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Abstract—(S)-2-Methoxy-2-(1-naphthyl)propionic acid (MaNP acid 1) is used for enantioseparation of many secondary alcohols and for
determining the stereogenic centers. In the liquid state, based on the 1H NMR anisotropy effect and reported results, it was shown that the
MaNP ester preferred a coplanar relation between the methyl and naphthyl groups and a synperiplanar relation between the Ca–OMe
and C]O groups. In the case of 1,2,3,4-tetrahydro-4-phenanthrenol, which is a secondary alcohol, the stereogenic center was determined
by X-ray analysis. It was shown that MaNP ester adopted similar arrangements in the solid state. However, it was presumed that the strong
repulsion between oxygen atoms may be disadvantageous in the solid state. Therefore, we carried out conformational analysis using the sim-
plest MaNP methyl ester to clarify this unique relationship. From detailed results based on the energy surface determined using the RHF/STO-
3G basis set, the synperiplanar positional relation was the most stable, and the calculated results agreed with many reported experimental
results. At the same time, all conformational isomers of the MaNP methyl ester were used to clarify the internal conversion pathways.
� 2006 Elsevier Ltd. All rights reserved.
In order to determine the configuration of stereogenic
centers in organic molecules, a few physical methods have
been utilized: X-ray crystallography, NMR spectroscopy,
and exciton CD spectroscopy.1 In particular, chemical shift
reagents have been widely used to identify the chemical
shifts of two diastereomers in NMR spectra. These chemical
reagents are called Mosher’s reagents: a-methoxy-a-tri-
fluoromethylphenylacetic acid (MTPA),2 a-methoxyphenyl-
acetic acid (MPA),3 a-(1- and 2-naphthyl)-a-methoxyacetic
acids (1-NMA and 2-NMA),4 a-(9-anthryl)-a-methoxy-
acetic acid (9AMA),4 a-(2-anthryl)-a-methoxyacetic acid
(2ATMA),4 a-cyano-a-fluorophenylacetic acid (CFPA),5

a-cyano-a-fluoro-p-tolylacetic acid (CFTA),6 and 2-(2,3-
anthracenedicarboximide)cyclohexanecarboxylic acid.7 As
shown in Figure 1a, 1 also belongs to the category of
Mosher’s reagents.

Acid 1 first reported by Goto et al.8 is a chiral derivatization
reagent for indirect enantiomer separation of amino acids. In
1999, from a study on diastereomeric mixtures of methyl
2-hydroxy-2-(1-naphthyl)propionate by Harada et al.,9 it
turned out that 1 has a potential anisotropy effect similar
to that of Mosher’s reagents.10 A wide variety of racemic
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alcohols can be separated using acid 1 with HPLC, and
then, the stereo configuration of chiral secondary alcohols
can be determined by the 1H NMR anisotropy method.10

According to Kusumi et al.11 and Riguera et al.,12 the chem-
ical shifts of substituents around an asymmetric center in the
(R)- and (S)-derivatives of Mosher’s esters reflect the corre-
lation between the spatial position of the aryl ring in the
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Figure 1. (a) MaNP acid 1 and (b) X-ray crystallographic results for MaNP
ester 2.
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chiral auxiliary reagent and the position of substituents in the
substrate. In other words, the gap in the syn configuration is
related to the steric repulsion between the substituents in chi-
ral alcohols and the aromatic rings in the reagents and is
common for Mosher’s reagents. Riguera et al. have reported
that the relation between the OMe and C]O groups is syn
and that the relation between the aryl ring and Ca–H bond
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Figure 2. The structure of 3.
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Figure 3. Atomic coordinate numbers in 3.
is almost planar based on MM, AM1, ab initio calculations,
and NMR results. The above-mentioned results have been
supported by many conformational analyses and experi-
ments and are almost equal to the axiom for the advanced
Mosher’s method.11 In particular, from results of highly ac-
curate calculations by Houk et al.,13 methoxyacetic acid pre-
fers approximately coplanar arrangements between its C]O
and Ca–O bonds, and the syn arrangement is favored over
the anti by 0.9 kcal/mol. Though the nature of Mosher’s
reagents has been clarified from these reported results, some
questions still remain unresolved. The internal conversion
pathways of Mosher’s esters are not always clear for all con-
formers in all conformational spaces. Moreover, in order to
resolve the stereogenic centers using the 1H NMR aniso-
tropy effect, it must be possible to detect the coplanar rela-
tion between the methyl and naphthyl groups and the
synperiplanar relation between the Ca–OMe and C]O
groups in the liquid state. On the other hand, the stereogenic
center in the MaNP ester (2) of 1,2,3,4-tetrahydro-4-phe-
nanthrenol, shown in Figure 1b, has been determined by
X-ray analysis,14 and in the crystal state, 2 has a coplanar
relation between the methyl and naphthyl groups and a syn-
periplanar relation between the Ca–OMe and C]O groups.
It is presumed that the strong repulsion between oxygen
atoms may be disadvantageous in the solid state. Therefore,
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Figure 4. (a) The rotational energy to rotate around the torsion angle C4–C3–C2–C1 and (b) three minimum energy structures obtained from the rotational
energy. Hydrogen atoms were omitted for clarity.
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Figure 5. (a) The energy surface for group A, which was obtained using A3 as the starting structure and (b) the relationship among seven conformers obtained
from this energy surface.
we report the internal conversion pathways and the factors
affecting the relation between the Ca–OMe and C]O
groups using the simplest MaNP methyl ester (3) (Fig. 2).

1. Computational methods

To obtain the initial 3D molecular coordinates of 3, CS
Chem3D version 7.0 was used; the results are shown in
Figure 3. Ab initio calculations using Gaussian 9815 were
performed on a Linux PC-Cluster and Compaq Alpha
XP1000 computers. All geometrical optimizations were
carried out by using the RHF/STO-3G basis set.16 This basis
set was set up to scan all conformational spaces from energy
surfaces and to reduce calculating cost and time. To cover all
conformational spaces, rotational steps of the single bonds in
3 were five degrees. Calculations of atomic charges based on
Mulliken’s population analysis17 were carried out by using
the RHF/STO-3G basis set, which can be applied to large
molecules. This method required no significant calculation
time. All analyses of conformational transitions and calcula-
tions of the energy barriers between conformers were also
carried out by using RHF/STO-3G. During ab initio calcula-
tions, all internal coordinates were optimized by means of
the Berny algorithm, and convergence was tested against cri-
teria for the maximum force component, root-mean-square
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force, maximum displacement component, and root-
mean-square displacement. Normal mode analyses and
IRC calculations18 confirmed all conformational transition
states.

2. Results and discussion

2.1. The rotational energy of 3

As shown in Figure 3, 3 can rotate around three single bonds
(C2–C3, C3–C5, and C3–C9), which can be used in systemat-
ical conformational analysis. Rotation around the C3–C9

A1 A2

A3 A4

A5 A6

A7

Figure 6. Seven stable conformers obtained from the energy surface for
group A.
bond defines the positional relation between the methyl
and naphthyl groups, and rotation around C2–C3 and C3–
C5 defines the relation between the Ca–OMe and C]O
groups, which makes an energy surface. First, we investi-
gated the relationship between the methyl and naphthyl
groups.20 The three stable structures A3, B2, and C3, which
are rotational isomers, were obtained, as shown in Figure 4.
Conformer A3 was energetically the most stable among
these rotational isomers, and the positional relation between
the methyl group and the naphthyl plane was almost copla-
nar. This physical relation was consistent with results
obtained from 1H NMR spectroscopy and X-ray crystallo-
graphy.10,14 This rotational relation was important to the
energy diagram derived from energy surfaces, as described
later.

2.2. The energy surface of 3

Next, the relation between the Ca–OMe and C]O groups
based on the three rotational conformers was used in order
to search all conformational isomers systematically. In par-
ticular, two torsion angles O5–C3–C2–C1 and C6–O5–C3–
C2 in 3, as shown in Figure 3, were rotated. The energy sur-
face obtained using A3 as the starting structure is shown in
Figure 5a. There were seven stable conformers (A1–A7),
as shown in Figure 6. Concerning the relation between the
Ca–OMe and C]O groups, A2, A3, and A4 were synperi-
planar, and A1 and A6 were antiperiplanar. A5 and A7
were almost antiperiplanar. The spatial relation between
the OMe and C]O groups for A1 and A3 was perpendicu-
lar. A2 was the most stable conformer; the positional relation
between the OMe and C]O groups and the spatial correla-
tion of the methyl group to the naphthyl plane were consis-
tent with 1H NMR spectroscopic and X-ray crystallographic
results.10,14 The correlation among conformers is shown in
Figure 5b. Based on the energy barriers of the pathways on
the energy surface, conformers A1, A3, A4, and A6 easily
moved to A2 and A5. A2 and A5 had contributions of
45.7% and 14.3%, respectively, in the distribution. The
two conformers were dominant isomers in group A. A3
was important as the connection to other conformational
groups.

In the same way, the energy surface starting from B2 is
shown in Figure 7a. The six stable conformers (B1–B6)
that were obtained are shown in Figure 8. In B1–B6, the O
atom of the OMe group was in the naphthyl plane, and the
OMe group had two arrangements: almost vertical to the
naphthyl plane and the other in the naphthyl plane. The ver-
tical case includes B2 and B5, and the other includes B1, B3,
B4, and B6. The positional relation between the Ca–OMe
and C]O groups was neither synperiplanar nor antiperi-
planar. The correlation among conformers is shown in
Figure 7b. From the pathways of group B, conformers B1,
B2, B3, B4, and B6 were easy to move to B5. B4 and B5
shared 3.6% and 8.9% distribution, respectively. The two
conformers were the dominant isomers in group B. Con-
former B2 was important as the connection to other confor-
mational groups.

The energy surface starting from C3 is shown in Figure 9a.
There were four stable conformers (C1–C4), as shown in
Figure 10. The COOMe group of each conformer was
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Figure 7. (a) The energy surface for group B, which was obtained using B2 as the starting structure and (b) the relationship among six conformers obtained from
this energy surface.
arranged vertically to the naphthyl plane. Conformers C1
and C2 had an almost synperiplanar relation between the
OMe and C]O groups. The correlation among the con-
formers is shown in Figure 9b. From the energy barriers of
the pathways on the energy surface of group C, C1 and C3
easily moved to C2 and C4, and C3 was the connection to
other conformational groups.

Based on the correlations among all of the conformers in
each group, the internal conversion pathways for 3 are
shown in Figure 11. The global minimum conformer was
A2, which had a coplanar relation between the methyl and
naphthyl groups and a synperiplanar relation between the
Ca–OMe and C]O groups. The internal conversion
between A3 and C3 was smaller than other internal conver-
sions. As shown in Figure 12, 3 preferred the conforma-
tional isomers of group A on the whole. In other words,
group A was the dominant set of conformers, and groups
B and C were minor ones. This result is consistent with
the experimental results obtained from 1H NMR spectros-
copy10 and is important because the determination of chiral
centers in Mosher’s derivatives from the chemical shifts in
1H NMR spectra needs conformational isomers with a copla-
nar relation between the methyl and naphthyl groups and
a synperiplanar relation between the Ca–OMe and C]O
groups.10–12,14
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B1 B2 

B3 B4

B5 B6

Figure 8. Six stable conformers obtained from the energy surface for group B.
2.3. Stabilization of the synperiplanar conformation in 3

Finally, regardless of the strong repulsion between oxygen
atoms, the main reason why MaNP esters preferred the syn-
periplanar relation between the Ca–OMe and C]O groups
remains unclear. In order to achieve this relation, the strong
repulsion between the oxygen atoms must be suppressed by
attractive interactions. To clarify the reason, internal dis-
tances and charges on all of the conformers in group A
were calculated. In the case of the most stable conformer
A2, the O1–H34 and O5–H34 interatomic distances were
2.57 Å and 2.21 Å, respectively, as shown in Table 1. The
distances in 2, which were determined experimentally,
were similar to the calculated bond distances in 3. As shown
in Table 2, the charges on the oxygen atoms had large nega-
tive values, meaning that there was a large amount of repul-
sion between the oxygen atoms of the Ca–OMe and C]O
groups. The charge on H34 atom in the naphthyl group had
the largest positive value (+0.090), while charges on other
hydrogen atoms were +0.060 to +0.065. Based on the
distances, charges, and reported experimental results,19 we
believe that interactions between the oxygen and hydrogen
atoms exist in 3. The sum of the interactions between O1–
H34 and O5–H34 could overcome the large repulsion between
the oxygen atoms of the Ca–OMe and C]O groups. In other
words, it is reasonable to assume that attractive interactions
between hydrogen and oxygen atoms must have eased
the large repulsion between the two oxygen atoms.
Table 1. Calculated internal distances between oxygen and hydrogen atoms for conformers in group A (unit: Å)

Conformer A1 A2 A3 A4 A5 A6 A7 X-ray of 2

Geometrical relationa apb spb sp sp ap ap ap sp
O1–O5 3.66 2.66 2.86 2.84 3.45 3.67 3.46 2.59
O5–O7 2.67 3.62 3.70 3.70 2.64 2.66 3.03 3.53
O1–H34 3.64 2.57 2.48 2.51 3.08 2.78 2.86 2.30
O5–H34 2.27 2.21 2.27 3.35 2.21 3.28 2.24 2.39
O7–H34 2.24 3.74 3.70 2.77 3.25 2.50 3.49 3.53

a This relation is the spatial relation between Ca–OMe and C]O groups.
b Abbreviated ap and sp means antiperiplanar and synperiplanar, respectively.
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Figure 9. (a) The energy surface for group C, which was obtained using C3 as the starting structure and (b) the relationship among four conformers obtained
from this energy surface.

Table 2. Charges on some of the atoms in 3

Conformer A1 A2 A3 A4 A5 A6 A7

O1 �0.266 �0.254 �0.266 �0.267 �0.262 �0.268 �0.255
O5 �0.242 �0.242 �0.243 �0.242 �0.242 �0.241 �0.245
O7 �0.250 �0.254 �0.253 �0.252 �0.245 �0.250 �0.257
H28 0.065 0.066 0.065 0.069 0.064 0.069 0.063
H29 0.063 0.064 0.063 0.066 0.064 0.066 0.062
H30 0.063 0.064 0.063 0.064 0.064 0.065 0.062
H31 0.060 0.061 0.061 0.063 0.061 0.063 0.060
H32 0.063 0.064 0.063 0.065 0.064 0.066 0.062
H33 0.061 0.065 0.063 0.065 0.063 0.064 0.061
H34 0.090 0.090 0.083 0.063 0.080 0.062 0.072
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C1 C2

C3 C4

Figure 10. Four stable conformers obtained from the energy surface for group C.
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Consequently, MaNP esters adopted a synperiplanar rela-
tion between the Ca–OMe and C]O groups.

3. Conclusion

In conclusion, from conformational analysis on the simplest
MaNP methyl ester 3, all of the conformers and internal con-
version pathways were clarified. The results are summarized
as follows. (1) The most stable conformer A2 had a coplanar
relation between the methyl and naphthyl groups and a syn-
periplanar relation between the Ca–OMe and C]O groups,
which is consistent with reported experimental and calcu-
lated results (Figs. 5 and 6). (2) Based on the internal con-
version pathways shown in Figure 11, it was easy to move
among each conformational group. MaNP methyl ester 3
preferred conformers in group A that have a coplanar rela-
tion between the methyl and naphthyl groups, see Figure 12.
(3) Finally, MaNP esters maintained a synperiplanar rela-
tion between the Ca–OMe and C]O groups, because of
the attractive interactions between the hydrogen atoms in
the naphthyl group and oxygen atoms in the OMe and
C]O groups, as shown in Tables 1 and 2. These results
are consistent with the experimental results obtained from
1H NMR spectroscopy and X-ray crystallography, and they
should lead to development of new advanced Mosher’s
reagents. Work is underway to elucidate the characteristics
of larger MaNP esters.
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