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have been explained on the basis of experimental data and Monte Carlo simulations of the
PFG-SE experiments. This understanding
should help pave the way for more quantitative
interpretations of the data from suspensions of
other types of RBCs, and more complex cell
types including tissue-arrays [14]. Future work
will address the effects of magnetic fields on
RBCs in patients subjected to MRI examinations.
At the more basic level, the Monte Carlo simulations of q-space plots are being refined to consider the influence of different packing geometries and to evaluate membrane permeability
of cells in situ.

Fig. 5: NMR q-space plots
showing the diffusion-coherence of water in suspensions
of normal RBCs (¡)and the
abnormal RBCs known as
stomatocytes (+) and
megalocytes (t). (Adapted
from [2].)

RBCs include pH, osmolality, the presence or
absence of compounds such as albumin that
influence the surface charge of the membrane,
and the concentrations of cytosolic solutes such
as ATP, glucose and calcium ions. A decrease
in the osmolality of the external medium causes
the cells to swell while maintaining a biconcave disk shape. An increase in osmolality of
the medium results in a more flattened disk
shape. The concentration of ATP is important
for the maintenance of normal shape under
stable physiological conditions [2]. ATP-depleted RBCs undergo a series of morphological transformations; they first become crenated
(spiky) disks, then crenated spheres, and finally
relatively smooth spheres. The rate of this transformation is enhanced by the addition of NaF.
Fig. 4 shows a time course for the q-space plots
and the corresponding scanning electron micrographs of cells which were incubated with 20
mM NaF at a packing density of ca. 65% [3].
Initially the plot shows the features of normal
RBCs (4A), but after 2 h of incubation at 37 °C
(4B) the main coherence features were significantly weaker and the corresponding electron
micrograph revealed a heterogeneous population of normal and spiculated cells. After 3 h
(4C) the cells were predominantly spiculated,
and this was reflected in an almost featureless
q-space plot. After 5.5 h (4D) the cells were
more uniformly spherical but with spicules, and
a new shoulder in the q-space plot became evident at q = ca. 2 × 105 m–1. Finally, after a further 17 h of incubation (4E) the cells were uniformly spherical and less spiculated, and the qspace plot showed clearly coherence features
which differed from those seen with normal
RBCs (4A).

Patients
Fig. 5 shows the superposition of three q-space
plots obtained from RBCs from: a normal donor (¡); a patient with inherited stomatocytosis
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in which the cells contain, in most cases, only a
single dimple and are therefore cup shaped (+),
and a patient who suffered from megaloblastic
anemia as a consequence of vitamin B12 deficiency (t). Thus, there are distinct differences
in the coherence features in these plots which
are clearly related to RBC shape.

Elephant RBCs
Red blood cells from an Indian elephant were
subjected to morphometric analysis by light and
electron microscopy and also by q-space analysis [12]. The advantages of q-space analysis over
both forms of microscopy are: (1) the cells are
not exposed to a large surface area of glass, as
used in light microscopy, which can induce
crenation of the cells and (2) histological fixatives are not required. Fixatives can result in a
substantial shrinkage artifact which potentially
leads to gross misinterpretations of the relative
dimensions of cells and organelles. The q-space
plot from elephant RBCs yielded an estimated
diameter of 9.3 ± 0.7 µm, equal to the less precise value estimated from light and electron
microscopy after correction for the shrinkage
artifact.

Conclusions
The results of q-space analysis of human RBCs
clearly illustrate the coherence phenomena associated with restricted diffusion and show the
potential of the method for providing useful
morphological information noninvasively.
Changes in cell shape due to variations in osmolality and ATP concentration are readily observed in q-space plots, which also yield important quantitative information on the mean
cell dimensions and relative heterogeneity of
cell shapes in a suspension. The features observed in q-space plots from RBC suspensions
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Introduction
The NMR spectra of chiral solutes
We present here three specific exin chiral liquid crystalline solvents
amples illustrating the latest develhave an extremely rich information
opments and applications of this
content. First, anisotropic obserpromising approach. In particular,
vables not detectable in the spectra
we will demonstrate that unsaturated
of isotropic samples can be detected,
and saturated chiral hydrocarbons
e.g., the chemical shift anisotropy,
can be differentiated using NAD
(∆σi), the spin-spin coupling anisotNMR in PBLG. For optimal perropy (∆Tij), and the quadrupolar splitformance this work was carried out
ting (∆νQi) for nuclei with spin I > 1/2,
with a DRX 400 spectrometer
which is averaged to zero in the liqequipped with a high-resolution seuid state [1]. Second, in a chiral enlective deuterium probehead and
vironment enantiomers may give diffluorine lock channel, designed and
ferent NMR spectra from which the
built by Bruker SA to explore the
enantiomeric composition can be obanalytical potential of the technique.
tained by peak integration. This situation arises when differences in the
Enantiomer discriminaenantioselective interactions between
tion using NAD-NMR in
the S and R isomers and the chiral
liquid crystalline phase result in sufPBLG
ficient differential ordering effects
Background
(DOE) so that the isomers can be
discriminated by their order-sensitive
Theoretically, the proton-decoupled
NMR observables. Consequently,
deuterium NMR spectrum of two
NMR spectroscopy in chiral liquid
monodeuterated enantiomers which
crystal solvents has important potenorient differently in a chiral ordered
tial in the field of enantiomeric analyenvironment, such as a PBLG liqsis. To facilitate this alternative apuid crystalline phase, should show
proach, when analytical NMR in an
two quadrupolar doublets. For the
isotropic medium fails to provide the
S enantiomer the separation between
desired information, we have develthe peaks of a doublet for a given
oped several NMR methods based
deuterium Di, the quadrupolar spliton the use of weakly oriented, chiral
ting in Hertz, is given by Eqs. 1 and
liquid crystals made by dissolving a Fig. 1: Principle of enantiomeric discrimination using natural-abundance deuterium 2. For the R enantiomer the same
synthetic polypeptide, poly-γ-benzyl- (NAD) NMR spectroscopy in a chiral liquid crystal environment.
equations apply with the superscript
L-glutamate (PBLG), in an organic
S replaced by R.
solvent such as CHCl3, DMF, or THF
[2-3].
∆νSQi = (3/2) KC-D SSC-Di
(1)
A rough classification of the sensitivity of the
record natural-abundance deuterium (NAD)
various anisotropic interactions towards the
NMR spectra of enantiomers with satisfactory
(2)
KC-D = [e2QDi qC-Di / h]
DOE of enantiomers indicates that |∆νQi| > |∆Tij|
quality on DRX 400 or AM 250 spectrometers
> |∆σi|. Consequently in the earliest studies, we
equipped with a 5-mm broadband inverse (BBI)
focused on chiral discrimination using deuterprobehead [4,5]. Consequently, it appeared to
The term KC-D is the deuterium quadrupolar
ated materials. Although numerous synthetic
us that the enantiomeric differentiation of chiral
coupling constant, and it is assumed that the
methods for selective deuteration are available,
compounds using NAD-NMR is quite feasible
quadrupole tensor is axially symmetric about
it is clear that this may not always be possible,
with standard NMR equipment, despite the very
the C-D bond. KC-D varies between 170 to 210
low sensitivity of deuterium in natural abundesirable, or easy to do. However, we have
kHz, depending on the hybridization state of
shown recently that it is possible to routinely
dance.
the carbon bonded to a given deuteron [1].
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SC-Di is the order parameter of the C-Di internuclear axis relative to the magnetic field axis
and can be different for the S and R enantiomers. The relatively large magnitude of KC-D
for the C-D bond means that, even though
differences between the order parameters for
R and S isomers may be small, their
quadrupolar splittings ∆νQi may be sufficiently different so that the two doublets can
be resolved.
At natural abundance the 2H-2H spin-spin couplings are not detected. Thus, when all scalar
and dipolar couplings with protons are eliminated through decoupling, the NAD spectra in
the PBLG phase consist of superpositions of
independent quadrupolar doublets correspond-

ing to all non-equivalent deuterons in each of
the enantiomers [4-6]. Disregarding quadrupolar
doublets originating from the co-solvent, we can
expect up to 2n doublets (4n peaks) in the NAD
spectrum for a racemic mixture of enantiomers
possessing n non-equivalent deuterons, if there
is no signal overlap, if all quadrupolar splittings
are non-zero, and if all deuterated chiral
isotopomers are discriminated. This number is,
however, reduced to 2(n-k) doublets for molecules possessing k exchangeable -OD or -ND
groups; chiral discrimination is not possible for
such groups, due to fast exchange of their deuterons.
The largest quadrupolar splittings observed in
PBLG solutions have approximately the same
magnitude as the deuterium chemical shift
range. Thus, for large
chiral molecules the
identification of two
components for each
quadrupolar doublet is
generally not straightforward due to overlap
of numerous peaks
[5,6]. Consequently,
one-dimensional
NAD-NMR spectra do
not exhibit the approximately symmetrical
character observed for
strongly ordered liquid
crystals for which the
correlation between
two components is usually trivial. However,
with weak ordering
each doublet can be assigned on the basis of
its chemical shift. To facilitate the analysis of
overcrowded NAD
spectra, we have developed several protondecoupled deuterium
2D NMR experiments
referred to as QUOSY
(for QUadrupole Ordered SpectroscopY).
Among them, the 2D
autocorrelation experiment named Q-COSY
was found to be the
most suitable and useful 2D sequence for
NAD-NMR in terms of
signal sensitivity [5].
The pulse sequence
Fig. 2: 61.4 MHz (9.4 T) 2D NAD Q-COSY spectrum of (±)-limonene using (a) a 5-mm (90°- t1 -180°- t2.) is forBBI probehead and (b) a selective deuterium probehead with the same experimental mally analogous with
conditions. The data matrix is 256 (t1) × 1400 (t2) data points. An exponential window some sequences apfunction was applied in both dimensions.
plied for spin-1/2 systems, but it cannot be simply compared to them
[6]. To correct for the effects of non-ideal pulses,
which lead to a degradation of the S/N ratio
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and undesirable on-diagonal peaks in the QCOSY spectrum, we have replaced each single
pulse in the basic two-pulse sequence by a composite pulse, providing greater tolerance to imperfections and off-resonance effects [6]. The
Q-COSY pulse program for AVANCE spectrometers is given at the end of this article.

NMR sample preparation
Suitable samples for NAD-NMR in PBLG require 50 to 100 mg of the investigated material,
80 to 100 mg of PBLG, and 350-500 mg of cosolvent in a 5-mm NMR tube to give an optimal volume for a 5-mm selective probehead.
The NMR tube should be sealed to avoid solvent evaporation, and the sample is then mixed
back and forth until a homogeneous birefringent phase is obtained. In this study we have
used PBLG (Sigma Corp.) with a degree of
polymerization DP = 562 (MW = ca. 120 kDa)
and dry chloroform as co-solvent. Chloroform
is the most efficient solvent for NAD NMR in
PBLG. It dissolves a large range of organic compounds and the linewidths of the signals from
the chiral solutes are usually small (3-10 Hz).
Also, chloroform contains only one deuterated
isotopomer, giving rise to a single additional
and easily recognizable quadrupolar doublet in
the NAD spectrum (Fig. 1). A further advantage of chloroform as co-solvent is that the number of deuterons per unit volume is not excessively large relative to those of the chiral solutes, thus minimizing potential dynamic range
problems for data acquisition [7].
Spectrometer requirements
1D and 2D NAD-NMR experiments in PBLG
can be performed on any multinuclear spectrometer and no special hardware is required.
Nevertheless, the use of a high magnetic field
for good chemical shift dispersion and a selective 2H probe for optimal sensitivity at natural
abundance is recommended. In the work presented here, we used a Bruker DRX 400 highresolution NMR spectrometer and a 5-mm selective deuterium probe (61.4 MHz) equipped
with a 1H-decoupling channel and 19F lock
(376.5 MHz) developed by Bruker SA. Actually, we found that, with our equipment and
environment, there were no significant differences in linewidths or S/N between spectra recorded with and without the fluorine lock. However, when long-term magnetic field drift is
comparable to the linewidths or when external
field perturbations are significant, a field-frequency lock on a fluorine signal is absolutely
essential for good performance. A few drops of
CFCl3 (ca. 10-20 mg) are sufficient and can be
added to the co-solvent without perturbing the
PBLG phase.
The NAD-NMR experiments presented here
were recorded with digital filtering and
oversampling to maximize dynamic range and
S/N [8,9], and the WALTZ-16 composite pulse

sequence was used to decouple protons. Note
that proton decoupling in NAD-NMR applications does not require more power than for isotropic samples because the residual 1H-2H dipolar couplings remain small. The NMR tube
was not spun in the magnet, and the temperature of the sample was regulated at 298.0 ± 0.1 K
by the Bruker BVT 3000 temperature unit.
Unless specified otherwise in the text or figure
legends, the NAD 2D Q-COSY experiments
were recorded using 320 transients for each t1
increment with a relaxation delay of 0.5 s. All
2D spectra were zero-filled to 1024 (t1) × 2048
(t2) points prior to 2D FT and then symmetrized.

doublets if the spectra of all nonequivalent deuterated isotopomers are resolved. In addition,
the relatively low chemical shift dispersion of
deuterium signals in this kind of cycloalkene
suggests that the 2D Q-COSY experiment will
be required to clearly identify the two components for each quadrupolar splitting.
Fig. 2 presents 2D NAD-NMR spectra of (±)limonene in PBLG recorded using the BBI (a)
and the selective deuterium probe (b) with the
same acquisition conditions. The liquid-crystalline NMR sample contained 100 mg of racemic mixture, 100 mg of PBLG and 350 mg of
CHCl3. The pulse sequence used generates
phase-twisted lineshapes; therefore, a magni-

Fig. 3: (a) Principle of the tilt procedure as applied to a Q-COSY spectrum. (b) tilted
Q-COSY spectrum of (±)-limonene. (c) Columns from the tilted spectrum show the
quadrupolar doublets corresponding to the two diastereotopic deuterons c and c’;
only one shows a chiral discrimination. (d) 1D isotropic NAD-NMR spectrum of (±)limonene at 298 K.

Results and Discussion
Enantiomer differentiation of chiral
hydrocarbons in PBLG
A racemic mixture of limonene, a well-known
chiral intermediate for natural product synthesis, was investigated. This apolar, semi-rigid
molecule was an interesting candidate for testing the potential of the technique for studying
unsaturated hydrocarbons. Although this chiral
semi-rigid cycloalkene is the simplest chiral pmenthane monoterpene (C10H16), we can expect
to detect a maximum of 2×12 = 24 quadrupolar

Comparison of the two spectra in Fig. 2 confirms the definite advantage of using a selective deuterium probehead (the inner rf coil for
2
H provides a better filling factor and higher
coil quality factor compared to the outer coil in
an inverse probehead). A significant gain in
sensitivity (S/N per mg, inversely proportional
to the 90° pulse length) is observed, thus allowing the detection of the smallest deuterium signals in the spectrum [7]. This is a very important point when the molecule of interest does
not possess methyl groups which provide strong
signals from 3 equivalent deuterons. Furthermore, the observation of all deuterium signals
in the 2D spectra may facilitate spectral analy-

Fig. 4: 61.4 MHz 2D NAD Q-COSY spectrum of (±)-3-methylhexane recorded using
300 (t1)×1700 (t2) data points. A Gaussian window function was used in both dimensions, and the matrix was symmetrized. The chloroform doublet is not shown in the
spectrum.

tude-mode transform was used for the 2D contour plot shown. One might argue that 2D experiments giving pure absorption peaks in both
dimensions should be more valuable in terms
of spectral resolution and S/N ratio. However,
we have shown that the phase-sensitive variant
of the Q-COSY sequence, referred to as QCOSY Ph, is less sensitive by a factor 21/2 compared Q-COSY itself [5]. The resolution enhancement obtained with pure absorption phase
peaks would increase S/N by a factor 21/2 ; however, the pulse sequence for phase-sensitive 2D
Q-COSY Ph results in a factor of 2 loss in signal amplitude in the acquired data.

sis and avoid ambiguities in assignments and
chiral discrimination.
Apart from the quadrupolar doublet from CDCl3
(* in the projection of Fig. 2b), we observed 17
clearly resolved quadrupolar doublets. A first
analysis revealed that several deuterated sites
can be discriminated. For instance, the existence of two quadrupolar doublets, centered at
1.5 ppm (open circles in Fig. 2b) shows chiral
discrimination (|∆νSQi - ∆νRQi| = 78 Hz) for the
corresponding deuteron, while the intense doublets centered at 1.8 and 1.9 ppm (methyl
groups, filled circles in Fig. 2b) are not differentiated (one doublet for each methyl group).
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SC-Di is the order parameter of the C-Di internuclear axis relative to the magnetic field axis
and can be different for the S and R enantiomers. The relatively large magnitude of KC-D
for the C-D bond means that, even though
differences between the order parameters for
R and S isomers may be small, their
quadrupolar splittings ∆νQi may be sufficiently different so that the two doublets can
be resolved.
At natural abundance the 2H-2H spin-spin couplings are not detected. Thus, when all scalar
and dipolar couplings with protons are eliminated through decoupling, the NAD spectra in
the PBLG phase consist of superpositions of
independent quadrupolar doublets correspond-

ing to all non-equivalent deuterons in each of
the enantiomers [4-6]. Disregarding quadrupolar
doublets originating from the co-solvent, we can
expect up to 2n doublets (4n peaks) in the NAD
spectrum for a racemic mixture of enantiomers
possessing n non-equivalent deuterons, if there
is no signal overlap, if all quadrupolar splittings
are non-zero, and if all deuterated chiral
isotopomers are discriminated. This number is,
however, reduced to 2(n-k) doublets for molecules possessing k exchangeable -OD or -ND
groups; chiral discrimination is not possible for
such groups, due to fast exchange of their deuterons.
The largest quadrupolar splittings observed in
PBLG solutions have approximately the same
magnitude as the deuterium chemical shift
range. Thus, for large
chiral molecules the
identification of two
components for each
quadrupolar doublet is
generally not straightforward due to overlap
of numerous peaks
[5,6]. Consequently,
one-dimensional
NAD-NMR spectra do
not exhibit the approximately symmetrical
character observed for
strongly ordered liquid
crystals for which the
correlation between
two components is usually trivial. However,
with weak ordering
each doublet can be assigned on the basis of
its chemical shift. To facilitate the analysis of
overcrowded NAD
spectra, we have developed several protondecoupled deuterium
2D NMR experiments
referred to as QUOSY
(for QUadrupole Ordered SpectroscopY).
Among them, the 2D
autocorrelation experiment named Q-COSY
was found to be the
most suitable and useful 2D sequence for
NAD-NMR in terms of
signal sensitivity [5].
The pulse sequence
Fig. 2: 61.4 MHz (9.4 T) 2D NAD Q-COSY spectrum of (±)-limonene using (a) a 5-mm (90°- t1 -180°- t2.) is forBBI probehead and (b) a selective deuterium probehead with the same experimental mally analogous with
conditions. The data matrix is 256 (t1) × 1400 (t2) data points. An exponential window some sequences apfunction was applied in both dimensions.
plied for spin-1/2 systems, but it cannot be simply compared to them
[6]. To correct for the effects of non-ideal pulses,
which lead to a degradation of the S/N ratio
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and undesirable on-diagonal peaks in the QCOSY spectrum, we have replaced each single
pulse in the basic two-pulse sequence by a composite pulse, providing greater tolerance to imperfections and off-resonance effects [6]. The
Q-COSY pulse program for AVANCE spectrometers is given at the end of this article.

NMR sample preparation
Suitable samples for NAD-NMR in PBLG require 50 to 100 mg of the investigated material,
80 to 100 mg of PBLG, and 350-500 mg of cosolvent in a 5-mm NMR tube to give an optimal volume for a 5-mm selective probehead.
The NMR tube should be sealed to avoid solvent evaporation, and the sample is then mixed
back and forth until a homogeneous birefringent phase is obtained. In this study we have
used PBLG (Sigma Corp.) with a degree of
polymerization DP = 562 (MW = ca. 120 kDa)
and dry chloroform as co-solvent. Chloroform
is the most efficient solvent for NAD NMR in
PBLG. It dissolves a large range of organic compounds and the linewidths of the signals from
the chiral solutes are usually small (3-10 Hz).
Also, chloroform contains only one deuterated
isotopomer, giving rise to a single additional
and easily recognizable quadrupolar doublet in
the NAD spectrum (Fig. 1). A further advantage of chloroform as co-solvent is that the number of deuterons per unit volume is not excessively large relative to those of the chiral solutes, thus minimizing potential dynamic range
problems for data acquisition [7].
Spectrometer requirements
1D and 2D NAD-NMR experiments in PBLG
can be performed on any multinuclear spectrometer and no special hardware is required.
Nevertheless, the use of a high magnetic field
for good chemical shift dispersion and a selective 2H probe for optimal sensitivity at natural
abundance is recommended. In the work presented here, we used a Bruker DRX 400 highresolution NMR spectrometer and a 5-mm selective deuterium probe (61.4 MHz) equipped
with a 1H-decoupling channel and 19F lock
(376.5 MHz) developed by Bruker SA. Actually, we found that, with our equipment and
environment, there were no significant differences in linewidths or S/N between spectra recorded with and without the fluorine lock. However, when long-term magnetic field drift is
comparable to the linewidths or when external
field perturbations are significant, a field-frequency lock on a fluorine signal is absolutely
essential for good performance. A few drops of
CFCl3 (ca. 10-20 mg) are sufficient and can be
added to the co-solvent without perturbing the
PBLG phase.
The NAD-NMR experiments presented here
were recorded with digital filtering and
oversampling to maximize dynamic range and
S/N [8,9], and the WALTZ-16 composite pulse

sequence was used to decouple protons. Note
that proton decoupling in NAD-NMR applications does not require more power than for isotropic samples because the residual 1H-2H dipolar couplings remain small. The NMR tube
was not spun in the magnet, and the temperature of the sample was regulated at 298.0 ± 0.1 K
by the Bruker BVT 3000 temperature unit.
Unless specified otherwise in the text or figure
legends, the NAD 2D Q-COSY experiments
were recorded using 320 transients for each t1
increment with a relaxation delay of 0.5 s. All
2D spectra were zero-filled to 1024 (t1) × 2048
(t2) points prior to 2D FT and then symmetrized.

doublets if the spectra of all nonequivalent deuterated isotopomers are resolved. In addition,
the relatively low chemical shift dispersion of
deuterium signals in this kind of cycloalkene
suggests that the 2D Q-COSY experiment will
be required to clearly identify the two components for each quadrupolar splitting.
Fig. 2 presents 2D NAD-NMR spectra of (±)limonene in PBLG recorded using the BBI (a)
and the selective deuterium probe (b) with the
same acquisition conditions. The liquid-crystalline NMR sample contained 100 mg of racemic mixture, 100 mg of PBLG and 350 mg of
CHCl3. The pulse sequence used generates
phase-twisted lineshapes; therefore, a magni-

Fig. 3: (a) Principle of the tilt procedure as applied to a Q-COSY spectrum. (b) tilted
Q-COSY spectrum of (±)-limonene. (c) Columns from the tilted spectrum show the
quadrupolar doublets corresponding to the two diastereotopic deuterons c and c’;
only one shows a chiral discrimination. (d) 1D isotropic NAD-NMR spectrum of (±)limonene at 298 K.

Results and Discussion
Enantiomer differentiation of chiral
hydrocarbons in PBLG
A racemic mixture of limonene, a well-known
chiral intermediate for natural product synthesis, was investigated. This apolar, semi-rigid
molecule was an interesting candidate for testing the potential of the technique for studying
unsaturated hydrocarbons. Although this chiral
semi-rigid cycloalkene is the simplest chiral pmenthane monoterpene (C10H16), we can expect
to detect a maximum of 2×12 = 24 quadrupolar

Comparison of the two spectra in Fig. 2 confirms the definite advantage of using a selective deuterium probehead (the inner rf coil for
2
H provides a better filling factor and higher
coil quality factor compared to the outer coil in
an inverse probehead). A significant gain in
sensitivity (S/N per mg, inversely proportional
to the 90° pulse length) is observed, thus allowing the detection of the smallest deuterium signals in the spectrum [7]. This is a very important point when the molecule of interest does
not possess methyl groups which provide strong
signals from 3 equivalent deuterons. Furthermore, the observation of all deuterium signals
in the 2D spectra may facilitate spectral analy-

Fig. 4: 61.4 MHz 2D NAD Q-COSY spectrum of (±)-3-methylhexane recorded using
300 (t1)×1700 (t2) data points. A Gaussian window function was used in both dimensions, and the matrix was symmetrized. The chloroform doublet is not shown in the
spectrum.

tude-mode transform was used for the 2D contour plot shown. One might argue that 2D experiments giving pure absorption peaks in both
dimensions should be more valuable in terms
of spectral resolution and S/N ratio. However,
we have shown that the phase-sensitive variant
of the Q-COSY sequence, referred to as QCOSY Ph, is less sensitive by a factor 21/2 compared Q-COSY itself [5]. The resolution enhancement obtained with pure absorption phase
peaks would increase S/N by a factor 21/2 ; however, the pulse sequence for phase-sensitive 2D
Q-COSY Ph results in a factor of 2 loss in signal amplitude in the acquired data.

sis and avoid ambiguities in assignments and
chiral discrimination.
Apart from the quadrupolar doublet from CDCl3
(* in the projection of Fig. 2b), we observed 17
clearly resolved quadrupolar doublets. A first
analysis revealed that several deuterated sites
can be discriminated. For instance, the existence of two quadrupolar doublets, centered at
1.5 ppm (open circles in Fig. 2b) shows chiral
discrimination (|∆νSQi - ∆νRQi| = 78 Hz) for the
corresponding deuteron, while the intense doublets centered at 1.8 and 1.9 ppm (methyl
groups, filled circles in Fig. 2b) are not differentiated (one doublet for each methyl group).
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To confirm this analysis, we have recorded the
NAD 2D Q-COSY spectrum of (±)-limonene
in a racemic mixture of PBLG and PBDG (the
enantiomer of PBLG) in CHCl3 [10]. In this
case the S and R isomers were in fast diffusional
exchange between PBLG and PBDG environments, and this averaging process eliminated
the chiral discrimination. Experimentally, we
observed a single quadrupolar doublet (instead
of two) centered at 1.5 ppm, and identical doublets for the methyl groups, thus confirming our
hypothesis. The complete assignment of all
doublets is not trivial since the deuterium chemical shift dispersion in this cycloalkene is rather
small. To facilitate the analysis of 2D Q-COSY
spectrum, it is possible to perform a 45°-tilt of

vide the capability of automatically relabeling
the F2 axis for Q-COSY applications (e.g. reduce the effective SW by a factor of 2).

From the various columns extracted from the
tilted 2D spectrum, it is trivial to observe the
two components of each quadrupolar doublet
and to measure their residual splittings (Fig. 3c).
Furthermore, we can compare the deuterium
chemical shift spectrum in the F2 axis with the
1D NAD-NMR spectrum of limonene recorded
in the isotropic phase (Fig. 3d). This facilitates
the assignment of numerous quadrupolar doublets on the basis of their chemical shifts, assuming that the deuteron chemical shifts in
PBLG are similar to the isotropic proton shifts
measured in neat
CHCl3. In this example,
we could show unambiguously that enantiomer differentiation
was possible for only
one of the diastereotopic deuterons, c and
c’ (Fig. 3c). This emphasizes the versatility
of chiral discrimination
between two chiral
isotopomers and demonstrates the ability of
the 2D NAD-NMR to
probe all possible deuterons in a molecule.
We turn now our attention to the case of (±)3-methylhexane in the
PBLG phase. In contrast to the previous
molecule, this simple
saturated alkane does
not possess functional
groups; consequently,
none of the known
chemical derivatization
Fig. 5: 61.4 MHz 2D NAD Q-COSY experiment for 2-chloropropionic acid in PBLG techniques can be apwas recorded for three samples with known enantiomeric excess (S-R = 10, 50 and plied [11]. Also, this
90%). The 2D data matrix contained 280 (t1)×1600 (t2) data points, no window molecule is not a good
function was applied, and the final matrix was tilted and symmetrized. The candidate for the appliquadrupolar doublets for the methyl group are shown and were obtained: (a) from a cation of chiral shift resingle matrix column, or (b) from the sum of several adjacent columns.
agents since it does not
possess a defined complexation site. To the best of our knowledge, all
the data about the horizontal F1 = 0 axis, as in a
isotropic NMR techniques have failed to disJ-resolved 2D experiment, as shown schematicriminate such flexible chiral alkanes (no recally in Fig. 3a. Following this manipulation,
sults were found in the literature), but the resoall quadrupolar doublets line up parallel to the
lution of enantiomers by capillary gas chromaF1 axis with F2 coordinates equal to 2δD [5].
tography using cyclodextrin derivatives as the
Thus, the F2 projection spectrum represents a
chiral stationary phase was described in 1990
deuterium chemical shift spectrum, and F1 slices
[12]. In Fig. 4, we present the 2D NAD-NMR
can be used to observe the quadrupolar douspectra of (±)-3-methylhexane in PBLG using
blets for each isotopomer in the mixture.
the selective deuterium probehead. The liquidcrystalline NMR sample contained 80 mg of
Note here that the scale labeling the F2 axis of
racemic material, 81 mg of PBLG (DP =
the tilted Q-COSY in Fig. 3b has been adjusted
562(50%) and 1078(50%)) and 445 mg of
to show the correct chemical shifts. The tilt alCHCl3. In the 2D spectrum we observed 12 difgorithm in the AVANCE software was designed
for J-resolved experiments and does (yet) proferent quadrupolar doublets for 10 nonequiv-
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alent sites. This indicates that chiral discrimination is achieved for two deuteron sites. This
was confirmed by the NAD 2D Q-COSY spectrum of (±)-3-methylhexane in a racemic mixture of PBLG and PBDG in CHCl3 where the
expected 10 quadrupolar doublets were observed. We were able to prove that deuterons e
and f are discriminated (see Fig. 4), while deuterons b, b’ and c show broad peaks, indicating
a weak chiral differentiation. As in the case of
limonene, no chiral discrimination was detected
on the methyl signals (a, d, g) [13]. This study
with 3-methylhexane demonstrates conclusively that even flexible, chiral molecules without polar functional groups can be discriminated
in the PBLG phase. Thus, the method is general and applicable to both polar and apolar
chiral molecules. The results presented here also
suggest that shape recognition may play a significant role for chiral discrimination in PBLG,
in particular, for compounds lacking polar
groups.

Measurements of enantiomeric excesses
using NAD-NMR in PBLG
To explore the potential and limitations of this
approach for quantitative analysis, we have recorded the 2D NAD Q-COSY spectrum of 2chloropropionic acid in PBLG for three samples
with known enantiomeric excess (ee) of 10 ±
1%, 50 ± 1% and 90 ± 1%. The liquid-crystal-

Fig. 6: Theoretical frequency dependence of the S/N
ratio for a constant experiment time EXPT (red) and
of the EXPT required for a constant S/N (black), expressed relative to the values at 400 MHz (9.4 T).

line NMR samples were prepared from 100 mg
of chiral material (R/S ratios of 45/55, 25/75,
and 5/95 mg), 100 mg of PBLG and 350 mg of
CHCl3. In Fig. 5, we present the quadrupolar
doublets for the methyl group, as extracted from
the tilted 2D NAD Q-COSY spectrum. The
three spectra at the left represented single F1
slices for the three different samples (Fig. 5a),
while the spectra at the right represent sums of
several F1 slices (Fig. 5b). In both series, we
can visualize unambiguously the enantiomeric
discrimination (|∆νSQi - ∆νRQi| = 115 Hz) and the
enantiomeric purity can be determined with
sufficient accuracy by simple peak integration.

with the expected values and,
therefore, provide an acceptable measurement of the ee’s.
The same ee values were obtained using the summed
spectra of Fig. 5b. Thus, under the conditions described
here (9.4 T, 5-mm selective
2
H probehead, overnight
measurement), we find that
ee can be determined with an
accuracy of ca. 5 - 15% of the
true value with ca. 1 mmol
of the enantiomeric mixture
using 2D NAD-NMR in
PBLG. The technique provides a simple, rapid determination of the best site for
chiral discrimination in the
molecule so that, if greater
precision is necessary, the
most promising synthesis
strategy for selective deuteration can be chosen.

Prospects
The results described here illustrate the feasibility and
potential of NAD-NMR
spectroscopy at 9.4 T using a
selective deuterium probehead and provide a practical
1
Fig. 7: AVANCE Pulse program for Q-COSY with H decoupling.
solution to DOE measurements in PBLG without the
Note that chiral differentiation was even larger
need for site-specific isotopic labeling. At higher
for the deuteron of the asymmetric carbon (|∆νSQi
magnetic field strength, it should be possible to
- ∆νRQi| = 215 Hz), but the weaker S/N ratio
acquire adequate NAD spectra in a much shorter
(one deuteron instead of three for the methyl
time or to determine the enantiomeric excess
group) makes these signals less attractive for
with higher precision. The S/N ratio increases
quantitative analysis. Thus, NAD-NMR specapproximately as B03/2 for a given measurement
troscopy allows us to simultaneously probe all
time EXPT, while EXPT is proportional to B0-3
possible deuterated sites of a molecule and defor a given S/N ratio. as shown in Fig. 6. Thus,
termine which site is most suitable for determifor NAD-NMR at 115.1 MHz (17.6 T or 800
nation of the enantiomeric excess. The optimal
MHz for 1H), the S/N ratio should increase by a
site should have a well-resolved chemical shift,
factor of 2.8 for the same EXPT (relative to
a number of equivalent spins for a maximum in
9.4 T). Conversely, the EXPT would decrease
S/N ratio, and a sufficiently large difference in
by a factor 6.6 for the same S/N ratio. Another
quadrupolar splittings for complete resolution
cheaper and more effective solution for improvof R and S signals.
ing the S/N ratio of NAD-NMR would be the
use of a selective deuterium cryogenic
The results presented here show that the techprobehead. Indeed, cryoprobes have been
nique allows us to detect relatively small ee’s as
shown to provide a factor of 3 - 4 gain in S/N
well as large ee’s (up to 90%). In the latter situcompared with standard high-resolution
ation, the amount of R enantiomer was 45.9
probeheads [14]. Consequently, the use of a
µmol, corresponding to 6.89 nmol for natural
cryoprobe and higher field would provide an
abundance deuterium at the stereocenter and
order-of-magnitude improvement in S/N, allow20.7 nmol for deuterium on the methyl group
ing a more accurate determination of enantio(3 equivalent deuterons). It should be noted that
meric excess, or a significant decrease in the
the apparent linewidths increase for the spectra
amount of chiral material required.
summed over several slices (Fig. 5b) as a result
of the altered lineshape created by the tilt procedure, but this should not significantly affect
the measurement of ee. The average ee’s calculated from several integrations of the methyl
group signals in the three spectra of Fig. 5a are
12%, 49% and 91%. These values agree closely

Conclusion
The differentiation of enantiomers and their stereochemical characterization is the ultimate
challenge in asymmetric synthesis, and requires
methodologies which can be successfully applied to a wide range of chemical types. In this
respect, NAD-NMR spectroscopy of chiral
compounds in liquid-crystalline PBLG solutions provides an efficient and convenient analytical tool for resolving and characterizing a
large number of the possible chiral isotopomers.
Of major interest is the fact that the polypeptide
helices in the liquid-crystalline phase are able
to interact enantioselectively with both polar and
apolar chiral compounds to give sufficiently
large differences in the order parameters and
the NMR-detectable quadrupolar splittings for
R and S forms. This direct analytical method is
an attractive alternative to classical chiroptical
and chromatographic techniques or other NMR
methods for investigating small to medium-size
chiral molecules. Undoubtedly, ultra-high magnetic field strengths and cryoprobe technology
will further enhance the potential of this technique in the near future.
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NMR
To confirm this analysis, we have recorded the
NAD 2D Q-COSY spectrum of (±)-limonene
in a racemic mixture of PBLG and PBDG (the
enantiomer of PBLG) in CHCl3 [10]. In this
case the S and R isomers were in fast diffusional
exchange between PBLG and PBDG environments, and this averaging process eliminated
the chiral discrimination. Experimentally, we
observed a single quadrupolar doublet (instead
of two) centered at 1.5 ppm, and identical doublets for the methyl groups, thus confirming our
hypothesis. The complete assignment of all
doublets is not trivial since the deuterium chemical shift dispersion in this cycloalkene is rather
small. To facilitate the analysis of 2D Q-COSY
spectrum, it is possible to perform a 45°-tilt of

vide the capability of automatically relabeling
the F2 axis for Q-COSY applications (e.g. reduce the effective SW by a factor of 2).

From the various columns extracted from the
tilted 2D spectrum, it is trivial to observe the
two components of each quadrupolar doublet
and to measure their residual splittings (Fig. 3c).
Furthermore, we can compare the deuterium
chemical shift spectrum in the F2 axis with the
1D NAD-NMR spectrum of limonene recorded
in the isotropic phase (Fig. 3d). This facilitates
the assignment of numerous quadrupolar doublets on the basis of their chemical shifts, assuming that the deuteron chemical shifts in
PBLG are similar to the isotropic proton shifts
measured in neat
CHCl3. In this example,
we could show unambiguously that enantiomer differentiation
was possible for only
one of the diastereotopic deuterons, c and
c’ (Fig. 3c). This emphasizes the versatility
of chiral discrimination
between two chiral
isotopomers and demonstrates the ability of
the 2D NAD-NMR to
probe all possible deuterons in a molecule.
We turn now our attention to the case of (±)3-methylhexane in the
PBLG phase. In contrast to the previous
molecule, this simple
saturated alkane does
not possess functional
groups; consequently,
none of the known
chemical derivatization
Fig. 5: 61.4 MHz 2D NAD Q-COSY experiment for 2-chloropropionic acid in PBLG techniques can be apwas recorded for three samples with known enantiomeric excess (S-R = 10, 50 and plied [11]. Also, this
90%). The 2D data matrix contained 280 (t1)×1600 (t2) data points, no window molecule is not a good
function was applied, and the final matrix was tilted and symmetrized. The candidate for the appliquadrupolar doublets for the methyl group are shown and were obtained: (a) from a cation of chiral shift resingle matrix column, or (b) from the sum of several adjacent columns.
agents since it does not
possess a defined complexation site. To the best of our knowledge, all
the data about the horizontal F1 = 0 axis, as in a
isotropic NMR techniques have failed to disJ-resolved 2D experiment, as shown schematicriminate such flexible chiral alkanes (no recally in Fig. 3a. Following this manipulation,
sults were found in the literature), but the resoall quadrupolar doublets line up parallel to the
lution of enantiomers by capillary gas chromaF1 axis with F2 coordinates equal to 2δD [5].
tography using cyclodextrin derivatives as the
Thus, the F2 projection spectrum represents a
chiral stationary phase was described in 1990
deuterium chemical shift spectrum, and F1 slices
[12]. In Fig. 4, we present the 2D NAD-NMR
can be used to observe the quadrupolar douspectra of (±)-3-methylhexane in PBLG using
blets for each isotopomer in the mixture.
the selective deuterium probehead. The liquidcrystalline NMR sample contained 80 mg of
Note here that the scale labeling the F2 axis of
racemic material, 81 mg of PBLG (DP =
the tilted Q-COSY in Fig. 3b has been adjusted
562(50%) and 1078(50%)) and 445 mg of
to show the correct chemical shifts. The tilt alCHCl3. In the 2D spectrum we observed 12 difgorithm in the AVANCE software was designed
for J-resolved experiments and does (yet) proferent quadrupolar doublets for 10 nonequiv-
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alent sites. This indicates that chiral discrimination is achieved for two deuteron sites. This
was confirmed by the NAD 2D Q-COSY spectrum of (±)-3-methylhexane in a racemic mixture of PBLG and PBDG in CHCl3 where the
expected 10 quadrupolar doublets were observed. We were able to prove that deuterons e
and f are discriminated (see Fig. 4), while deuterons b, b’ and c show broad peaks, indicating
a weak chiral differentiation. As in the case of
limonene, no chiral discrimination was detected
on the methyl signals (a, d, g) [13]. This study
with 3-methylhexane demonstrates conclusively that even flexible, chiral molecules without polar functional groups can be discriminated
in the PBLG phase. Thus, the method is general and applicable to both polar and apolar
chiral molecules. The results presented here also
suggest that shape recognition may play a significant role for chiral discrimination in PBLG,
in particular, for compounds lacking polar
groups.

Measurements of enantiomeric excesses
using NAD-NMR in PBLG
To explore the potential and limitations of this
approach for quantitative analysis, we have recorded the 2D NAD Q-COSY spectrum of 2chloropropionic acid in PBLG for three samples
with known enantiomeric excess (ee) of 10 ±
1%, 50 ± 1% and 90 ± 1%. The liquid-crystal-

Fig. 6: Theoretical frequency dependence of the S/N
ratio for a constant experiment time EXPT (red) and
of the EXPT required for a constant S/N (black), expressed relative to the values at 400 MHz (9.4 T).

line NMR samples were prepared from 100 mg
of chiral material (R/S ratios of 45/55, 25/75,
and 5/95 mg), 100 mg of PBLG and 350 mg of
CHCl3. In Fig. 5, we present the quadrupolar
doublets for the methyl group, as extracted from
the tilted 2D NAD Q-COSY spectrum. The
three spectra at the left represented single F1
slices for the three different samples (Fig. 5a),
while the spectra at the right represent sums of
several F1 slices (Fig. 5b). In both series, we
can visualize unambiguously the enantiomeric
discrimination (|∆νSQi - ∆νRQi| = 115 Hz) and the
enantiomeric purity can be determined with
sufficient accuracy by simple peak integration.

with the expected values and,
therefore, provide an acceptable measurement of the ee’s.
The same ee values were obtained using the summed
spectra of Fig. 5b. Thus, under the conditions described
here (9.4 T, 5-mm selective
2
H probehead, overnight
measurement), we find that
ee can be determined with an
accuracy of ca. 5 - 15% of the
true value with ca. 1 mmol
of the enantiomeric mixture
using 2D NAD-NMR in
PBLG. The technique provides a simple, rapid determination of the best site for
chiral discrimination in the
molecule so that, if greater
precision is necessary, the
most promising synthesis
strategy for selective deuteration can be chosen.

Prospects
The results described here illustrate the feasibility and
potential of NAD-NMR
spectroscopy at 9.4 T using a
selective deuterium probehead and provide a practical
1
Fig. 7: AVANCE Pulse program for Q-COSY with H decoupling.
solution to DOE measurements in PBLG without the
Note that chiral differentiation was even larger
need for site-specific isotopic labeling. At higher
for the deuteron of the asymmetric carbon (|∆νSQi
magnetic field strength, it should be possible to
- ∆νRQi| = 215 Hz), but the weaker S/N ratio
acquire adequate NAD spectra in a much shorter
(one deuteron instead of three for the methyl
time or to determine the enantiomeric excess
group) makes these signals less attractive for
with higher precision. The S/N ratio increases
quantitative analysis. Thus, NAD-NMR specapproximately as B03/2 for a given measurement
troscopy allows us to simultaneously probe all
time EXPT, while EXPT is proportional to B0-3
possible deuterated sites of a molecule and defor a given S/N ratio. as shown in Fig. 6. Thus,
termine which site is most suitable for determifor NAD-NMR at 115.1 MHz (17.6 T or 800
nation of the enantiomeric excess. The optimal
MHz for 1H), the S/N ratio should increase by a
site should have a well-resolved chemical shift,
factor of 2.8 for the same EXPT (relative to
a number of equivalent spins for a maximum in
9.4 T). Conversely, the EXPT would decrease
S/N ratio, and a sufficiently large difference in
by a factor 6.6 for the same S/N ratio. Another
quadrupolar splittings for complete resolution
cheaper and more effective solution for improvof R and S signals.
ing the S/N ratio of NAD-NMR would be the
use of a selective deuterium cryogenic
The results presented here show that the techprobehead. Indeed, cryoprobes have been
nique allows us to detect relatively small ee’s as
shown to provide a factor of 3 - 4 gain in S/N
well as large ee’s (up to 90%). In the latter situcompared with standard high-resolution
ation, the amount of R enantiomer was 45.9
probeheads [14]. Consequently, the use of a
µmol, corresponding to 6.89 nmol for natural
cryoprobe and higher field would provide an
abundance deuterium at the stereocenter and
order-of-magnitude improvement in S/N, allow20.7 nmol for deuterium on the methyl group
ing a more accurate determination of enantio(3 equivalent deuterons). It should be noted that
meric excess, or a significant decrease in the
the apparent linewidths increase for the spectra
amount of chiral material required.
summed over several slices (Fig. 5b) as a result
of the altered lineshape created by the tilt procedure, but this should not significantly affect
the measurement of ee. The average ee’s calculated from several integrations of the methyl
group signals in the three spectra of Fig. 5a are
12%, 49% and 91%. These values agree closely

Conclusion
The differentiation of enantiomers and their stereochemical characterization is the ultimate
challenge in asymmetric synthesis, and requires
methodologies which can be successfully applied to a wide range of chemical types. In this
respect, NAD-NMR spectroscopy of chiral
compounds in liquid-crystalline PBLG solutions provides an efficient and convenient analytical tool for resolving and characterizing a
large number of the possible chiral isotopomers.
Of major interest is the fact that the polypeptide
helices in the liquid-crystalline phase are able
to interact enantioselectively with both polar and
apolar chiral compounds to give sufficiently
large differences in the order parameters and
the NMR-detectable quadrupolar splittings for
R and S forms. This direct analytical method is
an attractive alternative to classical chiroptical
and chromatographic techniques or other NMR
methods for investigating small to medium-size
chiral molecules. Undoubtedly, ultra-high magnetic field strengths and cryoprobe technology
will further enhance the potential of this technique in the near future.
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