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Kotlářská 2, 611 37 Brno, Czech Republic. E-mail: zdenek@ncbr.chemi.muni.cz

Received (in Cambridge, UK) 23rd July 2002, Accepted 8th October 2002
First published as an Advance Article on the web 28th October 2002

Signal anisochrony (∆δ) in NMR spectra of racemic trans-4-(4-fluorophenyl)-3-hydroxymethyl-1-methylpiperidine 1
induced on the formation of diastereomeric salt complexes with (S )-Mosher acid 2 showed a strong dependence on
solvent polarity, concentration, stoichiometric ratio and enantiomeric composition. X-Ray structures of the salts, 3a
and b, revealed that the conformations of the protonated base in ion pairs are very similar with respect to interatomic
distances, bond and torsion angles but the mutual orientation of counterions in ion pairs differs significantly. It is
suggested that the conformations of transient diastereomeric complexes in solution, responsible for ∆δ, resemble
those in the solid state. Furthermore, ab initio calculations performed on the optimized X-ray geometries of both ion
pairs showed that the free energy of 3a is lower than that of 3b. This implies that the association constant for the
formation of 3a is higher than that of 3b.

Introduction
A prerequisite in determining the enantiomeric purity of a
chiral compound by NMR spectroscopy is to induce aniso-
chrony (∆δ) in NMR spectra of enantiomers using a chiral
auxiliary.1 This methodology, based on external diastereotopic-
ity, was first proposed by Raban and Mislow 2 and subsequently
elaborated by Pirkle 3 who employed non-racemic chiral sol-
vents to differentiate NMR signals of enantiomers. The form-
ation of ionic non-covalent diastereomers between an enanti-
opure base and a racemic acid, first reported by Horeau and
Guetté,4 has been applied to the enantiomeric analysis of a
variety of chiral acids in the presence of enantiopure amines 5,6

and vice versa.7,8 Depending on the degree of chiral recognition
occurring between the base and the acid, the resulting short-
lived diastereomeric salt complexes in solution may adopt
distinct conformations that give rise to the anisochrony of
enantiomer NMR signals. Despite a number of applications of
the approach developed by Horeau and Guetté, relatively little
is known about the specific chirality-dependent interactions
in the particular diastereomeric salt complexes which are
responsible for the appearance of ∆δ.

Enantiopure Mosher acids are well established chiral deriv-
atizing reagents currently employed in determining the enan-
tiomeric composition 9 and absolute configuration 10 of chiral
amines or alcohols by means of NMR spectroscopy of the
resultant diastereomeric esters and amides. Furthermore, due
to the enhanced acidity and the presence of polarized substitu-
ents (trifluoromethyl, methoxy) and the anisotropic phenyl
group, Mosher acids are also efficient chiral solvating agents,8

inducing large non-equivalence in NMR spectra of chiral
amines. Moreover, enantiopure Mosher acids have recently
been used as chiral ligands in rhodium complexes 11 for chiral

recognition of various chiral compounds by means of NMR
spectroscopy.

In the present paper we attempt to explain the mechanism
by which the (S )-Mosher acid 2 exercises its influence on the
NMR spectral behaviour of enantiomeric trans-4-(4-fluoro-
phenyl)-3-hydroxymethyl-1-methylpiperidines 1a and 1b
(Fig. 1). Enantiomer 1a with the (3S,4R)-configuration 12 is an

important intermediate in the industrial synthesis of the anti-
depressive drug paroxetine 4 13 The enantiomeric analysis of 1a
by means of NMR spectroscopy in the presence of (S )-Mosher
acid 2 has been reported recently.14

Results and discussion

NMR spectroscopy of diastereomeric salts

As illustrated in Scheme 1, a neutralization reaction between
(S )-Mosher acid 2 and racemic 1 produces two diastereomeric

Fig. 1 Structures of compounds.
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Table 1 1H, 13C and 19F NMR chemical shifts of selected nuclei in 3a and 3b (measured for a mixture containing 60% of 3a and 40% of 3b, 113 mM)
and in free 1 (105 mM) in benzene-d6 and chloroform-d

Nucleus

In benzene a In chloroform a

δ (3a) δ (3b) ∆δ b δ (1) δ (3a) δ (3b) ∆δ b δ (1)

H-2e 3.580 3.660 �0.080 3.189 3.658 3.742 �0.084 3.149
H-5e 1.184 1.089 0.095 1.513 1.863 1.815 0.048 1.777
H-6e 2.575 2.435 0.140 2.666 3.607 3.466 0.141 2.909
H-7 (NCH3) 2.034 2.039 �0.005 2.132 2.719 2.719 0 2.302
H-8d c 3.012 3.089 �0.077 3.007 3.102 3.141 �0.039 3.191
H-8u c 3.249 3.348 �0.099 3.206 3.301 3.361 �0.060 3.372
H-10,14 6.925 6.829 0.096 6.885 7.015 7.015 0 7.135
C-2 d 57.575 57.522 0.053 60.017 57.038 57.038 0 59.403
C-3 d 42.409 42.231 0.178 44.663 41.239 41.239 0 44.188
C-4 d 41.624 41.749 �0.125 43.989 41.010 41.111 �0.101 43.623
C-5 d 31.365 31.365 0 34.685 30.837 30.887 �0.050 34.338
C-7 (NCH3)

d 43.337 43.266 0.071 46.553 43.504 43.504 0 46.419
C-8 d 62.000 62.089 �0.089 63.519 61.391 61.450 �0.059 63.468
F-1 �115.653 �115.764 0.111 �116.920 �115.140 �115.171 0.031 – e

a Digital resolution: 0.22 Hz/point in 1H NMR spectra, 1.38 and 0.91 Hz/point in 13C NMR spectra recorded at 75.47 and 100.62 MHz, respectively,
0.27 Hz/point in 19F NMR spectra. b ∆δ was calculated as follows: ∆δ = δ(3a) � δ(3b), δ(3a) and δ(3b) are chemical shifts of a particular nucleus in 3a
and 3b, respectively. c Protons H-8d (downfield) and H-8u (upfield) are diastereotopic protons at C-8. d Carbon chemical shifts of 3a and 3b were
measured at 282 K at 100.62 MHz; those of free racemic 1 at 303 K at 75.47 MHz. e A fluorine spectrum of this sample was not recorded. 

Scheme 1 Diastereomeric salt complexes, 3a and b, formed between rac-1 and (S )-Mosher acid 2.

salts: (3S,4R)-piperidinium (S )-Mosher carboxylate 3a and
(3R,4S )-piperidinium (S )-Mosher carboxylate 3b. NMR
spectra of the salts show significant differences in the region of
resonances due to the piperidinium cation. This spectral aniso-
chrony ∆δ, expressed as the difference between the chemical
shift of the particular nucleus in 3a and that in 3b, arises from
two causes 1 that might be mutually dependent. Firstly, the pro-
tonated enantiomeric bases have different magnetic surround-
ings resulting from distinct transient conformations of the
particular diastereomeric salt in solution.15,16 Secondly, associ-
ation constants for the formation of the two diastereomeric
complexes may not be equal.17,18

Table 1 provides an overview of proton, carbon and fluorine
chemical shifts measured for free rac-1 and for a mixture
consisting of 60% of 3a and 40% of 3b in deuterated benzene
and chloroform. Signals of the salts were broadened as a con-
sequence of fast chemical exchange between free and bonded
counterions in solution. The spectral non-equivalence ∆δ was
detected for nuclei of the piperidinium moiety which are
located in close proximity to the complexation site at N-1 and
to the chiral centre at C-3 and C-4. It is obvious that the sur-
rounding medium has a profound effect on the magnitude of
∆δ. In the benzene solution of the mixture of salts more nuclei
became anisochronous and the resultant non-equivalence
∆δ was larger compared with that in the chloroform solution.
This can be attributed to an additional shielding effect of
benzene. In diastereomeric salts the interaction between counter-
ions is very strong and is determined primarily by hydrogen
bonding. Therefore, in non-polar solvents the counterions are
preferably associated in neutral complexes solvated by solvent
molecules, while in polar solvents a weak hydrogen bonding
between ions and solvent contributes to the diminishing or even
disappearance of ∆δ.1 As a result of the protonation of the

piperidine nitrogen in 1 the chemical shifts of most signals
significantly changed compared with those in free base. Thus,
H-2e, 6e, 5e and 7 (N-methyl group) in 3a and b in chloroform,
and F-1 in benzene exhibited a considerable downfield shift
while the upfield shift was observed for carbons C-2,3,4,5 and
8 in both solvents. However, in both solvents the ∆δs were of
the similar values. Furthermore, the magnitude and sense of
spectral non-equivalence ∆δ for the particular nuclei reflect
the presence of different magnetic surroundings indicating the
existence of specific conformations of salt complexes in solu-
tion.15 In comparison with 3b the protons H-2e, 7, 8u, 8d and
carbons C-4, 8 in 3a are more magnetically shielded whereas
nuclei H-5e, 6e, 10, 14 and C-2, 3, 7 and F-1 in 3a were relatively
deshielded. The relative magnetic shielding suggests that the
respective nuclei in the distinct solution conformations of the
complexes are situated in the shielding region of the phenyl ring
of (S )-Mosher carboxylate. This may account for the upfield
shift of H-2e, H-5e and 7 in 3a implying their close proximity
to the phenyl group of the anion. Similarly, the shielding of
ortho protons and fluorine in the 4-fluorophenyl substituent in
3b may also result from the anisotropic effect of the phenyl
ring in the (S )-Mosher carboxylate being proximate to them.
Furthermore, protons H-2e and H-6e exhibit quite large non-
equivalence showing almost no change with solvent. Moreover,
in 3a the proton H-2e resonates at a lower frequency to that in
3b while the signal due to H-6e is shifted downfield from that
in 3b. This is likely to be caused by the differential proximity of
these protons to the magnetically anisotropic carboxylate
carbonyl group, indicating that H-6e in 3a and H-2e in 3b are
located in the deshielding region of the carbonyl π-system.19

This finding has been corroborated by the X-ray structural
studies of the ion pairs (Fig. 6), which are discussed further in
the text.
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1H-1H NOESY and 1H-19F HOESY experiments were carried
out on both salts in order to detect intermolecular contacts
between the counterions. The existence of such contacts would
indicate a high degree of association of counterions in ion pairs
and could help to predict the conformations of diastereomeric
complexes in solution, as reported previously by Pirkle.16 How-
ever, the results of both experiments were rather too ambiguous
to provide consistent evidence about the close spatial proximity
of the counterions.

Once non-equivalence is detected for some nuclei in the
diastereomeric complexes, its magnitude can be optimized.6 Of
all resolved nuclei, the fluorine in the 4-fluorophenyl group of
1 was found to be the most sensitive probe to monitor vari-
ations of ∆δF with different experimental parameters such as
concentration, stoichiometry and enantiomeric composition.
Under the given experimental conditions the fluorine
spectrum consists of three resonances. Two of them can be
detected at ca. �115 ppm and belong to the fluorines of the
4-fluorophenyl group in 3a (downfield resonance) and 3b
(upfield resonance); the third fluorine signal, due to the CF3

group in (S )-Mosher carboxylate, was at ca. �70 ppm, as
referenced to CFCl3.

Table 2 shows the variation of ∆δF with the salt concen-
tration in benzene. ∆δF was somewhat insensitive to an increas-
ing concentration of salts, remaining quite large over a wide
concentration interval from ca. 6 to 100 mM and reaching a
maximum value of 0.072 ppm for 24.5 mM solution. However,
at high concentrations (>100 mM) its magnitude decreased,
probably due to the formation of ion aggregates in solution,8

while at very low concentrations (<6 mM) it diminished due to
the increasing dissociation of ion pairs.

The effect of stoichiometry on ∆δF is illustrated in Fig. 2. A
sharp increase of ∆δF was noted for rac-1 in benzene at the
acid:base ratio ranging from 0.5–1. The ∆δF reached its maxi-
mum value of 0.065 ppm at the ratio of ca. 1. This can be
attributed to the formation of the salt. But at higher stoichio-
metric ratios the ∆δF drops considerably, reaching its minimum

Fig. 2 Variation of ∆δF with a 2:rac-1 ratio, recorded for 30 mM
solutions of rac-1 in C6D6 at 297 K.

Table 2 Dependence of ∆δF on the concentration of salt of rac-1 with
2, recorded in C6D6 at 297 K

Concentration/mM ∆δF (ppm) a

139.6 0.059
100.0 0.065
78.2 0.066
61.2 0.068
48.9 0.070
24.5 0.072
12.2 0.069
6.1 0.066
1.5 0.050

a ∆δF =δF(3a)–δF(3b), δF(3a) and δF(3b) are fluorine chemical shifts in 3a
and 3b; digital resolution was 0.21 Hz per point. 

at a ratio of ca. 2, followed by a mild increase to ca. 0.015 ppm
at a ratio of 3.5. A similar dependence was also observed for
equatorial protons H-2, 5 and 6 of the piperidine. By contrast,
the ∆δH for the diastereotopic protons H-8d and H-8u at the
equimolar acid:base ratio was 0.066 and 0.041 ppm, respect-
ively, and increased to a limiting value of 0.069 ppm for H-8u
and 0.057 ppm for H-8d when the acid:base ratio increased
from 2 to 3.5 (Fig. 3). A singlet due to the N-methyl protons of

the piperidinium showed splitting only for the acid:base ratios
below and above 1. This interesting spectral behaviour might
result from the displacement of dissociation equilibrium 6,8

caused by acid dimerization favoured in a non-polar solvent.
The variation of the ∆δs for the fluorine and some protons
attached to the piperidine ring implies that at a stoichiometric
ratio of ca. 1, when the maximum ∆δ is observed, the salt com-
plexes adopt their distinct conformations. However, the ∆δH for
exocyclic diastereotopic protons at C-8 appears to be affected
only by the protonation of nitrogen.

The effect of the enantiomeric composition on the magni-
tude of ∆δF was examined in benzene and chloroform solu-
tions at 30 mM salt concentration. In chloroform solutions
the shift difference increased from 0 ppm (�60%ee 3a) to
0.048 ppm (89%ee 3a). For racemic substrate 1 the value of ∆δF

was 0.025 ppm. At the ee. values below �80%, the fluorine
resonances become isochronous. In benzene, ∆δF for 3a with
enantiomeric composition ranging from �70 to �70% ee was
nearly linear. It is particularly interesting to observe that the
chemical shift of 3a remained almost unaffected with the
increasing enantiomeric purity of 3a, while the fluorine reson-
ance in 3b moved significantly upfield with the decreasing
amount of 3b in the sample (Fig. 4). Outside this range the
dependence becomes non-linear as the ∆δ function is probably
governed by dissociation. A similar behaviour was reported for
analogous diastereomeric complexes and is probably a con-
sequence of the non-equivalence of association constants.6,17

For the diastereotopic protons H-8d and H-8u the ∆δ gradually
decreased with a decreasing content of 3a in a mixture and
changed its sense when the enantiomeric composition of 1a was
as low as �38% ee.

The NMR spectral behaviour of the transient diastereomeric
salt complexes indicates the existence of specific conformations
of the salts in solution and it also suggests that the energies and
association constants for their formation are considerably
different.

X-Ray structures of diastereomeric salts

The crystal structures of the diastereomeric salts, 3a and b,
(Fig. 5) are featured by an infinite one-dimensional hydrogen-

Fig. 3 Variation of ∆δH for diastereotopic protons H-8d and H-8u
and for H-6e in rac-1 (30 mM) with stoichiometric ratio, recorded in
C6D6 at 297 K.
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bond chain parallel to the b-axis, linking the piperidinium
cations and (S )-Mosher carboxylates. The aryl groups of the
counterions are pointing away from the hydrogen-bond chain
forming hydrophobic columns in which the π-π interactions
between the 4-fluorophenyl group of a cation and the phenyl
ring of an anion can be recognized.

The crystallographic data and structure refinement for
diastereomeric salts 3a and b are provided in Table 3. Both
crystals are monoclinic and belong to the P21 space group.
Crystal density of 3a is slightly higher than that of 3b which
indicates that the crystal packing of 3a is more efficient. This
fact may also account for different melting points of the
crystals;18 the melting point of 3a was 133–134 �C, whereas 3b
melted at 117–119 �C.

The presence of two types of intermolecular hydrogen bonds
is a significant feature detected in both crystal structures. The
diastereomeric complex formed between (S )-Mosher acid 2
and an enantiomeric base 1a or 1b has two hydrogen-bond
donors (OH groups in hydroxymethyl and carboxy) and two
acceptors (N and CO). One hydrogen bond is formed between
the nitrogen of the piperidininium moiety and the oxygen of the
(S )-Mosher carboxylate, the other connects the hydroxymethyl
group of the piperidinium moiety and the carboxylic oxygen of
the (S )-Mosher carboxylate. As seen in Table 4, the lengths of
the hydrogen bonds in both ion pairs and the corresponding
angles in 3a fall in the interval expected for analogous hydrogen
bonds.20 However, the angle of N(1) � � � H(1B) � � � O(3) in 3b
is the least linear of the hydrogen bonds. This is thought to
result from the mutual configuration of counterions which

Fig. 4 Variation of fluorine chemical shift of 3a (downfield signal) and
3b (upfield signal) with enantiomeric excess of 3a in the presence of 2
(1.05 equiv.), recorded for 30 mM solutions in C6D6 at 297 K.

tends to minimize repulsive interactions between the aromatic
rings.

It is obvious that the hydrogen bonding affects not only the
conformations of the piperidinium cation and the (S )-Mosher
carboxylate but it is also a key factor in controlling the mutual
orientation of the counterions in ion pairs. As seen in Fig. 6, the
piperidinium ring in 3a and 3b adopts the chair conformation
with all three substituents (the 4-fluorophenyl at C4, the
hydroxymethyl at C3 and N-methyl) in equatorial positions.
Furthermore, the conformations of both protonated enantio-
meric bases are essentially identical with respect to interatomic
distances, bond and torsional angles. In contrast, the conform-
ation of the (S )-Mosher carboxylate in 3a differs considerably
from that in 3b, as demonstrated by the torsional angles of the
acid moieties in both ion pairs (Table 5). Similar findings were
reported for analogous diastereomeric salts prepared in optical
resolutions.21 Thus, in 3a the methyl in the methoxy group of
the (S )-Mosher carboxylate points towards the aromatic ring
and the bond C(16)–C(17) lies almost in the plane of the
aromatic ring whereas in ion pair 3b, the methyl in the methoxy
group is oriented away from the plane of the phenyl ring and
the trifluoromethyl group is nearly perpendicular to the plane
of the phenyl ring. For the (S )-Mosher carboxylate in both 3a
and 3b, O2 points to the trifluoromethyl group and O3 to the
methoxy group. This is a consequence of attractive and
repulsive forces in an ion pair which also lead to the specific
mutual orientation of counterions. The differences between
the structures of ion pairs, 3a and 3b, are striking. The
T-arrangement of the aromatic rings of counterions in 3b
suggests the existence of a CH � � � π hydrogen-bonding inter-
action 22 of protons H-13 and H-14 of the fluorophenyl group
with the π-cloud of the phenyl ring in the anion; the H(13)–
C(22) and H(14)–C(23) interatomic distances are 2.90 and 2.96
Å, respectively. In the ion pair 3a, this interaction is absent
because both aromatic groups are distant from one another. In
a benzene solution of 3b, however, this interaction may be
overwhelmed by stacking with the bulky aromatic solvent.

The formation of the intermolecular hydrogen bond between
the positively charged nitrogen N(1) of the piperidinium cation
and the carboxylic oxygen of the (S )-Mosher carboxylate is
clearly the driving force for ion pairing in solution where it
is thought to control the geometries and stabilities of the ion
pairs.

Free energy computations

According to the results of the NMR studies, the association
constants for the formation of salt complexes 3a and b in solu-
tion may not be equal. To prove this we decided to compute the
free energies of both ion pairs in order to find out which of the
two diastereomeric complexes is more stable and therefore
might have a higher association constant.23,24

Fig. 5 Crystal structures of 3a (left) and 3b (right); crystal packing as seen along the a-axis (drawn in Pluton).30
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Table 3 Crystallographic data and structure refinement for diastereomeric salts 3a and 3b

Parameters 3a 3b

Empirical formula C23H27F4N1O4 C23H27F4N1O4

Molecular weight/g mol�1 457.46 457.46
T /K 293(2) 293(2)
Crystal system monoclinic monoclinic
Space group P21 P21

Crystal size/mm3 0.54 × 0.38 × 0.05 0.45 × 0.39 × 0.14
a/Å 7.3090(2) 8.9615(2)
b/Å 12.0081(4) 8.97716(19)
c/Å 13.0629(3) 14.7286(7)
β/� 90.441(2) 101.862(5)
V/Å3 1146.46(5) 1159.59(7)
Z 2 2
Dc/mg m�3 1.325 1.310
θ-range for data collection/� 3.38–70.01 3.07–69.86
Absorption coefficient/mm�1 0.954 0.943
Reflections collected/independent 2378/2279 2411/2273
Rint 0.0235 0.0141
Final R indices [I > 2σ(I)] R1 = 0.0468, wR2 = 0.1535 R1 = 0.0337, wR2 = 0.0911
R indices (all data) R1 = 0.0495, wR2 = 0.1573 R1 = 0.0359, wR2 = 0.0936
Largest diff. peak and hole/e Å�3 0.181 and �0.220 0.164 and �0.146
No. data/restraints/parameters 2279/1/300 2273/1/398

Table 4 Parameters of hydrogen bonds in salts 3a and 3b

D–H � � � A D � � � H/Å H � � � A/Å D � � � A/Å Angle/�

In 3a     
N(1)–H(1B) � � � O(2) 0.8936 1.7790 2.6596 168.01
O(1)–H(1A) � � � O(3) 0.8589 1.8754 2.7222 168.37
     
In 3b     
N(1)–H(1B) � � � O(3) 0.8126 1.8831 2.6462 155.99
O(1)–H(1A) � � � O(2) 0.7559 1.9345 2.6903 178.97

Table 5 Selected torsional angles for (S )-Mosher carboxylate in
diastereomeric ion pairs 3a and 3b (with standard deviations in
parentheses)

Torsional angle 3a 3b

C(19)–C(16)–O(4)–C(18) 47.62(47) 173.93(24)
C(15)–C(16)–O(4)–C(18) 165.26(36) �64.95(29)
O(4)–C(16)–C(19)–C(20) �129.87(44) �34.02(31)
C(17)–C(16)–C(19)–C(20) �6.61(55) 83.69(30)
C(15)–C(16)–C(19)–C(20) 112.98(44) �155.88(25)
C(19)–C(16)–C(15)–O(2) �65.83(39) �84.99(28)
C(19)–C(16)–C(15)–O(3) 113.90(38) 93.85(26)
C(17)–C(16)–C(15)–O(2) 58.20(38) 33.81(32)
C(17)–C(16)–C(15)–O(3) �122.06(39) �147.36(23)

Conformations of diastereomeric ion pairs were analysed
using a quantum mechanics approach. Geometry optimization
started with the X-ray structures of ion pairs 3a and b. The
complexes were kept neutral; the angle and length of the hydro-
gen bond as listed in Table 4 were used as constraints during
the initial optimization. The resultant ‘partially’ optimized struc-
tures of the ion pairs were allowed to fully relax in order to find
the geometry optimum. This was followed by a single-point
energy calculation using the GAUSSIAN program package.25

All optimizations were performed in vacuo using the HF
method with 6-31G(d,p) basis set, which includes polarization
functions at the hydrogen atoms, enabling a reliable description
of hydrogen bonds, and which has been found to provide sound
results for similar systems.26

Fig. 6 The X-ray structures of ion pairs 3a and 3b
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A comparison of optimized conformations with X-ray
structures expressed in RMSDs for the superimposition of
structures is provided in Table 6. The differences between X-ray
structures and optimized conformations can be explained in
terms of crystal packing effects being operative in the solid state
but not included in these calculations, which were performed
on the structures in the gaseous phase. However, as can be con-
cluded on the basis of RMSDs, these effects were quite
insignificant. The free energy calculations on optimized con-
formations of the ion pairs revealed that the free energy of
3a is 19.6 kJ mol�1 lower than that of 3b. The higher stability of
3a can be attributed to the presence of an additional weak
hydrogen bond formed between N(1) � � � H(1B) and the carb-
oxylic oxygen O(3). The length of this stabilizing hydrogen
bond (i.e. the N(1) � � � H(1B) distance) is 2.60 Å and the
N(1) � � � H(1B) � � � O(3) angle is 139.0�. This result indicates
that the association constant for the formation of 3a is probably
higher than that of 3b.

Experimental

NMR measurements

(S )-Mosher acid 2 (Chiraselect, �99% ee), benzene-d6 (min.
99% D) and chloroform (99.8% D) were purchased from
Aldrich. The solutions for determining the variation of ∆δ with
salt concentration for rac-1 were prepared by diluting a stock
solution (139.6 mM) with C6D6 to allow final concentrations in
the range from 0.1 to 100 mM. Stoichiometric dependence was
measured in 30 mM solutions of rac-1; the acid:base ratio
ranged from 0.2 to 3.52. The dependence of the chemical-shift
difference (∆δ) on enantiomeric composition of 3a (�90% ee to
�95% ee) was determined also for 30 mM solutions in C6D6

and in CDCl3 in the presence of 1 equiv. of (S )-Mosher acid 2.
1H and 19F {1H} NMR spectra were recorded on a Bruker

AC300 instrument working at 300.13 MHz for 1H and at 282.37
MHz for 19F observation, respectively, using a 5 mm QNP
probehead. 13C {1H} NMR spectra were measured at 100.62
MHz on a Bruker AM400. All samples were filtered through a
piece of cotton prior to the measurement. Temperature in 1H
and 19F {1H} NMR experiments was maintained at 297 or 303
K using a Bruker temperature control unit. Some of 13C {1H}
NMR spectra of the diastereomeric mixtures were recorded at
282 K. The samples were spun at 20 Hz. Proton and carbon
spectra were calibrated to TMS. Fluorine spectra were refer-
enced externally to CFCl3 (0.0 ppm) in C6D6. 

1H NMR spectra
were collected with a spectral width of 3.6 kHz, size of 32k data
points, pulse width of 2 µs (corresponding to the flip angle
of 20.9�), repetition delay of 2.0 s, acquisition time of 1.14 s;
16–128 scans were usually accumulated; digital resolution was
0.22 Hz per point. Fluorine and carbon spectra were recorded
with proton decoupling. Typical 19F {1H} NMR spectra were
obtained with a spectral width of 5.2 kHz, 64k data points,
pulse width of 8.6 µs, repetition delay of 2.0 s, acquisition time
of 1.59 s; number of scans ranged from 16 to 512, digital reso-
lution was 0.16 Hz per point. 13C {1H} NMR spectra measured
on an AM400 were recorded with a spectral width of 29.4 kHz,
size of 32k data points, pulse width of 6.7 µs, repetition delay of
2.0 s, acquisition time of 0.46 s; number of scans was usually
1024; digital resolution was 1.84 Hz per point. 2D correlation
experiments were carried out using standard pulse programs
implemented by the manufacturer. Computer processing of

Table 6 Differences between the optimized and X-ray structures,
expressed as root-mean-square deviations for each ion pair (RMSD)

 RMSD for 3a RMSD for 3b

Full-X-ray 0.83 0.25
Partial-X ray 0.54 0.96
Partial-full 0.53 0.79

spectra was performed with Bruker WINNMR software. Reso-
lution of 1D spectra was enhanced by applying exponential
multiplication or square sine-bell window function (SSB = 2.0)
prior to Fourier transformation followed by careful phase and
baseline corrections. The corresponding 2D spectra were sub-
jected to resolution enhancement using a square sine-bell
windowing and exponential multiplication in F1 direction and
in F2 direction, respectively. Complete assignment of all 1H, 19F
and 13C resonances in 3a and 3b was performed on the basis of
a chemical-shift consideration, selective 1H decoupling tech-
nique, 13C editing method (DEPT), 1H–1H homonuclear corre-
lations (COSY), 13C–1H heteronuclear correlations (HETCOR,
COLOC) and NOE spectroscopy.

X-Ray crystallography

Crystals of 3a suitable for X-ray diffraction studies were
obtained by slow evaporation of a benzene solution. Crystals
of 3b were grown from a cyclohexane–diethyl ether mixture. A
single crystal of the salt was mounted in air on a glass fibre.
Collection of intensity data was performed at room temper-
ature on an Enraf-Nonius CAD4 single-crystal diffractometer
using graphite monochromatized Cu-Kα radiation and θ-2θ

scan mode. Unit cell dimensions were determined from the
angular setting of 25 reflections. Intensity data were corrected
for Lorentz and polarization effects. Semi-empirical absorption
correction (ψ-scans) 27 was applied. The structure was solved
using the program CRUNCH 28 and was refined anisotropically
using full-matrix least full-squares on F 2 (SHELXL97 29). Crys-
tal data and structure refinement for 3a and 3b are given in
Table 3. PLUTON drawings 30 of crystal structures are shown in
Figs. 5 and 6. For 3a, all hydrogens, except those attached to
N(1) and O(1), were placed at calculated positions and were
refined riding on the parent atoms. The hydrogens of the methyl
groups were refined as rigid rotors, with idealized sp3 hybridiz-
ation and a C–H bond length of 0.97 Å, to match maximum
electron density in a difference Fourier map. For 3b, the hydro-
gen atoms attached to N(1) and O(1) were taken from a differ-
ence Fourier map and were freely refined. Atomic coordinates,
bond lengths and angles, and thermal parameters will be
deposited at the Cambridge Crystallographic Data Centre
(CCDC).†

Conclusion
Diastereomeric salts, 3a and b, formed between enantiomeric
bases, 1a and b, and (S )-Mosher acid 2, were investigated by
means of NMR spectroscopy and X-ray structural analysis.
The chemical shift anisochrony ∆δ was detected for some of the
nuclei of the piperidinium moiety which were located in close
proximity to the complexation site and to the asymmetric
centres. In benzene solutions, the magnitude of ∆δF (for the
fluorine nucleus in 4-fluorophenyl group) showed a strong
dependence on the concentration, stoichiometric ratio and
enantiomeric composition of the diastereomeric salt which
suggests that the transient diastereomeric complexes in solution
exist in specific conformations and that the association con-
stants for the formation of salt complexes are not equal. This
was supported by the results of ab initio calculations performed
on optimized X-ray conformations of the ion pairs, showing
that 3a is more stable than 3b which implies that the association
constant for its formation may be higher. The X-ray analysis
revealed that the solid-state structures of diastereomeric salts,
3a and b, are primarily controlled by hydrogen bonding. The
conformations of the piperidinium moiety are essentially iden-
tical with respect to interatomic distances, bond and torsion

† CCDC reference numbers 190457 and 190458. See http://
www.rsc.org/suppdata/p2/b2/b207176b/ for crystallographic files in .cif
or other electronic format.
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angles. However, the main structural difference between the ion
pairs occurs in the conformations of the (S )-Mosher carboxyl-
ates and in the mutual configuration of counterions. We sup-
pose that the interactions detected in the solid state also occur
in short-lived diastereomeric complexes in solution and that the
distinct conformations of the solution complexes, which give
rise to the NMR signal anisochrony, resemble those in the solid
state.
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