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Abstract—The reversal of the relative position of 1H NMR signals observed for diastereomeric MTPA esters and amides upon
addition of La(hfaa)3 can be used for verification of the validity of the correlation model employed in the modified Mosher’s
method. This verification extends the scope of the determination of absolute configurations using the Mosher method to substrates
having only a few proton probes. © 2002 Published by Elsevier Science Ltd.

1. Introduction

To date, various NMR methods for the determination
of absolute configuration using chiral derivatizing
agents (CDAs) have been proposed.1–8 Of these meth-
ods, the modified Mosher’s method has often been
employed to determine the absolute configuration of
secondary alcohols from natural sources.9–12 In this
method, a chiral compound with unknown configura-
tion is derivatized with (R)- and (S)-MTPA (MTPA=
�-methoxy-�-trifluoromethylphenylacetic acid) to yield
a pair of diastereomeric derivatives. The chemical shifts
of 1H NMR signals of this pair of diastereomers are
then compared. The absolute configuration is assigned
using the correlation model based on the sp conforma-

tion in which the C�CF3 bond is synperiplanar to the
C�O bond of the ester carbonyl group (Fig. 1).

In the sp conformation of (S)-MTPA derivative, the
protons in the R1 group located in front of the MTPA
plane† are shielded by the phenyl group of MTPA, thus
resonating at a higher field relative to those in the R1

group of the (R)-isomer to give negative ��0
S,R values

(��0
S,R=�S−�R : S and R denote the configuration of

MTPA). While in the same conformation of the (R)-
MTPA derivative, the R2 group located behind the
MTPA plane is shielded and the signals due to the R2

protons appear at higher field relative to the signals due
to the (S)-isomer to give positive ��0

S,R values.

The validity of the correlation model can be judged by
examining the signs of ��0

S,R for as many protons as
possible.‡ If the signs are consistent within each sub-
stituent and those observed for the R1 and the R2 are
opposite, the model applies. However, if a substrate
does not have sufficient protons, or one of the two
�-substituents has very few or no protons, the validity

Figure 1. Models for assignment of absolute configuration in
the modified Mosher’s method.

* Corresponding author. Tel./fax: +81-22-217-7716; e-mail:
kabuto@funorg.chem.tohoku.ac.jp

† The atoms in H-C-X-C(�O)-C (X=O or NH) moiety are in the
same plane. For convenience we call this plane the MTPA plane.

‡ Latypov et al. pointed out the conformational complexity of MTPA
esters, which might render the prediction of absolute configuration
risky. See Ref. 13.
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of the model cannot be verified.14,15 In such cases
another method for verifying the validity of the correla-
tion model is required.

An intriguing method was reported for determining the
absolute configuration of chiral primary amines and
alcohols using only one of two diastereomeric �-
methoxy-�-phenylacetic acid (MPA) derivatives.16–18 It
utilizes the chemical shift change caused by chelation of
the CH3O and the C�O groups of the substrate to Ba2+

ion in acetonitrile-d3. We noted that this method
included verification of the validity of the correlation
model and were interested in whether this approach
could be useful for those MTPA derivatives that have
been most widely used. We tested Ba(ClO4)2 with (R)-
and (S)-MTPA esters of (1R,2S,5R)-menthol and also
of (S)-2-phenylethanol in acetonitrile-d3, and found
that it did not afford noticeable shifts in the signals of
the esters.

In the study presented herein, we found a simple
method utilizing La(hfaa)3 (hfaa=hexafluoroacetylacet-
onate) as a chelating agent to verify the validity of the
correlation model employed in the modified Mosher’s
method. This new method of verification extends the
applicability of the modified Mosher’s method to sec-
ondary alcohols and primary amines that have a limited
number of protons. Since the MTPA moiety does not
have an acidic hydrogen on its stereogenic �-carbon, it

is suitable as a CDA for use with the Lewis acid of a
chelating agent.

The method is illustrated in Fig. 2. Added chelating
agent forms a chelate with the CH3O and the C�O of
the MTPA moiety and increases the population of the
sp � conformation. With this conformational change, the
phenyl group in each diastereomer moves to the other
side of MTPA plane from its original position.

Accordingly, the phenyl group of the (S)-isomer shields
R2 to give positive ��M

S,R (��M=�S−�R : in the presence
of metal ion), while that of the (R)-isomer shields the
R1 group to give negative ��M

S,R values. Thus, a reversal
in the relative position will be observed for the
diastereomer signals from protons on both the R1

group and for signals due to those on the R2 group.
The reversal of the relative position of corresponding
diastereomer signals described above is summarized in
Fig. 2(b). The signs of ��0

S,R and ��M
S,R for R1 located

on the left side of MTPA plane are negative and
positive, respectively, while the signs of ��0

S,R and
��M

S,R for R2 located on the right side of the MTPA
plane are opposite to those for R1. Since this reversal of
the relative signal position by a chelating agent indi-
cates that the conformation in the absence of the
reagent is sp, it can be used for verifying the applicabil-
ity of the modified Mosher’s method.

Figure 2. (a) Conformational changes of (R)- and (S)-MTPA esters and amides on chelation of a metal ion. (b) The signs of ��0
S,R

and ��M
S,R at the right and left sides of the MTPA plane.
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2. Results and discussion

2.1. Chelating agent

Chelating agents effective in CDCl3 were first sought.
Since the NMR shift reagent Eu(fod)3 (fod=
6,6,7,7,8,8,8-heptafluoro-2,2-dimethyl-3,5-dionate) was
known to chelate with the CH3O and the C�O of
MTPA esters,19 we considered use of similar com-
plexes of diamagnetic lanthanide ions (La3+ and Lu3+).

Eu(fod)3, which induces paramagnetic shift, is not
suitable because the method is based on the chemical
shift nonequivalence induced by diamagnetic
anisotropy of the phenyl group.

In order to avoid overlap of the ligand signals with
those from the substrates, it is desirable that the lig-
and has no or few protons. We therefore chose hfaa
since it has only one proton as a ligand. In addition,
the electronegative fluorine atoms in this ligand were
expected to increase the Lewis acidity of the central
metal ion and facilitate chelate formation. La(hfaa)3

and Lu(hfaa)3
20 were tested for the diastereomeric

MTPA esters of 1-phenylethanol in CDCl3 and it was
revealed that La(hfaa)3 was more effective than Lu(h-
faa)3.§ We therefore chose La(hfaa)3 as the chelating
agent in this study. Unlike Ba(ClO4)2, La(hfaa)3 can
be handled easily, since it is not explosive.

2.2. Reversal of the relative signal position of
diastereomer signals by La(hfaa)3

The reversal in relative positions of the corresponding
signals due to diastereomeric MTPA derivatives was
examined upon addition of La(hfaa)3 for nine sec-
ondary alcohols and three primary amines. The
results are summarized in Fig. 3.

Typical shift behavior of diastereomer signals can be
seen in the case of MTPA esters of (S)-2-butanol
((R)- and (S)-1: where R and S denote the configura-
tion of MTPA). In the absence of La(hfaa)3, the
CH3

a signals of (S)-1 and (R)-1 are located at 1.25
and 1.34 ppm (��0

S,R=−0.09 ppm), respectively (Fig.
4). Upon the addition of La(hfaa)3, the former signal
stayed at almost the original position instead of shift-

ing downfield as expected, while the latter signal
shifted upfield (Fig. 4).

Consequently, the initial relative position of these sig-
nals was reversed as expected (��La

S,R=0.07 ppm at
1.5 molar ratio of La(hfaa)3 for 1). Similarly, reversal
of the relative positions was also observed for CH3

b

signals, where the signal due to (R)-1 stayed at
almost the original position, while the signal due to
(S)-1 shifted upfield.

The unexpected shift behavior of the CH3
a signal of

(S)-1 and the CH3
b signal of (R)-1 suggests that these

groups are shielded by group(s) other than MTPA–
Ph. This shielding effect is probably due to the hfaa
ligand, which cancels out downfield shift of these sig-
nals by the conformational change from sp to sp �.
This is supported by the observed upfield shifts of the
signals due to the protons on C-6 and C-7 of
(1R,2S,5R)-menthyl methoxyacetate 13 having no
aromatic group in the acid moiety (Fig. 5).

The upfield shifts of the MTPA–MeO signals¶ of (R)
and (S)-1 (Fig. 4) are of similar magnitude. These
upfield shifts are in marked contrast to the downfield
shift21 observed for the MeO signal of 13, consistent
with the expectation of decrease in electron density of
the ether oxygen caused by its coordination with the
La3+ ion. The upfield shifts of similar magnitude for
(R)- and (S)-1 suggest that formation of a complex
by these diastereomers with La(hfaa)3 occurs to a
similar extent.

Similar shift behavior of diastereomer signals with the
addition of La(hfaa)3 was observed for the
diastereomeric MTPA esters 2–9 and the amides 10–
12. For the esters 5–8, the shift behavior was exam-
ined for the signals of all protons. The reversal of the
relative position of the corresponding signals was gen-
erally seen for all protons in 5–7 located on the left
and the right sides of the MTPA plane as expected.
In 6 and 7, both having equatorial ester groups, the
border between positive and negative ��0

S,R is the line
connecting C-1 and C-4, indicating that these com-
pounds take the ideal conformations shown in Fig. 1.
On the other hand, in 8 having the axial OMTPA
group, the border between positive and negative
��0

S,R exists between C-2 and C-3. This suggests the
conformation of the axial OMTPA groups in 8 differs
somewhat from the ideal. Hitherto, the modified
Mosher’s method has not been considered suitable for
determining the absolute configuration for compounds
such as 8,3,14 however, in addition to the regular

¶ A possible interpretation of this upfield shift is as follows: In the sp ’
conformation of each diastereomer depicted in Fig. 2(a), to avoid
steric repulsion from the CF3 group, the CH3 group of MTPA–
MeO is likely to adopt a position syn to the Ph group with respect
to rotation around the O�C� bond and is located in the shielding
region of the aromatic ring.

§ Addition of 1.5 equiv. of La(hfaa)3 decreased the initial chemical
shift difference of −0.06 ppm to 0.02 ppm, whereas addition of the
same amount of Lu(hfaa) had almost no effect on the chemical shift
difference.
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Figure 3. ��0
S,R and ��La

S,R values (ppm) for MTPA esters and amides (��0
S,R: normal type, ��La

S,R: italic, the values at
[La(hfaa)3]/[substrate]=1.5).

arrangement of sign of ��0
S,R values. The observed

reversal of the relative positions of the corresponding
diastereomer signals upon the addition of La(hfaa)3

strongly supports the application of the modified
Mosher’s method to 8, even though it deviates some-
what from the ideal sp conformation.

For 2 and 12, the reversal of relative position of signals
due to diastereomers was observed on neither side of
the MTPA plane in the presence of a 1.5 molar ratio of

La(hfaa)3 to the substrates. However, the absolute val-
ues of ��La

S,R apparently decreased with addition of
La(hfaa)3, indicating that the change in relative posi-
tions of these signals was on the way to reversal.
Further addition of the reagent was prevented due to its
solubility limitation.

It must be mentioned that, unlike Ba(ClO4)2, La(hfaa)3

cannot be employed for determining the absolute
configuration of a single diastereomer, since such a
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Figure 4. Chemical shift changes observed for the signals of (R)- and (S)-1 with the addition of La(hfaa)3.

Figure 5. Chemical shift change [��La−��0 (ppm)] of the
signals due to the protons of 13 with the addition of La(hfaa)3

(1.5 molar equiv.).

This verification considerably increases the reliability of
assignment by the MTPA method. Therefore, the
method we have presented must be useful for determin-
ing the absolute configuration of substrates in which
probe protons are insufficient for reliable assignment
and/or are localized on only one substituent (R1 or R2)
around the stereogenic center.

4. Experimental

4.1. General

The NMR spectra were recorded on a JEOL GSX-400
spectrometer in CDCl3 containing tetramethylsilane as
internal standard. Lanthanum chloride heptahydrate
and lutetium nitrate n-hydrate were purchased from
WAKO Pure Chemical. Hhfaa was available from
Tokyo Kasei and used without any further purification.
(R)- and (S)-MTPACl were purchased from Aldrich
and distilled prior to use. Solvents used in acylation
reactions were distilled from CaH2 under Ar. Column
chromatography was performed with Merck Kieselgel
60 (230–400 mesh).

4.2. Chelating agents

Lanthanum tris(hexafluoroacetylacetonate)(La(hfaa)3)
was prepared by the method of Richardson et al.20 It
was dried at 60°C overnight in vacuo before use. Color-
less crystals. Anal. calcd for C15H3F18LaO6·3H2O, C,
22.03, H, 1.11%; found: C, 22.06, H, 1.13%. Lutetium
tris(hexafluoroacetylacetonate)(Lu(hfaa)3) was also pre-

determination requires both upfield shifts for signals
from either R1 or R2, and downfield shifts for the
signals from the other.16,18 However, upfield shifts were
observed for most signals from both R1 and R2 groups
in the present method.

3. Conclusion

We observed the reversal of relative position of
diastereomer signals on MTPA derivatives upon the
addition of La(hfaa)3. This reversal reflects the confor-
mational change on moving from the sp to the sp �
caused by chelate formation between a substrate and
La(hfaa)3 and can be used for verification of the corre-
lation model of the modified Mosher’s method, that is,
of the sp conformations of MTPA esters and amides.
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pared by the same method from Lu(NO3)3·nH2O. Col-
orless crystals. Anal. calcd for C15H3F18LuO6·2H2O, C,
21.65; H, 0.85%; found: C, 21.65; H, 0.89%.

4.3. MTPA esters and amides

MTPA esters and amides were prepared using MTPA
chlorides and alcohols or amines as reported.22

4.3.1. (S)-2-Butyl (R)-�-methoxy-�-trifluoro-
methylphenylacetate, (R)-1. 1H NMR (400 MHz,
CDCl3) 0.83 (3H, t, J=6.7 Hz), 1.34 (3H, d, J=6.4
Hz), 1.57–1.68 (2H, m), 3.56 (3H, q, J=1.2 Hz), 5.08
(1H, brsext, J=6.3 Hz), 7.35–7.43 (3H, m), 7.45–7.58
(2H, m).

4.3.2. (S)-2-Butyl (S)-�-methoxy-�-trifluoromethyl-
phenylacetate, (S)-1. 1H NMR (400 MHz, CDCl3) 0.94
(3H, t, J=6.7 Hz), 1.25 (3H, d, J=6.4 Hz), 1.63–1.77
(2H, m), 3.56 (3H, q, J=1.2 Hz), 5.08 (1H, brsext,
J=6.3 Hz), 7.35–7.43 (3H, m), 7.45–7.58 (2H, m).

4.3.3. (S)-2-Octyl (R)-�-methoxy-�-trifluoromethyl-
phenylacetate, (R)-2. 1H NMR (400 MHz, CDCl3) 0.88
(3H, brt, J=7.1 Hz), 1.19–1.34 (8H, m), 1.27 (3H, d,
J=6.6 Hz), 1.55 (1H, m), 1.68 (1H, m), 3.55 (3H, brd,
J=1.3 Hz), 5.14 (1H, qt, J=7.4, 6.3 Hz), 7.35–7.41
(3H, m), 7.51–7.54 (2H, m).

4.3.4. (S)-2-Octyl (S)-�-methoxy-�-trifluoromethyl-
phenylacetate, (S)-2. 1H NMR (400 MHz, CDCl3) 0.86
(3H, brt, J=7.0 Hz), 1.15–1.28 (8H, m), 1.33 (3H, d,
J=6.6 Hz), 1.51 (1H, m), 1.61 (1H, m), 3.57 (3H, q,
J=1.3 Hz), 5.14 (1H, qt, J=6.6, 5.2 Hz), 7.33–7.44
(3H, m), 7.51–7.58 (2H, m).

4.3.5. (S)-1-Phenylethyl (R)-�-methoxy-�-trifluoro-
methylphenylacetate, (R)-3. 1H NMR (400 MHz,
CDCl3) 1.64 (3H, d, J=6.7 Hz), 3.56 (3H, brd, J=1.3
Hz), 6.13 (1H, q, J=6.7 Hz), 7.23–7.27 (2H, m), 7.27–
7.32 (3H, m), 7.32–7.39 (3H, m), 7.39–7.43 (2H, m).

4.3.6. (S)-1-Phenylethyl (S)-�-methoxy-�-trifluoro-
methylphenylacetate, (S)-3. 1H NMR (400 MHz,
CDCl3) 1.58 (3H, d, J=6.7 Hz), 3.47 (3H, q, J=1.1
Hz), 6.13 (1H, q, J=6.7 Hz), 7.29–7.41 (8H, m), 7.42–
7.46 (2H, m).

4.3.7. (S)-1-Phenylpropyl (R)-�-methoxy-�-trifluoro-
methylphenylacetate, (R)-4. 1H NMR (400 MHz,
CDCl3) 0.94 (3H, t, J=7.4 Hz), 1.88 (1H, dqd, J=13.7,
7.4, 6.7 Hz), 2.01 (1H, ddq, J=13.7, 7.8, 7.4 Hz), 3.54
(3H, q, J=1.3 Hz), 7.17–7.26 (2H, m), 7.26–7.32 (5H,
m), 7.32–7.41 (3H, m).

4.3.8. (S)-1-Phenylpropyl (S)-�-methoxy-�-trifluoro-
methylphenylacetate, (S)-4. 1H NMR (400 MHz,
CDCl3) 0.84 (3H, t, J=7.3 Hz), 1.84 (1H, dqd, J=14.9,
7.3, 6.1 Hz), 1.97 (1H, ddq, J=15.0, 7.9, 7.3 Hz), 3.45
(3H, brs), 5.90 (1H, dd, J=7.9, 6.1 Hz), 7.25–7.36 (8H,
m), 7.36–7.43 (2H, m).

4.3.9. [(1S)-endo ]-Bornyl (R)-�-methoxy-�-trifluoro-
methylphenylacetate, (R)-5. 1H NMR (400 MHz,
CDCl3) 0.88 (3H, s), 0.89 (3H, s), 0.93 (3H, s), 1.00
(1H, dd, J=14.0, 3.6 Hz), 1.12 (1H, m), 1.27 (1H, m),
1.73 (1H, m), 1.77 (1H, m), 1.83 (1H, m), 2.45 (1H,
dddd, J=14.0, 9.6, 4.4, 3.6 Hz), 3.49 (3H, brs), 5.07
(1H, ddd, J=9.6, 3.2, 2.4 Hz), 7.38–7.43 (3H, m),
7.50–7.55 (2H, m).

4.3.10. [(1S)-endo ]-Bornyl (S)-�-methoxy-�-trifluoro-
methylphenylacetate, (S)-5. 1H NMR (400 MHz,
CDCl3) 0.81 (3H, s), 0.88 (3H, s), 0.93 (3H, s), 1.11
(1H, dd, J=14.0, 3.2 Hz), 1.21 (1H, m), 1.28 (1H, m),
1.70 (1H, m), 1.74 (1H, m), 1.82 (1H, ddd, J=12.8, 9.6,
4.4 Hz), 2.45 (1H, dddd, J=14.0, 9.6, 4.4, 3.2 Hz), 3.50
(3H, brs), 5.11 (1H, ddd, J=10.0, 3.2, 2.0 Hz), 7.38–
7.43 (3H, m), 7.53–7.58 (2H, m).

4.3.11. (1S,2R,5S)-Menthyl (R)-�-methoxy-�-trifluoro-
methylphenylacetate: (R)-6. 1H NMR (400 MHz,
CDCl3) 0.87 (3H, d, J=7.1 Hz), 0.86 (1H, m), 0.86
(3H, d, J=6.8 Hz), 0.91 (3H, d, J=6.6 Hz), 0.98 (1H,
q, J=12.0), 1.06 (1H, m), 1.45 (1H, dddd, J=12.2,
10.9, 3.1, 2.8 Hz), 1.52 (1H, m), 1.69 (1H, m), 1.71 (1H,
m), 1.88 (1H, m), 2.07 (1H, dddd, J=12.0, 6.0, 3.0, 1.7
Hz), 3.53 (3H, q, J=1.2 Hz), 4.88 (1H, td, J=11.0, 4.4
Hz), 7.38–7.43 (3H, m), 7.48–7.55 (2H, m).

4.3.12. (1S,2R,5S)-Menthyl (S)-�-methoxy-�-trifluoro-
methylphenylacetate, (S)-6. 1H NMR (400 MHz,
CDCl3) 0.67 (3H, d, J=7.1 Hz), 0.74 (3H, d, J=6.8
Hz), 0.89 (1H, m), 0.93 (3H, d, J=6.6 Hz), 1.04 (1H,
qd, J=6.6, 3.4 Hz), 1.11 (1H, q, J=11.2 Hz), 1.42 (1H,
dddd, J=12.5, 11.0, 3.6, 2.8 Hz), 1.53 (1H, m), 1.56
(1H, m), 1.67 (1H, m), 1.70 (1H, m), 2.13 (1H, dddd,
J=12.0, 3.6, 3.0, 2.0 Hz), 3.58 (3H, q, J=1.4 Hz), 4.90
(1H, td, J=11.0, 4.4 Hz), 7.36–7.42 (3H, m), 7.51–7.56
(3H, m).

4.3.13. (1S,2R,5R)-Isomenthyl (R)-�-methoxy-�-tri-
fluoromethylphenylacetate, (R)-7. 1H NMR (400 MHz,
CDCl3) 0.82 (3H, d, J=7.0 Hz), 0.89 (3H, d, J=7.1
Hz), 0.94 (3H, d, J=6.8 Hz), 1.23 (1H, m), 1.38 (1H,
m), 1.42 (1H, m), 1.45 (1H, m), 1.47 (1H, m), 1.62 (1H,
m), 1.64 (1H, m), 1.66 (1H, m), 1.87 (1H, m), 3.57 (3H,
q, J=1.1 Hz), 5.29 (1H, td, J=7.4, 4.1 Hz), 7.37–7.41
(3H, m), 7.52–7.55 (2H, m).

4.3.14. (1S,2R,5R)-Isomenthyl (S)-�-methoxy-�-tri-
fluoromethylphenylacetate, (S)-7. 1H NMR (400 MHz,
CDCl3) 0.89 (3H, d, J=7.3 Hz), 0.89 (3H, d, J=7.3
Hz), 0.96 (3H, d, J=6.8 Hz), 1.17 (1H, dtd, J=13.2,
8.8, 4.4 Hz), 1.40 (1H, m), 1.42 (1H, m), 1.51 (1H, m),
1.54 (1H, m), 1.58 (1H, m), 1.64 (1H, m), 1.72 (1H, m),
1.76 (1H, m), 3.54 (3H, q, J=1.0 Hz), 5.30 (1H, td,
J=5.9, 3.2 Hz), 7.24–7.41 (3H, m), 7.51–7.54 (2H, m).

4.3.15. (1S,2S,5R)-Neomenthyl (R)-�-methoxy-�-tri-
fluoromethylphenylacetate, (R)-8. 1H NMR (400 MHz,
CDCl3) 0.81 (3H, d, J=6.8 Hz), 0.83 (3H, d, J=6.0
Hz), 0.86 (3H, d, J=6.7 Hz), 0.90 (1H, m), 0.96 (1H,
dddd, 12.1, 9.9, 3.7, 2.2 Hz), 1.15 (1H, ddd, J=14.7,
12.6, 2.4 Hz), 1.22 (1H, m), 1.23 (1H, m), 1.60 (1H, m),
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1.74 (2H, m), 2.05 (1H, dddd, J=14.7, 3.7, 3.2, 2.3 Hz),
3.54 (3H, q, J=1.2 Hz), 5.46 (1H, brq, J=2.4 Hz),
7.38–7.46 (3H, m), 7.53–7.60 (2H, m).

4.3.16. (1S,2S,5R)-Neomenthyl (S)-�-methoxy-�-tri-
fluoromethylphenylacetate, (S)-8. 1H NMR (400 MHz,
CDCl3) 0.77 (3H, d, J=6.6 Hz), 0.87 (3H, d, J=6.4 Hz),
0.89 (3H, d, J=6.4 Hz), 0.86 (1H, m), 0.98 (1H, dddd,
J=12.5, 9.5, 3.7, 2.5 Hz), 1.07 (1H, ddd, J=14.7, 13.0,
2.5 Hz), 1.20 (1H, qd, J=13.0, 3.4 Hz), 1.30 (1H, m),
1.36 (1H, m), 1.66 (1H, dddd, J=13.0, 5.7, 3.6, 3.4 Hz),
1.72 (1H, m), 2.02 (1H, dq, J=14.4, 3.4 Hz), 3.54 (3H,
q, J=1.0 Hz), 5.41 (1H, brd, J=2.0 Hz), 7.36–7.46 (3H,
m), 7.53–7.52 (2H, m).

4.3.17. Choresteryl (R)-�-methoxy-�-trifluoromethyl-
phenylacetate, (R)-9. 1H NMR (400 MHz, CDCl3) 0.67
(3H, s), 0.86 (3H, d, J=6.8 Hz), 0.86 (3H, d, J=6.9 Hz),
0.91 (3H, d, J=6.6 Hz), 0.92–1.04 (3H, m), 1.00 (3H, s),
1.04–1.19 (6H, m), 1.19–1.42 (5H, m), 1.42–1.63 (6H,
m), 1.72 (1H, m), 1.83 (1H, tdd, J=13.2, 9.4, 5.9 Hz),
1.89 (1H, dt, J=13.8, 3.8 Hz), 2.34 (2H, m), 3.56 (3H,
q, J=1.1 Hz), 4.88 (1H, tdd, J=10.3, 7.8, 4.6), 5.4 (1H,
m), 7.36–7.42 (3H, m), 7.52–7.55 (2H, m).

4.3.18. Choresteryl (S)-�-methoxy-�-trifluoromethyl-
phenylacetate, (S)-9. 1H NMR (400 MHz, CDCl3) 0.68
(3H, s), 0.86 (3H, d, J=6.2 Hz), 0.87 (3H, d, J=6.2 Hz),
0.91 (3H, d, J=6.6 Hz), 0.94–1.50 (3H, m), 1.00 (3H, s),
1.05–1.23 (6H, m), 1.23–1.40 (4H, m), 1.41–1.69 (8H,
m), 1.82 (1H, ddd, J=13.2, 9.6, 5.6 Hz), 1.83–1.92 (2H,
m), 1.98 (1H, dtd, J=12.8, 5.2, 2.4 Hz), 2.04 (1H, m),
2.35–2.50 (2H, m), 3.57 (3H, q, J=1.1 Hz), 4.88 (1H,
dtd, J=11.4, 6.0, 2.0 Hz), 5.41 (1H, m), 7.42–7.46 (3H,
m), 7.53–7.61 (2H, m).

4.3.19. N-(S)-1-Phenylethyl-(R)-�-methoxy-�-trifluoro-
methylphenylacetamide, (R)-10. 1H NMR (400 MHz,
CDCl3) 1.55 (3H, d, J=7.2 Hz), 3.41 (3H, q, J=1.2 Hz),
5.18 (1H, quint, J=6.8 Hz), 6.98 (1H, brd, J=6.8 Hz),
7.23–7.39 (8H, m), 7.42 (2H, brd, J=7.6 Hz).

4.3.20. N-(S)-1-Phenylethyl-(S)-�-methoxy-�-trifluoro-
methylphenylacetamide, (S)-10. 1H NMR (400 MHz,
CDCl3) 1.51 (3H, d, J=6.8 Hz), 3.37 (3H, q, J=1.6 Hz),
5.20 (1H, quint, J=6.8 Hz), 6.97 (1H, brd, J=6.8 Hz),
7.27–7.39 (5H, m), 7.40–7.44 (3H, m), 7.55 (2H, m).

4.3.21. N-[(S)-1-(tert-Butyldimethylsilyloxy)-2-propyl]-
(R)-�-methoxy-�-trifluoromethylphenylacetamide, (R)-
11. 1H NMR (400 MHz, CDCl3) −0.01 (3H, s), 0.03 (3H,
s), 0.87 (9H, s), 1.22 (3H, d, J=6.8 Hz), 3.39 (3H, q,
J=1.3 Hz), 3.55 (1H, dd, J=10.0, 3.3 Hz), 3.62 (1H, dd,
J=10.0, 3.7 Hz), 4.12 (1H, m), 7.02 (1H, brd, J=6.8
Hz), 7.36–7.53 (3H, m), 7.40–7.56 (2H, m).

4.3.22. N-[(S)-1-(tert-Butyldimethylsilyloxy)-2-propyl]-
(S)-�-methoxy-�-trifluoromethylphenylacetamide, (S)-11.
1H NMR (400 MHz, CDCl3) 0.062 (3H, s), 0.064 (3H,
m), 0.90 (9H, s), 1.16 (3H, d, J=6.9 Hz), 3.42 (3H, q,
J=1.2 Hz), 3.57 (1H, dd, J=10.1, 3.3 Hz), 3.70 (1H, dd,
J=10.1, 3.9 Hz), 4.12 (1H, m), 7.38–7.44 (3H, m),
7.56–7.62 (2H, m).

4.3.23. N-[(R)-�-Methoxy-�-trifluoromethylphenyl-
acetyl]-L-alanine methyl ester, (R)-12. 1H NMR (400
MHz, CDCl3) 1.48 (3H, d, J=7.3 Hz), 3.38 (3H, q,
J=1.4 Hz), 3.75 (3H, s), 4.64 (1H, quint, J=7.3 Hz),
7.36–7.45 (4H, m), 7.53–7.58 (2H, m).

4.3.24. N-[(S)-�-Methoxy-�-trifluoromethylphenyl-
acetyl]-L-alanine methyl ester, (S)-12. 1H NMR (400
MHz, CDCl3) 1.41 (3H, d, J=7.1 Hz), 3.52 (3H, q,
J=1.5 Hz), 3.78 (3H, s), 4.66 (1H, quint, J=7.0 Hz),
7.19 (1H, brd, J=7.2 Hz), 7.38–7.43 (3H, m), 7.51–7.57
(2H, m).

4.3.25. (1S,2R,5S)-Menthyl methoxyacetate, 13. 1H
NMR (400 MHz, CDCl3) 0.77 (3H, d, J=6.9 Hz), 0.89
(3H, d, J=7.1 Hz), 0.89 (1H, m), 0.91 (3H, d, J=6.6
Hz), 1.02 (1H, td, J=12.0, 11.3 Hz), 1.06 (1H, m), 1.40
(1H, ddt, J=12.3, 10.8, 3.1 Hz), 1.50 (1H, m), 1.64–1.74
(2H, m), 1.84 (1H, sepd, J=6.9, 3.0 Hz), 2.01 (1H, dddd,
J=11.7, 4.5, 3.4, 2.0 Hz), 3.45 (3H, s), 3.99 (1H, d,
J=16.1 Hz), 4.02 (1H, d, J=16.1 Hz), 4.81 (1H, td,
J=10.8, 4.4 Hz).

4.4. NMR measurement of MTPA derivatives in the
presence of La(hfaa)3

To an NMR tube containing a CDCl3 solution (0.65 ml)
of the MTPA derivative (0.01 mmol), was added finely
powdered La(hfaa)3 (4.1 mg, 0.5 equiv.) and the mixture
was shaken to dissolve the reagent. Slight warming or
ultrasonication helped to facilitate dissolution. NMR
spectra were observed on addition of 0, 0.5, 1.0, and 1.5
equiv. of the agent at ambient temperature.
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