDDFT OR calculations for molecule 1 instead
of the aug-cc-pVDZ set (with 447 functions for this system)
would lead to a dramatic increase in computing times. Thus,
although the quality of the results would be improved with
the larger set, it is very difficult to use the aug-cc-pVTZ set
in regular calculations for systems larger than those having
a few so-called heavy atoms. Diffuse and flexible but at the
same time possibly small basis set for the calculation of the
specific rotation would be highly desired.

It is worth noting that the fact that the TDDFT/B3LYP/
aug-cc-pVDZ calculation allows the correct AC to be as-
signed for one system but fails to correctly assign the AC
of other molecules that are very close in structure to the
first one has been reported in literature for other systems.
The widely studied case of the OR of pinenes, with the
TDDFT/B3LYP/aug-cc-pVDZ level of approximation,
leading to the correct sign of OR for α-pinene and the in-
correct sign for β-pinene is one example.[9b,9c]

Conclusions

We carried out systematic conformational analysis and
specific rotation calculations for carene β-amino alcohols
1–4. Despite the conformational flexibility of these systems
and the relatively small absolute values of their experimen-
tal specific rotations, the determined theoretical OR sign is
in agreement with the experimental results in three of the
studied cases, which confirms the AC determined by X-ray
analysis. The present results give hope for future correct
assignment of absolute configuration of other amino
alcohols through careful DFT conformational analysis and
TDDFT optical rotation calculations and comparison with
the available experimental OR data. However, the disagree-
ment of the theoretical and experimental OR sign observed
for one of the examined systems needs further study. It is
possible that a flexible and more diffuse basis set is needed
for the correct theoretical assignment of absolute configura-
tion of molecule 1.
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